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Introduction

Benzoins are important representatives of “cagedpomunds”, which are inert in the dark
but, upon exposure to light, are converted to actipecies that are able to participate in a
chemical or biochemical process. Benzoins are @active alternative to the widely used 2-
nitrobenzyl caging groups for a number of reasbirst of all, the syntheses of benzoin caged
derivatives are accomplished in good yield by epsycedures. Benzoin properties fulfill
most of the criteria required for the design ofad photoremovable protecting group. The
main advantages of benzoins are the high quantugidsyiand rates of release. The
photochemical by-product accompanying the releasadent is an inert benzofuran (scheme
1), which is an advantage for biological applicasio It's also easy to follow the
photochemical reaction, because of the strong pbear of the benzofuran by-product
centred at 300 nm and its strong fluorescence.éltves advantages could, however, also be

drawbacks for spectroscopic investigations.

(0]

Scheme 1: Photolysis of desyl compounds.

The aim of this project was to determine the meigmanof photocyclisation of 2-
fluorobenzoin {) and 3',5-dimethoxy-2-fluorobenzoin2). In previous work on the
photochemistry of fluoro substituted organic commis) Sket has determined that fluoride
stabilizes intermediates like-radicals or a-cations, which could be involved in the
mechanism of photolysis of benzoin derivatives.sTsliabilization was hoped to facilitate

their observation.
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(1): R=H
(2): R=OCHj

1. Photochemistry of benzoin compounds.

The first study about the photolysis of benzoiesyd) compounds was made by Sheehan and
Wilsor? in 1964. They observed that benzoin acetate undehgtolytic cyclisation to form
2-phenylbenzofuran. They also studied the photslydi many derivatives for which they
determined the reaction yield. First, they desdtithee various photochemical reactions that a

desyl moiety ®can follow (scheme 2).

Scheme 2: Various decomposition products obsernvedsyl photolysis®



Sheehan et al. studied the photolysis of benzatage. They used a high pressure mercury-
vapour lamp with a Pyrex filter and isolated 2-pjilbanzofuran as the major product. Factors
which should influence the cyclisation reaction evarvestigated. The benzofuran chemical
yields are to a small extent solvent dependenin(fi®% in benzene to 8 and 10 % in dioxane
and isopropanol, respectively). Another importastadvery is the effect of the leaving group.
By replacing acetate by chloride as a leaving graupeduction from 15 to 1% of the
chemical yield is observed in benzene. Contraryh last case, for desyldimethylamine
hydrochloride (X=NH(CHs).Cl) in aqueous solution, 67 % is converted to 2-
phenylbenzofuran.

A third parameter has been studied, the substitugio the phenyl groups. Contrary to 4,4'-
dimethoxybenzoin acetate photolysis in benzenechvjives only traces of the furan, 3,3'-
dimethoxybenzoin acetate has a cyclisation yieldl&%. The authors tried to explain this
new photolytic cyclisation mechanism by comparisbrthe different UV-Visible spectra of
the substituted and non-substituted benzoin. Ttemgity of the n* band correlates with the
furan yield and this effect was attributed to amteraction of the carbonyl nonbonding
electrons with thetorbitals of 83, y-double bond. This is the reason why a mechanisim avi
biradical describing a strong interaction betwele® monbonding oxygen orbital and the

electrons was proposed (scheme 3).

Scheme 3: Crude mechanism proposed by Sheehaarfpoin acetate photolysis.

In later work, Sheehan, Wilson and Oxforid a more extensive study on these compounds
in order to understand the effect of the methoxyssitution. 4’-Methoxybenzoin acetate, 3'-
methoxybenzoin acetate and 3',5'-dimethoxybenzatate were photolysed. Methoxy
substitution of the benzoyl group leads to sigaificchanges in the relative energies of the n-
1 and thete=1t* carbonyl excited states. The 4’-methoxybenzoietaie affords 2-phenyl-6-
methoxybenzofuran in only 10% vyield (20% for theswipstituted derivative). The photolysis
of 3’-methoxybenzoin acetate yields 88 % of benmniu The by-product formation is

critically dependent upon the position of the ma&thsubstituent on the nonconjugated



phenyl group. Best results were realised with thethesis of the 3',5’-dimethoxybenzoin
acetate. The photolysis of this compound is cleahthe spectra show two isobestic points at
261 and 233 nm (Figure 1).
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Figure 1: Course of the photolysis of 3’, 5’-dimetlgbenzoin acetate to 2-phenyl-5,7-
dimethoxybenzofuran, 8.22 x M in MeCN; irradiated in a Rayonet reactor with 36@
lamps; irradiation time in s: 0 (1); 20 (2); 40;(8D (4); 180 (5); 260 (6); 420 (7) Sec

The yield of 2-phenyl-5,7-dimethoxybenzofuran isse to 100%. The quantum yield of this
reaction has been determinel:= 0.644 + 0.029. Sheehan et al. have shown thdbthest
excited state is associated with the benzoyl grang may be considered to be ofth-
character. The increased yield due to methoxy gubeh (electron donating group) is
consistent with the electrophilic nature of thatncarbonyl state. On these bases they

proposed a mechanism with a strained intermed@tadd just before the final benzofuran
(scheme 4).
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Scheme 4: Mechanism of benzofuran formation prapbyeSheehan et 2l

Para methoxy substitution will make the electraphitee attack more difficult, because the
attack can only take place at a meta positiongabethoxy group. Meta methoxy substitution

will facilitate electrophilic attack of the mt carbonyl oxygen, because the methoxy group is

an ortho/para director (scheme 5).
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Scheme 5: Influence of methoxy substitution (ptog; meta: bottom).



Quenching experiments have shown that para-methemyoin photolysis proceeds through a
triplet state > 10%°s). In contrast, the cyclization of meta-methoxympounds is not
guenched by triplet quenchers, so it must prochealigh a very short-lived triplet state or
directly from the singlet state.

The proposed highly strained oxetane intermedgjastified by precedent. Tenney, Boykin
and LutZ proposed such intermediate in the rearrangemean afp-unsaturated ketone to a
cyclopropyl ketone. Pawda and Grubproposed azabicyclo-[2.1.0] pentane intermediates
the conversion of benzoylazetidines to pyrroles.

Apart from giving the first mechanistic hints, Shae et al. were the first scientists to
underline the promising potential of this benzoioup as photoremovable group. This first
work has opened a lot of perspectives. One paaticthallenging task is to understand the
mechanism of photocyclisation and in particulamteasure or estimate the lifetime of the
different intermediates involved. Indeed, concutrneactions like cleavage will prevent the
release of the caged compound and form some tgxurdducts. Sheehan et al. conclude that
3',5-esters of dimethoxybenzoin would satisfy tfest release and the clean by-product
criteria for a good photoremovable group.

Before we discuss the details of the different naeedms proposed in the literature, we
consider the photolysis mechanism of deoxybenzbm parent representative of the benzoin

family without a leaving group.



1.1 The deoxybenzoin case.

Few articles deal with the mechanism of deoxybenpbiotolysis. This compound is mostly
studied for its applications as photoinitiator daflymerisation reactions. It is known to

undergo mainlya-cleavage (Norrisi) and hydrogen abstraction from the solVestheme
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Scheme 6: Mechanism of laser flash photolysisenixybenzoir{'®

Lewis et al® were the first to study the photochemistry of ddmnzoin and the fate of the
free radicals generated. They concluded thaleavage is the only primary process observed

for deoxybenzoin photolysis. Fouassier and Mértiiul laser flash photolysis investigations



on deoxybenzoin photochemistry. Absorption by tigedt state, benzoyl and benzyl radicals
have been observed. They also remarked that twéoploresses can occur with similar
efficiency: hydrogen abstraction aoecleavage (scheme 6).

Lewis et al. found out that the minimum quantumd/i®r a-cleavage is represented by the
quantum vyield of benzaldehyde formatio® (= 0.44). They argue also that cage
recombination of benzoyl and benzyl radicals coatdount for approximately half of the
initially excited molecules formé&d

Lewis et al. also studied the effects of aromatibssitution on thea-cleavage of
deoxybenzoin. Substitution affects the rate condtarn-cleavage without altering the triplet
energy. From a comparison of the rate constantspfatochemicala-cleavage of the
deoxybenzoins and the rate constants of correspgnoleresters, they concluded that the

transition state foa-cleavage looks like the excited ketone rather thana radical pair.

Scheme 7: Transition state fwrcleavage proposed by Lewis efal.

In this model, the partial negative charge can tabilkzed by the electrophilic half-vacant
non-bonding orbital on oxygen and the partial pesitharge by electron donating aromatic
substituents.a—Substituents which are capable of stabilizing ajacht positive charge
should accelerate the photochemiaatleavage. The presence of a substituent may explai

why cyclisation is favoured compareddaecleavage (scheme 7).



