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1. Introduction
The 1,2- and 1,4 quinone methides are formally neutral molecules. However, the
zwitterionic aromatic valence bond resonance structures (Scheme 1) make an important
contribution to their structure. This combination of neutral and zwitterionic valence bond
structures confers a distinctive chemical reactivity to quinone methides, which has attracted
the interest of many chemist and biochemists.

The neutral 1,4 and 1,2 quinone methides react as Michael acceptors. However, the
reactivity of these quinone methides is substantially different from that of simple Michael
acceptors. The 1,6-addition of protonated nucleophiles NuH to simple Michael acceptors
results in a small decrease in the stabilization of product by the two conjugated π-orbitals,
compared to the more extended three conjugated π-orbitals of reactant. However, the
favorable ketonization of the initial enol product (Scheme 1) confers a substantial
thermodynamic driving force to nucleophile addition. By comparison the 1,6-addition of
NuH to a 1,4 quinone methide results in a large increase in the π-stabilization energy due to
the formation of a fully aromatic ring (Scheme 2A). This aromatic stabilization is present to
a smaller extent at the reactant quinone methide, where it is represented as the contributing
zwitterionic valence-bond structure for the 4-O−-substituted benzyl carbocation (Scheme 1).
The ketonization of the product phenol (Scheme 2B) is unfavorable by ca 19 kcal/mol.1,2

Quinone methides are highly reactive and this reflects the large contribution of the polar
zwitterion to the overall molecular structure (Scheme 1). In other words, the 1,4 quinone
methide is a benzylic carbocation that is strongly stabilized by the resonance electron
donating 4-O− substituent.3 Consequently, the rate constants kNu for addition of nucleophiles
to a di-CF3 substituted quinone methide (Scheme 3A) are correlated by the N+ scale for
nucleophile addition to strongly resonance stabilized carbocations,4,5 and quinone methides
have been used by Mayr, alongside other carbocations, as reference electrophiles in the
construction of nucleophilicity scales.6 The efficient and synthetically useful 2 + 4 addition
of electron-rich alkenes to 1,2 quinone methides can be similarly understood as the stepwise
electrophilic addition of a resonance stabilized benzylic carbocation to nucleophilic alkene,
followed by capture of the oxocarbenium ion intermediate by phenoxide ion (Scheme 3B).7

1,3-Quinone methides are strikingly different from the 1,2- and 1,4-isomers, because there is
no direct orbital interaction between the meta-oxygen and carbon substituents at the benzene
ring. Consequently, the neutral valence bond resonance form for the 1,3-quinone methide is
a triplet biradical (Scheme 1). These 1,3-quinone methides are chemically more unstable and
difficult to generate than their 1,2- and 1,4-isomers, which exist as stable neutral molecules.8

This chapter will focus on o- and p-quinone methides and will be divided into two parts. The
first will present methods for generating quinone methides in photochemical and solvolysis
reactions and will emphasize how the structure and stability of quinone methides dictates the
pathways for their formation. The second section will discuss the results of experiments to
characterize the reactivity of quinone methides with nucleophilic reagents, and the broader
implications of these results. The scope of this presentation will reflect our interests, and
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will focus on studies carried out at Buffalo. We considered briefly writing a comprehensive
chapter on quinone methides, but abandoned this idea when we learned of Steve Rokita’s
plans to edit a 12-chapter text, which presents an extremely comprehensive coverage of the
chemistry and biochemistry of quinone methides.9

2. Generation of Quinone Methides by Photochemical Reactions
Absorption of a photon in the UV spectral region may lead to generation of electrophilic
species by fast heterolytic bond cleavage at the photochemically excited state.10 Quinone
methides are readily accessible through reactions of such photochemical excited states.11,12

This section outlines photochemical pathways for the generation of quinone methides.

Early Work
Lactones undergo a variety of competing photochemical reactions to give complex mixtures
of products.13 However, irradiation of pent-3-en-4-olide at 77 K in an IR cell gives the
methyl vinyl ketone and carbon monoxide as the initial photochemical reaction products
(Scheme 4A).14 Benzofuran-2(3H)-one (Scheme 4B, X = O) undergoes a related
photochemical decarbonylation to give an o-quinone methide 1, which can be trapped by
1,1-dimethoxyethene methanol to form the o-hydroxybenzylmethyl ether or by a ketene
acetal to form an ortho-lactone (Scheme 5A).14 The photochemical reaction of 3-
phenylisocoumaranone in methanol gives the o-quinone methide o-2 (Scheme 4C) which
then reacts to form xanthene (3, Scheme 5B). Xanthene was proposed to form by
intramolecular electrocyclic addition reaction of o-2 followed by a 1,3 hydrogen shift
(Scheme 5B).15 The photochemical decarbonylation of 2,4,5-trimethylhomogenistic lactone
gives the 2-hydroxy-1,3,4-trimethyl-o-quinone methide.16 The o-thioquinone methide has
been generated by decarbonylation of benzothiolactone (Scheme 4B, X = S) and trapped by
N-ethylmaleimide.17

Irradiation of 2,2-dimethylchromene through pyrex using a 550W Hanaovia lamps initiates a
retro 4 + 2 reaction to form the extended quinone methide 4 which reacts with methanol to
form a pair of methyl ethers (Scheme 6A).18 Flash photolysis of coniferyl alcohol 5
generates the quinone methide 6 (Scheme 6B) by elimination of hydroxide ion from the
excited state reaction intermediate.19 The kinetics for the thermal reactions of 6 in water
were characterized,20 but not the reaction products. These were assumed to be the starting
alcohol 5 from 1,8 addition of water to 6 and the benzylic alcohol from 1,6 addition of water
(Scheme 6). A second quinone methide has been proposed to form as a central intermediate
in the biosynthesis of several neolignans,21a and chemical synthesis of neolignans has been
achieved through a quinone methide that was proposed to form as an intermediate in their
biosynthesis.21b

Photoprotonation of alkenes
Phenylacetylenes X-7 and styrenes X-8 undergo photoprotonation in aqueous sulfuric acid
followed by addition of water to give the corresponding ring substituted 1-phenylethanols
and ring-substituted acetophenones, respectively.22 Photoprotonation by laser flash
photolysis has been used extensively a source of benzylic and other carbocations in studies
to characterize their thermal reactivity with solvent and added nucleophilic reagents.10,23,24
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Yates and coworkers have examined the mechanism for photohydration of o-OH-8. The
addition of strong acid causes an increase in the rate of quenching of the photochemically
excited state of o-OH-8, and in the rate of hydration of o-OH-8 to form 1-(o-
hydroxyphenyl) alcohol. This provides evidence that quenching by acid is due to protonation
of the singlet excited state oOH-8* to form the quinone methide 9, which then undergoes
rapid addition of water.22 Figure 1 shows that the quantum yields for the photochemical
hydration of o-methoxystyrene (closed circles) and o-hydroxystyrene (open circles) are
similar for reactions in acidic solution; but, the quantum yield for hydration o-
hydroxystyrene levels off to a pH independent value at around pH 3, where the yield for
hydration o-methoxystyrene continue to decrease.25 The quantum yield for the
photochemical reaction of o-hydroxystyrene remains pH-independent until pH ≈ pKa of 10
for the phenol oxygen, and the photochemical efficiency of the reaction then decreases, as
the concentration of the phenol decreases at pH > pKa = 10.25 These data provide strong
evidence that the o-hydroxyl substituent of substrate participates directly in the protonation
of the alkene double bond of o-OH-8* (kiso, Scheme 7), in a process that has been named
“excited state intramolecular proton transfer” (ESIPT).26

A quinone methide makes a surprising appearance as an intermediate of the photochemical
exchange of deuterium from D2O into the 2′-position of 2-phenylphenol (13).27–29 No
photochemical deuterium exchange is observed for reactions of the related phenylanisole 10
or phenylphenols 11, and 12; and, deuterium exchange at the 4′-phenyl position of 13 is very
much slower than deuterium exchange into the 2′-phenyl position. These observations
provide evidence that the 2-OH plays a direct role in the deuterium exchange reaction. They
are consistent with Scheme 8, where deuterium exchange at the 2′-position of 13 proceeds
with intramolecular protonation of the phenyl ring by the neighboring –OD group.28 The
efficiency of deuterium exchange into both the 2′- and 4′-phenyl positions in mixed water/
acetonitrile solvents increases with increasing D2O composition of the solvent. The
maximum efficiency for exchange into the 2′-phenyl position is observed at very low ≈ 0.1
M conentration of D2O, while a much higher concentration of 10 M D2O is required to
obtain the maximum efficiency for exchange into the 4′-phenyl position.28 This is consistent
with deuterium exchange into the 2′-phenyl position by direct photochemical excitation of
the phenol ring in a reaction that does not depend strongly on the solvent polarity (Scheme
8), and with exchange into the 4′-position that proceeds with excitation of the phenoxide ion
that is stabilized in solvents of high D2O composition.

