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ABSTRACT

SYNTHESIS OF CARBAZOQUINOCIN-C, NAPHTHOPYRANS AND
CONOCURVONE ANALOGS WITH CARBENE COMPLEXES

By
Manish Rawat

A successful syntheses of Fischer indole carbene complexes has been
achieved and their utility in the synthesis of carbazoquinocin-C via the
photochemical ortho-benzannulation with carbon monoxide and also via the
thermal ortho-benzannulation with isonitriles has been demonstrated. An
improved method for the oxidation of the hydroquinone of the natural product
carbazoquinocin-C has also been developed.

Benzannulation reactions of chromene carbene complexes with simple
alkynes have been investigated. High yields of naphthopyran phenols have been
realized from these reactions and require in-situ protection of the phenolic
functionality using protecting groups such as TMSCI, TBSCI, MOMCI, Ac;0 to be
most effective. The corresponding quinones of these naphthopyran phenols are
stable which is in contrast to the corresponding unprotected naphthopyran
phenols.

Conocurvone, a remarkable anti-HIV active natural product, possesses a
tris-naphthoquinone pyran core structure. In an effort towards the total synthesis
of conocurvone the reaction of various aryl carbene complexes with bis-TIPS-
1,3,5-hexatriyne and ortho-aryl diynes have been investigated. The reaction of
the phenyl carbene complex with bis-TIPS 1,3,5-hexatriyne, intriguingly, forms a

furan instead of a phenol by reacting at the central triple bond of the triyne. Furan



products have been observed before in the reaction of chromium Fischer
carbene complex with alkynes but only as a minor product. Surprisingly, the
reaction of the chromene carbene complex and the bis-TIPS 1,3,5-hexatriyne
gave neither a furan nor a phenol. Instead, the reaction gave an unexpected
product that results from an addition to the central alkyne of the triyne and then
an addition to the double bond present in chromene carbene complex. The
intriguing outcome of the phenyl carbene complex and chromenyl carbene
complex with bis-TIPS 1,3,5-hexatriyne has been explained by PM3(TM) and

DFT calculations.
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CHAPTER ONE

Détz -Wulff Benzannulation Reaction

And

Ortho-Benzannulation of Dienyl Fischer Carbene Complexes

1.1 Introduction to Fischer carbene complexes

Compounds containing formal metal-to-carbon double bonds are known
as carbene complexes. In 1964, Fischer and Maasbél reported the first example
of a carbene complex which was prepared from the reaction of
hexacarbonyltungsten with methyl or phenyl lithium followed by protonation and
then reaction with diazomethane.' Fischer carbene complexes, represented by
1a are characterized by having the metal in a low oxidation state, by n-accepting
auxiliary ligands and by heteroatom substituents on the carbene carbon atom
capable of donating n-electron density. They possess singlet carbene ligands as
shown in Figure 1.1 since the carbon donates the pair of electrons present in the
sp? orbital to the empty orbitals of the metal to form the o-bond. This is
accompanied by concurrent back-donation of the d-electrons from the metal to
the empty p orbital of the carbene carbon. The heteroatom competes with the

attached metal fragment for n-back donation into the empty p orbital of the



carbene carbon thereby stabilizing the carbene complex by reducing the carbon
atom’s electronic deficiency. This significantly increases the contribution from
resonance structure 1b, which is evident by the increased hindered rotation
about the heteroatom-carbene complex bonds in going from the alkoxy to amino

stabilized complexes (C-N: 25 kcalmol™', C-O: 14 kcalmol™).

Figure 1.1 Electronic description of carbene complexes.

OMe _ Ome H . _H
(co)ser=<_ (co)sCr—<_ ClezTa=( N CIszTa—<t_Bu
1a Fischer-type 1b Schrock-type 2b
Metal Carbene Metal Carbene
d-orbitals Ligand d-orbitals Ligand

Ten years after the discovery of Fischer's electrophillic carbene complexes,
Schrock discovered another class of carbene complexes, which are nucleophilic
at the carbene carbon.? Schrock type carbene complexes 2a are characterized
by early transition metals in high oxidation states, by non-n-accepting auxiliary
ligands, and by non-n-donating substituents on carbon. They can be viewed as
derived from triplet carbene ligands as shown in Figure 1.1 in which the o-bond is
constructed from with one electron of its sp? orbital of the carbon and one
electron of the d orbital of the metal. The n-bond is formed by one electron in the
p orbital of the carbene ligand and one electron from the d orbital of Group 5
metal. In Schrock carbene complexes, larger contributions from the resonance
structure 2b are observed because of the absence of heteroatom stabilization of

the complex.



