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Abstract: A series of photochemical reactions are assessed under the environmental aspect by
using Eissen and Metzger’s EATOS (environmental assessment tool for organic syntheses)
method and are compared with strictly analogous thermal processes. These include C-C
bond-forming reactions (arylation and alkylation) and selective oxidation and reduction re-
actions. In most cases, the photochemical method is experimentally simpler and less expen-
sive than the thermal alternative. A disadvantage is that photochemical reactions are carried
out in rather dilute solution, and this factor gives by far the main contribution to the assess-
ment. However, if the solvent is recovered, the photochemical reaction is more environment-
friendly.
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INTRODUCTION

The first unambiguous statement of the concept and the aim of green chemistry are more than 100 years
old and refer to Giacomo Ciamician [1,2]. At the turn of the 19" century, this great scientist reasoned
that man was now able to prepare the compounds that nature made, and that the difference was not in
the structure of such products, but in the way in which they were formed. Artificial synthesis in the lab-
oratory was based on the use of harsh conditions, whereas the same compounds were formed in plants
under (at least seemingly) much milder conditions. Ciamician surmised that the difference may lay in
the fact that plants made use of solar light and set out to explore whether man could mimic nature also
under this aspect and find a better chemistry in photochemistry.

Indeed, the above statement is taken from the introductory words of a presentation to the general
assembly of the French Chemical Society in 1908 [1], where Ciamician illustrated the results of
10 years work on photochemical reaction, during which he had discovered several important classes of
reactions.

PHOTOCHEMISTRY AND GREEN CHEMISTRY

Ciamician’s work was certainly appreciated at the time, but was not further developed.

Synthetic photochemistry took new impetus since the 1950s, when many reactions were discov-
ered (or, as it happened, rediscovered), so that now a large palette of photochemical transformations is
available to the synthetic community and information is readily available, e.g., through books devoted
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to this subject [3-5]. Actually, photochemical key steps are often introduced in many laboratories in
synthetic schemes, although not as often as one may expect on the basis of the potential that photo-
chemistry has.

Indeed, photochemical reactions are in fact a “green” alternative to thermal processes, as
Ciamician had hoped. Certainly, as for the mildness of conditions, there is no comparison between
photochemical and most thermal reactions, and undoubtedly the photon, differently from other activat-
ing agents or catalysts, leaves no residue after its action. Furthermore, from the point of view of atom
economy, photochemical reactions are often advantageous because they cause deep-seated molecular
transformations, so that often one obtains directly what would otherwise require several steps. Thus, the
photon is the green reagent par excellence, or at least this is what photochemistry practitioners think. In
order that this concept is generally accepted, suitable tests of its viability must be made [2,6].

In other words, one must confront the question of where and when the application of photo-
chemistry to organic synthesis is really advantageous from the environmental point of view, and then of
course one must check whether this is a sensible choice of an economically sound procedure. The same
criterion obviously applies also to nonphotochemical syntheses. In most cases, the label “green” is
presently attached to any “novel” synthetic procedure, e.g., to a catalytic reaction that replaces a tradi-
tional procedure occurring under strongly basic or acid conditions, independent from the fact that the
“catalyst” may be used in a relatively large amount, or may require several cocatalysts, be labile, toxic,
expensive, and so on. In most instances, such reactions could be classed as innovative or unconventional
methods, but they hardly comply with the requisites of green reactions. The fact that other classes of re-
actions share this shortcoming does not make it less desirable that photochemical reactions are exam-
ined from this point of view, in order to understand whether these are really green and whether there is
any stumbling block (e.g., the price that justifies their limited use in synthesis).

Any green process must conform to the principle of atom economy [7-10], but the mere consid-
eration of the stoichiometric equation Reagent — Product is not sufficient, and of the materials used,
including the solvent, the auxiliary materials for the reaction and work-up must be considered. Actually,
the examination should be extended to the precursors of the reagents used in order that the environ-
mental potential is evaluated as completely as possible and, if this is the case, alternative syntheses are
compared [7c]. Various methods have been proposed in order to take into account such factors [11-14].
In particular, Sheldon has proposed the use of the environmental quotient EQ, where E is the amount
of waste produced per unit amount of the desired product and Q represents how environmentally unde-
sirable such waste is, so that the EQ quantity expresses the environmental burden caused by that process
[12]. Clearly, such evaluation requires that the various environmental aspects of the process are evalu-
ated.

