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Abstract

Described in this thesmreseveral advancements of imidazolidinone chiral auxiliahesgally,
attempts were made to developl-deterocyclic carbene ligand derived from Menzyl

analog of the auxiliary. Attempts to design a monodentate ligand as well as a bidentate ligand
bearing an alcohol side chain were both shown to be unsuccessful. Worki\epltkayl variant

of the auxiliary included expanding upon our recentlyarsced methodology; a Birch

reduction alkylation sequencé an aromatic estegfielding chiral quaternary carbon centres in a
stereoselective matter. In substrates that demonstrate poor stereoselectivity, modification of the
auxiliary to include a largereaopentoxy directing group gives way to increased selectiMiig.

work also includes the same Birch reduction alkylation sequence on a series of benzonitrile
substrates with up to 64:36 diastereomeric ratio from either epimer of the auxiliary. The low
sekctivity of the benzonitrile substrates is offset by the resulting diastereomers of the
dihydrobenzonitrile products being chromatographically separable. This results in the first
preparation of optically pure quaternary carbons alpha to nitrile by-Bipghreductive

alkylation. Progress was also made in the manipulation of chiral auxiliaries bearing the chiral
alkoxy moiety. These functional groups were transformed into hemiaminals by citric acid
hydrolysis in a 3:2 ratio with imidazolone4pyoducts fomed by acid mediated elimination of

alcohol.
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1. Introduction
Molecules used for pharmaceutical applications often contain at least one eleoferalivy,*
requiring high levels of stereochemical purity. This is achieved in nature by biosynthesis of
single enantiomers by enzynreldowever stereoselective synthesis has proven to be a much
greater challenge to chemist&kimg to design methods for obtaining molecules of interest.
While many stereoselective synthetic methods exist, the topic is still a massive research area in
the chemistry communityOur research consists of the development of novel methods for
directing a variety of chemical transformations with control of relative and absolute
stereochemistry. Al-substituted chiral auxiliary derived frompgroline was synthesised liye
Metallinos group for the preparation of planar chiral-tljibstitutecaminoferrocenesfter
rapid deconstruction of the auxiliaty This methodologhas been expandeddevelop unusai
N-heterocyclic carbene (NHOipands® selectivesubstitution reactionsf chromium arene
complexes, axially chiral allenes, as well as®dpenzyl and propargyl centr&Ihe most recent
application will report the Birch reduction ahortho-esterN-phenyl variant of the auxiliary,
with sequentiatiastereoselective alkylation of the sodium or lithium enpiagding
cyclohexadienes bearing a quaternary cehtre

This thesis will discusattempts to optimize the synthesis of keer yieldingsyn
epimer of the auxiliary from the stereodivergent step to have convenient access to either
stereoisomer of alkylated cydiexadiengas well @ chiral directing group variation in hopes of
improving the lower stereoselectivity of thati epimer.Due to replacement of the original silyl
ether moiety with an alkyl ether in some systems, a new approach to deconstruction of the

auxiliary by alternte deprotection strategies wileexplored.



1.1  Stereoselective Synthesis

1.11 Chiral Auxiliaries

Oneoftheearliest ses of a chiral auxiliary was

prostaglandirt® The synthesis utilized-henyl menthol acrylatéto direct a DielsAlder
cycloaddition of a cyclopentadiene derivative to obtain bic2@s a single diastereomais

shown in Scheme.1

Ph\ BnO
Ph w CsH5)CH,0B
AICl, Me e : (CsHs)CH,0BN

o)

CH,Cly, -55 °C
s 7/
o ClzAl
Me™ - Al ] ) OR
0
BnO BnO
. .
1.LDA,-78°C oH LiAIH, o
2. 0,, P(OEt),,
THF 3 3 OR 4 Me
HO

Schemd - Chiral auxiliary utilization and removal in formal synthesis of prostaglandin

Visualizing the Lewis acid bound intermediatehe chair configurationthe stereoselectivity of
the reaction can bmtionalized as the diene additegthe unsaturated ester from the least
hindered face. Hydroxy est8was obtained by trapping the lithium enolat @fith oxygen
andfollowed by reductiorio diol 4 with excesd.iAIH 4. Reduction biproduct)-8-phenyl

menthol5 can be isolated from the reaction in good puetyectively making it recyclable.

n



Corey initiallydemonstreedthat hydrazone compountike 7 undergoenolate formation
andpossesseactivity analogous to carbgs to yield alkylated product8, as shown in Scheme

2, albeit yielding achiral or racemic molecutés.