1.2 The unsubstituted benzoins.

Two studies deal with the mechanism of unsubstitutenzoin photoremovable groups.
Attention has been given to design and study netenially faster and less damaging caging
groups than the well-knowe-nitrobenzyl compounds that present several drakgdeirst,
the release is slower than for benzoin derivatiged the final nitroso compound is not
benign. Initially Givens et &l.studied the benzoin phosphate, observed its effigi and
noted that benzoin is a good alternative to nitnalyk phototriggers. Indeed, benzoin-caged
phosphates are capable of rapid release of nudésotand other biologically active
phosphates, which are used to study the kineticsusicle action by ATP, or calcium channel
activation by GTP, for example. This derivative lasriplet excited state intermediate, as
shown by piperylene and naphthalene quenching ewpets. Furthermore, Givens et al.
caged cAMP, GABA and glutamate with benzoin esterstolysis at 350 nm of solutions of
y-O-desyl glutamate and-desyl GABA in 1:1 HO : acetonitrile releases glutamate and
GABA respectively, with rate constants of ca’ §bto give 2-phenylbenzofuran as the only
by-product. Given® et al. studied the benzoin phosphate triestertiamavater soluble mono
and diesters; the yield of free diester release@0% in acetonitrile and is strongly pH
dependent. The triplet lifetime has been estimatelie between 2 and 7 hsThrough their
investigations, Givens et al. proved thatketo phosphates are Kkinetically superior
alternatives tm-nitrobenzyl esters for the photorelease of biaally important phosphates.
They also showed that, in the triester case, pysilwas pH sensitive and more efficient at
pH<2. The release of phosphate was an order of @gnless efficient at pH = 7-8 due to its
reduced nucleofugacity in the ionized form. Phat@yofa-deuterated desyl ester ruled out a
carbene intermediate. Initial homolysis followed é&hectron transfer and ring closure was
proposed as a mechanism (scheme 8). The releassdhate ion is then able to play the role

of a base toward the bridgehead proton.

10
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Scheme 8: Mechanism proposed by Givens &faldesyl diethyl phosphate ester photolysis.

Givens et al. synthesized and studied the photbyfsthe desyl caged ester of cAMP and the
rate constant for its release was estimated to.be ¢ s* (with a quantum yield of 0.34),
which represents a progress of three orders of magncompared to other release reactions.
The pH dependency of the photolysis reaction wapassed by using the triester derivative
instead of the diethyl one. In the case of cageth@amacids from desyl esters, a rational
mechanism, which illustrates the disadvantage ©f ¢thiged compound in the case of the
amine based leaving group, was proposed. The camgpedth which forms the benzyl could
reduce the efficiency of the reaction becauseddeal is known to be a triplet quencher.

Wirz et al™* have studied the kinetics and the mechanism dhyliphosphate photorelease
from benzoin by ns and ps laser flash photolysiea®y-state irradiation of benzoin
diethylphosphate gives 2-phenylbenzofuran as a praiduct with a quantum yield of 0.26 in
benzene. In trifluoroethanol, only 25% of 2-phemylbofuran was formed, the major product

being a solvent adduct.

11



Nanosecond laser flash photolysis of benzoin diegpfmpsphate in degassed acetonitrile at
248, 308 or 351 nm gave a permanent absorbancedaBfld nm that was formed in less than
25 ns (laser pulse width). In water or trifluorcatiol, a second absorption band was observed
atA = 570 nm, that was also formed within the duratbthe laser pulse and decayed with a
rate constant ok = (2.3 + 0.2) x 10s?in degassed aqueous solution. Addition of sodium
azide accelerates the decay rate of the 570 nreiéranwith a quenching coefficiekf = (9.9

+ 0.4) x 18 M s? and reduced the amplitude of the signal.

The decay rate constant of the transient at 570vamnot changed by the addition of acid. A
small effect of oxygen was observed (in aeratedtssisk = (2.8 + 0.3) x 10s* and (3.7 +
0.3) x 16s? in oxygen-saturated solutions).

In acetonitrile, dichloromethane, chloroform, teydrofuran, diethyl ether, methanol,
ethanol, 2-propanol and ethyl acetate no transiers observed at 570 nm. The permanent
product observed at 300 nm was identified as 2-ybenzofuran by comparison of its
fluorescence with that of an authentic sample. @rAglbenzofuran exhibits a strong
fluorescence, whereas the starting material doesAdiabatic formation of the 2-
phenylbenzofuran was ruled out by conventionalrBgsoence spectroscopy. The lifetime of
the triplet state of the diethyl phosphate benzwias determined by energy transfer
experiments with naphthalene € (24 + 2) ns in trifluoroethanol).

As the rise time of the 2-phenylbenzofuran was hdydhe time resolution at room
temperature, Wirz et al. made some experimentsvattémperature. Transient absorbance
was observed a band in the region 330-430 nm rggsirafter the flash, which was assigned
to the triplet excited state of benzoin diethyl pploate. Experiments at -100 °C in EtOH
allowed a measurement of the growth rate of prodhsbrption at 300 nri, = 1.8 x 16 s™.
Picosecond laser flash photolysis in acetonitrileoam temperature gave a large transient at
340 nm with a rise time of 2 — 4 ps and a lifetiofiat least 5 ns.

The triplet of the starting molecule was assignedha reactive excited state, the lifetime of
which has been estimated to be between 10 and,2fepending on the solvent. In solvents
forming strong H-bonds (water, trifluoroethanolettriplet state forms a triplet-ketocation

to produce the solvent addition product. In otheivents (MeCN), formation of 2-
phenylbenzofuran via a cyclic biradical predomisata both cases diethyl phosphoric acid is
released (scheme 9).

The apparent single-step transformation happenmu the triplet to the final furan as a

cyclization of the triplet to a biradical, whichirainates diethyl phosphoric acid faster than it

12



is possible to observe. Recent calculations indidhait the fast concerted elimination of
diethyl phosphoric acid occurs fromsgm-configuratiort?.

o)
3 I ‘
®
hv o -
X ISC
H

1
370nm, <20ns ‘ 570 nm, 660 ns

1
H o)
g o
]
X

H

- HX

\ o)
X=OPO(OE), o
.! 'l O OCH,CF;

Scheme 9: Mechanism proposed for benzoin diethgsphate photolysis

‘ CF3CH,0H

Quenching experiments have allowed Wirz et al. rove that the triplet excited state of
benzoin diethyl phosphate is the common precurs@mhenylbenzofuran and the transient
at 570 nm. Radicals and carbenes were ruled ooardidates to describe this intermediate
because of their incompatible reactivity, solveepehdency and absorption spectra. The
effect of oxygen on the decay rate confirms thplati multiplicity of cation. Adiabatic
heterolytic dissociation of diethyl phosphate fréhe nyt* triplet state was the proposed
primary reaction. Solvent addition happens onlyerafhtersystem crossing to the singlet
ground state. Wirz et al. also gave arguments pda@xthe role of the solvent. In principle a
polar solvent should favour heterolytic dissociatibut no cation transient has been observed
in the case of acetonitrile. The difference of confation in the different solvents may
explain the different reactivity. Thee-phenyl group needs to be close enough to the ngkbo
group to cyclise. This conformation is disfavouned solvents forming hydrogen bonds
(trifluoroethanol, water). The anti-conformer isvdared that facilitates the heterolytic

cleavage (scheme 10).
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Scheme 10: Wirz’'s et al. mechanism for photolydishenzoin phosphates, including the
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The study of the dynamics of enzyme-catalysed s by time resolved X-rays is one of
the interesting applications of this type of cagethpound. For this purpose, Peach éf al.
synthesized photolabile benzoin and furoin estems daging active peptides. The 2-

phenylbenzofuran produced is expected to be inaratds proteins.

1.3 The dimethoxybenzoins.

Substitution on the benzylic ring was found to mpketolysis more efficient. Sheehan et al.
reported that substitution at the 3’-and 5’-positiayave the best yields of benzofuran, the
cleaner reaction, and that it proceeded througimgles or a short-lived triplet state, as the
guantum yield (0.64 for the acetate) was not adfeédty triplet quenchers. An intramolecular
Paterno-Biichi reaction of the singlet excited steis been proposed by Sheehan ét“al.
(Scheme 4) to explain the formation of benzofuresdpct. Pirrung and ShuEysynthesized
and studied some phosphotriesters of 3’,5-dimegherzoin for synthesis and caging. They
tested several kinds of nonacylated aromatic rufgsstutions and the best yields were again
obtained with the 2’,3’-dimethoxybenzoin and 3'¢gimethoxybenzoin. They managed to
develop an asymmetric synthesis of 3',5-dimethatytnin to minimize the number of
diastereoisomers in phosphorylation of chiral atdshFollowing Sheehan’s work on 3',5'-
dimethoxy substitution on the benzoin and Zimmersaasults on the meta donor effect in
benzene excited states, they suggest thatitketocation obtained by heterocyclic cleavage
from the singlet excited state cyclises to formation @) which deprotonates to form the

final furan (scheme 11).
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Scheme 11: Mechanism proposed by Pirrung €t &r the 3’,5'-dimethoxybenzoin
photolysis (X = OAc, OP(OEX NR;Ry).

