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The pseudomonomolecular (THF-catalyzed) rate catstq, of cis/trans interconversion of
the trisolvated, monomeric ground-states CIP arl @ THF via solvent—separated ion pairs
(SSIP) can be measured through line shape anay#les pairwise “coalescing” (averaging)

NMR signals of diastereotopitH and **C nuclei at positions 1/3 and 4/5.
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Abstract

A THF-solvated, crystalline, exocyclic alkenyllithm, tert-alkyl),C=C(Li)—-Ph, was
synthesized and shown to be a disolvated dimdrarsolid state and in toluene as the solvent;
increasing amounts of the monomeric species emengeooling the toluene solution. In

THF as the solvent, only the trisolvated monomes p@sent and identified as a contact ion
pair (CIP) through its scalafC °Li NMR coupling. This ground-state needs only fur¢her
THF ligand as a catalyst for breaking the C—Lidbanith formation of a tetrasolvated,
solvent-separated ion pair (SSIP) on the way tdrdresition state of cis/trans%sp
stereoinversion. The ensuing pseudomonomoledalac mechanism is confirmed by low
pseudoactivation parameters: enthalih,* = 6.9(3) kcal mof; entropy AS,* =-23.3(9)

cal mor* K™ Similar parameters were found with 2,6-dimethgipyl in place of Ph.
This article is dedicated to Professor Paul Knoaihetcognition of his kind support.
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1. Introduction

The characterization of organolithium compoundsaltution is incomplete without
knowledge of the microsolvation numbedswhich state how many electron-donor ligands
(other than the carbanionic centers) are coordin@te lithium cation. For example, the
monomeriax-phenyla-lithioalkenelais trisolvated d = 3) in tetrahydrofuran (THF) as the
solvent but disolvatedI(= 2) in E£O or intert-butyl methyl ethertBuOMe) [1]. The neglect
of such microsolvation or the use of incorrectdata can lead to wrong entropy values, as
exemplified for the dimerization equilibria [2] @& and1cin toluene as the solvent.
Unfortunately, microsolvation numbers at Li are tnafsen not accessible for monodentate
(nonchelating) ethereal ligands {8t THF, etc.), because NMR spectroscopy usuallpaan
directly distinguish the ligand fraction coordinait& Li from the noncoordinated (“free”)
portion if ligand interchange between these twoagibns is very fast on the NMR timescale,
so that only averaged ligand signals can be dete@afficiently slow ligand scrambling was
observed for C—Li compounds with the very strongatdigand (MeN);PO (HMPA) [3],
with THF at the endocyclic Li of dimeric MEuLI&LICN [4], with intramolecular
(chelating) donor functions [5], and witBuOMe, E+O, or THF at our sterically congested

model systeni [1].



Scheme 1.The a-arylalkenyllithiumsl and2.

This inability of measuring microsolvation numbedsdirectly may be circumvented by
means of an empirical [1] relationship (eq 1)dbfwith the scalar, one-bond spin-spin
coupling constantJc; between a carbanioniC nucleus and 4Li atom; the °Li isotope
is known [6] to be generally preferable to the matendant isotop&.i in **C NMR
measurements. In eq b, is the number of Li cations in direct contacthwihe inspected
(**C NMR) carbanionic center ana is the number of carbanionic centers bound dir¢ota
Li cation, so thatn =a =1 for monomersn=a = 3 for cubane-like tetramers [7], amd= a
= 2 for dimers or for “static” (nonfluxional) [Idyclooligomers. The sensitivity factots in
eq 1 apply to both the monomers and the aggreugatigis a family of C—Li compounds [8]:
L = 63 & 3) Hz forn-alkyllithiums (but 68.4 Hz for Mg.i4), 60 & 2) for neopentyllithium,
56 ( 1) fors-alkyllithiums, 47.5 £ 1) for tert-butyllithium (tBuLi), 42 & 2) for 1-aryl-1-
alkenyllithiums [but 69« 2) for dimeric and tetrameric,B=CH-Li], 62 & 3) for

phenyllithium, and 69 3) Hz for alkynyllithiums.

e = Lx[nx@+d]™ 1)
Generally, scalar coupling between the nuclearssipit®C-°Li bonds can only be observed
under conditions of a sufficiently slowtermolecular scrambling of the Li cations (usually at
low temperatures). Due to the spin quantum nunibefl of the®Li nucleus, the coupling

with one @ = 1) °Li will splita **C NMR signal into 81+1 = 7++1 =3 components with a
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1:1:1 intensity pattern; such a triplet proviéegdence for a monomeric state unless the
molecule bears a Lewis-basic heteroatom X thatcardinate to the Li cation of a second
molecule, thus forming aggregates which carry €XLiunits. The contact of &C center
with two °Li nuclei (h = 2) will become evident through a 1:2:3:2:1 rdet splitting which
establishes the Ciiunits of a dimer and also those of a “static”logigomer, namely,
withoutintraaggregational (“fluxional”) scrambling [9] of motlean two Li cations. With
these reservations, tHéC NMR splitting multiplicity can identifyn and hence the
aggregational state (since norma#ly= n in eq 1); if so, the magnitude ddc; (to be read
from the frequency intervals in the multiplets) gaovide the microsolvation numbets

The relationship of eq 1 was discovered [1] becateséc shielding ila andlcimpeded the
scrambling of coordinated with free monodentateaddigands (THF, BO, tBuOMe) to such
an extent thad could be measured for the dimers and for sonteeomonomers df at low
temperatures byH and/or **C NMR integration. On this footing and with theoab-
mentioned sensitivity factor df = 42 & 2) Hz in eq 1, the microsolvation numbetsof the
a-aryl-B3,B-di-tert-alkylvinyllithiums 2a and2b studied in this work should be indicated by the
following prospective’Jc i values: 10.5 0.5) Hz for a trisolvated monomet € 3), 14.0
(x 0.7) Hz for a disolvated monomet £ 2), 7.0 £ 0.4) Hz for disolvation of a CLi
structural motif @ = 1 per lithium), or 5.3%0.3) Hz for a tetrasolvated GLmotif (d = 2).
The results should enable us to decide whetheettently [10] established

pseudomonomolecular, ionic mechanism Gfspreoinversion applies alsoza and2b.

2. Results and discussion
2.1. Synthesis and ground-state properties ofrgflkéhium 2a
Pursuing a strategy described [11] for the precarsbla, we heated the known [12]

alcohol3 (Scheme 2) for a short time with an excesN-tromosuccinimide (NBS) to



produce the&-monobromidet, taking care to avoid overbromination that wolgidn the
correspondingn,a-dibromide whose rapidly ensuing ring expansion slaswvn to generate
the bromoketon&. The analogous, slower ring expansion of monokderhto give the
halogene-free ketor[13] is expecially threatening for solvent-fréeso that crudd should
be dehydrated by SOCimmediately to furnish the crystalline bromoalké&nwhich had
previously [14] been obtained as a liquid on aedéht route. (A further alternative synthesis

of 5 from the olefina s reported in the Supplementary Material.)

Br

Ph-Z& m
PhYoH  nes OH socl,
s : .
Me, Me, Me, Me,  pyridine
3 4
NBS 5
_ CISnMe,
HBr + nBuLi
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\
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Bry2 H.)2
1 1 1 3 —_— 1 3
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Scheme 2.Synthesis and derivatives 24.

The Br/Li interchange reaction between bromoalkeaadn-butyllithium (nBuLi)
generated the alkenyllithiu2a (Scheme 2) along with 1-bromobutan8(Br); this
interchange occurred in cyclopentane solution évéhe absence of donor molecules at room
temperature (r.t.), as witnessed after one weeakueyching with solid C® and isolation of
the aciddb. Prepared frord more rapidly inBuOMe or E$O as the solvents with ca. two

equivalents ohBuLi, 2a decayed slowly (in > 19 hours at r.t.) to furnikh “parent” olefin



9a, wherea®ain THF reacted quickly with the concomitaiBuBr to afford thex-butyl
derivative9c (not detected itBuOMe or EtO). Generated frorh in tBuOMe withnBulLi,
2awas also trapped after 20 min at 20 °C byMeCl| to give thex-SnMe; derivative6

(39%) and olefirba (44%). In a slightly more productive alternatpr@cess, a mixture @
and9a (78:22) was obtained from bromoalkeéneith LiSnMe; [15] in THF as the solvent.
These two stannylation reactions opened a routketmer and more stable sample2af the
subsequent treatment of p@&vith nBuLi furnished2a along withnBuSnMe, nBu,SnMe,
and methyllithium, thus avoiding the formation ddtdrbing coproducts (LiBr anBuBr).

After this practically instantaneous Sn/Li interoba reaction2ain THF decayed through
proton transfer from the solvent to give oleSimand ethylene with a first half-life time of ca.
5.5 hours at 23 °C: guenching with@after 6 hours afforde@ia and p-D]9a (58:42)
exclusively. The Sn/Li interchange was slowetBuOMe as the solvent; it did not occur in
pentane alone (> 24 hours), but it proceeded sl¢agrnight) in pentane after the addition of
THF (three equiv) and produced dta&kTHF), as single crystals which could be purified
through washing with (cyclo)pentane and were watkesl for NMR or X-ray analyses. An
analogous run with ED (three equiv) in place of THF required three daysentane at 20 °C
and produced crystals that were unsuitable bedheyalissolved quickly above —70 °C in

pentane.




Figure 1. Solid-state structure of28&THF), at —100 °C, with the

crystallographic numbering and thermal ellipsoiti2 s probability.

The X-ray analysis revealed a centrosymmetric,ldided dimer 2a&THF), with one THF
ligand @ = 1) at each Li atom. The planar four-membered riLi,(C14) and the plane of
the C2/C14 (C-2/QGx) double bond (Figure 1) enclose an interplanateaofyl04°. This
angle and many of the other geometric paramet&js¢semble those of crystalline
(1a&THF), [1]; however, all crystalline dimers [1] @k andlc had practically planar indan-
2-ylidene moieties, whereas the corresponding pgrit2-ylidene part of the carbanion in
Figure 1 exhibits a vexing twist of 40.4° along te&l/C-5 single bond which is even stronger
than that (30.9°) in an isoelectronic imine [1&epulsive strain between the two 1-CH
groups and the phenyl ring may be recognized flwerenlarged angle C1/C2/C14 =128.7°
{as also in {c&THF), [1])}, and the concomitant weak pyramidalizat@nC15 (= Cipso)
is clearly visible in Figure 1. However, the radatl orientation of the phenyl group is
almost orthogonal (ca. 85°) with respect to the@12/ double bond, thus providing for a
nearly optimum overlap of the-type carbanionic electron pair atcC= C14, as shown in
Scheme 1) with the aromaticsystem [17]. Each THF ligand has one of its QQitlotons
close to one of the six 3-GHprotons (distance down to 2.3 A) or to one oftthe aromatic
ortho-protons (2.6 A). The two oxygen atoms are iraagrrelation at the €, core with
angles of O1/Lil/Li1A = 163.2°.

