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Contents Traditional methods often have a poor atom economy and
. are carried out under rather harsh (e.g., strongly basic)
1. Introduction 2725 conditions, but the newly developed ones, although having
2. The Photocatalyst 2rai greatly widened the scope of organic synthesis, not always
2.1. Modes of Action 2121 involve a progress with regard to environmental problems.
2.2. Classes of Photocatalysts 2728 Obviously, using a catalyst rather than a stoichiometric
3. Photocatalyzed Reactions 2729 reagent is preferable, but the catalysts used often are labile
3.1. General Scheme 2729 compounds and require that carefully controlled conditions
3.2. Radicals 2729 are used (e.g., with regard to the exclusion of air, moisture,
3.3. Cations 2731 impurities), as well as in many cases cocatalysts or
3.4. Anions 2731 additives?‘9 Therefore, when all of the reagents are taken
35, Radical lons 2731 into account, not all of the catalytic methods are fully
4. Syntheses via Photocatalytic C~C Bond 2731 satisfactory in terms o_f atom economy, and further, the
" Formation amount of energy required may be relevant.
4.1. Intermolecular Addition onto Double or Triple 2731 On the other hand, the increased attention to environmental
C—C Bonds problems requires that new methods are evaluated also under
4.1.1. Of an Alkyl or Phenyl Group 2731 this respect. In this paper, we intend to review the potential

that photacatalysis has for the development of ‘green’
methods for the formation of the-&C bond.

A green method, according to the well-known principles,
must reduce or eliminate the use or generation of hazardous
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4.3.2. Via Olefins 2743 reagents. Such is often the catalyst itself, or some required

4.3.3. Via Electron-Withdrawing-Substituted 2745 additive, the residues of which must be eliminated from the

Olefins end products. Photochemical reactions occur under unparal-

4.3.4. Via (Silyl)amines 2745 leled mild conditions and, in many cases, involve deep-seated
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4.4.1. Formation of a 4-Membered Ring 2747 high selectivity. This allows the researcher to design a shorter

4.4.2. Formation of a 5-Membered Ring 2748 syntrrl\ectiic sequence Witr:j re.sk;‘)eﬁt tko alternaltive m?ltistep

- i : methods, again in accord with the key postulates of green
4;1'4';5 d[i:c(;rlmgct)IL?;Iigfga 6-Membered Ring g;gg chemistry!®-12 Obviously, this does not mean thany

;e . photochemical reaction can be considered ‘green’, but

5. Conclusions and Outlook 2752 certainly suggests that it is reasonable to consider, and assess,
6. Abbreviations 2752 photochemical methods in synthesis.
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excited states and exploiting their high energy and different
electronic structure for useful chemical reactions (as shown
for compound R in Scheme 1a). As it has been recently
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stated, “the use of light...as an agent of chemical change can
allow very mild reaction conditions”, and, at least as far as
solar light is concerned, “is certainly a sustainable raw
material”!® Indeed, photochemistry has amply demonstrated
to be able to effectively contribute to synthesis, as illustrated
in several reviews and books*®

A concern if the starting material considered is a simple
aliphatic derivative is that such compounds do not absorb
in the near UV. Their excitation requires the use of high-
energy radiation (e.glir < 220 nm), for which cheap lamps
are presently not available. Furthermore, because of their
high energy, the corresponding excited states often undergo
various fragmentation processes, scarcely useful in synthesis.
However, activation by light does not necessarily implyies
that the reagent is directly irradiated. A variation that is often
used in photochemistry, for example, when a reaction from
the triplet is desired and the reagent considered intersystem
crosses inefficiently, is the use of a sensitiPahat absorbs
light and transfers energy to the reagent (R), so that the
(triplet) excited-state of the latter is reached indirectly
(photosensitizationScheme 1b).

Apart from energy transfer, there are other ways through
which the light-absorbing moleculB, which might then
generically be indicated as ghotomediator activates the
reagent R. In particular, somehemical reaction may
transform inactive R into a highly reactive intermediate R
that will give the final products, possibly via further
intermediates (e.g., Rsee Scheme 1c; this mode of action
has also been included among photosensitizations, but is
distinguished because activation is based onhamical

v —T,
z

d)

v —>7,

for example, for oil reforming, but a similar strategy has reaction, as opposed to energy transfer, a physical phenom-
been only sparsely used in fine chemistry. Still, activating a enon)® Differently from direct irradiation or energy transfer,
simple starting material may be as important as the much here the excited-state surface of reagent R is never attained,
more often confronted problem of selectively activating a and, as far as this is concerned, the reaction path involves
single group in polyfunctionalized reagents. Indeed, this hasthelowest potential energy surfa@ any configuration, as
remained a ‘Holy Grail' of chemical research. The very fact it occurs in thermal reactions and contrary to photochemical
that a large amount of energy is involved in the desired reactions, where part of the path occurs on an excited surface.
processes makes it difficult to avoid harsh conditions and to However, at least one photon is consumed per every molecule
activate specifically the target molecule (and make it react converted in all of the three cases (Schemedja In the

in the desired way), leaving the other components of the favorable case, the further condition applies that (one of)
initial mixture (e.g., the solvent) ‘cold’, as well as to remove the intermediate(s) thus formed JRnteract(s) with the

the activating species (e.g., a strong acid) at the end of thedeactivated photomediatop Biving the final product(s) and

process.

regenerate(dp in the initial state. Therl is not consumed

For this case and also more generally, a photochemicalin the overall process, exactly as it happens with a thermal
method is highly desirable. Irradiation in the UV or visible catalyst (Scheme 1d). It seems, therefore, appropriate to label
region is a convenient way for generating electronically such a process gshotocatalytic?®-2°
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Scheme 2 The fortune of the term photocatalysis with reference to
the use of semiconductor oxides and sulfides for nonsynthetic

% A methods cannot be disputed, but we see no reason for
b) -— L
3 A 0," A A —kProducts avoiding its use also in the different context of chemical
) . ) - synthesis, since this underscores the fundamental parallelism
H,0 R-X

with the action of a thermal catalyst{ which also makes
it possible to reach an activated intermediate). The difference
is that in the former case activation of the catalyst£ P*)
requires that each time a photon is absorbed (as a compensa-
tion, the high energy oP* may make it able to activate
As mentioned,P is used in an amount lower than even reagents that are reluctant to thermal catalysis, see
stoichiometric, but light is a stoichiometric reagent. Scheme 3). In the following review, it will be evidenced
There are several reasons for reviewing the application of
such method to a key synthetic issue such as carbarbon ~ Scheme 3
bond formation. First, this is indeed a useful way to take

.0
RHOHL g 2> O, +H,0

advantage of the high energy of the photon and, as it will E| P+R

appear in the following, there are a number of examples

showing its potential interest. Second, the reactive intermedi- (» Ra— Products
ates involved (radicals, ions, radical ions) are the same that

are generated in thermal reactions (though generally from C+R

different precursors) or can be likened with them (as it may

be the case for the photocatalytic generation of an ion, which \hether yield and selectivity obtained make photochemical
is similar to imparting an ionic character to a group in an 4jternatives worthy of consideration.

organic molecule by forming a metal complex). This has & The present classification excludes the photogeneration of
twofold advantage. From the mechanistic point of view, 5 thermally active catalyst. In a typical example, irradiation
obtaining the same intermediates under conditions that are,s 5 metal complex leads to a coordinatively unsaturated
much milder than in thermal reactions and more easily gpecies that has catalytic activity (as may have, for that
amenable to the characterization of the path followed may matter, the ligand set fre@) This is a convenient and often
help in the rationalization also of alternative thermal |\ sed method for the preparation of catal§italso adsorbed
processes. On the other hand, because the course of thg, 5 solid®49), for example, for alkenes and alkynes di- or

reaction is (at least partially) the same, this allows us t0 {imerization rearrangemefitmetathesi€43 or CO inser-
exploit the available knowledge on thermal reactions (much {5, 44-46 Sipce the catalyst is active thermally, the process

larger than that on photochemical reactions) for making the rqceeds further in the dark after the initial irradiation,
best synthetic use of the photocatalytic method. _ whereas the reactions defined here as photocatalytic require
The terms photocatalyst, photomediator, or generically {4t the irradiation is maintained. This type of process, thus,
phqtommator have been previously used and dlfferently does not meet the definition proposed above and is not
defined. As an example, Chanon has offered a lucid considered here. Notice, however, that this may offer an
discussion of such terms, also with reference to whether Partimportant access tphotaatalysts. As an example, a pho-
of the light energy is incorporated in the formation of the 5active form of zinc sulfide is obtained from the photolysis
products from the reagentéWe hope to have indicated the ¢ inc dithiolene®” Also not included is the catalysis of the
usefulness of the present definition of photocatalysis in the photochemical reaction, viz., favoring or otherwise affecting
mtrod(ucnon above. A major trouble, however, is that the (e.g., as far as the stereochemistry is concerned) a reaction
term ‘photocatalysis’, has become popular over the last 30 that occurs via an excited-state of the reagent. The effect
years as synonymous of the irradiation in the presence of amay be exerted either by complexing (and thus pre-arranging)

slurry of semiconductor oxide or sulfide powder or of other e starting ground state, or by interacting with an intermedi-
inorganic compounds. This definition is generally accepted 4¢0 or (rarely) an excited stef&s!

and refers to processes aimed toward two targets different
from synthesis (Scheme 2a). These are the degradation of
organic pollutants for recovering contaminated w#tét and 2. The Photocatalyst
water splitting for the generation of hydrogen as a fliéf. :

As for the first issue, under these conditions, hydroxyl 2.1. Modes of Action
radicals are typically produced from water and, in most cases, Activation by a photocatalyst?) results through one of
are the active species carrying out the degradation (andthe following three mechanisms. In the first one, an atom,
hopefully the mineralization) of the organic contaminants. or a group, is transferred from the reagent R-X to the excited
As for the latter one, hydrogen is evolved from water, often photocatalyst generating a radicat. RThis intermediate
as a result of the concomitant oxidation of an organic undergoes some reaction (e.g., coupling, addition), which
molecule (a sacrificial donor) and in the presence of a further leads to the desired product (Scheme 4a). In the process,
catalyst. However, even if the term ‘photocatalysis’ is most the photocatalyst is regenerated, typically by back atom
often use in reference to these applications, the idea that theransfer to a reaction intermediate. The obvious example is
controlled application of the same or similar methods can hydrogen transfer. The excited state of several classes of
lead to ‘green’ synthetic procedures has gradually emerged,organic molecules and inorganic species behaves as an
and the concept of photocatalysis in this sense has alreadyelectrophilic radical and abstracts hydrogen from a variety
been presented and reviewed (Scheme?28). Indeed, of substrate&? Another example is halide transfer, operating
experience in the application of photocatalysts for the abovein a number of cases with a metal complex as the photo-
purposes may be useful for new applications in synthesis. catalyst, and likewise yielding a carbon-centered radital.
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Scheme 4 or no photodecomposition, and to be able to function for
many catalytic cycles include the following:

a) P +RX — PX+R . .
e For the electron-transfer mechanism, aromatic com-

X =H, halide pounds, in particular those bearing strongly electron-
withdrawing (to a lesser degree, donating) substituents;
— P+ RX""—— Products quinones; electron-poor heterocycles. Semiconductor oxides
b) P +RX or and sulfides such as T)ZnS, and CdS may act via ET,
—— P + RX"— Products being both strong oxidant and strong reducing agé&#s;

the redox potential is pH-dependent in water and again
different in organic media (Scheme 2b). ET to organic
molecules can occur both ways, to the valence band or from
the conduction band, and generates both (single electron)
xidized and reduced intermediates, respectively.
Commonly used photocatalysts are reported in Chart 1.
The reduction potentiab§ SCE) in the relevant excited state,

In the second mode, an electron is transferred, forming
the radical cation or anion of the substrate (electron transfer,
ET). Itis a general property of excited states to be both more
easily oxidized and more easily reduced than ground states.
Thus, redox processes, a rare occurrence when only grounoo
state organic molecules are involved, are often operating in
photoinduced reactions and are a typical mechanism in
photocatalysis (Scheme 4H$°>The ensuing reactions of the
radical ions, for example, (cyclo)addition reactions, or of
further intermediates resulting from them (see below) may A. Via Electron Transfer (in parentheses, Era(P*/P") V vs. SCE)*
give useful reactions, obviously including at some stage of

the process a back electron transfer (BET) step regenerating COOMe
the photocatalyst. In some cases, ‘sacrificial’ donors or, ﬁ © j@[

Chart 1. Examples of Photocatalysts

respectively, acceptors, have been used for regenerating the
starting photocatalyst.

Finally, in the third mode, the reaction occurs on a metal COOMe
! 6y, : ' ' ! urs 3Chloran|I (3.33) 3DMT (3.30) 'TCB (3.15)
center?® As an example, a reagent adds onto a metal center
that has been activated by a photochemical reaction, and oN
under these conditions, a—C bond is formed. Then, Ph GN
liberation of the final product regenerates the starting metal X BFy OO
catalyst so that the absorption of a further photon is required | .
A . L . K (oM
for initiating a second cycle (this distinguishes photocatalysis CN N
from photogeneration of a thermal catalyst, see above and } ;
Scheme 5). DCB (2.67) TPP (2.53) DCN (2.19)
Scheme 5
R
h R-X ;
ML, —~—> ML) =—== LuqyM * *
-L X
3
L H Y Anthraqulnone 2.16) 1DCA (1.97)
YR R MeOOC COOM 't
L(n1)M — L(n1)M -y © ©
T oC
MeOOC COOMe
R-Y-X
) ) o 3STMPM (1.73) 3BP (1.55)
In the following sections, the characteristics of common
photocatalysts are briefly reviewed, and the main mecha-
nisms are discussed according to the key intermediate (sec-
. . I OMe
tion 3). Then, a series of significant examples are presented
according to the type of process occurring and to the reagent OO
used (section 4). Finally, some comments about the synthetic
significance of the method and future developments are OMe
offered.
DMN  Eoq(P*/P*) (-2.61)
2.2. Classes of Photocatalysts
A photocatalystP obviously must undergo neither a
thermal reaction nor a monomolecular photochemical reac- B. Via H abstraction
tion. Most importantly, the ‘deactivated’ statg EScheme o
1) form, resulting from the initial photochemical step, must
be a persistent species that is sufficiently stable to avoid Ph,CO | A | A
interfering with the (on the contrary highly reactive) activated Na0yS" 7 >SoNa
substrate R and with the other intermediates involved in
the process, yet capable of being reconverted into the original
form at some stage, so that absorption of a new photon o PhCOCH,
U0y (BugN)4W10032

initiates a new cycle. Classes of chemical compounds that
have been shown to operate efficiently in this role, with little Uranyl TBADT CHyCOCH,
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[EredP*/P7) = EedP/IP7) + Ecxd, is reported for those  with the primary intermediates, themselves short-lived spe-
acting via ET activation. The strong oxidizing properties of cies present in a very low concentration, a negligible
such derivatives can be appreciated by taking into accountoccurrence. This characteristic differentiates a photocatalyst
that the oxidation potential of amines is around 1.3 V, of from a thermal (ground state) catalyst that is at any rate
stannanes 1.4 V, of alkenes 1.8 V, of benzenes 2.2 V, of present in a non-negligible concentration. Different in this
silanes and ethers 2.7 V, of alkanes 3.2 V (vs saturatedrespect are also mechanistically related methods. As an
calomelane electrode, SCE). When the difference of the example, both ET photocatalysis and electrochemistry in-
redox potentials is 0.1 V, ET occurs at diffusion controlled  volve radical cations, but in the latter case, activation occurs
rate in a polar solvent. Thus, the range of substrates thatunder conditions of high local holes or electrons concentra-
can be activated by this method is really large, although BET tion at the anode or cathode, respectively, making overall
(e.g.,P~ + R-X*" — P + R-X) may strongly cut down the  two-electron oxidation or reduction processes likely, for
efficiency of the catalysis. An example of strongly reducing example, eq 1.
photocatalyst with the relevantgP"/P*) is also showrP8

o For the atom transfer process, largely used hydrogen R-X — R-XT = Rox T (1)
abstracting photocatalysts are ketones, ranging from acetone,
conveniently used as solvent or component of the solvent | jkewise, oxidants (e.g., M#) or reductants (e.g., St
mixture, to aromatic ketones, provided that they have®  that are used in thermal ET induced radicalic reactions are
triplet. Other ones are various oxygenated inorganic cationspresent in a rather high concentration and further redox steps
(e.g., uranyl) and anions (e.g., polyoxoanions such as may occur.
decatungstates) and some metal complexes. Practically all pjsregarding reactions witR*, the possibility remains that
of the molecular Catalysts listed act via the trlplet state and the first intermediate undergoes either a monomolecular
abstract hydrogen, for example, from isopropanol with a rate reaction or a reaction with some ground state compound
constant=1 x 10° M~* s™1.5%%% Taking into account the  present, so that €C bond formation involves some later
lifetime of the photocatalysts excited states (often cas,1 intermediate.
but may be lower), this rate is large enough to make the A typical example is the formation of a carbon-centered
process quite efficient, although reversibility might have a radical R from a radical ion that may occur via different
negative effect also in this case. Photoinduced halide mechanisms. One involves the C|eavage ob a)ond?g
abstraction occurs with some metal complexes, for example, possibly assisted, for example, by a nucleophile in the case
by some Pt complexes, while in other cases, an oxidative of g radical cation R-X. Notice that a distonic radical ion

addition to the metal center occurs (Scheme®*5hs is formed when ther bond involved is part of a cycle, see
mentioned above, semiconductor oxides in water act via OH gection 4.4.2. Another one is addition of a nucleophile or an
generation and hydrogen abstraction (Schemé2a). electrophile to radical cations or anions, respectively. On the

