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1.1 Inexpensive and abundant metal catalysis

One of these ambitions of organic chemists is to be able to synthesize organic
compounds of importance, for instance in the context of medicinal applications or materials
science. To achieve these goals, many approaches rely on transition metal (TM) catalysis,
which has offered tangible solutions for challenging organic transformations (Figure 1).!-
Among the TMs, the platinum group metals (PGMs) have played a significant role in a
wide range of industrial, medical, and electronic applications. The six PGMs are
represented by ruthenium (Ru), rhodium (Rh), palladium (Pd), osmium (Os), iridium (Ir)
and platinum (Pt). They are also known as “noble metals” because of their catalytic

properties and associated capacity to facilitate or control the rates of chemical reactions.

Contrary to their widespread applications, PGMs are rarely found in the earth crust.
Their increasing demand and limited accessibility through mining has gradually created a
non-sustainable situation. Replacing these noble metals with much more abundant ones
(particularly in applications that use larger amounts of catalysts) would be desirable.
Abundant metals give fewer problems related to supply fluctuations, they are cheaper and,
in several cases, (Fe, Al) more environmentally benign. However, the reactivity of these
rather inexpensive and abundant metals in organic transformation typically performed by
TMs and/or PGMs needs to be understood, tamed, and developed to enable them as
relevant alternatives. A lack of understanding of any new reactivity paradigm using
abundant metal-based catalysts can and has led in certain cases to less selective catalysis
and problems associated with the functional group compatibility. In other cases, rather
complex (new) ligands must be used for efficient substrate conversion, and their cost
should not exceed the price of any PGM. One must consider that in many important
processes based on homogeneous catalysis, the cost of the metal is just a small portion of

the overall expense.
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a  MeO N COOH Rh(DiPAMP) MeO COOH
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NHA . H NHAc hydrogenation
AcO ¢ H; AcO ydrog
O O RuCl,-BINAP (0]
2 Hf—, OH Noyori’s

catalyst
)]\/U\OMe %’ /UJ\OMe hydrogenation

2

— Ti(DET) (o)
HOCH | catalyst H.-/Q Sharpless’
e o
2 TBHP HOH,C oxidation

b Chauvin’s olefin metathesis mechanism X = OC(CF3)3
a H M i-Pr i-Pr
M=<R M——R J\R* Schrock’s N Ph
+ = H R =— + molybdenum -llvllo
H R ) H. .R carbene XO“‘/ Me
— R* H Me
>_< X0 H
R H R™H
Ar\N N/Ar
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RBX;, ——> R-R' R'SiX3 _Pd feat) (cat) R-R'
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R, R" = aryl, vinyl, alkyl, X = halide, triflate, OR, F, etc.

Figure 1. The importance of PGM/TM chemistry and catalysis: (a) 2001 Nobel Prize in
chemistry, (b) 2005 Nobel Prize in chemistry; (c) 2010 Nobel Prize in chemistry, and
Hiyama reaction.
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Within this context, chemists are currently developing novel reactivity modes based on
the use of homogeneous catalysts derived from inexpensive and abundant metals such that
they can mimic the reactivity displayed by PGMs and/or provide new reactivity patterns.
In the latter case it would present a way to expand on the currently known reactivity
principles and prospectively provide a way to discover new transformations. Though in
cases where a PGM represents just a fraction of the total cost, developing efficient catalysts
from cheaper and more abundant metals is likely to produce significant savings. For
example, palladium on a molar basis is approximately 3,000 times more expensive than
copper, while ruthenium is 2,000 times more expensive than iron. Similarly, platinum is

around 4,000 times more expensive than nickel and 10,000 times more expensive than iron.

Cu (cat/stoich.) 1R2
= X base z NR'R ull i
R—E | P . R-F | mann coupling
NS rt. to 250 °C N 1903
X=1Br..
Y NR1R2
HNR'R? —f—= r-E [ Pdleathbase o &N Buchwald-Hartwig
NS r.t. to 100 °C X amination, 1995
Y =1, Br, Cl, OTs ...
NR'R?
R_/ | 2 Cu/(cat.), base “ | Chan-Lam
NS r.t. to 100 °C ™ coupling, 1998

Z = B(OH),, Bpin, etc.
Figure 2. Important discoveries of metal catalyzed Ca—N coupling reactions for the

synthesis of aromatic amines.

Pd-catalyzed cross couplings in organic synthesis (in which the metal is used to catalyze
the formation of carbon-carbon bonds) are widely used to make complex materials,
pharmaceutical ingredients, and biologically active compounds (Figure la). The Pd-
catalyzed cross-coupling of amines and aryl (pseudo)halides, commonly known as the
Buchwald—Hartwig amination, has become a fundamental transformation in synthetic

chemistry and represents one of the most widely used conversions in the pharmaceutical

12
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and agrochemical industries (Figure 2).*!'° The loading of the metal in Pd-catalyzed
carbon-carbon formation or amination reactions can be as low as 10 parts per million in
some situations thereby reducing the cost significantly. Another way to reduce the overall
cost of the above-mentioned processes is to replace Pd by other economically more benign

alternatives.

About a 100 years ago, Ullmann reported the Cu-promoted conversion of aryl halides
to aryl ethers, aryl thioethers, aryl nitriles and aryl amines. These conversions were later
named Ullmann-type reactions.!! These Ullmann-type conversions, especially aminations,
are comparable to Buchwald-Hartwig aminations but traditionally the former
transformations require higher reaction temperatures and stoichiometric amounts of Cu. A
major breakthrough in C—heteroatom bond formations was the development of Cu(Il)-
promoted O— and N-arylation with boronic acids independently reported by Chan and Lam,
also known as Chan-Lam coupling.'? By using a suitable amino acid as ligand, Ma et al.
discovered a new Cu catalyst that enabled Ullmann-type aryl aminations at temperatures

below 100 degrees.'?

In addition to the huge economic benefit by replacing a rare and expensive metal with a
prevalent and cheap metal, cheap metals are often more environmentally benign. In the
case of expensive metals, it is necessary to consider (1) recycling methods to reuse the
catalyst and/or metal components, and (2) to remove trace levels of residual catalyst in the
final products to accommodate their potential use in processes that focus on the synthesis
of pharmaceutical ingredients and medicine. For the cheaper metals, loss of metal can be
more easily tolerated in an industrial process from an economic point of view. Beside their
natural abundance, these metals are often present in the daily food we consume. For
example, 1 L of cow milk contains about 50 pg of copper and 500 pg of iron. In the case
of noble metals, there is still much controversy about their toxicity in relation to human
health and the environment. As noble metals are widely used as catalysts in fine-chemical
and synthesis with a pharmaceutical/medicinal objective, they are more likely to pollute

the environment.'4
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1.2 Copper-catalyzed reactions with propargylic surrogates: carbonates, carbamates,

benzoxazinanones, indoloxazolidones and lactones.

O 1
R
1/3/0 o= Z
R R3 (0] R?
carbonates carbonates lactones

carbamates benzoxazinanones indoloxazolidones

Figure 3. Propargylic surrogates derived from cyclic carbonates and related heterocycles.

The development of the transition-metal-catalyzed propargylic substitution or Sn2'-type
reactions of propargylic cyclic carbonates and similar heterocycles (Figure 3) has become
an active field of research in organic synthesis.!> Copper catalysts are well-known for
promoting the asymmetric propargylic substitution of the terminal alkyne-substituted
cyclic carbonates via copper—allenylidene intermediates.'®!” However, copper-catalyzed
Sn2'-type reactions of internal alkyne-substituted cyclic carbonates and similar
heterocycles only are rare, even though stoichiometric versions of Cu-!8!" and Pd-based

20-23

processes= = have been known for more than two decades.

In 2018, Zhang and co-workers described the Cu-catalyzed enantioselective synthesis
of tetrasubstituted Sf-amino alcohols starting from propargylic carbonates and aryl amines.
The reaction was performed at —20 °C in toluene and in the presence of triethylamine and
(S,8)-L as ligand (Scheme 1).2* Using this procedure, novel f-amino-f-ethynyl alcohols
were obtained in 65-99% yields and with 72—-88% ee. When reacting propargyl carbonates
bearing naphthyl or heterocyclic groups under the optimal conditions, the efficacy of the

method was maintained, giving the desired products in 93% (78% ee) and 98% (54% ee)
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yield, respectively. A single example of an aliphatic amine substrate was tested (z-

butylamine) and the target f-amino alcohol was produced in 75% yield and 64% ee.

NH, Cul (1 mol %) N\ H

j’\ (S,S)-L (2 mol %) N

0”0 , Rr2 Et;N (20 mol %) \©’R2
m Tol,-20°C,2h HO

R? \\

T R T 65-99% vyield

: | : 72-88% ee

o) NSO

; | N \J ! R'=H, Me, OMe, F. Cl, Br, etc

' N N—/ i  R?=H, 4-Me, 4-MeO, 4-CF3 4-Br,
LB (S,S)-L Bn! 4-Cl, 3-Me, 2-Me, 2-MeO, etc

Scheme 1. The copper-catalyzed enantioselective synthesis of highly substituted f-amino

alcohols.
Vi Cu(MeCN),PFg(1 mol%) NG )
O L (2 mol %), amine (20 mol %)
o= TAr + NCTCN ~ HN—(/ YA
o) MgSO, DCM/m-xylene o
-10°C, 48 h
52-99% yield
88-97% ee

Scheme 2. Copper/organo cooperatively catalyzed enantioselective [3+2] cycloaddition

reactions of alkynyl carbonates with malononitrile.

In 2018, Song and co-workers communicated a [3+2] decarboxylative cycloaddition
reaction between alkynyl carbonates and malononitrile through cooperative Cu/amine
catalysis for the enantioselective construction of 2-amino-3-cyano-dihydrofuran
derivatives. These copper-catalyzed cycloaddition reactions occur through the
intermediacy of a copper—allenylidene intermediate (Scheme 2).2° The reactions between

alkynyl carbonates and malononitrile were performed in DCM/m-xylene at —20 °C, and
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produced the corresponding polysubstituted dihydrofurans in 50-99% yield and with 88—
97% ee. This method could also be extended to alkyl-substituted alkynyl carbonates and
ethynyl oxazolidinone, affording the desired products in 44% (77% ee) and 45% (74% ee)
yield, respectively. Moreover, the reaction was compatible with a variety of functionalities

and was amenable to scale up.

Cu(OTf), (10 mol%)

o)
o // 's'\ L (11 mol %), i-PrNEt (1.2 equiv.) g
o + ONa ~~ “OH
=< Ar THF/HFIP, -30 °C, 24 h '
o]

A’ S0,Ph

: 47-97% vyield
Cmo : 78-96% ee
T

Scheme 3. Cu-catalyzed enantioselective construction of tertiary propargylic sulfones.

In 2019, Kleij and co-workers disclosed a versatile Cu-catalyzed enantioselective
sulfonylation of propargylic carbonates using sodium sulfinates which allowed the
construction of propargylic sulfones featuring elusive quaternary stereocenters (Scheme
3).26 The reactions between racemic alkynyl cyclic carbonates and sodium aryl and alkyl
sulfinates were conducted in a mixture of THF/HFIP at —30 °C in the presence of Cu(OT¥)z,
bis(oxazoline) ligand L and i-Pr2NEt. This method is characterized by high enantiomeric

ratios and appreciable scope with respect to the reaction partners.

In the same year, Gong and co-workers reported the highly enantioselective [3+3] and
[3+4] annulations of isatin-derived enals and alkynyl carbonates or benzoxazinanones by
dual NHC/Cu catalysis leading to various spiro-oxindole derivatives with high structural
diversity (Scheme 4).27-28 They carried out the process with Cu(MeCN)sPFs, NHC1 and
NEt; in fluorobenzene (PhF) at 10 °C. They expanded the protocol to asymmetric [3+4]
annulations of isatin-derived enals with propargylic benzoxazinanones for the preparation
of chiral spiro-benzaepinones, with the combination of Cu(OTf), and NHC2 in DCM being

best binary catalyst system. The isatin-derived homo-enolate species showed high
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reactivity toward the transient Cu-allenylidene intermediates. The NHC played a double
role serving as an organocatalyst to generate the enals, and as a ligand for Cu to tune the

metal catalysis.

Cu(MeCN),PF¢ (5 mol %) o //
NHC1 (10 mol %), NEt, o= Ar
(1.0 equiv), PhF, 10 °C, 36 h o

[3+3] annulation

Cu(OTf), (5 mol %)
NHC2 (10 mol %), NEt3
(1.0 equiv), DCM, 0 °C, 12 h

75-99% yield

Scheme 4. NHC/Cu dual catalysis for the asymmetric of spiro-oxindoles.

Y 0 Cu(OTH,(10 mol %) A /~0
o 1 o—f\ DMAP (1.0 equiv) /\\\\\</\§
.
o= A AP I~p2 MeCN,0°C,Ar 15h  Z 27 Yo
o) N Ar" NHCOAr

44-98% yield
upto10:1dr

Scheme 5. Cu-catalyzed decarboxylative [3+2] annulation of alkynyl carbonates with

azlactones.

In 2021, Yuan and co-workers developed an efficient decarboxylative [3+2] annulation
reaction between alkynyl carbonates and azlactones with a simple Cu salt as pre-catalyst
(Scheme 5).%° Their protocol included the use of Cu(OTf), and DMAP in DCM at 0 °C
giving access to a diverse library of y-butyrolactones bearing two vicinal quaternary carbon
centers. Noteworthy, the utilization of an alkynyl-substituted oxazolidinone substrate also

gave productive catalysis to give the desired product in 82% yield and with 87:13 dr.
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However, a 4-(phenylethynyl)-substituted carbonate was not converted under the standard
conditions. Preliminary trials on enantioselective variants in the presence of a chiral Pybox

ligand afforded the respective product in 71% ee.

o O~ _R?
Cu(OTf),(5 mol %), L (10 mol %) 0
(0] s+ \ Cyo,NMe (1.2 equiv) R0
R’ R® 7 0"No”""R* " \MeOH/IDCM, -10 °C, 24 h N _
/ ________________________ =
7 ; : X : R
R'" = Ar, Me, n-Pr ' | '
R? = Me, Et, i-Pr, Bn, Ar 0 N/ o, 42-95% yield
R®=Ts, Ms, Ns : | \J ! 84-97.5% ee
: N L N—/ . up to >25:1dr
Ph Ph

Scheme 6. Diastereo- and enantioselective Cu-catalyzed decarboxylative ring-opening

[3+2] annulation of tertiary alkynyl cyclic carbamates.

Hu and co-workers reported in 2019 a Cu-catalyzed regio-, diastereo-, and
enantioselective decarboxylative ring-opening [3+2] annulation of tertiary alkynyl
carbamates and y-substituted butenolides creating a way to access optically active
pyrrolidinones (Scheme 6).3° In a 2:1 solvent mixture of MeOH and DCM, the chiral
pyrrolidinones were efficiently produced in the presence of a diphenyl-substituted Pybox
ligand. Of particular note is that these reactions proceed through a rarely exploited a-attack
on the y-butenolides due to steric hindrance between the copper—allenylidene complex and

dienolate intermediate.

Further to the previous examples, Deng and co-workers reported a Cu-catalyzed
asymmetric propargylic [3+2] annulation of alkynyl indoloxazolidones and azlactones to
give highly functional pyrrolo[1,2-a]indole products bearing contiguous quaternary and
tertiary stereogenic centers (Scheme 7).%! By controlling the temperature and reaction time,
highly functional pyrrolo[1,2-a]indole scaffolds were prepared with excellent diastereo-
and enantioselectivities in the presence of Cu(MeCN)sPFs and a diphenyl-substituted
Pybox ligand.
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A 2w f Cu(MeCN),PFg (5 mol %) S\ Z
A A\ 7 . WJ(O L (5.5 mol %) ¢ ~N R?
g ., ~ W
L(c" g N EtN (1.5 equiv), THF, 4AMS  R' NH
R 0 °C then 50 °C o I
o N\ (@) Ar
OMe X

68-90% yield

O ] N7 \ O 65-99% ee

OMe

Scheme 7. Catalytic asymmetric [3+2] annulation reactions via indolyl Cu—allenylidene

intermediates.
Y. NH,  Cu(MeCN),PFs (5 mol%)
Pybox (6 mol %) 1
O~L gt Quinuclidine (20 mol %) RL A/
O=< + R2 Me ",

o Dioxane/TFE, -12 °C, 12 h N )
H R

______________________________ o

| N

0 N R' = Ar, 55-91% yield, 42-97% ee

E 0 5

Ph T h}\)""’“ ' R'=Cy, 92% yield, 84% ee

: . R'=n-heptyl, 90% yield, 32% ee

Scheme 8. Cu-catalyzed propargylic amination approach toward chiral acyclic o-

quaternary a-amino ketones.

The Guo group developed a propargylic amination that enables rapid access to chiral
acyclic a-quaternary a-amino ketones (Scheme 8).3? They rationally designed an alkynyl
functionalized cyclic carbonate as a propargylic surrogate, which after appropriate
activation and decarboxylation generates a Cu-bonded enolate type zwitterionic
intermediate. The reaction of these carbonates and anilines are catalyzed by Cu(ACN)4PFs
in the presence of a Pybox ligand and using quinuclidine as the base. Their protocol
featured wide functional group diversity and high asymmetric induction. One example,
with the presence of an iodine atom at the a-position of the substrate, could also be
transferred into the desired amino ketone in 76% yield and with 87% ee. The authors

proposed that the unique planar enolate geometry and zwitterionic structure of the
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intermediate enables the high efficiency of these reactions leading towards the target o-

amino ketones with high enantio-control.

Cu(MeCN),OTf (5 mol%)

0 NH2 by box (6 mol %), i-Pr,NE R/ ,
(1.2 equiv.) / R
0 + g HO,C H

THF/MeOH, -20 °C, 24 h

S ; R' = Ar, 42-98% vyield
O N IO . 61-96% ee

N Nl R' = Cy/Me, 0% yield

Scheme 9. Copper-catalyzed ring opening of non-strained lactones with amine

nucleophiles.

In 2019, our group reported the first asymmetric synthesis of y,y-disubstituted y-amino
acids through a Cu-catalyzed ring opening of non-strained lactones in the presence of
amines (Scheme 9).3* The reaction with the lactone and aniline at -20 °C in a mixture of
THF and MeOH was catalyzed by 5 mol % of Cu(MeCN)4OTT in the presence of a chiral
Pybox ligand. The catalytic system proved to be efficient for the conversion of lactones
with both electron-withdrawing and -donating groups present in the aryl substituents (R')
delivering the amino acids in good yields and high enantio-induction. However, lactone
substrates bearing either a cyclohexyl or methyl group proved to be unproductive, which
suggested a significant electronic bias within this catalytic process. The use of aryl amines
bearing electron-donating groups afforded the y-amino acids in both high yields and
enantioselectivity, whereas aryl amines equipped with strongly electron-withdrawing
substituents gave inferior results even when the reactions were performed at higher
temperature. The reactions with benzyl amine, morpholine and propargylic amine at -20 °C
for 24 hours displayed low conversion (<5%), while reasonable reactivity was observed at

0 °C though at the expense of the enantio-discrimination. The asymmetric induction was
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suggested to arise by a well-established bimetallic model in which the amine attack on the

Si-face of the copper-allenylidene intermediate is favored.

o) Cu(MeCN),BF, (10 mol %) R4

RO (BuO)3P (20 mol %) OH
0 +  R*MgX R'"C
= DCM,-10°C, 2 h R
R? 3 s
R R2
R’ R? RS
Ph H H 39-92% vyield

Ph H Me
Me (CH3) (CHy),
Et Me H

e H Me H

a
b
c
d

Scheme 10. Copper-catalyzed Sn2' substitution of alkynyl substituted dioxolanones.

Krause and co-workers discovered that efficient Sn2' substitution of alkynyl cyclic
carbonates could be achieved with a copper(I)/P(OBu)s (pre)catalyst using Grignard
reagents as nucleophiles (Scheme 10) delivering a-hydroxyallenes as products.®* A range
of primary and secondary a-hydroxyallenes bearing various functional groups were
synthesized in good to excellent yields following this protocol. However, the use of a
terminal alkyn-substituted cyclic carbonate resulted in relatively low yield of the a-
hydroxyallene (39%—-62%) due to competing deprotonation of the terminal alkyne-H in the
presence of the Grignard reagent. Regarding the scope of Grignard reagents, both aliphatic
(Et, i-Pr, +-Bu) and aromatic(Ph) nucleophiles were successfully utilized in this manifold.
The process was also demonstrated to have potential towards the synthesis of

enantiomerically enriched allenes.

Finally, Yuan and co-workers developed a Cul-catalyzed decarboxylative thiolation of
terminal alkyne-substituted cyclic carbonates/carbamates to access allenes (Scheme 11).%
In the presence of 10 mol % of Cul and DIPEA, alkynyl cyclic carbonates and carbamates
were converted into hydroxymethyl- and aminomethyl-containing allenyl thioethers,

respectively, by reacting with phenylmethane thiols. When non-terminal alkyne-
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substituted cyclic carbonate substrates (Ph or cyclopropyl terminated) were tested, no
reaction was observed. Based on several control experiments, they proposed that the

terminal alkyne moiety in the cyclic carbonate substrates is vital for the formation of a

requisite Cu-allenylidene intermediate.

O H
JJ\ Cul (10 mol %) )\
DIPEA (1.0 equiv C SR
X O + HS—-R ( q ) XH/Y
DCM, reflux, 15 h A
N r
Ar T

X = 0: 28 examples, 42-99% vyield
X =NR" 12 examples, 72-97% yield

Scheme 11. Cul catalyzed decarboxylative thiolation of propargylic cyclic

carbonates/carbamates.
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1.3 Synthesis of multi-substituted allenols

(a) 2 R2 R1
RZ O
P + ROMgX Fe(acoac)s _, _)=C={ 2003
] =z 3 Et,0, -5 °C, 5 min R3 / R4 Firstner
R OH
(b) 2 2 1
RO Pd(PPhs), R 2005
P + ArB(OH), — _)=C—\ :
F 3 dioxane/H,0 (2:1) R3—/ e Yoshida
R R 80 °C, 1-3 h o
(c) R2 O R? R'
RhCI
_ + ArB(OH), [RhCI(nbd)] . _):c:,/ 2009
F 3 KOH (0.5-0.8 equiv)  R3—/ Ar  Murakami
R THF, 25 °C, 3-16 h OH
(d) ; 1 R'R'
R OH R
RI——= < R1 + RZB(OH), Pd(PPhi)“ c 2016
HG ¥ Tol, 80 °C R R2 Sherburn
(e) R3 R4
R? OH [Rh(OH)(cod)] R\ OH 5018
R‘]%;eR“ + ArB(OH), 2 >=C D
- THF, 80 °C R M ou
HO R3 r
3
0 R! i OPG
AcO OTBS 4+ R*MgX Fe(acac)s . c 2016
RI9—=— ELO,-20°C, 15 min 2 - Béckvall
R2 R3
@ oon R2
(63
— R% + R*MgX Fe(acac);
TBSO
R1

Et,0, -20 °C, 15 min

2016
R* Biickvall
Scheme 12. Synthesis of substituted a-allenols via Sx2'-type reactions with carbon-based
nucleophiles.

Allenes do not only have certain types of reactivities and properties similar to alkenes

and alkynes, but also they represent versatile building blocks for advanced organic

synthesis building on their axially chiral backbones.’**> They can be considered as

electrophiles and nucleophiles depending on the reaction conditions, and they can undergo
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cycloaddition reactions and thermal or radical rearrangements.*®>> Allenols, constituting
an allene moiety and a hydroxyl functional group through diverse connectivities have
become important building blocks for the synthesis of various bioactive structures and
natural products.’® On the one hand, allenols can be viewed as n-activated alcohols showing
versatile reactivity towards elimination, substitution and rearrangement reactions. On the
other hand, they can be viewed as allenes bearing additional electron pairs, which promote
intramolecular cyclization or provide an alternative metal-coordination site. This part of
the general introduction is focused on the synthesis of allenols from alkynyl epoxides and

alkyne diols via transition metal catalysis.

During the last two decades, alkynyl epoxides and alkyne diols have been employed for
the synthesis of substituted a-allenols through Sn2'-type reactions in the presence of
Grignard reagents or boronic acids. In 2003, the Fiirstner research group employed alkynyl
epoxides through an Fe-catalyzed cross-coupling reaction with Grignard reagents for the
synthesis of tri- and tetra-substituted allenols (Scheme 12a).>” With alkynyl epoxides
having either terminal or non-terminal alkyne units, the reactions did not require added
ligands and occurred instantaneously. The major products were the syn-configured 2,3-
allenols which are opposite to those usually observed in reactions of alkynyl epoxides with
organo-Cu reagents, except when carried out under “ligand-free” conditions and in the
presence of excess TMSCL3® The authors proposed that the catalyst and/or the Grignard
reagent may be coordinated to the oxygen atom of the oxirane ring, which then

prospectively leads to the preferential formation of syn-configured 2,3-allenols.

In 2005, Yoshida and co-workers developed a Pd-catalyzed reaction of alkynyl epoxides
with aryl boronic acids in which anti-substituted 4-aryl-2,3-allenols were obtained with
high diastereoselectivity (Scheme 12b).%° They proposed that in the first step of the reaction,
regio- and stereoselective anti-Sn2” attack of the Pd (pre)catalyst on the alkynyl epoxides
eventually leads to diastereoselective formation of anti-substituted 4-aryl-2,3-allenols. In
2009, the Murakami group described the stereoselective synthesis of syn-configured o-

allenols from alkynyl epoxides and aryl boronic acids under Rh-catalysis (Scheme 12¢).%°
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It was suggested that the high diastereoselectivity arises from the pre-coordination of the

oxygen atom of the oxirane ring to the metal center.

Several years later, related and independent work from Sherburn and Dou showed that
alkyne diols are efficient substrates in the synthesis of allenols (Scheme 12d-¢).'%? In the
case of the Pd-catalyzed Suzuki-Miyaura cross-coupling reaction from symmetrically
substituted alkynes, only sterically hindered boronic acids were tolerated to avoid a two-
fold addition process. A similar transformation using alkyne diols under Rh catalysis
provided higher control toward “single addition” reactions. Less hindered boronic acids

and unsymmetrically substituted alkyne diols were both tolerated in this latter protocol.

In 2016, Béckvall and co-workers reported an Fe-catalyzed synthesis of allenols from
alkyne diols having two different O-protecting groups and Grignard reagents (Scheme
12f-g).63-%4 The two alcohol units could be either on the opposite or same side of the alkyne
moiety. A TBS-protected (TBS = tert-butyldimethylsilyl) hydroxyl group remained intact

while the acetate-protected hydroxyl group acted as a leaving group.

TMS
Ph Pd,(dba);-CHCI3 (5 mol %) |1|
O‘\\// dppe (20 mol %) OH I~
' . Cul (20 mol %), DIPEA C Ph
+ TMS——= -
dioxane, rt, 6 h
(1R, 2R) (1R, 2R)-anti
91% ee 94% vyield, 91% ee

Scheme 13. Synthesis of optically active a-allenol with terminal alkyne.

In 2007, Yoshida and co-workers developed a diastereoselective coupling of alkynyl
epoxides with terminal alkynes under Pd and Cu co-catalysis (Scheme 13).% In the
presence of dppe as the ligand, anti-substituted allenols were the predominant products.
However, the stereoselectivity of the products could be altered by changing the ligand to
PPhs. An optically active anti-substituted allenol could be obtained from the reaction of an

enantiomerically enriched alkynyl epoxide without loss of chirality.
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While carbon-based nucleophiles such as Grignard reagents, boronic acids and terminal
alkynes have been successfully employed for the synthesis of substituted a-allenol through
Sn2'-type reactions with alkynyl epoxides or alkyne diols, hetero-atom based nucleophiles
have not been widely utilized apart from a few, rare cases. Recently, several research
groups started to focus on this latter kind of transformation for the synthesis of allenols
with carbon-heteroatom bonds, which are not easily accessible through any other approach.
In this context, hexamethylditin, P(O)H compounds, bis(pinacolato)diboron and
silylboronates have been employed for the synthesis of Sn-, P-, B-, and Si-decorated

allenols using different TM catalysts.

(@) 2 . R2 R :
R O Pd] (5 mol % ' '
P + Me3Sn-SnMej 4>[THI]:(O C :t) _2:0:( E '
R, R T Mo SnMes | Me,;N—Pd—NMe,!
Ri-H R? ; Br :
Cul (10 mol %)
) P(1-naph)s (20 mol %) ) 1 2004, Szabo
b RSO . t-BuOLi (30 mol %) R =<R
+ n C .
) = . 77 LBUOH (2 equiv) Ho—gz .- 2015, Szab6
R Tol, 25 °C, 24 h 3
R"#H
Cul (3 mol %) 2 1
C 2 R R
©  RrRZ o ! ‘.FD; ¢ _DIPEA (10 mol %) c=(
* N e/
// 3 L4 MeOH, 0°C,2h HO P’o 2016, Han
R1 R R 47\
R® R* R
R'=H  R*=0Me, OEt, o
On-Bu, Ph 56-99% vyield
@ R R
P s _AGNOg (5 mol %) Das®
F s ', Tol, 25°C,05h  HO—=X = ,.R" 2017, Han
R'=H.R=H Ri=RPorR'=R° 41-96% yield
R? = n-Hex
CuCN (3 mol %) " "
e 2 DIPEA (10 mol %
© RSO, phvie,si-Bpin (10 mol %) _):c:( 2017, Xu
F MeOH, Ny, 28 °C, 8 h o SiMe,Ph
R Ri=n 32-96% yield

Scheme 14. Synthesis of hetero-decorated a-allenols via Sx2'-type reactions.
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In 2005, Szabo and co-workers reported a Pd “pincer” catalyzed substitution of various
alkynyl-substituted substrates using Sn- and Si-based bimetallic reagents.®® During the
examination of the scope of alkynyl substrates, they found that the epoxide ring-opening
takes place with excellent regioselectivity providing Sn-decorated allenols, even though
only three examples of alkynyl epoxides were tested (Scheme 14a). Ten years later, the
same group developed a catalytic borylative ring-opening of alkynyl cyclopropanes under
copper-catalyzed conditions, and extended the substrate scope to an alkynyl epoxide. In
this case, a bulky P(1-naph); was required as ligand to obtain a monoborylated allenol,
while other less bulky ligands could not prevent the formation of diborylated product
(Scheme 14b).57-7

Along these lines, Han and co-workers developed an efficient Cu-catalyzed coupling of
alkynyl epoxides with nucleophilic P(O)H derivatives that proceed via a unique
nucleophilic interception of a Cu—acetylide intermediate to afford 4-phosphoryl 2,3-
allenols in high yield under mild conditions (Scheme 14c).”>7* However, the use of internal
alkynyl epoxides was less successful and the target products could only be obtained in very
low yields under the same reactions conditions. This observation indicated the feasibility
of dual coordination of the Cu complex to both the alkyne and epoxide unit. Soon after, the
same group developed a Ag-catalyzed, highly selective hydrophosphorylative ring-
opening of alkynyl epoxides (Scheme 14d).”> Comparing to the Cu-catalyzed method, the
latter protocol expands the scope of P(O)H substrates including not only diphenyl
phosphine oxide but also a variety of H-phosphonates and H-phosphinates amplifying the
access to phosphorus-functionalized allenols. In the proposed mechanism, the coordination
of a Ag(I) species to the epoxide ring and the carbon-carbon triple bonds is presented as

key to enable this transformation.

In the last example (Scheme 14e¢) , a Cu-catalyzed silylation reaction of alkynyl epoxides

76-81 Tri- and tetra-substituted,

is illustrated which was reported by Xu and co-workers.
functionalized allenols could be obtained in good yields and under mild reaction conditions

from internal alkynyl epoxides.
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The smallest possible nucleophile (i.e., the hydride anion) has so far only played a minor
role in Cu-mediated synthesis of a-allenols because the use of highly reactive metal
hydrides as reagents causes regiochemistry problems and offers low functional group
tolerance. There are a few excellent contributions that advanced this particular challenge.
In 2007, Krause and co-workers developed an efficient method for the diastereoselective
synthesis of a-allenols via CuH catalyzed Sn2' reduction of alkynyl epoxides (Scheme
15a).82%% The reaction proceeds through the formation of a vinyl-Cu species anti-A that

undergoes an anti-f-oxygen elimination to produce the silyl-protected allenol with anti-

stereoselectivity.
(a) anti-A
CuCl (3 mol %) Ho R 2007, Krause
R2 o NHC (3 mol %) . R?
/<k NaOt-Bu (10 mol %) !,” I anti elinimation _ %__
rZ R PMHS (2equiv) LCUTENS | BulNFaH0 i R
Tol, 0-20 °C ""H (2 equiv) HO
R'=H RS
R' = Ar alkyl 50-86% yield
' up to >19:1 dr
(b) syn-B
CuCl (5 mol %) 1
, CysP (30 mol %) HOR syn 2017, T°2”°S""
/R<Ok B,piny (1.1 equiv) J/ _elimination_ H, R
> 7y g—
Zp \a NaOtBu (20 mol %) Bp'” ~ g_R R(—C=‘§_R3
R MeOH, THF, 0-25 °C | p~° \ \\ s
R"#H Ln 51-89% vyield
R'=Ar, EWGs up to >30:1 dr

Scheme 15. Synthesis of a-allenols via Cu-catalyzed Sx2' reduction of alkynyl epoxides.

In 2017, Tortosa and co-workers reported that alkynyl epoxides undergo ring-opening
through a syn-borohydride addition using MeOH as proton shuttle, followed by selective
Cu-assisted syn-elimination (Scheme 15b).%% A crucial a-epoxy vinyl boronate
intermediate syrn-B would participate in the following syn-f-oxygen elimination step to
generate the allenol product, and this manifold was described in the literature for the first
time. However, in order to control the Bpin addition to the S-position and introducing a

hydrogen in the a-position after protonation with MeOH, internal alkynes equipped with
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aromatic or electron-withdrawing groups were necessary. If the internal alkyne substrate is
substituted by alkyl groups, ring-opening of the alkynyl epoxide could possibly generate
an allenyl-boronate intermediate, which can undergo a second Cu-catalyzed borylation via

an SN2'-type mechanism to give a 1,2-diborylated butadiene.”!

1.4 Mechanisms of synthesis of vicinal bis(boronate) esters from alkynes

Organoboronates have versatile reactivity, relative stability, and high functional group
compatibility. They have gained extensive attention as versatile building blocks for the

synthesis of complex molecules which play an important role in medicinal and materials

chemistry.87-108
Pt(PPh3)4 (3 mol %) R2 R1
s Bopin, (1.1 equiv)
R—=—TR DMF, 80°C24h  gpid  spin
R', R? = H, alkyl, Ar up to 86% yield
P._,B(OR),
Pt
B(OR)z
P
R'-——R?
P, ,B(OR),
RT P{

[P-Pt] X B(O

& om,
B(OR), t B(OR),

R2R

Scheme 16. Pt-catalyzed diboration of alkynes.
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This section will focus on the mechanisms of synthesis of vicinal bis(boronate) esters
which are usually obtained via selective 1,2-diboration of alkenes or alkynes. Especially,
vinyl vicinal bis(boronate) esters can be used for regio- and stereoselective construction of

multi-substituted olefins and 1,2-bifunctional compounds.

In 1993, the first metal catalyzed cis-1,2-diboration of alkynes was reported by Suzuki
and Miyaura, who used Pt(PPhs) as catalyst (Scheme 16).!%-110 Hereafter, Marder and co-
workers significantly improved this process by using the isolable and stable complex
Pt(PCys)(7>-C2Ha)2.'1'"112 In general, platinum-catalyzed diboration of an alkyne involves
the oxidative addition of Pt across the B—B bond, subsequent cis-insertion of C—C triple
bonds into the Pt-B bond of the platinum bis(boryl) complex, following reductive
elimination producing the vicinal bis(boronate) ester product and regenerates the catalyst
for additional turnover. During the past two decades, Pd, Cu, Co, Fe, Zn and metal-free
systems have been developed for the diboration of alkynes, which provide practical and
economic alternatives for the Pt-catalyzed process.!%® Particularly, Cu-catalyzed borylation
reactions of unsaturated carbon bonds have gained much attention in C—B formation
chemistry. Nucleophilic boryl-Cu species, which are formed by o-bond metathesis between
Cu(I) complexes and diboron compounds, serve as key intermediates. Both mono- as well
as diborylation pathways are feasible which thus represents a key chemo-selectivity aspect

in these transformations.