The various short distances [13] were essentiatgimed when the crystals o2a&THF),
were dissolved in [E}toluene, as established by two-dimensional intaégr NOESY
experiments at 25 °C. At —70 °C (Figure 2), tixepgoton NMR singlet of 3-CHl was
broadened by the adjacent Li cations, whereasixhgrgton singlet of 1-Chl remained

sharp. Ultimate evidence for the dimeric naturéhef dissolved species was obtained at —70



°C (Figure 3) through a 1:2:3:2:1 quintet spiigtiof the **C-a NMR resonance withJc

= 7.5 Hz, as anticipated for the disolvatdd(1) CLp motif in the Introduction. Because
this splitting pattern did not change over the terafure range of —96 to —15 °C (Table S12
[13]), one can dismiss the possible structure lwfher cyclooligomer which would have
displayed the contracted “fluxionaf*C-a multiplet that would result through
intraaggregational scrambling of more than twoatians [9] on warming up. Therefore, the
persistent splitting pattern established that ikeldated solid-state topology oRd&THF),
had passed over to thegluene solution. Importantly, thtH and **C NMR OCH,

signals of THF broadened on cooling and split-e6 °C into separate absorptions for QCH
of coordinating and free THF (for instanée,= 69.0 and 67.9 ppm, respectively). Although
these absorptions (Figures 4 and 5) were not lpesséparated, the signal area assigned to

coordinated OCH was compatible witlrd =1 in Qa&THF)..
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Figure 2. 'H NMR spectrum (400 MHz, —70 °C) @aand THF (2.6

equiv) in [Ds]toluene; M = monomer, D = dimer, 0 = olefia.
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Figure 3. *C NMR spectrum (100.6 MHz, —70 °C) of dimefizand THF (2.6 equiv) in

[DgJtoluene. Insert: @ as a quintet with'Jc i = 7.5 Hz; o = olefi®a
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Figure 4. THF signal splitting in théH NMR spectrum (400 MHz, —96 °C) @& and THF
(2.6 equiv) in [R]toluene; M = monomer, D = dimer, o = olefa, frei = free, koord. =

coordinated. Compare M and D with Fig. 2.
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Figure 5. THF signal splitting in the*C NMR spectrum (100.6 MHz, —96 °C) 2& and
THF (2.6 equiv) in [Q]toluene; M = monomer, D = dimer, o = oleBa, frei = free, koord.

= coordinated. Compare M and D with Fig. 3.

An increasing portion of trisolvated, monome2eemerged in this [E)toluene solution
(Tables S9 and S12 [13]) at temperatures below °€32(up to 28% at —96 °C in Figures 4
and 5, to be compared with Figures 2 and 3, resgdgt which established the
deaggregation of26&THF), to be exothermic (and the reverse dimerizatiomohomeric
2ato be endothermic) in agreement with previous @wi@ [2] forlaandlc. Although this
monomeric component @& in toluene did not exhibit a resolvédc,; splitting, it was
identified by its other NMR data (Tables S9 and 813) which closely resembled those of
monomeric2a&3THF in THF as the solvent (Figures 6 and 7).e Tdtter monomeric
contact ion pair (CIP witm =a = 1) was recognized at —82 °C in THF (Figruréy yirtue
of its °C-a triplet (1:1:1) splitting, and its microsolvatitay d = 3 THF ligands followed
from the magnitude ofJc,; = 10.7 Hz, as anticipated in the Introduction.efifore, the
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ground-state oRa&3THF cannot be a solvent-separated ion pair (pSiHe that would

lack the direct'*C-"Li contact. This triplet pattern was wiped outwarming to above —66
°C, because an accelerating C—Li bond breakingajest the**C °Li spin coherence,

whereas all aromatic resonance positions did nan@é significantly between —82 and +55
°C (Tables S7 and S10 [13]), which establishedtlesence of a sole species (hamely,
monomeric2a) all over this range. On further warmup, the &meting cis/trans
stereoinversion led to NMR line-broadening and aigmwalescences of the aliphatic nuclei as
analyzed in the sequel. However, the above-meadiononomeric portion 02a&3THF in
[Dg]toluene (Tables S9 and S12) showed no signifitaatbroadening (hence no signs of a

rapid cis/trans stereoinversion) [13].

THF THF : Cyclopentan

S'CHaiw-CHg

CeHg

meta-H orthe-H .

para-H b .0 |
o MJH e

Figure 6. *H NMR spectrum (400 MHz, —66 °C) of monome2iin THF; o = olefin9a.
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Figure 7. **C NMR spectrum (100.6 MHz, —66 °C) of monomeédin THF; o = olefin9a

Insert: Ce as a triplet with'Jc ;= 10.7 Hz at —82 °C.

2.2. The pseudomonomolecular, ionié-sgereoinversion ofa in THF

The cis/trans stereoinversion of the monor@a&3THF, depicted in Scheme 3 as an
interconversion of the CIP ground-stai€sand10’, cannot proceed over the very high energy
barrier that opposes a simple rotational motiothefC-2/Ce double bond. Instead, a
transitory cleavage of the C—Li bond is necessanrder to provide for migration of the
lithium cation during stereoinversion of the cariban The rapidity of this
diastereotopomerization [18] became perceptiblherNMR time scales (400 and 100.6
MHz, Tables S7 and S10 [13]) through coalescentdsed\IMR signals of pairwise
interconverting diastereotopic (namely, constitodily but not stereochemically equivalent)
'H and *°C nuclei: 1-@y/3-CHz at —20 °C, EHy/3-CH; at -5 °C,CH,-5/CH,-4 at +25

°C, and C-1/C-3 at +40 °C.
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transition Lit

(THF), THF (THF),
ayh\gpli - HTHE any cg )4 state with Li* L (THFL& ayl - THE Li o any]
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3 1
12 Me, Me, Me, Me,
4 5
10 (cIp) 11 (SSIP) 117 (SsIP) 10" (cIP)

Scheme 3.Proposed mechanism of’stereoinversion of the monomeric contact ion pairs

(CIP)10and10” of 2a&3THF and 2b&3THF.

Full line shape analyses [19] of the broadened NdWjRals furnished the pseudo-first-order
rate constants, of stereoinversion as a function of the tempeeat\s shown in Figure 8,
theseky values (Table S1 [13]) do not depend on the eotnation of the monomer
2a&3THF. This excludes the possibility of a bimol&austereoinversion mechanism via an
aggregated intermediate; it excludes also a distee ionic mechanism via the free ions. It
leaves the possibility of a nondissociative ion@atvith the transitory formation of an NMR-
invisible amount of a solvent-separated ion ai(SSIP); in this intermediate, the required
C—Li bond heterolysis is accomplished at the egpet the usual immobilisation of solvent
at lithium. Since the ground-st&at® of 2a&3THF is already trisolvated, only one further
THF molecule needs to be “frozen” to generat&THF), in 11 with a corresponding
entropy contribution of ca. —11 cal mMoK™ as delineated in ref [2]. After migration of
Li*(THF); on the way to the transition stdt2 and beyond with formation dfL” (SSIP) in
Scheme 3, one of the four THF ligands will be reézhto generate the prodd€x of
stereoinversion, so that the total process is pgaodomolecular, namely, monomolecular
(kinetically of first order) in the monom@a&3THF and catalyzed by free THF. Thus, the
measured pseudo-first-order rate constagts= ki[free THF] are the products of the “true”
second-order rate constarks and the concentrations of free THF. We did tio¢es for an
experimental confirmation of this kinetically firstder catalysis by THF because a significant

(at least 2-fold) decrease of the concentratioge[fTHF] would entail a serious change of the

13



solvent polarity with questionable kinetic evidendes previously [10] with1a&3THF, we
prefer to leave the constant factor of [free TH&fent inky, admitting that the “true”
activation entropyAS' (as derived from thé, data) would be more negative than the
measured pseudoactivation entropy/As,* =-23.3 cal mof K™ (from ky) by a
mathematical correction of roughly [® x In[free THF] = ca. 5 cal mot K™ (whereR =

1.986 cal mott K.

In ky

55 - H\

45 - \

3.5 1

. , ; ,H\

3.4 3.6 3.8 4.0 4.2
1000/T =—m>

Figure 8. Arrhenius diagram of the natural logarithms aéymdo-first-order sp
stereoinversion rate constarkg [s7] versus 10007 [K™Y] for 2ain THF as the solvent.

Concentrations a?a. open symbols, 0.13 M; hatched, 0.06 M.

The pseudomonomolecular, ionic mechanisr@aofnd2b in Scheme 3 is an independently
deduced example of the’sgtereoinversion pathway that had been establigt@dor
monomericlaandlb. Even the numerical values of the pseudoactingtarameterg\H,*

(enthalpy), AS,* (entropy), andAGy* (0 °C) = AHy* — (273 K)x AS* (free enthalpy) oRa

14



(entry 1 in Table 1) are almost identical with thas1a (entry 2). Therefore, the conclusions
to be drawn foRa should be similar to those presented earlier {&0]a, for which we
established “the temporary development of conalalgrmore negative-charge density in

the 4" -position” of the-aryl substituent in the transition state of stereersion. In

particular, the obvious absence of a kinetic inilceeof the obstructive benzo partiaf(as
compared witl2a) appears to support the suggestion [10] that (TIHIF), migrates along the
charge gradient” (@reta- C-para) that was shown to increase on the way to thesitian

State.

15



Table 1. Pseudoactivation parameterAG,* (kcal mof* at 0 °C), AH,* (kcal mol), and AS,* (cal mor* K™) of cis/trans

diastereotopomerization rates of the trisolvatednomeric 1-aryl-1-alkenyllithium& and2 in THF, and™*C°Li coupling constantsJ.

entry cpd. no. aryl substituentAG*0 °C) AH AS)} 13 (Hz) reference
1 2a p-H 13.259+ 0.002 6.91+ 0.25 -23.3+ 0.9 10.7 this work
2 la p-H 13.35+ 0.03 6.63+ 0.24 -24.6+ 1.0 10.7 [10]
3 2b 0,0"-Me, 12.71+ 0.02 6.87+ 0.14 -21.4+ 0.6 10.7 this work
4 1b 0,0’ -Me; 1247 + 0.01 6.77+ 0.18 -20.8+ 0.7 10.7 [10]
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2.3. Synthesis and properties of alkenyllithi@mn

The known [20]a-chloroalkenel 3 (Scheme 4) andBuLi in THF generatedBuCl and the
alkenyllithium 2b within ca. two hours at r.t. (or at —4 °C witlfirat half-life time of ca. 75
min). Unfortunately2b and nBuCl recombined at a comparable rate to give Lt thea-
butyl productl5calong with the “parent” olefin [21]15a(ca. 2:1). This Cl/Li interchange
reaction ofLl3in THF was faster at —70 °C wittBuLi, of which a second equivalent was
applied as usual [22] in the hope of destroyingcy@roductBuCl. Regrettably, the
formation of alkenyllithium2b and its protonation byBuCl (affording154d) also occurred at
comparable rates and in competition with the inéehproton transfer fronBuCl totBuLi, so
that only ca. 30% a2b survived, as shown through trapping with CISgMproviding14) or
with D,O which furnished.5aand15b (7:3). The similar generation @b from 13 and
tBuLi in tBuOMe as the solvent did not take place at —70Ud0~as complete at r.t. within
10 minutes: A major portion &b was again protonated bguCl, while the surviving
portion could be observedH NMR) in situ at r.t. and was trapped with CISnMer, after 4.5
hours at r.t., with solid COto afford15aand the acid5d. The reaction 013 with nBuLi in
tBuOMe required many hours at r.t., producigandnBuCl which coupled more slowly to
give 15candl15a All of these observations illustrate the impeginfluence of steric
congestion irL3 or in 2b on the attack by nucleophiles (R—Li) or electréghipBuCl or

tBuCl), respectively, in ethereal solvents.
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Me

+ nBulLi
- a —_—
Ve Cl
- nBuCl
Me, Me,
- nBuSnMe,
13 + nBuLi

+ LiSnMe, & + CISnMe,

Scheme 4.Preparation and derivatives 1.

