FULL PAPER

Formation of Organolithium Hetero-Aggregates [Li,Ar,(nBu),]
(Ar=C,H,CH(Me)NMe,-2) during the Directed ortho-Lithiation of
[1-(Dimethylamino)ethyl ]benzene

Claudia M. P. Kronenburg,” Evelien Rijnberg,” Johann T. B. H. Jastrzebski,*!
Huub Kooijman, Martin Lutz,™ Anthony L. Spek,"™ Robert A. Gossage,'! and

Gerard van Koten*!*!

Abstract: (R)-[1-(Dimethylamino)-
ethyl]benzene reacts with nBuLi in a
1:1 molar ratio in pentane to quantita-
tively yield a unique hetero-aggregate
(2a) containing the lithiated arene, un-
reacted nBuLi, and the complexed
parent arene in a 1:1:1 ratio. As a
model  compound, [Liy(CsH,CH-
(Me)NMe,-2),(nBu),] (2b) was pre-
pared from the quantitative redistribu-
tion reaction of the parent lithiated
arene Li(CgH,CH(Me)NMe,-2) with

2),(nBu),(OEt,)] (2¢) and the bis-Et,O
adduct [Lis(CsH,CH(Me)NMe,-2),-
(nBu),(OEt,),] (2d) were obtained by
re-crystallization of 2b from pentane/
Et,0 and pure Et,O, respectively. The
single-crystal X-ray structure determi-
nations of 2b-d show that the overall
structural motifs of all three derivatives
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are closely related. They are all tetra-
nuclear Li aggregates in which the four
Li atoms are arranged in an almost reg-
ular tetrahedron. These structures can
be described as consisting of two
linked dimeric units: one Li,Ar, dimer
and a hypothetical Li,nBu, dimer. The
stereochemical aspects of the chiral
Li,Ar, fragment are discussed. The
structures as observed in the solid state
are apparently retained in solution as
revealed by a combination of cryosco-

nBuLi in a 1:1 molar ratio. The mono-
Et,0 adduct [Li,(C{H,CH(Me)NMe,-

elucidation

Introduction

Organolithium compounds are valuable reagents in synthe-
sis and have found widespread application in organic and or-
ganometallic chemistry.'”! In general, there are three pri-
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py and 'H, "C, and °Li NMR spectros-
copy.

mary synthetic routes to organolithium compounds: 1)
direct metalation of an organic halide with Li metal, 2) halo-
gen-Li exchange of an organic halide with a simple organo-
lithium compound (typically nBuLi or rBuLi), and 3) depro-
tonation of a CH group from a suitable substrate with an al-
kyllithium compound.'! This latter synthetic route is espe-
cially attractive because it is generally a very clean reaction,
as the only products formed are the anticipated organolithi-
um compound and an alkane. In this way, heteroatom-func-
tionalized aromatic compounds can be easily lithiated selec-
tively at the ortho position (i.e., “Directed ortho Metala-
tion”: DoM).Pl The actual mechanism of the ortho-lithiation
reaction, specifically that involving Li-H exchange, has at-
tracted considerable interest.””! Two main reaction path-
ways for this lithiation have been put forward. According to
one proposal, lithiation commences with complexation of
the alkyllithium through a lone pair of electrons on the het-
eroatom-containing ortho substituent (the so-called “Direct-
ing Metalating Group”: DMG). This interaction brings the
metal center in close proximity to the “acidic” ortho-hydro-
gen atom. Thus, the reaction with the basic (formal) carban-
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ion fragment is facilitated.”” The second mechanistic propos-
al, put forward by von EikemaHommes and von Ragué
Schleyer, supports the concept of “kinetically enhanced met-
alation”.”! According to this hypothesis, the presence of a Li
atom with more than one accessible coordination site is es-
sential for DoM. In the initial step, complexation between
the DMG and an alkyllithium takes place to give an inter-
mediate aggregate in which the formation of a four-coordi-
nate Li nucleus includes an agostic interaction of an ortho-H
of the aryl ring. A strong (thermodynamic) complexation
between the lithium atom and the lone-pair of the DMG
can result in an unreactive intermediate and consequently
no ortho-lithiation will take place.””’ The proponents of this
mechanism stress the importance of the stabilization of the
transition state for successful protolysis to occur. The addi-
tion of one equivalent of a base such as N,N,N',N'-tetrame-
thylethylenediamine (TMEDA) presumably results in a sol-
vated aggregate (i.e., complex) of the nBuLi, TMEDA, and
the arene and this is thought to promote DoM.”* For both
reaction pathways, hydrogen abstraction is considered to be
the rate-limiting step, which is supported by results from
theoretical calculations.”)

Sometime ago, we embarked on a study of the synthesis
and applications of chiral organocopper and organotin com-
pounds that involved the use of ortholithiated aromatic
compounds containing a DMG.') A particularly puzzling
result involved the DoM of [1-(dimethylamino)ethyl]ben-
zene (1). The use of nBuLi to facilitate the formation of the
DoM product invariably did not yield the desired ortho-
lithiated precursor in greater than 50% yield, even in the
presence of excess nBuLi. The use of rBuLi however, gave
the expected product quantitatively.'” Although the in-
creased nucleophilicity of the formal fBu™ ion is a reasona-
ble explanation for the latter result, it does not explain why
some of the aromatic compound is ortho-lithiated by nBulLi,
whereas the remainder is unaffected. This evidence led us to
propose the formation of an aryl-butyllithium hetero-aggre-
gate formed by the replacement of some of the butyl groups
of [nBuLi]s by a combination of unreacted aminoarene
groups and orthometalated [1-(dimethylamino)ethyl]ben-
zene [Eq. (1)]."Y Thus, a stable hetero-aggregate 2a is

