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Abstract: Rate constants for the reactions of dialkyl chalcoge-
nides with laser flash photolytically generated benzhydrylium
ions have been measured photometrically to integrate them
into the comprehensive benzhydrylium-based nucleophilicity
scale. Combining these rate constants with the previously
reported equilibrium constants for the same reactions
provided the corresponding Marcus intrinsic barriers and

made it possible to quantify the leaving group abilities
(nucleofugalities) of dialkyl sulfides and dimethyl selenide.
Due to the low intrinsic barriers, dialkyl chalcogenides are
fairly strong nucleophiles (comparable to pyridine and N-
methylimidazole) as well as good nucleofuges; this makes
them useful group-transfer reagents.

Introduction

Dialkyl chalcogenides are known to act as nucleophiles in a
variety of reactions. The amino acid L-methionine, for example,
reacts as a sulfur-centred nucleophile at the 5-position of
adenosyl triphosphate (ATP) to form S-adenosyl methionine
(Scheme 1), which functions as a methylating agent in living
organisms.? In several hydrolases, the chalcogen-containing
amino acids serine, cysteine, and selenocysteine are essential,
and their catalytic activities rely on the nucleophilic properties
of the chalcogen atom.”™ Dialkyl chalcogenides have success-
fully been employed as nucleophilic organocatalysts in various
chalcogenide-ylide mediated reactions, for example, epoxida-
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Scheme 1. Participation of S-centred nucleophiles in biological systems.

tions, aziridinations, cyclopropanations, and olefinations.” Chal-
cogenides were also used in combination with Lewis acids as
organocatalysts in Morita-Baylis-Hillman reactions.®

Arnett has shown that the relative Brgnsted basicities of
chalcogenides are strongly dependent on the nature of the
solvent.® While in aqueous solution, dimethyl sulfide (pK,;=
—6.95) is a much weaker base than dimethyl ether (pK,,=
—2.52), the heat of protonation is the same for both
compounds in HSOsF. In the gas phase, the proton affinity of
dimethyl sulfide (197 kcalmol™) is significantly higher than that
of dimethyl ether (186 kcalmol™").”’ Similar pK,, values for cyclic
sulfides have been measured by Scorrano.” Because of the
well-known limitations of the correlations between the reac-
tivities of different types of nucleophiles and the corresponding
Brgnsted basicities,™ we have previously used benzhydrylium
ions as reference electrophiles and reference Lewis acids for the
construction of comprehensive nucleophilicity® and Lewis
basicity scales."” Variation of the p- and m-substituents of the
benzhydrylium ions allowed a wide variation of their electro-
philicities and Lewis acidities while the steric demand in the
vicinity of the reaction centre is kept constant. During earlier
work, we have demonstrated that the rates of the reactions of
n-, m-, and o-nucleophiles with carbocations and Michael

11367 © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


http://orcid.org/0000-0001-5034-423X
http://orcid.org/0000-0002-1527-5934
http://orcid.org/0000-0002-7621-430X
http://orcid.org/0000-0002-9600-2793
http://orcid.org/0000-0003-0768-5199
https://doi.org/10.1002/chem.202100977

Chemistry—A European Journal

Full Paper

doi.org/10.1002/chem.202100977

Chemistry

Europe

Ethers Thioethers Selenoethers
Ve CH3 CH3
g rad S
— CHy ~"N" CH,
1 2a 2b 3
THT THTP
2c 2d

Scheme 2. Dialkyl chalcogenides 1-3 used in this study.

Table 1. Electrophilicity (E), electrofugality (E), and Lewis acidity (LA)
parameters of the benzhydrylium ions used in this work.

H H H
CD
X Y o oMe O o
4a-e 4f 4g

X Y Abbreviations ~ E® EX LAY
4a OPh H (pop)(Ph)CH* 2.90 —3.52 4.42
4b OMe H (ani)(Ph)CH 2.11 —2.09 3.10
4c OMe Me (ani)(tol)CH™* 1.48 —1.32 2.00
4d OMe OPh  (ani)(pop)CH* 061 —0.86  0.90
4e OMe OMe (ani),CH* 0 0 0
af (fur)(ani)CH* —081 061 (=119
49 (fur),CH* —-1.36 1.07 —1.29

[a] Electrophilicity parameters E for benzhydrylium ions from refs. [9] and
[11]. [b] Electrofugality parameters E; for benzhydrylium ions from ref. [12].
[c] Lewis acidity LA of benzhydrylium ions in dichloromethane, from
ref. [10b]. [d] Interpolated Lewis acidity LA, see ref. [10b].

acceptors can be described by the linear-free-energy relation-
ship [Eq. (1)1.”!

