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Photochemistry of para-substituted diphenyliodonium salts

Introduction

The first publication concerning diphenyliodonium salts appeared in 1894 and reported their
preparation’. This paper elaborated on even earlier work on the preparation of A -iodane (hy-
pervalent iodonium) compounds ?. The methods of synthesis of these compounds and their
applications in other syntheses have since continuously developed °. The photolability of io -
donium salts was first noted in the late 1950’s** which eventually led to extensive use of these
salts in both negative and positive photoresists, in industries applying photolithography, such
as computer-chip manufacturers’.

Over 130 patents and over 50 scientific publications have appeared mainly dealing with
alterations of the diphenyliodonium salts’ basic structure, mostly to serve specific industrial
applications. Lately, the industrial application of diphenyliodonium salts receives competition
from the triphenylsulfonium salts 7. The photochemistry of sulfonium salts, however, takes

place along the same lines as the photochemistry of diphenyliodonium salts*’.

The industrial applications spurred research on the mechanism of photolysis of diphenyliode
nium salts. The first flash photolysis experiments recognised the presence of the radical cation
of iodobenzene', and since the publication of that finding homolysis of the C-Ibond has been

considered a major, if not the major mechanistic pathway '“'2!3! In 1990 a mechanism was

Scheme 1: The mechanism of photolysis of diphenyliodonium salts'e.
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Chapter 2

proposed that today still is regarded to be the golden standard for these reactions (Schemé“I'y.
According to that mechanism the photolysis proceeds through heterolysis of the C-I* bond in
the singlet excited state, which produces a phenyl cation-iodobenzene pair, and homolysis of
the C-I* bond in the triplet excited state, which forms a phenyl radical-iodobenzene radical
cation pair'®. Both C-I bonds are prone to heterolysis and homolysis. The available information
allows no conclusion about the feasibility of interconversion of the two pairs, nevertheless this

process is thought to occur".

The intermediacy of phenyl cations '® in the photolysis of diphenyliodonium salts renews the
interest in (the mechanism of) the photolysis of these salts. The photochemical generation of
singlet phenyl cations, and even more so of triplet phenyl cations (Figure 1), is a fast-moving

area of research these days'**.

Figure 1: Singlet and triplet phenyl cations.
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The reported chemoselectivity of triplet (open-shell) phenyl cations compared to fairly un -
selective singlet (closed shell) phenyl cations may offer a compromise between a hyper-reactive
species and a desired selectivity of action. In this chapter investigations are reported about the
photogeneration of phenyl cations from the series of para-substituted diphenyliodonium salts
1-8 (Chart 1). The compounds were photolyzed in methanol and in acetonitrile in the pres -
ence of anisole to probe the reactivity of the product-forming intermediates as a function of

the substituent.

Chart 1: Compounds studied.

X hv (254 nm)
@—F CH,OH
hv (254 nm)
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CH,CN/ C4HOCH,
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1)S=H, X=BF,
2) S =CH,, X =BF,
3) S = OCH,CHj, X=BF,
4) S =CF,, X = BF,
5) S = C(O)OCH, X =BF,
6)S=CN, X =BF,
7) S = C(O)CH,, X = BF,
8) S =N(CH,), X=Br
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Photochemistry of para-substituted diphenyliodonium salts

Results and discussion
Syntheses

Six of the para-substituted phenyl(phenyl)iodonium tetrafluoroborates studied (1-4, 6 and 7)
are synthesised by treating the corresponding aryl boronic acids with an equimolar amount of
(diacetoxy)iodobenzene in the presence of two mole equivalents of hydrogen tetrafluoroborate
(in diethyl ether) at -30° C in dichloromethane, following a modified literature procedure?"*.
Iodonium salt 5 is prepared from 4-(diacetoxy)iodobenzoic acid methyl ester and phenylbo -
ronic acid following the same procedure as for1-4, 6 and 7. Compound 8 as tetrafluoroborate
salt is not stable and therefore the bromide salt was prepared from 4-N,N-dimethylamino -
benzene boronic acid and Koser’s reagent, hydroxy(tosyloxy)iodobenzene, (1/1 mole/mole), in

tetrahydrofuran at melting ice temperature, followed by tosylate/ bromide anion exchange.
Photolyses of 1-8 in methanol

Both the phenyl-iodonium bond A and the phenyl-iodonium bond B of the para-substituted
diphenyliodonium salts 2-8 are photolabile (Scheme 2). Heterolytic or homolytic fission of

Scheme 2: Product formation upon irradiation of 1-8 in methanol.
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Chapter 2

either bond results in the formation of four types of products. Upon A bond cleavage, apart
from the leaving group 9, the Friedel-Crafts type products 10a and 10b, the nucleophilic sub-
stitution products with the solvent 11 and the counter-ion 12, and the reductive dehalogena-
tion products 13 are produced. Upon cleavage of bond B, also a leaving groufi4 forms, next to
the Friedel-Crafts products 150, m, p, the nucleophilic substitution products, with the solvent
(16), and the counter-ion (17), and the reduction products18. One product, the ipso-substitu-
tion Friedel-Crafts product 19, can be produced through either A or B bond cleavage.

