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ABSTRACT

The Directed ortho Metalation reaction is described in Chapter 1 of this thesis with
particular emphasis on its mechanism and synthetic potential. Chapter 2 contains a
review of the DoM (Directed ortho Metalation) of pyridine systems and describes the
conditions that allow the one-pot DoM (Directed ortho-Metalation)-Boronation-Suzuki-
Miyaura cross coupling of pyridines 2.263a-c, 2.351-2.53 (Table 2.9) bearing several
DMGs (Directed Metalation Groups) including the synthetically versatile diethyl amide
functionality without incurring into commonly observed self-condensation processes.
The method avoids the tedious and uncertain isolation of the intermediate boronic acids
while offering rapid access to synthetically valuable arylpyridines (2.354a-s, Table 2.9).
Selected aryl pyridine carboxamides were used to demonstrate the DoM-DreM (Directed
remote Metalation) nexus that furnishes substituted and isomerically diverse

azafluorenones 2.380a-d (Table 2.11) with high regioselectivity.

The previous discovery of the anionic O—C a-vinyl carbamoyl migration of carbamoyl
stilbenes stimulated its application in the total synthesis of natural product
isoprekinamycin, bearing the unusual diazo group. Chapter 3 of this thesis describes the
efficient synthesis of the key stilbene derivative 3.113 and its structural variations whose
conversion to the desired naphthols 3.143, 3.144, 3.153 and 3.169 (Table 3.3) is
accompanied by extensive decomposition, thus terminating this approach to
isoprekinamycin. A modified approach via Z-3.271 (Scheme 3.54) gave the desired
naphthyl carbamate intermediates 3.274 and 3.278 (Schemes 3.55 and 3.56, respectively)
whose complex DreM reactions prevented the completion of the synthesis but remain

under active investigation in our laboratories.
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Previous studies of the DoM reaction of aryl tetramethyl phosphorodiamidate have shown
that unpractical experimental conditions are necessary, thus limiting synthetic
application. Chapter 4 of this thesis describes the results concerning the performance of
the tetraethyl phosphorodiamidate DMG under standard DoM and DreM conditions,
anionic phospha-Fries rearrangement, 1,4 lateral migration, and Suzuki cross coupling

which demonstrate synthetic utility and application in synthetic aromatic chemistry.
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CHAPTER 1
The Directed ortho Metalation:

Mechanism, Developments and Applications

1.1.  Introduction

The Directed ortho Metalation (DOM) reaction owes its origin to Gilman’s' and Wittig’s*
independent discovery that anisole undergoes ortho-deprotonation using "BuLi and that a
quench of the intermediate anionic species 1.2 with CO, affords, with high
regioselectivity, albeit in 19% yield, 2-methoxybenzoic acid (Scheme 1.1). In the 65
years that followed, countless scientific papers have witnessed the constant development,
the increasing mechanistic insight and, more recently, the industrial applications® of the
DoM reaction. Since excellent reviews of this topic are available,” the discussion that
follows will be limited to key features of the DoM, namely the Directed Metalation

Groups (DMGs), suitable bases for this reaction and its mechanistic aspects.

OMe OMe OMe

"BulLi
Et,0, reflux, 20 h Li co, COOCH
R —
19%
1.1 1.2 1.3
Scheme 1.1

1.1.1 Directed Metalation Groups (DMGs)
While benzene is relatively unreactive towards "BuLi, the unexpected finding of Gilman
and Wittig’s was presumably due to the ability of the methoxy group to coordinate the

alkyllithium and hold it in close proximity to the ortho hydrogen atoms (CIPE theory).



Like the methoxy group, DMGs must include a heteroatom for coordination purposes
while being poorly electrophilic to resist attack by the strong base (a negative charge and
steric hindrance are therefore positive qualities of a DMG). Selected DMGs, formally
grouped in two classes, are shown in Table 1.1. According to the most accepted theory,
applicable to most DMGs, the power of a directing group is a feature related to its
coordination ability and is determined through inter- and intramolecular competition

. 446
studies.™

Table 1.1. Selected Directed Metalation Groups

Carbon-Based DMGs Ref. Heteroatom-Based DMGs Ref.
CON'R Hauser, 1964 7a SO,N'R Hauser, 1968 7h
N SO,NR, Hauser, 1969 7i

é </ Meyers, 1975 7b
5 Gschwend, 1975 7c OCH,OCHj3 Christensen, 1975 7]
CONEt, Beak, 1977 7d NHCO'Bu Gschwend, 1979 7k
o~ NHCOO'Bu Muchowski, 1980 71
Comins, 1982* 7e )
NR OCONEt, Snieckus, 1983 m
2
COOH Mortier, 1994 7 P(O)('Bu), Snieckus, 1998 7n

OSO,NR» Snieckus, 2003 70

O
v.,(U\NXPh Snieckus, 1999 79 OCON(TMS)iPr Hoppe, 2006* P
|
R

* Generated in situ.

However, the extent of a DMG’s synthetic application is mainly linked to its ability for
conversion to other functionalities. For instance, the oxazoline moiety, a masking group
for the carboxylic group, as well as the OMOM and the NHBoc group may easily be
hydrolyzed®*® whereas cumyl amides may be decumylated.”® Diethyl- sulfonamides,’
sulfamates’® and carbamates'® have been cross coupled with Grignard reagents and, in

the case of the SO,NEt, and OCONEt, groups, Ni(0)-catalyzed reductive cleavage with



iPngBr has been achieved, making them useful latent DMGs.”'”

Manipulation of the
powerful diethyl- carbamate and carboxamide DMGs through cyclization and
intramolecular migration reactions has abundantly proven their versatility in several total
syntheses.''  Furthermore, the Schwartz reagent has been recently shown to reduce

124¢ and carbamates'® under mild conditions to aryl aldehydes and

aromatic amides
phenols, respectively, while trimethoxyloxonium tetrafluoroborate (Me;OBE4)" or triflic
anhydride/EtOH14 may be used to efficiently convert amides to methyl and ethyl esters,
respectively. Interestingly, some unstable DMGs have been generated and used in situ as
is the case of a-amino alkoxydes'> and N-TMS-N-isopropyl carbamates™ which, upon
mild hydrolysis, unveil the formyl and the hydroxyl groups, respectively. Finally,
lithiated species with planar chirality, namely ferrocenes and (arene)tricarbonylchromium
complexes, have been obtained using chiral DMGs,16 chiral bases,17 chiral additives'® or
their combination." Arylcarboxamides displaying axial chirality (around the bond Caryl-

CONRy) have also been obtained through addition of (—)-sparteine® or by lithiation of

their enantiopure tricarbonyl(arene)chromium complexes with achiral bases.”!

1.1.2 Mechanism

The most accepted mechanism of the DOM can be reduced to a three-step sequence
beginning with the rapid equilibrium coordination of the alkyllithium aggregate to a
heteroatom or hetero group of the DMG (1.5, Scheme 1.2). In a slow, but irreversible
process, this aggregate evolves towards a coordinated ortho-lithiated species 1.7 which,
upon quench with an electrophile, affords, in the simplest of cases, a 1,2-disubstituted
aromatic product 1.8. The hypothesis of an initial DMG-base coordination is the basic

feature of the so called complex-induced proximity effect (CIPE), a concept introduced in



1985 by Beak, Meyers* and subsequently by Klumpp,* suggesting that a prelithiation
event might bring reactive groups into proximity before the occurrence of the actual

reaction.

DMG _ DMG, DMG,
(RLl)n S .
—_ (RLi), | —= Li
H H H-- =R

1.4 15 1.6
-(RH) DMG - DMG
I
Li E
1.7 1.8

Scheme 1.2

Despite the many observations supporting this theory, indisputable evidence of this
mechanism is yet to be found. Among the kinetic data supporting the intervention of a
prelithiation complex,”® Beak’s authoritative study on the o'-metalation of N,N.-
dialkylbenzamides 1.9 (Scheme 1.3) with *BuLi/TMEDA, exceptionally includes the
monitoring of such a complex through stopped-flow IR spectroscopy.”” A reaction
scheme consistent with Beak’s data rules out the reaction of a single complex. Instead, it
involves multiple coordination equilibria generating three (amide)x(TMEDA),(*BuLi)s
complexes (x and y = 1,2) 1.11, 1.12, 1.14 which, as the number of ligands on the *BuLi
tetramer increases, have less favourable equilibria of formation but higher reactivity in
the ortho-lithiation process (k = 0, 5, 50 respectively, Scheme 1.3). In the most reactive
complex 1.14, the three-fold ligand association destabilizes the aggregate and favours a
reaction between the now labile carbanion and the o'-proton. Unfortunately, these
studies were carried out in hydrocarbon solvents and the conclusions cannot be easily

extended to most lithiation reactions which are performed in ethers.
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Schleyer has observed the prelithiation coordination complex 1.17 (Scheme 1.4) through
Li,'H HOESY experiments in the metalation of anisole with "BuLi (again in non-
ethereal solvent, Scheme 1.4).*° Despite the tight contact between lithium and the ortho
hydrogen atoms of anisole, this complex was found to be unproductive and underwent
disaggregation upon addition of TMEDA as a result of its higher affinity for the base.?’
Only at this stage does free anisole begin to be metalated by a hypothetical species
("BuLi),»TMEDA (1.19) and thence proceeds to another hypothetical prelithiation
complex (1.20). The existence of ortho-lithiated species like 1.22 is supported by
considerable experimental evidence, and several crystal structures of their aggregates
confirm a high degree of heteroatom-lithium interaction.”® The competitive ortho
lithiation of a series of structurally related amides shows that the DMG’s efficiency

increases with decreasing dihedral angle between the ortho-H atom and the carbonyl

group, thus supporting the hypothesis that the proximity of the carbonyl oxygen atom



(and presumably the base coordinated to it) to the ortho proton is paramount to an

effective lithiation (Fig. 1.1).” These results were taken as inferential proof of CIPE.
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Figure 1.1 Relationship Between Competitive ortho Lithiation of Amides and their
COlo-H Dihedral Angle

Collum’s group has also contributed to the study of the DOM mechanism with particular
attention to the role of TMEDA.* 1In a kinetic study on the "BuLi/TMEDA ortho-

metalation of 5 aromatic substrates, (benzene, anisole, 1,3-(MeO),CsHs, MeOCH,OC¢Hs



and Me;NCH,CH,;OC¢Hs), Collum challenged the very assumption that ortholithiation is
directed, at least in the meaning that CIPE implies.””™ This doubt was fueled by the
finding that these processes could be described by 5 analogous substituent-dependent rate
laws but one substituent-independent mechanism which includes a rate limiting transition
state of stoichiometry [("BuLi)2(TMEDA)»(Ar-H)]*. Such common TS cannot explain
the ortho-lithiation of substrates so different in their coordinative ability, unless the Li-O
complexation is not a relevant feature of it (1.31, Scheme 1.5). It follows that the
regioselectivity of the lithiation process must depend largely on other factors which,
according to calculations, are suggested to be inductive effects of the ring substituent(s).
Collum has invoked the involvement of the triple ion 1.30 whose stability is supported by

ab initio computational studies and crystallographic data for related species.*'
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Scheme 1.5

However, extension of this theory to the metalation of substrates other than those studied
by Collum is not straightforward, especially when inductive effects and coordinative

abilities of the substituents are very different from those discussed here, as is the case of



carboxamides. Indeed, two recent articles by the same author reporting detailed kinetic
and structural studies on the anionic Snieckus-Fries rearrangement of aryl carbamates
have recognized the formation of precomplexes.”* Through a judicious choice of meta-
substituents, Collum was able to monitor (React-IR) and characterize (°Li, °C, "N NMR
spectroscopy) stable representatives for all lithiated intermediates of this anionic reaction
(Scheme 1.6). Thus, the rate limiting ortho-lithiation of 1.33a followed by a rapid Fries

rearrangement to 1.44a (no buildup of 1.35a or 1.40a was detected), follows the rate law
—d[1.33a)/dt = k'[1.33a][LDA]*[THF]° (eq. 1)

consistent with a mechanism involving the monomer-based TS 1.36a (Scheme 1.6). On
the other hand, the precomplex 1.38b was observed to quantitatively form in poorly
coordinating solvents such as BuOMe and "BuOMe. Thanks to the stabilizing inductive
effect of the fluorine substituent (the OMe group has a similar effect), 1.38b was

observed to convert to 1.40b following the rate law
—d[1.38b]/dt = k'[1.38b][LDA]’["BuOMe]’ (eq. 2)

which is consistent with the intermediacy of the dimer-based TS 1.39b. The following
carbamoyl migration step was studied, in the same solvent, on the diethyl analogue 1.40c

and was found to follow the rate law
—d[1.40c]/dt = k'[1.40c]["BuOMe] '[LDA]” + k''[1.40c]["BuOMe]’[LDA]’ (eq. 3).

The inverse dependence on the "BuOMe concentration indicates a mechanism involving
solvent dissociation (1.40c + 1.37 — 1.42c + Solvent) while the second component of the
equation suggests a non dissociative mechanism. Thus, the only observed intermediate

1.40c may evolve towards TS 1.41c and 1.43, both deemed viable by DFT calculations.
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Similarly, the conversion of 1.40d™ to 1.44d is described by
—d[1.40d]/dt = k'[1.40d][LDA] “[THF]*+ k”’[1.40d][LDA]’[THF] (eq. 4),

once again suggesting two parallel reaction pathways, one leading to 1.36d following
dissociation of 1.40d to 1.35d (i.e., a monomer-based rearrangement inhibited, as
indicated by the reverse dependence, by LDA) and a distinct mixed dimer-based
rearrangement (1.40d — 1.41d). Collum has also studied the effects of several other
solvents on the reaction pathway of the Snieckus-Fries rearrangement. Strongly
coordinating solvents such as HMPA and TMCDA foster the formation of reactive
monomeric lithiated intermediates (1.35) while the weakly coordinating Me,NEt and the
strongly coordinating, but hindered TMEDA give mixtures of mixed-dimer and mixed-
trimers (1.40 and 1.42). Amongst the ethereal solvents, while "BuOMe furnishes
exclusively mixed-dimers, the strongly coordinating DME and THF can give monomers
and dimers or exclusively the latter if excess of LDA is used. Far from being mere
curiosities, Collum’s results are a useful magnifying lens on the Snieckus-Fries
rearrangement which can now be viewed as a sequence of cascading yet controllable
reaction steps. To illustrate, where the carbamoyl migration is undesired, the exploitation
of solvent effects may be an alternative option to the use of hindered carbamates and low
temperatures. The zeroth-order THF dependence of the ortholithiation step (eq. 1)
together with the second-order THF dependence of the carbamoyl migration (eq. 4)
suggests that lower dilutions will inhibit the Fries rearrangement. A similar result may be

obtained with the use of poorly coordinating solvents ("BuOMe, egs. 2 and 3).

After the seminal publication of 1989 in which the reversible prelithiation complex 1.20

(Scheme 1.4) was proposed and supported by MNDO calculations, Schleyer has

10



embraced a new theory which rejects CIPE as a relevant aspect of the DOM reaction and
postulates one four-center TS (1.46 Fig. 1.2) as the only event between reactants and
products.*® Schleyer’s argument is based on the criticism that a weakly bound complex,
if it existed, should leave most of the substrate uncoordinated and therefore free to react
with little selectivity. On the contrary, a tight complex, while ensuring high
regioselectivity, must overcome a higher activation energy to reach the transition state so
that, contrary to the observations, regioselectivity should be accompanied by lower

reactivity.

85X
©(/ = X = H, F, MeO, NMe,
=1 .JCHg

Figure 1.2 Four-Center TS Postulated by Schleyer for the DoM Reaction

In Schleyer’s model, directing and accelerating effects of the DMG are due to the strong
stabilization of the transition state, rather than to a prelithiation complex which has led
his suggestion to replace the term “complex-induced proximity effect” with the more
accurate “kinetically enhanced metalation”. High level calculations performed on the
general TS structure 1.46, place the “active” lithium and the coordinating atom of the
DMG in the same plane as the ring (less so for the bulkier dimethylamino DMG) and
within shorter distance than in the corresponding hypothetical precomplex. This factor,
together with the stabilizing alternation of opposite charges, was invoked to explain the

low computed activation energies for the ortho-lithiation.
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It is intuitive that inductive effects should have some role in the metalation of arenes by
acidifying the hydrogens in the vicinity of an electron-withdrawing DMG. The high
inductive effect and poor complexating ability of fluorine, chlorine and the
trifluoromethyl group have allowed direct observation of this role. The metalation of
CF;C¢Hs with "BuLi in Et,0 followed by CO, quench yields 24% of 2-trifluoromethyl
benzoic acid and only 9% and 0.2% of the meta and para isomers respectively.”> The
more activated fluorobenzene under similar conditions undergoes only ortho-
deprotonation,®® and, if subjected to intermolecular competition against chlorobenzene, is
8 times more reactive towards *BuLi and 20 times towards LiTMP.?” In intramolecular
lithiation competition experiments, fluorine was found to outperform all other halogens™
and the CF3 group®® as DMG. The inductive effects can be advantageously exploited in
the metalation of aromatic substrates bearing two heteroatom-based DMGs. Schlosser
has screened large libraries of haloarenes* and experimentally found that “optionally site
selectivity” can be achieved in most cases with a careful choice of base and ligand. As an
example, 2-, and 4-fluoroanisole (1.48 and 1.47, Scheme 1.7 but also the corresponding
OMOM-bearing analogs), are deprotonated exclusively ortho to the ether group when
"BuLi is used and ortho to fluorine when this base is precomplexed with ‘BuOK
(Lochmann-Schlosser superbase also known as LIC-KOR) or N,N,N’,N”,N”-
pentamethyldiethylenetriamine (PMDTA).*! The basis of this tunable selectivity is that
weakly solvated organolithium reagents preferentially exploit the coordinative ability of a
DMG and react by CIPE, whereas fully complexed bases (like ‘BuOK or PMDTA) do not

compete for other ligands and selectively target those positions where the negative charge

12



can be most efficiently stabilized.* A recent application of these effects has been

demonstrated by Mortier on methoxy benzoic acids 1.49 and 1.50 (Scheme 1.7).*
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Scheme 1.7

A similar site selection was achieved by Meyers in the metalation of anisoles 1.51 and
their positional isomers which, despite the expectations based on the directing power of
the oxazoline, are deprotonated ortho to the MeO group when using the
ethoxyvinyllithium-HMPA base (EVL-HMPA, Scheme 1.8).** This deprotonation was
proven to be a kinetically controlled event which was rationalized by steric effects
created by a large cluster of EVL and HMPA. Despite its unknown stoichiometry, the
cluster’s unique topography may prevent metalation ortho to large, albeit strong DMGs

while allowing productive interactions with weak but smaller directing groups.
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Scheme 1.8
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In summary, while the “kinetically enhanced metalation” is buttressed only by

calculations,34’45

regioselectivity can be realistically rationalized through inductive effects
enhancing hydrogen acidity. The CIPE-based mechanism is also based on considerable
experimental evidence for the DOM reaction. Collum has spectroscopically (React-IR)
observed the precomplex 1.38b in "BuOMe and has obtained kinetics consistent with its
direct conversion to 1.40b as well as convincing DFT data for the rate limiting TS 1.34
and 1.39 (Scheme 1.6). Nevertheless, he does not see precomplexes as critical
intermediates to the preorganization of the species undergoing reaction. Rather, he
reasons that, whether or not a reaction follows a monomer- or a dimer-based pathway
(1.34 vs. 1.39, Scheme 1.9) ultimately depends on the energetic cost of the solvent
dissociation which affects observable complexation in exactly the same way. In other

words, the trimeric character of 1.39 is not a consequence of 1.38, but they are both the

result of the same underlying variable, solvent dissociation.’*
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1.1.3 Bases for the DoM Reaction

The large majority of DOM protocols involve the use of alkyllithiums alone or in
combination with a bidentate ligand (generally TMEDA) capable of breaking down the
hexameric (in hydrocarbon solvents) or tetrameric aggregates (in coordinating solvents)

spontaneously formed by alkyllithiums to monomers or dimers with significant
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amplification of their basicity.*® While the kinetic basicity of LDA and LiTMP is
insufficient to achieve the deprotonation of most substituted arenes, they are routinely
used with aromatic substrates that anionically rearrange or cyclize under thermodynamic
conditions (Section 1.1.6), in DOM reactions with in situ electrophilic trapping (Section
1.4) and in the metalation of the more acidic z-deficient heteroaromatics (Section 1.3).
In recent years, new bases have been developed that overcome some drawbacks of the
traditional DOM and namely a) the incompatibility of bromo- and iodoarenes with
alkyllithiums and lithium amides which trigger undesired metal-halogen exchange or
dehydroelimination reactions, b) the high tendency of certain DMGs (e.g., CN,*
COOR,* OP(0)(NeM,),)* to undergo nucleophilic attack by the base, self-condensation
or anionic ortho-Fries rearrangement; c) the requirement for low temperatures (typically
—78 °C). Fifty years after the pioneering work of Wittig, who introduced the first

2

magnesiate, Ph;MgLi,”" several mixed lithium metal “ate” compounds are now

undergoing a deep structural scrutiny and their optimization for use in DOM reactions has

began to yield surprising but welcome results.”!

Uchiyama and Kondo have introduced
the aluminum ate base iBu3A1(TMP)Li52 and the TMP-zincate TMP-Zn'Bu,Li” for the
metalation of base-sensitive arenes (Scheme 1.10), while Queguiner has applied the
magnesiates BusMgLi and Bu,(TMP),MgLi, to the metalation of heteroaryl substrates
(Schemes 1.43 and 1.69).>* While TMP-zincate has given excellent yields in the ortho-

metalation of benzonitrile and unhindered benzoates, it has proven to be incompatible

with haloarenes (1.54 — 1.55, Scheme 1.10).
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DMG R=H DMG DMG DMG

| TMPZn'BusLi N iBusAl(TMP)LI - M
(1 -2 equiv) Rl (2.2 equiv) R
«———— Ry ——— Ry
THF /1t Z THF / -78 °C- 1t Z

1.55 73-99% 1.54 40%-quant. 1.56 1.57a M= MgBu,Li
. . 1.57b Zn'Bu,Li
DMG = COOMe, COOEt, COO'Pr, DMG = OMe, CON'Pr,, Cl, CN, CF5 157¢ AlBUALI
COO'Bu, CON'Pry, CN R =H, I, OMe, Cl, 2,3-(CH=CH), ' 3
Scheme 1.10

A comparative React-IR study for the metalation of N,N-diisopropylbenzamide with
TMP-zincate and with mesyllithium has revealed two different absorption C=O bands,
which, together with ’C NMR, support the hypothesis of an arylzincate intermediate
such as 1.57b. Although the ortho-zincation mechanism is considered a more complex
process than the conventional ortho-lithiation, it is still thought to activate the ortho-
proton through a CIPE. On the other hand, 'BusAl(TMP)Li has been shown to tolerate
halogen substituents and to be effective with electron- poor and rich substrates (1.54 —
1.56, Scheme 1.10). The stability of the aryllithium metal ate intermediates 1.57a-C is the
key to the wide applicability of these bases even at rt, but at the same time, is a factor that

limits the electrophilic quench to the highly reactive I, and few benzaldehydes.

Following the groundbreaking work of Eaton>> on the poorly soluble magnesium bases
R,NMgCl and poorly effective R,NMgR’ and (R,N),Mg, Knochel reported the use of the
corresponding mixed Mg/Li amides TMPMgCILiCI°® and (TMP),Mg+2LiCl’’" which
display excellent solubility in THF (0.6 M and 1.2 M, respectively) and improved kinetic
basicity. TMPMgCl-LiCl was found to display high FG tolerance (including the PhCO
group) but, due to the moderate directing power of the COOEt group, was applied mainly

to z~deficient heteroaryl substrates’® and electroh-poor benzenes bearing halogens or the
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strong and well tolerated OC(0O)O'Bu DMG (Scheme 1.1 1).% Although these electronic
features are not required when the more basic (TMP),Mg2LiCl is used, its application in
the metalation of electron-rich benzenes has not been fully demonstrated (Scheme
1.12)."°* Compared to the metal ate complexes, the use of Knochel’s mixed Mg/Li bases
allows a wider selection of suitable electrophiles through direct quench or through
transmetalation of the arylmagnesiated intermediate with CuCNe2LiCl or
ZnCly/CuCN«2LiC1.°*** Althought these methodologies are still in their initial phase of
development, they have been shown to adequately complement the DOM reaction where
FG integrity is at risk. Further improvements, especially in the cross coupling of the aryl
metal intermediates, can be expected to pave the road to their widespread adoption in the

functionalization of aromatic and heteroaromatic substrates.

TMP)MgCI-LiCl T pMe i pme
BocO coogr (TMPIMACILICT g ) COOEt (TMP)Mg-LiCl £
f N (1.1 equiv) f N N (1.1 equiv) B
1 ]
R e R R—T —_—>» R
6 \F 4 THF/0°C 6 P THF /-40 °C - 1t Pz
5 5
1.58 76-93% 1.59 1.60 70-94% 1.61
R =H, 5-COOEt, 4-COOEt, E = COPh,? |, COOEt, PACH(OH), DMG = COO'Pr, COO'Bu. COOEt, CN  E = PhCO,? EtCO2 I, Br
4-OBoc, 5-OBoc, 6-OBoc CN, Br, Cl R =H, 2,3-(CH=CH),, 4-Br, 3-COOEt, EP = p-EtOCOCgHy, p-CNCgH4

3-COOtBu, 3-OBoc

2 Obtained by transmetalation with CUCNs2LiCI (0.2 mol%); 2 Obtained by transmetalation with CUCN#2LiCl (0.2 mol%);
b Obtained by Pd-catalyzed cross coupling after metalation with ZnCly

Scheme 1.11 Scheme 1.12

1.1.4 The DoM-Cross Coupling Nexus

In the last three decades, virtually all areas of synthetic chemistry have gained a new
unexpected breath from the discovery of a number of transition metal-catalyzed
methodologies to create aryl-aryl bonds.” More recently, these reliable methods have

provided the DOM reaction with a new raison d’étre as the metallorganic coupling
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partners can be easily obtained from aryl and heteroaryllithium species through Li-metal
exchange (Table 1.2).°° Functionalized aryl chlorides bromides, iodides, triflates can
also be obtained by DoM tactics. Thus, this fortunate connection allows straightforward
access to 1,1’-bis ortho-substituted biaryls 1.64 with high synthetic potential as substrates
for further DOM and, for some of them, further DreM (Directed remote Metalation) and
other cyclization reactions. Due to their stability and structural diversity, boronic acids
have remarkably strengthened this link as they are extensively coupled by the fine
chemical industry for the synthesis of comprehensive and diverse libraries of biaryls and

heterobiaryls.®’

Table 1.2 The DoM-Cross Coupling Nexus

DMG?!
‘: Met  (DMG® ):‘ or i’ /.
(DMG?)
1.62 1.63 1.64
Met LG Cat Xcoupl
B(OR), | > Br > OTf Pd Suzuki®%
MgX Hal, OTf Ni Kumada-Corriu-Tamao®%?
ZnX Hal, OTf Ni Negishi-Migita®®?
SnR3 Hal, OTf Pd Stille8%2
Si(OR)3 Hal, OTf Pd Hiyama®®
Y3in I, Br, OTf Pd Pérez Sestelo-Sarandes 6%
Zn'Bu,Li (2-BrPy, 2-BrPh) Pd Kondo® 153
Y3 MgLi (2-BrPy, 2-CIPy) Pd Queguiner®™54
Al'BugLi (Ph) Pd Uchiyama®™52

§ Not as yet a named reaction; T Not generalized.
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Particularly attractive appears the DoM-Kumada nexus that uses the same functionality
(O-carbamate, S-thiocarbamate,* tertiary sulfonamides, sulfamates7°) both as a DMG
and as a leaving group in the coupling reaction, a strategy that offers the option of

replacing the DMG with an aryl group when it has served its purpose (Scheme 1.13).

PMG DMG DMG = OCONEt,, SCONEt,,
1) RLi E XCoupling E SO,NEt;, OSONEt,
— — R' = Me, TMSCH,, Ph, 3-OMeCgH,,
2)E* R'MgX p-Tolyl, 2-Mesityl
1.65 1.66 1.67 E = CONEt,, TMS, Me

Scheme 1.13

A truly latent DMG is the diethylsulfonamide group which, using the f-hydride donor

ability of 'PrMgCl, can be reductively cleaved under Ni-catalysis (Scheme 1.14).

SO,NEt, SOZN

H
E= TMS 48%*
1) RLi / THE PngBr (2.25 equiv) E Me 740/2*
78 °c N|(acac)2 5 mol%)
CONEt, 60%
2) = Et,0 / rt * det. by GC.

1.70

Scheme 1.14

The synthesis of functionalized biaryls through coupling of simple partners has
revolutionized the retrosynthetic approach to complex structures. However it is from its
marriage to DOM that this powerful methodology has acquired a remarkable dowry in
high regioselectivity and great resourcefulness. Connubial fruits have largely appeared in

medicinal chemistry,” material sciences® and total synthesis of natural products.®**®

1.1.5 Direct ortho-Arylation as an Alternative Methodology to the DoM Reaction
In recent years, the synthesis of ortho-substituted biaryls and heterobiaryls has been

approached through transition metal-catalyzed direct arylation, an emerging methodology

19



based on the direct coupling of a non-activated aryl C-H bond with an activated arene (an
aryl halide or pseudohalide).®® m-Electron-rich substrates have been an ideal workbench
for these studies because the formation of the initial palladate or rhodium equivalent is
facilitated by the highly nucleophilic character of these heteroarenes. However, the
attenuated nucleophilicty of simple arenes requires a Lewis-basic directing group capable
of promoting this step by bringing the metal into close proximity of the ortho-position,
much like it has been postulated to do with a base in the mechanism of DoM.
Heterocyclic rings like pyridines,®™®” quinolines, pyrazoles, triazoles,®imidazolines,®
oxazolines,””~"" benzoxazoles’' have proved to fulfil this role quite well. The use of
functional groups as directing groups (DGs) for this process has also begun to reveal the
synthetic potential of direct arylation for complementing or, in some cases, successfully
competing with the DoM reaction (Table 1.3). Thus, for instance, acetyl and propionyl
anilides (entries 14-16) can be ortho-arylated with aryl iodides without separately
preparing their corresponding ortho-arylmetalloid coupling partner.”” The efficient
ortho-arylation of benzoic acids (entry 22-27),” benzaldehydes (entries 28-29)”* and
phenols (entries 7-9)” constitutes an attractive alternative to the DoM-cross coupling link
of these substrates since it allows to circumvent their otherwise obligatory conversion to
oxazolines,”® a-aminoalkoxides”” and OMOM’® derivatives, respectively. Some of the
DGs so far used in direct arylation are similar to common DMGs and thus the possibility
to exploit a DoM-direct arylation nexus may be envisaged. For example, the DoM of
oxazolines (entries 3-6), (het)aromatic aldehydes, secondary amides (entry 14-16)" is
well established, and this opportunity exists in principle for the weak OH* and COOH

67,81

DMGs. On the contrary, enolizible ketimines (entries 10-12) and N-acylated
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imidazolines (entry 2) have not been subjected to DoM, and both aldimines (entry 13)
and N-unsubstituted imidazoline (entry 1), which have some directing abilities in DoM, ™

suffer extensive diarylation.

Table 1.3 Directed C-H Arylation of Aromatic Hydrocarbons

DG DG
Rl Rl ~ =T FG
Conditions™
R2 ArX or ArOTf R2
R® R®
1.71 1.72 1.73
Entry R* DG R! R2 R® 1.72:1.73 FG YId(%)  Ref.
1 H N‘ \N 0:100 H 90 69
RA/ y/
2 COR \r ~80:20 H 76-88 69
3 H R, Me 99:1  H,4-COOR, 4-Me, 4-Ac, 51-99 67,68, 70
R 4-OMe, 2-OMe, 4-CN,
3-COOMe, 3,5-di-CF3,
oL N 2-Cl, 2-Me, 4-CH=CH,,
3-CF3, 3-PhCO, 3-COOEt
4 H Me, CF3 85:15 - 99:1 H 73-91 69
5 H 25:75 or 0:100 (XS of PhBr)  H 60-99 69
6 Me 99:1 H 11 69
7 'Bu, Me, Et. 99:1 H, 4-Ac, OMe, 4-NMe,, 76-96 75a-c
OMe, Ph, iPI‘ 4-CH=CH2, 2,6-diMe;,,
2,3-(CH=CH),,
8 Me, OMe, 'Bu 38:62 - 99:1 4-OMe 39-51 75a
9 1:99 H, 4-OMe, 2,4,6-tri-Me  18-69  75a, 75d
10 Me, Et | CR*=NAr 80:20 -99:1 H, 4-Ac, 4-COOEt, 4-OMe 56-91 67, 8la
11 Me Me, CF3, 2,3-(CH=CH), 99:1 H, 4-F, 4-Me, 4-OMe  74-95 81b
12 Me H,Me, OMe  99:1  4-CFj 4-Ac, 2-Me, 4-OMe 56-79 8la
4-COOEt, 3-COOE,
13 H 1:99 H 92 81b
14 0 Me 1:99 - 99:1 4-1, 4-Me, 3-OCF3 34-79 72
15 NHJI\Me (Ey) | OMe 99:1 3,5-di-Me, 4-Br 82-90 72
16 Br 99:1 4-'Bu, 3-Cl 82-91 72

* Entries 1-2: 2.5 mol% [RuCIz(nG-CsHS)]Z, 10 mol% PPh3/ NMP /120 °C/ 20 h; entry 3-6: as in entries 1-2 or 2.5 mol% [{RuCl,(p-cymene)},], 10 mol%
R,P(O)H NMP /120 °C / 23h or 2.5 mol% [{RuCl,(p-cymene)},] / 30 mol% MesCO,H / PhMe / K,CO3 / 120 °C or 5.0 mol% [RuClg(H,0),] / K,CO3 / NMP
/120 °C/ 22h; entries 7-9: 5 mol% [RhCI(PPh3)3] / 15 mol% PR,(OAr) / Cs,CO3 or 10 mol% [{RhCI(COD)},] / 30 mol% P(NMe,); / PhMe, reflux / 18h;
entries 10-13: 2.5 mol% [{RuCly(p-cymene)},], 10 mol% R,P(O)H NMP / 120 °C / 23h or 5.0 mol% [RuCl3(H,0),] / K,CO3/ NMP / 120 °C / 22h as in
entries 1-2; entries 14-16: 5 mol% Pd(OAc), / AgOAc / TFA /130 °C /0.5 - 5h.
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Table 1.3 Directed C-H Arylation of Aromatic Hydrocarbons (Cont’d)

DG DG z G
RY R j
Conditions® A
R2 ArX or ArOTf R2

RS RS

1.71 1.72 1.73
Entry R* DG R! R? R® 1.72:1.73 FG Y1d(%) Ref.
17 CONH'Pr 1:99 3-OCF3 73 83
18 H, Me Me 99:1 4-'Bu, 4-Ac, 3-OCF3  54-96 83
19 Br 99:1 p-Cl, 4-OCF5 79-84 83
20 cl 99:1 4-Br 59 83
21 (CH=CH), 99:1 3-CF3, 4-COOEt 58-61 83
22 COOH 1:99 H, 4-CF4 71-82 73
23 Me, 'Pro, Br, 99:1 H, 3,5-di-CF3, 3-F, 4-Me, 53-83 73

N,O, CF, 4-Cl, 3,5-di-Cl
COOMe, Ph
24 (CH=CH), 99:1 3-Me, 4-Pr, 35-di-Me ~ 54-67 73
Me Me
OMe OMe
25 Me, 1:99 4-CFy 75-79 73
COOMe
26 F 1:99 4-CF3, 4-Me 67-91 73
27 Me, Ph 99:1 3-Me, 4-CF3, 3,5-di-Me  67-91 73
28 CHO CHO, NMe,, 99:1 4-OMe, 4-Ac, 4-Me 56-92 74
'Bu, OMe

29 1:99 H 85 74

* Entries 17-21: 5 mol% Pd(OAc), / AgOAc / TFA / 130 °C/ 0.5 - 5h. Entries 22-27: 5 mol% Pd(OAc), / AgOAc / AcOH / 4.5-7h or 5 mol% Pd(Ac), / 10 mol%
PAd,"Bu / Cs,CO3/ MS 3 A/ DMF / 145 °C / 24 h; entries 28-29: 1 mol% Pd(OAc), / 2 mol% NHC Ligand / Cs,CO3 / dioxane / 80 °C.

Similarly, pivalanilides which, unlike acetyl and propionyl anilides (entries 14-16), are
suitable directing groups for both direct arylation® and for DoM,* are extremely
difficult to hydrolyze when ortho-arylated. On the other hand, the acid-labile NHBoc
group, which is typically preferred to anilides, has not been tested for stability under the
conditions required by the direct arylation. Besides its inherently shorter approach to
ortho-substituted biaryls and heterobiaryls, the direct arylation displays a high FG

compatibility that includes halogens, esters and nitro groups; furthermore, the heightened
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interest of the scientific community for this efficient approach is permitting the rapid
development of catalysts and conditions capable of arylating unactivated arenes with

68.73-7525 and, in the case of acetanilides, with aryl boronic acids

inexpensive aryl chlorides
(direct Suzuki reaction),* aryltrialkoxysilanes (direct Hiyama reaction) *® and even with
unactivated arenes (dual C-H activation).®” The most relevant drawback of this reaction
is the bis-ortho-arylation which occurs in all unsubstituted DG-bearing benzenes (entry 6
is the only exception, 11%). Indeed, a glance at Table 1.3 shows that most substrates
which do not undergo bis-arylation are ortho- and meta-substituted, whereas very few are
para-subtituted (entries 12 and 28). In general, the direct arylation is sensitive to
hindrance in the vicinity of the DG, and a meta-methyl group is often sufficient to direct
the arylation solely towards the unhindered ortho-position (entries 11, 16, 23 and 26).
This behaviour, also observed with many other meta-substituents (including DMGs like
OMe, CF;, COOMe, Br and F), complements well the general course of the DoM

reaction in which the position between two DMGs undergoes selective deprotonation

(Scheme 1.15).

DG
(Het)Ar (Het)Ar
;}"D'A
1.74 1.76 (E = Metal or Hal)
Scheme 1.15

Thus, far from appearing redundant, the development of DoM-compatible DGs should be
viewed as an opportunity to strengthen both methodologies. Furthermore, the difficult
mono-arylation of 4-substituted and unsubstituted substrates may benefit from silicon

ortho-protection introduced by DoM (Scheme 1.16).

23



DG/DMG DG/DMG DG/DMG DG/DMG

T™MS T™MS (Het)Ar (Het)Ar
1) RLi DA TBAF
.................. . P
2) TMSCI
R R R R
1.78 1.79 1.80 181
Scheme 1.16

As the potential of this emerging methodology is rapidly unveiled, the growing interest
catalyzed by these results is expected to lead to a rapid optimization of these protocols
with an increasing number of versatile functional groups. Until then, the DOM reaction
will reliably provide valuable precursors for the well established, soon classic transition

metal-catalyzed cross coupling route.

1.1.6. The DoM-DreM Connection

Some fifteen years ago, research in the Snieckus group showed that a DMG may reach
far beyond the ortho hydrogen atoms. In accordance with and significant support of the
hypothesis of a CIPE, some DMGs (CONEt,*® OCONEt,,* COOH") placed on biaryls
were found to facilitate the abstraction of aromatic hydrogens on remote positions on the
alternate ring. In the Directed remote Metalation (DreM) of the amide 1.82, in spite of
the availability of hydrogen atoms ortho to the DMG, treatment with LDA leads to
deprotonation of the alternate ring to generate the lithiated species 1.84, which is too-
short lived to be trapped by an external electrophile and undergoes reaction
intramolecularly with the amide group, leading to fluorenone 1.85 (Scheme 1.17). This
methodology has found rational extension in its tolyl-DreM equivalent, which constitutes

a general regioselective route to 9-phenanthrols (1.82 — 1.83).”"
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I\ S

PP

LDA
O
72 R=H
7\
GZ
1.83
Scheme 1.17

Biaryl O-carbamates 1.86 show a similar behaviour (Scheme 1.18) provided the ortho

position to the DMG is substituted or protected (usually with SiEt;) to prevent anionic

ortho Fries rearrangement.

G
PG XX ¢
2
OH AcOH o
—_——
CONEt, o _, Z | o
\§ \ )
G
1.87 1.88
1. NaH
2. PG'X

Scheme 1.18

In this case, the migration of the carbamoyl group, describable as an anionic remote Fries
rearrangement, yields hydroxyphenyl benzamides 1.87 which, upon acid-catalyzed
cyclization, is converted to the useful dibenzo[b,d]pyran-6-one framework 1.88.

Alternatively, OH-protected arylbenzamide 1.89 may be subjected to a second DreM and
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converted to a fluorenone 1.90. The sequential combination of biaryl O-carbamate
migration and vinylogous tolyl amide cyclization (1.86—1.87—1.89—1.91) has also
been applied to the total synthesis of natural products.”> A potentially useful and general
variation of the carbamoyl migration has been recently demonstrated in the reaction of N-

carbamoyl-2-aryl (and -2-heteroaryl) indoles 1.92 to 1.93 using LDA (Scheme 1.19).”

R
N\ =G LDA I THF
X N\ // oo

A\
N
\ R =H, Me Ho
CONEt,
G = Me, MeO, F, CI, Br NEt2
1.92 (36-99%)
Scheme 1.19

Far from being limited to biaryls, the DreM reaction was proven feasible in systems
where an atom or a group (S, SO,, O, P(O)Ar, NR) separates the two aromatic rings

(Scheme 1.20).

X = SO,, P(O)Ar

o)
= DMG = OCONR, DMG DMG = CONR;
PG = OMe, SiRs /@ PG = H O
——
2.3-4.0 equiv LDA 2.3- 4.0 equiv LDA X
1.96

THF/0°C-rt 1.95 THF/0°C-rt

X =S, SO,, O, P(O)Ar, NR

OMe O O O

X = NMe, G = OMe (79%)

G=Cl (83%)
1.97 1.98 (96%) 1.99 PG = OMe (78%) X=0, G=0Me (73%)

T™MS (41%) G=Cl (70%)

Scheme 1.20
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This extension opens an unprecedented route to xanthones,94 thioxanthones,
acridones”® and dibenzophopshorinones’’ whose degree of functionalization mirrors the
complexity of the coupling partners from which biaryls can be conveniently derived. The
derived products 1.98-1.100 illustrate the efficiency of the DreM reactions.”!' Other

useful extensions of this methodology will be discussed in Chapters 2 and 3.

1.1.7. Applications of the DoM Reaction

The combination of electrophilic aromatic substitution (EAS),” nucleophilic aromatic

11 and other minor or

substitution (SnAr),'” vicarious nucleophilic substitution (VNS)
emerging methodologies provides the chemist with a well equipped synthetic toolbox for
the functionalization of the aromatic ring.

Nevertheless, it was with the development of the DOM strategy that high selectivity, wide
scope and considerable versatility were attained for the field of synthetic aromatic and
heteroaromatic chemistry. However, this methodology cannot be seen as an “all-in-one”
technology capable of matching the full potential of the other methods. For instance, the
DoM process is not compatible with some of the groups (NO,, COR, SO, Me, SOMe)

102 s s
Similar

which efficiently activate aromatic substrates for VNS and SyAr processes.
conclusions apply to a comparison with EAS whose potential in nitration and sulfonation
reactions or compatibility with substituents such as Br, I and NO, have no parallel in
DoM. Nevertheless, however instinctive its use has become, the EAS suffers, in reality,
from harsh conditions and formation of regioisomeric mixtures which invariably impose
a separation step. Through high selectivity, on the contrary, the DoOM methodology

provides shortcuts to substitution patterns otherwise accessible only through very

prolonged sequences. Thus, contiguously substituted systems (1,2-, 1,2,3-, 1,2,3.4-,
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103
The use of one or

1,2,4,5-) appear within reach by the DoM strategy (Scheme 1.21).
two DMGs of different power allows the rapid construction of tri- and tetrasubstituted
systems. In theory even pentasubstituted benzenes may be obtained from 1,3-(DMG),

systems such as 1.107 provided the substituents progressively installed are (or are made)

compatible with strong bases.

/ < Me OMEM
E; E, TMSCI O N Mel
( DMG { ™S |
- - ) 1N - -2 —_— XCon
—,
MeO
OMe
1.101 1.102 1.103(Estrone precursor)
0
E JJ\ CICONE
( ' pwme, jﬁAGZX EtZN( 0 2 CoO,HQ  OH
LA —
- - - -1 Sz —
- 2 - Ph
3
cl Cl
1.104 1.105 1.106 (Ochratoxin A)
E; E, DMF
( DMG; CONEt, COOH
- - ) 2{ - -1 OHC
N —
" “DMG, o TMSCI OMe
\ Me
. =
~- P
1.107 1.108 1.109

Scheme 1.21

In other cases (ring-walking method), a second DMG may be installed through DoM
(1.105, step 1) or by ortho-Fries rearrangement of an aryl carbamate (1.105, step 2).
Finally, the provisional exploitation of hindrance factors (1.107, large DMG; or/and
DMGj) or silicon protection (1.108, E, = TMSCI), may furnish 1,2,4- and 1,2,4,5-
substituted systems. The potential of DoM, as amplified by the versatile lithium species,

104

has been largely exploited in the total synthesis of natural products. In the case of
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lysergic acid, for instance, the construction of the main frame was approached by a

sequence of DoM-boronation and in situ cross coupling that furnished the key

intermediate 1.113 in good yield (Scheme 1.22).'"

1. B(O'Pr)3 / THF
¢ (OPn)s 0 Pd,(dba)s (2 mol%) Br
BUOOC 2.LDA/0°C ; ] t
BuOOC Bo BusP / KF
| _ S — S (o) A\
N 3. Pinacol / THF | o THF / reflux N
NEt, N PG
NE, 1.112
1.110 - 1.111
‘Buooc
Il o
- NS
-
-
NEt,
\
N
\
. ) P
1.114 Lysergic Acid 1.113

PG = Boc (75%); TIPS (30%)

Scheme 1.22

Applications of key DOM steps connected to Suzuki-Miyaura coupling methodology and
DreM have also led to new molecules displaying liquid crystalline properties (Scheme
1.23)."% In the past decade the DoM reaction has enjoyed increasing application in
large-scale process chemistry for the preparation of required amounts for advanced drug
discovery studies and commercial drugs. To illustrate, careful optimization of the
experimental conditions in the metalation of 3-chloro bromobenzene (1.117) by Merck
chemists led to the synthesis of 2-bromo-6-chlorobenzoic acid 1.118 on a 60 kg scale and
in excellent yields (89-90%, Scheme 1.24).° Similarly, at Novartis, a pilot plant
synthesis of the lead compound JNZ092 was devised that involves the metalation of the

dimethoxynaphthalene 1.119 and electrophile quench to give 1.120 in 83% yield.™
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NEt, A
- i Suzuki coupllng C11H250
B(O'Pr); NEtz

(6] HO

- Br

TMSCI
‘/1 OMe T™S

Me CgH170

1.108 1.115 1.116 (liquid crystal)

Scheme 1.23

Finally, in the synthesis of Losartan 1.124 (ca. 1000 Kg/year), Merck and Dupont, now
BMS, chemists used the tetrazole moiety as a DMG to efficiently install a boronic group

(1.122—1.23).

cl
1) LDA / THF
75 °C/4h COOH
2) CO,/-70°C Br
1.117 (58.6 kg, 306 mol) 1.118 (89 - 90 %)
SiMe;
1) n-BuLi / THF X CN
OO 20_>OOC/4h OO
CO,Et oy
OMe 2) EtOCH=C(CN)COOEt > 'l\‘
OMe -70°C/1h OMe Me
1.119 (19.3 kg, 103 mol) 1.120 (83 %) 1.121 JNZ092
"Bu
/CPh3 /@/\N/\k,\,
-
N=—NH 1) a. THF / EtgN / Ph5CCl N—N Br 2\( N=—NH n-Bu
DAY b. filter EtzNsHCI KPAY ol DAY
7 X o y/ OH 7
2) n-BuLi/-20->-10°C _—— NN
EE—S-— 1) Pd(OAC), (1 mol%) N
3) B(OPr)3 / -20 => 10 °C B(OH)s PPhs (4 mol%)
4) Work up K,CO3 / H,0O / THF DEM O cl
80°C/3-6h (>99% conversion) OH
2) PBu3 (10 mol%, | of Pd )
1122 1,123 (90 %) ) PBUs (10 mol%, removal of Pd) 1.124 Losartan (Acid form)

3) H,S04 (0.7 M) H,0 / MeCN

Scheme 1.24

These examples demonstrate that the DOM reaction has not only a recognized potential in

the modification of a DMG’s ortho-environment but, through its privileged connections
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with rapidly growing methods (metal-catalyzed cross coupling, RCM, DreM, direct
arylation) imposes the choice and exploration of new synthetic routes. The didactic
relevance of the DOM reaction has also been recently recognized with a dedicated section

in the best-seller “Strategic Applications of Named Reactions in Organic Synthesis”.'”’
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CHAPTER 2
Directed ortho Metalation-Boronation and Suzuki-Miyaura Cross Coupling

of Pyridine Derivatives: A One-Pot Protocol to Azabiaryls

2.1.  Syntheses of Azabiaryls

Azabiaryls have attracted attention not only as valuable intermediates towards several
classes of compounds, including carbolines and fluorenones, but also for their own
properties useful in medicinal chemistry,'® agrochemistry'® and material science.'
Recently, a particular interest for 2-azabiaryls has been sparked by their applications as
substrates for emerging and promising C-H activation processes that allow direct ortho
: 2a : : 2b : 2c : 2d : - 2¢ : - 2e
arylation,” amination,” hydroxylation,”™ carbonylation,™ chlorination™ and silylation

(Table 2.1).

Table 2.1 Functionalization of 2-Phenyl Pyridines via Transition
Metal-Catalyzed C-H Activation

Catalyst / Reagent R Yid (%)

Rh,(CO);5/ CO/ CHp=CH, COEt 66-16

Cu(OAc), / H,0 / O, OH  43-77
Cu(OAc), / CICH,CH,ClI €I 30-92
Cu(OAc), / ArNH, ArNH 17-65
[RUCI,(®-CgHe)l / ArX  Ar  40-95
21 29 RhCI(PPh3)3 / ArsSn Ar  36-78
Ru3(CO)1, / HSiEts SiEt; 61-79

By virtue of their coordination with the ring nitrogen, copper, ruthenium and rhodium
catalysts are capable of activating the 2’-position, avoiding the need for any sacrificial
group at that site. However, a variable degree of bis-substitution has been observed
which may be expected to be minimized as the methodology moves towards a mature

stage of development. In this section, some of the known syntheses of

39



(hetero)arylpyridines will be discussed grouped in 4 categories: non-catalyzed cross-
couplings of aromatic rings, non-catalyzed methods for the formation of the pyridine
ring, catalyzed methods for the construction of the pyridine ring and transition metal

catalyzed cross couplings of aromatic partners.

2.1.1. Non-Catalyzed Cross-Couplings of Aromatic Rings

The n-deficient character of the pyridine ring suggests that its arylation may be achieved
through nucleophilic attack by an arylmetalloid followed by oxidation of the
dihydropyridine obtained. The reaction with aryllithium reagents, which add selectively
to the 2- position of the pyridine ring, has not been systematically explored and generally
suffers from low yields that have prevented it from acquiring synthetic significance.’
With the exception of a handful of substituted pyridines,* aryl Grignards add with low
selectivity to the 2- and 4-positions in low yields. The low reactivity of the pyridine ring
towards these nucleophiles has been successfully circumvented by using quaternary
pyridinium  salts. In this case, nucleophilic addition leads to intermediate
dihydropyridines which, upon traceless aromatization through removal of a good leaving
N-substituent, allows ready access to aryl pyridines. To address the poor regioselectivity
of their addition, Grignard reagents have been used with pyridinium salts bearing bulky
N-substituents which effectively shield the 2-position’ (Entries 1 and 3, Table 2.2).
Alternatively, the less hindered N-acyl- and N-ethoxy or N-phenoxycarbonyl groups are
synthetically useful when utilized in coupling with the less reactive organocopper® (entry
2), lithium cuprates’ (entry 5) and mixed copper-zinc® aryl organometallic reagents
(entry 4). The latter offer a non-negligible advantage in their compatibility with

Grignard-sensitive functionalities. All of the reactions in Table 2.2 were carried out in
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one-pot with in situ-generated quaternary salts and, with few exceptions, displayed a
remarkable regioselectivity (> 99:1). Pyridine N-oxide is also susceptible to attack by
arylmagnesium bromides to give aryl-substituted pentadienal oximes which, upon ring

closure with Ac,0, furnish 2-arylpyridines.’

Table 2.2 Synthesis of Phenyl Pyridines via Nucleophilic Addition of Aryl
Metal Species to Pyridinium Quaternary Salts

2
R
\ A \ A Conditions [O]
| + | S —
+2 —
-
R M
2.3 2.4 2.5 2.6
Entry R, R! R% M Conditions Yid (%) Ref.
Me, M = MgBr
1 R=N o) R? = H, 2-Me, 4-Me, rt ;THE/ 70 h 35-73 5
e 3-Me0,4-MeO,
Me 4-Cl, 4-Br, 2-thienyl
R!=H, 3-Me
2 R = COCH3, COOEt R? = H, 2-MeO Cul(5 mol%) / 65-86 6
COOPh THF/-20 °C/ 15 min
R!=H, 2-Me, 3-Me
3 R = Si'BuMe, R?=H rt/THF /3 h 73 5
R'=H
M = Cu(CN)znl
4 R = COOEt R? = 3-Me, 3-F, 3-Br -55°C/THF / 1h 29-60 8
R! = 4-CN, 3-COOMe, 3MeO,
4-COOMe, 3-CN, 3,5-diMe
2-COOMe
5 M = % CulLi
R = COOMe R? = H, 4-Me, -78°C/THF/0.5h 65-70 7
Rl = then0°C/0.5h

As shown recently by E.J. Corey, N-triflated pyridines, generated in situ, are so
powerfully activated that they couple readily and under mild conditions with neutral n-

basic aromatic compounds (Scheme 2.1).'" With some exceptions, the steric effect of the
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triflic group ensures complete regioselectivity in the formation of the intermediate N-

triflyl-4-aryldihydropyridines 2.9, which can be quantitatively aromatized with ‘BuOK.

e X szo CH,Cl, BuOK DMSO
+ [}X -30°C 23 C/30 min
NMe, N NMe; NMe,
N_/ X

2.7 2.8

X =H, 2-Me, 3-Me, 2-CN, 2.9 (58-86%) 2.10 (~ quant.)
2-MeO, 2-Br, 3-COOMe

Other examples

Tf_N \ 2.13
(34%)
TIPS
-
/N = /N Z f—N<:>_<j 2.14

(17%)

2.11 (84%) 2.12 (67%) TIPS J

Scheme 2.1

Conceptually similar to Corey’s protocol is a recently developed synthesis of 2-
arylpyridines involving attack of AlCls-activated substituted 2-chloropyridines by
electron-rich aromatic compounds (Scheme 2.2)."'" However, as demonstrated by the
non-reactive 2-chloropyridine, the method is limited to EWG-bearing chloropyridines
2.15 and affords decreasing yields of products as the nucleophilicity of the coupling
arenes decreases. In 1974, Abramovitch reported a reaction between benzyne and
pyridine N-oxides to afford low yields of hydroxyphenylpyridines.'> Larock revisited
this reaction and, by applying his original preparation of benzynes from o-(TMS)aryl
triflates,”” developed a general regioselective synthesis of 3-arylpyridines 2.22 (Table

2.3).1
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N R?=2,4,6 tri-MeO,
| 2.4 di-MeO, \
= 2,4 di-OH N
2.16
N

AICI4/ DCE - R

1
R /
50-80 °C / 12-15h
\ A Z
I _ 2.17 (41-76%)
N7 cl

AICI/ DCE
50-80 °C / 24 h li\

2.15
R'=4-NO,, 3-CN,
3-NO, /
N
1
RS R3=H, Me, Et
2.18 2.19 (42-50%)
Scheme 2.2

However, regioselectivity becomes an issue when unsymmetrical benzyne precursors are
used (R' = Me, MeO, F, R* = H). The working mechanism postulated by the authors
considers the higher acidity of Hg as suggested by structure 2.26b and its preferential loss
leading to the 3-(hydroxyphenyl)pyridines 2.22 observed (Scheme 2.3). Since 2.26b is
unfavourable when X = CN, 4-cyano-pyridine N-oxide preferentially looses H, and gives

the 2-arylpyridine 2.25.

Table 2.3  Synthesis of Aryl Pyridines from Benzyne
Precursors and Pyridine N-Oxides

1
R TMS
| DIV :@: —
— —>
+ 2
N) R2 oTf MeCN / rt

o
2.20 221 2.22
X = H, 2-5 diMe, R'=R?=H, Me, MeO, 52.90%
4-Me CHz(CHz)chz, F Rl
Rl
X=H R! = MeO, Me, F N + X
R?=H | |
= OH > OH
N N

75-83% (1:1 - 2:1)
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HO
2.25 (42%) 2.26a 2.26b

Scheme 2.3

2.1.2. Non-Catalyzed Methods for the Construction of the Pyridine Ring

The syntheses of arylpyridines discussed in this section have in common the late
formation of the pyridine ring from other sources of nitrogen. They have, therefore, been
selected from the vast literature describing the de novo synthesis of arylpyridines'
Described in Scheme 2.4 is a straightforward one-pot procedure to 4-
phenylnicotinaldehydes'® developed through improvement and generalization of an old
reaction.'” Here, tertiary alcohols 2.27, obtained through standard methods, undergo
dehydration under the Vilsmeier-Haack conditions, and the styrene intermediates undergo
reaction in situ with chloromethyleneiminium salt to give five-carbon units 2.29
containing terminal electrophilic centres. Treatment with ammonium acetate furnishes
pyridinyl iminium salts which, on hydrolytic work up, afford valuable functionalized
nicotinaldehydes 2.30.  The accessibility of arylpyridines through oxidation of
dihydropyridines'® opens a vast array of synthetic options based on elaborations of the

Hantzsch synthesis. '’
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+
e NMe, NMe, .
Me /=N A+ 1. NH40Ac 7 N
OH . -H,0 o’ Ve NMe, | 80 °C/2h I
R — 3 —_— | — X
Ar Ar N Ar
| socran [ Ar 2. K,COs
R 1 0°C CHO
2.27 2.28 - 2.29 = 2.30 (52-66%)
Rl =H, Me Ar = Ph, p-MeOCgH,, p-Tol,
p-Cl-C6H4, p-Br-CGH4
Scheme 2.4

While the Hantzsch reaction was discovered as a one-pot synthesis of symmetric
dihydropyridines, its flexible variations can furnish unsymmetrical products through
stepwise combination of the reagents. Furthermore, by condensing reagents at higher
oxidation state such as pyridinium salts,” hydroxylamine?' or ynones,? arylpyridines
may be obtained without the final oxidative step (Fig. 2.1). In a recent solventless
elaboration of the Hantzsch synthesis, generally high yields of 2,4,6-triarylpyridines were
obtained with an unsophisticated method consisting in the stepwise addition, mixing and
manual grinding of the reagents (Scheme 2.5). The 1,5-diketones obtained undergo
sequential condensation with NH4OAc in hot acetic acid and oxidization to give a rich

collection of triarylpyridines.

AN R3
| +
. i
00 R?
NH3

r

Rl

Figure 2.1 Modifications of the Hantzsch Reaction
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Remarkably, 2,6-difuryl-4-aryl-pyridines, obtained in excellent yields with standard
methods, can be oxidized by KMnOQO4 to the corresponding 2,6-dicarboxylic acids and,
through decarboxylation of the latter, represent a precursor, albeit not an atom economic

one, for the construction of simpler 4-arylpyridines (31-58% overall yield).**

N R Me R R
R N /K N N
AR I R3 O | I
| Z Z Z
s NaOH(s) 234 NH4OAc
+ — —_— —
O Grind HT N Grind AcOH S
H 6} reflux |
M R? 2 © 2 3 Z 2
€ 0~ R r¥¥ 07 "R R N~ TR
231 232 2.33 2.35 2.36
R =H, 4-BuO, R2= Ph, 2-OH-CgHy R3= Ph, 2-OH-CgHy (64-92%)
4-OctO, 4-Br, 2-Py, 3-Py, 4-Py, 2-Py, 3-Py, 4-Py,
4-(4'-Br)BuO 4-1-CgHg 4-1-CgHy, 4-Br-CgHg,
4-(OctO)CgHy, 4-(NO2)CgHy
Scheme 2.5

In another Hantzsch-derived approach which furnishes 6-arylpyridines 2.39 in good
yields, acetophenone Mannich bases 2.37 were refluxed with B-diketones 2.38 and

NH,OAc in the presence of a clay as a solid acid catalyst (Scheme 2.6).>

COR?!
2
NH,4OAc |
S —" . S
Montmorillonite K10 | N N CH3
RY=H, 4-Cl, 4-Br, 4-F, G

4-Me, 4-MeO, 4-MeS, R!

4-NO,, 2,4-diCl

2.39 (71-83%)

Scheme 2.6

4-Arylpyridines have also been accessed by electrocyclization of azatrienes 2.42 whose
N=C bond was formed through an aza-Wittig reaction of a,3-unsaturated aldehydes 2.41

with iminophosphoranes 2.40 (Scheme 2.7).%° These starting materials, obtained in high
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yields (>80%) by subjecting acrylates to the Staudinger reaction, provided moderate

yields of 4-aryl and heteroarylpyridines 2.44.

PPhj Rlooc N Rooc N rRlooc N
1 I o H PhMe S z -2H z
R'00C_ N - | J— | — ~ |
| A reflux / 3h R? R2 R?
R2
2.40 N Z 2 Z
R! = Me, Et | | | |
R?=H, M N A 3 A 3 N 3
=, Me Z 3 R R R
R® = H, 4-Cl, 2-MeO
2-Me, 3-NO,  2.41 2.42 2.43 2.44 (40-60%)
Scheme 2.7

Other syntheses have been based on the condensation of vinamidinium salts 2.45 and
2.48 with enaminonitriles 2.46 or a-aryl ketones 2.49, respectively, as a source of two-
carbon synthons.la'“’27 Scheme 2.8 synthetically shows the scope of these approaches to

6- and 3-arylpyridines 2.47 and 2.50, respectively.

Me
Me,N ||\| g
e
NP NZ Ve e CN R = H, 4-MeO, Me,
— NaH, DMF Cl, Br, 4-NO,,
S + 4-F, 3,4-diMeO,
| =R HN 15h,t, 3-NO,
Z 4 hr, 100 °C
2.45 2.46 2.47 (49-80%)
Me Me RS pl-
SNT R Rl=Cl, Br, CFy
g | . R R?=Me, H, Ph,
| . 1. 'BUOK/THF Z | 4-Anisyl,
—_
4-MeSO,CgH
Me 2C6M4,
~ 2. ACOH, TFA \N R 4-(2-Me)Py
| o R2 3. NH4OH, reflux 3
Me R”=H, SMe, F
SO,Me, MeO
2.48 2.49 2.50 (38-94%)
Scheme 2.8
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2.1.3. Catalytic Methods for the Construction of the Pyridine Ring

In the last decades, the widespread use of transition metal catalytic processes has also
affected the availability of methods for the production of azabiaryls. However, unlike the
many classic cyclocondensations which have been developed, few of the catalytic
methods involve the assemblage of the pyridine ring from smaller unsaturated units. One
of these uses gold or copper salts to cyclize aromatic ketones 2.51 with propargylamine
and furnish 2-arylpyridines 2.52 (Scheme 2.9).® A plausible mechanism involves a)
metal salt-catalyzed formation of the imino intermediate 2.56 followed by isomerization
to the enamine 2.57 (the carbonyl compound must therefore be enolizable), b)
regioselective 6-endo-dig intramolecular nucleophilic attack to form the organometallic
intermediate 2.58, c) protonolysis of the Cs-M bond to give dihydropyridine 2.59 and

regenerate the catalyst, d) final aromatization to 2.52.

