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Abstract: 
A major challenge in organic synthesis is the selective 
reaction of a functional group in the presence of others. 
This can be achieved by using an appropriate reagent, 
tuned to react exclusively at the desired centre. An alter-
nate approach would be to use a single reagent, and to 
transmit from the outside the information as to where it 
should react. This account describes the use of light as a 
controlling element; indeed, in addition to the intensity, 
changing the wavelength gives an additional handle to 
direct the chemoselectivity. 
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1 Introduction 

Ever since the development of the laser, the quest to use 
light to control the future of matter has been one of the 
Holy Grails of Chemistry.1

Since the dawn of organic synthesis at the end of the 19th 
century, one of the most actively sought goals in reactions 
is selectivity, i.e. favouring one over many possible proc-
esses.
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Let us take the example of the selective addition of a 
methyl group at to an aldehyde (Scheme 2). In the absence 
of a directing factor, it is obvious that the addition will 
occur at both faces of the carbonyl group with equal prob-
ability, hence leading to a racemic mixture. One way of 
altering this ratio is to introduce a chiral auxiliary on a 
substituent, hence differentiating the two faces (case b). 
Another approach, probably more flexible, would be to 
introduce the chiral element on the reagent itself, so that it 
can choose on which face the carbonyl will be attacked 
(case c).  
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In these two cases, information was introduced into the 
system; this information shapes the potential energy sur-
face in order to bias the reaction towards one specific 
direction (Scheme 3). The amount of the chiral element, 
either stoichiometric or catalytic does not change the fun-
damentals of the process.  
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An even more flexible approach would be to have no in-
formation at all within the system, but rather to send it 
from the outside. In this way, one would tell the system to 
react one way or another, depending on the external 
stimulus. This information transmission could in theory 
be achieved in various ways (magnetic or electric fields, 
quantum control, microwaves, light); we have decided to 
use the light. Indeed, light is a very flexible entity, for 
which wavelength, intensity and polarization can be tuned 
and therefore could be used to transmit information. In 
this account, we will describe our initial efforts in this 
direction by using wavelength tuning. The field is of 
course in its infancy, and we are still very far from enan-
tioselectivity (many attempts since decades have only 
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given very modest results); nevertheless, efficient 
chemoselectivity has now been reached. Orthogonality is 
defined as the possibility of making one functional group 
react selectively in the presence of others under specific 
conditions, and it is widely used in protecting group 
chemistry. Hence, a differentiation based on the colour of 
a light beam could be named chromatic orthogonality.2,3

2 Background 

When we initiated this program, very little was known in 
this area, not even the feasibility of such a concept. Of 
course, photolabile protecting groups have been known 
since the 1960's, and it became rapidly apparent that 
many of them operate at different optimal wavelengths.4
Among them, we chose, as initial candidates to test our 
hypothesis, derivatives of the famous nitroveratrole group 
1 (Figure 1). 
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Introduced in 1970 by Patchornik and Woodward, nitro-
veratrole esters were shown to release carboxylic acids 
upon irradiation.5 The two methoxy substituents were 
specifically chosen to enhance the reactivity at 350 nm.1
This was a promising lead for us, because it suggested 
that different substituents could shift the optimal wave-
length toward lower or higher energy. The only require-
ment, so far, was the ortho-nitro benzylic moiety, because 
the mechanism is based on the transfer of a benzylic hy-
drogen atom to the excited nitro group (Scheme 4):
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The exact mechanism of this process is not yet fully un-
derstood. In particular, it is not known whether it origi-
nates from a singlet or a triplet excited state, and whether 
the transfer of the benzylic hydrogen should be regarded 
as radical abstraction or a 1,5-sigmatropic shift. What is 
firmly established, however, is an ortho-quinoid aci-nitro 
intermediate and the ortho-nitroso aldehyde side-product.5

3 Initial attempts 

We first prepared a series of analogues of 1 (2a-g) bearing 
electron-releasing or -withdrawing groups, either conju-
gated (i.e. para) with the nitro group or a possible inter-
mediate benzylic radical (Figure 2).6
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In a series of test experiments, we simply photolyzed so-
lutions of the carbamate derivative 2a-g in acetonitrile at 
various wavelengths in a Rayonet apparatus, and meas-
ured the apparent rate of conversion. The observed rates 
of product formation under certain sets of conditions were 
found to vary substantially with the wavelength. Unfortu-
nately, the different substituents usually accelerated or 
slowed down the reaction at all wavelengths (254, 300, 
350 and 419 nm). Although this observation seems obvi-
ous, one has to keep in mind that both the absorbance and
the quantum yield are affected by substituents, and not 
necessarily in the same directions. From our collection of 
compounds, we could however identify a pair of car-
bamates (3 and 4) showing an opposite trend of reactivity 
at high- or low-energy photolysis (Scheme 5).
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Although the rate constant ratio (almost 1:4 at 254 nm and 
2:1 at 419 nm) clearly showed a reversal of reactivity at 
the two wavelengths, the selectivities were obviously too 
low for a useful synthetic application. 

