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Two transition metal complexes of the tyfae-(bpy)Re(CO)(DA)* (where bpy= 2,2-bipyridine and DA

is a pyridine ligand that is substituted with a 1,2-diamine electron donor) have been prepared. The 1,2-
diamine serves as a “reactive donor ligand” owing to its propensity to undergo rajfidoBnd fragmentation

when activated by single electron transfer oxidation. Photoexcitation of the diamine complexes affords a
ligand-to-ligand charge transfer (LLCT) state via intramolecular electron transfer quenching of a metal-to-
ligand charge transfer (MLCT) state, [(bpy)R&O)X(DA)] ™ + hv — [(bpy~)R€E'(CO)(DA)] t*(MLCT) —
[(bpy")RE(COR(DA*NH]T*(LLCT). Photochemical product and quantum efficiency studies indicate that the
diamine reactive donor ligand undergoes photoinducedC(ond fragmentation with high efficiency,
presumably via the radical cation (DA which is present in the LLCT excited state. Laser flash photolysis
allows direct detection of the metal complex based radicals that are formed-Bybond fragmentation.
Quantitative kinetic information gathered through luminescence, laser flash photolysis, and quantum yield
studies allows estimation of the rates for formation of the LLCT state by forward electron traksf@r (
decay of the LLCT state by back electron transfesef), and the rate of diamine radical cation bond
fragmentation in the LLCT statekgg). The relationship between these kinetic parameters and the driving
force for electron transfer and bond fragmentation as well as the structure of the reactive donor ligands is

discussed.
Introduction Ly
. , TN, bond ~i N/
Transition metal complexes have played a prominent role c—C, fragmentation Lo & 1Y)
during the development of photoinduced electron transfer X 7'\ X+

(ET).1=® Recently, research on photoinduced ET in transition )
metal systems has emphasized charge separation and recomffj-* = o+ : aminoaicohol
nation in metal complex “dyads” and “triads” that are festooned LX=tRz damine
with organic electron donor and/or acceptor grotp3. The
study of these dyads and triads has led to increased understan
ing of the factors that control the efficiency for formation and
lifetime of charge-separated ligand-to-ligand charge transfer
(LLCT) states that are formed by ET between an organic denor
acceptor pair that are bridged by a transition metal center.

Our group has been examining the properties of LLCT excited
states in transition metal complexes that feature diimine acceptor
ligands such as 2:Ddipyridine and a variety of organic amine
donor ligand$2 Through this effort we have developed .
complexes that undergo photochemistry from the LLCT state [(bpy)Ré(CO)3(AA)] +hy—
through the use of “reactive donor ligands” that are designed el 4
to undergo a rapid bond fragmentation reaction triggered by *[(bpy*")RE'(COK(AA)] " —
single ET oxidation (Scheme 13. We have demonstrated that MLCT
since the bond fragmentation reaction occurs from the LLCT — .
state and must compete with charge recombination via back “I(bpy )Ré(CO)s(AA +)]+ -
ET, detailed study of the efficiency of the permanent photo- LLCT
chemical reaction affords insight concerning the dynamics of bond fragmentation products (2)
the forward and back ET reactiohs.

Recently, we presented a detailed study of a series of While the [(bpy)RECOX%(AA)] ™ complexes clearly demon-
complexes of the typéac-[(bpy)Re(CO)(AA)] *, where bpy strated the utility of using a reactive donor ligand to probe the
= 2,2-bipyridine and AA is a reactive donor ligand which dynamics of the LLCT state, the aminoalcohol system was
features the 1,2-aminoalcohol uhit These complexes were  limited because the €C bond fragmentation reaction of the
designed on the basis of previous reports which indicated thataminoalcohol radical cation is comparatively sldgg(~ 10P—

JAs anticipated on the basis of the reactivity of aminoalcohol
radical cations, near-UV irradiation of two [(bpy)REO)s-
(AA)]* complexes led to €C bond fragmentation of the
aminoalcohol reactive donor ligand, albeit with low quantum
efficiency132 The C-C bond fragmentation reaction of the
aminoalcohol moiety was presumed to occur via the LLCT state
that is formed by forward ET quenching of the Re) — =*
(bpy) metal-to-ligand charge transfer (MLCT) excited state,

aminoalcohol radical cations undergo rapid-C bond frag- 10° s71) and therefore does not compete effectively with decay
mentation, eq 1, X= OH:* of the LLCT state by back ETkger ~ 108 s1).1%a The
comparatively slow rate of €C bond fragmentation of the
€ Abstract published ilAdvance ACS Abstractddarch 1, 1996. aminoalcohol cation radical was believed to be the reason that
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SCHEME 1 CHART 1
7\'—M(d5)—(B-H) torward electron Diamine Stereochemistry
MLCT \tfnsfer Ph Ph
- . NRz AR NRZ\‘)‘NR
A—M(d®)~D-R) \é:\ 2 N
LLCT )
why 4 bond fragmentation erythro (e} threo (1)
back electron .
transfer A—M(d®-D* + R* Ph
y lac—(bpy)Re'-NC\>/\©
fac-(bpy)Re'-N’ D-x 1)\N | =
' O Y O o
(CO)s )
A—Md%~D-R) products 1a : X--CH-
- . fac-(opy)Re'-N_ DX NMe,
the overall quantum efficiency for reaction of the [(bpy}Re actboni Q_ Q— 2
+ (CO)s
(CO)(AA)] T complexes was low.
i 3a : X=-CHp-
More recently we have turned our attention to the photo-| . _ > yipyridine A

chemistry and photophysics of complexes of the type [(bpy)-
Re(CO)(DA)]*, where DA is a 1,2-diamine reactive donor
ligand3®¢ The decision to change from the aminoalcohol to
the diamine reactive donor ligand was predicated by studies of
bimolecular photoinduced ET which implied that-C bond
fragmentation in 1,2-diamine cation radicals (eq 17XNRy)

is substantially more rapid than in analogously substituted
aminoalcohol radical catioris.

This report presents a detailed study of the photochemical
and photophysical properties efla ande-1b (Chart 1) that
contain thefac-(bpy)Re(CO)-chromphore covalently linked to
1,2-diamine reactive donor ligands. Steady state photochemica
studies demonstrate that photoexcitatioredfa ande-1b into
the dr (Re) — x* (bpy) MLCT absorption induces efficient
C—C bond fragmentation of the diamine reactive donor ligand.
Product studies also reveal that irradiatioredfa ande-1b in
degassed solution produde$a andt-1b, respectively, presum-
ably via a mechanism involving reversible<C bond frag-
mentation. Luminescence and nanosecond transient absorptio
studies indicate that (1) in both complexes formation of the
LLCT state occurs rapidiyk(= 10° s71) after MLCT excitation;

(2) C—C bond fragmentation occurs within the LLCT state with
ker ~ 3 x 10 s Quantitative analysis of the steady state
quantum yield data allows estimation of the rate of back ET to
bekger ~ 1 x 10° s71in both compounds. This observation
indicates that despite the significant difference in donor ligand
to metal electronic coupling ie-1a and e-1b, there is little
difference in the rate of back ET in the two compounds. The
significance of this finding with respect to the mechanism of
LLCT excited state decay via back ET is discussed.