The composition of the product mixtures observed in the photolyses of 1-8 in methanol, at
low conversion, is recorded in Table 1. Various effects of the substituents are immediately clear.
The Friedel-Crafts type products 10a and 10b are formed only in the photolyses of2 (S = CH,)
and 3 (S = OCH ,CH,) and products 15 only in the irradiation of 1 (S = H); with 2-8 at best
traces of products 15 are observed (vide infra). The formation of ethers11 and 16 also shows a
remarkable substituent effect. Whereas A bond cleavage produces etherl1 in all cases, B bond
cleavage only yields ethers 16 in the case of the photolyses of 1, 2, 3 and 4 (S = CF,). Nucleo-
philic substitution products with the counter-ion, 12 and 17, are only found in the photolysis
of 8. The reduction products13 and 18 occur in all experiments. The ipso-substitution Friedel-
Crafts type products 19 are also generally encountered, but in the photolysis ofl -4 about twice

as much of these products is formed as in the photolyses of5-8.

Table 1: Results of the photolyses of 1-8 in methanol?=.

S 9 10a,b 1 12 13 14 15 16 17 18 19
1 H 5.8 19 16 58 34 19 16 12
2 (H, 5.1 3.9 13 13 43 d 1.6 1210
3 OCH,CH, 56  21° 08 14 48 d 03 23 14
4 CF, 9.1 25 20 83 d 04 56 11
5 C(O)OCH, 38 19 13 5.6 d 38 05
6 CN 33 2.7 16 6.7 d 50 05
7 C(O)CH, 2.7 1.7 1.5 59 d 26 06
8 N(CH), 6.7 03 04 29 116 d 36 16 07

2 Percentages of product, relative to internal standard (GC), after 90 minutes of irradiation.” Ratio of 10a:
10b is 11:1. < Ratio of 10a: 10b is 2.1:1. ¢ Formed in trace amounts, observed after evaporation of the
solvent (o, m, p ratios in Table 4).¢ Under the reaction conditions used for the photolysis experiments,
except for the light 1-8 are inert.

Photolyses of 1-8 in acetonitrile/ anisole 1/1

Under these conditions the same types of products can be formed as in methanol (cf. Scheme
2). The presence of the extra nucleophile anisole, however, does open an additional product-
forming pathway: substitution with this substrate yielding methoxybiphenyls20 upon A bond
cleavage and 4’-substituted-methoxybiphenyls21 upon B bond fission (Scheme 3).
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Photochemistry of para-substituted diphenyliodonium salts

Scheme 3: Additional products in the photolyses of 1-8 in acetonitrile/ anisole (compared to in
methanol).
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The composition of the product mixtures upon photolysis of ~ 1-8 in acetonitrile/ anisole is
recorded in Table 2. The Friedel-Crafts arylation of anisole yielding 20 and 21 is the major
product-forming pathway upon both A and B bond fission; the Friedel-Crafts products10, 15
and 19 are formed in negligible amounts compared to 20 and 21. No products of the nucleo-
philic substitution reaction with acetonitrile (acetanilides, formed through a Ritter reaction)
are found. Nucleophilic substitution products with the counter-ion (12 and 17) are produced
only in the irradiation of 8. The reduction products 13 and 18 are formed in every experiment

in this series.

Table 2: Results of the photolyses of 1-8 in acetonitrile/ anisole®’.

S 9 12 13 20 14 17 18 21 200:m:p 21o:m:p

1 H 20.8 69 271 208 6.9 271 69:11:20 69:11:20
2 (H, 27.1 72 251 185 110 207  71:11:18 73:11:16
3 OCH,CH, 20.7 55 223 179 78 179  66:11:23 74:11:15
4 CF, 19.8 57 191 243 5.6 452 70:09:21 71:11:18
5 C(O)OCH, 16.3 54 221 236 43 268  67:09:24 74:10:16
6 CN 109 53 222 247 36 36.7  65:10:25 78:08:14
7 C(O)CH, 13.1 51 224 228 48 312 67:10:23 76:10:14
8 N(CH), 142 41 52 96 181 120 11 1.6 771211 100:0:0

2 Percentages of total product formation (GC) after 90 minutes of irradiation.® Under the reaction
conditions used for the photolysis experiments, except for the light 1-8 are inert.

The ortho: meta: para ratios in which the Friedel-Crafts products20 and 21 are formed are also
presented in Table 2. In general, the percentage of ortho isomer is more pronounced upon B

bond cleavage, leading to 21, than upon A bond cleavage, leading to 20. For the para isomer
the reverse is true. For both cleavages higher ortho yields are connected to lower para yields

and vice versa.
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Chapter 2

Except for 8, the o: m: p ratios in 20 observed upon A bond cleavage are similar: the results of
the irradiations of 1, 2 and 4 are alike, as are the ratios obtained in the photolysis of3, 5, 6 and
7. The results of the irradiation of 8 also stand out for the B bond fission. No systematic varia-

tion in the o: m: p ratios in 21 found upon B bond photocleavage of2-7 is obvious.
Theoretical evaluation of C-I' bond cleavage pathways

The photochemical bond cleavage pathways of iodonium species have not yet been theoreti -
cally evaluated even though this has been done for sulfonium compounds ?, and for onium
compounds in general®.