Photoheterolysis Reactions
There have been many reports of photosolvolysis of benzyl alcohols and other benzyl
derivatives to form the corresponding benzylic carbocation;30–33 and, photosolvolysis using
laser flash photolysis has been used extensively a source of benzylic carbocations in studies
to characterize their thermal reactivity with solvent and added nucleophilic reagents.10

Photolysis of substituted phenols that contain electron-withdrawing groups at the benzylic
carbon has also been reported to give quinone methides.34–36 For example, Seiler and Wirz
showed that irradiation of trifluoromethylphenol and trifluoromethylnaphthol in aqueous
solution yielded the corresponding hydroxybenzoic acids and hydroxynaphthoic acids. It
was proposed that photohydrolysis proceeds by breakdown of an excited state singlet with
cleavage of the C-F bond to form the quinone methide shown in Scheme 9, which reacts
rapidly with solvent to form p-hydroxybenzoic acid.36

The photosolvolysis of o-hydroxybenzyl alcohols in 50/50 methanol/water is faster than
photosolvolysis of the corresponding o-methoxybenzyl alcohol, because ionization of the
phenol oxygen strongly activates these substrates for loss of hydroxide ion to form quinone
methides.30 The quantum yield for conversion 14 to 15 (λmax = 450 nm) by laser flash
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photolysis increases with increasing pH to a constant value at pH ≈ 3; a further increase is
then observed at pH > 8.11 The first rise in quantum yield was proposed to represent the
increase in the photosolvolytic reactivity of the first excited state that accompanies
deprotonation of phenol oxygen (pKa ≈ 2, bottom pathway, Scheme 10), and the second rise
to represent an additional pathway for formation of the quinone methide by direct excitation
of the ground state of phenoxide ion (bottom pathway, Scheme 10), whose pKa of 10 is
much higher than for the singlet excited state.37

There are many additional reports of the of o- and p-quinone methides in photosolvolysis
reactions.

a. Photolysis of (1–phenyl)(1-o-hydroxyphenyl)ethene and 1–(o-hydroxyphenyl)(1–
phenylethanol) in 1/1 acetonitrile/water results in photoprotonation and
photosolvolysis reactions, respectively, to form the relatively long-lived (t1/2 > 100
μsec) quinone methide 15a (Scheme 11A).38

b. Laser flash photolysis of biphenyls 16 and 17 produces the corresponding quinone
methides 15b and 15c, respectively (Scheme 11B and 11C).29

c. Laser flash photolysis of the acetate ester of (p-hydroxyphenyl)(p-methoxyphenyl)-
methanol gives the quinone methide 20 (Scheme 11D).39

d. Photosolvolysis of vitamin B6 in methanol produces the corresponding methyl
ethers, consistent with the formation and thermal trapping of the pyridine o-
quinone methide 18.40,41 The trapping of 18 by ethyl vinyl ether was also reported
(Scheme 11E).40,41

Freccero and coworkers have reported the photochemical generation of quinone methide 20
from the racemic binaphthol 19a, and they have adopted this reaction to generate chiral
ligands with potential applications in organic syntheses.42,43 The trapping of 20 by L-proline
methyl ester, followed by a second round of quinone methide generation and trapping with
L-proline methyl ester gives a diastereomeric mixture of binaphthols 21 (R,R, S) and 21
(R,R, R) labeled with proline methyl ester at the 3 and 3′ positions (21). Resolution of these
diastereomers, followed by photochemically driven stepwise substitution of proline methyl
ester by nucleophilic amines, thiols or water afforded a series of optically pure binathols 19b
(Nu = -NEt2, morpholine, -NPh2 -S(CH2)2OH, -OH) in > 99% enantiomeric excess (Scheme
12).43 The binol quinone methides generated from 19a have been used as reagents to cross-
link DNA.42a The role of quinone methides in the sequence specific alkylation of DNA has
also been investigated.42b

The solvolysis reactions of 9-substituted fluorenes have been examined in studies to
characterize the effect of the delocalized 12-π cyclic array of electrons on the stability of the
9-fluorenyl carbocation reaction intermediate. 44–47 1,1-Diphenylmethanol does not undergo
photosolvolysis in 50% methanol/water under conditions that lead to extensive
photosolvolysis of fluorenol. This provides evidence for an enhanced rate of formation of
the photochemical excited state of carbocations which contain a conjugated cyclic 4nπ-array
of electrons.48 The o-quinone methide intermediate of photosolvolysis of 1-
hydroxyfluorenol, 22, has a relatively long lifetime of 5–10 s in neat H2O (Scheme 13A).49

No m-quinone methide intermediate 23 could be detected from photosolvolysis of 2-
hydroxyfluorenol using laser flash photolysis, but the intermediate of phostosolvolysis of α-
phenyl 2-hydroxyfluorenol decays with a lifetime of 66 ns in 1:4 acetonitrile/water that is
similar to the lifetime for the parent α-phenyl fluorenyl carbocation.49 These data show that
there is strong stabilization of the cationic fluorene carbon by electron-donation from the o-
oxygen (Scheme 13A). There is much weaker electron donation from the m-oxygen because
the neutral valence bond resonance structure for quinone methide 23 contains fewer
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aromatic 6π rings [zero] than the carbocation zwitterion [two, Scheme 13B). Consequently,
the structure and reactivity of the intermediate of the photosolvolysis reaction shown in
Scheme 13B has a reactivity similar to that for a simple m-substituted fluorenyl
carbocation.49

Kresge and coworkers, and McClelland 39 have generated o-quinone methide,50,51 p-
quinone methide52 and related simple quinone methides as products of photolytic cleavage
of 2-hydroxybenzyl and 4-hydroxylbenzyle derivatives.53–58 The results of studies on the
mechanism for nucleophile addition to these simple quinone methides are summarized in
latter sections of this chapter.

