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Methodologies for the extension of aldehydes to functionalized olefins and their application to

the synthesis of cannabinolic acid methyl ester are presented.
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ABSTRACT

ChapterOne presers an overview ofphosphorusreagentsfor the carbon homologations of
aldehydes and ketones leading to functionalized carbonyl derivaBBedect examples are
provided to exemplify the utility of carbon homologation methodology in synthesis and

asymmetric organocatalysis and in the total synthesis of natural products.

The directing effect of acetals on regioselective eg/idrmation is explored in Chaptdiwo.
Evidence is presentefbr ylide formation through a complex induced proximity effeadth
lithium bases under coordinating conditions. Moreof@ur-carbon donas represena limit for
useful directd ylide formation with trialkylphosphinederived Wittig saltsin carbonyl

homologation reactions

A facile approach to the synthesis of methyl vinyl ketones (MVKSs), using acetonyl
tripropylphosphoranes under mild cotialns, is reported in Chapt&hree A library of diversely
functionalized MVKs was synthesized as a demonstration of the scope and generality of the
methodology. The application of MVKs as substrates for organocatalysis and as building blocks

for useful mlyketide intermediates is briefly highlighted

In ChapterFour, the twacarbon homologation methodology that was presentéieirprevious
chapteris applied to the synthesis of the polyketide olivetol and a ser@suéthyl derivatives.

Cyclic diketone intermediates were aromatized with catalytic iodine and DMSO as a terminal
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oxidant. Modification of the solvent system allowed for the selectywghssis of monoor
dimethyl ethers of methyl olivetolate. The selectivity of this aromatization is further explored in

the final chapter with more complex substrates.

ChapterFive focuses on the synthesis of the meroterpene phytocannabinoids foDadhebis
sativa A synthetic strategy involving the sequential condensation/fa@md}lation of citral with
cyclic 1,3diketones synthesized in the previous chapter. This affordedanoomatic
meroterpenes that were subjected to-acatliated thermal rearragignent and catalytic oxidative
aromatization. Evidence for bemoselectivity of the aromatization methodology was

demonstrated analsynthesis of methyl cannabinolasepresented
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1.0.INTRODUCTION: PHOSPHORUS REAGENTS FOR CARBON HOMOLOGATION

OF CARBONYL COMPOUNDS TO FUNCTIONALIZED OLEFINS

The entirety ofSections 1.2 to 1.10 of this chaptgpearss a chapter in

D. Hurem, JMc Nu |l t vy, Phosphorus Reagents for Two ,

of Carbonyl Compounds to Functionalized Olefins, Homologation Reactions, V. Pace (Ed),

Wiley-VCH (2022.
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1.1 Wittig reagents for the synthesis ofCl-homologated vinyl ethers as aldehyde and
ketoneequivalents

The use of Wittig salts for the synthesis of enol ethers was reported as a method for the synthesis
of onecarbon homologated aldehydes from ketones as early as' T9&8phosphonium saf

was generated from the reaction of chloromethyl methyl dthed triphenylphosphine (TPP) in
anhydrous ether (Schemg Deprotonationn situ with phenyllithium formed the phosphonium

ylide that was reacted with tigogenodein an excess of the ylglto give the corresponding
homologated methyl enol eth&rin 85 % vyield. Stirring in diethyl ether saturated with 72 %

perchloric acid afforded the homologated aldehy.de

Et,0
4 5 85% 6 72%

o 5
/\f 3 /ﬁ/\o/ HCIO, aq /ﬁ/*o !
% Et,0 % - g % 5

Schemel. Synthesis of homologated aldehyde of tigogenone.

Later Wittig and coworkers explored the scope and reaction conditions of this transformation.
Ketones and aldehydes were investigated. Competing aldol condensation was observed with

cyclopentanoné.
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Coulsenand coworkers later reportéide one-carbon homologation of aldehydes to give methyl
ketones through the intermediate vinyl eth&he method uska modified version of the Levine
reagent, that was prepared from triphenyl ppbse andJ-chloroethyl methyl etheiThe ylide
generated from the methyl alkoxyphosphonium $Salvas found to be unstablat room
temperaturgbut reacted successfully a0 eC with aldehydegTable 1, Entried 1 4) to give

the isolatable vinyl etheas a mixture of isomers. Hydrolysis allowed access to the methyl

ketone although poor yields were obtained with ketofEsble 1 Entries 5 7).

Table 1. Synthesis of Chomologated methyl ketones from carbonyl compounds

+\o BUOK g | o ‘f 05%HCI O

e e me e L
_______ 78 R' = alkyl, aryl, vinyl; R? = H or R = alkyl; R? = alkyl
Entry Carbonyl Methyl Ketone Product Yield (%)
1 benzaldehyde 3-phenyl-2-propanone 88
2 cinnamaldehyde 3-styryl-2-propanone 82
3 n-heptanaldehyde 2-nonanone 57
4 pelargonaldehyde 2-undecanone 51
5 cyclohexanone methyl cyclohexyl ketone 45
6 cyclopentanone methyl cyclopentanone 0
7 2-octanone 3-methyl-2-nonanone 15

The generated yl@l8 was reacted in a slight excess with aldehyde to afford the homologated
enol ethers which were isolated by distillation and subsequently hydrolyzed by reflux in dilute

HCl in near quantitative yields. Nesnolizable aldehydes were homologated to their
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corresponding methyl ketones with high yields, while enolizable aldehydes and ketones gave
lower overall yields of methyl ketones. The olefination step with ketones did not proceed to
completion, with mixtures of methyl enol ether and unreacted ketone isdfatedreaction

mixtures. Reactions with cyclopentanone, as previously reported by Wittig and coworkers with

reagen®, yielded only the aldol condensation product and no detectable enol ether.

The Cthomologation methodology was applied to a synthesistaixyl aldehydes and called

for the hydrolysis of an enol ether intermediate under mild conditions to maintain orthogonality
with the acid sensitive nitroxyl grodfpA model study was conducted with a series of enol ether
homologues. The first series of phosphonium salts were synthesized in the same manner as the

Levine reagen®, throughTPP substitution on the corresponding chloromethyl ether. (Scheme

2).
0
PPh, PPh,-HCI or 1
c1” O oR l ~
| OR ~o
. MOMCI
<~ 9 pnp — ko
0~ o 3
] i, prh”
Ph;P 2R =Me é C

Cl

cl
O PPh; HCI O\
| ———
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Scheme2. Synthess oftriphenylphosphonium ethers

Methoxymethyloxy and tetrahydropyranyloxy salsand 10 respectively, were synthesized in
about 42 % vyield by reaction ahloromethyl methyl ethe(MOMCI) or dihydropyran with

Levine reagen®, which in turn was generated under acidic conditions from paraformaldehyde.

T h e-pha$phonium tetrahydropyran (THP) sdll was found as a byproduct if excess
triphenylphosphonium chloride was present in the reaotrdh dihydropyran and could be
synthesized in 72 % vyield from dihydropyran and triphenylphosphonium chloride. The
synthesized homologation reagents were used to generate a series of amino and nitroxy enol

ethers under standard condition with generally lyighds.

Hydrolysis of the resulting model enol ethers to homologated carbonyls was studied. Ease of
hydrolysis was found to follow closely with the basicity of the enolic oxygen such that the THP
ethers were most easily hydrolyzed. Further, it was pesptsat internal hydrogen bonding of

the protonated MOMenol ethers led to their apparent stability to hydrolysis.

A series of Uphosphorous tetrahydrofurans (THF) and tetrahydrothiophenes (THT) were
synthesized by addition of phosphorous nucleophiless$pective heterocycles containikl
leaving groups. Reaction of triphenylphosphonium tetrafluoroborate to alkdkyformed the

Wittig salt12in 92 % yield (Scheme 3).
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. B
Sim Ol b
(0]

_ 0~ " PPh,
BF -
12 4 13 BR 14 Cl
| R X_ _R3 !
1 \O/\/ :
R2
\O T +T
H 1
RI\O R\o/\
R3 R3

Scheme3. General synthesis of alkoxy phosphonium salts using phospbidedducts.

Si mi | @hosplyonium0THA3was synt hesized in near gquanti:t
methoxyTHP with triphenylphosphonium tetrafluoroborat®eanwhile, the addition of TPP

HCI to dihydropyran wastudiedand the methodology was expanded to include cyclic and

acyclic vinyl ethers as nucleophileBhe methyl ketone homologating reagédt which is an

anal ogue of Qowad pseparcddsn ethyd ving etimet in this mannér.

The utility of this method was significantisnprovedthrough the development of a genamaite
to J -methoxy substituted phosphonium sdlés(Schemet).® It was found that triethylphosphine
hydrobromide reacted with dimethyl acetaderived from aromatic and unsaturated alkenals

to yield the corresponding-methoxy substituted phosphonium sdl&as a general reaction.
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The corresponding triphenylphospé salts could not be obtained using this method, with P
methylation identified as the outcome of corresponding reaction, illustrating the often unique

reactivity of short chain organophosphines.

1. LIHMDS

1
OMe - . R
OMe PEt;*HBr J Br THF 0°C,35min Rz/\(
. R!" “PE OMe
RI OMe 80 DC, 50 min 2. RZCHO
15 16 THF, 0 OC-I't, 3h 17
97 % - 99 % 75 % -95%
R! = aryl, alkenyl OMe Br OMe -
R2, R3 = aryl or alkyl AN 5 . Br
X:— PEt3 R3/\)\PEt3
=
16a 16b

Schemed4. Synthesis of trialkylphosphonium salts and Wittig reactions to generate methyl enol
ethers.

Reactiors of the ylide derived fromi6awith aldehyds gave thecorrespondinginyl ethes. In
contrast, ylides derived from the safib gave 2methoxy1,3-dienes The corresponding ylab
16 could be generatagking lithium hexamethyldisilazide (LIHMDSnd, unlike with reagemt,
were stablet0 °C. A series of methyl enol ethet3 were synthesized by Wittig olefination with
a wide scope of aldehydds contrast with Wittig reactions preformed withe corresponding
Levine reagent or Coulsen reagehtk yields of enol etherderived from enolizable aldehydes
wereimproved andomedegree oE-selectivity was observed, in some cases as high d5/7:1

was obtained.
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It should be noted that hydrolysis of vinyl ethers that are obtained through the use of alkoxy
substituted ylides reveals the free homologated carbonyl compdinede are often highly
reactive aldehydes and ketones containing active methylenes such as phenylacetone or
phenylacetaldehyde derivatives. An added advantage in obtaining the vinyl ether intermediate is
its direct application in subsequent cycloadditiorraistry as a carbonyl (or enol) surrogas.

an example, in a recent synthesis of -patiasitic quinolines, the vinyl eth&8 was prepared

using the Levine reagef@t(Scheme 5)The vinyl ether readily underwent Povarov cycloaddition

with in-situ gener#ed imine to yield the pohkgubstituted quinolin@0. In contrast, hydrolysis of
intermedide 18 furnished the reactive phenylacetaldehyidethat rapidly decomposed on all

attempts to engage in the Povarov cycloadditfon.

cr
.
PhsP” OMe
x{jAo 2L NN OMe B O
I X-r A
= THF, LiIHMDS ~ U acetone X O/\/
17 18 19

18 TFA

47 % - 84 %
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Schemeb. Quinoline synthesis using €&iomologated vinyl ethers as aldehyde equivalents in
Povarov cycloaddition reactions.

1.2 Classical methods for twecarbon homologation

An attempt to delineate the most general view of ttanbon homologation reaction proses,
employing phosphorodsased reagents, is shown in Schéh{g. The acceptor component A is
generally and aldehyde, with ketones reacting in certain cases. The donor component D contains
a carbonyl or equivalent directing unit attached to an ylidphmsphonate anion, as the most
common examples. The product P does not contain phosphorus, retains the extended carbonyl or
latent carbonykquivalent, such as a vinyl ether or acetal, and may or may not retain a double
bond. One of the earliest methodsathieve the twaarbon homologation of aromatic aldehydes

21 to cinnamic acid22a and este22b derivatives was described by Knoevenagel in a series of

three publications in 1898
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O LnP R, O
(i A o;} ) — R
Ri Ry R4 Rs
Rj n
A D P
n=0, one-carbon homologation
n=1, two-carbon homologation, etc
1.CH,(COR), O
iperidine
o piperidi X R
(i) 2.-CO,
21 22a R=OH
22b R=OEt
22c R=H
O
CICH,CO,Et
(iif) ©AO . 0 OR
NaOEt
21 23

Scheme6. The general scope ofaarbon homologation (i), classic Knoevenagel condensation
reaction and crossed aldol (Claiseohmidt) reactions (ii) and Darzens reaction (iii) of aromatic
aldehydes to yield unsaturated acid or ester divies22ab, alkenal22cor epoxyester23.

In this work malonic acid was condensed with aromatic alde®3testhe presence of an amine
catalyst such as piperidine or ammonia, Scheme 1. The application of the Knoevenagel reaction
to a wide range o f-keto estess tandtothdar activated anetloylerees and to D

other aldehyde substrates has beemsitely developed over the yeats.

The Knoevenagel condensation produces the condensetiati@ or diester intermediate that

can be isolated or decarboxylated thermally to yield tHeli (b-unsaturated acid or ester

10
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derivative 22a/b. High yields of cinamic acid derivatives can be obtained from reactive and
sterically congested aldehydes with decarboxylation occurring at room temperature upon the
application of ultrasountf The reaction is also notable as being the first generally accepted
development n the field of aminocatalysis involving the intermediacy of iminium ion
intermediates® Crossed aldol reactions using acetaldehyde as the donor substituent {Claisen
Schmidt reaction) leading to alkend&&c have proved challenging until recently due tdf se
condensation reactiof$ Phosphoroudased reagents that permit this extremely valuable two
carbon homologation and applications of the reactive alkenals are described in detail here.
Although the Knoevenageéaction and aldotondensation reaction dwt utilize phosphorus

based reagentshey arenotable fortheir simplicity and atorreconomy and, despite obvious
limitations in terms of chemoselectivity, serve assafulstarting point for consideration of any
two-carbon homologation. Although genllyaof lesser synthetic utility, the Darzéfs

condensation reaction of-halocarbonyl compounds with aldehydes is also a classical method

for two-carbon homologation of aldehydes leading to stereoisomeric mixtures of the

corresponding functionalized eporgter23.1°

1.3 Horner-Wadsworth-Emmons andr elatedr eagentsfor two-carbon homologation

The use of phosphonate carbanions for the homologation of ketones and aldehydes to carboxylic
acid derivatives was initially described by Hofeand subsequently developed by Wadsworth

and Emmonsg® The use of triethylphosphonocaetate or the trimethyl equivalent, thallsd

11
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HWE reagents, are extensively utilized in organic synthesis and have been reVi&eeu

only two-carbon homologationsvill be covered here. In order to obtainb-unsaturated

aldehydeautilizing this chemistry, the unsaturated esters must be reduced to the corresponding
allylic alcohol (usually using DIBAIH at cryogenic temperatures), followed by selective
oxidation (Svern oxidation or use of the DeBfartin periodinane) to obtain the desired alkenal.
The overall efficiency of the threstep process, often requiring purification of each intermediate,

in terms of cost and atoeconomy can be prohibitive on scale.

The prearationand use of thel -phosphonoaceta?4 for the synthesis of the homologated
alkenals or protected acetals sucl2@aand thel -phosphonoketon26 for the synthesis of enone

27 directly from carbonyl compoundl has also been reported (Schemebut less frequently
investigated22 Cinnamaldehyde acetland benzylidene acetswere both synthesized from
reaction of benzaldehydevith phosphonate®4 and 26 respectively (Schem&),?! yielding

predominantly theK)-alkenes.

O 0]
EtO.1 EtO.]]
P >
EtO \)\O Et EtO” P\)J\ o

24 26
AN
N OEt ~NS> - 5
NaNH,, THF NaNH,, THF 27

21

Scheme?. Use of functionalized acetal and ketone containing phosphonate carbanions for the
synthesis of protected alkenals and enones.

12
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In related work, the synthesis ddrmylmethylenephosphonates has been reported, Horner
WadsworthREmmons (HWE) reactions could not be accomplished due ta@etfensation of

the phosphonate anioffsThe synthesis of homologated alkenals can be accomplished using
imine-protected reagentslthough the lability of imines to hydrolysis can prove operationally
difficult in some case$ Homologated alkenals were synthesized using dimethylhydrazones of
formylmethylenediethylphosphonat&€sThe phosphonate anion was generated using LDA at
roomtemperature and reacted with a variety of ketones and aldehydes to give the homologated
dimethylhydrazongin high yields. Reactions with aldehydes gave higJrsglectivity, while
reactions with ketones afforded mixtures of stereoisomers. Subsequeny$igdrsing aqueous

1M HCI af f o{umbaulated darkonyls inbnear quantitative yield with concomitant

olefin isomerization to give almost exclusiveB){olefin.

One of the advantages of the use of phosphonate carbanions is their high readivite a
ability to generate the anion under relatively mild conditions. This allows for the successful
homologation of enolizable and sensithkehiral aldehyde$??° The use of lithium chloride has
been showrio increase the acidity of the phosphonateveing for the successful use of weak

bases including Hunig&®s base or DBU in the re

The high reactivity of phosphonate carbanions also allowscaxoon homologation of ketones
in many cases. For example, Mulzer andvaokers (Schem8) reportedthe addition of various

phosphonates to the hindered ket@ge yielding the unsaturated est&.?® In addition to the

13
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successful olefination, the stereochemistry was shown to depend on the nature of theicarboxyl
estersubstituent with hindered esters, such as tHeutyl derivative29a providing unusually

high (90%) olefin stereoselectivity.

Eour - :
o "0+ MeO\ll:l)\)J\ — >I\O\C
g 0\ MeO” OtBu
28

tBUOzC
29a 30

Scheme 8. HWE olefination of the sterically hindered keton@8 with the t-
butylphosphonoacetate esifa

1.4 Still-Gennari and Ando reagentsfor two carbon homologation

A significant synthetic advantage in twearbon homologation using phosphonate carbanions is
the high stereocontrol achievable in the olefin formation. Rimspacetates yield the
unsaturated ester with highE)¢stereoselectivity, generally >90%.The preparation ofZ)-
alkenes can be achieved using either the-Gtihnari reagen29b or Ando reagenf9c as a

result of kinetic control. The StilBennari reagef? generally yields theZ)-1 ,b-unsaturated

ester31 with 90-95% stereoselectivityvhile the Ando reagefit typically provides 95% Z)-
stereoselectivityScheme9). Two-carbon homologation reactiorms ketones using the Still
Gennari reagents are covered in detail in a recent réfiéddthough high degrees ofZ}-
selectivity can be attained in many cgsshindered aromatic aldehydes and sterically hindered

aldehydes provide modest selectivity tods the Z)-olefin3® In addition, twecarbon

14
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homologation reactions on pyruvates demonstrated only madeseléctivity using the Stil
Gennari reagerff*® In certain cases, Wittig homologation (see sectioh) followed by
photoisomerization provetd be a more advantageous route to Heo(efin *°

O O O O
CF3CH20\” Pho\ll A
CFsCHQO/P\)J\OMe PhO/P\)J\OEt R/\

CO,R
29b 29¢ 31

Scheme9. Still-Gennari reagen29b and the Ando reager29c for (2)-selective twecarbon
homologation of aldehydes and ketoneaneaturated estefd.

The last result highlights the importance on the advantages of having multiple synthetic
methodologies available. Overall, considering the available methods forcanvon
homologation of carbonyl compounds to unsaturated estensatogs, the HWE, StiHGennari

and Ando reagents offer the advantages of high reactivity, including to ketones, and reliable
stereocontrol available in comparison to the classic Knoevenagel condensation. The use of mild
base allows limited side reactiorsjch as homaldol reactions, and polymerization, that can
occur under Knoevenagel conditions. The Knoevenagel condensation alsosregairand the

use of mineral acid to effect decarboxylation and is thus applicable to limited substrates. The
availabiity of either the E)- or (2)-Uh-unsaturated ester also allows access to the corresponding
allylic alcohols through DIBAEH-mediated reduction, which expands the synthetic potential of

the methodology considerably. For example, stereochemically defilylid alcohols serve as

15
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important substrates in asymmetric catalysis, including the Sharpless asymmetric epoxidation

reaction®* and dihydroxylation reactionés shown in Schem#Q(i),

SAE H
RTX = 0O
[H] R H
(i) R-CHO 32 34a OH

21
[H]
W‘ ~ SAE  H
AR — >
R OH R/ﬂ““\OH
33 34p H

(ii)

SchemelO. Synthetic utility of twecarbon homologation using phosphonate carbanions. (i)
Preparation of4)-or (E)-allylic alcohols32 or 33 via use of StiltGennari (SG), Ando (A) or
HWE phosphonates, reduction and asymmetric conversithretcorresponding epoxyalcohols
(344, 34b) via Sharpless Asymmetric Epoxidation (SAE). (ii) Intramolecolefinationusing
the twocarbon phosphonate synthon with ket8béo afford macrolacton86.

the selective combination of only three reactions, stereocontrollegavion homologation,
reduction, leading t@2 or 33, and asymmetric epoxidation can yield any of the four possible
stereoisomers, such &la (or enantiomer) oi34b (or enantiomer). Tis contrasts with the

classic Darzens reaction (Schemg that yields racemic epogsters. The broad scope of

16
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Sharpless epoxidation and wide utility of the chiral epalphols in asymmetric synthesis
exemplifies the synthetic power of this thiep gquence alon®. Phosphonate carbanions
have also been creatively employed in intramolecular-darbon homologation. In one
example, intramolecular olefination of ketoB& Scheme 5 (ii), using the mild lithium chloride
method, yielded the macrolactoB86 as a single geometric isomer in 86% yi&dinally, in

addition to twecarbon homologation, the ready availability lmketophosphonates via the

MichaelisArbuzov reaction of.-halocarbonyl compounds expands the generality of this

methodology considably.