Experimental Section

steam bath for 4 h. During this period the reaction mixture
gradually solidified. After the 4-h heating period, the mixture
was cooled, whereupon 30 mL of concentrated HCIl was added.
The acidified reaction mixture was then subjected to steam
distillation for a 4-h period. The reaction mixture was then
made basic by the addition of NaOH (15 g, 0.38 mol) dissolved
in 50 mL of H,O. At this point the product precipitated as a
light brown mass. The brown product was collected by suction
filtration, dried, and then purified by repeated sublimation. The
Ipurified product was obtained as a pale yellow solid, yield 2 g
(10%): 1H NMR (300 MHz, CDG) 6 3.12 (s, 6H), 6.81 (d,
2H), 7.72 (d, 2H), 7.83 (d, 2H), 8.53 (d, 2H).

erythro-1{ p-[4-(Pyridyl)methyl]anilino }-2-piperidino)-1,2-
diphenylethane (5). A mixture of erythro-2-piperidino-1,2-
diphenylethandf (562 mg, 2.0 mmol), 10 mL of freshly distilled
CHCl,, and triethylamine (0.8 mL, 6.0 mmol) was placed in a
r}OO-mL three-necked round bottom flask, and the resulting
solution was purged with Nfor 30 min. During this period
the temperature was adjusted-t@0 °C by using a dry ice
2-propanol bath. A solution of methanesulfonyl chloride (0.155
mL, 2.0 mmol) dissolved in 2 mL of freshly distilled GBI,
was added dropwise by using a syringe. The resulting mixture
was maintained at-20 °C and stirred gently for 1 h. After
this period of time a solution g¥-[(4-pyridyl)methyl]aniliné32
(370 mg, 2.0 mmol) in 3 mL of freshly distilled Gi&l, was
added dropwise by using a syringe. After the temperature of
the solution increased to ambient the solution was heated to
reflux. During the reflux period the reaction was monitored
by TLC (silica, ethyl acetate/hexane, 4:6 v/v). Refluxing was
discontinued after 16 h, at which poipi[(4-pyridyl)methyl]-
aniline was no longer visible by TLC. The solvent was removed

Solvents and chemicals used for synthesis were of reagentunder reduced pressure, and the crude product was purified by

grade and used without purification unless noted. Silica gel
(Merck, 230-400 mesh) and neutral alumina (Fisher, Brockman
grade IIl) were used for chromatography. NMR spectra were
run on either GE QE-300 MHz or Varian VXR-300 MHz
spectrophotometers. Metal complexg$® 33,132 and (bpy)-
Re(COX(CRS0s)130 were prepared as described previously.
All Re(l) complexes were isolated as £Fsalts.

p-(4-Pyridyl)- N,N-dimethylaniline (4). Freshly distilled
pyridine (16 g, 0.2 mol), benzoyl chloride (14 g, 0.1 mol), and
Cu powder (0.5 g, 8 mmol) were combined in a 1-L three-
necked flask which was fitted with a mechanical stirrer and a
reflux condensor. The reaction mixture was purged with dry
N> and then heated and stirred for 1 h over a steam bath. After
this period the reaction mixture was cooled, whereupkid-
dimethylaniline (12 g, 0.1 mol) was added. The resulting
solution was again purged witho,Njas and then heated over a

chromatography (silica, ethyl acetate/hexane, 4:6 v/v). Bure
was obtained as a yellow solid in 35% yield after purification:
TLC (silica, ethyl acetate/hexane, 4:6 vi)= 0.4;'H NMR

(300 MHz, CDC}) 6 1.45 (m, 2H), 1.56 (m, 4H), 2.45 (br,
4H), 3.45 (d,J = 5.7 Hz, 1H), 3.80 (s, 2H), 4.76 (d,= 5.7

Hz, 1H), 5.0 (br, 1H), 6.45 (d) = 8.1 Hz, 2H), 6.86 (dJ =

8.1 Hz), 6.9-7.25 (m, 12H), 8.45 (dJ = 6.0 Hz);13C NMR

(75 MHz, CDCB) 6 24.6, 26.2, 40.4, 52.3, 58.9, 75.9, 114.4,
124.1, 126.5, 127.0, 127.3, 127.4, 127.5, 127.7, 129.1, 129.4,
137.6, 141.5, 146.7, 149.6, 150.8.

Complexe-1la. (All procedures described below were carried
out in a dimly lighted room to minimize exposure efla to
light.) A mixture of (bpy)Re(COYTFMS) (115 mg, 0.2 mmol),

5 (134 mg, 0.3 mmol), N&PFs; (326 mg, 2 mmol), and 5-mL
of freshly distilled THF was stirred at 2% under a blanket of
dry N, for 4 h. Excess N&PFR; was removed by filtration, and
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the THF solvent was removed under reduced pressure. The(300 MHZ, CD;CN) 6 3.76 (s, 2H), 6.53 (d, 2H), 6.82 (d, 2H),
crude product was purified by chromatography on alumina 7.08 (d, 2H), 7.77 (t, 2H), 8.06 (d, 2H), 8.27 (t, 2H), 8.38 (d,
eluting with CHCI,/CH3sCN (95:5 v/v). After removal of the  2H), 9.19 (d, 2H).

chromatography solvent, the residue was dissolved in a minimal e-1a Photoproduct Isolation and Characterization. A
amount of CHCI, and precipitated from-pentane to produce  solution ofe-1a in CH;CN (50 mg in 50 mL,c = 0.7 mM)

a yellow powder, yield 102 mg (50%) after purification: TLC was placed in a Pyrex test tube and degassed by bubbling with
(silica, CHCB/MeOH, 96:4 v/v)Rs = 0.2—0.3;1H NMR (300 a stream of argon for 2 h. The resulting degassed solution was
MHz, CDsCN) 6 1.28 (br, 2H), 1.36 (br, 4H), 2.15 (br, 2H), irradiated with a 450-W medium-pressure Hanovia mercury arc
2.43 (br, 2H), 3.62 (dJ = 8.1 Hz, 1H), 3.67 (s, 2H), 4:84.9 lamp for 80 min. The 366-nm emission of the Hg arc was
(m, 2H, NH), 6.38 (dJ = 8.1 Hz, 2H), 6.72 (dJ = 8.1 Hz, isolated by using Corning-754 and Schott LG 350 glass filters.
2H), 7.02 (d,J = 6.3 Hz, 2H), 7.+7.3 (m, 10H), 7.75 (tJ = The photolyzed solution was concentrated and the residue was
5.1 Hz, 2H), 8.02 (d,J = 6.3 Hz, 2H), 8.24 (tJ = 8.1 Hz, chromatographed on alumina using £HY/CH3CN (95:5 v/v)

2H), 8.36 (d,J = 8.1 Hz, 2H), 9.16 (dJ = 5.1 Hz, 2H);13C as eluant. The fractions that contained the predominant yellow
NMR (75 MHz, CD:sCN) 6 24.1, 25.8, 39.1, 51.1, 57.4, 74.8, band from the column were combined, and the solvent was
124.4, 125.8, 126.2 (2C'’s), 126.7, 127.1, 127.2, 127.4, 128.5, evaporated. The residue was dissolved in a minimal volume
128.9, 129.2, 136.8, 140.8, 142.6, 146.5, 151.2, 153.5, 155.5,0f CH,Cl, and then precipitated by additiontepentane to yield
156.0; HRMS (FAB, positive ion) calcd for £4H41NsO3Re, 5 mg of a bright yellow powderiH NMR (300 MHz, CDs-

874.277 (M); obsd, 874.273. CN) 6 1.30 (m, 2H), 1.50 (m, 2H), 1.60 (m, 2H), 2.3 (M, the
Complexe-1b. This complex was prepared according to the integral is obscured by a nearby,®l resonance), 3.66 (1H,
procedure described above ferla, excepterythro-14{p-[4- coupling obscured by nearby singlet), 3.71 (s, 2H), 4.62)(d,

(pyridyl)]anilino} -2-piperidino-1,2-diphenylethané#)'” was ~ 10.5 Hz, 1H), 6.07 (1H), 6.48 (d, 2H), 6.77 (@i= 8.1 Hz),
used in place of5. The crude product was purified by 7.0-7.3 (m, 12H), 7.74 (t, 2H), 8.03 (d, = 5.1 Hz), 8.24 (t,
chromatography on alumina eluting with @El,/CHsCN (9:1 2H), 8.35 (d,J = 8.1 Hz), 9.17 (d, 2H){*C NMR (75 MHz,
viv). After removal of the chromatography solvent, the residue CD:CN) 0 24.0, 26.0,39.1,49.3,57.4,75.1,124.3,126.2, 126.4,

after purification: TLC (silica, CHCI/CHsCN 4:1 v/v) Ry = CadHaiNsOsRe (M) 874.277, found 874.284. The NMR and
0.3-0.6; IH NMR (300 MHz, C:CN) 6 1.25 (br, 2H), 1.33  Mass analysis are consistent with structiie.
(br, 4H), 2.15 (br, 2H), 2.46 (br, 2H), 3.70 (d,= 8.7 Hz), Procedures for Quantitative Photolyses. Quantum yield

