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Vicarious nucleophilic substitution of hydrogen.
Mechanism and orientation
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ABSTRACT: Hydrogens located at activated positions in electrophilic arenespmthg. and para hydrogens in
nitrobenzenes, can be replaced with a nucleophile moiety provided there is at least one nucleofuge X connected to the
nucleophilic centre. As the group really leaving in this hydrogen substitution process is not the hydride anion but X,
the reaction has been named vicarious nucleophilic substitution of hydrogen (VNS). The concepts on the mechanism
of the reaction and their experimental background are presented. Reactivity and orientation—the fundamental
questions concerning synthetical applications of VNS—are discussed in light of the supposed mechanistic picture.
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INTRODUCTION polynitroarenes, we considered that the addition of
nucleophiles in positions occupied by hydrogen should

The introduction of substituents into electrophilic be a relatively fast process, hengé-adducts should be

aromatic ringsvia replacement of a nucleofugal group readily formed short-lived species. They are as a rule

X with a nucleophilic agent Nu proceeds as a rvia unable to form products of nucleophilic substitution of

addition of the nucleophilic agent to the aromatic ring in hydrogen because hydride anions cannot depart as

positions occupied by the leaving group, resulting in the such?® Lookmg for a general way of converting such

formation of short-lived intermediate™-adducts, fol- anionic ¢M-adducts into products, we hypothesized that

lowed by departure of this group with an electron gair. when«-halocarbanions were used as nucleophiles, their

The nucleofugal character of the leaving group X, i.e. its further transformation can occwia departure of the

ability to depart with a negative charge and low energy of halogen anion from the carbanion moiety with a simul-

the C—X bond, is essential for the reaction, thus taneous 1,2-hydride shift, giving products of nucleophilic

halogens, N@ OR, SR, etc., can be substituted effi- substitution of hydrogen.

ciently with nucleophiles. As was shown in kinetic

studies of theSyAr substitution reaction with anionic .

nucleophiles, the departure of such leaving groups from LA

the intermediate*-adducts is usually a fast step whereas - e NONU BN

the nucleophilic addition is a slow, rate-determining step @N“ . X

of the overall reactiod.Since there is no doubt that the

ability of nitroarenes to add nucleophilic agents is due to No@ + N s NO‘NU et

the activating effect of the nitro group, one would expect

that the addition can also occur at the activated positions Scheme 1.

occupied by hydrogen to give'-adducts. There are early

reports on some reactions proceeding apparemdlguch

o"-adducts but the general possibility of such a process

was neglected® On the basis of these early observations

and also the known chemistry of stable anionic adducts to

In a short communication published in 1978, we re-
ported that indeed the carbanion of chloromethyl phenyl
sulfone reacts with nitroarenes replacing hydrogen in
ortho and para positions with a phenylsulfonylmethyl
group? Moreover, it was also shown that in halonitro-
*Correspondenceto: M. Makosza, Institute of Organic Chemistry, arenes, the nucleophilic substitution of hydrogen pro-
Polish Academyof SciencesKasprzakad44/52, PL 01-224 Warsaw, ceeded faster than the conventior®JAr reaction of
Poland. halogens. This new reaction was named vicarious

Contract/grant sponsor: State Committee for Scientific Research - o -
(KBN); contractgrant number:3 TO9A 08510. nucleophilic substitution (VNS) of hydrogen because it
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342 M. MAKOSZA AND A. KWAST

proceedsvia departureof the halogenanion from the
carbanionmoiety insteadof H™ from the aromaticring
(Schemel). Thus, the halogenactshereas a vicarious
leavinggroup.

In further studies,it wasshownthatthe reactiondoes
not proceedvia a hydride shift but via base-induceg-
elimination of hydrogen chloride, but this does not
changethe generalschemeand stoichiometry of this
process.

