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ABSTRACT

The addition of allylmetals to aldehydes, particularly in an asymmetric fashion, is of prime
importance in the synthetic chemist's arsenal of C—C bond-forming methodologies, as the
secondary homoallylic alcohol products are primed for further transformations. So far,
reagent-controlled approaches with chiral metal-based Lewis acids have been the most
effective means for controlling the enantioselectivity of this reaction. However, this approach
cannot be used when acetals are employed as the latent electrophiles. Since Brgnsted acids
also mediate the Hosomi-Sakurai reaction of acetals, we hypothesised that a chiral Brgnsted
acid HY* has the potential to introduce stereoselectivity into this bond-forming precess

the formation of a chiral contact ion pair in which the chiral conjugate base controls the
nucleophilic addition to the achiral oxacarbenium ion with which it will be associated. For the
investigation, three types of Brgnsted acids with different acidity, all based on a binaphthyl
core, have been synthesised. 3,3-Substituted phosphoric acids and phosphoramides were
employed in a brief study of the reaction of acyclic dialkyl acetals with allyltrimethylsilane.
However, since the rate of reaction was very slow, we turned our attention to more reactive
acetal substrates. A more detailed study was carried out with racemic cyclic acetals: 1-
alkoxyisochromans were reacted with allyltrimethylsilane in the presence of different
phosphoramide catalysts. Non-polar solvents gave the best e.r. values. The optimisation
procedure also revealed the new 10-Br-9-anthracenyl phosphordrndgg(as the catalyst

of choice for this particular acetal substrate. An interesting leaving group effect on the



enantioselectivity of the 1-allylisochroman product was also observed. A range of 1-
ethoxyisochromans were synthesised to probe the scope and the limitations of the method.
The products were obtained in moderate to good yields and moderate to very good
enantioselectivities. The synthetic utility of the developed method was also demonstrated by
two applications, one of these being a drug synthesis. To shed light on the origins of the
enantioselectivity, several experiments were carried out. These confirmed that the process is a
dynamic kinetic resolution. Finally, all results and observations were used to formulate a
transition state which rationalises the observed stereochemical outcome. In summary, the first

enantioselective asymmetric organocatalytic allylation of acetals is presented.
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1 Introduction

1.1 The Hosomi-Sakurai reaction — an important allylation process

The Hosomi-Sakurai reaction of a carbon electrophile (such as aldehydes, ketones, Michael
acceptors, imines, acetals, epoxides and acid chlorides) with an allylsilane is a particularly
widely used method for forming C-C borftid. Allylsilanes are very popular reagents
because they are thermally stable and relatively inert to water and oxygen. In contrast to other
allylating reagents, they are therefore isolable and storable without having to take special
precautions. Allyl metals have been classified by Denfflarko three types according to the

way in which they react with aldehydes. Allyltrialkylsilanes are so-called Type Il allylating
agents. This type of allyl nucleophile reacts with aldehydes through an open acyclic transition
state in which there is no interaction between the silicon group in the nucleophile and the

carbonyl oxygen (Schentg.
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Sdheme 1.Mechanism of the allylation of aldehydes by a Type Il allylating agent.



Allylsilanes are not particularly nucleophilic so an externalvatir (e.g. Lewis acid) is
generally required to effect reaction. The allylation reaction is a stepwise process, and
proceedwia a cationic intermediatk in which the positive charge is stabilised byakeffect

of silicon. In this stabilising interaction, the unfilled pAO on the carbocationic carbon is in
hyperconjugation with the filled(C-Si) bond. Maximum hyperconjugation, and therefore
stabilisation, is obtained when tb€C—Si) bond is aligned parallel to the adjacent p orbital
(Figure 1)[.5] In the second step, cleavage of the silyl grthen provides the homoallylic
alcohol produce. This type of allylation reaction is not a stereospecific process, however, it

can be highly stereoselective.

Q.
c—‘\\

Figure 1. Stabilisation of a positive charge by iheffect of silicon.

1.2 Asymmetric allylation
1.2.1 Stereoselective synthesis

Controlling the stereochemical outcome of a reaction is one of the most challenging aspects of
synthetic organic chemistry. Traditionally, substrate-controlled approaches have been
employed, and indeed, are still widely used, particularly in the synthesis of complex
molecular architecturd® 2" &amPle: yhen chiral information is not present in the substrate,
however, it needs to be introduced. Modifying the substrate through covalent attachment of a

chiral auxiliary has proven to be an immensely useful strategy; however in recent decades,



attention has increasingly focused on developing reagent-controlled sgscesich offer a

more general and atom-economical approach to asymmetric synthesis.

1.2.2 Asymmetric allylation of aldehydes

The reaction of allylsilanes with aldehydes is of prime importance in the synthetic chemist’s
arsenal of C—C bond-forming methodologies, as the secondary homoallylic alcohol product is
particularly suitable for further transformations. Controlling the stereochemical outcome of
this type of allylation reaction, in both an absolute (enantioselectivity) and relative

(diastereoselectivity) sense, is integral for maximising its synthetic utility.

An example of a substrate-controlled allylation is that used by ®bst. in the total
syntheses of furaquinocin A and B (Schemé6]2]ihe side-chain core was introduced by
reaction of allyltrimethylsilane with aldehydmediated by TiGland proceeded with high
diastereoselectivity (d.r. 9:1). The desired homoallylic alcghobuld be obtained in pure

form after purification by column chromatography (67% from 5).
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Scheme 2Substrate-controlled allylation in the total syntheses of furaquinocin A and B.

The observed diastereoselectivity can be explained by the polar model proposed by Evans
(Figure 2)"® The Newman projection depicts the conformation that minimises the dipole
moment in the molecule. The bottom face of the aldehyde is blocked toward the attack of the

nucleophile by the #nethyl substituent.

N
u OTIPS
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®
H O-Ticl,
o CHs
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Figure 2. Evans’ polar model explains the observed diastereoselectivity.

Williams used a chelation-controlled allylation in the synthesis of one of the building Blocks

required for the total synthesis of (+)-4,5-deoxyneodolabelline (Scheﬁ%e’\ﬁ)ehyde? was



reacted with allyltrimethylsilane in the presence of Qn€kfford a single diastereoisonter

in 40% vyield.
SnCl,
HIQ /\/SiMeg
H3C|-f oMom  CHeCl, 78 T
H3Cl_\; OMOM
7 8
6

40% yield

Scheme 3Chelation-controlled allylation in the total synthesis of (+)-4,5-deoxyneodolabelline.

The chelation model explains the observed diastereoselectivity in this reaction (Figure 3). In
the favoured conformation, chelation to tin holds the oxygen from the carbonyl group and the
oxygen on thex-position close in space and the nucleophile attacks from the less hindered

side.

Figure 3. The chelation model explains the observed diastereoselectivity.

Another substrate-controlled allylation was utilised in the same publication when coupling the
two building blocks6 and9 (Scheme 4). The reaction, activated this time by-GEb,

proceeded with complete diastereoselectivity in 87% vyield.
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Scheme 4Substrate-controlled allylation in the total synthesis of (+)-4,5-deoxyneodolabelline.

An intensive study revealed that both anomers of the starting acetal were equally reaction-
competenvia a common oxacarbenium ion or rapid acetal isomerisation. Two conformers of
the oxacarbenium intermediate were recognised and distinguished by the pseudoequatorial
substituent inl0 and the pseudoaxial substituentlih (Figure 4). The stereoelectronically
controlled axial attack of the allylsilare on the more stable conform&f® dominates the
reaction coordinate leading to the observed prod@atia a developing chair-like transition

state 13.

H
Nu H
@0 p H H
o? yé Me
Me NU
13 11

Figure 4.The two conformers of the oxacarbenium intermediate

in coupling the two building block& and9.

Another way of controlling the stereochemistry of an allylation using allyltrialkylsilanes is to
use a chiral auxiliary. Indeed this strategy was exploited in Rychnovsky’s approach to the

asymmetric allylation of aldehyd&8 The group investigated the diastereoselective

6



addition of allyltrimethylsilane to oxacarbenium i@4 which was generateh situ from a
variety of aldehyded5 and TMS-protected phenylsilylcarbinbd using Marké’s protocol

(cat. TMSOTH? (Scheme 5).

TMS Ph T™S
® .
)OJ\ OTMS cat. TMSOTf )0]\ H -~ SiMe; 0" "Ph
—_—
R"H * Ph)\TMS R™ H R N
15 16 14 up to d.r. 97:3

Scheme 5Asymmetric allylation of aldehydes using chiral auxiliagy

The excellent diastereoselectivities observed in these reactions could be rationalised by
Linderman’s modéf:**® which predicts E)-oxacarbenium ionH)-14 as an intermediate in a
well-defined conformation as the result of a stereoelectronic preference analogoug-to the
silyl effect (Figure 5). This preferred conformation provides maximum overlap of @€5i)
andn*(C=0) orbitals of the oxacarbenium ion. The nucleophile then adds to the face opposite

to the bulky silyl group, resulting in the observed diastereoselectivities.

Figure 5.Linderman’s model offf)-oxacarbenium ionH)-14 adopting a well-defined

conformation rationalises the observed diastereoselectivities.

Reagent-controlled approaches provide the most powerful means for controlling the

stereochemical outcome of a reaction. Since allylation reactions with allyltrimethylsilane



generally require an external source of activation, chiral lrbated Lewis acids have been

the most effective way for controlling the enantioselectivity of this transformation. The metal-
BINOL Lewis acids developed by Keck and Carreira provide important examples in this area.
Keck developed the allylation of aldehyd&3 with allyltributylstannane using &R}
BINOL/Ti(Oi-Pr), complex as the catalyst (Schemé'7¥® The product48 were obtained in

high yields and enantioselectivities.

(R)-BINOL (20 mol%)

j\ - Ti(Oi-Pr), (10 mol%) OH
+ _~_-SnBu3 -
R”H Z CH,Cl,, 0 T RT "X
4AMS
17 18

up to 98% yield
up to e.r. 98:2

Scheme 7Reagent-controlled asymmetric allylation of aldehydes by Keck.

Since the BINOL/TIi(IV) catalysts are relatively weak Lewis acids, they found little use for
promoting reactions with the less nucleophilic (and less toxic) allylsilanes. An elegant
solution to this problem was developed by Carreira, who found that enhanced reactivity could
be secured by using Tifnstead of Ti((Pr), (Scheme 8}:°?° The allylation of aldehydekd

with allyltrimethylsilane employing §)-BINOL/TiF, complex as the catalyst now led to
products 20 in moderate to high yields with moderate to high enantioselectivities.

1) (S)-BINOL (20 mol%)
TiF, (10 mol%)

OH
. CH,Cl,/MeCN, 0 T
)J\ +  _~-SiMes
R™H Z 2)  Bu,NF/THF, 23 T R)\/\

19 20

69-93% yield
e.r. 80:20-97:3

Scheme 8.Reagent-controlled asymmetric allylation of aldehydes by Carreira.



Carreira attributed the high reactivity of the catalyst to tmportant factors: i) the strong
Lewis acidity of TiR-derived complexes and ii) the greater strength of the Ti—F bond
compared to the Si—F bond which assists in catalyst turnover. In addition, Duthaler proposed a
ternary transition structure in which the electrophilic titanium centre activates the aldehyde
and a nucleophilic fluoride bridge to silicon increases the reactivity of the allylsilane (Scheme
9).[21] A reaction that proceeds through this transition structure could give the silylated adduct

directly with concomitant regeneration of the catalyst.

| |
F
O"l// u\\‘F//// \\\\‘O \Tl/\Meg
1/2 /T\ / il — (%/ s
° i
F H\\}\/
R

Scheme 9.Duthaler’s proposal of a ternary transition structure.

Carreira’s method has found application in the total synthesis of thele@irdebacter pylori
agent (+)-spirolaxine methyl eth2t (Scheme 1d3.2] The (3R-stereochemistry in phthalide-
aldehyde 22 was set upvia asymmetric allylation of 3,5-dimethoxybenzaldehy?@,

providing R)-homoallylic alcohol 24 in 78% yield with 93:7 enantioselectivity.



OMe 1) (S)-BINOL (20 mol%) PMe
. TiF4 (10 mol%)
SiMe
+ oM CH,CI,/MeCN, —20 T P
MeO | 2 Bu,NF/THF MeO
) Ua OH
23 24
78% vyield
er 93:7
CHs OMe o
o)
N O + @]
I
N O MeO <
©: 5 =_/=0
S 0
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@ WJD
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Scheme 10Reagent-controlled asymmetric allylation in the total synthesis of the

anti-Helicobacter pyloriagent (+)-spirolaxine methyl eth2t.

This short overview gave examples for substrate-controlled allylations, which find particular
application in the synthesis of complex molecules, as well as an example of a chiral auxiliary
approach. The most common, and indeed most desirable, way for achieving an asymmetric
allylation is to exploit reagent-control with chiral metal-based Lewis acids. Among the
methods developed for simple allylation with Type |l reagents, the addition of
allyltributylstannane catalysed by the BINOL/Ti(IV) complexes has the broadest substrate

scope and is therefore particularly useful in target-oriented synﬁf’és‘lﬁne use of

10



allyltrimethylsilane is also possible if stronger Lewis aci@INOL/Ti(IV) systems are

employed.

1.3 Allylation of acetals
1.3.1 Racemic allylation of acetals

Acetals are useful intermediates in organic synthesis and undergo coupling reactions with
different nucleophilesia C—C bond formatiok® Successfully used nucleophiles include

silyl enol ether$?> 3! allyl transfer reagent& vinyl etherd®® as well as simple olefif§>*!

and cyanide sourcé¥*¥ A particularly valuable transformation is the already mentioned
Hosomi—Sakurai reaction of acetals with allyltrimethylsil&fé®! which furnishes
homoallylic ethers. Such protected homoallylic alcohols can simplify the synthetic planning
in target-oriented synthesis. Catalysts, which have been employed for the racemic version of
this transformation in sub-stoichiometric quantities, include Lewis acids such as
ReBr(CO},“" NbCKAgCIO, "8 AIBry/CuBri*®? FeCk? TMSOTIFY® Bj(OTH),,P*
Sc(OTf™  BiBrgP¥  TMSNTH,P?  TMSN(SGQF),P®  TiCpy(CRS0s),, ™
montmorillonite’®  trityl  perchloratd®™ diphenylboryl triflatd® and TMSI®?
Stoichiometric Lewis acidic activators, including Ti€f! AICI3,®* BF;-EO,*4%¥ liquid

S0, and CuBr/microwave, have also been US8deveral of these methods suffer from
drawbacks such as the involvement of compounds that are corrosive, difficult to handle,
expensive, or toxic. Others require strictly anhydrous conditions or less practical reaction
temperatures. Brgnsted acids offer a useful alternative to these metal-based activators, and
have great potential as easily tunable, economic, and environmentally acceptable catalysts.
Surprisingly, the use of Brgnsted acids in this important allylation has only been reported in a

few recent publication§® "%

11



1.3.2 Hypothesis for an asymmetric allylation of acetals

Chiral metal-based Lewis acids have to-date been the most effective means for controlling the
enantioselectivity of the asymmetric allylation of carbonyl compounds. However, my
supervisor and me hypothesised that they are not applicable to the asymmetric allylation of
acetals, since the activator is not a component of the oxacarbenium ion, which is the active
electrophile in this important variant of the allylation reaction (Scheme 11). Since Brgnsted
acids also mediate this type of allylation reaction, | hypothesised tttateh Brgnsted acid

HY* has the potential to impart stereoselectivity on this bond-forming process (Scheme 11).
So far, no examples exist of chiral Brgnsted acids catalysing the intermolecular allylation of
acetals. Analogously to Lewis acid activation, protonation of the a2&tahd displacement

of R'OH through anchimeric assistance from the adjacent alkoxy group provides the active
oxacarbenium ion electrophil26!’>" In the case of Lewis acid activation, the chiral
information is carried away in the alkoxy leaving group; however, this is not necessarily the
case when a chiral Brgnsted acid is employed since the chirality is now embedded in the
conjugate base, Y7 which will be associated with the positively charged oxacarbenium ion

electrophile.

12



chiral Lewis acid LA*:

OR! LA* (OR! ®OR! _~_-SiMes OR?
RZJ\ORl J\Ole CRoLA RTH T RTYY
LA* o racemic
_ ohiral slectrophil product
chiral Brgnsted acid HY*:
OR* Hy* (OR' ®OR! | _~_SiMe;
RZJ\ORl = J\Ole _Rion szi?H - J\/\
25 Y* 26 enantioenriched
oxacarbenium ion product

in a chiral environment

Scheme 11 Whilst chiral Lewis acids do not effect the asymmetric allylation of acetals,

a chiral Brgnsted acid potentially can.

Of course, the nature of this ion pa@®6 will depend critically on the reaction environment.
There are three different types of ion p&it$® In a contact ion pair (or tight ion pair) the two

ions of opposite charge are in contact, with no solvent molecules between them. In a solvent-
separated ion pair (or loose ion pair) the two ions are more separated from each other, with a
small number of solvent molecules between them; however they are still held together by
coulombic attraction. The ions are considered to be completely dissociated if the solvent
radius is large enough so as not to allow any coulombic attraction between the two ions. A
contact ion pair will maximise the opportunity for the chirality embedded in the associated
anion to differentiate the enantiotopic faces of the oxacarbenium ion; non-coordinating
solvents of low dielectric constant, such as,Ckland even better, cyclohexane and toluene,
which have been used for allylation reactions, should encourage this. Indeed this has been
exploited in Rychnovsky's chiral auxiliary approach to asymmetric allylation of acetals,
where the highest selectivities were observed under conditions that produce tight ion

pairs!*®tH

13



Another point which needs to be considered is catalyst turnover. My supeavidome
hypothesised that the alcohol leaving group will allow catalyst turnover and permit the use of
sub-stoichiometric quantities of the catalyst (Scheme 12). A@é&tak protonated by the
chiral Brgnsted acid HY* and forms an intermediate chiral ion R&ir involving the
oxacarbenium ion and the conjugate base, after displacement of alcdif. R
Allyltrimethylsilane attacks the electrophile in the chiral environment to release the
enantioenriched homoallylic ethe7. The silylated conjugate base reacts with alcoh@HR

to give silylether MgSIOR" and the regenerated chiral Brgnsted acid HY*. A strong driving
force of this reaction is the thermodynamic strength of a Si—O bond becausg gmoypkds

the equilibrium lies on the side of'®@H and Y~ instead of RO~ and HY*. Indeed, this

catalytic cycle has been described already for the use of achiral Brgnsted acidéeﬂy List.

HOR? Me3SiOR?

ORl Me3SiY* HY* ORl
RZJ\/\ RZJ\ORl
27 25
_~_-SiMe; ® OR! HOR!
RZJJEH
Y*
26

Scheme 12Catalytic cycle for employing a chiral Brgnsted acid

in sub-stoichiometric quantities.

To the best of my knowledge there is no literature example of chiral Brgnsted acids catalysing
the enantioselective intermolecular allylation of acetals and only one example where a chiral

Lewis acid catalyst has successfully controlled the enantioselectivity of an allylation with

14



allyltrimethylsilane involving a planar, achiral carbenium i6h.Braun discovered the
asymmetric allylation of silyl etherac-28 catalysed by the chiral titanium compl29
(Scheme 13). The productS)30 was obtained in 96% yield with 99.45:0.55

enantioselectivity.

29 (10 mol%
H3C OSIM63 1) ( 0) H3C~\\\\/
SiMe CH,Cl,, -78t0 0 C
+ /\/ 3
2) aqueous NH4F
rac-28 t-Bu (S)-30
96% yield
I tBu e.r. 99.45:0.55
Ph N O
N/
Ph O/T|F2
Ph
29

Scheme 13.The only example wherechiral Lewis acidcontrols

the intermolecular allylation involving an achiral intermediate.

The essentially complete conversion of the racemic substaat@8 into the allylation
product §)-30 was rationalised as a dynamic kinetic asymmetric transformation (Scheme 14):
First, it is assumed that the chiral Lewis a2Rland both enantiomers of the silyl etRér

form two diastereomeric contact ion pairR)-28-29 and $)28-29. They rapidly equilibrate

via the planar, achiral carbenium i8f. In the subsequent reaction with allyltrimethylsilane,
one of the ion pairs,S)28-29, is postulated to react faster than its diasteredip8(29.
Presumably, the allyl residue attacks the indanyl cation from the face that is not occupied by

the titanium residue.
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Me3SiQ CH3
+ 29
(R)-28
+
HsC osiMes
+ 29
(S)-28

-G

Me;SIOTIL*ES
(R)-28-29

+ Me,SIOTIL*FS

g

31

+ Me,SIOTILFS

MesSIOTILFS

-

(S)-28-29

A, > (R)-30
- O(S|Meg)2, 29

> (S)-30
- O(SiMe3)2, 29

Scheme 14Braun’s allylation is a dynamic kinetic asymmetric transformation.

1.4 Organocatalysis

1.4.1 Chiral BINOL-based Brgnsted acids

The area of chiral Brgnsted acids has grown strongly within organocatalysis and is now able

to deliver extremely active cataly$t&®¥ Chiral Brgnsted acids can be classified into three

categories (Figure 6):

i) neutral Brgnsted acids, such as thiourea.(pK21J*¥ and TADDOL (pk ~ 20}

derivatives. The characteristic mode of activation of this class of acid involves a single or

double hydrogen bond (H-bond) to the substrate; in these cases, the proton is still bound to the

catalyst.
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i) stronger Brgnsted acids, which include phosphoric acids, (pK 1.4)[86] and
phosphoramides (pk< 1.4587'88] derived from BINOL. The characteristic mode of activation

for this class of acid likely involves a more complete transfer of a proton to the substrate
potentially leading to an ion pair in the case of the more acidic phosphoramides. Depending
on the reaction, phosphoric acids are able to transfer their proton completely or still form a
weak O---H bond.

iii) neutral Brgnsted acids, such as BINOL derivatives,(pK10)® Since these acids are
weakly acidic, they can be classified somewhere between H-bond catalysis and stronger

Bregnsted acid catalysis.
Ar A Ar Ar
i v, COoC OO
R\NJ\N,R ><O OH OH O\P//O
A 0"'\_OH OH 0" “OH/NHSO,CF;
S O
Ar Ar

hydrogen-bonding catalysts - stronger Brgnsted acid catalysts

Figure 6. Chiral Brgnsted acids.

! derived from fKa(phenol)~10
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In early 2004, Akiyama? and Terad®” independently introduced the chiral phosphoric

acids 32 (Figure 7).

994

© P”(O

EO OH

Ar
32

\\

32a: Ar = 4-NO,CgH4

32b: Ar = 4-B-naphthyl-CgH,4
32c: Ar = 2,4,6-(i-Pr)3CgH>
32d: Ar = 1-naphthyl

32e: Ar = t-BuCgH,

32f: Ar=Ph

Figure 7.Chiral phosphoric acid32.

Only the enantiomerically pure 3,3'-unsubstituted compo88&dwas known at that time.
Apart from employing33 as a chiral resolving agé?'i"ﬂ, Inanageet al. had used its lanthanide

salt as a catalyst for hetero Diels-Alder reacthﬂsPhosphoric acids82 attracted the
attention of synthetic organic chemists for several reasons (Figure 8):

i) they are bifunctional catalysts bearing both a Brgnsted-acidic site (O—H) and a Lewis-basic
site (P=0).

i) the 3,3’-substituents can play a crucial role in realising high enantioselectivity and can be

varied depending on the respective substrate/reaction.

Ar ——— stereo-controlling group
O‘ _0: &= Lewis-basic site

(O

l 0" "OH <&———= Bransted-acidic site
R ——

Ar stereo-controlling group

Figure 8.Functional chiral phosphoric acids.
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Akiyama and co-workers presented the Mannich-Type reaction of ket@rnecstals34 with
aldimines35 in the presence of various chiral phosphoric aBRI$Scheme 15[)8.9] While
3,3’-unsubstituted3 gave a racemic mixtur82a bearing 4-nitrophenyl groups at the 3,3'-

positions led to 96% yield and 93.5:6.5 e.r.

HO 322 OH
OTMS (30 mol%)
N + — NH O
)J\ \%\OMG toluene :
Ph” “H Ph OMe

35 34

96% vyield
93.5:6.5 e.r.

Scheme 15.Akiyama’s asymmetric Mannich-Type reaction
of silyl ketene acetal34 with aldimines35 catalysed by chiré82a

On the basis of experimental results (t¥aydroxy group in the aldimines is essential to
realise excellent enantioselectivity) and DFT calculations, the reactions prete#us nine-
membered zwitterionic cyclic transition-stad& (Figure 9)°% There is a dicoordination
between the aldimine and the phosphoric acid due to the bifunctionality of the catalyst. The
nine-membered cyclic structure and the aromatstacking interaction between the 4-
nitrophenyl group and the-&ryl group fix the geometry of the aldimine in the transition state.
The 3,3-aryl substituents lead to a sterically hindesefdce ensuring nucleophilic attack

proceeds on the f&ace.

Ar
: g o. O~ HO
O/P\Ot +
CCr ™
Ar )J\

Ph” \H

36 "Nu

Figure 9. Proposed nine-membered zwitterionic cyclic transition-géte

between phosphoric acid and aldimine substrate.
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Terada and Uraguchi also reported a Mannich-type redttionldimines 37 react with 2,4-
pentandione38 in the presence of chiral cataly32b providing -aminoketones39 in

excellent yields and enantioselectivities (Scheme 16).

32b
.Boc Boc.
N o O (2 mol%) NH - Q
A, A =2
Ar H CH,CI, Ar
37 38 1o}
up to 96% yield 39
up to 99:1 e.r.

Scheme 16.Terada’s asymmetric Mannich-Type reaction of
2,4-pentandion88 with aldimines37 catalysed by chiré82b.

They used computational and NMR analyses to rationalise the observed

enantioselectivitie§" Preliminary computational results show that the exothermic formation

of associates between the chiral phosphoric acid and the imine substrate is sterically
controlled by the bulky substituents of the catalyst. The activation of the substrate happens

a H-bond between the N-atom of the imine and the acidic H-atom of the catalyst which allows
the substrate to accommodate itself in only two different ways using either of the two

otherwise equivalent oxygen atoms (Figure 10).

Ph
Ar %H Ar Boc

0, O-H-N 0, O-H-N
o o N
0" o —0" "o

Ar Ar

Figure 10.The H-bond between the imine and the catalyst allows two lowest conformations.

Furthermore, the isomerisation of the more st&bddimine into itsZ-isomer (which could
be the one reacting faster in the transition state as shown by Ja@@bmﬁs to be

considered. A detailed analysis of the four different conformations of the H-bond associates
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revealed that only the one presented in Figure 11 makes the imioeptible to the

enantioselective nucleophilic attack.

Figure 11.Conformation which makes the imine susceptible

to the enantioselective nucleophilic attack.

The sterically bulkyt-Bu group in the imine acts like an anchor preventing the free rotation
around the H-bond, thus ensuring the high order of the enantioselection as shown by the drop

of e.r. with smaller protecting groups.

In a very recent set of publication, Goodman has developed a model, based on DFT
calculations, which predicts the correct enantioselectivity of imine reactions catalysed by
BINOL-based phosphoric acit! He rationalised the different factors on which the
enantioselectivity depends, focusing on Baeor Z-preference of the transition structures and

the orientation of the catalyst with respect to the electrophile (Type | and Type Il reaction).
Application of the model to the above reaction would predict a (Tygg-thansition state

which indeed accounts for the observed enantioselectivity as shown in Figure 12.
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/P/ .
O 0O AN
! |
H H
|
Ar Nu | Ar
Ph /N‘Boc

H

Figure 12. Goodman’s model predicts the correct enantioselectivity.

A great number of publications employing various chiral phosphoric &@dsas followed

these pioneering studi&&°°|n the beginning, a common feature of the reactions catalysed

by these catalysts has been an imine as the substrate. More recently, synthetic organic
chemists have started to investigate the activation of carbonyl compounds which will be

described in the next Chapter.

1.4.2 Organocatalytic activation of carbonyl compounds

Carbonyl compounds play a central role in a diverse array of organic reactions. In particular,
the activation of aldehydes for further reaction represents one of the most important strategies
for employing this functional group in synthesis, and in particular enantioselective
synthesié?oo] The following summary mainly contains carbonyl compounds as electrophiles
which are activated by either ester- or trifluoromethyl substituents. A phosphoric acid as
catalyst is acidic enough to induce reaction with these more reactive electrophiles. For non-
activated carbonyl compounds more acidic Brgnsted acids like phosphoramides or

thiophosphoramides are usually necessary.
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The activation of carbonyl compounds by using a chiral Brgnsted acifirstaeported by

Rawal and co-workers, who performed a hetero Diels-Alder reaction in the presence of a sub-
stoichiometric amount ofR)R)-1-naphthyl TADDOL R,R)-40 (Scheme 174" 1-Amino-3-

siloxy diene4l was reacted with a range of aldehyd2sand the resulting cycloaddu&3

were converted into dihydropyrondd in good overall yields and high enantioselectivities

(e.r. >99:1).

TBSO R
TBSO _~ H._R  (RR)-40 (10 mol%) |
~ T tol 78 T °
o oluene, CH4COCI

~ 42 CH,Cl,/toluene

-78 C
41 43

Ar.  Ar O R
><O OH tof
r OH
° w= 1) “
ArAr

(R,R)-40 70% yield with R = Ph
e.r.>99:1

Scheme 17 Rawal’s hetero Diels-Alder reaction catalysed by TADD@IR}-40.

BINOL-derived phosphoric acids and phosphoramides have been scarcely explored in the
activation of carbonyl compounds. In 2006, Yamamoto introduced the highly reactive and

acidic chiral Ntriflyl phosphoramide Brgnsted acid catalysts 45 (Figure 13).
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45a: Ar = 2,4,6-(i-Pr)3CgH»
45b: Ar = 9-phenanthryl
45c: Ar = 4-MeOCgH,

Figure 13.Chiral N-triflyl phosphoramided5.

He employed the 2,4,6-triisopropylbenzene-substituted derivavé5@ in an asymmetric
Diels-Alder reaction of:,f-unsaturated ethyl vinyl ketor6 with silyloxydienegt7 (Scheme
18).[87] In most cases, thendo Diels-Alder adduc#8 were obtained quantitatively with high

enantioselectivities (up to 96:4 e.r.).

= o (S)-45a (5 mol%) /O\\\COEI
+
Et _
TIPSO AN ﬁj\ toluene, -78 C TIPSO -
R! =
47 46 48

up to >99% yield
up to 96:4 e.r.

Scheme 18Yamamoto’s Diels-Alder reaction eff-unsaturated ethyl vinyl ketor

with silyloxydienesA7 catalysed by$)-45a

The activation of carbonyl compounds was subsequently expanded by Ragepihgvho
reported the asymmetric Nazarov cyclisation of dienoA8s catalysed byN-triflyl

phosphoramide R)-45b (Scheme 19°? This method provides the corresponding
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cyclopentenoneS0 in good yields and with excellent enantioselectivities forctbas well as

the transproduct.

1
0 R*  (R)-45b (2 mol%) O O
CHCl3, 0 T

49 50

up to 92% yield
up to 9.3:1 cis:trans
up to 96:4 e.r.(cis)
up to 98:2 e.r.(trans)

Scheme 19Rueping’s Nazarov cyclisation of dienorEkscatalysed byR)-45b.

One year later, the same group published an asymmetric Friedel-Crafts alkylation of indoles,
also catalysed bi-triflyl phosphoramide R{)-45b.[1°3] In the reaction oN-methylindole51

with a-keto esteb2, a variety oN-triflyl phosphoramides gave mainly bisind&@8 with the
highest atropisomeric ratio being 81:19 (Scheme 20). Two molecules of indole added-to the «
keto group, the first in a 1,2-addition to the enone containee@to esteb2, and the second

in an overall nucleophilic substitution of the resulting hydroxyl group.

|
N
/] Q
(0] (R)-45b (5 mol%)
CLY * st iy
N PR X CO,Me toluene, -78 C Bh
\ \
N
\

51 52

53

atropisomeric ratio 81:19

Scheme 20A variety ofN-triflyl phosphoramidesR)-45b gave bisindolé&3
in the Friedel-Crafts alkylation d&§-methylindole51.
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Interestingly, employing catalysR)f-54 led to the predominant formation of the 3-substituted
indole product55 resulting from a highly enantioselective 1,4-additiorb&(Scheme 21).

The authors reasoned this may be attributed to the steric properties of the catalyst. The 3,3'-
C-Si bond is longer than the corresponding C—C bond in cataRjsi&( and the spherically
arranged phenyl groups on the silicon atoms increase the steric demand at the catalytically
active centre, resulting in better shielding of the carbonyl groups in the activation process,

which gives rise to the regioselective 1,4-addition of indole.

Rl
/ CO,R?
(@] - 0
@\/\> N /\)}\ (R)-54 (5 mol%) \ O
N R “CO,R? CHyClp, =75 T N
RS \ RS \
56 : 55
SlPh3
‘O 43-88% yield
o. P up to 96:4 e.r.
~P_ ,SO,CF,
O N
I #
SiPh,
(R)-54

Scheme 21(R)-54 led to the 3-substituted indole prod&&tresulting from a 1,4-addition &6.

This publication was followed by three other examples on the Friedel-Crafts reaction of
indoles. Activation of carbonyl compounds by chiral Brgnsted acids afforded a range of 2-

and 3-substituted indoles.

The work of You and co-workers opened the door to enantiopure 2-substituted indole
derivatives, which hitherto had been difficult to access by catalytic asymmetric syHfesis.
They developed the Friedel-Crafts alkylation of 4,7-dihydroin&a@levith 8,y-unsaturated:-

keto ester$8. The reaction was catalysed \nriflyl phosphoramide $)-45a and proceeded
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in a highly enantioselective manner (up to 99:1 e.r.) (Scheme 22). Subsequent oxidation of the
products withp-benzoquinone led to 2-alkylated indole derivatis8swith perfect retention

of the stereochemistry.

CO,Et
1 1 ©
R m 0 (S)-45a (5 mol%e) R N\
+
N szj\coza Et,O, 60 T N R?
\ \
o
57 58 up to 9:9{oly|eld
up to 99:1 e.r. R'=H | p-benzoquinone
R?=Ph MeCN
CO,Et
O
1
59% yield A\
e.r. 99:1 N R2
\
59

Scheme 22You’s route to enantiopure 2-substituted indole derivath@s

Ma et al. reported the asymmetric synthesis of trifluoromethyl-substituted tertiary alé@hols
by the reaction of indole derivativéd with aryl trifluoromethyl ketone82 (Scheme 23§
The CFk group, with its electron-withdrawing ability, improved the reactivity of substrates

and allowed the less acidic phosphoric a8§d32cto be the catalyst of choice.

Ho, CFs

L
@\/\> o (S)-32¢ (5 mol%) N

+
N RZJJ\CF:; CH2C|2, RT N
R H RL H
61 62 60
up to 99% yield

up to 99.5:0.5 e.r.

Scheme 23.Ma'’s synthesis of trifluoromethyl-substituted tertiary alcolégls
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In contrast to Rueping’s publicati%?f’] (see above), the reaction stops at the tertiary alcohol.
A plausible explanation for this is given by DFT calculations showing that Brgnsted acid-
catalysed OH activation would be difficult due to an apparent shortening of the C-O bond in
comparison to its non-fluorinated analogue {€ERCH;). The consequence is a suppression of

further arylation of the alcohol products by another indole molecule.

In another publication from Yoet al., the chiral phosphoric aci®)@32d catalysed the
tandem double Friedel-Crafts reaction of inddd@swith 2-formylbiphenyl compoundé4,
affording fluorene derivative$5 with high enantioselectivity (up to 98:2 e.r.) (Scheme

24) .[106]

(S)-32d (5 mol%)

CCl,, -15 T
5AMS

64 65

up to 96% yield
up to 98:2 e.r.

Scheme 24You published the tandem double Friedel-Crafts reaction of in68les

with 2-formylbiphenyl compoundé4 catalysed by$)-32d.

The use of more reactive aldehydes allows the less acidic phosphori€)g2di (o promote
the first Friedel-Crafts reaction (Scheme 25). The secondary alé6hslunstable under the
reaction conditions and undergoes loss gDHo form a contact ion paB7, in which the

chiral phosphate counteranion creates a chiral environment to differentiate the enantiotopic
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faces of the 3-benzylidene-3Hdolium cation in the second Friedel-Crafts reaction.

Rearomatisation gives fluorene product 65 and regene@t82d.

63
+
64
‘ (S)-32d 65
‘ - (S)-32d 1 - (S)-32d
B OMe ] B OMe ]

HO R3
G| o
O gz ~H,0
N
H

66

Sdcheme 25.The reaction proceedsa contact ion pai67.

Only a few months after their work on 3-substituted indoles, Ruegtia published a highly
enantioselective organocatalytic carbonyl-ene reaction (Schem&’26$imilar to the
allylation of aldehydes, this reaction is an important C-C bond-forming process for the
preparation of synthetically valuable homoallylic alcohols. A broad range of styrene
derivatives68 were reacted with trifluoropyruva@® to afforda-hydroxyesters/O in good

yields (55-96%) and with excellent enantioselectivities (up to 98.5:1.5 e.r.). Only 1 mol% of
phosphoramide R)-Hs-45c was necessary to mediate the reaction of the highly reactive
carbonyl starting material 69. The structure of the chiral Brgnsted acids was also described for

the first time in this publication and demonstrated that the catalyst which was put into the
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reaction is the protonatdd-triflyl phosphoramide and not the corresponding salt (a detailed

discussion of the nature of the catalyst is described in Chapter 3.1).

/g j\ (R)-Hg-45¢ (1 mol%) FsC OH
N :
Ar F,C~ “CO,Et Ar CO,Et

o-xylene, 10 C

68 69 70

55-96% yield
upto 98.5:1.5e.r.

Scheme 26 Rueping’s enantioselective carbonyl-ene reaction.

The first example of the activation of carbonyl compounds by cphhakphoric acidsvas
described by Teradet al. in early 2008 They reported the activation of glyoxylatg for
an aza-ene-type reaction with ene-carbamagewhich proceeded in a highly enantio- and

diastereoselective manner (Scheme 27).

.CO,Me
O HN 2 (R)-32e (5 mol%) HsO* OH Q
+
Et0,C~ “H Rl%Rz CH,Cl,, R.T. Et0,C” Y R?
4AMs R!
71 72

up to 89% yield
anti:syn >99:1
e.r.>99.5:0.5

Scheme 27Terada’s aza-ene-type reaction of glyoxylatewith

enecarbamate® catalysed byR)-32e

DFT computational analysis of the complexation modes demonstrated that a double hydrogen
bonding interaction between the phosphoric acid and the glyoxylate is crucial in providing the
high enantioselectivity (Figure 14). The hydrogen bond between the formyl hydrogen atom

and the phosphoryl oxygen atom forces a coplanar orientation of the formyl group and the
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phosphoric acid sub-unit, which results in one enantiotopic face of theydé&ldieing
effectively shielded by one of the phenyl groups. In contrast, the other face is fully accessible

to attack by the enecarbamate.

Figure 14.DFT computational analysis demonstrates the importance of

double hydrogen bonding interaction between the phosphoric acid and the glyoxylate.

One year later, the same group published the highly enantiardirselective hetero Diels-
Alder reaction between glyoxylatEl and siloxy- or methoxydiené&8 catalysed by chiral
phosphoric acid B)-32f (Scheme 28}°? The anti-dihydropyran product§4 (d.r. >99:1)
were obtained in good vyields (51-95%) and with excellent enantioselectivity (all examples

greater than 97.5:2.5 e.r.).

R! R!
2 2 T
R~ HTCOZEt (R)-32f (5 mol%) R | COEt
+
RITY o) tolue?e, R.T. R3O o)
R 4 AMS Ga
73 71 74
R2 = OTBS 51-95% yield
R* = OMe anti:syn >99:1
e.r.>97.5:2.5

Scheme 28Terada’s hetero Diels-Alder reaction between glyoxyldtand diene§ 3 catalysed byR)-32f.
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It is noteworthy that for this type of reaction, only chiral Lewcids (e.g. enantiomerically
pure BINOL complexed with Ti(GPr), and tridentate Schiff base ligands complexed with
Ti(Oi-Pr)4)[11°] had been used previously to provide high levels of stereoselectivity, albeit with
a syn relationship between the vicinal substituents of the dihydropyran. WheDEBFwvas
employed in this Diels-Alder reaction, the diastereoselectivity dropped to 1:1. This result
indicates that i) the secondary orbital interactions are weak in this hetero-Diels-Alder reaction
and ii) the steric demand of the catalyst seems to be the dominant factor in increasymg the
selectivity. The last consideration was supported by the fact that incorporating bulkier groups
than the phenyl substituent, such as 2,4BrECsHo-substituents on the 3,3’-positions of the
catalyst, led to a significant reduction in selectivity in favour ofsyrediastereoisomer. Two
plausible transition-state structures were reported whemntihe orientation is not favourable

because of the steric repulsion between the diene substituents and the glyoxylate (Figure 15).

2\
\
. \ ‘\
— SiO \ -0
_____ H /O h -----H /O
o PO ~ PO
\/ %H_\A<O \/ \[(LLH _____ O
0O N\ 0
N i
OSi
favoured TS disfavoured TS
exo endo

Figure 15.In the transition state trexoorientation is favoured over tiemdoone.

The following two examples describe the first aldol reactions where chiral phosphoric acids
and N-triflyl phosphoramides are used to catalyse this powerful C—C bond-forming process.
Blanchet and coworkers developed the direct aldol reaction between ethyl glyaXyiatel

different ketone nucleophilegs in the presence of thegtBINOL-derived phosphoric acid
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catalyst R)-76 (Scheme 29[)1.11] The p-hydroxy ketone product§7 were obtained in
moderate to excellent diastereo- and enantioselectivities (up to 95:5 d.r. and 95:5 e.r.).
Notably, this syn-enantioselective aldol reaction is complementary to enamine (proline)

catalysis, which usually favours the adiastereoisomer.

0 O OH
n/’:\\\]\)JD N J(J)\ (R)-76 (5 mol%) l’.//:\\\]\)J\./\COzEt
" [N} z
AN )n H™ >CO,Et toluene, 0 C-R.T. SN En
X X
X=CH, O, S X=C,0,S
75 71 77

42-86% vyield
up to 95:5 syn:anti
up to 95:5 e.r.

(R)-76

Scheme 29.Blanchet’s direct aldol reaction between ethyl glyoxy¥kdte
and ketoneg5 catalysed byR)-76.

Yamamoto used the more acidietidlyl thiophosphoramide§)-78 to catalyse an asymmetric
Mukaiyama aldol reaction between various aldehyd@sand silyl enol ether80 (Scheme

30) 2 The aldol products 81 showed good to excellent enantioselectivities (up to 96:4 e.r.).
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il (S)-78 (1 mol%) HCI (L N) ﬁ\/OLH

+

R? H™ "R®  toluene/hexane (1:1) R.T. R? R?
-86 C

80 79 81

up to 97% yield
up to 96:4 e.r.

S

~~7
,P\N,SOZCF3
'PrH

(S)-78

Sdcheme 30.Yamamoto's Mukaiyama aldol reaction between various aldehydes 79
and silyl enol ether80 catalysed byS)-78.

Mechanistic studies revealed that the silylated Brgnsted acid may be an actual catalyst at R.T.
(Lewis acid pathway), whereas at low temperature, the Brgnsted acid itself may be the actual

catalyst (Brgnsted acid pathway).

1.4.3 Organocatalytic activation via reactive intermediates

Another challenge within the growing field of chiral Brgnsted acid catalysis is the
investigation of reactions where a positively charged reactive intermediate (carbocation,
oxacarbenium ion) is associated with the negatively charged conjugate base in a contact ion
pair. The intermediate might be stabilised through intermoleatastacking interactions as

well as electrostatic interactions and hydrogen bonding. These interactions determine the

relative orientation of the cationic intermediate in the chiral environment created by the
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associated anion. The underlying principle, namely Asymmetric Caumd@-Directed
Catalysis (ACDC), was first introduced by 148 and forms the basis for our hypothesis on

the asymmetric allylation of acetals. So far, there have been only four examples in the
literature where this challenge has been tackled using organocatalysts. Noteworthy is the work
of Jacobsen and co-workers who have applied the principle of H-bond donor catalysis by
anion binding of urea and thiourea derivatives to the enantioselective transformation of
oxacarbenium iof$* and carbocation$® The above mentioned nucleophilic additions of
indole to carbonyl groups (Chapter 1.4.2) also follow the concept of ACDC because in each

case a mesomeric stabilised cation is formed.

Yamamoto again employed the more aciitriflyl thiophosphoramide §)-82 as a catalyst

for the enantioselective protonation of prochiral enol derivatives to prepare enantiomerically
enriched a-substituted carbonyl compoun[agi.] This work provides the first metal-free
Bregnsted acid-catalysed asymmetric protonation of silyl enol ethers 83 using a chiral Brgnsted
acid catalyst in the presence of achiral Brgnsted acid media (Scheme 31). The ketone products

84 were obtained quantitatively with excellent enantioselectivity (up to 95:5 e.r.).

OTMS @]
R (9)-82 (5 mol%) ~R
PhOH (1.1 eq)
" toluene, R.T. :
83 84
>99% yield
up to 95:5 eur.
(S)-82

Scheme 31.Yamamoto published the enantioselective protonation of prochiral enol derivatives.
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Scheme 32 outlines the proposed mechanism of this interesting redoitaaity, the
protonation of silyl enol ethe83 takes place enantioselectively from the chiral Brgnsted acid
HY* (S)82 or achiral oxonium ion pair [PhQH-[Y*]~ 85, generated by rapid proton
transfer betweenS)-82 and the achiral proton source PhOH. An intermediate chiral ion pair
[83H]"-[Y*] ~ 86 of the oxacarbenium ion and the conjugate base is formed. This is followed
by desilylation with PhOH to form the corresponding ketBaAgethe silylated achiral proton

source PhOTMS with concomitant regeneration of HS)g2.

(S)-82 + PhOH

TMS. TMS. ®
L R 8 i R i R
ij/ or (S)-82 @/ YT \ -
PhOH PhOTMS
86 +
(S)-82

Scheme 32 Proposed mechanism for the enantioselective protonation reaction.

Teradaet al. demonstrated the direct aldol-type reaction of azlac@®neg protonation of
vinyl ethers88 by chiral Brgnsted acidR(-32c (Scheme 331" The -hydroxy-a-amino acid
products89 possessing a quaternary stereogenic centre atdddoon atom were afforded in

good to excellent yields in a highly enantio- and syn-diastereoselective manner.
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Ar O @] O
> ﬁf RZ
R N R OMe
o) N (R)-32c (5 mol%) MeONa Ar NH
2 +
R n/ CH,Cl,, 0 T MeOH  MeO o
MeO OMe
88 45-99% vyield OMe
up to 98:2 syn:anti
87 up to 98.5:1.5 e.r. 89

Scheme 33Terada’s direct aldol-type reaction of azlacto@eésia

protonation of vinyl ether88 catalysed byR)-32c

The proposed mechanism suggests proton transfer from the chiral Brgnsteld)-&dd to

vinyl ether88 to generate an oxacarbenium ion, which forms an intermediate chiral ion pair
[88H]"-[Y*]~ 90 with the negatively charged conjugate base (Scheme 34). Asymmetric
induction occurssia stereochemical communication, nameily hydrogen bonding, between

the cationic intermediate and the chiral counteranion. This ion pair then reacts with the
azlactone87 via its oxazole tautome®l to form the corresponding produB® and the

regeneratedR)-32c

@O,Rl @O,Rl
_R? R2 R2
0" (Ry3 ﬁ)k'ﬂ %H\
R2, Heo_/ Ho
80, 0 N, P
P. O\p_
O/ \O @ /
88 W, Q
90
0] OH OR! O
2 2 2
Ar \(lko . Ar \%\O RMO
N={ N= ~ (R)-32¢ Az N=(
1 1 1
Ar Ar Ar
87 91 89

Scheme 34.The proposed mechanism suggests an oxacarbenium ion as intermediate,

which forms a chiral ion paB0 with the conjugate base.
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List et al. described the highly enantioselective kinetic resolution of alcohols tethered to an
acetal moietyvia a transacetalisation reactiotf! Both secondary and tertiary acetal
homoaldols ¥-hydroxyacetals)rac-92 were exposed to the newly designed spirocyclic
phosphoric acid STRIPS)93 [6,6’-bis(2,4,6-triisopropylphenyl)-1,1’-spirobiindan-7,7’-diyl
hydrogen phosphate] to lead to enantioenriched (up to 99:1 e.r.) cyclic @#talscis
diastereoisomers (up to >50:1 d.r.) and enantioenriched acetal hom&a&dals to 98.5:1.5

e.r.) (Scheme 35).

OEt OEt
R: (S)-93 (1 mol%) 1 R1
EtO R? w2+ Eo ~R?
CH,Cl,, 20 T Et0" o~ "R?
OH 4 AMS OH
rac-92 94 95
up to >50:1 d.r. up to 98.5:1.5 e.r.

up to 99:1 e.r.

(S)-93 (STRIP)

Scheme 35 List’s kinetic resolution of alcohol®c-92 via a transacetalisation reaction.

The method represents a very atom-economical kinetic resolution because it does not require
any stoichiometric reagents and forms EtOH as the only by-product. Furthermore, the acetal
group in cyclic acetal94 can easily be modified, giving access to enantioenriched
tetrahydrofurans ang-butyrolactones. Although the authors did not comment on the actual
mechanism, one possibility is that the reaction proce@l€ontact ion pai®6 where the
cationic oxacarbenium ion comes from the one homoaldol enantiomer that undergoes

cyclisation (Figure 16).

38



Figure 16. A possible contact ion pair for the transacetalisation reaction.

In the fourth example, Rueping and coworkers described the asymmetric intramolecular
allylic substitution of allylic alcohol87 to 2Hchromene®8 (Scheme 36§% The reaction is
catalysed by chiral-triflyl phosphoramideR)-99 and proceeds with good to excellent yields

(61-95%) and in a highly enantioselective manner (up to 98:2 e.r.).

R? OH R? x
A ZR8 (R)-99 (5-10 mol%) XX
|// OH toluene, =78 C |// R3
R! R!
97 98

61-95% yield
up to 98:2 e.r.

(R)-99

Scheme 36.Rueping’s intramolecular allylic substitution of allylic alcoh®kto
2H-chromene$8 catalysed byR)-99.

On the basis of different experiments described in the article, they propose that the Brgnsted
acid R)-99 protonates the allylic alcoh87. Subsequent dehydration gives a carbocation
which is associated with the phosphoramide anion in a chiral contact iackDpékigure 17).

Their model favours a carbocation with amti,anti configuration, which is stabilised through

intramolecularz-z stacking interactions as well as an intermolecular electrostatic interaction
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with the counteranion. The two ions of the ion pair orientate in suchydhatthe positive

charge of the cation is compensated by the negative charge delocalised on the OPNTf system.
The HO phenolic group is subsequently deprotonated by the catalyst, enabling intramolecular
attack of the oxygen nucleophile and regeneration of the effective catalyst. f£ation-
interactions between the substrate and the catalyst are most likely responsible for the excellent

enantioselection observed in this reaction.

100

Figure 17.Proposed contact ion pdif0in the allylic substitution.

1.4.4 Organocatalytic allylations

To the best of my knowledge, no allylation reaction involving one of those reactive
intermediates mentioned in Chapter 1.4.3 has been reported in the literature. There are only
two examples of an allylation process mediated by chiral phosphoric acids. In 2010, Antilla
reported the chiral phosphoric acid-catalysed allylboration of aldetyeéScheme 3752
The homoallylic alcohol product2 were obtained in high yields (up to 99%) and with high

enantioselectivities (up to 99.5:0.5 e.r.).
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)oJ\ QAQ (R)-32¢ (5 mol%) OH
+ B. :
P g toluene, -30 C RN

101 102

up to 99% yield
up to 99.5:0.5 e.r.

Scheme 37 Antilla’s allylboration of aldehyde$01 catalysed byR)-32c

They propose that activatiomia protonation of the boronate oxygen would provide a
reasonable explanation for the reactivity (Figure 18). Work by #dft”) and Schad¥™

support this hypothesis.

Figure 18.Antilla proposes protonation of the boronate oxygen as activation mode.

Very recently Terada developed the highly enantio- (up to 99:1 e.r.) anlibsyereoselective
(up to 93:7 d.r.) Hosomi-Sakurai reaction of imid€8 with allyl- and crotyltrimethylsilane

104 (Scheme 38) employing 100 mol% of chiral Brgnsted &)id@5™>*
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(R)-105 (100 mol%)

Ar or i
. (R)-105 (20 mol%)
SiMe
)'\J‘\ o + AN 106 (80 mol%) A0
R™ H EtOAc, 30 T RN
103 up to 94% yield
up to 99:1 e.r.
t-Bu,CgHs t-Bu,CeHs
Rl SiMe (R)-105 (100 mol%)
+ 3 -
)'\J'\ © f\/ EtOAC, 30 T HN- 70
Ph” H R PR YT
103 104a R!=Me, RZ=H
104b Rl =H RZ = Me 104a 80% y|9|d
93:7 syn:anti
- N 99:1 e.r.(syn)
CoFs 104b  86% yield
‘O 84:16 syn:anti
o\P/,O 97:3 e.r.(syn)
o ™
CeFs
(R)-105
106

Scheme 38.Terada’s Hosomi-Sakurai reaction of imirids catalysed byR)-105

A combined Brgnsted acid system employing chiral phosphoric BEitlo6 (20 mol%) and
achiral Brgnsted acitlO6 (80 mol%) allowed for an enantioselective catalytic process. In this
system, regeneration of the chiral Brgnsted acid HY* is possible by proton transfer from the

additional achiral Brgnsted acid HY to chiral silylated phosphoric acid SiY* (Figure 19).

HYX HY*>
HSi Siy*
Figure 19.A combined Brgnsted acid system allows an enantioselective catalytic process.
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This section on organocatalysis has introduced into the concept of claradt&d acids, in
particular BINOL-based phosphoric acids and phosphoramides (Chapter 1.4.1). The first two
examples of chiral phosphoric acid-mediated processes were described in 2004 and all
involve an imine as the substrate. In the following years, the number of publications
describing enantioselective additions to imines has increased rapidly, enabling Goodman to
introduce his model for imine reactions catalysed by BINOL-based phosphoric acids in 2011.
Turning the focus to the activation of carbonyl compounds (Chapter 1.4.2), the research
community found a clear trend: Reactive carbonyl compounds (with ester- or trifluoromethyl
substituents) can be activated by phosphoric acids whilst “normal” carbonyl groups require
more acidic phosphoramides and thiophosphoramides. To the best of our knowledge only a
few reactions have been described, which involve a positively charged reactive intermediate
(carbocation, oxacarbenium ion) following the concept of ACDC (Chapter 1.4.3) and so far,
no allylation reaction involving one of those reactive intermediates has been reported
(Chapter 1.4.4). There are only two examples of an allylation process mediated by a chiral
phosphoric acid. One involves the allylboration of aldehydes reported by Antilla in 2010,
which proceedsia a six-membered transition state. In the second example, Terada achieved
the Hosomi-Sakurai reaction using the less nucleophilic allyltrimethylsilane with imines in
early 2011. An obvious next stage in the development of this field would be to investigate the
Hosomi-Sakurai reaction of allyltrimethylsilane with a latent electrophile like an acetal. This

is the aim of our project, which will be described in detail in the next Chapter.
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2 Project Aims and Objectives

Based on the hypothesis described in Chapter 1.3.2, our group wished to investigate the use of
different chiral Brgnsted acids derived from BINOL in an asymmetric allylation of acetals. To

this end we have the following objectives:

i) To synthesise a range of enantiomerically pure phosphoric acids based on a BINOL core,
some of which have already been successfully employed in other Brgnsted acid-mediated

processes (Figure 20).

CoC
(0]

N

/P\

oS¢
Ar

Figure 20.Chiral phosphoric acids based on a BINOL core.

i) To synthesise a range of enantiomerically pure phosphoramides based on a BINOL core,
which are more acidic than the phosphoric acids and which have also already been

successfully employed in other Brgnsted acid-mediated processes (Figure 21).
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Figure 21.Chiral phosphoramides based on a BINOL core.

iii) To synthesise a range of enantiomerically pure sulfonic acids, which represent a new class

of even stronger chiral Brgnsted acids (Figure 22).

9y

SO3H

O O ORYOArY/ArYH
'Ar?

Figure 22.Chiral sulfonic acids based on a binaphthyl core.

iv) To investigate the use of these chiral Brgnsted acids, which differ in their acidity, in a

catalytic asymmetric allylation of acetals (Scheme 39).

/\/ | 63 *
+ = _ =
2
o solvent, R N
temp, time

_~_SiMe HY?
+ 3
O] Z solvent, * O

OR temp, time

Scheme 39Asymmetric allylation of acetals.
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3 Results and Discussion

3.1 Synthesis of chiral BINOL-based phosphoric acids and phosphoramides

As described in Chapter 1.4.1, various 3,3-disubstituted phosphoric acids and
phosphoramides based on a BINOL core, have already proven their worth as catalysts in a
range of asymmetric procesé?iég.g] Models which are used to rationalise the observed
stereoselectivity in these reactions commonly refer to well-defined molecular conformations
associated with non-covalemtr interactions (face-face and edge-face) between the aromatic
substrate/intermediate and the aromatic 3,3’-substituents in the accompanying BINOL
catalyst. There is no single 3,3-substituent which is universally successful for all
transformations. We therefore synthesised a range of BINOL-based phosphoric acids and
phosphoramides bearing different substituents on the 3,3’-positions (Table 1). Our synthetic

strategy is already well established in the literature.
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oo
O\ P’/X

SOWN
Ar

cdalyst Ar X Y
(S)45d and R)-45d p-tolyl O NHTT
(S)45e 3,5-(CR)2CsH3 0] NHTf
(R)-45a 2,4,6-{-Pr);CsHs O NHTf
(R)-45f 9-anthracenyl O NHTT
(R)-45¢g 10-Br-9-anthracenyl @) NHTT
(R)-45h 10-p-tolyl-9-anthracenyl O NHTf
(R)-45i 4-Br-1-naphthyl O NHTf
(R)-Hs-45j 10-Br-9-anthracenyl O NHTf
(R)-107 10-Br-9-anthracenyl O NH{E5
(R)-108 10-Br-9-anthracenyl S NHTf
(S)-32¢g p-tolyl @] OH
(R)-32h 10-Br-9-anthracenyl @) OH
(R)-32i 10-F-9-anthracenyl @] OH

Table 1. Synthesised BINOL-based phosphoric acids and phosphoramides.

Preparatively useful syntheses generally begin with BIN@&d-109, which was prepared
from 2-naphtholl10 and FeGJ in an oxidative radical coupling reaction in 77% yiefd*®!
Subsequent resolution of this racemic material Wihenzylcinchonidium chloridé11 gave
(R)-BINOL (R)-109 in 99.5:0.5 e.r., an®)-BINOL (S)-109 in 99.55:0.45 e.r., as determined

by chiral HPLC, with 95% recovery of the starting material (Schem&%0).
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(T s on
OH
H,0.100C OO

110 77% rac-109

A CL
OH =-——7—F—"7—> OH

resolution

with 111

(R)-109 (S)-109

95%, 99.0% ee 95%, 99.1% ee

Scheme 40.Synthesis of BINOlrac-109and

its subsequent resolution witkbenzylcinchonidium chloridé11

Aryl groups on the 3,3’-positions of the BINOL scaffold are usually introduced by a cross-
coupling reaction of a boronic acid with an aryl halfd8.To obtain these precursors, the
alcohol functionality in enantiomerically pure BINOL 109 was first protected by reaction with
Mel in the presence of KOs to afford dimethoxy-ethet12 in 97% vyield (85% vyield after
recrystallisation) (Scheme 445812 |n the next step, directed ortholithiation, trapping the
resulting dilithio intermediate with B(OEt)and subsequent hydrolysis, provided bis-boronic
acid113 in 55% yield after recrystallisatiélﬁ?] Bis-iodo-ether R)-114 was also synthesised

by ortholithiation of R)-112 and subsequent trapping with*§ Recrystallisation of the

crude product afforded the enantiomerically pure product in 67% yield.

Reduction of the BINOL core inRj-109 was achieved quantitively with Adams’ catalyst

under B atmospherél?” Beller has developed an elegant synthetic sequence for the direct
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Suzuki coupling of unprotectedgHBINOLs which would allow us to avoid the use of a
protecting grou&”] Following this lead, we brominated did){Hg-115 at —30 °C to obtain
bis-bromo-diol R)-Hg-116 in 82% yield. The other precursors for the Suzuki coupling on
route to catalystR)-Hs-45j were obtained by protection of didR)¢Hg-115 with Mel in the
presence of BCO; to afford dimethoxy-ether R)-Hg-117 in 85% vyield after
recrystallisatio!?2*?®! Subsequent brominatid#t or ortholithiation-iodinatiof**! gave bis-
bromo-ether R)-Hg-118 quantitatively, and bis-iodo-etherR)fHg-119 in 71% vyield,

respectively.
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B(OH),

OMe

O OMe

B(OH),

(e
OMe
(R)-Hg-115 OMe
« (I
99 o

e OH (R)-Hg-118

(R)-Hg-116

Conditions: (a) Mel, K,COg, acetone, reflux, 97% (85% after recrystallisation). (b) (i) n-Buli,
TMEDA, Et,0, R.T.; (ii) B(OEt)3, =78 T to R.T.; (iii) 1 M HCI, R.T., 55%. (c) (i) n-BulLi,
TMEDA, Et,0, R.T. (i) I,, =78 € to R.T., 67%. (d) H,, PtO,, AcOH, quantitative. (e) Brs,
CH,Cl,, =30 T, 82%.(f) Mel, K,COg, acetone, reflux, 97% (85% after recrystallisation). (g)
Br,, CH,Cl,, —=30 C, quantitative. (h) (i) t-BuLi, Et,0, =78 T to R.T.; (ii) | ,, 0 T to R.T., 71%.

Scheme 41Synthesis of cross-coupling precursors.

Bis-bromo-diol R)-Hg-116 and bis-bromo-etheR-Hg-118 were employed in a Suzuki
coupling with 10-bromoanthracene-9-boronic atkD following a literature procedure for
coupling the structurally similar 9-anthracene boronic atidl with 3,3'-diiodo-2,2’-

dimethoxy-[1,1']-binaphthalenylR)-114™%*: however both substrates were not sufficiently
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reactive to give the desired bis-coupled product under the coupling iooadémployed.
Although | could have investigated more reactive catalysts, | instead decided to turn to the
more reactive bis-iodo-etheR)Hs-119 as the aryl halide component in the Suzuki coupling.
Now the desired bis-coupled product was formed (Scheme 42). After work-up, the crude
product was demethylated with BBand diol R)-Hg-122 was isolated in 17% vyield after
column chromatograpH§lz.8] In comparison to the high-yielding Suzuki coupling Bj-bis-
iodo-ether R)-114 with boronic acidl20 {ide infra), the low yield in this reaction can be
explained by the fact that more electron-rich aryl halides are less reactive substrates in this

type of coupling reaction.

I
‘O 1) boronic acid 120, Na,CO3, Pd(PPh3)y,
OMe

toluene/EtOH/H,0 (2:1:1), reflux

‘O OMe  2) work-up
| 3) BBr3, CH,Cl,, 0 T to R.T.

(R)-Hg-119

17%

Scheme 42 .Suzuki coupling and demethylation to obtain di®}-g-122

Bis-boronic acidl13 was used as a precurgor routeto catalysts$)- and R)-45d and G)-

45e (Scheme 43). Suzuki coupling with 4-bromotoluene provided the desired bis-coupled
product123 in 61% yield, together with a small amount of the mono-coupled prib@dah

18% vyield, which was readily separable from bis-tdl®8 by flash column chromatography.
Subsequent deprotection of bis-tolyl prod@28 with BBr; gave diol125 in 97% yield.lzg]

The same sequence was followed for the preparation of$)dR6: Suzuki coupling of bis-

boronic acid §)-113 with 3,5-bis(trifluoromethyl)iodobenzene led to bis- and mono-coupled
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product §)-127 and §)-128 in 49% and 10% yield, respectively. Demethylation of bis-ether

(S)-127 afforded diol $)-126 in 97% yield'*

(S)-128

(S)-126

CF3

Conditions: (a) 4-bromotoluene, Ba(OH),, Pd(PPhs),, dioxane/H,O (3:1), reflux, bis-ether 123: 61%,
mono-ether 124: 18%. (b) BBr3, CH,Cl,, 0 T to R.T., 97%. (c) 3,5-bis(trifluoromethyl)iodoenzen e,
Na,CO3, Pd(PPh3),, DME/EtOH/H,0, reflux, bis-ether (S)-127: 49%, mono-ether (S)-128: 10%. (d)
BBr3, CH,Cl,, 0 Cto R.T., 97%.

Scheme 43Suzuki coupling and demethylation to obtain di&s @nd §-125and §)-126.
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A Negishi coupling was employed in the synthesis of cataRjs#%a(Scheme 44). Sterically
hindered 1-bromo-2,4,6-triisopropylbenzene was converted into the corresponding organozinc
reagent, which was bis-coupled to bis-iodo-etli®r1(14 in the presence of 1 mol% of a
highly reactive bis-(trtert-butylphosphine)palladium catalyst. After work-up, the crude

product was demethylated to provide dig)-129in 53% yield!:*®!

Br i-Pr

1) n-BuLi
THF, -78 C
2) ZnBr,
THF, =78 T to R.T.

i-Pr

OO ' 1) Brzn i-Pr
OMe

i-Pr

OMe Pd(Pt-Bus),, THF, 60 T
| 2) work-up

3) BBrs, CH,Cl,, 0 T to R.T.

(R)-114

(R)-129

Scheme 44Negishi coupling and demethylation to obtain diF129.

For the synthesis of the diol-precurs®-030, 9-anthracene boronic ad@1 was prepared

by reaction of 9-lithioanthracene (generated by the actionBidLi on 9-bromoanthracene)
with B(OMe); and subsequent hydrolysis (Scheme[%@)]’he crude product was used in a
Suzuki coupling with bis-iodo-etheR)-114 to afford diol R)-130 in 93% vyield after
deprotection with BBs™** The same conditions were used in the Suzuki coupling of bis-

iodo-ether R)-114 with commercially available 10-bromoanthracene-9-boronic Haidto
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provide bis-ether R)-131 in 80% vyield. This compound was exposed to another cross-
couplind™®® with 4-tolylboronic acid132'3*® which was prepared from 4-bromotoluene by
lithiation and treatment with B(OMg)followed by hydrolysis to the boronic acid. After
demethylation with BBy, diol (R)-133 was isolated in 96% yieﬁjcf.8] When preparing diol
(R)-134, bis-etherR)-131 was not isolated; instead the crude product was treated with BBr
to provide the diol R)-134 in 75% yield, alongside mono-bromo-didt){35 in 19%
yield.[128] The Suzuki coupling—deprotection sequence was also applied to the synthesis of

diol (R)-136 in 73% overall yield.
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(R)-114

Conditions: (a) (i) 9-anthracene boronic acid 121, Na,CO3, Pd(PPhj),, toluene/EtOH/H,0O (2:1:1), reflux;
(i) work-up; (iii) BBr3, CH,Cl,, 0 € to R.T., 93%. (b) (i) 10-bromoanthracene-9-boronic acid 120,
Na,CO3;, Pd(PPh3),, toluene/EtOH/H,O (2:1:1), reflux; (ii) work-up; (iii) BBr3, CH,Cl,, 0 T to R.T., bis-
diol (R)-134: 75%, mono-diol (R)-135: 19%. (c) 10-bromoanthracene-9-boronic acid 120, Na,COs,
Pd(PPhg),, toluene/EtOH/H,0 (2:1:1), reflux, 80%. (d) (i) 4-tolylboronic acid 132, K,COj3;, Pd(OAC),, tri(3-
tolyl)-phosphine, toluene/DME/H,0 (2:2:1), reflux; (ii) work-up; (iii) BBr3, CH,Cl,, 0 T to R.T., 96%. (e)
(i) 4-bromonaphthyl-1-boronic acid, Na,CO3, Pd(PPh3),, toluene/EtOH/H,O (2:1:1), reflux; (ii) work-up;
(iii) BBr3, CH,Cl,, 0 T to R.T., 73%.