Other Photochemical Reactions
Photolysis of 5-methyl-1,4-naphthoquinone (24) gives 4-hydroxy-5-methylidene
naphthalen-1(5H)-one (25) in the ground state within 2 ps of excitation, with a quantum
yield of 1.0.59 Formally, this is a photoenolization reaction; however, the product of the
reaction also has quinone methide functionality, and zwitterionic resonance structures can be
written for 25 that place positive charge at either the methide or benzylic carbon (Scheme
14). There is strong specific acid catalysis of the addition of nucleophiles due to protonation
of the quinone oxygen (Scheme 14). The pH rate profile for nucleophile addition shows a
downward break at low pH, and the fit of the experimental data gives a pKa = 1.1 for
protonation of the quinone oxygen [Scheme 14].59

4-Hydroxyphenacyl acetate undergoes photochemical solvolytic rearrangement in aqueous
acetonitrile to form 4-hydroxyphenylacetic acid.60 The first step in this reaction is formation
of a singlet excited state intermediate, and the final steps almost certainly involve addition of
solvent to a spiro-quinone intermediate 26. This spiro-quinone might form directly in a
reaction where heterolytic photolytic bond cleavage is concerted with addition of the β-
carbon to the hydroxyphenyl ring (Scheme 15, upper pathway). However, the investigators
favored a more complex mechanism in which the excited state undergoes intramolecular
proton transfer though a water chain to form quinone methide 27, which subsequently
undergoes rearrangement to a spiro intermediate (Scheme 15, lower pathway).60

Xanthene (28) undergoes photoisomerization in acetonitrile/water to give mainly 6H-
dibenzo[b,d]pyran 31 along with low yields of 29 and 32. It was proposed that
photexcitation is followed by homolytic bond cleavage to form a diradical, which partitions
between hydrogen abstraction to give 29 and rearrangement to a mixture of cis and trans
quinone methides 30 (Scheme 16A).61a These quinone methides partition between addition
of solvent water to form 32 [33 in methanol solvent] and ring closure to form 30. It was
shown in a separate experiment that 30 and 33 undergo a rapid photochemically driven
interconversion in methanol to reach a steady state concentration of [33]/[31] = 55/45
(Scheme 16B).61a

Photolysis of o-hydroxyphenyl benzyl alcohol 34 gives mainly 31 in a reaction that proceeds
with high overall conversion of reactant to products (71%), but with low (Φ = 0.0073)
quantum yield.61a No xanthene, which might form by loss of hydroxide ion from the
photochemically excited state followed by cyclization of the o-phenoxy substituted
carbocation, is observed. Similar products are observed from the reactions of 28 (Scheme
16) and 34 (Scheme 17) consistent with partitioning of the common quinone methide
intermediate 30. It was proposed that the excited state of 34 undergoes homolytic C-O
cleavage to a radical pair, which recombine to form 35 and 36. The ortho-adduct 35 then
undergoes photoheterolysis to 30, which is captured by water to give 32; and, the para-
adduct 36 tautomerizes to 37 (Scheme 17).61b
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Irradiation of 3-hydroxy-2-naphthalenemethanol and 2-hydroxy-1-naphthalenemethanol
results in efficient dehydration and the formation of isomeric naphthoquinone methides, 2,3-
naphthoquinone-3-methide and 1,2-naphthoquinone-1-methide respectively (Scheme 18).62

These quinone methides were trapped by azide anion, thiols and vinyl ethers.

3. Generation of Quinone Methides by Heterolytic Bond Cleavage
Direct Methods

Many halide and ester derivatives of p-OH- and o-OH-substituted benzyl alcohols undergo
stepwise SN1 (DN + AN)63 nucleophilic substitution reactions through quinone methide
intermediates (Scheme 19). These species accumulate in weakly nucleophilic reaction
medium, but are very difficult to isolate. The preferred pathway for quinone methide
formation depends upon the reaction pH. In strongly acidic solutions, heterolytic C-X bond
cleavage at H-38-X to form H-38+ is followed by thermodynamically favorable loss of a to
form the p-hydroxybenzyl cation H-38+. This activation is estimated as ca 108-fold from the
Hammett reaction constant p = −6 for solvolysis of 1-phenylethyl,64 and cumyl 65

derivatives, and the difference in the Hammett substituent constants for the p-OH (σ+ =
−0.90) and the p-O− substituents (σ+ = −2.2).66 The activation is so great that solvolysis may
proceed by the reaction of −38-X, even in acidic solutions where the concentration of −38-X
is very low.67

There are many reports of generation of quinone methides by heterolytic bond cleavage at p-
OH and o-OH substituted benzyl derivatives.

1. 2,6-Dimethyl quinone methide (38a, R1 = CH3, R2 = H) was one of the first
spectroscopically characterized “simple” quinone methides. This quinone methide
was generated in alkaline aqueous solution from chloride and acetate precursors
H-38a-Cl and H-38a-OAc.68 Stable quinone methides such as 38b-e (Scheme 19)
were generated from chloride precursors H-38-Cl.69,70

2. The quinone methide 39 was generated as an intermediate of the solvolysis of
H-39-Br in aqueous dioxane.71 The conversion of H-40-Br to quinone methide 40
in acidic, neutral and alkaline aqueous solutions, and the trapping of 40 by
nucleophiles has been examined.72,73

3. The tetramethyl quinone methide 38f has been generated by cleavage of the
chloride precursor in dichloromethane, and its reactions with amine bases
studied.74

4. The o-quinone methide 41 was generated by cleavage of (2-hydroxybenzyl)-
trimethylammonium iodide (H-41-N(Me3)+ I−) in hot aqueous solution. The
products of trapping of 41 by oxygen, sulfur and nitrogen nucleophile were
characterized.75

4. Generation of Quinone Methides by Unmasking a Quinone Oxygen
There are several reports of the generation of quinone methides from precursor benzyl
derivatives, where an O-protecting group is first removed from the quinone oxygen and the
resulting 2- or 4-hydroxy benzyl derivative undergoes rapid cleavage to form the quinone
methide (Scheme 20). There is a requirement that the rate of both the deprotection and
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solvolysis solvolysis step be rapid, if the kinetically unstable quinone methide is to
accumlate. Although there is not an absolute requirement for their use,76a the high catalytic
activity of enzymes makes them effective reagents in the deprotection of precursors to
quinone methides. For example, acid phosphatase removes the protecting phosphate from p-
fluoromethylphenyl phosphate 42 to give 4-hydroxybenzyl fluoride, which then reacts with
loss of HF to form quinone methide 43 (Scheme 20A).76–78 Ribonuclease was used to
remove a uridyl protecting group from 44 to form 4-hydroxybenzyl fluoride, which likewise
breaks down to 43 (Scheme 20B).79

The enzymes used to generate reactive quinone methides often undergo inactivation by
addition of this electrophile to essential nucleophilic amino acid side chains of the protein
catalyst. This is a type of suicide enzyme inhibition.80 This was observed for the acid
phosphatase and ribonuclease catalysts used to generate 43.76–79 Alkaline phosphatase has
been used to remove the phosphate protecting group from a derivative of an o-
difluoromethylphenyl phosphate that was covalently attached to a solid support. Breakdown
of the immobilized 4-hydroxybenzyl difluoride gives an immobilized quinone methide that,
in principal, will react irreversibly with proteins and lead to their attachment to the solid
supports.81

Taylor and coworkers have prepared o-fluoromethyl and o-difluoromethyl estrone sulfates82

and shown that these compounds are good substrates for steroid sulfatases.83 The phenol
product of hydrolysis of o-fluoromethyl estrone sulfate undergoes heterolytic cleavage to
form a quinone methide which inactivates the steroid sulfatase (Scheme 20C).83 The phenol
product of hydrolysis of o-difluoromethyl estrone sulfate breaks down first to a quinone
methide and then to the o-formyl estrone, which also inactivates the steroid sulfatase.83

The silyl group is widely used as an oxygen-protecting group, because of the ease of its
removal by nucleophilic substitution by fluoride anion. The protected phenols O-(tert-
butyldimethylsilyl)-p-(bromomethyl)phenol (45) and O-(tert-butyl-dimethylsilyl)-2,6-
bis(bromomethyl)phenol (46) react rapidly with fluoride anion in water to form the
corresponding phenols, which then breakdown to the ortho-quinone methide 41 (Scheme
21A) and the substituted ortho-quinone methide 47, respectively (Scheme 21B). These
quinone methides rapidly alkylate nucleic acids.84,85 Crosslinked products are obtained from
the reaction of 47 with DNA, because the first nucleophile addition of the first DNA
nucleophile triggers cleavage of the product bromide to form a second quinone methide,
which is trapped by a second tethered DNA nucleophile (Scheme 21C).86

5. Generation of Quinone Methides by Nucleophilic Aromatic Substitution
of Water at Carbocations

Solvolysis of Me-48-OTs, in ethanol gives two products; the ethyl ether (Me-48-OEt) from
nucleophilic substitution of solvent at the benzylic carbon, and Et-48-OEt from nucleophilic
substitution at both the benzylic carbon and C-4 of the aromatic ring (Scheme 22).87 This
result shows that the large destabilizing interaction between the electron-withdrawing α-CF3
substituents and the cationic benzylic carbon at Me-48+ is relieved by delocalization of
charge onto the methoxyphenyl ring (Scheme 22).87–90 The effect of this delocalization of
charge is to cause the C-4 ring carbon and the benzylic carbon of Me-48+ to show similar
electrophilic reactivity toward addition of the nucleophilic solvent ethanol.