As it appears from the following sections, photocatalysis other hand, if the radical is the first formed intermediate,
has been developed both under homogeneous and undeghis may be oxidized to form a carbocation or reduced to
heterogeneous conditions. In principle, changing to hetero-form a carbanion (Scheme 6).
geneous leads to the same differences that occur in a ther-
mal-catalyzed process, with the additional key requisite that Scheme 6

light must be effectively absorbed by the photoactive « p*
material. Apart from semiconductors, which are necessarily P R-X p- ()
heterogeneous, a variety of photocatalysts known for their X"
activity in solution has been ‘immobilized’ by various
techniques. These range from simple adsorption on a P-X"

R-X"* ()
material, for example, silica of various porosity or zeolites, J ‘0 Y\“l
to tethering the photocatalyst to a matrix by a covalent -X
bond, to a ‘ship-in-the-bottle’ synthesis of the catalyst within
a porous material, to the incorporation of the photoac-
tive moiety in the chain of a polymer, or its insertion into
the chain through a functionalization of a ready-made
. . R*©)
polymer (e.g., making a ketone-based polymeric photocata-
lyst by acylation of polystyrene).
To summarize, the key €C bond-forming step may

3. Photocatalyzed Reactions involve a radical, a radical ion, or an ion, independently of
whether the reacting species is the primarily formed or a
3.1. General Scheme subsequent intermediate. Indeed, the chemistry is that

expected from such species, with the difference that these
are formed undemild conditions fromunusual (nonacti-
vated) precursors.

As it appears from the foregoing, activation by photo-
catalysi§*% results in the formation of a radical by atom
transfer or a radical ion by electron transfer. These primarily
formed active intermediates are not necessarily those in—3 2 Radicals
volved in the desired carbercarbon bond forming reaction, o
however, because some further reaction might take place Photocatalysis offers a convenient access to carbon-
before. Notice, however, that further reactions involving centered radicals from unconventional precursors. The ensu-
P* need not to be considered. In fact, the photocatalyst is ing chemistry is that expected for such intermediates, such
active only when in the excited state the steady-state as conjugate addition to electrophilic alkenes by nucleophilic
concentration of which is minimal. This makes the interaction alkyl radicals, both inter- and intramolecularly (in the latter
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Scheme 7 with R* (path d). A robust photocatalyst such as the
H H decatungstate anion obviates most of these shortcomings
R . P (pathais efficient) and indeed functions with a much higher
\_\ R turnover number than ketones.

Alkylation of aromatics has also been reported. In the case

that radicals Rare themselves persistent, dimerization to
R. (pathe) is an issue, as in some cases is observed with

e q benzyl ora-hydroxyalky! radicals. Hydrogen abstraction by

2 the stabilized radical adduct (pdjhis normally unimportant,
= thus this is not a chain process. An exception is addition to
|~
R

a triple bond forming a vinyl radical.
R P-H In a parallel way, the occurrence of the oxidative ET
a \_\ PH, \_< mechanism according to Scheme 8 requires that the radical
P z 7z anion is not protonate®:%* In the case of ketones, which
often operate through an ET mecanism because of their
R H R-H favorable E(P*/P*7), the radical anions are easily proto-
\_< f nated forming again ketyl radicals. On the contrary, aromatic
nitriles are largely used because the radical anions are very
poor nucleophiles, although they are somewhat liable to
Scheme 8 radical coupling with R resulting inipso-substitution (path _
W b, Scheme 8). Coupling becomes even more competitive
P. =W, pRr when it involves the persistent adduct radicals, thus, intro-
R ducing a further type of products resulting from Radical
Olefin Combination Aromatic Substitution, the ROCAS
process (pattt).6® The use of secondary donors such as
phenanthrene (Phen) or biphenyl together VRN (either
the acceptor or the donor absorb the light) avoids the

/5

formation of PW*~ and R as a pair (Scheme 9). This

l / Scheme 9

R R PW
\_.\ ;CW> hv Phen
P-W z 4
) PW"~
R + R H l w
\, <z R P Phen Phen**

— S
N

case also onto nonactivated alkenes and with the usual R-X RX*| —R
preference for the Bxotrig cyclization mode). N
Schemes 7 and 8 demonstrate the course of photocatalyzed )/\
alkylation reactions via H-transfer and via ET followed by , ) .
radical cation fragmentation, respectively. The catalytic cycle Bipheny! Biphenyl
is closed when the adduct radical (that is made both more N
persistent and more easily reduced by the electron-withdraw- /\
ing substituent Z in position) undergoes back hydrogen PW-~ PW*

or electron transfer, respectively, regenerating the catalyst

(P, patha; the catalytic mechanism is indicated by bold gecreases the likehood of the alkylation of the photocatalyst.

arrows). A further choice is to use aromatic esters rather than nitriles,
The efficient turnover of the catalyst may be hindered by because these compounds are comparable oxidants but are

competing paths. Aromatic ketones are often used in the Hnot alkylated under these conditions.

transfer mechanisiit:¢” Two radicals are formedPH* and As mentioned above, radical anions of ketones are rather

R*), and when a nonactivated hydrogen has been abstractedhasic. So are the radical anions of other heteroatom contain-

for example, from an alkane, there is no competition by the ing functionalities, for example, the imine and azo group.

persistentPH*, and only R reacts (at least when an This has been applied to obtain hetero coupling via radicals

electrophilic alkene is used). On the other hand, the sameafter ET, as exemplified by the semiconductor-photocata-

factor makes the ketyl radicaPH* = ArRC*OH) reluctant lyzed formation of a pair of radical ions (A + R-HT,

to back H transfer (path), so that this tends to accumulate Scheme 2b), followed by proton transfer to give a radical

and to dimerize to the pinacolH{H), pathb]. In this case, pair (AH* + R*) and carbor-carbon bond formation to yield

1 mol equiv of ketone has to be used, and this has to beH-A-R.

considered a reagent rather than a catalyst. Again, because Radicals are obtained also by addition of a nucleophile

of their persistency, ketyl radicals may add to the adduct onto a radical cation (see Scheme 6). In this group of

radicals (patft), thus, introducing side products, or couple reactions, intramolecular variations are important, perhaps
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the most typical examples involving the cyclization of 1,6- Scheme 12

dienes and polyenes, via radical catien radical. This X g H
scheme has been extended to (biomimetic) cascade polycy- J/ ﬁ' ]/
clizations (see section 4.3.2.). .

3.3. Cations |r or /'\ aTZ'

An ascertained photocatalyzed path to carbocations in-
volves oxidation of a carbon-centered radical, in turn P’

generated either via hydrogen abstraction or by ET and
fragmentation. The oxidizing agent (see Scheme 10) is either
hy r—x\ ”/ o rmg

X. D
><- oo %

R-H RH*
; \ PH  P+H*

Scheme 10

involve the radical anions are known and involve coupling
with radicals (see section 4.2.).
the ground state catalyét(as mentioned above, the tiny
steady-state concentration of transients makes their interac«, Syntheses via Photocatalytic C —C Bond
tion with the excited catalyst insignificant) or a purposely Formation
added oxidant.

This strategy has been mostly applied to easily oxidized 4,1, Intermolecular Addition onto Double or Triple
radicals, such asx-amino radicals, where a variety of c—C Bonds
synthesis via iminium ions generated from a (tertiary) amine
via overall two electron-transfer process has been reported4.1.1. Of an Alkyl or Phenyl Group
(see sections 4.1.4. and 4.2.). Notice that if a further
electrofugal group is split from the cation, an ylide results
(Scheme 11). Thus, photocatalyzed oxidation of an amine

As indicated in section 3.2., photocatalysis allows the
generation of alkyl radicals under mild conditions by various
mechanisms, including hydrogen abstraction from alkanes,

Scheme 11 halide abstraction from alkyl halides, and cleavage ofc¢the

X . R—X bond in various aliphatic derivatives, usually after

_N/_ -e _N/ -e —r\/1/+ -X _,4/), photooxidative activation. The versatility of alkyl radicals
yx X —x x \- as reactive intermediates, in particular for—-C bond

formation via conjugate alkylation, makes this method
is a way for obtaining reactions via different intermediates, appealing. The conceptually simplest, and economically most
including, besides the radical, two even-electrons species,desirable process, is direct activation of & bond in
viz., the iminium cation and the ylide (see section 4.4.).  alkanes, in view of the abundance of this feedstock. Photo-
catalysis is indeed a viable method toward this goal and
3.4. Anions occurs under mild conditions, although at present not many
examples have been reported and not all of these are
satisfactory as far as the products’ yield/selectivity and the
catalyst turnover number are concerned. In addition-t#iC
activation in alkanes, alkyl radicals have also been obtained
by splitting a different group in other precurséfsuch as
arboxylic acids? stannane& > 7 dioxolanes®7® silanes

A few examples are available of an interesting way of
arriving to a carbanion under neutral condition. This is
based on the formation of a radical and its reduction by the
reduced form of the photocatalyst (see Scheme 10), when
this is a persistent species, as in the case of decatungstate

of TiO,.5° With acetonitrile as the solvent, trapping of B or silyl ethers8 and halide:#2
¥é§3|?n imine and a methylketone by hydrolysis is the typical In some cases, the mechanism of the alkylation of an olefin

or another compound containing a multiple bond could also
. be (or was better) envisaged as a coupling between the alkyl
3.5. Radical lons radical and the olefin radical anion or between the alkyl
Radical cations usually react as electrophiles and undergoradical and a radical derived from the olefin. The end result
addition reactions, in typical examples by cyanide (Scheme is the same, but different mechanisms have been invoked,
12, patha) and by alkenes. With alkenes and dienes, a variety as it will be mentioned when appropriate (see section 4.2.).

of addition and cycloaddition processes (pathsl)’®"*have The conjugate alkylation using alkanes was initially
been developed, as summarized in Scheme 12 (see furtheexplored using an aromatic ketone, most often benzophenone
section 4.4.). (BP), asP. Indeed, hydrogen abstraction occurred effectively

Another important class is that of polymerization reactions, under these conditions (in an indifferent medium, such as
which, however, will not be specifically addressed here, since benzene, diethyl carbonate,tdsutanol), and the alkyl radical
the focus is on molecular synthesis’* A few reactions that ~ was selectively trapped by an electrophilic alkene. However,
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back-H transfer to the radical adduct was inefficient, and bound, thus, making the isolation of the end products easier.
the persistent diphenylcarbinol radical in part dimerized to Under these conditions, sunli§htvas effective for promot-
pinacol (see section 3.2.). In the event, the BP-catalyzeding the reaction. Although acylated polystyrene was rapidly
conjugate alkylation by cycloalkanes of g-unsaturated  inactivated, the silica-derived catalyst showed to be more
nitriles and ketones was developed and occurred with yieldsrobust and allowed an elevated conversion. The application
(30—80% at total alkene conversion) that were variable but, of these conditions made the method appealing in the ‘green
at any rate, of some interest in view of the directness of the chemistry’ contexg®

process and the simplicity of the meth®dFor the reasons Furthermore, BP photocatalysis was successful in inducing
above, the catalyst was consumed and had to be used in alkylation in some cases where thermal radical alkylation
high amount (56-100% mol equiv with respect to the alkene failed (Scheme 15¥ Thus, a captodative olefin such as the
to be alkylated, see Scheme 7, pa)h As a consequence,

the pinacol formed had to be separated from the desiredScheme 15
adduct, which offset one of the merits of the reaction, the

. . SO,Tol Ad SMe
simple workup (the formation of byproducts was somewhat @ + 219 BP.hv_ Me"H,, 90%
diminished by using xanthone rather than BP, however). 3 SMe CeHe H g SOzTol

An example of tandem alkylation involving attack onto Ad = 1-Adamantyl

an unsaturated nitrile followed by cyclization of the first

:%?:Cviiltﬁ dlduS%teogté)hgrﬁgnld;nitsaéﬁ%%%‘?rmed In competi- 1-methylth!o-_l—tosylalkgné was not alkylated u_n.der_thermal
’ : radical initiation conditions because the stabilization of the
Scheme 13 adduct radical prevented the occurring of a chain process.
However, the use of light allowed the process to occur,
| obviously by absorption of a stoichiometric amount of light,
NG~ CN as shown by the good yield of the adamantane addition (a
regio and stereoselective reaction).
O hy An excellent class of photocatalysts for the activation of
alkane C-H bond is that of some polyoxoanions, in
TBADT particular decatungstate and some of its derivatives. The
BP photochemistry of such species has been studied in depth
during the last 30 yeaf®; 8 but synthetic applications have
been slower to appear. Tetrabutylammonium decatungstate
(TBADT) is soluble in MeCN and has been often used for
organic reactions. The initial hydrogen abstraction by the

~ polyoxo anion is fast but reversible; thus, the success of the
NC” CN reaction depends on the presence of a sufficiently high
. concentration of a good trap. Thus, it was not surprising to

1, 1% 2, 28% (one stereoisomer)

find that alkylation was limited to a few percent when using

o ) . simple alkenes (for the aIkyIation.qf a€X bond, see section
However, a lower than stoichiometric amount of BP (20% 4.2.)% However, with electrophilic alkenes, trapping was

mol equiv) was _su_ﬁicient in the_addition to activated triple  effective, and the catalytic cycle was closed by back-H
bonds (esters, nitriles, ketones) in neat cycloalkanes, reasonansfer to the radical adduct by the reduced catalyst. Thus,
ably because the radical adduct was in this case an energetigyhen using a catalytic amount of TBADT (2% mol equiv),
vinyl radical that abstracted a hydrogen atom from the alkane, o 3-unsaturated nitrile®; ketones, and esters were alkylated
originating a (short) chain reaction (Scheme &4}.Yields by cycloalkanes in good (60%) yields (Scheme %6).