The VNS reactionis now a well establishedheneral
methodfor the introductionof substituentsnto electro-
philic aromaticrings. Its scopewith respecto thearenes
is very broad—derivativesof nitrobenzeneand nitro-
naphthaleneenter this reaction irrespective of other
substituentgpresentin the ring providedthat thereis a
hydrogenatom in a para or ortho position to the nitro
group®® The same situation applies in heterocyclic
nitroarene$ such as nitrothiophené nitrofuran® nitro-
imidazole?® nitrothiazole®® nitropyridine'® and nitro-
quinoline!®*"* Many electrophilic heterocyclic
systemssuchas 1,2,4-triazine}? pteridiné® and benzo-
thiazolé*®enterthis reactionwithout the presencef any
activatinggroup. The VNS reactionis of equally broad
scopewith respectto nucleophilicagents.Virtually any
carbaniorof generaktructure CRXY canreactwith any
electrophilicarenealongthe VNS pathwayprovidedthat
atleastonesubstituentX) canbeeliminatedasHX from
the intermediates™-adducts.In the reportedexamples,
carbaniongontainingleavinggroupsX suchasF, Cl, Br,
OMe, OAr, SAr, R,NCSS,SMe, SO,CF; andPy" were
found to enterthe VNS reaction®®1°¢*4SubstituentsR
and Y should provide adequatestabilization of the
carbanionputtherearenolimits asto their nature.Some
limitations concerningthe carbanionsare due to their
instability under the reaction conditionsor insufficient
nucleophilicitywhensubstituent®, Y andX areefficient
carbanion-stabiling groups[e.g. in CICH(COOEt})).
Neverthelessevensuchweakly nucleophiliccarbanions
give the VNS productswith sufficiently electrophilic
arenes’

VNS is not limited to the introduction of carbon
substituentwia the reactionwith carbanionsAnions of
alkyl hydroperoxidessuch as tert-BuOOH or cumene
hydroperoxideeactwith alargevariety of nitroareneso
producenitrophenolst® Similarly, hydroxylaminé® and
hydraziné’ derivativesand sulfenamide® afford effi-
cient VNS aminationof nitroarenes.

From this introduction, it is evident that the VNS
reactionis a generaland versatile processallowing the
introductionof avarietyof C, O andN substituentinto a
virtually unlimited rangeof electrophilicaromaticring-
S_6a,7,19

Ontheotherhand,mechanistideaturesof this process
andfactorsgoverningits orientationare muchlesswell
known. Its mechanisticpicture is essentiallybasedon
qualitative studies and observationsmade during ex-
ploratoryresearchn this field.

0 1998JohnWiley & Sons,Ltd.

MECHANISM OF THE VNS REACTION

The VNS reactionis unquestionably multi-stepprocess
which includesthe formation of the +"'-adductsof the

carbaniorto nitroareneandtheir transformatiorinto the

final products.Hencea few importantquestionsshould

be addressedhow doesthe formationof the o"-adducts
proceed how doesthe transformatiorof the o"-adducts
into productsproceedwhat arethe relationshipgor the

ratesof the nucleophilicadditionanddissociationof the

o"-adductsto the startingcomponentsindtheir conver-
sioninto the products?

Theformationof theanionico-adductof nucleophiles
to nitroarenesis a common initial step for the VNS
reaction, SyAr reactionsof halogensand many other
processesln general,two pathwaysare consideredor
this processdirect nucleophilicaddition and a two-step
processproceedingvia single electron transfer (SET)
from the nucleophileto the nitroarene,giving radicals
andradical anions,followed by coupling of thesepara-
magneticspecies.The latter processwas recently often
favored as a route to the formation of o*-adducts,
intermediatesn the SyAr reactionsof halogens® This
aspecthas not beenstudiedfor the VNS reaction, but
thereare no observationsndicating that o"'-adductsare
not formedvia direct nucleophilicaddition®*?

In this paper we will discussmainly mechanistic
problemsof the conversionof ¢"-adductsinto VNS
productsandeffectsof somefactorson the orientationof
thisreaction.TheVNS reactionwasdesignednthebasis
of the hypothesighat o"-adductsof «-halocarbanionso
nitroarenescan be convertedinto the productsvia a
hydride shift promotedby the simultaneouslepartureof
the halogenanion. A similar mechanismwas proposed
earlier for the amination of m-dinitrobenzenewith
hydroxylamine?? althoughit appeargo be incorrect.A
reasonable mechanistic alternative for this process
appeardgo be a base-induceg-elimination of hydrogen
halide.