Diboration of alkynes using Cu catalysis has been studied by several research groups.
The first example of a Cu-catalyzed diboration reaction of C—C multiple bonds was
reported by Pérez and Fernandez in 2007.''3 Phenyl acetylene and diphenyl acetylene were
diborated with the more reactive bis(catecholato)diboron (Bacatz) using Cu(I)-NHC
complexes in THF at reflux temperature. Under these conditions, only the cis-diborated
isomer product was obtained. Experimental and theoretical studies indicated that oxidative
addition of the B—B bond to the Cu(l) (pre)catalyst is unlikely. In 2012, Yoshida and

coworkers reported a more general and practical methodology for the diboration of internal
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alkynes catalyzed by the combination of Cu(OAc): and PCys, while using Bopinz as the

diboron reagent (Scheme 17).!'4

Cu(OAc), (2 mol %) R?
PCys (7 mol %) R!
R'——R? - - Bpin” X
Bopin, (1.3 equiv) )
Tol, 80 °C Bpin
R R? = alkyl, Ar 43-83% vyield
R'——R?
PC L,Cu Bpin
Cu(OAc), — Y% | cu—Bpin N
Bapiny R? R
Bpin
R1)\erin Bapiny
R2
Scheme 17. Cu-catalyzed diboration of alkynes.
Cu(OAc), (10 mol %) R
P(n-Bu)3(20 mol % i
R—=——H (n-Bu)s(20 mol %) _ - Ny BRI
B,pin, (3 equiv) )
R = alkyl, Ar acrylonitrile (1equiv) Bpin
Tol, 80 °C 35-74% vyield
R———-=CulL, R—=——=Bpin
R————H
Bopiny
L,Cu Bpin
P(n-Bu) ) n
Cu(OAc), —gLnCu—OAc HOAc L,Cu—Bpin >=<
R Bpin
acrylonitrile g—{
Bpin Bopiny
CuL, R)\(Bpin
Bpi Bpin
NCTEPT NG P Bpin

Scheme 18. Cu-catalyzed triboration of terminal alkynes.
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Cu(OAc), (2 mol %) R (2) R
— PCys (7 mol %)
R—=\ 73 " Boin” N Bpin + Bpin” Y oMe
OMe Bypin, (1.3 equiv) ) .
Tol, 80 °C Bpin Bpin

R = Bn, nHex, Ph
57% <=—R=Bn —> 24%

43% <— R=nHex —> 16%
<1% <— R=Ph —> 53%

i R
R anti .
/g Bpin Bpin —0—T
. / rearrangement
Bpin” "Cx ( . 7’(%1 \ R
L,CuBpin n CuL,
L,CuOMe Bpin )
+ Bpin
R szlnz
Bpin)YOMe R (2)
CuL,, cuL,
triborylation Bpin
szinz |
R%\
OMe
+ F e g \
: R (Z !
L,Cu-Bpin ! \( ) 1
+ Bpin Bpin |
diborylation o Bpin )
R SR :
X Bapin : 3
LnCu)\/.\OMe 2PN ‘1Bpin)§/\OMe |
Bpin ! Bpin 3

Scheme 19. Cu-catalyzed synthesis of 1,2-(Z)-bisborylated alkenes and (Z)-alken-1,2,3-

triboronates from propargylic ethers.

Internal alkynes bearing dialkyl-, diaryl-, or alkyl/aryl substituents and arynes
underwent Cu-catalyzed diboration affording in all cases vicinal cis-diborylalkenes (or
diborylarenes) in good yields. They proposed that the simultaneous interaction of copper
acetate, the phosphine and the diboron reagent would benefit the formation of a key boryl-

Cu(]) intermediate. Insertion of the C—C triple bond of the alkyne into the Cu-B bond would
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give an organo-Cu species, and subsequent o-bond metathesis delivers then the diborylated

product and regenerates the boryl-Cu(I) species for further turnover.

Pd(PPhs), (5 mol %) (E) Bpin R?

R2
— CuCl (5 mol %
R Bopin ((1 3 eq:i)v) R! N Bpin
OCO,Me 2ping (1. )
z THF, 70 °C Bpin
MeOBpin

szinz Bpin
Cu—ﬁ (E) TP

Bplnﬁ)\r =
Cu—OMe

2
B,pin, Pd(0)L R®  Bpin
R? C
OMe )/
C
LPd{ £
B,pin, / Bpln “Bpin Bpln Bpin

MeOBpin \H\(
0OCO,Me / K Bpin

Pd(0)L
©) Rz/\C

co,

Scheme 20. Bimetallic catalyzed synthesis of (£)-alken-1,2,3-triboronates from

propargylic carbonates.

In 2020, Marder and co-workers reported a novel and straightforward Cu-catalyzed
synthesis of 1,1,2-triborylalkenes by coupling of a diboron reagent with terminal alkynes
(Scheme 18).''5 To avoid alkyne hydroboration, 1 equiv of acrylonitrile was added to
suppress this potential side-reaction. In the envisioned manifold, first, [L,CuOAc] is
formed from Cu(OAc): and the phosphine ligand through a net reduction. Then, the
terminal alkyne is activated by [L,CuOAc] to afford an alkynyl Cu intermediate. The latter

undergoes a o-bond metathesis with Bapinz to afford an alkynyl boronate and Cu-boryl
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complex. The alkynyl boronate, being reminiscent to internal alkynes, further undergoes
diboration to afford the 1,1,2-triborylalkene type product. Since hydroboration of
acrylonitrile is faster than that of alkynes, the presence of the additive effective suppress
the alkyne hydroboration side reaction and improves the overall efficiency of the

triboration process.

In Yoshida’s work on the Cu/PCys-catalyzed 1,2-diboration of propargylic ethers
produced (Z)-alken-1,2,3-triboronate via boryl-cupration and subsequent o-bond
metathesis of the m-allyl copper intermediates (Scheme 19).!'* These propargylic ethers,
which are essentially internal alkynes, also lead conveniently to the formation of (Z)-
diborylated products as competitive products under Cu catalysis. However, 1,2,3-
tris(boronate) esters were noted as the major products, and the stereo-configuration (2) was
investigated by NOE. The triborylation product is suggested to arise from o-bond
metathesis of a z-allyl-Cu species (generated via an alkenyl Cu species) with the diboron
compound attacking at the sterically less-hindered carbon center. The authors reasoned that
the steric hindrance of the Bpin group in the z-allyl-Cu species dictates the regio- and
stereoselectivity, but in this scenario it would be more likely that the (E)-alken-1,2,3-
triboronate is formed instead of its (Z)-isomer if the m-allyl-Cu species were to be a 7'-
rather than a n3-allylic species. Unfortunately, the molecular structure of these 1,2,3-

tris(boronate) esters could not be confirmed by X-ray analysis.

In 2017, Ma and co-workers developed a bimetallic catalyzed protocol for the
preparation of (E)-alken-1,2,3-triboronates from propargylic carbonates via 1,2-allenyl
boronate intermediates following their subsequent diboration (Scheme 20).!'® The reaction
starts off with an Sx2'-type oxidative addition reaction between Pd(0) and the propargylic
carbonates to give a 1,2-allenyl-Pd species. The latter undergoes transmetalation with the
Cu-Bpin species (which is formed by transmetalation of the Cu (pre)catalyst with Bopiny)
to generate a 1,2-allenyl-Pd(boryl) complex. Subsequent reductive elimination affords the
1,2-allenyl boronate. The diboration can be catalyzed by Pd(PPh3)s, similar to Pt catalyzed

systems, while CuCl showed no effective diborylation activity. The insertion of the non-
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borylated C—C double bond of the 1,2-allenyl boronate into the Pd—B bond produces a #'-
allylic intermediate, which is considered to be key to the observed excellent regio- and

stereoselectivity giving predominantly the (£)-alken-1,2,3-triboronate product.

@) 0CO,Me CuOLBu (10 mol %) .
Xantphos (10 mol %) 1)=C 3 2008
Ri R X Bopin; (2.0 equiv) R ooin o & Sawamura
Rs THF, 50 °C 2 P
R3 = alkyl
(b) LG Pd(PPh3), (5 mol %)
[Cu] or [Ag] cat. Qq R 2014
Q N B,ping (2.0 equiv) )=C Szabo
1 in, (2.0 equiv .
% g THE 500 Q Bpin

R =alkyl, H LG = OCO,Me, OAc Q/Q; = alkyl, H

Q
Pd(0)L, 2, X
R
reductive oxidative
2L elimination addition
CO,
qQ Q' 2L
QZ'&C R QZ&C R
PdBpinL ¢y Pd Pd(OMe)L
CuX Cu—Bpin B — Cu
X =1, OMe ‘;__/<4 Transmetalation
Bapin, XBpin

Scheme 21. Sn2'-type substitution and Sn2'-type oxidative addition of propargylic system.

In 2008, Ito and Sawamura reported on the TM-catalyzed transformation of propargylic
(linear) carbonates to allenyl boronates using Bopinz as a boronate source in the presence
of CuOt-Bu as (pre)catalyst (Scheme 21a).”> The use of a bidentate ligand phosphine

(Xantphos) may explain why this reaction does not lead to diboration as demonstrated in
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Yoshida’s work (Scheme 19).!'* These latter reactions are believed to start with an Sn2'-
type substitution rather than an Sn2'-type oxidative addition. In 2014, Szabd and co-
workers reported similar work based on bimetallic Pd/Cu and Pd/Ag catalytic systems
(Scheme 21b).”! Comparing with Ma's previous research (Scheme 20),''® Szabo used
almost the same reaction conditions and quite similar substrates, though the outcomes were

different.

(a) 2013, Tsuji
R! [(IPrCPM3)Cucl] (2 mol %) R1 R

R4 RS KOt-Bu (10 mol %)
R2’&C - - R2 NS N R4
a LG Bopin, (1.1 equiv)
R3 THF, rt Bpin R®

Mainly, R" = R? & R* = R,

LCuClI KOt Bu LCuOt-B no information on E-Z
u ﬁ» uOt-Bu -
B,pin
KCI 2FT2
t-BuO—Bpin R!
R* R®
LCu—Bpin RZ&C
BnO—Bpin o 0OBn
R3
Bopin,
R4
LCu—OBn ) Bpin R RS
R
z OBn
: 1 RS CuL .
Bpin Rg R Cu \\\\ Bpin R4Rs
R? LC
AN R ;2 N NoBn
R" Rs R RO
(b) 2014, Szabo Pd] and/or [Cu] cat.
A el (el Bpin R?

R B2pin2 3
— = >
/Q\W THF, 50 °C R1J\H\/R

Bpin low E/Z ratios

R = alkyl R3
R%/R® = alkyl, aryl R! :270x

Scheme 22. Approaches to the synthesis of borylated 1,3-dienyl boranes.

R1
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Inspired by the pioneering studies from Ito, Sawamura, and co-workers on the Cu-
catalyzed borylation of propargylic (linear) carbonates, Tsuji and co-workers developed a
borylation of allenes bearing a suitable leaving group at the a-position to obtain 2-boryl
1,3-butadienes using Cu(NHC) catalysts (Scheme 22a).!'” As shown previously, insertion
of one of the C—C double bonds of allene into the Cu—B bond can produce two types of 7!-
allylic intermediates, which exchange by fast #'-* interconversion. B-Elimination of the
benzyloxy moiety produces 2-boryl-1,3-butadienes and a Cu-alkoxide, [LCu-OBn].
Finally, a-bond metathesis of [LCu-OBn] with Bzpin, regenerates a boryl copper species,
[LCu-Bpin]. Soon afterwards, Szabé and co-workers reported the ring-opening of
propargyl epoxides with Bapinz leading to 1,2-diborylated-1,3-butadienes, and this process
likely goed through an allenyl-boronate intermediate (Scheme 22a).”!

(a) 2012, Carretero CuCl (10 mol %)
PCy3 (12 mol %)

g a Bopin, (1.1 equiv) 8 Bpin
— NaOt-Bu (15 mol %) R FG
R——— a FG
FG MeOH (2 equiv) \B(\/ * |2“\/
EG = SO,Ar, S(2-Py) Tol, rt, 1-5 h pin R
OH, OR, NHTs Bla=>98 : <2
(b) 2014, Yun CuCl (5 mol %)

SiRy' = TMS/TIPS SIMe_s-HCI 6 mo.l %)
Bopin, (1.2 equiv)

p 8 H Bpin

a

3 o NaOt-Bu (20 mol %) R% _ RW/\ .

R———-SIiR '+ '
3 MeOH (2 equiv) SiRs SiRs

THF, 1t, 3-6 h Bpin Bpin

Scheme 23. Regioselective borylation of alkynes.

In 2012, Carretero and co-workers achieved the regioselective Cu(I)-catalyzed
borylation of dialkyl internal alkynes with Bopina (Scheme 23a).''® The presence of a
propargylic polar group (OH, OR, SAr, SO2Ar, or NHTs), in combination with PCy; as
ligand, led to predominant f-borylation of the propargylic scaffold. The main reason for
the observed regioselectivity seems to be the result of a subtle electronic bias rather than

pure steric effects. Same year, McQuade and coworkers reported the site-selective reversal
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from S to a in the borylation of internal propargylic alkynes using a bulkier Cu(NHC)

catalyst and more hindered p-nitro-phenyl ether substrates.!"”

In 2014, Yun and co-workers reported that silyl groups act as directing groups for the
introduction of boryl groups in the pS-carbon (relative to the Si group) of internal
silylalkynes. This chemistry is both driven by this directing group strategy and electronic
effects (Scheme 23b).!2%-12! In the case of aryl-substituted silylalkynes, the utilization of
the bulkier Xantphos compared to P(OEt); and SIMes-HCIl prevents diboration and
consequently provides a higher monoborylated product yield.'??> Substrates with electron-
withdrawing substituents are converted with lower regioselectivity and their use results
into the formation of higher amounts of (a-borylvinyl)silane compounds. This gives
support for the hypothesis that the f-regioselectivity is under electronic rather than steric
control.'”® In general, the Cu-catalyzed regioselectivity of borylation of internal alkyne
substrates is mostly directed by electronic control except for cases of severe steric

impediments.
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1.5 Ni-catalyzed stereospecific cross-couplings and functionalization of alkynes

The development of Ni catalysis has created new synthetic potential and has enabled
novel retrosynthetic schemes to access complex structures in short and economic steps. '+
130 The activation of benzylic C-O bonds has become a major topic of research, which can
be ascribed to the crucial contributions of Ni-based catalysis.!3!"!33 Perhaps the most
attractive feature of Ni catalysts is their seemingly inherent ability to promote
stereoconvergent cross-coupling reactions, which allows access to highly enantioenriched
products from their corresponding enantioenriched precursors.!3*!3> The conversion of
allylic alcohols share this particular feature, whereas Ni-catalyzed difunctionalization of
alkynes has also rapidly emerged as a powerful tool for forging C—C bonds.'*¢!37 However,
Ni-catalyzed Sn2'-type substitution reactions of propargylic derivatives with nucleophiles
still remains unexplored as there is no precedent for f-oxygen elimination under Ni-

catalysis.!38139

1 Me/Ar/R
C;)R achiral Ni cat. eInn

2 R3 RMgl, ZnMe,, ArB(OR), r2 R3
stereospecific cross-

coupling reaction

RZ

Scheme 24. Stereospecific Kumada, Negishi, and Suzuki coupling reactions of benzylic

ethers.

Most reactions that involve alkyl electrophiles and low-valent Ni complexes proceed
through alkyl radicals and thus are stereo-ablative; the correct chiral catalyst system can,
however, favor the formation of a preferential enantiomer.'**-'*! An example of this was
reported by Jarvo and co-workers, who disclosed the first stereospecific Ni-catalyzed
alkyl-alkyl cross-coupling reaction in 2011 (Scheme 24).'*> This method did not provoke

racemization of the alkyl electrophiles, and provided clean inversion of the substrate

39



UNIVERSITAT ROVIRA | VIRGILI
COPPER AND NICKEL PROMOTED TRANSFORMATIONS OF ALKYNE BASED CYCLIC CARBONATES
Kun Guo

stereochemistry. Importantly, the starting materials (benzylic alcohols) can be generally
prepared in high enantiomeric excess through a variety of asymmetric methods. A
subsequent publication demonstrated the use of a 2-methoxyethyl ether moiety as a

directing/activating group, which increased the ease of oxidative addition of the C—O bond

144-155 156-161

to Ni.'® Furthermore, subsequent publications by Jarvo and Watson
demonstrated a series of stereospecific Kumada,'®? Negishi, and Suzuki reactions. This did
not only showed a useful range of transmetalating agents, but also illustrated that a wider
range of benzylic ethers and ester type substrates can participate, including methyl ethers,

tetrahydropyrans, tetrahydrofurans, esters and lactones.

N

{ \ . Ar Ar
Ni(cod), (10 mol %)/L z /k

ArBneop (2 equiv) N /\Ph o N Ph
OJ\O n-BuOH (3equiv)  © ap
retention inversion
Nap)\Ph t-BuOK (2 equiv) L =PCys, L = SIMes
THT/Tol, rt, 20 h  up to 88% yield up to 98% yield
93-98% ee >99% es >99% es

Scheme 25. Stereospecific Suzuki—Miyaura cross-coupling with inversion or retention.

t-BuXantphos (2.2 mol %)  PivO,, BnPPh, (4.4 mol %)
Ni(cod), (2 mol %) Ni(cod), (2 mol %)
K3PO4’ Tol K3PO4, MeCN

Bopiny, rt, 24 h rt, 24 h, Bopin,

N] H Bu l}liLn
i Aru,
~0:= :: H
QU &
R \
R —H
OPiv
| Il
retention inversion
Bpin 16 examples 15 examples Bpin

A up to 93% yield up to 87% yield ™
AR 989, ee, 99% es 92% ee, 92% es Ar/\/kR

Scheme 26. Solvent-controlled switch in stereospecific Miyaura borylation.
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Another interesting example of Ni-catalysis was reported by Jarvo and co-workers in
2013 (Scheme 25).'%193 They demonstrated the Suzuki-Miyaura cross-coupling of
benzylic esters, carbonates, and carbamates with aryl boronic esters, which led to net
retention or inversion of the substrate stereochemistry by tuning of the ligand. The use of
PCy; provides net retention, whereas in the presence of SIMes formal inversion was

observed.

Another fascinating example was reported by Watson and co-workers in 2016. They
developed a stereospecific cross-couplings of allylic alcohols to deliver highly
enantioenriched allylic boronate esters (Scheme 26).'3% 1% One of the most interesting
features of this process was the ability to dictate the stereochemical outcome of the reaction
by changing the solvent. By using acetonitrile, the borylation occurred with inversion of
the stereochemistry, but in toluene it let to stereoretention. A series of mechanistic studies
were consistent with the oxidative addition being the key stereodetermining step. Under
conditions favoring retention, less polar solvents gave higher levels of stereoretention,
consistent with the hypothesis that a closed transition state favors retention. In more polar
solvents, it is likely that the solvent also acted as a ligand for Ni, which prevents both

pivalate coordination and the occurrence of a closed transition state.

oM NiBr,-diglyme (10 mol %) SiMeg
Ve PCys (10 mol %
AL+ MesSiMgl Y (10 mol %) Nap R
Nap R AgF (0.5 equiv)
THF, 0°C, 7 h 48-88% yield
43-94% ee

Scheme 27. Stereospecific silylation of benzylic ethers.

Enantiopure benzylic alcohols have almost exclusively been used to prepare other chiral
compounds through Ni-catalysis with a focus on the construction of C—C bonds. In 2021,
Rasappan and co-workers reported an AgF-assisted Ni catalyzed protocol that mediates the
enantiospecific silylation of benzylic ethers (Scheme 27).1%5-166 The authors introduced the
economical Me3SiMgl reagent in these enantiospecific cross-coupling reactions that

proceed via C(sp?)-O bond cleavage since the commonly employed and more expensive
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silylating agent (R3Si-Bpin)'¢7-1% failed to furnish the desired product. Their methodology
was compatible with a variety of functionalities including ketone, acetal, amide, boronic
ester and aryl ether groups. However, this reaction did not overcome the requisite presence
of a naphthyl group in the substrate to perform these stereospecific cross-couplings.'®'The
same authors extended this methodology to enantiospecific silylation of allylic alcohol
derivatives. They ruled out radical intermediate were present in the reaction mixture
through radical clock experiments, and thus a homolytic cleavage of the C—OMe bond in

this manifold seems unlikely.

Ni(acac), (10 mol %)

a_2
X0 PPh; (10 mol %
\/ﬁ +  ArB(OH), 3 ( LN
Ph Cs,C0O3 (20 mol %)
2 equiv 1,4-dioxane/EtOH, 90 °C Ph
X=H.MOM.Bn 71-84% yield
a_ Ph Ni(acac)21(10 m?)l %) Ar
PPh |
HOL_ZB + AB(OH), 3 (10 mol %) HO_J\_Ph
Cs,CO;3 (20 mol %) a
Ph 2equiv  1,4-dioxane/EtOH, 90 °C Ph

67% yield, up to 9:1 E/Z
PPhs, ArB(OH),, Cs,CO3

Ni(acac),
ArB(OH), ox
NiL,
EtOB(OH), EtOB(OH), ( ( tn
L,NiOEt =\
ArB(OH), n AR
L,Ni-Ar
L,NiOEt | — — Ap M EtOH
oX OX OX
anti-Markovnikov addition anti-addition
N X
Ar Ar'
OO=\ —
EtOH NI Ar AN,

Ln

Scheme 28. Ni-catalyzed addition of aryl boronic acids to phenyl acetylenes.
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Ph Et

Scheme 29. Ni-catalyzed directed hydroarylation of phenyl acetylenes.
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Scheme 30. Ni-catalyzed synthesis of multi-substituted allenes from propargylic esters.

Unlike allylic alcohol derivatives or benzylic ethers, the cleavage of the C—O bond in

propargylic alcohols is rather rare under Ni catalysis, even though Ni-catalysts share

similar characteristics compared to Pd or Cu catalysts. In 2017, Reddy and co-workers

developed a Ni-catalyzed addition reaction of aryl boronic acids to directing group-tethered
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alkynes (Scheme 28).!7-172 In the case of terminal propargylic alcohols, anti-Markovnikov
addition of aryl boronic acids on terminal alkynes generates (£)-cinnamyl alcohol products.
Contrary, anti-hydroarylation of benzylic propargyl alcohols delivers (£)-2,3-
diphenylpropenol derivatives. The authors successfully trapped for both routes the vinyl-
Ni intermediate with suitable Michael acceptors. In the case of the benzylic propargyl
alcohol substrates, the authors believed that the addition resulted from a reverse regio-
selection due to steric factors, which is contradictory to the Cu-catalyzed borylation of
alkynes that proceeds under electronic rather than steric bias (see Scheme 23). Surprisingly,
the transformation of MOM- and benzyl-protected propargylic alcohols delivered (E)-
cinnamyl alcohols as a single isomer with high regio- and stereo-control and leaving the

C-0 bond intact.

0CO,Me NiCl,-DME (5 mol %)
dtbbpy (7.5 mol %) a
= R' * R7DHP 3 Rz/\fc R
72 Ir(ppy)s (2 mol %)
Ar 2,6-lutidine, DMF, Ar Ar
LED 440 nm .
Ni(I)LOCO,Me

Ar——=

hv =
/ r(ih) owmouu)M /’I/
/8} Ar. Ar>=C_\R1

Photoredox
r(l*
Cycle 0OCO,Me R2,8

R2 > DHP \ LN~/ R’
DN / \
) > I _ R?
Et0,C._~CO2Et NI MeOZCOL(III)Ni/_
m * szg R —’&—/ Ar>= C_\R1
Me” N7 “Me C=
B Ar R

Scheme 31. Ni-catalyzed synthesis of tri-substituted allenes from propargylic (linear)

carbonates.

A few years ago, the Jarvo group reported on a regio- and stereoselective Ni-catalyzed
hydroarylation of benzylic alkynes using propargylic carbamates as directing group
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(Scheme 29).!73 They believed that a vinyl nickel intermediate (generated by carbamate-
directed hydrometalation of the alkyne) was a crucial to deliver (£)-2,3-diphenylpropenol
derivatives. Compared with Cu or Pd catalysis, Ni complexes do not have rich history

concerning S-oxygen eliminations.

Considering the nature of Ni catalysis, to the best of our knowledge, there is no
precedent in the literature for a f-oxygen elimination with Ni in propargylic substitution
reactions. Oxidative addition of a suitable propargylic precursor or surrogate to Ni(0) may
give rise to the formation of an allenyl-Ni(Il)-complex. This type of reaction is called Sn2'-
type substitution. In 2018, Li and co-workers developed an efficient and simple route for
the synthesis of multi-substituted allenes via a Ni-catalyzed Sx2' substitution reaction of

propargylic esters with organic Al reagents (Scheme 30).'7*

Control experiments
demonstrated that the transmetalation and reduction of Ni(PPhs3),Cl, with AlMes produces
an active Ni(0) species, and then the Ni(0) complex activates the triple bond of the
propargyl acetate substrate to form first a n-complex following allenyl Ni(I[) complex

formation via oxidative addition.

In 2021, Zhou and co-workers developed a regioselective alkylation of propargylic
carbonates to afford trisubstituted allenes using 4-alkyl-1,4-dihydropyridine derivatives
(1,4-DHPs) via a photoredox/Ni dual-catalyzed process (Scheme 31).!”> They proposed
that the requisite Ni(0) species obtained by photoreduction promotes decarboxylation of
propargylic carbonate to generate an allenyl-Ni(II) intermediate, which is then trapped by
an alkyl radical to generate a Ni(IIl) intermediate. The product is then released and after
reductive elimination. They could not rule out the possibility of the presence of an alkylated
Ni(I) intermediate formed by the alkyl radical and the Ni(0) precatalyst, with oxidative
addition of the propargylic carbonate and reductive elimination concluding this alternative

pathway.
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1.6 Thesis Aims

The development of TM-catalyzed propargylic substitution or Sn2'-type reaction of
propargylic cyclic carbonates and related heterocycles has provided an efficient strategy to
construct complex organic molecules and materials. Even though Cu catalysts have been
shown to be very successful in promoting the asymmetric propargylic substitution of
terminal alkyne-substituted cyclic carbonates via Cu-—allenylidene intermediates, Cu-
catalyzed Sn2'-type reactions of internal alkyne-substituted cyclic carbonates or similar
heterocycles remains unexplored. Based on previous reports and recent achievements in
our group, we envisioned that the development of Cu-promoted decarboxylative
functionalization of (internal) alkyne-substituted cyclic carbonates with silylboron or
diboron(4) reagents would potentially provide new reactivity paradigms while giving
additional insights into the operating mode of the catalyst and delivering a more ample
range of synthetically useful compounds. In addition, new catalytic protocols that can
foster the easy preparation of enantioenriched products via stereospecific Ni-catalyzed

reactions would also be an attractive target.

Taking into account that the state of the art and our previous experience and knowledge
on the conversion of terminal alkynyl cyclic carbonates, the aims of this thesis are defined

as follows:

(1) The design of a general procedure for the preparation of highly versatile and
modular internal alkyne-substituted cyclic carbonates.

(2) To explore the Cu-catalyzed, decarboxylative silylation of alkyne-functionalized
cyclic carbonate substrates with silylboron reagents.

(3) To examine the Cu-mediated borylation of internal alkynyl cyclic carbonates.

(4) To develop an efficient Ni-catalyzed activation and silylation protocol of both

racemic and enantioenriched internal alkynyl cyclic carbonates.
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Chapter 2

Cu-Catalyzed Synthesis of Tetrasubstituted 2,3-Allenols through
Decarboxylative Silylation of Alkyne-Substituted Cyclic Carbonates

3
[Cu'1 , R
)3Si- Bpln R :270H
/\: i PrOH base > C )
-CO, (R™)3Si R

This chapter has been published in:

Guo, K.; Kleij, A. W. Org. Lett. 2020, 22, 3942-3945.
57



UNIVERSITAT ROVIRA | VIRGILI
COPPER AND NICKEL PROMOTED TRANSFORMATIONS OF ALKYNE BASED CYCLIC CARBONATES
Kun Guo

2.1 Introduction

Allenes and their derivatives play an important role in organic synthesis constituting
reactive intermediates en route to more complex structures,! and medicinally useful
intermediates.” The synthesis of allenes has rapidly advanced over the last decade and
various efficient protocols for tri-> and tetra-substituted* scaffolds have been developed.
Silylated congeners have been frequently targeted as these scaffolds can offer productive
ways towards pharmaceutically relevant molecules and natural products if properly
equipped with additional functionality. In this context, various groups have reported on
efficient catalytic silylation protocols using either a wide range of propargylic precursors,’

(Z)-2-alken-4-ynoates® and enynes.’

The sub-category of 2,3-allenols (Figure 1) are attractive as building blocks for organic

synthesis,® and have additionally successfully been probed in the Figure 1
. . R3
construction of natural products.’” These important 2,3-allenol R2 :2(70,4
. . c
precursors can be conveniently prepared from alkynyl epoxides Ré »
. . 10 . tetrasubstituted 2,3-allenols
as demonstrated previously by various groups'® but despite

progress in this area, a general catalytic protocol that can further advance the access to a

wider diversity of functional tetra-substituted 2,3-allenols remains much desired.

2.2 Project Aims and Strategy

Inspired by this synthetic challenge, we set out to explore a new approach towards the
preparation of tetra-substituted silylated allenes. In our approach, we used a newly
developed substrate based on a cyclic organic carbonate skeleton (Scheme 1) representing
a propargylic surrogate.!! Functional cyclic carbonates such as vinyl-!> and terminal
alkyne-substituted ones'® have recently emerged as highly versatile, modular and readily
prepared compounds for the development of elusive C-H bond functionalization and
allylic/propargylic substitution reactions. Our new substrate design takes advantage over
the accessibility of both a-hydroxy ketones and terminal alkynes, and their coupling

mediated by n-butyl lithium affords key syn-diols which are easily converted into the
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requisite alkynyl carbonate substrates. Formation of a z-complex in the presence of a Cu(I)
species should lead to decarboxylative nucleophilic functionalization of the alkyne

carbonate by the activated silyl reagent and affording the targeted tetrasubstituted allene

product.
Q : R1__OH
H n-BulLi OH
R1J\|/OH * 2/ low temp. %/
R3 R R2 RS

+ base-Bpin Pyr ltriphosgene

R 0P| ey o

)S/O L[SBein o 04 “New*
{(\ base O "New
VAR

3

[Si]‘) R2
o up to 95% R3
A R R2 OH
R! O |-co, o ROH

2 —_— 1 — Si R1
R=0 ks C CuL [Si

R n
[Si] CuL, u General protocol

2 .
R [Si] m Modular precursors
m Diversity & high yields

Scheme 1. Copper-mediated formation of tetra-substituted silylated 2,3-allenols using

newly designed alkynyl-derived cyclic carbonates.

This envisioned manifold proceeds through a syn-selective 1,2-addition across the C=C
bond followed by an anti-selective B-elimination,* triggering the extrusion of a non-
charged leaving group (CO2). The major advantage of using this type of alkynyl carbonates
is the highly diverse nature of its precursors enabling to forge a wide range of 2,3-allenols

as demonstrated in this chapter.
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2.2 Results and discussion

o} . 0
OH
1 OH i OH 1 4
R 16 n-BuLi // triphosgene R O
+ THF, 2h R2 RS Pyr, DCM // 5
2 — -78°C 0°C,1h R
- R? 1a-1x
O R'=Me (1a): 86% , 5
B "/< R' = n-Bu (1b): 80% R—=— %‘JO
= O R'=Bn(1c): 79% 0
H R? R'=Cy (1d): 76% R? = n-Bu (1e): 82%

R? = CH,OMe (19): 74%
R? = Ph (1j): 80%

B B M
_V N R? = Cy (1k): 73%
= 0 = 0
H G H  Me—~g R?= [>8- (11): 75%

Me 2 - . o
1£.75% 1h. 72% R®=Me (1n): 80%
B Et ! R? = n-Bu, R' = Ph (2m): 91%
ﬂ— O/\so R—= %:o R? = Me, R' = Ph (20): 93%
H e/ O o R? = Et, R' = Me (2q): 95%
1i. 73% o o

M B ’4 B ’4
Me—= %:O = O = O
H

o] H
Bri (CHa)g-Br (CH,)5-Cl
1p. 60% r, 74% 1s, 75%
0 o) o)
CI-(CH2)3 J{ TBDMS 4 J(
— 0 = 0 y— 0
X 1u, 84% Bn
X
1t, X = Bn, 84%, 1v, Y = n-Bu, X = -(CH,)sOBn, 86%
1x: X = CF5 35%, W, Y = (CH,),Cl, X = (CH,);CHs, 75%

Deviations from the first step of the standard protocol: for compounds 1n-1p, Me-C=C-MgBr was used.

For 1q, the reaction conditions are: 2-methyl-1-hexen-3-yne (1 equiv), KsFe(CN)g (3 equiv), K,CO3 (3 equiv),

quinuclidine (15 mol%), K,O0sO,(OH), (5 mol%), methane sulfonamide (1 equiv), -BuOH/H,O (1:1 v/v), 48 h,
rt; see reference 14. For compound 1x, see the Experimental Section for details and references 14.

Scheme 2. Two-step synthesis of alkynyl cyclic carbonates 1a-1x using a-hydroxy ketones

and terminal alkynes as reagents.
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First, the requisite alkynyl cyclic carbonates (Scheme 2, 1a-1x) were prepared using a
general protocol utilizing a-hydroxy ketones and terminal alkynes as easily accessible
starting reagents in most cases (with some exceptions noted). The yields for most of
carbonate substrates in this two-step sequence were appreciably high and typically in the
range 70-85% using a standard protocol while for 1n-p, 1q and 1x adapted methods were
used.'* The R-groups present in the carbonate products show ample diversity in terms of
positional variation and functionality, with compounds 1r-1x being exemplary. All
carbonate compounds were fully characterized by spectroscopic techniques (see the

Experimental Section), and in the case of 1j also by single crystal X-ray analysis. "’

Table 1. Optimization of the synthesis of 2,3-allenol 2a from cyclic carbonate 1a under

Cu-catalysis.”

SiMe,Ph
CuCN, ICy-HCI 5
Me 0 NaOt-Bu n \/&
K+ PhMeSHBpin — ==~ C-Me
Bn ~Z © i-PrOH, THF j/
o
Ar, rt, 3 h HO
1a -CO, 2a
entry variation from best conditions yield of 2a (%)”
1 none 95¢
2 without Cu salt 11
3 without ligand 41
4 without NaOz-Bu <1
5 without i-PrOH, and anhydrous 99
6 1.25 equiv of PhMe,Si-Bpin 50

“la (0.20 mmol), PhMe;Si-BPin (0.38 mmol), CuCN (5.0 mol%),
ICy-HCI (5.0 mol%), NaO#-Bu (25 mol%), i-PrOH (2.5 equiv), THF
(0.20 M), Ar, rt, 3 h. °’NMR yield (CDCl3) of 2a with toluene as

internal standard. “Isolated yield.
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With this set of 24 alkynyl cyclic carbonates prepared, we then first screened some
reaction conditions to optimize the synthesis of 2,3-allenol 2a (Table 1).'® Productive
conversion of la into 2a was accomplished using a combination of CuCN/ICy-HCI
(ICy-HCI stands for the carbene ligand 1,3-dicyclohexylimidazolium chloride) in the
presence of NaOz-Bu as base and THF/i-PrOH as medium (entry 1) providing the product
in 95% isolated yield. In the absence of the Cu precursor or supporting ligand (ICy-HCl),
much lower efficiency was noted (entries 2 and 3). The presence of the base was crucial as
no conversion was observed in its absence (entry 4). In the absence of any proton source,
nearly quantitative NMR yield of the precursor 2a was achieved but requiring extensive
drying of all reagents and solvents. Finally, the appropriate amount of silylating reagent
(PhMe;Si-BPin) was also crucial. If PhMe»Si-BPin was used in larger excess than 1.9 equiv,
it was highly difficult to purify the final product. On the contrary, if it was lowered to 1.25
equiv (entry 1 vs 6), the yield of 2a substantially was reduced to a moderate 50%.
Combining all observations and for practical reasons, we selected the conditions reported

in entry 1 for the product scope phase (Scheme 3: 2,3-allenol compounds 2a-2x).

The devised protocol proved to be rather general allowing the introduction of various
substituents (R!, R? and R?) in the allene targets. The presence of simple aryl, benzyl and
alkyl substituents are well-tolerated in this Cu-mediated synthesis providing a diverse
range of 2,3-allenol compounds (2a-2q) in typical high isolated yields of up to 95%.
Selective C—O bond cleavage in the carbonate 1g (rather than cleavage of the O—Me group)
takes place upon formation of 2g, whereas the cyclopropyl fragment in 21 was also not
affected. From the observed highs yield of most of the 2,3-allenols it can be assumed that
electronic effects exerted by R'-R3 play a negligible role, and further variation within the
aromatic substituents should allow to amplify the scope of these silylated allenes. Notably,
more bulky carbonate precursors with various substituents o to the alcohol group were

endorsed, including alkyl (2f and 2i), double alkyl (2h) and benzyl (2p) groups.
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3
R CuCN, ICy-HCI PhMe,Si R’
R o) NaO?Bu >=C
+ PhMe,Si-Bpin ——————> s
// O/& iPrOH, THF R2 R
R2

Ar, rt, 3 h HO
1a-1x -CO, 2a-2x

PhMe,Si Bn
PhMe,Si = Me (2a): 95% 2

R1
_):CZQ_ R1 = n-Bu (2b): 86% y c o
OH R1 Bn (2c): 89% R

= Cy (2d): 58% R? = n-Bu (2e): 94%
" R? = CH,OMe (29): 81%
_  Medl]© R? = Ph (2j): 87%
PhMe,Si ] Me  PhMe,Si C:2—014 R? = Cy (2K): 86%
Bn OH  Bn Me R? = [>-2-(21): 88%
Me 2 - .
2f. 61% 2h. 80% R” = Me (2n): 86%
PhMe,Si Me PhMe,Si R2 R? = n-Bu, R" = Ph (2m): 91%
C c R? = Me, R" = Ph (20): 93%
Bn " OH R2 OH R?=Et,R' = Me (2q): 95%
2i.82%

OH HO

PhMe,Si Me /I//\/ ;\/
>=C o (CH,)gBr o (CH,)5Cl
Mé OH Bn/Y Bn
SiMe,Ph

Bn SiMe,Ph
62% eI o 86% 2s, 78%

Me
t-Bu- SlO

Bn .
C|(CH2)4\|//C)\/OH Mj\( )\/0H HO—>I= =<S|Me2Ph

C

) F5;C (CH5)4Cl
SIMezph S|M92Ph

2t, 82% 2u, 76% 2x, 92%

Cl

n-Bu OH HO
e -
PhMeZSl (CHz)gan CHS(CH2)6 SlMezph

2v, 91% 2w, 93%

Scheme 3. Preparation of 2,3-allenols 2a-2x from alkynyl cyclic carbonates 1a-1x.