A convenient tool for such analysis has been developed by Eissen and Metzger through the
EATOS (environmental assessment tool for organic syntheses) procedure [14]. In this case, four indexes
are evaluated. Two of these refer to the amount of chemicals involved:

° the mass index, S-1, i.e., the sum of the raw materials used (kg) per kg of the desired product;
° the environmental factor, E, i.e., the sum of the waste (kg) per kg of product;

and two refer to the seriousness of their environmental impact, both for the feed and for the waste, by
multiplying the above amounts by a factor Q. For the feed, Qinput takes into account the environmental
and social cost involved in its production, for the waste, O is an index of the potential damage to

output
the ecosystem.

— . 1.
* EIin - Qinput S
* El o = Qoutput”

In the method, the contribution of each main entry (reagents, solvents, catalysts, and auxiliaries)
is evaluated separately for each index. Thus, high EI,  values indicate wasteful processes in terms of

© 2007 IUPAC, Pure and Applied Chemistry 79, 1929-1938



Photochemistry in synthesis: Where, when, and why 1931

consumed resources, high EI_ process of high environmental impact. Further particulars and the sig-
nificance of the method are discussed in the original publication [14]. As a further element for the as-
sessment, the price per kg of product has been calculated.

We used this method for assessing the “greenness” of some exemplary photochemical reactions
vs. recently reported thermal alternatives. It was deemed appropriate to refer to lab scale, both because
most “innovative” reactions have been developed only in a small scale and because the number of
photoreactions presently carried out in the industry, although quite limited, is sufficient to demonstrate
that scaling up is no insurmountable barrier for such reactions and a variety of technical expedients have
been devised for different cases. Indeed, several photochemical processes have been considered advan-
tageous in the industry, and a satisfactory solution for carrying them out in the desired scale has been
found [15,16]. Furthermore, it even appears that solar light can be used for some useful chemical reac-
tions [17,18]. In the present work, literature data most often referred to the 0.1-1 g scale have been com-
pared and conventionally referred to the 1 kg (of the product) scale.

ALKYLATION BY USING ALKANES

Forming radicals from alkanes would seem to be one of the simplest ways of functionalizing a C-H
bond. Starting from a symmetric reagent (e.g., a cycloalkane), controlled pyrolysis may be a viable
method. On the other hand, hydrogen abstraction may be carried out in the cold by using a photo-
catalyst, such as the decatungstate anion. In the presence of an electrophilic alkene, the radical is
trapped and subsequent back electron transfer and protonation yield the alkylated product and regener-
ate the photocatalyst. In this way, methyl cyclohexylpropanoate has been prepared from the cyclo-
hexane and methyl acrylate (Scheme 1a; this is a 100 % atom economy process, all the atoms of the
reagents are incorporated into the products) in acetonitrile in 75 % yield [19].

a)

COOMe hv COOMe
O g O

MeCN

COOMe A COOMe
O r Cyclohexane 0/5;/0/

Scheme 1 Photocatalyzed (a) and thermal (b) alkylation of methyl acrylate.

As in Fig. 1, the contribution of the reagents to the value of S~! and E depends on the fact that an
excess cyclohexane is used (recovery has not been considered at this stage; likewise, the catalyst has
been considered as used up). Q takes into account the potential environmental impact of the chemicals
involved, through such elements as the R-phrases and the LD values. In this case, the value of EI;  de-
pends on the use of a toxic reagent such as the acrylate, which is consumed in the reaction to give less
toxic products, hence the lower value of EI .

