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Abstract

[6Li]-a-(phenylthio)benzyllithium 1-Li was studied in THF /[Dg]THF solution (1:1) in the presence of several acyclic and cyclic
polyether ligands by *H,°Li-HOESY, *H and *C NMR spectroscopy. The question whether these ligands are bonded to lithium or not is
important for physical—organic investigations as well as for studies of the ground state of (stereoselective) reactions of organolithium
compounds in the presence of such ligands. Dimethoxyethane is not bonded to lithium under these conditions. The acyclic ethers diglyme
and triglyme coordinate only weakly to the organolithium compound and form contact ion pairs (CIPs) at 25°C. At —80°C, CIPs are in
equilibrium with separated ion pairs (SIPs). Very stable complexes of 1-6Li are obtained with crown ether ligands. Addition of
12-crown-4 and 15-crown-5, respectively, results in the exclusive formation of SIPs at 25°C and —80°C. With 18-crown-6, a CIP-SIP
equilibrium is observed at 25°C which is shifted entirely to the SIP side at —80°C. Graphical analyses of the *H and **C NMR spectra of
the polyether complexes of 1-®Li revealed correlations between the chemical shifts of the para phenyl carbon C-5, the para phenyl
proton H-5, the benzylic carbon C-1, and the proton—carbon coupling constant J(C-1,H-1) of 1-Li, which are useful probes for the charge
distribution within the carbanionic moiety of 1-Li in the respective complexes, and thus for the ion pair character as a function of the
polyether complexation of lithium. © 1998 Elsevier Science S.A.

Keywords: H,°Li-HOESY; [6Li]-a-(phenylthio)benzyllithium; Polyether ligands, Solution structures in THF /[Dg]THF 1:1; lon pair equilibria

1-°Li in the presence of various cyclic and acyclic
(poly)amine ligands (for the effect of (poly)amine lig-
ands on the solution structure of [®Lil-a-(phenylthio)
benzyllithium see [1]):

1. Introduction

Lewis base ligands can exert significant effects on
solution structures and reactivities of organolithium
compounds [2-5]. However, athough organolithium
compounds are among the most commonly used 0
organometallic reagents in contemporary organic syn- @'
thesis [6], much of the knowledge about the role of
coordinating ligands is merely based on empirical ob-
servations and ‘rules of thumb’ [58]. In order to shed

some more light on the coordinating abilities of ligands
containing N-donor atoms, particularly in competition
with the donor solvent tetrahydrofuran (THF), we car-
ried out an NMR spectroscopic study on the THF
solution structures of [°Li]-a-(phenylthio)benzyllithium

* Corresponding author. Tel.: 0049 06421 288917.
! Dedicated to Professor Ken Wade on the occassion of his 65th
birthday.
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By means of 'H°Li-HOESY [7] (for reviews on
NMR spectroscopy of organolithium compounds see
refs. in [8]) as well as *H and *C NMR spectroscopy,
we were able to examine the coordination sphere at
lithium and to determine whether a ligand is coordi-
nated to the Li cation, or not. Our results showed that at
25°C in a 1:1 THF/[DgITHF solvent mixture (0.5 M
solution; the solution contained approximately 12 THF
and 12 [Dg4]JTHF solvent molecules per molecule of
1-5Li) [1,9], 1-6Li formed monomeric, THF-solvated
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contact ion pairs 2 [1] which are structurally similar to
1-°Li - (THF),, whose solid state structure is known
[10]:

Q=
S0y

c,
\"H
S

@ 2

Polyamines as ligands (1 mol. equiv. of °1-Li) bonded
the stronger to lithium, the more nitrogen atoms they
possessed. Coordination of amines with up to three
N-donor atoms resulted in the formation of solvated
contact ion pairs (CIPs) structurally related to 2, in
which the Li cation is bonded to the anionic benzylic
carbon atom in an n*-like manner, and with the amine
ligands (partialy) replacing THF molecules. With te-
tradentate amines, contact ion pairs (CIPs) are in equi-
librium with separated ion pairs (SIPs). If the tempera-
ture was lowered to —80°C, these equilibria are shifted
mainly towards the SIP side [1].

In the present work we have studied the effect of
polyether ligands on the THF solution structures of the
test compound 1-°Li. Since it was intended to compare
the polyether with the polyamine samples, chelating
ether ligands were used which were structurally related
to the previoudy used amine ligands. As in the
polyamine case [1], the polyether complexes of 1-6Li
were examined by proton and carbon NMR spec-
troscopy at 25°C and at —80°C, and by *H,®Li-HOESY
spectroscopy at 25°C.

2. Results and discussion

2.1. Complexes of [ °Li]-a-(phenylthio)benzyllithium 1-
®Li in THF /[Dg] THF with acyclic polyether ligands

2.1.1. Measurements at 25°C

First the effects of the ethers 1,2-dimethoxyethane
(DME), diethyleneglycol dimethylether (diglyme), and
triethyleneglycol dimethylether (triglyme) were studied.

—0 Oo— —O o} O0— —0 ¢] O o—
DME diglyme triglyme

Selected data of the proton and carbon NMR mea-
surements are summarized in Tables 1 and 2 (entries
2—4). The °Li NMR chemical shifts (with respect to an
external 1.0 M solution of °LiCl in deuterium oxide)
did not follow a specific pattern. Therefore they are not
discussed here.

Table 1
Selected "H NMR chemical shifts & of the lithiated sulfide 1-®Li and
its complexes with polyether ligands in 1:1 THF/[Dg]THF at 25°C

Entry Ligand H-1 H-3/H-7 H-4/H-6 H-5
12 - 3.03 6.70 6.59 5.94
2 DME 303 671 6.59 5.94
3 diglyme 3.03 6.68 6.57 5.90
4 triglyme 3.04 6.63 6.55 5.85
5 12-crown-4 318 6.26 6.37 5.46
6 15-crown-5  3.11 6.18 6.30 5.36
7 18-crown-6  3.09 6.35 6.40 5.56

2Data taken from [1].

The 2D NMR spectrum of a DME-containing sample
of 1-Li (not shown) very strongly resembled the
'H.°Li-HOESY spectrum of lithium compound 1-6Li
without any added ligand (for the complete set of NMR
data see [1]). It showed four cross-peaks: an intensive
one at the resonance of the benzylic proton H-1 (5, =
3.03) and a weak peak at the resonance of the aromatic
ortho protons H-3/H-7 (8., = 6.71) (for atomic labels
see Fig. 1). Two more cross-peaks appeared at the
THF-OCH, (strong) and THF—CH, signals (weak),
indicating that the Li cation is solvated by THF. Cross-
peaks were not observed at either the DME methyl
(8, = 3.23) or methylene resonances (§,, = 3.39). Cor-
respondingly, an eguimolar amount of DME cannot
successfully compete with the solvent THF for coordi-
nation sites at lithium, at least in the case of 1-°Li, even

4 3 9 10
2 | 3 + NN\
5 CH—S 11 —0 0 o—
1
6 7 13 12
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Fig. 1. “H,SLi-HOESY spectrum of [®Li]-a-(phenylthio)benzyl-
lithium ®Li with 1 mol. equiv. diglyme in 1:1 THF/[Dg]THF at
25°C.



Table 2

Selected *C NMR chemical shifts 5 and coupling constants *J.,,(C-1) of the lithiated sulfide 1-°Li and its complexes with polyether ligands in

1:1 THF/[Dg]THF at 25°C
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Entry Ligand c-1 en(C-D c-2 c-7 c-3 c-4 C-6 c-5 c-8
(H2)

12 - 35.8 149 157.0 118.8 128.3 111.8 151.8
2 DME 35.8 149 157.0 118.9 128.4 111.9 151.8
3 diglyme 36.0 150 156.9 118.6 128.3 1114 151.9
4 triglyme 36.6 152 156.8 118.3 128.4 110.8 152.2
5 12-crown-4 42.0 168 155.6 113.0 118.0 1285 1285 105.0 1531
6 15-crown-5 421 168 155.7 112.4 1171 127.8 128.7 104.1 154.1
7 18-crown-6 401 163 156.0 116.0 128.3 106.5 153.2

2Data taken from [1].

though DME is a bidentate ligand. Only the THF-
solvated 2 is present (> 97%). Thus, compared to the
structurally related bidentate amine TMEDA, which is
capable of coordinating to 1-°Li under the same condli-
tions of alarge excess of the solvent THF [1], DME isa
far poorer ligand for lithium.

