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Aromatic hydrocarbons fit very well with these features,
presenting the added value of the cyclic skeleton. The
conjugatedr system of an aromatic ring can be considered
a masked internal functionalization, which can be conve-
niently exploited once the chemical inertness imposed by
the aromaticity is overcome through dearomatizing methods.
The resulting alicyclic compounds still contain carbon
carbon double bonds, thus bringing the opportunity to attain
the desired degree of functionalization.

molecules and the development of methods aimed at the
obtention of compounds of known interest. The retrosynthetic

analysis of a target molecule allows the deconvolution of ¢ e aromatic system of arenes and its subsequent deriva-
complex structures into fragments of smaller sizdthough tization. The Birch reduction, a single electron-transfer

must be adequately functionalized to achieve the designedchemistry? In addition, a variety of alternatives are available,

transformations. Therefore, the availability of low-cost, easy such as chemicsind microbial oxidatiofi hydrogenatiori>
to handle starting materials that may be readily transformed radical cyclizatiorY, electrolysis®® photo® and thermo-

into the required synthons is a must for an efficient synthetic cycloaddition reaction¥, and electrophili€' or nucleophilic
procesg. addition to the aromatic system.

Extensive work on dearomatization reactions has led to
the development of a number of methods for the disruption
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matized compounds formed contain a combination of
functional groups in a cyclic framework, which can be further
transformed to obtain products of potential biological activity.
The presentation will follow a system based on the functional
group linked to the aromatic ring. Although the reactivity
of a system is often the result of a combination of factors,
the activating group is probably the most important. Michael
additions to electrophilie,,5-unsaturated systems have been
extensively revieweé® In contrast, the literature related to
nucleophilic conjugate additions to non-metal-complexed
aromatic nuclei has been treated in rather old reviews
covering only partial aspects of this chemistry. The papers
by Gaertnei* and Fusof? provide an assessment of the scope
and limitations of the reaction of organometallic reagents
with aryl ketones up to the beginning of 1958. Barfbli

G. Ruiz Gomez was born in Madrid, Spain. She studied chemistry at the reviewed the literature up to 1982 related to the addition of
University of Aimeria and completed her first degree (Licenciatura) in July Grignard reagents to nitro compounds. Although these
2000. She was awarded a Ph.D. in 2006 for work on dearomatizing reviews represent the starting point for the present paper,

reactions of phosphinamides and phosphonamides under the direction of :
Professor Lopez Ortiz. She is currently a postdoctoral fellow in Professor we have attempted to cover all of the literature from 1955

Lopez-Ortiz's group with interest in the synthesis of non-natural peptides to January 2005. Additionally, work not surveyed previously
and peptide analogues. on nucleophilic additions to aryl nitriles will be included here.
Some examples and studies may have been unintentionally
The last two processes generally require some type ofoverlooked if the subject has not been abstracted and is

activation. In this context, complexation to transition metals therefore unsearchable by keyword, substructure, or reaction.
is a very useful method for generating either electron-rich Furthermore, partial aspects of the subject have been
or electron-deficient aromatic rings. Transition metal medi- Previously reviewed in a different conteXtfor example,
ated dearomatizations have attracted great attention over théhe chemistry of naphthyl oxazolin&%;*2%*nucleophilic
past decade, and the subject has been covered by sever@fomatic substitution reactiod%,* and dearomatizing cy-
reviews. In the first case, the activation of the aromatic ring Clization reactions***In these cases, the presentation of the
is achieved through?coordination of the arenes by electron- New material will be preceded by a short summary of the
rich andz-basic metal fragments containing osmium(ll) and fundamentals and main applications of the methodology,
rhenium(1)12 Back-donation from the metal to the aromatic Which will enable comparison among the procedures under
ligand renders it susceptible to dearomatization by electro- discussion. Finally, dearomatizing reactions through [2,3]-
philic attack. In contrast, electrophilic transition metal groups, Sldmatropic rearrangements are outside the scope of the
usually tricarbonyl chromium, Cr(C@)tricarbonyl manga-  current reviews®

nese, Mn(CQY, and, to a lesser extent, CpFand CpRd,

form hexahapto complexes with aromatic ligands, which are 2, Unsubstituted Aromatic Hydrocarbons

activated toward nucleophilic additida.

Concerning carbon nucleophiles, organolithium reagents 2.1. Naphthalene, Anthracene, and Phenanthrene
are the prototypal one in organic chemistry. Their reactions
with aromatic hydrocarbons bearing an electron-withdrawing . .
functional group may follow three different routes: (1) negatlvgly charged reagents to the electron-rich nucleus of
addition to the functional group, (2) ortho lithiatidf2° or unsubstituted aromatic hydrocarbons such as naphthalene
(3) [1,4], [1,6], or [1,8] conjugate addition to the aromatic 2nthracene2, and phenanthren8 has been successfully
nucleus. For aromatic systems having an alkyl substituent2chieved in a number of cases. The interest of these processes
ortho to the functional group, lateral metalation is an 129S; on the one hand, in the design of routes alternatives to
alternative pathwa$??! The intermediate carbanions are F'iedel-Craft reactions for the preparation of alkylated
generally quenched with a suitable electrophile (Scheme 1).2romatic compounds that may have substituent patterns not

This review encompasses dearomatization reactions pro_avallable through electrophilic reactions. Obviously, in those
moted by nucleophilic addition to aromatic hydrocarbons cases when conjugate addition is followed by a chemical or
excluding transition metal temporarily coordinateesys- %h?;gg\r;ggg:ak%(éi?g?hztre gb:)r;i:trignmsat[{ﬂéy;Jatngbsilyi{[?eorp
e o o oot re T i . Syted palyycle sromatc hyctocsrhons i of some
present a éeneral overview of the methodé available to effectgggtr;?]rg;es f%nblt%lggcl)(iﬁgeﬁgﬂg atiep%tg;:?rlngzggoggg&ts
the dearomatization, emphasizing their scope and limitations. .gntain a cyclohexadiene syster,n that might show peculiar
The following discussion will essentially cover those pro- gnformational and stereochemical aspects.
cesses leading to isolable dearomatized products through the
combined sequence of nucleophilic dearomatizatielec- 2.1.1. Reactions with Hydride Transfer Agents
trophilic trapping reactions. Scheme 1 shows the activating
groups, nucleophiles, and type of reactions that will be treated Hydride addition to nonfunctionalized aromatic com-
in the review. It will also be shown that this synthetic pounds is a process of rather limited scép&Anthracene
methodology represents a powerful tool for the chemo-, 2 and phenanthen® are reduced to the corresponding 9,-
regio-, and stereoselective creation of carboarbon and 10-dihydro derivativeg and6 upon heating with LiAIH in
carbonr-heteroatom bonds, converting simple aromatic com- diglyme at 150°C (Scheme 2J° However, in the case &
pounds into more elaborated materials. Moreover, the dearo-the reaction continues to give 9,9,10,10-tetramethyl-9,10-

Contrary to what could be expected, the addition of
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dihydroanthracen® as a result of partial demethylation of adduct via elimination of lithium hydride. Methylation of
diglyme under the forcing conditions used. Intermediate  anthracene and phenanthrene has been readily achieved with
was identified as the major product of the reaction through methylsulfinyl carbanion (CEBOCH,"),*? whereas the meth-
NMR analysis at a reaction time of 30 min. The reduction ylation of phenanthrene with sulfonyl carbanion (PhSB,")
of anthracene with potassium hydride can be performed in must be assisted by the strong co-ordinating agent HX¥fPA.
refluxing dioxane. The milder reaction conditions provided In both cases, only rearomatized products were isolated. The
the dihydro compoundt as part of a mixture (2:3) with  addition of allylic lithium systems into anthracene and then
unreacted starting material (Scheme'®). hydrolysis to afford the dearomatized adduct has also been
addressed by Fraenkel and co-workgrs.

2.1.2. Reactions with Carbon Nucleophiles In the reaction ofert-butyl-lithium with naphthalené at
Strong nucleophiles such as alkyl-lithium, -sodium, and 60°C in decalin, besides the- andf-tert-butylnaphthalenes
-potassium reagents generally react with aromatic compoundg8 and 7, respectively), a 17% yield of a mixture ¢ért-
through metalation of the aromatic ring. However, Dixon et butyldihydronaphthalenes-11was obtained (Scheme 9).
al. showed alkylation as a significant reaction when alkyl- The kinetic study of the transformation indicated the
lithiums (reactivity order of-BuLi > s-BuLi > n-BuLi) were guantitative formation of an intermediate complex of formula
heated with benzene, naphthalene, or phenantitehiee [(RLi)2(ArH)] prior to the rate-determining addition 6BulLi
harsh conditions used favor the aromatization of the initial to naphthalené’ Alkylation and arylation of naphthalene
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Scheme 3
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with Grignard reagents proved to be feasible as well. Thus, formed has been trapped with®, D,O, and alkyl halides,
phenyl- and butylmagnesium bromide added to naphthaleneyielding 9,10-dihydroanthracend$—19 (Scheme 4%°
and biphenyl when heated at 20Q in such hydrocarbon Anions such ad4 (Scheme 4) could be generated in two
solvents as decalin. In this way, 1-phenylnaphthalene (34%),alternative ways: through lithiation of the parent 9-alkyl-
1-n-butylnaphthalene (9%), and terphenyl (6% yield, mixture 9,10-DHA with n-BuLi or by sequential Birch reductien
of ortho and para regioisomers) were obtaiffedhe alkylation of the anthracene substrate. Several 9-alkyl-9,10-
hydrolysis of the reaction of phenylmagnesium bromide and DHA derivatives15 have been prepared according to these
naphthalene at 20TC afforded a mixture of 1-phenylnaph- methods.
thalene 12 and 1-phenyldihydronaphthalends (in ap- Methylation of anthracene by reaction of a THREH5:
proximately 17% yield) (Scheme 3). The proportion of 3y go|ytion of2 with MeLi (5.3 equiv) at 58-55 °C for 7 h
dihydro derivatives increased when the reaction was per-ang oxidation of the reaction mixture (20% conversion) with
formed at 150°C. The mixture was quantitatively dehydro- pg,c in xylene gave a mixture of 1-, 2-, and 9-methylan-
genated tdl2 with chloranil. thracene0:21:22 in a ratio of 7:1:92° Photolysis (Pyrex
Following the work of Dixon et al., the reaction of alkyl- filter, transparent to 300 nm) of an identical solution led to
lithium reagents with anthracen2 and the subsequent a new set of products that includes 9,10-DI2A (21%)
electrophilic quench were studied extensively, presenting besides the alkylated anthracerg(4%), 21 (21%), and
some inconsistent results. Thus, the stereoselectivity of the22 (15%). When the methylation was carried out in diethyl
reaction, the identification of the configuration and confor- ether under irradiation and using a very large excess of MeLi
mation of the stereoisomers generated, and the reaction(70 equiv), the analysis of the hydrolyzed reaction mixture
mechanism are aspects that raised considerable controversyshowed the presence of 9,10-DHX, 1-, 2-, and 9-meth-
The addition takes place smoothly using ethereal or hydro- yldihydroantracene24, 25, and 15a and their respective
carbon solvents in the presence of co-ordinating additives. aromatized derivative®0—22 (Scheme 5, top). The mixture
Intermediate 9-alkyl-10-lithio-9,10-dihydroanthracend was dehydrogenated with Pd/C, yieldia@(3%), 21 (12%),

R1
-
®
2 Li

14
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Scheme 5

1) MeLi (70 equiv),

Me Me
Et,0O, hv Me
2 - -
2)H,0
20 21 22 23
Me Me
Me
0 - - 0O
24 25 15a

1 1
1) RILi (2 equiv), R a5 R
Et,0, hv O‘O b Et
2 ¢ n-Bu
2) Hy0 d s-Bu
(60 -80%) e n-CqoHy

15b-e

1) n-BuLi (2 equiv),
Et,0O, hv
+
2) H,0
n-B

u

3 27 (27%) 28 (14%)
n-Bu

n-Bu

1) n-BuLi (2 equiv),

Et,O, hv O‘ n-Bu
+
OO 2) H,0

1 29 (20%) 30 (10%)

22 (19%), and 19% of recovered. The ESR spectrum Table 1. Dearomatized Compounds Obtained through Nucleo-
! . L. . C - hilic Addition —Hydrolysis of A tic Hyd b 1-3

measured after irradiation is consistent with an electron- Pomc ttion —Hydrolysis of Aromatic iy rlocar ons :

transfer/alkyl-transfer process. However, a mechanism in-_€ntry  SM RM R yield (%)

volving partial alkylation via anionic addition cannot be 1 2 MeLi Me 158 19
discarded. The photochemical alkylation of anthracene with 2 > e . 1o i
ethyl-, n-butyl-, s-butyl-, andn-_d_ecyl-lithium in diethyl ethe_r 4 2 sBuLi sBu 15d, 8C°
proved to be much more efficient. In all cases, good yields 5 2 N-CaoHzili n-CaoHay 15e°
of 9-alkyl-9,10-dihydroanthraceneksb—e were obtained ? % {:EL‘E 't:EL 12&2%’
using a 2:1 molar ratio of alkyl-lithium and hydrocarbon 8 2 PhCHLI PhCH, 15h, 80"
(Scheme 5; Table 1, entries-8).5! In the particular case of 9 2 CODLI cob 15i, 89
_lithi i 10 2 neophylLi neophyl 15j, 10
s-butyl .Ilthhlu(rjn, theb reagent m;t_antar;eogsllé/ adde_d tﬁ the n 5 CHCH(CH)Li cobth, 1ok »07
aromatic hydrocarbon, giving5din 80% yield even in the 12 2 CHK CoH, 151, 31
absence of irradiation. This is a remarkable solvent effect 13 3 n-BulLi n-Bu 27,2F
1 s-BulLi s-Bu 29, 20

as compared with the reaction carried out in decalin, which 14
required heating at 160C for 41 h*' The reaction in a After dehydrogenation of the dearomatized product. Data taken
benzene, under conditions similar to those used witDFt  from ref 50.° After dehydrogenation of the dearomatized product.
dropped the yield ol5d to 13%, whereas, in hexane, 96% ©Data taken from ref 51¢ Quenching the reaction withJD afforded

9-butyl-10-deutero-9,10-dihydroanthracene in a yield of 50¥ield
of anthracene was recovered. No alkylated products Werenotgiven.f Data taken from ref 49¢.For an improved procedure giving

observed for reactions with methyl- and vinyl-lithium. The  154in 459 yield see ref 66! Data taken from ref 52.Cyclooctadienyl.
study of the photolysis af-butyl-lithium and anthracen2 i Data taken from ref 53 Data taken from ref 54.
phenanthren8, naphthalené, and biphenyR6 revealed that
the reactivity decreased in the series anthracemqdenan- )
threne> naphthalene> biphenyl. Butylation of3 gave low Iso-propyl-*etert-butyl-,*** benzyl>? and cyclooctadienyl-
yields of 9n-butyl-9,10-dihydrophenanthren@7 (27%) lithium®52 added smoothly t® in THF without requiring
together with a 30% vyield of the aromatized derivati& photolysis. After acidic workup, the corresponding dihydro
The analogous reaction with naphthalene afforded a mixture derivatives15f—i were isolated (Scheme 6; Table 1, entries
of 1-butyl-1,2-dihydronaphthalen29 (20%) and 2-butyl- 6—9). In the reaction witht-BuLi minor amounts of two
naphthalene30 (10%) (Scheme 5; Table 1, entries 13 and additional dearomatized products were isolated. They were
14). No alkylation was found for bipheny6. assigned as the 1,2-dihydro derivatives resulting from the




1586 Chemical Reviews, 2007, Vol. 107, No. 5 Lopez-Ortiz et al.

Scheme 6
R 15 R’
DOPERY"
R! 2)H,0 g Bu
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1 :
, 1) R'Li, THF 1564 (27-97%) @“
R1

® 3) hv
Li 14 ) 31 R’
R'= i-Pr, t-Bu, PhCHz,O OOO a  PhCH,
3Mab b @*“
Me Me
Me Me Ph

LN 0P
HMPA

15§ (6-10%)

/ 8

() e CLUIC
AP 151 (31%)
s —— ) &2 e
NH; i 20°C HO ‘ ‘
32 a O + O
34 (24%) 35 (17%)
Ph ® |

Ph K@ i Ph
Ph
= )| e 22, T
e T 0
36
i O | 38 (1) 39

37

nucleophilic attack at positions 1 and 2 of the anthracene at room temperature. 9-Neophyl-9,10-dihydroanthradéije
ring. In the case ofl5i, a mixture of double-bond isomers was formed only when the reaction was performed in
of the cyclohexadiene moiety were formed. Interestingly, hexamethylphosphorotriamide (HMPA), albeit in very low
photolysis of the anionic adduct with visible or long- yie|d (6-10%) (Scheme 6; Table 3.The isolation of the
wavelength ultraviolet light at—80 °C resulted in the  h14q,ct with the alkyl substituent un-rearranged is consistent

elimination of LiH, leading to the aromatized produ8ts - - ; -
The ESR spectrum of the reaction mixture of benzyllithium with a favored polar process in the alkylation of aromatic
and 2 measured at-78 °C is identical to that of the hydrocarbons_, rather than a S_ET one. In fact, alkylation of
anthracene radical anion, suggesting that single electron-anthracene with 5-hexenyl-lithium at room temperature gave

transfer processes (SET) may compete with the nucleophilic€xclusively 9-cyclopentylmethyl-9,10-DHAS5k (Scheme
addition in the alkylation of anthracene with these organo- 6).>* Lithiocyclization of 5-hexenyl-lithium occurred rapidly
lithium reagents. in the temperature range from10 to 20°C. The formation

In contrast, the bulky neophyl-lithium did not undergo Of 15kindicates that intramolecular cyclization is easier than
reaction with anthracene in THF, &, and EfO-TMEDA intermolecular attack to the aromatic hydrocarbon.
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R1
1) RLi, THF, T °C O‘O
2 +
2) R2X
R2

Scheme 7

3) H,0

R'= Me, Et, i-Pr, n-Bu, t-Bu 18
R2= Me, Et, i-Pr, n-Bu

9-Alkyl-9,10-DHAs 15 exist preferentially in thel5d
conformation (Scheme 4). For'R= Et, i-Pr, andt-Bu the
alkyl group is almost entirely in the pseudoaxial orientation,
whereas for R = Me both conformers seem to exist at
equilibrium. On the basis of the homoallylic coupling

constants and chemical shifts observed for H9 and H10, a
contribution of 75% in the pseudoxial orientation has been

estimated?e
The 83t electron potassium cycloheptatrienide anion also

R1
R2
19
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15

1) n-BuLi, THF, T °C

2) R?X
3) H,0

Scheme 8
PhsSi

nucleophilic addition in THF, the process generally affords
mixtures of cis and trans isomet8 and 19, respectively

1) Ph3SiLi, THF

2) H;0*

adds to anthracene in liquid ammonia to give the dearoma-(Scheme 7§35 As mentioned above, these anions may be

tized anion32, which, upon protonation with ammonium
chloride, affords 9-(2,4,6-cycloheptatrien-1-yl)-9,10-DHBI

in 31% yield (Scheme 6; Table ¥)In diethyl ether at 20C,
anion32 undergoes an anionic cyclization leading to a new
anionic species33. Aqueous work yields a mixture of
cycloadducts34 and 35. The reaction has been extended to
9-phenylanthraceng6, with which the addition occurs in a
[1,4] manner giving rise, after treatment with NE, to a
1:1 mixture ofcis- andtrans-9-cycloheptatrienyl-10-phenyl-
9,10-dihydroanthracene38 and 39, respectively, in 98%

generated either through addition of alkyl-lithiums to an-
thracene or through metalation of 9-alkyl-9,10-DHAs with
n-BuLi. Both methods produced the same ratio of stereo-
isomers for the same anion/electrophile pair. The 9,10-
dialkyl-9,10-DHAs isolated include combinations of ethyl-,
iso-propyl-, n-butyl-, and tert-butyl-lithium with methyl,
ethyl, n-butyl, andiso-propyl halides? Under these condi-
tions, methyl-lithium does not add & However, heating
MeLi and anthracene at 5€C, followed by subsequent
guench with Mel, gives a mixture dfis- and trans9,10-

yield (Scheme 6). The higher yield of dearomatized products dimethyl-9,10-DHA in approximately equal amounts in 56%
thus obtained may be due to the higher solubility of substrate yield. This result contrasts with the much more complex

36 in liquid ammonia and/or the higher stability of the
intermediate anior37 compared to that 082.

Deuterolysis ofl4 (R' = Et) was reported to giv&6 with
total stereoselectivit§2>>However, later work showed that
the reaction leads to mixtures of cis and trans isoni€rs
and17 (Scheme 4), respectively, in a different ratio depend-
ing on the reaction conditions used. The addition of ethyl-
lithium to 2 in cyclohexane at room temperature ®h in
the presence oN,N,N',N'-tetramethyle-phenylenediamine
(TMOPD) and subsequent quench witblead to a mixture
of 16a and 17a in a ratio of 39:61°¢ Performing the

mixture obtained in the analogous methylatigrotonation
previously mentioned and might be due to differences
between the reaction mechanisms of both processes. Evi-
dence in favor of either a polar or a SET mechanism for the
dialkylation of anthracene has been reported. These aspects
will be discussed in section 2.1.4. The addition stage proceeds
smoothly in THF and triethylamine but fails completely in
petroleum ether or benzene. In the cis isomers, the substit-
uents exist in a pseudoaxial orientation and the boat-shaped
9,10-dihydroanthracene system becomes more flattened with
the size increase of the alkyl groups. In the trans stereoisomer

deuterolysis with deuteriotriphenylmethane gave 57:43 mix- the preferred conformation sets the largest substituent in the
tures ofl6aandl17a In THF as solvent at room temperature pseudoaxial orientation, thus minimizing the interactions with
and in the absence of chelating bisamine, equal proportionsthe peri hydrogen%:6:66

of both isomers were found, whereas the cis:trans ratio

changed to 64:36 when the anion was quenched with a2-1.3. Reactions with Heteroatom Nucleophiles

diluted solution of RO in THF at—20 °C.
Similarly, mixtures ofl6b and17b (ratio of 70:30 to 52:

There are just a few examples of nucleophilic attack of
negatively charged heteroatoms on an unactivated aromatic

48, depending on the temperature of the reaction) werering. Gilman and Marrs found that triphenylsilyl-lithium

obtained upon treatment of anthracedevith tert-butyl-
lithium in THF followed by the addition of BD. Interest-
ingly, in the presence of HMPA (THF/HMPA, 30:20 v/v)
only the cis isomef6b was formed’5°

The observed stereoselectivity in the alkylation of the
dearomatized aniond4 (Scheme 4) caused also some

controversy due to inconsistent results. It turns out that,

although in some cases a single stereoisomer is foffned,

the stereoselectivity of the reaction is a balance of several
factors, the most important one being the size of the alkyl

groups in the reactarffsand the solverftt Contrary to the
total cis stereoselectivity claimed by Harvey and D&/fisr

reacts with anthracene to give, after protonation of the
intermediate anionic adduct with diluted sulfuric acid, 9,10-
dihydro-9-(triphenylsilyl)anthracen® in 30% yield (Scheme
8).5” The reason for the low yield probably was due to the
participation of the dearomatized anion in alternative trans-
formations (e.g., disproportionation, polymerization, and
oxidation).

2.1.4. Mechanistic Studies of the Nucleophilic
Dearomatizing Alkylation

The elucidation of the mechanism of 9,10-disubstituted-
9,10-DHAs has attracted great interest. On the basis of the

the preparation of dialkylated dearomatized products via reaction products’ composition, either S&°64(Scheme
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9, route A) or polar mechanisfit$® (Scheme 9, route B)  However, this concept has been interpreted in different ways.
have been proposed for the thermal addition of organolithi- The reaction of alkyl halides with 9-alkyl-10-lithio-9,10-
ums to anthracene and subsequent reaction with electrophilesDHAs provides cis products for primary halides but trans
ESR spectra of solutions of the nucleophile and the aromaticproducts when both alkyl groups are large, the exception
hydrocarbon provide evidence for the presence of radical being the methylation of the 9-methyl derivative. In this case,
anions, which supports the participation of SET processesthe reaction proceeds with poor stereoselectivity. The ster-
in the pathway leading to the alkylated dearomatized eochemical outcome of these reactions has been explained
compounds$? However, when the reaction is performed by assuming a model involving an equilibrium between the
under photolytical conditions, it cannot be discarded that CIP isomersl4d and 14€ and the corresponding SSIP
direct addition of the carbanion to anthracene takes place tospeciesl4a and14'¢ (Scheme 10). Conformational prefer-
some extent’ Whatever the mechanism, the addition stage ences are determined by two factors. First, delocalization of
ends with the formation of a dearomatized carbaridn the negative charge through the neighboring rings is maxi-
which can be trapped with several electrophiles. The reactionmized when the anion is in the pseudoaxial position. Second,
with alkyl halides is generally better described as\® S  steric interactions of the alkyl substituent Rith the peri
displacemenff than as an alternate sequence consisting of hydrogens are minimized in the pseudoaxial orientation.
haloger-metal exchang® In this interpretation, the result-  Concerning the approach of the electrophile to the carban-
ing benzylic halide would undergo rapid coupling with the ionic center, access to the pseudoequatorial side of the
new alkyl-lithium formed to give the observed 9,10-dialkyl- p-orbital is hindered by the peri hydrogens, whereas tran-
ated products. sannular steric interactions between the electrophile dénd R

To shed light on the mechanism of nucleophilic additon ~ mMay be an important obstacle for a pseudoaxial attack. These
electrophilic trapping in anthracer the structure of the ~ arguments have been used to propose transition states A and
intermediate species formed was investigated. In a pioneeringB—C (Scheme 10) as responsible for the formation of,
work, Nicholls and Szwarc studied the ¥¢ss andH  respectivelycis- andtrans9,10-dialkyl-9,10-DHAS%09A
NMR?*spectra of anion4 generated through the reaction Kinetic study of the alkylation of a series of anioh4 (R*
of RILi (R = Me, Et, n-Bu) and2 in THF. Ultraviolet =~ = H, Et, i-Pr, t-Bu) with primary and secondary halides
spectra showed two absorption maxima of similar intensity Showed that for primary halides the preferred attack is on
at Amax = 400 and 450 nm. When the sample cools, the conformer 144; that is, the reaction proceeds through
intensity of the peak at 450 nm increases at the expense offransition state A? With an increase in the size of'Rhe
that atAmax = 400 nm, which disappears at temperatures reaction rate decreases and, concomitantly, the amount of
below—55°C. Interestingly, the UV spectrum of the lithium ~ trans productl9 increases. However, for the reaction with
salt of 9,10-DHA, prepared by the reactionrebutyl-lithium ~ Secondary alkyl halides, attack by yielding transition states
with the aromatic hydrocarbon, also showed two absorption B and/or C could be operative.
bands atlmax = 400 and 450 nm at temperatures below | the protonation of a series of 9-alkyl-16rt-butyl-9-
—60°C. The two species present in solution were identified |jthjum-9,10-DHAs, formed by metalation of either the cis
as ion pairs differently coordinated by the solvent. The o trans parent hydrocarbon withBuLi, Panek and Rodgers
shortest wavelength absorption corresponds to contact ionfound that the cis compound was predominantly obtained.
pairs (CIP), whereas the peakiaf = 450 nm is produced  However, addition of 6.5 equiv of HMPA or performance
by solvent separated ion pairs (SSIP). Addition of glyme-3 of the reaction in HMPA as solvent led to the exclusive
favored the formation of SSIP. From the analysis oftHe  formation of the trans produé.The anions have no memory
NMR spectra, it was concluded that the carbanionic center of the stereochemistry of their precursors. In agreement with
possesses a considerablécparacter and the anionic system previous studie&©d55the UV and'H NMR spectra of the
exists in a preferred nonplanar'conformatlon with the I|th|um lithium salts showed the existence of two types of ion pairs
cation and the alkyl group being Iocate_d on the same S|de(/1maX = 444 nm, CIPAmax = 464 nm, SSIP). In THF and
of the molecule. Although the conformation was erroneously HnPA the only species observed were absorbing at 464 nm.
assigned, subsequent studies carried out by other au-pe fact that the protonation of the anions in@and THF
thor$*%*%supported the main conclusions of this work.  goutions afforded mainly cis hydrocarbons implies that ion

The existence of the carbanion structured in ion pairs pairs of similar structure exist in these solvents. Moreover,
represents the basic concept for understanding the stereosehe inversion of the stereoselectivity in the protonation of
lectivity of the deuteration and alkylation of aniorigl. the anions with increase in the amount of HMPA was taken
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as an indication that a series of ion pairs with different at 0°C for 15 min led to 1-methylperylen®#4 in 85% yield.
environments are present in solution. They are spectroscopi-The methylation of pyrene to give 1-methylpyrene proceeded
cally indistinguishable in THF, HMPA, or ED-HMPA. also in good yields (60%). In this case, the reaction was
However, they can be chemically distinguished. On proto- carried out under UV irradiation at 254 nm. However, the
nation, contact and tight ion pairs preferentially formed the application of this procedure to the methylation of fluoran-
cis hydrocarbon, whereas loosely associated ion pairs andhene45 produced 1-methylfluoranthedd in only 5% vyield,
free ions led to the preferred generation of trans products. the major product being the dearomatized dimethyl derivative
The anion is considered to be essentially flat, and the cation48 (35%) (Scheme 11). The formation 48 was explained
can drive the protonation in gD and THF solutions by by trans alkylation of the aniod6, resulting from the
coordination to the proton donor. The same model was usedaddition of MeLi to45 with methyl iodide arising from the

to explain the reaction course of the protonation and decomposition of the excess of methyl-lithium employed.
deuteration of 10-alkyl-9-lithio-9,10-DHAs. Hence, boat-to- Compound48 was obtained quantitatively when Mel was
boat equilibrium is not a necessary condition to account for added instead of iodine. The synthesisA8frepresents the
the stereochemistry of these reactions. Similar conclusionsfirst example of a nucleophilic addition on a nonalternant
were obtained througHC NMR spectroscopy in the analysis aromatic hydrocarbon.

of the alkylation of aniond4.”* As mentioned above, the Recently, a new example of a conjugate addition to a
possible role of an electron-transfer mechanism cannot benonalternant aromatic hydrocarbon has been reported. Treat-
excluded. It is known that HMPA favors one-electron ment of cyclophanend9 with n-butyl-lithium followed by

reduction of anthracene by alkyl-lithiunis. guenching with methyl iodide afforded compous@l(Scheme
11)77 The driving force for the reaction was attributed to

2.2. Polycyclic Aromatic Hydrocarbons with More the relief of strain in the annelated acenaphthylene unit of

than Three Rings 49 by addition of the organolithium reagentButyl-lithium

) underwent reaction with thiacyclophanebg in a similar
Zieger and co-workers reported the butylafforand  manner, leading to the isolation 58 as a mixture of isomers.
ethylatiorf* of perylene42 by treating it withn-BuLi and In this case, prior to the nucleophilic addition step, the
EtLiin THF and refluxing benzene, respectively. Low yields  ihigether moiety suffers a Wittig rearrangement, giving the

of 1-butyl- (13.2%) and 1-ethylperylene (2%) were obtained; jntermediates2. Methylation of53with dimethoxycarbonium
these were the first examples of substitution of the perylene fjoroporate caused the eliminatiemalence isomerization
ring at a position other than C3. Under the reaction conditions 1 produces4, illustrating a further example of the classic
used the intermediate adducts eliminated lithium hydride t0 14 ;-e annulene aromaticif§.

give the aromatized products. By performing the methylation

of 42with MeLi in benzene at 80C for 24 h in the presence 3. Benzylic Systems

of a stoichiometric amount of,N,N',N'-tetramethylethyl- Nucleophilic dearomatizing reactions (Br) of aromatic
enediamine (TMEDA) it was possible to isolate the meth- pyqrocarbons bearing a benzylic fragment have been achieved
yldihydroperylenesi3in 33% yield’ Dehydrogenation of  mainly through § processes. As discussed below, the
43 over 5% palladium-carbon afforded 1-methylperylene |eaving group at the benzylic position is displaced in a
44 (Scheme 11, top). The use of neophyl-lithium failed under ¢onjugate manner generally through nucleophilic attack to
similar conditions?® Interestingly, phenanthrerg did not the C10 position of an anthracene ring in a [1,5] manner,
Undergo reaction with methyl-llthlum in bOIIIng benzene. |eading to the formation of an exocycnc carbecarbon

In later work, Carlson et al. described an improved method double bond and, consequently, to a dearomatized compound.
for the methylation of perylene in high yiel@Hydrocarbon Reactants and products have the same numbeet&ctrons,
42 was treated with 2 equiv of MeLi in THF at78 °C, although with a different distribution (see Schemes-23).
and the reaction was allowed to reach room temperatureExtended conjugation of the unsaturated system provides the
overnight. Further oxidation with iodine in dichloromethane stabilization necessary to isolate the dearomatized derivatives.
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3.1. Anthrylmethyl Halides and Alcohols
3.1.1. Reactions with Hydride Transfer Agents

In a study of the mechanism of the hydride reduction of
alkyl halides, Nojima et al. found that the treatment of (9-
anthryl)arylmethyl chlorides and bromides5a—i with
lithium aluminum hydride (LAH) in diethyl ether, THF, or
diglyme afford mixtures of product6 and57, both resulting
from the reduction of the anthracene ring at-X and at
C10, respectively (Scheme 12; Table’2)n the reaction in
Et,O solution, the decrease in the rafiG57 correlates with
the increase of the electron-withdrawing ability of thé R

group at the Ar substituent (Table 2). In the presence of 12-

crown-4 ether, the reactivity of the chloridBSa—e toward

tion is 55g (Ar = C¢Hs; R = H; X = Br), which affords a
mixture of 56 and57 in 91% yield and in a ratio 78:2%.
The reaction ofb5c (Ar = CgHs; Rt = H; X = CI) with
cycloheptatriene as hydride donor in sulfur dioxide also gave
a 1:1 mixture of56 and57 in 80% yield®?

Interestingly, the reduction of chlorideS5a—e and
bromidess5f—i afforded similar product distribution. In the
reduction of bromide$5f—i small amounts of dimers8
(Co—C, coupling),59 (Cy—Ci coupling), ands0 (C10—Cyo
coupling) were also obtained. Formation 58—60 was
inhibited by performing the reaction in the presence of
tributyltin hydride, indicating that these dimers proceed from
the coupling of (9-anthryl)arylmethyl radicald.

The results of the reduction &5 with different hydride

the reduction decreased notably. These results were intertransfer reagents under a variety of conditions suggest that
preted as evidence of lithium cation assistance to the cleavagen dry solvents compoundss and57 are formed via §and

of the carbor-halogen bond.

Lithium triethylborohydride in THE and sodium boro-
hydride in aqueous diglynie also effected reduction of
halides55 to give mixtures of anthracenyl derivativeé®
and dearomatized compounds’. Electron-withdrawing
substituents in Ar favored the formation 57 with respect
to the aromatized compour&b (Table 3). The same trend
is observed when the steric crowding at the-Cl increases
(cf. entries 3, 10, and 11 in Table %).However, in
trifluoroacetic acid, the reaction 86a—e with NaBH, gives
almost exclusively anthracene hydrocarbb68* The excep-

S\' displacement reactions, respectively. However, in protic
media, the distribution of products and the rates of reaction
are consistent with a reaction mechanism involving the
participation of cationic intermediate species.

Under the conditions used for the reductions, the dearo-
matized products were stable, suggesting that they were
formed under kinetic control. The quinoidal compounds were
converted into the isomeric aromatized derivatives by treat-
ment with either an acid ($$Qy) or a baset{BuOK/t-BuOH
or n-BuLi/Et,0). However, the stability of 9,10-DHAs was
raised when the bulkiness at the benzylic carbon was
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Ar= R2—<jﬁ OO 100:0 to 25:75

R'=H, Me, CgHs
R?=H, 3-Cl, 4-Cl, 4-Me, 4-MeO
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Scheme 12

1) LiAlH,4, Et,0, or THF, or diglyme. 2) LiBEt3H, THF. 3) NaBH,4, H,O/diglyme

Table 2. Distribution of Products in the Reduction of (9-Anthryl)arylmethyl Halides 55 with LiAIH 4 in Et,O and THF?2

LiAIH 4/EtO° LiAIH 4/EO° 12-crown-4 LiIAIH/THP?
entry SM Ar R X prod vyield (%) ratio56:.57 yield (%) ratio56:57 yield (%) ratio56:57
1 55a  4-MeO-GH. H Cl a 95 100:0 30 85:15 95 68:32
2 55b  4-Me-GsHq4 H Cl b 95 90:10 15 55:45 63 27:73
3 55c CeHs H Cl c 49e 79:21 7 45:55 26 26:74
4 55d  4-Cl-GsH4 H Cl d 33 74:26 7 66:36 19 46:54
5 55e 3-Cl-GeHa H Cl e 11 71:29 7 96:4 16 69:31
6 55f 4-Me-GsH, H Br b 93 79:21 87 31:69
7 559 CeHs H Br c 92 68:32 87 29:71
8 55h  4-Cl-GsH4 H Br d 79 66:34 77 49:51
9 55i 3-Cl-GsHa H Br e 76 61:39 55 72:28

a Data taken from ref 79 Ten molar equivalents of LiAlidat 20°C for 10 min.© Reaction performed in the presence of 2 equiv of 12-crown-4
at 20°C for 60 min.? At 38 °C and 120 min: yield of 72%, rati66:57 of 82:1882 € With cycloheptatriene in S£at 20°C for 10 min: yield of
80%, ratio56:57 of 50:5082

increased, as the stabilization achieved by aromatization ischloride in ethanol and with thionyl chloride and pyridine
surpassed by the destabilizing effect of the steric interactionin benzene gavb7l and57m, respectively, in acceptable to
with the peri hydrogens in the corresponding anthracene good yields.

isomers??
Similar to chlorides55a—e, treatment of anthrylmethyl ~ 3-1-2. Reactions with Carbon Nucleophiles
alcohols6la—e with sodium borohydride in trifluoroacetic The reactivity of (9-anthryl)arylmethyl halidés toward

acid gave products with a quinoidal structure for those Grignard and lithium reagents under a variety of conditions
derivatives bearing electron-withdrawing substituents (entries was also investigated to obtain insight into the reaction
18 and 19 of Table 3; Scheme 13). mechanism. The reaction of chloridBSa—d or bromides

In the search for a method of preparing 'S%déanthryl- 55f—h with a series of organomagnesium bromides in diethyl
methan&6k (Scheme 14), Applequist and Swart found that ether afforded a mixture of 362), and C10 alkylationg3)
the reduction of the 9;ianthrylcarbinol61f with a 2:1 products (Scheme 15; Tables 4 and 5), together with the three
mixture of aluminum chloride and LAH in diethyl ether dimerization product$8, 59, and 60 already observed in
afforded 57k in almost quantitative yield (Scheme 1).  the hydride reduction of bromideésbf—i (Scheme 12), and
Isomerization of57k to the target compound6k was two reduction productst@ and65).8* The product composi-
achieved by treatment with potassiutert-butoxide in tion is insensitive to the halid®5 used. The alkylated
refluxing tert-butanol. The facile formation of the dearoma- derivatives62 and63 may be formed by direct nucleophilic
tized system was demonstrated by synthesizing two ad-substitution or through a SET mechanism, in which a radical
ditional examples. Thus, the reaction 6ff with zinc from the Grignard couples to a radical from the halide within
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Table 3. Distribution of Products in the Reduction of (9-Anthryl)arylmethyl Halides 55 and Alcohols 61 with LiAlH,4 in Diglyme,
LiBEtsH in THF, and NaBH 4 in Aqueous Diglymé*

LiAIH 4/diglyme® LiBEtsH/THF® NaBH,/80% diglymé
entry SM Ar R X prod vyield (%) ratio5657  vyield (%) ratio56:57  yield (%)  ratio56.:57
1 55a 4-MeO-GH4 H Cl a 76 68:32 83 41:59 81 100:0

2 55b 4-Me-GsHa H Cl b 44 50:50 68 18:82 81 45:55
3 55¢ CeHs H Cl c 28 43:57 70 11:59 86 42:58
4 55d 4-Cl-CgH4 H Cl d 63 85:15 56 18:82 96 33:67
5 55e 3-Cl-GsHa4 H Cl e 70 95:5 50 16:84 86 33:679
6 55f 4-Me-GeHa H Br b 73 47:53 88 46:54
7 55g CeHs H Br c 53 40:60 95 37:63
8 55h 4-Cl-CeHq H Br d 68 73:27 94 32:68
9 55i 3-Cl-GeHa H Br e 69 92:8
10 55/  1-naphthyl H cl f 81 25:7%
11 55k 9-phenanthryl H Cl g 86 33:67
12 55l CeHs Me Cl h 80 45:55
13 55m  CgHs CeHs  Cl i 90 100:0
14 550 1-naphthyl GHs cCl i 82 72:28
15 6la 4-MeO-GHg, H OH a 74 100:0
16 61b 4-Me-CsHy H OH b 78 100:0
17 61c CeHs H OH c 95 100:0
18 61d 4-Cl-CgH4 H OH d 90 68:32
19 6le 3-Cl-CgH4 H OH e 91 57:43

2 Data taken from ref 79 Ten molar equivalents of LiAlidat 20°C for 10 min.¢ Five molar equivalents of LiBE# at 20°C for 60 min.® Five
molar equivalents of NaBHat 20 °C for 30 min.© At 50 °C for 120 min: yield of 92%, rati®6:57 of 43:57%2 fData taken from ref 8% In
trifluoroacetic acid at @C for 5 min: yield of 91%, raticb6:57 of 78:228 " Data taken from ref 81.Reaction time of 5 mif®  Reaction
performed in trifluoroacetic acid at @ for 5 min. Data taken from ref 80.

Scheme 13
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Ar 4—MeO—CGH4 4-Me-CeH4 C6H5 4—C|—C6H4 3—C|—CGH4
Scheme 14

t
CHOH 1) or 2) or 3) CH KOBU', t-BuOH CH,
209 COoo T o

61f H R 56K

57 R' Yield(%)

k H 94

I OEt 72

m Cl 51

1) i) AIClI3, LiAlHg4, Et,0; ii) AcOEt, 20% H,SO4
2) i) ZnCl,, EtOH; ii) HCI
3) i) SOCI,, pyridine, benzene; ii) reflux; iii) vacuum distillation

a cage. (9-Anthryl)arylmethyl radicals that escape from the ratio) and a § mechanism for the reactions of PhMgBr (i.e.,

cage might dimerize to givB8—60. The product composi- large para substituent effect on t6263 ratio and very low
tions shown in Tables 4 and 5 are consistent with a rate- yield of dimeric products). The reaction of methylmagnesium
determining SET step for the reactions witért-butyl-, bromide represents the borderline between both mechanisms,

isopropyl-, and ethylmagnesium bromides (i.e., absence ofwith the alkylation products being formed via nucleophilic
substantial para substituent effect on B#263 and 59:60 substitution and the dimers through a SET process. The yield
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a OMe c¢I 100:0 to 21:79
b Me ClI
c H Cl
d o] cl
f Me  Br
g H Br
h o] Br
58/59/60
64/65/67 R?
a OMe
b Me
c H
d cl

of dimers 58—60 increases when the methylation is per- resulting from hydrogen abstraction of the solvent and the
formed with MeMgl, as this Grignard reagent is expected starting halides5.

to have a lower ionization potential than the corresponding Methyl- and ethyl-lithium undergo reaction wiba—d
bromide, favoring the SET mechanism. Additional support i giethyl ether to give a mixture of products similar to that
for these conclusions came from the reaction with MeMgBr o nd in the analogous reaction of ethylmagnesium bromide
carried out in the presence pidinitrobenzenefDNB). The (Table 6). Once again, the virtually constant ratios of
dinitro compound is a well-known trapping agent of orga- g|kylated compoundé2:63 and dimers59:60 indicate that
nometallic reagents and radical anions. Its presence in theg SET mechanism is operative for both organolithium
reaction medium led to a significant increase in the yield of eagents. In the case of MeLi, this behavior contrasts with
alkylation products, and the ratié263 increases with the  {hat gbserved in the reaction with MeMgBr. Furthermore, a

increment of the electron-donating ability of the para qyinoidal producs7 (Scheme 15) involving the participation
substituent R as expected for a nucleophilic substitution ¢ the solvent was also formed in the reactions of MeLi.

mechanism. . . . .
Stabilized carbanions such as sodium diethyl malonate and
The use of THF as solvent in the reaction of Grignard sodium diacetylmethane also underwent reaction witt-9-(
reagents with chloride5a—d produced a remarkable  chlorobenzyl)anthraceng5c to give as major compound
change in the product composition (Table 5). The para quinoidal product$3u,v resulting from the preferred attack
substituent effect on the ratios @263 and alkylation/  of the bulky nucleophile at the C10 position of the anthracene
dimerization products suggests that alkylation takes placering (Scheme 16; Table 63.In the reaction with sodium

by a nucleophilic displacement. Addition of FeQb the diethyl malonate, the anthryl carbindlcwas also obtained
reaction medium results in a notable acceleration of the in a yield of 22%.

reaction and promotes the almost exclusive formation of

dimers58-60. This result implies that organoiron species  3,1.3. Reactions with Heteroatomic Nucleophiles

participate in the process and favor a SET mechanism. In

the reactions with MeMgBr, a new produ®® (Scheme 15) The nucleophilic displacement of halide from (9-anthryl)-
with a quinoidal structure was obtained in yields ranging arylmethyl chlorides and bromideS5 was extended to
from 5 to 35%. The formation 086 was rationalized by a  reagents bearing nucleophilic oxygen and nitrogen atoms.
mechanism involving the coupling between the radical Sodium ethoxide in ethanol, sodium methoxide in methanol,
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Table 4. Distribution of Products in the Reaction of (9-Anthryl)arylmethyl Chlorides 55 with Grignard Reagents®

R3MgBI/Et,OP

R3MgBI/pDNBY/Et,0

alkylation (%}

dimerization (%) alkylation (%o} dimerization (%

entry SM R3 [ratio 62:63] [ratio 59:60] [ratio 62:63] [ratio 59:60]
1 55a MeO t-Bu a, 40 [35:65] a, 42 [59:41ph
2 55b Me t-Bu b, 48 [30:70] b, 36 [58:42p"
3 55¢ H t-Bu ¢, 42[29:71] ¢, 37 [50:507
4 55d Cl t-Bu d, 43[27:73] d, 39 [51:49}
5 55a MeO i-Pr e, 66 [50:50] e, 25 [560:509"
6 55b Me i-Pr f, 68 [34:66] f, 26 [53:47p" 54 [42:58] 39 [68:32]
7 55¢ H i-Pr g, 66 [33:67] g, 26 [52:48]
8 55d Cl i-Pr h, 64 [33:67] h, 25 [50:507
9 55a MeO Et i, 88[84:16] i,9[61:39p"
10 55b Me Et j, 90 [54:46] j, 6[58:42ph 84 [51:49] 10 [52:48]
11 55¢ H Et k, 85 [49:51] k, 12 [56:44]
12 55d Cl Et I, 75 [44:56] I, 18 [52:48} 74 [40:60] 21 [53:47]
13 55a MeO Ph m, 96 [68:32] m, 4 [60:40]
14 55b Me Ph n, 100 [42:58]
15 55¢ H Ph 0, 92 [23:77] n, 8 [56:44]
16 55d Cl Ph p, 96 [22:78] 0, 4 [60:40]
17 55a MeO Me g, 100 [92:8]
18 55b Me Me r, 75 [62:38] p, 25 [59:41] 90 [62:38] 10 [55:45]
19 55¢ H Me s, 66 [41:59] g, 34 [50:50] 96 [43:57] 4 [50:50]
20 55d Cl Me t, 33 [46:54] r, 67 [50:50] 89 [38:62] 6 [55:45]

a Data taken from ref 84 Five equivalents of Grignard reagent at® for 2 h. ¢ p-Dinitrobenzened Nine equivalents of Grignard reagent and
1 equiv of p-DNB at 0°C for 2 h.¢Normalized, 100%= % alkylation+ % dimerization+ % reduction.f Normalized, 100%= % alkylation+
% dimerization+ % reduction+ % unreacted chloride.Dimer 58 was also obtained in yields of3%. " Reduction producté4 and65 were also
formed in yields ranging from 2 to 21%.