Scheme 45.Suzuki coupling—deprotection sequences to obtain diol precursors.
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For the synthesis of thal-triflyl phosphoramide catalystd45, a general procedure was
followed which was published by Yamamoto when he first introduced this class of chiral
Brensted acids in 20087 The diol precursord37 were first reacted with phosphorus
oxychloride to generate the corresponding phosphoryl chloride intermets#taghich were

not isolated (Table 2). Instead, the reflux temperature of the reaction mixture was increased
by adding EtCN and then trifluoromethanesulfonamide was added to convert the phosphoryl
chlorides into the correspondingrtriflyl phosphoramidest5. All catalysts were prepared
uneventfully in this manner and the yields of this final step are summarised in Table 2 (entries
1-8). TheN-pentafluorophenylsulfonyl phosphoramitl®7, which is a more acidic Brgnsted
acid, was synthesised by addition of pentafluorophenylsulfonamide instead of

trifluoromethanesulfonamide (entry 9).

N-Triflyl thiophosphoramidel08 represents a class of more acidic chiral Brgnsted acids and
was obtained by the use of phosphorus thiochloride in place of phosphorus oxychloride (entry
10). Yamamoto introduced this type of catalyst in 28858 In general, acidity increases on
descending a group of the Periodic Table due to the larger atoms better stabilising the
negatively charged conjugate base. For example, thergddes of PhOH, PhSH, and PhSeH

in DMSO are 18.0, 10.3, and 7.1, respecti&’e“ﬂ}. Yamamoto showed by X-ray
crystallography that their synthesis#triflyl thiophosphoramide has a P=S double bond
rather than a P=N double bond, which implies the proton is located on the nitrogen and not

the sulfur atom..

It is important to note that an acid wash with 4 M hydrochloric acid (twice) was necessary
with all phosphoramides after purification of the crude product by column chromatography to
convert the obtained phosphoramide salt into the acid. After removing the solvent (usually

Et;,0) in vacuo, with each product, a change in consistency and colour in comparison to the
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salt was observed. This fits with Rueping’s observatifiisHe examined the X-ray crystal
structure of a\-triflyl phosphoramidePA isolated after column chromatography and showed
that this was not the free acid, but the corresponding calcium s&AJ;aGince no calcium

ions are present during the synthesis or work-up procedures, it is likely th&Athe
sequestered calcium cations from the silica gel used for the final column chromatdgraphy.
After the extraction with hydrochloric acid no calcium was detected in a sample analysed by

energy-dispersive X-ray spectroscopy.

O O Ar B Ar ] Ar
coce, | (T DO
OO 8E NE;3;|;'\I/|2"AP . OO 8: ZCI CFsitC;z:’Hz OO g:P/:H,SOZCFg
Ar OCtoR.T,,1h Ar reflux, 15 h Ar
137 138 45
enty catalyst Ar X Y yield [%0]
1 (S)45dand R)-45d p-tolyl O NHTf 89
2 (S)45e 3,5{CF3)2CsH3 O NHTf 91
3 (R)-45a 2,4,64-Pr)CsH> O NHTf 83
4 (R)-45f 9-anthracenyl O NHTf 75
5 (R)-45¢g 10-Br-9-anthracenyl O NHTF 70
6 (R)-45h 10p-tolyl-9-anthracenyl O  NHTf 63
7 (R)-45i 4-Br-1-naphthyl O NHTf 72
8 (R)-Hg-45j 10-Br-9-anthracenyl O NHTf 70
9 (R)-107 10-Br-9-anthracenyl ONHCgF5 78
10 (R)-108 10-Br-9-anthracenyl S NHTf 46
11 S)-32g p-tolyl O OH 87
12 R)-32h 10-Br-9-anthracenyl O OH 93
13 R)-32i 10-F-9-anthracenyl O OH 91

Table 2. Synthesised\-triflyl phosphoramide and phosphoric acid catalysts.

2 commercially available silica gel contains traces of calcium
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Phosphoric acids32 were prepared following a general procedﬁﬂJeAgain, the diol
precursorsl37 were reacted with phosphorus oxychloride, this time in pyridine, to generate
the corresponding phosphoryl chloride intermedidtg8, which were not isolated (Scheme
46), but hydrolysed directly to provide the corresponding phosphoric 2Zid&ince BINOL-
derived phosphoric acids are also known to bind calcium upon purification on silica, an acid
wash was carried out to release the cation and ensure the phosphoric acid wad'féblated.
Phosphoric acid82g-32i were prepared in this manner and the yields of this final step are

summarised in Table 2 (entries 11-13).

0 X o
OH  POCls o} H,0 o. 0

—— >H oK
OH  pyridine, o cl R.T., 15h 0" OH
LI rrsn | (I 99
Ar Ar Ar
137 138 32

Scheme 46.Synthesis of phosphoric acid catalysts.

Diol precursor R)-139 was synthesised from did)(134 in three additional steps (Scheme
47). The TMS-protection was achieved with HMDS and a sub-stoichiometric amotant |
afford TMS-protected bis-bromo-dioR)-140 in 96% yield**¥ In the next step, a metal-
halogen exchange withBuLi afforded the bis-lithiated species, which was quenched by the
addition ofN-fluorodibenzenesulfonimide to provide TMS-protected bis-fluoro-dRp141

in 77% yield. Three long columns with the mixed fractions were needed to fully separate
TMS-protected bis-fluoro-diolR)-141 from TMS-protected mono-fluoro-dioR)-142 and
bis-anthracenyl-diol §)-130. TBAF was used for the deprotection to afford diol precursor

(R)-139 in 55% vyield.
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1) t-BuLi, TMEDA
THF
~78T, 2h

2) N-fluorodibenzenesulfonimide
THF
-78 CtoR.T.,15h

77% yield

(R)-140 (R)-141
TBAF, THF
0 Cto R.T.

55% vyield

(R)-139

Scheme 47 Synthesis of bis-fluoro-diolR)-139.

Originally, it was planned to convert diolR)139 into the correspondingN-triflyl
phosphoramide (see Chapter 3.2.2.2). Following the general proésébﬂne,diol was readily
transformed into the phosphoryl chloride intermediate; however | was surprised to discover
that the subsequent phosphoramidation step failed. | had expected the bis-fluoro-phosphoryl
chloride intermediate to be even more reactive than the corresponding bis-bromo-phosphoryl

chloride; however for unknown reasons the reaction failed. Therefore, we hydrolysed the

59



phosphoryl chloride to provide phosphoric aciBR)-82i in 91% yield after column

chromatography and a final acid wash (entry 13).

In summary a range of phosphoric acids and phosphoramides were synthesised and then used

to investigate the asymmetric allylation of acetals as described in the next section.

3.2 Investigation of the asymmetric allylation of acetals

We first chose to focus on acetals derived from aryl aldehydes, since the proposed
oxacarbenium ions, generated from these types of substrate, may form favourable non-
covalentz-z interactions with the binaphthalene scaffold and a well defined conformation in

which the enantiotopic faces of the electrophile are differentiated. All reported e.r. values
were measured twice by chiral HPLC which usually led to the same value or to a maximum in

error of 1%. In the later case the reported e.r. is the higher value.

3.2.1 Acyclic acetals derived from different benzaldehyde derivatives

3.2.1.1 Investigation of phosphoric acids

In order to investigate whether phosphoric acids based on a BINOL caye- (p]4586] are

sufficiently acidic to activate acyclic acetals, we investigated the reaction between
commercially available benzaldehyde dimethyl acetal as the latent electrophile and
allyltrimethylsilane under different reaction conditions. Since the racemic phosphoric acid

rac-143 is commercially available we started our study with this 3,3-unsubstituted
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compound. Table 3 summarises the results from these reactions andsincfodaation on

the catalyst solubility.

OMe OMe OO
143 0.
OMe , _~_SiMe; rac- X o ™ou
solvent, OO

temp, 24 h
rac-143
enty S rac-143  golvent temp [°C] Solubility ﬁn{ﬁﬁlﬁf
[equiV] [Mol%] of acid product
1 1.1 100 toluene low -
CH.CI; low -
Et,O T low -
CHsCN low -
2 11 10 toluene not fully -
CH.Cl, R.T. yes <5
CHsCN yes -
5 10 toluene R.T. not fully <1
4 1.1 10 toluene 80 yes <2
CHCl; 30 yes <4

2determined by GC

Table 3. Allylation reactions carried out using phosphoric aeict143as the activator.

Carrying out the reaction with 1 equivalent of phosphoric eael43 in different solvents
(toluene, CHCI,, ELO and CHCN) failed to afford any allylation product as indicated by
TLC (entry 1). A significant problem was the low solubility of the acid activator in all four
solvents tested. Reducing the amount of Brgnsted acid4a¢o 10 mol% (entry 2) proved
to be the right choice: the catalyst was now completely soluble ¥&ligEnd CHCN but not

in our favoured solvent, toluene, which is an aromatic solvent with low dielectric constant.
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The allylation product was only observed in the reaction with,GIHIn < 5% yield.
Employing 5 equivalents of allyltrimethylsilane in toluene provided only trace quantities of
the allylation product (entry 3). Increasing the reaction temperature in toluene a@d, CH

also failed to improve the yield of the desired product (entry 4).

In order to overcome the solubility problems of catalgst143 in toluene, we decided to
synthesise the 3,3’-substituted phosphoric &8jeB2g. This acid catalyst was then used in the
allylation reaction with benzaldehyde dimethyl acetal. Table 4 summarises the results from

these reactions and includes information about the catalyst solubility.

OMe OMe
©)\OMG + A~ SiMe; (S)-329 ©)\/\
solvent,
temp, 24 h
(S)-329
enty A SiMes (S)32g [mol%] solvent temp.[°C] @acid product
[equiv] soluble
1 1.1 10 toluene yes -
CH.Cl, R.T. yes -
CHCl; yes -
2 1.1 10 toluene 50 yes -
CH.Cl, 30 yes -
CHCI; 50 yes -

# indicated by TLC

Table 4. Summary of allylation study using phosphoric a8d32g

Gratifyingly, the Brgnsted acid cataly§)32g was now soluble in toluene at R.T. but still no

allylation product was observed after 24 h as evidenced by TLC, neither in toluene nor in
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CH.CI, or CHCE (entry 1). Increasing the reaction temperature failed to improve matters
(entry 2).

The conclusions which could be drawn from these experiments with catalgstd3 and
(S)32g were:

i) These phosphoric acids are not sufficiently acidic to induce the allylation reaction of
benzaldehyde dimethyl acetal with allyltrimethylsilane.

i) We would need to be aware of the potential solubility issues when moving to more acidic

catalysts based on a BINOL core.

3.2.1.2 Investigation of phosphoramides

Since the Brgnsted acidity of the employed phosphoric acids proved too low to activate the
dimethyl acetal, we turned towards more acidic BINOL-based phosphoramides {3Ko —

4) U although in light of List's work (Chapter 1.4.3) and our own observations with the 10-
F-9-anthracenyl phosphoric acidR){32i (vide infra), it may have been worthwhile
investigating a wider range of phosphoric acids.

All the following reactions were conducted with 10 mol% of the phosphorar8)dsd in
different solvents and at ambient temperature (19 to 25 °C), unless otherwise stated. Since we
did not want to waste any precious material, all reactions were carried out on a very small
scale (0.300 mmol) although this led to a few problems:

i) Trace amounts of ¥ led to competing hydrolysis of the acyclic acetals to their
corresponding aldehydes. We planned to overcome this issue, if it were still a problem on
scale up, by using molecular sieves or other drying agents as an additive.

i) Material is lost during work-up and purification by column chromatography and for this
reason, isolated yields for these reactions are not representative of the efficiency of the

reaction and therefore are not reported.
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At this stage of the investigation | wanted to focus on the posdilrality transfer from the
Bregnsted acid activator, and | was therefore mainly interested in isolating sufficient pure
material to allow determination of the enantiomeric ratio (e.r.) by HPLC. In order to be able to
determine the e.r. of our allylation products, the retention times of both enantiomers were
identified by first analysing racemic samples. For this purpose, all products were prepared by
carrying out a reaction of the acyclic acetals with allyltrimethylsilane in the presence of the
achiral acid, methanesulfonic adid. The starting acyclic acetals were prepared uneventfully
by reacting the corresponding aldehyde with trimethylorthoformate in MeOH in the presence
of pTSA.[“‘” In all cases, the crude product was sufficiently pure to be used directly in the
next allylation step. Table 5 summarises the acyclic ackéflsand allylation products45

which were prepared.

O OMe
AN H cat. p-TSA X OMe
| + HC(OMe); ————> |
F dry MeOH, I F
R.T.,2-3h
144
MeSOzH
_~.SiMes | CH,Cl,
0 CtoR.T.
OMe
| X X
S F
145
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acyclic acetal yield [%] racemic allylation  yje|q [94]
product
OCH, OCHg
OCHj3 commercially X 47
available
146 153
OCH,4 OCH,
OCH3 97 72
147 154
OCH3 OCHj
@ows 98 /@)\/\ o5
O,N O,N
148 155
OCH,4 OCH,4
H5CO H3CO
149 156
OCHg OCHg
/©)\OCH3 100 /@)\/\ -
H5CO H5CO
150 157
OCH, OCH,
/©)\OCH3 o1 /@)\/\ 36°
F F
151 158
OCH,4 OCH,4
/@)\OCH?, 91 /@)\/\ 55
Cl Cl
152 159

# reduced yield owing to high volatility of the product

Table 5. Acyclic acetals and their corresponding racemic allylation products.

The isolated yields of the racemic allylation products correlate with the reactivity of the
starting acetals under Brgnsted acid activation as indicated by TLC. Whilst the electron-poor
4-nitro-acetal148 was not very reactive (after 17 h stirring at R.T. only 25% allylation

product was isolated) the electron-rich 4-methoxy-acEs@l was consumed within 20 min
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stirring at 0 °C. In this particular case, in addition to the monoaddigll producil57,the bis-

allylated product 160 was also isolated, albeit in 1% yield (Scheme 48).

m

N H<OSO,Me

MeO
157

X - MeSO;SiMe; N

MeO MeO

160

Scheme 48 Mechanism of formation of bis-allylated prodd&0

Next, phosphoramideS{-45d was employed in a series of asymmetric allylation reactions
with acetalsl44 under different reaction conditions as summarised in Table 6. Since we were
unable to obtain baseline separation of the enantiomeric methyl ether prosi8ict54, and

156 we were unable to determine accurately the enantioselectivity of these reactions and in

these cases, simply state whether or not any enantioselectivity was observed.
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OMe 454 OMe

. 10 mol% *
solvent,

R conditions R
144 145
enty acetal 45d solvent conditions e.r.
1 acetal 146 (S) CH,Cl, 24 h, R.T. yes
toluene yes
2 2-naphthyl-acetal 147 (S) toluene 24 h, R.T. y8s
3 4-nitro-acetal 148  (S) CHClI, 48 h, R.T. almost no
toluene ?roduct
ormed
4 3-methoxy-acetal 149 (S) CH,Cl, 7h,R.T. yes
toluene 7h,R.T. yes
5 4-methoxy-acetal 150 (S) toluene 7h,0°C 54:46
toluene —7810-25°C, 5446
then 4 h =25 °C
6 4-fluoro-acetal 151 (S) toluene 24 h, R.T. 62:38
7 4-chloro-acetal 152 (S) CHCN 24 h, R.T. 50:50
MTBE 54:46
hexane/toluene (2 :1) 55:45
CH.CI, 55:45
Et,O 57:43
m-xylene 61:39
toluene 63:37
CHCls 64:36
benzene 65:35
p-xylene 66:34
cyclohexane 67:33
8 4-chloro-acetal 152 (R) toluene 24 h, R.T. 37:63

the chromatogram does not allow the accurate determination of e.r.

Table 6. Asymmetric allylation reactions employing phosphorardifid
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The reactions of acetalslé and 147 (entries 1 and 2) supported the postulate of the catalytic
cycle described in Chapter 1.3.2. In both reactions withGGHthe starting material was
consumed completely as indicated by TLC, and despite the loss of material during work-up
and column chromatography, the isolated yield of the allylation product was in both cases
higher than 10% (this was the amount of Brgnsted acid employed). In general, the reactions in
CH.CI, or solvents with higher polarity showed better conversion than those carried out in
toluene or solvents with a similarly low polarity (Table 7). This is to be expected because the
rate-determining step in the allylation reaction of acetals (Scheme 11) is the formation of the
oxacarbenium ion and a more polar solvent better stabilises both the charged intermediate,

and the transition state leading up to it.

solvent dielectric constaat

CH3:CN 37.5
CH.CI, 9.1
CHCl; 4.8
MTBE 4.5
Et,O 4.3
m-xylene 2.4
toluene 2.4
p-xylene 2.3
benzene 2.3
cyclohexane 2.0
hexane 1.9

Table 7. Solvents employed in the asymmetric allylation and their dielectric constant at’2g °C.

The influence of the substituents on the aromatic ring can be observed nicely by comparing
entries 3 and 4 in Table 6. In the case of the electron-deficient 4-nitro-a48fadlmost no

product was formed even after 48 h. In contrast, reaction with the more electron-rich 3-
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methoxy-acetall49 was complete within 7 h. This was also the case with the 4-methoxy-
acetal 150 even though the reactions were performed at lower temperatures (entry 5).
Interestingly, both reactions (at 0 °C and -25 °C) gave the same e.r. Originally, |1 had
postulated a slightly higher value might be observed in the reaction with 4-fluoro-Hektal

in comparison to 4-chloro-acetdb2 reasoning that the more electron-withdrawing fluoro-
substituent might lead to a tighter ion pair between the oxacarbenium ion and the chiral anion
and therefore to a better differentiation of the enantiotopic faces. The reaction with 4-fluoro-
acetal 151 was performed in toluene and surprisingly, gave a slightly lower e.r. than the
reaction with 4-chloro-acetal52 under the same conditions (entry 6 and 7). Since the
reaction with 4-methoxy-acetdb0 did not give a good e.r. in toluene we chose to screen
different solvents in the reaction with the less reactive 4-chloro-atétalbecause the
allylation products from this substrate showed baseline separation by chiral HPLC analysis
(entry 7). The fact that cyclohexane gnaylene gave the best e.r. values was in line with our
expectations; both non-polar solvents (Table 7) should maintain a contact ion pair in the
reactive intermediate which we postulated would be critical for effective enantiocontrol.
Unfortunately, when cyclohexane was employed as the solvent, the catalyst precipitated out
of solution after 1.5 h; this was not a problem uginglene as solvent. | also synthesised the
(R)-enantiomer of the phosphoramid®)-45d to check that this woul provide the opposite
enantiomer. Indeed, employing this acid in the reaction of 4-chloro-af&2ain toluene
pleasingly led to the same e.r. value for the product although now favouring the opposite

enantiomer (entry 8).

In order to investigate the influence of different 3,3’-substituents on the e.r., we synthesised
catalysts $)45¢ (R)-45a and R)-45g and employed these in the allylation reaction with 4-
chlorobenzaldehyde dimethyl acel&l? in different solvents. Table 8 summarises the results

from these reactions.
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OMe

catalyst
. 10 mol% *
cl solvent Cl

R.T., 24 h
152 159
entry catalyst solvent e.r.

1 (S)45e toluene 41:59

2 (S)45e cyclohexane/toluene (2:1) 41:59

3 (S)45e CHCl; 48:52
"""" 4 (R45%a  toluene = 5842

5 (R)-45a cyclohexane 60:40

6 (R)-45a CHCl; 50:50
"""" 7 (459  toluene 5446

8 (R)-45¢g p-xylene 57:43

9 (R)-45¢g CHCl; 52:48

Table 8. Catalyst and solvent study of the asymmetric allylation of 4-chloro-ace2al

With each catalyst the highest selectivity was obtained again with non-polar solvents (entries
1, 2, 5, 8) in comparison to CHlentries 3, 6, 9). CatalystS¥45e and R)-45g are more

acidic due to their electron-withdrawing groups and, as indicated by TLC, showed better
activity than catalystd5d and R)-45a. Sterically demandingPr-(R)-45a catalyst which has
proved to be the catalyst of choice in many asymmetric Brensted acid-catalysed ré&ttions,
did not show a significantly higher selectivity in our case. Unfortunately, 10-Br-9-
anthracenyl®)-45g catalyst with a flat anthracene moiety, which maybe predisposed to
forming non-covalentz-z interactions with the substrate/intermediate, gave the lowest
selectivities. Overall, the tolyl)-45d catalyst was the best match for the dimethyl acetal
system in terms of enantioselectivity affording allylated methyl etbérn 67:33 e.r under

the best conditions.
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Finally, | looked at other dialkyl acetals and found that 4-chlorpaélelehyde diethyl acetal

gave poor results with the tolygf45d catalyst in terms of conversion and enantioselectivity
(48:52). The corresponding dipropyl and dibenzyl acetals were also investigated but we
were unable to obtain baseline separation of the enantiomers to allow an accurate

determination of the enantioselectivity with these substrates.

The conclusions which can be drawn from this set of experiments with different
phosphoramide catalys#® and the different starting acetals 144 were:

i) A chiral Brgnsted acid can impart enantioselectivity on the allylation of dimethyl acetals.

i) Reactions carried out in solvents with a low polarity like toluepegylene and
cyclohexane (note: solubility issues) were more enantioselective than those carried out in
more polar solvents like GEN and CHCI,. This can be explained by a contact ion pair as

an intermediate, which is better maintained in a less polar solvent.

i) However, whilst a non-polar solvent is necessary to obtain noticeable e.r. values,
conversion of the starting acetal is significantly reduced by carrying out the reaction in such
solvents. Decreasing the reaction temperature might improve the e.r. but it will also lead to a
further reduction in the rate of the reaction.

iv) Catalyst §)-45d gave the highest enantioselectivities for the dimethyl acetal system.

3.2.2 Racemic cyclic acetals derived from an isochroman framework

The outline study had shown that a chiral Brgnsted acid could be used to catalyse an
enantioselective Hosomi Sakurai allylation of a simple acetal; however the very slow rate of
reaction suggested that this was not going to be a particularly efficient process. Whilst | could

have investigated more acidic activatorglé infra), we instead turned our primary attention
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to a more reactive acetal substrate, namely 1-methoxyisochrbéianshich proved more
suitable for a detailed study. Acetals contained within an isochroman framework are
particularly attractive substrates since this structural motif is present in a number of drugs

(medicines, agrochemicals), and drug candidates, as well as in a range of natural B‘t‘@ducts.

1-Methoxyisochromari 61 was prepared in one step by DDQ oxidation of isochroman in the
presence of MeOHv(de infra). A test reaction with racemic cataly&? revealed that this

new class of acetal reacts more readily uridieniflyl phosphoramide catalysis than did the
dimethyl acetals we had investigated in our outline study (Scheme 49). The 1-allylisochroman
product163 was isolated in 76% yield. Racemeriflyl phosphoramidel62 was prepared

from 4-secbutylphenol in 48% yield according to the general proce@ﬂre.

162

0,
. /\/SiMe3 (10 mol%)
(0] toluene (@]
R.T.,15h
OMe =
161

163

76% yield
0.0
P

Scheme 49Allylation of 1-methoxyisochromah61 usingracemicN-triflyl phosphoramidel62 as catalyst.

3.2.2.1 Solvent screen

A small solvent screen, employing toly¥)45d as the catalyst, once again highlighted the

importance of this variable on enantioselectivity (Table 9).
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(S)-45d

. 1 1%
+ /\/S”\Ae:g ( 0 mo 0)
(@] solvent * O
R.T.,48h
=

OMe
161 163
entry solvent e.r.
1 CH;CN 53:47
2 CH,Cl, 5743
3 toluene 60:40
4 p-xylene 62:38

Table 9. Solvent screen with 1-methoxyisochroniddi employing tolyl-§)-45d as catalyst.

CH3CN and CHCI, functioned as good solvents in terms of reactivity but were poor choices
for enantioselectivity (entries 1 and 2). Using toluene as the solvent, a product e.r. of 60:40
was obtained (entry 3); the use pkylene led to a further small improvement (e.r. 62:38)

(entry 4). Thus once again, reactions carried out in non-polar solvents led to better e.r. values.

3.2.2.2 Screening of different catalysts

In order to identify the optimal catalyst for our system, a selection of chiral Brgnsted acids

was screened with l-alkoxyisochrom&l®4 (Table 10). Their synthesis was described in

Chapter 3.1.
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A
catalyst '
. (10 mol%) o
SiMe O.
©i?o *oAT -4

solvent * O o \Y
R.T., 48 h
& - |
Ar
164 163
catalyst
ent catalyst Ar Y solvent " er
y y R =Me R = Et
1 (S)45d p-tolyl NHTf p-xylene 62:38
2 (S)45e 3,5-(Ck)2CsH3 NHTf p-xylene 50:50
3 (R)-45a 2,4,6+4-Pr)CeH> NHTf p-xylene 50:50
4 (R)-45f 9-anthracenyl NHTT o-Xylene 73:27 84:16
10-Br-9-
5 (R)-45¢g NHTf o-Xylene 82:18 90:10
anthracenyl
10-Br-9-
6 (R)-45¢g NHTf p-xylene 82:18
anthracenyl
10-Br-9-
7 (R)-45¢g NHTf m-xylene 80:20
anthracenyl
10--tolyl-9-
8 (R)-45h NHTf 0-xylene 63:37 67:33
anthracenyl
9 (R)-45i 4-Br-1-naphthyl NHTf o-Xylene 56:44 65:35
] 10-Br-9-
10 (R)-Hs-45 NHTf 0-xylene 69:31 72:28
anthracenyl
10-Br-9-
11 R)-107 NHSO,CeFs  o-xylene 50:50 50:50
anthracenyl
10-Br-9- no
12 R)-32h OH 0-xylene _
anthracenyl conversion
_ 10-F-9-
13 R)-32i OH o-Xylene 50:50
anthracenyl

Table 10.Catalyst screening of asymmetric allylation of 1-alkoxyisochror&dsn xylenes.
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Analogues possessing the commonly used 3,5-bis-trifluoromethylphenyl and 2,4,6-
triisopropylphenyl substituents at the 3,3’-positions of the binaphthyl scaffold, catalysed the
reaction, but afforded racemic product (entries 2 and 3). It was only when we introduced
anthracenyl substituents at the 3,3’-positions that we began to observe more significant levels
of enantioselectivity (entry 4). Incorporating a bromo substituent into the 10-position of the
anthracene unit led to a further improvement from 73:27 to 82:12 in enantiomeric ratio (entry
5). The 10-bromoanthracene-9-boronic acid is commercially available and therefore as
readily accessible as its unsubstituted analogue, and from a practical viewpoint,
phosphoramideR)-45g is a more soluble catalyst compared with unsubstituted anthracenyl
derivative R)-45f. Employingp- andm-xylene as solvents with this catalyst, gave the same
level of enantioselectivity than in o-xylene (entries 6 and 7). In a brief structure-activity study,
the significance of the anthracenyl framework was demonstrated by the poor
enantioselectivity observed with the 4-bromo-naphthyl derivai®edbi (entry 9). Partially
reducing the binapthyl core to afford an acid with a tetrahydronaphthyl €)¢eld{45j) also

failed to improve matters (entry 10). When we replaced the bromo substituBjisg(with

a larger 4-tolyl substituentR}-45h), this change also led to a reduction in enantioselectivity
and also in reactivity (entry 8). Racemic product was obtained when the triflyl groBp in (

459 was substituted for a pentafluorophenylsulfonyl grod®)-107), which makes the
catalyst more acidic (entry 11). In order to probe the influence of the bromo substituent on the
10-anthracenyl position, | planned to synthesise the other 10-halo-9-anthracenyl
phosphoramides. My first target was the 10-fluoro-9-anthracenyl phosphoramide, which
turned out not to be accessable as described in Chapter 3.1. However, whilst we were unable
to access the phosphoramide, we did synthesise the phosphoric acid. The fluoro substituents
appeared to have a significant effect on the acidity of this phosphoric acid. While the 10-
bromo-9-anthracenyl phosphoric aci®)32h was not acidic enough to induce allylation

(entry 12), 10-fluoro-9-anthracenyl phosphoric adi)-32i was now able to catalyse the
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allylation, although with no enantioselectivity (entry 13), which migihggest a different
reaction mechanism. With this result and the synthetic problems in mind, we decided not to

pursue the preparation of other 10-halo-9-anthracenyl phosphoramides.

In summary, catalysR)-45g, bearing a 10-Br-9-anthracenyl substituent on the 3,3’-positions
of the binaphthyl scaffold provided the highest enantioselectivities. This catalyst has not been
reported in the literature before and might find applications in other Brgnsted acid-catalysed

reactions.

3.2.2.3 Further optimisation

With the optimal catalyst in hand, we next investigated the effect of different catalyst loadings
and reaction concentrations on the enantioselectivity of the product. Employing 30 mol% of
(R)-45g increased the reaction rate, as indicated by TLC, but led to the same level of
enantioselectivity (e.r. 80:20) than when 10 mol% catalyst was used (e.r. 82:18). Similar
observations were made by running the reaction at 0.1 M (e.r. 76:24) and 2 M (e.r. 80:20) in
comparison to 0.5 M (e.r. 82:18). While the more concentrated reaction gave almost the same
e.r. and an increase of the rate, more dilute reaction concentrations exhibited a slight decrease

in both selectivity and rate.

We were pleased to find out that catalyR}-459 could be recovered and re-used without

observing any decrease in enantioselectivity or activity. To achieve this, the catalyst was
eluted from the column by increasing the polarity of the eluents after the allylated product had
been collected. When a significant amount of the used catalyst from several reactions had
been collected, the material was columned again with the usual eluents (see Experimental

Section). After the HCI wash the catalyst was ready to be used again.
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3.2.2.4 Effect of the leaving group

Before moving on to investigate the scope of the reaction with various substituted isochroman
acetals, | chose to study one last variable in the substrate, namely the nature of the alkoxy
leaving group. Whilst the generally accepted mechanism of reaction of acetals involves an
Sul-like process in which expulsion of the leaving group precedes nucleophilic addition,
detailed mechanistic studies have shown thg2-lke pathways or at least ‘exploded
transition states’ in which the leaving group is still associated with the substrate as the new
bond is being formed, can also opef&té*’**®we therefore investigated the allylation of
different 1-alkoxyisochromaris64, which were synthesised by DDQ oxidation of isochroman
165 in the presence of the corresponding alcohol R&HTable 11summarises the isolated

yields after column chromatography.

DDQ
+ ROH
o] CH,Cl, o)

165 R.T., 24 h OR
164
R yield [%] R yield [%]
Me 74 i-Pr 52
Et 58 t-Bu 22
n-Pr 49 CHCF; 52

Table 11. Summary of yields of 1-alkoxyisochromal®4 prepared by DDQ oxidation of

isochromaril65in the presence of the corresponding alcohol.

These alkyl acetals were employed in the allylation using our optimal phosphoramide catalyst
(R)-45g. The observed e.r. values of the l-allylisochroman prddiRare summarised in

Table 12.
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(R)-459

. 1 1%
. /\/S|Me3 (120 mol%)
(0] o-xylene * O
R.T.,48h
=

OR
164 163
entry R e.r.
1 H 59:41
2 Me 82:18
3 Et 90:10
4 n-Pr  76:24
5 i-Pr 70:30
6 t-Bu  50:50
7 171 59141
8 Ph 53:47
9 CHCFR 51:49

Table 12. Summary of e.r. values obtained from the asymmetric allylation of

different 1-alkoxyisochromanks4 employing R)-45gas catalyst.

In the allylation of ethyl acetdl66 we observed a change, and more specifically, an increase
in enantioselectivity (e.r. 90:10) (entry 3) when the reaction was performed under otherwise
identical reaction conditions as with methyl acet@l. Increasing the size of the leaving
group further, however, had a deleterious effect; thusntheopoxy acetall67 gave the
allylation product in 76:24 e.r. (entry 4), and withropoxy acetal 68, a further reduction to
70:30 e.r. was observed (entry 5). TtHautyl acetall69 was not only a comparatively poor
substrate in terms of reactivity, but also afforded essentially racemic product (entry 6). These
results follow a trend, namely that the more sterically hindered the leaving group in the
starting material, the lower is the e.r. of the allylated product. Only the methyl e @il

not follow this trend, giving a lower e.r. (82:12) than might have been expected (entry 2).

Analysis of the reaction mixture revealed this particular starting material reacted rapidly

78



(within minutes) with adventitious water, to provide the ladfdd, which under the reaction
conditions, led to the dimer 171. We prepared this bis-acetal independently by DDQ oxidation
of isochromanl165 in the presence of,8 in 78% vyield as single diastereoisoftl
(stereochemistry was not determined), and showed that not only was this a substrate for the
reaction, but it also provided the allylation product in much lower enantioselectivity (e.r.

59:41) (entry 7) (Scheme 50).

H@
(@] adventitous (o]
H,O

OMe OH
161 170
i @ | rapid
_~_SiMe; H j
(R)-459|/
o-xylene
>e
(R)-459
0 -~ o)
/\/SlMeg
P o-xylene o
163
171

e.r. 82:18 (from 161)
e.r. 59:41 (from 171)

Scheme 50Competing allylation between 1-methoxyisochrorhéthand dimerl71

The same result was obtained by employing lat#) as the starting material (entry 1),
which was prepared quantitatively by DIBALH-reduction of isochroman-132€™% Since

the methyl acetal is more susceptible to hydrolysis than ethyl a&falas indicated by
TLC), this racemic background reaction serves to erode the enantioselectivity in the former
reaction and goes some way to accounting for the reduced enantioselectivity observed with
methyl acetall61. In an effort to prevent this racemic background reaction, we added 3 A

molecular sieves to the reaction mixture, hoping that these would scavenge any adventitious
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H,0 from the reaction mixture. However, we now observed a significant decrease in product
enantioselectivity when employing methyl acetéll (e.r. 63:37) as well as ethyl acetéb

(65:35) in distilledo-xylene. The drop in enantioselectivity may arise from an interaction of
the molecular sieves with the catalyst since no reaction was observed when stirring ethyl
acetal166 with allyltrimethylsilane in distilled-xylene in the presence of molecular sieves.

In synthesising phenyl acetal 173, we hoped the flat leaving group might lead to an increase in
enantioselectivity; however, this substrate afforded essentially racemic allylation product (e.r.
53:47) (entry 8). A similar result was observed in the allylation of 1-(2',2',2-
trifluoroethoxy)isochroman 174 (e.r. 51:49) (entry 9). This result was particularly
disappointing considering the structural similarity to 1-ethoxyisochrdrén

The leaving group effect described above was also observed when ethyl 1&€evehs
employed in the allylation with different phosphoramide catalysts (Table 10). In each case,
the product enantioselectivity was higher than when using methyl d&dtads the starting
material. Again, the 10-Br-9-anthracenyl phosphorami®e4bg gave the best selectivity,

and in the case of ethyl acef6, a pleasing 90:10 e.r. In another attempt to improve this
enantioselectivity we reduced the reaction temperature to 5 °C; however this had no effect on
the enantioselectivity but, as indicated by TLC, the reaction rate was significantly lower. The
e.r. value dropped to 81:19 when the reaction temperature was increased to 40 °C although as

expected, the rate of the reaction was slightly higher.

In summary, | have shown that the alkoxy leaving group in the starting material plays a
significant role in the product enantiomeric ratio. Generally, the smaller the alkoxy leaving
group, the higher is the e.r. of the product. Methyl adeialis an apparent exception to this
rule, although in this particular case, reaction of the starting acetal with adventitious water
provides dimer71 which reacts in an almost racemic allylation, leading to a reduced overall

enantioselectivity. Ethyl acetdl66 together with catalysR)-45g gave the highest product
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enantioselectivity (90:10) which provides the basis for the investigaftidhe scope and

limitations of the developed method in Chapter 3.2.2.7.

3.2.2.5 Employing different allylsilanes

In employing different allylsilanes, we investigated a last variable in the optimisation of our
developed process. Table 13 gives an overview of the allylsilanes which were examined in the
reaction with different isochroman acetdl4 together with the observed e.r. values of the

corresponding allylated product.

Rl (R)-45¢
(10 mol%b)
+ SiR
©;\O /L\/ ° o-xylene e
R.T.,48h
OR R = Me, Et, i-Pr
164 R'=H, Me 163 Me
entry allylsilane e.r. e.r.
R =Me R =Et
1 A~ SiMes 82:12 90:10
2 A SiE 67:33 7525
o
OMe
3 _~_-Sii-Prg
Sii-Pr5

single diastereoisomer
175

4 )vsnwe3 60:40 59:41

Table 13. Summary of e.r. values obtained from the asymmetric allylation of

1-alkoxyisochroman$64 employing different allylsilanes.
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In comparison to allyltrimethylsilane (entry 1), the use ofl@igthylsilane (entry 2) led to a
reduction in enantioselectivity with methyl acetéll (e.r. 67:33) as well as ethyl acetéb

(e.r. 75:25) as starting material. Again, the latter gave the higher e.r. value.
Allyltriisopropylsilane did not provide the desired allylation product (entry 3); instead,
compoundl75 was isolated in 26% vyield as a single diastereocisomer amongst a range of
unidentified by-products. The stereochemistry @75 was not determined. 2-
Methallyltrimethylsilane afforded the corresponding allylation prod@@6é with low

enantioselectivtiy with both starting materials (e.r. 60:40 and 59:41, respectively) (entry 4).

In conclusion, allyltrimethylsilane is the allylsilane of choice and was used as the nucleophile

when investigating the scope and limitations of the reaction (Chapter 3.2.2.7).

3.2.2.6 Determination of the absolute stereochemistry

The absolute stereochemistry of 1-allylisochromi&3, which was prepared by employing
phosphoramidel5g with R)-configuration, was determined by comparison of the observed
[e]p value with the literatureo]p value of enantiomerically enriched alcodal7. 177 was
prepared by a one-pot oxidative cleavage—reduction sequence in 77% vyield (the intermediate
aldehyde178 was not isolated) (Scheme 5% For a sample o163 with 82:18 e.r. we
measured anofp?® = +102.2 ¢ 1.08, CHCIl,) and compared it with the literature]§*° =

+43.5 € 0.20, CHCI,) for a sample with 80:20 €72 This leads to aR)-(+)-configuration

which has been established in a previous publication by a crystal structure of a derivative of

alcohol 17753
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NalOy4, cat. OsOy4
0 2,6-lutidine o) NaBH4 o

dioxane/water (3:1) : EtOH :

o)
0<CtoRT,3h A 0°C, 5min ~-OH
163 178 177

§

Scheme 51.0ne-pot oxidative cleavage—-reduction sequence of

1-allylisochromarl63to obtain alcohol77.

The absolute stereochemistry of other allylation products from different substrates was

assigned by analogy.

3.2.2.7 Scope and Limitations

In order to probe the scope and limitations of our developed method, we next synthesised a
range of differently substituted ethyl acetal substrat@9, which were reacted with
allyltrimethylsilane in the presence of phosphoramié®-46g. Figure 23 outlines the

numbering of atoms for isochroman systems.

Rl 5 4
6 3
O 7 (@]
8 1
R OEt

179

Figure 23. Substituted ethyl acetal¥9and numbering of the isochroman system.

83



3.2.2.7.1 Synthesis of substrates

The majority of substrates were prepared following the steps in the Scheme in Table 14. It

summarises these substrates together with the corresponding yields for each step.

cat. TMSOTf
CH>(OMe), MeCN
cat. Sc(OTf)3 0 € to R.T., overnight
OH CHCl3 OMOM alternative: o
R reflux, 1-2 days R TiCly, CH,CI, R 182
180 181 0 C to R.T., overnight a]
a-j a KMnO,
cat. EtsBnNCI
CH,Cly, R.T., 24 h
Amberlite
IR 120 beads DIBALH
o EtOH,R.T.,1-2h o toluene o]
R R - R
OEt OH 78T, 2h o)
179 184 183
a-j a-j a
enty substituent ) 181 ) 182 _ 183 ) 179 b
yield [%] yield [%] yield [%] yield [%]
1 5-Me a 97 86 76 89
2 6-Me b - 68" 65 83
3 7-Me ¢ quant. 80 - 41¢
4 8-Me d - 68" 28 78
5 5-Bre 99 89 82 98
6 5-Ch f - v 82 88
7 7-OMe g quant. - 42 74
8 7-F h 99 77 75 77
9 3,3-dimethyl i - - 38 72
10 4,4-cyclopropyl j 85 - 24 84

3182b:182d= 2.6 : 1.0” over two steps® over three steps;
9 prepared froml82chy DDQ oxidation in the presence of EtOH

Table 14.Summary of yields towards the synthesis of 1-ethoxyisochrofiéhs
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Apart from 1-phenyl-1-(hydroxymethyl)cyclopropan€l80j, which was prepared
guantitatively by reduction of 1-phenyl-1-cyclopropane-carboxylic BR4ball alcohols180
were commercially available. MOM-protection with FDMA in the presence of 5 mol% of
Sc(Otfy gave MOM ethersl81 in excellent yieId§?5] These underwent a Friedel Crafts
cyclisation induced by TiGF°® or 10 mol% of TMSOTH* to afford isochromang82 in
moderate to good yields. MOM ethE81b/d gave a mixture of inseparable isochroma82b
and182din a 2.6 : 1.0 ratio (entries 2 and 4). The ratio reflects the steric hindrance in the
Friedel Crafts cyclisation; thus the electrophilic substitution preferably occurs aglthe
position leading to isochroméal82b, than at theortho position, leading to isochromag2d
Oxidation to lactoned.83 was achieved with KMnQin the presence of a phase-transfer
catalyst TEBACY Pleasingly, isochroman-1-oné83b and 183d were now separable by
column chromatography (entries 2 and 4). A smooth DIBALH-reduction led to ld@&dls
which were isolated but not characteri§8y. The crude products were instead stirred in
EtOH with acidic Amberlite IR 120 beads to provide ethyl acet@B in good to excellent
yields. Ethyl acetal 79cwas prepared by DDQ oxidation of isochroni&®2cin the presence

of EtOH. In the same fashion, 1-ethoxyisobenzofurarOk was synthesised from

commercially available phthalan 185 in a pleasing 89% yield (Scheme 52).

DDQ
O + FEtOH o)
CH,Cl,

R.T.,24h

179k

Scheme 52DDQ oxidation of phthalad85to obtain 1-ethoxyisobenzofurdi9k

Whilst the DDQ oxidation approach to isochroman acdta®sis potentially more efficient in
terms of number of steps, | did not favour this route for three reasons: first, the work-up on

larger scale was very time-consuming; second, it was difficult to remove traces of unreacted
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isochroman from the desired 1-ethoxy product by column chromatography bkotb
compounds have similar polarity; third, the reaction is not particularly high yielding with
sterically more hindered alcohols than MeOH. Therefore, we decided to use this route only

where necessary.

We thought we might be able to employ a DDQ oxidation to prepatboxy-3,4,5-trihydro-
2-benzoxepin 179from benzoxepin86 (Scheme 53). To this end, MOM eti&1l was
prepared from commercially available alcod&Ol in 98% yield according to the general
proceduré*>® Unfortunately, intramolecular cyclisation of MOM etH&d1l with either TiC}

or TMSOTTf failed and the product mixture contained unreacted starting material together with

acetal 187 and only trace amounts of the desired product (Figure 24).

— ) =0, =0
o 0] OMOM OH
EtO

186 181l 1801
1791

Scheme 53Retrosynthesis of 1-ethoxy-3,4,5-trihydro-2-benzoxdfial.

SAAAA ¢

Figure 24.Formaldeyde diphenpropyl acela7.

Considering an alternative route to 1-ethoxybenzox&pdi we postulated that aldehyd88

should undergo cyclisation and acetalisation when stirring in EtOH in the presence of an acid
catalyst. For the preparation ®88, we were able to find a literature procedure starting with
1-tetralone 189, which underwent a reduction—dehydration sequence to provide 1,2-

dihydronaphthalend.90 in 87% overall yield (Scheme 5‘&5?] Ozonolysis and subsequent
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reduction of the intermediate ozonide led to 2-(3’-hydroxypropyl)berizghal 191 in 76%
yield.[159] Activated MnQ (85%) chemoselectively oxidised the benzylic alcohol9i to

afford 2-(3’-hydroxypropyl)benzaldeyd&88 in 86% yield?59] Finally, hydroxyl aldehyde

188, which exists in CDgI100% in the open form, was stirred in EtOH with Amberlite IR
120 beads to provide a mixture of the desired 1-ethoxy-3,4,5-trihydro-2-benzoxepin 179l
(56%) and 2-(3’-hydroxypropyl)benzaldehyde diethyl ack®d (12%) as a by-product, along

with unreacted starting material (12%).

O 1 NaBH,, E1OH ) 0s-78T
reflux, 30 min O‘ CH,Cl,/MeOH (1:1) OH
cat. p-TSA 2) NaBH, OH

2) toluene, Dean-Stark -78 Tto R.T.

189 reflux, 15 h 190 . 191
activated MnO,
(85%), CH,Cl,
R.T.,15h
OEt Amberlite
©f;o\|5t/ IR 120 beads CHO
4 OH EtOH.RT.6h ©/\/\/OH
EtO
192 188
179l

Scheme 54Synthetic route to 1-ethoxy-3,4,5-trihydro-2-benzoxdial starting from 1-tetralon®89

To avoid a DDQ oxidation, we planned to prepare 1-ethoxy8phtho[1,8-cd]pyran 179m
from 1H,3H-naphtho[1,8-cd]pyran-1-on#93 (Scheme 55). In a first attempt, 1,8-naphthalic
anhydride 194 was reduced with NaBHand BR-OE%t to provide 1H3H-naphtho[1,8-
cd]pyran 195 in 74% vyield. Its partial oxidation to pyran-1-ob@3 using KMnQ in the
presence of a phase-transfer catalyst TEBAC failed and led instead to anhy@Mide
Fortunately, a literature procedure report®3 as a “by-product” in the LiAlHreduction of
1,8-naphthalic  anhydride 194160 Using these conditions provided 1,8-

dihydroxymethylnaphthalend96 in 24% and desired pyran-1-od®3 in 41% vyield.
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Subsequent DIBALH reduction and conversion of the lactol to the ethydlaa®tbefore

afforded 1-ethoxy-3Hhaphtho[1,8-cd]pyran 179im 84% vyield.

0 =
NaBH, KMnO,4

BF3 OEt, cat. Et3BnNCI
THE o CH,Cl,, R.T., 24 h
0 CtoR.T,, DIBALH
15h 1) toluene
OO LiAIH, OO -78 T, 2 h
THF Amberlite
R.T., 24 h 2) IR 120 beads
0~ 0" ~o 193 O "0 EtOH, R.T., 1-2 h
194

0
$+
®)

H H

196

O OEt

179m

Scheme 55Synthetic route to 1-ethoxy-Bnaphtho[1,8-cd]pyrad79m

starting from 1,8-naphthalic anhydrid@4.

| also wanted to synthesise 1-ethoxy-1-methylisochrom&®n by DDQ oxidation of 1-

methylisochromari97, expecting oxidation of this electron-rich starting material would give
the desired acetal in a good yield. A literature procedure suggested the cyclisation of 2-

phenylethyl trimethylsilyl ethet98, which was prepared by TMS protection of 2-phenylethyl

alcohol in 98% yield, with TMSI-masked acetaldehyde would provide the isochrb@&¥an

(Scheme 56}°Y Unfortunately, the desired product was obtained in impure form in only 32%

yield after difficult column chromatography because several other products with similar

polarity were formed during the reaction.
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O

A

TMSI, CHCI;
R.T., 5 min
HMDS OTMS
©/\/ CH,Cl, ©/\/ 50 C, 2 h o)
RT.,1h
198 197

Scheme 56Attempt to 1-methylisochromakB?.

Therefore, | decided to carry out a nucleophilic addition of MeLi on to lacdt@8gScheme

57), which was synthesised by oxidation of isochroman with fuming nitric acid in 99%
yield.[m] The resulting lactoll99 was isolated, but not characterised, and stirred in EtOH
with acidic Amberlite beads to afford 1-ethoxy-1-methylisochroma®n in 60% yield. The
material was not stored but freshly prepared when employed for the asymmetric allylation
since it proved to be unstable and rapidly formed the corresponding dimer with adventitious

H.0.

Amberlite

MeLi in Et,0O IR 120 beads
0] THF O EtOH,R.T.,2h 0]
-78 C,2h
o]

OH OEt

172 199 179n

Scheme 57Preparation of 1-ethoxy-1-methylisochronafdn

Finally, 1-ethoxy-1-phenylisochromdY90 was prepared in a similar fashion to its 1-methyl
analogue, by addition of PhLi to lactoh@2 (Scheme 58). Two products were obtained after

column chromatography, namely benzophend@@®3 and201. Stirring both compounds in
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EtOH with acidic Amberlite beads provided 1-ethoxy-1-phenylisochroh7®o @0% yield

in case of 200 as the starting material).

Amberlite

PhLiin Et,O + IR 120 beads
o THF EtOH, R.T., 2 h o

I .78 Ct0 0T, 5h ©;;) o AN
172 o 1790
PH O
201

Scheme 58 Preparation of 1-ethoxy-1-phenylisochroniat®a

3.2.2.7.2 Asymmetric allylation

In order to be able to determine the e.r. of our allylation products, the retention times of both
enantiomers were identified by first analysing racemic samples by chiral HPLC. For this
purpose, all racemic products were prepared by carrying out a reaction of the 1-
ethoxyisochromansl79 with allyltrimethylsilane in the presence of the achiral acid,
methanesulfonic acid. In the case of 5-r2tifk, a baseline separation of the two enantiomers

was not possible. Therefore, an oxidative cleavage—reduction sequence according to Scheme
51 was carried out. It was possible to separate the two enantiomers of &i@8Hm} chiral

HPLC. Table 15 summarises the isolated yields of the obtained 1-allylisochromans 202.
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X . Me503H X
| + /\/S|ME3 |
I F O CH,Cl, /F o

R OFt 0CtoR.T. R P
179 202
entry Substrate product yield [%]

1 unsub. 166 163 o4
2 5-Me 179a 202a 95
3 6-Me 179b 202b 95
4 7-Me 179c 202c 91
5 8-Me 179d 202d 57
6 5-Br 179e 202e 62
7 5-Ck; 179f 202f 78
8 7-MeO 1799 202g 72
9 7-F 179h 202h 83
10 1-Me 179n 202n #

204 38
11 1-Ph 1790 2020 44
12 5-ring 179k 202k 72
13 7-ring 179l 2021 2

205 15
14 3,3-dimethyl 179i 202i 88
15 4,4-cyclopropyl 179j 202j 94
16 naphthopyran 179m  202m 96

®reduced yield owing to volatility of the product

Table 15.Summary of yields of racemic allylation produ2@2

TLC results and comparison of the isolated yields of the allylation products gave an early
indication of the reactivity of each substrate under Brgnsted acid activation. Most products
were prepared uneventfully in good to excellent yields (entries 1-4, 7-9, 12, 14-16). 8-Me
179d was less reactive and the corresponding prodd2t was isolated in only 57% yield

(entry 5), which is probably a consequence of the methyl group being close to the reactive
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centre and increasing the steric hindrance for the nucleophdicka&-Br179ewas also less
reactive due to the electron-withdrawing bromo substituent, and provided the allylation
product in only 62% (entry 6). In 1-ME79n, the reactive centre is a quaternary carbon which
also increases the steric hindrance and might explain the low product yield of 41% (entry 10).
A second producR04 whose structure was not determined was also isolated in 38% as a
mixture of diastereocisomers. 1-R020 was obtained in only 44% vyield probably for the same
reason as 1-Me 202entry 11). Changing the six-membered ring in the isochroman system to
a seven-membered ring had a negative influence on the reactivity of the ethyl acetal. 1-
Allylbenzoxepin202| was isolated in only 26% together with by-prod266 in 15% vyield.

Scheme 59 outlines a possible mechanism for the formation of 205.

EtO o " OFt
MeSO3 207 @ .
179 206 \_~_SiMe,

MeSO3 =
HO OH
o 210 \\\\\_,// .
NN MeSO;SiMe; .
@‘/ SlMe3
OFEt OFt )
209 208

N MeSO;
OEt

205

Schemeb9. A possible mechanism for the formation of by-prod2@%.

1-Ethoxybenzoxepid 79l gets protonated on the ring oxygen and forms c&@gh This ring

opens through anchimeric assistance from the adjacent ethoxy group. The resulting planar
oxacarbenium ior207 gets attacked by allyltrimethylsilane to give the cationic intermediate
208 in which the positive charge is stabilised by/heffect of silicon. Cleavage of the silyl
electrofugehen provides alcohd@09 which attacks oxacarbeniu2idO to lead to by-product

205 after deprotonation.
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To investigate the scope and limitations of our asymmetric atiglanethod we reacted each
substratel79 with allyltrimethylsilane under the optimised reaction conditions. To ensure
reproducibility, each reaction was repeated at least twice. Table 16 summarises the specific
conditions regarding reaction time, concentration and catalyst loading, as well as the yields

and e.r. values of the 1-allylisochroman products 202.

| X .~ SiMes (R-459 | X
S o o-xylene, R.T. S F o
S Y RO
179 202
. . catalyst
entry substrate time  concentration - jing product yield [%]  e.r.
[h] [moll] (Mol%]
1 unsub. 166 24 15 15 163 74 90:10
2 5-Me 179a 7 15 10 202a 84 92:8
3 6-Me 179b 6 1 15 202b 79 87:13
4 7-Me 179c 8 15 15 202c 71 87:13
5 8-Me 179d 48 15 20 202d 52 79:21
6 5-Br 179e 48 15 20 202e 45 83:17
7 5-CF; 179f 48 15 20 202f 24 88:12
8 7-MeO 179¢g 24 15 15 202g 65 79:21
9 7-F 179h 48 15 15 202h 41 80:20
10 1-Me 179n 24 15 15 202n 33 63:37
11 1-Ph 1790 24 15 15 2020 16 51:49
12 5-ring 179k 24 15 15 202k 61° 74:26
13 7-ring 179l 48 15 20 202 traces n.d.
14 3,3-dimethyl 179i 24 15 20 202i 67 57:43
15 4,4-cyclopropyl 179; 8 15 20 202 44 57:43
16  naphthopyran 179m 24 1.15 15 202m 42 69:31

®reduced yield owing to volatility of the product

Table 16.0Overview of the asymmetric allylation of 1-ethoxyisochrombrg
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As already mentioned 1-ethoxyisochronid6 led to a pleasing 90:10 enantiomeric ratio and

the productl63 was isolated in 74% vyield after 24 h. The volatility of the 1-allylisochroman
led to a reduction in yield (entry 1). Introducing an electron-donating methyl group on to the
aromatic ring led to an increase in the reaction rate in the cds®afl79band179¢ and a

slower rate in the case &¥9d which can be explained by the Me group increasing the steric
hindrance close to the reacting centre (entries 2-5). A higher catalyst loading was necessary to
achieve an acceptable yield with this substrate in a reasonable reaction time. The same
explanation accounts for the decrease in yield going from 208a to 8-Me202d The
enantioselectivity also decreases in this order which is most likely due to the latter substrates
not effectively fitting in the “chiral pocket” of the chiral counterion. It is noteworthy, that the
highest enantioselectivity (e.r. 92:8) was obtained with 51IM@a. 179e and 179f with an
electron-withdrawing bromo- and trifluoromethyl group on the 5-position also led to good e.r.
values (entries 6 and 7), which shows that substituents on the 5-position are well tolerated.
However, in these two cases the low reactivity of both substrates warranted the use of a high
catalyst loading and a longer reaction time for the products to be isolated in acceptable yields.
The methoxy group on the 7-position gave 65% yield (entry 8), and the enantioselectivity (e.r.
79:21) was comparable with that obtained with the 7-F substizh (e.r. 80:20), which
provided the product in 41% yield after 48 h (entry 9). These results suggest that sterics and
not electronics might be key in controlling the enantioselectivity of these allylations. Having a
guaternary carbon as the reactive centre led to a moderate enantioselectivity of 63:37 e.r. in
the case of 1-Mé&79nand to no selectivity in the case of 1-Pi9o (entries 10 and 11). Both
corresponding products were also isolated in low yields (33% and 16%, respectively). A
change from the six-membered ring in the isochroman system to a five-membered ring also
led to a significant drop in product enantioselectivity (e.r. 74:26) for 5202k (entry 12).

The vyield of 61% was reduced due to the volatility of the product and is therefore not

representative of the efficiency of this reaction. | did not determine the e.r. of the allylation

94



product derived from 7-rin@ 79l because only traces of product were obtained even with a
higher catalyst loading (entry 13). Introducing substituents on the 3- and 4-positions of the
isochroman system was not tolerated: both substrates, 3,3-dirh@éghynd 4,4-cyclopropyl

179j, reacted with very low enantioselectivity of 57:43 e.r. (entries 14 and 15), and with a
high catalyst loading, yields of 67% and 44%, respectively, were achieved. Changing the
whole structure of the starting material from an isochroman system to naphthbpyrated

to a product in moderate e.r. of 69:31 and a yield of 42% (entry 16).

In summary, the majority of the 1l-ethoxyisochromai@® gave moderate to good yields of

the allylation product. Those substrates which led to low product yields can be explained by
electronic and steric factors. In terms of enantioselectivity, substituents on the 5-position of
the isochroman system were well tolerated while with substituents on the 7- and 8-positions a
slight drop in selectivity was observed. This is most likely due to the substrate not effectively
fitting in the “chiral pocket” of the chiral counterion meaning both enantiotopic faces are
available for reaction. Converting the reactive centre into a quaternary carbon also led to a
significant drop in the corresponding product e.r. values. Introducing substituents on to the 3-
and 4-positions was also not tolerated very well, whilst a change of the whole isochroman

structure resulted in moderate enantioselectivities at best.

3.2.2.8 Applications of the method

In order to demonstrate the synthetic utility of our developed allylation method, we employed
the procedure in two applications. First, enantiomerically enriched 1-allyl-5-
bromoisochromar202e underwent a Suzuki coupling with 4-tolylboronic acid to provide 1-

allyl-5-tolylisochroman 211 in a pleasing 90% yield (Scheme 60).
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Br O

Pd(PPhs),
Na2C03
+ B(OH),
(0] toluene/EtOH/H,0 (2:1:1) 0]
H reflux, 3 h :
NS ux NS
202e 211
e.r. 83:17 90% vyield

e.r. 83:17

Scheme 60.Suzuki coupling of enantiomerically enriched 1-allyl-5-bromoisochro?ige

to provide 1-allyl-5-tolylisochromaf11

The e.r. of the starting material (83:17) used in this reaction was maintained in the product as
revealed by chiral HPLC analysis. This reaction suggests enantiomerically enriched
halogenated 1-allylisochromans can be used in cross-coupling reactions which opens the door
to a broad range of transformations after the asymmetric allylation step.

In the second application, dru@)f(+)-U-101387212 which is used for the treatment of
psychosis especially schizophrenia, was synthesised from enantiomerically enriched alcohol

177 (Scheme 613%

1)DMAP, DIPEA, MsCl

©© THF, 0 T, 30 min ©© QSOZNHZ
o 2) 213 o p
v N

z ethylene glycol :
OH N
~~ 100 T, 15 h SN
177 212
e.r. 90:10 /\ 69% yield
HN N SO2NH; (R)-(+)-U-101387
213

Scheme 61Synthesis of drugR)-(+)-U-101387212
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177 was prepared from 1-allylisochromBsiB (e.r. 90:10) in an oxidative cleavage—reduction
sequence as outlined in Scheme 51. The alcohol functionallfjy7irwas next converted into

a good leaving group with MsCl. The resulting mesylate was not isolated but treated with
piperazine213 in a nucleophilic substitution. Drugl2 was isolated in 69% vyield after
column chromatography and the]§** = +41.1 ¢ 0.36, DMF) was a good match with the

literature value ofd]p = +48 € 0.88, DMF) for an enantiomerically pure sam[ﬂﬁ@.

3.2.2.9 Understanding the origins of enantioselectivity

3.2.2.9.1 Additives and catalyst preparation

To shed some light on the origins of the observed enantioselectivity, a few test reactions and
experiments were carried out. We decided to investigate the effect of different catalyst
preparations and additives on the e.r. of the product. To do so, we reacted 1-
ethoxyisochromarl66 was reacted with allyltrimethylsilane under conditions which vary
from the optimised ones, changing one variable at a time. Table 17 summarises the employed
conditions together with the corresponding e.r. value of prddigtAll of the reactions were
carried out with the same batch of catalyst which gave 88:12 e.r. for the allylation product in a

control experiment under optimised conditions.
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. (R)-45g (10 mol%) ©©
+ /\/SIM63
(;Q) Z conditions O

R.T., 48 h H

OEt N
166 163
entry Conditions e.r. of 163
1 catalyst treated with toluene 66:34
2 caalyst treated with MgS@and toluene  69:31
3 catalyst treated with 3 A MS and toluene 69:31
4 catalyst HCl wash in BO 81:19
5 catalyst HCI wash in THF 84:16
6 catalyst HCI wash in THP 83:17
7 catalyst HCI wash in dioxane 80:20
8  o-xylene+HO (1drop) 76:24
9 o-xylene + EtOH (1 drop) 87:13
OMe
10 88:12
o-Xylene + (1eq)

OMe

11 ©/\ 87:13
o-xylene + (1eq)
OMe
12 ©/'\ 87:13
(solvent)

QMe
13 ©/\ 86:14
(solvent)
14 anisol (solvent) 72:28
15 benzyl methyl ether (solvent) 66:34
16 Et,O? (solvent) 71:29
17 DME (solvent) 55:45

% light yellow precipitate observed after stirring for 1 h

Table 17.Summary of the employed conditions together

with the corresponding e.r. value of allylation prodL@8.



First, | wanted to look at the preparation of the catalyst. The usaaitent includes washing

with hydrochoric acid after column chromatography to ensure the Ca salt is protonated and
enters the RO phase. After drying the organic phase over Mg&al removing the solvent

under reduced pressure, the protonated phosphoraijebg was obtained as its ether
solvate as analysed B{-NMR spectroscopy and this was used in the asymmetric allylation
reactions. Because the ether solvate was isolated, we questioned whether different methods of
catalyst preparation might influence the enantioselectivity of the reaction. | started my
investigation by treating a portion of the catalyst with dry toluene in order to try to remove the
ether. To this end, the catalyst was dissolved in toluene and then the solvent was removed
under reduced pressure. This procedure was repeated three times and after drying under
reduced pressure, the catalyst was used in the asymmetric allylation under otherwise
optimised conditions. 1H-NMR spectroscopy analysis proved that tRedbtvate molecules

had been removed. Interestingly, a significant drop in product enantioselectivity (e.r. 66:34)
was observed (entry 1) which is not obvious why this happens. Similar results were obtained
by adding MgS@or 3 A MS to a solution of catalyst in dry toluene. After filtration, removal

of the solvent and drying under reduced pressure, the phosphoramide was employed in the
asymmetric allylation. In both cases, the product e.r. was 69:31 (entries 2 and 3). Clearly, the
way in which the catalyst is isolated, plays a crucial role in determining the enantioselectivity
of the reaction. A possible explanation is not immediately forthcoming at this stage and
further experiments are necessary to draw conclusions from these results. Because the catalyst
is used as its ED solvate, we were also interested in investigating if and how other ethers
would influence the product e.r. Therefore, we carried out the HCI (aq) wash in different
ethers, namely R®, THF, THP and dioxane. THel-NMR spectra revealed that in all four

cases the catalyst was isolated as its corresponding ether solvate. In comparison to the

optimised conditions using the Bt solvate (e.r. 88:12), a slight decrease in e.r. was observed
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when employing each ether solvate in the allylation reaction €endr7), again indicating

that the preparation of the catalyst affects the e.r. of the allylation product.

| wanted to go a step further by investigating whether or not additives affected the
enantioselectivity of the reaction. Adding one drop @DHo the reaction mixture led to a

drop in the product e.r. (entry 8), which can be explained by the formation of Hithérom

the starting material and additionab® as described in Chapter 3.2.2.4. DiM&d itself

reacts in an essentially non-enantioselective fashion, and accounts for the overall reduction in
enantioselectivity (Scheme 50). Adding one drop of EtOH had little effect on the product
enantioselectivity giving a product with 87:13 e.r. (entry 9). To investigate the influence of a
chiral additive (if there are interactions with the chiral catalyst in a match — mismatch
fashion), in separate reactions, | added one equivalen®)ef-fnethoxyethylbenzen2l4

(entry 10) andR)-214 (entry 11) to the reaction mixture; however this had no effect on the
enantioselectivity. Employing both ether enantiomers as solvents did not show any significant
change in enantioselectivity (entries 12 and 13), showing that at least these chiral solvent
molecules did not influence the chiral catalyst and resulting contact ion pair to any great
extent. Because of the structural similarity2ti, | also decided to test anisol (entry 14) and
benzyl methyl ether (entry 15) as solvents. Both led to a drop in enantioselectivity to 72:28
and 66:34, respectively, which is probably due to the difference in polarity in comparison to
214. Anisol and benzyl methyl ether show more of an “ether polarity” where the oxygen atom
splits the molecule in two halves while #14 the methoxy group behaves more like a
substituent on the ethylbenzene core. This explanation is strengthened by the fact that
employing E2O and DME as solvents, both having an even higher polarity, also led to a

decrease in product enantioselectivity (71:29 and 55:45, respectively) (entries 16 and 17).

100



This short study shows that the pre-treatment of the catalysh@am an effect on the
enantioselectivity of the product. Different ether solvates led to slight changes in the e.r.,
whilst treatment of the catalyst with toluene and drying agents led to a larger drop in e.r.

Chiral additives did not affect enantioselectivity, neither did their use as solvents.

3.2.2.9.2 ThiophosphoramideR)-108

In order to probe the role of the oxygen in the P=0 bond in the optimal catalyst, | synthesised

its sulfur analogueR)-108 as described in Chapter 3.1 (Figure 25).

(R)-108

Figure 25.ThiophosphoramideR)-108

When employingRR)-108 in the asymmetric allylation of 1-ethoxyisochrom&®6 | observed

two important changes in comparison to its oxygen analogue: i) The rate of the reaction was
significantly higher, which fits with the fact that thiophosphoramides are more acidic than
phosphoramide%,m] i) the 1-allylisochroman produdi63 was obtained as almost a racemic
mixture. This drop in enantioselectivity from 90:10 with the phosphoramide catd)y45¢

to 55:45 with the thiophosphoramide catalyR}-108 suggests that the oxygen in the P=0O
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bond plays an important role in the stereodetermining step. Most likélydragen bond is
formed between the substrate/intermediate to the oxygen of the phosphoramide catalyst in the
transition state which will be discussed further in Chapter 3.2.2.10. A hydrogen bond to sulfur
is much weaker than to oxygen and therefore longer which leads to a looser association of

catalyst and substrate and concomitant reduction in enantioselectivity.

3.2.2.9.3 Proof of a dynamic kinetic resolution

In order to probe the mechanism of our Brgnsted acid-catalysed asymmetric allylation, we
separated both enantiomers of 1l-ethoxyisochrod®th by chiral semi-preparative HPLC.

Each enantiomer was exposed to 10 mol% of phosphoramide caBRi&q in o-xylene,

aliquots were taken and the product e.r. was analysed by chiral HPLC. Aliquots were taken
after 30 s, 1 min, 2 min, 5 min, 10 min, 20 min, 30 min, 40 min, 1 h, 2 h, 4 h, 8 h, 24 h and
guenched with a few drops of NERA yellow precipitate was observed which most likely is

the triethylammonium salt of the catalyst, and residuak MEis evaporated under reduced
pressure (~ 10 mmHg). A few drops of hexane were added and the resulting solution, which
contained the product, was analysed by chiral HPLC. We also quenched three aliquots with a
mixture of hexane and aqueous NaOH solution to demonstrate that the method of reaction
sampling was not affecting the results. Thus, these three times, two aliquots were taken at the
same time and quenched with the different methods. In each case, the measured e.r. values
were the same. Investigation of the first enantiontgfs{ = 8.6 min) revealed a rapid
epimerisation within 30 s after addition of the chiral catalyst. Interestingly, each aliquot gave
an e.r. value around 53:47 in favour of the first enantiomer instead of a 50:50 mixture. When

analysing the second enantiomeégsécond = 10.5 min), again rapid epimerisation was
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observed, this time with e.r. values around 48:52 in favour of the second enanS8ch®mme

62 outlines a possible mechanism for the epimerisation of the starting acetal.

A . OH
o) K'8H U
OFt v~ Okt BO -
166 215 216
@Q - HY* ©i>oH
: 7o)
OEt OEt Y
166 217

Scheme 62 .A possible mechanism for the epimerisation of the starting acetal.

Protonation of166 on the ring-oxygen forms catio®l5, which ring opens through
anchimeric assistance from the adjacent ethoxy group. The resulting planar oxacarbenium ion
216 can then be attacked by the free alcohol group fronsithe re-face. In the Scheme
above, attack from thee-face provides catior217, which, after deprotonation by the
conjugate base Y gives enantiomer 166ith the opposite stereochemistry to the starting one.