For differentiation of thesealternativeprocessesthe
effectof baseon thereactionrateshouldbeinformative.
Therateof thebase-induceg-eliminationshoulddepend
on the kind and concentrationof base whereasthe
hydrideshift shouldbeinsensitiveto thesechangesinder
thereactionconditions.The influenceof baseon the rate
of the VNS reaction was studied using competitive
experimentsn which the rate of the VNS reactionwas
comparedwith that of a competingprocessndependent
of a base.For example,in the model reaction of p-
fluoronitrobenzenewith the carbanionof chloromethyl
phenyl sulfone (Scheme2), the ratesof its additionin
para andortho positionsgiving o' - and o"-adductsand
therateof fluoride ion departurefrom the s -adductand
alsothe hydrideshift in o"'-adductshouldnot dependon
the base concentration.On the other hand, the (-
elimination of HCI from the o™-adduct should be
sensitive to base concentration.The observedstrong
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influenceof the baseconcentratioron the ratio of SyAr
andVNS productsindicatesthat the baseaccelerateshe
formationof thelatterproductandthusconversiorof the
o"-adduct?

Fromthesesimple experimentsit wasconcludedthat
the conversionof the ¢"-adduct proceedsas a base-
inducedp-elimination,thatthe secondstepis kinetically
importantfor the overall reactionrate and that the first
step,formationof the ¢"-adduct,is a fastandreversible
process.

A similar effectof the baseconcentratioron therateof
the VNS reaction monitored by the competition with
SVAr of halogensasbeenobservedn manyothercases.
Forinstancethereactionof chloromethylphenylsulfone
carbanionwith 2-nitro-3-bromothiophengroceedsas
VNS of hydrogenin position5 whenbaseis usedin an
excessor asSJAr of 3-Br in the absencef anadditional
base®® The VNS hydroxylationof 4-nitrochlorobenzene
with cumeneor tert-butyl hydroperoxidegproceedsvhen
baseis usedin excesswhereasn the absenceof addi-
tionalbasehealkyl hydroperoxideanionsreplacemainly
halogenin this nitroarene:>?etc.

For mechanisticclarification of the VNS reaction,of
substantialimportanceis the observationthat the ¢*-

N r502Ph
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XN
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N N
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Cx s - X

S
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30
60

adductof chloromethylphenyl sulfone carbanionto 6-

azaquinoxalineanreactin two ways dependingon the

baseconcentratiorfSchemed).>* Whenadditionalbasds

absenit undergoesntramoleculamucleophilicsubstitu-
tion to give anaziridinederivative,which reactswith the

next carbanion molecule to give the bis-annulation
product.On the otherhand,an excesof basepromotes
base-induceg-elimination, resultingin the VNS reac-
tion. This observatioris of particularvaluebecausédere
the sames"-adductenterstwo competingprocessesso

reversibility of its formationandthe kinetic significance
of the secondstepdo not affect the results.

NO, NG,
_ el _
+  NuX ——> + X + BH
H ;\lu Nu .
X
Scheme 4.

Basedon theseand numerousother observationsthe
mechanisticpicture of the VNS can be presentedas
shownfor para-substitutionin nitrobenzenén Schemet.
Deprotonationof the nucleophile precursorand pro-

tert BuOK ch\glso ,Ph
/ AN

SO,Ph

SO,Ph

36
14

Scheme 3.
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tonationof the anionic productsare not shownbecause
theyarenot kinetically importantunderthe appliedcon-
ditions.

Sinceit canbe assumedhatthe ¢"-adductsareshort-
lived intermediatesthe steady-statepproximationcan
be applied, so the second-orderrate constantof VNS
reactionatagivenbaseconcentratioriB 7] is represented
by Eqgn (1), which can be simplified under certain
conditionsto Eqn (2) or (3):

kvns = rate/[ArH][NU] = kiko[B™]/ (ki + ko[B7]) (1)

kyns = (kl/kfl)kz[B_} when kz[B_]/k,1 <1 (2)

kvns = ki whenk;[B7]/k_1 > 1 (3)

In the first case[Eqn (2)], the reactionrate is of first
order in baseconcentrationand it dependsalso on its
strengthvia thevalueof k. In the secondcaseEqn (3)],
thebasedoesnot affectthe overallrateandthe VNS rate
constantis identicalwith that of the addition (formation
of the o™-adduct).In the intermediatecasesthesesim-
plificationsare not allowedandthe effect of baseon the
rateof the VNS is not linear.