They also argue that a relatively good leaving grasi necessary for the formation of
benzofuran, otherwise the molecule will rather ugdet-cleavage.

Using this study, Pirrurl§ et al. developed the dimethoxybenzoin (DMB) cadtergroup to
protect the 5’-hydroxyl groups of nucleosides, wilyg the development of a photochemical
version of phosphoramidite-based DNA synthesis. dliraxybenzoin phosphate has also
been applied to prepare short DNA sequences, ugihyj to deprotect a nucleoside 3'-
phosphotriester to generate a phosphodiester oseulitleotide coupling. This technique can
be applied to the preparation of surface—boundyara DNA probes. Experiments on
parallel irradiations of DMB acetate and benzyl DM&bonate show essentially the same
rate of deprotection, so the quantum yield sho@dimilar (0.64). They also worked on the
use of DMB-carbamatéSfor amine protection and photochemical deprotectazheme 12),

which can be used to produce images in polymeisfilm
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Scheme 12: Photogeneration of amines using phatuchédeprotection of 3',5'-

dimethoxybenzoin carbamates.

Cameron et aP designed a novel class of photoprecursors of dtghases. These
photolabile amino protecting groups, based on ljBiethoxybenzoinyloxycarbonyl
carbamates, generate free primary and secondanesnThe same authors also studied the
solid state and the solution photolysis of manywdgives and found similar behaviour. The
clean photochemistry and photobleachable absorpitow applications for thick films.
Based on Givens’ et al. work on desyl ester phaticgtion and on Zimmerman’'s meta-
effect, Cameron rationalized the photorelease oinesnby an ion-pair mechanism. The
proposed mechanism is shown in scheme 13. Thettipformed by mt excitation. Then a
radical pair is formed by homolysis, which is falled by single electron transfer giving an
ion pair. The cation cyclizes and the free aniaring as a base, removes the proton and the

dimethoxybenzofuran is formed. Carbon dioxide Isased and the amine is free.

17
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Scheme 13: Proposed mechanism for amine photodgemefiaom dimethoxycarbamate.

Carbamoyl derivatives of photolabile benzoins hals been synthesized and studied by
Corrie and Papageorgiou. They found that the amefease rate, corresponding also to the
rate of decarboxylation, was too slow (ms time ec#r applications requiring rapid release
of neuroactive amino acids. At pH 7.0, rapid adidifion is followed by a first order

basification due to the slow amine releakg £ 4.5 ms) from the carbamate anion (scheme

6). The released GOs subsequently hydrated on a much longer timesca

18
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Scheme 14: Corrie’s mechanism for amine photogéinardom dimethoxycarbamate.

Shi, Corrie and Waf studied 3’,5-dimethoxybenzoin ester derivativesunderstand the
mechanism of photocyclisation. They agree withuPigr for the last deprotonation step, but
proposed a charge transfer interaction betweendtimethoxybenzene ring and therm-
singlet excited acetophenone (intramolecular eggiplas first step (scheme 15). The last
precursor in this case is the dimethoxycyclohexadieation @). Contrary to Pirrung et al.,
they exclude the-ketocation ora-radical participation, because of the absenceobfest

addition or radical-derived products.
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Scheme 15: Mechanism proposed by Shi et al. foBtH&-dimethoxybenzoin ester

photolysis.

The transient absorbing at 485 nm, observed by WB® attributed to catiof. This cation
decays with a rate constant of 1.0 ¥ &&. Addition of a small amount of water accelerates
this decay until it was too fast for observatiofo5 Protonation of the final product with
concentrated sulphuric acid gave a product absgréi40 nm with a band shape similar to
the 485-nm observed band observed by LFP of tmengialimethoxybenzoin (scheme 16).

MeO

O \ O — @
B ————
o

OMe

Scheme 16: Protonation of dimethoxybenzofuran irceatrated sulphuric acid.
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The authors argue that the longkfx of 3 is due to a more extended simple polyene-type
conjugation compared to the protonated productjlainas an allyl cation conjugated to a
furan ring.

An additional transient has been observed at 380420 nm. Contrary to the 485 nm signal,
these new signals are affected by air (a fasteaydéx observed in air saturated solution).
Hence, the absorptions at 420 nm and 330 nm watbuaed to the triplet state of the 3',5'-
dimethoxybenzoin ester. Shi et al. also conclutiedl the reaction proceeded from the singlet
state because of the oxygen non-dependence ofidglts.yThe main problem for biological
application of benzoyl caged compounds is theirrpsalubility. The phenylbenzofuran
photoproduct is even more insoluble and preciptatRock and Ch&h designed a
dimethoxybenzoin with charged functionalities, t8,5’-bis(carboxymethoxy)benzoin
acetate (BCMBa). Photolysis of BCMBa has been doneater and methanol in aerobic
conditions. They observe a lower yield of 2-pheeylbofuran in water compared to
methanol. This was explained by the formation ofsecond photoproduct, the 3',5'-
bis(carboxymethoxy)benzoin (BCMB). With such comsations, they disfavour the
possibility of the strained intermediate proposgdSheehan, because of the necessity of the
benzylic carbon to be accessible to water (or ropdlde) attack. They also argue thatan
ketocation can’t participate in the cyclisationcaéese the heterolytic cleavage generating this
cation is usually seen far-Tt excited states and notm, responsible for the cyclization.
They proposed a biradical intermediate, which ugdes an acetoxy migration. This last
intermediate can cyclize to form the phenylbenzarfiyior can undergo nucleophilic attack by
water (scheme 17). But no spectroscopic evidencangfof those intermediates has been

given.
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2. Investigations on the mechanism of 2-fluorolmeoin photolysis

2.1. Preparative photolysi&

o)
3% 13% 99%, 1% Q \ O

83%

Y@ hv, MeCN
H3CO HaCO ._>_.
6% 10%

o 1% 2%
C o 0
go N\

9% 14% Q . /<
O :
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4% 54%
139 H3CO H HO H3CO
0
o}

F 6% O 10% (0] 3%

Scheme 18: Products from preparative photolysis of

Starting materialsl (0.01 M) were photolysed at 350 nm during 2 hoams the product

distribution was determined by GC/MS by comparisath the retention time of authentic
reference compounds (scheme 18).

Photolysis ofl in CH;CN or MeOH produces mainly 2-phenylbenzofuran. leQH some

traces of solvent addition to the acyl radical fednby a-cleavage were detected. In
trifluoroethanol several products are due to direcicleavage. Only 3% of 2-
phenylbenzofuran and 13% of theketocation solvent adduct are formed.

In apolar solvents like cyclohexane the productsném by photolysis ofl are due to H-

abstraction or recombination aftercleavage of the starting material. In THF, the mai
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photoproduct is due to solvent addition to the oayh which has abstracted an H-atom.
Quantum yields were determined foin MeCN (0.01 M, at 25°Cliradiation= 350 NM,ljamp=
1.65 x 10° quanta (mL.s}). Actinometry was done with ferrioxalate. The simn was
irradiated for 5, 10, 14 and 20 min. The conversi@s determined by GC using naphthalene
as an internal standard. The quantum yield of giea@ncevas found to be 0.74. Quenching

experiments showed that the photocyclisatioft pfoceeds through a triplet state

2.2. Nanosecond LFP of 2-fluorobenzoin.

2.2.1. In MeCN and in water

Solutions of 1 with an absorbance of 0.25 to 0.2 per cm were edat 248 nm (100 mJ) to
observe UV-Visible spectra and kinetics of the siants. In pure MeCN, a band at 300 nm is
formed immediately after the first flash (no dewegs observed in either degassed or in air
saturated solution), which can be attributed tonfation of the end product. A second band at
400 nm (decay observeki; = (3.61 + 0.14) x 108, k, = (1.16 + 0.01) x 10s™), seen only
on second excitation, may be due to reexcitatior2-phenylbenzofuran. In an aqueous
solution containing 4% of MeCN, absorption spetaieen shortly after the laser pulse exhibit
an additional absorption maximum between 500 ar@dré0 (at 570 nm; decay rate constant
k = (2.58 + 0.09) x 10s'in degassed solution) (figure 2).
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Figure 2: Kinetic trace of the absorbance at 57Q(inset) and UV spectra of the transients 10
ns after the laser excitation.