Another possible mechanism is shown in Scheme 63.

) = A — Chee
% fo voE )
EtO<
H
218

EtO.

166 219

ﬂ

Ot EtOH

166 220

Scheme 63.A second possible mechanism for the epimerisation of the starting acetal.
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Protonation of enantiomd66 may alternatively occur on the ethoxy oxygen to form cation
218, which expels EtOH to leave oxacarbenium 2d49. This can be attacked by the free
EtOH from thesi- or re-face. In the Scheme, attack from tteeface provides catio220,

which after deprotonation by the conjugate baSeg¥es enantiomet66 with the opposite

stereochemistry to the starting acetal.

In another experiment, the e.r. value of the product was followed throughout the reaction.
Racemic 1-ethoxyisochromat66 was exposed to allylsilane and 10 mol% of cataRgst (
459, and aliquots were taken over 48 h and in each case the e.r. of the product was analysed

by chiral HPLC. Aliquots were taken after the times listed in Table 18 and quenched and

analysed as described above.

time e.r. of product time e.r. of product
1 min 88:12 2h 89:11
2 min 86:14 25h 89:11
5 min 89:11 3h 89:11
10 min 89:11 4h 89:11
20 mn 89:11 5h 89:11
30 mn 89:11 8h 88:12
40 min 90:10 24 h 89:11
1h 8911 48 h 89:11
15h go:11  afterwork-up  gg:1q
and column

Table 18.Following the e.r. value throughout the reaction.

Considering, the error in the HPLC measurement is 1.5%, there is no significant change in the

e.r. value of the product over the course of the reaction. These experiments suggest that the

reaction may be a dynamic kinetic resolution (Scheme 64).
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Kq+ achiral Ko+

(+)-SM k,_ intermediate Ko ()-SM
HY* Kgo || kg Ko_| ko, HY*
©] ©)
(+)-SMH Y© (-)-SMH Y©
Me3SiV\ lks kGJ /\/SiMe3
(+)-P (-)-P

all rates >> kg and kg
for efficient DKR kg > kg

Scheme 64Dynamic kinetic resolution.

It is therefore assumed, that the chiral Brgnsted &jdl%g and both enantiomers of the
ethyl acetal form two diastereomeric contact ion pairs. In the subsequent reaction with
allyltrimethylsilane, one of the ion pairs reacts distinctly faster than its diastereomer. That is
how complete conversion of the racemic substi&i® into the allylation product63 with

high enantiomeric excess can be rationalised.

3.2.2.10 Proposed transition state

With all our results in hand, | am now able to propose a transition state for each enantiomer of
the starting material (Figure 26) willfs A being lower in energy thahS B and accounting

for the observed sense of induction.
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TS A TSB

Figure 26.Proposed transition staté$ A andTS B.

Brognsted acidR)-45g protonates the alkoxy group of the acetal. Due to the observed leaving
group effect, we reason that the alcohol leaving group is still “attached” or at least in close
proximity to the oxacarbenium ion which is associated with the phosphoramide anion in a
chiral contact ion pair. This is stabilised through intermoleceiarstacking interactions as

well as intermolecular electrostatic interactions. The two ions in the ion pair orientate in such
a way that the positive charge of the oxacarbenium ion is compensated by the negative charge
delocalised on the OPNTTf system. | also invoke a hydrogen bond between the Lewis basic
oxygen of the counterion and the hydrogen of the alcohol leaving group which is supported by
the result with thiophosphoramide catalyR}-108. A sulfur atom forms a much weaker and
therefore longer hydrogen bond than oxygen which results in a looser association of the
substrate with the conjugate base. This explains the drop in enantioselectivity on exchanging
the oxygen for a sulfur atom. Attack of allyltrimethylsilane occurs from the side opposite to
the alcohol leaving group. Transition stai® A is favoured ovelS B since the nucleophilic

attack is sterically hindered by one of the 10-Br-anthracenyl-substituents in the latter one.
This means the energy difference betw&&A andTS B determines the enantioselectivity

of the allylation step.
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3.3 Synthesis of sulfonic acids

The outline study described in Chapter 3.2.1 had shown that a chiral Brgnsted acid could be
used to catalyse an enantioselective Hosomi Sakurai allylation of a simple acetal; however the
very slow rate of reaction suggested that this was not going to be a particularly efficient
process. At that time | decided to turn my attention to more reactive acetal systems, namely 1-
alkoxyisochromans. After carrying out a detailed study on these substrates (Chapter 3.2.2), we
again turned towards simple acyclic acetals and decided to investigate more acidic activators.
Since sulfonic acids are effective activators for the allylation of acyclic acetals with
allyltrimethylsilane!®® we were interested in synthesising a range of enantiomerically pure
chiral sulfonic acids. Whilst a few chiral sulfonic acids have been regttiedf! these
approaches do not allow sufficient flexibility to generate the structural diversity that we
desired, and which is invariably required for optimisation studies in asymmetric synthesis
methodology. We therefore wanted to synthesise a new class of sulfonic acids based on the
binaphthalene framework (Figure 27). When we started this project, sulfonic acids based on a
binaphthalene framework were not known in the literature and we designed our own strategy

towards their synthesis.

X eed

SO3H SO3H
O ! ORY0ArYArY/H O l ORY0ArYArYH
Ar?

Figure 27.A new class of sulfonic acids.

In all cases, the sulfonic acid would be introduced at the 2-position of the binaphthalene

framework; structural diversity would be introduced by functionalising the 2’-position. We
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would also use the 3-position (and 3’-position for simplifying the synthasis second site

for introducing structural diversity. The retrosynthesis of these acids is summarised in Scheme
65: Substituents would be introduced to the 3,3’-positions by cross-coupling reactions. Then,
the 2’-position would be derivatised. This can be achieved in a variety of ways. Simple alkyl
ethers can be introduced by standard Williamson ether syrﬁJ(Ff’ésim with Mitsunobu
chemistry1®® O-Arylation could be achieved by Ullmah#’ or Buchwald-Hartwig-type-
arylations[,168] whilst aryl substituents can be introduced by Suzuki coupling of the
monotriflate with different boronic acid coupling partn@?@. Finally, manipulation of the
remaining hydroxyl group at the 2-position would allow introduction of the sulfonic acid

moiety.

o ey
SOzH FGI

OH
p—

O ! ORY/OArY/Ar! O l ORYOArY/Ar!
Ar2 'Ar2
HFGI
2

99 )
o 99

OH —— OH

oy X

Ar?

Scheme 65Retrosynthesis of 3,3’-substituted chiral sulfonic acids.

A literature search identified an excellent procedure for carrying out the final part of the
sequence. In 1997, Woodward developed a route to a 2-thiobindpftiadiich we proposed

should be easily converted into a sulfonic acid by oxidation of the thiol moiety. This
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transformation can be achieved with a variety of oxidafits’? although most commonly

with H,0,.1184173 174 since the route allows access to 5-10 g quantities of the product with

excellent yields for all intermediates, and also delivers an enantiomerically pure end-product,

we decided to follow this approach to our sulfonic acids.

The synthesis of our first target is outlined in Scheme 66. For a first attempt we decided to

convert the alcohol functionality at the 2’-position into a simple methoxy functionality. This

would allow a simpler interpretation of NMR spectra since the chemical shift of a methoxy

group is remote from the aromatic region where the signals for all the other protons and

carbons in the molecule appear.

OO DEAD, PPhj,

OH MeOH

OH OMe
OO THF, R.T., 24h

- R)-221
(R)-109 83% (R)
AcOH,
60 C
SOzH (R)-224, 73%

OO B

(R)-225, 11%

S

w0 1
NEt;, DMAP 0~ "NMe,
> OMe
CH,Cl,,
reflux, 84 h
88% (R)-222
neat, 83%
250 C, 3.5h 0
AL
KOH S° NMe,

(R)-226 : : 3c:o: : :
OCH,

OH
MeOH H,0 (4:1),
reflux, 5 h

(R)-223

Scheme 66Synthesis of sulfonic acidRj-226 starting from BINOL R)-109.
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Beginning with enantiomerically pure BINOLR)- or (S)-109, | introduced the methoxy
group into the 2’-positiorvia Mitsunobu chemistrg}?fﬂ which gave the monomethyl ether

(R)- or (5)221 in 83% vyield. Flash column chromatography in 100% toluene allowed
separation of the product from small amounts of bis-methyl ether and starting material.
Reaction of the remaining hydroxyl group IR){ or (S)221 with N,N-dimethylcarbamoyl
chloride provided the corresponding thiocarbamd® (or (§-222 in 88% yield.m]
Noteworthy, N,N-dimethylcarbamoyl chloride was used as delivered by the supplier while
Woodward recrystallised the reagent, and may explain why in our case the reaction time was
twice as long and also required higher reaction temperature. Recrystallisation of the product
from ethanol ensured the enantiomeric purityRfZ22 and $)222. Thermolysis ofR)- or

(S)222 effected Newmann-Kwart rearrangement and provided carbaR)ater (S)223 in

83% yieIdE166] Remarkably, despite the forcing conditions required to effect this
transformation (250 °C, 3.5 h), the rearrangement proceeded with only slight erosion in
enantiopurity; R)-223 and $)223 were isolated in 97.5:25 e.r. and 98.7:1.3 eu.r.,
respectively, as measured by chiral HPLC. Unfortunately, it was not possible to find suitable
recrystallisation conditions. Since it is only my first attempt towards the sulfonic acids |
decided not to improve the e.r. and instead choose to move on to the base-mediated hydrolysis
of (R)-223, which provided thiolR)-224 in 73% yield?m] Owing to the propensity for the

thiol to undergo air oxidation, the disulfidg,R)-225 was also isolated in 11% yield. The last
step in our synthesis involved the oxidation of thi®}-224 to the sulfonic acidR)-226. The

most common oxidant for effecting this conversion isOH in acetic acid at high
temperaturé®*1™ Following this approach, complete conversion of starting material
occurred within 2 h. Unfortunately, purification of the crude product turned out to be a
problem and could not be solved before the end of the laboratory work. The following
strategies will help to find a way of successfully introducing theHS@oiety in my class of

sulfonic acids.Recently, research groups have started to use 3,3-disubstituted ZRSA
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189 and its disulfonimide derivative2d'81182 as strong chiral Brensted acids in asymmetric

organocatalysis (Figure 28).

O . OO -
O 0
SO3H 2

S\NH
SO3H s
o6 DO
Ar Ar
227 228

Figure 28.3,3'-Disubstituted BINSA27 and its disulfonimide derivative28

The first class was introduced independently by List and Ishihara who use different
approaches for the introduction of the disulfonic acid motif. While List chose the direct
oxidation of thiocarbamat229 with performic acid to obtain BINS227, Ishihara converted

thiocarbamate230 into bis-thiol231 before oxidation to BINSA232 under @ pressure in

HMPA (Scheme 67).
List:

Ar o Ar
OO il 1) 30% H,0,/HCOOH OO

S NMe2 CH2C|2, RT, 3h 803H

S\H/NMez 2) 6N HCI after column SO3H
OO o chromatography OO

Ar Ar

(R)-229 (R)-227

Ishihara:

1) O, (7 atm)

AL ), g (1]
S~ “NMe, LiAIH,4 SH 80<C,5d SO3H
S\H/NMez THF SH " 2) H* jon exchange SOsH
o) reflux, 4 h

(R)-230 (R)-231 (R)-232

Scheme 67 Different approaches for the introduction of the disulfonic acid motif.
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4 Conclusions and Further Work

4.1 Summary

To confirm our hypothesis that a chiral Brgnsted acid is able to impart stereoselectivity on the
Hosomi-Sakurai reaction of acetals, | investigated the reaction of both acyclic dialkyl acetals
as well as racemic cyclic acetals with allyltrimethylsilane, which was catalysed by different

chiral Brgnsted acids based on a binaphthyl core.

In the first section of the Results and Discussion (Chapter 3.1), the synthesis of a range of
phosphoric acids and phosphoramides based on a BINOL core was described. | prepared
some catalysts which were already known in the literature but also a selection of new chiral
Brgnsted acids. In particular, the previously unreported 10-Br-9-anthracenyl phosphoramide
(R)-45¢ turned out to be the catalyst of choice for our isochroman actal investigation and may

find application in other Brgnsted acid-catalysed reactions.

In the second section of the Results and Discussion (Chapter 3.2), we employed our
synthesised Brgnsted acids as catalysts in the Hosomi-Sakurai reaction of acetals with
allyltrimethylsilane. First, we started with acyclic acetals derived from benzaldehyde
derivatives (Chapter 3.2.1). We tested 3,3’-unsubstituted racemic phosphoria@aii3

and 3,3-bis-tolyl-substituted phosphoric aci®)82g in the reaction of benzaldehyde

112



dimethyl acetal with allyltrimethylsilane under various reacttconditions; however no
allylation product was observed. Since the employed phosphoric acids were not sufficiently
acidic to induce the allylation reaction, | decided to turn my attention to more acidic
phosphoramides. By employing tolyh¢45d, allylation product was now formed and more
pleasingly, with moderate enantioselectivity as analysed by chiral HPLC. A solvent screen,
using tolyl-®-45d, was carried out with 4-chloro-acetdl59 as starting material.
Cyclohexane angb-xylene, both solvents with a relatively low polarity, gave the best e.r.
values, while acetonitrile led to a racemic mixture. This observation fits with the proposal that
maintaining the contact ion pair in the reactive intermediate is critical for enantioselectivity. A
selection of different dimethyl acetals was synthesised in excellent yields and investigated in
the asymmetric allylation. We also examined other 3,3’-substituted phosphoramides and other
dialkyl acetals. In this study, the best e.r. values were obtained by employing th&)tdyt(
catalyst with the dimethyl acetal system. Whilst a low-polarity solvent had proven necessary
to obtain noticeable enantioselectivity, conversion of the starting acetal was poor in these
solvents. Decreasing the reaction temperature might have improved the enantioselectivity but
it would likely also have led to a further reduction in the rate of the reaction. Therefore, we
concluded that it would be necessary to investigate a more reactive acetal system and/or more

acidic Brgnsted acids.

| turned my primary attention to a more reactive acetal system, namely l-alkoxyisochromans
164, which proved more suitable for a detailed study of the asymmetric allylation (Chapter
3.2.2). A solvent screen with 1-methoxyisochroriiéf as starting material and tol)45d

as catalyst, once again showed the best enantioselectivity was obtained with solvents of low
polarity (p-xylene). In order to identify the optimal catalyst for our system, a selection of
chiral Brgnsted acids was screened. | varied the 3,3’-substituents, reduced the BINOL core to

a H-BINOL system and replaced the NHTf group by a more acidic NG group.
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Overall, the 10-Br-9-anthracenyl phosphoramid®-45g turned out to give the highest

enantioselectivities.

Further optimisation studies revealed that different catalyst loadings and reaction
concentrations did not affect the enantioselectivity of the reaction but could be used to
increase the reaction rate. Changing the temperature also affected the reaction rate but also the
selectivity: increasing the temperature above R.T., a drop in enantioselectivity was observed,
while a decrease in temperature did not lead to any improvement in selectivity and just served
to reduce the rate. Employing other allylsilanes also failed to improve the enantioselectivity.
Pleasingly, catalysR)-45g could be recovered and re-used without observing any decrease in
enantioselectivity or activity. We also investigated the nature of the alkoxy leaving group. To
this end, different 1-alkoxyisochromans 164 were exposed to the usual reaction conditions. To
our surprise, the leaving group in the starting material was found to play a significant role in
the product selectivity. Generally, the smaller the alkoxy leaving group, the higher was the e.r.
of the product. 1-Methoxyisochromds1 was an apparent exception to this rule; however in
this particular case, reaction with adventitious water provides di#ferwhich also reacts in

a poorly enantioselective allylation and goes some way to accounting for the erosion in
enantioselectivity in this case. 1-Ethoxyisochromé6é together with catalysR)-45g gave

the highest product enantioselectivity and provided the basis for investigating the scope and
limitations of the developed method. To this end, differently substituted ethyl acetal substrates
179 were synthesised and reacted with allyltrimethylsilane in the presence of phosphoramide
(R)-45g. The majority of these substrates gave moderate to good product yields. In terms of
enantioselectivity, substituents on the 5-position of the isochroman system were well tolerated
whilst with substituents at the 7- and 8-positions, a slight drop in selectivity was observed.
This is most likely due to the substrate not effectively fitting in the “chiral pocket” of the

chiral counterion meaning both enantiotopic faces are available for reaction. Converting the
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reactive centre into a quaternary carbon also led to a significaptin enantioselectivity.
Introducing substituents into the 3- and 4-positions was not tolerated very well either, and

changing the whole isochroman structure gave moderate enantioselectivities.

The absolute stereochemistry of 1-allylisochrorhi@8 was determined and the other reaction
products were assigned by analogy. In order to demonstrate the synthetic utility of our
developed method, we employed the procedure in two applications: the Suzuki coupling of
enantiomerically enriched 5-brominated 1-allylisochron2®2e and the synthesis of drug

(R)-(+)-U-101387 212.

To shed light on the origins of the observed enantioselectivity, we decided to carry out some
test reactions with different additives, although unfortunately these turned out not be
particularly helpful. We also paid special attention to the catalyst preparation, which seems to
play a significant role in the enantioselectivity. In another experiment, we employed the sulfur
analogue of phosphoramidR){45g in the allylation reaction and a big drop in the e.r. value
was observed. Therefore, we reasoned that the oxygen in the P=0O bond plays an important
role in the stereodetermining step, most likely forming a hydrogen bond to the
substrate/intermediate in the transition state. Our Brgnsted acid-catalysed asymmetric
allylation may be a dynamic kinetic resolution. This is suggested by the rapid racemisation of
both single enantiomers of 1-ethoxyisochrom&® under the optimised reaction conditions

and by following the e.r. value during the asymmetric allylation, which remained constant
over the course of the reaction. Finally, all results and observations were brought together to
generate a transition state model to account for the observed enantioselectivity (Chapter

3.2.2.10).
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In the final section of the Results and Discussion (Chapter 3.3), weeidon chiral sulfonic
acids. A possible pathway for the synthesis of two new classes of chiral sulfonic acids based
on a binaphthyl core was outlined. The synthesis of our first target molecule was also

described.

4.2 Further Work

After finishing the synthesis of the 3,3-unsubstituted sulfonic aé®226 and its
investigation in the asymmetric allylation of dimethyl acetals, a range of 3,3’-substituted
sulfonic acids could be prepared (based on the knowledge transfer from the 3,3’-substituted

phosphoramides) and their enantioselective catalytic potential investigated.

Other mechanistic studies of the isochroman based acetal system could be carried out:
* across-over experiment to investigate the mechanism of the acetal epimerisation;
* D-labelling on the 1-position of 1-ethoxyisochromd®6 and measurement of
secondary KIEs to shed light on the nature of the reactive electropHile> (Sp2-like

or s — oxacarbenium ion)

Computational modelling of the isochroman-based acetal system with a simplified

phosphoramide would also be interesting.

Similar electrophiles to 1-alkoxyisochromans could be investigated (Figure 29).

LG )
/
(;Q(@ N\ HX
N N
X =S, NR, NAc R R

Figure 29.Possible electrophiles for investigation.
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5 Experimental Section

5.1 Instrumentation

Elemental analyses were recorded on a Carlo Erba EA1110 simultaneous CHNS analyser and
performed by the University of Birmingham microanalytical services. Infra red spectra were
recorded either neat as thin films or as a GH®lution between NaCl discs, on a Perkin
Elmer FT-IR PARAGON 1000 spectrometer. The intensity of each band is described as s
(strong), m (medium), or w (weak) and with the prefix v (very) and suffix br (broad) where
appropriate'H-NMR spectra were recorded in CRGlinless stated otherwise) at ambient
temperature on a Bruker AC-300 (300 MHz), Bruker AMX 400 (400 MHz) or Bruker DRX
500 (500 MHz) spectrometer, and are reported as follows: chemicad gpdfim), (humber of
protons, multiplicity, coupling constar (Hz), assignment). Connectivities were deduced
from COSY90, HSQC and HMBC experiments. The term “stack” is used to describe a region
where resonances arising from non-equivalent nuclei are coincident, or, in the case of
mixtures of compoundse(g. diastereoisomers), to refer to the coincidence of an unresolved
resonance proton(s) in both diastereocisomers. “Multiplet”, m, is used to describe a region
where resonances arising from a single nucleus (or equivalent nuclei) are coincident but
coupling constants cannot be readily assigned. Fractional integrations are used when
describing mixtures of diastereoisomers, when the resonance for the same proton in the two
diastereoisomers does not coincide. Residual protic solvent;:GHCE 7.26 ppm) was used
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as an internal referencEC-NMR spectra were recorded in CRQunless stated otherwise)

at ambient temperature on a Bruker AC-300 (75 MHz), Bruker AV-300 (75 MHz), Bruker
AMX 400 (100 MHz) or Bruker DRX 500 (125 MHz) spectrometer, and are reported as
follows: chemical shifto (ppm), (multiplicity, assignment). The central resonance of @DCI

(& = 77.0 ppm) was used as an internal referetieeNMR spectra were recorded in CRCI
(unless stated otherwise) at ambient temperature on a Bruker AV-300 (121 MHz)
spectrometer, and are reported as follows: chemical dlypipm), (multiplicity, assignment).
F_NMR spectra were recorded in CRQUnless stated otherwise) at ambient temperature on
Bruker AV-300 (282 MHz) spectrometer, and are reported as follows: chemicad bpitn),
(multiplicity, assignment). El (electron impact) and GC-MS mass spectra were recorded on a
VG Prospec mass spectrometer, and TOF-ES+ mass spectra were recorded on a Micromass
LCT spectrometer, and are reported axz({#0)). HRMS were recorded on a Micromass LCT
spectrometer, using a lock mass incorporated into the mobile phase. Melting points were
determined using open capillaries on a Gallenkamp MDP350 melting point apparatus and are
uncorrected. Optical rotations were measured in chloroform (unless stated otherwise) using an
Optical Activity PolAAr2001 automatic polarimeter. Analytical chiral HPLC was performed
using a Daicel Chiral Pak AD DAIC19025 250 mm x 4.6 mm chiral column with a flow rate

of 1 mL/min.

5.2 Chemicals and Reagents

All reagents were obtained from commercial sources and used without further purification
unless stated otherwise. THF angtwere freshly distilled from sodium benzophenone
ketyl. Toluene was distilled from Na. MeOH was distilled from Mg &nd stored underN

at room temperature over activated 4 A molecular sieves (activated by heating under a
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vacuum for 15 min with a Bunsen flame immediately before use); W& distilled from
CaH, and stored over 4 A molecular sieves. All solutions are aqueous and saturated unless

stated otherwise.

5.3 Reactions

All reactions were conducted in oven-dried (&) or flame-dried glassware under a argon
atmosphere, and at ambient temperature (19 tC2hnless stated otherwise, with magnetic
stirring. Volumes of 1 mL or less were measured and dispensed with Hamilton gastight
syringes. Reactions were monitored by thin-layer chromatography (TLC) using pre-coated
glass-backed silica-rapid plates (604s4r and visualised by UV detection (at 254 nm) and

with ammonium molybdate(IV)-cerium(I1V) sulfate or potassium manganate(VIl) staining dip.
Column chromatography was performed on Fluka 60 (4@2»6@nesh) silica gel. Evaporation

and concentration under reduced pressure were performed at 50-500 mbar. Residual solvent

was removed under high vacuum (< 1 mbar).

5.4 Characterisation

General procedure for the formation of dimethyl acetals derived from arylaldehydes

The dimethyl acetal§47-152 were prepared following a previously reported procedure for
the preparation of 2-naphthaldehyde dimethyl acetalf47:

Trimethylorthoformate (0.82 mL, 7.50 mmol) ap@dSA (5 mg, 0.028 mmol) were added to a
solution of the aldehyde (5.00 mmol) in dry MeOH (1.5 mL). After stirring at R. T. for the
specified time, NaHC@®solution (25 mL) and C)Cl, (25 mL) were added, and the layers

119



were separated. The organic layer was washed with brine (25 migriaad(NaSQ,). The
drying agent was removed by filtration and the filtrate concentrated under reduced pressure to
provide the crude product. Unless otherwise stated, the isolated crude product was sufficiently

pure for characterisation and further use.

2-Naphthaldehyde dimethyl acetal 147

OCH3 Chemical Formula: C;3H;,0,
Exact Mass: 202.0994
OO OCHs Molecular Weight: 202.2491
Elemental Analysis: C, 77.20; H, 6.98; O, 15.82

Acetal 147 was prepared from 2-naphthaldehyde (781 mg, 5.00 mmol), trimethylorthoformate
(0.82 mL, 7.50 mmol) andpTSA (5 mg, 0.028 mmol) in MeOH (1.5 mL) according to the
general procedure. After 2 h, work-up afforded acétad as a yellowish liquid (630 mg,
97%): &(300 MHz) 3.38 (6H, s, CH(O83),), 5.57 (1H, s, EI(OCHs),), 7.44-7.59 (3H,
stack, AH), 7.81-7.96 (4H, stack, A); &(75 MHz, GDe) 52.1 (CH, OCHa), 103.0 (CH,
CH(OCHs),), 125.1 (CH, Ar), 126.36 (CH, Ar), 126.40 (CH, Ar), 126.7 (CHx 2Ar,
resonance overlap), 128.3 (CH, Ar), 128.7 (CH, Ar), 133.7 (quapsG,Ar), 134.0 (quat. C,

ipso Ar), 136.4 (quat. dpso Ar); m& (El) 202 ([M], 16%), 171 (100, [M — OCHf), 155

(22), 127 (28), 75 (13).

Data were in agreement with those reported in the liter&fde.
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4-Nitrobenzaldehyde dimethyl acetal 148

OCH3 Chemical Formula: CqH;;NO,
Exact Mass: 197.0688
OCH, Molecular Weight: 197.1879
O,N Elemental Analysis: C, 54.82; H, 5.62; N, 7.10; O, 32.46

Acetal 148 was prepared from 4-nitrobenzaldehyde (500 mg, 3.31 mmol),
trimethylorthoformate (54%L, 4.96 mmol) andpTSA (3 mg, 0.019 mmol) in MeOH (1.0
mL) according to the general procedure. After 3 h, work-up afforded deEahs a yellow
liquid (642 mg, 98%):34(300 MHz) 3.33 (6H, s, CH(Oy),), 5.47 (1H, s, E(OCHy),),

7.64 (2H, d, B.6, AH), 8.23 (2H, d, B.6, AH); &(75 MHz) 52.6 (CH, OCHs), 101.5 (CH,
CH(OCH),), 123.3 (CH, Ar), 127.7 (CH, Ar), 145.0 (quat. iBso Ar), 147.9 (quat. dpso

Ar); m/z (EI) 196 ([M — HT, 13%), 166 (100, [M — OC4"), 120 (27), 75 (15).

Data were in agreement with those reported in the liter8re.

3-Methoxybenzaldehyde dimethyl acetal 149

OCHjz Chemical Formula: C;oH14,05
H3;CO Exact Mass: 182.0943
OCHs Molecular Weight: 182.2164
Elemental Analysis: C, 65.91; H, 7.74; O, 26.34

Acetal 149 was prepared from 3-methoxybenzaldehyde (560 mg, 4.11 mmol),
trimethylorthoformate (67%.L, 6.17 mmol) andpTSA (4 mg, 0.023 mmol) in MeOH (1.2
mL) according to the general procedure. After 2 h, work-up afforded dbtlabs a pale
orange liquid (749 mg, 100%,(300 MHz, GD¢) 3.14 (6H, s, CH(OH3),), 3.32 (3H, s,
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ArOCHg), 5.35 (1H, s, B(OCHs),), 6.75-6.82 (1H, m, At), 7.10-7.29 (3H, stack, Af;
&(75 MHz, GDg) 52.0 (CH, CH(OCHs),), 54.8 (CH, ArOCH3), 102.8 (CH,CH(OCHy),),
112.7 (CH, Ar), 114.5 (CH, Ar), 119.6 (CH, Ar), 129.5 (CH, Ar), 140.6 (quaip€) Ar),
160.3 (quat. Cipso Ar); m& (El) 182 (IM]', 12%), 151 (100, [M — OCHf"), 136 (12), 135

(12), 108 (9), 75 (14).

4-Methoxybenzaldehyde dimethyl acetal 150

OCHjs Chemical Formula: CygH;405
Exact Mass: 182.0943
OCH;3 Molecular Weight: 182.2164
HsCO Elemental Analysis: C, 65.91; H, 7.74; O, 26.34

Acetal 150 was prepared from 4-methoxybenzaldehyde (5.60 g, 41.1 mmol),
trimethylorthoformate (6.75 mL, 61.7 mmol) argl' SA (44 mg, 0.230 mmol) in MeOH (12
mL) according to the general procedure. After 2 h, work-up with 2 M NaOH solution (100
mL) [instead of NaHC®@solution] afforded acetdl50 as a colourless liquid (7.49 g, 100%):
(300 MHz, GDg) 3.16 (6H, s, CH(OH3),), 3.29 (3H, s, ArOE), 5.37 (1H, s,
CH(OCHs),), 6.81 (2H, dJ 8.6, AH), 7.50 (2H, dJ 8.6, AH); &(75 MHz, GDs) 51.9
(CHs, CH(OCHa),), 54.8 (CH, ArOCH3), 102.9 (CH,CH(OCHs),), 113.8 (CH, Ar), 128.5
(CH, Ar), 131.1 (quat. Cipso Ar), 160.2 (quat. dpso Ar); mz (El) 182 ([M], 7%), 151

(100, [M — OCH]J"), 135 (16).

Data were in agreement with those reported in the liter8ftre.
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4-Fluorobenzaldehyde dimethyl acetal 151

OCHjs Chemical Formula: CgH;;FO,
Exact Mass: 170.0743
OCH, Molecular Weight: 170.1808
= Elemental Analysis: C, 63.52; H, 6.52; F, 11.16; O, 18.80

Acetal 151 was prepared from 4-fluorobenzaldehyde (588 mg, 4.74 mmol),
trimethylorthoformate (779L, 7.11 mmol) andpTSA (5 mg, 0.028 mmol) in MeOH (1.5
mL) according to the general procedure. After 8 h, work-up afforded at®falas a
colourless liquid (734 mg, 91%)4(300 MHz) 3.31 (6H, s, CH(Ods)2), 5.37 (1H, s,
CH(OCH),), 7.00-7.10 (2H, m, Ad), 7.39-7.46 (2H, m, Ad); &(75 MHz) 52.0 (CH,
CH(OCHSs),), 101.9 (CHCH(OCHs),), 114.4 (CH, d?Jc.r 21.4, Ar), 127.8 (CH, d?Jc.r 8.3,

Ar), 133.4 (quat. C, d*Jc.r 3.1, ipso Ar), 162.1 (quat. C, dJc.r 245.0,ipso Ar); (282
MHz) —114.2 (F, s, AF); m/z (El) 170 (IM]', 4%), 139 (100, [M — OCH"), 123 (47), 109

(43), 95 (43), 91 (10), 75 (30).

Data were in agreement with those reported in the literHdre.

4-Chlorobenzaldehyde dimethyl acetal 152

OCHs Chemical Formula: CgH4;CIO,
/@)\OCH Exact Mass: 186.0448
3 Molecular Weight: 186.6354
cl Elemental Analysis: C, 57.92; H, 5.94; Cl, 19.00; O, 17.15

Acetal 152 was prepared from 4-chlorobenzaldehyde (15.0 g, 107 mmol),
trimethylorthoformate (17.5 mL, 160 mmol) armq@l SA (45 mg, 0.237 mmol) in MeOH (30
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mL) according to the general procedure. After 8 h, work-up and purificatyomacuum
distillation (bp 90 °C/10 mmHg) afforded acetid2 as a colourless liquid (18.2 g, 91%):
M&(300 MHz) 3.31 (6H, s, CH(O@),), 5.37 (1H, s, E(OCHs),), 7.31-7.42 (4H, stack,
ArH); &(75 MHz) 52.5 (CH, OCHa3), 102.2 (CH,CH(OCHs),), 128.1 (CH, Ar), 128.3 (CH,
Ar), 134.2 (quat. C, ipso Ar), 136.6 (quat. C, ipso Ar)z (&) 186 ([M — HJ, 6%), 155 (100,

[M — OCHg]"), 139 (20), 111 (14), 91 (32), 75 (22).

Data were in agreement with those reported in the literHftre.

General procedure for the formation of homoallylic methylethers 15359

Method A: Racemic allylation

MeSGH (215 uL, 3.29 mmol) was added to a solution of the dimethyl acetal (3.29 mmol)
and allyltrimethylsilane (575ly 3.61 mmol) in CHCI, (16 mL) at O °C. After stirring at R.T.

for the specified time, NaHCGsolution (50 mL) and C¥Cl, (90 mL) were added, and the
layers were separated. The aqueous phase was extracted witlh, Ct5 mL) and the
combined organic fractions were washed with brine (50 mL) and drie)a The drying

agent was removed by filtration and the filtrate concentrated under reduced pressure to

provide the crude product, which was purified by flash column chromatography.

Method B: Asymmetric allylation

Phosphoric acidS)-32g or phosphoramideR)- or (S)-45d, respectively (0.033 mmol) was
added to a solution of the dimethyl acetal (0.332 mmol) and allyltrimethylsiland (66399
mmol) in a specified solvent (0.75 mL) and stirred at R.T. After the specified time, NaHCO
solution (10 mL) and C¥Cl, (10 mL) were added, and the layers were separated. The

124



aqueous layer was extracted with £ (5 mL) and the combined organic layers were
washed with brine (10 mL) and dried @$&). The drying agent was removed by filtration
and the filtrate concentrated under reduced pressure to provide the crude product, which was

purified by flash column chromatography.

4-Methoxy-4-phenyl-but-1-ene 153

OCHs Chemical Formula: C;,H;,0

Exact Mass: 162.1045

Molecular Weight: 162.2283

Elemental Analysis: C, 81.44; H, 8.70; O, 9.86

Racemic etherl53 was prepared from benzaldehyde dimethyl acetél (495uL, 3.29
mmol), allyltrimethylsilane (575uL, 3.61 mmol) and MeS£ (215 ulL, 3.29 mmol) in
CHCl, (16 mL) according to Method A. After 5 h, work-up and purification by flash column
chromatography (95% hexane, 5% @}t afforded methyl ethet53 as a colourless liquid
(251 mg, 47% (reduced yield owing to volatility of the produd®)) 0.36 (95% hexane, 5%
EtO); vma(film)cm™ 3076s (CHE€H,), 3029m, 2980s QH,CH=CH,), 2936s
(CH,CH=CH,), 2854m, 2821s (OC#ji 1951w, 1876w, 1829w, 1641s, 1602m (C=C
aromatic), 1547w, 1494s (C=C aromatic), 1454s, 1440w, 1357m, 1339w, 1307m, 1288w,
1238m, 1198m, 1155w, 1101s, 1073w, 1042w, 1027w, 999m, 975m, 915s, 856m, 824w,
758s, 701s, 654m, 608ndy(300 MHz) 2.36-2.47 (1H, m, K,H,CH=CH,), 2.52-2.64 (1H,

m, CHH,CH=CH,), 3.23 (3H, s, O83), 4.18 (1H, ddJ 7.2, 6.1, ¢1(OCHg)), 5.00-5.11 (2H,
stack, CHCH=CH,), 5.70-5.86 (1H, m, C¥CH=CH,), 7.24-7.40 (5H, stack, PRHX(75

MHz) 42.5 (CH, CH,CH=CH,), 56.6 (CH, OCHaj), 83.6 (CH,CH(OCHy)), 116.8 (CH,

CH,CH=CH,), 126.7 (CH, Ar), 127.5 (CH, Ar), 128.3 (CH, Ar), 134.8 (CH, CH=CH),
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141.6 (quat. C, ipsAr); m/z (EI) 121 (M — GHs]*, 100%), 91 (21), 84 (14), 77 (36), 49 (19),

44 (54),

Data were in agreement with those reported in the liter&flire.

4-Methoxy-4-(2’-naphthyl)-but-1-ene 154

OCH,4 Chemical Formula: C;5H4¢0

X Exact Mass: 212.1201
OO Molecular Weight: 212.2869
Elemental Analysis: C, 84.87; H, 7.60; O, 7.54

Racemic ethefl54 was prepared from 2-naphthaldehyde dimethyl a¢d@l(300 mg, 1.48
mmol), allyltrimethylsilane (26@.L, 1.63 mmol) and MeS{M (95 uL, 1.48 mmol) in CHCI,

(7 mL) according to Method A. After 15 min at 0 °C, work-up and purification by flash
column chromatography (95% hexane, 5%Citafforded methyl ethet54 as a colourless
liquid (225 mg, 72%)R: = 0.25 (95% hexane, 5% £X); Una(film)/cm™ 3057s (CHEH,),

2980s CH,CH=CH,), 2934s CH,CH=CH,), 2903m, 2853m, 2820s (OG}11922w, 1830w,
1641m, 1602m (C=C aromatic), 1508m, 1464m, 1444m, 1371m, 1322m, 1271m, 1236w,
1190m, 1170w, 1154w, 1098s, 1042w, 1019w, 998m, 982m, 950w, 916s, 857s, 820s, 747s,
717w, 665m, 620wP4(300 MHz) 2.45-2.57 (1H, m, K ,H,CH=CH,), 2.61-2.73 (1H, m,
CHH,CH=CH,), 3.27 (3H, s, Ofl), 4.35 (1H, app. tJ) 6.8, AH(OCHy)), 5.00-5.12 (2H,
stack, CHCH=CH,), 5.72-5.87 (1H, m, C}¥CH=CH), 7.43-7.54 (3H, stack, M), 7.73 (1H,

s, AH), 7.80-7.89 (3H, stack, AD); &(75 MHz) 42.4 (CH, CH,CH=CH,), 56.7 (CH,
OCHs), 83.7 (CH,CH(OCH)), 117.0 (CH, CH,CH=CH,), 124.4 (CH, Ar), 125.7 (CH, Ar),

125.9 (CH, Ar), 126.0 (CH, Ar), 127.7 (CH, Ar), 127.8 (CH, Ar), 128.2 (CH, Ar), 133.07
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(quat. C,ipso Ar), 133.14 (quat. Gpso Ar), 134.6 (CH, CKCH=CH,), 139.0 (quat. Cipso
Ar); m/z (TOF ES+) 425.1 ([M + N&] 100%); HRMS: GsH1s0Na calcd 235.1099 ([M +

Na]"), obsd 235.1105.

4-Methoxy-4-(4’-nitrophenyl)-but-1-ene 155

OCH;3 Chemical Formula: C;;H;3NO3
Exact Mass: 207.0895
Molecular Weight: 207.2258

O.N Elemental Analysis: C, 63.76; H, 6.32; N, 6.76; O, 23.16
2

Racemic ethet55 was prepared from 4-nitrobenzaldehyde dimethyl até&(300 mg, 1.52
mmol), allyltrimethylsilane (265uL, 1.67 mmol) and MeS£ (100 uL, 1.52 mmol) in
CHCl, (7 mL) according to Method A. After 17 h, work-up and purification by flash column
chromatography (90% hexane, 10%@t afforded methyl ethet55 as a yellow-orange oil
(78 mg, 25%)R: = 0.19 (90% hexane, 10%,B6%); maxfilm)/cm™ 3078m (CHEH,), 2983m
(CH,CH=CH,), 2934s CH,CH=CH,), 2825m (OCH), 2361w, 1641m, 1607s (C=C
aromatic), 1522s (N, 1491w, 1443w, 1416w, 1346s (MO 1317w, 1290m, 1239w,
1198m, 1156w, 1106s, 1039w, 1014m, 999w, 982w, 920s, 855s, 842w, 777w, 754m, 722w,
701s, 666m; 04(300 MHz) 2.34-2.46 (1H, m, K H,CH=CH,), 2.48-2.60 (1H, m,
CH.H,CH=CH,), 3.25 (3H, s, OHj3), 4.29 (1H, app. tJ 6.4, H(OCH)), 4.97-5.07 (2H,
stack, CHCH=CH}), 5.64-5.80 (1H, m, C¥CH=CH,), 7.45 (2H, d,) 8.6, AH), 8.21 (2H, d,

J 8.6, AH); &(75 MHz) 42.1 (CH, CH,CH=CH,), 57.1 (CH, OCHs), 82.7 (CH,
CH(OCHs)), 117.8 (CH, CH,CH=CH,), 123.6 (CH, Ar), 127.4 (CH, Ar), 133.4 (CH,

CH,CH=CH,), 147.4 (quat. CipsoAr), 149.4 (quat. Cipso Ar); mz (El) 166 (M — GHs]",
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100%), 136 (10), 120 (34), 108 (16), 91 (12), 77 (11), 51 (10); HRMB;ND; calcd

166.0504 ([M — @Hz] "), obsd 166.0499.

4-Methoxy-4-(3’-methoxyphenyl)-but-1-ene 156

OCHjs Chemical Formula: C;,H;60,

Exact Mass: 192.115

Molecular Weight: 192.2542

Elemental Analysis: C, 74.97; H, 8.39; O, 16.64

HsCO

Racemic ethel56 was prepared from 3-methoxybenzaldehyde dimethyl at4€(200 mg,

1.10 mmol), allyltrimethylsilane (190L, 1.21 mmol) and MeS£1 (70 uL, 1.10 mmol) in

CH.Cl, (5 mL) according to Method A. After 30 min stirring at 0 °C, work-up and
purification by flash column chromatography (95% hexane, 5% )Edfforded methyl ether

156 as a colourless liquid (129 mg, 61%)= 0.14 (95% hexane, 5% £%); Vmadfilm)/cm™

3075m (CH€H,), 2979s CH,CH=CH,), 2937s CH,CH=CH,), 2835s, 2822s (OG

1839w, 1641m, 1601s (C=C aromatic), 1587s, 1499s, 1455m, 1435m, 1351m, 1316m, 1286s,
1258s, 1191m, 1155m, 1102s, 1050s, 996m, 983m, 917m, 876m, 826w, 784m, 755w, 735w,
702s, 666m; 04(300 MHz) 2.34-2.45 (1H, m, K H,CH=CH,), 2.49-2.60 (1H, m,
CH:H,CH=CH,), 3.22 (3H, s, Of3), 3.81 (3H, s, ArOE5), 4.14 (1H, ddJ 7.5, 5.7,
CH(OCHy)), 4.98-5.11 (2H, stack, GBH=CH,), 5.69-5.84 (1H, m, CHCH=CH,), 6.77-6.90

(3H, stack, AH), 7.20-7.30 (1H, m, Af); &(75 MHz) 42.4 (CH, CH,CH=CH,), 55.1 (CH,,
CH(OCHs) or ArOCH3), 56.6 (CH, CH(OCHs) or ArOCH3), 83.5 (CH,CH(OCHg)), 111.9

(CH, Ar), 112.9 (CH, Ar), 116.7 (CHCH,CH=CH,), 119.1 (CH, Ar), 129.2 (CH, Ar), 134.7

(CH, CH,CH=CH,), 143.4 (quat. Cipso Ar), 159.7 (quat. dpso Ar); mz (El) 151 (M —

CsHs]*, 100%), 136 (9); HRMS: §811:0; calcd 151.0759 (M — £1<]*), obsd 151.0753.
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4-Methoxy-4-(4’-methoxyphenyl)-but-1-ene 157 and 4-(4’-methoxyphenyl)-hepta-1,6-

diene 160

OCH; Chemical Formula: C;,H;50,
Exact Mass: 192.115
Molecular Weight: 192.2542

H,CO Elemental Analysis: C, 74.97; H, 8.39; O, 16.64

157

Chemical Formula: C14H450
AN Exact Mass: 202.1358
Molecular Weight: 202.2921
H4CO Elemental Analysis: C, 83.12; H, 8.97; O, 7.91

160

Racemic ethel57 was prepared from 4-methoxybenzaldehyde dimethyl at&@(200 mg,
1.10 mmol), allyltrimethylsilane (190L, 1.21 mmol) and MeS£1 (70 uL, 1.10 mmol) in
CHCl, (5 mL) according to Method A. After 17 h, work-up and purification by flash column
chromatography (95% hexane, 5%,@&} afforded, in order of elution, dient60 as a
colourless liquid (3 mg, 1%R: = 0.43 (95% hexane, 5%EY); 04(300 MHz) 2.24-2.46 (4H,
m, CH,CH=CHy), 2.69-2.73 (1H, m, B(CH,CH=CH,),), 3.79 (3H, s, ArOEs), 4.89-5.02
(4H, m, CHCH=CH,), 5.58-5.74 (2H, stack, GBH=CH,), 6.83 (2H, dJ 8.5, AH), 7.07
(2H, d,J 8.5, AH); &(75 MHz) 40.5 (CH, CH,CH=CH,), 44.7 (CH,CH(CH,CH=CHb,),),
55.2 (CH, ArOCHg), 113.6 (CH, Ar), 116.0 (CH CH,CH=CH,), 128.6 (CH, Ar), 136.7
(quat. C,ipso Ar), 136.9 (CH, CbCH=CH,), 157.8 (quat. Cipso Ar); m/z (El) 202 ([MT,
4%), 161 (100, [M — eHs]™), 146 (10), 91 (13); and then methyl ethi&7 as a colourless
liquid (150 mg, 71%)R: = 0.14 (95% hexane, 5% E); Una(film)/cm™ 3075m (CHEH,),

2979s CH,CH=CH,), 2935s CH,CH=CH,), 2904s, 2836s, 2820s (OgH2061w, 1885w,
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1641m, 1612s (C=C aromatic), 1586m, 1513s (C=C aromatic), 1464m, 1442m, 1355m,
1303s,1248s, 1173s, 1096s, 1036s, 999m, 976m, 916s, 862m, 832s, 812m, 771m, 740w,
632w; 34(300 MHz) 2.33-2.44 (1H, m, ig:H,CH=CH,), 2.51-2.62 (1H, m, CiH,CH=CH),

3.19 (3H, s, CH(065)), 3.81 (3H, s, ArOEl3), 4.12 (1H, tJ 7.7, GH(OCH)), 4.98-5.10

(2H, stack, CHCH=CH,), 5.67-5.83 (1H, m, C¥CH=CH,), 6.89 (2H, dJ 8.6, AH), 7.21

(2H, d, J 8.6, AH); &(75 MHz) 42.4 (CH, CH,CH=CH,), 55.1 (CH, CH(OCHs) or
ArOCHjz), 56.3 (CH, CH(OCHa3) or ArOCH3), 83.1 (CH,CH(OCHy)), 113.6 (CH, Ar), 116.7

(CH,, CH,CH=CH,), 127.8 (CH, Ar), 133.5 (quat. @pso Ar), 134.8 (CH, CLCH=CH,),

159.0 (quat. Cipso Ar); mz (El) 151 ([M — GHs]", 100%), 136 (9); HRMS: 1,0, calcd

151.0759 ([M — @Hz] "), obsd 151.0753.

Data for both compounds were in agreement with those reported in the lit€fttte.

4-(4’-Fluorophenyl)-4-methoxy-but-1-ene 158

OCHjs Chemical Formula: C;;H;3FO

Exact Mass: 180.095

Molecular Weight: 180.2187

Elemental Analysis: C, 73.31; H, 7.27; F, 10.54; O, 8.88

Racemic ethed58 was prepared from 4-fluorobenzaldehyde dimethyl ad&thl(200 mag,
1.18 mmol), allyltrimethylsilane (20pL, 1.29 mmol) and MeS£1 (75 puL, 1.18 mmol) in
CH.Cl, (5 mL) according to Method A. After 3 h, work-up and purification by flash column
chromatography (95% hexane, 5%@} afforded methyl ethet58 as a colourless liquid (75
mg, 36% (reduced yield owing to volatility of the product):= 0.20 (95% hexane, 5%

EO): vmalfilm)lcm™ 3077m (CHE€H,), 2982s CH,CH=CH,), 2934s CH,CH=CHp),
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2905s, 2854m, 2822s (OGK 1894w, 1642m, 1605s (C=C aromatic), 1509s (C=C aromatic),
1466w, 1443w, 1417w, 1347m, 1296m, 1223s (ArC—F), 1156s, 1102s, 1042w, 1014m, 999m,
978m, 918s, 864m, 836s, 783w, 740w, 722w, 649w, 631w, 5H8300 MHz) 2.32-2.44

(1H, m, HaH,CH=CH,), 2.49-2.61 (1H, m, CH,CH=CH,), 3.20 (3H, s, O853), 4.15 (1H,

app. t, J 6.6, (H(OCHg)), 4.99-5.09 (2H, stack, CGEH=CH;), 5.65-5.81 (1H, m,
CH,CH=CH,), 6.99-7.08 (2H, stack, At), 7.21-7.29 (2H, stack, M); &(75 MHz) 42.5

(CH,, CH,CH=CH), 56.6 (CH, OCH3), 82.9 (CH,CH(OCHy)), 115.2 (CH, d2Jcr 21.1,

Ar), 117.1 (CH, CH,CH=CH,), 128.3 (CH, d>Jc.r 8.3, Ar), 134.4 (CH, CbCH=CH,),

137.3 (quat. C, d'Jer 3.1,ipso Ar), 162.2 (quat. C, dJc.r 243.9,ipso Ar); 3(282 MHz) —

115.5 (F, s, AF); m/z (El) 139 ([M — GHs]", 100%), 109 (17); HRMS: ¢EgFO calcd

139.0559 ([M — GHs]"), obsd 139.0556.

4-(4’-Chlorophenyl)-4-methoxy-but-1-ene 159

OCH3 Chemical Formula: C;,H;3CIO
Exact Mass: 196.0655
Molecular Weight: 196.6733

Cl Elemental Analysis: C, 67.18; H, 6.66; Cl, 18.03; O, 8.14

Racemic ethefl59 was prepared from 4-chlorobenzaldehyde dimethyl at&®l(200 mag,
1.07 mmol), allyltrimethylsilane (18hL, 1.18 mmol) and MeS§M (70 uL, 1.07 mmol) in
CH.Cl, (5 mL) according to Method A. After 3 h, work-up and purification by flash column
chromatography (95% hexane, 5% @}t afforded methyl ethet59 as a colourless liquid
(116 mg, 55%)R = 0.31 (95% hexane, 5% JEY); (Found: C, 67.27; H, 6.73.1{13CIO
requires C, 67.18; H, 6.66%)ma(film)/cm™ 3077m (CH€H,), 2981s CH,CH=CHb),

2933s CH,CH=CH,), 2904m, 2851m, 2822s (OGH 1906w, 1642m, 1598m (C=C
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aromatic), 1490s (C=C aromatic), 1464w, 1442w, 1409m, 1346m, 1277w, 1236w, 1187m,
1105s,1090s, 1041w, 1014s, 999w, 979m, 917s, 856m, 827s (ArC—Cl), 786m, 743w, 666w;
M&(300 MHz) 2.31-2.44 (1H, m, K,H,CH=CH,), 2.48-2.60 (1H, m, Ci#H,CH=CH,), 3.21
(3H, s, OC3), 4.15 (1H, app. t, 8.6, AHH(OCHg)), 4.96-5.09 (2H, stack, GBH=CH,), 5.65-
5.82 (1H, m, CHCH=CH,), 7.20-7.28 (2H, stack, Af), 7.29-7.36 (2H, stack, A); &(75
MHz) 42.4 (CH, CH,CH=CH,), 56.7 (CH, OCHaj), 82.9 (CH,CH(OCHy)), 117.2 (CH,
CH,CH=CH,), 128.1 (CH, Ar), 128.5 (CH, Ar), 133.2 (quat. {so Ar), 134.2 (CH,
CH,CH=CHj), 140.2 (quat. Gpso Ar); mz (El) 155 ([M — GHg]*, 100%); HRMS: GHsCIO

calcd 155.0264 ([M — §Hs]*), obsd 155.0259.

Data were in agreement with those reported in the liter&lire.

Allylmagnesium bromide in Et,O™8"!

Chemical Formula: C3HsBrMg
A~ Exact Mass: 143.9425
BrMg Molecular Weight: 145.2808
Elemental Analysis: C, 24.80; H, 3.47; Br, 55.00; Mg, 16.73

A 250 mL three-neck round-bottom flask, equipped with a reflux condenser and a dropping
funnel, was charged with Mg turnings (7.00 g, 288 mmol). Sufficies® Et 15 mL) was

added to cover the Mg turnings under fast stirring. A fewrystals were added and the
brown colour disappeared within 1 min indicating the activation of the Mg. A solution of allyl
bromide (9.95 mL, 115 mmol) in £ (90 mL) was then added dropwise (1 drop every 3
seconds) until the reaction started and then the addition rate was increased to maintain a

gentle reflux (1-2 drops every second). After the addition was finished, the suspension was
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stirred for an additional 30 min and then left to settle. The etheobaion was filtered and
transferredvia cannula (fitted with an oven-dried Whatman 1 filter paper) into a flask

equipped with a septum, and then stored at 4 °C.

Allyltriethylsilane

Chemical Formula: CgH»(Si
) = Exact Mass: 156.1334
Ets;Si” Molecular Weight: 156.3406
Elemental Analysis: C, 69.14; H, 12.89; Si, 17.96

Chlorotriethylsilane (1.54 mL, 9.20 mmol) was added dropwise over 1 min to a vigorously
stirred solution of allylmagnesium bromide in,@t(0.92 M, 20 mL, 18.4 mmol). After
heating at reflux overnight, the pale yellow suspension was cooled to 0 °C and a mixture of
aqueous NECI/NH3 solution (1:1, 25 mL) was added over a period of 3 min. The layers were
separated and the aqueous phase was extracted wth(Z&x mL). The combined organic
fractions were washed with brine (30 mL) and dried (MgSThe drying agent was removed

by filtration and the filtrate concentrated under reduced pressure to provide the crude product.
Purification by silica plug (100% pentane) afforded allyltriethylsilane as a colourless liquid
(753 mg, 52%)R; = 0.80 (100% pentaned;(300 MHz) 0.52 (6H, qJ 7.7, Si(GH2CHa)s3),

0.93 (9H, t,J 7.7, Si(CHCHs)s), 1.51-1.57 (2H, m, SiB,CH=CH,), 4.76-4.89 (2H, stack,
SICH,CH=CH,), 5.71-5.88 (1H, m, SiC#H=CH,); &(75 MHz) 3.1 (CH, Si(CH.CHa)s),

7.3 (CHs, Si(CHCH3)3), 19.5 (CH, SICH,CH=CH,), 112.4 (CH, SiCH,CH=CH,), 135.4

(CH, SICHCH=CH,); m/z (EI) 156 (11, [M]), 115 (100, [M — GH]*), 99 (11), 87 (50).

Data were in agreement with those reported in the liter8ffe.
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Allyltriisopropylsilane

Chemical Formula: C,H,6Si
i—Pr3Si/\/ Exact Mass: 198.1804
Molecular Weight: 198.4203
Elemental Analysis: C, 72.64; H, 13.21; Si, 14.15

Chlorotriisopropylsilane (1.00 mL, 4.67 mmol) was added dropwise over 1 min to a
vigorously stirred solution of allylmagnesium bromide inCE{(0.92 M, 7.60 mL, 7.01
mmol). After heating at reflux overnight, the pale yellow suspension was cooled to 0 °C and a
mixture of aqueous N4EI/NH3 solution (1:1, 10 mL) was added over a period of 3 min. The
layers were separated and the aqueous phase was extracted@i(h9=tnL). The combined
organic fractions were washed with brine (20 mL) and dried (MpSKDbe drying agent was
removed by filtration and the filtrate concentrated under reduced pressure to provide the crude
product. Purification by silica plug (100% hexane) afforded allyltriisopropylsilane as a
colourless liquid (390 mg, 42%R = 0.85 (100% hexane)},(300 MHz) 0.90-1.12 (21H,
stack, Si(®I(CHas)y)s, 1.58-1.67 (2H, m, SiB,CH=CH,), 4.75-4.95 (2H, stack,
SiCH,CH=CH,), 5.78-5.96 (1H, m, SIC¥LH=CH,); &(75 MHz) 11.0 (CH, SICTH(CHs),)3),

17.3 (CH, SICH,CH=CH,), 18.7 (CH, Si(CH(CHa)2)3), 112.8 (CH, SICHCH=CH,), 136.2

(CH, SICHCH=CH,); m/z (EI) 198 (3, [M]), 157 (100, [M — GHs]*), 115 (50), 99 (13), 87

(39), 85 (43), 73 (42), 59 (77), 43 (30) .

Data were in agreement with those reported in the liter8ffe.
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1-(2’-Methoxy-3'-triisopropylsilyl-propyl)isochroman 175

0 Chemical Formula: Cy,H350,Si
Exact Mass: 362.2641
OMe Molecular Weight: 362.6214
Elemental Analysis: C, 72.87; H, 10.56; O, 8.82; Si, 7.75

Sii-Prg

Racemic phosphoramidd62 (9 mg, 0.018 mmol) was added to a solution of 1-
methoxyisochroman (30 mg, 0.183 mmol) and allyltriisopropylsilangi(6®.274 mmol) in
p-xylene (360uL). After stirring at R.T. for 24 h, NaHCOsolution (15 mL) and E© (15

mL) were added. The two phases were separated and the aqueous phase was extracted with
Et,O (10 mL). The combined organic fractions were washed with brine (15 mL) and then
dried (MgSQ). The drying agent was removed by filtration and the filtrate concentrated
under reduced pressure to provide the crude product. Purification by flash column
chromatography afforded isochromd¥5 as a colourless liquid (17 mg, 26%; single
diastereoisomer; stereochemistry not determined) amongst a range of unidentified by-
products:R; = 0.31 (90% hexane, 10%,5%); Vma(film)/cm™ 2942m, 2864m, 1497w, 1455m,
1382m, 1231w, 1104s, 1066m, 987m, 944m, 873m, 743500 MHz) 1.03-1.12 (23H,
stack, G4,Si(CH(CHs),)3), 1.79 (1H, ddd,] 13.6, 9.0, 3.0, B.Hy), 2.32 (1H, ddd,) 13.6,

10.3, 3.4, CHHy), 2.71 (1H, app. dt] 16.2, 3.9, ®.H,CH,0), 2.99 (1H, ddd)) 15.7, 9.4,

5.3, CHH,CH,0), 3.27 (3H, s, OB3), 3.64-3.71 (1H, m, BOCHs), 3.75(1H, ddd,J 11.3,

9.4, 3.9, CHCH.H;0), 4.12(1H, ddd,J 11.3, 5.3, 4.1, CKCHH,O), 4.81 (1H, app. dl 9.0,

CHO), 7.07-7.21 (4H, stack, A); &(125 MHz) 11.5 (CH, SEH(CHa),)s), 15.4 (CH,
SiCHy), 18.8 (CH, Si(CH(CH3)a(CHa)p)s), 18.9 (CH, Si(CH(CHs)a(CHs)y)s), 29.0 (CH,
CH,CH,0), 42.3 (CH, CH,), 55.6 (CH, OCHgs), 63.0 (CH, CH;0), 73.6 (CH,CHO), 75.9

(CH, CHOCHg), 124.6 (CH, Ar), 126.1 (CH, Ar), 126.2 (CH, Ar), 128.9 (CH, Ar), 133.7
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(quat. C,ipso Ar), 138.6 (quat. Cipso Ar); m/z (TOF ES+) 385.3 (M + N&] 100%);

HRMS: GyH350,SiNa calcd 385.2539 ([M + N3] obsd 385.2531.

1-(2’-Methallyl)isochroman 176

Chemical Formula: C13H160
o Exact Mass: 188.1201
Molecular Weight: 188.2655
Elemental Analysis: C, 82.94; H, 8.57; O, 8.50

Racemic allylation:

MeSQH (50 uL, 0.74 mmol) was added to a solution of 1-ethoxyisochroh&h (120 mg,
0.673 mmol) and 2-methallyltrimethylsilane (14lZ, 1.01 mmol) in CHCI, (1.35 mL) at O

°C. A colour change from colourless to orange was observed. After stirring at R.T. for 20
min, NaHCQ solution (15 mL) and E© (15 mL) were added. The two phases were
separated and the aqueous phase was extracted w@h(Es mL). The combined organic
fractions were washed with brine (15 mL) and then dried (M3Sthe drying agent was
removed by filtration and the filtrate concentrated under reduced pressure to provide the crude
product. Purification by flash column chromatography (99% hexane, 1@) Bfforded
racemic isochromai76 as a colourless liquid (56 mg, 44%.= 0.30 (90% hexane, 10%
Et,O); |/max(1“ilm)/cm'1 2965m, 2922m, 1649w, 1491m, 1452m, 1374m, 1279w, 1107s,
1067m, 1040m, 886s, 7434;(300 MHz) 1.85 (3H, s, C(85)=CH,), 2.46-2.78 (3H, stack,
CH,C(CHs)=CH; and G1,H,CH;0), 2.98 (1H, dddJ 15.8, 9.3, 5.5, CiH,CH.0O), 3.78 (1H,
ddd,J 11.4, 9.3, 4.1, CkCH,H,0), 4.15(1H, app. tdJ 11.4, 4.4, CHCH:H,O), 4.81-4.97

(3H, stack, GBICH,C(CHs)=CH,), 7.06-7.20 (4H, stack, At); &(100 MHz) 22.5 (CH, CH3),

29.0 (CH, CH,CH,0), 44.4 (CH, CH,C(CHs)=CH,), 62.9 (CH, CH,CH,0), 74.1 (CH,
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CHO), 112.8 (CH, CH,C(CHs)=CH,), 124.9 (CH, Ar), 126.0 (CH, Ar), 126.2 (CH, Ar),
128.9 (CH, Ar), [133.9, 138.3, 142.8 (quat. C,LHCH3)=CH,) and 2 x (quat. dpso Ar)];
m/z (El) 188 ([M]’, 4%), 170 (56), 133 (100, [M —8]"), 129 (30), 116 (20), 104 (31), 90

(12); HRMS: GsH16O calcd 188.1201 ([M), obsd 188.1203.

Asymmetric allylation:

The phosphoramide cataly®){45g (18 mg, 0.018 mmol) was added to a solution of the 1-
alkoxyisochroman (0.183 mmol) and allyltrimethylsilane (80 0.27 mmol) ino-xylene

(360 uL). After stirring for 24 h at R.T., NaHCGsolution (15 mL) and E© (15 mL) were
added. The two phases were separated and the aqueous phase was extractg@ {lith Et
mL). The combined organic fractions were washed with brine (15 mL) and then dried
(MgSQy). The drying agent was removed by filtration and the filtrate concentrated under
reduced pressure to provide the crude methallylisochroman product. After purification by
flash column chromatography the e.r. was determined by chiral HPLC: Chiralpak AD, 1.0
mL/min, 100% hexanek = 210 nM,trminor = 9.5 MiN, trmajor = 12.9 min; e.r. (using 1-
methoxyisochroman as starting material) = 40:60; e.r. (using 1-ethoxyisochroman as starting

material) = 41:509.

Benzyl methyl ether

Chemical Formula: CgH;,O

OMe Exact Mass: 122.0732
Molecular Weight: 122.1644

Elemental Analysis: C, 78.65; H, 8.25; O, 13.10

Benzyl alcohol (1.50 g, 13.9 mmol) was added to a suspension of NaH (666 mg of a 60 wt %

suspension in mineral oil, 16.6 mmol) in DMF (50 mL) at O °C. The mixture was stirred for 2
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h at R.T. and then cooled to 0 °C. Mel (1.10 mL, 18.0 mmol) was added amdkthee was
warmed to R.T. overnight. N&@I solution (50 mL) and EO (50 mL) were added and the
layers were separated. The organic phase was washed sequentially with NaH@on (30
mL), HO (30 mL) and brine (30 mL), and then dried (MgpOrhe drying agent was
removed by filtration and the filtrate concentrated under reduced pressure to provide the crude
product. Purification by flash column chromatography (gradient: 99% pentane, 0-Et
95% pentane, 5% ED) afforded benzyl methyl ether as a colourless liquid (1.02 g, 60%,
reduced yield owing to product volatilitylg = 0.34 (90% hexane, 10%,B%); 44(300 MHz)

3.41 (3H, s, OBly), 4.48 (2H, s, €,0), 7.27-7.41 (5H, stack, A); &(100 MHz) 58.0 (CH,
OCHs), 74.7 (CH, CH,0), 127.6 (CH, Ar), 127.7 (CH, Ar), 128.4 (CH, Ar), 138.2 (quat. C,
ipso Ar); mz (El) 122 ([M], 75%), 121 (65, [M — H), 91 (100, (M — OCH™), 77 (31,

[CeHs] ).

Data were in agreement with those reported in the liter8ftre.

(R)- and (S)-1-Methoxyethylbenzene R)- and (S)-214

= Chemical Formula: CgH;,0
: Exact Mass: 136.0888
©/\ Molecular Weight: 136.191
Elemental Analysis: C, 79.37; H, 8.88; O, 11.75

(S)-2-Phenyl ethanol (1.50 g, 12.3 mmol) was added to a suspension of NaH (540 mg of a 60
wt % suspension in mineral oil, 13.5 mmol) in DMF (50 mL) at 0 °C. The mixture was stirred
for 2 h at R.T. and then cooled to 0 °C. Mel (920 14.7 mmol) was added and the mixture

was warmed to R.T. overnight. MBI solution (50 mL) and EO (50 mL) were added and
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the layers were separated. The organic phase was washed séguwethidNaHCO; solution

(30 mL), HO (30 mL) and brine (30 mL), and then dried (MgpOhe drying agent was
removed by filtration and the filtrate concentrated under reduced pressure to provide the crude
product. Purification by flash column chromatography (gradient: 99% pentane, 0-Et

95% pentane, 5% ED) afforded §)-ether214 as a colourless liquid (1.04 g, 62%, reduced
yield owing to product volatility)R; = 0.38 (90% pentane, 10%80); [¢]p*°= —118.3 (neat)

(1it.%% [0]p? = —114.0 (neat)p;(300 MHz) 1.44 (3H, dJ 6.5, (Hs), 3.23 (3H, s, Of5),

4.30 (1H, qJ 6.5, ArCHO), 7.24-7.39 (5H, stack, A); &(100 MHz) 23.9 (CH, CH3), 56.4

(CHs, OCHg), 79.6 (CH,CHO), 126.1 (CH, Ar), 127.4 (CH, Ar), 128.4 (CH, Ar), 143.5 (quat.

C, ipso Ar); mz (El) 121 ([M — CH]", 100%).

The same protocol was followed for the preparation of feantiomer: ¢]p*°= +117.6

(neat) (lit"" [¢]p>°= +120.0 (neat)).

Data were in agreement with those reported in the liter8fGte.

General procedure for the MOM-protection of different phenethyl alcohols

The MOM-protected phenethyl alcohdl81 were prepared following a previously reported
procedure for the preparation of [2-(methoxymethoxy)ethyl]benZ&the:

Sc(OTfy (191 mg, 0.389 mmol) was added to a solution of the alcohol (7.78 mmol) in FDMA
(27 mL, 389 mmol) and CHe[27 mL). The resulting mixture was heated at 75 °C. After the
specified time, deionised ;@ (20 mL) was added, and the layers were separated. The
agueous phase was extracted with,Clkl (2 x 10 mL) and the combined organic fractions
were washed with brine (30 mL) and dried (Mge@Removal of the KD from the aqueous
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phase allows recovery of the Sc(QsJfivhich can be reused]. The drying agent was removed
by filtration and the filtrate concentrated under reduced pressure to provide the crude product.
Unless otherwise stated, the isolated crude product was sufficiently pure for characterisation

and further use.

1-[2-(Methoxymethoxy)ethyl]-2-methylbenzenel81la

Chemical Formula: C11H60,
OMOM  Exact Mass: 180.115
Molecular Weight: 180.2435
Elemental Analysis: C, 73.30; H, 8.95; O, 17.75

Acetal 181a was prepared from 2-methylphenethyl alcohol (1.06 g, 7.78 mmol), FDMA (27
mL, 389 mmol) and Sc(OT{)(191 mg, 0.389 mmol) in CHE27 mL) according to the
general procedure. After 24 h, work-up afforded MOM efll&dra as a colourless liquid (1.40

g, 97%):R = 0.23 (90% hexane, 10%,B); 4,(300 MHz, GDg) 2.13 (3H, s, Ar€ls), 2.79

(2H, t,J 7.2, H,CH,0), 3.09 (3H, s, OHy), 3.60 (2H, tJ 7.2, CHCH,0), 4.44 (2H, s,
OCH,0CH), 6.98-7.11 (4H, stack, M); o(75 MHz, GD¢) 19.4 (CH, ArCHjz), 33.9 (CH,
CH,CH,0), 54.8 (CH, OCHs), 67.9 (CH, CH,CH,0), 96.5 (CH, OCH,OCH;), 126.3 (CH,

Ar), 126.7 (CH, Ar), 129.9 (CH, Ar), 130.4 (CH, Ar), 136.5 (quat. C, ipso Ar), 137.5 (quat. C,
ipso Ar); m& (El) 148 (M — H — OCH]*, 13%), 119 (43, [M — OCH¥DCHy]"), 118 (100, [M

— H — OCHOCHg]"), 105 (63, [M — CHOCH,OCHy"), 91 (12, M — H -

CH,CH,OCH,OCHy]*), 77 (10, [GHs] ).

