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ABSTRACT: Alkyl radicals are obtained by photocatalytic oxidation of readily prepared or commercially available zinc sul-
finates. The convenient benzylation and alkylation of a variety of electron-poor olefins triggered by the iridium(III) complex
6 Ir[dF(CF3)ppy]2(dtbbpy)PFs] as photocatalyst is described. Moreover, it is shown that zinc sulfinates can be used for facile

non-radical sulfonylation reactions with highly electrophilic Michael acceptors.
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Sulfinates derivatives have been introduced in organic
chemistry since the early 1900’s.! They are a class of easily
accessible or commercially available starting materials
with versatile reactivity, as they can be nucleophilic or
electrophilic depending on the reaction conditions.? Many
sulfinates can be readily prepared up to the kilogram scale
and are stable under ambient conditions.? Lately, oxidative
conditions were applied to the generation of radical spe-
cies starting from sulfinates,* taking advantage of the fact
that oxidation potentials of sulfinates are lower compared
to other precursors of radicals, such as carboxylates.5 Ex-
trusion of SOz induced by oxidative conditions generates
the corresponding aryl or alkyl radical.® Recently, a radical-
based functionalization strategy’ that involves the use of
sodium and zinc bis(alkylsulfinate) reagents has been de-
veloped by Baran (Scheme 1).° Alkyl sulfinates are also ac-
cessible by the procedures developed by Willis.? Sulfinates
have been employed in different radical-based reactions.
Examples include Minisci type reactions,08¢ fluoroalkyla-
tion of thiols and enones!!, sulfonylation of arylacetylene
acids,’? and decarboxylative fluoroalkylation of o,B-
unsaturated carboxylic acids.13

The use of sulfinates in photoredox catalysis, where radical
species are produced by an oxidation reaction induced by
the photo catalyst, has been also reported.'* In particular,
the photocatalytic sulfonylation of alkenes with aryl'42 and
alkyl sulfinates® has been described.

BUOOH
@ H + (R-S05,),Zn - H,0 5 R
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SCHEME 1. Baran’s synthetic procedures with zinc sul-
finate reagents.

On the other hand, benzyl- (and alkyl-) sulfinates have not
been yet investigated to accomplish photocatalytic radical
alkylation of electron poor olefins (Giese reaction)?>. In-
deed, the use of benzyl radicals in photoredox reactions
was described by Nishibayashi'¢, Fagnoni,'” and Melchior-
re,'8 but these intermediates are rather persistent and inef-
ficiently trapped by Michael acceptors. As pointed out by
Melchiorre,!® the large resonance stabilization of benzyl
radicals hampers ready addition to electron-poor olefins,
which results in the formation of dimeric bibenzyl deriva-
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tives. Therefore, Michael addition of benzylic radicals is
rather difficult. Recently, a more general benzylic alkyla-
tion of Michael acceptors was reported, using mesityl-10-
methylacridinium perchlorate.’® However, this strategy
requires a strong oxidizing power, because benzylic radical
cations are obtained by oxidation of alkylaryl derivatives
(E1/2"9* photocatalyst = +2.06 vs SCE in MeCN).

Prompted by our interest in photoredox catalytic reac-
tions,?? herein we describe a new procedure to accomplish
the difficult radical benzylation of electrophilic alkenes, by
using benzylic sufinates in combination with commercially
available photocatalysts and visible light irradiation. Then,
we demonstrate that the scope of the reaction can be ex-
tended by using also alkylsulfinates.

As mentioned in the introduction, benzylic sulfinates are
readily accessible reagents. Indeed, sodium and zinc ben-
zylic sulfinates were prepared by reduction of the corre-
sponding sulfonyl chlorides (Scheme 2).10

i) Na,SO.
Br L, SO,CI
. H,0, 80 °C, 4h
R R R R!

1ag )POCI;or SOC 2a-f
Zn
EtOH,
80 °C
SO,Na
/©\/\1 /©\/\SOZ Zn
4a-f 2
R=H, R'=H a R=F, R'=H,d
R=CF; R'=H,b R=Cl, R'=He
R=Me, R'=H, ¢ R=H,R'=Clf

SCHEME 2. Preparation of benzylic sodium (3a) and
zinc sulfinates (4a-f).

Starting from the bromide analogues, sulfonyl chlorides
(2a-f) were synthesized in a two-step protocol by reaction
with NazSOs, followed by treatment with POCls or other
reagents such as PCls or SOCl.. Sulfonyl chloride 2a was
reduced with sodium sulfite (Scheme 2) to give the corre-
sponding sodium sulfinate (3a). Zinc sulfinates (4a-f) were
conveniently prepared from sulfonyl chlorides (2a-f) by
reduction with zinc, which was activated with the Knochel
procedure.?!