log k(20°C) = sy(N + E) (M

In Equation (1), nucleophiles are characterized by the
solvent-dependent nucleophilicity parameter N and the sus-
ceptibility parameter s, while electrophiles are characterized by
the solvent-independent electrophilicity parameter EF' As
explained in detail previously,®™ the unconventional expression
of the linear free energy relationship (1) avoids far-reaching
extrapolations by defining nucleophilicity N as the negative
intercept on the abscissa in logk versus E plots. Based on
Equation (1), the nucleophilicities of numerous n-, 7-, and o-
nucleophiles, including amines, pyridines, imidazoles, imidazo-
lines, and phosphanes, have been quantified.”® In this work, we
set out to determine the nucleophilicities of dialkyl chalcoge-
nides 1-3 (Scheme 2) using the benzhydrylium ions 4 depicted
in Table 1 as reference electrophiles.

Chem. Eur. J. 2021, 27, 11367 -11376 www.chemeurj.org

Results and Discussion

Kinetics of the reactions of dialkyl chalcogenides 1-3 with
benzhydrylium lons 4

To characterize the sulfonium ions 4-SR, generated by the
reactions of the thioethers 2a-d with benzhydrylium ions,
benzhydrylium triflate 4 e-OTf (generated by mixing 4 e-Cl with
trimethylsilyl triflate) was combined with 2a-d in dichloro-
methane. As specified by the NMR spectroscopic analysis of the
crude products (see the Supporting Information) the corre-
sponding dialkylbenzhydrylsulfonium triflates (4-SR,)-TfO~ were
formed exclusively.

Previous work showed that due to the low Lewis basicities
of 1-3 their combinations with benzhydrylium ions, which are
better stabilized than 4g (Lewis acidity LA < —2), do not lead to
adduct formation in 2 mM dichloromethane solutions.'® On
the other side, reactions of thio- and selenoethers with 4g and
less stabilized benzhydrylium ions (4a-f, LA> —1) were so fast
that conventional UV/Vis spectroscopy, even when combined
with stopped-flow techniques, was not suitable to follow the
decay of the absorbances of the benzhydrylium ions 4 because
the reactions are faster than the mixing time in the stopped-
flow instrument. For that reason, laser-flash photolytic techni-
ques as described previously™ were employed to study the
kinetics of the reactions of diethyl ether (1) and the thio- and
selenoethers 2 and 3 with the benzhydrylium ions 4
(Scheme 3).

The benzhydrylium ions 4 were generated by laser flash
irradiation (7 ns pulse, 266 nm, 40-60 mJ/pulse) of the benzhy-
dryltriphenylphosphonium tetrafluoroborates 4-PPh;BF, in the
presence of the nucleophiles 2 or 3 in acetonitrile or dichloro-
methane at 20°C. The intermediate benzhydrylium ions 4 were
identified by their UV/Vis spectra.™ The rates of the combina-

X = (€]
N BF,
\ 7/

®
PPh;
— /R
X 4 A
R
4-PPh,

f Nd-YAG laser
hv j (7 ns pulse)

X =
R X BF§9
+ N k \ @/R
R — »
+ PPh, solv;ant _ R
20°C %/ + PPh;
% \
4-XR;

Scheme 3. Generation of benzhydrylium ions 4 by laser-flash irradiation of
the precursor phosphonium tetrafluoroborates 4-PPh,BF, and their combina-
tion with dialkyl chalcogenides (at 20°C in MeCN or CH,Cl,).
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tion reactions were followed by monitoring the decay of the
absorbances of 4 at or close to their absorption maxima.

Quantitative kinetic measurements were not carried out
with diethyl ether (1) as the addition of two equivalents of 1 to
a 0.035 M solution of (ani),CH* BF,” (4e) in CD,Cl, at ambient
temperature neither resulted in decolorization of the solution
nor in a change of the '"H NMR spectrum of 4e within
10 minutes. After 1 h, about one-third of 4e was reduced with
formation of bis(4-methoxyphenyl)methane, indicating that
hydride transfer will disturb the kinetics of Lewis adduct
formation with more reactive benzhydrylium ions. This observa-
tion is in line with Penczek’s thorough investigation of the
interactions of ethers and acetals with Ph;C*, which has an
electrophilicity similar to 4e.”¥ For the coordination of Ph,C*
with Et,0 (1) at 25°C an equilibrium constant K=0.23 M~",["¥
and for the hydride transfer from Et,O to Ph,C" a second-order
rate constant of 3x10™* M~'s™" was determined.'"

All reactions of the benzhydrylium ions 4 with the
thioethers 2a-d and dimethyl selenide 3 reported herein were
well behaved and gave rise to mono-exponential decays of the
absorbances of 4 as shown in Figure 1 for the reaction of 4d
with 2b. Because of the low concentrations of PPh; generated

Table 2. Second-order rate constants (k) for the reactions of the thio- and
selenoethers 2 and 3 with benzhydrylium ions 4 in CH,Cl, at 20°C.