In addition, the new silylation methodology also allows the incorporation of several

functional groups including alkyl halides (2r-2t, 2w and 2x) and a protected alcohol (2u)
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providing further post-synthetic potential. The preparation of allene product 2x having a
CF3 group provides an alternative route to the one recently reported by Xu and coworkers,
who developed Cu-catalyzed 1,4-protosilylation of CFs-substituted conjugated enynes

affording homoallenylsilanes instead of a silyl 2,3-allenol.”

CuCN (5 mol %)

@ 5, 0 ICy-HCI (5 mol %) Ph Bu
/(O\’& + PhMe,Si-Bpin NaOt-Bu (25 mol %) _)=C=<
Bu o i-PrOH (2.5 equiv)  HO SiMe,Ph
THF (0.2 M)
1m,0.98g 1.89g,1.9equiv Arrt 18h,-CO; 2m, 1.229,91%

CuCl (5 mol %)

(b)y{i dppp (5 mol %) Et;3Si Me
A + ElSEBIn T o Bu (25 mol %) _>=C=<_
Bn O 0.26 mmol " 5on (2.5 equiv) Bn OH

1a, 0.20 mmol THF (0.2 M), Ar, rt 3,81%
20 h,-CO,

CuCl (5 mol %)

Me 0 Et,Si-Bpin  ICy-HCI (5 mol %) EtsSi Me
= o’& * 0.38 mmol 9 _)=C=<_
Bn 0] . NaOt-Bu (25 mol %) Bn OH

i-PrOH (2.5 equiv)

1a, 0.20 mmol THF (0.2 M), Ar, rt 3, 39%
20 h, -CO,
c
© eh 0. SiMe,Ph
)\/OH NIS, ACN
Bu C e __/ TBu
5 min, rt
iMe,Ph 2 PR 1 4 519
! Ph !
o HO Y !
NIS 1 via \‘ C -NHS
Leee e -‘_\ ® |------- d
Bu/(\lv
SiMe,Ph
5-endo-tet

Scheme 4. Scale up of 2m and additional experiments.

In order to examine the practicality of the catalytic formation of these tetra-substituted
allenes, we carried out various additional experiments (Scheme 4). Scale up of the
preparation of allene product 2m to gram quantities (Scheme 4a) is feasible, which allows

exploring further elaborations. The use of a different silylating reagent (Et3SiBPin) was
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then considered to potentially amplify the silyl group diversity in the 2,3-allenol
compounds (Scheme 4b). Notably, the high yield synthesis of 3 (81%) using CuCl/dppp as
catalyst (dppp = 1,3-diphenylphosphino propane) could be realized under fairly similar
reaction conditions compared to the standard protocol.!” Interestingly, when switching the
ligand from dppp to ICy-HCI under the same conditions only provided 39% of the same
2,3-allenol product. This clearly shows the delicate balance between the reactivity of the
silyl substrate and the influence of the ligand on the efficiency of the catalytic
transformation. Finally, 2m was used as starting material to investigate its suitability to
undergo a formal 5-endo-tet cyclization after initial iodination (Scheme 4¢).”f This afforded

the dihydrofuran derivative 4 in 51% yield while retaining the initial silyl functionality.

2.4 Conclusion

In summary, novel alkynyl cyclic carbonates have been successfully prepared from
simple and cheap starting materials and possess a modular character and represent versatile
propargylic surrogates. The utilization of these alkynyl carbonate substrates allowed to
devise a diverse scope of tetrasubstituted 2,3-allenols through a Cu-mediated silylation

protocol that is characterized by good yields and attractive reaction conditions.

2.5 Experimental Section
2.5.1 General information

Air and water-sensitive reactions were carried out in heat-gun-dried glassware under an
Ar or N2 atmosphere using standard Schlenk techniques. Reactions were monitored by TLC,
"H NMR or GC-FID. TLC was carried out on 0.25 mm Merck aluminum backed sheets
coated with 60 F254 silica gel. Visualization of the silica plates was achieved using a UV
lamp (4 =254 nm) and/or by heating plates that were dipped in KMnO4 or ceric ammonium
molybdate based stains. Flash chromatography was carried out on Sigma-Aldrich silica gel

60 (70-230 mesh) using the indicated eluent system.
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Commercially available reagents and solvents were purchased from Sigma-Aldrich, TCI,
Strem Chemicals, ABCR GmbH, Acros Organics or Alfa Aesar and were used without
further purification. Solvents were dried using an Innovative Technology PURE SOLV

solvent purification system.

"H NMR, 3C NMR, DEPT-90, DEPT-135, and related 2D NMR (gCOSY90, gHMQC,
gHMBC, gNOESY) spectra were recorded at room temperature on a Bruker AV-300, AV-
400 or AV-500 spectrometer and referenced to their residual deuterated solvent signals.
Coupling constants (J) are reported in Hertz with the following splitting abbreviations: s =
singlet, d = doublet, t = triplet, q = quadruplet, quint = quintet, sextet = sext, br = broad and
app = apparent. All reported NMR values are given in parts per million (ppm). FT-IR
measurements were carried out on a Bruker Optics FTIR Alpha spectrometer. Optical
rotations were measured with a Jasco P-1030 Polarimeter. Circular dichroism spectrums
(CD) were measured on a Chirascan instrument. Mass spectrometric, UPC2, and X-ray

analyses were performed by the Research Support Area at ICIQ.

2.5.2 Preparation of a-hydroxy ketones

Hydroxy acetone, acetoin, 3-hydroxy-3-methyl-2-butanone, 4-hydroxy-3-hexanone,
and a-hydroxyacetophenone are commercially available reagents and were used without
further purification. 1-Hydroxy-4-phenyl-2-butanone, 1-cyclohexyl-2-hydroxyethanone,
3-hydroxy-4-phenyl-2-butanone, and 1-hydroxy-2-undecanone were synthesized
following the General Procedure A. 1-Hydroxy-2-octanone, 11-bromo-1-hydroxy-2-
undecanone, 11-(benzyloxy)-1- hydroxy-2-undecanone, and 6-chloro-1-hydroxy-2-

hexanone were synthesized following the General Procedure B.
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General Procedure A:'?

o 1. Br,, E,0 Br 2. HCO,Na 0
~ > >
Bn” N2 o} OH
0°C-rt, 6h Bn)\é EtOH/H,0 Bn)j\/
reflux, 16 h

Step 1: Bromine (1.02 mL, 1.0 equiv) was added dropwise to a solution of the ketone
(20 mmol, 1.0 equiv) in Et2O (20 mL) at 0 °C. Then the room solution was stirred for 6 h
(until the color of the solution changed from red to light-yellow) at temperature. The
reaction progress was monitored by TLC. When the starting material had disappeared, the
reaction was quenched with ice water (20 mL) and extracted with Et2O (3 x 20 mL). The
combined organic phases were washed with saturated aqueous NaHCO3 solution (40 mL),
brine (40 mL), and dried over Na>SOs. After being filtered and concentrated, the residue
was used for the next step without further purification. (Note: the resulting a-bromoketones
were used as soon as possible in the next step because they tended to decompose over time

at room temperature.)

Step 2: In a round-bottomed flask, the corresponding a-bromoketones (20 mmol, 1.0
equiv) was dissolved in EtOH (50 mL) under N». A solution of NaHCO3 (8.16 g, 6.0 equiv)
in H,O (10 mL) was added and the mixture was stirred at reflux for 16 h. The mixture was
then concentrated in vacuo, diluted with H>O and extracted with EtOAc (3 x 20 mL). The
combined organic layers were washed with brine (40 mL), dried over NaxSOs, filtered, and
concentrated in vacuo. The crude product was purified by flash chromatography on silica

gel to afford the corresponding a-hydroxy ketones.
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General Procedure B:!°

A HOAc, KMnO,4 O
RT™S OH
Acetone, H,0, rt., 3h R)J\/

A solution of KMnOy4 (5.06 g, 1.6 equiv) in acetone (50 mL) and deionized water (20

mL) was added to the mixture of alkenes (20 mmol, 1.0 equiv), acetone (150 mL),
deionized water (50 mL) and glacial acetic acid (8.0 mL). The reaction mixture was stirred
at 25 °C for 3 h. The mixture was then concentrated in vacuo. Saturated aqueous NaHCO3
(200 mL) was poured into the reaction mixture and extracted with DCM (3 x 150 mL). The
combined organic layer was washed with brine (2 x 100 mL), dried over Na;SOs, and
concentrated in vacuo. The resulting residue was purified by column chromatography on

silica gel to give the corresponding a-hydroxy ketones.

IMPORTANT NOTE: most of the a-hydroxy ketones are rather instable and were used

directly to preserve a successful conversion into their respective syn-diols.
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2.5.3 Synthesis of alkyne-substituted cyclic carbonates 1a-1x.

General Procedure C:'3"

1. n-BuLi
2. O

OH O
P H Me)J\/ Me, OH o Triphosgene, Pyridine Me O\f

/
Bn\/ THF, -78°C, 2 h Bn\%/ DCM, 0°C, 1h Bn/</0

Step 1: To a solution of the alkyne (2.2 equiv) in THF (0.4 M) was added dropwise n-

BuLi (2.5 M in hexane, 2.2 equiv) at -78 °C. After the mixture had been stirred for 30 min
at the same temperature, the appropriate a-hydroxy carbonyl compound (1.0 equiv) was
added. The reaction mixture was allowed to reach room temperature over 30 min. Upon
complete consumption of the carbonyl compound, the reaction was quenched with
saturated aqueous NH4Cl. The organic materials were extracted with EtOAc, and the
combined organic extracts were washed with brine, dried over Na,SO4, and evaporated in
vacuo. The crude product was dried under high vacuum and used in the next step without

further purification.

Step 2: To the diol intermediate (1.0 equiv) in DCM (0.25 M) in an argon flashed flask
cooled by an ice bath was added pyridine (4.0 equiv). A solution of triphosgene (0.5 equiv)
in DCM (0.25 M) was added and the reaction mixture was allowed to stir for 1 h and
followed by TLC. The reaction was quenched with saturated aqueous NH4Cl and diluted
with water. The layers were separated, and the aqueous phase was extracted with DCM
three times. The combined organic layers were washed with 1 M HCI (three times),
saturated aqueous NaxCOs and brine. After separation, the organic layer was dried over
NazSOq, filtered and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel to afford the corresponding cyclic carbonate (reported yields

are based on the two-step sequence).
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General Procedure D:?°

R OH
MgBr RJ\/OH OH Trlphosgene Pyridine
Z =
=z 72
THF, -78°C, 2 h

Me DCM 0°C,1h Me

Step 1: To a solution of the appropriate a-hydroxy carbonyl compound (1.0 equiv) in
THF (0.2 M) was added dropwise 1-propynylmagnesium bromide solution (0.5 M in THF,
2.0 equiv) at -78 °C. After the mixture had been stirred for 30 min at the same temperature,
the reaction mixture was allowed to reach room temperature. Upon complete consumption
of the carbonyl compound, the reaction was quenched with saturated aqueous NH4Cl. The
organic materials were extracted with EtOAc, and the combined organic extracts were
washed with brine, dried over Na;SO4, and evaporated in vacuo. The crude product was

dried under high vacuum and used in the next step without further purification.

Step 2: To the diol intermediate (1.0 equiv) in DCM (0.25 M) in an argon flashed flask
cooled by an ice bath was added pyridine (4.0 equiv). A solution of triphosgene (0.5 equiv)
in DCM (0.25 M) was added and the reaction was allowed to stir for 1 h and completion
checked by TLC. The reaction was quenched with saturated aqueous NH4Cl and diluted
with water. The layers were separated, and the aqueous phase was extracted three times
with DCM. The combined organic layers were washed with 1 M HCI (three times),
saturated aqueous Na>xCOs and brine. After separation, the combined organic layer was
dried with Na>SOs, filtered and concentrated in vacuo. The crude product was purified by
flash chromatography on silica gel to afford the corresponding cyclic carbonate (reported

yields are based on the two-step sequence).
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General Procedure E:'4

KsFe(CN)g K,CO5 Quinuclidine,

M ) -
/Q K;0s0,(0OH), MeSO,NH, }EH/OHTrlphosgene, Pyridine e O\(O
= S (o]
Et Z t-BuOH/H,0, r.t.,, 48 h Et Z DCM,0°C,1h Et%/

Step 1. 2-Methyl-1-hexen-3-yne (1.24 mL, 10 mmol, 1.0 equiv) and K3zFe(CN)s (9.8 g,
3.0 equiv.), KoCOs (4.1 g, 3.0 equiv.), quinuclidine (178 mg, 15 mol %), K2OsO2(OH)4
(180 mg, 5 mol %) and methane sulfonamide (928 mg, 1.0 equiv) were suspended in ¢-
BuOH/H,0 (50 mL each) and the mixture was stirred at room temperature for 48 h. Na>SO;
(15 g) was added, the mixture was extracted with EtOAc, and the combined organic layers
were dried over Na>xSO4 and concentrated under reduced pressure. The crude was purified
by flash column chromatography over silica gel affording the pure compounds as colorless

oils.

Step 2: To the diol intermediate (1.0 equiv) in DCM (0.25 M) in an argon flashed flask
cooled by an ice bath was added pyridine (4.0 equiv). A solution of triphosgene (0.5 equiv.)
in DCM (0.25 M) was added and the reaction mixture was allowed to stir for 1 h and
checked by TLC. The reaction mixture was quenched with saturated aqueous NH4ClI and
diluted with water. The layers were separated, and the aqueous phase was extracted three
times with DCM. The combined organic layers were washed with 1 M HCI (three times),
saturated aqueous Na,COs and brine. After separation, the organic layers were dried over
NazSOq, filtered and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel to afford the corresponding cyclic carbonate (reported yields

are based on a two-step sequence).
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General Procedure F:'%7

CF,
H CF PdCIy(PPhs), Cul
— . 3 2(PPh3),, Cu
72 //
cl Br TEA, 50 0 °C, 16 h ol
K?,FG(CN)(;,Y K2C03V Quinuclidine, F.C OH . o
K,080,(0H), MeSO,NH; MOH Triphosgene, Pyridine FiC i
S S ~
t-BUOH/H,0, rt, 48 h ¢ Z DCM,0°C, 1h Z 07X,

Step 1: Under argon atmosphere, PdCI2(PPhs) (0.14 g, 2 mol %) and Cul (0.10 g, 5
mol %) were added into an oven-dried Schlenk flask, followed by dry degassed
triethylamine (30 mL) and 2-bromo-3,3,3-trifluoroprop-1-ene (1.75 g, 10 mmol, 1.0
equiv.). The corresponding terminal alkyne (11 mmol, 1.1 equiv.) was added dropwise via
a syringe. The slurry was stirred at 50 °C (oil bath) overnight, and then quenched with a
saturated NH4Cl solution, extracted with hexane, and dried over anhydrous Na;SOa. After
concentration under vacuum, the residue was purified by column chromatography over

silica gel using hexanes as eluent.

Step 2: The enyne intermediate (1.0 equiv) and KszFe(CN)s (3.0 equiv), KoCOs (3.0
equiv), quinuclidine (15 mol %), K2OsO2(OH)4 (5 mol %) and methane sulfonamide (1.0
equiv) were suspended in ~BuOH/H20 (50 mL each) and the mixture stirred at room
temperature for 48 h. Na>xSO3 (15 g) was added, the mixture was extracted with EtOAc, the
combined organic layers were dried over Na;SO4 and concentrated under reduced pressure.
The crude was purified by flash column chromatography over silica gel affording the pure

compound as a colorless oil.

Step 3: To the diol intermediate (1.0 equiv) in DCM (0.25 M) in an argon flashed flask
cooled by an ice bath was added pyridine (4.0 equiv). A solution of triphosgene (0.5 equiv)
in DCM (0.25 M) was added and the reaction mixture was allowed to stir for 1 h and
checked by TLC. The reaction mixture was quenched with saturated aqueous NH4Cl and
diluted with water. The layers were separated, and the aqueous phase was extracted three

times with DCM. The combined organic layers were washed with 1 M HCI (three times),
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saturated aqueous NaCOs3 and brine. After separation, the organic layers were dried over
NazSOq, filtered and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel to afford the corresponding cyclic carbonate (reported yields

are based on a two-step sequence).

2.5.4 Preparation of and analysis data for 2,3-allenols 2a-2x.

General Procedure G:

R3 CuCN (5 mol %) R2
R2 o ICy-HCI (5 mol %) R%
. CaR!
Z O/go * PhMe,Si-Bpin - Na0t-Bu (25 mol %) OH Y
R! i-PrOH (2.5 equiv) SiMe,Ph
THF (0.2 M)
0.20 mmol 0.38 mmol Ar it 3 h

In a No-filled glove box, a pre-dried 2 mL vial was charged with the cyclic carbonate
(1.0 equiv), PhMe;Si-Bpin (1.9 equiv), NaOz-Bu (25 mol %), ICy-HCI (5 mol %), CuCN
(5 mol %), i-PrOH (2.5 equiv), and THF (0.2 M). The reaction mixture was stirred for 3 h
at room temperature. Hereafter, the solvent was evaporated by a gentle stream of N> and
the residue was purified by flash chromatography on silica gel to afford the corresponding

products as oils.

2.5.5 Scale up reaction

Procedure H:

CuCN (5 mol %)

Ph
Ph 0 ICy-HCI (5 mol %)
/CJ\\ + PhMe,Si-Bpin HO\/&C Bu
< 0™ X0 NaOt-Bu (25 mol %) Y

i-PrOH (2.5 equiv) SiMezPh
, THF (0.2 M)
1m, 0.98 g, 1.0 equiv  1.89 g, 1.9 equiv Ar, rt, 18 h 2m, 1.22 g, 91%

In a N»-filled glove box, a dried 2 mL vial was charged with the cyclic carbonate 1m
(0.98 g, 1.0 equiv), PhMe:Si-Bpin (1.89 g, 1.9 equiv), NaOz-Bu (96.1 mg, 25 mol %),
ICy-HCI (53.8 mg, 5 mol %), CuCN (17.9 mg, 5 mol %), i-PrOH (0.60 g, 2.5 equiv), and

73



UNIVERSITAT ROVIRA | VIRGILI
COPPER AND NICKEL PROMOTED TRANSFORMATIONS OF ALKYNE BASED CYCLIC CARBONATES
Kun Guo

THF (20 mL). The reaction mixture was stirred for 18 h at room temperature. Hereafter,
the solvent was evaporated with a gentle stream of N> and the residue purified by flash
chromatography (eluent: 1-3 % EtOAc/hexanes) on silica gel to afford the corresponding
product 2m as an oil in 91% yield (1.22 g).

2.5.6 Additional Experiments

General Procedure I:

CuCl (5 mol %)

SiEt
Me 0 DPPP (5 mol %) 3
. Bn
— +  EtsSi-Bpin \/g
Bn%o NaOt-Bu (25 mol %) Cj’Me

t-BuOH (2.5 equiv)
1a, 0.20 mmol 0.26 mmol THF (0.2 M) 3,81% HO

Ar, rt, 20 h
In a N»-filled glove box, a dried 2 mL vial was charged with cyclic carbonate 1a (1.0
equiv), PhMe;Si-Bpin (1.9 equiv), NaOz-Bu (25 mol %), DPPP (5 mol %), CuCl (5 mol %),
i-PrOH (2.5 equiv), and THF (0.2 M). The reaction mixture was stirred for 3 h at room
temperature. Hereafter, the solvent was evaporated with a gentle stream of N> and the
residue purified by flash chromatography on silica gel (eluent 1-3% EtOAc/hexanes) to

afford the corresponding product 3 as an oil.

General Procedure J:°f

Ph 0
SiMe,Ph
OH NIS 2
n-Bu CJ\/ X/ “n-Bu
ACN, 5 min, rt |
SiMe,Ph
2m 4, 51%

The 2,3-allenol 2m (0.2 mmol, 1 equiv) was dissolved in acetonitrile (0.1 M) and then
N-iodosuccinimide (0.24 mol, 1.2 equiv) was added. After 5 minutes of stirring at room
temperature , TLC showed complete conversion of the substrate and the reaction mixture
was quenched with 2 mL of a saturated solution of Na>S>03. After two extractions with

ethyl acetate, the combined organic layers were washed with a saturated solution of sodium
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chloride, dried over NaxSOu, filtered and concentrated under reduced pressure to afford the
crude product which was then purified by flash chromatography (eluent 1%
EtOAc/hexanes) to obtain the desired product 4 as an oil.

2.5.7 Analytical data for carbonate compounds 1a-1x:

4-methyl-4-(4-phenylbut-1-yn-1-y1)-1.3-dioxolan-2-one (1a)

o O \fo Following the General Procedure C. Yellowish oil (1.98 g, 86%

. \%/O yield). Eluent 5-10% EtOAc/hexanes. '"H NMR (400 MHz, CDCl5)
$7.36-7.28 (m, 2H), 7.25-7.17 (m, 3H), 4.38 (d, /= 8.2 Hz, 1H),

4.16 (d, J= 8.2 Hz, 1H), 2.83 (t,J = 7.4 Hz, 2H), 2.53 (t,J = 7.4 Hz, 2H), 1.69 (s, 3H). *C
NMR (101 MHz, CDCls) 6 153.8, 139.9, 128.5, 126.6, 88.6, 78.3, 76.0, 75.6, 34.4, 26.8,
20.8. HRMS (ESI/TOF) m/z: [M + Na]" Calcd for C14H4NaO3 253.0844; Found 253.0835.

4-butyl-4-(4-phenylbut-1-yn-1-yl)-1,3-dioxolan-2-one (1b)

0.0 Following the General Procedure C. Yellowish oil (2.17 g, 80%

Bn %o yield). Eluent 5-10% EtOAc/hexanes. "H NMR (400 MHz, CDCl5)

8 7.30 (m, J= 6.8, 2H), 7.25 — 7.17 (m, 3H), 4.34 (d, J = 8.2 Hz,
1H), 4.17 (d, J = 8.2 Hz, 1H), 2.83 (t, J = 7.3 Hz, 2H), 2.56 (t, /= 7.3 Hz, 2H), 1.87 (m,
1H), 1.81 — 1.72 (m, 1H), 1.45 (m, 1H), 1.40 — 1.30 (m, 3H), 0.91 (t, /= 7.1 Hz, 1H). 1*C
NMR (101 MHz, CDCls) & 154.0, 139.9, 128.5, 126.5, 89.3, 79.3, 77.6, 74.7, 39.4, 34.4,
25.8,22.4,20.8, 13.8. HRMS (ESI/TOF) m/z: [M + Na]* Calcd for Ci7H20NaO3 295.1305;
Found 295.1305.

4-benzyl-4-(4-phenylbut-1-yn-1-y1)-1,3-dioxolan-2-one (1¢)

0.0 Following the General Procedure C. Yellowish oil (2.41 g, 79%

an %o yield). Eluent 5-10% EtOAc/hexanes. "H NMR (500 MHz, CDCl5)
8 7.36 — 7.28 (m, SH), 7.25 — 7.20 (m, 3H), 7.18 — 7.15 (m, 2H),

4.31(d, J=8.3 Hz, 1H), 4.26 (d, J= 8.3 Hz, 1H), 3.16 (d, /= 1.2 Hz, 2H), 2.81 (t, J=7.4
Hz, 2H), 2.54 (t, J = 7.4 Hz, 2H). C NMR (126 MHz, CDCl3) § 154.0, 140.3, 133.1,
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130.9, 129.0, 128.8, 128.8, 128.2, 126.9, 90.8, 78.8, 78.1, 73.6, 45.4, 34.6, 21.2. HRMS
(ESI/TOF) m/z: [M + Na]" Calcd for C20H1sNaO;3 329.1148; Found 329.1148.

4-cyclohexyl-4-(4-phenylbut-1-yn-1-yl)-1,3-dioxolan-2-one (1d)

. O\(O Following the General Procedure C. Yellowish oil (1.13 g, 76%

o %O yield). Eluent 5-10% EtOAc/hexanes. 'TH NMR (400 MHz, CDCl5)

$7.35-7.28 (m, 2H), 7.25-7.18 (m, 3H), 4.29 (d, /= 8.3 Hz, 1H),

4.24 (d,J=8.3 Hz, 1H), 2.84 (t, /= 7.3 Hz, 2H), 2.57 (t, J=7.1 Hz, 2H), 1.91 — 1.83 (mm,

1H), 1.82 — 1.73 (m, 2H), 1.73 — 1.60 (m, 2H), 1.57 — 1.50 (m, 2H), 1.27 — 1.01 (m, 5H).

BC NMR (101 MHz, CDCl3) § 154.1, 139.9, 128.5, 128.4, 126.5, 89.7, 82.3, 76.8, 73.7,

46.1,34.4,26.8,26.6,25.8, 25.5,25.4, 20.7. HRMS (ESI/TOF) m/z: [M + Na]" Calcd for
Ci19H22NaOs 321.1461; Found 321.1461.

4-benzyl-4-(hex-1-yn-1-y1)-1.3-dioxolan-2-one (1e)

o Following the General Procedure C. Yellowish oil (2.11 g, 82% yield).

Bn.? o Eluent 5-10% EtOAc/hexanes. 'H NMR (400 MHz, CDCl3) § 7.38 —

= 7.27 (m, 5H), 4.35 (s, 2H), 3.20 (s, 2H), 2.23 (t,J= 7.0 Hz, 2H), 1.52 —

1.43 (m, 2H), 1.41 — 1.30 (m, 2H), 0.90 (t, J = 7.3 Hz, 3H). *C NMR

(101 MHz, CDCl3) 6 153.7, 132.9, 130.5, 128.6, 127.8, 91.5, 78.7, 76.7, 73.4, 45.2, 30.0,
21.9, 18.3, 13.5. HRMS (ESI/TOF) m/z: [M + Na]" Caled for CisHisNaO3 281.1158;

Found 281.1148.

n-Bu

4.5-dimethyl-4-(4-phenylbut-1-yn-1-yl)-1,3-dioxolan-2-one (1f)

Me. O O Following the General Procedure C. Yellowish oil (1.83 g, 75%

B /S/o yield). Eluent 5-10% EtOAc/hexanes. "H NMR (400 MHz, CDCl;)

Me 8 7.25 - 7.17 (m, 2H), 7.15 — 7.07 (m, 3H), 4.55 (q, J = 6.5 Hz,

1H), 2.73 (t, J = 7.4 Hz, 2H), 2.43 (t, /= 7.4 Hz, 2H), 1.42 (s, 3H), 1.24 (d, J = 6.5 Hz,

3H). ®C NMR (101 MHz, CDCl3) § 153.3, 139.9, 128.5, 128.4, 126.6, 88.5, 81.4, 81.3,

78.8,78.2,34.4,21.7,20.8, 14.0. HRMS (ESI/TOF) m/z: [M + Na]" Calcd for CisH1sNaOs3
267.0992; Found 267.0996.
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4-benzyl-4-(3-methoxyprop-1-yn-1-yl)-1.3-dioxolan-2-one (1g)

O Following the General Procedure C. Yellowish oil (1.82 g, 74%
Bn o o vield). Eluent 5-15% EtOAc/hexanes. "H NMR (400 MHz, CDCl3)
MeO =Z 5 7.38—-7.28 (m, 5H), 4.42 (d, /= 8.5 Hz, 1H), 4.38 (d, /= 8.5 Hz,
1H), 4.14 (s, 2H), 3.33 (s, 3H), 3.25 (d, J = 2.2 Hz, 2H). ®C NMR (101 MHz, CDCls) &
153.4,132.4,130.5,128.7,128.1, 86.1, 82.6, 78.1, 73.0, 59.6, 57.9, 44.9. HRMS (ESI/TOF)
m/z: [M + Na]* Caled for C14H14NaO4 269.0784; Found 269.0787.

4.4.5-trimethyl-5-(4-phenylbut-1-yn-1-y1)-1.3-dioxolan-2-one (1h)

Moo O O Following the General Procedure C. Yellowish oil (1.85 g, 72%
= ) yield). Eluent 5-10% EtOAc/hexanes. "H NMR (400 MHz, CDCls)

Me" Me 07.34-7.27 (m,2H), 7.25-7.16 (m, 3H), 2.83 (t,J= 7.3 Hz, 2H),
2.56 (t, J = 7.3 Hz, 2H), 1.57 (s, 3H), 1.43 (s, 3H), 1.37 (s, 3H). *C NMR (101 MHz,
CDCl3) 6 153.2, 140.0, 128.5, 126.5, 89.9, 85.9, 82.4, 76.6, 34.3, 24.2, 23.1, 21.6, 20.7.

HRMS (ESI/TOF) m/z: [M + Na]" Calcd for C1sHi1sNaO3 281.1148; Found 281.1148.

Bn

4.,5-diethyl-4-(4-phenylbut-1-yn-1-yl)-1,3-dioxolan-2-one (1i)

£l O O Following the General Procedure C. Yellowish oil (1.99 g, 73%

Bh /S/o yield). Eluent 5-10% EtOAc/hexanes. "H NMR (400 MHz, CDCls)

Et 8 7.33 —7.28 (m, 2H), 7.24 — 7.18 (m, 3H), 4.42 (dd, J=9.5,4.4

Hz, 1H), 2.83 (t,J= 7.3 Hz, 2H), 2.56 (t, /= 7.3 Hz, 2H), 1.91 — 1.74 (m, 2H), 1.70 — 1.55

(m, 2H), 1.15 — 0.94 (m, 6H). 3C NMR (101 MHz, CDCls) § 153.6, 140.0, 128.5, 128.4,

126.5, 89.3, 86.9, 82.4, 77.2, 34.4, 27.6, 21.7, 20.8, 10.3, 8.3. HRMS (ESI/TOF) m/z: [M
+ Na]* Calcd for Ci17H20NaO3 295.1305; Found 295.1301.
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4-benzyl-4-(phenylethynyl)-1,3-dioxolan-2-one (1j)

0 Following the General Procedure C. Yellowish solid (2.22 g, 80% yield).

By Y, Eluent 5-10% EtOAc/hexanes. 'H NMR (400 MHz, CDCl3) § 7.46 —

FZ 7.31 (m, 10H), 4.51 (d, J= 8.5 Hz, 1H), 4.47 (d, /= 8.5 Hz, 1H), 3.34

Fh (d,J=1.1 Hz, 2H). ®C NMR (101 MHz, CDCl3) § 153.6, 132.7, 131.9,

130.6, 129.6, 128.7, 128.5, 128.0, 120.8, 89.8, 84.8, 78.7, 73.2, 45.2. HRMS (ESI/TOF)
m/z: [M + Na]* Calcd for CisH14NaOs 301.0835; Found 301.0836.

4-benzyl-4-(cyclohexylethynyl)-1.3-dioxolan-2-one (1k)

O Following the General Procedure C. Yellowish oil (1.65 g, 73% yield).

Bn 0’40 Eluent 5-10% EtOAc/hexanes. 'TH NMR (400 MHz, CDCls) § 7.38 —

/K/ 7.28 (m, 5H), 4.42 — 4.30 (m, 2H), 3.20 (d, /= 3.1 Hz, 2H), 2.51 — 2.33

(m, 1H), 1.80 — 1.70 (m, 2H), 1.69 — 1.59 (m, 2H), 1.55 — 1.47 (m, 1H),

1.47 — 1.36 (m, 2H), 1.36 — 1.23 (m, 3H). *C NMR (101 MHz, CDCI5) & 153.7, 133.0,

130.6, 128.5, 127.8, 95.3, 78.7, 76.6, 73.5, 45.3, 32.0, 32.0, 29.0, 25.7, 24.6. HRMS
(ESI/TOF) m/z: [M + Na]" Calcd for CisH20NaO3 307.1305; Found 307.1303.

Cy

4-benzyl-4-(cyclopropylethynyl)-1.3-dioxolan-2-one (11)

0O Following the General Procedure C. Yellowish oil (1.81 g, 75%
o) yield). Eluent 5-10% EtOAc/hexanes. '"H NMR (400 MHz, CDCl5)
87.37-7.31(m, 3H), 7.29—-7.24 (m, 2H), 4.33 (s, 2H), 3.18 (s, 2H),
1.33-1.20 (m, 1H), 0.90 —0.77 (m, 2H), 0.74 — 0.65 (m, 2H). 3*C NMR (101 MHz, CDCl5)
6 153.7, 132.9, 130.5, 128.6, 127.9, 94.6, 78.7, 73.2, 71.7, 45.3, 8.5, 8.5, -0.69. HRMS
(ESI/TOF) m/z: [M + Na]" Caled for Ci1sH14NaO3 265.0835; Found 265.0837.

Bn
4

78



UNIVERSITAT ROVIRA | VIRGILI
COPPER AND NICKEL PROMOTED TRANSFORMATIONS OF ALKYNE BASED CYCLIC CARBONATES
Kun Guo

4-(hex-1-yn-1-y)-4-phenyl-1.3-dioxolan-2-one (1m)

n-Bu \\ 5 Following the General Procedure C. Yellowish oil (1.83 g, 75% yield).

O/g Eluent 5-10% EtOAc/hexanes. '"H NMR (400 MHz, CDCl3) § 7.61 —

7.52 (m, 2H), 7.49 — 7.37 (m, 3H), 4.71 (d, /= 8.3 Hz, 1H), 4.46 (d, J

=8.3 Hz, 1H), 2.33 (t, /=7.1 Hz, 2H), 1.60 — 1.52 (m, 2H), 1.48 — 1.37 (m, 2H), 0.93 (t,

J=17.3 Hz, 3H). ®C NMR (101 MHz, CDCl;) § 154.0, 137.9, 129.5, 129.0, 125.2, 92.1,

80.0, 77.7, 76.6, 30.1, 22.0, 18.5, 13.5. HRMS (ESI/TOF) m/z: [M + Na]* Calcd for
Ci5sH16NaO3 267.0992; Found 267.0986.

4-benzyl-4-(prop-1-yn-1-yl)-1,3-dioxolan-2-one (1n)

o Following the General Procedure D. Yellowish oil (1.73 g, 80% yield).

Bn 0’40 Eluent 5-10% EtOAc/hexanes. "H NMR (400 MHz, CDCl3) § 7.40 —

/K/ 7.31 (m, 3H), 7.29 (dd, J = 7.5, 2.0 Hz, 2H), 4.34 (d, J = 0.7 Hz, 2H),

3.20 (s, 1H), 3.20 (s, 1H), 1.89 (s, 3H). *C NMR (101 MHz, CDCls) &

153.7,132.8, 130.5, 128.6, 127.9, 87.0, 78.5, 76.0, 73.2, 45.1, 3.6. HRMS (ESI/TOF) m/z:
[M + Na]" Calcd for Ci3H12NaO3 239.0679; Found 239.0675.

4-phenyl-4-(prop-1-yn-1-yl)-1.3-dioxolan-2-one (10)

Me T Following the General Procedure D. Yellowish oil (1.72 g, 85% yield).

Eluent 5-10% EtOAc/hexanes. '"H NMR (400 MHz, CDCls) § 7.59 —
O 7.53 (m, 2H), 7.47 — 7.39 (m, 3H), 4.72 (d, J = 8.3 Hz, 1H), 4.46 (d,
J=18.3 Hz, 1H), 1.98 (s, 3H). *C NMR (101 MHz, CDCl;) § 153.9, 137.8, 129.6, 129.0,
125.2,87.7,79.9,77.5,75.9, 3.8. HRMS (ESI/TOF) m/z: [M + Na]" Calcd for Ci,H0NaO3
225.0522; Found 225.0520.

0]
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5-benzyl-4-methyl-4-(prop-1-yn-1-yl)-1.3-dioxolan-2-one (1p)

Me. O O Following the General Procedure D. Yellowish oil (1.38 g, 60% yield).
/3/0 Eluent 5-10% EtOAc/hexanes. "H NMR (400 MHz, CDCl3) 8 7.38 —
Me Bn 7.27 (m, 5H), 4.80 (dd, /=9.6, 3.9 Hz, 1H), 3.04 —2.90 (m, 2H), 1.87
(s, 3H), 1.66 (s, 3H). *C NMR (101 MHz, CDCls) & 153.1, 135.3, 129.1, 128.8, 127.3,
85.6, 85.4, 78.8, 76.2, 35.0, 22.1, 3.6. HRMS (ESI/TOF) m/z: [M + Na]* Caled for
Ci14H14NaO3 253.0835; Found 253.0838.

4-(but-1-yn-1-y1)-4-methyl-1.3-dioxolan-2-one (1q)

Vo O\(O Following the General Procedure E. Colorless oil (1.00 g, 65% yield).
%/O Eluent 5-10 % EtOAc/hexanes. '"H NMR (400 MHz, CDCls) § 4.46
Et (d,J=8.2 Hz, 1H), 4.20 (d, J= 8.2 Hz, 1H), 2.24 (q, /= 7.5 Hz, 2H),
1.73 (s, 3H), 1.15 (t, J = 7.5 Hz, 3H). '*C NMR (101 MHz, CDCls) § 153.9, 90.8, 76.7,
76.1, 75.7, 27.0, 13.2, 12.3. HRMS (ESI/TOF) m/z: [M + Na]" Calcd for CsHioNaOs3
177.0522; Found 177.0526.