Equation(2) describeshereactiontherateof whichis
proportionalto the equilibrium constantof the addition,
KM =ky/k_;, henceit can be consideredas a thermo-
dynamically controlled processwhereasEqn (3) repre-
sentskinetic control of the reaction.

Recognition of a kinetic model of a given VNS
reactionis essentiaffor the properinterpretationof the
results and for understandinghe crucial questionsof
VNS, i.e. electrophilicreactivity of arenesand orienta-
tion of the process.Direct kinetic and thermodynamic
data for ¢"-adductsformation in arenesof medium
electrophilicity, such as mononitrobenzenelerivatives,
are not available,hencethe VNS reactionmay provide
someinformationonrelativeratesor relativeequilibrium
constantf the nucleophilicadditionto sucharenes.

EFFECT OF ELECTROPHILICITY OF ARENES ON
THE VNS REACTION

The electrophilicity of arenescanbe expressedn terms
of therateof additionof nucleophilicagentdo thearene

rings and,in the caseof its reversibility, of the addition
equilibrium. When SyAr and VNS reactionsare com-
paredit appearghat the latter is more sensitiveto the
electrophilicity of the arenesin contrastto SyAr, where
the additionin a positionoccupiedby a leavinggroup X
produces~*-adductsfrom which X~ usuallydepartsn a
fast processthe secondstepin the VNS reactionis of
critical importance The base-induceéliminationof HX
from the o"-adducts,especiallyin the caseof weaker
electrophileqlargek_;), may bethe sloweststep(k,[B]/
k_; < 1) of thewhole processAs a consequencef low
stabilization of the negativechargein o"-adducts,the
equilibriumconstank" = k,/k_; andprobablyalsok; are
bothvery small,hencethevalueof K"'k,[B 7] (theoverall
rate) becomesextremely small. In other words, the
formationof o*-adductss necessargndsufficientfor a
typical SyAr process,whereasthe formation of o"-
adductsis necessarput not a sufficientrequirementor
VNS. Accumulateddata indicate that ¢"-adductsare
initial short-lived speciesproducedwhen nitroarenes
reactwith nucleophilesandtheir formation precedeghe
formation of o*-adductst®® however, for VNS some
additionalrequirementshouldbe satisfied:nucleophiles
should contain leaving groupsand both the o"-adduct
and the base should be present at concentrations
sufficientto ensurea fast elimination processSincethe
stability of nucleophilessuch as a-halocarbanionsis
usually low, the slow rate of the VNS in the caseof
weakly electrophilic arenes precludes this reaction
becauselecompositiorof the nucleophilesoccursfaster.
Thereis no suchgenerallimitation for SGAr reactions.
An interestingpossibility for evaluatingthe electro-
philicity of nitroarenesn thelight of theserequirements
provides the VNS reaction with trihalomethyl carba-
nions2* Theseanionscanform o"-adductgo nitroarenes
provided that the addition proceedsfaster than their
dissociationnto dihalocarbenesSinceall substituentst
the carbanioncenter are good leaving groups, the /-
eliminationof the HX from theses™ adductsshouldbea
particularlyfacile andrapidprocessilt appearstherefore,
thattheyieldsof the VNS dihalomethylatiorproductsare
a result of competition betweendissociationof these
carbanionsinto dihalocarbenesand addition to nitro-
arenes.Thus, taking additionally into accountthat the
dissociatiorof CBr;~ proceeddasterthanthatof CCls ™,

X=Cl X =8r
NO, NO, cl 94 69
CHX, CHX CF, 76 64
- OTs 50 48

tert-BUOK H 52(13)° 16(15)°
7 DMF/THF/-70° Z OPh 59 b
F 59 g
OMe L L

2 ortho isomer (para in brackets)
® dihalomethylathion not observed
Scheme 5.
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theyields of the dichloromethylatecganddibromomethy-
latedproductscanbe usedasa qualitativemeasuref the
electrophilic activity of nitroarenes® Some selected
resultsof VNS in 4-substitutechitrobenzenegsre shown
in Schemeb. Althoughthey confirmthe expecteceffects
of substituentparato thenitro groupontheelectrophilic
reactivity of thering, thelowerreactivity of derivativesn
which lone electron pairs of the heteroatomscan be
conjugatedvith thenitro groupof the substratesuchas4-
OMe and4-F is noteworthy.