Scheme 14 Scheme 16
i-BuOOC

COO0i-Bu )
BP. hy COO0i-Bu ) O . —. TBADThv O\i%
| | + CN MeCN CN

H O 42% 27%

Alkylation of an unsaturated nitrile starting directly from
were again variable, but not uninteresting (mostly-30%). alkanes was obtained also by Tighotocatalysis in the case
Among alkanes, the process was most efficient for cyclo- of adamantane, although the conversion of this hydrocarbon
pentane, while C6 to C8 homologues gave lower yields. As was not extensivé?
for the alkyne, one electron-withdrawing group (EWG) was  Photocatalysis on a metal center (Scheme 5) has not been
necessary for the alkylation to occur (the yields decreasedused often for alkylation reactions. As an example, irradiation
in the series esters acids> nitriles and ketones), but the  of Rh(PMeg),(CO)CI allowed the formation of 1,1-disubsti-
presence of two groups could somewhat decrease the totatuted alkenes by addition of both aliphatic (selectively at the
yield. The E/Z ratio in the alkenes obtained depended on terminal C-H) and aromatic €H bonds across the=eC
the occurrence of secondary photoisomerization and, thus,bond of terminal alkynes. As an example, 2-phenyl-1-octene
on the choice of the photocatalyst (in the last step functioning was obtained from hexane and phenylacetyféne.
as an energy transfer photosensitizer). The reaction could On the other hand, the ET photocatalyzed generation of
be carried out also with a solid-phaBe such as acylated alkyl radicals by loss of a good electrofugal group from the
polystyrene or silica gel bearing aminopropyl groups to initially formed radical cation had a rather large scope (see
which carboxylated benzophenone had been covalentlySchemes 6 and 17).
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Scheme 17

R-COOFII+

-H*
o

R [
(R1OSiR2R3)>/ C O><Y
+ R2 + [?—>—Y
R'OSI—R -H o
RS R-H™*

Thus, carboxylic acids such as pivalic and isobutyric acid
were used for the alkylation of dimethyl acetylenedicar-
boxylate in low to moderate yields (22% and 45%, respec-
tively) by using 1,2,4,5-tetracyanobenzene (TCB) as the

photocatalyst. The reaction was suggested to involve depro-

tonation and C@ loss from the carboxylic acid radical
cation’> The corresponding reaction between pivalic acid
and dimethyl maleate gave the addition product in a 44%
yield 80 Alkylation of an electron-deficient heterocycle was
established in the photolysis of Pt-coated commercial, TiO
powder suspended in an aqueous solution of an alkylcar-
boxylic acid and 1-alkylpyridinium perchlorate. Thus, a
concomitant reduction of the pyridinium ion to the corre-
sponding radical and oxidation of the carboxylate anion
followed by loss of carbon dioxide (to give an alkyl radical)
took place. As a result, radicatadical coupling occurred
and yielded (after reoxidation) a 4-alkyl-substituted 1-alkyl-
pyridinium salt®4

Although less appropriate in the green chemistry context,
it should be mentioned that tetraalkylstannanes showed to
be effective precursors of alkyl radicals under these condi-
tions, and the results are interesting for assessing the
alternative pathways. With asymmetric derivatives, a selec-
tive fragmentation giving the most stable radical occurred.
Thus, tetrabutylstannane atdbutyltrimethylstannane were
used for adding a butyl or &butyl group onto dimethyl-
maleate (close to 80% isolated yield) or acrylonitrile
(40—50%), respectivel§® Various photocatalysts were used,
and the choice was critical for the result. Benzenepolynitriles
were effective due to their largely positive reduction potential
in the singlet excited state (see Chart 1). However, with these
compounds, an important side path, or even the main
reaction, involvedpso substitution of a cyano by an alkyl
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was obtained in 79% vyield and with a de 98.5%. The
selectivity was increased with respect to alternative thermal
alkylations, demonstrating the advantage of the mild pho-
tochemical method (Scheme 18, right péft).

Scheme 18
=
Sy~ '
(0] 4 7\
O/\O
BP, hv DCN/Biphenyl,| -BusSn

hv MeCN

“ oo

NHN

o}

v

O

(0}

X

5, R = n-Bu; 79%, > 98.5% d.e.
6, R = 2-dioxolanyl; 75%, > 98.5% d.e.

Electrophilic alkynes such as dimethylacetilenedicarboxy-
late also underwent alkylation withbutyl- andi-propyl-
trimethylstannane (yields near 50%, TMPM as catal{st).
Cyclic enones (cyclopentenone and cyclohexenone) and
methyl vinyl ketone were likewise alkylated under these
conditions. In this case, however, singlet excited-state
catalysts such as TCB performed poorly due to competitive
light absorption by such substrates. When the catalyst was
an ester such as TMPM, active from the triplet, this limitation
was overcome, since the unsaturated ketones absorbed light
and, after intersystem crossing, transferred energy to the
aromatic ester, which was thus able to catalyze the alkylation
(see eq 2)?

*Enone+ P — Enone+ °P )

Another class of precursors of alkyl radicals is that of 2,2-
dialkyl-1,3-dioxolanes or 2-alkyl-2-phenyl-1,3-dioxolanes

group, either by the radical initially produced or by the (see Scheme 19). The last compounds were easily oxidized,
radical adduct (pathis andc in Scheme 8). These reactions fragmented selectively, and gave good yields of the alkylated
may have an interest of their own for preparing substituted alkenes, while minimizingipso substitution of TCB, a
aromatics but, in the present context, consumed the catalystprocess generally competing with the desired alkylation when
When using TCB, this was not necessarily a stumbling block, dialkyldioxolanes were used with this catal§%t.

since the monoalkylated trinitriles were themselves effective

oxidizing agents, so that the photocatalytic process did not Scheme 19

terminate. This limitation could be overcome using benzene- O pp TCB h t-Bu.__COOMe
. . \%

polycarboxylic esters, for example, tetramethyl pyromellitate [ ><t B : \[ 50%
(TMPM), which did not undergo such alkylations, or using g Bu MeCN COOMe
cocatalysts such as Phen or biphenyl (see Scheme 9). These [COOMe
were oxidized in the first step so that the radical cation of COOMe
the substrate was formed in a secondary process, not paired
with the catalyst radical anioff. £Bu. _COOMe

A diastereoselective addition was observed with fumaric TCB, hv \”: 62%
acid derivatives bearing chiral oxazolidine auxiliaries, despite MeCN COOMe
the occurrence oE/Z alkene isomerization under these COOMe
conditions. With the 4-butyl-2,2-dimethyloxazolidine de- I‘I
rivative 4 and BuSn as the radical precursor, the prodbict COOMe
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Further precursors for the generation of alkyl radicals via

C—C bond fragmentation are some cyclopropane derivatives.

Thus, cyclopropanone silyl acet#i§7 in Scheme 20) were

Scheme 20
(6]

OEt P = Phen or pyrene

Ph/\)k
hyP* Mg(ClOy4),
Ph._~__OEt
o =MW
H OSiMeyt-Bu

-+
H  OSiMeyt-By

Ph " OMe - SiMe,t-Bu*
7 Ph ¥ OMe
O Ph
tBuMe,Si, EtO COOMe
H O 60% I
Ph™ - OMe
8

used in this role. Monoelectronic oxidation caused@
bond cleavage, and loss of the trimethylsilyl cation gave a
trappable S-alkoxycarbonylethyl radical. Thus, Phen or

pyrene (10% mol equiv) photocatalyzed the reaction between
cyclopropanone acetals and conjugated esters or ketones. Th?

process required the use of 1 mol equiv of Mg(@QiDas
depicted in Scheme Z6.

The photocatalyst had here a double role, reducing the
o,f-unsaturated ester and oxidizing the acetal to the open-

chain radical cation forn8. The role of Mg(ClQ), was
explained in terms of its stabilization effect on the radical
anion Q) resulting from the reduction of the ester, which

slowed the BET process. The final step was the combination

between the two radical ions (or radieadical anion if the
trimethylsilyl cation was lost first) forming an adipate
derivative in 60% vyield. This reaction was also carried out
in an intramolecular way by tethering the cyclopropanone
unit to a cyclohexenone ring and using pyrene or DCA as
the photocatalyst’

In the same line, irradiation of bicyclic silyloxy cyclo-

propanes under PET conditions caused endo ring opening

of the three-membered ring and loss of the silyl group to
give ap-carbonylalkyl radical that could be trapped by an
electrophilic alkene, for example, by methyl acryl&te.
Although carbon-silicon fragmentation in radical cations
is well-known, only a single example of olefin conjugate
addition by a radical generated by this method was repéfited,
and involved the addition of &butyl group onto dimeth-
ylmaleate by using-CgH;,0SiMext-Bu as radical precursor
and TCB as catalyst. Nucleophilic addition (e.g., ammonia

or a primary amine) onto an alkene radical cation and depro-

tonation is another way to form an alkyl radical, which cou-

ples with the radical anion of an aromatic nitrile. This process

was recently carried out under photocatalytic conditiths.
As an alternative to the above oxidative activations, alkyl

Fagnoni et al.

Copper(l) chloride and bromide in the presence of tribu-
tylphosphine were suitable photocatalysts. Mechanistic in-
vestigations supported that the organic halide oxidatively
added to the Cucompound to generate a Cuntermedi-
ate®1®2 |nsertion of the olefin and reductive elimination
yielded the alkylated product and regenerated the catalyst
(see Scheme 21).

Scheme 21
R?> EWG hv R? xEWG
1 —_—
R-X + ( 5 CuBr/BusP 1> \ s
R tHF  ROR

hv | CuBr

Br RZ  EWG
R1'C(‘J \':<

X R®

- CuBr

Primary, secondary, and tertiary alkyl bromides gave good
alkylation yields (ranging from 50 to 80%) @f-bromoy-
alkyl derivatives from electron-withdrawing-substituted ole-
fins such as acrylonitrile, acrylates, acrolein, enones, and
related compounds. This method was compatible with the
presence of several functional groups in the alkyl chain. Alkyl
chlorides were not reactive, except for dichlorometane and
chloroform (see section 4.1.5.). Irradiation of a mixture of
cob(ll)irinate and RU(bipy)s (or irradiation of a binuclear
Ru'—C0d' complex) produced a Cepecies that likewise
dded oxidatively alkyl halides. The radical was intramo-
écularly trapped by an unsaturated ketéhe.

The stabilized allyl and benzyl radicals were easily
obtained starting from suitable precursors by photoinduced
electron transfer (PET) oxidation followed by loss of an
electrofugal group. The toluene radical cation did deproto-
nate, but when an aromatic nitrile was used as the photo-
catalyst, in cage reaction between the two aromatic com-
pounds predominated and no alkene benzylation occurred.
The ions could be better stabilized using a nucleophilic
solvent such as methanol. Under these conditions, both
diffusion out of cage and deprotonation of the (free) radical
cation were favored. As a result, dimethyl maleate was
efficiently benzylated in MeCN/MeOH, although hydroxy-
methyl radicals formed from the solvent also added com-
petitively1°° On the contrary, a clean benzylation took place
when using-butanol in the place of MeOH (Scheme 2.

Scheme 22
COOMe
| [COOMe I Y Ph + Ph-CH,CH,-Ph
+ -Ch3
COOMe Mecg/:t-?uOH COOMe (traces)

80%

Better results were obtained by shifting (i) to faster-
cleaving radical cations and (ii) to heterogeneous rather than
homogeneous conditions to avoid pairing. With benzyltri-
methylsilanes, the formation of benzyl radical was favored
due to the easy elimination of a M&" group from the
radical cation. Furthermore, a satisfactory benzylation of
conjugated acids, esters, and carbonyls was obtained using
TiO; as heterogeneous photocatalyst and benzyltrimethylsi-

radicals were generated by halide abstraction or monoelec-lanes or, to a lesser extent, phenylacetic acids as precursors

tronic reduction of alkyl halides and halide Id8€\ctivation
of a C—X bond and trapping by electron-deficient olefins

of benzyl radicald®+1% Under these conditions, maleic and
fumaric acids, as well as the corresponding anhydrides and

could also involve metal-complexed intermediates (compare nitriles, were monobenzylated in 480% yield. As an

Scheme 5).

example, maleic acid gave 78% of 4-methoxybenzylsuccinic
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acid, and tetracyanoethylene gave 77% of the correspondingrequired the presence of highly acidic additiv&s1° The

benzylethanelO from the respective silanes upon titanium
dioxide photocatalysis (Scheme 28).

Scheme 23
CN CN
CN CN
AFCHz"_< ArCHg—H CN
oy CN &y CN NC’S,CN
10, 77%
NC

ArCHy’

/

ArCH,SiMes™*

H+
ArCH,SiMe,

Ar = 4-MeO-CgHj-

The generation of benzyl radicals was more efficient when
the catalyst was loaded with a small amount of Pt (which
facilitates ET}%? or when an inorganic oxidant (e.g.,
Ag.SOy)'%was added. The quantum yield of the above ben-
zylations increased, and an otherwise unreactive precurso

such as toluene could be used. Under these conditions, a

large proportion of the dibenzyl, rather than monobenzyl,

derivatives were obtained, reasonably because of the forma-

tion of a larger local concentration of benzyl radicals.
Obviously in this case, as is generally with heterogeneous

catalysis, the adsorption/desorption rates of the reagents and

the intermediates were determining the result. The,TiO
benzylation showed to be well-suited for being effected by
using solar light, obviously the best ‘green’ choice. Under
these conditions, this photocatalytic reaction was tested on
multigram scale and gave satisfactory restitts.

As for allylation reactions, an example is the alkylation
of 1,1-dicyanoalkenes by allylsilanes upon photocatalysis by
Phen (ca20% mol equiv)t® The proposed mechanism of
this process involved radicaladical anion coupling after
two electron-transfer steps, as illustrated in Scheme 24 for
the reaction between 1,1-dicyano-2-phenylethelri® and
allyltrimethylsilane (2).

Scheme 24
=\
SiMe;
h\r Phen\\: 12+ .
. _\—SiMe3—|
Phen Phen™*
>~< Nu~ ‘ - NuSiMes
H CN .- H CN
>=< H' oN| PN " Ph CN
Ph CN - - H
11 Ph CN /
11~ 13, 84%

Thus, the reaction was initiated by a PET step between
11 and Phen* yielding the corresponding radical ions pair.
Compound13 was formed by the coupling betwedri*~
and an allyl radical (formed by desilylation &2*) and was
isolated in 84% vyield. The reaction was completely regiose-
lective since allylation occurred at position 2 exclusivéfy.
When an alkyl- rather than a phenyl-substituted alkene was
used, however, allylation occurred at the positiomo the

[

regioselectivity was explained in terms of spin population
and anion charge in the radical anion intermedtéie’®® In
every case, Phen was regenerated simultaneously with the
oxidation of 12. Alkylation of 1,1-dicyanoalkenes was
achieved by PET reaction with organostannanes such as
BusSn, again through photocatalysis by PA&h.

As for phenyl radicals, these were obtained by reductive
photocatalysis. Thus, irradiation of [Pd(RRhin the pres-
ence of chlorobenzene (and of a sacrificial donor) gave a
mixture of chlorobiphenyls (main producttho) via a two-
photon process (the first one induced the oxidative addition
on the metal center, the latter caused the detachment of a
phenyl radical from the complex; the radical thus formed
added to chlorobenzen®?.

4.1.2. Of an o.-Oxysubstituted Alkyl Group

Hydrogen abstraction from the position of alcohols and
ethers by a triplet ketone is an efficient process, and trapping
of the resulting nucleophilic radical by an electrophilic alkene
offers a convenient method for conjugate addition. The
principle was introduced by Schenck, who reported in 1957
the synthesis of terebic acid4 from maleic acid in
isopropanol (96% vyield, Scheme 25a).

Scheme 25
o)
COOH o 1y
a) | - 0
coo > OH
HOOC
14, 96%
OH
CHO  gpss, hy
b) § o
H,0: i-PrOH

n-Pr n-Pr

50%

BP could be used as the photocatalyst in 20% molar
proportion, but 0.3% mol equiv was sufficient when using
anthraquinoné!!* Some diastereoselectivity was achieved in
this reaction when using the menthyl ester of maleic &&id.
However, a different process, viz., the photocatalyzed
addition of isopropanol to (8)-5-menthyloxy-2,5-dihydro-
furan-2-one (de> 95%), followed by mild oxidation of the
resulting 4-(hydroxyalkyl)dihydrofuranone, offered a more
convenient access te-j-terebic acid-?

The reaction occurred similarly with unsaturated aldehydes
and ketones. As for the former reaction, this was satis-
factorily carried out in a 1:1 wateralcohol mixture as the
solvent by using a water-solubl® such as disodium
benzophenondisulfonate (BPSS, in Scheme 25kgnd
formed y-lactols, which could be oxidized in situ to the
corresponding lactones.