A solution of1 in air-saturated MeCN was studied (observatiom20200 ns, lus and 4us
after the laser pulse, (Figure 3)). We can seend loantred around 300 nm (observed 20 ns
after the laser excitation) which represents theodiance of the final product (2-

phenylbenzofuran).
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-Il'l | | .rl
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Figure 3: UV spectra of the transients 20 ns (hI28Y ns (pink), Jus (yellow) and 4us
(cyan) after the laser excitation of 2 FB in aitusated MeCN.
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Figure 4: Kinetic traces df in air-saturated MeCN observed at 301 nm (grofatmation of

2-phenylbenzofuran).

2.2.2. In ethanol at low temperature.

The goal of an experiment at low temperature wasdolve the formation and/or decay of an
intermediate of short lifetime, not visible at rodemperature. From quenching experiments
of related compound$ we suspected that the triplet bhas a lifetime of less than 20 ns at
room temperature. LFP dfin EtOH (Az4s nm= 0.97 per cm) at —110 °C produced a transient
absorbing at 370 nm with aRnax = 0.012. This signal is attributed to the tripbétl (Figure

5). It decayed with a rate constant of about (:8002) x 16s™to form the final product (2-
phenylbenzofuran). Wirz et &. have assumed that the rate-determining step o thi
transformation is the cyclization of the triplet tbhe biradical. At low temperaturthe
formation of this triplet seems to be accomplishettin the laser pulse, because the growth

preceding the decay at 370 nm can’t be resolved.
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Figure 5:1 in degassed EtOH at -110°C, kinetic trace of theeance at 370 nm.

At 300 nm a growth with a rate constant of (1.7.8) 10 s is observed (Figure 6). Strong
fluorescence from the photoproduct made kinetidyasma at 300 nm difficult. This result

confirms an observation made by Wirz et’aif another intermediate is involved, it must be
shorter-lived than the triplet state, because dle of formation of the final product is equal to

the decay rate of thetriplet.
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Figure 6: Kinetic trace of the absorbance at 300 nm
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2.2.3. In hexane

In this solvent, we are looking for a biradicalirfeed from the triplet state 4f as a precursor
to the cyclisation and the formation of the 2-pHbagzofuran. The low polarity of the
solvent should disfavour any heterolytic releasthefleaving group. Solutions dfin hexane
were degassed and flashed with an excimer lasen@48.20 mJ). UV Visible spectra were
recorded 20 ns, 150 ns, 300 ns and 1 microsecdadthg laser excitation (Figure 7). Just
after the laser, a strong and a large band is ebdevith a maximum around 310 nm. Longer
delays show the same band structure with a lowensity. Kinetic analysis at 310 nm
indicates that the species is formed in less tfan2and has a lifetime in degassed solution
of (75 + 5) ns. It's a second order decéy=((1.95 + 0.03) x 1YM™ s?) in air-saturated
hexane. In oxygen saturated hexakes (8.28 + 0.09) x 190s?, k, = (7.22 + 1.06)x 10s™
(Figure 8). The longer lifetime in presence of osgygnay be explained by,Q@rapping of
radicals and formation of peroxide radicals. Theigmals may correspond to absorption by
radicals coming from the-cleavage ofl. A study of the deoxybenzoin should help to

understand these signals, because this compodkmadven to form radicals due to-cleavage.

03, DA
025 4

Figure 7: UV spectra of the transients 20 ns (hl&@Y ns (pink), after the laser excitation of

1in degassed hexane.
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Figure 8: Kinetic traces of tHein degassed (air saturated in the inset) hexaserobd at
310 nm.

2.3. Nanosecond LFP of diethyl phosphate benzoin hexane.

To check whether the previously studied benzoithgllgohosphatt (4) also gives the same
transient absorption in hexane, LFP experimentewdene with a solution of in hexane
(1% CHCI,) with anAgsg= 0.395 per cm.

UV spectra recorded 15 ns angid after the laser flash in air saturated and degassiution
show the same bands: one major band around 31Gdnwa others with maxima at 345 and
470 nm (15 ns after the laser) (Figure 9).
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Figure 9: UV spectra of the transients 15 ns (bllig)s (pink), after the laser excitation 4f

in degassed hexane.

The decay kinetics at 345 and 470 nm are the sbatalifferent from those at 310 nm. The
transient observed at 310 nm is quenched by oxythendecay is faster in air saturaté&d=<
(7.21 + 0.14) x18s™, ko= (6.44 + 0.07) x 1067 than in degassed solutiok¥ (5.32 + 0.04)
x10°M "*s1) (Figure 10). In an oxygen saturated solution,measured a rate constantkof
(1.90 + 0.28) x 10s™. For the signals observed at 345 and 470 nm, axjge no influence
on the second order decdy=((1.77 + 0.05) x 16M™*s?) (Figure 11).
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Figure 10: Kinetic traces dfin air saturated hexane observed at 310 nm isafirrated and

degassed (inset).
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Figure 11: Kinetic trace cfin air saturated hexane observed at 345 nm.

If we assume that only the signal at 310 nm is wueadicals, the radicals coming froim
have a lifetime shorter by two orders of magnittlden those formed from in degassed
hexane. The biexponential decay rate constantsaofl4 in air saturated hexane are clokge (

= (6.53 + 0.68) x1¥s™, k= (7.78 + 0.16) x10s™). The difference observed of the decay rate
constants of the two different radicals at 310 nmdegassed solution may be attributed to the

leaving group effect.
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2.4. Nanosecond LFP of deoxybenzoin.

To investigate the behaviour of the radicals forrbgdi-cleavage, we studied deoxybenzoin
(6) by ns laser flash photolysis. This compound ieviam to undergax-cleavage (Norrish)

and hydrogen abstraction from the solVéstheme 19).

0
(6) .

AN

N

+ THF

THF

©)
@]

Scheme 19: Mechanism of laser flash photolys&®f
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We would like to check the assignments of the dighaerved forl in hexane and see if this
compound shows any other transient absorbance bliieglical. If 1 and 6 have the same
photochemical behaviouB, should form a biradical intermediate, which decangsnly to the
ground state, because most of the product obserwetes froma-cleavage reaction. The
cyclisation reaction, which gives the biradicaljnscompetition with thex-cleavage, which
has to be faster. Two possible arguments may axplay a cyclisation can happen instead of
thea-cleavage: the electronic character of the moleant#or the electronic configuration of
the transition state. The first argument can bealded because the excited state involved in
the cyclisation and in tha-cleavage is the same fn), > % An interesting argument from
Lewis et aP may explain whyl and?2 rather cyclise than forming a radical pair as obsg
for deoxybenzoin. Lewis described the transitioatestfor a-cleavage of deoxybenzoin

derivatives (scheme 20).

Scheme 20: Transition state forcleavage proposed by Lewis et al

In this model, the partial negative charge canthbilized by the electrophilic oxygen (half-
vacant non bonding orbital) and the partial positcharge by electron donating aromatic
substituents.Substituents, which are capable of stabilizing dja@ent positive charge should
accelerate the photochemicaktleavage. Irl and2, thea—-F substituent will not stabilize the

positive charge (compared to H), so it should distea-cleavage relatively to cyclisation.
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2.4.1 In hexane.

LFP experiments were done with a solutiorbafi hexane Ax4s= 0.35 per cm). The transient
spectrum (20 ns after the laser) shows two bamasgcentred at 310 nm and another one at
430 nm (Figure 12). The 310 nm and 430 nm absorptawe due to formation of radicals

from a-cleavage of the deoxybenzb{Retyl, benzoyl and benzyl radical). Lewis efal.

argued that the minimum quantum yield éocleavage is represented by the quantum yield of
benzaldehyde formatiorf = 0.44) and that cage recombination of benzoyllzarzyl

radicals could account for approximately half af thitially excited moleculds This would
indicate thati-cleavage can be considered to be the dominantpyiphotochemical process

for 6.
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Figure 12: UV spectra of the transients 20 ns dfterdaser excitation & in degassed

hexane.
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Figure 13: Kinetic trace @ in air saturated hexane observed at 310 nm.
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Figure 14: Kinetic trace d in degassed hexane observed at 310 nm.
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Figure 15: Kinetic trace d@ in oxygen-saturated hexane observed at 310 nm.

Kinetic measurement at 310 nm gave a monoexpohelgiay k = (9.93 + 0.09) x 10s™)
in air saturated solution (Figure 13), a seconceokcay in degassed hexdne (1.98 +
0.02) x16M™s? (Figure 14). In oxygen saturated solution (6.50 + 0.14) x10s™ (Figure
15).

