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ABSTRACT: The facilitation of redox-neutral reactions by electrochemical injection of
holes and electrons, also known as 'electrochemical catalysis', is a little explored ap-
proach that has the potential to expand the scope of electrosynthesis immensely. To sys-
tematically improve existing protocols and to pave the way toward new developments,
a better understanding of the underlying principles is crucial. In this context, we have
studied the Newman-Kwart rearrangement of O-arylthiocarbamates to the correspond-
ing S-aryl derivatives, the key-step in the synthesis of thiophenols from the correspond-
ing phenols. This transformation is a particularly useful example, since the conventional
method requires temperatures up to 300 °C, whereas electrochemical catalysis facili-
tates the reaction at room temperature. A combined experimental-quantum chemical
approach revealed several reaction channels and rendered an explanation for the rela-
tionship between structure and reactivity. Furthermore, it is shown how rapid CV meas-
urements can serve as a tool to predict the feasibility for specific substrates. The study
also revealed distinct parallels to photoredox-catalyzed reactions, in which back-elec-
tron transfer and chain propagation are competing pathways.
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= Introduction.

The vast majority of the electro-organic conversions re-
ported in the literature are redox reactions which involve
either the transformation of functional groups or the for-
mation (and cleavage, respectively) of chemical bonds.1-7 As
a consequence, at least stoichiometric amounts of electric
charge are required to achieve a full conversion. Very few
reported examples, however, show that sub-stoichiometric
amounts can be used to facilitate overall redox-neutral
chemical reactions.® This scenario is denoted as ‘electro-
chemical catalysis’ and is triggered by the electrochemical
generation of an ionic or radical ionic species.?? After a cou-
pled chemical step, the reaction sequence is either termi-
nated by a backward electron exchange with the electrode
(ECEP mechanism) or a chain process is initiated in the bulk
solution. Under these conditions, sub-stoichiometric charge
quantities are sufficient for a full conversion, and conceptu-
ally the injected electrons and holes can be regarded as cat-
alysts. The feasibility of this approach for electrolysis on a
preparative scale has been demonstrated several times in
the past, e.g. with hole-induced cycloadditions!0-13 and

molecular rearrangements,'415 as well as with electron-cat-
alyzed Srn1 reactions.1617

The utility of the concept is particularly well illustrated by
the Newman-Kwart rearrangement of O-aryl thiocarba-
mates 2 to the corresponding S-aryl compounds 3, which
represents the key-step in the synthesis of thiophenols 4
from phenols 1 (see Scheme 1).1® Traditionally, the NKR is
carried out at temperatures between 200 and 300 °C,'°
which has been rationalized by the rearrangement follow-
ing an intramolecular ArSy mechanism passing through the
strained spirocyclic structure TS-1.2° In recent decades,
non-electrochemical approaches toward enabling a trans-
formation under milder conditions have been developed.
These advancements include improved heat transfer by mi-
crowave-irradiation?!-2% as well as decreasing the required
temperature by using stoichiometric amounts of BF3-OEt22*
or catalytic amounts of [Pd(tBusP)2].2> More recently, it was
shown that the 0,5-rearrangement can be achieved at room
temperature by irradiation with blue light in presence of a
pyrylium-based photoredox catalyst?¢ or by treatment with
chemical oxidants.2728 Electrochemical catalysis, however,
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allows for additive-free reaction at room temperature,
which was demonstrated by a synthetic study carried out in
our laboratory (Scheme 1, bottom).15

SCHEME 1. Synthesis of thiophenols 4 from phenols 1
via the thermal and the electrochemical NKR route, re-
spectively.
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The electrochemical method (ENKR) is characterized by a
simple set-up (galvanostatic conditions, undivided cell, car-
bon anode), good scalability, short reaction times and good
to excellent yields in compounds of type 3. While for the
batch process, NBusClO4 was used as a supporting electro-
lyte, we have shown that the use of a microflow cell allows
for salt-free electrolysis on the gram-scale, rendering the
products in quantitative yield and analytical purity after re-
covery of the solvent without further purification. Notewor-
thy, the use of 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) as
solvent is crucial, since other solvents either decrease the
yields or completely inhibit the rearrangement.

In contrast to the thermal NKR, where electron-deficient
aromatics react faster than electron-rich ones,?° we found
that the room temperature ENKR exhibits an inverted reac-
tivity trend. On the basis of this observation and in agree-
ment with the abovementioned examples where the NKR
was induced by non-electrochemical oxidation,?¢-28 we have
proposed the mechanistic rationale shown in Scheme 1.15
The sequence is initiated by anodic generation of 2*+, fol-
lowed by rearrangement to 3** and reduction either by the
anode (ECEP) or by 2 (chain process).

While electrocatalysis (which is generally understood as
the facilitation of the heterogeneous electron exchange via
a chemical interaction between the substrate and an elec-
trocatalyst) is well understood,3°-34 only few detailed stud-
ies of electrochemically catalyzed reactions are available.3>
Since electrochemical catalysis has the potential to mas-
sively expand the scope of electrosynthesis, we believe that
a better mechanistic understanding including the
knowledge about preconditions and typical bottlenecks is
the key to the successful development of similar transfor-
mations in the future. We have therefore carried out a de-
tailed study of the ENKR using both experimental and

quantum chemical methods, the results of which are pre-
sented herein.

= Results and Discussion.

The molecularity of the electrochemical NKR. We
started our study with an investigation of the molecularity
of the rearrangement. In principle, a mono- and a bimolecu-
lar pathway are conceivable (see Scheme 2). The monomo-
lecular pathway proceeds via spirocyclic intermediate TS-2
as previously proposed for the photoredox-catalytic NKR.2¢
Analogously, the ENKR is initiated by oxidation of 2. How-
ever, the heterogeneous electron transfer leads to alocal ac-
cumulation of 2a°* close to the electrode surface, whereas
the concentration of the reactive intermediate is spatially
independent when a homogeneous oxidant is used. There-
fore, we have also taken into account a bimolecular path-
way, which passes through eight-membered TS-3.3¢ A bimo-
lecular process via a charge-neutral TS-3-type transition-
state has initially been proposed for the thermal (micro-
wave-assisted) NKR at high concentrations,3” which was
later conclusively disproven.38

SCHEME 2. Possible pathways for the rearrangement
2.+ - 3-+.
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To investigate whether the rearrangement proceeds in an
intra- or in an intermolecular fashion, we have carried out a
crossover experiment between the 4-methoxy-N,N-dime-
thyl substituted species 2a and its 4-ethoxy-N,N-diethyl de-
rivative 2b under standard electrolysis conditions. After
passing 0.1 F with respect to 2a and 2b, full conversion into
3a and 3b was achieved, whereas no crossover products
were observed (for more details see the Supporting Infor-
mation, SI). It can therefore be concluded that under stand-
ard electrolysis conditions, the rearrangement proceeds via
the intramolecular pathway.
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Voltammetric analysis. With the goal to collect mecha-
nistic proof and to devise a diagnostic criterion for the fea-
sibility of the ENKR for specific substrates, we carried out
cyclic voltammetry (CV) with initially three representatives
of the 0-aryl thiocarbamates in 0.1 M NBu4BFs/HFIP. Two
of these examples, 2a (R = 4-OMe) and 2e (R = 4-NHACc), be-
long to the group of ENKR-susceptible compounds, while 2t
(R=4-F) does not rearrange under standard electrolysis
conditions.!> In Figure 1, the CVs of 2 (solid line) are de-
picted along with the CVs of the corresponding S-aryl deriv-
atives 3 (dashed line).
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Figure 1. Top and bottom left: Background-corrected voltam-
metric responses of three O-arylthiocarbamates 2 (solid lines)
and their S-aryl derivatives 3 (dashed lines) in 0.1 M
NBu4BF4/HFIP (v=100mVs-1, ¢(2)=¢(3) =1mM, working
electrode: glassy carbon). Bottom right: Plot of the peak cur-
rent densities (j3) vs. v1/2,

The scan of the positive potential regime of the 4-methoxy
substituted compound 2a at v=100 mV s-! exhibits two ir-
reversible signals with peak potentials at E}(2a) =1.18 V
and EZ(2a) =1.44V (top left, solid black line). While the
shape of the second signal resembles the one of a typical EC
process,? the first signal appears rather unusual. An un-
common feature is that the peak current density of the first
signal j(2a) is relatively low compared to the one of the
second j3(2a). Furthermore, after passing through EZ(2a),
the profile does not converge against the diffusion-limited
current, but decreases continuously until reaching a nega-
tive "dip" at approx. 1.32 V. Before discussing the origin of
the unusual behavior, it is useful to assign the individual fea-
tures to the associated electrochemical processes. For this
assignment a comparison with the CV of the corresponding
S-arylthiocarbamate 3ais helpful (dashed black line), which
exhibits only a single feature at E3(3a)=1.44V in the
scanned potential regime. Since the second anodic peak in
the CV of 2a appears at exactly this potential in a similar
shape, a mechanism that explains the voltammetric behav-
ior can be derived (Figure 2, top). Thus, oxidation at E}(2a)
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leads to formation of 2a*+, which spontaneously rearranges
to 3a*, followed by reduction to 3a either via backward
electron transfer (BET) from the electrode or via a chain
process. Then, upon reaching £3(2a), in situ formed 3a is re-
oxidized to 3a**. The digital simulation of the anodic scan
confirms that an explanation of the signature profile is pos-
sible based on the proposed kinetic model (Figure 2, bot-
tom, for more details regarding parameters and v- depend-
ency see the SI). For an accurate fitting to the full CV, an ex-
tended model is required, which will be discussed later.