NMe,  nBuli NMe,

pentane 172 <nBuLi) m
- Li H
—1/2 BuH
2a

formed. This hypothesis helps to explain the observed 50 %
yield of ortho-metalated product. Such an aggregate with
fBuLi was assumed to be thermodynamically unstable but
led to a lower energy transition state (vide supra) giving rise
to complete DoM. There were no crystallographically char-
acterized examples of such hetero-aggregates at the time of
this proposal, although it has been known for many years
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that, for example, mixtures of different alkyl lithium com-
pounds readily exchange alkyl groups to form statistical
mixtures of mixed aggregated species.”! In addition, BuLi
is well known to be kinetically more reactive in the presence
of iPrLi.l'¥ Hence, the structural nature of organolithium
compounds can be changed by the presence of other orga-
nolithium species. In addition, solution NMR and cryoscopy
measurements have shown that the presence of donor sol-
vents (e.g., THF) and/or the addition of donor molecules
(e.g., TMEDA) can modify the solution structure of organo-
lithium compounds.”? A molecule of unreacted [1-(dimethyl-
amino)ethyl]benzene can be viewed as such a latter donat-
ing participant. Perhaps more importantly, it is known that
such mixed species (hetero-aggregates) have modified reac-
tivity profiles versus the isolated (single entity, homo-aggre-
gates) organolithium compounds. For this reason, there has
been considerable recent interest in these hetero-aggregates
and it is now well established that alkyl and aryl lithium
compounds also form hetero-aggregates with lithium halides
(hence the “LiX effect”), lithium alkoxides, lithium amides,
and even lithium oxide.®'¥ This topic has been recently re-
viewed.""¥ Examples of the application of such hetero-ag-
gregates include the selective polymerization of styrene to
isotactic polystyrene initiated by mixed alkyl alkoxy lithium
aggregates.'¥! Also, the recent synthesis and characterization
of a hetero-aggregate containing six Li atoms, two 2,2"-ethyl-
idenebis(4,6-di-tert-butylphenoxy) dianions, and two n-butyl
groups has been reported. This species is an excellent cata-
lyst for the ring-opening polymerization of L-lactide."”! Lith-
ium halides and amides, especially chiral ones, have found
widespread application as additives in the (enantio)selective
additions of alkyl lithium compounds to electrophiles. The
formation of hetero-aggregates during such reactions as
been identified in situ; hence, these materials appear to be
key (stable) intermediates in a number of enantioselective
processes, as suggested in related DoM chemistry.-%11

Although NMR spectroscopy (specifically °Li and '*C)
and cryoscopy has characterized the presence of many of
these hetero-aggregate species,®! there is to date only a few
well-characterized, isolated, and crystallographically eluci-
dated structures of alkyl or aryl lithium hetero-aggregates.
The few known examples include the synthesis and structure
of [Li,(Mes*),(nBu),] (Mes*=2,4,6-tBu;CgH,),"™*! {Li,[C.Hs-
(CH(Et)NMe,),-2,6],(nBu),},""  {Li,|CH,C;H(CH,NMe,),-
2,6-Me,-3,5],(nBu),},”” {Li,[CH(SiMe;)CsH(CH,NMe,),-2.6-
Me,-3,5],(nBu),},?"! and {Li,[CH,Si(Ph),CH,N(CH,CH,-
OMe),],(nBu),}? and others.*)

In this report, we reveal the formation of n-butyl aryl lith-
ium hetero-aggregates during the DoM of [1-(dimethylami-
no)ethyl]benzene with nBuLi and detail the independent
synthesis and structural characterization of these hetero-ag-
gregates. With this information, we present unambiguous
and compelling evidence for the intermediacy of aggregates
of the type {[Li,Ar,Bu,](Ar-H),} as resting states in ortho-
lithiation reactions of DMG-containing arenes.!”!
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Results and Discussion

Synthesis: The treatment of a pentane solution of (R)-[1-(di-
methylamino)ethyl]benzene with nBuLi in a 1:1 molar ratio
afforded, after evaporation of the solvent, a pale yellow
solid, (2a: [Eq. (1)]). According to its 'H and “CNMR
spectrum this material contained the lithiated arene, “un-
reacted” nBuLi, and the complexed parent amino arene in a
1:1:1 ratio.

Changing the solvent of this process (Et,O or toluene)
and/or increasing the reaction temperature to 80°C (tolu-
ene) did not influence the stoichiometry of the resulting
product. Moreover, as reported earlier,'”! when the product
was quenched with D,O this always resulted in the forma-
tion of the parent arene and the mono-deuterated arene in a
1:1 ratio. Based on this “chemical evidence”, we earlier pro-
posed the formation of a species (2a) containing the lithiat-
ed arene, nBuLi, and the parent aminoarene in one hetero-
aggregated species (vide supra).l'”

The availability of pure [Li,(CsH,CH(Me)NMe,-2),], (i.e.,
(R)-1) and the corresponding racemic compound (rac)-1, for
which the synthesis and structural characterization has been
reported,” opens an elegant route for the synthesis and ex-
amination of such aryl-butyllithium hetero-aggregates. The
reaction of pure, isolated (R)-1 with nBuLi (1:1 molar ratio:
Scheme 1) in pentane, affords (after workup) a white solid.

[Liy(CsH,CH(Me)NMe,-2),(nBu),(OEL,)] 2¢

[Lis(CeH CH(Me)NMe,-2),] +4 nBuli ——— > [Li,(CsH,CH(Me)NMe,-2),(nBu),] 2b

apolar solvent
(pentane)

[Lis(CeH.CH(Me)NMe,-2),(nBu),(OEL,),] 2d

Scheme 1. Synthetic routes to ether-free (2b), the mono- (2¢), and dietherate (2d) hetero-aggregates.