Nucleophile N/ s Ar,CH™" kIMs™
Me,S (2a) 12.32,0.72 (fur),CH* 4g 8.10x 107
(fur)(ani)CH™* 4f 2.02x10°
(ani),CH" 4e 5.14x 108"
(ani)(pop)CH* 4d 8.80x 10%®
2ain MeCN (12.7,0.72)9 (fur),CH* 4g 1.55x10°
(fur)(ani)CH* 4f 3.29x 108"
(ani),CH" 4e 7.46x 108"
(ani)(pop)CH* 4d 1.22x10°®
(ani)(Ph)CH ™" 4b 2.87x10°"
nBu,S (2b) 11.86, 0.74 (fur),CH* 49 5.13x 10’
(fur)(ani)CH* af 1.30x 10°
(ani),CH" 4e 2.73x 108"
(ani)(pop)CH* 4d 461x10%®
THT (2¢) (13.1,0.72)¢ (fur),CH™* 49 2.88x10%™®
(fur)(@ni)CH" 4f 3.85x10% "
(ani),CH" 4e 8.15x 10
(ani)(pop)CH* 4d 1.22x10°®
2c in MeCN (13.3,0.72)¢ (fur),CH™* 49 3.99x 10%™®
(fur)(@ni)CH" 4f 6.89x 10
(ani),CH" 4e 1.65%x10°®
(ani)(pop)CH* 4d 1.68x10°®
(ani)(Ph)CH™* 4b 497x10°®
(pop)(Ph)CH" 4a 5.17x10°®
THTP (2d) 11.94,0.75 (fur),CH* 4g 8.37x107
(fur)(@ani)CH* 4f 2.16x10°
(ani),CH" 4e 5.57x 108"
(ani)(pop)CH* 4d 7.34x 108"
Me,Se (3) (12.6, 0.72) (fur)(ani)CH* 4f 3.16x10%™®
(ani),CH" 4e 490x10%®
(ani)(pop)CH* 4d 1.08x10°®
(ani)(tol)CH* 4c 2.06x10°"

[a] Nucleophile-specific parameters N and s according to Equation (1). [b]
Because of the proximity of the diffusion limit, not used for the calculation
of N and sy. [c] As the available rate constants are close to the diffusion
limit, they are not used for the calculation of N and s,; for that reason, sy=
0.72 was assumed to be the same as for structurally analogous
nucleophiles and combined with the smallest rate constant of the series
to obtain an estimate for N.

Chem. Eur. J. 2021, 27, 11367 -11376 www.chemeurj.org

(a) MeQ MeQ
(9 Q.
CaHg k ®CaHo
BF4® ® 4+ —
\ \
C4Hyg CH2Cl2 Cy4Hg
9 s ()
PhO 4d 2b PhO
(b) o7
T 0.5
E - 5 o1
s Kobs =7.74 x 10° s
5 0.3
e I
ns
3 laser
0.1 _pulse
0 ‘..‘T.‘fl ------------------------- ahdel A
' AA at 516 nm
-1 0 2 5 8
time (us) ——>
(c) 15 7

Kkops = 4.61 x 108 [2b] + 1.04 x 10*

Kobs (105 5_1) -
©
o
T

6.0 I
30 |
0 1 1 J
0 1 2 3
2b] (MM) —— >

Figure 1. a) Kinetics of the reaction of 2b ([2b],= 1.68 mM) with 4d at 20°C
in CH,Cl, were monitored b) by the exponential decay of the absorbance of
4d at 516 nm during the course of the reaction (4d generated by laser flash
photolysis of 4d-PPh;BF,). c) The second-order rate constant

k=4.61x10* M~'s™" corresponds to the slope of the linear correlation of kg,
with [2b].

by photolytic cleavage, recombination of PPh; with the
benzhydrylium ions did not compete with the reactions of the
chalcogenides. First-order rate constants k., [s~'] were obtained
by fitting the mono-exponential function A, =A.e *>! 4+ C to the
decays of the absorbances. Plots of k., versus the concen-
trations of the nucleophiles were linear, indicating second-order
rate laws, and the second-order rate constants k [M~'s™'] listed
in Table 2 were derived from the slopes of such plots.

Determination of nucleophile-specific parameters N and s,

As previously reported for numerous reactions of benzhydry-
lium ions with different families of nucleophiles, plots of logk
versus electrophilicity E are generally linear up to rate constants
of approximately 2x10® M~'s™" and flatten as the diffusion limit

11369  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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is approached."” The linear parts of these correlations, which
follow Equation (1), have been used to derive N from the
intercepts on the abscissa and sy as the slopes.”