Mechanism
HN H3C : CH2NH2 / \
/V ng%//‘}_@ O NaAUCI2H,0 =N
@ RY= or CuCI*2H,0 R /=
_>
\ MXn 9y \_/ EtOH, 100-140 °C \_/
e _ 251 R=H,F, Br(66-78%)  2.52
N — \
Y~ %M\ \I/
HsC I R Other examples:
256 R 251 2.58 —
. ‘\\'\fxn N\ P | A
MX % F Z
s N R
o]
H2N \Y - A/ R = 3-Py, 4-Py,
= \  / Ph (60-85%)
HsC | N —
R \ 2.53 (50% 2.54
2.55 \ \ . / (50%)

Scheme 2.9
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Within this section can also be mentioned the Pd-catalyzed iminoannulation of internal
acetylenes derived from the extension of Larock’s versatile chemistry.” Following this
protocol, variously substituted N-'Bu-vinylimines 2.60 were regioselectively annulated

under Pd catalysis using internal alkynes 2.61 to afford 2-arylpyridines 2.62 (Scheme

2.10).
R JBu Pd(OAc); (5mol %) 1
NN __ _, PPhg(10 mol%) I
| + Ph=——R . |
R? X Na;COsz, DMF, 100 °C 2 Z oh
2.60 2.61 52 - 99%

R3

R'=Me,H R?=Ph R® = Ph, COOEt, Me, Et, CH,OH 262

R' = R? = CHy-(CHy)1 2-CH,

Scheme 2.10

A likely mechanism follows a similar path to that described for related annulation
chemistry.®  Oxidative addition of the vinyl halide 2.60 to Pd(0) produces an
organopalladium intermediate 2.63 which, by inserting the acetylene, is converted into
2.64 (Scheme 2.11). This species undergoes reaction with the neighbouring imine group
to form a seven-membered palladacyclic ammonium salt 2.65, which undergoes reductive
elimination to form 2.66 and regenerate Pd(0). Finally, fragmentation of the N-'butyl
group driven by hindrance or by formation of the ‘Bu cation leads to the observed product
2.62. Catalyzed methods that, like the latter, use C-C or N-C units to assemble the
pyridine ring, inevitably afford heavily substituted products and often suffer from limited
scope due to the substitution pattern required in the SMs to control the regiochemistry of
the reaction. These problems are the main drawbacks in the synthesis of arylpyridines by
transition metal-mediated [2+2+2] cycloadditions31 or by cycloaddition of nitriles with

lithiobutadienes,** methods which will not be discussed.
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N X- 1 t
>-< R Bu
/—‘ R2 I P o | BN N/
. Pd° )
R R X
Rl
| NN 266 2.60
Z
R? Ph
R® 1 t
R + _Bu 1 t
2.62 | o R | X
Pd
R? — 2
[ ph R PdX
R 2.63

Scheme 2.11

2.1.4. Transition Metal-Catalyzed Cross Couplings of Aromatic Partners

Most of the metal-catalyzed methods to synthesize arylpyridines are based on the direct
coupling of halopyridines, many of which are commercially available, and an aryl or
heteroaryl metallorganic compound (-SnR3,* -B(OR)3,* -ZnX,> -MgX,* Si(OR3),”
In,*® Table 1.2, where 1.63 is a pyridine derivative). The most popular method is
certainly the Suzuki-Miyaura reaction due to the stability (and therefore commercial
availability) and low toxicity™ of arylboronic acids. Other metallorganic compounds (-
ZnX, -MgX) require to be freshly prepared (although often in situ), necessitate carefully
controlled coupling conditions (exclusion of moisture), suffer FG incompatibility (-MgX)
or may be toxic and therefore unsuitable for large scale reactions (-SnR3). As for the
alternative approach based on the coupling of metallorganic pyridines with aryl halides,

poor experience in the synthesis and isolation of borylated heterocycles has disfavoured
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the application of the Suzuki protocol versus the use of the Stille,* and, to a lesser extent,

the Negishi*' and the Corriu-Kumada** methods.*

The mechanism of these reactions,
shown for the Suzuki coupling in Scheme 2.12, is generally based on three key steps: an
initial oxidative addition of the active catalyst to the halide, transmetalation of the

metallorganic partner, and a reductive elimination final step that ejects the cross coupled

product and regenerates the catalyst.

Pd’L, ArX
Art—Ar
L
Art Arl-B(ORY), IX
/u + OR 1
Ln.1Pd"x L,Pd"x
Ar \Ar
Arl-IIB(ORl)Z -OR
OR
RO-IIS(ORl)z OR X~
OR ang"x
Ar
Scheme 2.12

The specific synthesis of 2-arylpyridines, complicated by the instability of 2-pyridinyl
boronic acid,* can be approached through the use of pyridinylsilanes which have been
rarely preferred to the alternative pyridinyl halides as cross coupling partners.®
Recently, Fort has reported that 2-TMS-pyridines 2.67 undergo cross coupling with aryl
iodides and bromides under Pd-Cu co-catalysis to give azabiaryls 2.68 (Scheme 2.13).*
The easy access to these silyl-pyridines by DoM makes this approach an effective link

between DoM and the Hiyama coupling methodology. Although the scope of this

protocol is limited to 2-pyridyl arenes (2.68), this method acquires a high significance in
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view of the low reactivity of pyridinyllithium reagents towards tetraethyl orthosilicate
Si(OEt)s* to give the corresponding siloxanes, a fact which has weakened the HetDoM-
Himaya nexus.

PdCI,(PPhg),, 5 mol% ’
PPh3, 10 mol% DMG I

\’Y Cul (1 equiv) N
l/ ! > l/ )
~ZN TBAF (2 equiv) ~N

RCgH4X (0.5 equiv)

2.67 DMF /1t / 12h 2.68
DMG = 3-OMe, 3-Cl, 4-Cl, R = H, 2-OMe, 3-OMe,
6-Cl, 3-F, 6-F 4-OMe, 4-F, 4-OAc
X =Br, |
Scheme 2.13

2-Azabiaryls such as 2.72 have been obtained in a convenient one-pot version of the
Stille coupling of 2-Br and 2-OTf pyridines 2.69 with a variety of het(aryl) bromides 2.71
(Scheme 2.14).** The successful minimization of homocoupling processes is due to the
high reactivity of 2-halopyridines in the oxidative insertion of Pd(0), not only vis a vis 3-
and 4-brominated® or triflated pyridines,® but also against the C-Br bond of the

coupling partners.

TN MezSnSnMe; TN
R_K p7 d h R_'I\ p/
N x  Pd(PPhy), N SnMes
dioxane
2.69 reflux / 18h 2.70
X=0Tf;, R=H R!= H, 4-Me, 4-OMe, 4-COMe, 4-CN
4-COOMe, 4-Ph, 4-NO,
X =Br; R=H, 3-CHO, 4-CHO, 5-CHO R = H, 3-CN, 4-CN, 3-OMe, 4-OMe,
X =5-CN, 5-Cl, 5-COOMe, 4-Me, 3-NO,, 4-NO,
Scheme 2.14

Thus, the initial rapid formation of a pyridylstannane 2.70 in the presence of the less

activated, bystander bromides, is followed by standard oxidative addition of the latter to
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Pd(0), transmetalation with the stannane and reductive elimination to afford the 2’-
arylpyridines 2.72. On a similar concept is based the Ni-catalyzed electroreductive
coupling of aryl halides 2.73 with 2-halopyridines 2.74 to give azabiaryl 2.75°' whose

mechanism is based on two sequential oxidative addition steps (Schemes 2.15 and 2.16).

1

R?
N X X NiBr,Bpy, 13 mol% RN{= =\ R’
| * | g

P — Zn, Mg or Fe anode N\ // N\ /
N Y N

e”, DMF
2.73 2.74 2.75 (30-81%)
R! = 4-MeO, 2-MeO, 2-Me, 4-Me, 3-CN R? = H, 6-MeO, 5-CF3, 3-COOE, 3-Me, 6-CN
4-NMey, H, 4-OH, 4-NH,, 4-OCOCH3 (3-CN, 6-Me)
4-CHO, 4-COCHg, 4-CN, 3-CN, 4-CF3, X =Cl, Br, |
4-SO,Me, 4-Cl Y =ClI, Br
Scheme 2.15

However, unlike in the one-pot Stille coupling (Scheme 2.14), voltammetric
measurements have shown an inverse order of reactivity of the aryl halides towards
electrogenerated Ni(0)bpy, with most bromobenzenes reacting in the first oxidative
addition step (I* OA) and 2-chloro or bromopyridines in the second one (2" OA,
Scheme 2.16). Thus, homocoupling is kept under effective control, unless the effect of
substituents on the respective partner rings (for example EWGs on the pyridine and
EDGs on the aryl bromide) may invert their reactivity in the oxidative addition step,
leading to bipyridines. In these rare cases, the required balance of reactivity can be re-
established by using the more reactive aryl iodides and the less reactive pyridyl chlorides.
The latter is an interesting example of the contribution that electrochemistry, often
neglected in synthesis, may offer to the development of organic reactions. An interesting
avenue to 2-arylpyridines has been recently opened by Fagnou’s work, which has
established the conditions for a very efficient Pd-catalyzed regioselective direct arylation

of pyridine N-oxides with aryl bromides (Scheme. 2.17).%
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le” X

ArNi"X(bpy) <;

ArX ArNi'(bpy)
15 0A
o +€%,-Brr +e7, -Br~ 0 Pyx
Ni"Bry(bpy) ——3m NiBr(bpy) ———mm=  Ni“(bpy) ond oA
e
- ArPyNi'"X(bpy)
Ni'X(bpy) _
ArPy
Scheme 2.16
R! R!
Br 1) Pd(OAc),, PtBug-HBF,
| Y, \O ,  KyCOs, PhMe, 110 °C | S
—R? ——
Z ~Z Z
NG 2) Pd/C HCOONH, N X
| MeOH, rt | —r?
o- =
2.76 2.77 2.78
R =H, MeO, N,O RZ%=2-Me, 4-Me, 3,5-diMe, 4-CF 74-97%

3-MeO, 4-MeO, 4-CO,Me,

Scheme 2.17

Despite the need for 4 equivalents of the N-oxide, the strength of the method lies in the
use of inexpensive, commercially available and shelf-stable materials. Subsequent Pd-
catalyzed reduction with ammonium formate leads, in high yields and under mild
conditions, to the 2-arylpyridines 2.78. Recently, Charette has reported a similar
approach to 2-aryl pyridines which requires only a small excess (1.5 equiv) of the
pyridine derivative. Thus N-iminopyridinium ylides 2.79 undergo Pd-catalyzed direct
arylation with electron-rich and electron-poor aryl and heteroaryl bromides (Scheme
2.18). The o-arylated ylides (2.80) can be further functionalized at C¢ (2.81) or undergo
reductive cleavage of the N-N bond to give 2-arylpyridines (2.82). Interestingly, an

intermolecular competition experiment between 2.79 and pyridine N-oxide (2.76)
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suggests that the amide functionality of 2.79 is a stronger directing group than the N-

oxide.
1) MeMgBr | N
CH,Cl, P
Pd(OAc), (5 mol%) 2) Oy, TFA Me N+
P('Bu);z (15 mol%) CH2C|2 |
Ph N=

RI—L N Br 2 f
o \© L2 KeCOs/MS. 3A RJ—K For R'=R? = H
N+
/ o _
,|\l PhMe /125°C/16-20 h 5% 2 steps)

\[( Ph X
0 \n/ 1) Mel / Acetone /
2.79 2.77 O 280 75 °C
R=H R%=H, 4-OMe, 3,4-OCH,0, 4-CN, 2-Me  53-80% 2) Zn/AcOH /rt

4-Ac, 4-COOMe, 4-CF3, 3,5-di-F 2.82 (66%, 3 steps)
R'=23-(CH=CH),, R®=H 57-78%
3,4-(CH=CH),,
3-Me, 2-"Pr
Pd(OAc) (5 mol%) N
P('Bu)z (15 mol%) |
K,CO3 (3 equiv) / M.S. 3 A N4
|
'l\' PhMe /125 °C / 17h Ph N~
\[r & \[r
o o]
. _ 2.84
2.79 (1.5 equiv) 2.76 (2 equiv) 2.83 (56%) (not observed)
Scheme 2.18

2.2.  Ortho Metalation of DMG-Bearing Pyridine Systems

In the early 1970s, while the development of DoM in aromatics was already in full gear
flight, the exploration of the ortho-metalation of n-deficient heteroaromatics stood still on
the runway. One reason was the readiness of these low LUMO-level substrates to
undergo, even at low temperatures, nucleophilic attack at the C=N bond by alkyllithium
reagents. However, the proven vocation of pyridines for the synthesis of biologically
active molecules has called for a wide screening of metalation conditions and suitable
bases, which have culminated in providing clean, selective metalation and introduction of
a plethora of electrophiles. Due to the effect of the nitrogen atom, the pK values of the

pyridine protons are estimated to be slightly lower than those of benzene (pK 43) but
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higher than 36, the value of diisopropylamine (DIPA).” In the presence of electron-
withdrawing DMGs (I, Cl, Br, F, CONR,, SOR, CN, ...) whose inductive effects increase
proton acidity and ring sensitivity to nucleophilic attack, hard, non-nucleophilic bases
like LDA (pK 35.7)>* or the stronger LITMP (pK 37.3) are generally the first choices to
effect deprotonation without the interference of metal-halogen exchange and ring
addition processes. However, the successful metalation of 2,4-dichloro-,>® 3,5-difluoro-
37 and 2-chloro-5-bromopyridine™ with alkyllithiums, to quote only a few examples,
suggests that the use of soft bases with disubstituted pyridines should not be dismissed
without testing. With strong coordinating DMGs (NHCOR, OCONR,, CONHR) and in
other substitution-dependent cases (DMG = Cl, OR, F) where LiTMP does not effect
deprotonation, the soft alkyllithiums can still be used successfully with the proviso of
applying carefully controlled reaction conditions. Finally, highly electron-rich pyridines
can be likened to benzenes due to their high LUMO energy and, as demonstrated for
several dialkoxypyridines, may be safely metalated with unhindered alkyllithiums at
relatively high temperatures (0 °C —rt).”> The metalation of pyridines bearing C3-DMGs
poses the question of regioselectivity since lithiation may in theory occur at C, or Ci.
The relative rates of hydrogen-deuterium exchange of pyridine, as measured by
Zoltewicz in CD3;OD-CDs;ONa at 164.6 °C, are 1.0 : 9.3 : 12 for H,, H; and Hy4
respectively.®® With some differences in the ratios, similar patterns can be found in other
solvents (1 : 2.3 : 3.0 in D,O-NaOD at 200 °C*' and 1.0 : 72 : 240 in NH3-NaNH, at —30
°C)® and appear consistent with similar measurements carried out for 3-Cl-pyridine (1 :
53 = H, : H; in CD;OD-CD;ONa at 1102 °C)® and with evidence that

dehydrohalogenation of meta-halopyridines furnishes only 3,4- and not 2.3-pyridyne.**
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Contrary to expectations solely based upon inductive effects, the ring nitrogen does not
facilitate carbanion formation at C, to the same degree that it does for more remote
centres. The reason for this observation is attributed to two as yet experimentally
unverified factors: a) the electrostatic repulsion between the coplanar nitrogen electron
pair and the incipient electron pair of the transition state for deprotonation at C,; b) the
endo angle at C, is 4° larger, and the angles at C; and C,4 are 1° 24’ and 1° 54° smaller,
respectively, than the 120° angle found in benzene.”® This geometry, which qualitatively
applies to 3-fluoropyridine as well,’® may correspond to a decrease in the s character for
the C,-H bond and, therefore, to a decrease of its acidity, while an opposite but slighter
change is expected for C; and C4. Consequently, C3-DMG bearing pyridines generally
undergo deprotonation at Cq4, the most acidic site. In several cases, however, metalation
of such systems occurs selectively at C, or C4 depending on the experimental conditions,
and this regioselectivity may be explained in terms of thermodynamic or kinetic control.
In the following section, an updated review of the most important DMGs in the pyridine
series is given, limited to the parent compounds in order to discuss observations, case
studies, problems and the solutions that have been developed during the progress of the

research comprising this thesis.

2.2.1. Halogen-based DMGs

The experimental data that follows documents the meticulous attention towards the
chemo- and regioselective lithiation of halopyridines which has its rationale in their wide
commercial availability or easy synthetic access from other derivatives and, more

importantly, in their synthetic versatility by which they can be substrates for metal-
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halogen exchange, addition elimination, Sgx1 and cross coupling reactions. Furthermore,
lithiated halopyridines are less prone to decompose to pyridynes compared to aryl halides
by elimination of lithium halides. To illustrate, while o-fluoro-, o-chloro- and o-
bromophenyllithiums have been prepared by metal-halogen exchange at -60, -90 and -
100 °C (the latter only in 23%) respectively,”” o-chloro- and o-bromopyridyllithium
intermediates are generated at —40 and —78 °C, respectively (see Schemes 1.45-1.47) and
3-fluoro-4-lithiopyridine eliminates LiF only at rt.®® A large part of what we know about
this topic has been uncovered and developed by Quéguiner who has established
optimized metalation conditions for an impressive number of halopyridines.®
Schlosser’s research has especially focused on the application of the concept of
“regioexhaustive substitution” which asserts affordable access to all isomers of a given
di- or polysubstituted halopyridine from a simpler substrate.”’ This is accomplished,
although at times through winding pathways, with a restricted set of principles and
methods (“toolbox methods”), namely, but not exclusively, ring-walk metalation, site
discriminating deprotonation (indicated as “optionally site selective metalation”), metal-
halogen exchange, halogenation-dehalogenation, “congestive” protective groups, and
basicity gradient-driven iodine migration (“halogen dance”). More recently, Gros and
Fort have imparted an original momentum to this topic with the discovery of new
metalating agents that allow traditionally disfavoured ring positions to be lithiated and

functionalized.

2-Fluoropyridine undergoes ortho-lithiation with excellent regioselectivity using LDA,”"
LiTMP," or Schlosser’s super base (LIC-KOR)" at low temperatures (78 °C, 2.85 —

2.87, Scheme 2.19). Only recently, higher temperatures have become applicable with
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new non-nucleophilic metalating agents that generate stable metalated intermediates.
The use of magnesate Bus(TMP)MgLi, at —10 °C does not result in pyridyne formation
but appears to have a narrow scope on 2-fluoropyridine as only iodine quench has been
demonstrated.” The lithiating agent TMSCH,Li/LiDMAE (2.85 — 2.86) is the result of
the optimization of Gros and Fort’s original "BuLi/LIDMAE (Me,N(CH;),0OLi) system
which, in the last decade, has been applied to effect the o-lithiation of pyridines
independently from, although often times synergistically with, DMGs on the ring.”” The
formation of aggregates involving LiDMAE, "BuLi, the ring nitrogen and, when
accessible, the DMG of the pyridine substrate improves the basicity/nucleophilicity ratio
of the alkyllithium and, by maintaining this base close to the nitrogen, ensures a selective

2-lithiation of the substrate (2.88, Fig. 2.2).

1) TMSCH,Li Conditions E (YId)
LiDMAE LDA/-78 °C CH(OH)Ar, B(OR)
Cond J 2
| N Hexanes 0°C TMS (43-95%)
P E PhLi/DIPA (5%)  CHO (60%)
E N F 62-69% THF, -50 °C
286 285 287 LIC-KOR or LITMP COOH (57%, 84%)

THF / (-78 °C)

Bus(TMP)MgLi, | (84%)
THF /-10 °C

E = SMe, CH(OH)Ph, COPh

Scheme 2.19

While the original system typically requires a three to four-fold excess of
"BuLi/LiDMAE and electrophile (to avoid its consumption by the excess of base) as well
as low metalation temperatures (—78 °C) to minimize addition side-reactions,
TMSCH,Li/LIDMAE is effective at a 2-fold excess and displays a very low
nucleophilicity, allowing the use of more practical conditions. Thus, 2-fluoropyiridine
can be metalated at —100 °C’® with the original Gros and Fort reagent or at 0 °C thanks to

the low nucleophilicy of TMSCH,Li (2.85 — 2.86, Scheme 2.19).”” The requirement of
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hexanes or toluene as solvents is noteworthy, as the more common metalation solvents

(THF and Et,0), interfere with the chelate 2.88 in virtue of their coordinative ability.

DMG
DMG
z z : ’z
I | .- H.":’\ I K H ‘e,
N S A TR X A TR
H31 N TDMG N L NT L
Lol LT : A
R/\- . N— Li--O I-" (6]
(A /’l\‘ /’l\'\)
2.88 2.89 2.90

R = CH,CH,CH,, TMS

Figure 2.2  Possible Aggregates Involving the Ring Nitrogen in the Metalation of
Pyridines with the "BuLi/LiDMAE Reagent

The metalation of 3-fluoropyridine has been thoroughly studied by Quéguiner who has
shown the critical role solvents play in these processes.”® While LDA”**and LIC-KOR
regioselectively metalate this substrate at C4 (2.92, Scheme 2.20), "BuLi at —40 °C gives,
without competition from nucleophilic side reactions, mixtures of 2-lithio- and 4-lithio-3-
fluoropyridine species both in THF and Et,O. However, while THF favours lithiation at
C4, Et,O promotes lithiation at C,, and these effects are heavily reinforced by addition of
TMEDA. These observations may be rationalized by a kinetically controlled lithiation at
C, in Et,0O, following coordination of the base with the pyridine nitrogen (2.93). This
event may also increase the acidity of H, through the amplified inductive effect of the
coordinated nitrogen.”  Quéguiner’s calculations, in fact, suggest that as MeLi (a
simplified model for "BuLi) approaches the ring nitrogen of 2.91, H, becomes more
acidic than Hy. At higher temperatures or with longer metalation times, the C,-lithiated
species equilibrates to the thermodynamically most acidic Cs-species through the
intermediacy of 2,4-dilithio-3-fluoropyridine, which has been trapped as the bis-TMS

derivative (yield not reported). Lithiation at C, does not occur in THF, probably because
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the more basic molecules of this solvent prevent the formation of the chelate 2.93 and the

metalation is kinetically controlled at Cs4, the most acidic site of free 3-fluoropyridine.

N
| 1) "BuLi/ TMEDA 1) Conditions F

- Et,O/-75°C AN
| Ny _ERO7-5" (j/ 2) e I
Z,
~ Nuu | j—"Bu

K/ — 2.92
only isomer
| N 1) TMSCH,Li (only )
2.93 LiIDMAE Conditions E (Yld)
hex /0°C
2)E," LDA/THF/-75°Cor  TMS, |, AsMe,, C(OH)Et,, Br,
"BuLi / TMEDA C(OH)Me,, CH(OH)Me, CH(OH)Ar,
THF /-40 °C CHO, B(OR), (15-87%)
B F 2) E;*
| 1 > | LIC-KOR/THF/-78°C COOH (51%)
b .
N Li N E,, BusMgLi /THF /-10 °C I, CH(OH)Ar, allyl (40-74%)
2.94 2.95
E; = TMS, AsMey, Br, C(OH)Et,, CH(OH)Me,
CHO, C(OH)Me,, CH(OH)Ar (25-80%)
E, = SMe, CH(OH)Ph, COPh (82-91%)
Scheme 2.20

While complete regioselectivity in the C,-lithiation of 3-fluoropyridine in Et,O cannot be
achieved even at very low temperatures (TMSCI quench gives at best 73% of the 2-TMS
derivative and 6% of the 4-TMS isomer), DABCO, used in place of TMEDA, drastically
lowers the solubility of 2.94 and hence its isomerization rate, resulting in complete
regioselectivity. Recently, process chemists at Merck have reviewed this procedure and
made it amenable to the kilogram scale preparation of 3-fluoro-2-carboxylic acid.® As
for 2-fluoropyridine, the metalation temperatures can be drastically increased for 3-
fluoropyridine using TMSCH,Li. The unselective (C,:Cs = 53%:45%, TMSCI quench)
but quantitative lithiation of 3-fluoropyridine at 0 °C with TMSCH,Li alone can be
effectively cured with the addition of LIDMAE, which strongly favours C,-deprotonation

(2.91 — 2.95, Scheme 2.20). The metalation of 3-fluoropyridine with "BuLi/TMEDA in
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Et,0 and with TMSCH,Li/LIDMAE are similar in outcome and mechanism. In both
cases, the coordination of the ring nitrogen is critical to the regioselectivity through a
chelate, which is sensitive to the coordinative aptitude of the solvent. As with the 2-
fluoro isomer, magnesiation (with BusMgLi, -10 °C) makes relatively high temperatures
amenable to the Cs-functionalization of 3-fluoropyridine.  Although the 4-lithio
intermediate may be stable for some time at this temperature, the successful metalation of
3,5-difluorobenzene under the same conditions (with BusMgLi, -10 °C) suggests that the
mechanism does not proceed through a pyridyllithium intermediate, but directly via a

stable magnesate.

The metalation of chloropyridines (especially the 3-chloro isomer, 2.96—2.97, Scheme
2.21)*" has been achieved with generally good results by Gribble under LDA

conditions.

1) LDA /70 °C

oL or PhLi / DIPA (5 mol %) 1) TMSCH,Li-LiDMAE
N THE / -40 °C hexanes/O °C
D
ANy OF o 2)E /| THF /78 °C /\
54-95%
2.97 2.96 2.98
2-Cl  E=D, TMS, CHO, CH(OH)AT, Me, allyl, E = Br, CHO, SMe, COPh, CH(OH)Ph
C(OH)Ety, Br, I, C(OH)Ph,, B(OR), (30-80%) (54-95%)

3-Cl  E=TMS, I, SPh, CH(OH)Ph, C(OH)Ph,, B(OR), (51-96%)
4-Cl  E=TMS, B(OR), (43-92%)

Scheme 2.21

However, the electrophilic quench of 3-lithio-2-chloropyridine thus obtained, gives low
yields of products® (e.g., E* = DCI, 47%) suggesting that the metalation equilibrium
does not strongly favour the lithiated intermediate. This problem has been overcome by
Mallet by applying the LDA-catalyzed metalation technique (2.96—2.97, Scheme

2.21).** This method, also used in the metalation of 2-fluoropyridine, is especially useful
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to metalate weakly-acidic substrates (e.g., 2-methoxypyridine, Scheme 2.29) whose
ortho-lithiated derivatives are formed in very small amounts in equilibrium with DIPA.
Thus, small amounts of LDA can be used to obtain high concentrations of the lithiated
intermediates 2.99, as long as DIPA is efficiently removed from the system by
irreversible reaction with PhLi (Scheme 2.22). This method is not required for the
silylation and boronation of chloropyridines since the base-compatible electrophiles
TMSCI and B(O'Pr); consume the lithio intermediates as they are formed, driving the
reaction to completion.”>”**82*  A]] isomeric chloropyridines have been o-metalated at
-78 °C with "BuLi/LIDMAE and, with similar results but at 0 °C, with
TMSCH,Li/LiDMAE (Scheme 2.21).”"% Since 3-chloropyridine undergoes Cy-lithiation
with lithium amides, the reversed C,- regioselectivity of the aminoalkoxide aggregate on
this substrate represents a most welcomed result which requires exploitation. This result
may well be based on a cooperative effect of the DMGs (3-Cl and ring nitrogen, see 2.89,

Fig. 2.2).

PhH PhLi

.

Li
R » R

| + LDA —~——— EI +  DIPA
7z z
N

Cl N Cl

2.96 2.99

Scheme 2.22

The metalation of bromopyridines has not met with the same success as that seen with
chloropyridines, and the methods available have not been generalized. 2-Bromopyridine
undergoes Cj lithiation by LDA in a rapid equilibrium, which precludes efficient trapping

of the C3-lithio intermediate by electrophiles (2.101, Scheme 2.23). However, when an
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excess of LDA is used to shift the equilibrium towards the lithiated species, the latter
succumbs to LDA nucleophilic attack, which triggers a competitive ring opening process
(2.102).%¢ Recently, the ortho-bromination and boronation of this substrate has been
achieved in moderate to good yield (2.103) by using the stronger base LiTMP and
transmetalating the pyridyllithium intermediate to an arylzinc species which is then

quenched with Br, or B(O'Pr);.” "%

l) LiTMP (l 1 equw) 1) LDA / THFE
(I THF /-78°C | X 78 °C | VS | o MS
D — +
Z 2) TMS Z CN
Br Z)ZnCIZI -78°C N g 2 N B iy
3)E*/-78°C ro
2.103 2.100 2.101 2.102
E = Br, B(OR), (with LDA) te
(53-77%) D DIPAZN'BURLT ) pa equiv
o Et,0, -20 °C
1) TMPZn'Bu,lLi 21, 1 55% -
Et20, rt 4 40% 30%
2) 1
[
B B
Z Z
| N Br N Br
2.104 (86%) 2.105 (72%)
Scheme 2.23

As seen with the magnesates, higher metalation temperatures have been used in Kondo’s
“regiocontrolled deprotonative zincation” which is based on the use of aminozincates.™
Under Kondo’s conditions, 2-bromopyridine was shown to undergo metalation at Ce
(2.104) by zincate TMP-Zn'Bu,Li and at Cs (2.105) by an analogue DIPA-zincate with no
formation of 2,3-pyridyne.* 3-Bromopyridine may be lithiated by LDA (Scheme 2.24),
but the 4-lithio intermediate undergoes intermolecular lithium-hydrogen exchange
(“halogen dance”, see below) which results in a mixture of regioisomeric products”

(2.107 and 2.108), unless temperatures lower than —78 °C are used (2.109).780-820-91

Kondo’s metalating agents, instead, allow optionally site selective metalation of 3-
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bromopyridine and lead to the selective generation of isomeric 2- and 4-pyridylzincates
which are stable at room temperature (2.110 and 2.111). Cross coupling of Kondo’s
arylzincates has been demonstrated under Pd catalysis (Table 1.2); however, no
electrophile other than iodine has been shown to be trapped by these intermediates,

posing a serious limit to the scope of this methodology.

E
Br 1) LDA/ THF Br 1) LDA/ THF
N <-78 °C N 60 to -50 °C
| - || 2.106 + +
Z 2) E* N/ 2) Mel (30%)

36-81%
2.109 2.106

E = SPh, CH(OH)Me, Br
C(OHMePh, B(OR), 1) DIPAZn'BusLi

E
CH(OH)CH=CHj, Et20, rt (1 equiv) 5 c
ArCHO, ArCOMe 2) 1 THF /-78 °C | 7 ©/
1) TMPZn'Bu,Li +
)Etzo, re z 2) E'/-78°C N/ N/

2.107 (18%)  2.108 (54%)

DiguLi

2) 12
Br Br E . .
| X | X 2.112 2.113
7 ~ 0, —
N | N T™S 70%
D 21% 49%
2.110 (68%) 2.111 (56%) SMe 20% 50%
Scheme 2.24

Recently, in a surprising result, 3-bromopyridine was shown to be cleanly ortho-
metalated with ‘BuLi to give its 4-silylated derivative 2.112 and not, as expected, the
product of metal-halogen exchange 2.113 which is observed with "BuLi. However, the
order of addition was found to be critical to the chemoselectivity of the reaction as
inverse addition of the reagents totally reversed its outcome, giving 2.113. A screening
of the experimental conditions showed that increasing metalation temperature, time, as
well as the number equivalents of base affect the product ratio in favour of M-X
exchange and that, in any case, the 4-lithiated intermediate can be trapped selectively
only with TMSCI. This suggests the formation of a reactive precursor common to the

two pathways, which, depending on the conditions, partially or totally evolves towards 3-
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lithiopyridine or, if TMSCI is added,” is fully converted into 4-lithio-3-bromopyridine
and then rapidly trapped. ‘BuLi and ‘BuLi have also effected clean o-lithiation of 2-
chloro-5-bromopyridine (2.114, Scheme 2.25), which has been used to illustrate the solid
phase metalation of a scaffold with numerous reactive sites for introduction of structural
diversity. The silicon-based linker allowed traceless and quantitative cleavage, and the
two halogen functionalities were used for double Sonogashira, Stille and Suzuki coupling

reactions, ortho-lithiation (Br), SNAr reactions (Cl) and metal-halogen exchange (Br).”

M-X ex

, chLl, CH(OH)tBu (85-93%) ,
(CH2)4 (CH2)4
Et—Sl—Et Et—Sl—Et
gr D ‘BuLi l) LDA (6 equiv)
/m THF/-78 C/5m|n TH,:/78 °c
=
cl N 2) CISlEtZ(CH2)4—. 2)E (8 equiv)
2.114 2.115 2.116

SNAT, morphollne pirrolidine, NMe, (87-97%) E = SMe, CI

Sonogashira, (74-96%)

Scheme 2.25

As Gribble reported,*” 3-iodopyridine gives fleetingly stable lithio derivatives even at
—95 °C and, in fact, the DoM of iodopyridines, achievable with LDA or LiTMP, is
known only in substrates bearing other substituents. Depending on the metalated
position, ortho-lithiated iodopyridines easily undergo iodine intermolecular migration
leading to more stable isomers. This rearrangement, called the “halogen dance”, can be a
nuisance at times but, when occurring cleanly, can be turned into a useful synthetic

tool.”

It was with this aim that Quéguiner explored the behaviour of a series of
polyhalogenated pyridines and found that, in certain cases, these may be lithiated without

decomposition and, before electrophilic quench, undergo rearrangement to the most
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stable lithiated species.”” Thus, the 2-halo-3-iodopyridines 2.117 (Scheme 2.26) were
found to form a stable 3-lithiated species 2.119 (owing to synergistic stabilization by two
EWG = DMGs) which derives from the rapid isomerization of the Cs-lithio intermediate
by halogen dance. The 3-halo-4-iodopyridines 2.121 may follow a similar reaction
course; however fluorine directs the formation of a 2-lithiated intermediate which
undergoes isomerisation to the more stable 4-lithioderivative 2.123. Only if the 2-
position is already substituted (2.125), DoM at Cs is observed followed by isomerization
of the Cs-lithio intermediate to the doubly stabilized Cs-anion 2.127. Recently, the
optimization of this reaction on a number of iodopyridines bearing the powerful
carbamate group 2.129-2.131, has shown that high dilution and a 30 min metalation time
are crucial to achieve high yields in the “dansed” product.”® The migration patterns
mirrored those observed with the polyhalopyridines above and with the 3-
iodopicolinamide 2.132 tested by Quéguiner.”” Remarkably, an ortho-iodination
followed by in situ halogen dance has been carried out on 5-bromonicotinic acid (2.133)
using an unusual base (Scheme 2.27).”® An interesting application of the halogen dance
in total synthesis is the one-pot reaction sequence that led in excellent overall yield to a
close precursor of the alkaloid amphimedine (2.135—2.137, Scheme 2.27).” Although
much remains to be learned about the mechanistic details of this reaction, experimental
evidence supports the hypothesis of an intermolecular mechanism based on two
consecutive lithium—halogen exchange steps that are thermodynamically driven (Scheme
2.28). All halogen dance reactions can be explained through the intermediacy of key
polyhalogenated species like 2.142 (defined as cocatalysts) which, in many cases, have

been isolated.'” The ortho metalation of iodopyridines may benefit from the use of
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lithium metal complexes'®' and mixed Mg/Li bases'** whose ortho-lithiated products can
be reasonably expected to display a lower tendency towards dehydrohalogenation and

undesired halogen-dance.

Li
DA ! Li E
| +
X THF /75 °C X X E X
| — —> | |l — |l
Z Z Z Z
N7 X N N N
2117 2.118 2.119 2.120
E = D, Me, PhCH(OH), NH,, CHO, |
X=Cl 57-75%
X=F 54-96%
Li E
oA F F F
+
X THF /75 °C N S E X
Z Z Z ] Z
N N7 i NN | 70-99% NN
2121 2.122 2.123 2.124
E = D, Me, ArCH(OH), COOH, |
| Li
g DA Li F ! F | F
X THF/-75°C |- X X E X
—_— — — |
Z Z Z R Z
N | N | N | | 64-78% N I
2.125 2.126 2.127 2.128
E = D, Me, ArCH(OH), |
1) Hal-Dance 2) (E) 1) Hal-Dance
(Lim | 1) Hal-Dance OCONE, o
- 26 CONEt, TMS 1 2 E I 2) (E)
AN X X
| _ | / | 1) Hal-Dance ||
N CON'Pr, N O N4 ®) N7 conpr,
2129 (0-96%) 2130 (68-95%) 2131 (58-93%) 2132 (80-97%)
E=H, D, Me, CONEt, E =H, D, Me, CONE,, E =H, TMS, Br E =D, Me, CHO, Et
T™S, CI, Br, | T™S, CI, Br, | ArCH(OH), I, H
Scheme 2.26
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Li Li [
S S z
2139+ | —_— || + |
P P S
N~ “OCONEt, N~ “OCONEt, Et,NOCO N
2.143 2.141 2.142
Scheme 2.28

2.2.2. Oxygen-based DMGs

Paralleling the behaviour of 2-halopyridine and despite its inherent richer © system, 2-
methoxypyridine is more prone than its 3- and 4-regioisomers to nucleophilic addition of
"BuLi at —78 °C, perhaps due to intial RLi N-coordiation. Even the less nucleophilic
"BuLi/LiDMAE system did not display high chemoselectivity'” (2.150 + 2.151, Scheme
2.29) and neither has any result with the TMSCH,Li/LiDMAE aggregate been reported to

date. LDA predictably fails to achieve complete deprotonation of 2-methoxypyridine'**
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unless the equilibrium shift technique (simultaneous addition of an excess of base and

TMSCI) is used, which finds, however, a heavy limitation in the small number of base-

compatible electrophiles which are available (2.144 — 2.147).'”

CH, MeLi

Mg LDA/TMSCI )>'< L c
AN (3 equiv) N I E*
| - || + LDA=T/—== DIPA | N — || N
Z THF/0°Cto rt z Z Z

N OMe N OMe 15-70%

quant. N OMe N OMe
2.147 2.144
1) "BuLi-LiDMAE 2.145 L2146
E hexanes, -78 °C / 1h E =RR'COH, TMS, Me,
| N DMesLi 1) BusAI(TMP)Li 2)E*/ THF /-78 °C D. I, Br, CHzCH;0H,
P ZTETF/O ¢ THF /-78 C H
N OMe ) 2) 1, (8 equiv) S Z H
2.148 (62-66%) | 82% | +
A ps H 7~
E = CH(OH)Ph, CHO, C4H, | 7 N7 “ome o/ N “owme
y/
NT Nome 2.150 (41-75%) 2.151 (15-53%)
2.149 E = TMS, SMe, D, RCH(OH)R', SnBus
Scheme 2.29

A remarkable improvement of the yields was obtained with the application of the LDA
catalyzed metalation technique (2.144 — 2.146) although it has been now superseded by
the use of mesyllithium, a hindered base that has been found by Comins to promote

efficient metalation of all three isomeric methoxypyridines (2.148).'%

Finally, iodination
of 2-methoxypyridine has been achieved with the aluminum “ate” base, ‘BusAl(TMP)Li,
although the pyridyl aluminate intermediate has been quenched only with a large excess
of iodine (2.149)."”  Unlike 3-halopyridines, 3-alkoxypyridines do not undergo
regioselective lithiation with LDA (2.154 and 2.153, Scheme 2.30). However, their
metalation resembles that of 3-fluoropyridine, since the 2-lithiated 3-methoxypyridine,

generated selectively with "BuLi/TMEDA in THF at —40 °C, slowly isomerizes to its 4-

lithio isomer with time or increase of temperature (60 °C).'”® The initial formation of the
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C,-lithio species may be due to the combination of the MeO DMG effect and the

chelation of "BuLi/TMEDA with the nitrogen, which effectively provides a CIPE.

1) LDA (1.2 equiv) 1) "BuLi / TMEDA

OMe OMe OMe
| N | S THF/-42 °C m THF/ -40 °C
+ e S
Z 2 2 2) MeCHO
N T™S N ™S 2) TMsCl N )

(2 equiv) 49%
2.154 (42%) 2.153 (33%) 2.152 2.155
OMe 1) MesLi 1) "BuLi/ LIDMAE
N THF /-23 °C hexanes / 0 C
E = CH(OH)Ph, cHo, |l _ -
SMe N E 2)E" 2) MeSSMe (4 equw)
65-84% THF /-78 °C
2.156 88% 2.157
. OMe OMe
1) "BuLi/TMEDA 1) "BuLi (2.2 equiv)
OEt / OEt ome 2 ed OMe
| RS THF /-40 °C | N | RS THF/-70 or 0 °C | RS
S
7 2)E z - 2)E* P
N 27-83% N E N 45-84% N E
2.158 2.159 2.160 2.161
E = TMS, AsMe;,, CH(OH)CHg, CEt,(OH), E = TMS, Me, CHO, CH(OH)Ph,
CHO, p-MeO-CgH4CH(OH), CH(OH)Me, Br, |
Scheme 2.30

This unusual orientation pattern is not observed in the lithiation of pyridines bearing
other oxygen-based DMGs (OMOM, OCONR;,, OC(S)NEt;) at C;. In these cases, a
synergistic coordinative effect of the two heteroatoms in the DMG has been suggested to
reduce the significance of the nitrogen-base interaction. However, the C,-selective
metalation of 2.152, while easily rationalizable in the reaction with LIDMAE (2.152 —
2.157), is difficult to explain when the reaction is carried out in the absence of any
additive amine (2.158 — 2.159 and 2.160 — 2.161,”° Scheme 2.30) and suggests that the
role of TMEDA may not be critical. As with the other isomers, 4-methoxypyridine is
metalated with poor regioselectivity through an unfavourable equilibrium which restricts
electrophilic quench to silicon (2.163 + 2.164, Scheme 2.31).'%'"  While the C;-

lithiation of this substrate relies on mesyllithium (2.166), and, at a higher temperature, on
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phenyllithium (2.165),”¢  C,-functionalization is achievable with "BuLi/LiDMAE;

however, the latter reaction has not been generalized with respect to electrophiles (2.167).

OMe OMe
TMS 1) LDA | THF 1) PhLi/ THF E
S A
| 0°C/1h |
Z e p/
N 2)E* N
2.164 (16%) 2.163 (61%) 2.162 67-90% 2.165

E = CH(OH)AT, I, Br

OMe OMe
E 1) MesLi 1) "BuLi / LIDMAE
E = CH(OH)Ph, CHO, N THF /23 °C hexanes /-78 °C N
SePh, SMe | _ - | > | _
N 2)E* 2) MeSSMe (4 equiv) N SMe
65-84% THF /-78 °C
2.166 78% 2.167
Scheme 2.31

Among the MOM-derived pyridinols, only the 3-isomer has been subjected to DoM and
without systematic scope exploration. ‘BuLi was found to effect metalatation of this
substrate with a large predominance of Cs-regioselectivity as shown by iodine quench

experiments (2.169 and 2.170, Scheme 2.32)."'"°

| R=H R = OMe CHO
t . .
MOMO. MOMO. 1) ‘BuLi  momo 1) MeLi MOMO
N N -78°C N DIPA (2 mol%) N
I + I - I — |
~ i~ 2) 1 Z THF /0 °C Z
N I N N R ) NFP N OMe
62%
2.169 (90%) 2.170 (3%) 2.168 2.171
Scheme 2.32

The OSEM and, recently, the OTHP group have also displayed good DMG properties in
DoM reactions of pyridines. 3-OSEM-pyridine (2.172) was shown to undergo Cy-
lithiation with ‘BuLi at —78 °C, while 2-lithiation was smoothly achieved under the same

conditions after TMS-protection of the 4-position (Scheme 2.33).'"'  Standard
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regioselectivity has been observed for the metalation of pyridines bearing the OTHP
group whose power as DMG, through an intermolecular competition experiment, was

shown to be between that of the MeO and the carbamate group''” (Scheme 2.34).

E
1) 'BuLi THPO 1) "BulLi THPO, E
SEMO SEMO
| S Et,0/-78 °C | X l\\ THF/-78 °C l\’:/\
S EE— S
2 2)FE" z L 2 2)FE" L z
N N N N
74-83%
2.172 E=TMS, Me, CH(OH)Ph  2.183 2.174 2.175
3-OTHP  4-E = CH(OH)-p-MeOCgH,, Me,
Scheme 2.33 D, I, SPh, CHO (65-96%)
4-OTHP  3-E =D, |, CH(OH)-p-MeOCgH,
(50-92%)
Scheme 2.34

While only the 3-isomer of the O-pyridyl thiocarbamates undergoes selective lithiation at
C4,'" the powerful N,N-diethylcarbamate group, at the top of the DMG hierarchy, has
displayed excellent performance in all three pyridyl isomers with exclusive Cy-lithiation
of the 3-pyridyl O-carbamate (Scheme 2.35).''* Although the deprotonative equilibrium
observed with LDA is sufficient to allow silylation of pyridylcarbamates owing to the in
situ  base-electrophile compatibility effect, their complete lithiation requires
‘BuLi/TMEDA and low temperatures to prevent the facile anionic ortho-Fries
rearrangement. Both pyridyl O-carbamates''” and pyridyl O-thiocarbamates''® have
been subjected to cross coupling reactions although the latter methodology requires
further definition of scope and limitations. During the synthesis of aptenin B, Quéguiner
has observed the unusual cleavage of the diethylcarbamate group presumably resulting
from ‘BuLi attack. To overcome this difficulty, DMG replacement with the bulkier
diisopropyl-O-carbamate was carried out and led to the desired 5-substituted compounds

2.179.5%
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OCONEL, OCONEt, iPr,N(0)CO OCON'Pr,

1) *BuLi / TMEDA e MeO 1) °BuLi / TMEDA MeO £
THF /-78 °C | N € | N THF /-78 °C © | A
—_— N —_—

2)E* ~CH 2 2)E* =

66-83% MeO N 72-93% MeO N
2.176 2.177 2.178 2.179
E = Me, COOH, CONEt,, TMS, SnMes, E = D, CH(OH)Ph, Br

SMe, SnMegs, SMe, Br, |

Scheme 2.35

2.2.3. Nitrogen-based DMGs

Quéguiner''”® and Storr'"™ singled out two nitrogen-based DMGs (NHCO'Bu,
NHCOO'Bu respectively) for DoM application in the pyridine series. The 2- and 4-N-
(pivaloyl)aminopyridines 2.180 were lithiated at 0 °C and their dianions (e.g. 2.182) were
trapped with electrophiles without observation of undue and not unexpected alkyllithium

addition to the pyridine ring (Scheme 2.36).

oLi 0
NHPiv NHPiv )\ JL tBU 0
1) "BuLi (2 equiv) e NZ By N7 'Bu \f
THF /0 °C A L !
e > z
VE" 24.87% ZCH | ] | ] .
2.180 2181 N N N
E =D, TMS, CHO, SMe
, TMS, CHO, SMe, 2.184
Me, CH(OH)Ar, CO,Et 2.182 2183
Scheme 2.36

Resonance structures of the monolithiated show that, unlike its 2- and 4-isomer (e.g.
2.183), the monolithiated 3-N-(pivaloyl)aminopyridine 2.184 cannot place a negative
charge on the ring nitrogen and reduce the electrophilicity of the C=N. In fact,
competitive nucleophilic addition of "BuLi to the 4-position of 3-N-
(pivaloyl)aminopyridine accounts for ~ 40% of the product mixture. Through an
adaptation of Muchowski’s approach to quinolines,'"” both the NHCO'Bu and NHBoc

groups have been recently used in a one-pot synthesis of 1,8-naphthyridines 2.186
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(Scheme 2.37)."° In a similar one-pot annulation protocol, 2-N-(Boc)aminopyridines
2.187 were converted into the bicylic products 2.188 by treatment of their o-lithiated

derivatives with o,,-dihaloalkanes followed by in situ cyclization.'*!

1) "BulLi (2.2 equiv)

1) "BuLi/ (2.1 equiv) R TMEDA
THF/ -70°C e S z THF /-78 °C z
/. 2) Me,NCH=CH-CHO &\ Z S 2) cu* or none N N

R N
20.829% N N R N NHBOC 3 |(CH,)ye,Cl Boc
2.185 2.186 2.187 -50°C 2.188
- 0,
R = H, 4-Me, 5-Me, 5-Cl, 4-Et, 4-Cl R=H,Cl <5-98% n=1,23

R' = CO'Bu, COO'Bu

Scheme 2.37

An intermolecular competition experiment has shown that, in the pyridine series, the
NHBoc group is a much weaker DMG compared to the NHCO'Bu group (<5% : >95%);
however, despite the lack of systematic exploration'? in the DoM of pyridines, the use of
the NHBoc is often preferred to the NHCO'Bu group because of its higher hydrolytic

lability (Scheme 2.38).

‘Buo IBuo .
BuO O

BuO O 1) "Buli E

o 1) "BulLi (2 equiv)
(2 equiv) TMEDA NH
NH
@ _THFIQC /EI Et20/78 c (7 |

S

2) E /CH R N OMe
2.189 31-77% 2.190 2.191 47-89% 2.192
E =CN, CHO R =H, Me E = Me, CH,Ph, SnBus, |,

CH,0Bn, CHO

Scheme 2.38

For instance, Kelly has recently used the NHBoc DMG in the first total synthesis of the

alkaloid azacridone A (2.196, Scheme 2.39).'*
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NHBoc
1) '‘BuLi/THF/-78 °C B
|
MOMO N~
MeO
O
M o] —
2.193 2.195 (59%) 2.196 (Azacridone A)
2.194
Scheme 2.39

The dialkylamino, arylamino and amino groups have not gained prominence in aromatic
DoM as DMGs possibly due to the N-lone pair delocalization that subdues the
coordination with the metalating agents.'** However, DMAP (2.197) has been metalated
both at C,, by applying the usual condition for anchorage of the base to the ring nitrogen
(2.198),'” and at C; by preventing that chelate from forming through the addition of

THF, a strongly coordinating solvent (2.199, Scheme 2.40).'*

PM3 charge calculations
show, as suggested by resonance structure 2.200, that the dimethylamino group depresses

the acidity of H, and, accordingly, the C; deprotonation of 2.199 under these conditions

is a selective process.

Me +,Me 1) TMSCH,Li 1) "BulLi
N NMe, LiDMAE NMe, LiDMAE NMe,
H E hexanes/THF hexanes
THF/0°C o
| | 0.120 | N i | N O+C/1h | AN
Z 2)E"/ THF/-78 °C - 2)E" /Hex /-78 °C 7

N H N N N E

- 0.107 65-83% 70-96%
2.200 2.199 2.197 2.198

E = SMe, Br, |, SnBug, E =D, PhCO, PPh,,
PhCH(OH), PhCO, CHO Cl, Br, I, SnBug, SMe
Scheme 2.40
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2.2.4. Carbon-based DMGs

Carbon-based DMGs for which ortho-lithiation conditions have been established in the
pyridine series include carboxylic acids, amides, oxazolines, nitriles and in sifu derived
a-aminoalkoxides. All 3-DMG-pyridines of this group, including (S)-nicotinine (2.201),
underwent lithiation following the more common Cs-regioselectivity.  Although
(CH),NR; groups are considered very poor DMGs, some chelating effect of the
pyrrolidine nitrogen must be invoked to explain the abstraction of the least acidic proton
H4 (according to PM3 proton charge calculations) in the selective lithiation of (S)-
nicotine with TMSCH,Li (2.202, Scheme 2.41).'>” While LIDMAE has no effect on the
regioselectivity of the latter reaction, it promotes Ce-selective metalation (2.203) when
used with "BuLi at —20 °C, the argument being that the C, position is too crowded to
accommodate the large chelate 2.88 (Fig. 2.2)."** The Cp-position could be selectivily
metalated using LiTMP but is limited to functionalization only with in situ electrophiles
(TMSCI, Cy3SnCl, 64-94%). Cs-Chlorination of (S)-nicotine is the first of six steps in

Comins’ total synthesis of (S)-brevicoline (17% overall yield). 129

,.\\‘N ~Me

1) TMSCH,Li (2 equiv) 0-208
PhMe/20°Cc/5h H

1) "BuLi-LiDMAE

H hexanes, -20 °C/ 1h

- 0.213 >
N 2) E"/ THF /-78 °C 2) E* I Hex /-78 °C
60-91% ! 0.212 26-92%
2.202 2.201 2.203
E = TMS, CI, Br, I, SnBuz, COPh E = Cl, Br, I, SiPhMe,,
PhCH(OH), 4-MeOCgH,CH(OH) SMe, SnBug, CHO
Scheme 2.41

Pyridine carboxylates, obtained in situ by the addition of one equivalent of "BuLi to the

carboxylic acids 2.204 and 2.207, may be metalated efficiently with an excess of LiTMP
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as evidenced by the incorporation of high percentages of deuteration upon quench with
D,O (Scheme 2.42).""% However, although 'H NMR of the crude samples showed that
lithium carboxylates were the only pyridinic compounds, the difficult isolation of the free

acids led to considerable erosion of the yields.

Ph
1) BuLi (1 equiv) E Q
COOH LiTMP (3 equiv) COOH (o}
- o ' HCT N\ HCT NN
50to 0 °C, 30 | N or | N
2) E* Z Z
2.204 2.205 (37-85%) 2.206 (51-58%)

E=D,COOH,Cl,I E'=PhCHO, then H,SO,

Ph
1) BuLi (1 equiv) E
COOH LiTMP (3 equiv) COOH o
7 -75 °C, 2-4h TN TN
T . e > W P
N 2E N N
2.207 2.208 (54-80%) 2.209 (51-62%)
X = 2-Cl, 6-Cl, 5-Br E =D, COOH, | E* = PhCHO, then H*
Scheme 2.42

Detailed studies have demonstrated the facile nucleophilic addition of alkyl and
aryllithiums to oxazolinylpyridines which, in some cases are highly selective and

1.”" On the contrary, ortho-metalation of these substrates

therefore synthetically usefu
has been only briefly explored by Meyers in 1978. While LDA is inefficient in the DoM
of these systems, LiTMP'** and MeLi'®® were used successfully on 3- and 4-

pyridyloxazolines 2.212 and 2.210, respectively, although the range of tested

electrophiles was limited (Scheme 2.43).
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jé,

1) Mell % #—\ #—\
1) LiTMP

N o) THF/-78°C/ 1h N 0 N 0 N o)
N then 0 °C / 1h N N THE /0 °C/ 1h N
T —  ——
+ R o E + o ~ E
z 2)E*/-78°Ctort Y Y 2)E'/25°C/05-4h 2
| 52-83% | | 47-70%
N N NS NS
N N

2.210 2211 2.212 2.213

1) as above E =D, Et, Me, allyl, CHO, E = D, PhCHO, Et,COH

2)CO (latm)/0°C/2h  PhCH(OH), Et,COH

Na O O N~ 0/7\‘&

N
o) ! i Hz0* N
— 20— P | =
_ L C 7/ —OLi 74% z o]
| | | |
N N

N N
2.214 2.215 2.216 _ 2.217

Scheme 2.43

More recently, Murai has reported a carbonylative cyclization which involves the
nicotinoyllithium intermediate obtained from DoM/CO quench of 2.210, isomerisation
and cyclization to afford the tricyclic compound 2.217 in good yield (Scheme 2.43)."**
Furthermore, the optionally site selective metalation of 2.218 has been recently
developed through the proper choice of the base (Scheme 2.44). While PhLi undergoes
addition to Cy4 in high yield," the harder bases LDA and LiTMP can selectively effect
C4 and the C, lithiation, respectively, to 2.219 and 2.220."*° In a well known scenario,
(3-fluoropyridine and 3-methoxypyridine, Schemes 2.20 and 2.30, respectively), the 2-
lithio derivative of 2.218 obtained with LiTMP was shown, through DO quench at

different temperatures, to slowly equilibrate at —50 °C with the more thermodynamically

stable 4-lithio isomer.

79



Br 'o 1) LDA, THF  Br ,o 1) LiTMP, THF  Br |

~ -78°C | ~ -78°C = o
p/ P/ /s
N 2)E" N 2)E* E N
2.219 51-89% 2218 40-77% 2.220
E =Cl, I, TMS, COOE, E =Cl, I, TMS, COOEt,
CH(OH)Ph(OMe)s, CH(OH)Ph(OMe)s,
CH(NTs)Ph(OMe), allyl CH(NTs)Ph(OMe), allyl
Scheme 2.44

Studies by Epsztajn and Mulzer concerning the metalation of pyridine systems has
singled out two strong DMGs (CONHPh and CONH'Bu respectively) among the
secondary pyridine carboxamides (Scheme 2.45). Mulzer found that, although 2.221 can
be metalated using "BuLi, TMPMgCI often affords comparable or higher yields."’
However, a large excess of the electrophiles and of the costly base is required as well as
relatively high temperatures. Quéguiner has recently improved the magnesiation of
pyridine carboxamides (especially N-'butyl pyridine carboxamides) with particular regard
to the reaction conditions which allow regioselective metalation of the substrate at rt and

without excess of base (2.224 — 2.225, Scheme 2.45)."*®

OH
RO 1) TMPMgCI (6 equiv) RN "X RO
. THF / 65 °C/ 2h o N'Bu
Z NHBu ——————» Z NH'Bu =
N 2) E” (7-9 equiv) N N
THF / rt o o]
3) 20% citric acid
2.221 ) 20% 2.222 (54-92%) 2.223 (25-86%)
R = H, NHCO'Bu R = NHCO'Bu, NHBoc, NHTs
E = OH, SMe, D (quench with N-Formyl-NMP)
1) BugMgLi (for picolinamide H
N C E
and isonicotinamide) or | BN
Bu(TMP),MgLi (for nicotinamide N
NH'Bu (TMP);MgLi ( ) > NH'Bu
(1 equiv)
'
e} THF /rt/1-2 h le)
2.224 2)E" 2.225 (E =D, I, CH(OH)Ar,
43-94% Cl, TMS, Br)
Scheme 2.45
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As for the lithiation of N-phenyl pyridinecarboxamides, Epsztajn’s work has revealed a
different behaviour in one of their three possible pyridine isomers.'”  While
picolinaldehyde and isonicotinanilide 2.226 were metalated smoothly using "BuLi, the
corresponding nicotinic isomer was shown to be nucleophilically attacked by MeLi, BuLi

and PhLi to furnish 1,4-adducts (Scheme 2.46).

1 1
R R Rl R2
1) "BuLi / TMEDA E

S S
1 or LDA/THF/-78°C 1| or 1| NN
k - NHPh +/—> k z NHPh I\ p/

Y 2) EYTHF /1t Y Y

o]
2.226 2.227 (31-99%) 2.228 (59-92%)

Z=CH, Y=N Rl=H,cl Rl=cl, MeO
andZ=N, Y=CH E = D, Me, CH,Ph, R? = Me, p-MeOCgHy4

MegSn, I, TMS, CO,, (quench with R?CHO,
MeCHOH, 4-MeOCgH,  then 5-25% H,SO,, rt)

Scheme 2.46

Exploration of the tertiary amides CONMe,, CONEt, and CON'Pr, groups in metalation
of pyridine systems has shown that, while nucleophilic addition to the ring is not an issue

7714 the undesired addition to the DMG must be

even with alkyllithium reagents,
addressed using low temperatures, short reaction times and bulky lithium amides.
Epsztajn showed that, when treated with Et,NLi, dimethyl pyridine carboxamides
undergo transamidation and little ortho metalation as evidenced by quench with D,O and

141
acetophenone. ~ *

A limited number of electrophiles could be introduced in modest
yields by subjecting N, N-diisopropyl pyridine carboxamides to reaction with LDA'*'* or
LiTMP"*'" (Scheme 2.47) followed by quenching experiments whereas, for their N, N-
diethyl analogues, rapid self-condensation was demonstrated to be a concurrent when not

a predominant process.'*'*® The DoM of pyridinecarboxamides is discussed in detail in

the following section.
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CON'Pr, CON'Pr, CON'Pr, CON'Pr,

E OMe i E OMe
1) LDA N \ 1) LITMP/TMEDA X
Et,0/-78 °C N THF /-80 °C
—_—> ~CH ZN —_—> ZN
2)E 2)E
29-81% 2.230 2.231 25-86% 2.232
2.229a 2-CON'Pr, E = D, CPh,OH, CHO, E = D, TMS, CHO, CH(OH)CHs
2.229b 3-CON'Pr, COCHg, C(OH)ArCHs,
2.229¢c 4-CON'Pr, CH(OH)Ar, C(CH3)20H
Scheme 2.47

The use of a-aminoalkoxides as DMGs, championed by Comins,'** has found a versatile
application in the ortho-metalation of various isomeric methoxypyridinecarboxaldehydes
(2.233, 2.236-2.238) where a generally high degree of regioselective control was

obtained simply by changing the amine component of the DMG (Scheme 2.48).'+

1) LITMDA
| 2) "BuLi/-78 °C/30\
-42°C /30
| P o ﬁMe Mem
+
s
7 7~
MeO™ "N° "CHO Meo” N7 “cHo Meo” N7 “cHo

2.233 1) LINMP
t . o \ 2.234 2.235
2) ‘BuLi/-78°C/85 96 : 4 (T7%)
| -42°C/ 15
3 : 97 (70%)
3) Mel
Other examples 2 4 OMe
CHO MeO CHO CHO
Iﬁ/ \(ﬁ/ 5 fﬁ/
Z Z Z
MeO N 6 N N 2
2.236 2.237 2.238
Lithiation at C4:Csg C4:Cg C,: Csy
LiTMDA 97: 3 (65%) 70: 30 (76%) unsuccessful
LINMP 7:93 (70%) >99: <1 (79%) (MesLi) <1:>99 (82%) (MesLi)
Scheme 2.48

Both  lithium N, N,N’-trimethylethylenediamide (LiTMDA) and lithium N-
methylpiperazide (LNMP) protected the formyl group from attack of the base but only

the former was shown to be an efficient directing group. While Comins’ systematic

82



studies applied Mel as the only quenching electrophile, Br, SnMe; and I (the latter in one
pot) groups have been introduced in studies which led to the short total syntheses of

schumanniophytine (Scheme 2.49)'* and (S)-camptothecin (Scheme 2.50).'*

EtO EtO
1) LITMP = _ .
N\~ CHO 2) BuLi A\ CHO  CI N0 DBULlL THF,-10°C a1 N0
U THF42C (] U 2) MeN(CHyNMeCHO ]
— .
N7 3E N Z yBuLi 23°C Z
-609 2 | OH
52-60% 5) NaBH,
2.239 2.240 2.241 ) 2.242
E = Br, SnMe; 41%
Scheme 2.49 Scheme 2.50

Rault’s recent work concerning the DoM of cyanopyridines'*® with LiTMP is
conceptually similar to Comins’ methodology. Of the two equivalents of base required,
one is suggested to reversibly add to the cyano group, while the second effects the ortho-
deprotonation (Table 2.4). However, the excess of base often leads to double iodination
and silylation with lower yields of the desired product 2.244. Kristensen has
independently applied these conditions to the synthesis of all three isomeric cyanopyridyl
boronic acids whose neopentylglycol esters were formed in situ.'*’ Despite the use of
lower excess of the base/B(OPr); (1.2/1.4 equiv), Kristensen obtained much higher yields
of product (52-94%), which points the finger to the daunting isolation of pyridylboronic
acids.

Table 2.4 DoM of Cyanopyridines

1) LITMP (2.1 equiv) NC P E

NC _E

_8°c o N ﬁ\/‘\/~
E J + E \

2)E (2.1 equiv)/-80 °C N/ '\N/

2.243 2.244 2.245
4-CN CsE =1, TMS Br, Cl, B(OH), CzsE =1, TMS (14, 17%)
COOH (41-75%)
3-CN C4E =1, Cl, B(OH), (37-56%) Cz24-E =1(17%) Cp-E = Cl (7%)
2-CN Cs-E =1, Cl, B(OH), (52- 75%) Cj36-E =1 (19%)
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2.2.5. DoM of Pyridyl Carboxamides

Following the deep mark that the tertiary amide group has impressed on the development
of DoM of aromatic compounds,'®® tertiary pyridine carboxamides have often been
lithiated within synthetic routes towards natural products. The diisopropylamide DMG,
in particular, has been preferred to its smaller diethylamide analogue, because it does not
easily undergo nucleophilic attack by lithiated species (be these a generated
pyridyllithium intermediate or an RLi reagent) to form ketones.'*"* Thus, the ortho-
lithiated diisopropylnicotinamide 2.246 was used at the onset of the total syntheses of

141c

both the antibiotic bostrycoidin'*'® and the cytotoxic alkaloid sesbanine 2.251'*'® by

Watanabe and Iwao respectively (Scheme 2.51).