Table 5. Distribution of Products in the Reaction of
(9-Anthryl)arylmethyl Chlorides 55 with Grignard Reagents?

RMgBIr/THF®

alkylation (%}

dimerization (%9

contrast, the yield of anthracene derivatives increased when
the access to the ring position is hindered by the presence
of a phenyl substituent (cf. entries 3/12 and 9/13 in Table 7
and 2/14 and 4/15 in Table 8). As expected, the yield of

entry SM R R [ratio 6263 [ratio 59:60] anthracene$8 increases as the substituent at the benzylic
1  55a MeO iPr e 71[39:61] e 27 [55:45| position becomes larger (cf. entries 3, 9, and 10 in Table 7).
2 55b Me i-Pr f,60[21:79]  f,35[52:48] The rearrangement of quinoidal compounds into the
2 ggg (|_:|| ::E{ b gg [[g;g]] H gg [[ig':gg]ff isomeric aromatized derivatives in the presence of an acid
5 552 MeO Et i,77[69:31] i, 23[69:31} or a base or simply through column chromatography on silica
6 55b Me Et |, 30[50:50] j, 70 [48:52} gel or on alumina showed the same trends already mentioned
7 55 H Et k, 1341:59] k, 87 [47:53] for the 9,10-DHAS57.80
8 55d Cl Et  1,23[36:64] I, 77 [54:46]

M M ,79[83:17 , 21 [63:37 :

o o me me Ml Sl 3.2 Anthrylmethyl Ammonium Salts
11 55¢c H Me s, 19 [42:58] d, 19 [50:50] . . -
12  55d Cl Me t, 14[39:61} r, 14 [50:50] In contrast to the previously described dearomatizations

involving anthrylmethyl chlorides, the reaction @0 with

aData taken from ref 842 Five equivalents of Grignard reagent at
0°C for 1 h.¢Normalized, 100%= % alkylation+ % dimerizatior-
% reduction+ % unreacted chloride- % 66. ¢ Reaction time of 120
min. ¢ Dimer 58 was also obtained in yields of3%. " Reduction
products64 and65 were also formed in yields ranging from 2 to 21%.

sodium diethyl methylmalonat&1l as nucleophile gave
exclusively the substitution produ¢Ravia a $2 displace-
ment (Scheme 18). Apparently, quaternary ammonium salt
73a behaves similarly when allowed to react with a sto-
ichiometric amount of the same nucleophile. However, the
methanol and ethanol in the presence of triethylamine, anduse of a substoichimetric amount @1 revealed that the
sodium azide in agqueous DMF underwent reaction with transformation is actually a stepwise process. Under such
halides55 to give mixtures of substituted anthracerGs conditions, the dearomatized derivativela is isolated
and 9,10-dihydro derivative9 (Scheme 17; Tables 7 and (Scheme 185° This compound is transformed into the final
8).80-82 product72aby reaction with71. a-Lithiated nitroparaffins

For halides55 unsubstituted at C10, the yield of quinoidal  75a—c also produce thexSdisplacement of the ammonium
products increased with the increasing electron-withdrawing group of 73, affording high yields of compounds4b—d.
ability of the substituent at the Ar moiety. Substituents at The intermolecular nature of the process is further demon-
the C10 position produced two opposing effects. On the one strated by the formation df4b in 91% yield when74ais
hand, the increase of positive charge at that position is treated with 10 equiv of lithium 2-nitropropar#ba at 25
advantageous for aSreaction, whereas, on the other hand, °C. These results suggest that the mechanism of the reaction
crowding at that position might prevent the approach of the involves two stages. First, nucleophilic attack to the C10
nucleophile, favoring the formation of products of nucleo- position of 73 with conjugated displacement of the am-
philic substitution at the benzylic carbon. The product monium group affords dearomatized intermediatésSec-
distribution obtained fob5c (R = H) and 55| (R = Me) ond, addition of the nucleophile to the exocyclic carbon
indicates (cf. entries 3 and 11 in Tables 7 and 8) that steric carbon double bond of4 is followed by rearomatization
effects are of minor importance for a methyl substituent. In due to the elimination of the stabilized anions or 75.
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Table 6. Distribution of Products in the Reaction of (9-Anthryl)arylmethyl Chlorides 55a—d with Alkyl-lithium Reagents and Stabilized
Carbanions®

RALi/Et,O° NaCH(CQEt),/DMF¢ NaCH(COMe)DMF¢
alkylation (%} dimerization (%) alkylation (%) alkylation (%)
entry SM R R® [ratio 62:63 [ratio 59:6Q [63] [ratio 62:63]
1 55a MeO Me q, 53 [54:46] s, 31 [50:50]
2 55b Me Me r, 32 [46:54] p, 34 [61:39]
3 55¢ H Me s, 29 [47:53] q, 46 [51:49] u, 36 v, 49 [16:84]
4 55d Cl Me t, 30 [51:49] r, 51 [53:47]
5 55a MeO Et i, 70 [46:54] i, 29 [43:57]
6 55b Me Et j, 68 [52:48] j, 32 [51:49]
7 55¢ H Et k, 67 [51:49] k, 30 [54:46]
8 55d Cl Et |, 66 [56:44] I, 30 [54:46]

aData taken from ref 842 Five equivalents of alkyl-lithium at OC for 2 h.¢One equivalent of sodium diethylmalonate at %D for 2 h82
4 Three equivalents of sodium diacetylmethane atG@or 2 h8 €Normalized, 100%= % alkylation+ % dimerization+ % reduction+ % 55.

Scheme 16
R3Na DMF
O O O O
0,
R3= CH(CO,Et),, CH(COMe), 63 (22%)
62/63 R?
u CH(CO,Et),
v CH(COMe),
Scheme 17

Ar_X (a) NaOEt-EtOH Ar Y Ar _H
(b) EtOH-Et;N |
) e, (-
+
(d) MeOH-Et;N
R! R'Y

R (e) NaNs-aq DMF
55a-h (75-96%) 68 69 68:69
55j-p 100:0 to 0:100

Table 7. Distribution of Products in the Reaction of (9-Anthryl)arylmethyl Halides 55 with EtOH and NaOEt (Y = OEt)?

Nu = EtOH° Nu = NaOE®
entry SM Ar R X prod yield (%) ratio68.69 yield (%) ratio68:69
1 55a 4-MeO-GH, H Cl a 91 100:0 80 100:0
2 55b 4-Me-GsH, H Cl b 95 49:51 82 54:46
3 55¢ CeHs H Cl c 84 33:67 86 26:74
4 55d 4-Cl-GsH4 H Cl d 92 21:79 96 24:76
5 55e 3-Cl-CgH4 H Cl e 91 13:87 91 14:86
6 55f 4-Me-GeH4 H Br b 93 50:50 91 40:60
7 55g CeHs H Br c 91 22:78
8 55h 4-Cl-CeHg4 H Br d 94 22:78
9 55j 1-naphthyl H Cl f 8¢ 12:82 92 9:91
10 55k 9-phenanthryl H Cl g 9¢ 0:100 95 0:100
11 55l CeHs Me Cl h 91 10:90 88 21:79
12 55m CeHs CsHs Cl i o 100:0 99 100:0
13 55n 1-naphthyl GHs Cl i 89 100:0 9t 100:0

a Data taken from ref 802 Reaction performed in the presence of 3 equiv of triethylamine 4C2@r 5—30 min.© Three equivalents of sodium
ethoxide in ethanol at 20C for 5-30 min.d Data taken from ref 81.

Nearly a decade later, Nojima et al. reported an additional group and the poor leaving ability of triethylamine, the
application of substrateg3 for the preparation of 9,10-DHAs  authors envisaged the synthesis ot through hydride
74. These type of compounds, unsubstituted at the methylenereduction of salt¥3. The treatment o73a—c with LAH in
carbon, are generally unstable relative to the aromatizeddiethyl ether gave predominantly 9-methylidene-9,10-dihy-
derivatives®® Considering that, compared to the benzylic droanthracenes4e—g together with small amounts of
substitution in70, the nucleophilic attack to the aromatic = 9-methylanthraceneg6 (Scheme 19%7 In the reaction of
ring in 73was a consequence of the bulkiness of the amino salt 73c (R* = i-Pr) with 3 equiv of LAH, two additional
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Table 8. Distribution of Products in the Reaction of (9-Anthryl)arylmethyl Halides 55 with MeOH, NaOMe, and NaNz?

Lopez-Ortiz et al.

Nu = MeOH (Y = OMe) Nu= NaOMe& (Y = OMe)

Nu= NaNg? (Y = Ny)

entry SM Ar R X yield (%) ratio68:69 yield (%) ratio68:69 yield (%) ratio68.69
1 55a  4-MeO-GH, H Cl 85° k, 75:25
2 55b 4-Me-GsH4 H Cl 75 I, 37:63
3 55¢ CeHs H Cl 90 m, 33:67
4 55d 4-Cl-CgHa H Cl 94 n, 28:72
5 55e 3-Cl-GsHa H Cl 96 0, 24:76
6 55f 4-Me-GsHa H Br 93 I, 36:64
7 559 CeHs H Br 89 w, 30:70 89 m, 26:74
8 55h 4-Cl-CeHg4 H Br 91 n, 26:74
9 55j 1-naphthyl H Cl 88 p, 28:72
10 55k 9-phenanthryl H Cl 99 g, 32:68
11 55| CeHs Me Cl 94 11:89 85 X, 57:43 80 r,27:73
12 55m CeHs CeHs Cl 95 100:0 95 y, 100:0 83 s, 65:35
13 55n 1-naphthyl GHs CI 8% t, 54:46
14 550 4-Me-GeHy CgHs ClI 83 u, 76:24
15 55p 4-Cl-CgHa CeHs Cl 85 v, 64:36

a Data taken from ref 802 Reaction performed in the presence of 3 equiv of triethylamine &C2for 5—30 min. € Ten equivalents of sodium
methoxide in methanol at 2TC for 5-30 min. 9 Three equivalents of sodium azide in aqueous DMF at@@or 5—-30 min.¢In DMF: yield of
85%, ratio68f.69f of 68:32." In DMF: yield of 94%, ratio68g69g of 32:68.9 Data taken from ref 81.

Scheme 18
Me
cl CO,Et
CO,Et
® S
+ Na [CH3C(CO,Et),] ——
71 (90%)
70 72a
®
N(Me)sCI® Nu
® o 71175
+MNu — N
(80 - 89%)
71175
73a H Nu 72
® ) 74a-d 72/74  Nu
75:Li [R'R CNOZP
) ) a CH;C(CO,Et),
75 R R b (CH3),NO,
a CHy; CH; ¢ CH3CH,(CH3)CNO,
b CH; CH,CH, d NO
¢ CHy(CHy)sCH, Q 2
Scheme 19
(Me 3<;| Me H Me
s QOO CLOC
Et20 or THF H CH2
H R1 R1 H R1
73 74e-g LiAH, 76 ® 77
8-50% Me y H R1
73 R! 73
a H 74 R / 8
b ChHs e H
Ha),CH
¢ (CH;),C f CHs R’
g (CH3),CH
79

products,77 and78, were obtained in yields of 17 and 14%, significantly. The formation of 7 and78 was explained by
respectively (Table 9). When the reduction was performed assuming the participation of anionic spec&resulting
in THF as solvent, the yield of these byproducts increased from the addition of hydride t&/4 due to the increased
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Table 9. Distribution of Products in the Reaction of 3.4. Ch|0r0methy|benzenes and
(9-Anthrylmethyl)trimethylammonium Chloride 73 with LAH 2P Chloromethylnaphthalenes
. yield (%)
equiv

In sharp contrast to the limited scope of the alkylation

entry R prod of LAH 74 76 77 78 . .
processes previously mentioned, Yamamoto and co-workers

1 H a 1 48(32) 3 (6) 4 devised a very efficient method for the allylative dearoma-
2 H a 3 (8) 17(5) 38 25 o

3 CH b 1 48 (40) 3(7) 8 14 tization of chloromethylbenzen&¥ and -naphthalene88

4 CHs b 3 (44) 8(8) 23 45 based on a different approach: transfer of the allyl group of
5 i-Pr ¢ 1 35(33) 2(1) 5 33 allyltributylstannane in the presence of Pd(0) catalyst. The
6 i-Pr ¢ 3 (50) 2(10) 12(17) 20(14)  mild and neutral reaction conditions used allowed the isola-

aReactions performed at 7 for 1 h.b Data taken from ref 87.  tion of the dearomatized produ@$ and90 without isomer-
¢Yields given in parentheses correspond to reactions performed inization to the corresponding aromatized compounds (Scheme
diethyl ether at 35C for 5 h. 23; Table 12¥° For the ortho-, meta-, and para-methyl-
substituted derivatives @7 slightly longer reaction times

nucleophilicity of LAH in THF as compared with diethyl ~Were required in comparison with the unsubstituted system.
ether. Table 9 shows the distribution of products obtained AS expected, allylation of the naphthalene ring8bccurred

in diethyl ether and THF as a function of the relative Much more rapidly than for the phenyl system (Scheme 23).
concentration of LAH. p-Bromobenzyl andp-methoxybenzyl chlorides afforded

mixtures of doubly allylated produc&8gand91la with the
) dearomatized compound being the major component of the
3.3. Anthrylmethyl Hexachloroantimonates mixture (Table 12, entries 7 and 8). Double and triple allyla-
The treatment of (9-anthryl)aryl hexacholoroantimonates tion of benzene derivatives containing tw&yi, and three,
80 (Scheme 20) with a variety of nucleophiles afforded 87j, benzyl chloride groups, respectively, proceed smoothly
almost exclusively anthracene products derived from nu- as well (Scheme 23). In a similar way, allylibenzylic
cleophilic attack to the benzylic carbon. Only the reactions coupling products were formed in these cases. In &,
with hydride transfer agents (LiAlii NaBH,, and cyclo- was the major product of the reaction &fi, probably due
heptatriene, CHT) and PhMgBr gave mixtures of anthracene to steric congestion. The mechanism proposed for the allyl-
derivatives56, 62, and 68 and dearomatized producis, ative dearomatization involves the oxidative coupling of the
63, and69 (Scheme 20; Tables 10 and $2§28Compound aryl chloride to the Pd(0) catalyst to give a Pd(ll) complex,
80f (R! = i-Pr; R = H), having an isopropyl group at C10, which is in equilibrium with the corresponding-allyl
was the exception (Table 11, entry 6). This chemical behavior derivative. The latter reacts with the allyltributylstannane,
is almost reversed in (9-anthryl)diphenylmethyl hexachlo- furnishing a bisz-allylpalladium intermediate that upon
roantimonate81. In this case, crowding increase at the reductive coupling yields the dearomatized product and Pd-
benzylic site prevents the approach of the nucleophiles, (0).
favoring the capture at the ring position. Depending on the
nucleophile used, quinoidal produ@4 are obtained exclu-
sively or as a mixture with anthracer@&3(Scheme 21; Table 4. Aryl Ethers

10). However, the substitution of the hydrogen at the C10  Not unexpectedly, nucleophilic addition to aryl ethers is

position of 81 by a phenyl group, as in compourgP practically unfeasible unless the ring charge density increase
(Scheme 22), inhibited the nucleophilic attack on that caysed by the ether moiety is compensated by binding
position. The reactions 2 with NaBH,, LiAIH 4, NaN, electron-withdrawing substituents to the aromatic system.

productsB5 (Scheme 22; Table 10). Apparently, the reaction ethers toward nucleophilic attack are the complexation with
with NaOEt in ethanol was an exception. In this case only glectrophilic transition metal groui€°and the incorporation
the quinoidal compoun86 was obtained (Table 10, entry  f pitro groups into the ring (see section 141 particular
11). dearomatization of an unactivated aryl ether was observed
The preference for nucleophilic attack in hexachloroan- in the lithiation of 92 with tert-butyl-lithium (Scheme 24).
timonates strongly differs from that described for hali@ibs The reaction afforded a mixture of the naphthyl derivatives
To explain such differences, it has been suggested that thed7 and 98 together with the keton89 resulting from the
former react through a tight ion pair, whereas the interaction ring expansion of one of the fused phenyl rings of the
with the salts0—82,takes place on a free ion or a solvent- naphthalene system (Scheme Z4Jhe formation of com-
separated ion pair. pounds97—99 has been explained through the intermediate
Additionally, the effect of the substituents at the C10 anion93, generated by lithiumbromine exchange. Proto-
position is rationalized by the increase in the thermodynamic nation by the solvent produces debrominated efiran
stability of the dearomatized products when the substituentsunwanted process probably favored by the relatively high
at C10 become larger. Similar to the effect of crowding at temperature of the reaction. Transformation of aré#8imnto
the benzylic position, steric interactions of the substituents 98 involves a proton exchange to the allyl-lithium species
on the ring with the peri hydrogens destabilize the corre- 94, which then undergoes a [1,2]-Wittig rearrangement to
sponding aromatized isomers. This high-stability hypothesis the alkoxide95 and subsequent hydrolysis. Alternatively,
also explains the fact that in the reactions of EtORNEt anion 94 may evolve via ano-elimination followed by
NaOEt/EtOH, and NapNwith 80a—f, only 80f bearing an carbene insertion into a carbenarbon double bond of the
isopropyl group at C10 afforded mixtures of anthracene naphthalene to give the dearomatized lithium enoBfie
products and dearomatized compounds (Scheme 20; entry 6Ring expansion and double-bond migration, perhaps during
in Table 11). hydrolysis, give rise to keton@9.
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Scheme 20
(a) NaBH,4-diglyme
(b) LiAIH4-Et,0
(c) CHT-SO,
(d) EtOH-Et5N
(e) NaOEt-EtOH
(f) NaN;-DMF
(g) PhMgBr-Et,O R R"Y
56, 62, 68 57, 63, 69
(42 - 90%)
80
56:57 68:69
100:0 to 40:60 62:63 14:86 100:0 to 27:73
80 R?> R 56/57 R> R''Y 62/63 RZR'Y 68/69 R> R' Y
a p-Me H b pMe H H o H H Ph i H Ph OEt
b H H c H H H z H i-Pr OEt
c p-Cl H d pCl H H aa H i-Pr Nz
d m-Cl H e mCl H H
e H Ph i H Ph H
f H  i-Pr n H i-Pr H
Table 10. Distribution of Products in the Reaction of (9-Anthryl)benzylhexachloroantimonates 80b, 81, and 82 with Nucleophifes
SM 80k SM 81¢ SM 82
entry nucleophile solvent yield (%) ratiqSsy' yield (%) ratio83:84 yield (%) ratio85:86
1 LiAIH 4 Et,O 62 56c57¢ 60:40 77 a, 67:33 90 a, 100:0
2 NaBH, Et,O 40 56¢57¢ 54:46 74 a, 50:50 85 a, 100:0
3 CHT SQ 90 56¢57¢ 43:57 80 a, 65:35
4 NaNs DMF 60 68m:69m, 100:0 70 b, 88:12 70 b, 100:0
5 NaSCN DMF 80 c, 88:12
6 NaSPh DMF 37 68aki69ah 100:0 70 d, 30:70 70 ¢, 100:0
7 KOH H,O-dioxan 80 68ac69ag 100:0 92 e, 0:100 80 d, 100:0
8 MeOH MeOH 70 f, 0:100
9 NaOMe MeOH 60 68w.69w, 100:0 80 f, 0:100
10 EtOH EtOH 60 68i:69i, 100:0 93 g, 0:100
11 NaOEt EtOH 96 68i:69i, 100:0 80 g, 0:100 95 e 0:100
12 MeMgl EtO 46 h, 0:100
13 PhMgBr E$O 42 620630 14:86 44 i,0:100

aReactions performed at 2« for 5—120 min.” Data taken from ref 82 Data taken from ref 88! Reaction performed in tetrahydrofuran.

Table 11. Distribution of Products in the Reaction of (9-Anthryl)arylmethyl Hexachloroantimonates 80 with Nucleophile3

Nu = EtOH° Nu = NaOE® Nu = NaN? NaBH,/diglyme?
entry SM Ar R yield (%) ratio6869 vyield (%) ratio6869 vyield (%) ratio68:69 yield (%) ratio56:57
1 80a 4-Me-GH; H 69 b, 100:0 83 100:0 61 |, 100:0 59 b, 89:11
2 80b C¢Hs H 60 ¢, 100:0 95 100:0 60 m, 100:0 73 c, 80:20
3 80c  4-Cl-GgHa H 76 d, 100:0 85 100:0 65 n, 100:0 80 d, 65:35
4 80d 3-CI-GiH4 H 69 e, 100:0 69 100:0 59 o, 100:0 82 e 73:27
5 80e Cg¢Hs CeHs 70 i,100:0 74 100:0 65 s, 100:0 90 i,100:0
6 80f C¢Hs i-Pr 70 z,31:69 73 27:78 86 aa, 52:48 74 n, 40:60

aData taken from ref 8@ Reaction performed in the presence of 3 equiv of triethylamine &C2fbr 5 min. ¢ Three equivalents of sodium
ethoxide in ethanol at 26C for 5 min.® Three equivalents of sodium azide in DMF at 2D for 5 min. ¢ Reaction performed at 2TC. f Almost
the same ratio of methoxy derivatives was obtained in the reaction with 10 equiv of sodium methoxide in methari@.at 20

It is interesting to note that compoud is an aryl allyl based on the decrease of the aromatic stabilization through
ether, a type of substrate that is known to react with Grignard the use of larger conjugated systems.
reagents through addition of the nucleophile to the allylic

carbor-carbon double bond and subsequg+glimination 5.1. Hindered Carbonyl Functional Groups
leading to products derived from the cleavage of the ether

linkage® Steric hindrance was soon recognized as a factor of prime
importance to direct the attack of the incoming nucleophile
5. Aldehydes and Ketones to the aromatic nucleus. This idea has pervaded most of the

subsequent nucleophilic dearomatization reactions described
Two strategies have been used to simultaneously promoteso far. Aromatic ketones afforded the earliest examples of
the attack of a nucleophile to the ring of aromatic aldehydes dearomatizing reactions through nucleophilic addiffoAs
and ketones and prevent the competing [1,2] addition to thea note of historical interest, it is remarkable that the first
carbonyl linkage. The first strategy makes use of the increaseconjugate addition of an organometallic to an aromatic
of crowding around the CO group, whereas the second isnucleus was effected on a phenyl ring, normally the most



Nucleophilic Dearomatizing Reactions of C,H Systems

Scheme 21
Ph
Ph Y
©
SbClg
O @® O Nucleophiles 83
(see Table 10)
~ " +
Ph._Ph
(44 - 92%) |
s, I
81 88:12 to 0:100
Y
84
Scheme 22
S)
SbClg
(a) LiAIH,4-Et,0 Ph_ vy
O ® (b) NaBH,-Et,0 Ph
(c) NaN5;-DMF
OO (d) NaSPh-DMF OOO
(e) KOH-H,O/dioxan Ph
(70 - 90%)
g .
NaOEt-EtOH
85 Y
82 (95%) Ph._Ph a H
b Nj
¢ SPh
d OH

reluctant to participate in this type of reaction. Schmidlin
and Wohl reported in 1910 the synthesis of what they thought
to be pentaphenylethanol, through the addition of phenyl-
magnesium iodide t6-benzopinacolon&00(Scheme 25*
However, the actual reaction product was dihydro ketone
101 arising from the [1,4] addition of the carbanion to the
starting ketone, a discovery that passed unnoticed until

Mosher and Huber reinvestigated the reaction 43 years later
and gave convincing evidence of the structure assigned to

101 (among others, dehydrogenationldfl with palladium
on charcoal affords aromatized ketoh@2 Scheme 25%°
A similar situation occurred in the series of condensed
aromatic compounds. Thus, [1,2] addition of a phenyl

Grignard reagent to 3-ethoxy-1-benzonaphthen-1-one de-

scribed by CalderaPéin 1913 was corrected more than three
decades later by Koelsch and Rosenwal@hey showed
that the addition was of the [1,4] type, involving an aromatic
ring. The true nature of the new conjugate reactions was first
appreciated by Kohler and Nygaard in 1930, who demon-
strated that, under forcing conditions, phenylmagnesium
bromide undergoes addition in both [1,2] and [1,4] manner
to tetraphenylpropenont03, yielding 104 (Scheme 2558

It is noticeable that again a phenyl ring has undergone
dearomatization.
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of promoting Michael addition reactions onto the aromatic
ring. For instance, trityl?Y 105 mesityl-1°° 106, and
duryl-191 107, aryl ketones underwent conjugate addition to
an aromatic nucleus upon treatment with Grignard reagents,
giving rise to isolable dearomatized alkylated produdi8

109, and 110, respectively (Scheme 26). Moreover, the
treatment of phenyl duryl keton&07 with benzyl- and
p-chlorobenzylmagnesium chloride in diethyl ether at reflux
afforded mixtures of dit10 (diastereoselectivity and stere-
ochemistry not given) and monobenzylatedl compounds

in low yields (Scheme 26). Careful exclusion of oxygen from
the reaction was essential for preventing aromatization.
Another remarkable example is the formation i3 by
treating theo-alkoxy ketonesl12 with benzylmagnesium
chloride (Scheme 26). Benzylation occurred in a [1,6]
manner, rather uncommon for Grignard reagents and was
accompanied by the cleavage of the ether linkagérS
displacement of the alkoxy substituent to gité4 was
observed to a very small extent 7%)1%3

Fuson and co-workers also reported the first alkylation of
aromatic ketones witm-BuLi (Scheme 26, bottom). [1,6]
Adducts were obtained in the reaction with mesityl, phenyl,
and naphthyl ketoné$* A dihydro compound117 was
identified only for the naphthyl derivativilg, albeit in very
low yield (7%). The phenyl adducts underwent aromatization
in the reaction medium. The [1,2] and [1,4] addition of aryl-
lithiums to aryl ketones had been previously described,;
however, the attack of an alkyl-lithium in a [1,6] manner
was unprecedentéf? Grignard reagents that are hindered
at the carbanionic center-PrMgBr, t-BuMgCl) also gave
[1,6] aromatized addition product®¥ whereasn-BuMgBr
failed to react.

The elaboration of the dearomatized compounds was
limited to aromatization reactions, usually by heating in the
presence of Pd/carbon (e.g., formatiorl6®, 115 and118
in Schemes 25 and 26).

5.2. Bulky Lewis Acid Catalysts

Almost three decades later, Yamamoto and co-workers
proposed a new strategy for promoting the regioselective
conjugate addition of organolithiums to simple aromatic
aldehydes and ketoné49 The method is based on the use
of a very bulky Lewis acid, aluminum tris(2,6-diphenylphen-
oxide) (ATPH), which, by coordinating to the carbonyl
group, gives rise to a complek?0 that hinders the [1,2]
nucleophilic attack and, at the same time, increases the
electrophilicity of the aromatic ring)” The reaction of
standard organolithiums RLi (R n-Bu, s-Bu, t-Bu) with
benzaldehydd 19aand acetophenondd9hc gave dearo-
matized [1,6] addition products21 and rearomatized deriva-
tives 122 together with small amounts of [1,2] adducts.
Yields were very high (8693%) except for the less hindered
nucleophilen-BuLi (~45%) (Scheme 27; Table 13 These
were the first reported examples of conjugate additions to
an aromatic aldehyde. The ratio of dearomatized to rearo-
matized productd21:122was found to be dependent on the
solvent and quenching method used. The highest ratio was
obtained when the complexation of the carbonyl compound
with ATPH was carried out in toluene/THF (1:1 v/v) and
the quench was done with concentrated HCI. In contrast, in
CH.CI, as solvent, and using diluted HCI for quenching the
reaction, compound&22 are obtained almost exclusively

Fuson and co-workers were among the pioneers who (entries 4 and 13 in Table 13). The application of the same
contributed to generalize the strategy based on crowdingprocedure to 1-acenaphthoh25aproduced high yields of
around the carbonyl group of aromatic ketones as a methoddearomatized compounds26 and/or 127. However, the
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Scheme 23
Cl _~_-SnBug

Lopez-Ortiz et al.

| )3 PPh3 (40 mol %) 3 —
4

R"4 Acetone
87a-h

91a

89a-g

Cl /\/SﬂBU3

Cl /\/SnBu3

/\/snBUg}

Pd,(dba)s* CHCI5 (5 mol %)

PPh3 (40 mol %)
88 Acetone

(85%)

Table 12. Products Obtained in the Dearomatization Reaction of
Benzylic Chlorides 87 with Allyltributylstannane?

entry 87 R time(h) products (ratio) R yield (%)
1 a H 24 89a H 80
2 b 2-Me 32 89b 2-Me 82
3 c 3-Me 35 89c 3-Me 80
4 d 4-Me 37 89d 4-Me 76
5 e 4-Ph 60 89%e 4-Ph 71
6 f  4--Pr 34 89f 4-i-Pr 79
7 g 4Br 35  89g91a(83:17) 4-Allyl 82
8 h 4-MeO 43  89g91a(89:11) 4-Allyl 85

aData taken from ref 89.

N
Me Me Pd,(dba)z+ CHCI5 (5 mol %) Me Me Me Me
PPh; (40 mol %) Al *
Me CI Acetone Me Allyl Me
87i (83%) 89h 91b

(25:75)

N
Pd,(dba)s» CHCI; (5 mol %) Allyl S
PPh; (40 mol %) Allyt ™
Cl Cl Acetone Allyl
87j (87%) 89i 91c

(75:25)

90|

3—9, Table 14). Such steric effect was not operative in the
reactions of acetate enolate®9ij with benzaldehydé19a
and 1-naphthaldehyd&9hb which afforded only products
of [1,2] addition132and134(Table 14, entries 10 and 20).
This limitation could be overcome by using the lithium
enolate of a-trimethylsilylacetate129m as nucleophile.
Treatment of the precomplexed salt of PhCHO and ATPH
with lithium a-trimethylsilylacetate produced solely the [1,6]
addition derivative in 54% vyield (entry 14, Table 14). The
silyl group was later removed with TBAF. Compounti30
and133represent the first examples of the conjugate addition
of lithium enolates to electron-deficient phenyl and naphthyl
rings, respectively, due to the binding to a carbonyl functional

regiochemistry varied as a function of the nucleophile used, group.

from exclusive [1,6] addition fot-BuLi, 126 (R® = t-Bu),
to exclusive [1,4] addition for MeLi127 (R® = Me). The

Phenyldimethylsilyl-lithium underwent selective [1,6] ad-
dition to benzaldehydd19ain the presence of ATPH to

intermediate enolates resulting from the conjugate addition 4jye 135 (Scheme 2910 However, the application of the

step t0119b and 125a were also trapped with MeOTf,

furnishing 124 and 128 respectively.

same procedure to keton&g9b (R* = Me), 119f (R* =
i-Pr), and119g (R' = t-Bu) resulted in the formation of

The method was successfully extended to nucleophiles mixtures of [1,6],135 [1,4] addition product4¢36, and small

such as lithium enolaté® (Scheme 28) and silyl-lithium

amounts of silylated aromatized compoud@¥. Addition-

reagents (Scheme 299. The results of the reactions of a  ally, only products of [1,6] attack oh38 were observed in

series of ester enolaté29with phenyl-,119 and naphthyl-,

the reactions of lithiated silyl reagents with the precomplex

125 carbonyl compounds are collected in Table 14. The of 1-acenaphthon&25aand 1-naphthaldehyd&25b with

lithium enolate of isobutyrate$29gb showed total [1,6]

selectivity with all aromatic aldehydes and ketones assayed.

However, the reactions of benzaldehytia with propi-

onate enolatesl29c-h gave mixtures of dearomatized
productsl30, aromatized derivatives31l, and [1,2] adducts

132 The vyield of byproductsl31—132 diminished with

ATPH (Scheme 29).

5.3. Polycyclic Compounds

Methods of nucleophilic conjugate addition to aromatic

systems developed slowly throughout the first half of the

increasing bulkiness of the alkoxy moiety of the ester (entries past century, focusing mainly on polycyclic ketones. The
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Scheme 24
@ 0 0 H,O
C” - O™ -
92 93 94 95 98 (23%)
H,0 / |
4 O AS.
@ Ob OLi| = O. 0
97 (51%) 99 (20%)
96
Scheme 25 small amount (2%) of a dearomatized compouh4d9
o o isolated, together with the products of [1,417, and [1,2]
o addition,148(Scheme 31)*? CompoundL49was converted
L PhMgl  Ph,C pd/c PhsC into 7,12-dihydropleidenon®47 by oxidation with chloranil.
PhsC”~ “Ph H Ph
Ph 6. Imines
100 101 102
Arylimines were also among the first substrates for which
o OH H Ph conjugate addition to an aromatic ring was reported. Gilman
Ph PhMgBr  Ph X et al. showed that the product of the reaction between
| Ph——— phenylisocyanatd. 50 and an excess of phenylmagnesium
Ph” > Ph Ph”” “Ph bromide (6 equiv), under forcing conditions (refluxing
103 104 toluene/diethyl ether), wasphenylbenzohydrylaniliné54

literature up to 1957 has been reviewed by Fu&drio and
Sillion provided some new examples of this chemistry.
Treatment of 9-anthryl phenyl ketori&9 with benzylmag-

Its formation implied the participation of an intermediate
speciesl53derived from the [1,4] addition of the Grignard
reagent to the phenyl group of the imih&2 (Scheme 32)13
Although some qualitative proofs indicated that the dearo-

nesium chloride, either in the presence or in the absence ofmatized precursat53was stable in solution, the compound

PhCHCI, afforded a mixture of [1,6] adducts40 and 141
resulting from the attack of the Grignard reagent to the
anthracene and the phenyl ring, respectively (Schem&30).
The preferred formation of41 indicates that the electron
deficiency is larger at the phenyl ring than at the anthracene
system due to a greater conjugation with the CO linkage.
Steric hindrance prevents the coplanarity of the carbonyl
group with the anthracene ring, decreasing the efficiency of
the delocalization. Introducing a cyano group at the C10
position of the anthracene ring ®89 produced a significant
change in the reactivity toward Ph@WgCl. In the reaction

of PhCHMgCI with 142 in the absence of PhCGBI and

was not isolated. Gilman attributed to steric hindrance the
reason for this new reaction mode, alternative to the expected
[1,2] addition to the &N linkage.

Since this pioneering work, more than half a century
elapsed until arylimines received renewed interest as targets
for nucleophilic conjugate addition. In the late 1980s, A. I.
Meyers extended to naphthylimines his highly efficient
oxazoline-substituted naphthalene methodology for preparing
functionalized dihydronaphthalenes (vide infra). As a result,
it was found that the addition of organolithiums RLi (R
n-Bu, s-Bu, t-Bu, i-Pr, PhCH, CH;C=CH,) to the imine of

subsequent hydrolysis, the starting substrate was recovered-naphthaldehyde and cyclohexylami&5aat —78 °C in

together with anthraquinone and small quantities of the 9,10-
DHA derivative 144. This product originated from the
reduction of the anthracene ring b#2via intermediatel 43
and was also obtained whéd2was treated with-PrMgBr
andt-BuMgCl (Scheme 30). Consistent with the participation
of 143in the process, when the reaction is performed in the
presence of benzyl chloride or quenched with 4-GHg&
CH,CI, dearomatized productd45ab are respectively
isolated.

Cava and Lee investigated the reactivity of some 7,12-

THF proceeded in a [1,4] manner in high yields to give, after
acid hydrolysis, cis-1,2-disubstituted dihydronaphthalenes
156 (Scheme 32). For methyl lithium, it was necessary to
use HMPA as cosolvent and to increase the temperature of
the reaction to-10 °C, to obtain an acceptable yield of the
[1,4] adduct (Table 15); otherwise, only [1,2] addition was
observed!*Aldehydesl56were converted into alcoholb7

by reduction with NaBlkl Trans derivatived 60 and 161
were obtained in a similar manner except that the quench of
the intermediate lithium adduct was carried out with iso-

dihydropleidenes toward Grignard reagents. They observedpropanol. The lithium isopropoxide generated in the reaction

the formation of products resulting from [1,4] conjugate
addition to an aromatic ring, which underwent oxidation
during workup and chromatographic purification to give
aromatized derivatives. Only in the reaction of 1-methyl-
7,12-dihydropleidene-7-on#46 with PhMgBr was a very

medium is responsible for the epimerization 188 The
asymmetric version of the process was attained by using
chiral imine 155b derived from 1-naphthaldehyde ang)-(
O-tert-butyl valinol (Scheme 32). In this case, good yields
and high enantiomeric excesses of dearomatized compounds



1602 Chemical Reviews, 2007, Vol. 107, No. 5

PhsC.__O
H
=

Scheme 26

Ph3c:i i

1) R"MgBr, benzene

2) NH,CI, H,0
108 R’ Yield (%)
a C6H5 93
b 4-Me-CGH4 24.6
c 2-Me-CgH;  40.8
Mes (0]
OO 1) CH,=CHMgBr
2) NH4CI, H,O
OMe 3) Chromatography OMe
106 109 (50%)
Mes:
D
ur © ur R Dur
1) R'CH,MgCI, Et,0
2)d|| HCI
107
Dur:
%
Comp. R' 110 111
a Ph 15 15
b 4-Cl-CgHy 14 10
Dur (0] Dur O Dur (0]
1 1) PhCH,MgCl,
OR Et,O:PhH 80:20 OH Ph
+
2) dil. HCI
12 Durw O PdiC Ph 114
112a: R' = CH,
OH
LRIz
112b: R'=Ph %
Comp. R' 113 114
Ph a CH; 29 5
115 b Ph 68.4 7
Mes o
‘ 1) n-Buli, Et20 Pd/C
U s o
n-Bu n-Bu
117 (7%) 118

160 were obtained only foii-PrLi, n-BuLi, and t-BulLi.
Methyl-lithium, 2-propenyl-lithium, and benzyl-lithium gave
exclusively addition to the €N (Table 15)!'°

Lopez-Ortiz et al.

Scheme 27
COR! |
ATPH R! AL
Rz toluene/THF c|1o M |
119
R2
119 R' R? 120
a H H 1) R3Li
b Me H 2) HCl/ (35 to 93%)
¢ Me Me

COR' COR! CHO
- - 7
R3 R?2 R® R2 n-Bu

121 122 123
121:122
>99:<1 to >1:>99

R3Li= n-BuLi, s-BuLi,  Comp. R' R? R3

t-BuLi a H HnBu
Ph b H H tBu
c Me H n-Bu
ATPH=< O>AI d Me H sBu
3 e Me H t-Bu
Ph f Me Me tBu
1) t-BuLi
2) MeOTf Me
COMe
120 R'=Me tBu
R?=H 124
cis:trans = 1:1
O o;
) R3Li
125a
R®=Me, n-Bu, s-Bu, tBu 120 127
1) ATPH Me, CO'\:;
125a M
2) MelLi
3) MeOTf
128

reactions proceeded in moderate yields (from 12 to 65%,
Table 16) due to competing [1,2] addition of the Grignard
to the imino group. Increasing the bulkiness of the 2-alkyl
substituent of the 1,2-aminoalcohol present in imibé®a—g
produced lower vyields of aldehydess3 [1,2] addition
became the exclusive process observed in the case of the
reaction oftert-leucinol imine162e(R? = t-Bu; R® = H, n
= 1) with i-PrMgCI. The reaction of EtMgBri-PrMgCl,
and PhMgBr with iminel62¢ (R? = H; R® = Ph,n = 1)
containing the chiral auxiliaryR)-phenylglycinol afforded

In later work it was shown that organomagnesium reagentsaldehydes163b,c,ein 33—56% yield with enantiomeric

(R*MgX, where R = Me, Et, i-Pr, vinyl, Ph) underwent
reaction with 3-methoxynaphthalen-2-yl imine82 also via
[1,4] nucleophilic additiort!® The intermediate aza-enolates

excesses ranging from 82 to 95% (Table 16, entrie9)7
The hydroxy group of imined62 may not be essential for
the conjugate addition to occur but contributes to increase

were trapped with Mel and subsequently hydrolyzed to give the rate of the addition. Treatment of imidé2h (R =
aldehydesl63 (Scheme 33). Interestingly, no substitution CsH11) not bearing appended OH with 2 equiviePrMgCl
of the methoxy group was observed. The tandem addition at 0°C and subsequent addition of Mel gave aldeh¥68c
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Table 13. Conjugate Alkylation of 119 with Organolithium Scheme 28
Reagents COR' R oL
yield ratio 119 R!' R? + ‘}=<

enty R R? R3 solvent (time, h) (%) 121122 I @Rz R* ORS

1 H H nBu toluene/THF(2) 47 99 a H H 119 129

2 H H tBu toluene/THF (3) 81  99°1 b Me H

3 H H tBu toluene/THF (3.5) 69 10:90 d CH,CH,CH, ATPH J

4 H H tBu CHCL(5) 49 1:99 toluene-THF

5 Me H nBu toluene/THF(7) 45 9971 e CHCH, oH

6 Me H n-Bu toluene/THF (7.5) 41 73:27 COR! COR! R4

7 Me H sBu toluene/THF(15) 80 99°1 . . R

8 Me H tBu toluene/THF(0.5) 74  91% re R + R + COR®

9 Me H tBu toluene/THF (3) 93 991 R? R? R27-2

10 Me H t-Bu  toluene/THF (7.5) 92 74:26 CO,R5 CO,R5

11 Me H t-Bu toluene/EO (3) 74 88:12 130 131 132

12 Me H t-Bu  toluene/MgO (4) 35 54:46

13 Me H tBu CHCI(2.5) 43 1:99 3 7 5

14 Me H tBu CHCl(12) 71 5347 129 R R R

15 Me Me tBu toluene/THF (12) 89 991 a Me Me Me

aConditions: ATPH (1.5 equiv) and organolithium (2 equiv)-af8 b Me Me (+)-menthyl
°C. Data taken from ref 108.Workup with concentrated HCt.Compound c H Me Me
123was also obtained in a yield of 13%Workup with AcOH.€ Workup d H Me Et
with 1 N HCI. .

e H Me i-Pr
f H Me i-Pr

in 39% vyield (Table 16, entry 12). The yield df63c g H Me Cy
increased to 65% when a 3-fold excess of Grignard was used j H Me CPh;
and the temperature was raised to Za The aza-enolate i H H Me
resulting from the addition of-PrMgCl to imine 162f (R? i H H +-Bu
= H; R® = H, n = 2) was quenched also with methyl Kk H Et Me
chloroformate. Acid hydrolysis of the adduct afforded 1 H -Bu Me
aldehyde 164 subsequently deformylated with KCN in m H Me:Si OEt
refluxing methanol yielding estei65 Dihydronaphthyl 2
derivativel65represents the formal chemoselective addition 0w R

of i-PrMgCl ori-PrLi to the naphthalene nucleus of 3-meth-
oxy-2-carbomethoxynaphthalene, a process normally not R®  OLi
possible because of the preferred attack of the organometallic OO +

reagents on the ester moiety. Further elaboratiorl @5 R* OR®
allowed the synthesis of chiral 3,4-dialkyl-disubstituted 128 129
2-tetralonesl66 (Scheme 33).

