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Rates of Diels-Alder cycloadditions of anthracenes with methyl vinyl ketone (MVK) are accelerated
significantly by the presence of scandium triflate [Sc(QTfpc(OTf) also promotes photoinduced electron-
transfer reactions from various electron donors to MVK significantly. Comparison of the promoting effect of
Sc(OTfy in photoinduced electron-transfer reactions of MVK with the catalytic effect of Sc¢Omf)he
Diels—Alder reaction of 9,10-dimethylanthracene with MVK has revealed that the MS&OTfl complex

is a reactive intermediate in both the Dielslder and photoinduced electron-transfer reactions. The observed
second-order rate constants of the Sc(@€dtalyzed Diels-Alder reactions of anthracenes with MVK are

by far larger than those expected from the observed linear Gibbs energy relation for theAlielsreactions

of anthracenes with stronger electron acceptors than MVK, which are known to proceed via electron transfer.

This indicates that the Sc(OTfratalyzed Diels-Alder reactions of anthracenes with MVK does not proceed
via an electron-transfer process from anthracences to the WS4(OTfy complex.

Introduction dienophile, which can act as an electron acceptor, is also
enhanced by the complexation of the dienophile with Lewis
acids?%21 Such mechanistic dichotomy, i.e., the role of electron
transfer has been clarified in Dieté\lder reaction of an-
thracenes withp-benzoquinone (Q), catalyzed by metal ions
acting as Lewis acid®, which has provided the experimental
proof of the electron-transfer mechanism of metal ion catalyzed
Diels—Alder reactior??

In the case of relatively strong electron acceptors such as Q,

Alder reaction requires opposite electronic features of the m((ajtal |gns can form (;]omplexes_tor“y W'ﬂ: éhe.one-ele(r:}trton
substituents at the diene (electron donating) and the dienophilere uced species (Q whereas Q itself is not basic enough to

(electron withdrawing) ends for the reaction to be reasonably L?/rhm the _compllex V\QIE met;l |onsh\(\|/h|cr;1_aﬁt as LeW|sha&¥JIs|.(
fast4~6 Unsymmetrical substitution often favors an asynchro- en Q is replaced by a dienophile which is a much weaker

nous concerted mechanism including biradicaloid transition glectron acceptor than Q, the dienophile can form the metal

states or stepwise processes, whereas Bilder reactions of lon complex, which may react directly \.N'th a diene via an
symmetrical addends usually involve synchronousChond enhanced concerted pathway. From the viewpoint of developing

formation~7 On the other hand, there have recently been newer methods to improve the yields and selectivities of the
increasing interests in the important role of electron-transfer [)flels—t,AlIQer reaﬁtctllon,(;t g.'ml p(lj(;tant to (E.la”fy Lhe mectthlsm
processes as the activation step for some Bidlger reactions 0 m;e al lon ca a;llze 't;1 d_er reﬁ_(lz |or\1N\(¥hen medat Iotnh
of electron-rich dienes with high-lying HOMO with electron- can lorm a complex with a dienophiie. With regard to the

deficient dienophiles with low-lying LUMG:® Since the pho- existirjg unc.ertainty concerning this dichotomy, .important
toexcitation results in a significant change in the HOMO or questions arise: What are the factors that determine whether

LUMO level, photoinduced electron transfer between dienes and metal ion catalyzed DielsAlder reaction proceeds via an
dienophiles leads to the Dielslder reaction which is thermally electron transfer or a concerted (synchronous or asynchronous)

inaccessiblé® 13 The LUMO level of dienophiles can also be pathway? However, such a mechanistic dichotomy has yet to

decreased by complexation with Lewis acids and thus, Lewis be clarified for Diels-Alder reactions of metal ion complexes

acid catalyzed DielsAlder reaction has extensively been ©f dienophiles. _ _

studied because of the broad utility in total synthesis, becoming e report herein that DietsAlder reactions of a.nthracenes

a classic reaction for the evaluation of new chiral Lewis With methylvinylketone (MVK), which can form 1:1 complex

acids! 31419 The decrease in the LUMO level of dienophiles With SC*, proceed efficiently via a scandium triflate [Sc(C3l)

is expected to enhance the concerted reactivity in the Biels Catalyzed process. The catalytic effects of‘Ssalts in the