5.00 (m, 1H), 5.43 (br, 1H), 6.54 (d,= 8.7 Hz, 2H), 7.+-7.4 studies were carried out using equipment and procedures that
(m, 14H), 7.77 (tJ = 5.1 Hz, 2H), 8.01 (dJ = 6.3 Hz, 2H), have been described in detail in previous publicati§adiPLC

8.24 (t,J = 7.5 Hz, 2H), 8.34 (dJ = 7.5 Hz, 2H), 9.20 (d) analysis were carried out using a Whatman ODS-3 reversed
= 5.1 Hz, 2H);13C NMR (75 MHz, CRCN) 6 24.2, 25.9, 51.2,  Phase column with a mobile phase consisting of THRCN/
57.3, 74.8, 113.5, 121.5, 122.2, 124.5, 126.6, 127.0, 127.4,H20 (5:45:50 v/v/v) with 40 mM sodium heptane sulfonate and
127.6, 127.9, 128.6, 129.0, 136.5, 141.0, 142.1, 150.2, 150.6,°0 MM triethylamine. All analyses were conducted with a
151.3, 153.6, 155.6; HRMS (FAB, positive ion) calcd for detector wavelength of 250 nm.
CasH39NsO3Re, 860.261 (M); obsd, 860.264. As an example, the following is the procedure used for
; ; o tum efficiency measurements®fia. A 2-mL aliquot of
[(bpy)Re(CO)s(p-(4-pyridyl)- N,N-dimethylaniline)][PF ¢] quan : A uf
(3b). This complex was prepared according to the procedure an argon-degggseg fEEIBJ so!utlosrggontammmlﬁ.(%— 05
described above fae1a, exceptp-(4-pyridyl)-N,N-dimethyla- mM) was irradiated for 3 min ( nm, 75-W high-pressure
niline (4) was used in place 06. The crude product was Hg lamp). Fo!lowmg light exposure, 0.5_mL of an internal
purified by chromatography on alumina eluting with g3/ s}andard_ séolutlon Ejzd "&M b2enzlf)p?er|:on(; n 3CN(;HZO’ ?'l.
CH3CN (9:1 viv). After removal of the chromatography solvent, VIV, pH = .)wasa ed to 2mL of the photoproduct solution,
the residue was dissolved in a minimal amount of,CH and and the mlxtu_re was analyzed by t_rlpllcate HPLC analysis.
precipitated frorm-pentane to produce a yellow powder, yield For determination of quantum yields ferla — t-1a and
125 mg (81%) after purification: TLC (silica, GBI/CHCN, elb —>.tjlb isomerization, it was gssumeq that the molar
9:1 v/V) R = 0.6-0.8: 'H NMR (300 MHz, CDCN) 8 2.97 (s, absorptivity of thethreo and erythro isomers is the same at

6H), 6.72 (d,J = 8.7 Hz, 2H), 7.42 (dJ = 6.3 Hz, 2H), 7.55 220 nm. o , _
(d,J = 8.7 Hz, 2H), 7.79 (t) = 5.1 Hz, 2H), 8.05 (dJ = 6.3 Methods for Emission, Transient Absorption, and Elec-

Hz, 2H), 8.26 (1.J = 8.1 Hz, 2H), 8.37 (dJ = 8.1 Hz, 2H), trochemical Experiments. Tir_ne-_resolved emission, trz_ansient
9.23 (d,J = 5.1 Hz, 2H);:3C NMR (75 MHz, CDClg) 6 39.2, absorption, steady state emission, and electrochemistry were
112.2, 120.8, 121.4, 124.6, 127.9, 128.7, 141.0, 150.7, 151.4,Caied out by using methods and equipment that has been
152.4, 153.7, 155.7; HRMS (FAB, positive ion) calcd for descri_bed in previous _publicatioh%._AII transi_ent at_)sorption_
CogH22N4OsRe, 625.125 (M): obsd, 625.128. experiments were carried out by using a recirculating cell with

[(bpy)Re(CO)s(p-{ 4-(pyridylmethyl }aniline)][PF¢] (7a). A fi\olr?g:ﬂh g\/(él;geaté)qz}g;irgze the effects of sample decomposi-
mixture of (bpy)Re(COCI (90 mg, 0.2 mmol)p-[(4-pyridyl)- '
methyl]aniliné32 (74 mg, 0.4 mmol), and AgRR100 mg, 0.4
mmol) in 4 mL of DMF was heated to 80C for 3 h. After
cooling, the solution was filtered through a medium-porosity ~ Structures. The structures of the Re(l) complexes discussed
fritted filter, and then the DMF was evaporated under reduced herein are illustrated in Chart 1. Complexes$a,bare the focus
pressure. The residue was chromatographed on alumina usingf the present study. These compounds contairfabébpy)-
CHCIs/MeOH (95:5 v/v) as eluant. After removal of the Re(CO)}-chromophore covalently linked to a 1,2-diamine “reac-
chromatography solvent, the residue was dissolved in a minimaltive donor”. Ine-1a,bthe 1,2-diamine ligands are comprised
amount of CHCI, and precipitated fromm-pentane to produce  of a 2 aromatic amine and & Zliphatic amine, and the diamine
a yellow powder, yield 70 mg (50%) after purificatiof! NMR unit haserythrostereochemistry. The distinction between these

Results
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two complexes lies in the linkage between the pyridyl ligand CHART 2

and the aromatic amine portion of the diamine:eitia there D " Ph
is a methylene spacer, while &lb the methylene is absent, N_Z N z
and therefore the aromatic amine and the pyridine are conju- RO %:\ND (bpywl‘e ND_CHZ@ \Q:\OH
gated. This difference is significant, since conjugatioe-ith . ©0s
. - - 6a : R = 4-pyridyl 17

provides a pathway for strong electronic coupling between the 6b - R<-CN
aniline donor and the Re(l) center. The aniline to Re coupling
is anticipated to be comparatively much weakeeiba due to o
the methylene spacer. ; W Q

Complex2 was studied to provide information concerning (bpy)ﬁ‘el'ND/\N}\@_NMez (bpy"?e'ND/\N >
the dr (Re) — n* (bpy) MLCT excited state of the (bpy)- (€Ol (CO) @
Re(CO}-chromophore, while complexe&a,b were examined 18 19

to provide information concerning the effect of the aniline donor
on the MLCT state without the complications associated with decay rate in model compleX. The nonradiative decay
the diamine reactive donor. It is also important to note that a pathway is attributed to forward ET from the donor ligand to
recent detailed report was published that examined the photo-the photoexcited Re centek:£r path, Scheme 3).
physical and photochemical properties of lig@e{Chart 2)* Photochemistry of Diamine-Substituted Complexes.De-
Photophysics. The absorption spectra efla,b, 2, 3a,b, and tailed studies were carried out to identify the products formed
6a were determined in C¥CN. Table 1 contains a listing of by irradiation ofe-1ain air-saturated and argon-degassed:CH
absorption maxima and molar extinction coefficients, and Figure CN solution. In both cases irradiation was effected using 366-
lillustrates the spectra of several representative complexes. Thexm light, which corresponds to therdRe)— =* (bpy) MLCT
spectrum oR (Figure 1a), which illustrates the spectral features absorption. Scheme 2 provides a summary of the outcome of
of the (bpy)Re(CO}chromophore, is characterized by a mod- the photochemical reactions, and Table 2 provides a listing of

erately intense band withnax ~ 350 nm that is due to thead
(Re) — z* (bpy) MLCT absorption'® This complex also
displays bands at 320 and 308 nm, which are assigneaghto
(bpy) intraligand transitions, while the intense features below
300 nm are a composite of,7* intraligand and MLCT
transitions. The absorption of diamine complesa is very
similar to that of2 at wavelengths longer than 300 nm (Figure
1a), except for a slightly increased absorptivity, which is likely
due to weak mr* absorption of the aniline moiety in the diamine
ligand1%@ Complexe-1aalso exhibits a strong band &fax ~
254 nm, which is attributed to thes* transition of the aniline
moiety.