Analogously, Figure 2 shows a flattening of logk versus E
plots when the second-order rate constants k for the reactions
of dialkyl sulfides 2 with benzhydrylium ions 4 exceed 2x
108 M~'s™". Only the reactions of the least electrophilic benzhy-
drylium ions 4f and 4g with the thioethers 2a, 2b, and 2d
proceed with rate constants smaller than 2x10* M~'s™ " and can
be used to evaluate N and s, for these nucleophiles in the
conventional way as illustrated in Figure 2. Since all rate
constants determined for the stronger nucleophiles 2c and 3
are greater than 2x10° M~'s™", a different way for characteriz-
ing the nucleophilic reactivities of 2c and 3 was needed.

Reactions with less electrophilic carbocations cannot be
used for this purpose because such carbocations do not give
adducts at 20°C due to the lack of a thermodynamic driving
force. As specified in the footnotes of Table 2, approximate N
values for the more nucleophilic Lewis bases 2¢ and 3 (and for
2a in acetonitrile) were calculated from the rate constants of
the slowest reactions of these chalcogenides by applying

95
4g 4f 4e 4d
90 | i : :
< ; b
2 85 ! transition from linear
° THT (2¢) f to convex curvature
8.0 | ] 1 H
Me,S (2a) @ ' !
nBuyS (Zb).‘ : : :
75 L . L L L )
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

Electrophilicity E

Figure 2. Plot of log k versus the electrophilicity parameter E for the
reactions of dimethyl sulfide (2a), dibutyl sulfide (2b), and tetrahydrothio-
phene (THT, 2 c) with benzhydrylium ions 4 in CH,Cl, at 20°C.

Equation (1) with an assumed sy=0.72, the susceptibility
determined for the structurally related dimethyl sulfide 2a.
Similar values of sy have also been obtained for 2b and 2d.

Intrinsic barriers

For some of the reactions listed in Table 2, equilibrium
constants have previously been determined™® (Table 3). Ac-
cording to the Marcus Equation (2), the activation energy AG™
of a reaction can be expressed by the combination of the
reaction Gibbs energy A,G° with the intrinsic barrier AG,”,
which corresponds to the activation Gibbs energy for a reaction
with A,G°=0."?

AG* = AG," +0.5 AG’ + (AG)*/(16 AG,") 2)

Substitution of A,G° and AG™ into Equation (2) yields the
intrinsic barriers AG,". Values of AG," determined for the
reactions of nucleophiles 2 and 3 with benzhydrylium ions (4)
are listed in Table 3. Zhu has criticized Marcus’ derivation of
Equation (2) and developed an alternative expression, which
differs from Equation (2) by the absence of the last term."”
Since the intrinsic barriers calculated by Zhu's equation differ
only insignificantly from those calculated by Equation (2) (+0.4
to 1.4 kJmol™), we only list the Marcus intrinsic barriers in
Table 3 in order to retain comparability with the majority of
published intrinsic barriers.

In previous work, we showed that within a reaction series
(one nucleophile with different benzhydrylium ions) Marcus
intrinsic barriers AG,” decrease with increasing reactivity of the
benzhydrylium ions for nucleophiles with s, >0.67, and increase
for nucleophiles with sy<0.67."® Accordingly, the intrinsic
barriers are almost constant within the different reaction series
of Table 3, because the corresponding susceptibility parameters
(0.72 < sy <0.75) are close to 0.67.

Intrinsic barriers below 35 kJmol™", as derived for the
reactions of benzhydrylium ions with thio- and selenoethers
(Table 3), are the smallest ones we have observed so far. These

Table 3. Equilibrium constants K, Gibbs reaction energies A,G,, Gibbs activation energies AG*, and Marcus intrinsic barriers AG," for the reactions of the

thio- and selenoethers 2 and 3 with benzhydrylium ions (Ar,CH™, 4) in CH,Cl, at 20°C.

Nucleophile Ar,CH* 4 K® M~"] AG® [kJmol™'] AG™™ [kJmol™] AG,™ [kJmol™"]

(Lewis base)

Me,S (2a) (fur),CH* 49 2.16x10? —13.1 27.4 336
(ani),CH™ 4e 8.91x10° —22.2 229 33.0
(ani)(pop)CH™* 4d 6.67 %10 —27.1 216 337

nBu,S (2b) (fur),CH* 49 1.52% 107 —122 285 343
(ani),CH* 4e 6.15x10° -213 24.4 34.2
(ani)(pop)CH* 4d 3.61x10* —256 23.1 347

THT (2¢) (fur),CH* 49 7.94x10° —-16.3 243 31.9
(ani),CH™ 4e 1.22x10* —229 21.7 32.2
(ani)(pop)CH* 4d 6.43x10* —27.0 20.8 329

THTP (2d) (fur),CH* 49 8.86x 107 —16.5 27.3 35.1
(ani),CH™ 4e 3.04x10* —25.2 22.7 34.1
(ani)(pop)CH™* 4d 1.05%10° 282 220 347

Me,Se (3) (ani),CH* 4e 9.50% 10? —-16.7 23.0 30.8
(ani)(pop)CH* 4d 7.65x10° -2138 21.0 31.0

[a] From ref. [10a]. [b] Calculated by applying the Eyring equation on the rate constants in Table 2. [c] Calculated by using Marcus Equation (2).