Analysisof thegenerakineticsof VNS [Eqns(1)—(3)]
indicatesthat an increaseof electrophilicity of nitroar-
enesshould be more favorablefor VNS than for SJAr
reactions. For moderately electrophilic arenes, the
competition betweenSyAr and VNS is controlled by
the relationshipbetweenthe ratesof dissociationof o"-
adductgk_1) and $-elimination (ko[B™]):

kH
Vuns/Vsar = k—i ka[B7]/k-1 (4)
1

Whenthe former constanis high, ky[B "]/k_; is much
smallerthan unity and the SyAr processmay be faster
than VNS despitethe fact thatk,” > k,* [Eqn (4)]. The
increasingelectrophilicityof theareneprobablydoesnot
influencethe k;"/k;* ratio but the valueof k_; becomes
substantiallysmaller,resultinganincreaséan Vyns/Vs ar
ratioandalsoin aprogressivehangen thekineticmodel
of the VNS reaction [Egns (2) and (3)]. In the most
convincingway, sucha situationcanbe observedn the
VNS hydroxylationof 4-nitro- and2,4-dinitrochloroben-
zenewith alkyl hydroperoxide¢Schemes).*>?

In the presencenf both weak (ROOK) and strong(t-
BuOK) basethe VNS/SyAr productratio is muchhigher

NO, NO,
/© SAr
+ ROOK ——
z z
Cl OOR

VNS l ‘ l
NO, NO,
OH
z z
cl OH

VNS / S\ Ar product ratio

t-BuOK / t-BuOOK

Z=H Z=No,
0 <0.05 25
1.0 >03
4 29
4 10.4°

3 PhCMe,OOK was used instead of t-BuOOK

Scheme 6.
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in the caseof the dinitroarene.Moreover,the observed
effectsof the strengthand concentratiorof the baseand
the kind of leaving group on this reaction strongly
suggestthermodynamiccontrol in the caseof mononi-
troarenehydroxylation,whereasn the caseof the more
electrophilic chloro-2,4-dinitrobenzenthe VNS model
changesso that in the presenceof strong basethe f-

eliminationbecomeshefaststep(k,[B "1/k_; > 1) of the
reaction. This conclusionwas drawn from kinetic iso-

topic effect measurementsrevealing kyns' /kuns® =

6.0+ 0.3 and 0.98+ 0.01 for the reactionof 1-D-2,4-

dinitrobenzene induced by weak and strong base,
respectively:>®

ORIENTATION OF THE VNS REACTION

In contrastto the conventional SGAr of halogensin

electrophilicareneswhich proceedsit the site wherethe
halogenis located henceorientationis aminorissue the
VNS reaction can usually proceedin more than one
position of the arenering, forming isomeric products.
Orientationof the VNS reactionis thereforeanimportant
question.

The orientationcan be consideredas the relationship
betweenheratesof the reactionat different positionsof
the aromaticring, henceall parametersaffecting these
ratesshouldinfluencethe observedorientation.From a
phenomenologicalstandpoint one would expect the
orientationto be a function of the following factors: (1)
structure of the electrophilic arene—aromacityand
symmetryof the ring and substituentsn the ring; (2)
structure of the nucleophilic agents—nucleophility,
stericdemandskind and numberof leavinggroups;and
(3) reaction conditions—solvent,counterion, strength
andconcentratiorof the base temperatureetc.

Generallytheseparametersaninfluencethe VNS rate
in both additionand p-elimination stepsand, depending
on the details of the mechanism,this effect can be
different. Numerous experimental observations con-
firmed that all thesefactorsexert substantialeffectson
the orientationof VNS which, in certaincasescan be
controlledover a wide range.

There are electrophilic arenesin which structural
elementsesponsibldor theelectrophiliccharacteof the
areneensureselectiveactivation of certain positionsin
the aromaticring. In polyazaheterocyeksuchas1,2,4-
triazine? acridine??5- and 6-azaquinoxalinés2® and
benzothiazolé?® the location of the electronegative
heteroatomslefinespossiblesites of nucleophilicaddi-
tion, hencethe VNS reactionproceedselectivelyin such
positions More complicateds theorientationproblemin
arenes activated by a nitro group, which activates
strongly all conjugatedortho and para positionsof the
ring. Only in intrinsically non-symmeic aromatic
systemswith considerablydifferent bondsmultiplicities
and the nitro group locatedin specific positionsis the
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Figure 1.