This material contains, according to its '"H NMR spectrum,
aryl and butyl groups in a 1:1 molar ratio. Molecular weight
determinations by cryoscopy indicated that this compound
(2b), has a [Liy(aryl),(nBu),] stoichiometry. In a similar way,
the racemic compound was prepared starting from (rac)-1.
Crystalline 2b was obtained by crystallizing the crude mate-
rial from pentane. Surprisingly, depending on the amount of
Et,0 in the solvent of crystallization, the diethyl ether ad-
ducts [Lis(aryl),(nBu),(OEt,)] (2¢) and [Lig(aryl),(n-
Bu),(OEt,),] (2d) can also be obtained (see Scheme 1 and
Experimental Section). Compound 2¢ was obtained by the
crystallization of crude 2b from pentane that (serendipi-
tously) contained traces of Et,0. Adduct 2d was obtained
by crystallization of 2b from pure diethyl ether solution
(Scheme 1).

In a similar manner, pure 2a was obtained by mixing 2b
and two equivalents of (R)-[1-(dimethylamino)ethyl]ben-
zene in pentane followed by evaporation of the solvent (see
Experimental Section). The new aryl-butyllithium hetero-ag-
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gregates 2a-d were fully characterized by 'H and “C NMR
spectroscopy, cryoscopy and elemental analysis, while the
structures in the solid state of 2¢ and 2d were further estab-
lished by X-ray crystallography (vide infra).

Structural aspects of (R)- and (rac)-[Li,(CsH,CH-
(Me)NMe,-2),(nBu),(OEt,),] in the solid state: It appeared
that the acentric unit cell of 2b contains two geometrically
different molecules, A and B for which the differences will
be discussed in detail below. The overall structural motifs of
2b (molecule A), 2¢, and 2d are closely related. They are
all tetranuclear aggregates in which the four Li atoms are ar-
ranged in an almost regular tetrahedron. Both of the aryl
groups are presumably bonded through an electron-deficient
two-electron four-center bond to one of the faces of the Li,
tetrahedron. Each of the nitrogen atoms of the amine sub-
stituents is coordinated to the apical position of a Li atom,
rendering two of the Li atoms four-coordinate. The two
butyl groups are likewise two-electron four-center bonded
to the other two faces of the Li, tetrahedron. Owing to the
lack of further coordinating ligands, either intra- or intermo-
lecular, two of the lithium atoms are three-coordinate. In
2¢, an Et,0 molecule is coordinated to one of these lithium
atoms, whereas in 2d both lithium atoms are four-coordinate
through the additional Li-Et,O interactions. The overall
structural geometries of 2b, 2¢, and 2d are depicted in
Figure 1 and relevant bond
lengths and angles are given in
Table 1.

In both 2b and 2¢, the B-
carbon atoms of the butyl
groups are in very close prox-
imity to the three-coordinate
lithium atoms (2.371(3) and
2.512(3) A in 2b [molecule AJ;
2.468(3) and 2.250(3) A in 2b
[molecule B]; 2.396(8) and
2.451(8) A in 2c¢). This provides
compensation for the coordina-
tive unsaturation of these Li centers, most probably by
Li--H—C interactions."®%*4 In this respect it is interesting
to note that both f-carbon atoms of the two butyl groups
are in close proximity to the same Li atom, that is, Li3. The
observed overall structural geometry with a tetrahedral Li,
core is similar to that observed in the hetero-aggregate
{Li,[CH;(CH(Et)NMe, ),-2,6],(nBu),},'"”! but contrasts with
the structures found for other [Li,(Aryl),Bu,] and [Li,
(Benz),Bu,] hetero-aggregates,'"*>%! for which structures
have been found in which the Li and bridging carbon atoms
are present in a “ladder-type” arrangement.

The tetranuclear aggregate can be described as consisting
of two aggregated dimers: 1) a hypothetical Li,Bu, dimer,
having a similar structural motif as observed in the solid
state structure of [Li,nBuy(TMEDA),],*! and 2) a
Li,[C,H,(CH(Me)NMe,)-2], dimer, which are linked togeth-
er through four-center two-electron bonded bridging carbon
atoms, in a similar way as is observed in the solid-state

trace Et,0O

excess Et,0O
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Figure 1. Ball-and-stick drawings of 2b molecule A (a), 2b molecule B (b), 2¢ (c), and 2d (d) all drawn with
the same orientation of the Li, tetrahedron to show the similarity of the (Aryl),Li, dimeric unit. Note: To facil-
itate the comparison the applied numbering scheme is different from that in the Supporting Information de-

posited at the CCDC database.

structure of Li,[C;H,(CH(Me)NMe,)-2], (1).2Y In this re-
spect, it should be noted that such Li,Aryl, dimers in which
the remaining coordination sites at the Li atoms are occu-
pied by coordinating THF molecules have also been observ-
ed.®=d Owing to the chiral center (labeled C(b) in Figure 2)
in the CiH,CH(Me)NMe, ligand, and taking into account
the chirality of the bridging C,,, atom, (labeled C(i) in

Figure 2),* three different diastereoisomeric dimeric struc-

(S Rewy (SR

Figure 2. Possible diastereoisomers for the aryllithium dimer part in
hetero-aggregate 2: C' and C? for enantiopure and C* for racemic
dimers.
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tures are possible for this com-
plex, namely CL % and C3, as
schematically shown in
Figure 2.