The absorption spectrum eflb (Figure 1b) is distinct from
that of model2 or diaminee-1a. The most prominent feature
in the absorption ok-1b is a band aftmax &~ 370 nm that is
considerably more intense than the near-UV MLCT absorption
observed ire-laand2. Comparison of the absorption eflb
with that of diamine liganda (Figure 6b) indicates that the
370-nm absorption in the metal complex is likely due primarily
to the intraligandr,7* charge transfer (IL-CT) transition of the
conjugated pyridyt-aniline chromophore. It is likely that there
also is some contribution to the near-UV band from an
underlying dr (Re)— z* (bpy) MLCT transition. Interestingly,
the IL-CT transition of the pyridytaniline chromophore is
significantly red-shifted and more intenseeflb than in free
ligand 6a, which indicates that there is substantial electronic
interaction between the aniline donor and the (bpy)Reg¢CO)
chromophore in the metal complex.

The luminescence properties efla,b, 3a,b, and 6a were
examined in degassed @EN solution, and the results are also
summarized in Table 1. CompleX exhibits a moderately
intense and long-lived yellow luminescence which is typical of
the (bpy)RECO)-chromophore and is attributed to the (Re)

— * (bpy) SMLCT excited statéd? By contrast, each of the
electron donor-substituted complexesla,b and 3a,b are
virtually nonluminescent. Studies carried out with steady state

the pertinent quantum efficiencies. Typical HPLC chromato-
grams for samples of-la which were irradiated to ap-
proximately 10% conversion are available as supporting infor-
mation.

Photolysis of-1ain air-saturated solution leads quantitatively
to formation of pyridyt-aniline complex7aand benzaldehyde.
These products were identified by comparison of HPLC
retention times for peaks in the photoproduct solution with
HPLC retention times of authentic samples of the two com-
pounds. Benzeldehyde afid are believed to form by photo-
induced oxidative €C bond fragmentation of the 1,2-diamine
ligand in e-1a, followed by hydrolysis of the resulting imine
complex 14a and iminium ion 11 (Scheme 3). Quantum
efficiency studies reveal thdta and benzaldehyde are formed
in 1:1 and 2:1 ratios, respectively, relative to disappearence of
e-1a, as expected on the basis of the reaction stoichiometry
(Table 2). The quantum yield studies indicate that disappearence
of e-launder air-saturated conditions is quite efficient, wdth
= 0.54.

The reaction mixture obtained by photolysissafain argon-
degassed solution is more complicated. HPLC analysis of the
argon-degassed reaction mixture indicates that, in addition to
benzaldehyde anda, another product is formed which has a
slightly longer retention time than that efla (see supporting
information). Semipreparative photolysis @fla followed by
silica gel chromatography afforded a small amount of the
unknown material. Analysis b4 NMR, 3C NMR, and high-
resolution mass spectroscopy indicates that the additional
product is thethreo diastereomeri-1a (see the Experimental
Section). Thethreo diastereomer is likely formed by stereo-
random recombination of the metal complex radit@h and
ion 11, which are formed by photoinduced oxidative-C bond
fragmentation of the 1,2-diamine ligand (Schemé&*3Ruantum
efficiency studies indicate that the disappearances-b# is
suppressed significantly in argon-degassed solution (Table 2).
Fragmentation productéa and benzaldehyde are still formed

and time-resolved photon counting indicate that in each casein the expected 1:1 and 2:1 stoichiometry relative to disap-

the upper limit for theMLCT emission quantum yield and
lifetime is 104 and 0.5 ns, respectively. This observation

pearence ok-1la; however, under argon-degassed conditions
the predominant reaction pathway beconméa — t-la

indicates that a nonradiative decay process is operative in thephotoisomerization. The suppressed quantum efficiency for
electron donor-substituted complexes, which accelerates thedisappearence &1 under argon-degassed conditions is likely

decay of theMLCT state by greater than 30elative to the

due to the fact that there is a significant fraction of bond
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TABLE 1: Photophysical Data?

Wang and Schanze

absorption emission
complex AmadNM (€mad10° M~ cm™) assignment Ama{nNM Dem Ten/NS
ela 254 (38.5) % IL (aniline) b <1074P <0.B
308 (17.8) 7t,70* bpy
320 (17.2) 7,7 bpy
350 (5.3) Re— bpy MLCT
elb 242 (29.9) ,* 1L b <1074b <0.%
312 (15.9) 7t,70* bpy
320 (18.8) 7, bpy
370 (40.1) IL CT & Re— bpy MLCT
2 250 (20.0) T, 1L 595 45x 107? 210
266 (19.4) 7t,r* L
306 (11.9) T bpy
320 (12.4) 7,77 bpy
350 (3.7) Re— bpy MLCT
3a 262 (29.8) 7,77 IL (aniline) b <104b <0.
308 (14.4) 7w bpy
320 (12.8) 7,7t bpy
350 (4.6) Re— bpy MLCT
3b 244 (28.1) 7% 1L b <1074b <0.5°
310 (14.4) 7, w* bpy
320 (16.5) 7T,0T* bpy
382 (40.0) IL CT & Re— bpy MLCT
6a 318 (25.0) w* CT 392 1.1
a All data in degassed G4EN solution at 25°C. P Emission too weak for accurate determination.
of T T T T As for complexe-1a, irradiation ofe-1b in argon-degassed
\ i/'\\ a | CH3CN leads to a more complex reaction mixture. Benzalde-
- N . hyde andrb are still formed under argon-degassed conditions;
20l ] however, a new compound with a slightly longer HPLC
- . retention time compared to that eflb is detected. Although
5 1or - this compound was not isolated and identified by semiprepara-
5 g ] tive irradiation, the close similarity of the HPLC chromatograms
@, 40f . for the e-1a and e-1b air-saturated photoproduct solutions
N sl b ] strongly implies that the unidentified peak at longer retention
w time is thethreo diastereomert-1b. Quantum yield studies
201 = indicate that the efficiency for disappearance ®fb is
ol ] suppressed under argon-degassed conditions and that the
""""" dominant reaction pathway appears toegb — t-1b photo-
o N . P R s > 1 H - H
200 250 300 350 400 450 500 |somer|z.at|on (Tablg 2)- ]
Wavelength /nm Transient Absorption Spectroscopy. Nanosecongmicro-

Figure 1. UV—visible absorption spectra of GAN solutions: (a)
solid line, 2; broken line,e-1g; (b) solid line,e-1b; broken line,6a.

fragmentation events which are unproductive due to recombina-
tion to form the starting compleg1a.1”

Steady state photochemical studiegdb were also effected
by using 366-nm photolysis, which excites largely the IL-CT
transition of the pyridyt-aniline chromphore of the diamine
ligand. However, despite this feature, the product distribution
and overall quantum efficiency of the photochemistryectb
is remarkably similar to that of-1a (see Scheme 2 and Table
2). Irradiation ofe-1b in air-saturated CECN solution leads
to exclusive formation of benzaldehyde and pyridghiline
complex7b, which were identified by comparison of HPLC
retention times for peaks in the photoproduct solution with
HPLC retention times of authentic samples of the two com-
pounds. Benzaldehyde aitl presumably form via a pathway
analogous to that described for fragmentation of the diamine
ligand ine-1a(Scheme 3). Quantum yield studies indicate that
benzaldehyde is formed in approximately 2:1 stoichiometry
relative to disappearence eflb, as anticipated on the basis of
the reaction stoichiometry. The overall quantum efficiency for
disappearence @&1b under air-saturated conditions is slightly
lower compared to that oé-1la, but the reaction remains
comparatively efficient withd~ = 0.43.

second laser flash photolysis studies were carried oetTmb
and3a,bto examine the spectroscopic properties and dynamics
of the excited states and reactive intermediates involved in the
photochemistry and photophysics of these complexes. Pico-
second pumpprobe studies were also carried outeta and

33, and the findings of this work are described elsewhéte.
All nanoseconé-microsecond laser flash photolysis studies were
carried out by using the third harmonic of a Nd:YAG laser for
excitation (355 nm, 10 ns fwhm, 10 mJ/pulse). Listed delay
times correspond to delay after the leading edge of the laser
excitation pulse.

