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A new synthetic methodology is reported that takes advantage of the persistent free radical effect (PFRE), where clean products can be
obtained in good yields from radical cross-combination reactions, despite their reputation for being of little synthetic value and for resulting
in complex mixtures; these problems can be avoided when the PFRE is used as a synthetic tool.

Primary, secondary, and even tertiary benzylic radicals aredissociation energy for the centrabHC bond for the dimer
considered to bstabilized but transienadicals: while these  of 2 was measured as 2622 0.5 kcal/mol. Thus, even at
C—H bonds are much weaker than in a corresponding alkane,room temperature, a small fraction of the radi2akill be
benzylic radicals usually undergo self-termination reactions present.

at close to the diffusion-controlled limitA classic example

is the benzyl radical, which follows a second-order decay CN

with a half-life of a few microseconds under conditions of CH * “

laser excitatiort. However, the diphenylacetonitrile radical ©/ O O

2 is at least 1000 times longer lived. Its remarkable
persistence (and lack of reactivity toward)@s attributed

to other factors, notably the presence ofoanyano group. The dimer formed fron2 (1, 1, 2, 2-tetraphenyl succino-
Spin density calculations show that fd; the unpaired pjtrile, TPS) is stable at room temperature; we have used
electron exhibits mild delocalization through the aromatic the term dynamic stability to describe its behavior before,
moiety. Interestingly,2 shows~22% contribution of the  since TPS is in fact in equilibrium with the corresponding
unpaired electron on the nitrogen atom. radical, as shown in Scheme 1.

Dimers of persistent carbon-centered radicals have recently  Tps owes its apparent stability to the fact that the radicals

been prepared from their corresponding monomers; their gre unreactive toward Land virtually unreactive toward
UV—vis spectra revealed that, in toluene solution, they are

in thermal equilibrium with the radical speci&@3he bond

1 2

- Scheme 1. Thermal Dissociation of TPS
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hydrogen abstraction from solvents such as toluene. Thus, Therefore, by combining the photoreaction of Scheme 3
the usual fate of the radicals is to recombine to reform TPS. and the thermal equilibrium of Scheme 1, we obtain a simple,
If a new species, capable of reacting with the radicals, is yet effective, one-pot synthesis of 2,2,3-triphenylpropionitrile,

introduced in the system, one can anticipate reactions with TPP, as illustrated in Scheme 4. Although other examples
radical2 leading to new products. We considered exploiting

this characteristic buffer-like behavior via a kinetic phenom- _

enon known as the Fischeingold persistent free radical Scheme 4. Synthesis of 2,2,3-Triphenylproprionitrile.
effect (PFRE). \ <305 nm NG
The PFRE is normally examined in systems where two Ph H _—— )FCHQPh
different radicals are geynerated S|multa?1/eously, frequently /\[0(\ to{ueni’;gnder e PhPh
from a single precursdérAs shown in Scheme 2, the fact DBK TPS TPP
_ of synthesis employing the PFRE are described in the
Scheme 2. Operating Mechanism for the PFRE literature® 16 we believe this method to be the first to involve
Source Te + P+ + non-radical products C—C bond formation through independent control of per-
Te 4 Te krr T sistent and transient radicals.
Lamp irradiation of a toluene solution (2T) containing
T . P T 1p 3.0 mM TPS and 1.2 mM DBK led to TPP as the main
Kep product, along with a considerable amount of DPE (formation
Pow P P-p of the cross-product was optimal using an excess of TPS
starting material). When the steady-state irradiation was
2P = persistent radical, ¥ Transient radical. Usuallgr = 0. carried out at~50 °C, the amount of DPE was significantly

reduced, consistent with the more efficient trappind. afy

. . ) ) 2 as the steady-state concentration of the latter increases when
that the _tran5|ent _rad|cals {JTundergo self-reaction, Whl_le the equilibrium of Scheme 1 is displaced at higher temper-
the persistent radicals JRio not, leads to an accumulation o, 65 After 40 min of UVB irradiation, 75% of the DBK

of th? latter. If the cross-reaction to f_omﬂj is reasonably g converted to TPP, with the remainder being DPE, formed
fast, it soon tak(.as“over as th_e df).mlnant form of decay for initially in the reaction (Figure 1a).