140



1-[2-(Methoxymethoxy)ethyl]-4-methylbenzene 181c

Chemical Formula: C11H10,

OMOM Exact Mass: 180.115
Molecular Weight: 180.2435
Elemental Analysis: C, 73.30; H, 8.95; O, 17.75

Acetal 181cwas prepared from 4-methylphenethyl alcohol (1.76 g, 12.9 mmol), FDMA (45
mL, 645 mmol) and Sc(OT{)(317 mg, 0.645 mmol) in CHEK45 mL) according to the
general procedure. After 24 h, work-up afforded MOM etl#&tc as a pale brown liquid
(2.46 g, quant)R = 0.25 (90% hexane, 10%EX); 05(300 MHz, GDsg) 2.13 (3H, s, Ar€El3),

2.78 (2H, tJ 6.9, (H,CH,0), 3.10 (3H, s, OB3), 3.63 (2H, tJ 6.9, CHCH,0), 4.45 (2H, s,
OCH,0CH), 6.98 (2H, dJ 8.0, AH), 7.05 (2H, dJ 8.0, AH); &(100 MHz, GD¢) 21.1
(CHs, ArCHs), 36.4 (CH, CH,CH,0), 54.9 (CH, OCHz), 68.9 (CH, CH,CH,0), 96.6 (CH,
OCH,0CHg), 129.2 (CH, Ar), 129.3 (CH, Ar), 135.6 (quat. iso Ar), 136.5 (quat. Apso

Ar); m/z (El) 119 (M — OCHOCH;]*, 39%), 118 (90, [M — H — OCCH;]"), 105 (100,

[M — CH,OCH,OCHJ*).

[3-(Methoxymethoxy)propyl]lbenzenel81l

Chemical Formula: C11H1¢0,

OMOM Exact Mass: 180.115
Molecular Weight: 180.2435

Elemental Analysis: C, 73.30; H, 8.95; O, 17.75

Acetal 1811 was prepared from phenpropyl alcohol (2.00 mL, 14.8 mmol), FDMA (65 mL,
740 mmol) and Sc(OT4)(364 mg, 0.740 mmol) in CHE(65 mL) according to the general

procedure. After 24 h, work-up afforded MOM etH1l as a colourless liquid (2.62 g,
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98%): R = 0.24 (90% hexane, 10%B); d(300 MHz) 1.91-2.03 (2H, m, ArC}EH,), 2.76
(2H, t,J 7.5, ArCH,CH;,), 3.42 (3H, s, Ofl3), 3.60 (2H, t,J 6.4, CHCH;0), 4.68 (2H, s,
OCH,0CHy), 7.19-7.38 (5H, stack, Af); &(100 MHz) 31.4 (Chl, ArCH, or ArCH,CHy),
32.4 (CH, ArCH, or ArCH,CHy), 55.1 (CH, OCHs), 67.1 (CH, CH,CH.0), 96.4 (CH,
OCH,OCHs), 125.8 (CH,p-Ar), 128.3 (CH, Ar), 128.4 (CH, Ar), 141.8 (quat. iBso Ar);
m/z (El) 148 (M — H — OCHJ", 18%), 118 (34, [M — H — OGCH,]"), 117 (31), 105 (29,

[M — CH,OCH,OCH]*), 92 (25), 91 (100, [M — H — GIEH,0CH,OCHg] ).

1-Phenyl-1-(hydroxymethyl)cyclopropane 180}>*

Chemical Formula: C1gH1,0
OH Exact Mass: 148.0888
Molecular Weight: 148.2017
Elemental Analysis: C, 81.04; H, 8.16; O, 10.80

NaBH,; (620 mg, 16.5 mmol) was added to a solution of 1-phenyl-1-cyclopropane-carboxylic
acid (2.00 g, 12.3 mmol) in THF (7 mL) at 0 °C (caution: gas formation!). A solution of
BF;-OE% (2.70 mL, 21.8 mmol) in THF (5 mL) was added over 3 min at 0 °C and the
reaction mixture was stirred for 1 h at R.T. A mixture of THIIH1:1, 30 mL) was then
added carefully (caution: gas formation), followed by the addition of mge(BO mL). The

two phases were separated and the aqueous phase was extractegOn@>ER20 mL). The
combined organic fractions were washed with brine (30 mL), and then dried (MgS®@

drying agent was removed by filtration and the filtrate concentrated under reduced pressure to
provide the crude alcohdl80j as a colourless liquid (1.83 g, quantitative), which was
sufficiently pure for characterisation and further uRe= 0.45 (70% hexane, 30% EtOAc);

J4(300 MHz) 0.81-0.94 (4H, stack,HGCH,), 1.72 (1H, br s, €), 3.65 (2H, s, €,0H),
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7.19-7.41 (5H, stack, At); &(100 MHz) 11.3 (CH, cyclopropyl CH,), 28.0 (quat. C,
cyclopropylC), 70.6 (CH, CH,OH), 126.5 (CH, Ar), 128.3 (CH, Ar), 128.9 (CH, Ar), 142.7
(quat. C,ipso Ar); mz (El) 148 ([M]", 40%), 133 (19), 130 (35), 117 (100, [M — €],

105 (23), 91 (92), 77 (19, [E<]), 65 (16), 51 (20).

Data were in agreement with those reported in the liter8fte.

1-Phenyl-1-(methoxymethoxy)methylcyclopropand81j

Chemical Formula: C15H1605
OMOM Exact Mass: 192.115
Molecular Weight: 192.2542
Elemental Analysis: C, 74.97; H, 8.39; O, 16.64

Acetal 181j was prepared from 1-phenyl-1-(hydroxymethyl)cyclopropaB6j (2.00 mL,

14.8 mmol), FDMA (65 mL, 740 mmol) and Sc(O4{B64 mg, 0.740 mmol) in CHE(65

mL) according to the general procedure. After 24 h, work-up and purification by flash column
chromatography (gradient: 98% hexane, 2¥OEt. 95% hexane, 5% ED) afforded MOM

ether 181 as a colourless liquid (2.50 g, 85%% = 0.19 (90% hexane, 10% ,E%);
Vmafilm)/cm™ 2884m, 1603w, 1497w, 1446w, 1384w, 1213w, 1149m, 1103m, 1046s, 1017s,
974m, 917m, 857w, 758m, 6974;(300 MHz) 0.90-1.00 (4H, stack, cyclopropyg), 3.29

(3H, s, O®3), 3.70 (2H, s, €,0), 4.62 (2H, s, OB,0CHs), 7.20-7.44 (5H, stack, Ab;

ac(75 MHz) 11.9 (CH, cyclopropyCH,), 25.1 (quat. C, cycloprop®), 55.0 (CH, OCHjs),

74.9 (CH, CH,OCH,0OCH;), 96.0 (CH, CH,OCHs), 126.1 (CH,p-Ar), 128.1 (CH, Ar),
128.4 (CH, Ar), 143.3 (quat. @yso Ar); mz (El) 192 ([M]", 7%), 132 (44), 131 (55, [M —

OCH,OCHy]"), 130 (96, [M — H — OCLDCHg]"), 129 (58), 117 (100), 115 (57, [M —
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CH,OCH,OCHs]"), 104 (33), 103 (34), 91 (50), 77 (18,6fG]"), 45 (39, [CHOCH]™);

HRMS: G,H160, calcd 192.1150 ([M), obsd 192.1155.

1-Bromo-2-[2-(methoxymethoxy)ethyl]lbenzene 181e

Br

Chemical Formula: C1gH13BrO,
OMOM Exact Mass: 244.0099
Molecular Weight: 245.113
Elemental Analysis: C, 49.00; H, 5.35; Br, 32.60; O, 13.05

Acetal 181ewas prepared from 2-bromophenethyl alcohol (5.04 mL, 25.1 mmol), FDMA (88
mL, 1.25 mol) and Sc(OT§}617 mg, 1.25 mmol) in CHg[88 mL) according to the general
procedure. After 48 h, work-up afforded MOM etH&1le as a colourless liquid (6.06 g,
99%): R = 0.28 (90% hexane, 10%8%): J4(300 MHz, GDg) 2.95 (2H, tJ 6.9, (H,CH,0),

3.08 (3H, s, OEl3), 3.64 (2H, t] 6.9, CHCH,0), 4.41 (2H, s, OB,0CHs), 6.68 (1H, app. t,

J 7.6, AH), 6.89 (1H, app. 1} 7.5, AH), 7.01 (1H, ddJ) 7.6, 1.7, AH), 7.36 (1H, dd,) 8.0,

1.2, AH); &(75 MHz, GDs) 36.5 (CH, CH,CH,0), 54.5 (CH, OCHj), 66.4 (CH,
CH,CH,0), 96.0 (CH, OCH,OCHg), 124.7 (quat. Gpso ArBr), 127.1 (CH, Ar), 127.8 (CH,

Ar), 131.1 (CH, Ar), 132.6 (CH, Ar), 138.4 (quat. iBso Ar); mz (El) 246 ([M]", 1%), 244

(IM]*, 1%), 216 (12), 214 (18), 212 (12), 186 (12), 185 (43), 184 (71), 183 (47), 182 (69), 171
(28), 169 (29), 158 (16), 156 (16), 135 (100), 105 (22), 104 (43), 103 (37), 91 (11), 90 (16),
89 (16), 77 (26, [eHs]"), 45 (58, [CHOCH"); HRMS: GoH130, Br calcd 244.0099

(IM]™), obsd 244.0094.
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1-Methoxy-4-[2-(methoxymethoxy)ethyl]benzene 181g

OMOM Chemical Formula: C;1H¢03
Exact Mass: 196.1099
Molecular Weight: 196.2429
MeO

Elemental Analysis: C, 67.32; H, 8.22; O, 24.46

Acetal 181g was prepared from 4-methoxyphenethyl alcohol (2.00 g, 13.1 mmol), FDMA (46
mL, 657 mmol) and Sc(OT{)(323 mg, 0.657 mmol) in CHE46 mL) according to the
general procedure. After 15 h, work-up afforded MOM eft&kg as a colourless oil (2.58 g,
quant): Rr = 0.20 (90% hexane, 10% BX); o4(300 MHz, GDg) 2.76 (2H, t,J 7.0,
CH,CH;0), 3.11 (3H, s, CkDCH3), 3.32 (3H, s, ArOE3), 3.62 (2H, t,J 7.0, CHCH,0),

4.47 (2H, s, OB,0CHs), 6.74-6.83 (2H, m, Af), 6.99-7.07 (2H, m, Af); &(100 MHz,
CeDe) 35.9 (CH, CH,CH,0), 54.8 (CH, CHOCH3 or ArOCH3), 54.9 (CH, CH,OCH3 or
ArOCHjs), 69.0 (CH, CH,CH,0), 96.5 (CH, OCH,OCHs), 114.1 (CH, Ar), 130.2 (CH, Ar),
131.5 (quat. Cipso Ar), 158.8 (quat. Gpso ArOMe); mz (El) 196 ([M]’, 7%), 134 (50, [M

— H - OCHOCH]"), 121 (100, [M — CHOCH,OCH,]*), 45 (36, [CHOCH]*).

1-Fluoro-4-[2-(methoxymethoxy)ethyl]benzene 181h

Chemical Formula: C1gH13FO>

OMOM Exact Mass: 184.09
Molecular Weight: 184.2074
F

Elemental Analysis: C, 65.20; H, 7.11; F, 10.31; O, 17.37

Acetal 181h was prepared from 4-fluorophenethyl alcohol (2.00 g, 14.3 mmol), FDMA (50
mL, 714 mmol) and Sc(OT{)(351 mg, 0.714 mmol) in CHEI50 mL) according to the

general procedure. After 48 h, work-up afforded MOM efl&rh as a colourless liquid (2.61
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g, 99%): R = 0.19 (90% hexane, 10% H%); (300 MHz, GDg) 2.60 (2H, t,J 6.8,
CH,CH,0), 3.06 (3H, s, 08s), 3.49 (2H, t,J 6.8, CHCH,0), 4.41 (2H, s, OH,0CH),
6.74-6.89 (4H, stack, Af); A&(100 MHz, GDe) 35.8 (CH, CH,CH,0), 54.8 (CH,
CH,OCH3), 68.5 (CH, CH,CH,0), 96.5 (CH, OCH,OCHs), 115.2 (CH, d2Jc.r 21.0, Ar),
130.7 (CH, d2Jck 7.6, Ar), 135.3 (quat. C, dJcr 2.4, ipso Ar), 162.0 (quat. C, dJcr
241.9,ipso Ar); (282 MHz, GDg) —117.3- -117.1 (m, A); m/z (EI) 122 (100, [M — H —

OCH,OCH*), 109 (61, [M — CHOCH,OCHy]"), 45 (10, [CHOCH]*).

General procedure for the formation of isochromans 18%ia Friedel Crafts cyclisation of

MOM-protected phenethyl alcohols 181

Isochromansl82 were prepared by modification of previously reported procedures for the
preparation of different substituted isochromaiascyclisation of MOM- or MEM-protected

phenethyl alcohols:

Method A

TMSOTT (0.694 or 1.39 mmol (see specific experimental details)) was added to a solution of
MOM-protected phenethyl alcohol (6.94 mmol) in MeCN (35 mL) at 0 °C. After stirring at
R.T. for 15 h, NaHC® solution (10 mL) was added and the MeCN was removed under
reduced pressure. £ (20 mL) and more NaHCOsolution (10 mL) were added to the
residue and the layers were separated. The aqueous phase was extractefDWRhxE20

mL) and the combined organic fractions were washed with brine (25 mL) and dried {MgSO
The drying agent was removed by filtration and the filtrate concentrated under reduced

pressure to provide the crude product, which was purified by flash column chromatography.
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Method B**6:194

A solution of TiCl in CHCI, (1 M, 2.40 mL, 2.40 mmol) was added dropwise over 5 min to

a solution of MOM-protected phenethyl alcohol (2.00 mmol) in,@KH (20 mL) at 0 °C.

After stirring at R.T. for 15 h, MeOH (1 mL) was added and the brown colouration
disappeared. Hydrochloric acid (1 M, 25 mL) was added and the layers were separated. The
aqueous phase was extracted with,ChH (2 x 10 mL) and the combined organic fractions
were washed with brine (25 mL) and dried (MgeO'he drying agent was removed by
filtration and the filtrate concentrated under reduced pressure to provide the crude product,

which was purified by flash column chromatography.

5-Methylisochroman 18244

Chemical Formula: C1oH;,0
Exact Mass: 148.0888
o) Molecular Weight: 148.2017
Elemental Analysis: C, 81.04; H, 8.16; O, 10.80

Isochromanl82awas prepared from MOM ethd81la (1.36 g, 7.55 mmol) and TMSOTf
(273 pL, 1.51 mmol) in MeCN (35 mL) according to Method A. After 15 h, work-up and
purification by flash column chromatography (gradient: 99% hexane, 1@ Et 95%
hexane, 5% EO) afforded isochromafh82a as a colourless liquid (0.96 g, 86%)= 0.25
(90% hexane, 10% ED); d;(300 MHz) 2.29 (3H, s, B3), 2.76 (2H, t,J 5.8, GH,CH,0),
4.07 (2H, tJ 5.8, CHCH,0), 4.82 (2H, s, Ar8,0), 6.89 (1H, dJ 7.2, AH), 7.06-7.18 (2H,
stack, AH); &(75 MHz) 18.7 (CH, CHs), 26.0 (CH, CH,CH,0), 65.4 (CH, CH,CH,0 or

ArCH,0), 68.2 (CH, CH,CH-O or AICH,0), 121.9 (CH, Ar), 125.5 (CH, Ar), 127.6 (CH,
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Ar), 131.6 (quat. Cipso Ar), 134.7 (quat. Gpso Ar), 136.3 (quat. Gpso Ar); mkz (El) 148

(IM]", 100%), 133 (37, [M — CHI"), 118 (67, [M — OCH*), 91 (12).

Data were in agreement with those reported in the liter8tdte.
7-Methylisochroman 18284

Chemical Formula: C1oH;,0

Exact Mass: 148.0888
(o) Molecular Weight: 148.2017

Elemental Analysis: C, 81.04; H, 8.16; O, 10.80

Isochromanl82c was prepared from MOM ethdB1c (2.38 g, 13.2 mmol) and TMSOTf
(239 puL, 1.32 mmol) in MeCN (67 mL) according to Method A. After 15 h, work-up and
purification by flash column chromatography (gradient: 99% hexane, 1@ Et 95%
hexane, 5% EO) afforded isochromah82cas a colourless oil (1.57 g, 80%%:= 0.30 (90%
hexane, 10% ED); 44(300 MHz) 2.32 (3H, s, B3), 2.83 (2H, tJ 5.7, HH,CH,0), 3.98 (2H,

t, J 5.7, CHCH,0), 4.76 (2H, s, Ar6,0), 6.81 (1H, s, Afl), 6.96-7.15 (2H, stack, Al);
(100 MHz) 21.0 (CH, CHa3), 28.0 (CH, CH,CH,0), 65.5 (CH, CH,CH,O or ArCH,0),
67.9 (CH, CH,CH,O or ArCH,0), 124.8 (CH, Ar), 127.1 (CH, Ar), 128.7 (CH, Ar), 130.1
(quat. C,ipso Ar), 134.7 (quat. Gpso Ar), 135.4 (quat. Gpso Ar); mk (El) 148 ([MT,
71%), 133 (24, [M — CH"), 118 (100, [M — OCH"), 103 (14, [M — CH— OCH]"), 91 (35),

77 (12, [GHs]").

Data were in agreement with those reported in the liter8tdte.
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6-Methylisochroman 182b and 8-methylisochroman 182t

o] ey e

26:1.0

Chemical Formula: C1gH1,0
Exact Mass: 148.0888
Molecular Weight: 148.2017
Elemental Analysis:

C, 81.04; H, 8.16; O, 10.80

SqOTf)3; (191 mg, 0.389 mmol) was added to a solution of 3-methylphenethyl alcohol (3.00
g, 22.0 mmol) in FDMA (85 mL, 1.10 mol) and CH85 mL). The resulting mixture was
heated at 75 °C to generate the corresponding MOM eil8disand181d After 48 h, the
solvents were evaporated at 75 °C, which effected cyclisation to isochr@8mand182d

The dark-brown oil was cooled to R.T. gF, (40 mL) and deionised 4@ (40 mL) were
added, and the layers were separated. The aqueous phase was extracted®ut(RGH20

mL) and the combined organic fractions were washed with brine (50 mL) and dried {MgSO
The drying agent was removed by filtration and the filtrate concentrated under reduced
pressure to provide the crude product. Purification by flash column chromatography (gradient:
99% hexane, 1% KD — 95% hexane, 5% ED) afforded a mixture of isochromans 182

182d as a colourless oil (2.22 g, 68% from 3-methylphenethyl alcdle@b : 182d= 2.6 :

1.0): R =0.30 (90% hexane, 10%.E%); 04(300 MHz) [2.19 (3H, s, B3, minor), 2.36 (3H, s,

CHs, major)], 2.83-2.94 (2H, stack, HGZCH,O, both isomers), 3.96-4.05 (2H, stack,
CH,CH0, both isomers), [4.77 (2H, s, AHZ0, minor), 4.80 (2H, s, ArB,0, major)], 6.88-

7.18 (3H, stack, Afl, both isomers)g:(75 MHz) 17.7 (CH, CHz, minor), 21.0 (ChH, CHs,

major), 28.2 (CH, CH,CH,0, major), 28.6 (Ckl CH,CH,0O, minor), 64.8 (Ch CH,CH,O

or ArCH,O, minor), 65.3 (ChH CH,CH,O or ArCH,O, major), 66.4 (CH CH,CH,O or
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ArCH,0, minor), 67.8 (Ch CH,CH,O or ArCH,0O, major), 124.2 (CH, Ar, major), 126.0
(CH, Ar, minor), 126.4 (CH, Ar, minor), 126.7 (CH, Ar, major), 127.4 (CH, Ar, minor), 129.3
(CH, Ar, major), 131.8 (quat. @yso Ar, major), 132.9 (quat. @so Ar, major), 133.0 (quat.

C, ipso Ar, minor), 133.1 (quat. Gpso Ar, minor), 133.3 (quat. Apso Ar, minor), 135.7
(quat. Cjipso Ar, major); M GC-MS (El)tgr major = 5.85 min: 148 ([M], 100%), 133 (94, [M

— CHy]"), 118 (80, [M — OCH™), 103 (22, [M — CH - OCHj]"), 91 (36), 77 (21, [eHs]D);
trminor = 5.97 min: 148 ([M], 100%), 133 (100, [M — C#f), 118 (92, [M — OCH"), 103

(25, [M — CH — OCH]"), 91 (61), 77 (22, [Hs] ).

Data were in agreement with those reported in the liter8tdte.

5-Bromoisochroman 1828°

Br

Chemical Formula: CgHoBro
Exact Mass: 211.9837
Molecular Weight: 213.0712
o Elemental Analysis: C, 50.73; H, 4.26; Br, 37.50; O, 7.51

Isochromarii82ewas prepared from MOM eth&B8le(5.07 g, 20.7 mmol) and a solution of
TiClg in CHCI, (24.8 mL, 24.8 mmol) in C¥Cl, (200 mL) according to Method B. After 15

h, work-up and purification by flash column chromatography (gradient: 99% hexane, 1%
E,O - 95% hexane, 5% kD) afforded isochromah82eas a white crystalline solid (3.91 g,
89%): mp 152t54°C; R = 0.30 (90% hexane, 10%-8%); d(300 MHz) 2.81 (2H, t] 5.8,
CH,CH;0), 3.99 (2H, tJ 5.8, CHCH;0), 4.73 (2H, s, Ar@,0), 6.94 (1H, dJ 7.5, AH),

7.04 (1H, app. tJ 7.7, AH), 7.43 (1H, d,J 7.7, AH); &(100 MHz, GDg) 29.5 (CH,

CH,CH;0), 65.2 (CH, CH,CH»O or ArCH;0), 67.8 (CH, CH,CH,O or ArCH»0), 121.9
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(CH, Ar), 125.5 (CH, Ar), 127.6 (CH, Ar), 131.6 (quat.i@so0 Ar), 134.7 (quat. Gpso Ar),
136.3 (quat. Cipso Ar); m/z (El) 214 ([MT, 53%), 212 (61, [M]), 184 (83, [M — OCH"),

182 (84, [M — OCH]*), 133 (100, [M — Br]), 103 (59, [M — Br — OCR*), 77 (17, [GHs]").

Data were in agreement with those reported in the literHtde.

5-Trifluoromethylisochroman 182f

CF3 CF3 CF3

OH . OMOM - -
o

Chemical Formula: C1gHgF30
Exact Mass: 202.0605
Molecular Weight: 202.1731
Elemental Analysis:
C,59.41;H,4.49; F, 28.19; 0, 7.91

MOM ether181f was prepared from 2-trifluoromethylphenethyl alcohol (2.00 g, 10.5 mmol),
FDMA (37 mL, 526 mmol) and Sc(OEfJ259 mg, 0.526 mmol) in CHE(37 mL) according

to the general procedure for the MOM-protection of different phenethyl alcohols. After 48 h,
work-up afforded the MOM ether as a colourless liquid (2.44 g, 10.4 mmol) which was used
directly and without purification in the preparation of isochrori&8@f from a solution of

TiCl4 in CH,Cl, (12.5 mL, 12.5 mmol) in CKCl, (100 mL) according to Method B. After 15

h, work-up and purification by flash column chromatography (gradient: 99% hexane, 1%
Et,O - 95% hexane, 5% ED) afforded isochromad82f as a colourless liquid (934 mg,
44% over two steps)R = 0.25 (90% hexane, 10% B%): vma(film)cm™ 2944w, 2894w,

1497w (C=C aromatic), 1322s, 1307s, 1263w, 1200w, 1186m, 1157s, 1102s, 1075s, 1063s,
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1011m, 973m, 957m, 925m, 845w, 794s, 727m, 690m, 653(B00 MHz) 3.01 (2H, tJ]
5.7, H,CH,0), 3.99 (2H, tJ 5.7, CHCH,0), 4.82 (2H, s, Ar€,0), 7.15 (1H, dJ 7.7,
ArH), 7.21-7.30 (1H, m, Ad), 7.51 (1H, d,) 7.5, AH); d&(100 MHz) 25.3 (CH, CH,CH,0),
64.7 (CH, CH,CH,O or ArCH,0), 68.0 (CH, CH,CH,O or ArCH,0), 124.13 (CH, q°Jcr
5.6, Ar), 124.4 (quat. C, dJc.r 272.4, ACF3), 125.8 (CH, Ar), 128.2 (CH, Ar), 128.8 (quat.
C, q,%Jc.r 28.4,ipso Ar), 132.1 (quat. dpso Ar), 136.4 (quat. pso Ar); (282 MHz) —
61.5 (s, ArG3); miz (EI) 202 (M, 26%), 172 (100, [M — OCH), 151 (18), 133 (32, [M —

CF5]*), 103 (14); HRMS: GHsOF; calcd 202.0605 ([M), obsd 202.0600.

7-Fluoroisochroman 182h

Chemical Formula: CgHgFO

Exact Mass: 152.0637
e 0] Molecular Weight: 152.1656

Elemental Analysis: C, 71.04; H, 5.96; F, 12.49; O, 10.51

Isochromarii82hwas prepared from MOM eth&B81h(2.51 g, 13.6 mmol) and a solution of
TiClg in CHCI, (16.4 mL, 16.4 mmol) in C¥Cl, (135 mL) according to Method B. After 15

h, work-up and purification by flash column chromatography (gradient: 99% hexane, 1%
Et,O - 95% hexane, 5% FD) afforded isochromath82h as a pale yellow liquid (1.59 g,
77%): R = 0.26 (90% hexane, 10% ,B); Vma(film)/cm™ 2935w, 2857w, 282w, 1617m,
1400s (C=C aromatic), 1430m, 1259m, 1248m, 1223s, 1202m, 1114m, 1094s, 1069m,
1005w, 993m, 949m, 931s, 856s, 809s 747m, 73RE300 MHz) 2.81 (2H, tJ 5.7,
CH,CH,0), 3.95 (2H, tJ 5.7, CHCH,0), 4.73 (2H, s, Ar€,0), 6.68 (1H, dd®Jur 9.1,%J.

h 2.6, AH), 6.86 (1H, app. tdfJy.n and®Ju.r 8.5,%344 2.6, AH), 7.07 (1H, dd3J.4 8.5,%k.

£ 5.6, AH): &(75 MHz) 27.5 (CH, CH.CH,0), 65.3 (CH, CH,CH,0 or ArCH,0), 67.6
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(CH,, CH,CH,0 or ArCH,0), 110.8 (CH, d2Jc.r 21.4, Ar), 113.4 (CH, d?Jc.r 21.3, Ar),
128.62 (quat. C, dJc.r 2.2,ipso Ar), 130.2 (CH, d®Jc.r 7.6, Ar), 136.6 (quat. C, d)c.r 6.5,
ipso Ar), 161.0 (quat. C, dJc.r 242.9,ipso Ar); &(282 MHz) —116.6- —116.4 (m, &J; m/z
(El) 152 ([M], 17%), 128 (21), 122 (100, [M — OGF), 96 (11); HRMS: GH-OF calcd

152.0637 ([M]), obsd 152.0636.

General procedure for the formation of isochroman-1-ones 183

Substituted isochroman-1-ones83 were prepared following two previously reported

procedures for the preparation of isochroman-1-one 172:

Method A®2

A solution of fuming nitric acid (100%) (2.97 mL, 71.6 mmol) in £ (5 mL) was added
dropwisevia dropping funnel over 10 min to a cooled (0 °C) solution of the isochroman (23.9
mmol) in CHCI, (5 mL). A colour change of the colourless solutwa green to orange was
observed. After the addition was complete, the homogeneous reaction mixture was warmed to
R.T. and stirring was continued for 1 h. The solution was then diluted witICEb0 mL)

and NaHCQ solution (30 mL) was addeda pipette (caution: rapid gas formation!). The
layers were separated, and the organic phase was washed with Ne¢i@@©n (30 mL) and

brine (30 mL) and dried (MgS{2 The drying agent was removed by filtration and the filtrate
concentrated under reduced pressure to provide the crude product, which was purified by a

silica plug or flash column chromatography as appropriate.
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Method B!

KMnO, (4.74 g, 30.0 mmol) was added to a solution of the isochroman (10.0 mmol) and
TEBAC (342 mg, 1.50 mmol) in Ci€l, (100 mL). The heterogeneous purple solution was
stirred for 24 h at R.T. The solvent was evaporated, and the residue was loaded on to a
column with a minimum amount of GBI, and the crude product was purified by flash

column chromatography.

Isochroman-1-one 17830162

Chemical Formula: CgHgO,
(0] Exact Mass: 148.0524
Molecular Weight: 148.1586

O Elemental Analysis: C, 72.96; H, 5.44; O, 21.60

Isochroman-1-on&72was prepared from isochroman (3.20 g, 23.9 mmol) iaGTH5 mL)

and fuming nitric acid (100%) (2.97 mL, 71.6 mmol) in &1 (5 mL) according to Method

A. Work-up and purification by silica plug (60% hexane, 40% EtOAc) afforded isochroman-
1-onel72 as a pale yellow viscous oil (3.50 g, 99%)= 0.25 (60% hexane, 40% EtOAc);
(300 MHz, GDg) 2.03-2.24 (2H, stack, ,CH;0), 3.64-3.83 (2H, stack, GBH,0), 6.63

(1H, d,J 7.0 AH), 6.86-7.08 (2H, stack, Af), 8.19 (1H, d,J 7.5, AH); &(100 MHz, GDs)

27.6 (ChH, CH,CH;0), 66.8 (CH, CH,CH.0), 126.2 (quat. Cipso Ar), 127.3 (CH, Ar),
127.6 (CH, Ar), 130.4 (CH, Ar), 133.2 (CH, Ar), 140.0 (quat.ig3o Ar), 164.4 (quat. C,
C=0); mi (El) 148 (IMT’, 59%), 118 (100, [M — OCH"), 90 (69, [M — CO — OCH"), 63

(24).

Data were in agreement with those reported in the liter8fe.
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5-Methylisochroman-1-one 183a

Chemical Formula: C1gH190>»
Exact Mass: 162.0681
(0] Molecular Weight: 162.1852
Elemental Analysis: C, 74.06; H, 6.21; O, 19.73

Isochroman-1-ond&83awas prepared from isochromaB2a (962 mg, 6.49 mmol), KMnO
(3.08 g, 19.5 mmol) and TEBAC (222 mg, 0.974 mmol) in,Clsl (65 mL) according to
Method B. Purification by flash column chromatography (gradient: 90% hexane, 10% EtOAc
- 80% hexane, 20% EtOAc) afforded isochroman-1-b88a as a white crystalline solid
(801 mg, 76%): mp 67-68 °@; = 0.30 (70% hexane, 30% EtOAc); (Found: C, 74.01; H,
5.92. GoH1¢0» requires C, 74.06; H, 6.21%na(film)/cm™ 2994w, 2963w, 2910w, 1700s
(C=0), 1477m (C=C aromatic), 1396m, 1302m, 1279s, 1258m, 1170m, 1123s, 1084m,
1071m, 1045s, 1037s, 1011m, 951m, 824m, 768s, 760s, @H8O0 MHz) 2.31 (3H, s,
CHa), 2.95 (2H, tJ 6.1, GH,CH,0), 4.50 (2H, tJ 6.2, CHCH,0), 7.26 (1H, ddJ 7.7, 7.2,

ArH), 7.38 (1H, d,) 7.2, AH), 7.94 (1H, d,J 7.7, AH); &(100 MHz) 18.8 (CH, CHs), 24.8

(CH,, CH,CH,0), 66.6 (CH, CH,CH,0), 125.2 (quat. Cipso Ar), 127.0 (CH, Ar), 128.1
(CH, Ar), 134.9 (CH, Ar), 135.0 (quat. so Ar), 138.1 (quat. Gpso Ar), 165.4 (quat. C,

C=0); mk (El) 162 ([M[*, 93%), 132 (100, [M — OCH"), 104 (58, [M — CO — OCH).

6-Methylisochroman-1-one 183b and 8-methylisochroman-1-one 183d

Chemical Formula: C1gH190>»
(0] Exact Mass: 162.0681
Molecular Weight: 162.1852

0 Elemental Analysis: C, 74.06; H, 6.21; O, 19.73
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Chemical Formula: C1gH190>»
Exact Mass: 162.0681
Molecular Weight: 162.1852
0 Elemental Analysis: C, 74.06; H, 6.21; O, 19.73

Isochroman-1-one$83b and183d were prepared from the mixture of isochromaB8&b and
182d(1.98 g, 13.4 mmol) in C¥€l, (2.8 mL) and fuming nitric acid (100%) (1.66 mL, 40.1
mmol) in CHCl, (2.8 mL) according to Method A. Work-up and purification by careful
column chromatography (gradient: 95% hexane, 5% EtOA80% hexane, 10% EtOAcC)
afforded, in order of elution, 8-methylisochroman-1-dr@3d as a white solid (598 mg,
28%): mp 64-65 °CR: = 0.24 (80% hexane, 20% EtOAdkafilm)/cm™ 2963w, 2925m,

1710s (C=0), 1595m, 1470m (C=C aromatic), 1419m, 1386m, 1379m, 1277s, 1232s, 1187m,
1115s, 1078m, 1057s, 1046m, 1028s, 978m, 923m, 787m, 768s, 697s,R&E00; MHZz)

2.60 (3H, s, €l3), 2.95 (2H, tJ 5.9, H,CH,0), 4.37 (2H, t,J 5.9, CHCH,0), 7.04 (1H, dJ

7.6, AH), 7.13 (1H, dJ 7.6, AH), 7.31 (1H, app. tJ 7.6, AH); &(75 MHz) 21.9 (CH,

CHj3), 28.7 (CH, CH,CH;0), 66.5 (CH, CH,CH,0), 123.5 (quat. Cipso Ar), 124.8 (CH,

Ar), 130.8 (CH, Ar), 132.3 (CH, Ar), 140.5 (quat. iBso Ar), 142.6 (quat. Gpso Ar), 164.2

(quat. C,C=0); mi (El) 162 ([M]', 89%), 147 (20, [M — CH"), 132 (100, [M — OCH"),

119 (24), 115 (15), 104 (45, [M — CO — OgH, 91 (10), 78 (14), 77 (15); HRMS:1£:¢0,

calcd 162.0681 ([M)), obsd 162.0678; and then 6-methylisochroman-14@8b as a white

solid (1.40 g, 65%): mp 52-53 °@; = 0.18 (80% hexane, 20% EtOAQ)a(film)/cm™
2991m, 2904w, 1708s (C=0), 1614s, 1470m (C=C aromatic), 1419m, 1397m, 1288m, 1243s,
1200w, 1161m, 1127m, 1090s, 1060m, 1030s, 958m, 908m, 894w, 837s, 772s, 730w, 710s,
678m; d(300 MHz) 2.34 (3H, s, Bs), 2.95 (2H, t,J 6.0, H,CH,0), 4.44 (2H, tJ 6.0,

CH,CH,0), 7.02 (1H, s, Ad), 7.13 (1H, dJ 8.0, AH), 7.90 (1H, d,J 8.0, AH); &(100

%in total three columns were carried out to fully separate the two compounds
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MHz) 21.5 (CH, CHs), 27.6 (CH, CH,CH,0), 67.1 (CH, CH,CH,0), 122.3 (quat. Cipso
Ar), 127.6 (CH, Ar), 128.3 (CH, Ar), 130.1 (CH, Ar), 139.4 (quat. C, ipso Ar), 144.4 (quat. C,
ipso Ar), 165.0 (quat. G3=0); mk (El) 162 ([M[', 81%), 132 (100, [M — OCH}"), 104 (49,
[M — CO — OCHJY), 78 (13), 77 (12); HRMS: gH1¢0, calcd 162.0681 ([M), obsd

162.0683.

Data were in agreement with those reported in the literHre.

Spiro[isochroman-1-one-4,1'-cyclopropanel 83

OMOM
0] O

O

Chemical Formula: C11H100»
Exact Mass: 174.0681
Molecular Weight: 174.1959
Elemental Analysis:

C, 75.84; H, 5.79; O, 18.37

Isochromari82j was prepared from MOM eth&B1j (2.47 g, 12.8 mmol) and TMSOTf (233
uL, 1.28 mmol) in MeCN (65 mL) according to Method A for the formation of different
isochromangia cyclisation of MOM-protected phenethyl alcohols. After 15 h, work-up and
purification by flash column chromatography (gradient: 98% hexane, 2@ Et 90%
hexane, 10% EO) afforded crude isochroméak82j as a colourless liquid, which was used
without further purification for the preparation of isochroman-1-b8@& from KMnO, (2.14

g, 13.6 mmol) and TEBAC (154 mg, 0.678 mmol) inCH (45 mL) according to Method B.

Purification by flash column chromatography (gradient: 90% hexane, 10% EtO88%
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hexane, 15% EtOAc) afforded isochroman-1-@88j as a colourless oil (524 mg, 24% over

two steps):Rr = 0.20 (80% hexane, 20% EtOA).(film)/lcm™ 3004w, 2886w, 1712s
(C=0), 1605m, 1487m, 1460m, 1427w, 1394m, 1270s, 1220m, 1165w, 1108s, 1074m,
1037m, 1008m, 941m, 828w, 801w, 755s, 719m, 695s, 686300 MHz) 0.97-1.13 (4H,
stack, cyclopropyl€y,), 4.19 (2H, s, €,0), 6.83 (1H, dJ 7.8, AH), 7.25 (1H, app. t) 7.8,

ArH), 7.45 (1H, app. t] 7.8, AH), 8.02 (1H, dJ 7.8, AH); &(100 MHz) 13.2 (CH, CH,),

18.1 (quat. CCCH,0), 73.8 (CH, CH,0), 120.8 (CH, Ar), 125.5 (quat. @so Ar), 126.4

(CH, Ar), 130.2 (CH, Ar), 133.8 (CH, Ar), 143.3 (quat. igiso Ar), 165.1 (quat. GZ=0);

m/z (El) 174 ([M]’, 48%), 146 (70, [M — CKCH,]"), 145 (100), 131 (11), 118 (66, [M — CO

— CH,CHjy]"), 115 (61), 90 (22), 69 (11), 63 (11); HRMS;18,¢0, calcd 174.0681 ([M),

obsd 174.0677.

3,3-Dimethylisochroman-1-one 183i

OH OMOM
R = | —| o | — O
O

Chemical Formula: C11H1,0,
Exact Mass: 176.0837
Molecular Weight: 176.2118
Elemental Analysis:

C, 74.98; H, 6.86; O, 18.16

Sc(OTfy (191 mg, 0.389 mmol) was added to a solution of 3-methyl-1-phenyl-2-propanol
(2.21 g, 14.7 mmol) in FDMA (65 mL, 736 mmol) and CkEI(E5 mL). The resulting mixture
was heated at 75 °C to generate the corresponding MOM BherAfter 48 h, the solvent

was evaporated at 75 °C, which effected cyclisation to isochrd®2nThe resulting dark-
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brown oil was cooled to R.T. GBI, (30 mL) and deionised 4@ (30 mL) were added, and

the layers were separated. The aqueous phase was extracted ¥@th @b 20 mL) and the
combined organic fractions were washed with brine (40 mL) and dried (Mg®5ia® drying

agent was removed by filtration and the filtrate concentrated under reduced pressure to
provide the crude product. Purification by flash column chromatography (gradient: 99%
hexane, 1% EO - 90% hexane, 10% ED) afforded crude isochromdr82i as a colourless

oil which was used without further purification for the preparation of isochroman-1838ie

from KMnO;, (3.62 g, 22.9 mmol) and TEBAC (261 mg, 1.15 mmol) in,Cly (75 mL)
according to Method B. Purification by flash column chromatography (gradient: 99% hexane,
1% EtOAc —» 80% hexane, 20% EtOAc) afforded isochroman-1-t8& as a colourless oll

(983 mg, 38% from 3-methyl-1-phenyl-2-propand®:= 0.25 (80% hexane, 20% EtOAc);
Umaxfilm)/cm™ 2921m, 1708s (C=0), 1607m, 1459m, 1388m, 1373m, 1290s, 1260m, 1211m,
1199m, 1180m, 1107s, 1079s, 1031m, 943m, 907w, 800m, 740s, 717s,&H3A00;, MHZz)
1.38-1.48 (6H, stack, i), 2.99 (2H, s, €), 7.19 (1H, dJ 7.5, AH), 7.29-7.39 (1H, m,
ArH), 7.46-7.55 (1H, m, At), 8.05 (1H, dd,) 7.7, 1.2, AH); &(100 MHz) 27.4 (CH, CHs),

39.3 (CH, CHy), 80.6 (quat. CC(CHzs),), 124.6 (quat. Cipso Ar), 127.4 (CH, Ar), 127.9

(CH, Ar), 129.8 (CH, Ar), 133.7 (CH, Ar), 138.0 (quat. igso Ar), 165.0 (quat. GZ=0);

m/z (El) 176 (IM]’, 32%), 161 (37, [M — CH"), 133 (46, [M — CO — CH{"), 118 (100, [M —

CO — 2 x CH]"), 115 (21), 105 (13), 90 (73), 63 (13); HRMS; ig;,0, calcd 176.0837

(IM]*), obsd 176.0842.

5-Bromoisochroman-1-one 183e

Br
Chemical Formula: CgH;BrO,
Exact Mass: 225.9629
(0] Molecular Weight: 227.0547
Elemental Analysis: C, 47.61; H, 3.11; Br, 35.19; O, 14.09
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Isochroman-1-ond83ewas prepared from isochromd®2e (1.00 g, 4.69 mmol), KMnQ

(2.23 g, 14.1 mmol) and TEBAC (160 mg, 0.704 mmol) in,Clsl (47 mL) according to
Method B. Purification by flash column chromatography (gradient: 90% hexane, 10% EtOAc
- 80% hexane, 20% EtOAc) afforded isochroman-1-b88e as a white crystalline solid
(864 mg, 82%): mp 83-84 °®; = 0.23 (80% hexane, 20% EtOAc); (Found: C, 47.88; H,
3.29. GH;0.Br requires C, 47.61; H, 3.11%na(film)/cm™ 2969w, 1716s (C=0), 1446m,
1397m, 1295m, 1274s, 1240s, 1210m, 1179m, 1141m, 1095s, 1059s, 1030s, 954m, 811m,
775m, 741s, 696mpy(300 MHz) 3.13 (2H, tJ 6.1, (H,CH,O), 4.54 (2H, t,J 6.1,
CH,CH,0), 7.28 (1H, app. t] 7.9, AH), 7.77 (1H, dd)) 7.9, 1.2, AH), 8.07 (1H, dd, 7.9,

1.2, AH); &(75 MHz) 28.0 (CH, CH,CH;0), 66.5 (CH, CH,CH,0), 122.8 (quat. Cipso

Ar), 127.2 (quat. C, ipso Ar), 128.7 (CH, Ar), 129.6 (CH, Ar), 137.3 (CH, Ar), 139.3 (quat. C,
ipso Ar), 164.1 (quat. G2=0); mk (El) 228 ([M]', 54%), 226 ([M], 57%), 198 (100, [M —
OCH,]"), 196 (100, [M — OCKH"), 170 (54, [M — CO — OCH"), 168 (52, [M — CO —

OCH,J*"), 89 (47), 63 (20); HRMS: &&1-0,%Br calcd 225.9626 (M), obsd 225.9623.

5-Trifluoromethylisochroman-1-one 183f

CF3
Chemical Formula: C1gH;F30,
Exact Mass: 216.0398
(0] Molecular Weight: 216.1566
Elemental Analysis: C, 55.56; H, 3.26; F, 26.37; O, 14.80
(0]

Isochroman-1-ond83f was prepared from isochroma82f (914 mg, 4.52 mmol), KMn©
(2.14 g, 13.6 mmol) and TEBAC (154 mg, 0.678 mmol) in,Clkl (47 mL) according to
Method B. Purification by flash column chromatography (gradient: 90% hexane, 10% EtOAc

- 80% hexane, 20% EtOAc) afforded isochroman-1-b88f as a white crystalline solid

864 mg, 82%): mp 54-55 °@; = 0.23 (80% hexane, 20% EtOAG)adfilm)/cm™ 3016w,
( g p
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2916w, 1726s (C=0), 1475m, 1397m, 1325m, 1307m, 1287m, 1246m, 1224m, 1160s, 1133s,
1091s,1074s, 1064s, 1041m, 959m, 831m, 757s, 714800 MHz) 3.19 (2H, tJ 6.0,
CH,CH,0), 4.52 (2H, tJ 6.0, CHCH.0), 7.48 (1H, app. t} 7.8, AH), 7.82 (1H, dJ 7.8,

ArH), 8.26 (1H, dJ 7.8, AH); &(75 MHz) 24.9 (CH, CH,CH;0), 66.4 (CH, CH,CH,0),

123.6 (quat. C, diJc.r 272.2, ACF3), 125.8 (CH, Ar), 127.5 (quat. Ghso Ar), 128.4 (quat.

C, q,%Jc.r 46.4,ipso Ar), 130.6 (CH, q*Jc-r 5.1, Ar), 134.0 (CH, Ar), 138.2 (quat. (so

Ar), 163.8 (quat. CC=0); (282 MHz) —60.9 (s, ArEs); m/z (EI) 216 ([M]’, 52%), 186

(100, [M — OCH]"), 158 (79, [M — CO — OCH"), 138 (16); HRMS: gH-O.F; calcd

216.0398 ([M]), obsd 216.0402.

7-Methoxyisochroman-1-one 183g

Chemical Formula: C1gH1¢03
0 Exact Mass: 178.063
MeO Molecular Weight: 178.1846

0 Elemental Analysis: C, 67.41; H, 5.66; O, 26.94

Isochroman-1-on&83gwas prepared from isochromaB2g (565 mg, 3.44 mmol), KMnO

(2.63 g, 10.3 mmol) and TEBAC (118 mg, 0.516 mmol) in,Cls (35 mL) according to
Method B. Purification by flash column chromatography (gradient: 90% hexane, 10% EtOAc
- 75% hexane, 25% EtOAc) afforded isochroman-1-b88g as a white solid (260 mg,
42%): mp 53-54 °CR; = 0.20 (70% hexane, 30% EtOA@a(film)/cm™ 2994w, 2913w,
1706s (C=0), 1500m, 1426m, 1324m, 1283m, 1268m, 1242s, 1220m, 1190m, 1177m,
1131m, 1084s, 1024s, 875m, 820s, 784s, 747m, 7H¥(BO0 MHz) 2.98 (2H, tJ 6.0,
CH,CH;0), 3.83 (3H, s, O8s), 4.50 (2H, t,J 6.0, CHCH,0), 7.05-7.22 (2H, stack, A,

7.57 (1H, s, AH); &(100 MHz) 26.9 (CH, CH,CH,0), 55.6 (CH, OCHs), 67.6 (CH,
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CH,CH,0), 112.9 (CH, Ar), 121.6 (CH, Ar), 126.0 (quat.ifgsoAr), 128.4 (CH, Ar), 131.8
(quat. C,ipso Ar), 158.9 (quat. Gpso Ar), 165.2 (quat. G3=0); m/z (El) 178 ([M]’, 100%),
148 (73, [M — OCH™"), 120 (86, [M — CO — OCH"), 105 (11), 91 (21), 77 (16); HRMS:

Ci10H1005 calcd 178.0630 ([M), obsd 178.0628.

7-Fluoroisochroman-1-one 183h

Chemical Formula: C4H,FO,
0o Exact Mass: 166.043
F Molecular Weight: 166.1491

e} Elemental Analysis: C, 65.06; H, 4.25; F, 11.43; O, 19.26

Isochroman-1-ond83h was prepared from isochroma®2h (1.57 g, 10.3 mmol), KMn©

(4.89 g, 31.0 mmol) and TEBAC (353 mg, 1.55 mmol) in,Ck (100 mL) according to
Method B. Purification by flash column chromatography (gradient: 90% hexane, 10% EtOAc
- 70% hexane, 30% EtOAc) afforded isochroman-1-b88h as a white crystalline solid
(1.28 g, 75%): mp 50-51 °@; = 0.21 (70% hexane, 30% EtOAc); (Found: C, 64.80; H, 4.25.
CoH;O.F requires C, 65.06; H, 4.25%);a(film)/cm™ 3069w, 2926w, 1713s (C=0), 1493s,
1435s, 1307m, 1273s, 1261s, 1237s, 1124s, 1083s, 1061m, 1028m, 927m, 886s, 852m, 841m,
779s, 745m, 716mgL(300 MHz) 3.02 (2H, t,J 6.0, H,CH,0), 4.52 (2H, t,J 6.0,
CH,CH,0), 7.18-7.29 (2H, stack, M), 7.72 (1H, ddJ 8.3, 1.9, AH); &(75 MHz) 27.0

(CH,, CH.CH,0), 67.4 (CH, CH,CH,0), 116.5 (CH, d?Jc.r 23.0, Ar), 121.0 (CH, fJcr

21.8, Ar), 126.8 (quat. C, QJc.r 7.4,ipso Ar), 129.1 (CH, d®Jcr 7.3, Ar), 135.2 (quat. C, d,
*Jer 2.5,ipso Ar), 161.7 (quat. C, d'Jc.r 245.5,ipso Ar), 164.0 (quat. CC=0); (282

MHz) —=113.3 - —113.1 (m, &); m/z (El) 166 ([M[', 62%), 136 (76, [M — OCH"), 108 (100,

[M — CO — OCHJ]*); HRMS: GH-O,F calcd 166.0430 ([M), obsd 166.0425.
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General procedure for the formation of 1-alkoxyisochromans 164

1-Alkoxyisochromand.64 were prepared by a modification of previously reported procedures

for the preparation of different 1-substituted isochromans:

Method A for 1-ethoxyisochroman§®”

DIBALH (1.5 M solution in toluene, 20.2 mL, 30.3 mmol) was added over 10 min to a
solution of the isochroman-1-one (10.1 mmol) in toluene (25 mL) at —78 °C. After stirring at
—78 °C for 2 h, a saturated solution of Rochelle’s salt (25 mL) was added and the mixture was
warmed up to R.T. overnight. The mixture was transferred to a separating funnel, and without
shaking, the two layers were separdtdthe aqueous phase was extracted witDER x 15

mL), and the combined organic fractions were washed witfONgblution (25 mL) and brine

(25 mL) and then dried (MgSP The drying agent was removed by filtration and the filtrate
concentrated under reduced pressure to provide the crude 1-hydroxyisochroman product,
which was of sufficient purity to be used directly in the next step. The 1-hydroxyisochroman,
obtained from the previous step, was dissolved in EtOH (20 mL) and stirred with Amberlite
(IR 120 beads, teaspoon) at R.T. for 2 h. The beads were filtered off and washed®ith Et
(15 mL). NaHCQ solution (20 mL) was added and the@#&nd EtOH were evaporated. The
residue was extracted with,EXx (2 x 20 mL) and the combined organic fractions were washed
with brine (30 mL) and dried (MgSQ The drying agent was removed by filtration and the
filtrate concentrated under reduced pressure to provide the crude acetal product, which was

purified by flash column chromatography.

* with this method, no problems with Al salts did arise
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Method B for 1-alkoxyisochromang!#14°)

The isochroman (7.95 mmol) and anhydrous alcohol (9.54 mmol) were added to a yellow
suspension of DDQ (2.17 g, 9.54 mmol) in L& (50 mL). While vigorously stirring at R.T.

for 24 h, the colour of the mixture changed from bright red to pale red-brown. More alcohol
(9.54 mmol) was added, and the mixture was stirred at R.T. for another 24 h. The reaction
was quenched by addition of NaHg®6bolution (60 mL) (caution: gas formation!) and then
CH.CI, (50 mL) was added. The two phases were separated and the aqueous phase was
extracted with ChBCl, (2 x 30 mL). The combined organic fractions were washed with
NaHCGQ; solution (50 mL) and with brine (50 mL), and then dried (MgS®he drying agent

was removed by filtration and the filtrate concentrated under reduced pressure to provide the

crude acetal product, which was purified by flash column chromatography.

1,1-Oxodiisochroman 171

©i;) Chemical Formula: C1gH503
Exact Mass: 282.1256

O

Molecular Weight: 282.3337
@ Elemental Analysis: C, 76.57; H, 6.43; O, 17.00

1,1-Oxodiisochromanl71 was prepared according to a modification of Method B:
Isochroman (0.50 mL, 3.98 mmol) and®(1.00 mL, 55.5 mmol) were added to a yellow
suspension of DDQ (1.13 g, 4.97 mmol) in L& (20 mL). After stirring for 24 h at R.T.,

the reaction was quenched by addition of NaH&@ution (30 mL) (caution: gas formation!)

and then ChKCl, (25 mL) was added. The two phases were separated and the aqueous phase

was extracted with Cil, (2 x 15 mL). The combined organic fractions were washed with
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NaHCGQ; solution (25 mL) and with brine (25 mL), and then dried (MgS®he drying agent

was removed by filtration and the filtrate concentrated under reduced pressure to provide the
crude acetal product. Purification by flash column chromatography (gradient: 98% hexane,
2% EtO - 90% hexane, 10% D) afforded oxodiisochromah71 as a white crystalline

solid (436 mg, 78%; single diastereoisomer; stereochemistry not determined): mp 138-141 °C
(1it."*¥'mp 135-137 °C)R = 0.18 (90% hexane, 10%,E0); vna(neat)/cmt 2962m, 2925m,
2881m, 2814w, 1489m, 1469w, 1455m, 1421m, 1381m, 1355m, 1320m, 1273m, 1201m,
1118m, 1088s, 1068s, 1032m, 997s, 973w, 955s, 911w, 881w, 865m, 792m, 779w, 740s;
M&(300 MHz) 2.66 (2H, app. dd, 16.5, 2.5, G.H,CH,0), 3.13 (2H, dddJ 17.0, 12.4, 6.1,
CH,HyCH;0), 4.09 (2H, ddd) 11.1, 6.1, 1.2, CKCH.HO), 4.36 (2H, app. td] 11.6, 3.2,
CH,CHaH0), 6.14 (2H, s, B(0)0), 7.08-7.29 (8H, stack, A); &(75 MHz) 27.9 (CH,
CH,CH,0), 58.1 (CH, CH,CH,0), 92.7 (CH,CH(0)0), 126.3 (CH, Ar), 127.5 (CH, Ar),
128.0 (CH, Ar), 128.4 (CH, Ar), 133.8 (quat. igso Ar), 134.1 (quat. Gpso Ar); mz (TOF

ES+) 305 ([M + Naj, 100%); HRMS: GgH:s03Na calcd 305.1154 ([M + N§] obsd

305.1145.

The two enantiomers of the single diastereocisomer were separated by chiral HPLC for a
mechanistic study: Lux 5u Cellulose-2, 3 mL/min, 1% IPA in hexare,210 nm trfist =

30.1 mln, hsecond: 39.7 mln.

1-Hydroxyisochroman 176"

Chemical Formula: CgH70,
0 Exact Mass: 150.0681
Molecular Weight: 150.1745

OH Elemental Analysis: C, 71.98; H, 6.71; O, 21.31
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1-Hydroxyisochromari70was prepared according to a modification of Method A: DIBALH
(1.5 M solution in toluene, 13.5 mL, 20.3 mmol) was added over 10 min to a solution of
isochroman-1-on&72 (2.00 g, 13.5 mmol) in toluene (30 mL) at —78 °C. After stirring at —78
°C for 2 h, a saturated solution of Rochelle’s salt (30 mL) was added and the mixture was
warmed up to R.T. overnight. The mixture was transferred to a separating funnel, and without
shaking, the two layers were separated. The agueous phase was extractegDwigh>ELS

mL), and the combined organic fractions were washed witfONgblution (25 mL) and brine

(25 mL) and then dried (MgSP The drying agent was removed by filtration and the filtrate
concentrated under reduced pressure to provide the crude hemiadetas a white solid
(2.03, quantitative), which was sufficiently pure for characterisation and further use: mp 72-
75 °C (lit™*¥ mp 73-74 °C):R = 0.15 (60% hexane, 40%,B0); Vma{neat)/cn? 3357s br

(OH), 3029w, 2988m, 2883w, 1607m, 1494m, 1459m, 1423w, 1384m, 1289w, 1270m,
1116m, 1092w, 1078m, 1065s, 1007s, 982s, 949s, 936s, 883s, 868s, 825m, 784s, 738s, 718w,
M(300 MHz) 2.65 (1H, app. dg 16.5, 3.0, €l.H,CH,0), 2.96 (1H, dddJ 16.5, 11.0, 5.7,
CHH,CH0), 3.91 (1H, dddJ 11.4, 5.7, 2.7, CKCH.H,0), 4.02 (1H, dJ 5.5, (H), 4.19

(1H, app. td,J 11.2, 3.6, CHCH.H,0), 5.92 (1H, dJ 5.5, GHOH), 7.08-7.34 (4H, stack,
ArH); &(75 MHz) 28.0 (CH, CH,CH,0), 58.3 (CH, CH,CH0), 91.4 (CH,CHOH), 126.4

(CH, Ar), 127.2 (CH, Ar), 128.1 (CH, Ar), 128.4 (CH, Ar), 134.0 (quatipSe Ar), 135.0

(quat. C,ipso Ar); mg (El) 150 ([M]', 40%), 149 (78, [M — H), 132 (93, [M — HOJ"), 119

(99), 104 (76), 91 (100), 77 (47), 65 (37), 51 (34).

Data were in agreement with those reported in the liter8tdre.
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1-Methoxyisochroman 161!

Chemical Formula: C1oH;5,0,
0 Exact Mass: 164.0837
Molecular Weight: 164.2011

OMe Elemental Analysis: C, 73.15; H, 7.37; O, 19.49

1-Methoxyisochroman 161 was prepared from isochroman (1.60 g, 11.9 mmol), DDQ (3.25 g,
14.3 mmol) and anhydrous MeOH (2 x 482 2 x 11.9 mmol) in ChKCl, (75 mL) according

to Method B. Purification by flash column chromatography (gradient: 100% hexa®&%
hexane, 2% EO) afforded acetal61 as a colourless liquid (1.45 g, 749%%:= 0.19 (90%
hexane, 10% EO); Vma(film)/cm™ 2935w, 2881m, 2827w, 1492m, 1457m, 1382m, 1343m,
1275m, 1204m, 1186m, 1118w, 1093m, 1073s, 1047s, 1031s, 993m, 953s, 936w, 897m,
779m, 745s;04(300 MHz, GHg) 2.10 (1H, dddJ 16.5, 3.3, 1.6, B,H,CH;0), 2.72 (1H,
ddd, J 16.5, 12.0, 6.0, C#i,CH;0), 3.35 (3H, s, OH3), 3.61 (1H, dddJ 11.1, 6.0, 1.6,
CH,CH,H,0), 3.98(1H, app. td with unresolved fine coupling,11.1, 3.3, CHCH.H,0),

5.39 (1H, d, ¢O), 6.78-6.86 (1H, m, At), 6.98-7.06 (2H, stack, M), 7.12-7.21 (1H, m,
ArH); &(75 MHz, GHs) 28.4 (CH, CH,CH,0), 55.2 (CH, OCH3), 57.9 (CH, CH,CH,0),

98.3 (CH,CHO), 126.4 (CH, Ar), 128.1 (CH, Ar), 128.2 (CH, Ar), 128.6 (CH, Ar), 134.6
(quat. C,ipso Ar), 135.2 (quat. dpso Ar); mz (El) 164 ([M]", 21%), 163 (39, [M — H),

133 (100, [M — OCH*), 119 (13), 105 (40), 91 (25), 77 (28), 65 (12), 51 (16).

Data were in agreement with those reported in the liter8tdte.
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1-Ethoxyisochroman 166

Chemical Formula: C11H1405
e} Exact Mass: 178.0994
Molecular Weight: 178.2277

OEt Elemental Analysis: C, 74.13; H, 7.92; O, 17.95

1-Ethoxyisochromari66 was prepared from isochroman (1.00 mL, 7.95 mmol), DDQ (2.17
g, 9.54 mmol) and anhydrous EtOH (2 x 5%6, 2 x 9.54 mmol) in CKCl, (50 mL)
according to Method B. Purification by flash column chromatography (gradient: 100% hexane
- 98% hexane, 2% KD) afforded acetal66 as a colourless liquid (827 mg, 58R)= 0.28
(90% hexane, 10% BD); Vna(film)/lcm™ 2973m, 2880m, 1493w, 1457m, 1382m, 1331m,
1274m, 1204m, 1094m, 1073s, 1049s, 991s, 956m, 919m, 876w, 775mJ(308; MHz)

1.31 (3H, tJ 7.1, OCHCH3), 2.63 (1H, dddJ 17.1, 3.4, 1.6, 8,H,CH,0), 3.03 (1H, dddJ

17.1, 11.9, 6.1, C#H,CH0), 3.72 (1H, dg) 9.7, 7.1, OE@GH,CHs), 3.91 (1H, ddd,) 11.4,

6.1, 1.6, CHCH.H,0), 3.95 (1H, dgJ 9.7, 7.1, OCKHHyCHs), 4.17 (1H, app. td with
unresolved fine coupling] 11.4, 3.4, CHCH,H,0), 5.58 (1H, s, €0), 7.09-7.16 (1H, m,
ArH), 7.19-7.28 (3H, stack, A); &(75 MHz) 15.3 (CH, OCHCHs), 28.0 (CH,
CH,CH,0), 57.8 (CH, CH,CH,0), 63.4 (CH, OCH,CHj), 96.5 (CH,CHO), 126.3 (CH, Ar),
127.4 (CH, Ar), 128.0 (CH, Ar), 128.4 (CH, Ar), 134.0 (quat. C, ipso Ar), 134.3 (quat. C, ipso
Ar); m/z (El) 178 (MT’, 19%), 177 (26, [M — H), 149 (93, [M — CHCHa]"), 133 (100, [M —

OCH,CH3]"), 105 (29), 91 (17), 77 (22).

The two enantiomers were separated by chiral HPLC (5 mg per 0.5 mL run): Lux 5u
Cellulose-2, 3 mL/min, 1% IPA in hexanke,= 210 nM trsst = 8.6 min, §]p°° = +59.4 €

0.99, CHCl, e.r. 100:0); dsecond= 10.5 min, §]p>°= —54.9 ¢ 0.99, CHCl,, e.r. 0:100).