Alder reaction, because of the stronger HOMQUMO interac- Diels—Alder reaction of MVK are fully compared with the

tion. At the same time, the electron-transfer reactivity of the Promoting effects of St salts in photoinduced electron-transfer

reactions. The direct spectroscopic detection of complexes

* To whom correspondence should be addressed. E-mail: fukuzumi@ formed between the radical anion of MVK and Sc(QTf)

chem.eng.osaka-u.ac.jp. combined with the detailed kinetic analysis of the catalytic

The Diels-Alder reaction is one of the most important
reactions in the synthesis of natural products and physiologically
active moleculed. Extensive efforts have been devoted to
develop newer methods to improve the yields and selectivities
of the [4+2] cycloaddition reactions as well as other cycloaddi-
tions1~3 The Diels-Alder reaction is generally believed to
proceed via a thermally allowed concerted process, governed
by one of the WoodwordHoffmann's rulest™ The Diels-
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TABLE 1: Yields of Products in Diels—Alder Reactions of Anthracene Derivatives with MVK in the Absence and Presence of
Sc(OTf); (2.0 x 102 M) in CD3CN at 343 K

anthracene derivative [Sc(OTFF (M) time product yield (%) selectivity
anthracene 2.6 102 120 days 1 100
9-methylanthracene 201072 60 min 2a 100 100 ga):0 (2b)
0 21 days 2aand2b 40 75 @a):25 (2b)
9,10-dimethylanthracene 201072 60 min 3 100
9-ethylanthracene 201072 60 min 4aand4b 85 82 (4a):18 (4b)
0 14 days 4aand4b 26 77 @a):23 (4b)
9-benzylanthracene 201072 90 min 5aand5b 93 97 6a):3 (5b)
0 14 days 5aand5b 4 75 (6a):25 (6b)
a Determined by 400- MHZH NMR spectra.
o]
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effects of S&' salts on the DielsAlder reactions and the 25 ——
promoting effects of St salts on electron-transfer reactions l 0 1000 2000 3000 4000
of MVK provides a confirmative basis to delineate the catalytic o ‘
mechanism of St salts in the Diels-Alder reaction. NU\&%\AT
O A
Results and Discussion 8
c
Effects of Scandium lon on Diels-Alder and Electron- g
Transfer Reactions of Methyl Vinyl Ketone. No reaction of 2 l
9,10-dimethylanthracene (DMA) with methyl vinyl ketone 2 . . :
(MVK) occurred in MeCN at 298 K. However, addition of 1°°Ti§1°2 s3°° 400
Sc(OTfs (2.0 x 1072 M) to the DMA—MVK system results in ’
the efficient [4+2] cycloaddition to yield the adduct selectively.
The [4+2] cycloaddition of anthracene, 9-methylanthracene,
9-ethylanthracene, and 9-benzylanthracene with MVK also 0 : L = :
occurs efficiently in the presence of Sc(Offp yield the 300 350 400 450 500 550
corresponding adducts. The product yields in the absence and Wavelength, nm

presence of Sc(OTd)are listed in Table 1. In the absence of rig,re 1. Spectral changes observed in the Dietdder reaction of
Sc(OTf), the Diels-Alder reaction of 9-methylanthracene g 10-dimethylanthracene (2:2 10~ M) with MVK (3.0 x 1072 M)
occurs at a high temperature 343 K, when two regioisomers in the presence of Sc(OEf(2.0 x 102 M) in deaerated MeCN at
(2a and 2b) were obtained in 3:1 ratio. In the presence of 298 K. Inset: First-order plots in DietsAlder reaction of 9,10-
Sc(OTf) (2.0 x 1072 M), however, the reaction occurs much dimethylanthracene (2.2 1074 M) ;NIth MVK (3.0 x 1072 M) in the
more efficiently at 343 K, when only one regioisom2a)lwas presence of SC(OTXO, 2.0 x 10 M) and Sc[B(GFs)]s (@, 2.0 x
. . . L 1072 M) in deaerated MeCN at 298 K.