The *H,°Li-HOESY spectrum of 1-°Li with diglyme
as the ligand is shown in Fig. 1. Cross-peaks are
observed at the proton resonances of H-1 (5, = 3.03,
strong), H-3/H-7 (d,, = 6.68, intermediate), diglyme—
CH, (8, =3.39 and 3.48, weak), THF—OCH,, (inter-
mediate) and THF—CH , (very weak). A lithium contact
to the diglyme methyl groups (8, = 3.23) is not ob-
served. The diglyme cross-peaks show that the Li cation
is coordinated to the ligand. Besides these signals, the
spectrum is very similar to the HOESY spectrum of
1-®Li in THF/[Dg]THF without added ligand (for the
complete set of NMR data see [1]). Apparently, the
general structural type of a contact ion pair asin 2 with
n*-coordination of lithium to the anionic benzylic car-

+2 THF
+THE Il I - diglyme

Scheme 1.

bon C-1 is not changed significantly if diglyme replaces
some THF in the solvation sphere around lithium.
Diglyme coordination to lithium is not particularly
strong, athough the tridentate O-donor ligand should be
favoured entropically with respect to the monodentate
O-donor solvent THF (chelate effect). An average of
less than two diglyme oxygen atoms and at least one
THF molecule seems to coordinate to Li (Scheme 1, 4
and 4'). The diglyme chelate 3 in which all three ligand
O-atoms are bonded to the cation should only be a
minor component in the equilibria in THF solution.
The tetradentate polyether triglyme, added to a solu-
tion of 1-°Li, led to a *H,°Li-HOESY spectrum which
is shown in Fig. 2. Cross-peaks appear at the H-1
(8, = 3.04; strong), H-3/H-7 (8, = 6.63; weak) and
THF-CH, (very weak) signals. The THF—OCH, and
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Fig. 2. 'HSLi-HOESY spectrum of [®Lil-a-(phenylthio)benzyl-
lithium ®Li with 1 mol. equiv. triglyme in 1:1 THF/[Dg]THF at
25°C.
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the triglyme—CH, signals (8, = 3.41, 3.49, and 3.50)
superimpose each other to one intense cross-peak. Asin
the diglyme sample (Fig. 1), a cross-peak is not found at
the triglyme methyl resonance (8, = 3.24). The spec-
trum indicates that lithium is somewhat stronger coordi-
nated to triglyme than to diglyme. However, a strong
lithium—THF contact is still observed in the 2D spec-
trum. It is therefore reasonable to assume that equilibria
between differently solvated contact ion pairs are pre-
sent in THF solution with the cation being also coordi-
nated to the benzylic carbon atom C-1 (Scheme 2).

A tetracoordination at lithium (6, 7) similar to that in
the THF complex 2 and in the diglyme complex of 1-Li
is also dominant in the triglyme complex, but a pentaco-
ordinated complex 5 may also be involved as a minor
species (see below). On average, lithium appears to be
complexed to 2—-3 O-donor atoms of the tetradentate
triglyme ligand.

The contact ion pair structures of the samples con-
taini ng acycllc polyether ligand are nicely supported by
the "H and **C NMR spectra of the respective samples
of 1-5Li, listed in Tables 1 and 2, entries 2—4; they
hardly differ from the spectra of 1-®Li in neat
THF/[Dg]THF (Tables 1 and 2, entry 1; for the com-
plete set of NMR data see [1]). The largest differences
are observed with triglyme as the ligand (entry 4). A
small shift of the benzylic carbon C-1 to higher 6
values (A5 =0.8 ppm) and dight shifts of the para
proton H-5 (A8 = —0.09 ppm) and the para carbon
C-5 (A6= —1.0 ppm) towards lower & values, if
compared to THF-solvated 1-°Li (entry 1), indicate
that, in the triglyme complexes, lithium is somewhat
weaker bonded to the anionic benzylic carbon C-1,
presumably due to the participation of a pentacoordi-
nated complex 5 in the solution equilibria. However,

Scheme 2.

according to these NMR data, the contact ion pair
structures with n'-coordination of lithium to C-1 of
1-Li determine the whole acyclic polyether series at
25°C.

A comparison with the corresponding polyamine lig-
ands reveals remarkable differences to the polydentate
ethers at 25°C (Formula 4). While the structurally re-
lated tridentate and tetradentate amines PMDTA and
HMTTA, respectively, bind strongly to the cation in
their complexes with 1-°Li [1], both diglyme and
triglyme coordinate only rather loosely.

\ﬂﬂN/ N W e
~ / | | ~

PMDTA HMTTA

2.1.2. Measurements at —80°C
The samples of 1-°Li in the presence of 1 mol.
equiv. DME, dlglyme and triglyme were also examined
a —80°C by *H and **C NMR spectroscopy. Selected
chemlcal shift data are summarized in Tables 3 and 4.
At this temperature, the phenyl rotation around the
C-1-C-2 bond of 1-°Li is frozen out, and five different
phenyl hydrogen (H-3 to H-7) as well as six different
Phenyl carbon resonances (C-2 to C-7) are observed [1].
C.SLi coupling between the benzylic carbon C-1 and
lithium was not found in any of the low-temperature
carbon NMR spectra (in “normal’ benzyllithium com-
pounds, a *C,°Li coupling was never observed even at
temperatures as low as —150°C, see refs. in [12] and
[9]. Proton and carbon NMR data of the sample con-
taining DME (Tables 3 and 4, entry 2) are roughly
identical with the data of THF-solvated 1-°Li (entries
1). Although it is not possible to determine reliably
whether DME is coordinated to the Li cation a —80°C,
or not, without recording a *H,®Li-HOESY spectrum at
—80°C, it seems that not much has changed if com-
pared to the case at 25°C.
In contrast, the spectroscopic data of the samples
with diglyme (entry 3) and triglyme (entry 4) as ligands,
which are very similar to each other, are notably differ-

Table 3
Selected *H NMR chemical shifts & of the lithiated sulfide 1-°Li and
its complexes with polyether ligandsin 1:1 THF /[Dg]THF at —80°C

Entry Ligand H1 H3 H7 H4 H6 H5
1 - 299 652 668 655 659 587
2 DME 299 652 670 655 658 588
3 diglyme 300 637 646 646 646 567
4 trigyme 301 639 647 647 647 569
5 15crown-5 305 607 611 628 628 534
6 18-crown-6 306 613 613 629 629 537

8Data taken from [1].
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ent from the sample of 1-°Li without added ligands
(entry 1). A reasonable explanation is that tetradentate
triglyme, like tridentate diglyme, binds with three O-
donor atoms to the metal and that the fourth triglyme
oxygen is not involved in lithium complexation. The
shifts of the benzylic carbons C-1 (A8 > 2.0 ppm) to
higher and of the para protons H-5 (A8 = —0.20 ppm)
and carbons C-5 (A8 > —2.0 ppm) to lower § values
with respect to THF-solvated 1-6Li illustrate the new
situation. Such spectral changes are only observed if the
negative charge at the anionic C-1 is partly delocalized
into the phenyl ring which is bonded to C-1; that is, if
the C-1-Li bond is significantly weakened or broken
[1,13,14]. The investigations of (poly)amine complexes
of 1-5Li [1] have shown that such a breaking of the
carbon—lithium bond traces back to solution equilibria
between contact ion pairs (CIPs) and separated ion pairs
(SIPs). Evidently, comparable CIP-SIP equilibria exist
also at —80°C in the diglyme and triglyme containing
samples of 1-°Li in THF/[DgITHF.