(1) 2a 2at + e Elp(2a)

(2) 2a*t —> 3a™*

(3) 3a <= 3a" +e Ep2(3a)
(4) 3a™* +2a 3a+2a"
1.0 +
Experiment (2a)
o8l O Simulation
06
e
= 04+
0.2
0.0+

0.8 1.0 1.2 1.4 1.6
E (vs. AgiAgNO,) / V

Figure 2. Top: Chemical and electrochemical steps that ac-
count for the features of the anodic scan of 2a. Bottom: Digital
simulation (red circles) of the normalized current profile (solid
line) using eqgs. 1-4 (v =400 mV s'1, 5 mM 5a). The simulations
were carried out using the DigiElch package.40

Since the peak associated with the re-oxidation is simi-
larly pronounced as the anodic peak in the CV of 3a, it can
be assumed that upon passing through E3(2a), most of the
O-arylthiocarbamate molecules near the electrode are al-
ready rearranged to the corresponding S-aryl derivative.
The fact that j}(2a) is much smaller than j3(2a) can indicate
both that a part of the oxidative current is quenched by sim-
ultaneous BET and that the concentration of redox-active
2a in the vicinity of the electrode is diminished by a radical
chain process migrating from the electrode surface into the
solution (vide infra).

With two irreversible signals at E}(2e)=1.24V and
EZ(2e) = 1.57 V, respectively, the anodic scan of the 4-acet-
amido substituted thiocarbamate 2e exhibits similar char-
acteristics (Figure 1, top right). Again, E3(2e) matches the
peak potential of the corresponding S-aryl (E:(3e)=
1.55 V). In contrast to 2a, however, the ratio between j}(2e)
and jZ(2e) is approx. one, while jZ(2e) only reaches about
50% of ji(3e). From the latter observation it can be con-
cluded that the O-aryl compounds are only partially
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converted upon reaching EZ(2e) and consequently, that the
rate of the step 2e**—3e** must be significantly smaller than
for 2a**+—3a°*.

Compared to 2a and 2e, the behavior of 2t is fundamen-
tally different (Figure 1, bottom left). While the anodic scan
again exhibits two features with E3(2t)=1.22V and
E3(2t) = 1.84 V, the second peak potential does not match
the peak potential of the S-aryl derivative
(E3(3t) = 1.60 V). From this mismatch, it can be concluded
that anodically generated 2t**+ does not rearrange to 3t*+.
These results are in agreement with the outcome of the pre-
parative-scale electrolysis of 2t, where the formation of 3t
was not observed.!> The irreversibility of the peak at 1.22 V,
indicates that another chemical step is coupled to the initial
electron transfer.! Thus, j2(2t) must originate from oxida-
tion of another intermediate than 2t*+ or 3t. A plausible ex-
planation is that oxidation at E}(2t) leads to desulfurization
and thus to formation of the carbamate (5t), which would
be oxidized at 1.84 V. To probe this possibility, we have car-
ried out CV with an authentic sample of 5t. Since EZ(5t)
amounts to 2.04 V, the occurrence of carbamate 5t in the an-
odic scan of 2t can be excluded. The absence of a carbamate
species was confirmed in the same way for the anodic scan
of 4-Cl substituted compound 2v (the CVs of 5t and 5v are
shown in the SI).

Due to the fact that oxidation of 2t cannot trigger ECEP or
chain processes, it is safe to assume that j} is merely diffu-
sion-limited and exhibits Randles-Sevcik behavior,*? which
is in agreement with the linear relationship to v/2 (Figure 1,
bottom right). For 2a and 2e, the plot j} — v/2 also exhibits
linearity, albeit with a significantly smaller slope. The

smaller slopes indicate that the ECEP and/or the chain pro-
cess are additional jp-limiting factors. The observed de-
crease of the slope in the order 2t > 2e > 2a can thus be used
for a qualitative assessment for the rate of the rearrange-
ment step.

Noteworthy, the CVs of 3a, 3e and 3t have an unusual
crossing between the profile lines of the forward and the
backward scan in common (1.3 - 1.5 V). This is a typical sign
for the redox process leading to a product, which is easier
to oxidize than the starting material. This feature will be dis-
cussed later in more detail.

To find out how other representatives of 2 and 3 behave
under these conditions, we have carried out CV studies with
a set of 25 differently substituted O-arylthiocarbamates in a
NBu4BF4/HFIP electrolyte (see Table 1). Based on our pre-
vious synthetic study?> and several additional preparative-
scale experiments (see the SI), these compounds can be di-
vided in two groups, those that are susceptible to the ENKR
(2a - 2r, slow NKR of 2q and 2r at room temperature) and
those that are non-reactive under standard electrolysis con-
ditions (2s - 2x). Interestingly, the diagnostic criteria de-
scribed for 2a, 2e and 2t seem to be generalizable, since all
of the studied ENKR-susceptible compounds exhibit the
same characteristics as 2a/3a and 2e/3e, while all of the
non-reactive congeners follow the same trend as 2t/3t (see
the SI). CV can thus be considered as a straightforward and
rapid tool to assess the feasibility of the ENKR for particular
compounds 2.

Table 1. Peak potentials (Er) and half-wave potentials (Ep,2) extracted from the CVs of 2 and 3.

E;(2) EF(2)

O-Arylthiocarbamate

Ep;2(2)  E}p(2)
vl vl [Vl

S-Arylthiocarbamate  E}(3) Ep.2(3)
[Vl (isolated yield)? [Vl vVl

R2

R1
(o)
TLA e
s
R2
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2a (R! = OMe, R? = Me) 1.18 1.44 1.09
2b (R! = OEt, Rz = Et) 1.15 1.39 1.07
2ab (R'=OEt,R2=Me)  1.18 1.42 1.09
< 2c(R!=0Bu, Rz = Me) 1.18 1.41 1.09
S 2d(R'=SMe, R? = Me) 1.10 1.30 1.04
& 2e(R'=NHAc,RZ=Me)  1.24 1.57 1.14
Z 2f(R'=NHBoc,R2=Me)  1.22 1.48 1.11
g 2g (R! = OPh, R? = Me) 1.17 1.50 1.08
=
=% S
P O
a o \
2h 1.21 1.54 1.11
5
S
LA,
O I
2i 1.21 1.49 1.08

1.38 3a (95%, >99%?") 1.44 1.37
1.33 3b (91%) 1.40 1.33
1.36 3ab (80%) 1.39 1.33
1.35 3¢ (90%) 1.40 1.34
1.24 3d (85%) 1.29 1.24
1.50 3e (71%) 1.55 1.49
1.41 3f (68%) 1.46 1.40
1.44 3g (78%) 1.50 1.44
o
S)LN/
o !
1.48 3h (93%) 1.54 1.48
|
[IO o
S)LN/
o ‘
1.44 31 (94%) 1.48 1.43
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1 R2

2 R! s

3 @OXN/ @ PN

4 O !

5 2j (R*=Me,RZ2=H) 1.11 1.45 0.98 1.39 3j (90% 1.44 1.37

6 2k (R'=H,R?=F) 1.21 1.61 1.12 1.54 3k (70%) 1.58 1.53

7 21 (Rt = allyl, R = H) 1.20 1.45 1.11 1.41 31 (54%) 1.47 1.40

8 2m (R1 = vinyl, R? = H) 1.21 1.40 1.11 1.35 3m (40%) 1.39 1.32

9

10 0 s -0 o

11 \Q\O)LN/ S)LN/

12 Br I Br I

13 2n 1.20 1.55 1.09 1.50 3n (79%) 1.55 1.49

14

15 S

o OAN/ ‘ X

17

18 20 1.20 -f 1.128 1.468 30 (72%) 1.52 1.44

19

7 O O

21 OAN/ SAN/

22 \ \

23 2p° (R =NMez) 1.21 1.59 1.21 1.53 3pc (35%, 77%1) 1.62 1.54

24

25 o 2q¢ (R=Me) 1.21 1.66 1.13 1.60 3q° (70%) 1.64 1.58

26 &

27 b

28 N

29 5

30 £

31 &

32 1.23 1.64 1.14 1.59 3re (45%) 1.62 1.55

33

34 R S R 0

35 g O)LN/ \©\S)LN/

36 3 \ \

37 § 2s (R=H) 1.24 1.92 1.14 1.87 3s(n.d) 1.78 1.71

38 5 2t(R=F) 1.22 1.84 1.10 1.78 3t(n.d) 1.60 1.53

39 S 2u (R=N0g2) -f -h 1.538 -h 3u (n.d) 2.12 2.03

40 E 2v(R=C] 1.21 1.82 1.09 1.75 3v(n.d) 1.80 1.74

41 z 2w (R =COOMe) 1.27 -h 1.14 -h 3w (n.d.) 2.03 1.96

42 2x (R = CF3) 1.33 -h 1.14 -h 3x (n.d.) 2.05 1.97

43 2Yields of the batch processes taken from ref. 15.Isolated yield under optimized flow conditions. ¢In addition to the shown
44 values, the CV of 2p exhibits a reversible signal centered around 0.78 V. 4Yield of a controlled potential electrolysis deter-
45 mined via GC using an internal standard (see Table 4). ¢ Rearrangement only under reflux conditions (bp. HFIP: 58 °C). fNo
46 clear resolution of the signal. 8Er/2 was estimated using differential pulse voltammetry (see SI). "No occurrence of a second
47 signal in the scanned potential regime.