Data were in agreement with those reported in the liter&tle.
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1-n-Propoxyisochroman 167

Chemical Formula: C1,H460,

0 Exact Mass: 192.115
Molecular Weight: 192.2542
On-Pr Elemental Analysis: C, 74.97; H, 8.39; O, 16.64

1-n-Propoxyisochromari67 was prepared from isochroman (0.50 mL, 3.98 mmol), DDQ
(2.35 g, 5.96 mmol) and anhydroagPrOH (2 x 892iL, 2 x11.9 mmol) in CKCl, (25 mL)
according to Method B. Purification by flash column chromatography (gradient: 100% hexane
- 98% hexane, 2% kD) afforded acetal67 as a colourless liquid (373 mg, 49%)= 0.31
(90% hexane, 10% BD); Una(film)/cm™ 2963m, 2877m, 1457m, 1381m, 1334m, 1274m,
1205m, 1093m, 1073s, 1050m, 1019s, 993s, 954m, 782m, 34360 MHz) 0.99 (3H, tJ

7.4, OCHCH,CH3), 1.70 (2H, app. sexted, 7.3, OCHCHaH,CHs), 2.63 (1H, ddd, 16.6,
3.2, 1.6, ®aH,CH,0), 3.03 (1H, ddd,) 16.6, 11.9, 6.0, Ci#H,CH,0), 3.61 (1H, app. di

9.6, 6.7, O®lH,CH,CHs), 3.84 (1H, app. dt] 9.6, 6.7, OCl.H,CH,CHs), 3.90 (1H, ddd)
11.4, 6.0, 1.6, CCH,H,O), 4.17(1H, app. td with unresolved fine coupling,11.4, 3.2,
CH,CH.H,0), 5.56 (1H, s, B0), 7.09-7.16 (1H, m, At), 7.19-7.28 (3H, stack, A); &(75
MHz) 10.8 (CH, OCH,CH,CH3), 23.0 (CH, OCH,CH,CHs), 28.0 (CH, CH,CH,0), 57.8
(CH,, CH,CH,0), 69.9 (CH, OCH,CH,CHs), 96.8 (CH,CHO), 126.3 (CH, Ar), 127.4 (CH,
Ar), 128.0 (CH, Ar), 128.4 (CH, Ar), 134.1 (quat. ipso Ar), 134.4 (quat. dpso Ar); mk

(El) 192 ([M]', 11%), 191 (13, [M — H), 149 (13, [M — CHCH,CHg]"), 133 (100, [M —

OCH,CH,CH4]"), 105 (15), 77 (10); HRMS: GH140, calcd 192.1150 ([M), obsd 192.1140.
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1-i-Propoxyisochroman 168

Chemical Formula: C1,H;0-,

e} Exact Mass: 192.115
Molecular Weight: 192.2542
Oi-Pr Elemental Analysis: C, 74.97; H, 8.39; O, 16.64

1-i-Propoxyisochromari68 was prepared from isochroman (0.50 mL, 3.98 mmol), DDQ
(2.08 g, 4.77 mmol) and anhydrouBrOH (2 x 365uL, 2 x 4.77 mmol) in CkCl, (25 mL)
according to Method B. Purification by flash column chromatography (gradient: 100% hexane
- 98% hexane, 2% kD) afforded acetal68 as a colourless liquid (400 mg, 52%)= 0.33

(90% hexane, 10% ED); vma(film)/cm™ 2970m, 2935w, 2885w, 1494w, 1456m, 1378m,
1322m, 1274m, 1205m, 1178w, 1124m, 1085m, 1070m, 1016s, 990s, 958w, 945m, 928m,
870w, 821w, 769m, 7448%(300 MHz) 1.25 (3H, dJ 6.2, OCH(GH3)x(CHa)y), 1.27 (3H, d,)

6.2, OCH(CH)«(CHa)p), 2.62 (1H, ddd) 16.6, 3.1, 1.5, B,H,CH,0), 3.02 (1H, dddJ 16.6,

12.0, 6.0, CEH,CH;0), 3.89 (1H, dddJ 11.3, 6.0, 1.5, CKH,H,0), 4.08-4.25 (2H, stack,
OCH(CHs), and CHCHaHL0), 5.65 (1H, s, B0), 7.07-7.15 (1H, m, Af), 7.16-7.25 (3H,
stack, AH); &(75 MHz) 21.9 (CH, OCH(CHz3)a(CHs)y), 23.6 (CH, OCH(CH)ACHs)p),

28.0 (CH, CH,CH,;0), 57.6 (CH, CH,CH,0), 69.4 (CH, @H(CHj3)s(CHs)p), 94.9 (CH,
CHO), 126.2 (CH, Ar), 127.3 (CH, Ar), 127.8 (CH, Ar), 128.4 (CH, Ar), 134.1 (quapo,

Ar), 134.5 (quat. Cipso Ar); m& (El) 192 (IM]', 6%), 191 (7, [M — H]), 149 (14, [M —
CH(CHs)2]"), 133 (100, [M — OCH(CH2]"), 105 (15), 77 (14); HRMS: H;160, calcd

192.1150 ([M]), obsd 192.1141.
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1-t-Butoxyisochroman 169

Chemical Formula: C13H450,

0 Exact Mass: 206.1307
Molecular Weight: 206.2808
Ot-Bu Elemental Analysis: C, 75.69; H, 8.80; O, 15.51

1-t-Butoxyisochromari69was prepared from isochroman (0.50 mL, 3.98 mmol), DDQ (1.35
g, 5.96 mmol) and anhydrousBuOH (2 x 760uL, 2 x 7.96 mmol) in CKCIl, (25 mL)
according to Method B. Purification by flash column chromatography (gradient: 100% hexane
- 98% hexane, 2% KD) afforded acetal69 as a colourless liquid (180 mg, 22%)= 0.35

(90% hexane, 10% gD); (Found: C, 75.29; H, 8.65.,410, requires C, 75.69; H, 8.80%);
Vma(film)/lcm™ 2973m, 2932w, 1456m, 1367m, 1341m, 1273w, 1255w, 1192m, 1087m,
1072m, 1040m, 1009s, 989s, 959m, 918m, 864w, 833w, 789m, d4360 MHz, GDs)

1.30 (9H, s, OC(83)3), 2.17 (1H, ddd) 16.1, 3.3, 1.5, B.H,CH,0), 2.77 (1H, dddJ 16.1,

12.1, 6.1, CEH,CH,0), 3.65 (1H, dddJ 11.1, 6.1, 1.5, CCHaH0), 4.16(1H, app. td with
unresolved fine coupling] 11.8, 3.3, CHCHH,0) 5.86 (1H, s, 60O), 6.83-6.91 (1H, m,
ArH), 7.01-7.21 (3H, stack, A); &(75 MHz, GDg) 28.5 (CH, CH,CH,0), 29.3 (CH,
OC(CHs)3), 57.6 (CH, CH,CH,0), 74.4 (quat. C, O(CHs)s), 91.9 (CH,CHO), [126.3,
127.6, 128.7 (CH, Ar), the fourth CH, Ar was not observed owing to overlap with the solvent
signals], 134.9 (quat. @pso Ar), 136.7 (quat. dpso Ar); mz (El) 133 (M — OC(CH)4],

98%), 132 (98, [M — H — OC(CH##]"), 118 (16), 115 (17), 104 (100), 90 (12), 77 (52), 63

(12), 51 (18), 45 (16); HRMS: 480 calcd 133.0653 ([M — OC(GHH]*), obsd 133.0649.
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1-(2',2’,2’-Trifluoroethoxy)isochroman 174

Chemical Formula: C11H{1F30,
(e Exact Mass: 232.0711
Molecular Weight: 232.199

O._CF3 Elemental Analysis: C, 56.90; H, 4.77; F, 24.55; O, 13.78

1-(2’,2’,2’-Trifluoroethoxy)isochromarii74 was prepared from isochroman (1.00 mL, 7.95
mmol), DDQ (2.17 g, 9.54 mmol) and anhydrous 2,2,2-trifluoroethanol (2 x695 x 9.54
mmol) in CHCIl, (50 mL) according to Method B. Purification by flash column
chromatography (gradient: 100% hexane98% hexane, 2% ED) afforded acetal74 as a
yellow oil (970 mg, 52%):R = 0.33 (90% hexane, 10% 5B); Vna(film)/cm™ 2956m,
2904m, 1434m, 1275m, 1214w, 1170s, 1117m, 1103m, 1076s, 1059s, 1031m, 991s, 969s,
954s, 904m, 870m, 851w, 827w, 784m, 744s, 727w, 6 Q(BN0 MHz) 2.03 (1H, app. d,
16.5, 2.4, G,H,CH,0O), 2.65 (1H, ddd)] 16.5, 12.3, 6.0, C#i,CH,O), 3.51 (1H, ddd,]
11.2, 6.0, 1.4, CKCH.HL0), 3.58 (1H, dg,) 12.4, 8.9, OE.H,CFs), 3.76 (1H, dg, 12.4,
9.0, OCHH,CFs), 3.82 (1H, app. td] 11.7, 3.2, CHCH.H0), 5.34 (1H, s, 60), 6.74-6.83
(1H, m, AH), 6.95-7.06 (2H, stack, At), 7.10-7.15 (1H, m, Af); &(100 MHz) 28.0 (CH,
CH,CH,0), 58.2 (CH, CH,CH,0), 64.6 (CH, q, “Jc.r 34.1, GCH,CFs), 97.5 (CH,CHO),
124.9 (quat. C, qtJc.r 276.3,CF3), 126.7 (CH, Ar), 128.2 (CH, Ar), 128.6 (CH, Ar), 128.7
(CH, Ar), 133.2 (quat. Cipso Ar), 134.4 (quat. Apso Ar); &(282 MHz, GDg) —73.9 (s,
CF3); m/z (EI) 232 ([M]', 19%), 231 (26, [M — H), 204 (16), 133 (100, [M — OGEF]"),

105 (31), 91 (16), 77 (13); HRMS1(i110,F; calcd 232.0711 ([M), obsd 232.0694.
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1-Ethoxy-5-methylisochroman 179a

Chemical Formula: C15H160,
Exact Mass: 192.115
O Molecular Weight: 192.2542
Elemental Analysis: C, 74.97; H, 8.39; O, 16.64
OEt

1-Ethoxyisochromarl79a was prepared by DIBALH reduction (3.10 mL, 4.63 mmol) of
isochroman-1-oné83a (500 mg, 3.09 mmol), followed by acetalisation using Amberlite and
EtOH (6.2 mL) according to Method A. Purification by flash column chromatography
(gradient: 98% hexane, 2%,EX -~ 90% hexane, 10% §D) afforded 1l-ethoxyisochroman
179a as a colourless liquid (529 mg, 89% over two steps)0R4 (80% hexane, 20%,E%);
Vmadfilm)/cm™ 2974m, 2881m, 1471w, 1385w, 1332w, 1105m, 1074s, 1046s, 998s, 932m,
854w, 779s, 742m, 711w}(300 MHz, GDg) 1.19 (3H, tJ 7.1, OCHCHs), 1.91 (3H, s,
ArCHg), 2.03 (1H, app. d with unresolved fine coupliad,6.7, ¢tH,H,CH,0), 2.48 (1H, ddd,
J17.3, 11.9, 6.3, CH#H,CH,0), 3.54 (1H, dgJ 9.6, 7.1, OCI,HCHz), 3.72 (1H, ddd) 11.2,

6.3, 1.5, CHCH.H,0), 3.92 (1H, dg) 9.6, 7.1, OCKHH,CHs), 4.10(1H, app. td,) 11.7, 3.7,
CH,CHaH0), 5.58 (1H, s, B0), 6.95 (1H, dJ) 7.3, AH), 7.04 (1H, app. t] 7.6, AH), 7.13

(1H, d,J 7.7, AH); &(75 MHz, GDg) 15.6 (CH, OCHCHs), 18.8 (CH, ArCHs), 26.0
(CH,, CH,CH,0), 57.7 (CH, CH,CH,0), 63.4 (CH, OCH,CHs), 97.3 (CH,CHO), 126.0
(CH, Ar), 128.4 (CH, Ar), 129.3 (CH, Ar), 133.0 (quat.i@s0 Ar), 135.2 (quat. Gpso Ar),
135.7 (quat. Cjpso Ar); mz (El) 192 (IM]', 19%), 191 (21, [M — H), 163 (12, [M —
CH,CHa]"), 147 (100, [M — OChLCHs]"), 133 (18, [M — CH— OCHCHg]"), 117 (36), 115

(23), 105 (12), 103 (10), 91 (18); HRMS; 140, calcd 192.1150 ([M), obsd 192.1145.

173



1-Ethoxy-6-methylisochroman 179b

Chemical Formula: C1,H160,
e} Exact Mass: 192.115
Molecular Weight: 192.2542

OEt Elemental Analysis: C, 74.97; H, 8.39; O, 16.64

1-Ethoxyisochromarl79b was prepared by DIBALH reduction (7.35 mL, 11.0 mmol) of
isochroman-1-ond83b (1.19 g, 7.35 mmol), followed by acetalisation using Amberlite and
EtOH (15 mL) according to Method A. Purification by flash column chromatography
(gradient: 98% hexane, 2%.BX - 95% hexane, 5% D) afforded 1-ethoxyisochroman
179bas a colourless liquid (1.17 g, 83% over two steRsy. 0.23 (90% hexane, 10%,E%);
(Found: C, 74.94; H, 8.14..6H:¢0, requires C, 74.97; H, 8.39%ma(film)/cm™ 2974m,
2876m, 1619w, 1425w, 1381m, 1328m, 1275m, 1203w, 1133m, 1090m, 1073s, 1046s, 1005s,
985m, 960m, 918m, 902w, 863w, 824m, 803m(300 MHz, GDs) 1.18 (3H, t,J 7.1,
OCH,CHgz), 2.10 (3H, s, Ar€l3), 2.17 (1H, d with unresolved fine coupling, 16.7,
CHaHwCH,0), 2.78 (1H, ddd,] 16.7, 12.0, 6.0, Ci#,CH,0), 3.53 (1H, dgJ 9.7, 7.1,
OCHaH,CHs), 3.69 (1H, ddd,J 11.0, 6.0, 1.7, CKCH.HyO), 3.91 (1H, dg,J 9.7, 7.1,
OCHH,CHs), 4.09(1H, app. tdJ 11.5, 3.4, CHCH.H,0), 5.58 (1H, s, B0), 6.67 (1H, s,
ArH), 6.89 (1H, d,J 7.7, AH), 7.16 (1H, d,J 7.7, AH); &(75 MHz, GDg) 15.6 (CH,
OCH,CHa), 21.2 (CH, ArCHg), 28.5 (CH, CH,CH,0), 57.9 (CH, CH,CH,0), 63.4 (CH,
OCH,CHjz), 97.1 (CH,CHO), 127.2 (CH, Ar), 128.1 (CH, Ar), 129.1 (CH, Ar), 132.7 (quat.
C, ipso Ar), 134.4 (quat. Gpso Ar), 137.4 (quat. Gpso Ar); mz (El) 192 ([M]", 14%), 191

(34, [M = H[), 147 (100, [M — OCKCHs]*); HRMS: GH160, calcd 192.1150 ([M), obsd

192.1149.
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1-Ethoxy-7-methylisochroman 179c

Chemical Formula: C1,H160,
e} Exact Mass: 192.115
Molecular Weight: 192.2542

OEt Elemental Analysis: C, 74.97; H, 8.39; O, 16.64

1-Ethoxyisochromari79cwas prepared from isochroma®2c (1.56 g, 10.5 mmol), DDQ
(2.87 g, 12.6 mmol) and EtOH (2 x 78k, 2 x 12.6 mmol) in CkCI, (65 mL) according to
Method B. Purification by flash column chromatography (gradient: 98% hexane,,@%-Et
95% hexane, 5% KD) afforded 1-ethoxyisochromdty9cas a yellow crystalline solid (833
mg, 41%): mp 39-40 °QR; = 0.36 (80% hexane, 20%.E%); Vma (film)/cm™ 2973m, 2886m,
1504m, 1375m, 1332m, 1273w, 1155m, 1118w, 1090m, 1073s, 1075s, 1049s, 1004s, 990s,
958m, 936m, 902m, 883m, 851m, 811s, 73300 MHz, GDe¢) 1.19 (3H, t,J 7.1,
OCH,CHgz), 2.10 (3H, s, Ar€l3), 2.18 (1H, d with unresolved fine coupling, 16.5,
CHaHwCH,0), 2.78 (1H, ddd,] 16.5, 12.1, 6.0, Ci#,CH,0), 3.54 (1H, dgJ 9.6, 7.1,
OCHaH,CHs), 3.68 (1H, ddd,J 11.0, 6.0, 1.6, CKCH.HyO), 3.91 (1H, dg,J 9.6, 7.1,
OCHHpCHg), 4.07 (1H, app. td with unresolved fine coupling,11.6, 3.3, CHCH.H,0),
5.55 (1H, s, €10), 6.81 (1H, d,) 7.8, AH), 6.90 (1H, dd;) 7.8, 1.5, AH), 7.04 (1H, s, AH);
(100 MHz, GDg) 15.6 (CH, OCHCHa), 21.1 (CH, ArCHz), 28.1 (CH, CH,CH,0), 58.0
(CH,, CH,CH-0), 63.4 (CH, OCH,CHjz), 97.2 (CH,CHO), 128.5 (CH, Ar), 128.7 (CH, Ar),
128.9 (CH, Ar), 131.5 (quat. @pso Ar), 135.2 (quat. dpso Ar), 135.5 (quat. dpso Ar);
miz (El) 192 ([M]', 29%), 191 (33, [M — H), 163 (17, [M — CHCHg]"), 147 (100, [M —
OCH,CH3]"), 133 (12, [M — CH — OCHCHg]"), 117 (23), 115 (12), 105 (13), 91 (13);

HRMS: G,H160, calcd 192.1150 ([M), obsd 192.1146.
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1-Ethoxy-8-methylisochroman 179d

Chemical Formula: C15,H160,

e} Exact Mass: 192.115
Molecular Weight: 192.2542
OEt Elemental Analysis: C, 74.97; H, 8.39; O, 16.64

1-Ethoxyisochromarl79d was prepared by DIBALH reduction (3.30 mL, 4.94 mmol) of
isochroman-1-oné83d (533 mg, 3.29 mmol), followed by acetalisation using Amberlite and
EtOH (6.6 mL) according to Method A. Purification by flash column chromatography
(gradient: 98% hexane, 2%.BEX - 95% hexane, 5% ED) afforded 1-ethoxyisochroman
179d as a pale yellow solid (494 mg, 78% over two steps): mp 35-36°€;0.24 (80%
hexane, 20% ED); (Found: C, 75.31; H, 8.26.:81:60, requires C, 74.97; H, 8.39%);
|/max(1“ilm)/cm'1 2973m, 2879m, 1479m, 1471m, 1332m, 1206m, 1123m, 1101m, 1078m,
1052s, 1036m, 993s, 973m, 918m, 901w, 892w, 866w, 775s, 747w, AL6300 MHz,
CeéDe) 1.14 (3H, t,J 7.1, OCHCHs), 2.12-2.23 (4H, stack, KuH,CH,O and ArGHs), 2.86

(1H, ddd,J 16.6, 12.8, 6.4, CH#H,CH,0), 3.44 (1H, dg)) 9.5, 7.1, O®l.H,CHs), 3.67 (1H,
ddd,J 11.0, 6.4, 1.1, CKCH4HO), 3.90 (1H, dg,) 9.5, 7.1, OCKEH,CHs), 4.14(1H, dddd,J

12.7, 11.0, 3.4, 0.5, GBH.H0), 5.53 (1H, s, B0), 6.78 (1H, d,J 7.5, AH), 6.90 (1H, d,]

7.4, AH), 7.04 (1H, app. t, 3.5, AH); &(75 MHz, GDs) 15.5 (CH, OCHCH3), 18.4 (CH,,
ArCHs), 28.6 (CH, CH,CH,0), 57.3 (CH, CH,CH,0), 63.1 (CH, OCH,CHs), 95.7 (CH,
CHO), 126.5 (CH, Ar), 127.9 (CH, Ar), 128.5 (CH, Ar), 133.5 (quatip§p Ar), 134.3 (quat.

C, ipso Ar), 136.6 (quat. Gpso Ar); mz (EI) 192 (IM]', 11%), 147 (100, [M — OC4CH4] "),

119 (17), 91 (11); HRMS: GH160; calcd 192.1150 (M), obsd 192.1153.
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Spiro[1-ethoxyisochroman-4,1'-cyclopropane] 179j

Chemical Formula: C13H160,
Exact Mass: 204.115
0] Molecular Weight: 204.2649

Elemental Analysis: C, 76.44; H, 7.90; O, 15.67
OEt

1-Ethoxyisochromaril79j was prepared by DIBALH reduction (2.95 mL, 4.40 mmol) of
isochroman-1-on&83j (510 mg, 2.93 mmol), followed by acetalisation using Amberlite and
EtOH (6.5 mL) according to Method A. Purification by flash column chromatography
(gradient: 98% hexane, 2% Bt - 95% hexane, 5% kD) afforded 1-ethoxyisochroman
179j as a colourless oil (502 mg, 84% over two steBsy 0.23 (90% hexane, 10%-EX);
Vmafilm)/lcm™ 2974m, 2870m, 1493w, 1465w, 1383w, 1330m, 1244m, 1206m, 1099m,
1083m, 1049s, 1003s, 963m, 929m, 855w, 827m, 753s, 721m, @4@O0 MHz, GDs)
0.36-0.46 (1H, m, cyclopropyl), 0.59-0.68 (1H, m, cyclopropyH), 0.77-0.94 (2H, stack,
cyclopropylQH), 1.18 (3H, tJ 7.1, OCHCHS3), 2.91 (1H, d,J 11.3, GH,H0), 3.53 (1H, dgJ

9.5, 7.0, O®l.HyCHs), 3.92 (1H, dg)) 9.5, 7.0, OCKHyCHs), 4.46(1H, d,J 11.3, CHH,O),

5.66 (1H, s, €IO), 6.40-6.48 (1H, m, At), 6.97-7.06 (2H, stack, A, 7.14-7.22 (1H, m,
ArH); a(75 MHz, GDe) 10.5 (CH, cyclopropyCH), 15.6 (CH, OCHCH3), 18.4 (quat. C,
CCH;0), 20.4 (CH, cyclopropyl CH,), 63.4 (CH, CH,0), 66.0 (CH, CH,0), 98.1 (CH,
CHO), 121.1 (CH, Ar), 125.4 (CH, Ar), 127.8 (CH, Ar), 128.5 (CH, Ar), 135.4 (quap0,

Ar), 139.3 (quat. Cipso Ar); m& (El) 204 ([MT', 13%), 176 (10, [M — CECH,]"), 159 (48,

[M — OCH,CH3]"), 157 (76), 148 (23), 129 (100), 119 (16), 115 (58), 102 (39), 91 (31), 77

(15), 51 (11); HRMS: @H1¢0; calcd 204.1150 (M), obsd 204.1152.
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3,3-Dimethyl-1-ethoxyisochroman 179i

Chemical Formula: C13H150»
o Exact Mass: 206.1307
Molecular Weight: 206.2808

OEt Elemental Analysis: C, 75.69; H, 8.80; O, 15.51

1-Ethoxyisochromarl79i was prepared by DIBALH reduction (4.00 mL, 5.96 mmol) of
isochroman-1-on&83i (700 mg, 3.97 mmol) followed by acetalisation using Amberlite and
EtOH (8 mL) according to Method A. Purification by flash column chromatography (gradient:
98% hexane, 2% ED - 95% hexane, 5% kD) afforded 1-ethoxyisochromali9i as a
colourless oil (590 mg, 72% over two stefd?)= 0.46 (90% hexane, 10%,6%); (Found: C,
75.42; H, 8.82. @H1s0, requires C, 75.69; H, 8.80%)madfilm)/cm™ 2973m, 2869w,
1456w, 1384m, 1370m, 1335m, 1257w, 1212m, 1183m, 1086m, 1048s, 1030s, 1006s, 947w,
927m, 874w, 804w, 759s, 734m, 723tR(300 MHz, GDg) 1.17 (3H, t,J 7.1, OCHCHj),

1.23 (3H, s, €l3), 1.30 (3H, s, €), 2.44-2.63 (2H, stack, i), 3.52 (1H, dgJ 9.5, 7.1,
OCHaHuCHs), 3.97 (1H, dg)J 9.5, 7.1, OCEH,CHs), 5.67 (1H, s, €0), 6.86-6.94 (1H, m,
ArH), 7.06-7.14 (2H, stack, At), 7.30-7.38 (1H, m, A); &(100 MHz, GDg) 15.6 (CH,
OCH,CH3), 27.7 (CH, C(CHs3)a(CHs)p), 29.7 (CH, C(CH)s(CHs)p), 40.5 (CH, CH,CO),

63.1 (CH, OCH,CHs), 71.4 (quat. C, (CHs),), 97.2 (CH, G10), 126.5 (CH, Ar), 127.6 (CH,

Ar), 128.2 (CH, Ar), 128.6 (CH, Ar), 134.0 (quat. ipso Ar), 135.0 (quat. dpso Ar); mk

(El) 206 ([M]", 32%), 205 (44, [M — H), 161 (79, [M — OCHCH3]"), 159 (45), 148 (22),

145 (100), 142 (79), 133 (35), 128 (39), 119 (50), 115 (74), 104 (30), 91 (83), 77 (17), 65

(16); HRMS: G3H150, calcd 206.1307 ([M)), obsd 206.1301.
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5-Bromo-1-ethoxyisochroman 179e

Br
Chemical Formula: C11H3BrO,
Exact Mass: 256.0099
(0] Molecular Weight: 257.1237

Elemental Analysis: C, 51.38; H, 5.10; Br, 31.08; O, 12.44
OEt

1-Ethoxyisochromari79e was prepared by DIBALH reduction (2.20 mL, 3.30 mmol) of
isochroman-1-on&83e (500 mg, 2.20 mmol), followed by acetalisation using Amberlite and
EtOH (4.4 mL) according to Method A. Purification by flash column chromatography
(gradient: 99% hexane, 1%.Bt - 95% hexane, 5% kD) afforded 1-ethoxyisochroman
179eas a white crystalline solid (555 mg, 98% over two steps): mp 27-2& %).34 (90%
hexane, 10% EO); vma(film)/cm™ 2969m, 2891m, 1442m, 1329m, 1381m, 1339m, 1096m,
1077m, 1071m, 1044s, 1010s, 996s, 969m, 955m, 927m, 896m, 843m, 774s, 720m, 689m,;
M&(300 MHz, GDg) 1.13 (3H, t,J 7.1, OCHCHs), 2.41 (1H, ddd,J 17.4, 3.8, 1.5,
CH,H,CH,O), 2.61 (1H, dddJ 17.4, 11.7, 6.2, C#,CH,O), 3.43 (1H, dgJ 9.6, 7.1,
OCH,H,CH3), 3.57 (1H, dddJ 11.3, 6.2, 1.5, C§CH,H,O), 3.80 (1H, dgJ 9.6, 7.1,
OCH.H,CHa), 3.90(1H, app. tdJ 11.5, 3.8, CHCH.H,0), 5.37 (1H, s, 60), 6.69 (1H, app.

t, J 7.8, AH), 6.98 (1H, dJ 7.6, AH), 7.30 (1H, dJ 7.9, AH); &(100 MHz, GDs) 15.1
(CHs, OCH,CHj3), 28.9 (CH, CH,CH;0), 57.1 (CH, CH,CH,0), 63.1 (CH, OCH,CHj3),

96.0 (CH, HO), 124.5 (quat. C, ipso ArBr), 126.8 (CH, Ar), 127.2 (CH, Ar), 131.5 (CH, Ar),
134.2 (quat. Cipso Ar), 137.4 (quat. dpso Ar); mz (El) 258 ([M], 10%), 257 (11, [M —
H]%), 256 (10, [M]), 255 (11, [M — HI), 213 (100, [M — OCKCHs]"), 211 (100, [M —
OCH,CH3]"), 184 (26), 182 (26), 132 (30), 103 (39), 77 (29); HRMSHGO, °Br calcd

256.0099 ([M]), obsd 256.0092.
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5-Trifluoromethyl-1-ethoxyisochroman 179f

CF5
Chemical Formula: C1,H3F30,
Exact Mass: 246.0868
(o) Molecular Weight: 246.2256
Elemental Analysis: C, 58.54; H, 5.32; F, 23.15; O, 13.00
OEt

1-Ethoxyisochromarl79f was prepared by DIBALH reduction (2.30 mL, 3.47 mmol) of
isochroman-1-oné&83f (500 mg, 2.31 mmol), followed by acetalisation using Amberlite and
EtOH (4.6 mL) according to Method A. Purification by flash column chromatography
(gradient: 99% hexane, 1%.BX - 95% hexane, 5% EKD) afforded 1-ethoxyisochroman
179f as a colourless liquid (503 mg, 88% over two steRs}y:0.31 (90% hexane, 10%,6%);
vma(film)/em™ 2976w, 2888w, 1315s, 1263w, 1199m, 1187m, 1156m, 1115s, 1103m, 1074s,
1047s, 1003m, 969m, 936m, 850m, 805m, 794m, 748w, 726m, 62800 MHz, GDs)

1.13 (3H, t,J 7.1, OCHCH3), 2.61 (1H, d with unresolved fine coupling, 17.4,
CHaHwCH,0), 2.84 (1H, ddd,] 17.4, 11.9, 6.1, Ci#,CH,0), 3.43 (1H, dgJ 9.6, 7.1,
OCHH,CHs), 3.52 (1H, ddd,J 11.3, 6.0, 1.2, CHCH.H,0), 3.74-3.93 (2H, stack,
OCHH,CHs and CHCH-H,0), 5.36 (1H, s, B0), 6.80 (1H, app. t] 7.7, AH), 7.10 (1H, d,

J 7.7, AH), 7.33 (1H, d.J 7.7, AH); &(100 MHz, GDg) 15.4 (CH, OCH,CHj3), 25.5 (CH,
CH,CH,0), 57.0 (CH, CH,CH,0), 63.5 (CH, OCH,CHs), 96.5 (CH,CHO), 125.1 (quat. C,

q, e 272.0, ACFs), 125.7 (CH, q%Jc.r 5.2, Ar), 126.0 (CH, Ar), 128.4 (quat. C, dc-r
28.4,ipso Ar), 132.0 (CH, Ar), 133.6 (quat. (hso Ar), 136.8 (quat. Gpso Ar); o(282
MHz) —61.1 (s, ArEs); m/z (El) 246 ([M]', 4%), 245 (11, [M — H), 201 (100, [M —
OCH,CH3]"), 172 (17), 151 (13), 133 (14); HRMS;8:40,F; calcd 246.0868 ([M), obsd

246.0863.
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7-Methoxy-1-ethoxyisochroman 179g

Chemical Formula: C1,H1603
0 Exact Mass: 208.1099
MeO Molecular Weight: 208.2536

OEt Elemental Analysis: C, 69.21; H, 7.74; O, 23.05

1-Ethoxyisochromarli79g was prepared by DIBALH reduction (1.40 mL, 2.10 mmol) of
isochroman-1-on&83g (250 mg, 1.40 mmol), followed by acetalisation using Amberlite and
EtOH (3 mL) according to Method A. Purification by flash column chromatography (gradient:
99% hexane, 1% ED —» 90% hexane, 10% D) afforded 1-ethoxyisochrom&kv9g as a
colourless liquid (217 mg, 74% over two stepR):= 0.23 (90% hexane, 10% ,B%;
Uma(film)/cm™ 2973m, 2879m, 1615w, 1503m, 1330m, 1318m, 1273m, 1263m, 1237m,
1165w, 1092m, 1074m, 1049s, 1035s, 997s, 958m, 933w, 866w, 848m, 814m JBEDQ;
MHz, GsDg) 1.18 (3H, tJ 7.1, OCHCH3), 2.17 (1H, ddd, 16.1, 3.2, 1.6, B,H,CH,0), 2.76

(1H, ddd,J 16.1, 12.0, 5.9, C#,CH,0), 3.31 (3H, s, OB3), 3.52 (1H, dgJ 9.6, 7.1,
OCH,H,CH3), 3.69 (1H, dddJ 11.0, 5.9, 1.6, C$CH,H,O), 3.91 (1H, dgJ 9.6, 7.1,
OCH.H,CHa), 4.07 (1H, app. td, 11.5, 3.2, CHCH.H0), 5.57 (1H, s, 60), 6.74-6.84 (2H,
stack, AH), 6.89 (1H, s, AH); &(100 MHz, GDs) 15.6 (CH, OCHCHg), 27.7 (CH,
CH,CH,0), 54.8 (CH, OCHj3), 58.3 (CH, CH,CH,0), 63.4 (CH, OCH,CHj), 97.2 (CH,
CHO), 112.6 (CH, Ar), 115.1 (CH, Ar), 126.6 (quat.igs50 Ar), 129.6 (CH, Ar), 136.3 (quat.

C, ipso Ar), 158.6 (quat. Gpso Ar); mg (El) 208 ([M]', 18%), 207 (8, [M — H), 180 (14),

163 (63, [M — OCHCHjz]"), 134 (100), 121 (20), 103 (12), 91 (23); HRMS;HG60O;3 calcd

208.1099 ([M]), obsd 208.1103.
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7-Fluoro-1-ethoxyisochroman 179h

Chemical Formula: C11H;3FO,
0 Exact Mass: 196.09
F Molecular Weight: 196.2181

OEt Elemental Analysis: C, 67.33; H, 6.68; F, 9.68; O, 16.31

1-EthoxyisochromarL79h was prepared by DIBALH reduction (4.20 mL, 6.32 mmol) of
isochroman-1-on&83h (700 mg, 4.21 mmol), followed by acetalisation using Amberlite and
EtOH (7.3 mL) according to Method A. Purification by flash column chromatography
(gradient: 98% hexane, 2% Bt - 95% hexane, 5% kD) afforded 1-ethoxyisochroman
179has a pale yellow oil (639 mg, 77% over two stefsk 0.23 (90% hexane, 10%EX);
vma(film)/lcm™ 2976w, 2882w, 1499m, 1433m, 1326w, 1257m, 1234m, 1112w, 1189m,
1075s, 1047s, 1001s, 961m, 942m, 904m, 864m, 855m, 815m, 804m, d§96Q MHz,
CeDe) 1.11 (3H, tJ 7.1, OCHCHa), 2.02 (1H, app. d] 16.2, GHaH,CH,0), 2.59 (1H, ddd)

16.6, 12.0, 5.9, C#H,CH.0), 3.42 (1H, dg, 9.6, 7.1, OEGiH,CHs), 3.59 (1H, dddy 11.1,

5.9, 1.7, CHCH,H,0), 3.82 (1H, dgJ) 9.6, 7.1, OCEH,CHs), 3.92(1H, app. tdJ 11.7, 3.4,
CH,CH:H,0), 5.37 (1H, s, B0), 6.59 (1H, dd>Jun 8.4,%J.c 5.7, AH), 6.72 (1H, app. td,
33un and 33k 8.4, %y 2.5, AH), 6.92 (1H, dd2Jue 9.1, “Jun 2.5, AH); &(75 MHz,
CeéDg) 15.5 (CH, OCHCH3), 27.6 (CH, CH,CH;0O), 57.9 (CH, CH,CH,0), 63.6 (CH,
OCH,CHjs), 96.5 (CH,CHO), 114.6 (CH, d2Jcr 21.3, Ar), 115.3 (CH, d?Jcr 21.3, Ar),
130.1 (CH, d3Jcr 7.2, Ar), 137.1 (quat. C, dJcr 6.5,ipso Ar), 161.6 (quat. C, dJcr
237.1, ipso Ar), the third quat. C, ipso Ar was not obsergg@82 MHz) —116.6 - —116.3 (m,
ArF); m/iz (E1) 196 ([M[', 7%), 195 (8, [M — H]), 151 (100, [M — OChCH3]"), 122 (21), 109

(11), 103 (10); HRMS: GH:50,F calcd 196.0900 ([M), obsd 196.0901.
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1-Ethoxyisobenzofuran 179k°!

Chemical Formula: C1gH1,0,
O Exact Mass: 164.0837
Molecular Weight: 164.2011
OEt Elemental Analysis: C, 73.15; H, 7.37; O, 19.49

1-Ethoxyisobenzofurad 79k was prepared from phthald®85 (0.50 mL, 4.57 mmol), DDQ
(1.24 g, 5.48 mmol) and EtOH (2 x 3g0, 2 x 5.48 mmol) in CkCI, (29 mL) according to
Method B. Purification by flash column chromatography (gradient: 100% hexa®&%
hexane, 2% EO) afforded 1-ethoxyisobenzofurdy9k as a pale yellow liquid (669 mg,
89%): R = 0.28 (90% hexane, 10%,50); d;(300 MHz) 1.29 (3H, tJ 7.1, OCHCHj), 3.70
(1H, dg,J 9.4, 7.1, O®l.H,CHs), 3.82 (1H, dgJ 9.4, 7.1, OCEH,CHs), 5.06(1H, d,J 12.7,
CHaHb0), 5.26 (1H, ddJ 12.7, 1.9, CEH,0), 6.29 (1H, dJJ 1.9, GHO), 7.25-7.47 (4H, stack,
ArH); &(100 MHz) 15.4 (CH, OCHCHs), 62.9 (CH, CH,0), 72.1 (CH, CH,0), 106.7
(CH, CHO), 121.0 (CH, Ar), 122.9 (CH, Ar), 127.6 (CH, Ar), 129.1 (CH, Ar), 137.7 (quat. C,
ipso Ar), 139.9 (quat. Gpso Ar); mz (El) 163 (M — HJ, 9%), 135 (15, [M — OCKCH4]"),

119 (100), 91 (34), 77 (16).

Data were in agreement with those reported in the liter&ftie.

1,2-Dihydronaphthalene 1968

Chemical Formula: C1gH1o

Exact Mass: 130.0783
Molecular Weight: 130.1864

Elemental Analysis: C, 92.26; H, 7.74
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NaBH; (569 mg, 15.1 mmol) was added in small portions to a solution of 1-tetrdBthe

(4.40 g, 30.2 mmol) in EtOH (75 mL). After heating under reflux for 30 min, the solution was
cooled to 0 °C and ¥ (75 mL) was added. The EtOH was removed under reduced pressure
and the aqueous phase was extracted with toluene (2 x 75 mL). The combined organic
fractions were washed with brine (75 mL) and then dried (MySthe drying agent was
removed by filtration and the filtrate was concentrated to a volume of 10pTA (29 mg,

0.15 mmol) was added to the resulting solution of 1,2,3,4-tetrahydronaphthalen-1-ol in
toluene and the mixture was heated under reflux with azeotropic removaQo{¢an-

Stark) for 15 h. After cooling to R.T., NaHG@olution (30 mL) was added and the layers
were separated. The organic phase was washed with Nastifion (30 mL) and brine (40

mL) and dried (MgS@. The drying agent was removed by filtration and the filtrate
concentrated under reduced pressure to provide the crude product. Purification by a silica plug
(100% hexane) afforded 1,2-dihydronaphthalé®@ as a colourless liquid (3.40 g, 87%)=R

0.50 (100% hexanex (300 MHz) 2.30-2.41 (2H, stack, CH=CH), 2.84 (2H, app. tJ

8.2, ArCH,), 6.02-6.11 (1H, m, CH=ECH,), 6.47-6.55 (1H, m, B=CHCH,), 7.02-7.24

(4H, stack, AH); (100 MHz) 23.2 (CH, ArCH,CH, or ArCH,CHy), 27.5 (CH, ArCH,CH,

or ArCH,CH,), [125.9, 126.4, 126.8, 127.5, 127.8, 128.6 (CM,A¥, CH=CH)], 134.1 (quat.

C, ipso Ar), 135.4 (quat. C, ipso Ar); m(El) 130 ([M]’, 100%), 115 (43), 64 (14), 51 (13).

Data were in agreement with those reported in the liter8tte.

2-(3'-Hydroxypropyl)benzyl alcohol 197

Chemical Formula: C1gH140-,

OH Exact Mass: 166.0994
OH Molecular Weight: 166.217

Elemental Analysis: C, 72.26; H, 8.49; O, 19.25
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A solution of 1,2-dihydronaphthalene (3.27 g, 25.1 mmol) in@#AMeOH (1:1, 130 mL)

was cooled to —78 °C.{vas bubbled through the solution until a blue colour developed. The
excess @was then removed by bubbling. Bhrough the solution until the blue colour had
dissipated. NaBkl(1.90 g, 50.2 mmol) was added slowly over 5 min and the mixture was
warmed to R.T. After stirring for 1.5 h at R.T., the reaction was quenched by the addition of
NH4CI solution (80 mL) (caution: gas formation!). g, (50 mL) was added and the two
phases were separated. The aqueous phase was extracted with @Hx 25 mL). The
combined organic fractions were washed with brine (50 mL), and then dried (Mg3®@
drying agent was removed by filtration and the filtrate concentrated under reduced pressure to
provide the crude didl91 as a colourless viscous oil (3.17 g, 76%), which was sufficiently
pure for characterisation and further uBe= 0.20 (20% hexane, 80% EtOA®);(300 MHZz)
1.79-1.91 (2H, stack, KCH,OH), 2.77 (2H, t,J 7.4, ArCH.), 3.49 (2H, t,J 5.9,
CH,CH,0OH), 3.75 (1H, br s, 8), 4.04 (1H, br s, 6), 4.61 (2H, s, €,0H), 7.13-7.31 (4H,
stack, AH); &(75 MHz) 27.3 (CH, ArCH,CH,), 33.5 (CH, ArCH,CH,), [60.7, 63.0 (CH|
ArCH,OH, CH,CH,OH)], 126.0 (CH, Ar), 128.1 (CH, Ar), 129.3 (CH, 2 x Ar, resonance
overlap), 138.3 (quat. Gpso Ar), 140.2 (quat. pso Ar); m& (El) 166 ([M]', 18%), 148

(40), 130 (100), 117 (99), 105 (53), 91 (74), 77 (28), 65 (12).

Data were in agreement with those reported in the literHtdre.

2-(3'-Hydroxypropyl)benzaldeyde 188>

CHO Chemical Formula: C1gH15,0,
Exact Mass: 164.0837
OH Molecular Weight: 164.2011

Elemental Analysis: C, 73.15; H, 7.37; O, 19.49
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Activated MnQ 85% (4.31 g, 42.1 mmol) was added to a solution of @il (1.00 g, 6.02
mmol) in CHCI, (13 mL). After stirring for 12 h at R.T., more Ma@L.85 g, 18.1 mmol)
was added and the stirring was continued for 2 h. Another portion of, NIn86 g, 18.1
mmol) was added and the stirring was continued. After 1 h, the,Mvd&3 removed by
filtration over Celite, and the Celite was washed with,ClkH (150 mL). The filtrate was
concentrated under reduced pressure to provide the crude ald&®§das a colourless
viscous oil (851 mg, 86%), which was sufficiently pure for characterisation and furth&: use:
= 0.20 (40% hexane, 60% EtOAQ);(300 MHz) 1.82-1.94 (2H, stack,H3CH,OH), 2.25
(1H, br s, ®), 3.13 (2H, tJ 7.6, Ar(H.), 3.66 (2H, tJ 6.1, CHCH,OH), 7.31 (1H, d,) 7.6,
ArH), 7.38 (1H, app. td] 7.5, 1.2, AH), 7.51 (1H, app. td) 7.5, 1.2, AH), 7.81 (1H, dd)

7.6, 1.5 AH), 10.22 (1H, s, B0); &(100 MHz) [28.7, 34.6 (CH ArCH,CH,)], 61.7 (CH,
CH,OH), 126.6 (CH, Ar), 131.2 (CH, Ar), 133.0 (CH, Ar), 133.8 (CH, Ar), 144.6 (quat. C,
ipso Ar), 193.1 (CHCHO), the secondbso Ar resonance was not observedz (&l) 164
(IM]*, 14%), 146 (20), 131 (36), 118 (100, [M — CHO — OH105 (20), 91 (45), 77 (26), 65

(20), 55 (10), 51 (14).

Data were in agreement with those reported in the literHtdre.

1-Ethoxy-3,4,5-trihydro-2-benzoxepin 179hnd 2-(3’-hydroxypropyl)benzaldehyde

diethyl acetal 192

Chemical Formula: C15,H160,
Exact Mass: 192.115
@) Molecular Weight: 192.2542
Elemental Analysis: C, 74.97; H, 8.39; O, 16.64

EtO
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OEt Chemical Formula: C;4H,,05

Exact Mass: 238.1569
Molecular Weight: 238.3227
OH Elemental Analysis: C, 70.56; H, 9.30; O, 20.14

OEt

A solution of 2-(3’-hydroxypropyl)benzaldehyd&8 (610 mg, 3.72 mmol) in EtOH (8 mL)
was stirred with Amberlite (IR 120 beads, spatula tip) at R.T. After 6 h, the beads were
filtered off and washed with g (15 mL). NaHCQ solution (20 mL) was added and the
Et,O and EtOH were evaporated. The residue was extracted widh(Etx 20 mL) and the
combined organic fractions were washed with brine (30 mL) and dried (Mg®5ia® drying

agent was removed by filtration and the filtrate concentrated under reduced pressure.
Purification of the residue by column chromatography (gradient. 98% hexane,,@%-Et

50% hexane, 50% D) afforded, in order of elution, benzoxediiA9l as a colourless liquid

(466 mg, 56%)R = 0.58 (50% hexane, 50%B%); Vmafilm)/cm™ 2933m, 1455m, 1373w,
1346m, 1288w, 1222m, 1196w, 1142m, 1104m, 1085s, 1069s, 1050s, 1019s, 963m, 947m,
906m, 876m, 851w, 770m, 7464;(300 MHz, GDs) 1.18 (3H, t,J 7.1, OCHCH3), 1.41-

1.62 (2H, stack, CHCH,CH,0), 2.62-2.84 (2H, stack, -GCH,CH,0), 3.38 (1H, dg,) 9.4,

7.1, OGH,H,CHs), 3.58 (1H, ddd,J 11.8, 7.2, 4.1, CKCH.H,0), 3.91 (1H, dg)J 9.4, 7.1,
OCH,H,CHz), 4.06(1H, ddd,J 11.8, 6.0, 4.4, C¥CH.HLO), 5.42 (1H, s, BO), 6.92-6.99

(1H, m, AH), 7.02-7.13 (2H, stack, M), 7.62-7.70 (1H, m, Ad); &(100 MHz, GD¢) 15.3

(CHs, OCH,CHg), [29.9, 34.5 (Ch CH,CH,CH,0], [63.6, 67.7 (Ch, CH,CH,CH,O and
OCH,CH)], 103.8 (CH,CHO), 126.3 (CH, Ar), 127.0 (CH, Ar), 128.2 (CH, Ar), 129.6 (CH,
Ar), 140.1 (quat. Cipso Ar), 141.0 (quat. Gpso Ar); m& (El) 192 ([M]', 3%), 191 (9, [M —

H]%), 161 (10), 147 (100, [M — OGEHg]"), 133 (21), 129 (32), 117 (96), 115 (25), 105 (11),

91 (47), 77 (16), 65 (11); HRMS:1&1160, calcd 192.1150 ([M), obsd 192.1154; and then
diethyl acetall92 as a colourless oil (124 mg, 12%):= 0.35 (50% hexane, 50% ,B%;

Vmafilm)/em™ 3421m br (OH), 2974m, 2877m, 1452w, 1374m, 1353m, 1285w, 1216m,
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1048s, 953m, 915m, 7534;(300 MHz) 1.25 (6H, tJ 7.1, OCHCH3), 1.85-1.97 (2H, stack,
CH,CH,CH,0H), 2.61 (1H, br s, B), 2.86 (2H, t,J 7.3, (H,CH,CH,0H), 3.50-3.70 (6H,
stack, O®1,CHs, CH,CH,CH,0H), 5.65 (1H, s, B(OEty), 7.17-7.33 (3H, stack, A,
7.53-7.61 (1H, m, At); &(100 MHz) 15.0 (CH, OCH,CHs), 27.4 (CH, CH,CH,CH,OH),
33.9 (CH, CH,CH,CH,OH), [61.49, 61.52 (CH CH,CH,CH,OH and GCH,CHs)], 100.3
(CH, CH(OEt),), 125.5 (CH, Ar), 126.8 (CH, Ar), 128.4 (CH, Ar), 129.5 (CH, Ar), 136.2
(quat. C,ipso Ar), 139.8 (quat. Gpso Ar); mz (TOF ES+) 261 (M + Nd] 100%); HRMS:
C14H2,0sNa calcd 261.1467 ([M + N&], obsd 261.1463; and then recovered starting material

(85 mg, 12%): R=0.25 (50% hexane, 50%,EX).

1H,3H-naphtho[1,8-cd]pyran 195

‘ Chemical Formula: C1,H1¢O
Exact Mass: 170.0732

O Molecular Weight: 170.2072
O Elemental Analysis: C, 84.68; H, 5.92; O, 9.40

NaBH,; (239 mg, 6.31 mmol) was added to a solution of 1,8-naphthalic anhy@4#€00

mg, 2.52 mmol) in THF (1 mL) at O °C (caution: gas formation!). A solution of ®Eb

(935 mL, 7.57 mmol) in THF (0.8 mL) was added over 3 min at 0 °C and the reaction mixture
was stirred at R.T overnight. A mixture of THR®I (1:1, 5 mL) was added carefully
(caution: gas formation) followed by the addition of mos®H10 mL). The two phases were
separated and the aqueous phase was extracted y@t{3FEx 10 mL). The combined organic
fractions were washed with brine (20 mL), and then dried (MySIhe drying agent was
removed by filtration and the filtrate concentrated under reduced pressure to provide the crude

product Purification by flash column chromatography (gradient: 100% hexan89%
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hexane, 1% EO) afforded pyrarnl95 as a white crystalline solid (319 mg, 74%): mp 84-85
°C (Iit.2*? mp 83-83.5 °C)R: = 0.25 (90% hexane, 10%,8); (Found: C, 84.68; H, 5.98.
C12H100 requires C, 84.68; H, 5.92%)3(300 MHz) 5.10 (4H, s, B,0), 7.19 (2H, d,J 6.9,
ArH), 7.46 (2H, app. tJ) 7.4, AH), 7.76 (2H, d,J 8.3, AH); &(100 MHz) 69.3 (CH,
CH,0), 119.9 (CH, Ar), 125.6 (CH, Ar), 126.3 (CH, Ar), 126.7 (quatig@p Ar), 132.5
(quat. C,ipso Ar), 132.8 (quat. dpso Ar); mz (El) 170 ([M]', 97%), 152 (21), 141 (100),

115 (19).

Data were in agreement with those reported in the liter&tGte.

1H,3H-naphtho[1,8-cd]pyran-1-one 193 and 1,8-dihydroxymethylnaphthalene 166"

o Molecular Weight: 184.1907
Elemental Analysis: C, 78.25; H, 4.38; O, 17.37

‘ Chemical Formula: C1,HgO
O Exact Mass: 184.0524

O
HO OH Chemical Formula: C1,H;,0,
Exact Mass: 188.0837
Molecular Weight: 188.2225
Elemental Analysis: C, 76.57; H, 6.43; O, 17.00

1,8-Naphthalic anhydrid&94 (5.00 g, 25.2 mol) was added in 1 g portions to a suspension of
LiAIH 4 (1.92 g, 50.5 mol) in THF (125 mL) over 1 h. After stirring overnight at R.T., the
reaction was quenched by the cautious addition of a saturated solution of Rochelle’s salt (50
mL) (caution: gas formation!) at 0 °C. The THF was removed under reduced pressure and

then CHCI; (100 mL) and HSQO, (1 M, 100 mL) were added. The two layers were separated
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and the aqueous phase was extracted withQGH2 x 30 mL). The combined organic
fractions were washed with NaOH solution (1 M, 50 mL) and brine (50 mL) and then dried
(MgSQy). The drying agent was removed by filtration and the filtrate concentrated under
reduced pressure. Purification of the residue by flash column chromatography (residue pre-
adsorbed on silica, gradient: 80% hexane, 10% EtOAc, 10% tolueii®% hexane, 20%
EtOAc, 10% toluene) afforded, in order of elution, pyran-1-688 as a white crystalline
solid (1.88 g, 41%): mp 158-159 °C (fif*! mp 156-157 °C)R = 0.28 (70% hexane, 20%
EtOAc, 10% toluene); (Found: C, 78.28; H, 4.36,HgO, requires C, 78.25; H, 4.38%);
&(300 MHz) 5.80 (2H, s, B,0), 7.31-7.39 (1H, m, A), 7.53 (1H, dd,) 8.3, 7.1, AH),

7.62 (1H, dd,J 8.3, 7.4, AH), 7.83 (1H, dd, 8.3, 0.7, AH), 8.08 (1H, dd,] 8.3, 1.1, AH),

8.36 (1H, ddJ 7.3, 1.1, AH); &(75 MHz) 70.0 (CH, CH,0), 120.1 (quat. dpso Ar), 121.4

(CH, Ar), 126.4 (CH, 2 x Ar, resonance overlap), 126.6 (CH, Ar), 127.1 (qugis€ Ar),

128.2 (quat. Cjpso Ar), 129.0 (CH, Ar), 131.9 (quat. @iso Ar), 133.4 (CH, Ar), 164.1
(quat. C,C=0); m/ (El) 184 (M, 85%), 155 (100), 139 (11), 127 (82), 77 (10), 63 (13);
and then (gradient: 50% hexane, 50% EtOAc10% hexane, 90% EtOAc) didl96 as a
white crystalline solid (1.14 g, 24%): mp 155-156 °C[?(?f’t].mp 157-158 °C)Ry = 0.15 (50%
hexane, 50% EtOAc)}(300 MHz, CROD) 4.90 (2H, s, @), 5.23 (4H, s, ChD), 7.44 (2H,

dd, J 8.1, 7.1, AH), 7.61 (2H, ddJ 7.1, 1.3, AH), 7.86 (2H, ddJ 8.1, 1.3, AH); &(75

MHz, CD;0D) 66.3 (CH, CH,OH), 126.2 (CH, Ar), 130.8 (CH, Ar), 131.1 (CH, Ar), 131.9
(quat. C,ipso Ar), 137.3 (quat. Opso Ar), 138.3 (quat. Gpso Ar); mz (El) 188 ([MT,

30%), 170 (100), 153 (39), 141 (83), 128 (32), 115 (39), 84 (32), 63 (10), 49 (39).

Data were in agreement with those reported in the liter&Gr8®!
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1-Ethoxy-3H-naphtho[1,8-cd]pyran 179m

‘ Chemical Formula: C14H;4,0,

Exact Mass: 214.0994

O (o) Molecular Weight: 214.2598

Elemental Analysis: C, 78.48; H, 6.59; O, 14.93
OEt

Naphthopyrarl79mwas prepared by DIBALH reduction (3.80 mL, 5.70 mmol) of pyran-1-
one 193 (700 mg, 3.80 mmol), followed by acetalisation using Amberlite and EtOH (6.7 mL)
according to Method A. Purification by flash column chromatography (gradient: 98% hexane,
2% EtO - 95% hexane, 5% ED) afforded 1-ethoxynaphthopyrd@9mas a colourless oil

(684 mg, 84% over two steps} = 0.25 (90% hexane, 10%6%); Unadfilm)/cm™ 2976w,
2894w, 1372m, 1331m, 1316w, 1176m, 1162w, 1128m, 1107w, 1076m, 1041s, 1013s, 985m,
933m, 902w, 833m, 817s, 797m, 771s, 735300 MHz, GDg) 1.17 (3H, t,J 7.1,
OCH,CHs3), 3.58 (1H, dqg,J 9.6, 7.1, O@l.H,CHs), 3.96 (1H, dg,J 9.6, 7.1, OCHHyCHs),

4.73 (1H, dJ 14.4, H.HyO), 5.26 (1H, dJ 14.4, CHH,0), 5.84 (1H, s, 60), 6.80-6.86

(AH, m, AH), 7.13-7.26 (3H, stack, A, 7.49-7.60 (2H, stack, At); (75 MHz, GDs)

15.5 (CH, OCH,CH3), 61.5 (CH, CH,0), 63.6 (CH, CH,0), 98.5 (CH,CHO), 120.6 (CH,

Ar), 123.3 (CH, Ar), 125.7 (CH, Ar), 125.9 (CH, Ar), 126.5 (CH, Ar), 128.1 (CH, Ar), [132.3
(quat. C,ipso Ar), 133.1 (quat. dpso Ar), resonance overlap]; m{El) 214 ([M]’, 15%),

169 (79, [M — OCHCH3]"), 152 (24), 141 (100), 139 (21), 115 (24); HRMSiG.O; calcd

214.0994 ([MY), obsd 214.0993.
2-Phenylethyl trimethylsilyl ether 1964

OTMS Chemical Formula: C11HgOSi
Exact Mass: 194.1127

©/\/ Molecular Weight: 194.3455
Elemental Analysis: C, 67.98; H, 9.34; O, 8.23; Si, 14.45
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I, (508 mg, 2.00 mmol) was added to a solution of 2-phenylethyl alcohol (2.40 mL, 20.0
mmol) in CHCI, (80 mL). A solution of HMDS (3.30 mL, 16.00 mmol) in gH, (20 mL)

was added dropwise over 5 min to the dark purple solution. After stirring for 1 h, the reaction
was quenched by the addition of 48203 solution (60 mL), and the mixture was stirred until

the solution turned colourless. The phases were separated and the organic phase was washed
with brine (40 mL), and then dried (Mg%OThe drying agent was removed by filtration and

the filtrate concentrated under reduced pressure to provide the crude silyiS8hes a pale

yellow liquid (3.79 g, 98%), which was sufficiently pure for characterisation and further use:
M&(300 MHz) 0.10 (9H, s, Si(8s)s), 2.87 (2H, t,J 7.3, Ar(H,), 3.81 (2H, t,J 7.3,

CH,OTMS), 7.19-7.36 (5H, stack, Bi.

Data were in agreement with those reported in the liter&fre.

1-Methylisochroman 197-%%

Chemical Formula: C1oH;,0

Exact Mass: 148.0888

Molecular Weight: 148.2017

Elemental Analysis: C, 81.04; H, 8.16; O, 10.80

TMSI (1.00 mL, 7.07 mmol) was added to a solution of freshly distilled acetaldehyde (400
pL, 7.07 mmol) in CHG (1 mL) at R.T. After stirring for 5 min, silyl ethé®8 (1.92 g, 9.90
mmol) was added and the mixture was warmed to 50 °C for 2 h. After cooling to RO ., Et
(20 mL) was added. The organic phase was washed wiBOasolution (3 x 20 mL), kD

(10 mL) and brine (10 mL) and then dried (MghOrhe drying agent was removed by

filtration and the filtrate concentrated under reduced pressure to provide the crude product.
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Purification by flash column chromatography (99% hexane, 130)Efforded isochroman
197 as a colourless liquid (340 mg, 32%)= 0.30 (90% hexane, 10%,6%); 04(300 MHz)
1.58 (3H, dJ 6.5, (Ha), 2.72 (1H, app. dt] 16.3, 3.3, €l.H,CH,0), 3.07 (1H, dddJ 15.9,
10.1, 5.6, CEH,CH,0), 3.84 (1H, dddJ 11.3, 10.1, 3.3, C¥H.H,O), 4.20 (1H, ddd)
11.3, 5.6, 3.3, CHCHaHL0), 4.90 (1H, g, 6.5, GHCHs), 7.08-7.27 (4H, stack, A); (75
MHz) 21.8 (CH, CHs), 29.0 (CH, CH,CH,0), 63.6 (CH, CH,CH.0), 72.3 (CH,CHO),

124.7 (CH, Ar), 126.1 (CH, Ar), 126.2 (CH, Ar), 128.8 (CH, Ar), 133.4 (quaip) Ar),

139.5 (quat. Cipso Ar); mz (El) 148 (M, 15%), 147 (15, [M — H), 133 (100, [M

CH3]"), 117 (11), 115 (12), 105 (26), 91 (10), 77 (11).

Data were in agreement with those reported in the liter&fde.

1-Ethoxy-1-methylisochroman 179n

OH OEt

Chemical Formula: C15H160,
Exact Mass: 192.115
Molecular Weight: 192.2542
Elemental Analysis:

C, 74.97; H, 8.39; O, 16.64

MelLi (1.6 M solution in E1O, 5.10 mL, 8.18 mmol) was added over 10 min to a solution of
isochroman-1-ond72 (1.10 g, 7.43 mmol) in THF (37 mL) at —78 °C. After stirring at —78
°C for 2 h, AcOH (47QuL, 8.18 mmol) was added and the mixture was stirred for 15 min.

The mixture was poured into ice-water (100 mL) and transferred to a separating funnel. The

193



phases were separated and the aqueous phase was extracted X@ith(€k 20 mL). The
combined organic fractions were washed with brine (30 mL) and dried (Mg¥5ia® drying

agent was removed by filtration and the filtrate concentrated under reduced pressure to
provide the crude hemiacetal product, which was of sufficient purity for it to be used directly
in the next step: 1-Hydroxy-1-methylisochroman was dissolved in EtOH (15 mL) and stirred
with Amberlite (IR 120 beads, tea spoon) at R.T. for 2 h. The beads were filtered off and
washed with EO (15 mL). NaHCQ solution (20 mL) was added and the@®tand EtOH

were evaporated. The residue was extracted wih & x 20 mL) and the combined organic
fractions were washed with brine (30 mL) and dried (MgSThe drying agent was removed

by filtration and the filtrate concentrated under reduced pressure. Purification of the residue
by flash column chromatography (gradient: 99% hexane, 1% NE5% hexane, 4% KD,

1% NEB) afforded 1-ethoxy-1-methylisochromai@9nas a colourless oil (857 mg, 60% over

two steps):R = 0.28 (90% hexane, 10% -BY); vmadfilm)/cm™ 2974m, 2933m, 2880m,
1492w, 1451w, 1427w, 1388w, 1372m, 1304w, 1289m, 1267m, 1252m, 1160m, 1121s,
1096s, 1084s, 1069s, 1047s, 1029s, 973w, 941m, 907m, 872m, 840w, 789w, 758s, 732m;
M(300 MHz, GDg) 1.15 (3H, app. 1) 7.1, OCHCHS3), 1.64 (3H, s, CE3), 2.24 (1H, app. dt,
J16.1, 3.2, ®.Hy,CH;0), 2.70 (1H, dddj 16.1, 10.6, 5.4, Ci#H,CH,0), 3.55 (1H, app. d

7.1, OH,CHg), 3.66 (1H, dddJ 11.0, 5.4, 3.0, CKCH,H,0), 3.91(1H, app. tdJ 10.9, 3.5,
CH,CHaH0), 6.82-6.91 (1H, m, At), 7.00-7.12 (2H, stack, M), 7.33-7.41 (1H, m, A);

&(75 MHz, GDg) 16.0 (CH, OCH,CHg), 26.1 (CH, CCHj3), 29.2 (CH, CH,CH,0), 56.8

(CH,, CH,0), 59.5 (CH, CH,0), 98.9 (quat. CCCHs0), 126.6 (CH, Ar), 127.2 (CH, Ar),
127.5 (CH, Ar), 128.5 (CH, Ar), 134.2 (quat. iBso Ar), 139.8 (quat. Gpso Ar); mz (TOF

ES+) 215.1 (M + Na], 100%); HRMS: GH1c0:Na calcd 215.1048 (M + N3] obsd

215.1041.
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2-(2’-(1"-Ox0-1"-phenyl-isochroman)ethyl)benzophenone 201 and 2-(2'-

hydroxyethyl)benzophenone20d2°”!

o Ph Chemical Formula: C3gH5603
0] Exact Mass: 434.1882
Molecular Weight: 434.5256

Ph O
Elemental Analysis: C, 82.92; H, 6.03; O, 11.05

OH Chemical Formula: C15H140,
Ph Exact Mass: 226.0994
Molecular Weight: 226.2705

o) Elemental Analysis: C, 79.62; H, 6.24; O, 14.14

PhLi (1.8 M solution in BO, 3.50 mL, 6.26 mmol) was added over 10 min to a solution of
isochroman-1-oné&72 (842 mg, 5.69 mmol) in THF (28 mL) at —78 °C. After stirring at —78

°C for 1 h, the mixture was warmed up to O °C over 5 h. AcOH (260.26 mmol) was

added and the mixture was stirred for 15 min. The mixture was poured into ice-water (100
mL) and transferred to a separating funnel. The phases were separated and the aqueous phase
was extracted with Cil, (3 x 20 mL). The combined organic fractions were washed with
brine (30 mL) and dried (MgS{2 The drying agent was removed by filtration and the filtrate
concentrated under reduced pressure. Purification of the residue by flash column
chromatography (gradient: 95% hexane, 4% EtOAc, 1% NE©O2% hexane, 7% EtOAc,

1% NE®) afforded, in order of elution, 2-(2’-(17-ox0-1"-phenyl-
isochroman)ethyl)benzophenoB@l as a pale yellow solid (593 mg, 48%): mp 109-110 °C;

R = 0.55 (70% hexane, 30% EtOAGka(film)/cm™ 2883w, 1660s (C=0), 1447m, 1312m,
1285m, 1262m, 1196m, 1175m, 1075m, 1068m, 1048s, 1006m, 1000m, 986m, 939m, 925s,
769s, 752s, 732m, 703s, 660m;(300 MHz, GDe) 2.23 (1H, app. dtJ 16.2, 3.2,

CHH,CHO), 2.76 (1H, ddd,J 16.1, 10.7, 5.5, C#i,CH,O), 3.11-3.31 (2H, stack,
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OCH,CH»Ar), 3.70 (1H, ddd,J 11.0, 5.5, 3.0, CKCH,H,O), 3.75-3.96 (3H, stack,
CH,CHH,O, OCH,CH,Ar), 6.75-7.31 (14H, stack, M), 7.58-7.65 (2H, stack, A, 7.71-
7.78 (2H, stack, At); &(100 MHz, GDg) 28.9 (CH, CH,CH,0), 34.2 (CH, CH,CH,0),
59.8 (CH, CH,CH;0), 64.0 (CH, CH,CH,0), 101.1 (quat. GCPh), [125.7 (CH, Ar), 126.6
(CH, Ar), 127.4 (CH, Ar), 127.6 (CH, Ar), 128.4 (CH, Ar), 128.5 (CH, Ar), 128.9 (CH, Ar),
129.0 (CH, Ar), 130.1 (CH, Ar), 130.5 (CH, Ar), 131.5 (CH, Ar), 132.8 (CH, Ar), resonance
overlap], 134.0 (quat. Gpso Ar), 138.3 (quat. dpso Ar), 138.6 (quat. dpso Ar), 139.0
(quat. C,ipso Ar), 139.8 (quat. dpso Ar), 143.4 (quat. dpso Ar), 197.6 (quat. GC=0);

m/z (TOF ES+) 457 (M + N&] 100%); HRMS: GoH»s0sNa calcd 457.1780 ([M + N,
obsd 457.1775; and then 2-(2'-hydroxyethyl)benzopher@@e(gradient: 80% hexane, 19%
EtOAc, 1% NEt -~ 70% hexane, 29% EtOAc, 1% NEBs a pale orange viscous oil (288
mg, 22%):R: = 0.23 (70% hexane, 30% EtOA);(300 MHz, GDe) 2.79 (2H, t,J 6.4,
CH,CH,OH), 3.71 (2H, tJ 6.4, CHCH,OH), 6.75-7.22 (7H, stack, M), 7.67-7.81 (2H,
stack, AH); (100 MHz, GDs) 36.8 (CH, CH,CH,OH), 63.9 (CH, CH,CH,OH), 125.6
(CH, Ar), 128.6 (CH, Ar), 129.2 (CH, Ar), 130.6 (CH, Ar), 130.7 (CH, Ar), 131.4 (CH, Ar),
133.1 (CH, Ar), 138.3 (quat. @pso Ar), 139.3 (quat. dpso Ar), 139.5 (quat. dpso Ar),
198.4 (quat. CC=0); mk (EI) 226 ([M]', 10%), 208 (100), 195 (95, [M — GEH]"), 179

(32), 165 (39), 152 (13), 131 (20), 119 (10), 105 (35), 91 (17), 77 (51), 51 (16).

Data were in agreement with those reported in the liter&tre.
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1-Ethoxy-1-phenylisochroman 1790

O /o) Chemical Formula: C;7H150-

Exact Mass: 254.1307

OEt Molecular Weight: 254.3236
O Elemental Analysis: C, 80.28; H, 7.13; O, 12.58

2-(2’-Hydroxyethyl)benzophenone 200 (288 mg, 1.25 mmol) was dissolved in EtOH (2.5 mL)
and stirred with Amberlite (IR 120 beads, spatula tip) at R.T. for 2 h. The beads were filtered
off and washed with ED (15 mL). NaHCQ solution (15 mL) was added and the@i&and

EtOH were evaporated. The residue was extracted with & x 15 mL) and the combined
organic fractions were washed with brine (25 mL) and dried (MySe drying agent was
removed by filtration and the filtrate concentrated under reduced pressure. Purification of the
residue by flash column chromatography (gradient: 99% hexane, 1%-NB7% hexane,

2% EO, 1% NE%) afforded 1-ethoxy-1-phenylisochrom&i9o as a colourless oil (130 mg,
40%): R = 0.46 (90% hexane, 10%-80); Vna(film)/cm™ 2973m, 2935w, 2886w, 1489m,
1448m, 1259w, 1239m, 1201m, 1121m, 1089m, 1080m, 1068s, 1048s, 1001s, 970m, 958m,
943m, 920m, 763s, 748s, 730m, 700s, 65300 MHz, GDs) 1.21 (3H, app. tJ 7.1,
OCH,CHa), 2.32 (1H, app. dt) 16.2, 3.2, €,H,CH,0), 2.83 (1H, ddd) 16.2, 10.8, 5.6,
CHHpCH0), 3.49-3.70 (2H, stack, @®{CHs), 3.66-3.78 (1H, dddJ 11.0, 5.5, 2.9,
CH,CHaHy0), 4.02(1H, app. tdJ 10.9, 3.5, CHCH.HL0), 6.81-6.99 (3H, stack, A, 7.05-

7.25 (3H, stack, Ad), 7.36-7.43 (1H, m, Af), 7.72-7.79 (2H, stack, A); &(100 MHz,

CsDg) 15.8 (CH, OCH,CH3), 29.0 (CH, CH,CH;0), 58.3 (CH, CH,0), 59.8 (CH, CH;0),

101.2 (quat. CCPhO), 126.6 (CH, Ar), 127.4 (CH, Ar), 127.7 (CH, Ar), 128.0 (CH, Ar),
128.3 (CH, Ar), 128.6 (CH, Ar), 129.1 (CH, Ar), 134.0 (quat. C, ipso Ar), 138.7 (quat. C, ipso
Ar), 143.7 (quat. Cipso Ar); m/z (El) 209 ([M — OCHCHs]", 100%), 194 (18), 177 (29, [M

— CeHs]h), 165 (12), 149 (16), 77 (14); HRMS:4811:0 calcd 209.0966 ([M — OCIEH3]Y),

obsd 209.0960.
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General procedure for the formation of 1-allylisochromans 202

Method A: Racemic allylation

MeSQH (32 pL, 0.49 mmol) was added to a solution of the 1-ethoxyisochroman (0.490
mmol) and allyltrimethylsilane (11§4L, 0.734 mmol) in CHCI, (1 mL) at 0 °C. A colour
change from colourless to a bright colour (depending on the 1-ethoxyisochroman) was
observed. After stirring at R.T. for 30 min, NaHECSlution (15 mL) and ED (15 mL) were
added. The two phases were separated and the agueous phase was extractgd (ith Et
mL). The combined organic fractions were washed with brine (15 mL) and then dried
(MgSQy). The drying agent was removed by filtration and the filtrate concentrated under
reduced pressure to provide the crude 1-allylisochroman product, which was purified by flash

column chromatography.

Method B: Asymmetric allylation

The phosphoramide cataly®){45g (0.049, 0.074 or 0.098 mmol (see specific experimental
details)) was added to a solution of the 1-ethoxyisochroman (0.490 mmol) and
allyltrimethylsilane (117uL, 0.735 mmol) ino-xylene (327 or 490uL (see specific
experimental details)). After stirring at R.T. for the specified time, Naga@ition (15 mL)

and EtO (15 mL) were added. The two phases were separated and the aqueous phase was
extracted with BEO (10 mL). The combined organic fractions were washed with brine (15
mL) and then dried (MgS{) The drying agent was removed by filtration and the filtrate
concentrated under reduced pressure to provide the crude 1-allylisochroman product, which

was purified by flash column chromatography.
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1-Allylisochroman 1632%¢!

Chemical Formula: C1,H14,0
0O Exact Mass: 174.1045
Molecular Weight: 174.239
Elemental Analysis: C, 82.72; H, 8.10; O, 9.18

Racemic 1-allylisochromai63 was prepared from 1-ethoxyisochroma®6 (87 mg, 0.49
mmol), allyltrimethylsilane (12@L, 0.74 mmol) and MeS£ (32 uL, 0.49 mmol) in CHCI,

(2 mL) according to Method A. Purification by flash column chromatography (99% hexane,
1% EO) afforded 1-allylisochroman 163 as a colourless liquid (80 mg, 94%6)0R7 (90%
hexane, 10% ED); |/mx(film)/cm'l 3077w, 3024w, 2965w, 2926m, 2852m, 1641w, 1492m,
1453m, 1428m, 1375w, 1340w, 1280m, 1105s, 1038m, 987m, 910s, 852w,d4€81X)
MHz) 2.53-2.82 (3H, stack, ;CH=CH,, CH.H,CH,0), 3.03 (1H, ddd) 15.7, 9.7, 5.4,
CH:H,CH,0), 3.80 (1H, ddd) 11.3, 9.7, 3.7, CHCH.H,0), 4.19(1H, ddd,J 11.3, 5.4, 3.6,
CH,CH.H,0), 4.87 (1H, ddJ 7.4, 2.9, ®l0), 5.05-5.23 (2H, stack, CH#6), 5.94 (1H, ddt,
J17.1, 10.2, 6.8, B=CHy), 7.03-7.28 (4H, stack, A); &(75 MHz) 29.0 (CH, CH,CH,0),
40.3 (CH, CH,CH=CH,), 63.3 (CH, CH.CH,0), 75.5 (CH, CHO), 116.9 (CH,
CH,CH=CH,), 124.8 (CH, Ar), 126.0 (CH, Ar), 126.2 (CH, Ar), 128.8 (CH, Ar), 134.0 (quat.
C, ipso Ar), 135.0 (CH, ChCH=CH,), 137.7 (quat. Cipso Ar); m& (El) 133 ([M — GHs]",
100%), 115 (24), 105 (49), 91 (14), 77 (31), 55 (11); HRM&4O calcd 133.0653 ([M —

CsHs]"), obsd 133.0651.