The most widely used method for the generation of Fischer carbene
complexes involves the reaction of an organolithium and a metal carbonyl, the
same method that was originally reported by Fischer and Mossabdl in 1964." The
lithium acylate 4 so obtained can be converted to alkoxy, amino and thio carbene
complexes via different pathways as shown in Scheme 1.1. Alkoxy carbene
complex 5§ can be obtained by alkylation of the lithium acylate using alkylating
agents like trialkyloxonium salts or alkyl trifluoromethane sulfonates.
Alternatively, the ammonium acylate 6 can be acylated to form acyloxycomplexes
8 which are not particularly stable but can readily be converted to a wide variety
of carbene complexes 7 by substitution reactions with alcohols, amines and

thiols.

Scheme 1.1 Schemetic diagram showing the synthesis of carbene complex.
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1.2 Benzannulation reaction of Fischer carbene complexes

In 1975, Dotz reported the first examples of the reaction of o,B-unsaturated
Fischer carbene complexes 9 with alkynes 10 (Scheme 1.2).® This reaction

furnishes chromium tricarbonyl complexed para-alkoxy phenols 11 which upon



oxidation provide phenols 12 or para-quinones 13. This is an [3+2+1] annulation
reaction in which the resulting benzene ring is comprised of three carbons from
the o,B-unsaturated carbene complex, two carbons from the alkyne and one
carbon from the carbon monoxide ligand. This reaction is quite general with

yields as high has 99 % in certain cases.
Scheme 1.2 Benzannulation using Fischer carbene complex and alkyne

OH
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Oxidaﬁy Ra:(:[Rs
OH OMe
(CO)SCf{i;RQ +R—=R, R2=H R1j¢(ﬂ|_ 12

s R Rs_ Oxidation

(CO)3Cr OMe
9 10 R
S

The metal-free phenol 12 can be derived from complex 11 by ligand

displacement (CO, PPhs)*®“® or by oxidative workup (air, FeCl-DMF complex,

pyridine N-oxide*®) (Scheme 1.2). Strong oxidizing agents like CAN,* lead oxide,
% nitric acid,*® silver oxide* and iodine*® generally forms quinone 13.

The mechanism® of the benzannulation reaction of a,f-unsaturated Fischer
carbene complex 9 with alkyne 10 is shown in Scheme 1.3. The reaction initiates
with a CO loss giving 16-electron unsaturated species 14. Kinetic studies
designate this step as rate limiting.>® This is followed by alkyne coordination and
insertion to form n'-n® vinyl complex 15. Extended Huckel calculations by

Hoffmann in 1991, rule out a metallacyclobutene 14a that would be expected



from a [2+2] addition of the carbene complex and the alkyne as an intermediate
or a transition state in this step.>>® Carbon monoxide insertion in (E)-15 then
leads to n*-vinyl ketene complex 16, which upon six-electron cyclization and
tautomerization furnishes the phenol-metal tricarbonyl complex 11 (Scheme 1.3).
For alkenyl carbene complexes, carbon monoxide insertion and electrocyclic ring
closure takes place in the same step, as there is no local minimum for the n*-
vinyl ketene complex 16.° This is, however, a two-step process for the aryl

carbene complexes as revealed by the DFT calculations.5*%"%9

Scheme 1.3 Mechanism of the benzannulation reaction
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The E configuration of the vinylidinecarbene complex (E)-15 is a must for
the formation of the phenol complex 11 (Scheme 1.3). However, the reaction of
carbene complex 9 with alkyne 10 can give either the Z or E isomer of 15
(Scheme 1.4). Furthermore, it is possible that the E-vinylidine carbene complex

(E)-15 can undergo isomerization either via alkyne deinsertion or some other



mechanism to give the Z-vinylidene complex (2)-15 (Scheme 1.4). The Z-
vinylidene complex 15 has been implicated in the formation of furan products.® If
the CO insertion is slow, as it is for tungsten and molybdenum complexes, then
increased amount of cyclopentadienes or indenes 21 are obtained via

metallacyclohexadiene 20 (Scheme 1.4).”

Scheme 1.4 Mechanism of cyclopentadiene and furan product formation
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Scheme 1.5 shows some of the other products that can be obtained in
addition to the phenol 25 from the reaction of an aryl Fischer carbene complex
with an alkyne. Exhaustive studies have been done on a wide range of tungsten,
chromium and molybdenum carbene complexes with several sterically and
electronically perturbed alkynes.>® Based on these empirical results, the following
generalizations can be made for factors that favor the formation of phenol

products.



Scheme 1.5 Different reaction products in a benzannulation reaction
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1. Metal Effect: The order of selectivity for the CO-inserted phenol
product is chromium > tungsten > molybdenum. Tungsten and molybdenum
carbene complexes, unlike chromium carbene complexes predominantly give
non-CO inserted products like indenes and cyclopentadienes.