T°. The system is “self-adjusting” in that the accumulation Subsequently, a large-scale photolysis was carried out

of P'.cont_inues un.til the kinetic cpnditipn favoring cross- using 300 mg of DBK and 500 mg of TPS in 250 mL of
reaction is established. After this point, &nd P are

consumed in stoichiometric amounts. "

Inspired by the PFRE, a novel synthetic method was

devised: produce persistent radicals thermally from their 3 a)
corresponding dimers, while generating transient radicals in S.,:

situ photochemically. The persistent radiedimer equilib- % ’

rium behaves as an effective “radical buffer”, with the former 2 2

trapping the transient radicals to form the cross-reaction § 1.5 5

product, while the dimer, through the equilibrium of Scheme g 1

1, keeps the “supply” of radicals available. While the radicals ©os

used here are not strictly “persistent”, since they react to 0 .
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form the dimer, their combination is effectively “incomplete”
as a result of the radicat> dimer equilibrium. As a
consequence, TPS will appear to have lost its stability, when
in reality it is not directly involved in any new reactions.

The photochemistry of dibenzyl ketone (DBK) is well-
known®’ steady-state photolysis in toluene using UVB lamps
leads to 1, 2-diphenylethane (DPE) as the only significant
product, formed by combination of two benzyl radicals
according to Scheme 3.

Scheme 3. Photochemistry of DBK Number of Shots

Concentration (mM)

CHos Figure 1. (a) Lamp photolysis of 3.0 mM TPS and 1.2 mM DBK,;
hy ket (b) pulsed laser photolysis of 2.0 mM TPS and 2.0 mM DBK.
PR P — — N Both irradiations performed at room temperature in deareated
0 A <325 nm toluene and followed by GEMS: TPS @), DBK (M), DPE (),
-Co 1 DPE TPP (D).
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deaerated toluene in a 300 mL quartz Erlenmeyer flask. (Figure 2b). Only after~90% of the radicals have decayed
Following 20 h of UVB irradiation, 0.36 g of TPP was the second-order fit of the data [(signdlys time] (see inset
isolated, corresponding to a conversion of 53%. in Figure 2b) shows some deviations from linearity, sug-
Under 308 nm laser excitation, the reaction products were gesting minor involvement of another mode of decay,
dominated by DPE~65% conversion), with only small  presumably the cross combination of Scheme 4 leading to
amounts of TPP formed (Figure 1b). This suggests conditions TPP.
favorable to recombination, despite the presence of the In contrast with the 28C results, at higher temperatures
equilibrium concentration o2. the difference between the decay traces in the presence and
Laser flash photolysis (LFP) experiments of 2.7 mM DBK absence of TPS is clear, as shown in Figure 3. The inset
and 3.2 mM TPS in benzene reveal the characteristic

absorption of benzyl radicals at 317 nm following 308 nm | NN

laser excitatiofi(Figure 2a). At 25C, the decay of follows
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0 Figure 3. 2.7 mM DBK and 3.2 mM TPS in toluene after 308 nm
1 1 | I

laser excitation, monitored at 320 nm and fitted with second-order
or first + second-order expressions-a5 °C (O), ~55 °C ([O),

and ~85 °C (a). Inset: 2.7 mM DBK, fitted with second-order
kinetics at~25 °C (O), ~55 °C (d), and~75 °C (a).
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graph shows that this is not an artifact of DBK itself; thus,
the effect of TPS is to accelerate the decay rate2for

It is interesting to compare the results from laser and lamp
irradiation. Pulsed laser irradiation tends to favor the
formation of T—T (DPE in our example). This reflects the
thermal and light intensity dependence of the supply of the
Time (s) two radicals. In general, we expek#r = krp. Therefore,

Figure 2. (a) Transient absorption spectrum of 2.7 mM DBK and Cross-reaction can only dominate if the conditions of eq 1
3.2 mM TPS in toluene, 0.64s after 308 nm laser excitation; ~are fulfilled.

(b) 2.7 mM DBK with (©) and without {0) the presence of
3.2 mM TPS, traces taken at 320 nm after 308 nm laser excitation
at 25 °C, fitted with second-order expressions. Inset: DBK and
TPS in toluene, (signal} vs time.
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krp[T7I[P] > kTT[T.]Z; i.e., & kp[P] > k[T (1)

Since radical concentrations generated by pulsed lasers can
easily be 4 orders of magnitude higher than those achieved
clean second-order kinetiCS, indicating that recombination under |amp i”uminationy the latter provides an easier way
to give DPE is the only important reaction path, consistent 1o meet this criterion.
with the product studies described above. At this temperature, On the other hand, meeting the criterion of eq 1 under
the decay ofl is virtually insensitive to the presence of TPS  conditions of laser excitation should be easier at higher
temperatures, since the concentrationof/# follow a van't
Hoff dependence with temperature, controlled by the bond
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2004,28, 570—577. combination products under conditions of laser excitation
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(12) Sanjuan, A.; Aguirre, G.; Alvaro, M.; Garcia, H.; Scaiano, J. C;
Chrétien, M. N.; Focsaneanu, K.-Bhotochem. Photobiol. Sc2002,1,