Solvolysis of Me-48-OTs or Me-48-Br in 50/50 (v/v) water/trifluoroethanol proceeds
through the carbocation intermediate Me-48+ which, likewise, partitions between addition of
water at the benzylic carbon to form Me-48-OSolv and at the C-4 ring carbon to form the
hemiacetal 49, which rapidly breaks down to the quinone methide 48.89 This quinone
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methide has been characterized by 1H NMR,89 and its reactions with nucleophilic reagents
were studied.4,67,91 The carbocation Me-48+ was generated from Me-48-Br by laser flash
photolysis in water and found to decay with a first-order rate constant of (ks + ks′) = 2 × 107

s−1 (Scheme 23). The quinone methide 48 forms by the much slower breakdown of the
hemiacetal 49,92 which undergoes acid-catalyzed cleavage to form 48 (kH = 3.4 × 103 M−1

s−1) and ionization of the ring hydroxyl (pKa = 11) to form an oxyanion that is also rapidly
cleaved to 48 (ko = 4.3 × 106 s−1).

6. Generation of Quinone Methides by Oxidation of Phenols
Quinone methides form by two electron oxidation of p-hydroxy and o-hydroxy toluenes.
This reaction proceeds by a complex mechanism through radical intermediates. There is
evidence that single electron oxidation of 2,6-di-tert-butyl-4-methylphenol (50a) by
ferricyanide or PbO2 gives a benzyl radical, which isomerizes to the phenoxy radical 50b.93

The decay of 50b was studied by ESR and other spectroscopic methods.94 This reaction was
second-order in 50b and the rate constant was independent of the concentration of 50a and
the oxidizing agent PbO2.94 This is consistent with disproportionation of 50b to form the
quinone methide 50c (Scheme 24A). This mechanism was supported by the direct
observation of quinone methide 50c by UV spectroscopy. Quinone methides 50e were
generated by disproportionation of phenoxy radicals generated by the ferricyanide oxidation
of 2,6-di-tert-butyl-4-isopropylphenol and 2,6-di-tert-butyl-4-sec-butylphenol (50d; R = H,
CH3, Scheme 24B),95a and detected by UV spectroscopy. The ether products 50f of the
trapping of 50d by alcohols were characterized. Several quinone methides were prepared by
silver oxide oxidation of precursor phenols in carbon tetrachloride,95b where they are
sufficiently stable to obtain NMR spectra.

Several general synthetic method have been developed that utilize the novel reactivity of
quinone methides generated by oxidation of phenol precursors. Angle and coworkers have
generated 2,6-dialkyl or 2,6-dialkoxy substituted p-quinone methides 51 by oxidation of the
corresponding phenols with Ag2O. These undergo intramolecular addition to the carbonyl
group or Michael acceptors in the presence of SmI2,96 where the quinone carbon reacts,
formally, as a nucleophile in addition to the tethered electrophile. The SmI2 acts as a
reducing agent, and the mechanism of the cyclization reaction is thought to involve the
reduction of the quinone methide to afford a radical anion/dianion, which then undergoes
ring closure.96 Angle and coworkers have also used quinone methides generated by
oxidation of phenols in conventional cyclization reactions, where the quinone carbon reacts
as an electrophile with tethered nucleophiles (e. g. Scheme 25B).97

p-Quinone methides with chloro-, trichloro- and trifluoroethyl ester substituents (52) have
been prepared by oxidation of the parent phenols. These react reversibly with weakly
nucleophilic phosphodiesters to form unstable adducts, which undergo intramolecular
addition of the phenol oxygen to the neighboring activated acetyl group to give stable
lactones (Scheme 25C).98 Quinone methides 53 (Scheme 25D) were prepared in a similar
fashion, and the products on addition of nucleophiles to the quinone carbon were isolated
and characterized.99,100

There is evidence that quinone methides form as intermediates in the metabolic oxidation of
catechol derivatives, a key step in a variety of biosynthetic processes such as melanization
and sclerotization of animal cells. Tyrosinase from mushrooms catalyses the oxidation of α-
methyl dopa methyl ester 54a. It has been proposed that this reaction observed in vitro is
part of a metabolic pathway for the metabolism of 54a. This reaction proceeds by oxidation
of α-methyl dopa methyl ester 54a to give 54b, which cyclizes and is further oxidized to
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quinone methide 54c (Scheme 26).101 This quinone methide was identified by comparison
to authentic 54c, which was prepared by chemical oxidation of 54a to 54c.102

7. Generation of Quinone Methides by Reductive Elimination Reactions of
Quinones

We know of no examples of isomerization of methyl substituted quinones to the quinone
methides (Scheme 27). On the other hand, quinone methides have been generated
electrochemically by two electron reduction of α-methyl substituted 1,4-benzoquinones 55
(Scheme 28A, X = Cl, Br, OMe, OPh), followed by elimination of HX. For example, many
naturally occurring quinone antitumor agents such as mitomycin C 103 and daunomycin104

contain electron-withdrawing substituents that are positioned to undergo elimination after
quinone reduction, to give reactive quinone methides that may be alkylated by DNA.105

The mechanism for the generation of quinone methide 58 by reductive elimination of 55 has
been investigated.106 Single electron reduction by 55 by pulse radiolysis in water gives the
semiquinone radical anion 56, whose decay was monitored by transient absorption
spectroscopy. This radical anion partitions between disproportionation to 60 and elimination
to form the radical 58. Disproportionation dominates at pH 7, but as the pH is lowered to 3
the competing elimination reaction to form the quinone methide radical 57 is observed for X
= −OMe and –OPh. It was proposed that the product yields are controlled by the position of
the equilibrium for protonation of 56 and that 56 undergoes mainly disproportionation, while
56 - the semiquinone radical 57-undergoes mainly elimination of HX to give semiquinone
radical anion 58 (Scheme 28). The quinone methide 59 is then formed by the one electron
reduction of 58.

Antitumor agents mitomycin A (61A) and mitomycin C (61C) contain a latent quinone
functionality, which is exposed by reductive activation and elimination of a glycoside or an
alcohol followed by opening of the aziridine ring. These quinone methides then react with
nucleic acids to form bis-adducts.103 The reductive activation of mitomycins provides
selectivity in targeting solid tumors, because this is favored in the oxygen-deprived
environment of tumor cells, and inhibited by the oxygen rich environment of healthy
tissues.107

The reductive activation of mitomycins in the cell is thought to be an enzymatic process.108

Reduction of mitomycin A and C in vitro by H2/PtO2 or by Na2S2O4 gives 62 which then
breaks down to the quinone methide 63A.109 This quinone methide reacts with DNA to give
a complex mixture of alkylated DNA and cross-linked oligonucleotides. Mitomycin A is
both more easily reduced and more toxic than mitomycin C, and there is some evidence that
the toxicity of mitomycin A is related to the greater ease of is nonselective reductive
activation.109 The Cr(ClO4)2-mediated reduction of mitomycin C in aqueous solutions to
give 62C has also been studied.110 McClelland and Lam examined the elimination of
methanol from reduced quinone 62 and obtained strong evidence for a stepwise reaction
mechanism though an iminium ion reaction intermediate (Scheme 29).111