1.5 Stabilized Wittig reagentsfor two carbon homologation.

Applications of the Wittig reaction, employing stabilized ylides derived froroarbonyt

containing phosphonium salts have been extensively investitfafdd. early studies, the two
carbon homologation of aldehydes was reported ughmiposphonium carbonyls (Scheme

11)_39,40

X_

(@) 0] -OH 0]
PPh, .

x A — e T P

X =ClorBr
37 R=H
Q H,0 38 R=Me
O=PPh, )J\R

Schemell. Stabilizedq -keto ylides (phosphoranes) and theidrolytic disproportionation.

17
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The triphenylphosphonium salts of these were said to decompose in the presence of water
yielding triphenylphosphine oxide and so the success of quaternization depended on the dryness
of the halecarbonyl compound. Extensionsf similar procedures including aqueous and
organocatalytic twecarbon homologations are discussedSection 1.6. The relatively stable

ylides or phosphoranes were readily obtained by treatment of the salts with aqueous hydroxide.
The stabilizedylides 37 or 38 reacted with aldehydes in refluxing benzene to give the
homologated alkenals or enones. In contrast to phosphonate carbanions, stabilizegldigslar
generally do not react with ketones and gave poor results with electron rich or stericaltgdinde
aldehydes. Recently, the acetonyltriphenylphosphord@@ewas used to convert highly
electrophilic ethyl pyruvate to the corresponding vinyl ketone in excellent yield and with almost

complete E)-selectivity39:40

Structural studies on these ylides tated that they exist as thes andtransisomeric forms of

the dipolar ylide (SchemE2A),*42reminiscent of amide rotamers.
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A R O .

+ ES—— —_—
Ph3p\/\o ) PhsPS R PhaP ~

trans-betain 37R=H cis-betain
38 R = Me
B
BF, OH
= OR! EtOAc 0 CD4CN PhsP
3
PhyP_~ o P ; g ~H
3 H R , BF4

R' = Me or Et R2
R2 40

R2 = N(Me)CH,CF4

Schemel2. Tautomerization and nucleophilicity sfabilized ylides.

Although the formylmethylenetriphenylphosphorane betarists as a mixture ofis- and
transisomers, the acetonyltriphenylphosphorane betaimly shows a single rater with the
oxyanioncis to phosphorous. However, latéP NMR stulies seem to suggest that only tie
isomerexists in both casé$.Reaction with electrophiles can yie@alkylated orC-alkylated
products.The site of alkylation followed trends basedtbahard/soft- acid/base principle, such
that the hard alkyladide reacts with the sofd-nucleophile to form39, meanwhile the soft

benzhydrilium ion reacts with the ha@dnucleophile to give0 (Schemel2B).43

An interesting telescoped procedure has been demonstrated/dsailgacetonean aldehyde

and a bifunctional polymer containing tertiary amine and tertiary phosphine moieties. The

immobilization of base and phosphine eliminated the process chemistry difficulties associated
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with removal of triphenylphosphine oxide and allowed for tldaiton of homologated methyl

vinyl ketones by filtration and evaporation of solvéht.

The formylmethyleegriphenylphosphoran&7 was usedin a total synthesis omacrocyclic
trichothecanoids (Schent).*® The phosphonate derivativld was elaborated to aldehyd@
and 37 was used to accomplish the twarbonhomologation leading to the corresponding

alkenal43 with 4:1 E)/(Z)-selectivity, now set up for an intramolecular Horner reaction.

H
20 H I;| o H
0 0
8 0
O/ CH, Z/\PO(OMG)Z O CH3 (ZZ/\PO (OMe), Ph P\)OJ\
o 0 - 3Py H
© -0 O)ﬁ toluene
N 25°C, 40 h
41
H
H o H 20 H
o) O
: 0]
=z (0] 7]/\
- PO(OM
trichothecanoids <~ o  CHy _~ CH3 (OMe),
—
/@0\ o O H s CHO
- OH
44 4365 % from 41
roridin E 41 EZ

Scheme 13. Two-carbon homologation of a complex aldehyd2 to an enal 46 using

formylmethylenetriphenylphosphorai&in the synthesis of trichothecanoids.
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In another example in the early stages of a synthesis of the depsipept8H &, a linear
aliphatic aldehyde was converted to the homologated product @3ingiving the product
exclusively as theH)-alkenal*®l n t h e s ymmetthheystdidebxgoglldbibside, an early
intermediate aldehydéb (Schemel4), derived from arabinose gave the homologated alkéal

in only 12 % yield. The majority of mass balance was attributed to polymeric méterial.

o)
PhsP
o)( ’ VJ\H o)(
37

/\/'\\O o
PDTSO = GtHo  THF 25°C.12h PDTSO/\':/'\\:\
OAc OAc

CHO
45 46 12 %

Schemel4. Homologation of hindered aldehyde with formylmethylenetriphenylphosphorane.

Although generally high K)-selectivity was generally observed with these reagents, it was
reported that reactions with hinderertho-substituted benzaldehydes gave unusually high (
olefin (see summary in TabR).*® It was proposed that an interaction between phosphorous and
the ortho-substituent stabilizes the formationsyinoxaphosphetane, which is further augmented

by the presence of bulchrponnsubsti tuents on the
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Table 2. Effects of ortho-substituents and steric bulk on stemdcome of wo-carbon

homologation of substitutebenzaldehydes witb-keto triphenylphosphoranes.

(0]
X X (@]
Ph;P.
~o » X R
THF, -78 °C H

Entry X R E.Z
1 H Me 97:3
2 OMe Me 90:10
3 Br Me 89:11
4 Br t-Bu 52:48

1.6 Aqueousmild base andorganocatalytic two-carbon homologation

The use of wateas solventfor two-carbon homologation using stabilized ylides has been
extensively investigated. Bergdahl andweorkers reported the use of stabilized ylides derived

from 1 -haloacetate esters (the phosphonium eailtivalents of the HWE reagent) in water at
elevated temperaturé®.Olefination reactions on the sensitivechiral aldehyde47 gave

epimeric product with phosphonate carbanions, due torbaséated epimerization (Schemg 1

(). In contrast, use of the ylid#8 in water yielded the unsaturated estlrin 67% yield and
87:13 €):(2) stereoselectivity. These authors also showed that a wide range of aromatic
aldehydes21 could be reacted in the presence ofiahaloester andriphenylphosphine in
aqueous bicarbonate at room temperature to yield thedanmmn homologated cinnamate esters

22 with typical yields of 90% and 95:%):(Z) stereoselectivity (Schemes1(ii)).*° It was
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subsequenthdemonstratedhat the homologatiorcould also be conducted organocatalytically
using an amine catalyst such as-proline (Scheme 9, (iii)) employing the
triisobutylphosphonium sal60. This chemistry involvé the formation of the intermediate
iminium hydroxide salt of the aldehyde, with situ ylide formation and homologation. The
same mild aqueous chemistry was also extended to less reastiwestabilized
benzylphosphoniursalts. In these reactions, ylides could be generated from tHelg&itheme

15, (iv)) in water using a catalytic amount of an amine (such as morpholine or proline) or a
sulfonamide, and trapped with aldehydes to yield a wide range of stilb2mesigh yield and

very high (>99%) [)-stereoselectivity? The reaction conditions are so mild that the first
examples of a biorthogonal Wittig homologation were demonstrated in a living plant. In this
work, separate lines of aldehyde and phosphonium saltinjerted into growing seedlings of

the plantCalystegia sepiuprknown to produce an array of amine secondary metabolitesnThe

vivo formation of fluorescent donacceptor flanked stilbenes was demonstrated in this Pant.
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OTBS PPh; _CO,Me OTBS
(i) CHO 4 \H\r\/Cone
water, 90 °C
a7 24 h 49

21 (X = various)

CHO -
Br o
X
(i) Xt + BuP_
| _ [1=1VE:} \)J\OR
21 (X = various) 50
CHO -
Br
(iv) N X +
L EtsP_Ar
21 (X = various) 51

Schemel5. Two-carbon aldehyde to unsaturated ester homologation under increasingly milder
agueous, mild base, organocatalytic and even biorthogonal (see text) conditions.

1.7 Acetal-protected Wittig reagentsfor the synthesis of C2homologated alkenals.

Acetalprotected phosphonium salts have been used in the synthékisupisaturated aldehyde
equivalents from aldehydes. The phosphonium
triphenylphosphine and bromoacetaldehyde etteyicetab3 (Schemel6).%? Reaction of salb4

with lithium methoxide indimethyl formamide DMF) followed by addition oinaldehyde gave

NaHCO,

_—

water, 20 °C

AN COzMe
|/
X
22 (X = various)
L-proline XN COo,Me
: @/\/
water, 100 °C X

22 (X = various)

N\ /

\_ 7/

amine (cat) @/\/Ar
water, 50 °C X/ Z
52 (X )

= various
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predominantly(Z)-alkylidene acetals, which were subsequently hydrolyzed and isomerized to the
corresponding E)-alkenals using 10 % HCI at room temperature. A series of aldehydes was
screened in this process. The rstabilized ylides proved to be more reactive than their
stabilized counterparts, giving moderate yields with both elegoan55 and electrorrich 56
benzaldehyde derivatives as well as futa@hand thiophene carbaldehydes. Highly electron
deficient fluorenone was also successfully homologated. Homologation of enolizable heptanal

afforded nonefR-al 58 in 96 % yield.

LiOMe/MeOH

N 0 PPh, :;35\/83 aldehyde R(\O(§ 1:1 THF : 10 % HClaq R\/\CHO
0" 100°C O  DMF 90°C,5-8h 25-3h,rt
53 36 h 54
: CHO :
. OoN 0 Br |
55 68 % 56 58 % 57 58 % 58 96 % 5
§

Schemel6. Homologation of aldehydes and hydrolysis of alkenal acetals to givedron
homologated alkenals

A diethylacetalprotected yli@ 60 was synthesized from formylmethylenetriphenylphosphorane
37.53 Reaction of37 with bromoethane gave an intermedi@nalkylated vinylphosphonium salt
59 which was then reacted with sodium ethoxide in dry THF to form the desired6git®
which was addedhe aldehyde (Schemer)l Conversely, the vinyl phosphoniugalt 59 was

deprotonated using sodamide in liquid ammonia to givektiesphaallenylidé1 which formed
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the desired ylid&0 upon treatment with dry ethanol in dry ether. Although the stereoselectivity
of the direct Wittig product could not be determined, erldcetal hydrolysis conditions were

used to give almost exclusivel)¢Ub-unsaturatedlkenals.

EtBr + R
PR~ — = PE:‘:’_P\/\OEt l\_cHo
37 59 p-TsOH in acetone/water
NaNH, NaOEt 0°C, 15 min
THF or
moist silica
+ EtOH OEt RcHo R OEt 2d.rt
PhsP——=\ T PhyPs. —
OEt OEt OEt
61 60

Scheme 17. Synthesis of acetgdrotected homologation reagents from stabilized
formylmethylenetriphenylphosphorane.

Phase transfer reaction conditions allowed for mild deprotonation of the triphenylphosphonium
salt> A competing background hydrolysis of the salt occurred in the presence of aqueous
carbonate under the biphasic condiigsometimes requiring up to 8 equivalents of salt for full
consumption of particularly unreactive aldehydes. Nevertheless, elecindmenzldehydes and

alkyl aldehydes were successfully homologated to corresponding alkenal acetals. It should be

noted that 4imethylaminobenzaldehyde was completely unreactive under these conditions.
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The triphenylphosphonium sd&# was employed i one-pot oxidationWittig sequence to give
homologated aldehydes upon hydrolySi& series of allylic alcohols were oxidized with MpO
and the resulting aldehydes were trappedWittig reaction with sal4 in the presence cd
guanidine base. The methdogy suffered from problems with enolizable aldehydes and

electron richaryl aldehyds.

The phosphonium s&i was used to introduce the carbon framework of a piperidine ring during
the synthesis of a dopamine antagotfists well as to construct a linka aporphyrinquinone

cyclophane’

Despite its clear utility in synthesis, the triphenylphosphonium S&hiuffers from problems
with reactivity, leading to low isolated yields with unreactive substrateserfes of more

reactive trialkylphosphonium salts have also been reported (Sclgme 1

Ly 7 ) o5 oS

+ + +

(n-BU)3P\)\O Et3p\)\o Et3p\)\o Et3p\)\o

Br~ Br- Br Br—
62 63 64 65

Scheme 18 Trialkylphosphine derived reagents for twarbon aldehyde to alkenal

homologation.
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The ethylene glycetlerived acetal sai2 was synthesized by alkylation of-trbutylphosphine
with 2-bromomethyi1,3-dioxolane under solvesitee conditions® High yields of electron rich
conjugated dienes could be obtained using adi®p iterative sequence (Schetr® with the

ylide derived fron62.

X _CHO 54o0r62 X _CHO
/©/\/ + base /@/\/\/
—_—
N N

! 54
I | : 0

71 % by A ! . />

54 % by B ! (n-BU)st'\O

92 % by C ! -

o DY ! Br 62
Method A:
Method B: Method C:

1. NaOEtQMeOH' 62 1. NaH, 54 1. NaH, 18-crown-6, 54
DMF, 90 °C THF, rt THF, rt
2.1:1 THF : 10 % HCI 2.2.5:1 THF : 20 % HCI 2.2.5:1 THF : 20 % HCI

Scheme19. Increased reactivity using trialkylphdsgnium salts and effects of solvation on
ylide formation.

Moreover, the side product 4nibutylphosphine oxide was reported to be removeable by an
extractive aqueous workdp although it is only sparingly water solulSfeLater investigations

have shownthat improved yields of electron rich polyenes, using lower excesses of the
triphenylphosphonium salt could be obtained with the addition of crown ether and use of sodium
hydride as bas¥. The authors suggested that incomplete deprotonation of the

tripherylphosphonium sab4 may have led to previously reported low yields.
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A total synthesis effort towarddetriptanrequired pyrrolidine acet&8 for subsequent use in a

Fischer indole synthesis to the desired natural product (Sc2@cre

3.
N CHO
I
Me Me 66
OEt 1. neopentylglycol

0 Me
H,SOy, toluene +
BrQ\OEt 2.PEts, MeCN EtsF’J\o NaOEt, DMF EtOH
Br

64 90 %

1. H, 100 psi, Rh/C
+
g\ L /\(}Me N }Me
I\'/I ) 2. fumaric acid ' o)
e Me

0,C MeOH, EtOAc Me Me
68 95 % 67 77 %

Scheme20. Synthesis of phosphonium s&8 and conversion to the protected alkeGalvia

Wittig reaction with66.

The desired pyrrolidine was obtained from a 4wawbon homologation oN-methypyrole
carbaldehydé6 using triethylphosphonium sai. The authors reported difficulty withcetal
hydrolysis during exhaustive aqueous extraction efi-tsutylphosphonium oxide from reactions
with the previously reported sd@. It was found that the triethylphosphonium oxide was much
more water soluble, allowing for a shorter aqueous extragthich, when paired with the use of
the more stable acetaB3 and64, led to improved yields of alkenal ace@al The utility of the

acetal protected alkenal was demonstrated, whereby both alkene and aldehyde can be
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orthogonally modified. In this casselective hydrogenation of the alkene gives the saturated

two-carbonhomologated acetal.

As Wittig reactions generally employ a mildly acidic hydrolysis/wogkprocedure, the use of
salts such a62 and63 results in immediate formation of the oftenliligreactive alkenal. In the
case of the hindered reages#, the protected alkenal, such @8 can be isolatedAs shown
above (Schema6), triphenylphosphinglerived ylides typically provide alkenes with high)-(
stereoselectivity. In contrasthé use of ylides derived from shattain trialkylphosphines
strongly favours increased K)-stereoselectivity From a process chemistry view, the use of
Wittig reagents derived from triphenylphosphine results in the formation of triphenylphosphine
oxide byproduct thatcan bedifficult to remove. The use of short chain trialkylphosphine
(triethyl or tripropylphoshpine) derived ylides allows@perationdly simplified work-up due to
the high watersolubility of the shorter chain trialkydhosphine oxide These side products can
be completely removed through simple aqueous/organic solvent partitioriege factors,
combined, prompted the development of the acepom&col protected, triethylphosphine
derivative65 (DualPhos) This reagent has been succelbgfexploited under agueous and Ron
agueous Wittig conditions to afforeither the protectechomologated K)-alkenal acetal

derivatives69 or the corresponding alkenal® through hydrolysis (Schengd).?
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1. pinacol Me Me
. pinaco R
OEt p-TsOH, distiled | O&Me RCHO, NaOH §2<'V'e 25 % HgPO, i
Me J ') Me —
Br OEt 2.PEts, 130 °C Et3_P\/LO H20, 100 °C e orIR120 |
Br 65 82% 69a-d M© 70a-d R
RCHO !
Me\N < .
| O :
Me .
69a 90 % E:Z = 85:15 69b 96 % E:Z = >99:1 69c 36 % E:Z =95:5 69d 48 % E:Z =955,
70a 88 % 70b 95 % 70c 68 % 70d 82 % !

_________________________________________________________________________________________________

Scheme?2l. Synthesis of DualPho65 and aqueous Wittig reaction to yield the tearbon

homologated protected alken&B8or hydrolyzed to give the free alkend@id

DualPhoswasprepared in two steps from bromoacetaldehyde diethylacesiloas in Scheme

13 and has been prepared in batches of up tgré&®s The use of DualPhos undequeous

Wittig reaction conditionss successful due tthe highly stable pinacol acetddat completely
avoids in-situ acetal hydrolysis. The intermediateofacted alkenal69a-d can be isolated as,

or deprotected subsequently or during wogk in a controlled fashion. Thushe use of
DualPhos permits twoarbon aldehydalkenal homologation with the advantage of isolating the
protected analog of thaghly reactive unsaturated aldehyde, or immediate hydraiysise free
alkenal during worlup. Three separate methods have been developed for cleavage of this acetal
including dilute phosphoric acid, solglipported resin IR120 (Scher2®)°®! and the usef iron

(1) chloride in organic medi&
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Me e o)

R._~_0
. O&Me RCHO, NaH or t-BuOK \/\(724\"; FeCls*6H,0 /H
e—>
Me |

Et3p\)\0 Me 0 acetone, rt

THF:DMF (4:1), 0 °C

BnO
Me Me Me
69d 79 % E:Z = 4:1 69e 84 % E:Z =51 69f 80 % E:Z=5:1
70e 64 % 70d 88 %

Scheme22. Use of DualPhos66) in the twecarbon homologation of enolizable and sensitive
chiral aldehydes to the protected alker@8sand hydrolysisusing iron (Ill) chloride to yield the
free reactive alkenalg0.

The aqueous methodology allowed for taerbon homologation of neenolizable aldehydes,
including those with strong electron donating groups, in high isolated yields and predominantly
(E)-stereoselectivity’? In the case of enolizable aldehydes and sensitivehiral aldehydes,
DualPhos65 was found to react readily under classic Wittig reaction conditions in organic
solvents and strong bases, Sche2®?> For example, reaction with dihydrocinnamic acid
yielded the protected twecarbon homologated addu&9d. A deprotection protocol was
deweloped to allow acetal hydrolysis under mild conditions where aqueous acid or acidic resin is
not desirable. The use of the Lewis acid iron (th)oride hexahydrate in acetone was found to
hydrolyze the highly stable pinacol acetals to the corresporadikegals with a high degree of

chemoselectivityFor example, thaighly sensitive substrates, the tartaric acid derived aldehyde
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gave the protected alken@be, which could be hydrolyzed to the free alkeii@, while a

sensitive chiral pentanal derivagtigave69f, wascleaved to the free alkenadd (Scheme2?2).

Homologation methods permit the rapid elaboration of inexpensive and often readily available
carbonyl compounds such as aldehydes, aromatic aldehydes, ketones to synthetically useful
functionalzed alkene and/or carbonyl derivatives in one step. Functionalized derivatives
including alkenals, methyl ketones, vinyl ethers, are reactive intermediatercresent a
privileged class of substratagtilized in cycloaddition chemistry, aldol reactionand in
asymmetric organocatalysis. For example, the use of chiral amine catalysts in the enamine
mediated activation of carbonyl compoutidand iminium ioamediated activation of alkenals

and unsaturated ketorféare two of the most prominent entry pisifin the field of asymmetric

organocatalysis and activation of cascade sequences.

The assembly of highly reactive, often planar intermediates followed by a designed ingnium
or enamine mediated cascade represents a very powerful strategy for thdyass@mmplex,
chiral adducts in one step. For example (Scheme 23 (i)), the medhbsyituted piperonal
derivative71 was converted to the twocarbon homologated alken@? using DualPho$5,5:52

with hydrolytic workup delivering the freeR)-alkenal in 82% yield (1@ramscale).
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0 ! Br >§< |
! + 9
o . EtP o S~ §
@ I e {
[e) 65 > 6]
71 OMe 72

OMe
82%, 10 gram scale

(R) OoH

0
| Ph H
l K& H OTMS
0 o -
(ii) < + CHyCl,

72 OMe 73 oMe 74

Scheme23. Aldehyde homologation using DualPhos to gasubstituted cinammaldehysland
thesubsequentrgarocatlyzed [3+3] cycloaddition foasymmetriccyclohexanone synthesis.

The alkenal was subject to an iminidan initiated cascade with the chiral secondary amine
(diphenylsilaprolinol) catalyst, utilizing azidacetone 73 as the nucleophiliccomponent
(Scheme 2 (ii)). In this reaction the regioselectivity of the Michael addition is completely
controlled through endbrmation at the azidmethylene. Hydrolysis of the resulting enamine,
followed by intramolecular aldol reaction occur spontais§o under the reaction conditions

delivering the functionalized cyclohexanon&in 58% yield and >99% e%.This strategy was
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employed for the elaboration of intermedi&ieto the potent antiviral natural product {trans
dihydronarciclasine’5 in 8 geps from74. Modifications to the aromatic alkenal acceptor
portiorP® and, separately, the azidoetone dondf®® were readily tolerated allowing the
asymmetric synthesis of the related alkaloi@sand 77 and permitting a detailed investigation

into their potent antZika and Herpes virus biological activitiéScheme 2 (iii)). ®°

The synthetic utility of the twaarbon homologation, asymmetric organocatalytic strategy is
further illustrated in Schemet2concerning the synthesis of aespmmetrical ligan dimers. The
bromoaldehyde78 was converted to twoarbon homologatedEf-alkenal 79 in one pot
employing DualPhos (Scheme4 Zi)). The alkenal was reacted with the electron rich
deoxyconiferyl alken&0 under iminiumion catalysis giving the highly substituted cyclobutane
81 via a stepwise MichadWlichael cascade sequence, in one step essentially as a single
enantiomer (>80 % yield).”® The strategy illustrates the transfer of chirality, employing only the
chiral amine catalyst, from four planap’-hybrid carbon atoms 79 and 80 to the three

dimensional chiral cyclobutargd, containing four stereogenic centres, in8e.e.
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0 Br OAQ o
bOEP L 5
Wl T wH
A () iy ss——
( ) Br —»65 Br

78 79

OH

(S) Ph @\
Ph
N OMe
H OTMS OHC

CHO OH
(i) d + p\o“"e MeOH QW:K
Br Br
79 80

81

Scheme 24. Cinnamaldehyde synthesis with DualPh¢85) and organocatalytic [2+2]
cycloaddition in the synthesis of chiral cyclobutanes.