Note that other alternative
dimeric structures, in which the
coordinating N atoms approach
the Li atoms from opposite
sites of the central C,-Li-C,,,,-
Li plane have been observed as
THF solvates in THF solu-
tion,®¢?! but these forms are
not considered here because ag-
gregation to tetranuclear spe-
cies is not possible from such
dimers. Furthermore, it should
be noted that the dimer C* can
only arise from racemic materi-
al because the two chiral ben-
zylic carbon atoms have an op-
posite stereochemical configu-
ration. In the configurations C'
and C? the stereochemistry of
the two (chiral) benzylic carbon
atoms is identical (in Figure 2,
only the enantiomers having
(R)-benzylic carbon centers are
shown, but it is obvious that the
other enantiomers having (S)-
benzylic carbon centers can
also exist). Consequently, com-
bination of an enantiomerically
pure dimer, as present in (R)-
2b and (R)-2¢ with a hypotheti-
cal Li,Bu, dimer to form a
“mixed” Li, hetero-aggregate can in principle give rise to
the formation of two different diastereiosomeric Li, aggre-
gates, one containing a C'-type and one containing a C*-type
dimer (Figure 2). However, it appears that the one based on
the C? type dimer would be the most favored one from a
steric point of view (in C', the two benzylic methyl substitu-
ents are pointing towards each other, whereas in C? these
substituents will point away from each other). This view is
in concert with the actual structures found for 2b (molecule
A), 2¢, and 2d in the solid state, as all three contain a C*
type dimeric unit (Figure 1). At this point, it is interesting to
compare the structures of 2b-d with the structure of
[Liy(CsH,CH(Me)NMe,-2),], (R)-1, that was reported re-
cently.” The structure of (R)-1 can likewise be described as
consisting of two linked dimeric units, one of a C? type and
one of a C! type. The structure of the C* part is identical to
those of 2b-d. In the C' fragment, a rather sterically con-
gested situation arises, but to release its steric strain, the
five-membered C,N-chelate rings in this section of the mole-
cule are puckered in such a way that it places the a-Me sub-
stituents in an energetically less favorable in-plane orienta-
tion with respect to the aryl ring.

www.chemeurj.org Chem. Eur. J. 2005, 11,253-261
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Table 1. Selected bond lengths [A] and torsion angles [°] for 2a, 2b, and
2clal

2a 2a 2b 2¢

molecule A molecule B
C1-Li 2.315(3) 2.273(3) 2.296(7) 2.250(8)
C1-Li2 2.319(3) 2.416(3) 2.341(6) 2.326(8)
C1-Li3 2.262(3) 2.218(3) 2.240(8) 2.325(7)
C11-Lil 2.344(3) 2.229(3) 2.256(6) 2.318(8)
C11-Li2 2.292(3) 2.280(3) 2.260(7) 2.228(8)
Cl11-Li4 2.245(3) 2.343(3) 2.329(7) 2.287(7)
N1-Lil 2.024(3) 2.028(3) 2.042(6) 2.035(7)
N2—-Li2 2.028(3) 2.036(3) 2.000(6) 2.038(7)
C50-Lil 2.274(3) 2.269(3) 2.265(7) 2.209(8)
C50-Li3 2.290(3) 2.192(3) 2.157(8) 2.293(8)
C50-Li4 2.179(3) 2.243(3) 2.280(7) 2.256(8)
C60—Li2 2.242(2) 2.247(3) 2.239(7) 2.214(9)
C60—-Li3 2.239(3) 2.179(3) 2.212(7) 2.206(8)
Co60—-Li4 2.195(3) 2.300(3) 2.278(8) 2.132(9)
C51 - Li3 2.371(3) 2.468(3) 2.396(8)
C61 - Li3 2.512(3) 2.250(3) 2.451(8)
O1-Li4 2.004(7) 1.970(7)
02-Li3 1.999(7)
Lil-Li2 2.557(4) 2.589(4) 2.491(8) 2.486(10)
Lil-Li3 2.504(4) 2.392(4) 2.406(8) 2.490(9)
Lil-Li4 2.518(4) 2.604(4) 2.647(9) 2.572(9)
Li2—Li3 2.591(4) 2.542(4) 2.494(8) 2.590(9)
Li2—Li4 2.387(4) 2.466(4) 2.539(8) 2.477(10)
Li3—Li4 2.498(4) 2.511(4) 2.525(9) 2.630(9)
C1-C2-C7-C8 71.9(2) 169.14(19) 70.1(4) 69.0(5)
C11-C12-C17-C18  71.8(2) 84.6(2) 80.4(4) 76.0(4)

[a] To facilitate the comparison the applied numbering scheme is different
from that in the Supporting Information deposited at the CCDC database.

In all three structures of 2b-d, the two five-membered
C,N-chelate rings are puckered in such a way that the ben-
zylic methyl substituents are placed in the energetically fa-
vored anti-periplanar orientation. Interestingly, the solid-
state structure of 2b (molecule B) contains a Li, aggregate
based on a C'-type dimer together with a nBu,Li, dimer
(see Figure 1). The molecular geometry of 2b (molecule B)
clearly shows the steric congestion between the two benzylic
methyl substituents. To release this repulsive interaction, the
five-membered chelate rings have opposite puckering con-
formations that results in methyl groups of which one has
anti- and one has periplanar orientation; hence, a less con-
gested situation results. It is remarkable to find two geomet-
rically different situations for one molecule (an apparently
sterically favored one and a sterically less favored one) in a
single crystal lattice, which is most likely a result of packing
effects. In solution, only one isomer could be observed (vide
infra) which is most likely sterically the most favored one
(see Figure 1a) although the occurrence of a fluxional pro-
cess (with low activation barriers) involving ring puckering
inversion can not be excluded.