2.4.2 In MeCN.

In degassed, air and oxygen saturated MeCN, theVigWle transient spectra show a large
band centred around 320 nm (Figure 16). At 320 inndegassed solution the decay follows
second order kinetick € (1.75 + 0.01) x 10M™ s, Figure 17). In air and oxygen saturated
solution the decay is monoexponentiat; (8.69 + 0.05) x 10s™ andk = (2.47+ 0.06) x 10s

! respectively (Figure 18 and 19).
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Figure 16: Transient UV spectrum 20 ns after 248amsar excitation o6 in degassed
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Figure 17: Kinetic trace @ in degassed acetonitrile observed at 310 nm.
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Figure 18: Kinetic trace @ in air-saturated acetonitrile observed at 310 nm.
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Figure 19: Kinetic trace d in oxygen-saturated acetonitrile observed at 3th0 n

Compoundsl, 4 and 6 show the same transients, which are attributechdlicals froma-
cleavage. This fact is confirmed by chemical analyd the photolysis products df in
hexane, which show a large distribution of produstied from radicalsSo the use of a
solvent like hexane is not of great help for slayvdtown the photocyclisation, because in this

solvent the photochemistry afis dominated byt-cleavage.

38



2.5. Quantum yield determination of 2-fluorobenzoimand diethyl phosphate

benzoin photolysis in hexane

Air saturated solutions of and 4 in hexane were irradiated and the ensuing absworpti
changes were followed. Changes in the UV spectra siower than in acetonitrile, whete
was completely converted (99%) within 20 min, conepato 55 min for 10% conversion in
hexane. The higher polarity of acetonitrile maydaw the release of the leaving group,
contrary to hexane which may favowcleavage and be a good solvent for back reaction t
the starting material. In both solvents we obseheformation of a new band at 300 nm,
indicating formation of benzofuran. The reactiaragtum yields were measured at 300 nm,
where the maximum of the end product should be.

If we consider that the reaction is a simple preces

hv

We can deduce a quantum yield of benzofuran faomaising the kinetic equatith

-dA _ _
? — ¢P| F8P(A A\)o)

Where:

@» is the quantum yield of formation of the end praduc
&p is the extinction coefficient of P at 300nm.
| is the intensity of light source

_1-10"

F is the photokinetic factor at the wavelengthroddiation Aj; = 254 nm

A, is the absorbance at the wavelength of observatimn the reaction is complete=(o0)

Assuming that the photokinetic factor can be cagrgid constant in a short time interval,

integration of the kinetic equation gives:
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|n(:‘: :2J=¢PI ﬁgp(tz -t)

F is the average between the photokinetic factolsulzied at timed; andt,. Quantum
yields were calculated for several short time waés, from 30 s to 10 min, and then

averaged.
A, was obtained at the end of the photoirradiatiortiea, when the value of the absorbance

over time became constant.The intensity of thet lsglurce was measured using the trans
isomerisation of azobenzene as an actinometeresaided in the IUPAC Technical report

on chemical actinometfyby Gauglitz and Hubid".

The actinometry was performed, right after the plysis experiment. It was carried out
under conditions of total absorption where the pbleémical back reaction (eistrans
isomerisation) can be neglected. Then a lineatiogiship can be used between absorbance
changes and the irradiation time:
E 1

— 7A3mmﬁ — ’/—,{ 7A3&nm
p
Dn En

E, is the photon flux (Einstein cfs™)

W= ¢ga X &a

| =1000E ~is the flux of photon mol cmts?

&a Is the extinction coefficient of the actinometethee excitation wavelength
¢A Is the quantum yield of the photoreaction

Using the value of W reported, (IUPAC publication determination of chemical
actinometry™ ) irradiation at 254 nm and reaction monitorin®8 nm,
wt=2.30 x 1¢ mol cri.

The light intensity is calculated by linear regieasof AAgsg nmVvs. time (Figure 20)
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Figure 20: Azobenzene actinometry. Irradiationst 8m, observation at 358 nm.

AA358nm - 4x10-4 S-l

Sol =9.20 x 10 molcm L's?!
The averaged quantum yield in aerated hexane i5 @%.5) % for4 and (2.3 + 0.3) % fot.

The quantum yield of is lower than in acetonitrile (0.63.

2.6. 2-Fluorobenzoin triplet lifetime determination

The triplet lifetime of 2-fluorobenzoin was too shdo be observed with our nanosecond
apparatus. Quenching of the triplet stateloby naphthalene was used to determine its
lifetime. A solution ofl in MeCN was excited by 351-nm laser pulses in tresgnce of
naphthalene, and the amount of energy transferma@stored by the triplet absorbance of
naphthalene at 413 nm at the end of the laser gstbeme 21).
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Triplet energy transfer

Ket

Scheme 21: Mechanism of photoinduced energy amhstweerl and naphthalene.

Two different pathways are possible for the dedaylo
- Energy transfer to naphthalene

- Decay to the ground state

The lifetime of 31 can be defined as follows:

_ 1
Tg -
1
Ko + ket X Cy

c, Is the naphthalene concentration (M)

ket is the energy transfer reaction rate constant §V)
ko is the decay rate constant of triplet excitedestetphthalene to its ground stafé) (s

ACN) = ¢, xlxc,



3 —3 et

N
Ko +Ke X Cy
3
AraxCN) _ Eay XX Gy
3 k,xcC
A( N) 83N Xl szN et N
kO +kethN

This expression can be simplified:

Anax(SN) :k0+kethN :1+ k0
A(N) Ky X Cy Ky X Cy

et

3
A linear regression of%N’)\l) versusi give a straight line (figure 21).
CN

A

T T T T T T T 1
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Figure 21: Data treatment of the quenching expertroé *1 by energy transfer reaction with

naphthalene.

Anmaxis the triplet absorbance at high concentrationagtthalene
ko is the rate constant for the triplet decaylafi the absence of naphthalene

ket is the rate constant for energy transfer (bimdeagu
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3
Linear regression o% versusCi gave a slope o{— = (5.02 £ 0.33) x 18 M.
N

et
A rate constant for triplet-triplet energy transtestween benzophenon or acetophenon (in
benzene and isooctane respectively)kgt 1.0 x 16° M s* has been determined and
naphthalene by Porter and WilkindanBy assuming this value, the triplet lifetime bfis
then 20 ns in MeCN. This triplet lifetime is in tsame order of magnitude as the one found

for diethyl phosphate benzoin by RajEsét al. (24 + 2 ns in trifluoroethanol).

2.7. Diradical trapping experiments.

The main intermediate expected for photolysislaf MeCN is a biradical. | tried, without
success, two different techniques to trap it (S&@2). The first one is based on the use of
oxygen to react with the biradical to form the dicadduct. In oxygen saturated §€IN at —
40°C, 1 was irradiated with an Hg lamp during 30 min. N@aege was observed in the NMR
spectra. A new, oxygen saturated solution at €40as flashed 120 times with 248 nm laser
(100 mJ) with no success, only formation of benmniuvas observed. The same solution was
then irradiated with 1800 flashes at ambient temumpee but still only formation of

benzofuran was observed.

0
o

Scheme 22: Mechanism of diradical (frdrphotolysis) trapping with ©
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A biradical intermediate can be investigated byelaash photolysis using the paraquat

dication (1,1'-4,4'-bipyridinium, P&) as an electron transfer trapping agent (scherpe 23

O
(O

electron transfer

Scheme 23: The electron transfer reaction betweenmediate issue dfand paraquat

dication.

When an electron transfer occurs betweerf'Pgnd the biradical, we should observe a
transient at 603 nm, due to PQbsorption. Only weak signals have been obserVa.
explanations are possible. First the biradical filrmay be a poor electron donor. The other

explanation could be that the lifetime of the bicatlis too short for interception.
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2.8. Femtosecond LFP of 2-fluorobenzoin in MeCldnd in trifluoroethanol.

Femtosecond experiments were carried out usingtisofu of 1 in acetonitrile and
trifluoroethanol. Pump-probe spectra, coveringnaetrange from 0 to 1.9 ns, and from 0 to
100 ps to resolve the formation of the transiemeste done and shown before their factor
analysis in the different figures. On excitation dysubpicosecond pulse at 263 nm, all
solutions showed a broad transient absorption ennmar-UV,Anax= 310 nm in MeCN (315
nm in CRCH,OH) (Figure 22 and 24).

t'ps O “es0 600 550 500 450 400 350 300

Al nm
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Figure 22: Femtosecond pump-probe spectra of acetonitrile solution (excitation with a
subpicosecond flash at 263 nm) with delays betw@esnd 1.9 ns (top), and 0-120 ps
(bottom).