obtained selectivel§? The regioselectivity4a vs 4b or 5avs
5b) is also improved in the presence of Sc(QTif) the case of The pseudo-first-order rate constarkg) of the Diels-Alder
9-ethylanthracene and 9-benzylanthracene (Table 1). reactions of the other anthracenes also increase proportionally

The rates of DielsAlder reaction of DMA with MVK in with MVK concentration (see Supporting Information S2). The
the presence of Sc(OEf(2.0 x 1072 M) in MeCN at 298 K second-order rate constantgnf) were determined from the
were determined by monitoring the disappearance of absorbanceslopes of the linear relations betwelgny and MVK concentra-
due to DMA @Amax = 398 NnM,emax= 7.5 x 1®* M~ cm™) as tion. The dependence &fns on [Sc(OTfy] was examined for
shown in Figure 1. The rates obeyed pseudo-first-order kinetics Diels—Alder reaction of DMA with MVK at various concentra-
in the presence of large excess MVK and Sc(@Té)ative to tions of Sc(OTf). The results are shown in Figure 2a, where

the concentration of DMA. thekopsvalue increases with increasing Sc(Gldpncentration
The rate of Diels-Alder reaction becomes 31 times faster to approach a limited value. Thepsvalue also increases with

when tetrakis(pentafluorophenyl)borate anion [ER&4 7124 is increasing Sc[B(gFs)4]3 concentration, which is more than 10

used instead of triflate anion (OT)fas the counteranion (X times larger than the case of Sc(Oslét a low concentration

of scandium ion under the same experimental conditions region (Figure 2b¥>

(IMVK] =3.0x 1072 M, Sc(X)z3 = 2.0x 1072 M, [DMA] = Sc(OTf) also promotes photoinduced electron transfer from

2.2 x 107* M); see inset of Figure 1. various electron donors to MVK. No emission quenching of
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Figure 2. Dependence okgps 0N (a) [Sc(OTH] (O) and (b) [Sc-
[B(CsFs)4)s] (@) for the Diels-Alder reaction of 9,10-dimethylan-

thracene (1.0x 104 M) with MVK in the presence of ScX(X =
OTf and B(GFs)4) in deaerated MeCN at 298 K. Inset: Plotlgfs *
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Figure 4. UV —visible absorption spectra of MVK (2.4 1072 M) in
the presence of various concentrations of Sc(@{d)to 4.2x 10!
M) in MeCN at 298 K (2 mm path length). Inset: Plot AfAbs™ at
283 nm vs [Sc(OT§ =~

1 Il
250 300

vs [Sc(OTfy] %

TABLE 2: Observed Second-Order Rate Constant K¢ of
B Sc(OTf)z-Promoted Diels—Alder Reaction of
9,10-Dimethylanthracene with the MVK—Sc(OTf); Complex,

3k - Electron Transfer Rate Constant k%) of Fluorescence

0O Quenching of 9-Cyanoanthracene by the MVK-Sc(OTf)3

_ | Complex, and Formation Constant of the MVK—Sc(OTf)3

'n 10 Complex (K) in Deaerated MeCN at 298 K

TE s | S| \ . electron donor Kobsandklef (M~1s72) Ka(M™Y)

K=31M"

::3 2 osl 9,10-dimethylanthracene 25 2.6

? i T b 9-cyanoanthracene 5210 31
041

= 1k 2 /«9* - a Determined from the dependencekgfs or ke; on [Sc(OTf)] based
02 on eq 4. The experimental error4s10%.