Chem. Eur. J. 2021, 27, 11367 -11376 www.chemeurj.org
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low intrinsic barriers account for the fact that only a small

number of benzhydrylium ions undergo activation-controlled A @R Keey A ® R

reactions with 2 and 3. The reactions of 2 and 3 with slightly Ar> R A @+ R

more reactive carbenium ions occur under diffusion control, B,:49 4 BF4 20r3
or

while the reactions of 2 and 3 with slightly less reactive
carbenium ions do not occur at all (i.e, no products are

formed). 6.07 :

Intrinsic barriers AG,™, that is, the barriers for reactions with 55F
reaction Gibbs energies A,G°=0, are linked to the reorganiza- A
tion energies A by the relationship AG,”=1/4. Since little N 50r !
structural reorganization is required when electrophiles attack < 45t
at the lone electron pair of sp’-hybridized atoms, dialkyl g ; | !
chalcogenides as well as tertiary amines (for DABCO and aor i
quinuclidine, AG,*~40 kJmol )" react via low intrinsic 35¢
barriers. In previous work, the kinetically controlled S attack at ‘ ‘ ‘ ‘ ‘
thiocyanate ions has also been assigned to the lower reorgan- 3'91‘5 -10 -05 0.0 05 10 15

ization energy for this site of attack (AG,”=35-38 kJmol™"' for
the S attack at SCN").1"”

Nucleofugalities

In analogy to Equation (1), Equation (3) has been used for the
construction of a comprehensive nucleofugality scale,'” which
allows one to calculate the rates of heterolytic cleavages k.,
[s7'] of R—X from the electrofugality parameter E; of R* and the
solvent-specific nucleofuge parameters N; and s; of X or X".
log krey (25 °C) = s¢(E; + Np) (3)

From the rate constants k of the reactions of the benzhy-
drylium ions 4 with the thio- and selenoethers 2 and 3
determined in this work (Table 2) and the previously reported
equilibrium constants K% the heterolysis rate constants k.,
[s7'] of the corresponding trialkyl sulfonium ions have now
been calculated as the ratios k/K at 20°C in CH,Cl, (Table 4,
column 5). Plots of logk,, against the known electrofugality
parameters E; of benzhydrylium ions/? resulted in linear

Electrofugality E¢

Figure 3. Plot of the reverse rate constants (logk,,) for the reactions of
nucleophiles 2 and 3 with benzhydrylium ions 4 in CH,Cl, at 20°C against
the electrofugality parameters E; of 4 (see the Supporting Information for
analogous log ki, vs. E; plots for 2b and 2c).

correlations (Figure 3) from which the nucleofuge-specific
parameters s and N; for 2 and 3 were derived (Table 4).

Juri¢, Denegri, and Kronja recently used Equation (3) to
derive the nucleofugalities of dimethyl sulfide (2a) and THT (2¢)
from the solvolysis rate constants k.., [s"'] of the corresponding
benzhydryl sulfonium ions in pure and aqueous ethanol and
methanol.?®* By using their N; and s; parameters®?" to
calculate k., for the corresponding sulfonium ions in ethanol at
25°C by Equation (3) one arrives at values for k., that are 2 to 3
orders of magnitude smaller than those calculated from the k/K
ratios in dichloromethane at 20°C (two right columns of
Table 4). This large difference cannot be due to the use of
different solvents used in both studies because a variation of