This transient (310 nm) is formed within the filmeasurement step (Figure 23 and 25) and
observable up to 1.9 ns, hence its lifetime musatbleast 2 ns. The data were accumulated
through 500 pulses and the final spectrum is arageeof 3 experiments. The transient at 310
nm is attributed to the superposition of the sihglesorbance to the triplet absorbancé. of

(growth of the triplet and decay of the singlet).
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Figure 23: Kinetic trace of the absorbances atr8hGxtracted from femtosecond pump-

probe spectra df in acetonitrile solution (excitation with a subpsecond flash at 263 nm)

with delays between 0 and 120 ps.
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Figure 24: Femtosecond pump-probe spectiioftrifluoroethanol solution (excitation with
a subpicosecond flash at 263 nm) with delays betWeend 1.9 ns (top), and 0-120 ps

(bottom).
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Figure 25: Kinetic traces of the absorbance atr8hGxtracted from the femtosecond pump-
probe spectra df in trifluoroethanol solution (excitation with alspicosecond flash at 263
nm) with delays between 0 and 1.9 ns (top) and@gk2(bottom).
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The pump-probe spectra dfin acetonitrile and trifluoroethanol showed a setabsorbance
band around 355 nm (Figure 24). This band is aiteidh to the triplet o1, because it was still
observable after 1.9 ns and corresponds to thalsggound 360 nm observed in nanosecond
laser flash photolysis at low temperature. Anolwgument for the triplet assignment is the
similarity of the chromophore of with acetophenone. Triplet acetophenone is knosvn t
absorb around 330 rffih which is relatively close to the triplet band eh&d forl. This

transient is formed in 4.5 ps in acetonitrile, &2dps in trifluoroethanol (Figure 26 and 27).
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Figure 26: Kinetic traces of the absorbance atr8h%extracted from the femtosecond pump-
probe spectra df in acetonitrile solution (excitation with a subpsecond flash at 263 nm)

with delays between 0 and 120 ps (bottom).
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Figure 27: Kinetic traces of the absorbance atr8&2xtracted from the femtosecond pump-
probe spectra df in trifluoroethanol solution (excitation with alspicosecond flash at 263
nm) with delays between 0 and 1.9 ns (top) and®@gk2(bottom).
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In addition, a short-lived transient absorbing abw97 nm in acetonitrile (490 nm in

trifluoroethanol) was observed (lifetime: 2.3 an@ s in acetonitrile and trifluoroethanol

respectively, and formation in 21 and 18 ps in @uétle and trifluoroethanol respectively)

(Figure 28 and 29)). This transient may be duééopresence of another intermediate formed

from the singlet in competition with the triplety @ could be due to accumulation and

reexcitation of the photoproduct (2-phenylbenzafjiren the recycled solution of the flow

cell.
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Figure 28: Kinetic traces of the absorbance atfextracted from the femtosecond pump-

probe spectra df in acetonitrile solution (excitation with a subpsecond flash at 263 nm)

with delays between 0 and 1.9 ns (top) and 0-12@@i$om).
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Figure 29: Kinetic traces of the absorbance atr@xtracted from the femtosecond pump-

60
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probe spectra df in trifluoroethanol solution (excitation with alspicosecond flash at 263

nm) with delays between 0-1.9 ns (top) and 0-12(bp&om).

To check if the transient observed at 490 nm istdueexcitation of 2-phenylbenzofuran, we
did femtosecond LFP of 2-phenylbenzofuran i@H,OH. We can see a transient at 490
nm (lifetime of 1.6 ns in trifluoroethanol, risene of 10 ps), due to the singlet excited state of
2-phenylbenzofuran (Figure 30 and 31). The shapheoband and kinetics are similar to the
one observed fat in the same solvent. A higher intensity maximura haen observed when
the spectra have been recorded from 1.9 ns to delay, compare to the spectra recorded
from 0 to 1.9 ns delay. This means that photoprodaacumulates (due to prolonged

exposure) during the measurements and the signsénadd at 490 nm is due to its

reexcitation.
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Figure 30: Femtosecond pump-probe spectra of 2yphemzofuan in trifluoroethanol
solution (excitation with a subpicosecond flasR&® nm) with delays between 0 and 1.9 ns
(top), and 0-100 ps (bottom).
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Figure 31: Kinetic traces of the absorbance atiGextracted from the femtosecond pump-
probe spectra of 2-phenylbenzofuan in trifluoroatiiaolution (excitation with a
subpicosecond flash at 263 nm) with delays betvdesnd 1.9 ns (top) and 0-120 ps (bottom).

Global Analysis of the three dimensional absorpspectra for the two different solvents,
using factor analysis, indicated two main factgksmodel including two coloured species
was then applied to do the global kinetic fits (tie 24).

g _ Kisc,20pPS

in MeCN or CRCH,OH

Scheme 24: Proposed scheme for global kinetiofitte femtosecond pump-probe spectra
of 1in MeCN and in CECH,OH.
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Following this model, the software is able to fietdifferent parts of the three dimensional
curves and give an accurate rate constaftt decay.

MeCN CRCH,OH

Kdecaf S” (3.45 £ 0.15) x 1§ (7.68 + 0.30) x 15

The 485-650 nm range was not analysed in detdhl thi2 software, because it contains the
signal of the transient due to the reexcitatiotheffinal product and not the intermediates

involved in the mechanism.

2.9. Discussion.

The observations with (2-fluorobenzoin) are quite similar as those regdt for 4 (benzoin
diethyl phosphate). We observed the triplet at 370 nm with a lifetime of 550 ns at -110 °C
in EtOH and the formation of the 2-phenylbenzofuaa310 nmObservation of the assumed
biradical intermediate was not possible, in spita ot of effort. A tripleta-ketocation was
observed at 570 nm with a lifetime of 400 ns by L&l in water (4% MeCN). Product
analysis indicates that 2-phenylbenzofuran is ngaformed in MeCN, and that solvent
addition ona-ketocation occurs in trifluoroethanol. We propdee mechanism shown in
scheme 25. The triplet state biobserved in nanosecond experiment at low temperias
been confirmed in femtosecond experiments. Théetris formed quite fast at 370 nm (rise
time: 4.5 ps in acetonitrile, and 22 ps in triflaethanol) and is stable up to 1.9 ns (a lifetime
of 20 ns has been determined by quenching expetaimeith naphthalene). This study has
shown that replacement of diethyl phosphate byakFiteg group doesn’t affect the mechanism
of photocyclization and doesn’t slow the reactiommpare to diethylphosphate benZoig).
The acidity constants of F Kg (HF) = 3.17) has also a pKa value rather close to
diethylphosphate 6, (diethylphosphate) = 1.39) to consider that noftigacity will have a

substantial effect on the transient kinetics.
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Proposed mechanism:

ISC «
1(2 FB)* 3(2 FB)

370 nm, 20 ns

Scheme 25: Proposed mechanism for LFE. of

(e}

H

\ 570 nm, 400 ns

H

CF3CH,0H

OCH,CF;
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3. Investigations on the mechanism of 2-fluoro-3’,5'-
dimethoxybenzoin (2).

3.1. Preparative photolysig?.

OCHj OCHs
I v
OCH,8 OCH;
86% 1%
. OCH;
D 0] O
\ OCH
hv, MeCN 03%
OCH
OCH3 OCHj o op 8
O
O \i Hico
OCH, OCHs
28,5% O
OCHj 4%

o) O hv, CF3CH,OH 2 “ o
o4
O OCH @
OCH,CF5
OCH,

24,5% O
\ O
OCH;3

95% 2% OCH;

Scheme 26: Products from preparative photolys of

The starting materia2 (0.01 M) was photolysed at 350 nm during 2 houng the product
distribution was determined by GC/MS. Products wetentified by comparison with
retention time of standards (scheme 26). Photolg$§i2 produces mainly dimethoxy-2-
phenylbenzofurans) in CHsCN, in methanol and in hexane. In MeOH some tra¢esslvent
adduct to thex-cleavage product have been detected. Indeed, Ighistof 2 forms two main
products: dimethoxybenzofuran and thesolvent adduct. From this experiment, two main
reaction pathways can be put forth to describeptiwolysis of2: nucleophilic attack of the

solvent at the leaving group position, and cyclaat
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Quantum yields have been determinedZan MeCN. The number of photons was measured
by ferrioxalate actinometry (0.01 M, at 25°Gyadiation= 350 NM,liamp= 1.65 x 16° quanta
(mL sYb). The solution was irradiated for 5, 10, 14, 2tmihe conversion was determined
by GC (naphthalene was used as an internal standidrd quantum yield of disappearance
was found to be 0.74. Quenching experiments haea ladéso done: photocyclisation d?
proceeds from the singlet state, because conveddi@nremained the same with or without
naphthalene in solution.

3.2. Nanosecond LFP of 2-fluoro-3',5’-dimethoxybera@n in MeCN and in
water.

UV spectra of a solution & in MeCN (Az45= 0.34) taken before and after a single flash show
that the photochemical reaction is very efficientnassive band appears at 320 nm. Transient
spectroscopy of in degassed MeCN shows two bands with maxima ¢@.ahd 320 nm
(Figure 32). One microsecond after the laser, west#l see the same band at 320 nm and a
shifted band at 430 nm (Figure 32) (instead of 4@ 20 ns after the pulse). In air saturated
solution, we observed bands at 320 and 485 nm 1¢4Y@h degassed solution), just after the

excitation, and only one band at 320 nmslafter the laser pulse (Figure 33).