complex, respectively. The formation constakyj {s obtained
A — Ag=K[Sc(OTRy](A, — A)/(1 + K[Sc(OTfy]) (1)

Figure 3. Dependence ok on [Sc(OTfy] for the fluorescence A=Ay t= (A — A9 Y+ {K[Sc(OTHLI(A, — Ay} !
quenching of 9-cyanoanthracene (3810°° M) by MVK in the 2)
presence of Sc(OTf)n deaereted MeCN at 298 K. Inset: Plotigf?*
vs [Sc(OTfy] 2

[Sc(OTHI!, M~
0 1 1 1
0 0.2 0.4 0.6 0.8

[Sc(OTf)s], M

as 3.4 M1 from a linear plot of A — Ag)™! (= AAbs™) vs
[Sc(OTf)] 2 (see inset of Figure 4). If both the Diel#\lder
and photoinduced electron-transfer reactions proceed via the

. g . a0 MVK —Sc(OTf complex (Scheme 1), the dependence of
results in efficient quenching of the Ru(bp¥) emission. The second-order rate constant of Diellder reaction Kon) and

fluorescence quenphing of anthracenes (anthracene, 9-methyly, fi orescence quenching rate constdmy (s expressed by
anthracene, 9,10-dibromoanthracene, and 9-cyanoanthracene) bé{q 3, which is rewritten by a linear relation betweegs * (or
MVK are also promoted by Sc(OEfIsee_ Supporting Informa- ke 1) and [Sc(OTH] (eq 4). From the slopes and intercepts
tion S3,4). The rate constants of photoinduced electron transfer
(ke were determined from slopes of Sterviolmer plots and 0 0
the[) fluorescence lifetimes (se?e Supporting InfoF;mation and Kons (01 Ke)) = Kopd OF K o) K[SC(OTHI/(1 + K[SC(OTH)])
Experimental Section). The saturated dependence of the photo- ®3)
induced electron-transfer rate constarks) ©On [Sc(OTf}] is -1 -1y _ 10 0 -1
also observed as shown in Figure 3. Kops — (Or K ) = {K'opdOr K'e)K[SC(OTA)]} ~ +

The saturated dependencekgfs (Figure 2a) andk (Figure koobsil(or koef ) (4)
3) with respect to concentration of Sc(OF fesults from the
1:1 complex formation between MVK and Sc(O3 fwhich of linear plots ofkyps * vs [Sc(OTfy] ! (inset of Figure 2) and
enhances the elecrophilic and electron acceptor ability of MVK ket vs [Sc(OTfg] 2 (inset of Figure 3) are obtained the
to accelerate the DielsAlder and photoinduced electron-transfer values which are listed in Table 2 together with #9g,s and
reactions as shown in Scheme 1. Such 1:1 complex formationk%; values. Thes& values derived from Sc(OTfcatalyzed
between MVK and Sc(OT{)is confirmed by a UV-vis spectral Diels—Alder reaction K = 2.6 M~1) and the electron transfer
change of MVK in the presence of various concentrations of (K= 3.1 M%) agree with that determined from WWis spectral
Sc(OTfy as shown in Figure 4. Such an absorbance changechange of MVK in the presence of various concentrations of
due to the complex formation is expressed by eq 1, which is Sc(OTfy (K = 3.4 M™1). Such agreement indicates that the
rewritten by eq 2, wheréd, andA. are absorbance at 282 nm MVK —Sc(OTf complex is a common reactive intermediate
due to MVK and absorbance due to the MVW&c(OTf) in both reactions.