MeO Pr2 OMe O
/©$©\l
MeO CONMez
OMe O OMe O
DME 2.248 (54%) 2.249 )

2.247
-78 °C

1) 3-Cyclopentenone
R CON'Pr, DME /-78 °C N| N NH
I(:E 2) TFA / CH,Cl, ’ oty
— O
2.246
¢

2.250 (63%)
N~

2.251 (12.5% oy)
((x) Sesbanine)

_»
2252 ° NH =
O HO — Conr,
2.253a R = Pr (80%) 2250 N
2.253b R = Et (55%) CHs
Scheme 2.51

In Watanabe’s work, 2.246 was condensed with the trimethoxybenzamide 2.247
(synthesized by DoM) to obtain ketone 2.248 which, in a number of steps, was converted

into the 2-azaanthraquinone 2.249, a known dimethylated precursor of the target
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molecule. In Iwao’s work, 2.246 was quenched with 3-cyclopentenone and the crude
alcohol obtained, without isolation, was lactonized to 2.250 in reasonable yield without
isolation. Further manipulation of the latter diastereoselectively led to (£) sesbanine
(2.251) in 12.5% overall yield. During the synthesis of the rigid imipramin analogue
2.254, 2.246 was condensed with the dibenzazepine 2.252 which, through stepwise but
exhaustive reduction of all non benzenic moieties, led to a cis/frans mixture of the target
molecule.'” Quéguiner has resorted to the metalation of the 2-methoxy nicotinamide

141d

2.255 in the attempted total syntheses of the alkaloids cerpegin and amphimedine

(Scheme 2.52).
2-iodoaniline NH,
i 1) LITMP / TMEDA Pd(PPhg), i
X CON'Pry THF/ 70 C CON' Pry K2C03 oM N CON'Pry
| _ EtOH / prve || ~ —
N OMe MeO—B reflux N OMe
2.255 2.256 ° 2.257 (62%) 60-66% 2.258
1) "BuLi / TMEDA (1.5 equiv) 1) LDA / THF
TMPH (0.5 equiv) / THF / -70 °C 2) Tf,0/ Py
2) acetone (ex)
Me

HC  oH

Q o) Pd(PPha), / LiCl
CON' Pr, HN N dioxane / reflux I
— B S -
— | o) |
— 3 =
| oTf
N

N -z
2.261 (68%) 2.262 (Cerpegin, OMe N~ “oMme
28% overall
yield) 2.260 (79%) 2.259 (30%)
Scheme 2.52

In the first work, 4-lithiated 2.255 was quenched with acetone and further acid-catalyzed
manipulation of the alcohol 2.261 furnished the target 2.262 in 28% overall yield. In the
more complex synthesis of amphimedine, 2.255 was subjected to a typical DoM-

boronation-cross coupling sequence; however, anionic cyclization of the phenylpyridine
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2.258 was disappointing and, although the feasibility of the method was proven, the
authors were forced to explore alternative routes. Epsztajn was the first to show that self-
condensation is a serious problem when metalating diethylpyridine carboxamides 2.263
(Scheme 2.53) due to the propensity of the resulting lithiated species to undergo
instantaneous condensation with starting material or with another o-lithiated species to
form ketones 2.264-2.266."*" The occurrence of this process may explain the lower
yields that Iwao and Martin reported when attempting to prepare 2.250 and 2.253,

respectively, from diethylnicotinamide (Scheme 2.51).

| AN
LDA N o
Et,0/-45°C/1h
3 or
R
CONEt, | © -~ |
~ S
2.263a 2-CONEt, N CONEt, N
2.263b 3-CONEt,
2.263c 4-CONEt, 2.264 (94%) 2.265 (68%) 2.266 (72%)
Scheme 2.53

In a more recent attempt, Avendano showed that diethyl picolinamide (2.263a) could be
ortho-functionalized with an external electrophile if its metalation with *BuLi was
immediately followed by addition of the electrophile (Scheme 2.54). Due to the
instability of the products 2.268, 2.271 and 2.272, the yield was indirectly estimated ('H
NMR on the crude material) as ~ 50%, the remainder being products of unpreventable
condensation (2.264) and dimerization processes (2.270). If the CONEt, DMG may
appear of little synthetic utility in the metalation of the pyridine series, the use of the
more bulky CON'Pr, has its own drawbacks in its lower pliability, which inevitably

reflects on its synthetic applicability.
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Ar
. PhCHO A
\ — || O + 2.264
-0 78 °C/2h =
N N
o)

3-PyCHO
2.267 78°C/2h 2.268 (~ 50%) 2.269 (Ar = Ph)
Me, (Ar = 3-Py)
-78°C/ 2h
)
CONEt, + 2.264
| =
co
N CONEt;, |
NEt,
NEt 2.270 2.271 (~ 50%)

2.272 (~ 50%) + 1.398

Scheme 2.54

To use a recent example, Marsais’ optimization of an aminomethylation-cyclization
tandem reaction reveals that, while N,N-diethylnicotinamide gives the product 2.275 in
54% yield, the corresponding diisopropylamide 2.229b is too hindered to undergo the
corresponding cyclization (Scheme 2.55)."° The authors found that a good compromise
was the use of the piperidylcarboxamide group which, despite its being a “tied back”
version of the CONEt, group, was proven capable of avoiding self-condensation and, at

the same time, inadequate to prevent the ring closing step to the desired product 2.275.

PMB
NHPMB /
N
CONR; CONR, o)
| N 1) LITMP / THF /-78 C | N | N
_— —
Z Z Z
N 2) NCCH,NHPMB N N
2.263b NR, = NEt, 2.275 (5 - 88%)

2.229b NR,=NPr, 2.274 (R = 'Pr, 65%) +>
2.273  NRy =NBnjy, NPhy, piperidine,
pyrrolidine, N-(allyl),, morpholine

Scheme 2.55

The conversion (2.274 — 2.275) closely resembles the desired cyclization of 2.258

(Scheme 2.52) which, it could be argued, may have given a better outcome if the less
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hindered diethylamide group had been used. As a matter of fact, the bulky CON'Pr;
group is not a stringent requirement for the metalation of 2.255 (Scheme 2.52), because
substituted diethyl pyridinecarboxamides appear to be more stable towards self-
condensation. To illustrate, in the total synthesis of the alkaloid eupolauramine
accomplished in our group by Wang,"”' diethyl 2-bromonicotinamide (2.276) was
carbamoylated under standard metalation conditions to give 2.277 in 80% yield (Scheme
2.56). Then, cross coupling of 2.277 furnished azabiaryl 2.279 which, through admirable
pliability of the diethylamide group, led to the lactone 2.281, a key intermediate towards

the target alkaloid 2.282.

CONEt,
I
X 1) LDA X CONEt, Pd(PPh3)s N~
| THF /-78 °C I DME / ag. NayCO4 CONEt,
= _—
N £ N &
CONEt, 2) CICONEt, CONEt, B(OH), OMe
Br 80% Br OMe
2.276 2.277 2978 2.279 (91%)
(0] (0] .
CONEt, LDA (2 equiv)
| P | THF/0°Cto rt
N_ 2 (0] AcOH 85%

NMe NF reflux NF OH
- ¢
‘ - ‘ 96% ‘
O OMe O OMe O OMe

2.282 (eupolauramine) 2.281 2.280

Scheme 2.56

Similarly, during the total synthesis of two modified ellipticines, Dormoy and Heymes
studied the metalation of both 2.283 and its diisopropyl homologue (Scheme 2.57).'*'¢
Although a case-to-case comparison with the boronation of 2.255 (Scheme 2.52) cannot

be made, the diethylamide 2.283 was found to provide the expected products in

remarkable yields. The robust procedure was then used to prepare the formylated
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intermediate 2.284 which was condensed with the indole and azaindole 2.286 in 70%

yield towards the preparation of ellipticine derivatives 2.287.

1) 'BuLi / TMEDA E‘j(co,\,az N

CONEt
A 2 or H
| _ 1) LITMP / TMEDA
—_—

2.285
N~ OMe THF / -80 °C / 20' THF /-70 °C
2.283 2)E* 2.284 (45-95%) E = CHO

E = D, COOH, COMe, CH(OH)Me, CHO

X R NH(CH,)3NEt, X ELN o OMe
7\ /4
_ | NN ‘4— — | | NN
~—————
N = N =
H H
CHs OH
2.287 X =N; R =H (15.5% oy) 2.286 X = N (70%)
X = COMe; R = Me (10.7% oy) X = COMe (71%)
Scheme 2.57

Among the numerous examples of post-DoM CONEt, manipulation, Snieckus has shown
that intermediates similar to 2.286 can be modified in situ through a second metalation
leading to diheterocyclic benzoquinones 2.289 which are valuable intermediates in the

synthesis of ellipticines 2.290 (Scheme 2.58).

CONEt,
1) SBuLi / TMEDA

CHj
6 Et20/780/1h | N 3steps | I
) —> P
2 N
N ) N
\) 2.288 CHy
2.263c N 2.289 R = CH,0OMe (26%) 2.290 R = H (40 %) ellipticine

R R = CH,Ph (40%) R = CH,Ph (40 %)

3) SBulLi (1.25 equiv) R = Me (76%) R = Me (62%)
-78 Ctort/12h

Scheme 2.58

A similar tandem DoM was applied by Falck to the synthesis of pyridoisoquinoline 2.293
from nicotinamide 2.263b (or isonicotinamide 2.263¢) with similar yields (Scheme

2.59)."*  With the exception of dimethylnicotinamide 2.291a which, according to
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Epsztajn’s results,'*"

is likely transamidated to the corresponding diisopropylamide, the
correlation between the size of the DMG and the yield of 2.292 clearly points to the

importance of size in facilitating condensation reactions of amide derivatives.

0
cong, 1 LDA!THFHMPT
N 2 78Ctort/20h X 2N A SN
N~ 2291a  R=Me 13%
o)

2.263b Et  90%

2.291b "Pr 20% 5202 2293

2.229b '"Pr fails ’ '
Scheme 2.59

The impressive impact that the CONEt, group has had in DoM-based chemistry of
aromatic compounds is an obvious incentive for the investigation of its potential in the
pyridine series as well. Recently, following a publication by Georg reporting the ability

'3 the

of the Schwartz reagent (Cp,Zr(H)Cl) to reduce tertiary amides to aldehydes,
Snieckus group has begun a thorough study of the scope of this protocol which focuses
on the reduction of ortho and bis(ortho)substituted diethyl benzamides and heteroaryl
carboxamides (Table 2.5). These results portray the profile of a very mild (rt), rapid (9
min - 2h) and selective reducing reagent which, provided limited excess is used, will not
reduce the OCONEt,, NHBoc, OSO,NEt,, OTf, COOMe, CN, OP(O)(NEt,),, NO;
substituents of a diethyl benzamide.'™ The lower yields sometimes obtained with 2,6-
disubstituted benzamides suggests that the reaction suffers from steric hindrance
(compare entries 7 and 9 with entry 1). While several diethyl pyridinecarboxamides have

been reduced in good yield (entries 5, 10-13), no data are available on their bulkier

analogs.
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Table 2.5

Reduction of (Het)Aromatic Tertiary Amides with Cp,Zr(H)CI

g \\H .
Zr'\ (1.5-2 equiv)
% cl

Ar-CONR, = Ar-CHO
THF /rt
Entry Substrate Substrate Entry Substrate
CONEt, ™S

54

OMe
2.294 (94%)

CON'Pr,

MeO CONEt,

o

2.298 (81%)

CONEt,

10

MeO,C | X
z
N

CONEt,
2.302 (72%)

54

OMe
2.295 (59%)

MeO TMS

Et,NOC
N Cl
11 |
7~
N

2.303 (74%)

™S
Br CONEt
N 2
12 |
b
N

2.304 (88%)

CN
Et,NOC
N
13 |
P
N

CONEt,
2.305 (66%)

!

CONEt,
2.299 (37%)

2

MeO
2.296 (99%)

CON'Pr, g4

MeO CONEt,

Q
s

2.300 (72%)
CONEt,

MeO
2.297 (75%)

CONEt, MeO.

&

2.263b (99%) 2.301 (26%)

However, the comparison of the yields in entries 1 and 2, 3 and 4, encourages further use
of the less hindered diethylamide DMG whose easier reduction may be beneficial to the

selectivity of this reaction when other Schwartz-sensitive groups are present.

2.2.6. Boronation of Pyridine Derivatives

Contrary to the ubiquitous applications of arylboronic acids and despite the significance
of the pyridine moiety in bioactive and natural products, the development of cross
coupling of pyridyl boronic acids has lingered behind, undoubtedly due to their

notoriously difficult isolation. The water solubility and chemical instability of these
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compounds have discouraged efforts in this area and only recently this deficiency is
being addressed to exploit their FG compatibility, air stability and low toxicity.”> To
illustrate, a Scifinder search for boron-substituted pyridines returns almost 840 hits,
reported for the largest part since 2001, and represented mainly (~750) by pyridylboronic
acids and their esters (primarily pinacolates). Chemical suppliers have rapidly responded
to this clear trend by introducing in their catalogues many stable and cross coupling
derivatives of heteroarylboronic acids, with the pyridine and furan rings being the most
popular frames. Approximately 290 pyridylboron derivatives are commercially available
which, with the exception of a dozen entities, are pyridylboronic acids and pinacolates.
Outside these classes, a small group of known borylated pyridines includes all isomers of

156

diethyl(pyridyl)boranes ™ (2.307, Fig. 2.3), the 3-isomer being widely used in cross

156¢

coupling reactions. The dimethyldi(2-pyridyl)borate anion (2.308) has been recently

reported to be an effective ligand in the anionic catalyst LPtMe, used for arene C-H

7

. . 15 . . . .. . .
activation ~' while, among the bioactive molecules, several borinic cyclic and acyclic

8
Carboranes

esters 2.309-2.310 have displayed antifungal and antibacterial activity.'
containing the B-I bond have been cross coupled with pyridylzinc reagents to give at least
3 isomeric pyridylcarboranes 2.306 which, despite their exotic structure, may have
medical use by virtue of their ability to carry a pharmacophore to the hydrophobic pocket

159
of a receptor.

Finally, compounds of structure 2.311 were obtained during failing
attempts at subjecting pyridylboronic acids to the Petasis boronic Mannich reaction with
glyoxylic acid.'® Among the parent boronic acids, 2-pyridylboronic acid has been

prepared via a lithium-halogen exchange procedure, but is reported to be highly prone to

protodeboronation.
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2.306 2.307 2.308

2.309 2.310 2.311

Figure 2.3 Examples of Borylated Pyridines Outside the Abundant Classes of
Pyridyl Boronates and Boronic acids

To prevent this process, Hodgson and Salingue have optimized, and upscaled to kilo

amounts of substrate, the direct conversion of a 2-pyridylboron “ate” complex to the

' According to Matondo, the deboronation

more stable N-phenyldiethanolamine ester.'®
problem can be overcome by a careful control of the pH during the hydrolysis of the
“ate” complex but, more importantly, by generating the product through treatment of

pyridylmagnesium bromide with B(OTMS); instead of a trialkylborate (Scheme 2.60)."%

1) 'PrMgCl /THF / 1t/ 1h

| A 2) B(OTMS)3/ 0 °C / 2h m
then rt / 12h
N/ - P

R B' 3nci/pHe7/occ RN BOH):
2.312 68-75% 2.313
R =H, Br, Me
Scheme 2.60

Contrary to the other isomers, the utility of diethyl 2-pyridylborane in transition metal-
catalyzed events has not been demonstrated and the dimethyl boronate has been often

used as a coupling partner instead.'® Only recently, 2-pyridylboronic acid has been
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made commercially available'® although the cross coupling yields reported so far are
usually disappointing.'® In contrast, 3-pyridyl boronic acid'® is a relatively stable
compound, and a protocol capable of generating kilogram amounts of the corresponding
boroxin trimer has been described by Merck process chemists starting from 3-
bromopyridine.'®” The preparation and Suzuki couplings of 3-pyridyltrifluoroborates has
recently been reported.'® 4-Pyridylboronic acid has been prepared via lithium-halogen
exchange followed by quench with B(O"Bu); or B(OPr)s."*"™'® In the domain of
substituted  pyridylboronic acid derivatives, systematic studies mainly by
Rault’'*7814620:170 a4 Bryce'”' have resulted in the preparation of shelf-stable halo
pyridylboronic acids and esters in gram quantities. Figure 2.4 depicts examples of
functionalized pyridylboronic acids and boronates synthesized to date by DoM, metal-
halogen exchange, cross coupling of bis(pinacolato)diboron or pinacolborane with
pyridyl bromides'’* or, in a new evolving approach, with pyridine derivatives whose C-H

77" The methods based on substrate

activation is catalyzed by an iridium catalyst.
lithiation emphasize careful neutralization in the work up to avoid protiodeboronation. In

most of these reports, as expected, Suzuki cross coupling chemistry of the derived

boronic acids or boronates was also described.
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M-H ex M-H ex, DoM M-H ex, DoM M-H ex M-H ex
(61;87%) (13-‘70%) g 520-43%) (71‘-75%) (45-56%)
4 4 4 A
ﬁB(OR)z Y\[TB(OR)Z ““B(OR)Z B"\[ﬁ‘/‘:B(OR)z X\El\lj}‘:‘B(OR)z
7~ s ~

X N N X N Z

5 314170, 171b 5 31571 171a 231671 231771 2 318170

X =F, Cl, Br, X =F, ClI, Br, R =H, pinacol R =H, pinacol X =CI, Br

OMe, OEt OMe, OEt R = H, pinacol

R =H, pinacol Y =H, Br
R = H, pinacol
M-H ex DoM DoM DoM M-H ex
(60-68%) (32-55%) (23-39%) (42-94%) (36-47%)
N BOR) N BOR) N BOH), CN
o 0 S Hal & I \"“,B(OR)Z N\ :“,B(OR)Z
N b
/C\H C|)|/\J
2.3197%° 2.3207% 2.3211712 2.3021460. 147 2.323170P
Hal = F, Cl, Br Hal = F, Cl, Br R = Me, Et R=H, P'”aiol' oo X=ClhBr
) } neopen co ,

R =H, pinacol R =H, pinacol pentyldly R = H, pinacol
Ir-cat. C-H Act. M-H ex PyBr XCoupl PyBr XCoupl
(69-84%) (8-86%) (73%) (64%)

\ BPin ‘ B(OH), _.'{ ."’
. D (RO),B..’ NHCbz (RO),B..
all P Z
X EN)/ \N Y N OMe N CN
0 324173 5 3oEl70e 2.32672 2.32717%
R =Cl, Me R=CI,H
Figure 2.4 Examples of Functionalized Pyridylboronic Acids and Boronates
g P yriay

Synthesized to Date

2.3. Aims of Research

The boronation of diethylpyridine carboxamides through DoM, inevitably faces the
limitations imposed by the self-condensation of the substrates. These competing
reactions were observed by Beak during o-lithiation of alkyl benzoates'’* and a-lithiation

' ‘and are normally minimized by using a) low metalation

of dimethylbenzamide
temperatures (an ineffective strategy for pyridines) or b) in situ electrophiles. The latter,

by virtue of their compatibility with certain bulky bases (generally LDA or LiTMP) with

which they undergo reaction slowly, may be combined with them and this mixture
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inversely added to the substrate. If the aryllithium generated undergoes reaction with the
electrophile at a faster rate than addition to substrate, the reaction will be successful.
Unfortunately, few electrophiles meet these kinetic requirements and even fewer are
synthetically useful. Martin was the first to demonstrate the compatibility of TMSCI,
(CF3),CO and Me;SiCl, with LDA in the DoM of benzonitriles, isopropyl esters and
diphenylsulphone,'’® while Hawkins has shown that mixtures of B(O'Pr); with LDA are
compatible and hence allow conversion of neopentyl benzoates 2.328 into the boronic
ester 2.329 (Scheme 2.61).'”7 The Hawkins results, yielding useful arylboronic

derivatives, begged testing these conditions with diethylpyridine carboxamides.

O\)< 1) a mixture of

LDA (1.1-1.6 equiv)
B(O'Pr)3 (2.6 equiv)

TR THF /-78-0°C
2) Diethanolamine
2328 52-93%

R = 4-Br, 4-Cl, 4-F, 4-CF3, 4-OMe
2-Br, 2-CF3, 3-F

Scheme 2.61

Experiments carried out in our group showed that, using TMSCI and B(O'Pr); as in situ
electrophiles, diethylpicolinamides 2.263a may be silylated and boronated in high yields
to give 2.332a and 2.333 without traces of self-condensation products using TMSCI and
B(O'Pr); as in situ electrophiles'”® (Scheme 2.62). Through in situ H,0, oxidation of the

“ate” intermediate 2.331,'”

this protocol was profitably applied to the preparation of two
hydroxypicolinamides 2.332b,¢ needed in a study towards the total synthesis of lysergic

acid. These achievements prompted the development of a general method for the

preparation of boronic acids of a variety of DMG-bearing pyridines.
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R
. R S N H202 /rt N N
1) XS B(O'Pr); | P —_— P
THF /0 °C CONE, 0.5-2h CONEt,
2) LDA _
R ASIN / B(O'Pr)sLi OH
l — 2.331 2.332a R = H (88%)
CONEt, R=H 2.332bR = CO,'Bu (78%)
. add. -
22632 R =H 1) LDA (rev. add.) N 2.332¢ R = CH,OTBS (89%)
2.330a R =CO,'Bu THE / -78 °C I
2.330b R= CHonBS 2) TMSCI CONE'[Z
T™S
2.333 (83%)
Scheme 2.62

Initial work showed that this methodology was applicable to pyridines bearing 3-F, 3-
SO;NEt, and 3-OCONEt, as DMGs as well as the treacherous diethylpicolinamide,

nicotinamide and isoniconicotamide. '’

However, the problematic purification of the
pyridyl boronic acids, formed upon hydrolysis of the boron “ate” complexes, soon
appeared and therefore derivatization to boronic esters was pursued (Table 2.6). Pinacol
and diethanolamine derivatives were chosen because arylboropinacolates are known to
participate broadly in cross coupling reactions,'®' while boroxazolidines are generally

crystalline and very stable high melting solids.'™

Although the purification of these
boronic derivatives allowed full chemical characterization, our initial studies were
frustrated by low isolated yields which seriously undermined synthetic applicability.
Admittedly, Bryce’s and Rault’s work (Fig. 2.4) also met with similar technical problems

(difficult extraction, protiodeboronation) which led to erosion of isolated yields of

products.
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Table 2.6 DoM-in Situ Boronation of DMG-Bearing Pyridine Derivatives

DMG DMG o DMG / \/H
1. B(OPr); (2 equiv) / THF /0 °C 7

2. LDA (2.1 equiv)

N
~CH /CH
2.263a-c 2.337a-d 2.338a-f
2.334-2.336 :@ /\/
Pyridine DMG Pinacolate Yield (%)2
or Boroxazolidine
2.263a 2-CONEt, 3-B(OR), 2.337a 20
2.263a 2-CONEt, 3-B(OR), 2.338a 40
2.263b 3-CONEt, 4-B(OR), 2.337b 60
2.263b 3-CONEt, 4-B(OR), 2.338b 37
2.263c 4-CONEt, 3-B(OR), 2.337c 41
2.263c 4-CONEt, 3-B(OR), 2.338c 59
2.334 3-F 4-B(OR), 2.337d 30P
2.334 3-F 4-B(OR), 2.338d 32°
2.335 3-SO,NEt, 4-B(OR), 2.338e 40
2.336 3-OCONEt, 4-B(OR), 2.338f 57¢

2Yields represent isolated materials after chromatography and recrystallization. bCompIete
metalation required 1.5 equiv.of LDA and B(O'Pr)3. “Metalation was carried out at -78 °C.

As part of continuing efforts to develop DoM - cross coupling strategies,'™ our interest
to provide dependable routes to pyridylboronic coupling partners led us to explore the
possibility of a one-pot DoM-cross coupling protocol which would allow us to skip the
tedious and often inefficient purification of the borylated products. Upon gaining direct
access to a wide range of azabiaryls, we also aimed to demonstrate their synthetic
potential beyond the inherent DoM chemistry. Thus, we set to briefly explore the
application of the DreM reaction to substituted phenyl pyridinecarboxamides towards the

synthesis of azafluorenones. These results are described below.
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2.4. Results and Discussion

2.4.1. Pyridine Carboxamides. Optimization of the Metalation and Cross Coupling
Steps

Preliminary experiments carried out by Green and Larkin established that Hawkins’
conditions were suitable for the boronation of pyridine carboxamides. The optimization
of these conditions (addition of LDA to a B(O'Pr)s/substrate mixture in THF at 0 °C) was
carried out on diethyl isonicotinamide (2.263¢, Scheme 2.63) and, due to the difficult
isolation of the free boronic acid corresponding to 2.339, a measurement of the
performance of this protocol had to rely on its conversion to the pinacol boronate 2.337¢
which was analyzed by GC. Thus, the excess of LDA/B(O'Pr); used by Green was
reduced to 1.1-1.2 equivalents without observing any self condensation product while

maintaining the high yields of the products obtained from this reaction.

o NEt, NEtz
CONEt, .
1. B(O'Pr); (1.1 equiv) i | pinacol
| N THF /0°C | Xy BOPIst (1 2 equiv)
—_—
NZ  2.LDA (1.1equiv) NG 0%
2.263c 2.339 2.337c
Scheme 2.63

The optimization of the cross coupling step was also complicated by the water solubility
and difficult separation of 2.337¢. In keeping with the in situ nature of the intended
procedure and following a common practice with poorly isolable boronic acids, the crude
material was used, after evaporation of the ethereal solvent, directly for the cross

coupling reaction. = Keay has described a similar protocol which, despite the
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comparatively lower yields of coupling products, was superior to the two-step procedure

(Examples given in Scheme 2.64).'%*

CON'Pr, CON'Pr, OMOM OMOM

i Pd(Ph3)4(3 mol%) . Pd(Phg)4 (3 mol%)
B(OMe)sL 3/4 Ph B(OMe)sL Ph
(OMe)sLl 5 M NayCOs ©OMe)sLi 110
—_— —_—
BrPh /(1.3 equiv) BrPh (1.3 equiv)
PhH /110 °C/ 16h PhH //110°C/15h
95% OMe 55% OMe

2.340 2.341 2.342 2.343

Scheme 2.64

The crude mixtures from the reaction of metalation-boronation presumably contained the
pyridylboron “ate” complex 2.339 which is the required intermediate for Suzuki coupling
(Scheme 2.12); hence, hydrolysis of this intermediate appeared superfluous, and
anhydrous conditions were used for the attempt to effect direct cross coupling. However,
upon refluxing the crude pyridyl boron product metalation residue with excess of
iodobenzene and Pd(PPh;); in dry and degassed toluene (a base was deemed
unnecessary), tar formation was observed along with extensive deiodination (entry 1,
Table 2.7). This result is, in fact, concordant with Keay’s poor yield (9%) obtained when
testing the otherwise successful (62%) coupling of bromobenzene and PhB(O'Pr);Li in
the absence of water and base.'™ On the other hand, facing a similar isolation problem
during his total synthesis of cyticine (2.347), O’Neill resorted successfully to the
coupling of the boronate complex 2.345 to give 2.346, provided a source of fluoride was
present (Scheme 2.65)."" Despite the unclear role of CsF in this reaction, these
conditions were tested on 2.263¢ only to yield traces of the desired product 2.348a (entry

2, Table 2.7). Concordantly with Green’s early attempt, even Keay’s optimized
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conditions proved unproductive (entry 3) and it was therefore decided to pursue Green’s

preliminary cross coupling of the crude pyridyl boropinacolates.

M602C
[~ ] O
Br B(OMe)sLi
(OMela Pd(PPh3)s 7 N
n . )
/ \ 1) "BuLi/ Et,0 / A\ CsF (2 equiv) —_
N —_— N —_— —_—
— 2) B(OMe)3 — 5-bromo N
oM oM methyl nicotinate 4 N ZN
€ e DME/85°C/12h \=—= H
50-55% OMe
2.344 2.345 2.346 2.347 (%) - Cyticine
Scheme 2.65
Table 2.7 Optimization of the One-Pot DoM-Boronation-Suzuki-
Miyaura Cross Coupling of Diethyl Isonicotinamide
R
CONEt, . Et,NOC
1) B(O'Pr);
| X 2)LDA/THF/0°C | A
Z > ~
N 3) Conditions below N
2.263c 2.348a R=H
2.348b R=CN
Entry pinacol solvent base (equiv) Phl Pd(PPh3), yield
equiv equiv
1 PhMe 10 5% tar formation?
2 PhMe CsF (2) 10 5% traces®
3 PhMe Na,COjs ag. (5) 10 5% -2
4 2.0 PhMe Na,COg ag. (5) 10 5% 84 %
5 1.2 PhMe Na,CO3 ag. (5) 2 5% 94 %
6 1.2 PhMe Na,COs3 ag. (5) 2 1% 52 %
7 1.2 PhMe Na,COj3 aq. (5) 1.1 5% 84 %
8 1.2 PhMe Na,CO3 ag. (5) 1.1 of 5% 75 %
+DIPA (1.1) p-BrCgH4CN
9 1.2 THF N32CO3 aqg. (5) as above 5% 29 %
10 1.2 THF (MW) Na,COjs ag. (5) as above 5% 14 %

2 Extensive dehalogenaion of the coupling partner was observed.

In the event, Green’s protocol (cross coupling of the crude boropinacolate) succeeded to

afford product 2.348a in high yield (entry 4). The positive outcome of this reaction

compared to the cross coupling the crude boron ate complex (entry 3) may possibly be
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rationalized by consideration of the hindrance difference of the boron complexes (2.339

and 2.349, Fig 2.5).

>— o NEt
,o—< Li* - Li
\ ~ \\O

OY

@]
Et,N
2 o
1
B
|
ps

N

2.339 2.349

Figure 2.5 Two Competent Boron Ate Complexes in the Transmetalation Step of
the Suzuki Reaction

Green’s use of large excess of iodobenzene coupling partner was gradually reduced and
1.1 equivalent was eventually found a good compromise to give high yield of product
(84%), as long as the catalyst load remained at 5% (entries 5-7). To test whether the
solvent replacement of the metalation solvent could be avoided, the THF solution of the
boropinacolate 2.337c¢ was added to the Suzuki reagent cocktail and the mixture was
refluxed. DIPA contained in this solution, a byproduct of the metalation step normally
removed with the solvent, was first tested for possible interferences with the coupling
process. While a refluxing toluene solution of the crude pinacol ester spiked with DIPA
returned a good yield (entry 8), the same mixture in THF gave a poor outcome (29%)
due, most probably, to the lower temperature achievable (entry 9). Microwave irradiation
of a THF solution of the coupling cocktail did not result in a better outcome and caused
decomposition of the catalyst (entry 10). Since formation of the pinacol ester appeared a
necessity, an attempt was made to quench the lithiated carboxamide 2.263¢ with the
borate 2.350 which, expectedly, was found compatible with LDA (Table 2.8). Tests at
different temperatures showed that the boronation was favoured by higher temperatures.

However, despite its somewhat more compact structure, 2.350, even at rt, underwent
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reaction more slowly than its open analogue B(O'Pr); at 0 °C, leaving plenty of room for
competitive undesired self condensation. Addition of the nicotinamide to a mixture of
LDA /2.350 did not substantially change the picture and, eventually, the first step of this

protocol was carried out with 1.2 equiv of the inexpensive B(O'Pr);.

Table 2.8 DoM-Boronation of Diethyl Isonicotinamide with
Borate 2.350 as Electrophile

Os_NEt, 0 EN_O Et,N__O
i) i-Pro—8 é
RS ¢} | A ~0
_ 2.350 _ _ + N
N h > N N
2263c M LDA THF 2.337¢ 2.266
50 °C 15 % 80 %
-30 °C 14 % 83 %
-15 °C 18 % 77 %
0°C 21 % 72 %
25 °C 54 % 41 %
1) 1.397c
2.350 -78C/3h
+ > 48 % 47 %
LDA 1) ag. NH,CI
-30C

2.4.2. Generalization of the One-Pot Synthesis of Azabiaryls 2.354a-s

Following the brief exploration of suitable conditions for the one-pot DoM-boronation-
cross coupling of the isonicotinamide 2.263¢ (Table 2.7), generalization of this protocol
began with a thorough testing of the synthetically useful isomeric amide DMG-bearing
pyridines 2.263a-c.  Thus, using selected aryl bromides, picolinamide 2.263a,
nicotinamide 2.263b, isonicotinamide 2.263¢ as well as 3-chloropyridine (2.351) and 2-
fluoropyridine (2.352) were converted into a variety of functionalized azabiaryls 2.354a-

d, 2.354e-h, 2.354i-m (and 2.348b), 2.354n-p and 2.354q-r respectively (Table 2.9)
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bearing electron-donating (MeO) and electron-withdrawing (Cl, CN, NO,)
. 186
substituents.
Table 2.9 Synthesis of Azabiaryls through One-Pot DoM-Boronation-
Suzuki-Miyaura Cross Coupling of Pyridine Derivatives
1. B(OiPr); (1.1 equiv.) / THF
2. LDA (1.1 equiv.)/ 0°C H
. . . C (Het)Ar
| X VG 3. pinacol or N-methyl diethanolamine @
NG 4. concentrate ‘ Z MG
2 263a-c 5. (Het)ArBr (1.1 equiv.) / aq. Na,CO3 2 354a-s
2.351.2.353 Pd(PPh3)4 5% mol / PhMe / reflux / 12 h
Entry Pyridyl-DMG Azabiaryl yield (%)
RY R?
CL
_ A
N ONEt, _
N ONEt,
2.263a 2.354
1 a: R'= H, R? = OMe 62
2 b: R'=H, RZ=CN 7
3 c: R*=R?=0Me 37
4 d: R'=H, R?=NO, 30t
RZ
| :
X R
N conet |
2 N
Zconet,
2.263b 2.354
5 e: R'=H, R = OMe 7t
6 f:R'=R?=0Me 425
7 g: R'=H,R?=CN 738
8 h: R' = OMe, R? = H 57
R R?
N
| P NI A RS
ONEt
2 Z ONEt,
2.263c 2.354

9
10
11
12
13

:R'=R?*=0OMe; R®=H
‘R'=R’=H;R*=0Me

R'=R®=H;R?=CN

‘R'=R?’=H;R®=Cl
:R' = CONEt,, R?=R®=H

33
75
76
61
67

TPrepared by Sunny Lai; §Prepared by Kevin A. Ogilvie.
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Table 2.9 Synthesis of Azabiaryls through One-Pot DoM-Boronation-
Suzuki-Miyaura Cross Coupling of Pyridine Derivatives

(Cont’d)
Entry Pyridyl-DMG Azabiaryl Yield (%)
S
NN N
14 O\ R 85
Z ONEt, | _
ONEt,
2.263c 2.354m
R R?
| AN
N = | N
[ N
2.351 2.354
15 n:R'=H, R = OMe 487
16 o:R'=H,R®=CN 5528
17 p:R'=H, R =NO, 4328
AN
| _ X R!
N7 F _
N7 F
2.352 2.354
18 q: R'=0OMe 688
19 r: Rl =ClI 73§
Me
| AN
18 N A 64°
Z CONEt, N|
Z CONEt,
2.353 2.354s

2 Metalation was carried out at -78 °C. P Reagents and conditions: (i) B(OiPr)g (1.1 equiv)/THF. (ii) LDA (1.1 equiv)/-78 °C to rt.
(iii) MeN(CH,CH,0H),, 0 °C, 2h. (iv) Concentrate. (v) p-Bromoanisole (0.67 equiv), K,CO3 (3 equiv), Pd(OAc); (5%), S-Phos
(10%), Cul (10%), degassed EtOH, reflux 3h. §Prepared by Kevin A. Ogilvie.
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Reasonable yields of products were obtained, with the exception of those involving
coupling with electron rich aryl bromides (entries 3, 6, 9). This trend is expected because
EDG-bearing aryl bromides decelerate the oxidative addition to Pd(0) which is generally
the rate determining step.'®” The comparably lower yields of chloro azabiaryls (entries
15-17), may be rationalized by consideration of the known instability of the lithiated

. g . 82,188
species to pyridine formation, ~

while the unexpected poor performance of this
protocol on p-bromonitrobenzene (entry 4) remains unexplained.'®” In most cases, the
product mixtures were contaminated with unidentified impurities that imposed
requirement for high vacuum distillation at high temperature to obtain analytically pure
samples which led to unavoidable erosion of the isolated yields. Hodgson and Salingue
have recently succeeded in the first cross coupling of the N-phenyl diethanolamine ester
of 2-pyridyl boronic acid with several aryl iodides under Pd(OAc),/Cul co-catalysis.
This protocol appeared to be synthetically useful only for activated (EWG-bearing) aryl
iodides; however Gros and Fort’s adaptation of these conditions for solid support

succeeded in the coupling of a 2-pyridylboronic ester with (het)aryl bromides in good

yield (Scheme 2.66). 190

PACI,(PPhs), (5 mol%) S
PPhs (5 mol%) / Cul (10 mol9%) Ar = | =R

(0]
(\| /N \ (Het)ArX (1.25 equiv) =
N->B '
| — DMF /80 °C / 30 min R = H, 2-OMe, 3-OMe, 4-OMe
(0] (Het)Ar

then CsF (3 equiv) / 1.489 4-NMe,, 4-NO,, 4-F

fl 12h
2.355 reflux/ 2.356 HetAr = 2-Py, 3-Py, 2-thienyl

56-85%

Scheme 2.66

Unlike for the cross coupling of boronic acids and their pinacolates, no standard

conditions exist for the coupling of their diethanolamine counterparts and, except for the
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above recent contributions, their acidic hydrolysis to the corresponding free boronic acids
represented an obligatory step to their use in Suzuki coupling reactions. Thus, having
chosen p-bromoanisole as coupling partner for the DoM-Suzuki sequence of carbamate
2.353 (Table 2.10), a wide screening of reaction conditions was carried out, always in the
presence of Cul. Gratifingly, these tests led to the selection of the pair Pd(OAc),/S-Phos
as catalyst/ligand combination, which, under conditions of brief reflux in ethanol,
effected the cross coupling of the N-methyl diethanolamine 3-boronic ester derivative of
2.353 and yielded 64% of the desired azabiaryl 2.354s (entry 2). The application of Gros
and Fort’s original conditions led, instead, to only 24% yield of azabiaryl 2.354s (entry
1). More focused experiments underlined the critical role of Cul for the formation of the
desired azabiaryl (entry 4), defined the minimum catalyst/ligand load (5%, entry 3) and

excluded the possibility of coupling aryl chlorides under these conditions (entry 5).

Table 2.10 Cross Coupling Test for N-Methyl Diethanolamine Boronate of 2.353

1) B(O'Pr)3 (1.1 equiv) OCONET
2

OCONEt, 2)LDA (1.1equiv) conditions
0/ THE/-78°Clont _ below /=
N OMe
Z
N 3) MeN(CH,CH,0H), \ //
4) concentrate
2.353 2.354s
entry halide catalyst / ligand solvent Cul (%) Yield (%)
1 MeOCgH,Br PdCI,(PPh3), (5 mol%) DMF 10 24
(1.25 equiv) PPh3 (10 mol%) reflux / 10h
CsF (3 equiv)
2 MeOCgH,4Br Pd(OAc), (5 mol%) EtOH 10 64
(0.67 equiv) S-Phos (10 mol%) reflux / 10h
K,CO3 (3 equiv)
3 MeOCgH4Br Pd(OAc), (3 mol%) EtOH 10 31
(0.67 equiv) S-Phos (6 mol%) reflux / 10h
K,CO3 (3 equiv)
4 as in entry 3 as in entry 3 as in entry 3
5 MeOCgH,CI as in entry 2 asinentry2 10

(0.67 equiv)

107



2.4.3. Synthesis of Azafluorenones

Azabiaryl 2-carboxylic acids and esters are precursors of choice for the synthesis of
azafluorenones, namely through intramolecular Friedel-Crafts reactions as has been
demonstrated under zeolite catalysis,191 or, more often, under harsh conditions based on
PPA, H,SO, or AICl; as catalysts.'”® The interest in these systems is mainly due to the
occurrence of the 4-azafluorenone skeleton in the antifungal alkaloid onychine (2.357,
Fig. 2.6) isolated from Onychopetalum amazonicum and Cleistopholis patens, as well as
in at least 14 onychine derivatives bearing hydroxyl and methoxy groups in the benzene

'3 1n 1991, Snieckus opened a new route to azafluorenones 2.358 and 2.359 using a

ring.
directed remote metalation (DreM) strategy.'”* More recently, similar remote
metalations have also been carried out on pyridoylbenzoic acids and esters as well as on
pyridyloxybenzamides to obtain azaanthraquinones 2.363 and 2.364'” and azaxanthones

2.361 and 2.362,"° respectively. Using the DreM approach, Quéguiner has prepared

three analogous products (2.359, 2.360, Fig. 2.6 and 2.366, Scheme 2.67) from all

isomeric ortho-pyridylbenzoic acids or their ethyl esters.'”’

Ml o pn 0 T
N= =N N=

2.357 (onychine) 2.358 2.359 2.360
DMG = CONiPr, (55%)®  DMG = CONiPr, (94%)%8  DMG = COOH (67%)%°
COOH  (52%)%%°

o] 0 )
Z ~ZN ~ZN
) (o)
0

2.361 2.362 2.363 2.364

DMG = CONEt, (53%)°* DMG = CONEt, (82%)>*  DMG = COOMe (44%)%%°%  DMG = COOH (16%)28%92
COOH (35%)28%

Figure 2.6 Examples of Aza -fluorenones, -anthraquinones and —xanthones
Obtained through DreM Reaction
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The pyrid-3-yl benzoic acid 2.365, which in theory may be deprotonated at both C, and
C4 remote positions, undergoes a non regioselective cyclization to give two isomeric
azafluorenones 2.366 and 2.367 (Scheme 2.67). Mortier has recently studied the
mechanism of this reaction and has found that the isomeric ratio depends on the

electrophilicity of the DMG.'*®

DMG o
2__ LiTMP (3 equiv)
— THF/0°C N\
\ / then rt / 18h / / N
4 — —N
2.365 2.366 2.367
DMG = COOH 26% 9%
CON'Pr, 94%
COOEt 70%
CONEt,
LDA (5 equiv)
=N &% TthE/occ MOMO
MOMO { e
\ / then rt/12h
CeH1z (65%)
2.368 > 2.369
Scheme 2.67

When the remote metalation is directed by the highly electrophilic COOEt group, the
kinetic anion at C, rapidly undergoes cyclization to give only 2.366. However, when the
DMG is the less electrophilic CONPr,, the C, anion, whose trapping with a D" source
was not attempted, may undergo equilibration to the thermodynamically more stable
Cy isomer which leads to the azafluorenone 2.367. The same regioselectivity was
observed by McCubbin, Lemieux, and Snieckus in the conversion of 2.368 to the
azafluorenone (2.369) constituting a liquid crystalline material (Scheme 2.67).'" A
thorough study on the DreM of biaryl 2.370 has been carried out (Scheme 2.68).>* C;-
Deprotonation was demonstrated to occur at —78 °C both with *“BuLi/TMEDA and with

LDA. However, when generated under kinetic conditions (2.370 — 2.371), the o-
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lithiated intermediate 2.374 was stable at rt and was trapped with Me,S, in 81% whereas,
under thermodynamic conditions (LDA), it could be trapped in 65% at =78 °C only in the

presence of in situ TMSCI.

SMe
O 1) SBuLi / TMEDA Cs SLow FAST
(2.2 equiv)
THF /-78 °C LDA

CONEt, CONEt, CONEt,

B —_— ) — ’ 1)

2) Me,S, /1t Cor THF/0Ctort Li 84-92%

2 0,
+ 89% from
3H 1.510
81% ’
2.371 2.370 2.372 2.373
1) "BuLi
l;gDAC DIPA (1.1 equiv)
) THF/-78 C
2) CD30D
TMS Li
O TMSCI (in situ) O O
CONEt, w—— CONEt, CONEt,
-78 °C
Br
® Il @
2.375 2.374 2.376
Scheme 2.68

In the absence of an in situ electrophile, the lithiation of 2.370 with LDA gave
exclusively 2.373 with erosion of the deuterium content (2.375-1d:2.373-1d; 22:78) if
the reaction was performed on 2.370-3d, (3dy:3d; 1:99). Lithium-halogen exchange of
bromide 2.376 followed by CD;OD addition furnished 2.373-1d, (89%) suggesting that
the cyclization step is much faster than the equilibration of 2.372 to 2.375. On the basis
of these combined observations, a mechanistic rationale was proposed for the formation
of 2.373 that, following a CIPE of the 2.370/LDA complex, invokes the equilibrium and
non-productive formation of 2.374. At the same time, the complex also promotes the
rate—determining and irreversible C,- deprotonation of 2.370 which results in the rapid

cyclization to fluorenone (2.375), the latter being the driving force for the process.
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Interestingly, the deprotonation of chloro-substituted azabiaryl 2.377 with LiTMP at -75
°C followed by external (D,0) and in situ quench (TMSCI) leads to the azabiaryls 2.378a
and 2.378b (Scheme 2.69).””' However, if 2.377 is lithiated at —50 °C, the azafluorenone
2.379 is obtained as the main product, the remaining material being 2.378a. This suggest
that, as temperature increases, the kinetic Cs-anion formed at low temperature
equilibrates with the thermodynamic Cs..anion generated following a CIPE and the latter
is rapidly trapped by the amide group in the cyclization step to the azafluorenone 2.379.
The product 2.379, following cross coupling with methylboronic acid, yielded onychine

(2.357) in excellent yield.

o (o]

; ; cl MeB(OH), CH3
CONPrz ) LiTMP CONPr2 gy LTmp Pd(PPh3),
THF /-75°C 3 THF /-50 °C 7 N\ (10 mol%) i N
0 0 T e
| 2) D,0 or TMSCI | 2) b0 =]  KqCOs dioxane N—
Ne 2 N s reflux
E (96%)
2.378a E=D 95% 2.377 2.379 (66%) 2.357 (onychine)
2.378b TMS (in situ) 50% +2.378a (33%)

Scheme 2.69

The DreM reaction of 2.354a-m would differ from all known examples of anionic
cyclization of azabiaryls (Fig. 2.6, Schemes 2.67 and 2.69) because the remote
deprotonation must occur on the phenyl ring instead of the more acidic pyridine ring.
However, since the reaction is strongly driven by the irreversible intramolecular
cyclization, small equilibrium concentrations of the remotely lithiated species were
expected to lead to the fluorenone products. Thus, using variable amounts of LDA,
selected azabiaryls 2.354b,e,h,k were cyclized to the expected azafluorenones (Table
1.11). The metalation of EWG-bearing azabiaryls 2.354b and 2.354k required less LDA

and occurred at lower temperature than did the electron-rich 2.354e and 2.354h whereas

111



in the DreM of 2.354b, 1 equivalent of LDA was presumably used up by reversible

nucleophilic addition to the CN group.*%*

Table 2.11  Synthesis of Substituted Azafluorenones 2.380a-d via

DreM of Azabiaryls
Azabiaryl Conditions Azafluorenone Yid, %
7\ CN A /i N 55
N= — CN
N
NEt,
o) o}

2.354e (R = 4'-OMe) B 2.380b (R = 7-OMe) 56
2.354h (R = 3'-OMe) B 2.380c (R = 8-OMe) 63
N
— N
c / 81
\ 7 _
NEt, Cl -
0 o]
2.354k 2.380d

A: LDA (2 equiv.) / THF / -78 to -10 °C / 90 min; B: LDA (3 equiv.) / THF / -40 to 10 °C / 120 min;
C: LDA (1.5 equiv.) / THF / -50 °C / 90 min.

Interestingly, regioselective cyclization of 2.354h and 2.354k to 2.380c and 2.380d,
respectively, is observed, an indication of the directing effect of the strong OMe and
weak Cl DMG.?” Thus the products of cyclization are complementary to the Lewis acid-
mediated processes. As a matter of fact, when heated in PPA, the carboxylic acid
corresponding to 2.354h is reported to afford an approximatively 1:1 mixture of 2.380c
and the isomeric 6-methoxy-2-azafluorenone (72% combined yield) and requires

204

chromatographic separation.”" Under Friedel-Crafts conditions, even the carboxylic acid

corresponding to symmetrically substituted 2.354e is described to be poorly converted
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5 .
Since

into 2.380b (35%), as expected from the deactivation due to the OMe group.*
2.380a and 2.380d have not been prepared by Friedel-Crafts reaction of the carboxylic
acid corresponding to 2.354b and 2.354k, respectively, a direct comparison cannot be
made. However, in the first case, sensitivity of the cyano group to PPA or Lewis acid-
catalyzed hydrolysis would be expected. Such complementarity between the Friedel-
Crafts and DreM reactions has been usefully exploited in the synthesis of isomeric

Error!

dimethoxyfluorenones 2.382 and 2.383 (Scheme 2.70) as potential kinase inhibitors.
Bookmark ot defined. 71,5 under acidic conditions, electrophilic substitution of 2.381 is,
expectedly, Ce-, i.e., para-selective to give 2.383 while, under anionic conditions, the

OMe DMG effect is operative at C» together with a CIPE to afford the isomeric 2.382

(Scheme 2.70).

O R = NEt,

’ o LDA (2.5 equiv)
-

R = OH O
COR 1eay CHCly ’

- . o
O THF /-20 °C to rt 94%
0,
OMe 84% MO
OMe OMe MeO
OMe
2382 2381 2.383

Scheme 2.70

The DreM reaction was conveniently monitored by React-IR in one selected case
(2.354h—2.380c). The disappearance of the amide carbonyl stretching frequency (v =
1632 cm™, Fig. 2.7) of the starting amide 2.354h as a function of time is observed upon
gradual addition of 3 equiv of LDA. It is only after addition of MeOH that the stretching
absoption of the carbonyl (v = 1718 cm™) representing 2.380¢ increases in intensity.

These results strongly suggest the expected formation of a tetrahedral carbinolamine
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alkoxide 2.385 which has been the long-assumed reasonable intermediate for the DreM
reaction (Scheme 2.71).2°  This observation also indicates that the tetrahedral
intermediate is quite stable under anionic conditions unlike that derived from the urea
1.92 (Scheme 1.19) which, through the same analytical technique, was shown to

decompose instantly before quenching with an aqueous NH,Cl solution.?*®

N N
| N | N /N /N
P P N/ Ny
CONEt; LDA (3 equiv) CONEt, OLi H
—_— : e — o
Li NEt,
THF / 2h
401to 10 °C
OMe OMe OMe OMe
2.354h 2.384 2.385 2.380c
Scheme 2.71
(v=1632 cm-1)

absorbance

] =
LDA equiv. 1740 1720 1700 1680 1660 1640 1620 1600
Wavenumber {cm-1)

Figure 2.7 DreM of 2.354h through the Lens of React-IR

2.5 Conclusions

The compatible base-electrophile combination, as originally established by Martin with
LiTMP/TMSCI for in situ trapping of equilibrium concentrations of aryl carbanions, and
subsequently developed by Hawkins for LDA-B(OR); (Scheme 2.61) was applied,

178,180

following initial work in the Snieckus laboratories to a DoM-boronation sequence
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for a series of DMG-bearing pyridines. Thus, a general DoM methodology was
established for the preparation of all isomeric N,N-diethyl pyridinecarboxamide boronic
acid derivatives isolated as their pinacolates and/or diethanolamine adducts (2.337 and
2.338, respectively, Table 2.6). For this series, results show that, using B(O'Pr)s, the
otherwise unavoidable self-condensation of the lithiated intermediates (Scheme 2.53)"*!?
is completely prevented. With these results in hand, the optimization of the Suzuki cross
coupling reaction of the crude pyridyl boronate 2.337¢ (Table 2.7) was accomplished,
establishing that the notoriously difficult isolation and purification of pyridyl boronates is
not required. The one-pot DoM-boronation and Suzuki-Miyaura protocol was thus
applied to all three isomeric pyridine carboxamides 2.263a-c¢ and extended to chloro- and
fluoropyridines pyridines 2.351 and 2.352 respectively, which do not have the option to
undergo self-condensation before external quench (Table 2.9). With standard catalyst
loading, this one-pot metalation-cross coupling procedure gave a wide series of
azabiaryls in acceptable yields using deactivated aryl bromide coupling partners.
Selected DMG-bearing azabiaryls 2.354b,e,h,k were in turn subjected to directed remote
metalation (DreM) reaction to furnish substituted azafluorenones 2.380a-d (Table 2.11).
For 3'-substituted azabiaryls 2.354h,k, exclusive formation of one azafluorenone isomer
(2.380c,d) was observed, proving that, as in 1,3-disubstituted aromatic systems, a strong
synergy can exist between two DMGs despite their placement in alternate rings. Hence,
another piece has been added to the mosaic of the DreM reaction. Finally, the DreM
reaction of 2.354h (Scheme 2.71) was monitored by React-IR and suggestive evidence

was obtained for the presence of tetrahedral carbinolamine alkoxide intermediate 2.375.
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2.6. Experimental Section

General Methods

Melting points are uncorrected and represent values obtained on recrystallized materials
with a Fisher Scientific melting point apparatus. IR spectra were recorded as films or as
KBr pellets using a BONEM FT-IR spectrophotomer. NMR spectra were recorded on a
Brucker Avance-300, 400 or 500 MHz. Low-resolution mass spectra (LRMS) were
performed on an Agilent Technologies GC-MS system (6890N network GC system and
5973 Mass selective detector). High resolution mass spectra (HRMS) were recorded on a
Kratos Mass Spectrometer or on a Micromass 70-250S Double Focusing Mass
Spectrometer. The React-IR study was carried out with a Mettler Toledo ReactIR™
4000 equipped with a SiComp sensor. The collection of the crystallographic data was
performed on a Bruker SMART CCD 1000 X-ray diffractometer with graphite-
monochromated Mo K, radiation (A = 0.71073 A), operating at 50 kV and 30 mA over
20 ranges of 3.86 ~ 56.62° at —93 °C controlled with Crysostream Controller 700.
Diethyl ether and THF were freshly distilled from sodium under argon using
benzophenone as indicator or were obtained anhydrous by forced passage through
activated alumina in a Pure-Solv 400 solvent purification system (Innovative
Technology, Inc.), whereas anhydrous hexanes and DMF were purchased from Sigma-
Aldrich Chemical Co. Anhydrous dioxane, toluene, DME (Aldrich) and 2M aq. Na,COs3
were degassed through prolonged (1h) argon bubbling while sonicating the liquid in a
Fisher L R Ultrasonic Bath. Alkyllithiums were purchased from Sigma-Aldrich and were
titrated biweekly against sec-butanol using 1,10-phenanthroline as indicator or through

reaction with N-benzylbenzamide to a blue endpoint. Anhydrous diisopropylamine,
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diethylamine and 2,2,6,6-tetramethylpiperidine (HTMP) obtained from Sigma-Aldrich
were stored over KOH and under argon. POPd2 was a gift of Combiphos Catalysts, Inc.
whereas Pd[PPhs]s, Pdy(dba); and S-Phos were purchased from Strem Chemicals, Inc.
BrCF,CF,Br was purchased from Synquest Fluorochemicals and CLLCHOMe was
purchased from Fluka. Diethyl nicotinamide was obtained from Aldrich and redistilled
under high vacuum. All other commercial chemicals were purchased form Sigma-
Aldrich. All experiments were carried out under argon in flame-dried glassware, using
syringe-septum techniques. Unless otherwise indicated, reaction temperature values refer
to the actual reaction mixtures as measured through a thermocouple thermometer
(Barnant 600-1040) equipped with a type J temperature probe. Flash column
chromatography was carried out using Silicycle Silia-P Flash Silica Gel (particle size: 40-
63 um, 60A). The frase “NH4Cl quench” is intented to mean the addition of a saturated
aqueous solution of NH4Cl. Standard work-up refers to the extraction of a crude product
from a mixture of EtOAc and a saturated solution of NH4Cl or other given aqueous
solution. Extraction cycles were repeated (generally 3 times) with fresh EtOAc until the
organic layer displayed no absorption of UV light (A = 254 nm). The combined organic
layers were dried over anhydrous Na;SOj, subjected to filtration and then concentrated in
vacuo. A solution of ZnCl, (1M) in THF was prepared as follows: a tared 250 mL two-
neck flask was charged with ~ 0.1 mol of reagent grade ZnCl, (Fisher) and a glass
stopper was fitted to one neck. The other neck was fitted with a glass stopcock connected
to a high vacuum pump. While under vacuum, the salt was melted over a butane flame
and then allowed to cool down. The flask was filled with Ar, weighed and the amount of

anhydrous ZnCl, was calculated. The glass stopper was rapidly replaced with a rubber
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septum under a stream of argon and a measured volume of anhydrous THF was
introduced to obtain a 1M solution. The mixture was vigorously shaken and aged until it

became clear (~ 1 week).

General Procedures

A. Preparation of a 0.7 M LDA solution. A stock solution of LDA (10 mL, 0.7 M)
was prepared by dropwise addition of a solution of "BuLi (7 mmol) in hexanes to
diisopropylamine (8.4 mmol, 1.2 mL) in the required volume of THF at —10 °C. The

clear solution was stirred at 0 °C for 10 min before use.

B. One-Pot DOM — Boronation — Suzuki-Miyaura Cross Coupling of Pyridine
Derivatives 2.263a-c. A 50 mL flame-dried round bottom flask was charged with the
pyridine carboxamide (2.8 mmol), THF (5 mL) and B(O'Pr); (3.08 mmol). To this
solution cooled to -10 °C, LDA (4.40 mL, 3.08 mmol, 0.7M) stock solution, prepared as
in procedure A, was added and the mixture was stirred at 0 °C for 45 min, monitoring the
progress of the reaction by TLC (CH,Cl,/MeOH 9.5/0.5). Upon complete disappearance
of the starting material, pinacol (0.40 g, 3.36 mmol) was added and the mixture was
allowed to warm to rt with stirring over 1 h. The solvent was evaporated to dryness in
vacuo and Pd(PPh;3)4 (0.162 g, 0.14 mmol, 5 % mol) and the bromide (3.08 mmol) were
added with care to minimize exposure of the mixture to air. After flushing briefly with
argon, a water condenser was fitted to the flask and a degassed 2 M aqueous solution of
Na,COs (7 mL, 14 mmol) and degassed toluene (5 mL) were added through a septum
sealing the top of the condenser. The mixture was refluxed for 12 h, cooled, and

extracted with EtOAc (6 x 10 mL). The combined organic extract was washed with brine
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(40 mL), dried (Na,SO,) and concentrated in vacuo. The crude oily product was purified

by the appropriate method to give the desired azabiaryl.

C. Directed remote Metalation of Azabiaryls 2.354b,e,h,k. A 50 mL flame-dried
round bottom flask was charged with the azabiaryl in THF and LDA (prepared as in
General Procedure A) was added to this solution while maintaining the given internal
temperature. Upon complete disapperance of the starting material, the reaction mixture
was quenched with NH4Cl and the aqueous layer was extracted with EtOAc (20 mL x 3).
The combined organic extract was washed with brine, dried (Na;SOj,), subjected to
filtration, and the filtrate was concentrated in vacuo. The residue was subjected to the

appropriate purification method.
Syntheses of azabiaryls 2.354a-d, 2.354h-m, 2.348b and 2.354s"’

N,N-Diethyl-3-(4-methoxyphenyl)picolinamide (2.354a)
Prepared according to General Procedure B from 2.263a (0.5 g, 2.8
OMe

mmol) and 4-bromoanisole (0.56g, 3.08 mmol). Flash

NEt, chromatography (CH,Cl,/MeOH 19.65/0.35) of the crude residue

N/

and Kugelrohr distillation (150 °C/0.13 mmHg) afforded 2.354a
(62% yield) as clear oil, IR (film) Vinax 1637 cm™; "H NMR (400 MHz, CDCl3) 68.58 (bs,
1H), 7.72 (d, 1H, J = 8 Hz), 7.44 (d, 1H, J = 8 Hz), 7.36 (dd, 2H, J = 8.0, 4.8 Hz), 6.94
(d, 2H, J = 8 Hz), 3.83 (s, 3H), 3.43 (q, 2H, J = 7.2 Hz), 2.88 (q, 2H, J = 7.2 Hz), 1.04 (t,
3H, J = 7.2 Hz), 0.84 (t, 3H, J = 7.2 Hz); >*C NMR (100 MHz, CDCls) & 168.3, 159.7,

153.4, 147.6, 137.1, 133.9, 130.0, 129.4, 123.5, 114.0, 55.2, 42.4, 38.6, 13.4, 12.2; EI
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LRMS m/z (rel. intensity %) 284 (M, 61), 269 (5), 255, (3), 213 (40), 212 (22), 185 (64),

184 (44); 72 (100); HRMS calcd for Ci7H0N,0O, 284.1525, found 284.1534.

3-(4-Cyanophenyl)-N,N-diethylpicolinamide (2.354b)
o Prepared according to General Procedure B from 2.263a (0.5 g, 2.8
mmol) and 4-bromo-benzonitrile (0.56 g, 3.08 mmol). Flash
N NEt, chromatography (CH,Cl,/MeOH 19.75/0.25) and recrystallization
afforded 2.354b (71% yield) as colourless needles, mp 140.5-142 °C
(hexanes/EtOAc); IR (KB) Vmax 2223, 1632 cm™; '"H NMR (400 MHz, CD,CL,) & 8.63
(dd, 1H, J=4.8, 1.6 Hz), 7.77 (dd, 1H, J = 8.0, 1.6 Hz), 7.72 (d, 2H, J = 8 Hz), 7.60 (d,
2H, J= 8.8 Hz), 7.43 (dd, 1H, J = 8.0, 4.8 Hz), 3.38 (q, 2H, J= 7.2 Hz), 2.93 (q, 2H J =
7.2 Hz), 0.99 (t, 3H, J = 7.22 Hz), 0.91 (t, 3H, J= 7.2 Hz); >C NMR (100 MHz, CD,Cl,)
0168.0. 154.3 149.5, 142.6, 137.8, 133.2, 132.8, 130.1, 124.3, 119.0, 112.6, 43.1, 39.3,

12.9, 12.5; LRMS m/z (rel. intensity %) 280 (M+1, 6), 279 (34), 264, (6), 207 (22), 179

(94), 100 (7), 72 (100); HRMS calcd for C;7H7N30 279.1372, found 279.1377.

N,N-Diethyl-3-(2,4-dimethoxyphenyl)picolinamide (2.354c¢)

Prepared according to General Procedure B from 2.263a (0.5 g, 2.8
MeO OMe
mmol) and 1-bromo-2,4-dimethoxybenzene (0.67 g, 3.08 mmol).

/

I N/ NE, Flash chromatography (CH,Cl,/MeOH 19.6/0.4) of the crude
o residue and distillation (170 °C / 0.6 mmHg) afforded 2.354¢ (37%

yield) as a thick clear oil, IR (film) Vi 1636 cm™; '"H NMR (300 MHz, CD,Cl,) &8.53
(dd, 1H, J=4.8, 1.5 Hz), 7.73 (d, 1H, J = 7.8, 1.5 Hz), 7.35 (dd, 1H, J = 7.8, 4.8 Hz),

7.21 (d, 1H, J = 9.0 Hz), 6.55 (m, 2H), 3.86 (s, 3H), 3.75 (s, 3H), 3.36 (q, 2H, J = 7.2
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Hz), 3.04 (q, 2H, J = 7.2 Hz), 1.03 (t, 3H, J = 7.2 Hz); 0.96 (t, 3H, J = 7.2 Hz); *C NMR
(100 MHz, CD,Cly) & 168.4, 161.9, 158.2, 152.7, 148.5, 145.0, 132.7, 132.4, 121.2,
118.2, 105.0, 99.0, 55.94, 55.90, 42.7, 38.7, 14.0, 12.5; LRMS m/z (rel. intensity %) 314
(M, 46), 283 (12), 243, (47), 214 (100), 199 (57), 184 (44), 156 (24); HRMS calcd for

Ci3H22N,05 314.1630, found 314.1632.

N,N-Diethyl-3-(4-nitrophenyl)picolinamide (2.354d)
Prepared according to General Procedure B from 2.263a (0.5 g, 2.8

mmol) and 1-bromo-4-nitrobenzene (0.622 g, 3.08 mmol). Flash

N
P NEt, chromatography (Hexanes/EtOAc 4/1) of the crude residue and

recrystallization furnished 2.354d (37% yield) as pale yellow
plates, mp 127-128 °C (Hexanes/CH,Cly); IR (KBr) vinax 1628, 1512, 1351 ecm™; 'H
NMR (300 MHz, CDCls) 6 8.69 (dd, 1H, J = 4.7, 1.5 Hz), 8.28 (d, 2H, J = 8.8 Hz), 7.79
(d, 1H,J=17.9, 1.5 Hz), 7.69 (d, 2H, J = 8.8 Hz), 7.46 (1H, dd, J= 7.9, 4.7 Hz), 3.44 (q,
2H, J=17.0 Hz), 2.99 (q, 2H, J = 7.0 Hz), 1.05 (t, 3H, J = 7.3 Hz), 0.96 (t, 3H, J = 7.04
Hz); °C NMR (100 MHz, CDCl3) §167.5, 153.6, 149.2, 147.7, 143.9, 137.4, 132.4,
129.8, 123.9, 123.7, 42.7, 39.0, 13.6, 12.3; LRMS m/z (rel. intensity %) 299 (M", 16),
269 (14), 228 (8), 227 (11), 200 (20), 199 (35), 72 (100); HRMS calcd for CicH;7N303

299.1270, found 299.1275.

N,N-Diethyl-4-(3-methoxyphenyl)nicotinamide (2.354h)
Prepared according to General Procedure B from 2.263b (1.5 g, 8.4
| N OMe mmol) and 3-bromoanisole (1.73 g, 9.24 mmol). Flash

N Z NEt,
chromatography (EtOAc/MeOH 9.65/0.35) afforded 2.354h (57%
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yield) as a clear oil, IR (film) vmax 1631, 1579, 1433, 1219 cm™; 'H NMR (300 MHz,
CDCl3) J 8.66 (d, 1H, J = 5.1 Hz), 8.60 (s, 1H), 7.38-7.31 (m, 2H), 7.11-7.06 (m, 2H),
6.99-6.94 (m, 1H), 3.83 (s, 3H), 3.65-3.90 (bs, 1H), 3.20-3.65 (m, 3H), 0.99 (t, 3H, J =
4.2 Hz), 0.78 (t, 3H, J = 4.2 Hz); C NMR (101 MHz, CDCl3) ¢ 168.0, 159.7, 150.0,
147.9, 145.8, 138.5, 131.9, 129.8, 123.4, 120.8, 114.8, 113.8, 55.4, 42.5, 38.7, 13.5, 12.0;
LRMS m/z (rel. intensity %) 284 (M, 26), 283 (74), 213 (17), 212 (100), 185 (12), 169

(27); HRMS caled for C17H9N>,O, (M-H) 283.1447, found 283.1436.