48

49

50

51 Further mechanistic information can be obtained upon depletion of 2a close to the electrode surface while increas-
[¥) variation of the concentration of 2 (see Figure 3). For 2a, an ing the concentration of 3a. The same c-dependent effect,
53 increase from 1 mM (top left, solid line) to 7 mM (dashed albeit less pronounced, can also be observed for 2e, which
54 line) only leads to a moderate increase of j3(2a), whereas again reflects the smaller rate for 2e**—3e** compared to
55 j3(2a) grows significantly. The decrease of the ratio be- 2a**—3a**. In contrast, ji(2t) increases linearly with ¢ (as
56 tween ji(2a) and j3(2a) clearly indicates a growing effi- predicted by the Randles-Sevcik equation), which is in
57 ciency of the radical chain process, which leads to more agreement with the absence of the radical chain process.
58

59
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From the dramatic effect of ¢ and the minor influence of v, it
can be concluded that the radical chain mechanism plays
the more important role for sustaining the catalytic cycle
compared to the ECEP mechanism. The most obvious expla-
nation for this is that the rearrangement 2+*—3** is slow
enough for 2++ to diffuse from the electrode surface into the
solution, where the rearrangement can finally set the chain
mechanism in motion.

A further important detail which becomes evident at high
concentrations is the appearance of a shoulder between
1.1V and 1.4V during the cathodic scans of 2a and Z2e,
which leads to an unusual crossing of the profiles. Such a
line crossing was already observed in the CVs of 3a, 3e and
3t (vide supra), and further highlights the possibility that
oxidation of 3 leads to a product that is easier to oxidize
than the S-aryl compound (for details see penultimate sec-
tion). A similar effect is also observed with 2t, although the
cause must obviously be different.

2a 1.0 2e
10f R = 4-OMe R =4-NHAc
o 0.8
§
< 0.6
£
~ 04}
= : Ji
0.2 e i
6 il N
0.8 1.0 1.2 14 1.6 08 10 12 14 16 18
E (vs. Ag/IAgNO,) / V E (vs. Ag/AgNOa) v
0.8 2.5
2t a2t
R = 4-F ‘ ‘ 2e
20p =
06y N e 2a
g ,‘" I ‘ .“‘ g 51
E 04t i : HE E
- ~ 1.0}
ozt -5 -
0.5
0.0} *
" " " " " 0.0
0.8 1.0 12 14 16 18 20 0 5 10 15 20

E(vs. Ag/AgNO,) / V ¢/ mMm

Figure 3. Influence of the concentration on the voltammetry of
2a, 2e,and 2t. Top and bottom left: Background-corrected volt-
ammetric responses at 1 mM 2 (solid lines) and 7 mM 2
(dashed lines) in 0.1 M NBusBF4/HFIP (v =100 mV s-1). Bot-
tom right: Plot of the first peak current densities (j3) vs. c.

To learn more about the relationship between the aryl
substitution and the electrochemical behavior of com-
pounds 2 and 3, it is useful to relate the redox potentials to
the electronic properties of the substituents. For this pur-
pose, the first half-wave potentials E}l/2 of the 0- and S-aryl
compounds carrying only para substituents were plotted
against the corresponding op* parameters (see Figure 4).43

22
® series3
20 | .
A series 2
A 2u
18}
® 2p/3p Slope: 0.46 V
16 F
> A
,_\s 14
a
v _‘__;_‘_A__‘Ar—A—A—
10 | A
Slope: 0.04 V
08|
[ |
1 1 1 1 1 1 1
16 12 0.8 0.4 0.0 0.4 08
o

Figure 4. Plot of the first half-wave-potentials E3 , of para-sub-
stituted compounds 2 and 3 vs. their op* constants.

The Hammett plot reveals several important mechanistic
details. First, E,}/Z(Z) > E;/Z(B) as an important precondi-
tion for electrochemical catalysis is fulfilled in all cases,®
even for those where the ENKR does not occur under stand-
ard electrolysis conditions. In other words, the 3/3** couple
constitutes a stronger oxidant than the 2/2* couple, which
allows the chain process (or the ECEP mechanism) to pro-
ceed spontaneously. It can therefore be concluded that in
the non-ENKR case, neither the initiation 2—2*+ nor the
chain propagation are the prohibiting steps. Second, with
the exception of 2p/3p (4-R =NMez, or* =-1.7) and 2u
(4-R = NOz, or* = 0.79) each series follows a linear trend ac-
cording to equations 5 and 6.

(5) E}p(2) =116V +0.04V - of
(6) Ep;,(3) =168V +046V o}

The slope provides a measure of the influence of the substit-
uents upon the observed potential, while the intercept re-
fers to the oxidation potential of the unsubstituted com-
pound of the series.** Compounds 2p, 3p and 2u deviate
from the trend and are therefore not taken into account in
the equations. The voltammetric behavior of 2u is inconclu-
sive and different from the other non-NKR compounds of
the series. The half-wave potential shown in Table 1 could
only be obtained by means of differential pulse voltamme-
try (see the SI). While the reason for the deviation of 2u re-
mains unclear, the 4-NMez-substituted 2p/3p couple as-
sumes a special role which is discussed further below. In
view of the slopes of the two linear equations, it becomes
obvious that the influence of the electronic character of the
substituents on E} /2 is much less pronounced in the case of
2 than for 3. This assessment is confirmed by the spin den-
sities depicted in Figure 5 (top) that were obtained from
DFT calculations. In 2 the spin is mostly sulfur-centered
with only little contributions from the aromatic ring while
for 3 the density is considerably shifted towards the aro-
matic ring. This indicates that the 0-aryls are oxidized at the
thiocarbamoyl group, while charge and spin density are
predominantly localized on the aryl unitin the case of 3. The
resonance formulas that best fit this picture are shown in
Figure 5 (bottom). From these observations it can also be
deduced that the rearrangement of the radical cations
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proceeds via an intramolecular electrophilic aromatic sub-
stitution. These findings are in agreement with previous
studies on the NKR induced by chemical oxidants.4>4¢

a)

R R R | R
\/\ \/\ \/\ (‘6
| Pz | P | Pz 3
- - '\y RS
o__S- Os_S* 0__S A-Se S _O
T OO ey Y
® NMe, NMe, NMe, NMe,
24 21" 2-m°* 3"

Figure 5. Top: Isosurface of the calculated spin densities of 2a+
(a) and 3a** (b) ata value of 0.01 electron spins. In 2a** the spin
is mostly sulfur-centered with only little contributions from the
aromatic ring while in 3a+ the density is considerably shifted
towards the aromatic ring. Bottom: Resonance formula of 2++
and 3°* which are in best agreement with the Hammett corre-
lation.

Relationship between arene substitution and reactiv-
ity. As discussed above, the cation radical NKR induced by
chemical oxidants exhibits the same reactivity trends in
terms of electron donating or withdrawing substituents as
our electrochemical reaction.?6-28 While kinetic control of
the overall reaction by the rearrangement was sug-
gested,*>4¢ the central mechanistic feature governing the
observed behavior could not be unambiguously identified
so far. The above presented analysis of our electrochemical
data excludes the reactant oxidation and radical chain prop-
agation as possible candidates. Hence the most straightfor-
ward explanation would indeed involve kinetic control by
the rearrangement, i.e. that the reaction barrier for 2** — 3+
for compounds bearing electron withdrawing groups is sig-
nificantly increased thus prohibiting product formation.
However, no conclusive relation was found by quantum

The Journal of Organic Chemistry

chemical calculations on the DFT and G4MP2 level of theory.
Our electronic structure calculations at the local coupled
cluster level (see computational details in experimental sec-
tion) agree with these findings. Although electron with-
drawing substituents in general lead to higher reaction bar-
riers (see Figure 6, right), the trend is not sufficiently pro-
nounced to conclusively explain the observed selectivity. In-
stead all calculated reaction barriers are considerably be-
low 20 kcal mol! (see Table 2). The barriers for 2t, 2u and
2x alone should thus not be prohibitive, in particular since
the ENKR does not even proceed at the boiling point of HFIP
(58 °C) for these substrates.

The relatively low reaction barriers point toward another
reason for the lack of reactivity for electron-deficient aro-
matics. Since electrolysis of 2t and 2u under standard con-
ditions did not lead to conversion (no consumption of start-
ing material), off-cycle equilibria yielding stabilized inter-
mediates were the starting point for our considerations. Re-
cently, Nicewicz and coworkers proposed a dimerization
according to

(7) 2a+2a" (2a),*

as competing process that could prevent the rearrange-
ment reaction but no experimental evidence for the exact
nature of the off-cycle intermediate could be found.*¢ In-
spired by this idea, we studied various dimerization reac-
tions by means of quantum chemical methods and found
that while (2)2°* is not stable with respect to a decay into the
monomeric species, the reaction

(8) 22a"" = (2a),**

leads to a stable S-S bond (Figure 6, left) reflected by a cor-
responding free reaction energy of -10.8 kcal mol-! for the
4-methoxy (2a/3a) derivative. This and all other free ener-
gies for dimerization reactions in Table 2 are upper bounds
to the true free energies as the translational entropy contri-
butions of the monomers on the order of 12 kcal mol* are
obtained from an idealized model in the gas-phase. In solu-
tion these contributions will be considerably smaller lead-
ing to a systematic underestimation of the reaction free en-
ergy in the calculated dimerization free energies (see
SI).#7.48 The driving force for the bond formation is the pair-
ing of the two unpaired electrons in the monomer which
overcompensates the Coulombic repulsion. Of course, the
polar medium (HFIP) plays a central role in this regard as it
screens the two charges enough to allow for the bond for-
mation while in the gas phase the dimerization is unfavora-
ble. As expected, the effect of the solvent is dominated by
indirect interactions, i.e. the relatively high permittivity of
the bulk phase which is modeled by a polarizable continu-
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Figure 6. Left: Calculated free energy profile for the formation of (2a)22+ versus the rearrangement towards 3a** using different
solvation models. While solvation has only a limited effect on the barrier and free reaction energy of the rearrangement it is integral
for the dimerization. Right: Calculated free energy profiles for the formation of (2)22+ versus the rearrangement towards 3+ for
multiple para-substituted derivatives. Thiocarbamates featuring electron-withdrawing groups are subject to higher reaction barri-
ers and lower reaction free energies than derivatives with electron-donating groups.