The alkylidene malonate (5a) was chosen as model com-
pound and the reaction with benzyl sodium sulfinate 3a
was evaluated by varying numerous parameters in the
presence of different photocatalysts (see SI for full details).
Satisfactory results were generally obtained by using a
mixture of EtOH or DMSO with H20 as reaction solvent, in
the presence of the iridium (III) photocatalyst (6). Other
photocatalysts with appropriate oxidative potential such
as eosin Y°® or 9-mesityl-10-methylacridinium tetra-
fluoroborate?? gave no conversion under the examined re-
action conditions.

By employing as photocatalyst the iridium(III) complex
(6), the thermodynamic limit for the electron transfer be-
tween (6) and sulfinate is dictated by the excited state
properties of the photocatalyst.
Ir[dF(CF3)ppy]z(dtbbpy)PFs] (6) can absorb photons in the
visible spectral window, generating a powerful oxidizing

excited state *Ir[dF(CFs)ppy]z(dtbbpy)PFe] (Ei2*W/0I = +
1.21 V vs saturated calomel electrode).?3

COOMe BnSO;,Na (3a), 3 equiv COOMe

6), 1 mol%
~coome Ok 1Mmo%  _Bn COOMe

R 4:1 EtOH:H,0, 16 h R
R=isoBu, (5a) Plueled @4W) 2 450 cony,
89 % yield
—-®
©

tBu | PFe

N\ 7/ \ 7/

tBu

IrfdF(CF 3)ppy](dtbbpy)PF ], (6)

SCHEME 3. Photoredox benzylation of alkylidene ma-
lonate (5a).

The reduced Ir[dF(CF3)ppy]z(dtbbpy) generated by oxida-
tive quenching is a strong reductant (E12"/' = - 1.37 V vs
saturated calomel electrode).?®> Sodium alkyl sulfinates
(Ered [RSO2:/RS027] =~ +0.45 V vs SCE) " are suitable sub-
strates for the reaction. Unfortunately, even if we found
satisfactory conditions (Scheme 3), the reaction was quite
difficult to be reproduced. We found that benzylic sodium
sulfinates were unstable, even if stored under argon at -20
°C (see SI for details) and this was the origin of the ob-
served problems.2* Therefore, we turned on the more sta-
ble and less reactive zinc sulfinates; although they are
more difficult to be oxidized>® (Erea [RSO2:/RS027] = +0.9 V
vs SCE) they proved to be suitable substrates for the reac-
tion (Table 1).

Since water was necessary to solubilize the sulfinate, we
tested water miscible co-solvents. MeCN (entry 1), DMF
(entry 2), TFE (entry 3) and DME (entry 4) proved unsuit-
able. Instead, DMSO (entry 5) showed a lower conversion
rate compared to sodium sulfinate. The use of a mixture
1:4 H20 and EtOH (entry 6) gave a lower conversion com-
pared to a 4:1 (entry 7) or 1:1 (entry 8) that afforded fa-
vorable results, with the latter being the best solvent mix-
ture. In order to improve the solubility of the zinc reagent,
coordinating species able to bind this metal were also in-
vestigated (entries 9-11).25 Unfortunately, the conversion
was not improved even if zinc sulfinate seemed to be more
soluble under such conditions. Finally, a good conversion
was obtained with three equivalents of zinc sulfinate and
40 hours of irradiation (entry 12). With the optimized
conditions in hand, a variety of electrophilic alkenes were
then investigated (Scheme 4). With a variety of Michael ac-
ceptors (5b-Kk) the benzylated products (7b-k) were ob-
tained in moderate to good yields. Quite interestingly, the
outcome of the reaction was dependent from the alkene
derivative.?¢ Sulfones (8m-q) rather than derivatives (7)
were isolated as the major products in the reaction with
the alkenes (5m-q) (see discussion below and Scheme 8
for a plausible formation mechanism).
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TABLE 1. Optimization of the benzylation of alkylidene
5a with (BnS02)2Zn.