The ketone-photocatalyzed reaction has been employed
for preparing highly functionalized branched-chain monosac-
charides, which are biologically important compounds, from
readily available carbohydrate enones. The products were
formed in reasonably good yields (480%) and often with
a marked stereoselectivity, which depended on the structure
(in particular on the substituent jr). As an example, some
OH-protected derivatives of hex-2-enopyranosid-4-ul@sg (

cyano groups. In this case, the success of the reactionwere alkylated under these conditions with strong selectivity
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Scheme 26
OCPh; BP, hv
0 o 3 e Ph3zCO CH,OH
— OEt 75%
15 OEt
BP, MeCN, hv oy CHZOH
EOH oo 75%
OH OEt
BP, MeCN, hv PhsCO oMo
CH3CHO O%l% 67%
OEt
o
BP, MeCN, hv o
Ph;CO
SR
° 62% Okt

for axial attack (Scheme 26)>1%° The reason of such
selectivity was investigated by comparison with the related
enone lacking thes axial substituent as well as with the
carbocyclic enone likewise lacking that group. This showed

Fagnoni et al.
Scheme 28
AcO/ o
0 BP, hv MeO
Efo >on MQ
MeO “— . 80% O

ing i-propanol adducts could be converted into derivatives
of the cis chrysanthemic acid by further elaboratiB#!22
The alkylation occurred effectively also with related dihy-
dropyrrolonesl8 (Scheme 29

Scheme 29

BOC
N
i-PrsSi A(_/V/O
18 =

Because of the mild photocatalytic conditions, a good
stereoselectivity could be obtained in several cases. Thus,
some chiral 3-hydroxy-1-(methylthio)-J-fosyl)-1-alkenes
gave the corresponding 1-hydroxyalkyl derivatives by BP
(1 mol equiv) photocatalysis in methanol andiipropanol
with high syn selectivity (typically, synanti = 95:5),
indicative of a high asymmetric induction in this acyclic

BOC

BP, hv N_o
— | Pr3S|/\<j
MeOH _

HO— 51%

that the selectivity was imparted by the steric hindrance by system'? Likewise, the BP (15% mol equiv) photocatalyzed

the alkoxy group iny (position 1 of the sugar) rather than
by some effect of the ring-oxygé#? These alkylations were
carried out using BP (often 15% mol equiv) and the alcohol
as the solvent for low molecular weight terms (methanol,
ethanol,i-propanol). Higher homologues or polyfunctional
molecules could be conveniently used in acetonitrile solution,

as demonstrated for ethylene and propylene glycols as well

as methyl glycollaté®® Interestingly, the photocatalyzed
radical alkylation mostly had a stereochemical course dif-
ferent from that of the copper(l)-mediated carbanion alky-
lation, and thus offered a useful alternative.

In another example, BP (3218% mol equiv) photoca-
talysis caused the addition of alcohols, with predominant
equatorial attack onto some hex-3-enopyranosid-2-uld€es (
Scheme 27). The thus formgdhydroxyalkylpyrones were

Scheme 27
OSiBu;  HO— OSiBus
OSiBus
o g, hv_HO © + ©
N\
orpy TEOH O OtBu O OtBu
° . 55% 6.5%

in turn useful synthetic intermediates (e.g., for preparing
deoxyaminosugarsy?

In yet another application, carbohydrate-derived hex-2-
enonoéd-lactone 17 bearing a pendant alkene function
underwent BP photocatalyzed addition of alcohol-derived
radicals, followed by intramolecular attack onto the alkene
moiety to give a bicyclic derivative (at least in tlgduco
series, a single isomer, Scheme 28).

The hydroxyalkylation of some 5-alkylbutenolides in

alkylation has been applied to a pair of 1,3-dioxin-4-ones
incorporating ¢)-menthone as a chiral auxiliary in position
2. It was found that the radical frompropanol was added
from the more exposed a-side with complete selectivity,
although in a low yield (again, attack by dialkylcuprate
occurred from the opposite facy.

Although ketones were the most often used photocatalysts,
some inorganic compounds abstracted efficiently hydrogen
from alcohols and led to the alkylation of electrophilic
alkenes. This was shown to be the case for uranyl chlo-
ride1?7128A convenient and robust photocatalyst for prepara-
tive purposes was again the decatungstate anion. Hydrogen
abstraction from alcohols was faster than that from hydro-
carbons and, differently from that case, was irreversible. In
the absence of the electrophilic alkene, the hydroxyalkyl
radicals were oxidized to the corresponding ketones by
ground state TBADT, but with a sufficient amount of alkene
(0.1 M), trapping was complete. Thus, TBADT (2% mol
equiv) was successfully used for the hydroxy (or alkoxy)
alkylation of unsaturated esters, nitriles, and ketones, which
occurred with good vyields (6575%) and high turnover
numberé® Under these conditions, the reaction was almost
insensitive to the presence of oxygen, and the products were
isolated by very simple procedures, often a simple distillation.
Thus, an appealing synthetic procedure resulted.

Photocatalysis by titanium dioxide has also been used, in
particular, for the alkoxylalkylation of heterocycles. This mild
functionalization was carried out also by solar irradiation
and with quinoline led predominantly to attack to position
2, as shown in Scheme 30 for the irradiation in THF.

Cleavage of a €H bond is not the only method of
activation. Thus, a different strategy for the generation of
hydroxy (and alkoxy) alkyl radicals involved the splitting

methanol oii-propanol has also been carried out successfully of a trimethylsilyl cation froma-trimethylsilyl alcohol$*°

giving the 3-alkyl derivatives with exclusivians stereo-

and ether$! via the corresponding radical cations obtained

chemistry (by using 1 mol equiv BP, however). The by oxidative photocatalysis. As an example, methoxymeth-
hydroxymethyl derivatives formed in MeOH offered a yltrimethylsilane was used successfully in the addition to
convenient access to novel nucleosides, and the correspondmethyl 2-cyanocrotonate by irradiation in the presence of
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Scheme 30 Scheme 32
(o] o
Q0 + O
N i /L
TiOy, hv . o B
H+, H202 \_/ MeCN X o O
X ]
o 20, X = H (78%)
(£)-21, X = OH (75%,
O + trans/cis 11/1)
N 32). Noteworthy, the reaction coulibt be carried out by

using thermal initiators such as AIBN or dibenzoylperoxide,
24 . 1 since a relatively high temperature was required, and under
fotal yield = 75% those conditions, rearrangement (ring opening) of the diox-
olanyl radicals made trapping by the alkenes ineffective.
4-Hydroxycyclopentenone was likewise alkylated, and the
resulting mixture 21, main isomerfrans) could be directly
converted into protected 4-acylcyclopent-2-enones, useful
synthetic intermediates (Scheme 3%).
The BP photocatalyzed addition of the dioxolanyl radical
has been recently applied to some sugar-related C3-ketoxime
ethers bearing a terminatyne function. The reaction led

9,10-dicyanoanthracene (DCA). The addition appeared to
take place also with unprotected trimethylsilylmethanol, but
the product could not be isolated. However, when using
protected derivatives such as the benzyl effgsin Scheme

31 the reaction was successful. A similar functionalization

Scheme 31 to tandem addition onto the pendant alkyne followed by
P . H __ COOMe intramolecular attack onto an oxime function forming a new
Ph™ 0" "SiMes Md N five- and/or six-membered carbocyclic ritg.
19 As with other nucleophilic radicals, an effective alkylation
DCA/Biphenyl, required that an electrophilic trap be used. As an example,
hv the alkylation yield when using 1,3-dioxolane as the precur-
MeCN/MeOH sor was 90% with dimethyl maleate as the trap, but it did
2:1 not overcome 50% with a nonactivated trap such as a
CN terminal olefin. When using trioxane, the yields were 84%
o N0 /\H\COOMe 64% and 25% with the two traps, respectively (Scheme!33)3’
Me Scheme 33
- . - COOEt
was obtained when using unsaturated esters and imides as o COOEt o
traps. )+ ”: BP.hv 7
On the other hand, amx-oxyalkyl radical could be 0._O COOE 0._ 0O COOEt
generated also by addition of an (oxyphilic) radical to the 84%

oxygen atom in a €0 double bond. An example of such a

process in photocatalysis was reported in the photocatalyzed As for selectivity, when using a chiral #ébutyl-2,2-
cleavage (by using B2, N*>-bridged porphyrin as catalyst) dimethyloxazolidine fumaric acid derivativéas a trap, a

of methyl trimethylsilyl ketene acetals in MeCN. This diastereoselective addition of the 2-dioxolanyl radical (from
produced trimethylsilyl radicals that added to aldehydes or dioxolane) was obtained (75% isolated yield of prodéict
ketones. Coupling of the resultingsilyloxyalky! radicals de > 98.5%, Scheme 18 left parf).The reaction was also
with those resulting from the acetal led to a photoinduced applied to sugar-derived enones, where it proceeded with
Mukayama reaction (aldehyde or ketone and a silylenol ethercomparable yields and stereoselectivity to those in the above
giving the silylated3-hydroxycarbonyl). The process showed case ofa-oxy radicals (Scheme 26)>138

an induction period before the formation of the products, Electron-poor alkynes (e.g., methyl propiolate) were
but did not proceed in the dark and thus was considered alikewise effective substrates for the BP (40% mol equiv)

photocatalytic reactiof®? photocatalyzed addition of (2-alkyl-)1,3-dioxolarté%: In-
. ) deed, by the use of acetone photocatalysis, alkylation was
4.1.3. Of an o,o-Dioxysubstituted Alkyl Group obtained also with nonelectrophilic sugar-derived alkenes

Acetals are easily activated by photocatalysis, both via Such as enoses. Under these conditions, however, the acetone-
hydrogen abstraction and via electron transfer. In the former derived radical competed in the addition, and stereoisomeric
case, thax,a-dioxyalkyl radicals formed added to electro- MiXtures of the two different adducts were obtained, as
philic alkenes. This is a favorite method for the introduction Shown in Scheme 34 for the case of the triacetylglaeaP
of a masked formyl or acyl group. Thus, BP or anthraquinone

. - Scheme 34
photocatalysis was employed for the synthesis of monopro-

tected 1,4-dialdehydéd? 4-ketoaldehyde&? and 1,4-dike- CH20Ac CHz0Ac CHz0Ac
tone$* from unsaturated aldehydes or ketones and 1,3- OAS (CH3),CO, hv OAS Oj . OA? OH
dioxolane or 2-alkyl-1,3-dioxolanes. As an example, cyclopen- Y o > o

tenone was alkylated by various alkyldioxolanes to give oOac 22 [ > OAc OAc
monoprotected 1,4-diketone2Q) in >70% yield (Scheme o] 74% 24%
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Despite these limitations, the reaction was considered a useful The reaction also applied tdl-protected (e.g., by a

way for theC-alkylation of sugars. t-butyldimethylsilyl group) pyrrolidines that gave high yields
Again in this family of intermediates, the,a,o-tri- of alkylated product*

methoxymethyl radical was generated by BP photocatalysis When a chiral enone such asR}s5-menthyloxy-2,5-

from trimethyl orthoformate and was found to add to a hex- dihydrofuran-2-one24 was used, a complete facial stereo-

2-enopyranosid-4-ulos28 (Scheme 35). The isolated product  selectivity was observed in the radical addition st&p!4®
Accordingly, the MK catalyzed reaction was exploited as a

Scheme 35 key step for the enantioselective synthesis of some necine
OAc AcO— COOMe bases, namely;t)-laburnine and {-)—is<_)_retronecano1l‘.‘5v146
0 o BP hv O=_\|oO Among tertiary aminesN,N-dialkylanilines were conve-
— 5 + HC(OMe); Me’CN 25% niently used in the synthesis of 1,2,3,4-tetrahydroquinoline
o3 OFt OEt derivatives. The ring-building strategy was based on the
after column stereoselective radical-tandem reaction of aniline derivatives
chromatography with 24, where the initial radical attack onto the enone was

followed by intramolecular attack of the adduct radical onto

after chromatography was the corresponding methyl ester,the aromatic ring?”"** Under these conditions, a side
apparently arising from the hydrolysis of the orthoester product was the dihydro derivative of furanone, which was

function during workug38 completely suppressed, however, when carrying out the
reaction in the presence of acetone @% vol). The reaction
4.1.4. Of an o.-Aminosubstituted Alkyl Group showed a high degree of stereoselectivity, as shown in

Nucleophilica-amino radicals are attractive intermediates Scheme 37. Recently, thegbisomer of furanone4 was

for the synthesis of nitrogen-containing derivatives, in Scheme 37

particular of products of biological interest such as alka- _

loids14? These radicals are generated by deprotonation of /A/_>,H .

the radical cations of amines, which are easily formed by 0™ 'fom @
PET due to the low oxidation potential of these com- R iPr

poundst*! As an example, with amines, aromatic ketones

were active as photocatalysts via an ET mechanism (compare

Scheme 36), not hydrogen transfer as with alcohols. The first hv, P | MeCN/MeCO
Scheme 36
Ar = 4-MeOCgHy hv 3
Ar CO N . +
4-MeyNCgH 2 Tio
e2NCeiny / (|3H3 102 /\H
ArZCO hy o :,%

Ar,C'O” ) Pr-

0 Ar,C'OH CHs o1 : 1
l 78%

2 ISOMEF_(S
N gg_;gﬁ}f” UO synthesized and proven to give the adducts with the opposite
ivit\o0
CH;\ { S stereoselectivity: .

a-Amino radicals could be photochemically generated also

under heterogeneous rather than homogeneous conditions by

using TiG (2% mol equiv) or ZnS as the photocatalyst
process occurred at a much faster rate than the latter one(Scheme 363>153 In this case, a large excess of amine
but this did not necessarily mean that it was efficient. In (preferably used as the solvent) was required to obtain a high
fact, possible causes of inefficiency were both BET that product yield. This was explained by the occurring of the
competed witho-deprotonation from the radical cation and electron-transfer process only at the semiconductor surface.
radical termination paths not leading to the closure of the Thus, only molecules adsorbed at the surface were involved,
catalytic cycle. Indeed, BP and acetophenone were initially and since the mobility of radical cations was limited, their
tested as photocatalysts, but they had to be used in stoichio-deprotonation had to compete with the favored BET process
metric or larger amounts because of the considerableand was improved only when using a large amount of amine
degradation during the reactiét?.’**Moreover, the yields  acting as a bas€> %3 Since the excess amine could be
of the addition products from alkenes were quite low recovered by distillation and reused and the inexpensive
(<40%). Recently, Hoffmann and co-workers discovered that photocatalyst could be easily removed by filtration, the
electron-donating substituents on the aromatic ring of phenyl process was still considered environmentally frieridfy.
ketones largely suppressed undesirable coupling reactiondNoteworthy, wherN-methylpiperidine was used in the place
of ketyl radicals and allowed an important increase in the of the analogue pyrrolidine, deprotonation from the methyl
adducts yield#* Accordingly, the photocatalyzed radical group, followed by oxidation and loss of the substituent to
addition of tertiary amines (e.gN-alkylpyrrolidines) to yield piperidine, became competitive with deprotonation from
electrophilic alkenes by using 4;dimethoxybenzophenone a ring methylené>?
or Michler's ketone (MK, both 10% mol equiv) was The above method could not be extended to acyclic
successful, as shown in Scheme 36. amines, which gave no alkylation under these conditions.
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Nevertheless, the addition of some thiocarbonyl or xanthate A further group of reactions resulted from the fact that
derivatives (e.g.S+methylN,N-diethyldithiocarbamate, 5 mol  a-aminoradicals had a low oxidation potential, and further
equiv) allowed the reaction to occur and affected both the oxidation of such intermediates, in general by the ground
regio- and the stereoselectivity of the proc®4sThis state photocatalyst, occurred efficiently (see Scheme 11). In
behavior was explained by the reversible radical trapping of such a case, reactions via iminium cations, formed via an
the amino radical by the thiocarbonyl species, which overall two-electron process, occurred in the place of the
stabilized these radicals and allowed their addition to alkenes.previously considered radical processes. The scope of the
Anthraquinone (or its 2-sodium sulfonate derivative) was reaction was obviously different from that via radicg&164
likewise used as the photocatalyst in the reaction of tertiary, As an example, the nonsilylated ami@& was smoothly
secondary, and primary amines with electron-poor ole- oxidized upon DCN photocatalysis in MeC\ater 4:1. The
fins.155-1%8 \When triethylamine was used, the addition of reaction took place through two subsequent ET steps
o-amino radicals onto methacrylates was followed by a 1,5- (involving excited and ground state DCN, respectively) with
hydrogen abstraction reaction allowing a further radical a deprotonation step (assisted by water present in the
addition step. Thus, multiple-olefin addition products were medium) interposed. The iminium cation reacted with
isolated at the end of the reacti&fi Furthermore, when the  allyltrimethylsilane and afforded the allylated derivat@
amine used had a free-NH bond, a lactam was obtained in 70% yield (Scheme 39§32
by intramolecular reaction of the first formed-amino
esterg®6.157|n the last case, however, the strongly competi- Scheme 39

tive (thermal) aza-Michael addition of the starting amine onto DCN, hv
thea,B-unsaturated esters used was a serious drawback. This @G“ 0, @G "
“Et “Et
25

could be mitigated, however, by carrying out the irradiation

at a lower temperature and, thus, slowing the thermal path.