Table 4. Reverse rate constants (k,,) for the reactions of nucleophiles 2 and 3 with benzhydrylium ions (Ar,CH", 4) and the resulting nucleofuge-specific
parameters (N; and s;) in CH,Cl, at 20°C.
Nucleofuge N s¢ @ Ar,CH* E®™ Koy [s7'] K@ [s71]
Me,S (2a) 6.33,0.75 (fur),CH* 49 1.07 3.75x10° 1.04x10°
(ani),CH* 4e 0.00 5.77x10* 1.25% 107
(ani)(pop)CH™ 4d —0.86 1.32x10* 2.28% 10"
nBu,S (2b) 6.36, 0.74 (fur),CH" 49 1.07 3.38x10°
(ani),CH* 4e 0.00 4.44x10*
(ani)(pop)CH* 4d —0.86 1.28x10*
THT (2¢) 7.26, 0.66 (fur),CH™ 49 1.07 3.63x10° 1.38x10°
(ani),CH" 4e 0.00 6.68x 10 1.66x 107
(ani)(pop)CH™ 4d —0.86 1.90x10* 3.01x10'
THTP (2d) 7.33,0.59 (fur),CH* 49 1.07 9.45x10*
(ani),CH* 4e 0.00 1.83%x10*
(ani)(pop)CH* 4d —0.86 6.99x10°
Me,Se (3) 8.72, 0.66 (ani),CH* 4e 0.00 5.16x10°
(ani)(pop)CH* 4ad —0.86 141%10°
[a] From Equation (3). [b] From ref. [12]. [c] Calculated by the relation k., =k/K in Tables 2 and 3. [d] Extrapolated by Equation (3) from E; in Table 4 and
solvolysis rate constants in ethanol at 25 °C (from ref. [20]).
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the solvent has been reported to have only a minor effect on
the nucleofugality of neutral leaving groups.?*%?

In order to resolve the discrepancy of k,., determined in this
and earlier work®?" we performed dynamic NMR (DNMR)
studies in analogy to previously reported DNMR investigations
of trialkyl sulfonium ions.”® The S-methyl groups of a mixture of
4g-SMe, and Me,S (2a, marked red in Figure 4) in CD,Cl, at
—80°C resonated separately at 6 2.78 for 4g-SMe, and J 2.02
for 2a (red) in the 400 MHz 'H NMR spectrum (Figure 4).
Coalescence of these S-methyl resonances was observed when
the temperature was gradually raised (Figure 4b). Because the
concentration of Me,S arising from heterolytic cleavage of the
sulfonium ion 4g-SMe, (black in Figure 4) is low compared to
the concentration of extra Me,S in solution (red in Figure 4),
benzhydrylium ion 4g reacts preferentially with 2a from the
solution and gives rise to the observed dynamic NMR phenom-
enon. Line shape analysis (LSA) for '"H NMR spectra in the
temperature range from —45 to —25°C furnished the corre-
sponding exchange rate constants k.,(T) and Eyring activation
parameters (Supporting Information), which allowed us to
extrapolate a first-order rate constant of 1.3x10°s™' for the
Me,S exchange at 20°C. Non-coordinated 4g is not detectable
in the NMR spectrum, in accord with the equilibrium constant
K=216 M"' for the Lewis adduct formation from 4g and 2a
(Table 3). The (pseudo-)first-order rate constant for the reaction
of 4g with 2a can be calculated as 43x10°s™' (=8.1x
10’ M~'s7'x0.053 M) under these conditions. Since this value is
33 times greater than the exchange rate constant determined
by DNMR, we can conclude that the latter (k,., in Figure 4)
corresponds to the heterolytic cleavage of the carbon-sulfur
bond in the sulfonium ion 4 g-SMe,.

The value of k., for 4g-SMe, determined by DNMR is three
times smaller than that derived as k/K from experimentally
measured equilibrium and forward rate constants (k,, in CH,Cl,,
Table 4), an acceptable agreement in view of the completely
different ways of derivation. The analogous DNMR investigation
of (ani),CH-SMe,* (4e-SMe,) in CD,Cl, in the temperature range
from —50 to 0°C resulted in an extrapolated k., (20°C) =2.6x
10* 7', two times smaller than k.., derived from the k/K ratio.

After confirming the correct order of magnitude of k.,
derived from k/K for alkoxy-substituted benzhydryldimeth-

TfO™ TfO™
5278 5202 O . S/CH3
CH )
+ s § 3 Ky . <C::3
\
H CH fast 3
A S @ B
CH3;
0 0]
4g-SMe, 2a 49 2a +2a
c=0.107M ¢=0.053 M

ylsulfonium ions, let us return to the question, why the k.,
values in Table 4, column 5 are so much larger than those
calculated by Equation (3) from the ethanolysis rate constants
of the Zagreb group (Table 4, column 6).

The ethanolysis rate constants in refs refer to
benzhydryldimethylsulfonium ions composed of the parent and
halogen-substituted benzhydrylium ions, all of which are highly
electrophilic (E>5.20)."' Substitution of this E value and the
nucleophilicity parameters of 2a and 2c (Table 2) into Equa-
tion (1) shows that all benzhydrylium ions generated in the
ethanolysis studies undergo diffusion-controlled reactions with
the thioethers 2 (k**V>10""M~"s™"). In contrast, the reactions
of the thioethers 2 with the alkoxy-substituted benzhydrylium
ions 4d-g investigated in this work are activation controlled
(Table 2). As a consequence of the principle of microscopic
reversibility, the transition states of the heterolyses of the
parent and halogen-substituted benzhydryl sulfonium ions
correspond to the carbocations (Figure 5a), while those of the
alkoxy-substituted analogues only resemble the carbocations
(Figure 5b).