955—-959. (15) Wetter, C.; Studer, AChem. Commur2004, 174—175.
(13) Studer, AChem. Eur. J2001,7, 1159—1164. (16) Zard, S. Z.Radical Reactions in Organic Synthesis; Oxford
(14) Studer, AChem. Soc. Re22004,33, 267—273. University Press: Oxford, 2003.
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s this delocalization with other favorable stereoelectronic

Scheme 5. Mechanism of Formation of Cross-Product-F effects leads to atabilized and persistertenzylic radical.
Kyies Charge distributions computed using the ChelpG method
PP (dimer) =——>= P- + P- assigns to the carbon radical centerdma value that is
o kep noticeably more positive<{0.225) in comparison to the value
d_ v -COo_ . 4 T. assigned tal (—0.451). Thus, with respect to each other,
T . the diphenylacetonitrile radical displays greater electrophilic
T+ T — L e T character and is activated toward nucleophilic attack from
krp the benzylic radicall. Therefore, the resulting product

distribution can be interpreted in terms of charge control:
the significant difference between the charges favors cross-
reaction between the two radicals.

Free-radical reactions, and in particular those involving
radical coupling, have gained a reputation for yielding

requirement, as long dp < krr. The example in this paper 016y mixtures of products. However, we can circumvent
is somewhat different from the case in Scheme 2 in that thethis issue if we require the radical intermediates to be

two radicals are not formed from a single precursor and aredisciplined that is, rigorous control of the kinetic parameters

not plroduck(?d n ?] s’gmchlchmetr?c ratio. We I]f’re\_"ou_swﬂ_deﬁning the radicatradical or radical-molecule reactiots.
Qe?crlbeg the mﬁc 'anlsn} 0 ﬁc eme 2| ashse 'ﬁdlui“ng 'We show that reactions involving radicals with different
in fact, the mechanism of Scheme 5 also has this ¢ araC-phersistent character can actually result in high yield clean
teristic, except that the origin of the concentration adjustment synthetic procedures whenever a convenient source of the
Is d_iffer_ent. In _Scheme 5 t_he cqn_centrati(_)n (_)f persistent more persistent radical can be identified, as with radal
rgdlcal is supplled. by the dissociation qumbrlqm for the and a variety of similarly labile radical dimetsin our
dimer P—P. Thus, if Ais consumed by reaction witit,the oo yhje5 4 dimer effectively behaves as a radical buffer,
equilibrium will maintain the persistent radical concentration, maintaining an adequate concentration of radicals. Other

effectively acting as a radical buffer. In contrast with Scheme sources may be identified that allow similar concepts to be

2, the mechanism of Scheme 5 does not allow the concentra- e o synthesis design. For example, we anticipate that
tion of P to grow to any arbitrary value, but rather it is s concept could be further applied to the synthesis of
capped by the equilibrium constant. In effect-P is @ nqymmetric peroxides, provided the transient radical reacts
dormant” source of radical however, it is possible 10 i oxygen and the resulting peroxyl can couple with the
adjust the concentration by changing the temperature. oo qistent radicat- a concept similarly explored by Minis-
Interestingly, the combination of a thermal and a photo- ;18 Thig synthetic approach follows the same reactivity

chemical source for the two radicals allows virtually averng normally identified with the persistent free radical
independent control of the supply of the two radicals, since effect

photochemical reactions tend to show low temperature

dependence, but their rate can be adjusted by changing the Acknowledgment. The Natural Sciences and Engineering
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To help us rationalize the results obtained, we expanded Supporting Information Available: Materials, instru-
our earlier calculation of spin distribution in radicdland ments, and experimental details. This material is available
2. The spin density distribution on radicakhows that about  free of charge via the Internet at http://pubs.acs.org.

50% of the unpaired electron is located on the benzylic
carbon atom, and a 23% contribution of this density is
developed on the nitrogen atom of the cyano group. This  (17) chatilialoglu, C. InRadicals in Organic Synthesi®enaud, P.,
resonance delocalization increases theG{N) double bond Sigil, M. P., Eds.; Wiley-VCH: New York, 2001; Vol. 1: Basic Principles,
character, reducmg the bond l?ngth from 1'45_8 A for the (18) Bravo, A.; Bjarsvik, H.-R.; Fontana, F.; Liguori, L.; Minisci, F.
precursor of to 1.418 A for radicaR. The combination of ~ J. Org. Chem1997,62, 3849—3857.

In typical examples of the PFRIEgpis near zero and the
radical P is truly “persistent”; however, this is not a
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