Tomioka et al. investigated the addition of a series of 125a:R'=Me g
organolithium reagents (MeLin-BuLi, t-BuLi, PhLi) to 125b: R'=H ‘%ﬁ%fﬂ,‘f?SemTﬁ'F'
naphthyl imines using, symmetric chiral diether ligands
as catalysts for asymmetric induction. They found that R* RS
ligands 167 promoted the conjugate addition of RLi to Oy R’ HO CO.R
N-cyclohexyl417:118155aandN-(1-adamantyf):® imine 155¢ 2
of 1-naphthaldehyde and to control the stereochemical course
of the reaction (Scheme 34; Table 17). Acid hydrolysis of O‘ + OO
the aza-enolate afforded dihydronaphthyl aldehydl@8, 3
subsequently reduced to alcohaisl with NaBH, (Scheme ';4 CO.RS 134
34). Yields and enantiomeric excesses varied in a wide range 2
(Table 17, entries 1, 3, 5, and 7), with the best results 133

obtained for the bulkiest 1,2-dietherRR)-167de (Table
17, entries 710). Other structurally related, chiral ligands

168 and 169 proved to be much less efficient (Table 17, o1 o
entries 11 and 12). The sense of the asymmetric inductionObta'nedl' MP3 and ab initio (HF/STO-3G, HF/3-21G)

implies that the organolithium attacks the top face of the calculations showed a direct correlation between the relative
imine. The preference for this attack was rationalized on the Magnitude of the LUMO coefficients and the N-substituent
basis of a mixed aggregate formed by complexation of the dependence of the observed regioselectivity. Realkyl
organolithium with the imine and the chiral ligand. imines, the coefficient is larger at the 4-position than at the

The regioselectivity of the addition step was dependent 2-Position, whereas fdx-aryl derivatives both coefficients
155ac, the reaction oN-aryl imines of 1-naphthaldehyde than the 4-position on€2*22In this context, it is worth
with alkyl- and aryl-lithiums resulted in the nearly exclusive mentioning the reaction of some cyclic arylketiminEa2
[1,2] addition to the &N bond. The same trend was With tert-butyl-lithium, where a variety of alkylated and
observed when the reaction was performed in THF in the oxidized dearomatized byproduct33—175 were isolated,
absence of chiral auxiliariéd? Interestingly, in the case of and whose formation was consistent with the participation
alkyl and aryl imines of 1-fluoronaphthalene-2-carbaldehyde, of SET processes (Scheme 3%).

SVAr products derived from [1,4] addition were exclusively
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Scheme 29 Scheme 30
toluene COR!
2) PhMe,SiLi ©: OOO PhCH,MgClI O‘O
Z e, +
3) HCI, H,0 SiMe,Ph (PhCHCI)

119 1 SiMe,Ph 139 CH,Ph
119 R 135 136 140 (11%)
a H PhCH, +
b Me COR!

f i-Pr o
g tBu +
= 0
1 .
Comp. E 12: 136 SiMe,Ph
a
b Me 38 6 137 (ca. 2%) 141 (35%)
c i-Pr 27 13 — _
d tBu 45 13 Ph._0O Ph___OMgX
I
O 2 T
0. R! 1) ATPH,
toluene CN c
2) R?R3,SiLi I
T s T
) HCI, Hx0 R= PhCHy, i-Pr, t-Bu
2p3
SRR R1OC HCl 4, o
125a: R'= CH, 138 Ph
125b: R'=H
Comp. R' R?Z R® 138 (%) O
a H Ph Me 74
b Me Me 64
c Me i>— Ph 38 CN
Table 14. Product Composition (in Percent) in the Reactions of 144

Lithium Ester Enolates 129 with Aromatic Carbonyl R
Compounds 119 and 125 145a: R'= H
entry R R RS R4 RS 130 131 132 133 134 145 145b: R'=CI

1 H H Me Me Me 77

2 H H Me Me @)-menthyl 77 Scheme

3 H H H Me Me 23 19 57

4 H H H Me Et 20 20 40

5 H H H Me i-Bu 45 15 33 O ') PhMgBr, Et,0 OO

6 H H H Me i-Pr 61 7 27 Me Ph Me

7 H H H Me Cy 58 12 22 o)

8 H H H Me tBu 83 3 13 o

9 H H H Me CPh 81 3 9 :

10 H H H H Me 99 O

11 H H H H t-Bu 98

12 H H H Et Me 16 15 51

13 H H H tBu Me 30 8 3 146 147 (45%)
14 H H H MeSi Et 54 +

15 Me H Me Me Me 88

16 CHCH,CH, Me Me Me 94

17 CHCH, Me Me Me 90 + Me
18 H Me Me Me 78

19 H H Me Me 85

20 H H H Me 90

21 Me Me Me Me 82 O

a Stoichiometryl19125ATPH:1290f 1:1.5:2. Data taken from ref

109.P de = 3%. ¢ Diastereomeric ratie= 1:1.

149 (2%) 148 (10%)

7. Carboxylic Acids

There are merely two studies showing the feasibility of rise to dihydronaphthalene derivatég9 in good yields
conjugate addition to an aromatic nucleus activated by an(Scheme 36; Table 18j* 2-Naphthoic acidl77 underwent
unprotected carboxylic acid functional group. Alkylation of reaction in a similar manner to give 1,2,2-trisubstituted 1,2-

1-naphthoic acidl76 with 2.2 equiv ofn-BuLi or s-Buli,
followed by electrophilic quench (Mel, Etl, M&;), gave
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Scheme 32

OMgBr
PhN=C=0 —IMOBr =&
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H CH=NR'
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SONETS
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I-PrOLy 158 b n-Bu
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H CH=NR! H CHO d tBu
: \RZ B R2 e PhCHz
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159 160
NaBHN  H CH,OH
161 R? L_.R?
e
b n-Bu
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Table 15. Addition of Organolithium to Naphthylimines 155%

157 161

entry SM RLi R2  vyield (%) [ee}] R? vyield (%) [eef
1 155a MelLib Me 60

2 155a i-PrLi i-Pr 89

3 155a n-BuLi n-Bu 87 n-Bu 81

4 155a sBu s-Bu 86 s-Bu 78

5 155a t-BuLi t-Buc 87 t-Bu 91

6 155a PhCHLi PhCH; 55

Li

7 155a ')= >= 80

8 1550 i-PrLi i-Pr 78 [95]
9 1550 n-BulLi n-Bu 85[95] n-Bu 78 [95]
10 1554 t-Bu t-Bu 75[95]  t-Bu 85 [95]

2 Data taken from ref 114 Reaction performed in the presence of
2.5 equiv of HMPA.€ Acid hydrolysis to give aldehyd&s6took 8—10
days at 25°C. 9 Data taken from ref 115 Determined using Mosher

ester.

dihydronaphthalene481 [1,2] addition was minimal at
—78°C (5—12%, entries 7). The yield of ketone byprod-

Chemical Reviews, 2007, Vol. 107, No. 5 1605

Scheme 33
1)R4ng 163 R4
OMe 2 Mel OMe a Me
I LY, -°=
7 3)H0* NS ¢ iPr
162 R R d CHz=CH
163 e Ph
, 162 R> R® n
R a H H 1
t62ag:R'= 1R b Me Me 1
HoiCH2), ¢ H Ph 1
. d Me H 1
162h: R'= CgHy4 e tBu H 1
f H H 2
g H H 3
1) i-PrMgCI
2) CICO,Me OMe
+ \'COMe
3)H30 T cHo
(65%) i-Pr

164 4) KCN-MeOH
(100%)
Crr OO
“'CO,Me

i-Pr i-Pr
166 165

Table 16. Addition of Organomagnesium to Naphthylimines 162

entry SM product R yield (%) ee (%)

1 162a 163a Me 20
2 162a 163b Et 52
3 162a 163c i-Pr 63
4 162a 163d CH,=CH 65
5 162a 163e Ph 57
6 162b 163c i-Pr 12
7 162c 163b Et 56 82
8 162c 163c i-Pr 33 95
9 162c 163e Ph 40 92

10 162f 163c i-Pr 27

11 162g 163c i-Pr 44

12 162h 163c i-Pr 39

a Reactions performed at . Data taken from ref 116.

cases, cis-1,2-disubstituted dihydronaphthalenes were ob-
tained. However, fors-BuLi two diastereoisomers were
formed, differing in the configuration of the stereogenic
center of the branched alkyl chain. The temperature of the
qguenching step had a negligible effect on the diastereose-
lectivity, and the use of additives such as HMPA and
TMEDA did not affect the efficiency of the reaction.
Apparently, carboxylate is a much better ligand for the
organolithiums than these coordinating agents. Methyl- and
phenyl-lithium failed to undergo reaction witv6and177,

and the use of hexachloroethane as quenching agent afforded
aromatized products83and184 respectively (Scheme 36).

The dearomatized lithium enolate arising from the addition
of s-BuLi to the naphthoic acid$76 and 177 was trapped
with trifluoroacetic acid, rendering lower regio- and/or
stereoselectivity. The alkylatierprotonation of176 leads
to a mixture of diastereoisomeric 1,2-disubstituted dihy-
dronaphthaleneks35—-186 derived from pairs of cis and trans

uct 182 increased at higher temperatures (entry 8). In all epimers at the stereogenic center of $imutyl substitutent.
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Scheme 34
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Table 17. Addition of Organolithium to Naphthylimines 155a,c
in the Presence of ChiralC, Symmetric Ligands?

[1,4] adduct yield ee
product (%) (%)

chiral temp time
entry 155  ligand (°C) (h

1 a (S9-167a —45 13 Ph 1S2R-171a 68 90
2 a (RR-167a —78 2 nBu (1R29-171b 92 53
3 a (S9-167b —-45 15 Ph 1S2R-171a 64 33
4 a (S9-167b —-78 5 n-Bu (1S2R-171b 83 28
5 a (S9-167c —45 12 Ph 1S2R)-171a 26 20
6 a (S9-167c -—78 2 nBu (1R29-171b 89 15
7 a (RR-167d —45 13 Ph 1R29-171a 82 94
8 a (RR-167d —78 6 nBu (1R29-171b 80 91
9 a (RR-167e —45 13 Ph 1R29-171a 82> 94
10 a (RR-167e —78 6 nBu (1R29-171b 80> 91
11 a (9-168 —78 7 nBu (1R29-171b 46 6
12 a (S9-16¢ -78 4 n-Bu (1S2R-171b 26 11
13 c (S9-167a —45 16 Ph 1S2R-171a 80 92
14 ¢ (RR-167d —45 22 Ph LR29-171a 76 95
15 a (RR-167d —23 20 Me (R2R-171c 19 64
16 a (RR-167d -78 1 tBu (1R29-171d 79 59
17 a none —-78 3 nBu 171b 22

aData taken from ref 119 Data taken from ref 11%In diethyl
ether.9 Forty-nine percent of the 1,2-adduct was also obtained.

Scheme 35
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8. Carboxylic Esters
8.1. Hindered Esters

The general strategy for the regioselective addition of
organometallics to aromatic carboxylic esters is equally based
on the steric inhibition of the access to the carbonyl carbon.
Following the work of Cook, who demonstrated the steric
suppression of carbonyl reactivity inS-unsaturated esters
of 2,6-ditert-butyl-4-methoxyphenol (BHA)?® Tomioka and
co-workers described the first example of the Michael

(10%) (0.5%)

When 2-naphthalenecarboxylic adid7was used as starting
material, products of, 187, andy protonation,188 with
respect to the C@1 group were obtained (Scheme 38).
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Table 18. Addition of Organolithium to Naphthoic Acids 176 and 177

[1,4]-adduct product [1,2]-adduct product

entry SM temp {C) RWLi E* R R? yield (%, dr ratio) R yield (%)

1 176 —78 n-BulLi Mel n-Bu Me 179a(36) n-Bu 180a(8)

2 176 —78 s-BuLi Mel sBu Me 179hb’ (80, 90:10Y s-Bu 180b(8)

3 176 —78 s-BuLi Etl sBu Et 179¢c’ (44, 75:25) sBu 180b(12)

4 176 —78 s-BulLi MezS; s-Bu MeS 179dd' (82, 65:35) sBu 180b(10)

5 177 —78 n-BulLi Mel n-Bu Me 181a(38) n-Bu 182a(5)

6 177 -90 s-BulLi Mel s-Bu Me 181hb' (60, 75:25) s-Bu 182b(10)

7 177 —78 s-BuLi Mel sBu Me 181hb’ (90, 70:30) sBu 182h(7)

8 177 —45 s-BuLi Mel s-Bu Me 181hb' (50, 69:31) sBu 182b(35)

2 Data taken from ref 124.179h (1S*2S*2'S*); 179, (1S*2S*2'R¥). ©181h, (LR*2R*1'S*); 181b, (1R*2R* 1'R¥).

Scheme 37 Scheme 38
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CH4CN A 2) LiBEtH O‘
3) Mel-HMPA OH
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190 4) NaBH,-MeOH 199

CO2BH£1L COzBHA temperature. As previously noted in the dearomatization
iITHF . X -
protonation of 2-naphthalenecarboxylic acid, the analogous
>99°/ reaction of190 provided also mixtures of [1,2]- and [1,4]-
dihydro derivatives in a ratio ranging from 2 to 4.3. The

a Me dearomatized estd91b (R = n-Bu) was further converted
b n-Bu into alcohol194 and carboxylic acidl96 (Scheme 37).
c Ph

d 1-Naphthvl The scope of the reaction was improved by designing a
“apniny one-pot process involving a sequence of five reactions going

addition of organolithiums to 2,6-dert-butyl-4-methoxy- ~ from 189 or 190 to trialkylated dihydronaphthalene com-
phenylnaphthalenecarboxylatis89and190(Scheme 377126 poundsl57a,hh 171a-c, and197—199(Scheme 38)?° The
Nearly quantitative yields of dihydro-1,2-disubstituted naph- sequence consists of (1) Michael addition of an organolithium
thalenesl91 and 192 were obtained in the reactions 89 to the naphthalene nucleus, (2) ketene formation from the
and190, respectively, with a series of RLi (R Me, n-Bu, lithium enolate of the BHA ester, (3) in situ reduction of
CH,=CH, Ph, 1-naphthyl) reagents (Scheme 37). Nucleo- the ketene with LiEBH to lithium aldehyde enolate, (4)
philes such as-butylmagnesium chloride and lithium ethyl  electrophilic quench with methanol or an alkyl halide in the
acetate proved to be unreactive. It is noteworthy that the presence of HMPA, and, finally, (5) reduction of the resulting
bulky tert-butyl ester of 1-naphthoic acid provided mainly aldehyde to the corresponding alcohol with NaBH

the [1,2] adduct (73%). In sharp contrast with the results of methanol (Scheme 38; Table 19). In the protonation with
Fuson and Berlid? naphthyl trityl ketone also failed to act methanol, the LiOMe generated promoted the epimerization
as Michael acceptor. Estel91 consisted of mixtures of cis/  of thecis-dihydronaphthyl aldehyde to the trans isomer. PM3
trans stereoisomers (cis/trans ratio ranging from 1.8 to 3.6), calculations of the LUMO coefficients of phenyl 1- and
except for191e (R = 1-naphthyl), which was obtained 2-naphthalenecarboxylates indicated that the magnitude of
exclusively as the cis isomer. The mixtures led entirely to the coefficients does not fully account for the experimentally
trans derivatives by treatment with NaOMe in THF at room observed regioselectivity, suggesting that precomplexation
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Table 19. One-Flask Synthesis of 1,1,2- and 1,2,2-Trisubstituted Scheme 39

Dihydronaphthalenest — OMe R
4] adduc

entry SM R electrophile [ pr]oduct yield (%) ©/COZBHA R'MgBr @/COZBHA

1 189 Ph MeOH 171a 85

2 189 nBu MeOH 171b 81

3 189 Me MeOH 171c 71 200 201

4 189 CH,~CH MeOH 197a 61 1) R2MgBror R2Li  201a: Rl =n-Bu

5 189 1-naphthyl MeOH 197b 82 2) NH,CI 201b: R' = j-Pr

6 189 Me Mel 157a 55 4

7 189 nBu Mel 157b 75 oM

8 189 n-Bu BnBr 198a 53

9 189 CH,=CH Mel 198b 42 COzBHA COZBHA

10 189 Ph Mel 198c 65

11 190 Me Mel 199a 45 202/

12 190 n-Bu Mel 199b 93

13 190 CH=CH  Mel 199¢ 52 202 “ansa ROCiPr 204 R

14 190 Ph Mel 199d 66' DDQ/PhMel 203b: R*=n-Bu a iPr

15 190 1-naphthyl Mel 199e 51¢ b n-Bu

2 Data taken from ref 128 In the presence df67e yield of 80% CQZBHA CO BHA g ;:,3;:
and ee of 84%¢ In the presence di67e yield of 82% and ee of 91%. 2
41n the presence df67e yield of 54% and ee of 90%.In the presence e PhCH?
of 167e vyield of 40% and ee of 95%. f  Me;Si
of the reagents plays a significant role in driving the (6-85%) 205a: R* = i-Pr (29%)
reaction'28 205b: R? = n-Bu (5 7%)

The asymmetric induction methodology developed for
naphthyl imines, that is, the use @ symmetric chiral CO,BHA BHAO OMQBr &
diether ligands, was also successfully applied to BHA esters |
189 and 190. Compoundsl71a 197b, and 199de were __PhMgBr
obtained in good yields and with high enantioselectivities Et,0-PhH
(ee from 84 to 95%) by carrying out the one-pot procedure
in the presence of 1.1 equiv of the chiral ettiéi7e** The
enantiomeric excesses decreased te 886 when 20 mol 206 207
% of 167ewas used, whereas the reaction time increased
almost 3-fold. PhMgBrl

] ) ) ) Ph. O Ph.__OMgBr

Miyano et al. showed that with the appropriate choice of |

organometallic reagent and/or reaction conditions, phenyl Ph NH,CI Ph

esters of the bulky phenol BHA also react as Michael

acceptors. The reaction of 2-methoxybenzo2@® with

butyl- andiso-propylmagnesium bromide in diethyl ether OMe OMe
benzene at a given temperature led exclusively to methoxy 208

substitution product201 In contrastt-BuMgBr and PhCh

MgBr, under the same conditions, favored the formation of

1,4-cyclohexadienez02and203derived from [1,4] and [1,6] CO,Bu 1) Me, CO,/Bu

conjugate addition, respectively. Due to difficulties in the HMPA, THF wH
purification of 202—203 they were rearomatized @04— OO Q
205 by oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzo- 2) Mel

quinone (DDQ) (Scheme 39%j:1%2 Addition of HMPA 209 210 (64%)
resulted in an increase in the yield of dearomatized com- G
N__O

pounds. It was concluded that the dearomatization proceeded

via a mechanism SET. +

The introduction of a methoxy or halo substituent at the
3-position of the ring greatly accelerated theAB process OO

rate. However, when the methoxy substituent is in the para

position to the ester, no substitution products were observed. 211 (32%)

Refluxing 206 with benzylmagnesium bromide for 24 h led

to 98% recovery of the starting material. In the analogous An additional example of the conjugate addition to bulky
reaction with PhMgBr keton208was isolated in 23% yield.  esters was provided by Meyers and Shimano (Scheme 39).
The formation of208 implies that 2 equiv of the Grignard  While investigating the dearomatizing amination of naphthyl-
reagent have been incorporated 206. [1,4] conjugate oxazolines (see section 12.2), these authors observed that the
addition of 1 equiv produces dearomatized ket@ts, sequential addition of lithium piperidide and methyl iodide
which, after [1,2] addition of a second equivalent of totert-butyl 1-naphthalenecarboxyla2©9in the presence of
organomagnesium and subsequent hydrolysis, would give theHMPA furnished the [1,4] addu@10in good yield, together
ketone20813 with a large amount of the amid&L1 (Scheme 39)3
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8.2. Bulky Lewis Acid Catalysts

Protection of the carbonyl group of the ester with the bulky
ATPH Lewis acid developed by Yamamoto represents an
alternative for directing the attack of a nucleophile to the
ring of an aromatic ester. The reaction of phenyldimethyl-
sylil-lithium with methyl benzoate12 in the presence of
ATPH followed by protonation with concentrated HCI
afforded mixtures of [1,6]213-214 and [1,4] addition
products 215 (Scheme 40). The dihydrobenzene derivative
214was obtained as a mixture of cis/trans isomers in a ratio
1:3.11%0nterestingly, quenching the intermediate dienolates
with methyl triflate gave almost exclusivetis-216. Meth-
ylation occurs in thex-position with respect to the carbonyl,
and with very high anti selectivity to the silyl substituent
(cis/trans ratio> 95:5) (Scheme 40).

8.3. Bulky Nucleophiles

There is one particular example in which the size of the

nucleophile may be considered responsible for the change

in the reaction pattern with an aromatic ester from the normal
[1,2] to the [1,4] addition. Tris(trimethylsilyl)silyl-lithium
undergoes reaction with methyl 8-dimethylamino-1-naph-
thoate217in ether at—78 °C to give the dihydronaphthalene
218in a yield of 70%. The formation of the expected acyl-
tris(trimethylsilyl)silane derived from nucleophilic attack at
the carbonyl group was completely inhibited in this case
(Scheme 40)%
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9. Amides

9.1. Intermolecular Nucleophilic Dearomatizing
Reactions

Tertiary amide substituents are acknowledged in the
chemistry of aromatic compounds as one of the best directors
of ortho-lithiation14-20136-138 |n sharp contrast, their use as
activating groups for intermolecular nucleophilic addition to
an aromatic ring has received much less attention. In
pioneering work, Meyers and co-workers showed tH2dLi
undergoes addition to the aromatic nucleusld-dimethyl-
2-naphthamid@19to give, after quenching with deuterated
water, the [1,4] adduc20in 50% yield, together with the
products derived from ortho-lithiatia?21and [1,2] addition
222 (Scheme 41)%* Dihydronaphthaleneg20 aromatized
spontaneously, and no further investigations were pursued.
Ten years later, while searching for a possible method to
achieve peri-lithiation of 1-naphthamides, Clayden et al.
found a way of favoring conjugate addition over the generally
preferred ortho-lithiation of the ring: the use oftho-
deuterium-labeled amides as a way of slowing the metalation
reaction due to a kinetic isotopic efféét. Deuterated
naphthalenecarboxamid@24 was prepared by lithiation of
223with s-BulLi, followed by a quench with BD. Treatment
of 224 with s-BuLi at —78 °C and subsequent protonation
with NH4Cl led to the formation of all possible sterecisomeric
dihydronaphthamide®25in 77% yield (Scheme 41). On the
basis of the deuterated starting material recovered, a primary
kinetic isotope effect oku/kp > 80 in the ortho-lithiation
process was estimatétt. The less nucleophilio-BuLi also
undergoes addition to the ring, albeit in the presence of
HMPA and at a temperature ef50 °C. Again, protonation
afforded mixtures of diasterecisom@26and227. However,
the sequence butylatieralkylation with Mel or n-Prl
resulted in the exclusive formation &26 In contrast,
aromatic addition was found to be only marginal for MeLi
andt-BuLi, and the use of HMPA or higher temperatures
did not improve the results. Deuterium protection was not
necessary when anthracenecarboxaniid8 was used as
starting material. The sequencesaBuLi addition—methyl-
ation with Mel provided a mixture of products tentatively
assigned as diastereoisomers2@® on the basis of mass
spectrometry analysis (Scheme 41).

Intermolecular dearomatization of benzamides proved to
be also feasible by making use of the strategy based on steric
hindrance as a means of controlling nucleophilic attack to
the ring system in preference to either addition to the
carboxamide or ortho-lithiatioH? A series of 2,2,6,6-
tetramethylpiperidinyl (TMP) benzamid@81were synthe-
sized through standard methods using benzoyl chlo286s
and allowed to react with simple alkyllithiums (MeLi,
n-BuLi, ands-BuLi). The enolate formed in the alkyl-lithium
addition stage was trapped with a small range of electro-
philes. Amide231a-c gave products of [1,4] additioA32
For benzamide231d with a methoxy group in the meta
position, the conjugate addition of the organolithium takes
place in the para position, leading to the [1,6] addition
product233 (Scheme 42; Table 20). Protonation afforded
mixtures of regio- and stereoisomers (entry 8). Alkylation
(Mel, BnBr, Etl, cyclobutanone) was, however, fully ste-
reoselective for thérans-cyclohexadiene derivative®32
Moreover, in the reaction wite-BuLi only two of the four
possible diastereoisomers were form&damides of TMP
are characterized by a low barrier to—@® rotation as a
consequence of the bulkiness of the amine moiety. This
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Scheme 41
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Table 20. Addition of Organolithium —Electrophilic Quench of
TMP Benzamides 232

entry  product X Y R E* yield (%)
1 232a H H s-Bu Mel 55
2 232b OMe H Me Mel 22
3 232c OMe H n-Bu Mel 40
4 232d OMe H sBu  Mel 71
5 232e OMe H s-Bu Etl 51
6 232f OMe H sBu BnBr 61
7 2329 OMe H s-Bu Me,CO 32
8 232h OMe H sBu  NHLCI 76hc
9 232i OMe OMe sBu Mel 12
10 233a H OMe sBu Mel 23
11 233b H OMe sBu NH,CI 15

aData taken from ref 142 A 3:1 mixture of diastereoisomers at
CH(Me)Et. ¢ Mixture of y ande protonated regiosiomers.

Clayden’s group: anionic cyclization. This approach consists
of the metalation of an acyclic precursor, which then
undergoes an intramolecular carbararbon bond-forming
reaction through addition to a suitable functional group.
Quenching the reaction with a variety of electrophiles allows
the synthesis of substituted carbocyclic and heterocyclic
systems, generally, with high regio- and stereocostr&t!+
Early examples of anionic cyclization onto an unactivated
aromatic ring are shown in Scheme 43. Ortho-lithiation of
trityl methyl ether234 produced an aryl anio@35, which
undergoes intramolecular addition to an adjacent phenyl ring
followed by elimination of LIOM€'* The resulting fluorenyl
derivative236 undergoes further lithiation to give the anion
237, which afforded 9-phenylfluorene (20%) on hydrolysis.
Pines and Schaap obtained alkylated indan derivavds

in the potassium-mediated reaction of simple olefins with

feature renders relatively easy a conformation in which arylalkanes23814° A reasonable mechanism involves the
carbonyl conjugation with the aromatic ring facilitates the Participation of alkyl anion239 formed by addition of a
conjugate addition, whereas the carbonyl linkage remainsbenzylic anion to the olefin. Anionic cyclization @B9gives
effectively shielded by the methyl substituents of TMP. the dearomatized anio2€0, which affords the carbocycles
Deprotection of the carboxamide was finally effected by ring 241 by elimination of hydride.

opening of TMP by treatment of the dearomatized product

with iodotrimethylsilane in the dark.

9.2. Intramolecular Nucleophilic Dearomatizing
Reactions

In the previous examples, aromatized products are isolated
as a result of the harsh reaction conditions used and/or the
absence of electron-withdrawing substituents in the ring
capable of stabilizing the dearomatized metalated species.
Clayden and co-workers first applied this strategy to aromatic

No doubt, the major contributions to the dearomatization tertiary N-benzyl amides in the late 1990s. They demon-
of arylamides came from a new approach developed by strated that amide-substituted naphtfP42 or phenyt*8
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Scheme 43
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bulky nitrogen substituents$ert-butyl or cumyl) were used.
The resulting dearomatized produ@slab/d,e containing

a methyl vinyl ether moiety were further converted into
heterocycles252—-255 upon dilute acid hydrolysis. The
process leading t@52—255 can be performed in a one-pot
manner. The cyano-substituted ami@d3p gave a 1:2
mixture of251hand the aromatized produ2b6 (Table 21,
entry 30). Significantly, the presence of a methoxy group
ortho/para with respect to the position of attack of the
benzylic anion prevented the cyclization. This limitation was
overcome by performing the metalation witBulLi in THF

in the presence of HMPA at40 °C.*%* In this way,251e
and the corresponding product of hydrolys?63 were
obtained, indicating that only the regioisomers resulting from
anionic cyclization through position 2 have been formed.
Amide 243f gave a mixture of two products, thes3- and
p,y-enone derivative254 and 255 (Table 21, entry 20).
Protonation of the dearomatized enolate resulting from the
anionic cyclization of amid43qoccurred at thex andy

237 236 positions with respect to the carbonyl group, providing
compound£251d(63% yield) and257 (13% yield), respec-
R? R R? R! tively. Hydrolysis of the mixture afforded cyclohexenone
H ROK 252k in 80% yield (Table 21, entry 31)..The methodology
+ CHy=CH, — was also successfully applied to unsubstituted 1-naphthamide
eC"(l)z 242b and 2-naphthamid@59, leading to246g (Table 21,
K entry 7) and260, respectively. The absence of a stabilizing
238 239 effect from the substituents is compensated by the lower
) ) aromatic stabilization of the naphthalene ring with respect
R® Rt R® Rt to the benzene derivatives. Anionic cyclization2&9 with
LDA is particularly advantageous because the deprotonation
‘7_ ’ with t-BuLi is accompanied by addition of the base to the
KH K@ 1-position. Additionally, the cun_1y| protecting group was
a1 240 easily removed by treatment with trifluoroacetic acid, as

shown in Scheme 45 with the transformation2df6g into
the N-unsubstituted pyrrolidinori2s8
243rings are good acceptors for intramolecular nucleophilic  Dearomatizing anionic cyclization also works well on
conjugate addition. The amide group also stabilizes the amides alkyl branched at tid:o-benzylcarbor261. In this
intermediate dearomatized organolithium, making possible case, the deprotonation was again performed WwBuLi.
the isolation of dihydroaromatic derivativesi6—250 by The tricyclic products262 contain a quaternary carbon
trapping with a variety of electrophiles (Scheme 44; Table adjacent to the nitrogen. Remarkably, only one diastereoi-
21). The literature has been recently surve$fd®and the somer is formed and in yields ranging from 53 to 75%.
essentials of this methodology are shown in Schemes 44 BesidesN-benzylamides, aromatic amides derived from
46. allylamined® and oxazolidines? were also efficiently
The reaction conditions first developed for the anionic dearomatized. In the case Nfallylnaphthamide®63 the
cyclization of aromatic amides consisted in the metalation main product formed in the dearomatizing reaction results
with t-BuLi in THF in the presence of HMPA or 1,3- from the y-attack of the allylic moiety. After electrophilic
dimethyl-3,4,5,6-tetrahydropyrimidin-2¢)-one (DMPU) at guench, tetrahydroazepinon264 were obtained in yields
low temperature during 167 Deuterium-labeling studié¥® ranging from 22 to 73% (Scheme 46). Compouriést
indicate that the benzylic anio45 required for the constitute the first examples of an organolithium cyclization
intramolecular conjugate addition is formed in two ways: leading to seven-membered rings. Amicd&3 having one
through direct deprotonation in the benzylic position or via phenyl at the allylic position do not undergo cyclization. The
a tandem process starting with the ortho-lithiation of the additional stabilization of the anion provided by the delo-
aromatic ring directed by the carboxamide moiety to give calization through the phenyl group prevents the intramo-
244and subsequent proton exchalg give 245(Scheme lecular Michael-type addition.
44). On the basis of trapping experiments with Mel, it was  Tertiary N-allyloenzamides failed to give dearomatized
suggested that these anions are in equilibrium. The presencgroducts under analogous reaction condititfién contrast,
of HMPA or DMPU drives the equilibrium to the benzylic  N-benzoyl oxazolidine266 are smoothly transformed into
anion and accelerates the cyclization step, for which a dearomatized tricyclic product®67 or 268 in moderate
disrotatory electrocyclic ring closure rather than an intramo- yields (Scheme 47; Table 22). By treati2§7/268 with 2
lecular conjugate addition was proposéd. M HCI in diethyl ether diastereoisomer269270 were
The use of tertianN-benzyl benzamide®43c—q substi- guantitatively obtained, except fo267h. In this case,
tuted with either electron-withdrawing or electron-donating dihydroisoindolone271 was the major product isolated in
groups allowed the reaction to be carried out under much the reaction. The epimerization at the carbon adjacent to the
milder conditions: lithiation with LDA, absence of cosol- nitrogen promoted by the action of HCI indicates that cis-
vents, and temperatures ranging from 0 to°25(Scheme  fused products are formed under kinetic control. On the basis
45)153 The best diastereoselectivities were obtained when of this isomerization, it was proposed that the anionic
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cyclization takes place through a pericyclic mechanin, conditions, enantiomerically pure amigi@6écyclized to give
although no additional support for this hypothesis was tricyclic derivative 277. In this remarkable reaction the
provided. trisubstituted stereogenic center of the starting material
Recently, amide activation of an aromatic nucleus toward becomes a quaternary carbon and two additional stereogenic
conjugate addition and anionic cyclization were made carbons adjacent to the tetrasubstituted center are created in
possible as two separate events on the same substrate: the stereospecific manner. Furthermore, the stereospecifity in
alkyl fragment amenable for the anionic intramolecular attack the formation of 4)-275 suggests that the chiral center at
was linked to a naphthyl nucleus bearing a carboxamide the N-substituent of£)274 andmese274, not involved in
group. This synthetic strategy allows for annelating the five- the cyclization, has little effect on the reaction course.

membered rings shown in Scheme *48.Tin—lithium The insignificant effect of chiral auxiliaries linked to the

exchange i?TnaEgRami?anith MeLi in THF in t?fe deg Nirogen on the asymmetric induction in the deprotonation
presence o and subsequent protonation afforded ¢ e N-penzylamides was evidenced by the low diastere-

the dearomatized heterocyd@3 albeit in low yield. The = ,\0ric excesses observed in the cyclization of amides
method proved to be more efficient when the activation of 278ab. In both cases, a mixture of two diasteroisomers

the aromatic ring was performed with an oxazoline ring (see 279ab and280ab in a 60:40 ratio was obtained (Scheme
section 12). 50) 158 However, the diastereoselectivity increasecd &0:10
: . - for amides R)-278cd containing the phenylglycinol moiety
9.3. .Asymmemc Dearomatizing Anionic as chiral auxiliary and dropped again to 67:33 for the
Cyclization cyclization of amide $-278e which incorporates a methoxy
Asymmetric induction in dearomatizing anionic cycliza- group in the para position of the benzyl-lithium species. The
tions has been attained in two ways: carrying out the reactionreasons for the differences noted in the stereocontrol of the
on chiral substrates or using chiral bases for performing the anionic cyclization of amide&78 remain unclear. Further
deprotonation of achiral amides. Both methods have beenmanipulations of the dearomatized products included the
applied to the synthesis of products of the kainic acid family conversion of methyl vinyl ether derivatives to ketones such
(see section 19). as281by mild acid hydrolysis and the removal of the chiral
auxiliary to give tricyclic product282

9.3.1. Chiral Aromatic Carboxamides Asymmetric dearomatizing anionic cyclization was also
Anionic cyclization of amides «)-274 and mese274 successful for chiral benzamid283a—i (Scheme 51)*° The

afforded the respective dearomatized produet3;Z75and products284—288 obtained are collected in Table 23. The
(£)-275, as single diastereoisomers (Scheme'49These regioselectivities observed were similar to those found for
results indicate that the reaction is stereospecific and proceedschiral amided®® Quenching the dearomatized lithium
with retention of the configuration at the lithiated benzylic intermediate with alkyl halides led to mixtures of products
site. The origin of the stereospecificity was assigned to the of attack o, 284f—h, andy, 288a-c with respect to the
presence of a chiral naphthaler@O axis!>* Under the same  carbonyl group (entries -810, Table 23). The use of
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Table 21. Dearomatizing Anionic Cyclization of Amides 242 and 243

starting material

entry  compd R R2a R3a Ar E* E yield (%) of products
1 242a t-BuP H H Ph NH,CI H 246a(82)

2 242a  t-BWP H H Ph Mel Me 246b(69)  247a(23)
3 242a  t-Bw H H Ph n-BuBr n-Bu 246¢(68) 247b(13)
4 242a t-BuP H H Ph BnBr Bn 246d(72)

5 242a t-BuP H H Ph n-PrCHO  n-PrCHOH 246e(84y

6 242a t-BuP H H Ph PhCHO PhCHOH 246f(81)

7 242b  cumyPe H H Ph NH,CI H 2460(88)

8 243a  t-BUf H H Ph NH,CI H 248a(75) 249a(5)

9 243a  t-BU H H Ph Mel Me 248b(22)  249a(13)  250b(36)
10 243a t-BUf H H Ph MeOTs Me 248b(43) 249a(5) 250b(8)
11 243a  t-BU H H Ph MeOTf Me 248b(34)  249a(13)
12 243a  t-BUf H H Ph EtOTs Et 248c¢(30)

13 243a  t-BU H H Ph allylBr allyl 248d(46)  250c(27)
14 243a t-BUf H H Ph BnBr Bn 248e(61) 250d(4)
15 243b B H H Ph HO H 248f(68) 250e(21)
16 243b Bnf H H Ph Mel Me 248g(25) 249b(15) 250f(33)
17 243c t-Bud 4-OMe H Ph NHCI H 252a(73)

18 243d t-Bud 4-OMe H 4-MeOGH4 NH.CI H 252b(100)

19 243e t-Bud 3-OMe H Ph NHCI H 253(70)

20 243f  t-Bud 2-OMe H Ph NHCI H 254(25) 255(32)
21 243y  cumyf  4-OMe H Ph NHCI H 252¢(53)

22 243h  prenyt"  4-OMe H Ph NHCI H 252d(53)

23 243i Bnd 4-OMe H Ph NHCI H 252e(37)

24 243 pMBY  4-OMe H Ph NHCI H 252f(37)

25 243k cumyH 4-Ph H Ph NHCI H 2529(88)

26 243 cumyf  2-MeO H Ph NHCI H 251¢(60)

27 243m  cumyH 4-MeO  2-MeO  Ph NECI H 252h(62)

28 243n  cumyf  4-Br H Ph NHCI H 252i(59)

29 2430 cumyH 3-Br H Ph NH,CI H 252j (44)

30 243p  cumyf  4-CN H Ph NHCI H 251h(20)  256(40%)
31 243q  t-Buw 4-OMe  2-Me Ph NHCI H 252k (80)

2 Position with respect to the carboxamide grotpata taken from ref 147 Mixture of diastereoisomers.Data taken from ref 153 Cumyl
= 1,1-dimethylphenylmethyf. Data taken from ref 148 Data taken from ref 154! Prenyl= 3-methylbut-2-enyli Thirteen percent of the trans-
fused product was also obtainédhe trans-fused product was also obtained in 9% yieiMB = p-methoxybenzyl.

benzaldehyde as electrophile (entry 11, Table 23) producedthrough a sequence of reactions involving deprotonation,
284i (R' = 4-OMe; R = H) as a single stereoisomer in cyclization, and rearrangement that preserves the chiral
very high yield. Compoun@84i contains four stereogenic integrity in each step. The significant structural modification
centers, two of them tetrasubstituted, and it represents a niceof the starting material has been accomplished by using two
example of the performance of the reaction. As in the related simple reagents: a base and a lamp. Anionic cyclization
naphthamide series, the process involves the stereospecifiphotochemical rearrangement of achifddbenzylN-tert-
formation and cyclization of a tertiary benzyl-lithium inter- butylamides243 proceeds in a similar manner. However, in
mediate. This anion must be configurationally stable in the this case two possible regioisomeric norcaradiS@sand
time scale of the anionic cyclization because the chiral center303 were formed together with their corresponding rear-
present in the starting amide is the source of such ste-ranged cycloheptatrien&92 and 304 (Scheme 53).

reospecificity. Cyclizacion off R)-289ab andmese289ab . . . . .
afforlzled diaysteryeomeric prg:fju)cﬁﬁo—azm and 292_233 9.3.2. Enantioselective Deprotonation with Chiral Bases

respectively (Scheme 52 The discrimination between two Intermolecular transfer of asymmetry by sequential asym-
similar benzylic groups in the cyclization of amidR,$)- metric deprotonation of a prochiral methylene group and elec-
294 proved to be rather low, rendering compou28s and trophilic quench has become a valuable synthetic tool for
296in 74% yield and a ratio of 4:1 (Scheme 52). obtaining chiral compounds in high enantiomeric exce¥Zes.

The scope of the anionic dearomatization of amides has Enantioselective deprotonation is generally achieved through
been further extended by replacing the electrophilic quenchthe use of the chiral baseBuLi/(—)-sparteine in nonpolar
step by a photochemical reaction. The irradiation with a solvent$®® or by the action of a suitable chiral lithium
500 W tungsten-filament halogen lampy(>500 nm) of amide'®4+165The metalation of benzamid&t3cwith s-BuLi/

the enolate97 obtained upon lithiation of amide&83a—h (—)-sparteine in THF afforded the racemic dearomatized prod-
and289aeffects a rearrangement leading to the stereospecificuct252a As mentioned previously, tertiary arylamides could
formation of norcaradiene298 (52—94% yield) or cyclo- be deprotonated at the benzylic position by treatment with

heptatriene299 (20—94% yield) (Scheme 53; Table 24} LDA.*3When the metalation dt43¢g,w,x was performed
Bicycles298 are the precursors of cycloheptatriene deriva- with the chiral lithium amide805-308and the crude reac-
tives299via isomerization through a six-electron disrotatory tion mixture was hydrolyzed with dilute hydrochloric acid,
ring-opening reaction. For ami&83econtaining aro-MeO bicyclic enonef252ac,m,n were obtained in good yield and
substituent, the rearrangement followed a different pathway, with moderate ee (Scheme 54; Table #8)in the absence
affording ketone800. The conversion of amideX83a—h and of a methoxyvinyl ether moiety as @243y, the product iso-
289aonto dearomatized compoun@88and299represents  lated after protonation with aqueous ammonium chloride was
the formal insertion of a chiral carbenoid into a benzene ring 251i. In general, lithium amide806 and 307 proved to be
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more efficient as chiral transfer reagents than the simplest Deuterium-labeling studies aM3cindicated that chiral
phenethylamine derivativ&05or the doubly lithiated amide  lithium amides deprotonated amides enantioselectively. The
308(Table 25). However, the reaction proceeded with either resulting benzylic anions were configurationally stable on
low yields or low enantioselectivities with-benzylN-tert- the time scale of the cyclization, which proceeds stereospe-
butyl-2-methoxybenzamid243f andN-benzylN-tert-butyl- cifically.

1-naphthamid@42a These poor results have been attributed  Enantioselective dearomatizing anionic cyclization of
to the possibility that these amides may be chiral at low amides243through asymmetric deprotonation represents a
temperature due to atropisomeri$thAs expected, when  significant improvement with respect to intramolecular trans-
the enolate formed in the asymmetric deprotonatioR4sc fer of chirality processes described above. The method allows
with 306 was irradiated prior to the quenching with aqueous the use of achiral starting amides. Asymmetric induction
NH.CI, the rearranged product obtain&df)1a (69%), was originates on a reagent that is readily available and may be
enantiomerically enriched (ee 78%) (Scheme 53). guantitatively recovered from the acidic fraction of the
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Table 22. Dearomatizing Anionic Cyclization of Amides 2686

entry SM E E yield (%)
1 266a NH.CI H 267a(60)
2 266a CDs;OD D 267b(60)
3 266a Mel Me 267¢c(53)
4 266a BnBr Bn 267d(45)
5 266a 4-BrGH.CH,Br  4-BrGH.CH, 267e(41)
6 266b 1 MHCI H 268a(55)
7 266b  Mel Me 268b(48)

a Data taken from ref 152.
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of chiral arylamides, which affords products with a quater-
nary chiral carbon adjacent to the nitrogen.

10. Acid Halides

DnAr of aromatic acid halides has been achieved only via
the methodology developed by Yamamoto et al.: complex-
ation of benzoyl or 2-naphthoyl chloride with ATPH in
toluene at—78 °C followed by addition of the nucleophile.
Starting with PhCOCB09, treatment with RM reagents and
workup with concentrated HCI afforded mixtures of [1,6]
and [1,4] cyclohexadienyl carboxylic acidll and 312
respectively (Scheme 5% Performing the hydrolysis with
HCI/MeOH gave the corresponding estd8is83and314. The
range of nucleophiles that undergo addition to the ring
include simple alkyl-lithiums (MeLit-BuLi, PhLi, CH=
CHLI, CH,;=CHCH,LI), lithium enolates, and Grignard rea-
gents (-PrMgBr, t-BuMgCl). Compared with the analogous
reaction of benzaldehyde, the ATHFhCOCI complex310
shows enhanced selectivity (no [1,2] adducts were detected)

aqueous workup. Although the enantiomeric excesses at-and reactivity (-PrMgBr andt-BuMgCl failed to add to the
tained are not very high, a single recrystallization leads to ATPH—PhCHO complex). These differences in chemical
products with ee> 99%. The dearomatized compounds ob- behavior correlated with the differences observed in the X-ray

tained contain a chiral trisubstitutedd\C, carbon. Therefore,

structures of both complexes. These results suggest an in-

this methodology complements the previous synthesis of creasedr-deficiency and a higher congestion of the carbonyl

chiral bicyclic enones (e.g284—286) via anionic cyclization

moiety of PhCOCI in310than that of PhCHO ir120 (see
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26). Curiously, the hydrolysis with concentrated HCI was

282 assisted by HMPA. The analogous reaction with the lithium
282a: R3= H (92%) eno_late of 2-methylpr0pionate, in _the a_tbsence of HMPA
282b: R3= MeO (83%) during acid hydrolysis, afforded high yields of the [1,4]
regioisomer324b (entry 20). In sharp contrast, 2-naphthal-
281(from (S)-278e) dehyde was unreactive under the same conditions.
Sm/ 279 279:280 11. Nitriles
Comp R' R? R® R* Yield(%) Ratio
a Ph Me H H 52 6040 The cyano group is characterized by its strong electron-
b 1-Naph Me H H 52 6040 withdrawing nature, making arylnitriles prone to react with
¢ Ph CH,OH H H 66 91:9 nucleophiles through [1,2] addition to the CN. Nevertheless,
da Ph CH,OH MeO H 52 >90:10 there are a number of examples for which the regioselectivity
e Ph CHOH MeOMeO 32  67:33 predominantly observed corresponds to attack on the aro-
a)(S)-278e matic ring.