As linear free energy relationships break down when a
change from activation-control to diffusion-control"®9 is
involved, one can explain why the nucleofuge-specific parame-
ters N and s; derived from ethanolysis rate constants (Figure 5a)
are not applicable to the heterolysis rates of the alkoxy-
substituted benzhydryl sulfonium ions (Figure 5b).

[20,21]

Relationships between structures and reactivities

The observation that diethyl ether (1) does not form adducts
(K< 10) with benzhydrylium ions of LA<1 (Table 1) at 20°C
shows that ethers are weaker Lewis bases towards carbenium
ions than structurally related sulfides. This ordering is in analogy
with the relative proton affinities in the gas phase (Me,S 197,
Me,O 186 kcalmol™), but not with the relative Brensted
basicities in an aqueous solution [pK,,(Me,0) =—2.52 vs. pK,-
(Me,S)=—6.95].1

Scheme 4 shows that Me,S (2a) is a slightly stronger
nucleophile and stronger Lewis base than nBu,S (2b), with the
consequence that the nucleofugalities (k.,) of these two

(b) @

Q Tio 9

a5°c ) N
A\

fast , CHs CHs _40 °C N~

- y & oo o T
Krew O CHs  CHs e
-30°C — , T
o 25°C—

4g-SMe, 2a

30 25 20
3 (ppm)

Figure 4. a) Dimethylsulfide exchange between 4g-SMe, and free 2a in CD,Cl,. b) Temperature-dependent proton resonances for the S-methyl groups
evaluated by line-shape analysis (DNMR6 algorithm) for the determination of exchange rate constants k(7).

Chem. Eur. J. 2021, 27, 11367 -11376 www.chemeurj.org

11372  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1002/chem.202100977

Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202100977

(a) Ph Me (b)

AG )@ + S AG
| inethanol Ph Me in dichloromethane
100 at 20 °C 4h gp o 2a 100 at 20 °C
80 T 80 T
60 T 60 T 47.0 by DNMR
£ 451 by kIK
40+ 40+
22.2
207 207 ani Me
IERE
oT Ph M [ M ani Me
Me ani,  Me de 2a
)=S0 )—s©
Ph Me ani Me
4h-SMe; 4e-SMe;,

Figure 5. Gibbs energy [kJmol™"] profiles for the heterolysis of benzhydryldimethylsulfonium ions a) 4h-SMe, and b) 4 e-SMe,.
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Scheme 4. Rate and equilibrium constants for the reactions of thioethers 2
with the benzhydrylium ion 4g in CH,Cl, at 20°C (with k., =k/K).

k

(ani)CH*  + XR, (ani),CH-XR,"

krev
4e
K = klkeey

XR,=  OEt, (1) Me; (2a) SeMe; (3)
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Scheme 5. Rate and equilibrium constants for the reactions of dialkyl
chalcogenides with the benzhydrylium ion 4e in CH,Cl, at 20°C (with
kiey=k/K).

sulfides are almost identical. Interestingly, dimethyl sulfide (2a)
and tetrahydrothiopyran (2d) have the same nucleophilic
reactivity, though the cyclic sulfide 2d is a four-times stronger
Lewis base. The higher intrinsic barriers in reactions of 2d
(Table 3), which account for this ranking, also account for the
fact that despite the comparable Lewis basicities of the cyclic
sulfides 2c and 2d, tetrahydrothiopyran (2d) reacts 3-times
more slowly than tetrahydrothiophene (2 c) with 4g.

Due to the low Lewis basicity of dimethylselenide (3), its
reaction with (fur),CH* (4g) proceeds only with a very low
degree of conversion. For that reason, its nucleophilic reactivity

Chem. Eur. J. 2021, 27, 11367 -11376 www.chemeurj.org

Figure 6. Scope of reactions of thio- and selenoethers with benzhydrylium
ions of different electrophilicity E.

could not be included in the comparisons of Scheme 4. On the
other hand, Scheme5 shows that the more Lewis acidic
benzhydrylium ion 4e can be used as a reference for the
comparison of dimethyl selenide (3) with dimethyl sulfide (2a).

Though dimethyl sulfide (2a) is a tenfold stronger Lewis
base towards benzhydrylium ions than dimethyl selenide (3),
according to Table 3, both compounds have equal nucleophilic-
ities, indicating a higher intrinsic barrier for the reaction of 2a.
As a consequence, selenoether 3 is a tenfold better nucleofuge
than thioether 2a (Scheme 5).