N,N-Diethyl-3-(2,4-dimethoxyphenyl)isonicotinamide (2.354i)
MeO OMe  Prepared according to General Procedure B from 2.263c (0.5 g 2.8

NI N mmol) and 1-bromo-2,4-dimethoxybenzene (0.67 g, 3.08 mmol).

= NEt,
Flash chromatography (CH,Cl,/MeOH 19.75/0.25) of the crude

(e}
material followed by Kugelrohr distillation (156 °C/0.13 mmHg) afforded 2.354i (33%
yield) as colourless oil, IR ( film) Vi 3483, 1628 cm™'; '"H NMR (400 MHz, CD,Cl,) §
8.56 (s, 1H), 8.52 (d, 1H, J = 4.8 Hz), 7.22 (dd, 1H, J = 4.8, 0.8 Hz), 7.16 (dd, 1H, J =
7.6, 0.8 Hz), 6.51-6.53 (m, 2H), 3.82 (s, 3H), 3.74 (s, 3H), 3.5-3.7 (bm, 1H), 2.6-3.2 (bm,
3H), 0.87 (t, 3H, J = 7.2 Hz), 0.85 (t, 3H, J = 7.2 Hz); °C NMR (100 MHz, CD,Cl,) &
168.4, 161.9, 158.1, 152.7, 148.5, 145.0, 132.7, 130.7, 121.2, 118.2 104.9, 98.9, 55.94,
55.89, 42.7, 38.7, 14.0, 12.5; LRMS m/z (rel. intensity %) 314 (M, 90), 313 (92); 283

(53), 242, (47), 227 (63), 191 (100); HRMS caled for CisHo3N,05 (M+H) 315.1709,

found 315.1716.
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N,N-Diethyl-3-(4-methoxyphenyl)isonicotinamide (2.354j)
ome Prepared according to General Procedure B from 2.263¢ (2.8 mmol,
N 0.47 mL) and 4-bromoanisole (0.576 g, 3.08 mmol). Flash

—Z NEt,
chromatography (CH»Cl,/MeOH 19.5/0.5) followed by in vacuo

o)
distillation (150 °C/0.9 mmHg) gave 0.60 g of (2.1 mmol, 75%) of 2.354j as a colourless
solid, mp 76-78 °C (hexanes/EtOAc); IR (KBr) viax: 3464, 1623, 1252; '"H NMR (400
MHz, CD,Cl,) 68.63 (s, 1H), 8.56 (d, 1H, J= 5.2 Hz), 7.41 (d, 2H, J = 8.8 Hz), 7.21 (dd,
1H, J=4.8, 0.8 Hz), 6.95 (d, 2H, J = 8.8 Hz), 3.82 (s, 3H), 3.67 (bs, 1H), 3.10 (bs, 1H),
2.88 (bs, 1H), 2.72 (bs, 1H), 0.97 (t, 3H, J = 7.2 Hz), 0.76 (t, 3H, J = 7.2 Hz); °*C NMR
(100 MHz, CDCl3) 6168.1, 159.9, 150.0, 148.3, 143.4, 132.9, 130.1, 128.5, 121.1, 114.2,
55.3, 42.3, 38.6, 13.4, 12.1; LRMS m/z (rel. intensity %) 284 (M, 68), 283 (69), 255

(10), 213 (30), 212 (100), 184 (9), 169 (40); HRMS calcd for Ci7HxN,0, 284.1525,

found 284.1532.

3-(4-Cyanophenyl)-N,N-diethylisonicotinamide (2.348b)
cN  Prepared according to General Procedure B from 2.263c¢ (0.5 g, 2.8
NT mmol) and 4-bromo-benzonitrile (0.56 g, 3.08 mmol). Flash
g - chromatography  (CH,Cl,/MeOH  19.75/0.25)  followed by
recrystallization afforded 2.348b (75% yield) as colourless needles, mp 112-113 °C
(hexanes/EtOAc); IR (KBr) vimax 3406, 2224, 1636; 'H NMR (400 MHz, CDCl;) & 8.73
(d, 1H,J=5.1 Hz), 8.7 (s, 1H), 7.74 (d, 2H, J= 8.4 Hz), 7.64 (d, 2H, J= 8.8 Hz), 7.32 (s,
1H, J = 4.8 Hz), 3.70-2.70 (bm, 4H), 0.97 (t, 3H, J = 7.2 Hz), 0.84 (t, 3H, J = 7.2 Hz);
C NMR (100 MHz, CDCl3) § 167.4, 150.2, 143.7, 141.0, 132.7, 131.6, 129.9, 121.2,

118.6, 112.6, 42.7, 38.9, 13.8, 12.3; LRMS m/z (rel. intensity %) 279 (M, 55), 278 (75),
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264 (3), 250 (14), 207, (100), 179 (35), 152 (32); HRMS calcd for C17H;7N30 279.1372,

found 279.1367.

3-(3-Chlorophenyl)-N,N-diethylisonicotinamide (2.354k)
Prepared according to General Procedure B from 2.263c¢ (0.5 g, 2.8
NN ¢ mmol) and 1-bromo-3-chlorobenzene (0.59 g, 3.08 mmol). Flash
7 - chromatography  (CH,Cl,/MeOH : 19.7/0.3) followed by
recrystallization afforded 2.354k (61% yield) as colourless needles, mp 73-75 °C
(hexanes/EtOAc); IR (KBr) vinax 3489, 1632; 'H NMR (400 MHz, CD,Cl,) 58.65-8.63
(m, 2H), 7.47-7.49 (m, 1H), 7.38-7.40 (m, 3H), 7.26 (dd, 1H, J = 4.8, 0.8 Hz), 3.60-3.90
(bm, 1H), 2.65-3.15 (bm, 3H), 0.96 (t, 3H, J= 7.2 Hz), 0.80 (t, 3H, J = 7.2 Hz); *C NMR
(100 MHz, CDCl3) 6 167.9, 150.6, 150.0, 144.2, 138.7, 134.9, 132.3, 130.6, 129.3, 128.9,
127.8, 121.4, 43.0, 39.1, 13.9, 12.3; LRMS m/z (rel. intensity %) 290 (16), 289 (28), 288

(M*, 50), 287 (65), 259 (10), 218 (31), 216 (100), 190 (10), 188 (29); HRMS calcd for

CisHisN2OCl (M-H) 287.0951, found 287.0947.

3-(2-(Diethylcarbamoyl)phenyl)-N,N-diethylisonicotinamide (2.354l)
Prepared according to General Procedure B from 2.263¢ (0.5 g, 2.8

mmol) and N,N-diethyl-2-bromobenzamide (0.79 g, 3.08 mmol). Flash

chromatography of the crude residue and recrystallization (hexanes/

o

Et,0) afforded 2.3541 (67% yield) as colourless needles, mp 110-111 °C; IR (KBr) Vinax
1628; '"H NMR (400 MHz, CD,Cl,) 6 8.56 (d, 1H, J = 5.8 Hz), 8.47 (s, 1H), 7.34-7.45
(m, 4H), 7.22 (d, 1H, J =4.8 Hz), 2.80-3.90 (bm, 8H), 1.90 (t, 3H, J = 7.2 Hz), 1.04 (t,

3H, J = 7.0), 0.95 (t, 3H, J = 7.0 Hz), 0.88 (t, 3H, J = 7.0 Hz); °C NMR (400 MHz,
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CD,Cly) & 169.9, 168.0, 150.7, 149.3, 144.9, 137.7, 134.1, 132.1, 131.3, 129.0, 128.5,
127.0, 121.4, 43.4, 43.0, 39.0, 38.9, 14.2, 14.0, 12.5, 12.4; LRMS m/z (rel. intensity %)
353 (54), 352 (50), 282 (25), 281 (25), 253 (11), 183 (42), 182 (100), 100 (13), 72 (35);

HRMS caled for C,;H27N30, 353.2103, found 353.2099.

N,N-Diethyl-3-(thiophen-2-yl)isonicotinamide (2.354m)

5\ Prepared according to General Procedure B from 2.263¢ (0.5 g, 2.8
N| : \NEtz mmol) and 2-bromothiophene (0.50 g, 3.08 mmol). Flash

o chromatography (EtOAc/Et;N 99/1) of the crude residue afforded 2.354m
(85% yield) as a colourless oil, IR (film) ¥ne 1630 cm™; 'H NMR (400 MHz, CDCl3) &
8.75 (s, 1H), 8.60 (d, 1H, J = 5.2 Hz), 7.51 (dd, 1H, J=3.2, 1.6 Hz), 7.39 (dd, 1H, J =
5.2,3.2 Hz), 7.29 (dd, 1H, J=5.2, 1.2 Hz), 7.24 (d, 1H, J = 5.2 Hz), 3.70 (bm, 1H), 3.20
(bs, 1H), 2.83 (m, 2H), 1.070 (t, 3H, J = 6.8 Hz), 0.76 (t, 3H, J = 7.2 Hz); °C NMR (100
MHz, CDCls) ¢ 168.1, 149.7, 148.5, 143.1, 136.4, 128.2, 127.8, 126.4, 124.4, 121.0,
42.4,38.7, 13.4, 12.2; LRMS m/z (rel. intensity %) 260 (M", 75), 245 (3), 231 (17), 189
(42), 188 (100), 161 (87), 160 (58); HRMS caled for C;4HsN,OS 260.0983, found

260.0985.

4-(4-Methoxyphenyl)pyridin-3-yl diethylcarbamate (2.354s)

j\ A 50 mL flame-dried round bottom flask was charged with
OMe
EtoN (0] .
5 2.353 (0.5 g, 2.6 mmol), THF (5 mL) and B(O'Pr); (3.1 mmol,
S
I
N F 0.72 mL). A stock solution of LDA (4.10 mL, 2.9 mmol,

0.7M), prepared as in General Procedure A, was added to this mixture cooled to —78 °C

and the reaction was allowed to reach 0 °C over 30 min. N-Methyldiethanolamine (0.37
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g, 3.1 mmol) was added and the mixture was stirred for 2 h at 0 °C. After complete in
vacuo evaporation of the solvent, in a glove-bag filled with nitrogen, Pd(OAc), (29 mg,
0.13 mmol), S-Phos (0.107 g, 0.26 mmol), K,CO; (1.10 g, 7.8 mmol), Cul (49 mg, 0.26
mmol) were added to the residue. A water condenser was fitted to the flask and 4-
bromoanisole (0.32 g, 1.7 mmol) and degassed ethanol (15 mL) were added through a
septum sealing at the top of the condenser. The mixture was refluxed for 3h, cooled and
subjected to filtration. The solvent was evaporated to dryness and the residue, suspended
in water, was extracted with CH,Cl, (4 x 10 mL). The combined organic extract was
washed with brine (40 mL), dried (Na,SO4) and concentrated in vacuo. Purification of
this residue by flash column chromatography (hexanes/EtOAc/MeOH 16/4/0.5) yielded
2.354s (0.47 g, 64%) as a clear oil, IR (film) vmay 1718 cm™; "H NMR (400.3 MHz,
CDCl3) 68.46 (m, 2H), 7.40 (d, 2H, J = 8.0 Hz), 7.30 (d, 1H, J =4.4 Hz), 6.95 (d, 2H, J
= 8.0 Hz), 3.84 (s, 3H), 3.32-3.34 (m, 4H), 1.05-1.15 (m, 6H); °*C NMR (100 MHz,
CDCls) 0159.9, 153.4, 146.4, 145.3, 142.1, 129.9, 127.6, 124.4, 113.9, 55.3, 42.2, 41.8,
14.0, 13.1;, LRMS m/z 301 (M+H, 5), 300 (29), 100 (100), 72 (37); HRMS calcd for

C17H20N203 3001474, found 300.1413.

Synthesis of azafluorenones 2.380a-d

9-Oxo0-9H-indeno|2,1-b]pyridine-7-carbonitrile (2.380a)
Prepared according to General Procedure C from 2.354b (0.25 g,
N/ cNn 0.90 mmol) in dry THF (40 mL). To this solution cooled to —78 °C,
0 LDA (2.6 mL, 1.8 mmol) was added dropwise and the reaction

mixture was allowed to reach —10 °C over 90 min, then quenched with NH4Cl. Standard
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work up and flash chromatography (Hexanes/EtOAc 1/9) of the crude material yielded
102 mg of 2.380a (55%) as a yellow solid, mp 205-207 °C (Hexanes/EtOAc); IR (KBr)
Vinax 2230, 1729, 1612, 800, 753, 584 cm™; "H NMR (300. MHz, CD;CN) &6 8.82-8.65 (m,
2H), 7.68 (d, 1H, J = 8.2 Hz), 7.54 (dd, 1H, J =4.8, 1.0 Hz), 7.22 (d, 1H, J = 2.3 Hz),
7.15 (dd, 1H, J = 8.2, 2.3 Hz), 3.89 (s, 3H); °C NMR (100 MHz, CDCl3) §190.1, 152.9,
152.0, 145.1, 139.1, 138.5, 132.5, 129.0, 127.9, 127.6, 121.8, 117.6, 113.7; LRMS m/z
(rel. intensity %) 207 (M+H, 5), 206 (100), 178 (23), 152 (14), 151 (4); HRMS calcd for

Ci3HeN,O 206.0480, found 206.0489.

7-Methoxy-2-azafluorenone (2.380b)
Prepared according to General Procedure C from 2.354e (0.167 g,
W\om 0.59 mmol) in dry THF (27 mL). To this solution cooled to —40
0 °C, LDA (2.5 mL, 1.8 mmol) was added dropwise and the reaction
mixture was allowed to reach 10 °C over 2 h, then quenched with NH4Cl. Standard work
up and flash chromatography (CH,Cl,/MeOH 9.85/0.15) of the crude material yielded 70
mg of 2.380b (56%) as a yellow solid, mp 153-154 °C (hexanes/EtOAc), lit. 151-153 °C
(CH,Cl,). This compound showed spectral data consistent with those reported for the

known material.

8-Methoxy-2-azafluorenone (2.380c)

Prepared according to General Procedure C from 2.354h (0.250 g, 0.88

W mmol) in 40 mL of dry THF. To this solution cooled to —40 °C LDA
OMe

0 (3.8 mL, 2.64 mmol) was added dropwise and the reaction was

allowed to reach 10 °C over 2 h, then quenched with NH4Cl. Standard work up and flash

127



chromatography of the crude material (CH,Cl,/MeOH 9.85/0.15) yielded 115 mg of
2.380c (63%) as a yellow solid, mp 185-186 °C (CH,CL), lit. 184-186 (CH,Cl,). This

compound exhibits spectral data consistent with those reported for the known material.

8-Chloro-3-azafluorenone (2.380d)

Prepared according to general procedure C from 2.354k (400 mg, 1.38

N=

N\ mmol) in dry THF (50 mL). To this solution cooled at —50 °C, LDA
0 (3.0 mL, 2.1 mmol, 0.7M), was added dropwise and the reaction was

stirred for 90 min at this temperature, then quenched with NH4Cl. Standard work up and
flash chromatography of the crude material (hexanes/EtOAc 6/4) yielded 0.24 g (81%) of
2.380d as a yellow powder, mp 178-179 °C (Hexanes-EtOAc); IR (KBr) v 3071,
1716, 1579, 1445, 1272, 783, 672; '"H NMR (400 MHz, CDCl;) 58.93 (s, 1H), 8.74 (d,
1H, J=4.4 Hz), 7.58 (d, 1H, J = 7.8 Hz), 7.55 (d, 1H, J=4.4 Hz), 7.49 (t, 1H, J = 7.8
Hz), 7.31 (d, 1H, J= 7.8 Hz); *C NMR (100 MHz, CDCl3) 5189.9, 152.2, 145.1, 142.3,
139.9, 136.1, 135.8, 133.8, 131.7, 128.9, 119.6, 117.4; LRMS m/z (rel. intensity %) 217

(33), 215 (M", 100), 187 (17), 160 (13), 152 (11), 125 (10); HRMS calcd for C;,HCINO

215.0138, found 215.0133.

React IR Study for the Directed Remote Metalation Reaction of 2.354h.

A stock solution of LDA (10 mL, 1M) was prepared by addition of "BuLi (10 mmol, 4.3
mL, 2.30M) to a solution of DIPA (10 mmol, 1.4 mL) in dry THF (9.0 mL) at 0 °C. A
100 mL two-neck flask containing a very small stirring bar was fitted to the IR probe
while the other neck was sealed with a rubber septum through which a temperature probe

was inserted. Anhydrous THF (2.5 mL) was added to the flask and a background

128



spectrum was acquired at -7 °C. 2.354h (200 mg, 0.70 mmol) dissolved in THF (0.5 mL)
was injected and, after brief stirring, spectra (averages of 120 scans) were acquired every
2 min. LDA (2.1 mL, 2.1 mmol) was slowly added (ca. 0.1 mL/5 min) at -7 °C and the
consumption of 2.354h was monitored. When further additions of LDA caused no
change in the amide carbonyl absorption band, v= 1632 cm™(C=0), a few drops of ice-
cold MeOH were slowly added to the mixture causing the appearance of the fluorenone
(2.380¢) carbonyl band, v 1718 cm™. In a control experiment, the addition of THF (2.1
mL) rather than a solution of LDA in THF to substrate 2.354h did not significantly
reduce the absorption band of 2.354h, neither did the addition of MeOH cause the

appearance of relevant signals at 1718 cm’.
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CHAPTER 3

Studies Towards the Synthesis of Isoprekinamycin

3.1 The Kinamycin Antibiotics

The Kinamycins (3.4a-e,f,j, Fig. 3.1) are a class of metabolic compounds (isolated from
cultures of S. murayamaensis), some of which strongly active against Gram-positive
bacteria but all ineffective against Gram-negative bacteria." Kinamycins A, C and F also
show potent cell growth inhibition effects (on either Chinese hamster ovary or K562
leukemia cells) which have encouraged studies aimed at the development of structurally
related anticancer agents.” For more than 20 years after the publication of their isolation
by Omura in 1970,° kinamycins were believed to be cyanobenzo[b]carbazoles 3.1, a
structure which, although incorporating a cyano group which escaped detection by °C

* Only in 1988, during a

NMR, was supported by X-ray crystallographic studies.’®
biosynthetic study involving the feeding of (‘’NH,4),SO;4 to the mycelium, the °C NMR
spectrum of kinamycin D surrendered a very weak doublet of doublet centered at 78.5
ppm which, when compared to spectra of natural abundance kinamycin samples, brought
attention to a tiny singlet, almost overlapped with the solvent signal (CDCl).”> This
signal was still some 30 ppm upfield of the values observed in simple cyanamides (110-
120 ppm), and this discrepancy was attributed to unspecified electronic effects of the
indoloquinone system. In 1990, during synthetic studies towards a BC ring synthon for
the kinamycins, Dmitrienko obtained two N-cyanoindoles-4,7-diones 3.3a,b (Fig. 3.1)
whose N-CN >C NMR signals were found at ~ 104 ppm.® This evidence demonstrated

that the anomalous shift of the N-cyano resonance obtained from kinamycins could not

be ascribed to the N-cyano indole-dione ring system. An even stronger alarm came three
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years later from Echavarren’s total synthesis of 3.2, a metabolite isolated from S.
murayamaensis and labelled CpdA, which had been named prekinamycin because it was
suspected to be a key precursor of the kinamycins. Echavarren’s spectroscopic data’ for
synthetic 3.2 did not match those of CpdA, and this finding was rapidly followed in 1994
with the independent disclosure, by Dmitrienko and Gould, of the correct
diazobenzo[b]fluorene skeleton of kinamycins (3.4).®  The revised structure of
prekinamycin (3.5) immediately became an intriguing synthetic target and, only two
years later, Hauser disclosed a brief synthesis of 3.5 but with analytical details which
were bound to raise more eyebrows.” In fact, Hauser’s spectral data for 3.5 did not match
those of CpdA; however, they were found to superimpose with those of another

metabolite of unknown structure (named CpdB). "’

R RZ R R*
3.4a Kinamycin A H Ac Ac Ac
3.4b Kinamycin B H Ac H H
3.4c Kinamycin C Ac H Ac Ac
3.4d Kinamycin D Ac H Ac H
3.4e Kinamycin E H H H Ac
3.4f Kinamycin F H H H H
3.4j KinamycinJ Ac Ac Ac Ac

HO R HO
Q 0 o O HO
CHs CH
O‘ § ) i @@Q@ @9 (o)
N N @
\ ) + OH
OH © CN o} CN OH © N2 o N,

3.2 33a R=H 3.5 (prekinamycin) 3.6 (isoprekinamycin)
3.3b R=0Ac

Figure 3.1 Incorrect and Revised Chemical Structures of Some Members of the
Kinamycins Family and their Synthetic Models 3.3a,b

While the name “prekinamycin” and the structure 3.5 were transferred to CpdB, the true

identity of CpdA became, once again, a mystery. Finally, in 2000, Dmitrienko gathered
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sufficient evidence to correct the former diazobenzo[b]fluorene skeleton of CpdA with
the angular diazobenzo[a]fluorene system (3.6) and assigned to it the name
“isoprekinamycin”.!" The interest over the rare structural features of kinamycins was
further heightened when, in 2001, Wyeth-Ayerst researchers disclosed the structures of
Lomaiviticin A (3.7) and B (3.8), two glycosylated homodimeric diazobenzo[b]fluorenes
(isolated from the marine actinomycete Micromonospora lomaivitiensis) that displayed
extremely high antitumor activity against a broad range of cells (Fig. 3.2).'” A study

towards the enantioselective synthesis of the central ring system of lomaiviticin A has

recently appeared. '’

3.7 (lomaiviticin A) 3.8 (lomaiviticin B)

O

1_ (o) 2_ OH

R —%NMez R"= OMe
OH

Figure 3.2 Structures of Lomaiviticin A and B

3.1.1. Biogenesis of the Kinamycins

Although most of the biosynthetic studies refer to the N-cyanobenzo[b]carbazole
skeleton, the early data and conclusions can be safely transferred to the
diazobenzo[b]fluorene frame. Separate feedings of [1-'>Clacetate and [2-"’Clacetate
have secured the polyketide origin of the whole kinamycin skeleton (Scheme 3.1),'* and
the origin of the diazotized carbon has also been confirmed to be the C, of acetate.

Among the metabolites isolated from the media of S. murayamaensis,
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dehydrorabelomycin (3.10) has been shown to enter the biosynthetic pathway to

kinamycin D."

3.12 (Kinobscurinone)*

HO, 7]
0
’ &
" OH
o ™

3.15

*incorporates into Kinamycin D

OH O N2

3.4d (Kinamycin D, @= carbon derived
from [1—13C]acetate)

Scheme 3.1

Gould has suggested that cleavage of the angular ring of 3.10 may provide 3.12 as the
first benzo[b]fluorene in the biogenetic sequence. Logical progression of the
biosynthesis and the observation that both kinobscurinone (3.12) and stealthin C (3.13)
are incorporated into kinamycin D, suggests the placement of the C-ring amination step at

this point. The mechanism of diazotization is still a matter for speculation; however, the
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presence of the diazo group in prekinamycin (3.14) clearly indicates that this process
occurs before the dearomatization of the D ring begins. A similar oxidation sequence
observed in other biosyntheses'® suggests that the oxidation of the D ring proceeds
through the formation of hydroquinone 3.15, direct epoxidation to epoxyquinone 3.16
and its reduction to the corresponding epoxyquinol 3.17. To our knowledge, the
announced synthesis of 3.15 to experimentally support its intermediacy in the kinamycins
biosynthesis has not yet been reported. Finally, brief oxygen functionality changes to
3.17 lead to kinamycin F, which is thought to be the branching point to all acetylated

kinamycins.

3.1.2. Mechanism of Action of the Kinamycins

Due to the similarity of the former indoloquinone skeleton with the structure of the
clinical antitumor agent mitomycin C (3.18, Fig. 3.3), kinamycins were initially thought
to act as reductively activated DNA-alkylating agents through a mechanism similar to

that of mitomycins.'’

Upon structural revision of the kinamycins, four natural products
(3.19-3.22) were singled out containing the rare diazo group and displaying antitumor

or/and antibiotic activity presumably based on the reactive N, functionality.'®

HaC N “4NH
(0] (6]
L O NZQ)L
HoN B X OH
O
o/ NH,
)\NHZ 3.21 (X = 0. azaseine)
o 3.22 (X = 6-diazo-5-0x0-L-
3.18 (Mitomycin C) 3.19 (SF2415A2) 3.20 (lagunamycin) norleucine)

Figure 3.3 Structures of Mitomycin C and Natural Products Containing the Diazo
Group
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The molecular mechanism of action of kinamycins is a matter for wide discussion.
Working on a simple model, Jebaratnam has found that diazofluorenone 3.23 nicks
plasmid DNA upon exposure to the oxidant Cu(OAc), and has suggested that, in the
biological medium, similar events may be triggered by endogenous oxidants leading to a
radical intermediate that, such as 3.24, is capable of damaging DNA through well known

oxygen mediated pathways (Scheme 3.2)."

Cu(OAc), DNA
O‘O —_— O‘O —— > DNA cleavage
-N; O,
OAc

N2
3.23 3.24

Scheme 3.2

However, lomaiviticin A has been reported to be active under reductive conditions which
are prevalent in the intracellular space.”” Furthermore, kinamycin D and its model 1-
methoxydiazofluorenone have been reported to appreciably damage the supercoiled
plasmid pBR322 under thiol-promoted reductive conditions (dithiothreitol) while being
ineffective in the absence of a promoter. On the contrary, kinamycin A and C have been
shown to inhibit the catalytic activity of DNA topoisomerase Ilow but to become
ineffective in this respect when they are pretreated with dithiothreitol. This suggests that
they may be targeting critical protein sulfhydryl groups present in the topoisomerase Ila.
However, kinamycin A and C did not act as a topoisomerase Ila poison nor was the
inhibition of the catalytic activity of this enzyme correlated to the cell growth inhibitory
effects of the kinamycins. Furthermore, neither kinamycin undergoes cross-linking or
intercalation processes with DNA. Collectively, these observations suggest that

kinamycins may have a completely different target than that of the anticancer drugs
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currently in clinical use. Dmitrienko has suggested a mechanism analogous to the
reaction of aryldiazonium ions with DNA, in which the amino groups of guanine and
adenine residues nucleophilically attack the diazo group and generate unstable triazenes
whose decomposition to radicals is driven by loss of nitrogen. These radicals eventually
combine with purine radicals to form arylpurines and, with damaged DNA, to form

depurinated sites or to cleave the phosphodiester backbone.?’

To support this hypothesis,
Dmitrienko ranked a number of diazo compounds, including benzo[a]- and [b]fluorenes,
according to their diazonium ion character as estimated by their calculated N-N bond
lengths and C-N; IR stretching frequencies (Scheme 3.3). This data indicated that the
ionic character of the diazo group, and therefore its electrophilicity is amplified, as
estimated by shorter N-N bonds and higher C-N, frequency, by the presence of the keto
group in the B ring of benzodiazo[a]fluorenes and by the intramolecular H-bonding
network, particularly the C;-OH group. Indeed, the increasing diazonium ion character
of isoprekinamycin, kinamycin B and lomaiviticin A (the latter mimicked by the simple
model 3.27) was found to parallel their antitumor and antibiotic activity. Furthermore,
this trend of electrophilic reactivity was confirmed experimentally by the very different
rates at which f-naphthol underwent reaction with 3.6 and 3.30 through mechanisms
involving nucleophilic attack of the diazo group. While 3.6 was completely consumed in
9 hours at 0 °C, 3.30 underwent only negligible reaction unless drastic conditions were
used. As noted by Feldman and Eastman, Dmitrienko’s proposal does not appear to
completely apply to the diazobenzo[b]fluorene system. In fact, in spite of its inhibited H-
bond network, kinamycin J (3.4)) displays a higher empirical UN,) value (and
presumably a higher diazonium ion character) than that of kinamycin F (3.4f, Scheme

3.3).%
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diazocompound calc v(Np) (cm™) calc N-N (A)

9-diazofluorene 1906 1.133

2,1-naphthoquinodiazide 2056 1.111

3.30 2087 1.108

3.25 2101 1.107

3.26 2125 1.105

isoprekinamycin (3.6) 2139 1.103

kinamycin B (3.4b) 2188 1.099 3.25R' =OH, R*=H 3.27
3.27 2212 1.097 3.26 R =H, R*=OH

Ph-N,* CI” 2212 1.100

CHs geoc/THF /9n

Cs,CO3
Bnaphthol

3.6 (v(Np) = 2162 cm™})
3.28 (29%) 3.29 (61%)

°C /THF /17h
C32CO3

. O B-naphthol
O negl|g|blereact|on O

H20 (pH 9)
EtOH, reflux
3.30 (v(Nyp) = 2105 cm™) quant. 331

+
OH O N2

3.4f (Kinamycin F, v(N) = 2120 cm™) 3.4j (Kinamycin J, v(Ny) = 2150 cm™)

Scheme 3.3

Feldman and Eastman have studied the reductive activation chemistry of prekinamycin
and its dimethyl ether 3.32 with Bu3;Sn-H/AIBN as a model 1-electron reductant (Scheme
3.4). They proposed that nitrogen loss from the initial radical 3.33 drives the formation
of the highly reactive sp’ radical 3.34 which, in addition to the standard hydrogen
abstraction from DNA, was shown to be capable of addition to electron-poor and
electron-rich arenes (3.34 — 3.35). The orthoquinonemethide 3.37, obtained from

further 1-electron reduction of 3.34, was proven to be a competent electrophilic partner
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for electron-rich arenes and alkanethiols. The role of nonstannylated derivatives of 3.34
and 3.37 in the bioactivity of kinamycins remains to be demonstrated; however, this
study provides an idea of the chemistry available to kinamycins under reductive
conditions and hints at the possibility that diazobenzo[b]fluorenes may have been
selected through evolutionary pressure by virtue of their ability to convert biologically

accessible 1-electron reductants into the potentially lethal species 3.34 and 3.37.

MeQ, MeO, MeOQ,
o OSnBu3 OSnBus
Me BusSnH Me
AIBN
—>
R® CGHS solv.
80
+N _
OCH3 O 2 OCH3 O OCHz O
3.32 3.33a ¢_N 3.33b
2
MeQ,
OSnBu3
Me
- Q
1) AIBN Rl CeHs
2) Si0,
OCH3; O 334
BusSnH
MeQ,
OSnBu3
R = EDG-CgH, or BnS O Me  EpG- CGH5 Me
R = EDG or EWG ’ Q
or BnSH
OCHs OoH R OCHz O
3.38 3.37
Scheme 3.4

The unusual observation that kinamycin A (3.4a) blocks the G;i/S cell cycle in
synchronized Chinese hamster ovary cells only upon entry to a second cell cycle has
suggested that kinamycin A may be slowly deacetylated to kinamycin F (3.4f) by
intracellular esterases. This observation and the very close 1Cs values of kinamycin F, A

and C (0.33 uM, 0.31 uM and 0.37 puM, respectively, for growth inhibition in K562
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cells), implicate kinamycin F as a the potential bioactive growth inhibitory form of all
kinamycins. Indeed, kinamycin F has been recently subjected to a deeper scrutiny by
Dmitrienko and Hasinoff with particular attention to the effect of glutathione (GSH) on
its cytotoxicity.” GSH was found to dramatically increase the in vitro nicking of
pBR322 plasmid DNA by kinamycin F. However, the significant DNA damage in K562
cells observed even with micromolar concentrations of kinamycin F was not affected by
GSH depletion or supplementation. Based on NMR measurements, computational
support and comparisons with synthetic models of the highly oxygenated D-ring of
kinamycin F, Dmitrienko has also concluded that the preferred conformation of
kinamycin F is unlike that of all the other kinamycins.** To illustrate, the '"H NMR
spectra of 3.39a,b and 3.40 (Fig. 3.4), as well as those of kinamycins A, C, D, E (3.4a,c-
e) and kinamycin J (3.4)) for which 3.40 is a simplified structural model, display values
of Ji» (6.8-8.3 Hz) consistent with the predominance, in each case, of a half-chair
conformation of the D ring, in which C;- and C,-hydroxy or acetoxy groups are in

pseudoequatorial orientations.

5 "o 5 '?:) k @@

2

E OH

|IO
|IO
|IO

3.4a H Ac Ac Ac
3.4c Ac H Ac Ac
3.4d Ac H Ac H
3.4e H H H Ac
3.4j Ac Ac Ac Ac

3.39a R'=H,R?>=Ac 3.40 3.41
3.3% R'=Ac, R?=H

Figure 3.4 Synthetic Models of the D Ring of Kinamycins

However, unlike its tetrol model 3.41 which exhibits a similar half-chair conformation
with J;» = 6.8 Hz, kinamycin F has a J;, of 2.7 Hz, and therefore suggests a different
conformational preference compared to the other known kinamycins. In fact, ab initio

molecular orbital calculations suggest that kinamycin F prefers to adopt a half-chair
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conformation (favored by 0.4 Kcal/mol in the gas phase) in which the C;- and C»-
hydroxy groups occupy a pseudoaxial orientation (conformation A, Fig.

3.5).

Figure 3.5. Calculated Energy Minimum Conformations of Kinamycin C
(reproduced with permission of the editor)

Conformations A and B have been linked to two diazo stretches (at 2165 and 2143 cm’,
respectively) present in the solution IR spectrum of kinamycin F. Ab initio calculations
on simpler models suggest that the higher diazonium character of conformation A may be
due to a better alignment and hence stronger through-space interaction of the oppositely
polarized C-O and C-N bond dipoles. While no mechanistic implication has been drawn,
this finding points at the opportunity to fine-tune the electron affinity of the diazo group

of kinamycin congeners through an educated choice of their substituents.

3.1.3. Synthesis of Kinamycins and Prekinamycin

Several groups have tackled the synthesis of both the supposed benzo[b]carbazole and the
actual benzo[b]fluorene skeletons of kinamycins. The first total synthesis of a kinamycin
has only recently been published by Porco® (2006), followed by the reports of
Nicolaou® and Ishikawa.”” The preparations of the simpler aromatic precursor (stealthin
C,*® kinobscurinone® and prekinamycin, Scheme 3.1) are, instead, earlier achievements
(1995-1997). The first total synthesis of prekinamycin is due to Hauser who, in a one-pot

Michael addition — electrophilic condensation followed by sulfinate loss, bridged the A
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ring contained in the phthalide sulfone 3.44 with the indenone 3.43 as a precursor of the
CD rings (Scheme 3.5). Demethylation of the resulting 3.45 was carried out early to
avoid subsequently damaging the sensitive diazo group which was installed through
hydrazone formation followed by oxidation with Fetizon’s reagent. This sequence
yielded prekinamycin (3.5) in 13.5% overall yield from commercial materials.

SO,Ph

MeQ,
Me 1) TMSOTf/EtsN Me  ome O
T LIOIBU
0 3.42 73%
OMe OH
3.45

1) NH,NH, / EtOH
Me 3 A92C03 / Celite I BBr3
O" 38% (last 3 steps) OO
OH
3 5 (prekmamycm) 3 46

Scheme 3.5

Recently, Birman has described an even simpler approach to Hauser’s intermediate 3.45
(Scheme 3.6).° Here, the B ring was obtained through sequential and regioselective
bisacylation of the indanone 3.42 with the dimethyl phthalate 3.47. A one-pot
demethylation/oxidation of the hydrazone 3.48 provided further improvement of Hauser’s
synthesis and gave the target in 34-41% overall yield. Our group has also embarked in
this challenge with the aim of demonstrating the advantages of combined directed
metalation-cross coupling regimens in natural product synthesis (Scheme 3.7).>! Thus,
3.52 was obtained by Suzuki cross coupling of 3.50 with the boroxine 3.51 while the

DreM chemistry (see Section 1.1.6) was used to rapidly build the C ring of 3.55.
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Desilylation of 3.55 furnished, in 18% overall yield, tri-O-methylkinafluorenone (3.56),

which had been previously converted into prekinamycin.”*

MeQ, MeOQ,
OH OH
Me 1)LDA (2.2 equiv) Me MsNHNH, Me
e —_—
2) COOMe 99%
\
; :COOMe o)

MeOQ,

B

OMe OH OMe OH  N~NHMs
OMe 3.47
3.42 (0.8 equiv) 3.45 (67-81%) 3.48
HO B HO 7]
1) OH BBI’3
O Me NEt3 O Me
-
L) o | ()
85% \
*N N
OH fe) 2 OH OH “~NHMs
3.5 (prekinamycin) — 3.49 =
Scheme 3.6
Me Me
OMe OMe 1) SBuLi / TMEDA
ar |% THF /-98 °C
(0] OCONEt; 2) TMSCI
351 3 —_—
i OCONEt;  3) LDA (10 equiv)
Suzuki THF / 1t
OMe OMe 95% OMe OMe 60% OMe OMe
3.50 3.52 3.53
NaH / Mel
DMF / rt
96%
MeQ, MeQ, JTMS Me
OMe TFA OMe LDA (6 equiv)
Me reflux Me THF/rt/1.5h
9e., 00, )
quant. 78%
OMe OMe © OMe OMe ©
3.56 (tri-O-methylkinafluorenone) 3.55
Scheme 3.7

Jones’s strategy towards the same target 3.56 is similar; however, the choice of an
isomerically different starting oxygenated naphthyl bromide 3.57 is reflected in the

inverse order of steps for the construction of the C ring (Scheme 3.8).* Metal-halogen
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exchange of 3.57 to 3.58 and quench of the latter with benzaldehyde 3.59 bridged the AB
ring system and the ring D with a carbonyl group. Then, an intramolecular Heck
reaction™ completed the formation of ring C (3.56).

OMe

1) |
OMe
OHC PdCl»(PPh3),
3 59 NaOAc
—_—
O 2) PCC, CH,Cl, MW/14O °c/1 e

R 80% 53%

OMe OMe OMe OMe O OMe OMe
3.57(R =Br) tBULi 360 s
3.58 (R =Li) Et,0/-78°C

Scheme 3.8

The Porco and Nicolaou approaches to (-)-kinamycin C also rely on the cyclization of the
AB/D ring system obtained through cross coupling. In Porco’s strategy, fragments 3.61
and 3.62 were linked under Stille conditions to give 3.63 and, upon manipulation of the
complex D ring, afforded the acrylic acid 3.64. This was subjected to annulations by an
efficient Friedel-Crafts reaction under which conditions two MOM protecting groups

were also removed to yield 3.65 (Scheme 3.9).

O 362

Br .
QMOM o
SnBus H CH3
OO TBSO OH
—_—
Pd(dba)s / ASPh

CuCl / DIEA
MOMO  OMOM MeCN / 70 °C MOMO  OMOM MOMO  OMOM I be
TFAA / DCE
70%
3.61 o 3.63 3.64 4AMS
rt/1h
AcQ OAc
(TBSNH), 1) CBr, / 'ProH 5 WOH
Sc(OTf 2) Pd/C / air
Hy S s 2dCA CHs <g—]

70%

3.67

| PhiIF, / 2-CIPy
3.4c (Kinamycin C)

35%
(two steps)

Scheme 3.9
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Unlike in Hauser’s and Birman’s syntheses of prekinamycin (Schemes 3.5 and 3.6,
respectively), the oxidation of the hydroquinone B ring (3.65 — 3.66) was effected
before the hydrazone formation (3.67); the remaining iodonium-mediated oxidative step
yielded kinamycin C (3.4C) in 1.1% overall yield. Nicolaou’s strategy towards the
tetracyclic backbone is quite similar to that of Porco but relies on the Ullmann coupling
of halides 3.68 and 3.69 followed by a benzoin condensation that gives an
inconsequential 3:1 diastereomeric mixture of 3.71 in 78% yield (Scheme 3.10). As in
the previous approaches, hydrazone formation and oxidation, the latter carried out with
cerium ammonium nitrite, are the final steps to kinamycin C (3.1% overall yield). Full
acetylation and deacetylation of kinamycin C yield kinamycin F (3.4f) and J (3.4)),

respectively.

Br i Me
—_—
Pdy(dba)s

3.71 (d:r =3:1) Wl

CHO Cul/Cu
BnO  OMe 70%
3.68
. . 1) TBSCI Acq  JOAc
3.4c (kinamycin C) HCl / MeCN 2; TSNHNH, / HCI OMe % Me
95% 3) CAN ’
MoK
' ' LiOH / THF -
3.4f (kinamycin F) - 37% (3 steps)
92% OAC
o}
3.4 (kinamycin J) Al)Acz/O/Eth TBSO O N OH OMe
80% (2 steps) 2) HCl / MeCN 373 372

Scheme 3.10

Ishikawa’s synthesis is somewhat more linear in that the starting material 3.50 (Scheme
3.11), also used by Snieckus (Scheme 3.7), was subjected to further annulation to the

benzo[f]indenone 3.77, which then took part in a Diels-Alder reaction with the
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Danishefsky-type diene 3.78 to afford 3.79. With the D ring still in the early stages of
elaboration, the tetracyclic product was stepwise oxygenated and acetylated with heavy
tolls in terms of yield (3.3%, 12 steps). The final steps paralleled Nicolaou’s
diazotization sequence (Scheme 3.10); however, unlike in the Porco and Nicolaou
approaches, the choice of the 5-O-methylated starting bromide 3.50 as starting material

limited the synthesis to methylated (+)-kinamycin C (3.82, Scheme 3.11).

COOH
OMe Me OMe
gr 1) 'Buli CcHO  Malonic
OO THF /78 C aCId
—_—

2) DMF Pyrldlne 1) H,, 5% Pd/C
THF /-78 C piperdine EtOH / rt

OMe OMe 84% OMe OMe OMe OMe

° ) /22 2) P,Os / MeSOzH
3.50 3.74 93% 3.75 rt/2h

OTMS 73 % (two steps)

0
OMe
IBX
378 DMSO / PhCl
ZnCl 65 °C / 48h
< 0 -
(3.3% 2) CSA 77%
12 steps) OMe OMe © CH2/C|2 OMe OMe OMe OMe ©
3) KF/DMSO
3.79 (48%, 3 steps) ) air /1t 3.77 3.76

OAC

\\OH TsNHNH,
CH BF3*Et,0
3 PhMe/ 4h

"OAc 59%

OMe O N2

3.82 () methyl kinamycin C

Scheme 3.11

Lastly, Echavarren’s original tactic towards prekinamycin is worthy of review, albeit
problems in the oxidation of the benzo[b]fluorene core interrupted the synthesis only a
few steps from the target (Scheme 3.12).** The preparation of the tetracyclic backbone
relies on an arylalkyne/allene or arylalkyne/alkyne intramolecular cycloaddition. The
allene moiety of 3.84a, produced in situ through Sxi’ of the chlorosulfite derivative of

3.83, is involved in a [4+2] cycloaddition with the neighbouring triple bond, providing
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the 6-6-5-6 ring system of 3.85a. Although the low yields of this process (24%) were
improved by using a phosphorylated derivative of 3.83 instead of the chlorosulfite, the
intended oxidation of the B ring of 3.85b led instead to the formation of rings A and/or D
oxidized products. The alternative arylalkyne/alkyne cycloaddition of 3.86 proved even

more effective (91%), but all oxidative agents tested on 3.87 targeted, once again, its A

ring (3.88).
MeO,
MeO TMS MeO R
™S = S0,Cl, py A
Et,0/0 °C
~ Me ——— Me| ——
p— or ~
Ph,PCI / EtsN MO o
OMe H THF /1t OMe X
3.83
3.84a X =CI (non isolated) 3.85a X=Cl,R =H (24%)
99%| BaMnOs 3.84b X = POPh, (93%) 3.85b X = POPh,, R = TMS (56%)
CH,Cl, / 1t
MeO MeO,
MS o)
= Me CrOs/HslOg
1,2- d|CIC5H4 CH4CN / CH,Cl,
=~ Me —>
= PhOH I reflux / 72h rt/30 min
OMe 91% 45% | \
3.86 3.88
Scheme 3.12

3.1.4. Isoprekinamycin

The structural resemblance of prekinamycin and isoprekinamycin and their isolation from
cultures of the same Streptomyces suggest a common biogenetic origin. Upon
establishing the structure of CpdA, Dmitrienko fed [1,2-">CsJacetate to Streptomyces
murayamaensis and isolated isoprekinamycin whose isotopic labelling pattern was
consistent with the hypothesis of an interconversion between the diazobenzo[b]- and
[a]fluorene systems (Scheme 3.13). Such equilibration, supported by calculations that

estimate the diazobenzo[b]fluorene skeleton only 2.4 kcal/mol more stable than its [a]-
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isomer, may occur through reversible hydration of 3.5 to 3.89, followed by 1,2-carbon

shift to 3.90 and dehydration.

O HOQ

Ny H,0
y CLA )L
. 3.6
A TN
OH 4 N, O
3.90
Scheme 3.13

This hypothesis has suggested a biosynthetic relationship between benzo[a]fluorene-
based fluostatins A-E* (isolated from other strains of Streptomyces) and kinamycins.
However, considerable structural differences (both regiochemical and stereochemical)
between the nominal homologues (3.91 with 3.17°¢, 3.92 with 3.93) must be explained
before these analogies can be considered supporting evidences of this proposal (Fig. 3.6).
Isoprekinamycin displays a modest antibacterial and anticancer activity towards CHO

(ICsp = 5.8 uM) and K562 human leukemia cells (ICso = 6.4 uM).*"**

3.91 (Fluostatin C) 3.17 (ketoanhydrokinamycin) 3.92 (Fluostatin D) 3.93 (FL-120B)

Figure 3.6 Structures of Fluostatins C and D and their Hypothetic Kinamycin
Counterparts 3.17 and 3.93

Dmitrienko has recently completed the only known synthesis of isoprekinamycin or of
any other benzo[a]fluorene natural product. As seen in several of the previous

approaches to kinamycins and prekinamycin, construction of the AB/D ring system was
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the initial focus of this strategy to 3.6 (Scheme 3.14). Thus, Suzuki coupling of 3.100
with the boropinacolate 3.97 under Fu’s non-basic conditions yielded 3.101 in 85% yield.
The bromide 3.100 was accessed through bromination/dehydrobromination of the known
indanone 3.99, in turn obtained from commercially available dihydrocoumarin 3.98 in
44% yield (4 steps). The boronate 3.97 was derived from 3,5-dimethylanisole, which
was hydroxylated in low yield (3.94, 28%) and then iodinated through the DoM protocol
in 74% yield (3.95). Cyanation of 3.95 to 3.96 followed by palladium-catalyzed coupling
with pinacolborane furnished the coupling partner 3.97. The formation of ring C, which
relies on a Dieckmann-type reaction (3.102 — 3.103), was complicated by a competing
intramolecular aldol reaction involving the ketone functionality. This problem was
solved through reduction of 3.101 with the complex "BuLi/DIBAL to give 3.102 and in
situ Dieckmann condensation to furnish 3.103. The crude product was O-methylated and
subjected to H,0,/K,CO; oxidation which effected hydrolysis of the amide while
restoring the keto functionality to give 3.104. A modified Hoffmann rearrangement in
the presence of methanol provided the carbamate 3.105 which was easily hydrolyzed
(3.106) and diazotized (3.107). Curiously, demethylation with BCl; was performed in
the last step without serious consequences on the sensitive diazo group. The synthesis
includes 12 steps from commercially available 3,5-dimethylanisole and provides the
target molecule in 2.3% overall yield. When superimposed to a computed structure of
prekinamycin, the crystal structure of isoprekinamycin showed an excellent alignment of
the oxygen and nitrogen atoms in spite of the different backbone. This observation
suggests that diazobenzo[a]- and [b]fluorenes skeletons are carriers of the same

pharmacophore.
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3.2.

In our synthetic strategy, boldly based on metalation chemistry, we envisaged the synthesis
of the benzo[a]fluorenone skeleton of isoprekinamycin by application of the proven potential
of the DreM reaction. Thus, following the ortho-amination of carbamate 3.110 through
DoM, ™ the stepwise or tandem DreM sequence (carbamoyl migration — ring closure) already
exploited by Mohri, was anticipated to furnish 3.108 (Scheme 3.15). Full deprotection of this

intermediate and diazotization, as for Dmitrienko’s precedent, will give the target natural

product 3.6.
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Scheme 3.14

Retrosynthetic Analysis of Isoprekinamycin
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Scheme 3.15

The synthesis of naphthol 3.111 was based on the anionic intramolecular cyclization of
the cinnamide 3.112a which constitutes a non-aromatic analogue of our general
vinylogous DreM protocol (see Section 1.1.3) and which has been applied by Coudert for

the synthesis of naphthols 3.118 as intermediates towards potential anticancer agents.

LDA THF, -78 °C R = H: 80%
1=h, R2 OMe; 95%
CONEt, R! = OMe, R? =H; 72%

3.117 3.118

(Scheme 3.16).*

Scheme 3.16
In our synthetic plan, the construction of the cinnamide 3.112b was to be based on a

methodology developed in our group by M.A. Reed, involving the stereoselective O—C
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ortho vinyl carbamoyl rearrangement of 2-O-carbamoyl stilbenes (Scheme 3.17).*! This
work showed that, upon blocking the possible anionic Fries rearrangement by silylation
of the unsubstituted ortho position, LDA treatment of carbamoyl stilbenes 3.119 elicits
regioselective deprotonation of the o-vinyl position or, where this is substituted,
deprotonation of the A-vinyl position. A rapid 1,4- or 1,5-carbamoyl translocation
follows, resulting in the formation of Cis a-phenylsubstituted cinnamides 3.120 or 3.122,
respectively.  These products may be easily converted into variously substituted

isoaurones 3.121 and useful coumarins 3.123 upon refluxing in acidic media.

TFA
reflux

R=H
3.120 (R = H, 2-OMe, 3-OMe, 4-OMe,
(Lz?é*equiv) 2,4-OMe, 3-NHBoc, 4-CHO,
4-SO,NEt,, 4-CO,'Bu, 56-81%)
THF (R = 3-Cl, 4-CN, fail)
-30 °Cto rt
3.119 ™S AcCOH
reflux
R =TMS, Ph,
4-MeOCgH, 07 TNE
R=H T™MS
3.122 (85-92%) 3.123 (R = Ph, 70%

(R = 4-MeOCgHy, 71%)

Scheme 3.17

Thus, in our case, carbamate 3.113 (Scheme 3.15), accessible by Suzuki cross coupling of
the pinacol ester 3.114 with the triflate 3.115, was chosen as a reliable source of the
cinnamide 3.112b. Interestingly, unless protection of the phenol group of 3.112b proves
beneficial for the following anionic reactions, carbamoyl translocation and ring closure
(3.113 — 3.111) may be envisaged as a one step process.

3.3.  Results and Discussion

3.3.1. Synthesis of Coupling Partners 3.114 and 3.116
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From previous experience in the Pd-catalyzed Suzuki coupling of crowded partners, we
had learned that the presence of a formyl group adjacent to the coupling site generally
increases the efficiency of the reaction.*” Thus, rather than suffering the hindrance effect
of the methyl group in the coupling of 3.115 (Scheme 3.15), we chose to couple the
benzaldehyde 3.116 with 3.114 and modify the formyl group of the coupling product
3.136 (Scheme 3.21). The synthesis of the triflate 3.116 was carried out from the
commercially available 3.124 and involved the installation of a removable DMG,
functional to the anionic ortho-formylation of the ring (Scheme 3.18). Thus, DOM of the
MOM-derived cresol 3.125 using "BuLi/TMEDA followed by DMF quench afforded the
benzaldehyde 3.126 in 87% yield. Sequential deprotection and triflation of the latter

provided the coupling partner 3.116 in 49% overall yield (4 steps).

OH OMOM OMOM
MeO. 1) NaH (1.2 equiv) MeO. 1) "BuLi (1.2 equiv)  Meo CHO
DMF/0°C hexanes /0°C/1h
—_—
2) MOMCI, 1.2 equiv 2) DMF / 1.2 equiv / 0 °C
92% 87%
Me Me
3.124 3.125 3.126
OTf OH
Tf,0 (1.2 equiv) 2M HCI / MeOH
MeO. CHO Et3N (3 equiv) MeO. CHO  12h/rt
B ——
CH,Cl, /-10 °C
7% 80%
Me Me
3.116 3.127
Scheme 3.18

The styryl borolane 3.114 was constructed starting from the carbamate 3.129, which was
readily obtained from commercially available 2’-hydroxyacetophenone (Scheme 3.19).
The conversion of the keto group of 3.129 to the alkyne moiety of 3.133 was carried out
in a one-pot sequence of reactions which include the o-silylation of the ring. Thus, using

an interesting Negishi protocol,” the lithium enolate of 3.129 was trapped as the
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diethylphosphate 3.130 which, upon addition of more LDA, underwent elimination to
give the lithium acetylide 3.131. Following protection of this acetylide as its TMS
derivative, a DoM-silylation sequence was now integrated in this multistep reaction to
provide 3.133 as the ultimate product. The differential bis-silylation of the latter was
suggested by the high cost of Et;SiCl, an obligatory choice for the protection of the ortho
position in view of the tendency of the Me;Si group to undergo deprotonation and thus

lead to an unwanted migration of the carbamoyl group.31’41

(0] (0] (0]
J g, o
OH O ELNT SO 0 EbNT Yo 07 Ny
1) NaH (1.2 equiv) 1) LDA (1 equiv)
DMF /0 °C THF /-78 °C
—_— > —_—
2) CICONEt, 2) CIPO(OEt),
(1.2 equiv) (1.1 equiv)
3.128 92% 3.129 -78to 0°C 3.130
LDA (2.0 equiv)
-78to 0 °C
o] 1)LDA o) o]
JL (1.2 equiv) JL TMSCI JJ\
NEt; ;i 2) TESCI NEt, o (0.9 equiv) NEt, |
O 2_SiMe ) 2 _SiM q 2 L
$ Y a2equivy| § SiMes 7810 0°C Q :
Et3Si z DO R = - =
-78to 0°C
3.133 (not purified) 3.132 3.131
K,CO3 (1 equiv)
MeOH / rt
88% (from 2.128)
Q 1) NaBH, (1.1 equiv) Q pinacol
/u\ 2,5-dimethyl-2,4-hexadiene JJ\ (1.0 equiv)
o) ﬁtz H E2.48)q uslé) ( }15C Et,N (o) O/ H\N I(-|CI )
Me! 1.1 equiv)/5° 2.2 equiv.
Et3Si z = d »  EtsSi P —q> 3.114
2) H,0, CH,0 (1.1 equiv) / rt ‘O H,0 / MeOH
3) (HOCH,CH5),NH (1.1 equiv) hexanes / rt
70% quant.
3.134 3.135
Scheme 3.19

The desilylation of crude 3.133 with 1 equivalent of TBAF was not selective, although
some improvement was obtained with lower amounts of TBAF (0.8 equiv / rt / 30 min),

provided the THF solvent contained 10% of methanol. Further optimization led to the
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high yielding monodesilylation of 3.133 (88% from 3.129) under milder conditions
(methanol / rt / 30 min) using inexpensive K,CO;. The hydroboration of the acetylene
3.134 was carried out applying the protocol developed by Kalinin which uses
di(isopropylprenyl)borane, a novel reagent that, while maintaining a high anti-
Markovnikov regioselectivity, produces boranes which are readily hydrolizable to
boronic acids without the need of strong oxidizing agents.** Di(isopropylprenyl)borane
was generated in Situ from 2,5-dimethyl-2,4-hexadiene and borane, in turn obtained from
NaBH, and dimethyl sulfate. For purification purposes, the boronic acid was isolated as
the crystalline diethanolamine ester 3.135 and then quantitatively converted into the

pinacol boronate 3.114.

3.3.2. Synthesis of the Key Naphthol Derivative 3.111

With the coupling partners in hand, a few ligands were screened for the Pd-catalyzed
Suzuki coupling reaction (Scheme 3.20). Under aqueous conditions, dppb and PPh; gave
the best results, and the reaction was scaled up using Pd(PPhs)s which, with 1% catalyst

loading, furnished the stilbene 3.136 in 85% yield.

i oTf f i Ligand  YId (%)
)J\D Pd(PPh3)s (1 mol%) J\o Me 9
MeO. HO v e—
EtoN (,3 2M Na_2C03 ag. EtoN H P(o-Tol)3 67%
TES N Bg (5 equiv) TES dppb 83%
+ Ligand PCy3 47%
DME / reflux / 12h dppf 69%
Me 85% DAB-Cy  56%
3.114 3.116 3.136 PPh3 89%

Scheme 3.20

The deoxygenation of 3.136 was carried out through an efficient three step protocol that
begins with the NaBH, reduction of the formyl group to give the benzyl alcohol 3.137
(Scheme 3.21). Tosylation of 3.137 gave only traces of the product even in the presence

of DMAP and after reflux conditions, while mesylation was immediate and complete at
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—10 °C. The crude mesylate 3.138, upon a second reduction using NaBHy, furnished

analytically pure stilbene 3.113 in 94% yield.

MeO Me MeO Me
OCONE, OCONE,

, NaBH, _

EtsSi Et3Si
MeOH
rt/1h

93% H
3.136 3.137

iPr,EtN / MsCl
CH,Cl, -10 °C

NaBH,

DMF / 12h
94%

3.138

Scheme 3.21

Compound 3.113 was now expected to undergo the anionic rearrangement, the lynchpin
of the proposed synthetic strategy (Scheme 3.15). Since most DreM reactions and Reed’s
carbamoyl translocation proceed with some excess of LDA, this base was tested first.
The visible progress of the reaction deserves comments. Upon addition of the first drop
of LDA to 3.113 at —78 °C, the THF solution became dark blue although TLC revealed
only the presence of starting material. Addition of one full equivalent of base did not
affect the reaction progress until the temperature was allowed to slowly rise to —10 °C.
At this point, the colour gradually changed to dark pink and the starting material
underwent decomposition (TLC analysis), leading to a non UV-active foamy material
whose NMR analysis was utterly uninterpretable. It was hypothesized that the presence
of the additional C4-methyl in 3.113 promotes deprotonation to give the anion 3.139,
unlikely to trigger the carbamoyl migration due to the extensive charge delocalization

(Scheme 3.22). Particularly, the quinoid resonance structure 3.139b may explain the
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appearance of the deep blue colour and shows the unlikelihood of a second deprotonation

at the a-vinyl position.

LDA

(1 equiv) Et;Si
--------- >

LDA THF
(1 equiv) |-78°Ctort 2\
(0]

Et,Si

3.112a 3.111

Scheme 3.22

Based on this interpretation, it was hypothesized that any factor minimizing the
contribution of 3.139b and favouring the a-vinyl deprotonation may at least allow the
first step of the LDA-induced cascade reaction 3.113 — 3.112a. Silicon has the ability to
stabilize a-carbanions through the overlap of the a-carbon-metal bond with a silicon d
orbital and/or with a o* orbital of an adjacent silicon-carbon bond.*> Through this
stabilization, a silicon atom directly attached to the Cs-methyl group of 3.113 was
expected to harness the negative impact of the tolyl anion on this reaction and perhaps
divert electron density away from the double bond, thus normalizing the acidity of the a-
vinyl position. Thus, silylation of 3.113 was attempted in the hope that the trapping of
the in situ base-compatible silicon electrophile would prevent decomposition (Scheme
3.23). More than 1 equivalent of in situ TBSCI was found to be necessary in order to
prevent decomposition and, independently of the base used (LiTMP, LDA (use of

LiHMDS resulted only in recovery of starting material), selective silylation could not be
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achieved. 3.113 slowly began to undergo reaction at —10 °C, invariably generating
mixtures of the monosilylated isomers 3.140 and 3.142 along with the doubly silylated
product 3.141. Use of large excess of LDA/TBSCI (5 equiv each) gave 3.141 as the main
product (88%) together with traces of the monosilylated isomers. A delicate
chromatographic separation gave pure samples of all three products and the two
monosilylated isomers, 3.140 and 3.142, were structurally elucidated and differentiated
through HMBC NMR experiments. Upon treatment with excess of LDA at —7 °C, the
THF solutions of the separate silylated stilbenes 3.140 and 3.142 once again turned blue
and remained unchanged until they were stirred at rt for a few hours. Under these
conditions, however, 3.140 led to the formation of the expected naphthol 3.143, although
in low yields (30%), demonstrating that the predicted tandem DreM reaction is indeed

feasible.

0 TBS o) TBS TBS
1) TBSCI NEtz)l\
e

2) LDA Et3Si
THF
-78°Ctort

3.113

3.140 (24%) 3.141 (32%) 3.142 (6%)
LDA LDA LDA
-7°Ctort/3h -7°Ctort/3h -7°Ctort/2h

then reflux / 15'

HO EtoN .
OH TBS OH TBS complex mixture
EtsSi EtsSi
e OMe O OMe

3.143 (30%) 3.144 (24%)

. . +3.143 (traces)
+non UV-active material

+non UV-active material

Scheme 3.23
On the other hand, the disilylated derivative 3.141, although shown to undergo slow

reaction at rt, yielded, after brief refluxing in THF, traces of 3.143 but mainly the 2-
naphthylamine 3.144 (24%) through a Peterson elimination reaction. Finally, 3.142

decomposed on contact with LDA, although at a slower rate than 3.113. Despite the poor
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yield, the isolation of naphthol 3.143 was welcomed with delight and great confidence
that optimization of this reaction would provide sizeable amounts of this key
intermediate. Although this optimism was not realized on gram scale for the preparation
of any of the monosilylated products, a desilylation test on 3.141 using TBAF at rt
showed that the methyl groups could be easily reconstituted to give 3.113 (see

Experimental Section).

3.3.3. Large Scale Preparation of Silylated Carbamoyl Stilbene 3.152

The continuation of the proposed strategy to isoprekinamycin required a scalable and
reliable route for the provision of sufficient TBS derivative 3.140 for further optimization
of the DreM process to 3.143. This required retracing the entire route to a new partner,
the silylated derivative of triflate 3.116 which, in Suzuki coupling with 3.114 (Scheme
3.25), appeared to be the most feasible route to obtain useful amounts of the stilbene
3.140. To this end, the known bromide 3.145* was cross coupled with TMSCH,B(OH),
to give the benzylsilane 3.148 (Scheme 3.24). However, difficulties encountered in the
isolation of TMSCH,;B(OH), and TMSCHzBF3K47 and the commercial availability of
TMSCH,;MgCl (but not of TBSCH,MgCl), diverted the attention to the alternative, albeit
less straightforward, Kumada coupling of TMSCH;MgCl with 3.145, despite the
protection requirements for the latter compound. Testing of a number of Pd and Ni
catalysts on the coupling of the TMS ether of 3.146 with TMSCH,MgCl showed that
most Ni catalysts (entries 1-7) were effective, but debromination was often a significant

side reaction (Scheme 3.24).
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OH OH © 1) POPd2 (1% mol) OH O
MeO CHO PTSA (5% mol) MeO P TR MeO _
—_— O (@)
CH(OMe)3 (7 equiv) 2 TMSCHZMQCI
MeOH / reflux / 6h (@equivjor
BulLi (0.9 equiv)
61%
Br Br TMSCH,MgClI )
(2.1 equiv) SiMes
3.145 3.146 3.147
Cross coupling of the TMS ether of 3.146 with TMSCH,MgClI (1.5 equiv) Sio,
CH,Cl,
Entry Catalyst* Yld (GC) Entry Cat./Ligand* Yld (GC) HO cl 'Bu (COOH), aq.
/
'‘Bu—P—Pd—pP—'Bu 96%
1 NiCldppf 50% 8  Pdy(dba)y/ (1%mol) 56% o, LY
5 NiBrd a0 IPreHCI (4% mol) u Cl OH on
iBrodppe % dioxane / THF POPd
3 NiCIP(PPhz),  74% 9 POPd (1% mol) 40% 8y OH MeO CHO
i /
4 Niacac), 32% 10 POPd1(1%mol)  45% ;‘p\ .
i 0 t N 7
5 Ni(CoDy 5% 11 POPd2(1%mol)  87% BU  Pd P s
6  CpNiCI(PPhs)  47% c < { )
12 POPd2 (1% mol) quant HO/ 8y SiMe;
7 CpNiCl(IMes) 0% RMgBr (2 equiv
(1% mol) 9Br (2 equiv) POPd2 3.148

*5 mol % in THF at rt unless otherwise indicated

Scheme 3.24

The cross coupling reaction catalyzed by palladium CombiPhos catalys‘[s48 (entries 9-11)
did not suffer this drawback and POPd2 (1% mol) was singled out for its excellent
performance when 2 equivalents of the Grignard reagent were used (entry 12). The
catalyst was found to be very effective on the unprotected phenol 3.146, provided that an
extra equivalent of TMSCH,;MgCl was sacrificed to neutralize the phenolic hydrogen.
To reduce the amount of the expensive Grignard reagent needed in the large scale
preparation of 3.148, the substrate was deprotonated with 0.9 equivalents of "BuLi before
the addition of the coupling partner with the result that 3.148 was still obtained in
quantitative yield. While standard deprotection of 3.147 (5% PTSA) led to partial
decomposition, treatment of the crude coupling product with silica wetted with 10%
aqueous oxalic acid furnished 3.148 (96%, over two steps). The vanillin derivative 3.148
was triflated (84% yield, Scheme 3.25) under the same conditions applied to its non

silylated homologue 3.127 (Scheme 3.18) and the new partner 3.149 was subjected to
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coupling under the standard aqueous Suzuki conditions with the same pinacol boronate
3.114 to afford 3.150 in an acceptable 75% yield. Under the same conditions adopted in
the preparation of 3.113 (Scheme 3.21), the subsequent deoxygenation of 3.150
furnished, via intermediate 3.151, the silylated carbamoyl stilbene 3.152 in 63% yield
over two steps. The synthesis of 3.152 from 3.145 was thus achieved in 6 steps and 23%

overall yield.