The above examples illustrate the utility of DualPhos for thedavbon aldehyde toEj-Ub-
unsaturated aldehyde homologation reaction with direct applications of theveealkenal. A
significant advantage in the use DualPhos reagent, as described edhHeintsnsic hydrolytic
stability of the hindered pinacalcetal functionality. The allows for the tvearbon installation

but retaining the pinaceacetal as the tant alkenal. The reactive unsaturated alkenal can then be
revealed as desired during a synthetic sequence as dé$fdthis synthetic versatility is
illustrated in Schemess2and26 in studies directed towards the total synthesis of the phomolide

class of polyketide natural products.
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© M3 H.C. CH
OH HiCy CHs B oK * ><03
0] _COMe g Do @ s Q
MO, =, J’J\ PP e, | e
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Diethyl L-Tartrate 82 83 65 84 O%CHs
Hod CHs
H30><CH3 H3C><CH3 HsC. CHa
(ii) o o o o

ga _TBAF THF, - PPhg, I, THF o KCN, TBAI (10% mol) -
—_— - — _— — —
0°C. 1h HO Q CH,; 0°CtoRT, 3h ' Q CH, DMSO,RT 4d NC Q CH,
' CH CH CH
8 © ’ 86 0724 ’ 87 0724 3
Ha CHs CHs CHs
3(; CH3;
ZnBr o O
P 0 Lil, LAH, E120 M (PPh3)sRuCl,, Hy, (1 atm)
. — ‘.
. o) PhH/EtOH (1:1, v/v), 4 h
THF, RT, 10 min \ O%Cg'% 100 or - 78 °C o1dr. RT
88 CH

H,e 78
H3C><CH3
o o 3C CHs HsC_ CHs
Ho, —\__ PMBCI, NaH, KI (1% mol) o><0
/ [e) PMBO FeClze6H,0, =
3 el DMF, RT, 6 h ﬁ/ _ YRR | PMBO =
- C(;'I—Sh Acetone CHO
20 HaC 3 RT, 12 h 92
3

Scheme25. Two-carbon homalgation on the sensitivie-chiral aldehydeé3 using DualPhos and
elaboration of théatentalkenal in84 to 91 illustrating the chemoselectivity achievable with the
intact pinacobcetal.

The synthesis began with diethytartrate82, which wasconverted to the known aldehy8&in
four steps, and then to the twgarbon homologatethtent alkenal 84 using DualPhs 65, as
before (Scheme22(i)). Compoundd4 was now converted to the late intermedidlein seven
steps demonstrating the robust nature of the pireamthl protected alkenal. As shown (Scheme
25 (ii)), the protected allylic acetal survives TBARediated desilylation t@5, an Appel
reaction with the electrophilic oxidant iodine and tripHphgsphine giving86, nucleophilic

substitution in DMSO t@7, reaction with an allylzinc reagent in THF vyieldiB88, chelation
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assisted LAH mediated reduction giviBg, catalytic hydrogenation and finally benzylation on
90 leading to 91 with the intactlatent alkenal. Numerous worklp and chromatographic
purification steps are also involved throughout the sequence. Interm@tiatthen deprotected

chemoselectively using iron(lll)chloride in acetone to reveal the reactive alk&nal

O s
HsC_ CHs ANA
X R
o © N
DIPEA, TiCl,
-78°C,2h
then,
-78 °C, 15 min
HsC_ CHs
. o O HO,,.
o g
Phomolide G Phomolide H
95 96
Scheme26. Nagao al dol r e a ct 4casbon hommologatédealkefi& ramde 0 t wc

elaboration to natural product polyketiggsmolides @5 and H96.

The freealkenal92 was next subjected to a Nagao, auxiliary directed acetate aldol t®3jive

which was elaborated to tlseceacid 94. Various macrolactonization reactions under Mitsunobu
and Yamaguchi conditions were employed to complete the total synthesis of Phom&ide G
and Phomolide M6, both involving structural revisions of the original natural product structure

determination’}"2

38



Ph.D. Thesis D. Hurem; McMaster University Chemistry.

These examples illustrate the dual nature of DualPhos as-@atlvon homologation reagent, its
utility in the conversion of aldehydeés alkenals for direct use, or latentalkenals, permitting
elaboration of intermediates containing the robust pinacolacetal, and allowing revelation and

reactivity on the free alkenal as desired.

1.8 Three-carbon and four-carbon homologationreagents

Higher orderC3 and C4- carbonyl homologatiorreactions ofketones and aldehydes Viea
focused primarilyon the use of functionalized phosphonium saltstainingacetal protected
carbonyl moietiesAn interesting issue that we will attempt to resolve here is the distinction
between a true carbonyl homologation reaction in contrast to an olefination oityglelol

addition to a carbonyl, with a functionalized reagent containing a carbonyl or eqtiivalen

Reagents for th€€3-homologation of aldehydes to corresponding alkenal acetals have been
reported (Scheme72. Acyclic diisopropyhcetal in the form of safl9, as well as cyclic acetals

in the form of 13-dioxanes98 and1,3-dioxolanes97 have been syhesized from acrolein using

an acetalizatioralkylation sequence, either directly\da the alkyl halide. Th&€3-homologated

alkenals are useful substrates for catalytic cascade reactions due to their amphoteric réactivity.
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Scheme27. Triphenylphosphonium salts for the thremrbon homologation of aldehydes and
ketones.

A series of linear alkyl aldehydes were converte@3ehomologated, giving predominantly the
normal (Z)-alkenal acetals, using potassiul@rt-butoxide and salt98.’4 The acetals were
converted to the dimethyl acetal then hydrolyzed with aqueous acetic acid with retention of the
olefin stereochemistry. Conversely, treatment with aqueous hydrochloric aol
chromium(lil)chloride afforded theE)-alkene. Orthogonal hydrogenation of the direct Wittig

product, followed by hydrolysis, was demonstrated as a route to saturated homologues.

Similarly, the dioxolaneontaining sal®7 has been developed, prowidi slightly higher yields

of the threecarbon homologated alkenal acetals in reactions with acetaldehyde and pentanal,
using n-butyllithium as base, than the methodology reported with dioxan®&&itMoreover,

the ¢) alkene was obtained by direct hydrolysis of the ethylene acetal with aqueous acetic acid.
The salt97 was used in a sequence to generate ackey phosphat@n the total synthesis of
marine ether ymnocinA.’”® The Wittig reaction was accomplished usiNgHMDS as base,
giving the homologated acetal in 63 % yield over two steps from a primary all@®ahdvia a
transientU-chiral aldehyde (Schem28). Subsequent hydrolysis was accomplished carefully

using HCl in THF.
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BnO
H 0 H 1. SO3'pyr, Et3N,
BnO o DMSO. CHyClp, 0°C

2.97, NaHMDS
OTBS  THF, 0°C

100

Scheme?28. Telescoping oxidation homologation sequence.

The acyclic diisopropyl acetal functionalized phosphonium 8flthas also been reported.
Interestingly, the synthesis of this s&® proceeded from acrolein by Michael addition of
triphenylphosphonium hydrobromide across the double bond, followed by acetalization using
triisopropylorthoformaté’ The reagent was showno allow for homologation of both methyl
ketones and aldehydes with moderately high yields and good selectivity. Hydrolysis of the acetal
was accomplished in refluxing THF with pTSA without any reported olefin isomerization. The
diisopropyl reagen®9 wasused to synthesize'3C-labled arachidonic acid substrate by reaction
with 3C-hexanal’® The salt99 has also been used to homologate linear aldehydes t&)the (
alkenes under Schlosserodified Wittig conditions, however only moderate stereoselectivity

(80:20) was observed.

A similar reagent for the thremarbon carbonyl homologation of aldehydes to methyl enaiaes
ethylene acetals has been repoffefihe reageni03 was used in the synthesis and structural

assignment of the natural product brewo (Scheme 9).
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Scheme29. Acetatprotected methyl ketone from threarbon homologation of aldehyde in the
synthesis of brevicomin.

The Wittig reaction was accomplished usingoutyllithium in THF to give the desired
intermediate in 66 % yield. The latent protected ketal was carried through a sequence of
functional group conversions followed by hydrogenation and acetal hydrolysise téingd

product.

The conversion of aldehydes to the corresponding 4tae®son homologated alkenal acetals has
been reported using tripropylphosphonium €416 (Scheme30).8* The use of thdriphenyl
phosphonium salts, allow for complete regioselectivéeyformation at the active CH adjacent

to phosphorus and thus the contribution of the neighboring acetal cannot be determined. One of
the most intriguing aspectst the use of DualPho85 is the chemoselectivity observed in
deprotonation selectively at the methylene position A (Schgdhen preference to the three
adjacent methylenes B. DualPhos has been utilized in many applications in aqueous-and non
aqueous conditions yielding only phacts of the desired twoarbon homologationThis
selectivitywas attributedo the engagement of a neighboring group affect of the acetal oxygen

atoms, oacomplexinduced proximity effect!
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\ . O& B o Br _+ Meo
\/P\/‘\O Br +/\)\/> (n_Pr)SPW Me
(n-Pr)3P O [o) Me
Me
65 105 106 M°

Scheme 30. Functionalized trialkylohosphonium salts: Probing the extent of neighbouring
group directed deproptonation in two, three and-farbon homologation.

In order to probe the extent of this directing effect on deprotonationtriakylphosphonium
salts 105 and 106 were preparedpushing the position of the protected carbonyl one carbon

further from the desired site of deprotonation.
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Scheme 31 Threecarbon homologation of aldehydes to ethylene acetals using-gropyl
phosphonium salts with selective ditbrmation.

The reageni04was synthesizedia the quaternization of tripropylphosphine with commercially

available 2( 2 6 b r o riB-didxdland in 9% yield®* Remarkably, chemoselective ylide
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formation was readily accomplished through careful control of reaction conditions. It was
postulated that the distal acetal moieties played a role in directirgfgtidation. For the three

carbon homologatioreagentl04, up to 80 % selectivity for the desired deprotonation site was
observed and a series of aldehydes were homologated to the corresponding ethylene acetals in
high to moderate yields, the full scope is detailed in ScH&mslotably, enolizable akhydes,

as well as electron rich aldehydes were homologated using this methodology. Hydrolysis under
acidic conditions was demonstrated, as well as asymmetric dihydroxylation of the protected

olefin.

) Me  nBuLiin hexanes, Et,0 0

Me 78 °C - 1t Me V'€
105 Me 108 109

Cl
Br- Me y Me Cl
- 3
Me =
M

108 E/Z = 7:3;108/109 = 57:43

Scheme32. Acetal as distal directing group for regioselective g/fidkmation.

The use of ylides developed for feceirbon carbonyl homologation reactions have been reported
derived from triphenylphosphonium salts carryirgldehyde equi@ents in the form of remote
cyclic acetal$?8384These reagents have proved themselves as useful building blocks for terpene
synthesis, however the contribution of the distal acetal in direttidgprotonation cannot be
determined. In order to deteme the limit of carbon separation of the directing group, the

tripropylphosphonium salt05was synthesized in order to probe the chemoselectivity favoring
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this fourcarbon homologatior{see Chapter 2)It was found that ylide formation using
butyllithium under norcoordinating conditions (ether/hexanes) gave the desired Wittig product
(Scheme32, 108109 = 57:43). Remarkably selective yidormation occurred even with the
directing acetal positioned three carbons affayonetheless, the significant amount of ylide
formation from the propyl side chain indicates the limit of the neighboring directing effect of the
acetal on selective ylide formation. This indicates that a four carbon unit is the limitéobon
homologdions and that other fowrarbod?## and more remote extensions are simply
olefination reactions utilizing functionalized phosphonium salts, having no direct participation in

the chemistry.

1.9 Summary andoutlook.

In summary, it is fair to state thhbmologation methods represent synthetic methodology of
fundamental importance and utility in synthetic organic chemistry. The continued development
of functionalized phosphordsased reagents over the last 70 years has expanded the classic
aldol, Knoevengel and Darzens homologation methodologies to an extensive range of
substrates. Chemoselective homologation reactions of enolizable and séhsitiva carbonyl
compounds can be achieved in a controlled fashion and with a high degree of olefin

stereosadctivity when applicable.
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The conversion of readily available aldehydes and ketones to functionalized higher order analogs
expands the utility of this methodology considerably. For example, these extensions provide the
foundational structures that are thasis for important asymmetric transformations including the
asymmetric epoxidation or dihydroxylation of allylic alcohols, enamine activation of ketones and
iminium ion mediated activation of unsaturated carbonyl compounds. We present selected
examplesliustrating the rapid increase in structural complexity that is attainable building upon
this foundational homologation methodology. The ability to transform a single substrate alone, or
to engage two planar carbonyl extended products in a designed icaaglmmetric process
allows expansion of the chemistry into the third dimension. The design of cascade processes
utilizing this chemistry permits access to complex core structures in few steps that have allowed
the asymmetric synthesis of complex natyr@ducts and analogs. Given these achievements, it

is also fair to state that the development of other useful homologation methodologies will
continue as methodological gaps, such as the direct conversion of an aldehyde to an allylic
alcohol or este¥ are addressed. Taken together, fundamental developments in carbonyl
homologation methodologies and their applications in synthetic organic chemistry is a powerful
strategy for the total synthesis of complex natural products and analogs and permits ldgk detai
exploration of the structural basis for their chemiwalogical interactions. This ensures that
significant interest will remain in expanding homologation methodology and further applications

development in total synthesis and chemical biology famynyears to come.
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2.0 DIRECTING EFFECT OF ACETALS ON YLID E FORMATION WITH
QUATERNERIZED ALKYL PHOSPHONIUM SALTS

Parts of section®.1, 2.5 and 2.6 as well as all of sections 2.2 and 2.3 appear in:

Arkesh Narayanapp®avid Hurem James McNultySynlett2017 28, 2961-2965

© 2022Georg Thieme Verlag KG
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2.1 Introduction.

3
/\/OMe R7N\ R’ RN\ O/@
R /E/Me CO,H R/\/l\
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Cl Cl, Br 0 Br’ Br o
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Scheme33. Carbonyl homologation strategies (top) using functionalized phosphoniunisalts
and new derivative$d andle(bottom)

Carbonyl homologation methodologies are actively sought in view of their great strategic value
in assembling elongated ssbructures and in the total synthesis of natural products and complex
targets.The methoxymethytriphenylphosphonium satta (Scheme33) is most often employed

for onecarbon homologatidrthrough Wittig olefinatiorf, leading to intermediate vinyl ethe2s

which can be isolated and used in cycloaddition reactfanrsdirectly hydrolyzed to yield the
homologated aldehyd8. The scopeof this reaction can be extended using functionalized

phosphonium saltsb,® readily available from the corresponding dimethylacefdisading to a
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wide range of substituted vinyl ethetsand synthetically valuable- or 2-alkoxy 1,3dienes.
Direct honologation of aldehydes to the enarbon extended carboxylic aciiscan also be
achieved! The Wittig reactiofinvolving ylides derived from triphenylphosphine is most often
employed in these reactions despite the noted problems of stereocontrol drchtiouri
(phosphine oxide removal) often encountered. The utilistabilized and serstabilized ylides
derived from shorthain trialkyl phosphonium salts as Wittig reagents for the synthesis of
olefins with high degrees ofE}-selectivity has been demstrated in recent yeatrd=rom a
technical point of view, the short chain (i.e.: ethgpropyl andn-butyl) trialkylphosphine
oxides that form as bgroducts of Wittig olefinations are readily soluble in water, often allowing
facile workup as theolefin reaction product can be removed by direct crystallization or

extraction from water.

We recently introduced the phosphonium salt DualPltass a novel functionalized twoarbon
homologation reagent and have demonstrated its utility in both agtfeand, noraqueous
olefination reactions employing sensitive chiral aldehyiesOlefination reactions with

Dual Phos yield the r ea d®,iwhichare slmust anowgitb e cdiriedh t e n t
through many subsequent steps intact’ but which can be selectively hydrolysed to yield
synthetically valuableH)-alkenals7.® A most remarkable feature on the reactivity of DualPhos

1cis the very high degree of regiocontrol observed on ylide formation under basic conditions.

No butenecontaining aducts are observed whatsoever, indicating the possible involvement of a

kinetic or thermodynamic complerduced effect favouring ylide formation on the acetal
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containing side chain. It is not clear if theacetal inlc activates the desiredl -methylenevia

electronic induction through the sigma framework or through sgaa®ordination with sodium

or lithium cations.

In order to gain further insight into the nature of this observed directing effect, and exploit the
synthetic possibilities of such ditectylide formation, we designed the two novel
trialkylphosphonium saltdd and 1e (Scheme33) containing side chains functionalized wigh

and 8 -cyclic acetals respectively. Herein we describe the preparation and regioselective

trapping of the ylides derived from these functionalized phosphonium salts.

The phosphonium saltd was readily prepared by quaternization of tripropylphosphine with
commecially available 2-( 2béomoethyl}1,3-dioxolane (95% yield) We investigated the
reaction of 4bromobenzaldehyde with sdltl extensively under aqueous conditions with various
cations presert.The desired functionalized olefi@ (Table 3) was always olained in a

regioselective fashion, however the butepnataining side produdiOwas also observed.
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Table 3. Threecarbon aldehyde homologation under aqueous anégoeous conditions.

LU we I
Br Base 1.1 equiv \>
B + PI‘3P€§\)\O /©/\/\/

solvent (0.2 M) Br

1.0 gquiv 1.1 elq({liV

Entry Salt (eq.) Base (eq.) Yield 9 (%) Ratio (9:10)
12 1.1 NaOH (3.0) 29 95:5

22 11 KOH (3.0) 48 95:5

3 11 KOH (5.0) 38 95:5

42 1.5 KOH (3.0) 48 95:5

5P 11 LIHMDS 70 60:40

6° 1.1 LIHMDS 55 90:10

74 11 KHMDS 60 90:10

g 1.1 LIHMDS 80 90:10

Solvent:3Water,’THF, °DMF, “THF:DMF 1:1

Isolated yields of the functionalized olefié proved to be low using aqueous conditions
(entriesl-4), however we were delighted to find that use of THF, DMF and THF/DMF
combinations (entries-B) increased bothhe yield and regioselectivity in favour & We
identified an optimal condition using lithium hexamethyldisilazide (LIHMDS) as base in a 50:50,
THF:DMF solution at 0 °C, adding the aldehyde and slowly warming to room temperature over
10h (entry 8). Thiset of conditions proved to be of general use and were applied to the three
carbon homologation of a wide range of aldehydes, unsaturated aldehydes anduiestiEded

aldehydes yielding the functionalized olefins collected in Figure 1.
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OY\/\@\ OY\/\© o) %
9 Br 1 12 N
yield = 80 % yield =75 % yield = 74 % |
E:Z95:5 E:Z95:5 E:Z94:6

) = 0 ) = OMe O = OMe
T <G T 7L
13 O 14 OMe 15 OMe
yield =73 % yield = 74 % OMe yield =75 %
E:Z95:5 E:Z95:5 E:Z95:5

7 T, AT
16 17 F F 18 N

yield = 77 % yield =71 % yield = 75 %
E:Z90:10 E:Z70:30 E:Z95:5

0) = S 0) =
SR VERCHE A

yield =76 % yield =61 %
E:Z796:4 E:Z75:25

C | C
0 19 % 0 22
yleld =75% yleld =70 %

E:296:4 E:Z90:10

Figure 1. Substrate scope and yields of thomebon homologated products obtained from the
acetaldirected ylide formation on sdld.

Overall, the regioselectivity of the directglide formation on salld, as evidenced by the ratio

of olefins 9:10, varied from a worstase scenario of 60:40 to a maximum of 96:4 under the
conditions investigated. Given that the fAstat
favour of the nordesired butene (suas10), this is a remarkable degree of regiocontrol. Steric

considerations are also expected to erode selectivity through favouring deprotonation at the least
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hindered propyl substituents, leading to further selection favoafintn the case of salid, the
acetal is positioned too far (one methylene further in comparison to DudBhfvem thed i

site of deprotonation to consider electronic inductive effects as being significant. The high
degree of regioselectivity is most likely due to the involvenoéret complexinduced proximity

effect with chelation to the acetal directing ylide formation.

The synthetic potential of the threarbon homologated adducts summarized in Figure 1 has not
been fully explored. Nonetheless, deprotection of tieofmophayl acetal derivativ®® was
investigated under a range of conditions, for example, use of PTSA in DCM gave a 40:60
mixture of23:24, whereas use of TFA (Scherid) gave the deprotected/isomerized alkezval
cleanly in 90% yield. Intermediates such &2} appear ideal as substrates for dienamine directed
organocatalysi8.Sharpless asymmetric dihydroxylati@ron the protected olefiil give the
protected diol25,” an intermediate that appears suited towards the synthesis of naturally

occurring arenediols
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. Y,
Br
.t., 24h Br
9 s 23 Br 24
OH
0 = AD-mix-f 0 H
. -
</\O/\/\© Water/tBuOH &m
11 25

0 °C-rt., 24h

Scheme34. Deprotection/isomerization of the threarbon homologated intermedi&gielding
the carbonylconjugated end#4 (90%) and dihydroxylation df1 yielding the protected did5.