On the contrary, lactams could be easily obtained using 0, DCN

N-allylamines as the substrat&s. -H*
An alternative to increase the efficiency of the PET-

produced radical cation cleavage was to insert a better R DCN™

electrofugal group. This principle was applied using-silyl Oz

carbamaté®®1° The DCA/biphenyl couple was the most

efficient photocatalyst for this reaction, although pyrilium N.

. - SiMez*
salts could be used with some success. As expected, the Et 2 @Qﬁ
~Z NS
Et

radicals formed added efficiently to electron-poor alkenes, 26,70% | A~ SiMes
y ()

whereas electron-rich olefins (e.g., cyclohexene) were un-
reactive (Scheme 385?
The rapid regeneration of the photocatalyst by reaction of

Scheme 38 the corresponding radical anion with oxygen allowed its use
o 0 in a catalytic amount. This is an example of the use of a
Phe_~ PIg sacrificial oxidant, as demonstrated by the nonoccurrence
N OMe + [I' 'N-mMe of the reaction when the solution was in equilibrium with
Et” “SiMes <§ an inert gas. Furthermore, purposely addi_ng an oxidant such
o) as methyl viologen accelerated the reacfitn*
DCA/Biphenyl, 4.1.5. Of Other Groups
MeCN/MeOH Halogenated and electron-withdrawing substituted
2:1 centered radicals as well as acyl radicals are considered in
fo) this section. As mentioned in section 4.1.1., alkyl radicals
Ph._~ L were obtained by reductive activation of the-& bond in
N" "OMe o halides. With polyhalides, the process was easier and led to
EHI% 5% halosubstituted radicals. As an example, both;la@d CdS
o activated carbon tetrachloride. In the presence of alkenes (or

o~ N alkynes), addition of CGland CI (or H) across the double
(or triple) bond occurred. Preparatively interesting yields
i i i ) ) were obtained in polar solvents or when Fias doped by
The intramolecular version of this alkylation was applied g or Fe,0, (Scheme 4065 Furthermore, the addition of a

in peptide chemistry wheN-trimethylsilylmethyl amino acid  (dj)chloromethyl group and a chlorine atom across a double
derivatives were employed in the place of carbamtfes.

Accordingly, cyclization took place forming a proline ring, Scheme 40
and this caused a structural change indHeelix secondary CCly + CHy=CH(CHy)sCHs
structure with respect to the starting peptiéfe.
N,N-Dimethylformamide (or acetamide) functioned as an DMF | hv
a-N-disubstituted radical source under heterogeneous pho-
tocatalytic (TiQ, solar light used) conditions for the func- A) TiO,/Ag B) TiO,/Fe;04
tionalization of heteroaromatics (e.g., quinoline) in the
presence of kD, and HSQ;, (for rearomatizing the ad- CCl3CH2CHCI(CHZ)3CH3 48% 60%
ducts)'6* Small amounts of acylated heterocycles were also *
obtained (see next section). CCl3(CH2)5CH3 22% 20%
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bond was obtained from di- and trichloromethane by using
Cu complexes as photocatalysts (see again Scheme 21).

Dichloro and trichloromethane were activated also via the
auxiliary radical method (see Scheme 41 for a related

Scheme 41
3
hv/ AQCO \(t-BUNHz
Ar,CO [Ar,CO™ + t-BuNHy™]
Ph CN / \
>—(_ ArC'OH t-BUNH"
Ar' R MeCN
Ph CN Kt—BuNHz

; "CH,CN
A" R
Ph

=

Ar R
example) using BP in the presencetd8uNH, as demon-
strated in the chloromethylation of 1,1-diphenylethylétfe.
Because of their electrophilic character, triplet ketones
were inefficient in hydrogen abstraction from an electron-
withdrawing-substituted carbon. TBADT was more active
in this respect; for example, it formed some succinonitrile
(by dimerization of'CH,CN) when irradiated in MeCR®
The activation, however, was still too inefficient for making
alkylation via radicals of this type a viable synthetic path.
On the other hand, ET photocatalysis via fragmentation
of a radical cation of the type EWG-GK*'" should be
effective also for the generation of electron-withdrawing-
substituted radicals, provided that a strong oxidant was use
and a good electrofugal group*Xwas present in the
precursor. A different approach involving-€3i rather than

the C-Si bond cleavage was reported to occur after oxidative

activation (in the presence of pyrene afiephenyle,S-
unsaturated nitriles) of ketene silyl acetals =C(OMe)-
(OSiMey)]. The corresponding radical cation underwent
loss of the silyl cation to formo-alkoxycarbonyl radicals
[>C-CO:Me], and these in turn added to the alkeff&8.

A different strategy for bypassing the limitation of the

catalyst and obtaining this type of radicals was based on the
generation of an auxiliary radical possessing the required

reactivity. Aminyl radicals showed to be well-suited. Thus,
BP (25-50% mol equiv) abstracted a-NH hydrogen from
t-butylamine via electron/proton transfer (ne-8 abstraction
possible, compare section 4.1.4.). The resultifBuNH-
radical reacted with acetonitrile forming the desired cya-

Fagnoni et al.

Acyl radicals were obtained by BP photocatalyzed H
abstraction from aldehydes, as once again demonstrated by
the addition to a sugar-derived enone, where the acetyl
derivative was obtained by using acetaldehyde as the
precursor (see Scheme 26).

The acylation of quinones to acylhydroquinones was
carried out photochemically in a ‘green’ way by using
aldehydes (and solar light). Although no photocatalyst was
used with aliphatic aldehydes, with the aromatic analogues,
a catalytic amount of BP was requir&@:1"* This reaction,
where the reagents were 100% incorporated into the product
in a single step, had no comparable thermal alternative. The
auxiliary radical method was also applied in the acylation
of some 2-alkylamino-1,4-naphthoquinones by aldehydes,
which was obtained by using the BP (2 mol equrBUNH,
systemt’?

One oxidation level above, BP photocatalyzed hydrogen
abstraction from formamide was shown to be a viable method
for the preparation of amides from nonterminal alkenes (1:1
regioisomeric mixtures were obtained from asymmetric
alkenes)®17#as well as fronuo,3-unsaturated esters (where
the addition was regioselective, Scheme %275

Scheme 42
COOMe
|[ + HNH, BP, hv (sun) COOMe
t-BuOH
R N RSCoNH,
R= C7H15 90%

This synthesis of amides was applied to some glucals,
which were irradiated in a mixture of acetone (functioning
as the photocatalyst) and formamide. In this case, however,
both the ketone-derived radical and the carbamoyl radical

gdded competitively giving a mixture of the respective

stereoisomers (see Scheme 43), which however could be
converted into usefuC-glycosyl derivatived’®

Scheme 43
CH,0Ac CH,0Ac CH,0Ac
Acy  —————= (OAC)~C(OH)Me, + (OAC )~ CONH;
Vv
OAc OAc H NH2 OAc OAc OAc OAc
o 4 : 3

Titanium dioxide was found effective for the acylation of
guinoline and quinoxaline in formamidé*

4.2. Intermolecular Addition onto C =X Bonds
Various reactions have been reported that involve the

nomethyl radical. The last species added to nucleophilic alkylation of CO, CQ, imines, organic nitriles and, cyanide
alkenes, typically arylated derivatives, and back-H transfer jon.

from the reduced BP to the radical adduct closed the catalytic ~ Alkyl radicals generated from alkanes by photocatalysis
cycle (Scheme 41). Hydrogen abstraction from ketones, estersyere carbonylated when CO under pressure—@D atm)

and, sulfoxides was similarly obtained and exploited for
alkylation reactiong%6a.167

Another case of the use of an auxiliary radical involved
the generation of a silyl radical by photocatalytic reductive
activation (by 1,4-dimethoxynaphthalene, DMN) of a sele-
nylsilane. The strong affinity for halogens made this radi-
cal abstract a bromine atom from abromo ester. The
resultingC-radical added to a terminal olefin, and the adduct,
in turn, reacted with the selenyl anion, finally giving a
y-selenyl estet68.169

was present. When acetophenone or BP were used, these
were consumed in the process, but 2-trifluoromethylben-
zophenone behaved catalytically and gave a good yield of
the aldehydes. As expected, abstraction from methylenes
rather than terminal methyl groups was preferred with linear
alkanes. Adding CGl diverted the reaction toward the
formation of both alkyl and acyl chloridég’178 Notice
further that when alkyl radicals were generated by a different
photocatalytic method, viz., by using TBADT, aldehydes
were likewise formed. However, under these conditions (1
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atm CO), the products in part decomposed and did not Scheme 45

accumulate beyond a few percéftThe carbonylation could Me H

be carried out under atmospheric pressure also by using some ‘o@c\'\ + @

metal complexes such as Rh(P§ECO)CI. In this case, the 27 N@Me

reaction was slower and gave linear aldehydes exclu-

sively 1801811t was proposed that under these conditions the e H* —/

process involved metal-coordinated intermediates (compare h* H H
Scheme 5), rather than free radicals, and might involve the H H : Ar—C-N
absorption of two photon'$? The carbonylation of benzene Ar—C-N-Ar  + @ — o9 Ar'
was likewise obtained by photocatalysis with Rh{#RO)- 28

Cl (R = Me, Ph). As in the case of alkanes, the reaction

(that was extended to thiophéfeas well as to other Rh Ar = 4-MeO-CgHy; Ar' = 4-Me-CeHy

and It catalysts)®+18appeared to require two photons (the
first one for the addition of benzene onto the metal center, Yield (<50%) by using silica-supported cadmium sulfide
the latter one for €C bond formation with CO¥¢ Interest- ~ powder (CdS-30Sig) as the photocatalyst and a tungsten
ingly, substituted benzenes gawetaaldehydes as the main  halogen lamp 4 > 350 nm) as the light sourcé&
products's? N-Phenylbenzophenoneimines were likewise alkylated yield-
Photofixation of carbon dioxide was also investigated in ing homoallyl amined? The same approach was exploited
the frame of artificial photosynthesis. Yanagida and co- for the formation of a €N bond in the synthesis of
workers found that visible light-absorbing compounds such allylhydrazine derivatives by photocatalyzed reaction be-
as polyp-phenylene) and, even better, CeBMF were tween enol ethers (or olefins) and 1,2-diaryl- and 1-aryl-2-
efficient photocatalysts for this reactid#:18° Initially, alkyl-1,2-diazene$?*19
CO, was introduced into a DMF solution containing  All of the reactions described above involving=K (X
CdS-DMF and pre-irradiated for 1 h. Then triethylamine = C, N) multiple bonds gave (mainly) single product by
(TEA, as a sacrificial donor) and aromatic ketones or benzyl cross-coupling between two intermediates arising from the
halides were added as photofixation substrates. Photolysisoxidative and reductive paths of the semiconductor photo-
took place in a sealed tube. The mechanism is shown incatalysis. These were classified as type B reactions by Kisch

Scheme 44. and differentiated from the more common type A reactions,
where both an oxidized and a reduced products were
Scheme 44 obtainedt?3!
hy Aldimines were produced by irradiation of an iron isoni-
CdS - DMF —— CdS - DMF trile complex, but the turnover number was quite F#in
e h* TEA contrast, methyl cyanoformate was shown to be an efficient
co, trap of alkyl radicals produced by decatungstate photoca-
" talysis. Iminyl radicals R-GEN+)CO,Me were formed in this
Ph,CO,  TEA case and -imi i d yield h d
/ e gaver-iminoesters in good yields as the en
C02—|. products. Noteworthy, when the reaction was carried out at
OH 90 °C rather than at 22C, the radicals decomposett RCN
ph/_Lph + CO; + Me-), and nitriles were obtained in about the same
H* yield 198
A different way for adding an alkyl group to a heteroatom-
containing multiple bond involved carbanions as the key
OH intermediates. These could be formed by reduction of the
ph/|\ph primarily produced radicals, either when the photocatalyst
COOH used was able to act as reducing (as well as oxidizing) agent,

such as TiQ, or when the reduced photocatalyst was so

The catalyst was able to reduce both carbon dioxide andpersistent that it accumulated at a sufficient extent as to
the organic additive. A benzylic acid was finally formed in reduce the short-lived alkyl radical, as it was the case for
a modest yield by radicalradical anion coupling along with  decatungstates. When the reaction was carried out in MeCN,

a roughly equimolar amount of benzopinacol. the formation of carbanions was revealed by the formation
The alkylation of imines has also been reported. The of alkyl methyl ketones. As a matter of fact, small amounts
reaction has been rationalized as cross radicadical of cyclohexyl and, respectively, 1-adamantyl methyl ketone

coupling, rather than radicatadical anion, an alternative  were obtained from cyclohexatteand adamantane upon
mechanism that has been reported in several cases. This iTBADT and, respectively, Tigphotocatalysi§? When using
a useful reaction that gives amin@3by using a Schiff base  a hexacyclic hydrocarbon as the substrate, sodium decatung-
27 and cyclopentene as the reagents (Schemé®25y? state photocatalysis gave an interestin@(Q%) yield of the
Thus, irradiation of CdS caused concomitant hole oxidation methyl ketone?
of the alkene and monoelectronic reduction of the imine. A A group of cyanation reactions will be mentioned here.
radical pair was then formed after proton exchange betweenThe synthesis of a class of versatile intermediates such as
the two radical ions. Anilin@9 was isolated in a high yield  a-cyanoamineg'$®-2%¢ was developed by exploiting photo-
(80%)1°° However, dimerization of radical®8 took place generated iminium ions (see Scheme 11) in cyanation
to a significant extent when the substituents on the aromaticreactions in the presence of cyanide ions or of trimethylsi-
rings of the imine were changed. Thus, unsaturbkgienyl- lylcyanide (TMSCN). These compounds were in turn inter-
a-amino esters were prepared from the corresponding mediates for the synthesis of indole alkaloids. A typical
phenyl(phenylimino)acetate and cyclic alkenes in a modestexample is shown in Scheme 46 where cyanoar8iheas
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Scheme 46 step was addition of cyanide to the radical cation; in the latter
one, protonation of the radical anion occurred first.
N NN 0z MegsicN N NN 4.3. Intramolecular Addition onto C =C Bonds
30 MeCN Y o
4.3.1. Via Silyl Enol Ethers

31
COOHt / COOH Photocatalysis via ET (generally oxidative) mechanism
was exploited for a varied series of cyclization reactions.
Silyl enol ethers were typical substrates for such reactions.
Thus, oxidative cyclization in MeCN of a-pentenyl-
silylated ether was obtained by a PET procéegs £ 410
nm) in the presence of DCA as the photocatalyst. The radical
cation of silyl ether33 formed in the initial step underwent
formed upon DCA-catalyzed photolysis of amB@and was  intramolecular addition onto the side-chain double bond. A
converted into£)-eburnamonin@2in two steps fron81.1%° cyclic ketone was finally obtained after trimethylsilyl cation
Both 6-cyano-1,2,3,6-tetrahydropyridifi#s®!and indolo- Joss, BET and protonatict??*with exclusive formation
quinolizidine alkaloid®?were obtained analogously. Visible  of a 6-membered ring via the €xdotrig cyclization path

light could be conveniently adopted when using photocata- (see Scheme 49, pa#). DCN could also be adopted as the
lysts such a®N,N'-dimethyl-2,7-diazapyrenium bis(tetrafluo-

roborate) [DAP"(BF47),] or the dyes methylene blue and Scheme 49
e0sin203-207 Interestingly, the reaction took place both in the OSiMes osiM ,
presence and in the absence of oxygen. In the former case, DCA, hv_ ies patha OSiMes
singlet oxygen was envisaged as the first intermediate

=

. . 6 d
involved in the electron-transfer steps (Scheme 47), as MZZ:NO

Scheme 47 S|Me3
>N N B
| +'0, — | +0p MesSiIOR O
\'r\]'/ . SN . path b
| +0 — | +HO; 5-exo
~ \§j¢ DCA"

HO, ——=

N
| K
Ntz ) NN
T +CN T CN H CHs
supported by the occurrence of the reaction also wi@n
was thermally generated from 1,4-dimethylnaphthalene en-

doperoxide?©8.209

Photochemical addition of cyanide ion onto a double bond
could be accomplished both by monoelectronic oxidation and
by monoelectronic reduction of the olefitf:?*Noteworthy,
a different regioselectivity was observed according to the
mechanism involved. Thus, 1-cyanonaphthaléh| Scheme
48) induced oxidation of a phenylated olefin, for example,

photocatalyst, but a higher amount (up to 1 mol equiv) had
to be used, and a shorter wavelength was requitgd=

350 nm). This had the disantavage of making ensuing
photoinduced reactions of the primary products significant,
in this case, mainly the Norrish Type Il cleavage of the
ketones formed.