Table 2. Calculated free energies and reaction barriers in kcal mol-! for selected conversions 2—3 (implicit solvation,

for details see the experimental section).

Structure Compound YF):/:)(]LB AG(3/2) AG(3+/2) AGH AG((2)22+/2%)
2a (R = 4-OMe) 95 (>99)P -12.8 -10.9 8.4 -10.8
2e (R=4-NHAc) 71 -12.6 -11.1 7.5 -11.7
NI 2t (R=4-F) n. d. -11.9 -4.1 11.6 -8.5
N OJKN/ 2u (R=4-NO2) n.d. -11.8 0.3 17.9 -10.1
\ 2x (R =4-CF3) n.d. -11.9 -0.2 15.4 -9.9
2h (R =2-OMe) 93 -12.3 -13.0 4.1 -17.8
2y (R =3-0OMe) n. d. -12.0 -6.2 14.7 -10.3

2 [solated yields of the batch electrolyses taken from ref.

um in the quantum chemical calculations. As depicted in the
left panel of Figure 6, the usage of such a continuum solva-
tion model shifts the reaction free energy by about -
20 kcal/mol while the explicit addition of solvent molecules
that form strong hydrogen bonds to the substrate has only
a minor effect.

The energy profiles for species 2e, 2h, 2t, 2u and 2x
shown in the right panel of Figure 6 illustrate the relevance
of the aforementioned dimerization for the observed selec-
tivity. For all species bearing electron-withdrawing groups
(2t, 2x and 2u) the rearrangement product formation is less
favorable by ~5-10 kcal mol! than the dimerization. In con-
trast, the rearrangement products 3a and 3e are isoener-
getic to the corresponding dimer to within ~1-2 kcal mol-.
Furthermore, the associated reaction barriers are

15. bIsolated yield under optimized flow conditions.

consistently higher for 2t, 2x and 2u as compared to 2a and
2e (~4-8 kcal mol! versus ~11-18 kcal mol!). The calcu-
lated reaction free energies and barriers for the 2-, 3-, and
4-methoxy substituted thiocarbamates 2a, 2h and 2y follow
the same trend and highlight the importance of the position
of the activating substituent on the aromatic ring (see Table
2).

At this point, we would like to reiterate that even in the
non-ENKR cases, the reaction barriers of the rearrangement
alone are not high enough to prohibit the occurrence of the
rearrangement at the given reaction conditions. Only the
subtle interplay between the two reaction channels pro-
vides an explanation for the observed trend in reactivity
consistent with all experimental evidence.
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Comparison to the thermal NKR. Figure 7 shows a com-
parison between the computed Gibbs free energies of the
thermal and electrochemical NKR using the 2a/3a couple as
an example. In good agreement with the literature,* our
calculations indicate a concerted thermal process via spiro-
cyclic TS-1. The computed activation barrier amounts to
48.9 kcal mol! and the Gibbs free energy to —12.8 kcal mol-
1, While the same AG value also represents the driving force
for the electrochemical reaction, the ENKR proceeds via a
second reaction channel opened by the anodic generation of
2+ In this way, the substrate is elevated to an entirely new
potential energy surface with considerably altered proper-
ties, e.g. reaction barriers. The required energy for the "elec-
trochemical excitation" of 2a corresponds to 148.7 kcal
mol-! according to our quantum chemical calculations. It
should be noted that i) this substantial amount of energy is
completely provided by the electrode potential (E vs. vac-
uum level) and ii) the actually required minimum energy to
trigger the chain process corresponds to the equilibrium
cell voltage, i. e. the difference between Eo(2/2°*) and the
potential required for proton reduction on platinum (which
is the cathodic half-cell reaction in our system).

S +
AGoy 15T Ar\O)I\N/ 152 0 "
L
2a" lﬂGi Ar\S)J\N/
AGoyT 02— " |
3a
AGgy-15¢
-
=
60T
T 45}  oxidation
=]
E reduction
8 30T
<
o} 1
3 15
0 —
S
154 Ar\O)kN/ 5
|
2a Al
F\S)J\T/
3a

Figure 7. Comparison between the energy profiles of the ther-
mal and the electrochemical NKR. 4G values obtained from
quantum chemical calculations in kcal mol-1. All values were
obtained from the combination of DLPNO-CCSD(T)/CBS for
electronic energies and wB97X-D3/def2-TZVP(-f) with C-PCM
for thermochemical corrections and solvation energies, respec-
tively (see the experimental section for further details).

Compared to the thermal process 2 — 3, the calculated bar-
rier for 2+ - 3+ via TS-2 is much lower (8.4 kcal mol1),
whereby the rearrangement becomes slightly less exer-
gonic (4G = -10.9 kcal mol). The low activation barrier al-
lows the cation radical rearrangement to proceed at room
temperature, whereas the decreased Gibbs free energy of
the cation radical rearrangement explains why the chain
process proceeds spontaneously. After all, it is precisely the
difference between AG(2a/3a) and AG(2a**/3a**) that

The Journal of Organic Chemistry

represents the driving force for the chain propagation (and
BET from the electrode at a given potential, respectively).
Finally, this leads to a possible explanation for the positive
influence of HFIP on the reaction. The fluorinated alcohol is
known as a strong H-bond donor and among the four spe-
cies 2a*, 2a, 3a and 3a'*, compound 3a is the one that is
best stabilized via the carbonyl group as H-bond acceptor.
Our calculations with explicit solvent molecules (see Table
3) support this assessment.

Table 3. Calculated influence of explicit solvation on the
reaction free energies of 2a**—3a** and 2-3 (for details
see the experimental section).

number of explicit A46(3a**/2a*) AG(3a/2a)
HFIP molecules [kcal mol-1] [kcal mol-1]
0 10.9 11.6
1 12.0 13.6
2 11.7 14.8

Comparison to photoredox catalysis. The presented
case illustrates the functional principle of electrochemical
catalysis in a very clear way and furthermore, reveals strong
parallels to photoredox catalyzed redox-neutral reactions.
In the latter scenario, the injected light energy leads to exci-
tation of a photosensitizer PS™, which then abstracts an
electron from the substrate to generate a reactive species
A+ (see Scheme 3). After conversion to P*+, the intermediate
is either reduced by A in a chain propagation step or by
PS(1+ thus forming a closed catalytic cycle. For a number
of photoredox-catalyzed transformations such as cation
radical Diels-Alder reactions or anion radical [2+2] cycload-
ditions, the co-existence of chain processes and catalytic
loops was indeed demonstrated.*’ In the proposed analogy,
these closed photocatalytic loops correspond to the ECEP
mechanism in electrochemical catalysis.

SCHEME 3. Schematic illustration of the parallels be-
tween photoredox catalysis and electrochemical catal-
ysis.

[PS"+]*
chain
propagation
cycle

Ps“+
P

closed catalytlc cycle
(in analogy to the
ECEP mechanism)

At this point we would like to highlight the similarities be-
tween the quantum yield @ (number of conversions per in-
jected photon) and TON. (number of conversions per trans-
ferred electron),® both metrics being increased by the chain
propagation cycle. However, a major difference is that the
BET between ground state PS(1+and P** leads to the waste
of a photon (thus lowering @). Moreover, the unproductive
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BET between PS(1+ and A*+ (leading to A and ground state
PS™*) is usually exergonic and further decreases the effi-
ciency of the photochemical process.> In contrast, such an
unproductive step is completely suppressed in electro-
chemical catalysis. The BET as a part of the ECEP mechanism
does not have any negative impact on TONe, which can be
ascribed to the electrode remaining in the “excited state” af-
ter the initial electron transfer and consequently, TON. val-
ues of up to 15 were achieved for the ENKR of 2a.15

Another parallel becomes apparent when comparing the
excitation steps. In each case, external energy input is re-
quired for the excitation step, albeit its source differs. While
in photoredox catalysis, the energy input is defined by the
wavelength of the incident light, the equilibrium cell voltage
AEy (difference between Eo(A/A**) and Eo of the cathodic
half-cell reaction) can be considered as the electrochemical
counterpart. Of course, 4Eo accounts only for the required
minimum amount of energy, since additional barriers have
to be overcome to achieve current flow (e. g. kinetic inhibi-
tions and the Ohmic resistance of the cell).

The differences and similarities between electrochemical
catalysis and photoredox catalysis are well illustrated by a
comparison between the ENKR and the photochemical NKR
(PNKR) reported by Nicewicz et al. The PNKR was proposed
to proceed via the pathways shown in Scheme 3, whereby
PS corresponds to a pyrylium catalyst and A/P to 2/3.46 The
photoexcitation was achieved by using blue LEDs (450 nm).
This corresponds to an excitation energy of 63.5 kcal mol?,
which is considerably above the minimum energy required
for triggering electrochemical catalysis. The latter value
amounts to 37.7 kcal mol! and is calculated from the differ-
ence between Ep/2(2/2°*) (1.63 V vs. SHE) and Eo for proton
reduction (approximated by SHE). While this consideration
is rather theoretical, there is also a more tangible parallel
with practical consequences: In both the ENKR and the
PNKR, an off-cycle dimerization has been proposed (in our
case leading to (2)22+ as described above). However, the im-
pact on the efficiency of the desired rearrangement is fun-
damentally different. In the PNKR case, a negative influence
on quantum yield and reaction rate were described, which
was explained by the unproductive BET between the dimer
and the reduced ground state of the photocatalyst (Scheme
4, top).