Given the success of the acealakected ylide formation demonstrated using rea@nand in

order to probe the scope of regioselective ylide generatiteagents withthe acetal
protecting/directing group still one methylene furtiveere envisionedIn terms of reagent
design, we considered that ketals derived froffardno2-pentanone26 would be ideal to
explore both the directing group effeathile at the same timeseful methodology foterpene

synthesis.

2.2 Synthesis of Wittig salts bearing a distal ketal.

The protected ketald7-30 (Table4) were readily obtained following standard chemistry,
however compound27 and 28 proved hydrolytically unstable. In contrast, both the neopentyl
ketal 29 and acetonginacol derivative30 proved to be chemically robust. The desired ketal
functionalizedphosphonium salle was now readily accessed fro30 through quaternization

with tripropylphosphineT{able4).
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Table 4. Synthesis and stability ofd r o mayclicliacetal27-30 and conversion 080 to the
phosphonium salte

R! R!

R2 _ 1_p2_
33 % HBr-HOAc 5 mol % , n=0R=R'=H
0 0 R* 28 n=1,RI=R2=H
CH(CH;0)5 1.7 equiv ) ’ T )
(\)J\ : : >~ o~ 'n 29,n=1,R'=H, R*=CH;
Br 26 diol 4.0 equiv., rt, 05to3h Br 30’ n= 0’ Rl — R2 — CH3
Pr3P 1e
Entry Ketal Time (h) Yield (%)@ 26 after 24 h (%)®
1 27 0.5 74 5
2 28 3 339 20
3 29 15 89 2
4 30 3 82 <1

@1.0 mmol scale® hydrolysis products determined after 24 h in CDIG relative integration

of 'H NMR signals arising from methyl protori,isolated as mixture &f6 and28.

2.3 Probing reaction conditions with respect to regioselectivity of ylieiformation.

Regioselective ylide formation using the salte was now investigated with -4
chlorobenzaldehyd8b under a range of condition3dble 5) in order to probe selectivity in
favour of the functionalized olefi81 over the butene2. Consi der i nsggt itchadto
distribution of olefins should at most comprise 25%3af(lower than this figure taking steric
parameters into account) and >75% of the bu2ethe initial results proved disappointing
(Table 5. Olefin 31 was obtained in statistical mixturesnfries 110) with 32 or with slight

selectivity (e.g. 40:60), indicating only a 1.6 selectivity in favour3af This reaction was
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investigated with various solvents and coordinating cations with little improvement, leading us to
consider that salte may now exceed the limit of the acetal/ketal directed pathway. Finally, we
investigated the reaction in the nooordinating solvent diethyl ether and in the presence of
lithium salts (entry 11) resulting in a substantial change in the olefin ratio. Theeddesir
functionalized olefirB1 was now obtained ov&2 (57:43), demonstrating a synthetically useful
selectivity of 2.28 in the desired direction. While solubility of the phosphoniunieadt an

issue, this positive result is a strong impetus to imptbgeegioselective ylide formation further

employing various coordinating cations in diethyl ether and othecaoordinating media.

Table 5. Regiocontrolled olefination using tlieketalcontaining phosphonium sdle

OJ& OJ&
AN
O .
/@/\ ) MO Base 1.3 equiv WO /@/\/\
Cl "
solvent (0.2 M
o PPriBr (0.2M) 3 al 32

0°C-rt,24n ©l

1.0 equiv 1.1 equiv
_ Aldehyde

Deprotonation - Conv.
Entry Base _ Addition T Solvent 31:32% E:z®)

Time (h) (%)@

(C)

1 tBuOK 0.5 0 Toluene 99 19:81 91
2 tBuONa 0.5 0 Toluene >99 3567 91
3 tBuONa 0.5 rt Toluene 97 38:62 9:1
4 tBuONa 0.5 rt THF >99 3565 91
5 tBuONa 0.5 0 THF >09 32:68 91
6 tBuONa 0 0 THF >00 4258 91
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7 KHMDS 0.5 0 THF 98 3575 91
8 LiIHMDS 0.5 0 THF 91 3862 7:3
9 LiIHMDS 1 0 THF 85 43:57 91
, THF/DMF
10 LiIHMDS 0.5 0 >00 26:749 8:2
(1:1)
11 nBuLi 0.5 0 Et,O >09 57:43 7:3

3 Calculated from consumption of aldehyde usiHgNMR. ® Determined with*H NMR using

relative integrals of olefinic proton§) Calculated based on isolated mass.

As in the case of saltd, the ketal present ide is positioned too far from thq isite of
deprotonation and now rules out inductive effects being involved in the selectivity that favours
functionalized olefirB1. The high degree of regioselectivity can only now be explained in terms
of a complexinduced proximity effeétof the acetaldirecting ylide formation. Such effect may

be manifest thermodynamically, though reversible deprotorfatainthe desired| -position.
Nonetheless, in consideration of the reaction conditions described here (Scheme 2, entry 8;
Scheme 5, entry 11) the rdtsuare more consistent with kinetic deprotonativa pre
complexation to the acetal/ketal and deprotonation at the now otpserethylené® No
significant difference is observed in regioselectivity as a function of time elapsed before addition
of the atlehyde after ylide formation (entries 8 and 9), under otherwise identical conditions
(THF, lithium salts). Conversely, switching solvent to diethyl ether and use of the strong base

butyl lithium (entry 11) results in a significant shift in favour of thelalionassisted pathway.

64



Ph.D. Thesis D. Hurem; McMaster University Chemistry.

2 4 Efforts towards the preparation of building blocks for the total synthesis of artemisinin
derivatives.

With this methodology in hande attempted to apply it to the synthesis of digé@erhich would
be expected to give the advanced intermed&8eowards the total synthesis of dimethyl

artemisin analogues (Schent®.3

39 38 37 36

Scheme3s. Retrosynthetic analysis of structural analogues of artemisinin.

A sequence of hydrogenation, acid catalysed deprotection of intermé&ddialowed by
photooxidation of the product by known methods to artemisinin throughareibgous

intermediateof 34 was expected to yield previously unaccessed artemisin derivatives.
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Efforts were made to synthesize di&8by reaction of Wittig sall.c with acrolein using
the previously developed conditions. Unfortunately, only low yieldsadyct could be isolated
and the majority of the reaction mass was converted to a poorly solublesohd¢hat was
thought to form due to the polymerization of acrolein (Tahl&ntry 1). In order to limit the
formation of this byproduct methods to iroduce acrolein to the basic reaction environment

were explored (Entriesi24).

Table 6. Synthesis of terminal conjugated diene using acrolein.

1. nBuli 1.6 M in hex 1.0 eq
Br 0 E,0 (0.2 M)-78°C t0 0°C, 1 hr || 0
+ > N A
PT3P/\/\f\ 2. acrolein

0 O
le 41

Equiv. of Temp. Yield

Entry Addition of acrolein acrolein  (°C) %) E:Z

1 Neat 2.0 0 0.7 87:13
2 1M EtO (5 min) 2.0 0 19 88:12
3 0.2M E&O (30 min) 2.0 -78 7 85:15
4 Vapour in N (15 min) 5.0 -78 6 83:17

Although a yield of 19 % was obtained by introducing acrolein as adliion in ether, further
dilution of the aldehyde or introduction of acrolein as a vapour carried by nitrogen failed to

increase yields (Entries 3 and 4).
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Although subsequent efforts at organocatalytic cycloaddition failed, with consumption of the
election poor dienophile while the diene remained inert to the reaction conditiensynthesis

of the diene demonstrates the utility of the homologation methodology

2.5 Experimental.

5-Bromo-2-pentanone (26)

In a 200 ml round bottom flask equipped with a metg stir bar was combinea-acetytg
butyrolactone (5.1 ml, 47.1 mmol) and &b (50 ml). To the clear solution was added HBr (48

% aqueous, 50 ml, 440 mmol) dropwise and with vigorous stirring. To the biphasic mixture
H>SQOy (0.27 ml, 5.1 mmol) was quickly added, the flask was fitted with a condenser and the
mixture was heated under reflux for 3 h under a flow afHeating was discontinued andtH

(60 ml) was added to the reaction mixture. Upon cooling, the organic phaseoilected and

the aqueous was extracted with £ (4 x 25 ml). The combined organic phase was washed
with H20 (3 x 25 ml), dried (MgS&) and solvent was removed under reduced pressure to afford
a clear light brown liquid (12.1 g). The crude product wasfied by vacuum distillation to
afford 26 as a clear colourless liquid (7.01 g, 42.5 mmol, 90 % yiéld)NMR (600 MHz,
CDCl) ti 3.44 (t, 2H,J = 6.4 Hz), 2.64 (t, 2H) = 7.0 Hz) 2.16 (s, 3H), 2.10 (m, 2H}C NMR

(151 MHz, CDC4) 1 207.31, 41.41,331, 30.06, 26.36.
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General procedure for ketal synthesis:

To a 10 ml round bottom flask equipped with a magnetic stir bar was addeams2-
pentanone (165 mg, 1.00 mmol), trimethyl orthoformate (180 mg, 1.70 mmol) and a glycol (4.00
mmol). Mixture wasstirred open to the atmosphere until a clear solution was obtained. To the
resulting solution was added 1 drop of 33 % HBr in acetic acid and stirred for the required
amount of time under Natmosphere. The reaction was quenched with trimethylamine (.5 ml
The solution as poured into sat. NaHC@5 ml) and extracted with hexanes (3 x 20 ml).
Combined organic extract was filtered through a plug of silica (0.5 cm x 3 cm). Upon removal of
solvent under reduced pressure, the crude extract was purged uglierabuum for 3 h to

afford the desired ketal as a clear colourless liquid

Ethylene glycol ketal (27):

(154 mg, 74 % yieldfH NMR (600 MHz, CDC4) @i 3.90-3.87 (m, 4H), 3.39 (t, 2H), 1.98.91
(m, 2H), 1.74 (t, 2H), 1.27 (s, 3HEC NMR (151 MHz, CDGJ) Ui 109.34, 64.54, 37.44, 33.84,

27.38, 23.80.

1,3-propylene glycol ketal (28):
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(75 mg, 33 % vieldfH NMR (600 MHz, CDC}) {1 3.91-3.83 (m, 4H), 1.94..95 (m, 2H), 1.81
1.77 (m, 2H), 1.770.75 (m, 1H), 1.57L.55 (m, 1H), 1.37 (s, 3H}*C NMR (151 MHz, CDGJ) i

98.65, 37.15, 34.39, 33.30, 26.99, 25.46, 20.84.

neopentyl glycol ketal: (29)

(225 mg, 89 % yieldfH NMR (600 MHz, CDQ3) @i 3.57-3.45 (m, 4H), 3.43 (t, 2H), 2.62.02
(m, 2H), 1.831.81 (m, 2H), 1.37 (s, 3H), 1.02 (s, 3H), 0.87 (s, 38 NMR (151 MHz,

CDCls) 198.48, 70.41, 37.19, 34.39, 29.90, 22.83, 22.45, 20.21.

pinacol ketal: (30)

(348 mg, 82 % yieldjH NMR (600 MHz, CDCE) Ui 3.433.41 (m, 2H), 1.971.95 (m, 2H), 1.76
(t, 2H), 1.36 (s, 3H), 1.22 (s, 6H), 1.21 (s, 6MC NMR (151 MHz, CDGJ) U. 106.94, 82.59,

41.39, 34.10, 28.64, 26.94, 24.72, 24.65.

Large scale synthesis d?-(3-bromopropyl)-2,4,4,5,5pentamethyl-1,3-dioxolane (30):

To a 50 ml tweneck round bottom flask equipped with magnetic stir bar and fitted with a glass
stopper and adapter to a Schlenk line was ad@€6.61 g, 40.0 mmol), trimethyl orthoformate (

7.5 ml, 73 mmol) and pinacol (12.17 g, 1@3nmol) under Nflow. The vessel was stoppered
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and mixture was stirred until a clear colourless solution was obtained. To the resulting solution
was added HBr (33 % in acetic acid, 0.16 g, 2.0 mmol). The yellow solution was stirred at room
temperature 03 h, then the flask was equipped with a sipath vacuum distillation apparatus

and was stirred at 60C overnight. The flask was fitted with a 10 cm Vigreux column topped
with a shortpath distillation head and the product was isolated under reduced pressure as the
highest boiling fraction with the bath temperature set to@0the title compound was istéd

as a clear colourless liquid (8.68 g, 32.7 mmol, 87 % yildNMR (600 MHz, CDCJ) ii 3.43

3.41 (m, 2H), 1.971.95 (m, 2H), 1.76 (t, 2H), 1.36 (s, 3H), 1.22 (s, 6H), 1.21 (s, BB)NMR

(151 MHz, CDC4) u. 106.94, 82.59, 41.39, 34.10, 28.64, 268472, 24.65.

(3-(2,4,4,5,5pentamethyl1,3-dioxolan-2-yl)propyltripropylphosphonium bromide (1e)

To a 50 ml tweneck round bottom flask epuipped with a magnetic stir bar, condenser connected
to N2 Schlenk line and a septum on the second port, charge®®(5.308 g, 20.01 mmol) and

Nal (0.134 g, 0.895 mmol), was added THF (20 ml). The septum was replaced with a glass
stopper and the suspension was heated at reflux for 5 min updalldwed to cool to rt. The

glass stopper was replaced with septuh @ipropylphosphine (4.65 ml, 23.2 mmol) was added

to the reaction mixture. The septum was again replaced with a glass stopper and the mixture was
heated under reflux for 24 h. The solvent was removed under reduced pressure@hd25H

ml) was added tthe viscous residue and the resulting solution was filtered through celite. The

solution was concentrated under reduced pressure then the viscous residue was purged of
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volatiles under vacuum at && for 2 hours, back filling with Nevery 0.5 h to affordhe title
compound as a white solid (8.41 g, 19.8 mmol, 99 % VidI®MR (600 MHz, CDCJ) U 2.46-
2.42 (m, 8H), 1.79..78 (m, 2H), 1.68..60 (m, 8H), 1.36 (s, 3H), 1.21 (s, 3H), 1.19 (s, 3H), 1.13
(t, 9H); 3C NMR (151 MHz, CDGCJ) Ui 106.37, 82.81, 43.62,3.53, 26.88, 24.70, 24.64, 21.46,

21.14, 19.63, 19.32, 17.69, 15.79, 15.76, 15.60, 15ONMR (243 MHz, CDGJ) Ui 32.15.

General ProcedureA: (Entry 1, 2, 5, 7, 8, 10)

A two-neck flask equipped with a magnetic stirring bar, glass stopper, adapter to-lanéwo
Schlenk manifold, charged with sake (85 mg, 0.20 mmol) was purged under vacuum for 0.5 h
then filled with N.. The glass stopper was quickly exchanged with a rubber septdar rapid

N2 flow and solvent (1.0 ml) was addet syringe then the septum was quickly replaced with a
glass stopper. The mixture was stirred until a solution was formed then coolé€td 6 the

cooled solution base (0.26 mmol) was quickly addedkumapid N flow. Upon stirring for 0.5

h, 4chlorobenzaldehyde (25 mg, 0.18 mmol) was quickly added and the reaction was allowed to
warm to rt overnight. The reaction was quenched with the addition @€NE0 mg), solvent

was removed under reduced m@® and the pot residue was extracted witOE8 x 1 ml). The
combined extract was washed with sat.48H(2 ml), water (2 ml), brine (2 ml), dried with
MgSQs and solvent was removed under reduced pressure to give a crude extract as a yellow oil

that wa subject tdH NMR analysis.
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General ProcedureB: (Entry 3, 4)

A two-neck flask equipped with a magnetic stirring bar, glass stopper, adapter telinetwo
Schlenk manifold, charged with sdk (85 mg, 0.20 mmol) was purged under vacuum for 0.5 h
then filled with N.. The glass stopper was quickly exchanged with a rublpgureeunder rapid

N2 flow and solvent (1.0 ml) as addeid syringe then the septum was quickly replaced with a
glass stopper. The mixture was stirred until a solution was formed then coolé€td 6 the
cooled solution base (0.26 mmol) was quickly addader rapid M flow. The reaction was
allowed to warm to rt over 0.5 h, therclorobenzaldehyde (25 mg, 0.18 mmol) was quickly
added, the septum wagplaced,and the reaction was stirred overnight. The reaction was
guenched with the addition of MBI (10 mg), solvent was removed under reduced pressure and
the pot residue was extracted with@&43 x 1 ml). The combined extract was washed with sat.
NH4Cl (2 ml), water (2 ml), brine (2 ml), dried with Mg®@nd solvent was removed under

reduced pressure give a crude extract as a yellow oil that was subjelt tdMR analysis.

General ProcedureC: (Entry 11)

A two-neck flask equipped with a magnetic stirring bar, glass stopper, adapter tolinetwo
Schlenk manifold, charged with sak (85 mg, 0.20 mmip was purged under vacuum for 0.5 h
then filled with N.. The glass stopper was quickly exchanged with a rubber septum under rapid

N2 flow and EtO (0.8 ml) as addedia syringe. The mixture was cooled {88 ° C. To the
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cooled solutiom-BuLi (1.6 M in hexanes, 1.3 equiv) was quickly added under rapiddw.

The reaction was allowed to warm t& € over 0.5 h, then-dhlorobenzaldehyde (25 mg, 0.18
mmol) in EpO (0.2 ml) was transferred to the reaction piat syringe, the reaction was then
allowed towarm to rt, the septum as quickly replaced with a glass stopper and the reaction was
stirred overnight. An additional volume of2BEX (2 ml) was added and the reaction was quenched
with the addition of sat. NiCI (2 ml). The aqueous was removed and thearmiggphase was
washed with water (2 ml), brine (2 ml), dried with MgSé&nd solvent was removed under

reduced pressure to give a crude extract as a yellow oil that was subi¢®MMR analysis.

(E)-2-(4-(4-chlorophenyl)but-3-en-1-yl)-2,4,4,5,5pentamethyl-1,3-dioxolane (31):

Scheme 5, Entry 1GGeneral proceduré was followed using salte (427 mg, 1.0 mmol), 4
chlorobenzaldehyde (127 mg, 0.90 mmol) and 1.3 eq of LIHMDS in THF/DMF (1:1). The crude
material was purified by flash chromatography (20:1 hegéftOAc) to give separat&i and

32 as a pale yellowils containing a mixture of isomers and ~10 % impurities by integral count.

A second purification (40:1 hexanes/EtOAc) g&ieas a pale yellow oil, with depleted){

isomer (6.9 mg, 0.022mmoiH NMR ( 600 MHz ;7.1&€(D,@&H)36)24 (dt, 1IAW,.=1 5

15.8 Hz), 6.11 (dt, 1H, J = 15.8 Hz), 2:220 (m, 2H), 1.72 (m, 2H), 1.32 (s, 3H), 1.15 (s, 6H),
1.12 (s, 6H)®C NMR (151 MHz, CDCI3) 4 139.31, 132.
107.22, 82.59, 42.46, 29.70, 28.65, 26.95, 24.80, 24.73. Com@2was isolated as a pale

yellow oil (10.7 mg, 0.064 mmofH NMR (600 MHz, CDCI 3) &4 7.15
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15.8 Hz), 6.14 (dt, 1H, J = 15.8 Hz), 2:230 (m, 2H), 0.99 (s, 3H); 13C NMR (151 MHz,

CDCI 3) 0 136.46, 133.2874,26.042185459, 127.66, 127.

(E)-2-(hexa3,5dien-1-yl)-2,4,4,5,5pentamethyt1,3-dioxolane: @1)

General procedure C was followed using 4&i{434 mg, 1.@ mmol), acrolein(0.20 ml, 0.90

mmol) andn-BuLi (1.6M in hexanes0.62 ml, 1.00 mmg! The crudematerial was purified by

flash chromatography (20:1 hexanes/EtOAc) to diteas a pale yellow oil (42.8 mg, 19 %)

NMR (600 MHz, CDC}) iU 6 J2 B7.1,(1@3 Hz, 1H), 5.99 (dd,= 15.2, 10.4 Hz, 1H),

5.697 5.62 (m, 1H), 5.02 (dJ = 16.8 Hz, 1H)4.89 (d,J = 10.1 Hz, 1H), 2.13 (m, 2H), 1.69

1.65 (m, 2H), 1.32 (s, 3H), 1.17 (s, 6H), 1.15 (s, 685 NMR (151 MHz, CDGJ)) U 136. 2,

134.0, 129.7, 113.8, 81.5, 41.3, 28.7, 27.2, 25.9, 23.8, 23.6.

2.6 Conclusions andoutlook.

Precomplexation/deprotonation sequences have been shown to play a pivotal role in the
regioselective functionalization of aromatic systems by Snieckus ambrk@rs,in the vast

array of directed metalation/trapping reactions pioneered by this &r8Ufhe results presented
here demonstr at endutedparto xtihma t fic eemhfleecXx 0 concept
regioselective ylide formation on differentially functionalized phosphonium salts leading to

useful, homologated functionalized carbonyl compsudrurther studies to explore the reactivity
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of the threé@ carbon extended functionalized olefins and extend the concept of directed ylid

formation to other homologation processes is under active investigation in our laboratories.
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3.0 ACETONYL TRIPROPYLPHOSPHORANE AS A REAGENT FOR FACILE AND
GENERAL SYNTHESIS OF METHYL VI NYL KETONES VIA TWO-CARBON
HOMOLOGATION OF ALDEHYDES
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3.1 Introduction.

The chemistryof methyl vinyl ketones (MVKSs) is dominated liyeir dual reactivitywith

both electrophit and nucleophit propertieScheme36).

0)

CO,CH;
H;CO,C.__CO,CHj

R
CO,CH;4 \ 0
: R4/§O fl\/\RA‘
(@) Nu : /

R{__NO, k | 5 R
Apre T e
R! R2__PPh; — o EWG
0 E R Ewe R’

PPh,

CD v
N

H

(@)
R =

HN

Scheme36. Selected examples of carboarbon bond forming reactions employing methyl vinyl
ketones.