Scheme 48 The mode of cyclization could be tuned by the addition
of alcohols that acted as nucleophiles and assisted the

dissociation of the StO bond of the silylated radical cation.
[ In this case, ar-keto radical could be envisaged as the
; \ intermediate and cyclized via aexctrig mode according

to Baldwin's rule (Scheme 49, patt#'4213. Interestingly,

E Z " whe_:n the reaction was carried out in r_leat I\/_IeCN bqt_under
E @

a high pressure (1500 bar), theeketrig regioselectivity

R became by far the main path. This change could be ascribed

H"l DMN™™ DMN H " to the increased nucleophilicity of MeCN at this pres-
H [ CN- sure?!6217|n contrast, the presence of substituents on the
[ *NR NCJ:R attacking double bond could affect both the regiochemistry
R of the cyclization step and the overall yield. Thus, when using

highly substituted double bonds and cyclic enol ethers,
2-phenylnorbornene, and gave the anti-Markovnikov-cyan- polymerization (assumed as the major side reaction) was
ated product!®whereas the DMN-induced reduction of 1,1- hampered. Interestingly, ais ring juncture was always
diphenylethylene afforded the Markovnikoff addé€tAs obtained, a fact that was presumably due to a preferred
shown in Scheme 48, this was due to the opposite order ofreaction from the chair conformer that had the substituents
addition of H and the CN group: in the first case, the first pseudoaxially arranged.
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When cocatalysis was applied by using the DCA/Phen In the intramolecular reaction of enol silyl ethers bearing
system, the irradiation time was decreased down 1d@% an alkyl chain containing a phenylselenyl group (see Scheme
of the initial value?'®2Y” Furthermore, the smaller was the 52), the mechanism was slightly different. In this case, the
steric hindrance by the silyl group; the larger was the

competitive formation of the open chain rather than the Scheme 52

cyclized ketone. The stereoselectivity observed in these OSit-BuMe, OSit-BuMe,

reactions was recently supported by DFT calculatifs. R DCN,hv g it

When the silyl enol ether moiety was embedded in a MeCN,H,0O \ R)J\Q

carbocyclic ring with a stereogenic center adjacent to the -+

double bond, the latter controlled the stereochemical outcome PhSe PhSe _; BuMe,si*

of the reaction as illustrated in Scheme 50. a) R=Ph - PhSe’ a) 80%
b) R=Me b) 78%

Scheme 50 . . -
organoselenium moiety was thought to be oxidized prefer-
entially. At any rate, the subsequent cyclization led to

" A cyclopentyl ketones in high yield8® Interestingly, the
OSiMes intermolecular version of the reaction likewise gave satisfac-
tory yields (66-70%)223
DCA, hv As mentioned in section 4.1.1., PET-induced cleavage of
MeCN, EtCN a cyclopropane ring was another path for generating alkyl

radicals via C-C bond fragmentation. This principle was
applied to bicyclic silyloxycyclopropanes that underwent
cleavage of the endo-€C bond and desilylation to give
monocyclics-keto radicals. When a double bond was present
in the ring or in a pendant chain, interesting cyclization
reactions took plac&4225

4.3.2. Via Olefins
The application of polyene cyclizations via PET in order

)| H to mimic in vivo cyclizations that form polycyclic terpenoids
" was extensively investigated by Demuth and co-workers. To
H Ho ensure the correct folding of the polyalkene prior to cycliza-
H tion and/or to suppress BET by the enhanced separation of
12% the radical ions, a microheterogeneous medium (generated

by using a surfactant anion such as sodium dodecyl sulfate,

In this case PET cyclization represented a new strategy SDS) was initially identified as the only effective condi-
for the stereoselective synthesis of a (quasisteroidal) poly-tion226227 However, when a sterically hindered electron
cyclic carbon framework through a cascade cyclizatidn. acceptor such as 1,4-dicyano-2,3,5,6-tetramethylbenzene

Silyl enol ethers also found application in the intramo- (DCTMB) was used in combination with a secondary donor
lecular alkylation of aromatic compounds. Thus, methyl (biphenyl), cascade cyclizations could be performed also in
ketones34 were converted into ether35 and 36. DCN- homogeneous media (MeChNvater or MeCN-MeOH mix-
catalyzed PET oxidation of the last compounds yielded tures as the solvent). The cyclization was reasonably initiated
carboannelated products, viz., methyl ketoBésnd cyclic by single electron transfer from the-alkene moiety of the

ketones38, respectively (Scheme 5330221 polyalkene to the excited catalyst. The radical cation thus
obtained was trapped lanti-Markavnikov addition of water,
Scheme 51 and the resultingg-hydroxy radical initiated the cyclization
DCN hy . cascade. The cyclization step itself had therefore to be
R‘@) ’ 35 R regarded as involving radicals, rather than the radical
/( . H cationg?822% ysually invoked in the analogous enzymatic
/ Me OSiMe,t-Bu 37 o processes. Interestingly, the substituents present at the end
35 of the polyalkene chain could direct the last step of the
R m cyclization either toward thé-endetrig or the 5-exotrig
mode (Scheme 53).
34 Me™ "o Indeed, cyclization onto an allylic acetate moiety led to a
6-membered ring, whereas cyclization ontg-unsaturated
\ nitriles gave a five-membered cycle. Thus, it was the stability
of the radical adduct formed that determined the mode of
R DCN.hv_ per R@ termination. As a matter of fact, in the second case, reduction
A o by the photocatalyst radical aniéh~ followed by protona-
36 OSiMe,t-Bu 38 tion terminated the reaction, as confirmed by experiments

carried out in the presence of,D, where deuterium was
A synthesis of phenanthridone alkaloids (e.g., 2,7- incorporated in the end product. Different was the case of
dideoxypancratistatin) was based on the above PET car-polyalkene acetates, where hydrogen atom transfer (from
bocyclization path, and again exploited enol silyl ethers as PH*, the conjugate acid d?*~) rather than reduction from
easily oxidized starting materiads> P~ was envisaged® (Scheme 53).
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Scheme 53

/E/\(/ P
Major
Isomer

In the event, a biomimetic synthesis of a steroid was
accomplished in MeCNH,O 10:1 mixed solvent at-25
°C starting from alltrans geranylgeranyl acetaé® 233 To
induce chirality in such PET-triggered cyclizations, a chiral
auxiliary was linked to the starting polyunsaturated com-
pound via a ketal function (s&9in Scheme 54). The degree
of asymmetric induction associated with this cyclization was

Fagnoni et al.

reduction of the NMQ cation to the corresponding neutral
radical. Since, differently from when the acceptor radical
anion was formed, there was no Coulombic attraction
between this species and the radical cation of the polyalkene,
the overall process was less dependent on the solvent polarity.

In the case of geraniol, in nonaqueous low-polarity
medium such as methylene chloride, two isomeric five-
membered ring derivativegt? and 43) were formed upon
photolysis in the presence of DCA (ca0% mol equiv),
along with a small amount of an oxabicyclo[3.4.0]octane
derivative44 (Scheme 55538239

Cyclic ethers such ad4 arose from tandem €C and
C—0 bonds formation and predominated when using 1,4-
dicyanobenzene (DCB) in the place of DCA. With the latter
photocatalyst, the intramolecular attack by the OH group was
prevented by fast BET from DCA to the radical cation
intermediate3®

Organoselenium compounds (rather toxic, though) were
shown to be versatile intermediates for the intramolecular
C—C bond formatior?*® As an example, PhSeSike.g., SiR
= SiPh-t-Bu) was used to initiate a radical chain group
transfer reactiot§®169241(Scheme 56, left part), when pho-
tocatalytically reduced b¥DMN. The radical anio®5 thus
formed fragmented, and the®:- radical obtained abstracted
either a halogen or a PhSe group (X in the scheme) from
the substrate, thus, leading to a cyclization. As for the PhSe
anion, this was oxidized by oxygen to diselenide PhSeSePh
that participated in the termination step of the reaction after

quite remarkable (eight stereogenic centers were generatedhat intramolecular €C bond formation, generally in the
in the reaction and only 2 out of 256 possible isomers were 5-exotrig mode, had taken place. The presence of ascorbic

formed, viz.,40 and 41), despite the fact that the chiral
moiety was remote from the initiation site (Scheme 54).
This strategy was successfully applied in the formal
synthesis of the antitumorakt)-stypoldion&3423 and of
oxygenated tetracyclic diterpenes such #3-8-hydroxy-
spongian-16-on&® Cyclization reactions could be carried

acid ensured the regeneration of DMN (40% mol equiv used
with respect to the alkene, see further below).
Alternatively, the efficient DCN photocatalyzed one-
electron oxidative dissociation of the selenidgelenium
bond in PhSeSePh could be exploiéd?4® In this case, an
electrophilic species (PhSewas generated and induced a

out also in a less polar solvent such as dichloromethane orcyclization step after addition onto various substituteeGC

in CH.Cl,/MeOH mixtures, but not with DCTMB as the

double bonds (Scheme 56, right part). As an example, both

photocatalyst, since BET inhibited the process in this case.allyl propargyl ether¥?24>and w-hydroxyalkene¥* were

However, a charged photocatalyst suchNasethylquino-
linium hexafluorophosphate (NM®F;™) was effective’s”

used as starting materials for this reaction and yielded phenyl
selenyl substituted tetrahydrofurans. The phenyl selenide

Indeed, in this case, the electron-transfer step led to thegroup was in every case incorporated in the end products.

Scheme 54
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These compounds could be easily converted into the corre-
spondmg methyl ethers by a further photocatalyzed oxidation .
step in MeOH. This occurred via fragmentation of the
carbon-selenium bond in radical catiot8SRCHR", assisted

by the alcohol. The corresponding ether RCile was

finally isolated, and the overall process corresponds to a one-

pot C—C bond formation, selenylation, and deselenylation
reactior?*?> Alkyl phenyl selenides could be alternatively
reduced by'DMN. In this case, PhSeloss followed by a
radical intramolecular addition onto &=C bond occurred?®

4.3.3. Via Electron-Withdrawing-Substituted Olefins

Pandey developed two photosystems for the monoelec-

tronic reductively induced reaction at tifieposition of a,

Chemical Reviews, 2007, Vol. 107, No. 6 2745

Scheme 57
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Accordingly, in the case of systefn 'DCA oxidized PRP
(the amount of Pyt formed was quenched by water
forming PRPO), and in turn, DCA initiated the reaction
by reduction of a carbonyl (carboxyl) moiety present in the
precursod?7 (Scheme 58). The thus obtained enolate radical
anion @7°) underwent C-C bond formation via radical
cyclization with a strong preference féorans1,2-stereo-
chemistry #8).249-252 The last step was H abstraction from
the solvent icPrOH) by the cyclized radical. Analogously,
in systemB, DMN was first oxidized (in the place of BR)
and then restored to the neutral state by reaction with
ascorbate anion. According to Scheme 57, DCA was
recovered quantitatively at the end of the reaction. Efficient
cyclization required activated olefins. Cyclization onto a
double bond not bearing an EWG group occurred with poor
efficiency indicating the moderate nucleophilic character of
intermediated 7. This notwithstanding, the reaction was
recently applied in the synthesis of optically pure 6-phenyl-
2,3-bis-methylenemethoxycarbonyl-[1,4]-dioxane, an inter-
esting building block for the synthesis of biologically active
compoundg>?

B-unsaturated esters or ketones. This involved the formation 4 3 4 vig (Silyl)amines

of carbon-centered radicals for the intramolecular@bond
formation of 5- or 6-membered ring%’2*¢In both cases,
visible light-absorbing DCA was used as the photocatalyst
(Scheme 57). As the solvent, a mixture of DMPFOH/
H,O 88:10:2 was used; DMF was required to dissolve a
sufficient amount of DCA so that an efficient catalysis could
take place.

In both systemsA and B in Scheme 57), a sacrificial
electron donor (PJ® or an ascorbate anion HArespec-

The PET oxidation of simple tertiary amines followed by
proton loss could be expected to offer an appealing entry to
a-amino radical$®® but a-deprotonation was usually slow
in comparison to BET (see section 4.1.4.). To favor the
fragmentation step, a better electrofugal group {8fein
the place of a proton) was used. In this case, the radical cation
intermediate was delocalized thanks to the vertical overlap
with both the filled C-Si orbital and the half-vacant nitrogen

tively) was required to regenerate the photocatalyst. Suitableorbital. Accordingly, in the silylated radical ion, no assistance

substrates (e.g46) for the reaction werer, S-unsaturated

by the nitrogen lone pair was required and the cyclization

ketones (or esters) tethered by an alkyl chain to an activatedstep was facilitated. In fact, while the attempted cyclization

(electron-poor) olefin as illustrated in Scheme 58.

of a freea-amino radical onto tethered olefins failed owing
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to the poor yield of radicals, irradiation ofsilylated amines Although benzophenone was no convenient photocatalyst
in the presence of DCN irPrOH led to cyclization. In this  for generatinga-amino radicals from tertiary amines (see
way, pyrrolidine and piperidine rings, common subunits in section 4.1.4.), it was used in the last step of the synthesis
many naturally occurring alkaloids, were formed (Scheme of some indolizidine alkaloids (21% yieldj*

59)254255The more favorabl@xocyclization usually took Mariano and co-workers explored the possibility to form
place. substituted dihydroisoquinolines by PET-catalyzed photo-
cyclizations of silylamino and silylamido 2,5-cyclohexadi-
Scheme 59 enones (Scheme 631%
1
R R! R’ Scheme 61
F G =
Q\) DON,hv_ (\) L (\) EOOEt
°l'/\SiM93 >OH i}j/\SiMeS N’/-'F\SiMe;; </\‘ - SiMe;
R? R? R2 N
Cyclization hv © 51 O \DCA, hv
- SiMes” MeCN MeCN

52, 5% +

R! R!
’ . o - COOEt
-~ L COOEt
\ HO< \ N SiMes
R2 R? o

N
H H
52, 40% <:N
The reaction was completed by H abstraction from ) o

i-propanol used as the solvent (DCNwvas reoxidized by
0,). Interestingly,a-amino radicals generated by the con- 53, 20%
ventional thermal method mediated by 8aH/AIBN and

starting from analogous precursors failed to cyclize and ratherunCyCIized phenol52 in 40% yield. On the contrary,

yielded the corresponding open-chain reduced amines. photocatalysis by DCA (10% mol equiv) gas@in a modest