Asymmetric allylation:
Enantiomerically enriched 1-allylisochromd®3 was prepared from 1-ethoxyisochroman
166 (87 mg, 0.49 mmol), allyltrimethylsilane (12Q, 0.74 mmol) and the phosphoramide

catalyst R)-45g (48.5 mg, 0.049 mmol) io-xylene (327uL) according to Method B. After
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stirring for 24 h and work-up, purification by flash column chromatogr&p8%o hexane, 1%
Et,0) afforded enantiomerically enriched 1-allylisochroman 163 (70 mg, 82%}° £ +88.1
(c 0.74, CHC4, e.r. 10:90); Chiralpak AD, 1.0 mL/min, 100% hexahe;, 210 nMtr minor =

11.5 mln, hmajor: 12.6 mln.

Data were in agreement with those reported in the liter&t8e.

1-Allyl-5-methylisochroman 202a

Chemical Formula: C13H160
(0] Exact Mass: 188.1201
Molecular Weight: 188.2655
Elemental Analysis: C, 82.94; H, 8.57; O, 8.50

Racemic l-allylisochromaR02awas prepared from 1-ethoxyisochrontarfa (94 mg, 0.49
mmol), allyltrimethylsilane (12@L, 0.73 mmol) and MeS£i (32 uL, 0.49 mmol) in CHCI,

(1 mL) according to Method A. Purification by flash column chromatography (99% hexane,
1% EtO) afforded 1-allylisochroma@02a as a colourless liquid (88 mg, 95%):= 0.39
(90% hexane, 10% ED); (Found: C, 82.90; H, 8.50.,4H:60 requires C, 82.94; H, 8.57%);
vma{film)/cm™ 3074w, 2918m, 2854m, 1640w, 1469m, 1432w, 1379w, 1330w, 1263w,
1113s, 1088m, 1057m, 991m, 911s, 804w, 778s, 751m, 738m, d0BAP MHz) 2.26 (3H,

S, (Hj), 2.54-2.90 (4H, stack, KLCH=CH,, CH,CH,0), 3.82 (1H, ddd,J 11.4, 9.5, 4.2,
CH.,CH,H,0), 4.23(1H, ddd,J 11.4, 5.6, 3.6, CKCH,H,O), 4.86 (1H, ddJ 8.1, 3.6, G10O),
5.08-5.22 (2H, stack, CH#%), 5.94 (1H, ddt, 17.1, 10.3, 6.8, B=CH,), 6.99 (1H, d,]J 7.6,

ArH), 7.04-7.17 (2H, stack, A); &(75 MHz) 19.0 (CH, CHs), 26.6 (CH, CH,CH,0), 40.3
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(CH,, CH,CH=CH,), 63.1 (CH, CH,0), 75.7 (CH,CHO), 116.8 (CH, CH=CH,), 122.4
(CH, Ar), 125.6 (CH, Ar), 127.6 (CH, Ar), 132.6 (quat.ifs0 Ar), 135.1 (CHCH=CH,),
136.2 (quat. Cipso Ar), 137.6 (quat. dpso Ar); mz (El) 188 ([M]', 3%), 147 (100, [M —
CsHg]"), 132 (16, [M — GHs — CHyY), 129 (48), 119 (66), 117 (50), 115 (53), 105 (65), 91

(62), 77 (18), 65 (10); HRMS: 6H1¢0 calcd 188.1201 ([M), obsd 188.1205.

Asymmetric allylation:

Enantiomerically enriched 1-allylisochrom&02awas prepared from 1l-ethoxyisochroman
179a (77 mg, 0.40 mmol), allyltrimethylsilane (@&, 0.60 mmol) and the phosphoramide
catalyst R)-45g (39.6 mg, 0.040 mmol) io-xylene (267uL) according to Method B. After
stirring for 7 h and work-up, purification by flash column chromatography (99% hexane, 1%
Et,0) afforded enantiomerically enriched 1-allylisochron202a (63 mg, 84%):ofp>° =
+93.9 € 1.15, CHCY, e.r. 8:92); Chiralpak AD, 1.0 mL/min, 100% hexahes 210 nm,

tRyminor: 11.9 mln, ﬁymajor: 16.5 mln.

1-Allyl-6-methylisochroman 202b

Chemical Formula: C13H160
(@) Exact Mass: 188.1201
Molecular Weight: 188.2655
Elemental Analysis: C, 82.94; H, 8.57; O, 8.50

Racemic 1-allylisochroma202bwas prepared from 1-ethoxyisochronmigf®b (100 mg, 0.52
mmol), allyltrimethylsilane (12fL, 0.78 mmol) and MeS{M (34 uL, 0.52 mmol) in CHCI,
(2 mL) according to Method A. Purification by flash column chromatography (99% hexane,

1% EtO) afforded 1-allylisochromaR02b as a colourless oil (93 mg, 959 = 0.43 (90%
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hexane, 10% EO); (Found: C, 82.61; H, 8.91.:6H:60 requires C, 82.94; H, 8.57%);
Vma{film)/cm™ 3072w, 2920m, 2850m, 1641w, 1617w, 1503m, 1428m, 1376m, 1331m,
1283m, 1251w, 1105s, 1063m, 987m, 908s, 872w, 847w, 815s, 778m, d{300 MHZz)
2.35 (3H, s, €El3), 2.54-2.81 (3H, stack, CH=CH,, CH,H,CH,0), 3.01 (1H, dddJ 16.0,
9.8, 5.4, CHH,CH,0), 3.80 (1H, dddJ 11.3, 9.8, 3.8, C4CH,H,O), 4.19(1H, ddd,J 11.3,
5.4, 3.4, CHCH_H0), 4.85 (1H, ddJ 7.9, 3.4, ®1O), 5.09-5.24 (2H, stack, CH#{), 5.96
(1H, ddt,J 17.1, 10.3, 6.8, C#CH=CH,), 6.95-7.06 (3H, stack, At); &(100 MHz) 20.9
(CHs, CHg), 29.0 (CH, CH,CH;0), 40.3 (CH, CH,CH=CH,), 63.4 (CH, CH;0), 75.4 (CH,
CHO), 116.8 (CH, CH=CH,), 124.6 (CH, Ar), 126.8 (CH, Ar), 129.4 (CH, Ar), 133.8 (quat.
C,ipso Ar), 134.7 (quat. Gpso Ar), 135.1 (CHCH=CH,), 135.7 (quat. Gpso Ar); mz (El)
188 ([M]*, 2%), 147 (100, [M — §45]"), 129 (11), 119 (19), 117 (17), 115 (13), 91 (21);

HRMS: GisH1¢O calcd 188.1201 ([M), obsd 188.1204.

Asymmetric allylation:

Enantiomerically enriched 1-allylisochrom&02b was prepared from 1-ethoxyisochroman
179b (77 mg, 0.40 mmol), allyltrimethylsilane (98., 0.60 mmol) and the phosphoramide
catalyst R)-45g (59.4 mg, 0.060 mmol) io-xylene (400uL) according to Method B. After
stirring for 6 h and work-up, purification by flash column chromatography (99% hexane, 1%
Et,0) afforded enantiomerically enriched 1-allylisochron202b (60 mg, 79%): §]o*° =
+98.1 € 1.04, CHC4, e.r. 13:87); Chiralcel OD, 1.0 mL/min, 100% hexakhes 210 nm,

tR’minor: 129 mln, ﬁlmajor: 149 mln
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1-Allyl-7-methylisochroman 202c

Chemical Formula: C13H160
(@) Exact Mass: 188.1201
Molecular Weight: 188.2655
Elemental Analysis: C, 82.94; H, 8.57; O, 8.50

Racemic 1-allylisochroma202cwas prepared from 1-ethoxyisochronfe#fc (100 mg, 0.52
mmol), allyltrimethylsilane (12fL, 0.78 mmol) and MeS{M (34 uL, 0.52 mmol) in CHCI,

(2 mL) according to Method A. Purification by flash column chromatography (99% hexane,
1% EO) afforded 1-allylisochromag02c as a yellow oil (89 mg, 91%J: = 0.35 (90%
hexane, 10% ED); |/mx(film)/cm'l 3076w, 2922m, 2855m, 1728w, 1641w, 1504m, 1429m,
1373w, 1327w, 1277w, 1250w, 1155w, 1105s, 1041m, 988m, 911s, 877m, 810s, 713w,
666wW; 34(300 MHz) 2.35 (3H, s, B3), 2.54-2.81 (3H, stack, ;CH=CH,, CH.H,CH,0),

2.98 (1H, ddd) 15.7, 9.6, 5.3, CHH,CH,0), 3.78 (1H, dddJ 11.2, 9.7, 3.8, CHCH-H,O),
4.18(1H, ddd,J 11.2, 5.3, 3.5, CKCH.H,0), 4.83 (1H, dd)) 8.2, 3.5, G10), 5.09-5.24 (2H,
stack, CH=El,), 5.96 (1H, ddtJ 17.1, 10.3, 6.8, B=CH,), 6.92-7.07 (3H, stack, A);
(100 MHz) 21.3 (CH, CH3), 28.7 (CH, CH,CH,0), 40.4 (CH, CH,CH=CH), 63.5 (CH,
CH,0), 75.6 (CHCHO), 116.9 (CH, CH=CH,), 125.3 (CH, Ar), 127.2 (CH, Ar), 128.8 (CH,
Ar), 131.0 (quat. Cipso Ar), 135.2 (CHCH=CHy,), 135.6 (quat. Cipso Ar), 137.6 (quat. C,
ipso Ar); m& (El) 188 ([M], 1%), 147 (100, [M — €Hs]"), 119 (13), 117 (10), 91 (12);

HRMS: G3H;60 calcd 188.1201 ([M), obsd 188.1191.

Asymmetric allylation:

Enantiomerically enriched 1-allylisochrom&®2c was prepared from 1l-ethoxyisochroman
179c (77 mg, 0.40 mmol), allyltrimethylsilane (98., 0.60 mmol) and the phosphoramide
catalyst R)-45g (59.4 mg, 0.060 mmol) io-xylene (267uL) according to Method B. After
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stirring for 8 h and work-up, purification by flash column chromatogygpB% hexane, 1%
Et,0) afforded enantiomerically enriched 1-allylisochron20®c (53 mg, 71%): ¢]o>° =
+120.0 € 0.98, CHCY, e.r. 13:87); Chiralpak AD, 1.0 mL/min, 100% hexahe; 210 nm,

tRyminor: 10.3 mln, ﬁymajor: 12.4 mln.

1-Allyl-8-methylisochroman 202d

Chemical Formula: C13H160
O Exact Mass: 188.1201
Molecular Weight: 188.2655
Elemental Analysis: C, 82.94; H, 8.57; O, 8.50

Racemic 1-allylisochroma02dwas prepared from 1-ethoxyisochroniaf®d (100 mg, 0.52
mmol), allyltrimethylsilane (12fL, 0.78 mmol) and MeS{M (34 uL, 0.52 mmol) in CHCI,

(2 mL) according to Method A. Purification by flash column chromatography (99% hexane,
1% EtO) afforded 1-allylisochromaR02d as a colourless oil (56 mg, 579%.= 0.40 (90%
hexane, 10% EO); (Found: C, 82.68; H, 8.40.:41:60 requires C, 82.94; H, 8.57%);
|/max(1‘ilm)/cm'1 3071w, 2920m, 2849m, 1639m, 1590w, 1464m, 1430m, 1374w, 1338w,
1267m, 1222w, 1194w, 1103s, 1080m, 1062m, 1029m, 999m, 910s, 850w, 768s, 736w,
711w; &4(300 MHz) 2.27 (3H, s, B3), 2.42-2.99 (4H, stack, M;CH=CH,, CH,CH,0), 3.82

(1H, app. dtJ 11.3, 5.1, CBCH.H,0), 4.11(1H, ddd,J 11.3, 8.1, 4.6, CHCHH,0), 4.97

(1H, dd,J 9.3, 2.3, ®10), 5.09-5.22 (2H, stack, CH#G), 5.99 (1H, ddtJ 17.1, 10.2, 6.9,
CH=CH,), 6.94-7.16 (3H, stack, A); A&(100 MHz) 19.0 (CH, CHg), 29.0 (CH,
CH,CH,0), 38.0 (CH, CH,CH=CH,), 59.5 (CH, CH,0), 73.3 (CH,CHO), 116.5 (CH,

CH=CH,), 126.2 (CH, Ar), 126.6 (CH, Ar), 128.5 (CH, Ar), 133.5 (quatipSp Ar), 133.7
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(quat. C,ipso Ar), 135.3 (CHCH=CH,), 136.2 (quat. Cipso Ar); mz (El) 188 ([M]’, 1%),

147 (100, [M — GHg]*); HRMS: GisH1¢O calcd 188.1201 ([M), obsd 188.1195.

Asymmetric allylation:

Enantiomerically enriched 1-allylisochrom&02d was prepared from 1l-ethoxyisochroman
179d (67 mg, 0.35 mmol), allyltrimethylsilane (88., 0.53 mmol) and the phosphoramide
catalyst R)-45g (69.3 mg, 0.070 mmol) io-xylene (233uL) according to Method B. After
stirring for 48 h and work-up, purification by carefeblumn chromatography (99% hexane,
1% Et0) afforded enantiomerically enriched 1-allylisochror282d (34 mg, 52%): ¢]p>° =
+53.0 € 0.37, CHCY, e.r. 21:79); Chiralcel OD, 1.0 mL/min, 100% hexakes 210 nm,

tRyminor: 12.8 mln, ﬁymajor: 15.2 mln.

Spiro[1-allylisochroman-4,1’-cyclopropane] 202j

Chemical Formula: C14H160
(o) Exact Mass: 200.1201
Molecular Weight: 200.2762
Elemental Analysis: C, 83.96; H, 8.05; O, 7.99

Racemic 1-allylisochromaR02j was prepared from 1-ethoxyisochrontasfj (100 mg, 0.49
mmol), allyltrimethylsilane (12@L, 0.73 mmol) and MeS£i (32 uL, 0.49 mmol) in CHCI,

(0.95 mL) according to Method A. Purification by flash column chromatography (99%
hexane, 1% EO) afforded 1-allylisochroman 2025 a colourless oil (92 mg, 94%).-R0.34

(90% hexane, 10% BD); Vma(film)/cm™ 3075w, 2948w, 2843m, 1641w, 1605w, 1492m,

®in total, two long columns were carried out to obtain a pure product
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1454w, 1430m, 1379m, 1336w, 1254m, 1146w, 1093s, 1033m, 997m, 910s, 856w, 830m,
751s,712m; &4(300 MHz) 0.84 (1H, ddd] 9.4, 6.0, 4.4, cyclopropyl@.Hp), 0.94-1.14 (3H,

stack, cyclopropylCEH,CH,), 2.64-2.84 (2H, stack, KLCH=CH,), 3.62 (1H, d,J 11.5,
CHaH,0), 3.85(1H, dd,J 11.5, 1.1, CEHO), 4.98 (1H, ddJ 8.2, 3.9, 10), 5.09-5.24 (2H,

stack, CH=G,), 5.98 (1H, ddtJ 17.1, 10.3, 6.8, B=CH,), 6.71-6.78 (1H, m, At), 7.08-

7.22 (3H, stack, At); (100 MHz) [13.4, 17.8 (CK cyclopropyCH,)], 18.9 (quat. C,
CCH,0), 40.0 (CH, CH,CH=CH,), 71.4 (CH, CH,0), 76.6 (CH,CHO), 116.9 (CH,
CH=CH,), 121.3 (CH, Ar), 124.4 (CH, Ar), 125.1 (CH, Ar), 126.8 (CH, Ar), 135.1 (CH,
CH=CH,), 137.7 (quat. Cipso Ar), 138.7 (quat. Gpso Ar); m/z (El) 159 (M — GHs]",

100%), 131 (25), 129 (25), 115 (19), 103 (17), 91 (16), 77 (11); HRMS,© calcd

159.0810 ([M — @Hz] "), obsd 159.0801.

Asymmetric allylation:

Enantiomerically enriched 1-allylisochrom&02] was prepared from 1-ethoxyisochroman
179j (82 mg, 0.40 mmol), allyltrimethylsilane (98, 0.60 mmol) and the phosphoramide
catalyst R)-45g (79.2 mg, 0.080 mmol) io-xylene (267uL) according to Method B. After
stirring for 8 h and work-up, purification by caréfaolumn chromatography (99% hexane,
1% E4O) afforded enantiomerically enriched 1-allylisochror282j (35 mg, 44%): ¢]p>° =
+5.1 € 0.35, CHCY, e.r. 43:57); Chiralpak AD, 1.0 mL/min, 1% IPA in hexakhe; 210 nm,

trminor = 5.9 min, & major = 7.4 min.

®in total, two long columns were carried out to obtain a pure product

206



1-Allyl-3,3-dimethylisochroman 202i

0 Chemical Formula: C14H1580
Exact Mass: 202.1358
Molecular Weight: 202.2921
Elemental Analysis: C, 83.12; H, 8.97; O, 7.91

Racemic 1-allylisochroma202iwas prepared from 1-ethoxyisochronia#9i (100 mg, 0.485
mmol), allyltrimethylsilane (12QuL, 0.73 mmol) and methanesulfonic acid (3, 0.485
mmol) in CHCI, (0.95 mL) according to Method A. Purification by flash column
chromatography (gradient: 100% hexane 99% hexane, 1% ED) afforded 1-
allylisochroman202i as a colourless oil (86 mg, 88%3 = 0.40 (95% hexane, 5% JXY);
Umafilm)/cm™ 3073w, 2973m, 2900w, 1493w, 1453w, 1431w, 1380m, 1367m, 1337m,
1255w, 1234w, 1206w, 1180m, 1110m, 1069s, 1040m, 992m, 910s, 801w, 739s, 712w;
(300 MHz) 1.17 (3H, s, Bs), 1.38 (3H, s, €3), 2.53 (1H, dJ 15.7, GH.Hy), 2.53-2.65
(1H, m, H.H,CH=CH,), 2.68-2.79 (1H, m, CHH,CH=CH,), 2.88 (1H, dJ 15.7, CHHy),
4.83-4.90 (1H, m, B0O), 5.00-5.15 (2H, stack, CH#{), 5.88 (1H, ddtJ 17.2, 10.3, 6.8,
CH=CH,), 7.04-7.24 (4H, stack, A); &(100 MHz) [23.3, 30.1 (Ck C(CHs)a(CHa)d,
[40.5, 40.7 (CH, CH,CO, (H,CH=CH,)], 70.8 (quat. C, CKCO), 71.2 (CH,CHO), 116.6
(CH,, CH=CH,), 124.3 (CH, Ar), 125.9 (CH, Ar), 126.2 (CH, Ar), 128.9 (CH, Ar), 133.8
(quat. C,ipso Ar), 135.0 (CHCH=CH,), 137.0 (quat. Gpso Ar); m& (El) 161 ([M — GHsg]",

100%), 143 (85), 128 (10); HRMS{El:50 calcd 161.0966 ([M — £is]*), obsd 161.0969.

Asymmetric allylation:
Enantiomerically enriched 1-allylisochrom@02i was prepared from 1-ethoxyisochroman

179i (82.5 mg, 0.400 mmol), allyltrimethylsilane (f&, 0.60 mmol) and the phosphoramide
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catalyst R)-45g (79.2 mg, 0.080 mmol) in-xylene (267uL) according to Method B. After
stirring for 24 h and work-up, purification by flash column chromatography (99% hexane, 1%
Et,0) afforded enantiomerically enriched 1-allylisochron2@2i (54 mg, 67%): ¢]p>* = —

10.0 € 0.96, CHCY, e.r. 43:57); Chiralcel OD, 1.0 mL/min, 100% hexane,210 nM g minor

= 7.3 mln, hmajor: 9.1 mln.

1-Allyl-5-bromoisochroman 202e

Br

Chemical Formula: C1,H13BroO
0o Exact Mass: 252.015
Molecular Weight: 253.135
Elemental Analysis: C, 56.94; H, 5.18; Br, 31.57; O, 6.32

Racemic 1-allylisochromak02ewas prepared from 1-ethoxyisochronfaffe(100 mg, 0.39
mmol), allyltrimethylsilane (9%L, 0.58 mmol) and MeS{H (25 uL, 0.39 mmol) in CHCI,

(0.75 mL) according to Method A. Purification by flash column chromatography (gradient:
100% hexane- 99% hexane, 1% ED) afforded 1-allylisochromaB02eas a colourless oil

(61 mg, 62%)R = 0.45 (90% hexane, 10%BX); vma(film)/cm™ 2933m, 2858m, 1640w,
1563m, 1461m, 1439s, 1377w, 1329m, 1255w, 1177w, 1113s, 1076m, 988s, 913s, 861w,
813w, 771s, 744m, 717m, 675m}(300 MHz) 2.51-2.95 (4H, stack, HFCH=CH,,
CH,CH,0), 3.77 (1H, dddJ 11.5, 9.2, 4.4, B.HyO), 4.19 (1H, ddd,J 11.5, 5.6, 3.8,
CH.Hp0), 4.80 (1H, ddJ 7.9, 3.8, G10O), 5.06-5.19 (2H, stack, CH+G), 5.88 (1H, ddt)]

17.1, 10.3, 6.8, B=CH,), 7.02-7.11 (2H, stack, M), 7.40-7.48 (1H, m, Af); &(100 MHz)

29.8 (CH, CH,CH,0), 40.1 (CH, CH,CH=CH), 63.1 (CH, CH,0), 75.3 (CHCHO), 117.2

(CH,, CH=CH,), 123.9 (CH, Ar), 125.3 (quat. @so Ar), 127.2 (CH, Ar), 130.3 (CH, Ar),
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133.9 (quat. Cipso Ar), 134.5 (CHCH=CH,), 140.4 (quat. Cipso Ar); mz (El) 213 (M —
CsHg]", 100%), 211 (10, [M — §s]"), 132 (41), 104 (17), 103 (17), 77 (11); HRMS:

CoHgO™Br calcd 210.9759 ([M — i=]*), obsd 210.9764.

Asymmetric allylation:

Enantiomerically enriched 1-allylisochrom&92ewas prepared from 1l-ethoxyisochroman
179e (77 mg, 0.30 mmol), allyltrimethylsilane (4., 0.45 mmol) and the phosphoramide
catalyst R)-45g (59.4 mg, 0.060 mmol) io-xylene (200uL) according to Method B. After
stirring for 48 h and work-up, purification by caréfeblumn chromatography (99% hexane,
1% EO) afforded enantiomerically enriched 1-allylisochron2@2e (34 mg, 45%): ¢]p>° =
+53.8 € 0.74, CHCY, e.r. 17:83); Chiralcel OD, 1.0 mL/min, 1% IPA in hexane, 210 nm,

tRyminor: 5.4 mln, &major: 6.0 mln.

1-Allyl-5-tolylisochroman 211

O Chemical Formula: C1gH500

Exact Mass: 264.1514

Molecular Weight: 264.3615
0o Elemental Analysis: C, 86.32; H, 7.63; O, 6.05

Racemic 1-allyl-5-bromoisochromé&02e (150 mg, 0.593 mmol), 4-tolylboronic acid (161
mg, 1.19 mmol) and N&O; (530 mg, 5.00 mmol) were dissolved in a mixture of degassed

toluene/EtOH/HO (2:1:1, 10 mL). Pd(PRJx (68 mg, 0.059 mmol) was added, and the

"in total, two long columns were carried out to obtain a pure product
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mixture was heated under reflux for 3 h. The black suspension was coolRd .{ the
solvents were removed under reduced pressure and the resulting solid was dissolved in
CH.CI, (20 mL). HO (20 mL) was added and the layers were separated. The aqueous phase
was extracted with C}l, (10 mL). The combined organic fractions were washed with brine
(20 mL), and then dried (MgSP The drying agent was removed by filtration and the filtrate
concentrated under reduced pressure to provide the crude product. Purification by flash
column chromatography (99.5% hexane, 0.5%0O[Eafforded 1-allyl-5-tolylisochromagl1l

as a colourless oil (152 mg, 97%):=R0.31 (90% hexane, 10%:BX); Umadfilm)/cm™ 2927m,
2855m, 1643w, 1515m, 1463m, 1377w, 1338w, 1110s, 990m, 911s, 822s, 7908}, (BE:;

MHz) 2.32 (3H, s, Ch), 2.43 (1H, app. dt] 16.6, 3.4, Bl.H,CH,0), 2.49-2.74 (2H, stack,
CH,CH=CH,), 2.82 (1H, dddJ 16.6, 9.6, 5.3, CHH,CH,0), 3.58 (1H, dddJ 11.2, 9.6, 3.5,
CH,H,0), 3.98(1H, ddd,J 11.2, 5.3, 3.6, CHH,0), 4.83 (1H, ddJ 7.9, 3.3, G1O), 5.00-5.17

(2H, stack, CH=El,), 5.88 (1H, ddt] 17.1, 10.2, 6.8, B=CH,), 7.00-7.09 (2H, stack, A,
7.10-7.22 (5H, stack, Af); &(100 MHz) 21.1 (CH, ArCHs), 28.3 (CH, CH,CH,0), 40.9

(CH,, CH,CH=CH,), 63.4 (CH, CH,0), 75.8 (CH,CHO), 117.0 (CH, CH=CH,), 123.9

(CH, Ar), 125.8 (CH, Ar), 127.7 (CH, Ar), 128.8 (CH, Ar), 129.1 (CH, Ar), 132.0 (quat. C,
ipso Ar), 135.1 (CHCH=CH,), 136.7 (quat. C, 2 ¥pso Ar), 138.0 (quat. Gpso Ar), 141.8

(quat. C,ipso Ar); m& (El) 223 ([M — GHs]*, 100%), 195 (40), 180 (29), 179 (25), 178 (27),

167 (24), 165 (34); HRMS: gH,0O calcd 264.1514 ([M), obsd 264.1526.

The same protocol was followed for the preparation of enantiomerically enriched 1-allyl-5-
tolylisochroman211 from enantiomerically enriched 1-allyl-5-bromoisochronzi®e (17.0
mg, 0.067 mmol, e.r. 17:83), 4-tolylboronic acid (18 mg, 0.134 mmopC8a(60 mg, 0.565
mmol) and Pd(PRJy (7.7 mg, 0.007 mmol) in degassed toluene/EtQB/KR:1:1, 1.13 mL).
Purification by flash column chromatography (99.5% hexane, 0.5%) Eafforded
enantiomerically enriched 1-allylisochrom&d1 (16.0 mg, 90%): 4]p*° = +22.6 ¢ 0.46,
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CHCls, e.r. 17:83); Lux 5u Cellulose-2, 3 mL/min, 0.5% IPA in hexare 254 nmtr major =

8.9 mln, ‘hmajor: 10.4 mln.

1-Allyl-5-trifluoromethylisochroman 202f

CF3

Chemical Formula: C;3H13F30

Exact Mass: 242.0918

Molecular Weight: 242.2369

Elemental Analysis: C, 64.46; H, 5.41; F, 23.53; O, 6.60

Racemic 1-allylisochroma02f was prepared from 1-ethoxyisochrontardf (100 mg, 0.41
mmol), allyltrimethylsilane (10QL, 0.61 mmol) and MeS£i (25puL, 0.41 mmol) in CHCI,

(0.80 mL) according to Method A. Purification by flash column chromatography (gradient:
100% hexane- 99.5% hexane, 0.5% ) afforded 1-allylisochromaB02f as a colourless

oil (77 mg, 78%)R; = 0.46 (90% hexane, 10%.B%); Vma(film)/cm™ 3070w, 2969w, 2860w,
1469w, 1458w, 1429w, 1316s, 1261w, 1183w, 1156s, 1112s, 1078s, 1046m, 995m, 969w,
914m, 801m, 755m, 742m, 727m, 675n(300 MHz) 2.54-2.78 (2H, stack,HGZCH=CH,),
2.85-2.98 (1H, m, 8,H,CH,0), 3.00-3.14 (1H, m, Ci,CH,0), 3.77 (1H, dddJ 11.5, 9.4,

3.9, H.Hy0), 4.17(1H, ddd,J 11.5, 5.3, 3.9, CiH,0), 4.89 (1H, ddJ 7.7, 3.9, G10O), 5.06-

5.19 (2H, stack, CH=R,), 5.88 (1H, ddt,J 17.1, 10.3, 6.8, B=CH,), 7.22-7.33 (2H, stack,
ArH), 7.48-7.56 (1H, m, Af); J&(100 MHz) 25.9 (CH, CH.CH,0), 40.5 (CH,
CH,CH=CH,), 62.5 (CH, CH,0), 75.4 (CH,CHO), 117.3 (CH, CH=CH,), 124.0 (CH, q,
3Jc.£ 5.5, Ar), 124.4 (quat. C, 4Jc.r 272.6, ACFs), 125.7 (CH, Ar), 128.5 (quat. §so Ar),

128.7 (CH, Ar), 133.1 (quat. Gpso Ar), 134.4 (CHCH=CH,), 139.3 (quat. Cipso Ar);
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(282 MHz) —61.2 (s, Ar€s); m/z (EI) 201 (IM — GHs]*, 100%), 181 (16), 153 (10), 151

(10), 133 (15); HRMS: GHsOF; calcd 201.0527 ([M — 5], obsd 201.0523.

Asymmetric allylation:

Enantiomerically enriched 1-allylisochrom@02f was prepared from 1-ethoxyisochroman
179f (98.5 mg, 0.40 mmol), allyltrimethylsilane (¢&, 0.60 mmol) and the phosphoramide
catalyst R)-45g (59.4 mg, 0.060 mmol) io-xylene (267uL) according to Method B. After
stirring for 48 h and work-up, purification by caréfablumn chromatography (99% hexane,
1% EO) afforded enantiomerically enriched 1-allylisochron2@2f (23 mg, 24%): ¢]o° =
+43.8 € 0.78, CHCY, e.r. 88:12); Lux 5u Cellulose-2, 3 mL/min, 0.5% IPA in hexane,

250 nm, ﬁymajor: 60 mln, h’minor: 72 mln

1-Allyl-7-methoxyisochroman 202g

Chemical Formula: C13H160,
) Exact Mass: 204.115
Molecular Weight: 204.2649
Elemental Analysis: C, 76.44; H, 7.90; O, 15.67

MeO

Racemic l-allylisochromaR02gwas prepared from 1-ethoxyisochront&rfg (70 mg, 0.34
mmol), allyltrimethylsilane (8@.L, 0.50 mmol) and MeS{H (22 uL, 0.34 mmol) in CHCI,

(0.65 mL) according to Method A. Purification by flash column chromatography (gradient:
99% hexane, 1% KD —» 90% hexane, 10% kD) afforded 1-allylisochroma®02g as a
colourless oil (50 mg, 72%)R = 0.23 (90% hexane, 10% :B%; vmafilm)/cm™ 3075w,

2919w, 2835w, 1612m, 1502s, 1464m, 1428m, 1314m, 1281s, 1255s, 1207m, 1161w, 1107s,

8in total, two long columns were carried out to obtain a pure product
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1037s, 989m, 912m, 866w, 848w, 804m, 733w, 7084800 MHz) 2.53-2.77 (3H, stack,
CH,CH=CH,, CH,H,CH;0), 2.93 (1H, ddd) 15.7, 9.7, 5.4, CH#H,CH,0), 3.70-3.82 (4H,
stack, CHCH,HyO, OCH3), 4.16 (1H, ddd,J 11.3, 5.4, 3.7, CHH,0), 4.81 (1H, dd,) 7.8,
3.7, (HO), 5.07-5.22 (2H, stack, CH#6), 5.93 (1H, ddtJ 17.1, 10.1, 6.8, B=CH),), 6.65
(1H, d,J 2.5, AH), 6.75 (1H, dd,) 8.4, 2.5, AH), 7.04 (1H, d,) 8.4, AH); &(75 MHz) 28.2
(CH,, CH,CH,0), 40.3 (CH, CH,CH=CH,), 55.2 (CH, OCHz), 63.6 (CH, CH,0), 75.5
(CH, CHO), 110.0 (CH, Ar), 112.2 (CH, Ar), 116.9 (GHCH=CH,), 126.1 (quat. C, ipso Ar),
129.7 (CH, Ar), 135.0 (CHZCH=CHy,), 138.7 (quat. CipsoAr), 157.8 (quat. Cipso Ar); m/z
(El) 204 (IM]', 3%), 163 (100, (M — €Hg]"), 121 (24), 105 (12); HRMS: 16H:40 calcd

204.1150 ([M]), obsd 204.1153.

Asymmetric allylation:

Enantiomerically enriched 1-allylisochrom&02g was prepared from 1l-ethoxyisochroman
1799 (90 mg, 0.432 mmol), allyltrimethylsilane (105 0.648 mmol) and the phosphoramide
catalyst R)-45g (64.3 mg, 0.065 mmol) io-xylene (290uL) according to Method B. After
stirring for 24 h and work-up, purification by column chromatography (99% hexane, 1%
Et,0) afforded enantiomerically enriched 1-allylisochron202g (57 mg, 65%):0fp?° =
+64.6 € 1.27, CHC4, e.r. 21:79); Chiralpak AD, 1.0 mL/min, 10% IPA in hexakhe; 230

nM, & minor = 4.2 min, & major = 4.9 min.

1-Allyl-7-fluoroisochroman 202h

Chemical Formula: C;,H3FO
O] Exact Mass: 192.095
Molecular Weight: 192.2294
Elemental Analysis: C, 74.98; H, 6.82; F, 9.88; O, 8.32
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Racemic 1-allylisochroma@02hwas prepared from 1-ethoxyisochrontaf9h (100 mg, 0.51
mmol), allyltrimethylsilane (12@L, 0.76 mmol) and MeS£i (33 uL, 0.51 mmol) in CHCI,

(1 mL) according to Method A. Purification by flash column chromatography (gradient: 100%
hexane- 99.5% hexane, 0.5% /) afforded 1-allylisochroma202has a colourless oil (81

mg, 83%): R = 0.33 (90% hexane, 10% ,B%); Vma(film)/cm™ 2930w, 2855w, 1616w,
1592w, 1497s, 1427m, 1249m, 1201m, 1108s, 992m, 938m, 914m, 866m, 811s, 736m,;
(300 MHz) 2.50-2.75 (3H, stack, HbCH=CH,, CH,H,CH,O), 2.88-3.01 (1H, m,
CHH,CH,0), 3.74 (1H, ddd) 11.3, 9.8, 3.8, B.H,0), 4.16(1H, ddd,J 11.3, 5.4, 3.4,
CH.Hp0), 4.79 (1H, ddJ 7.6, 3.6, G1O), 5.06-5.21 (2H, stack, CH#G), 5.89 (1H, ddt)]

17.1, 10.3, 6.8, B=CH,), 6.77-6.92 (2H, stack, A, 7.07 (1H, dd,) 8.3, 5.8, AH); &(75

MHz) 28.3 (CH, CH,CH,0), 40.1 (CH, CH,CH=CH,), 63.5 (CH, CH,0), 75.3 (CHCHO),

111.4 (CH, d2Jcr 21.8, Ar), 113.4 (CH, d?Jcr 21.2, Ar), 117.3 (CH CH=CH,), 129.5
(quat. C,ipso Ar), 130.2 (CH, d®Jc. 7.5, Ar), 134.5 (CHCH=CHj,), 139.5 (quat. C, d'Jc.r
6.1,ipso Ar), 161.1 (quat. C, dJcr 242.2,ipso Ar); J(282 MHz) —116.2 - —116.0 (F, m,
ArF); m/z (El) 151 (M — GHg]", 100%), 133 (20), 109 (13), 103 (18); HRMSHgOF calcd

151.0559 ([M — GHs]"), obsd 151.0552.

Asymmetric allylation:

Enantiomerically enriched 1-allylisochrom&02h was prepared from 1-ethoxyisochroman
179h (98.1 mg, 0.500 mmol), allyltrimethylsilane (1206L, 0.750 mmol) and the
phosphoramide catalysR)-45g (74.2 mg, 0.075 mmol) io-xylene (333uL) according to
Method B. After stirring for 48 h and work-up, purification by column chromatography (99%
hexane, 1% EO) afforded enantiomerically enriched 1-allylisochron2é2h (39 mg, 41%):
[a]p™ = +76.7 € 0.67, CHC}, e.r. 20:80); Lux 5u Cellulose-2, 3 mL/min, 0.5% IPA in

hexane, ’= 210 NnM, & major = 8.5 MIN, & minor = 9.1 Min.
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1-Allylphthalan 202k and 1-(2’-hydroxyethyl)phthalan 2034

o) Chemical Formula: C;1H4,0
Exact Mass: 160.0888
Molecular Weight: 160.2124
\ Elemental Analysis: C, 82.46; H, 7.55; O, 9.99

0] Chemical Formula: C1gH1,05,
Exact Mass: 164.0837
Molecular Weight: 164.2011
Elemental Analysis: C, 73.15; H, 7.37; O, 19.49

Racemic 1-allylphthalarRO2k was prepared from 1-ethoxyphthala@9k (100 mg, 0.61
mmol), allyltrimethylsilane (14%L, 0.91 mmol) and MeS{M (40 uL, 0.61 mmol) in CHCI,

(2.2 mL) according to Method A. Purification by flash column chromatography (99%
pentane, 1% EO) afforded 1-allylphthalaB02k as a colourless liquid (70 mg, 72%, reduced
yield owing to product volatility):R = 0.28 (90% pentane, 10% 8); Una(film)/cm™
3076w, 2899w, 2851m, 1641m, 1479m, 1461m, 1415w, 1365m, 1350w, 1317w, 1259w,
1107w, 1043s, 1021m, 996m, 964m, 913s, 881w, 865w, 841m, 821w, 746s, 729s, 717s,
693m; J(300 MHz) 2.50-2.75 (2H, stack, HBCH=CH,), 5.06-5.26 (4H, stack, KGO,
CH=CH,), 5.31-5.39 (1H, m, BO), 5.92 (1H, ddt] 17.1, 10.2, 6.9, B=CH,), 7.20-7.36

(4H, stack, AH); (100 MHz) 40.6 (CH, CH,CH=CH,), 72.6 (CH, CH,0), 83.1 (CH,
CHO), 117.5 (CH, CH=CH,), 120.9 (CH, Ar), 121.2 (CH, Ar), 127.1 (CH, Ar), 127.4 (CH,
Ar), 134.0 (CH,CH=CH,), 139.4 (quat. Cipso Ar) 141.5 (quat. Cipso Ar); mz (El) 160

(IM]*, 1%), 119 (100, [M — §Hs]"), 91 (57), 65 (8); HRMS: GH;,0 calcd 160.0888 ([M),

obsd 160.0889.
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Racemic 1-(2’-hydroxyethyl)phthala203was prepared from 1-allylphthal202k by a one-

pot oxidative cleavage—reduction sequence. NgBQ5 mg, 4.28 mmol), 2,6-lutidine (250

uL, 2.14 mmol) and OsfX(a small crystal) were added to a mixture of the starting material
(171 mg, 1.07 mmol) in dioxanefB (3:1, 10.7 mL) at 0 °C. After stirring at R.T. for 2 h,
NaBH,; (202 mg, 5.35 mmol) was added in small portions over a period of 5 min. The mixture
was stirred for additional 10 min, and then quenched withQ¥lidolution (15 mL) at O °C.

The two phases were separated and the agqueous phase was extracted,@lith(3Ci#d 10

mL). The combined organic fractions were washed with brine (20 mL) and then dried
(MgSQy). The drying agent was removed by filtration and the filtrate concentrated under
reduced pressure to provide the crude product as a dark-red liquid. Purification by flash
column chromatography (gradient: 90% hexane, 10% EtQAB80% hexane, 50% EtOAcC)
afforded alcohoR03 as a colourle3siscous oil (129 mg, 73%R: = 0.18 (50% hexane, 50%
EtOAC); 44(300 MHz) 1.88-2.02 (1H, m, .H,CH,OH), 2.11-2.24 (1H, m, C#CH,0H),

3.13 (1H, br s, @), 3.80-3.95 (2H, stack, GIBH,OH), 5.03-5.20 (2H, stack, AGO),
5.40-5.49 (1H, m, B0), 7.13-7.35 (4H, stack, Ai); (100 MHz) 37.9 (CH, CH,CH,0H),

60.4 (CH, CH,CH,OH), 72.4 (CH, ArCH,0), 83.2 (CHCHO), 120.8 (CH, Ar), 120.9 (CH,

Ar), 127.3 (CH, Ar), 127.5 (CH, Ar), 138.8 (quat. ipso Ar), 141.4 (quat. dpso Ar); mg

(E) 164 ([M]', 17%), 119 (100, [M — CKCH,OH]"), 91 (33); HRMS: GH1,0, calcd

164.0837 ([M]), obsd 164.0839.

Asymmetric allylation:

Enantiomerically enriched 1-allylphthal&@®2k was prepared from 1-ethoxyphthal&@9k
(98.5 mg, 0.600 mmol), allyltrimethylsilane (14%&, 0.900 mmol) and the phosphoramide
catalyst R)-45g (89.1 mg, 0.090 mmol) io-xylene (400uL) according to Method B. After

stirring for 24 h, a few drops of Nftvere added and from the resulting wet solid the o-xylene

®in total, two columns were carried out to obtain a pure colourless product
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was removed under reduced pressure. Purification by column chroaptgd®9% hexane,
1% EtO) afforded enantiomerically enriched 1-allylisochron2é&2k (59 mg, 61%, reduced
yield owing to product volatility): ¢]o°° = +25.0 € 1.31, CHCJ); no baseline separation of
the two enantiomers by chiral HPLC.

Enantiomerically enriched 1-(2'-hydroxyethyl)phthalan 20%as prepared from
enantiomerically enriched 1-allylphthal202k (59 mg, 0.368 mmol), Nal{X(315 mg, 1.47
mmol), 2,6-lutidine (80uL, 0.737 mmol), Os@(a small crystal) and then NaBK70 mg,
1.84 mmol) in dioxane/}0 (3:1, 370 plL). Work-up and purification by column
chromatography (gradient: 90% hexane, 10% EtQOA&0% hexane, 50% EtOAc) afforded
enantiomerically enriched alcoh@03 (42 mg, 70%):d|o?° = +??? € ???, CHC), e.r.
26:74); Chiralpak AD, 1.0 mL/min, 0.5% IPA in hexanes 210 nm,tgmaor = 13.8 min,

tR’minor = 153 mln

1-Allyl-3,4,5-trihydro-2-benzoxepin 202l and 1-(1’-ethoxy-but-3’-ene)-2-(3"-(1""-0xo-

37,4 5 -trihydro-2-benzoxepin)propyl)benzene 205

Chemical Formula: C13H160
e} Exact Mass: 188.1201
Molecular Weight: 188.2655
Elemental Analysis: C, 82.94; H, 8.57; O, 8.50

o)

o Chemical Formula: Cy5H3,04
Exact Mass: 380.2351
Molecular Weight: 380.5198

OFt Elemental Analysis: C, 78.91; H, 8.48; O, 12.61
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Racemic l-allylbenzoxepig02l was prepared from 1l-ethoxybenzoxefirfl (100 mg, 0.52
mmol), allyltrimethylsilane (12%L, 0.78 mmol) and MeS£i (35uL, 0.52 mmol) in CHCI,

(1 mL) according to Method A. Purification by flash column chromatography (gradient: 99%
hexane, 1% EO - 90% hexane, 10% £2) afforded, in order of elution, benzoxe@d2l as

a colourless liquid (25 mg, 26%% = 0.33 (90% hexane, 10%,50); Vma{film)/cm™ 3075w,
2934m, 2846m, 1641w, 1490w, 1454m, 1335w, 1281w, 1096s, 1021m, 998m, 980m, 911s,
876w, 851w, 807w, 763s, 7448,(300 MHz) 1.70-1.97 (2H, stack, G&H,CH,0), 2.61-

2.81 (2H, stack, B,CH=CH,), 3.02 (2H, app. tJ 6.0, (H.H,CH,CH,0), 3.82 (1H, ddd)

12.1, 11.2, 3.6, B.Hy0), 4.22(1H, ddd,J 12.1, 4.8, 2.7, CHH,0), 4.65 (1H, dd,) 8.4, 5.2,
CHO), 5.08-5.23 (2H, stack, CH#6), 5.99 (1H, ddtJ 17.1, 10.3, 6.7, B=CH,), 7.12-7.25

(4H, stack, AH); &(75 MHz) 29.5 (CH, CH,CH,CH,0), 33.9 (CH, CH,CH,CH,0), 38.5
(CH,, CH,CH=CH,), 72.2 (CH, CH,0), 81.0 (CH,CHO), 116.7 (CH, CH=CH,), 125.4

(CH, Ar), 126.0 (CH, Ar), 127.4 (CH, Ar), 129.5 (CH, Ar), 135.6 (QEH=CH,), 141.5
(quat. C,ipso Ar), 141.6 (quat. Gpso Ar); m& (El) 147 (M — GHs]*, 100%), 129 (59), 115
(15), 91 (24); HRMS: gH1;0 calcd 147.0810 (M — 4Es]), obsd 147.0809; and then
benzoxepin205 (15 mg, 15%)R; = 0.23 (90% hexane, 10% 6%); Vma(film)/cm™ 3071w,
2930m, 1640w, 1454m, 1349m, 1281w, 1224w, 1140m, 1085s, 1020s, 964m, 946m, 913m,
876w, 852w, 747s¢,(300 MHz) 1.13-1.19 (3H, m, OGBH3), 1.74-2.08 (4H, stack, 2 x
CH,CH,CH,0), 2.26-2.42 (1H, m, B,H,CH=CH,), 2.46-2.60 (1H, m, CHH,CH=CH,),
2.69-3.06 (4H, stack, 2 xHGCH,CH,0), 3.23-3.43 (2H, stack, @GCHs), 3.59 (1H, app. dt,

J 9.5, 6.0, CHCH,CH,HyO), 3.89 (1H, ddd)J 11.9, 7.4, 4.7, C4CH,CH,H,O), 3.97-4.07

(1H, m, CHCH,CH:H,0), 4.21-4.32 (1H, m, C}H,CH.H:O), 4.62 (1H, app. di] 8.1, 4.7,
CHO), 4.97-5.12 (2H, stack, CH+G), 5.53 (1H, s, acetall), 5.75-5.92 (1H, m, B=CH,),
7.10-7.29 (6H, stack, At), 7.42-7.56 (2H, stack, A); d&(100 MHz) 15.3 (CH, OCHCHa),

29.0 (CH), 29.5 (CH), 31.4 (CH), 34.2 (CH), 42.5 (CH), 64.0 (CH, CH,0), 67.7 (CH,
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CH,0), 68.4 (CH, CH,0), 77.5 (CH, CHOEt), 103.5 (CH, acetaCH), 116.5 (CH,
CH=CH,), 126.1 (CH, 2 x Ar), 126.1 (CH, Ar), 126.4 (CH, Ar), 127.1 (CH, Ar), 128.1 (CH,
Ar), 129.3 (CH, Ar), 129.4 (CH, Ar), 135.3 (CIEH=CH,), 139.2 (quat. Cipso Ar), 139.7
(quat. C,pso Ar), 139.9 (quat. Gpso Ar), 140.3 (quat. Gpso Ar); mz (TOF ES+) 403 ([M

+ NaJ*, 100%); HRMS: GsH3,0sNa calcd 403.2249 ([M + N8}, obsd 403.2240.

Asymmetric allylation:

Enantiomerically enriched 1-allylbenzoxep2®2l was prepared from 1-ethoxybenzoxepin
1791 (76.9 mg, 0.400 mmol), allyltrimethylsilane (9L, 0.600 mmol) and the
phosphoramide catalysR)-45g (79.2 mg, 0.080 mmol) io-xylene (267uL) according to
Method B. After stirring for 48 h and work-up, purification by column chromatography (99%

hexane, 1% EO) afforded traces of enantiomerically enriched 1-allyloenzoxepin 202|

1-Allyl-3H -naphtho[1,8-cd]pyran 202m

Chemical Formula: C;5H140

Exact Mass: 210.1045

Molecular Weight: 210.2711

Elemental Analysis: C, 85.68; H, 6.71; O, 7.61

Racemic 1-allylpyrar202m was prepared from 1-ethoxypyrda@9m (100 mg, 0.47 mmol),
allyltrimethylsilane (110uL, 0.70 mmol) and MeS£ (45 puL, 0.47 mmol) in CHCI, (0.9

mL) according to Method A. Purification by flash column chromatography (gradient: 100%
hexane- 99% hexane, 1% ED) afforded 1-allylpyrar02m as a colourless oil (94 mg,

96%): R = 0.34 (90% hexane, 10%5%); d4(300 MHz) 2.76-2.97 (2H, stackH3CH=CH),

219



5.02-5.33 (5H, stack, &0, CHO, CH=H,), 6.08 (1H, ddtJ 17.1, 10.3, 6.8, B=CHy,),
7.17-7.24 (1H, m, At), 7.25-7.32 (1H, m, A), 7.41-7.53 (2H, stack, Al), 7.73-7.82 (2H,
stack, ArH); &(75 MHz) 38.3 (CH, CH,CH=CH,), 66.7 (CH, CH,0), 76.2 (CH,CHO),
117.3 (CH, CH=CHy), 120.0 (CH, Ar), 120.1 (CH, Ar), 125.5 (CH, 2 x Ar), 126.4 (CH, Ar),
126.5 (CH, Ar), 126.7 (quat. @yso Ar), 132.4 (quat. dpso Ar), 132.9 (quat. dpso Ar),
134.6 (CH,CH=CH,), 135.1 (quat. Cipso Ar); m& (El) 210 ([M], 4%), 169 (100, [M —

CsHe] "), 141 (43), 115 (18); HRMS: €H140 calcd 210.1025 ([M), obsd 210.1046.

Asymmetric allylation:

Enantiomerically enriched 1-allylpyr&202mwas prepared from 1-ethoxypyrdi@9m (85.7
mg, 0.400 mmol), allyltrimethylsilane (94., 0.600 mmol) and the phosphoramide catalyst
(R)-45g (59.4 mg, 0.060 mmol) io-xylene (348uL) according to Method B. After stirring
for 24 h and work-up, purification by column chromatography (99% hexane, 1@ Et
afforded enantiomerically enriched 1-allylpyra®@2m (35 mg, 42%): 4]o>°= +56.3 € 0.67,
CHCl3, e.r. 31:69);Chiralcel OD,1.0 mL/min, 100% hexane, 10% IPA in hexahe; 210

nm’ h,minor: 54 mln, h’major: 59 mln

1-Allyl-1-methylisochroman 202n

Chemical Formula: C13H60

Exact Mass: 188.1201

Molecular Weight: 188.2655

Elemental Analysis: C, 82.94; H, 8.57; O, 8.50

Racemic 1-allylisochroma®02nwas prepared from 1-ethoxyisochroniafdn (120 mg, 0.61

mmol), allyltrimethylsilane (14%L, 0.92 mmol) and MeS£ (40 L, 0.61 mmol) in CHCI,
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(1.2 mL) according to Method A. Purification by flash column chromatogrdghadient:

99% hexane, 1% KD - 90% hexane, 10% D) afforded, in order of elution, 1-
allylisochroman202n as a colourless oil (47 mg, 41%: = 0.36 (90% hexane, 10%.,EX);
vmx(ﬁlm)/cm'1 3076w, 2975m, 2930m, 1639w, 1490m, 1447m, 1428m, 1372m, 1285m,
1159w, 1094s, 1058m, 1036m, 997m, 973w, 910s, 827w, 790w, 758s, 734s, 5300,
MHz) 1.51 (3H, s, E), 2.51 (1H, ddJ 14.4, 7.7, ®H,CH.0), 2.64-2.94 (3H, stack,
CHH,CH;0O, CH,CH=CH,), 3.87-4.05 (2H, stack, H;0), 5.00-5.12 (2H, stack, CH+(G),
5.72-5.88 (1H, m, B=CH,), 7.06-7.25 (4H, stack, A); &(75 MHz) 27.4 (CH, CHs), 29.5
(CH,, CH,CH,0), 46.6 (CH, CH,CH=CH,), 59.5 (CH, CH,CH,0), 76.2 (quat. CCO),
117.4 (CH, CH=CH,), 125.4 (CH, Ar), 125.9 (CH, Ar), 126.1 (CH, Ar), 128.7 (CH, Ar),
133.6 (quat. Cipso Ar), 134.1 (CHCH=CH,), 141.9 (quat. Cipso Ar); mz (El) 147 (M —
CsHs]*, 100%), 129 (30); HRMS: {gH1:0 calcd 147.0810 ([M — 4Bis]*), obsd 147.0811;

and then a second prod#4 whose structure was not determimsda colourless wax (39
mg, 38%, mixture of diastereoisomers). selected data: 0.15 (90% hexane, 10% ,6%;
Vma(film)/cm™ 3073w, 3019w, 2928m, 2858w, 1489m, 1448m, 1427m, 1370m, 1341w,
1285m, 1188w, 1157w, 1094s, 1057m, 1037m, 986w, 910m, 811w, 755s, 735s, 6Z4w; m/
(TOF ES+) 357 ([M + Nd] 100%); HRMS: GzH»¢0:Na calcd 357.1831 ([M + N§] obsd

357.1838.

Asymmetric allylation:

Enantiomerically enriched 1-allylisochrom&02n was prepared from 1-ethoxyisochroman
179n (76.9 mg, 0.400 mmol), allyltrimethylsilane (9L, 0.600 mmol) and the
phosphoramide catalysR)-45g (59.4 mg, 0.060 mmol) io-xylene (270uL) according to
Method B. After stirring for 24 h and work-up, purification by column chromatography (99%

hexane, 1% EO) afforded enantiomerically enriched 1-allylisochron2é2n (25 mg, 33%):
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[a]p?* = +43.4 € 0.73, CHC}, e.r. 37:63)Chiralcel OD,1.0 mL/min, 100% hexané,= 210

nm, hyminor: 8.9 mln, &major: 10.9 mln.

1-Allyl-1-phenylisochroman 2020

O o) Chemical Formula: C1gH150

Exact Mass: 250.1358

\ Molecular Weight: 250.3349
O Elemental Analysis: C, 86.36; H, 7.25; O, 6.39

Racemic l-allylisochromaR02owas prepared from 1-ethoxyisochrontrfo (60 mg, 0.24
mmol), allyltrimethylsilane (5%.L, 0.35 mmol) and MeS{H (15 uL, 0.24 mmol) in CHCI,

(0.5 mL) according to Method A. Purification by flash column chromatography (gradient:
100% hexane-— 98% hexane, 2% KD) afforded 1-allylisochromar2020 as a white
crystalline solid (26 mg, 44%): mp 65-66 °® = 0.43 (90% hexane, 10% ,BX;
vmax(ﬁlm)/cm'1 3064w, 2935w, 2914m, 2883w, 1488m, 1442m, 1429m, 1161w, 1097s,
1080m, 1069m, 1036m, 1013m, 994m, 973m, 942m, 920s, 886w, 849w, 759s, 733m, 701s,
671m; J(300 MHz) 2.62 (1H, app. df, 16.4, 3.6, El,H,CH,0), 2.94 (1H, ddt) 15.7, 6.5,

2.0, CHH,CH;0), 3.01-3.15 (2H, stack, GCH=CH,), 3.66 (1H, dddJ 11.4, 10.8, 3.6,
CH,CHaH,0), 3.92(1H, ddd,J 11.4, 6.5, 2.0, CKCH-H,0), 4.94-5.11 (2H, stack, CH+G),

5.71 (1H, ddtJ 17.2, 10.3, 6.7, B=CH,), 7.14-7.42 (9H, stack, A); &(100 MHz) 29.0
(CH,, CH,CH,0), 47.0 (CH, CH,CH=CH,), 60.0 (CH, CH,0), 80.7 (quat. CCO), 117.3
(CH,, CH=CH,), 125.4 (CH, Ar), 126.5 (CH, Ar), 127.2 (CH, Ar), 127.3 (CH, Ar), 127.8
(CH, Ar), 128.0 (CH, Ar), 129.2 (CH, Ar), 134.4 (CBH=CH,), 134.7 (quat. Cipso Ar),

137.8 (quat. Cipso Ar), 145.6 (quat. dpso Ar); m& (El) 209 ([M — GHs]*, 100%), 194
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(52), 165 (15), 103 (11), 77 (13); HRMS148::0 calcd 209.0966 (M — s]*), obsd

209.0960.

Asymmetric allylation:

Enantiomerically enriched 1-allylisochrom&020 was prepared from 1l-ethoxyisochroman
1790 (102 mg, 0.400 mmol), allyltrimethylsilane (95 0.600 mmol) and the phosphoramide
catalyst R)-45g (59.4 mg, 0.060 mmol) io-xylene (270uL) according to Method B. After
stirring for 24 h and work-up, purification by column chromatography (99% hexane, 1%
Et,O) afforded enantiomerically enriched 1-allylisochron020 (16 mg, 16%):o]p not
recorded; e.r. 49:5Xhiralcel OD, 1.0 mL/min, 100% hexarier 210 nm, & minor = 14.3 min,

tRymajor = 16.2 mln.

1-(2’-Hydroxyethyl)isochroman 17 7%

Chemical Formula: C11H;1405,
O Exact Mass: 178.0994
Molecular Weight: 178.2277
Elemental Analysis: C, 74.13; H, 7.92; O, 17.95

OH

Racemic 1-(2’-hydroxyethyl)isochroman 1Was prepared by bubblings@rough a cooled

(=78 °C) solution of 1-allylisochromat63 (100 mg, 0.58 mmol) in C¥l,/MeOH (1:1, 6

mL) until a blue colour persisted. The excessw@ds then removed by bubbling through

the solution until the blue colour had dissipated. NaBHl1 mg, 3.73 mmol) was added

slowly over 2 min and the mixture was warmed to R.T. After stirring for 30 min, the reaction
was quenched by the addition of MH solution (10 mL) (caution: gas formation!).,6t(10

mL) was added and the two phases were separated. The aqueous phase was extracted with
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Et,O (2 x 5 mL). The combined organic fractions were washed with brine (10 mL), and then
dried (MgSQ). The drying agent was removed by filtration and the filtrate concentrated
under reduced pressure to provide the crude product. Purification by flash column
chromatography (gradient: 95% hexane, 5% EtOA®0% hexane, 40% EtOAc) afforded
alcohol177 as a colourless viscous oil (70 mg, 68Re)= 0.15 (60% hexane, 40% EtOACc);
(300 MHz) 1.98-2.30 (2H, stack, H;CH,OH), 2.69 (1H, app. dtJ 16.2, 3.1,
CHaH,CH,0), 2.95 (1H, br s, B), 3.03 (1H, ddd) 15.9, 10.0, 5.5, Ci#{,CH,0), 3.78 (1H,
ddd,J 11.2, 10.0, 3.7, C¥H,H,0), 3.85 (2H, tJ 5.1, CHCH,OH), 4.17 (1H, dddJ 11.2,

5.5, 3.1, CHCH.H0), 4.99 (1H, ddJ) 8.5, 1.7, ®lO), 6.98-7.24 (4H, stack, Ab); (100

MHz) 28.9 (CH, CH,CH;0), 37.6 (CH, CH,CH,OH) [60.8, 63.6 (CH CH,0)], 76.0 (CH,
CHO), 124.4 (CH, Ar), 126.2 (CH, Ar), 126.4 (CH, Ar), 128.9 (CH, Ar), 133.6 (quap0,

Ar), 137.4 (quat. Cipso Ar); m/z (El) 178 (IM]', 6%), 133 (100, [M — CKCH,OH]"), 115

(13), 105 (18), 77 (13).

Enantiomerically enriched 1-(2’-hydroxyethyl)isochroman 17vas prepared from
enantiomerically enriched 1-allylisochrom&63 by a one-pot oxidative cleavage — reduction
sequence. Nalf(354 mg, 1.66 mmol), 2,6-lutidine (98-, 0.828 mmol) and Osf)a small

crystal) were added to a mixture of the starting material (72 mg, 0.414 mmol, e.r. 82:18) in
dioxane/HO (3:1, 4 mL) at O °C. After stirring at R.T. for 2 h, NaB{H8 mg, 2.07 mmol)

was added in small portions over a period of 2 min. The mixture was stirred for additional 10
min, and then quenched with NEI solution (8 mL) at O °C. The two phases were separated
and the aqueous phase was extracted withQGH3 x 10 mL). The combined organic
fractions were washed with brine (20 mL) and then dried (M3Sthe drying agent was
removed by filtration and the filtrate concentrated under reduced pressure to provide the crude

product as a dark-red liquid. Purification by flash column chromatography (gradient: 95%
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hexane, 5% EtOAc- 60% hexane, 40% EtOAc) afforded alcohbf7 as a colourle¥s
viscous oil (57 mg, 77%):ap?° = +102.2 ¢ 1.08, CHCl,, e.r. 82:18); Chiralcel OD, 1.0
mL/min, 10% IPA in hexané, = 210 NMrmajor = 8.8 MiN,trminor = 10.1 min; (lit"*? [a]p?®

= +43.5 € 0.20, CHCl,, e.r. 80:20))*

Data were in agreement with those reported in the liter8ftte.

4-Piperazin-1-yl-benzenesulfonamide 21%°!

Chemical Formula: C1gH15N30,S
/\ Exact Mass: 241.0885
HN NOSOZNHZ Molecular Weight: 241.31
—/ Elemental Analysis: C, 49.77; H, 6.27,
N, 17.41; O, 13.26; S, 13.29

A mixture of 4-fluorobenzenesulfonamide (1.00 g, 5.71 mmol) and piperazine (2.46 g, 28.5
mmol) in KO (12 mL) was heated at 100 °C for 24 h. The resulting precipitate was collected
by filtration and washed with 4 (50 mL) and toluene (50 mL). The white solid was dried
under reduced pressure to provide sulfonaribi (1.38 g, 95%): mp 217-219 °C {fﬁ?]mp
219-221 °C):Vmadneat)/crit 3307m, 3097m, 3069m, 2949m, 2929m, 2863w, 2824m, 1592m,
1496m, 1458m, 1446m, 1438m, 1413w, 1379m, 1330s, 1308m, 1294m, 1261w, 1229m,
1187w, 1152s, 1135s, 1122s, 1097s, 1041w, 1023m, 976w, 936w, 882s, 815s, 754s, 725m,
679s; (300 MHz, DMSO-g) 2.31 (1H, br s, M), 2.76-2.86 (4H, stack, HN), 3.12-3.21

(4H, stack, EI,N), 6.99 (2H, d,J 9.0, AH), 7.05 (2H, br s, SH,), 7.60 (2H, d,J 9.0,

%in total, two columns were carried out to obtain a pure colourless product
" the R)-(+)-correlation has been establishedh
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ArH); &(100 MHz) [45.4, 48.2 (CH CH.N)], 113.5 (CH, Ar), 127.1 (CH, Ar), 132.5 (quat.

C, ipso Ar), 153.4 (quat. C, ipso Ar); o(TOF ES+) 242.1 ([M + H] 100%).

Data were in agreement with those reported in the liter&fdre.

(R)-(+)-4-[4-[2-(Isochroman-1-yl)ethyl]piperazin-1-yllbenzenesulfonamideR)-212*3

SO,NH, Chemical Formula: C51H»7N303S
©© /©/ Exact Mass: 401.1773
O ight:
. ﬁN Molecular Weight: 401.5224

H J Elemental Analysis: C, 62.82; H, 6.78;
~N N, 10.47; O, 11.95; S, 7.99

DMAP (1.3 mg, 0.010 mmol), DIPEA (96L, 0.520 mmol) and MsCI (20L, 0.230 mmol)

were added to a solution dR)¢(+)-1-(2’-hydroxyethyl)isochromaa77 (37 mg, 0.208 mmol,

e.r. 82:18) in THF (235uL) at O °C. After stirring for 30 min, 4-piperazin-1-yl-
benzenesulfonamid2l3 (58 mg, 0.239 mmol) and ethylene glycol (285 were added and

the mixture was heated at 100 °C for 15 h. After cooling to R.JO, (3 mL) and CHCI; (3

mL) were added. The phases were separated and the aqueous phase was extracted again with
CH.Cl, (5 mL). The combined organic fractions were washed with brine (10 mL), and then
dried (MgSQ). The drying agent was removed by filtration and the filtrate concentrated
under reduced pressure to provide the crude product. Purification by flash column
chromatography (gradient: 100% &, —» 95% CHCI,, 5% MeOH) afforded R)-(+)-U-
101387212 as a white solid (57 mg, 69%): mp 192-194 °dlfﬁ}(mp 189-190 °C)R = 0.15

(95% CHCl,, 5% MeOH); f]p* = +41.1 € 0.36, DMF) (lit™*® [a]p = +48 € 0.88, DMF);
Vma{neat)/cnt 2921m, 2835m, 1594m, 1496m, 1453m, 1390w, 1330s, 1306m, 1297m,

1245m, 1152s, 1112s, 1098s, 1083m, 1062w, 1016w, 1004m, 925m, 907m, 850w, 829s,
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809m, 758s, 739s, 688w, 652¢;(300 MHz) 1.80-1.97 (1H, m, KHy), 2.02-2.18 (1H, m,
CHgHy), 2.31-2.73 (7H, stack, 3 xHGN and Ar(H,Hy), 2.78-2.93 (1H, m, ArCHHy), 3.19-
3.31 (4H, stack, 2 x lG,NATr), 3.60-3.73 (1H, m, B:H,0), 3.98-4.09 (1H, m, C#;0), 4.76
(1H, app. dJ 7.2, HO), 6.96-7.28 (8H, stack, 6 x Arand SGNH,), 7.61 (2H, dJ 8.7,
ArH); (100 MHz) 28.5 (CH, CH,), 32.6, (CH, ArCHy,), [47.1, 52.6 (CH, 2 x CH,N)],
54.2 (CH, CH,NAT), 62.2 (CH, CH,0), 73.6 (CH,CHO), 113.6 (CH, Ar), 124.7 (CH, Ar),
126.0 (CH, Ar), 126.1 (CH, Ar), 127.1 (CH, Ar), 128.7 (CH, Ar), 132.7 (quaip€) Ar),
133.6 (quat. Cipso Ar), 138.1 (quat. Cipso Ar), 152.8 (quat. dpso Ar); mz (TOF ES+)

402.2 (M + H, 100%); HRMS: GiH»5N30sS calcd 402.1851 ([M + H, obsd 402.1841.

Data were in agreement with those reported in the literHtdre.

(+)-2,2'-Dihydroxy-1,1’-binaphthyl rac-109*2°!

OO Chemical Formula: CygH;,0
OH 20" 114~2

Exact Mass: 286.0994

OH Molecular Weight: 286.3240
OO Elemental Analysis: C, 83.90; H, 4.93; O, 11.18

(¥)-2,2’-Dihydroxy-1,1’-binaphthylrac-109 was prepared using a variation of a previously
reported methoft?>1%¢!

A solution of Fe(d (10.2 g, 62.9 mmol) in $0 (90 mL) was added dropwise over 5 min to a
solution of 2-naphthol (9.0 g, 62.4 mmol) inM (1.2 L) at 100 °C. A further portion of 2-
naphthol (9.0 g, 62.4 mmol) was added and the reaction mixture was stirred for 10 min at 100

°C before another solution of FeGL0.2 g, 62.9 mmol) in $#0 (90 mL) was added dropwise
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over 5 min. These additions and time delays were repeated with fpotti@ns of 2-naphthol

(3 x 9.0 g) and solutions of FedB x 10.2 g in 90 mL D). The reaction was stirred for a
further 30 min at 100 °C before the brown precipitate was filtered off and washed with boiling
H,0 (6 x 500 mL). The solid residue was dissolved y©OE750 mL) and activated charcoal

(30 g) was added. The suspension was heated at reflux for 3 h. Removal of the charcoal by
filtration and concentration of the filtrate under reduced pressure provided the crude product
as a pale brown solid. Recrystallisation from toluene afforded BIXg£2t109 as a fluffy

white solid (34.4 g, 77%): mp 219-222 °C H?tﬁ.]mp 216-218 °C); (Found: C, 83.77; H, 4.87.
CooH140, requires C, 83.90; H, 4.93%)madfilm)/cm™ 3532s (OH), 3484s (OH), 3398s
(OH), 1957w, 1618s (C=C aromatic), 1597s (C=C aromatic), 1517s (C=C aromatic), 1470m,
1436w, 1382s, 1345m, 1314m, 1272m, 1182w, 1144s, 1125m, 978w, 960w, 930m, 863m,
625s; 44(300 MHz, CRCN) 6.62 (2H, br s, &), 7.00 (2H, d,J 8.5, AH), 7.20-7.36 (6H,

stack, AH), 7.90 (2H, dJ 8.1, AH), 7.96 (2H, dJ 9.2, AH); &(75 MHz, CxCN) 114.5

(quat. C,ipso Ar), 119.3 (CH, Ar), 124.2 (CH, Ar), 125.1 (CH, Ar), 127.6 (CH, Ar), 129.1
(CH, Ar), 130.2 (quat. Gpso Ar), 131.1 (CH, Ar), 135.3 (quat. (pso Ar), 154.2 (quat. C,

ipso Ar); m& (EI) 286 ([M]', 100%), 257 (14), 239 (14), 120 (13).