Scheme 27). Benzoyl chloride afforded predominantly or 11.1. Reactions with Hydride Transfer Agents
exclusively moderate to good yields of [1,6] regioisomers

311 or 313 (Table 26). The same regioselectivity was  There is only one report on the conjugate addition of
observed in the reaction of alkyl-substituted benzoyl chlorides hydride to an aromatic nitrile. Stirring a DMF solution of
315ab with bulky nucleophiles such asBuLi (entries 16 9-cyanoanthraceng25awith sodium borohydride at room
and 18). However, MeLi attacked solely the ortho position temperature fo2 h gave 9,10-dihydro-9-cyanoanthracene
of the carbonyl group, giving a mixture of cyclohexadiene 326ain 65% yield (Scheme 568 However, the analogous
isomers316and317 derived from protonation at th@or 6 reduction of 9,10-dicyanoanthracene produced exclusively

position with respect to the incoming nucleophile (entries o supstitution of a cvanide aro ieldiBa5a (50%
15 and 17)tert-Butylation of 4-chlorobenzoic acid chloride LSt yanide group yieldisg5a(50%).

319 with an excess of-BuMgBr is a remarkable reaction . . .
that gives a mixture of diert-butylbenzoic acid820 and 11.2. Reactions with Grignard Reagents
321 Their formation was explained via a tandem process ) . , ,
involving a [1,6] conjugate addition a:BuMgBr to the _Gene_rally, organomagnesiums und_ergo reaction Wlth arylni-
aromatic nucleus, followed by aromatization and chloride triles via [1,2] addition to give imines in good yields.
elimination from the intermediate enolate formed and However, the reduced stabilization energy of the central ring
subsequent [1,4] addition of the Grignard reagent. of 9-cyanoanthracer&5awith respect to an isolated phenyl
The complex of 2-naphthoic chlorid2and ATPH also ~ "INg opens the way to alternative reactivity patterns with
undergoes nucleophilic addition onto the ring. However, Grignard reagents. Organomagnesiums can be classified into
mixtures of [1,4] and unprecedented [1,8] conjugate addition four groups based on the products obtained in their reactions
products 324 and 323 were formed in this case. [1,8] with 325 (i) Grignard reagents that afford normal [1,2]
Regioselectivity predominated witkBuLi (entry 19, Table adducts, as is the case for MeMgBr and PhMB(ii) linear
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Table 23. Dearomatizing Anionic Cyclization of Amides 283

Chemical Reviews, 2007, Vol. 107, No. 5 1617

starting material products
entry 283 R! R? E yield (%) ee (%)

1 a H H NH,CI H 284a(70)
2 b 2-Me H NH,CI H 284b(60)
3 c 3-Me H NH,CI H 284c(23y
4 d 4-Me H NH,CI H 284d(75)
5 e 2-MeO H NH,CI H 284e(74) >99
6 f 3-MeO H NH,CI H 285b(66) >99
7 g 4-MeO H HCI H 286a(80) >99
8 g 4-MeO H Mel Me 284f(28)
9 g 4-MeO H BnBr Bn 284q(48)

10 g 4-MeO H 4-BrGH,CH,Br 4-BrCsH4CH; 284h(61y

11 g 4-MeO H PhCHO $-PhCHOH 284i(96)

12 h 2-MeO 4-MeO NHCI H 286b(52)

13 i 3-MeO 4-MeO NHCI H 284j (41) 93

aData taken from refs 159 and 160Compound285awas also formed in 23% yield.Compound288awas also formed in 48% yield and
separated before acid hydrolysiCompound288bwas also formed in 29% yield and separated before acid hydrohGsmpound288cwas also
formed in 30% yield and separated before acid hydrolys@mpound287 was also formed in 10% yield.
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chain organomagnesiums (EtMgB¥PrMgBr, n-BuMgBr,
n-C;H1sMgBr, and PhCHCH,MgBr) leading to the forma-
tion of dihydrodimer329via radical coupling reactions; (iii)
branched organomagnesiung?(MgBr, ssBuMgBr, CyMg-
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as PhCHMgCI andt-BuMgCl characterized by the exclusive
formation of [1,6] addition products.

Thus, the reaction 0825a with an excess of EtMgBr

affords a mixture of the normal [1,2] addition prod827
(<10%), the 10-ethyl-substituted anthryl ethyl ketimB28
(35%)172 and the dihydrodimeB29 (50%, mixture of two
stereoisomers}® (Scheme 56). CompourgR8results from

Br) giving rise to mixtures of dihydrodimers and dearoma- the consecutive [1,2] and [1,6] addition of the organomag-

tized conjugate addition compountd8?7(iv) Grignards such

nesium to the [1,2]- and [1,6]-positions of the conjugated
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Table 24. Dearomatizing Anionic Cyclization—Photochemical
Rearrangement of Benzamides 283ah and 289&

entry SM R R? yield (%) ee (%)
1 283a i-Pr H 299a(80) >99
2 283b i-Pr 2-Me 299b(49) 80
3  283c i-Pr 3-Me 299c¢(40) 92
4 283d i-Pr 4-Me 298a(85) 86
5 283e i-Pr 2-MeO 300(55) nd
6 283f i-Pr 3-MeO 299d(20) 90
7 283g i-Pr 4-MeO 298b(94) >99
8 283g i-Pr 4-MeO 299e(94) nd
9 283h i-Pr 2,4-di-MeO 298c(53) 92
10 289a (9-CH(Me)Ph 4-MeO 298d(52) >98 (de)
aData taken from ref 161.
Scheme 54
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Table 25. Asymmetric Deprotonation and Cyclization of Amides
243

entry SM R R? R® LitB* yield (%) ee (%)
1 243c Me H MeO 305 (-)-252a(72) 17
2 243c Me H MeO 306 (—)-252a(72) 80
3 243c Me H MeO 307 (-)-252a(73) 80
4 243c Me H MeO 308 (+)-252a(38) 75
5 243g Ph H MeO 307 (—)-252¢(59) 73
6 243w Me MeO MeO 306 (—)-252m(72) 81
7 243w Me MeO MeO 307 (—)-252m(64) 75
8 243w Me MeO MeO 308 (+)-252m23) 30
9 243x Ph MeO MeO 305 (-)-252n(87) 84
10 243y Me H Ph 305 (-)-251i(70) 60

aData taken from ref 166.
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The presence of an alkyl substituent in the para position

system defined by the central aromatic ring of the anthracenewith respect to the cyano group as in 9-cyano-10-methylan-
linked to the cyano group. On the other hand, it has beenthracene325b prevents the attack of the less reactive

suggested that dearomatized din839 is the result of a
radical process initiated also by the [1,6] addition of EtMgBr
to the starting nitrile.

Martynoff described the first dearomatization of an arylni-
trile, 9-cyanoanthracen825a through the reaction of a
Grignard reagent;BuMgCl. The product isolate®26b, was
considered to result from a [1,2] addition bBuMgCI to
the cyano group followed by migration of thie€Bu moiety
to the carbon C10 of the anthracene system (Schem¥&%6).
However, Lalande and Cal4% showed that326b was
formed by the intermolecular conjugate [1,6] addition of the
Grignard to the aromatic nitril825a Benzylmagnesium
chloride reacted also witB25a leading t0326¢ (67%)6°
identified in a later work as a mixture of two stereoisoniéts.

Grignard reagents on the ring. For instance, the reaction of
EtMgBr with 325b produced a mixture of imin830and a
dimer assigned a831 (Scheme 57376 However, PhCh
MgCl added smoothly to 9-cyano-10-ethylanthrac888g
10-benzyl-9-cyanoanthraceB25d and 9-cyano-10-phenyl-
anthracene325e¢ to give, after electrophilic trapping with
alkyl halides, dearomatized produ826f—i in yields ranging
from 26 to 63%-"7178 The same organomagnesium added
in a [1,6] manner to 9,10-dicyanoanthrace825f and
9-cyano-10-methoxyanthraceB885g In both cases, a first
equivalent of PhCkEMgCI displaced the cyano or methoxy
substituent at the C10 position, and then [1,6] addition of a
second equivalent of PhGMgCI to the in situ generated
benzylated cyanoanthracene derivatB825d, producing a
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Table 26. Conjugate Addition to Aromatic Acid Halides 309,
315, and 322

Entry SM R'M R! R’ Yield (%) [ratio]
1 309 MelLi Me 311a:312a (99) [1.6:1]
2 309 »-BuLi n-Bu 311b:312b (ng)° [4.5:1]
3 309 s-BuLi s-Bu 311c:312¢ (ng)° [14:1]
4 309  tBuLi +-Bu 311d:312d (ng)°® [39:1]
5 309 PhLi Ph 311e:312e (96) [>99:1]
6 309 oLi o 311£:312f (41) [>99:1]
Y oYY
7 309 oLi 0 311g:312g (72) [>99:1]
ﬁ)\m %’H
8 309 oL o 311h:312h (46) [>99:1]
9 309 oL o 311i:312i (75) [>99:1]
Meo)\“‘r MeO)K["'J
10 309 i-PrMgBr i-Pr 3115:312j (71) [13:1]
11 309 +BuMgBr +-Bu 311d:312d (90) [15:1]
12 309 CH,=CHLi CH,=CH 313a:314a (53) [8.5:1]
13 309 CH,=CHCH,LiCH,=CHCH, 313b:314b (68) [3.4:1]
14 309 oLi o 313c:314c (78) [7.9:1]
z-Buo’J\ I-BuOJK"F
15 315a  MeLi Me H 316a:317a(76) [1:1]
16 315a  r-BuLi t-Bu H 317b:318a (63) [1:8.1]
17 315b  MeLi Me Me 316b:317¢ (60) [1:1.7]
18 315b  tBuLi ~Bu  Me  318b(70)[100]
19 322 rBuli +-Bu 323a:324a (58) [2.9:1]
20 322 oLi 323b:324b (71) [1:13.3]

MeO™ Y MeO

>%:o

aData taken from ref 167 Yield not given.
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failed to add to the dearomatized organomagnesium inter-
mediate. Alternatively, the treatment3#5f,g with an excess

of PhCHMQgCI in the presence of benzyl chloride affords
directly 326gin good yields. The method described here
represents an interesting entry to 9,10-dihydroanthracenes
tetrasubstituted at positions 9 and 10. It is worth recalling
that introducing a carbonyl substituent in the C10 carbon of
anthracene-9-carbonitrile as in compou? (section 5.3)
induced a change of reactivity toward Grignard reagents,
leading to 9,10-dihydroanthryl derivatives44 and 145
resulting from the initial reduction of the central ring of
142111

11.3. Reactions with Organolithium Reagents

The cyano group is a known precursor of 1,3-oxazolifies,
one of the activating groups most widely applied for the
conjugate addition of organolithiums to naphthalenes (see
section 12). However, the use of arylnitriles as Michael
acceptors in dearomatizing reactions with RLi reagents has
remained practically unexplored. As for Grignard reagents,
the normal reaction of organolithiums with aromatic nitriles
consists of a [1,2] addition to give iminé¥, ketones.s!
amines'®218enamidined® and triazined8 Until recently,
the only report on the dearomatization of an aromatic ring
bearing a cyanide substituent was the attempted vicarious
nucleophilic substitutiott-*318between 1-cyanonaphthalene
332 and the carbanion of chloromethy-tolyl sulfone.
Instead of the expectedy&r product, the bisannulated
compound333 was obtained. The formation &33 was
explained via two consecutive additions of the carbanion to

dearomatized anion. This intermediate anion can be proto-naphthalene followed by intramolecular nucleophilic dis-

nated with dilute HSO, or alkylated with benzylic halides

(PhCHLCI, 4-CI-GH,CH,CI), affording dihydroanthracenes

placement of chloride (Scheme 58j.
Very recently, it has been shown that organolithium

326eand326gi, respectively. The less reactive ethyl iodide reagents undergo conjugate addition to both naphtho- and
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regiospecifically to thex position of the naphthalene ring
of nitrile 339 Protonation of the metalated dearomatized
adducts occurred predominantly or exclusively at the
position with respect to the cyano group, leading to dihy-
dronaphthalene derivativég2 When Mel or BnBr is used
as electrophile, the major products obtaing4f], result from
the reaction through the position of the CN linkage.

Additionally, nucleophilic conjugate addition to benzoni-
triles is feasible only with lithium phosphine borane com-
plexes 334e-g having a secondary carbanionic center.
n-BuLi and s-BuLi add exclusively to the CN group of
benzonitrile343a affording the respective ketones quanti-
tatively. The primary carbanioB839d also failed to attack
the aromatic ring 0f343g probably due to insufficient
nucleophilicity. [1,6] Addition 0f334e-g to 343in THF at
—90 °C in the presence of HMPA is preferred over the
normal [1,2] attack at the CN (Scheme 3% The dearo-
matized species were trapped with water and alkyl halides.
Protonation afforded 2-cyano-1,3-cyclohexadieBdd in
moderate to good yields (359%, mixtures of two diaste-
reoisomers). Only in the reaction 884gwith 343awas a
significant amount of the product of [1,4] additiB45(21%)
observed. The lower regioselectivity shown B84g was
ascribed to the higher nucleophilicity as compared with the
other nucleophiles used. In addition, small amounts of
rearomatized product846 were observed in two cases
(Scheme 59). Alkylation with Mel, AllylBr, BnBr, and the
[1,6] adduct via reaction 0834e with benzonitrile 343a
furnished 1,4-cyclohexadien&g7in very high yield.

The processes described above represents not only the first
examples of the conjugate addition of lithium reagents to
arylnitriles but also the first examples of the participation
of phosphorus-stabilized anidfi$334d—g in DyAr reac-
tions. Further elaboration of the cyano and phosphine borane
functional groups present in the dearomatized products may
give access to interesting products. Functionalized cyclo-
hexane derivatives are frequently found in numerous biologi-
cally active substancé§!

12. Oxazolines

Nucleophilic conjugate additions to an aromatic ring based
on the ring electrophilicity induced by oxazoline substituents
represent the method of widest generality for the dearoma-
tization of a naphthalene nucleus. The sequence of reactions,
developed by Meyers and co-workers, involves [1,4] and
[1,6] additions of organolithiums and organomagnesiums to

benzonitriles when the reaction is carried out in the presenceoxazoline-substituted naphthalenes followed by trapping of

of HMPA at low temperature. Simple alkyl-lithiums and
lithium phosphine borane complex&34 have proved to be

the resulting azaenolate intermediate with an electrophile,
which invariably enters trans to the organometallic reagent.

suitable nucleophiles for the dearomatization of 1-cyano- As activating groups, oxazolines offer an immediate intrinsic

naphthalene332 and 2-cyanonaphthalen839 (Scheme

advantage: the heterocycle is readily accessible in a chiral

58) 188 Protonation or alkylation of the anionic intermediates form and, therefore, it can impart asymmetry to the succes-

gave mixtures of ketone®35/340and dihydronaphthalenes
336—338/341-342 Increasing the nucleophilicity and bulki-
ness of the incoming anion favored the [1,6] additio8332

over the competing [1,4] and [1,2] addition products. Thus,

for E = H the ratio337:336increased in the seriesBuLi
< sBuLi < LiCH,PPh-BH; < LICH(CH3)PPh-BH; from

sive transformations affecting the naphthalene ring. Conver-
sion of the oxazoline moiety of the dearomatized product to
an aldehyde allows the recovery of the chiral auxiliary and
affords a functionalized dihydronaphthalene containing two
adjacent stereocenters, which can be further functionalized.
Yields and stereoselectivities are generally very high.

1:5 to 3.4:1. The distribution of products obtained after Furthermore, for electrophiles other than protons, one of the
electrophilic quench indicated that the lithium adducts to the stereocenters formed is quaternary. The literature up to 1993
cyano group are in equilibrium with those formed by attack has been covered in detil'* Some additional contributions

at the naphthalene nucleus. The latter were alkylated moremay be found in a recent review by Meyéfsin the

quickly, leading to mixtures of dihydronaphthalerg3sh,c
and 338hc in good yields. Nucleophile834de added

following sections we will present the main achievements
of the method classified according to the incoming nucleo-
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Scheme 59
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phile. Synthetic applications will be discussed in section 19. and 362 respectively, were obtained. Treatment of these
vinyl ether derivatives wit 1 M HCI provided the ketones
12.1. Reactions with Carbon Nucleophiles 363and364 Reduction of the carbonyl group 864a(E =
Me) with sodium borohydride and subsequent removal of
the oxazoline with hydrochloric acid afforded the lactone
365 Compounds361 and 362 represent the only examples

348and355with a series of KLi reagents in THF, followed of dearomatized products of aryloxazolines in which the

by acidic quench or addition of methyl iodide, gave dihy- aromatic system s n.o_t a naphthaleneﬁnng.

dronaphthyl derivative850—352, 357, and358via azaeno-  When the nucleophilic and electrophilic centers are present
lates 349 and 356, respectively (Table 27° Protonation  in the same reagent as in haloalkyl lithit886, the tandem
with isopropanol produced large amounts of rearomatized COnjugate anionic dearomatizatiealectrophilic alkylation

or trans-epimerized products. Similar base-promoted isomer-furnishes annelated dihydronaphthale@8 (Scheme 61;
ization has been observed in the analogous dearomatizatiori able 27, entry 17)** Addition to the naphthalene nucleus
reaction of naphthyl imines (Scheme 32). In a number of takes place at-78 °C, whereas cyclization occurs at
cases, the addition could be achieved only when organo-témperatures above . Protonation of the adduB67 at
lithiums were prepared in situ through trans-metalation of —45 °C affords dihydronaphthyl derivativ869. Further
tetrasubstituted stannanes with MeLi. The differences in the €laboration oB68, as previously described f850, leads to
behavior of the organolithium reagents were explained in @ldehyde370and carbinoB71 The annelation of a saturated
terms of possible changes in the aggregation state. In linefive-membered carbocycle and heterocycle (pyrrolidine and
with this argument, it was observed that the reaction rate furan) to the aromatic system of suitably substituted naph-
increased when HMPA was added to the reaction mixture thyloxazolines has also been accomplished very efficiently
prior the addition of methyl-lithium. Further improvement through anionic cyclizatio#® Lithiation of 372via iodine~
resulted from the use of lithium 4di-tert-butylbiphenyl lithium (for 3723 or tin—lithium exchange (foB872bc, in
(LIDBB) for the generation of the requisite lithium reagents. the presence of TMEDA) and subsequent treatment of the
In this way, comparable yields were obtained in significantly intermediate azaenolat8g3with ammonium chloride, alkyl
shorter reaction time$2 The oxazoline ring of compounds~  halides (Mel, allylBr, BnBr), or benzaldehyde gives dihy-
350 was converted into an aldehyde by sequential quater- dronaphthalene derivativ@4and375in good yields and,
nization of the nitrogen with methyl trifluoromethane- in general, with excellent stereocontrol (Scheme 61; Table

sulfonate, reduction with sodium borohydride, and acidic 28)*°’

The tandem conjugate organolithium additieelectro-
philic trapping of naphthyloxazolines is illustrated in Scheme
60 for the 1-isomer348 and 2-isomer355 Treatment of

hydrolysis. Additional reduction of dihydronaphthalei3&8 For naphthyloxazolines bearing a methoxy substituent, the
to the carbinol854was performed to facilitate the separation reaction with nucleophiles follows two different pathways
of stereoisomers. depending on the position of the methoxy group. Dearoma-

The remarkable conjugate addition of ethoxyvinyl-lithium tization dominates when both substituents are sepatéted,
to 348and355(Table 27, entries 13 and 21) represents the whereas essentially y8r products are obtained if both
first examples of addition of an acyl equivalent to an aromatic substituents occupy adjacent 1,2-positions in the naphthalene
ring. The lithio intermediates thus generated were trapped nucleus!®® The exception to this rule are the [1,6] adducts
with methyl iodide, furnishin@50j and357d, respectively, 378 379 and 381 formed in the reaction 0876 and 377
which were transformed into the corresponding methyl with allyl-lithium reagents (Scheme 62,18 The scope of
ketones by mild acid hydrolysi$® This chemistry was the process was extended by trapping the dearomatized
extended to anthracene-oxazolin8s9, and phenanthrene- azadienolate with a variety of carbon electrophiles. In this
oxazolines360. High yields of dearomatized compour@i&l case, excellent yields of diastereomerically pure 1,4-dihy-
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Scheme 60
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dronaphthalene879a—f were obtained (Scheme 62; Table positions of the products. Furthermore, the exclusive addition
27, entries 2429)1°° The remarkable stereocontrol exerted of the electrophile to the carbon adjacent to the oxazoline
by the remote allylic system was assigned to the existencering of the lithio intermediate was assumed to be the result
of a major azadienolate conformer having the alkyl substitu- of a complex-induced proximity effect (CIPEJ due to

ent in a pseudoaxial orientation that minimizes steric chelation of the lithium cation to the oxazoline nitrogen and

interactions with the peri hydrogen. The presence of the axial the methoxy substituent. Coordination of the electrophile to
group appears to prevent the attack of the incoming elec-the lithium ion of this chelate places the electrophilic center
trophile from the same face, thus explaining the trans close to carbon C1 of the naphthalene. Upon standing in air,
relationship between the two alkyl substituents in 1,4- dihydronaphthalene879 undergo oxidation to give naph-
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Table 27. Conjugate Addition of Carbon Nucleophiles to Achiral Naphthyloxazolines

addition
entry SM RLi temp €C) R Ef/HT yield (%) [ratio]
1 348 CH,=CHLi —-80 CH~=CH CRCOH 352a(95)
2 348 CH,=CHCHLiI —80 CH=CHCH, H,0:i-PrOH 1:1 352b(90)
3 348 CH,=C(Li)CHjs —80 CH=CCHs HCI 352¢(90)
4 348 MeLi -20 Me Mel 350a(65)
5 348 i-PrLic —78 i-Pr Mel 350b(81)
6 348 c-CaHsLi® —781t0—30 c-CsHs Mel 350c¢(78)
7 348 n-BulLi —45 n-Bu Mel 350d(90)
8 348 s-BuLi —45 sBu Mel 350e(94)
9 348 t-BuLi —45 t-Bu Mel 350f(99)
10 348 CH,=CHCH,Li —80 CH~=CHCH, Mel 350g351a(85) [62:38]
11 348 CH,=C(Li)CHjs —80 CH=CCHs Mel 350h(95)
12 348 CH3CH=CHLi° -30 CH,CH,=CH Mel 350i (70)
13 348 CH,=C(Li)OEt —-10 CH=COEt Mel 350j (50)
14 348 PhCHLi —80 PhCH Mel 350k (91)
15 348 PhGuCCHLi® —40 PhG=CCH, Mel 3501:351b(90) [70:30]
16 348 THPOCHCH=CHLi® —40 THPOCHCH=CH Mel 350m351c(74) [84:16]
17 348 LiCH,CH,CH,CH,CI —78 CH,CH,CH,CH, 368(84)
18 355 n-BuLi —45 n-Bu Mel 357a(90)
19 355 s-BuLi —45 s-Bu Mel 357b(91)
20 355 t-BuLi —45 t-Bu Mel 357¢c(90)
21 355! CH,=C(Li)OEt —-10 CH=COEt Mel 357d(98)
22 376 CH,=CHCH,Li —40 CH=CHCH, NH.CI 378a(88)
23 376 Me;SiCH=CHCH,Li —40 Me&SiCH=CHCH, NH.CI 378b(90)
24 376 CH,=CHCH,Li —78 CH=CHCH, Mel 379a(97)
25 376 Me;SiCH=CHCH.LI —78 Me;SiCH=CHCH, Mel 379b(95)
26 376 Me;SiCH=CHCH,Li —78 M&SiCH=CHCH, I(CH2)4Cl 379c(96)
27 376 Me;SiCH=CHCH,LI —78 Me;SiCH=CHCH, Me,C=CH(CH,).Br 379d(92)
28 376 Me;SiCH=CHCH,Li —78 M&SiCH=CHCH, I(CH,)sCOEt 379¢(89)
29 376 PhSiCH=CHCH,LI —78 PhSIiCH=CHCH, Mel 379f(97)
30 377 Me;SiCH=CHCH,Li —78 M&SiCH=CHCH, Mel 381(98)

aData taken from ref 139 Data taken from ref 19Z Generated by reaction of the corresponding bromide with LiDBBata taken from ref
193.¢ Reaction performed in the presence of 2 equiv of HMPBata taken from ref 194 Data taken from ref 197 Data taken from ref 199.
"Yield decreased to 52% when Br(@BCO,Et was used as electrophildData taken from ref 198.
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thalenones380 in high yield. The transformation can be
accelerated by performing the oxidation with singlet oxy-
gen.

An alternative to prevent the nucleophilic displacement
of a methoxy group contiguous to an oxazoline moiety is to
place both substituents in 2,3-positions of the naphthalene
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Table 28. Dearomatizing Anionic Cyclization of Naphthyloxazolines 372

entry SM X E" R? yield (%) [ratio]
1 372a CH, NH.CI H 374a375a(85) [>96:4]
2 372a CH; Mel Me 374b375b(71) [<4:96]
3 372a CH;, CH,=CHCH,Br CH,=CHCH, 374¢375¢(67) [50:50]
4 372a CH; PhCHBr PhCH 374d375d(65) [<4:96]
5 372a CH; PhCHO PhCHOH 374e375e(60) [<4:96]
6 372b NBn NH,CI H 374£375f(73) [>96:4]
7 372b NBn Mel Me 37493759(71) [>96:4]
8 372b NBn CH,=CHCH,Br CH,=CHCH, 374h375h(67) [>96:4]
9 372b NBn PhCHBr PhCH 374i:375i(65) [>96:4]
10 372b NBn PhCHO PhCHOH 374j:375j (60) [>96:4]
11 372¢c o NH.CI H 374k375k (74) [>96:4]
12 372c (0] Mel Me 37413751 (79) [>96:4]
13 372¢c o} PhCHBr PhCH 374m375m(75) [75:25]
14 372c (0] PhCHO PhCHOH 374n375n(68) [>96:4]

aData taken from ref 157.Mixture of epimers in the CHOH in a ratio of 3:1Mixture of epimers in the CHOH in a ratio of 3:2.

ring. In this substitution pattern, the formation of the lithium 400 Additional intramolecular processes involved the forma-
o-complex precursor of the\®r product would perturb the  tion of 403 and 404 through cyclization with the lithium
whole aromatic system, whereas the intermediate participat-derivatives of the diethylacetals of 3-chloropropanal- and
ing in the [1,4] addition would retain a benzene ring 4-chlorobutanal formed by treatment with LiDBB. In this
unaffected. As a result, the dearomatization reaction would case, the annulation was performed by the addition of BF

be kinetically favored. This hypothesis was experimentally  |n all cases, the two diastereomers obtained result from
confirmed by treating naphthyloxazolin882with a series  the attack of the electrophile on the intermediate dearoma-
of alkyl-lithiums in THF and subsequent trapping of the tized azaenolate from the side opposite the organolithium
dearomatized adducts with methyl iodide. The process reagent. The quench of these intermediates with protonating
furnished mixtures of [1,2] and [1,4] addition produG&4 agents followed the same stereochemical course. However,
and383 respectively (Scheme 62 Attack on the aromatic  as in the achiral series, epimerization occurred during workup
ring predominated fon-BuLi, s-BuLi, and PhLi with yields  and/or postprocessing steps. Protonation was best achieved
ranging from 75 to 95%. For MeLi the major product with trifluoroacetic acid. In the case 887ac, the workup
obtained was the ethyl ketod85a(65%), the formation of  procedure caused ring opening of the oxazoline auxiliary
which may be understood through deprotonation with MeLi |eading to the amino ester sal&97. Lithium aluminum
followed by methylation of an intermediate imine resulting hydride reduction of the latter gave enantiomerically pure
from ring—chain tautomerism d384a The bulkyt-BuLi led carbinols398in good yields (Scheme 6335204

to the exclusive addition to the carbenitrogen double bond The facial selectivity observed for the incoming nucleo-

of the oxazoline. Whem-BuLi was used as nucleophile, a  ppije is determined by the stereocenter at C4 in the oxazoline
small amount of the 1-methylnaphthyloxazoline derivative g yjjiary. Interestingly, the presence of a phenyl substituent

386 (5%) arising from the ortho-lithiation a382 was also at position C5 in oxazoline$ (Scheme 63) produced a

obtained. Significantly, no displacement of the methoxy reyersal of the configuration of the stereocenters created in
group of the starting substrate was observed. the naphthalene nucleus with respect to the oxazolines
The sequence of reactions of nucleophilic additton V. A model explaining the stereochemical course of the
electrophilic trapping of naphthaleneoxazolines can be readily sequential nucleophilic additieralkylation process for the
performed in an asymmetric manner by using chiral oxazo- threonine-derived oxazolinés-1V is shown in Scheme 63.
lines as auxiliarie$16.201The application of this synthetic A complex is formed between the chiral auxiliary and the
strategy to the transformations described in section 12.1organolithium in which the lithium cation is coordinated to
allows the synthesis of 1,1,2- and 1,2,2-trisubstituted enan-the nitrogen of the heterocycle and the oxygen of the sidearm
tiomerically pure dihydronaphthalenes having two chiral at C4. Assuming a tetracoordination for the lithium, the
centers, with generally high diastereoselectivity and predict- carbanionic ligand Rmay undergo exchange between two
able absolute configuration. The methodology is illustrated positions, one almost parallel to the naphthalene ring and a
in Scheme 63 for naphthalene oxazolid85—388 and the  second one giving comple389with the requisite alignment
results obtained are summarized in Tables 29 antf?393 to undergo a suprafacial 1,5-sigmatropic rearrangement,
The oxazoline moiety of the dearomatized prodid@&and which would lead to azaenola890. Electrophilic attack on
395can be transformed into a carbaldehyde group producingthe latter would occur preferentially through the less hindered
the corresponding derivativ893and396via a very efficient o-face affording391
]Ehlrlee—stcje%procgdU(e |nvol(\j/|ng guatermzanqrgj Og tge ?nrpgen Chelation is not the only pathway for the stereocontrolled
ollowed by reduction and subsequent acid hydrolysis as ,ition of the nucleophile to naphthyloxazolines. Bulky
already mentioned in the dearomatization of achiral oxazo- alkyl substituents at C4 of the auxiliary, as in oxazolives

lines. Further reduction of the carbonyl group with LIAIH 504y block nucleophilic attack to the-face, thus favoring

or NaBH, gives the corresponding carbind94 complexation of the organolithium through th&face.
Annulation of 387a by reaction with 4-chloro-1-butyl-  Addition of methyl iodide to the resulting azaenolates led

lithium proceeded stereospecifically to give tricyclic system to dihydronaphthalene391 with the same stereochemistry

399in good yield (75%) (Scheme 64; Table 29, entry 8).  obtained with chiral oxazolines having a chelating sidearm

Acidic removal of the oxazoline auxiliary and subsequent and with similar or even superior stereoselectivities (Scheme

treatment with lithium aluminum hydride afforded alcohol 63)2% The reaction shows interesting temperature effects;
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Scheme 62
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for example, vinyl-lithium smoothly undergoes addition to
387h (Oxz = VI) at 0 °C, whereas the process was

completely inhibited at-40 °C. Similarly, increasing the
temperature of the addition ofbutyllithium from —78 °C
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entries 11-12)116

The chiral oxazolines—VI (Scheme 63) provided high
stereocontrol through either chelating or steric effects.
However, these chiral auxiliaries were derived from amino
acids and therefore gave access to only one enantiomer. This
limitation was surmounted by designing a multigram syn-
thesis of both enantiomers of methoxyaminoalcol
starting fromL-serine405 (Scheme 64). The performance
of the new auxiliaries in dearomatizatiealkylation reac-
tions proved to be comparable to those previously described
(Table 29, entries 1723)2% Poor diastereoselectivities were
observed only fors-BuLi and t-BuLi. Chromatographic
separation of the mixture allowed the isolation of the major
stereoisomer in high purity.

12.2. Reactions with Nitrogen Nucleophiles

Meyers and Shimano achieved the first direct amination
of a naphthalene nucleus by treating naphthyloxazoB8&#
and388ef with lithium amides in THF in the presence of 1
equiv of HMPA (Scheme 65). The intermediate dearomatized
anions formed414and416, were trapped with alkyl halides,
affording exclusively the respective [1,4] addudts5 and
417 (Table 31)'342%7In the absence of additive, the reaction
yields were very low. An optimization study showed that
the yields increased with increasing polarity of the solvent
(DME > THF > Et,0). Chelating amines such as TMEDA
and N,N,N',N"",N""-pentamethyldiethylenetriamine (PMDE-
TA) produced a small decrease in yield with respect to pure
THF, whereas DMPU was slightly less efficient than HMPA
in promoting the conjugate additidf

Interestingly, the amide addition step proved to be revers-
ible. The reaction of387h with lithium piperidide and
subsequent addition of methyl iodide led4b5das a single
product. However, the use of diethyl carbonate as quenching
electrophile resulted in the complete recovery of the starting
material. Furthermore, addition ofBuLi to the adduct of
naphthyloxazolin87hand lithium piperidide followed by
methylation with Mel produced the butyl derivatid®1ca
exclusively. The reversibility of the reaction was attributed
to steric effects in the dearomatized azaenolate intermediate,
which would favor the rearomatization. Steric hindrance was
considered also to be responsible for the absence of reaction
betweer887hand lithium diethylamide, lithium diallylamide,
lithium diisopropylamide, and lithium 2,2-dimethylaziridide.
Lithium allylamide failed to give dearomatized products. In
this case, the lack of reactivity correlates with the inability
of lithium salts of primary amines to undergo conjugate
additions too.,f-unsaturated carbonyl compounds. Azaeno-
late 414 may be the favored intermediate generated in the
process. As in previous examples of nucleophilic addition
to chiral naphthyloxazolines, the incoming nucleophile
approches thg-face due to the blocked access of théace
by the bulkyt-Bu group. The nitrogen atoms of the adduct
are proposed to chelate to the lithium cation, which would
complete its tetracoordination through binding to a solvent

to room temperature allowed a significant shortening of the molecule and to the bulky cosolvent HMPA. The latter would
reaction time without affecting the enantioselectivity of the coordinate preferably through the-face to avoid steric
products (Table 29, entries 37 and 38). Short reaction timesinteractions with the-Bu group. In this model, minor steric
were also observed when organolithium reagents generatednteractions are expected for the cyclic lithium piperidide

in situ from LiDBB were used (Table 29, entry 3#§.Chiral
oxazoline VI
asymmetric tandem nucleophilic additiemethylation of the
methoxy-substituted 2-naphthyloxazoli®d2 The dihy-
dronaphthalene derivative413 (R* = n-Bu, Ph) were

proved to be also very efficient in the

and the lithium methylalkylamides. However, in the adducts
of the lithium salts of diethylamine, diallylamine, and diiso-
propylamine, the alkyl groups of the amine moiety can freely
rotate, causing unfavorable interactions with HMRABu,

and the solvated cation. Nevertheless, it cannot be discarded

obtained as single sterecisomers (Scheme 64; Table 30that the apparently unreactive lithium amides mentioned do
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Scheme 63
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indeed undergo addition to the naphthalene nucleus, but itsalkylation as mentioned previously. Conversiomabhd,e
bulkiness prevents the approach of the electrophile. Underinto the correspondingy,N-dialkyl 3-amino acids422 was
such conditions, the lithiated azaenola4é4 and 416 achieved in the two-step procedure indicated in Scheme
may revert to the starting naphthyloxazolines simply on gg.
warming. . . . . .
Aminated dihydronaphthalenekl5 and 417 were con- Interestlngly, secondary_hthlum amldgs (dlal!yl, dibenzyl,
verted intoB-amino acidsi20, 422, 424, and425as shown etc.) that falled to react with theert-leucine-derived naph—
in Scheme 66. The piperidone acetal derivatives served asthyloxazolines387h and 388ef smoothly added to achiral
precursors of primary amino acids. 2-Amino-dihydronaph- 0xazoline348in the presence of 1 equiv of HMPA, to give
thalene419was further transformed into th@lactam421 [1,6] adducts when the amount of HMPA was increased to
Surprisingly, in the case o#17d hydrolysis of the chiral ~ 8—10 equiv (Scheme 67; Table 3%}.2%The reversibility
oxazoline and cleavage of the piperidone ring to give @ NH of the addition of lithium amides to naphthaleneoxazolines,
group took place in a single step under basic conditions andtogether with difficulties for the [1,4] attack arising from
without the requisite activation of the heterocycle via steric effects of the bulky nucleophiles LiNRs a feature
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Table 29. Conjugate Addition of Carbon Nucleophiles to Chiral 1-Naphthyloxazolines 387

addition yield (%)
entry SM RLi temp €C) Ef/H [ratio 389:387] R R?2 R®  Oxz R E
1 387& Meli —45  (PhS) 391a(56) [86:14] H H H I Me PhS
2 3878 EtLi —45  Mel 391b(92) [94:6] H H H [ Et Me
3 3878 n-Buli —45  Mel 391¢(97) [94:6] H H H [ n-Bu Me
4  387& n-BuLi —45 MeGCCl  391d(99) [94:6] H H H | n-Bu COMe
5 3878 n-BuLi —45  (PhS) 391e(91) [94:6] H H H I n-Bu PhS
6 387& MexC(Li)CH2,CHs -85  Mel 391f(75) [96:4] H H H I Me;C(Li)CH.CH;  Me
7 387& CH;=CHLi -80  Mel 391g(79)[90:10]  H H H [ CH,=CH Me
8 3878 CH;=C(Li)CHs -80  Mel 391h(75) [88:12] H H H [ CH,=CCHs Me
9 387 CsHiLi —-80 Mel 391i(73) [89:11] H H H | 1-cyclopentenyl Me
10 387& PhLi —45  Mel 391j(99) [83:17] H H H [ Ph Me
11 387d  MelLie —45 CRCOH 397a(42) [84:16] H H H | Me H
12 3874 i-PrLi —78 CRCOH 397b(73) [96:4] H H H | i-Pr H
13 3874  n-BuLi —78 CRCOH 397¢(73) [94:6] H H H | n-Bu H
14 3874 PhLi —45  CRCOH  397d(62)[85:15] H H H [ Ph H
15 3878 CI(CHy)ali —78  CI(CHy).Li  399(75) [>99:1] H H H I CHyCH;CH,CH;
16 387¢  PhLi —45 Mel 391k (94) [30:70] H H H 1] Ph Me
17 387 EtLi —78 Mel 3911(66) [4:96] H H H \Y Et Me
18 387"  n-BuLi —78 Mel 391m(94) [5:95] H H H v n-Bu Me
19 387 n-BuLi —78 Mel 391m(93) [8:92] H H H IV n-Bu Me
20 387 sBuli —78 Mel 391n(72) [23:77] H H H v s-Bu Me
21 387" t-BulLi —78 Mel 3910(79) [36:64] H H H \% t-Bu Me
22 387"  CHy=CHLI —40 Mel 391p(73) [3:97] H H H v CH,=CH Me
23 387"  PhLi -78  Mel 391q(78) [9:91] H H H IV  Ph Me
24 3870 n-BuLi —-80 Mel 391r(95) [97:3] MeO H H | n-Bu Me
25  387P t-BulLi —80 Mel 391s(95) [65:35] MeO H H I t-Bu Me
26 38710 CH;=CH(CH)sLi —80 Mel 391t(90) [97:3] MeO H H | CH=CH(CHy)3 Me
27 387 Me,C=CH(CH,).Li -80  Mel 391u(90) [97:3] MeO H H [ Me,C=CH(CH,). Me
28  387¢ n-BuLi —78 Mel 391v(95) [97:3] H MeO H | n-Bu Me
30 387¢ CH,=CHLi 0 Mel 391w(80) [80:20] H MeO H | CH,=CH Me
31  387¢ CHy=CH(CH)sLi —78 Mel 391x(80) [95:5] H MeO H | CH=CH(CH,)3 Me
32 387¢  EtLi —78 CRCOH 397¢(85) [97:3] H MeO H | Et H
33  387cP CsHiLi —80 Mel 391y(50) [85:15] H H MeO | 1-cyclopentenyl Me
34 3879 n-Buli —78% Mel 3912(97) [97:3] H H H \Y n-Bu Me
35 387 CH,~=CHLi -10  Mel 391aa(89) [94:6] H H H V. CH,>=CH Me
36 387d PhLi —40  Mel 391ba(87) [87:13] H H H V. Ph Me
37 387H n-Buli -78  Mel 391ca(99) [>99:1] H H H VI nBu Me
38 387H  n-BuLi 25! Mel 391ca(99) [>99:1] H H H \| n-Bu Me
39  387H  CH,=CHLi 0 Mel 391da(94) [>99:1] H H H VI CH>=CH Me
40 387H PhLi —40  Mel 391ea(81) [95:5] H H H VI Ph Me

2 Data taken from ref 202 Data taken from ref 195. Data taken from ref 192! Data taken from ref 204 Three equivalents of HMPA addefCarbinol
formed upon addition of LiAll to the product of protonatioB95. 9 Data taken from ref 194! Data taken from ref 208.Data taken from ref 205.Reaction

time = 2 h. XReaction time< 1 min, temperature= 0 °C for n-BuLi generated via LiDBB?2 ' Reaction time= 0.25 h.

Table 30. Conjugate Addition of Carbon Nucleophiles to Chiral

2-Naphthyloxazolines 388 and 412

in equilibrium through the parent compound. The [1,4] deriv-
atives were identified as the products of kinetic control,

~ additon _ whereas formation of the [1,6] amino adducts was observed

eny SM  RLi temp(C) vyield(%)][ratio] Oxz R under thermodynamic contrdl® Acidity and bulkiness of

1 388& Meli —30  395a(67) [91:9] I Me the secondary amine, together with the use of a large excess

2 388a n-Buli —78  395b(85P[98:2] 1 nBu of HMPA, were found to be the major factors responsible

5 Seed mBul e sebee s N may  forthe observed regioselectivity. Other bulky lithium amides

5  388&F t-Buli —100  395c(74) [73:27] | t-Bu such as lithium bis(trimethylsilyl)amide, lithium benzyltri-

6 388& PhLi —30  395d(89) [90:10] | Ph methylsilylamide, and lithium benzophenone imine did no

; gggg EE'I:: :;g gggggggg {52959%]5] ”I EE undergo reaction with naphthaleneoxazol8%s

9 388¢ PhLi 78 395d(90)[9:91] IV  Ph p-Amino acids 420 and 424 and y-amino acids430

10 388¢ n-Buli —78  395b(94)[99:1] VI n-Bu obtained are conformationally restricted due to the dihy-
11 412 n-Buli —78  413b(56)[>99:1] VI n-Bu dronaphthalene system. These types of amino acids have
12 412 PhLi —78  413d(56)[>99:1] VI Ph attracted great interest. Peptide analogues constructed from

a Data taken from ref 193 Increased to 92% in the presence of HMPA
(1 equiv).¢ Data taken from ref 208! Data taken from ref 116.

p- andy-amino acids are currently intensively investigated.

They give rise to well-defined secondary structures, some

less, the reaction @&48with lithium monoalkylamides and
pyrrolidides still occurred in a [1,4] manner when an excess y-peptides attractive targets for drug destghi4

] N of them not commonly found in nature, with short chain
that favors the alternative [1,6] addition pathway. Neverthe- |engths. Besides structural stability, they show stability

of additive was used. Quenching the reaction with a series . . . .
of alkylating agents afforded mixtures of dearomatized 12.3. Reactions with Silicon Nucleophiles

products alkylated at the position to the oxazoline426
and427, in preference to the position,428 with moderate

toward enzymatic degradation. These features refidend

The sequential addition of trimethylsilyllithium and methyl
iodide to387aproceeded in good yield (70%), giving mix-

to good stereoselectivities. The utility of the major products tures of431laand432ain a ratio of 1.5:1 (Scheme 68; Table
426 as precursors ob-amino esters was demonstrated by 32)1%:202The poor selectivity observed was attributed to the

the efficient transformation af26gh into 430ab in a three-

coordinating effect of the HMPA, an additive required for

step process indicated in Scheme 67. A mechanistic studythe generation of the lithiosilane from hexamethylsilane. To
of the reaction revealed that [1,4] and [1,6] adducts existed avoid the use of HMPA, the silylation was performed with
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Scheme 64
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lithiodimethylphenylsilane generated by the reaction of Ph- ditional transformations o#33 involved hydrogenation of
Me,SiCl with lithium wire. However, when the naphthal- the isolated double bond and/or removal of the chiral oxa-
eneoxazoline887g-i were treated with this reagent in THF  zoline moiety to give quaternary substituted aldehy4@s

at low temperature and the azaenolate formed was capturecand 436.