SCHEME 4. Comparison between the impact of the off-
cycle dimerization equilibrium on the photocatalytic
and the electrochemically catalyzed process.
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This was evidenced by monitoring the conversion at dif-
ferent initial concentrations (co) of 2a, whereby an increase
from 0.06 M to 0.25 M led to a 55% decrease in @ and to a
15-fold increase of the time required for 95% conversion.
As pointed out above, such an unproductive reduction of
(2a)22* should not be possible in the NKR case due to the
electrode residing in the “excited state” after the initial elec-
tron transfer. In order to probe this hypothesis, we carried
out controlled current electrolyses at different initial con-
centrations (co) of 2a and monitored the conversion with
GC-FID (see Figure 8). Indeed, the normalized concentra-
tion profile of 3a (fractional yield) shows no significant in-
fluence of co(2a). The absence of the discussed unproduc-
tive pathway can thus be considered as an advantage of the
electrochemical method.

1.0 F
08
§ 06 |
o«
® 04}
% c,(2a) = 40 mM
o =
02k c,(2a) = 140 mM
.:'u(Za) =200 mM
00}
1 1 1 1 1
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Figure 8. Fractional yields of 3a during the electrolysis of 2a
(for details see the SI). The concentrations were determined via
GC-FID using an internal standard.

The unusual behavior of dimethylaniline derivative
2p. The Hammett plot in Figure 3 clearly shows that 2p/3p
with R = 4-NMe; assumes a special role among the investi-
gated reaction couples. While our previous synthetic study
demonstrated that 2p—3p is feasible under standard elec-
trolysis conditions (35% isolated yield after passing
1.3 F),’> the voltammetric responses are rather unusual.
Both 2p and 3p exhibit a well-behaved reversible redox
couple centered around 0.78V (see Figure 9), which is
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significantly below the potentials predicted by eq. 5 and 6,
respectively.

0.4

—2p
—3p
0.2
0.5 o
- &
3 £
~ 0.0 S0
=
-0.5
0.2 3

0.4 0.6 08 1.0 0.0 0.3 0.6 0.9
E(vs. Ag/AgNO,) / V TANATACE S

Figure 9. Left: Normalized current responses 2p and 3p rec-
orded at 100 mV s-1 and 1 mM 2p (3p). Right: Plot of the peak
current densities vs. v1/2,

On the voltammetry timescale, 2p/2p** and 3p/3p** are
the only chemically reversible redox couples within the en-
tire series 2 and 3. We attribute these findings to a reloca-
tion of charge and spin density from the thiocarbamate unit
to the amino group and the aryl ring consistent with the
computed spin density for 2p*+ (see Figure 10). The ob-
served chemical reversibility is in good agreement with
other cases involving the oxidation of 4-substituted aryla-
mines reported in the literature.51-53

o+
- MezN
0~ “NMe,

Ey=0.78V
0 2p.+
intramolecular Ar-Sy
AG =-13.6
AG* =147
o+
+ e MezN o
* Gt
Ey=0.78V S” NMe;
3pt

Figure 10. Top: Isosurface of the calculated spin density of 2p+*
at a value of 0.01 electron spins. Bottom: Mechanistic conse-
quence for the rearrangement 2p—3p. AG values obtained
from quantum chemical calculations (kcal mol-1, for details see
the experimental section).

The relocation of charge and spin density has a significant
impact on the reaction mechanism. First, the anodic oxida-
tion serves the activation of the aromatic ring and not of the
thiocarbamate unit. The 2p**+—3p** rearrangement thus
corresponds to an intramolecular ArSy (in analogy to the
thermal NKR), which is supported by a negative computed
Gibbs free energy (-13.6 kcal mol-1) and a relatively low

The Journal of Organic Chemistry

activation barrier (14.7 kcal mol-1.). Second, since the po-
tential of the 2p/2p** couple is the same as for 3p/3p-+,
there is insufficient driving force for an efficient chain pro-
cess.

To interrogate the proposed intermolecular ArSx-type
mechanism and to exclude alternative pathways via possi-
ble twofold oxidized intermediates, we have carried out a
controlled potential electrolysis at 0.80 V (20 mV more pos-
itive than Eo(2p/2p**)). A divided cell was used in order to
avoid discharge of radical cation intermediates at the cath-
ode. The experiment showed that the ENKR indeed pro-
ceeds at the potential of the 2p/2p** couple, thus ruling out
alternative pathways. The yield in 3p was monitored via GC-
FID (internal standard, see Table 4 and the SI). Interestingly,
over-stoichiometric quantities of 3p are initially formed
with respect to the consumed charge. After passing 0.25 F,
the turnover number per transferred electron (TONe)
amounted to 2.1. However, this TON. is more than one order

Table 4. Controlled potential electrolysis of compound

2p.
NMe, NMe,
E =0.8V vs. Ag/AgNO;
divided cell, r. t.
HFIP / NBuyBF4

o._S S _0O
2p NMe, 3p NMe,
Q mol! [F] 3p [%]? TON.
0.25 53 2.1
0.5 66 1.3
0.75 77 1.0
0.9 70 0.8
1.0 64 0.6

a Determined GC-FID using an internal standard.

of magnitude below the initial TON. determined for 2a,!s
underlining the lack of driving force for the chain process
due to Eo(2p/2p**) being equal to Eo(3p/3p**). Further-
more, a maximum yield of 77% in 3p was obtained at 0.75 F.
Upon further charge consumption, the yield gradually drops
due to formation of an unidentified side product, which
shows that a careful optimization of the charge equivalents
is crucial for this special case.

Electrolysis of S-arylthiocarbamate 3a. Investigating
the behavior of the rearranged products 3 under electroly-
sis conditions is useful for understanding the ENKR in two
respects: First, characterization of the products would ex-
plain the chemical irreversibility of the 3/3** couple in the
CVs, including the unusual line crossing between the for-
ward and the backward scan (see Figure 1 and Figure 3).
Second, the experiment would reveal side reactions that
may occur during electrolysis when more charge is applied
than required for complete conversion (see also the slow
decay of c(3) between 0.3 and 0.5 F in Figure 8). Therefore,
we have electrolyzed 3a as a representative of the ENKR-
susceptible 2/3 couples with a stoichiometric amount of
charge for the analysis of the products (see Scheme 5).
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SCHEME 5. Electrolysis of 3a including the anodic peak
potentials of products 6a and 7a.
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To avoid possible reduction of intermediates at the cath-
ode, we have used a divided cell for the experiment. After
passing 1 F, a 2:1 mixture of diaryl sulfide 6a and diaryl di-
sulfide 7a was formed, while 3a was almost entirely con-
sumed. Aside from the identification of overoxidation prod-
ucts, this discovery may lead to the development of a useful
two-step one-pot electrolysis, where 4 or 5 are directly gen-
erated from 2 (provided that the selectivity can be con-
trolled in either direction).

Compounds 6a and 7a were isolated and subjected to CV
analysis (Figure S11). The estimated peak potentials
(Ep(6a) =1.1V, Ep(7a) = 1.2 V) explain the line crossing in
the CVs of 3a. Thus, 6a and 7a are easier to oxidize than 3a,
which leads to additional anodic contributions after rever-
sal of the scan direction. Knowing the fate of 3+ at elevated
potentials and with egs. 1-4 and as well as the off-cycle di-
mer (2a)22* (eq. 8) in mind, it is possible to obtain an accu-
rate fit between the digital simulation of the extended ki-
netic model and the full CV of 2a (Figure 11, for details see
the SI).
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Figure 11. Digital simulation (red circles) of the normalized CV
of 5 mM 5a (solid line, v = 400 mV s-1) using eqs. 1-4 and taking
into account the off-cycle dimer (2a)22+ as well as the for-
mation of 6a and 7a (Scheme 5). The simulations were carried
out using the DigiElch package.40

At this point, it should be highlighted that the formation of
6a and 7a can only be initiated when species 2a is depleted.
Using the standard electrolysis protocol,'s this side-reaction
is usually not observed, which can be explained in two
ways: First, in a galvanic electrolysis the anode potential is
close to E;/2 (2a) as long as sufficient 2a is available for ox-
idation. At this potential, 3a** is reduced to 3a by means of
BET (ECEP mechanism). Second, 3a** is “protected” in the
presence of 2a by reaction through the thermodynamically
favorable chain process.

On the use of alternative solvents. As discussed before,!>
HFIP offers a number of advantages with respect to the
ENKR such as excellent electrochemical properties, low nu-
cleophilicity and good hydrogen bonding strength.5455 A
further interesting feature is that due to the relatively low
boiling point (58 °C), the solvent can be conveniently recov-
ered and recycled. However, the initial cost (currently
~99£ /kg, Fluorochem Ltd.) is certainly a drawback and we
have therefore tested alternative solvents during the opti-
mization of our procedure.'> We found that the use of MeOH,
CHzClz, and CH3CN under standard electrolysis conditions
does not lead to the formation of 3, whereas ENKR is possi-
ble in 2,2,2-trifluoroethanol (albeit in significantly lower
yields).