One interesting property of quinone methide 63 is that the terminal carbon of the extended
conjugated system lies in both an extended quinone methide (carbons marked by +) and an
extended enol (carbons marked by *). This carbon reacts as both a base, and undergoes
protonation to form a quinone (upper pathway, Scheme 30A); and, as a Lewis acid in
undergoing addition of nucleophilic reagents (lower pathway, Scheme 30A). Skibo and
coworkers have examined the partitioning of the mitomycin analog 64 between ketonization
to form a quinone and addition of chloride anion and thiol nucleophiles (Scheme 30B).73

Toteva and Richard Page 9

Adv Phys Org Chem. Author manuscript; available in PMC 2014 February 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Reductive activation of quinones 65 112 and 66 113 affords the novel cyclopropyl quinone
methide alkylating agents 67 and 68 (Scheme 30C). These cylopropyl quinone methides
undergo protonation, nuclephile addition and complex ring expansion reactions [not shown].
The partitioning of 67 and 68 between these different reactions has been investigated.112,113

Daunomycins are another class of anthracycline antitumor drugs that undergo reductive
activation and elimination to form quinone methides that react with DNA.
Chemical 104,114,115 and enzymatic116 reduction of daunomycins 69 in water or a mixed
water/DMF solvent gives hydroquinones 70, which break down with elimination of the
glycosyl leaving group to form quinone methides 71 (Scheme 31).

The terminal quinone methide of 71 is also the terminal carbon of an extended enol, and
reacts as both a nucleophile and as electrophile (Scheme 32). This carbon shows a higher
relative reactivity with electrophiles compared with nucleophiles than is observed for the
corresponding terminal quinone carbon of mitomycins (Scheme 30A).73 Furthermore, the
addition of nucleophiles to 71 is readily reversible, but the nucleophile adduct can be
trapped by reoxidation to form the quinone.117 The trapping of oxime and semicarbazone
derivatives of 71 by intramolecular addition of the tethered nitrogen nucleophile to the
quinone carbon has been reported,118 and the reaction of 71 with nucleophilic groups at
DNA has been studied.119,120 Finally, the ambident nucleophilic/electrophilic reactivity of
the quinone carbon of 71 is evident in the tendency of this quinone methide to form dimers
(not shown).121

8. Other Pathways for Generation of Quinone Methides
Pyrolysis of o-hydroxybenzyl alcohol at 550 °C resulted in the formation of simple o-
quinone methide which was directly observed using low-temperature IR spectroscopy.122

Pyrolysis of chroman (Scheme 33) at 400 – 600 °C gives the simple o-quinone methide and
ethene along with o-cresol, benzofuran and styrene.123,124 The o-quinone methide was
trapped with alkenes to form Diels-Adler adducts, with hydrogen gas or hydrogen atom to
form o-cresol, or underwent a further pyrolysis to CO and fulvene.

In refluxing toluene or benzene, 4-allenylcyclobutenones undergo ring expansion reaction to
the corresponding o-quinone methides 72, followed by a 1,5-hydrogen shift to give 2-
ethenylphenols (Scheme 34A). This is a useful intermediate in the synthesis of highly
substituted benzofuran derivatives.125 Similarly 73 have been converted to quinone
methides 74 where there is a trimethylsilyl group at the terminal alkylidene. These undergo
methyl migration from silicon to carbon to form 1,2-benzoxasilols (Scheme 34B).117 The
((trimethylsilyl)methyl)-1,4-benzoquinones undergo desilylation in ethanol or aqueous
acetonitrile to quinone methides 75 (Scheme 35), which were trapped by a vinyl ether (76a),
acetate anion (76b) and ethanol (76c) (Scheme 36).126

Quinone methides have been generated by reaction of their transition metal complexes.127

The η2 -coordinated complex 77 forms stable solutions in water and methanol. NMR
spectroscopy showed that 77 and dibenzylideneacetone (DBA) in methanol undergo rapid
conversion to 79 (Scheme 37). This is consistent with the reaction of DBA with the
palladium ligand at 77 to give 78 and the palladium complex to DBA – the free quinone
methide 78 is then trapped by methanol. A slower release of 78 from 77 is observed for the
reaction in the presence of diphenylacetylene.127
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9. Structure-Reactivity Studies on Nucleophile Addition to Quinone
Methides

Our work on nucleophile addition to quinone methides is a direct extension of studies on the
formation and reaction of ring-substituted benzyl carbocations,89,90,128–146 and have shown
strong overlap with the interests of of Kresge and coworkers. The main goal of this work has
been to characterize the effect of the strongly electron-donating 4-O− substituent on the
reactivity of the simple benzyl carbocation, with an emphasis on understanding the effect of
this substituent on the complex structure structure-reactivity relationships observed for
nucleophile addition to benzylic carbocations.

10. O-Alkylation and O-Protonation of the Quinone Oxygen: Reactivity
Effects

The quinone oxygen of p-1 is weakly basic. Protonation or methylation of this oxygen
places a unit positive charge at p-H-1+ or p-Me-1+, which is highly delocalized through the
aromatic ring and onto the benzylic carbon. This increase in charge at the benzylic carbon
leads to a large increase in the reactivity of this carbon with nucleophilic reagents that is
consistent with a larger contribution of the aromatic valence bond resonance structure to the
resonance hybrid structure of p-H-1+ and p-Me-1+ compared with p-1 (Scheme 38). Kresge
and coworkers have asked two questions in an effort to quantify the effect of O-protonation
or O-alkylation on the structure and reactivity of p-1. (1) What is the basicity of the quinone
oxygen of p-1 compared with that of a quinone carbonyl group and phenoxide anion? (2)
What is the effect of O-protonation and O-alkylation of p-1 on the rate constant for addition
of solvent to the benzylic carbon?

These questions were addressed in studies of the reactions of p-1 and p-Me-1+ in aqueous
solution. The quinone methide p-1 was generated by photoheterolysis of neutral 4-
hydroxybenzyl acetate in water, and ks = 3.3 s−1 determined for addition of water.52 The O-
methylated quinone methide p-Me-1+ was generated as an intermediate of solvolysis of
neutral precursors in water,128 and ks = 2.5 × 108 s−1 for addition of water was determined
by using the rate of diffusion-limited rate of nucleophile addition of azide anion to p-Me-1+

as a clock for the slower addition reaction of solvent.135,138 These data show that
methylation of p-1 causes an enormous 6 × 107-fold increase in the reactivity of the
electrophile with solvent water.52

The oxygen pKa of p-H-1+ and the rate constant ks for addition of solvent to this electrophile
were determined by examining the effect of added hydronium ion on the observed rate
constants for addition of water and of nucleophilic anions to p-1 (Scheme 39). Figure 2
shows pL-rate profiles for water addition to p-1 in H2O and D2O.52 The pH rate profile
shows a good fit to eq 1 derived for Scheme 39 using ks = 3.3 s−1 and kH = 5.3 × 104 M−1

s−1.52 The absence a downward break at low pH in these pL profiles shows that pKa
H−1 for

p-H-1+ is lower than the lowest pL examined in these experiments.

There are two reaction pathways for addition of neutral and anionic nucleophiles to p-1
(Scheme 39): direct nucleophile addition with rate constant kNu (M−1 s−1) and specific acid-
catalyzed nucleophile addition kHNu (M−2 s−1), through the protonated intermediate p-H-1+

with an acidity constant Ka
H−1 and microscopic rate constants of ks′ and kNu′ (Scheme 39)

for addition of solvent or nucleophilic anion to form product. Eq 2a and 2b show the
relationships between the experimental rate constants kH and kHNu and the kinetic and
thermodynamic parameters from Scheme 39.
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(1)

(2a)

(2b)

Kresge and coworkes presented convincing arguments that the addition of thiocyanate anion
NCS− to p-H-1+ is diffusion limited and that this reaction could be used as a clock for the
slower reaction of solvent. Combining a value kNu′ = 5 × 109 M−1 s−1, which is typical for
diffusion-limited addition of nucleophiles to carbocations,147 with kHNu = 4.5 × 107 M−2 s−1

for acid-catalyzed addition of thiocyanate anion NCS− (eq 2a) gives Ka
H−1 = 110 M for

deprotonation of p-H-1+.52 Substitution of Ka
H−1 = 110 M and kH = 5.3 × 104 M−1 s−1 into

eq 2b gives ks′ = 5.8 × 106 M−1 s−1 for addition of water to p-H-1+. The rate constants for
addition of water to p-1, p-H-1+ and p-Me-1+ are summarized in Table 1.