4-(9-bromononyl)-4-(4-phenylbut-1-yn-1-y1)-1.3-dioxolan-2-one (1r)

0 Following the General Procedure C. Yellowish oil (2.48 g, 74%
0’40 yield). Eluent 5-10% EtOAc/hexanes. '"H NMR (400 MHz, CDCls)

an. Z 8 7.34 —7.27 (m, 2H), 7.25 — 7.17 (m, 3H), 4.34 (d, /= 8.2 Hz,
Br 1H), 4.17 (d, J= 8.2 Hz, 1H), 3.41 (t, J= 6.8 Hz, 2H), 2.83 (t, J =

7.3 Hz, 2H), 2.55 (t, J = 7.3 Hz, 2H), 1.92 — 1.81 (m, 3H), 1.81 —
1.72 (m, 1H), 1.50 — 1.36 (m, 4H), 1.36 — 1.22 (m, 8H). *C NMR (101 MHz, CDCL) &
154.0, 139.9, 128.5, 126.5, 89.4, 79.3, 77.6, 74.7, 39.6, 34.4, 34.0, 32.8, 29.3, 29.2, 29.2,
28.7, 28.1, 23.7, 20.8. HRMS (ESI/TOF) m/z: [M + Na]* Calcd for Ca;HayBrNaO;
443.1192; Found 443.1196.
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4-(4-chlorobutyl)-4-(4-phenylbut-1-yn-1-yl)-1.3-dioxolan-2-one (1s)

’«O Following the General Procedure C. Yellowish oil (2.29 g, 75%
? o) yield). Eluent 5-10% EtOAc/hexanes. "H NMR (400 MHz,
o Cl' CDCls) 6 7.34 — 7.28 (m, 2H), 7.26 — 7.17 (m, 3H), 4.36 (d, J =

8.3 Hz, 1H), 4.18 (d, J= 8.3 Hz, 1H), 3.52 (t, J = 6.5 Hz, 2H),
2.84 (t,J=7.3 Hz, 2H), 2.57 (t, J= 7.3 Hz, 2H), 1.95 — 1.72 (m, 4H), 1.69 — 1.51 (m, 2H).
3C NMR (101 MHz, CDCl5) & 153.8, 139.9, 128.5, 126.6, 89.8, 78.9, 77.2, 74.7, 44.3,
38.8, 34.3, 31.9, 21.3, 20.7. HRMS (ESI/TOF) m/z: [M + Na]" Calcd for C;7H9CINaOs
329.0915; Found 329.0921.

4-benzyl-4-(6-chlorohex-1-yn-1-yl)-1,3-dioxolan-2-one (1t)

Bn. O \(O Following the General Procedure C. Yellowish oil (2.45 g,

/\/\/</o 84% yield). Eluent 5-10% EtOAc/hexanes. "TH NMR (400
cl MHz, CDCl3) & 7.38 — 7.31 (m, 3H), 7.31 — 7.27 (m, 2H),
4.36 (s, 2H), 3.52 (t, J = 6.4 Hz, 2H), 3.20 (d, J = 2.1 Hz, 2H), 2.28 (t, /= 6.9 Hz, 2H),
1.85 — 1.72 (m, 2H), 1.71 — 1.60 (m, 2H). 3C NMR (101 MHz, CDCl;) & 153.6, 132.9,
130.5, 128.6, 127.9,90.5, 78.6, 77.3, 73.4, 45.2, 44.3, 31.3, 25.2, 18.0. HRMS (ESI/TOF)
m/z: [M + Na]" Calcd for Ci1¢Hi7CINaO; 315.0758; Found 315.0765.

4-benzyl-4-(4-((tert-butyldimethylsilyl)oxy)but-1-yn-1-yI)-1,3-dioxolan-2-one (1u)

Bn. O O Following the General Procedure C. Yellowish oil (3.02 g,

n
TBDMS. | %O 84% yield). Eluent 5-10% EtOAc/hexanes. "H NMR (400
MHz, CDCl3) ¢ 7.37 — 7.31 (m, 3H), 7.31 — 7.27 (m, 2H),

4.35 (s, 2H), 3.70 (t, J = 6.9 Hz, 2H), 3.20 (d, J = 3.0 Hz, 2H), 2.45 (t, J = 6.9 Hz, 2H),
0.90 (s, 9H), 0.07 (s, 6H). *C NMR (101 MHz, CDCls) 5 153.6, 132.8, 130.5, 128.6, 127.9,
88.5, 78.4, 77.8, 73.1, 61.1, 45.1, 25.8, 23.1, 18.3, -5.32. HRMS (ESI/TOF) m/z: [M +
Na]* Calcd for C2oHasNaO4Si 383.1649; Found 383.1644.
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4-(9-(benzyloxy)nonyl)-4-(hex-1-yn-1-yl)-1,3-dioxolan-2-one (1v)

Following the General Procedure C. Yellowish oil
M\( (3.44 g, 86% yield). Eluent 5-15% EtOAc/hexanes.

NMR (400 MHz, CDCl3) 6 7.38 — 7.32 (m, 4H), 7.31 —
7.26 (m, 1H), 4.50 (s, 2H), 4.42 (d, /= 8.2 Hz, 1H), 4.21 (d, J= 8.2 Hz, 1H), 3.46 (t, J =
6.6 Hz, 2H), 2.25 (t, /= 7.0 Hz, 2H), 1.97 — 1.75 (m, 2H), 1.65 — 1.56 (m, 2H), 1.56 — 1.46
(m, 2H), 1.46 — 1.21 (m, 14H), 0.92 (s, 3H). *C NMR (101 MHz, CDCl3) & 154.0, 138.7,
128.3, 127.6, 127.5, 90.4, 79.4, 76.6, 74.8, 72.9, 70.5, 39.8, 30.2, 29.8, 29.4, 29.4, 29.3,
29.2,26.2,23.8,21.9, 18.3, 13.5. HRMS (ESI/TOF) m/z: [M + Na]* Calcd for CosH3sNaOas
423.2506; Found 423.25009.

4-(5-chloropent-1-yn-1-yl)-4-octyl-1.3-dioxolan-2-one (1w)

mo Following the General Procedure C. Yellowish oil (1.80
5 /go g, 75% yield). Eluent 5-10% EtOAc/hexanes. '"H NMR

(400 MHz, CDCls) & 4.43 (d, J = 8.3 Hz, 1H), 4.23 (d, J

=8.2 Hz, 1H), 3.62 (t, J = 6.2 Hz, 2H), 2.47 (t, J = 6.9 Hz, 2H), 2.06 — 1.94 (m, 2H), 1.93
~1.79 (m, 2H), 1.54 — 1.43 (m, 1H), 1.40 — 1.21 (m, 10H), 0.97 — 0.82 (m, 3H). *C NMR
(101 MHz, CDCl3) 6 153.9, 88.2,79.2, 77.7, 74.7, 43.3,39.7, 31.8, 30.8, 29.3, 29.2, 29.1,

23.8, 22.6, 16.1, 14.1. HRMS (ESITOF) m/z: [M + Na]" Caled for Ci6HasCINaOs
323.1384; Found 323.1390.

4-(6-chlorohex-1-yn-1-y1)-4-(trifluoromethyl)-1.3-dioxolan-2-one (1x)

FsC o  Following the General Procedure F. Colorless oil (0.94 g,

// o’&o 35% yield). Eluent 5-10 % EtOAc/hexanes. "TH NMR (400

MHz, CDCl;) 6 4.68 (d, J=9.4 Hz, 1H), 4.51 (dd, J = 9.4,

1.1 Hz, 1H), 3.57 (t, J = 6.3 Hz, 2H), 2.38 (t, /= 7.0 Hz, 2H), 1.94 — 1.82 (m, 2H), 1.80 —

1.71 (m, 2H). ®C NMR (101 MHz, CDCl;) § 151.7, 123.0, 120.2, 93.6, 75.4, 75.0, 70.0,

70.0,44.1,31.3,24.8, 18.1. ’F NMR (376 MHz, CDCl;) § -81.9. HRMS (ESI/TOF) m/z:
[M + Na]* Calcd for Ci0H10CIF3NaO3 293.0163; Found 293.0175.

Cl
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2.5.8 Analysis data for 2,3-allenols 2a-2x, 3 and 4:

4-(dimethyl(phenyl)silyl)-2-methyl-6-phenylhexa-2,3-dien-1-ol (2a)

Me Following the General Procedure G. Colorless oil (61.2 mg, 95%
PN OH " Jield). Eluent 1-3 % EtOAc/hexanes. "H NMR (400 MHz, CDCls)
SiMe,Ph 6 7.59 — 7.51 (m, 2H), 7.44 — 7.35 (m, 3H), 7.32 — 7.24 (m, 2H),

7.22—-7.17 (m, 1H), 7.16 — 7.11 (m, 2H), 3.92 — 3.80 (m, 2H), 2.78 — 2.70 (m, 2H), 2.37 —
2.29 (m, 2H), 1.64 (s, 3H), 0.40 (s, 6H). *C NMR (101 MHz, CDCl3) § 203.9, 142.0, 138.2,
133.8,129.2, 128.4, 128.2, 127.8, 125.8, 97.4, 96.1, 64.7, 35.2, 30.8, 15.2, -2.9, -3.0. ’Si
NMR (79 MHz, CDCI3) § -7.9. HRMS (ESI/TOF) m/z: [M + Na]" Caled for C21H26NaOSi
345.1645; Found 345.1644.

2-butyl-4-(dimethyl(phenyl)silyl)-6-phenylhexa-2.3-dien-1-o0l (2b)

n-Bu Following the General Procedure G. Colorless oil (62.6 mg, 86%
C oH yield). Eluent 1-3 % EtOAc/hexanes. "H NMR (400 MHz, CDCl;5) §
SiMe,Ph 7.59 —7.53 (m, 2H), 7.42 — 7.36 (m, 3H), 7.31 — 7.24 (m, 2H), 7.22
—7.17 (m, 1H), 7.16 — 7.11 (m, 2H), 3.90 (dd, J = 10.5 Hz, 2H), 2.74 (td, J = 7.4, 2.2 Hz,
2H), 2.39 — 2.27 (m, 2H), 1.99 — 1.87 (m, 2H), 1.41 — 1.29 (m, 4H), 0.97 — 0.88 (m, 3H),
0.81 (s, 1H), 0.41 (s, 3H), 0.41 (s, 3H). *C NMR (101 MHz, CDCl3) § 203.5, 142.1, 138.1,
133.9, 129.2, 128.4, 128.3, 127.8, 125.8, 101.5, 98.7, 63.8, 35.3, 31.0, 30.3, 28.8, 22.7,
14.0, -2.8, -3.0. Si NMR (79 MHz, CDCl3) § -8.4. HRMS (ESI/TOF) m/z: [M + Na]*
Calcd for C24H3,NaOSi 387.2115; Found 387.2113.

Bn

2-benzyl-4-(dimethyl(phenyl)silyl)-6-phenylhexa-2.3-dien-1-o0l (2¢)

Bn Following the General Procedure G. Colorless oil (70.9 mg, 89%

. CJ\/OH yield). Eluent 1-3 % EtOAc/hexanes. '"H NMR (400 MHz, CDCls)
n

SiMe,Ph 8 7.49 — 7.44 (m, 2H), 7.43 — 7.35 (m, 3H), 7.35 — 7.24 (m, 5H),

7.24 —7.17 (m, 3H), 7.14 — 7.09 (m, 2H), 4.02 — 3.82 (m, 2H), 3.38 — 3.23 (m, 2H), 2.74 —
2.60 (m, 2H), 2.35 — 2.16 (m, 2H), 0.84 (s, 1H), 0.35 (s, 3H), 0.34 (s, 3H). 3C NMR (101
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MHz, CDCl3) 6 204.2, 142.1, 139.6, 137.8, 133.9, 129.3, 129.2, 128.4, 128.3, 128.3, 127.8,
126.2, 125.98, 101.3, 98.7, 63.5, 36.1, 35.2, 30.8, -2.9, -3.0. *Si NMR (79 MHz, CDCls)
& -8.1. HRMS (ESI/TOF) m/z: [M + Na]" Caled for C27H30NaOSi 421.1958; Found
421.1951.

2-cyclohexyl-4-(dimethyl(phenyl)silyl)-6-phenylhexa-2.3-dien-1-ol (2d)

Cy Following the General Procedure G. Colorless oil (45.3 mg, 58%

. AN OH yield). Eluent 1-3 % EtOAc/hexanes. 'H NMR (400 MHz, CDCl5)
n

SiMe,Ph 5 7.58 —7.51 (m, 2H), 7.42 — 7.34 (m, 3H), 7.30 — 7.23 (m, 2H),

7.21 —=7.15 (m, 1H), 7.14 — 7.09 (m, 2H), 3.99 — 3.81 (m, 2H), 2.72 (t, J = 7.7 Hz, 2H),
2.36 —2.25 (m, 2H), 1.86 — 1.62 (m, 6H), 1.35 — 0.96 (m, 5H), 0.68 (t, J = 6.2 Hz, 1H),
0.39 (s, 6H). *C NMR (101 MHz, CDCls) & 203.0, 142.0, 138.1, 133.9, 129.2, 128.4,
128.3, 127.8, 125.8, 107.2, 99.7, 77.4, 77.0, 76.7, 62.6, 37.7, 35.1, 33.0, 32.6, 30.9, 26.6,
26.5, 26.3, -2.8, -3.0. ¥Si NMR (79 MHz, CDCl;3) 5 -8.8. HRMS (ESI/TOF) m/z: [M +
Na]* Calcd for C26H34NaOSi 413.2271; Found 413.2274.

2-benzyl-4-(dimethyl(phenyl)silyl)octa-2.3-dien-1-ol (2¢)

Bn Following the General Procedure G. Colorless oil (65.8 mg, 94%
n-Buw C O yield). Eluent 1-3 % EtOAc/hexanes. "H NMR (400 MHz, CDCls)
SiMe,Ph §7.48 —7.43 (m, 2H), 7.40 — 7.35 (m, 3H), 7.32 — 7.26 (m, 2H), 7.25

—7.21 (m, 1H), 7.21 = 7.17 (m, 2H), 4.06 — 3.94 (m, 2H), 3.40 — 3.27 (m, 2H), 1.98 — 1.88
(m, 2H), 1.39 — 1.22 (m, 4H), 1.04 (s, 1H), 0.87 (t, /= 7.2 Hz, 3H), 0.33 (s, 3H), 0.32 (s,
3H). BC NMR (101 MHz, CDCl3) § 203.9, 139.6, 138.1, 133.9, 129.2, 129.2, 128.2, 127.8,
126.1,100.5,99.4, 63.6,36.2,31.5,29.4,22.4,14.0,-2.9, -2.9. Si NMR (79 MHz, CDCl5)
d -7.9. HRMS (ESI/TOF) m/z: [M + Na]" Calcd for C23H30NaOSi 373.1958; Found
373.1963.
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5-(dimethyl(phenyl)silyl)-3-methyl-7-phenylhepta-3.4-dien-2-ol (2f)

Me Following the General Procedure G. Colorless oil (41.0 mg, 61%

c Me yield). Eluent 1-3 % EtOAc/hexanes. '"H NMR (400 MHz, CDCl3) §
PhSiMe, o 7.57 — 7.49 (m, 2H), 7.41 — 7.35 (m, 3H), 7.29 — 7.24 (m, 2H), 7.21
—7.16 (m, 1H), 7.15—7.10 (m, 2H), 4.12 — 3.90 (m, 1H), 2.77 — 2.65 (m, 2H), 2.38 — 2.24
(m, 2H), 1.62 (s, 3H), 1.17 (d, J= 6.4 Hz, 3H), 1.06 — 0.95 (m, 1H), 0.39 (s, 3H), 0.39 (s,
3H). BC NMR (101 MHz, CDCl3) § 203.2, 142.1, 138.1, 133.8,129.2, 128.4, 128.3, 127.8,
125.8, 100.0, 97.6, 69.1, 35.3, 30.9, 21.8, 14.2, -2.8, -3.0. *Si NMR (79 MHz, CDCl3) § -
8.0. HRMS (ESI/TOF) m/z: [M + Na]" Calcd for C22H2sNaOSi 359.1802; Found 359.1800.

Bn

2-benzyl-4-(dimethyl(phenyl)silyl)-5-methoxypenta-2,3-dien-1-ol (2g)

Bn Following the General Procedure G. Colorless oil (54.8 mg, 81%

OH
MeO c yield). Eluent 1-3 % EtOAc/hexanes. "H NMR (400 MHz, CDCls)
SiMe,Ph 87.49 —7.44 (m, 2H), 7.40 — 7.34 (m, 3H), 7.31 — 7.25 (m, 2H), 7.24

—7.14 (m, 3H), 4.04 — 3.94 (m, 3H), 3.87 (d, J = 11.7 Hz, 1H), 3.40 — 3.28 (m, 2H), 3.14
(s, 3H), 1.48 (s, 1H), 0.36 (s, 3H), 0.36 (s, 3H). *C NMR (101 MHz, CDCls) & 205.0,
139.2,137.8, 133.9, 129.2, 129.2, 128.3, 127.8, 126.2, 100.8, 97.1, 77.4, 77.1, 76.8, 72.2,
63.3,57.5,35.8,-2.7,-2.8. Si NMR (79 MHz, CDCl5) § -8.5. HRMS (ESI/TOF) m/z: [M
+ Na]* Calcd for C21H26Na0Si 361.1594; Found 361.1591.

5-(dimethyl(phenyl)silyl)-2.3-dimethyl-7-phenylhepta-3.4-dien-2-ol (2h)

Me Ve Following the General Procedure G. Colorless oil (56.0 mg, 80%

C Me vield). Eluent 1-3 % EtOAc/hexanes. "H NMR (400 MHz, CDCI;)

SiMe, PO 87.58 — 7.51 (m, 2H), 7.42 — 7.36 (m, 3H), 7.30 — 7.24 (m, 2H),

721 — 7.11 (m, 3H), 2.73 (t, J = 7.8 Hz, 2H), 2.37 — 2.24 (m, 2H), 1.67 (s, 3H), 1.25 (s,
3H), 1.23 (s, 3H), 1.18 (s, 1H), 0.40 (s, 3H), 0.40 (s, 3H). *C NMR (101 MHz, CDCl3) 5
202.7,142.2,138.1,133.9, 129.2, 128.4, 128.3, 127.8, 125.8, 103.5, 97.6, 77.4, 77.1, 76.8,
70.9, 35.3, 31.0, 28.8, 28.8, 14.2, -2.9, -3.0. *Si NMR (79 MHz, CDCl;)  -8.0. HRMS

(ESI/TOF) m/z: [M + Na]* Calcd for C23H30NaOSi 373.1958; Found 373.1958.

Bn
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6-(dimethyl(phenyl)silyl)-4-ethyl-8-phenylocta-4,5-dien-3-ol (2i)

Et Following the General Procedure G. Colorless oil (59.7 mg, 82%
C}\(Et yield). Eluent 1-3 % EtOAc/hexanes. "TH NMR (400 MHz, CDCl3) &
PhSiMe, O 7.60—7.53 (m, 2H), 7.43 - 7.36 (m, 3H), 7.30 — 7.24 (m, 2H), 7.23 -
7.17 (m, 1H), 7.16 — 7.10 (m, 2H), 3.89 — 3.77 (m, 1H), 2.81 — 2.67 (m, 2H), 2.41 — 2.25
(m, 2H), 2.05 — 1.87 (m, 2H), 1.65 — 1.52 (m, 1H), 1.51 — 1.40 (m, 1H), 1.04 — 0.98 (m,
4H), 0.95 —0.89 (m, 3H), 0.42 (s, 3H), 0.42 (s, 3H). ®*C NMR (101 MHz, CDCl;) § 202.9,
142.2,138.0, 133.9, 129.3, 128.4, 128.3, 127.9, 125.8, 106.4, 100.2, 73.8, 35.5, 31.5, 28.6,
21.2,12.7,10.2,-2.7,-2.9. ¥Si NMR (79 MHz, CDCl3) § -8.3. HRMS (ESI/TOF) m/z: [M
+ Na]* Calcd for C24H3,NaOSi 387.2115; Found 387.2103.

Bn

2-benzyl-4-(dimethyl(phenyl)silyl)-4-phenylbuta-2,3-dien-1-0l (2j)

Bn Following the General Procedure G. Colorless oil (64.4 mg, 87% yield).
Ph CJ\/OH Eluent 1-3 % EtOAc/hexanes. '"H NMR (400 MHz, CDCls) § 7.56 —
PhSiMe, 7.47 (m, 2H), 7.45 — 7.35 (m, 3H), 7.32 — 7.13 (m, 10H), 4.19 — 4.07

(m, 2H), 3.53 —3.37 (m, 2H), 1.22 (s, 1H), 0.45 (s, 3H), 0.43 (s, 3H). ®C NMR (101 MHz,
CDCl3)6207.1,139.1, 138.3,137.1, 134.0, 129.3, 128.4, 128.4, 127.9, 127.8, 126.4, 126 .4,
102.1, 101.8, 63.4, 36.0, -1.8, -1.8. *Si NMR (79 MHz, CDCl3) & -8.1. HRMS (ESI/TOF)
m/z: [M + Na]™ Calcd for C2sH26NaOSi 393.1645; Found 393.1656.
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2-benzyl-4-cyclohexyl-4-(dimethyl(phenyl)silyl)buta-2.3-dien-1-o0l (2k)

Bn Following the General Procedure G. Colorless oil (64.7 mg, 86%
oy 2" yield). Eluent 1-3 % EtOAc/hexanes. 'H NMR (400 MHz, CDCl3)
SiMe,Ph 7.49 —7.43 (m, 2H), 7.40 — 7.34 (m, 3H), 7.32 — 7.26 (m, 2H), 7.25 —

7.21 (m, 1H), 7.21 — 7.16 (m, 2H), 4.02 — 3.91 (m, 2H), 3.37 — 3.25 (m, 2H), 1.86 — 1.75
(m, 1H), 1.73 — 1.54 (m, 5H), 1.24 — 1.02 (m, 4H), 1.00 — 0.87 (m, 2H), 0.33 (s, 6H). 13C
NMR (101 MHz, CDCL) § 203.8, 139.6, 138.6, 133.9, 129.3, 129.1, 128.2, 127.7, 126.1,
105.5, 101.6, 77.4, 77.1, 76.8, 63.7, 39.0, 36.2, 34.2, 34.2, 26.7, 26.6, 26.1, -2.2, -2.3. Si
NMR (79 MHz, CDCLs) & -8.5. HRMS (ESITOF) m/z: [M + Na]* Calcd for C2sH3:NaOSi
399.2115; Found 399.2119.

2-benzyl-4-cyclopropyl-4-(dimethyl(phenyl)silyl)buta-2.3-dien-1-ol (21)

Bn Following the General Procedure G. Colorless oil (58.8 mg, 88%
C OH yield). Eluent 1-3 % EtOAc/hexanes. '"H NMR (400 MHz, CDCl3) §
SiMe,Ph 7.52 —7.46 (m, 2H), 7.43 — 7.34 (m, 3H), 7.31 — 7.25 (m, 2H), 7.24

~7.19 (m, 1H), 7.16 — 7.10 (m, 2H), 4.06 — 3.87 (m, 2H), 3.36 — 3.18 (m, 2H), 1.11 — 1.05
(m, 1H), 1.04 — 0.98 (m, 1H), 0.62 — 0.53 (m, 2H), 0.36 (s, 3H), 0.36 (s, 3H), 0.35 — 0.30
(m, 1H), 0.12 — 0.04 (m, 1H). *C NMR (101 MHz, CDCLs) § 201.6, 139.4, 138.1, 134.0,
133.1, 129.2, 128.3, 127.7, 126.2, 104.1, 103.2, 63.5, 36.1, 10.0, 8.6, 7.5, -2.8, -2.8. *Si
NMR (79 MHz, CDCls) § 7.4. HRMS (ESI/TOF) m/z: [M + Na]" Calcd for Co2Ha6NaOSi
357.1645; Found 357.1644.

4-(dimethyl(phenyl)silyl)-2-phenylocta-2,3-dien-1-o0l (2m)

Ph Following the General Procedure G. Colorless oil (61.2 mg, 91%
h-Bu CJ\/OH yield). Eluent 1-3 % EtOAc/hexanes. "H NMR (400 MHz, CDCls) &
SiMe,Ph 7.60 —7.55 (m, 2H), 7.44 — 7.31 (m, 7H), 7.23 — 7.18 (m, 1H), 4.53 —

4.46 (m, 2H), 2.21 — 2.07 (m, 2H), 1.54 — 1.42 (m, 2H), 1.39 — 1.28 (m, 2H), 1.19 (d, J =
5.2 Hz, 1H), 0.87 (t, J = 7.3 Hz, 3H), 0.48 (s, 3H), 0.46 (s, 3H). >C NMR (101 MHz,
CDCL) § 205.0, 137.6, 135.6, 133.8, 129.4, 128.6, 127.9, 126.2, 125.4, 102.3, 101.8, 62.4,
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31.6, 29.5, 22.5, 13.9, -2.6, -2.9. ¥Si NMR (79 MHz, CDCI;) & -7.6. HRMS (ESI/TOF)
m/z: [M + Na]" Calcd for C22H2sNaOSi 359.1802; Found 359.1802.

2-benzyl-4-(dimethyl(phenyl)silyl)penta-2.3-dien-1-ol (2n)

Bn Following the General Procedure G. Colorless oil (53.0 mg, 86%
MeYC OH Jield). Eluent 1-3 % EtOAc/hexanes. "H NMR (400 MHz, CDCL3) 6
SiMe,Ph 7.45 —7.40 (m, 2H), 7.40 — 7.33 (m, 3H), 7.32 — 7.26 (m, 2H), 7.25 —

7.21 (m, 1H), 7.21 — 7.16 (m, 2H), 4.09 — 3.93 (m, 2H), 3.33 (q, J = 14.9 Hz, 2H), 1.67 (s,
3H), 1.13 (s, 1H), 0.31 (s, 3H), 0.30 (s, 3H). *C NMR (101 MHz, CDCls) § 204.4, 139.6,
137.7,133.9, 129.2, 129.1, 128.2, 127.8, 126.1, 9.1, 93.8, 63.4, 36.1, 15.9, -3.3, -3.3. ¥Si
NMR (79 MHz, CDCL) § -7.4. HRMS (ESITOF) m/z: [M + Na]* Caled for C20H2:NaOSi
331.1489; Found 331.1493.

4-(dimethyl(phenyl)silyl)-2-phenylpenta-2.3-dien-1-ol (20)

Ph Following the General Procedure G. Colorless oil (54.7 mg, 93%
Me C)\/OH yield). Eluent 1-3 % EtOAc/hexanes. "TH NMR (400 MHz, CDCl3) &
iMe,Ph 7.60 —7.54 (m, 2H), 7.42 — 7.31 (m, 7H), 7.23 = 7.17 (m, 1H), 4.53 —

4.47 (m, 2H), 1.85 (s, 3H), 1.27 (s, 1H), 0.47 (s, 3H), 0.45 (s, 3H). *C
NMR (101 MHz, CDCls) § 205.3, 137.3, 135.5, 133.8, 129.5, 128.6, 128.0, 126.3, 125.6,
100.9, 960, 77.4, 77.1, 76.8, 62.3, 15.6, -3.1, -3.3. 2Si NMR (79 MHz, CDCls) § -7.0.
HRMS (ESI/TOF) m/z: [M + Na]* Caled for C1sH2NaOSi 317.1332; Found 317.1333.

5-(dimethyl(phenyl)silyl)-3-methyl-1-phenylhexa-3.4-dien-2-ol (2p)

Me Following the General Procedure G. Colorless oil (33.9 mg, 62% yield).

Me c%\( BN Eluent 1-3 % EtOAc/hexanes. '"H NMR (400 MHz, CDCl3) & 7.59 —
PhSiMe, OH 750 (m, 2H), 7.43 —7.35 (m, 3H), 7.34 — 7.27 (m, 2H), 7.25 — 7.18 (m,
3H),4.23 —4.14 (m, 1H), 2.83 (dd, /= 13.8, 4.7 Hz, 1H), 2.74 (dd, J=13.8, 7.8 Hz, 1H),
1.73 (s, 3H), 1.61 (s, 3H), 0.37 (s, 3H), 0.36 (s, 3H). *C NMR (101 MHz, CDCls) § 203.9,

138.6, 138.0, 133.8, 129.5, 129.2, 128.3, 127.8, 126.3, 96.4, 93.2, 77.4, 77.1, 76.7, 73.8,
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422,159, 14. 9, -3.2, -3.3. ¥Si NMR (79 MHz, CDCl3) § -7.7. HRMS (ESI/TOF) m/z:
[M + Na]" Calcd for C21H26NaOSi 345.1645; Found 345.1655.

4-(dimethyl(phenyl)silyl)-2-methylhexa-2.3-dien-1-0l (2q)

Me Following the General Procedure G. Colorless oil (46.8 mg, 95%
Ete_c2 " yicld). Eluent 1-3 % EtOAc/hexanes. 'H NMR (400 MHz, CDCl3) §
SiMe,Ph 7.58 —7.48 (m, 2H), 7.42 — 7.34 (m, 3H), 4.00 — 3.90 (m, 2H), 1.99 (q,

J=17.3Hz, 2H), 1.69 (s, 3H), 1.08 (s, 1H), 1.00 (t,J = 7.3 Hz, 3H), 0.38 (s, 6H). *C NMR
(101 MHz, CDCl3) 6 203.3, 138.4, 133.8, 129.1, 127.7,100.2,96.3,77.4,77.1,76.74, 64.7,
22.9,15.3,13.8,-2.8,-3.0. Si NMR (79 MHz, CDCl;) § -8.3. HRMS (ESI/TOF) m/z: [M
+ Na]* Calcd for CisH22NaOSi 269.1332; Found 269.1334.

11-bromo-2-(2-(dimethyl(phenyl)silyl)-4-phenylbut-1-en-1-ylidene)undecan-1-ol (2r)

OH Following the General Procedure G. Colorless

CJ//\/\/\/\/\/Br oil (88.1 mg, 86% yield). Eluent 1-3 %

B”/Y EtOAc/hexanes. '"H NMR (400 MHz, CDCls)
SiMe,Ph

87.58-7.52 (m,2H), 7.42 —7.36 (m, 3H), 7.30
—7.24 (m, 2H), 7.22 — 7.16 (m, 1H), 7.15—-7.10 (m, 2H), 3.97 — 3.78 (m, 2H), 3.42 (t, /=
6.9 Hz, 2H), 2.78 — 2.68 (m, 2H), 2.36 — 2.29 (m, 2H), 1.96 — 1.90 (m, 2H), 1.89 — 1.82 (m,
2H), 1.49 — 1.42 (m, 2H), 1.41 — 1.24 (m, 10H), 0.80 (s, 1H), 0.40 (s, 3H), 0.40 (s, 3H).
13C NMR (101 MHz, CDCls) § 203.5, 142.0, 138.1, 133.9, 129.2, 128.4, 128.3, 127.8,
125.8,101.5, 98.6, 63.8, 35.3, 34.0, 32.9, 31.0, 29.6,29.5, 29.1, 28.8, 28.2, 28.1, -2.8, -2.9.
»Si NMR (79 MHz, CDCls) § -8.2. HRMS (ESI/TOF) m/z: [M + Na]* Caled for
C29H41BrNaOSi 535.2002; Found 535.2006.
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2-(4-chlorobutyl)-4-(dimethyl(phenyl)silyl)-6-phenylhexa-2,3-dien-1-o0l (2s)

OH Following the General Procedure G. Colorless oil (62.1 mg,
/I//\/\/\ 78% vyield). Eluent 1-3 % EtOAc/hexanes. '"H NMR (400
C Cl
Bn/\f MHz, CDCl;) 8 7.61 — 7.49 (m, 2H), 7.43 — 7.35 (m, 3H),
SiMe,Ph

7.31-7.24 (m, 2H), 7.23 - 7.17 (m, 1H), 7.16 — 7.09 (m, 2H),
3.96 —3.79 (m, 2H), 3.52 (t, J = 6.7 Hz, 2H), 2.87 — 2.64 (m, 2H), 2.35 (t, J = 7.6 Hz, 2H),
2.01 — 1.88 (m, 2H), 1.84 — 1.73 (m, 2H), 1.56 — 1.40 (m, 2H), 0.77 (t, J = 6.1 Hz, 1H),
0.41 (s, 3H), 0.41 (s, 3H). ®C NMR (101 MHz, CDCL3) § 203.5, 141.9, 138.0, 133.9, 129.3,
128.4, 128.3, 127.9, 125.9, 100.7, 98.9, 63.9, 44.9, 35.2, 32.4, 30.8, 28.3, 25.3, -2.9, -3.0.
2Si NMR (79 MHz, CDCL) & -8.0. HRMS (ESI/TOF) m/z: [M + Na]* Calcd for
C24H3 CIN2OSi 421.1725; Found 421.1732.

2-benzyl-8-chloro-4-(dimethyl(phenyl)silyl)octa-2.3-dien-1-ol (2t)

Bn Following the General Procedure G. Colorless oil (63.0 mg,
cl AN 8294 vield). Eluent 1-3 % EtOAc/hexanes. "H NMR (400
SiMe,Ph MHz, CDCl3) 6 7.46 — 7.33 (m, SH), 7.32 — 7.26 (m, 2H),

7.25 - 7.15 (m, 3H), 4.07 — 3.96 (m, 2H), 3.45 (t, J = 6.6 Hz, 2H), 3.39 — 3.28 (m, 2H),
1.97 — 1.87 (m, 2H), 1.73 — 1.64 (m, 2H), 1.53 — 1.43 (m, 2H), 1.10 (s, 1H), 0.33 (s, 3H),
0.32 (s, 3H). 3C NMR (101 MHz, CDCls) & 204.0, 139.5, 137.8, 133.8, 129.3, 129.2,
128.3, 127.8, 126.2, 101.1, 98.8, 77.4, 77.1, 76.8, 63.7, 45.0, 36.1, 32.0, 28.9, 26.3, -2.9, -
2.9. ¥Si NMR (79 MHz, CDCls)  -8.1. HRMS (ESI/TOF) m/z: [M + Na]* Calcd for
C23Ha0CINaOSi 407.1568; Found 407.1564.
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2-benzyl-6-((tert-butyldimethylsilyl)oxy)-4-(dimethyl(phenyl)silyl)hexa-2,3-dien-1-ol
(2u)

Bn Following the General Procedure G. Colorless oil (68.7
TBDM S,O C OH mg, 76% yield). Eluent 1-3 % EtOAc/hexanes. '"H NMR
SiMe,Ph (400 MHz, CDCl3) 6 7.47 — 7.40 (m, 2H), 7.39 — 7.31 (m,

3H), 7.30 — 7.25 (m, 2H), 7.24 — 7.20 (m, 1H), 7.18 — 7.14 (m, 2H), 3.9 (s, 2H), 3.69 —
3.59 (m, 1H), 3.58 — 3.48 (m, 1H), 3.38 — 3.24 (m, 2H), 2.10 (t, J = 6.9 Hz, 2H), 1.76 (s,
1H), 0.88 (s, 9H), 0.33 (s, 3H), 0.30 (s, 3H), 0.03 (s, 3H), 0.03 (s, 3H). *C NMR (101
MHz, CDCls) § 204.1, 139.5, 137.8, 133.9, 129.2, 129.1, 128.3, 127.8, 126.2, 101.2, 96.2,
63.0, 62.7,36.0, 32.8, 26.0, 18.5, -3.0, -3.0, -5.2, -5.3. 2Si NMR (79 MHz, CDCls) § 20.4,
-7.7. HRMS (ESI/TOF) m/z: [M + NaJ* Calcd for CasHsoNaO,Si, 475.2459; Found
475.2453.

11-(benzyloxy)-2-(2-(dimethyl(phenyl)silyl)hex-1-en-1-ylidene)undecan-1-ol (2v)

OH Following the General Procedure G. Colorless

0B CMOBn oil (89.6 mg, 91% yield). Eluent 1-3 %

UY EtOAc/hexanes. '"H NMR (400 MHz, CDCls) §

7.58—-7.51 (m, 2H), 7.42 —7.33 (m, 7H), 7.32 —

7.26 (m, 1H), 4.53 (s, 2H), 4.04 — 3.92 (m, 2H), 3.49 (t, /= 6.6 Hz, 2H), 2.11 — 1.89 (m,

4H), 1.71 — 1.57 (m, 2H), 1.47 — 1.26 (m, 16H), 1.12 — 1.02 (m, 1H), 0.87 (t, J = 7.2 Hz,

3H), 0.40 (s, 3H), 0.39 (s, 3H). 3C NMR (101 MHz, CDCl3) § 203.2, 138.8, 138.4, 133.8,

129.1, 128.4,127.8, 127.6, 127.5, 100.8, 99.4, 72.9, 70.6, 63.9, 31.5, 29.8, 29.6, 29.6, 29.6,

29.5,29.2,28.2,26.2,22.5, 14.0, -2.7, -2.8. ?Si NMR (79 MHz, CDCl3) § -8.2. HRMS
(ESI/TOF) m/z: [M + Na]* Caled for C3:HssNaO,Si 515.3316; Found 515.3312.

SiMe,Ph
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2-(5-chloro-2-(dimethyl(phenyl)silyl)pent-1-en-1-ylidene)decan-1-ol (2w)

OH Following the General Procedure G. Colorless oil

CL/\/\/\/ (73.0 mg, 93% yield). Eluent 1-3 %

C'/\/\SfM o EtOAc/hexanes. "H NMR (400 MHz, CDCls) &
1vie,

7.46 — 7.40 (m, 2H), 7.31 — 7.24 (m, 3H), 3.93 —
3.82 (m, 2H), 3.41 (t, J= 6.6 Hz, 2H), 2.07 — 1.98 (m, 2H), 1.85 (td, J = 7.1, 4.0 Hz, 2H),
1.81 — 1.72 (m, 2H), 1.34 — 1.13 (m, 12H), 0.97 (s, 1H), 0.84 — 0.77 (m, 3H), 0.29 (s, 6H).
13C NMR (101 MHz, CDCls) § 203.3, 137.9, 133.7, 129.3, 127.9, 101.7, 98.1, 77.4, 77.1,
76.7, 63.8, 44.5, 32.0, 31.9, 29.6, 29.5, 29.3, 29.1, 28.2, 26.9, 22.7, 14.1, -2.8, -3.0. *Si
NMR (79 MHz, CDCl;) & -8.0. HRMS (ESITOF) m/z: [M + Na]® Calcd for
C23H3,CINaOSi 415.2194; Found 415.2185.