Ru(bpy}?" by MVK was observed in MeCN. However, addition
of Sc(OTfy to an MeCN solution of Ru(bpy™ and MVK
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SCHEME 1
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Large Positive Shift in the One-Electron Reduction 12
Potential of MVK Due to the Complex Formation with Sc- 1 23 5,
(OTf)s. Since direct electrochemical measurements of MVK 10 7
were complicated by the irreversible behavior upon the one- 23, 56
electron reduction, we have examined rates of outer-sphere 2 8r
electron-transfer reduction of MVK in the absence and in the o el
presence of 5.0« 1071 M Sc(OTf),26 from which the one- =
electron reduction potentials can be deduced (vide infra). A large _;;-, ok
positive shift in the one-electron reduction potential of MVK 5
in the presence of 5.& 1071 M Sc(OTf) as compared with S L,
that of MVK in the absence of Sc(OTEf)is estimated by
comparing the electron-transfer rate constants of photoinduced ol 8
electron-transfer reduction of MVK in the presence of 50
1071 M Sc(OTf) with those in the absence of Sc(OFin L L L L L L L
MeCN at 298 K. Theke value of the emission quenching by -3.5 -3.0 -25 -20 15 -1.0 05 0
photoinduced electron transfer is obtained by eq 5, wHease E,, vs SCE, V

the collision frequency, taken asx1 101 M1 s71, AG* is the

Ly =1{Zexpl-(AGTkgT)]} + Ly (5)
activation free energy of the bimolecular electron-transfer
processkg is the Boltzmann constant, afkgl is the diffusion
rate constant which is taken as2101°M~1 s1in MeCN27:28
The dependence afG* on the free energy change of electron
transfer AGg; in eV) has well been established as given by eq
6, where AGY, is the intrinsic barrier that represents the
G' = (AG/2) + [(AG,2)" + (AGT)T™*  (6)
activation Gibbs energy when the driving force of electron
transfer is zero, that isAG* = AG% at AGg = 027 On the
other hand, thé\Gg; values are obtained from the one-electron
oxidation potential of the excited state of donoigs,] and the
one-electron reduction potential of the accept&sy( by using
eq 7, wheree is the elementary chargé-2° From eqgs 6 and 7
is derived a linear relation betwe&yg, — (AG*e) and AG*H) 1

Ered @)

as shown in eq 8 The AG* values are obtained from the
photoinduced electron transfer rate constakgg 6f electron

AGet = e(on -

— (AG'le) = E,.y— (AG*/e)%/(AG'/e) (8)

Figure 5. Plots of logke: vs Eox for electron transfer from the excited
states and ground state of various donors to MVK in the absence of
Sc(OTf) (O) and in the presence of 50 1071 M Sc(OTf); (@) in
deaerated MeCN at 298 K. Numbers correspond to electron donors in
Table 3.

transfer from excited donors to acceptors using eq 5. We can
choose appropriate electron donors whigggvalues are known

or readily determined. Thus, the unknown valuesEqf and
AG*, can be determined from the intercept and slope of the
linear plots ofEy — (AG*e) vs (AG¥e)~! using eq 8.

A number ofke; values of photoinduced electron transfer from
the singlet excited states of electron donors and the excited state
of Ru(bpy}?" to MVK in the absence of Sc(OTfjand in the
presence of 5.0« 107t M Sc(OTf); were determined from
fluorescence quenching by MVK. The results are summarized
in Table 3 together with the one-electron oxidation potentials
(Eox) of electron donors examined in this study. THhg* values
of the excited states are obtained by subtracting the 0,0-
excitation energiesAEp g from the one-electron oxidation
potentials in the ground statel,f).20-31

Figure 5 shows plots of logk: vs Eox for photoinduced
electron transfer from the excited states of various electron
donors and thermal electron transfer from electron donors to
MVK in the absence and the presence of Sc(@T8)0 x 1071
M) in MeCN at 298 K. In both cases the &g values increase
with decrease in thé, value to reach a diffusion-limited
value®? The Ereq value of MVK (—1.32 V vs SCE) and that in
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TABLE 3: Rate Constants (ke) of Electron Transfer from Electron Donors to MVK and the MVK —Sc(OTf); Complex in the
Absence and Presence of Sc(OEf)5.0 x 1071 M) in Deaerated MeCN at 298 K and One-Electron Oxidation Potentials of
Electron Donors (Eox), Excitation Energies (AEq ) and One-Electron Oxidation Potentials Eqc*) of Singlet Excited States of