The different behaviour of diglyme and its aza ana
logue PMDTA in the complexation of 1-°Li is notice-
able. As mentioned above, on cooling to —80°C, the
comparatively loose contact between lithium and
diglyme still leads to a situation in which the CIP is
partially converted into a SIP, while the rather strong
lithium coordination by PMDTA does not lead to a
CIP-SIP equilibrium. Instead, a PMDTA-CIP is aso
found at —80°C [1], in which the PMDTA signals are
split into seven signas. In the diglyme and triglyme
complexes, such a splitting is not observed. Rather, the
coordinated ligands remain in fluxion. It is aso of
interest to consider the consegquences of changing the
numbers of the donor atoms in the amine and ether
series, respectively: increasing the number of N-donor
atoms from three (PMDTA; CIP only) to four (HMTTA;
CIP-SIP equilibria) causes significant structural changes
in the amine series, whereas in the ether series tridentate
diglyme and tetradentate triglyme form very similar
1-5Li complexes at ambient temperature and at — 80°C.
At the moment we have no explanation for these differ-
ences.

Table 4

2.2. Coordination of glymes to lithium: a comparison
with literature data

Our measurements have shown, that 1 mol. equiv.
DME in a 24-fold excess of the solvent THF /[Dg]THF
cannot compete successfully for coordination sites at
lithium of 1-Li. Under the same conditions diglyme and
triglyme are bonded to the metal to give contact ions
pairs (CIPs). With the latter two acyclic polyethers,
solvent-separated ions pairs (SIPs) are also formed at
—80°C.

However, if DME is used as the solvent it seems to
bind to organolithium compounds somewhat better than
THF [15,16,59,60]. In general, DME is considered to be
a poor ligand for akali meta cations. Only some spe-
cidly designed, substituted derivatives of DME are
better [17—22]. NMR spectroscopic studies even re-
vealed that DME may be only n*-bonded to lithium
[23,24]. Similarly in a solid-state structure investigation,
diglyme was shown to bind to lithium with only two of
its three oxygen atoms [25], as also observed in our
solution studies. In the case of fluorenyllithium in
dioxan, the tendency of complexation with the metal
was found to increase in the order DME < diglyme <
triglyme [15,26,59], which corresponds to our observa-
tions with 1-Li in THF. Investigations with lithium—
hexamethyldisilazide (LiIHMDS) in hydrocarbon sol-
vents fit into the overall picture [11].

A comparison of our investigations of 1-Li in
THF/[Dg]THF in the presence of the ether DME and
the amine TMEDA, respectively, to give a 5-membered
chelate, clearly shows TMEDA to be the better ligand.
This was supported by competition experiments, in
which DME and TMEDA competed directly for coordi-
nation sites at 1-Li: according to the "H,°Li-HOESY
spectrum at 25°C only TMEDA is bonded to 1-Li.
(NMR-spectroscopic competition experiments with the
benzyllithium compound 1-®Li in the presence of
equimolar quantities of the other glymes and the corre-
sponding polyamines demonstrated also that the organo-
lithium compound was exclusively coordinated to the
respective amine [27].)

Selected *C NMR chemical shifts § and coupling constants 1JCH (C-1) of the lithiated sulfide 1-6Li and its complexes with polyether ligands in

1:1 THF/[Dg]THF a —80°C

Entry Ligand c-1 en(C-D c-2 c-7 c-3 c-4 C-6 c-5 c-8
(H2)

12 - 35.1 152 156.1 115.9 119.7 127.8 128.8 110.7 151.2
2 DME 35.0 152 156.2 116.1 119.8 127.8 128.8 110.9 151.2
3 diglyme 37.4 159 155.7 1145 118.6 127.7 128.7 108.2 151.8
4 triglyme 37.1 158 155.7 114.6 118.8 127.7 128.7 108.4 151.7
5 15-crown-5 413 170 154.9 111.8 116.7 127.7 128.8 103.8 152.7
6 18-crown-6 411 171 155.0 112.0 116.9 127.7 128.7 104.1 152.8

#Data taken from [1].
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There are severa reports in the literature on the
different quality of polyethers and polyamines, respec-
tively, to coordinate to lithium. Solid-state structure
investigations of n-butyllithium with TMEDA and DME,
respectively, show that TMEDA coordinates better than
DME [28], which agrees with our results. If lithium is
chelated intramolecularly by one N-donor atom to give
a 5-membered ring, the tendency to form SIPs is much
less pronounced, as in the case of an O-donor atom
[29,30] (apparently there are exceptions to the rule [31)).
We similarly observed that the PMDTA—-CIP of 1-Li in
THF is not transformed into a SIP, while this is so if
1-Li is bonded to diglyme.

Furthermore, the experimental results are corrob-
orated by theoretical studies. Quantumchemical investi-
gations of complexes of methyllithium [32] and Li*
[33], respectively, with N- and O-containing ligands
indicate the nitrogen complexes to be the more stable
ones. The preference for five-membered ring chelates of
the type R,N-CR,-CR,-NR, with small cations like
lithium as compared to those of RO-CR,-CR,-OR with
lithium originates in the preferred tetrahedral coordina-
tion at nitrogen (for coordination at N see [34]) of the
former ones as compared to the trigona planar geome-
try in the case of the latter ones (for coordination at O
see [61]). The chelation with the two oxygen atoms puts
more strain on the chelate with the small cation Li*
than the chelation with the two nitrogen atoms, as
recently shown in a systematic study of such complexes
[35]. (A detailed discussion of the complexation with
polyamines is given in the preceding paper [1].) In
conclusion, our experimental findings with DME,
diglyme and triglyme as compared to TMEDA, PMDTA
and HMTTA as ligands to 1-Li in THF agree nicely
with related studies.

2.3. Complexes of 1-5Li with cyclic polyether ligands
(crown ethers)

2.3.1. Measurements at 25°C

Next, 1-°Li was examined in the presence of 1 molar
equivalent of the crown ethers 12-crown-4, 15-crown-5,
and 18-crown-6 under the same conditions and NMR—
spectroscopic parameters as before. Selected proton and
carbon NMR data of these experiments are summarized
in Tables 1 and 2 (entries 5-7).

i d % d o
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O\_/O k/ 0\)
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12-crown-4 18-crown-6

The 'H°Li-HOESY spectrum of 1-°Li with 12-
crown-4 is shown in Fig. 3. In contrast to all previous
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Fig. 3. 'HSLi-HOESY spectrum of [®Li]-a-(phenylthio)benzyl-
lithium ®Li with 1 mol. equiv. 12-crown-4 in 1:1 THF/[Dg]THF at
25°C.

samples, it contains only one cross-peak at the crown
ether resonance (§,, = 3.56). Since this signal is over-
lapped by the THF—OCH, signa (§,, = 3.58), we re-
peated the experiment in neat [Dg]THF to ensure that
the signal was indeed caused by the crown ether hydro-
gens, which is the case. However, we cannot exclude
that in THF /[DgITHF part of the cross-peak intensity is
caused by the solvent THF. Contacts of lithium to C1 of
the benzyl anion 1 are not observed. Thus, complexa
tion of 12-crown-4 to 1-°Li leads to the formation of a
crown ether separated ion pair (12-crown-4-SIP) 8, in
which the carbon C-1-lithium bond is broken:

o
570

o .