4 Energy transfer 

At this point we realised that by changing substituents on 
the aromatic ring we would probably never achieve the 
kind of selectivity we were looking for (kA/kB > 10:1 and 
< 1:10). Hence, we turned our attention to other photola-
bile groups operating by different mechanisms, more 
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prone to require a very different excitation energy. The 
3,5-dimethoxybenzyl esters were appealing to us as the 
absence of functional groups absorbing strongly at low-
wavelength suggested a relative inertness at 420 nm. The 
mechanism, still controversial, was initially proposed to 
occur by a heterolysis (and later revised as a homolysis 
followed by a very fast electron transfer) of the benzylic 
C-O bond, leading to a benzylic cation (stabilized in the 
excited state by the meta-methoxy groups) and a carboxy-
late anion.  Thus, we performed our standard experiment 
with such a derivative (Scheme 6):
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The excellent ratio of reaction rates between 3 and 5,
which were now clearly inverted at 254 and at 350 nm, 
gave us new hope that our concept could work. However, 
in order to really prove it, we needed to test a 1:1 mixture 
of both reactants. It was a major disappointment to see 
that the good selectivity we had just observed was re-
duced to none! Both derivatives indeed are photolyzed at 
very different rates at 254 nm only when they are in indi-
vidual vials (Scheme 7, dashed lines); the difference 
nearly vanishes when 3 and 5 are irradiated together (full 
lines). Most probably, energy or electron transfer from the 
dimethoxybenzyl alcohol derivative to the nitrobenzylal-
cohol derivative (absorbing at lower energy and poten-
tially an electron acceptor) completely scrambles the ini-
tial site of absorption. 
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5 Photocleavable linkers 

One obvious way of circumventing the problem was to 
first remove the low-energy labile group, and then
photolyze the remaining group at higher energy. A dis-
cussion with Bernd Giese (University of Basel) revealed 
that he had just developed the new photolabile pivaloyl-
propanediol group 7 with virtually no absorbance at 350 
nm.8 Excited by this possibility, we immediately initiated 
a collaboration, which resulted in a test compound, the 
simple aliphatic diester 8, with a nitroveratryl derivative 
at one terminus, and the pivaloyl derivative developed in 
Basel (Scheme 8).  
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Indeed, photolysis of this diester at 360 nm smoothly 
gave the monoester 9 resulting from the cleavage of the 
nitroveratryl group, in a 87% yield, with only 2% of the 
wrong regiochemistry.9 Subsequent photolysis at 300 nm 
gave the dimethylester 10 resulting from the cleavage of 
the remaining group. Of course, the price to pay for this is 
a significantly limited flexibility. Successive deprotection 
with the same reagents involving harsher and harsher 
conditions is called modulated lability.10 Despite obvious 
limitations, modulated lability is still highly useful, for 
example in solid-phase organic synthesis (SPOS). Indeed, 
a photolabile linker that is very robust against chemical 
reagents, and which can be removed only by high-energy 
light, this would allow for mild photochemical reactions 
on the chain. This is what we developed, still in collabora-
tion with Bernd Giese, in a two-wavelength solid phase 
peptide synthesis. Both the terminus liberation (prior the 
coupling of the next amino acid) and the linker cleavage 
were effected by irradiation, but at two different wave-
lengths. As a classical example, Leu-Enkephalin was pre-
pared by this procedure, in an overall yield of 55% 
(Scheme 9).9
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6 Real orthogonality

Despite this encouraging success, we were still aiming at 
developing real chromatic orthogonality. It was therefore 
of critical importance to establish whether quenching 
problem was specific to the pair of protecting groups we 
had selected, or rather a more general phenomenon for all 
bichromophoric systems. Thus we examined closely the 
reaction kinetics compounds 3 and 4, both for individual 
solutions (dotted lines, Scheme 10) and for 1:1 mixtures 
(full lines). 
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Scheme 10. Photolysis rates at 254 nm 

We were pleased to see that, in this case, the reaction 
rates were exactly the same (within experimental error) 
for individual solutions and mixtures.6 The conclusion is 
that there was no energy transfer, which gave us hope that 
it would indeed be possible to make one subset or the 