activation limited to one position. For example,in 2-
nitronaphtalen® the reactionproceed=only in position
1, and similarly in 3-nitrothiophené®*-27 3-nitrofuran
and 3-nitropyrrolé® only position 2 is activated for
nucleophilic addition and hence for the VNS. High
regioselectivityhasalsobeenfoundin VNS reactionsof
chloromethyl phenyl sulfone with nitroquinolines*:2®
Exceptfor the 2-nitro isomer, all mononitroquinolines
reacted exclusively in one specific position. Similar
selectlwtg/ was found for 2-X-3-nitro-1,8-naphthy-
ridines?®® Calculationsof the 7 electron stabilization
energy showedthat the reactionis controlled by the
interactionsof HOMO of the nucleophileand LUMO of
the substrateas these energy values, contrary to the
formal electroncharges,were in full accordwith the
observedrientation?®

In general,however,positionsactivatedby the nitro
group are not sufficiently differentiated for selective
VNS, hence the observedorientation is a result of
interplay of other factorsaffecting the reactionratesin
different positions.

The VNS reactionis very sensitiveto sterichindrance
createddy thenitro groupor othersubstituent#n thering.
Carbanionandothernucleophilesvith substantiateric
demandsendto reactin positionsparato thenitro group
or in positionsin which the steric hindranceis smallest.
Thus,for VNS reactionsof nitrobenzeneavith carbanions
CHXY theorthd/pararatio decreases theorderX = F,
Cl, Br, | andalsoin theorderY = CN, SO,0R, SO,Ar.%°
More drasticeffectson orientationare exertedby addi-
tional substituentsat the carbanioniccentre.Whenboth
ortho and para positions are available, more bulky
tertiary carbanionsusually replace exclusively para

3]

conditions:

——

NO,
B~ Nu 4 88 ‘OOR
O‘ NuX OO 1 71 | NHSR

KOH/DMSO/rt or tert-BuOK /DMF/rt for the amination (R= 2-benzothiazolyl)

hydrogenatoms®°® Although steric hindranceoperates
on the additionandeliminationsteps,it appearghatthe
latter effectis particularlyimportant,asthe bulkinessof
the nucleophilemoiety should considerablyhinder the
antiperiplanar conformation in the ortho o"-adduct
requiredfor the -elimination (Fig. 1)

Indeed,whereasunder typical weak-baseconditions
(KOH in DMSO—becausef theinsolubility of KOH the
carbanionof the substratds the operatingbase)tertiary
1-chloroethylphenyl sulfonereplacesonly para hydro-
genin nitrobenzeneand doesnot reactat all whenthis
positionis occupied,understrong-baseonditions(tert-
BuOK, DMF) at low temperatureortho-substitutionin
nitrobenzeneis also observed(orthd/para ratio=1:16)
andin para-substitutedierivativesit occursefficiently >

When all substituentsn tertiary carbanionsare good
leaving groups,the steric hindranceis counterbalanced
by a statistical factor favoring the S-elimination. Tri-
chloromethyl carbanionsin the tert-BuOK-DMF-THF
(=70°C) systemreplace ortho-hydrogensin nitroben-
zene four times faster than para-hydrogens.1-Nitro-
naphthalenand2-nitrothiophenaredichloromethylated
exclusivelyin the ortho position*

Theseand many other observationshowthat factors
which favor fast -elimination, suchas the presenceof
efficient or more than one leaving groupin the nucleo-
phile and a high concentrationof a strong base,favor
ortho orientation of VNS. The tendency for ortho
orientation is enhancedat low temperaturewhen all
reactionsput particularlydissociatiorof the o™-adducts,
andthusequilibration,aredeceleratedt appearshatthe
initial addition of nucleophilesto nitroarenesproceeds
ortho to the nitro group; however, the producedcs'-
adducts are less stable than the correspondingpara
isomers(k°,/kP; > 1; K%/KP < 1). When the elimination
step is not sufficiently fast (ko[B7]/k_; < 1, thermo-
dynamiccontrol), the ortho o"-adductsrearrangevia a
dissociation—additionprocess to produce para o"-
adducts.On the other hand,when k;[B J/k_1 > 1 and
thus kyns=Kk; (Kinetic control), ortho substitution
becomeghe dominantprocess.