Figure 2a illustrates the transient absorption spectrueaof
obtained at 10-ns delay following the leading edge of the laser
pulse. This spectrum is characterized by a comparatively weak,
broad absorption centered/atax = 490 nm AAnax = 0.078).

The transient absorption decays too rapidly for accurate deter-
mination of the decay rate with the nanosecond apparatus (see
inset to Figure 2a); however, picosecond pufppobe spec-
troscopy indicates that the decay rate of this transient is 1
108 s1.13¢ The transient absorption spectrum3zfis substan-
tially different from that of the d¢ (Re) — x* (bpy) MLCT
excited state in model compleX, which displays a strong,
narrow absorption band withnax &~ 370 nm2° On this basis,

the transient absorption spectrum3# is attributed to LLCT
excited statel6a (eq 3), which is formed by a sequence that
involves initial excitation to the MLCT stat&ba, followed by


http://pubs.acs.org/action/showImage?doi=10.1021/jp953537l&iName=master.img-004.png&w=176&h=167

Photoinduced ET in MetalOrganic Complexes

J. Phys. Chem., Vol. 100, No. 13, 1996413

SCHEME 2
air
turated =
saluraied (bpy)Flle'—N\ />—X-©—NH2 + 2PhCHO  + <HN:>)
(CO)3
a : X=CH,
e-1a 8a : X=—
or —
e-1b
(bpy)Re N )X -@— )\rN:> + 7a (or 7b) + PhCHO + (HN:>)
argon
degassed
t-1a : X=CH2
tib : X=—
TABLE 2: Photochemical Quantum Efficiencies
air saturated argon degassed
Comp|eX (O (Dthreo (DPhCHO (Damine (O cI)threo cI)PhCHO q)amine
ela 0.54+0.03 <0.01 1.10+ 0.05 0.48+0.01 0.29+ 0.04 0.16+ 0.01 0.19+ 0.02 0.08+ 0.01
elb 0.43+0.02 <0.01 0.75+ 0.04 b 0.26+ 0.03 0.09+ 0.02 0.144+0.02 b

a All data for CHCN solutions at 28C. @&, quantum vyield for disappearence of starting compfex;eo, quantum yield forerythro— threo
photoisomerization®Pencro quantum yield for benzaldehyde formatichamine quantum yield for formation ofa or 7b. ® Not determined.

SCHEME 3
e At e
(€O Bh krer
8a : X=CH,
8b : X=— (bpy)Re N >—X-©—N D
(00)3 5
: X=CH,
9b  X=—
1 ker
KeeT (bpy)Re—ND—X-O—N—CH ~Ph + Ph- CH—N:>
+hv| | kg (CO)
10a : X =CH,
10b : X=—
\\electron transfer
Oy, -H
(bpy)ﬂe—ND—X@—N—CH -Ph + Ph-CH- N:>
(bpy)Re ND—X-@-N CH—Ph O 1oa - X = CH
2
(CO)s
(bpy)Re-N x-< >—N 11 12b : X=—
(00)3 D_ 5 :> 14a X—CH2
e-1a : X=CH, b @ X=— J recombination
&b : X=— l H,0
e-1a and t1a
7a or 7b + 2PhCHO + H-NC>
or
e-1b and #1b

rapid forward ET kegr > 10° s1). An important point for the
present study is that the picosecond measurement of the de
rate of LLCT statel6a indicates that the rate of back ET in
this aniline-substituted complex kger = 1 x 108 s~ 1.13¢

3ah Ve Iac—(bpy)Re" - >-><—<f>—uwn;2 Yo far}(bpy)Re N:'}X—O-Nmz

(CO)a (00)3 ®
15a : X =CHj 16a : X=CH,
15b : X= — 16b : X= —

KpeT

Nanosecond transient absorption spectroscopy was carried
on pyridyl—aniline complex3b, and the spectroscopic and

kinetic findings are summarized in Figure 2b. The transient
caybsorption of this complex is dominated by a moderately strong
bleach almax~ 390 nm and weak aborption in the mid-visible.
The bleach at 390 nm corresponds to the ground state absorption
band that is assigned to thes* IL-CT absorption of the
pyridyl—aniline donor ligand. Two observations suggest that
the transient absorption spectrum observedfois due to the
LLCT statel6b, eq 3. First, the spectrum differs significantly
from that of the & (Re)— z* (bpy) MLCT state?® Second,
the strong bleach of the IL-CT absorption band indicates that
outhere is depletion of electron density at the aniline donor in the
transient, which is consistent with the electronic structure of
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Figure 2. Transient absorption difference spectra following laser
excitation (355 nm, 10 ns fwhm, 10 mJ/pulse). All spectra are for
degassed CI¥CN solutions. Delays refer to delay time from leading
edge of laser excitation pulse. (& 10 ns delay. Inset: transient
absorption kinetics oBa at 470 nm. (b)3b, 10 ns delay. Inset:
transient absorption kinetics @b at 390 nm.

LLCT state 16b. The transient absorption @& decays too

rapidly for accurate determination by using the nanosecond 2qo, 250, and 32%s

Wang and Schanze
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Figure 3. Transient absorption difference spectraedfain degassed
CHsCN following laser excitation (355 nm, 10 ns fwhm, 10 mJ/pulse).
Delays refer to delay time from leading edge of laser excitation pulse.
(a) Delay times: 5 ns(M—), 100 ns ¢ —), 200 ns (--), and 1000 ns
(---). INSET: transient absorption kinetics at 460 nm. (b) Delay
times (in order of decreasing transient absorption intensity): 5, 50, 100,
. INSET: transient absorption kinetics at 365

system (see inset to Figure 2b); however, the fact that a nm.

moderately strong transient absorption is observed with nano-
second laser excitation implies that the decay rate of the transient I

is <10° s7L.

Figure 3 provides a summary of the transient absorption data

for e-1ain degassed C¥CN solution. Parts a and b of Figure

3 illustrate spectra at delay times ranging from 5 to 1000 ns
and 5 to 32&us, respectively, while the insets to parts a and b

of Figure 3 illustrate the temporal profile of the transient

absorption at 460 and 365 nm, respectively. Taken together,

these data clearly indicate that near-UV excitatioe-@f leads
to rapid formation of a strongly absorbing transient withux
~ 360 nm. For reasons that will be fully outlined below, this

transient absorption spectrum is assigned to metal complex

radical 10a (Scheme 3) that is produced by—C bond
fragmentation of the diamine ligand ieela. The 360-nm

transient is formed almost completely during the laser pulse;
however, the early time transient absorption data (refer to Figure
3a) imply that there is a spectral evolution that occurs which is
slightly too fast to be temporally resolved by the nanosecond
system. Recently published picosecond transient absorption

studies ofe-1la allow resolution of these fast dynamics and

indicate that the rise time of the 360-nm absorption and the
fast decay of the absorption at 460 nm (see inset, Figure 3a)

occur with the same first-order rate bf= 4 x 108 s~1.13¢

0.1+ Fesz a

=)