11. O-Protonation of the Quinone Oxygen: Stability Effects
Scheme 40 shows a complete set of rate and equilibrium constants for addition of water to p-
H-1+ and p-1 and for deprotonation of p-H-1+ and p-H-1-OH - the phenol product of
addition of water to p-H-1+. These rate and equilibrium constants (Table 2) were determined
as follows.3

1. The Brønsted acidity constant pKa
P = 9.9 for the stable product has been

determined by direct measurement. The value of pKa
H−1 = −2.0 was determined as

described above.3

2. A value of pKR
H−1 = −log(ks/kH) = −9.6 ± 0.1 for the Lewis acidity constant of p-

H-1+ was calculated from kH = 1.5 × 10−3 M−1 s−1 for acid-catalyzed cleavage of
p-H-1-OH 3 and ks = 5.8 × 106 s−1 for nucleophilic addition of solvent water to p-
H-1+.52

3. A value of pKadd
1 = −7.6 for the 1,6-addition of water to 1 to give p-H-1-OH was

calculated from the values of pKR
H−1 = −9.6 and pKa

H−1 = −2.0 [see above] for
deprotonation of the phenolic oxygen of p-H-1+, according to eq 3.3

4. A value of pKR
1 = 2.3 ± 0.1 for the Lewis acidity constant of p-1 was calculated

from pKadd
1 = −7.6and pKa

P = 9.9 for deprotonation of the phenolic oxygen of p-
H-1-OH, according to eq 4.

These data show that protonation of the quinone oxygen of p-1 to give p-H-1+ causes a 16
kcal/mol increase in the thermodynamic driving for for addition of water to the benzylic
carbon (Scheme 41). By comparison, the value of pKR = −12.4 for the Lewis acidity
constant of the 4-methoxybenzyl carbocation p-Me-1+,33 shows that O-methylation of 1 to
give p-Me-1+ causes an even larger 20 kcal/mol increase in the driving force for water
addition to the benzylic carbon. These results provide evidence that O-protonation of p-1 is
an imperfect model for O-alkylation. The smaller driving force for addition of water to p-
H-1+ center reflects, at least in part, the stabilization of p-H-1+ by hydrogen bonding to
water (Scheme 41). The are consistent with the formation of a hydrogen bond to water that
has a covalent component and leads to a weakening in the ring O-H bond accompanied by a
shift of electron-density from oxygen to the benzylic carbon.
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(3)

(4)

12. O-Alkylation and O-Protonation of the Quinone Methide Oxygen: Effect
on Intrinsic Reaction Barriers

The kinetic barriers to organic reactions depend upon both the thermodynamic driving force
to the reaction (Figure 3A) and the “intrinsic” barrier (Λ, Figure 3B) to the reaction in the
absence of any driving force (ΔG° = 0).148,149 The effect of alkylation of the quinone
oxygen of quinone methide p-1 and of alkylation of a simple carbonyl carbon are compared
in Scheme 42. Methylation of p-1 to form p-Me-1 results in a large 20 kcal/mol increase in
the driving force for addition of solvent water to give the initial ionic adduct. By
comparison, there is a smaller 1.7 kcal/mol change in the Marcus intrinsic reaction barrier.3

The Marcus intrinsic barrier for addition of water to p-1 is smaller than for the addition of
water to formaldehyde, a simple carbonyl electrophile (Scheme 42). It is interesting that
alkylation of p-1 and of acetaldehyde cause similar 1.7 kcal/mol and 2.2 kcal/mol,
respectively, decreases in the intrinsic barrier for addition reactions of these oxygen
nucleophiles.3

There is good evidence that an intrinsic barriers Λ for thermoneutral nucleophile addition to
a resonance-stabilized carbocations is observed when the energetic cost of the loss of
stabilizing resonance interactions at the transition state exceeds the compensating transition
state stabilization resulting from partial carbon-nucleophile bond formation, so that there is
an imbalance in the changes in these opposing interactions.150–152 It is well-known that
these intrinsic barriers increase, with increasing carbocation stabilization by
resonance.132,146 However, the data in Scheme 42 suggests that the change in Λ with
thermodynamic driving force is small.

Nucleophile addition to a quinone methide is formally a Michael addition reaction.153

However, an important difference between 1,6-addition of nucleophiles to p-quinone
methides and conventional Michael addition reactions is the aromatization of the
cyclohexadiene ring that accompanies this addition. The effect of aromatic ring formation on
the thermodynamic driving force for 1,6-addition of water to p-1 has been evaluated by
comparing the thermodynamics for addition of water to p-1 with that for the related 1,2-
addition of water to formaldehyde (Scheme 43).130

The net effect of this cyclohexadiene/phenyl ring insertion at the carbonyl group is to cause
an increase in the overall equilibrium constant for the addition of solvent water, from Kadd

F

= 2.3 × 103 for hydration of formaldehyde,154 to Kadd
1 = 4.0 × 107 for hydration of the p-

quinone methide 1,3 so that KT = Kadd
1/Kadd

F = 1.7 × 104 for transfer of the elements of
water from formaldehyde hydrate to 1 (Scheme 43). We have proposed that the relatively
small driving force of 6 kcal/mol for this transfer of water from CH2(OH)2 to 1 represents
the balance between larger opposing effects:3

1. The ca. 31 kcal greater stability of the reactant formaldehyde hydrate than of the
product p-(hydroxymethyl)phenol H-1-OH due to the stronger single bonds to
oxygen. This is a result of the 15 kcal/mol stabilizing interactions between the
geminal oxygens at CH2(OH)2,155 and the weakening of the phenolic O-H bond at
H-1-OH due to the ca. 16 kcal/mol stabilization of the alkoxy radical by the
aromatic ring.3
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2. The even larger ca. (31 + 6) = 37 kcal/mol driving force associated with the formal
aromatic stabilization of the six-membered ring at the product H-1-OH than at the
reactant 1. It is interesting that this effect is very similar to the total aromatic
stabilization of a phenyl ring, which has been estimated to lie between 30 and 36
kcal/mol.156 This analysis suggests that the zwitterionic aromatic valence bond
resonance structure (Scheme 38) makes a relatively small contribution of the
structure of p-1. Similarly, the large difference in the basicity of p-1 (pKa

H−1 =
−2.0, Table 2) and the phenoxide anion (p-1-OH)− provides strong evidence that
the bonding to the quinone oxygen of p-1 is similar to that for a carbonyl group.

13. O-Alkylation of the Quinone Methide Oxygen: Effect on Hammett
Reaction Constants

Values of ρ = 2.7 138 and ρ = 3.0 157 have been determined for addition of water to meta-
substituted 1-(4-methoxyphenyl)ethyl carbocations (80a, Scheme 44A) and 1-4-
methoxybenzyl carbocations (p-Me-1+-X), respectively. The value of ρ = 2.7 for addition of
water to 80a is 36% that of the value of ρeq = 7.6, the slope of Hammett-type plots
equilibrium constants for addition of water to 80a to form the alcohol.138 The reactions
shown in Scheme 44A therefore proceed through a transition state in which there is a 36%
change in the interaction between the m-substituent and positive charge at the benzylic
carbon due to partial bond formation to the water nucleophile.