The diphenyliodonium compound [A-I*-B] is considered as a system consisting of three
separate parts, A, I* and B, connected by two C-I bonds. As with the triphenylsulfonium comr
pounds’® the thermal dissociation process is expected to result in either [A* /IB] or [AI /B*] of
which the cation-molecule pair of lower energy will be preferred.

To describe the photochemical processes the following orbitals were taken into account:
the wand 7" orbitals of A (m, and mr,") and B (mr, and 7"), the o bonding and anti-bonding or-
bitals of A (0, and 6,") and B (0, and 0,") and a lone pair on iodine (n). The model was refined
by taking interaction of the  and o orbitals into consideration. The relative stabilities of the
structures that occur upon elongation of the A-I* bond from the equilibrium geometry struc-
ture (Figure 2) were HF/CEP-121G calculated®.

Figure 2: Equilibrium geometry of the diphenyliodonium compound.

The evaluation reported here indicates eight different intermediate-forming pathways. Elec -
tronic excitation of [A-I-B] may lead to a mm,” or a m.,” state. A relative preference of 71” over
m, or vice versa will depend on the electron richness of the aromatic rings. These configura -
tions are non-dissociative. However, following the potential energy curve (along the C-Tbond
elongation) they connect with the dissociative 0o~ states in the nearest and in the opposite
C-Ibond. The 0,0, state correlates with an Ae/Ble+ pair and the o 0" state with a Be/ Ale+
pair. So, in the case of e.g. am ,>m, excitation an As/ Ble+ pair may be produced next to a
Be/ Ale+ pair.
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Photochemistry of para-substituted diphenyliodonium salts

Also, direct dissociative n>0" excitations are possible: n,>0,’, n,>0,’, m,>0,’, and m >0,
The 0, state leads to an (A *)"/Bl ion pair, in which (A *)" is the excited state of the phenyl
cation (which is an open-shell species). The  ,c," and the 7,0, states lead to a Be/ Ale+ pair
and an A«/Ble+ pair, respectively. The m o, state leads to a (B *) /Al ion pair. Like (A*)", (B*)’
is the excited state of the phenyl cation. If (A*)" and (B*)" are not sufficiently stabilised by their
substituents, or not efficiently trapped, they may convert to their ground state configuration.
Further, excitations to the dissociative ng state, of a lone pair on iodine to an anti-bonding

o’ orbital, are possible. They lead to an Ae/ Bls+ pair from no,” and a Be/Ale+ pair from no,’.

Product-formation may be possible through all 8 channels because energy differences are
small. Many of the states are close in energy and may be connected. In particular the to ">
oo’ conversion is likely, if both states have a ¢ orbital in common. These processes (m,0," into

* *

0,0, ,m,0, into o0, ', M0, into 0,0,’,and m 0, into 0,0,") result in interconversion of the
radical pairs or conversion of a ion pair into a radical pair. The conversions are less likely if the
fragments are well-separated or stabilised. Solvation upon elongation of the C-I* bond and/or
stabilisation by means of appropriate substituents may be of decisive influence on the relative

stabilities of the possible intermediates.

The presence of an iodine atom induces efficient intersystem crossing which converts a mol -
ecule from its singlet excited state into its triplet excited state. For that reason, the photochem
istry of diphenyliodonium salts is thought to take place through the triplet excited state. That in
these compounds, the iodine is dicoordinated should be of no concern, because the spin-orbit

coupling, that causes the intersystem crossing, is only proportional to the atomic number®.

Substituents on diphenyliodonium salts not only affect the relative stabilities of the fragments
of the photoinitiated bond cleavage reactions. They also have more fundamental effects: a) On
the energy and the nature of the orbital from which excitation takes place, the highest occupied
molecular orbital (HOMO). b) On the efficiency of intersystem crossing (ISC). E.g. the acetyl
substituent, that possesses an easily accessible triplet nm” state of its own, at the para-position
of phenyldiazonium salts, gives efficient ISC and thereby a triplet pathway in product-forma-
tion**?. The same effect may be exerted by other carbon-heteroatom double-bond containing

substituents.

Photoreactivity of 1-8 in methanol

The sum of the amounts of leaving groups 9 and 14 as a function of the time of irradiation *
forms an indication for the progress of the photoreactions (Figure 3). These graphs show that

the photoreactivities of1-8 are subject to an unexpected order of substituent effects, not similar

to the effects in thermal reactions. In the thermolysis of iodonium compounds the difference
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in electron densities in the two C-I bonds, that are modified by substituents on the ring, de
termines the overall stability®. The stability is enhanced by ortho and para electron-donating

substituents. This rationale does not hold for the stability upon irradiation.