However, the major contribution to all of the indexes is given by the solvent (>90 % in all the
cases). This is a characteristic of photochemical reactions. Dilute solutions are used because light must
penetrate into the solution to a significant depth in order to make the molecules absorb and react, and
too high an absorbance would limit absorption (remember the Lambert—Beer law) and reaction to the
first thin layer close to the lamp (formation of a film due to decomposition and polymerization of the
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Fig. 1 Assessment according to the EATOS method of the photocatalytic (a) vs. the thermal (b) synthesis of methyl
cyclohexylpropanoate; reagents (Sub) and solvent (Solv) contribution to each index are indicated. The contribution
by the catalyst is too small to be detected in Fig. 1a.

solute is often observed if this precaution is not observed). Furthermore, the solvent must be transpar-
ent to the wavelength range used and reasonably inactive. In this case, acetonitrile has been used, a con-
venient solvent for many photochemical reactions, but not an environmentally suitable choice (the re-
action works also in neat cyclohexane, although it is quite slow in that case). In this preliminary
assessment, the solvent is considered as used up. When planning application, a sensible evaluation of
the management and recovery of the solvents is a key issue in photochemistry.

The same product can be obtained thermally by passing a mixture of the reagents through a stove
at 400 °C, with a residence time of 1 min (“ane” reaction) [20].

As shown in Fig. 1, the environmental performance of pyrolysis is better than that of the photo-
chemical reaction and the various indexes follow similar patterns (cyclohexane is used in excess also in
this case, and considered as the solvent). In fact, the energy required for heating the mixture at the re-
quired temperature is lower than that consumed by the low-pressure arc used for the irradiation. As a
matter of fact, in both cases, the main contributions to the environmental impact (and by consequence
to the price) are by far those due to the solvents (the work-up, which has been reported by column chro-
matography in both cases, has not been considered, since distillation could certainly be applied).
Actually, also in the pyrolytic method more than 90 % of the environmental impact is due to the use of
excess cyclohexane. Both thermal and photochemical pathways offer a wide margin to improvement,
should optimization of the process be considered.

We finally evaluated the price of production of the alkylated esters by the two methods. The eco-
nomic assessment is obviously one of the main issues when discussing the feasibility of an industrial
process. However, this requires that a thorough assessment of the current price of each reagent for a
bulk purchase is done. Since this was not possible, we used the prices quoted in a specialty chemicals
catalogue (Aldrich) and chose the largest amount listed. We hoped that this gives a relative assessment,
even if the resulting prices were 10 to 100 times too high. For the above alkylation, these were
€1300/kg for photocatalysis and €200/kg for thermolysis.

In summary, thermolysis is clearly preferable to photocatalysis for a very simple process such as
radical alkylation. Notice, however, that introducing some complexity may easily lead to reversion of
the result. As an example, the photocatalytic alkylation of acrylate is equally well accomplished by
using an alcohol, e.g., iso-propanol [21], and involves selective abstraction of the hydrogen o to the OH
group. In this case, there is no direct thermal alternative, since at a high temperature other processes
compete and thermally activated initiators are not sufficiently selective for the desired bonds.
Nonphotochemical alternatives must thus resort to a different approach. As an example, the o-hydroxyl
radical has been obtained from acetone by cathodic reduction, but addition to methyl acrylate gives a
reasonable yield only with a large acetone excess and under microwave absorption, making the process
certainly more expensive [22].
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ARYLATION BY ARYL HALIDES

As is well known, aryl halides do not easily undergo substitution reactions. Both metal (usually Pd)
catalysis and photolysis have opened new paths in these reactions. The two methods were compared,
choosing in this case a more complex, and obviously more expensive, target molecule, the alkynybenz-
oxazole shown in Scheme 2. This can be prepared from the corresponding chloro (or bromo) benz-
oxazole either by Sonogashira coupling [23] or by irradiation [24].

a)

Cl 0
T =
o
C4Hg
hv
TFE, Cs,CO; >

55 %

b)

Br o)
S rramen
@)
C4Hg
A o
PdC'z(dppf)*CH2C|2 C32CO3 O>

THF-H,0 20:1 44 %

Scheme 2 Photochemical (a) and Pd-catalyzed (b) arylation of an alkyne.