Two recent studies showed that the cation radical NKR trig-
gered by chemical oxidants can be carried out in DMSO at
room temperature and in CH3CN/Hz0 (3:1) at temperatures
in the range of 45 - 65 °C.2728 We were therefore interested
in whether the ENKR is possible in these solvents and tested
2a under standard electrolysis conditions (general proce-
dure II, for details see the SI). No conversion was achieved
in DMSO even after passing 1F, whereas electrolysis in
CH3CN/H20 (3:1) rendered small amounts of 3a along with
an unidentified byproduct. While in the latter case, optimi-
zation of the electrolysis conditions may lead to improved
results in the future, HFIP currently remains the solvent of
choice for the ENKR.

= Conclusion

Through a combination of experimental and quantum
chemical methods we have obtained mechanistic key-infor-
mation on the electrochemically catalyzed Newman-Kwart
rearrangement. Analogously to other routes mediated by
chemical oxidants, a sequence proceeding via cation radical
intermediates was identified as the most likely mechanism.
Both the experimental data and the calculations indicate
that with the exception of the 4-NMez-substituted O-phenyl-
thiocarbamate, charge and spin density are predominantly
located on the thiocarbamoyl unit, and that consequently,
the cation radical rearrangement can be considered as an
intramolecular Ar-Sg reaction.

The unusual voltammetric profile of the 0-aryl thiocarba-
mates was deciphered by varying scan rate and concentra-
tion, isolation of electrolysis products as well as digital sim-
ulations. Through the evaluation of the CVs of 25 reaction
couples, diagnostic criteria for the prediction of the feasibil-
ity for specific substrates were derived. We expect that in
the future, this analytical approach will be useful for the de-
velopment of further electrochemically catalyzed redox-
neutral reactions.

Our quantum chemical calculations have shown that the
activation barrier alone cannot sufficiently explain the sus-
ceptibility of specific substrates toward the ENKR. It is
much rather the interplay between the kinetic inhibition of
the rearrangement and the thermodynamically favorable
equilibrium formation of an off-cycle dimer that determines
the feasibility for specific substrates. Concentration and
temperature are therefore parameters that could help to ex-
tend the scope of the ENKR to less activated arenes, albeit
at the expense of productivity and energy efficiency.
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Furthermore, the benign influence of the solvent HFIP was
explained by inclusion of explicit solvent molecules into the
calculations. The resulting H-bond interactions both de-
crease the activation barrier of the rearrangement and im-
prove the thermodynamics of the final reduction step,
thereby adding driving force to the chain mechanism.

The comparison between photochemically and electro-
chemically induced NKR shows several parallels, such as the
mode of excitation and the co-existence of the chain mecha-
nism and the back-electron transfer. On the other hand, a
significant difference is that in electrochemical catalysis the
BET does not lead to a decrease of the efficiency of the pro-
cess. This is due to the fact that the electrode remains in the
“excited state” after oxidation, whereas in photoredox catal-
ysis BET proceeds between the reactive intermediate and
the ground state of the catalyst. A practical consequence is
that in the photochemical NKR, an increase in concentration
leads to a lower efficiency of the reaction, whereas no sig-
nificant concentration effect was observed for the ENKR.
We believe that these insights will contribute to cross-ferti-
lization between electrosynthesis and photoredox catalysis
and will be of great benefit for the development of further
electrochemically catalyzed processes.

= Experimental section

General information. Most of the O-arylthiocarbamates
2 and their S-aryl derivatives 3 were synthesized according
to our previously described procedures.'> The syntheses of
the examples which are not part of ref. 15 are described be-
low. 1H, 13C and °F NMR spectra were recorded using an
AVANCE 250, 300 or 500 spectrometer (Bruker). Chemical
shifts are reported in parts per million (ppm, 6 scale) and
referenced to the signal of residual non- or partially deuter-
ated solvent. Mass spectrometry (MS) was carried out ei-
ther with electron ionization (EI) or with electrospray ioni-
zation (ESI) using a MAT 95 XP (Thermo Finnigan). GC-FID
was carried out using a HP 1100 (Thermo Fisher) equipped
with a 30 m HP-5 column. All dry solvents were purchased
from Acros Organics (AcroSeal) and used as received, if not
stated otherwise. Tetrabutylammonium perchlorate and
tetrafluoroborate were purchased from Sigma Aldrich
(both electrochemical grade) and used as received.
1,1,1,3,3,3-Hexafluoroisopropanol (HFIP, >99% purity) was
purchased from Fluorochem and used as received. The
glassy carbon electrodes (Sigradur® K) were purchased
from HTW GmbH (Tierhaupten, Germany) and the reticu-
lated vitreous carbon electrodes (RVC 3000C, p=
0.05 g cm™3, porosity = 96.5%) from Goodfellow Ltd. (Cam-
bridge, England).

General procedure I (cyclic voltammetry). The experi-
ments were carried out in a custom-made three-electrode
cell using a PGSTAT 128N (Autolab). A glassy carbon disk
(diameter: 1.6 mm) served as the working electrode and a
platinum wire as the counter electrode. The glassy carbon
disk was polished using polishing alumina (0.05 um) prior
to each experiment. As reference, a Ag/AgNOs electrode (sil-
ver wire in 0.1 MNBusBF4/CH3CN solution; c(AgNOs) =
0.01 M; Eo=-87 mV vs. ferrocene/ferrocenium couple)>¢
was used, and this compartment was separated from the
rest of the cell with a Vycor frit. NBusBF4 (0.1 M, electro-
chemical grade) was employed as supporting electrolyte in
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1,1,1,3,3,3-hexafluoroisopropanol solution. The electrolyte
was purged with Ar for at least 5 min prior to recording.
Compounds 2 and 3, respectively, were analyzed at a con-
centration of 1 mM and a scan rate of 100 mV s’} if not
stated otherwise. The half-wave potentials (E1/2) were ex-
tracted from background corrected voltammograms.

General procedure II (electrolysis in undivided cell).
The experiments were carried out in a gastight undivided
cell equipped with a RVC anode (height: 50 mm, depth:
5 mm, width: 10 mm) and a platinum wire (0.4 mm diame-
ter) serving as the cathode. Both electrodes had an immer-
sion depth of 10 mm. A solution of N,N-dimethylthiocarba-
mate (2 or 3, 1.0 mmol) and tetrabutylammonium tetra-
fluoroborate (1.0 mmol) in 10 mL HFIP was placed in the
cell, purged with argon for five minutes and electrolyzed un-
der stirring (700 rpm) at a constant current of 10 mA until
an appropriate amount of charge was passed (reaction
monitoring via TLC, GC-FID or GC-MS).

General procedure III (electrolysis in divided cell).
The experiments were carried out in a gastight H-type di-
vided cell equipped with a porous glass frit (G4) as a sepa-
rator. A piece of reticulated vitreous carbon (height: 50 mm,
depth: 5 mm, width: 10 mm) was used as a working elec-
trode and a platinum plate (width: 10 mm) as a counter
electrode. Both electrodes had an immersion depth of 10
mm. N,N-Dimethylthiocarbamates (2 or 3, 0.7 mmol), para-
difluorobenzene (internal standard, 0.7 mmol) and tetrabu-
tylammonium tetrafluoroborate (0.7 mmol) were dissolved
in 7 mL HFIP and placed in the anodic half-cell. The cathodic
half-cell was charged with a solution of tetrabutylammo-
nium tetrafluoroborate (0.7 mmol) in 7 mL HFIP. Both solu-
tions were purged with argon for five minutes prior to the
experiment. The electrolysis was performed under stirring
and a constant current of 10 mA.

Computational studies. The computational results were
obtained from electronic structure calculations on multiple
levels of theory. Here we first describe the computational
details of all calculations that correspond to the gas-phase
or apply implicit solvation models before introducing the
approach to account for explicit solvent-solute interactions.

The ORCA program package in its version 4 was used
throughout the former set of calculations.5” All geometry
optimizations were carried out at the DFT level using the
wB97X-D3 together with the def2-TZVP(-f) basis set.>8-° [n
cases where solvation is taken into account it is modeled by
a polarizable continuum model (C-PCM) with € = 17.8 for
HFIP.6162 All special points on the potential energy surface
were verified by analyzing the corresponding Hessian ma-
trix: Minima give rise to a positive definite Hessian matrix
while the Hessian matrix of transition states feature a single
negative eigenvalue. Refined electronic energies were ob-
tained for gas-phase geometries using the DLPNO-CCSD(T)
method that yields excellent approximations to the “gold
standard of quantum chemistry” for closed-shell molecules,
canonical CCSD(T).63-66 The DLPNO-CCSD(T) energies were
extrapolated to the complete basis set limit (CBS) by means
of a two-point extrapolation scheme on the basis of energies
calculated with the cc-PVTZ and cc-PVQC basis sets.6772
Thermochemical corrections to the coupled cluster
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electronic energy were estimated from the particle in a box,
rigid rotor and harmonic approximations utilizing DFT fre-
quencies to get the final Gibbs free energies in the gas phase,
i.e Gyos(CC) = Eggs(CC) + [Gyas (DFT) — Egqs(DFT)]. In the
solvent phase, the free energy difference between implicit
solvation and gas phase calculations was added to the gas
phase coupled cluster Gibbs free energy to get the final
Gibbs free energy in the solvent phase, Gypen:(CC) =
Ggas(CC) + [Gsorent (DFT) — Ggos (DFT)]. During all afore-
mentioned calculations the resolution of identity (RI]) in
combination with the def2 /] basis set and chain-of-spheres
(COSX) approximations were used to accelerate the evalua-
tion of two-electron integrals.”3-77

Explicitly solvated geometries with 1 and 2 HFIP mole-
cules were obtained in the following steps: 1) 300 geome-
tries were sampled using the ABCluster 2.0 program?”87° tai-
lored with the xTB6.1 program for the energies.8? 2) The 10
structures lowest in energy in the previous step were sam-
pled further with the crest program.8! 3) The lowest energy
structure for each case was then taken for optimization at
DFT-GGA level with the B97-3c functional.82 4) The subse-
quent hybrid-DFT geometry optimizations and electronic
energy refinements were performed as described above.