Figure 3: The formation of 9 + 14 from 1-8 as a function of time of irradiation.
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The photoreactivities of both the EDG-substituted 2 and 3 and the EWG-substituted 5-7 are
similar but all reactions proceed slower than the photolysis ofl. On the other hand, the EWG-
substituted 4 and the EDG-substituted 8 are more photoreactive than 1. The decreased photo-
reactivity of 2 and 3 is probably due to the inductive or mesomeric stabilisation of the positive
charge on the iodine centre. Likewise, the high photoreactivity of4 is caused by destabilisation
of the iodonium cation by the strongly electron-withdrawing CF , group. The EWG-substitu-
ents (S = C(O)OCH,, CN, C(O)CH,) in 5, 6 and 7 also will destabilise the positive charge, but
these substituents are known to induce an alternative pathway of deactivation of the excited
state leading to non- or less-productive (photon wasting) nrt excited states.

The UV-Vis spectrum of8, the most reactive compound, in methanol and acetonitrile (Ta
ble S1 in the Experimental Section) shows an absorption maximum at much longer wavelength
than the other salts, in solution. This red-shift is probably caused by strong mesomeric delocal
isation of the positive charge by the electron-donating N(Me) group (Scheme 4). Mesomeric*
structure 8-m is proposed to contribute to the instability toward light by opening alternative,

more efficient, C=I/C-I bond cleavage channels.
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Photochemistry of para-substituted diphenyliodonium salts

Scheme 4: Mesomeric structure of 8.

CH
3\

8 mesomer 8-m

Photoselectivity in 1-8

The ratios in which the leaving groups 9 and 14 are produced, are indicative of the relative

occurrence of A bond cleavage and B bond cleavage inl-8. These ratios are substituent depenr
dent (Table 3). The EDG-substituted salts 2 and 3 favour A bond cleavage over B bond cleav-
age, probably because of the increased electron density in the B bond. The EWG-substituted4
and 5-7 act the other way round. The ratio found in the photolysis of8 does not fit the picture.
The expected increase in the bond order of bond B *' does not bring about a 9 to 14 ratio > 1
as with iodonium salts 2 and 3. Fission of bond B in 8 presumably is more efficient than in 1

or 2 (See above)

Table 3: The ratio of 9 to 14.

Salt S Ratio
1 H 1.0
2 CH, 15
3 OCH,CH, 1.2
4 CF, 08
5 C(0)OCH, 07
6 CN 04
7 C(O)CH, 0.6
8 N(CH,), 0.8

Regioselectivity of product formation
According to the theoretical evaluation, products 15 and 19 are formed via a Friedel-Crafts

type recombination of the fragments produced upon either a homolytic or a heterolytic cleav

age of the aryl-iodonium bond (B) of the triplet excited state (Scheme 5).
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Scheme 5: Possible reactive intermediates, leading to recombination products 15 and 19.
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Homolysis gives a phenyl radical-iodobenzene radical cation pair in its triplet state, which
also may be formed through heterolysis to the open-shell phenyl cation {I,)-iodobenzene pair
followed by electron transfer. This triplet radical pair is less likely to produce recombination
products and will preferentially form the leaving groupl4 and the reduction product18 (route
a). Radical recombination yielding 15 and 19 (route b) is only possible in the singlet radical
pair, which may have formed after spin-inversion. Oxidation of methanol by the iodobenzene
radical cation, which produces the phenyl radical ( I+)-iodobenzene pair, may also lead to re -
combination products (route c)*. The open-shell phenyl cation °I,, formed upon heterolysis,
may convert to its ground state singlet (closed shell) manifold 'I, via spin-inversion to the
singlet open-shell cation 'I, followed by intramolecular electron transfer. The phenyl cation
('I,)-iodobenzene pair may give rise to the recombination products 15 and 19 (route d), just
like its predecessors, the phenyl cation (I, and °I,) iodobenzene pairs (routes e' and ¢°). The o,
m, p pattern of products 15, (Table 4), albeit formed in minute amounts with 2-8, sheds light

on the actual product-forming intermediate (routes b-e).
Recombination of the singlet phenyl radical-iodobenzene radical cation pair (route b) is ex -

pected to take place at the position(s) with highest spin density. According to the PM3-cal -

culated spin-densities in the radical cation of iodobenzene (Scheme 6), the ipso and the para
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Photochemistry of para-substituted diphenyliodonium salts

Table 4: O: m: p ratios of products 15 obtained after concentration of the reaction mixtures.

S 150: m: p ratio

1 H 85:6:9

2 CH, 79:10:11

3 OCH,CH, 87:6:8

4 CF3 66:6:27

5 C(O)OCH, 72:5:23

6 CN 71:4:35

7 C(O)CH3 66:5:29

8 N(CH,), 823:15

position would be the preferred sites of attack leading to ipso- and para- substituted products.
Mesomeric structures of the distonic iodobenzene radical cation also indicate that the ortho
and para position possess most of the radical functionality. The thermolysis of diphenyliodo -
nium salts in anisole, which predominantly produces the singlet phenyl radical-iodobenzene
radical cation pair, yields products 15 in an o, m, p ratio of 35:11:54 and in 2.6 fold excess over
the ipso substitution product 19% The different regio- and chemoselectivity in the thermolysis
and the photolysis make route b unlikely for the formation of15 and 19.