Data were in agreement with those reported in the liter8fire.

Resolution of (+)-2,2"-dihydroxy-1,1'-binaphthyl rac-109*?"!

A, CO
CoT O

R)¢109 9)109

OH
OH
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N-Benzylcinchonidinium chloridd.11 (18.6 g, 44.2 mmol) was added to a solution of (x)-
2,2’-dihydroxy-1,1’-binaphthylrac-109 (23.0 g, 80.3 mmol) in GEBN (300 mL) and the
resulting suspension was heated at reflux for 4 h. After cooling to R.T. and stirring for 12 h,
the mixture was cooled to 0 °C, kept at this temperature for 2 h, and then filtered. The filtrate
was concentrated to dryness, redissolved in EtOAc (300 mL), and washed with 1 M
hydrochloric acid (2 x 100 mL) and then brine (100 mL). The organic layer was dried
(NaeSQy), filtered, and concentrated under reduced pressure to afeBINOL (S)-109 as a

light brown solid (10.90 g, 95%)u]o*° = —33.3(c 1.0, THF, e.r. 0.4:99.6); Chiralpak AD
column, 1.0 mL/min, 10% IPA in hexarfe= 280 NMtr minor = 28.2 MINtrmajor = 32.8 mMin;
(1it.2 [o]p?t = —34.0 € 1.0, THF, e.r. 0.5:99.5)). The solid was washed with@NH (50

mL) and heated at reflux in MeOH (100 mL) for 24 h. After cooling to R. T., the mixture was
filtered, and the solid was washed with MeOH (20 mL). The resulting solid was suspended in
a mixture of EtOAc (300 mL) and 1 M hydrochloric acid (150 mL) and stirred until it was
completely dissolved. The organic layer was washed with 1 M hydrochloric acid (150 mL)
and then brine (150 mL), dried (p&0y), filtered, and concentrated under reduced pressure to
afford (R)-BINOL (R)-109 as a white solid (10.92 g, 95%)]4*° = +33.0(c 1.0, THF, e.r.
99.5:0.5); Chiralpak AD column, 1.0 mL/min, 10% IPA in hexane,280 nm {r minor = 29.0

min, tkmajor = 32.2 min; (iit?” [a]p** = +34.3 € 1.0, THF, e.r. > 99.9:0.1).

(R)- and (S)-2,2'-Dimethoxy-1,1-binaphthyl (R)- and (S)-112!2812°

OO OO Chemical Formula: Cy,H;50,
OCHjs OCHj, Exact Mass: 314.1307

Molecular Weight: 314.3771
OCHs OCHs Elemental Analysis:
C, 84.05; H, 5.77; O, 10.18

R)-112 Sj112
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A suspension of)BINOL (S)-109 (5.10 g, 17.8 mmol) in acetone (150 mL) was heated
until all of the starting material had dissolved; (8.29, 60.0 mmol) and Mel (4.36 mL,

70.0 mmol) were added, and the mixture was heated under reflux for 24 h. After adding more
Mel (1.87 mL, 30.0 mmol), the heating was continued for another 12 h. The mixture was
cooled to R.T. and concentrated under reduced pressure to 1/5 of its vol@ng.agd mL)

was added and the suspension was stirred for 8 h. The resulting solid was filtered, washed
with H,O (2 x 50 mL) and dried to affor&fdimethyl ether $)-112 as a white powder (5.43

g, 97%). The crude product is usually used directly in the next step; however it can be further
purified by recrystallisation from hexane/toluene (1:1) to afford the pure product as a cream-
coloured powder (4.76 g, 85%): mp 227-230 °C[2(]IP§.mp 222.9-227.0 °C)pp*=-54.0 ¢

0.43, CHC});** (Found: C, 84.02; H, 5.86. @140, requires C, 84.05; H, 5.77%);
Umadfilm)/cm™ 2838w, 1616m (C=C aromatic), 1589s (C=C aromatic), 1506s (C=C
aromatic), 1459m, 1353w, 1264s, 1147m, 1131w, 1090s, 1062s, 1018m,BB00 MHz)

3.76 (6H, s, O6), 7.10 (2H, dJ 8.5, AH), 7.16-7.34 (4H, stack, M), 7.46 (2H, d,J 9.2,

ArH), 7.86 (2H, dJ 8.1, AH), 7.97 (2H, d,J 9.2, AH); &(75 MHz) 56.9 (CH, OCHs),

114.2 (CH, Ar), 119.6 (quat. @pso Ar), 123.5 (CH, Ar), 125.2 (CH, Ar), 126.3 (CH, Ar),
127.9 (CH, Ar), 129.2 (quat. Gpso Ar), 129.4 (CH, Ar), 134.0 (quat. @so Ar), 154.9

(quat. C,ipso Ar); m& (El) 314 ([M]’, 100%), 268 (51), 239 (14), 237 (14), 199 (16), 181

(11), 163 (13), 119 (9), 69 (9).

The same protocol was followed for the preparation offeantiomerR)-112: [o]p**=

+55.8 € 0.43, CHCY) (lit.”*? [o]p?'= +54.9 € 1.0, CHC}).*?

Data were in agreement with those reported in the liter&tdte.

2the ee-value could not be determined by chiral HPLC owing to poor resolution of the racemic mixture
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(R)- and (5)-3,3'-Bis(dihydroxyborane)-2,2’-dimethoxy-1,1-binaphthyl (R)- and (S)-

119128.211,212]

B(OH), B(OH),
OO OO Chemical Formula: Cy5H50B,0g
OCH3 OCH3 Exact Mass: 402.1446
Molecular Weight: 402.0126
OCHs OCHs Elemental Analysis:
C, 65.73; H, 5.01; B, 5.38; O, 23.88

B(OH), B(OH)>

R-113 9113

"BuLi (19.1 mL of a 2.50 M solution in hexane, 47.7 mmol) was added to a solution of
TMEDA (7.15 mL, 47.7 mmol) in EO (250 mL) at R.T. The solution was stirred for 30 min,
and then $)-2,2’-dimethoxy-1,1’-binaphthylS§j-112 (5.00 g, 15.9 mmol) was added in one
portion, and the mixture was stirred for 3.5 h. The resulting light brown suspension was
cooled to —78 °C, and B(OEt}18.9 mL, 111 mmol) was added over 15 min. After warming

to R.T., the suspension was stirred overnight at R.T. The mixture was cooled to 0 °C, 1 M
hydrochloric acid (125 mL) was added, and the resulting solution was stirred vigoriously for
3.5 h at R.T. The organic layer was washed with 1 M hydrochloric acid (125 mL) and brine
(125 mL), and then dried (N&QO,). The drying agent was removed by filtration and the
filtrate concentrated under reduced pressure to provide the crude product. The pale yellow
solid was recrystallised from cyclohexane/toluene (2:1) to af®yd¢ronic acidg)-113 as a

white powder (3.53 g, 55%)04(300 MHz, CQRCN) 3.37 (6H, s, OH3), 6.56 (4H, s,
B(OH),), 7.07 (2H, d,) 8.5, AH), 7.26-7.36 (2H, m, Ad), 7.44 (2H, app. t) 7.0, AH), 8.02

(2H, d,J 8.1, AH), 8.51 (2H, s, AH); &(75 MHz, (CD),CO) 61.8 (CH, OCHs), 124.2

(quat. C,ipso Ar), 125.7 (CH, Ar), 126.3 (CH, Ar), 128.2 (CH, Ar), 129.6 (CH, Ar), 131.4
(quat. C,pso Ar), 136.6 (quat. Gpso Ar), 139.0 (CH, Ar), 161.1 (quat. (pso Ar), (quat. C,

ipso CB(OH),) not observed because peak is too broad due to adjacent quadrupole boron
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nucleus t'B: | = 3/2) resulting in the resonance being lost in the noise{FJF ES+) 481

(IM =4 x OH + 4 x OMe + Nd] 100%).
The same protocol was followed for the preparation of Refantiomeri)-113.

Data were in agreement with those reported in the liter&tdra???

(R)-3,3"-Diiodo-2,2'-dimethoxy-[1,1']-binaphthaleny! (R)-114°

I
OO Chemical Formula: C,5H16l,0,
OMe

Exact Mass: 565.924
Molecular Weight: 566.1702

OMe
OO Elemental Analysis: C, 46.67; H, 2.85; |, 44.83; O, 5.65
I

"BuLi (28.6 mL of a 2.5 M solution in hexane, 71.6 mmol) was added to a solution of
TMEDA (5.40 g, 35.8 mmol) in ED (250 mL), and the mixture was stirred for 30 min before
adding the solid dimethoxy binaphthalen®){112 (7.50 g, 23.9 mmol). After stirring
overnight at R.T., the mixture was cooled to —78 °C and a solutiogn(d%.l g, 59.6 mmol)

in THF (30 mL) was added dropwise over 15 mia syringe. The reaction mixture was
stirred for 1 h at —78 °C, and then warmed up to R.T. overnigh§,8asolution (150 mL)

was added and stirring was continued for 2 h. The layers were separated, and the aqueous
phase was extracted with,®{THF (1:1, 3 x 80 mL). The combined organic fractions were
washed with Nz5,03 solution (100 mL), HO (100 mL) and brine (100 mL), and then dried
(MgSQy). The drying agent was removed by filtration and the filtrate concentrated under

reduced pressure to provide the crude produgD E20 mL) was added, and the suspension
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was stirred vigorously for 1 h. Filtration provided a yellow powder.ryZeallisation from
Et,O/CH,Cl, (3:2) afforded diiodo binaphthalenyR)114 as a cream-coloured solid (9.07 g,
67%): J4(300 MHz) 3.41 (6H, s, OBy), 7.07 (2H, d, B.5, AH), 7.22-7.31 (2H, stack, Ab),
7.37-7.45 (2H, stack, Af), 7.80 (2H, d,J 8.1, AH), 8.54 (2H, s, Af); &(75 MHz) 61.1
(CHs, OCH3), 92.3 (quat. Cipso Ar), 125.3 (quat. dpso Ar), 125.6 (CH, Ar), 125.7 (CH,
Ar), 126.9 (CH, Ar), 127.0 (CH, Ar), 132.1 (quat. i6so Ar), 133.8 (quat. Gpso Ar), 139.9

(CH, Ar), 154.4 (quat. C, ipso Ar); m(TOF ES+) 589.0 ([M + N&] 100%).

Data were in agreement with those reported in the litertlre.

(R)-2,2’-Dihydroxy-5,6,7,8,5',6',7',8-octahydro-[1,1]-binaphthalenyl (R)-Hg-1154

‘O Chemical Formula: C5oH»,0,
OH

Exact Mass: 294.162

OH Molecular Weight: 294.3875
‘O Elemental Analysis: C, 81.60; H, 7.53: O, 10.87

PtO, (286 mg, 1.26 mmol) was added to a solution RFEINOL (R)-109 (3.00 g, 10.5
mmol) in AcOH (84 mL). The atmosphere of the flask was purged under vacuum and flushed
with H, three times. The reaction mixture was stirred under a balloon pressusdonf48 h

and then filtered through a bed of Celite, washing with GHT30 mL) and HO (200 mL).

The layers were separated and the organic phase was washed@i(h39 mL), NaHCQ®
solution (300 mL) and brine (300 mL), and then dried (MSOhe drying agent was
removed by filtration and the filtrate concentrated under reduced pressure to provide the crude

diol (R)-Hg-115 as a white solid (3.19 g, quantitative), which was sufficiently pure for
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characterisation and further use: mp 164-166 °Cfttmp 165-166 °C); d]o° = +49.6 €
1.00, CHCY) (lit.2*¥ [¢]p? = +47.1 € 1.04, CHCY); &,(300 MHz) 1.56-1.81 (8H, stack,
CH,CH,CH,CHs), 2.08-2.36 (4H, stack, Al), 2.67-2.80 (4H, stack, Alldy), 4.66 (2H, s,
OH), 6.81 (2H, d,J 8.5, AH), 7.04 (2H, d,J 8.5, AH); &(75 MHz) 22.92 (CH,
CH,CH,CH,CH,), 22.98 (CH, CH,CH,CH,CHy), 27.1 (CH, ArCH,), 29.2 (CH, ArCH,),
112.9 (CH, Ar), 118.9 (quat. Gpso Ar), 130.0 (quat. AGpso Ar), 130.1 (CH, Ar), 137.1

(quat. C, ipso Ar), 151.3 (quat. C, ipso Ar);zITOF ES-) 293 ([M — H] 100%).

Data were in agreement with those reported in the literHtdre.

(R)-3,3’-Dibromo-2,2’-dihydroxy-5,6,7,8,5",6’,7’,8’-octahydro-[1,1']-binaphthalenyl (R)-

1162

Br
‘O Chemical Formula: CygH»oBr,0,
OH

Exact Mass: 449.983
Molecular Weight: 452.1796

OH
‘O Elemental Analysis: C, 53.12; H, 4.46: Br, 35.34; O, 7.08
Br

Br, (150puL, 2.89 mmol) was added to a solution Bj-Hs-BINOL (R)-Hg-115 (370 mg, 1.26
mmol) in CHCI, (12.5 mL) at =30 °C. After stirring for 30 min at —30 °C, the brown solution
was warmed to —10 °C and 05 solution (15 mL) was added. The mixture was warmed to
R.T. and diluted with CkCl, (15 mL) and HO (15 mL). The layers were separated and the
organic phase was washed with NaH®&0lution (20 mL) and brine (20 mL), and then dried
(MgSQy). The drying agent was removed by filtration and the filtrate concentrated under

reduced pressure to provide the crude product. Purification by flash column chromatography
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(90% hexane, 10% ED) afforded diol R)-Hg-116 as a white crystalline solid (0.467 g, 82%):
mp 125-127 °C (lif*¥ mp 142-143 °C):d]p?°= +24.4 € 1.0, CHCY) (Iit.?*¥ [¢]p?° = +29.2

(c 1.05, CHCY); J4(300 MHz) 1.56-1.78 (8H, stack, GEH,CH,CH,), 2.00-2.15 (2H, m,
ArCHaHyp), 2.21-2.36 (2H, m, ArCHHy), 2.65-2.80 (4H, stack, Aldy), 5.01 (2H, s, ®),
7.27 (2H, s, AH); &(75 MHZ) 22.7 (CH, CH,CH,CH,CH;), 22.8 (CH, CH,CH,CH,CHy),
26.9 (CH, ArCH,), 29.0 (CH, ArCH,), 107.1 (quat. Cipso Ar), 122.1 (quat. dpso Ar),
131.5 (quat. Cipso Ar), 132.5 (CH, Ar), 136.7 (quat. {pso Ar), 147.1 (quat. dpso Ar);

m/z (TOF ES+) 475 ([M + Nd] 100%).

Data were in agreement with those reported in the liter&tdte.

(R)-2,2’-Dimethoxy-5,6,7,8,5',6',7',8"-octahydro-[1,1']-binaphthalenyl R)-Hg-117%!

‘O Chemical Formula: Cy,H560,
OMe

Exact Mass: 322.1933

OMe Molecular Weight: 322.4406
‘O Elemental Analysis: C, 81.95: H, 8.13; O, 9.92

(R)-2,2’-Dimethoxy-5,6,7,8,5",6’,7',8’-octahydro-[1,1']-binaphthalenyl (R)-Hg-117  was
prepared employing the procedure used for the methylation of BIN&!

A suspension ofR)-Hg-BINOL (R)-Hg-115 (3.08 g, 10.5 mmol) in acetone (100 mL) was
heated until all of the starting material had dissolvesC® (7.24 g, 52.4 mmol) and Mel
(2.45 mL, 39.4 mmol) were added, and the mixture was heated under reflux for 24 h. After
adding more Mel (2.45 mL, 39.4 mmol), heating was continued for another 12 h. The mixture

was cooled to R.T. and concentrated under reduced pressure to 1/5 of its volOn{@26i

235



mL) was added and the suspension was stirred for 8 h. The resultingvsglidiltered,
washed with HO (2 x 50 mL) and dissolved in G&l, (150 mL). Brine (50 mL) was added
and the layers were separated. The organic phase was dried /M§B©drying agent was
removed by filtration and the filtrate concentrated under reduced pressure to provide the crude
product in quantitative yield. Recrystallisation from toluene/hexane (1:1) affarR)}dds{117
as a white crystalline solid (2.91 g, 85%#,(300 MHz) 1.56-1.80 (8H, stack,
CH,CH,CH,CHy), 2.01-2.15 (2H, m, ArB,Hp), 2.20-2.34 (2H, m, ArCHHy,), 2.68-2.87 (4H,
stack, ArGH,), 3.38 (6H, s, OHj3), 6.79 (2H, dJ 8.1, AH), 7.07 (2H, dJ 8.1, AH); &(75
MHz) 23.1 (CH, CH,CH,CH,CHy), 23.2 (CH, CH,CH,CH,CH,), 27.1 (CH, ArCHy), 29.4
(CH,, ArCH,), 55.9 (CH, OCH3), 108.7 (CH, Ar), 125.8 (quat. @so Ar), 128.7 (CH, Ar),
129.4 (quat. Cipso Ar), 136.7 (quat. Cipso Ar), 154.6 (quat. dpso Ar); mz (TOF ES+)

345 ([M + NaJ, 100%).

Data were in agreement with those reported in the liter8tre.

(R)-3,3’-Dibromo-2,2’-dimethoxy-5,6,7,8,5",6’,7’,8’-octahydro-[1,1']-binaphthalenyl R)-

Hg-118131

Br
‘O Chemical Formula: C,,H,,Br,0,
OMe

Exact Mass: 478.0143

OMe Molecular Weight: 480.2328
‘O Elemental Analysis: C, 55.02; H, 5.04; Br, 33.28; O, 6.66
Br

Br, (990 uL, 19.3 mmol) was added to a solution 8)-Hs-BINOL derivative R)-Hg-117

(2.70 g, 8.37 mmol) in C¥Cl, (85 mL) at —30 °C. After stirring for 30 min at —30 °C,
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NaS;03 solution (70 mL) was added and the mixture was warmed to R.T. over 1,6l,CH

(30 mL) and HO (30 mL) were added and the layers were separated. The organic phase was
washed with NaHC®solution (40 mL), HO (40 mL) and brine (20 mL), and then dried
(MgSQy). The drying agent was removed by filtration and the filtrate concentrated under
reduced pressure to provide the crude prodBgiHg-118 as a cream-white solid (4.01 g,
guantitative), which was sufficiently pure for characterisation and further use: mp 138-140
°C; [¢]p?® = —20.8 € 1.0, CHC}); &4(300 MHz) 1.53-1.79 (8H, stack, GEH,CH,CHj),
1.98-2.13 (2H, m, Ar€Bl;Hy), 2.18-2.36 (2H, m, ArClHp), 2.65-2.83 (4H, stack, Atdy),

3.57 (6H, s, OBl3), 7.32 (2H, s, Al); &(75 MHz) 22.68 (CH, CH,CH,CH,CH,), 22.71

(CH,, CH,CH,CH,CHj), 27.4 (CH, ArCH,), 29.2 (CH, ArCH,), 60.5 (CH, OCHs), 113.9

(quat. C,ipso Ar), 132.1 (quat. dpso Ar), 133.0 (CH, Ar), 134.9 (quat. pso Ar), 136.1

(quat. C, ipso Ar), 151.7 (quat. C, ipso Ar);ziTOF ES+) 503 ([M + Nd] 100%).

Data were in agreement with those reported in the liter8tre.

(R)-3,3’-Diiodo-2,2’-dimethoxy-5,6,7,8,5,6',7’,8’-octahydro-[1,1']-binaphthalenyl  R)-

Hg-119%%

I
‘O Chemical Formula: CysH41,0,
OMe

Exact Mass: 573.9866

OMe Molecular Weight: 574.2337
‘O Elemental Analysis: C, 46.02; H, 4.21; |, 44.20; O, 5.57
|

'‘BuLi (10.4 mL of a 1.7 M solution in pentane, 17.7 mmol) was added to a solution of

binaphthalenyl(R)-Hg-117 (2.00 g, 4.16 mmol) in E© (100 mL) at —78 °C. The orange
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mixture was warmed to 0 °C over 30 min, after which time, a solutida (#.43 g, 9.58
mmol) in EpO (20 mL) was added. After warming up to R.T. overnight, the mixture was
poured into Ng5,03 solution (100 mL) and stirred for 2 h. The layers were separated and the
aqueous phase was extracted witfOE2 x 100 mL). The combined organic fractions were
washed with HO (150 mL) and brine (150 mL), and then dried (Mg5Ohe drying agent

was removed by filtration and the filtrate concentrated under reduced pressure to provide the
crude product. Purification by flash column chromatography (70% hexane, 30% toluene)
afforded binaphthalenyR)-Hg-119 as a white solid (1.69 g, 71%): mp 123-125RG; 0.23

(70% hexane, 30% toluene}]p?° = —50.4 ¢ 1.0, CHC}); J(300 MHz) 1.57-1.78 (8H,
stack, CHCH,CH,CH,), 2.01-2.14 (2H, m, Ar8:Hy), 2.20-2.34 (2H, m, ArChHy), 2.68-

2.79 (4H, stack, Ar@5), 3.49 (6H, s, O83), 7.56 (2H, s, AH); & (75 MHz) 22.6 (CH,
CH,CH,CH,CH,), 22.7 (CH, CH,CH,CH,CH,), 27.4 (CH, ArCH,), 29.0 (CH, ArCH,),

60.4 (CH, OCHs), 88.3 (quat. Cipso Ar), 131.4 (quat. Gpso Ar), 135.5 (quat. Gpso Ar),

137.2 (quat. Cipso Ar), 139.1 (CH, Ar), 154.3 (quat. (pso Ar); mz (TOF ES+) 597.0 ([M

+ NaJ*, 100%).

Data were in agreement with those reported in the liter8re.
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(R)- and (§)-3,3-Bis(4-methylphenyl)-2,2’-dimethoxy-1,1’-binaphthyl R)- and (S)-123

and (R)- and (S§)-3-(4-methylphenyl)-2,2’-dimethoxy-1,1’-binaphthyl R)- and (S)-124

Chemical Formula: CzgH390-
Exact Mass: 494.2246
Molecular Weight: 494.6222
Elemental Analysis:

C, 87.42;H, 6.11; O, 6.47

Chemical Formula: CygH,,0,
Exact Mass: 404.1776
Molecular Weight: 404.4997
Elemental Analysis:

C, 86.11; H,5.98; O, 7.91

(R)- and §)-3,3-Bis(4-methylphenyl)-2,2’-dimethoxy-1,1’-binaphthf®)- and (S)-123 And

the by-productsR)- and §)-3-(4-methylphenyl)-2,2’-dimethoxy-1,1’-binaphti{id)- and(S)-

124 were prepared using a previously reported general procedure for the formation of
different 3,3"-bis-aryl-2,2'-dimethoxy-1,1'-binaphthyl compouritf&

4-Bromotoluene (0.370 mL, 3.00 mmol), Ba(QH%46 mg, 3.00 mmol) and Pd(P#h(46

mg, 0.04 mmol) were added to a solution of bis-boronic @#d13 (402 mg, 1.00 mmol) in

a mixture of degassed dioxanefH(3:1, 8 mL). The mixture was heated under reflux for 3 h

and then cooled to room temperature. The solvents were removed under reduced pressure, and
the resulting grey residue was redissolved in@HKH(25 mL) and 1 M hydrochloric acid (25

mL). The organic layer was washed with 1 M hydrochloric acid (25 mL) and brine (25 mL),
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and then dried (MgS£). The drying agent was removed by filtration and the filtrate
concentrated under reduced pressure to provide the crude product. Purification by flash
column chromatography (60% hexane, 40% toluene) afforded, in order of elution, bis-coupled
product §)-123 as a white foamy solid (300 mg, 61%): mp 204-207RG; 0.40 (60%
hexane, 40% toluene)z]p®° = +19.2(c 1.0, CHC}); (Found: C, 87.59; H, 6.27.3613.0-
requires C, 87.42; H, 6.11%)afilm)/cm™ 3054m, 3012m, 2934m, 2863w, 1907w, 1806w,
1620w (C=C aromatic), 1591w (C=C aromatic), 1514s (C=C aromatic), 1492m, 1456s,
1398s, 1352m, 1330w, 1308w, 1249s, 1186w, 1172w, 1148m, 1139w, 1131w, 1112w,
1079w, 1039s, 1016s, 979m, 954w, 936w, 916m, 893m, 856w, 822s, 691w, 638w, 615m,
573w; §4(300 MHz) 2.44 (6H, s, ArBs), 3.22 (6H, s, O83), 7.23-7.32 (8H, stack, A,
7.38-7.45 (2H, stack, At), 7.70 (4H, dJ 8.1, AH), 7.92 (2H, dJ 8.1, AH), 7.98 (2H, s,

ArH); &(75 MHz) 21.2 (CH, ArCHs), 60.4 (CH, OCHa), 124.9 (CH, Ar), 125.7 (CH, Ar),

125.9 (quat. Cipso Ar), 126.1 (CH, Ar), 127.9 (CH, Ar), 129.0 (CH, Ar), 129.1 (CH, Ar),
130.3 (CH, Ar), 130.8 (quat. @pso Ar), 133.5 (quat. dpso Ar), 134.9 (quat. dpso Ar),

136.0 (quat. Cipso Ar), 136.9 (quat. Cipso Ar), 154.1 (quat. dpso Ar); m& (TOF ES+)

517.3 ([M + NaJ, 100%), 495.3 (55, [M); HRMS: GgH3c0:Na calcd 517.2144 ([M + N§),

obsd 517.2161; and after increasing the polarity of the eluent (40% hexane, 60% toluene),
mono-coupled produgsS)-124 as a white foamy solid (73 mg, 18%): mp 90-92RG; 0.20

(40% hexane, 60% toluene}]p?* = —103.4(c 1.0, CHCY); vmadfilm)/cm™ 3055m, 3009m,
2935m, 2838w, 1622m (C=C aromatic), 1594m (C=C aromatic), 1511s (C=C aromatic),
1456s, 1432w, 1398m, 1356m, 1334m, 1267s, 1249s, 1181w, 1147m, 1131w, 1112w, 1089s,
1057m, 1037m, 1018s, 973w, 954w, 924w, 901m, 894m, 865w, 822s, 808m, 706w, 689w,
609m; &;(300 MHz) 2.46 (3H, s, ArB3), 3.17 (3H, s, OB), 3.85 (3H, s, O8), 7.16-7.46

(8H, stack, AH), 7.51 (1H, dJ 8.1, AH), 7.72 (2H, d,) 8.8, AH), 7.93 (2H, tJ 7.9, AH),

7.98-8.07 (2H, stack, Af); &(75 MHz) 21.2 (CH, ArCH3), 56.5 (CH, OCH3), 60.3 (CH,
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OCHs), 113.6 (CH, Ar), 119.6 (quat. @so Ar), 123.5 (CH, Ar), 124.8 (CH, Ar), 125.3 (CH,
Ar), 125.5 (CH, Ar), 125.6 (quat. Gyso Ar), 126.0 (CH, Ar), 126.5 (CH, Ar), 127.87 (CH,
Ar), 127.94 (CH, Ar), 128.9 (CH, tolyl Ar), 129.0 (quat. ipso Ar), 129.2 (CH, tolyl Ar),
129.5 (CH, Ar), 130.1 (CH, Ar), 130.8 (quat. ipso Ar), 133.3 (quat. Apso Ar), 134.1
(quat. C,pso Ar), 134.9 (quat. Gpso Ar), 135.9 (quat. Gpso Ar), 136.8 (quat. Gpso Ar),
154.1 (quat. Cipso Ar), 154.8 (quat. dpso Ar); mz (TOF ES+) 427 ([M + N&] 100%);

HRMS: GgH,40:Na calcd 427.1674 (M + N3}, obsd 427.1681.

The same protocol was followed for the preparation ofeantiomersR)-123: [z]p°= —

19.0 € 1.0, CHCY); and R)-124: [¢]o>*= +100.8 ¢ 1.0, CHCY).

(R)- and (S)-3,3’-Bis(4-methylphenyl)-2,2’-dihydroxy-1,1’-binaphthyl (R)- and (S)-125

OO OO Chemical Formula: C34H,60,
OH OH Exact Mass: 466.1933

Molecular Weight: 466.569
OH OH Elemental Analysis:
C, 87.52; H, 5.62; O, 6.86

R)-125 S)125

(R)- and §)-3,3’-Bis(4-methylphenyl)-2,2’-dihydroxy-1,1’-binaphth{R)- and (S)-125 were
prepared using a previously reported general procedure for the deprotection of different 3,3'-
bis-aryl-2,2"-dimethoxy-1,1"-binaphthyl compount&!

A solution of BBg in CH,CI, (1.0 M, 5.90 mL, 5.90 mmol) was added to a solution of bis-

ether §)-123 (587 mg, 1.19 mmol) in GBI, (100 mL) at 0 °C and the mixture was warmed
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to R.T. overnight. KO (4 mL) was added at O °C and the mixture was poured into
CH.CI/H,O (1:1, 200 mL). After stirring for 30 min, the layers were separated and the
organic fraction was washed with brine (150 mL), and then dried (MgS$®e drying agent

was removed by filtration and the filtrate concentrated under reduced pressure to provide the
crude product. Purification by flash column chromatography (80% hexane, 26D) Et
afforded diol §-125 as a white foamy solid (537 ny,%): mp 115-125 °CR = 0.33 (80%
hexane, 20% EO); [«]p?® = —58.4(c 1.0, CHC}, e.r. 100:0); Chiralpak AD column, 1.0
mL/min, 10% IPA in hexane, = 254 nmjr = 22.0 min; (Found: C, 87.24; H, 5.643,8,¢0,
requires C, 87.52; H, 5.62%)ma(film)/cm™ 3519s (OH), 3056m, 3016m, 2921w (§H
2866w (OCH), 1907w, 1802w, 1621m (C=C aromatic), 1597m (C=C aromatic), 1514m
(C=C aromatic), 1498m, 1436s, 1403s, 1384m, 1360m, 1335w, 1318m, 1292w, 1238s,
1197w, 1170m, 1147m, 1128s, 1066m, 1022m, 996m, 973w, 951w, 933w, 899m, 879w,
820s, 691m, 638w, 614my(300 MHz) 2.45 (6H, s, ArB3), 5.38 (2H, s, ®), 7.21-7.45

(10H, stack, AH), 7.65 (4H, d, 7.7, AH), 7.93 (2H, d, .7, AH), 8.03 (2H, s, Arl); &(75

MHz) 21.2 (CH, ArCHg), 112.4 (quat. Cipso Ar), 124.2 (CH, Ar), 124.3 (CH, Ar), 127.1
(CH, Ar), 128.3 (CH, Ar), 129.2 (CH, Ar), 129.4 (CH, Ar), 130.6 (quatipgSp Ar), 131.1

(CH, Ar), 132.8 (quat. Cipso Ar), 134.5 (quat. AGpso Ar), 137.5 (quat. C, 2 #pso Ar),

150.2 (quat. Cjpso Ar); mk (TOF ES+) 489.2 ([M + N&] 100%); HRMS: GsH.60.Na

calcd 489.1831 ([M + N4J, obsd 489.1825.
The same protocol was followed for the preparation of fefantiomer: ¢]p>° = +55.8(c

1.0, CHC4, e.r. 2:98); Chiralpak AD column, 1.0 mL/min, 10% IPA in hexane,254 nm,

tR’minor: 227 mln, ﬁlmajor: 274 mln
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(9)-3,3-Bis-(3”,5”-di(trifluoromethyl)phenyl)-2,2’-dimethoxy-[1,1']-binaphthalenyl ( S)-
127 and (9)-3-(3”,5”-di(trifluoromethyl)phenyl)-2,2’-dimethoxy-1,1’-binaphthyl ( S)-

128%%"

‘ CF5
Chemical Formula: CagHxoF15,0,
OMe

Exact Mass: 738.1428
Molecular Weight: 738.5609

OMe
OO Elemental Analysis: C, 61.80; H, 3.00; F, 30.87; O, 4.33

] CF3
Chemical Formula: CzgH»oFg0,
OMe

Exact Mass: 526.1367

OMe Molecular Weight: 526.469
OO Elemental Analysis: C, 68.44; H, 3.83; F, 21.65; O, 6.08

3,5-Bis(trifluoromethyl) iodobenzene (49, 2.75 mmol) and Pd(PRBh (63 mg, 0.055

mmol) were added sequentially to a solution of bis-boronic &jd. 13 (368 mg, 0.915

mmol) and NaCOs; (291 mg, 2.75 mmol) in degassed DME/EtOKIH5.5:1.0:1.4, 7.9 mL).

The mixture was heated under reflux for 24 h. After cooling to R.T., the solvents were
removed under reduced pressure and the resulting solid was dissolvedGh (23 mL).
Hydrochloric acid (1 M, 25 mL) was added and the layers were separated. The aqueous phase
was extracted with Cil, (3 x 10 mL). The combined organic fractions were washed with
H,0 (30 mL) and brine (30 mL), and then dried (MgEQhe drying agent was removed by
filtration and the filtrate concentrated under reduced pressure to provide the crude product as

a pale yellow oil. Purification by flash column chromatography (gradient: 100% hexane

243



80% hexane, 20% toluene) afforded, in order of elution, bis-¢8)dr27 as a white fluffy

solid (330 mg, 49%, 7:1 impurity of EP=0O): R= 0.35 (80% hexane, 20% toluenejjd was

not determinedymadfilm)/cm™ 3061m, 3012m, 2941m, 2836w, 1955w, 1806w, 1621m (C=C
aromatic), 1594m (C=C aromatic), 1496m, 1464m, 1444m, 1406m, 1378s, 1353w, 1327m,
1279s, 1248m, 1174s br, 1134s br, 1108w, 1085m, 1048s, 1034w, 1018m, 998m, 960m,
924m, 893s, 870w, 845s, 707s, 682s, 669m, 62300 MHz) 3.21 (6H, s, OFds), 7.27

(2H, d,J 8.5, AH), 7.31-7.55 (4H, stack, Arand AH from 12.5 mol% P¥P=0), 7.94 (2H,

s, AH), 8.00 (2H, dJ 8.1, AH), 8.07 (2H, s, Ar), 8.28 (4H, s, AH); &(75 MHz) 60.9

(CHs, OCH3), 121.1 (CH, septeflc.r 4.0, Ar), 123.4 (quat. C, dJc.r 271.0, ACF3), 125.7

(CH, Ar), 125.8 (CH, Ar), 125.9 (quat. @hso Ar), 127.4 (CH, Ar), 128.4 (CH, Ar), 129.5-
129.8 (CH, m, Ar), 130.7 (quat. C, 2ipso Ar), 131.1 (CH, Ar), 131.8 (quat. C,dcr 33.1,

ipso Ar), 134.2 (quat. dpso Ar), 140.7 (quat. dpso Ar), 153.4 (quat. Apso Ar); J=(282

MHz) —63.09 (s, ArEs); m/z (TOF ES+) 760.9 ([M + N&] 100%); HRMS: GgH,0.F1-Na

calcd 761.1326 ([M + N3], obsd 761.1335; and then mono-et{®r128 as a white foamy

solid (50 mg, 10%): mp 145-148 °& = 0.15 (80% hexane, 20% toluengy]d was not
determined;vmadfilm)/cm™ 2937w, 2840w, 1622m (C=C aromatic), 1594m (C=C aromatic),
1510m, 1463m, 1444w, 1432w, 1377s, 1355m, 1326m, 1279s, 1249m, 1181s br, 1139s br,
1107w, 1090m, 1061m, 1038m, 1021m, 990w, 929w, 902m, 892m, 845m, 809m, 708m,
682m; 04(300 MHz) 3.71 (3H, s, OF3), 3.86 (3H, s, O83), 7.17-7.55 (7H, stack, M),
7.88-8.10 (5H, stack, At), 8.30 (2H, s, A); &(75 MHz) 56.5 (CH, OCH3), 60.6 (CH,

OCHjs), 113.4 (CH, Ar), 118.7 (quat. @yso Ar), 120.9 (CH, septet)c.r 4.0, Ar), 123.5

(quat. C, qlJcr 271.0, ACF3), 123.7 (CH, Ar), 125.0 (CH, Ar), 125.5 (CH, Ar), 125.6 (CH,

Ar), 126.3 (quat. Cipso Ar), 126.8 (CH, Ar), 127.0 (CH, Ar), 128.1 (CH, Ar), 128.2 (CH,
Ar), 129.1 (quat. Cjpso Ar), 129.3-129.7 (CH, m, Ar), 130.0 (CH, Ar), 130.4 (CH, Ar),

130.7 (quat. Cipso Ar), 131.5 (quat. C, §Jcr 33.1,ipso Ar), 132.0 (quat. GpsoAr), 133.9
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(quat. C,pso Ar), 134.3 (quat. Gpso Ar), 141.0 (quat. Gpso Ar), 153.4 (quat. Gpso Ar),
154.8 (quat. Cipso Ar); &(282 MHz) —62.99 (s, ArEz); m/z (TOF ES+) 549.0 ([M + N@]

100%); HRMS: GoH200-FeNa calcd 549.1265 ([M + N§|, obsd 549.1274.

(9)-3,3-Bis-(3”,5"-di(trifluoromethyl)phenyl)-2,2’-dihydroxy-[1,1']-binaphthalenyl ( S)-

12 dl35]

l CF3
OH Chemical Formula: CzgH1gF1205

Exact Mass: 710.1115

OH Molecular Weight: 710.5078
OO oF Elemental Analysis: C, 60.86; H, 2.55; F, 32.09; O, 4.50
SN
CF;

A solution of BBg in CH,CI, (1.0 M, 1.60 mL, 1.60 mmol) was added to a solution of bis-
ether(S)-127 (295 mg, 0.399 mmol) in GAl, (13 mL) at 0 °C and the mixture was warmed

to R.T. overnight. KO (5 mL) was slowly added over a period of 2 min at 0 °C and the
mixture was poured into G&l,/H,O (1:1, 30 mL). After stirring for 30 min, the layers were
separated and the organic fraction was washed with brine (10 mL), and then dried,;XMgSO
The drying agent was removed by filtration and the filtrate concentrated under reduced
pressure to provide the crude product. Purification by flash column chromatography (gradient:
100% hexane- 80% hexane, 20% toluene) afforded df®)-126 as a white fluffy solid (275

mg, 97%): mp 212-215 °CR; = 0.20 (80% hexane, 20% toluene}]f° = -51.2 ¢ 1.0,

CHCly) (lit.™** (R)-enantiomer: ¢]p% = +45.3 € 1.06, CHCY); Umaxfilm)/cm™ 3534s (OH),
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3064m, 1809w, 1621m (C=C aromatic), 1598m (C=C aromatic), 1503m (C=C aromatic),
1473m 1463m, 1427m, 1378s, 1359m, 1336m, 1279s, 1236m, 1174s br, 1135s br, 1036m,
1022m, 990m, 954w, 936m, 896s, 872m, 845m, 705s, 684300 MHz) 5.41 (2H, s, B),

7.26 (2H, dJ 7.4, AH), 7.40-7.54 (4H, stack, A, 7.94 (2H, br s, Ad), 8.02 (2H, d,) 8.1,

ArH), 8.14 (2H, br s, Atl), 8.27 (4H, br s, Af); &(75 MHz) 111.8 (quat. Gpso Ar), 121.3

(CH, septet’Jc.r 4.0, Ar), 123.4 (quat. C, GJc-r 271.0, ACF3), 124.0 (CH, Ar), 125.2 (CH,

Ar), 127.7 (quat. C, ipso Ar), 128.7 (CH, Ar), 128.9 (CH, Ar), 129.5 (quat. C, ipso Ar), 129.7-
130.1 (CH, m, Ar), 131.6 (quat. C,%jc.r 32.8, ipso Ar), 132.3 (CH, Ar), 133.2 (quat. C, ipso

Ar), 139.5 (quat. Cipso Ar), 149.9 (quat. Cipso Ar); (282 MHz) —63.13 (s, ArEs); m/z

(TOF ES-) 709 ([M — H] 100%); HRMS: GeH17O-F1, calcd 709.1037 ([M — H], obsd

709.1030.

Data were in agreement with those reported in the liter8ttre.

(R)-3,3-Bis-(2",4”,6"-triisopropylphenyl)-2,2’-dihydroxy-[1,1’]-binaphthalenyl ( R-

12915

Chemical Formula: CgoHgg0,

Exact Mass: 690.4437

Molecular Weight: 690.9943

Elemental Analysis: C, 86.91; H, 8.46; O, 4.63

"BuLi (500 pL of a 2.5 M solution in hexane, 1.24 mmol) was added to a solution of 1-bromo-

2,4,6-triisopropylbenzene (310, 1.22 mmol) in THF (0.8 mL) at —78 °C. After stirring for
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20 min, a solution of ZnBr(320 mg, 1.42 mmol) in THF (1.4 mL) was added at —7&iC
cannula. The mixture was warmed to R.T. over 5 h, and then the solvent was removed under
reduced pressure (~ 10 mmHg) and the colourless oil was dried under reduced pressure (~ 10
mmHg) for 2 h. THF (4.2 mL), diiodo binaphthaler({8)-114 (300 mg, 0.530 mmol) and
Pd(PBus), (2.7 mg, 5.3umol) were added, and the resulting mixture was heated at 60 °C
overnight. After cooling to R.T., ED (15 mL) and hydrochloric acid (1 M, 10 mL) were
added, and the layers were separated. The agueous phase was extractegDwWRhxELO

mL). The combined organic fractions were washed wi® KL5 mL) and brine (15 mL), and

then dried (MgS@). The drying agent was removed by filtration and the filtrate concentrated
under reduced pressure to provide the crude product which was redissolvegGh (H

mL). A solution of BBg in CH,Cl, (1.0 M, 2.65 mL, 2.65 mmol) was added at O °C and the
mixture was warmed to R.T. overnight,® (5 mL) was added at 0 °C and the mixture was
poured into CHCI,/H,0O (1:1, 30 mL). After stirring for 30 min, the layers were separated and
the organic fraction was washed with brine (10 mL), and then dried (Mg3$&e drying

agent was removed by filtration and the filtrate concentrated under reduced pressure to
provide the crude product. Purification by flash column chromatography (gradient: 90%
hexane, 10% toluene. 70% hexane, 30% toluene) afforded dig)-129 as a white fluffy

solid (194 mg53% over two steps): mp 128-131 *&;= 0.23 (70% hexane, 30% toluene);
[a]p®® = +71.8 € 1.0, CHCY) (1it.*3® [0]p*" = +88.8 € 3.03, THF); Uma(film)/cm™ 3522s

(OH), 2961s, 2927w, 2869m, 1604m (C=C aromatic), 1497m (C=C aromatic), 1460s, 1423s,
1383m, 1362m, 1318m, 1257m, 1171m, 1148m, 1016m, 1067m, 994w, 936m, 896m, 879m,
855m, 692m;(300 MHz) 1.10 (6H, dJ 7.0, 2 x CH of 'Pr), 1.16 (6H, dJ 6.6, 2 x CH of

'Pr), 1.18 (6H, d, J.0, 2 x CH of 'Pr), 1.27 (6H, d, 6.6, 2 x CH of 'Pr), 1.38 (12H, d, J.0,

4 x CH; of 'Pr), 2.77 (2H, septef, 6.7, GH(CHs),), 2.92 (2H, septet] 6.7, GH(CHs),), 3.03

(2H, septet,] 6.7, GH(CHa)), 5.00 (2H, s, @), 7.16-7.24 (4H, stack, A), 7.33-7.48 (6H,

stack, AH), 7.84 (2H, s, Al), 7.93 (2H, d,J 7.7, AH); &(75 MHz) [23.7, 23.9, 24.0, 24.1,
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24.29, 24.32 (ChH 3 x CH(CH3)(CH3))], [30.8, 30.9, 34.3 (CHCH(CHs),)], 113.1 (quat. C,
ipso Ar), 121.15 (CH, Ar), 121.21 (CH, Ar), 123.8 (CH, Ar), 124.5 (CH, Ar), 126.6 (CH, Ar),
128.2 (CH, Ar), 129.0 (quat. @pso Ar), 129.1 (quat. dpso Ar), 130.4 (quat. dpso Ar),
130.6 (CH, Ar), 133.4 (quat. @pso Ar), 147.7 (quat. dpso Ar), 147.8 (quat. dpso Ar),
149.1 (quat. Cipso Ar), 150.6 (quat. Gpso Ar); m/z (TOF ES+) 713.5 ([M + N&] 100%);

HRMS: GsgHssO:Na calcd 713.4335 ([M + N3} obsd 713.4343.

Data were in agreement with those reported in the literHtre.

9-Anthracene boronic acid 12"

Chemical Formula: C,4H{,BO,
Exact Mass: 222.0852
Molecular Weight: 222.0469

B(OH), Elemental Analysis: C, 75.73; H, 4.99; B, 4.87; O, 14.41

"BuLi (2.50 mL of a 2.36 M solution in hexane, 5.83 mmol) was added to a solution of 9-
bromoanthracene (1.00 g, 3.89 mmol) in THF (32 mL) at —78 °C. The reaction mixture was
stirred for 1 h, over which time, the pale brown solution turned orange. BB L,

5.83 mmol) was added dropwise over 2 min, and the mixture was warmed to R.T. overnight.
Hydrochloric acid (2 M, 30 mL) was added at 0 °C and the mixture was stirred at R.T. for 3 h.
The layers were separated, and the THF was removed under reduced pressure. The resulting
solid was dissolved in EtOAc (50 mL) and washed with Naki€gution (30 mL) and brine
(30mL), and then dried (MgSP The drying agent was removed by filtration and the filtrate
concentrated under reduced pressure to provide the crude pt@duas a red-orange powder

(900 mg, quantitative), which was used without further purification and characterisation.
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General procedure for the formation of binaphthalenyl diols R)-Hg-122, R)-130 and

(R)-133-136"%

The diiodo binaphthalenyl starting material (3.53 mmol), the boronic acid (14.1 mmol) and
NaCO; (3.03 g, 28.2 mmol) were dissolved in a mixture of degassed toluene/E4OH/H
(2:1:1, 58 mL). Pd(PR (404 mg, 0.35 mmol) was added, and the mixture was heated under
reflux for 24 h. After cooling to R.T., the solvents were removed under reduced pressure and
the resulting solid was dissolved in &, (100 mL). Hydrochloric acid (1 M, 100 mL) was
added and the layers were separated. The agueous phase was extracted®@#ti2CH30

mL). The combined organic fractions were washed wi® K60 mL) and brine (50 mL), and

then dried (MgSG). The drying agent was removed by filtration and the filtrate concentrated
under reduced pressure to provide the crude product, which was redissolvegCia (@B5

mL). A solution of BBg in CH,Cl, (1.0 M, 17.7 mL, 17.7 mmol) was added at O °C and the
mixture was warmed to R.T. overnight.® (20 mL) was added at 0 °C and the mixture was
poured into CHCI,/H,O (1:1, 200 mL). After stirring for 30 min, the layers were separated
and the organic fraction was washed with brine (100 mL), and then dried (M¢gH@

drying agent was removed by filtration and the filtrate concentrated under reduced pressure to

provide the crude diol product, which was purified by flash column chromatography.
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(R)-3,3-Bis-(9”-anthracenyl)-2,2’-dihydroxy-[1,1’]-binaphthalenyl ( R)-130

Chemical Formula: C4gH300,

Exact Mass: 638.2246

Molecular Weight: 638.7506

Elemental Analysis: C, 90.26; H, 4.73; O, 5.01

Diol (R)-130 was prepared by Suzuki coupling &)-8,3-diiodo-2,2’-dimethoxy-[1,1']-
binaphthaleny(R)-114 (400 mg, 0.707 mmol) with crude 9-anthracene boronic acid (628 mg,
2.82 mmol), followed by demethylation with BBIn CH,Cl, (1.0 M, 2.80 mL, 2.80 mmol)
according to the general procedure. Purification by flash column chromatography (30%
hexane, 70% toluene) afforded di&){130 as a pale brown solid (420 n88% over two
steps): mp >330 °CR = 0.20 (30% hexane, 70% toluene)]f° = +193.2 ¢ 1.0, CHC});
Umad{neat)/cnit 3529s (OH), 3053w, 3009w, 2926w, 1624m (C=C aromatic), 1498m, 1441s,
1401w, 1380w, 1355m, 1333w, 1247s, 1193s, 1148s, 1094m, 1014m, 947m, 931w, 890s,
850s, 796m, 787m, 777w, 7364i(300 MHz) 5.09 (2H, s, B), 7.22-7.31 (2H, m, At),
7.37-7.72 (14H, stack, M), 7.83-7.97 (4H, stack, At), 8.00-8.14 (6H, stack, Af), 8.58

(2H, s, AH); &(75 MHz) 113.5 (quat. Opso Ar), 124.3 (CH, Ar), 124.8 (CH, Ar), 125.3
(CH, 2 x Ar), 126.1 (CH, Ar), 126.15 (CH, 2 x Ar), 126.20 (CH, Ar), 127.1 (quaitpsd,

Ar), 127.4 (CH, Ar), 127.8 (CH, Ar), 128.47 (CH, Ar), 128.54 (CH, Ar), 128.7 (CH, Ar),
129.3 (quat. Cipso Ar), 130.7 (quat. Cipso Ar), 130.76 (quat. Gpso Ar), 130.83 (quat. C,

ipso Ar), 131.4 (quat. dpso Ar), 131.5 (quat. dpso Ar), 133.0 (CH, Ar), 133.9 (quat. C,

250



ipso Ar), 151.0 (quat. Gpso Ar); mz (TOF ES-) 637.1 ([M — H] 100%); HRMS: GgH240,

calcd 636.2168 ([M — H), obsd 637.2160.

Data were in agreement with those reported in the literHttre.

(R)-3,3'-Bis-(10"-bromoanthracenyl-9”-yl)-2,2’-dihydroxy-[1,1']-binaphthalenyl  ( R)-
134 and (R)-3-(9”-anthracenyl)-3’-(10”-bromoanthracenyl-9”-yl)-2,2’-dihydroxy-[1,1']-

binaphthyl (R)-135

Chemical Formula: C4gH,gBr,0,

Exact Mass: 794.0456

Molecular Weight: 796.5427

Elemental Analysis: C, 72.38; H, 3.54; Br, 20.06; O, 4.02

Chemical Formula: C4gH,9Bro,

Exact Mass: 716.1351

Molecular Weight: 717.6467

Elemental Analysis: C, 80.33; H, 4.07; Br, 11.13; O, 4.46
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Diol (R)-134 was prepared by Suzuki coupling dR®)<{3,3-diiodo-2,2’-dimethoxy-[1,1']-
binaphthalenyl(R)-114 (2.00 g, 3.53 mmol) with 10-bromoanthracene-9-boronic aéd

(4.25 g, 14.1 mmol) followed by deprotection with BEBn CH,Cl, (1.0 M, 17.7 mL, 17.7
mmol) according to the general procedure. Purification by flash column chromatography
(gradient: 90% hexane, 10% toluene 70% hexane, 30% toluene) afforded, in order of
elution, diol(R)-134 as a yellow crystalline solid (2.65%h% over two steps): mp 245-248

°C; R = 0.25 (60% hexane, 40% toluen&)]of° = +116.0 ¢ 1.0, CHC}); unad{neat)/cnt
3526m (OH), 1622m (C=C aromatic), 1498m, 1438m, 1363w, 1345m, 1329m, 1256m, 1207s,
1149m, 1093m, 1026m, 936m, 890s, 784m, 751s, @300 MHz) 5.08 (2H, s, B), 7.24-

7.33 (2H, m, AH), 7.43-7.72 (14H, stack, A, 7.83-7.98 (4H, stack, A¥), 8.02 (2H, s,

ArH), 8.62 (2H, d, B.8, AH), 8.67 (2H, d, B.8, AH); &(75 MHz) 113.2 (quat. C, ipso Ar),
124.1 (quat. Cipso Ar), 124.5 (CH, Ar), 124.7 (CH, Ar), 126.3 (CH, Ar), 126.4 (CH, Ar),
126.57 (CH, Ar), 126.62 (CH, Ar), 126.8 (quat. ifs0 Ar), 127.12 (CH, Ar), 127.14 (CH,

Ar), 127.7 (CH, Ar), 128.1 (CH, Ar), 128.2 (CH, Ar), 128.6 (CH, Ar), 129.2 (quaip&

Ar), 130.37 (quat. C, ipso Ar), 130.42 (quat. C, ipso Ar), 131.4 (quat. C, ipso Ar), 131.5 (quat.
C,ipso Ar), 131.7 (quat. Gpso Ar), 133.2 (CH, Ar), 133.9 (quat. (pso Ar), 150.9 (quat. C,

ipso Ar); m& (TOF ES-) 795.3 ([M — H] 100%); HRMS: GgH»70,"Bre'Br calcd 795.0357

(IM = HJ]"), obsd 795.0341; and then after increasing the polarity of the eluents (gradient: 70%
hexane, 30% toluene 40% hexane, 60% toluene) di&t){135 as a pale orange crystalline
solid (481 mg, 19%): mp 245-247 °&; = 0.15 (60% hexane, 40% toluena)jf* = +159.6

(c 1.05, CHCY); Una(neat)/cni 3521m (OH), 3050w, 1622w, 1496w, 1438m, 1381w,
1347m, 1258m, 1207m, 1145m, 1093w, 1024w, 935w, 892s, 859m, 843m, 784m, 749s, 730s,
681m; &4(300 MHz) 5.07 (1H, s, B), 5.12 (1H, s, @), 7.27-7.33 (2H, stack, M), 7.40-

7.75 (14H, stack, Af), 7.84-8.15 (8H, stack, M), 8.58-8.72 (3H, stack, M); &(75 MHz)

112.9 (quat. Cipso Ar), 113.8 (quat. Gpso Ar), 123.9 (quat. Apso Ar), [124.4 (CH, Ar),
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124.7 (CH, Ar), 124.9 (CH, Ar), 125.4 (CH, Ar), 125.9 (CH, Ar), 126.0 (CH, Ar), 126.2 (CH,
Ar), 126.28 (CH, Ar), 126.33 (CH, Ar), 126.8 (CH, Ar), 127.1 (CH, Ar), 127.5 (CH, Ar),
127.97 (CH, Ar), 128.04 (CH, Ar), 128.2 (CH, Ar), 128.49 (CH, Ar), 128.53 (CH, Ar), 128.6
(CH, Ar), 128.7 (CH, Ar), resonance overlap], 129.2 (quaip€y Ar), 129.3 (quat. dpso

Ar), 130.2 (quat. C, ipso Ar), 130.37 (quat. C, ipso Ar), 130.42 (quat. C, ipso Ar), 130.8 (quat.
C, ipso Ar), 130.9 (quat. Gpso Ar), 131.4 (quat. Gpso Ar), 131.5 (CH, Ar), 132.2 (quat. C,
ipso Ar), 133.0 (CH, Ar), 133.3 (CH, Ar), 133.9 (quat.igso Ar), 150.8 (quat. Gpso Ar),

151.1 (quat. Cipso Ar), resonance overlap of 5 x (quat.igso Ar); mz (TOF ES-) 715.2

(IM = H]", 100%); HRMS: GgH2:0,"°Br calcd 715.1273 ([M — H], obsd 715.1270.

(R)-3,3'-Bis-(10"-bromoanthracenyl-9”-yl)-2,2’-dihydroxy-5,6,7,8,5’,6’,7’,8’-octahydro-

[1,1']-binaphthalenyl (R)-Hg-122

Chemical Formula: C,gH3¢Br,0,

Exact Mass: 802.1082

Molecular Weight: 804.6062

Elemental Analysis: C, 71.65; H, 4.51; Br, 19.86; O, 3.98

Diol (R)-Hg-122 was prepared by Suzuki coupling d®)-8,3’-diiodo-2,2’-dimethoxy-
5,6,7,8,5,6’,7",8-octahydro-[1,1']-binaphthalenyR)-Hg-119 (500 mg, 0.871 mmol) with
10-bromoanthracene-9-boronic adid0 (1.05 g, 3.48 mmol) followed by deprotection with

BBr; in CHCI, (1.0 M, 3.50 mL, 3.50 mmol). Purification by flash column chromatography
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(60% hexane, 40% toluene) afforded diB)-Hg-122 as a yellow solid (118 mg, 17% over
two steps): mp 190-192 °Gx = 0.16 (60% hexane, 40% toluene}]of’ = —26.0 € 1.0,
CHCL); mad{neat)/cnit 3525m (OH), 2926s (CH, 2855w, 1720w br, 1608w (C=C
aromatic), 1438s, 1346m, 1256s, 1217s, 1157s, 1088w, 1027m, 968w, 929m, 893s, 860w,
788m, 756s;04(300 MHz) 1.80-1.98 (8H, stack, GBH,CH,CH,), 2.54-2.88 (8H, stack,
ArCH,), 4.59 (2H, s, ®), 7.07 (2H, s, A), 7.23-7.35 (2H, m, A), 7.45-7-73 (8H, stack,
ArH), 7.83 (2H, dJ 8.8, AH), 8.59 (2H, dJ 8.8, AH), 8.64 (2H, d,J 8.8, AH); &(75
MHz) 23.0 (CH, CH,CH,CH,CHy), 23.2 (CH, CH,CH,CH,CH,), 27.4 (CH, ArCH,), 29.2
(CH,, ArCHy), 120.6 (quat. Cipso Ar), 122.0 (quat. dpso Ar), 123.4 (quat. dpso Ar),
125.9 (CH, Ar), 126.1 (CH, Ar), 126.95 (CH, Ar), 126.97 (CH, 2 x Ar), 127.1 (CH, Ar),
127.9 (CH, Ar), 128.1 (CH, Ar), 130.2 (quat. ipso Ar), 130.4 (quat. Gpso Ar), 130.5
(quat. C,jipso Ar), 131.3 (quat. Gpso Ar), 131.4 (quat. Gpso Ar), 132.8 (quat. Gpso Ar),
133.2 (CH, Ar), 137.5 (quat. @so Ar), 149.2 (quat. Gpso Ar); mgz (TOF ES+) 827 (M +

Na]", 100%); HRMS: GgHss' Br2’BrO,Na calcd 827.0959 ([M + N}, obsd 827.0978.

(R)-3,3-Bis-(10"-bromoanthracenyl-9”-yl)-2,2’-dimethoxy-[1,1']-binaphthalenyl  (R)-

131

Chemical Formula: CggH3,Br,0,

Exact Mass: 822.0769

Molecular Weight: 824.5959

Elemental Analysis: C, 72.83; H, 3.91; Br, 19.38; O, 3.88
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Binaphthalenyl R)-131 was prepared by Suzuki coupling &){3,3’-diiodo-2,2’-dimethoxy-
[1,1']-binaphthalenyl(R)-114 (720 mg, 1.27 mmol) with 10-bromoanthracene-9-boronic acid
120 (1.53 g, 5.09 mmol) according to the general procedure. After work-up and removal of
solvent, the residue was redissolved in toluene (50 mL) and passed through a silica plug
(100% toluene). The solvent was removed under reduced pressure to afford a shiny yellow
solid which was stirred in Ci€l, (10 mL) for 1 h. Filtration afforded binaphthaleni®){131

as a cream white solid (839 m8Q%): mp 338-341 °C;d]p'° = +182.4 ¢ 0.25, CHCY);
Umad{neat)/cnit 3068w, 2933m, 2840w, 1907w, 1622w (C=C aromatic), 1493m, 1439m,
1398m, 1347m, 1319m, 1256m, 1233s, 1146m, 1099s, 1028m, 1014s, 937m, 894s, 783m,
757s, 729sp,(300 MHz, GDsCDs) 2.73 (6H, s, OBj3), 6.81-7.34 (12H, stack, A, 7.59-

7.68 (6H, stack, Ad), 7.77 (2H, d,J 8.8, AH), 8.02 (2H, d,J 8.8 AH), 8.62 (2H, d,J 8.8,

ArH), 8.70 (2H, dJ 8.8, AH); &(75 MHz, CB,Cl,) 61.4 (CH, OCHa3), 123.7 (quat. Cipso

Ar), 126.0 (CH, Ar), 126.1 (quat. @soAr), 126.37 (CH, Ar), 126.43 (CH, Ar), 126.6 (CH,

Ar), 127.5 (CH, Ar), 127.68 (CH, Ar), 127.72 (CH, Ar), 127.90 (CH, Ar), 127.93 (CH, Ar),
128.4 (CH, Ar), 128.5 (CH, Ar), 128.9 (CH, Ar), 130.90 (quatipSp Ar), 130.92 (quat. C,

ipso Ar), 131.3 (quat. dpso Ar), 131.9 (quat. dpso Ar), 132.0 (quat. dpso Ar), 132.4

(quat. C,ipso Ar), 133.5 (CH, Ar), 134.97 (quat. (pso Ar), 135.0 (quat.dpso Ar), 156.0

(quat. C,ipso Ar); m& (TOF ES+) 795.3 ([M + N&] 100%); HRMS: GHz.0, °Bre'BrNa

calcd 847.0646 ([M + N4J, obsd 847.0668.
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4-Tolylboronic acid 1323

B(OH), Chemical Formula: C;HyBO,
Exact Mass: 136.0696
Molecular Weight: 135.9562

Elemental Analysis: C, 61.84; H, 6.67; B, 7.95; O, 23.54

"BuLi (7.0 mL of a 2.50 M solution in hexane, 17.5 mmol) was slowly added over a period of

7 min to a solution of 4-bromotoluene (2.50 g, 14.6 mmol) in THF (25 mL) at —78 °C. After
stirring for 20 min, a solution of B(OMg}2.40 mL, 21.9 mmol) in THF (10 mL) was added.
While warming up to R.T. overnight, the clear solution became a white suspension. The
mixture was cooled to 0 °C, hydrochloric acid (2 M, 25 mL) was added, and the resulting
solution was stirred vigorously at R.T for 3 h. The layers were separated and the solvent was
removed under reduced pressure from the organic phase. The resulting white residue was
redissolved in EtOAc (50 mL) and washed with NaHGG6lution (30 mL) and brine (30 mL)

and then dried (MgS£). The drying agent was removed by filtration and the filtrate
concentrated under reduced pressure to provide the crude product. The white solid was
recrystallised from kD to afford boronic acid32 as a white powder (1.44 g, 72%): mp 248-

250 °C (lit** mp 245-247 °C),(300 MHz) 2.45 (3H, s, ArB3), 7.32 (2H, d,J 8.0, AH),

8.13 (2H, d,J 8.0, AH); &(75 MHz) 21.9 (CH, ArCHz), 128.8 (CH, Ar), 135.7 (CH, Ar),

142.9 (quat. Cipso CCHs), (quat. CjpsoCB(OH),) not observed because peak is very broad
due to adjacent quadrupole boron nuclétB: (I = 3/2) resulting in the resonance being lost

in the noise.

Data were in agreement with those reported in the liter8fe.
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(R)-3,3-Bis-(10"-(4""-methylphenyl)-anthracenyl-9”-yl)-2,2’-dihydroxy-[1,1']-

binaphthalenyl (R)-133

Chemical Formula: CgoH4,05

Exact Mass: 818.3185

Molecular Weight: 818.9957

Elemental Analysis: C, 90.92; H, 5.17; O, 3.91

Diol (R)-133 was prepared using a modification of the previously reported Suzuki coupling
used for similar coupling partnefs®!

Dibromo binaphthalenylR)-131 (300 mg, 0.364 mmol), 4-tolylboronic aci@2 (198 mg,

1.46 mmol), tri(3-tolyl)phosphine (17 mg, 0.055 mmol) argC®&; (96 mg, 0.691 mmol)

were dissolved in a mixture of degassed toluene/DMB/2:2:1, 7.5 mL). Pd(OAg)X4 mg,

0.018 mmol) was added, and the mixture was heated under reflux for 24 h. After cooling to
R.T., the solvents were removed under reduced pressure and the resulting solid was dissolved
in CH,Cl, (30 mL). Hydrochloric acid (1 M, 30 mL) was added and the layers were separated.
The aqueous phase was extracted with@H(2 x 10 mL). The combined organic fractions
were washed with $¥0 (25 mL) and brine (25 mL), and then dried (MgpQOhe drying

agent was removed by filtration and the filtrate concentrated under reduced pressure to
provide the crude product which was redissolved in@H(13 mL). A solution of BBy in

CH.CI; (1.0 M, 1.5 mL, 1.5 mmol) was added at 0 °C and the mixture was warmed to R.T.
overnight. HO (5 mL) was added at O °C and the mixture was poured int€&H,0O (1:1,

30 mL). After stirring for 30 min, the layers were separated and the organic fraction was
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washed with brine (20 mL), and then dried (MgEOhe drying agent was removed by
filtration and the filtrate concentrated under reduced pressure to provide the crude diol
product. Purification by flash column chromatography (60% hexane, 40% toluene) afforded
diol (R)-133 as a yellow solid (286 mg86% over two steps): mp 270-272 ®;= 0.31 (60%
hexane, 40% toluene)y]p?° = +45.6 € 1.0, CHCY); vma{neat)/cnt 3526m (OH), 3060w,
3033w, 1623w (C=C aromatic), 1497m, 1439s, 1379s, 1209s, 1144m, 1023m, 944m, 908m,
814s, 768s, 747%%(300 MHz) 2.55 (6H, s, ArBs), 5.20 (2H, s, @), 7.16-7.56 (20H, stack,
ArH), 7.60-7.66 (2H, m, At)), 7.69-7.82 (6H, stack, Af), 7.88-7.99 (4H, stack, Af), 8.08

(2H, s, AH); &(75 MHz) 19.8 (CH, ArCHs), 111.9 (quat. C, ipso Ar), 122.7 (CH, Ar), 123.3
(CH, Ar), 123.5 (CH, 2 x Ar), 124.2 (CH, Ar), 124.3 (CH, Ar), 124.55 (CH, Ar), 124.62 (CH,
Ar), 125.75 (CH, Ar), 125.79 (CH, Ar), 125.86 (CH, Ar), 125.91 (quatip€o Ar), 126.9

(CH, Ar), 127.49 (CH, Ar), 127.51 (CH, Ar), 127.8 (quat.igso Ar), 128.57 (quat. Cipso

Ar), 128.63 (quat. Cipso Ar), 128.88 (quat. dpso Ar), 128.94 (quat. Gpso Ar), 128.98

(quat. C,ipso Ar), 129.49 (CH, Ar), 129.53 (CH, Ar), 131.6 (CH, Ar), 132.3 (quatp§h

Ar), 134.1 (quat. Cipso Ar), 135.6 (quat. dpso Ar), 136.9 (quat. dpso Ar), 149.5 (quat.

C, ipso Ar); mz (TOF ES+) 841.3 ([M + N&] 100%); HRMS: GH4,0.Na calcd 841.3083

(IM + NaJ*), obsd 841.3087.

General procedure for the formation of chiral N-triflyl phosphoramides 45871

NEt; (1.85 mL, 13.3 mmol), PO€(210uL, 2.27 mmol) and DMAP (463 mg, 3.79 mmol)
were added to a solution of the diol (1.90 mmol) in,ChK (9.5 mL) at 0 °C. After stirring for

2 hatR.T., EtCN (9.5 mL) and TfNH565 mg, 3.79 mmol) were added and the mixture was
heated under reflux for 15 h. After cooling to R.T., the reaction was quenched x@tk6H

mL). ELO (40 mL) and hydrochloric acid (4 M, 30 mL) were added, and the layers were
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separated. The aqueous phase was extracted with (Etx 20 mL), and the combined
organic fractions were dried (MgQ© The drying agent was removed by filtration and the
filtrate concentrated under reduced pressure. Purifiation of the crude product by flash column
chromatography afforded the phosphoramide which may be a salt. The product was extracted
with Et,O (40 mL) and hydrochloric acid (4 M, 2 x 25 mL), and then dried (MgSthe

drying agent was removed by filtration and the filtrate concentrated under reduced pressure to

provide the desired phosphoramide.