N. N.
N 1. LDA "N
7 8

Scheme - Alkylation of a dalkylhydrazone with iodomethze

This method evolved into the useatiiral hydraimes derived fromS)-proline (9) by reduction
to prolinol 10, transformation tdN-oxide 11, protection ashe methyl etherl2, and finally
reduction to SAMPL3 (Scheme 3)An enantiomeric series can therived from R)-glutamate
(14) giving RAMP (nt-13) andbothenantiomersiave found widespread use in organic

synthesig?

OH OH OH
m LiAIH, OJ EtNO, 64 1.NaH _ O_/
_— > — £ e
0 2 Mel

N
H N N
9 10 1 12 NO

NO
LiAIH4\

HO\_&O OMe Me
: OH — » Q""\<O m
H-oN \
14 RAMP (ent-13) SAMP (13)

Scheme - Synthesis of SAMP/RAMP hydrazib&and ent13

SAMP/RAMP can be incorporated into carbonyl compounds by a facile condensation in water

trapping conditions and have shown gdydrazone yields bath ketone$® andaldehydes®



The subsequent alkylation of the hydrazone enolates provided moderate &iegeodelectivity
and could be deprotected back to carbonyl compounds via ozonolgsis drydrolysis of the

methyl iodide sal{Scheme 4)

|\/></OM€
" oy .
o 13 NH N 1.LDA . o o
\)J\/ : N| OMe N| OMe 8o, l
A 2.RX Y\/ HCIMel

R R

15 16 17 18

Schemel - S/nthesis, alkylation and removal of SAMP coupliethylketone

As stated, RAMP/SAMP methods have found usasymmetric synthesis, primarily in the field
of total synthesisOne such exampl&cheme Syvas the synthesis of a side chain of zaragoic
acid A 25, in which theazaenolate af9was alkylated witl20. This was found to be superior
to the use of oxazolidinone, which gave a mixture of diastereoieesdiastereomerically pe
(92% de)21was then converted wdehyde22 by ozonolysisextended by Wittig olefination
and finally hydrolyzed to carboxylic acithh. This was found to be physically and

spectroscopically identical @4 obtained from degradation 26.



N 1. LDA N O3 PhsPCHCO,Me
N N — 0 -
NP '
19 20 21 22
0 0]
LiOH, H,0 N
/\r\‘/\)J\OMe » /\r\‘/\)J\OH
23 24
OAc

J—— :
/\r\(vj\o\\' ;

HO,CHO CO,H
Zaragoic Acid A (25)

Schemé - Synthesis of C4 acyl sidechadhof Zaargoic Acid A25)

Theformal synthesis of artimalarial drug(-)-C10-Desmethyl Arteannuin B31)1° (Scheme 6)
utilizes SAMP alkylation almost immediately from cyclohexen@6eto obtain dimethyl acetal
28in 95% eeThis was theiydrolized to aldehyd29, which was carried forward to lacte 30,

a presumed precursor to arteannuin type molecules.



13, PhMe 1.LDA OMe O3 ?
—_—
(MeO),CH(CH,)s! | OMe
o) N. o)
26 ﬁ 29
MeO MeO

27 28

(-)-C10-Desmethyl Arteannuin B (31)

Schemeés - SAMP alkylation towards derivatives3df

Nicolaou completedhe synthess of the macrocycles epithilones(85) and B(39),1’ both
involving early SAMP alkylationgScheme 7)The synthesis @5 involves the immediate
alkylation of19 with a protected butan@2to yield a chiral aldehyd&4 after ozonolysis 083.
This compound is taken forward 38. Thepropanal derived hyrdrazod® is again alkylated in
the synthesis a9, however with a more complex electropl8& SAMP removal from thiazole
37was achieved by conversion to nitfd8 due to the acid sensitivity of the silyl protecting
group and ozone reactive olefin moieties of the moleculesifigle diastereomef 38 was

taken forward t@9.



H H :
19 32 33 34
0 S
—
N
—_—

0 OH
Epithilone A (35)

MMPP, MeOH:
Phosphate
buffer, pH 7 (1:1)

NC

o OH
38 Epithilone B (39)

Schemé& - SAMP alkylations used in the syntheses of Epithiloif@s) And B(39)

One of the most frequently used chiral auxiliaries in organic synthesis are the chiral
oxazolidinones developed by Evans. The initis¢ of th method was ithe attempt to develop
a diastereoselective aldol reacti@rn this study, an optically pure oxazolidinone was
synthesised by treatment &@-valinol (40) with phosgene or diethyl carbondf&cheme 8)
Lithiation of 41 and quenching of the nitrogen anion with propionyl chloride gives id2d&he
imide enolate can be obtained by treatment with LDA ar-dutylboryl
trifluoromethanesulfonate and subjected to isobutyraldehyde to yield aldol pA&duitte