NO, B=NaOH #BuOK | ‘NuX
81 trace ‘O0R
OO 75 8 ‘NHSR
Nu
yields (%)

NaOH or tert-BuOK/NH, ,/-33°C for the hydroxylation (R= tert-butyl)

Scheme 7.
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Underthermodynamicontrol,thereactionratekyns =
Kko[B ] thusdependslsoon the rate of the elimination
which could be responsibleor the observedpreference
for para-substitution,regardlessof the K°/KP value, if
kP, > Kk°. The resultsof aminatiorf'® and hydroxyla-
tion'®" of 1-nitronaphthalene(Scheme7) apparently
clarify this uncertainty.

In contrasto thereactionpromotedby tert-BuOK, the
useof insoluble NaOH, hencethe nucleophileanion as
the only acting base, leads to predominant para
substitution>® Taking into account the low steric
demandof the nucleophilesthe differencesn therates
of the elimination step in these reactionsshould be
negligible (k°, ~k%). These results suggestthat the
orientation (k°yns/k®vns) underthermodynamiacontrol
conditionsreally representghe KP/K® relationshipand
thatit is muchgreaterthanunity.

The tendencyfor kinetic or thermodynamicontrol of
the VNS reactiondependsalsoon the nucleophilicity of
the carbanionsHigh nucleophilicity shifts the addition
equilibrium towardso™-adductsand thus favors kinetic
control, and vice versa, orientation of VNS with
carbanionsof lower nucleophilicity is usually thermo-
dynamicallycontrolled.

Theorientationof VNS canbestronglyaffectedby the
state of the carbanionsin the solution. Under the
conditionstypical for VNS (NaOH, KOH or tert-BuOK
in DMSO, DMF or liquid NHs), carbanionsandcounter-
ions form loose ion pairs. Under such conditions, the
orientationof VNS in nitrobenzenewith CICH,SO,Ph
dependsn factorsdiscusseckarlier and the orthd/para
ratio variesin range 0.4—-2.1.0n the other hand, this
reactioncarriedoutin the presencef tert-BuOK in THF
resultsin the exclusiveformationof the ortho-substituted
product®® A similar effecthasbeenobservedvith many
othernitrobenzenalerivativesandalsofor cyanomethy-
lation reactions®? This ortho effectcanberationalizedas
follows. In THF, wheretight ion pairsexist, nucleophilic
additionin theortho positionis stronglyfavoredowingto
the interactions between cations and the nitro group
oxygensin the cyclic transitionstate(Fig. 2). Hencek®;/
kP, > 1 and VNS takesplacepreferentiallyin the ortho
position. This suppositionis confirmedby the observa-
tion that the addition of crown ethers, efficiently
solvating K*, eliminates the preferencefor an ortho
orientation®* Since this directing effect is of kinetic
natureandcanoperateonly onthefirst stepof the VNS, it
appearshatthisreactionin THF is kinetically controlled.

Figure 2.
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An issueof similar natureis thecopper-promote® NS
substitutionselectivelyin position 2 of 1,3-dinitroben-
zene with secondaryand even tertiary o-halocarba-
nions3 The chelation involving copper cation, two
nitro groupsandtheleavinghalogernis believedto bethe
reasorfor suchan orientation.

Theeffectsof substituentin theelectrophilicaromatic
rings on the VNS orientation can be of steric and
electronic nature. As has already been mentioned,the
ring substituentsanexertsterichindranceo theaddition
of the nucleophilesand particularly to the elimination
step. The steric effect on the addition processcould be
first or second order, namely directly affecting the
addition site or hinderingcoplanarityof the NO, group
with thearomaticring necessarfor efficientstabilization
of the anionics"-adducts.