The recommendable method of preparingatenMe; derivativel4 from 13 used LiSnMe
in THF [15] at r.t. Well-resolvedH,**°Sn couplings were detected for the BsC(ca. 3 Hz
[23]) and theo,0-CH3 protons inl4 (4.4 Hz =°J or through space?), whereas such long-
range coupling was not observed for B<C(J) and 1CH5 (*J). Purel4 andnBuliin THF
produced the alkenyllithiurBb andnBuSnMeg at 35 °C within less than two minutes. In
contrast to the behavior 6f(Scheme 2), this Li/Sn interchange reaction oecuneither in
tBuOMe (slow formation of MeLi only) nor in ED; but it proceeded within 72 hours at r.t.
in ELO containing one equivalent of THF, accompanieddiye deterioration that furnished
the olefinl5a Therefore2b could not be crystallized and purified (liRe) for studies with
donor molecules other than THF. As outlined intlBec2.1 for the alkenyllithiun2a, the
1:1:1 triplet splitting of *C-a (Figure 9) identified the monomeric state 6£i[2b in THF
as the solvent below —59 °C, while the microsabrabhumberd = 3 followed through eq 1
from the magnitude of the NMR coupling constdd¢ ; = 10.7 Hz with the same sensitivity
factor of L =42 that was used before. As an independeriirotion of trisolvation in

THF, Scheme 5 compares lithiation NMR shiftd = d(R—Li) —&(R—-H) for2b (16) and the

18



bona-fide monomedb&3THF (17) [24]. BecauseAd data are known [1] to be clearly
different for tri- and disolvated monomers and tiated dimers and the unsolvated trimer of
the indan-2-ylidene family [25] that includ&a and1b, the closely similar values for
comparable positions b6 and17 certified the proposed structure 2b&3THF. This
monomer remained the only detectable speci@b af THF between -85 and +25 °C, as
shown (Tables S8 and S11 [13]) by the practicalggerature-independent chemical shift
values of the aromati¢H and **C nuclei that do not participate in the cis/trans
diastereotopomerization. As all of the diasterpimt@toms belong to the cyclopent-2-ylidene
part of2b, their NMR signals (Figures 9 and 10) tended tdis&urbed by the aliphatic
contaminations which could not be removed si2Zleelid not crystallize. Therefore, only the
C-4/C-5 and 1-CH3-CH; pairs of**C nuclei proved suitable for line shape analysé} ¢t
spf-stereoinversion at merely four temperatures amygl@me concentration (Table S2 [13]).
Nevertheless, the resulting pseudoactivation paennef2b (entry 3 of Table 1) and their
error limits were very similar to those bl (entry 4), suggesting once more that migration of
Li*(THF), in the transition state is hardly influenced bg bbstructive benzo part bb

which is absent i2b. The free pseudoactivation enthalp®&,* (0 °C) revealed that
2b&3THF inverts a little faster tha2a&3THF, perhaps due to a somewhat lower internal

mobility (less negative activation entropy) in greund-state o2b.

(0.88) | (:0.46)
(0.84) 1y (:040) H
H

16: 2binTHF,-85<C
17: 1bin THF, -95 T
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Scheme 5. Lithiation shifts A3 = 3(R—Li) —3(R—H) for *C and (in parenthesedH NMR

signals of the trisolvated monomets and1b in THF as the solvent.

CoDs THF THF
Cyclo-
pentan
a
o-CH,
L 0 e e e e Pentan”
183.4 183.2 meta 1-CH;
orthe 1+3
3-CH;
fosa para 54
o a ; ¢
. o i 0 v[oalo
N v
i I J lll S N \L\ ,{ ,L
T]Tvr|1;|\1\\var|vr7||4\\\‘]\|||l|;.u||\||‘lsv!-[[|r||arr|1||\||11\|1wer\||\\||v(|]vw|¢|rr’r1~|
1890 160 140 120 100 80 60 40 -20 ppm

Figure 9. *C NMR spectrum (100.6 MHz, —85 °C) of monomeiin THF; o = olefin

15a v = contamination. Insert: €-as a triplet with*Jc; = 10.7 Hz at —85 °C.

THF THE Cyclopentan

0-CH,

| 1-CHs
3-CH, |
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Figure 10. *H NMR spectrum (400 MHz, —85 °C) of monome2lzin THF; o = olefin

15a

3. Conclusion

The pseudomonomolecular, ioni¢sgereoinversion mechanism was established for two
new examples2@,b) in THF as the solvent through some of the caténat had been shown
[10] to provide conclusive evidence fbaandlb: (i) the J(**C-a,°Li) magnitudes and
splitting patterns characterize monomeric, tristddaCIP ground-states @& and2b; (ii) the
concentration—independent pseudo-first-order ratstants of spstereoinversion exclude
both bimolecular and dissociative mechanism#&r (iii) the strongly negative
pseudoactivation entropiesS,* of 2a and2b resemble those dfaandlb (Table 1). This
points as previously [10] to nondissociative ioti@a via an SSIP intermediate with THF
catalysis through immobilization of only one THEdnd as the common cause, inclusive of a
similar entropic penalty of a ca. 49% portion of theasured\S,* values of ca. —23 cal
mol™ K™ The inherent kinetic privilege [10] of THF oveO is confirmed by an
extrapolation of the rate constant2afto —55 °C that yields a pre-inversion life tinfeca.
0.16 seconds in THF, to be compared to > 1800 skscaaported [26] for th&Z — E

stereoinversion af8to givel9 (Scheme 6) in EO as the solvent at —55 °C.

Ph Li Eto Li Ph P
2 O
slo
H3C \ " H3C Q0
H,C” H,C"

18 (2) 19 (B)
THF
fast 20 (SSIP)
possible
transition
state with Li*
11 (SSIP) migration
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Scheme 6.Slow Z - E interconversion 018in EtO [26]; proposed transition sta26 of

the much faster cis trans spstereoinversion via the SSIP intermedibtén THF.

Compared with their more backside-shielded bentativesla andlb, the two new
examplesZa,b) perform the stereoinversion in THF with almost #ame enthalpy barriers,
respectively. This suggested that the migratio.id{THF), was not influenced by the
benzo moiety irl but occurred along thecharge gradient within thee-aryl substituents that
is roughly illustrated by thAd values ofl6in Scheme 5 and intensifies [10] on the way to

the transition stat20.

4. Experimental

4.1. General remarks

Organolithium samples were prepared and handledrumdtream of dry argon cover gas as
detailed in ref [1]. Pseudo-first-order stereonsien rate constantk, were determined as
described in ref [10]. All*H and *C NMR chemical shifts are referenced to internalStM
4.2. 2-@-Lithiobenzylidene)-1,1,3,3-tetramethylcyclopentdBa)

A dry NMR tube (5 mm) was charged under argon cgesrat r.t. with the stannyl
compounds (70 mg, 0.19 mmol), dry pentane (0.50 mL), anhydréHF (0.047 mL, 0.57
mmol), and after short mixing finally witfiL[i] nBuLi (0.54 mmol) [27] in cyclopentane (0.31
mL). The tube was closed with a soft rubber stopipe&t was wrapped with a layer of
parafilnt’. After gentle tilting without wetting the stoppéhne tube was kept overnight at 22
°C under argon cover gas in a big Schlenk tubedampletion of the Li/Sn interchange
reaction. On subsequent cooling to 2 °C for fieers, the first crystals appeared after ca. 80
min and grew over the next three hours. The tube tiven cooled at —70 °C for 15 min,

whereupon the supernatant was withdrawn by syrihige.block-shaped crystals were
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suspended in dry cyclopentane (0.3 mL) at r.t.rercboled at —70 °C during the withdrawal
of this supernatant. After further three of suashing procedures, these crystals of
(2a&1THF), were stored under cyclopentane in an inclinedglybig Schlenk tube filled
with argon gas at —18 °C. For NMR measuremehéscyclopentane was withdrawn and the
colorless crystals were blown dry in a stream gfatgon gas at r.t. for five seconds, then
finally cooled under argon to —70 °C and dissolwvedn anhydrous solvent (Tables S7, S9,
S10, and S12 [13])*H NMR of the monomerRa&3THF (THF, —82 °C, 400 MHz} 1.03

(s, 6H, 2x 1-CH), 1.07 (s, 6H, X 3-CHs), 1.39 (t, 2H, CH5 or CH-4), 6.17 (t, 1H3J 7.0
Hz, p-H), 6.44 (d, 2H3J 8.0 Hz, 2x 0-H), 6.73 (t, 2H3J 7.5 Hz, 2x mH) ppm, assigned
through comparison with monomerla&3THF [1]; *H NMR of the monomerRa&3THF
([Dgltoluene, =70 °C, 400 MHZ) 1.43 (s, 6H, X 1-CHg), 1.65 (s, 6H, X 3-CHs), 1.93 (t,
2H, CH-5), 2.08 (t, 2H, ChH4), 6.69 (t, 1H3J 7.4 Hz,p-H), 6.90 (d, 2H, X o-H), 7.21 (t,
2H,3J 7.5 Hz, 2x mH) ppm; *H NMR of the dimer 2a&1THF), ([Dg]toluene, 25 °C, 400
MHz) & 0.85 (broadened s, 6HX23-CHg), 1.26 (sharp s, 6H,21-CHg), 1.60 (m, 2H, Cht
5), 1.63 (m, 2H, Cht4), 6.67 (d, 2H%3 7.5 Hz, 2x 0-H), 6.75 (t, 1H3] 7.3 Hz,p-H), 7.14 (t,
2H,3J 7.5 Hz, 2x m-H) ppm, assigned through the NOESY correlatioss°@) p-H « m-H

~ 0-H (the only two-proton doublet) 1-CH; -~ 5-H, and 1-CH - OCH, of THF « 3-
CHs; °C NMR of the monome2a&3THF (THF, —82 °C, 100.6 MHZ) 32.1 (2x 1-CHp),
32.9 (2x 3-CHg), 40.1 (CH-4), 42.2 (CH-5), 44.0 (C-3), 47.2 (C-1), 113.3 (}; 121.4 (2x
C-0), 126.8 (2x C-m), 146.6 (C-2), 163.2 (@s0), 186.9 (t1Jc 10.7 Hz, Ca) ppm,
assigned through comparison with monomera&3THF [1]; **C NMR of the monomer
2a&3THF ([Dg]toluene, —83 °C, 100.6 MH2)32.4 (2x 1-CHg), 33.1 (2x 3-CH), 40.0
(CH,-4), 42.0 (CH-5), 44.1 (C-3), 47.3 (C-1), 113.9 (§); 121.4 (2x C-0), 127.2 (2x C-m),

147.7 (C-2), 162.9 (@so0), 185.2 (broad, @) ppm; *C NMR of the dimer Za&1THF),
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([Dg]toluene, 25 °C, 100.6 MHZ) 31.64 (sharp g, 8 1-CH;), 31.68 (broadened g,X23-
CHs), 39.8 (tm1J 127.5 Hz, CH+4), 41.9 (tm1J 127.5 Hz, CH5), 44.4 (m, C-3), 47.3 (m,
C-1), 118.5 (broadened tl 158 Hz, Cp), 122.7 (broadened 4] 153 Hz, 2x C-0), 128.3
(obscured ddJ ca. 153 Hz, % C-m), 158.6 (broadenedi] ca. 6 Hz, Opso), 161.6 (very
broad, C-2), 173.3 (very broad,d}ppm, assigned through HSQC and the following two-
dimensional®Jc i and *Jcy correlations (25 °C, window 6 Hz): Hs « 1-CHs o CH-5,
CHx4 o 3-CH;z o C-3 < 5-H « 1-CHg, and 1-Gl3 ~ C-1; **C NMR of the dimer
(2a&1THF), ([Dg]toluene, —-83 °C, 100.6 MH2)31.0 (2x 3-CHs), 31.5 (2x 1-CHg), 39.5
(CH,-4), 41.4 (CH-5), 44.4 (C-3), 47.1 (C-1), 118.4 (§); 122.4 (2x C-0), 128.4 (2x C-m),
158.5 (Cips0), 160.9 (C-2), 172.9 (sharp dilc; 7.5 Hz, Ce) ppm. For further NMR data,
see Tables S7, S9, S10 and S12 [13].