7



product derived from the boron enolate was found to be almost exclusively a single diastereom
(>99% as43is drawr) while the product of a lithium enolate was a various mixture of four
possible diastereomef$0.6:11:71.4:7.)Removal of the auxiliary, and recycling 41, was done

by hydrolysis of the carbon substituted carbonyl of the imide to obtain hydroxy methyl4ster

O o
)\‘/\OH COCl, or 1. nBuli o)J\N/Z{/
CO(OEt),

A
5 \_§’ 2. EtCOCI \—5'
40 42
0
1. LDA or BBu,Tf )]\ QH NaOMe
2. iPrCHO 0 N/K/v/ MeOH ~ MeO” ™y
4:\3_§'

44

Boron dr: 99.4:0.2:0.2:0.2
Lithium dr: 10.6:11:71.4:7

Scheme - Aldol product from a (S)alinol derived imide

A similar auxiliary was also synthesised as an enantiomiggimative to41, starting from (&
2R)-norephedring45), using an identical reaction sequence to oti(Scheme).!® Results of
aldol reactions ofi7 again only demonstrates good selectivity from the boron enolate, with less
than 1% otthreo(new chiral substituen@nti to each other) isomers 48 being observed. Fo
practicality, the selectivity of products all further products in the article were only reported as
diastereomeric ratios of the two possieigthro (new chiral substituentsynto each other).
Quenching boron enolate 47 yielded48in a >500:1 drin all cases, the auxiliary could be
cleaved by treatment with sodium methoxide in methanol, yieltiemethylesterof the aldol
products. Carboxylic acids could also be obtaine®®iH hydrolysis with no observable

racemization.



0 o 5
OH i
. COChor O/U\NH ;—> nBulL OJ\N/K/
Ph)w, 2 oo, () . EtCOCI )
PR~ PR
45 46 47
9 o
1. LDA or BBu,Tf )]\ OH NaOMe, O OH
2. iPrCHO Q N /‘S/S/ MeOH Meo/[H/k(
PR >
48 ent-44

Schemé - Aldol product from a norephedrine derived imide

The Evans group further developed the oxazolidimaethodology by expanding to simple

alkylation of the imide enolatég Reactons of the lithium (or sodium) enolates42 and47

with alkyl halides demonstrate much greater stereoselectivity than their analogous aldol reactions
(SchemelQ). The stereoselectivity of the reactions appear to be dependant on the size of the
alkyl halide electrophile, evident by the lower selectivity observed with methyl@®hl and

87:13 dr for49d and50d respectivelyand ethylation (88:12 dr f&0c) of the enolatas

compared to alkylation with other electrophiles

O o0 O o0

A A dr: 49a, R = Bn, >99:1

o N . o N % 49b, R = Allyl, 98:2
R 49c, R = Et, 94:6

42 49 49d, R = Me, 89:11

dr: 50a, R = Bn, 98:2
50b, R = Allyl, 98:2
50c, R = Et, 88:12
50d, R = Me, 87:13

\

o
e

o
I

PR PH
47 50

Scheme 0- Alkylation of chiral oxazolidinone imides

In developing these alkylation reactions severalaestructive methods for auxiliary removal

were alsaexplored and are depicted in Schemé®ITreatment of alkylated imidé9awith



lithium benzoate leads to auxiliary recovery and the benzyl ester of the alkylated @bduct
Treatment of imide&9awith a strong reducing agensich as lithium aluminum hydride or
lithium borohydrideresults in reduction to chiral primary alco@. Hydroboration and
oxidation of allyl substituted substrates provide a primary alcohol that readily cleaves the
auxii ary by f tactanebd, whierozonalysistof an allyl substrate followed by

reduction of the resul tlactomeb4al dehyde anal ogous

o 5 o
o N i
Bn n o
49a 51 BN
O o
O N > LiAlH4 or HO™
BA LiBH, :
49a 52 BN
3,8 :
1. (Sia),BH
PR
50b 53
3, :
O N __ 103 O W\
2. NaBH,
49b 54

Schemeél1- Manipulation of oxazolidinone auxiliary

E v a n s 6oxazdiidinonad have also been shown to stereoselectively substitute imide enolates
with a variety of heteroatom electrophitesfurther demonstrate its versatil®yThe selective
hydroxylatiorf* of an enolate was observemprovide 57, however only via sodium enolate, by

guencing with asulphonyloxiaziridine56 (Schemel2). Quencling of the potassium enolaté

10



58 with trisylazide provides a sulphonyl triazene thatagraded t@zide59 in-situ by acetic

acid??