A phenyl radical-iodobenzene pair'? can also not be held accountable for the Friedel-Crafts
type product pattern (route c). Photolysis of iodobenzene in acetonitrile (4/1) produces a phe
nyl radical that reacts with iodobenzene itself and yields 15 in an o, m, p ratio of 64:28:8, in 11
fold excess over biphenyl 19. These data are in agreement with literature data for the radical
phenylation of iodobenzene (0: m: p = 55:28:17)* but not with the data in Tables 1 and 4.

Scheme 6: PM3-calculated spin densities in and resonance structures of the radical cation of
iodobenzene.
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Recombination of the closed shell phenyl cation 'I, and iodobenzene (route d) is also not the
source of the iodobiphenyl products. The generation of the parent singlet phenyl cation by B-
decay of ditritiobenzene in the presence of chlorobenzene yields chlorobiphenyls in ano, m, p
ratio of 50:29:21*. A similar ratio is expected for the reaction between that cation and iodoben
zene. The different o, m, p ratios in which the iodobiphenyls15 are produced in the photolyses
of 1-8 (Table 4) and in the B-decay, rule out'I  as product-forming intermediate.

The open-shell cation *I, is a soft Lewis acid and is expected to attack iodobenzene (route
%) with the regioselectivity of an electrophilic radicaloid species ( 0> m > p, as with Ie, or

with 'I ) but, contrary to these intermediates, also with a preference for polarisable (soft Lewis

Scheme 7: Mechanism of formation of 15 and 19.
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Photochemistry of para-substituted diphenyliodonium salts

base) positions (i > o >> m, p). The cations formed upon irradiation of 1-3 (S =H, CH , and
OCH,CH,) react with iodobenzene to produce mainlyipso and ortho diradical cation addition
complexes (Scheme 7). After spin-inversion and loss of a hydrogen atom or an iodine atoml 5
and 19 are produced. The o, m, p ratios of 15 produced upon photolysis of 1-3 (Table 4) indi-

cate the cations to be of triplet nature CL,).

The higher percentage of the paraisomer in product 15 in the irradiation of 8 is caused by
the strong mesomeric electron-donating effect of the N(CH ,), group. Upon formation of the
initial addition complex and spin-inversion, the delocalisation of the positive charge onto the
nitrogen substituent, grants a cationic spiro-compound to form (Scheme 7). In turn, the spiro-
compound opens to the more stable Wheland-intermediate (o, p > m). Upon cleaving off I' or
H*, 19 and 15 are produced. This pathway allows conversion of the initialneta distonic diradi-
cal cation into either the ortho or the para Wheland-intermediate, which causes an increase in
para and a depletion in meta product 15.

The electron withdrawing substituents in 4-7 (S = CF ,, C(O)OCH ,, CN and C(O)CH )
destabilise *I,. Therefore a swift isomerisation to 'I, (and further to 'I ) is expected. The open-
shell cation 'I, is expected to attack iodobenzene with the regioselectivity of a singlet carbene
(route €') which directly yields the cationic spiro-compounds with a preferencei, o > o, m and
m, p (Scheme 7). Opening of the spiro-compounds to the more stable Wheland intermediate
(0, p > m) and subsequent expulsion of I* or H* produces 19 and 15. The o: m: p ratios of 15
produced upon photolysis of4-7 (Table 4) substantiate the intermediacy of'L,.

The formation of10, which occurs through A bond cleavage, only takes place in the photolyses
of 2 and 3. The isomeric distribution between 10a and 10b is caused by the balance of radical
stabilizing effects of the two substituents at the substrate that govern the position of attack of
the radicaloid electrophilic triplet phenyl cation. The non-formation of productd0 in the pho-
tolyses of 4-7 is caused by the double electron-withdrawing substituted aromatic fragment be
ing less activated for electrophilic attack than the CH,- and OCH,CH,-substituted fragments.
The lack of formation of 10 in the photolysis of 8 is attributed to trapping of the product-
forming intermediate by the counter-ion Br- instead of by the iodoaromatic fragment. These
arguments also explain why less19 is formed in the photolyses of5-8 than in the photolyses of
1-3. The unexpectedly large percentage of 19 in the photolysis of 4 is due to the relatively high

conversion in this photoreaction.
Chemoselectivity
Nucleophilic substitution with the solvent, yielding the methyl ethersl1 and 16, is the result of

the attack of the phenyl cation intermediate'l , a hard Lewis acid, at the n-electrons of metha-

nol®, a hard Lewis base. Subsequent loss of a proton gives the methyl ether products (as to the
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counter-ion, no Schiemann product of the parent phenyl cation with BF " is observed under
the reaction conditions). The reaction is a major product-forming route upon A bond cleavage
of the iodonium salts under study (Table 5, column 3). Only in the case of the OCH,CH,- and
N(CH,), substituted salts 3 and 8, its role is diminished. Upon B bond fission, only in the pho
tolysis of 1 and 2, and much less so in 3 and 4, reactions occur of the phenyl cation'I, with the

solvent, leading to 16.