It should be noted that the crystals of 2d were obtained
from a reaction starting from (rac)-1. Indeed, the centrosym-
metric unit cell contains two enantiomeric Li, aggregates:
one with (R,R)- and the other with (S,S)-stereochemistry.
Obviously, the alternative “racemic” Li, aggregate contain-
ing a C*-type dimer (see Figure 2), is not formed (i.e. is not
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thermodynamically favorable), which is therefore an illustra-
tion of diastereoselective self-aggregation.

Unfortunately we were unable to obtain single crystals
suitable for an X-ray structure determination of 2a, to es-
tablish its structure in the solid state. However, based on the
similarity of the '"H and *C NMR spectra of 2a with those
of 2¢ and 2d (see Experimental Section), it is most likely
that 2a has a structure comparable to that of 2d, but with
the two coordinating diethyl ether ligands present in 2d re-
placed by two monodentate, N-coordinating
C¢H;CH(Me)NMe, ligands (see also [Eq. (1)]).

Structural aspects of (R)- and (rac)-[Li,(CsH,CH-
(Me)NMe,-2),(nBu),(OEt,),] in apolar solvents: To gather
information about the structures in solution of 2a-d, NMR
studies ("H, ”C, and °Li: [Dg]toluene solution) were carried
out at various temperatures. Relevant data are given in
Table 2 and in the Experimental Section.

Table 2. Relevant variable temperature 'H and *C NMR data for 2b, 2c,
and 2d.1!

Compound T[K] 6(*H) [ppm]
NMe, a-Me o-CH o-H,y o-CH, (Bu)
2b 373 1.96 117 3.01 8.00 —0.58

298 122and2.11 122 279 8.03 —0.57
273  112and 2.08 126 270 797 —0.60
2¢ 298 127 and2.16 127 282 813 —0.40
2d 298 129and2.19 129 283 815 —0.37

Compound T [K] o(**C) [ppm]
NMe, a-Me o-C Cl1 C2 a-C (Bu)

2b 373 415and 451 235 718 171.0 158.7 10.9
298  41.8and 448 234 724 1705 1595 112
273 421 and 451 236 727 1705 159.6 10.7
2¢ 298 422and 453 23.6 729 1718 159.6 11.0
2d 298 423and453 238 729 1715 1595 104

[a] All values are in 6 [ppm] relative to SiMe, as an external standard in
[Dgltoluene as solvent.

It appears that the 'H and "C NMR data of independent-
ly prepared 2a (see Experimental Section) are identical with
the data observed for the product formed from the reaction
of (R)-[1-(dimethylamino)ethyl]benzene with nBuLi in a 1:1
molar ratio. This observation indicates that it is indeed 2a
that is formed during this reaction.

A molecular weight determination of 2b (cryoscopy:
C¢H;) showed that a Li, aggregate, as observed in the solid
state, is retained in solution. The observation of one reso-
nance pattern in the 'H and “C NMR spectrum ([D;]tolu-
ene: Table 2) for the ortho-amine chelated aryl group indi-
cates that in toluene solution only one of the two possible
diastereoisomeric forms is present. The diastereotopicity of
the coordinated NMe, methyl groups is reflected in the ob-
servation of two resonances in both the 'H (6=1.22 and
2.11 ppm) and “CNMR spectra (0=41.8 and 44.8 ppm).
This indicates that Li-N coordination is inert on the NMR
time scale. The a-protons of the butyl groups are observed
at 0=—0.57 ppm as a complicated multiplet that was not an-
alyzed in detail, but is in agreement with the expected
ABCD pattern as a result of the various chiral centers in
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the molecule. In the temperature range of —80 to +100°C,
with the exception of some slight chemical shift differences,
the 'H and "C NMR spectra are unaffected, indicating that
fluxional processes are still absent or slow within this tem-
perature range. Above +100°C, coalescence of these reso-
nances begins, indicating that either a process becomes oper-
ative involving Li-N dissociation/association or that intra-
or interaggregate exchange becomes fast on the NMR time
scale. The presence of two distinctly different dimeric frag-
ments in the Li, hetero-aggregate (one Li,Aryl, and one
Li,Bu, dimer) is nicely illustrated by the observation of two
SLi chemical shift values at d=—0.35 and —1.05 ppm in the
SLi NMR spectrum of 2b. A remarkable observation is the
fact that the 'H, "*C, and °Li NMR spectra of the “racemic”
material that is obtained from reaction of (rac)-1 and BuLi
are identical to that of 2b. Obviously, in solution diastereo-
selective aggregation occurs resulting in Li, aggregates that
contain an enantiopure C*-type dimer (i.e., there is no meso
form present). It is obvious that starting from (rac)-1, both
enantiomers must be present in solution. It must be noted
that for a Li, aggregate containing the racemic dimer C?
(see Figure 2), an NMR spectrum is expected that is differ-
ent from that of 2b. The exclusive formation of dimers in
which both ligands have the same stereochemistry is most
likely driven by thermodynamics and points to a consider-
able difference in stability between species that contain
either a C'-, C%-, or C*-type dimeric unit.

For 2¢ and 2d, essentially the same 'H and “C NMR
spectra are observed as for 2b (Table 2), indicating that in
solution 2b, 2¢, and 2d have structures that are closely re-
lated. The only difference is that for 2¢ and 2d the a-pro-
tons of the butyl groups are slightly shifted downfield to 6 =
—0.40 ppm, compared to d=—0.57 ppm for 2b. The reso-
nances for the CH, groups of the diethyl ether CH, protons
in 2¢ and 2d are observed at 6=3.08 and 3.15 ppm, respec-
tively. This upfield shift, compared to free diethyl ether, is
as expected for coordinated diethyl ether molecules. The di-
astereotopicity of the CH, protons as a consequence of the
lack of a molecular symmetry plane containing the benzylic
carbon atom is reflected in the observation of a complicated
multiplet (ABX; pattern) for these protons. Moreover, these
data indicate that under these conditions the diethyl ether
molecule is not exchanging. It should be noted that in the
presence of more than two equivalents of diethyl ether, the
proton resonances of the CH, group are shifted in the direc-
tion of those in free diethyl ether (0=3.40 ppm). Under
these conditions even spectra recorded at —80°C did not
show separate signals for free and coordinated diethyl ether.
This strongly suggests that exchange of free and coordinated
diethyl ether is already fast on the NMR time scale at this
temperature.