Wi.th 'c\j"?"h‘”?‘ r;:ix_tt:(rje Sf diast_ere(_)rrrllle@é_and432wzlis O_b_'_ Silylation of methoxynaphthyloxazolin@86 with phen-
t?'”g‘l ':;‘2 9 tY'e S ”;aga'” Wt'lt ow ;ﬁsmreosefzc,\t/'l‘g/fs yldimethylsilyl-lithium followed by addition of methyl iodide
(Table 32, entries-24). Apparently, as in the case o ' gave ketong85cas the major product, which derives from

the solvent still competes strongly with the chiral oxazoline [ o : . ;
; . s : 1,2] addition. The dearomatized oxazoli#&7was obtained
moiety for complexing the lithium reagent. This aspect was in only 30% yield (Scheme 68

confirmed by reducing the coordinating ability and polarity
of the solvent. The reaction 887gwith lithiodimethylphen- o
ylsilane at—78 °C in diethyl ether/THF (3:1) and subsequent 13. Oxazolidines
quench of the intermediate dearomatized anion with a series

of alkyl halides leads to the dihydronaphthyloxazolidg4 Parallel to Meyers’ studies on the reactivity of nucleophiles
with high diastereoselectivity (entries—%)25 The silyl ~ toward naphthyloxazolines, Pridgen and co-workers found
group could be efficiently replaced by a proton upon treat- that the saturated oxazolidine ring was also capable of
ment with tetrabutylammonium fluoride to affodB3 to- promoting nucleophilic conjugate addition to a naphthalene
gether with small amounts of th&3-isomer434 (7—9%). ring. The reaction of Grignard reagents with the naphthyl-
The mixture was converted quantitatively imt84 by treat- oxazolidine438provided exclusively [1,4] addition products.

ment with Wilkinson’s catalyst in toluene at 12C. Ad- Lithium, cerium, and copper organometallic reagents under
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Scheme 65 Table 31.Conjugate Addition of Nitrogen Nucleophiles to
£Bu Naphthyloxazolines 348, 387h, and 388e,f
I\ Entry SM R'R’NLi R’X___ Yield (%) [ratio]
OUN 1 387K Me,NLi Mel 415a (94) [98.5:1.5]
- 2 387h* n-BuN(LiMe  Mel  415b (93)° [>99:1]
OO 1) RIR°NLi, HMPA, THF 3 387h* n-CsH;N(L)Me Mel  415¢ (93) [>99:1]
2) R 4 387h° O Mel  415d (95) [>99:1]
387h 5 387n° CNU AllylBr  415e (92) [>99:1]
6 387h° A BnBr  415f(67) [>99:1
1)R1R2N:i\\\ R Cw e (67) >59:1]
HMPA D> 7 387n° [°><:Nu Mel  415g (96) [>99:1]
5 = /uHMPA o
HR? L2 8 388"  MeNLi Mel  417a (91)[97.5:2.5]
THF 9 388" O Mel  417b (94) [>99:1]
10 388¢" . Mel  417c (94) [>99:1
a4 R'R?= (CH,)s O/w"\t_Bu ¢ CNL' ¢ cONI ]
3 |.\ 11 388¢* [OCNU Mel  417d (94) [>99:1]
n-BuLl % o
g; "lje(') / 12 388f° #-CsHN(Li)Me Mel  417e(90) [>99:1]
2 13 348° Bn,NLi Mel  426a (69) [78:15:7]°
14 348° Bn,NLi AllylBr 426b (84) [91:<1:9]*
15 348 Bn,NLi BnBr  426¢ (93) [>98:1:1]¢
NRIR? 16 348°  BnN(LiMe  AllylBr 426d (86) [89:<2:9]¢
O/B_”‘t_Bu1)R1R2NLi, H e 17 348°  BnN(LiMe BnBr  426e (94) [>98:1:1]¢
SN HMPA, THF /.0 18 348° Ph(CH,),N(Li)Me AllylBr 426f (44) [>99:1:1]°
OO 2 Mol ; ﬁj 19 348°  (Allyl),NLi Mel  426g(66) [75:15:10]°
R* R s Bu 20 348°  (AllylpNLi  MeOTf 426g (76) [83:17:<1]°
388e: R*= H 417 21 348°  (Allyl,NLi  MeOTs 426g (50) [83:17:<1]°
f: R*= MeO 22 348° (Allyl),NLi MeOBs 426g (46) [83:17:<1]dd
_ . tBG / 23 348°  (Allyl,NLi  AllylBr 426h (85)[91:<1:9]
1)R1R2m R1R2N/L'\N/g 2) MeX 24 348 (AYDNLI N~ 4260 20) [43:<1:49]¢
HMPA
~o 25 348°  (Allyl),NLi BnBr  426j (92) [>98:1:1]°
26 348°  (n-Pr)N(Li) Mel 426k (53) [74:22:4]°
R4
416 aData taken from ref 134 The minor isomer was identified as the [1,6]

amino adduct® Data taken from ref 208! Product ratict26427:428 ©Data
taken from ref 209.

went exclusively [1,2] additioA!® Although considered by
the authors as the first report of organomagnesium reagents

adding to a naphthalene ring, such dearomatizing reactionspot manner by mild acid hydrolysis of the reaction mixture
are among the first examples described in the literature (seeresulting from the nucleophilic dearomatizatieglectrophilic
section 5.1). Trapping the dearomatized intermediate speciesrapping process. Nevertheless, this methodology has been
440 with a series of electrophiles proceeded in the same gpplied in only one additional case for the enantioselective

manner as that reported by Meyers, leading to dihydronaph- i ;
thalenylcarbaldehyde®11-442in high yields and, generally, synthesis of benzomorphans (see section 19).

with excellent enantioselectivities (Scheme 69; Table?33). o _ _

First, 1 equiv of Grignard reagent effects metalation of the 14, Aromatic Rings Linked to a Nitrogen Atom

oxazoline ring 0#38 which then undergoes/aelimination

to give the imine 439 with an alkoxy sidearm. This No doubt, the nitro group is the best substituent for making
intermediate acts as the effective directing group of the an aromatic ring electron-deficient, and a large body of
nucleophilic attack of a second equivalent of organomag- nowledge has grown from the study of nucleophilic
nesium to the aromatic ring. Conjugate addition of the oqjitions to nitroarenes. Besides this pivotal electron-
nucleophile takes place through the less hindered face, tha\/vithdrawing group, other nitrogenated functions such as

opposite the phenyl group of the chiral auxiliary. Interest- diazo and triazine proved to be suitable for activating an

ingly, although the configuration of the chiral auxiliary of . | q leophili K
438is the opposite of that of Meyers’s naphthyloxazolines aromatic nucleus toward nucleophilic attack.

387gh (Scheme 63), the productgl1-442 obtained show

the same sense of chiral induction as the dihydronaphthyl-14.1. Nitro Compounds

oxazolines391 resulting from the [1,4] addition afi-BulLi,

CH,=CHLIi, and PhLi to387gh (Table 29). The addition of nucleophiles to aromatic nitro compounds
In principle, the use of this methodology for the enantio- to form o-complexes (Meisenheintéf or JacksorMeisen-

selective synthesis of di- and trisubstituted dihydronaphtha- heime?® complexes for oxygen and nitrogen nucleophiles,

lenes441—442presents several advantages over the addition Janovsky?®22'complexes for carbon nucleophiles) has been

of organolithium reagents. On the one hand, the process isknown for more than a century. The topic has been covered

simpler because no stannylated precursors of the nucleophilén a number of reviewsd 33222226 gnd continues to attract

are necessary to achieve the addition step efficiently. On thegreat interest?”228A wide variety of nucleophiles enter into

other, the transformation of the oxazolidine ring into the this reaction, including hydride, carbanions, and reagents with

corresponding aldehyde can be readily performed in a one-nucleophilic heteroatoms such as nitrogen, oxygen, phos-
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Scheme 66
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a417d 4 424 (72%)
&
H N H
M, Z Me
N—.,
‘t-Bu
417b: n=1 425a: n=1 (90%)
c:n=2 b: n=2 (92%)
phorus, and sulfu#?®-232 In general, stable-adducts result Bartoli et al. studied extensively the scope of the conjugate

from the addition to aromatic rings of reduced aromaticity addition of alkyl-Grignard reagents to mononitro aromatic
and/or when the nucleofuge is a poor leaving group. When compounds containing benzene, naphthalene, anthracene, and
a nucleophile attacks a nitroarene at a position bearing a goodsarious heteroaromatic ring systems. Protonation or haloge-
leaving group, rapid elimination of that group takes place, nation of theo-complexes furnished cyclohexadiene com-
giving products of nucleophilic aromatic substitutith. pounds. The literature to 1982 has been revieteerom
However, when the nitronate formed proceeds from addition {hege studies some general patterns of alkylation have been
of the nucleophile to an unsubstituted carbon, then the rear-, nq \vhich depend on the number of condensed aromatic
omatization requires the departure of a hydride aniinich ./ o5 and the presence of substituents in reactive positions.

g‘i Sr;gtciitgaigrgfaﬁfnoC?;;Tﬁtsseo?igﬁog‘eaﬂﬁﬁ?,e?{ggnti g%nbl Unsubstituted or alkyl-substituted nitrobenzenes and 1-ni-
g reag Ftlronaphthalenes undergo alkylation to a similar extent in the

grtho and para positions. Alkylation of 2-nitronaphthalene

tothe preparation of substituted nitroaromatic compoghds?3* and 9-n_|troanthracene occurs only at eheano_l 10-positions,
Trapping reactions of Janovskeisenheimer complexes respectively. In systems having heterosubsptuents in thfa ortho
with electrophiles may follow three directions: oxidationto Of para position, attack on the unsubstituted position is
the starting nitro compound, substitution of a nitro group, observed almost exclusivety. Addition to the position
and formation of stable dearomatized compounds. The natureoccupied by the heterosubstituent (ipso attack) takes place
of the reacting agent and the substitution pattern in the when it is the only reactive position. These features are
complex define the preferred pathway. illustrated in Scheme 70 by the reactions of benzylmagne-



Nucleophilic Dearomatizing Reactions of C,H Systems Chemical Reviews, 2007, Vol. 107, No. 5 1631

Scheme 67
Me
Me
O__N
OO 1) R'R2NLi, HMPA, THF
2) R3X S S < R®
348 H NR'R?  R'R®N H H NR'R?
426 427 428
Me Me
N (o) o)

R -0 1)2NHCI, 4
“, then 2N NaOH,

THF, Ac,0
2) NaOR*, R*OH

3) [Rh(Ph3P),]CI (6 mol%)
MeCN-H,O (84:16)

H NR'R2 H N(CH,C=CH,), H NH,
4269,h 429 430
429 R® R* Yield (%) 430 R® R* Yield (%)
a Me Et 95 a Me Et 86
b Allyl Me 97 b Allyl Me 79

sium bromide with 4-methoxy-1-nitronaphthalé#tel43and MeOH—H.0 to give, after protonation with acetic acid, the
2-methoxy-2-nitronaphthalefi€ 444. In both cases, acidic  [1,6] monoadduc#56.2%” The latter can be converted into

quench of the reaction mixture was used. the tetrahydrodibrominated derivati¥&7 by treatment with
] ] ] a solution of bromine in methylene dichlorié8.Introducing
14.1.1. Reactions with Hydride Transfer Agents a phenol into the naphthalene nucleus as in compaisad

Aromatic nitro compounds may be converted into a variety OP€ns the possibility of new reaction pathways depending
P Y ty on the conditions uset! The reaction with NaBklin the

of products by the action of sodium borohydride, the struc- usual manner gives 3,4-dihydro derivati489 stabilized as

tures of which depend on the substrate and reaction condi- he k S~ r h h duct
tions. The possible transformations include (a) reduction of € ketoack-nitro tautomer. However, when the reduction
the nitro group to an amine, azo, or azoxy moiety, (b) dis- 'S performed with LiBH as the source of hydride, the product

; isolated,460, corresponds to the formal substitution of the
placement of a nitro, halogen, or hydroxy group by hydrogen, ISO O
or (c) selective reduction of the aromatic ring. In polynitro 1YAroxy group by a hydride ion (Scheme 71). The same

St ; ; ; d was obtained in 21% vyield when the dihy-
derivatives and in mononitro polycyclic systems, the con- ¢0MpPoun nen the .
jugate addition of hydride ion to the aromatic ring gives g.rolnaph;[ha:llet?eﬂff&vvz%so gllg\{ve_(lzl t? rg_agtt with hIEf']Bli‘"'”
Meisenheimer complexes. Electrophilic trapping of these glg )t/me % ae461f ' |m’\;lar 0 hm! ronap a%raes,t
adducts through protonation, halogenation, and alkylation > 1t oantnracen orms a Vielsenneimer monoadduc

: : ; 462with NaBH, in DMF. The final products obtained depend
E;\r/rg;ss?g/s dearomatized products showing a great structuralagain on the quenching conditions. Upon the action of

14.1.1.a. Quenching with Protonating and Halogenating hydrochloric acid,462 afforded the anthraquinor463 in

i 241 idic i

Reagents The substituted cyclohexendsOwere obtained ~ 4270 Yield=" However, the use of an excess of acidic ion
by reducing 1,3-dinitrobenzene$47 with an excess of ~ SXChanger for protonating62allowed theo|sgl7at|on of 9,10-
NaBH, and subsequent protonation with tartaric acid (Scheme dlhydroaqthracené64 n 900_‘?' Y'eld (60 A’)z'. )
71, top)?32%The reduced tetrahydrobenzene derivati44s Increasing the electrophilicity of the ring as Bym
are formed via two succesive addition steps of hydride to trinitrobenzene (TNB}65promotes the complete reduction
the six-membered ring. The first addition produces the of the aromatic system by the action of sodium borohydride,
sodium salt of theaci-nitrocyclohexadienet48, which is affording 1,3,5-trinitrocyclohexane7and468as mixture
transformed into the disodium dii-nitro-1-cyclohexene  Of stereoisomers. The reaction proceeds via successive addi-
intermediatet49upon attack of a second hydride to position  tion of hydride to the ring of the nitro compound and quench-
3. Meisenheimer complexes similar #49 have been ing of the trisodium salt466 with tartaric acid*’ and
structurally characterized®24°Similar to447e(R! = COH), bromine?*? respectively (Scheme 72). First reported by
dinitrobenzoic acid452 undergoes double reduction by Severin and Schmitz, the synthetic applications of the process
NaBH, under basic conditions. In this case, the protonation were further developed mostly by Atroshchenko et*al.
of the intermediate dianionic specid§3 with acetic acid Curiously, the analogous reduction of symmetrical trini-
and concentrated HCI results in the formation of the nitronic trobenzene469 containing one or two additional electron-
acid derivative454. Protonation of the hydride diadduct of ~withdrawing substituents furnished 1,3,5-trinitrocyclohexane
1,3-dinitrobenzene proved to be problematic. However, 467as the only isolable product (Scheme #2)n contrast,
guenching the reaction with bromine allows the introduction trichloro derivative473 underwent reaction with NaBHo
of a bromide into the ring to give cyclohexedé&la or give the product of nitro displaceme#i4. Apparently, K-
4510237 Ar processes are favored when the resonance interaction of

1,8-Dinitronaphthalenet55 undergoes reduction by a the nitro groups and the benzene ring is minimal or
6-fold excess of sodium borohydride in a mixture of THF  nonexistent due to steric interactions, which seems to be the
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Scheme 68
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\\g
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Table 32. Conjugate Addition of Silicon Nucleophiles to
Naphthyloxazolines 386-387

entry SM RMe,SilLi R2X yield (%) [ratio]
1 387&  MesSiLi Mel 431a432a(70) [60:40]
2 387¢  PhMeSiLi  Mel 431h432h(75) [25:75]
3 387F  PhMeSiLi  Mel 431c432¢(70) [40:60]
4 387p PhMeSiLi  Mel 431c432d(70) [40:60]
5 387 PhMeSiLi  Mel 431h432b(76) [95:5]
6 387 PhMeSiLi  n-PrBr  431e:432€66) [97:3]
7 387 PhMeSiLi  allylBr  431f432f(77) [95:5]
8 386 PhMeSiLi Mel 437(30)

aData taken from ref 193 Data taken from ref 215 Data taken from
ref 116. See text for explanations.

case in473 The crystal structure shows that the-@—0
planes of the nitro groups are rotated oéit of the plane of
the ring. When at least one of the N@ubstituent can

OMe
‘
COCHj

Lopez-Ortiz et al.

431/432b-d

Rh(Ph3P);CI (20 mol %),
Toluene

R2 433 434 Yield (%)
a Me 91 9 71
b n-Pr 93 7 70
c Allyl 92 8 71

434

6) MeOTf
7) NaBH,

8) H;0

R? CHO

436a: R% = Me (76%) (91:9 A%:A%)
b: R® = n-Pr (68%) (93:7 A%:A%)

PhMe,Si
437 (30%)

385¢ (65%)

contribute to charge delocalization, succesive cycles of
hydride ion additior-rearomatization reactions transform the
nitro compounds469 into TNB. The latter enters into a
reduction sequence of reactions to gsmtrinitrocyclo-
hexane467. The reaction course is shown in Scheme 72 for
469b (R' = R? = Cl) and involves the participation of
intermediates470-472 The transformation of alkyk4®
469ef, or formyl-substituted’® 469g symtrinitrobenzenes
into the respective cyclohexand35 (quench with acetic
acid) and476 (quench with bromine) provides additional
examples of this chemistry. As expected, under the reaction
conditions the formyl group is also reduced to the corre-
sponding alcohol.

Severin and Schmitz reported that the reductiproto-
nation of trinitroarenes containing a hydroxy substitutent in
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Scheme 69 plexes have been prepared using different borohydrides as
Ph Ph Ph the source of hydric_ié“.f“250 TNB 465gave stable complex
’7_\ - g 478when treated with tetramethylammonium tetrahydrobo-
HN_ O IMgN 0 N OMgCI rate. The protonation product @f78 with diluted sulfuric
1) R"MgCI, THF acid was stable in solution for a few hours at room
temperature and was spectroscopically characterized as the
OO “ nitronic acid479, although it was not isolated (Scheme 72).

438 439 14.1.1.b. Quenching with Aminoalkylating Reagents.
R1MgCIl o-Dianions proceeding from hydride attack to dinitro aro-
matic compounds may be alkylated via Mannich reactions.
Ph, Thus, treating the hydride diadducts of dinitrobenzet®s
OHCH H  2)(COH), THF-H,0 o with formaldehyde and piperidine and immediately afterward
SR!  50:20 ' with acetic acid affords mono480, or diaminoalkylated
O‘ compounds481, depending on the substitution pattern of
441 3) NaBH,, MeOH the aromatic ring, in moderate to good yield (Scheme*?3).
In the particular case ofm-dinitrobenzene, the resulting
440 product was stabilized as thea8#nitro-5-nitro tautome#A82

4)E* Compounds480b (R = Me) and 482 were rearomatized
5) 3MV by reaction with tin dichloride under acidic conditions to

R2CHO give 2-methyl_-.5-piperidinome’_[hylaniliné83 and 3-piperi-
ak™ dinomethylaniline484, respectively.

O‘ R Most importantly, using a primary amine in the Mannich
condensation allowed trapping of the dianions in the form
442 of 3-azabicyclo[3.3.1]nonanes (3-ABMB5 (Scheme 7352
3-ABNs are intermediate reagents in organic synthesis, and
many derivatives of 3-ABN are biologically active sub-
stance$>3 The azabicyclic system also occurs in the skeleton

Table 33. Conjugate Addition of Grignard Reagents to
Naphthyloxazolidine 438

entry  RMgC EY R yield (%) [ee] of several diterpene alkaloid¥: Following the discovery of
1 Et (COH), H 441a(65) [96] the synthesis of 3-ABNs using dinitrobenzenes as starting
g 'F‘,'E“ ((%%:gg : iﬁg((gg)) [[gg’]] materials, Waf®® and, particulary, Atroshchenko and co-
4 Me Mel Me 442a(31) [98] workerg®¢-261 demonstrated the wide scope of this reaction
5 Et Mel Me 442b(86) [97] by preparing a large series of derivatives through variations
e S %Illgara Eé:”OyzlEt 22%3((88%))[[%88]] in the substituents of the aromatic ring and the use of
8 n-Bu Mel Me 442¢(87) [98] ammonia and functionalized aliphatic primary amines in-
9 vinyl Mel Me 442£(70) [74] cluding haloamines, hydroxyamines, and amino acids. The
10 Ph Mel Me 4429(84) [99] results are collected in Table 34. Severin and co-workers

* Data taken from refs 216 and 217. found that 2,4-dinitrophenat47g(R! = OH; R? = H) adds

only one hydride to give the ketone derivatiy87 after
Scheme 70 aminoalkylation, whereas 2,4-dinitroanisof&7h (R =

OMe; R = H) affords, under the same conditions, a mixture

) 2 PhCH;MgBr, Bn of two regioisomers485 (27%) and486 (8%), proceeding
THF from the double reduction of the aromatic ring (entries 5
2) KOAc-AcOH and 6, Table 343*°In contrast, Wall described the formation

of small amounts of the bispidiné88 as a single product
(69%) cis445 rans.445 identified in the reduction and Mannich condensatioA4ig
under the conditions used to prepd@sa (R = H; R? =

(80:20) H; R® = Me). The analogous reaction of 2,4-dinitronaphthol
OMe Bn 458 furnished the expected 3-ABN derivativi®0. In this
NO, 1)2PhCH;MgBr, NO, case, the aromatic ring of90 presumably prevents the
_THF breakdown of the ABN system. Upon acid hydrolysis of the
2) dil. HCI vinyl ether, productsA85g-j were transformed into keto
444 (85%) 446 compound£l89249:2%5|n contrast to the-complexe#t49b—f

) ) (Scheme 71), protonation with acids of the hydride adducts
the ring followed a different pathway. The compound of dinitrobenzenes having a hydrox¢47g or methoxy,

obtained by treatment of picric ackB9h (R* = OH; R* = 447hj, substituent did not lead to isolable products.
H) with NaBH, under basic conditions and subsequent

quench with acetic acid was assigned as 1,3,5-trinitropentane Additionally, by using primary diamines in the process,
477 (Scheme 723 Boldyrev and co-workers reinvestigated bis-3-ABNs491were obtained linked through a hydrocarbon
this reaction and found that the product formed was actually bridge of 27°0.2614257261 or €256 atoms (Scheme 73; Table
1,3,5-trinitrocyclohexand67 (yield of 33.5%)247in agree- 34, entries 6367). In general, yields of mono- and bis-3-
ment with Kaplan’s work. ABNSs were low. A positive aspect of the synthesis is the
Meisenheimer monoadducts of 1,3,5-trinitrobenzenes maysimplicity of the process, as readily available starting
be obtained when an equimolar amount of nitro compound materials take part in a one-pot reaction. 2,4-Dinitronaphthol
and reducing agent are allowed to react. Such monocom-458 proceeds similarly, providing tricyclic compourd®0.
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Scheme 71
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However, the analogous reaction of 2,4-dinitrophenol gives
a complex mixture of products®

The o-triadduct formed upon borohydride reduction of
TNB 465undergoes a triple Mannich aminoalkylation when
treated with a mixture of formalin and ammonium nitrate.
Under these conditions, 3,5,7-trinitro-1-azaadamam&?a
was obtained in 15% yield (Scheme 78 The synthesis of
492 can be accomplished stepwise starting with picric acid
469h First, the intermediate trianion of conjugate hydride
addition was trapped by treatment with an excess of

HH
464 (60%)

sation with agueous ammonia to gi4823 albeit in very
low yield (8%)?263 Substitution of OH by hydrogen in picric
acid had been described previously by Boldyrev and co-
workers?#” The same authors reported that the reduetion
hydroxymethylation of picric acid proceeds efficiently to give
cis/trans493in 76% yield. TNB465can also be converted
into cyclohexane4l93 Treating the borohydride complex
formed in the reduction of TNB with formalin, followed by
rapid addition of dilute orthophosphoric acid, proviags/
trans-493in a yield of 58%7?%* The mixture of isomers were

formaldehyde in the presence of concentrated phosphoricseparated by precipitation from acetone. The isolated com-

acid. Afterward, the resulting mixture ofs- andtranstris-
(hydroxymethyl)cyclohexane493 undergoes cycloconden-

pounds isomerize into each other in the presence of catalytic
amounts of a base to give mixtures of composition dependent
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Scheme 72
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f: R'=R?= Me b: R'= R?= Me (12%)
g: R'=CHO, R=H
h: R'= OH, R%=H

NO,H

NO,

on the solvent and reaction conditions us&®Both isomers ~ 14.1.2. Reactions with Nonstabilized Carbanions
afforded trinitro-1-azaadamantad@2aby the action of an
excess of an aqueous solution of ammonia (yield of 50%).
Cyclohe>_<ane5475, obtaln_ed in the hydride reductien mononitro compounds represents an interesting route for
protonation of the aromatic precurse@i89ef (Scheme 72), gy nthesizing alkylated cyclohexadienyl systems. The scope
were also converted into adamantane deriva@nc by of this dearomatizingalkylation process was extended by
treatment with formaldehyde and ammonia under basic performing the decomposition of thecomplexes with the
conditions (Scheme 74)° As already mentioned, the boro-  reducing agent tris(dimethylamino)phosphine. Thus, treat-
hydride reduction of picryl aldehydé69g proceeds in the  ment of 4-methoxy-1-nitronaphthaledd3with a series of
expected manner. Quenching the dearomatized hydridealkylorganomagnesiums in THF at G during 5 min,
o-triadduct with formaldehyde in the presence of ammonia followed by the addition of P(NM#g; and stirring during
gave 4-hydroxymethyl-3,5,7-trinitro-1-azaadamant4®2d 48 h, afforded, after quenching with aqueous ammonium
in a reasonable yield of 38%° chloride, the dihydronaphthalene oxin#35in reasonable

As mentioned above, electrophilic trapping of the nitronate
adducts originating by the addition of Grignard reagents to
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Scheme 73
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(447a) 2) CH,0, piperidine (480b)
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yields (Scheme 75; Table 35, entriesH).2%6 Alternatively,
quenching with HC-MeOH produced the hydrolysis of the
methoxyvinyl ether moiety, giving dihydronaphthoquinone
oximes496 (entries 6-10). In this case, minor amounts of
2-alkyl-1,4-naphthoquinones {4L0%) were also formed as

only [1,6] adducts. Protonation of the nitronate intermediate
498 with dilute acetic acid (5%) occurs exclusively at the
carbon bonded to the nitrogen to giges-9-alkyl-10-nitro-
9,10-dihydroanthracen&®9 (Scheme 75; Table 35, entries
11 and 12%5" Curiously, although the resonance energy

byproducts. Phosphorus trichloride also effected the reductionnecessary for overcoming the aromaticity of the central

of nitronates494. Quenching the reactions with HCl led to
naphthylamine€l97. The exception was the reaction with
t-BuMgCl, which gave oxim&96c The different chemical
behavior 0f494¢(R* = t-Bu) was attributed to the bulkiness
of the substituent in position 2, which prevented the full
reduction of the nitronic function.

Addition of alkylorganomagnesiums to 9-nitroanthracene
461in THF at room temperature results in the formation of

anthracene ring is lower than that of a benzene or naphthalene
nucleus, the conjugate addition 61 requires larger
excesses of the Grignard reagent and longer reaction times
than that with nitrobenzenes and nitronaphthalenes. 9-Alkyl-
9,10-DHAs exist in a boat conformation in which the alkyl
substituent occupies a pseudoaxial position in order to
minimize steric interactions with the peri hydrogens (see
section 2.1.1). Such a conformation 488 may cause
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Table 34. Conjugate Hydride lon Addition—Mannich Condensation of Nitroaromatic Compounds 447

entry SM R R? R3 yield (%)

1 4478 H H Me 485a(79)

2 44717 Cl H Me 485b(44)

3 447¢ Me H Me 485¢(58)

4 447 CH=CHPh H Me 485d(52)

5 447¢ OH H Me 487(40)

6 4471 OMe H Me 485e(27F

7 4477 H Me Me 485f (47)

8 447§ H OMe H 485¢(7)

9 447§ H OMe Me 485h (66)
10 4475 H OMe Et 485i(10)
11 4475 H OMe Bn 485 (24)
12 447K H COMe H 485K (77)
13 447P H COEt Me 4851(98)
14 447nf H CONH, H 485m (29)
15 447nf H CONH, Me 485n(67)
16 4478 H H Et 4850(51)
17 4478 H H Bn 485p(50)
18 4478 H H (CHy)-Br 485q(25)
19 4478 H H CH(Et)CHOH 485r (59)
20 4478 H H CH,COH 4855(44)
21 4478 H H (CHz),OH 485t (52)
22 4479 Cl H (CHz),OH 485u(19)
23 447¢ Br H (CHz),OH 485v(21)
24 447d Me H (CHy)20H 485w (16)
25 447H OMe H (CHb):0H 485x(9)
26 4471 CI(CH2):0 H (CHy)20H 485y(13)
27 4476 COH H (CHz):OH 4852(12)
28 447§ H OMe (CHb):0H 485aa(10)
29 4474 H COH (CHz):OH 485ab(32)
30 447mi H CONH; (CHz):OH 485ac(31)
31 4479 H CN (CHz)20H 485ad(30)
32 447K H COMe (CHy)20H 485ae(24)
33 447¢p H CRCH.O Me 485af (55)
34 447¢p H CRCH.O Et 485ag(48)
35 447¢p H CR:CH;0 Bn 485ah(37)
36 447¢f H CFR:CH;0 (CHy)Br 485ai(27)
37 447¢p H CRCH;O (CHy),0H 4853 (23)
38 447¢p H CRCH;0 CH,COH 485ak (25)
39 447¢p H CRCH;0 (CHy),COH 485al(26)
40 44719 H CHR-CF.CH,0 Me 485am(59)
41 44719 H CHR-CF.CH,0 Bn 485an(30)
42 4478 H CHF(CF2)sCH.0 Me 485a0(52)
43 4471 Cl H CH,.COH 485ap(23)
44 447¢ Br H CH:COH 485aq(36)
45 447¢h Me H CH,COH 485ar (38)
46 4471 OMe H CHCOH 485as(33)
47 447§ H OMe CHCOH 485at(26)
48 447K H COMe CH.COH 485au(42)
49 4476 H COH CH.COH 485av(40)
50 447nP H CONH; CH.COH 485aw(30)
51 4476 H CONE% CH.COH 485ax(36)
52 4470 H coN ) CH,COH 485ay(38)
53 447\ H o o CH.COH 485az(48)
54 4478 H H (CH2):COH 485ba(53)
55 4478 H H CH(COH)CH.COH 485bb (28)
56 4478 H H CH(COH)CH.CONH, 485bc(19)
57 4478 H H CH(COH)(CH2).COH 485bd (32)
58 4470 H COH Me 485be(35)
59 4470 H COH Et 485bf (45)
60 4476 H COH n-Bu 485bg(19)
61 4476 H COH (CHy),Br 485bh(52)
62 4476 H COH (CH,):COH 485bi (38)
63 4478 H H n=2 491a(14)
64 4474 H H n=4 491b(25)
65 4478 H H n=6 491¢(28)
66 4476 H COH n=2 491d(43)
67 4476 H COH n=4 491e(37)

3 Data taken from ref 252. Data taken from ref 240. Compound486 was also obtained in 8% yielf Data taken from ref 255.Data taken
from ref 256.7 Data taken from ref 257 Data taken from ref 258! Data taken from ref 259.Data taken from ref 261.
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dialkylated products increases by using low-polar and highly
viscous solvents (entries 13 and 16, Table 35) suggests that
the reaction mechanism could be better interpreted as a
continuous spectrum from pure polar to pure SET mecha-
nisms. Mechanistic studies on the reaction of mononitroben-
zenes with alkyl Grignard reagents also showed evidence of
the participation of one-electron-transfer procegses.

Similar to the borohydride reduction of nitroarenes, the
dialkylatedo-diadducts were also trapped through Mannich
reactions. Thus, addition of formalin and methylamine to
the Meisenheimer complexes obtained in the reaction of
4473b with an excess of Grignard reagents followed by
treatment with acetic acid produced the 3-azabicyclo[3.3.1]-
non-6-enes05 in yields from 12 to 35% (Scheme 76).

For 5-methoxy-1,3-dinitrobenzerd7j the expected bicyclic
compound506 was obtained in 37% yield. However, the
reaction mixture had to be refluxed for 5 h; otherwise,
unreacted447j was recovered.

Triple Grignard addition occurs in TNB65. Protonation
with acetic acid and bromination of the intermediate trini-
tronate507 affords trialkylated cyclohexan€272508(Table
35, entries 26-24) and509, respectively, as a mixture of
stereoisomers. Moreover, Mannich condensatios0afwith
a mixture of formaldehyde and ammonium nitrate furnishes
trialkyltrinitroazaadamantanesl0 in yields of about 15%
(Scheme 76352 The brominated derivativesd9were isolated
and dehydrobrominated by treatment with sodium iodide in
refluxing acetone to afford cyclohexengsl

An additional example of the addition of a non-delocalized
carbon nucleophile to a polynitroaromatic compound was
reported by Wennerstno, who studied the reaction of 2,6-
dimethoxyphenylsilveb12with TNB 465 This uncommon
nucleophile was prepared by treating 2,6-dimethoxyphenyl-
lithium with silver bromide. The organosilver compousit?

underwent reaction with TNB in pyridine to give, after
addition of cold dilute HCI, the red Meisenheimer complex
513 By CHCl; extraction of a suspension 8fL3in dilute
H,SQ,, a neutral yellow product resulted, identified as the
nitronic acid 514 on the basis of its spectroscopic data
(Scheme 76§73

protonation of the nitronic moiety from the less hindered
opposite face. An alternative explanation of the total ste-
reoselectivity of the protonation assumes the participation
of product-like transition states. Attack trans to the alkyl
group would be of lower energy. In this arrangement, the
smallest group occupies the incipient pseudoequatorial posi-
tion, thus minimizing the steric interactions with the peri
hydrogens.

Increasing the electron deficiency of the aromatic system This section covers the JAr reactions in which the
by introducing a second nitro group allows the double negative charge of the nucleophile is conjugated with some
alkylation of the nitroarene. The reaction of 1,4-dinitroben- adjacent double bond. The anions involved can be grouped
zene500with 2 equiv of alkylmagnesium or methyl-lithium  into three categories: aromatic hydrocarbons, aryloxides, and
in THF at —70 °C for 10 min, followed by oxidation with  carbanions containing heteroatoms in the conjugated system
DDQ or sodium hypochlorite, gaveans-dialkylcyclohexa- (enolates and related systemsmetalated nitriles, diazo
1,3-dieness04 in yields ranging from 17 to 56% (Scheme compounds).
76; Table 35, entries 1319)2%8 ESR monitoring of the Wennerstim and Moberg reported the only two known
reaction demonstrated the presence of the 1,4-dinitrobenzen@xamples of adducts between carbanions derived from
radical anion601 Additionally, the formation of 2-methyl-  aromatic hydrocarbons and polynitroaromatic compounds
1,4-dinitrobenzene (412%) when stoichiometric amounts that lead to isolable dearomatized products. The addition of
of MeMgX (X = Cl, Br) or MeLi were used indicates that indene517 and cyclopentadien820to a solution of TNB
dialkylation occurs stepwise. In the first step, the addition 465 and silver oxide in pyridiné&15 in the dark at room
of 1 equiv of nucleophile t&00results in the formation of  temperature provides-complexe18and521, respectively

14.1.3. Reactions with Stabilized Carbanions

the radical aniorb01 and the monoalkylated nitronaf®2
Subsequently, a second equivalent ofMigX or MelLi
undergoes addition to the ene-nitro moiety5@?2, leading

to diadducts503 The oxidative quench of the reaction

mixture transforms the reduced specid into the starting

(Scheme 7757 The reaction was followed by visible
spectroscopy. A mixture of TNB and pyridine in the presence
of silver oxide produced the same compkb6 observed in
the initial stage of the reaction with indene, thus indicating
that516can be thought of as an intermediate in the formation

material, without affecting the cyclohexadiene derivatives. of 518 This is not necessarily the case for cyclopentadiene.
This mechanism also explains the exclusive formation of Under the same condition520underwent reaction 16 times

products with a trans configuration. The nucleophile ap- more rapidly than indene, the addition of cyclopentadiene
proaches the ene-nitro function®®2from the less hindered  being also faster than the addition of pyridine. Complexes
site, opposite the alkyl group. The fact that the yield of 518and521were transformed into the corresponding nitronic
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Scheme 75
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Table 35. Conjugate Addition of Grignard Reagents and MeLi
to Nitroarenes 443, 461, 500, and 465 and Acidic Quench

entry SM RMgX H* yield (%)
1 443 Me NH4CI 495a(46)
2 443 i-Pr NHCI 495b(45)
3 443 t-Bu NH4CI 495¢(48)
4 443 C-C6H11 NH4C| 495d (51)
5 443 PhCHCH; NH.CI 495e(42)
6 443 Me HCI 496a(44)
7 443 i-Pr HCI 496b (60)
8 443 t-Bu HCI 496¢(57)
9 443 ¢-CeHur HCl 496d (56)
10 443 PhCHCH; HCI 496e(40)
11 461 Me AcOH 499a(72)
12 461 PhCH, AcOH 499b(78)
13 50C° Me NH,Cld 504a(56)
14 500° Mef NH4CId 504a(50)
15 500° Et NH4CId 504b(30)
16 50C¢ MesSiCH, NH4CI4 504c(17)
17 500° CH,=CH(CH,), NH,ClId 504d(36)
18 500° PhCH NH,Cld 504e(20)
19 50C¢ PhCHCH, NH4CI4 504f(34)
20 465 Me AcOH 508a(16)
21 469 Et AcOH 508b(22)
22 465 n-Pr AcOH 508c(20)
23 469" n-Bu AcOH 508d(24)
24 465 i-Bu AcOH 508e(19)

aData taken from ref 266, Data taken from ref 267 Data taken
from ref 268.9 Then addition of NaOCE Yield increased to 65% when
the reaction was performed irBuPh—PhH as solvent at30°C. f The
nucleophile used was Mel4.Yield increased to 24% when the reaction
was performed it-BuPh—PhH as solvent at 30 °C. " Data taken from

ref 271.1 Five percent of a second isomer was also isolated.
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o)
496
NO,
2) AcOH (5%) O‘O
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bers of this family of nucleophiles. In a number of cases,
electrophilic trapping provided dearomatized products. Sev-
erin was one of the pioneers in these investigations. In a
series of three reports, he showed thgmtrinydroxyben-
zenes (phloroglucinob23 and nitrophloroglucinol524)
undergo reaction with TNB>276465andm-dinitrobenzen&”
447aunder basic conditions to give, after acidic quench,
dearomatized polycyclic compound®9, 535 and 536
molecules formally constructed by connecting the starting
reagents through their meta positions (Scheme 78). Interest-
ingly, phloroglucinol523 also undergoes addition to TNB

in the presence of triethylamine with the formation of the
1:2:1 adduct 0523 amine, and TNB533 Treating this
adduct with HCI in methanol afforded an acidic product for
which structure could not be unequivocally assigiéd.

Focusing on TNB465 and phloroglucinob23 a reason-
able mechanism for this remarkable transformation could
begin with a carborrcarbon bond-forming reaction through
attack of the aromatic enolate resulting from the deproto-
nation of phloroglucinol to position 2 @65 The intermedi-
ate 525 (Scheme 78) thus obtained undergoes an intramo-
lecular C addition of a second enolate anion to a neighbor
nitrovinyl moiety furnishing tricyclic salts26. Conjugate
addition of a hydroxy anion to the remaining nitrovinyl
functional group present 526 [path (a)] generates the
tetraanionic specie5§27, which proceeds to givé28 by
forming a hemiacetal bridge through intramolecular binding
of the OH substituent to the nonconjugated carbonyl group.

acids519and522by treatment with sulfuric acid. Compound  Alternatively, the formation 0628 may be explained by
522 was characterized in the reaction mixture by analyzing addition of OH to the ketone group 0526 [Scheme 78,

its visible andH NMR spectra, whereas the indenyl

derivative519 was isolated in 74% yield.
The reactions of nitroaromatic compounds with carbanions Some derivatives ds29have been prepared by methylation
stabilized by charge delocalization through an adjacent with diazomethane530, bromination,531, and reduction
carbonyl group (Janovsky complexes) have been extensivelywith tin dichloride in concentrated hydrochloric ackBB2
studied®®* Phenolates can be considered as particular mem-The analogous reaction witlm-dinitrobenzenet47a gives

path (b)], followed by intramolecular attack at the nitrovinyl
group. Protonation with aqueous sulfuric acid yie&29,
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Scheme 76
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trisodium salt534.27” Hydrochloric acid addition to this salt  alcoholic solution of KOH, leading to the adamantane-like
results in reversion to the starting materials. However, potassium salb36, after treatment with acetic acid. Further
protonation with HC-FMeOH caused the reduction of a nitro  elaboration of536 included the reduction of the nitro
group to an oximino moiety and the replacement of a substituents to amino group537, monodiazotation, and
hydrogen by a chloro substituent, yieldiBg5(Scheme 78).  subsequent coupling with the sodium saltt@B leading to
Introducing a nitro group into the enol-type reagent favors the diazo dyeb38

additional tandem reactions. TN&B55 and nitrophloroglu- Mixing picric acid 469h and phloroglucinol523 in a
cinol 524 undergo reaction in a similar manner in an solution of NaOH in MeOH-H,0O also led to the 1:1 adduct
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Scheme 77
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539 However, acidification of the tricyclic salt resulted in
the reversion to the initial reagerfts.
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rendered dearomatized compoun845 (Scheme 79%%
Derivative 545b was prepared in almost quantitative yield
by allowing 540b to react with 543 for 30 min and
subsequent protonation with HCI. The chemo- and regiose-
lectivity observed could be anticipated on the basis of steric
interactions. However, the protonation at C2 to give nitro
compoundb45instead of the azinitro isomer was unexpected.
The different behaviors in the protonation ®41 and 544
were ascribed to the inefficient charge delocalizatiob4d.
Steric hindrance between the C6 N@roup and the NMg
moiety prevents the coplanarity of the conjugated system.

Acid treatment of theo-complexes of acetonates and
nitroaromatic compounds generally leads to the breakdown
of the complex into the starting componefftsCuriously,
treating the disodium safi46 resulting from the reaction of
picric acid 469h and acetone under the Janovsky condi-
tions?20221 with acetic acid produced the monoanionic
compound547 (Scheme 795% It was suggested that the
formation of the product of protonation at G327, involves
an intermediate species having the structure of a nitronic acid.
We are aware of only one paper describing the isolation of
a stable dearomatized product upon protonation of a Janovsky
complex derived from a polynitroaromatic compound. Strauss
and co-workers showed that cyclic keton&$8 undergo
reaction with TNB in the presence of diethylamine to give
monoanionic adducts49. Careful acidification of a metha-
nolic solution of549awith HCI afforded the nitronic acid
550in 40% yield (Scheme 79Y8 The same authors found
that oxidizing the analogous compleX&$551 with 2 equiv
of NBS results in the formation of the tricyclic isoxazoline
N-oxides552, probably through bromination at the carbon
adjacent to the carbonyl linkage and subsequent displacement
of bromide ion by intramolecular attack of the oxygen of
the nitronate moiety close to the electrophilic certér.
Efforts made by Severin and co-workers to trap Janovsky
complexes of TNBi65and the sodium or potassium enolates
of acetone, acetophenone, cyclopentanone, and cyclohex-
anone by successive treatment with sodium borohydride and
bromine vyielded 4,6-dinitro-2,3-dihydrobenzofurat&4
(Scheme 79§42:288

Dearomatized neutral products could be successfully

Phenolates are ambident nucleophiles. The simplest degq|ated by alkylating thes-complexes of 4-hydroxy-1,3-

rivative, the phenoxide ion, acts as an oxygen nucleophile
toward halo-nitroaromatic compounds, leading to the forma-

tion of diaryl ethers through displacement of the halide ion.
However, the reaction of potassium phenoxid®a(R! =
H) with TNB 465 affords o-complex”® 541, where the
phenoxide ion undergoes addition to the nitro-activated
compound through the carbon at the para position (Schem
79). Acidification of solutions o641 in methanol, ethanol,
or chloroform with dilute HCl or HSO, furnished a
protonated derivative identified in situ as the nitronic acid
542via IR, UV, and'H NMR spectroscopic analysis of the
reaction mixturesg°

The reaction of phenoxide ion and alkyl-substituted
phenolates with 1-X-2,4,6-trinitrobenzene derivatives can
result in the formation of two isomeriecomplexes by attack

e

dinitrobenzene447g and the sodium ketonates of acetone
553a(R! = Me, R? = H) and cyclohexanong53b [R'—R?