OH oTf 2.114 Q
MeO CHO Tf0 (1.2equiv) MeO CHO 2Maq Na,COg )]\ OHC )
EtsN (3 equiv) (5 equiv) NEty” O O SiMes
T )
CH,Cl,/0°C Pd(PPha), (1% mol) FtsSi X
84% DME / reflux / 5h
75% OMe
SiMe, SiMes
3.150
14 14
3.148 3.149 NaBH,
MeOH
0 OH 0°C

1) 'Pr,EtN / MsCl 88 %

SiMe3  CH,Cl,, -10°Cc  NEt;

Et;Si
2) NaBH,
DMF / 12h
72%
3.152 3.151
Scheme 3.25

3.3.4. Unexpected Anionic Reactivity of Methylated Carbamoyl Stilbenes

The reactivity of 3.152 paralleled that of the TBS analogue 3.140, with the same blue
colour developed upon addition of the base, the same non UV-active foam as the end
product and the formation of only 15% of the desired naphthol 3.153 (Scheme 3.26).
Tests of the same reaction in Et,O and hexanes, complicated by the lower solubility of

LDA or LiTMP in these solvents, resulted in similar results.

HO )
OH SiMes
m» EtgSi OO + non UV-active
THF /-10 °Cto rt O complex mixture
15% OMe

3.152 3.153
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Scheme 3.26

Having faced the limited effects of the silyl group on the improvement of this reaction, a
cross coupling reaction to introduce the presumably treacherous Cs-methyl group upon
conclusion of all anionic chemistry was carefully pondered as a drastic alternative. This
option required the provision of a coupling leaving group capable of surviving the
strongly anionic conditions leading to 3.154 because the late functionalization of 3.155 at
that critical position (Cs) is not viable through EAS (Scheme 3.27). As demonstrated by
Reed, attempts at the low-temperature carbamoyl translocation of a chlorine-substituted
stilbene 3.119a suffered total decomposition of the starting material, possibly due to the
formation of benzyne intermediates. Thus, even a p-chlorinated triflate 3.156 which,
unlike its bromo and iodo-analogues, may still be expected to selectively undergo
coupling with 3.114 at the hindered position, was not deemed a good precursor of 3.154
(X = Cl). In contrast, the para-MeO substituted carbamoyl stilbene 3.119b has been
shown to undergo carbamoyl migration in 73% yield, suggesting that 3.157 should
undergo smooth DreM reactions to form 3.158. The cross coupling of alkyl/vinyl groups
following a DreM reaction has been applied by James to the synthesis of
defucogilvocarcins V, M and E.* His testing of selected protecting groups in the DreM
of 3.159 highlighted the lability of the OTBS group which underwent 1,3 O—C
migration following competing deprotonation at the 3" position (3.161 and 3.162, Scheme

3.28).
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oTf OCONE, ?/Q
CHO Et3Si\©/\/B

3.156 3.114

3.119a R=3-Cl 3.157 3.158
3.119b R =4-OMe

Scheme 3.27

On the contrary, replacement of the TBS protection with the robust O'Pr group, as
suggested by Wang’s final step in the synthesis of dengibsin,”® proved the general

suitability of this choice (3.159 — 3.160).

) o o
PG = O'Pr J]\ opg PG=0TBS

Et,N (o}
LDA (3.5 equiv) LDA (4 equiv)
- —_—
THF / reflux Oe OMe THF /reflux / 1h

Et,N

OR OMe O'Pr OMe O'Pr OMe OR OMe
3.160a R=0O'Pr (41%) 3.159 3.161 (27%) 3.162a R=O'Pr (21%)
3.160b R=H  (30%) 3.162b R=H  (13%)
Scheme 3.28

Thus, upon conversion of the isopropoxy group of 3.158 (PG = OiPr) into a triflate group,
the troublesome methyl group was considered to be easily installed. In fact, this type of
strategy is currently being explored in our group by Thanh-Giau Nguyen®' to obtain
amino naphthol 3.164 from compound 3.163, in which the amino group has been
introduced at an earlier stage (Scheme 3.29). The penultimate reactions to

isoprekinamycin (3.6) are proposed to proceed via intermediates 3.165 and 3.166.
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. DreM

3.163 3.164 Y

3.6

Isoprekinamycin 2) Triflation

3) Xcoupling

Scheme 3.29

However, an important question to be addressed was the extent that the Cs-methyl in
3.113 contributes to the decomposition process (Scheme 3.22). For this purpose, a model
stilbene 3.168 was prepared (78% yield) by cross coupling the boronate 3.114 and o-
iodotoluene (Scheme 3.30). Upon addition of LDA at —10 °C, the THF solution of 3.168
became yellow (a resonance structure analogous to 3.139b (Scheme 3.22) is now
impossible), without, however, undergoing any chemical change. The reaction was
observed to begin when the temperature reached ~ 20 °C and, after 2 hours, the starting
material appeared completely consumed (TLC analysis). Chromatography of the crude
mixture provided a most alarming result in that it yielded only 9% of naphthol 3.169

along with the usual non-UV active foamy material.

il 0
J\ Me Pd(PPhg), (1% mol) )j\
M

FeN 7 ?/& I 2MNa,COz aq.  NEty (o} ¢ OHHO

; 5 equiv
Et3Si A B\o (5 equiv) Etsi A LDA Etsi

+ DME / reflux / 12h THF
-10t0 0°C

78%
9%

3.114 3.167 3.168 3.169 (9%)
+non-UV active foam

Scheme 3.30
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The importance of this result cannot be overstated because it demonstrates that the LDA-
triggered carbamoyl translocation 3.119 — 3.120 (Scheme 3.17), observed by Reed, is
not compatible with the presence of a Cg-methyl, a critical feature in our approach to
naphthols. Interestingly, a C4-methyl was also found to be detrimental to the reaction in
question as demonstrated by an analogous test reaction with 3.171 (Scheme 3.31). The
latter, obtained in 78% yield from cross coupling of 3.114 and p-iodotoluene, upon
contact with LDA, developed the known blue colour and, once again, yielded only 10%

of the migrated product 3.172, the rest being non UV-active foam.

o}
Pd(PPhs)4 (1% mol)

o
Me
. O, NEt.
E[ZN)J\O ,O 2M NayCO3 ag. NEtz)J\O 4 _Me oH 2 Me
(5 equiv)
TES N T e ESi ™ LDA o Etsi ~
+ DME / reflux / 12h > THFE
78% -10to 0 °C
|

3.114 3.170 3.171 3.172 (10%)
+non-UV active foam

Scheme 3.31

The result of this experiment, in which the carbamoyl translocation of 3.171 cannot
cascade into an anionic cyclization in the absence of a C,-methyl group, suggests that the
failure of converting C,-methylated carbamoyl stilbenes into naphthols is not to be
ascribed to a problem in the anionic annulation of the cinnamide intermediate, but to a
reaction which effectively competes with the carbamoyl migration step. The similar
yields in which 3.172 and 3.169 were obtained even suggest that the second step of the
cascade reactions to the naphthols 3.143, 3.153 and 3.169 (Schemes 3.23, 3.26 and 3.30
respectively) may occur in very high yield on the small amount of the cinnamide
intermediates (as proven in a later experiment, see Scheme 3.54). Although, to the best
of our knowledge, the benzylic LDA-deprotonation of stilbenes has not been reported, the
Siegrist anionic condensation of an aryl imine (€.9., 3.174, Scheme 3.32) with methylated
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stilbene 3.173 has been advantageously applied to prepare oligomeric stilbenes useful in
material science chemistry (Scheme 3.32).>* The reaction generally occurs in the
presence of BuOK or KOH and, despite the vigorous conditions required (80-100 °C in

DMF), gives generally good yields (60-90%).

CHg
'BUOK or KOH
—_—

3173+ . R DMF/80-100 °C
s 51-83%

h{ \ / :
R = H, 4-Cl, 4-'Pr, 4-MeO, 3,4-(MeO),, 3,4,5-(MeO)s,
3.174

4-Ph, 3,4-(CH=CH),

Scheme 3.32

The deleterious effect of methyl groups in a DreM reaction has been experienced before
by C. Kendall during the synthesis of dehydrorabelomycin (3.10, Scheme 3.1). Not
surprisingly, since the latter is a biogenetic precursor of the kinamycins, Kendall
attempted the synthesis of the fused phenanthrol 3.181°° (Scheme 3.33) from phenyl-O-
carbamate 3.177 bearing a substitution pattern very similar to that of 3.176, used by
Mohri and Stefinovic in the synthesis of tri-O-methylkinafluorenone. Kendall’s strategy
was based on the migration of the carbamoyl group to the alternate ring (3.178), followed
by a benzylic deprotonation and condensation to a 6-membered ring (3.181). According
to his report, the initial migration (3.177 — 3.178) did occur, as suggested by TLC and
GC-MS analysis of the crude product; however, the instability of 3.178 and of its
derivatives 3.179 and 3.180 on contact with silica gel prevented their isolation in
synthetically useful amounts. Only trace amounts (3%, 3 steps) of 3.180 were obtained
after the crude product mixture was subjected to methylation and desilylation. Kendall
suggested that 3.53 and 3.178 are remarkably different in that the latter is

conformationally restricted around the Ar-Ar bond and linked the observed instability of
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3.178 to its silyl group, whose removal from the crude intermediate was hypothesized as

one possible step that may benefit the stability of the product.**

H Me
OMe
O LDA
SiMe; (10 equiv)

OO 1) NaH / DMF
OCONEt, —_—> — >
THF /rt 2) Mel
96%
OMe OMe 62% ’
3.176 (Mohri's intermediate) 3.53

1) NaH
(1.1 equiv)

THF
reflux / 4h

2) Mel
(2.2 equiv)

OMe OMe OH

3.10 (Dehydrorabelomycin) 3.181

Scheme 3.33

On the other hand, 3.53 and 3.54, Mohri and Stefinovic’s close analogues of 3.178 and
3.179, respectively, were found to be stable to silica gel chromatography under normal
conditions. Thus, another interpretation of these evidences is that TLC and GC-MS
analyses of crude 3.178 may have failed to detect the extensive decomposition of 3.177
on contact with LDA. Indeed, the decomposition products of most methylated stilbenes
subjected to LDA during these studies towards the synthesis of isoprekinamycin were
UV-inactive and non detectable by GC-MS. Following this conjecture, the DreM of
3.177 may have failed due to the presence of the additional methyl group. On the basis

of the significant, albeit negative results obtained so far it became clear that progress in
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this work was more likely to come from a strategy involving the selective deprotonation

at the a~vinyl position of 3.113 (Scheme 3.15).

Despite the fact that virtually all DreM reactions occur under thermodynamic
conditions™ (i.e., using LDA or other hindered lithium amides), "BuLi was tested, with

little at stake, in the carbamoyl translocation reaction of 3.113 and, to our surprise, no

3.184a was isolated in quantitative yield (Scheme 3.34).

o}
EtoN

decomposition or nucleophilic attack at the carbamoyl group was observed and product
Me
Me. Me Me Me

EtzNJ]\D . O "BuLi (2.1 equiv) re‘li Me Me Q- fONE O
Et3Si
’ O THRorEGo EtaSi N > Fst X

OMe 78Ctort Q or O OMe

Mech. A e

3.113 3.182 3.112a
"BuLi (21 equlv)l Mech. B l 1) anti addition

THF or Et,0 . s .
78Ctort syn addition of *BuLi
of *BuLi

EtoN

.
Ll Me
EtsSi I :

2) NH4Cl aq

3.185 3.186, R = SiEts 3.187 3.184a (quant.)

Scheme 3.34

Two mechanisms may be suggested for this reaction: upon a-vinyl deprotonation of
3.113, the subsequent carbamoyl translocation gives cinnamamide intermediate 3.112a
which undergoes stereoselective Michael addition to afford the dihydrostilbene 3.184a
(mechanism A); alternatively, in a process akin to the known regiospecific carbolithiation

>0 "BuLi nucleophilically attacks the S-vinyl position of 3.113

of unsymmetrical alkenes,
and the anion generated (3.185) is quenched intramolecularly through the translocation of
the neighbouring carbamoyl group (3.185 — 3.187, mechanism B). During studies

towards the total synthesis of schumanniophytine, T. Macklin monitored the DreM

reaction of 3.188 by React-IR (Scheme 3.35).>” While the signal at 1725 cm’
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(corresponding to the SM) gradually disappeared upon its addition to LDA, the band at
1635 cm™ (due to the product 3.190) appeared only upon quench of the reaction mixture
with a proton source. This experiment suggests that the carbinolamine oxide
intermediate 3.189 is stable under LDA conditions and may therefore be trapped prior to

ring opening to the aryl nicotinamide 3.190.

MeO OMe Me
MeO. OMe MeO. 0
LDA . CONEt,
THF /rt/1h ) H
i — Et3Si AN )
EtsSi | N signal at 1725 cm™® o) N [signatat EtsSi | N
Et,NOCO _~N disappears 1635 cm™ appears OH _N
Lid NEt,
3.188 (Voo = 1725 cm™h) - 3.189 - 3.190 (veo = 1635 cm™h)
Scheme 3.35

Following this evidence, a more precise description of the formation of 3.184a may
invoke the intermediacy of the species 3.183 (Mechanism A) and 3.186 (Mechanism B,
Scheme 3.34). The carbolithiation of unsymmetrical stilbenes has been demonstrated by
O'Shea with compound 3.191a containing, as in the case of 3.113, a DMG (N-Boc
group)™® and the analogue 3.191b containing the N-benzyl group, whose DMG ability
remains unknown (Table 3.1). In both cases, however, all isomeric butyllithiums added
with complete a-regiochemistry to the a-vinyl position of 3.191a,b. The opposite
regioselectivity (nucleophilic attack at the f-vinyl position) observed in the formation of
3.184a (Scheme 3.34), has precedent in the carbolithiation of 0-aminostyrenes 3.194°°
and trans fmethylstyrenes 3.197 which gave, upon quench with selected electrophiles,

3-substituted indoles 3.196 and 3.199 (Scheme 3.36).%
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Table 3.1 Carbolithiation of a-Amino-(E)-Stilbenes with Alkyllithiums

NLiR! R? NHR! R? Y
R2Li ! o E* ! = R H
e — =
THF / -25 3C Ui E Ph
CeHaNHRY
3.191a
3.191b 3.192 anti-3.193
Carbolithiated
Stilbene R? R? Intermediate E Product Yid (%) dr
3.191ab Boc,Bn  'Bu, SBu,"Bu, Et 3.192 H 3.193 33-87
3.191a,b Boc, Bn 'Bu, "Bu, Et 3.192 D 3.193-dg 61-85 95:5
3.191a  Boc ‘Bu 3.192a COOH 3.193a 78 95:5
3.191a  Boc "Bu 3.192b COOH 3.193b 56 50:50
3.191b  Bn ‘Bu 3.192¢ COOH 3.193c 64 60:40
O'Bu
R2Li (2.5 equiv)
NHBoc Et,0/-78 °C LiI0” NN Li 1) DMF /-78 °C
—_— 2 ———————
or R
el Y R (4equiv) it 2) 2M HCl
- TMEDA (2 equiv) - 43-84 %
Et,0/-78 to -25 °C
R = H, 5-F, 5-OMe, 5-Me, 4-OMe R? ='Bu, *Bu, "Bu
3.194 3.195
1) PhLi (1 equiv) .
NHBnN cumene/-15 °C NLiBn Li 1)E
e 2
XM ) BuLi (2 equiv) R 5 amHa
(-)-sparteine
(3 equiv) 31-60 %
. . E = DMF, PhCN, .
R R AcN(Me)OMe, R
R!= H, OMe R? = "Bu, "Hex CH3C(EtO),CN, R®=H, Me, Ph, Ac,
butyrolactone (CH,)30H
3.197 3.198 3.199, er 92:8
Scheme 3.36

The diastereoselectivity of the latter processes was not studied; however, deuteration of

3.192 has shown that the carbolithiation of 3.191a,b with all BuLi isomers and EtLi

occurs with high anti diastereoselectivity (Table 3.1). "H NMR and gCOSY spectra in

THF-dg, prior to electrophilic quench of the reaction mixture, suggest the presence of

only one lithiated species (3.192a, Scheme 3.37) whose conformation around certain
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bonds appears to be restricted (Hg and Hg' are magnetically non equivalent) presumably
by a heterochelated ring. Surprisingly, unlike with its 'Bu-isomer 3.192a, quench of the
"Bu-carbolithiated intermediate 3.192b with CO, (Table 3.1) results in the complete loss
of diastereoselectivity and the generation of anti-3.193b and syn-3.193b in
approximately 1:1 ratio. In our case, 'H NMR analysis of the product mixture obtained
from 3.113 showed the presence of only one product (3.184a) whose stereochemistry, as
determined by X-ray diffraction analysis (Fig. 3.7), may be explained by a syn-addition
of "BuLi to 3.113 (Mechanism B). A comparison of the data obtained for syn-3.193b and
3.184a shows that, in the crystalline state, both adopt a conformation with gauche aryl
rings (Scheme 3.37). Furthermore, their 'H NMR display similar C,H-CgH coupling
constants (J = 11.1 and 11.2 Hz, respectively) and low field signals for the
CH3(CH,),CHj; protons (0=1.5 to 3.0 ppm) probably due to the deshielding effect of the

nearby CO,H and CONE}, groups respectively, which is absent in anti-3.193b.

3.192a

syn-3.193b

1.5and 2.0 ppm

u Arl= e
1) Carbamoyl
m|grat|on MeO
kK /@ 2) NH,Cl aq | COOH HO,  SiEts
; <5

Et N 3.184b (undetected 3.184a (observed
2 diastereomer) diastereomer)
3.200
Scheme 3.37
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Figure 3.7 Crystal Structure of Dihydrostilbene 3.184a

The high but opposite regio- and diastereoselectivity observed in the formation of 3.184a
compared to that of 3.193 is difficult to rationalize by the carbolithiation mechanism B:
the formation of a single lithiated intermediate 3.200 (Scheme 3.37), analogous to
3.192a, requires a chelation involving the poorly coordinating MeO group and would, in
any case, furnish the undetected compound 3.184b. On the other hand, regioselective
formation of 3.184a appears fully explained by mechanism A. Thus, as already
established by Reed, initial a~vinyl deprotonation of 3.113 is followed by rearrangement
to 3.183 or 3.112a which undergo "BuLi addition and anti protonation in the formation of
the favoured diastereoisomer 3.184a. Despite the possible expectation for a direct attack
of the strongly nucleophilic RLi reagent on the amide functionality of 3.112a (masked in
the carbinolamine 3.183), the second step of this sequence is consistent with earlier

evidence that tertiary crotonamides undergo rapid Michael addition of alkyl-, vinyl-, and
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aryllithium reagents and their resulting enolates may be quenched with electrophiles in
good yields.®’ In fact, while primary and secondary trans-cinnamides are known to
undergo preferential "BuLi nucleophilic a-attack (“3,4 attack” or ‘“contra-Michael”),
tertiary trans-cinnamides react solely according to the 1,4 mode.”” A closely analogous
reaction to that of 3.113 (Scheme 3.34) is the LDA-mediated conversion of O-carbamoyl
styrene 3.201 to phenylacetamide 3.202 (Scheme 3.38) for which a mechanism involving
alpha-deprotonation-carbamoyl migration followed by Michael addition or, vice versa
(the result of the first step of an intramolecular Baylis-Hillman reaction) was proposed.®

o}

)j\o Os NEt,
Et,N OH

. LDA (5 equiv) .
Me3Si S > Me3Si H
THF
-10°C/2h N
aas _<\|/
3.201 3.202
Scheme 3.38

Clearly, if mechanism A is operative, the competition between the slower anionic
cyclization of 3.112a (Scheme 3.15) and the faster Michael addition of "BuLi suggests
that the reaction may benefit from the use of bulky alkyllithiums, equally capable of
selectively deprotonating the a~vinyl position of 3.112a. To place this notion to the test,
compound 3.113 was treated with *BuLi and 'BuLi but gave products analogous to
3.184a4, although these reactions were not as clean as those involving "BuLi. In a further
test, mesityllithium was shown of insufficient basicity to deprotonate the substrate which,
even after prolonged stirring at rt, remained intact and was quantitatively recovered. The
remarkable stereoselectivity of the conversion 3.113 — 3.184a encouraged a further
glance at this process in an attempt to expand its scope. A preliminary investigation
intended to involve synthetically useful aryl Grignard reagents showed no reactivity
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towards the simple stilbene 3.203. Similarly, ortho-anisyllithium did not effect
deprotonation of 3.203 ortho to the carbamate group nor at its @-vinyl site. This was
somewhat expected on the basis of the previous experiment with mesityllithium;
however, due presumably to its lower hindrance, 0-anisyllithium attacked the carbamate
group resulting in its quantitative cleavage to give 3.205 (98%) together with expected

benzophenone 3.206 (34%, based on 3.203, Scheme 3.39).

4- MeOCGH4MgBr

EtzN (2 equlV) OMe O
4- MeCGH4MgBr 3 204
N R. (2 1 equiv)
THF/78 °Ctort THF/O °Ctort
3.203 3.205 (98%) 3.206 (34%)
Scheme 3.39

3.3.5. Synthesis of a-Bromo Carbamoy! Stilbene 3.209

In a different approach, selective generation of the a-vinyl anion 3.113 (Scheme 3.15)
was considered by a metal-halogen exchange reaction on the vinyl bromide 3.209
(Scheme 3.40). Owing to the high rate of metal-halogen exchange reactions,* no
carbolithiation was expected to occur upon treatment of 3.209 with stoichiometric
amounts of "BuLi. For the same reason, no DOM reaction was anticipated on the DMG-
bearing ring; hence the non o-silylated substrate 3.209 was tested in this approach.
Arguably, the best route to bromide 3.209 with the required Z stereochemistry is the
stereoselective cross coupling of gem-dibromostyrenes 3.208a (Scheme 3.40). This
reaction is based on the known rate difference in the Pd-catalyzed cross coupling of (E)-
and (Z)-1-bromo-1-alkenes® and has been carried out with alkenylzirconiums® as well

as under Kumada,®’ Stille,68 Suzuki® and Negishi70 conditions.
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O

Jl\ Me Me

Et,N (o) Br

"BuLi
SN AN e | AN Y e »
(1 equiv)
OMe OMe
3.209 - 3.210 - 3.211
o

Cross coupling

Pd. cat [e) NEt, Me Me
FY— Br
M
3.207a M=SnRs t g
3.207b M= MgBr

3.207c M =B(OR), OMe
3.207d M =ZnCl

Scheme 3.40

The Stille reaction was initially neglected due to safety concerns over the large scale use
of highly toxic chlorotrialkyl- or hexaalkyldistannane’" required to obtain bulk amounts

of the coupling partner 3.207a (Scheme 3.41).

OCONEtz R gnsnR, OCONEt, OCONEt,
Br Pd(PPh3), SnR3z  RsSnCl Li
3.213 3.207a 3.212
Scheme 3.41

Furthermore, Shen has shown that ortho- and para-methoxy gem-dibromostyrenes do not
undergo efficient coupling with trimethylphenyltin, most likely due to the conjugative
donating effect of the methoxy groups that decelerates the Pd(0) oxidative addition into
the C-Br bond (Scheme 3.42). The Kumada conditions (3.207b in refluxing ether,
Scheme 3.40) were also discarded due to their incompatibility with the carbamoyl group
of the Grignard reagent which would have rapidly undergone the anionic 0-Fries

rearrangement and would have failed to participate in the cross coupling reaction.
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PhSnMe3(1.5 equiv)

N Br N Br A Ph
| Pdydbaz (2.5 % mol) || |
P —> Y& X~
R Br Trp (15%) R Ph R Ph
3.214a R=4-OMe NMe/100°C/20h Z-3.215a 20% 3.216a (88:12)
3.214b R =2-OMe Z-3.215b 18% 3.216b (66:34)
Scheme 3.42

In pursuit of a solution, the commercially available 3,5-dimethylanisole was subjected to
electrophilic aromatic formylation under conditions that selectively provided 3.218
together with minor amounts of the other possible regioisomer (Scheme 3.43).”> The
Ramirez protocol” for the Wittig-type dibromoolefination of 3.218 gave the 1,1-
dibromostyrene 3.208a (66%) whose coupling was tested under the conditions

established by Minato (Negishi coupling) and Shen (Suzuki coupling).

CHO OMe
1) TiCl4 (2 equiv)

MeO. Me ™ chucly/0°C MeO Me 1) CBr, (1.5 equiv) Br
' EE——
2) CI,CHOMe (1.4 equiv) 2) PPh3 (3 equiv) Br
Me Me

78 °C /30 min CH,Clp/0°C
Me 0°C /15 min Me 66%
3.217 81% 3.218 3.208a
Scheme 3.43

In the best case, the Negishi reaction of the simple dibromide model 3.208b yielded a
mixture of inseparable products whose GC-MS analysis showed no presence of the
desired product 3.209 (Entry 1, Table 3.2). A more complex mixture was obtained when
the trisubstituted dibromostyrene 3.208a was subjected to the same conditions (Entry 2).
The more widely generalized Suzuki coupling appeared to offer higher hopes of success

through the application of the experimental conditions optimized by Shen (Entry 3).

Table 3.2  Attempts at Regioselective Cross Coupling of gem-
Dibromostyrenes 3.208a,b with Arylmetalloids 3.207
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OCONEt, o)ﬁ Br

Br
~ R! R M Conditions R> R
Br L (A »
3.208 3.207 3.219
Entry R M R? Conditions Products
1 Me ZnCl H sz(dba)30(0.75%) Unseparable mixture of
. 3.207d ?_Eﬁ’:b/ E’)l;’SC f’) ¢/ 19h unidentified compounds
7 . or
3.208b
2 Me Me * H Pd,(dba)g (0.75%) .
. dppb (1.5 %) Complex mixture
“ THF/0°Ctort/12h
Me
3.208a
Me o TMS  Pdy(dba)s (2.5%)
3 B tri(2-furyl)phosphine (15 %) N.R.
. b<< Na,CO3 / Dioxane / 65 °C / 12h

. 3.207e o Me
Me Me O H  Pdy(dba)s (2.5%) EtZNJLO o O
4 . B tri(2-furyl)phosphine (15 %)
b2, © NayCO3/ TBAF (1 equiv) Me
OMe 3.207¢c Toluene /80 °C/12h 3.220 (72%)
MeQ,
5 " " H  Pd(PPhg), (10%)
TI,CO3 (2 equiv) @ — O e
THF / HoO / 1t/ 6h
OCONEL, Mé + 3.220 (27%)
3.221(24%)
6 " " H  Pd(PPhg), (10%)
Bay(OH); (2 equiv) 3.221 (47%)
THF / MeOH / rt/ 12h
7 " " H Pdy(dba)z (1%) N.R.

toluene, 65120 -C"
These high expectations were met with disappointment when the mixture blackened and
the partners were recovered mostly unreacted. Although superseded by Shen’s optimized
conditions, the addition of TBAF has also been reported to greatly improve the outcome
of this type of reaction run in toluene. Thus, TBAF, other bases (Ba(OH),, TI,COs3), and
solvents (toluene, THF, DMF) were tested following isolated published examples of
similar couplings involving vinylboronate partners.”* As observed by Shen, TBAF is

critical to the progress of the reaction, often leading it beyond the formation of the
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desired product to the bis coupled derivative. However, when coupling 3.208a with
3.207c (entry 4) the product of the reaction was not a doubly arylated product but,
unexpectedly, the phenylbenzofuran 3.220. Highly toxic’® and no longer commercially
available TI(OH), reported to give excellent yields in the selective coupling of

b \was generated in situ from T1,CO;3 and was also found to give

alkenylboronic acids,
3.220 together with the internal alkyne 3.221 (Entry 5). 3.221 was observed as the major
product when Ba(OH), was used as the base (Entry 6). Finally, the generally efficient S-
Phos ligand did not promote the coupling reaction and led to partial recovery of starting
material (79%). Further work on this reaction was not carried out since this transition
metal-catalyzed synthesis of benzofurans from hydroxylated gem-dibromostyrenes had
been reported in 2004 (Scheme 3.44, Reaction A)’ and recently applied by Lautens to
the preparation of alkynylbenzofurans (Reaction B).”” In the case of the synthesis of
3.225, there is evidence suggesting that Cu catalysis is responsible for the formation of
bromobenzofuran 3.230 which then undergoes coupling according to the Sonogashira
mechanism (Mechanism D). In the absence of Cu salts,”® the coupling at the (E)-
brominated position has instead been considered to be the initial step of this reaction
(Mechanism A). The furan ring is thus formed through a sequence of steps (Pd-oxidative
addition to the (Z) C-Br bond of 3.226, HBr elimination from 3.227 and reductive

elimination of 3.228) which does not include the transmetalation of a second molecule of

PhSnMe; to 3.227.
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PhSnMej or

A Br RCgH,B(OH), 0 0O
(3 equiv) R " / \
—>
Br  pd(0Ac), / dppf

(7
:

OH EtsN / PhMe / 100 °C
3.222 3.223 R=H, OMe (60-82%) 3.224 (0-15%)
B R =——CgH1s
|\\ Br Pd-C / Cul R 0 _
P(p-Anysyl R=T —CeH13
_ '(p ysyl)s T
Br ipr,NH/PhMe
OH 80-98%)
3.222 3.225 R = CO,Me, OMe, (CH=CH),
C Br (E) D X X Br
Co—  COY. | D=
d Br (2) Z d y/ Br

PA(O)L,

cu()L, \& 3. 222
w
Pd(Br)Ly
2 Cu(Br)L,

3.225

3.223 Pd(O)Ln, 3.222
\&Suzukl or Stille Cu(I)Ln

\4

\
3
Y
o
w I
@
;U
\/
O/

3.228 / 3.226 3. 231 3.229
HBr Ar X
PLBr Pd(O)L,, R{I\>78r cu(l)Ly
OH Z~0
3.227 3.230
Scheme 3.44

Whatever the order of the coupling steps may be, a working mechanism for the formation
of 3.220 must include a dealkylation step leading to the palladacycle 3.234 which, upon
reductive elimination, ejects benzofuran 3.220 (Scheme 3.45). Thus, bromostilbene
3.209, following chelation of the catalyst, undergoes palladium oxidative addition to give
3.233 which, through HBr elimination, converts to 3.234 and finally undergoes ring
contraction to benzofuran 3.220. Albeit unusual, dealkylative events like these,
presumably due to the Lewis acidity of the Pd(II) species formed in the catalytic cycle,”
have been invoked by Heck™ and reproposed by Shen in a similar tandem reaction

yielding 3-vinyl and 3-aryl isocumarins 3.236 (Scheme 3.46)."
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* Ligands omitted
for clarity

* Am = CONEt,

Scheme 3.45
Br RsnR?
~ N szdbas3 (2.5%) (R1 = Ph, 2-furyl, 3-furyl
R_\ I B TFP (15% 2-thienyl, vinyl)
r o
COOCHjz Phvie 100 °C /200 (R =H, MeO, COOMe)
(R?= Me, Bu)
3.235 3.236 (30-92%)

Scheme 3.46

Attempts to effect coupling reactions of 3.207c and 3.208a (Table 3.2) at lower
temperatures did not yield even traces of 3.209, suggesting that the latter is rapidly
consumed as it is formed under the reaction conditions. It is plausible to suggest that the
carbamate group of 3.232 (Scheme 3.45) may act in concert with the methoxy group in
the coordination of palladium(0), significantly accelerating the second oxidative insertion
by Pd(0) into the C-Br bond (3.233). The coordinative effect (CIPE) of an alkoxy group
on the rate of Pd(0) oxidative addition has been stressed by Shen to rationalize the

formation, under Stille conditions, of relevant amounts of diphenylated products 3.239
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and 3.242 (Scheme 3.47). Since biarylated species were not observed when 3.208a was
subjected to any of the tested coupling conditions (Table 3.2), the results may be
rationalized by consideration that 3.233 must undergo dealkylation and subsequent
reductive elimination more rapidly than transmetalation with a second equivalent of the

arylboronic ester 3.207C (Scheme 3.45).

PhSnMejz(1.5 equiv)

Br Ph
OW Pd,dbag (2.5 % mol) OW +
—_— =
(0] Br

th

ﬁ’ Q 5 bh Z-3.238 : 3.239
TFP (15%)

PhMe / 100 °C / 20h

x

(@]]!
@

3.237 72% 7-3.238 3.239
Br Ph Ph
N as above N N A 7-3.241: 3.242
—_— .
Br Br Ph 18 =1

O 18% O (0]

Me Me Me
3.240 7-3.241 3.242

Scheme 3.47

3.3.6. Alternative Approaches to a Suitable Cinnamide

Despite the lack of satisfactory hypotheses on the possible reaction pathways leading to
the extensive LDA-triggered decomposition of the carbamoyl stilbenes discussed above,
the time appeared mature to explore alternative routes towards the cinnamide 3.112b that
did not include the carbamoyl translocation reaction (Scheme 3.15). The non-
stereoselective methods include the classical Knoevenagel-type condensation of
phenylacetamide 3.244 with the benzamide 3.218 (Scheme 3.48). Starting material 3.244
may be obtained in one step by treatment of tolyl-O-carbamate 3.243 with TBSCI and
LDA by the Kalinin protocol,*® in which the in situ presence of TBSCI is necessary to
prevent intermolecular reactions involving the benzylic position; upon silylation of the
benzylic position followed by carbamoyl lateral migration, the intermediate undergoes a

Brook-type rearrangement™ to give a useful O-protected phenylacetamide 3.244.
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Perhaps unsurprising under the standard weakly basic Knoevenagel conditions
(piperidine/reflux in pyridine), no reaction was observed; however, using the stronger
LDA or "BuLi, compound 3.244 was easily deprotonated as demonstrated by a (BrCF,),

quench (see Scheme 3.49), but proved stubbornly unreactive towards the highly hindered

benzaldehyde 3.218.
0
OJJ\NEtZ ;) Igic' TBSO  CONEt, Base
oo e AT e
THF
-78°Ctort MeO Me
84%
3.243 3.244 3.218 3.245

Scheme 3.48

Next, a Wittig approach was placed to the test to prepare 3.245 (Scheme 3.49). Thus,
anionic bromination of 3.244 yielded 3.246 in 87% yield. However, reaction of the latter
with PPh; occurred only at the expenses of the silicon protection, giving 3.247 in 53%
yield. When exposed to EtONa to obtain the corresponding ylide, 3.247 ejected PPhs,
suggesting the need for the installation of a more robust protection group on the phenolic
group. To this end, the silicon protection group of 3.244 was efficiently removed with
substoichiometric amounts of TBAF (0.3 equiv) to give 3.248, which was protected as
the methyl ether 3.249 in 95% yield. However, the synthesis of the a-bromo derivative
of 3.249, analogue to 3.246, by treatment with LDA followed by quench with an effective
Br' reagent,™ was heavily affected by the formation of a dimeric product (3.250) in 27 %
yield. This result is possibly due to the formation of the a-bromo intermediate followed
by SN2 bromide-displacement by the a-lithiated derivative of 3.244. The observation that
the PMB ether of 3.248 displays identical reactivity while the more hindered 3.244
undergoes smooth bromination supports the hypothesis of a polar reaction. The coupling
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of enolates of carboxylic acid derivatives is also known to occur through oxidation of the
enolate to a radical by a single electron transfer (SET) process. However, the working
mechanism of these radical reactions require the addition of oxidants such as I,, iodonium
salts, Cu(II), Ti(IV)or Fe(III).85 Surprisingly, reverse addition of a-lithiated 3.249 to Br"
sources (NBS, BrCF,CF,Br) still yielded 3.250 as the main product. Radical bromination
of 3.249 using AIBN/benzoyl peroxide and NBS®*® efficiently brominated the aromatic

ring as clearly indicated by peak integration of the '"H NMR aromatic region.

EtONa
1) LDA H
TBSO  CONEL, ) THE /.78 cc TBSO  CONEt, N9 o ./ conet,
30 min :
PPhs, (1.5 equiv) + -
2) (BrCFy), Br ( PPhs Br
-78 °C /30 min PhMe / reflux
0°C 20h
3.244 87% 3.246 53% 3.247
TBAF (0.3 equiv)
THF /-10 °C
96% OMe CONEL,
OH CONEt, OMe CONEt, 1) LDA CONEt,
/ /0°C THF /-78 °C
1) NaH / THF 30 min oMe
2) Mel 2 (3;5(:‘"::2)/230 min O
- |
95% 0°C
3.248 3.249 27% 3.250

Scheme 3.49

During the course of the above studies, a suitable substrate for the synthesis of the
naphthol model 3.254 was recognized in the isoaurone Z-3.253 which was prepared
according a known procedure®” by condensation of benzofuran-2-one (3.252) with o-
tolualdehyde in the presence of catalytic amounts of PTSA (Scheme 3.50). Compound
3.253 was obtained as an inseparable 3:1 mixture of geometric isomers (‘H NMR
estimate); unfortunately, overlapping NMR signals in the spectrum of this isomeric
mixture prevented the assignment of the correct stereochemistry through NOESY

experiments.
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HO
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3.254
Scheme 3.50

However, a perusal of the pertinent literature showed that in virtually all known
isoaurones, the olefinic proton of the E isomers is diamagnetically deshielded by the
carbonyl group and gives a '"H NMR signal about 0.25 ppm downfield of the value given
by the Z counterparts.®® Similarly, Hy and/or He of the Z isomers are strongly deshielded
(downfield shift is ~ 0.5 ppm) compared to the corresponding hydrogens of the E
isomers. Based on this criterion of assignment, validated by other NMR techniques,ggd’ 8
the isomeric mixture of 3.253 was identified as a 3:1 E:Z mixture, in which the unwanted
isomer was predominant. E/Z mixtures of isoaurones have been resolved, not without
failures, by repeated recrystallization or by fractional distillation. When the isomeric
mixture of E- and Z- 3.253 was subjected to distillation, it was enriched to a 20:1 E/Z
mixture. Both the 3:1 and the 20:1 E/Z mixtures of 3.253 were subjected to LDA at —78
°C in the hope that the base would generate the desired geometric isomer through
reversible 1,4 nucleophilic addition of LDA to the o,f-unsaturated lactone. However, in

both cases, while undergoing highly exothermic reaction with the base at —78 °C, the

yellow THF solution of 3.253 became deep red and rapidly blackened even at
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temperatures as low as —78 °C. Only starting material (11%) could be recovered from the
complex mixture obtained. The more hindered LiTMP gave an equally complex mixture.
Curiously, when the known unsubstituted isoaurone Z-3.255, isolated in pure form, was
exposed to LDA, no complex reactivity was observed, but the substrate quantitatively
underwent nucleophilic ring opening (3.256) and double bond reduction (Z-3.257) in a

1:1 ratio (Scheme 3.51).

Et:N_ Me

Me
HO
(0]
Et3Si NS
O OMe

LDA (1.1 equiv)
THF

-78°Ctort
quant.

3.112b Z-3.255 Z-3.256 (1:1) 3.257

Scheme 3.51

This result suggests that an LDA-mediated and rapid reaction (=78 °C) involving, once
again, the methyl group of 3.253 (Scheme 3.50) interferes with the cyclization of the Z
isomer. Could the unexpected and obscure reactivity of 3.253 also apply to the
structurally related cinnamide 3.112b? To rule out such a possibility that appeared to
undermine the success of the whole project, a stereoselective synthesis of a Cis 2’-methyl
cinnamic ester or amide was pursued. Cis a-aryl cinnamates have been prepared by
sequential cross coupling of trans-dibromoacrylate (3.258, Scheme 3.52) with several
arylzinc species.”” The reaction succeeds because the S-bromo substituent of 3.258,
under Pd-catalyzed Negishi and, in some cases, Stille conditions, undergoes cross
coupling at a faster rate than the corresponding a-bromo substituent. In potential
application of these results, ortho-tolylzinc chloride 3.259 was first subjected to cross

coupling with dibromoacrylate 3.258. Although the reported conditions did not afford a
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trace of product, it was found that premixing of the catalyst with the dibromide was
critical to the observation of E-3.260 formation. Gradual addition of a small excess of
3.259 (1.4 equiv) resulted in the disappearance of the starting material and led to the
formation of E-3.260 albeit only in 23% yield. The low isolated yield of E-3.260 and its
even poorer coupling with ortho-anisylzinc chloride to give 3.262 suggested halting this

approach.

THF/ Pd(PPh3);  EtOOC THF / Pd(PPhs),
COOEt 0to 20 °C ~ 2310 20 °C
—_— —_—
B
Br )w r CHs Br OMe

@chl CH3 @Znu

3.259 3.261
3.258 (1.4 equiv) E-3.260 (23%) 3.262 traces (GC-MS)

Scheme 3.52

Eventually, a successful synthesis of a suitable cis-cinnamide was achieved using
conventional chemistry. Dr. Jignesh Patel, a post-doctoral fellow in our group who at
this point joined in this work, brought the attention to a report describing the behaviour of
coumarins when subjected to treatment with LDA.?" This study showed that, although
coumarin (3.263), thiocoumarin 3.264 and 4-phenyl coumarins 3.265 give complex
mixtures of products, 3-substituted coumarins 3.266 do not undergo lithiation at C4 but,

rather, ring opening to give the corresponding cinnamides 3.267a,b in variable yields

(Scheme 3.53).%

N'Pr,

X O. O, O. R O, 0. LDA O,
—>
S A R A THF /rt R A
Ph OH
3.263 X=0 3.265 R=H,OMe 3.266 E-3.267a R = OMe (82%)
3.264 X=S Z-3.267b R=Ph (44%)

Scheme 3.53
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To test this approach to a new DreM methodology for the requisite biaryl 3.272, 3.270
was prepared in quantitative yield through esterification of the known salicylaldehyde
3.268 with 3.269 followed, in situ, by intramolecular Knoevenagel condensation of the
arylacetate intermediate (Scheme 3.54).” The synthesis of a diethyl cis-cinnamide
corresponding to 3.112b (Scheme 3.15) required the opening of the lactone ring of 3.270
with Et:tNLi, which presented the risk of a competitive 1,4 Michael addition (Scheme
3.54). The latter reaction may be discouraged with the use of the hindered LDA;
however, the isopropyl analogue of Z-3.271 which would be generated was expected to

undergo a more sluggish cyclization to naphthol 3.272 on account of the steric hindrance.

O (0) Me
HO. Me OMe MeO
K,CO3
o + cocl Acetone /reflux / 12 h N
_—_—m
uant.
H Me q O )f Me
Et,NLi
3.268 3.269 3.270
1) LiNEt,,
HO Me (1.2 equiv.)
MeQ LiTMP 0°C/2h
-78tort thenr.t./ 2h
-
2)Mel /0°C
O OMe 91% 81%

3.272

Scheme 3.54

Fortunately, the undesired Michael addition of LiNEt; to 3.270 was not observed and the
lactone ring opening followed by in situ trapping of the phenolate intermediate as a
methyl ether, afforded only the Z-3.271 in 81% yield. The advantage of this
methodology lies in the fact that the Z geometry of the product is obligatorily set in the
starting coumarin and is not modified during the reaction even though such a possibility
exists by reversible Michael addition-elimination of the base to the product. The

cinnamide Z-3.271 was then treated with LiTMP under a variant of the standard DreM
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conditions” and led, to our delight, to the key naphhtol 3.272 in high yield (91%). This
result strongly suggests that the observed complications of the O — « vinyl carbamoyl

migration are responsible for the unsatisfactory results of the anionic cascade (Scheme

3.22).

3.3.7. Construction of the Benzo[a]fluorenone Skeleton

As a sole investigator, Patel surveyed the potential modifications that may set up the
naphthol 3.272 towards a successful sequence of DreM reactions.”” The carbamoylation
of the naphthol 3.272 to 3.273 (87%, Scheme 3.55) provided the opportunity of effecting
the original plan to attempt the ortho-amination of a naphthalene ring for the purpose of
testing the following DreM reactions through which the B ring is formed (Scheme 3.15).
However, in order to avoid the protection of the amino group required during the
sequence of DreM reactions, it was decided to postpone the amination of 3.273 to the
conclusion of all anionic chemistry. The C;-protection of 3.273, an obligatory step
before attempting the DreM reaction, was undertaken by metalation-bromine quench and
the corresponding temporary TMS protection, both potentially instrumental in the later
installation of the amino group. In the first scenario (Scheme 3.55), amination was
considered to rely on Buchwald’s protocol,”® which would require cross coupling of the
bromide 3.276 with benzophenone imine and cleavage of the resulting product to give
3.277. Alternatively, 3.276 would be subjected to metal-halogen exchange followed by
TsN; quench and reduction of the azide obtained to give 3.277. Although the reaction of
LDA with bromoarenes (3.274 — 3.276) is fraught with the problem of elimination to
benzyne species,’’ the absence of A-hydrogens to the bromo substituent in 3.274 granted

probability of success. In pursuit of this goal, carbamate 3.273 was metalated and
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brominated to give 3.274 in 84% yield. Sadly, when 3.274 was subjected to DreM
conditions, the resulting product 3.275 obtained in modest yield, showed that, although
carbamoyl migration had occurred, it was accompanied by a reductive debromination.
Although, to the best of our knowledge, such a reaction is unprecedented for LDA, it may
have occurred through a mechanism similar to the metal-halogen exchange reaction
involving alkyllithiums. If so, the reductive cleavage must have occurred after the
migration of the carbamoyl group to the alternate ring, or else an ortho-Fries
rearrangement would have been observed. This process may be envisaged as mediated
by the phenolate group which may play role in the coordination of the base and in the

stabilization of the generated ortho-lithiated species.”®

O, NEt; Et,N O
Y \f Br
1 8
)

Me 1) SBuLi/ TMEDA e © Me | DA (5 equiv)
(1.2 equiv.) THF/0°Ctor.t.
-78°C/THF/2h — >

—_— 3h
MeO 2) BroCoFy MeO
0,
3.273 84% 3.274 40%
1) NaH i
(1.2 equiv) i LDA
THF/0°C | 87% Y

2) CICONEt,

NH,

1) Ph,CH=NH

Br
HO Ve HO Me Pd cat. HO. Me
MeO MeQ 2) Cleavage MeO
---------------- »
. or .
O O OMe 1)"BulLi (2 equiv) Q OMe
MeO e} 2) TsN o

3.272 3.276 3) NaBHy4 3.277

Scheme 3.55

The 2-silylation of 3.273 (Scheme 3.56) with the robust TMS group” to the derivative
3.278 appeared a reasonable alternative to the unsuccessful rearrangement of 3.274. The
TMS group was expected a) to withstand rather well the following DreM (3.280), based

on Mohri’s precedent and b) to activate the o position towards an ipso-bromo- or nitro-
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desilylation reaction'®

(3.282) as a prelude to the preparation of the amino derivative
3.283. Once again, however, we were disappointed to observe that 3.278, obtained
through DoM of 3.273 in 68% yield, suffered cleavage of the carbamate group on contact

with LDA (3.279, 32 %) and gave a more complex mixture of products when exposed to

the bulkier LiTMP.

Et,N O
o o Tus
1)°BuLi / TMEDA !

(1.2 equiv.) MeO Me
3273 -78°C/THF/2h OO Me
—>
2)TMSCI (1.2 equiv) O
68% OMe

3.282 x=1.2
ipso-nitration

3.278

DA

H _ _ ipso-nitrosation
T™S : TMS :
LDA L H
MeOHO Me (7 equiv) : LDA HO Me E
Hr S e T D | I I [P . MeO —

THF
MeO 0°Ctor.t.
€ 32%

3.279 3.280 3.281

Scheme 3.56

Due to the centrality of the DreM reaction in this project and convinced of the critical
role that it may play in the construction of ring B, Patel is now exploring other suitable
substrates that may effectively undergo the combined remote carbamoyl migration —
DreM and cyclization. Once a suitable fluorenone (e.g., 3.283) becomes available, the
last strides to the target molecule will focus on the manipulation of the substituents which
draw from precious results of Dmitrienko and many others who have optimized the last

9,30

synthetic steps to prekinamycin (Schemes 3.5 and 3.6)™"" and kinamycins (Schemes 3.9-

3.11).2%
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3.4. Future Work

The failure of 3.278 (Scheme 3.56) to undergo the single or double DreM reaction to
products 3.280 and 3.281, respectively, as in Kendall’s case (3.177, Scheme 3.33) is
difficult to rationalize. The structure 3.278 (Fig. 3.8) does not show remarkable steric
hindrance that may prevent the operation of a CIPE,’® especially when compared to other
structurally related substrates which have successfully undergone a DreM reaction
(3.176, 3.284-3.286, Fig. 3.8). While the remote lithiation of 3.176" may have been
facilitated by the presence of the C;-OMe group, this synergistic combination of directing
effects is not a general requirement of the DreM reaction (compare with 3.284,”° 3.285
and 3.286%). DFT calculations are now being carried out on 3.278 and 3.176 to gain
some perception of the intra- and intermolecular interactions that may prevent a

productive coordination of the base with the carbamate group and the remote

TES S et MeO
o 2
0 NEt, o NEt,
MeO. MeO.
'Pro. 37% o
61% 70/u
(yield based (75% yield
on recycling based on SM

of 52% SM) recycling) OMOM

hydrogen.'"!

3.278 3.176 3.284 3.285 3.286

Figure 3.8 Some Known Examples of DreM of 2-Aryl-2-O-Carbamoyl Arenes

The original plan involving the early ortho-amination of 3.110 (Scheme 3.15) is yet to be
tested. This functionalization may be achieved by electrophilic nitration/reduction of the
naphthol 3.272 or, should the nitration occur with poor regioselectivity, by applying the
Snieckus DoOM protocol using a TsN3 quench — borohydride reduction sequence (3.278

— 3.288, Scheme 3.57).'"
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Scheme 3.57

The protection of the amino group as N-Boc (3.289, Scheme 3.58), a common practice in
anionic aromatic chemistry, might complicate the following DreM reaction with the
occurrence of a transamidation reaction leading to the cyclic carbamate 3.290. In this
event, this problem may be overcome by the use of in Situ primary amine protection as
offered by “stabase” derivatives like 3.291a which are stable to LDA and promptly
hydrolyze on acidic quench (0.1 N HCI).'* On the other hand, “benzostabase” and
TEDI derivatives like 3.291b and 3.291c respectively (Scheme 3.58) have been reported
to display good and excellent stability, respectively, to silica gel chromatography.'®**
This property may be providential in the case that, as experienced by Mohri (Scheme
3.7),>' OH-protection of the intermediate 3.292 may be required for the second DreM
reaction to proceed, therefore implying further purification steps. On the other hand,
during the synthesis of a constrained analogue of Raloxifene, Kalinin and coworkers
found that the hydroxybenzothiophene 3.294a (Scheme 3.59) underwent DreM reaction
to 3.295a in higher yield than did its methyl ether 3.294b to give 3.295b.'™ This
suggests that a tandem DreM reaction, followed by a mild acidic work-up to hydrolyze

103c

the N-protective group, may indeed effect the conversion of 3.291 directly into
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Dmitrienko’s intermediate 3.104 towards 3.6 (Scheme 3.58) thereby concluding the

synthesis of isoprekinamyicn.
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3.5.  Conclusions

Following the discovery of the anionic O— ¢« and £ vinyl carbamoyl translocation of 2-
(O-carbamoyl) stilbenes by Reed (Scheme 3.17) and based on Mohri’s successful
precedent in the synthesis of tri-O-methylkinafluorenone 3.53 (Scheme 3.7), a total
synthesis of isoprekinamycin was designed that heavily relies on DoM, DreM and cross
coupling chemistry. The key steps of this strategy are a) the synthesis of the AD ring
system (3.113, Scheme 3.60), b) anionic closure of ring C and ¢) anionic closure of the
five-membered B ring. With respect to point (a), the results show that the coupling
partners 3.114 and 3.116 could be prepared by large scale DoOM reactions (10-30 g,
Schemes 3.19 and 3.18 respectively) and, for 3.114, through a pathway involving an
efficient 4-step one-pot reaction. Suzuki cross coupling of these partners smothly gave
the stilbene 3.136 which was deoxygenated efficiently to 3.113. In point (b), attempts to
effect the anionic cascade 3.113—3.112a—3.111 with LDA led to extensive degradation.
While still suffering significant decomposition, silylated stilbene derivatives 3.140 and
3.152 were found to give low yields of naphthols 3.143 and 3.153, respectively (Table
3.3). Although no mechanistic rationale has been envisaged for this chemical behaviour,
the low yields of products also obtained upon exposure of the simpler stilbene models
3.168 and 3.171 to LDA strongly suggests that these failures are to be ascribed to the
formation of benzylic anions which interfere with the O— « carbamoyl translocation step
of the anionic tandem reaction (Scheme 3.22). On the other hand, following treatment of
3.113 with "BuLi, the O—a carbamoyl translocation step appeared to occur
quantitatively, albeit the presumed intermediate product (3.112a) succumbed to 1,4

Michael addition of the alkylithium to give 3.184a (Scheme 3.60). An inverse
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mechanism is also possible that invokes the carbolithiation of stilbene 3.113 followed by

O—C 1,4-migration of the carbamoyl group (Scheme 3.34).
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Table 3.3 Chemical Behaviour of Methylated 2-O-Carbamoyl Stilbenes upon

Exposure to LDA
Me
Et,NOC
L

1

OCONEt,

LDA (2 equiv)

Et;Si
THF/-78 °Cto rt O
OH
SiEts
Stilbene Naphthol Detailed
Scheme
3113 R'=R®=Me R®=OMe 3.22
3140 R'=Me R?=0OMe R®=CH,TBS 3.143 R'=OH, R? = OMe, R® = CH,TBS (30%) 3.23
3141  R'=R®=CH,TBS R?=0Me 3.144 R'=NEty, R? = OMe, R® = CH,TBS (24%) 3.23
3142 R'=CH,TBS R?=0OMe R®=Me 3.23
3152 R'=Me R?=0OMe R®=CH,TMS 3.153 R!=OH, R?= OMe, R® = CH,TMS (15%) 3.26
3168 R'=Me R?=R%=H 3.169 R!=OH, R?=H (9%) 3.30
3171  R'=R?=H,R®=Me 3.172(10%) 331
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An alternative approach based on the ring opening of coumarin 3.270 (Scheme 3.60),
furnished the diethyl cinnamide Z-3.271 which underwent intramolecular cyclization to
naphthol 3.272 in high yield (91%). Finally (point c), with the ACD ring system in hand,
the DreM reaction has been attempted on C;-substitued O-carbamoyl naphthalenes 3.274
and 3.278 with disappointing results. While the former undergoes debromination along
with the desired carbamoyl migration (3.275), the latter suffers cleavage of the carbamoyl
group (3.279). The aminated carbamoyl naphthalene 3.288 is now being synthesized as

an alternative substrate for this DreM reaction.
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3.6.  Experimental Section
General Methods

Please refer to section 2.7.

Specific Experimental Procedures

3-Methoxy-2-methoxymethoxy-5-methylbenzaldehyde (3.126)
o Some A solution of "BuLi (1.53 mL, 3.29 mmol, 2.37 M in hexanes) was
MeO CHO
added dropwise to a stired solution of 3.125'” (0.5 g, 2.74 mmol) and
CHs TMEDA (0.5 mL, 3.29 mmol) in anhydrous hexanes (5 mL) at 0 °C.
The resulting yellow suspension was stirred at 0 °C for 45 min and anhydrous DMF (3.29
mmol, 0.25 mL) was then added while maintaining this temperature. The reaction
mixture was allowed to warm up to rt, stirred for an additional 30 min and quenched with
a saturated aqueous NH4Cl solution.  Standard work-up and chromatography
(hexanes/EtOAc 9:1) yielded 0.50 g of 3.126 (87%) as a yellow oil, IR (film) vpa.x 1692,
1488, 1329, 1278, 1161, 1071, 949 cm™; '"H NMR (400 MHz, CDCls) §10.40 (s, 1H),
7.19 (dd, 1H, J = 2.0 and 0.8 Hz), 6.94 (d, 1H, J = 1.6 Hz), 5.15 (s, 2H), 3.83 (s, 3H),
3.52 (s, 3H), 2.31 (s, 3H); °C NMR (100 MHz, CDCl3) § 190.6, 152.2, 147.3, 134.5,
130.0, 119.0, 118.9, 99.54, 57.9, 56.1, 21.2; LRMS (EI, 70 eV) m/z (rel. intensity %) 210

(24), 209 (17), 179 (27), 164 (100), 136 (50); HRMS calcd for C;;H;404 210.0892, found

210.0935.
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2-Hydroxy-3-methoxy-5-methylbenzaldehyde (3.127)

HO To a stirred solution of 3.126 (1 g, 4.76 mmol) in methanol (5 mL) at
MeO CHO

rt was added as aqueous solution of HCI (2.4 mL, 2M). After stirring
CHs for 12 h at this temperature, the reaction mixture was quenched with a
saturated aqueous solution of NaHCO; (5 mL) and concentrated in vacuo. The residue
was then dissolved in EtOAc and purified through a short silica plug (hexanes:EtOAc
6:4). Recrystallization of the solid obtained from evaporation of the eluate yielded 0.63 g
(80%) of 3.127 as yellow needles, mp 72-73 °C (hexanes); IR (KBr) v 1649, 1472,
1391, 1266 cm™; "TH NMR (400 MHz, CDCls) §10.86 (1H, s), 9.80 (1H, s), 6.89 (2H, m),
3.85 (3H, s), 2.29 (3H, s); °*C NMR (100 MHz, CDCl3) & 196.6, 149.5, 147.9, 129.2,

124.0, 120.4, 119.3, 56.2, 20.8; LRMS (EI, 70 eV) m/z (rel. intensity %) 167 (57), 166

(100), 165 (24), 120 (10), 91 (10); HRMS caled for CoH;003 166.0630, found 166.0633.

2-Formyl-6-methoxy-4-methylphenyl trifluoromethanesulfonate (3.116)
- o o A flame-dried 500 mL flask was charged with 3.127 (24.80 g, 0.149
mol) and anhydrous CH,Cl, (250 mL). To this stirred solution cooled
CHs to 0 °C, NEt; (62.4 mL, 0.448 mol) and TH0 (30.2 mL, 0.179 mol)
were sequentially added. The reaction mixture was stirred for 15 min at 0 °C and
quenched by pouring it onto a mixture of crushed ice and brine. Standard work-up and
recrystallization of the crude residue yielded 34.2 g (77%) of 3.116 as colourless crystals,
mp 57-58 °C (hexanes); IR (KBr) vimax 1713, 1597, 1482, 1423, 1325, 1205, 1134 em™:
'H NMR (400 MHz, CDCls) 610.14 (1H, s), 7.26 (1H, dd, J = 2.0 and 0.8 Hz), 7.10 (1H,

d, J = 1.6 Hz), 3.91 (3H, s), 2.40 (3H, s); '°C NMR (100 MHz, CDCLy) §187.1, 154.4,
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140.1, 137.2, 129.1, 121.8, 119.5, 118.8 (q, Jcr = 319 Hz), 56.5, 21.4; LRMS (EI, 70 eV)
m/z (rel. intensity %) 298 (26), 165 (100), 122 (20), 107 (19); HRMS caled for

CioHoF305S 298.0123, found 298.0131.

2-Acetylphenyl diethylcarbamate (3.129)

j’\ A 1 L flame-dried flask was charged with NaH (16.16 g, 0.404 mol,

o 07 “NEt

60% dispersion in mineral oil) and dry DMF (450 mL). To this
HaC” \Ej
stirred suspension cooled to 0 °C, neat 3.128 (50 g, 0.367 mol) was

slowly added while allowing the escape of H; through a vent. The reaction mixture was
then allowed to warm up to rt and stirred for 3 h or until gas evolution completely ceased.
Freshly distilled diethyl carbamoylchloride (51.1 mL, 443.7 mol) was added and the
reaction mixture was stirred at rt for 8 h. After removing most of the solvent in vacuo,
the oily residue was transferred into a separatory funnel containing water (200 mL) and
the product was extracted with Et,0O (100 mL x 3). The combined ethereal extracts were
dried (Na,SOy) and concentrated in vacuo. The oily residue obtained was then distilled
bulb to bulb (95 °C/0.1 mmHg) to yield 73.0 g of 3.129 (85%) as clear oil, IR (film) Viax
2977, 1721, 1690, 1603, 1419, 1274, 1206, 1154, 961, 757 cm™; 'H NMR (400 MHz,
CDCl3) 67.74 (dd, 1H, J =8 and 1.6 Hz), 7.49 (dt, 1H, J =8 and 1.6 Hz), 7.26 (dt, 1H, J
=7.6 and 0.8 Hz), 7.12 (dd, 1H, J = 8 and 0.8 Hz), 3.49 (q, 2H, J = 7.2 Hz), 3.38 (q, 2H,
J =172 Hz), 2.55 (s, 3H), 1.28 (t, 3H, J = 7.2 Hz), 1.21 (t, 3H, J = 7.2 Hz); °C NMR
(100 MHz, CDCls) ¢ 198.2, 153.7, 149.8, 133.0, 132.0, 129.6, 125.3, 123.8, 42.3, 42.0,
29.7, 29.6, 14.2, 13.3; LRMS (EI, 70 eV) m/z (rel. intensity %) 163 (8), 146 (43), 121

(27), 100 (100), 72 (100); HRMS caled for C13H;sNO; 235.1208, found 235.1199.
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2-Ethynyl-6-(triethylsilyl)phenyl diethylcarbamate (3.134)

A solution of 3.129 (2.75 mL, 12.7 mmol) in anhydrous THF (15 mL)

OCONEt
s 2 | |
e was slowly added to a stirred solution of LDA (18.1 mL, 12.7 mmol,

0.7 M in THF) at —78 °C. The suspension obtained was stirred for 90
min at this temperature and diethyl chlorophosphate (2.0 mL, 13.97 mmol) was added at
—78 °C. The reaction mixture was allowed to warm to 0 °C over 5 h and was aged at this
temperature and under argon for 10 h. The yellow solution obtained was slowly
cannulated into a stirred solution of LDA (38.1 mL, 26.7 mmol, 0.7 M in THF) at —78 °C
and the reaction mixture was allowed to warm to 0 °C over the period of 3 h. After
lowering the temperature to —78 °C, TMSCI (1.5 mL, 11.8 mmol) was added dropwise
and the stirred reaction mixture was allowed to warm to 0 °C. Once again, the
temperature was lowered to —78 °C and TESCI (2.55 ml, 15.24 mmol) and a solution of
LDA (21.8 mL, 15.24 mmol, 0.7 M in THF) were added under constant stirring. The
temperature was allowed to rise to 0 °C and the reaction mixture was quenched with a
saturated aqueous NH4Cl solution. After evaporating most of the THF in vacuo, the
crude product was extracted with EtOAc and the organic layer was subjected to standard
work-up. The resulting crude product was dissolved in MeOH (300 mL) and anhydrous
K,COs (1.75 g, 12.7 mmol) was added. After stirring the reaction mixture for 30 min at
rt, the solvent was removed in vacuo and the residue was subjected to standard work-up
and chromatography (hexanes/EtOAc 9.3/0.7 as eluent) to give 3.70 g (88%) of 3.134 as
a clear oil, IR (film) viay 2114, 1723 cm™; "H NMR (400 MHz, CDCls) §7.53 (dd, 1H, J
=7.6 and 1.6 Hz), 7.43 (dd, 1H, J=7.2 and 1.6 Hz), 7.16 (t, 1H, J = 7.6 Hz), 3.27-3.70
(bm, 4H), 3.18 (s, 1H), 1.30 (t, 3H, J = 7.2 Hz), 1.21 (t, 3H, J = 7.2 Hz), 0.95 (t, 9H, J =
8.0 Hz), 0.77-0.88 (m, 6H); °C NMR (100 MHz, CDCls) & 158.0, 153.3, 136.4, 134.6,
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130.4, 124.7, 1167, 81.5, 79.8, 42.0, 41.8, 14.1, 13.2, 7.4, 3.4; LRMS (EI, 70 eV) m/z
(rel. intensity %) 303 (47), 302 (100), 145 (16), 100 (100), 72 (62); HRMS calcd for

C17H24NO,Si 302.1576 [M-Et]", found 302.1570.