370 nm
1 1 1 1

0 100 200 300 400 500
Time/ns

A Absorbance

0101 420 nm
%005 |-

£0.00 |t ]
0.1F Soos|- I

-0.10 L1 |nm
0 100 200 300 400 500 -

Time/pus
~0.2k 1 N 1 L 1 L 1 s 1 . +
300 350 400 450 500 550 600

Waveiength / nm

~ The microsecond time domain data shown in Figure 3b rig,re 4. Transient absorption difference spectradib in degassed
indicate that the 360-nm transient attributed to metal complex cH,CN solution following laser excitation (355 nm, 10 ns fwhm, 10

radical 10a decays comparatively slowly. Kinetic analysis

mJ/pulse). Delays refer to delay time from leading edge of laser

reveals that the decay can be modeled by assuming secondexcitatiqn pulse.. (a) Delay times (in order of increasing transiept
order, equal concentration kinetics. A fit of the data provides absorption intensity at 425 nm): 10, 30, 50, and 100 ns. Inset: transient

ko/Ae = 3.0 x 10* cm s71, wherek; is the second-order decay
rate constant (unitss M~1 s71) andAe is the difference molar
absorptivity (units= M~1 cm™1) of the transient absorption at
360 nm. Assuming thahe ~ 2 x 10* M~1 cm™! leads to an
estimate ofk; ~ 6 x 18 M~ s,

absorption kinetics at 370 and 420 nm. (b) Delay times (in order of
decreasing transient absorption intensity at 425 nm): 5, 50, 100, 200,
250, and 325s. Inset: transient absorption kinetics at 370 and 420
nm.

for e-1b in degassed C¥CN solution. Parts a and b of Figure

Figure 4 provides a summary of the transient absorption data4 illustrate spectra at delay times ranging from 5 to 100 ns and
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5 to 325us, respectively, while the insets to parts a and b of TABLE 3: Electrochemical Potentials®

Figure 4 illustrate the temporal profile of the transient absorption compound EONVP  EysedVe  AGeereV  AGger/eV
at 420 and 370 nm, respectively. The transient absorption ola 1084 117 037 01
spectra clearly indicate that photoexcitationeefb leads very e1b 40.85  —1.17 ~0.36 —202
rapidly to (1) significant bleaching of the ground state absorption > ~1.16

band at 370 nm, which is due to the IL-CT absorption of the 3a +0.82 -1.17 —0.39 —1.99

pyridyl—aniline chromophore, and (2) production of a strongly ~N-benzylpiperidine  +0.97

absorbing transient with an apparent absorption maximuin at N-methylaniline —— +0.72

~ 425 nm. For reasons that will be fully explained in the N.N-dimethylaniline - +0.77

Discussion section, the transient absorption features observed 2All potentials for CHCN solutions with 0.1 M TBAH supporting
for e-1b are ascribed to photoinduced fragmentation of the electrolyte. Potentials relative to sat_urated _sodium c'hloride calomel
diamine ligand and production of metal complex radit@b reference electrodé@ Peak potential for irreversible anodic wave at 100

. - mV/s sweep rate’. Half-wave potential for reversible cathodic wave.
(Scheme 3). Bleaching of the ground state absorption at 3704 rree energy change for photoinduced forward electron trarfsfeee

nm is due to loss of the IL-CT absorption of the pyrieigniline energy change for back electron transfétalf-wave potential for quasi-
chromophore, while the transient absorption feature at 425 nmreversible anodic wavé.Potentials from ref 30.

is assigned td.Ob. While the photoinduced fragmentation is

very fast on the nanosecond time scale, the early time dataof peak potentials for irreversible oxidation Nfbenzylpiperi-
(Figure 4a) indicate that there is a dynamic process which occursdine, N-methylaniline, and\,N-dimethylaniline?* This data
during and immediately following the 10-ns laser pulse. reveals that the irreversible oxidation Efbenzylpiperidine (a
Significantly, the spectrum at the earliest delay time (10-ns 3° aliphatic amine) is shifted several hundred millivolts anodic
delay) exhibits a fully developed bleach at 370 nm. By contrast, compared to the oxidation diN-methylaniline andN,N-di-
the 425-nm transient absorption rises comparatively more methylaniline (typical aromatic amines).

slowly, taking~30 ns to fully develop. These features suggest  All of the available information suggests that the oxidation
that bond fragmentation (e.@b— 10b) occurs on a time scale  of the diamine ligands ir-1a,b is localized primarily at the
that is very close to the temporal resolution of the nanosecondaniline unit (and not at the piperidine site). First, the peak
flash photolysis system (e.¢igr < 10° s79). anodic potentials oe-1a,b occur at approximately the same

The microsecond time domain transient absorption data for Potential as the quasi-reversible oxidation of Myl-dimethyl-
e-1b (Figure 4b) reveal that the transient absorption and bleach @niline unit in 3a. Note that the peak anodic potentials for
signals that are attributed, respectivelylfiband depletion of ~ €1ab and 3a are slightly more positive than the oxidation
e-1b decay within approximately 50@s of the pulse. Interest- Potentials oN-methylaniline om,N-dimethylaniline; however,
ingly, a substantial fraction of the ground state bleaching in the the Positive shift of the aniline-based oxidation in the metal
near-UV region recovers, which is consistent with recombination COMPlexes is likely due to a netl charge on the complexes.
of the radicals formed by bond fragmentation to regenerate the P€SPite the slight positive shift, the anodic wavesédraand

starting complex. The transient absorption and bleach recovery® 1P still occur at a less positive potential compared to oxidation
kinetics can be modeled by assuming second-order, equal®f the piperidine model compourtd-benzylpiperidine, which
concentration kinetics. A fit of the transient absorption kinetic further substantiates the view that the oxidation in the diamine

data at 420 nm providds/Ae = 2.0 x 10° cm s'L. Assuming complexes occurs at the aniline donor unit.
thatAeazo~ 2 x 10* M~Lcm2 leads tok, ~ 4 x 10° M~tsL The free energy change that accompanies photoinduced
for recovery of the bleach signal. forward and back ETAGrer andAGgeT, respectively) ire-1a,b

Nanosecond transient absorption studies carried oetTm and3a,b can be estimated by the following expressiéhs:
ande-1b in air-saturated CECN solution indicate that under
these conditions metal complex radicaBaand10b are formed
by laser excitation. However, in the presence of tBese B -
transients are quenched exceedingly rapidly, With 1 x 107 AGger ~ Eyp(bpy/bpy ) — E,(D/D™) (4b)
s™1. Assuming that [g ~ 1.9 mM in air-saturated C¥CN
solution, the second-order rate constant for reaction of thesewhereEy(D/D*") is the peak oxidation potential of the aniline
radicals with Q is ~5 x 10° M1 s71, which is close to the ~ or diamine donor ligandEi(bpy/bpy~) is the half-wave

AGger~ Ey(D/ D) — Ey(bpy/bpy ) — Ey  (4a)

diffusion-controlled limit in CHCN. reduction potential of the bpy acceptor ligand, d&d is the
Electrochemistry and Thermodynamics for Intramolecu- ~ 9—0 energy of the relaxed MLCT excited state of the (bpy)-
lar ET. Cyclic voltammetry was carried out @la,b, 2, 3a, Re(COX%-chromophore. By using the electrochemical potentials

and various model amines to determine (1) the potentials for liSted in Table 3 along wittg estimated from the emission
oxidation of the diamine (or amine) donor ligand and for SPectrum of2 in CHsCN (Eqo ~ 17 550 cm?),*® AGrer and
reduction of the bpy acceptor ligand and (2) to attempt to AGB_ET for_each complex have been _estlnjatgd, and the values
identify the site at which oxidation occurs within the diamine are listed in Table 3.. These calculations |nd!cate that for eaph
unit. Table 3 lists the electrochemical potentials for these COMPlex forward ET is moderately exothermic and back ET is
compounds relative to the saturated sodium chloride calomel Strongly exothermic.