= (CH,)4] via Mannich condensation with formaldehyde and
methylamine, in the same manner described in the quenching
of hydridecg-adducts. In this way, new derivatives of 3-ABNs
555ai were obtained (Table 36 entries 1 and 103°°
Additional examples of this chemistry were provided by
Atroshchenko’s group by using different ketones as precur-
sors of the nucleophile as well as a variety of amines for the
Mannich reaction (Scheme 80; Table 3®8)?*1 The use of
1,4-butanediamine as the amine component in the ami-
noalkylation of Janovsky complex54a (R = Me, R? =

H) led to the formation of the bis-3-ABN56, albeit in very

low yield (8%)2% Introduction of a reduction step with

atthe C3 and C1 carbons. The reactivity and regioselectivity sodium borohydride on the disodium s&f4aprior to the
observed depend on the substituents present in the reagentslannich condensation afforded tricyclic compoussi7.2°

and the reaction conditiorf8\-282Typically, attack at C1 is

This structure indicates that the carbonyl group of the side

kinetically preferred, whereas adducts at the C3 position arechain of complex554a was selectively reduced and the

thermodynamically favored. NMR monitoring of the reaction
of potassium phenoxidg40a(R! = H) and potassium 2,6-
di-tert-butylphenoxide540b (R! = t-Bu) with N,N-dimeth-
ylpicramide543showed the formation af-complexe$H44.
Addition of trifluoroacetic acid to the reaction mixture

resulting hydroxy group underwent a [1,4] intramolecular
addition to the vinyl ketone moiety. Subsequent Mannich
reaction with formaldehyde and methylamine proviéé3g
in a yield of 65%. The labile bond of the-nitroketone
fragment of557 was cleaved by treatment with NaOEt and
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Scheme 78
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NaBH, to give the nitrocarboxylic aci@58and the nitroal- 2,4-Dinitronaphthol458 also undergoes this chemistry,

cohol 559, respectively. Mechanistic studies by NMR, UV, generating 3-ABN derivative561 (Scheme 80). The syn-
and quantum-chemical methods on the regioselectivity of the thesis was carried out in two steps. First, disodium S&
acetonate ion addition to 1,3-dinitro-5-Rand 1,3-di(R)- arising from the reaction o458 with sodium ethoxide and
5-nitro-benzenes (R= H, CN, CQMe, CONHCO;, ™, NO,) acetone was immediately aminomethylated by treatment with
indicated that kinetic factors control the attack of the formaldehyde and a primary amine. Second, an acidic quench
nucleophile to the C2 position, whereas addition to the C4 was performed with orthophosphoric acid to furnish hetero-
atom led to thermodynamically stable compleX®&s. cyclic compound$61in moderate yields (Table 36). Similar
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Scheme 79
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to the phenolate series, bis-ABM2was formed when 1,4-

554 (42%)

2-hexanone and 3-methyl-2-butanone, the DHIR8c [R?

butanediamine was used in the Mannich condensation. On= CH(n-Pr)COCH] and499d[R* = C(CHs),COCH;] were
the basis of NMR studies and semiempirical calculations, it obtained, respectively (Scheme 81; Table 37 entries 1 and

was concluded that the piperidine ring $61a(R% = Me)
adopts predominantly a chair conformation with Myenethyl
and oxopropyl groups occupying equatorial positiéfis.
Metalated ketones were also shown to farmaomplexes
563with 9-nitroanthracend612% Oxidation of the adducts

proceeding from acetone, acetophenone, butanone, an
methyl 1-naphthyl ketone with hydrogen peroxide gave

9-nitroanthracenes alkylated in position 1864a—c,h.

2).2% Apparently, in these two cases, the weak aciDH
effects protonation of the carbon atom linked to #@-
nitro group of the corresponding complexes. However, the
reason for this different behavior as compared to the other
c§<etones is not clear.

Anions stabilized by a nitro group, as well as doubly
stabilized secondary and tertiary carbanions derived from

Surprisingly, in the analogous reaction with the anions of diethyl malonate, diethyl methylmalonate, and malonodini-
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Scheme 80
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o)
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O.N NO,
Me N
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562(29%) N O
trile, also undergo addition to 9-nitroanthraceld in warm of nitromethane with 1-nitronaphthaler#68 in DMSO

DMSO. Treatment of the resulting-adducts563i—I| with afforded the dihydronaphthalene derivatb/®@as a mixture
HCI furnished cis-10-alkyl-9-nitro-9,10-DHAs 499e-h of two diastereoisomers (Scheme 8¥)Both isomers were
(Scheme 81; Table 37, entries-8).2°6¢ The dearomatized transformed into 2-nitromethyl-1-nitronaphthalebel via
compounds499f,g were converted into 9-alkylanthracenes a bromination-dehydrobromination procedure. Nitroben-
565j,k upon acid hydrolysis with boiling aqueous ethanolic zenes failed to react with the anion of nitromethane.
HCI. o-Complex formation seems to be disfavored in  Alkylation of o-adducts563i—k with benzyl halide¥%and
conventional protic solvents such as ethanol, and no reaction563a—g with methyl iodidé® followed by aqueous workup
was observed when only a catalytic amount of base was usedprovided DHA oxime$67in good yields (Scheme 81; Table
Interestingly, dissolvingt99h [R! = CH(CNY)] in pyridine 37, entries 716). In contrast to the oxidation with J9,,
caused the regeneration of the starting nitroanthracene.the methylation of complexes63a—c proceeding from the
Alkylnitronates also undergo reaction with 1-nitronaphthalene addition of the anions of acetone, acetophenone, and bu-
568 to give [1,4] adducts exclusively. Acidification of the tanone to nitroanthraced1 produced also the correspond-
nitromethylo-complex569formed by reaction of the anion  ing dearomatized anthracene oxint¥a—c. Treatment of
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Table 36.Conjugate Addition—Mannich Condensation of 447g and
458
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Table 37. Conjugate Addition of Stabilized Cabanions to
9-Nitroanthracene 461

entry 553 R! R? R3 R* yield (%) entry R E" yield (%)
1 a Me H Me CH.COCH, 555a(62) 1 CH(n-Pr)COCH HCI 499¢(37p
2 & Me H Et CH.COCH; 555b(30) 2 CMe,COCH, HCI 499d(43p
3 & Me H n-Bu CH,COCHs 555¢(39) 3 CMeNO;, HCI 499e(76)
4 a Me H Bn CH.COCH; 555d(28) 4 CH(CQEL), HCI 499f (68
5 a Me H (CH,)Br CH,COCHy 555e(26) 5 CMe(CQEt), HCl 4999(75y
g aE me : E:CHFZbC)g: g;lzgggi gggf(é%)) 6 CH(CNY HCI 499h(70p
a e 2 g 7 CH,COCH; Mel 567a(40
9 a Me H (CH)NH, CHCOCH,  556(8) 9 CHMeCOCH Mel 567c(18F
10 be (CHy)4 Me 2-oxocyclohexyl 555! (48) 10 CH(n-Pr)COCH; Mel 567d (3)0
L& Ph BB CHeOPh  Se8k(3) 1L CHEmCOCH el 567e(8)
12 2-oxocyclohexyl Mel 567f(42yf
12 ¢ Ph H n-Bu CH,COPh 5551 (34) 13 CMeCOCH; Mel 5679(6)°
13 ¢ Ph H Bn CHCOPh 555m(20) 14 CMaNO, PhCHCI 5671 (59
¢ Ph H (CH).Br CH.COPh 555n(26) 15 CH(COR PhGHC! 567} (63)
14 ¢ Ph H (CH),OH CHCOPh 5550(23) (CQED, i (
16 CMe(CQEt PhCHBr 567k (69)
15 ¢  Ph H CHCOH CH.COPh 555n(37) (CQED. (
16 ¢ Ph H (CH):COH CH,COPh 5550(20) aData taken from ref 295 Data taken from ref 296. Data taken
17 458 Me 561a(46) from ref 298.
18 45g Et 561b(57)
%g igg g—r?u ggig(éi)) 563lwith benzyl chloride resulted in the complete reversion
21 458 (CHo),Br 561e(63) of the com_plex to the starting reagents. Some reversal was
22 458 (CH,),OH 561f(50) observed in the benzylation 0563k, because 26% of
23 453; CH,COH 561h(44) nitroanthracene was recovered after recrystallization of the
24 45 (CH2).COMH 561i(30) crude reaction mixture. The formation of oximé§7 is

a Data taken from ref 289 Data taken from ref 29C. Data taken from
ref 291.9 Data taken from ref 293.

consistent with a mechanism involving O-alkylation of
nitronates563 to give the corresponding esters of nitronic

Scheme 81
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Scheme 82
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acids566, which decompose in a base-catalyzed process with way, a-(nitroaryl)carbonyl compounds can be prepared in
loss of PACHO or ChD 299300 good yields. Products of attack ortho to the nitro gr&Tg

A significant contribution to the methodology aimed to predominate with sterically undemanding silyl reagents,
introducing functionalized alkyl side chains into aromatic whereas bulky reagents lead to the exclusive formation of
nitro compounds via nucleophilic conjugate addition reac- para-substituted nitroarends/5. Yields decreased when
tions was the discovery by RajanBabu et al. of fluoride- tetrabutylammonium fluoride (TBAF) was used as fluoride
assisted addition of silyl enol ethers and silyl ketene acetalssource. The reacting nucleophiles are formed under neutral
to nitroarenes. The method consists of the reaction of silyl conditions, thus avoiding side reactions with substituents
reagent573 with the nitroarene in THF/CKCN in the sensitive to nucleophiles prepared under basic conditions.
presence of 1 equiv of tris(dimethylamino)sulfonium dif- In systems of relatively low aromatic stabilization such
luorotrimethylsiliconate (TASF) and subsequent oxidation as 1-nitronaphthaler&8and 9-nitroanthracerd61 (as well
with 1 equiv of bromine or DDQ (Scheme 8%}:39?|n this as heteroaromatic compounds 5-nitroisoquinoline and 2-ni-
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trothiophene) it was possible to isolate dihydroaromatic Scheme 83
d_erivative5576 and 577, respectively, by quenching the NO, CH,CN
nitronate adducts with a proton source. In the first case, the R 1) 3M KOH, MeOH
protonation was performed with glacial acetic acid, whereas
water was used for quenching threadducts leading t677. 3 R2 2) AcOH-H,0
Nitronates579 derived from nitrobenzenes could also be R4
trapped when the extended conjugated system of the product
was additionally stabilized by suitable substituents. Thus, 372 582
4-chloro-,578g and 4-methoxynitrobenzends/8b, under-
went reaction witlt673a—c in the presence of TASF to give KOH 587
the functionalized 1,3-cyclohexadien&30upon quenching
with bromine. Dehydrobromination to the aromatic alkylated  — A00H/
N~©
R1
= )
R® R?
e

NMR studies and the absence of side products arising from R®
the presence of radical ion intermediates in halo- and R*
cyclopropyl-substituted nitrobenzenes, it was concluded that 584 585 586

the reaction proceeds through a polar mechanism. Other NOH
electron-withdrawing groups (G®le, CN, and S@Ar) failed NO

to give this nucleophilic fluoride-assisted conjugate addition. 2 CHCN ‘
1) 3M KOH, MeOH O
+

compound$81was readily accomplished by treatment with O

: : y treat NI
triethylamine. Attempts to trap the dearomatized nitrobenzene | R R
o-complexes with electrophiles such as aldehydes, alkylating m ‘
agents, sulfur electrophiles, aiCPBA were unsuccessful. R R Y R3 R?2

CN

NMR monitoring of the reactions of nitrobenzene WiH3b W Y—cN  H0
andp-chloronitrobenzene witb73aallowed the character-
ization of the correspondingradducts. On the basis of these O Ré

Anions stabilized by a cyano group are among the first |
charge delocalized nucleophiles used in dearomatizing reac- 2) AcOH-H,0 CN
tions through nucleophilic conjugate addition to nitroarenes. 572 O

> ; a 583
Davis and co-workers demonstrated that aromatic mono-
nitrobenzene$72 unsubstituted in the para position to the 588 (65%)
nitro group and 1-nitronaphthaleB68undergo condensation
with phenylacetonitrile$82 and 1-naphthylacetonitril®83 NO, CH,CN NO,

in methanolic potassium hydroxide solution to give dearo- 1) 3M KOH, MeOH
matized products having-quinone-like587—588 and naph- OO + O‘
2) AcOH-H,0
R* |

thoguinone-likes89 structures (Scheme 8%83%4The mech-
anism proposed for this process involves the initial attack

of the o-metalated nitrile to the para position of the 568 582 O CN
nitroarene. The resulting-adduct is protonated at an oxygen R*
atom of theaci-nitro group, affording the nitronic acid 589

derivarive 584, which undergoes water elimination with

formation of the aromatized nitroso compouB8S. This  fom 3 t9 4 mol of the reagent was consumed depending on
intermediate has more acidic hydrogens than the startingie sybstitution pattern on the aromatic ring. However, the
nitrile and is deprotonated to give the highly delocalized gt ctyres of the products formed remained unclear. De Boer
anion586 Upon acidification with ACOH>86is protonated gt 5] addressed this issue about 70 years later and showed
at the oxygen atom, yielding quinone oxint&/—588 The that treatment of TNB465 with diazomethan&90 affords
excess of potassium hydroxide used may be necessary Qo products597 and598 via a tandem process in which
ensure the precipitation of_the potassium sa_lt of the quINONe-the nitroarene undergoes reaction with three and four
like products, thus preventing subsequent side reactions. Theygjecules of the diazoalkane respectively (Schem@’84y:
wide scope of the reaction was evidenced by preparing atpys, the molar ratio of the reactants was identified as an
large number of dearomatized derivatives containing either important factor in determining the final product. When the
electron-donating or electron-withdrawing substituents (Table o action was performed at80 °C, a new product99, was
38). The only limitation observed is the need for an fomed, also incorporating three methylene groups from
unsubstituted nitroarene in the para position to the nitro §izzomethand'233The mechanism proposed for rational-
group. When this position is occupl'ed by a susbstituent, 8Sjzing the formation of compounds97—-599 involves the
in p-chloronitrobenzene artbromonitrobenzene, the meta-  gequential cyclopropanation of three carbaarbon double
lated nitrile attacks the ortho position. However, the products j,onds through the participation of diazonium betaifies,
obtained are 3-aryl-5-haloanthranif$.3%° 594, and596. Loss of nitrogen from these betaines furnishes
Diazomethane is another carbon nucleophile capable ofthe corresponding cyclopropanated compounds. The inter-
adding to polynitroaromatic compounds. The ability of mediate norcarane derivati&2 undergoes rearrangement
diazomethane to react with trinitrobenzene derivatives having to the seven-membered ring derivatb@3 which continues

at least one hydrogen atom on the benzene ring (gygy, the chain of cyclopropanation reactions. Extensive charge
trinitrobenzene, picryl chloride, pycril acetate, trinitrotoluene, delocalization in betaines91, 594, and596 seems to favor
trinitroxylene) was described as early as 1898By cyclopropanation over nitrogen retention with the formation

performing the reaction with a large excess of diazomethane,of pyrazolines. In agreement with this reasoning, the reaction
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Table 38. Conjugate Addition of Potassium Arylacetonitriles to

Nitroarenes 572 and 568°

entry SM R R? R® R* yield (%)
1 572& H H H H 587a(77)
2 572& H H H cl 587b(77)
3 572& H H H MeO  587c(77)
4 572b cl H H H 587d(92)
5 572c Cl H H Cl 587e(100)
6 572d H H CI H 587f(53)
7 572e H H Cl Cl 587g(100)
8 572f Me H H H 587h(72)
9 572¢ Me H H Cl 587i(60)
10  572h H H Me H 587j (76)
11 572i H H Me Cl 587k (33)
12 572 MeO H H H 5871(87)
13 572k MeO H H Cl 587m(80)
14 572¢ H H MeO H 587In (25)
15 572m H H MeO CI 5870(89)
16  572n Me cl H H 587p(82)
17 5720 Me Cl H Cl 587q(80)
18 572p Me Cl H MeO  587r(80)
19  572q cl cl H H 5875s(53)
20 572r Cl Cl H Cl 587t(92)
21 572s cl cl H MeO  587u(65)
22 572t Cl H Cl H 587v(93)
23 572u Cl H Cl Cl 587w(94)
24 572v Cl H Cl MeO  587x(91)
25 572w MeO H MeO H 587y(88)
26 572x MeO H MeO CI 587z(80)
27 572y MeO H MeO MeO 587aa(65)
28 572z Me H Me H 587al(53)
29 572aa  Me H Me Cl 587ac(43)
30 572ab  Me H Me MeO  587ad(69)
31 572ac MeO H Cl H 587a¢e(82)
32 572ad  MeO H Cl Cl 587af(81)
33 572ae MeO H Cl MeO 587ag(84)
34 572af Me H Cl H 587ah(92)
35 572ag  Me H Cl Cl 587ai(69)
36 572ah  Me H Cl MeO  587aj(88)
37 572af Cl H Me H 587ak(77)
38  572af Cl H Me cl 587al(77)
39 572akl  ClI H Me MeO  587am(80)
40 568 H 589a(33)
41 568 Cl 589b(88)
42 568 MeO  589a(36)

a Data taken from ref 303 The configuration of the tetrasubstituted
exocyclic carbor-carbon double bond has not been determifi€hta
taken from ref 3049 Reaction performed at room temperattrEOH

(4.5 M) in methanol was used.

of diazomethane with compourB7 leads to the product
of 1,3-dipolar addition598 The alternative betaine inter-
mediate would have a limited charge delocalization. At low
temperature, the loss of nitrogen from betei®d is effected

by attack of the adjacent nitronate anion to gb&9.

Weak acids promote the isomerization 598 to the
tautomer600, which loses nitrous acid upon treatment with
strong mineral acids. The resulting pyrazole derivaoa
is further oxidized to ketoné02 which can be methylated
by reaction with diazomethane to givé-methyl ketone

603.308

14.1.4. Reactions with Oxygen Nucleophiles

Besides the carbercarbon bond-forming reactions dis-
cussed in sections 14.1:14.1.3, QUAr reactions to nitroare-

Lopez-Ortiz et al.

type of covalent adducts became known as Meisenheimer
and JacksonMeisenheimer complexes, or simpbycom-
plexes. Since their discovery;complexes have attracted an
enormous activity??-226.229.231n his classic study, Meisen-
heimer showed that the anionic adducts could be trapped by
protonation and bromination to give dearomatized products
605 6063 608 and609 (Scheme 85). Interestingly, bromi-
nation of the ring prevailed over the formation of products
of oxidation. The work also reformulated as dearomatized
nitronic acids the structures proposed by other authors for
the products resulting from the reaction of alkoxides and
cyanide ion with some trinitrobenzene derivatives, for
instance, compound610 and 611 Although these early
results demonstrated the feasibility of electrophilic trapping
of o-complexes, most investigations on the addition of
nucleophiles to nitroaromatic compounds focused on features
concerning ther-complexes as pivotal intermediates i+ S

Ar processes. Actually, the decomposition of Meisenheimer
complexes by the action of an electrophile results generally
in the formation of KAr products3'4-317 Findings related

to the preparation of dearomatized products are more of
serendipitous nature than the result of a synthetic strategy
designed for developing a new methodology or obtaining a
preselected target compound.

Nucleophilic addition to nitroanthracene became the origin
of a long-lived and extremely fruitful subject, which con-
tinues to attract many investigations. Nearly a century later,
renewed interest in this chemistry provided new examples
of DHAs 606 (Scheme 86; Table 39, entries-%), using
the same substrate as starting material and sodium hypochlo-
rite or hypobromite as quenching reagé§t9-Alkoxyan-
thracene$12 also participate in the same way, leading to
DHAs 613 with tetrasubstituted Spcarbons at positions 9
and 10 (Table 39, entries-8.1). The bromo derivative of
the o-complex of 9-nitroanthracene with the propoxide ion
proved to be too unstable to be isolated and was characterized
by 'H NMR spectroscopy. Compoun@®6 were obtained
as a single stereoisomer. It was assumed that the central ring
adopts a boat conformation with the alkoxy and nitro
substituents lying in pseudoaxial positions. However, no
conclusions were drawn about the stereochemistry of the
tetrasubstituted derivativesl3

Meisenheimer complexet4 (a, R* = Me; b, R = Et)
may be methylated upon addition of methyl iodide, yielding
9,10-dihydro-10-alkoxy-9-anthroximé&d 4 (Scheme 865%:31°
Similar to the analogous reactions with carbon nucleophiles,
oxime formation occurs through O-methylation followed by
loss of formaldehyde (see Scheme 81). Electrophilic attack
at the carbon atom of theci-nitro group of604was observed
in the reaction of these-adducts with aromatic diazonium
salts615 leading to the formation of 10-arylazo-9,10-DHAs
616 (Scheme 86; Table 39), which were further transformed
into anthraquinone arylhydrazon@$7 upon treatment with
a base?0-321The formation of616is a remarkable process
mainly for two reasons. On the one hand, the related reactions
of o-complexes of polynitroaromatic compounds afford
rearomatized products through two competing pathways:
oxidation to the polynitroarene and substitution of a nitro
group by the aryldiazonium iot$2-322-325 On the other hand,

nes may be used for the direct introduction of heteroatomsthe conversion ofi61 into 616 represents a procedure for

into the aromatic system. Around 1900, Jackddbmnd

introducing a phenylazo moiety into an electron-deficient

Meisenheime?® provided, independently, the correct struc- aromatic system, which is not feasible through conventional
ture of the red adducts obtained in the reaction of alkoxides diazo coupling reactions. The distinct behaviorocs€om-
with nitroaromatic compounds. As mentioned above, these plexes604toward aromatic diazoniun salts as compared with
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Scheme 84
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those derived from polynitrobenzenes and polynitronaph- of 616in a boat conformation, which minimizes the steric
thalenes was attributed to the stability gained by the existenceinteractions between the substituents and the peri hydrogens.
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Scheme 86 Table 39. Conjugate Addition of Potassium Alcoholates to
X NO, Nitroarenes 461 and 612
) NaoX entry SM R R? X yield (%)
a 1 467  Me Br  606a(63)
2 461 Me cl 606b (66)
] 3 461 Et Br 606¢(72)
H OR 4 4612 Et Cl 606d(64)
5 461 n-Pr Br 606¢
604 606 6 612 Me Me Br  613a(56)
7 612 Me Me cl 613b(53)
X NO, 8 612 Me Et Br 613c(60)
1) KOR! 9 612 Me Et cl 613d(52)
10 612 Et Et Br 613¢
2) NaOX 11 612 Et Et cl 613P
12 461 Me 2-NO, 616a(73)
RZO OR1 13 461 Me 3-NG 616b(74)
14 461 Me 4-NO 616¢(74)
612 613 15 461 Me 4-Br 616d(32)
16 461 Me H 616€e(25)
N02 K 17 461 Me 4-Me 616f(21)
18 461 Me 4-MeO 616g(14)
1 KOR1 19 461 Et 2-NG, 616h(65)
) 2) Mel 20 46T Et 3-NO, 616i (68)
21 461 Et 4-NG 616j (70)
(50-70%) 22 46T Et 4-Br 616k (30)
23 461 Et H 6161 (24)
614 24 461 Et 4-Me 616m(18)
614a: R1= Me 25 461° Et 4-MeO 616n(12)
\ b: R'= Et 3 Data taken from ref 318.Yield not given.c Data taken from ref
/ N BF4
R2 321.
R2 . . .
< yields. Another example of electrophilic capture of Meisen-
P heimer complexes of typ@18is provided by the reaction

OZN N=N
4) KOMe, MeOH

616 617

R'= Me, Et
R2= 2-NO,, 3-NO,, 4-NO,, 4-Br, H, 4-Me, 4-OMe

o-Complexes formed by the addition of alkaline alkoxides
to methyl picrate do not undergo reaction with conventional

alkylating agents. However, alkylation becomes feasible

of potassium salts518cd with cesium fluoroxysulfate.
Fluorination occurred at the carbon atom in the para position
to the methoxy groups to give22 (Scheme 8752 The
amino-substituted trinitrobenzen@23 also gave a b~
complex 624 when treated with potassium methoxide in
methanol. The sal624 represents the first example of a
Meisenheimer adduct formed by nucleophilic addition to a
picramide. The same adduct, with an ammonium cation as
counterion, was obtained by adding amines such as piperi-
dine, morpholine, di-propylamine, and triethylamine to a
methanolic solution 0623 After reaction with 1 equiv of
HCI, nitronic acid 625 was obtained?*3% In dimethyl
sulfoxide solution, the neutral adduct rapidly reverted to the
starting picryl derivative and methanol (Scheme 87).
Meisenheimer complexes with a spiro structb28arising

when strong alkylating reagents are used or the alkali saltsfrom the intramolecular ipso attack of a nucleophilic center
are previously converted into the corresponding silver located in the side arm of a nitroaromatic compo@aé

derivatives. The reaction of the sodium séli8a with
triethyloxonium fluoroborate furnished methyl picrate as the
major product (73%), together with a mixture of nitronic
ester$19a(R! = Et) and620resulting from the O-alkylation

are considerably more stable than the corresponding open-
chain salts. The spiro complex is in equilibrium with the
ring-opened form627 (Scheme 88). Negative charge delo-
calization in classical Meisenheimer complexes through the

of the nitro groups in the para and ortho positions (Scheme polynitro system reduces their reactivity with electrophilic

87) 3?6 Interestingly o-complex618aunderwent trialkylation

by reaction with formalin at 2540 °C to give trinitrocy-
clohexanes21ain 22% vyield after protonation with diluted
phosphoric acid?’” Monohydroxymethylation was also fea-
sible by keeping the reaction temperature 4CO Trapping
618awith bromine, plus reduction with NaBHollowed by
the addition of tartaric acid, afforded the respective cyclo-
hexane derivative621hc in acceptable yields. In all cases,

agents. In the case of spitacomplexes28 electrophiles
may attack either picraté27 or the dearomatized s&28

The use of very strong alkylating reagents, such as methyl
fluorosulfonate and triethyloxonium tetrafluoroborate, pro-
vided mixtures of nitronic este&30ab/636and picryl ethers
631/637 derived from the O-alkylation of both anionic
species (Scheme 88 Small amounts of products derived
from the attack at the oxygen atom of a nitro group in the

mixtures of the four geometrical isomers were obtained. The ortho position,632, were also obtained. The formation of

silver salt618b resulting from sodiurrsilver exchange of

these byproducts could be avoided by performing the reaction

618asmoothly undergoes reaction with methyl iodide and in the presence of triethylamine. Interestingly, the substitution
ethyl iodide to give products of exclusive alkylation at the of the potassium cation by sodium favored the predominant
para position to the methoxy grou@d9ab in excellent or exclusive formation of picryl derivativeg31 Introducing
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No trace of the corresponding picryl derivativeé31 was
observed. However, the increased reactivity produced a
decrease in the regioselectivity of the electrophilic attack.
As a result, mixtures of regioisomeB30 and 632 were
formed (Table 40). The highest ratio®80632was obtained
when acetonitrile was used as solvent. The analogous reaction
of o-complexes of 9-nitroanthraced@1 with alkyl halides
affords dihydroanthracene oxim&§7 through decomposi-
tion of the nitronic ester intermediates initially formed (see
Scheme 815 Actually, nitronic ester§30decompose upon
heating to give the corresponding oxi®83 Moreover, acid
hydrolysis of630 leads to the formation of the picryl ether
634

Heating a solution of nitronic est&30f in dibutyl ether
promotes the elimination of benzaldehyde to give oxé8a
The potassium salt formed upon metalation with potassium
tert-butoxide 638 represents the first example of this type
of spirocyclic complex having a nitroso group in the para
position of the cyclohexadiene system. Alkylation @38
with methyl fluorosulfonate and triethyloxonium tetrafluo-
roborate furnished mixtures @-ethers of oxime$39and
nitrone640, whereas acylation with acetyl chloride occurred
exclusively on the oxygen atom of the oxime moiety, yielding
641 (Scheme 89§

Spiro Meisenheimer complexes containing only two nitro
groups also undergo alkylation with methyl fluorosulfonate.
In the 2,4-dinitrobenzene derivative42 (Scheme 89),
methylation occurs exclusively at the terminal oxygen atom
of the ring-opened form of the 1,3-dioxolane ring, giving
643 in 77% vyield33* However, the analogous reaction of
potassium sal644 gives a mixture of picryl ethe845 and
O-methylated nitronic esters as a mixture B#fand E
stereoisomer§46and647, respectively. When the 2,4-dinitro
substitution pattern was part of a spiro naphthalene complex
648 methylation was effected exclusively on an oxygen atom
of the nitro group at the ortho position to the dioxolane ring,
leading to a pair of isomer§50and651, in moderate yield.

A small amount of produc649 (23%) resulting from the
loss of formaldehyde is also formed (Scheme 89).

14.1.5. Reactions with Nitrogen Nucleophiles

Picryl ethers652 (Scheme 90) lead to the formation of
neutral Meisenheimer adducé4 when they are allowed
to react with equimolar amounts t&rt-butylamine653aand
2-amino-2-methyl-1-propand@53b at low temperature in
THF. Compound&54were characterized through their NMR
spectra in solution. However, they could not be isolated.
Warming the solution to room temperature leads to the
decomposition of the adducts. It is interesting to note that
although steric compression might be expected to occur
between large groups on C1 and the nitro groups at C2 and
C6, the ambident nucleophi&b3b attacks the ring through
the nitrogen, the most hindered nucleophilic center (Scheme
90) 335 When the reaction was performed with 2 equiv of
amine, rearomatized produd@85were obtained due to the
elimination of alcohol.

Nucleophilic addition of 4-aryl-substituted 2-aminothia-
zoles$®® 656 and 3-amino-1,2,4-triazol&¥ 657 to picryl
chloride 469a has been reported to give also neutral

silver as counterion of the spiro dearomatized anion by Meisenheimer type adducts (Scheme 90). The dearomatized

treating the potassium s&@29awith silver oxide or silver

products were isolated and their structures determined. In

nitrate made it possible to effect the alkylation of the silver both cases the reaction proceeds through ipso attack by the
salts629cwith conventional alkyl halides, due to halide ion nucleophile to the carbon bearing the chlorine substituent.

displacement assisted by the metal ion (Scheme®?88)?

Thiazoles656 reacted exclusively through the ring nitrogen
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Scheme 88
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Et;0"BF4 ) ® benzene
(M= Na) M or Et;0*BF,
NO, NO, (M=
631a: R'= Me (>95%) e
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O/\/OH
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Table 40. Alkylation of Silver Complexes 629c at 50C?

entry compd solvent R X yield (%) ratio630632

1 a CeHs Me | 58 67:33
2 b CsHs Et I 60 80:20
3 b MeCN  Et I 56 89:11
4 b THF Et I 45 91:9

5 b DMF Et | 3 100:0

6 c Me,CO n-Pr | 1 100:0

7 d MeCN i-Pr | 49 75:25
8 e MeCN allyl | 44 87:13
9 f MeCN  Bn Br 50 88:12

aData taken from ref 326 Reaction time of 2 h¢ Reaction time
of 1.5 h.9 Reaction time of 10 h¢ Reaction time= 24 h; temperature
of the reaction= 18 °C.

to give 658 whereas triazole derivativé57 afforded
mixtures of product$59 and 660

O

) O O
benzene O2N NO, O2N \©/

637 (14%)
14.1.6. Reactions with Phosphorus Nucleophiles

Dialkyl and trialkyl phosphites are another class of hetero-
atom-centered nucleophiles that have been used for the gener-
ation of stable anionio-complexes with polynitroarené®; 34
However, there are very few examples of electrophilic
trapping of the dearomatized adducts. TM&5 and picryl
derivatives469e (R* = Me) and652a (R = OMe) led to
the formation of monoaddud@61 and diadduci662 with
dialkyl phosphites in the presence of triethylamine, with the
phosphite group entering meta to the substituér(§heme
91)342343The ability of alkyl phosphites to deoxygenate nitro
compounds prompted additional transformations of the
adducts. Thus, the reaction of an excess of dimethyl
phosphite with nitronaphthalen&§8 (R* = H), 663 (R! =
Me), and664 (R* = CI) in the presence of sodium methoxide
provided heterocyclic compound@¥0. The Meisenheimer
complexes665 initially formed are deoxygenated by the
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phosphite present in the reaction mixture to give nitrenes thalene674 produces dimethyl H-2-benzazepine-1-ylphos-

666. Reduction of this key intermediate or reaction with
HP(O)(OEt) furnishes the naphthalene derivativgg3 and
669, respectively. Additionally, insertion into the phosphorus-
substituted carboncarbon double bond affords azirings?.
Ring opening of667 by nucleophilic attack of methoxide
ion gives rise to benzazepine derivativi20 (Table 41)3*
When the substituent'’Rs a methoxy group, the reaction
follows a different course, leading to the formation of the
dihydronaphthalene derivatig¥ 1 It has been suggested that

phonatess75in good yields.

14.2. Diazo Compounds

It has been shown in section 14.1.4. that diazonium salts
may act as nitrogen electrophiles in trapping reactions of
anionico-complexes. In addition to this reactivity, the™N
function is one of the strongest activating groups for
nucleophilic attack to an aromatic ring, and diazoarenes are
known to participate in $Ar reactions®*"2480nly in a few

the electron-donating nature of the methoxy substituent cases could dearomatized adducts be isolated, with most
determines a charge distribution of the nitrene intermediate examples of reactions proceeding from 9-anthracenediazo-
666, which favors the addition of a second phosphite anion njum salts679 Diazotation of 9-aminoanthracef&6aand

over other alternative reaction pathw&§s.The azirine

10-substituted derivative®76b—d is achieved by bubbling

intermediate could be intercepted by other nucleophiles. nitrogen oxidé*®35° or dinitrogen tetroxid®! through a
Performing the reaction in the presence of primary and solution of the corresponding amine in diethyl ether or
secondary aliphatic amines affords amino-substituted benzene (Scheme 92). Synthesis of deriva@vée (R =

benzazepines as mixtures of isomér and673 (Scheme
91; Table 41§% The analogous reaction with 2-nitronaph-

NO,) needs the dioxime of anthraquinoB&7 as starting
material. Conventional diazotizing methods failed to give
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Scheme 90 matized adducts initially formed evolved through different
CH,R? pathways depending on the nature of the diazonium salt
OR' . H/QMe (Scheme '93; Table 42). The behaviorGy9e(R! = NO,) N
Mo Me 652:653 R'Q N"“Me is determlned_ by the presence of a nucleofuge at position
O:N NO, Me 29% OzN NO, 10. The reaction 0679ewith water, methanol, or ethanol
+H,N” “CH,R2 — affords diazoanthron@85 (entry 16, Table 42) via elimina-
THF tion of nitrous acid and the respective methyl and ethyl esters
NO, 653a: R?=H NO,H from adducts684a—c.®** Analogously, treatment of an
b: R?>= OH 654 ethereal solution 0879ewith ammonia or aniline results in
652 ) ) the formation of diazoanthrimine tetrafluorbora®86ab
65%5253 Me Me 654 MR S (entries 17 and 18, Table 42).
THF\\ >LCH R2 z PI'? H When 10-phenylanthracenediazonium tetrafluorbdda@tb
HN 2 1— i i i
¢ CgHy(Me); H (R* = Ph) was dissolved in water, methanol, or ethanol, azine
OzN NO, d Me OH 687awas obtained (entry 4), together with byproducts such

as azo compound888 anthrones689, and anthracenes
6903% The formation of azine687is catalyzed by acids as
NO, demonstrated by the isolation of addué&4gb (entries 1
) and 2, Table 42) when the reaction is performed in the
655a: R = H presence of a base (NaOH or J8&,). These diazo deriva-
b: R"= OH tives 684remain unchanged in a solution of methanol during
Cl ; ’(/\s 24 h. However, they are transformed very rapidly into the
O,N NO, g1 R )\\ corresponding azine&87 by the addition of the saB79bto
CI N"  NH the methanolic solutio??® Dimethylamine undergoes reac-
| D—NH; — O,N NO tion with tetrafluorboraté79bin a similar way. NMR and
NO S UV spectroscopic monitoring of the reaction evidenced the
2 656 presence of mixtures of addug84cand triazené9la As
4692 NO, the reaction progresses, compo@8dcdisappears in favor
N-N 658 of the aromatized produ@&91la(entry 7, Table 42).
I D—NH; Rz Ph 4.CLOH The diazonium salt679d (R! = CO,Me) exhibited
” '4 M (-)C- HG 4 increased stability, facilitating its isolation and also affecting
MeLhea, the reactivity. In contrast t679h, water solutions 0679d
657 4-NO,CeHj, afforded the hydroxydiazo compou@4d, which showed
2-naphthyl a low tendency for the formation of azir87d (Scheme
HN—\ 93; cf. Table 42, entries 8 and 18).Reaction 0679dwith
</ /\\\ HNS N dimethylamine an@—methoxyani[ine also gave dearomatized
cl_ N7 NH, O.N Cl NO products684f and 684g respectively (Table 42, entries 12
O,N NO, 2 2 and 13). Isomerization @84fto triazenet91brequired the
use of weak acids such as acetic acid or silica gel. On the
other hand679dunderwent reaction with methanol in much
NO, the same manner a879b In the presence of sodium
carbonate, the diazoeth&84e was obtained (entry 9),
659 660 whereas dissolving the diazonium salt in neutral methanol

. ) ) . furnished the azin687¢e(entry 11). Successive saponification
the expected diazonium salts. The counterion of the diazo znq acidic treatment of the triaze681b gave acces to a
compounds678 thus obtained is the nitrate anion, which  naow diazonium sal679f (R! = CO,H) bearing a CGH

could be readily exchanged by anions such as 8F,",  gypstituent. Similar to the precursd79d, the treatment of
and SQ? by treating the nitrates with the respective acids, g79fwith methanol in the presence of MzO; produced the
the tetrafluorborate§79 being the most stable salts. 9,10-dihydroanthracene derivatio84h(Table 42, entry 15).

Diazonium salts679a (R* = H) and 679¢ (R* = OMe)
proved to be too reactive. Once formed, they immediately ,
undergo reaction with the amine present in the reaction crude
leading to products of coupling. Amin&76a undergoes

addition to diazonium Sa"i79athf°“9h3§£‘e para carbon,  reaction via diazotization of the amino terephtha@@and
yielding the imine-diazonium salt680>* In 676c this subsequent treatment with nickel cyanide, they obtained spiro
position is blocked by the methoxy substituent. Therefore, compounds94instead of the expectedd3 (Scheme 9458

the coupling occurs by attack of gt.,‘f amine nitrogen at the apnarently, the basic medium provided by the nickel cyanide
10-position of diazonium sa79c™° The derivative681  |generated by reaction of nickel(ll) nitrate hexahydrate with
thus formed spontaneously loses methanol to give diazoan-gcn in the presence of NaOH] promotes the intramolecular

thrimine 682 Furthermore, whe®76ais allowed to react S :
; T > v nucleophilic ipso attack of the oxygen atom in the hydroxy-
with NO for 5 h, the product isolated is the iminexime e;Jhoxypsi:jlea:Em. *yg ! ydroxy

683 proceeding from the action of nitrogen oxide 67M9a
The same product is obtained when diazoimB®0 is ;
allowed to react with NO (Scheme 92). 14.3. Triazo Compounds

Compound$79hd,e undergo reaction in a similar manner Triazenes are another class of aromatic nitrogen com-
with oxygen and nitrogen nucleophiles. However, the dearo- pounds that have been recently used in carfwambon bond-

As far as we are aware, Panetta and co-workers reported
e only example of a dearomatized spiro system formed by
'nucleophilic addition to a arenediazonium salt. While at-
tempting to prepare nitril&93 through a Sandmeyer-type
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Table 41. Conjugate Addition of Dialkyl Phosphite Anions to

Nitroarenes

e0),P”

=N (IDI
OMe P(OMe),

NR2R3

In this case, the regioselective metalation of triazef@s
in the a position with respect to the nitrogen, usingBulLi,

entry SM R R? RS yield (%) followed by the addition of Bo©, led to the formation of
1 568 H 668a(24) 669a(18) 670a(30) tetrahydrobenzotr!azine&97 (Scheme 95; Table 43) The
2 663 Me 668b(12) 669b(51) 670b(2) reaction pathway implies that, subsequent to the deprotona-
3 664 Cl 668c(18) 669c(32) 670c(2) tion, the anion attacks intramolecularly at the ortho position
4 568 H H Et 672a 66) 673a(22) of the phenyl ring. The resulting dearomatized spe6igé
2 ggg Me l\|_/|le ,\E/lte g;gg(%g)) 673b(72) are then trapped by the reaction with Boc As expected,
7 663 Me Me Me 672d(14) 673c(34) for triazenes unsubstituted at the ort.ho positions, the anionic
8 568 H —(CH)s— 672e(69) 673d(7) cyclization was followed by rearomatization, and the products
9 674 H H nBu 675a(81) isolated are benzylaminds983%°
10 674 H Me Me 675b(82)

aData taken from ref 344.Data taken from ref 346.

forming reactions involving dearomatization. The process is
closely related to the Sommetetauser rearrangement of
benzylic ammonium salts caused by the action of Ba%e.

15. Aromatic Rings Linked to a Phosphorus
Atom
Despite the rich chemistry of organophosphorus com-

pounds, until recently, phosphorus-containing functionalities
have been very rarely used as activating groups in nucleo-
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philic dearomatizing reactior?§® Early examples are the
result of a priori unexpected chemical behavior, therefore
lacking generality. There are only two reports on intermo-
lecular DyAr processes. They involve phosphonium salt and
phosphine oxide functional groups and will be covered first.
Dearomatizing reactions through anionic cyclization include
ring activation by phosphorus ylide, phosphonamide, and
phosphinamide moieties.

15.1. Phosphonium Salts

While investigating the reactivity ofN,N-dibenzyltri-
phenylphosphonium bromidg@9with strong bases such as
t-BuLli, Cristau and co-workers found that the organolithium
underwent addition to one of the-phenyl rings (Scheme
96)361 Protonation of the adduct afforded an inseparable
mixture of the cyclohexadiene derivativ€0and rearoma-
tized producZ01 Usingp-tolylaldehyde as trapping reagent
caused the formation of small amounts of Wittig olefination
products703and 704, together with phosphonium salo2
resulting from the alkylatiorraromatization of &-phenyl
ring.

15.2. Phosphine Oxides

The attempted directed ortho lithiation of diphenyl(2-
naphthyl)phosphine oxid@05 with t-BuLi led exclusively
to the product of addition of the base to theposition of
the naphthalene ring06 (Scheme 9632 This reactivity was
not further explored.

15.3. Dearomatizing Anionic Cyclization

15.3.1. Phosphorus Ylides

The first direct observation of an anionic dearomatization
of a P-phenyl ring was provided by the lithiation of

682 (45%)

triphenylmethylenephosphorar@7 (Scheme 97). Within the
framework of the debate between Coi@y%* and Schlo-
ssef® on the structure of the species formed in the reaction
of the simplest Wittig reagert07 with t-BuLi, Schlosser
and Schaub characterized by NMR spectroscopy the dearo-
matized specieg09 formed by intramolecular attack of an
ortho-lithiated phenyl ring to the ortho position of an adjacent
P-phenyl substituent (Scheme $?jDegradation o709by
loss of benzene led to dibenzophosph@tE). Recently,
Sundermeyer and Korth suggested that the formatiofiLof

is also compatible with a mechanism involving the insertion
of a nucleophilic carbene into the<H bond of a phenyl
ring 367

15.3.2. Phosphonamides

Phosphinamide, phosphonamide, and phosphoramide func-
tionalities are good groups for directing lithiations either at
orthd*® or benzylic positiong® 373 Interestingly, in the
reaction of N-benzylN-methyldiphenylthiophosphinamide
with s-BuLi in THF/TMEDA, where both types of protons
are available for metalation, only products of ortho lithiation
are obtained’* In a trapping experiment of the ortho-lithiated
phosphonamider12 with benzonitrile, the dearomatized
bicycle 716 incorporating 2 equiv of the electrophile was
isolated in 83% vyield (Scheme 9¥%. The mechanism
proposed to explain the formation afl6 involves the
reaction of the initial aniory12 with two molecules of the
nitrile to give the 1:2 adduct13 Afterward, intramolecular
Michael addition of the imine anion to the substituted ortho
position of theP-phenyl ring affords dearomatized anioi,
which undergoes rearrangement to the cyclopropane deriva-
tive 715 Electrocyclic ring opening of the cyclohexadiene
moiety of 715 and subsequent protonation rationalizes the
formation of the isolated heterocycl£l6. This reaction



Nucleophilic Dearomatizing Reactions of C,H Systems Chemical Reviews, 2007, Vol. 107, No. 5 1657

Scheme 93
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represents the first example of an anionic cyclization of an Table 42. Conjugate Addition of Oxygen and Nitrogen
organophosphorus compound leading to isolable dearomaXNucleophiles to Diazoarenes

tized products. entry SM R XR? yield (%)
15.3.3. Phosphinamides 1 679  Ph OH 6844
] ) o _ 2 679  Ph OMe 6841
Lopez-Ortiz and co-workers have initiated a systematic 3 679  Ph NMe 684¢
investigation of intramolecular fAr reactions ofN-alkyl- 4 6798 Ph OH 687a(48)
N-benzyldiphenylphosphinamid@4 7 as a key step for the 5 5;95 EE oge 683’(37)
synthesis of nevy-aminophosphinic acids (see section 19). ‘75 2735 Ph CN)Mt 687¢(58)
. . . . e 6912
Treatment of phosphinamid@4.7 with an excess o$-BuLi 8 679¢ COMe  OH 684d (68)
in THF at—90°C in the presence of a strongly coordinating 9 679¢ COMe  OMe 684e(59Y
cosolvent, such as HMPA or DMPU, followed by electro- 10 679¢ COMe  OH 687d(16p"
philic trapping, afforded tetrahydrobenzpfl-aza-2°-phos- E g;gg ggzzme (l\)lk/l/le gg;?((?f))g"
; e €
ggo;$§+;or exrz]an;ple7,18 Iand 722 (t;najor pro?uc;:t_s, Sc_heme 13 679¢ COMe  4-MeOGH.NH 6849 (66)
)’ These heterocycles may be converted iptamino- 75 679¢ COMe  NMe 691b(61)
phosphinic acids (see section 19.1, Scheme 115) through acid 15 691F  CO, OMe 684h(77)
hydrolysis of the phosphinamide moiety present in the five- 16 679¢ NO, OH 685(94)
membered ring. The intermediate dearomatized species 17 679¢ NO;, NH, 686a(92)

formed in the anionic cyclization were trapped with proto- 18~ 679¢  NO PhNH 686b(54)

nating and. alkylating agents. Electrophilic attac_k_ at the aData taken from ref 356 Yield not given.c Observed through UV
cyclohexadienyl anion may occur at they, ande positions and NMR spectroscopy.Data taken from ref 355 Data taken from
with respect to the phosphorus atom. The optimization of ref 357." Reaction performed in the presence of,8@s. ¢ Reaction

the reaction conditions allowed the azaphospholes to beperformed under neutral conditiorisMixture of stereoisomers in a ratio

of 80:20." Mixture of sterecisomers in a ratio of 56:44Catalyzed by
obtained with h-lgh regio- and stereoccgntrol . . SiO,. kData taken from ref 354.Yield of 72% when the reaction is
The protonation was performed-aB0 °C during 30 min. performed with methanol.