The photochemical reaction has been carried out in the presence of the alkyne in trifluoroethanol
containing cesium carbonate. The potential environmental impact is higher than in the previous cases,
and the solvent contributes largely, as does the excess of hexyne used. The EI; | value (>EI ) is strongly
affected by the excess of the last reagent (quite volatile and flammable). However, a thermal reaction
starting directly from the alkyne has not yet been accomplished. A related example via metal catalysis
makes use of the potassium trifluoborate salt of the alkyne, not of the alkyne itself. The preparation of
this reagent increases considerably the environmental burden. Thus, the comparison is more to the ad-
vantage of the photochemical alterative than appearing from the diagram above. The preparation of the
salt has been taken into account when evaluating the price of the thermal synthesis, of which it consti-
tutes the main single contribution.

As for the last point, the price reaches the enormous figure of €35 000/kg, in comparison to
€18 000/kg for the photochemical reaction. Even when considering the previous caveat about the much
lower prices obtained by industries, these data make it apparent how expensive are most syntheses as
published in scientific journals. In such papers, the aim is exploring the scope of some (new) reaction,
with no effort toward optimization or ascertaining the economic viability. In this case, even recovery of
the solvent would lower only in part the price of the product.

To summarize, carrying out an unconventional synthesis such as that of the alkynylbenzoxazole
considered here is quite expensive, mainly because of the high price of the reagents used, although the
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Fig. 2 Assessment according to the EATOS method of the photochemical (a) vs. the thermal (b) synthesis of an
alkynylbenzoxazole.

prices vary over a large span when using different methods. The photochemical reaction is in fact about
as polluting as the Pd-catalyzed alkylation, but the price is only a fraction. By using the EATOS method,
the performance of the photochemical reaction has been assessed for some further arylations of this
type, and found to be generally better than that of Pd-catalyzed reactions (Fig. 2).

OXIDATION

Oxygenations, in particular those via singlet oxygen, are one of the few classes of reactions where the
photochemical method is recognized as the most convenient one and actually is routinely used in the
industry, for instance, for the synthesis of some fragrances [25]. Thus, this point has been considered as
assessed and a different reaction has been considered here, viz. the selective oxidation of benzyl alco-
hols or of methylbenzenes to aldehydes by using molecular oxygen (Scheme 3). For the aromatic de-
rivatives, this can be carried out by using molecular oxygen either upon Pd catalysis [26a] or upon acri-
dinium photosensitization [26b].

a)

/©/CH3 hV, 02 CHO
e AcN* CIO, /©/ 100 %

CHCls
b)
CH0H o,
/©/ Pd(OAc), /©/ 92 %
3C DMSO

Scheme 3 Oxidation of an alcohol to the aldehyde by using molecular oxygen either under Pd catalysis (a) or by
photosensitization (b).

As it appears from Fig. 3, the environmental indexes are rather high due to the use of chemicals
that have a strong impact. The photochemical reaction as taken from the literature suffers from the over-
whelming contribution of chloroform used as the solvent, which precludes the adoption of the method.
Other solvents that are environmentally less demanding (e.g., acetonitrile in this electron-transfer
photooxidation) or at least not much worse, and in that case the assessment would give a more reason-
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able result. Notice that even when carried out in chloroform as reported in the literature, the price of the
photochemical alternative is the lower one (€1500 vs. 10 300/kg). Furthermore, when considering the
contribution due to substrate and auxiliary materials and not that of the solvent, the EI index becomes
favorable over the photochemical path (2.2 vs. 4.2).

16 - 2500
OSub Solv.  HAux
2000
1500

1000
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2

.
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Fig. 3 Assessment according to the EATOS method of the selective alcohol oxidation under photosensitized (a) vs.
thermal (b) conditions. The contribution by the substrate is too small to be appreciated in (a).