(12-crown-4 - SIP of 1-Li)

As indicated in structure 8, the crown ether-com-
plexed lithium cation is presumably located above the
plane of the ligand oxygen atoms and, most likely, a
pentacoordinated lithium cation 9 with a tetragonal—
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pyramidal environment at the metal results. Coordina
tion of the metal within the plane of the 12-crown-4
oxygen atoms (10, 11) is rather unlikely, due to steric
effects [36,37]:

o) 13

The ion palr separatlon gives rise to rather drastic
changes in the *H and *C NMR spectra of the benzy!
anion 1~ in this complex (Tables 1 and 2, entry 5).
Almost all 6 values are atered in the SIP as compared
to a CIP (e.g. the THF-solvated 2, see Tables 1 and 2,
entry 1). In addition the rotation around the benzyl-C-
ipso phenyl-C bond is hindered. Most notable are the
strong shifts in the para carbon C-5 (A8 = —6.8 ppm)
and the para hydrogen H-5 (A= —0.48 ppm) to
lower as well as the shift of the benzylic carbon C-1
(A8 =6.2 ppm) to hlgﬂher 8 values, and the increase in
its coupling constant JCH(C 1) by 19 Hz to 168 Hz, a
figure characteristic for sp>-hybridized carbon atoms
[38]. These data show that the ‘free’ benzyl anion 1~ in
this SIP has essentially a planar benzylic carbon atom
C-1, and that the negative charge is extensively delo-
calised into the phenyl ring, which is bonded to this
carbon atom. As a conseguence, the rotation around the
C-1-C-2 bond is slowed down significantly even at
25°C.

Compared to its cyclic tetraaza analogue Me,—12—N4
[1], 12-crown-4 shows a different behaviour in its 1-6Li
complex, which is worthy of note. Coordination with
the aza ligand gives rise to a splitting of the methylene
proton resonances of the tetramine into two signals of
equal intensity although a CIP-SIP equilibrium exists.
As a consequence, equilibration between the ion pairs
must be slow on the NMR time scale, and/or the
conformations are very similar in the two amine com-
plexes. Coordination with the ether ligand, on the other
hand, yields only one sharp crown ether signal in the *H
NMR spectrum, although the organolithium compound
is ‘quantitatively’ converted into the SIP. Thus, as
shown for acyclic ligands, structurally similar cyclic

ligands containing O- and N-donor atoms, respectively,
also behave quite different in their complexation of the
lithium compound 1-°Li.

Increasing the number of donor atoms leads to the
crown ether 15-crown-5. The "H,°Li-HOESY spectrum
of its complex with 1-°Li is shown in Fig. 4. It is very
similar to the spectrum shown in Fig. 3. An intensive
cross-peak appears at the resonance of the crown ether
hydrogens (5,, = 3.50). Again, a SIP is formed in which
the lithium is not coordinated to C-1 of the benzyl anion
1™. A second wesk cross-pesk at the THF—CH, signa
proves that lithium is also coordinated to the solvent
THF. Again, the lithium cation should be coordinated in
a pentagonal —pyramidal environment (12) analogous to
the 12-crown-4 bonded lithium cation 9, and not within
the plane of the five ether oxygens (13).

Proton and carbon NMR data of this sample (Tables
1 and 2, entry 6) are also comparable to the data
obtained for the complex with the smaller crown ether
12-crown-4. The rotation around the benzyl-C-1—ipso
phenyl-C bond is restricted, as shown by six different
phenyl carbon signals in the 25°C carbon NMR spec-
trum. Compared to the spectra of 1-°Li without added
ligands, the para carbon C-5(A8 = — 7.7 ppm) and the
para hydrogen H-5 (A6= —0.58 ppm) are shifted
significantly to lower & values, whereas the benzylic
carbon C-1 is shifted to higher § values (A6 =6.3
ppm), and an increase of its coupling constant *J,,(C-1)
by 19 Hz to 168 Hz is found. These data provide further
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Fig. 4. “HSLi-HOESY spectrum of [®Li]-a-(phenylthio)benzyl-

lithium 1-8Li with 1 mol. equiv. 15-crown-5in 1:1 THF /[Dg]THF at
25°C.
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lithium 1-®Li with 1 mol. equiv. 18-crown-6 in 1:1 THF /[Dg]THF at
25°C.

evidence that complexation of 1-®Li with 15-crown-5
gives rise to the formation of a separated ion pair
(15-crown-5-SIP). Thus, apart from the different coor-
dination numbers (five vs. six), the lithium coordination
appears to be very similar in both the 12-crown-4 and
15-crown-5 complexes of 1-Li in THF/[Dg]THF.

The *H,°Li-HOESY spectrum of a solution of 1-°Li
with the hexadentate ligand 18-crown-6 is shown in Fig.
5. Lithium contacts are found for H-1 (§, = 3.09;
intermediate), H-3/H-7 (§,, = 6.35; weak), THF-CH,
(weak), and for THF—-OCH, and 18-crown-6 (§, =
3.43; both superimpose each other to one intense cross-
peak). Obviously, this 2D spectrum is fairly different
from the spectra of the 12-crown-4 and 15-crown-5
complexes. It rather resembles the *H,°Li-HOESY spec-
tra of 1-Li with acyclic glymes. The lithium cation is
coordinated to the anionic benzylic carbon C-1, presum-
ably in the same n'-like manner as in the glyme com-
plexes 3, 4 and 5-7. It is also THF-solvated as well as
complexed to the ligand. Apparently, coordination with
18-crown-6 does not lead to the exclusive formation of
a solvent separated ion pair. Instead, it seems that a SIP
16 and at least one CIP (14 or 15) are in equilibrium
with each other (Scheme 3).

This assumption is supported by the proton and
carbon NMR data (Tables 1 and 2, entry 7) which lie
between the values observed for a 1-Li CIP (Tables 1
and 2, entry 1) and 1-Li SIPs (Tables 1 and 2, entries 5
and 6). Moreover, the benzyl—C-ipso phenyl—C rotation

is no longer restricted on the NMR time scale at 25°C.
Although the spectroscopic data do not allow deduction
of detailed structures of the CIP species, complexes
such as 15 should be formed in which less than six
ligand oxygen atoms are coordinated to the metal, and
in which lithium is also solvated by THF. The contact
ion pair 14 with hepta-coordinated lithium may only be
a minor species. Analogously, in the SIP 16 the cation
most likely is not coordinated to al six ligand oxygens,
but, rather, is moving around within the fairly large
crown ether ‘cavity’, which is the reason for 18-crown-6
being not capable to convert the organolithium com-
pound 1-°Li completely into SIPs.

2.3.2. Measurements at —80°C

The*H and **C NMR spectra of the samples contain-
ing 15-crown-5 and 18-crown-6, recorded at — 80°C,
are given in Tables 3 and 4, entries 5 and 6. Due to its
low solubility, the 12-crown-4 complex could not be
examined below 0°C. The low-temperature spectra of
the 15-crown-5 and 18-crown-6 complexes hardly differ
from each other. A comparison with the spectra of the
THF-solvated 1-°Li (Tables 3 and 4, entry 1) and
especialy with the *C NMR spectra of the 12-crown-
4-SIP and the 15-crown-5-SIP at 25°C (Table 2, en-
tries 5 and 6) show that all spectroscopic data indicate
that, at —80°C, both the 15-crown-5 and the 18-crown-6
complex exist essentially only as crown ether SIPs.