COOMe (BnSOy)2Zn, (4a), 2 equiv COOMe

Z>COo0Me ©.1mo% __,Bn Acoome
R Solvent, additive, 16 h R
R=isoBu, (5a)  Dlue led (24 W) 72
Entrya  Solvent Additive Yieldb
1 H20:MeCN (1:1) - 25
2 H20:DMF (1:1) - 58
3 H20:TFE (1:1) - 31
4 H20:DME (1:1) - 43
5 H20:DMSO (1:4) - 74
6 H20:EtOH (1:4) - 27
7 H20:EtOH (4:1) - 72
8 H20:EtOH (1:1) - 77 (57)¢
9 H20:EtOH (1:1) 2,6-lutidine 52
(4 equiv.)
10 H20:EtOH (1:1) 2,2’-bipyridine 72
(2 equiv.)
11 H20:EtOH (1:1) 1-Me-imidazole 78
(4 equiv.)
124 H20:EtOH (1:1) - 88 (69)¢

a All the reactions were carried out under argon. The reaction
mixtures were degassed by three cycles of freeze-pump-thaw. The
reactions were performed using (4a) (0.2 mmol), (5a) (0.1 mmol)
in 1 mL of solvent mixture, in the presence of 1 mol% of the cata-
lyst 6. Determined by 1H-NMR of the crude reaction mixture. ¢ In
parenthesis isolated yields after chromatographic purification. 4 3
Equivalents of (4a) were employed and the reaction mixture was
irradiated for 40 hours.

The effect of an aromatic substituent on the aryl moiety of
the benzylic sulfinates derivative was explored with dime-
thyl fumarate as acceptor (Scheme 5).

In general, it was possible to obtain satisfactory results
with a series of benzylic derivatives (4b-f), readily pre-
pared in moderate yields by the procedure described
above. In other cases, the desired zinc sulfinates com-
pounds were not obtained (see SI for details).

ACS Catalysis

R? R2 R2
6), 1 mol% 1 1
(BnSO,),Zn + %\Rs _ ©®amof% RW)\RG or RW)\RS
1 1:1 EtOH:H,0, 40 h Bn $0,8n
(4a), 3 equiv (5b-q)  blue led (24 W) (Th-K) (m-q)
COOMe COOEt
MeOOC
Ph \/j)\COOMe Ph COOEt © j/\COOMe
Ph Ph Ph” (7d), 60 %
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Ph Ph
o}
(7e), 40 % (7), 40 % OMe COOEt
(79), 40 %
99 ™9 i
COOEt /\L
CHO
N(Bn),
(7h), 49 % Ph (7i), 28 % (7§), 39 %

o)

0 ji O  SO.Bn Bnozswi<K<
NPh
o N
(i \_/

Ph (7k), 85 % (8m), 57 % 8n), 6192

SO,B
250 O  SO,Bn
o P PhM

o (8p), 63 %

Bro,s” S0P

(80), 44 % (8a), 91 %

SCHEME 4. Radical benzylation of different electro-
philic alkenes.

(6), 1 mol% MeOOC
(RSOy),Zn + MeOOC Aoy — — 7~ 7 coome
(4b-), 3 equiv (5d) 1:1 EtOH:H,0, 40 h R (©b-f)
blue led (24 W)
Me0OC
MeOOC ~coome ° coome MeOOC- e oone
. (90),51% ¢ (9).63% (9d), 68 %

MeOOC-~coome ME);CE'ACOOMe
9¢), 64 % 9), 61 %
cl (9e). 64 % o ON61%

SCHEMES 5. Scope of reaction with different zinc ben-
zylic sulfinates.

We have briefly investigated the possibility to expand the
scope of the reaction by examining alkyl zinc sulfinates
(10, 11) which are commercially available or prepared by
the general procedure (see SI for details). Although the re-
action was observed, the yields of the products (12-14)
were lower with respect to the benzylic sulfinates, proba-
bly due to the lower stability of the generated alkyl radi-
cals. In the case of alkyl sulfinates, the alkene partners dic-
tated the product obtained: sulphones 12 and 13 or alkyl-
ated adduct 14 (Scheme 6).27

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEMDRAMDIMBAEADIAEMDIMNDMNWOWWWWWWWWWWNDNNDNNNNNNNRPRPRERREREREPR
QOO NOURRWNRPOOO~NOUORRWNPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODWN

ACS Catalysis

(RSO,),Zn, (10-12), 3 equiv

R? R?
0,
R% . @), 1mol% o "
R
(5b,f) 1:1 EtOH:H,0, 40 h R (12-14)
blue led (24 W)
\ks COOMe O\S COOMe
(nPrS0,),Zn, (10) 02 0
(CyS02),Zn, (11
22, (1) (12), 30 % (13), 53 %
COOMe
Ph COOMe
(14), 53 %

SCHEME 6. Reaction of alkyl zinc sulfinates with elec-
trophilic alkenes.