By contrast, two observations suggest that the addition of water to o-1-m-X (Scheme 44B)
proceeds through a late, product-like transition state in which there is strong bonding
between water and the quinone carbon and a large buildup of negative charge at the quinone
oxygen.

1. The value ofρ = 5.9 158 determined for addition of water to o-1-m-X (Scheme 44B)
is much larger than the values of ρ = 2.7 138 and ρ = 3.0 157 determined for addition
of water to 80a, and p-Me-1+-X, respectively.

2. The rate data for the reactions of o-1-m-X show a good fit to Hammett substituent
constants σ− developed using ionization of ring substituted phenols as a reference
reaction.159 This is consistent with a late transition state, that is stabilized by a
resonance interaction between the phenoxide-like ring oxygen and resonance
electron-withdrawing groups at the position para to the ring oxygen. It is
interesting that the value of ρ = 5.9 for addition solvent to o-1-m-X is substantially
greater than ρ = 2.2 for equilibrium deprotonation of phenols,159 but we are unsure
of the significance of this result.

14. Ortho-Quinone and Ortho-Thioquinone Methides
The pL-rate profiles (not shown) of rate constants kobs for the disappearance of o-1 in H2O
and D2O also show good fit to eqs 1, now derived for Scheme 45, using values of ks = 230

s−1 (Table 1) and kH = 8.4 × 105 M−1 s−1 (X = O).50 The value of  for
deprotonation of oH-1+ was estimated as described above for p-1. The pL-rate profiles (not
shown) of kobs for the disappearance of o-thioquinone methide 81 in H2O and D2O also
show good fit to eq 1 using values of ks = 1.2 × 105 s−1 (Table 1) and kH = 7.0 × 104 M−1

s−1 (Table 1), where ks is the first order rate constant for addition of solvent to 81 and kH is
the second order rate constant for catalysis of solvent addition by hydronium ion (Scheme
45, X = S).58 The pL rate profiles for reaction of 81 are linear in [L+] down to pL = −3. This
shows that the pKa < −3 for loss of a proton from the strongly acidic S-protonated o-
thioquinone methide.
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The ca 50,000-fold difference in the values of ks for addition of water to 81 and p-1 is
perhaps not surprising, given the complexity of the other known effects of sulfur for oxygen
substitutions on the rate and equilibrium constants for nucleophile addition to
carbocations.130,160 These results show that both the change in the position of the aromatic
substituents from para to ortho and the substitution of sulfur for oxygen cause in a increase
in the electrophilic zwitterionic resonance form to the resonance hybrid structure. We
suggest that this increase in quinone methide electrophilic reactivity reflects the increasing
contribution of the reactive zwitterionic resonance form on moving from p-1 to o-1 to 81
(Scheme 46).

The contribution of the zwitterionic valence bond resonance form to the overall structures
should depend upon the balance between stabilization of this structure from aromaticity and
the energetic cost of localization of charge at carbon oxygen. We suggest that the cost of
charge localization is lower for o-1 than p-1 because of the greater stabilizing electrostatic
interactions between the closely spaced charges at the ortho-quinone carbon and oxygen.
Sulfur is more polarizable than oxygen and provides more effective stabilization of both
positive and negative charge. This is shown by the greater acidity of thiophenol (pKa = 7)
than phenol (pKa = 10).161 The high polarizability of sulfur will favor the formally reactive
zwitterionic resonance form of o-thioquinone methide compared to the o-quinone methide
(Scheme 46).

The lower reactivity of the o-thioquinone methide 81 (7.0 × 104 M−1 s−1) compared with the
o-1 (8.4 × 105 M−1 s−1) in acidic solution contrasts with the much higher reactivity of 81 at
neutral pH (Table 1). This may represent the balance between the smaller concentration of
the protonated thioquinone methide compared with protoned o-1 due to the weaker basicity
of o-S (pKa < −3, Table 1) compared with o-S (pKa < −1.7), and the presumably greater
intrinsic reactivity of H-81+.58 However, the observed effects of sulfer for oxygen
substitution on carbocation reactivity have in the past proven very difficult to
rationize,130,160 and in the present case are probably not fully understood.

Very different solvent deuterium isotope effects (SDIE) of (kH)/(kD) = 0.42 and 1.66,
respectively, are observed for acid-catalyzed addition of solvent to o-1 and 81.50,58 The
inverse SDIE for hydration of o-1 is consistent with initial fast and reversible protonation of
substrate followed by rate determining addition of solvent to the protonated benzylic
carbocation o-H-1+. The normal primary SDIE on acid-catalyzed hydration of 81 is
consistent with a change in mechanism from stepwise, for acid-catalyzed addition of water
o-1,50 to concerted for the acid-catalyzed reaction of 81, where the addition of water and
hydron occur at a single reaction stage (kcon, Scheme 45).

These data could also be rationalized if there were a change in the rate-determining step for
a stepwise reaction, from ks′ for acid-catalyzed addition of solvent to o-1 to k1 for the
reaction of 81. However, it is unlikely that k1 will be rate determining for the stepwise
addition to 81. This would require ks′ > k−1 for Scheme 47. A value of k−1 > 1010 s−1 is
expected for the strongly favorable deprotonation of H-81+ by water,162 and there is
evidence for a significant barrier to ks′ for addition of water to –SR substituted benzylic
carbocations. For example, a value of ks′ = 5 × 107 s−1 has determined for addition of an
aqueous solvent to the 1-(4-thiomethyl)-1-phenylethyl carbocation (R = SMe). The
concerted mechanism is favored because it avoids formation of the unstable acidic
intermediate H-81+. It is possible, but not proven, that the concerted mechanism is enforced
by the absence of a vibrational barrier to the step k−1 for deprotonation of this very strongly
acid reaction intermediate by water.163,164
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15. The di-α-CF3-Substituted Quinone Methide
The quinone methide 48 was generated by nucleophilic aromatic subsitution of water at
Me-48+ as shown in Scheme 23,89 and its reaction with solvent and added nucleophiles
studied in water and in 50/50 (v/v) H2O/trifluoroethanol at 25 °C.4,67,89,91 The addition of a
pair of strongly electron-deficient α-CF3 groups to the parent unsubstituted para-quinone
methide p-1 should increase the electrophilic reactivity of the quinone carbon due to a polar
effect. Therefore, the observation that the 18 minute lifetime for 48 in water4 is much longer
than the ca 0.5 second lifetime for 1 in the same solvent therefore shows that these
substituent effects cannot be understood by a simple consideration of polar effects.132 There
is an unusually large intrinsic barrier for addition of nuclephiles to 48, so that both the
electrophile and its nucleophile adducts show an unusual kinetic stability relative to other
carbocations. This has allowed for an examination of previously inaccessible carbocation-
nucleophile addition reactions, that has provided unique insight into their structure-reactivity
relationships.

A complete description of these substituent effects is obtained by comparing the rate and
equilibrium constants for the addition of HBr to 48 (Figure 4A)91 and to p-1 (Figure 4B)52

and of the derived free energy reaction profiles shown in Figure 4.52 The 1.7 kcal/mol larger
driving force for addition of HBr to 48 shows that the electron-deficient α-CF3 groups cause
only a modest destabilization of the electrophilic quinone methide carbon. This reflects: (a)
The large contribution of resonance structure B (Scheme 48) where the benzylic carbon is
neutral. (b) The compensating destabilization of the bromide adduct H-48-Br by steric/
electrostatic interactions between the α-Br and α-CF3 groups.89,91 The most striking feature
of these free energy profiles is the much larger kinetic barrier for nucleophile addition to 48,
compared to addition to p-1 and for the cleavage of H-48-Br, the nucleophile adduct to 48.
This reflects the 9 kcal/mol large Marcus intrinsic barrier to nucleophile addition to 48
compared with addition to p-1.52,132

The intrinsic barriers to both addition of nucleophiles to unstable electrophiles and the
protonation of unstable carbanions are known to increase with increasing resonance
delocalization of charge onto compatible substituents.129,132,133,137,139 The very large
intrinsic barriers for nucleophile additions to 48 are consistent with the notion that this
electrophile is an extreme example of a benzylic-type carbocation, where extensive
delocalization of charge away from the quinone carbon is driven by the resulting relief of
destabilizing polar interactions between the electrophilic carbon and the electron-deficient
α-CF3 groups. Consequently, the neutral, non-aromatic resonance form B makes a
exceptionally large contribution to the structure of 48 (Scheme 48).