(E)-2-(2-(1,3,6,2-Dioxazaborocan-2-yl)vinyl)-6-(triethylsilyl)phenyl
diethylcarbamate (3.135)

OCONEL, M\ A flame-dried flask was charged with NaBH4 (4.20 g, 0.111

0}

. o NH
FlsS! X Bio_] mol), 2,5-dimethyl-2,4- hexadiene (34.8 mL, 0.244 mol) and

anhydrous diglyme (180 mL) and this stirred mixture was
cooled in an ice bath. Dimethyl sulphate (10.50 mL, 0.111 mol) was added to this
mixture while maintaining the temperature below 5 °C. At the end of the gas evolution
that accompanied this addition, the mixture was stirred for 3 h at 0 °C to give a thick
suspension to which a sol of 3.134 (33.47 g, 0.101 mol) in dry diglyme (20 mL) was
added while maintaining the temperature below 5 °C. This mixture was stirred for 1 h at
0 °C, slowly quenched with H,O (15 mL) (additional gas evolution resulted), stirred for
30 min at rt, and then treated with formaldehyde (8.3 ml, 0.111 mol, 37 wt % aqueous
solution) in a single addition. The resulting exothermic reaction was compensated by
application of a rt bath. The reaction mixture was stirred for 24 h at rt and then diluted
with EtOAc (200 mL). After separation of the layers, the organic phase was dried
(NaxSO4) and transferred into a flask containing diethanolamine (11.68, 0.111 mol). The
resulting mixture was briefly stirred and concentrated in vacuo to 200 mL and, upon
standing at 5 °C for 8 h, yielded a colourless solid that was subjected to filtration, washed
with EtOAc and recrystallized from EtOH/EtOAc. The first two crops yielded 31.5 g

(70%) of 3.135 as colourless crystals, mp 239-240 °C (EtOH/EtOAc); IR (KBr) viax
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1714, 1622 cm™"; '"H NMR (400 MHz, CDCl3) §7.66 (1H, d, J = 7.0 Hz), 7.28 (1H, d, J =
7.0 Hz), 7.14 (1H, t, J = 7.3 Hz), 6.90 (1H, d, J = 17.9 Hz), 6.26 (1H, d, J = 17.9 Hz), 5.7
(1H, bs), 3.65-4.0 (5H, m), 3.25-3.55 (2H, m), 2.95-3.1 (3H, m), 2.43-2.6 (2H, m), 1.33
(3H, t, J = 7.1 Hz), 1.13 (3H, t, J = 7.1 Hz), 0.85-0.95 (9H, m), 0.7-9.85 (6H, m); °C
NMR (100 MHz, CDCl3) & 154.5, 153.8, 134.7, 132.5, 131.8, 130.1, 127.2, 125.4, 63.5,
63.2,51.3,51.0,41.8, 41.7, 14.4, 13.3, 7.7, 3.8; LRMS (EL 70 ¢V) m/z (rel. intensity %)
305 (23), 304 (100), 100 (72), 72 (25); HRMS calcd for CyH34BN,O,Si [M-Et]"

417.2381, found 417.2367.

(E)-2-(2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)vinyl)-6-(triethylsilyl)phenyl
diethylcarbamate (3.114)

/@ Compound 3.135 (8.1 g, 18 mmol) was dissolved in a
OCONE; O

BtsSi N LI mixture of H,O (50 mL) and MeOH (300 mL) and the

resulting solution was acidified under stirring with an
aqueous solution of HCI (~ 15 mL, 40 mmol, 10 w/v %) to pH 5. Pinacol (3.22 g, 27
mmol) and a 3:1 mixture of hexanes/EtOAc (300 mL) were added and this mixture was
stirred overnight. The organic layer was separated, washed with brine, dried with
Na,SO, and concentrated in vacuo to yield 8.1 g of 3.114 as a colourless solid (98%
yield), mp 90-92 °C (hexanes); IR (KBr) v 1728, 1624 cm; 'H NMR (400 MHz,
CDCls) 67.63 (d, 1H, J = 8.1 Hz), 7.37-7.43 (2H, m), 7.19 (1H, t, J = 7.4 Hz), 6.11 (1H,
d, J=18.2 Hz), 3.64-3.78 (1H, bs), 3.32-3.45 (3H, m), 1.34 (3H, t, J=7.6 Hz) 1.17-1.30
(15H, m), 0.94 (9H, t, J = 7.6 Hz), 0.65-0.77 (6H, m); >*C NMR (100 MHz, CDCl;) &

154.4, 153.9, 143.8, 136.4, 130.7, 130.2, 127.7, 125.3, 83.1, 41.7, 41.5, 24.9, 14.2, 13.2,
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7.4,3.5; LRMS (EL 70 V) m/z (rel. intensity %) 431 (30), 430 (100), 429 (22), 100 (57),

72 (23); HRMS caled for Co3Hs7BNO4Si [M-Et]" 430.2585, found 430.2593.

(E)-2-(2-Formyl-6-methoxy-4-methylstyryl)-6-(triethylsilyl)phenyl diethylcarbamate
(3.136)

OHC ve A 500 mL round bottom flask under an argon atmosphere

OCONE,

was charged with 3.114 (24.77 g, 54 mmol), 3.116 (20.92
g, 70 mmol), Pd(PPhs)s (625 mg, 0.54 mmol) and filled
with argon. Degassed DME (200 mL) and a degassed aqueous solution of Na,CO3 (135
mL, 0.27 mol, 2M) were sequentially added and the resulting mixture was stirred for 4 h
at gentle reflux. Standard work-up and passage of the residue through a short silica plug
(hexanes/EtOAc 9:1 as eluent) gave a yellow solid which, upon recrystallization from
hexanes, yielded 22.1 g (85%) of 3.136 as yellow needles, mp 124-125 °C (hexanes); IR
(KBr) Vinax 1712, 1683, 1602 cm™; "H NMR (400 MHz, Acetone-dg) & 10.18 (s, 1H), 7.88
(dd, 1H, J=8.0 and 1.6 Hz), 7.56 (d, 1H, J = 16.4 Hz), 7.44 (dd, 1H, J=7.2 and 1.6 Hz),
7.28-7.34 (m, 2H), 7.16 (s, 1H), 6.65 (d, 1H, J = 16.4 Hz), 3.94 (s, 3H), 3.35-3.75 (bm,
3H), 3.12-3.23 (bm, 1H), 2.42 (s, 3H), 1.20 (t, 3H, J = 7.2 Hz), 1.12 (t, 3H, J = 7.2 Hz),
0.8-1.0 (m, 15H); °C NMR (100 MHz, CDCl3) & 192.6, 157.9, 154.1, 153.8, 138.4,
135.9, 135.6, 132.2, 130.4, 130.2, 128.9, 127.5, 125.4, 121.3, 120.6, 115.7, 55.9, 41.9,
41.5, 21.6, 14.2, 12.9, 7.4, 3.6; LRMS (EI, 70 eV) m/z (rel. intensity %) 481 (M", 22),
453 (33), 452 (99), 409 (1), 381 (5), 364 (28), 335 (18), 100 (100), 72 (54); HRMS calcd

for CosH39NO4S1 481.2648, found 481.2647.
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(E)-2-(2-(Hydroxymethyl)-6-methoxy-4-methylstyryl)-6-(triethylsilyl)phenyl
diethylcarbamate (3.137)

A stirred solution of compound 3.136 (11 g, 22.9 mmol) in
OH

OCONEL, Me MeOH (70 mL) was cooled to 0 °C and NaBH,4 (0.43 g,
11.5 mmol) was added in portions. After stirring for 2 h
the reaction mixture was quenched with a saturated
aqueous NH4CI solution and the whole was evaporated in vacuo. Look for stirring or
stirred The residue was extracted with a mixture of water (100 ml) and EtOAc (75 mL x
3) and the organic layer was dried (Na,SO,4) and concentrated. Recrystallization of the
solid obtained yielded 10.3 g of 3.137 (93%) as colourless crystals, mp 98-100 °C
(hexanes); IR (KBr) vimax 3420, 1710, 1605 cm™; 'H NMR (400 MHz, CDCl3) & 7.77
(1H, dd, J=7.6 and 1.2 Hz), 7.36 (1H, dd, J= 7.6 and 1.6 Hz), 7.25 (t, 1H, J = 7.6 Hz),
7.22 (d, 1H, J=16.4 Hz), 6.95 (d, 1H, J = 16.4z), 6.91 (s, 1H), 6.69 (s, 1H), 4.73 (d, 2H,
J=6.0), 3.84 (3H, s), 3.58-3.72 (bm, 2H), 3.30-3.43 (bm, 1H), 3.08-3.19 (bm, 1H), 2.37
(s, 3H), 2.15 (t, 1H, J = 6.0 Hz), 1.25 (3H, t, J = 7.2 Hz), 1.15 (3H, t, J = 7.2 Hz), 0.93—
0.98 (9H, m), 0.78-0.86 (6H, m); >C NMR (100 MHz, CDCl;) & 158.1, 154.4, 154.1,
140.3, 138.4, 135.5, 131.7, 130.2, 128.1, 127.9, 125.7, 124.4, 123.4, 122.4, 111.5, 63.8,
55.9, 42.1, 41.8, 22.0, 14.4, 13.3, 7.7, 3.8; LRMS (EI, 70 eV) m/z (rel. intensity %) 483
(7), 466 (16), 454 (61);411 (46), 383 (39), 100 (100), 72 (72); HRMS calcd for

Co3H41NO4S1 483.2805, found 483.2799.
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(E)-2-(2-Methoxy-4,6-dimethylstyryl)-6-(triethylsilyl)phenyl diethylcarbamate
(3.113)

Me ve To a stirred solution of 3.137 (7.48 g, 15.5 mmol) and

OCONE,

Et'Pr,N (9.0 mL, 51.1 mmol) in CH,Cl, (75 mL) at —10 °C
was added CF3;SO,Cl (1.44 mL, 18.6 mmol). After 5 min,
the reaction mixture was cannulated into ice-cold brine and the layers were separated.
The aqueous layer was extracted with CH,Cl, (1 x 50 mL) and the combined organic
layers were evaporated. The oily residue obtained was dissolved in dry DMF (75 mL)
and NaBH4 (1.4 g, 37.2 mmol) was added in portions at rt. The reaction mixture was
stirred for 9 h and the reaction was quenched with a saturated aqueous NH4Cl solution.
The solvent was evaporated in vacuo and the residue was shaken in a water/ether mixture
(3:1, 100 mL). The organic layer was washed with H,O (25 mL), then with brine (25
mL) and dried (Na,SO4). Evaporation in vacuo gave a solid which, upon
recrystallization, yielded 6.8 g of 3.113 (94%) as colourless crystals, mp 109-113 °C
(hexanes); IR (KBI) Vinax 1729, 1624 cm™; "H NMR (400 MHz, CDCls): §7.74 (1H, dd,
J=28.0and 1.6 Hz), 7.33 (1H, dd, J =7.2 and 1.6 Hz), 7.21 (t, 1H, J = 7.2 Hz), 7.018 (d,
1H, 16.8 Hz), 6.61 (1H, d, J = 16.8 Hz), 6.65 (1H, s), 6.57 (1H, s), 3.81 (3H, s), 3.3-3.7
(3H, m), 3.12-3.25 (1H, m), 2.39 (3H, s), 2.31 (3H, s), 1.26 (3H, t, J = 7.2 Hz), 1.14 (3H,
t, J = 7.2 Hz) 0.9-1.0 (9H, m), 0.77-0.86 (6H, m); °C NMR (100 MHz, CDCl3) 5158.3,
154.2,137.9, 137.8, 135.2, 132.1, 130.3, 127.6, 127.1, 125.7, 125.1, 124.3, 123.2, 109.8,
55.8,42.0,41.8,21.9, 21.5, 14.6, 13.4, 7.8, 3.8; LRMS (EI, 70 eV) m/z (rel. Intensity %)
467 (7), 438 (100), 100 (45), 72 (19); HRMS calcd for CysH41NO3Si 467.2856, found

467.2855.

216



(E)-2-(4-((Tert-butyldimethylsilyl)methyl)-2-methoxy-6-methylstyryl)-6-(triethylsi-
lyl) phenyl diethylcarbamate (3.140), (E)-2-(2,4-Bis((tert-butyldimethylsilyl)methyl)-
6-methoxystyryl)-6-(triethylsilyl)-phenyl diethyl-carbamate (3.141) and (E)-2-(2-
((Tert-butyldimethylsilyl)methyl)-6-methoxy-4-methylstyryl)-6-(triethylsilyl)phenyl

diethyl carbamate (3.142)

A 50 mL flame-dried flask was charged with 3.113 (1.0 g, 2.14 mmol), TBSCI (0.645 g,
4.28 mmol) and dry THF (10 mL). After cooling the resulting solution to —30 °C, a
solution of LDA (6.11 mL, 2.14 mmol, 0.7 M in THF) was added dropwise under
constant stirring and the temperature was allowed to rise to 23 °C over 1.5 h. After
stirring for ~ 30 min, the reaction mixture was quenched with a saturated aqueous NH4Cl
solution and was subjected to standard work-up. Chromatography (hexanes/EtOAc
9.65/0.35) of the crude oil gave sequentially 0.48 g of 3.141 (32%), 0.30 g of 3.140

(24%), 80 mg of 3.142 (6%) and 0.31 g of 3.113 (31%) as clear oils.

IR Vimax 1724, 1623 cm™; '"H NMR (400 MHz, CDCl5)
TBS

Me
OCONEt,

57.74 (dd, 1H, J = 7.6 and 1.2 Hz), 7.33 (dd, 1H, J =

7.2 and 1.6 Hz), 7.21 (t, 1H, J = 7.6 Hz), 7.18 (d, 1H, J

3.140

= 16.4 Hz), 7.05 (d, 1H, J = 16.4 Hz), 6.49 (s, 1H), 6.41 (s, 1H), 3.80 (s, 3H), 3.37-3.72
(bm, 3H), 3.15-3.26 (bm, 1H), 2.38 (s, 3H), 2.05 (s, 2H), 1.27 (t, 3H, J = 6.8 Hz), 1.13 (t,
3H, J =7.2 Hz), 0.78-0.97 (m, 24H), -0.07 (s, 6H); >*C NMR (100 MHz, CDCl3) §157.9,
153.9, 140.5, 137.4, 134.7, 132.0, 129.9, 127.3, 126.2, 125.5, 124.9, 123.4, 121.4, 108.9,
55.5,41.7, 41.5, 26.6, 22.8, 21.3, 16.8, 14.2, 13.1, 7.5, 3.5, -6.2; LRMS (EI, 70 eV) m/z
(rel. intensity %) 581 (12), 552 (100), 524 (33), 509 (27), 481 (23), 100 (51), 72 (37);

HRMS caled for C34HssNO3Si, 581.3720, found 581.3727.
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A higher yield of this compound can be obtained by
TBS

using an excess of TBSCl and LDA. Thus, in a 25 mL

OCONEt, TBS

flame-dried flask, 3.113 (0.3 g, 0.64 mmol) and TBSCI

(0.48 g, 3.21 mmol) were dissolved in dry THF (6 mL).

3.141

After cooling this solution to —30 °C, a solution of LDA (4.6 mL, 3.21 mmol, 0.7 M in
THF) was added dropwise and the reaction mixture was allowed to warm to 23 °C. After
stirring for 3 h, the reaction was quenched with a saturated aqueous NH4Cl solution and
the crude mixture was subjected to standard work-up. Chromatography (hexanes/EtOAc
9.65/0.35) of the crude material yielded 270 mg of 3.141 (60%) as clear oil, IR Viyax 1728,
1626 cm™; 'TH NMR (400 MHz, CDCl3) §7.68 (dd, 1H, J = 7.2 and 1.6 Hz), 7.31 (dd,
I1H,J=7.2 and 1.6 Hz), 7.23 (d, 1H, J = 16.0 Hz), 7.19 (t, I1H, 7.6 Hz), 6.99 (d, 1H, J =
16.0 Hz), 6.32 (s, 1H), 6.31 (s, 1H), 3.78 (s, 3H), 3.34-3.70 (bm, 3H), 3.17-3.29 (bm,
1H), 2.21 (d, 2H, J = 5.6 Hz), 2.03 (s, 2H), 1.28 (t, 3H, J = 7.2 Hz), 1.13 (t, 3H, J = 7.2
Hz) 0.77-0.99 (m, 33H), -0.06 (s, 6H), -0.11 (s, 6H); *C NMR (100 MHz, CDCl;)
0158.2, 153.9, 141.2, 140.1, 134.5, 132.3, 129.9, 126.8, 126.0, 125.5, 125.3, 122.3,
120.0, 107.7; 55.3, 41.6, 41 .4, 26.5, 22.9, 20.1, 16.9, 14.2, 13.1, 7.8, 3.8, 5.8, -6.3; LRMS
(EL, 70 eV) m/z (rel. intensity %) 666 (100), 638 (62), 623 (56), 595 (65), 431 (33), 100

(50), 72 (41); HRMS calcd for C40HsoNO3S13 695.4585, found 695.4591.

TBS IR Vimax 1726, 1626 cm™; '"H NMR (400 MHz, CDCls) &

7.68 (dd, 1H, J = 8.0 and 1.6 Hz), 7.31 (dd, 1H, J = 8.0 and

1.6 Hz), 7.22 (d, 1H, J = 16.4 Hz), 7.19 (t, 1H, J = 6.0 Hz),

3.142

6.98 (d, 1H, J = 16.0 Hz), 6.47 (s, 2H), 3.78 (s, 3H), 3.34-
3.69 (bm, 3H), 3.12-3.24 (bm, 1H), 2.29 (s, 3H), 2.23 (m, 2H), 1.27 (t, 3H, J = 7.2 Hz),
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1.13 (t, 3H, J = 7.2 Hz) 0.88-0.97 (m, 18H), 0.77-0.85 (m, 6H), -0.12 (s, 6H); *C NMR
(100 MHz, CDCl3) 5158.2, 153.9, 141.2, 137.0, 134.6, 132.1, 130.0, 126.8, 126.5, 125.3,
123.0, 121.3, 108.1, 55.3, 41.7, 41.4, 26.5, 21.6, 20.0, 16.9, 14.2, 13.1, 7.5, 3.5, -5.8;
LRMS (EL, 70 eV) m/z (rel. intensity %) 581 (8), 552 (100), 524 (41), 509 (32), 481 (20),

100 (63), 72 (44); HRMS calcd for C34HssNOsSi, 581.3720, found 581.3725.

Desilylation of 3.141 A flame-dried 2 mL flask was charged with 3.141 (50 mg, 0.072
mmol) and THF (1 mL). To this stirred solution at 0 °C was added TBAF (0.144 mL,
0.144 mmol) and the resulting reaction mixture was stirred for 4h at rt. Standard work up
and chromatography of the crude residue (8.5:1.5 hexanes/EtOAc) gave 30 mg of 3.113

(88%).

7-(Tert-butyldimethylsilyl)methyl)-3-(2-hydroxy-3-(triethylsilyl)phenyl)-5-
methoxynaphthalen-2-ol (3.143)

A solution of LDA (2.22 mL, 1.5 mmol, 0.7 M in THF)

HO.
OH TBS
EtsSi I was added dropwise to a stirred solution of 3.140 (0.283
oe g, 0.48 mmol) in THF (5 mL) at =7 °C. The reaction

mixture was allowed to warm to rt and, after stirring for 3h, the conversion of 3.140 was
judged complete (TLC, hexanes/EtOAc 8.5:1.5). Work-up and chromatography
(hexanes/EtOAc 9.8:0.2 as eluent) gave 73 mg (30%) of 3.143 as clear oil, IR (film) Vinax
cm™' 3300, 2954, 2874, 1634, 1571, 1459, 1417, 1390, 1248, 1164, 1004, 908, 851, 732;
'H NMR (400 MHz, CDCl3) §8.10 (s, 1H), 7.45 (dd, 1H, J = 7.2 and 1.6 Hz), 7.31 (dd,
1H,J=7.2 and 1.6 Hz), 7.23 (s, 1H), 7.05 (t, 1H, J = 7.2 Hz), 6.95 (s, 1H), 6.4 (s, 1H),
5.42 (s, 1H), 5.15 (bs, 1H), 3.95 (s, 3H), 2.24 (s, 2H), 0.73-1.01 (m, 24H), -0.05 ppm (s,
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6H); *C NMR (400 MHz, CDCLy) §158.5, 155.2, 151.7, 140.5, 136.8, 136.4, 132.3,
125.2, 124.1, 122.6, 122.1, 120.9, 118.9, 116.6, 109.9, 104.8, 55.4, 26.6, 23.7, 16.9, 7.7,
3.6, -6.2; LRMS (EL 75 eV) m/z (rel. intensity %) 509 (23), 477 (29), 464 (30), 385 (48),
363 (60), 245 (48), 219 (38), 183 (40); HRMS calcd for C3H440:Si> 508.2829, found

508.2833.

4-Bromo-2-(dimethoxymethyl)-6-methoxyphenol (3.146)

OH oMe A 500 mL flask was charged with 3.145'% (16 g, 69 mmol) and

OMe

MeO
PTSA-H;0, (0.656 g, 3.45 mmol) and anhydrous MeOH (160 mL)

Br was added. To this solution at rt was added, under constant stirring,
CH(OMe);s (53 mL, 0.483 mol) and the resulting dark red solution was refluxed for 16 h.
The reaction mixture was allowed to warm to rt and quenched by the addition of solid
Na,CO; (1.28 g; 10.3 mmol). Methanol was removed in vacuo and the residue was
redissolved in EtOAc (100 mL). The organic layer was sequentially washed with a 10%
aqueous solution of NaCOs (2 x 100 mL) and with a 9:1 mixture of brine/10% aqueous
solution of Na,COs (1 x 100 mL). The resulting organic layer was dried (Na,SO,4) and
concentrated In vacuo. Recrystallization of the resulting residue (hexanes/EtOAc)
yielded 11.56 g of 3.146 (61%) as light brown crystals, mp 144-146; IR (KBr) Vi.x 3297;
'H NMR (400 MHz, MeOD) & 7.12 (s, 1H), 7.05 (s, 1H), 5.62 (s, 1H), 3.87 (s, 3H), 3.36
(s, 6H); >C NMR (100 MHz, MeOD) & 148.4, 143.8, 125.7, 121.4, 114.2, 110.0, 99.3,
55.4, 52.8; LRMS (EI, 75 eV) m/z (rel. intensity %) 278 (2), 276 (2), 263 (8), 261 (7),
247 (16), 245 (16), 165 (44), 89 (56); HRMS calcd for C;oH;3BrO4 275.9997, found

275.9990.
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2-Hydroxy-3-methoxy-5-((trimethylsilyl)methyl)benzaldehyde (3.148)
o o A 100 mL flask was charged with 3.146 (1 g, 3.61 mmol), POPd2
MeO v (24.5 mg, 0.036 mmol) and anhydrous THF (20 mL). To this stirred
mixture to —78 °C, a solution of "BuLi (1.4 mL, 3.25 mmol, 2.32 M in
e hexanes) and a solution of TMSCH,;MgCl (7.6 mL; 7.58 mmol, 1M in
diethyl ether) were sequentially added and the reaction mixture was allowed to warm to
rt. After stirring for 12 h the resulting dark brown solution was cannulated into an ice-
cold saturated aqueous NH4Cl1 solution. The oily residue obtained from standard work-up
of the crude mixture was dissolved in CH,Cl, (20 mL) and the solution was transferred to
a flask containing a mixture of silica gel (1 g) and oxalic acid (0.3 mL of 10% aqueous
sol.). After stirring for 16 h at rt, the reaction mixture was subjected to filtration and the
eluate was concentrated to dryness to yield 0.82 g of 3.148 (96%) as yellow oil, IR (film)
Vinax 2954, 2895, 2843, 1656, 1467, 1265 cm™; 'H NMR (500 MHz, CDCl3) & 10.80 (s,
1H), 9.83 (s, 1H), 6.76 (s, 2H), 3.87 (s, 3H), 2.04 (s, 2H), 0.00 (s, 9H); *C NMR (125
MHz, CDCls) & 196.6, 148.3, 147.7, 131.9, 122.5, 120.4, 118.5, 56.1, 26.0, -2.1; LRMS
(EL, 75 eV) m/z (rel. intensity %) 238 (36), 223 (18), 222 (22), 207 (46), 73 (100); HRMS

caled for Ci,H;303S1 238.1025, found 238.1031.

2-Formyl-6-methoxy-4-((trimethylsilyl)methyl)phenyl trifluoromethanesulfonate
(3.149)

o1 QA stirred solution of 3.148 (10.37 g, 43.6 mol) and Et;N (18.2 mL;

H

MeO.
130.7 mol) in anhydrous CH,Cl, (100 mL) was cooled to 0 °C and

™S T£,0 (8.8 mL, 52.3 mol) was added dropwise. After stirring for 5 min
at this temperature, the reaction mixture was cannulated into an ice-cold saturated
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aqueous NH4Cl solution. Standard work-up and passage through a silica plug
(hexane:EtOAc 9:1 as eluent) gave 13.55 g of 3.149 (84%) which was sufficiently pure
for the following reaction. Recrystallization of the solid furnished 3.149 (61% from 1%
crop) as colourless crystals, mp 57-58 °C (hexanes); IR (KBr) v 2951, 2738, 1702,
1323, 1136 cm.;; 'H NMR (500 MHz, CDCls) & 10.21 (s, 1H), 7.14 (d, 1H, J = 1.5 Hz),
6.91 (d, 1H, J = 1.5 Hz), 3.94 (s, 3H), 2.19 (s, 2H), 0.05 (s, 9H); *C NMR (125 MHz,
CDCl3) 6 187.0, 151.2, 143.1, 136.3, 129.0, 120.0, 118.3 (q, Jcr = 320 Hz), 56.4, 27.5, -
2.0; LRMS (EI, 75 eV) m/z (rel. intensity %) 370 (2), 355 (8), 237 (100), 222 (12), 136

(22), 73 (100); HRMS calcd for C3H;7F305SS1 370.0518, found 370.0524.

(E)-2-(2-Formyl-6-methoxy-4-((trimethylsilyl)methyl)styryl)-6-(triethylsilyl)phenyl
diethylcarbamate (3.150)

OHC A 500 mL flask charged with 3.149 (7.66 g; 20.7

OCONEt,

™S
mmol), 3.114 (7.32 g; 15.9 mmol) and Pd(PPhs),

(0.239 g; 0.207 mmol) was fitted with a condenser and
the system was flushed with argon. A degassed aqueous of Na,COs (51.8 mL, 0.104 mol,
2M) and degassed DME (100 mL) were sequentially added and the reaction mixture was
stirred at reflux for 4h. Standard work-up, chromatography (hexanes:EtOAc 9:1) and
recrystallization yielded 6.6 g 3.150 (75%) as yellow solid, mp 93-94 °C (hexanes); IR
(KBr) Vimax 1718, 1678 cm™; "H NMR (500 MHz, CDCls) §10.17 (s, 1H), 7.85 (dd, 1H, J
= 8.0 and 1.0 Hz), 7.49 (d, 1H, J = 16.5 Hz), 7.42 (dd, 1H, J= 7.5 and 1.5 Hz), 7.28 (t,
1H, J=7.5 Hz), 7.20 (d, 1H, J = 1.0 Hz), 6.75 (d, 1H, J = 1.0 Hz), 6.51 (d, 1H, J = 16.5

Hz), 3.89 (s, 3H), 3.62-3.73 (m, 2H), 3.35-3.46 (m, 1H), 3.18-3.28 (m, 1H), 2.19 (s, 2H),
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1.23 (t, 3H, J = 7.0 Hz), 1.15 (t, 3H, J = 7.0 Hz), 0.99 (t, 9H, J = 8.0 Hz), 0.84 (m, 6H),
0.06 (s, 9H); °C NMR (125 MHz, CDCl;) & 193.1, 158.2, 154.5, 154.2, 141.9, 136.2,
136.0, 132.2, 130.8, 127.9, 125.8, 121.9, 119.9, 115.2, 56.2, 42.2, 41.9, 27.9, 14.5, 13.3,
7.8, 3.9, -1.4; LRMS (EI, 75 eV) m/z (rel. intensity %) 553 (24), 538 (2), 524 (87), 481
(2), 453 (7), 436 (39), 100 (100), 72 (66); HRMS calcd for C3;H47NO4Si, 553.3044,

found 553.3029.

(E)-2-(2-(Hydroxymethyl)-6-methoxy-4-((trimethylsilyl)methyl)styryl)-6-
(triethylsilyl)phenyl diethylcarbamate (3.151)

o NaBH4 (0.20 g, 5.42 mmol) was added in portions to a
H

OCONE, mvs stirred solution of 3.150 (6.00 g, 10.85 mmol) in
MeOH (50 mL) at 0 °C. After stirring for 1h at this
temperature, the reaction mixture was quenched with a

saturated aqueous NH4Cl solution and the solvent was removed under reduced pressure.

The residue was shaken in a mixture of water and EtOAc (1:1, 50 mL) and the organic

layer was separated, washed with brine, dried (Na,SO,) and concentrated in vacuo to

yield 5.3 g of 3.151 (63%) as a colourless solid, mp 86-90°C (hexanes); IR (KBr) viax

3468, 1693, 1161 cm™; "H NMR (500 MHz, CDCls) §7.75 (dd, 1H, J = 7.5 and 1.0 Hz),

7.36 (dd, 1H, J="7.5 and 1.5 Hz), 7.23 (t, 1H, J=7.6 Hz), 7.23 (d, 1H, J = 16.5 Hz), 6.98

(d, 1H, J = 16.5 Hz), 6.73 (s, 1H), 6.52 (s, 1H), 4.72 (bm, 2H), 3.82 (s, 3H), 3.55-3.72

(bm, 2H), 3.36-3.47 (m, 1H), 3.15-3.23 (m, 1H), 2.13 (m, 2H), 2.11 (s, 1H), 1.26 (t, 3H, J

=7.0 Hz), 1.14 (t, 3H, J = 7.0 Hz), 0.97 (t, 9H, J = 8.0 Hz), 0.84 (t, 6H, J = 7.5 Hz), 0.04

(s, 9H); °C NMR (100 MHz, CDCl3) §157.8, 154.1, 153.8, 141.0, 139.8, 135.1, 131.5,

129.8, 127.6, 127.3, 125.4, 124.2, 121.6, 121.3, 110.3, 63.8, 55.6, 41.7, 41.5, 27.5, 14.1,
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13.0, 7.4, 3.5, -1.8; MS (EI, 75 eV): m/z (rel. intensity %) 555 (M, 3), 537 (33), 508
(52), 465 (68), 100 (100), 72 (68); ES HRMS (calcd for C3;H49NO,Siz) 555.3200, found

555.3210.

(E)-2-(2-Methoxy-6-methyl-4-((trimethylsilyl)methyl)styryl)-6-(triethylsilyl)phenyl
diethylcarbamate (3.152)

Me

A solution of 3.151 (2.00 g; 3.60 mmol) and Et'Pr,N
OCONEt, S

(2.08 mL; 11.9 mmol) in CH,Cl, (20 mL) was cooled
to —10 °C and CF3;SO,Cl (0.280 mL; 4.32 mmol) was
added dropwise while stirring. After 5 min, the reaction mixture was cannulated into ice-
cold brine and the layers were separated. The aqueous layer was extracted with CH,Cl,
(2 x 10 mL) and the combined organic layers were dried (Na;SO,) and concentrated in
vacuo. The clear oily residue thus obtained was dissolved in dry DMF (20 mL) and
NaBH,4 (0.327 g; 8.64 mmol) was added in portions at rt. The reaction mixture was
stirred for 14 h and then quenched with a saturated aqueous NH4Cl solution. The solvent
was evaporated in vacuo and the residue was shaken in a mixture of water and ether (3:1,
60 mL). The organic layer was separated, washed with water (25 mL), then with brine
(25 mL) and dried over Na,SOs. In vacuo evaporation of the solvent gave a solid which,
upon recrystallization, yielded 1.4 g of 3.152 (72%) as colourless crystals, mp 88-90 °C
(hexanes); IR (KBr) v cm’' 2953, 2874, 1716, 1602, 1453, 1399, 1308, 1260, 1155,
1078, 964, 852, 732; 'H NMR (500 MHz, CDCl3) §7.76 (dd, 1H, J = 8.0 and 1.0 Hz),
7.36 (dd, 1H,J="7.0 and 1.5 Hz), 7.24 (t, 1H, J=7.5 Hz), 7.22 (d, 1H, J=16.5 Hz), 7.90
(d, 1H, J = 16.5 Hz), 6.50 (s, 1H), 6.43 (s, 1H), 3.83 (s, 3H), 3.65-3.72 (bm, 1H), 3.40-

3.60 (bm, 2H), 3.20-3.30 (bm, 1H), 2.42 (s, 3H), 2.07 (s, 2H), 1.30 (t, 4H, J = 7.5 Hz),
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1.69 (t, 3H, J = 7.0 Hz), 0.99 (t, 9H, J = 8.0 Hz), 0.82-0.89 (m, 6H), 0.04 (s, 9H); *C
NMR (500 MHz, CDCls) §157.9, 153.9, 153.8, 140.3, 137.4, 134.7, 132.0, 129.9, 127.3,
126.2, 125.4, 125.0, 123.1, 121.5, 108.7, 55.5, 41.7, 41.5, 27.3, 21.3, 14.2, 13.1, 7.5, 3.5,
-1.8; LRMS (EL 75 V) m/z (rel. intensity %) 539 (10), 524 (2), 510 (100), 100 (48), 72

(30); HRMS calcd for C31H49NO;3Si1; 539.3251, found 539.3245.

3-(2-Hydroxy-3-(triethylsilyl)phenyl)-5-methoxy-7-((trimethylsilyl)methyl)naphtha-
len-2-ol (3.153)
Ogo s A 25 mL flame-dried flask under an Ar atmosphere
EtsSi O OO was charged with 3.152 (0.576 g, 1.07 mmol) and dry
e THF (5 mL) and the stirred solution was cooled to —10
°C. Upon dropwise addition of a solution of LDA (4.40 mL, 3.30 mmol, 0.75 M) the
reaction mixture took on a deep blue colour, although TLC monitoring did not reveal
formation of a new product. The reaction mixture was then allowed to warm to rt over 30
min and transferred into a saturated aqueous NH4Cl solution. Standard work-up yielded a
foamy mixture of complex composition whose chromatography (hexanes/EtOAc
9.75:0.25) yielded 75 mg of 3.153 (15%) as clear oil, IR (KBr) vy cm™ 2954, 2874,
1634, 1571, 1459, 1417, 1390, 1248, 1164, 1004, 851, 732; '"H NMR (400 MHz, CDCl;)
o 8.11 (s, 1H), 7.45 (dd, 1H, J=7.2 and 1.6 Hz), 7.32 (dd, 1H, J= 7.2 and 1.6 Hz), 7.22
(s, 1H), 7.06 (t, 1H, J = 7.2 Hz), 6.93 (s, 1H), 6.39 (d, 1H, J = 1.2 Hz), 3.95 (s, 3H), 2.23
(s, 2H), 0.72-1.02 (m, 15H), 0.06 (s, 9H); *C NMR (100 MHz, CDCl;) & 158.8, 155.5,
152.0, 140.6, 137.1, 136.7, 132.6, 125.5, 124.4, 122.9, 122.4, 121.1, 119.1, 116.6, 110.1,

104.9, 55.6, 28.4, 7.9, 3.8, -1.4; LRMS (EI, 75 V) m/z (rel. intensity %) 467 (M+1, 25),
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466 (M", 100), 437 (23), 363 (18), 73 (29); HRMS calcd for C7H3505Si> 466.2360,

found 466.2346.

(E)-2-(2-Methylstyryl)-6-(triethylsilyl)phenyl diethylcarbamate (3.168)
A 50 mL flask charged with 2-iodotoluene (0.36 mL, 2.82

OCONEt,

EtsSi O A mmol), 3.114 (1.00 g, 2.17 mmol) and Pd(PPhs)4 (33 mg, 0.028

e mmol) was fitted with a condenser and the system was flushed
with argon. A degassed aqueous solution of Na,CO; (7 mL, 14.1 mmol, 2M) and
degassed DME (15 mL) were sequentially added and the reaction mixture was stirred at
reflux for 9 h. Standard work-up and passage through a short silica plug (hexanes:EtOAc
9.5:0.5) yielded 0.72 g of 3.168 (78%) as a clear oil, IR (KBr) Vi cm™ 2953, 2874,
1722, 1400, 1271, 1152, 959, 734; '"H NMR (500 MHz, CDCl3) §7.75 (d, 1H, J = 7.0
Hz), 7.54 (bm, 1H), 7.42 (d, 1H, J = 7.0 Hz), 7.25-7.34 (m, 2H), 7.20-7.25 (bm, 3H), 7.00
(d, 1H, J = 16.5 Hz), 3.68-3.82 (bm, 1H), 3.32-3.57 (bm, 3H), 2.46 (s, 3H), 1.35 (t, 3H, J
=7.0 Hz), 1.21 (t, 3H, J = 7.0 Hz), 1.02 (t, 9H, J = 8.0 Hz), 0.83-0.95 (m, 6H); °C NMR
(500 MHz, CDCl3) 6 154.6, 154.3, 137.1, 136.3, 135.8, 131.3, 130.8, 130.7, 128.6, 128.1,
127.9, 126.5, 125.8, 125.8, 124.8, 42.3, 42.0, 20.4, 14.8, 13.6, 7.9, 4.0; LRMS (EI, 75
eV) m/z (rel. intensity %) 423 (M", 18), 395 (90), 394 (100), 294 (9), 237 (18), 219 (28),

191 (21), 189 (12); HRMS (caled for CagH37NO,Si) 423.2594, found 423.2610.

3-(2-Hydroxy-3-(triethylsilyl)phenyl)naphthalen-2-ol (3.169)

OH

HO O O A 25 mL flame-dried flask under an Ar atmpshere was charged

Et3Si
= O with 3.168 (0.70 g, 1.65 mmol) and dry THF (5 mL) and the
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resulting solution was cooled to —10 °C. Upon dropwise addition of solution of LDA
(5.0 mL, 3.46 mmol, 0.7 M) the stirred mixture became yellow, although TLC
monitoring did not reveal any product. The reaction mixture was then allowed to warm
to rt and, after stirring for 2 h, it was quenched with a saturated aqueous NH4Cl solution.
Standard work-up yielded a foam of complex composition which was subejected to
chromatography (hexanes/EtOAc 9.5:0.5) and recrystallization to give 52 mg of 3.169
(9%) as colourless flakes, mp 184-185 °C (hexanes/EtOAc); IR (KBr) Vinax cm™ 3320,
2987, 2862, 1643, 1561, 1433, 1369, 1244, 1132, 908, 841, 747, '"H NMR (600 MHz,
CDCls) 6 7.77-7.80 (m, 2H), 7.74 (d, 1H, J = 8.4 Hz), 7.45-7.49 (m, 2H), 7.40 (s, 1H),
7.37 (t, 1H, J= 7.8 Hz), 7.31 (dd, 1H, J=7.8 and 1.8 Hz), 7.07 (t, 1H, J = 7.8 Hz), 5.22-
5.50 (bs, 1H), 5.29 (s, 1H), 1.00 (t, 9H, J = 7.8 Hz), 5.86-5.95 (m, 6H); °C NMR (500
MHz, CDCls) 6 158.7, 151.4, 137.6, 135.2, 132.5, 131.2, 129.5, 128.2, 127.4, 126.9,
125.8, 124.9, 124.7, 121.8, 121.5, 111.5, 8.1, 4.0; LRMS (EI, 75 eV) m/z (rel. intensity
%) 350 (M", 10), 321 (100), 291 (11), 275 (15), 247 (25), 218 (17), 189 (22); HRMS

calcd for Cy,H»60,S1 350.1702, found 350.1689.

(E)-2-(4-Methylstyryl)-6-(triethylsilyl)phenyl diethylcarbamate (3.171)

ve A 100 mL flask charged with 4-iodotoluene (0.615 g, 3.60
OCONEt,

EtsSi O X mmol), 3.114 (1.5 g, 3.26 mmol) and Pd(PPh;3)4 (0.188 g,
0.163 mol) was fitted with a condenser and the system was
flushed with argon. A degassed aqueous solution of Na,COs (8.15 mL, 16.3 mmol, 2M)
and degassed DME (20 mL) were sequentially added and the reaction mixture was stirred
at reflux for 9 h. Standard work-up and chromatography (hexanes:EtOAc 9.5:0.5)
yielded 1.19 g of 3.171 (86%) as colourless solid, mp 103-104 °C (hexanes/EtOAc); IR
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(KBr) vimax cm™' 2951, 2874, 1706, 1403, 1261, 1201, 1157, 966, 732; '"H NMR (400
MHz, CDCls) §7.70 (dd, 1H, J = 8.0 and 1.6 Hz), 7.35-7.39 (m, 3H), 7.24 (t, 1H,J="7.6
Hz), 7.14-7.20 (m, 2H), 7.04 (s, 2H), 3.67-3.80 (bm, 1H), 3.39-3.52 (bm, 3H), 2.38 (s,
3H), 1.36 (t, 3H, J = 7.2 Hz), 1.21 (t, 3H, J = 7.2 Hz), 0.99 (t, 9H, J = 8.0 Hz), 0.81-0.92
(m, 6H); °C NMR (100 MHz, CDCl;) § 154.1, 153.9, 137.5, 135.2, 134.9, 130.7, 130.4,
130.2, 129.3, 127.6, 126.4, 125.4, 122.1, 41.9, 41.6, 21.3, 14.4, 13.2, 7.5, 3.6; LRMS (EI,
75 eV) m/z (rel. intensity %) 423 (4), 395 (30), 394 (100), 100(61), 72 (25); HRMS calcd

for Co6H37NO,S1) 423.2594, found 423.2588.

(2)-N,N-Diethyl-2-(2-hydroxy-3-(triethylsilyl)phenyl)-3-p-tolylacrylamide (3.172)

O _NEt, cH, A S0mL flame-dried flask under with Ar atmosphere was

charged with 3.171 (0.79 g, 1.87 mmol) and dry THF (8
mL) and the resulting stirred solution was cooled to —10
°C. Upon addition of a solution LDA (2.93 mL, 2.06 mmol, 0.7 M) the mixture took on a
deep blue colour, although TLC monitoring did not reveal formation of any products.
The mixture was then allowed to warm to rt and, after stirring for 2 h, quenched with a
saturated aqueous NH4Cl solution. Standard work-up yielded a foam of complex
composition which, upon chromatography (hexanes/EtOAc 9.85:0.015) and sequential
recrystallization of the purified product, gave 81 mg of 3.172 (10%) as colourless solid,
mp 96-97 °C; IR (KBr) vinax cm’ 3468, 2951, 2874, 1580, 1459, 1407, 750, 727; 'H
NMR (500 MHz, CDCl3) 610.24 (s, 1H), 7.35 (dd, 1H, J=7.5 and 1.5 Hz), 7.33 (d, 2H,
J=28.0 Hz), 7.21 (dd, 1H, 15.0 and 1.5 Hz), 7.16 (d, 2H, J = 7.5 Hz), 6.90 (t, 1H, J= 7.0

Hz), 6.63 (s, 1H), 3.68 (oct, 1H, J = 7.0 Hz), 3.34 (oct, 1H, J = 7.0 Hz), 3.25 (oct, 1H, J =
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7.0 Hz), 3.17 (oct, 1H, J = 7.0 Hz), 2.38 (s, 3H), 1.16 (t, 3H, J = 7.0 Hz), 0.9 (t, 9H, J =
8.0 Hz), 0.87-0.94 (m, 6H), 0.80 (t, 3H, J = 7.5 Hz); *C NMR (500 MHz, CDCL3) &
171.7, 161.1, 138.4, 136.4, 134.1, 133.1, 132.6, 130.7, 129.2, 128.2, 124.8, 124.6, 119.1,
43.1,39.4,21.3, 13.4, 11.9, 7.7, 3.5; LRMS (EI, 75 eV) m/z (rel. intensity %) 423 (M",
6), 394 (19), 351 (19), 350 (62), 322 (20), 321 (70), 293 (40), 266 (20), 265 (63), 238

(20), 237 (100), 178 (18); HRMS caled for Co6H3sNO,Si 423.2594, found 423.2588.

N,N-Diethyl-2-(2-hydroxy-3-(triethylsilyl)phenyl)-3-(2-methoxy-4,6-dimethylphenyl)

heptanamide (3.184a)
A 10 mL flame-dried flask under an Ar atmosphere was

Et,NOCpe Me

s OH O charged with 3.113 (0.10 g, 0.22 mmol) and dry THF (5
O OMe mL) and the resulting stirred solution was cooled to —78
°C. A solution of "BuLi (0.20 mL, 0.46 mmol, 2.27 M in
hexanes) was added dropwise and the temperature was allowed to rise to 23 °C. After
stirring for 20 min, the reaction mixture was quenched with a saturated aqueous NH4Cl
solution and the crude material was subjected to standard work-up. The solid obtained
was found analytically pure by NMR and was recrystallized from hexanes to give 0.10 g
of 3.184a (87%) as colourless crystals, mp 121-122 °C (hexanes); IR (KBr) viax cm’
3470, 2952, 2872, 2731, 2629, 1611, 1282, 1568, 1468, 1427, 1269, 1150, 1112, 1082,
1005, 829, 753, 726; 'H NMR (400 MHz, CDCls) & 11.2 (bs, 1H), 7.02 (dd, 1H, J = 7.2
and 1.6 Hz), 6.60 (bs, 1H), 6.44 (t, 1H, J = 7.2 Hz), 6.41 (s, 1H), 6.32 (s, 1H), 4.77 (d,
1H, J = 11.2 Hz), 4.04 (dt, 1H, J = 11.2 and 3.2 Hz), 3.87 (s, 3H), 3.48-3.70 (m, 3H),
3.25-3.35 (m, 1H), 2.16 (s, 3H), 2.15 (s, 3H), 1.95-2.05 (bm, 1H), 1.45-1.57 (bm, 1H),
1.37 (t, 3H, J = 6.8 Hz), 1.10-1.30 (m, 6H), 0.76-1.05 (m, 19H); *C NMR (100 MHz,
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CDCL) & 176.5, 162.7, 157.9, 140.0, 136.2, 135.2, 133.2, 125.4, 125.3, 124.2, 122.8,
118.6, 109.8, 55.1, 50.8, 43.7, 42.2, 40.8, 31.3, 30.7, 23.4, 21.6, 21.1, 15.1, 14.3, 13.1,
8.0, 3.7; LRMS (EL, 70 eV) m/z (rel. intensity %) 525 (21), 496 (50), 450 (12), 291 (56),
218 (72), 205 (100), 191 (69) 163 (26), 149 (100), 119 (93); HRMS calcd for

C3,Hs5:NO3S1 525.3638, found 525.3641.

(E)-2-Styrylphenol (3.205) and 2,2’-Dimethoxybenzophenone (3.206)

OH O OMe O
O prepared according to a known procedure. '

3905 3.206 Thus, a solution of "BuLi (0.170 mL, 0.355

A solution of o0-anisyllithium (3.204) was

mmol, 2.08 M in hexanes) was added to a stirred solution of 0-bromoanisole (0.044 mL,
0.355 mmol) in anhydrous hexanes (2 mL) at rt. While stirring this mixture for 10 min, a
colourless solid appeared. A solution of 3.203 (50 mg, 0.169 mmol) in THF (1.5 mL)
was added to this solution of 3.204 and the resulting mixture was stirred for 90 min at rt.
The reaction mixture was then quenched with a saturated aqueous NH4Cl solution and
subjected to standard work-up. Chromatography of the crude material (hexanes : EtOAc
8.5:1.5 as eluent) yielded 32 mg of 3.205'® (98%) and 14 mg of 3.206'” (34%) whose

spectral data were found to be consistent with those reported for the known materials.

2-(2,2-Dibromovinyl)-1-methoxy-3,5-dimethylbenzene (3.208a)

A 250 mL flask was charged with of 3.2187* (3.79 g, 23 mmol) and
OMe

X ?" CBry (11.5, 34.5 mmol). CH,Cl, (100 mL) was added and the

Br

Me Me resulting stirred solution was cooled to 0 °C. A solution of PPh;

(18.08 g, 69 mmol) in CH,Cl, (80 mL) was added dropwise from a vented addition
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funnel under vigorous stirring (the formation of copious amounts of PPh;O was
observed). After stirring this mixture for 20 min at 0 °C, the solvent was removed under
reduced pressure and the residue was suspended in CHCl; (70 mL). The solid was
subjected to filtration and washed with ~ 20 mL of CHCl;. The eluate was concentrated
in vacuo and the residue was passed rapidly purified through a silica plug
(hexanes/EtOAc 9.75/0.25 as eluent).  Recrystallization of the crude product
(hexanes/EtOAc) afforded 4.82 g of 3.208a as colourless plates (4.0 g from 1% crop and
0.89 g from ond crop, 66%), mp 62-63°C (pentane); IR (KBr) (Viax cm™) 3002, 2961,
8238, 1605, 1574, 1461, 1318, 1202, 1147, 1094, 872, 836, 756; '"H NMR (500 MHz,
CDCls) o 7.28 (s, 1H), 6.64 (s, 1H), 6.54 (s, 1H), 3.79 (s, 3H), 2.30 (s, 3H), 2.22 (s, 3H);
BC NMR (100 MHz, CDCl3) & 156.4, 139.2, 137.1, 134.4, 123.1, 122.2, 109.0, 92.7,
55.6, 21.7, 19.7, LRMS (EI, 70 eV) m/z (rel. intensity %) 322 (18), 320 (38), 318 (19),
241 (16), 239 (17), 226 (38), 224 (38), 160 (100), 145 (49), 115 (43); HRMS calcd for

C11H2Br,0 317.9255, found 317.9248.

2-(4,6-Dimethylbenzofuran-2-yl)phenyl diethylcarbamate (3.220)

A 50 mL flask was charged with 3.208a (0.30 g, 0.94 mmol),

Me

3.207c (0.26 g, 0.98 mmol), P(2-fur); (32.6 mg, 140 mmol),

Me Pd,(dba); (21.4 mg, 23.4 mmol) and fitted with a condenser.

After flushing the system with Ar, TBAF (0.094 mmol, 0.10
mL, 1M in THF), a degassed aqueous Na,COjs solution (1.40 mL, 2.81 mmol, 2M), and
toluene (10 mL) were sequentially added through a septum sealing the top of the
condenser. The reaction mixture was stirred at 65 °C for 5 h and then subjected to

standard work-up. Chromatography of the crude product (hexanes:EtOAc 9:1 as eluent)
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yielded 227 mg of 3.220 (72%) as clear oil, IR (film) (Viax cm’) 2989, 2978, 1704, 1612,
1288, 1001; 'H NMR (400 MHz, CDCls) § 7.97 (dd, 1H, J = 7.6 and 2.0 Hz), 7.29-7.39
(m, 2H), 7.20 (dd, 1H, J = 8.0 and 0.8 Hz), 7.15 (s, 1H), 6.98 (s, 1H), 6.88 (s, 1H), 3.62
(q, 2H, J = 7.2 Hz), 3.45 (1, 2H, J = 7.2 Hz), 2.49 (s, 3H), 2.46 (s, 3H), 1.35 (t, 3H, J =
6.8 Hz), 1.24 (t, 3H, J = 6.8 Hz); °’C NMR (100 MHz, CDCl3) §154.7, 153.8, 150.9,
148.0, 134.7, 130.3, 128.9, 127.7, 126.5, 125.7, 124.7, 124.3, 123.8, 108.7, 103.7, 42.1,
41.8,21.8, 18.5, 14.3, 13.4; LRMS (EI, 70 eV) m/z (rel. intensity %) 337 (16), 322 (26),
308 (64), 265 (34), 237 (55), 191 (36), 100 (100), 72 (82); HRMS calcd for Cy;Ha3NO;

337.1678, found 337.1673.

2-(2-(Tert-butyldimethylsilyloxy)phenyl)-N,N-diethylacetamide (3.244)

oTBS A solution of LDA was prepared by treating a stirred solution of DIPA

NEt,

(7.14 mL, 51 mmol) in THF (35 mL) at 0 °C with a solution of "BuLi
(18.1 mL, 42.5 mmol, 2.35 M in hexanes). After stirring for 10 min at
0 °C, the LDA solution was cooled to —78 °C and a solution of TBSCI (3.5 g, 23.2
mmoL) in THF (53 mL) and neat 3.243 (4 g, 19.3 mmol) were sequentially added. The
reaction mixture was stirred for 1 h at =78 °C, allowed to warm to 0 °C over 2 h and then
stirred for an additional hour. Standard work-up and chromatography (hexanes/EtOAc
8.5/1.5 as eluent) yielded 5.21 g of 3.244 (84%) as a clear oil, IR (neat) vinax 2958, 2930,
2854, 1645, 1600, 1582, 1495, 1258 cm'; 'NMR (300 MHz, CDCl3) §7.20 (dd, 1H, J =
7.4 and 1.5 Hz), 7.10 (dt, 1H, J= 7.5 and 1.8 Hz), 6.90 (dt, 1H, J= 7.5 and 1.8 Hz), 6.80
(dd, 1H, J = 7.4 and 1.5 Hz), 3.65 (s, 2H), 3.38 (q, 2H, J = 7.2 Hz), 3.22 (q, 2H, J = 7.2

Hz), 1.11 (t, 3H, J = 7.2 Hz), 1.03 (t, 3H, J = 7.2 Hz), 1.00 (s, 9H), 0.22 (s, 6H); *C
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NMR (75 MHz, CDCl3) § 170.3, 152.6, 129.2, 127.4, 126.0, 121.1, 118.0, 41.9, 39.7,
34.8,25.6, 17.8, 13.8, 12.5, -4.6; LRMS (EI, 70 eV) m/z (rel.intensity %) 322 (49), 321
(27), 306 (24), 264 (42), 165 (31), 100 (21), 72 (100); HRMS calcd for C5sH3,NO,Si,

322.2202, found 322.2203.

2-Bromo-2-(2-(tert-butyldimethylsilyloxy)phenyl)-N,N-diethylacetamide (3.246)

res s To a stirred solution of 3.244 (2.0 g, 6.20 mmol) in THF (25 mL) -78
r

NEtz  °C, was added dropwise a solution of LDA (10.7 mL, 7.44 mmol, 0.7
M inTHF). After stirring for 30 min at this temperature, BrCF,CF,Br
(1.0 mL, 7.44 mL) was added dropwise and the mixture was stirred for 30 min at —78 °C.
The reaction mixture was then allowed to warm to 0 °C and then quenched with a
saturated aqueous NH4Cl solution. Standard work-up and chromatography yielded 2.15 g
of 3.246 (87%) as clear oil, IR (film) Viax cm’! 2972, 2967, 2838, 1654, 1585, 1579,
1495, 1273; 'H NMR (400 MHz, CDCl3) §7.72 (dd, 1H, J = 7.6 and 1.6 Hz), 7.19 (dt,
1H, J = 7.6 and 1.6 Hz), 6.96 (t, 1H, J = 8.0 Hz), 6.81 (d, 1H, J = 8.0 Hz), 6.25 (s, 1H),
3.48 (q, 1H, J = 6.8 Hz), 3.30-3.40 (m, 2H), 3.18 (q, 2H, J = 6.8 Hz), 1.11 (t, 3H, J = 6.8
Hz), 1.06 (s, 9H), 1.04 (t, 3H, J = 6.8 Hz), 0.33 (s, 3H), 0.32 (s, 3H); °C NMR (400
MHz, CDCl3) 6169.4, 155.0, 133.3, 133.0, 130.8, 125.0, 121.3, 45.1, 44.3, 28.8, 21.3,
17.2,16.0, -0.9, -1.2; LRMS (EIL, 70 eV) m/z (rel. intensity %) 401 (1), 399 (1), 386 (6),
384 (5), 344 (98), 342 (100), 283 (21), 285 (20), 269 (69), 267 (68); HRMS calcd for

CisH30BrNO,Si, 399.1229, found 399.1234.
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N,N-Diethyl-2’-hydroxybenzylcarboxamide-triphenylphosphonium bromide (3.247)

N A 50 mL flask was charged with 3.246 (1.2 g, 3.01 mmol) and PPh;
OH PPhg Br-

NEt2 (1.18 g, 4.51 mmol) and their stirred solution in toluene (20 mL) was

refluxed for 24 h. The solvent was removed in vacuo and the product
was recrystallized (hexanes/EtOAc) to give 0.87 g of 3.247 (53%) as colourless crystals,
mp 179-182 °C (toluene); IR (film) Vinax cm’ 3448, 2870, 1632, 1438; '"H NMR (500
MHz, CDCl3) 610.29 (s, 1H), 7.6-7.82 (m, 15H), 7.18 (t, 1H, J = 6.5 Hz), 6.66-6.75 (m,
2H) 6.57 (t, 1H, J = 7.5 Hz), 5.30 (s, 1H), 3.43-3.53 (m, 1H), 3.33-3.43 (m, 2H), 3.02-
3.11 (m, 1H), 0.92-1.10 (m, 3H), 0.76-0.87 (m, 3H); °C NMR (500 MHz, CDCl3) &
166.3, 154.8 (d, J = 6.2 Hz), 134.6 (d, J =2.9 Hz), 134.3 (d, J = 9.4 Hz), 131.5, 129.8 (d,
J=12.5Hz), 129.5 (d, J=5Hz), 119.5 (d, J=25 Hz), 118.6 (d, J =25 Hz), 112.5 (d, J =
5.6 Hz), LRMS (EI, 70 eV) m/z (rel. intensity %) 468 (100), 263 (10); HRMS calcd for

C30H31NO,P, 468.2092, found 468.2105.

N,N-Diethyl-2-(2-hydroxyphenyl)acetamide (3.248)

OH To a stirred solution of 3.244 (2.83 g, 8.80 mmol) in THF (40 mL) at

NEt
m ® 10 °C, was added TBAF (2.64 mL, 2.64 mmol, IM in THF). After
(0]

stirring at —10 °C for 15 min, the reaction mixture was quenched with
a saturated aqueous Na,COs solution, subjected to standard work-up and chromatography
(hexanes:EtOAc 8:2 as eluent) to yield 1.75 g of 3.248 (96%) as colourless solid whose
'H and "C spectral data was found to be consistent with those reported for the authentic

material. '
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N,N-Diethyl-2-(2-methoxyphenyl)acetamide (3.249)
OMe To a stirred suspension of NaH (0.71 g, 17.7 mmol, 60% dispersion in
m NE mineral oil) in anhydrous THF (30 mL) cooled with an ice bath, was
’ added dropwise a solution of 3.248 (3.5 g, 16.9 mmol) in THF (20 mL)
while allowing the escape of H, through a vent. The reaction mixture was stirred and
allowed to warm to rt over ~ 2 h (or until the evolution of H, completely ceased). Mel
(1.16 mL, 18.6 mmol) was then added and, after stirring for 2 h, the reaction mixture was
quenched with a saturated aqueous NH4Cl solution.  Standard work-up and
chromatography yielded 3.54 g of 3.249 (95%) as clear oil, IR (film) Vi cm™ 2984,
2943, 2832, 1642, 1498, 1455, 1428, 1311, 1231, 1112; '"H NMR (500 MHz, CDCl;)
07.17-7.23 (m, 2H), 6.90 (t, 1H, J = 7.5 Hz), 6.84 (d, 1H, J = 8.0 Hz), 3.79 (s, 3H), 3.65
(s, 2H), 3.38 (q, 2H, J = 7.0 Hz), 3.30 (1, 2H, J = 7.0 Hz), 1.12 (t, 3H, J = 7.0 Hz), 1.09
(t, 3H, J = 7.0 Hz); >C NMR (500 MHz, CDCl3) §170.3, 156.5, 129.7, 127.6, 124.1,
120.3, 110.0, 55.0, 42.0, 39.8, 34.2, 13.9, 12.7; LRMS (EI, 70 eV) m/z (rel. intensity %)
221 (67), 190 (8), 121 (20), 100 (100), 91 (42), 72 (72); HRMS calcd for C;3H;9NO;

221.1416, found 221.1417.

N! N! N* N*-Tetraethyl-2,3-bis(2-methoxyphenyl)succinamide (3.250)
OMe CONEt, To a stirred solution of 3.249 (0.10 g, 0.45 mmol) in anhydrous
CONEt,
O ome THF (3mL) at —78 °C, was added a solution of LDA (0.71 mL, 0.50
mmol, 0.7 M in THF). The reaction mixture was stirred for 30 min

at this temperature and BrCF,CF,Br (1.0 mL, 7.44 mL) was added dropwise. The

reaction mixture was stirred for an additional 30 min at —78 °C, allowed to warm to 0 °C
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and was then quenched with a saturated aqueous NH4Cl solution. Standard work-up and
chromatography (hexanes:EtOAc 7:3 as eluent) yielded 0.084 g of 3.250 (85%) as a
colourless solid, mp 164-165 °C; IR (film) Vinax em'2977, 2935, 2836, 1641, 1491, 1464,
1430, 1248, 1138, 1098, 1028, 764; '"H NMR (400 MHz, CDCl3) §7.46 (dd, 1H, J = 7.6
and 2.0 Hz), 6.99 (dt, 1H, J = 7.6 and 1.6 Hz), 6.80 (dt, 1H, J =7.6 and 1.2 Hz), 6.42 (dd,
1H,J="7.6 and 1.2 Hz), 5.10 (s, 1H), 3.48 (sex, 1H, J = 6.8 Hz), 3.23-3.32 (m, 4H), 3.09-
3.18 (m, 2H), 1.04 (t, 3H, J = 7.2 Hz), 1.02 (t, 3H, J = 7.2 Hz); *C NMR (100 MHz,
CDCl;) 6173.0, 156.7, 130.0, 127.8, 126.5, 120.2, 109.9, 55.4, 44.4, 41.9, 40.6, 14.2,
13.1; LRMS (EI, 70 eV) m/z (rel. intensity %) 440 (M, 13), 368 (72), 340 (32), 192

(100), 100 (95), 72 (56); HRMS calcd for Ca6Hs6N204 440.2675, found 440.2669.

(E)-3-(2-Methyl-benzylidene)-3H-benzofuran-2-one (E-3.253)
O A 100 mL flask was charged with 3.252 (3.5 g, 26 mmol), 2-
= . methylbenzaldehyde (3.02 mL, 26 mmol), PTSA-H,O (0.643 g,
O Q 3.38 mmol) and anhydrous toluene (40 mL). After stirring at
reflux for 12 h, the reaction mixture was washed with a saturated
aqueous Na,CO; solution, brine, dried (NaySOs) and concentrated in vacuo.
Chromatography of the crude material (hexanes:EtOAc 9:1) gave 5.1 g of 3.253 (83%,
brown oil) as an inseparable 3:1 E/Z mixture (‘"H NMR analysis). Distillation of this
mixture under reduced pressure (Kugelrohr, 135 °C/0.1 mmHg) yielded a fraction (2.1 g)
enriched in the E stereoisomer of 3.253 (E/Z 20:1, 'H NMR analysis) which, over long

storage at rt (1 year) became stereoisomerically pure and solid, IR (film) Ve cm™ 2358,

1786, 1634, 1611, 1459, 1147, 1133, 1079; '"H NMR (400 MHz, CDCl3) §7.96 (s, 1H),
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7.63 (d, 1H, J = 7.2 Hz), 7.41 (d, 1H, J = 8.0 Hz), 7.37 (d, 1H, J = 6.8 Hz), 7.26-7.35 (m,
3H), 7.12 (d, 1H, J = 8.4 Hz), 6.97 (dt, IH, J = 8.0 and 0.8 Hz), 2.38 (s, 3H); °C NMR
(400 MHz, CDCls) 5168.7, 154.4, 140.0, 137.8, 133.2, 130.9, 130.8, 130.4, 128.2, 125.9,
123.7, 123.0, 122.9, 122.0, 111.1, 19.9; LRMS (EL 70 eV) m/z (rel. intensity %) 236
(100), 235 (36), 221 (20), 219 (30), 207 (91), 178 (45); HRMS calcd for Ci¢Hp,0,,

236.0837, found 236.0847.