General procedure 1V (synthesis of thiocarbamates).
A modified version of a previously described procedure was
used to synthesize the target compounds.?> For the synthe-
sis of compound 2, the corresponding phenol 1 (1.00 g) was
dissolved in 10 mL dry DMF in an argon flushed, dry Schlenk
flask. The solution was cooled to 0 °C followed by addition
of 1.1 equiv. sodium hydride (60 wt% in mineral oil) in
small portions, whereby the temperature was kept between
0°C and 5 °C. After stirring the mixture for 30 min at 0 °C,
1.3 equiv. N,N-dimethyl thiocarbamoyl chloride were added
in a single portion. The reaction mixture was allowed to
warm up to room temperature and then poured into ca. 50
mL water, which led to precipitation of the crude product.
After storing the mixture overnight at 0 °C, the precipitate
was filtered off and recrystallized from boiling n-heptane or
n-heptane/ethyl acetate. For the synthesis of compound 3
the same procedure was applied, whereby thiophenols (4)
were used as starting material instead of 1.

O-Phenyl-N,N-dimethylthiocarbamate (2s). Phenol
(1.42 g, 15.06 mmol), N,N-dimethylthiocarbamoyl chloride
(2.440g, 19.74mmol) and sodium hydride (0.663 g,
60 wt% in mineral oil, 16.58 mmol) were reacted in 14 mL
DMF according to general procedure IV. The addition of
70 mL water to the reaction mixture led to precipitation of
the crude product as a viscous yellow oil, which was puri-
fied using column chromatography (n-heptane/ethyl ace-
tate 6:1). After recrystallization from n-heptane, 2s was ob-
tained as a colorless solid. The analytical data are in agree-
ment with the literature.® Yield: 1.694 g (9.34 mmol, 62%).
M. p.: 31.0 - 32.0 °C (lit.: 29.5 - 30.5°C).83 1H NMR (250
MHz, chloroform-d): 6(ppm) = 3.38 (s, 3H), 3.49 (s, 3H), 7.04
- 717 (m, 2H), 7.23 - 7.34 (m, 1H), 7.37 - 7.52 (m, 2H).
13C{'H} NMR (63 MHz, chloroform-d): §(ppm) = 38.6, 43.2,
122.7,125.8,129.1, 154.0, 187.8.

O-(4-Fluorophenyl)-N,N-dimethylthiocarbamate (2t).
4-Fluorophenol (2.187 g, 19.42 mmol), N,N-

dimethylthiocarbamoyl chloride (3.167 g, 25.62 mmol) and
sodium hydride (0.856g 60wt% in mineral oil,
21.40 mmol) were reacted in 22 mL DMF according to gen-
eral procedure IV. The addition of 110 mL water to the re-
action mixture led to precipitation of the crude product as a
pale-yellow solid. After recrystallization from n-heptane, 2t
was obtained as an off-white solid. The analytical data are
in agreement with the literature.?! Yield: 3.246 g (16.29
mmol, 84%). M. p.: 75.5 - 77.5 °C (lit.: 75 - 77 °C).21 1H NMR
(300 MHz, chloroform-d): 6(ppm) = 3.35 (s, 3H), 3.46 (s,
3H), 6.98 - 7.13 (m, 4H). 13C{*H} NMR (63 MHz, chloroform-
d): 8(ppm) = 38.6, 43.3, 115.7 (d, J=23.3 Hz), 124.1 (d,
J=8.7 Hz), 149.8 (d, J= 2.7 Hz), 160.2 (d, ] = 244.4 Hz),
187.7.19F NMR (282 MHz, chloroform-d): § (ppm) =-116.8.

0-(4-Chlorophenyl)-N,N-dimethylthiocarbamate (2v).
4-Chlorophenol (2.191 g, 17.04 mmol), N,N-dimethylthio-
carbamoyl chloride (2.743 g, 22.19 mmol) and sodium hy-
dride (0.755 g, 60 wt% in mineral oil, 18.88 mmol) were re-
acted in 22 mL DMF according to general procedure IV. The
addition of 110 mL water to the reaction mixture led to pre-
cipitation of the crude product as a pale-yellow solid. After
recrystallization from n-heptane, 2v was obtained as an
off-white solid. The analytical data are in agreement with
the literature.?! Yield: 2.616 g (12.13 mmol, 71%). M. p.:
52.5-54.5°C (lit.: 51 - 52 °C).2t 1H NMR (250 MHz, chloro-
form-d): §(ppm) = 3.34 (s, 3H), 3.45 (s, 3H), 6.95 - 7.08 (m,
2H), 7.30 - 7.41 (m, 2H). 3C{*H} NMR (63 MHz, chloroform-
d): 6(ppm) = 38.7,43.3,124.1,129.2,131.3, 152.4, 187 4.

0-(4-Carbomethoxyphenyl)-N,N-dimethylthiocarba-

mate (2w). 4-Carbomethoxyphenol (1.723 g, 11.32 mmol),
N,N-dimethylthiocarbamoyl chloride (1.828 g, 14.79 mmol)
and sodium hydride (0.501g, 60 wt% in mineral oil,
12.53 mmol) were reacted in 17 mL DMF according to gen-
eral procedure IV. The addition of 85 mL water to the reac-
tion mixture led to precipitation of the crude product as a
pale-yellow solid. After recrystallization from n-hep-
tane/ethyl acetate, 2w was obtained as a colorless solid.
The analytical data are in agreement with the literature.?!
Yield: 1.708 g (7.14 mmol, 63%). M. p.: 92.5 - 95.0 °C (lit.:
94.5-95.5 °(C).2t 1H NMR (250 MHz, chloroform-d): §(ppm)
=3.36 (s, 3H), 3.46 (s, 3H), 3.91 (s, 3H), 7.09 - 7.19 (m, 2H),
8.03 - 8.14 (m, 2H). 3C{"H} NMR (63 MHz, chloroform-d):
S(ppm) = 38.8,43.2,52.1,122.9,127.7,130.9, 157.4, 166.3,
186.9.

O-(4-Trifluorphenyl)-N,N-dimethylthiocarbamate
(2x). 4-Trifluormethylphenol (0.784 g, 4.84 mmol), N,N-di-
methylthiocarbamoyl chloride (0.755 g, 6.27 mmol) and so-
dium hydride (0.219 g, 60 wt% in mineral oil, 5.48 mmol)
were reacted in 8 mL DMF according to general procedure
IV. The addition of 40 mL water to the reaction mixture led
to precipitation of the crude product as a pale-yellow solid.
After recrystallization from n-heptane, 2x was obtained as
a colorless solid. The analytical data are in agreement with
the literature.?! Yield: 0.777 g (3.12 mmol, 64%). M. p.: 116
-117.5°C (lit: 111 - 112 °C).?1 'H NMR (250 MHz, chloro-
form-d): §(ppm) = 3.37 (s, 3H), 3.47 (s, 3H), 7.20 (d, /= 8.3
Hz, 2H), 7.67 (d, /= 8.3 Hz, 2H). BC{*H} NMR (126 MHz,
chloroform-d): 6(ppm) = 38.8, 43.2, 123.9 (q, / = 272.1 Hz),
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126.43 (q,] = 3.7 Hz),127.9 (q,] = 32.2 Hz), 156.3,186.8. 1F
NMR (282 MHz, chloroform-d): §(ppm) = -62.1.

0-(3-Methoxyphenyl)-N,N-dimethylthiocarbamate

(2y). 3-Methoxyphenol (0.89 mL, 8.1 mmol), N,N-dimethyl-
carbamoyl chloride (1.3 g, 10.5 mmol) and sodium hydride
(0.35 g, 60wt% in mineral oil, 8.9 mmol) were reacted in
10 mL DMF according to general procedure IV. The reaction
mixture was poured into water, followed by extraction with
ethyl acetate. The organic layer was separated, dried over
anhydrous sodium sulfate and evaporated under reduced
pressure to give the crude product. Purification via column
chromatography (toluene/ethyl acetate 40:1) gave 2y as a
yellow oil. The analytical data are in agreement with the lit-
erature.?! Yield: 0.91 g (4.3 mmol, 54%). 'H NMR (300 MHz,
chloroform-d): §(ppm) = 3.34 (s, 3H), 3.46 (s, 3H), 3.81 (s,
3H), 6.64 (dd, = 2.3 2.3 Hz), 6.68 (ddd, J = 8.1, 2.3, 0.9 Hz,
1H), 6.81 (ddd, J=8.3, 2.5, 0.8 Hz, 1H), 7.29 (dd, J = 8.1,
8.1 Hz, 1H). 3C{*H} NMR (63 MHz, chloroform-d): §(ppm) =
38.7, 43.2, 55.4, 108.8, 111.7, 115.0, 129.4, 154.9, 160.3,
187.6.

S-(4-Methylphenyl)-N,N-dimethylthiocarbamate (3q).
4-Methylthiophenol (0.999 g, 8.05 mmol), N,N-dimethyl-
carbamoyl chloride (1.0 mL, 10.9 mmol) and sodium hy-
dride (0.354 g, 60 wt% in mineral oil, 8.85 mmol) were re-
acted in 10 mL DMF according to general procedure IV. The
addition of 50 mL water to the reaction mixture led to pre-
cipitation of the crude product as a pale-yellow solid. After
recrystallization from n-heptane, 3q was obtained as a col-
orless crystalline solid. The analytical data are in agreement
with the literature.?! Yield: 0.331 g (1.70 mmol, 21%). M. p.:
36.5-38.0 °C (lit.: 37.0 - 39.5°C).2! 1H NMR (250 MHz, chlo-
roform-d): §(ppm) = 2.38 (s, 3H), 3.06 (br.s., 6H), 7.15-7.25
(m, 2H), 7.34 - 7.44 (m, 2H). 3C{'H} NMR (63 MHz, chloro-
form-d): 6(ppm) = 21.2, 36.8, 125.2, 129.7, 135.6, 139.3,
167.2.