_In this way, the photochemical synthesis ef){epilupi- yield (20%) but in a highly stereoselective fashion. The
nine?*5257(4)-isoretronecandt®#7and (-)-retronecand?® formation of a small amount (5%) of phend2 was
was easily accomplished by forming quinolizidine and attributed to a partial competitive absorption of the starting
pyrrolizidine rings by cyclization onto suitable tethered engne (Scheme 6252 Various piperidines were synthesized
s-functionalities. Noteworthy, in the last cases, the cycliza- i, 5 similar way and employing.-silylaminoenones and
tion step involved nonactivated olefins (i.e., not bearing an -ynones as the substrafis.

electron-withdrawing group), despite the nucleophilicity of ~ Fyrthermore, ax-silylamido-cyclohexadienone was used

_the attacking radical. The indolizidine skeleton was accessiblefgr the synthesis of yohimbané¥. Interestingly, it was

in the same way?® possible to direct the reaction either toward the aminoradical
PET-promoted cyclizations were also used in the synthesispath or toward the iminium ion path by a sensible choice of

of 1-N-iminosugar type compounds which were known to conditions, as demonstrated by Mariano and co-workers and

be strong inhibitors of glycosidases and to possess a highillustrated in Scheme 628270

chemotherapeutic potential in the prevention of a variety of

Interestingly, direct irradiation of enon&l afforded

diseases, including AIDB°-253 The viability of this strategy ~ Scheme 62
was demonstrated in the synthesis of both enantiomers of 0 o)
isofagomine8%-261Recently, galactose type derivatives were
likewise obtained from chiral-silylated amid® under PET 0,
conditions. A single diastereomé&0 was formed in 55% DCA
yield (Scheme 60362263 ,|\|‘+
N R’
Scheme 60
i C
O DCN, hv, 2 h o:@
><o htvSiMeg >>—0OH ><o NW o Q
49 “pn Ph )H
Pd(OH); on C | H, H
HCI g N g N
CHj
HO.. -~ 55% Under deareated conditions and using a photocatalyst (e.g.,
,O DCN) that was not able to oxidize thheaminoalkyl radical
HO NH-HCI 54 before cyclization, a piperidine ring was formed. The

50 process occurred via enolate anion (arising from the reduction
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of the a-keto radical by the reduced photocatalyst) followed 2 x 1073 to 2 M) was investigated in the DCA photocata-

by MeOH-induced protonation. On the contrary, when the lyzed reaction in MeCNS8! The reaction quantum yield

reaction was carried out in the presence of oxygen and usingdecreased when decreasing the PVE concentration, while

DCA (which was a better oxidant than DCN in the ground formation of thecis isomer was largely preferred (ca. 9:1),

state), an iminium ion was formed and a carbon unit was a selectivity not observed with [PVE] above 0.01 M.

lost, thus, inducing the intramolecular aza-Michael addition ~ As in the case oN-vinyl carbazole, inorganic semicon-

of the secondary amine onto the enone moféty?’° ductors (ZnO, CdS) were effective for the reacti®ire*
Iminium cations have also been exploited in various Surprisingly, some samples of CdS caused the dimerization

intramolecular addition onto a malonate moiety, thus, af- to occur in the dark as welf* a fact that illustrated how

fording various heterocyclic ring systerfis. difficult it was preparing samples of semiconductor sulfides
- that gave reproducible results. When arylalkenes and the
4.4. Cycloaddition photocatalyst were included within NaX zeolif8&the dimer

ratios differed from those observed in solution (e.g., in the
case otrans-anethole theis/syncyclobutanes were formed
preferentially).

[2 + 2] Cyclodimerization was also applied to aliphatic
vinyl ethers. Thus, ethyl vinyl ether (100 mmol) in a benzene
solution afforded the expected cyclobutanes in 39% yield
upon photocatalysis by DCN (5 mmaB’ A triplex (viz.,
4.4.1. Formation of a 4-Membered Ring an excited complex involving and two molecules of the

] ] . ether) mechanism rather than the intermediacy of the free

The synthesis of 4-membered rings has been easily agical cations was invoked in this case. Other photocatalytic
accomplished by head-to-head {2 2] cycloaddition of systems such as Phen/DCB or pyrilium salts could be
glkenes after an initial photocatalyzed oxidation step as conveniently used in the dimerization @fmethylstyren#?
illustrated in Scheme 63 was regenerated by BET from  5nd of (dialkyl)indené8® whereasp-methoxystyrene gave
Scheme 63 only thetranshead-to-head cyclodimer in a low yield (13%)

_ when irradiated in the presence of DEB. Aromatic

+ /_ . . .
— . . —] _R enamines were reported to form cyclodimers in the presence
R/_+ P P R/_ _— R—{—\.—R of a wide range of photocatalysts (e.g., aromatic ketones,

Just as in the case of cyclization reactions, photocatalysis
via the ET (generally oxidative) mechanism has been
exploited for a varied series of cycloadditions. Work in this
direction has significantly contributed, along with thermally
oxidative initiation, to enlarging the scope of this all-
important class of reactiort&27%:273

pyrilium salts), provided that oxygen was present in solution
WL and prevented undesired polymerizatiéh.
/[ Interestingly, the intramolecular version of the reaction
R ‘|'+ was used for synthesizing macrocycliav2dioxabicyclo-
):L ):L [n.2.0] ring systems as shown in Scheme?%4.
R R OoP" R R
Scheme 64

P~ to the cyclobutane radical cation. Alternatively, this
cation oxidized the initial alkene and initiated a (short) chain o@
process. . . (CH2)s

The first example of this type of reaction was the
photocyclodimerization ofN-vinylcarbazole reported by H,C=C-O O@%
Ellinger in 1964%* This dimer was later obtained using H (CHy)p o, +
DCB?7 as the photocatalyst. In this case, the yields were B CeHe
significantly improved under aerated conditions by adding Hzc—c—o@/ o
a cocatalyst such as perylene. In such a way, polymerization D/ (CH2)e
of N-vinylcarbazole was prevented, and the overall turnover "'o@/ 95%
number of the photocatalyst was over 8000. Furthermore, °
the dimerization occurred efficiently under heterogeneous 59%
conditions using a CdS dispersi#fi.Chloranil and fluo- overall yield
renone were used with some success as photocatalysts.

However, the most extensively studied 2 2] cyclo- The stereoselectivity of the process strongly depended on
dimerization involved phenyl(aryl) vinyl ethet&28 Thus, the solvent employed. In most cases, thg isomer was

parent phenyl vinyl ether (PVE) gave the corresponding predominantin MeCN and theansisomer in benzene. The
cyclobutane derivatives (30% yield, isomer ratio 3:4) when DCN-photocatalyzed intramolecular 2 2] cycloaddition
photocatalyzed by 1,4-dimethyl terephthalate (DMP, 40% of di- and tetra-allylsilanes was also carried out and gave
mol equiv) in MeCN?78279The reaction was not thought to  silabicyclo[3.2.0]heptanes in good yieltf.Worth noting,
involve free radical ions but rather a complex between the when an open chain allyltrimethylsilane was subjected to
mwr* singlet excited DMP and the ground state of the ether. the same irradiation conditions, no cycloadduct was formed.
Interestingly, polyethylene terephthalate could be used asAnalogously, 2-silacyclobuta[2.3]cyclophanes were synthe-
well and gave comparable amounts of the dimer with respectsized starting from dimethyl-bis(4-vinylphenylmethyl) si-
to DMP. The polymeric photocatalyst could be easily filtered lanes?® As for the latter reaction, the same photocatalytic
out after reaction, washed, and re-used, although its ef-conditions were able to induce cycloreversion to give back
fectiveness decreased strongly after eachi?¥ihhe depen- the starting material.

dence of the quantum yield and of this/transisomer ratio The cross cycloaddition between two different olefins is
of the cyclobutanes formed on the PVE concentration (from of obvious importance. However, when a mixture of an alkyl
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and a phenyl vinyl ether was irradiated in MeCN in the 58 via the spontaneous rearomatization of first formed
presence of DCB, a significant amount of cross adducts wasimidazolines (Scheme 663839

obtained only by using a large excess of one of the efifers. When bicyclic azirines were used in the reaction with
Most reported examples involved a diene as one of the imines, h](2,4)imidazolophanes were obtained. The poly-
partners. Thus, a [2+ 2] cycloadduct between I1;1 methylene bridge must contain at least five units for making
dicyclopentenyl and ethyl vinyl ether was formed in a high the reaction successftft Further expanding this strategy,
yield upon DCB (35% mol equiv) photocatalysis, but the four azirine moieties were built on a cyclododecane ring,
ether was used in a 12-fold amount with respect to the and PET-induced photocatalysis was exploited for opening
diene?°¢ However, a clean reaction took place when one (or the 3-membered rings and add alkynes. In this way, a new

both) of the partners was not itself liable to dimerization, as synthesis of porphyrin systems was accomplisi{éd.

it was the case in the reaction shown in Scheme 65.

Scheme 65
Me Me
\/ | DCB, h H N__Me
Ly omne_ mlA
N MeCN N H o
) PN 72h J
Me 0] Me 41%

(E,E)-55 56

The unusually clean reaction between the diébeand
N-methylN-vinylacetamides6 implied that the radical cation
of the more easily oxidized term (the diene) reacted
preferentially with56 rather than with neutrab5.2°” This
behavior was attributed to the powerful stabilization of the

Csofullerene was a suitable trap for the 2-azaallenyl cation.
1,9-(3,4-Dihydro-2-5-diphenyl42-pyrrolo)fullerene-60 was
isolated from the reaction with diphenylazirine, although the
concomitant formation of oligoadducts was detecféd.

2,3-Diphenyloxirans likewise gave tetrahydrofurans on
DCN photocatalysis in the presence aff-unsaturated
nitriles and ester®* The stereochemistry of the products
depended on that of the oxirans, in accord with mechanistic
studies showing that thexo,endoand exo,exoforms of
carbonyl ylides were produced in significantly different ratios
from cis andtrans-oxides3® This indicated the intermediacy
of distinct, nonequilibrating, ring-opened radical cations in
the two cases. The reaction was extended to other epoxides
bearing one to three aryl groups, although tetraphenyloxirane
gave no adducts, probably due to steric hindrafi&e®®

Triarylcyclopropaness9 likewise underwent [3+ 2]

positive charge at an adjacent carbocationic center by theCycloadditions after PET reaction with DCB in the presence

amide function.

4.4.2. Formation of a 5-Membered Ring

of vinyl ethers. A cyclopentane derivatié® was formed in
62% vyield along with two byproducts in non-negligible
amounts (Scheme 67° The reaction required the use of

The PET-induced ring opening of 3-membered ring gcheme 67

derivatives (oxiranes, azirines, or cyclopropanes) followed
by reaction with a double bond offers a convenient access

to 5-membered ring compounds.
Azirines were extensively studied in {8 2] cycloaddition
reaction under PET conditiod® 303 A 2-azaallenyl radical

cation was suggested as the intermediate (Scheme 66).

Scheme 66
'DCN  DCN*™
ANEA ®
N Ph—C=N=C-Ph
M MeCN : H \_R!
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Addition to acrylonitrile, ring closure, and BET led to
didhydropyrroles7. Since the reaction occurred in two steps
and involved an odd-electron species, it differed from the
thermal-concerted 1,3-dipolar cycloaddition. Moreover, the
2-azaallenyl radical cation was able to add to theNC

4-MeOCgH4 Ph DCB o+
)A/ ——— 59
Ph” 59 hv
ZOEt
4-MeOCgH, Ph 4-MeOCgHy Ph
Ph + W/\[
Ph
EtO 60, 62% CHO

13%

+ 4-MeOCGH4\(\/ Ph

Ph
6%

an equimolar amount of the photocatalyst, but this w88%
recovered at the end of the reaction.

a,a’-Bis-(trimethylsilyl)-amines underwent two sequential
desilylation processes following two single-electron-transfer
steps (DCN was the photocatalyst). In this way, a nonsta-
bilized azomethine ylide was formed (see Scheme*1-£}2
These ylides were the key intermediates in 1,3-dipolar
cycloaddition reactions. Dipolarophiles such as aromatic
ketones, o, f-unsaturated esters, and amides were used,
obtaining in every case the corresponding 5-membered cyclic
adductg’tt312

4.4.3. Formation of a 6-Membered Ring

As it is well-known, the Diels-Alder (DA) reaction does
not apply to the case when both diene and dienophile
components are electron-rich compounds. However, photo-
catalysis offers a way for th&mpolung of one of the

double bond of imines leading to 1-substituted imidazoles reagents, thus, allowing the reaction to occur.



Photocatalysis for the Formation of the C—C Bond Chemical Reviews, 2007, Vol. 107, No. 6 2749

Several examples were reported in the literature concerningwhereas the concomitant formation of422] cycloadducts
the photocatalyzed DA reactions. The mechanism was similarwas observed by changing the photocataf§st?!
to that proposed for the photocyclodimerization, and actually, 2,4,6-Triphenylpyrylium tetrafluoroborate in Gal, was
in some cases, the two reactions occurred competitively (videfound to be particularly effective for inducing the Diels
supra). Photocatalysis was generally preferable to ET ther-Alder reaction of cyclohexadiene derivatives, since only-0.1
mally induced DA reactions, such as those initiated by 1.5% mol equiv of the photocatalyst was required, light with
ground-state acceptors such as triarylaminium salts (e.g.,wavelength>345 nm could be used, and the irradiation time
ArsN*tSbR), since, in the latter case, a large excess of was dramatically reduced with respect to the reaction
dienophile was required and underwent competitively isomer- catalyzed by cyanoaren&d323Triphenylpyrylium salts could
ization or polymerization under these conditions. also be incorporated inside zeolites. Under these conditions,
Thus, 1,1-diphenylethylene, upon oxidative photocatalysis the 1,3-cyclohexadiene dimerization proceeded at a pace
by an aromatic nitrile, led to the formation of a tetrahy- slower than that in homogeneous solution, andehdd4
dronaphthalene via attack of the radical cation onto a neutral+ 2] adduct was the major produ& 1-Methoxy-1,3-
molecule3'®-315 BET from the photocatalyst radical anion cyclohexadiene likewise underwent a cycloaddition reaction
and rearomatization of the thus formed triene completed the (70% yield) when irradiated in MeCN in the presence of
sequence. It was also possible to trap the intermediate via25% mol equiv of DCB?® while in the thermal AgN**-
an ene reaction, for example, by using acrylonitrile as catalyzed reaction, polymerization predominated.

depicted in Scheme 68° A precursor of the sesquiterpene-){s-selinene was
obtained in 60% yield by photochemical reaction of diene
Scheme 68 61 and phenyl vinyl sulfide (Scheme 78% in one of the
oh Scheme 70
/U\ DCN, hv_ ~
Ph MeCN
Pt Ph ”\ DCB hv H
sen "7
Ph =
CN 61 60%

Ph, CH2CHCN few examples of the synthesis of a natural product by

Ph Ph photocatalyzed DA reaction.