Table 5: Formation of ethers 11 and 16 and reduction products 13 and 18 (relative to the formation
of the leaving group in the cleavage leading to that product).

s 1 16 13 18
1 H 033 033 0.28 0.28
2 CH, 025 037 025 0.28
3 OCH,CH, 0.14 0.06 025 048
4 G 027 0.06 022 067
5 ClO)OCH, 05 034 067
6 N 0.1 048 075
7 CO)CH, 063 0.6 0.44
8  N(CH,), 0.04 043 0.14

Reduction, yielding 13 and 18, is the result of hydrogen atom abstraction from the solvent by a
phenyl radical intermediatele, formed after homolysis from the triplet excited state. Unlike the
nucleophilic substitution products, the reduction products 13 and 18 are found in all experi -
ments (Table 5). An alternative route for the formation of the reduction products13 and 18 is
through the triplet (open-shell) phenyl cations. These ions may abstract a hydrogen atom from

the solvent and produce radical cations, which upon electron transfer give13 or 18.

The bromides 12 and 17 in the photolysis of8 (Table 1) are produced by trapping of the phenyl
cations by the bromide anion. Cation °L, a soft Lewis acid, is expected to be trapped more
efficiently by the bromide anion, a soft Lewis base, than the closed shell cation 'I, (HSAB
principle). The formation of 12 and 17 therefore is attributed to the intermediacy of the triplet

phenyl cations *I, generated upon A and B bond cleavage.
Regio- and chemoselectivity of 1-8 in acetonitrile/anisole

Comparison of the product patterns in Table 2 with those of the phenyl cation and the phe -
nyl radical under similar reaction conditions reveal the nature of the product-forming in -
termediate. The B-decay of 1,4-ditritiobenzene, which forms the singlet phenyl cation 'I, in
anisole, produces 20 in an o, m, p ratio of 65:13:22*. The amount of reduction product could

not be determined because monotritiobenzene can not be distinguished from ditritiobenzene.
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The photolysis of iodobenzene, which produces the phenyl radical, in acetonitrile/anisole
yields products 20 in an o, m, p ratio of 75:13:12 and in a 2.1 fold excess over the reduction

product 13.

The o, m, p ratios of20 collected in column 11 of Table 2, except fo8, all are similar to the ratio
observed in the literature for the singlet phenyl cation, which indicates'I, as product-forming
intermediate in Scheme 3. The slightly higher percentages of 20-ortho and lower percentages
of 20-para in the photolysis of1, 2 and 4 may be due to a contribution of a phenyl radical route

to the formation of 20.

The o, m, p ratios observed for biaryls 21 in the photolysis of 1-7 (Table 2, column 12) show
similarity with the ratio typical for the singlet phenyl cation (65:13:22) and with the ratio typt
cal for the phenyl radical (75:12:13). However, the excess of arylation over reduction with1-7,
indicates that the radical pathway is not a major product-forming route. It does contribute to
some extent in the photoreactions of2 and 3.

The o, m, p ratios found for products 21 are attributed to the combined reactivity of the
closed shell phenyl cations ('I,) and the triplet phenyl cations (’L,). Triplet phenyl cations sub-
stituted with an EWG, prepared photochemically from the corresponding diazonium com -
pounds, are also found to give products with o, m, p ratio characteristic of a phenyl radical,
and to preferentially arylate an aromatic substrate over abstracting a hydrogen atom from the
solvent (See Chapter 4).

In the photolysis of 8 only a small (A: 1.8, B: 1.5 fold) excess of arylation over reduction is ob-
served. The production of 200, m, p in a ratio typical for a phenyl radical intermediate and the
selective formation of21e, which is also observed in the photolysis of iodobenzene in anisole at
very low conversion, indicate that the formation ofl3, 18, 20 and 21 from 8 largely takes place
through a phenyl radical intermediate.

This certainly does not mean that no phenyl cation is produced upon irradiation of 8. If
formed, the open-shell phenyl cation is trapped more efficiently by the counter-ion bromide
than by anisole. The contribution of the photohomolysis now becomes visible through its dis-

tinct product pattern of aromatic substitution and hydrogen atom abstraction.

Conclusions

The regio- and chemoselectivities observed in the photoreactions of the iodonium salts ~ 1-8
lead to the proposal for the mechanism of the photolysis of diphenyliodonium salts depicted in
Scheme 8. The C-I* bond cleavages proceed from the triplet excited state. The bond fission oc

curs mainly heterolytically, yielding the open-shell aryl cations *L. Intermediates I» generated
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through homolysis, or through electron transfer from °I, play a minor role. This proposal is

supported by the results of the theoretical evaluation of the bond cleavage reactions.

Scheme 8: Proposed mechanism of photolysis of diphenyliodonium salts.
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If °I, is destabilised by an EWG, the triplet to singlet cation conversion is faster than trapping
by the internal nucleophiles iodobenzene or bromide anion. In that case the'l, state is trapped
by the internal  nucleophile iodobenzene. Further isomerisation leads to  'I, which may be

trapped by external nucleophiles such as methanol.