Electron Donors in MeCN at 298 K

in the absence of in the presence of

Eox AEq Eox*© Sc(OTfy 5.0 x 107t M Sc(OTf)
no. electron donér (V vs SCE) (eV) (V vs SCE) ke (M~1s7h) ket (M1 s71)
1 10-methyl-9,10-dihydroacridine* 0.80 3.90 -3.10 7.2x 10°
2 anthracene* 1.19 3.34 -2.15 5.0x 10° 1.3 x 10tf
3 9-methylanthracene* 1.11 3.10 -1.99 2.4x 10° 1.1 x 10%f
4 9,10-dimethylanthracene* 1.05 2.99 —-1.94 1.5x 1¢° g
5 9,10-dibromoanthracene* 1.42 2.93 —-1.51 1.3x 1C® 5.7 x 10°f
6 9-cyanoanthracene* 1.55 2.94 -1.39 2.6x 107 3.4 x 10
7 Ru(bpy}(Cl)* 1.29 2.12 —0.83 e 5.6 x 103
8 Decamethylferrocene —0.08 n.r. 7.7x 107t

aThe asterisk (*) denotes the excited st&tBetermined from the absorption maxima and emission maxima in MéCWtained by subtracting
the AEo values from theE, values.? Determined from the SterrVolmer plots for the fluorescence quenchiigdNo emission quenching in the
absence of Sc(OT4) Determined from thés/7 values.9 Cannot be determined because thermal Bidlsler reaction is too fast to examine the

fluorescence quenching experiment under these conditions.

SCHEME 2

the presence of 5.8 107t M Sc(OTf) (—0.60 V vs SCE) as
well as the AG% value of MVK (0.26 eV) and that in the
presence of 5.& 1071 M Sc(OTf) (0.25 eV) were determined
from the intercepts and slopes of the linear plotEgf— (AG¥
e) vs (AG*/e)1 using eq 8 (see Supporting Information $5).
The plots of Figure 5 are fitted using tliig.q and AG*, values
as shown by solid line, which agrees well with the experimental
results. As compared to thHgeq value of MVK in the absence
of Sc(OTf), the Eeq value in the presence of 50 1071 M
Sc(OTfy is significantly shifted to the positive directior-Q.72
V). Such a large positive shift in the one-electron reduction
potential indicates that the electron acceptor ability of MVK is
dramatically enhanced by the complex formation with Sc(@Tf)
Electron Spin Resonance (ESR) Detection of the MVK —
Sc(OTf); Complex. The one-electron reduction of the MWK
Sc(OTfy complex results in formation of the corresponding
radical anion complex, MVK—Sc(OTfl. Although the
MVK*~—Sc(OTfy complex is too unstable to be detected by

-—

15G
AHmg =12.0G

(b)

ESR at 298 K, the ESR spectrum has been detected successfully

by utilizing photoinduced electron transfer from the dimeric
N-benzyldihydronicotinamide [(BNA) to MVK in the presence

of Sc(OTfy in butyronitrile at low temperatures. Irradiation of
a butyronitrile solution containing (BNA)(2.0 x 1072 M),
MVK (6.1 x 1071 M), and Sc(OTf} (5.0 x 101 M) with a
mercury lamp at 203 K results in formation of MVK-Sc-
(OTf)3 by photoinduced electron transfer from the singlet excited
state of (BNA) to MVK followed by a fast cleavage of the
C—C bond of the dimer and a second electron transfer to MVK
(Scheme 2§2 The ESR spectrum thus obtained for the MVK
Sc(OTfy complex is shown in Figure 6 together with the
computer simulation spectrum. The broad triplet ESR signal
indicates that two equivalent protons have a lanfevalue of

23 G. This indicates that the unpaired electron is localized
largely on they-carbon and that the negative charge is mainly
located on the oxygen atom of MVK, to which one Sc(QTf)
binds as shown in Figure %.