Conjugate additiorof a wide range of nucleophiles to MVKs includingroalkanes;®
malonates? electron rich arenesand phosphorane¥ have been reporteddoreover,

variousN-,11 O-,12 and S-centered® nucleophiles have been employed as Michaebdon
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to vinyl ketones.Conversely enolization at théJ>methyl group allows for addition to

activated olefing?® andnon-enolizable carbonyl compounds

This dual reactivityof MVKs has beenexploited fortandem reactiorsequences to
generatecyclic compounds. The classic example of thiss first demonstrated by the
Robinson reaction in 1938 and its various enantioselective variatit§.he Robinson

annulation continues to be of relevanedhie total synthesis of natural products

An example isthe use of the proline mediated Robinson annulaa®ra key step i

formal synthesis of platensimyciggcheme 371).2°

HO,C OH
EB—cozH o 0
N HO HN o
\0 o 3 lHequiv -
rd ’ )/_/< /, — )
0 1) DMF, 20°C, 5 days
2) NaOH (2N aq) 4 1 0o

0 °C to rt, 40 min yield = 95 %, dr = 5:1

Scheme37. Robinson annulation as a key step in the synthesis of platensimycin.

The L-proline (3) mediatedsi-faceintramolecularMichael additionin 2 gave the desired
epimer4 with 5:1 diastereoselectivity after treatment with sodium hydroxide to complete
the aldol condensation. Thetracyclic product4 was previously established as a key

intermediate in the total synthesis oftphsimycin(1).%*
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WielandMiescher ketone§.e. 5) have seen extensive applications as building blocks in
organic synthesis (Scheme 385 as they can easily be synthesizgd chiral amine

mediated Robinson annulation whigh enantioglectivity.?42’

L-proline/NaOH ngjé
—_—

(+)-adrenosterone

= HO OBz OAc

taxol

Scheme38. WielandMiescher ketones in total synthesis.

The chiral bicyclic diketones have been prominent as key intermediates in the synthesis of
terpenoid natural products asemplified by the synthesis of ¢(apirenosteron& and the

Danishésky synthesis of taxaf

A range of substituted cyclohexanes and cyclohexenes can be formed from the tandem
reactions of MVKs with various substraté&actions with ketones give cycloteones

via the Robinson annulation.Reaction with malonate esteranions proceed to a
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concomitant Claisen reaction of the adduct to yieldcy@ohexaediones’ and reactions

with activated olefins give substituted cyclohexanoties.

The classic work laid the groundwork for tandem reactions with a wide range of
substratesnediated by chiral amine catalysts to generate an extensive library of cyclic
compoundswhich have been extensively review®d? Control of reactivity can be
achieved by employing either primary or secondary amine catalysts, which favour the
formation of either iminium or enamine reactive intermedi#ftés.Reactions with
electron poor olefins have yielded highly substituted cyclohexanaadsrmal normal

electrondemanccycloaddition reactions (Scher6).1®

o 0
R," 8 20 mol % Ry
Ar/\/NO2 - [
R 2-FPhCO,H 30 mol % R; “Ar
6 7 toluene, rt NO, o
OMe  aR,=Ph,R,=H, Ar="Ph; 78 %, >19:1 dr, 96 % ee
NH, b R, = thiophenyl, R, = H, Ar = Ph; 58 %, >19:1 dr, 88 % ce
N ¢ R, =Ph, R, = Me, Ar = Ph; 58 %, 14:1 dr, 99 % ee
/ N d R; = thiophenyl, R, = Me, Ar = Ph; 65 %, >19:1 dr, 99 % ee
=N e R, =Ph, R, = H, Ar = 4-CIPh; 69 %, 3:1 dr, 93 % ee
Catalyst 8

Scheme 39. Formal cycloaddition of vinyl ketones with nitro olefins catalyzed by
chinchonamine.

Normal electron demand DieMder reactionsactivated by enamine catalysis can be viewed

either as a completely concerted fionic process or as a stepwise MichAtdol sequencé! A
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recent example involves the enamine activatioM¥K s to generate an electron rich crossed
dienamines that were deld to electron poor allylidene matmitriles.®® The cycloadditionsvere
mediated by various primary amines in the presence of an organic acid additive, however
optimal yield and selectivity was observed usamghonamine derivativ8 with benzoic acid.

The addition of various aryl substituted allylidene nmatdtriles 10to variousb-aryl substrituted
MVK s 11 yielded productil2 with high to completeliastereoselectivity buyiroceeded with only

moderate to poor yields and enantioselectivities (Sch@ne 4

o yield = 50 - 80 %
NOSN 820 mol % ee = 66-82 %
| > dr=95:5
| | PhCO,H 30 mol %

Ry H,O, t

11 10 Sp, HO.
[RI= o - LI Ry= o |
5 Yy |
! X ¥ z !
! X=H,F, Cl,BrorNo, || 2~ HF CLBr :
: : : NOz, OMe :

_______________

Scheme40. Formal cycloaddition of vinyl ketones with allylidene majoitriles catalyzed by
chinchonamine.

Inverseelectron demand Dielalder reactions activated through enamine catalysis using the

Jorgensen catalysts have been explored in détailthis case, electron rich dienophiles in the
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form of catalyst activated enamines are added to extended conjugateddehydes that

function as electron poor dienes. cycloaddition products yield cyclic enols or dienes.

b-Substituted MVKs have been synthesiZeoim aldehydesy classic methods using
aldol and Knoevenegel chemistry (see section 1.2).cldssical methodsuffered from
selectivity issues, especially when homologation of enolizeable aldelnadesequired,

as is the case with general crossed aldol approacheXndeyenagethemistry avoids

the issues with selectivity by use of acetyl acetates, however an extra hydrolysis

decarboxylation sequence is required to afford the homologated MVK.

Phosphorous reagents have become useful reagents foditbet synthesis of
homologaed MVKs from aldehydes, whehe requisite functionality of theubstrates is

not tolerated undesiassical conditions (see sections-1.8).

The use of triphenylphosphine derived ghdha allowed the homologation of a wide
range of aldehydes to giv&)(MVKs. These reactions suffer from long reaction times
and often elevated temperatumesjuired for the homologation of most aldehydes (see

section 1.5).

The utility of trialkylphosphinederived norstabilized and senstabilized phosphonium

salts as Wiig reagents for the synthesis of olefins with high degreeB)esdlectivity has
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been demonstrated in recent ye@ee Section 6.and 1.7. The utility of the twecarbon
aldehyde homologation reagent (DualPhos) was demonstrated under aqueous, and

anhydous conditiongsee Section 1.7).

The oftenincreased reactivitybserved fortrialkyl phosphine derived Wittig reagents
prompted an investigation into their application to the general synthesis of homologated

MVKs from aldehydes.

3.2 Attempts at preparation of DualPhos ketone analogues.

There was an interesv develop an analogelketalprotected acetona-phosphonium
salts for the twoecarbon homologation of aldehydes to MVK equivalemdéthough
protected chloroacetones could be readily obtained (ScHé&mdoth alkyl halidesl2

and 13 remained completely inert to substitutionittw tripropylphosphine. It was
postulated that the neopentyl positioning of the leaving group was too sterically

encumbered.

1) pTSA 10 mol % 1) pTSA 10 mol %
o (MeO);CH 1.2 equiv (MeO);CH 1.2 equiv 0]
MeOH 1.2 equiv 9 MeOH 1.2 equiv
ﬁ\/@ < ha Cl\)K > Cl%o
0 2) neopentyl 2) pinacol 1.1 equiv.
12 Yield =60 %  glycol 1.5 equiv 13 Yield = 51 %

Scheme4l. Cyclic acetals of chloroacetone.
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3.3 Synthesis ofmethyl vinyl ketones using a ¢lescoping homologation procedure under
agueous conditions.

The reaction of chloroacetone with tripropyl phosphine in diethyl ether formetl4sadt

a white precipitatehowever the solid quickly decomposed on vacuum filtna(Scheme

42). Although 'H NMR analysis of the resulting yellow oil indicated a mixture of
products, dissolving the oil in GBI, followed by removal of the solvent yielded a white
solid that corresponded to sa#t by *H NMR. A Wittig reaction was attepted bya one

pot, twostep processAlthough only minimal product formation could be detected by
TLC the reaction proceeded to completion with the addition of sodium carbonate to give

MVK 15 (Schemet2).

O
\)Oj\ PraP 1.1 . @\)OJ\ 1) Vacuum purge, 60 °C, 1 h N
Cl ;P 1.1 equiv  ppp
Borosn O 2) p-Cl-benzaldehyde 0.9 equiv
t,0, rt, 0. Cl 14 1M Na,COj; aq2 equiv, rt, 0.5 h Cl 15
2 3
E:Z>9:1

Schemed2. Telescoping aqueous Wittig for the synthesis of MVK.

A series of substituted benzaldehgde&ere successfully homologated to their

corresponding MVKSs using this telescoping proced(irable?).
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Table 7. Telescopingnethod for MVK synthesis in aqueous media.

0 1) PryP 1.1 equiv, rt, 0.5 h 0
2) Vacuum purge, r.t. 1 h /\)k
Cl >
NN 3) RCHO 0.9 cquiv RTS

1 M Na,CO; aq 2 equiv, rt, 0.5 h

Entry Product Yield (%) Entry  Product Yield (%)
(¢} (0]

1 A 66 3 % N 38

MeO 16 o) 17

(6]
(0]

2 N 75 4 w 460

cl 15 OHI g

Reactions were conducted using General ProceduRrddlucts generally precipitated from the

reaction mixture, if necessary, they were (a) recrystallized, (b) extracted then recrystallized.

Products generally formed crystalline precipitates under the reaction conditions and could
be obtained with high purity simply by vacuum filtrations of the reaction mixture
followed by aqueous washing of the solid produiectthe case of Entry 3 in Tablg a

crude amorphous solid was obtained by filtration, and recrystallization from hexanes was
required to obtain the pure MVKL7). In cases where solid precipitate was not formed
(Entry 4) extraction with organic solvent had to be employedsolate 18. Yields of
recrystalized products welew, while reactionsvith enolizzablealkyl aldehydes yielded

complex mixtures of productm the basic aqueous conditioné was thought that
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reactions with an isolated ykdn organic solvent would improve yield$ momologation

reactions with bassensitive aldehydes.

3.4 Synthesis of methyl vinyl ketones using an isolated y&d

It was reasoned that isolating the phosphoniumeyiiight allow for homologation of
more sensitive aldehydes and allow for greater fanat group compatibility by omitting
excess base from the reaction environni8ohemet3).

O O

1. PryP 0.9 equiv, Et;O02 M, 0°C -rt, 1.5 h
Clyj\ : 2 - PgPVJ\

2.NaOH (1 M aq), rt, 0.5 h

19 yield = 77 %

Scheme43. Synthesis and isolation of stabilized gid

Synthesis of the stabilized y#dl9 was accomplished by substitution of chloroacetone
with tripropyl phosphine in anhydrous diethyl ether. Careful control of stoichiometry and
addition time afforded a white crystalline product that could be washed by successive
decantation of ether from théensephosphonium salt. Addition of aqueous sodium
hydroxide (1 M) to a solution of the sdl in dichloromethane allowed for the successful
deprotonation of the Wittig salt and subsequent extraction of thee o
dichloromethane, followed by removaf the solvent afforded the ykdas a crystalline
white solidthat could be handled on the bench and stored under argériGtfor over

one month
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With the ylide in hand, aseries of aldehydesexe homologatedat room temperature in
diethyl ether (Table 1). Analytically pure MVKs were obtaingiter the removabf

tripropylphosphine oxide and excess wiay aqueous workup

Table 8. Homologation ofldehydes to MVKsusing an isolated yde.

diethyl ether, 1 M

-
3

RCHO * PryP ~ R
rt
1.2 eq
Entry Aldehyde Time (h) Yield (%) Product E:Z
(0]

AN

0]
1 /@A 2 87 X >20:1

Cl

>20:1

O
A
17
X o
N
3 O/\ © 2 89 SN a0
20
A N

0
o0 X >20:1
4 2 86
Br Br (50:1%)
21
0
AN
© N
5 QA 3 82 >20:1
22
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0
)
OH OH
18
0
o
7 16 82 X >20:1
HO 23
HO
0

8 IO 2 91 N\/\)J\ >20:1

24

Reactions wereonductedaccording tathe general procedurB (see experimental Section 3.6)
E:Z ratios were determined by relative integrals of olefinic signals fiatNMR spectra. *Ratio

was determined using relative integrafgpeaks from GEMS.

Homologated MVKs were obtained in high yieldad nearly complete selectivity for tie

olefin. Substituted bezaldehydes, cinnamaldehydes and aliphatic aldehydes were successfully
homologated to their corresponding MVKs. Althougldefydes containing acidic phenolic
groups(Entry 6 and Y required longer reaction timethey were successfully homdjated to

their corresponding MVK§18 and23) nonetheless

3.5 Methyl vinyl ketones as Michaehcceptors.

Treatment of honene2-one @4) with dimethyl malonate and sodium methoxide afforded the

cyclohexadione25 (Scheme 44). This product was a known prsor in the synthesis of the
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natural product olivetol and as a key intermediate in the synthesenpébinolic acid methyl

ester (see Chaptérand5).”*

(0] dimethyl malonate 1.40 equiv
NaOMe 1.25 equiv _ CO,Me
)J\l MeOH 0.5 M, 1t - reflux, 3 h ﬁ
CsHyy © CsHn
24 25

Schemed4. Tandem MichaeClaisen reaction for synthesis of phytocannabinoid precursor.

In an attempt to extend the scope of the Mict@@laisen sequence described ahdwey/’K 17

was reacteavith methyl nitroacetatesing R)-(+)-U-phenethyl amine as a model primayine

catalyst (Scheme 45) Synthesis of the corresponding cyclohexadione was envisioned as a
platform towards the synthesis of Amarylli@ae alkaloids, however treatment of the Michael
adduct with sodium methoxide failed to provide the Claisen prodie Michael adduct was
isolated as a mixture of two diastereomers with the relative abundance of each being same in the
products obtained under organocatalytic conditions and under base mediated conditions,

suggesting that the product is epimerizable intsmh.
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) methyl nitroacetate 1.4 eq
) NaOCHj, 25 wt % in CH;0H 1.25 eq

rt, 3 h, 65 % \ O

O (6]

0 A o)
< methyl nitroacetate 1.2 eq >
0 / o]

(R)-phenethyl amine 30 mol %

17 D THF, rt,3d,72% 26

Schemed5. Michael addition of methyl nitroacetate to MVK.

Although the desired Claisen product could not be obtaaneldthe produc26 was isolated as a
mixture of diastereomers with a nea? tation similar Michael adducts have begynthesized
using more sophisticated chiral primary amine catalystsraddced to esters of naratural

amino acidsvith high degrees of enantioindumi*®-

3.6 Experimental.

2-(chloromethyl)-2,5,5trimethyl -1,3-dioxane 2): A 10 mL round bottom flask, fitted with a

stir bar and a short path distillation apparatus, was charged with chloroacetone (1.1 mL, 10
mmol), trimethyl orthoformate (1.4 mL, 12 mmol), methanol (0.5 mL, 12 mmol) paotliene
sulfonic acid (19 mg, 0.10 mol) under N atmosphere The mixture was stirred at room
temperature over 16 h until the consumption of chloroacetone was noted by TLC. To the reaction
flask was addedeopentyl glycol(1.562¢g, 15.0 mmol) and the mixture was distilled by heating

at 100 C until no further distillate was observed. Upon cooling to room temperature, the pot
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residue was vacuum distilled5 eC i 48 C, 0.1 mmHg) to obtain the target compound as a
colourless liquid 1.0469,60%):'"H NMR (600 MHz, CDCI @&)y=1153. 56
Hz, 2H), 3.45 (dJ = 11.5 Hz, 2H), 1.44 (s, 3H), 0.98 (s, 3H), 0.90 (s,;3f0) NMR (151 MHz,

CDCl) U 97 . 8,29972D4, B3, 1946 .

2-(chloromethyl)-2,4,4,5,5pentamethyl1,3-dioxolane @3): A 10 mL round bottom flask,

fitted with a stir bar and a short path distillation apparatus, was charged with chloroacetone (1.1
mL, 10.0 mmol), trimethyl orthoformate (1.4 mL, 12.5 mmol), methdad mL, 12.5 mmol),
andp-toluene sulfonic acid (19 mg, 0.10 mmahder N atmosphereThe mixture was stirred at

room temperature over 16 h until the consumption of chloroacetone was noted by TLC. To the
reaction flask was added pinacol (122# 10.5 nmol) and the mixture was distilled by heating

in 100 eC until no further distillate was observed. Upon cooling to room temperature, the pot
residue was vacuum distilled (42, 0.1 mmHg) to obtain the target compound as a colourless
liquid (0.992 g, 51 %)*H NMR (600 MHz, CDC4) 4 3.43 (s, 1H), 1.50

1.21 (s, 3H)

2-oxopropyhtripropylphosphonium chloride (14): To an ovendried twaneck flask charged
with tripropylphosphine 4.0 mL, 20 mmol) in dry diethyl ether 10 mL) was added
chloroacetone 1(7 ml, 21 mmol) dropwise over 15 minutes under nitrogen &tCO Upon
addition of chloroacetone, the mixture was stirred @@ €or an additional 15 min. The flask was

then removed from the ideath and allowed to slowly warm to room temperature while stirring
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over 1 h. The white precipitateas carefully washed with dry diethyl ether by decantation (5 x
10 mL). Volatiles were removed under a stream of nitrogen, then under reduced pressiire (~ O.
mmHg) to give the tittle compound as a crystalline white s@if5g, 86 %): *H NMR (600

MHz, CDCk) U 4J=7198.3 Hz,2H), 2.44 (s, 3H), 2.432.38 (m, 6H), 1.62 @ J = 15.6,

7.6 Hz, 6H), 1.10 (tJ = 6.7 Hz, 9H);®*C NMR (151 MHz, CDGJ) 02.5,235.7, 35.3, 32.2,

32.2,21.8,21.5,15.9,15.9, 15.6, 158 NMR (243MHz,CDG) U 29. 8.

1-(tripropyl -l 5-phosphaneylidene)propan2-one (9): To a flask charged witi4 (3.55 g,

16.4 mmol) was added water (3 mL) and2CH (2 mL) and the mixture was stirred until all

solid had dissolved. To the colourless mixtwas added. M NaOH solution 20 mL) and

stirred at room temperature over 0.5 h. The mixture was extractedWwiCl> (4 x 10 mL) The
combined organic extract was washedhwbrine (10 mL), dried with sodium sulfate and the
solvent was removed under reduced pressure to give the title compound as a white solid (3.32 g,
77 %: 'H NMR (600 MHz, CDCY) U Kd, D=118.7 Hz, 1H), 1.85 (s, 3H), 1.871.80 (m,

6H), 1.491 1.40 (m, 6H), 0.97 () = 7.3 Hz, 9H);13C NMR (151 MHz, CDG)) & 190. 4,

48.4,28.2,28.1,24.2,23.8,15.9, 15.8, 15.7, P6NMR (243 MHz,CDG) U 16. 7.

General Homologation Procedue A: To a tweneck round bottom flask (10 mL) was added
chloroacetone (0.08 mll, mmol) and was stirred atdl over 15 min under aNatmosphere.
Through a rubber septum was added tripropylphospt@irg2 mL, 1.1 mmol) over 5 min. The

contents of the flask quickly formed a white crystalline precipitate. The volatiles were purged
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with heating under reduced pressure 5 0.1 mmHg) over 30 min. The contenteraiagain
cooledto0e C and a saedwrh catbonate (1 Bl,f2.0 mL) was added to form a slightly
yellow solution. To this solution was added aldehyde (0.90 mmol) and the mixtud|ovasd

to warm to room temperature with stirring over 3 h. The reaction was quenched with the addition
of sat ammonium chloride (2 b) and the product was obtained by filtration of the resulting
precipitate. In the case where an oil was formed, the biphasic mixture was extracted with ethyl
acetate (3 x 5 mL). the combined organic extracts were dried (Mg®@solvent was removed

under reduced pressure to give the target compound as described.

General Homologation ProcedureB: To a vial charged with phosphorat8 (1.2 equiy in

diethyl ether(1 M in aldehyde)was added aldehyd&.Q equiy. Thesolutionwas stired at room
temperature until the disappearance of aldehyde was observed by TLC. The mixture was then
diluted with diethyl ether (2 mL&and the solution wasxtracted withl % HClaq (4 x 1 mL),

water (1 mL)then brine (1 mL)The organicsolutiondried (MgSQ), thenwas concentrated and

trace solvent was removed under reduced pressure (~ 1 mmHg) to afford the target caspound

described

(E)-4-(4-chlorophenyl)-3-buten-2-one  (15) Following the general procedureA,
4-chlorobenzaldehydel6 mg, 0.90 mmol) was reactedas describedThe productl5 was
isolated as a white solioly vacuum filtration(122 mg, 75 %, E/Z > 20:1):'*H NMR (600 MHz,

CDCI 3) mi3HJ, 7.348 7.30 (m,2H), 6.64 (d,J = 1625 Hz, 1H), 2.35i 2.33 (m, 1H).
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13C NMR (151 MHz, CDChk)] 41981, 1419, 1364, 132.9, 129.4, 123, 277. Spectral data

were in agreement with those previously reported in literature.

Following the general procedurB, phosphoranel9 (83.8 mg mmol) was reacted with
4-chlorobenzaldehydé®.1 mg mmol) over 2 h asdescribed The productl5 was isolated as a
white solid (52.3 mg, 87 %&/Z > 20:1):'H NMR (600 MHz, CDCJ) U 1, 3H),37.34(
7.30 (m,2H), 6.64 (d,J = 1625 Hz, 1H), 2.35 2.33 (m, 1H)13C NMR (151 MHz, CDCk)] d,
1981, 1419, 1364, 132.9, 129.4, 123, 277. Spectral data were in agreement with those

previously reported in literature.