A similar procedure with unlabeledBulLi furnished the colorless, block-shaped single
crystal that precipitated from pentane at —20 °@was washed only once with pentane for
the X-ray diffraction analysis at —100 °C.

4.3. 2-@-Lithio-0,0"-dimethylbenzylidene)-1,1,3,3-tetranyéthiclopentane 2b)

Thea-stannyl precursot4 (50 mg, 0.123 mmol), anhydrous THF (0.50 mL), and
[De]benzene (0.080 mL) were placed in a dry NMR tdbe(n) and cooled to —70 °C under
argon gas cover for the addition 6fi] nBuLi (0.185 mmol) in cyclopentane (0.11 mL). The
tube was closed with a soft rubber stopper, seaigdparafim® shaken gently for 5 min at
r.t., and stored at —70 °C in a big Schlenk tultedfwith argon gas. This THF solution of
monomeric 2b&3THF (Tables S8 and S11 [13]) will deterioratehuit 60 min at 35 °C with
formation of the “parent” olefid5a We did not succeed in crystallizi@g or studying it in
other solventsH NMR (THF, -85 °C, 400 MHz} 0.93 (s, 6H, % 1-CHy), 1.14 (s, 6H, X
3-CHg), 2.06 (s, 6H, X 0-CHs), CH,-5 and CH-4 overlaid, 6.20 (t, 1HJ 7.0 Hz,p-H), 6.58

(d, 2H,33 7.0 Hz, 2x m-H) ppm, assigned through comparison with monom&h&3THF
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[10]; *C NMR (THF, -85 °C, 100.6 MHZ) 22.6 (2x 0-CHs), 30.0 (2x 1-CHs), 31.9 (2x 3-
CHs), 40.1 (CH-4), 41.9 (CH-5), 44.8 (C-3), 44.9 (C-1), 114.3 (§); 124.9 (2x C-0), 126.2
(2 x C-m), 142.1 (C-2), 158.9 (@s0), 183.3 (tJc; 10.7 Hz, Ca) ppm, assigned as above.
4.4. 1-@-Bromobenzyl)-2,2,5,5-tetramethylcyclopentard)l (

A round-bottomed flask (1000 mL) was charged wibehzyl-2,2,5,5-
tetramethylcyclopentanol [12B(15.00 g, 64.55 mmolN-bromosuccinimide (NBS, 17.30 g,
96.8 mmol), CCJ (500 mL), azobis(isobutyronitrile) (AIBN, 1.65 §0.05 mmol), and a
magnetic stirring bar. The vessel was fitted waitteflux condenser and heated up to 95 °C.
A 'H NMR spectrum showed 85% conversion after a refieriod of 35 min. More of NBS
(3.45 g, 19.4 mmol) and AIBN (500 mg, 3.04 mmolsvealded and refluxing continued with
stirring for 30 min at 95 °C. This controlled atioin served to avoid overbromination that
would have formed the,a-dibromide with a very rapidly ensuing ring expamsi After
cooling in an ice bath, the supernatant succinirpm&der was removed by filtration, and the
solvent was distilled off in a rotary evaporatotheiut heating to leave crudeas a yellow
liquid (22.7 g) which should immediately be pro@ssto gives before the slower ring
expansion oft would form the keton8. *H NMR of 4 (CCl,, 80 MHz)3 0.33, 0.93, 1.28,
and 1.46 (4 s, 4 3H, 4x CHg), ca. 1.71 (overlaid m, 2 CH,), 5.25 (s, 1H, CHBr), 7.19 (m,
5H, phenyl) ppm.

4.5. 2-@-Bromobenzylidene)-1,1,3,3-tetramethylcyclopentés)e

The crudéel-(a-bromobenzyl)-2,2,5,5-tetramethylcyclopentarhld2.7 g, maximum 64.55
mmol) was dissolved in distilled pyridine (175 ndr)d cooled in an ice bath. Thionyl
choride (10.0 mL, 138 mmol) was added slowly (erattic reaction!) with stirring. After
continued stirring at r.t. overnight, the black@erssion was poured into aqueous HCI (2 M,
750 mL) and shaken with £2 (3x 250 mL). The combined gD layers were shaken with

aqueous HCI (2 M, 3) and washed with distilled water until neutraknidried over N&sO,
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and concentrated to give crudl@s a pale yellow liquid (15.4 g, < 81%). PEmas obtained
through distillation (after a forerun of white néelof AIBN, &y = 1.72 ppm) with bp 95-110
°C/0.004 mbar (ref [14]: 130-150 °C/1 Torr) andsedpent crystallization from small
amounts of methanol at —20 °Cx2mp 3839 °C, no mp in ref [14]}H NMR (CDCk, 400
MHz) 6 0.80 (s, 6H, % 1-CHg), 1.47 (s, 6H, % 3-CHg), 1.51 (pseudo-t, AA” part of an
AA'MM’ system, 2H, CH-5), 1.70 (pseudo-t, MM" part, 2H, GH4), 7.23 (m, 3H, % o-H

and overlaich-H), 7.30 (tm, 2H3J ca. 7 Hz, 2 m-H) ppm, assigned through SCS [12] in
accord with NOE difference spectra that exhibitgensification of 4-H by irradiation at {3-
CHs} and of 5-H and,0”-H by {1-CHz}; **C NMR (CDCE, 100.6 MHz)d 26.90 (gsext:J
126 Hz,% 4.6 Hz, 2x 3-CH), 29.00 (gsexti] 126 Hz,2J 4.6 Hz, 2x 1-CHg), 41.43 (tm}J

ca. 127 Hz, Ci#5), 41.45 (tm*J ca. 127 Hz, Ch4), 47.00 (m3J ca. 3.5 Hz, C-3), 47.75 (m,
%) ca. 3.8 Hz, C-1), 115.47 ) 4.3 Hz, Ca), 127.51 (dt}J 160.6 Hz2J 7.5 Hz, Cp), 127.77
(dd,*J 160 Hz,2J 7.5 Hz, 2x C-m), 129.37 (dt}J 160.5 HzJ 6.7 Hz, 2x C-0), 143.31

(sharp t3J 7.5 Hz, Cipso), 156.85 (m, apparent) ca. 4 Hz, C-2) ppm, assigned through SCS
[12] in accord with selective'H} decoupling experiments as follows: {1-GH- 1-CH; as

a sharp t with residuall to 5-H, and C-1 narrowed; {3-Gtnd CH-5} - 3-CH; and
CH,-5 decoupled, and C-3 narrowed; IR (KBr2950, 2867, 1459, 1365, 715 (s)¢m

Anal. calcd for GgH21Br (293.25): C, 65.53; H, 7.22; Br, 27.25. Fou@d65.65; H, 7.17;
Br, 26.56.

Alternatively, pureb was obtained via epoxidation of oleBa[13]. 5 was not present in
the complex product mixture that was formed fréa{12] with elemental bromine in C£I
4.6. 2-@-Trimethylstannylbenzylidene)-1,1,3,3-tetrametlultgyentane &)

a) From5 with LiSnMe. A green solution of LiSnMge[15] (ca. 6.14 mmol) in THF (8.77
mL) was added under argon cover gas to the broranatk(1.00 g, 3.41 mmol) in anhydrous

THF (4 mL) with stirring at —72 °C. The mixtureaw/stirred for another 15 min and then at
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r.t. for 45 min, poured onto solid GQvarmed up, diluted with 2 M aqueous NaOH (25 mL),
and shaken with ED (3x 10 mL). The combined KD extracts were washed with distilled
water until neutral, dried over N&Q,, and concentrated to give a yellowish mixture T1g2
of 6, olefin9a, and SaMe; (6:2:2). Microdistillation separatedh [bp 86—92 °C (bath
temp.)/0.02 mbar, 118 mg] frof[bp 102-118 °C (bath temp.)/0.02 mbar, 607 mg, 47%
yield]; the latter fraction crystallized from etiw at —30 °C: mp 27.5-29 °CH NMR
(CDCls, 400 MHz)3 —0.03 (s, 9H*'%Sn satellites?J 51.6 Hz;a-SnMey), 0.84 (s, 6H;*%Sn
satellites’J| < 1.5 Hz; 2x 1-CHy), 1.22 (s, 6H;*%Sn satellites’J (?) 3.1 Hz; 2 3-CHy),
1.47 (t, 2H23 6.8 Hz, CH-5), 1.60 (t, 2H,%J 6.8 Hz, CH-4), 6.86 (dd, 2HJ 8.2 Hz; *'%Sn
satellites’J ca. 4 Hz; 2 o-H), 7.04 (tt, 1H3J 7.4 Hz,*J 1.4 Hz,p-H), 7.19 (tm, 2H3J 7.8
Hz, 2x mH) ppm, assigned through NOE difference spectiagkhibited intensification of
CH.-4 by irradiation at {3-Ch} and of CH-5 ando,0’-H by {1-CHs}; **C NMR (CDCE,
100.6 MHz)d —5.23 (g;**%Sn satellites’J 336.5 Hz;a-SnMe), 29.91 (q; *'°Sn satellites?J
7.6 Hz; 2x 1-CHs), 30.65 (q;*°Sn satellites|'J| < 4 Hz; 2x 3-CHg), 40.42 (t, CH-5), 41.18
(t, CHy-4), 45.22 (quart.;**Sn satellites®J 21.0 Hz; C-3), 47.53 (quart’;°Sn satellites’J
61.0 Hz; C-1), 124.16 (d*'%Sn satellites’J 12.2 Hz; Cp), 127.17 (d;*'°Sn satellites’J 9.5
Hz; 2x C-m), 128.47 (d:*'°Sn satellites®] 18.7 Hz; 2x C-0), 135.91 (quart.!*°Sn satellites
not detected; @), 146.00 (t2J 7.2 Hz; **°Sn satellites?) 23.6 Hz; Cipso), 167.64 (quart.;
1195n satellites?J 16.6 Hz; C-2) ppm, assigned through tH&n coupling constants and the
following selective {H} decoupling experiments: {1-GH — 1-CH; as a narrow t through
residual coupling to C§1 C-1 as a narrow t coupled to gH3-CH3 + CH,-5 + CH-4} - 3-
CHs, C-3, andCH,-5 as three sharp s; IR (KBr)2954, 2864, 1598, 1362, 769, 708, and 520
cm ™. Anal. calcd for @HseSn (377.16): C, 60.51; H, 8.02. Found: C, 61H98.00.

b) From2a with CISnMe. A dry Schlenk flask (25 mL) was charged with agmetic

stirring bar andhBuLi (3.55 mmol) in hexanes (1.42 mL) under argower gas. The flask
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was cooled to —40 °C and treated first with anbydrtBuOMe (10 mL) and then with the
bromoalkenés (800 mg, 2.73 mmol). The resultant solution & #tkenyllithiium2a and
residualnBuLi was stirred at r.t. for 20 min, whereupon Qi&n (707 mg, 3.55 mmol;
Caution: very poisenous!) was added portionwise withimiifi. The mixture was stirred
overnight, then poured into iced water (50 mL) arttacted with BEO (3%). The combined
Et,O extracts were washed with distilled water, dogdr K;COs, and concentrated to give a
yellow liquid (805 mg) containing produ6tand olefin9a (47:53). Distilledé (405 mg, 39%)
was stable against aqueous NaOH (2 M) or HCI (2dvijwo days (very slow formation of
olefin 9a).