Figure 6. ESR spectrum of a butyronitrile solution containing (BNA)
(2.0 x 102 M) and MVK (6.1 x 107* M) in the presence of Sc(Of)
(5.0 x 10°* M) observed under photoirradiation with a high-pressure
mercury lamp at 203 K.

Mechanism of Scandium lon Catalyzed DielsAlder
Reaction of Anthracenes with Methyl Vinyl Ketone. The free
energy change of electron transf&Ge,) from anthracenes to
MVK in the presence of 5.6c 1071 M Sc(OTf);, to Q in the
presence of Mg(Clg), (1.6 M) and also to tetracyanoethylene
(TCNE) can be evaluated from the difference in the oxidation
potentials of anthracenes and the reduction potentials of the
electron acceptor®:3> The kops values for the DielsAlder
reactions of anthracenes with MVK in the presence of Sc(9Tf)
(5.0 x 1071 M), Q in the presence of Mg(Cl (1.6 M), and
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TABLE 4: Rate Constants (kops Of Diels—Alder Reactions of Anthracenes with TCNE, Q in the Presence of Mg(Cl@). (1.6 M),
and MVK in the Presence of Sc(OTf} (5.0 x 1071 M) in Deaerated MeCN at 298 K, One-Electron Oxidation Potentials Eqy)

of Anthracenes and One-Electron Reduction PotentialsHeq) of TCNE, Q in the Presence of Mg(ClQ); (1.6 M), and MVK

in the Presence of Sc(OTH (5.0 x 1071 M) in MeCN at 298 K, and Free Energy Change of Electron Transfer AGe) from
Anthracenes to TCNE, Q in the Presence of Mg(ClQ), (1.6 M), and MVK in the Presence of Sc(OTf} (5.0 x 107t M) in

MeCN at 298 K

no. electron donor electron acceptor ~ metal ion saltEe® (V vs SCE)  Ereq(VVS SCE)  AGet (V)  Kops(M1s™h)
1 9-methylanthracene TCNE a 1.11 0.22 0.89 1.1x 1C¢°
2 anthracene TCNE a 1.19 0.22 0.97 3.3
3 9-bromoanthracene TCNE a 1.30 0.22 1.08 3.1x 10*
4 9,10-dimethylanthracene Q Mg(ClR 1.05 —0.0¢ 1.06 5.0x 1072
5 9-methylanthracene Q Mg(Ci2 1.11 —0.01¢ 1.12 2.5x 1078
6 anthracene Q Mg(CI» 1.19 —0.01 1.20 2.6x 10°°
7 9-benzylanthracene Q Mg(ClR2 1.20 —0.01 1.21 2.1x 104
8 9-bromoanthracene Q Mg(Cly2 1.30 —0.0 1.31 6.7x 1078
9 9,10-dimethylanthracene MVK Sc(O%f) 1.05 —0.60 1.65 1.4

10 9-methylanthracene MVK Sc(OTf) 1.11 —0.60 1.71 4.0< 10t

11 anthracene MVK Sc(OT) 1.19 -0.60 1.79 9.2« 103

12 9-benzylanthracene MVK Sc(OF%f) 1.20 —0.60 1.80 4.3 102

13 9-bromoanthracene MVK Sc(OFf) 1.30 —0.60 1.90 1.9 10°3

a|n the absence of metal ioATaken from ref 22ac Taken from ref 359 Taken from ref 34.