In order to prove that the mechanism involves the for-
mation of free radicals and that both light and photocata-
lyst are necessary, the model reaction was tested with 1.5
equivalents of the radical scavenger TEMPO (2,2,6,6-
tetramethylpiperidin-1-yl-oxyl) (a), in absence of light (b)
and without the Ir(IIl) catalyst (6) (c) (Scheme 7). In all
cases, no conversion was observed, proving that a radical
mechanism occurs and that both light and photocatalyst
are necessary.
(BnS0O,),Zn, (4a), 3 equiv Ph
(6), 1 mol%

() MeOOC\/\COOMe —>MeOOC\/[
(5d) 1:1 EtOH:H,0, 16 h COOMe

blue led (24 W) (7d), 0 %
TEMPO, 1.2 equiv

(BnS0y,),Zn, (4a), 3 equiv

Ph
(6), 1 mol%

(b) MeOOC- A home —>MeOOC\/[
1:1 EtOH:H,0, 16 h COOMe

NO light (7d), 0 %

(BnS0O,),Zn, (4a), 3 equiv

NO Ir(lll) (6)
COOMe > MeOOC
1:1 EtOH:H,0, 16 h COOMe

blue led (24 W) (7d), 0 %

(c) MeOOC. A~

SCHEME 7. Inhibition of the radical reaction in the
presence of TEMPO, and in the absence of light or pho-
tocatalyst.

The intriguing formation of sulfone derivatives (8m-q) and
(12, 13) was investigated in detail. It is important to note
that only alkyl- and aryl-vinyl sulfones were obtained by
Kénig, using eosin Y as photocatalyst,*® through the addi-
tion of sulfonyl radicals to alkenes, in combination with
sodium salts of alkyl and aryl sulfinates. Although the SO2
moiety is preserved with eosin, in our conditions zinc sul-
finates enable the alkylation of Michael acceptors. Organo-
sulfone mediated radical alkylation and vinylation reac-
tions were developed by Zard?® and are centered on the
facile decomposition of alkylsulfone radicals to give alkyl
radical with the liberation of sulfur dioxide.® This desul-
fonylation is reversible and the equilibrium is shifted if the
radical is stabilized, as in our case.?? We found that this
process occurs also in the dark (in the absence of photo-

catalyst) and it is not blocked by radical scavengers
(Scheme 8). Formation of sulfonyl radical® in our condi-
tions is unlikely to occur because reactions, in which the
sulfonyl radical is formed, are completely inhibited in the
presence of TEMPO.31 On the other hand, Pinnick has re-
ported the formation of sulfones by addition of sulfinates
salts (sodium, lithium, and magnesium sulfinates) to Mi-
chael acceptors.3? Zinc sulfinates are nucleophilic reagents
and are able to open epoxides in water affording the corre-
sponding B-hydroxysulfones.33 The presence of a zinc salt
is probably enhancing the electrophilicity of the Michael
acceptors.3

Based on these evidences, the sulfones are generated from
the nucleophilic attack of the zinc sulfinates on the elec-
trophilic alkenes partner. It is also worth mentioning that
with the less electrophilic substrate (5d), no sulfone, as
well as no product (7d), was isolated in the presence of
TEMPO (Scheme 7 (a)).

(BnS0O;),Zn, (4a), 3 equiv
NO Ir(lll) 6
(@) PhOS. 2 —————————= PhOS._~g( o
(5e) 1:1 EtOH:H,0, 16 h 2

blue led (24 W) (8e), 100 %2

(BnSO,),Zn, (4a), 3 equiv
) (6), 1 mol% PhOLS
—_———— >
Proas-= 1:1 EtOH:H,0, 16 h "s058n
NO blue led (24 W) (8e), 85 %?
(BnSO2)2Zn, (4a), 3 equiv
(6), 1 mol%
© PRS-z = = PO g0,
1:1 EtOH:H,0, 16 h
blue led (24 W)
TEMPO, 1.2 equiv

(8e), 87 %2

2 Conversions measured by 'H-NMR on the crude mixture.

SCHEME 8. Formation of sulfones in a model reaction
in different reaction conditions.

In order to get a deeper insight into the mechanism and
the efficiency of this type of photoreactions, electrochemi-
cal and photochemical studies were carried out on the irid-
ium catalyst (6) and on the most representative reagents
tested above (ie., the benzyl zinc sulfinate 4a, and the al-
kylidene malonate 5a).