8-chloro-4-(dimethyl(phenyl)silyl)-2-(trifluoromethyl)octa-2,3-dien-1-ol (2x)

CF3 Following the General Procedure G. Colorless oil (66.6 mg,
cl M 920 vield). Eluent 1-3 % EtOAc/hexanes. "H NMR (400
SiMe,Ph MHz, CDCl3) 6 7.56 — 7.48 (m, 2H), 7.44 — 7.36 (m, 3H),

4.17 (s, 2H), 3.46 (t, J= 6.5 Hz, 2H), 2.14 — 2.06 (m, 2H), 1.80 — 1.70 (m, 2H), 1.65 — 1.54
(m, 2H), 1.42 — 1.31 (m, 1H), 0.46 (s, 3H), 0.46 (s, 3H). *C NMR (101 MHz, CDCls) &
202.0, 202.0, 201.9, 201.9, 135.9, 133.8, 129.9, 128.7, 128.1, 126.0, 123.3, 120.6, 104.7,
95.6, 95.3, 95.0, 94.7, 59.4, 44.6, 31.7, 28.2, 28.1, 28.1, 28.1, 25.9, -3.4, -3.6. *Si NMR
(79 MHz, CDCLs) & -6.6. HRMS (ESUTOF) m/z: [M + Na]* Caled for C17HxCIFsNaOSi
385.0973; Found 385.0970.

2-methyl-6-phenyl-4-(triethylsilyl)hexa-2.3-dien-1-0l (3)

SiEt, Following the General Procedure I. Colorless oil (49.0 mg, 81% yield).
Ccs_Me Eluent 1-3 % EtOAc/hexanes. "H NMR (400 MHz, CDCl3) & 7.32 —
Hoj/ 7.26 (m, 2H), 7.23 —7.16 (m, 3H), 3.98 — 3.85 (m, 2H), 2.77 (t,J=7.6
Hz, 2H), 2.35 - 2.24 (m, 2H), 1.66 (s, 3H), 1.04 (s, 1H), 0.95 (t, /=7.9

Hz, 9H), 0.65 — 0.53 (m, 6H). 3C NMR (101 MHz, CDCl3) § 203.2, 142.2, 128.4, 128.3,

Bn
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125.8,95.6,95.2,64.8,35.2,30.9, 15.4,7.3,3.2. Si NMR (79 MHz, CDCl3) § 2.5. HRMS
(ESIUTOF) m/z: [M + Na]" Calcd for C19H30NaOSi 325.1958; Found 325.1962.

(2-butyl-3-iodo-4-phenyl-2.5-dihydrofuran-2-yl)dimethyl(phenyl)silane (4)

SiMe,Ph Following the General Procedure J. Pinkish oil (47.1 mg, 51%

X “n-Bu yield). Eluent 1% EtOAc/hexanes. "H NMR (500 MHz, CDCls)

! 8 7.71 —=7.66 (m, 2H), 7.41 — 7.29 (m, 6H), 7.26 — 7.22 (m, 2H),

4.87(d,J=11.5Hz, 1H),4.60 (d, J=11.5 Hz, 1H), 2.06 (ddd, /= 14.3, 11.7, 4.5 Hz, 1H),

1.75 (ddd, /=143, 11.6, 4.1 Hz, 1H), 1.51 — 1.23 (m, 4H), 0.93 (t, /= 7.2 Hz, 3H), 0.54

(s, 3H), 0.54 (s, 3H). *C NMR (126 MHz, CDCls) § 139.9, 136.9, 135.1, 134.4, 129.7,

128.7,128.5,127.9, 127.8,94.4,93.4,79.3,77.7,77.4,77.2, 34.5, 24.8, 23.3, 14.6, -3.0, -

4.2.”Si NMR (99 MHz, CDCl3) & -3.7. HRMS (ESI/TOF) m/z: [M + Na]* Calcd for
C25H3:NaOS1 485.0768; Found 485.0771.

2.5.7 X-ray molecular structure for 1j

Procedure: single crystals of compound 1j suitable for X-ray diffraction were obtained by
slow evaporation from an ethyl acetate solution affording yellowish crystals. The measured
crystal of 1j were stable under atmospheric conditions; nevertheless, they were treated
under inert conditions immersed in perfluoro-polyether as protecting oil for manipulation.
Data Collection: measurements were made on a Bruker-Nonius diffractometer equipped
with an APPEX II 4K CCD area detector, a FR591 rotating anode with MoKa radiation,
Montel mirrors and a Kryoflex low temperature device (7 = —173 °C). Full-sphere data
collection was used with @w and ¢ scans. Programs used: Data collection Apex2 V2011.3
(Bruker-Nonius 2008), data reduction Saint+Version 7.60A (Bruker AXS 2008) and
absorption correction SADABS V. 2008—1 (2008). Structure Solution: SHELXTL Version
6.10 (Sheldrick, 2000) was used.?! Structure Refinement: SHELXTL-97-UNIX VERSION.
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Crystallographic details for 1j: CisHi4O3, M: = 278.29, monoclinic, P2i/c, a =
16.1785(17) A, b =5.0735(5) A, ¢ = 17.4404(19) A, & = 90°, = 103.838(3)°, y = 90°, V
=1390.53) A%, Z=4, p = 1.329 mg-M 3, 1= 0.090 mm ', 2 = 0.71073 A, T=100(2) K,
F(000) = 584, crystal size = 0.30 x 0.10 x 0.05 mm?, 26(min) = 2.592°, 26(max) = 67.53°,
21003 reflections collected, 5351 reflections unique (Rine = 0.0277), GoF = 1.064, R; =
0.0411 and wR> = 0.1106 [I>20(])], R1 = 0.0474 and wR> = 0.1149 (all indices), min/max
residual density = —0.21/0.47 [e-A]. CCDC number 1994451.

X-ray molecular structure of 1j.
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Chapter 3

Cu-mediated Dichotomic Borylation of Alkyne Carbonates:
Stereoselective Access to (E)-1,2-Diborylated 1,3-Dienes versus

Traceless Monoborylation affording a-Hydroxyallenes

(0]
[Cul] [Cul]
i-PrOH o)l\o i-PrOH
B,pin, B,neop,
R3)N
R R1
Bpin R? R R,
3
RH\H\/R )=c:g_
H OH
Bpin R3
16 examples

23 examples

E/Z up to 97:3 Yield up to 74%

Yield up to 74%

This chapter has been published in:

Guo, K.; Kleij, A. W. Angew. Chem. Int. Ed. 2021, 60, 4901-4906.
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3.1 Introduction

Organoboronate compounds play a privileged role in organic synthesis representing
benchmark-stable synthons featuring C—B bonds that can be utilized to create a wide range
of complex molecules.! In particular, bis(pinacolato)diboron (B.pin,) and its congeners are
versatile borylating agents which have enabled the preparation of a great diversity of
(un)saturated boron derivatives including allyl, allenyl, propargyl, vinyl and alkyl/aryl
boronates through well-established catalytic carbon-boron bond formation processes.?
Many elegant strategies have been developed over the years, and in this context the
borylation of propargyl substrates displays a particular diversity of reactivity patterns that

can be controlled by an appropriate transition metal catalyst.

Pioneering work reported by Ito and Sawamura in 2008 illustrated the regio- and
stereoselective borylation of linear propargyl carbonates under Cu catalysis affording a
variety of mono-borylated, tri- and tetrasubstituted allenes.> In 2017, Tortosa et al.
demonstrated that propargylic epoxides can be conveniently transformed into their
formally reduced a-hydroxyallenes by Cu-catalysis in the presence of Bopin, and methanol
(Scheme 1a),* with a syn-elimination of the Bpin group playing a pivotal role in this
process. The combination of Bapinz and an alcohol as a reducing medium mimics the
utilization of copper hydride chemistry reported independently by Krause (Scheme 1b)’
and Ito/Sawamura (Scheme 1c).% These authors demonstrated that Cu-mediated formal
reduction of propargylic epoxides and propargylic linear carbonates could be accomplished,
respectively, by PMHS (polymethylhydrido-siloxane) as the stoichiometric hydride source

offering a straightforward synthetic route towards allenes.

The exploration of the reactivity of both allylic’ and alkynyl cyclic carbonates and
similar heterocycles® as modular substrates in transition metal catalyzed stereoselective
transformations has significantly expanded over the last five years. In particular, we found
that Cu-catalyzed decarboxylative silylation of cyclic carbonates functionalized with

alkyne groups is feasible affording a library of tetrasubstituted 2,3-allenols.’
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b \\/,, O ~H LCu(l)-H jf elimination Rl,/C)\;/
(b) H R2 PMHS Lcul £o f OH
wiH anti
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0CO,Me Ito &
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Sawamura R1/, R’, CuL anti-p R! R3
Cu(II)/L o y elimination \ C:<
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~ PwHS MeOzCO) H s

R3 R H

This Chapter: ] *dichotomy*

B,pin, o Byneop,
) Bpin R2 Cu(l)+L )J\ Cu(l) +L H R,

NaOt¢-Bu NaOt¢-Bu
N _ R3 ~— O (0] T ):C
R! i-PrOH i-PrOH R OH
N

50 °C

. - o]

Bpin R3 R2 ] R 25-50 °C R3
(E)-1,2-diborylated 1,3-dienes a-Hydroxyallenes
Consecutive C-O bond cleavage Via traceless borylation
Double insertion + p-elimination Dual role of Cu
Highly stereoselective (E/Z up to 97:3) Wide product scope

Scheme 1. Formal reduction of propargylic substrates (a-c) and dichotomic reactivity
observed in the Cu-mediated conversion of alkynyl cyclic carbonates in the presence of

borylating reagents (This Chapter).
3.2 Project Aims and Strategy

Inspired by the pioneering work described in Scheme 1436 and the structural versatility
of alkynyl cyclic carbonates, %’ we envisioned that borylation of a new type of propargylic
surrogate could significantly expand the diversity of functional and highly substituted o-
hydroxyallene scaffolds, which are useful building blocks for heterocyclic chemistry and
natural product synthesis.!” In the course of these studies, we discovered an unexpected

though unique dichotomic behavior of the borylating agent providing selective pathways
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leading either to an (£)-diborylated 1,3-diene or a-hydroxyallene product using the same
catalytic system. Apart from the synthetic utility of the modular alkynyl cyclic carbonates
serving as common substrates for product diversion, the reasons for this remarkable
dichotomic reactivity have also been studied through a series of mechanistic control

reactions.

3.3 Results and discussion

First, cyclic carbonate S1 and Bzpin> were combined to examine the influence of various

reaction parameters on the selectivity of the borylation process (Table 1). We initially pre-

screened a wide series of ligands, bases and solvents using a high-throughput

experimentation approach (see the Experimental Section). From this first screening phase,

we selected the carbene precursor ICy-HCI (1,3-dicyclohexylimidazolium hydrochloride),

NaO¢#-Bu as base and THF/i-PrOH as medium on the basis of the selectivity and yield (66%)
for 1,2-diborylated 1,3-diene product 1 and the overall stereoinduction (E/Z = 33:1). !

Hereafter we set out to screen the influence of the amount of Bapiny, base additive,
solvent and reaction temperature. As can be judged from Table 1, the reaction proved to be
inadequate in the absence of either the Cu precursor, base additive or the carbene ligand
(entries 1-3). The protic additive (i-PrOH) also plays an important role as its presence
significantly improves the yield of 1 and the stereoinduction (entry 4). Lowering or
increasing the amount of CuCl, concentration, the amount of Bopin, or the reaction
temperature did not positively affect the reaction efficiency (entries 5-11). Replacing the
protic additive by HFIP (hexafluoroisopropanol, entry 12) gave an intractable reaction
mixture whereas the use of z-amyl-alcohol (entry 13) demonstrated somewhat lower
catalytic potential in terms of yield of 1 and its £/Z ratio. Further changes in solvent and
base (entries 14-18) did also not improve the outcome of this conversion. Finally, several
Cu(I) and Cu(Il) precursors were scrutinized (entries 19-22) showing that both types of
precursors allow for effective catalysis. Compared to CuCl, the utilization of CuCN at room

temperature produced a slightly lower yield of 1 (entry 21), though at 50 °C the presence
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of this precursor led to the best catalytic performance furnishing the diborylated product in
73% isolated yield and maintaining high stereocontrol (entry 22 versus entry 11). The
identity of the main stereoisomer (£) was confirmed by X-ray analysis (see the inset in

Table 1, details in the Experimental Section).!?

Table 1. Cu-mediated transformation of alkynyl cyclic carbonate S1 and Bapinz under
various reaction conditions leading to diborylated product 1.1

CuCl (5 mol %)

Me. /™0 ICy HCI (5 mol %) _ Bpin Me
i n N
gn. O’&o + Baping NaOt-Bu (25 mol %) M

i-PrOH (2.5 equiv) Bpin
-CO,, THF (0.2 M)
S1, 0.20 mmol 0.50 mmol N,, rt, 18 h 1,66%, E/Z=97:3

variations from the reaction conditions (yield of 1):

. No Cu (0%)

. No base (0%)

. No ligand (0%)

. No i-PrOH (32%, E/Z = 1.6:1)
.10 mol% Cu (50%)

. Concentration 0.4 M (46%)

. Concentration 0.1 M (54%)

. 1.8 equiv Bypin, (57%)

. 3 equiv Bypin, (59%)

10. reaction at 0 °C (60%) 17. Cs,CO3 as base (51%)

11. reaction at 50 °C (62%) 18. NaOMe as base (20%)

12. No i-PrOH but HFIP (0%)™! 19. CuBr/CuOAc (50/4%)

13. No i-PrOH but t-amyl-OH (54, E/Z=5:1)  20. CuCl,/CuOTf,/CuOAc, (48/15/36%)

O ~NOoO AR WN -

©

14. DCM as solvent (0%) 21. CuCN (60%), CuCl (66%)
15. ACN as solvent (0%) 22.(50 °C: CuCN (73%)
16. Et,0 as solvent (44%) 23. Mes-Cu: 47% (25 °C), 62% (50 °C)

[a] The comparative reaction conditions are shown in the scheme. If not
stated otherwise, the £/Z ratio of 1 is similar to the one observed using
CuCl/ ICy-HCl as catalyst, NaOz-Bu as base, and i-PrOH/THF as medium.

[b] A complex product mixture was obtained.
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The scope of this stereoselective diborylation process (Scheme 2) was further
investigated using a more ample set of alkynyl cyclic carbonate precursors (S1-S16: for
their synthesis, see the Experimental Section).” Diborylated compounds 1-12 were

produced with a high degree of stereocontrol, appreciable yields and reasonable skeletal

variation useful in post-synthetic operations.'®

R3
R2 o
= o’&o
R1

CuCN (5 mol %)
ICy-HCI (5 mol %)

Bpin R?

Bopin, R! A R?
2.5 equiv N_aOt—Bu (25 mol_%)
i-PrOH (2.5 equiv) Bpin
THF (0.2 M)
S$1-S16 N,, 50 °C, 18 h 1-16
Bpin Me Bpin n-Bu Bpin Bn Bpin
Bn NS Bn NS Bn S Bn NS cl
Bpin Bpin Bpin Bpin
1.73%, E/Z=331 2.74%,E/Z=251 3.68%, E/Z =331 4.74%, E/Z = 33:1
Bpin Bn Bpin Bn Bpin Bn Me Bpin Bn
\
Me” nBu” Y C|/\/\/\(§ tBu=Si0 N
Bpin Bpin Bpin Me Bpin

5.55%, E/Z=33:1 6.76%, E/Z=33:1 7.70%, E/Z >33:1

Bpin Me Bpin Bpin
NS -B
Et BnOk‘)\’ﬁ\(” Y B X Bn
Bpin Bpin Bpin

9.65%, E/Z=33:1 10.59%, E/Z = 33:1 11.80%, E/Z=17:1

Bpin Bpin

8.43%, E/Z = 25:1

Bpin
12. 80%, E/Z = 20:1

Bpin Me Bpin Cy
Bn NS Bn NS Bn X Me Bn NS
Bpin Bpin Bpin Bpin

13. 16%, E/Z =12:1 14.15%, E/Z = 2.6:1

Scheme 2. Scope of 1,2-diborylated 1,3-dienes (1-16) using various alkynyl cyclic
carbonates S1-S16 and Bopin: as reagents under the optimized catalytic conditions (Table

1, entry 22). All yields are of the isolated product, E/Z ratios were determined by '"H NMR

CDCls).
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Products 13—16, however, were isolated in low yields and with substantially lower levels
of stereoinduction which is ascribed to the increasing steric impediment exerted by the R?
and R? substituents of the cyclic carbonate precursor. These combined results (Schemes 2
and 3) clearly show that rather different reactivity and chemoselectivity is observed in the
conversion of the alkynyl-substituted cyclic carbonates versus epoxides in the presence of

Bopinz and a protic additive (cf., Scheme 1a).

Bpin Me
CuCl (10 mol%) B )

(anhydrous beads) : N 1-(E)

Me O ) PCys (30 mol %) Bpin

+ Bypin, +
Bn. F KOt-Bu (30 mol %) 5

0.25M 0.75M THFE (1.2 mL) i Me

S0 Ny, rt, 16 h 142)
Bpin
Bpin

1. No change: 1, 80%, E/Z = 3.7:1
2. With 50 mol% of Cu: 1, 75%, E/Z = 4.4:1 Isolated yields of 1
3. CuCl (powder): 1, 29%, E/Z = 3.8:1 ' E/Z ratios determined
4. As for 3, i-PrOH: 1, 20%, E/Z>20:1 ' by "H NMR

5. Using conditions from entry 22, Table 1: 1, 50%, E/Z>20:1 |

...................

Scheme 3. Influence of propargylic epoxide S0 and supporting ligand in the Cu-catalyzed

diborylation process leading to 1.

The nature and influence of the propargylic precursor and the supporting ligand was
further examined (Scheme 3, entry 1). We were able to reproduce the outcome of the
diborylation procedure reported by Szabo et al.!'® using a propargylic epoxide (S0)
providing a rather similar yield of 1 (80%) and E/Z ratio for the isolated product (4:1). The
nature of the Cu precursor (entries 3 and 4) had a significant impact on the yield of 1,
whereas the presence of i-PrOH gave 1 in low yield though with high stereofidelity (entry
4, E/Z>20:1). By applying the optimized conditions from Table 1 (entry 22:
CuCN/ICy-HCI), propargylic epoxide S0 was converted into diborylated product 1 (50%)

with an E/Z ratio of >20:1 (entry 5). These control experiments demonstrate that a Cu-
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carbene catalyst with a protic additive is able to produce 1,2-diborylated 1,3-dienes with

significantly higher levels of stereoinduction.

We next wondered whether the scope of 1,2-diborylated 1,4-dienes could be further
amplified by variation of the diboron(4) compounds. We considered the use of Baneop:
[bis(neopentyl glycolato)diboron], as this reagent is commercially available and has
frequently been used in other types of organic transformations.?'* By applying the same
catalyst and reaction conditions reported for the synthesis of diborylated compounds 1-16
(Scheme 2), we observed the primary formation of a different product from alkynyl cyclic
carbonate S1, which was identified as the formally reduced a-hydroxyallene 17 (67%,
Scheme 4). The yield of 17 did not change (66%) when lowering the reaction temperature
from 50 to 25 °C, and furthermore only a slight excess (1.2 equiv) of Baneopz was required.
The reaction could be easily scaled up (i.e., using 5 mmol of starting carbonate) delivering
17 in 82% yield (0.77 g).

With these conditions in hand, we explored the scope of this unusual borylation driven

4 Various alkynyl cyclic carbonates (S17-S39) could be conveniently

dichotomy.
converted into their (reduced) a-hydroxyallenes (Scheme 4, 18—-36) with ample diversity
in the substitution and functional groups in the presence of Baneop: and the same catalyst
employed to access the diborylated 1,3-dienes (Scheme 2, 1-16). Most of the allene
products were isolated in appreciable yields. Unlike in the case of diborylation, the
presence of more rigid or more sterically demanding substituents in the carbonate substrate
did not pose a restriction to the formation of the a-hydroxyallenes (cf., 28—-32) and the
developed protocol allows for the presence of various fragments in the final product
including alkyl halides (20, 23, 27 and 34), protected alcohols (cf., 24 and 26) and
cycloalkane rings (29 and 36). Gratifyingly, six-membered alkynyl cyclic carbonate
precursors (see the Experimental Section for more details) were also productive substrates
in this catalytic methodology giving straightforward access to a-hydroxyallenes 37—39 in
good yields. The use of six-membered alkynyl carbonates further expands the repertoire of

hydroxyallene scaffolds and validates the great versatility and synthetic potential of these
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functionalized cyclic carbonates compared to the significantly less modular propargylic

epoxides.
3
5 R CUuCN (5 mol %) R?
R (@] . 0
R+ mneor, ICyHCI (5 mol %) _ 4 C)\/OH
Z o0, ° NaOt-Bu (25 mol %) \( 5
R T-2equiv i PrOH (2.5 equiv) H R
$17-839 THF (0.2 M) 17-39
N, rt, 16 h
Me n-Bu Bn
A _oH A _OH A _oH
BH/YC Bn/YC BH/YC Bn/YC
H 17,66% H H H cl
5 mmol scale: 0.77 g (82%) 18, 72% 19, 59% 20, 72%
B
OH OH OH Me—SiO C
R!__C n-Bu.__C C
\( Y (/Y t—Bu/ \/\f OH

H 21a,60% (R'=Me) H
21b, 48% (R' = H)

Ethjﬂi/OH o ;\/\/\:) ;\/\;O

H 25 50% H 26, 67% H 27, 72%

HO HO__Me
Bn/\‘fC Bn/YC BH/YC /Y %/I’6><Me

22, 58% H 23 509 24, 44%

H

28, 68% H 29 58% H 30, 67% 31, 76%

HO__Et HO Me
I J\/OH OH
CYY W
/Y o 0 0 H o
32, 74% H 33,68% 34, 70% 35, 85%
fal
H 36, 50%  37,80% " Me 38 62% " Me 39, 73% Ve

Scheme 4. Formal reduction of alkynyl cyclic carbonates S17-S39 in the presence of
Boneop: under similar reaction conditions used in Table 1, entry 22. All yields are of the

isolated product. [a] The reaction time was 20 h.
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The remarkable difference in chemoselectivity between the catalytic experiments
performed in the presence of Bopinz or Baneops, despite of their structural similarity, was
then scrutinized in detail through several control experiments and synthetic extensions
(Scheme 5). First, the diborylation of the TMS-protected alkynyl cyclic carbonate S40
(Scheme 5a) was attempted. However, the major constituent of the product mixture turned
out to be a mono-f-borylated cyclic carbonate product using either Bopinz or Boneops. The

identity and atom connectivity of 40a was unambiguously established by X-ray

crystallography.'?

a
@) P CuCN (5 mol %) P TMs OR
B o’/< ICy-HCI (5 mol %) o
/nl\/o /&
— NaOt-Bu (25 mol %)
TMSa Z P S40 i-PrOH (2.5 equiv) o~ "0
THF (0.2 M) 40a: R = pin, x=2.5
N,, temp, 18 h 50 °C, 31%
40b: R = neop, x=1.2
rt, 43%
(b) o B,pin, (1.05 equiv) SpinMe OH
4 CUCN (5 mol %) B C
0 . 9 .
. y _CyHCI (5 mol %) 1,15% Bpin H 17, 45%
5 _IVI NaOt-Bu (25 mol %) M
n e i-PrOH (2.5 equiv) e
1 THF (0.2 M) CJ\/OH Me i
Ny, rt, 18 h Bn Bn_Z 0 g
Bpin 41, ~28% S1, 12%
B,neop, (1.2 equiv)
(©) o B,pin, (1.2 equiv) Me
CUuCN (5 mol %) . OH
o0& 1GyHCI (5 mol %) Bpin Me c
__ o) > Bn X + Bn/\f
— NaOt¢-Bu (25 mol %) H
Bn Me s i-PrOH (2.5 equiv) Bpin
THF (0.2 M) 0 0
Ny, rt, 18 h 1.20% 17, 42%

B,R, (x equiv)

Scheme 5. Mechanistic control experiments.
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This S-regioselectivity is believed to be driven by electronic control, as previously Sun
and coworkers described that silyl substituents act as strong pf-regio-controlling
substituents in propargylic borylations.'> This precedent not only allows to rationalize the

[S-borylation of S40, but also points at the a-borylation being the productive pathway

towards 1,3-diborylation.

(a)

oA

— ] 0O

Bn Me
S1

(b) 0

Me_ O

AN

S37
Bn

(c)

B,neop, (1.2 equiv) Me

OH
42, 66%, 74% D

CuCN (5 mol %)
ICy-HCI (5 mol %
y ( o) Bn /YC
NaO¢-Bu (25 mol %) D
i-PrOD (10 equiv)
Ny, rt, 16 h
(1.9 equiv)
PhMe,Si-Bpin
CuCN (5 mol %)
ICy-HCI (5 mol %)

SiMe,Ph
43, 72%
NaOt-Bu (25 mol %)

c OH
i-PrOH (2.5 equiv) Y\/

THF (0.2 M) Me
Ny, rt, 20 h

Bypin; (1.1 equiv)

CuCl (2 mol %)

Bbi

\H/\OH NaH (1.5 equiv) \n/\an ICYy-HCI (2 mol %)  Me | pin
—»
BnBr (1.5 equiv) NaOt¢-Bu (10 mol %) H
Bn BuyNI %) Bn -PrOH (1.25 equiv)
\)J\H uyNI (5 mol %) \)J\H THF (0.2 M) Bn
17 44, 87% 45, 80%
(E/Z =99:1)

Scheme 6. Additional mechanistic control experiments.

Intrigued by this observation, we then performed the borylation of substrate S1 under
the optimized reaction conditions using a slight excess (1.05 equiv) of Bopinz (Scheme 5b).
Four major components were identified by '"H NMR spectroscopy in the reaction mixture
being unreacted starting material S1 (12%), diborylated 1,4-diene 1 (15%), a-
hydroxyallene 17 (45%) and the mono-borylated allene 41 (~28%, cf. a-borylation of the
alkyne unit; see the Experimental Section for details).!® These data illustrate that an excess
of Bopiny is required to favor the formation of the diborylated diene, and that the mono-

borylated allene 41 is a likely precursor to 1. In the absence of a sufficiently large excess
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of Bopin; alternative parasitic pathways may be favored. The formation of a-hydroxyallene
17 as the major compound under these reaction conditions suggest that alcohol-promoted

proto-deborylation of 41 is competitive.

Next a competition experiment was carried out adding both Bzpin, and Boneop: to a
mixture of S1 and the Cu-carbene catalyst (Scheme 5c¢). No scrambling of boronate groups
was observed for 1, and both 1 (20%) and 17 (45%) could be isolated pointing to similar
order of magnitude kinetics of the first borylation step in both manifolds. This suggests
that the origin of the observed dichotomy in the process is related to the relative kinetics
of the second borylation step versus proto-deborylation. Since the B—C bond in the Bneop
functionalized allene intermediate reminiscent to 41 is sterically more susceptible for
transmetalation followed by protonation, the preferred formation of the formally reduced
a-hydroxyallenes (Scheme 4) in the presence of Boneop: and the Cu-carbene complex can

be rationalized.

The proposed proto-demetalation step induced by the alcohol additive was examined
converting substrate S1 into a-hydroxyallene 42 (Scheme 6a) in the presence of i-PrOD
providing the product with 74% deuterium incorporation being in line with our mechanistic
hypothesis. Finally, the six-membered alkynyl cyclic carbonate S37 was converted into the
silylated S-hydroxyallene 43 in 72% yield demonstrating a useful amplification of this type
of building block,” and a-hydroxyallene 17 was transformed via a two-step process into the
mono-2-borylated 1,3-diene 45 in good yield and with high stereoselectivity (Scheme
6b+c).!” Interestingly, for these latter conversions virtually the same catalytic process was
effective as the one leading to the diborylated synthons (see Scheme 2) and o-

hydroxyallenes (see Scheme 4).
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/74

R2
D-labeling B‘O
studies H\o, Pr
\; O/CuL
(0] .
intramolecular S-oxygen i-PrOH
R2 transmetalation elimination
3f I;L/CuL
R L PO /74
v _B<
i-PrOH 07 o R3
(6] G R!
R2 o E
rotodemetalation
p neopB ) O’go
neopBOI-Pr, CO, CuL
common
1’"ER’1 ”””” ; o B,neop, syn addition intermediate
i /& R '
i ' o)
'H O
i c OH; R \(
i 2
(SR RT . LCu-Bneop « Zb ©
R’ 3
compounds 17-39 R
neopBOt—Bu\ Byneop, 1.2 equiv
CuCN, NaOt-Bu, L
2.5 equiv Bypin,
compounds 116 N~ pinBOt-Bu R O~
;  Bpin R? o Z5 0
1 B,pin ) F
'R AN 2PIN; LCu-Bpin R R3
i (B) Buin R3 X-ray of 40
,,,,,, Bpin R” not favored
CO,, i-PrOBpin
i-ProH BpinR® O
1,3-shit  RUAL 0 “OBpin . R
BpinR® O = PINBTL, e b aR\RZ 0
1 A
R ~ 3 \97 OBpin pinB” » ),O/&O
pinB R2 CuL CuL>
\\ ESI-MS: M+Na* (507) //szmz
LCu-Bpin me OBpln

LCu-Bpin

Scheme 7. The proposed manifolds for 1,2-diborylated 1,3-diene (bottom half) and a-
hydroxyallene formation (upper part). L stands for the carbene ligand ICy.

111



UNIVERSITAT ROVIRA | VIRGILI
COPPER AND NICKEL PROMOTED TRANSFORMATIONS OF ALKYNE BASED CYCLIC CARBONATES
Kun Guo

Based on our observations and control experiments, a mechanistic description of the
borylation process is presented in Scheme 7. After initial formation of a Cu(I)-boryl species
(lower part), the reaction advances with an addition-elimination sequence that involves the
first borylation step (A), carbonate ring-opening and elimination of the Cu complex
providing a borylated allene with a pendent —OCO2Bpin leaving group (B). Evidence for
the intermediacy of B was found by ESI(+)-MS (see the SI), and its structure resembles
generically the one proposed by Szabo et al.!'# Subsequently, the allyl-OCO-Bpin species
B will then undergo a second Cu-catalyzed borylation via a Sn2’-type mechanism, after
which the Cu-catalyst is regenerated via protodemetalation. A 1,3-sigmatropic
rearrangement involving the [CuL] complex D allows to explain 1,2-diborylated 1,3-diene
formation from the envisioned productive 3-metaled isomer C. The requisite for having
first a borylation on the a-carbon of the alkyne is supported by the isolation of compounds
40a and 40b (Scheme 5a), as p-borylation would not allow for these envisioned
consecutive steps to take place. An excess (2.5 equiv) of Bapin in the proposed manifold
agrees well with the experimental observation of a mixture of compounds when a virtually
stoichiometric amount was present (Scheme 5b). Under these conditions, the concomitant
formation of mono-borylated allenol 41 is noted being a likely precursor to the 1,2-
diborylated 1,3-diene product. The whole process involves two C—O bond scission steps,

with the second one leading to an (£)-configured diborylated alkene under steric control.

In the case of Baneop: (upper part of Scheme 7), the reaction takes a different course
though the first addition step (E) is reminiscent to the one (A) based on Bopinz. Upon S-
oxygen elimination, a borylated allene carbonate copper species F is formed that, with the
assistance of i-PrOH,*'* can undergo a directing group controlled intramolecular
transmetalation (G).!” The so-formed copper allene borocarbonate intermediate G would
produce the final a-hydroxy allene via a protonation process while releasing CO2 and
neopBOi-Pr, and regenerating LCu(Oi-Pr) for subsequent turnover. The competition
experiment using a 1:1 molar ratio of both Bapin, and Bazneop: (Scheme 5c) and the

deuterium labeling experiment (Scheme 6a) are in line with this scenario, and the apparent
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easier activation of the C—Bneop bond by the Cu complex will lead preferentially to the a-

hydroxyallene product.

3.4 Conclusion

In summary, we have discovered a new dichotomic behavior of diboron(4) reagents in
the Cu-mediated catalytic conversion of alkynyl cyclic carbonates. This new process
significantly expedites the synthesis of useful 1,2-diborylated 1,3-dienes, and a- and /-
hydroxy allenes using a mild and simple catalytic approach. Virtually the same catalytic
protocol allows for the stereoselective conversion of a-hydroxyallenes into 2-borylated
1,3-dienes, making the developed catalyst thus a privileged system for the preparation of

wide range of synthetically valuable synthons.
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3.5 Experimental Section
3.5.1 General information

Please refer to section 2.5.1.

3.5.2 High throughput experimentation (HTE) studies

CuCl (5 mol %) Bpin Me
Ligand (5 mol %)
\/Q +  By(pin), B”\/\A
Base (25 mol %) Bpin
Additive (2.5 equiv) 1

Solvent (100 uL)
Nz’ rt

0.2M 0.5M

General procedure: In an Nx-filled glovebox, all the ligands were pre-dosed in 1 mL
vials and placed in a pre-selected position on a multi-well plate. CuCl, bases, additives, the
cyclic carbonate S1 and Bx(pin)2 were prepared in stock solutions in appropriate solvents.
Proper amounts of CuCl, bases and additives were added into the vials with pro-dosed
ligands. After stirring for 5 min at room temperature (r.t.), the vials were charged with
proper amounts of cyclic carbonate S1 and Ba(pin).. The vials were sealed and moved out
of the glovebox. The reactions were allowed to stir at r.t. for 18 h. After the reactions were
terminated, the reaction mixtures were charged with a proper amount of biphenyl (in 0.5
mL of acetonitrile) as internal standard. After thorough mixing, centrifugal separation, the

solution phase of the mixtures was analyzed by UPLC-MS and GC-MS.

Me_ Me 0
COO gm0
O o PPh, Me
Ph,P PPh, < Me ¢ Mg

Xantphos o 1,3-dimesitylimidazolidinium chloride
(R)-Segphos

Parameters used: Ligands: Xantphos, (R)-Segphos, PCys and 1,3-
dimesitylimidazolidinium chloride; Bases: LiO#-Bu, NaO#Bu and KO#-Bu; Additives:
MeOH, -BuOH and i-PrOH; Selvents: THF and toluene.
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mTol - KOt-Bu
mTol - NaCx-8u
m Tol - LiOvBu
THE - KOt-BU
mTHF - Na0TBU

) m THE - LiOtBu
o 0 [ o
T AN Y 4 THE - LiOt-8u
o o
e — - THF - NaOt-Bu
o Q 0 0 L
—_— - -— THF - KOt-Bu
[ 0 0 0
1 -~ y A4 Tol- LiOt8u
0 0 0
- -— - Tol - NaOw-Bu
0 4 0 0 0 0
-_— & = o =~ = Tol - KOt-Bu
MeOH  tBUOH  FPrOH  MeOH  TBUOH  FPrOH  MeOH  ©tBUOH  FPrOH  MeOH  tBUOH  FPrOH
Xamtphos (R)-SEGPHOS PCy3 1,3-Dimesitylim dzolidinium

Figure S1. Graphical representation of the yield of 1,2-diborylated 1,3-diene 1 under

different reaction conditions.

CuCl (5 mol %)

Bpin M
Ligand (5 mol %) pin e
,& By(pin), B”\/\(&
NaOt-Bu (25 mol %) Bpin
i-PrOH (2.5 equiv) 1

THF (100 uL)
No, rt

N'CHy N oHy ) x
( 3 or . ( ) iPe | ot e n S
N ci CHz
HC. oHs x e,

ﬁ
o) ﬁj 2 g@

B iPr HiC
@ "

HiG,_CHs
pa

0.2M 0.5M

CH

HPr
) [’;’ o [Ng‘ @ [ﬁ BFy [)j% BF¢

3 5o
N i N N
@ Hackgng Pr iBu | 0% | | 0% \©/ | 36%

& Y i O
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Ol © [ ] kg L]
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Figure S2. Yield of 1 using various NHC ligands.
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Even though the use of PCys3, NaO#-Bu and MeOH in toluene give comparable yields as
the one obtained with 1,3-dimesitylimidazolidinium chloride, NaO#-Bu, and i-PrOH in
THEF, the former conditions gave product 1 with a 25:1 E/Z ratio whereas with the carbene
based catalyst provides up to >99:1 E/Z in the product as determined by GC-MS. Further
optimization of the process was thus focused on variation of the type of N-heterocyclic

carbene (NHC) ligand (Figure S2).

Entry 1C: Entry 5D: Entry 6C: Entry 6D:
yield: 79% yield: 86% yield: 84% yield: 79%
E/Z = 34:1 E/Z =18:1 E/Z=17A1 E/Z = 51:1

Me Me Q
N® [©)

® ©)
afe e e b

\\nHep \\nPr ?

Figure S3. E/Z ratios using NHC-Cu catalysts that lead to a high yield of diborylated 1,3-
diene 1. The best stereoselectivity is obtained with carbene ligand “ICy" of entry 6D.