Two pathways are observed for nucleophile addition to 48 in water (Scheme 49). (i)
Uncatalyzed nucleophile addition to form the oxygen anion −48 that undergoes rapid
protonation. (ii) Specific-acid catalyzed nucleophile addition. The solvent deuterium isotope
effects on the specific-acid catalyzed addition of solvent and bromide anion to 48 are kH/kD
= 0.68 and 1.0, respectively for reactions in 50/50 (v/v) water trifluoroethanol,67 but a
smaller SDIE of kH/kD = 0.41 is observed for the specific-acid catalyzed addition of an
aqueous solvent to 1.52 The larger SDIE for acid-catalyzed addition of Br− to 48 is
consistent with a concerted reaction mechanism, in which protonation of oxygen and
carbon-bromine bond formation occur in a single step with a rate constant kHBr (Scheme
49).

Second-order rate constants kY (Scheme 49) were determined for addition of a wide range of
nucleophiles to 48.4 Figure 5 shows the linear correlation between values of log kY and the
Ritchie nucleophilicity parameter N+ with a slope of s = 0.92 that is essentially the same as
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the electrophile independent values of s = 1.0 determined for nucleophile addition to highly
resonance stabilized carbocations, such as ring-substituted triarylmethyl carbocations
(Scheme 48).5,165 These data show that, by the criterion of its chemical reactivity, 1 behaves
as a highly resonance stabilized carbocation, similar to the ring-substituted triarylmethyl
carbocations used to establish the N+ scale. It was possible to obtain second-order rate
constants for addition of weak nucleophiles to 48 (open symbols, Figure 5) because of the
unusually high stability of the product nucleophile adducts in aqueous acidic solution. This
allowed for the estimation of previously unavailable N+ values for these weak nucleophiles,
by making that assumption that the rate constants for their addition to 48 lie on the linear
correlation defined by other Ritchie electrophiles (Figure 5).4

Table 3 compares the thermodynamic driving force ΔG°, calculated from the equilibrium
constant Kadd (Scheme 50) and the derived Marcus intrinsic reaction barriers for reversible
addition of nucleophiles Y− to 48 and to the triphenylmethyl carbocation (Ph3C+).4 There
are nearly constant differences between the values for the thermodynamic driving force for
addition of nucleophiles to 48 and to Ph3C+ [(ΔG° (48) −ΔG° (PhC+) = 8.4 kcal/mole) and
of Λ (Λ(48) − Λ(PhC+) = 5.2 kcal/mol) for the addition of chloride, bromide, and acetate
ions to 1 and Ph3C+.4 The ca. 8 kcal/mol more unfavorable change in ΔG° for nucleophile
addition to 48 than to Ph3C+ shows that resonance electron donation to the benzylic carbon
of 1 is more stabilizing than the corresponding electron donation from the three phenyl rings
at Ph3C+. The ca. 5 kcal/mol larger intrinsic barrier for nucleophile addition to 48 is
consistent with the notion that the effect of this larger carbocation stabilization by resonance
is to make carbocation-nucleophile addition more difficult in both a thermodynamic and a
kinetic sense.89,90,92,129,132,160 The almost constant relative values of ΔG° and Λ for the
addition of different nucleophiles to 48 and to Ph3C+ is striking and requires that variations
in the structure of the nucleophile bring about the same change in the stabilility of the the
transition state and products for the reaction of these two electrophiles. This suggests a
similar development of nucleophile-electrophile bonding interactions at these transition
states.

Rate constants kY (M−1 s−1) and ksolv (s−1) for the reversible addition of methanethiol to 48
and the overall reaction equilibrium constant (Scheme 51) have been reported.83 It was
shown that the transition state for addition of RSH to 1 is stabilized by electron-donating
alkyl groups and by substitution of an electron donating methyl group for hydrogen at
CH3SH. These data are consistent with a relatively late, product like transition state for
nucleophile addition. By contrast, the dimethylsulfide adduct −48-SMe2

+ is strongly
destabilized by interactions between the cationic sulfonium ion and electron-withdrawing α–
CF3 groups, but there is relatively little destabilization of the transition state for addition of
Me2S to 48 from interactions between the developing cationic center at the sulfur
nucleophile and the electron-withdrawing α–CF3 groups.83 In other words, the weak
development at the transition state of the strongly product destabilizing steric interactions
with the incoming nucleophile, is consistent with an early transition state for addition of
Me2S. The results suggest that C-S bonding interactions at the transition state for addition of
Me2S to 48 develop at a relatively long distance, and that steric/electrostatic interactions
which destabilize the product nucleophile adduct only become significant, after the
transition state has been traversed on the reaction coordinate. The results are consistent with
the notion that Me2S is a large, “soft”, polarizable nucleophile, similar to I− and RS− with
the property that it provides electrons to form a partial bond with the electrophilic carbon of
48 from a larger distance than smaller, “harder” nucleophlic atoms.166
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Figure 1.
The pH profile for absolute quantum yields (Φabs) for the photohydration reaction of o-
hydroxystyrene (open circles) and p-hydroxystyrene (closed circles) [Reprinted with
permission of the American Chemical Society from Ref. 25].
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Figure 2.
The pL rate profiles of the observed first-order rate constants kobs for addition of solvent to
p-1 in H2O (○) and in D2O (△) at 25 °C. [Reprinted with permission of the American
Chemical Society from Ref. 52].
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Figure 3.
(A) Free energy reaction profiles, constructed from intersecting parabolas, for addition of
water to a simple carbocation which show the change in reaction barrier with changing
reaction driving force. (B) Free energy profile for thermoneutral addition of water to a
carbocation for which the observed activation barrier is equal to the intrinsic barrier Λ.
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Figure 4.
(A) Free energy reaction profile for the reversible addition of Br− to the di-α-CF3 substituted
quinone methide 48, constructed using rate and equilibrium data from ref. 91. (B) Free
energy reaction profile for the reversible addition of Br− to the simple quinone methide p-1,
constructed using rate and equilibrium data from ref. 52. These nucleophile addition
reactions show similar thermodynamic driving force, but both the formation and reaction of
48 are slow because of the large intrinsic barrier Λ for nucleophile addition.
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Figure 5.
(A) Correlation of the second-order rate constants kNu (M−1 s−1) for the addition of
nucleophiles to 48 in water at 25 °C with Ritchie N+ values.91 The solid symbols are the
experimental data that were used to obtain the correlation line of slope 0.92 (0.10; the open
symbols are the data for nucleophiles for which values of N+ have not previously been
determined and which are assumed to follow this correlation. [Reprinted with permission of
the American Chemical Society from Ref. 4].
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Scheme 1.
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Scheme 2.
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Table 1

Rate and equilibrium constants determined for the reactions of quinone methides with water in acidic
solutions.

Quinone Methide pKa ks (s−1) ks′ (s−1) kH (M−1 s−1)

p-1 (Ref 52)

−2.0 3.3 5.8 × 106 5.3 × 104

o-1 (Ref 51)

−1.7 230 4 × 107 8.4 × 105

81 (Ref 58)

< −3 1.2 × 105 not determined 7.0 × 104
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Table 2

Equilibrium constants for Scheme 40, determined as described in the text, for addition of water to p-1 and to
p-1-H+.3

Equilibrium Constant ΔpK

pKR
1 2.3

11.9
pKR

H−1 −9.6

pKa
P 9.9

11.9
pKa

H−1 −2.0

pKadd
1 7.6
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