2. Carbene Ligand Effect: Fischer carbene complexes with alkenyl
carbene ligands are less susceptible to reaction conditions (solvent, temperature
and concentration) than are aryl carbene ligands. Furan products of the type 24
are more common for aryl carbene complex than for alkenyl complexes

3. Regioselectivity: The largest substituent on the alkyne is generally
incorporated ortho to the phenol functionality in the product 25. In the case of
terminal alkynes, a single isomer is usually formed and regioisomeric ratios
greater than 250:1 have been measured in certain cases.? The regioselectivity of
internal alkynes depends on the difference in the steric bulk between the two
substituents. The preferred regioselectivity in terminal alkynes has been

explained on the basis of interactions of substitutents R_ and Rs from the alkyne



with the CO ligands in the vinyl carbene complexed intermediate 15b. Hoffman’s
extended Huckel calculations shows that the substituent at 2-position of the vinyl
carbene complexed intermediate is at least one angstrom closer to its nearest
CO ligand than the substituent in the 1-position (Scheme 1.6).5>% However, it is
not known for sure whether the alkyne insertion intermediates 15a and 15b are in
equilibrium in favor of 15a, or whether the regiodifferentiation takes place
kinetically at the alkyne insertion step. For alkynes with a tributyl stannane
substituents®® or for alkynes with electron withdrawing groups,® opposite
regioselectivity is observed. However, the predominance of electronic factors

over steric factors is rare.

Scheme 1.6 Regioselectivity of Benzannulation Reaction
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4. Chemoselectivity: Sterically hindered alkynes are less reactive than
alkynes with smaller substituents. Terminal alkynes are more reactive than

internal alkynes.



5. Solvents effects: Non-polar and non-coordinating polar solvents give
higher yield of phenol products in most instances. The amount of side products
increases in DMF and CH3;CN.

6. Concentration Effects: Higher alkyne concentrations favor phenol
formation. This is known as the allochemical effect.’® In the vinyl carbene
complexed intermediate 15 (Scheme 1.3) either solvent or alkyne can displace
the weakly coordinated double bond. Alkynes can act both as 2- and 4-electron
donors so that the metal center would remain electronically saturated after the
CO insertion if it occurs with a switch of the alkyne from 2 to 4 electron donor.
This pathway is expected to be faster than the uninduced CO insertion (E)-15
since maintaining an 18-electron metal species should lower the energy barrier

7. Temperature Effects: High temperature adversely affects the
regioselectivity of the benzannulation reaction and favors the formation of non-
CO inserted products.

8. Stereoselectivity: Chirality on the alkyne and on the carbene ligand
has been used for introducing planar, axial and central chirality in the product.
Central chirality can be induced using ,8-disubstituted «,f-unsaturated carbene
complexes.

The reaction of carbene complexes with alkynes has been utilized for the
synthesis of a plethora of biologically active natural products and drugs
possessing para-oxygenated benzene products or para-quinone moieties. Some
of the compounds that belong to this category, are vitamins K; 29,"

anthracyclones (daunomycinone 30),'? furanochromone (khellin 31 and sphondin



32),'31% and fredericamycin A 33, (Figure 1.2)."* The benzannulation reaction
has also been used in the synthesis of the chiral vaulted biaryl ligands VAPOL 34
and VANOL 35."%® These ligands have been used to generate superior catalysts

for Diels-Alder reaction, '* aziridination reaction'*® and iminoaldol reaction.'*

Figure 1.2 Natural products and asymmetric ligands

OMe
31 Sphondin 32 Khellin

34 (S)-VAPOL 35 (S)-VANOL
One of the goals of this thesis is to develop an approach to conocurvone
36 based on the reaction of three equivalents of complex 38 with triyne 39.
Conocurvone 36 shows remarkable anti-HIV activity.'® It possess three quinone
units which prompted us to explore the reaction of the carbene complexes with

conjugated triynes to acquire the three quinone rings in one step. The three



repeating units are derived from the natural product teretifolion-B, which
constitutes of 3H-naphtho-7,10-dione[2,1-b]pyran unit. The reaction of chromene
carbene complex 38 with triyne 39 could provide a direct route for the synthesis
of the 3H-naphtho[2,1-b] pyran framework (Scheme 1.7). The synthetic efforts
toward the total synthesis of conocurvone 36 and the utilization of Fischer
carbene complexes in the synthesis of a library of 3H-naphtho-7,10-dione[2,1-

b]pyrans will be discussed in Chapters four and three respectively.