Conclusion

Dialkyl sulfides 2a-d and dimethyl selenide 3 react with
benzhydrylium ions (which can be considered representative
carbenium ions and m-electrophiles in general) with unusually
low intrinsic barriers. For this reason, these thio- and
selenoethers undergo diffusion-controlled reactions with almost
all carbenium ions that have sufficiently high Lewis acidities for
the reactions to be exergonic. Thus, only a small number of
carbenium ions undergo activation-controlled reactions with
these dialkyl chalcogenides, providing rate constants that can
be used to calculate the corresponding nucleophilicity parame-
ters N and sy from Equation 1 (Figure 6).
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Because of the similarities of their susceptibilities s, the
relative reactivities of the nucleophiles depicted in Figure 7
exhibit only a minor dependence on the nature of their
electrophilic reaction partners. For that reason, their relative
nucleophilic reactivities can be approximated by the nucleophi-
licity parameters N. Several entries in Figure 7 show that the
nucleophilicities N and Lewis basicities LB depend only slightly
on the solvent (CH,Cl, vs. MeCN) due to the fact that the
combination of a cation and a neutral reactant yields another
cation. For that reason, we shall not specifically mention solvent
effects in the following discussion.

The thioethers 2 and the selenoether 3 cover a very small
range of both the nucleophilicity and the Lewis basicity scales
in Figure 7. Although they are by far the weakest Lewis bases in
this ranking, their nucleophilicities are comparable to those of
several commonly used organocatalysts. Thus, dialkyl chalcoge-
nides 2 and 3 have a similar nucleophilicity to pyridine and N-
methylimidazole, though the Lewis basicities of the latter

Ar, k

derived from equilibrium constants of their reactions with
benzhydrylium ions are 8 to 11 orders of magnitude greater.
Analogously, the nucleophilic reactivities of the chalcogenides
are only 10 to 1000 times smaller than those of PPh; and PBu;,
whereas the corresponding Lewis basicities differ by more than
10 orders of magnitude. Both comparisons reflect the very low
intrinsic barriers of the reactions of the chalcogenides.

What is the reason for the low Marcus intrinsic barriers of
these reactions of chalcogenides which are responsible for their
unique reactivities? Hoz has reported that the barriers of the
identity reactions in Equation (4) (i.e, the intrinsic barriers)
decrease, the further right X is in the periodic table,*® which
can be explained by increasing electronegativity of X.
X"+ H;C—X — X—CH; + X~ (4)

That the intrinsic barriers remain almost constant as one
goes down a particular group in the periodic table was

K
Yo + X —— x® Yo+ 9x == »x®
Ar Ar Ar Ar
characterized by characterized by
nucleophilicity N Lewis basicity LB
_____________________________ E in MeCN o inCHCl, |
v N STTTTTTTT s mmm e v H NM . i
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Figure 7. a) Nucleophilicity parameters N/sy and b) Lewis-basicity parameters LB of chalcogenides and pnictogenides in acetonitrile and dichloromethane.

Chem. Eur. J. 2021, 27, 11367 -11376

www.chemeurj.org

11374  © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1002/chem.202100977

Chemistry—A European Journal

Full Paper

doi.org/10.1002/chem.202100977

Chemistry
Europe

European Chemical
Societies Publishing

explained by Arnaut and colleagues by decreasing C—X force
constants associated with flattening of the intersecting parabola
in the Marcus model, @ which is almost compensated for by
increasing the C—X bond length. More recent work showed that
in analogous identity reactions with neutral nucleophiles at
benzyl derivatives, intrinsic barriers increase as one goes down
the periodic table, but again, the intrinsic barrier for SMe,
exchange is lower than that for NMe, exchange”” As the
relative nucleophilicities toward C,;, centres have been reported
to be linearly correlated with relative nucleophilicities toward
Cps centres,” the same reason appears to account for the fact
that the intrinsic barriers for the reactions of S-nucleophiles
with carbenium ions are lower than those for N- and P-
nucleophiles.

The astonishing result that dialkyl sulfides and selenides are
as nucleophilic as the much stronger (Brgnsted and Lewis)
bases pyridine and imidazole is not only due to the exception-
ally low intrinsic barriers for the reactions of the chalcogenides
but also due to the particularly high intrinsic barriers for the
reactions of the N-heteroarenes. As intrinsic barriers are
associated with the degree of reorganization,"®*” the nuclear
movements accompanying the reorganization of the aromatic
st-system during the electrophilic attack at the nitrogen of the
heteroarenes® account for the fact that pyridines and
imidazoles react via higher intrinsic barriers than alkylamines
with the consequence that N-heteroarenes and alkylamines
differ much more in nucleophilicity than in basicity (Figure 7).

The exceptionally low intrinsic barriers of the reactions of
dialkyl sulfides and selenides, which are responsible for their
high nucleophilicities despite their low Lewis basicities, also
account for their high nucleofugalities and thus for their
suitability as group-transfer reagents.
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