The acids used include D, methanol, isopropanotert-
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Scheme 94
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Table 43. Dearomatizing Anionic Cyclization of Triazenes 695
(R? = Me)?

entry R R® yield (%)
1 H H 697a(73)
2 Me H 697b(64)
3 —(CHp)— H 697¢(75)
4 —(CHp)s— H 697d(58)
5 H Me 697¢e(65)
6 Me Me 697f (52
7 —(CHp)— Me 6979(85)
8 —(CHp)a— Me 697h(63)

aData taken from ref 359 Diastereomeric ratio of 26:74 Dias-
tereomeric ratio of 17:83.

butanol, phenol, 2ert-butyl-4-methylphenol, 2,6-diert-
butyl-4-methylphenol, trifluoroacetic acid, an@toluene-
sulfonic acid. The series of products formed in the protonation
study are shown in Scheme ¥8.Methanol was found to
be the best acid for obtaining tetrahydrobew}d[-aza-2°-
phospholes’18 containing a [1,3]-cyclohexadiene system
with a cis-fusion of the rings in good yields. Compoufi®,

Lopez-Ortiz et al.

Scheme 96
© 1©
Ph® Bn Phe Bn
B 1) tBuLi, ELO  Ph~p-N Ph-p_N
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699 t-Bu t-Bu
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Bn (,?
+ + thPNan
{-Bu t-Bu Me
702 (66%) 703 (25%) 704 (25%)
C tBu H ©
PPh, 1) £BuLi “Pphz
o o
705 706

y-protonation722in excellent yields. Compound®2were
obtained as single stereoisomers except when phosphinamide
717cwas used as starting material. In this case, the bulkiness
of the tert-butyl group linked to the nitrogen reduced the
stereoselectivity of the anionic cyclization, leading to the
formation of small amounts of24a(R! = t-Bu, R? = H),

an epimer of722cat the stereogenic center adjacent to the
nitrogen atom. The distribution of products obtained is
indicated in Table 44.

The trapping reaction with Mel suffered from several
competing reactions [rearomatization, ortho-methylation, and
base-induced formation of the methylated phosphine oxide
PhP(O)C(Me}CH,CHg], which eroded the yield of the
dearomatizationrmethylation products. The process was
significantly improved through the systematic study of the
variables controlling the sequence of reactions: metalation
and quench times, use of lithium-coordinating additives
(none, HMPA, DMPU, TMEDA), nature of the electrophile
(Mel, CRSO:Me, MesO™BF,7), and size of the substituents
linked to the nitroger’® The best results were obtained by
treating phosphinamidesl? with 2.5 equiv ofs-BuLi at
—90°C in THF in the presence of 6 equiv of DMPU during
12 h and then reaction with Mel for 2 h. Under these
conditions, a mixture of azaphosphol&s3e719d722ewas
obtained in a ratio 6:16:78, in 89% total yield (Scheme 98;
Table 44, entry 10). The use of allyl bromide, methyl
2-bromoacetate, and benzyl bromide as alkylating reagents
afforded exclusively products gf-addition in high yields.
Allyl bromide and methyl 2-bromoacetate provide products

representing the preferred trans ring systems, was observedesulting from the attack of the cyclohexadienyl anion at both

only in the anionic dearomatizing reaction @fi7a and
subsequent protonation witp-toluenesulfonic acid. The
protonation with 2,6-dtert-butyl-4-methylphenol (DTBMP)
was very significant, for it gave exclusively products of

faces (Table 44, entries £29). However, benzyl bromide
underwent reaction only through the face of the delocal-
ized anionic system to givé22hi quantitatively (Table 44,
entries 15 and 16). In the case of phosphinanTitiécwith
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Scheme 97 aromatic or aliphatic aldehydes participated in this reaction.
Yields were very high except for phosphinamidk7/c The

bulky t-Bu group produced the expected diminution in the
yield and stereoselectivity of the reaction. For short times
of metalation and reaction with the electrophile a 1:1 mixture

yield and with high stereoselectivity. Allylation was less
efficient, leading to derivativ&32cin 41% vyield, together
with epimer735 (11%) and the rearomatized prodt36
(28%) (Scheme 98, bottord}?

of y-substituted azaphospholé22t727hand724d728was
83:17 with increased reaction time to 4 h. This result
indicates that the anionic cyclization reaction must be
reversible and that the dearomatized anion precurso2 2
727his thermodynamically more stable than the epimeric
' reoselectivity of the reactions of phosphinamidé&ksrab
ranged from 74:26 to 85:15. The two reaction periods of
710 dearomatization of717a and subsequent trapping with
benzaldehyde produced a decrease in the diastereoselectivity
9 the addition reaction to the carbonyl group is also reversible
P(NMez)2 1) n-BuLi, THF and that722m and 727aare, respectively, the products of
W’ kinetic and thermodynamic control.
) As expected, anionic cyclization of naphthylphosphina-
716 required. The intermediate lithium dihydronaphthalenes were
n-BuLi _o Ph trapped with MeOH, Mel, and allyl bromide leading to
THF (MezN)zF’@/N/\< / benzophosphaisoindoles. Protonation and methylation af-
N forded heterocycle830ab and732ab, respectively, in high
0
I Ph
P(NMe
@[ (NMez), 715
Li 0.0 \ Ph . - .
) 15.3.4. Mechanism of the Dearomatizing Anionic
;( Cyclization
N _, o /N
jPh tion—alkylation with aldehydes of phosphinamid@s7, it
Ph was observed that, for short reaction times, and particularly
713 714 when the reactions were performed in the absence of strong
a bulky t-Bu group linked to the nitrogen, the successive co-ordinating cosolvents, products derived from the presence
at a lower rate and with a significant decrease in the regio- Were isolated. In the presence of HMPA or DMPU the
and stereoselectivity. The highest conversion (86%) was "€action fgrn!shedmthe pair of azaphosphole epina
observed when the time of the metalation step was increased 2/ duantitatively:™ Using DO as quenching reagent led
from 30 min to 12 h in the presence of DMPU. Nevertheless, to similar results. These facts suggest that co-ordinating
Significantly, the methylation with methyl triflate led to the position or acce.lerate the tyans_location of the anion ortho
predominant formation of products of attaak to the into the benzylic one. This dichotomy was solved by
phosphorus (Table 44, entry 14). The same behavior wasPerforming the dearomatizatierprotonation of the phos-
observed in the case of phosphinam?dga(Tab|e 44’ entry phlnamlde717ad2 dideuterated at the benzy“c carbon. The
Aldehydes proved to be excellent electrophiles for trapping reaction affo_rded a statistical distr_ibu_tion_ of azaphospholes
the dearomatized species formed in the anionic cyclization 722u-Ww (ratio 1:1:2, Scheme 99), indicating that HMPA or
of 717. Addition of the cyclohexadienyl anion to the carbonyl DMPU catalyzes the conversion of the ortho-lithiate
group occurred exclusively through the position with ~ benzylphosphinamid&37, into the corresponding benzylic
722m-t and727a—h, were obtained, which correspond to resulting from deprotonation at the benzylic position in
the diastereoisomers resulting from the attack of the nucleo-intermediate739 (Scheme 99), was not observed. A kinetic
phile at both faces of the carbonyl moiety. This means that isotopic effect probably inhibited the direct lithiation at this
only 2 of 16 possible diastereoisomers were formed. On the POsition.
as the product arising from the attacki&g topicity 722m— of the dearomatizing anionic cyclization of phosphinamides
t. Moreover, the use of DMPU as cosolvent instead of HMIPA 717 to be disentangle®f® First, in the absence of co-
allowed the time of the metalation and electrophilic quench ordinating solvents, twes-BuLi—phosphinamide precom-
steps to be reduced to 15 min each without affecting the plexes740 and 741 are formed in a ratio of 1:3 (Scheme

obtained. However, the ratio GR2t/727h724d728rose to
species, which produces derivativé84d728 The diaste-
without affecting the yield (entry 21). This study shows that
71 Ph mides729occurs more easily, for example, no additives are
712 \\iMeZN)zP/’ SNYPh (MezN)zP’g
PhCN ' 4 In the optimization of the dearomatizing anionic cycliza-
anionic cyclization-alkylation with alkyl halides progressed ~©f @nions ortho to the phosphorus as well as benzylic anions
the regio- and stereoselectivity remained almost unaffected.cosolvents either favor the exclusive lithiation at the benzylic
11). bulky phenol DTBMP was used as proton source. The
respect to the phosphorus of tresface. Only two products, ~ anion, 7383 The possible dearomatized produt22x
basis of X-ray data, the major diastereoisomer was identified NMR monitoring of the reaction allowed the mechanism
high regio- and stereoselectivity of the process. Either 100). These intermediates were identified as diastereomeric
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Scheme 98
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dimers constructed around a (LKOpore based on the
multiplicity shown by the lithium signals in thé&i NMR
spectrum measured at110°C. The’Li signal of 740is a
triplet [0("Li) 2.43 ppm,2Jp; = 5.0 Hz], consistent with a
dimer in which thes-Bu moieties are ofike configuration,
whereasr41is the isomer ofunlike configuration, showing
a double doublet for thé&.i signal [0("Li) 2.36 ppm,2Jpi =
4.0 and 5.5 Hz]. The two diastereotogi® nuclei of this
complex exhibit different'PLi couplings. The splitting of
the Li signals of 740 and 741 at very low temperature is

of s-BuLi on the NMR time scale, a situation rarely observed
experimentally. In complexeg40 and 741, the pairs of
substituents in relative positions 1 and 3 are cis oriented.
Precomplexe§42and743with a trans orientation of these
substituents were not detected. Most probably steric repul-
sions between substituents at adjacent positions make them
too unstable to allow detection.
Precomplexeg40and741undergo benzylic deprotonation
to give the monomeric lithium derivativé45 o(’Li) 0.01
ppm, doublet?Jp; = 4.5 Hz]. This anion has a relatively

indicative of a slow rate of inversion at the carbanion center short lifetime (<90 min) and evolves through intramolecular
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Table 44. Dearomatizing Anionic Cyclization of Phosphinamides 717 and 729

yield (%)
entry SM R R? 718 719 722 727 730 732
1 717&b Me H a(65) a(18)
2 717P Bn H b (52) b (18)
3 717¢b t-Bu H c(28) c(12)
4 717&° Me H a(13) a(42) a(20)
5 717¢¢ t-Bu H c(21) b(22) c(17)
6 71784 Me H a(97)
7 71714 Bn H b (94)
8 717¢4 t-Bu H c (69F
9 717d Me D d(19) c(24) d (35)
10 71780 Me Me e(5) d(14) e (69)
11 7178 Me Me e(16) d(30) e(37)
12 717ph Bn Me f(8) e(27) f (53)
13 71760 t-Bu Me g(11) f (13) g (40)
14 7170 t-Bu Me g(18) f (37) g (8)
15 7178 Me Bn h (86)
16 71719 Bn Bn i (84)
17 7178m Me Allyl j 48y
18 71780 Me CH,CO,Me k (79y
19 7170 Bn CH,COMe | (66)
20 7178 Me Ph m (76) a(17)
21 717" Me Ph m (54 a(31)
22 7178 Me 4-Cl-GeHa n (69) b (19)
23 717" Me 4-MeO-GH4 0 (75) c(14)
24 717" Me i-Pr p (74) d (19)
25 717097 Bn Ph q (67) e(23)
26 717" Bn 4-Cl-GsHg r (63) f(27)
27 7170 Bn 4-MeO-GH4 s(77) g(13)
28 71707 t-Bu Ph t (24) h (9)
29 71707 t-Bu Ph t (40) h (7)
30 729a" Me a(94)
31 7290w Bn b (96)
32 729a* Me Me a(76)
33 729~ Bn Me b (78)
34 729aV Me allyl c(41)

a Data taken from ref 3772 Protonation with MeOH¢ Protonation withp-toluenesulfonic acid! Protonation with DTBMP¢& Compound724a
(R* = t-Bu, R = H) was also formed in a yield of 16%Quench with DO; data taken from ref 376.Data taken from ref 378 Quench with
Mel. ' Quench with methyl trifluoromethanesulfonat€ompounds724b (15%, R = t-Bu, R = Me) and725a(6%, Rt = t-Bu, R2 = Me) were
also obtained Compounds724b (5%) and725a(2%) were also obtainedQuench with BnBr™ Quench with allylBr." Compound723a(R! =
Me, R = Allyl) was also formed in a yield of 37%.Quench with BrCHCO,Me. P Compound723b (R = Me, R2 = CH,CO;Me) was also
formed in a yield of 14%% Compound723c(R* = Bn, R2 = CH,CO,Me) was also formed in a yield of 18%Quench with aldehydes?RHO.

s Time for metalation and electrophilic quench of about 12 @ompounds724c (29%, R = t-Bu, R = Ph) and728 (5%) were also obtained.
U Reaction time with PhCHO of 4 h. Compound@g4c (8%, Rt = t-Bu, R? = Ph) and728 (2%) were also obtained.Data taken from ref 379.
W Quench with MeOHX Quench with MelY Quench with allylBr.

conjugate addition to eadphenyl ring leading to all four  corresponding to the existence of ortho, benzylic, and
possible stereosiomers of the dearomatized spetiés dearomatized aniong46, 747, and722, respectively, to be
751 These anions were identified as monomers on the basisobtained. Figure 1 shows the 2Mi, 3P HMQC spectrum

of the appearance of each lithium nucleus as a doublet inof a sample corresponding to the initial moments of the
the Li NMR spectrum. As the reaction progresses, only reaction of717awith s-BuLi. TheLi,3'P correlations of all
species48and749remain in solution, thus confirming the  species formed can be distinguished, except those arising

reversibility of the anionic cyclization reaction. At90 °C, from the ortho anions. The large signal width of these species
the ratio of anion&48749is 1:0.1. This ratio changed to implies that the transverse magnetization created at the
1:0.17 when the reaction temperature was raisedn0 °C. beginning of the experiment is lost via very rapid transverse

Regarding ortho-lithiated aniord4, its presence is detected relaxation during the time period required fdg.; evolution.

by NMR from the first moment and its concentration is not The NMR study afforded the first evidence of complex
time dependent. In the early stages of the reaction?e  induced proximity effects (CIPE modé&lyin the ortho- and
NMR spectrum shows at least two broad signals for this benzylic-directed lithiation of a phosphinamide. The structure
anion, probably due to the existence of mixed aggregates.of a mixed aggregate formed between phosphinariiidéa
When the reaction reaches the steady state’!thsignal of and the lithium salt of DTBMP has been recently de-
744 sharpens. Most importantly, thé&i signal can be  scribed3®?

resolved into a triplet?0p; = 7.0 Hz)38! This fact revealed The analogous NMR study on a sample containing an
the coupling of the lithium nucleus to two phosphorus nuclei excess of HMPA showed in the first set of spectra exclusively
and allows744to be identified as a dimer. It was assumed the presence of dearomatized spe@ié8and749in a ratio
that ortho lithiation occurred through the intermediation of of 1:0.6. The lithium cation is coordinated to HMPA as
precomplexe§42 and 743 which were too reactive to be evidenced by the correlations observed in the 2D ROESY
detected. Trapping reactions with electrophiles at short timesspectrum (measured at70 °C) between the methyl protons
of metalation and electrophilic quench allowed the products of the complexed HMPA and the protons of the cyclohexa-
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Scheme 99 furnished a mixture of22aand its epimer at the phosphorus
) center752in a ratio of 55:45 in 88% yield (Scheme 100).
9 D b 9@ The NMR study discussed provided, for the first time, a
Ph’P\NXPh A detailed picture of the steps involved in a dearomatizing
é” [ > | N-Me anionic cyclization reaction. The cyclization stage can be
Me H described by two different mechanisms: Saendo-trig
Ph Michael-type addition of the benzylic anion to the ortho
739 722x position of an electron-deficient phenyl ring or a disrotatory
) electrocyclic ring closure, as proposed by Clayden and
ﬁ;?aztsllgﬁ co-workers for the analogous reactionMbenzylcarboxa-

mides lithiated at the benzylic positié?% To gain insight
into this reaction mechanism, Gomea and co-workers

(0] S .
5 D)<D . performed an ab initio (MP2/6-31G*) and density func-
Pho"~N~">pp 1) s-Buli, THF/DMPU tional theory (DFT) (Becke3LYP/6-32G*) study of the
Ph o \ .
I\IA cyclization of the series of model anioi®3—761 shown
e 2) DTBMP, THF in Scheme 10%8 Anions 754 and 755 were selected as
717-d, prototypical examples of six-electron disrotatory ring closure
reactions, whereas the cyclization of aniofis3 758 and
ortho 759were considered to proceed through an essentially ionic
lithiation mechanism
/ The transition states of all cyclizations were located. The
o bD oL cyclization of dicarboxamid&57 may produce either pyr-
|

L\ I roline derivative 763 or j-lactam 764. The calculations
Ph’P\.N Ph — Ph’P\NXPh showed that the latter, arising from an iodiexo-trigring
é"" | D] closure, is strongly favored over the electrocyclic reaction,
a result which is in good agreement with experimental
results®®* The analysis of the transition structures of the
737 738 cyclization of754, 755 and acrylamidg56 indicated some
. - pericyclic character for the cyclization @66 However, the
dienyl system of the lithium azaphosphole48 and 749 bond-forming lengths and the degree of pyramidalization of
These results demonstrate the accelerating effect of HMPA o carbons being connected through the new bond in the
in promoting the translocation of the ortho anis#4to the transition structure3S-760andTS-761for the cyclization

benzylic specie45and the subsequent anionic cyclization ¢ penzamide760 and phenylphosphinamidésl, respec-
reaction. When the sample was warmee-t0°C, theratio yely, were very similar to those calculated for the cycliza-

of 748to 749 changed to 55:45, indicating that these two tjon of 753 758 and759 (cf. TS-759in Scheme 101). On
species are the precursors of the kinetic and thermodynamice pasis of these results, it was concluded that the anionic
control products, respectively. Performing the process in cycijization of acrylamides, benzamides, and phosphinamides
bulky quantities and quenching the reaction with DTBMP g st described as an ionic conjugate addition and not
through an electrocyclic ring closure. Including the lithium
M cation in the calculated model reactions produced a signifi-
\ cant increase of the activation energies of the process without
affecting the reaction pathway. This increase was attributed
L 20 to a greater stabilization of the starting ions than the transition
4 I state structures. Figure 2 shows the stationary points of the
potential energy surface of lithium phosphinamid@és
calculated by DFT methods.

L 24

F 28

16. Aromatic Rings Linked to a Silicon Atom

L3 Magnesium-anthracene is a valuable magnesium source
I for the preparation of Grignard reagents. When 1,8-bis-
® (chloromethyl)naphthalen&66 is allowed to react with
[ 3 magnesium-anthracene derivatit&7in THF, a deep brown

solution results, which upon reaction with chlorotrimethyl-
- r 40 silane during 12 h affords 1,8-bis[(trimethylsilyl)methyl]-

- naphthalen&70as the only product. The uniqueness/@d

‘“./\ - 44 implies that the precursor bis(organomagnesiufi is
generated quantitatively, with the concomitant formation of
: , : , , : - 9-trimethylsilylanthraceng69as byproduct. However, if the
, 25 20 15 10 05 00 -05 reaction mixture of organomagnesiuf68 and anthracene
Figure 1. 2D 'Li,*P{'H} HMQC NMR (194.37 MHz) of the 769 s |eft for 3 days, nucleophilic addition 668 to the

earlier stages in the lithiation afl7awith s-BuLi at —110°C in o .
THF-ds. (Inset) Correlation detected for the specrd® and 741 10-position of 769 takes place. After quenching of the

Experiment started at a metalation time of 2 min. Total measuring "€&ction with hydrochloric acid, compourid@1is obtained

time = 2 h and 40 min. Reproduced with permission from ref 380. in 43% yield as a single isomer possessiigsymmetry
Copyright 2004 American Chemical Society. (Scheme 1023
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17. Aromatic Rings Linked to a Sulfur Atom conjugate addition of the base to the aromatic ring to give
) o o adduct773 Quenching the reaction with eithep® or D,O
DnAr reactions of electron-deficient aromatic rings due gjjowed the isolation of dihydronaphthaleri&gin accept-

to the presence of sulfur-containing functional groups have gp|e yields. Ortho-lithiation was achieved by performing the
been observed for only aryl sulfones and sulfonamides.  metalation at-70 °C (Scheme 103%7

17.1. Sulfones ~ Dearomatization of sulfones via anionic cyclization reac-
o tions proved to be much more fruitful. The starting point of
Early attempts to assess the intermolecular addition of anthis chemistry was the discovery by Truce and co-workers

organometallic reagent to an aromatic ring activated by a in 1958 of a new rearrangement with the pattern of a Smiles

sulfone moiety were disappointing. The lack of reactivity rearrangemeri#® The treatment of phenyl mesityl sulfone
observed may be attributed mostly to the nucleophiles 776bwith n-BuLi in ether produced a dark solution, which,
essayed [(EtgC).CH™, NH,~, MeS(O)CH, etc.] 38 Stoy- upon refluxing fo 2 h and subsequent acidification, afforded
anovich and co-workers provided the only example of an 2-benzyl-4,6-dimethylbenzenesulfinic acid77 (Scheme
intermolecular conjugate addition of a nucleophile to an aryl 104). Soon after, Drozd found that by metalation7a16,
sulfone leading to isolable dearomatized products. In the 5,7-dimethyl-4a,9a-dihydrothioxanthene 10,10-dioXids

search for a method of ortho-lithiation t#rt-butyl naphthyl
sulfone772, it was treated witm-BuLi in refluxing diethyl
ether for 5 h. After quenching of the reaction mixture with
CO,, acid196 was obtained. Its formation involved a [1,4]

could be isolated by carrying out the reaction &dfor 6
min followed by carboxylatiordecarboxylatior§®® The
rearrangement leading to the sulfinic a@id/ represents an
intramolecular nucleophilic substitution involving a Meisen-
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Scheme 101 Scheme 102
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trapping the resulting anions with water or@® and via
carboxylation-decarboxylation. Long reaction times allow
the rearrangement to proceed furnishing sulfinic acids.
Protonation with water occurs at theposition to the sulfone

TS-759 TS-760 TS-761 moiety, except fop-chlorophenyl mesityl sulfon&76g In

this case, dihydrothioxanthene 10,10-dioxid®0 derived

heimer-type intermediate or a similar intermediate complex, from y-protonation of the anionic cycloadduct was exclu-
whereas778 is the result of an intramolecular conjugate sively obtained albeit in very low yield (Scheme 104).
addition. The role of compound&/8in the Truce-Smiles Dihydrothioxanthene dioxide&78—779are, chronologically,
rearrangement has been extensively investigated, mostly bythe first examples of the formation of dearomatized com-
Drozd and co-workers, and the topic has been covered inpounds via anionic cyclization reactions reported. A remark-
excellent reviews$?°-3%2|n the following, we will summarize  able feature of the anionic cyclization of lithiated sulfones
the main conclusions of those studies. The dihydrothioxan- 776is the formation of six-membered rings, whereas in the
thene 10,10-dioxides described are shown in Schemes 104nalogous processes previously described, five-membered
and 105, and the yields are given in Table3%5404 heterocycles are obtained.

Anionic cyclization of diaryl sulfones through lithiation The regioselectivity of the cyclization and the relative
at a benzylic position is a general process provided that shortconfiguration of the ring fusion depend on the susbtitution
reaction times (2.512 min) are used. Dearomatized products pattern of the aromatic ring undergoing the nucleophilic
778 and 779 are obtained in moderate to low yield by attack. For diaryl sulfoneg76with a para substituent, only

A
E (Kcal/mol)

-
T

Figure 2. Selected geometrical parameters and diagram of relative energies of the stationary points corresponding to the cyclization reaction
of the model lithium phosphinamid#65, at the Becke3LYP/6-3tG* level of theory.
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Scheme 103
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one product is possible. When the substituent occupies an
ortho or meta position, two products may be formed.
Electron-donating substituents in the meta position direct the
cyclization to the adjacent ortho position, leading generally
to cis-dihydrothioxanthene 10,10-dioxid&¥9 The bulky
mtert-butyl-substituted derivative is the exception, affording
products of attack at ortho and para positions of the
substituent, the latter being a mixture of cis and trans
stereoisomersm-Anisyl mesityl sulfone fails to give the
respective dihydrothioxanthene dioxide. The orientation
effect of ortho substituents on the ring being attacked depends
on their nature and, in part, their size. Alkytl) and phenyl
(moderate—I) groups exclusively direct the addition of the
nucleophile to position 6, yieldingis-dihydrothioxanthene
dioxides. However, strongly electronegative substituents such
as chlorine undergo substitution, affording thioxanthene 10,-
10-dioxides. Th@-methoxy substituent, possessing negative

\\ //O SOzH
jij\ 1) n-BuLi, EO _ O ‘ Me
Me
Me
776b
777

5 4 5
R3 R4 R5 R6 3 R10 02 R . s RR10 02 R .
o : R R S R
2 n- BuL|
R? S -
R” R? N¢ R?
Rl R® Me RO R8 R1IRHz2 s

776 778 779
\\ g 02 Me
:©\ 1) n-BuLi, Et,0-PhH /@Sj@\
2) H,O
) H, cl c Me
Ha
776g 780 (13%)
Me Me H O2 Me
02 1) n-Buli, EtzO-PhH O O
Me S Me
2) H,O Me
Me Me
776a 3) n-BuLi, Et,O-PhH 778a (58%)
779a (9%)
H 02 Me
778a
O O " 7792
HOZC (11%)
781 (40%)
Meo o Me Me, o,
©/S:©\ 1) n-BulLi, Et,0O O S O
Me Mez) H,O Me
Me
776i 778h (20%)



1666 Chemical Reviews, 2007, Vol. 107, No. 5 Lopez-Ortiz et al.

Table 45. Dearomatizing Anionic Cyclization of Sulfones 776; Electrophilic Trapping with HO or D,O, unless Otherwise Stated

entry 776 R! R? R3 R4 RS R6 R’ R8 R? R10 yield (%)
12 a H Me H Me Me H Me H Me H 778a(58) 779a(9)
20 a H Me H Me Me H Me H Me D 778b(55) 779b(6)
3 b H H H H Me H Me H H D 778c(42)
4b c H Me H H Me H Me H H D 778d(45)
5¢ d Me Me H H Me H Me H H H 779¢(63)
6°¢ d Me Me H H Me H Me H H D 779d(63)
7d e Me H H H Me H Me H H H 779e(40)
gd e Me H H H Me H Me H H D 779f(33)
od e Me H H H Me H Me H H H 778e(36)8
10 f H MeO H H Me H Me H H H 778f(44y
119 g H cl H H Me H Me H H H 780(13)
12 h Me H H Me H Me H H H H 779g(46)
13 i H Me H Me H H H H Me H 779h(20)
14¢ i H H H Ph Me H Me H H H 779i(25)
15¢ i H Ph H H Me H Me H H H 778g(17)
16 k H H H Et Me H Me H H H 779j (39)
1m | H H H Et H Me H H H H 779k (22)
18m m H H H H Me Me H Me H H 778h (308
19m n H H H H H Me H H H H 778i(12p8
20" 0 H H H H H H Me H H H 778j (15)
21m p H H H H H H H Me H H 778k (22)
20m q H H H H H Me Me H H H 7781 (15)
23n r Me H H H H Me H H H H 778m(11p
24m S H Me H H H Me H H H H 778n(16)p
25 t Et H H H Me H Me H H H 7791(58)
26" u H Et H H Me H Me H H H 7780(52y
2m \Y H H H Et Me H Me H H H 779n?P
28 w H i-Pr H H Me H Me H H H 778p(56)
29 X H t-Bu H H Me H Me H H H 778q (528
30 y i-Pr H H H Me H Me H H H 779n(50)

aData taken from ref 404 Data taken from ref 393.Data taken from ref 394! Data taken from ref 395 Isolated by carboxylation
decarboxylation of the dearomatized cyclic anibData taken from ref 396.Data taken from ref 403! Data taken from ref 397.Data taken
from ref 405.] Relative configuration not giverf.Data taken from ref 398.Data taken from ref 399" Data taken from ref 400! Data taken from
ref 401.° Yield not given.? Data taken from ref 402.

inductive and positive mesomeric effects, represents theScheme 105

borderline situation giving rise to products of both displace- Me Me Me Me
ment of the OMe group and dearomatization. Anionic

cyclization by attack onto a quaternary carbon has been

observed in dimesityl sulfong76a Quenching the reaction ) n-BulLi,

with water afforded a mixture dfans andcis-2,4,5,7,9a- Me Etzo -PhH CH2
pentamethyl-4a,9a-dihydrothioxanthene 10,10-dioxii&a 2) H.0 or

and 7793 respectively’** However, trapping the dearoma- 2

tized anions with C@gave carboxylic acid81together with 783a R'= H ( 31%)

small amounts of compound¥8aand779a Interestingly,
lithiation of o-tolyl mesityl sulfone776i occurs at the tolyl
methyl group to give 2,4,9a-trimethyl-4a,9a-dihydrothio- Me Me
xanthene 10,10-dioxide878h (unspecified configuration)

rather than the possible products derived from the lithiation

of a mesityl methyl grouf% On the other hand, lithiation 1) n-BuLi,

of o- and p-trifluoromethylphenyl mesityl sulfones with Me Me  Et,0-PhH HoC Me

butyl-lithium takes place initially at the ortho position of the ST 2) D,0 or H SO,
SO, group as evidenced by carboxylation of the correspond- OO 0 3)CO, O‘ R
ing anions. It has been suggested that these ortho anions may 4) 10% H,S04

translocate to a benzylic one, which then rearranges to the

b:R'=D ( 23%)

. Rl= 0,
corresponding sulfinic acit?® Dearomatization of 1-naph- 784 785:'. |;1= gEzjo//:))
thyl-,4074082_naphthyl-1%8 and 6-tetrallyt®® rings can also be '
effected through anionic cyclization of the corresponding aryl Me Me
mesityl sulfones782 784, and 786 upon reaction with
n-butyl-lithium for a short period of time. Protonation,
deuteration, or carboxylatierdecarboxylation allowed the Me Me 1) n-Bui, Et,0 H,C Me

isolation of the tetracyclic compound&3 785 and 787 4=0

(Scheme 105). N 2) H0 or H SO,
Dihydrothioxanthene 10,10-dioxid&§8—779have been OO 0 3) D,O R?
shown to isomerize to the open-chain precurstt€ upon

reaction withn-BuLi, thus demonstrating that the anionic 786 787a: R'= H ( 82%)
cyclization reaction of sulfoneg76is a reversible process. b: R'= D ( 84%)

The position of the equilibrium depends on the reaction

conditions used (solvent, temperature, presence of coordinatbility of the aromatic ring suffering the nucleophilic attack,
ing cosolvents), conformational preferences, acceptor capa-and nucleophilicity of the benzylic anion. The mechanism
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Scheme 106
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proposed for the conversion of diaryl sulfon&g6 into
sulfinic acids777 or dearomatized heterocycl@§8—779
by treatment witn-BuLi begins with the formation of the
benzylic anion788 (Scheme 106). This anion may proceed
by intramolecular attack to the unperturbg@ghenyl ring at
the ortho position (route a) or at the ipso carbon (route b),
leading to the dearomatized speci&9 and 790, respec-
tively. The Michael-type adduct89 exists in equilibrium
with the open-chain precursor88 whereas the spiro
intermediate790 undergoes rearrangement to the lithium
sulfinate 791 Cycloadducts789 have a short lifetime and
are, therefore, products of kinetic control. They may be
trapped by electrophilic quench of the reaction as soon as
the lithiation is completed to give dihydrothioxanthene 10,-
10-dioxides778—779. Increasing the reaction time to a few
hours favors the formation of the rearranged product, isolate
as the corresponding sulfinic ack¥7 after acidic workup.
The equilibrium is shifted toward the benzylic anid&8
with increasing (i) temperature of the reaction, (i) ability of
the solvent to coordinate the lithium cation (PRHEL,O <
THF), and (iii) steric demand of the benzylic carbanion, as
well as the use of strongly coordinating cosolvents such as
TMEDA or HMPA #19411Methyl groups at the ortho position
of the ring undergoing nucleophilic attack hinder the forma-
tion of cyclic anions789 due to steric interactions with the
SO, moiety. Similarly, a decrease of the nucleophilicity of
the benzylic anion by charge delocalization through binding
to phenyl rings suppresses the intramolecular addition
reaction, without affecting appreciably the rearrangement
process!? The composition of the equilibrium has been
investigated by UV spectroscopy. Anioril88and789show
their absorption maxima at aboditax 320 nm and 356

d
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370 nm, respectivel§t344 Moreover, lithiation of either
sulfones 776 or the dihydrothioxanthene 10,10-dioxides
778—779led to the same UV spectrum, thus confirming the
existence of an equilibrium between the benzylic anion and
the cyclic one. The results obtained are rather of qualitative
nature due to the existence of aniof&8 and 789 together

with the sulfinic salt791 and, in some cases, rearomatized
products. Nevertheless, these studies represent the first
spectroscopic investigation of the structure of the intermedi-
ate species formed in a dearomatizing anionic cyclization
reaction. The study of the True€miles rearrangement of
aryl mesityl sulfones revealed two characteristics also found
in the anionic cyclization oN-benzylphosphinamides: the
cyclization is reversible, and ortho-to-benzylic translocation
may occur. Translocation from an ortho anion to a benzylic
species has been also observed in the lithiationNef
benzylcarboxamide’$! Although a rather limited number of
dearomatizing conjugate additions have been described, these
features appear to be a common pattern of reactivity in such
reactions.

Padwa and co-workers reported an additional example of
the Truce-Smiles rearrangement involving, in this case, a
heterocyclic system. The treatment of sulfon@2 with
n-BuLi and subsequent aqueous workup gave tricyc&3
(61% yield, 1:1 mixture of cis:trans isomers) as the major
products (Scheme 107). The negative charge generated on
the nitrogen by metalation is attached to the phenyl ring in
a [1,4] manner through the exo-methylene moiety. The
pyrazole expected’794 was formed as a byprodutf
Crandall and Ayers, in a study devoted to the application of
allenes in anionic cyclization processes, found that the
reaction of allenylsulfoner95 with t-BuLi at —100 °C
afforded a 1:4:5 mixture of deiodinated alle@@8 rear-
ranged sulfon&99, and the dearomatized sulfoB860. The
bicyclic product obtained is the result of an intramolecular
cyclization of an organometallic reagent, although completely
different from that expected. The reaction pathway suggested
for the formation 0f798—800assumed that lithiumiodine
exchange orv95 affords the aniori796, which undergoes
[1,3] transfer of the phenylsulfonyl group to give allenyl
anion797. Protonation of these species provides the corre-
sponding allene derivative®8and799. Alternatively, anion
797undergoes intramolecular attack at the ortho position of
the sulfonyl-activated phenyl ring, furnishing§00 after
guenching of the reaction with methar#i.It is of interest
to note that the eight-membered ring formed in the dearo-
matizing cyclization leading tB00represents the largest ring
ever reported for this type of processes. Recently, Clayden
et al. extended the anionic cyclization of diaryl sulfones to
substrates containing an organolithium sidearm. Lithiation
of naphthyl phenyl sulfone801 by tin—lithium exchange
with methyl-lithium is followed, even at-78 °C, by
intramolecular attack to the naphthyl ring. The resulting
dearomatized species were protonated and alkylated to give
tetrahydronaphthofurar02 with excellent diastereoselec-
tivities (Scheme 107%7 The methoxyvinyl moiety of these
heterocycles was readily hydrolyzed with dilute hydrochloric
acid, affording ketone804. The conversion of sulfone&)1
into ketones804 was performed in a one-pot manner.
Products of electrophilic trappirgp2were isolated only by
guenching the reaction at low temperature with,8HUsing
methanol as a proton source and allowing the reaction to
warm to room temperature afforded a crude reaction mixture
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consisting presumably of epime893 which were hydro-
lyzed to ketone805ab by treatment with dilute HCI.

17.2. Sulfonamides

Arylsulfonamides, another electron-deficient aryl system
owing to the conjugation with a sulfur-containing electron-
withdrawing group, also undergo dearomatizing anionic
cyclization reactions. While searching for a method of
preparing homoallylamines via ring opening of an aziridine

aqueous workup, dearomatized compo80d@aas the major
product in 33% yield (Scheme 108f Hence, benzylic
deprotonation position was preferred over ring opening. The
initial anion formed undergoes cyclization by attack at the
ortho position of the phenyl nucleus bound to the sulfonamide
linkage. This unexpected chemical behavior proved to be
rather general. The deprotonation was also performed with
more common organolithium bases such raBuLi and
s-BULi/TMEDA. The dearomatized anions were trapped with

with an arylsulfonyl nitrogen substituent, Schaumann and H20, Mel, Etl, and CHCOCI. In all cases, electrophilic

co-workers found that exposure of aziridingitolyl sul-
fonamides806ato lithium allyltrimethylsilane afforded, after

attack a to the sulfur was observed, giving tricyclic
compounds807a—d containing a [1,3] cyclohexadienyl
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Scheme 108 Lithiation at the ring carbon atorm to the silicon became
Me feasible on N-tosylaziridine 806c¢ in which the phenyl
Me substituent is absent. However, tBesilyl-stabilized anions
810 underwents-elimination of the tosyl moiety, yielding
azirines811 Addition of the base to the imine group 11,
H 1) R'Li, THF Ph H followed by capture of the resulting ani@12 with methyl
/&stoz E R iodide, led to trisubstituted aziridinel342°
Ph N—SO, Recently, Florio and co-workers showed the stereochem-
806a E*= H,0, Mel, Etl, ical constra_ir_1t_s involved in the a_nionic cycli_zatio_n _of
AcCl 807 N-sulfonylaziridines. They prepared diastereomeric aziridines
RILi a: R'= H (33-44%) 814 and 815, which were then Iithia_ted by treatment with
“®  _SiMe. b.' R'= Me (39%) s-BuL|/TMEDA_at —98 °C. Only anion816 derived from_
Li /(;\/ 3 c_' R'= Et (28%; 814underwent intramolecular ortho attack to the phenyl ring
n-BuLi d: R'= CH,=C(Me)OAG (11%) to some extent. On exposure 816 to D,O, a mixture of

s-BuLi/TMEDA 3) MeMgl
4) H,O 0
nX
Me (807b,c) N\\(NPh (807a)

()

Ph
Ph

0
1 Me
R N | '?'J(Nph
808a: R'= Me (66%) 's NT<
0, o

b: R'= Et (62%)
809 (31%)

aziridines817 and 818 was obtained, with the latter being
formed in 28% yield. Addition of Mel td16 afforded a
mixture of four product819—-822in which the dimethylated
aziridine819 predominated. The tricyclic aziridirg21was
formed only in 8% yield (Scheme 10%}: Azirine 822was
synthesized in high yields by simply warming the reaction
to room temperature after the deprotonation was completed.
This product was obtained quantitatively in the lithiation of
815at—78°C and subsequent addition of Mel. The presence
of an alkylating agent was unnecessary. Apparently, at this
temperature the anion generated is unstable and undergoes
p-elimination of the benzenesulfonyl group. Performing the
lithiation at —98 °C followed by electrophilic quench with
D,0 furnished the dideuterated aziridiB23in high yield.
The relative configuration of the aziridines obtained showed

Ts 1) n-BuLi (1 equiv), Mec.s?,/o that anions arising fron814 and 815 are configurationally
N THF m stable.
A -1 2) Mel (2 equiv),
Ph sime;”) it % SO od  siMe, 18. Miscellaneous Nucleophilic Dearomatizing
806b Reactions
807e (75%) A number of QUAr reactions have been described in which
the electron deficiency of the aryl system is due to the
Ts 1) R'Li (4 equiv), Me presence of functional groups less common than those
N THF N i previously discussed or the use of some particular reaction
wSiMe3 i
~“Nsive. 2) Mel (5 equiv AN conditions.
n-Bu SiMes </ e quiV). n-Bu R The strong electron-withdrawing nature of the pentacar-
806¢ 813 bonyl metal moiety of Eischer carben.e complexes has bg_en
a: R'= n-Bu (88%) shoy\(n to activate an adj:?\cent phenyl ring tqwarq nuc!eophmc
b: R'= Ph (65%) addition.s-BuLi or t-BuLi undergoes reaction with Fischer
RLi arylcarbene complexeéd?4 at —78 °C in THF to give [1,6]
Mel\ adducts. Once the addition of the nucleophile was completed,
the quench of the reaction with MeOTf provided dearoma-
Ts . '®e tized 1,4-dialkylated complexé&25in moderate yields and
N . N RILi LN with low stereoselectivity (Scheme 110, mixtures of Z/E
AR A AS'MeS diastereoiomers; Table 46 entries3).422 The bulky alkoxy
n-Bu SiMe;  n-Bu SiMe;  n-Bu R! group prevents the [1,2] attack at the carbene carbon.
810 811 812 Introducing a methoxy group at the para position of the

phenyl ring promotes the exclusive [1,4] addition of the

system, apparently as single stereoisomers. The treatmenhucleophile. Thus, the reaction of comp@24cwith t-BuLi
of 807hbc with a Grignard reagent effected the rearomati- for 5 min at—78°C and subsequent addition of MeOTf gave
zation via deprotonation and subsequent elimination of the the dearomatized comple827, albeit in low yield (Table
SO, group to givea,a-disubstituted aziridine808 Ad- 46, entry 4). The reaction proceeds stereospecifically starting
ditionally, the reaction of807a with 4-phenyl-H-1,2,4- with enantiomerically pure24c (Table 46, entries 5 and
triazole-3,5-dione furnished the Diet#\lder cycloadduc809 6). Removal of the Cr(C@)moiety was readily accomplished
in a yield of 31%. by oxidation with pyridineN-oxide, yielding ester§26.
Aggarwal and Ferrera applied this chemistryQesilyl- Hirotani and Zen reported the one-step formation of
N-tosylaziridines806b,c. For aziridine806b containing a spiroisoxazoline®32 from the reaction of nitroareneé&28
phenyl substituent, deprotonation occurs at the benzylic with TiCl, in toluene (Scheme 110; Table 483. The
position. Quenching the reaction with Mel produces tricyclic formation of heterocycle832may be explained by the initial
aziridine 807e as a single diastereomer (Scheme 108). coordination of the Lewis acid to one oxygen atom of the
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SOPh R0 o "
Me,, N _‘\D+ N Me., / \
M
Oxz oh ~Me Oxz Ph
H pnh Oxz

817 (41%) 822 (75%)

818 (28%)

R'=D (40%) 4)-78°C
R'=H (60%) 2) DO tor.t.
~ o _
SO,Ph 0,S Li

1) s-BuLi /TMEDA Me N
%H ) She f<Ph
N
Me = Ph N=
0

814 | Me 816 -
B)W
N
Me Me., / \
0,8 SO,Ph () Oxz o
2N N 2 Mesz . (3225)
N (]
Me., , )_\Me+ Me., , ).\Me+ N Me
Oxz Ph Oxz Ph
H pn Oxz
819 (69%) 820 (21%) 821 (8%)

$O,Ph

1) s-BuLi /TMEDA > b

Me., N .Ph __ THF,-98°C Me,, N .Ph
MeM H 2)D0 Me><\lj(u\ D
Me O Me o

815 823 (85%)
3) s-BuLi /TMEDA
THF, -78 °C N

4) Mel MGA
Ph

Oxz

Me. N= 822 (95%)
Oxz= o)
Me

nitro group of828 The complex829thus obtained undergoes

cyclization to give the spiro intermedia®30, which is
converted into831 by conjugate addition of chloride ion
followed by -elimination of TiOC}. Chloride ion addition
to the cationic specie831 or Friedet-Craft reaction with
the solvent leads to produc&2—834 The feasibility of

Lopez-Ortiz et al.

subsequent dehydroboration with aqgueous NaOH (Scheme
110)#? It has been suggest®&8that the formation of the
disubstituted products occurs by direct carbtoron bond
formation with the alkylating agents rather than through
predissociation of borat&35into aryl-lithiums and boranes.

A variety of nucleophiles (e.g., sodium borohydri@g,
sodium cyanidé?”4?8aminesi?® 43! trialkyl phosphites?)
have been directly introduced to aromatic hydrocarbons
through photochemical electron-transfer reactiSagradia-
tion of solutions of the nucleophile and the aromatic
compound in the presence of 1,3-dicyanobenzefi®NB)
or 1,4-dicyanobenzen@@CNB) in mixtures of acetonitrile/
water 9:1 or DMF/HO 3:1 afforded dihydroaromatic deriva-
tives among other products. Some examples are given in
Scheme 111. Nucleophilic addition to the aromatic system
is accomplished by attack at the anion radical generated by
electron transfer from the excited singlet state of the aromatic
hydrocarbon tpDCNB. A detailed discussion of this topic
is outside the scope of this review.