Scheme 1.7 Reterosynthetic analysis of conocurvone
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1.3 Ortho-benzannulation of Fischer carbene complexes

Heteroatom stabilized carbene complexes of the Group 6 metals are
normally thermally stable to CO insertion to give ketene complexes. However,
Hegedus and McGuire (1982) reported that metal coordinated vinyl ketenes 40a
or 40b could be generated by photolysis of Fischer carbene complexes (Scheme
1.8)." They showed that CO insertion could be induced in chromium and
molybdenum Fischer carbene complexes by irradiation into the Metal Ligand
Charge Transfer (MLCT) band. This results in the generation of a transient
species, either the short-lived metallacyclopropanone 40a or metal bound ketene
40b, which was found to have ketene like reactivity. Hegedus has exploited
these metal ketene intermediates for various cycloadditions reactions to generate
a variety of compounds such as cyclobutanones 41, §-lactams 42 and p-lactones

43.18

Scheme 1.8 Photoexcitation of Fischer carbene complexes
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A number of photochemical studies of the Fischer carbene complexes

have been carried out.'®

The electronic absorption spectrum of metal carbene
complexes shows three low-lying bands at 500nm, 350-450nm and 300-350nm.
These are respectively assigned to a spin-forbidden metal-to-ligand charge-
transfer (MLCT) transition, a spin allowed MLCT transition, and ligand field (LF)
transition. A simplified one-electron energy level diagram for the tungsten
methoxy phenyl carbene complex is shown in Figure 1.3. The filled sp? orbital
overlaps with the empty metal d,? orbital to give bonding {a1(c)} and antibonding
{2a,(c")} combinations. A similar overlap of the empty carbene py orbital with a
filled dr orbital gives rise to bonding {bs(n)} and antibonding {2b+(n")} molecular
orbitals. The molecular orbital calculation on [Cr(CO)s{C(OMe)Me} places 2b,(r")
below 2a,(c") in the energy level diagram. The LF bands are observed due to the
promotions of the electron to the metal centered dx?-y? orbital (or 6*) orbital. The

MLCT band results from the excitation of electron from a non-bonding metal-

centered orbital to a carbene-carbon p orbital centered " orbital.

13



Figure 1.3 One-electron energy level diagram for tungsten complex
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Irradiation of Fischer carbene complexes into the LF bands resuits in the
photodissociation of the CO ligand. Raman flash-photolysis study of
(OC)sW=C(OMe)Me and matrix photolysis study of the corresponding chromium
carbene complex gives two contrasting results. According to Raman flash-
photoloysis, a transient species is formed due to the photoejection of CO in
which the vacant site generated in the metal is blocked.'® Whereas, matrix
photolysis suggests that photolysis of tungsten carbene complex results in the
reversible syn to anti-isomerization of the methoxy group.'® Based on Hegedus
results the transient species obtained on photolysis into MLCT band of tungsten

complex is the metal bound vinyl ketene.
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On the basis of these results, it was envisioned that photo-induced CO insertion
in doubly unsaturated carbene complex would undergo 6-electron cyclization to
generate 2-methoxy phenols. Wulff and Yang reported the first example of this
photo-induced ortho benzannulation reaction in 1989 (Scheme 1.9). % Photolysis
of complex 44 in THF furnished 2-methoxy naphthols 46 in 18% yield. Merlic
improved the yield for this reaction by using pyrex filtered UV light under CO
atmosphere.?' It is presumed that pentacarbonyl chromium complex 44 on
photolysis, results not only in CO insertion intermediate 45 but also CO ejection
to form tetracarbonyl chromium complex (complex 44 with one CO less), which
does not undergo CO insertion due to the enhanced n-backbonding. The
tetracarbonyl chromium complex, which otherwise would result in decomposition
or formation of side products, is converted back to complex 44 under CO

atmosphere.

Scheme 1.9 Photoinduced ortho-benzannulation reaction
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This reaction is quite effective for substrates with aryl substituents in the
o,B-position and/or v,8-position. There are no examples in the literature, where
the photoinduced ortho-benzannulation of substrates with alkenyl substituents in
both the o,f-position and the y,5-position gives rise to ortho-alkoxy phenols.
However the thermal reactions of these substrates are well developed and
generally yield five membered rings. An exception is the carbene complex 47,
which has a strained cyclobutenyl ring in the o,B-position.?? These substrates on
heating yield ortho-alkoxy phenols 48 in moderate to good yields. The source of
the unusual behavior of these substrates of furnishing six-membered rings
instead of five-membered rings has been attributed to their geometries. Five-
membered rings can be obtained via two pathways from substrate 49: The first
pathway (Route A) includes the electrocyclization followed by the reductive
elimination, and the second pathway (Route B) would involve a nucleophilic
attack of the terminal double bond on the carbene carbon atom to afford
intermediate 51 (Scheme 1.10). It can be argued that in 49 the C1 and C 5 atoms
are separated apart for the nucleophilic addition to take place and that in the
intermediate 50 the reductive elimination is disfavored due to the large angles
existing between the substituents of the cylobutene moiety. Thus the formation of

five-membered ring formation over six-memebered ring is disfavored for 49.