4.7. 2-Bromo-3,3,6,6-tetramethyl-2-phenylcyclomexe {)

The colorless needl&swere obtained (together with the monobrondiléhrough
overbromination of the alcoh8lwith NBS (2.4 equiv): Mp 146-147 °C (pentari#):NMR
(CDCls, 400 MHz)3 0.83 (s, 3H, X 6-CHs), 1.14 (s, 3H, X 6-CHg), 1.25 (s, 3H, X 3-
CHs), 1.45 (ddd, 1HPJ| 14.1 Hz,2J 4.2 Hz,%3 3.3 Hz, equat. 4-H), 1.61 (s, 3HxB-CHy),
1.72 (ddd, 1H[?J| 14.1 Hz,2J 4.0 Hz,%3 3.3 Hz, equat. 5-H), 1.91 (td, 1) 14.1 Hz3J 4.2
Hz, ax. 5-H), 2.48 (td, 1H2J| 14.1 Hz.2J 4.2 Hz, ax. 4-H), 7.24—7.29 (m, 3Hx2n-H andp-
H), 7.40 (dm, 2H3J 7.2 Hz, 2x 0-H) ppm; **C NMR (CDC}, 100.6 MHz)5 25.1, 27.7, and
29.3 (3% CHy), 33.2 and 34.2 (C4#4/-5), 34.5 (1x CHg), 41.2 and 42.8 ( quart., C-3/-6),
82.3 (C-2), 126.4 (X C-m), 127.5 (Cp), 131.3 (2x C-0), 136.2 (Cipso), 209.4 (C-1) ppm;
IR (KBr) v 2961, 2933, 2869, 1699 (s), 1462, 1444, 744, TW2.cAnal. calcd for
Ci6H2:BrO (309.25): C, 62.14; H, 6.84; Br, 25.84. Fou@d62.21; H, 6.76; Br, 25.88.
4.8. 3,3,6,6-Tetramethyl-2-phenylcyclohexanoBe (

See ref [13].

4.9. 2-Benzylidene-1,1,3,3-tetramethylcyclopentéa
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The published values and assignments [12] arecatpbet the positional numbering
compatible with that in the present article is@fvs: *H NMR (CDCk, 400 MHz)3 0.99
(1-CHs), 1.17 (3-CH)), 1.53 (CH-5), 1.58 (CH-4), 6.31 (1-H), 7.16 p-H), 7.17 p-H), 7.25
(m-H) ppm; *C NMR (CDCE, 100.6 MHz)3 29.3 (1-CH), 31.1 (3-CH), 38.4 (CH-4), 41.4
(CH,-5), 43.7 (C-1), 44.6 (C-3), 120.8 (&) 125.8 (Cp), 127.5 (Cm), 129.3 (Ce), 139.5
(C-ips0), 162.1 (C-2) ppm.

4.10. a-Phenyla-(1,1,3,3-tetramethylcyclopent-2-ylidene)acetiada(ob)

See ref [13].

4.11. 2-@-Butylbenzylidene)-1,1,3,3-tetramethylcyclopent#9e

See ref [13].

4.12. 2-[o,0"-Dimethyl-(trimethylstannyl)benzylidene]-1,1,3,3-tetrametiyglopentane
(14)

A solution of the chloroalken&3 [20] (1.00 g, 3.61 mmol) in anhydrous THF (4 mLsw
stirred at —70 °C under argon gas cover duringhlbvw addition of LiSnMeg [15] (ca. 6.5
mmol) in THF (9.3 mL). This solution was stirreat fat least 20 min at r.t. and then poured
outo solid CQ. After warm-up and addition of aqueous NaOH (228 ,mL), the mixture
was shaken with ED (3x 10 mL). The combined ED layers were washed with distilled
water until neutral, dried over hN&Q,, and concentrated to yield a solidifying oil (11
containingl4 and the olefirl5a(7:3). A solution of this mixture in a little ethol
precipitated colorless plateletsf (757 mg, 52%).14 may also be distilled at 105-120 °C
(bath temp.)/0.04 mbar. Mp 96-97.5 °Cx(from ethanol); *H NMR (CDCk, 400 MHz)3
—0.05 (s, 9H%Sn satellites’J 50.6 Hz:a-SnMey), 0.84 (s, 6H, X 1-CHs), 1.26 (s, 6H:;
1195n satellites’d (?) 3.3 Hz; 2 3-CH), 1.51 (pseudo-t, 2H]) 6.8 Hz, CH-5), 1.58
(pseudo-t, 2H,J 6.8 Hz, CH-4), 2.13 (s, 6H:'°Sn satellites>J (?) 4.4 Hz; 2 0-CHs), 6.91

(pseudo-s, 3H,  mH andp-H) ppm, assigned through the following NOE differe spectra
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under selective'fH} irradiation: {1-CHs} « 5-H ando,0’-CHs, {3-CHs} ~ 4-H, {0,0"-
CHs} « mH; *C NMR (CDC}, 100.6 MHz)d —4.09 '°Sn satellites’J 330 Hz;a-
SnMey), 21.27 6,0"-CHs), 28.03 t'°Sn satellites’J 8.5 Hz; 2x 1-CHg), 30.01 £*°Sn
satellites[*J| < 3.7 Hz; 2x 3-CHs), 40.24 (CH-5), 41.00 (CH-4), 46.38 *°Sn satellites®J
23.2 Hz; C-3), 46.92't%n satellites’] 63.4 Hz; C-1), 124.53°Sn satellites’J 12.9 Hz; C-
p), 126.88 *%Sn satellites?] 9.8 Hz; 2x C-m), 134.00 t*°Sn satellites’J 19.8 Hz; 2x C-0),
134.15 t'Sn satellitestJ 453 Hz; Ca), 144.67 1*°Sn satellites?J 15.2 Hz; Cipso), 164.98
(**%sn satellites®J 15.6 Hz; C-2) ppm, assigned through tH&sn>C coupling constants,
comparison with6, and the following selective'fl} decoupling experiments: ofo’-CHs} —
C-0 as ad te-H, C4pso as a sharp t tmm™-H; {1-CH3} - 1-CHz as atto €5, C-1
narrowed; {3-CH} — C-3 narrowed; IR (KBry 2952, 1458, 1361, 764 (s), 524¢m
Anal. calcd for GiH34Sn (405.21): C, 62.25; H, 8.46. Found: C, 62t338.49.

4.13. [a-D]-2-(0,0"-Dimethylbenzylidene)-1,1,3,3-tetramétlyglopentane 15b)

The deuterium-induced isotope shifta = 3(15b) —d(15a8) acrossn bonds were measured
with a worked-up 3:7 mixture df5b and15a[21] as obtained through addition of@to a
THF solution of2b that had been kept at r.t. for 15 min after itsegation from the
chloroalkenel3[20] with tBuLi (2 equiv). *H NMR (CDCk, 400 MHz): All |"A] < 0.001
ppm; C NMR (CDCE, 100.6 MHz): °A = ca. +0.0109(5) for @ A = +0.0308(5) for @,
A = —0.0686(5) for Gpso, *A = -0.334(2) and'Jc p = 22.6 Hz for Ca, A = ca. —0.050(1)
for C-2, *Ayans = ca. —=0.052(3) for C-1°A«d < ca. 0.02 ppm for C-3.

4.14. 2-@-Butyl-0,0"-dimethylbenzylidene)-1,1,3,3-tetramktygiopentane 15c)

See ref [13].

4.15. a-(0,0"-Dimethylphenyly-(1,1,3,3-tetramethylcyclopent-2-ylidene)acetiada¢l5d)

See ref [13].
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The two new akenyllithium monomers are microsolvated by 3 THF ligands at Li.
Their rapid sterecinversion is catalyzed by THF via a solvent-separated ion pair.

Li*(THF), migrates within the ion pair during sp>-stereoinversion of the carbanion.
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1. Products8, 9b, 9c, 15c¢, and15d

1.1. 3,3,6,6-Tetramethyl-2-phenylcyclohexanoBe (

The crude monobromidéwas kept at r.t. for seven days and depositedieskneedle8:
Mp 78-79 °C (pentane); IR (KBv)1705 cmi; 'H NMR (CDCh, 400 MHz)3 0.82 (s, 3H, 1
x 6-CHg), 0.89 (s, 3H, 1x 3-CHy), 1.11 (s, 3H, Ix 6-CH), 1.28 (s, 3H, Ix 3-CHs), 1.54
(ddd, 1H,[%] 13.6 Hz,2J 4.1 Hz,%J 2.9 Hz, equat. 4-H), 1.73 (ddd, 1| 13.6 Hz,’J 4.1 Hz,
%) 2.9 Hz, equat. 5-H), 1.89 (broadened td, JH|, 13.6 Hz,%J 4.2 Hz, ax. 5-H), 2.07
(broadened td, 1HXJ| 13.6 Hz,%J 4.2 Hz, ax. 4-H), 3.74 (s, 1H, 2-H), 7.18 (dm, 2Bi7.2
Hz, 2x o-H), 7.24 (tm, 1H3J 7.2 Hz,p-H), 7.29 (tm, 2H3J 7.2 Hz, 2x mH) ppm, assigned
through comparison witd; **C NMR (CDC}, 100.6 MHz)d 21.72 (1x 3-CH), 25.94 and
26.09 (2x 6-CHs), 30.82 (1x 3-CH), 36.62 and 37.44 (GH4/-5), 41.16 (quart., C-3), 44.43
(quart., C-6), 62.90GH-2), 126.67 (Qp), 127.27 (2x C-m), 131.48 (2x C-0), 135.13 (C-
ips0), 213.42 (C-1) ppm, assigned through comparisah ¥8u—C(=0)—iPr.

1.2. a-Phenyla-(1,1,3,3-tetramethylcyclopent-2-ylidene)acetiagda(ob)

The bromoalken& (50 mg, 0.17 mmol) and anhydroiBiOMe (0.50 mL) were placed in a
dry NMR tube (5 mm) and cooled to —20 °C undeoargover gas. After the introduction of
nBuLi (0.26 mmol) in hexanes (0.10 mL), the tube wasppered and kept at 20 °C for two
hours. The mixture was poured onto solidC®armed up, and dissolved in,@ttogether
with NaOH (2 M). The acidified alkaline layer fushed the crude aciéb (21 mg, < 47%).
Mp 171-173 °C (pentane)H NMR (CDCk, 400 MHz)3 0.87 (s, 6H, 2x 1-CH; cis to
phenyl), 1.32 (s, 6H, & 3-CH; trans to phenyl), 1.52 (pseudo-t, 2H, £5), 1.60 (pseudo-t,
2H, CH-4), 7.29 (pseudo-s, 5H, phenyl) ppm, assignedutitocSCS [S1] and comparison
with olefin 9a; **C NMR (CDCE, 100.6 MHz)3 28.12 (2x 3-CH; trans to phenyl), 29.44 (2
x 1-CH; cis to phenyl), 40.76 (Cib), 41.04 (CH-4), 45.21 (C-3), 45.58 (C-1), 127.47 (C-
p), 127.60 (2x C-m), 127.76 (Ca), 130.82 (2x C-0), 136.80 (Cips0), 161.57 (C-2), 174.00
(COzH) ppm, assigned through comparisons with oléfia and compoundO in ref [S2].