First of all, the redox potentials of (4a) and (5a) were
characterized by square-wave voltammetry (Figure S3)
and compared to the excited-state redox potential of the Ir
(ITT) photocatalyst (6).39 In order to increase the solubility
of the =zinc sulfinate (4a), four equivalents of 1-
methylimidazole MI were added to the acetonitrile solu-
tion. The results of the electrochemical experiments are
summarized in Table 2. The redox properties of MI are al-
so reported to demonstrate that this coordinating com-
pound does not take part in the photochemical reaction
and it simply acts as a solubilizing agent (i.e, its potentials
are outside the redox window of the excited iridium pho-
tocatalyst (6), see Table 2).
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Table 2. Electrochemical data for the reaction partners

Eox Ered *ox a Fred?

V] [V] V] [V]

(4a) + MI +013b

(4 equiv.)

(5a) -242b -

MI +135b -

(6) +132 -1.73 x-11 =+0.7

a See reference 20c for details. b Electrochemical data deter-
mined by square-wave voltammetry in room-temperature ace-
tonitrile solution + 0.1 M TBAPFs. All redox potentials are re-
ferred to the ferrocene/ferrocenium couple, used as internal
standard. Irreversible redox process with an estimated error of +
0.05 V.

The excited-state reduction potential of the iridium com-
plex is high enough to oxidize the benzyl zinc sulfinate (4a)
(ie, 0.7 >0.13V, see Table 2) and to catalyze the formation
of the corresponding radical. It is worth noting that the
same photocatalyst is not capable of oxidizing or reducing
the alkylidene malonate (5a) (see Table 2).

The electrochemical data are supported by the Stern-
Volmer quenching experiments summarized in Table 3
(see also Figure S4). As expected, the intramolecular re-
ductive quenching of complex (6) is only observed when
the benzyl zinc sulfinate (4a) is added to the photocatalyst
solution. The rate constant associated to this quenching
process (kq = 1.32 108 M1 s-1, see Table 3) is comparable to
that of analogous processes involving the same iridium
photocatalyst, but different oxidable radical precursors.20¢

Table 3. Stern-Volmer experiments carried out in oxy-
gen-free acetonitrile solutions at 298 K.?

Ksy[mM-1] kqb [108 M-15-1]
(4a) + MI (4 0.31+0.01 1.32 £0.06
equiv.)
(5a) Quenching not observed. ¢
MI Quenching not observed.¢

a Data reported with a + 95% confidence interval. In all cases,
the quality of the fitting is assured by a R2 > 0.98. Concentration of
photocatalyst: (6) = 0.015 mM; excitation wavelength: Amax = 330
nm. ® kq = Ksv / 10, where 7o is the unquenched excited-state life-
time of the photocatalyst. < There is no evidence of correlation
between the excited-state quenching of the photocatalyst and in-
creasing amounts of (5a) or MI for a concentration up to 5 mM.

On the contrary, no quenching is found upon addition of
(5a) or of pure 1-methylimidazole. These findings unam-
biguously prove that the Michael acceptor cannot directly
react with (6), and that the only radicals which can be pho-
to-catalytically produced by the Ir (III) complex are those
generated by the oxidation of the zinc sulfinate derivative
(4a), through C-S bond dissociation and SO: evolution.
Eventually, this radical can react with the Michael accep-
tor, affording a radical intermediate which can take up an
electron from the photochemically reduced iridium com-
plex. Then, the so-obtained carbanionic intermediate can
be protonated, leading to the desired reaction product

ACS Catalysis

(7a). The mechanistic picture for the radical benzylation is
illustrated in Figure 1 The proposed photocatalytic mech-
anism does not take into account a possible radical chain
reaction. However, this process is unlikely because the
quantum efficiency of the overall photochemical reaction is
estimated to be 0.37 +0.09, see SI for details.35

In conclusion, we have shown that readily available zinc
sulfinates could be used in photoredox catalysis producing
benzylic radicals in an oxidative quenching cycle. The ben-
zylic radicals could be intercepted by suitable Michael ac-
ceptors. With strong electrophilic Michael acceptors, zinc
sulfinates can behave as nucleophiles leading to the corre-
sponding sulfone derivative, without radical formation.

BnSOz

(BnSO,),Zn R/\)L
[r(in]

(]

R'R2
1

fir(iin]
Bnh O
fr(in] = (6) )\/M 2
)11)%
FIGURE 1. Suggested mechanism for the benzylation
reaction with zinc sulfinates.
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