(2)-3-Benzylidene-3H-benzofuran-2-one (Z-3.255)
This compound was prepared according to a literature procedure
and its 'H spectral data were found to be consistent with the

partial data reported,®* mp 104-105 (hexanes); IR (film) Vinax cm’

11769, 1624, 1463, 1383, 1231, 1113, 1042, 745; '"H NMR (500
MHz, CDCl;) 68.19-8.24 (m, 2H), 7.66 (s, 1H), 7.58 (d, 1H, J = 7.5 Hz), 7.47-5.74 (m,
3H), 7.36 (dt, 1H, J = 8.0 and 1.0 Hz), 7.21 (dt, 1H, J =15 and 1.0 Hz), 7.14 (d, 1H, J =
8.0 Hz); >C NMR (500 MHz, CDCl3) §165.8, 153.0, 140.3, 133.1, 132.0, 131.3, 129.9,
128.6, 125.4, 123.7, 120.8, 119.4, 110.8; LRMS (EI, 70 eV) m/z (rel. intensity %) 222
(100), 221 (35), 194 (54), 165 (92); HRMS calcd for C;sH;¢O,, 222.0681, found

222.0684.
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(2)-2-(2-Hydroxyphenyl)-N,N-diisopropyl-3-phenylacrylamide (Z-3.256) and 3-
Benzylbenzofuran-2(3H)-one (3.257)
To a stirred solution (=78 °C) of 3.255

(100 mg, 0.45 mmol) in anhydrous THF

(5 mL) at =78 °C was added a solution
2-3.256 3.257 of LDA (0.70 mL, 0.5 mmol, 0.7M in
THF). After stirring for 30 min at =78 °C, the reaction mixture was allowed to warm to

—10 °C and quenched with a saturated aqueous NH4Cl solution. Standard work-up and
chromatography (hexanes/EtOAc 9.75/0.25 as eluent) yielded 70 mg of Z-3.256 (48%),
mp 214-215 °C (hexanes/EtOAc, lit’' mp 215-217 °C) and 47 mg of 3.257 (47%), mp 55-

111

57 (hexanes, litt" mp 57 °C). The analytical data obtained for these compounds was

found consistent with that of the known materials.

(E)-Ethyl 2-bromo-3-o-tolylacrylate (E-3.260)

A solution of 0-tolylzinc chloride (3.259) was prepared by a literature
EtO. (O]

2

procedure.''? Thus, a stirred solution of 2-bromotoluene (1.56 mL,

i} CHz 13.02 mmol) in THF (20 mL) at —78 °C was treated with a solution of
'‘BuLi (16.6 mL, 27.3 mmol, 1.65M in pentane). After stirring for 20 min at this
temperature, a solution of ZnCl, (15.6 mL, 15.6 mmol, 1M in anhydrous THF) was added
and the reaction mixture was allowed to warm to rt. After stirring for 20 min, the
solution was added dropwise to a mixture of 3.258 (1.30 mL, 9.30 mmol) and Pd(PPhs;),
(0.54 g, 0.46 mmol) in THF (10 mL) at rt and the resulting solution was stirred for 4 h.

Standard work-up and chromatography yielded 0.575 g of E-3.260 (23%) as a clear oil,
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IR (KBr) (vimax cm’) 2981, 1726, 1613, 1482, 1367, 1258, 1218, 1037; 'H NMR (400
MHz, CDCls) §8.28 (s, 1H), 7.65 (d, 1H J = 7.2 Hz), 7.20-7.31 (m, 3H), 4.35 (q, 2H, J =
7.2 Hz), 2.31 (s, 3H), 1.39 (t, 3H, J = 7.2 Hz); °C NMR (400 MHz, CDCl;) & 163.1,
140.7, 137.0, 133.7, 130.2, 129.9, 129.4, 128.7, 128.6, 128.0, 125.6, 115.7, 62.8, 19.9,
14.2; LRMS (EL 70 eV) m/z (rel. intensity %) 270 (14), 268 (14), 225 (38), 223 (35), 189
(62), 161 (91), 144 (40), 116 (57), 115 (100); HRMS calcd for C12H3BrO,, 268.0099,

found 268.0103.

3-(2-Methoxyphenyl)-5,7-dimethyl-2H-chromen-2-one (3.270)
Me A flame-dried 250 mL flask was charged with 2’-methoxy-

phenylacetic acid (5.0 g, 30.1 mmol) and thionyl chloride

(11 mL, 150.4 mol) and the resulting solution was stirred at
rt for 4 hours. Upon removal of the volatile components in vacuo, the crude acyl chloride
3.269 was dissolved in acetone (150 mL) and to this stirred solution were sequentially
added 3.268'"° (2.05 g, 13.7 mmol) and K,COs (41.46 g, 0.3 mol). The mixture was
refluxed for 14 h and subjected to filtration through a sintered funnel. The K,CO; cake
was washed with acetone (300 mL) and the combined organic layers were concentrated
in vacuo to give a residue which, upon recrystallization from MeOH, gave 3.76 g of
3.270 (98%) as a colourless solid, mp 129-133 °C (MeOH); IR (film) vinax 1732, 2835,
2946 cm™; 'H NMR (400 MHz, CDCls) §7.90 (s, 1H), 7.36-7.6 (m, 2H), 6.98-7.07 (m,
3H), 6.94 (s, 1H), 3.84 (s, 3H), 2.49 (s, 3H), 2.42 (s, 3H); °C NMR (100 MHz, CDCls)
0160.4, 157.3, 151.4. 142.1, 138.8, 135.6, 130.9, 130.1, 126.9, 124.8, 124.7, 120.7,

115.9, 114.7, 111.4, 55.8, 21.7, 18.3; LRMS (EI, 70 eV) m/z (rel. intensity %) 281 (M+H
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16), 280 (M, 71), 263 (32), 209 (48), 194 (36), 178 (47), 166 (50), 165 (100), 152 (34),

139 (31), 115 (59), 91 (44); HRMS calcd for Ci3H603 280.1099, found 280.1111.

(2)-N,N-Diethyl-3-(2-methoxy-4,6-dimethylphenyl)-2-(2-methoxyphenyl)acrylamide
(Z-3.271)

To a stirred solution of 3.270 (2.0 g, 7.13 mmol) in
Me

anhydrous THF (40 mL) at 0 °C, was added a solution of

LiNEt, (27.5 mL, 9.27 mmol, 0.33 M in THF). The reaction

mixture was stirred for 2 h at 0 °C and then for an additional 2 h at rt. After cooling the
mixture to 0 °, Mel (4.4 mL, 71.3 mmol) and NaH (0.57 g, 14.26 mmol, 60% dispersion
in mineral oil) were sequentially added and the mixture was allowed to warm to rt. After
stirring for 12 hour, the reaction mixture was quenched with a saturated aqueous NH4Cl
solution and the crude mixture was subjected to standard work-up and chromatography
(hexanes/EtOAc 3:1 as eluent) to yield 2.12 g of Z-3.271 (81%) as a colourless solid, mp
145-147 °C (hexanes/EtOAc); IR (film) vinax 1626, 2871, 2934, 2966 cm™; "H NMR (400
MHz, CDCls) 67.49 (d, 1H, J = 7.2 Hz), 7.28 (t, 1H, J = 8.0 Hz), 6.98 (t, 1H, J = 8.0
Hz), 6.88 (d, 1H, J = 8.4 Hz), 6.77 (s, 1H), 6.62 (s, 1H), 6.51 (s, 1H), 3.78 (s, 3H), 3.73
(s, 3H), 3.59 (q, 2H, J= 7.2 Hz), 3.21 (q, 2H, J = 6.8 Hz), 2.64 (s, 3H), 2.24 (s, 3H), 0.93
(t, 3H, J=7.2 Hz), 0.56 (t, 3H, J = 7.2 Hz); >*C NMR (100 MHz, CDCl;) §170.0, 157.2,
156.0, 138.1, 137.2, 130.6, 129.7, 128.9, 127.7, 123.1, 122.2, 120.9, 111.0, 108.5, 55.4,
55.1,42.1,37.7,21.6,20.3, 12.7, 12.1; LRMS (EI, 70 eV) m/z (rel. intensity %) 367 (10),
352 (8), 336 (96), 295 (100), 267 (14), 159 (28); HRMS calcd for C23H29NOs3, 367.2147,

found 367.2151.
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5-Methoxy-3-(2-methoxyphenyl)-7-methylnaphthalen-2-ol (3.272)
y OHO Me To a stirred solution of Z-3.271 (2.12 g, 5.76 mmol) in
e

OO anhydrous THF (60 mL) at —78 °C was added a solution of
O OMe LiTMP (11.11 mL, 7.78 mmol, 0.7 M in THF). The purple
solution that instantaneously resulted was stirred at this temperature for 30 min and was
allowed to warm to rt. After stirring for an additional 20 min at rt, the reaction mixture
was quenched with a saturated aqueous NH4ClI solution and was subjected to standard
work-up. Chromatography of the crude material (hexanes : EtOAc 4:1 as eluent) yielded
1.64 g of 3.272 (95%) as a light brown solid, mp 111-114 °C (hexanes/EtOAc); IR (film)
Vinax 1638, 2835, 2937, 3403 cm™'; 'H NMR (400 MHz, CDCl3) 58.12 (s, 1H), 7.48 (dd,
IH,J=17.6 and 1.6 Hz), 7.43 (dt, 1H, J = 7.6 and 1.6 Hz), 7.29 (s, 1H), 7.17 (dt, 1H, J =
8.0 and 0.4 Hz), 7.15 (s, 1H), 7.07 (d, 1H, J = 8.0 Hz), 6.54 (s, 1H), 6.17-6.42 (bs, 1H),
3.97 (s, 3H), 3.89 (s, 3H), 2.50 (s, 3H); °C NMR (100 MHz, CDCl3) §155.9, 155.6,
152.6, 136.6, 136.0, 133.1, 129.5, 127.5, 126.9, 125.0, 122.3, 119.5, 117.9, 111.6, 111.2,
104.3, 56.3, 55.4, 31.6, 22.4; (EI, 70 eV) m/z (rel. intensity %) 294 (100), 251 (10), 207

(11), 165 (9); HRMS calcd for Ci9H; 303, 294.1256, found 294.1268.
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CHAPTER 4

Studies Concerning the Tetraethylphosphorodiamidate

Directed Metalation Group

4.1 O-Based Directed Metalation Groups

Within the class of O-based DMGs for the DoM reaction, the OMOM,1 OTHP? and the
OSEM® groups (4.2, 4.3 and 4.4, respectively), borrowed from the realm of known
phenol protecting groups, are established DMGs (Table 4.1). Due to their acetal nature,
they do not suffer the chemical attack of strong bases even at relatively high temperatures
(0 °C - rt); in contrast, their sensitivity to mild acidic conditions allows their selective
removal, a possibility that greatly widens their synthetic applicability. Thus, while taking
on an active role as DMGs, they maintain their vocation of temporary masking groups,
functional only to the synthesis of o-substituted phenols. In particular, the use of the
moderately strong OMOM group in DoM has become a routine practice in synthetic

. . 4
organic chemistry.

Table 4.1. Common O-Based Directed Metalation Group

OCHj; 4.1 (Gilman-Wittig, 1938)5 OSO,NEt, 4.7 (Snieckus, 2005)7
OCH,OCHs 4.2 (Christensen, 1975)* OCONEt, 4.8 (Snieckus, 1983)°
_ ) O Me, Me

o] 4.3 (Cassidy, 1957) J]\ X .

o o '|\l Ph 4.9 (Snieckus, 1999)
OCH,0OCH,SiMe3 4.4 (Snieckus, 1990)3 Me

0O Me

OPO(OEt 4.5 (Melvin, 1981)*% J\ )\

(OEt) ( ) o 'I\I Me 4-10 (Hoppe, 2001)°
OPO(NMey), 4.6 (Nasman, 1986)*’ SiMes
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On the contrary, other groups resisting hydrolytic cleavage have naturally developed in
other directions and beyond the DMG role. Thus, by acting as leaving groups in the
Kumada-Corriu cross coupling reaction, the diethyl O-carbamate (4.8)° and diethyl O-
sulfamate (4.7)” groups have consolidated the proactive nexus between the DoM reaction
and the transition metal-catalyzed coupling chemistry while, at the same time, earning the

exclusive title of latent DMGs (Scheme 4.1).

1) SBuLi/ TMEDA SiMes 3-MeOCqH;MgBr SiMes

THF /-93 °C (2.5 equiv)
OSO;NEt; —————————— OSO,NEt, ——————— 3
2) Me3SiCl /-93 °C IMesNiCpCl

96% Et,0 /40 °C/ 12h
OMe
411 4.12 76% 4.13
OCONEt; 1) SBuLi/ TMEDA OCONEt, ) H
_ o I
THF/-78 °C CoNgt, FrMocCl CONEt,
2) CICONEt;, (2 equiv)
_— —_—
3) BuLi/ TMEDA ) Ni(acac), )
THF /-78 °C SiMes  Epo/rt SiMes
4.14 4.15 4.16
Scheme 4.1

Suitably located between these two sets of DMGs are the N-cumyl and the N-TMS O-
carbamate groups (4.9° and 4.10°, Table 4.1) which were designed with the aim of
combining the strong directing power distinctive of the carbamate group and the potential
of mild deprotection offered by their ready cleavage to secondary O-carbamates. The
cleavage of the latter to phenols and isocyanates is also a well known and facile process.
All O-based DMGs containing a polarized z-system require carefully controlled
conditions to avoid undesired reactions leading to the modification of the directing group.
To illustrate, unless the metalation of an aryl O-sulfamate is carried out at —93 °C, the
DMG is ejected with formation of a benzyne as evidenced by a furan trapping experiment

(4.17—4.18, Scheme 4.2)."° For the other groups, DoM results in a 1,3 O—C migration
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of the electrophilic moiety of the DMG as a function of the group, temperature, and steric

effects (anionic ortho-Fries rearrangement, 4.19a-e—4.20a-e, Scheme 4.3).“’12

z

PSONEL, a CONEt,
™S | ) Prvger b CONMeC(Me),Ph
THF /=78 °C TMS —50 °C i
¢ CON(TMS)'Pr
2) furan NH4CI ag. d PO(NMey),

-78°Ctort e PO(OEt),

cl 79%

4.17 4.18 4.19a-e 4.20a-e

Scheme 4.2 Scheme 4.3

While the latter process can be prevented through quench of 4.19a-d with a rapid-
reacting electrophile at low temperatures, its deliberate exploitation offers a convenient

route to o-hydroxyaryl derivatives 4.20a-e.

4.1.1 The Phosphate and Phosphorodiamidate DMGs

The 1,3 O—C migration of a phosphoryl group, now known as the anionic phospha-Fries
or P-Fries rearrangement, > was first described by Melvin'?* and Cambie,'** and was later
applied by Redmore as the key step in the synthesis of o-hydroxyphenylphosphonic acids
4.24 (Scheme 4.4)."* Within the generalization of this methodology, Redmore also
demonstrated the one-pot rearrangement of 1,2- and 1,4-diphosphates 4.25 and 4.27 and,
conversely, the double and even triple migration of the phosphoryl group in diaryl
ethylphosphate 4.29 and triarylphosphates 4.31,'* respectively. In the reaction of 4.29,
the absence of products with scrambled aryl substituents is indicative of the

. . 1
intramolecular nature of this rearrangement. "
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OPO(OEt), OH for R = H, 4-MeO OH

N %S LDA . PO(OEt), 1) CIPO(OEY), (RO),0P PO(OR),

R=T —>» Rev —_— R=T

= -78°Cto rt = 2) XS LDA

87-95% 78-86% (2 steps)

421 4.22 R

R = H, 2Me, 3-Me, 4-MeO, 3,5-(MeO),, 2,3-(CH=CH),, 3,4-(CH=CH), 4.23R = Et 1) MegSiCl / Nal
424R=H :l 2) H0
OPO(OEt), PO(OEt),

XS LpA (EtO):0P OPO(OEt), XS LDA OH
78 °Ctort - °C tort
56% PO(OE), OPO(OEt), OH
4.26

OPO(OEt), 96% (crude yield) PO(OEt),
425 4.27 4.28
OEt OH
XS LDA XS LDA / THF
o R 0+4+PO —» |R PO
78 ;/‘0 rt 78°Ctort
(1]
3 84-87% 3
4.29 4.30 4.31R = H, Me, MeO 4.32

Scheme 4.4

Similarly, Modro has studied these multiple migrations in phosphoramidates like
(PhO),P(O)N(Me)Ph and PhOP(O)[N(Me)Ph], (4.33, Table 4.2)."® The results of these
experiments show that the N—C 1,3-migration of the phosphoryl group is remarkably

slower than the more common O— C migration.

Table 4.2 1,3 N—O Phosphoryl Migration

IP/N(Me)Ph
0~ “N(Me)Ph OH A N(Me)ph OH NHMe
L,N(Me)Ph P'
SN(Me)Ph N
-78°C / 1h
thenrt/18 h
4.33 LDA (equiv) 4.34 (YId %) 435 (Yld %) 4.36 (YId %)

1.0 71
4.0 20 76 4
8.0 16 79 5
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The discovery of the anionic phospha-Fries rearrangement by Cambie was a
serendipitous event which arose during the attempt to hydroxylate (through DoM/O;
quench) a podocarpic acid derivative ortho to the diethylphosphate group.'® Watanabe’s
interest in the possibility of anionic functionalization of an arylphosphate gives us the
only available information on this topic. He observed that, even when generated and
quenched at —105 °C (aq NH4CI), none of the ortho-lithiated intermediate 4.19e (Scheme
4.3) escaped the 1,3-rearrangement.12dl This result clearly suggests that no electrophilic
quench could compete effectively with such a fast rearrangement, thus severely

restricting the synthetic application of the OP(O)(OEt), DMG.

In 1986, Nasman first reported the use of the OP(O)(NMe,), group as a director in the o-
metalation of 4.37 and showed its utility in the preparation of 3-substituted 2-furanones
under mild hydrolytic conditions (98% HCOOH, 20 min, rt, Scheme 4.5)."” This
approach to substituted furanones was subsequently applied to the total synthesis of
cytotoxic lactones nostoclides 1 (4.41a) and II (4.41b)'® and a series of synthetic

derivatives displaying inhibitory activity on the photosynthetic electron transport chain. '

E  Yid®%) E Yid (%) E Yid (%)
n f E
l)(f)lljl-elquiv) Mel 95 BnBr 55  ThienyICHO 57
@\ thes-soc (N TMSCI 89 PhSSPh 57  PhCHO 55
o OPO(NMez); ——— = g OPO(NMez), DMF 60 Me,CO 46  PhCH,OCH,Cl 50
2E Bnl 15 PhCOMe 65
437 4.38
1) "BuLi
Ph THF /-78 °C Ph
2) PhCH,Br o Bh
HCOOH — — NN 4.41aR=Cl
—_— —
/\ . — o) 4.41bR=H
o OPO(NMe,), 72% (2 steps) o o] HO
o)
4.39 4.40 R
Scheme 4.5
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A few years later, Watanabe began exploring the potential of the OPO(NMe;), group as a
DMG in the ortho-metalation of the phenyl ring. It became immediately evident that
4.19d (Scheme 4.3) was not as stable as Nédsman’s furan counterpart. In fact, upon
metalation and quench (aq NH4Cl, —78 °C), 4.19d was found to rearrange to the 2’-
hydroxyarylphosphonic diamide 4.20d in 42% yield; however, the protonated 4.19d was
completely recovered if the same sequence was repeated at —105 °C. This result was not
due to lack of metalation but, rather, to the suppression of the anionic P-o-Fries
rearrangement. Watanabe began a thorough generalization of the DoM reaction of 4.42
followed by both 1,3 phosphoryl migration (4.43) and electrophilic quench with a wide

array of eletrophiles (4.44, Table 4.3).'*

Table 4.3 Generalization of the DoM of Aryl Phosphorodiamidate 4.42

o) o)
IPI/NMEZ IPl/NMEZ
OH ﬁ o7 SNMe, 0”7 “NMe,
1) ®BulLi (1 equiv)
1 -— 1 1
R \NMe2  sgyLi (1 equiv) R H THF /-105 °C E
NMe;  g¢—— —_—
R? Rt THF /-78t0 0 °C R2 R4 2) E* R2 R4
R® = =
4.43a-h 4.42a- 4.44a-i-E
Entry 443a-h  (Yid %) R! R2 R® R* 4.44a-i-E, E (YId %)
1 a 80 H H H H TMS (79), PhS (64), MeCH(OH) (67)
p-MeOCgH4CH(OH) (67), Ph,C(OH) (72)
p-NO,CgH4CH(OH) (57), Me (87),
p-MeOCgH,4CO (94), PhMeCH(OH) (64)
2 b 80 OMe Me (87)
3 c 90 OMe Ph,C(OH) (58), Me (91),
p-MeOCgH,CH(OH) (51)
4 d 90 OMe Me (75)
5 e 95 OMe OMe p-MeOCgH4CH(OH) (57), Me (93)
6 f 92 (CH=CH), OMe Me (95)
7 g 90 (CH=CH), Me (87) OPO(NMey),
Me
8 h 79 CONEt, Me (94)
9 i OTBS Me (65) 4.44i OTBS
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The highly selective in-between-DMGs metalation of a m-MeO phenyl
phosphorodiamidate (4.43d <« 4.42d — 4.44d) is a clear evidence of the effective
synergism between the OPO(NMe,), group and the weakly directing methoxy group. In
this respect, the OPO(NMe;), group resembles the OMOM?® and the CONEt,,?' but not
the carbamate group which generates a 3:1 mixture of 1,2,3- and 1,2,4-trisubstituted
products (Table 4.4) although with the caveat that a slowly reacting electrophile, CO,
was used.''® The silylated product 4.44i (entry 9) represents an exception to this trend

and can be rationalized by the significant steric hindrance of the TBS group (not a DMG).

Table 4.4 Synergism between the OMe group and Some Common DMGs

DMG DMG DMG

@\ Conditions @iE E\@\
—_— +
OMe OMe OMe
4.45 4.46 4.47
DMG Conditions Yid % (E) Ratio (3.46 : 3.47)
OMOM 'BuLi / hexanes /0 °C 78 (1) 97:3
OMOM 'BuLi /Et,0/0°C 95 (1) 59: 41
OMOM 'BuLi / TMEDA / Et,0 / -78 °C 93 (1) 95:5
OCONEt, SBuLi/ TMEDA / THF / -78 °C 83 (COzH) 76:24
CONEt, SBuLi/ TMEDA / THF / -78 °C 88 (D, 90%d;)  >95:<5
OPO(NMe,), SBuLi/THF/-105 °C 75 (Me) >95 : <5
OPO(NMey), SBuLi/THF/-105°C 90 (0-Fries) >95 : <5

Watanabe also assessed the directing power of the OPO(NMe,), group through
intermolecular and intramolecular competition studies. When 1:1 mixtures of 4.42¢ and
4.48 were allowed to compete for 1 equivalent of *‘BuLi followed by Mel quench, a 3.5:1
ratio of the products 4.44c-Me and 4.50 was obtained, demonstrating that the
12d

phosphorodiamidate group is a stronger DMG than the OMOM group (Scheme 4.6).

Under the same conditions, the OP(O)(NMe,), group was estimated to be threefold
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stronger than the CONEt, group, fourfold stronger than the SO,'Bu group (4.4 :1 ratio)

and even twice as strong as the powerful OCONEH,.

]
OP NEt OP(NEty), DMG
2)2

1) *BuLi (1 equiv)
M M
THF /-105 °C € €
_— +
2) Mel
OMe OMe
4.42¢ 4.48 DMG = OMOM 4.44c-Me (35:1) 4.50
4.49 DMG = OCONEt, 2:1) 451
] ]
OP(NEt,), DMG OP(NEt,), DMG
N )
1) °BulLi (1 equiv) Me Me
THF /-105 °C
+ —_—— +
2) Mel
4.42a 4.52 DMG = SO,'Bu 4.44a-Me (4.4:1) 454
4.53 DMG = CONEt, (3:1) 455
Scheme 4.6

The high yields in the ortho-methylation reaction of 4.42¢ and 4.42h (91 and 94%
respectively, Table 4.3) is circumstantial confirmation that, as observed in the
intermolecular competition experiments, the directing power of the phosphorodiamidate
group surpasses that of the methoxy and the diethyl amide groups. Watanabe also
studied the lateral metalation of variously substituted o-tolylphosphorodiamidate 4.44a-
Me and found that the OPO(NMe;), group is the strongest lateral director when
compared with other O-based DMGs (Table 4.5).”> This behaviour complements the
metalation chemistry of MOM-derived ortho-cresol which undergoes exclusive ortho-
metalation when treated with ‘BuLi at 0 °C. On the other hand, the metalation of ortho-
cresyl-O-carbamate 4.56 (DMG = OCONEt,) occurs with ortho or lateral selectivity as a

. . .. 11
function of experimental conditions.
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Table 4.5 Directed ortho vs Lateral Metalation for Some O-Based DMGs

DMG DMG DMG Et,NOCO TMS
Me Conditions E Me E ™S
—_—> + +
4.56 4.57 4.58 4.59
DMG Conditions Yld % (E) Ratio (4.57 : 4.58)
OMe "BuLi/ TMEDA / cyclohexane / rt / 10 h 72 (COzH) 72:25
OMe 'BuLi/ cyclohexane-pentane /reflux /10 h 81 (CO,H) 42 : 58
OMe "BulLi / cyclohexame / reflux / 10 h 57 (COzH) 33:67
OMOM 'BuLi/hexane/0°C/1h 87 (1) 99 : nil
OCONEt, SBuLi/TMEDA /THF /-78°C/1h ? (TMS) 67:33
OCONEt, LDA/THF/-78°C/1h 78 (TMS) 85: 15 (3.57: 3.58)
OPO(NMey), °BuLi/THF/-105°C/1h 81 (Me) nil : 99

It is interesting, however, that the metalation of 4.44e-Me does not occur, as expected, at

the lateral position (Scheme 4.7).2

While none of the ethyl substituted product was
observed, the reaction gave only 32% of the ortho-methylated product 4.60. It appears
that the directing power of the phosphorodiamidate and the methoxy groups do not
combine towards the lateral metalation as effectively as in the ortho-metalation. The
diminished acidity of the benzylic hydrogens may be due to the presence of the electron
donating ortho and para methoxy groups.” Similarly, the inductive effect of the

benzylic substituent may play a critical role in preventing the lateral metalation of 4.61

(Scheme 4.8).7%°

OPO(NMe2); 4, 5,1+ (1 equiv) OPO(NMey), OPOINME2)2 1) 51 (1 equivy  (ME2N)20PO
Me THF/-105°C/1h  Me Me Et THF/-105°C/1h Me Et
_— —_— >
2) Mel /-105 °C/ 1h 2) Mel /-105 °C / 1h
MeO' OMe 32% MeO' OMe 90%
4.44e-Me 4.60 461 4.62
Scheme 4.7 Scheme 4.8
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In particular, the lateral metalation of 4.44a-d-Me followed by quench with methyl
benzoates was exploited for the synthesis of methoxy-substituted 2-arylbenzofurans 4.64
(Scheme 4.9). These were obtained through one-pot hydrolytic cleavage of the
phosphorodiamidate 4.63 and subsequent intramolecular condensation. Similarly, 4.67
and 4.68 were obtained using the same refluxing formic acid conditions from some of the

products 4.66.

OPO(NMEz)Z OPO(NMez)Z OPO(NMez)Z
1 1
6.2 AT 1) SBuLi (1 equiv) 6 v M€ 1) *BuLi (1 equiv) E
rR— |2 THF /-105 °C R—F 2 THF / -105 °C
NS ¢} - Z —_—>
5 3 5 3 .
7 2) ArCOOMe 2) E*/ -105°C
R=H
4.63 (60-79%) 444 a-Me R=H 4.66 (43-90%)
_ _ _ b-Me R =6-OMe
Ar = Ph, p-MeOCgHj, 3,4-(MeO),CgHs oMe R aome E = Me, SiMes, PhCH(OH), COMe,
d-Me R =3-OMe p-MeOCgH4CH(OH), COOH

90% HCOOH

4.44b-Me
reflux

reflux

A 1) *BuLi (1 equiv) o l M
' 73% THF /-105 °C €
(6] _ ° (6] (0]
\ 2) Mel / -105 °C \
NN OPO(NMe2)2
R
MeO
= \©/\Me
4.65

l 90% HCOOH

4.64 (30-98%) 4.67 (54%) 4.68 (90%)

for E= COOH for E= COMe

Scheme 4.9

In the total synthesis of three naturally occurring neolignans (carinatin, eupomatenoid-1
and -13, 4.71a-c, respectively) this approach to the benzofuran frame requires lateral
metalation of 4.69 which, due to the reduced acidity of the benzylic hydrogens (compare
with 4.44b-Me—4.65, Scheme 4.9), suffered from low yields of products 4.70a-c¢

(Scheme 4.10).
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(MeaN),OPO  Me

OPO(NMEz)z
1) SBulLi
MeO Et (1 equiv) MeO Ar MeO
THF /-105 °C 90% COOH
o
2) ArCOOMe reflux / 1h
p 32-56% Z 45-68%
4.69 4.70a-c
OMe

6 S a S S

a (eupomatenoid-1) b (carinatin) ¢ (eupomatenoid-13)

Scheme 4.10

The anionic chemistry of phosphorodiamidates did not find a practical application until,
in 1998, Buono began using the P-ortho-Fries rearrangement for the synthesis of new
chiral o-hydroxylaryl phosphoric diamides 4.72-4.75 which he applied as ligands in the

enantioselective addition of diethylzinc to benzaldehyde (Fig. 4.1).

Me\ Me\
OH OH Ph
- O\\ /Nn, O\\P /Nn...
\ \
IN /N Ph
Me Me
4.72 4.73 4.74 4.75
_ H —

A

"N
=)

PO(NMEz)z /k
:_Ph Ph PR\
S0 Ly T NN
QN QN OH %, /
Y oo :
OO O Y oo
l/\ Ph PO(NMe,), Q

4.78 4.79

7

4.76 477

Figure 4.1 P-Ligands Obtained from the P-Fries Rearrangement of Aryl
Phosphorodiamidates
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The good performance of these catalysts depends indeed on the molecular imprint of the
anionic P-ortho-Fries rearrangement — that is, on the presence and mutual proximity of
both a free hydroxyl group and a phosphoryl group. When chelated by these two groups,
Et,Zn acts as a Lewis acid in the activation of the electrophile, while the nucleophile is
activated by the phenoxide moiety (4.79).> Thanks to this web of interactions, no
Ti(O'Pr), is required for the selective ZnEt, addition, although the silylcyanation of
aromatic aldehydes, as described by Zhou with 4.76 and 4.77, still requires the in situ
formation of a titanium complex.’® Finally, Ishihara has recently launched a second
generation of O,0-bifunctional ligands characterized by axial chirality whose synthesis is
again based on the anionic phospha-Fries rearrangement of a 2,2’-phosphorylated
BINOL.? In particular, 4.78 gives very high yields and ees (generally >90% and up to >
99%) in the dialkylzinc addition to aromatic aldehydes. It is noteworthy that, in all cases
described, the 1,3 O—C rearrangement of all starting arylphosphorodiamidates invariably
occurs with retention of configuration at the phosphorus atom. This feature has been
rationalized with a mechanism proceeding through a trigonal bipyramidal (TBP)
intermediate (Scheme 4.11). For associative processes involving strong nucleophiles, the
formation of a TBP intermediate is generally assumed in which the nucleophile occupies
the apical position.”® Thus, in 4.81, the oxaphosphetane and the diazaphospholane rings
adopt an axial-equatorial position while the negatively charged oxygen occupies an
equatorial position. A Berry pseudorotation®” in which the charged oxygen is the pivot
bond, reorganizes the TBP so that the more apicophilic oxygen atom of the

oxaphosphetane adopts the axial position (4.82). An apical elimination opens the
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oxaphosphetane ring and generates a product with retention of configuration at the

phosphorus atom (4.83).
Ph
(0] - \N
\é’,“\ O"o, I (N —
N apical o=t 4 /I Berry <\\ apical ?
\ addition K pseudorotatlon _P elimination
- Ph —7> N I —
P o)
4.80 4.81 4.82 4.83

Scheme 4.11

Consistent with Watanabe’s observations (Table 4.4), this rearrangement also occurs with
high regioselectivity. Thus, under the combined directing effects of the
diazaphospholidine oxide and the methoxy, chloro, or fluoro groups, only the
phosphonamides 4.84 were obtained from the corresponding phosphorodiamidates (Fig.
4.2)>* The observed formation of 4.85 and 4.86 in a 3:1 mixture is the result of an
unusually indecisive rearrangement whereas the selective formation of 4.87 is

undoubtedly due to the steric hindrance of the ‘butyl group.”**

4.84 R=0Me, F, Cl 4.85 (3:1) 4.86 4.87 (only regioisomer)
(only regioisomer)

Figure. 4.2 Products of Regioselective Phospha-Fries Rearrangement

12d,22
k >

It was not until 18 years after Watanabe’s wor that the external quench of an o-

lithiated arylphopshorodiamidate was revisited. Within a study on the scope of the mixed
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Li/Mg base (TMP),Mg:LiCl, Knochel demonstrated the use of the sensitive COOEt,
COO'Pr, COO'Bu and CN groups as DMGs in the ortho-magnesiation of the benzene and
pyridine rings under conditions not involving very low temperatures (40 - 0 °C).*°
Particularly, a full paper was dedicated to showcasing the potential of this new base in the
o-metalation of arylphosphorodiamidates with particular emphasis on its application in
the synthesis of unusually 1,2,4-trisubstituted arenes 4.89 and 4.91 and the FG
compatibility of the base (Scheme 4.12).>" While in most examples the final products
were obtained from transmetalated arylzinc intermediates by Pd-catalyzed cross coupling
or quench with electrophiles, direct quench of the ortho—lithiated species was only shown
in a few cases involving electrophiles such as (BrCl,C),, I, and ‘BuCHO. With the
exception of iodine, halogens displayed synergistic DMG effects with the OPO(NMe,),
group leading to mixtures of 1,2,3- and 1,2,4-trisubstituted products 4.93 and 4.94 and,
for X =F, solely to the 1,2,3-substituted derivative (Scheme 4.13). A synthetic sequence
was also optimized that indirectly allowed the removal of the DMG. Thus, HCOOH-
mediated hydrolysis of 4.95a,b under microwave irradiation and subsequent conversion
of the phenol to a nonaflate (4.96a,b) allowed conduit to Ni- and Pd-catalyzed Negishi
cross coupling or reductive cleavage chemistry at the position which originally bore the

powerful DMG (Scheme 4.14).
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FG 1) (TMP),;Mg-2LiCl FG FG 1) (TMP),Mg-2LiCl FG

THF /-40-0 °C THF /-40-0°C
na
u ZL1 21 i
3 o E CI) ) EECN 2LiCl CI)
NMe. NMe
oL 7 2 oL v 2 MesN~ E —NMe;
Sp=— Spe— PN ~P.
IPI NMe; 72-85% IPI NMe; MezN/ No 73-80% o” \NMez
488 4.89 4.90 491
FG =CN, Br, F, Cl E = CN, COPh, COCH,'Bu, FG = COOEt, CFg, | E = Br, |, COPh?
CH,=C(CH3)CH, p-CgH4COOEL®P
E® = p-CqH4OTIPS, p-CqH,COOEL
m-Tol 2through Pd-catalyzed cross coupling with aryliodides
Scheme 4.12
X X
1) (TMP),Mg-2LiCl | X 493 494
THF / -50 - -30 °C
+ F 73%
2) 1,
c|> cl) ? cl 29%  57%
MezN\P —NMe, —NMe, 0 0
S I P _P. Br 44%  43%
Me,N” No 07 “NMe, 0% “NMe,
4.92 4.93 4.94
Scheme 4.13
[NiClo/PPh3),] (5 mol%)
FG 1) uW, HCOOH FG THE NP 125 C /3 FG a b
H,0, EtOH p- 6rasn
120 °C / 30 min 90% FG CN cl
—_— .
E  2) NaH, FSO,(CF,)sCF3 E or e E COBu  p-MeOCgHj
Et,0 /25 °C/12h Me,NH-BH3 / K,CO3
o _,\Me; 1o ONf [Pd(PPh3)4] (5 mol%) Y Y |p-EtCOOCgH, H
F—NMe; 0 MeCN / 70 °C / 16h
0 94%
4.95a,b 4.96a,b Nf = SO,(CF,)3CFs3 4.97ab

Scheme 4.14

4.2 Aims of Research

It may appear surprising that, despite its high ortho-directing power, the OPO(Me,),
group has had little impact and applications in synthetic chemistry. This was most likely

due to the fact that the quench of an o-lithiated arylphosphorodiamidate with an external
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electrophile requires impractical metalation temperatures (— 105 °C) in order to prevent
the facile anionic ortho-Fries-type rearrangement. Furthermore, the release of a
synthetically useful ortho-substituted phenol occurs under conditions incompatible with
most functional groups. For example, the reductive cleavage of the OPO(NMe;), group
with sodium in liquid ammonia has been successfully carried out only in bare carbon
skeletons for obvious reasons of FG compatibility (e.g., 4.44a-Ph,C(OH)—4.100,
Scheme 4.15).12‘11’32 Unlike in Ndsman’s furan series,' "’ refluxing in 90% formic acid (~
100 °C) is required to hydrolyze 4.44a-Ph,C(OH) with unavoidable reduction of the
tertiary alcohol to give 4.99. Similarly, treatment with LiAlH4 in boiling THF is capable
of unmasking the phenolic functionality as observed for 4.98; however, reduction of most
common unsaturated groups is to be expected under these unselective conditions. For

these reasons the definition of latent DMG cannot be unanimously applied to this group.

I/NMEZ
Ph  OH oH 07 “NMe, Ph  OH
HO Ph H
Ph LiAIH, Ph 90% HCOOH  ppy
- —_—
THF / reflux / 1h reflux
4.98 67% 4.443-Ph,C(OH) 63% 4.99
Ph  H
Na / NHs li Ho
a 19.
3 Ph
92%
4.100
Scheme 4.15

The recent work of Knochel has begun to speak to the question of synthetic applicability
for this DMG, a quality tightly linked not only to directing power but also to its chemical

pliability. In view of Knochel’s improvement of the experimental conditions for the
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metalation and hydrolysis of arylphosphorodiamidates (CN and COOEt groups have been
shown to withstand microwave irradiation at 120 °C), a rediscovery of this DMG can be

anticipated.

In our group, the constant attention towards synthetic applicability of DMGs has led to
work with a two-pronged strategy. On one side, fine-tuning of the DMG’s structure has
resulted in the design of more labile DMGs. To illustrate, the N-cumyl carbamate group
can direct ortho-metalation (4.101—4.102) just as well as the diethyl carbamate group,
but it decumylates under mild acidic conditions to unveil the modified functionalized
phenol (4.103, Scheme 4.16). Alternatively, 4.101 may undergo anionic ortho-Fries

rearrangement and thus be converted to a secondary amide group (4.105).

1) SBuLi / TMEDA

Ii/Ie
\n/ Xph THF /-78 °C / 2h O\n/NxPh 1) TFA o
2) SiMesCl 0 2) NaOH (10%
) N SiMe, ) ou (10%) SiMe,

4.101 4.102 79% 4.103

1) *BuLi / TMEDA

OH

THF /-78 °C/ 2h ‘ TFE / 11h / reflux

2) -78°Ctort NHMe
82% 87%

o
3.104 4.105

Scheme 4.16

On the other hand, for the stable OCONE(, group synthetic value has been added with the
development and generalization of useful post-DoM or DreM reactions in which

anchimerically assisted processes are pivotal features (Fig. 4.3).>
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Anionic ortho-Fries3? "Lateral” 1,5-0=0 CONEt, Remote anionic Fries? Carbamoy!
anionic ortho-Fries®®  Translocation®?° Baker-Venkataraman®2®
4.106 4.108 4.110 4.112 4.114

' Y | ! f

OH
4.107 4.109 4111 4.113 4.115

Figure 4.3  Synthetic Manipulation of the Carbamate Group through
Translocation reactions

In this context, we aimed to a) design a phosphorodiamidate directing group that displays
an improved stability under standard metalation conditions and b) explore synthetic
applications beyond the phenol phosphorylation/DoM/dephosphorylation sequence for
which the OPO(NMe;), appears unsuitable. Failures and successes towards these goals

will be described.

4.3 Results and Discussions-

The anionic phospha-ortho-Fries rearrangement is a synthetically useful reaction as
demonstrated by its applications in the synthesis of the Buono, Zhou and Ishihara chiral
catalysts. However, bringing this process under control and diverting the o-lithiated
intermediate towards a quench with an external electrophile requires, at least in
Watanabe’s approach (Table 4.3),'* a rather drastic and costly solution. There are at
least two more approaches to this problem: a) stabilization of the o-metalated

intermediate  which Knochel has achieved wusing the Li/Mg mixed base
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TMP,MgCI-2LiCl.  This approach requires switching from the standard o-lithiated
species to a less reactive o-magnesiated phosphorodiamidate, an intermediate which even
at 0 °C does not undergo 1,3 migration of the phosphoryl group, and b) a parallel strategy
to decelerate the phospha-Fries rearrangement by stabilization through structural
modification of the reactive phosphorodiamidate moiety. =~ Unwanted nucleophilic
reactions at DMGs have been a frequent occurrence and have often been addressed by
increasing their size or relying on their deactivation by in sifu deprotonation (e.g., DMG
= CONHMe),* in situ reversible addition of the base (DMG = CHO/LNMP and
CHO/LTMDA adducts)®® and in situ electrophilic quench (DMG = COCH,'Bu, CN).*
Within the first approach, Beak’s establishment of the CONEt, and CON'Pr, groups as
synthetically useful DMGs®’ was stimulated by Hauser’s finding that "BuLi adds to
PhCONMe; to form valerophenone (70%). Other bulky amide DMGs successfully tested
with *BuLi and ‘BuLi are CON(Et)CH,CH,NEt,”® CON('Pr)CH,SiMes,*
CON(Me)CH(SiMe3)," and, to a lesser extent, the piperidino amide group. The self
condensation of diethyl pyridinecarboxamides upon metalation with LDA or *BuLi offers
another facet of this problem which has been usually tackled with the use of the more
hindered diisopropylamide homologues (Section 1.4). Based on these precedents, we
hypothesized that a tetraethylphosphorodiamidate group (OPO(NEt;),) would be less
prone to undergo 1,3 migration and allow the introduction of an external electrophile at

standard metalation temperatures (—78 °C).
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4.3.1 The DoM of Phenyl N,N,N’,N’-Tetraethylphosphorodiamidates 4.126a,b

The reported synthesis of arylphosphorodiamidates involves three similar approaches.
Several ring-substituted chiral arylphosphorodiamidates such as 4.119 have been
synthesized through an exchange reaction between the chirally pure pyrrolidine 4.116 and
tris(dimethylamino)phosphane, followed by addition of the appropriate phenol (4.117,
Scheme 4.17).2*Y The subsequent ‘BuOOH oxidation of the crude 4.118 is generally
highly stereoselective and avoids the difficult separation of diastereomeric mixtures of
4.119. Alternatively, as in the synthesis of 4.123, the chiral amine 4.122 may be directly
combined with a substituted aryl phosphorodichloridate (4.121),*" and the separation of

the diastereomeric products is addressed at this point or at a later stage of their structural

. . 24b26
modification.” ™
P(NMe3)2
o)
1) Toluene, A R BuOOH
\ B O\P.‘\\N \ A O\él N
2 @_ | P S 55 84% Y
/
N \ 4 o or/
H™ 4.117 4.118 R = 4-OMe, 4-Cl, 4-F, 2-Me 115
4.116 3-OMe, 3-Cl, 3-F, 2,6-diMe .

3-'Bu, 2,4-di'Bu

Ph. H
N %
" :
o] HMP"« NH HN\( ¢ N Me
W _ci | " <\ 10
R— POCI; / Py R— /P\ Ph 4,122 Ph _R” —
\ / OH —>» \ / o} ' N \O
benzene / reflux EtaN / CH,Cly / 1t Ph74 \ | /
78-80% 76-86% H Me R
4.120 R = H, 4-Me, 4121 4.123

2,3-(CH=CH),

Scheme 4.17

The most undemanding approach, well suited for simple achiral phosphorodiamidates, is
the reaction of a substituted phenol with a tetraalkylphosphorodiamidic chloride
(CIPO(NR;),), commercially available for R = Me, Et.* Thus, using this method, 4.126a

was obtained in 96% yield and was subjected to metalation to test its ability to generate a
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persistent o-lithiated species at —78 °C (Scheme 4.18). In keeping with Watanabe’s
protocol, deprotonation was effected with *BuLi for 1 h and, to our delight, the resulting
lithiated intermediate was found to intercept TMSCI in 84% to give 4.127a without any
competition from the alternative 1,3 rearrangement. The stability of the lithio-
intermediate was probed further by allowing the reaction mixture to reach —30 °C prior to
the addition of Mel. However, under these conditions, the lithiated intermediate was
found to quantitatively rearrange to 4.128. Thus, through a simple enhancement of bulk,
the stability of Watanabe’s DMG appeared to have been tuned to approximately match
that of the carbamate group, which undergoes the 1,3 migration at ~ -50 °C.
Generalization of this reaction was pursued in enthusiastic collaboration,*” and led to the
synthesis of several derivatives 4.127a-j in satisfactory yields. In particular, o-
formylation of 4.126a with anhydrous DMF was a consistently quantitative reaction
while the incomplete conversion of 4.127f to a less polar but more readily isolable
boropinacolate may, in part, explain its low isolated yield. Good yields were also

obtained from the ortho-metalation of 2-methoxyphenylphosphorodiamidate 4.126b to

give products 4.127i,j.
4.127 R E Yid (%)
(6]
1l
PO OPO(NEt,); 1) *BulLi OPO(NEtp), @& H ™S 84
Cl (NEtp) R (1.2 equiv) R E b H Me 89
4.124 NaH THF /-78 °C c H | 86
—_——
+ THF 2) E+ d H Br 67
0°Ctort ) e H CHO gquant.
OH 92-96% 4.126a,b 4.127a-j f H B(OH)2 5%
1) *BulLi OH ﬁ g H SPh 77
R (1.2 equiv) — h H CONEt 61
THF /-78°C RCNEL _ 2
4.125aR=H NEt, i MeO Me 88
4.125b R = MeO 2) Mel /-30 °C i  MeO TMS 86
forR=H - -
quantitative 4.128 isolated as pinacol ester
Scheme 4.18
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An important question to address was whether or not the structural changes of
Watanabe’s OP(O)(NMe;), DMG to the corresponding OP(O)(NEt;), DMG imposed an
effect on directing power. An intermolecular experiment was carried out by metalating
an equimolar mixture of 4.126a and 4.129 with only half the stoichiometric amount of
*BuLi (Scheme 4.19). After stirring for 1 h at —78 °C, the reaction mixture was quenched
with excess of CD;0D, and the products were separated and analyzed to reveal that 50%
of 4.126a and 44% of 4.129 had been lithiated (the latter gave 38% of 4.131 and 6% of
the o-Fries rearrangement product 4.132). The outcome of these experiments implies not
only that the directing power of the OPO(NEt,), group is comparable to that of the
carbamate group, but also that the former is (at least slightly) more stable than the latter

towards the O—C 1,3-migration.

P 0 0
P_NE'[2 / /P\_NEtz /C\
“NEt, “NEt, O “NEt, 0" "NEt,
) s-BulLi (1 equiv) D D
THF/-78°C/1h + + OH
y
2) CD30D (3 equiv) CONEt,
THF/-78°C
4.126a 4.129 4.130 4131 4.132
=50 — =0.38 —=0.06
4.126a 4.129 4.129
Recovered material
Scheme 4.19

4.3.2 Lateral Metalation of Aryl Phosphorodiamidates and Phosphates

We next explored the lateral metalation capabilities of the new OPO(NEt;), DMG.
Watanabe has already shown the high selectivity with which o-tolylphosphorodiamidates
undergo deprotonation and subsequent electrophilic quench at the benzylic position
(Scheme 4.9). Thus, our attention focused on the possible anionic vinylogous phospha-

Fries rearrangement which, by transferring the bis(diethylamino)phosphoryl group to the
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benzylic position, would furnish 4.136b, a useful phosphonamide for the preparation of
olefins 4.138 according to Corey’s protocol (Scheme 4.20).** This would be a
phosphamide analogue of the lateral metalation-carbamoyl migration of o-tolyl O-
carbamates previously established in our group.** Since Corey’s key f-
hydroxyphosphamides (4.137) are obtained by reaction of carbonyl compounds with an
o-lithiated phosphonamide, a multi-step one-pot sequence was envisaged which, starting
from a substituted phosphorodiamidate 4.133, could conveniently lead, through a

DoM/DreM sequence, to f-alkoxyphosphonamides like 4.137.

OPO(NE,), OPO(NEty), OPO(NEL,),
1) *BulLi E 1) *BulLi E Me
| N THF/-78£ | N THF/-78£ | N
S ) E' V& 2) Mel S } LDA/THF
R R R 1 -78°Ctort
44.133 4.134 4.135 Y
R HO. R
OH OH OR R
E | PhMe / reflux E RCHO E
| AN S | A PO(NEty), ~-====-= | X PO(NEty);
I F /G /G
R R R 4.136aR =Li
4.138 4.137 4.136b R=H
Scheme 4.20

The critical step of this sequence (4.135 — 4.136) was tested with phosphorodiamidate
4.127i, accessible through o-methylation of 4.126b (Scheme 4.18) and, for comparison,
with phosphate 4.141, which was prepared by phosphorylation of phenol 4.140 (Scheme
4.21). In both cases, the vinylogous phospha-Fries rearrangement was attempted with 2.1
equiv of “BuLi to compensate the benzylic deprotonation of the products. Gratifyingly,
both reactions gave the desired products although the migratory aptitude of the two
DMGs, as seen in the instantaneous P-Fries rearrangement of phenyl phosphate 4.19e

(Scheme 4.3) and in the slower rearrangement of phosphorodiamidate 4.126a (Scheme

270



4.18), remain strikingly different. In particular, o-tolylphosphate 4.141 underwent 1,4
O—C phosphoryl migration smoothly and in quantitative yield at negative temperature
values to give 4.142 as unequivocally shown by the disappearance of the singlet at 3.85
ppm (C,-CHj;) and the appearance of a signal at 3.23 ppm (Ar-CH>) split into a doublet
by the neighbouring phosphorus atom (%/py = 21.3 Hz). The clean rearrangement of
4.141 to 4.142 is interesting as it provides a useful Horner-Wadsworth-Emmons
intermediate; however, its scope is limited by the inability of the phosphate group to
direct the introduction of the obligatory substituent at the Cs position or the methylation
at the C, position. In contrast, under the same “BuLi conditions, the corresponding
phosphorodiamidate 4.127i reacted sluggishly at rt and even upon heating to 60 °C
despite its quantitative lateral metalation demonstrated by a CD;0D quench experiment
at -78 °C. However, under the unusual conditions provided by a mixture of
LDA/TMEDA (3 equiv) in hexanes 4.127i underwent lateral phosphoryl migration to

4.143 in nearly complete conversion and 87% isolated yield.

OPO(OEt), OH  PO(OEY),
o) 1) NaH o oM MeO H
Me Me " rhE/oec Me € SBuLi (2.1 equiv) ©
— —_— 6 2 —_— H
2) CIPO(OEt), 5 3 THF /-78t0 0 °C
94% 4 quant.
4.140 4.141 4.142
OH OPO(NEt,), , OH  PO(OEt),
NH,NH, LDA (3 equiv)
(2 equiv) MeO CHO MeO. Me TMEDA (3 equiv) MeO H
S ———— H
DME / KOH hexanes / rt / 8h
90% 87%
4.139 4.127i 4.143
Scheme 4.21
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A similar result has been reported by Buono on the chiral phosphorodiamidate 4.144
(Scheme 4.22); however, in this case, no proof of benzylic deprotonation could be

obtained from the addition of electrophiles to the reaction mixture.*

N wllzl
P\N OH

/ o
o L LDA Me ]
Me Me or alkyllithiums Fi"“‘N
+> N %
Ph” H
4.144 4.145

Scheme 4.22

In our case, the facile deprotonation of 4.127i at low temperatures together with its slow
rearrangement to 4.143 point at the formation, Berry pseudorotation or apical elimination
of the TBP intermediates 4.147 and 4.148 as the slow steps of this reaction (Scheme
4.23). The fact that phosphate 4.141 undergoes rapid P-Fries rearrangement at
temperatures between —78 and 0 °C suggests a non negligible difference in the energy
barrier which 4.141 and its slow-rearranging analogue 4.127i must overcome in this
process. DFT calculations for the simplified OP(O)(OMe), and OP(O)P(NMe,), DMGs
have indeed shown that, while the two processes display similar thermodynamics, the
energy barrier to the addition product 4.147 is ~10 kcal/mol higher than for the formation
of the corresponding intermediate 4.151 (Ets; = 18.7 kcal/mol and Ers; = 8.8 kcal.mol,

Schemes 4.23 and 4.24).*°
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E =-387.5 kcal/mol E =0 kcal/mol TS1 E=18.7 kcal/mol
o) NEt,
OPO(NEt,), g-"INEtz SOLi
s -
SBuLi 0" “Ne, ical 0—\
MeO. Me . apica MeO. NEt,
(L1 equiv) MeO. CHaLi addition e
THF/-78°C viaTS1
uantitative
4127 a 4146 4147
| NEt,
EtzN'""&"'l l SOL Berry
Et,N apical /F .
2. elimination Et,NT | pseudorotation
LiO. - O,
MeO MeO
4.149 4.148
E =-27.6 kcal/mol
Scheme 4.23
A o
E =-384.3 kcal/mol E =0 kcal/mol TS2 E = 8.8 kcal/mol
(o] OEt
b | oL
OP(O)(OEY), RVIOE o—r>
o OEt :
MeO , apical MeO okt
(2.1 equiv) MeO. CHoLi | addition
THF/-78°C viaTS2
4141 4.150 4151
r (0] ] —_
u Cl)Et
C EtOm... .
4 ~OLi
Et0” apical _PS Berry _
Li elimination EtO” | pseudorotation
B S——
quantitative
MeO MeO
E =-30.2 kcal/mol 4.153 _ 4,152 _
Scheme 4.24
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4.3.3 Directed remote Metalation (DreM) of Biaryl 2-phosphorodiamidates

Another post-DoM reaction through which the CONEt, and the OCONEt, groups have
been conveniently manipulated while actively participating in the construction of natural
product targets and biologically relevant skeletons, is the DreM reaction.*® As is the case
for the lateral anionic phospha-Fries rearrangement, the directed remote metalation has
not been described for the phosphate and the phosphorodiamidate groups. In fact, Buono
attempted to effect this reaction on the ortho-silylated chiral phosphorodiamidate 4.154
(not obtained by DoM of the corresponding desilylated precursor, Scheme 4.25).
However, the lack of any reaction upon exposure of 4.154 to LDA (or LDA/E") led him
to suggest that the diazaphospholidine oxide group does not favour a complex-induced

proximity effect (CIPE).

N—
5
N
o 4, LDA I
TMs  or alkyllithiums Ph
O (conditions not given)

4.154 4.155

Scheme 4.25

Preliminary experiments to establish the feasibility of this reaction for
phosphorodiamidates were carried out by Zumbansen’’ on the terphenyl
phosphorodiamidate 4.156a, chosen for its simple synthesis from commercially available
materials and the better migratory aptitude of this DMG compared to the OP(O)(NEt;),

group (Table 4.6). Analysis of the product mixtures obtained with different bases,

274



metalation temperatures and times showed that this process can indeed occur although it
requires quite harsh conditions. LiTMP was found to trigger the desired 1,5 O—C
migration to 4.158a upon prolonged reaction of 4.156a at rt (entry 1). Due to the high
polarity of 4.158a, an acidic work up was applied that allowed the isolation of the
arylphosphonamide 4.159a in low yield. The yields of the reaction improved remarkably
when the lithium amide was replaced by an alkyllithium, especially when used in excess.
Thus, reaction of 4.156a with 1.4 equiv of "BuLi or ‘BuLi gave ~ 54% of 4.159a, which
increased to 79% when 1.6 equiv of ‘BuLi was used (entries 2-6). Zumbansen also tested
the DreM-anionic phospha-Fries rearrangement on the tetraethyl phosphorodiamidate
4.156b and, somewhat expectedly, found that the more hindered DMG showed a lower
migratory aptitude (compare entries 4 and 7) and that, upon acidic work up of the
reaction mixture, the rearranged product 4.158b did not undergo cyclization to the

corresponding phosphonic derivative 4.159b.

Table 4.6 P-DreM of Terphenyl Phosphorodiamidates 4.156a,b

i

Oy ! ~NR;

P~ (NR2)2

PR O V\ 1) Rx Cond. Ho R=O P’NRZ
()2 amor O

4.156a R = Me 4.157 4.158a R = Me 4.159a R = Me
4.156b R = Et 4.158b R = Et 4.159b R = Et

Entry R Reaction Conditions SM A Yid, % B C

1 Me LiTMP (1.2 equiv)/1h -10°C/ 12 h at rt 11 37 34

2 Me "BuLi (1.4 equiv)/1h -78°C /12 h at rt 16 21 52

3 Me  SBuli (1.4 equiv)/2h-78°C/12h at rt 15 16 57

4 Me  'BuLi (1.2 equiv)/1h -78°C/5' atrt 22 ND 49

5 Me  'BuLi (1.6 equiv)/1h -78 °C/ 4h at rt — ND 77

6 Me  'BuLi (1.6 equiv)/1h -78 °C/8h at rt — ND 79

7 Et 'BuLi (1.2 equiv) / 1h -78 °C / 5' at rt 58 ND 32
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Phosphonamides structurally related to 4.158 and 4.159 are generally known end
products used as flame retardants.*® 4.159b has been synthesized from the corresponding
chloride 4.160 (R= Ph) in low overall yields (Scheme 4.26).4%° Alternatively, the
oxidation of the phosphorine 4.163 afforded similar compounds by a more direct
approach.*”® Furthermore, the methanolysis of 4.165 has been shown to occur in good
yield, suggesting other opportunities and applications of cyclic phosphonamides such as

4.159a by conversion into the corresponding cyclic phosphonates.™

Eto;NH  4.160 4.162 4.159b
PhMe / rt
R=H
O H2O2 O ©\ ©\
o] CHCl3/0°C (] (o] BF3-MeOH (o)
> : —_— L=o =0 ——» l=o
SNEt, 94% (2 steps) \ \ MeOH \
NEt, NMe; 0 -°Ctort OCH3
84%
4.163 4.164 4.165 4.166
Scheme 4.26

In our group, Blackburn and Lampert have optimized the phospha-DreM reaction and
have begun the exploration of its synthetic scope wusing several biaryl
phosphorodiamidates. Compounds 4.167a-f were obtained from an efficient Suzuki-
Miyaura reaction of 4.127¢ with a series of (het)aryl boronic acids (Table 4.7).>! Upon
the obligatory ortho-silylation, compounds 4.167a-f appear promising substrates for the
anionic P-DreM reaction. For instance, 4.167a was silylated in 91% yield to
phosphonamide 4.168a which, albeit under drastic conditions (LDA/TMEDA, 3-5 equiv

at 65 °C), underwent P-DreM in 63%. In particular, mono- or bis-methylated products
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such as 4.167e offer the opportunity for yet another variation of the phospha-DreM

reaction.

Table 4.7 Suzuki-Miyaura Cross Coupling of 0-Iodo Phosphorodiamidate 4.127¢

(Het)AryIB(OH), (1.5 equiv) ||
OPO(NEL2)2  pd(dbay), (5 mol%) OPO(NEt2) 1) SBuLi (1.2 equiv) Et.NPO
| S-Phos (7.5 mol%) (Heb)Aryl -78°C/1h EtsSi
_—
K3PO4/ (3 equiv) 2) Et3SiCl (1.4 equiv)
PhMe / reflux / 4-24h -78°Ctort/3h

4.168a ( 91%)

4.127c 4.167af For 4.167a
LDA (3-5 equiv)
TMEDA (3-5 equiv)
THF/60 °C/~16h
4.167 Ar Yid (%) 4.167 (Het)Ar Yid (%)

o o T o

Ph 94 e 2,4,6-Me3-CgH,
4-MeCgHqy 96 Et3Si
4-F-CgH, 72
P(O)(NEty)
2—MeO—C6H4 86

4.169a (63%)

The deprotonation of the vinylogously acidic 2’-methyl hydrogen in 4.170 (Scheme 4.27)
is worth testing as it may result in the translocation of the phosphoryl group to furnish the
phosphamide 4.171, a synthetically useful substrate in the Corey methodology towards
olefins. In fact, Fu and Snieckus’s curiosity concerning the original carbamide version of

this reaction was generously rewarded with high yields of phenanthrols (4.172 — 4.173).

(Et,N),0PO MeO
Et,Si 1) base Et,Si
2
Me ) Me

4.170 4.171

P(O)(NEtp),

LDA (2.5 equiv)

—_—
THF/0°Ctort
88-96%
4.172 R=H, OMe
R' = H, Cl, CONEt,
Scheme 4.27

277



4.3.4 Cross Coupling of Arylphosphorodiamidates

Often, the synthetic opportunities offered by a DMG need not end with the regioselective
modification of the ortho-position(s). Resourceful heteroatom-based DMGs such as the
carbamate, thiocarbamate,’” sulfamate and sulfonamide™ groups have granted further
synthetic possibilities in that they can be removed or replaced through transition metal-
catalyzed reactions. Following this strategy, it was our intention to probe the potential of
the OPO(NEt,), group as a leaving group (LG) in cross coupling reactions. In the
absence of a precedent, a screening of potential reaction conditions was based on the
known coupling of the OPO(OR), group. The only known cross coupling of aryl
phosphates was developed by Kumada and involves the use of aluminium or Grignard
reagents as nucleophiles under Ni catalysis (Scheme 4.28).>% A Pd-catalyzed variation of
this protocol has been recently applied to the coupling of heteroaryl phosphates with
Grignard reagents (Scheme 4.29).>> On the other hand, vinyl phosphates have been

59,58¢

coupled under Kumada,56 Stille,”’ Suzuki,58 and Negishi conditions, and these

reactions are now viable alternatives to the expensive triflate and nonaflate counterparts.

OPO(OEt), R
Ni(acac), / \ /@\
OPO(OEt);  or NiCly(dppf) / 5 mol% R! CsHyy N Ph CsHay N Ph
RMgX or EtsAl or H Pd,(dba)z (5mol%) H
g0 N trans-1-hexenylAl'Bu, rl N 4.176a CyPF'Bu (5 mol%) 4.177a
- — » Ry or —_ or
Z Et,0/rt/6-16 h = OPO(CEt)2 Ey,0/rt/6-16 h R
Z RMgX (2 equiv) Z
4.174 52-99% 4175 = =
R =H, 4-Ph, 4-MeO, 4-OPO(OEty);, R = TMSCHy, 4-MeCgHg, Ph, NG 48-97% S NZ
2,3-(CH=CH),, 3,4-(Ch=CH),) "Bu, Et, 1-hexenyl Cobys R = Me, Et, Ph, Bn, CH,TMS CeHyy
4.176b 4.177b
Scheme 4.28 Scheme 4.29

Furthermore, the Suzuki coupling of an alkenyl phosphate has been used successfully to

connect two large precursors in the total synthesis of marine polycyclic ether (-)
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gambierol.”’ Interestingly, a few examples of the Pd-catalyzed reductive cleavage of the
diphenyl phosphate group have been reported.®’  Unfortunately, due to their rapid 1,3
O—C migration, diethyl aryl phosphates cannot be functionalized via DoM to provide
ortho-substituted derivatives of value for cross coupling or reductive cleavage chemistry.
The indirect approach chosen by Knochel for the removal of OPO(NMe,), group upon
completion of DoM chemistry (hydrolysis of the DMG and formation of the nonaflate)
suggests that this DMG suffers the opposite limitations (facile DoM, difficult cross
coupling). Another indirect approach may be based on the methanolysis of aryl
phosphorodiamidates which, albeit carried out under strong Lewis acid conditions, has

been demonstrated to occur in good yield in limited cases (Scheme 4.30).