16



Scheme 1.10 Thermally controlled ortho-benzannulation
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The photoinduced benzannulation has further been extended to amino
carbene complex 53 which gave the ortho-amino phenol 54 (Scheme 1.11).2
This reaction is not general for dialkylaminocabene complexes. However,
carbene complexes with an electron withdrawing substitutent on the nitrogen
atom are more useful as indicated by the conversion of 55a to 57 (Scheme

1.11).2 Dimethylamino complex 53 is the only example of a dialkylamino

complex that undergoes the ortho-benzannulation reaction.
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Scheme 1.11 Photo-induced ortho-benzannulation of amino carbene

complexes
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Merlic has used isonitriles as a surrogate for CO to obtain ortho-methoxy
aniline 59 (Scheme 1.12).2* It is proposed that the reaction of the isonitriles with
the carbene complex 44 results in the formation of the dienyliminoketene
complex 58 analogues to the ketene 45. This dienyl iminoketene complex then

undergoes 6-electron cyclization to form ortho-methoxy anilines 59.
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Scheme 1.12 Thermally controlled ortho-benzannulation of alkoxy carbene

complexes using +-BuNC
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This methodology provides an efficient route for the synthesis of ortho-
alkoxy phenols and ortho-alkoxy anilines. Intriguingly, this methodology has
found only limited use in the synthesis of natural products. In one of the few
examples, Merlic has elegantly used this methodology in the total synthesis of
the Calphostins 60 (Figure 1.4) which are known to be potent and specific

inhibitors of protein kinase C and exhibit strong cytotoxic activity.?®

Figure 1.4 Structure of calphostins
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Carbazole-3,4-quinone alkaloids®® (Figure 1.6) and tanshinones®” (Figure
1.5) are two of the important class of natural products with built-in ortho-quinone
moieties. Tanshinones are a group of red pigments present in danshen, a dried
root of the Chinese red-root sage Salvia militiorrhiza Bunge and is clinically
useful for treatment of coronary heart and cerebrovascular disease. Chemically,
tanshinones, such as cryptotanshinone 61, tanshinone | 62, rosemaryquinone 63
and miltrione 64 are 20-norditerpenes with an abietane-type skeleton containing

a ortho-quinone moiety in the C-ring (Figure 1.5).

Figure 1.5 Structure of tanshinones

o] o] 0 O
5 o
COANCOAINGOAENG S
61 Cryptotanshinone 62 Tanshinone | 63 Rosmariquinone 64 Miltrione |

A major goal of this thesis is to develop a route to the synthesis of
carbazoquinocin-C via the ortho-benzannulation of Fischer carbene complexes.
Carbazoquinocin-C is a member of the carbazole-3,4-quinone alkaloid family
which has largely been discovered upon screening several microorganisms for
compounds possessing activity against lipid peroxidation and for those
possessing neuronal cell protecting activity.”® These molecules include
carbazoquinocins A-F 65, carbquinostatins A and B 66 and lavanduquinocin 67.%

Chapter 6 will discuss the application of ortho-benzannulation reaction in the

synthesis of carbazoquinon-3,4-diones, in particular, carbazoquinocin-C 65C.
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Both thermal and photoinduced ortho-benzannulation reactions are investigated
and found to provide a general route for the synthesis of carbazole-3,4-quinone

alkaloids.

Figure 1.6 Structure of carbazole-3,4-quinone alkaloids
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CHAPTER TWO

SYNTHESIS AND PROPERTIES

OF

3H-NAPHTHO[2,1-b]JPYRANS:

A HISTORICAL PERSPECTIVE

2.1 Introduction

The 3H-naphtho[2,1-b]pyran unit belongs to an important class of
compounds. Naphthopyran units constitute the framework of a wide range of

natural products'®282°

and have found wide application in optics due to their
photochromic properties.*®* Conocurvone 36, which shows remarkable anti-HIV
activities, possess three naphthopyran-7,8-dione units (Scheme 2.1)."® The
presence of the para-quinone moiety has prompted us to explore the
benzannulation reaction of chromene Fischer carbene complex 38 with triyne 39
to synthesize concorvone 36 and its analogues. This will be discussed in detail in
Chapter 4. In addition, the benzannulation reaction of chromene carbene
complexes of the type 68 with alkynes 69 would open a new synthetic avenue to
access a library of 3H-naphtho[2,1-b]pyran compounds 70. A detailed discussion