(E)-4-(4-methoxyphenyl)but-3-en-2-one (16): Following the general predure A, p-
anisaldehyde(Q.11 mL, 0.90mmol) was homologated as described. The protiégtas isolated
as a white solid105mg, 66 %, E/Z > 20:1):'H NMR (600 MHz, CDCJ) U i, 3H),%.9
(d, J= 876 Hz, 2H), 6.61 (dJ = 1616 Hz, 1H), 3.85 (s, 3H), 2.36 (s, 3HFC NMR (151 MHz,
CDCl) ua 198. 4, 161.1%1 1250, 413.4, 58, 274 .25SPpect@l, datal veere .in

agreement with those previously reported in literature.

(E)-4-(1,3-benzodioxot5-yl)-3-buten-2-one (17): Following the general proceduke piperonal
(146 mg, 0.97 mmol) was reactedas describedThe productl7 was isolated as a white solid
upon crystallization frondiethyl ether(70.1 mg, 38 %, E/Z > 20:1): 'H NMR (600 MHz,

CDCI 3) wJ=1618Hz, 1K)d7,05 (dJ)= 166 Hz, 1H), 7.03 (ddJ = 8.0L, 1.66 Hz, 1H),
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6.83 (d,J = 8.0L Hz, 1H), 6.56 (d,) = 16.15 Hz, 1H), 6.02 (s, 2H), 2.36 (s, 3HFC NMR (151

MHz, CDCk)1 : 198.2, 149, 1485, 143.2, 18.8, 125.3, 124.8, 108.6, 106.5, 101.6, 27.5.

Following the general procedui piperonal 4.5 mg, 0.40 mmol) wasreaded over 2 h as
described. The produd was isolated as a white solii6.3 mg, 87 %E/Z > 20:1): *H NMR
(600 MHz, CDGQE3615Hz, 1H), 703 (d)=dL.66 Hz, 1H), 7.03 (dd, = 8.01,
1.66 Hz, 1H), 6.83 (d,J = 8.01 Hz, 1H), 6.56 (d,J = 16.15 Hz, 1H), 6.02 (s, 2H), 2.36 (s, 3H)
13C NMR (151 MHz, CDCh)1 : 198.2, 149, 1485, 143.2, 128.8, 125.3, 124.8, 108.6, 106.5,

101.6, 27.5HRMS (APCI): m/z calcdfor C11H1103 [M+H]* 191.0703 found191.0712

(E)-4-(2-hydroxyphenyl)but-3-en-2-one  (18): Following the general procedure A,
salicylaldehyde 94 L, 0.90mmol) wasreactedas described. Therudeproduct18 was isolated
by extraction (217.1 mg), followed by recrystallization frdmathyl etherto afford the targeti8
as a white solidg6.8mg, 46 %, E/Z > 20:1):*H NMR (600 MHz, CDCY) : 786 (d,J = 16.4
Hz, 1H), 7.48 (ddJ = 7.99 1.3 Hz, 1H),7.46 (bs, 1H)Y7.25-7.23(m, 1H), 6.96 (dJ = 16.4
Hz, 1H), 6.947 6.89 (m, 2H), 2.41 (s, 3H)*C NMR (151 MHz, CDGJ) 1 : 201.1, 156.0,

140.7,131.9, 129.7, 127.7, 121.5, 120.7, 116.6, 26.9.

Following the genexl procedurd, salicylaldehyde42.0¢L, 0.40mmol) wasreaced over 16 h
as described. The produtf was isolated as a white solis(3 mg, 81 %, E/Z > 20:1):'H NMR

(600 MHz, CDC¥) U 7.J=816.4 Kzd1H), 7.48 (ddJ = 7.99 1.8 Hz, 1H),7.46 (bs, 1H)
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7.25-7.23(m, 1H), 6.96 (d,J = 16.44 Hz, 1H), 6.94 6.89 (m, 2H), 2.41 (s, 3H}*C NMR (151
MHz, CDCk) 1 : 201.1, 156.0, 140.7,131.9, 129.7, 127.7, 121.5, 120.7, 116.6, RBRMS
(ESD: m/z calcd for CiogHoO2 [M-H]” 161.0608 found 161.0595 and £H1004 [2M-H]

323.1289found1323.1286

(3E,5E)-6-phenylhexa3,5dien-2-one  (20): Following the general procedureB,
cinnamaldehydé23cL, 0.165 mmol) was homologatedver 2 h,as described. The produ2®
was isolated as a whismlid after recrystallization from hexangs.3 mg 89 %, E/Z >20:1):'H

NMR (600 MHz, iQmQi,2H), 7.407 7734 Bri2H), 7.34i 7.27 (m,2H), 6.8

i 6.86m, 2H), 6.27 (d,J = 15.5 Hz,1H), 2.32 (s,3H); °C NMR (151 MHz, CDG)) U 19 8.

143.44, 141.28, 135.98, 130.52, 129.24, 128.87, 127.26, 126.68, HRBAS (APCI): m/z

calcdfor C12H130 [M+H]* 173.0961 found173.0965

(3E,52)-5-bromo-6-phenyl-3,5-hexadien2-one (21): Following the general procedurB,

Ubromainnamaldehydé68.2 mg 0.323mmol) wasreadedover 2 h,as described. The product

21 was isolated as a white soli@9(7mg, 86 %, E/Z =50:1):'H NMR (600 MHz, CDCJ) 0 7.

(d,J=7.2 Hz, 2H), 7.43 7.36 (m, 3H), 7.34 7.30 (m, 2H), 6.66 (d] = 14.9 Hz, 1H), 2.36 (s,

3H); °C NMR (151 MHz, CDC)) 4 197.50, 143.26, 139.88,

128.41, 120.59, 28.91Spectral data were in agreement witiose previously reported in

literature.
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(E)-4-(3-hydroxyphenyl)but-3-en-2-one (22). Following the general procedureB,
3-hydroxybenzaldehyd@t3.8 mg 0.359 mmol) wasreactedover 3 h as described. The product

22 was isolated as a white solidi7(7mg, 82 %, E/Z > 20:1):'H NMR (600 MHz,CDCJ) U 7. 4 8
(d,J = 16.3 Hz, 1H), 7.26 (t] = 7.9 Hz, 1H), 7107 7.07(m, 2H), 6.95/ 6.91 (m, 1H), 6.69 (d,
J=16.3 Hz, 1H), 2.39 (s, 3H$°C NMR (151 MHz, CDG)) U 115&62,444,04, 135.78,
130.17, 127.18, 120.95, 118.10, 114.66, 273pectral data were in agreement with those

previously reported in literature.

(E)-4-(4-hydroxyphenyl)but-3-en-2-one  (23): Following the general procedureB,
4-hydroxybenzaldehydé1.7mg, 0.424mmol) wasreactedover 16 has described. The product

23 was isolated as a white solid upon recrystallization from benZ#h8 ifng, 82 %, E/Z >

20:1):'H NMR (600 MHz, CDCY) U 7J=5@2 Hz,dH), 7.46 (dl = 8.6 Hz, 1H), 6.89 (d,

J = 8.6 Hz, 1H), 6.61 (dJ = 16.2 Hz, 1H), 6.51 (s, 1H), 2.38 (s, 1H¥C NMR (151 MHz,

CDCk) U 199.38, 158.56, 144.11, ;HRMS.ESIPBPM/Iz 126 . 7 ¢
calcd for C10H9O2 [M-H]™ 161.0608 found 161.0604 andCxoH1904 [2M-H]™ 323.1289 found

1323.1287

(E)-3-nonen-2-one (24): Following the general proceduB; hexanal(40 t L, 0.324 mmol) was
reacted over 2 hgs described. The produgt was isolated as eolourless 0il(41.4 mg, 91 %,
E/Z> 20:1):'H NMR (600 MHz, CDC}) U 6 J=718.9, 6.9 Hiz, 1H), 6.04 (d1,= 15.9, 1.4

Hz, 1H), 2.21 (s, 3H), 2.2002.17 (m, 2H), 1.47 1.41 (m, 2H), 1.32 1.26 (m, 4H), 0.87 () =
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7.0 Hz, 3H) ®C NMR (151 MHz,CDG)) U 198.69, 148.6074,2538.. 26,

22.39, 13.91.

methyl 3-(benzold][1,3]dioxol-5-yl)-2-nitro -5-oxohexanoate (26): To a tweneck round
bottom flask equipped with a stiar and a condenser attached to a-fim® Schlenk manifold

was added methyl nitroacetate (8., 0.736 mmol), methanol (2 mL), and 25%
sodiummethoxide solution in methand.15 mL, 0.66 mmol) under N atmosphereThe
mixture was stirred at room temperature over 1 h. to the resulting solution was added™VK
(205.2 mg, 0.553 mmol) and the mixture was heatedflaikrever 3 h. Water (5 mL) was added

to the mixture upon cooling and the aqueous was washed with chloroform (2 mL). The aqueous
solution was slowly acidified to pH 4 (1M HCI) and the acidic mixture was extracted with
diethyl ether (3 x 5 mL)The combineckthereal extract was concentrated and purified by flash
chromatography (hexaneshyl acetate) to afford the title compound as a yellow oil (111 mg, 65
%):H NMR (600 MHz, i 668(8,8H3,)5.931(dJ6 2.7 Bz, 1H), 5.93 (s, 1H),

5.41 (d,J = 9.7 Hz, 1H), 5.37 (d) = 8.3 Hz, 1H), 4.22 4.13 (m, 1H), 3.80 (8H), 3.67 (s3H),

3.127 2.97 (m, 1H), 2.96 2.87 (m, 1H), 2.09 (3H); 3C NMR (151 MHz, CDCJ) & 204 . 85,
204.72, 164.01, 163.55, 148.02, 147.38, 131.27, 130.40, 1228659, 108.60, 108.53, 108.35,

101.28, 91.30, 91.21, 53.68, 53.53, 45.58, 45.07, 41.21, 41.08, 30.39, 30.28, 29.70.

To a 8 mL vial equipped with a stir bar and a ground glass stopper charged witiL A(BK.5

mg, 0.302 mmolwas added’HF (1 mL) followedby methyl nitroacetate (34L, 0.369 mmol)
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then (R)-(+)-Uphenethyl amine (1&L, 0.078 mmol). The mixture was stirred at room
temperature over 3 days. The solvent was removed by rotary evaporator, and the concentrate was
purified by flash chromatographyhéxanesethyl acetate) to afford the title compound as a
yellow oil (67.2mg, 72%)H NMR (600 MHz ,i 6.680r3HB 5.93{dJ62.77 5

Hz, 1H), 5.93 (s, 1H), 5.41 (d,= 9.7 Hz, 1H), 5.37 (d) = 8.3 Hz, 1H), 4.22 4.13 (m, 1H),

3.80 (s,3H), 3.67 (s3H), 3.12i 2.97 (m, 1H), 2.96 2.87 (m, 1H), 2.09 (8H); 3C NMR (151

MHz, CDCk) a4 204. 85, 204. 72, 164. 01, 163. 55, 148.
108.60, 108.53, 108.35, 101.28, 91.30, 91.21, 53.68, 53.53, 45.58, 4527, 41.08, 30.39,

30.28, 29.70.

3.7 Conclusions and outlook.

It was demonstrated that the reaggf@tserves as a general aldehyde homologating reagent for
the facile synthesis of MVKs under very mild conditions. The short reaction times and
operational simplicity of the methodology alldar the synthesis of libraries of MVKs which are

themselves usef substrates for the synthesis of natural products.
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4.0 TOTAL SYNTHESIS OF OLIVETOL AND DERIVATIVES STARTING FROM A
COMMON METHYL VINYL KETONE PRECURSOR

The contents of this chapter aksppear in:
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4.1 Introduction .

Resorcylates such as orcinol (@ifydroxytoluene) and olivetd (Schemet6) form the central

core of many condensed polyketide aromatic natural products and higher analogs. These include
methylated derivatives and dimers such as griseofulvin, usni@adi@lternariol, as well as the

large class of prenylated meroterpenoid natural products. Of notable significance among the
latter class are the phytocannabinoids isolated fr@Gannabis sativa.Over 100 such
phytocannabinoids, including)ftrans-p>-tetrahydrocannbinob (THC) and §)-cannabidiol 7

(CBD) have been identifiéi among almost 600 natural products that have been profiled in
cannabis extract$. While much attention has focused on the pharmacological properties of
THC 6,1 CBD 7*9 and canabinoll" a wide range of biological activities continues to be reported

for these and the lesser known cannabinbfdBhe natural products are biosynthesized through
geranylation of Elkyl resorcinol carboxylic acid derivatives such as orsellinia aand
olivetolic acid 2. Olivetolic acid is thus a central intermediate in the biosynthesis of the
phytocannabinoids, while olivetolic acid and more commonly olivetol are crucial building blocks

in the chemical synthesis of phytocannabinoids and analdigstsEn the chemical synthesis of
these phytocannabinoids and similar meroterpenes have therefore historically and continue to

involve the regioselective terpenylation of olivetdl

We became interested in the synthesis-afkiylresorcinols such adieetol and olivetolic ester

derivatives for several reasons. Recently, olivetol and olivetolic acid derivatives have been

106



Ph.D. Thesis D. Hurem; McMaster University Chemistry.

shown to modulatesglective agonists or antagonists) the pharmacology of human cannabinoid

CBiand CBreceptorga®P

______________________________

' 1IR=R'=R>=H

' 2R=CO,H,R'=R?=H

' 3R=CO,Me, R =R>=H

1 4R =CO,Me, R =Me, R*=H
i 5R=CO,MeR!'=R%?=Me

______________________________

HO

Scheme 46. Polyketide precursors in the chemical and biological synthesis of
phytocannabinoids.

and cannabidiolicacid analogs have been shown to exhibit anticonvulsant activity in a mouse
model of Dravet syndronf€.It has also been shown that variations in the length and branching
of the C5substituent on the olivetol fragment can have significant effects on teegyoof the

derived cannabinoid€:*®¢The regioselective terpenylation of olivetolic ester derivatives has
been shown to proceed with very high regioselectivity in favour of the natural meroterpenoid
cores.>®’ The various synthetic efforts towardsivetol 1° require the use of stoichiometric
oxidants, such as elemental bromine, under harsh conditions that do not permit access to

olivetolate esters, which are otherwise not commercially available. In this communication, we
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report a short synthesi$ alivetol 1 through a mild, atoreconomical oxidative process catalytic

in iodine as well as methyl olivetolaBeand the orthogonally methylated ether anakbgs

The most efficient synthesis of olivetbko date involves preparation of the cyclic dikester8
and subsequent saponification/decarboxylation to dike@ometermediateB (or less efficiently
9) is then converted to olivetol through thermolysis is DMF using a stoichiometric amount of

bromine (Schemd7).>2

0 (0}
COQM@ 1) NaOH(aq)
reflux
e ——
o CH,, 2) HCl(aq) Y CsHy,
reflux 9
8
Br,, DMF l l 3 steps
80°C
OH OH
CO,Me
HO CsHy; HO CsHy,

Scheme47. Previous routes to olivetol and olivetolic acid methyl ester.

The oxidation process required forcing conditiagch must be controlled carefully to limit the
formation of over brominated aromabg-products>® Although other routes have been reported,
they generally suffer from either high cost of starting materials, such -@in3Bhoxybenzene

or 3,5dimethoxybenzoic acid, or employ techniques that are operationally prohibitive at
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scale®®’ Olivetolic acid or ester derivatives such3aare not directly obtained in this method but
may be subsequently accessed from olivétola ortholithiation and carbonylation of the its

dimethyl ether derivativé”or via other more complex routes.

Oxidatve aromatization (dehydrogenation) of cyclohexanones as a method for synthesis of
arenes, including phenols, has been investigated for decades, and has received recent renewed

interest (Schem«8).°

D pd/C (5 mol %), H, (0.2-0.3 atm)
K,CO; (20 mol %)

(0] OH
DMA, 150 °C, N, (0.8-0.7 atm)
| | N
R'—| R'——
P4
R R
I, (20 mol %), DMSO, 80 °C /

ii)
Scheme48. Methods for catalytic oxidative aromatization.

Catalytic dehydrogenation of cyclic enones using palladium on carbon was reported to afford
phenols with varying degrees of succéSsheme48, i).” However, the use of transition metal
catalysts in the late stage of olivetol synthesis was considered not ideal for the purpose of this
synthetic effort due to issues of cost (Pd) and possible transitdal contamination in the
products. In a differenteport, the oxidative aromatization of enones to the corresponding
phenols using a catalytic quantity of iodine and DMSO as the terminal oxidant was reported

(Scheme48, ii).8 An earlier report described the use of excess iodine (2.00 equivalents) & give
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5-methyl resorcinol monomethyl ether from a cyclic diketone simila9.fowe therefore
hypothesized that the redox equivalentdif@etones8 and9, could be oxidized using catalytic
guantities of iodine in DMSO to afford alkyl resorcinols and redateyesters, while resorcinol
monomethyl ethers could be expected in alcoholic solvents. Olivetol and a set of analogues that
represent useful synthetic intermediates towards the synthesis of various cannabinoids were

synthesized using/DMSO as a methofibr catalytic oxidative aromatization.

4.2 Synthesis ofolivetol and olivetolic acid methyl ester.

The syntheses of the cyclic dikedster8 and diketone9 were accomplished as previously
outlined by Focellaet al>® The isolation of both intermediates svaxplored and it was found
that both8 and 9 could be isolated by precipitation from the corresponding reaction mixtures,
and that the entire sequence can be carried through sequentially td9aht8h% isolated yield

over three steps (Schem@) 4
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0 dimethyl malonate 1.40 eq

NaOMe 1.25 eq
| MeOH 0.5 M
rt - reflux, 3 h

CsHy,
10

1) NaOH(aq)
reflux, 2 h CO,Me
-—

(0]
2) HCl(aq)
(6] CsH; reflux, 1 h o CsHy,
9

78 % 74 %
(84% if 8 not isolated)

Schemed9. Synthesis of diketone intermediates.

Turning to the oxidation/aromatization process, we initially focussed on the ester der@sative
To our delight, oxidative aromatization was obserwedoroceed smoothly using a catalytic

guantity (20 mol%) of molecular iodine in dimethyl sulfoxide (DMSO) giving methyl olivetolate

3in 88% isolated yieldTable9, entry 1).
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Table 9. Catalytic oxidation of ketones.

O OH
R I, cat., DMSO, 80 °C R
0 CsHy, HO CsHyy
8 R =CO,CH; 3 R=CO,CH;
9R=H 1R=H
) Loading . _
Entry Substrate Concentration (M) Time (h) Yield (%)
(mol %)
1 8 0.5 20 24 88
2 8 6.0 14 24 88
3 8 1.0 10 20 87
4 9 6.0 10 27 48

The reaction was equally successful at higher concentrations (Jabldry 2) requiring less

solvent use, and the loading of the catalytic amount of iodine could be lowered to 10%®(Table

entry 3) with no detriment to yield. The reaction appeared fadsedibly robust with respect to

concentration and catalyst loading. The aromatic methyl ejteras readily isolated by solvent

partition (EtOAc) from aqueous sodium thiosulfate, filtration through a short-gdicplug and

removal of solvent, yieldg the desired product as a slightly yellow crystalline solid. Conditions

to effect oxidation o® were similarly developed (Tab® entry 4) leading to olivetal. The

conversion could be effected in high yield. W« as before and removal of solvemlded

olivetol 1 in high yield. Purificatiorvia high vacuum distillation resulted produced highly pure

olivetol 1, isolated in 48 % yield as a colorless crystalline solid.
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4.3 Synthesis oD-methylated derivatives of olivetolic acid methyl ester.

Aromatization in the presence of methanol was next explored as method of obtaining methylated

derivatives of3 (Scheme 8).

a)
0
I, 10 mol% oH
COMe pMSO 1.5 eq CO,Me
—_—
MeOH 1M
O CsH,;, reflux,72h RO CsH,,
8 R=H365%
R=Me427%
b) (0] 1
1.1, 10 mol% OR
COMe T\OF 2.0 eq CO,Me
—_—
MeOH 1M, tt, 1h
(6] CsHy; 2.DMSO 1.5eq p2g CH,,
reflux, 72 h
8 R'=R?>=Me; 549 %

R'=H,R?>=Me; 421 %

Schemeb0. Synthesis of methylated derivatives.

To this end, it was founthat selective methyl ether formation could be accomplished by using
methanol as a solvent with a stoichiometric amount of DMSO and catalytic iodine (Scheme 5
a). This procedure results in formation of methyl olivetoBassd the mono methyl ethédrin a

70:30 ratio, readily separable using flash column chromatography resulting in the efficient
isolation of 3 (65%) and4 (27%). Various modification of these reaction conditions did not
appear to have a noticeable effect on the overall ratio of prodhst&sved. We postulated that

enol ether hydrolysis (vinylogous ester) may be taking place during the aromatization process. In

order to limit this potential, trimethyl orthoformate (TMOF) was used (Schebpebk to
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dramatic effect. In this case the monotiyé ether4 and methyl olivetolatelimethyl ether5
were obtained in high yield and no trace of methyl olivetoktebserved. The orthogonally
protected methyl olivetolates were readily separable using -g#icdlash chromatography
resulting in the efficient preparation 5{49%) and (21%) in high isolated yields. This method
represents a simple alternativeQemethylation of the resorcylates using dangerous methylating
agents and permits selective access to the orthogonally protected methyl olivetolatemdaono

dimethyl ethers in 16200 mg quantities at the scale reported herein.