Kpa is the formation constant of the donegicceptor complex
Kobs = KerKpa (10)

andker is the rate constant of intracomplex electron transfer.
In a highly endergonic region, the activation Gibbs energy for
electron transfeAG*er in the complex is approximately equal

to the free energy change of intracomplex electron transfer and,
thus, is given by eq 11, whemg, andw; represent the energy
required to bring together the products and reactants to within

log (Kobs, M~'s™)

AG'er = AGy + W, — w, (11)

the donor-acceptor complex, respectively. The observed second-
05 1.0 15 2.0 order rate constank4,d in eq 11 can be expressed in terms of
AG*zr andw; as eq 12, wherZ is the collision frequency. The
AGet, €V combination of egs 11 and 12 affords the linear Gibbs energy

Figure 7. Plots of logkess VS AGe for the Diels-Alder reaction of

anthracenes with (a) TCNEY, Q in the presence of 1.6 M Mg(Cip Kops= Z exp[—(AGiET + w)/RT] (12)
(@), and (b) MVK in the presence of 5.0 10t M Sc(OTf) (a) in

deaerated MeCN at 298 K. Numbers refer to those in Table 4. relation between l0gopsand AGetin €q 13, which agrees with

the experimental single linear correlation betweenkggand
TCNE in MeCN at 298 K are listed in Table 4 together with AGe; for the Diels-Alder reactions of anthracenes with two
the Eox values of anthracendd??

Plots of logkops Vs AGet for the Diels-Alder reactions of
anthracenes with MVK in the presence of Sc(QTH.0 x 10!
M), Q in the presence of Mg(Cl» (1.6 M), and TCNE are
shown together in Figure 7. First, it should be noted that the
Diels—Alder reactions of anthracenes with two different dieno- from eq 13 [-(2.3RT)~! = —17 at 298 K]. Thus, the reactivity

philes, Q in the presence of Mg(Cll2 (1.6 M) and TCNE, of anthracenes in the DietAlder reactions with both TCNE

have a single correlation. Such a single correlation between log 5,4 Q in the presence of Mg(Cii2 is mainly determined by
Kobs VS AGe has been well understood in terms of the electron- he AG,, values and is insensitive to the steric effects of alkyl

transfer mechanism. The general scheme for an eIectron-transfebroup at the 9-position of anthracene. In the case of TCNE

process from an electron donor (D) to an acceptor (A) in the \yhich is a strong electron acceptor, an electron-transfer process
donor—acceptor complex formed between D and A, followed from anthracenes to TCNE occurs at a longer distance between
by facile bond formation between*Dand A~ to afford the the donor and acceptor prior to the bond formation, which
Diels—Alder adduct (D-A) is represented by eq 9, in which  requires a short distance as compared with the electron-transfer
electron transfer in the doneacceptor complex is rate-limiting.  process. In the case of Q in the presence of MggZIQMg-
(ClO4)2-promoted electron transfer also occurs prior to the bond
Koa Ker oo .. fast formation, since the electron-transfer process is enhanced by
D+A=—[DA] —[D"A"]—D-A C) the formation of complex formation of*Qwith two Mg(ClOy),
molecules? On the other hand, no enhancement of the concerted
When the electron transfer is endergonic (i&Ge: > 0), the process is attained by the presence of Mg(4@hich cannot
observed second-order rate constapdis given by eq 10, where ~ form the complex with Q.

l0g Kops = —(AG + W,)/(2.3RT) + log Z (13)

different dienophiles: Q in the presence of Mg(G)£X1.6 M)
and TCNE (Figure 7a). It should be emphasized that the slope
of the linear correlation{18) agrees with the value expected
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The kops vValues of the DielsAlder reaction of anthracenes in the presence of Mg(Cl§) reveal that Diels Alder reactions
with the MVK—Sc(OTf; complex are also linearly correlated of anthracenes with the MVKSc(OTf complex do not
with AGg; as shown in Figure 7b. However, the slope of the proceed via an electron transfer process. The bond formation
linear correlation (12) in Figure 7b is smaller than those expected process may be highly asynchronous, which induces regiose-
from eq 13, and more importantly the l&g,svalues are by far lective addition of MVK to 9-alkylanthracene.
larger than those expected from the single linear correlation of
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