OPO(NMe2)2 OPO(OCH3)2
BF3-MeOH
0°Ctort
89%
4.42a 4.178
Scheme 4.30

It was recognized that the direct cross coupling of the OPO(NEt;), group would allow
drastic widening of its synthetic potential and its applications. To date, heteroatom-based
DMGs have only been cross coupled or reduced under Ni catalysis and, naturally, this
was our starting point.”’*>* Ni(acac), and IMesNiCpCl, which were the best catalysts
for the cross coupling and/or the reduction of the diethyl- carbamate, sulfonamide and
sulfamate groups (Scheme 4.1), failed to provide the o-substituted aryl
phosphorodiamidates 4.179 using the prototype 4.126b as starting material (Table 4.8).
With these and other Ni catalysts, most of the Grignard reagent coupling partners was

merely found as hydrolyzed products upon quench of the reaction mixture with NH4Cl
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(36-87%) or as homocoupled products. Phosphorodiamidate 4.126b was mostly
recovered unreacted (46-79%) and, in the few exceptions, its fate could not be reliably
determined because of the complexity of the reaction mixture. Eventually an
encouraging breakthrough came from the efforts of Blackburn and Frendo-Cumbo,” who
tested the conditions recently established by Skrydstrup for the coupling of vinyl

phosphates with arylboronic acids (Entry 4, Table 4.9).%

Table 4.8 Catalyst Screening for the Kumada-
Corriu Cross Coupling of 4.126b
OPO(NEt,), OMe
MeO Reacf(ipn
conditions
------------- = R
4.126b 4.179
Catalyst (5 mol%)
Ligand RMgX (1.5 equiv) Conditions
Ni(acac),/ dppp PhMgBr THF /rt/ 24h
Ni(acac), PhMgBr (3equiv) Et,O/rt/15h
NiCl,(PPh3), 4-MeOCgH4MgCl Et,O /rt/15h
or

IPrNi(Cp)CI 2-MeCgH4MgClI Et,O /rt/15h
or

IMesNi(Cp)CI TMSCH,MgCl Et,O /rt/15h

Frendo-Cumbo found that, although PCys; (generated in situ from the stable
tetrafluoroborate salt) is beneficial in the Ni-catalyzed coupling of 4.126a (entry 4), it
loses its efficacy when used in combination with Pd(dba), or Ni(acac), (entries 3 and 5,
respectively). Changing PCys; with P‘Bus, concordantly with Skrydstrup’s experience,
led to worse results, while the N-heterocyclic carbene-based Ni catalysts (entry 6) did not
catalyze the reaction at all. Finally, optimization of these promising conditions through
tests in different solvents, pointed to the effect of toluene (entry 5, Table 4.10). While

refluxing of the reaction mixture in toluene gave 44% of 4.180, this yield could be
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improved to 70% through microwave irradiation to 150 °C (entry 6). While these
preliminary results are encouraging, it is important that the generalization of this reaction
include several cases of o-substituted phenyl phosphorodiamidates. If an effective DoM-
cross coupling link for the OPO(NEt,), group is to be established, the possible steric and
electronic effects of substituents adjacent to the coupling site must be thoroughly

explored and addressed through further optimization of the reaction conditions.

Table 4.9 Catalyst Screening for the Suzuki-
Miyaura Cross Coupling of 4.126a

OPO(NEty),
4-MeCgH4B(OH), Me
(1.2 equiv)
K3POy4 (3 equiv)
.............. s
THF /reflux / 17h
4.126a 4.180
Entry Catalyst (5 mol%) Ligand
1 NiCl, dppf
2 NI(COD), P'Bus (6 mol%) traces
3 Pd(dba), HPCy3*BF, (8 mol%)
4 Ni(COD), (4%) HPCy3*BF4 (8 mol%)  17%
5 Ni(acac), (4%) HPCy3*BF4 (8 mol%)

6 IMesNi(Cp)Cl,
IPrNi(Cp)Cl, SiMesNi(Cp)CI
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Table 4.10  Solvent Screening for the Suzuki-
Miyaura Cross Coupling of 4.126a

4-MECGH4B (OH)2
(1.2 equiv)
Ni(COD), (4 mol%)
K3POy4 (3 equiv)
4.126a  sereeesemmeseeees > 4.180
HPCy3*BF, (8 mol%)
Solvent / temperature

Entry Solvent/temperature

1 DMF / reflux / 24h

2 xylenes /reflux / 24h 4-7%
3 dioxane/reflux / 24h

4 DME/reflux / 24h

5 toluene/reflux / 24h 44%

6 toluene/ (uW irradiation /150 °C)/1h 70%

4.4  Future Work

While the ortho-directing ability of the OPO(NEt,), group has been fully demonstrated,
other applications of this DMG remain to be explored and generalized, a process that
Blackburn has recently initiated. In context of potential utility, the P-DreM reaction may
also offer an interesting contribution in the field of P-ligand synthesis. Through their
stepwise reduction to phosphines 4.183 (Scheme 4.31), phosphonamides 4.181 may
represent valuable intermediates towards the synthesis of biaryl phosphine ligands which
are successfully used in challenging Suzuki-Miyaura cross coupling reactions. The
synthetic potential of the DoM of aryl phosphorodiamidates would thus provide access to
biaryl phosphines with unusual substitution patterns. The desirable features of a biaryl
phosphine ligand have been established by Buchwald.®* Among several advantageous
characteristics, substitution of the non phosphorylated ring, especially at C,- and Cg,

(4.184, Scheme 4.31) has been found to increase the stability and, by effect of its greater
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size which discourages further coordination, also the concentration of monoligated
L,Pd(0), the key species in the catalytic cycle. On the phosphorylated ring, a substituent
ortho to phosphorus (R*) locks the conformation of the phosphine group relative to the
alternate ring and increases the rate of reductive elimination. If possessing directing
ability, R* can be predicted to facilitate a regioselective phospha-DreM reaction by
synergistically combining its directing effect with that of the phosphorodiamidate DMG
(4.185 — 4.186). Compound 4.188f, structurally related to the DreM product 4.159a and
4.169a (Tables 4.9 and 4.10, respectively), have been synthesized as a member of a series
of phosphorus-bearing axially chiral biaryls obtained by Co-catalyzed asymmetric cross-

cyclotrimerization of 4.187a-f (Table 4.11).%

PG N 1) RLi PG

(Et,N),0PO O 1 base OMe O
......... >
PG 2) Mel PG R
1_ i i
R™ =H, Me, NMe,, OMe, 'Pr, O'Pr PO(NEt5)>

R?=0Me, 'Pr,O'Pr R®=H,'Pr
4,184 (biaryl phosphine ligand) 4.185 4,186

Scheme 4.31
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Table 4.11  Co-Catalyzed Asymmetric Cross-Cyclotrimerization of 4.187

SP<pg )
// hv/ Co-chiral AlH
catalyst 3
Qi p—— —
AN 2555 °C PO)Rz THF /40 °C PR,
OMe PhMe or THF OMe 05h OMe
OO 12-48h O O 96% O O
4.187a-f 4.188a-f 4.189a,b
(for R = Ph and 4-MeOCgHy)
R 4.188 (%) %ee
a Ph 49 79
b 4-MeOCgH, 51 72 (>99)2
c 3,5-(CF3)CgHa 24 56
d '‘Bu 61 82 (>99)?
e 1-adamantyl 44 83 (>99)%
f NMe, 80 68

a After recrystallization

Since all of these compounds exist in the form of stable atropisomers at least up to 60 °C,
their reduction to phosphines (4.189a,b) without erosion of enantiomeric excess appears
to be an interesting approach to axially chiral P-ligands. This naturally suggests a close

look at the possibility of developing an enantioselective phospha-DreM reaction through

the use of chiral bases or chiral additives (Scheme 4.32).%¢-%7

| =6
P
B(OH),

1) chiral base

1) "BulLi
OPO(NR), 2) TMSC' OPO(NR), OPOMNR)2 ™ "chiral additive
.................................... »
3)° BuLl ™S ™S 2) Mel

4) B(O'Pr)3 A yIBr 3) TBAF
4.190 4101 4102

Scheme 4.32

The cross coupling of the OPO(NEt;), group is a relevant achievement because it allows
its replacement with more desirable functionality while bypassing Knochel’s manoeuvre
for converting it into a reactive nonaflate group (Scheme 4.14). Scope definition of this

reaction is necessary with particular attention to the lateral metalation/cross coupling link

284



for which the phosphorodiamidate group, compared to other 0o-DMGs, appears to be

particularly suited.

As for the external trapping of o-lithiated aryl phosphates, there has been a clear lack of
interest on this topic, which clashes with the numerous reports and applications of their
phospha-Fries rearrangement. However, the behaviour of the OPO(NEt,), group in this
regard may suggest that bulkier aryl phosphates may, at standard metalation
temperatures, generate persistent and therefore more useful o-lithiated species. Virtually
all 1,3-rearrrangements of aryl phosphates have been observed upon spontaneous
warming of the reaction mixture to rt.'**'*%  Ag a result, it remains unknown whether
di-tert-butyl or di-iso-propyl ary Iphosphates, for example, by undergoing a slower
rearrangement, are suitable substrates for DoM - subsequent external electrophile quench
reactions. However, a study on the steric and electronic effects in the phospha-Fries
rearrangement suggests that this process is indeed somewhat slower for bulkier
phosphates.”” In any case, anionic o-functionalization of diethyl aryl phosphates should
be definitely tested with Knochel’s Li/Mg mixed bases®®~"”" and ate complexes’' which
are known to generate stable metalated species even at relatively high temperatures. In
case of a positive outcome, the DoM of aryl phosphates may be easily linked to all post-

this work

DoM reactions (lateral migration of the phosphoryl group, Ni-catalyzed-cross

435 pd-catalyzed reductive and hydrolytic cleavage'*“®**%¢) for which

coupling,
encouraging precedents already exist. The DreM reaction of biaryl phosphates, if
successful, may also be linked to the appealing oxidative Heck-type reaction which,

through a C-P bond cleavage, removes the phosphoryl group and replaces it with versatile

alkenyl substituents (4.198 — 4.199, Scheme 4.33).
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4.5 Conclusions

Following Watanabe’s development of the OPO(NMe,), DMG which requires metalation
temperatures as low as —105 °C to prevent the facile 1,3 O—C rearrangement (4.42a-h
— 4.43a-h, Table 4.3), the hypothesis was formulated that a more hindered DMG may
escape this fate at temperatures whereby the OPO(NMe,), group does not. Thus,
metalation studies of the readily prepared tetraethyl aryl phosphorodiamidates 4.126a,b
(Scheme 4.18) were undertaken. The results show that: a) the bulkier
bis(diethylamino)phosphoryl group resists the intramolecular ortho-migration under —78
°C metalation conditions but it undergoes quantitative migration at —30 °C (Scheme 4.18)
presumably through the intermediacy of 4.200 (Fig. 4.4); b) at —78 °C, the ortho-lithiated
derivatives of 4.126a,b may be trapped with a wide range of electrophiles to furnish
4.127a-j in 52-99 % yield (Scheme 4.18); c) as suggested by intermolecular competition

experiments, the directing power of the OPO(NEt,), group is comparable to that of the
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OCONEt, group (Scheme 4.19); d) both tolyl phosphate 4.141 and tolyl
phosphorodiamidate 4.127i undergo facile lateral metalation at —78 °C followed by a
vinylogous P-Fries rearrangement which, for the latter, is remarkably slower, presumably
due to a 10 kcal/mol difference in the energy barrier involved in the formation of the
intermediate 4.201 (Fig. 4.4). This reaction furnishes valuable intermediates for the

Horner-Wadsworth-Emmons and the Corey olefinations.

RoN
Lioy, Et2 NEt, Lio| /NRe
'a.AP |“\\OLi o/ 1
o™ T ~NEt, =N 4202a R=Me R'=Ph
NEt, R% 4202b R=Et R'=Ph
MeO O 4202c R=Et R'=TES
4.200 4.201

Figure 4.4 Pentacoordinated Intermediates Involved in the Ortho-, Vinylogous
and Remote P-Fries Rearrangements

In a quest of further anionic reactions amenable to this new DMG, preliminary results
obtained by Zumbansen and Lampert in the directed remote metalation of biaryl 4.168
(Table 4.7) and teraryl phosphorodiamidates 4.157b (Table 4.6) show that the
bis(dimethylamino) and bis(diethylamino)phosphoryl groups are capable of migration to
the alternate ring, a process suggested to proceed via pentacoordinated phosphorus
species 4.202a,c (Fig. 4.4). Finally, drawing from several precedents in the cross
coupling of aryl and vinyl phosphates, a preliminary ligand/catalyst screening was
performed that, through Frendo-Cumbo’s work, led to the establishment of a protocol for
the Ni-catalyzed cross coupling of phosphorodiamidate 4.126a with phenylboronic acid

(Table 4.10).
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Experimental Section

For General Methods see Section 2.7.

General Procedure A. Phenyl N,N,N’,N’-tetraethylphosphorodiamidate (4.126a)

OPO(NELY), A 200 mL flask was charged with NaH (1.53 g, 38.26 mmol, 60%
dispersion in mineral oil) and anhydrous THF (50 mL). To this cooled
suspension (0 °C) was slowly added a solution of phenol (3 g, 31.88
mmol) in THF (10 mL) while allowing the escape of H, through a vent. The reaction
mixture was stirred for 6 h at rt and CIPO(NEt;), (8.12 mL, 38.26 mmol) was then added.
After stirring for additional 6 h at rt, the resulting reaction mixture was quenched with a
satd aq soln of NH4Cl (10 mL) and the organic layer was extracted with NaOH (30 mL,
IM aq soln), washed with brine and dried (Na,SO4). Solvent removal under reduced
pressure and distillation of the oily residue gave 8.7 g (96% yield) of 4.126a as a
colorless oil, bp 125 °C/0.06 mm Hg; IR (film) Vinax cm’! 2972, 1591, 1030, 777, 'H
NMR (400 MHz, CDCl3) ¢ 7.22-7.31 (m, 4H), 7.09 (t, 1H, J = 7.8 Hz), 3.09-3.20 (m,
8H), 1.10 (t, 12H, J = 7.2); *CNMR (100 MHz, CDCls) § 151.6 (d, J = 5.9 Hz), 129.4,
123.8, 120.2 (d, J = 5.1 Hz), 39.7 (d, J = 4.7 Hz), 14.1 (d, J = 2.2 Hz); *'P NMR (162
MHz, CDCls) & 14.4; LRMS m/z (rel intensity %) 284 (M, 24), 269 (100), 212 (66), 198
(44), 191 (37), 77 (25), 72 (36); HRMS caled for Ci4HasN>O,P 284.1654, found

284.1663.
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General Procedure B for the Directed ortho Metalation of Aryl
Phosphorodiamidates 4.126a,b

A solution of ‘BuLi (1.94 mmol, ~ 1.3 M) was added dropwise at —78 °C to a stirred
solution of 4.126a or 4.126b (1.76 mmol) in THF (5 mL). After stirring for 1 h at this
temperature, the electrophile (1.94 or 2.11 mmol, neat or as a THF solution) was added,
the reaction mixture was stirred for 20 min and allowed to warm to rt. Standard work up

and purification yielded compounds 4.127a-j.

2-Methoxyphenyl N,N,N’,N’-tetraethylphosphorodiamidate (4.126b)
OPO(NEL)s Prepared according to General Procedure A from guaiacol (4.125b, 2 g,
OMe  16.1 mmol), NaH (0.77 g, 19.33 mmol, 60% dispersion in oil) and
CIPO(NEt;), (4.10 mL, 19.33 mmol). Standard work up and kugelrohr
distillation of the crude residue (100 °C/0.06 mmHg) afforded 5.58 g (92% yield) of
4.126b as a clear oil, bp 125-135 °C/0.06 mm Hg; IR ( film) Vinax cm’! 2971, 2878, 1594,
1504, 1031, 913, 792, 528; '"H NMR (400 MHz, CDCl3) §7.42 (d, 1H, J = 7.9 Hz), 7.05
(t, 1H, J=7.6 Hz), 6.91-6.86 (m, 2H), 3.83 (s, 3H), 3.12-3.21 (m, 8H), 1.10 (t, 12H, J =
7.1 Hz); “C NMR (100 MHz, CDCls) & 150.8 (d, J = 6.1 Hz), 140.9 (d, J =5.8 Hz),
124.3,121.5 (d, J=2.9 Hz), 120.7, 112.3, 55.8, 40.0 (d, J = 3.9 Hz), 39.7 (d, J = 4.8 Hz),
14.1 (d, J = 2.3 Hz), 13.5 (d, J = 3.5 Hz); MS m/z (rel intensity) 315 (M-H", 100), 242

(12), 191 (7); HRMS (calcd for CsH,3N,O3P) 315.1838, found 315.1844.
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2-(Trimethylsilyl)phenyl N,N,N’,N’-tetraethylphosphordiamidate (4.127a)
OPONEL), Prepared according to general procedure B and using 4.126a (0.5 g, 1.76
SiMes  mmol) and TMSCI (0.27 mL, 2.11 mmol) as electrophile. Standard work
up and chromatography (hexanes/EtOAc 4:1) yielded 0.58 g (84%) of
4.127a as a colorless solid, mp 30-31 °C (hexanes/EtOAc); IR ( film) Vi cm™ 2971,
1456, 1241, 842. "H NMR (400 MHz, CDCls) §7.65 (d, 1H, J= 8.4 Hz), 7.39 (d, 1H, J =
7.2 Hz), 7.30 (t, 1H, J = 8.0 Hz), 7.04 (t 1H, J = 7.2 Hz), 3.05-3.28 (m, 8H), 1.08 (t, 12
H, J = 6.8 Hz), 0.30 (s, 9 H); °C NMR (100 MHz, CDCl;) § 157.4 (d, J = 6.0 Hz),
135.1, 129.6, 128.3 (d, J = 10.6 Hz), 122.7, 117.7 (d, J = 3.2 Hz), 39.2 (d, J = 4.6 Hz),
13.7 (d, J=2.6 Hz), -0.7; *'P NMR (162 MHz, CDCl3) & 14.1; MS m/z (rel intensity) 356
(3), 341 (100), 327 (19), 284 (20), 191 (83), 72 (53); HRMS (calcd for C;7H33N,0,PSi)

356.2049, found 356.2050.

0-Tolyl N,N,N’,N’-tetraethylphosphordiamidate (4.127b)

OPO(NEL), Prepared according to general procedure B and using 4.126a (0.5 g, 1.76

Me mmol) and Mel (0.13 mL, 2.11 mmol) as electrophile. Standard work up

and chromatography (hexanes/EtOAc 3:1) yielded 0.47 g (89%) of 4.127b
as a yellow oil, IR ( film) Vi cm™ 2971, 1480, 1241, 784; "H NMR (400 MHz, CDCl;):
07.48 (d, 1H,J =8.0 Hz), 7.14 (d, 1H, J=7.2 Hz), 7.11 (t, 1H, J= 8.0 Hz), 6.96 (t, 1H,
J =17.2 Hz), 3.08-3.22 (m, 8H), 2.27 (s, 3H), 1.08 (t, 12H, J = 7.2 Hz); *C NMR (100
MHz, CDCls) 6 150.3 (d, J = 6.0 Hz), 130.9, 128.2 (d, J = 7.6 Hz), 126.8, 123.3, 119.2

(d, J = 3.0 Hz), 39.7 (d, J = 4.7 Hz), 16.7, 14.0 (d, J = 2.3 Hz); >'P NMR (162 MHz,
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CDCl3) 5 13.8; MS m/z (rel intensity) 298 (M, 16), 283 (47), 269 (4), 226 (21), 191 (57),

107 (20), 91 (32), 72 (100); HRMS (calcd for C;sHa7N,0,P) 298.1810, found 298.1819.

2-Todophenyl N,N,N’,N’-tetraethylphosphordiamidate (4.127¢)

OPO(NEt,), Prepared according to general procedure B and using 4.126a (0.5 g, 1.76
mmol) and I (0.53 g, 2.11 mmol) as electrophile. Standard work up and
chromatography (hexanes/EtOAc 3:2 yielded 0.62 g (86%) of 4.127¢c as a

colorless solid, mp 43-44 °C (Hex/EtOAc), IR (KBr) vinaccm™ 2969, 1578, 1467, 1231,
1027, 904, 759, 542; 'H NMR (400 MHz, CDCl3) 7.66 (d, 1H, J = 8.0 Hz), 7.63 (d, 1H, J
=8.0), 7.18 (dt, 1H, J=7.8 and 1.6 Hz), 6.71 (t, 1H, J= 7.6 Hz), 3.97-3.20 (m, 8H), 1.00
(t, 12H, J = 7.2 Hz); >C NMR (100 MHz, CDCl3) §151.7 (d, J = 4.4 Hz), 139.3, 129.3,
124.9, 119.7 (d, J = 2.8 Hz), 87.9 (d, J = 9.8 Hz), 39.6 (d, /= 4.8 Hz), 14.0 (d, J = 2.3
Hz); *'P NMR (162 MHz, CDCl3) & 14.2; MS m/z (rel intensity) 410 (M", 16), 395 (100),
337 (79), 283 (48), 218(13), 191 (59); HRMS (calcd for Ci4H24IN,O,P) 410.0620, found

410.0634.

2-Bromophenyl N,N,N’,N’-tetraethylphosphordiamidate (4.127d)

Prepared according to general procedure B and using 4.126a (0.5 g, 1.76
OPO(NEty),
Br mmol) and (Br,CH), (0.25 mL, 2.11 mmol) as electrophile. Standard
work up and chromatography (hexanes/EtOAc 13:7) yielded 0.43 g (67%)
of 4.127d as a colourless oil, IR ( film) Vpax cm’' 2972, 1470, 1375, 1240, 1031, 792,
759, 534; 'H NMR (400 MHz, CDCl3) §7.72 (d, 1 H, J= 8.0 Hz), 7.54 (d, 1 H, J = 8.0

Hz), 7.26 (t, 1H, J= 7.6 Hz), 6.96 (t, 1H, J= 7.6 Hz), 3.10-3.31 (m, 8H), 1.10 (t, 12H, J
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= 7.2 Hz); >C NMR (100 MHz, CDCl;) §149.0 (d, J = 4.5 Hz), 133.3, 128.4, 124.5,
120.9 (d, J=2.9 Hz), 113.8 (d, J= 9.0 Hz), 39.6 (d, J = 4.9 Hz), 14.0 (d, J = 2.3 Hz); *'P
NMR (162 MHz, CDCls) & 14.2; MS m/z (rel intensity) 364 (M+2, 8), 362 (M", 8), 349
(53), 347 (54), 292 (45), 290 (45), 278 (37), 276 (37), 191 (100); HRMS (caled for

C14H24N202PBI'-H+) 3630837, found 363.0836.

2-Formylphenyl N,N,N’,N’-tetraethylphosphordiamidate (4.127¢)

OPO(NEL,), Prepared according to general procedure B and using 4.126a (0.5 g, 1.76

CHO mmol) and anhydrous DMF (0.15 mL, 1.94 mmol) as electrophile.

Standard work up and passage through a short silica plug (hexanes/EtOAc
3:2) yielded 0.54 g (98%) of 4.127e as a clear oil, IR ( film) Vi cm™ 2972, 1693, 1600,
1478, 1375, 1243, 1212, 1194, 1026, 905; '"H NMR (400 MHz, CDCl3) 6 10.45 (s, 1H),
7.86 (d, 1H, J="7.5 Hz), 7.72 (d, 1H, J = 8.4 Hz), 7.56 (dt, 1H, J= 7.8 and 1.8 Hz), 7.20
(t, IH, J = 7.5 Hz), 3.0-3.25 (m, 8H), 1.10 (t, 12H, J = 7.2 Hz); °C NMR (100 MHz,
CDCly) & 188.9, 154.3, 135.7, 128.5, 126.7, 123.8, 120.7, 39.6, 14.0; *'P NMR (162
MHz, CDCls) 6 14.6; MS m/z (rel intensity) 283 (5), 269 (30), 240 (77), 212 (32), 191

(38), 176 (36), 72 (100); HRMS (caled for C1sHysN2OsP) 312.1603, found 312.1617.
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2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl ~ N,N,N’,N’-tetraethylphos-
phorodiamidate (4.127f)

Prepared according to general procedure B and using 4.126a

(Et,N),0PO o)% (0.5 g, 1.76 mmol) and B(O'Pr); (0.49 mL, 2.11 mmol) as
O

electrophile. The reaction mixture was then treated with

pinacol (0.31 g, 2.64 mmol) and was stirred for 10 h. Standard
work up and chromatography (hexanes/EtOAc 1:1) yielded 0.377 g (52%) of 4.127f as a
colorless solid, mp 62-63 (hexanes); IR ( film) Ve cm™ 2975, 1590, 1452, 923; "H NMR
(400 MHz, CDCl3) 67.73 (d, 1H, J = 7.6 Hz), 7.70 (d, 1H, J = 8.4 Hz), 7.36 (t, 1H, J =
8.0 and 1.6 Hz), 7.06 (t, 1H, J = 7.2 Hz), 3.09-3.28 (m, 8H), 1.32 (s, 12H), 1.03 (t, 12H,
J=17.2 Hz); °C NMR (100 MHz, CDCl3) § 156.5, 136.8, 132.4, 123.1, 119.8 (d, J = 3.1
Hz), 83.4, 39.3 (d, J = 5 Hz), 24.9, 14.0 (d, J = 2.4 Hz); °'P NMR (162 MHz, CDCl3) &
13.6; MS m/z (rel intensity) 410 (M", 1), 395 (18), 381 (26), 352 (100), 323 (23), 281

(36), 246 (91), 72 (38); HRMS (calcd for C2H36BN,O4P-H") 411.2584, found 411.2599.

2-(Phenylthio)phenyl N,N,N’,N’-tetraethylphosphordiamidate (4.127g)

Prepared according to general procedure B and using 4.126a (0.5 g, 1.76
OPO(NEty),

SPh mmol) and (after a metalation time of 2 h) PhSSPh (1.15 g, 5.28 mmol in 5
mL of anhydrous THF) as electrophile.  Standard work up and
chromatography (hexanes/EtOAc 3:1) yielded 0.53 g (77%) of 4.127g as a clear oil, IR
(film) vy cm™ 2971, 1471, 1241, 1210, 1200, 1172, 1025, 908, 753; '"H NMR (300
MHz, CDCl3) 6 7.69 (d, 1H, J = 8.4 Hz), 7.20-7.35 (m, 6H), 7.08-7.18 (m, 1H), 7.00 (t,

1H, J = 7.2 Hz), 3.00-3.27 (m, 8H), 1.50 (t, 12H, J = 6.9 Hz); "CNMR (100 MHz,
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CDCL) § 150.3, 134.6, 132.1, 130.8, 129.2, 128.4, 127.0, 124.0, 120.2, 119.9, 39.5,
13.9; 'P NMR (162 MHz, CDCls) & 13.8; LRMS m/z (rel intensity %) 392 (M", 32), 320

(100), 283 (23), 248 (26), 191 (32), 72 (32); HRMS caled for CaoHaoN,0,PS 392.1687,

found 392.1687.

2-(Diethylcarbamoyl)phenyl N,N,N’,N’-tetraethylphosphordiamidate (4.127h)
OPO(NEty),  Prepared according to general procedure B and using 4.126a (0.5 g,
CONEL 1.76 mmol) and CICONEt, (0.267 mL, 2.11 mmol) as electrophile.
Standard work up and chromatographic separation (hexanes/EtOAc 1:1)
yielded 0.42 g (61%) of 4.127f as a clear oil, IR (film) Viax em™! 2973, 2935, 2875, 16338,
1381, 1295, 1241, 1033, 915; 'H NMR (300 MHz, CDCl3) §7.66 (d, 1H, J = 8.4 Hz),
7.30 (dt, 1H, J= 7.8 and 1.6 Hz), 7.19 (d, IH, J=7.2 Hz), 7.1 (t, 1H, J = 7.2 Hz), 3.52-
3.66 (m, 1H), 3.40-3.52 (m, 1H), 2.96-3.30 (m, 10H), 1.25 (t, 3H, J = 7.2 Hz), 1.13 (4,
6H, J = 7.2 Hz), 1.04 (t, 3H, J = 6.8 Hz), 0.96 (t, 6H, J = 6.8 Hz); "CNMR (100 MHz,
CDCl) ¢ 168.0, 147.7 (d, J = 5.6 Hz), 129.7, 128.6 (d, J = 8.4 Hz), 127.2, 123.5, 119.8
(d, J = 3.1 Hz), 43.2, 39.5, 39.3, 14.2, 14.1, 13.6, 13.1; *'P NMR (162 MHz, CDCl3) &
13.6; LRMS m/z (rel intensity %) 383 (M, 1), 311 (100), 283 (27), 240 (85), 205 (16),

192 (13), 72 (43); HRMS caled for C1oH3;N305P 383.2338, found 383.2345.
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2-Methoxy-6-methylphenyl N,N,N’,N’-tetraethylphosphordiamidate (4.127i)

OPO(NELy), Prepared according to general procedure B and using 4.126b (0.55 g,

MeO Me 176 mmol) and Mel (0.13 mL, 2.11 mmol) as electrophile. Standard

work up and chromatography (hexanes/EtOAc 2:1) yielded 0.51 g
(88%) of 4.127i as a yellow oil, IR (neat) Vi, cm™ 2981, 2363, 1474, 1210, 1023, 894,
766, 534. "H NMR (400 MHz, CDCl3) §6.98 (t, 1H, J=7.9 Hz), 6.78 (d, 1H J = 8.0 Hz),
6.74 (d, 1H, J = 7.9 Hz), 3.82 (s, 3H), 3.08-3.29 (m, 8H), 2.41 (s, 3H), 1.11 (t, 12H, J =
7.1 Hz); >C NMR (100 MHz, CDCl3) §151.6, 139.4, 132.1 (d, J= 3.4 Hz), 124.3 (d, J =
1.8 Hz), 123.2, 109.8, 55.6, 39.8, 17.7, 14.2 (d, J = 2.7 Hz); >'P NMR (162 MHz, CDCl;)
5 13.9; MS m/z (rel intensity): 329 (M-H", 100), 313 (13), 256 (47), 191 (15); HRMS

(calcd for Ci6sH30N203P) 329.1994, found 329.1984.

2-Methoxy-6-(trimethylsilyl)phenyl N,N,N’,N’-tetraethylphosphordiamidate (4.127j)

OPO(NEt,), Prepared according to general procedure B and using 4.126b (0.55 g,

MeO TMS
1.76 mmol) and TMSCI (0.27 mL, 2.11 mmol) as the electrophile.

Standard work up and chromatography (hexanes/EtOAc 3:2) yielded
0.58 g (86%) of 4.127j as colourless crystals, mp 76-77 °C (hexanes/EtOAc); IR (neat)
Vimax €' 2978, 2950, 2896, 2867, 1571, 1429, 1268, 1237, 1172, 1028, 907; 'H NMR
(400 MHz, CDCl3) ¢ 7.05 (dt, 1H, J = 8.0 and 0.8 Hz), 6.99 (ddd, 1H, J= 7.3 and 2.0
and 0.8 Hz), 6.93 (dd, 1H, J = 8.0 and 1.6 Hz), 3.82 (s, 3H), 3.04-3.2 (m, 8H), 1.05 (t,
12H, 7.2 Hz), 0.34 (s, 9H); >*C NMR (100 MHz, CDCl3) §150.5, (d. J = 3.0 Hz), 145.4

(d, J = 8.0 Hz), 133.1 (d, J = 5.0 Hz), 127.0, 124.3, 114.1, 55.7, 40.2 (d, J = 5.0 Hz),
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14.3, (d, J = 2.0 Hz), 0.00; MS m/z (rel intensity) 386 (8), 372 (69), 371 (100), 314 (34),

191 (87); HRMS (calcd for C15H3sN,05PSi) 386.2155, found 386.2151.

Intermolecular Competition Experiment for 4.126a and 4.129

A 25 mL flame-dried flask was charged with a solution of 4.126a (0.467 mL, 1.76 mmol)
and 4.129 (0.323 mL, 1.76 mmol) in THF (10 mL). To this cooled (78 °C) and
vigorously stirred solution was dropwise added *BuLi (1.41 mL, 1.85 mmol, 1.315 M).
After stirring for 1 h, CD;OD (0.11 mL, 2.64 mmol) was added and the reaction mixture
was allowed to warm to 0 °C. Standard work up and chromatography (hexanes/EtOAc
17:3) afforded 0.31 g (90%) of 4.131/4.129 and 25 mg (5%) of 4.132. Further elution of
the column with EtOAc yielded 0.43 g (86%) of 4.130/4.126a. The 'H NMR spectrum of
the mixture 4.130/4.126a displayed the following signals: (400 MHz, CDCl;) 6 7.22-
7.31 (m, 3.5H, H»-H3), 7.09 (t, IH, J = 7.8 Hz, Hy), 3.09-3.20 (m, 8H), 1.10 (t, 12H, J =

7.2) and its deuterium content was calculated as follows:

4.0 (theoretical area for H,-H; peak at 7.22-7.31 5 -
4.130 3.5 (area for H,-H; peak at 7.22-7.31 & (m, 4.130+4.126a)
= = 0.5
4.126a 1.0 (area for H, peak at 7.09 (t, J = 7.8 Hz) for 4.130+4.126a)

An analogous method was used to calculate the deuterium content of the mixture of

4.131/4.129.

N,N,N’,N’-Tetraethyl-2-hydroxyphenylphosphonic diamide (4.128)
OH A solution of ‘BuLi (3.70 mmol, ~ 1.3 M in cyclohexane) or,
PO(NEty),

alternatively, a solution of LDA (3.70 mmol, ~ 0.7 M in THF) was

added dropwise to a stirred solution of 4.126a (0.5 g, 1.76 mmol) in
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THF (5 mL) at —78 °C. After stirring for 1h at this temperature, the reaction mixture was
allowed to warm to rt. Standard work up yielded, without separation, 0.49 g (98%) of
4.128 as clar oil, IR (neat) vipa, cm™ 2974, 2932, 2873, 1576, 1453, 1301, 1251, 1206,
1128, 1021, 950, 762, 705; '"H NMR (400 MHz, CDCl3) & 10.0-12.0 (bs, 1H), 7.33 (dt,
1H, J=8.0 and 1.2 Hz), 7.23 (ddd, 1H, J = 14.8, 9.6 and 2.0 Hz), 6.91 (dd, 1H, J = 8.0
and 5.2 Hz), 6.80 (ddt, 1H, J=28.0, 3.2 and 1.2 Hz), 3.05-3.17 (m, 8H), 0.96-1.13 (t, 12H,
J =172 Hz); "C NMR (100 MHz, CDCl3) §162.4, 133.5, 130.9, 118.45 (d, J = 9.8 Hz),
117.8, 113.1 (d, J = 150 Hz), 38.4, 13.5; *'P NMR (162 MHz, CDCls) & 34.5; MS m/z
(rel intensity): 284 (M, 53), 267 (10), 212 (91), 196 (29), 184 (29), 72 (100); HRMS

(caled for Ci4H25N,0,P) 284.1654, found 284.1657.

Diethyl 2-methoxy-6-methylphenyl phosphate (4.141)

OPO(OEt), Prepared according to general procedure A from 2-methoxy-6-

Me methylphenol” (4.140, 5 g, 36.23 mmol), NaH (1.74 g, 43.5 mmol,

60% dispersion in oil) and CIPO(OEt), (6.28 mL, 43.5 mmol). The
crude mixture was washed with NaOH (60 mL, 1M), with brine and dried (Na;SOy).
Recrystallization of the crude residue afforded 7.54 g (76% yield) of 4.141 as colourless
crystals, mp 51-52 °C (hexanes); IR ( film) Ve cm™ 2985, 2941, 2843, 1606, 1584,
1495, 1437, 1296, 1280, 1204, 1184, 1084, 1065, 1033, 929, 783; 'H NMR (400 MHz,
CDCls) 67.00 (dt, 1H, J= 8.0 and 1.2 Hz), 6.77 (d, 1H, J= 8.1 Hz), 6.65 (d, 1H, J=7.6
Hz),4.21-4.29 (m, 4H), 3.84 (s, 3H), 2.40 (s, 3H), 1.36 (dt, 3H, J= 7.2 and 0.4 Hz), 1.358
(t, 3H, J = 7.2 Hz); >C NMR (100 MHz, CDCls) & 151.1 Hz), 138.9 (d, J = 7.8 Hz),

131.2 (d,J=3.8 Hz), 125.1, 122.9, 110.1, 64.2 (d, /= 6.0 Hz), 55.8 (d, J = 6.0 Hz), 16.5
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(d, J=5.2 Hz), 16.0 (d, J = 5.7 Hz); MS m/z (rel intensity) 274 (100), 246 (27), 228 (31),
217 (46), 200 (69), 199 (51), 187 (31), 185 (28), 155 (55), 133 (54), 127 (45); HRMS

(calcd for C12H;9OsP) 274.0970, found 274.0970.

Diethyl 2-hydroxy-3-methoxybenzylphosphonate (4.142)
oH ‘BuLi (1.64 mL, 2.31 mmol, 1.40 M in cyclohexane) was
MeO PO(OEt), added to a solution of 4.141 (0.3 g, 1.10 mmol) in THF (5 mL)
at =78 °C. After stirring at =78 °C for 1h, the reaction mixture
was allowed to warm to 0 °C and was quenched with a satd aq soln of NH4Cl. Standard
work up gave 0.297 (99%) of 4.142 as clear oil, IR ( film) Vs cm™ 3266, 2985, 2946,
2915, 1591, 1483, 1275, 1234, 1054, 1027, 967; 'H NMR (400 MHz, CDCl3) & 6.75-6.87
(m, 3H), 6.71 (s, 1H), 3.98-4.11 (m, 4H), 3.88 (s, 3H), 3.23 (s, 2H, J = 28.4 Hz), 1.25 (4,
3H, J = 9.6 Hz); °C NMR (125 MHz, CDCl3) 6 147.5 (d, J= 3.0 Hz), 144.1 (d, J = 6.6
Hz), 123.1 (d,J=5.6 Hz), 119.6 (d, /= 2.7 Hz), 118.0 (d, J = 8.9 Hz), 109.7 (d, J= 3.0
Hz), 62.1 (d, /= 6.6 Hz), 55.8, 27.8, 26.7, 16.1 (d, J = 5.9 Hz); MS m/z (rel intensity) 274
(56), 228 (92), 201 (72), 200 (100), 185 (90), 135 (44); HRMS (caled for C;2H;905P)

274.0970, found 294.0974.

N,N,N,”’N’-Tetraethyl-P-(2-hydroxy-3-methoxybenzyl)phosphonic diamide (4.143)
OH A flame-dried 25 mL flask was charged with DIPA (0.92 mL,
Meo PONNEL), 6.60 mmol), TMEDA (0.82 mL, 5.49 mmol) and anhydrous

hexanes (6 mL), To this stirred mixture at 10 °C was added

"BuLi (2.20 mL, 5.49 mmol, 2.5 M) and the reaction mixture was stirred at for 15min. A
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solution of 4.127i (0.6 g, 1.83 mmol) in anhydrous ether (1 mL) was slowly added to the
stirred solution of LDA at 0 °C and the reaction mixture was stirred at rt for 8 h.
Standard work up yielded a solid which was recrystallized to give 0.52 g (87%) of 4.143
as colourless flakes, mp 122-124 °C (hexanes/EtOAc), '"H NMR (300 MHz, CDCl3) &
10.21 (s, 1H), 6.71-7.82 (m, 2H), 6.61 (d, 1H, J = 6.9 Hz), 3.86 (s, 3H), 3.22 (d, 2H, J =
16.2 Hz), 2.92-3.11 (m, 8H), 1.02 (t, 12H, J = 7.2 Hz); >C NMR (125 MHz, CDCl3) &
150.2 (d, J = 3.6 Hz), 146.2 (d, J = 5.4 Hz), 123.5 (d, J = 8.5 Hz), 121.1 (d, J = 9.5 Hz),
119.6 (d, /=19 Hz), 111.0 (d, J = 3.1 Hz), 56.0, 38.7 (d, /= 4.8 Hz), 31.7 (d, J = 135.7
Hz), 14.0 (d, J = 3.1 Hz); *'P NMR (162 MHz, CDCls) §39.73; LRMS (EL, 70 eV) m/z
(rel intensity) 328 (20), 313 (4), 297 (5), 281 (7), 256 (100), 164 (41); HRMS (calcd for

Ci6H20N203P) 328.1916, found 328.1911.
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CHAPTER 5

5.1. Summary and Conclusions

The Directed ortho Metalation can be safely described as the reaction with the highest
impact on the development of aromatic chemistry since the electrophilic aromatic
substitution. Perhaps not surprisingly, the reasons of such success may be found in what
its major competitor, the EAS, lacks most, high regioselectivity. Section 1.1 offers an
overview of this reaction with particular emphasis on its mechanism, its connections to
other reactions, and its applications in different fields of chemistry. The most common
application of DOM is arguably the synthesis of (hetero)biaryls, whose preparation would
otherwise require very costly and convoluted approaches. For azabiaryls, many of these
are described in Section 2.1 followed by a review of the DOM of DMG-bearing pyridines
with particular emphasis on the CONR, DMG. The original research described in
Section 2.4 defines effective experimental conditions for the ortho-borylation of diethyl
pyridine carboxamides 2.263a-c (Table 2.6) that prevent the otherwise unavoidable
selfcondensation to benzophenone-type products (2.264-2.266, Scheme 2.53). This
undesired reaction, which has no parallel in the metalation of diethylbenzamides, can be
simplistically rationalized with the negative inductive effect of the pyridine ring which
renders the carbonyl group more electrophilic. The above selfcondensation has been
circumvented with the use of the bulkier diisopropyl pyridine carboxamides (Scheme
2.47). However, the price of this choice may be paid at a later stage with lower yields of
conversion if, as frequently is the case, the bulky amide group of an advanced
intermediate is expected to undergo modification through hydrolysis, reduction,

cyclization and other reactions that suffer the effect of hindrance. Thus, our method,
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based on the in situ electrophilic quench technique established by Martin' and Hawkins,*
shows that the CONEt, group is still a valuable DMG for the silylation and borylation of
pyridines. These metalation conditions were extended to the borylation of pyridines
bearing F, CI, and the OCONEt, group as DMG (2.351-2.353, Table 2.9) and all the
boropinacolates obtained were subjected, without isolation, to Pd-catalyzed cross
coupling with a series of (hetero)aryl bromides bearing EDG- and EWG-groups. Thus,
while avoiding the tedious and low-yielded isolation of the boronic acid intermediates,
this one-pot DoM-boronation-Suzuki-Miyaura cross coupling of pyridines offers direct
access to synthetically valuable azabiaryls 2.354a-s in generally higher yields when using
deactivated aryl bromide coupling partners and lower yields when coupling
dimethoxybromobenzene and p-nitronromobenze (Table 2.9). The DoM-DreM nexus
was demonstrated using selected aryl pyridine carboxamides (2.354b,e,h,k) which, upon
intramolecular anionic condensation, yield substituted and isomerically diverse
azafluorenones (2.380a-d, Table 2.11). Once again, regioselectivity was a remarkable
feature of this reaction as illustrated by the DreM of 3’-substituted azabiaryls 2.354h and
2.354k which, under the directing effects of the OMe and the Cl DMGs respectively, in
synergistic combination with a CIPE on the CONEt, group, exclusively yielded 8’-

substituted azafluorenones 2.380c and 2.380d.

Chapter 3 of this thesis describes an original approach to the synthesis of natural product
isoprekinamycin, a member of the kinamycins family structurally characterized by the
unusual diazobenzo[b]fluorene skeleton. This retrosynthetic plan heavily relied on the
novel anionic O—o-vinyl carbamoyl translocation of 2-(O-carbamoyl) stilbenes

discovered in our group (Scheme 3.17). The synthesis of the key stilbene 3.113 was
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efficiently achieved through exploitation of the solid nexus between large scale DOM and
Suzuki-Miyaura cross coupling reaction. However, when exposed to LDA, 3.113 and its
structural variations, all bearing methyl groups at C,- and/or Cs, underwent extensive
decomposition which greatly eroded the yields of the desired 3-arylnaphthols (Table 3.3)
thus determining a drastic modification of this approach to isoprekinamycin. After
several attempts, an efficient route to naphthol 3.272 was devised thus providing an
alternative access to the advanced intermediates (3.274 and 3.278, Schemes 3.55 and 3.56
respectively) which, based on the precedent described by Mohri,* were to undergo two
consecutive DreM reactions. The first of these proved to be unusually challenging thus
preventing the completion of this synthesis. Substrate modifications of 3.272 are now
under active investigation in our lab in an attempt to elicit the desired DreM reactivity of

this crucial intermediate.

More than twenty years ago, intermolecular competition studies carried out by Watanabe
demonstrated that the OPO(NMe,), group displays a DMG power twice as high as that of
the carbamate group.” At the same time, however, it exhibits a higher migratory aptitude
than the latter imposing the use of temperatures as low as —105 °C in order to prevent the
facile 1,3 P-Fries rearrangement. To test the hypothesis that a bulkier analog of the
OPO(NMe,), group may retain a similar DMG power while displaying a better stability
during metalation at higher temperatures, tetraethylphosphorodiamidate 4.126a,b were
prepared and subjected to ortho-lithiation at =78 and —30 °C. These tests demonstrated
that the OPO(NEt,), group indeed completely resists 1,3 O—C migration at -78 °C but
rapidly undergoes translocation to the ortho-position at -30 °C. An intermolecular

competition experiment against diethyl phenyl carbamate showed that the directing
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power of the OPO(NEt,), is comparable to that of the OCONEt, group. While exploring
the chemistry available to this DMG, phosphorodiamidate (4.127i) was found capable of
reacting according to the 1,4-vinylogous P-Fries rearrangement and furnishing
phosphonamide 4.143 which is a valuable intermediate of the Corey olefination. The
homologous 1,5-migration of the OPO(NEt,), group in biaryl and teraryls 4.154a,b and
4.166a has also been demonstrated to occur albeit in more drastic conditions, thus

widening further the scope of this DMG.
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APPENDICES

Table 1. Crystal data and structure refinement for 2.184a

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.31°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I1>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

C32H51 N O3 Si
525.83

180(2) K
0.71073 A
Monoclinic

C2/c
a=34.707(6) A
b = 8.6680(15) A
c=21.172(4) A
6365(2) A3

8

1.098 Mg/m3
0.104 mm'?

2304
0.4x0.3x0.3mm?3
1.93 to 28.31°.

o= 90°.

B=92.245(3)°.

v =90°.

-45<=h<=44, -11<=k<=9, -27<=I<=28

21852

7348 [R(int) = 0.0215]
92.7%

Empirical (Brukre SADABS)
1.0000 and 0.9232
Full-matrix least-squares on F2
7348/01/538

0.942

R1=0.0384, wR2 = 0.0915
R1=0.0660, wR2 = 0.1007
0.277 and -0.223 e.A3
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103)

for 2.184a. U(eq) is defined as one third of the trace of the orthogonalized Ui tensor.

X y z U(eq)
N(1) 450(1) -408(1) -621(1) 37(1)
Si(1) 963(1) 4284(1) 1991(1) 32(1)
0(1) 594(1) 2031(1) -325(1) 42(1)
0() 968(1) 3224(1) 639(1) 34(1)
0@3) 1523(1) -2565(1) -202(1) 41(1)
c@) 2120(1) 1715(4) -2208(1) 77(1)
c@) 1784(1) 931(2) -1901(1) 48(1)
C@) 1767(1) 1219(2) -1196(1) 39(1)
C(4) 1422(1) 449(2) -909(1) 35(1)
C(5) 1410(1) 634(2) -188(1) 30(1)
C(6) 1023(1) 59(2) 85(1) 30(1)
c(7) 674(1) 624(2) -307(1) 34(1)
C(8) 95(1) 122(2) -958(1) 49(1)
C(9) 157(1) 479(3) -1646(1) 68(1)
C(10) 542(1) -2059(2) -694(1) 41(1)
C(11) 383(1) -3070(2) -184(1) 54(1)
C(12) 988(1) 448(1) 784(1) 28(1)
C(13) 991(1) -764(2) 1216(1) 34(1)
C(14) 977(1) -523(2) 1858(1) 40(1)
C(15) 967(1) 976(2) 2086(1) 37(1)
C(16) 965(1) 2251(1) 1680(1) 31(1)
C(17) 971(1) 1957(1) 1028(1) 29(1)
C(18) 553(1) 5412(2) 1624(1) 41(1)
C(19) 175(1) 4573(4) 1562(2) 81(1)
C(20) 1434(1) 5220(2) 1829(1) 43(1)
C(21) 1781(1) 4402(3) 2133(2) 74(1)
C(22) 906(1) 4187(2) 2869(1) 43(1)
C(23) 919(1) 5756(2) 3199(1) 62(1)
C(24) 1748(1) -139(1) 170(1) 30(1)
C(25) 2023(1) 710(2) 524(1) 35(1)
C(26) 2318(1) -48(2) 872(1) 41(1)
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c(27)
C(28)
C(29)
C(30)
C(31)
C(32)

2348(1)
2083(1)
1790(1)
2015(1)
2665(1)
1550(1)

-1640(2)
-2489(2)
-1760(2)

2455(2)

-2438(3)
-4208(2)

Table 3. Bond lengths [A] and angles [°] for 2.184a.

N(1)-C(7)
N(1)-C(8)
N(1)-C(10)
Si(1)-C(20)
Si(1)-C(18)
Si(1)-C(22)
Si(1)-C(16)
O(1)-C(7)
0(2)-C(17)
0(3)-C(29)
0(3)-C(32)
C(1)-C(2)
C(2)-C(3)
C(3)-C(4)
C(4)-C(5)
C(5)-C(24)
C(5)-C(6)
C(6)-C(7)
C(6)-C(12)
C(8)-C(9)
C(10)-C(11)
C(12)-C(13)
C(12)-C(17)
C(13)-C(14)
C(14)-C(15)
C(15)-C(16)

1.3450(17)
1.4720(19)
1.4762(18)
1.8694(16)
1.8706(16)
1.8785(17)
1.8814(13)
1.2506(16)
1.3724(15)
1.3819(17)
1.4280(18)
1516(3)

1516(2)

1.519(2)

1.538(2)

1.5262(18)
1.5649(19)
1.5201(19)
1.5275(18)
1513(3)

1512(2)

1.3914(18)
1.4087(17)
1.379(2)

1.3871(19)
1.4004(18)
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879(1)
521(1)
169(1)
538(1)
1265(1)
-222(1)

40(1)
39(1)
33(1)
48(1)
57(1)
54(1)



C(16)-C(17)
C(18)-C(19)
C(20)-C(21)
C(22)-C(23)
C(24)-C(25)
C(24)-C(29)
C(25)-C(26)
C(25)-C(30)
C(26)-C(27)
C(27)-C(28)
C(27)-C(31)
C(28)-C(29)

C(7)-N(1)-C(8)
C(7)-N(1)-C(10)
C(8)-N(1)-C(10)
C(20)-Si(1)-C(18)
C(20)-Si(1)-C(22)
C(18)-Si(1)-C(22)
C(20)-Si(1)-C(16)
C(18)-Si(1)-C(16)
C(22)-Si(1)-C(16)
C(29)-0(3)-C(32)
C(3)-C(2)-C(1)
C(2)-C(3)-C(4)
C(3)-C(4)-C(5)
C(24)-C(5)-C(4)
C(24)-C(5)-C(6)
C(4)-C(5)-C(6)
C(7)-C(6)-C(12)
C(7)-C(6)-C(5)
C(12)-C(6)-C(5)
O(1)-C(7)-N(1)
O(1)-C(7)-C(6)
N(1)-C(7)-C(6)
N(1)-C(8)-C(9)

1.4045(19)
1.500(3)
1.518(3)
1.529(2)
1.3991(19)
1.4124(18)
1.400(2)
1.513(2)
1.384(2)
1.383(2)
1.512(2)
1.387(2)

119.31(13)
124.92(13)
115.64(13)
110.69(8)

109.16(9)

109.08(9)

109.11(7)

110.87(7)

107.87(7)

118.49(13)
114.11(18)
112.60(14)
113.80(12)
113.44(11)
109.38(11)
112.91(11)
111.52(11)
111.89(11)
112.85(11)
120.64(13)
120.10(12)
119.24(12)
112.56(15)
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N(1)-C(10)-C(11) 113.58(14)

C(13)-C(12)-C(17) 117.40(12)
C(13)-C(12)-C(6) 118.11(11)
C(17)-C(12)-C(6) 124.43(11)
C(14)-C(13)-C(12) 122.27(12)
C(13)-C(14)-C(15) 119.14(13)
C(14)-C(15)-C(16) 121.70(14)
C(15)-C(16)-C(17) 117.43(12)
C(15)-C(16)-Si(1) 121.58(11)
C(17)-C(16)-Si(1) 120.98(9)

0(2)-C(17)-C(16) 116.40(11)
0(2)-C(17)-C(12) 121.55(12)
C(16)-C(17)-C(12) 122.05(11)
C(19)-C(18)-Si(1) 115.50(15)
C(21)-C(20)-Si(1) 113.85(14)
C(23)-C(22)-Si(1) 114.16(12)
C(25)-C(24)-C(29) 117.07(12)
C(25)-C(24)-C(5) 121.98(11)
C(29)-C(24)-C(5) 120.93(12)
C(24)-C(25)-C(26) 120.20(13)
C(24)-C(25)-C(30) 121.65(13)
C(26)-C(25)-C(30) 118.15(14)
C(27)-C(26)-C(25) 121.91(15)
C(28)-C(27)-C(26) 118.35(14)
C(28)-C(27)-C(31) 120.54(16)
C(26)-C(27)-C(31) 121.11(17)
C(27)-C(28)-C(29) 120.65(13)
0(3)-C(29)-C(28) 122.42(12)
0(3)-C(29)-C(24) 115.80(12)
C(28)-C(29)-C(24) 121.78(13)

Symmetry transformations used to generate equivalent atoms:
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Table 4. Anisotropic displacement parameters (A2x 103) for 2.184a. The anisotropic

displacement factor exponent takes the form: -2x2[ h2 a*2Ul + .. + 2 h ka* b* U12]

Ull U22 U33 U23 U13 UlZ
N(1) 29(1) 48(1) 35(1) -10(1) -1(1) 0(1)
Si(1) 36(1) 27(1) 32(1) -2(1) 3(1) -3(1)
o(1) 40(1) 41(1) 44(1) -4(1) -7(1) 9(1)
0(2) 44(1) 26(1) 32(1) 3(1) 2(1) 0(1)
0(3) 46(1) 27(1) 50(1) -5(1) -2(1) 4(1)
cQ) 59(1) 118(2) 54(2) 28(2) 18(1) 8(1)
cQ) 41(1) 66(1) 38(1) 10(1) 4(1) 13(1)
c@) 34(1) 43(1) 39(1) 7(1) 2(1) 5(1)
c() 33(1) 38(1) 34(1) 1(1) 1(1) 3(2)
cE) 29(1) 26(1) 34(1) 0(1) 1(1) 3(2)
C(6) 30(1) 27(1) 34(1) -3(1) 1(1) 1(1)
c@) 29(1) 41(1) 31(1) -4(1) 5(1) 2(1)
Cc(8) 30(2) 67(1) 48(1) -18(1) -6(1) 5(1)
0) 58(1) 89(2) 56(1) 4() -15(1) 11(1)
C(10)  36(1) 47(1) 41(1) -16(1) 3(1) -4(1)
c(1l)  58(1) 53(1) 52(1) -8(1) 5(1) -9(1)
c(12)  24(1) 29(1) 32(1) -1(1) 1(1) -1(1)
c(13)  36(1) 25(1) 41(1) -2(1) -1(1) -2(1)
c(14)  53(1) 28(1) 37(1) 7() -2(1) -4(1)
c@5)  49(1) 34(1) 30(1) 1(1) 1(1) -3(1)
c@6)  33(1) 27(1) 34(1) 0(1) 2(1) -2(1)
can  211) 26(1) 33(1) 3(1) 3(1) -1(1)
c(18)  44(1) 33(1) 47(1) -5(1) -1(1) 1(1)
C(19)  43(1) 86(2) 111(2) 18(2) -23(1) -12(1)
C(20)  40(1) 40(1) 48(1) (1) 7() -7(1)
C(21)  40(1) 75(2) 106(2) -12(1) -5(1) 2(1)
C(2)  55(1) 39(1) 37(1) -3(1) 5(1) -4(1)
c3)  922) 54(1) 41(1) -14(1) 12(1) -5(1)
C@4)  28(1) 32(1) 30(1) 1(1) 4(1) 4(1)
c@5)  31(1) 38(1) 37(1) -1(1) 3(1) 4()
C(26)  34(1) 52(1) 38(1) -5(1) -2(1) 5(1)
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c@n  37(1) 53(1) 33(1) 6(1) 7(0) 16(1)

C(28)  44(1) 36(1) 38(1) 6(1) 8(1) 13(1)
C(9)  35(1) 33(1) 32(1) 0(1) 6(1) 5(1)
C(30)  40(1) 38(1) 64(1) -8(1) -9(1) -1(1)
c(3l)  51(1) 76(1) 45(1) 11(1) 0(1) 27(1)
C(32)  69(1) 28(1) 65(1) -2(1) 1(1) 2(1)

Table 5. Hydrogen coordinates ( x 10%) and isotropic displacement parameters (A2x 10 3)
for 2.184a.

X y z U(eq)
H(2) 851(5) 2930(20) 279(9) 64(6)
H(1B) 2358(7) 1270(20) -2023(11) 97(7)
H(1A) 2118(6) 1420(20) -2652(12) 90(7)
H(1C) 2114(7) 2820(30) -2149(12) 116(10)
H(2B) 1553(5) 1269(17) -2109(7) 48(4)
H(2A) 1790(5) -190(20) -1980(8) 57(5)
H(3B) 2010(4) 839(14) -983(7) 34(4)
H(3A) 1762(4) 2332(17) -1113(7) 42(4)
H(4B) 1429(4) -604(17) -1022(7) 46(4)
H(4A) 1176(4) 879(15) -1104(7) 38(4)
H(5) 1426(4) 1723(15) -101(6) 25(3)
H(6) 1026(4) -1030(14) 69(6) 23(3)
H(8A) -1(5) 1072(19) -750(8) 59(5)
H(8B) -89(5) -686(19) -931(8) 56(5)
H(9A) -77(6) 830(19) -1857(9) 69(6)
H(9B) 256(6) -490(20) -1861(10) 85(7)
H(9C) 352(7) 1250(30) -1707(10) 98(8)
H(10B) 821(5) -2179(15) -721(6) 36(4)
H(10A) 435(4) -2351(15) -1098(7) 38(4)
H(11C) 100(6) -2891(19) -174(8) 64(5)
H(11B) 440(6) -4140(20) -286(9) 75(6)
H(11A) 492(5) -2790(20) 232(10) 72(6)
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H(13)

H(14)

H(15)

H(18A)
H(18B)
H(19A)
H(19C)
H(19B)
H(20A)
H(20C)
H(21A)
H(21B)
H(21C)
H(22B)
H(22A)
H(23A)
H(23B)
H(23C)
H(26)

H(28)

H(30B)
H(30A)
H(30C)
H(31A)
H(31B)
H(31C)
H(32A)
H(32B)
H(32C)

1002(4)
979(4)
964(4)
528(6)
621(5)
-42(6)
166(12)

98(7)

1439(5)

1456(5)

2019(7)

1797(6)

1760(6)

1091(5)
663(5)
862(5)

1182(7)
715(6)

2493(4)

2103(4)

1763(5)

2040(5)

2224(6)

2577(6)

2844(7)

2819(8)

1814(6)

1508(5)

1347(6)

-1794(15)
-1381(17)

1142(14)
6320(20)
5678(18)
5230(20)
3650(50)
4270(30)
6260(20)
5220(18)
4840(20)
3330(30)
4430(20)
3503(18)
3710(19)
5718(19)
6210(20)
6500(20)

574(16)

-3565(18)

2829(18)
2897(18)
2857(19)

-3040(20)
-2900(20)
-1740(30)
-4527(19)
-4630(20)
-4520(20)

1060(6)
2151(7)
2526(7)
1852(9)
1206(9)
1384(9)
1410(20)
1961(13)
1965(8)
1379(8)
2019(9)
2001(10)
2609(11)
3068(8)
2936(8)
3642(10)
3176(10)
3012(9)
1112(7)
516(7)
694(8)
91(9)
831(9)
1566(11)
999(10)
1491(14)
-339(8)
199(10)
-527(9)

31(3)
44(4)
29(4)
77(6)
64(6)
79(6)
210(20)
111(10)
62(5)
56(5)
85(7)
92(7)
84(7)
55(5)
59(5)
72(6)
94(8)
73(6)
45(4)
43(4)
56(5)
61(5)
65(5)
91(8)
87(7)
132(11)
62(5)
69(6)
71(6)
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Table 6. Torsion angles [°] for 2.184a.

C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(24)
C(3)-C(4)-C(5)-C(6)
C(24)-C(5)-C(6)-C(7)
C(4)-C(5)-C(6)-C(7)
C(24)-C(5)-C(6)-C(12)
C(4)-C(5)-C(6)-C(12)
C(8)-N(1)-C(7)-0(1)
C(10)-N(1)-C(7)-0(1)
C(8)-N(1)-C(7)-C(6)
C(10)-N(1)-C(7)-C(6)
C(12)-C(6)-C(7)-O(1)
C(5)-C(6)-C(7)-0(1)
C(12)-C(6)-C(7)-N(1)
C(5)-C(6)-C(7)-N(1)
C(7)-N(1)-C(8)-C(9)
C(10)-N(1)-C(8)-C(9)
C(7)-N(1)-C(10)-C(11)
C(8)-N(1)-C(10)-C(11)
C(7)-C(6)-C(12)-C(13)
C(5)-C(6)-C(12)-C(13)
C(7)-C(6)-C(12)-C(17)
C(5)-C(6)-C(12)-C(17)
C(17)-C(12)-C(13)-C(14)
C(6)-C(12)-C(13)-C(14)
C(12)-C(13)-C(14)-C(15)
C(13)-C(14)-C(15)-C(16)
C(14)-C(15)-C(16)-C(17)
C(14)-C(15)-C(16)-Si(1)
C(20)-Si(1)-C(16)-C(15)
C(18)-Si(1)-C(16)-C(15)
C(22)-Si(1)-C(16)-C(15)
C(20)-Si(1)-C(16)-C(17)
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178.60(17)
176.37(13)
-63.72(16)
171.12(12)

-172.55(11)

-45.22(15)
60.71(14)

-171.97(11)

-3.5(2)
172.32(14)
175.08(13)

-9.1(2)
60.62(17)
-66.83(16)

-118.00(13)

114.54(13)
93.66(19)
-82.6(2)
91.86(19)
-92.15(18)
120.19(13)

-112.88(13)

-62.78(17)
64.16(16)
0.1(2)
177.31(13)
-1.2(2)
1.1(2)
0.2(2)

-178.55(12)

111.84(13)

-126.00(13)

-6.63(15)
-66.84(13)



C(18)-Si(1)-C(16)-C(17)
C(22)-Si(1)-C(16)-C(17)
C(15)-C(16)-C(17)-0(2)
Si(1)-C(16)-C(17)-0(2)
C(15)-C(16)-C(17)-C(12)
Si(1)-C(16)-C(17)-C(12)
C(13)-C(12)-C(17)-0(2)
C(6)-C(12)-C(17)-0(2)
C(13)-C(12)-C(17)-C(16)
C(6)-C(12)-C(17)-C(16)
C(20)-Si(1)-C(18)-C(19)
C(22)-Si(1)-C(18)-C(19)
C(16)-Si(1)-C(18)-C(19)
C(18)-Si(1)-C(20)-C(21)
C(22)-Si(1)-C(20)-C(21)
C(16)-Si(1)-C(20)-C(21)
C(20)-Si(1)-C(22)-C(23)
C(18)-Si(1)-C(22)-C(23)
C(16)-Si(1)-C(22)-C(23)
C(4)-C(5)-C(24)-C(25)
C(6)-C(5)-C(24)-C(25)
C(4)-C(5)-C(24)-C(29)
C(6)-C(5)-C(24)-C(29)
C(29)-C(24)-C(25)-C(26)
C(5)-C(24)-C(25)-C(26)
C(29)-C(24)-C(25)-C(30)
C(5)-C(24)-C(25)-C(30)
C(24)-C(25)-C(26)-C(27)
C(30)-C(25)-C(26)-C(27)
C(25)-C(26)-C(27)-C(28)
C(25)-C(26)-C(27)-C(31)
C(26)-C(27)-C(28)-C(29)
C(31)-C(27)-C(28)-C(29)
C(32)-0(3)-C(29)-C(28)
C(32)-0(3)-C(29)-C(24)
C(27)-C(28)-C(29)-0(3)
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55.32(14)
174.69(12)
179.87(12)
-1.40(17)
-1.4(2)
177.38(10)
179.96(12)
2.9(2)
1.2(2)

-175.82(12)

163.6(2)

-76.3(2)

42.4(2)
177.90(16)
57.83(17)
-59.83(17)
58.69(18)
-62.37(18)
177.12(16)
115.26(14)

-117.71(14)

-66.28(17)
60.75(16)
-1.8(2)
176.74(13)
177.51(15)
-4.0(2)
0.0(2)

-179.27(16)

1.3(2)

-179.11(16)

-0.8(2)
179.58(16)
0.2(2)

-179.85(15)

178.99(13)



C(27)-C(28)-C(29)-C(24) -1.0(2)
C(25)-C(24)-C(29)-0(3) -177.71(12)
C(5)-C(24)-C(29)-0(3) 3.76(19)
C(25)-C(24)-C(29)-C(28) 2.3(2)
C(5)-C(24)-C(29)-C(28) -176.27(13)

Symmetry transformations used to generate equivalent atoms:

Table 7. Hydrogen bonds for 2.184a [A and °].

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
0(2)-H(2)...0(1) 0.884(19) 1.718(19) 2.5890(15) 167.7(17)

Symmetry transformations used to generate equivalent atoms:

319



	Title, TOC, lists Modified.doc
	Chapter 1.doc
	Chapter 2.doc
	Chapter 3.doc
	Chapter 4.doc
	Chapter 5.doc
	APPENDICES.doc