electrode (SSCE). First, cathodic scans for each of the metal
complexes reveal a reversible wavdegb ~ —1.17 V. In each
case this wave is ascribed to reduction of the coordinated bpy Overall Mechanism for Photochemistry. Scheme 3 pre-
ligand!® Anodic scans for the two diamine complexeda sents an overall mechanism that is consistent with the observed
ande-1b and the dimethylaniline-substituted comp&adisplay photochemical and photophysical propertiesdfa,b. Initial

an irreversible wave each, with, ~ +0.85 V. This wave is photoexcitation produces the relaxed @®e)— z* (bpy) MLCT

not observed in model compleX(which does not contain an  excited state8.22 The MLCT state relaxes via radiative and
amine donor ligand), and on this basis it is attributed to oxidation nonradiative decay to the ground stake ffath) or by forward

of the aniline or diamine donor. Table 3 also contains a listing ET from the diamine donor to the photoexcited Re(l) center

Discussion
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(keeT path). Forward ET produces LLCT sta®e In a one-
electron approximatior comprises a bpy anion radical (e.g.,
bpy~) and a diamine radical cation held in proximity by the
transition metal center. LLCT stafrelaxes either by back
ET (kger path) via transfer of an electron from bpyto the
diamine radical cation or by €C bond fragmentation of the
diamine radical cationkgr path). Bond fragmentation within
9 occurs in a formally heterolytic fashioni@e infra) to produce
metal complex radicalO and iminium ionl1, which is derived
from the piperidine portion of the diamine unit. Under air-
saturated conditions radichdis quenched by rapid ET to£3
followed by loss of a proton to form imine complé4. Imine
complex14 and iminium ionl1 hydrolyze under HPLC analysis
conditions to form the corresponding free aminés and
piperidine) and 2 equiv of benzaldehyde.

Under argon-degassed conditions, metal complex radizal
survives for a sufficient period to allow it to react in a
bimolecular reaction with iminium iofh1 in a two-step sequence
that results in net regeneration of starting compéa (or e-1b)
and the corresponding diastereontdra (or t-1b). The first
step of this recombination sequence presumably involves ET
from bpy~ in 10 to iminium ion 11, and the second step
involves stereorandom recombinationi& and13 to produce
the diastereomeric complexesl and t-1 in approximately
equivalent proportion¥. The mechanism of this recombination
reaction will be discussed in more detail in a succeeding section.

Kinetics of ET and Bond Fragmentation in e-1a ande-1b.

The kinetics for forward ET in the donor-substituted complexes
are given by the expressi#hn

Keer = v — 112(2) (5)
wherer andz(2) are, respectively, the MLCT emission lifetimes
of the donor-substituted complexes and model comex
Emission lifetime studies indicate that the MLCT emission
lifetimes of all of the donor-substituted complexes (esgla,b
and 3a,b) are less than 0.5 ns (Table 1). Using eq 5 and the
MLCT emission lifetime of model compleX (210 ns) leads to
the conclusion thakrer = 2 x 10° st in each of the donor-
substituted complexes.

The rate of back ETkget) was directly determined in model
complex3ato be 1x 10 st by using picosecond transient
absorptiont3¢ While kger cannot be directly determined in
diamine complex-1a, it is reasonable to assume ti3atserves
as an excellent model fax1a and, therefore, thatger ~ 1.0
x 108 s 1 for e-1aas well. Further support for this conclusion
comes from the fact that the rate of back ET is very similar in
the structurally similar aminoalcohol comple’ (Chart 2),
wherekger = 8.3 x 107 s71.13

With a value forkggr for e-1a in hand, it is possible to
determinggg for e-1afrom the picosecond transient absorption

Wang and Schanze

TABLE 4: Electron Transfer and Bond Fragmentation
Rates

compound Kegr/s™t Keer/s™t kge/s™t
ela >2 x 10° 1.0x 1¢® 3.0x 10
elb >2 x 10° 1.3x 1C° 3.0x 10
3a >2 x 10° 1.0x 1¢®

aData for CHCN solution. Rates estimated as described in text.

3, the overall efficiency for bond fragmentatiogsf) is given
by the product of the efficiencies for formation of LLCT state
9b by forward ET ¢..ct) and for formation of the radicdlOb

by bond fragmentationSgr),2°

bar = dLicTPer (6a)
where
_ Keer _ Ker
et = P and fgr= PRI (6b)

Transient absorption indicates that i® an effective scavenger

for radical 10b, which is the primary product of bond fragmen-
tation. Therefore, it is reasonable to assume that bond frgmen-
tation is irreversible under air-saturated conditions and hence
that ¢gr = ®_2r, where ®_2a" is the quantum vyield for
disappearence fog-1b in air-saturated solution. Taking this
into account, rearranging and combining eqs 6a and 6b leads
toeq?7,

Keer = Kae(1 — cI)—air) (7)

where it has also been assumed that = ®_a" and¢ cT =
1. The latter assumption is justified by the fact thatr > k.
Now, substitutingkgr = 1.0 x 10° s™* and ®_ar = 0.43 into
eq 7 leads tdger ~ 1.3 x 108 s71 for e-1b.

A summary of the rate constants for forward ET, back ET,
and bond fragmentation ie-1a, e-1b, and3ais provided in
Table 4. Several points merit discussion concerning these data.
First, given that forward ET is moderately exothermic<0.4
eV) and that the separation distance between the aniline donor
and the Re(l) center is relatively small (ca=B A), the fact
thatkegr = 2 x 10° s 1is not unreasonable. Further, the rapid
forward ET rates observed ferla,band3aare consistent with
the donofr-acceptor electronic coupling matrix elemehiaf)
and reorganization energyl)(determined by a study of the
temperature dependence for photoinduced forward ET in the
structurally similar donor-substituted complé&8 (Chart 2),
whereHag = 7 et andA = 1.0 evid

The rates for back ET ir-1a,b and 3 are comparable to
values previously observed for strongly exothermic back ET in
the related Re(l) complexel8 (kger = 1.3 x 10" 571, AGger

data. The kinetic model presented in Scheme 3 indicates that= —2.13 eV}3dand19 (keet = 4.0 x 107 s, AGger = —1.96

disappearance &fa and appearance df0a should occur with
the same first-order rate constalg,s wherekops = Keet +

ksr. Consistent with this premise, the picosecond transient
absorption studies reveal that the decay of LLCT s@atend

the grow-in of radicallOaboth occur withkops= 4 x 10° s71.13¢
Hence, the assumption thager = 1.0 x 108 s~* affords a value

of keg = 3.0 x 10° s 1 for e-1a.

eV).”® However, despite the similarity among the rates for
charge recombination in these structurally related Re(l) com-
plexes, there are some surprising features. First, electronic
coupling between the Re center and the aniline donor unit is
likely to be significantly larger ire-1b than ine-1a because of

the structural difference in the donor ligands for the two
complexeg%27 Evidence of strong donor ligardnetal elec-

Picosecond transient absorption studies have not been carriedronic coupling ine-1b is provided by the significant shift in

out one-1b or the relevant model comple3b to evaluatekger

or kgr in these complexes. However, by assuming that the rate
of bond fragmentation is the same in the LLCT excited state of
both e-1a ande-1b (kgr = 3.0 x 10° s71),%* it is possible to
apply the steady state photochemical results-ab to provide

an estimate fokggr in this complex. By reference to Scheme

the energy of ther,z* IL-CT absorption of the pyridyt-aniline
ligand in complexe-1b compared to the energy of the same
transition in free liganda. However, despite the significant
difference in donor ligangmetal coupling betweee-1a and
e-1b, kget is virtually the same within experimental error in
the two complexes. Another surprise is thgtr for the group
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of donor-substituted complexesla,b, 3a, 18, and 19 (and
others) is comparatively slow compared to the rates of charge
recombination in other donetacceptor systems where the
driving force and electronic coupling are comparable. For
example, back ET in covalently linked porphyriquinone
systems with doneracceptor separation distances ranging from
5to 10 A and withAGger &~ 1.5 eV typically occurs wittkeer
~ 10°—100 57128

Taken together, the features outlined above imply that the
rate of back ET in donor-substituted Re(l) complexes such as
la,b, 3a 18, and19 may be controlled, at least in part, by the
dynamics of triplet— singlet intersystem crossing in the LLCT
state. Intersystem crossing may play a role in determining the
rate of back ET in the LLCT state because it is formed by
forward ET from the MLCT state, which is believed to possess
considerable triplet spin character (e LCT — 3LLCT).2°
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SCHEME 4
b Ph Ph
..)- +
Ory0 e ~OF A0
21 22 1
Eq(21/23) Eq(11/113)
Ph j’h 'ﬁ:>
OO o O %
23 22 13

absorption maximum of the RENHCHCgHs chromophore
is red-shifted substantially ihOb compared td.Oabecause of
the effect of conjugation between the pyridine and aniline rings.