on this will be given in Chapter 3. This Chapter gives a historical perspective on

the synthesis and properties of naphthopyran compounds.
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Scheme 2.1 Applications of chr carbene plex in vone

and napthopyrans synthesis
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2.2 Introduction to photochromic properties of 3H-naphtho[2,1-

b]pyrans

As mentioned in the previous section, naphthopyrans of the type 71 are
important photochromic compounds (Scheme 2.2).*° These photochromic
compounds undergo reversible color change under the influence of a poly- or
mono-chromatic light (UV for example) and return to their original color when the
luminous irradiation ceases, or under the influence of temperature, or upon
irradiation of a poly- or mono-chromatic light different from the first. Photochromic

compounds have found wide applications in which a sunlight-induced reversible
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color change or darkening is desired e.g. for the manufacture of ophthalmic
lenses, contact lenses, solar protection glasses, filters, camera optics,
transmission devices, agrochem films, glazing, decorative objects or for
information storage by optical inscription (coding). The photochromic compounds
for the above stated applications are required to have the following
characteristics: an absence or low coloration in the initial state, high colorability in
the visible range after excitation with light (colorability is defined as the intensity
of the color obtained on exposure to light), a high speed of coloration, a fast
thermal fading rate (which is related to stability of the colored state) at room

temperature and a high resistance to photodegradation (“fatigue resistance”).*

Scheme 2.2 3H-naphto[2,1-b]pyrans shows photochromic properties
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Photochromism of the naphthopyrans 71 is due to reversible heterolytic
cleavage of the C-O bond of the pyran ring upon exposure to UV light or sunlight
(Scheme 2.3). This is followed by extremely fast (i.e. 10° to 102 s) bond
rearrangements resulting in the formation of the chromophoric species or
photomerocyanines (MCs) that are responsible for the photogenerated colors
(Scheme 2.3). Four different types of isomeric quinone methides are possible
upon excitation, namely the s-t,c (s-trans, cis) 72a, s-t,t (s-trans,trans) 72b, s-c,c

(s-cis,cis) 72c and s-c,t (s-cis,trans) 72d isomers.
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Scheme 2.3 Behaviour of naphthopyrans on exposure to irradiation
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Substitutions at various positions in napthopyrans 71 (R', R?, R®, R play
a crucial rule in defining their photochromic characteristics. Replacement of
methyl groups at C-3 carbon atom (R;, Rz = CHs) by phenyl groups (R, R? =
phenyl) notably enhances the photochromic properties of the naphthopyrans in
favor of their usage in optics. This is illustrated from the data presented in
Scheme 2.4. A notable bathochromic shift is observed as the methyl group is
replaced by one (entry 2) and two phenyl groups (entry 3). The extended n-
conjugation due to the additional phenyl rings leads to notable bathochromic shift
(A1), enhanced absorption intensities or colorabilities (A1) and increased open
form stabilization i.e., low thermal bleaching rates (k,) as is evident from entry 1,
2, 3. Another positive aspect of the aromatic substituents at C-3 position is
increased fatigue resistance compared to the compounds obtained from the
corresponding aliphatic substituents. All these absorption characteristics make
the 3,3-diphenyl-substituted naphthopyrans suitable for use in photochromic

lenses and other related applications.
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Scheme 2.4 Substituent effect on photochromic properties of

naphthopyran 72
R1
R 2
3 Y!
o X 0 10
(L P OOX
5 8
72 6 7
Entry R' R? At (nm) A ka (S7)
1. CHs CHs3 376 0.45 13,0.15
Ph CH3 399 0.48 2.3,0.2
Ph Ph 432 0.84 0.009

Substitution at other carbon atoms also plays a crucial role in defining the
photochromic properties of naphthopyrans. It has been generally observed that
substitutions at the C-1 and C-2 positions (73 and 74) have negative effects on
the photochromism. This is presumably because of the steric interaction of these
substitutents with the naphthyl ring which expedites the thermal reversion of the

ring-opened forms to the closed pyran form (Scheme 2.5).

Scheme 2.5 Steric effects from the substituents at C-1 and C-2 position
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Heteroatom substituents at C-6 78 and C-8 77 positions have notable
effect on the photochromic response of the naphthopyrans, which is not the case

with substitution at C-7 and C-9 positions. This is because of the ability of the
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heteroatom lone pair to take part in resonance delocalization to the cairbonyl in

76, which makes them better photochromic compounds (Scheme 2.6).

Scheme 2.6 Photochemical response of 6- and 8- position substituted
naphthopyran
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Aromatic substituents at C-7 and C-8 also show enhanced bathochromic
shift and colorability. Scheme 2.7 illustrates that the presence of aromatic
substituent at C-7 position, such as 80, enhances the colorability (Ag) and leads

to a bathochromic shift that is good for their usage in optics.