other of a mixture react independently by selecting the 
appropriate wavelength. This was verified by monitoring 
the mixture composition over time at the two different 
wavelengths. Scheme 11 shows the 1H-NMR spectra of 
the benzylic protons of the 3/4 carbamate mixture after 
increasing irradiation times at both wavelengths. It shows 
unambiguously that indeed, although to a modest extent, 
only one of the substrates does react. Hence, for the first 
time, it was possible to select individual molecules from a 
group by an external stimulus. Far from any useful appli-
cation, it was nevertheless the proof of principle we were 
looking for. 
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Once the conceptual validity was established, all what we 
had to do was to find a pair of groups with highly differ-
ential photolysis rates, with no or minimal energy trans-
fer! A footnote in a 1964 paper by Sheehan gave us a 
lead.11a 3',5'-Dimethoxybenzoin esters underwent very 
efficient photocleavage to give benzofurans and carbox-
ylic acids. This reaction was not affected by added piperi-
lene or naphthalene; a clear sign of a very short-lived ex-
cited state and hence minimal tendency for energy trans-
fer. While we had no interest in making benzofurans, the 
released carboxylic acid made this benzoin a potentially 
useful protecting group. This potential was actually ex-
ploited by the same authors a few years later.11b In addi-
tion to its absence of quenching, the benzoin derivative 
showed a high quantum yield for photocleavage (0.74) 
and strong absorbance below 300 nm.11c Hence, we 
checked it against the nitrobenzyl alcohol derivative, this 
time immediately as a 1:1 mixture of esters 11 and 12
bearing a slightly different side chain (Scheme 12). While 
this had no effect on the photolysis rate, it would allow us 
to trace the origin of the released acid (or methyl ester 
after methylation). 
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Subjecting a 1:1 mixture of the 3',5'-dimethoxybenzoin 
ester 11 and the o-nitroveratryl ester 12 to 254 nm irradia-
tion resulted in the preferential deprotection of the ben-
zoin (up to 90%, quantified by GC analysis of the methyl 
ester, as a C9/C11 ester ratio), whereas the same mixture 
irradiated at 420 nm gave up to 85% of the other ester.2
This time, we could really, and in a synthetically relevant 
manner, select one partner of a mixture by our choice of 
the wavelength of irradiation. In other words, the groups 
were orthogonal, not in the classical chemical way, but in 
a chromatic way (based on the colour of the incident 
light). If the problem of energy transfer could be dealt 
with, what would happen when both groups were on the 
same molecule? Closer proximity would favour energy 
transfer (which is very distance dependent, according to 
both the Dexter or Förster mechanisms).  
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We were pleased to see that on a 1,7-diester, no signifi-
cant erosion of selectivity could be observed, i.e. the 
chromatic orthogonality was preserved in the in-
tramolecular case. We then gradually reduced the length 
of the tether, in order to see whether there would a critical 
distance below which there would be energy transfer. 
Surprisingly this was not the case, and even the oxalate 
could be differentiated without significant problem (apart 
from the inherent chemical instability of the monoester).3

n 254 nm: %14a 420 nm: %15a

5 92% (70%) 70% (70%) 
4 78% (69%) 95% (68%) 
3 96% (70%) 85% (81%) 
2 94% (81%) 85% (72%) 
1 94% (85%) 83% (70%) 
0 86% (27%) 67% (--) 

Table 1. Photolysis of various esters 13. aYields estimated 
by 1H-NMR. In parentheses: isolated yields. 

7 Photoacylation 

So far, chromatic orthogonality was shown in the context 
of photocleavage, i.e. the breaking of bonds (a rather de-
structive goal). Could this concept be used for making
bonds? 
The photochemical acylation of nucleophiles is known 
since the seminal work of Patchornik and co-workers in 
1976.12 The principle is quite simple: an acyl group sub-
stituted by a poor leaving group is normally inert towards 
nucleophilic attack (e.g. like an amide). On the other 
hand, a good leaving group makes the acyl centre very 
electrophilic (like in an acid chloride). Photochemical 
activation of a leaving group hence triggers the acylation 
(Scheme 14). This would be a good opportunity to exem-
plify further the chromatic orthogonality, for instance by 
transferring one group or another based on the wavelength 
of the incident light. 
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We first optimized the photoacylation of amines with an 
analogue of Patchornik's first indoline, bearing two nitro 
groups. Thus, we could prepare amides13 and car-
bamates14 in a neutral medium, by simply exposing a 
stoichiometric mixture of the acylating agent and the 
amine to UV-light (Scheme 14). More interestingly, by 
altering the substituent in the C-7 position of the indoline, 
we could also influence the photochemical behaviour. 
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Thus, a CH2COOMe group favoured the reaction at 300 
nm, whereas a bromo substituent allowed the reaction to 
proceed at 420 nm. The competitive experiment with a 
propionyl and an acetyl derivative exemplified this reac-
tivity (Scheme 15).15
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Although the level of selectivity is still very modest, it is 
an unambiguous proof that chromatic orthogonality has a 
much larger field of application than just photolysis of 
protecting groups. A combined approach, with the intro-
duction of protecting groups and their removal only by 
photochemical activation is currently being investigated 
in our laboratories. 

8 Outlook 

We have shown that chromatic orthogonality is indeed a 
valuable principle for organic synthesis. More impor-
tantly, our goal was to demonstrate that photochemical 
reactions could be as selective as conventional 'dark' reac-
tions, and that subtle levels of control could be attained by 
carefully choosing the conditions. We are now exploring 
this fascinating new field, and developing additional types 
of reactions capable of chromatic orthogonality.16 This 
expansion needs to be done in both ways: new reactions 
and additional dimensions of the orthogonal space, i.e.
more specific wavelengths that could be used. Two-
photon absorption and the use of tuneable laser sources 
are two obvious directions to head for; one should how-
ever not expect too much from technology. The current 
limiting factor is our creativity. 
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