2.4. Coordination of crown ethers to lithium; a compar-
ison with literature data

Crown ether complexes with alkali metal cations are
well documented [19-21,36,37,39]. They are in general

P
0 0

(18-crown-6 - SIP of 1-Li)

Scheme 3.
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much more stable than complexes with acyclic
polyethers (‘macrocyclic effect’) [20,40]. Since the
bonds in lithium—crown ether complexes are mainly
electrostatic in nature, the lithium cation tries to attain a
symmetrical, spherical environment with the coordinat-
ing oxygen donor atoms [20,21,41,62]. Apart from tem-
perature, solvent, and gegenion, the stability of a
lithium—crown ether complex is particularly dependent
on the number and geometrical arrangement of the
oxygen atoms in the polyether and on the size and shape
of the macrocycle relative to the size of the cation (‘size
match selectivity’). Comparison of the cavity diameters
of crown ethers with ionic diameters of akali cations
suggests that 12-crown-4 (cavity diameter 120—150 pm)
selectively binds Li* (ionic diameter 136 pm), whereas
15-crown-5 (cavity diameter 170-220 pm) is selective
for Na* (ionic diameter 194 pm), and 18-crown-6
(cavity diameter 260—320 pm) for K* (ionic diameter
266 pm) [42]. However, there is some uncertainty about
the correct ionic radius of the lithium cation (60—-94
pm) [43—-45]. Thus, the most stable lithium complexes
should be formed with 15-crown-5 rather than with
12-crown-4. Indeed, severa reports on lithium—crown
ether complexes show a preference of Li* for the larger
cyclic polyether (e.g. 14-crown-4 > 12-crown-4 [46], or
15-crown-5 > 12-crown-4 [47]). Unfortunately, the
NMR spectroscopic data obtained in the present study
do not allow us to determine whether 12-crown-4 or
15-crown-5 forms the more stable complex with the
benzyllithium compound 1-°Li. The formation of sepa-
rated ion pairs in THF solution only demonstrates that
the lithium cation is very well coordinated by 12-crown-
4 and by 15-crown-5. In contrast, lithium complexation
of 18-crown-6 is significantly weaker. Interestingly,
recent quantum chemical studies afforded a high gas
phase selectivity of 18-crown-6 for lithium (Li* > Na*
> K ™). The expected K* selectivity of this crown ether
was only observed if additional solvation was taken into
account [48].

X-ray crystal structure determinations of 12-crown-4
complexes with lithium revea that either 1:1 or 2:1
complexes are formed. In the 2:1 complexes, each
cation is sandwiched between two crown ether
molecules, and a Li*™ coordination number of 8 results
(for examples see refs. in [49]). Sandwich complexes
are also observed in solution [11,50,63]. In the 1:1
complexes, the cation is usualy penta-coordinated to
the four O-donor atoms and the anion or a solvent
molecule, and resides above the plane of the crown
ether oxygens [51-53]. X-ray crystal structures of
lithium complexes with 15-crown-5 reveal a hexacoor-
dinated cation in a pentagona—pyramidal coordination
polyhedron [54]. These X-ray crystal structures support
the assumption that, in the SIP complexes of the benzyl-
lithium compound 1-°Li with 12-crown-4 and 15-
crown-5 in THF solution, as suggested by our studies,

Table 5
Selected NMR data of the lithiated sulfide 1-°Li and its complexes
with polyether ligands in 1:1 THF /[DgITHF

Entry Temp. Ligand & H-1 & C-1 1J,(C-1) 6 H-5 5 C5
(§(®)] (H2)

12 25 - 3.03 358 149 594 1118
2 25 DME 3.03 358 149 594 1119
3 25 diglyme 3.03 36.0 150 590 1114
4 25 triglyme 3.04 36.6 152 585 110.8
5 25 12-crown-4 3.18 42.0 168 546 105.0
6 25 15-crown-5 3.11 421 168 536 104.1
7 25 18-crown-6 3.09 40.1 163 556 106.5
82 -80 - 299 351 152 5.87 110.7
9 —-80 DME 299 350 152 5.88 110.9
10 —80 diglyme 3.00 374 159 5.67 108.2
11 —80 triglyme 301 37.1 158 5,69 1084
12 —80 15-crown-5 3.05 413 170 534 1038
13 —80 18-crown-6 3.06 411 171 537 104.1

2Data taken from [1].

structurally related penta-coordinated cations 9 (12-
crown-4) or hexa-coordinated cations 12 (15-crown-5)
are formed with additional solvation by one THF
molecule. A 15-crown-5 complex 13 seems rather un-
likely in the light of the X-ray crystal structure investi-
gations. Coordination of lithium to crown ether oxygens
without additional bonding to an axial ligand asin 9 and
12, however, seems to be rather unfavourable in solu-
tion [11,55].

X-ray crystal structures of lithium-18-crown-6 com-
plexes show that the cavity within the polyether ring is
too large for lithium (some evidence for hexacoordi-
nated Li* located in the centre of an 18-crown-6 ring
has been reported see [56,57]). The cation is only
coordinated to two [56,64] or three [65] ligand oxygen
atoms. This lithium coordination is nicely corroborated
by the 'HS°Li-HOESY spectrum of 1-°Li with 18-
crown-6. In this complex, the cation is probably also
bonded simultaneously only to two or three polyether
oxygens. Additional contacts to the solvent THF and the
anionic benzylic carbon, as observed in the *HSLi-
HOESY spectrum of 1-5Li in the presence of 18-crown-
6, lead to the reasonable assumption that at ambient
temperatures crown ether coordinated CIPs like 14 and
15 are in equilibrium with a crown ether coordinated
SIP (16).

Finally it should be mentioned that incorporation of a
crown ether-like moiety into a benzyllithium compound
leads to molecules with interesting properties:

o
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In agreement with the above discussion, in 17 and 18
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Fig. 6. Correlation of 6 H-5 versus 6 C-5 of polyether complexes of
1-5Li. The numbers refer to entries in Table 5.
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lithium is strongly coordinated to the polyether oxy-
gens. However, since the organolithium compound is
part of the crown ether ring, SIPs cannot be formed.
Instead, the polyether chain holds the cation in a posi-
tion very close to the benzylic carbon atoms, and very
tight CIPs with strong lithium—benzylic carbon bonds
are obtained. As a consequence, carbon—lithium cou-
plings *J., ; [12] and high racemisation barriers of ben-
zyllithium compounds result [9].

2.5. Correlation of the proton and carbon NMR data

Significant proton and carbon NMR data of al sam-
ples investigated in this work are summarized in Table
5. In benzyllithium compounds, the chemical shift 6
C-5 of the aromatic para carbon is a measure for the
delocalisation of negative charge from the anionic ben-
zylic carbon C-1 into the phenyl ring which is bonded
to that carbon atom [13,14]. Since we observed in the
preceding study of (poly)amine complexes of 1-6Li in
THF that the chemical shift of the para proton 6 H-5
and the benzylic carbon & C-1, as well as the coupling
constant *J,(C-1) of the benzylic carbon atom, corre-
late linearly with & C-5 [1], we expected to find analo-
gous correlations in the polyether series. Therefore, in
Fig. 6, 8 H-5, in Fig. 7, 6 C-1, and in Fig. 8, *Jz,(C-1)
are plotted against § C-5.

Again [1], linear correlations are found in al three
cases. These empirica correlations show that, in
polyether complexes of 1-°Li in THF solution as well,
é H-5is proportional to 6 C-5, indicating that 6 H-5is
sensitive to the amount of negative charge which is

43 6 5
® &
41 11289 7
- 1 ®
O 3
o 1 \
37 3
1 ¢, 2
%e
35 3¢9 4
9
3

103 105 107 109 i1 113
5C-5

Fig. 7. Correlation of 6 C-1 versus 6 C-5 of polyether complexes of
1-5Li. The numbers refer to entries in Table 5.
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Fig. 8. Correlation of 'J.,(C-1) versus 8 C-5 of polyether com-
plexes of 1-8Li. The numbers refer to entries in Table 5.

delocalized into the phenyl ring in the same manner as
6 C-5. Figs. 7 and 8 reveal that an increase in the
charge density in the phenyl ring (lower values of &
C-5) leads to a decrease in the amount of negative
charge which is located at the benzylic carbon C-1
(higher values of 6 C-1) and causes a partial rehybridis-
ation at that carbon atom towards sp? (higher values of
1JCH (C-1)). Thus, the four spectroscopic parameters dis-
cussed here respond to changes in the charge distribu-
tion within the carbanionic part of the benzyllithium
compound 1-°Li, irrespective of the nature of the added
ligand.