0 0
)J\ w 1.NaHMDS _ O)LNW
\_/ OMe

}/N SOPh g 7, OH
55 Ph 56 57

j\ o 1. KHMDS j\ o
0 NM 2. TrisyIN, 0 NM
\—( 3. AcOH \—( N
Bn Bn 3

58 59

Schemd 2 - Stereoselective introduction of hetereoatoms directed by chiralodid@zones

Chiral oxazolidinones have also found extensive use in total synthesis since their di§tovery.
One unique application of this methodology was the syntheflisoninated drugPNP40564),

a purine nucleoside phosphorylase inhibitonyvhich the first step involved a preparation of
chiral imide60 on nearly a two mole se&a* This is followed by enolatformation orasimilar
scale which was quenched with bromoacetonitrile to give néti®llowed by reductive

cleavage of the oxazolidinone to yield primary alcdand oxazolidinon€3 (Scheme 13)

11



NC
Ph,,

Ph,,
o
N\\< 1. LIHMDS \( A1.LIHMDS OH 'K\o
m O  2.BrCH,CN 2.BrCH,CN + HN\\<
F F
60

62 63

PNP405 (64)

Schemd 3 - Synthesis of PNO40&4)

Advances in the Metallinos group have lead to the discovery of a chiral auxiliary derived
from L-proline, initially used fodiastereoselective lithiation pfanarchiral ferroceneg->
Disubstituted ferrocenes can demonstrate planar chiraiggmmetry through a two dimensional
plane. Like central chirality, two planar chiral enantiomers aresugerimposable mirror
images of each other but do not requairehiral sp carbon?® The substrate was prepared with
absolute and relative stereocontrol by Ullman type coupling of iodoferrqé&hand proline
hydantoin66to give67 (Scheme 14)Af t er sequenti al hydrozirconat
and silylation of the zirconium alkoxidsyn68 was obtained as the major isomer. Treatiyg
68 with t-BuL.i followed by electrophile quench yielded a series ofdis2ibstituted ferrocenes
with >95:5 dr* The versatility of the new based auxiliaries was demonstratedbBZ Oz
mediated desilyatiom refluxing methangland reductive ring opening by NaBHeatment
gave secondary ured0. Hydrolysis of 70 with agueous base leads to the isolation of exclusively
planar chiral amino ferrocen&&. Stereoselectivity of the lithiation was confirmeddaygle
crystal xray analysis of boronic aciBd, as well ady comparison otheoptical rotation of71a

to its known enantiomee(it71a).2°

12
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S Vi TN '
! HN N Cu,0, DMSO @/N 1. Cp,ZrHCI =©/N
Fe

Fe + !
o 2. TESCI, DMAP Fe
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OTES

65 66 67 syn-68
Q o)
E YN E YN
1. t-BuLi @N 1. K2C03, MeOH _ @NH
2.E* |':e 2. NaBH, II=
OTES e OH
D))
69a, E = Me 70a-c
69b, E = SMe
69c, E = |
69d, E = B(OH),
E
e - 9
KOH, dioxane _ : 71a E = Me, (64%) [a]p -39.3
100 °C Fe ent-71a E = Me, [a]p +41
)N
7

Schemel4 - Synthesis gblanar chiral aminoferrocenes

To demonstrate the opposite selectivity, configurationally unstable hemiafgiwals isolated

after hydrozirconation dd7, thendeprotonatedavith n-BuLi and chlorotriethylsilane toige a

1:1 mixture ofsynandanti-68 that could be separated by column chromatogrgBblieme 15)
Treatment ofinti-68 with t-BuLi again yieleéd disubstituted ferrocen&8a-c as single
diastereomers. Elimination of the substituted compounds catalysed by TsOH gave a series of

solely planar chiral ferrocen@4a-c andent74a-c.
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g S Iy g,
@/N Cp,oZrHCI @/N 1. n-BuLi ©/N . ©/N
Fe Fe

2. TESCI ! :
0 OH Fe OTES Fe OTES
o o ) <5
67 72 syn-68 anti-68
o) o) o)
g iy g
N 1. tBuLi @/N TsOH, CH,Cl, @/N 7
] : — 0 H —_— -
Fe OTES 2.E Fe . OTES Fe E
> Y VN
anti-68 73 74
74a-c E+ E yld, % [a]D 74 [alD ent-74
a Mel Me 85 -29.2 +31
b (SMe)2 SMe 95 -129 +136
c (ICH2)2 | 93 389  +40.3

Schemé5- Synthesis of disubstituted ferrocenes and elimination products

Comparison of imidazoloné&ta-c with those ofent74ac, obtained by identical acid treatment
of 69ac, found their optical rotations to be nearly equal but opposite (Schemmpgjing that
they are enantiomers of each other. This data, along witt e crystal structure dforonic
acid69d, can be used to as evidence that changing the relative stereochemistry of the bulky
silyloxy group 6yn68to anti-68) changes the saltvity of the substitution allowing for
divergent synthesis of planar chiral ferrocenes with knowledge of absolute stereochd&iméstry
spatial configurations afynandanti 68 contributing to selectivity werstudied by NOE NMR
spectroscopy and DFT calculations, bahealing bulky silyloxy avoiding the iron centre,
directing the urea oxygen to one prochiral hydrogen of the cyclopentadienyl ring