Useful applications of [4+ 2] photocatalyzed cycloaddi-
tions were developed by Steckhan’s group starting from
indole derivative$?7-33% Although the 2,3-double bond of

Schuster extensively investigated the use of cyclohexa- these substrates can be considered an electronsripardner,
dienes as dienophiles (dienes that lacked a rigitlss- only a few reactions between indoles and electron-poor
arrangement of the double bonds were usually reluctant toheterodienes have been repor&dOn the other hand,
react). A triplex mechanism was invoked in this case. monoelectronic oxidation of (substituted) indoles was con-
Accordingly, the exciplex formed by the excited singlet state veniently obtained by irradiation in the presence of 5% mol
of P (usually a cyanoarene, e.g., 2,6,9,10-tetracyanoanthra-equiv of triphenylpyrylium salts, and the radical cation thus
cene, TCA) and a dienophile was trapped by a diene to g|veformed behaved as an electron-poor dienophile, smoothly

Ph Ph

a triplex that finally evolved to the cycloadduf 310 reacting with dienes in a cycloaddition process (Scheme 71).
B-Methylstyrené'®318 and inden&® were also used as
dienophiles (see Scheme 69, right side). Scheme 71

TPP: Ar = C6H5
TPA: Ar = p-MeOCgHy4

Scheme 69 @
N
\ Z BF4
* H pP= O\ 4
exo 1 /- ? A S0 A
/
: +
DCA hv © TCA hv

endo 4
z CH,Cl, CeHs @ @ COMe
(maJOF) NH | Mecocl N~

H
+

- © _’ l l 63

In the former case, thendo-trans isomer was largely 62 70%, endo : exo=3.3: 1
preferred, and the selectivity was not affected when using a
chiral catalyst such as+-1,1bis(2,4-dicyanonaphthalen&y. As a matter of fact, the photochemical path broadened the
Cyclohexadiene was also used in the DCA photocatalyzed synthetic scope of the DA reaction and was applied for the
[4 + 2] cyclodimerization in CHCl, (Scheme 69, left part),  synthesis of elaborated indole derivatives having biological
which afforded a mixture oénde andexadimers in more activity.
than 60% isolated yielef° Interestingly, the same reaction As an example, the indole radical cation underwent a
carried out under thermal conditions gave poor yields, cycloaddition with cyclohexadienes. However, prodé2t
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was more easily oxidized than the starting indole, and thus, the requirement of high dienophile concentrations to prevent
it reacted further to give a complex mixture. This shortcom- the diene dimerization. As an example, the reactions of
ing was overcome, and amidé3 was prepared in a cyclohexadienyl derivatives bearing a flexible alkyl chain
satisfactory yield when the reaction was performed in the containing a double bond was investigated by Schtter
presence of acetyl chloride, which functionalized the indoline and co-workers. The [4 2] cycloadditions yielding the
as soon as it was formed and precluded further transforma-endo-transtricyclic compounds occurred to a variable extent
tion.327 A triplex was again invoked as the intermediate, and depending on the photocatalyst used, since competing
indeed calculations supported a nonsynchronous-noncon{2 + 2] reactions might take place. The highest-f42]/
certed reaction, involving a relatively stable intermeciate! [2 + 2] ratio (ca. 7) was observed in DCA-catalyzed
This evidence could explain the complete regioselectivity experiments.
observed, that is, a substituent in the 1-position (2-position) As a matter of fact, [2+ 2] cycloadducts or open chain
of the cyclohexadiene moiety was found in the 1-position dimers were often formed as side products in photocatalyzed
(3-position) of the carbazole formed. The reaction was Diels—Alder reactiong?6:340-345 A representative example
inefficient with indoles carrying a substituent on the 2,3- is shown in Scheme 73. Thus, irradiation of a benzene
double bond (probably for steric reasons) and when open-
chain dienes were employed. Furthermore, exocyclic dienesScheme 73
could be used in some cases, as it was shown in the 2,4,6- OMe
tris(4-methoxyphenyl)pyrylium tetrafluoroborate photo- © +

6

catalyzed reaction with (1,2)oxazinan-2-yl derivatives as 5 OSiMes
dienes0:331
Another class of suitable substrates for{42] cycload- / DCA, hV\
dition reactions was shown to be that of 2-vinylindol&s33% CeHe
In this case, the indole derivatives reacted as the diene, and oMo Me3SiO OMe

iy

the course of the reaction was different. The first step was
the oxidation of the indole, followed by addition of the
radical cation onto cyclohexadiene, cyclization, [1,3] H shift,
and BET. This finally yielded carbazole4 (Scheme 72).
The use of chiral dienophiles led to a single isomer.

OSiMe3
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solution of DCA (2x 102 M) containing cyclohexadiene
(0.21 M) and 1-(trimethylsilyloxy)-1-methoxyethené5{

‘ ‘ ‘ 0.86 M) gave a mixture otndoandexo[2 + 2] and [4+
64 . R 1)[1,3] H shift 2] cross-coupling cyclized products along with the cyclo-
@ A\ -~ @ . R hexadiene dimer¥> Acidic hydrolysis of the silicon-
CN Ng N
H

2)BET containing products yielded keton@§and67in a 1:3 ratio.

Finally, in the attempted cyclodimerization of phenyl-
acetylene in MeCN, a diphenylpyridine was isolated as the
main product. This compound was envisaged as arising from
trapping by the solvent of the dimeric radical cation
intermediate (Scheme 7§

N
H

One of the limitations of this reaction was that it required
that the difference between the oxidation potentials of the
two starting materials did not exceed 0.5%¥%.As an
example, substituted enamines were suitable dienophiles forgcheme 74
this reaction, since they had exactly the same oxidation

. . Y Ph

potential of the above-mentioned vinylindofé$Moreover, 5 Ph—c=cy TCAhY r\/ e | P

vinylindoles gave pyrido[1&indoles in the reaction with - MeCN '+ Me—C=N , N (Z
e

fp-enamidoesters or -nitriles by using 2,4,6-wignisyl)-
pyrylium tetrafluoroborate (TPA) as the photocatafyst. : .
Unlike vinylindoles, 2-vinylbenzofurans mainly reacted as 4.5. Radical Coupling
dienophiles, and their reaction with cyclohexadiene showed In previous sections, a few cases have been presented in
a predominanendeselectivity337 which the C-C forming step involves two radicals or radical
Furan behaved as a dienophile in the DCN-photocatalyzedions. However, (at least) one of such intermediates was
reaction with indene. The reaction gave both the photocy- generated from the reduction of a<C or C—X multiple
cloadduct and a substituted indene. The former product wasbond (see, e.g., Scheme 45), and such reactions have been
the preferred one only when the furan ring had no substituent;discussed in the section reviewing additions to such bonds.
a methyl group in the 2-position dramatically enhanced the In other instances that will be reviewed in the present section,
yield of the substitution produég? the C-C bond is formed by coupling of radicals, both of
The intramolecular version of the PET Diel8lder which arise from the activation of $garbons according to
reaction was rarely employed, although this path removed eq 3.
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R-X+ RX'—R-R 3 Scheme 76
D +
Thus, semiconductor-photocatalyzed oxidation of organic Cu(dap),
substrates (RX— RX'') represented an easy access to DX D*
carbon-centered radicals via deprotonation (for=XH) or
fragmentation of anothew C—X bond. When the radicals Cu(dap),?* hv Cu(dap),**

were persistent and conditions favorable to accumulation,

dimerization and formation of a -©C bond was a main

process. Most of the reactions pertaining to this class

involved dihydrofuran or -pyran as organic substrates. The = ArCHzBr "Cu(dap),* ArCHy
process was often studied in water, where a concomitant

evolution of hydrogen took place (actually, this was the main [ ArCH.Br ] ArCH,' ArCH,Br
. b o CH
target of the study, the organic substrate being the ‘sacrificial’ 2 ;, a2
donor, compare section 7351 The general mechanism is Br B
depicted in Scheme 75. ArCH,CH-Ar
Scheme 75 either dimerized yielding bibenzyls or possibly were reduced

to anions, which in turn reacted with the starting bronfite.

hv + - =
MS MS(h'+e) M=2n,Cd In this way, (4,4-di-p-nitro)bibenzyl was prepared in 47%

& + HyO——= OH" + H'——=1/2 H, yield with a turnover number of the catalyst of ca. 30. The
o . 0 initial copper complex was restored by reduction by a
B +@i. sacrificial donor (triethylamine, D in Scheme 76) present in
excess in solution. Other inorganic photocatalysts such as
l [Aux(u-dppm}]2t3%6 and [Ru(bpy)]>" (the latter in the

o] o] o] presence of 1-benzyl-1,4-dihydronicotinamide as secondary
(:7—@ *o_ ) donoP5?) gave similar results.
An oxidative pathway was conversely adopted in the
. OQ—C/O synthesis of diarylethanes from alkylbenzenes, aryl-2-pro-
— — panols, or benzyltrimethylsilané¥¥3°Photocatalysis using
TiO; in the presence of silver sulfate gave the best results
The use of semiconductor sulfides MS (M Cd3* with the silyl derivatives (5674% vyield of bibenzyl), due
Zn348-3%1) made possible, as mentioned before, both electronto the easy elimination of the SiMe cation in this case
(e7) and hole (H) transfer upon photolysis (compare Scheme (Scheme 7758
2). The former species reduced water to hydrogen, whereas
the latter gave rise to a dihydrofuran radical via hole transfer Scheme 77
oxidation-deprotonation sequence. As a result, a statistical

. Tio, I
mixture of regioisomeric dehydrodimers was isolated at the ArCHpSiMes —p g+~ ArCHzSiMes

end of the reaction (type A in the classification by Kisch, Nu
see section 4.2.). In the case of ZnS, a heterogeneous mixture

' ArCH," . -
of aqueous ZnS suspension could be used, and turnover ArCH,CHyAr <———2 ArCH," + Me3Si-Nu

numbers were usually high (ca. 3000). When using cyclo-
hexene, the reaction likewise gave the dimer in position  Silver salts were required to trap the valence electrons, so
3,3.3%0 On the other hand, dimers of cyclohexene or other that internal electron return in the semiconductor was slowed
cycloalkenes were also obtained under homogeneous rathedown. Oxygen was found to be a less efficient oxidizing
than heterogeneous conditions by using TBADT as the agent. In some cases, the benzyl radicals abstracted hydrogen
photocatalyst (MeCN as the solvefft)In this case, an allylic ~ from the solvent (acetonitrile) or were further oxidized to
hydrogen abstraction was envisaged as the first step, andoenzyl cations originating byproduct®.
TBADT was regenerated by reaction with heterogeneous Another class of stabilized radicals that underwent dimer-
oxidants such as RyOln some cases, the photocatalyst was ization is that ofa-amino radicals, easily produced by
in turn prepared by photolysis of a metal complex as it was photoinduced ZnS oxidation of tertiary amines, as reported
the case for metal dithiolenes that were used as ZnShy Yanagida et al®® Thus, irradiation of a suspension of
precursors®? ZnS in a triethylamine/water mixture gave 2,3-bis(diethyl-
TBADT was also able to abstract @hydrogen from amino)butane in a low yield besides other byproducts.
dimethylsulfide. 1,2-Bis(methylthio)ethane from the dimer-  Recently, Mizuno reported an interesting PET dimerization
ization of the thioethen-carbon radicals was detected as of 2,5-dimethyl-2,4-hexadiene occurring under photocatalysis
the major product (ca®0% of the total productsp? (ca 30% mol equiv) by 9-cyanophenanthrene (9-CP, Scheme
Bibenzyls were an obvious target to be obtained by a 78)36!
radical dimerization process. Benzyl radicals could be The monoelectronic oxidation of the diene followed by
generated by ET photocatalysis, both reductive and oxidative.nucleophilic addition (e.g., by an alcohol or an acid) afforded
In the former case, benzyl halides (usually bromides) were a stabilized allylic (and tertiary) radical, which in turn
generally used as substrates in the presence of inorganidimerized. Variable amounts of alkylated 9-CP were also
redox photocatalysts, as depicted in Scheme 76. observed in some cases. The presence of a small amount of
Thus, the excited Cu(dag) cation [dap= 2,9-bisp- oxygen was crucial for the success of the reaction, which
anisyl)-1,10-phenanthroline] gave benzyl radicals by reduc- was inefficient both in the absence of &d in the presence
tion of benzyl bromides and bromide loss. These radicals of a large amount of it. Interestingly, the photocatalyst was
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Scheme 78 We feel that this class of reactions represents an important
contribution photochemistry can give to ‘green’ organic
synthesis, and the viability of some of the processes
considered is credible at this stage. Examination of the
potential environmental impact of comparable photocatalyzed
and thermal reactions indicates that the former ones are in
most cases largely preferal3f Such reactions are often less
expensive, since they feature shorter reaction sequences,
better atom economy, mild conditions, and simple work up.
Phosphor-coated lamps for the near-UV are efficient and
unexpensive, and the cost of lamp alimentation and main-
regenerated by a further photochemical step since dihydro-tainance is usually not a concern. Furthermore, having
9-CP formed in the reaction was thermally quite stable, but recourse to solar irradiation has been demonstrated to be a
was readily photooxidize#! sensible choice in several cas&s**®The apparatus required

A case of radical heterocoupling, though by no means for gram-scale synthesis is simple and inexpensive, and thus,

through a clean reaction, was also reported and involved thet® use of photocatalyzed steps in exploratory syntheses
photoalkylation of aminoacids or pepticié.265The strategy ~ 2PP€ars to suffer from no limitation. . _
was based on the photochemical H abstraction fromathe ~ The only concern seems to be that photochemical reactions
position of the aminoacid and subsequent reaction either withare usually carried out under dilute conditions, in order to
a double bond (compare section 4.1.4.) or, more often, with make light absorption (relatively) uniform throughout the
another photogenerated radical to obtain branched amino-solution. This requires that solvent recovery is accurately
acids. After the pioneering studies by Elad and Spedfdg, Planned, a requirement, however, that is nowadays common
where the photocatalyst (acetone) was used as the solventl© all chemical processes and is in part compensated for by
recently BP (up to 5 mol equiv) was used for this purpose. avoiding the toxic and aggressive reagents all-to-common
Thus, irradiation of a mixture containing a glycine derivative, in thermal syntheses. At any rate, improvements to solve
toluene, t-butyl peroxide, and benzophenone in benzene this problem have been proposed, such as the use of falling
afforded pheny|a|anine derivatives in a modest y|e|d besidesﬂlm reaCtorS, Where more Concentrated SO|utI0nS are Used

hv, 02

9-CP  Dihydro-9-CP

Nu%

Nu = OMe 96%
OAc 69%

+ Nu-H hv (. > 290 nm)

other radical coupling products (Scheme 795

Scheme 79
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Notice also that in some photocatalyzed alkylations of a
C=X bond, carbor-carbon bond formation actually involved
a radical heterocoupling. Since here attention is given to the

overall reaction rather than to mechanism, these examplesggt

have been presented in section 4.2.

5. Conclusions and Outlook

Most of the topics presented here have been previously
reviewed separately, although the term photocatalysis in the
meaning defined here has been rarely applied to such
reactions. We do think that all the processes gathered her
have something in common and have an analogy with
thermal catalysis that is worthwhile appreciating, and thus,
that it is appropriate to present all of them under the common
heading of photocatalytic methods.

and exposed to strong light souré&spr continuous flow
reactors that are more versatile and are better suited for
scaling-up and potentially for separating the product while
it is formed?®7° Scaling-up introduces more complex issues,
as indeed for every industrial process. However, every time
that this problem has been confronted with a photoinduced
reaction, sensible solutions have been found, indeed, even
using solar light™

It is therefore reasonable to expect that photochemistry
will develop its synthetic potential in the near future and in
particular photocatalysis for ©C bond formation will be
more extensively applied as the environmental cryteria
become determining factors. Indeed, the above-mentioned
characteristics of photocatalyzed reactions should be com-
pared with the conditions, generally deemed mild, of
transition metal catalysis, usually requiring a sophisticate
operation, control of temperature, air exclusion, and so forth.
This makes it possible to generate highly active intermediates
in the absence of aggressive (or labile) reagents and, thus,
allows a much better control of the process and a versatile
application. On the other hand, the same characteristics make
these processes much more environmentally friendly.

6. Abbreviations

Back electron transfer

BP Benzophenone

9-CP 9-Cyanophenanthrene

DA Diels—Alder

DCA 9,10-Dicyanoanthracene

DCB 1,4-Dicyanobenzene
1,4-Dicyanonaphthalene

DCTMB 1,4-Dicyano-2,3,5,6-tetramethylbenzene
1,4-Dimethoxynaphthalene
Dimethyl terephthalate

ET Electron transfer

NMQ N-Methylquinolinium

PET Photoinduced electron transfer

Phen Phenanthrene
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PVE Phenyl vinyl ether

TBADT Tetrabutyl ammonium decatungstate
TCA 2,6,9,10-Tetracyanoanthracene

TCB 1,2,4,5-Tetracyanobenzene

TMPM  Tetramethyl pyromellitate

TPP 2,4,6-Triphenylpyrylium tetrafluoroborate
Airr Irradiation wavelength
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8. Note Added in Proof

The photocatalytic generation of acyl radicals from alde-
hydes and their addition to electrophilic alkenes has been

reported (compare Sec. 4.13) An account on the synthetic
application of photocatalytically generateeamino radicals
has been published (compare Sec. 4.1.4 and £3.7he
photocatalyzed alkylation of some phenylcyaddsen-
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