19. Synthetic Applications of Nucleophilic
Dearomatizing Reactions

In the previous sections it has been shown that a large
number of methods are available for dearomatization of
myriad aromatic substrates, leading to dihydroaromatic
compounds incorporating different degrees of functionality
and with good regio- and stereocontrol. Hydroaromatic
systems constitute part of the ring skeleton of numerous
natural product$3* 438 However, the application of fAr
reactions to the preparation of natural products or some
mimetic analogues has been explored only in aromatic rings
activated by carboxamide, oxazoline, oxazolidine, nitro,
phosphinamide, and sulfone groups.

19.1. Synthesis of Heterocyclic Compounds

Non-natural benzomorphans such as metazo8ui2g
N-allyl-N-normetazocin®42b, and the clinically used pen-
tazocine842care synthetic analogues of the natural opium
alkaloid (—)-morphine and are well-known for their
opioid activity. They are important substances as analgesics
owing to the lack of the undesired addicting side effects of
(=)-morphine. Compound842b and 842c also showedr
receptor activity. In the search for newreceptor binding
ligands of enhanced activity, Carroll and co-workers prepared
benzomorphan845and846in modest yield but high optical
purity (overall yields of 846 of 33—53%, ee> 99%)
according to the method of Pridgen et*l.Addition of
Grignard reagents to the oxazolidid88 derived from R)-
phenylglycinol and naphthaldehyde followed by quenching
with dilute HCI or methyl iodide gave 1,2-dihydronaphtha-
lene-carboxaldehyde$41 and 442, respectively (see also
Scheme 69). Reduction af41 with methanolic sodium

the latter process has been demonstrated by transformingorohydride furnished alcohol398 (Scheme 11239441

834b into 832c upon treatment with TiGl in toluene.

Aldehydes441 and alcohols398 were converted into the

Apparently, the nucleophilicity of the solvent plays an amine intermediate843 by a series of conventional reac-
important role in the efficiency of the reaction. In benzene tions. Applications of these transformations to compounds
the reaction proceeds in very low yield (Table 46, entry 8), 442 provided the aminoalkyldihydronaphthaler@&#l. Cy-

and in chlorobenzene the formation of the corresponding clization of843and844by the action of Hg(OAg)followed
chlorophenylated spiroisoxazoline was completely inhibited. by demercuriation with NaBldor LiAIH 4 led to the desired

1,2-Dialkyl-1,2-dihydronaphthalene36 have been ob-
tained by treatment of borate ani@35 with a series of
alkylating reagents (C4€H=CHCH,Br, Me,C=CHCH,Br,
R'OTs, RSO, R'OSQF, RU, where R = Me, Et) and

products345and846, respectively. The enantiomers&45
were synthesized in a similar manner starting with the
naphthyloxazolidine bearingS(-phenylglycinol as chiral
auxiliary. Binding studies revealed that compouBd&a—c
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1 1
2) HZO NaOH
836 (1-56%) 837 (0.5-28%) 838 (1-79%)
R'= Me, Et, Me,C=CHCH,,
MeCH=CHCH,CH,
Table 46. Dearomatizing Anionic Cyclization of Compounds 824 and 828
entry SM R R? R3 R* RS yield (%), (dr)
12 824a H s-Bu 825a(45), (1.9:1)
SooE R W e
sBu c(68), (3:
42 (£)-824c OMe t-Bu (+)-827(27)
52 (+)-824c OMe t-Bu (+)-(6R, 79-827(28)
62 (—)-824c OMe t-Bu (—)-(6R,79-827(28)
e 828a H H H H H 832a(40y
gbd 828a H H H H H 833a(10) + 834a(3)
op 828b H Me H H H 832b(90)
1 828¢c H cl H H H 832¢c(77) + 834b(7)
110 828d (—CH=CH-), H H H 832d(50) + 834b(4)
1 828e H H (—CH=CH-), Br 832e(61)

aData taken from ref 422 Data taken from ref 423.3-Chloro-3-(4-chloro-1-naphthyl)-2-hydroxyiminopropionate was also formed in 40%
yield. 9 Benzene was used as solvent.

with a configuration of (R 5R,9R) exhibited greater affinity =~ constitutes a reversal of the receptor enantioselectivity as
for the o7 receptors than enantiomers(8S9S). This fact compared with pentazocine and other 6,7-benzomorphans.
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Scheme 111 Scheme 112

OH
%8 ye
3

6 (71%) RN e
2) hv, NaCN, 8§38 (49%) Me
1) hv, NaBH,, PDCNB ©) 842a: R'= Me, metazocine
pDCNB b: R'= CH,=CHCH,, N-allyl-N-normetazocine
¢: R'= (Me),C=CHCH,, pentazocine
=0 "
2) hv, P(OR"), HN. O

pDCNB 1) R'"MgCI (4 equiv), OHCH

2) hv, R'NH,, 0.0 OO 2) 3N HCI O‘
mDCNB 438 441
NHR' 840 1) R"MgClI 4) NaBH,, \\
' aR'= Me (52%) 3) Mel Meo/
O O b R'= Et (20%) 2) 3N HCI NHCH2Ph

Me CHO HOHZC H

841 (64-95%)
R1 R1 R1
R'=H, Me, Et, i-Pr, t-Bu, Bn, CH,CH,Ph, O

CH,CH=CHy, CH,CH,CN, CH,CH,0H,
CHchzNHg, CHQCHzNHAC, CHchZEt

3 P(OR"),

Functionalized 3-ABNs have attracted great interest be- 5 E’?ﬁe\rﬂlz:
cause of their pharmaceutical (i8&442444 As discussed in 6) Lig\n—]
section 14.1.1.b, 3-ABNs can be prepared by successive 4
reduction—aminoalkylation of nitroarenes. Pryce and co- H

workers utilized this strategy for the synthesis of benzoa-
zocine 853 and pyridoazozingd54. These compounds are
analogues of cytisin®55 a potent insecticide acting on
acetylcholine receptor$® The target molecules were pre-

R1

pared in three steps starting from the corresponding 1,3- \-NCHzPh
dinitronaphthalene derivativd60and847 (Scheme 113} 845a: R'= Me
Reduction with NaBHfollowed by double Mannich reaction R! b: R'= Et
with formaldehyde and methylamine afforded tricyclic c_' R'= iPr
compounds848 and 849, Reaction 0f848 with sodium '
methanethiolate in DMSO at 8@ produced sulfide850a NCH,Ph
and 85l1ain a ratio 1:10 in 56% yield. Furthermore, the ]
analogous reaction @49 for 4 days at 40°C furnished a 846a: R = Me
mixture of the mononitro compour&b0b, sulfide851h and b: R'= Et
bisulphide852 Hydrogenation o851aand of851bor 852 c:R'=i-Pr
in the presence of Raney nickel gave cytisine analog68s d: R'= n-Bu
and 854, respectively.

The primary products of the reductioaminoalkylation Reduction of 3-ABNs has also been described. Exposure

of nitroarenes have been used as synthetic intermediates foof dinitro compound#85 to hydrogen in the presence of
the preparation of molecules difficult to obtain by other Raney nicket” 44 or palladium on carbdt’ produced the
methods. Thus, trinitroazaadamantd8awas transformed  diamino derivative859resulting from the perhydrogenation
into azadamantan858 in a sequence of reactions starting of the carbor-carbon double bond and the nitro groups of
with the reduction of92ato the triamino derivativ@56 by the parent system (Scheme 114; Table 47). Hydrogenation
the action of hydrazine in the presence of Raney nickel. Then,of compounds485s and 485ba was performed in the
bromo for amino group substitution via diazotation afforded presence of ammonia. The ammonium salts formed showed
857, which was debrominated upon treatment with hydrazine increased solubility in methanol without affecting the catalyst.
in the presence of Raney nickel to gi888(Scheme 1143%3 Reduction with tributyltin hydride was also attempted.
Although this route provides azaadamant&68in accept- However, this reaction provided a mixture of nitrohydroxyl-
able vyield, the efficiency of the process is limited by the amines in low yield'*®

availability of the starting material, which was obtained in  Selective transformation of the carbecarbon double
only 8—15% yield. bond of 3-ABNs485was achieved through dihydroxylation
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Scheme 113 Scheme 114
NO N . N
B NO> 1) NaBH,, DMF-EtOH XX 2 1) NoH,, Raney Ni
X/ g; gCHoza, MeNHz, H20 X/ NMe 02N N02 HzN NH2
NO, NO, O,N H,N
460 X=H 848 X=H (71%) 492a 856 (91%)
847 X=N 849 X= N (39%)
4) NaMes, Dl\y 2) HBr, NaNO, l
N 1) NoH,4, Raney Ni N
N SMe N SMe N SMe Br Br
lx/ e lx/ NM+ |N/ NM B
e e e
858 (84%
NO, SMe (84%) 857 (42%)
850a X=H (5%) 851a X=H (51%) 852 (23%) HoN
850b X= N (36%)  851b X= N (10%) ’ M4 No, 1) Hy, Raney Ni, 2\ NH2
] \\ MeOH \
H,, Raney N Y N_,  (R=R=H) N
Me2CO EtOH R
859
485
02N, NnO 0
1) OSO41 Py K
\ R
R1
~ R2 N. 3 OoN
(Cytlsme) X NMe R
853 X= H (49%) 48520t
53 X= )
= 860a: R'= R?= H (93%
8e4X=N67%) b: R'=Me, Rzi H (01)00%)
. . . . -R1=H R2=
of 485ac¢,f with osmium tetroxide. Theis-diols 860 thus c: R'=H, R"=Me (6%)
obtained were further converted into the 3-azabicyclo[3.2.1]- 2) NalO4, MeOH
octanols 861 by reaction with sodium periodaté® The HO
tertiary amine moiety of 3-ABN485represents an additional R (860a,b)
opportunity for the introduction of molecular diversity.
Alkylation of N-methyl derivatives with Mel in refluxing OoN NO,
acetonitrile led to the quaternary ammonium sa862 N
(Scheme 114; Table 47)? Electron-withdrawing groups at I\I/Ie
positions 6 and 7 of the bicyclic system caused a decrease
in the reaction yield (entries 9, 12, and 16). Alkylation of 861a: R'=H (47%)
3-ABNs with substituents at the nitrogen atom such as Et, b: R'=Me (crude mixture)
CH,CH,Br, Bn, CHCO:H, CH,CH,OH, and CH(Et)OH
failed, which suggests that attack at the nitrogen by methyl ON, No 0N, no
iodide is very sensitive to steric hindrance. 2 1) Mel, CH3CN 2
y-Amino acids have attracted recently great interest as R \ 5 R \ |e
building blocks for the preparation pfpeptideg0.212.213450453 > N. (R*= Me) R2 N®
Contrary to what could be expected due to the flexibility of R® me Me
the chain connecting the amino and carboxy groups in these 485 862

amino acids, well-defined secondary structures were found

in oligopeptides consisting of only four residu&$Phos-
phorus-containing mimetics gfamino acids such asami-

The azaphospholes resulting from the dearomatizing
anionic cyclization oN-benzylphosphinamides (see section

nophosphinic acids are important target molecules owing to 15.3.3) represent a facile entry into functionalizedmi-

their interesting biological propertié%: 45" Phosphinothricin
8633 an amino acid contained in the natural tripeptide
bialaphos, is an important member of this family currently
used as a nonselective herbicii& Phosphinothricin ana-
logues 863b,c and cyclic derivatives864 also showed
herbicidal activity*>® y-Aminophosphinic acids may also act
as agonists or antagonists on GABA recepféis't4

nophosphinic acids of wide structural diversity. Hydrolysis
of the phosphinamide linkage of tetrahydrobenzoazaphos-
pholes 718 and 722 may be effected under very mild
conditions. Thus, treatment of a solution of these heterocycles
in acetone whh 2 N HCI at room temperature gives
guantitativelyy-(N-alkylamino)phosphinic acid365and866
(Scheme 115)76377 The solvolysis with dry 0.6 N HCI in
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Table 47. Yield of Products 859 and 862 Scheme 115
entry 485 R! R? R3 yield (%) o) o ,Q‘\‘NH?’
1 a H H Me 859a(65 = = '
2 o H H Et 859b((85% Mﬁap COH MF%P 02
3 p H H Bn 859c¢(70) NH,
4 r H H CH(EY)CHOH  859d(65)
5 s H H CH,COH 859¢(72) 863a:R=H 864
6 t H H (CH,)20H 859f(75) b:R=0H
7 ba H H (CHp.COH  8599(82) c:R=Me
8 a H H Me 862a(73)
9 b Cl H Me 862b(45) H 9pn O
10 d Me H Me 862c(87) B 2 N HCI p<OH
11 e OMe H Me 862d(95) ©/\/N_R1 @ Ph
12 bj® Br H Me 862e(42) ~ Me,CO ~NHR
13 bkP O(CHp).Cl H Me 862f(83) H ph H 5y,
14 bl OPh H Me 8629(54)
15 h H OMe Me 862h(87) 718a-c 865a: R'= Me (97%)
16 m H CONH, Me 862|(46) b: R1= Bn (96%)
2 Data taken from ref 448.Data taken from ref 449. c:R'=tBu (97%)
O O
methanol affords stereospecifically and in quantitative yield B Ph 5 NHel p-OH
the corresponding methyl est&87 and868, with inversion ©/\;N—R1 . ©;/ Ph .
of the configuration at the phosphorus center. Cleavage of St Me,CO ~NHR
the P-N bond of benzophosphaisoindolé80aand 732a H Ph H Ph
requires harder conditions than the analogous heterocycles s
718and722 In this case, conversion into tiyeaminophos- 722a-c 866a: R1' Me (97;%)
phinic acids containing a dihydronaphthalene systé®and b: R1_ Bn (91%)
870, respectively, was achieved by refluxing a solution of c: R'=t-Bu (94%)
730aand 732ain a mixture of dioxane and 4.5 N8O, 0 0
(1:1) for 8 h (Scheme 115¥° The reluctance of the H p-Ph 0.6 N HCl H p. OMe
phosphinamide function af30aand732ato hydrolysis was @N_Me : CCPh
attributed to difficulties of nucleophilic attack at the phos- ~ MeOH ~_NHMe
phorus atom due to steric encumbrance. An important feature H Ph Ph
of y-aminophosphinic acids shown in Scheme 115 is the 718a 867 (>97%)

presence of a carbocyclic system. This structural element
causes a restriction to the conformational space available to
the molecule, which may facilitate its recognition by a

10
receptor. P;‘l‘D%Me
Anionic cyclization of naphthalene rings activated by a NHR!
carboxamid®’ or a sulfoné'” group constitutes a route to ;i
Ph

tricyclic systems present in some natural products. The
synthetic utility of this dearomatizing reaction has been
demonstrated by converting sulfone derivat®@4a into

868 (>97%)

lactones373and874, two skeletal analogues of podophyl- @
lotoxin 875. The pivotal ketone872 was prepared in four  (1- Np)~ HO. ’@(1 Np)
steps starting with the stereoselective reductio®zfawith 4.5 N H2S04,
sodium borohydride to giv871 The resulting alcohol was “2\H Dioxane (1:1) “r( *H,SO,
protected as a silyl ether, and subsequent desulfonylation by NHMe
electrophilic hydroxylation with Mo@py-DMPU (MoOPD)
afforded872(Scheme 116). Removal of the sulfonyl moiety 730a 869 (>97%)
of the dearomatized produc®04 was also effected by
reduction with sodium amalgam. 02 M HO. ,Oe
o ; . . . @ Me @ 1 N

Kainoids are a family of naturally occurring, non-protein- (1-Np)~pZy Me P ( P)
ogenic amino acids that exhibit potent neuroexcitatory and ~_Me ,Ph 45 N HSO,, ~H SO
excitotoxic activities. They are pyrrolidine dicarboxylic acids H _Dioxane (1:1) H NHM é 4
of general structur®76 differing in the substituent at C4
(Scheme 117). The most representative members of this class 732a 870 (>97%)

of compounds include)-a-kainic acid877, (—)-domoic

acid 879 and acromelic acid B80. A common feature to  (see section 9.2) contained a pyrrolidone system having three
all kainoids is the 2,3-trans-3,4-cis relative disposition of the contiguous stereocenters about the ring with the same relative
substituents, except fotH)-a-allo-kainic acid878, in which stereochemistry as the kainoid amino acids. They applied
the groups at C3 and C4 are trans. Considerable investigathe dearomatizing cyclization of lithiated naphthamides to
tions have been devoted to the synthesis of kainoids and nonthe synthesis of two aryl analogues of acromelic 836
natural analogues with improved pharmacological profile. and 887158465 the kainoid-like derivative889%¢ and the
Clayden and co-workers noted that the dearomatized productparent member kainic acid (see below). This chemistry has
2460btained in the anionic cyclization of naphthami@d® been covered in detail in two recent revie#s*¢6Conversion
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Scheme 116 mide 278eas starting material. The anionic cyclization of
PhO,S H PhO,S H this amide was rather inefficient, affordi@g9ein 32% yield
1) NaBH,, (Scheme 50328 The asymmetric synthesis 881 represents
MeOH a formal asymmetric synthesis of the acromelic acid analogue

886 The enantiomer 0881 was synthesized following a

H similar route starting fromR)-278d Compound282bwas
O HO H further manipulated to give the pyrrolidor889, which is
804a 871 (60%) structurally related to the kainoids (Scheme 117).
2) i-PrySiOTH, lutidine, Bicyclic pyrrolidone 293 (Scheme 52) proceeding from
CH,Cl, the dearomatization of chiral benzamidgR)-289bwas a
3) n-BuLi, THF suitable precursor for the asymmetric synthesis of the novel
4) MoOs py.DMPU, THF o-methyl kainic acid 892 The synthetic strategy was

basically the same as that used in the dearomatized naph-
thalene series. Conjugate addition of J@eLi allowed the
introduction quantitatively and stereospecifically of the
methyl group of the isopropenyl susbtituent at C4882
(Scheme 118). The interconversion of N-protecting groups

' d H was achieved by sequential reaction with cerium ammonium
i-Pr3Si0 H nitrate and BogO to yield ketolactan890. In this case, it
872 (52%) proved to be advantageous to invert the order of the oxidative

operations on this substrate as compared with the synthesis
of 886 and887. Thus, the reaction 90 with mCPBA to

give the lactone91 preceded the oxidative degradation of
thepp-methoxyphenyl ring catalyzed by Ru(VIII). Fortunately,
the Baeyer Villiger oxidation of ketone890 was fully
regioselective in the sense required. The lactam carbonyl
group was reduced with DIBAL-H and 3iH at the end of

the synthetic sequence prior to deprotection of the functional
groups. The process constitutes the first synthesis of the
o-methylated analogue of kainic acg92

The synthesis 0886, 887, 889 and 892 indicates that
875 dearomatizing anionic cyclization of arylamides is an
(podophyllotoxin) interesting strategy for the elaboration of either a phenyl or

of the tricyclic lactam system ¢f46into a kainoid skeleton @ naphthyl nucleus into functionalized pyrrolidones contain-
involved the three key steps outlined in Scheme 117: iNg @ cyclohexadiene or dihydronaphthalene system in a
oxidation of the phenyl ring adjacent to the nitrogen atom Stereocontrolied manner. These heterocycles can be manipu-
to a carboxylic acid, ring opening of the dihydronaphthalene lated to afford kainic acid derivatives. Although the method
moiety, and reduction of the amide functional group to an IS rather cumbersome and some synthetic steps suffer from
amine. On the basis of this synthetic strategy, angidac low yields, it represents a valuable alternative to other routes
was selected as starting material for the synthesis of racemicl©® kainoids. The synthetic utility of the anionic cyclization
acromelic acid derivativ86 The reasons for this choice Of N-benzylbenzamides was extended by modifying the
are best explained by looking at the central intermedidgh ~ Method to obtain aromatized products. Oxidation with dry
formed in the anionic cyclization reaction: (1) the cumyl air of the dearomatized lithiated intermediate formed upon
protecting group at nitrogen is stable to strong bases, butCyclization and subsequent reaction with methanesulfonyl
easily removable by the action of acids; (2) the electron- chloride in the presence of triethylamine provided 2,3-
donating p-methoxy substituent in the aryl ring at the dihydroisoindolone§93in moderate to good yield (Scheme
position with respect to the nitrogen facilitates the aryl 118)*’ By performing the deprotonation with a chiral base
oxidation step as compared with an unsubstituted phenyl ring; SUch as306or using chiral amid@83gas starting material,
and (3) the methyl vinyl ether moiety may be readily it was possible to obtain enantiomerically enriched hetero-
hydrolyzed to a carbonyl group, thus aliowing the requisite cycles893aand895, respectively. Tri- and tetrasubstituted
ring cleavage via a BaeyeVilliger oxidation. The essential ~ amides243x—aabearing aro-methoxy substituent furnished
steps in the transformation @42conto 886 are shown in  dihydroisoindolone893be—g via substitution of the OMe
Scheme 117. N Protection through teet-butyloxycarbonyl ~ 9roup simply by treatment with LDA. N Deprotection was
group (Boc) was used owing to its resistence to the Smoothly achieved by heating the heterocycles with trifluo-
ruthenium-catalyzed aryl oxidation conditions. Ring opening Foacetic acid as exemplified by the conversion8sBab

of lactone 883 by reaction with sodium methoxide in  into the corresponding deert-butylated derivative894
methanol furnished pyrrolidong34. Further elaboration of The dearomatizing cyclization reaction of lithiatéd

this molecule led t@86. On the other hand, saponification benzylbenzamides developed by Clayden and co-workers has
of 883 with lithium hydroxide followed by ester formation also been applied to the synthesis of kainic a&&#¥, the

with diazomethane gave a mixture 884 and885in a ratio parent member of the kainoid family of amino acids.
1:5. The latter was converted 837 by the same route used Successive cyclizatierprotonatior-acid hydrolysis of amide
to prepare886. 243g afforded bicyclic ketoamid®52c (see Scheme 45),

Tricyclic lactam881was prepared in almost enantiomeri- which was converted into racem&77 by a sequence of
cally pure form using $-phenylglycinol-derived naphtha- reactions. The most significant transformations of this
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Scheme 117
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(-)—a-kainic acid (+)-a-allo-kainic acid (-)-domoic acid
(-)-acromelic acid
Reduction Oxidation
1
R,,' +—COxH
kainoid acids Q‘COZH e
H
876
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synthesis include methylation via conjugate addition, Boc 19.2. Synthetic Applications of the
protection of the nitrogen atom, Ru-catalyzed oxidation of Dearomatization of Naphthyloxazolines

them-methoxyphenyl ring, BaeyetVilliger oxidation of the The conjugate addition of nucleophiles to oxazoline-
ketone, ring opening of the resulting lactone followed by g hstituted naphthalenes represents the most successful
dehydration to provide the isopropenyl substituent at C4, and methodology that makes use ofyBr reactions for the
reduction of the CO group of the amide moiety carbo- preparation of complex molecules. Developed by Meyers and
nyl.*66:468 The asymmetric version of the process was co-workers, the efficiency of this strategy has been amply
accomplished by enantioselective deprotonatio?dd@iwwith demonstrated in the arena of natural products chemistry
the chiral base06 (Scheme 119)66:469 through the construction of structural fragments of some
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Scheme 118
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natural products or analogues, as well as the total synthesisof this methodology is the limitation to condensed aromatic
of a variety of natural products. The achievements made by hydrocarbons. In the phenyl series, the reactivity observed
using this synthetic tool are summarized in Chart 1. The corresponds exclusively to aromatic substitution pro-
syntheses accomplished include an analogue of the bottoncessed?” 48

half of the antibiotic ¢)-chlorothricolide89847°the AB ring

of aklavinone89947! the tetracyclic ring system present in

aphidicolin900, scopadulcic acid B01, or kaurene02472

Common to all target molecules shown in Chart 1 is the
realization of a tandem nucleophilic additioalectrophilic
guench on a suitably substituted naphthyl oxazoline at the

the total synthesis of the sesquiterpene lacinilene C7 methylbeginning of the synthetic route (see section 12). Except for

ether 9038 the lignan lactones-)-phyltetralin 904,15
(—)-podophyllotoxin905#7 (—)-isopicropodophyllon®06+74
(—)-epipodophyllotoxir®07,#’> and the key intermediates in
the route to the narcotic—<)-aphanorphine908 and the
analgesic {)-eptazocin®09476 The literature covering this
material has been patrtially review&dThe major drawback

the case of a proton, the electrophile enters invariably trans
to the organolithium reagent. In this way, two adjacent
stereogenic centers are formed, generally with very high
selectivity. When the electrophile is an alkylating or acylating
agent, one center is a quaternary carbon, well-known to be
more challenging to generate than a tertiary carbon one. The
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Scheme 119 dronaphthalened921 was converted in a straightforward
oM Me Me 306 manner into the alcoh®23 and the homologous aldehyde
Me €1 P N Mo 926, Product23and926are known precursors for alkaloids
Meﬁ/Ph Li o (—)-aphanorphin@08and (-)-eptazocin®09(Scheme 121).
0. N H M Formally, the use of the silylating agent is equivalent to the
THF - e addition of lithium hydride ta387i, providing the requisite
2) NH,CI - N—éplr\fe high degree of stereocontrol for the quaternary center. In
3) HCI-H,0 0 A : addition, dearomatized naphthyl oxazolines incorporating a
(87%) silyl group928were.modi_fied to gi_v_e fused tricyclic systems
OMe OMe such a®929and930in which the silicon served as surrogate
for oxygen and nitrogen, respectiveff.lt must be stressed
246w 2521 (ee 84%) that oxygen nucleophiles do not undergo addition to naphthyl
oxazolines owing to insufficient nucleophilicity.
4) Me,CuLi, Me;3SiCl The real dimension of Meyers’s methodology can be best
5) CF3CO,H appreciated in the elegant asymmetric total synthesis of the
6) Recrystallize aryl lignans ¢)-phyltetralin 904 and ()-podophylliotoxin
Me 905. The crucial step in the sequence of reactions leading to
= ~—CO,H '\;/'eH 0 these products was the preparation of the corresponding
— - : dihydronaphthalene derivativ®82and934. These products
O‘CO H L:EQ‘IH were smoothly obtained in a highly diastereoselective manner
” 2 o) F| H by treating chiral oxazoline831 and933with 3,4-dimeth-
3-MeOCgH, oxyphenyl-lithium and 3,4,5-trimethoxyphenyl-lithium
877 896 (ce 98% (TMPHLI), respectively, followed by quenching with 2-pro-
(-)-a-kainic acid (e 98%) panol (Scheme 122). The transformation93?2 into (+)-

phyltetralin904 was achieved by removal of the oxazoline
moiety, reduction of the resulting carbaldehyde group to
alcohol, hydrogenation of the carbenarbon double bond,
and methylation of the alcohol previously formed. The route
to (—)-podophyllotoxin905 continued with a sequence of
reactions starting with the conversion 884 into lactone
935. Overall, the processes constituted the first enantiose-
lective synthesis 0905 Fifteen years later, Sherburn and
Lo-workers utilized a modification of Meyers'’s methodology
for synthesizing {)-isopicropodophyllone906, a natural
product that can be converted into podophyllotdXiiThey
treated the 2-naphthyl oxazoli®86 with dimethylphenyl-
silyl-lithium, and the azaenolate formed was acylated with
allyl chloroformate, yielding esteé937 as a single diastere-
omer. From this point the sequence of transformations
leading to906is markedly different from Meyers’s synthesis
of podophyllotoxin. A pivotal intermediate in the process
was the thionocarbona@38 (Scheme 122).

. . ; . . A final example of this chemistry has been provided by
Protonation of the adduct with trifluoroacetic acid followed | ;1 ar and co-workerd? They reported the synthesis of

by reduction with LiAlH, afforded the alcohd13 The latter (—)-epi : - : -

. . . -epipodophyllotoxin907 in a process starting with the

is a precursor of the AB-ring substructi®&4 of aklavinone o - - :

(Scheme 120). The same sirategy was used for he CONSICECa ion misture with methanesufonic acd i methanl

Addition of vinyl};ithiur%/ to na%hthyl oxazoliné387afoﬁ)- . |r!stea}d oLthe 2-propanp| useq Iln M(fayerso’s protocol affc()ered

owe by reacton wil 2 methyl2.(2odoethy)-1.5diox. ) e E=1e9d0 1 a yild of 66t and ce 5%

olane fulrrslsdh(tad d|hy(_jdronaphthale9@§57wh:jcglvgashfurt_her followed by deprotonation gave the hydroxyl estl,

tmhanIEulate ? prr?y(;_ el_cg%rgpogn ag lci s.dO\g(')ng together with the epimer at the hydroxylic carbon (dr of
€ skeleton ot aphidicoll and scopaduicic act L 9.9:1). The latter was transformed into the natural product

respectively. Similarly, oxazolingd88aled, after elimination N o . : .
of the chiral auxiliary and acidic deprotection, to the keto (=)-epipadophyliotoxird07in four additional sieps.

aldehyde919 Once the requisite stereochemistry and func-
tionalization into the naphthyl system had been introduced, 20. Summary and Outlook

approach to the octahydronaphthalene system-pichloro-
thricolide 898 involved the enantioselective addition of
4-pentenyl-lithium to naphthyl oxazolirg87cfollowed by
trapping with Mel to give dihydronaphthale®&0 (Scheme
120). Further elaboration produc8dl, an analogue of the
octahydronaphthalene moiety present 888 The [1,6]
regioselective addition of lithium allyltrimethylsilane to
naphthyl oxazolines (Scheme 62) was applied to the synthesi
of 912, the crucial intermediate in the route to lacinilene C7
methyl ethe®03 Naphthalenon®12was prepared by singlet
oxidation of the [1,6] adduct formed from the reaction of
naphthyl oxazolin®&77with lithium allyltrimethylsilane and
subsequent quench with methyl iodide. Naphthalerfiiife
and some of its derivatives showed anti-HIV-1 activity.
Central to the synthesis of the chiral tetrahydronaphthalene
moiety of the anthracyclinone aklavinor#99 was the
asymmetric addition of vinyl-lithium to oxazolirent387c

the molecule was further transformed into et26, which As shown in this review, a number of methods enable the
exhibits the tetracyclic ring system present in diterpenes of yse of aromatic rings, either unsubstituted or functionalized
the kaurane family such as kaured@2 with a large variety of electron-withdrawing groups, as a

The scope of Meyers’s dearomatizing method was ex- particular type of Michael acceptor faw,5 and/or §,y-
panded by employing silyl reagents as nucleophiles. Di- conjugate addition reactions with a wide range of nucleo-
methylphenylsilyl-lithium underwent reaction with oxazoline philes. The competing reaction of nucleophilic addition to
387i to give, after trapping with Mel, the trans addition the activating group is generally inhibited by steric effects.
product921 as the major stereoisomer (e 20:1). Dihy- The employment of coordinating solvents to enhance the
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Chart 1. Applications of DyAr Reactions of Naphthyloxazolines to the Chemistry of Natural Product3

g : Ph
e H'—
"o S H Ho.C ) "o~
899 HO © OH o]
Aklavinone 900 901
: Aphidicolin Scopadulcic acid B
OH
898 Me_ OH
(-)-Chlorothricolide Me MeO | N o
Me 7
Me M:e'
903
902 Lacinilene C-7 methyl ether
(-)-Kaurene

OH 0 HO H
MeO o~ 0 : o 0 ~
OOE SO0 SO0 LT
MeO O 0 (o <

(o] o z o]
; OMe MeO :|: OMe MeO ; OMe MeO ; OMe
OMe OMe OMe OMe

904 905 906 907
(+)-Phyltetralin (-)-Podophyllotoxin  (-)-Isopicropodophyllone  (-)-Epipodophyllotoxin
Me
HOL e S
Ho_~ XN\ \ﬂ/ X W
N-
PN / Me A, "'N“Me

908 909

(-)-Aphanorphine (-)-Eptazocine

aThe structural accessibility by this methodology is indicated by a color key. Red: partial structures or analogue systems have been prepatadl. Blue: t
synthesis has been performed. Green: formal total synthesis via a key intermediate.

reactivity of the anions represents also a common elementinnovative synthetic methods making use of dearomatizing
of controlling the reaction pathway. It is apparent that, in a reactions. RAr-based methodologies may provide building
number of cases, the applicability of the method has beenplocks tailored to prepare small molecules containing specific
limited to show the feasibility of the dearomatizing process functionalizations and stereochemistry in a cyclic skeleton.
through the reaction with a reduced group of simple A key feature of RAr reactions is the installation of carben
orga_nometallic reagents. However, itis a_Iso evident_that Very carbon and carberheteroatom bonds on readily available
efficient methods are available for the inter- and intramo- c4rhocyclic starting materials in a regio- and stereoselective
lecular dearomatization of aryl systems via nucleophilic anner Structural diversity associated with the substitution

aldﬂtlond_Electroghg!ﬁ %uenchhlt?]atljs to funtctlonahg[ﬁd Y~ pattern of the aromatic system might be introduced via well-
clonexadiene and dihydronaphtna'éne Systems with a pré- ., strategies (e.g.£Ar, SyAr, directed ortho metalation
dictable high regio- and stereochemical outcome. The transfer . . e ) ;

or cross-coupling reactions). Atom efficiency is an issue that

of functionality to the parent aromatic ring takes place in mav require improvement. On manv occasions. the prepara-
one synthetic operation. Either the nucleophile that attacks .. yreq P ) ' y , (N€ prepar
tion of the nucleophile consumes at least a stoichiometric

the aromatic substrate or the electrophile used for trapping g
the dearomatized species can act as a source of functionaliy@mount of an alkyl-lithium reagent. The development of
The use of the dearomatized systems thus obtained agatalysts capable of promotingyBr reactions would be an
intermediates for the synthesis of natural products and non-important contribution to extend the applicability of this
natural analogues has been demonstrated. This approach ighemistry in organic synthesis. The first steps in this direction
a valuable alternative to more established dearomatizationhave been already report€tDetailed mechanistic studies
chemistry. Significant advances in this area have been madewill also be welcome as a means of understanding the large
in the past decade. On the horizon, the new technologiesnumber of experimental results accumulated and predicting
applied to drug discovery programs may benefit from new ways for the disruption of aromaticity.
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Scheme 120
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OMe OMe OH
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Ph —OMe —/\ 0
o O
O /N
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1) CH,= CHL|
0 3 OO = ) ~
387a 916
918
Ph 1) CH,=CHLi
\
(@] , 2) o0

RN
OO 3) MeOTf

4) NaBH,

388a 5) H;0*

To conclude, the history of fAr processes dates back

919

920

This section describes briefly the work published from

more than a century. Although early findings in this area January 2005 to September 2006.

passed unnoticed, the investigation ofAD reactions

continued over the years without decreasing interest. The
pathway taken so far has provided numerous achievements

and constitutes a firm body of knowledge for further
discoveries and applications.

21. Note Added in Proof

Atroshchenko’s group has continued investigating the
chemistry of Janovsky-complexes. They have prepared new
examples of polyfunctional derivatives of 3-ABBb7b—
j#83(Scheme 123) by applying to 2,4-dinitropheddl7gthe
same procedure previously described by Severin and Téthme
for the synthesis db57a(R! = R> = Me, see section 14.1.3,
Scheme 80). Quenching the reaction with orthophosphoric

During the review and revision of the manuscript new acid in place of acetic acid affords a slight increase of the

contributions to RAr reactions appeared in the literature.

yield of 557a When the same sequence of reactions is carried
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Scheme 121
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Me, ,Oxz 4) MeOTf Me, y—  catecholborane, Me, ,—CHO
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6) 11) Swern
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5 I
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Me, ,Oxz 3) MeOTf CHO e Ph/ 92
1) PhMe,SiLi O‘ SiMezPh 4) NaBH, 2 0
2) Mel 5) H;0* X e, 5
387h 927 928 O‘

930

out on 5,7-dinitro-8-hydroxyquinolin®43 the expected  similar to that employed in the preparation ef)(kainic acid
3-ABN derivatives945 which are analogues d&61 (see (see Schemes 117 and 119). The key step of the process is
Schemes 80 and 113) are obtained in moderate §iéi. the asymmetric anionic cyclization &f-benzyl benzamide
more interesting result is the dearomatization of 1-(2- 243g The acidic quench of the resulting dearomatized anion
hydroxyethoxy)-2,4-dinitrobenzen@46 through reduction gives enone52¢ which is isolated enantiomerically pure
with sodium borohydride (Scheme 123). The trianitv7 through recrystallization from ethyl acetate. The transforma-
thus generated contains a side arm that may participate in a&ion of the substituents bonded to the pyrrolidone ring of
spirocyclization reaction via ipso attack (see Scheme 88). 252cinto those present in isodomoic acid C is based on the
The Mannich condensation 847 with formaldehyde and  ruthenium(VIIl) oxidation of the phenyl ring adjacent to the

methylamine affords a mixture of the common prode48 nitrogen and the BaeyeWilliger oxidation of the ketone
and the spiro isome®49. It must be remembered that the group of 252c The partial skeleton oR52c retained by
treatment of the spiro Meisenheimer complé42 (see isodomoic acid C is indicated in red in Scheme 123.
Scheme 89) derived fror846 with MeOSQF leads solely A detailed theoretical study of the dearomatizing anionic
to the product of methylation at the terminal oxygen atom cyclization of phosphinamides at the Becke3LYP/6+-&*
643485 level of theory appeared in the first quarter of 2085The

Clayden and co-workers, who developed the dearomati- investigations on model reactions dFbenzylphosphina-
zation of arylamides through anionic cyclization into an mides predict a potential-energy surface that reproduces
efficient methodology (see section 19) for organic synthesis, remarkably well the sequence of steps identified in a previous
have provided an impressive example of its applicability with NMR study®®° (i) formation of a prereactive complex
the first total synthesis off)-isodomoic acid ®50(Scheme between the substrate and the base, (ii) evolution to give
123)48 The isodomoic acid C is a member of the family of N—C, and Guno anions, and (iii) cyclization of the NC,
kainoid amino acids that was synthesized using a strategyanion to yield dearomatized products. The calculations show
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Scheme 122
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that N—C, lithiation is thermodynamically preferred with thermodynamic control. The anionic cyclization fgfallyl
respect to the lithiation at the ortho position, that the phosphinamides was also modeled. The calculations predict
translocation from G, to N—C, anions is feasible only  that the cyclization through thecarbon of the allylic system
under the action of coordinating solvents (HMPA or DMPU), is favored with respect to thec-attack, leading to the
that the cyclization takes place through a conjugate addition formation of seven-membered rings. These predictions were
of the anion to the ortho position of R-phenyl ring, and experimentally confirmed. Thus, the dearomatization of the
that the stereochemical course of the process is subjected tdN-allyl phosphinamid®51and subsequent protonation with
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Scheme 123
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DTBMP affords a mixture 0852953954 in a ratio of 60:

described the first dearomatizing anionic cyclization of an

32:8 (Scheme 124), in good agreement with the results from enantiomerically pure phosphinamid&){717e (Scheme

the theoretical calculations.

124)%8 The dearomatized speci®&6 undergoes reaction

In section 15.3.3 it was pointed out that treating the with aliphatic and aromatic aldehydes, benzyl bromide, and
dearomatized anions arising from the anionic cyclization of the bulky phenol DTBMP to give tetrahydrobenzophospholes

phosphinamide317 with methanol leads to products of
protonation718 containing a [1,3]-cyclohexadienic system

957, 958 and959containing a [1,4]-cyclohexadiene system
in high yield and with excellent diastereo- and enantiose-

in moderate to good yield (see Scheme 98 and Table 44).lectivities. The reaction proceeds through a chitddenzylic

With the aim of improving the selective formation 618

carbaniorB55 which is configurationally stable on the time

Lopez-Ortiz and co-workers investigated the effect on the scale of the cyclization, an unprecedented feature in the
process of a wide range of proton sources (ethyleneglycol,chemistry ofN-benzylic anions dipolarly stabilized by a
ammonium chloride, aliphatic and aromatic amines, aliphatic Phosphorus-containing group. It is worth mentioning that a

amides, sulfonic and carboxylic acid$j. A high a/y
protonation ratio (91:9, yield of 81%) is obtained only when
the anionic cyclization reaction of phosphinamidie7ais
quenched with acetamide. For phosphinami@d§b—d
(Scheme 124) the ratios of/y products range from 71:29
to 40:60. Remarkably, the addition tft-butyldimethylsilyl

single chiral center controls very efficiently the configuration
of up to four new stereogenic centers, one of them five bonds
away from the source of chirality. Solvolysis of the-N
bond of957breadily affords enantiomerically pure theN-
methylamino phosphinic ac@Bb60aand the este960balmost
guantitatively. The products of dearomatizatiorNabenzyl

chloride (TBDMSCI) to the reaction mixture prior to the diphenyl- and dinaphthyl-phosphinamides as well as the
protonation with methanol inhibits nearly completely the amino acids and esters generated in their solvolysis showed
formation of y-protonated compounds (Scheme 124). The interesting antitumor activit§f249

exception is phosphinamidel7c The presence of the bulky The nucleophilic dearomatization of cationic benzylic
tert-butyl substituents at the nitrogen atom produces a systems discussed in section 3.3 was extended by Dyker and
decrease of the reaction yield and favors the appearance oto-workers to provide a method of accessingptquin-
byproducts’21a(19%) and724a(8%). The same researchers odimethanes based on the additiorCafandN-nucleophiles
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Scheme 124
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to triarylmethyl cations. The reaction 862with the sodium Sardina et al. have reported a novelAD alkylation

salts of malononitrile and 8-aminoquinoline leads to the process consisting of the reaction of trimethylstannyl-lithium
functionalizedp-quinodimethane863and964, respectively, with aromatic diester866 and subsequent trapping with a
in moderate to good yields (Scheme 12%)The formation series of electrophiles (Scheme 125) to give compounds
of 963 and964takes place through the regioselective attack 967—9724% In this case, the mechanism proposed for
of the nucleophile at the ipso carbon @82 bearing the R explaining the formation of the dearomatized products begins
substituent, followed by HR(R® = F, MeQ) elimination. with the attack of the nucleophile at one of the carbonyl
The bulky aryl substituents'Rind R bonded to the cationic  groups of966. The resulting intermediat®73 undergoes a
center prevent the approach of the nucleophile to this Sn—Brook rearrangement leading to carban®f¥, which
position. When Ris a 9-anthryl system, the byprodi#@5s is in equilibrium with the enolat®75. The reaction of the
arising from addition of the nucleophile to the anthracene latter with a second equivalent of M@nLi furnishes the
ring is also obtained (see section 3.3). dianion 976. This bis-enolate976 could be characterized
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Scheme 125
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through NMR and represents the species that is finally
trapped with mono- and bis-electrophiles to yield the products
967972

Wang and Xi found that the lithiation of the 1-iodo-4-
naphthyl-1,3-butadiene derivativeg7 and subsequent treat-
ment with a variety of electrophiles afford the spiro
compound®78 almost exclusively (Scheme 125). Only in

22. Abbreviations

ABN, azabicyclo[3.3.1]nonanes; ATPH, aluminum tris-
(2,6-diphenylphenoxide); Ar, any aromatic structural frag-
ment; BHA, 2,6-ditert-butyl-4-methoxyphenol; Bodert-
butyloxycarbonyl; CHT, cycloheptatriene; CIP, contact ion
pair; COD, cyclooctadienylmCPBA, 3-chloroperbenzoic

the case of the aqueous quench is a mixture of the isomersacid; mMDCNB, 1,3-dicyanobenzenpDCNB, 1,4-dicyanoben-

978aand979 obtained in a ratio of 77:28* The isolation

of products978and979indicates that the reaction proceeds
through the intermediate380 and 981 arising from ipso
attack of the expected anion generated upon ioélitieium
exchange.

zene; DDQ, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone; DHA,
dihydroanthracene; DIBAL-H, dso-butylaluminum hydride;
DME, dimethoxyethane; DMPU, 1,3-dimethyl-3,4,5,6-tet-
rahydropyrimidin-2(H)-one; DyAr, nucleophilic dearoma-
tization; pDNB, 1,4-dinitrobenzene; DTBMP, 2,6-tirt-
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butyl-4-methylphenol; ESR, electron spin resonance; HMPA,
hexamethylphosphoramide; LAH, lithium aluminum hydride;
LiDBB, lithium 4,4'-di-tert-butylbiphenyl; pMB, 4-meth-
oxybenzyl; MoOPD, Mo@py-DMPU; NBS, N-bromosuc-
cinimide; NOE, nuclear Overhauser effect; PMDETA,
N,N,N',N"",N""-pentamethyldiethylenetriamine; SET, single

electron transfer; SIP, separated ion pair; SM, starting

material; TASF, tris(dimethylamino)sulfonium difluorotri-
methylsiliconate; TBAF, tetrabutylammonium fluoride; THF,
tetrahydrofuran; THP, tetrahydropyran; TMEDX,N,N',N'-
tetramethylethylenediamine; TMOPN,N,N',N'-tetramethyl-
o-phenylenediamine; TMP, 2,2,6,6-tetramethylpiperidinyl;
TMPH, 3,4,5-trimethoxyphenyl; TMPHLI, 3,4,5-trimeth-
oxyphenyllithium; TNB,symtrinitrobenzene; UV, ultraviolet.
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