1.3. 2-@-Butylbenzylidene)-1,1,3,3-tetramethylcyclopentde
This was obtained as a crude liquid from the brdkewee 5 with nBuLi in THF as the
solvent. *H NMR (CCl,, 80 MHz)3 0.71 (s, 6H, X 1-CH; cis to phenyl), 1.32 (s, 6H,23-



CHz trans to phenyl), 2.27 (broadened t, 2H, appaiara. 7.5 Hz, Ch1 of butyl), 6.90—
7.15 (m, phenyl) ppm, assigned through SCS [S1].

1.4. 2-@-Butyl-0,0"-dimethylbenzylidene)-1,1,3,3-tetramktyiglopentane 1(5¢)

The neutral fractions of several runs with the obdtkenel3 andnBuLi were combined
and distilled at 120-150 °C (bath temp.)/0.006 ntbayield an oil that was enriched with
15¢c. *H NMR (CDCh, 400 MHz)3 0.70 (s, 6H, & 1-CH; cis to aryl), 0.83 (t, 3H, CH of
butyl), ca. 1.20 (overlaid m, GF2/-3 of butyl), 1.37 (s, 6H, & 3-CH; trans to aryl), 1.44 (t,
2H, CH»-5), 1.57 (t, 2H, ChH4), 2.22 (s, 6H, X 0-CHs), 2.32 (quasi-t, 2H, CHL of butyl),
6.97 (d, 2H23 7.3 Hz, 2x m-H), 7.03 (dd, 1Hp-H) ppm, assigned through comparison with
the olefin15a; **C NMR (CDCk, 100.6 MHz)3 14.02 (CH of butyl), 21.31 (2x 0-CHy),
23.64 (CH-3 of butyl), 27.57 (z 1-CH; cis to aryl), 29.30 (% 3-CH; trans to aryl), 30.33
(CH,-2 of butyl), 36.14 (Ck+1 of butyl), 41.91 and 41.99 (GH/-5), 44.73 and 44.87 (C-1/-
3), 125.72 (Qg), 127.02 (2x C-m), 132.08 (Ca), 136.08 (2x C-0), 142.26 (Cipso), 151.02

(C-2) ppm, assigned as above.

1.5. a-(0,0"-Dimethylphenyll-(1,1,3,3-tetramethylcyclopent-2-ylidene)acetiadal5d)
Colorless crystals; mp 151-152.5 °C (pentane2@ °€); *H NMR (CDCk, 400 MHz)d
0.85 (s, 6H, % 1-CH; cis to aryl), 1.37 (s, 6H, 2 3-CH; trans to aryl), 1.54 (pseudo-t, 2H,

CH,-5), 1.59 (pseudo-t, 2H, GH), 2.32 (s, 6H, X 0-CHs), 7.00 (d, 2H3J 7.5 Hz, 2x m-
H), 7.19 (t, 1H,%J 7.5 Hz,p-H) ppm, assigned through comparison with the &big **C
NMR (CDCh, 100.6 MHz)3 21.15 (2x 0-CHs), 27.53 and 27.81 (2 1-/3-CH;), 40.80 (CH-

5), 41.43 (CH-4), 45.45 and 45.88 (C-3/-1), 125.53 ¢{}-127.25 (2x C-m), 127.49 (Cp),
135.50 (Cipso), 138.22 (2x C-0), 161.63 (C-2), 174.05 (CH) ppm, assigned as above; IR
(KBr) v 3600—2400 (CeH), 1682 (s), 1460, 1266, 1244, 7727¢m

1.6. References of Section 1

[S1] R. Knorr, T. von Roman, J. Freudenreich, THBang, J. Mehlstaubl, P. Bohrer, D. S.
Stephenson, H. Huber, B. Schubert, Magn. ResoamCHh.993, 31, 557-565.

[S2] R. Knorr, T. Menke, C. Behringer, K. FerchladdMehlstaubl, E. Lattke,
Organometallics 32, 2013, 4070-4081.



2. Cisftrans spstereoinversion rate constants

Table S1. Temperature-dependent pseudo-first-order ratstaots
Ky (s?) of 2ain THF (see the diagram in Figure 8 of the Ma@xf)

°C?  conc. 1000mM  ky Aky  Inky Alnky

-36 0.13M 4.217 18 +3 289 +0.17

-22 0.06M 3.982 38 +3 3.64 +0.08
-14 0.13M  3.859 71 +5 426 %0.07
-5 006M 3.729 112 +7 472 +0.06
3 013M 3.621 169 +8 5.13 +0.05

8 0.05M 3.557 205 +10 5.32 +0.05
15 0.12M  3.470 275 +15 5.62 +0.06

% Uncertainty+0.5 °C.

Table S2. Temperature-dependent pseudo-first-order rate
constantsk, (s?) of 2b in THF

°C®  conc. 1000M  ky  Aky Inky AN ky

-60 0.20M 4.619 8 =£3 2.08 +0.40
-45 021 M  4.383 27 +3 3.30 +0.11
-33 0.21M 4.164 59 +3 4.08 +0.05
-19 0.21M 3.935 140 +£20 494 +0.14

% Uncertainty+0.5 °C.

3. Alternative preparation of tlteebromoalkené from olefin9a

O
Ph H Ph_a_Br
“H o veeea 25 nBuK Ph=¢ ref [S4]
- R —_ 3 —
Me, Me, Me, Me, hexane Me, Me, Me, Me,
9a S1 S2 5

Scheme S1. The epoxidesl is generated with 3-chloroperbenzoic
acid (MCPBA) and isomerized with-butylpotassium.



3.1. 1,1,3,3-Tetramethylspiro[2 -phenyloxirane23Cyclopentane S1)]

A suspension of the olefiga (8.24 g, 38.4 mmol) and NaHG@L0.47 g, 125 mmol) in dry
chloroform (75 mL) was cooled in an ice bath anded during the batchwise addition of 3-
chloroperbenzoic acid (85% MCPBA, 10.14 g, 50 mmolhe suspension was stirred for
three more hours at r.t., then treated with aqué&@aH (2 M, 25 mL), and shaken with,&t
(3 x 50 mL). The combined ED extracts were washed with distilled water ungltmal,
dried over NgSQ, filtered, and concentrated to yield crusieas an almost pure, solidifying
mass (8.22 g, 93%). This material was filterecpé@iroleum ether as the solvent through
Al,O3 (basic, Woelm activity I, 1.0 g) that retainedantaminating trace of 3-chlorobenzoyl
peroxide. The colorless needles of p8ig7.52 g, 85%) had mp 45.5-47.5 °C (cyclohexane,
or low-boiling petroleum ether)*H NMR (CCl,, 80 MHz)d 0.55, 0.83, 0.88, and 1.15 (4 s, 4
x 3H, 2x 1-/3-CHy), 1.57 (s, 4H, Ck4/-5), 3.74 (s, 1H, 2°-H), 7.20 (quasi-s, 5H, pyign
ppm; °C NMR (CDCE, 20.15 MHz)3 24.05, 26.62, 27.11, and 27.59 (4 s 2-/3-CHy),
37.50 and 40.53 (2 t, GHI/-5), 40.59 and 42.22 (2 quart., C-1/-3), 59.84@-2"), 79.27
(quart., C-2), 126.40 and 127.79 (2 d&x £-0 and 2x C-m), 126.88 (d, (v), 137.09 (quart.,
C-ipso) ppm, assigned through off-resonanéel{ decoupling; IR (KBr)v 3061 (w), 2962,
2940, 2871, 1497, 1464, 1384, 1369, 1137, 958, 82D,(s), 699 (s), 634, 623 T Anal.
calcd for GgH2,0 (230.35): C, 83.43; H, 9.63. Found: C, 83.139H4.

3.2. 2-Benzoyl-1,1,3,3-tetramethylcyclopentaBg) (

A mixture of dry pentane (50 mL) amiBuLi (19.1 mmol) in hexane (7.38 mL) was stirred
under argon gas cover in an ice-bath during thehlwase addition of dry potassiutert-
butoxide (2.14 g, 19.1 mmol). The yellow suspemsias stirred at r.t. for 15 min more,
cooled again in an ice-bath, treated with the exi®l (2.00 g, 8.68 mmol), stirred at r.t. for
one hour, cooled once more in ice, quenched byltbpwise addition of distilled water, and
shaken with BO (3% 50 mL). The combined ED extracts were washed with distilled water
until neutral, dried over N8O, and evaporated to yield cru& (1.98 g, 99%) as a
solidifying yellow liquid. The colorless needles ure S2 had a mp of 30-30.5 °C (low-
boiling petroleum ether at 4 °C; ref [S3]: no mpH NMR (CCL, 80 MHz)5 1.05 and 1.12
(2's, 2x 6H, 2x 1-/3-CHy), 1.63 (m, 4H, Cht4/-5), 3.37 (s, 1H, 2-H), 7.30 (m, 3Hx2mH
andp-H), 7.73 (m, 2H,  o-H) ppm; *C NMR (CDC}, 20.15 MHz)d 26.47 and 32.05 (2 q,
2 x 1-/3-CH), 41.46 (t, CH-4/-5), 44.28 (2x quart., C-1/-3), 64.27 (d, C-2), 127.94 and
128.40 (2 d, 2 C-0 and 2x C-m), 132.21 (d, (), 140.97 (quart., @so), 202.69 (C=0)
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ppm, assigned through off-resonanéel{ decoupling; IR (KBr)v 2951 (s), 2869, 1676 (s),
1447, 1368, 1204, 691 ¢f Anal. calcd for GH»O (230.35): C, 83.43; H, 9.63. Found: C,
83.55; H, 9.55.

3.3. 2-@-Bromobenzylidene)-1,1,3,3-tetramethylcyclopenté)efrom S2

Pure5 was obtained through the very slow reaction oe84wyl-1,1,3,3-tetramethylcyclo-
pentane $2) with a large excess of 2,2,2-tribromo-2,2-dihydr8,2-benzodioxaphosphole
[S4] in 1,2-dichloroethane at 100 °C within 45 hsur

3.4. References of Section 3
[S3] G. B. Reddy, T. Hanamoto, T. Hiyama, Tetrabed.ett. 32, 1991, 521-524.
[S4] U.von Roman, J. Ruhdorfer, R. Knorr, Synihd993, 985-992, method Al therein

and quoted literature.

4. X-ray diffraction analysis of dimeri2a&1THF

4.1. Crystallographic data, structure solution darefinement

Formula GoH24LiO, weight 292.37; crystal size, 0«40.3x 0.3 mm, “colorless square”;
crystal system, triclinic, space group P-1; weit dimensions, a =9.742(7) A, b = 9.847(4)
A, ¢ =10.999(6) A,a = 114.57(2)°B =93.33(2)°y = 107.57(2)°; volume, 894.2(9PAZ
= 2; calculated density, 1.086 Mgfmabsorption coefficient, 0.063 min F(000), 320;
diffractometer used, Siemens SMART Area-detectadiation and wavelength, MaKwith
A =0.71073 A; scan type, hemisphere; temperalii®(3) K; B range for data collection,
4.16 to 58.06°; index ranges, 4h< 12, —7< k<13, —-14<|< 14; reflections collected,
5323; independent reflections, 2852,(R 0.0167); observed reflections, 2327 (FotH)).

1200 frames measured in phi (0—-360) with chi=0 @amd2th=25; 65 frames measured in
om (15-35) with chi=280, 2th=29 and phi=0; crystalunted in perfluoropolyether oil.