In the presence of the external n- and n-nucleophile anisole an almost uniform product pattern
is found in all irradiations. The time necessary for the °I, intermediates formed in the irradia-
tion of 1-7, to react with anisole, is enough to almost completely isomerise to their 'I, ground

state and react as such. The cation’I, formed in the photolysis of 8 is the ground state.
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Experimental Section
Materials

All solvents are distilled prior to their use in synthesis. The iodonium saltsl-4 and 6,7 are syn-
thesised from the corresponding, commercially available, 4-substituted phenyl boronic acids,
according to an altered literature procedure?’? 1.61 g of (diacetoxyiodo)benzene (5 mmol) is
suspended in 40 mL dichloromethane. The white suspension is cooled to -30°C in a dry ice/
acetone bath and 1.63 mL of 54% w/w HBE, in diethyl ether (10 mmol) is added drop by drop.
A yellow solution is formed. After stirring for 30 minutes the reaction mixture is cooled to
-30°C and the para-substituted phenyl boronic acid (5 mmol) is added. The mixture is stirred
until all boronic acid has dissolved. If after two hours of stirring still some phenyl boronic acid
is left, the mixture is filtered. The reaction mixture is dried with MgSO,. Most of the dichloro-
methane is evaporated until about 5 mL solution is left. Diethyl ether is added dropwise which
causes the raw product to precipitate. The white crystals are filtered and washed with diethyl
ether. The products are crystallised three times from dichloromethane/ ether. Yields + 80%.
NMR ('H, CDCL,, 300 MHz): 1: 7.50-7.56 (t, 4H); 7.66-7.72 (t, 2H); 8.15-8.19 (d, 4H). IR (neat,
cm™): 447, 458 (C-1 *)*, 521, 647-682-746 (peaks characteristic of diphenyliodonium salts),
1020 (broad, peak BF,), 3090. 2: NMR ('H, CDCI,, 300 MHz) 2.40 (s, 3H); 7.32-7.36 (d, 2H);
7.48-7.54 (t, 2H); 7.64-7.70 (t, 1H); 8.01-8.05 (d, 2H); 8.11-8.15 (d, 2H). IR (neat, cm ): 448,
479, 522, 650-676-744, 1020, 3090.3: NMR (‘H, CD,OH 300 MHz) 1.35-1.41 (t, 3H); 3.96-4.04
(9, 2H); 6.88-6.92 (d, 2H); 7.37-7.43 (t, 2H); 7.51-7.57 (t, 1H); 7.93-7.98 (d, 4H). IR (neat, cm"
"): 454, 508, 520, 654-678-739, 1020, 1256 (C-0), 2983, 3099.4: NMR (‘H, CD,OH, 300 MHz)
7.53 (t, 2H); 7.69-7.75 (t, 1H); 7.79-7.83 (d, 2H); 8.21-8.24 (d, 2H); 8.34-8.38 (d, 2H). IR (neat,
cm): 452, 493, 524, 654-678-746, 1020, 1322 (C-F), 1400, 3099.  6: NMR ('H, CD,OH, 300
MHz) 7.53-7.59 (t, 2H); 7.70-7.76 (t, 1H); 7.84-7.88 (d, 2H); 8.19-8.23 (d, 2H); 8.30-8.34 (d,
2H). IR (neat, cn1'): 457, 521, 543, 654-680-750, 1020, 2248 (&N), 3093.7: NMR ('H, CD,0OH,
300 MHz) 2.61 (s, 3H); 7.52-7.58 (t, 2H); 7.68-7.74 (t, 1H); 8.04-8.08 (d, 2H); 8.19-8.22 (d, 2H);
8.27-8.30(d, 2H). IR (neat, cm™): 459, 522, 654-683-714, 1020, 1670 (C=0), 3090.

In order to synthesise5, 4-iodobenzoic acid is esterified to 4-iodobenzoic acid methyl ester
according to a literature procedure®. This ester is oxidised to 4-iodobenzoic acid methyl ester
diacetate”. From this compound 5 is synthesised by reacting it with phenyl boronic acid using
the procedure described above. Yield = 75%. NMR ( 'H, CD,OH, 300 MHz): 5 4.02 (s, 3H);
7.61-7.68 (t, 2H); 7.78-7.84 (t, 1H); 8.17-8.21 (d, 2H); 8.26-8.30 (d, 2H); 8.33-8.37 (d, 2H). IR
(neat, cm™): 448, 471, 519, 652-679-748, 1020, 1303 (C-0O), 1704 (C=0), 2950, 3090.

Iodonium salt 8 is synthesised from 4-N,N-dimethylaminobenzeneboronic acid (5 mmol)
en hydroxy(tosyloxy) iodobenzene (Koser’s reagent) (5 mmol) in THF. The reaction mixture is
stirred for 90 min at 0°C. Evaporation of THF leaves a green product: the tosylate salt of. This

product is dissolved in dichloromethane and the solution is washed three times with a satu -
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rated KBr solution in water. The organic layer is dried with MgSQand evaporated. Crystallisa-
tion from dichloromethane/pentane for three times yields green powderish bromide salt 8 in
28%. NMR (*H, CD,0OH, 300 MHz): 3.03 (s, 6H); 6.72-6.79 (d, 2H) 7.45-7.52 (t, 2H); 7.60-7.66
(t, 1H); 7.86-7.92 (d, 2H); 8.00-8.04 (d, 2H). IR (neat, cm™): 456, 502, 652- 682-746, 1063 cm'*
(C-N), 1599 cm™ (C=C), 2850 cm™, (C-H); 3090 cm™'.