A less common example of planar chirality is observed in arene chromium tricarbonyl
complexes. Expandingnahe reported ferrocene methodolddya modifiedN-phenyl version of
the auxiliary was used to screen the lithiation of chromium compledpgo 100 grams dfi-
phenyl proline hydantoiid5 was prepared by condensatiorfafith phenyl isocyanate. From
hydrozirconation o¥5, hemiaminal76 was isolated and alkylated by TsOH in the presence of

excess alcohol yielding a mixture ®fnandanti-77 (Scheme 16)Both epimers were heated in

14



the presence of hexacarbonyl chromiuamnfingepimeric chromium complexeynandanti-
78.

@)
M
N 1. CpoZrHCI, THF
2. sat. ag. NaHCO4

& H"

o 76
75
o)
1:1 CH,CI,/EtOH,
syn-77 EtO anti-77 3

Cr(CO)g, n-BuOAc,
CgH1g, 125 °C

//'Ej\/éo -

\Cr EtO \ Cr\ EtO
%S¢ co %S¢ co
syn-78 anti-78

Schemd6-{ 8 y 1 KSa A a -ar@ne ShiahihBtieArttdnyl complexes

A varietyof electrophiles was tested on the more abundantly synthesisetB after
deprotonation witht-BuLi (Scheme 17)All substituted substratéd were synthesised as single

diastereomers, observed by NMR spectroscbitlgiation of syn78 also gave disubstituted

compound¥9as single diastereomers.
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8 : E
@N)JD 1. t-Buli @N)/ID TsOH @N\J}
l |

I 2.E*
Cr EtO C Cr
oc' &I o EtO oc'
5S¢ co 98¢ co oc co
syn_78 79a, E = Me 80a (E = Me, 86%, [a]D -1316)
79b, E = SMe 80b (E = SMe, 78%, [a]p -174.7)

(0]
D . G D B D)

I d '

|
E o) cr E
oc ‘Cr\ EtO OC\‘Cr\ EtO oc &
oc CO oc CO cO
anti-78 81a, E = Me ent-80a (E = Me, 77%, [a]p +133.2)
81b, E = SMe ent-80b (E = SMe, 94%, [a]p +179.6)

Schemdl 7 - Lithiation of chromium carbonyl complexes and planar chiral imidazolones

Analogous to the ferrocene seriasid mediated elimination yiel@scclusively planar chiral
imidazolonegScheme 17)Theoptical rotation of elimination produc89a-b wereobserved to
be nearly equal and opposite to thoserf80a-b, indicating that opposite selectivity had been
achieved Absolute stereochemistry was confirmedXoyay crystallography of sulfidglb,
showingthat, ador the ferrocene cases, the hemiaminal ether group orientates away from the
metalcentre with the wea carbonyl directing the lithiation reaction.

During the Metallinos groupbds efforts to u
imidazloidinoneauxiliaries it was discovered that when subjected to acidic conditions, alcohol
69eunderwent cyclization displacing the protonated silyloxy group rather than uidgrgo

elimination (Schemé&3).

16



e OTES 5 ph,co

y Ph_ OH o»\;
g N g
j)j o Nj)3 ﬁ j
1. t-BuLi . flze ArEs TsOH Fe
<

syn-68 69e 82

Schemel8: Synthesis of cyclic ferrocenyéa82

Tetracyclic82 could be reduced to amin@Bwhich could be oxidized and treated with base and
metal to obtain iridium NHC comple84.® This chiral complexs displaced wittiriphenyl

phosphine to obtain the catior@ (Schemel9), which wasusedin the asymmetric

hydrogenation of quinolines with up to 90:10 er. An analogous complex was also synthesised by

starting fromN-phenyl hydantoin derived alcoh®6 (Schemel9).
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Qo
82

DIBAL-H

Ph
Ph 0) \j
g NvN 1. PPhg

Ph
Phg?;o j
Ry N _N 1. Ph;CBF,
Q%: 2. [I(COD)Cl],,
KOt-Bu
83

Ph

Fe \( ~PFg
C'_ﬂ o :P“P_}@
85
Ph  oOH Ph
Ph _ Ph o/, o
N»\N 1.1.0 equ!v TsOH ™\ j
~ 2. 4.0 equiv DIBAL-H N\/N
86 EtO 87
Ph Ph
Ph— -0, . Ph—-0, \
2. 0.55 equiv [I(COD)Cl],, 2 Fe