REDUCTION

As mentioned above, photochemical oxidations are rather commonly used. However, photoreduction
may play an important role as well. As an example, the regioselective reductive opening of the three-
membered ring in the ketoepoxide shown in Scheme 4 can be carried out by using a strongly reducing
agent, such as in situ prepared Tilll [27] or sodium hydrogen telluride [28]. However, the same process
can be carried out under mild conditions provided that the reaction occurs via the excited state, much
easier to reduce than the corresponding ground state. In fact, the excited state is reduced by weak elec-
tron donors, such as aliphatic amines [29] or benzimidazolines [30]. The EATOS analysis carried out
on the thermal process with Tilll and on the hv/NEt; systems shows that the main contributions are es-
sentially due to the reagents in the first method and to the solvent in the latter one; indeed, the indexes
for the photoprocess are higher, but only because of the solvent (>95 %, see Fig. 4). As for the price,
this is estimated as €2700 in the photochemical and €99 900/kg for the thermal process, where quite
expensive reagents were used. Again, not considering the solvent contribution, the EI;  index is favor-
able for the case of the photoreaction (26 vs. 126).

a)
OH
o
O hv Ph

P e s

b)

o OH

Cp,TiCl

Wo ey PeTCl Phy\fo
PH Ph THF/MeOH Ph 86 %

Scheme 4 Regioselective reductive opening of an epoxide by using irradiation in the presence of triethylamine (a)
and by using in situ prepared Till (b).
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Fig. 4 Assessment according to the EATOS method of the photochemical (a) vs. the thermal (b) preparation of a
B-hydroxyl ketone from the o,3-epoxyketone. The contribution by the substrate can be barely appreciated in (a).

CONCLUSIONS

The above analysis through the EATOS protocol that takes into account the environmental potential of
a chemical reaction broken down according to the various contributions is evidence of positive and neg-
ative aspects of photochemical reactions. These reactions generally show a good environmental per-
formance, supporting the fact that photochemistry is indeed a sustainable alternative. In the examples
discussed above, the electronically excited state reacts, and since it lies quite high in energy (60-150
kcal/mol), reactions that would be prohibited in the ground state are possible, indeed under exception-
ally mild conditions.

Many reactions of the excited states have no ground-state counterpart. In other cases, there is a
parallelism because the excited state cleaves giving a highly reactive intermediate that may be gener-
ated also thermally, but then either starting from more elaborated reagents and/or under more severe
conditions (examples of an alkyl radical, a phenyl cation, a radical cation, or anion are among the re-
actions reported above). Apart from the contribution by the solvent, the environmental performance is
better because no additive is required and usually less elaborate conditions are involved with respect to
thermal reactions where a chemical reagent or a catalyst is used.

If the solvent is considered and it is assumed that it is discarded after use, as in the above assess-
ments, the photochemical reactions give a bad environmental performance, although they remain less
expensive. Obviously, if industrial application is seriously considered, a sensible choice and manage-
ment of the solvent is the first issue to be confronted. This is an important limitation, since recycling
does not prevent expenses relative to safe handling, recovery, and storage. However, once this limita-
tion is overcome, the potential of photochemistry for sustainable synthesis becomes apparent and the
role of photochemistry as a green method can be appreciated. The only case where the thermal alterna-
tive performs better is that involving a simple, noncatalyzed thermolysis to give directly the desired in-
termediate, a reaction course that is not that common, unfortunately.

For reactions on a small scale, such as those considered here, the environmental assessment has
little significance, since in this case the price of manpower largely exceeds that of chemicals and of any
technical expenses. The assessment makes sense only when an industrial application is considered, and
in that case it is important to distinguish as early as possible whether a synthetic method can be con-
sidered. The above discussion at least indicates that the photochemical method should not be a priori
discarded. This is experimentally quite simple and does not produce waste from activators or catalyst.
Most importantly, in several cases it starts from less functionalized reagents, and skipping a step obvi-
ously involves a strong decrease of the environmental impact, as quantitatively demonstrated in other
cases [31].
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The relatively limited use of photochemical reactions in industrial applications is possibly due to

incomplete knowledge of this discipline, sometimes partially covered in university courses, rather than
to any practical limitation in carrying out them. Clearly, a starting investment is required since an ad
hoc apparatus has to be built, and the expertise on scaling up a photochemical process is certainly much
less widespread than for thermal reactions. However, the unnegligible number of industrial photo-
chemical reactions presently carried out around the world testifies to the viability of this method. A
larger use of photochemistry in explorative studies in R&D (and university) laboratories would reason-
ably lead to a more extensive application in industrial processes, with undoubted advantage from the
environmental point of view.*
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