Since the product of back ET (the ground state) has singlet spinNote thato-amino radicall3, which would be produced by

multiplicity, intersystem crossing must precede deca{LoCT
via back ET.
That spin state dynamics play an important role in determining

homolytic fragmentation, exhibits a very strong absorption at
Amax > 340 nm®3® This band does not appear in the spectra of
either e-1a or e-1b, as would be expected if homolytic

the lifetimes of charge-separated states formed by ET quenchingiragmentation occurs.

in d® transition metal complex systems has been recently
demonstrated by studies of heavy atom and magnetic field
effects on ET reactions betweéRu(bpyx?t* and electron
donors or acceptor8. These studies indicate that the geminate
radical pairs formed by oxidative or reductive ET quenching
of 3Ru(bpy}?™™* have a high degree of triplet spin character
and, furthermore, that back ET in the geminate pairs is controlled
largely by the dynamics of intersystem crossifig.Since

A thermodynamic cycle that can be used to estimate the free
energy for fragmentation of diamine radical cati@i is
illustrated in Scheme 4. The free energy can be calculated by
eq 932

AGeo. = AGe — FIE, (11/13) — E,,(21/23)]  (9)

whereAGce+ andAGec are, respectively, the free energies for

spectroscopic studies indicate that the orbital and spin charac-0ond fragmentation of radical cati@i and the corresponding

teristics of the luminesceBMLCT excited states of Ru(bpy)"

and (bpy)Re(CQJ* complexes are virtually identicad, it is
reasonable to expect that intersystem crossing dynamics will
play an important role in photoinduced ET reactions in the
(bpy)Re(COJL™ system as well.

Mechanism and Thermodynamics for Bond Fragmenta-
tion in the LLCT State. In Scheme 3, €C bond fragmenta-
tion of the diamine radical cation within LLCT state) is
implicitly considered to occur in a heterolytic mode. However,
as illustrated by eq 8, fragmentation may occur in either a
heterolytic or homolytic mode. These two bond fragmentation
modes differ in outcome: heterolytic fragmentation (eq 8a)
would produce metal complek0 and piperidine iminium ion
11, while homolytic fragmentation (eq 8b) would produce metal
complex iminium ion20 and piperidinen-amino radicall3.

O

10

Ph
SO —
Ph

9

.
) @
Ph
11

Ph
QN&:Q — O 'g;'@ @

9 20 13

R= (BY)REICOIN,_ )X~

The transient absorption spectra of the radical products
produced by € C bond fragmentation is-laande-1b (Figure
3a,b) indicate that heterolytic fragmentation predominates or
occurs exclusively. The spectra produced by photolysesid
ande-1b exhibit absorption bands with maxima at 365 and 425

neutral 23, the Ej»’s represent electrochemical half-wave
potentials for the indicated one-electron reductions, B&rid
the Faraday constantE;»(21/23) is given approximately by
E, for e-laande-1b (+0.85 V), whileEy»(11/13) is available
from the literature £0.94 V)33 An estimate foAGcc is arrived
at through the following reasoning. First, the literature value
for AHcc for the 1,2-CC bond iN,N,N'-trimethyl-1,2-diami-
noethane is-60 kcal/mol®* Analysis of bond homolysis data
for a variety of aryl-substituted ethanes indicates that vicinal
diphenyl substitution typically decreas@sicc by ~22 kcal/
mol compared to the corresponding eth&hd& hese values lead
to an estimate ofAHcc ~ 38 kcal/mol fore-1a and e-1b.
Finally, an estimate oAS:c ~ 36 eu fore-laande-1b is based
on A values for ethane (38 eu), 1,2-diphenylethane (36 eu),
and 1,2-diaminoethane (36 €13) By using the estimated values
for AHcc andAScc for e-laande-1b, we calculate thaAGec-
(298 K) ~ +27 kcal/mol.

Substitution of the estimated values #42(21/23), Ey/»(11/
13), andAGcc into eq 9 leads to a calculated valueAGcct
—14 + 5 kcal/mol for21 (and by analogy for the radical
cations ofe-1a ande-1b), where the estimated error of 5 kcal/
mol takes into account errors arising from estimatioAGfcc-
(298 K) and from using an irreversible peak potential dera
and e-1b rather than a reversible potential. The estimate of
AGce+ ~ —14 kcal/mol indicates that bond fragmentation of
the diamine cation radical is moderately exothermic. In view
of this fact, it is remarkable that the reaction is thermally
activated: the rate of bond fragmentation at 298 Kx(3.0°
s71) indicates an activation free energ§®&”cc+) of +3 kcal/
mol. That fragmentation of the diamine cation radical is weakly
activated despite being moderately exothermic implies that bond
cleavage has an associated “reorganization energy”, or intrinsic
barrier. This energetic barrier may be due to free energy costs

nm, respectively. These absorption bands are attributed to theassociated with the stereoelectronic demands of the transition

a-amino radical chromophore, RBsNHCHC;Hs,130:17:3%which
is present in metal complex radicallDa and 10b. The

staté®37and solvent repolarization that occurs along the reaction
coordinate. Indeed, the fragmentation kinetics of diastereomeric
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aminoalcohol cation radicals (eq 1,2X OH) imply that in the the conclusion that recombination does not occur between the
transition state for fragmentation there is a stereoelectronic primary radication pair formed by fragmentation of the
requirement for maximization of orbital overlap between the p diamine radical cation, but rather involves a two-step sequence
orbital on the heteroatom of the electrofugal group (X in eq 1) involving electron transfer followed by radicatadical recom-

and the singly occupied p orbital on 131 Overlap is bination.

maximized if the two heteroatoms are oriented eitign or A primary objective of this study was to develop a reactive
anti with respect to rotation about the 1,2-CC bond. It is donor ligand system which is useful for probing the electronic
plausible that the intrinsic barrier for fragmentation of the 1,2- structure and dynamics of charge transfer excited states in metal
diamine cation radical is due to an unfavorable enthalpy or complex systems. The 1,2-diamine ligands which provide the
probability factor (activation entropy) associated with achieve- basis for the unique reactivity @1la ande-1b clearly satisfy

ment of the proper orbital alignment in the transition staf&. this objective. Future studies seek to apply the diamine and
Mechanism for e-1 to t-1 Isomerization. One of the other reactive donor systems to explore the electronic structure,
surprising outcomes of the photochemical studies-t& and dynamics, and reactivity of MLCT, LLCT, and ion-pair CT

e-1bis the observation afrythro— threophotoisomerization. states in inorganic and organometallic complexes.

This reaction provides unequivocal evidence that bond frag-

mentation is reversible, albeit in an operational but not neces- Acknowledgment. We gratefully acknowledge support for
sarily strictly mechanistic sensejde infra. An important this project from the National Science Foundation (Grant Nos.
observation is that-1 — t-1 isomerization is not observed under CHE 91-23000 and CHE-9401620).

air-saturated conditions (se&Bweo, Table 2), which indicates
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11does not occur. That geminate recombination does not occurfor photolyzed solutions aé-1aande-1b under argon-degassed
implies that direct recombination a0 and11 to produce9 is and air-saturated conditions (2 pages). See any current masthead

not feasible® Furthermore, it suggests that recombination page for ordering information.

requires a preceding ET step from bpyn 10 to iminium ion
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