Structure solution programm, SHELXS (Sheldrick 19930lution, direct methods; refine-
ment method, full-matrix least-squares én Bydrogen atoms, mixed; weighting scheme,
w = 0%Fo’ + (0.05040P)+ 0.5352P where P = (Fo 2 FE)/3; data/restraints/parameters,
2852/ 0/ 203; data-to-parameter ratio, 14.@1.5:1 [F > 4(F)]); final R indices [F >
40(F)], R1=0.0515, wR2 = 0.1249; R indices (@lta), R1 = 0.0637, wR2 = 0.1340;
goodness-of-fit on % 1.030; largest and meafo, 0.000 0.000; largest difference peak,
0.323 eA® largest difference hole, —0.313€Arefinement program used, SHELXL
(Sheldrick 1997); CifRtf version used, 2.0.



4.2. Selected topologic parameters

Table S3. Selected interatomic distances (A), angles (I, dihedral angles (°) of the crystalline,
disolvated dimer 2a&1THF), at —100 °C?

value

parameter parameter value parameter value
01-C10 1.428(3) 01-C13 1.436(3) 01-Lil 1.943(3)
Li1-C14 2.204(4) Li1-C14A 2.203(4) Li1-LilA 2.45B)
Li1-C15 2.661(4) C1-C2 1.556(3) C1-C5 1.533(3)
C1-C6 1.529(3) C1-C7 1.528(3) C1-C15 3.138
C2-C3 1.547(3) C2-Cl14 1.343(3) C3-C4 1.537(3)
C3-C8 1.534(3) C3-C9 1.522(2) C4-C5 1.526(3)
C6-C15 3.447 C6-C16 3.685 C7-C15 3.247
C7-C20 3.334 C10-C11 1.461(3) C11-C12 1.477(4)
C12-C13 1.500(3) C14-Li1A 2.203(4) C14-C15 1.8J5(
C15-C16 1.410(3) C15-C20 1.407(3) C16-C17 1.375(3
C17-C18 1.383(3) C18-C19 1.388(3) C19-C20 1.380(2
C10-01-C13  106.98(16) C10-01-Li1 123.03(18) CIBiaL 127.87(16)
01-Li1-C14 121.67(16) 01-Li1-C14A 122.80(17) OIHLi1A 163.2(3)
01-Li1-C15 117.24(15) C14-Li1-C14A  112.27(15) ia-C15 33.67(8)
Cl4-Lil-LilA  56.11(14) C14A-Li1-LilA  56.15(13) @A-Lil-C15  117.93(14)
C15-Lil-LilA  70.93(15) C2-C1-C5 104.18(16) C2-Ch 109.43(16)
C2-C1-C7 114.58(17) C5-C1-C6 109.15(19) C5-C1-C7  109.43(17)
C6-C1-C7 109.84(19) C1-C2-C3 107.67(16) C1-C2-C14  128.74(17)
C3-C2-C14 123.56(16) C2-C3-C4 103.87(16) C2-C3-C8  109.85(16)
C2-C3-C9 114.02(16) C4-C3-C8 110.47(18) C4-C3-C9  111.18(17)
C8-C3-C9 107.47(16) C3-C4-C5 103.82(18) C1-C5-C4  104.82(17)
01-C10-C11  109.1(2) C10-C11-C12 106.3(2) C11-C13  104.9(2)
01-C13-C12  105.93(18) Li1-C14-LilA  67.73(15) casLil 137.06(16)
C2-C14-LilA  117.60(17) C2-C14-C15 123.80(16) QIB4-Lil 90.40(16)
C15-C14-Li1A  106.18(15) C14-C15-Li1 55.94(13) @145-C16 122.06(17)
C14-C15-C20  122.17(16) C16-C15-Li1 119.67(14) CII5-C20 115.05(18)
C20-C15-Li1  89.12(13) C15-C16-C17 122.48(19) CIF-C18 121.0(2)
C17-C18-C19  118.3(2) C15-C19-C20 122.55(18) C18-C20 120.6(2)
C1-C2-Cl4-Lil -140.42 C1-C2-C14-C15 3.4 C2-C1@b-  29.60
C2-C3-C4-C5  34.42 C2-C14-C15-C16 101.32 C2-C1B-C20 88.88
C3-C4-C5-C1  40.40

a Symmetry operations used for equivalent atoms (*A+1; —y+1; —z.
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Table S4. Atomic coordinatesq 10%) and equivalent isotropic displace-
ment parameters&&(2 x 10°) for the crystalline dimer26&1THF),. U(eq)

is defined as one third of the trace of the ortmadjaed Uij tensor?

atom X y z U(eq)
o1 3707.3(15) 7319.2(18) 2109.5(13) 36.1(4)
Li1 4650(4) 6094(4) 788(3) 35.9(8)
C1 7883.2(19) 4893(2) 3159.4(18) 29.0(5)
C2 6513.0(18) 4547(2) 2123.1(16) 23.6(4)
C3 5287(2) 3031(2) 1986.5(17) 27.0(4)
C4 6110(2) 2274(3) 2596(2) 41.2(5)
C5 7326(2) 3710(3) 3745(2) 38.5(5)
C6 9086(2) 4513(3) 2394(2) 49.3(7)
C7 8506(2) 6598(3) 4326(2) 43.9(6)
Ccs8 4154(2) 3507(3) 2822(2) 41.7(6)
C9 4456(2) 1862(2) 523.3(18) 32.6(5)
C10 3624(3) 7297(4) 3394(2) 63.0(8)
C11 2884(3) 8373(4) 4151(2) 57.7(7)
C12 2493(3) 9044(4) 3263(2) 57.3(7)
C13 2667(3) 7997(3) 1875(2) 43.6(6)
C14 6364.2(19) 5337(2) 1410.0(16) 25.3(4)
C15 7520.1(19) 6797(2) 1552.5(17) 24.8(4)
C16 8431(2) 6764(3) 597.4(19) 31.2(5)
C17 9369(2) 8134(3) 613(2) 38.3(5)
C18 9461(2) 9628(3) 1580(2) 40.1(5)
C19 8578(2) 9712(3) 2535(2) 38.1(5)
C20 7636(2) 8336(2) 2517.5(18) 30.5(5)

a Symmetry operations used for equivalent atoms (“A%+1; —y+1; —z.



Table S5. Anisotropic displacement paramete@é@ 10°) for the dimer 2a&1THF),.

atom U1l u22 u33 u23 U13 U12
o1 43.6(8) 45.5(10) 30.4(7)  17.6(6)  13.6(6)  29.2(7)
Li1 42.0(18) 41(2) 246(15) 9.4(14) 55(13) 22.7(16)
c1 30.9(9) 30.0(12)  27.4(9)  14.9(8) 2.5(7)  10.8(8)
c2 28.6(8) 23.6(10)  19.1(7) 8.0(7) 5.8(6)  12.3(8)
c3 34.1(9) 23.8(11) 24.7(8)  12.2(8) 46(7)  11.0(8)
ca 48.7(12) 34.0(12) 42.6(11) 23.5(10) -2.5(9)  10.6(10)
C5 445(11) 38.4(13) 36.2(10) 23.1(10) -1.0(8) 12.7(10)
C6 39.8(11) 76(2) 50.4(13) 36.6(13)  12.0(9) 32.1(12)
c7 49.6(12) 37.2(13) 34.7(10) 15.3(10) -10.2(9)  7.2(11)
c8 42.1(11) 40.0(14) 38.5(11) 15.4(11)  16.8(9) 10.8(10)
c9 36.3(10) 25.6(11)  30.4(9)  10.6(8) 2.2(7) 7.8(9)
C10 99(2) 88(2) 37.5(12) 34.9(14) 29.9(13) 69.1(19)
Cll  78.5(17) 71(2) 43.2(13) 28.4(13) 26.8(12) 46.7(16)
Cl2  86.2(18) 66.2(19) 52.5(14) 33.7(14) 36.0(13) 57.2(16)
C13  52.1(12) 57.0(16) 40.6(11) 26.7(11)  17.0(9) 36.7(12)
C14 20.09) 26.4(11)  21.0(8) 9.7(8) 5.6(6)  12.0(8)
C15 28.2(8) 27.3(11) 23.8(8)  14.2(8) 3.1(6)  13.0(8)
C16  37.9(10) 32.3(12) 31.5(9)  17.3(9) 11.0(8)  18.5(9)
C17  37.5(10) 48.7(15) 45.8(11) 32.3(11)  16.9(9) 20.8(11)
C18  37.9(11) 34.9(13) 54.3(13) 29.8(11) 8.1(9)  8.5(10)
C19  43.7(11) 26.9(12) 41.7(11)  14.2(9) 4.809) 13.0(10)
C20  36.5(10) 27.5(12) 28.8(9)  13.2(8) 8.0(7)  12.4(9)




Table S6. Hydrogen coordinates (L0%) and equivalent isotropic
displacement parametev&z(x 10) for the dimer 2a&1THF),.

atom X y z U(eq)
H(4A) 5459 1636 2951 49
H(4B) 6522 1603 1916 49
H(5A) 8112 3398 3991 46
H(5B) 6940 4179 4550 46
H(6A) 8709 3418 1705 59
H(6B) 9915 4681 3027 59
H(6C) 9389 5201 1971 59
H(7A) 7721 6879 4727 53
H(7B) 8973 7325 3976 53
H(7C) 9216 6659 5008 53
H(8A) 4650 4270 3748 50
H(8B) 3457 2574 2815 50
H(8C) 3648 3974 2428 50
H(9A) 3915 2345 182 39
H(9B) 3784 908 505 39
H(9C) 5143 1594 -40 39
H(10A) 4607 7638 3915 76
H(10B) 3079 6219 3245 76
H(11A) 3534 9221 5006 69
H(11B) 2005 7792 4353 69
H(12A) 3147 10143 3586 69
H(12B) 1486 9013 3239 69
H(13A) 1731 7160 1333 52
H(13B) 3031 8621 1396 52
H(16A) 8395 5778 —68 37
H(17A) 9951 8054 =37 46
H(18A) 10098 10553 1590 48
H(19A) 8621 10705 3193 46
H(20A) 7056 8429 3169 37
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5. Tabulated primary NMR data
Table S7. Temperature dependence of thé NMR chemical shiftsdy [ppm] of thea-phenyl

compounda in THF at 400 MHz, with coupling constants [Ha]parenthese$

temp. conc. chemical shiftsd [ppm]

°C [ mH o-H p-H one G, 3-CH; 1-CH,
+55 0.005 6.747 (1) 6.463 (d) 6.195 (1) — 1.056
+40  0.031 6.742 (t 7.5) 6.461 (dd 8.0, 1.2) 6.190 (it 7.0, 1.3) — 1.054
+25  0.057 6.74(t7.5) 6.47 (d 8.0) 6.18 (t 7.0) - 1.053
+15  0.121 6.73(t7.5) 6.454 (d 8.0) 6.176 (tt 7.0, 1.3) — 05D,

+8  0.045 6.73 (t7.5) 6.46 (d 8.0) 6.18 (t 7.0) - 1.052
+3  0.132 6.724 (t 7.5) 6.45 (d 8.0) 6.17 (tt 7.0, 1.3) — 1.050

-5 0.064 6.73(t7.5) 6.45(d8.0) 6.174 (1 7.0) ) 1.053
-14 0.127 6.72 6.45 (d) 6.17 1.41 vbr 1.050
—22  0.062 6.73(t7.5) 6.45 (dd 8.0) 6.17 (tt 7.0, 1.3) 141 1.053 vbr
-36  0.130 6.722 (t 7.5) 6.442 (d 8.0) 6.167 (tt 7.0, 1.3) 1.395 (brd 1).074 1.026
-50 0.058 6.73(t7.5) 6.45(d 8.0) 6.17 (t 7.0) 1.395 1.075.029
—66  0.127 6.725 (t 7.5) 6.440 (d 8.0) 6.165 (t 7.0) 1.392 (t) 1.074 1.028
-82 0.139 6.73(t7.5) 6.44 (d 8.0) 6.166 (t 7.0) 1.392 () .07 1.030
AS® - -0.53 -0.71 -0.99 —~ -0.10 +0.05

(a) br = broad, brd = broadened, vbr = very bro@a Ad = &(RLi) —d(RH) at —82 °C.