Table S1: UV-Vis spectra of 1-8 in methanol and acetonitrile (A in nm, € in M-'cm™).

S }\max, MeOH smax# 8254# )\max, ACN Emax# 8254#
1 H 2259 2.56*10* 421%10° 2291 2.02*10* 9.10%10°
2 CH 2449 2.61*10 21210 250.0 1.74%10* 1.68%10*
3 OCHCH, 247.0 1.82%10* 1.56%10* 2511 1.55%10* 1.52%10*
4 CF 226.0 1.75%10* 1.76*10° 226.0 2.14*10* 8.52*10°
5 C(O)OCH, 236.0 1.83%10* 6.68%10° 238.0 2.60%10* 6.68*10°
6 CN 236.9 3.17%10* 9.61*10° 239.0 2.93%10* 1.54*10*
7 C(O)CH, 2440 3.36*10* 2.35%10* 2440 0.27%10* 2.09%10*
8  N(Me), 304.0 2.03*10* 1.37%10* 3111 1.70¥10° 1.95%10*

#¢__ isabsorption coefficient at maximum absorption, € ., is absorption coefficient at A = 254 nm.

254

Photochemistry

The photochemical reactions in methanol were carried out in quartz tubes equipped with a
rubber seal, that are placed in a merry-go-round apparatus. A Hanau TNN-15/32 low pres -
sure mercury lamp placed in a water cooled quartz tube is used to supply light with a main
emission at A = 254 nm. For the irradiations 0.02 M solutions of the iodonium salts 1-8 in 10
mL methanol are prepared. 25 puL n-decane is added as internal standard. Samples (200 pl) are
taken at t = 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 70 and 90 minutes of irradiation. Up till that time
the conversions are still low and all products are primary products. The samples are added to
500 pL water and 300 pL ethylacetate. The organic layers are analysed by GC and GC-MS. The
90 minutes irradiation mixtures are poured in 50 mL water and extracted with 10 mL ethyl-
acetate. The organic layer is separated and dried with MgSQ. The solvent is evaporated and the
residues were redissolved in 0.5 mL dichloromethane for GC and GC-MS analysis.

The photochemical reactions in acetonitrile/anisole were carried out in quartz tubes
equipped with a rubber seal. The starting materials were dissolved at 0.02 M in 10 mL 1/1
acetonitrile/anisole. 25 pL n-Decane was used as internal standard. The tubes were placed in
a Rayonet Reactor (RPR200) fitted with seven 254 nm lamps and stirred. The photolyses of
the salts 1-8 were followed as a function of time by taking aliquots (0.2 mL sample) and add -
ing them to 0.5 mL water + 0.3 mL ethylacetate. The organic layers were analyzed by GC and
GC-MS.
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Photoproducts

The assignment of the structures by GC and GC-MS was confirmed by coinjection of com -
mercially available or independently prepared products. Products 9, 11, 12, 13, 14, 16, 17, 18
and 200, m, p are commercially available. Products 10a-CH,/10b-CH, and 10a-OCH,CH./
10b- OCH,CH, are prepared by reacting benzenediazonium tetrafluoroborate with9-CH, and
9-OCH,CH, in acetonitrile. The reaction mixtures were diluted with ethylacetate and used

as such for coinjection. The Friedel-Crafts products 15-H are prepared by reacting benzene -
diazonium tetrafluoroborate with iodobenzene in acetonitrile (1/1). The ethylacetate-diluted
product mixture is used for coinjection. The structures of all other products 15 (Table 4) are
assigned tentatively. The ipso-substitution products 19 were prepared photochemically from
either 9 or 17 and benzene, dissolved in acetonitrile (1/1) at ) =254 nm in a RPR200 Rayonet
reactor. The irradiation mixtures were poured in water and extracted with ethylacetate. Prod-
ucts 21 are prepared photochemically by reacting with anisole dissolved in acetonitrile under

the same reaction conditions as used for 19.
Equipment

UV spectra were recorded at room temperature on a double beam Varian DMS 200 Spectro -
photometer, if applicable with pure solvent in the reference cell. 'H-NMR spectra were re -
corded on a DMX 300, using DMSO D as solvent. As analytical GC a Hewlett-Packard 6890
model was used, equipped with a automatic injector, fitted with a CP-Sil5-CB column (25 m,
0 = 0.25 mm, 1.2 pm) using hydrogen as carrier gas. The Flame-Ionisation Detector (FID) was
calibrated using commercially available reference chemicals. HP Chemstation was used for the
analysis of the analytical data. Mass spectra were measured on a GC-MS set-up consisting of a
Hewlett-Packard 5890 series 2 model GC, equipped with a automatic injector, fitted with a AT-
5MS column (30 m, ¢ = 0.25 mm, 0.25 pm) using helium as carrier gas. The GC was coupled
to a Finnigan Mat SSQ 710 mass spectrometer, employing electron-impact as the ionisation
method. The GC-MS data was analyzed with Xcaliber.
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