3.5.3 Synthesis of the starting materials

Cyclic carbonates (S1-12, S15-36)° and propargylic epoxide (S0)'! were prepared

according to procedures reported in the literature.
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Analytical data for new alkynyl cyclic carbonates S13, S14, S37-40 and S0:

3a-(4-phenylbut-1-yn-1-yl)hexahydrobenzo[d][1.3]dioxol-2-one (S13)

O}- Following the General Procedure C described in section 2.5.3.
O

o Yellowish oil, eluent 2-5 % EtOAc/hexanes. '"H NMR (400 MHz,
Bn, _ZF CDCl3) 6 7.33 —7.27 (m, 2H), 7.24 — 7.19 (m, 3H), 3.98 (dd, /= 12.4,

3.7 Hz, 1H), 2.85 (t, J = 7.2 Hz, 2H), 2.59 (t, J = 7.2 Hz, 2H), 2.22 —
2.15 (m, 1H), 2.08 — 2.00 (m, 1H), 1.89 (td, J= 12.2, 4.1 Hz, 1H), 1.82 — 1.70 (m, 3H),
1.63 — 1.49 (m, 1H), 1.43 — 1.25 (m, 1H); 3C NMR (101 MHz, CDCL) & 154.5, 140.0,
128.5, 128.4, 126.5, 91.3, 85.2, 83.3, 75.3, 34.4, 34.1, 25.7, 23.0, 22.6, 20.8; HRMS
(ESI/TOF) m/z Caled for C17H1sNaOs [M + Na]* 293.1148; Found 293.1147.

3a-(4-phenylbut-1-yn-1-yl)hexahydro-4H-cyclohepta[d][1,3]dioxol-2-one (S14)

Following the General Procedure C described in section 2.5.3.

(@)
>—O Yellowish oil, eluent 2-5 % EtOAc/hexanes. '"H NMR (400 MHz,
© CDCl3) 6 7.33 -7.27 (m, 2H), 7.25 - 7.19 (m, 3H), 4.63 (dd, J=10.2,
=
Bn = 3.7 Hz, 1H), 2.84 (t, J = 7.3 Hz, 2H), 2.56 (t, J= 7.7, 7.1 Hz, 2H),

2.11-1.95 (m, 3H), 1.86 — 1.59 (m, 4H), 1.50 — 1.24 (m, 3H); *C NMR (101 MHz, CDCl;)
§153.5,140.0, 128.5, 128.4, 126.5, 88.7, 86.1, 82.1, 80.3, 36.4, 34.4, 30.2, 30.0, 23.6, 23.3,
20.8; HRMS (ESI/TOF) m/z Calcd for CisH20NaOs [M + Na]* 307.1305; Found 307.1304.

4-methyl-4-(4-phenylbut-1-yn-1-yl)-1.3-dioxan-2-one (S37)

Following the General Procedure C described in section 2.5.3.

)\ Me Yellowish oil, eluent 2-5 % EtOAc/hexanes. '"H NMR (400 MHz,

-0 \\ CDCl3) 6 7.34 —7.28 (m, 2H), 7.25 - 7.17 (m, 3H), 4.47 (ddd, J =

o 12.1,11.0, 3.8 Hz, 1H), 4.31 (ddd, J=11.0, 5.0, 2.1 Hz, 1H), 2.82

(t,J=17.3 Hz, 2H), 2.53 (t, /= 7.1 Hz, 2H), 2.07 (ddd, J = 14.1, 12.1, 5.0 Hz, 1H), 1.98

(ddd, J=14.1, 3.8, 2.1 Hz, 1H), 1.65 (s, 3H); *C NMR (101 MHz, CDCl3) § 148.1, 140.0,

128.5, 126.5, 87.5, 79.1, 76.0, 65.8, 34.4, 33.8, 29.0, 20.7, HRMS (ESI/TOF) m/z Calcd
for CisHisNaO3 [M + Na]* 267.0992; Found 267.0993.
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4-(hex-1-yn-1-y1)-4-methyl-1.3-dioxan-2-one (S38)

Following the General Procedure C described in section 2.5.3.

o )\O Me Yellowish oil, eluent 2-5 % EtOAc/hexanes. '"H NMR (400 MHz,

\\‘ CDCl3) 6 4.73 (ddd, J=10.9, 5.1 Hz, 1H), 4.42 (ddd, J=11.0, 4.5,

2.6 Hz, 1H), 2.22 (t, J="7.0 Hz, 2H), 2.15 — 2.06 (m, 2H), 1.69 (s,

3H), 1.54 — 1.44 (m, 2H), 1.43 — 1.34 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H); *C NMR (101

MHz, CDCl) ¢ 148.2, 88.6, 78.0, 76.1, 66.0, 33.9, 30.3, 29.1, 21.9, 18.2, 13.5; HRMS
(ESI/TOF) m/z Caled for Ci11Hi6NaO3 [M + Na]* 219.0992; Found 219.0990.

4-(5-chloropent-1-yn-1-yl)-4-methyl-1.3-dioxan-2-one (S39)

Following the General Procedure C described in section

)\ Me 2.5.3. Yellowish oil, eluent 2-5 % EtOAc/hexanes. '"H NMR

70N (400 MHz, CDCl3) 8 4.77 — 4.67 (m, 1H), 4.43 (ddd, J=11.0,

“ 4.5,2.8 Hz, 1H), 3.61 (t, J= 6.2 Hz, 2H), 2.44 (t, J= 6.9 Hz,

2H), 2.16 —2.10 (m, 2H), 2.02 — 1.92 (m, 2H), 1.70 (s, 3H); *C NMR (101 MHz, CDCl5)

5 148.1, 86.4, 79.1, 75.9, 65.9, 43.4, 33.8, 30.8, 29.1, 16.0; HRMS (ESI/TOF) m/z Calcd
for C1oH13CINaO3 [M + Na]* 239.0445; Found 239.0457.

4-benzyl-4-((trimethylsilyl)ethynyl)-1.3-dioxolan-2-one (S40)

Following the General Procedure C described in section 2.5.3.

5. O 40 Yellowish oil, eluent 2-5 % EtOAc/hexanes. '"H NMR (500 MHz,
" O CDCls) § 7.36 — 7.28 (m, 5H), 4.42 — 4.34 (m, 2H), 3.22 (s, 2H), 0.18
/\/ (s, 9H); *C NMR (126 MHz, CDCl3) & 153.8, 132.9, 130.9, 128.9,
128.3,100.8,96.3, 78.5, 73.3, 45.3, -0.2; HRMS (ESI/TOF) m/z Calcd

for C1sH1sNaOs3Si [M + Na]* 297.0917; Found 297.0931.
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2-methyl-2-(4-phenylbut-1-yn-1-yl)oxirane (S0)

Prepared according to a literature procedure. The spectral data was
Me

O
/Q identical to those reported in the literature.""' '"H NMR (400 MHz,
Bn_Z CDCl3) § 7.33 — 7.27 (m, 2H), 7.25 — 7.18 (m, 3H), 2.95 (d, J = 5.6
Hz, 1H), 2.82 (t,J= 7.6 Hz, 2H), 2.71 (d, J= 5.6 Hz, 1H), 2.48 (t, J= 7.6 Hz, 2H), 1.52 (s,

2H); BC NMR (101 MHz, CDCls) § 140.5, 128.5, 128.4, 126.3, 82.3, 80.3, 55.5, 47.5,
34.8,23.2,20.9.

3.5.4 General procedure for the (E)-1,2-diborylated 1,3-dienes (1-16)

R3 CuCN (5 mol %)
, ICy-HCI (5 mol %) Bpin R?
R O + Bypi > 3
2(pin)2 AR
_ o’& NaOt-Bu (25 mol %) R’
R Z 0] I-PrOH (2.5 equiv) Bpin
0.20 mmol 0.50 mmol THF (0.2 M)

N,, 50 °C, 18 h

In a N»-filled glove box, a dried 2 mL vial was charged with the respective cyclic
carbonate (1.0 equiv), Ba(pin), (2.5 equiv), NaO#Bu (25 mol %), ICy-HCI (5 mol %),
CuCN (5 mol %), i-PrOH (2.5 equiv), and THF (0.2 M). The reaction mixture was stirred
for 18 h at 50 °C. Hereafter, the solvent was evaporated by a gentle stream of N and the
residue was purified by flash chromatography (as indicated) on silica gel to afford the

corresponding products.
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Analytical data for compounds 1-16:

(E)-2.2'-(2-methyl-6-phenylhexa-1.3-diene-3.4-diyl)bis(4.4.5,5-tetramethyl-1.3.2-dioxa-
borolane) (1)

Colorless solid (61.9 mg, 73% yield). Eluent 1-3 % EtOAc/hexanes. "H
NMR (400 MHz, CDCl3) 6 7.31 — 7.22 (m, 4H), 7.20 — 7.14 (m, 1H),
4.73 (d,J=1.2 Hz, 2H), 2.77 — 2.69 (m, 2H), 2.69 — 2.62 (m, 2H), 1.90
(d, J= 1.1 Hz, 3H), 1.27 (s, 12H), 1.26 (s, 12H); *C NMR (101 MHz,
O CDCl3) 8 150.5,143.0, 128.5,128.2, 125.5, 112.3, 83.2, 83.1, 37.0, 37.0,
24.8, 24.7, 23.2. The carbon centers which are directly attached to the

s

o, O
"7 Me

Bn

\
/

boron atoms were not observed, most likely due to quadrupolar relaxation;, HRMS

(ESUTOF) m/z Caled for C2sH3904!°B!'B [M + H]" 424.3065; Found 424.3066.

(E)-2.2'-(5-methylene-1-phenylnon-3-ene-3.4-diyl)bis(4.4,5.5-tetramethyl-1.3.2-dioxabo-
rolane) (2)

Colorless solid (69.0 mg, 74% yield). Eluent 1-3 % EtOAc/hexanes. "H
d b NMR (400 MHz, CDCl3) & 7.33 — 7.21 (m, 4H), 7.21 — 7.14 (m, 1H),
B nBu 482 478 (m, 1H), 4.73 — 4.71 (m, 1H), 2.77 — 2.70 (m, 2H), 2.68 —
2.61 (m, 2H), 2.22 — 2.14 (m, 2H), 1.47 — 1.33 (m, 4H), 1.26 (s, 12H),
O 1.26 (s, 12H), 0.92 (t, J = 7.2 Hz, 3H); *C NMR (101 MHz, CDCl3) &
154.6, 143.0, 128.5, 128.1, 125.5, 110.6, 83.1, 37.3, 37.0, 36.0, 30.0,
24.8,24.7,22.6, 14.0. The carbon centers which are directly attached to the boron atoms

s

Bn

:

\
/

were not observed, most likely due to quadrupolar relaxation; HRMS (ESI/TOF) m/z Caled
for C2sHas04'°B!'B [M + H]* 466.3535; Found 466.3537.
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(E)-2.2'-(2-benzyl-6-phenylhexa-1.3-diene-3.4-diyl)bis(4.4,5,5-tetramethyl-1,3,2-dioxa-
borolane) (3)

Colorless solid (68.0 mg, 68% yield). Eluent 1-3 % EtOAc/hexanes. 'H
#O_OP NMR (400 MHz, CDCl3) 6 7.33 — 7.15 (m, 10H), 4.84 (dd, /=22, 1.2
Bn

154.6,142.9,140.0,130.1, 128.6, 128.2, 128.0, 125.7,125.5, 112.3, 83.3,

Hz, 1H), 4.33 (q, J = 1.8 Hz, 1H), 3.50 (d, J = 1.6 Hz, 2H), 2.79 — 2.65

BnM (m, 4H), 1.27 (s, 12H), 1.26 (s, 12H); 3C NMR (101 MHz, CDCls) &
o™

% 83.2,42.4,37.0,37.0,24.9, 24.7. The carbon centers which are directly

attached to the boron atoms were not observed, most likely due to quadrupolar relaxation;

HRMS (ESI/TOF) m/z Caled for C31Ha304''B2 [M + H]" 501.3342; Found 501.3335.

(E)-2.,2'-(9-chloro-5-methylene-1-phenylnon-3-ene-3.,4-diyDbis(4.4,5,5-tetramethyl-1,3,2-

dioxaborolane) (4)

Colorless solid (74.0 mg, 74% yield). Eluent 1-3 %
EtOAc/hexanes. "H NMR (400 MHz, CDCl3) § 7.31 — 7.20

o._.O
B (m, 4H), 7.20 — 7.14 (m, 1H), 4.83 — 4.80 (m, 1H), 4.74 —
Cl
Bn” 4.70 (m, 1H), 3.55 (t, J = 6.9 Hz, 2H), 2.77 — 2.69 (m, 2H),
o0 2.68 —2.60 (m, 2H), 2.21 (t, J=7.5 Hz, 2H), 1.89 — 1.79 (m,

2H), 1.64 — 1.52 (m, 2H), 1.26 (s, 12H), 1.25 (s, 12H); BC
NMR (101 MHz, CDCls) 6 153.6, 142.8, 128.6, 128.1, 125.5, 111.3, 83.2,45.2, 37.3, 37.0,
35.4,32.3, 25.0, 24.8, 24.7. The carbon centers which are directly attached to the boron
atoms were not observed, most likely due to quadrupolar relaxation; HRMS (ESI/TOF)
m/z Calcd for C2sHa4C104'°B; [M + H]* 499.3181; Found 499.3176.
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(E)-2.2'-(4-benzylpenta-2.4-diene-2,3-diyl)bis(4.4.5.5-tetramethyl-1.3.2-dioxaborolane)

(5

Colorless solid (45.1 mg, 55% yield). Eluent 1-3 % EtOAc/hexanes. 'H
NMR (400 MHz, CDCl3) 6 7.31 — 7.23 (m, 4H), 7.21 — 7.15 (m, 1H), 4.84
—4.76 (m, 1H), 4.33 —4.27 (m, 1H), 3.47 (t,J= 1.6 Hz, 2H), 2.00 (s, 3H),
1.28 (s, 12H), 1.22 (s, 12H); '*3C NMR (101 MHz, CDCls) & 154.6, 140.0,
130.0, 128.0, 125.7, 112.2, 83.2,42.4, 24.8, 24.6, 20.0. The carbon centers

which are directly attached to the boron atoms were not observed, most

likely due to quadrupolar relaxation; HRMS (ESI/TOF) m/z Calcd for C24H3¢NaO4'’B!'B
[M + Na]*"432.2728; Found 432.2735.

(E)-2.2'-(2-benzylocta-1,3-diene-3.4-diyl)bis(4.4.5.5-tetramethyl-1.3.2-dioxaborolane) (6)

Colorless solid (68.8 mg, 76% yield). Eluent 1-3 % EtOAc/hexanes. '"H
NMR (400 MHz, CDCl3) 6 7.32 —7.22 (m, 4H), 7.21 — 7.16 (m, 1H), 4.84
—4.78 (m, 1H), 4.31 — 4.25 (m, 1H), 3.47 (s, 2H), 2.43 — 2.37 (m, 2H),
1.46 —1.32 (m, 4H), 1.27 (s, 12H), 1.23 (s, 12H), 0.92 (t,J= 7.1 Hz, 3H);
3C NMR (101 MHz, CDCls) § 154.5, 140.0, 130.1, 127.9, 125.7, 112.1,
83.1, 42.5, 34.3, 32.5, 24.8, 24.7, 22.7, 14.0. The carbon centers which

are directly attached to the boron atoms were not observed, most likely due to quadrupolar

relaxation; HRMS (ESI/TOF) m/z Calcd for C27Hs304'°B''B [M + H]" 452.3378; Found

452.3376.
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(E)-2.2'-(2-benzyl-8-chloroocta-1.3-diene-3.4-diyl)bis(4.4.5,5-tetramethyl-1,3,2-dioxabo-

rolane) (7)
O. .
B Bn
ci N
/B\
o 0

Colorless solid (68.1 mg, 70% yield). Eluent 1-3 %
EtOAc/hexanes. "H NMR (400 MHz, CDCl3) § 7.30 — 7.22 (m,
4H), 7.21 — 7.15 (m, 1H), 4.83 —4.76 (m, 1H), 4.35 — 4.29 (m,
1H), 3.56 (t, J = 6.8 Hz, 2H), 3.50 — 3.43 (m, 2H), 2.46 — 2.40
(m, 2H), 1.82 — 1.73 (m, 2H), 1.62 — 1.52 (m, 2H), 1.27 (s, 12H),
1.22 (s, 12H); 3C NMR (101 MHz, CDCl3) § 154.4, 139.9,

130.1, 128.0, 125.7, 112.3, 83.2, 83.2, 77.4, 77.0, 76.7, 45.1, 42.5, 33.5, 32.2, 27.2, 24.8,

24.7. The carbon centers which are directly attached to the boron atoms were not observed,
most likely due to quadrupolar relaxation; HRMS (ESI/TOF) m/z Calcd for
C27H4C104!°B; [M + H]" 485.3025; Found 485.3018.

(E)-((5-benzyl-3.4-bis(4.4.5.5-tetramethyl-1.3.2-dioxaborolan-2-yl)hexa-3.5-dien-1-yl)-

oxy)(tert-butyl)dimethylsilane (8)

o__0

TBDMS<
o N

Colorless solid (47.7 mg, 43% vyield). Eluent 1-3 %
EtOAc/hexanes. '"H NMR (400 MHz, CDCl3) § 7.31 —7.21 (m,
4H), 7.21 — 7.15 (m, 1H), 4.82 — 4.74 (m, 1H), 4.32 — 4.22 (m,
1H), 3.69 — 3.59 (m, 2H), 3.50 — 3.42 (m, 2H), 2.72 — 2.61 (m,
2H), 1.27 (s, 12H), 1.22 (s, 12H), 0.91 (s, 9H), 0.07 (s, 6H);
BC NMR (101 MHz, CDCls) § 154.5, 139.9, 130.1, 128.0,

125.7, 112.2, 83.2, 83.2, 63.4, 42.4, 38.2, 26.1, 24.8, 24.7, 18.5, -5.1. The carbon centers

which are directly attached to the boron atoms were not observed, most likely due to
quadrupolar relaxation; HRMS (ESI/TOF) m/z Calcd for C31Hs:NaOsSi'°B''B [M + Na]*
576.3699; Found 576.3693.
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(E)-2.2'-(2-methylhexa-1,3-diene-3.4-diyl)bis(4.4.5.5-tetramethyl-1.3.2-dioxaborolane) (9)

Colorless solid (45.3 mg, 65% yield). Eluent 1-3 % EtOAc/hexanes. "H
NMR (400 MHz, CDCl3) 6 4.73 — 4.64 (m, 2H), 2.37 (q, J = 7.5 Hz, 2H),

o0
B Me 186 (t,J=1.1 Hz, 3H), 1.25 (s, 12H), 1.23 (s, 12H), 1.02 (t, J = 7.6 Hz,
NS
Et 3H); 3C NMR (101 MHz, CDCl3) 3 150.4, 112.2, 83.1, 83.0, 27.7, 24.7,
O/ N

O 24.7, 23.2, 14.7. The carbon centers which are directly attached to the
boron atoms were not observed, most likely due to quadrupolar relaxation;

HRMS (ESI/TOF) m/z Caled for C19H3504!°B!''B [M + Na]* 348.2752; Found 348.2756.

(E)-2.2'-(16-(benzyloxy)-7-methylenehexadec-5-ene-5,6-diyl)bis(4.4.5.5-tetramethyl-
1,3.2-dioxaborolane) (10)

Colorless solid (60.6 mg, 51% yield). Eluent
% 1-3 % EtOAc/hexanes. '"H NMR (400 MHz,

CDCl3) 6 7.34 (d, J=4.4 Hz, 4H), 7.30 — 7.26

B
Bno/\/\/\/\/\ﬂ)\/” Y (m, 1H), 4.78 — 4.74 (m, 1H), 4.68 — 4.66 (m,
B

o o 1H),4.50 (s, 2H), 3.46 (t,J= 6.7 Hz, 2H), 2.38

% —2.30 (m, 2H), 2.12 (t, J = 7.8 Hz, 2H), 1.66

— 1.55 (m, 2H), 1.45 — 1.26 (m, 16H), 1.25 (s, 12H), 1.21 (s, 12H), 0.90 (t, J= 7.1 Hz, 3H);
13C NMR (101 MHz, CDCLs) 8 154.5, 138.7, 128.3, 127.6, 127.4, 110.4, 83.0, 82.9, 72.8,
70.6, 36.4, 34.6, 32.6, 29.8, 29.6, 29.6, 29.5, 27.8, 26.2, 24.8, 24.7, 22.8, 14.0. The carbon

o, O

\B/

centers which are directly attached to the boron atoms were not observed, most likely due
to quadrupolar relaxation; HRMS (ESI/TOF) m/z Calcd for C3sHsoNaOs'°B!'B [M + Na]*
616.4555; Found 616.4563.
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(E)-2.2'-(14-bromo-5-methylene-1-phenyltetradec-3-ene-3.4-diyl)bis(4.4,5,5-tetramethyl-
1.3.2-dioxaborolane) (11)

% Colorless solid (73.7 mg, 60% yield). Eluent
1-3 % EtOAc/hexanes. "TH NMR (400 MHz,

CDCl3) 6 7.32—7.22 (m, 4H), 7.20 - 7.14 (m,

Br/\/\/\/\/\ﬁ\(\Bn 1H), 4.82 —4.77 (m, 1H), 4.74 — 4.69 (m, 1H),
0 B 0 3.41 (t,J= 6.9 Hz, 2H), 2.80 — 2.69 (m, 2H),

% 2.69—-2.60 (m,2H),2.20—2.13 (m, 2H), 1.92

—1.81 (m, 2H), 1.50 — 1.40 (m, 4H), 1.32 (s, 8H), 1.26 (s, 12H), 1.25 (s, 12H); *C NMR
(101 MHz, CDCl3) 6 154.5, 142.9, 128.5, 128.2, 125.5, 110.6, 83.1, 37.3, 37.0, 36.4, 34.0,
32.9,29.5,29.5,28.8,28.2,27.8,24.8,24.7. The carbon centers which are directly attached

to the boron atoms were not observed, most likely due to quadrupolar relaxation, HRMS

(ESI/TOF) m/z Caled for C33Hs4BrO4!'Bz [M + H]" 615.3386; Found 615.3397.

(E)-2.2'-(1-chloro-6-methylenetetradec-4-ene-4.5-diyl)bis(4.,4,5,5-tetramethyl-1.3.2-
dioxaborolane) (12)

Colorless solid (59.3 mg, 60% yield). Eluent 1-
w 3 % EtOAc/hexanes. '"H NMR (400 MHz

B CDCl) 6 4.76 — 4.72 (m, 1H), 4.69 — 4.66 (m,
/\/\/\/\Kﬁ/\/\u 1H), 3.53 (t, J = 7.0 Hz, 2H), 2.41 — 2.51 (m,
O’B‘O 2H), 2.11 (t, J= 7.7 Hz, 2H), 1.95 — 1.85 (m,

% 2H), 1.35—1.45 (m, 2H), 1.25 - 1.33 (m, 10H),

1.25 (s, 12H), 1.21 (s, 12H), 0.91 — 0.83 (m,

3H); 3C NMR (101 MHz, CDCl3) § 154.4, 110.6, 83.2, 83.1, 45.1, 36.3, 33.3, 32.1, 31.9,
29.5,29.5,29.3,27.8,24.8,24.7,22.7, 14.1. The carbon centers which are directly attached
to the boron atoms were not observed, most likely due to quadrupolar relaxation, HRMS

(ESI/TOF) m/z Caled for C27HsoClO4''B2 [M + H]* 495.3578; Found 495.3580.
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(E)-2.2'-(1-(cyclohex-1-en-1-yl)-4-phenylbut-1-ene-1,2-diyl)bis(4.4.5,5-tetramethyl-

1.3.2-dioxaborolane) (13)

o, O

\B/

Bn N

Colorless solid (14.9 mg, 16% yield). Eluent 1-3 % EtOAc/hexanes.
"H NMR (400 MHz, CDCl3) § 7.29 — 7.13 (m, 5H), 5.41 — 5.35 (m,
1H), 2.75 — 2.66 (m, 2H), 2.62 — 2.53 (m, 2H), 2.16 — 2.06 (m, 2H),
2.06 —1.99 (m, 2H), 1.67 — 1.59 (m, 2H), 1.57 — 1.52 (m, 2H), 1.26 (s,
12H), 1.24 (s, 12H); 3C NMR (101 MHz, CDCl3) § 143.9, 143.1,
128.5,128.1, 125.5,122.2,83.0,37.5,37.1,28.9,25.5,24.9,24.8,22.8,

22.2. The carbon centers which are directly attached to the boron atoms were not observed,

most likely due to quadrupolar relaxation; HRMS (ESI/TOF) m/z Calcd for CasHa304''B,
[M + H]J" 465.3342; Found 465.3342.

(E)-2.2'-(1-(cyclohept-1-en-1-yl)-4-phenylbut-1-ene-1,2-diyl)bis(4.4.5.5-tetramethyl-

1.3.2-dioxaborolane) (14)

O. B,O
Bn NS

d

Colorless solid (14.4 mg, 15% yield). Eluent 1-3 % EtOAc/hexanes.
'"H NMR (400 MHz, CDCl3) & 7.28 — 7.14 (m, 5H), 5.58 (t, J = 6.4
Hz, 1H), 2.74 — 2.68 (m, 2H), 2.58 — 2.52 (m, 2H), 2.24 — 2.19 (m,
2H), 2.13 - 2.07 (m, 2H), 1.77 - 1.71 (m, 2H), 1.63 — 1.58 (m, 2H),
1.56 — 1.49 (m, 2H), 1.26 (s, 12H), 1.25 (s, 12H); *C NMR (101
MHz, CDCl) 8 150.3, 143.2, 128.5, 128.1, 127.3, 125.5, 83.1, 83.1,

37.5,37.2,33.6,32.8, 29.1, 26.9, 26.7, 24.9, 24.8. The carbon centers which are directly

attached to the boron atoms were not observed, most likely due to quadrupolar relaxation;

HRMS (ESI/TOF) m/z Caled for C20Hs504!°B2 [M + H]" 477.3571; Found 477.3568.
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2.2'-((3E.5E)-5-methyl-1-phenylhepta-3,5-diene-3.,4-diyl)bis(4.4.5.5-tetramethyl-1.3,2-
dioxaborolane) (15)

Colorless solid (25.4 mg, 29% yield). Eluent 1-3 % EtOAc/hexanes.
"H NMR (400 MHz, CDCl3) § 7.29 — 7.14 (m, 5H), 5.26 — 5.17 (m,
1H), 2.74 — 2.68 (m, 2H), 2.63 — 2.57 (m, 2H), 1.76 — 1.71 (m, 3H),
1.62 — 1.56 (m, 3H), 1.25 (s, 12H), 1.24 (s, 12H); *C NMR (101
0" o MHz, CDCl3) 8 143.1, 142.1, 128.5, 128.1, 125.5, 120.1, 83.1, 83.0,

37.3, 37.1, 24.8, 24.8, 16.6, 13.8. The carbon centers which are

directly attached to the boron atoms were not observed, most likely due to quadrupolar

relaxation; HRMS (ESI/TOF) m/z Caled for C26Ha104''B> [M + H]* 439.3185 Found
439.3185.

(E)-2.2'-(2-cyclohexyl-6-phenylhexa-1.3-diene-3.4-diyl)bis(4.4,5.5-tetramethyl-1,3.2-
dioxaborolane) (16)

Colorless solid (24.6 mg, 25% yield). Eluent 1-3 % EtOAc/hexanes. 'H
NMR (400 MHz, CDCl3) 6 7.29 — 7.14 (m, 5H), 4.84 — 4.80 (m, 1H),

o.0
Cy 4.71-4.67 (m, 1H), 2.76 — 2.70 (m, 2H), 2.65 — 2.58 (m, 2H), 2.03 —
Bia 1.87 (m, 3H), 1.81 — 1.63 (m, 3H), 1.25 (s, 12H), 1.25 (s, 12H), 1.20 —
=N

o Yo 1.06 (m, 5H); *C NMR (101 MHz, CDCl3) § 159.1, 143.0, 128.5, 128.1
125.5, 109.0, 83.2, 83.1, 43.2, 37.4, 37.0, 32.4, 27.0, 26.5, 24.8, 24.7.

The carbon centers which are directly attached to the boron atoms were

B

not observed, most likely due to quadrupolar relaxation; HRMS (ESI/TOF) m/z Calcd for
C30H4704!'B2 [M + H]" 493.3655; Found 493.3661.
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3.5.5 General procedure for the synthesis of a-hydroxyallenes (17-39)

RS CUuCN (5 mol %) ,
ICy-HCI (5 mol % R
R2 0 + B2(neop)2 Y ( D) > OH
Vi 0%0 NaOt-Bu (25 mol %)  RL_C
R? i-PrOH (2.5 equiv) \f RS
0.20 mmol 0.24 mmol THF (0.2 M) H
Ny, rt, 16 h

In a N»-filled glove box, a dried 2 mL vial was charged with the respective cyclic
carbonate (1.0 equiv), B2(neop): (1.2 equiv), NaOz-Bu (25 mol %), ICy-HCI (5 mol %),
CuCN (5 mol %), i-PrOH (2.5 equiv) and THF (0.2 M as final concentration). The reaction
mixture was stirred for 16 h at r.t. Hereafter, the solvent was evaporated by a gentle stream
of N> and the residue was purified by flash chromatography on silica gel (eluent indicated

per case) to afford the corresponding products.
Analytical data for compounds 17-39:

2-methyl-6-phenylhexa-2.3-dien-1-0l (17)

Me Colorless oil (24.9 mg, 66% yield). Eluent 2-5 % EtOAc/hexanes.

C OH 'H NMR (400 MHz, CDCl3) § 7.33 — 7.27 (m, 2H), 7.24 — 7.16
Bn/\f

4 (m, 3H), 5.35—5.24 (m, 1H), 3.91 — 3.83 (m, 2H), 2.82 — 2.68 (m,

2H), 2.46 — 2.29 (m, 2H), 1.64 (d, J = 2.9 Hz, 3H), 1.20 (s, 1H);

BC NMR (101 MHz, CDCl3) § 199.7, 141.6, 128.5, 128.3, 125.9, 101.0, 93.3, 63.8, 35.1,

30.4, 15.6; HRMS (ESI/TOF) m/z Calcd for C13HigNaO [M + Na]" 211.1093; Found
211.1088.
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2-butyl-6-phenylhexa-2.3-dien-1-o0l (18)

Colorless oil (33.2 mg, 72% yield). Eluent 2-5 % EtOAc/hexanes.
OH 'H NMR (400 MHz, CDCls) § 7.34 — 7.27 (m, 2H), 7.23 — 7.16
5 C

n/\f (m, 3H), 5.40 — 5.32 (m, 1H), 3.94 — 3.85 (m, 2H), 2.82 — 2.68 (m,

2H),2.48 —2.29 (m, 2H), 1.96 — 1.87 (m, 2H), 1.44 — 1.28 (m, 4H),

1.26 — 1.15 (m, 1H), 0.95 — 0.84 (m, 3H); *C NMR (101 MHz, CDCl3) § 199.2, 141.6,

128.5,128.3,125.9,106.2, 94.6, 63.0, 35.3, 30.6, 29.8, 29.0, 22.4, 13.9; HRMS (ESI/TOF)
m/z Caled for C1sH22NaO [M + Na]* 253.1563; Found 253.1569.

nBu

2-benzyl-6-phenylhexa-2.3-dien-1-0l (19)

Bn Colorless oil (31.2 mg, 59% yield). Eluent 2-5 % EtOAc/hexanes.

c OH 'H NMR (400 MHz, CDCls) § 7.33 — 7.27 (m, 4H), 7.25 — 7.14
Bn/\f (m, 6H), 5.38 — 5.30 (m, 1H), 3.96 — 3.86 (m, 2H), 3.30 (d, /= 2.5
Hz, 2H), 2.73 — 2.63 (m, 2H), 2.42 — 2.26 (m, 2H), 1.31 — 1.14 (m, 1H); *C NMR (101
MHz, CDCl3) 6 200.6, 141.6, 139.2, 128.9, 128.5, 128.3, 128.3, 126.3, 126.0, 105.5, 94.2,
62.5,36.6, 35.2, 30.5; HRMS (ESI/TOF) m/z Calcd for C19H20NaO [M + Na]" 287.1406;

Found 287.1419.

2-(4-chlorobutyl)-6-phenylhexa-2.3-dien-1-0l (20)

HO Colorless oil (38.1 mg, 72% yield). Eluent 2-5 %
;\/\/\ EtOAc/hexanes. '"TH NMR (400 MHz, CDCl3) § 7.33 —
Bn/\‘fC cl 7.27 (m, 2H), 7.23 — 7.17 (m, 3H), 5.40 — 5.33 (m, 1H),
H 3.89 (t, J = 2.4 Hz, 2H), 3.52 (t, J = 6.7 Hz, 2H), 2.79 —

2.71 (m, 2H), 2.46 — 2.33 (m, 2H), 1.98 — 1.91 (m, 2H), 1.83 — 1.74 (m, 2H), 1.56 — 1.46
(m, 2H), 1.21 (s, 1H); 3C NMR (101 MHz, CDCls) § 199.4, 141.5, 128.5, 128.3, 126.0,
105.4, 94.8, 63.0, 44.9, 35.2, 32.2, 30.5, 28.4, 24.8; HRMS (ESI/TOF) m/z Caled for
C16H21CINaO [M + Na]* 287.1173; Found 287.1165.
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2-benzylpenta-2.3-dien-1-ol (21a)

Bn Colorless oil (20.9 mg, 60% yield). Eluent 2-5 % EtOAc/hexanes.

Me. ..C OH 'HNMR (400 MHz, CDCl3) § 7.32 — 7.26 (m, 2H), 7.25 — 7.18 (m,

Y 3H), 5.36 — 5.22 (m, 1H), 4.07 — 3.94 (m, 2H), 3.36 (d, /=2.4 Hz,

: 2H), 1.67 (d, J = 7.0 Hz, 3H), 1.62 — 1.48 (m, 1H); *C NMR (101

MHz, CDCl;) ¢ 201.1, 139.3, 128.8, 128.3, 126.3, 104.3, 89.6, 62.5, 36.7, 14.7; HRMS
(ESI/TOF) m/z Caled for Ci2His [M - OH]" 157.1012; Found 157.1009.

2-phenylbuta-2.3-dien-1-o0l (21b)?°

C¢ Yellowish oil (14.0 mg, 48% yield). Eluent 2-5 % EtOAc/hexanes. The
HO spectral data was identical to those reported in the literature. "H NMR
(400 MHz, CDCls) & 7.46 — 7.41 (m, 2H), 7.38 — 7.32 (m, 2H), 7.27 —
7.22 (m, 1H), 5.25 (t, J = 2.7 Hz, 2H), 4.58 (t, J = 2.7 Hz, 2H), 1.71 (s,

1H); *C NMR (101 MHz, CDCls) 8 207.6, 133.8, 128.6, 127.2, 126.1, 106.0, 80.3, 61.5.

2-benzylocta-2.3-dien-1-o0l (22)

Bn Colorless oil (25.1 mg, 58% yield). Eluent 2-5 % EtOAc/hexanes.

TBu. C OH 'H NMR (400 MHz, CDCl3) § 7.33 — 7.26 (m, 2H), 7.25 — 7.18 (m,

Y 3H), 5.35 -5.26 (m, 1H), 4.01 (t, J=2.7 Hz, 2H), 3.36 (d, J=2.5

: Hz, 2H), 2.05 — 1.95 (m, 2H), 1.54 — 1.45 (m, 1H), 1.39 — 1.25 (m,

4H), 0.95 — 0.82 (m, 3H); 3C NMR (101 MHz, CDCls) § 200.2, 139.3, 128.9, 128.3,

126.3, 104.8, 95.2, 62.6, 36.7, 31.4, 28.8, 22.1, 13.9; HRMS (ESI/TOF) m/z Calcd for
Ci5H20NaO [M + Na]* 239.1406; Found 239.1401.
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2-benzyl-8-chloroocta-2,3-dien-1-ol (23)

Bn Colorless oil (26.1 mg, 52% yield). Eluent 2-5 %

cl c OH EtOAc/hexanes. 'TH NMR (400 MHz, CDCl3) § 7.32 —

\/\/Y 7.26 (m, 2H), 7.24 — 7.18 (m, 3H), 5.35 — 5.22 (m, 1H),

: 4.08 —3.96 (m, 2H), 3.50 (t,J= 6.6 Hz, 2H), 3.36 (d, J =

2.6 Hz, 2H), 2.08 — 1.95 (m, 2H), 1.78 — 1.68 (m, 2H), 1.60 — 1.54 (m, 1H), 1.53 — 1.44 (m,

2H); '3C NMR (101 MHz, CDCl5) § 200.5, 139.1, 128.9, 128.3, 126.3, 105.4, 94.4, 62.7,

44.9, 36.6, 31.8, 28.2, 26.3; HRMS (ESI/TOF) m/z Calcd for CisH19CINaO [M + Na]”
273.1017; Found 273.1009.

2-benzyl-6-((tert-butyldimethylsilyl)oxy)hexa-2,3-dien-1-ol (24)

Bn Colorless oil (28.0 mg, 44% yield). Eluent 2-5 %
TBDMS/O\/YCJ\/OH EtOAc/hexanes. "TH NMR (400 MHz, CDCls) § 7.31
—7.26 (m, 2H), 7.24 — 7.18 (m, 3H), 5.37 — 5.30 (m,

1H), 4.00 (d, J = 3.1 Hz, 2H), 3.70 — 3.56 (m, 2H),
3.39 — 3.29 (m, 2H), 2.25 — 2.14 (m, 2H), 1.84 (s, 1H), 0.89 (s, 9H), 0.06 (s, 3H), 0.06 (s,
3H); 3C NMR (101 MHz, CDCls) § 200.7, 139.2, 128.8, 128.3, 126.3, 105.4, 92.0, 62.6,
62.1,36.5,32.6, 26.0, 18.4, -5.2, -5.3; HRMS (ESI/TOF) m/z Calcd for C1oH30NaO,Si [M
+Na]* 341.1907; Found 341.1902.

2-methylhexa-2,3-dien-1-ol (25)?!