NAAD 49
0,39 4

029

250 2460 4450 550

Figure 32: UV spectra of the transients, afterlfiser excitation of2 in degassed MeCN (20
ns (deep blue, max ca. 470 nm ), 60 ns (yellow), 19 (cyan), 500 ns (blue) & (pink), 2
ps (violet), Sus (brown), 16us (green-blue).
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Figure 33: UV spectra of the transients, afterlt#ser excitation of2 in air saturated MeCN
(5 ns (blue), 100 ns (yellow), 500 ns (cyan), ds (pink), 2 us (violet)).

Absorbance growth is observed at 305 nm in degals@N, k; = (3.21 + 0.09) x 10s?,
which could represent the formation of the finalafu product. In an air-saturated solution
of 2 (Ass= 0.33), the observed rate constant is (4.27 +)0x180F s* at 305 nm (figure 34
(A)). The decay of the transient at 485 nm is mapoeential:k = (2.34 + 0.07) x 10s?in

air saturated solution (Figure 34 (BR % (2.29 + 0.01) x 10s' in degassed solution). The
growth rate constant at 305 nm and the decay ratistant at 485 nm are relatively close, to
argue that the transient at 485 nm (ca®rs the precursor of the final product observed at

305 nm (final product).
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Figure 34: Kinetic traces o2 photolysis observed at 305 nm (A), in degassecejldad air
saturated (pink) MeCN, at 485 nm (B), in air satedavieCN.

The kinetics of the band observed at 430 nm wakgqat@Figure 35). A fast growth (less than
60 ns), followed by a slower decak ( = (1.50 + 0.02) x 10s?, in degassed solution) is
detected (in air saturated solutida,= (6.40 + 0.20) x 10s™, k, = (1.00 + 0.01) x 1%s™).

£

Introduction of air did not affect the 485 nm sigrahi et al.” have assigned a band at 420

nm (in air saturated MeCN) to the triplet statehe 3’,5’-dimethoxybenzoin ester.
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Addition of small amounts of water increases theageate ot the 485 nm signal.

water concentration decay rate constark/ s*
c/uM % (vol)

0 0 (4.60 +0,02) x 10
0.133 0.0002 (4.78 +0.01) x %0
0.266 0.0005 (4.63 +0.02) x %0
0.665 0.0012 (4.79 £ 0.01) x40
1.330 0.0025 (5.43 +0.02) x %0
2.660 0.0050 (5.95 + 0.02) x %0
6.650 0.0125 (7.85 +0.03) x f0
9.980 0.0190 (9.98 + 0.05) x 10

Linear regression of the decay rate constanteksus water concentration, C, gave a slope of

=(5.27 £0.15) x oM™ st

Shi observed an increase of the decay rate corst&@®5 nm, after addition of water till 5%,

the decay was then too fast for observaflom our case we observe an increase of the rate

till 10 uM water (4% volume). The acceleration of the deicalcates that water molecules

trap the dimethoxycyclohexadienyl catiof) (formed in the sub nanosecond time scale).

MeO

OMe

OMe

3 (485 nm)
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Figure 35: Kinetic traces after excitation 2fin air saturated (pink) and degassed (blue)
MeCN observed at 430 nm.

An aqueous solution oR was also studied by LFRAf{;s= 0.18, 5 % MeCN as a cosolvent)
(248 nm, 110 mJ/pulse). UV spectra, in degassedharshturated water solution, 20 ngsl
and 2 ps after the laser excitation, show only a weak barmlind 300 nm in degassed
solution 2us after the flash. After several flashes, the bemensity at 300 nm increases,
assigned to formation & (spectra were taken with the same reference: drérgj material

spectrum before photolysis).

00z 1AA
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Figure 36: Kinetic traces o2 photolysis in degassed,@ observed at 310 nm.
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Even if no substantial transient in air saturateatew was observed in the different time
resolved UV spectra, kinetic traces were recordexbaeral wavelengths in order to look for
weak signals. In air saturated solution a weaksiean was detected at 310 nm. The species is
formed within the laser flash and decays slovidy=((5.25 + 0.22) x 10s™) (Figure 36). No
significant signal has been detected at 430, 486,ahd 650 nm. In degassed solutikn=
(1.29 + 0.34) x 10s™), the decay at 310 nm is slower than the one wbdein aerated
solution. This transient is probably due to thexo#tation of the final product formed after

photolysis of2: the dimethoxy-2-phenylbenzofurad),(within the duration of flash.

3.3. Femtosecond LFP of 2-fluoro-3’,5’-dimethoxybezoin (2) in MeCN and

in trifluoroethanol.

Femtosecond experiments were carried out usingtisoii of 2 in acetonitrile and
trifluoroethanol. Pump probe spectra covered a tiamge from 0 to 1.9 ns, and from 0 to 100
ps to resolve the formation of the transients.

On excitation by a subpicosecond pulse at 263 nd® 8), all solutions showed a broad
transient absorption in the near-U¥yax = 315 nm in MeCN (Figure 37) and 312 nm in
CFRCH,0H (Figure 38).

AA

0.06

0.04

0.02

68



0.02

0.01

-0.01

-0.02

100

400 350 300

G e 500 450

600
Al nm
Figure 37: Femtosecond pump-probe spectr2 of acetonitrile solution (excitation with a
subpicosecond flash at 263 nm) with delays betw@esnd 1.9 ns (top), and 0-120 ps
(bottom).

The transient observed (ca 315 nm) in the two wdffe solvents is formed within the time-

resolution of the instrument (500 fs) and obsermwalg to 1.9 ns (Figure 37 and 38). The data
were accumulated through 500 pulses and the fpedtsum is an average of 3 experiments.
The transient at 315 nm is attributed to the supstipn of the singlet absorbance to the

triplet absorbance &.
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Figure 38: Femtosecond pump-probe spe2tia trifluoroethanol solution (excitation with a
subpicosecond flash at 263 nm) with delays betw@esnd 1.9 ns (top), and 0-120 ps
(bottom).
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Figure 39: Kinetic traces of the absorbance atr@dh2extracted from the femtosecond pump-
probe spectra a2 in trifluoroethanol solution (excitation with alguicosecond flash at 263

nm) with delays 0 and 120 ps.

The signal at 312 nm (formed in less than 500 &jags { = 10 ps) to an end absorbance

(Figure 39). This fast reaction is attributed te thtersystem crossing af
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Figure 40: Kinetic traces of the absorbance atr86%extracted from the femtosecond pump-
probe spectra dt in acetonitrile solution (excitation with a subpéecond flash at 263 nm)
with delays between 0 and 1.9 ns (top) and 0-10@g@som).
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Figure 41: Kinetic traces of the absorbance atr86%extracted from the femtosecond pump-
probe spectra of in trifluoroethanol solution (excitation with alguicosecond flash at 263
nm) with delays between 0 and 1.9 ns (top) and@#K)(bottom).

A solution of 2 in acetonitrile and trifluoroethanol showed thenfation of an other
absorbance band around 360 nm (in acetonitdiigx= 365 nm, formation in 20 ps (Figure
40) and lifetime of > 2 ns (Figure 40); in trifi@thanol Amax= 360 nm, rise time less than
500 fs and lifetime of 1.4 ns (Figure 41)). An adxhal, short—lived absorbance around 490
nm in acetonitrile (also in trifluoroethanol) hasem observed. After its growth (less than 500
fs in acetonitrile and trifluoroethanol respectivgFigure 42)), the weak signal was still
observable after 1.9 ns in acetonitrile and tritheshanol (Figure 43)). In this case the
position of the band maximum matches well with plosition of the band centred at 485 nm

observed on the ns time scale and assigned tdrtietltbxycyclohexadienyl catior3);,

MeQ
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The transient observed at 360 nm is attributedh® hiradical8, as the only plausible
intermediate able to form the catidhand absorbing in this UV region (360 nm). Such
intermediate has been proposed in several pdp&rsut never observed, so this is the first

time that this intermediate is detected.
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Figure 42: Kinetic traces of the absorbance at@@%extracted from the femtosecond pump-
probe spectra a2 in acetonitrile solution (excitation with a subpsecond flash at 263 nm)
with delays between 0 and 1.9 ns (top) and 0-10@@som).
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Figure 43: Kinetic traces of the absorbance at@@%extracted from the femtosecond pump-
probe spectra a2 in trifluoroethanol solution (excitation with alguicosecond flash at 263

nm) with delays between 0 and 100 ps (bottom).

Global Analysis of the different three dimensionalirves, using the singlar value
decomposition, gave two dominant factors. A modwluding two colored species (the
radical8 (B) and the catioB3 (C)) was then applied to do the kinetic fits (Sulee27).