KOt-BuOH

'*'ﬂ o

PhyP—
89 |/—4 ﬂ

Shemel9 - Synthesis of chiral iridium complexes derived from ferrocenyl and phenyl auxiliaries, respectively

Another breakthrough in the use of pyrroloimidazolone chiral auxiliaries was incorporation of

theN-benzyl moietyBenzyl lithiation of said substrates gave the first example of stereoselective

functionalization of an sjxentre using these types of awxiles® The preparationf N-benzyl

proline hydantoir®0was achieved by deprotonationGifwith NaH followed by treatment with

benzyl chloridgScheme20). Hydrozirconation and sequential silylationaffyielded91, which

was subjected tdeprotonation by-BuLi andelectrophile quench under optimized conditions.
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0 (0]

0 b
HN N 1. NaH, DMF ©/\N N 1 szerC| . ©/\§\—NQ
o)\O 2.BnCl OM 2. TESCI, DMAP
66 90 imidazole 91
t X
1. n-BuLi, TMEDA N" N
2.E )\Q
TESO
92a, E = Ph,COH, 91:9 dr
92b, E = SnMey, 89:11 dr
92c, E = SnBujz, 91:9 dr

92d, E = TMS, 82:18 dr
92e, E = Me, 82:18 dr

Scheme0 - Synthesis of denzyl substrates and their stereoselective lithiation

Unlike previous examples, the scope of benzyl substituted pro@Rietsre obtained as a
mixture of diastereomersp to a91:9 dr? Recrystallization of tertiary alcoh&Pa allowed for
the characterization diie majordiastereomer, which was determined to bR obnfiguration at
the benzylic carboranti relative to the othetwo stereocentredyy x-ray crystallography.
Treatment obtannane82b and92c with lithiation conditiondollowed by electrophile quench
gave poducts92a, 92d and92e (Scheme2l), identical to those obtained by deprotonatio®bf
These transmetallation experiments show that stani®@beand92c have the same relative
stereochemistry &2a, 92d and92e. Knowing the absolute stereochemistry8dh, coupled with

these observations allows absolute stereochemical assignment of all products

A A

E
©/\B\—NQ ; rI;BuLl, TMEDA Q/\W

TESO TESO

92b R = Me 92a E = Ph,COH

92c R = Bu 92d E = TMS
92e E = Me

Scheme?1 - Transmetallation studies of stananes
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Work towards an NHC ligand derived frdtabenzyl hydantoin were reported by our group
previously, showing that attempts to reduce tetracyclic @8é@ads to the desired urea
reduction but also cleaves the hemiaminal ether to give al88lather thanricyclic 94

(Scheme22).

Ph
HOPh

Ph 0O \\j Ph j
@AN//( TsOH - Ph%jAN — x> Ph Oj/\N

N N e
TESOA‘j L N~/
Ph o) Ph

92a 93 94

/

<
DIBAL-H - Ph% K\N
-

Scheme2 - Cyclization and reductive ring opening ebé&hzyl derived substrate

1.2  Birch Reduction

The dissolving metal reduction of aromatic compounds was discovered by Arthur Birch in 1944
The seminal publication describes the synthesis of cyclohexadienes from benzene derivatives in
the presence dithium, sodium or potassiumetal dissolved in liquid ammonfa The reaction
proceeds by the solvated electron of a group 1 metal adding to an aromatic ring forming a radical
anion. This is then protonated to give a neutral radical, transformed to a carbanion by single

electron transfer fromrether metal and finally protonatéal obtain the reduced species.

O e O 5 Cfrae ofes Soh

Figurel - Mechanism of the Bircteduction on benzene
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Since its discovery, the Birch reduction has become a staple of organic syhthigisian
expansive methodology that continues to be@gal. A key development in this field was the
Birch reduction of heteroaromatic compounds. The dissolving metal reaction was shown to

partially reduceneteroaromatics such pgrroles?® furans® andthiophenegScheme 32).3!

0 0
WN{ Li, NH, Q_/(N_
96 4& MeOH 97 4&

H H
N O N O
98 99
s 0 s 0
W Li, NHg Q—{
OH = OH
100 101

Scheme3 - General outcome of the Birch reduction of various heterocycles

The Birch reduction has also been utilized in the synthesis of complex molecules quite
extensively. The ability to reduce aromatic compounds allowed for the rapigharation of
complexity into asix-membered ringStarting with simplecommercially available molecules,
the Birch reduction was used as the initial reaction to dearomatize benzaitGaitbr the
synthesis of reserpin@04),%2 andmethoxysuberongl05) for the synthesis of aphidicolin

(107)*3 (Scheme24).

