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Lithium has been widely used as a reducing agent in organic
synthesis' for reactions such as the reductive opening of hetero-
cycles,? reductive coupling of carbonyl compounds,>* synthesis/
reduction of spiro compounds,’ and various reactions with benzil®
and vinylsilanes.” There has been recent interest in alkali-metal/
arene-based reductions in aprotic media, with the arene acting as a
mediator for homogeneous electron transfer via the generation of
its radical anion (see scheme 1). Naphthalene and 4,4'-di-fert-butyl-
1,1'-biphenyl (DBB), in particular, have attracted the most interest
as effective mediators in tetrahydofuran (THF). Many functional
groups including thioethers, allylic and benzylic thiols, acetals,
disulfides, tertiary alkyl chlorides, and aromatic heterocycles have
all been reduced using DBB and naphthalene.?®° The reductive
ring opening of oxygen-containing benzo-fused heterocycles,'”
modification of carbohydrates,'' and reductive decyanation of
nitriles'? have also been reported.

While the question has been asked why some mediators are more
effective than others,'? the requirement for a mediator has not been
explored, and in particular why mediation increases the overall
kinetic rate of the electron transfer (ET)." A quantitative study of
this effect requires data for the ET kinetics of both Li and mediator
in an appropriate solvent at a range of temperatures.

In this communication we present experimental data for the
electrode kinetics of the reduction of DBB in THF at a range of
temperatures. Using analogous data for the oxidation of Li'* we
provide quantitative estimates of the kinetic advantage in using DBB
in Li reductions compared to direct ET from Li to the substrate.

Electrochemical experiments were conducted in a 5.0 mM
solution of DBB and 0.1 M tetra-n-butylammonium hexafluoro-
phosphate (TBAF) in THF using a 10 um diameter Pt microdisk
electrode (see Supporting Information for full details). Cyclic
voltammograms were recorded for the one-electron reduction of
DBB under thermostatted conditions at solution temperatures 193,
215, 235, 255, 274 and 298 K and analyzed by computer simulation
as described previously.'® The analysis yielded values for the
standard electrochemical rate constant (ky), the transfer coefficient
(a), and formal potential (E(°) measured against a ferrocene/
ferrocenium (Fc/Fc"PFg ™) reference electrode. ' It was found that
a = 0.5 for all temperatures. The value of the diffusion coefficient
(D) of DBB was found by measurement of the steady-state limiting
current (/;,) and application of the expression'6‘17
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where F is the Faraday constant, c is the bulk concentration, and r
is the electrode radius.
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Scheme 1. Mediated and Direct Routes for Lithium Reduction of
an Organic Reactant, R
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Table 1. Experimental Results for the Reduction of DBB

TK 10%k, / cm s~ ! 10%D/cm? ™' E’IN (vs Fc/Fc™PFg™)
193 0.5 2.7 —3.20
215 0.9 6.0 —=3.19
235 1.5 6.0 —3.22
255 1.7 9.2 —3.24
274 2.5 9.9 —3.26
298 3.0 11.5 —3.27

The results (see Table 1) were used to determine the activation
energy (E,) for the heterogeneous ET by plotting In ky versus 1/7,
yielding E, = 8.2 kJ mol~" (see Figure 1) which is small enough
to be consistent with DBB undergoing an outer-sphere ET, where
the rate of ET is controlled by solvent dynamics rather than
reorganization of the DBB molecule. The temperature dependence
of D and E;° were used to extract the activation energy for diffusion
(6.3 kJ mol ') and entropy change for the reduction (—77.5 J K™
mol '), respectively (see Supporting Information). The low value
for the activation energy for diffusion is also indicative of an outer-
sphere process.

In considering the relative reaction rates of mediated and direct
(i.e., nonmediated) Li reductions, as in Scheme 1, the general form
for the standard rate constant for electron transfer is used'®'?

* * E
ky = Zexp(— iGT) =2z exp(AIf )exp(—Rﬂ;) (2)
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Figure 1. Arrhenius plot of In ko vs 1/T, showing a gradient of —984.12
K (R* = 0.986).
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where A is the reorganization energy. An expression for the transfer
coefficient can also be derived,® namely

_ ;4 AG
a= 2(1 + ) “)
Since a. = 0.5 for the reduction of DBB, we can infer that
AG _
N =0 (5)
and so eq 3 can be justifiably simplified (for DBB) to
A
w =2
AG 1 (6)

If there is no change in the density of energy states in the
transition state there is no entropy of activation,?® and the kinetics
are determined by the activation energy E,y (so Z = Z' in eq 2).

In a previous study,'* the activation energy for the process

Li(s)—Li*(org) + ¢~ D
was found to be 80 kJ mol . Note that the oxidation and dissolution
of Li were treated as a single process for simplicity, as the lithium/
THF/inert electrolyte system is known to be complex?' and that
this activation energy is approximately 10 times more than that for
the reduction of DBB.

With these results and by assuming approximately equal pre-
exponential factors (Z) for both mediated and direct routes, the ratio
of the overall reaction rates for the two competing routes (Vmeq
and vy;;) were calculated as a function of the unknown activation
energy of the reactant R, since

act

(L) + E,(R)}
RT

Uiy = zZ exp > Unmed =

HEX) T E, (M)}
R.T
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where the activation energy E,(X) is the lower of E,(R) and E,(Li),
R. is the ideal gas constant, and 7' is the temperature (in K).