S

Ko in MeCN or CRCH,OH

Scheme 27: Proposed scheme for kinetic fits gftdyal analysis of the femtosecond pump-
probe spectra din MeCN and in CF3CH20H.
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Following this model, the software is able to dglabal fit and give accurate rate constants
ko, Ke.

MeCN CRCH,OH
ko/ S™ (4.23+0.28) x 18 (5.81 +0.36) x 1
ke /st (5.05 + 0.89) x 19 (6.48 + 0.63) x 10

The proposed mechanism includes one pathway to tberfinal benzofuran from the first
singlet excited state, through the biradi@aind the catio.

MeQ

MeO

Addition of small amount of water (5 %) acceleraties decay rate constant of the 360 nm
signal, which has been assigned to the biradBcalhis can explain that the biradic8|
precursor of the catioB, can react with water in a different pathway. Bical 8 seems to be
the parent intermediate of dimethoxybenzofusaand the product due to nucleophilic attack

of the solvent (at the leaving group position).

% water Kobs/S ™
0 (4.21 +1.06) x 10
5 (9.09 + 1.53) x 10
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3.4. Discussion.

Quenching experiments indicate that the reactiv@ted state involved in the photolysis Df
(2-fluoro-3’,5’-dimethoxybenzoin) is the singleast. A transient observed solvent at 485 nm,
with a lifetime of 500 ns, can be assigned to atdhad cation3 (scheme 29), a precursor of
the dimethoxy-2-phenylbenzofurdn Configuration Interaction calculations (CIS:
configuration interaction-singles; the CIS wavediion is a linear combination of electronic
configurations, obtained by monoexcitations frone tHartree-Fock wave function), after
B3LYP/6-311G(d) optimization of the structure insgahase, predict an absorption band of
this cation at 456 nm. By photolysis ®fin trifluoroethanol, 24.5% is converted to solvent
adduct at thea-position of the keto group (28.5% in benzofurawhich indicates the
formation of a trappable ketocation. Shi et’atliminate this first intermediate to favour a
charge transfer complex between the ring and thsoogl, because they observe no trace of
solvent trapping product from the acetate deriwgtisontrary to our case. The proposal by
Rock and Chafl, which consists on a common biradiddl intermediate cyclising to
benzofuran5 or attacked by water, is consistent with our expents. They argued that
heterolyticcleavage is usually seen forar excited states of benzyl esters, whereas lowest
excitation state of is nyt*. Biradical 8 corresponds to that proposed by Wirz et'ah the
case o#4, and the lifetime of the species was less than®2%Ve observe a species absorbing
at 365 nm, with a lifetime of about 2 ns. This &i@nt, observed during the femtosecond LFP
experiments, is tentatively assigned to the bi@d¢ because its decay corresponds to the
growth of the catior8 at 485 nm and gives the rate of F rele&se (6.05 + 0.89) x 1%in air
saturated MeCN).

Nanosecond and femtosecond laser flash photaygisriments show no transient above 550
nm. So the intermediate generating our product matybe ana-ketocation proposed by
Pirrung et al® *’(Scheme 28). The structuBesuggested by Rock and CRarationalizes the
two possible pathways to access to the final prizddde first one is the solvent addition, in
the subnanosecond time scale. The second pathepioeé the catio which deprotonates
to form the 3'-5-dimethoxy- 2-phenylbenzofurdn Scheme 29 summarizes the different

pathways involved in the photolysis &f
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Proposed mechanism:

MeO
MeO

hv

OMe
OMe

MeO.
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OMe 485 nm B)
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Scheme 28: First hypothetic mechanism proposetRérof 2.
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hv
MeCN / CF3CH,OH

MeCN / CF5CH,OH CFCH,0H

Scheme 29: Second mechanism proposed for LR of



4. Conclusion.

Our studies on 2-fluorobenzoirl)(and 3’,5’-dimethoxy-2-fluorobenzoin2) showed that
replacement of the leaving group by fluoride h#elinfluence on the reaction mechanism.
Three differences in the photolysis mechanism canobserved betweeh and 2. The
photochemistry of caged compoufgroceeds through the triplet state, thaRdahrough a
photoreactive singlet state. In the photocyclisated 2, the final benzofuran is mainly
formed through a slow deprotonation of a cat@ncontrary tol, for which the main
precursor seems to be a biradical. The solvent@dddormed directly from the biradical in
the case o2 andfrom ana-cation in photolysis of. Laser flash photolysis experiments with
2 have permitted to observe the long-sought birddicdecaying to form the cyclohexadienyl

cation3 which deprotonates to give the 5,7dimethoxy-2-gtEanzofuran.

MeQ
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5. Experimental.

5.1 Irradiation
Solutions were irradiated with a Hanau medium pressnercury lamp. A band-pass filter

was used to isolate the desired excitation wavéte(®8b4 nm for actinometry).

5.1 Nanosecond laser flash photolysis.

Laser flash photolysis experiments were carried lyt exciting the sample solutions
(absorbances of <0.5 ¢hat the excitation wavelength) with 20-ns, ca 100pulses of an
excimer laser (248 nm, KrF; 308 nm, XeCl; 351 nreFXLambda Physik Compex 205). A
pulsed Xenon arc was used as the monitoring lightce (cell path length 4.5 cm, orthogonal
to the excitation pulse). The detection systemwadlb monitoring of either the kinetics at a
single wavelength using a transient digitizer, leg tvhole transient spectrum, with a gated
diode arra§’. Measurements were made with fresh solutions, hwhiere replaced after each
flash.

5.2 Femtosecond laser flash photolysis.

Pump - probe spectroscopy was used to investigateegses on the subnanosecond time-
scale. The measurements were done with solutionsaaetonitrile, trifluoroethanol.
Experiments were carried out by exciting of the glensolutions with the 150-200 fs pump
pulse (at 263 nm, CPA-2001 Laser System manufatting Clark-MXR .Inc) of a
titanium:sapphire amplified laser system. The rewei of the laser output was used to
generate a white light continuum in a thick pietealcium fluoride and used as probe beam.
Transient spectra were collected within the wavglerange from 300 to 600 nm. A more

detailed description can be found elsewfere

5.3 Calculations.

SPECFIT 32 and origin 7.0 were used for global gsigland kinetics fitting respectively. CIS
and DFT calculation were carried out with the GAWS$ 03 package.
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7. Summary

Photoremovable protecting groups are used for adomange of applications in organic
synthesis, biophysics and biology. The study of phetorelease mechanisms is key for
understanding and controlling their activities anddetermine release rates. The benzoin
group presents a lot of advantages as a caging amamdpbecause it releases the protected
group rapidly and in high yields with> 300 nm forming an inert benzofuran by-product.
2-Fluorobenzoin X) and 2-fluoro- 3’,5’-dimethoxybenzoir2) were studied by steady-state
irradiation and laser flash photolysis in ordeestablish product distributions and to observe
transient intermediates. Our investigations showat tihe two benzoin derivatives have a
different photocyclisation mechanism.

Irradiation of 1 in MeCN produces the 2-phenylbenzofuran (withinr& through a fast
cyclisation-elimination process involvintl, observed in the femtosecond experiments. In
water or trifluoroethanol heterolytic dissociation®1 forms the tripleti-ketocation (570 nm,
400 ns), which reacts with the solvent after intstsm crossing to its singlet state.
Photocyclisation of in MeCN, on the other hand, produces the dimetpbggylbenzofuran
via the singlet state. . We observe a species hingpat 365 nm, with a lifetime of about 2 ns.
This transient, observed during the femtosecond ekperiments, is tentatively assigned to
the biradical8, because its decay corresponds to the growtheot#tion3 at 485 nm and
gives the rate of F releask £ (5.05 + 0.89) x 1din air saturated MeCN). The ultimate
intermediate has been assigned (Corrie, Wan)the dimethoxycyclohexadienyl catio8) (

(485 nm,7 =425 ns).
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9. Appendix

I've been involved during my PhD study in other jpaos like the investigations on the
mechanism of photorelease of choline from tNemethyl-N(o-nitrophenyl)carbamate
derivative, the synthesis of the dihydroxyindand drdiazoindan-2-one for a study of their
photochemistry. | also participated in the studyh® photochemical reaction mechanisms of
2-nitrobenzyl ethers by synthesizing 1-methoxymke@gitropiperonyl and doing some LFP
experiments with this compound. Some caged commwidch release calcium have been
also studied (nitr-5, nitr-9, DMNPE, NP-EGTA). Caboration on the kinetic study of
electron transfer through polyprolines gave intingsresults and that have been reported in

the following publication:

Bernd Giese, Matthias Napp, Olivier Jacques, HaBsrrmdebous, Alexander M. Taylor, and
Jakob Wirz, "Multistep Electron Transfer in Oliggieles: Direct Observation of Radical
Cation Intermediates”’Angew. Chem. Int. Ed. Engl. 2005 44, 4073-4075;Angew. Chem.
2005 117, 4141-4143.
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