S-Phenyl-N,N-dimethylthiocarbamate (3s). Thiophenol
(1.446 g, 13.12 mmol), N,N-dimethylcarbamoyl chloride
(1.575mL, 17.14 mmol) and sodium hydride (0.578g,
60 wt% in mineral oil, 14.45 mmol) were reacted in 14 mL
DMF according to general procedure IV. The addition of
70 mL water to the reaction mixture led to precipitation of
3s as a colorless solid without further purification. The an-
alytical data are in agreement with the literature.®? Yield:
1.414 g (7.80 mmol, 59%). M. p.: 43.0 - 46.0 °C (lit.: 43 - 44
°C).83 TH NMR (300 MHz, chloroform-d): 6(ppm) = 3.07 (br.
s, 6H), 7.35 - 7.44 (m, 3H), 7.47 - 7.55 (m, 2H). 3C{*'H} NMR
(63 MHz, chloroform-d): §(ppm) = 36.8,128.7, 128.8, 129.0,
135.6, 166.8.

S-(4-Nitrophenyl)-N,N-dimethylthiocarbamate (3u).
4-Nitrothiophenol (1.014 g, 6.53 mmol), N,N-dimethylcar-
bamoyl chloride (0.8 mL, 8.7 mmol) and sodium hydride
(0.288 g, 60 wt% in mineral oil, 7.20 mmol) were reacted in
10 mL DMF according to general procedure IV. The addition
of 50 mL water to the reaction mixture led to precipitation
ofthe crude product as a yellow solid. After recrystallization
from n-heptane, 3u was obtained as a pale-yellow solid. The
analytical data are in agreement with the literature.?! Yield:
0.826 g (3.65 mmol, 56%). M.p.: 119.0 - 122.0 °C (lit.: 117.5
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-119.5 °C).21 1H NMR (250 MHz, chloroform-d): §(ppm) =
3.09 (br.s., 6H), 7.68 (d, ] = 8.8 Hz, 2H), 8.21 (d, J = 8.83 Hz,
2H). BC{'H} NMR (63 MHz, chloroform-d): 6(ppm) = 37.0,
123.5,135.5,137.7,147.9, 164.6.

S-(4-Chlorophenyl)-N,N-dimethylthiocarbamate (3v).
4-Chlorothiophenol (1.309 g, 9.05 mmol), N,N-dimethylcar-
bamoyl chloride (1.08 mL, 11.80 mmol) and sodium hy-
dride (0.399 g, 60 wt% in mineral oil, 9.98 mmol) were re-
acted in 13 mL DMF according to general procedure IV. Af-
ter completed reaction, the mixture was transferred to a
separation funnel, followed by addition of 65 mL water. Af-
ter extraction with ethyl acetate (3 x 40 mL), the combined
organic layers were washed with water (3 x40 mL) and
brine (25 mL). After evaporation of the solvent and recrys-
tallization from n-heptane, 3v was obtained as a colorless
solid. The analytical data are in agreement with the litera-
ture.?! Yield: 1.586 g (7.35 mmol, 81%). M. p: 78.0 - 80.5 °C
(lit.: 74 - 76 °C).21 'TH NMR (300 MHz, chloroform-d): §(ppm)
=3.06 (br.s., 6H), 7.33 - 7.39 (m, 2H), 7.39 - 7.46 (m, 2H).
13C{'H} NMR (63 MHz, chloroform-d): 6 (ppm) =36.9,127.3,
129.1,135.5,136.9, 166.3.

S-(4-Carbomethoxyphenyl)-N,N-dimethylthiocarba-
mate (3w). Step 1: Mercaptobenzoic acid (1.163 g, 7.54
mmol) was dissolved in methanol (30 mL) and three drops
of sulfuric acid were added. The solution was stirred for 72
h, whereby the temperature was kept between 55 °C and
the boiling point of the solution (monitoring of the conver-
sion via 'H NMR). After completed reaction, the solvent was
removed under reduced pressure and the remaining solid
dissolved in 15 mL ethyl acetate. The organic layer was
washed with water (2x 15 mL), saturated aq. NaHCOs
(1x15mL) and brine (1x 15 mL). The solvent was re-
moved under reduced pressure to give 0.861 g (5.12 mmol,
68%) of crude 4-mercaptobenzoic acid methylester. Step 2:
The unpurified product of step 1 was converted with so-
dium hydride (0.226 g, 60 wt% in mineral oil, 5.65 mmol)
and N,N-dimethylcarbamoyl chloride (0.615 mL, 6.69
mmol) in 9 mL DMF according to general procedure I. Pre-
cipitation with 45 mL water and recrystallization from n-
heptane/ethyl acetate gave the product as an off-white
solid. The analytical data are in agreement with the litera-
ture.?! Yield: 0.769 g (3.21 mmol, 63%). MP.: 91.5 - 94.5 °C
(lit: 90 - 91 °C).2t 'H NMR (300 MHz, chloroform-d):
6(ppm) = 3.07 (br.s., 6H), 3.92 (s, 3H), 7.53 - 7.63 (m, 2H),
7.97 - 8.09 (m, 2ZH). 3C{'H} NMR (75 MHz, chloroform-d):
6(ppm) =36.9,52.2,129.8,130.4,134.7,134.9,165.6, 166.5.

S-(4-Trifluorphenyl)-N,N-dimethylthiocarbamate
(3x). 4-Trifluoromethylthiophenol (1.095g, 6.15 mmol),
N,N-dimethylcarbamoyl chloride (0.735 mL, 8.01 mmol)
and sodium hydride (0.272g, 60 wt% in mineral oil,
6.80 mmol) were reacted in 11 mL DMF according to gen-
eral procedure IV. The addition of 55 mL water to the reac-
tion mixture led to precipitation of the crude product as a
yellow solid. After recrystallization from n-heptane/ethyl
acetate, 3x was obtained as a colorless solid. The analytical
data are in agreement with the literature.?! Yield: 0.960 g
(3.85 mmol, 63%). M. p.: 42.0 - 44.0 °C (lit.: 43 - 44 °C).2* 'H
NMR (300 MHz, chloroform-d): 6(ppm) = 3.08 (br. s., 6H),
7.63 (br. s., 4H). B3C{'H} NMR (75 MHz, chloroform-d):
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6(ppm) = 36.9,123.9 (q, /= 271.9 Hz), 125.6 (q, / = 3.7 Hz),
125.6 (q, J=3.9 Hz), 131.0 (q, J=32.5 Hz), 133.6, 135.6,
165.6. 1°F NMR (282 MHz, chloroform-d): §(ppm) = -62.8.

0-(4-Fluorophenyl)-N,N-dimethylcarbamate (5t). 4-
Fluorophenol (1.89g, 16.86 mmol), N,N-dimethylcar-
bamoyl chloride (2.440 mL, 21.99 mmol) and sodium hy-
dride (0.749 g, 60 wt% in mineral oil, 18.73 mmol) were re-
acted in 18 mL DMF according to general procedure IV. Wa-
ter (90 mL) was added and the mixture extracted three
times with 50 mL ethyl acetate. The combined organic lay-
ers were washed with water (3 x 50 mL), with 25 mL brine
and dried over sodium sulfate. After evaporation of the sol-
vent, 5t remained as a light-yellow oil. The analytical data
are in agreement with the literature.?* Yield: 2.802 g (15.30
mmol, 91%). 'H NMR (500 MHz, chloroform-d): §(ppm) =
3.01 (s, 3H), 3.10 (s, 3H), 6.93 - 7.17 (m, 4H). 3C{*H} NMR
(75 MHz, chloroform-d): 6(ppm) = 36.4, 36.7, 115.7 (d,
J=23.7Hz), 123.1 (d, J=82Hz), 147.4 (d, J=2.7 Hz),
154.82, 159.87 (d, J = 243.2 Hz). °F NMR (282 MHz, chlo-
roform-d): 6 (ppm) = -118.2.

0-(4-Chlorophenyl)-N,N-dimethylcarbamate (5v). 4-
Chlorophenol (1.92g, 14.93 mmol), N,N-dimethylcar-
bamoyl chloride (1.785 mL, 19.39 mmol) and sodium hy-
dride (0.656 g, 60 wt% in mineral oil, 16.40 mmol) were re-
acted in 19 mL DMF according to general procedure IV. Af-
ter addition of 95 mL water, the was extracted three times
with 50 mL ethyl acetate. The combined organic layers were
washed with water (3 x 50 mL), with 25 mL brine and dried
over sodium sulfate. After evaporation of the solvent, 5v re-
mained as a colorless oil. The analytical data are in agree-
ment with the literature.8> Yield: 2.516 g (12.60 mmol,
84%). 'H NMR (500 MHz, chloroform-d): §(ppm) = 3.01 (s,
3H), 3.09 (s, 3H), 7.07 (d, ] = 8.8 Hz, 2H), 7.31 (d, /= 8.8 Hz,
2H). B3C{'H} NMR (126 MHz, chloroform-d): §(ppm) = 36.4,
36.7,116.1,123.1,129.2,130.4, 150.0, 154.5.
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