As outlined in the polyamine case [1], the data found
a 6 C-5=110-112 can be assigned to contact ion
pairs (CIPs), while those at 6 C-5=103-105 are in-
dicative of separated ion pairs (SIPs). The data in
between these extremes revea CIP-SIP equilibria (see
Table 5). Changes exclusively in the solvation sphere or
coordination number at lithium of 1-Li apparently do
not lead to significant changes in the carbon and proton
NMR spectra of the monomeric contact ion pairs of
1-®Li in THF. Similarly, in the various separated ion
pairs of 1-Li the spectroscopic data of the benzyl anion
1™ are also very similar to each other.

Thus, a 25°C, glyme-containing samples (entries
2-4) merely form CIPs, while the 12-crown-4 (entry 5)
and the 15-crown-5 complexes (entry 6) exist as SIPs.
The 18-crown-6 complex (entry 7) is found at an inter-
mediate value. This result supports the *H,°Li-HOESY
findings that, in the 18-crown-6-containing sample, CIPs
and SIPs are in equilibrium with each other. Further-
more, at —80°C, crown ether complexes exist as SIPs
(entries 12 and 13) whereas in the diglyme (entry 10)
and triglyme complexes (entry 11) the lithium—ligand
interaction leads to both CIPs and SIPs, which is again
in agreement with the *H,°Li-HOESY studies.

3. Conclusions

The NMR spectroscopic study of polyether com-
plexes of [°Li]-a-(phenylthio)benzyllithium 1-6Li in
THF solution by means of *H,°Li-HOESY as well as
carbon and proton NMR spectroscopy showed that an
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equimolar amount of DME does not coordinate to the
organolithium compound. Diglyme and triglyme form
only weak complexes at 25°C. In these contact ion pairs
(CIPs) part of the solvent THF is replaced by the
respective polyether ligand and lithium is coordinated in
an n'-like manner to the anionic carbon C-1 of 1-Li.
Lithium is without contact to the ipso or ortho carbons
of the phenyl ring of 1-Li. At —80°C contact ion pairs
are in equilibrium with separated ion pairs (SIPs). Much
better lithium complexation is observed if crown ethers
are used as ligands for 1-Li in THF. With 12-crown-4
and 15-crown-5, only separated ion pairs (SIPs) are
obtained in which the coordination number at lithium
exceeds four. With 18-crown-6, a CIP-SIP equilibrium
is established at 25°C, which is shifted largely to the
SIP side at —80°C. Apparently, the cavity diameter of
18-crown-6 is too large to coordinate to the lithium
cation as effectively as the smaller crown ethers 15-
crown-5 and 12-crown-4.

Compared to structurally related polyamines, the
acyclic polyethers are weaker ligands for 1-°Li in THF
solution. Cyclic polyethers, on the other hand, are better
ligands than cyclic polyamines. In al polyether com-
plexes the coordinated ligands are fluxional at ambient
and even at low temperatures. In most of the polyamine
complexes, distinct ligand conformations are frozen out
on coordination with the organolithium compound at
—80°C, sometimes even at 25°C. These results strongly
indicate that the complexation of 1-Li in THF with
polyethers and polyamines, respectively, occurs in a
rather different way.

The formation of separated ion pairs (SIPs) from
solvent separated ion pairs (CIPs) is accompanied by
significant changes in the proton and carbon NMR
spectra of 1-°Li, which demonstrates that large changes
in the charge distribution within the carbanionic moiety
of 1-°Li take place. Plots of the chemical shifts of the
para phenyl proton H-5, the benzylic carbon C-1, and
the proton—carbon coupling constant 1JCH of C-1 versus
the chemical shift of the para phenyl carbon C-5 reved
that the four parameters correlate nicely with each
other. The results of the graphica analyses support the
structural conclusions drawn from *H,°Li-HOESY Spec-
tra.

Further studies have to show how glymes and crown
ethers coordinate to organolithium compounds which
are different from 1-®Li, and how such ground state
complexation can be used to influence the reactivity
(ground and transition state complexation, respectively)
of organolithium compounds.

4. Experimental

All organolithium compounds were prepared in
flame-dried glassware under argon. The sample tubes

containing organolithium compounds were thoroughly
purged with argon and sealed with septum caps and
parafilm. Solvents. THF was freshly distilled from
potassium. [Dg]THF was dried over molecular sieves (4
A) prior to use. Glymes were distilled from calcium
hydride and stored over molecular sieves in an argon
atmosphere. Crown ethers were used without further
purification. A n-BufLi solution in n-hexane was pre-
pared according to a literature procedure [16]. *H, **C,
and °Li NMR: Bruker ARX 200, Bruker AC 300,
Bruker AM 400, and Bruker AMX 500. "H,*H-COSY,
'H,BC-COSY, and "H,°Li-HOESY: Bruker AMX 500.
°Li NMR sgectra were referenced to an external 1.0 M
solution of °LiCl in deuterium oxide. *H and *C NMR
spectra were referenced to the THF—CH, signal (6, =
1.73; 6. =26.5). In order to save space, "H,*H cou-
Pling constants, J, have been omitted. Phase-sensitive
H,8Li-HOESY spectra [500 MHz (*H), 73 MHz (°Li),
THF /[Dg]THF 1:1, 25°C]: relaxation delay 6.0 s, mix-
ing time 1.6 s; number of experiments. 64 or 128;
number of scans: 16—64; data matrix (after zero-filling
in F1): 128 (F1) X 512 (F2) points or 256 (F1) X 512
(F2) points; window function: exponentiad in F2,
sguared sine bell in F1.

4.1. [°Li]-a-(Phenylthio)benzyllithium (1-6Li) with 1
mol. equiv. of an ether ligand

General procedure: A solution of 0.55 mmol of
n-BuPLi in n-hexane was evaporated to dryness in
vacuo. The remaining n-Bu®Li was dissolved in 1.0 ml
THF/[DgITHF (1:1) at —15°C. To this solution was
added 100 mg (0.50 mmol) of benzyl phenyl sulphide,
followed after 15 min by 0.55 mmol of the acyclic
ether. If a crown ether was used as the ligand, the
samples were warmed to 0°C prior to addition of the
ether. The samples were kept at the respective tempera
tures for further 15 min and then transferred into an
NMR tube.

4.2. [CLi]-a-(Phenylthio)benzyllithium with DME (1-
®Li-DME)

'H NMR (500 MHz, THF/[D4JTHF 1:1, 25°C):
8=3.03(s, 1 H, H-1), 323 (s, 6 H, OCH,), 3.39 (s, 4
H, OCH,), 5.94 (t, 1 H, H-5), 6.59 (dd, 2 H, H-4, H-6),
6.67 (t, 1 H, H-11), 6.71 (bd, 2 H, H-3, H-7), 6.89 (dd,
2 H, H-10, H-12), 7.09 (d, 2 H, H-9, H-13). ®C NMR
(75 MHz, THF/[D4]THF 1:1, 25°C): &= 35.8 (d, ",
149 Hz, C-1), 59.1 (q, "Jg; 140 Hz, OCH,), 72.8 (t,
'Joy 140 Hz, OCH,), 111.9 (d, "I, 157 Hz, C-5),
118.9 (d, *J, 157 Hz, C-3, C-7), 122.1 (d, ‘J., 160
Hz, C-11), 125.4 (d, J., 159 Hz, C-9, C-13), 128.1 (d,
'Joy 158 Hz, C-10, C-12), 128.4 (d, *J.,, 152 Hz, C-4,
C-6), 151.8 (s, C-8), 157.0 (s, C-2). °Li NMR (73 MHz,
THF/[DgJTHF 1:1, 25°C): 6=0.35. "H NMR (400
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MHz, THF/[Dg]THF 1:1, —80°C): 6=2.99 (s, 1 H,
H-1), 3.21 (s, 6 H, OCH,), 3.36 (s, 4 H, OCH,), 5.88
(t, 1 H, H-5), 652 (d, 1 H, H-3), 6,55 (dd, 1 H, H-4),
6.58 (dd, 1 H, H-6), 6.70 (d, 1 H, H-7), 6.71 (t, 1 H,
H-11), 6.94 (dd, 2 H, H-10, H-12), 7.06 (d, 2 H, H-9,
H-13). ®C NMR (100 MHz, THF/[D, ITHF 11
—80°C): &=35.0(d, *Jg, 152 Hz, C-1), 59.7 (g, *J
140 Hz, OCHy), 72.7 (t, "Joy 140 Hz, OCH,), 1109
(d, “Jq, 157 Hz C-5), 1161 (d, "I, 150 Hz C-7),
119.8 (d, "Iy 152 Hz, C-3), 122.1 (d, Yoy 156 Hz,
C-11), 1248 (d, Yy 159 Hz, C-9, C-13), 127.8 (d,
Y, 151 Hz, C-4), 1282 (d, Y3, 156 Hz, C-10, C-12),
128.8 (d, 'J., 152 Hz, C-6), 151.2 (s, C-8), 156.2 (s,
C-2).