Concluding Remarks

The present study shows that the reaction of nBuLi with
ortho-amine substituted arenes in apolar solvents is sensitive

258 — © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

to the nature and size of the benzylic substituent. Whereas
N,N-[(dimethylamino)methyl]benzene reacts with nBuLi
quantitatively to form [Li,(C¢H,CH,NMe,-2),],?” the analo-
gous reaction of the oa-methyl-substituted arene proceeds
under the same reaction conditions to yield only 50 % DoM.
Isolation and characterization of the resulting compound
shows it to be a unique aryl-butyllithium hetero-aggregate
to which two equivalents of “unreacted” aminoarene re-
mains, likely acting as coordinated “solvent” molecules to
the aggregate (see 2a in Equation (1)). Obviously, the re-
maining butyl groups that are incorporated into the aggre-
gate are deactivated for further DoM chemistry. In other
words, formation of this type of structural aggregate leads to
suppression of further DoM, possibly due to a kinetic barri-
er which does not allow ortho-arene hydrogen atoms in
close proximity (i.e., to become agostic) to the formal butyl
anionic C nuclei. Model compounds that are representative
for this stable (inactive) intermediate can be obtained by
direct and selective interaggregate exchange reactions of
pure [Li,(CsH,CH(Me)NMe,-2),] with a 2/3 equivalent of
[#Bu¢Lig] in pentane solution.

These results point to the formation and existence of
unique intermediates by self-assembly processes during the
heteroatom-assisted lithiation (DoM) of arenes. The fact
that these intermediates can be isolated indicates that they
are formed under thermodynamic control. Using BuLi in-
stead of nBuLi, the formation of aryl-, tert-butyllithium
hetero-aggregates such as 2a has not been observed. Instead
this reaction results in the quantitative formation of the aryl
lithium homo-aggregate [Li,(C{H,CH(Me)NMe,-2),] as the
thermodynamic end product.”*”

As perhaps a final caveat to those involved in DoM
chemistry, a final important consequence of this chemistry is
as follows. If, during a lithiation reaction, a particular combi-
nation of substrate (functionalized arene) and lithiating
agent (alkyllithium) results in a large enhancement of the
thermodynamic stability of the hetero-aggregated species
compared to that of the anticipated end-product (the lithiat-
ed arene), then the hetero-aggregated species will invariably
be the end-product (cf. Equation (1)). The observation of
the existence of mixed intermediates of type 2a also has im-
portant implications for the understanding and design of
synthetic routes to pure aryl lithium species. The presence
of hetero-aggregates in synthetic lithiation reactions could
be problematic when these in situ prepared aryl lithium
compounds are thereafter used in subsequent (organic) re-
actions.”* Hence, reduced product yields will be a direct
consequence. This may be particularly distressing in multi-
step synthesis, in which the self-assembly of such aggregates
leads to poor product optimization.

Experimental Section

General data: All experiments were carried out under a dry, oxygen-free,
nitrogen atmosphere, using standard Schlenk techniques. Solvents were
dried and distilled from Na/benzophenone prior to use. [Li((R)-
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C¢H,CH(Me)NMe,-2)], ((R)-1) and the corresponding racemic com-
pound ((rac)-1) were prepared according to a published procedure.'” 'H,
C, and °Li NMR spectra were recorded on a Varian 300 MHz spectrom-
eter at ambient temperature or stated otherwise. Chemical shifts (0) are
given in ppm relative to SiMe, as an external standard. The ‘Li NMR
spectra are referenced to LiCl (1.0m) in D,O as an external standard. El-
emental analyses were obtained from Dornis und Kolbe Mikroanalytisch-
es Laboratorium, Miilheim a.d. Ruhr, Germany. Cryoscopic measure-
ments are carried out using a S2541 thermolyzer and a metal-mantled Pt-
100 sensor. For the calibration naphthalene was used to give the cryo-
scopic constant K;=5.46 Kkgmol .

Preparation of [Liy(C{H,CH(Me)NMe,-2),(nBu),(C;H,CH(Me)NMe,-
2),] (2a): (R)-CiHsCH(Me)NMe, (1.66 mL, 10.07 mmol) was added at
room temperature to a stirred solution of 2b (2.21 g, 5.04 mmol) in pen-
tane (25 mL). After 10 min, the solvent was removed in vacuo to afford a
yellow powder. Yield 3.56 g (4.83 mmol; 96%). '"H NMR ([D¢]benzene,
300.105 MHz, 298 K): 6=-0.40 (bm, 2H; CH,Li), 1.13 (t, */=6.9 Hz;
LiCH,(CH,),CH;), 1.23 (d, 3H; (R)-CH;CH(Me)NMe,), 1.27 (bs, 6H;
NMe,, ArCH(Me)), 1.45,1.71 (m, 2x2H; LiCH,(CH,),CH,), 1.95 (s, 6 H;
(R)-C¢HsCH(Me)NMe,), 2.16 (bs, 3H; NMe,), 2.83 (bs, 1 H; ArCH(Me)),
321 (q, *J=6.9 Hz, 1H; (R)-C(H;CH(Me)NMe,), 6.95 (d, 1H; ArH(3)),
7.07 (m, 5H; (R)-CsHsCH(Me)NMe,), 7.12 (m, 2H; ArH(4,5)), 8.11 ppm
(bd, *J=5.40Hz, 1H; ArH(6)); "CNMR ([D¢]benzene, 75.469 MHz,
298K): o0=11.1 (bs; LiCH,), 139 (LiCH,(CH,),CH;), 20.2 ((R)-
C¢HsCH(Me)NMe,) 32.5, 45.3 (LiCH,(CH,),CH,;), 32.8 (CH(Me)), 23.7,
451 (NMe,) 72.8 (ArCH), 125.4, 1263, 126.9, 139.4 (Ar(3,4,5,6), 127.1-
128.2 (((R)-C¢HsCH(Me)NMe,), 159.7, 170.5 ppm (Ar(Z,2) quaternary).
Synthesis of [Li,((R)-C{H,CH(Me)NMe,-2),(nBu),] (2b): nBuLi
(22.0 mL of a 1.6M solution in hexane, 35.20 mmol) was added at room