21



HO.__O HO.__O

Li, NH,,

EtOH
102 103
o) o)
/J:::Ii%::> 1. Na, NHa, Et,0 /[:::Ii%::>
~o 2. Al(iPrO)s “o \
HO'
105 106

(+/-)-aphidicolin (107)

Scheme24 - Birch reduction steps in the syntheses of reserpine and aphidicolin

Threerecent syntheses of herqulindX110) have featured the use of at least one Birch reduction

to achieve onef, or both partiallysaturated skmembered ringBaran relies on twadirch

reductions’® each on a methoxy benzene moiety and each followed by acid hydrolysis, the last

of which being the final step til0(Scheme&5). Whi | e Bar a nd Kb5idquite a | redu
standardusingtert-butanol as a proton sourdbeinitial Birch reductionof 113 required

extensive optimizatioand obtained the best results from using trifluoroethanol as a proton

source**Wo o d 6 s & gatutatedethe ffirst aromatic ring byidative dearomatizatioThe

second aromatic ring was reduced with similar conditions to Baron, utilizing trifluoroethanol as a

sourceof protonsto obtain112 (Scheme 3).
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Schindler (2019)

Wood (2019& \
Me

OMe
Li,NHg, !
BocHN THF/TFE  BocHN NH O o
MeO Herquline C (110)
(e}
112

Baran (2019) | T

Me OMe e OMe OMe OMe
! Li, NHs, O Q Q Li,NH;,
t-BuOH
N
/

Me

113 115 116

Scheme5 - Birch reduction steps from total syntheses of HerqulirLQ) (

Theremainingsynthesisvas conducted by the Schindler gréfugnd like Wood, relies on

dternative dearomatization ofoneringn ear |l y steps. Schindlerds s\
others significantly, with Boh substraté08bearing a free alcohol as opposed to Wood and

B a r cenobesherlllandprotected keton&l5respectively. Théydroxyl groupof 108 serves

as an intramolecular source of protons for the Birch reduction, increasing the ratesafction

without the need for an external proton source and improving atom ecqSchsme 3).

1.2.1 Reductive Alkylation

Birch established early on that treatment of a benzoic acid derivative with group one metals in

liquid ammonia can be treated with alkylating agent like methyl iodide to acquire alpha
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substituted dihydrobenzoic aci#fsThis methodology was expanded upon in the synthesis of
cycloheptatrieneé8 and later for the racemic synthesis of gibberellic acid anaiags

cyclohexadiend18 (Scheme 8).3°

CO,H HO,C_ Me
1. Na, NH,
2. Mel
117 118
OMe OMe o
CO,t-Bu 1. K, NH, CO,t-Bu
t-BuOH . TFA
— i-Pr A
2. i-Prl
119 120 121
. cl
on - LisNHg, THF CN
@ tBuOH
122 123

Scheme6 - Racemic preparation of alkylated cyclohexadienes for synthetic intermediates and expansion of methodology

It was later established that alkylative reduction of aromatic ethers were possible in the presence
of ortho methoxy substitutioas in119 (Scheme26).? Schultz, who discovered the
stereoselective alkylative Birch reduction pomsly, also demonstrated that alkylation could
occur alphad nitriles transforming.22 to 123 (Scheme ).

The alkylative Birch reduction was a major accomplishment in organic synthesis, but
most of the methodology generates & mdiral centre in racemic fashion. Thigblem was
solved by Shultz, who developed chiral benzamide derivatives to synthesise optically pure
cyclohexadienes that could be transformed into chiral cyclohexanes and a variety of target
functionalities and natural produdts®? Initially, 2-hydroxy enzoic acidl24was treated with
10to obtain the chiral benzamid25.** The benzamide was subjected to Mitsunobu conditions

to reach the tricyclic substrai®6 (Scheme 2).
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0 T OH _OH

HN o - Q
Q 3 1.M, NHs R
OH 10 NQ Mitsunobu _tBuOH _
OH OH “H 2.RX o H

124 125 127a R = Me
127b R = Et
127¢ R = Allyl
127d R =
homoallyl

Scheme7 - Synthesis of tricyclic substrate for asymmetric Birch reduction

Birch reduction ofl26 was carried out witl-butanol and either lithium, sodium or potassium.
The resulting metal enolate was trapped with a small range of alkyl hgédegating
cycloheadienesl27a-d (Scheme 2). Methylated product27a was synthesised as an 85:15 dr
mixture that remained constant throughout screening of m&2as-d were all formed as single
diastereomers due to the increased steric bulk compared to methy| lomiikeyer
stereoselectivity was found to be independent of the metal used in thistedybsolute
configuration ofalkylated products was tentatively mgged by NOE experiments shown in
depiction ofl27a-d. The stereoselectivity df27d was confirmed by conversion 181 by a
four-step proceséScheme &), the last of whiclallows recovery ol0, satisfying recyclability.
Comparison of.31 with racemicstandardy chiral shifttH NMR studies established that it was

a single stereoisomer.