For comparison: free DME: *"H NMR (200 MHz,
CDCl,, 25°C): §=3.27 (s, 6 H, OCH,), 3.42 (s, 4 H,
OCH ) 3C NMR (50 MHz, CDCl, 25°C): & =587
(q" JCH 141 Hz, OCH,), 71.5 (t, *J,, 140 Hz, OCH,).

4.3. [ °Li]-a-(Phenylthio)benzyllithium with diglyme (1-
SLi-diglyme)

'H NMR (500 MHz, THF/[D4]THF 1:1, 25°C):
8=3.03(s, 1 H, H-1), 323 (s, 6 H, OCH,), 3.39 (m, 4
H, OCH,), 3.48 (m, 4 H, OCH,), 5.90 (t, 1 H, H-5),
6.57 (dd, 2 H, H-4, H-6), 6.67 (t, 1 H, H-11), 6.68 (d, 2
H, H-3, H-7), 6.89 (dd, 2 H, H-10, H-12), 7.09 (d, 2 H,
H-9, H-13). 2°C NMR (75 MHz, THF/[D,]THF 1.1,
25°C): 6=36.0 (d, JCH 150 Hz, C-1), 59.1 (q, ‘3o,
140 Hz, OCH ), 71.3 (t, *Jcy, 141 Hz, OCH,), 72.8 (t,
ey 141 Hz, OCH,), 1114 (d, Yy 157 Hz, C-5),
118.6 (bd, 'J, 152 Hz, C-3,C-7), 1220 (d, Yy 160
Hz C-11), 125.3 (d, *Jg, 159 Hz, C- 9, C-13), 128.0(d,

Joy 158 Hz, C-10, C-12), 1283 (d, Y3y 151 Hz, C-4,
C-6), 151.9 (s, C-8), 156.9 (s, C-2). °Li NMR (73 MHz,
THF/[DgJTHF 1:1, 25°C): 6=1.78. "H NMR (400
MHz, THF/[Dg]THF 1:1, —80°C): 6=3.00 (s, 1 H,
H-1), 3.22 (s, 6 H, OCH,), 3.38 (bs, 4 H, OCH,), 3.45
(bs, 4 H, OCH,), 5.67 (t, 1 H, H-5), 6.37 (d, 1 H, H-3),
6.46 (m, 3 H, H-7, H-4, H-6), 6.71 (t, 1 H, H-11), 6.94
(dd, 2 H, H-10, H-12), 7.06 (d, 2 H, H-9, H-13). **C
NMR (100 MHz, THF /[Dy]THF 1:1, —80°C): 6 = 374
(d, "oy 159 Hz, C-1), 59.2 (q, *Jgy 141 Hz OCH,),
705 (t, "Iy, 142 Hz, OCH,), 72.0 (t, "3y 143 Hz,
OCH,), 108.2 (d, *Jg, 156 Hz, C-5), 1145 (d, ek
155 Hz, C-7), 1186 (d, Ye 151 Hz, C-3), 1219 (d,
Yy 155 Hz, C-11), 1247 (d, Yoy 159 Hz, C-9, C-13)
127.7 (d, *Jg, 151 Hz, c4) 128.1 (d, *Jgy, 156 Hz,
C-10, C-12), 128.7 (d, *J., 150 Hz, C-6), 1518 (s,
C-8), 155.7 (s, C-2).

For comparison: diglyme: 'H NMR (200 MHz,
CDCl,, 25°C): 6=3.25(s, 6 H, OCH,), 3.44 (m, 4 H,
OCH,), 352 (m, 4 H, OCH,). “C NMR (50 MHz,
CDCI3, 25°C): 6= 58.7 (q, JCH 141 Hz, OCH,), 70.3
(t, "3 141 Hz, OCH,), 71.7 (1, *Jo,, 140 Hz, OCH 2):

4.4. [ °Li]-a-(Phenylthio)benzyllithium with triglyme (1-
®Li-triglyme)

'H NMR (500 MHz, THF/[Dg]THF 1:1, 25°C):
8=23.04(s, 1H, H-1),324(s 6 H, OCH,), 3.41(m, 4
H, OCH,), 3.49 (m, 4 H, OCH,), 3.50 (s, 4 H, OCH,),
5.85 (t, 1 H, H-5), 6.55 (dd, 2 H, H-4, H-6), 6.63 (bd, 2
H, H-3, H-7), 6.67 (t, 1 H, H-11), 6.89 (dd, 2 H, H-10,
H-12), 7.10 (d, 2 H, H-9, H-13). *C NMR (75 MHz,
THF/[D, ]THF 1:1, 25°C): §=136.6 (d, JCH 152 Hz,
C-1), 59.2 (q, o 141 Hz, OCH,), 711 (1, ‘3o, 141
Hz, OCH,), 72.7 (t, "I 141 Hz, OCH,), 110.8 (d,
Yy 157 Hz, C-5), 1183 (bd, *J.,, 154 Hz, C-3 C-7),
122.0 (d, '3, 160 Hz, C- 11), 125.3 (d, ‘3., 159 Hz,
C-9, C-13), 128.0 (d, *J, 158 Hz, C-10, C-12), 128.4
(d, J%H 151 Hz, C-4, C-6), 152.2 (s, C-8), 156.8 (s,
C-2). °Li NMR (73 MHz, THF/[DgITHF 1:1, 25°C):
§=207. 'H NMR (400 MHz, THF/[Dg]THF 1:1,
—80°C): §=3.01(s, 1 H, H-1), 3.23 (s, 6 H, OCH,),
3.39 (bs, 4 H, OCH,), 3.47 (bs, 8 H, OCH,), 5.69 (t, 1
H, H-5), 6.39 (d, 1 H, H-3), 6.47 (bs, 3 H, H-7, H-4,
H-6), 6.71 (t, 1 H, H-11), 6.94 (dd, 2 H, H-10, H-12),
7.06 (d, 2 H, H-9, H-13). ®C NMR (100 MHz,
THF/[D, ]THF11 —80°C): 8=37.1(d, "J., 158 Hz,
C-1), 59.1 (q, "o 141 Hz, OCH 5), 70.3 (t, *J., 142
Hz, OCH,), 705 (t, '3, 142 Hz OCH,), 72.2 (,
Yoy 141 Hz, OCH,), 108.4 (d, *J, 156 Hz, C-5),
114.6 (d, 3o, 153 Hz, C-7), 118.8 (d, JCH 153 Hz,
C-3), 121.9 (d, '3, 157 Hz, C- 11), 124.7 (d, *Jg, 159
Hz, C-9, C-13), 127.7 (d, '3, 151 Hz, C-4), 128.1 (d,
Y3y 157 Hz, C-10, C-12), 128.7 (d, *J.,, 151 Hz, C-6),
151.7 (s, C-8), 155.7 (s, C-2).

For comparison: triglyme: *H NMR (200 MHz,
CDCl,, 25°C): 6=3.30(s, 6 H, OCH,), 3.48 (m, 4 H,
OCH,), 357 (m, 4 H, OCH,), 359 (s, 4 H, OCH 2):
3C NMR (50 MHz, CDCl, 25°C); 5= 58.8 (g, JCH
141 Hz, OCHy,), 70.4 (t, "3, 141 Hz, OCH,), 71.8 (t,
3o, 141 Hz, OCH,).