Me Colorless oil (11.2 mg, 50% yield). Eluent 2-5 % EtOAc/hexanes.
Et C)\/OH Note: this compound was previously reported. '"H NMR (400 MHz,

CDCl3) 6 5.42 — 5.33 (m, 1H), 4.05 — 3.97 (m, 2H), 2.09 — 2.00 (m,
2H), 1.76 — 1.71 (m, 3H), 1.57 (s, 1H), 1.02 (t, J = 7.4 Hz, 3H); *C

NMR (101 MHz, CDCls) 6 198.7, 101.3, 96.3, 63.9, 22.3, 15.8, 13.5.
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11-(benzyloxy)-2-(hex-1-en-1-ylidene)undecan-1-0l (26)

HO Colorless oil (48.0 mg, 67% yield). Eluent 2-
;\/\/\/\/\/OBn 5 % EtOAc/hexanes. "H NMR (400 MHz,
”B“YC CDCls) 8 7.37 —7.32 (m, 4H), 7.30 — 7.25 (m,
H 1H), 5.38 — 5.28 (m, 1H), 4.50 (s, 2H), 4.05 —
3.94 (m, 2H), 3.46 (t, J = 6.6 Hz, 2H), 2.07 — 1.99 (m, 2H), 1.99 — 1.93 (m, 2H), 1.66 —
1.56 (m, 3H), 1.46 — 1.26 (m, 16H), 0.94 — 0.87 (m, 3H); 3C NMR (101 MHz, CDCl3)
198.8, 138.7,128.3, 127.6, 127.5,105.7,95.7,72.9, 70.5, 63.1, 31.5, 29.8, 29.6, 29.5, 29 4,
29.4,29.3,29.0,27.7,26.2,22.2, 13.9; HRMS (ESI/TOF) m/z Calcd for C24H3sNaO> [M
+Na]* 381.2764; Found 381.2752.

11-bromo-2-(4-phenylbut-1-en-1-ylidene)undecan-1-ol (27)

HO Colorless oil (54.6 mg, 72% yield). Eluent 2-
J\/\/\/\/\/Br 5 % EtOAc/hexanes. '"H NMR (400 MHz,
C
Bn/\f CDCl3) 6 7.33 - 7.27 (m, 2H), 7.23 = 7.17 (m,
H

3H), 5.40 — 5.32 (m, 1H), 3.94 — 3.85 (m, 2H),
3.40 (t, J = 6.9 Hz, 2H), 2.82 — 2.67 (m, 2H), 2.46 — 2.28 (m, 2H), 1.97 — 1.89 (m, 2H),
1.88 — 1.80 (m, 2H), 1.47 — 1.35 (m, 2H), 1.34 — 1.25 (m, 10H); 3C NMR (101 MHz,
CDCls) § 199.2, 141.6, 128.5, 128.3, 126.0, 106.2, 94.6, 63.0, 35.3, 34.0, 32.8, 30.6, 29.4,
29.4,29.3,29.3, 28.8, 28.2, 27.6; HRMS (ESI/TOF) m/z Calcd for C21Hz BrNaO [M +
Na]* 401.1450; Found 401.1466.
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2-cyclohexyl-6-phenylhexa-2,3-dien-1-0l (28)

Cy Colorless oil (34.9 mg, 68% yield). Eluent 2-5 % EtOAc/hexanes.

CJ\/OH "H NMR (400 MHz, CDCl3) § 7.33 —7.27 (m, 2H), 7.23 — 7.16 (m,

Bn/Y 3H), 5.46 — 5.35 (m, 1H), 4.01 — 3.88 (m, 2H), 2.75 (t, /= 7.4 Hz,

: 2H),2.45-2.31 (m, 2H), 1.82 - 1.69 (m, 5H), 1.68 — 1.62 (m, 1H),

1.29 — 1.03 (m, 6H); 3C NMR (101 MHz, CDCls) § 198.7, 141.6, 128.5, 128.3, 125.9,

112.0, 95.6, 61.7, 37.9, 35.2, 32.5, 32.3, 30.7, 26.4, 26.4, 26.2; HRMS (ESI/TOF) m/z
Calcd for C1gH24NaO [M + Na]" 279.1719; Found 279.1716.

2-(4-phenylbut-1-en-1-ylidene)cycloheptan-1-ol (29)

HO Colorless oil (28.1 mg, 58% yield). Eluent 2-5 % EtOAc/hexanes.

D '"H NMR (400 MHz, CDCl3) § 7.33 — 7.27 (m, 2H), 7.24 — 7.17 (m,

Bn/YC 3H), 5.39 - 5.28 (m, 1H), 4.19 —4.07 (m, 1H), 2.86 — 2.69 (m, 2H),

H 2.44-2.30 (m, 2H),2.26 —2.17 (m, 1H), 2.11 —2.01 (m, 1H), 2.00

—1.90 (m, 1H), 1.69 — 1.44 (m, 7H), 1.40 — 1.31 (m, 1H); *C NMR (101 MHz, CDCls) §

200.4, 141.6, 128.5, 128.3, 126.0, 110.3,93.5, 71.6, 36.7, 35.3, 30.8, 29.2, 29.1, 29.0, 23.8;
HRMS (ESI/TOF) m/z Calcd for Ci7H2NaO [M + Na]* 265.1563; Found 265.1562.

3-methyl-7-phenylhepta-3.4-dien-2-0l (30)

HO. _Me Colorless oil (27.1 mg, 67% yield). Eluent 2-5 % EtOAc/hexanes. 'H

NMR (400 MHz, CDCl3) 6 7.32 - 7.27 (m, 2H), 7.22 — 7.17 (m, 3H),

Bn/\‘fC Me 5.32-5.23 (m, 1H), 4.10 —4.00 (m, 1H), 2.81 —2.67 (m, 2H), 2.44 —

H 2.27 (m, 2H), 1.68 — 1.61 (m, 3H), 1.47 — 1.41 (m, 1H), 1.21 (d, J =

6.4 Hz, 3H); *C NMR (101 MHz, CDCl3) § 199.3, 141.7, 128.5, 128.3, 125.9, 105.0, 93.1,

68.5, 35.2, 30.5, 21.9, 15.1; HRMS (ESI/TOF) m/z Caled for CisHisNaO [M + Na]*
225.1250; Found 225.1249.
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2.3-dimethyl-7-phenylhepta-3.4-dien-2-o0l (31)

Colorless oil (32.9 mg, 76% yield). Eluent 2-5 % EtOAc/hexanes.

OH 'H NMR (400 MHz, CDCls) § 7.32 — 7.27 (m, 2H), 7.23 — 7.17

/Y Me Me (m,3H),5.29-5.21(m, 1H),2.79—-2.68 (m, 2H), 2.42 —2.29 (m,

2H), 1.69 (d, J = 2.9 Hz, 3H), 1.53 (s, 1H), 1.28 (s, 3H), 1.28 (s,

3H); 3C NMR (101 MHz, CDCls) § 198.9, 141.7, 128.5, 128.4, 125.9, 108.2, 92.7, 70.8,

35.2, 30.6, 28.8, 28.6, 14.9; HRMS (ESI/TOF) m/z Calcd for CisH20NaO [M + Na]”
239.1406; Found 239.1403.

Me

4-ethyl-8-phenylocta-4,5-dien-3-0l (32)

HO. _gt Colorless oil (34.1 mg, 74% yield). Eluent 2-5 % EtOAc/hexanes. 'H

NMR (400 MHz, CDCl3) & 7.33 — 7.27 (m, 2H), 7.23 — 7.17 (m, 3H),

Bn/\fC Et 5.47 —5.33 (m, 1H), 3.92 — 3.82 (m, 1H), 2.79 — 2.69 (m, 2H), 2.45 —

H 2.29 (m, 2H), 2.00 — 1.87 (m, 2H), 1.68 — 1.56 (m, 1H), 1.50 — 1.36 (m,

2H), 1.00 — 0.95 (m, 3H), 0.89 (t, J= 7.4 Hz, 3H); *C NMR (101 MHz, CDCls) § 199.2,

141.7, 128.5, 128.3, 125.9, 110.7, 95.4, 73.1, 35.5, 31.0, 28.4, 21.7, 12.3, 9.5; HRMS
(ESI/TOF) m/z Calcd for C1sH22NaO [M + Na]* 253.1563; Found 253.1566.

2-benzyl-4-cyclohexylbuta-2.3-dien-1-0l (33)

Colorless oil (33.0 mg, 68% yield). Eluent 2-5 % EtOAc/hexanes. 'H
OH NMR (400 MHz, CDCl3) 6 7.31 —7.26 (m, 2H), 7.25 - 7.18 (m, 3H),

5.35-5.25 (m, 1H), 4.01 (t,J=2.6 Hz, 2H), 3.36 (d, /= 2.6 Hz, 2H),

2.00-1.89 (m, 1H), 1.76 — 1.58 (m, 5H), 1.52 (s, 1H), 1.33 - 1.11 (m,
3H), 1.07 —0.94 (m, 2H); *C NMR (101 MHz, CDCl5) § 198.9, 139.2, 129.0, 128.3, 126.2,
105.9, 101.5, 62.6, 37.5, 36.8, 33.2, 33.0, 26.1, 26.0; HRMS (ESI/TOF) m/z Calcd for
Ci7H2NaO [M + Na]* 265.1563; Found 265.1560.

Bn
Cy C
H
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2-(5-chloropent-1-en-1-ylidene)decan-1-ol (34)

Colorless oil (36.2 mg, 70% yield). Eluent 2-5 %

HO
;\/\/\/\/ EtOAc/hexanes. "H NMR (400 MHz, CDCl3)

C
NN §5.34—5.27 (m, 1H), 4.06—3.97 (m, 2H), 3.58
H (t,J= 6.6 Hz, 2H), 2.21 — 2.13 (m, 2H), 2.00 —

1.94 (m, 2H), 1.92 — 1.83 (m, 2H), 1.58 (s, 1H), 1.47 — 1.37 (m, 2H), 1.34 — 1.22 (m, 10H),
0.91 — 0.83 (m, 3H); *C NMR (101 MHz, CDCls) § 199.4, 106.6, 93.7, 63.1, 44.3, 31.9,
31.8, 29.4, 29.4, 29.3, 29.3, 27.7, 26.3, 22.7, 14.1; HRMS (ESUTOF) m/z Calcd for
C15sH27CINaO [M + Na]* 281.1643; Found 281.1654.

2-benzyl-4-phenylbuta-2.3-dien-1-ol (35)

Bn Colorless oil (40.2 mg, 85% yield). Eluent 2-5 % EtOAc/hexanes. 'H

OH NMR (400 MHz, CDCl3) 6 7.34 — 7.29 (m, 8H), 7.27 — 7.21 (m, 2H),

6.39 — 6.32 (m, 1H), 4.23 — 4.11 (m, 2H), 3.53 (d, J = 2.4 Hz, 2H),

1.67 (s, 1H); 3C NMR (101 MHz, CDCl5) § 201.8, 138.8, 134.5,

129.0, 128.7, 128.5, 127.2, 126.8, 126.6, 109.0, 97.8, 62.4, 36.7; HRMS (ESI/TOF) m/z
Calcd for C17H16NaO [M + Na]" 259.1093; Found 259.1088.

Ph ]

2-benzyl-4-cyclopropylbuta-2.3-dien-1-0l (36)

Bn Colorless oil (20.0 mg, 50% yield). Eluent 2-5 % EtOAc/hexanes.

AfCJ\/OH "H NMR (400 MHz, CDCls) § 7.32 — 7.26 (m, 2H), 7.24 — 7.18 (m,

3H), 5.28 — 5.16 (m, 1H), 4.07 — 3.94 (m, 2H), 3.36 (d, J = 2.4 Hz,

: 2H), 1.52 (s, 1H), 1.29 — 1.18 (m, 1H), 0.70 — 0.67 (m, 1H), 0.67 —

0.65 (m, 1H), 0.35 — 0.29 (m, 1H), 0.26 — 0.20 (m, 1H); *C NMR (101 MHz, CDCl;) &

199.3, 139.1, 128.9, 128.3, 126.3, 106.9, 99.7, 62.4, 36.8, 9.7, 7.2, 6.8; HRMS (ESI/TOF)
m/z Calcd for Ci14H16NaO [M + Na]* 223.1093; Found 223.1091.
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3-methyl-7-phenylhepta-3.4-dien-1-0l (37)

H Colorless oil (36.0 mg, 89% yield). Eluent 2-5 %
Bn\/§ EtOAc/hexanes. '"H NMR (400 MHz, CDCl3) § 7.31 — 7.26 (m,
C OH
Y\/ 2H), 7.22 — 7.16 (m, 3H), 5.20 — 5.08 (m, 1H), 3.63 (t, J = 6.1
Me

Hz, 2H), 2.77 — 2.69 (m, 2H), 2.38 — 2.27 (m, 2H), 2.18 — 2.11
(m, 2H), 1.68 — 1.63 (m, 3H), 1.60 (s, 1H); *C NMR (101 MHz, CDCls) & 201.4, 141.8,
128.5, 128.3, 125.8, 96.7, 90.5, 60.7, 37.1, 35.5, 30.9, 19.4; HRMS (ESI/TOF) m/z Calcd

for C14H13NaO [M + Na]* 225.1250; Found 225.1243.

3-methylnona-3.4-dien-1-ol (38)

H Colorless 0il (19.1 mg, 62% yield). Eluent 2-5 % EtOAc/hexanes.
A 'H NMR (400 MHz, CDCl3) § 5.14 — 5.05 (m, 1H), 3.72 (1, J =
C OH
Y\/ 6.1 Hz, 2H), 2.22 —2.16 (m, 2H), 2.01 — 1.93 (m, 2H), 1.86 — 1.75
Me

(m, 1H), 1.72 - 1.66 (m, 3H), 1.40 — 1.29 (m, 4H), 0.92 — 0.85 (m,
3H); C NMR (101 MHz, CDCl3)  201.1, 96.1, 91.3, 60.8, 37.1, 31.4, 29.0, 22.2, 19.5,

13.9; HRMS (APCI/TOF) m/z Calcd for C10H190 [M + H]" 155.1430; Found 155.1429.

nBu

8-chloro-3-methylocta-3.4-dien-1-0l (39)

H Colorless oil (25.4 mg, 73% yield). Eluent 2-5 %

CIM c OH EtOAc/hexanes. '"H NMR (400 MHz, CDCls3) § 5.14 —

5.03 (m, 1H), 3.72 (t, /= 6.2 Hz, 2H), 3.57 (t, /= 6.6 Hz,

2H), 2.24 - 2.18 (m, 2H), 2.17 - 2.10 (m, 2H), 1.92 — 1.83

(m, 2H), 1.71 (d, J=2.9 Hz, 3H), 1.61 (s, 1H); *C NMR (101 MHz, CDCl5) 6 201.6, 97.0,

89.5, 60.7,44.3,37.2, 31.8, 26.4, 19.4; HRMS (APCI/TOF) m/z Calcd for CoH16C10 [M
+ H]* 175.0884; Found 175.0884.

Me
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3.5.6 Competition experiments, scale-up, post-modifications and MS data

Procedure for the synthesis of compound 40a:

S40 o CuCN (5 mol %)
’4 ICy-HCI (5 mol %)
Bn Y o+ Balpin) g
NaO#-Bu (25 mol %)
TMS/‘\/ i-PrOH (2.5 equiv)
THF (0.2 M)
0.20 mmol 0.50 mmol Ny, 50 °C, 18 h

In a N»-filled glove box, a dried 2 mL vial was charged with cyclic carbonate S40 (54.9
mg, 0.20 mmol, 1.0 equiv), Ba(pin)2 (128.3 mg, 0.50 mmol, 2.5 equiv), NaOz-Bu (5.0 mg,
0.05 mmol, 25 mol %), ICy-HCI (2.7 mg, 0.01 mmol, 5 mol %), CuCN (0.9 mg, 0.01 mmol,
5 mol %), i-PrOH (30.2 mg, 0.50 mmol, 2.5 equiv) and THF (I mL, 0.2 M as final
concentration). The reaction mixture was stirred for 18 h at 50 °C. Hereafter, the solvent
was evaporated by a gentle stream of N> and the residue was purified by flash
chromatography, and the so obtained product crystallized from a concentrated ethyl acetate

solution.

(2)-4-benzyl-4-(1-(4.4.5.5-tetramethyl-1.3.2-dioxaborolan-2-y1)-2-(trimethylsilyl)vinyl)-
1.3-dioxolan-2-one (40a)

Colorless solid (24.9 mg, 31% yield). Eluent 1-3 % EtOAc/hexanes.

QIO\,% /H s "H NMR (400 MHz, CDCl3) § 7.37 — 7.27 (m, 3H), 7.25 — 7.20 (m,

o 2H), 6.80 (s, 1H), 4.54 (d, J=9.0 Hz, 1H), 4.13 (d, /= 9.0 Hz, 1H),

/go 3.08 (q, J = 14.2 Hz, 2H), 1.31 (s, 6H), 1.30 (s, 6H), 0.16 (s, 9H);

3C NMR (101 MHz, CDCl3) § 153.8, 150.5, 134.0, 130.5, 128.6,

127.6, 88.5, 84.4, 72.7, 44.7, 24.8, 24.7, 0.5. Carbon directly attached to the boron atom

was not observed, most likely due to quadrupolar relaxation; HRMS (ESI/TOF) m/z Calcd
for C21H31NaOsSi'’B [M + Na]" 424.1962; Found 424.1956.

0]
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Procedure for the synthesis of compound 40b:

s40 o CUCN (5 mol %) A(\? H
oA ICy-HCI (5 mol %) B

Bn o * Balneop), © Z ™S
NaOt-Bu (25 mol %) 0]
= i-PrOH (2.5 equiv) /g
™S 0.20 mmol 0.24 | THF (0.2 M) © ©
' <4 mmo Ny rt, 18 h 40b

In a N»-filled glove box, a dried 2 mL vial was charged with cyclic carbonate S40 (54.9
mg, 0.20 mmol, 1.0 equiv), B2(neop)2 (55.9 mg, 0.24 mmol, 2.5 equiv), NaOs-Bu (5.0 mg,
0.05 mmol, 25 mol %), ICy-HCI (2.7 mg, 0.01 mmol, 5 mol %), CuCN (0.9 mg, 0.01 mmol,
5 mol %), i-PrOH (30.2 mg, 0.50 mmol, 2.5 equiv) and THF (1 mL, 0.2 M as final
concentration). The reaction mixture was stirred for 18 h at rt. Hereafter, the solvent was
evaporated by a gentle stream of N> and the residue was purified by flash chromatography

(Note: it would be better to use the GC or LC to confirm which tubes contain the product).

(2)-4-benzyl-4-(1-(5,5-dimethyl-1.3.2-dioxaborinan-2-yl)-2-(trimethylsilyl)vinyl)-1.3-
dioxolan-2-one (40b)

White solid (33.2 mg, 43% yield). Eluent 1-5 % EtOAc/hexanes. 'H
(0] H
ACE.; NMR (400 MHz, CDCls) § 7.36 — 7.27 (m, 3H), 7.26 — 7.22 (m, 2H),
“ z
© 5 ™S 677 (s, 1H), 4.53 (d, /= 9.1 Hz, 1H), 4.12 (d, /= 9.1 Hz, 1H), 3.68

/&O (s,4H), 3.08 (s, 2H), 1.00 (s, 6H), 0.17 (s, 9H); *C NMR (101 MHz,

CDCls) 8 153.9, 147.5, 134.2, 130.6, 128.6, 127.5, 89.0, 72.9, 72.4,
44.8, 31.7, 21.8, 0.7. Carbon directly attached to the boron atom was not observed, most
likely due to quadrupolar relaxation; HRMS (ESI/TOF) m/z Calcd for C20H20NaOsSi''B
[M +Na]*411.1770; Found 411.1765.
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Procedure leading to a mixture of products:

$1

Me O
Bpin Me Me
17
Bn. F O/go Bn N CJ\/OH
0.20 mmol CUCN (5 mol %) 1 Bpin B
ICy-HCI (5 mol %) 15% H 459
+
NaOt-Bu (25 mol %) Me
B, (pin), i-PrOH (2.5 equiv)
THF (0.2 M) C)\/OH Me 0
0.21 mmol Ny, rt, 18 h Bn/Y B, 0’&0
Bpin
4“1 g S1 12%

In a N»-filled glove box, a dried 2 mL vial was charged with cyclic carbonate S1 (46.1
mg, 0.20 mmol, 1.0 equiv), B2(pin)2 (53.9 mg, 0.21 mmol, 1.05 equiv), NaOz-Bu (5.0 mg,
0.05 mmol, 25 mol %), ICy-HCI (2.7 mg, 0.01 mmol, 5 mol %), CuCN (0.9 mg, 0.01 mmol,
5 mol %), i-PrOH (30.2 mg, 0.50 mmol, 2.5 equiv), and THF (1 mL, 0.2 M as final
concentration). The reaction mixture was stirred for 18 h at room temperature. Hereafter,
the solvent was evaporated by a gentle stream of N> and the residue was purified by flash
chromatography (Eluent 2-50 % EtOAc/hexanes) on silica gel to afford the corresponding
products 1, 17 and 41.

2-methyl-6-phenyl-4-(4.4,5.5-tetramethyl-1.3.2-dioxaborolan-2-yl)hexa-2.3-dien-1-0l (41)

Me This compound was separated during the screening of optimal

C OH reaction condition. The spectral data was identical with those
Bn/\f reported in the literature,/'®! the NMR spectra of 41 are provided in
Q"0 section 9 of this document. "H NMR (400 MHz, CDCl3) & 7.29 —
% 7.23 (m, 2H), 7.20 — 7.15 (m, 3H), 3.88 (q, J = 12.3 Hz, 2H), 2.78

—2.70 (m, 2H), 2.46 — 2.32 (m, 2H), 1.92 (s, 1H), 1.64 (s, 3H), 1.26 (s, 12H). '*C NMR
(101 MHz, CDCl3) 6 209.2, 142.1, 128.6, 128.1, 125.7, 97.0, 83.6, 64.3, 35.3, 31.5, 24.8,
24.7,15.1. Carbons which are directly attached to the boron atoms were not observed most

likely due to quadrupolar relaxation.
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Competition experiment:

1,20%
Me i Bpin Me
CUCN (5 mol %) Bpin
S1, 0.20 mmol ICy-HCI (5 mol %)
.
7 NaOt-Bu (25 mol %) Mo
B2(pin); 0.24 mmol i-PrOH (2.5 equiv)
+ THF (0.2 M) C OH
B,(neop), 0.24 mmol N, rt, 18 h Bn
H 17, 42%

In a N»-filled glove box, a dried 2 mL vial was charged with cyclic carbonate S1 (46.1
mg, 0.20 mmol, 1.0 equiv), B2(pin)2 (61.6 mg, 0.24 mmol, 1.2 equiv), B2(neop)2 (55.9 mg,
0.24 mmol, 1.2 equiv), NaO#-Bu (5.0 mg, 0.05 mmol, 25 mol %), ICy-HCI (2.7 mg, 0.01
mmol, 5 mol %), CuCN (0.9 mg, 0.01 mmol, 5 mol %), i-PrOH (30.2 mg, 0.50 mmol, 2.5
equiv), and THF (1 mL, 0.2 M as final concentration). The reaction mixture was stirred for
18 h at room temperature. Hereafter, the solvent was evaporated by a gentle stream of N
and the residue was purified by flash chromatography (Eluent 2-5 % EtOAc/hexanes) on
silica gel to afford the corresponding products 1 and 17.
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Labeling experiment:

CuCN (5 mol %)
Me 0 ICy-HCI (5 mol %) CA\/OH
// O’& +  By(neop), Bn/Y
Bn 0 NaOt-Bu (25 mol %) D
i-PrOD (10 equiv)
$1, 0.20 mmol 0.24 mmol Ny, rt, 16 h 42, 66% yield (74% D)

In a N»-filled glove box, a dried 2 mL vial was charged with cyclic carbonate S1 (46.1
mg, 0.20 mmol, 1.0 equiv), Ba(neop): (55.9 mg, 0.24 mmol, 1.2 equiv), NaOz-Bu (5.0 mg,
0.05 mmol, 25 mol %), ICy-HCI (2.7 mg, 0.01 mmol, 5 mol %), CuCN (0.9 mg, 0.01 mmol,
5 mol %), and i-PrOD (137.0 mg, 2.00 mmol, 10 equiv). The reaction mixture was stirred
for 16 h at room temperature. Hereafter, the solvent was evaporated by a gentle stream of
N2 and the residue was purified by flash chromatography on silica gel to afford the
deuterated product 42.

2-methyl-6-phenylhexa-2.3-dien-4-d-1-ol (42)

Colorless oil (25.0 mg, 66% yield, 74% D). Eluent 2-5 %
OH EtOAc/hexanes. "H NMR (400 MHz, CDCl3) § 7.33 — 7.27 (m,
5 C

n/\f 2H), 7.23 - 7.16 (m, 3H), 5.33 — 5.27 (m, 0.26H), 3.87 (d, /= 1.4

Hz, 2H), 2.82 — 2.67 (m, 2H), 2.45 — 2.29 (m, 2H), 1.64 (s, 3H),

1.36 (s, IH); *C NMR (101 MHz, CDCl3) § 199.6, 141.6, 128.5, 128.3,125.9,101.1,93.4,

63.8,35.1,30.3, 15.6.; HRMS (ESI/TOF) m/z Calcd for C13HisDNaO [M + Na]*212.1156;
Found 212.1153.

Me
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Procedure for the synthesis of silvlated compound 43:

CuCN (5 mol %)

o ICy-HCI (5 mol %) SiMe,Ph
Me . .
o%o + PhMe;Si-Bpin  NaotBu (25 mol %) " c OH
X i-PrOH (2.5 equiv) Y\/
Bn THF (0.2 M) Me
$37, 0.20 mmol 0.38 mmol N2, rt, 20 h 43, 72%

In a N»-filled glove box, a dried 2 mL vial was charged with cyclic carbonate S37 (48.9
mg, 0.20 mmol, 1.0 equiv), PhMe,Si-Bpin (104.9 mg, 0.38 mmol, 1.9 equiv), NaOz-Bu
(5.0 mg, 0.05 mmol, 25 mol %), ICy-HCI (2.7 mg, 0.01 mmol, 5 mol %), CuCN (0.9 mg,
0.01 mmol, 5 mol %), i-PrOH (30.2 mg, 0.50 mmol, 2.5 equiv) and THF(1 mL, 0.2 M as
final concentration). The reaction mixture was stirred for 16 h at room temperature.
Hereafter, the solvent was evaporated by a gentle stream of N> and the residue was purified

by flash chromatography on silica gel to afford 43.

5-(dimethyl(phenyD)silyl)-3-methyl-7-phenylhepta-3.4-dien-1-ol (43)

SiMe,Ph Colorless oil (48.5 mg, 72% yield). Eluent 2-5 %

Bn c OH EtOAc/hexanes. 'TH NMR (400 MHz, CDCls) § 7.58 — 7.53 (m,

2H), 7.43 — 7.37 (m, 3H), 7.31 — 7.25 (m, 2H), 7.21 — 7.12 (m,

3H), 3.61 (t, J = 6.4 Hz, 2H), 2.77 — 2.70 (m, 2H), 2.33 — 2.25

(m, 2H), 2.20 — 2.12 (m, 2H), 1.66 (s, 3H), 1.43 (s, 1H), 0.40 (s, 3H), 0.40 (s, 3H); *C

NMR (101 MHz, CDCls) 6 205.4, 142.2, 138.2, 133.9, 129.2, 128.4, 128.2, 127.8, 125.7,

95.4, 91.8, 60.9, 36.9, 35.5, 31.5, 18.7, -2.8, -2.8.; HRMS (ESI/TOF) m/z Calcd for
C22H2sNaOSi [M + Na]* 359.1802; Found 359.1800.

Me
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Scale up experiment for 17:

" o CuCN (1 mol %) Me
e ICy-HCI (1 mol %
/(O\’& +  By(neop); 4 ( d B C)\/OH
Bn O NaO#-Bu (5 mol %) n/Y
i-PrOH (2.5 equiv) H
81, 5 mmol 6 mmol THF (0.5 M) 17,077 g
1159 1409 Ny, rt, 16 h 82%

In a N»o-filled glove box, a dried 12 mL vial was charged with cyclic carbonate S1 (1.15
g, S mmol, 1.0 equiv), Ba(neop): (1.40 g, 6 mmol, 2.5 equiv), NaOz-Bu (0.12 g, 1.25 mmol,
5 mol %), ICy-HCI (13.4 mg, 0.05 mmol, 1 mol %), CuCN (4.5 mg, 0.05 mmol, 1 mol %),
i-PrOH (0.76 g, 12.5 mmol, 2.5 equiv) and THF(10 mL). The reaction mixture was stirred
for 16 h at room temperature. Hereafter, the solvent was evaporated by a gentle stream of
N2 and the residue was purified by flash chromatography (Eluent 2-5 % EtOAc/hexanes)
on silica gel to afford the product 17 (0.77 g, 82%).
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Procedure for the synthesis of compounds 44 and 45:

44, 87% .
oH opn  Ba(Pin) (1.1eq)
Me NaH (1.5 eq) CuCl (2 mol %)
BnBr (1.5 eq) em) ICy-HCI (2 mol %) H Me
17 c Bn NS
Bu,NI (5 mol %) NaO¢-Bu (10 mol %)
H 50 °C. 18 h HLH i-PrOH (1.25 equiv) Bpin
Bn ’ THF (0.2 M)
Bn N21 rt, 16 h 45, 75%

Step I: A flask was charged with NaH (60% oil dispersion, 240 mg, 6.0 mmol) and THF
(3.0 mL). To this mixture, a THF (3.0 mL) solution of 17 (753 mg, 4.0 mmol) was added
dropwise at room temperature, and the resulting suspension was stirred for 15 minutes.
BusNI (73.8 mg, 0.2 mmol) and BnCl (1.03 g, 6.0 mmol) were added and the resulting
mixture was stirred for 16 h at 50 °C. The mixture was cooled to room temperature and
H>0 and 1 N HCl aq. were added. Then, the mixture was extracted with Et2O (3 x 20 mL)
The organic layers were dried over MgSQOs4. After filtration, all volatiles were removed in
vacuo. The product was purified by silica gel column chromatography (Eluent 1-2 %

Et,O/hexanes).!6!

Step 2: In a Na-filled glove box, a dried 2 mL vial was charged with 44 (55.6 mg, 0.2
mmol, 1.0 equiv), B2(pin)2 (56.4 mg, 0.22 mmol, 1.1 equiv), NaOz-Bu (2.0 mg, 0.02 mmol,
10 mol %), ICy-HCI (1.1 mg, 0.004 mmol, 2 mol %), CuCl (0.4 mg, 0.004 mmol, 2 mol %),
i-PrOH (15.1 mg, 0.25 mmol, 1.25 equiv) and THF (1 mL, 0.2 M as final concentration).
The reaction mixture was stirred for 16 h at room temperature. Hereafter, the solvent was
evaporated by a gentle stream of N> and the residue was purified by flash chromatography

(Eluent 1-3 % Et:O/hexanes) on silica gel to afford the corresponding products.
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(6-(benzyloxy)-5-methylhexa-3.,4-dien-1-yl)benzene (44)

Step 1: Colorless oil (970 mg, 87% yield). 'H
NMR (400 MHz, CDCl5) 3 7.38 — 7.27 (m, 7H),
7.21 —7.16 (m, 3H), 5.20 — 5.10 (m, 1H), 4.45 (d,

H J=2.7Hz, 2H), 3.93 (d, J=2.0 Hz, 2H), 2.73 (t, J
= 7.6 Hz, 2H), 2.40 — 2.29 (m, 3H), 1.69 (d, J = 2.9 Hz, 3H); 3C NMR (101 MHz, CDCls)
6202.8,141.7,138.5,128.5,128.4,128.3,127.8,127.5,125.8,96.9, 89.9, 72.4, 71.3, 35.5,
30.7, 16.1; HRMS (ESI/TOF) m/z Calcd for C;0H22NaO [M + Na]* 301.1563; Found
301.1565.

Me
O

(E)-4.4.5.5-tetramethyl-2-(2-methyl-6-phenylhexa-1.3-dien-3-yl)-1.3,2-dioxaborolane (45)

H Me Step2:Colorlessoil (48.0 mg, 80% yield). "H NMR (400 MHz, CDCls)
BnM 8 7.33 —7.27 (m, 2H), 7.24 — 7.17 (m, 3H), 6.19 (t, J = 7.7 Hz, 1H),
_B. 5.01 (d, J=1.9 Hz, 1H), 4.96 (t,J= 1.6 Hz, 1H), 2.80 — 2.72 (m, 2H),
QP 2.63 —2.52 (m, 2H), 1.92 — 1.86 (m, 3H), 1.34 (s, 12H); *C NMR (101
% MHz, CDCl3) & 145.1, 142.0, 140.7, 128.4, 128.3, 125.8, 114.2, 83.6,
36.4,34.1, 25.0, 21.0. Carbon centers which are directly attached to the boron atoms were
not observed, most likely due to quadrupolar relaxation; HRMS (ESI/TOF) m/z Calcd for
C19H27Na0,!'B [M + Na]* 321.1996; Found 321.2007.
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.a

Screening of reaction conditions for the mono-borylation of 17

H Me
Bn X
Me [Cu] (2 mol %)
Ligand (2 mol %) i
OBn . 9 Bpin
. c + By(pin), P
”/Y Base (10 mol %) Bn.
H Additive (1.25 equiv) Me
17, 0.20 mmol 0.22 mmol THF (0.2 M) z ™
Ny, rt, 16 h H
Bpin
Entry [Cu] Ligand Base Additive yield (%)” E/Z
17 CuCl Xantphos KO#-Bu - 75 99:1
2 [(IPr)CuCl] - KO#-Bu - 80 60:40
3 [(IPr)CuCl] - KO#-Bu i-PrOH 89 91:9
4 CuCl ICy-HCl NaOz-Bu i-PrOH 80 99:1
5 CuCN ICy-HC1 NaO#-Bu i-PrOH trace -

“Reaction conditions: 17 (0.2 mmol), Ba(pin) (0.22 mmol), [Cu] (2 mol%), Ligand (2
mol %), Base (10 mol %), Additive (1.25 equiv), THF (1 mL), N2, rt, 16 h. ®Isolated yield.
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UPLC-MS analysis for the reaction mixture leading to diborylated product 1:
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l\ 1: Scan ES+
ﬁ)\ 507|

07-Jun-2019
15:29:22

10&\ 8.77e5
] S
1 055 117132 176
. i e ——
-0.00 0.50 1.00 150 2.00 450
Kun_diborylation_24 . 3: Diode Array
) IS: 4,4'-Dimethylbiphenyl ____—W» Range: 1.647e+1
1.5e+15
1.0e+1-
= 4 25
< ]
50 e
0.04—~—
-0.00 " ak0
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i TIC
] 1.31e8)
=/
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{ ] 518 353 417
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Figure S4.UPLC spectrum for the reaction mixture of 1.
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Figure S5. ESI+ spectrum for the presumed allyl-OCO2Bpin intermediate.
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Figure S6. ESI+ spectrum for (£)-1,2-diborylated 1,3-diene 1.
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Figure S7. ESI+ spectrum for the precursor of 41.
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HRMS analysis for the reaction mixture of S1 with 2.5 equiv of B2(neop):

In a N»-filled glove box, a dried 2 mL vial was charged with cyclic carbonate S1 (46.1
mg, 0.20 mmol, 1.0 equiv), B2(neop)2 (116.5 mg, 0.50 mmol, 2.5 equiv), NaOz-Bu (5.0 mg,
0.05 mmol, 25 mol %), ICy-HCI (2.7 mg, 0.01 mmol, 5 mol %), CuCN (0.9 mg, 0.01 mmol,
5 mol %), i-PrOH (30.2 mg, 0.50 mmol, 2.5 equiv), and THF (1 mL; 0.2 M as final
concentration). The reaction mixture was stirred for 18 h at room temperature. Hereafter,
the reaction mixture was filtered by nylon syringe filter (pore size 0.22 um, diam. 25 mm)
and the filtrate was evaporated by a gentle stream of N>. 2.1 mg of the mixture residue was

submitted to the mass unit. The HRMS details are provided below.

|r'IlEI'135._ +MS, 0.3-0.7min #20-42, Background Subtracted|
”205_ 367,685

20

159

1.09

362.2139 365.2074366,2765 368.1723
0.59 364.2108
3612166 l 363.“21&2 369.1757
00 T T T = : :
360 362 364 366 368 370 miz

One of the possible components was assigned to the mono-borylated species as described

below:
j"i/o on HRMS (ESUTOF) m/z Caled for CisHas''BOsNa [M + Na]*
BH/YC \g/ 367.1687; Found 367.1685; Calcd for Ci9Hs'’BOsNa [M +
o B0 Na]"366.1724; Found 366.1765; Calcd for C19Ha5'?BOsNa [M
+Na]*368.1721; Found 368.1723.
Me Me
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Two further (fragment) mono-cations were detected m/z = 269.1328 and 283.1838 that are

likely mono-borylated species:

Inlenss +MS, 0.3-0.7min #19-40, Background Subtracted|
x10

1.25
283.1838

0.75 269.1328

0.50

0.25
301.1633 313.1246

311.1798

l i ‘ 304.2852
0.00 Jos ‘ , 4 - . AT Ll ]
270 275 280 285 290 205 300 05 310 315 miz
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3.5.7 X-ray molecular structures for compounds 1 and 40a

The experimental procedure for collecting the X-ray data is the same as described in

section 2.5.7.