FULL PAPER

temperature to a stirred solution of (R)-1 (5.36 g, 34.54 mmol) in C¢Hg
(40 mL). After 1h, the solvents were removed in vacuo to afford a
yellow oil. The addition of pentane (40 mL) to this oil, followed by subse-
quent evaporation in vacuo, gave 2b in the form of a white powder
(7.64 g, 34.52 mmol; 99 %). Crystallization from hexane at room tempera-
ture gave colorless crystals of 2b, which were suitable for X-ray crystallo-
graphic studies.

'HNMR ([D¢]benzene, 300.105 MHz, 298K): 6=-0.57 (bm, 2H;
CH,Li), 1.09 (t, *J=7.33 Hz; LiCH,(CH,),CH;), 1.22 (bs, 6H; NMe,,
ArCH(Me)), 1.44, 1.70 (m, 2x2H; LiCH,(CH,),CH;), 2.11 (bs, 3H;
NMe,), 2.72 (bs, 1H; ArCH(Me)), 6.93 (d, °J=5.5 Hz, 1H; ArH(3)), 7.17
(m, 2H; ArH(4,5)), 8.03 ppm (bd, *J=5.27 Hz, 1H; ArH(6)); *C NMR
([Dg]benzene, 75.469 MHz, 298K): 0=10.5 (bs; LiCH,), 13.5
(LiCH,(CH,),CH;), 23.3 (NMe,), 31.7, 44.8 (LiCH,(CH,),CH;), 32.1
(CH(Me)), 41.8 (NMe,), 724 (ArCH), 1252, 126.1, 1269, 139.0
(Ar(3,4,5,6), 159.6, 170.5 ppm (Ar(1,2) quaternary); °Li NMR ([Ds]tolu-
ene, 44.165 MHz, 258 K): 0=-0.34 and —1.03 ppm; elemental analysis
caled (%) for CxHyN,Liy: C 76.70, H 10.58, N 6.39; found: C 76.60, H
10.65, N 6.34. M.p. 120°C (decomp). Molecular weight determination by
cryoscopy (1.46 g in 29.31 g C,H,): analysis caled for C,gHysN,Li, 438.45;
found: 460.98.

Synthesis of [Li,((R)-C;H,CH(Me)NMe,-2),(nBu),(OEt,)] (2¢): Crystal-
lization of 2b from a mixture of toluene/Et,0O (10:1 v/v) at —30°C afford-
ed pale yellow crystals of 2¢.

'HNMR ([Dg]benzene, 300.105 MHz, 298K): 6=-0.36 (bm, 4H;
CH,Li), 0.82 (dt, 6H; Et,0), 1.13 (t, ¥/=6.73 Hz, 6 H; LiCH,(CH,),CH,),
127 (bs, 12H; NMe, and ArCH(Me)), 1.60, 1.71 (m, 2x4H;
LiCH,(CH,),CHs), 2.16 (bs, 6H; NMe,), 2.82 (bs, 2H; ArCH(Me)), 3.06

Table 3. Crystallographic data for crystal structure determinations 2b, 2¢, and 2d.

Compound 2b 2¢ 2d

formula CysHyLi,N, C;,HsLi,N,O CyHLi,N,O,
mol. weight 438.4 512.57 586.70
crystal system monoclinic orthorhombic triclinic
space group P2, (no. 4) P2,2.2, (no. 19) P1 (no. 2)
a[A] 9.5228(1) 9.4149(13) 9.448(5)

b [A] 13.7804(2) 13.251(3) 10.187(2)
c[A] 21.6040(3) 26.908(3) 20.915(12)

a [°] - - 100.87(3)

A 1°] 94.2080(10) - 101.51(4)

v [°] - - 96.21(3)

vV [AY 2827.41(6) 3357.0(10) 1914.8(15)
Peatea [gEm™] 1.030 1.014 1.018

V4 4 4 2

F(000) 960 1128 648

p [mm™'] Moy, 0.056 0.058 0.059

crystal color colorless yellow pale yellow
crystal size [mm] 0.2x0.3x0.5 0.3x0.3x0.5 0.1x0.3x0.4
Omins Omax [°] 2.4,275 0.8,25.0 1.0, 25

0,0 [°] 11.52,13.70 10.04, 13.99
diffractometer KappaCCD CAD4 CAD4

scan type area detector w . w.