4.5. [ 8Li]-a-(Phenylthio)benzyllithium with 12-crown-4
(1-5Li-12-crown-4)

Due to the low stability of this sample, NMR spectra
were recorded immediately after sample preparation.
L ow-temperature spectra could not be obtained because
part of the sample solution precipitated if the tempera-
ture was lowered below 0°C. The broadened ortho
(C-3, C-7) and meta (C-4, C-6) *C NMR signals of the
phenyl ring which was bonded to the benzylic carbon
were only found by means of a C, H shift-correlated
spectrum. 'H NMR (500 MHz, THF/[DgITHF 1:1,
25°C): 6=318 (s, 1 H, H-1), 356 (s, 16 H, OCH,),
5.46 (t, 1 H, H-5), 6.26 (bd, 2 H, H-3, H-7), 6.37 (dd, 2
H, H-4, H-6), 6.69 (t, 1 H, H-11), 6.93 (dd, 2 H, H-10,
H-12), 7.14 (d, 2 H, H-9, H-13). *C NMR (100 MHz,
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THF/[Dg]THF 11, 25°C): 6=420 (d, JCH 168 Hz,
C-1), 69.4 (t, "3, 142 Hz, OCH,,), 105.0 (d, *J., 157
Hz, C-5), ca. 113.0 (bs, too broad, C-7), ca. 118.0 (bs,
too broad, C- 3), 121.8(d, *Jg, 157 Hz, C- 11), 125.0(d,
'Je 160 Hz, C-9, C-13), 128.0 (d, *Jg,, 156 Hz, C-10,
C-12), ca 1285 (bs, too broad, C-4, C-6), 153.1 (s
C-8), 155.6 (s, C-2). ®Li NMR (73 MHz, THF /[Dg]THF
1:1, 25°C): 6 = 2.08.

For comparison: 12-crown-4: 'H NMR (400 MHz,
CDCl,, 25°C): =365 (s, OCH,). BC NMR (100
MHz, CDCl,, 25°C): § = 70.5 (t, JCH 141 Hz, OCH,).

4.6. [ °Li]-a-(Phenylthio)benzyllithium with 15-crown-5
(1-5Li-15-crown-5)

'H NMR (500 MHz, THF/[Dg]THF 1:1, 25°C):
8=3.11(s, 1 H, H-1), 350 (s, 20 H, OCH,), 5.36 (t, 1
H, H-5), 6.18 (bs, 2 H, H-3, H-7), 6.30 (dd, 2 H, H-4,
H-6), 6.67 (t, 1 H, H-11), 691 (dd, 2 H, H-10, H-12),
711 (d, 2 H, H-9, H-13). “C NMR (75 MHz,
THF/[D,ITHF 1:1, 25°C): §=421 (d, JCH 168 Hz,
C-1), 69.7 (t, "Jey 143 Hz, OCH,), 104.1 (d, JCH 157
Hz, C-5), 112.4 (bd, JCH 152 Hz, C-7), 117.1 (bd, '3,
152 Hz, C-3), 121.5 (d, *J, 160 Hz, C-11), 125.0 (d,

Jg 159 Hz, C-9, C-13), 127.8 (bd, Y3y 146 Hz, C-4),
127.9 (d, "Jg, 158 Hz, C-10, C-12), 128.7 (bd, Yen
146 Hz, C-6), 154.1 (s, C-8), 155.7 (s, C-2). °Li NMR
(73 MHz, THF/[DgITHF 1:1, 25°C): = —0.81. 'H
NMR (400 MHz, THF/[DB]THF 1:1, —80°C): 6 =3.05
(s, 1H, H-1), 346 (s, 20 H, OCH,), 5.34 (t, 1 H, H-5),
6.07 (d, 1 H, H-3), 6.11 (d, 1 H, H-7), 6.28 (dd, 2 H,
H-4, H-6), 672 (t, 1 H, H-11), 6,95 (dd, 2 H, H-10,
H-12), 7.06 (d, 2 H, H-9, H-13). **C NMR (100 MHz,
THF/[D]THF 1:1, —80°C): §=41.3(d, Yen 170 Hz,
C-1), 69.1 (bt, ‘3, 142 Hz, OCH,), 103.8 (d, "I
157 Hz, C-5), 111.8 (d, 'J, 152 Hz, C-7), 116.7 (d,

Joy 149 Hz, C-3), 121.8 (d, "Jy 157 Hz, C-11), 124.5
(d, “Jo 160 Hz, C-9, C-13), 127.7 (d, Y3y 148 Hz,
C-4), 1281 (d, Y3y, 155 Hz, C-10, C-12), 128.8 (d,
Y3y 148 Hz, C-6), 152.7 (s, C-8), 1549 (s, C-2).

For comparison: 15-crown-5: *H NMR (300 MHz,
CDCl,, 25°C): 5=346 (s OCH,). BC NMR (75
MHz, CDCl,, 25°C): 6 = 70.2 (t, *J.,, 141 Hz, OCH,).

4.7. [ 8Li]-a-(Phenylthio)benzyllithium with 18-crown-6
(1-°Li-18-crown-6)

'H NMR (500 MHz, THF/[D4]THF 1:1, 25°C):
8=13.09(s, 1 H, H-1), 3.52 (s, 24 H, OCH,), 556 (t, 1
H, H-5), 6.35 (bd, 2 H, H-3, H-7), 6.40 (dd, 2 H, H-4,
H-6), 6.68 (t, 1 H, H-11), 6.92 (dd, 2 H, H-10, H-12),
711 (d, 2 H, H-9, H-13). ®BC NMR (100 MHz,
THF/[Dg ]THF 1:1, 25°C): §=40.1 (d, JCH 163 Hz,
C-1), 70.6 (t, "o, 142 Hz, OCH,), 1065 (d, *J.,, 157
Hz, C-5), ca. 116.0 (bs, too broad, C-3, C-7), 121.7 (d,
1JCH 156 Hz, C-11), 125.1 (d, 1JCH 161 Hz, C-9, C-13),

128.0 (d, *Jg, 152 Hz, C-10, C-12), 128.3 (d, JCH 148
Hz, C-4, C-6), 153.2 (s, C-8), 156.0 (s, C-2). °Li NMR
(73 MHz, THF/[DgITHF 1:1, 25°C): 8= —0.39. 'H
NMR (400 MHz, THF /[DgITHF 1:1, —80°C): & = 3.06
(bs, 1 H, H-1), 3.43 (bs, 24 H, OCH,), 5.37 (bs, 1 H,
H-5), 6.13 (bs, 2 H, H-3, H-7), 6.29 (bs, 2 H, H-4, H-6),
6.71 (bs, 1 H, H-11), 6.94 (bs, 2 H, H-10, H-12), 7.07
(bs, 2 H, H-9, H-13). *C NMR (100 MHz,
THF/[Dg ]THF11 —80°C): 6 =41.1(d, JCH 171 Hz,
C-1), 70.8 (t, "Iy, 141 Hz, OCH,), 104.1 (d, JCH 156
Hz, C-5), 112.0 (d, JCH 155 Hz, C-7), 116.9 (d, 'J.,
148 Hz, C-3), 121.7 (d, *J, 155 Hz C-11), 124.6 (d,

Joy 158 Hz C-9, C-13), 127.7 (d, ‘I, 145 Hz C-4),
128.1 (d, "J, 156 Hz, C-10, C-12), 128.7 (d, 'J.,, 147
Hz, C-6), 152.8 (s, C-8), 1550(s C-2).

For comparison: 18-crown-6: ‘H NMR (300 MHz,
CDCl,, 25°C): 6=13.66 (s, OCH) BC NMR (75
MHz, CDCl,, 25°C): 6 = 70.7 (t, 'J.,, 141 Hz, OCH,).
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