—
Q 0
N
NBA DBN N
‘4 MeOH H 2
o) o H
OMe
127d 129
0
110 °C ; \ HCI,
PhMe OMe MeOH / 0
© O OMe
130 131

Scheme&8 - Synthesis of known compou@81lfor stereoselectivity determination

25



A later study by Schultz examined differeftects on the stereoselectivity of the reaction under
modifications o substrate.*® It was found that using @tho-methoxy benzamid&32in the
Birch reduction, gave rise to an opposite stereoselectivity thandielic andortho-alkyl

benzamide434 (Scheme 9).

OMe
0 —~OMe 4 M THF, NH; Q\om RY
N _tBuOH o~ f NQ
2. RX M
OMe ¥ o’ OMe

132 L RX Me

. 133a R = Me
133b R = Et
133c R=Bn
133d R = homoallyl
133e R = (CH,)5ClI

RX OM —~OMe
—OMe 4 M, THF, NH, R : —~OMe

o : RO s
N7 +BuOH @NQ N
2. RX
134

135a R = Me
135b R = Et
135¢ R =Bn
135d R = homoallyl
135e R = (CH,)5ClI

Scheme9 - Reductive alkylation of orthalkoxy and orthealkyl benzamides yielding opposite stereoselectivity

This is thought to be due to a difference in enolate intermediates, likely from coordination of the
metal to the extra oxygen present in tinlho-methoxy casesSelectivity in all cases was
independent of varying alkoxy groups bound to the pyrrolodine Tingest the effects of
differentortho-alkyl groups another set of experiments by Schultz was condd€tthrting

with a methyl groumrthoto the benzamide, directed benzyl metalation wiBulLi and quench

with electrophile gave access to a seriesrtifo-alkyl benzamide436a-j (Scheme30).

While all modifiedortho groups did provide relatively good stereoselectiintgihydrobenzenes

137aj, there are notable differences from substrate to substrate. It appears that larger alkyl
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groups give improved selectivity in the enolate alkylations demonstrat&girhygiving the

highest dr.
o) :/OMe 0 :/OMeL K, NH3, THF, o) :/OMe
&N < 1. s-Buli, THF, -78 °C N < t-BuOH, -78 °C (ji\N ’
2.RX,-78-25°C 2. Mel
134 136a-j R 137a-j R
137a-j R Yield (%) dr

a Me 66 25:1
b Et 79 19:1
c allyl 76 29:1
d homoallyl 69 18:1
e Bn 62 40:1
f CH,Bn 77 26:1
g CH,0OCH,SiMe3 71 33:1
h CH,0OCH,SiMe,t-Bu 88 53:1
i CH,CH,OH 79 42:1
j Ph 69 48:1

Scheme30 - Synthesis of orthonodified chiral benzamides for reductive alkylation

Soon after Schultz described the initial methodology of reductive alkylation, his
laboratory set to applying it to the asymmetric synthesis of natural products. An early example
by Schultz was the synthesis eflongifolene139.4” This was accomplished by reductive
alkylation of cyclic benzamid&26, quenching the enolate with a larger electrophile, bearing a
dimethyl acetal, thus furén improving the scope of the reacti@cheme31). Acid hydrolysis of
the enol ethefollowed by several other transformations yields the optically active target

molecule.
MeO

OMe
0
0
N 1M, NH,
2. RX p .
0
0
126 138

Scheme31 - Reductive alkylation en route tg-{ongifolene 139

(-)-longifolene (139)

Utilizing the opposite stereoselectivity inducedd, the first synthesis of the unnatural

enantiomer, (+Jycorine (144) and its derivative (+1-deoxylycorineg(143) was achieved®“°
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This required the reductive alkylation 182 with 2-bromoethyl acetatand insitu deacylation
to reach alcohal40. This is then converted to azitiél, again demonstrating the versatildy

electrophile scope and robustnesshe amino acidlerived auxiliary(Schemes2).

Scheme32 - Reductive alkylation in the synthesis ofdepxylycorin€63) and (+)lycorine(64)

Stereoselective alkylation of a Birch enolate requiresrdro substituent as well as a chiral
auxiliary. Early experiments by Schultz used alkyl or alkoxy substituas they could be
worked into the synthetic target or easily be manipulatéglative reduction ofortho-
trimethylsilyl benzamidd45 (Scheme 3) with ethyl iodide gives the cyclohexadiei®t as a

single stereocisoméf.

28






























































































