Scheme 2.7 Thiophene substituted naphthopyrans
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In brief, substitutions at the C-5 to C-10 positions have a significant impact

on the absorption properties of these compounds. Although a number of patents
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and publications on various naphthopyran derivatives have appeared in last two
decades, a detailed study with aromatic and heteroatom substituents has not
been done. This is likely due, at least in part, to the limited methods to generate

these compounds.

2.3 Natural products with the 3-H-naphtho[2,1-b]pyran skeleton

3-H-Naphtho[2,1-b]pyrans or their opened forms (opened pyran rings)
have been found in several natural products as shown in Scheme 2.8. Cannon
and coworker, isolated nine quinones (81-89) related to this family, from the roots
of conospermum teretifolium in 1975 (Scheme 2.8).2% Kimpe has recently isolated
a naphthopyran related natural product with the chemical name methyl-5,10-
dihydroxy-7-methoxy-3-methyl-3-[4-methyl-3-penten-yl]-3H-benzo[f]- chormene-
9-carboxylate 90 from the roots of Pentas bussei, a plant found in Kenya
(Scheme 2.8).%° The decoction of the roots is used as a remedy for gonorrhea,
syphilis and dysentery. The stereochemistry at C-3 carbon was not determined
since the multiple hydroxyl functionalities interfered with the Mosher
derivatization of the natural product. Decosterd and co-workers at the NCI
discovered that in-vitro anti-HIV activity is exhibited by conocurvone 36, a trimeric
naphthoquinone (Scheme 2.8).'® The synthetic studies toward conocurvone will

be discussed in Chapter 4.
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Scheme 2.8 Natural products with 3-H-naphtho[2,1-b]pyran
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2.4 Conventional methods of synthesizing 3H-naptho[2,1-

b]pyrans

Several methods have been reported for the synthesis of substituted
naphthopyrans with alkyl or aryl substitutions at the C-3 positions. A few of the
more commonly used methods are described below:

a) Acid and base catalyzed synthesis of naphthopyrans: The thermal cyclization
of propargyl aryl ethers, first reported by Iwai and Ide gives 3H-naphthopyrans.®'
This reaction can be performed in one pot by heating 2-naphthol with propargyl
or vinyl halides in the presence of base.? Alternatively, one pot condensation
and cyclization of propargyl alcohol such as 92 with naphthols such as 91 can be
invoked by using various acids (para-toluene sulfonic  acid,®
PPTS/(CH30)sCH,® acidic alumina,® silica,®® zeolite HSZ-360% to give 3H-
naphtho[2,1-b]pyran derivatives 94 (Scheme 2.9). This is the most widely used
method for accessing napthopyrans. A general mechanism for this reaction is
shown below (Scheme 2.9). The first step in this reaction involves the generation
of the propargyl aryl ether 93 by the acid catalyzed dehydration of the alcohol.
This is followed by the thermal induced Claisen rearrangement, keto-enol
tautomerisam, [1,5] hydride shift and 6-electron cyclization to furnish the

naphthopyrans 94.
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Scheme 2.9 Acid catalyzed cyclization of aryl-propargyl ethers
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This approach is marred by low yields due to competitive Meyer-Schuster
and Rupe rearrangements (Scheme 2.10).” The Rupe rearrangement deals with
the acid-catalyzed isomerization of tertiary a-acetylenic alcohol 99 to
predominantly form o,fB-unsaturated ketone 104 rather than the o,p-unsaturated
aldehydes formed in Schuster-Meyer rearrangement. This rearrangement is
believed to proceed via a dehydration-hydration sequence with enynes as
intermediates. The first step involves the acid catalyzed dehydration of alcohol to
form the tertiary propargyl carbocation 100 followed by proton elimination to form
enyne 101. Further electrophillic attack of proton on enyne 101 gives secondary
carbonium ion 102, which upon quenching with water furnishes o,B-unsaturated

ketone 104. The Meyer-Schuster rearrangement is the isomerization of
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secondary and tertiary a-acetylenic alcohols 92 to o,p-unsaturated carbonyl
compounds 106. The requirement for this rearrangement is the absence of
hydrogen atom in the homopropargylic position. Thus the secondary or tertiary
carbocation 95a obtained upon acid catalyzed dehydration of the propargylic
alcohol can not undergo proton elimination to form enynes. Instead, the
propargylic carbocation 95a reacts via the allenyl cation resonance structure 95b
which is trapped by water to furnish the o,B-unsaturated carbonyl product 106.

Effectively, the rearrangement involves a 1,3 shift of the hydroxyl group.