4.5 Experimental.

Methyl 2,4-dioxo-6-pentylcyclohexanecarboxylatg8): To a solution of dimethylmalonate (12

mL, 100 mmol) in methanol (20 mL) was added a 25 wt% solution of sodium methoxide in
methanol (20 mL, 89 mmol).dlthe resulting solution was adddf)-3-nonen2-one @) (12 mL,

70 mmol) over 0.5 h with vigorous stirring. The pgdlow slurry was heated at reflux over 3 h
under a nitrogen atmosphere. Upon cooling, the resulting yellow solution was cooled to room
temperature then methanol was removed using a rotary evaporator with heating not exceeding 40
3 . The paleyellow solid was added water (70 mL) and diethyl ether (10 mL) and the mixture
was stirred until no visible solid remained. The biphasic mixture waaatet with diethyl ether

(2 x 50 mL). The clear orange aqueous solution was carefully adjusted to pH 4 with HCI conc.
and allowed to stand at room temperature for 12 h. The desired pr8yuciq obtained as a

mixture of isomers by vacuum filtration asmite crystalline solid (12.54 g, 74 %4 NMR
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(600MHz,CDC & 5.48 (s, 1H), 3.82 (s, 3H), 3.80 (
Hz, 1H), 3.45 (dJ = 6.7 Hz, 1H), 3.39 (d] = 17.2 Hz, 1H), 3.17 (d] = 10.0 Hz, 1H), 2.84 (dd,

J=15.4, 4.5 Hz, 1H), 2.61 (dd,= 17.5, 4.8 Hz, 1H), 2.5% 2.46 (m, H), 2.43 (dd,J = 15.4,

7.5 Hz, 1H), 2.19 (dd] = 17.5, 9.9 Hz, 1H), 1.46 1.17 (m, 8H), 0.87 (m, 3H}3C NMR (151
MHz,CDCk) & 206.69, 202.36, 198.93, 191.19, 185.
102.84, 60.78, 57.53, 56.86, 52.78, 52.3888, 44.03, 43.12, 42.62, 36.24, 35.71, 34.73, 33.77,

33.48, 33.41, 31.75, 31.62, 31.57, 31.34, 26.57, 25.95, 25.85, 22.47,22.38, 13.96, 13.91.

5-Pentylcyclohexanel,3-dione (9): To a solution of dimethylmalonate (11.5 mL, 100.4 mmol)

in methanol (20 mLjvas added a 25 wt% solution of sodium methoxide in methanol (20 mL, 89
mmol). To the resulting slurry was adddg)-3-nonen2-one (11.6 mL, 70.2 mmol) over 0.5 h

with vigorous stirring. The palgellow slurry was heated at reflux over 3 h under a nitrogen
atmosphere. The resulting yellow solution was cooled to room temperature whereupon the
methanol was removed using a rotary evaporator with heating not exceeddgH resulting
yellow solid was dissolved in 20 wt% sodium hydroxide solution (70 ml) beated at reflux

over 2.5 h. The solution was cooled to room temperature, then extracted with diethyl ether (2 x
50 mL). To the aqueous solution was added HCI until rapid gas evolution was observed (30 mL),
the effervescent, clear yellow solution wasthdaat reflux over 1 h. the aqueous solution was
slowly acidified with HCI conc. to the first appearance precipitate (pH 5) and left to stand over
12 h. The desired produd)(was obtained by vacuum filtration, then drying under high vacuum

(~0.1 mmHg) toafford a light pink solid as a mixture of tautomers (10.88 g, 84'PbNMR
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(600 MHz, CDC¥) & 5.49 (s, 1H), 3.66J=155 3.8H)1H), 3. 37
2.45 (d,J = 12.5 Hz, 1H), 2.36 (dd} = 15.4, 10.3 Hz, 1H), 2.201.98 (m, 2H), 1.B7 1.19 (m,
8H), 0.88 (t,J = 6.9 Hz, 3H);"®C NMR (151 MHz, CDG)) & 203.84, 191. 74,

46.39, 38.82, 35.44, 35.21, 33.75, 31.76, 31.57, 30.66, 26.26, 26.21, 22.56, 22.48, 14.01, 13.96.

Olivetol (1): To solution of9 (10.88 g, 59.7 mmol) in MSO (10 mL) was added iodine (0.4837

g, 1.9 mmol) and the brown solution was stirred in an 80 °C bath over 27 h. The reaction mixture
was diluted with ethyl acetate (100 ml) then extracted with 0.1 M sodium thiosulfate (50 mL).
The aqueous phase was exteacwith ethyl acetate (3 x 50 mL), Organic fractions were pooled,
concentrated in vacuo to afford a viscous dark red liquid. The crude material was distilled under
reduced pressure (~0.1 mmHg, 80 °C) to afford olivitas a white crystalline solid (5.05y,

48 %).'H NMR (600 MHz, CDCY) U 6J=28 HZ, 2H), 6.18 (1) = 2.2 Hz, 1H), 5.01 (s,

2H), 2.51i 2.44 (m, 2H), 1.61 1.53 (m, 2H), 1.40 1.21 (m, 4H), 0.88 () = 7.0 Hz, 3H):1*C

NMR (151 MHz,CDCf) 4 156 . 46, 100.20635.2% 31.461 30F2, 2263, 14.02.

Methyl olivetolate (Methyl 2,4-dihydroxy -6-pentylbenzoate) (3):To a solution o8B (6.9391 g,

28.87 mmol) in DMSO (7 mL) was added iodine (1.0236 g, 4.03 mmol) and the brown solution
was stirred in an 80 °C batlver 24 h. The reaction mixture was diluted with ethyl acetate (70
mL), then extracted with 0.1 M sodium thiosulfate (3 x 10 mL), then water (10 mL). Organic
solution was concentrated in vacuo to afford a viscous dark red liquid. The crude material was

pased through a plug of silica, using hexarnesgthyl acetate (4:1) to elute. The eluent was

116



Ph.D. Thesis D. Hurem; McMaster University Chemistry.

concentrated and dried under reduced pressure (~0.1 mmHg) to afford the desired Braduct (

a paleyellow crystalline solid (6.050 g, 88 %94 NMR (600 MHz,CDCY) G 11.78 (s, 1
(d,J= 2.5 Hz, 1H), 6.24 (d] = 2.5 Hz, 1H), 3.92 (s, 3H), 2.81 (dti= 8.9, 6.8 Hz, 2H), 1.58

1.47 (m, 2H), 1.39 1.28 (m, 4H), 0.90 (t) = 6.8 Hz, 3H);'*C NMR (151 MHz, CD&) U

172.03, 165.08, 160.59, 149.00, 110.96, 904101.39, 51.95, 36.81, 32.07, 31.47, 22.51, 14.07.

Methyl 2-hydroxy-4-methoxy-6-pentylbenzoate (4):To a round bottom flask charged with
methanol (4 mL) was addel (480.6 mg, 2.00 mmol), iodine (100.0 mg, 0.394 mmol) and
DMSO (234.0 mg, 3.00 mmol) anthe mixture was heated at reflux over 72 h until
disappearance & was observed. The reaction mixture was quenched with dropwise addition of
Na$03 (0.1 M, 10 ml), then extracted with hexanes (3 x 5 mL). The combined organic fractions
were washed with war (5 mL), dried over N&Qs, filtered and concentrated to give a light
yellow oil. The crude mixture was purified by flash chromatography using hethgkeacetate

(4:1) as eluent to givé as a colourless oil (138.2 mg, 27 %) NMR (600 MHz, CDCY) a
11.73 (s, 1H), 6.32 (d,= 2.6 Hz, 1H), 6.28 (d] = 2.6 Hz, 1H), 3.91 (s, 3H), 3.78 (s, 3H), 2i85

2.81 (m, 2H), 1.56 1.48 (m, 2H), 1.35 1.31 (m, 4H), 0.90 (&) = 6.9 Hz, 3H):*C NMR (151

MHz, CDCk) a 171. 98, 165. 59, 396 3B.79 35,20, 51478, .30.89,, 110

32.08, 31.55, 22.52, 14.06.

Methyl 2,4-dimethoxy-6-pentylbenzoate (5): To a round bottom flask charged with methanol

(4 mL) was added (481.0 mg, 2.00 mmol), iodine (101.2 mg, 0.399 mmol) and trimethyl
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orthoformate (0.8 mL, 8.0 mmol). The solution was stirred under nitrogen, at room temperature,
over 1 h, until consumption & was observed. DMSO (234.1 mg, 3.00 mmol) was added and
the mixture was heated at reflux over 72 h. The reaction mixture was quenched with dropwise
addition of NaS03 (0.1 M, 10 mL), then extracted with hexanes (3 x 5 mL). The combined
organic fraction was washed with water (5 mL), dried oveiSg, filtered andconcentrated to

give a lightyellow oil. The crude mixture was purified by flash chromatography using hexane
ethyl acetate (4:1) as eluent to gias a colourless oil (108.3 mg, 21 %) d&nds a colourless

oil (210.9 mg, 49 %)'H NMR (600 MHz, CDCY) 6i83 (d,J = 2.1 Hz, 1H), 6.31 (d) = 2.2

Hz, 1H), 3.88 (s, 1H), 3.81 (s, 1H), 3.79 (s, 1H), 2.5651 (m, 1H), 1.61 1.54 (m, 1H), 1.33

1.29 (m, 1H), 0.88 (tJ = 7.0 Hz, 1H);"*C NMR (151 MHz,CDCJ) & 168. 98, 161.

143.10, 116.20, 105.886.09, 55.84, 55.31, 52.03, 33.90, 31.68, 30.86, 22.43, 13.96.

4.6 Conclusions and outlook.

In conclusion, the synthesis of olivetolic acid methyl esBras achieved in 65 % isolated
yield in two steps from the cyclic diketor@employing an oxidatie aromatization strategy
catalytic in iodine in DMSO. Similarly, a synthesis of olivetd) (vas achieved in 40 % yield
over two steps from diketorfeusing this method. Process methods were developed that allow
isolation of both products without the use of preparative chromatography. The oxidative
aromatization reaction performed in the presence of methanol and, more strikingly

trimethylorthoformate, esulted in the development of efficient routes to the mddap and
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dimethyl 6) ethers of methyl olivetolate. These results demonstrate the success of the catalytic
oxidative aromatization synthetic route to olivetol and orthogonally protected methstiotdite

ethers. The selective oxidative aromatization proceeds with no detectable over haloténation
and process routes developed provide the products with high mass balance. The compounds
prepared here provide a valuable platform for the synthesighef cesorcylates and to access

resorcinol and olivetol derivatives with variable length alkyl chains.
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5.0 SYNTHESIS OF CANNABINOLI C ACID METHYL ESTER USING
HETEROGENOUS ORGANOCATALYSIS.
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5.1 Introduction.

Since the initial discovery of meroterpene phytocannabinoi@aohabis sativa*a substantial
body of researchasemerged over the yeat$n recent times interest in thisass of compoundls
driven by economic incentives and potential for therapeutic applicatiaashelped to provide a
sophisticated understanding thfeir biosynthesis? and biological activites!®*® This research
has both directly and indirectlyproduced a range otthemical synthesisfforts of both natural

and nonnatural cannabinoid$§:%°

The cannabinoid natural products are prodwdadhe general biosynthetic mechanism shown
(Scheme5l). The pathway involves the assembly and cyclization aheat hexaketide to
olivetolic acid ().° Alkylation of 1 with geranyl pyrophosphate (GerOPP) forms the linear
meroterpene cannabigerolic ac®),(which is a common precursor to the over 60 cannabinoids
produced by the plant. Cyclizatiowvia benzylic oxidation followed byspontaneous
decarboxylation afford the major cannabinoids cardiabi (CBD, 6) and D’-
tetrahydrocannabinol (TH@). The cycliation of CBD is mediated by separate enzymes and
CBD and THC are not biochemically interconvertiblalthough the chemical conversion is

known to occur under acidic condition&!
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OH N on
AcetylCoA & R GerOPP R
/
Ho Cstu HO CsHyy
1 R=CO,H 3 R=CO,H = CBGA
2R-H 4 R=H = CBG

l THC-A-Synthase
CBD-A-Synthase

1 OH
: R

H
C5H11 CSHll

5 R=CO,H = CBDA 7 R=CO,H = trans-A°-THCA

6 R=H = CBD 8 R=H = trans-A°-THC

Schemes1. Biosynthesis ofrans-D’-tetrahydrocannabinolTHC) andcannabidiol CBD).

A biomimetic approaclhio the synthesis of these phytocannabinewsild potentiallyprovide
access toot only the major natural products witkell establishediological activities8 and

9,1%18 put also of the biosynthetic precursors and less common cannabinoids that exist in low
concentrations in the plarfeveral obstacles were identified regardmnbiomimetic approach

from thetotal synthesis efforts of the pagi) regioseletive alkylation of olivetoP®3031 (ji)
selectivity of the oxidative cyclization of the linear meroterpene cannabigerol (QBS&;heme

52)_28—31
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1) Control of regioselectivity OH
=

E* OH E*

N\ J > 0 CsH,,

CsHy,

___________________________________ tetrahydrocannabinols (THCs) cannabichromenes (CBCs)

ii) Control of cyclization

OH
5 OH Q
A A
0 CsHyy
HO CH,, 0 CsHiy
cannabicitrans (CBTs) cannabicyclols (CBLs)

Schemeb2. Problems associated wikiiomimetic cannabinoid synthesis

Dimethylation of olivetol (2), followed by formylationvia directed lithiationhas been used in
nortbiomimetic syntheses to circumvent the problem of regioselective terpenylation of olivetol
(Scheme 53327 Functionalization to the benzaldehy@lallowed for sequential construction of

the terpene carbon framework through intermedid®gd 1126 and12.2°
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(0] OMe
\ )J\/Ij\
MeO CSHH\ 0 OMe / MeO CSH“
12 H)ij\ 1
MeO CSHll

9
0 OMe / OH
F)‘\/Ij\ 1. Me,SO,, K,CO;4 /@\
MeO C5H11 2. n—BuLi, DMF HO CSH11
10 2

Schemeb3. Synthesis of precurs® as a commi starting material for sequential synthesis of
terpene portion of THC.

The problem of selective cyclization of the linear meroterpene has generally been avoided in
total synthesis efforts bgequential construction of the menthyl framework from modified
olivetol derivatives derived from9 (Scheme 53§%2’ One method involved asymmetric
annulation of10 with the opening of cyclobahe 13 using a chiralN-heterocyclic carbene
(NHC) 14 catalyst to afford the advanced intermedidfg(Scheme 543! Intermediatel5 was

then carried forward over six steps to TH8}. (
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(0}
=X
N N
he Bn

t-Bu”

OO0
(0} OMe oTMs 14,15 mol % h
_— > —_—
F = + THF/DMF 9:1 -
COMe hoc 2n Me0,C
> MeO,C
MeO CsHyy COMe MeO CsHy,
10 13 15 8

Schemeb4. Synthesis of THC by chiral NHCatalysis.

A second sttegy relied orthe cyclization ofL6 or 17 by way ofring closing metathesi® give

the common cyclic intermediatel8 that was carried forward to THC through a series of
demethylations and Grignard additiof@heme 553>26 In the first caseasymmetric reduction

of a vinyl ketonell using a chiralbxazaborolidinel9, afforded the chiral allylic alcohd0.2®
Esterification of acid21 followed by IrelandClaisen rearrangement gave intermedibfe A
second strategy gavg directly by way ofasymmetric U-allylation of aldehyde22 with racemic

allyl alcohol 12 using a chiral iridium complekormed with ligand23 in conjunction with a
chiral secondary amin24.2® The latter strategy was applied to the stereodivergent synthesis of

all four stereoismers of THOoy varying the stereochemistry 28 and24.2°
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OH OMe
E 1) 21; DCC; DMAP
Z 2) KHMDS, -78 oC
3) TMSCI idi
MeO CsHyy ) > PyTIine CsHyy CsHyy
20 16 R =0H, R'=Me 18

17R=H,R'=H

12 [{Ir(cod)Cl},] 3 mol %; Zn(OTf), 5 mol % T
23 12 mol %; 24 15 mol %

Ph Ph

-B O g
N7\ 0
i O g O O

21R=0H 23 24

Schemebsbh. Synthesis of common intermedidt®.

A differentstrategy involvedhe synthesis of a chiral cyclic building block, obtained either from

the chiral pool 25)?2 or from theasymmetric cyclization of nera2),® which was then used to

alkylate olivetol directly by activation with acid (Scheme 56). In both cases, yiddsva and

undesired alkylation products are formed due to poor regiocontrol of alkyfation.
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~OH
BF;*Et,0O-silica

N

p-TSA

OH

CsHj, AN
25 6 26

41 % from 25
35 % from 26

Schemeb6. Synthesis of CBD by alkylation of olivetol with cyclic terpene alcohols.

Control of doublebond positional isomers of THC was not of significant interest from a
synthetic point of view as the selective isomerization between them by means of

addition/elimination sequences has been documéptéd.

The existing approachessuccessfully circumvent the common problems associated with the
synthesis of THC and CBD however, théytroduce added complexity to the synthetic
intermediates andecrease theverall brevity of thesynthesisThe condensation and annulation
of citral (27) with olivetol (2), on the other hands known to proceed selectively to give the
racemic CBC (28) with apparent regiospecificitScheme 57).2° This high degree of
regiospecificity was exploited in the synthesis of hexahydrocannal@@oirom citrondlal (30)

and olivetol*? Acid-mediated thermal isomerization 6BC (28) has generally resulted in the
formation of undesired bproducts?®*The iodinemediated condensation/annulation afforded
the desired cyclization product, but it led to the arom#ibn of the cyclohexene to yield

cannabinol 81).2°
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OH
X0 OH
EDDA _
toluene ™
flux. 6 h (6) CsH
HO CaH,, reflux, sty
27 2 28 83 %
o OH EDDA/TEA
—_—
xylenes
reflux 24 h
HO CsHyy CsHy,
30 2 29 73 %
(0]
heat toluene
reflux
0 CsH,, CsHy CsH,,
32 3182 %

Schemes7. Reactions of aldehydes with olivetol.

It was demonsated that the condensatiamd annulatiorof citral (27) to 1,3-cyclohexadione
(34), catlyzed by EDDArapidly afford a noraromatic CBCderivative 35 in excellent yield
(Scheme 58¥° Further, it was showthat heating the electrocyclization prodwudth silica gel
resuledin a thermal rearrangement favouring the#amolecular oxg4+2] pathway to givehe
product36 exclusively Previously, the condensation citronel(80) with diketone37 directly
afforded the noraromatic derivative88 which was aromatized by conversion to the selenide,
followed by oxidative elimination withmetachloroperoxybenzoic acidnCPBA) to give the

hexahydrocannabino2, Schemes8).33:34
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N0 0 ? o
EDDA, ZnBr, = silica gel
* b THEF, 40 °C X | 150°C
0 10 min 0 40 min
27 34 35 88 %

X0 O
1) LDA, PhSeCl
DMF
¥ - —
0 2) m-CPBA
o CeH, 100 °C
30 37

Schemeb8. Reactions of aldehydes with diketone intermediates.

It was postulated thatereanductionmay be accomplisheid the thermal rearrangemedny use
of chiral acidic catalysts in the place of silica, while solid supported ancmasl allow for
catalyst recyclingn the condensation reactidBelective oxidation of the polyketiederived ring
would need to be accomplished in order to access the THC target. Morspntitresis of
cannabinoid methyl esterslerived fromcyclic dikebne 40 (Scheme 603° would provide a
formal synthesis to both acid and neutral cannabinoids, as both hydrolysis and decarboxylation

conditions have begmreviouslyreported®°

5.2 Preparation of modified clays for usas solidbound organocatalysts

Clay-bound organocatalysts were prepared by adsorption to appropriate clay substrates. A

methanolic solution of-proline (1% w/v) was stirred with montmorillonite K1@Q0 % wi/v) It
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was postulated that montmorilloniklO (a sulphuric acidvashed aluminosgate clay)would
form an ammonium salt with-proline. Upon filtration, the solvent was evaporataud the pot
residue was analyzed gravimetrically and'bBlyNMR to determine the extent of retentionLef
proline on the clay. Gravimetric analysis indicat@o dissolved solids were present in the
methanolic solution upon filtration. Washing of the pot vd#uteratec&hloroform and analysis
of the resulting solution byH NMR showed only water and chloroform signdlte solid was

purged of volatiles undefacuum and was used in subsequent reactions titled as ProMoK10.

It was postulated that adsorption of a chiral organic acid could be accomplished with a base
washed clay via an acid/base reaction and adsorption of the resulting salt to the polar
aluminosilcate surface. To this end,naethanolic solution ofR)-camphorsulfonic acid R)-

CSA, 0.5% w/v) was stirred with baseashed bentonite (nanomer® nano clay, 10 % wWppn
separation of the solid by vacuum filtration, the solution was evaporated andzeahaly
gravimetrically to determine the extent of adsorption. Gravimetric analysis indicated no presence
of dissolved solids in the filtered methanolic solution. The solid fraction was purged of volatiles
under vacuum and the resulting material was used sesent reactions titled as GSA

bentonite.
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5.3 Terpenylation of diketone precursorsusing a montmorillonite-bound L-proline catalyst.

Reaction of citral with diketone87,%C in the presence of-proling proceeded through
Knoevenagecondensation with concomitaahnulationto give cyclized intermediate39. The
product was isolated from the reaction mixture by filtration fromRi@oK10 catalyst. The
viscous oilobtainedupon removal of volatilesrom the extracigave pure 39 as a nxture of
diastereomersPrevious reports of reactions with citral and longer chain terpenoid aldehydes
have shown that condensation could be achieved using proline, pyrrolidEBBPA in the
presence of an acid catalystlt has been demonstrated thabMoK10 functions as a dual

catalyst (immimum ion/ H) and eliminated the need for a secondary acid cai@gbemes9).

(0] citral 1.02 eq (0]
ProMoK10 0.2 g/mmol 37
o =
CH,Cl, 1M, rt, 40 min X
0 CsHy, 0 CsHy,
37 39

84 % as a mixture of diastereomers

Schemeb9. Reaction of citral with diketoester using ProMoK10.

Similarly, diketoeste#0,*° was converted to the corresponding dihydrochromenéhend 42
under identical reaction conditions. In this case a more complex mixtyresidfonal isomers

and diastereomergas obtained (Schen@®).
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0) 0 citral 1.10 eq R
ProMoK10 0.2 g/mmol 40
CH,Cl, IM, rt, 1 h CsHy;
o CsHy, R'
40 41 R =CO,Me,R'=H

42 R=H,R'=CO,Me
86 % as a mixture of isomers

Scheme60. Reaction of citral with diketoester using ProMoK10.

The condensation reactions were repeated using previously used catalysts beds in order to
investigate the potential for catalyst recycling.casesubsequent reloading of fresh starting
material to the previously used catalyst bed had no detrimental effie@action yields or

product purity(Table D).

Table 10. Recycling of ProMoK10 incondensation reactions with citral and diketones.