4-sec-Butylphenoxy-N-triflyl posphoramide 162

(@]

R so.cE Molecular Weight: 493.4768
o o2t Elemental Analysis: C, 51.11; H, 5.51; F, 11.55; N, 2.84, O, 16.21;
P, 6.28; S, 6.50

Ir=

Chemical Formula: C51H,7F3NOsPS
o, Exact Mass: 493.13
N7

Phosphoramidd62 was prepared fromskcbutylphenol (360 mg, 2.40 mmol) according to
the general procedure. Purification by flash column chromatography (gradient: 6884,CH
40% EtOAc -~ 40% CHCI,, 60% EtOAc) afforded phosphoramidé2 as a yellow wax
which changes its colour to purple after the HCl-wash (285 mg, 4B%6}: 0.18 (50%
CH,Cl,, 50% EtOAC); Vma(film)/cm™ 2962m, 2925m, 2876w, 1504m (C=C aromatic),
1434m, 1378m, 1272m, 1187s, 1162s, 1139s, 1095m, 935s, 33@00 MHz) 0.79 (6H, t,

J 7.4, CHCHs), 1.19 (6H, d,J 6.9, CHGH3), 1.46-1.63 (4H, stack, &), 2.57 (2H, app.
sextet,J 7.1, GH), 7.04-7.20 (8H, stack, A); &(75 MHz) 12.1 (CH, CH3), 21.7 (CH,
CHs), 31.1 (CH, CHy), 41.0 (CH, ACH), 119.1 (quat. C, qtJc.r 319.3, S(O)CFs), 119.8

(CH, Ar), 128.4 (CH, Ar), 145.7 (quat. @yso Ar), 147.6 (quat. C, dlcp 7.5, ipso Ar);
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(121 MHz) —14.95 (SP(O)NH); 282 MHz) —77.34 (s, Es); miz (TOF ES-) 492.0 (M —

H]~, 100%); HRMS: GiH26NOsFsPS calcd 492.1221 ([M — B] obsd 492.1223.

(R)- and (S)-[3,3-Bis(4-methylphenyl)-1,1'-binaphthalen-2,2’-yl]N-triflyl phosphor-

amide R)- and (5)-45d

R)-45d

Chemical Formula: C35Ho5F3NOsPS

Exact Mass: 659.1143

Molecular Weight: 659.6107

Elemental Analysis: C, 63.73; H, 3.82; F, 8.64; N, 2.12; O, 12.13; P, 4.70; S, 4.86

PhosphoramidéS)-45d was prepared from dio5(-125 (280 mg, 0.600 mmol) according to

the general procedure. Purification by flash column chromatography (10% EtOAc, 10%
toluene, 80% CbCl,) afforded phosphoramid&)45d as a white solid (351 mg, 89%): mp
257-260 °C;R = 0.28 (20% EtOAc, 80% Gil,); [¢]o®® = +366 (c 1.0, CHCY);
Umadfilm)lcm™ 2924w (CH), 1614w (C=C aromatic), 1516m (C=C aromatic), 1497w,
1423m, 1290s, 1191s, 1150s, 1097m, 1078w, 1023w, 996m, 974s, 898s, 845m, 820s, 610m;
(300 MHz) 2.29 (6H, s, ArB3), 6.43 (1H, br s, N), 7.00-7.14 (3H, stack, A, 7.20-7.48

(8H, stack, AH), 7.51-7.62 (3H, stack, M), 7.87-8.01 (3H, stack, At), 8.09 (1H, s, AH);

&(75 MHz) 20.96 (CH, ArCHs), 21.01 (CH, ArCHs), 118.7 (quat. C, q'Jcr 317.9,
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S(O)CF3), 122.06 (quat. C, dic.p 2.9,ipsoAr), 122.17 (quat. C, dlc.p 2.9,ipso Ar), 126.1
(CH, Ar), 126.4 (CH, Ar), 126.5 (CH, Ar), 126.65 (CH, Ar), 126.68 (CH, Ar), 127.1 (CH,
Ar), 128.3 (CH, Ar), 128.4 (CH, Ar), 128.8 (CH, 2 x Ar), 129.3 (CH, 2 x Ar), 129.6 (CH, 2 x
Ar), 129.9 (CH, 2 x Ar), 131.4 (CH, Ar), 131.65 (CH, Ar), 131.66 (quat. Oc§,5.1,ipso

Ar), 131.9 (quat. C, d)c.p 4.4,ipso Ar), 133.01 (quat. Gpso Ar), 133.03 (quat. Gpso Ar),
133.5 (quat. C, dJcp 3.1,ipso Ar), 133.8 (quat. C, dcp 2.6,ipso Ar), 137.7 (quat. C, 2 x
ipso Ar), 137.9 (quat. C, 2 ipso Ar), 142.9 (quat. C, dcp 9.4,ipso Ar), 143.6 (quat. C, d,
Jep 11.4,ipso Ar); o(121 MHz) —1.74 (sP(O)NH); o282 MHz) —78.97 (s, S(@FF3); m/z
(TOF ES+) 682.0 ([M + N&] 100%); HRMS: GsH2sNOsFsPSNa calcd 682.1041 (M +

Na]"), obsd 682.1058.

The same protocol was followed for the preparation of ®)eefantiomer: ]p?° = —372(c

1.0, CHCY).

(9)-[3,3-Bis(3”,5”-di(trifluoromethyl)phenyl)-[1,1']-binaphthalen-2,2’-yl]- N-triflyl

phosphoramide §)-45e

CF3

CFs Chemical Formula: C57H;7F15sNOsPS

o._0 Exact Mass: 903.0326

/P\N,SOZCF3 Molecular Weight: 903.5494

H Elemental Analysis: C, 49.18; H, 1.90; F, 31.54; N, 1.55; O, 8.85;
CFs, P, 3.43; S, 3.55
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PhosphoramideS)-45ewas prepared from dioB)26 (460 mg, 0.647 mmol) according to the
general procedure. Purification by flash column chromatography (gradient: 10024, CH
90% CHCl,, 10% EtOAc) afforded phosphorami(fe)-45e as a pale purple solid (532 mg,
91%): mp 174-177 °CR; = 0.10 (2% EtOAc, 98% Ci€l,); [a]p™® = +225(c 0.5, CHCh);
Umafilm)/cm™ 3385m br (NH), 1693w (C=C aromatic), 1621w, 1503m (C=C aromatic),
1475w, 1380m, 1280s, 1141s, 1082m, 991m, 965m, 925m, 889m, 874w, 845m, 705w, 696w,
681m, 669s;34(300 MHz) 6.01 (1H, br s, N), 7.33-7.72 (7H, stack, A), 7.88 (1H, br s,
ArH), 8.00-8.16 (8H, stack, A); &(75 MHz) 118.4 (quat. C, ddJc.r 317.9,3Jcp 2.0,
S(O%CF3), 121.6-121.8 (CH, m, Ar), 121.9-122.2 (CH, m, Ar), 122.5 (quat. Oc.d,2.6,
ipso Ar), 122.7 (quat. C, dic.p 2.3,ipso Ar), 123.08 (quat. C, dJc.r 271.3, 2 x AEFy),
123.10 (quat. C, dJc.r 271.3, 2 x AEF3), 126.9 (CH, Ar), 127.1 (CH, 2 x Ar), 127.4 (CH,
Ar), 127.97 (CH, Ar), 128.03 (CH, Ar), 128.8 (CH, Ar), 128.9 (CH, Ar), 129.7 (CH, stack, 2
xAr), 130.1 (CH, stack, 2 x Ar), 130.5 (quat. CJdp 3.4,ipso Ar), 130.9 (quat. C, dcp
2.6,ipso Ar), 131.7-131.9 (quat. C, ripso Ar), 131.80 (quat. C, GJcr 33.4, 2 xipso Ar),
131.9 (quat. C, ofJc.r 33.4, 2 xipso Ar), 132.2-132.4 (quat. C, fipso Ar), 132.5 (CH, Ar),
132.7 (CH, Ar), 137.75 (quat. C, 2ipso Ar), 137.83 (quat. C, 2ipso Ar), 141.6 (quat. C,
ipso Ar), 141.7 (quat. dpso Ar), 142.7 (quat. dpso Ar), 142.9 (quat. dpso Ar); &(121
MHz) —4.13 (sP(O)NH); &(282 MHz) —63.26 (s, 2 x Arg;), —63.566 (s, Ar€Es), —63.570

(s, ArCFs), —78.74 (s, S(QFFs); miz (TOF ES-) 902.2 (M — H] 100%); HRMS:

CaH16NOsF1sPS caled 902.0247 ([M — H] obsd 902.0253.
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(R)-[3,3'-Bis(2",4”,6"-triisopropylphenyl)-[1,1']-binaphthalen-2,2’-yl]- N-triflyl

phosphoramide R)-45a

i-Pr Chemical Formula: Cg,Hs57F3NOsPS

- _0 Exact Mass: 883.3647

~P<N~-SO2CF3  Molecular Weight: 884.036

i-pH Elemental Analysis: C, 69.29; H, 6.50; F, 6.45; N, 1.58; O, 9.05;
P, 3.50; S, 3.63

Phosphoramid€R)-45a was prepared from didR)-129 (334 mg, 0.483 mmol) according to
the general procedure. Purification by flash column chromatography (gradient: 10 CH

- 90% CHCI,, 10% EtOAc) afforded phosphorami@i®)-45a as a pale brown solid (355
mg, 83%): mp 158-161 °GR = 0.20 (5% EtOAc, 95% Ci€l,); [a]o?: = +33.3(c 0.42,
CH,Cl) (1it.B" [¢]p?"° = +29.9 € 0.42, CHCL); Vma(film)/cm™ 3424m br (NH), 2962s
(CH3), 2870w, 1606m (C=C aromatic), 1567w (C=C aromatic), 1496w, 1462m, 1412w,
1384w, 1363m, 1315m, 1195s, 1149m, 1116m, 998m, 976m, 940w, 901m, 878w, 856w,
805w, 666m, 598w¢,(300 MHz) 0.95 (3H, dJ 7.0, 1 x CH of 'Pr), 1.01 (3H, d,) 7.0, 1 x

CH; of 'Pr), 1.06-1.33 (30H, stack, 10 x €bf 'Pr), 2.47-2.67 (2H, stack,HECHs),), 2.68-

2.84 (2H, stack, B(CHs),), 2.85-3.02 (2H, stack, {CHs),), 4.85 (1H, br s, N), 7.05 (1H,

br s, AH), 7.10-7.19 (3H, stack, M), 7.26-7.42 (4H, stack, M), 7.52-7.62 (2H, stack
ArH), 7.92-7.83 (4H, stack, A); &(75 MHz) 22.76 (Cl, CHs of 'Pr), 22.85 (CH, CH; of

'Pr), 22.91 (CH, CH; of 'Pr), 23.0 (CH, CH; of 'Pr), 23.87 (CH, CHs of 'Pr), 23.94 (CH,

CHs of 'Pr), 24.0 (CH, CHs of 'Pr), 24.1 (CH, CHs of 'Pr), 25.1 (CH, CH; of 'Pr), 25.5
(CHs, CH; of 'Pr), 26.8 (CH, CHs of 'Pr), 26.9 (CH, CH; of 'Pr), 30.4 (CHCH(CHs),), 31.1

(CH, 2 xCH(CHa),), 31.5 (CH,CH(CHa),), 34.4 (CH,CH(CHs),), 34.5 (CH,CH(CHs),),

118.7 (quat. C, dJc.r 320.4, S(O)CF3), 120.3 (CH, Ar), 121.0 (quat. C, &.p 1.7,ipso Ar),
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121.3 (CH, Ar), 121.4 (CH, Ar), 121.7 (quat. C,Jdp 2.6,ipso Ar), 121.8 (CH, Ar), 126.4
(CH, Ar), 126.5 (CH, Ar), 126.7 (CH, Ar), 126.8 (CH, Ar), 127.3 (CH, 2 x Ar), 128.4 (CH, 2
x Ar), 129.7 (quat. Cipso Ar), 130.0 (quat.dpso Ar), 130.3 (quat. C, dc.p 4.3,ipso Ar),
131.2 (quat. C, djc.p 0.9,ipso Ar), 131.6 (quat. C, dcp 1.1,ipso Ar), 132.08 (quat. C, d,
Jc.p 0.8,ipso Ar), 132.1 (quat. C, dJcp 1.7,ipso Ar), 132.5 (quat. C, dcp 2.9,ipso Ar),
132.9 (CH, Ar), 133.2 (CH, Ar), 144.6 (quat. &g,p 8.9,ipso Ar), 145.4 (quat. Clcp 11.1,
ipso Ar), 146.2 (quat. dpso Ar), 146.9 (quat. dpso Ar), 147.7 (quat. dpso Ar), 148.0
(quat. C,ipso Ar), 149.0 (quat. dpso Ar), 149.8 (quat. dpso Ar); &(121 MHz) -3.79 (s,
P(O)NH); (282 MHz) —77.40 (s, Es); m/z (TOF ES-) 882.1 ([M — H] 100%); HRMS:

Cs1HsNOsFsPS calcd 882.3569 ([M — H] obsd 882.3564.

Data were in agreement with those reported in the liter&tire.

(R)-[3,3'-Bis(anthracen-9”-yl)-[1,1']-binaphthalen-2,2’-yl]- N-triflyl phosphoramide (R)-

45f

Chemical Formula: C,9H29F3NOsPS

Exact Mass: 831.1456

Molecular Weight: 831.7922

Elemental Analysis: C, 70.75; H, 3.51; F, 6.85; N, 1.68; O, 9.62;
P,3.72; S, 3.85
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PhosphoramidéR)-45f was prepared from dioR}-130 (330 mg, 0.517 mmol) according to

the general procedure. Purification by flash column chromatography (gradient: 10§% CH

- 90% CHCI,, 10% EtOAc) afforded phosphoramid®)45f as its ether solvaté5f-0.55

Et,O as a brown solid (340 mg, 75%): mp 250-253 °CRCs 0.11 (100% ED); [a]p*° =

+9.6 (c 0.83, CHCY); Unadneat)/cm 3308w, 3053w, 2933w, 2832w, 1594w, 1497w, 1445w,
1402w, 1380w, 1329m, 1308m, 1296m, 1262w, 1226m, 1194m, 1151s, 1135m, 1123m,
1098s, 1024w, 953w, 883s, 839m, 818m, 788m, 775w, 751m, 727s, 706w, 677m, 655w;
M&(300 MHz, GDe) 0.64 (0.55 x 6H, t] 6.8, O(CHCHSs),), 2.88 (0.55 x 4H, gJ 6.8,
O(CH2CHz),), 6.80-8.06 (26H, stack, A#, 8.17 (1H, s, Ad), 8.23 (1H, s, Ad), NH was not
observed; (100 MHz, GDg) 14.5 (CH, O(CH.CHa),), 66.1 (CH, O(CH,CHs),), 122.3

(quat. C,ipso Ar), 122.8 (quat. dpso Ar), 125.1-129.1 (stack, CH, Ar, resonance overlap),
130.6-133.1 (stack, quat. C, S¢Ol; andipso Ar, resonance overlap), 134.8 (CH, Ar), 135.2
(CH, Ar), 146.3 (quat. dpso Ar), 146.9 (quat. Gpso Ar); (121 MHz) —3.36 (sP(O)NH);

282 MHz) -78.58 (s, Bs); miz (TOF ES-) 830 (M — H] 100%); HRMS:

CagH2sNOsFsPS calcd 830.1378 (M — H] obsd 830.1381.

(R)-[3,3'-Bis(10”-bromoanthracen-9”-yl)-[1,1']-binaphthalen-2,2’-yl]- N-triflyl

phosphoramide R)-45¢g

Chemical Formula: C,9H,7Br,FsNOsPS

o. _0 Exact Mass: 986.9666

o P=N-SO2CF3  Molecular Weight: 989.5844

Elemental Analysis: C, 59.47; H, 2.75; Br, 16.15; F, 5.76; N, 1.42;
0, 8.08;P,3.13;S,3.24
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PhosphoramidéR)-45g was prepared from dioR§-134 (1.52 g, 1.91 mmol) according to the
general procedure. Purification by flash column chromatography (gradient: 10024,CH

85% CHCl,, 15% EtOAc) afforded phosphorami(f®)-45g as its ether solva#bg-1.79 BO

as a pale brown solid (1.49 g, 70%): mp 245-250 °C (dBc3;0.25 (100% ED); [o]p?' =

+16.2 (¢ 1.06, CHCY); Vmad{neat)/cni 3074w, 2926w, 1622w, 1497w, 1441m, 1347w,
1259w, 1195s, 1148w, 1086s, 1029m, 952s, 906s, 881m, 802w, 751s, J (300 MHz)

0.87 (1.79 x 6H, tJ 7.1, O(CHCHs),), 3.25 (1.79 x 4H, tJ 7.1, O(CHCHSs),), 7.08-7.76
(18H, stack, M and AH), 7.89 (1H, d,J 8.7, AH), 8.01-8.09 (2H, stack, Af), 8.11-8.17

(2H, stack, AH), 8.43 (1H, d,J 8.7, AH), 8.53-8.63 (3H, stack, At), NH not observed,;
(100 MHz) 14.4 (CH, O(CH.CHs),), 66.0 (CH, O(CH2CHs),), 118.4 (quat. C, q-Jc.r
319.7, S(O)CF3), 121.9 (quat. Cpso Ar), 122.3 (quat. Gpso Ar), 124.0 (quat. Gpso Ar),

124.2 (quat. CipsoAr), 125.2 (CH, Ar), 126.3 (CH, Ar), 126.36 (CH, Ar), 126.38 (CH, Ar),
126.5 (CH, Ar), [126.6, 126.7 (CH, Ar), resonance overlap], 126.9 (CH, Ar), 127.0 (CH, Ar),
[127.5, 127.57, 127.62, 127.7 (CH, Ar), resonance overlap], 127.9 (CH, Ar), 128.1 (CH, Ar),
128.7 (CH, Ar), 128.8 (CH, Ar), 129.8 (quat. C, 2080 Ar), 130.0 (quat. Gpso Ar), 130.2
(quat. C, 3 »pso Ar), 130.5 (quat. Gpso Ar), 130.9 (quat. CipsoAr), 131.08 (quat. Gpso

Ar), 131.14 (quat. C, ipso Ar), 131.5 (quat. C, ipso Ar), 131.6 (quat. C, ipso Ar), 131.66 (quat.
C, ipso Ar), 131.74 (quat. Gpso Ar), 132.7 (quat. C, 2 ipso Ar), 134.4 (CH, Ar), 134.6
(CH, Ar), 145.3 (quat. C, dc.p 9.8,ipso Ar), 145.8 (quat. C, dcp 10.5,ipso Ar); (121

MHz) —2.21 (s,P(O)NH); 282 MHz) —79.24 (s, Es); m/z (TOF ES-) 988.3 (M — H]

100%); HRMS: GgH2gNOsFsPS %Br®!Br calcd 987.9568 ([M — H], obsd 987.9572.
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(R)-[3,3'-Bis(10”-tolylanthracen-9”-yl)-[1,1']-binaphthalen-2,2’-yl]- N-triflyl

phosphoramide R)-45h

Chemical Formula: CgzH,1F3NOsPS

Exact Mass: 1011.2395

Molecular Weight: 1012.0373

Elemental Analysis: C, 74.77; H, 4.08; F, 5.63; N, 1.38; O, 7.90;
P, 3.06; S, 3.17

PhosphoramidéR)-45h was prepared from dioR§-133 (265 mg, 0.324 mmol) according to
the general procedure. Purification by flash column chromatography (gradient: 10 CH
- 80% CHCI,, 20% EtOAc) afforded phosphorami(f®-45h as a brown glittery solid (207
mg, 63%): mp 273-278 °C (decH; = 0.18 (20% hexane, 80%B%); [o]p*' = —-5.6(c 1.00,
CHCL); vma{neat)/cmt 3065w, 2922w, 2867w, 1515w, 1441m, 1382m, 1321m br, 1196s,
1150w, 1135w, 1100m, 1030m, 956m, 902s, 815s, 767s, 751w, 2380 MHz) 2.55 (6H,

s, (Hs), 7.13-7.88 (30H, stack, A, 8.09 (1H, dJ 9.5 AH), 8.12 (1H, dJ 9.2, AH), 8.26

(1H, s, AH), 8.31 (1H, s, Ai); &(75 MHZ) 21.4 (CH, 2 x AICH3), 118.3 (quat. C, dJcr
320.1,%Jc.p 1.4, S(O)CFs), 121.9 (quat. C, dlc.p 1.7,ipso Ar), 122.3 (quat. C, dc.p 2.6,

ipso Ar), 124.6 (CH, Ar), 124.76 (CH, Ar), 124.78 (CH, Ar), 125.0 (CH, Ar), 125.1 (CH, Ar),
125.2 (CH, Ar), 125.6 (CH, Ar), 125.7 (CH, Ar), 125.97 (CH, Ar), 126.03 (CH, Ar), 126.7
(CH, 2 x Ar), 127.1-127.5 (CH, stack, 8 x Ar), 127.6 (CH, Ar), 127.8 (CH, Ar), 128.6 (CH,
Ar), 128.76 (CH, Ar), 128.84 (CH, Ar), 128.9 (CH, Ar), 129.13 (CH, Ar), 129.15 (CH, Ar),
129.57 (quat. Cipso Ar), 129.59 (quat. Gpso Ar), 129.7 (quat. Gpso Ar), 129.8 (quat. C,
ipso Ar), 128.98 (quat. Apso Ar), 130.04 (quat. Apso Ar), 130.06 (quat. Apso Ar),
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130.09 (quat. Gpso Ar), 130.1 (quat. Apso Ar), 130.17 (quat. Gpso Ar), 130.22 (quat. C,
ipso Ar), 130.5 (quat. Gpso Ar), 130.8 (CH, Ar), 130.9 (CH, Ar), 131.2 (CH, 2 x Ar), 131.7
(quat. C, dJc.p 0.9,ipsoAr), 132.0 (quat. C, dlcp 1.1,ipso Ar), 132.5 (quat. C, dcp 1.4,
ipso Ar), 132.7 (quat. C, dcp 0.6,ipso Ar), 134.5 (CH, 2 x Ar), 135.5 (quat. ipso Ar),
136.0 (quat. Cipso Ar), 136.9 (quat. dpso Ar), 137.1 (quat. dpso Ar), 138.5 (quat. C,
ipso Ar), 138.9 (quat. dpso Ar), 145.3 (quat. C, &, 9.1,ipso Ar), 146.1 (quat. C, dcp
11.4,ipso Ar); &(121 MHz) —-3.68 (sP(O)NH); o:(282 MHz) —78.72 (s, Es); m/z (TOF
ES-) 1010.0 (M — H} 100%); HRMS: GaHaoNOsFsPS calcd 1010.2317 ([M — H)] obsd

1010.2311.

(R)-[3,3'-Bis(10”-bromoanthracen-9”-yl)-5,6,7,8,5’,6’,7’,8"-octahydro-[1,1']-

binaphthalen-2,2’-yl]-N-triflyl phosphoramide (R)-Hg-45]

Chemical Formula: C,gH35BroFzNOsPS
0. _0 Exact Mass: 995.0292
O/P<N/SOZCF3 Molecular Weight: 997.6479
Elemental Analysis: C, 58.99; H, 3.54; Br, 16.02; F, 5.71; N, 1.40;
0, 8.02; P, 3.10; S, 3.21

PhosphoramidgR)-Hg-45) was prepared from diolRj-Hg-122 (118 mg, 0.147 mmol)
according to the general procedure. Purification by flash column chromatography (gradient:
90% CHCI,, 10% EtOAc— 70% CHCI,, 30% EtOAc) afforded phosphoramid®){Hs-45j

as its ether solvaté5j-0.49 E4O as brown solid (106 mg, 70%): mp 195-198 R 0.09
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(95% CHCl,, 5% EtOAC); blo> = —128.9(c 0.76, CHCY); Una{neat)/cnit 2925m, 2852m,
1699m, 1605w, 1523w, 1440m, 1407w, 1296m, 1259m, 1193s, 1134m, 1089m, 1029m, 941s,
906s, 885s, 860m, 785m, 755s, 726m, 682m, 6GR{@00 MHz) 1.25 (0.49 x 6H, 1] 7.1,
O(CH,CHa),), 1.95-2.07 (8H, stack, GIBH,CH,CH,), 2.59-3.12 (8H, stack, Aid), 4.09

(0.49 x 4H, gJ 7.1, O(GH,CHs),), 7.26-7.65 (10H, stack, A, 7.77 (1H, dJ 8.9, AH),

7.86 (1H, d,J 8.5, AH), 8.21 (2H, br s, A), 8.49 (1H, dJ 8.9, AH), 8.58 (3H, app. dJ

8.7, AH), NH not observed;a:(100 MHz) not recordedg(121 MHz, GDg) —3.88 (s,
P(O)NH); J(282 MHz, GD¢) —78.97 (s, €3); m/z (TOF ES-) 996.0 (M — H] 100%);

HRMS: CigH3NOsFsPS°BrBr calcd 994.0214 ([M — H], obsd 994.0208.

(R)-[3,3'-Bis(10”-bromoanthracen-9”-yl)-[1,1']-binaphthalen-2,2’-yl]- N-

pentafluorophenylsulfonyl phosphoramide R)-107

Chemical Formula: Cgs4H»7Br,FsNOsPS
050 o5 ok Exact Mass: 1084.9634
- N 2-675 Molecular Weight: 1087.6347
Elemental Analysis: C, 59.63; H, 2.50; Br, 14.69; F, 8.73; N, 1.29;
0,7.36; P, 2.85; S, 2.95

Phosphoramidd€R)-107 was prepared from diolR}-134 (150 mg, 0.188 mmol) using a
modification of the general procedurgFeSO,NH, (93 mg, 0.377 mmol) was added instead
of TfNH,. Purification by flash column chromatography (gradient: 100%GCEH—- 90%

CH.Cl,, 10% EtOAc) afforded phosphorami@®)-107 as a yellow-brown crystalline solid
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(160 mg, 78%): mp 255-260 °C (ded;= 0.23 (90% CHCl,, 10% EtOACc); §]p°= +14.4

(c 1.00, CHCY); vmadneat)/cnt 3068w, 1644w, 1520m, 1498s, 1441m, 1402m, 1346m,
1302m, 1259w, 1227m, 1206w, 1179m, 1147m, 1099m, 1029m, 991m, 976m, 954m, 936m,
906s, 889s, 807w, 785w, 775w, 752s, 713m, 6841800 MHz) 4.57 (1H, br s, N), 7.12-
7.80 (17H, stack, M), 7.87 (1H, dJ 8.7, AH), 7.97-8.13 (3H, stack, A, 8.20 (1H, s,
ArH), 8.51 (1H, d,J 8.7, AH), 8.58-8.73 (3H, stack, A); &(100 MHz) 121.8 (quat. Gpso

Ar), 122.4 (quat. Cipso Ar), 124.0 (quat. Apso Ar), 124.8 (quat. dpso Ar), [125.3 (CH,
Ar), 125.6 (CH, Ar), 125.8 (CH, Ar), 125.9 (CH, Ar), 126.4 (CH, Ar), 126.5 (CH, Ar), 126.7
(CH, Ar), 126.75-127.15 (CH, stack, Ar), 127.3 (CH, Ar), 127.6 (CH, Ar), 128.1 (CH, Ar),
128.2 (CH, Ar), 128.7 (CH, Ar), resonance overlap], 129.4 (quaps8,Ar), 129.5 (quat.C,
ipso Ar), 130.2 (quat. C, 2 ipso Ar), 130.3 (quat. C, 2 ipso Ar), 130.5 (quat. Gpso Ar),
130.6 (quat. Cipso Ar), 130.8 (quat. dpso Ar), 131.0 (quat. dpso Ar), 131.3 (quat. C,
ipso Ar), 131.6 (quat. C, 2ipso Ar), 131.9 (quat. Gpso Ar), 132.5 (quat. Gpso Ar), 132.7
(quat. C,ipso Ar), 134.3 (CH, Ar), 134.4 (CH, Ar), 135.4 (quat. C, app. bpsy ArCF),
137.9 (quat. C, app. bripso AICF), 142.3 (quat. C, app. bripso AICF), 144.3 (quat. C, d
Jc-p 8.3,ips0Ar), 144.9 (quat. C, app. bripso ArCF), 145.7 (quat. C, dic.p 11.8,ipso Ar);
(121 MHz) —6.46 (SP(O)NH); J(282 MHz) —159.1- —158.4 (m, 2 x B, —143.2- —142.8
(m, ArF), =136.9- —136.4 (m, 2 x K); m/z (TOF ES-) 1086.1 ([M — H] 100%); HRMS:

CsaH2eNOsFsPS *Bré'Br calcd 1085.9536 ([M — HJ, obsd 1085.9517.
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(R)-[3,3'-Bis(10”-bromoanthracen-9”-yl)-[1,1']-binaphthalen-2,2’-yl]- N-triflyl

thiophosphoramide R)-108

Chemical Formula: C4gH57BroFaNO4PS,

0. .S Exact Mass: 1002.9438

o ToN"SOCFs  yolecular Weight: 1005.65

Elemental Analysis: C, 58.52; H, 2.71; Br, 15.89; F, 5.67; N, 1.39;
0, 6.36; P, 3.08; S, 6.38

Thiophosphoramid¢R)-108 was prepared from didR)-134 (188 mg, 0.236 mmol) using a
modification of the general procedure: PS@0 uL, 0.283 mmol) was added instead of
POCE. Purification by flash column chromatography (gradient: 100%CEH - 90%
CH.CI,, 10% EtOAc) afforded thiophosphoramid®-108 as its ether solvat#08-0.70 EO

as a brown-orange solid (116 mg, 46%): mp 247-252R:G; 0.20 (100% ED); [¢]p™° =
+25.1(c 0.91, CHCY); vnadneat)/cnt 3076w, 1440w, 1424w, 1311w, 1200s, 1133m, 1100w,
1081w, 955m, 931w, 907s, 882s, 866s, 805w, 752s, 720w, 710w, 675w, 8§200 MHZz)
0.98 (0.70 x 6H, t) 7.0, O(CHCHz),), 3.27 (0.70 x 4H, q] 7.0, O(GH,CHs),), 5.72 (1H, br

s, P(S)M), 7.27-7.78 (16H, stack, M), 7.94-8.27 (6H, stack, Al), 8.54-8.73 (4H, stack,
ArH); &(100 MHz) 14.7 (CH, O(CH.CHs),), 65.5 (CH, O(CH,CHs),), 118.0 (quat. C, g,
LJc.r 321.3, S(O)CFs), 122.4 (quat. Gipso Ar), 123.0 (quat. Gpso Ar), 124.2 (quat. Gpso

Ar), 124.8 (quat. Cipso Ar), 125.2 (CH, Ar), 126.0 (CH, Ar), 126.2 (CH, Ar), 126.3 (CH,
Ar), 126.5 (CH, Ar), 126.7 (CH, Ar), 126.8 (CH, Ar), 126.9 (CH, 3 x Ar), 127.2 (CH, 2 x
Ar), 127.3 (CH, Ar), 127.5 (CH, 2 x Ar), 127.6 (CH, 2 x Ar), 127.8 (CH, Ar), 128.0 (CH,

Ar), 128.1 (CH, Ar), 128.5 (CH, Ar), 128.6 (CH, Ar), 128.7 (CH, 2 x Ar), 129.8 (quat. C, ipso
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Ar), 130.1 (quat.Cipso Ar), 130.4 (quat. C, br s, 4ipso Ar), 130.6 (quat. GpsoAr), 130.8
(quat. C,ipso Ar), 131.0 (quat. C, 2 ipso Ar), 131.2 (quat. Gpso Ar), 131.5 (quat. dpso
Ar), 131.8 (quat. Cipso Ar), 131.9 (quat. dpso Ar), 132.8 (quat. dpso Ar), 132.9 (quat.
C, ipso Ar), 134.75 (CH, Ar), 134.82 (CH, Ar), 144.8 (quat. CJc@ 8.6, ipso Ar), 146.6
(quat. C, d,Jcp 15.7,ipso Ar); (121 MHz) 54.03 (sP(S)NH); J(282 MHz) —-76.13 (s,
CFs3); m/z (TOF ES-) 1004.3 ([M — H] 100%); HRMS: GoH26NO4FsPS " Bre!Br calcd

1003.9339 ([M — H)), obsd 1003.9344.

(9)-[3,3'-Bis(4-methylphenyl)-1,1’-binaphthalen-2,2’-yl]-phosphoric acid §)-329g

Chemical Formula: C34H,504P

Exact Mass: 528.1490

Molecular Weight: 528.5337

Elemental Analysis: C, 77.26; H, 4.77; O, 12.11; P, 5.86

Phosphoric acidS)-32g was prepared using a previously reported general procedure for the
formation of different BINOL-derived phosphoric acicfd:

POCE (80 uL, 0.857 mmol) was added to a solution of di®)-{25 (200 mg, 0.439 mmol) in
pyridine (1 mL) at R.T. After stirring for 3 h at R.T., the reaction was quenched w@hH

mL) and the resulting suspension was stirred overnightCGH15 mL) was added and the
pyridine was removed by reverse extraction with hydrochloric acid (1 M, 2 x 15 mL). The
organic layer was dried (MaQOy), the drying agent was removed by filtration and the filtrate
concentrated under reduced pressure to provide the crude product. Purification by flash

column chromatography (90% GEl,, 10% EtOH) afforded the phosphoric acid as a white
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solid. The product was extracted with hydrochloric acid (4 M, 20 mLinadded (NaSQy),
filtered, and concentrated under reduced pressure to afford the desired phospho6g-acid (
32g (201 mg, 87%): mp 230-265 °C (de®);= 0.38 (90% ChCl,, 10% EtOH); §]p> =
+167.5 € 0.53, CHCY); vmadfilm)/cm™ 2922m, 1615w, 1516s (C=C aromatic), 1497m,
1447w, 1419s, 1362w, 1332m, 1265s, 1244s, 1191s, 1151s, 1024s, 998w, 970s, 900m, 888w,
879w, 845m, 820s, 611m, 603¢;(300 MHz) 2.18 (6H, s, ArB3), 7.08 (4H, dJ 7.7, AH),
7.24-7.39 (4H, stack, Af), 7.44-7.54 (6H, stack, M), 7.94 (2H, dJ 8.5, AH), 7.99 (2H, s,
ArH), 9.47 (1H, br s, P(O)B); &(75 MHz) 20.7 (CH, ArCHgs), 123.2 (quat. Cipso Ar),
124.9 (CH, Ar), 125.8 (CH, Ar), 126.9 (CH, Ar), 128.1 (CH, Ar), 128.8 (CH, Ar), 129.7 (CH,
Ar), 130.2 (CH, Ar), 130.9 (quat. @pso Ar), 132.2 (quat. dpso Ar), 134.6 (quat. dpso

Ar), 134.9 (quat. Cipso Ar), 136.6 (quat. Cipso Ar), 146.8 (quat. C, dJp.c 9.5,ipso Ar);
(121 MHz) 4.00 (sP(O)OH); m& (TOF ES-) 527.1 (M — H], 100%); HRMS: G4H»404P

calcd 527.1412 ([M — H), obsd 527.1414.

(R)-[3,3'-Bis(10”-bromoanthracen-9”-yl)-[1,1']-binaphthalen-2,2’-yl]-phosphoric  acid

(R)-32h

Chemical Formula: C4gH»7Br,O4P

Exact Mass: 856.0014

Molecular Weight: 858.5073

Elemental Analysis: C, 67.15; H, 3.17; Br, 18.61; O, 7.45; P, 3.61
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Phosphoric acidS)-32h was prepared using a previously reported general procedure for the
formation of different BINOL-derived phosphoric acicfd:

POCE (50 L, 0.502 mmol) was added to a solution of di}-£34 (200 mg, 0.251 mmol) in
pyridine (0.6 mL) at R.T. After stirring for 3 h at R.T., the reaction was quenched y@xtfIH

mL) and the resulting suspension was stirred overnightCGH25 mL) was added and the
pyridine was removed by reverse extraction with hydrochloric acid (1 M, 2 x 15 mL). The
organic layer was dried (MgS}) the drying agent was removed by filtration and the filtrate
concentrated under reduced pressure to provide the crude product. Purification by flash
column chromatography (gradient: 100% £H - 95% CHCI,, 5% EtOH) afforded the
phosphoric acid as a pale yellow crystalline solid. The product was extracted with
hydrochloric acid (4 M, 20 mL) again, dried (MggQfiltered, and concentrated under
reduced pressure to afford the desired phosphoric §}#8R2b as a brown crystalline solid
(200 mg, 93%): mp 252-257 °C (ded?;= 0.19 (95% CHCl,, 5% EtOH); f]p?°= +70.5(c

0.76, CHCY); Vma(film)/cm™ 3045w, 2924w, 1622w (C=C aromatic), 1599w, 1523w, 1497w,
1440m, 1419s, 1398w, 1346m, 1311m, 1259m, 1229m, 1183w, 1147m, 1102m, 1087m,
1017s, 972s, 948m, 937m, 903s, 884s, 840m, 783w, 775w, 749s, 714m, 682mg {800,
MHz) 6.95 (1H, br s, @), 7.10-7.19 (4H, stack, M), 7.20-7.29 (2H, stack, At), 7.39-7.75
(12H, stack, AH), 7.95 (2H, s, AH), 7.99 (2H, dJ 7.9, AH), 8.11-8.20 (2H, stack, Al),

8.43 (2H, d,J 8.9, AH); &(100 MHz) 122.2 (quat. dpso Ar), 123.8 (quat. Gpso Ar),

125.2 (CH, Ar), 126.0 (CH, Ar), 126.3 (CH, Ar), 126.4 (CH, Ar), 126.5 (CH, Ar), 126.6 (CH,
Ar), 127.2 (CH, 2 x Ar), 127.4 (CH, Ar), 127.8 (CH, Ar), 127.9 (CH, Ar), 128.5 (CH, Ar),
129.8 (quat. Cipso Ar), 130.1 (quat. dpso Ar), 130.4 (quat. dpso Ar), 131.0 (quat. C,
ipso Ar), 131.2 (quat. dpso Ar), 131.3 (quat. dpso Ar), 131.4 (quat. dpso Ar), 132.7
(quat. C,ipso Ar), 134.0 (CH, Ar), 146.1 (quat. C,J.p 8.9,ipso Ar); (121 MHz) 0.57 (s,
P(O)OH); mk (TOF ES-) 857.0 (M — H] 100%); HRMS: GgH.c0,P"Br®'Br calcd

856.9915 ([M — H]), obsd 856.9926.
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(R)-3,3'-Bis-(10”-bromoanthracenyl-9”-yl)-2,2’-ditrimethylsilyl-[1,1']-binaphthalenyl

(R)-140

Chemical Formula: Cg4H,4Br,0,Si,

Exact Mass: 938.1247

Molecular Weight: 940.905

Elemental Analysis: C, 68.93; H, 4.71; Br, 16.98; O, 3.40; Si, 5.97

TMS-protected diol R)-140 was prepared using a general procedure for the TMS-protection
of alcohols?*!

I, (13 mg, 0.051 mmol) was added to a suspension of Hjel34 (410 mg, 0.515 mmol) in

CH.CI; (5.7 mL). HMDS (170uL, 0.826 mmol) in CHCI, (2.4 mL) was added dropwise

over 2 min to the dark purple suspension, which turned to a solution during the addition. After
stirring for 10 min, the reaction was quenched by the addition g5,8a solution (10 mL),

and the mixture was stirred until the solution turned yellow-orange. Mos€IlgKLO mL)

was added and the layers were separated. The organic phase was washed with brine (15 mL),
and then dried (MgS£). The drying agent was removed by filtration and the filtrate
concentrated under reduced pressure to provide the crude product. Purification by a silica plug
(100% E$O) afforded the TMS-protected dioR)140 as a yellow-orange solid (465 mg,
96%): mp 345-350 °CR; = 0.58 (60% hexane, 40% toluene)]f° = +147.3(c 0.88,

CHCl); Vma(film)/lcm™ 3059w, 2961m, 2163w, 1947w, 1799w, 1703w, 1620w, 1589w,

1522w, 1489w, 1424m, 1403m, 1345m, 1325m, 1280m, 1260m, 1246s, 1203m, 1173w,
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1150m, 1104m, 1041w, 1026m, 974s, 936m, 894s, 860s, 837s, 778m, 745s, 695m, 658m;
M&(300 MHz, GDg) —1.01 (18H, s, SiBs), 7.07-7.14 (2H, m, A), 7.19-7.40 (10H, stack,

ArH), 7.62-7.80 (6H, stack, M), 8.20 (2H, dJ 8.7, AH), 8.26 (2H, dJ 8.7, AH), 8.82

(4H, app. t,J 8.0, AH); (75 MHz, GDs) —0.14 (CH, SiCH3), 123.8 (quat. Cipso Ar),

124.8 (CH, Ar), 125.9 (CH, Ar), 126.1 (CH, Ar), 126.3 (CH, Ar), 127.0 (CH, Ar), 127.3 (CH,
Ar), 127.5 (CH, Ar), 128.1 (CH, Ar), 128.6 (CH, Ar), 128.7 (CH, Ar), 129.3 (CH, Ar), 130.2
(quat. C,pso Ar), 131.1 (quat. Gpso Ar), 131.2 (quat. Gpso Ar), 131.4 (quat. Gpso Ar),

132.1 (quat. Cipso Ar), 132.2 (quat. dpso Ar), 133.2 (CH, Ar), 135.0 (quat. pso Ar),

135.3 (quat.Cijpso Ar), 151.4 (quat. Apso Ar), one (CH, Ar) and one (quat. ipso Ar)

were not observed; m/ (TOF ES+) 963.1 (M + N& 100%); HRMS:

Cs4H440,Sk"*Br®*BrNa calcd 963.1124 ([M + N4}, obsd 963.1120.

(R)-3,3'-Bis-(10"-fluoroanthracenyl-9”-yl)-2,2’-dihydroxy-[1,1']-binaphthalenyl ( R)-139

Chemical Formula: C4gH»gF>0,
Exact Mass: 674.2057
Molecular Weight: 674.7315
Elemental Analysis:

C, 85.44; H, 4.18; F, 5.63; O, 4.74
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'BuLi (940 pL of a 1.7 M solution in pentane, 1.59 mmol) was added dropwise over 2 min to
a solution of TMEDA (95uL, 0.638 mmol) and TMS-protected didk)¢140 (300 mg, 0.319
mmol) in THF (7.2 mL) at —78 °C. After stirring for 2 h at =78 °C, a solutiorNof
fluorodibenzenesulfonimide (402 mg, 1.28 mmol) in THF (2.4 mL) was added dropwise over
5 min over which time the solution changed its colour from black-green to orange. The
syringe was washed with THF (2.4 mL) and the mixture was warmed to R.T. overnight. H
(10 mL), EO (10 mL) and hydrochloric acid (1 M, 5 mL, for a better phase separation) were
added and the layers were separated. The aqueous phase was extracte® \dih fat.) and

the combined organic fractions were washed with brine (15 mL), and then dried {MgSO
The drying agent was removed by filtration and the filtrate concentrated under reduced
pressure to provide the crude product. Purification by flash column chromatdgraphy
(gradient: 100% hexane 95% hexane, 5% toluene) afforded the TMS-protected Bjal (

141 as a yellow solid (200 mg, 0.244 mmol, 77%) which was dissolved in THF (1.25 mL) and
cooled to 0 °C. TBAF (53nL of a 1 M solution in THF, 0.537 mmol) was added dropwise
over 2 min and the mixture was stirred at R.T. for 30 my®© KLO mL) and EO (10 mL)

were added and the layers were separated. The agueous phase was extracte® \{ith Et
mL) and the combined organic fractions were washed with brine (15 mL), and then dried
(MgSQy). The drying agent was removed by filtration and the filtrate concentrated under
reduced pressure to provide the crude product. Purification by flash column chromatography
(60% hexane, 20% toluene, 20% £H) afforded diol R)-139 as a yellow solid (90 mg,
55%): mp 228-231 °CR; = 0.16 (60% hexane, 20% toluene, 20%,Ch); [¢]p>°= +121.0 ¢

1.0, CHC}); vma{neat)/cnit 3530m (OH), 1620m (C=C aromatic), 1498m, 1436m, 1364w,
1345m, 1327m, 1255m, 1223s (ArC-F), 1148m, 1093m, 1025m, 936m, 918s, 836s, 784m,

734s:34(300 MHz) 5.08 (2H, s, B), 7.26-7.34 (2H, m, Af), 7.42-7.72 (14H, stack, A,

Bthe crude product was loaded onto the column with a few drops M€ It total, three long columns were
carried out with the mixed fractions to be able to fully separate the product from the F-H- and H-H-diols
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7.82-8.05 (6H, stack, At), 8.35 (2H, d,J 8.6, AH), 8.40 (2H, dJ 8.6, AH); &(75 MHz)
113.5 (quat. Cipso Ar), 118.9 (quat. C, dJ 4.8,ipso Ar), 119.0 (quat. C, dJ 4.8,ipso Ar),
120.7 (CH, d2J 4.4, Ar), 120.8 (CH, d®J 4.4, Ar), 124.4 (CH, Ar), 124.7 (CH, Ar), 125.5
(CH, 2 x Ar), 125.9 (CH, 2 x Ar), 126.1 (quat. C2d6.5,ipso Ar), 126.6 (quat. C, dJ 6.5,
ipso Ar), 126.7 (CH, 2 x Ar), 127.5 (CH, Ar), 128.5 (CH, Ar), 129.3 (quatip€o Ar),
131.17 (quat. Gpso Ar), 131.20 (quat. Gpso Ar), 133.4 (CH, Ar), 133.9 (quat. (pso Ar),
151.1 (quat.Cipso Ar), 154.6 (quat. C,) 257.3,ipso Ar); J(282 MHz) —129.2 (s, Af); m/z
(TOF ES+) 697.1 ([M + Nd] 100%); HRMS: GgHosO-F-Na calcd 697.1955 ([M + HI],

obsd 697.1956.

(R)-[3,3'-Bis(10”-fluoroanthracen-9”-yl)-[1,1']-binaphthalen-2,2’-yl]-phosphoric  acid

(R)-32i

Chemical Formula: CygHo7F,04P

Exact Mass: 736.1615

Molecular Weight: 736.6961

Elemental Analysis: C, 78.26; H, 3.69; F, 5.16; O, 8.69; P, 4.20

Phosphoric acidR)-32i was prepared using a previously reported general procedure for the
formation of different BINOL-derived phosphoric acffé:
POCE (20 uL, 0.238 mmol) was added to a solution of diR)-£39 (80 mg, 0.119 mmol) in

pyridine (0.3 mL) at R.T. After stirring for 3 h at R.T., the reaction was quenched w@ti{IH
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mL) and the resulting suspension was stirred overnightCGH15 mL) was added and the
pyridine was removed by reverse extraction with hydrochloric acid (1 M, 2 x 10 mL). The
organic layer was dried (MgS}) the drying agent was removed by filtration and the filtrate
concentrated under reduced pressure to provide the crude product. Purification by flash
column chromatography (gradient: 100% £H - 95% CHCI,, 5% EtOH) afforded the
phosphoric acid as a brown solid. The product was extracted with hydrochloric acid (4 M, 10
mL) again, dried (MgS¥), filtered, and concentrated under reduced pressure to afford the
desired phosphoric aci@R)-32i as a brown solid (80 mg, 91%): mp 248-253 °C (dé&§.%

0.23 (95% CHCly, 5% EtOH); f]p>* = +11.9 (c 0.47, CHCY); Unadfilm)/cm™ 3058w,
2924w, 2852w, 1625w, 1562w, 1487w, 1441w, 1414w, 1379s, 1325m, 1277w, 1229m,
1184m, 1148m, 1096m, 1069m, 1021s, 971m, 947m, 888m, 849m, 822m, 786w, 763s, 749s,
701s, 675mP;(300 MHz) 5.49 (1H, br s, B), 7.06-7.76 (19H, stack, A, 7.92-8.06 (5H,

stack, AH), 8.18 (2H, d.J 8.5, AH); &(100 MHz) 118.4 (d%Jc.r 19.9,ipso Ar), 118.6 (d,

23c- 19.9,ipso Ar), 119.7 (dJer 3.0), 120.5 (dJc.r 4.0), 122.4, 125.0, 125.4, 125.8, 126.1,
126.3, 127.0, 127.3, 128.5, 130.3, 130.7, 131.1, 131.4, 132.7, 134.1, 14%5 @2, ipso

Ar), 154.2 (d,"Jcr 256.3,ipso Ar), resonance overlagi(121 MHz) 0.82 (sP(O)OH);

(282 MHz) —130.1 (s, A%); m/z (TOF ES-) 735.1 ([M — H] 100%); HRMS: GgH2604PF

calcd 735.1537 ([M — H), obsd 735.1542.

(R)- and (S)-2-Hydroxy-2'-methoxy-1,1’-binaphthyl (R)- and (S)-2211¢°!

OO OO Chemical Formula: C,1H;50,
OH Exact Mass: 300.1150

OH
Molecular Weight: 300.3505
OCHs OCHs Elemental Analysis:
C, 83.98; H, 5.37; O, 10.65
R)-221 9)221
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(R)- and §-2-Hydroxy-2'-methoxy-1,1’-binaphthylR)- and §)-221 were prepared using a
variation of a previously reported procedHPé]:

DEAD (785pL, 5.00 mmol) was added dropwise over 2 min to a solutiospB(NOL (-

109 (1.43 g, 5.00 mmol), BB (1.31 g, 5.00 mmol) and anhydrous MeOH (1.0 mL, 24.7
mmol) in THF (50 mL) at R.T. After stirring for 24 h, the mixture was concentrated under
reduced pressure. The resulting pale pink solid was dissolved @180 mL) and hexane

was added under vigorous stirring leading to precipitation of the by-prodygt
bis(ethoxycarbonyl)hydrazine. Removal of the white fluffy solid by filtration and
concentration of the filtrate under reduced pressure provided the crude product as a pale pink
foam. Purification by flash column chromatography (100% toluene) affo&)eshgnomethyl

ether §)-221 as a white foamy solid (1.25 g, 83%): mp 69-71 °C{fitmp 89-91 °C)R =

0.15 (100% toluene)o]p?! = +53.6(c 0.41, CHCY) (lit.[%% [¢]p?® = +44.8 € 1.4, CHCY),

99.3% ee)! (Found: C, 84.06; H, 5.39. ,¢160, requires C, 83.98; H, 5.37%);
Umadfilm)/cm™ 3498m br (OH), 3422m br (OH), 3958m, 2937w, 2839m (G)CHI54w,
1620s (C=C aromatic), 1592s (C=C aromatic), 1507s (C=C aromatic), 1462m, 1431w,
1380m, 1362w, 1346w, 1332m, 1300w, 1264s, 1248s, 1173m, 1147s, 1129m, 1083s, 1055m,
1020m, 972w, 940w, 905w, 863w, 813s, 708w, 5784300 MHz) 3.80 (3H, s, Ois), 4.94

(1H, br s, ®), 7.06 (1H, dJ 8.1, AH), 7.15-7.41 (6H, stack, A, 7.48 (1H, dJ 9.2, AH),
7.84-7.94 (3H, stack, Af), 8.05 (1H, dJ 9.2, AH); &(75 MHz) 56.6 (CH, OCHs), 113.8

(CH, Ar), 115.0 (quat. Apso Ar), 115.3 (quat. Gpso Ar), 117.4 (CH, Ar), 123.2 (CH, Ar),
124.1 (CH, Ar), 124.8 (CH, Ar), 124.9 (CH, Ar), 126.4 (CH, Ar), 127.3 (CH, Ar), 128.09
(CH, Ar), 128.10 (CH, Ar), 129.1 (quat. so Ar), 129.4 (quat. Gpso Ar), 129.7 (CH, Ar),
131.0 (CH, Ar), 133.7 (quat. @pso Ar), 134.0 (quat. dpso Ar), 151.2 (quat. dpso Ar),

155.9 (quat. Cipso Ar); mg (EI) 300 ([M]", 100%), 285 (10, [M — CH"), 268 (19), 239

(18), 228 (10), 119 (12), 84 (20), 49 (25).

1 the ee-value could not be determined by chiral HPLC owing to poor resolution of the racemic mixture
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The same protocol was followed for the preparation ofeantiomer: ¢]o>*= —51.9 ¢

0.45, CHCY).

Data were in agreement with those reported in the literfGe.

(R)- and (5)-2-(N,N-Dimethylthiocarbamoyloxy)-2’-methoxy-1,1’-binaphthyl (R)- and

(S)-224%)

.., COLI
O~ 'N(CHj), OJ\N(CH3)2
Cco gt

R[-222 (S)222

Chemical Formula: C54H,1NO,S

Exact Mass: 387.1293

Molecular Weight: 387.4951

Elemental Analysis: C, 74.39; H, 5.46; N, 3.61; O, 8.26; S, 8.28

(R- and 6)-2-(N,N-Dimethylthiocarbamoyloxy)-2’-methoxy-1,1’-binaphthyR)¢ and §)-

222 were prepared using a previously reported procedure for the formati®x ahd G)-2-
(N,N-dimethylthiocarbamoyloxy)-2'-hydroxy-1,1"-binaphthy”!

N,N-Dimethylcarbamoyl chloride (1.17 g, 9.47 mmol) was added to a solutiof®)-@&- (
hydroxy-2’-methoxy-1,1'-binaphthyl )221 (2.47 g, 8.22 mmol), NEt(1.38 mL, 9.90
mmol) and DMAP (251 mg, 2.05 mmol) in @El; (80 mL) at R.T. After heating at reflux for

60 h, moreN,N-dimethylcarbamoyl chloride (1.60 g, 12.9 mmol), NELO0 mL, 7.17 mmol)

and DMAP (251 mg, 2.05 mmol) were added to the yellow mixture. After heating at reflux

for another 24 h, C¥Cl, (100mL) and hydrochloric acid (0.1M, 200 mL) were added to the
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orange solution. The layers were separated and the aqueous laystraeted with CHCI,

(2 x 50 mL). The combined organic layers were washed with brine (100 mL) and dried
(MgSQy). The drying agent was removed by filtration and the filtrate concentrated under
reduced pressure to provide the crude product. Recrystallisation from EtOH aff§ded (
thiocarbamate¥)-222 as colourless crystals (2.81 g, 88%): mp 161-1644]6%'F —102.8(c

1.0, CHCA4, e.r. 0:100); Chiralpak AD column, 1.0 mL/min, 1% IPA in hexarne 2b4 nm, &

= 36.5 min; (Found: C, 74.35; H, 5.67; N, 3.334H;:NO,S requires C, 74.39; H, 5.46; N,
3.61%); Umnadfilm)/cm™ 3012m, 2838w (OCH), 1719w, 1622m (C=C aromatic), 1592m
(C=C aromatic), 1533s (C=C aromatic), 1509s (C=C aromatic), 1475m, 1462m, 1430w,
1396s, 1359w, 1330w, 1289s, 1272s, 1261s, 1250s, 1194w, 1147s, 1128w, 1085m, 1056m,
1020m, 986w, 906w, 863w, 8114i(300 MHz) 2.50 (3H, s, NB3), 3.08 (3H, s, NEl3), 3.75

(3H, s, O®s), 7.19-7.34 (5H, stack, A, 7.37-7.48 (2H, stack, A, 7.58 (1H, dJ 8.8,

ArH), 7.83 (1H, dJ 8.1, AH), 7.91-8.01 (3H, stack, A); &(75 MHz) 37.5 (CH, NCHy),

42.6 (CH, NCHs), 56.6 (CH, OCHj3), 113.5 (CH, Ar), 117.7 (quat. @Gyso Ar), 123.4 (CH,

Ar), 123.6 (CH, Ar), 125.37 (CH, Ar), 125.45 (quat.i@50Ar), 125.9 (CH, Ar), 126.17 (CH,

Ar), 126.21 (CH, Ar), 126.3 (CH, Ar), 127.5 (CH, Ar), 128.1 (CH, Ar), 128.2 (CH, Ar), 128.7
(quat. C,ipso Ar), 129.8 (CH, Ar), 131.7 (quat. €pso Ar), 133.6 (quat. dpso Ar), 133.8
(quat. C,ipso Ar), 149.5 (quat. dpso Ar), 155.0 (quat. Cipso Ar), 186.5 (quat. CC=S);

m/z (El) 387 ([M], 100%), 284 (12, [M — (CkH+ C(S)N(CH)2)]"), 268 (37), 239 (25), 226

(15); HRMS: G4H,:NO,S calcd 387.1293 ([M), obsd 387.1281.

The same protocol was followed for the preparation of feantiomer: ¢]p** = +100.8 ¢
1.0, CHC4, e.r. 100:0); Chiralpak AD column, 1.0 mL/min, 1% IPA in hexare2b4 nm, &

=29.2 min.

Data were in agreement with those reported in the liter&tdte.
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(R)- and (S)-2-(N,N-Dimethylcarbamoylthio)-2’-methoxy-1,1’-binaphthyl (R)- and (S)-

22é215]

LR COR
S N(CH3)2 S N(CH3)2
o g

R{-223 (S)223

Chemical Formula: Co4H>1NO5S

Exact Mass: 387.1293

Molecular Weight: 387.4951

Elemental Analysis: C, 74.39; H, 5.46; N, 3.61; O, 8.26; S, 8.28

(R- and §)-2-(N,N-Dimethylcarbamoylthio)-2’-methoxy-1,1’-binaphthyRf- and §)223

were prepared using a previously reported procedure for the formatiBp ah@l G)-2-(N,N-
dimethylcarbamoyloxy)-2'#,N-dimethylcarbamoylthio)-1,1’-binaphth{#*
(S)-2-(N,N-Dimethylthiocarbamoyloxy)-2’-methoxy-1,1’-binaphthylS)222 (2.70 g, 6.97
mmol) was heated (3.5 h at 250 °C) under argon. After cooling to R.T., the dark-brown mass
was dissolved in C¥Cl, (50 mL) and activated charcoal (5 g) was added. The suspension was
stirred for 6 h at R.T. Removal of the charcoal by filtration and concentration of the filtrate
under reduced pressure provided the crude product as a yellow-brown foamy solid.
Purification by flash column chromatography (100%,CH) afforded §)-carbamateS)223

as a white foamy solid (2.23 g, 83%): mp 80-83 RCz 0.16 (100% ChCl,); [a]p* = +19.2

(c 1.0, CHC4, e.r. 98.7:1.3); Chiralpak AD column, 1.0 mL/min, 10% IPA in hexane254

nm, tz = 13.2 min; vma(film)/cm™ 3010m, 2935m, 2839w (OGH 1661s (C=0), 1623w
(C=C aromatic), 1594m (C=C aromatic), 1510m (C=C aromatic), 1462m, 1406w, 1364m,
1333w, 1270s, 1260s, 1251s, 1216s, 1179w, 1148m, 1096s, 1052m, 1020m, 952w, 908m,

869w, 811s, 691we,(300 MHz) 2.77 (6H, br s, N(gs)2), 3.73 (3H, s, OFl3), 7.05 (1H, d,]
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8.5, AH), 7.11-7.34 (4H, stack, A, 7.39-7.48 (2H, stack, Af), 7.79-8.01 (5H, stack,
ArH); &(75 MHz) 36.7 (CH, N(CHa),), 56.6 (CH, OCH3), 113.6 (CH, Ar), 121.7 (quat. C,
ipso Ar), 123.6 (CH, Ar), 125.5 (CH, Ar), 126.1 (CH, Ar), 126.4 (CH, Ar), 126.5 (CH, Ar),
126.6 (CH, Ar), 127.6 (CH, Ar), 127.9 (CH, Ar), 128.0 (CH, Ar), 128.3 (quaipsh Ar),
128.8 (quat. Cipso Ar), 129.7 (CH, Ar), 133.18 (CH, Ar), 133.20 (quat.ig3o Ar), 133.4
(quat. C,ipso Ar), 133.7 (quat. Gpso Ar), 138.7 (quat. Gpso Ar), 154.8 (quat. Gpso Ar),
166.5 (quat. CC=0); mk (TOF ES+) 410.0 ([M + N&] 100%); HRMS: GH.:NO,SNa

calcd 410.1191 ([M + N4J, obsd 410.1188.

The same protocol was followed for the preparation of R)eantiomer: ¢]p°= —18.1(c
1.0, CHC4, e.r. 2.7:97.3); Chiralpak AD column, 1.0 mL/min, 10% IPA in hexane,254
nm, k= 28.5 min.

Data were in agreement with those reported in the liter&tdte.

(R)-2-Mercapto-2’-methoxy-1,1'-binaphthyl (R)-224 and R,R)-bis(2’-methoxy-1,1’-

binaphthyl-2-yl)disulfide (R,R)-225

OO <H Chemical Formula: C,1H1¢0S

Exact Mass: 316.0922

OCHjs Molecular Weight: 316.4171
OO Elemental Analysis: C, 79.71; H, 5.10; O, 5.06; S, 10.13
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OO s—s OO Chemical Formula: C45H3005S,

Exact Mass: 630.1687

H3;CO Molecular Weight: 630.8184
O OCHj3 O Elemental Analysis: C, 79.97; H, 4.79; O, 5.07; S, 10.17
R)-225

(R)-2-Mercapto-2’-methoxy-1,1'-binaphthyl R{-224 and R R)-bis(2’-methoxy-1,1'-
binaphthyl-2-yl)disulfide R,R)-225 as a by-product were prepared using a variation of a
previously reported procedure for the formation of 2-hydroxy-2’-mercapto-1,1'-
binaphthyi*"®

(R)-2-(N,N-Dimethylcarbamoylthio)-2’-methoxy-1,1’-binaphthylR}:223 (814 mg, 2.10

mmol) was added to a solution of KOH (1.41 g, 25.2 mmol) in a mixture of degassed
MeOH/H,O (4:1, 40 mL) and the resulting suspension was heated at reflux for 5 h. After
cooling to R.T., the mixture was evaporated to dryness under reduced pressure providing a
pale yellow solid which was dissolved in deoxygenated (5 mL). After acidification with
concentrated hydrochloric acid (3.5 mL), the product was extracted wgGlCg2 x 20 mL)

and the combined organic layers were dried,8{3). The drying agent was removed by
filtration and the filtrate concentrated under reduced pressure to provide the crude product.
Purification by flash column chromatography (40% hexane, 60% toluene) afforded, in order
of elution, thiol R)-224 as a white foamy solid (485 mg, 73%): mp 105-107 RCs 0.38

(40% hexane, 60% toluene)]p>® = +6.3 (¢ 0.51, CHCY); (Found: C, 79.87; H, 4.91.
Co1H160S requires C, 79.71; H, 5.10%ma{film)/cm™ 3054m, 3006m, 2934m, 2838m
(OCHg), 2566w (SH), 1954w, 1814w, 1755w, 1621m (C=C aromatic), 1592s (C=C aromatic),
1562w, 1504s (C=C aromatic), 1472m, 1461m, 1431m, 1402w, 1352m, 1332m, 1271s,
1261s, 1250s, 1179m, 1148m, 1136w, 1126m, 1082s, 1052m, 1020m, 952w, 907m, 860m,

845w, 809s, 710w, 631w, 617w (300 MHz) 3.26 (1H, s, 19), 3.81 (3H, s, O83), 7.04
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(1H, d,J 8.1, AH), 7.07 (1H, d,J 8.5, AH), 7.19-7.30 (2H, stack, A), 7.32-7.41 (2H,
stack, AH), 7.48 (1H, dJ 8.8, AH), 7.55 (1H, dJ 8.8, AH), 7.80-7.92 (3H, stack, Al),

8.04 (1H, dJ 9.2, AH); &(75 MHz) 56.7 (CH, OCH3), 113.9 (CH, Ar), 120.7 (quat. Gso

Ar), 123.9 (CH, Ar), 124.6 (CH, Ar), 124.9 (CH, Ar), 125.3 (CH, Ar), 126.6 (CH, Ar), 127.01
(CH, Ar), 127.04 (CH, Ar), 128.0 (CH, Ar), 128.1 (CH, Ar), 128.2 (CH, Ar), 129.3 (quat. C,
ipso Ar), 130.3 (CH, Ar), 130.8 (quat. pso Ar), 130.9 (quat. dpso Ar), 131.6 (quat. C,
ipso Ar), 133.0 (quat. Gpso Ar), 133.6 (quat. Gpso Ar), 154.7 (quat. Cjpso Ar); mk
(TOF ES+) 339 ([M + N&] 100%); HRMS: GH1s0SNa calcd 339.0820 ([M + N3] obsd
339.0811; and then disulfid® R)-225 as a pale yellow solid (73 mg, 11%): mp 269-273 °C;
R = 0.23 (40% hexane, 60% toluene)}of*= —103.4(c 1.0, CHC}); (Found: C, 79.93; H,
4.92. GoH300,S, requires C, 79.97; H, 4.79%)ma(film)/cm™ 3056m, 3010m, 2935w,
2838w (OCH), 1951w, 1757w, 1622m (C=C aromatic), 1592s (C=C aromatic), 1562w,
1504s (C=C aromatic), 1461m, 1431m, 1402w, 1351m, 1331m, 1269s, 1247s, 1178w,
1149m, 1134w, 1121m, 1079s, 1050m, 1020m, 956w, 904m, 859m, 809s, 686w, 627w;
M&(300 MHz) 3.80 (6H, s, Oks), 6.98 (2H, dJ 8.5, AH), 7.10 (2H, dJ 8.5, AH), 7.18-

7.26 (4H, stack, Af), 7.32-7.41 (4H, stack, AP, 7.46 (2H, dJ 9.2, AH), 7.85-7.75 (4H,
stack, AH), 7.81 (2H, d;) 8.1, AH), 7.90 (2H, d, 8.1, AH), 8.04 (2H, d,) 9.2, AH); &(75
MHz) 56.7 (CH, OCHa), 113.9 (CH, Ar), 120.7 (quat. Gyso Ar), 123.9 (CH, Ar), 124.6
(CH, Ar), 124.9 (CH, Ar), 125.3 (CH, Ar), 126.6 (CH, Ar), 127.01 (CH, Ar), 127.04 (CH,
Ar), 128.0 (CH, Ar), 128.1 (CH, Ar), 128.2 (CH, Ar), 129.3 (quatido Ar), 130.3 (CH,
Ar), 130.8 (quat. Cipso Ar), 130.9 (quat. dpso Ar), 131.6 (quat. dpso Ar), 133.0 (quat.

C, ipso Ar), 133.6 (quat. Adpso Ar), 154.7 (quat. dpso Ar); mz (TOF ES+) 653 ([M +

Na]', 100%): HRMS: GoHsdO0-S:Na calcd 653.1585 ([M + N§j| obsd 653.1571.
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(R)-2-Methoxy-2’-sulfonic-acid-1,1’-binaphthyl (R)-226

OO Chemical Formula: C,1H504S
SO3H 2171164

Exact Mass: 364.0769

OCHjs Molecular Weight: 364.4153
OO Elemental Analysis: C, 69.21; H, 4.43; O, 17.56; S, 8.80

(R)-2-Methoxy-2’-sulfonic-acid-1,1’-binaphthylR)-226 was prepared using a previously
reported procedure for a common formation of sulfonic dtjgs*!

A suspension ofR)-2-mercapto-2’-methoxy-1,1-binaphthyR)-224 (100 mg, 0.316 mmol)

in acetic acid (1 mL) was stirred at 60 °C for 15 min before it was treated with(B5% in
water, 140uL, 1.58 mmol) dropwise over 5 min. Over 20 min the white suspension darkened
and the resulting clear dark brown solution was stirred for 3 h at 60 °C. After cooling to R.T.,
the acetic acid was removed azeotropically with toluene. An attempt to purify the product by
recrystallisation from toluene afforded impure sulfonic aB)d226 as a pale brown solid (14

mg, 12%):d4(300 MHz) 3.76 (3H, s, OBs), 6.82 (1H, dJ 8.1, AH), 6.95 (1H, br s, SE1),
7.09-7.41 (4H, stack, Af), 7.53-7.68 (2H, stack, A, 7.91 (1H, dJ 8.1, AH), 8.03-8.28

(4H, stack, AH); m/z (TOF ES-) 363 ([M — H] 100%); HRMS: G;H1504S calcd 363.0691

(IM = H]"), obsd 363.0706.
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