Figure 2 shows the form of this dependence and indicates that
there is a rate increase by using a DBB-mediated route provided
the activation energy of R, E,(R), > 10 kJ mol !, and this increases
when E,(R) = 75 kJ mol ! to a factor of ca. 10" (T = 295 K).
Since the usual aim of performing DBB-mediated reductions is
synthetic, the activation energy for the reduction of the substrate
R would be large due to bond breaking/making. Figure 3 shows a
schematic energy profile for the two reaction routes. Note that
E.«(M) < E,(Li) or E,(R) so that the two-step process occurs
via reactions with modest activation energies, whereas the single-
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Figure 2. Relative reaction rates of mediated (vmeq) and direct (vgir) reaction
paths as a function of activation energy of the target reactant R.
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Figure 3. Schematic energy diagram for direct and mediated lithium
reductions.

step process has an activation energy which is the sum of two large
individual contributions; E,.(Li) is 80 kJ mol ™!, E,(M = DBB)
= 8.2 kJ mol™', and E,(R) is likely to be large if the purpose of
the reduction is synthetic.

The use of DBB as a mediator in lithium reductions has been
shown quantitatively to offer a very large rate increase over a
nonmediated route, and this has been rationalized by means of a
consideration of electron transfer kinetics. In particular the use of
a mediator with a small reorganization energy leads to two steps
of modest speed and activation energy of a little over one-half of
the direct, slow, nonmediated electron transfer from lithium, where
both the substantial reorganization energies for the Li/Li* and R/R™™
couples are combined to give one large activation energy.

Acknowledgment. N.V.R. and R.B. are grateful to EPSRC for
funding (EP/D012546/1; EP/E017738/1).

Supporting Information Available: Experimental details including
reagents, instrumentation, and procedures (appendix 1) and additional
graphs for the analysis of the experimental data for the DBB reduction
(appendix 2). This material is available free of charge via the Internet
at http://pubs.acs.org.

References

(1) Tomooka, K.; Ito, M. Main Group Metals in Organic Synthesis; Wiley-
VCH: Weinheim, 2004.

(2) Yus, M.; Foubelo, F. Targets Heterocycl. Syst. 2002, 6, 136.

(3) Zhao, H.; Li, D.-J.; Deng, L.; Liu, L.; Guo, Q.-X. Chem. Commun. 2003,
4, 506.

(4) Ranu, B. C.; Dutta, J.; Jana, U. J. Indian Inst. Sci. 2001, 81, 139.

(5) Kawase, T.; Kurata, H.; Fujino, S.; Ekinaka, T.; Oda, M. Tetrahedron Lett.
1992, 33, 7201.

(6) Nudelman, N. S.; Velurtas, S.; Grela, M. A. J. Phys. Org. Chem. 2003,
16, 669.

(7) Maercker, A.; Reider, K.; Girreser, U. In Organosilison Chemistry III: From
Molecules to Materials, Conference; Auner, N., Weis, J. Eds.; Siegen:
Germany, 1996; p 195.

(8) Yang, A.; Butela, H.; Deng, K.; Doubleday, M. D.; Cohen, T. Tetrahedron
2006, 62, 6526.

(9) Yus, M.; Martinez, P.; Guijarro, A. Synth. Commun. 2003, 33, 2365.

(10) Yus, M.; Moreno, B.; Foubelo, F. Synthesis 2004, 7, 1115.

(11) Soler, T.; Bachki, A.; Falvello, L. R.; Foubelo, F.; Yus, M. Tetrahedron:
Asymmetry 2000, 11, 493.

(12) Guijarro, A.; Yus, M. Tetrahedron Lett. 1994, 50, 3447.

(13) Wood, N. C. L.; Paddon, C. A.; Bhatti, F. L.; Donohoe, T. J.; Compton,
R. G. J. Phys. Org. Chem. 2007, 20, 732.

(14) Paddon, C. A.; Ward Jones, S. E.; Bhatti, F. L.; Donohoe, T. J.; Compton,
R. G. J. Phys. Org. Chem. 2007, 20, 677.

(15) Rees, N. V.; Klymenko, O. V; Coles, B. A.; Compton, R. G. J. Electroanal.
Chem. 2002, 534, 151.

(16) Bard, A. J.; Faulkner, L. R. Electrochemical Methods: Fundamentals and
Applications; John Wiley: New York, 2000.

(17) Compton, R. G.; Banks, C. E. Understanding Voltammetry, World
Scientific: Singapore, 2007.

(18) Weaver, M. J. In Comprehensive Chemical Kinetics; Compton, R. G. Ed.;
Elsevier: Amsterdam, 1987; Vol. 27.

(19) Eberson, L. Electron Transfer Reactions in Organic Chemistry; Springer
Verlag: Heidelberg, 1987.

(20) Albery, W. J. Electrode Kinetics; Oxford University Press: Oxford, 1975.

(21) See for example: Peled, E. In Lithium Batteries; Gabano, J.-P. Ed.;
Academic Press: London, 1983.

JAB05086W

J. AM. CHEM. SOC. = VOL. 130, NO. 37, 2008 12257


http://pubs.acs.org/action/showImage?doi=10.1021/ja805086w&iName=master.img-002.png&w=149&h=110
http://pubs.acs.org/action/showImage?doi=10.1021/ja805086w&iName=master.img-003.png&w=172&h=106