Entry Diketone Yield (%)
1 37 84
2 37 82
3 37 85
4 40 86
5 40 88
6 40 86

Reactions were carried out as described in the experimental procedure. The catalyst bed was
purged of volatiles under reduced pressure until affogéng solid was obtained and used again

in subsequent reactions with the same diketone.
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5.4 Solvent - free thermal rearrangement andlate-stageoxidative aromatization.

Adsorptionof chromenone89 to ProMd& 10 followed by heating the mixture to 18CG under
reduced pressure indicated partial consumption 38f to a formal retrocydtation T
intramolecular heero[4+2] cycloaddition producd3 (Figure 22). The olefinic signal attributed

to 43 matched exactly with that previously reported in literatute.the same report it was
observed that the addition of amines to rearrangements mediated by silicd getibaed the
conversion of starting materi#l It was postulated that CSBentonite could function as a proof
of principe as a chiral acid catalyst for this reaction. To this &8lywas adsorbed to CSA
bentonite (0.1 g/mmol) catalyst and heated & 96 under reduced pressure. Under these
conditions a greater conversion of starting material to prod@tand presumably4 was
observed (Figure-3). The second signal was assigned as the olefinic protd4 lny analogy to

that of D>-THC *° this was @emed appropriate as the chemical shift of olefinic signals from 43
matched closely with its aromatic counterpasttrans-D>-THC %% Further increase of catalyst
loading to 1 g/mmol indicated complete consumption of starting material with a nearly equal
mixture of signals associated wi#8 and 44 (Figure 24). Only upon increasing of catalyst

loading to 2 g/mmol was the conversiorstdrting material to onl¢4 observed (Figure-3).
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43

a3 44
JAWNIZEN N
43 44
‘ }‘ 43 44 A ﬁl

T T T T
66 65 6.4 6.3
f1 (ppm)

m%%

Figure 2. Thermal isomerization of condensation prod®@with chiral acidic catalysts.

Olefinic region of'H NMR spectra for (1) starting materia9, (2) for product obtained upon
heating with 0.1g/mmol ProMoK10, (3) product obtained from heating with @rhmol CSA
bentonite, (4) product obtained from heating with 1g/mmol @8Atonite, (5) product obtained
from heating with 2/mmol CSAbentonite.
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With established conditions for thermal isomerizatioB@fattention was shifted to the selective
aromatization of the polyketide ring. It was found tbaing catalytic iodine in DMSO led to
complete aromatizain of the polyketide fragment, while no signals corresponding to cannabinol

(31) were detectef{iScheme6l).

2). CSA-bentonite, 2 g/mmol OH OH
150°C, 8 h
.
2) 1, 10 % mol.
CsH,; DMSO, 80 °C, 24 h. 0 C.H,, 0 CH,,

39 31 not detected 45

Scheme6l. Thermal rearrangement and aromatizatioB®f

Moreover signals characteristto D?-THC (45) were present in th&#H NMR spectrum of the
crude reaction mass, however the presence of contaminating species did not allow for its
effective purification even after exhaustive chromatog@plurification (Figure 3) This was

consistent with findings thd®®-THC did not undergo aromatization to cannabirgd) (in the

presence of iodine in the same manndd®a§HC 3!
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A (d) B (d) c(d)
6.28 6.11 5.43
3(1.41) 3(1.45) 3(4.17)

H H —
7

OSH&

@ l0.861
1.0

T T T T T T T T T T T T T T T T T T
10 6.00 5.90 5.80 5.70 5.60 5.50 5.40 5.30 5.20
f1 (ppm)

T T
6.60 6.50 6.40 6.30 6.20

Figure 3. Expanded olefinic region dH NMR spectrum obtained from a pradusolated from
aromatization with/DMSO.

Nevertheless, this result showed that thermal rearrangement followed by selective oxidation of

intermediate39 could be accomplished and sets the groundwork for further investigation.

In an attempt to access methyl ester derivativesaohabinoidsdikebestes 41 and 42 were
transformed to a complex series of isom@rghe thermal isomerization procedure described for
39. However, upon treatment of the resulting complex mixture with i¢DM&SO, two
positional isomers of cannabinolic acid methyl esféfsand47) were formedwith the natural

isomer46isolated in34 % yieldfrom 40 (Scheme 62)
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1) citral 1.10 eq
(0] ProMo10 0.2 g/mmol 3

Ol OH
COzMe CH2C12 1M, l‘t, l1h
. COzMe
2) CSA-bentonite +
CSHII

3) 1, 10 % mol. O

M
DMSO, 80 °C, 24 h. COMe
40 46 34 % 47

Scheme62. Telescoping sequence for the synthesis of cannabinolate methyl esters.

The difference in the outcome for the oxidatiorB88fand the mixture of esterdland42) may
be attributed to a different rearrangement product. Looking to the crude NMR of the pyrolysis
product of41 and42 it was noted that the characteristic olefipiotons observed for compounds

43 and44 (~6.5 ppm and ~5.5 ppmyjere not present (Figure 4).

_~8.30
~-8.28
—8.10

T T T T
6.5 6.0 5.5 5.0 4.5
f1 (ppm)

Figure 4. Aromatic and olefinic region offH NMR spectrum obtained from thermal
isomerization o1 and42.
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Instead signals associat with the aromatic terpene of cannabatelestes 46 and 47 were
observed8.0-8.3 ppm and ~7.0 ppmhowever the signals associated watlomatic proton of
the phenolic ring € 4 ppm) was missing. Based on this information it can be inferred that

spontaneous oxidation of the terpene ring had occ(#&and49, Scheme 63)

(0]
R CSA-bentonite 2 g/mmol R
150°C, 1 h
CsHy, o CsHy,
Rl
41 R =CO,Me,R'=H 48 R = CO,Me,R'=H
42 R =H,R'=CO,Me 49 R =H, R'=CO,Me

Scheme63. Proposed spontaneous oxidation of the teremired ring.

This sequencerepresents a total synthesis of cannabinolic acid methyl ester from readily
available starting materials in one p&urthermore methodologies for the hydrolysis and
decarboxylation of46 and 47 have been reported, therefore tleported synthesis is also a

formal synthesis of CBXB1).383°

5.5 Experimental.

Adsorption of L-proline to montmorillonite K10 (ProMoK10): To a round bottom flask
charged with a solution of.-proline (1.0026 g) in methanol (100 Lin was added

montmorillonite K10 10.0167g). The mixture was stirred at room temperature over 15 minutes.
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The contentsverefiltered through a glass friatnd washed with methanol (3 x 10 mIje liquid
was concentrated byotary evaporatorfollowed by purging of theresidue under reduced
pressure The pot residudad no measurable mass atbwed no presence pfproline by!H
NMR in d4methanol.The solid was dried under vacuum a constant weighio obtain the
ProMol0Ocatalystas a fredlowing brown solid(10.7988g, 98 % massecovery) The solid

catalyst was used in subsequent reactamssiming a 10 % w/w loading ofproline.

Adsorption of (R)-CSA to bentonite clay (CSA-bentonite): To a round bottom flask charged

with a solution of(R)-CSA (0.05299g) in methanol 10 mL) was addedbentonite clay1.11039.

The mixture was stirred at room temperature over 15 minutes. The comézafstered through

a glass frit and washed with matiol (3 x 1 mL).The liquid was concentrated by rotory
evapourator followed by purging of the residue under reduced vacuum. The pot residue had no
measurable mas¥he solid was dried under vacuum to obtain @®A-bentonitecatalystas a
freeflowing pink solid (1.1284 g, 97 % massrecovery). The solid catalyst was used in

subsequent reactions assuming a 5 % w/w loadifB)eCSA

2-methyl-2-(4-methylpent-3-en-1-yl)-7-pentyl-2,6,7,8tetrahydro-5H-chromen-5-one  39):

To a solution of5-pentylcyclohexand,3-dione (182.2 mg, 1.00 mmol) and citral (155.6 mg,
1.02 mmol) in dichloromethane (1 mL) was added ProM010 (202 mg). The mixture was stirred
under argon over 40 minutes at room temperaihe.solid was allowed to settle and the liquid

phase was decanted over a plug of celite. The solid phase was further extracted with
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dichloromethane (5 x 4 mL). the combined solutions were driedS@ concentrated and

volatiles were removed under vacoo afford a viscous palgellow oil (266.5 mg, 84 %)H

NMR (600 MHz, CDCY) U 6J=4@1 Hz,dH), 6.43 (dl = 10.1 Hz, 1H), 5.18 (d] = 10.1

Hz, 1H), 5.16 (dJ = 10.1Hz, 1H), 2.472.42(d,J = 12.1 17.4Hz, 2H), 2.187 1.95 (m,5H),

1.777 1.65 (m,1H), 1.67 167(s, 3H), 1.59, 1.58 (s3H), 1.627 1.53 (m,1H), 1.407 1.23 (m,

8H), 1.39, 1.33 (s, 3H).88 (t,J = 6.8 Hz, 5H) '*C NMR (151 MHz,CDCJ) U 194. 84, 19
171.61, 171.50, 131.97, 123.68, 121.58, 121.55, 116.53, 116817, 109.95, 82.47, 43.15,

41.75, 41.72, 35.69, 35.62, 35.14, 34.99, 33.26, 33.05, 31.75, 27.61, 27.31, 26.18, 26.15, 25.68,
22.76, 22.57, 22.34, 17.64, 14,HRMS ESI): m/z calcdfor CaiHz:02 [M+H]* 317.2475

found317.2474

methyl 2-methyl-2-(4-methylpent-3-en-1-yl)-5-oxo-7-pentyl-5,6,7,8tetrahydro -2H-
chromene6-carboxylate (41) and methyl 2-methyl-2-(4-methylpent-3-en-1-yl)-5-0xo-7-
pentyl-5,6,7,8tetrahydro-2H-chromene8-carboxylate (42): To a solution ofMethyl 2,4
dioxo-6-pentylcyclohexanecarboxylatg (244.3 mg, 1.00 mmol) and citral (171.0 mg, 1.12
mmol) in dichloromethane (1 mL) was added PrédM0 (225 mg). The mixture was stirred
under argon over 1 hour at room temperature. The solid was allowed to settieeaiquid

phase was decanted over a plug of celite. The solid phase was further extracted with
dichloromethane (5 x 4 mL). the combined solutions were driedS@# concentrated and
volatiles were removed under vacuum to afford a viscousygdliew ail (321.6 mg, 86 %)H

NMR (600 MHz, CDC})  i8-686 (4, 1H), 5.32i 5.14 (m, 1H), 5.14 4.98 (m, 1H), 3.76
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3.66 (s,3H), 3.443.16 (n, 1H), 2.707 2.51 (m, 1H), 2.50 2.24 (m, 1H), 2.21 2.10 (m, 1H),

2.07i 1.93 (m, 2H), 1.76 1.63 (m, 4H), 1.63 1.52 (m, 4H), 1.48 1.17 (m, 12H), 0.91 0.83

(m, 3H); *C NMR (151 MHz, CDG) & 193.33, 189.60, 189.48,
170.92, 165.96, 165.81, 132.08, 132.06, 132.02, 123.64, 123.58, 123.55, 123.53, 122.78, 122.66,
121.96, 121.91, 116.6316.22, 116.12, 115.98, 115.92, 110.76, 110.51, 109.36, 109.25, 83.21,
83.06, 83.00, 82.89, 58.98, 58.90, 55.99, 52.32, 52.28, 52.13, 52.11, 51.58, 51.10, 41.76, 41.74,
41.54, 40.05, 39.88, 36.26, 36.03, 35.43, 35.28, 33.96, 33.73, 33.69, 32.79, 32B523R65

31.56, 27.64, 27.44, 27.41, 26.91, 26.24, 26.18, 26.04, 25.83, 25.75, 25.67, 22.71, 22.68, 22.47,
22.38, 22.24, 17.65, 17.63, 13.96RMS ESI): m/z calcdfor CaHz404 [M+Na]* 397.2349

found397.2341

Thermal isomerization general procedure: The appropriate chromenong&9(or 41/42) was
adsorbed to a solid acid catalyst in a microwave vial. The vial was evacuated (0.1 mmHg) and
then heated at 15 over 1 h. The contents of the vial was allowed to cool to room temperature
and was thn extracted with 5 % EtOAc in hexandsx(10 mL). The extraction solution was
filtered through silica and concentrated to give a yellow oil that was taken forward to oxidation

without further purification.

Aromatization general procedure To a screwcap vial (5 mL) was added a solution of the
product obtained from the thermal isomerization procedure in DMSO (1 mL/g) followed by |

(10 mol %). The vial was heated at D over 24 h. The contemigereallowed to coobnd were
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thendiluted wth ethyl acetate (10 mljhen extracted with 0.1 M sodium thiosulfate (50 mL).
The aqueous phase was extracted with ethyl acetate (3 x 50 mL), Organic fractions were pooled,
concentratedn vacuoto afford a viscousdrown oil. The crude oil was purifiedybcolumn

chromatography using silica gel.

methyl 1-hydroxy-6,6,3trimethyl -3-pentyl-6H-benzofc]Jchromene-2-carboxylate @6): A

mixture of41 and42 (7.8 mg, 0021 mmol) was adsorbed t€SA-bentonite 44.1mg) in a 10

mL vial and was allowed to react following the thermal isomerizagjeneralprocedure(vide

suprd. The yellow concentrate(31.6 mg) was then reacted using the aromatizagemeral
procedurgvide suprato give a colourless oupon column chromatography usiaggradient of

hexanes to 5% ED in hexanes(3.1 mg, 40 %)!H NMR (700 MHz, CDC§) U0 12.81 (s,
8.45 (s, 1H), 7.12 (d, J = 7.8 Hz, 1H), 7.09 (dd, J = 7.8, 1.0 Hz, 1H), 6.39 (s, 1H), 3.96 (s, 3H),
2.887 2.84 (m, 2H), 2.40 (s, 3H), 1.61 (s, 6H), 1i38.32 (m, 6H), 0.91 (t, J = 7.1 H3H); 1*C

NMR (176 MHz, CDC)) a 172. 82, 162. 42, 158. 33, 147. 45
126.89, 122.28, 112.64, 108.97, 105.47, 78.31, 51.99, 37.04, 32.11, 31.31, 29.71, 27.38, 22.55,
21.60, 14.10Spectral dat were in agreement with those previously reported in liter&tdré

second fraction3 6 mg) contained a mixture of isomé7 and an unidentified impurity (See

appendix)
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5.6 Conclusions and outlook.

The methyl ester derivative of cannabinolic a@lé) was synthesized ia telescoping sequence
from citral and diketoested0 in 34 % overall yield. It was further demonstrated tG&A-
bentonite catalyzed the thermal rearrangement ofanomatic CBC analogu89 to a non
aromaticD?-THC analoguet4 which was subsequently oxidized ®8-THC (45) using catalytic
iodine with DMSQ Meanwhile the thermal rearrangement of the esiataining derivative41

and42 underwent spontaneous oxidation during thermolysis with-G&#onite.

Future work would focusrooptimizing oxidation conditions such thé4 can be isolated and
fully characterized. In the same facet, the oxidation of BA@HC analogue36 should be
investigated. Furthermore, chiral acid catalysts (i.e., chiral phosphoric acids) for the thermolyti

rearrangement of these species should be screened for stereoselectivity.
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6.0 CONCLUSIONS AND OUTLOOK

In summary,the development otrialkyl phosphinebased homologatim methodsfor the
synthesis of unsaturated aldehydes and ketdress been presented and thendamental

importance and utilityo organic synthesisas been demonstrated.

It was shown tha trialkyl phosphinederived Wittig reagents can be selectively dempmated

using lithium bases through a premplexation interaction with a directing group located up to

four carbons from thacidic protonThe results presented here den
inducedpr oxi mi ty effecto c o nregieselectivemyide fobmationeant e nd e
differentially functionalized phosphonium salts leading to useful, homologated functionalized

carbonyl compounds.

Furthermorea general aldehyde homologatirepgentfor the facile synthesis of MVKs under
very mild conditons was presentedlhe short reaction times and operational simplicity of the
methodology allowd to for the synthesis o& libraries of MVKs and their utility for the

synthesis of natural products was demonstrated.

The homologation methodology was apgli® the synthesis of olivetol, olivitolic acid methyl
ester and methyl etheontaining derivatives using a selective catalytic oxidative aromatization.

These results demonstrate the success of the catalytic oxidative aromatization synthetic route to

149



Ph.D. Thesis D. Hurem; McMaster University Chemistry.

olivetol and orthogonally protected methyl olivetolate eth&se compounds prepared here

providel a platform for thesubsequent synthesis of cannabinoids.

The methyl ester derivative of cannabinolic acid was synthesized in a telescoping sequence from
citral. It was further demonstrated that C®Antonite catalyzed the thermal rearrangement of a
non-aromatic CBC analogue to a naromatic D>THC analogue, which was subsequently
oxidized toDP-THC using the aforementioned catalyticidative aromatizationMearwhile the

thermal rearrangement of the estentaining derivatives underwent spontaneous oxidation

during thermolysis with CSAentonite

Taken together, fundamental developments in carbonyl homologation methodologies and their
applications in syntheticrganic chemistry is a powerful strategy for the total synthesis of
complex natural products and analogs and permits the detailed exploration of the structural basis
for their chemicabiological interactions. This ensures that significant interest willanerm
expanding homologation methodology and further applications development in total synthesis

and chemical biology for many years to come.

150



Ph.D. Thesis D. Hurem; McMaster University Chemistry.

APPENDIX 1. GENERAL EXPERIMENTAL PROCEDURES

All reactions were performed in owelied glassware undeambient atmosphere unless
otherwise indicated!H and °C spectra were recorded on Bruker AV 500 or 600 MHz
spectrometers in CD&Il Sodium methoxide in methanol (25%) and all fine chemicals were
obtained from Sigm&ldrich and used without purification. Methanol was distilled from
magnesium turningslichloromethane distilled over calcium hydrjakethyl ether, toluene and

THF were distilled over sodiunand DMSO used as obtained (99%, sesgtalel). Reactions

were monitored using thin layer chromatography (TLC) using Mackeagpgel silica gel 60 f54

TLC aluminum plates and visualized with UV fluorescence and staining with 2,4
dinitrophenylhydrazine or vanillin stains. Bulk solvent removal wadop®ed by rotary
evaporation under reduced pressure. For reactions with solvent volumes under 3 mL, the solvent
was evaporated under a stream of nitrogen. Column chromatographic purification was performed
using Silicycle silica gel (4® 3 ¢ M-400 &P with technical grade solvents. Yields are
reported for spectroscopically pure compounds, unless stated othéfaig#ing constants are
recorded in Hz and chemical shifts are reported in ppm downfield of TMS. HRMY) (k&
performed on a Waters Micrams QToF Ultima Global. EI HRMS was performed on a

Micromass GCT.
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APPENDIX 2. SPECTRAL DATA

Chapter 2
H NMR spectrum ob-bromo-2-pentanong26)
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13C NMR spectrum of fromo-2-pentanong26)
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H NMR spectrum of-(3-bromopropyl)2-methyt1,3-dioxolane 27)
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13C NMR spectrum of-(3-bromopropylj2-methyt1,3-dioxolane 27)
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1H NMR spectrum of-(3-bromopropyl)2-methyt1,3-dioxane(28)

oooooooooooo

1800

mmmmmmmmmmmm
O W)
1700
Br
O 1600

1500

1200

1100

1000

900

800

700

600

500

400

300

200

100

r-100

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0

156



Ph.D. Thesis D. Hurem; McMaster University Chemistry.

13C NMR spectrum of-(3-bromopropylj2-methyt1,3-dioxane(28)
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H NMR spectrum o-(3-bromopropyl)2,5,5trimethyl1,3-dioxane(29)
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13C NMR spectrum of-(3-bromopropyl2,5,5trimethyt1,3-dioxane(29)
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H NMR spectrum of-(3-bromopropyh2,4,4,5,5pentamethyil, 3-dioxolane(30)
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13C NMR spectrum o2-(3-bromopropyl)2,4,4,5,5pentamethyil, 3-dioxolane(30)
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H NMR spectrum of3-(2,4,4,5,5pentamethyil,3-dioxolan2-yl)propyl)tripropylphosphonium

bromide (e
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13C NMR spectrum of3-(2,4,4,5,5pentamethyil, 3-dioxolan2-yl)propyl)tripropylphosphonium

bromide (e
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3P NMR spectrum of3-(2,4,4,55-pentamethyil, 3-dioxolan2-yl)propyltripropylphosphonium

bromide (e
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'H NMR spectrum of (E)-2-(4-(4-chlorophenyl)bu-en-1-yl)-2,4,4,5 5pentamethyil,3-

dioxolane(31)
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13C NMR spectrum of (E)-2-(4-(4-chlorgphenyl)but3-en-1-yl)-2,4,4,5 5pentamethyil, 3-

dioxolane(31)
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'H NMR spectrum of (2)-2-(4-(4-chlorophenyl)bu-en-1-yl)-2,4,4,5 5pentamethyil, 3-

dioxolane(31)
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H NMR spectrum ofE/Z)-1-(but-1-en-1-yl)-4-chlorobenzené€32)
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H NMR spectrum ofE)-2-(hexa3,5-dien-1-yl)-2,4,4,5,5pentamethyll, 3-dioxolane(41)
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13C NMR spectrum ofE)-2-(hexa3,5-dien-1-yl)-2,4,4,5,5pentamethyll, 3-dioxolane(41)
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IH NMR Data forScheme 5

Stacked Spectrum of Characteristic Olefin Proton
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Entry 2

180 s LSNPS e P
160
r 140
r120
32
\ 100
oo /
31
60
40
20
ro
£ £ I !
1 ] <
S = = S r-20
T T T T T T T T T T T
6.270 6.260 6.250 6.240 6.230 6.220 6.210 6.200
f1 (ppm)
!
| k A
&
S
T T T T T T T T T T T T T T T T T T T T T T T T T
10.6 10.2 98 96 94 92 90 88 86 84 82 80 78 76 74 72 70 68 66 64 62 60 58 56 54

f1 (ppm)

173

650

600

550

500

450

400

350

300

250

200

150

r100

50

-50



Ph.D. Thesis D. Hurem; McMaster University Chemistry.

Entry 3
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