Scheme 2.10 Rupe rearrangement
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Carriera has dramatically improved the yields of these reactions by using
(MeO)sCH as dehydrating agent in the presence of the PPTS (Scheme 2.11).%
The reaction of diphenylpropargyl alcohols 107 and 2-naphthol 91 using the

PPTS (pyridinium p-toluene sulfonate) and (CH3;0);CH combination gives a 92%
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yield of the napthopyran 108, which is significantly higher than with p-TsOH
(toluene solvent, 62% yield), p-TsOH with silica support (56%) or with PPTS

alone (2% yield).*

Scheme 2.11 Carriera’s protocol for synthesizing 3H-naphtho[2,1-b]pyran

ArOH + /Lph Reagent Product
HO™ by,
107
ArOH Reagent Yield Product
OH PPTS, (MeO)3CH 92%
p-TsOH/Silica 56%
91 p-TsOH 62%
PPTS 2%
OH
OO PPTS, (MeO)sCH 80%
o) Silica/p-TsOH 17%
= p-TsOH 12%
109

Tanaka has reported a solvent-free solid-state version of this reaction. In
this protocol a mixture of diaryl propargyl alcohol, p-TsOH, 2-naphthol and a
small amount of silica gel was thoroughly ground and left at room temperature for
1 hour to give the napthopyran (12-57% yield).%

Sartori has utilized HSM-360 zeolite for the reaction of alkyl-aryl propargyl
alcohol with 2-naphthol for synthesizing naphthopyrans. Zeolite HSM-360 and p-
TsOH give comparable yields.®

In brief, Bronsted acids like p-TsOH provide a general approach for the
synthesis of C-3 alkyl-alkyl, aryl-aryl and alkyl-aryl substituted naphthopyrans. In

Carriera and Tanaka’s reports, there are no examples of alkyl-alkyl substituted
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naphthopyrans. Satori's method is general for obtaining C-3 alkyl-aryl or alkyl-
alkyl substituted naphthopyrans.

b) Kabbe's synthesis: This synthesis commences with naphthopyran 111
and requires the reduction of ketone followed by dehydration (Scheme 2.12).
Alternatively, naphthopyran 111 can be treated with PBr; to obtain bromo-
derivatives of naphthopyrans 112. This approach requires a multistep sequences

and it is not as widely used.®

Scheme 2.12 Benzochromanone to 3,3-dialkyl naphthopyran

(o) Br~
oy oo
111 112 28% yield

c) Benzocoumarin approach: The reaction of benzocoumarin 113 with
Grignard reagents and subsequent dehydration gives substituted naphthopyrans

(Scheme 2.13). This method is low yielding for 3,3-diaryl naphthopyrans 108.%°

Scheme 2.13 Benzocoumarins to 3,3-dialkyl naphthopyran
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d) Acid/Base catalyzed condensation of aldehydes and phenols:
Condensation of 2-naphthol with o,B-unsaturated aldehydes can be effected by
heating in 4-picoline,*® glacial acetic acid / PhB(OH);*® and the Lewis acid

titaniumtetroethoxide** to furnish naphthopyran 114 (Scheme 2.14).
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Scheme 2.14 Condensation of 2-naphthol and o,f-unsaturated aldehydes
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Reagents (% Yield):  4-methylpyridine/heat (80%), glacial acetic acid/PhB(OH), (95%)
titanium tetraethoxide (39%)

e) Zammattio’s Approach: Zammattio has utilized the acid catalyzed ring
opening of epoxide 116 followed by dehydration as a method for synthesizing
functionalized naphthopyran 117. Epoxide 116 can be obtained in two steps by
reaction of the commercially available 2-hydroxy-1-naphthaldehyde 115 with allyl

Grignard reagents (Scheme 2.15).%!

Scheme 2.15 Transformation of 116 to 3,3-dialkyl naphthopyran 117

Oy H :<- HO Q y OH
JOH * MgBr OH p-TsOH o)
OO b. epoxidation OO QO

115 116 117 17% yield over 3 steps

f) Talley’'s Approach: Lithium-halogen exchange of 1-bromo-2-naphthol
118 with n-butyllithium followed by reaction with 109 produces allylic alcohol 119,
which upon acid catalyzed cyclization yields 3,3-dimethyl naphthopyran 114

(Scheme 2.16).42
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Scheme 2.16 Transformation of 118 to 3,3-dialkyl naphthopyran 114
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g) Oxidation of ortho-allylic phenols: Cyclodehydrogenation of ortho-(3,3-
dimethylallyl)naphthols (120 and 121) using 2,3-dichloro-5,6-
dicyanobenzoquinone®® or trityltetrafluorobor<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>