Aw [°] 0.90 + 0.35 tan 0 1.60 + 0.35 tan 6
mosaicity 0.443(1)

X-ray exposure [h] 3 40 48

data set

total data

total unique data
no. of params

final R1%

final wR2"!
goodness of fit
wolle

AJO) s (MG,
APuins APmax [6 A7)

—10:12,—13:17, —28:21
18624

10158 [Ryp=0.049]

629

0.0481 [9454; I>20(7)]
0.1322

1.023

o® (F?) + (0.0851P)*+ 0.34P

< 0.014, < 0.002
—0.20, 0.31

—10:12,—17:17, —34:0
9264

5906 [Ryn =0.067]

400

0.0696 [4215; I>20(7)]
0.1868

1.053

o* (F?) + (0.10P)

< 0.025, < 0.001
~0.27,023

—11:0,-12:12, —24:24
7195

6746 [Ryn=0.072]

417

0.0853 [3713; I>20(])]
0.2383

1.181

o (F) + (0.10P)

< 0.007, < 0.001
—0.29, 0.44

[a] RL=S||F,|—|F.||/S|F,|. [b] wR2 = IS[w(F2— F)US[w(F2)]"™. [c] P=(Max(F%0) + 2F)/3.
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(m, 4H; Et,0), 6.92 (d, *J=59Hz, 2H; ArH(3)), 7.15 (m, 4H;
ArH(4,5)), 8.13 ppm (bd, *J=5.9 Hz, 2H; ArH(6)); "C NMR ([D4]ben-
zene, 75.469 MHz, 298 K): 6=11.0 (bs; LiCH,), 13.9 (LiCH,(CH,),CHj3),
14.4 (Et,0), 32.7, 45.3 (LiCH,(CH,),CH,), 32.9 (CH(Me)), 23.6, 42.2
(NMe,), 64.6 (Et,0), 72.9 (ArCH), 125.3, 126.1, 139.3 (Ar(4,5,6), 159.6,
171.8 ppm (Ar(1,2) quaternary); elemental analysis calcd (%) for
C;,HsN,Li,O: C 74.99, H 11.01, N 5.47; found: C 75.10, H 10.95, N 5.46.
Synthesis of [Li(C4H,CH(Me)NMe,-2),(nBu),(OEt,),] (2d): nBuLi
(7.8 mL of a 1.6M solution in hexane; 12.09 mmol) was added at room
temperature to a stirred solution of (rac)-1 (1.86 g; 11.99 mmol) in Et,O
(30 mL). After 15 min, the solvents were removed in vacuo to afford an
off-white powder: yield 2.74 g (9.34 mmol, 78 %). Crystallization of the
crude product from pure Et,0 at —30°C gave pale yellow crystals of 2d.

'"HNMR ([Dg]benzene, 300.105 MHz, 298 K): 6=-0.37 (bm, 2H;
CH,Li), 0.91 (dt, 6 H; Et,0), 1.14 (t, *J=6.60 Hz, 3H; LiCH,(CH,),CH;),
129 (bs, 6H; NMe, and ArCH(Me)), 172 (bm, 2x2H;
LiCH,(CH,),CH;), 2.19 (bs, 3H; NMe,), 2.83 (bs, 1H; ArCH(Me)), 3.10
(m, 4H; Et,0), 6.94 (d, 3J=57Hz, 1H; ArH(3)), 7.13 (m, 2H;
ArH(4,5)), 8.15 ppm (bd, *J=5.4 Hz, 1H; ArH(6)); "C NMR ([D4]ben-
zene, 75.469 MHz, 298 K): 6 =10.4 (bs, LiCH,), 13.9 (LiCH,(CH,),CHs),
14.7 (Et,0), 32.9, 45.4 (LiCH,(CH,),CH;), 33.0 (CH(Me)), 23.5, 42.3
(NMe,), 64.9 (Et,0), 72.9 (ArCH), 125.2, 125.9, 139.5 (Ar(4,5,6), 159.5,
171.5 ppm (Ar(1,2) quaternary); elemental analysis calcd (%) for
C3HgN,Li1,0,: C 73.70, H 11.34, N 4.77; found: C 73.58, H 11.31, N 4.83.

X-ray crystal structure analyses of 2b, 2¢, and 2d: Pertinent data for the
structure determinations are collected in Table 3. X-ray data for crystal
structure 2b were collected on a Nonius KappaCCD diffractometer; data
for the other structure determinations were collected on a Nonius CAD-
4T diffractometer. All sets were measured at 150 K, using graphite mono-
chromated Moy, radiation (1=0.71073 A) from a rotating anode source.
Accurate unit cell parameters and an orientation matrix were determined
by least-squares fitting of the setting angles of 25 well-centered reflec-
tions®!! for structures 2¢ and 2d. The unit cell parameters for structure
2b were refined against the setting angles of all reflections. All structures
were solved with direct methods by using SHELXS97."? Refinement on
F* was performed with SHELXL-97."% One of the Bu moieties of 2d dis-
plays disorder. A two-site disorder model in which atoms 1 (the C in-
volved in Li coordination) and 3 of major and minor components coin-
cide, satisfactorily described the observed electron density. Hydrogen
atoms were included in the refinement on calculated positions riding on
their carrier atoms. The non-hydrogen atoms of all structures were re-
fined with anisotropic displacement parameters, except those belonging
to the minor disorder component of 2d. The hydrogen atoms were re-
fined with a fixed isotropic displacement parameter related to the value
of the equivalent isotropic displacement parameter of their carrier atoms
by a constant factor. Owing to the absence of strong anomalous scatters,
the absolute configuration could not be experimentally determined. The
absolute configuration for all compounds was therefore assigned in ac-
cordance with the known configuration of the asymmetric carbon atoms
of the starting compounds. Geometrical calculations and illustrations
were performed with PLATON;® all calculations were performed on a
DEC Alpha 255 station. CCDC-247120 (2b), CCDC-247121 (2c¢), and
CCDC-247122 (2d) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge at www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: (4+44)-
1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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