The electroniceffect of substituent®n the orientation
of the VNS reactionis a particularly complexquestion.
Both stepsof the VNS are affectedby the substituents,
often in different ways, so their overall effect canvary
dependingon the kinetic modelof the reaction.Whereas
their influence on electron density or LUMO orbital
coefficientscanbe calculatedandcorrelatedwith ratesof
additionandalsothe stability of the ¢"-adductsnothing
is knownabouteffectsof thesubstituent®ntherateof -
eliminationfrom the ¢"-adductswhich s crucial for the
kinetic relationshipsof the two-stepreaction.Thereare
manyinterestingresultsand observation®f the orienta-
tion of VNS reactionsof 2- and 3-substitutedand
disubstitutechitrobenzenealerivativesthat suffer from a
lack of reliable rationalization.The mostcomplicatedis
the orientation patternin 3-Z-nitrobenzenederivatives
which canform threeisomericVNS productsat positions
2, 4 and 62129325y rprisingly,substituentsuchasMe,
MeO, F, CI, Br and NMe, favor substitutionin their
vicinity at C-2 andC-4. Whenthereactionis carriedout
in the presencef t-BuOK in THF the substitutionoccurs
mainly is the mosthinderedposition 2 21¢:31:32

Perhapsthe most interesting effect on the VNS
orientationis exertedby highly electron-donatingsub-
stituentsconjugatedwith the nitro group. The conjuga-
tion of the lone electronpairsleadsto reorganizatiorof
the n-electronsystemin the substrateandhencestrongly
differentiatesthe activatedpositionsto the nucleophilic
attack. Examplesof structuresfor which such effects
were observed,in comparisonwith thoseincapableof
efficientconjugation andpreferredpositionsof the VNS
reactionareshownin Schemes.

The orientationof VNS in 2,4-dinitrophenoland 2,4-
dinitroanisolds different—it proceedst position3in the
formerandat position5 in the latter case** The phenol
entersthe reactionas the dinitrophenolateanion repre-
sented by two resonancestructures so it can be
consideredas a nitrocyclohexadienonsystemin which
nucleophilic addition occursat C-3. Such conjugation
alsotakesplacein 2,4-dinitroanisolebut the correspond-
ing dipolar structureis of much smaller weight and
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Scheme 8.

cannotcounterbalancehe steric hindranceat C-3. The
conjugationof the NMe, groupwith the nitro groupsin
2,4-dinitroN,N-dimethylaniline is much stronger,thus
the dipolar structures govern the behavior of this
nitroareneand the VNS occurs, as in the anionized
dinitroaniline,at C-321% Onthe otherhand,in N-methyl-
N-acyl-2,4-dinitroailine, in which the conjugationis not
efficient, VNS proceedst position5.

Similar effects are responsiblefor some surprising
observationgoncerningVNS orientationin heterocyclic
nitroarenes.n five-memberedcheterocyclessuch as 2-
nitrothiophene it was expectedthat the substitution
should take place at C-3 becauseof the substantial
double characterof the C-2—C-3 bond. This tendency
shouldbe strongeiin thelessaromatic2-nitropyrroleand
2-nitrofuran. Indeed, VNS in 2-nitrohiophene with
CICH,SO,Phoccursat position 3 whereasunexpectedly
thereactionwith N-methylpyrroleproceedst C-58°25|t
appearghatin the latter casethereis efficient conjuga-
tion of thering nitrogenwith the nitro group,asshownin
SchemeB, hencethe nucleophilicadditiontakesplaceat
C-5. This rationalizationis confirmedby the observation
that VNS in 2-nitro-N-(phenylsulfonyl)pyrrolejn which
suchconjugatiorcannotbeefficient,proceedst C-3 835

Equallyinterestingobservationsveremadein the2-Z-
5-nitropyridine series in which distribution of the
isomeric VNS productsat C-6 and C-4 was controlled
by Z.242-Z-5-nitropyridinederivativesaresimilarto 1-Z-
2,4-dinitrobenzenebecausehe pyridine nitrogen pro-
videssimilar activationto NO,, butdoesnot createsteric
hindrances.As a consequencethe conjugationof the
methoxygroupappearsufficientto directthe VNS into
position2.2* Themostspectaculais the caseof 2-ArO-5-
nitropyridinein which substituentsn the aryloxy group

exerst 68. substantialeffect on ratio of 4- and 6-substitu-
tion.

Thediscussiorof mechanisti@andorientationfeatures
of the VNS reactionis basedn observationsnadein the
courseof exploratorystudiesandqualitativecompetitive
experimentsSincethis processs of wide scopeand of
substantiabracticalvalue, detailedquantitativeinvesti-
gations of its mechanismare necessaryWe certainly
hope that this paper will stimulate interestin these
problems and promote mechanistic studies of this
importantreaction.
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