Table S8. Temperature dependence of th&NMR chemical shiftsd, [ppm] of the 2,6-dime-

thylphenyl compoun@b in THF at 400 MHz, with coupling constants [Ha]parenthesed

temp. conc. chemical shiftsd [ppm]

°C [0 mH p-H 0CHs;  3-CH; 1-CHs
+25 0.084 6.59(d7.2) 6.22(7.2 2.06 1.035
+10 0.183 6.57(d7.2) 6.205(t7.2) 2.06 1.03

-4 0189 6.57(d7.2) 6.20(t7.2) 2.063 1.038 vbr
-19 0214 6.57(d7.2) 6.20(t7.2) 2.06 (1.12) vbr
-33 0.206 6.57(d7.2) 6.20(t7.2) 2.063 1.146 -
—-45 0210 6.57(d7.2) 6.20(t7.2) 2.06 1.150 0.92
-60 0.201 6.57(d7.2) 6.20(t7.2) 2.06 1.145 0.924
-85 0.192 6.58(d7.0) 6.20(t7.0) 2.06 1.14  0.93
NS - —0.40 -0.83 -0.14 —-0.09 +0.02

(a) vbr = very broad. (k)d =9(RLi) —d(RH) at -85 °C.
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Table S9. Temperature dependence of th& NMR chemical shiftsdy [ppm] of thea-phenyl compoun@a in [Dg]toluene with THF at 400

MHz, with coupling constants [Hz] in parentheses

b

temp. conc. conc. Agg. chemical shiftsd [ppm]

°C [2a] [THF] (%) m-H p-H o-H 4-H 5-H 1-Gs 3-CH;
+25 012 026 D((+M) 7.14 (t 7.5) 6.75(t7.3) .6B6(d7.5) 1.63 1.60 1.26 0.85 brd
+3 012 028 D(+M) 7.16 (t 7.5) 6.77 (t7.4) 6.68(d 7.5) 1.64 vbr 1.61 vbr 1.28 0.83 br
-15 0.11 028 D((+M) 7.19 (t 7.5) 6.80 (t7.2) .6%(d7.5) 1.65 brd 1.62 brd 1.293 0.83 brd
-32 011 030 D((+M) 7.22 (t7.5) 6.82 (t7.2) .7@®B(d7.5) 1.66 brd 1.63 brd 1.316 0.83 brd
-45 012 029 D 7.24 (t 7.5) 6.84 (t 7.3) 6.72 @) 1.67 1.64 1.338 0.834
M (5.3£0.6) — 6.64 (1) ca. 6.86 2.01 vbr 1.88 vbr - X ier
-58 0.11 028 D 7.265 (1 7.5) 6.860 (t 7.4) 6.7@7.5) 1.68 br 1.66 br 1.36 0.840
M (11 3) 7.197 (t 8) 6.68 (t 7) ca. 6.87 - 1.90 1.40 .611
-70 0.12 028 D 7.291 (t7.5) 6.879 (t 7.4) 6.@1.5 1.697 br 1.68 br 1.38 0.85
M (15 3) 7.213 (1 7.5) 6.692 (t 7.4) 6.902 (d) 2.08 (t) 1.93 (1) 1.43 1.65
-83 0.11 028 D 7.312 (1 7.5) 6.894 (1 7.4) 6.@Z.5) 1.70 br 1.68 br 1.395 0.867
M (18 2) 7.23 (t7.5) 6.71 (t 7.4) ca. 6.92 (d) 2.11 (t) 1.96 (t) - 1.70
-96 0.12 0.29 D 7.349 (1 7.3) ca. 6.92 6.7783.% (2.73) vbr  (1.73) vbr - 0.87 vbr
M (28t 2) 7.262 (1 7.5) 6.74 (t 7.4) 6.964 (d 7.7) 2.167 br 2.01 br - -
NS D +0.10 -0.24 -0.37 +0.12 +0.15 +0.35 -0.28
AS € M +0.02 -0.42 ca.-0.2 +0.53 +0.43 - +0.55

(a8) br =broad, brd = broadened, vbr = very broga).Agg.: D = dimer, M = monomer. (&p =(RLi) —d(RH) at —83 °C.
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Table S10. Temperature dependence of tH€ NMR chemical shiftsdc [ppm] of thea-phenyl compoun@a in THF at 100.6 MHZ

temp. conc. chemical shiftsd [ppm]
°C [2a] C- C-i C-2 Cm Co Cp C-1 C-3 C-5 C-4 EH; 1-CH;
+40 0.031 - 162.6 148.6 127.1421.7 114.06 ca. 45.9 vbr ca.41.1 vbr 32.63
+25 0.057 185.3 162.8 148.3 127.0121.7 1139 (46.4) vbr(44.6) vbr ca.41.1 vbr 32.63 br
+15 0.121 185.6 162.9 148.05 127.0 121.7 113.8 vhtO0 44.2vbr (42.0) (40.4) 32.62
+8 0.045 185.8 163.0 148.0 126.9521.7 113.74 47.2 br 44.2 br 42.3br 40.3 br 32.6 vbr
+3 0.132 185.9 163.05 147.83 126.9 121.7 113.7.247 44.0 br 42.4br 40.3br 32.6 xbr

-5 0.064 186.0 163.1 147.75 1269 121.7 1134Bk2br 44.1 br 424 br 40.3br (32.9) (32.4)
-14  0.127 186.2 163.17 147.55 126.8821.7 113.6 47.2brd 44.05brd 42.4 bdD.2 brd 32.95 32.2
-22 0.062 186.3 163.2 147.46 126.8621.7 11353 47.2brd 44.0brd 42.4 brd40.2 brd 32.96 brd 32.14 brd

-36 0.130 186.5 163.2 1472 126.8221.6 113.43 47.2 44.0 42.3 40.15 32.93 32.12
-50 0.058 186.75br163.2 147.07 126.82121.6 113.41 47.2 44.0 42.3 40.13 32.93 32.11
-66  0.127 186.72 163.2 146.83 126.82121.5 113.34 47.2 44.0 42.2 40.1 32.90 32.08
-82 0.139 186.86 163.2 146.63 126.83121.4 113.29 47.2 44.0 42.2 40.05 32.88 32.07
AdY - +65.1 +23.4 -15.3 -15 -83 -134 +23 -0.4 +0.6 +1.5 +1.6 +2.8

(a) br = broad, brd = broadened, vbr = very brodd = extremely broad. (b) brd'lc,; = 10.7 Hz. (c) sharptJc,; =10.7 Hz. (dd = 3(RLi) —
O(RH) at —82 °C.



Table S11. Temperature dependence of tH€ NMR chemical shiftsdc [ppm] of the 2,6-dimethylphenyl compougl in THF at
100.6 MHz ®

temp. conc. chemical shiftsd [ppm]

°C  [2b] Cw cCi C2 Cm Co Cp C1 C3 C5 C-4 ZHy 1-CH; 0CH,

+25 0.084 181.94 158.3 1444 1265 125.0 11493 44.69 41.05 br ca.31.1 br 222
+10 0.183 182.4 158.7 144.0 126.4 125.0314.83 44.76 41.15 vbr ca.31.1 vbr 2225
-4 0.189 182.7 158.8 143.7 126.4 1251 11474 44.82 41.15 vbr 31.1 vbr 22.33

-19 0.214 182.96 159.0 143.3 126.3 1251 114.64 44.87 br (42.0) (40.3)32.2 (29.9) 22.40
-33 0.206 183.1 159.1 1431 126.3 1251 114.60 44.90 vbr 42.05 40.24 32.17 (29.9) 22.48
-45  0.210 183.2 159.1 1429 126.3 125.1 1145 (45.04)4.81) 42.05 40.21 3212 29.97 22.54
-60 0.201 183.23" 159.0 1425 126.2 125.0 1144 4498 4480 41.98164032.0 29.93 22.54
-85  0.192 183.26° 158.9 142.1 126.16124.9 114.26 4491 44.83 4190 40.10 31.91 29.98 2264

NS — +64.0 +20.8 -17.4 -1.2115 -12.6 +1.1 -0.6 +0.9 +13 +14 .0+2 +1.4
(a) br = broad, vbr = very broad. (b) brdJ; =ca. 10.2 Hz. (c) sharp'fc,; = 10.7 Hz. (dpd = &(RLi) — &(RH) at —85 °C.
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Table S12. Temperature dependence of tH€ NMR chemical shiftsdc [ppm] of thea-phenyl compoun@a in [Dg]toluene with THF at 100.6 MHZ

b

temp. conc. conc. Agg. chemical shiftsd [ppm]
°C  [2a] [THF] (%) Ca C-2 CA Cm Co Cp c-1 C3 C5 C4 FH;  1CHs
+25 0.12 0.26 D (+ M) 173.3br 161.6br 158.6 128.322.7 118.5 47.3 444 419 39.8 31.68brd 31.64
+3 0.12 0.28 D (+ M) 173.1vbr 161.5brd 1585 8B2 122.6 1185 472 444 41.8 398 315brd 31.60
-15 011 028 D((+M) 1731  161.34 158.4 128.33 122.6 1185 472 444 41.7 7 3931.37 31.55
-32 011 030 D 1739  161.20 158.45 128.4 122.53 118.45 47.23.40 4158 39.62 31.27 31.53
M (-) - - - - 121.3 115.0 - - - - - 32.2
-45 012 029 D 172.96 161.10 158.45 128.4 122.50 118.44 47.434.40 4149 39.58 31.18brd 31.51
M (5.3£0.6) — - ca. 162.4 - 121.1vbr 1145vbr - - - - 33.1 32.3
-58 011 028 D 172.94 161.00 158.46 128.4 122.46 118.41 47.44.41 4143 39.53 31.11 31.50
M(11+3) - - 162.3 br - 121.3 114.3 - 441120 39.8 33.0 32.3
-70 012 028 D 172.91 160.93 158.48 128.4 122.44 118.40 47.44.42 41.39 39.50 31.04 31.49
M (15 3) 184.4br - 1625br - 121.4 114.1 47.284.1 420 39.9 33.07 32.34
-83 011 028 D 172.90 160.85 158.50 128.4 122.42 118.40 47.04.44 41.36 39.46 30.98 31.48
M(@8 +2) 185.2br 147.7 162.9 127.2 121.40 113.9 47.3 44.092.04 39.99 33.07 32.37
-96 0.12 029 D 172.88 160.78 15853 - 122.41 118.40 47.184.47 41.30 39.43 30.92 31.47
M((@28 +2) 1856br 147.4 163.1 127.2 121.38 113.8 47.40.07 42.07 40.03 33.11 32.40
AT - - D +51.5 —-0.8 +19.0 +0.5 —7.4 -7.8 26+ +04 +0.2 +1.3 -0.1 +2.2
A" - - M +63.8 -13.9 +23.4 0.7 -8.4 -12.3 8+2. +0.1 +0.8 +1.8 +2.0 +3.1

(@) br = broad, brd = broadened, vbr = very bro@#; assigned through two-dimensional HETCOR at 25 (i).Agg.: D = dimer, M = monomer. (c) brd flc; = ca.
7.4 Hz. (d) qi'Jc =7.5Hz. (e)sharp qidey; = 7.5 Hz. (AS = d(RLi) — 3(RH) at —83 °C.
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