Crystallographic details for 1: CosH3sB2Os, Mr = 424.17, orthorhombic, Pbca, a =
13.1922(3) A, b =11.6097(3) A, c = 32.6411(8) A, V'=4999.2(2) A3, Z= 8, pearc = 1.127
g/em?, 1 =0.073 mm™, 1 =0.71073, T=293(2) K, F(000) = 1840, crystal size = 0.5 x 0.5
x 0.4 mm?, 20(min) = 4.838, 26(max) = 64.262, 50473 reflections measured, 8335 unique
(Rint=0.0328), GoF = 1.029, R1 = 0.0508 and wR> = 0.1345 [/>205(/)], R1 = 0.0625 and
WR, = 0.1406 (all indices), min/max residual density = -0.21/0.53 [e-A~3]. CCDC number
2035474.

Figure S8. X-ray molecular structure of 1.
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Crystallographic details for 40a: C21H3:BOsSi, Mr=402.36, triclinic, P-1, a =10.9287(3)
A, b=1122243) A, c=11.6217(4) A, a = 95.434(2)°, f = 112.102(3)°, y = 116.422(3)°,

V=1122.10(7) A3, Z= 2, peaic = 1.191 g/em?, = 0.132 mm™', 1 = 0.71073, T=293(2) K,

F(000) =432, crystal size =0.13 x 0.11 x 0.10 mm?, 20(min) = 4.414°, 26(max) = 64.298°,

21246 reflections measured, 7363 unique (Rin = 0.0446), GoF = 1.059, R = 0.0468 and

wR2 = 0.1299 [[>206(])], R1 = 0.0560 and wR> = 0.1351 (all indices), min/max residual

density = -0.53/0.62 [e-A3]. CCDC number 2035473.

Figure S9. X-ray molecular structure of 40a.
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Chapter 4

Ni-Catalyzed Decarboxylative Silylation of Alkynyl Carbonates:

Access to Chiral Allenes via Enantiospecific Conversions

)J\ R1 R3

207 "0 [Ni], NHC
R%,) ) — PhMeZSi/gCWOH
// n PhMe,Si-Bpin Y A

R RS R?

- This chapter is currently prepared for submission -
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4.1 Introduction

Propargylic substitution reactions are among the most important transformations in
organic synthesis allowing the efficient and reliable synthesis of new carbon-carbon and
carbon-heteroatom bonds.! These conversions are typically promoted by transition metal
catalysts and have been extended from simple propargylic alcohols featuring terminal
alkyne groups to substrates comprising internal alkynes leading to useful synthons such as
allenes (Scheme la, Nu = nucleophile). Further seminal advances in the area have led to a
plethora of attractive asymmetric variants of propargylic substitutions® affording chiral
synthons with a diversity of functionalities, expanding their scope and application in

natural product synthesis.?

It is generally accepted that a metal(allenylidene) species plays a key role in the
mechanistic scenario when a propargylic substrate containing a terminal alkyne is
converted.!** Such a manifold is obviously not feasible for propargylic precursors that have
internal triple bonds, and their metal-catalyzed activation and conversion is suggested to
involve a propargylic carbocation® by a formal Sx2 displacement of the leaving group.
Despite being distinct, for the latter category of propargylic substitutions several
enantioselective protocols have evolved over the last decade.® Of our particular interest is
the demonstration of Ni-catalysis to forge chiral propargylic synthons with internal alkyne
groups.’*47 We recently reported the use of new propargylic surrogates based on alkyne-
functionalized cyclic carbonates that under appropriate Cu-catalysis can be converted into
silylated® and borylated allenes.’ In both cases, there is a key S-O-elimination step that
empowers the propargylic substitution process. However, carbometalation followed by f-
O-elimination is unprecedented with Ni,'° while Ni-promoted propargylic silylation to our
knowledge remains unknown'' despite the report of several successful Ni-catalyzed
propargylic substitution processes using amine and carbon pronucleophiles (Scheme

1b).2c -d,5,7
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4.2 Project Aims and Strategy

(a) From propargylic precursors:

Nu R?2 [Cu], [Rh], [Pt], [Pd], [Fe], [Ru] ...
>=C=< tri substitution well-developed
R! R3 tetra substitution less developed

(b) [Ni] mediated propargylic substitutions:

Nu
) use of [N] or [C]
R— <R2 nucleophiles only

[Ni] based silylation procedures of internal alkynes
unknown; no/limited access to 3,4-allenols

(c) This Chapter:

(0]
)j\ -CO, m [Ni] based silylation
o~ So [Ni, [si] R’ R? m Wide scope
R2 = c= OH ® 2,3- and 3,4-allenols
Y )" Sn2 [Si] _\—,44 m Redox neutral
7 R3 n=01 R® 7 = Enantiospecific

R1

Scheme 1. Previous work and limitations in Ni-catalyzed propargylic substitutions, and

current focus in this chapter.

Encouraged by this apparent lack of scope in nucleophilic reaction partners described in
section 4.1, we set out to develop a Ni-based procedure for the silylation of alkynyl cyclic
carbonates with the aim to induce a selective Sn2” silylation affording the target allenols
(Scheme 1c¢). These allenols are important building blocks in synthetic chemistry,!> while
the catalytic formation of silylated allenes using other metals (though dominated by Cu)
has been an active field of research.'”> We envisaged that a successful Ni-catalyzed
silylation protocol could also be useful in the context of the preparation of chiral silyl-

Batel4 jnyolving

allenes via enantiospecific, point-to-axial chirality transfer reactions
appropriate chiral alkyne carbonate precursors. These and similar transformations build on
the known and more general potential of Ni catalysts in enantio-retentive cross-coupling

events,'” and create further value for new Ni-based propargylic substitution protocols.
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4.3 Results and discussion
Table 1. Screening data towards the synthesis of silylated 2,3-allenol 2a from 1a.”

[Ni], ICy-HClI SiMe,Ph

Me O i-BPi
\/(\/g PhMe,Si-BPin Bn\/'&C Me
Bn. ZZ 07Xy  NaOt-Bu,KsPO, j’
Tol, N,, T, 18 h
1a 2a HO

Entry [TM] Ligand Base Additive Solvent T  Yield

() (%)’
1 Pd(PPhs)4 ICy-HCl NaO#-Bu  i-PrOH THF rt 0
2 Pd(PPhs)4 CuCl  NaO#-Bu  i-PrOH THF rt -
3 Ni(cod): ICy-HCI NaO#-Bu  i-PrOH THF rt 0
4 Ni(cod): ICy-HCl NaO¢-Bu K3PO4 THF rt 0
5 Ni(cod): ICy-HCl NaO¢-Bu K3PO4 Tol rt 36
6 Ni(cod), ICyHCL NaOtBu 130 0%  Tol 1t 70
7 Ni(cod): ICy-HCl NaO¢-Bu K3PO4 Tol 80 70
8 Ni(cod), - NaOz-Bu K3PO4 Tol 80 0
9 Ni(cod), ICy-HC1 - K3PO4 Tol 80 68
10 Ni(acac), ICy-HCl NaOt-Bu K5PO4 Tol 80 82
11 Ni(acac), ICy-HC1 - K3POs4 Tol 80 81
12¢  Ni(acac), ICy-HCl NaO#-Bu - Tol 80 0
13¢  Ni(acac), ICy-HCI NaOtz-Bu K3PO4 Tol 80 44
14°  Ni(acac), ICy-HCI NaOz-Bu K3PO4 Tol 1t 64
15 Ni(acac), ICy-HCl NaO#-Bu  K3PO4 Tol 80 67
16°  Ni(acac): ICy-HCl NaOt-Bu K3POy4 Tol 80 85
17" Ni(acac), ICy-HCl NaO¢-Bu K3PO4 Tol 80 81
18" Ni(acac), ICy-HCl NaOt-Bu K3POy4 Tol 80 85
19" Ni(acac), ICy-HC1 - K3PO4 Tol 80 64
20/ Ni(acac), ICy'-HCl NaOr-Bu  K;PO4 Tol 80 77
21#"  Ni(acac), ICy-HCl NaOt#-Bu K3PO4 Tol 80 72
22¢%  Ni(acac), ICy-HC1 - K3POy4 Tol 80 74

23 Ni(OAc)'4H,O ICy-HCl NaOt-Bu K5PO4 Tol 80 78
2487 Ni(OAc)4H,0 ICy-HCl NaOz-Bu K3PO4 Tol 80 23

25¢7  Ni(OAc)4H,0  ICy-HCI - K3PO4 Tol 80 66
26%"/ Ni(OAc)4H,0 ICy-HCI - K3PO4 Tol 80 56
27" Ni(OAc),4H,0  ICy-HCI - KsPO,  Tol 80 38

28  NiCl,'6H,O ICy'HCl NaO#-Bu  K3POq Tol 80 76
29  NiBr'3H,0 ICy'HCl NaO#-Bu  K3PO4 Tol 80 80
30 Nib ICy'HCl NaO#-Bu  K3POq Tol 80 64
31 NiBr, ICy-HCl NaOz-Bu K5PO,4 Tol 80 82
32 NiBryglyme ICy-HCl NaO#-Bu K3PO4 Tol 80 80
33 Ni(dppp)Cly ICy-HCl NaO#-Bu  K3PO4 Tol 80 26
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Table 1 - Continued

Entry [TM] Ligand Base Additive Solvent T  Yield
(O (W)
34 Ni(dppp)Cl» - NaOz-Bu K;5PO4 Tol 80 8
35 - ICy-HCl NaOz-Bu K;5PO4 Tol 80 0
36 Ni(acac), DPPP NaOz-Bu K3PO4 Tol 80 0
374! Ni(acac), ICy-HCl NaOt-Bu K3POy4 Tol 80 92

“Reaction condition: alkynyl carbonate substrate (0.20 mmol), PhMe,Si-Bpin (0.24 mmol),
[TM] (5 mol %), ligand (5 mol %), base (25 mol %), additive (2.5 equiv), solvent (1 mL),
N,, temperature indicated, 18 h. “Isolated yield. “NaO#-Bu (2.5 equiv). “{TM] (2 mol %),
ligand (2 mol %). “R.t.”/PhMe;Si-Bpin (0.21 mmol). {TM] (2 mol %). "Additive (1.2 equiv).
"Additive (50 mol %). ’Air. ‘PhMe,Si-Bpin (0.30 mmol).

R3 Ni(acac), (5 mol %) SiMe,Ph
ICy-HCI (5 mol %)
R? o + PhMegsSi-Bpin ——— > R17¢._ R2
NaOt#-Bu (25 mol %)
R = O/&o K3PO, (50 mol %) HO™ SR?
1a-1t Tol (0.2 M) 2a-2t
N,, 80 °C, 20-48 h
tetrasubstituted: R2 Bn
Me OH
CJ\/OH Me R1 C
Bn B C
SiMe,Ph n 1o SiMe,Ph
) ) SiMe,Ph
2a: R? = Me, 92% 2d: R? = -(CH,),Cl, 81% 2j: R' = n-Bu, 91%
2b: R2 = n-Bu, 84% 2e: R? = -(CH,)¢Br, 76%  29: 80% 2k: R = Me, 84%
2c:R?=Bn,73% 2f: R?=Cy, 79% 2I:R" = Ph, 76%
Ph Ph 2m: R" = -CH,OMe, 79%
OH 2n:R' = -$<], 83%
Me.__C oH n-Bu C)\/ 4
SiMe,Ph SiMe,Ph
2h: 82% 2i: 85%
trisubstituted: H H H
OH
Bn CJ\/OH n-Bu C)\/OH o CJ\/
SiMe,Ph SiMe,Ph SiMe,Ph
20:67% 2p: 84% 2q: 80%
H SiMe,Ph H
OH
o CJ\/ c OPMB _ o CJ\,OH
/\/Y HO/Y
2r: 80% SiMe,Ph H 2s: 65% 2t: 65% SiMe,Ph

Scheme 2. Preparation of 2,3-allenols via the Ni-mediated silylation of alkynyl cyclic

carbonates.
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We started to screen reactions conditions that involved various Ni precursors, solvent
and additives while varying the reaction temperature (Table 1) and using PhMe»Si-BPin as
silylating agent.'® The use of Ni(cod): as a precursor combined with an N-heterocyclic
carbene (ICy-HCI = 1,3-dicyclohexylimidazolium chloride) in the presence of NaO#Bu
and K3POy as base additives provided the desired product 2a in up to 70% yield at 80 °C
(Table 1, entries 3-9). The presence of the carbene ligand was essential (entry 8), whereas
the reaction performed in the absence of NaO#-Bu was slightly less productive (entry 9).
We then were pleased to find that Ni(cod). could be replaced by Ni(acac), enabling a more
practical approach towards 2a (entries 10-22). Several experiments demonstrated that the
presence of the [Ni] precursor (entry 35) and K3POj4 (entry 12) are necessary, and that the
reactions may be performed in air without significantly affecting the product yield (entry
20). The best yield for 2a (92%) was then attained by slightly increasing the relative amount
of the silyl-substrate (entry 37). Other Ni precursors were also productive in this protocol,

but further studies were carried out using Ni(acac)s.

)Ol\ Ni(acac), (5 mol %)
ICy-HCI (5 mol %) R! R?
r29” 9 + PhMe,Si-Bpin )=C OH
/\H NaOt-Bu (25 mol %) PhMe,Si
1 72 3 K3PO4 (50 mol OA)) R3
R R Tol (0.2 M)
3a-3g N,, 80 °C, 20-48 h 4a-4g
3,4-allenols:
_— OH
Me . Me\n)/ Me
2
Bn C)\/\OH c CIWCNOH
SiMe,Ph n-Bu” “SiMe,Ph SiMe,Ph
4a: 82% 4b: 64% 4c: 83%

H

J\/\ 4d: X = (H),, 24%

C OH  4e:X=(Me), 66%

B"/\r/ X 4f: X = (H)(Me), 57%
SiMe,Ph 4g: X = (H)(-$<]), 56%

Scheme 3. Preparation of 3.,4-allenols via the Ni-mediated silylation of alkynyl cyclic
carbonates.
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Q Ni(acac), (5 mol %)
oJ\o ICy-HCI (5 mol %) R! R?
R2 +  PhMe,Si-Bpin =c=\ OH
) NaOt-Bu (25 mol %) PhMe.Si _\—(-/)
/ n 2 n
F s K3PO, (50 mol %) R3
R R™h=0, 202t Tol (0.2 M) R)
n =1, 4d"-4g’ N,, 80 °C, 20-48 h
2,3-allenols H H H
I~ OH ~__OH 5
o N n-Bu__CON cl cANAOH
SiMe,Ph SiMe,Ph SiMe,Ph
20": 75%, 93% ee 2p”: 82%, 89% ee 2q°:74%, 93% ee
97% es >99% es 99% es
H SiMe,Ph
A~CH .
c 2s:68%,94% ee  Bno c
cl 98% es H VOH
SiMe,Ph X g
I~__OH
2r:69%, 94% e¢  puBo i 2t 68%, 88% ee
94% es . 94% es
SiMe,Ph
3,4-allenols
- H . H
jv\ 4e’: 72%, 68% ee H
c OH 87% es 2 H
B o ™ e
SiMe,Ph SiMe,Ph
4d’: 29% B H 'j
77% ee, 88% es n 3 C/ OH
i C_>—\ ",
PhMe,Si SiMe,Ph
M OH
4f": 47%, 87% ee, 89% es 49" 65%), 53% ee, 63% es

Scheme 4. Enantiospecific transformations of alkynyl cyclic carbonates giving axially

chiral 2,3- and 3,4-allenols.

The scope of products was then studied by variation of the substituents of the alkyne
cyclic carbonates 1 (Scheme 2). The versatility of these carbonate precursors not only
allows for modulation of the steric and electronic parameters of the allenol products but
also provides a simple approach to expand the products from 2,3-allenols using five-
membered carbonates to 3,4-allenols via six-membered carbonates. A rather wide range of
tetra-substituted (2a-2n) and trisubstituted 2,3-allenols (20-2t) could be prepared using the

optimized reaction conditions with isolated product yields typically in the range of 70-90%.
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The protocol is compatible with the introduction of various (functional) groups such as
alkyl halides (2d, 2e, 2q and 2r), protected alcohols (2s and 2t) and different cycloalkyls
(2f and 2n).

More importantly, the product scope is easily extended to 3,4-allenols (4a-4g) which
can be isolated in appreciable yields (Scheme 3). This exemplifies the versatile nature of
alkynyl cyclic carbonates of type 1 and 3 versus the use of other known propargylic
precursors. Another asset of using these alkyne carbonates is their propensity to extend the
substrate scope to chiral precursors providing impetus for Ni-mediated point-to-axial
chirality transfer (Scheme 4), and subsequently an easy entry for the preparation of enantio-
enriched silylated 2,3- (20 to 2t") and 3,4-allenols (4d"to 4g”). In most investigated cases
the developed Ni-catalyzed protocol showed high levels of enantio-specificity except for
4g’ (63% es), which may the result of the highly rigid nature of the cyclopropyl substitution.
To demonstrate the robustness of these allenols, 2s” (94% ee) was subjected to different
sequences of carbamation/deprotection or esterification/deprotection (Scheme 5) giving

thereby access to a wider set of potentially useful building blocks in good yields.

H H
- H A
CNOYO a) I~OH ) cANAO0
PMBO o ~— PMBO C —~ PMBO
SiMe,Ph \@\ 5o+ SiMePh SiMe,Ph
5a: 85% Cl 6a: R =Br, 78%
l o o 6b:R=NO,, 63% | () R
H
/I? 0_0 ; HO Oy
AN I~ OH .
HO/\/Y i HO c SiMe,Ph
____ SiMezPh __ SiMeyPh o
5b: 85% ol 7a: 71% 6¢c: R =NO,, 93% R

a). silyl allenol (1.0 equiv), isocyanate (1.2 equiv), Et3N (2.0 equiv), DCM (0.3 M),rt, 12 h
b). silyl allenol (1.0 equiv), acid chloride (1.5 equiv), DMAP(10 mol %), Et3N (3.0 equiv), DCM (0.2 M), 0°C - rt, 12 h
c).PMB protected alcohols (1.0 equiv), DDQ (1.5 equiv), DCM (0.2 M), phosphate buffer (0.1 M), rt, 2 h

Scheme 5. Several post-modifications carried out for compound 2s”. See for conditions a-

¢ the Experimental Section.
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The configuration of the chiral allenol 28’ (all allenols are liquids) was investigated by
CD spectroscopy and compared to the computationally determined configurations of both
(R) and (S)."* From these studies, it could be concluded that the formation of the (R)-
configured 2,3-allenol product is favored (details are provided in the Experimental Section).
The configurations of the other chiral allenols were assigned by analogy. In the case of
five-membered cyclic carbonates, a formal retention of the chiral configuration (cf., (R)-

3g’) was therefore observed.

N PhMe,Si-BPin e 1
Ni (acac)zw Ni'(SiMe,Ph),L,, HO—>= R" E
NaO1Bu, K3PO4 2 c .
R SiMe,Ph
(PhMe,Si),
’ [H] .
PhSiMe,

RZ_/~0 Ni'L, R I!li"L,,
PO SN T
R A Bpino _J__,
R! R

0 -CO;
L, Ni==-|||

R1
B i——;Rz\I N?Cj—RZ PhMe,Si-BPin
aNi
o 00
c I
O

(0)

Scheme 6. Envisioned manifold for the Ni-catalyzed 2,3-allenol formation from alkynyl

cyclic carbonates.

A simplified mechanistic proposal is summarized in Scheme 6 for the synthesis of 2,3-
allenols. First, the Ni(Il) precursor is reduced to Ni(0) in the presence of the silyl-borane
reagent.!” The fact that both Ni(Il) and Ni(0) precursors lead to productive catalysis
suggests that the presence of low-valent Ni is requisite to start the catalytic cycle. The first
step is the activation of the alkynyl carbonate A through the intermediacy of a z-complex
B following oxidative addition giving a C,O-chelated nickelacycle C. The latter, according
to the final product, should evolve into a silyl-Ni(allenyl) species D after decarboxylation

of C occurs, furnishing the 2,3-allenol E and setting up the system for additional turnover.
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4.4 Conclusion

In summary, in this chapter we present a new Ni-mediated synthesis of a wide scope of
2,3- and 3,4-allenols, including chiral synthons produced via an enantiospecific variant.
This protocol further expands the portfolio of functional allene building blocks for

advanced synthetic programs.
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4.5 Experimental Section
4.5.1 General information

Please refer to section 2.5.1 for the specific information.

4.5.2 Synthesis of the starting materials

Cyclic carbonates (1a-1n) were prepared according to the procedures reported in the

literature.®

General procedure A for the synthesis of racemic 5S-membered cyclic carbonates:

OH 2

0
/H T /\ [0] /\/OH _BTC_ J<o
R Pd(PPh),, Cul R . Z R/\/

Step I: Under an argon atmosphere, Pd(PPh3)s (57.8 mg, 0.5 mol %) and Cul (38.1 mg,
2 mol %) were added into an oven-dried Schlenk flask, followed by addition of dry
degassed diethylamine (0.50 mL/1.0 mmol alkyne), and the mixture was then cooled by an
ice bath. The corresponding terminal alkyne (10.0 mmol, 1.0 equiv) and vinyl bromide (6.5
mmol, 1.3 equiv, 1.0 M in THF) was added dropwise via a syringe. The resulting mixture
was left to stir and warmed up to room temperature until complete conversion of the
starting material was observed by TLC. The reaction mixture was washed with water
followed by extraction with n-pentane/diethyl ether (1:1). The combined organic layers
were washed with 1 M HCI and dried over anhydrous Na>SOs. After concentration under
vacuum, the residue was purified by column chromatography over silica gel using hexanes

as eluent.'®

Step 2: The enyne (1.0 equiv) and K3Fe(CN)s (3.0 equiv), KoCOs3 (3.0 equiv),
quinuclidine (15 mol %), K2OsO2(OH)4 (5 mol %) and methane sulfonamide (1.0 equiv)
were suspended in ~-BuOH/H20 (50 mL each) and the mixture was stirred at r.t. for 48 h.

Na;SOs (15 g) was added, the mixture was extracted with EtOAc, the combined organic
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layers were dried over Na:SO4 and concentrated under reduced pressure. The crude was
purified by flash column chromatography over silica gel (hexanes/ethyl acetate, 1:1) to

afford the pure compound as a colorless oil."”

Step 3: To the diol intermediate (1.0 equiv) in DCM (0.25 M) in an argon-flashed flask
cooled by an ice bath was added pyridine (4.0 equiv). A solution of triphosgene (BTC, 0.5
equiv) in DCM (0.25 M) was added and the reaction mixture was allowed to stir for 1 h
and checked by TLC. The reaction mixture was quenched with saturated aqueous NH4Cl
and diluted with water. The layers were separated, and the aqueous phase was extracted
three times with DCM. The combined organic layers were washed with 1 M HCI (three
times), saturated aqueous Na>COj and brine. After separation, the organic layers were dried
over NaxSQOys, filtered, and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel (hexanes/ethyl acetate, 20:1) to afford the corresponding

cyclic carbonate (note: the reported yields are based on this three-step sequence).

4-(4-phenylbut-1-yn-1-y1)-1.3-dioxolan-2-one (10)

o] Following the General Procedure A. Yellowish oil (0.36 g, 42%

B \/[O#O yield). "H NMR (400 MHz, CDCl3) & 7.35 — 7.29 (m, 2H), 7.27 —
7.23 (m, 1H), 7.22 — 7.18 (m, 2H), 5.42 — 5.13 (m, 1H), 4.55 (t, J =

8.2 Hz, 1H), 4.25 (dd, J = 8.3, 6.9 Hz, 1H), 2.85 (t, J = 7.4 Hz, 2H), 2.68 — 2.42 (m, 2H).
3C NMR (101 MHz, CDCls) § 154.1, 139.8, 128.5, 128.4, 126.6, 90.8, 74.6, 69.9, 66.6,

34.3, 20.9. HRMS (ESI/TOF) m/z Calcd for Ci3Hi2NaOs [M + Na]™ 239.0679; Found
239.0669.

4-(hex-1-yn-1-yI)-1,3-dioxolan-2-one (1p)

O\F Following the General Procedure A. Yellowish oil (0.73 g, 44%
(6}
/O

yield). "H NMR (400 MHz, CDCl3) § 5.33 — 5.26 (m, 1H), 4.59 (t, J
n-Bu =8.1 Hz, 1H),4.32 (dd, J=8.2, 7.0 Hz, 1H), 2.26 (td, J= 7.0, 2.0 Hz,
2H), 1.55 — 1.47 (m, 2H), 1.45 — 1.35 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H). *C NMR (101
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MHz, CDCl3) 6 154.1,91.8, 73.6, 70.0, 66.7, 30.0, 21.9, 18.4, 13.5. HRMS (ESI/TOF) m/z
Calcd for CoH2NaOs3 [M + Na]* 191.0679; Found 191.0673.

4-(6-chlorohex-1-yn-1-y1)-1,3-dioxolan-2-one (1q)

0 Following the General Procedure A. Yellowish oil (0.91 g,
/\/\/o# © 45% yield). '"H NMR (400 MHz, CDCl3) 8 5.36 — 5.24 (m,
c 1H), 4.60 (t, J = 8.2 Hz, 1H), 4.32 (dd, J = 8.3, 6.9 Hz, 1H),
3.55 (t, J= 6.4 Hz, 2H), 2.31 (td, J= 7.0, 2.0 Hz, 2H), 1.97 — 1.80 (m, 2H), 1.75 — 1.64 (m,

2H). ®C NMR (101 MHz, CDCl3) § 154.1, 90.7, 74.3, 69.9, 66.6, 44.3, 31.4, 25.2, 18.0.
HRMS (ESI/TOF) m/z Calcd for CoH;1CINaO3 [M + Na]* 225.0289; Found 225.0285.

4-(5-chloropent-1-yn-1-y1)-1,3-dioxolan-2-one (1r)

0 Following the General Procedure A. Yellowish oil (0.94 g,
o>=0 50% yield). '"H NMR (400 MHz, CDCl;) § 5.39 — 5.23 (m,

1H), 4.60 (t, J = 8.2 Hz, 1H), 4.32 (dd, J = 8.3, 6.9 Hz, 1H),
3.62 (t,J=6.2 Hz, 2H), 2.47 (td, J = 6.9, 2.0 Hz, 2H), 2.08 — 1.91 (m, 2H). 3C NMR (101
MHz, CDCl3) 6 154.0, 89.6, 74.7,69.9, 66.5,43.3,30.6, 16.1. HRMS (ESI/TOF) m/z Calcd
for CsHoCINaOs3 [M + Na]" 211.0132; Found 211.0131.

cl 4

4-(5-((4-methoxybenzyl)oxy)pent-1-yn-1-y1)-1.3-dioxolan-2-one (1s)

o>: Following the General Procedure A. Yellowish oil (1.83 g,
(0]
0 : 1 .
PMBO\/\/O 63% yield). ' H NMR (400 MHz, CDCl3) 6 7.34 — 7.18 (m,
2H), 6.98 — 6.80 (m, 2H), 5.30 — 5.21 (m, 1H), 4.55 (t, J =
8.2 Hz, 1H), 4.43 (s, 2H), 4.26 (dd, /= 8.3, 7.0 Hz, 1H), 3.81 (s, 3H), 3.51 (t, /= 6.0 Hz,
2H), 2.44 —-2.28 (m, 2H), 1.90 — 1.73 (m, 2H). *C NMR (101 MHz, CDCl3) 6 159.2, 154.1,

130.4,129.3, 113.8,91.1, 73.9, 72.7, 69.9, 68.0, 66.6, 55.3, 28.2, 15.6. HRMS (ESI/TOF)
m/z Calcd for C16H1sNaOs [M + Na]" 313.1046; Found 313.1049.
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4-(4-(benzyloxy)but-1-yn-1-yI)-1.3-dioxolan-2-one (1t)

o) Following the General Procedure A. Yellowish oil (1.65 g, 67%
/\/Eo>= © yield). '"H NMR (400 MHz, CDCl5) 8 7.40 — 7.28 (m, 5H), 5.34
BnO —5.25 (m, 1H), 4.58 (t, J = 8.2 Hz, 1H), 4.55 (s, 2H), 4.32 (dd, J
=8.3,6.9 Hz, 1H), 3.60 (t, J = 6.7 Hz, 2H), 2.58 (td, J = 6.7, 2.0 Hz, 2H). *C NMR (101

MHz, CDCls) 8 154.0, 137.8, 128.5, 127.9, 127.7, 88.5, 74.7, 73.1, 69.8, 67.5, 66.5, 20.2.
HRMS (ESI/TOF) m/z Calcd for Ci14H14NaO4 [M + Na]* 269.0784; Found 269.0784.
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General procedure B for the synthesis of racemic 6-membered cyclic carbonates:

b 1) n-BuLi OH TBAF OH BTC j\
R 2) @ Z OSiR, & OH
Ao 7 & Y
R R R

Step 1: To a solution of the alkyne (1.2 equiv) in THF (0.4 M) was added dropwise n-
BuLi (2.5 M in hexane, 1.2 equiv) at -78 °C. After the mixture had been stirred for 30 min
at the same temperature, the appropriate silyl-protected a-hydroxy carbonyl compound (1.0
equiv), which was prepared following a reported procedure,”’ was added. The reaction
mixture was allowed to reach r.t. over 30 min. Upon complete consumption of the carbonyl
compound, the reaction was quenched with saturated aqueous NH4Cl. The organic
materials were extracted with EtOAc, and the combined organic extracts were washed with
brine, dried over Na>SQy4, and evaporated in vacuo. The crude was purified by flash column
chromatography over silica gel (hexanes/ethyl acetate, 10:1) to afford the pure intermediate

compound.

Step 2: To a stirred solution of the respective silyl-protected diol (1.0 equiv) in THF (0.4
M) at 0 °C was added tetrabutylammonium fluoride (1.0 M in THF, 1.1 equiv). The flask
was warmed to room temperature and stirred until TLC analysis indicated the reaction was
complete. The solvent was removed, and the residue was purified by flash column

chromatography over silica gel (hexanes/ethyl acetate, 1:1) to afford the unprotected diol.

Step 3: To the diol (1.0 equiv) in DCM (0.25 M) in an argon-flashed flask cooled by an
ice bath was added pyridine (4.0 equiv). A solution of triphosgene (BTC, 0.5 equiv) in
DCM (0.25 M) was added, and the reaction mixture was allowed to stir for 1 h and checked
by TLC. The reaction mixture was quenched with saturated aqueous NH4Cl and diluted
with water. The layers were separated, and the aqueous phase was extracted three times
with DCM. The combined organic layers were washed with 1 M HCI (three times),
saturated aqueous NaCOs and brine. After separation, the organic layers were dried over

NaxSOq, filtered, and concentrated in vacuo. The crude product was purified by flash
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chromatography on silica gel (hexanes/ethyl acetate, 20:1) to afford the corresponding

cyclic carbonate (note: the reported yields are based on the three-step sequence).

4-(4-phenylbut-1-yn-1-yI)-1.3-dioxan-2-one (3d)

0 Following the General Procedure B. Yellowish oil (0.62 g, 27% yield).
OJ\O '"H NMR (400 MHz, CDCl3) § 7.34 — 7.27 (m, 2H), 7.25 — 7.16 (m,
3H), 5.22 - 5.10 (m, 1H), 4.56 — 4.43 (m, 1H), 4.37 — 4.28 (m, 1H),

2.83 (t,J="7.4 Hz, 2H), 2.55 (td, J= 7.4, 2.0 Hz, 2H), 2.35 — 2.22 (m,

1H), 2.06 —1.95 (m, 1H). *C NMR (101 MHz, CDCl5) & 147.6, 140.0, 128.5, 128.4, 126.5,
89.1, 75.9, 68.3, 65.8, 34.4, 27.7, 20.8. HRMS (ESI/TOF) m/z Calcd for C14H14NaOs [M

Bn //

+ Na]" 253.0835; Found 253.0835.

5.5-dimethyl-4-(4-phenylbut-1-yn-1-yI)-1,3-dioxan-2-one (3e)

0 Following the General Procedure B. Yellowish oil (1.32 g, 51% yield).

PN

0”0 'HNMR (400 MHz, CDCL3) & 7.34 — 7.28 (m, 2H), 7.25 — 7.18 (m, 3H),

W 4.78 — 4.66 (m, 1H), 4.12 (d, J = 10.8 Hz, 1H), 3.92 (dd, J=10.8, 1.2
Bn Me Me

Hz, 1H), 2.85 (t, J = 7.3 Hz, 2H), 2.66 — 2.53 (m, 2H), 1.08 (s, 3H),
1.02 (s, 3H). *C NMR (101 MHz, CDCls) § 147.5, 140.0, 128.5, 128.4, 126.5, 90.0, 77.5,
75.9, 74.2, 34.4, 32.0, 21.5, 20.6, 19.4. HRMS (ESI/TOF) m/z Calcd for C16H1sNaOs [M
+ Na]* 281.1148; Found 281.1144.

5-methyl-4-(4-phenylbut-1-yn-1-y1)-1,3-dioxan-2-one (3f)

0 Following the General Procedure B. Yellowish oil (1.10 g, 45% yield).

OJLO '"H NMR (400 MHz, CDCl3) § 7.34 — 7.27 (m, 2H), 7.25 — 7.17 (m,

F T 3H), 4.98 (dd, J=4.3, 2.0 Hz, 0.5H), 4.74 (dt, J = 7.6, 2.0 Hz, 0.5H),
4.40 (dd, J = 11.0, 4.3 Hz, 0.5H), 4.22 — 4.08 (m, 1H), 3.98 (dd, J =

11.0, 8.3 Hz, 0.5H), 2.84 (td, J = 7.3, 2.1 Hz, 2H), 2.66 — 2.51 (m, 2H), 2.46 — 2.31 (m,
0.5H), 2.23 — 2.10 (m, 0.5H), 1.06 (d, J = 6.9 Hz, 1.5H), 0.92 (d, J = 6.8 Hz, 1.5H). °C

Bn
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NMR (101 MHz, CDCl3) 6 147.6, 147.6, 140.0, 139.9, 128.5, 128.5, 128.4, 126.5, 126.5,
90.8, 89.1, 75.6, 74.3, 73.6, 72.6, 71.5, 70.6, 34.4, 34.3, 32.4, 30.0, 20.8, 20.6, 12.8, 11.3.
HRMS (ESI/TOF) m/z Calcd for CisHi1sNaOs [M + Na]" 267.0992; Found 267.0991.

4-(4-phenylbut-1-yn-1-y1)-5.7-dioxaspiro[2.5]octan-6-one (3g)

0 Following the General Procedure B. Yellowish oil (1.13 g, 44% yield).

OJ\O '"H NMR (400 MHz, CDCl3) § 7.33 — 7.27 (m, 2H), 7.25 — 7.17 (m,

Z 3H), 4.88 —4.80 (m, 1H), 4.27 (dd, /= 11.0, 0.8 Hz, 1H), 4.05 (dt, J =

11.0, 0.9 Hz, 1H), 2.83 (t,J = 7.3 Hz, 2H), 2.63 — 2.50 (m, 2H), 0.98 —

0.90 (m, 1H), 0.88 — 0.75 (m, 2H), 0.73 — 0.64 (m, 1H). *C NMR (101 MHz, CDCl;) &

148.2,139.9, 128.5, 128.4, 126.5, 89.3,74.7, 74.0, 73.1, 34.3, 20.7, 18.8, 10.0, 7.4. HRMS
(ESI/TOF) m/z Calcd for Ci¢HisNaO3 [M + Na]* 279.0992; Found 279.0993.

Bn
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General procedure C for the synthesis of chiral 5-membered cyclic carbonates:

(-)-NME o

W Zn(OThH, OH p-TsOH-H,0  OH BTC o4

Z "o /K/OTF /'\/OH —>/\/O
R ~Z2 72 =
.y M _om g R R

Step 1: Zn(OTf)2 (1.0 equiv) was dried under vacuum at 125 °C for 2 h. Then the flask
was cooled to r.t., the vacuum was released and (—)-N-methylephedrine (1.1 equiv.) was
added. The vacuum was applied for 30 min and then released. Toluene (1 M) and
triethylamine (1.1 equiv) were added, and the reaction mixture was stirred at r.t. for 2 h.
The alkyne (1.5 equiv) was added dropwise, and the reaction mixture was stirred at r.t. for
15 min. A solution of the aldehyde (1.1 equiv), which was prepared in accordance with a
procedure described in the literature,?! in toluene (1 M) was added slowly by means of a
syringe pump within 1 h. The reaction mixture was stirred until TLC showed complete
conversion, and then quenched by the addition of saturated aqueous NH4Cl. The aqueous
layer was extracted with Et;O, and the combined organic phases were dried over MgSQOs,
filtered, and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel (hexanes/ethyl acetate, 5:1) to afford the affording the pure,

intermediate compound.?!'®®

Step 2: To a solution of Tr-protected diol (1.0 equiv) in a mixture of DCM and MeOH
(0.2 M, 2:1), p-TsOH-H>0 (15 mol %) was added. The reaction mixture was stirred until
TLC showed complete conversion (typically 16-20 h). Then TEA (15 mol %) and silica
gel were added, and the solvent evaporated. The residue was purified by chromatography
on a short silica-gel column (hexanes/ethyl acetate, 1:1) to afford the intermediate

product.??

Step 3: To the free diol (1.0 equiv) in DCM (0.25 M) in an argon-flashed flask cooled
by an ice bath was added pyridine (4.0 equiv). A solution of triphosgene (BTC, 0.5 equiv)
in DCM (0.25 M) was added and the reaction mixture was allowed to stir for 1 h and

checked by TLC. The reaction mixture was quenched with saturated aqueous NH4ClI and
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diluted with water. The layers were separated, and the aqueous phase was extracted three
times with DCM. The combined organic layers were washed with 1 M HCI (three times),
saturated aqueous Na,COs and brine. After separation, the organic layers were dried over
NaS0Os, filtered, and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel (hexanes/ethyl acetate, 20:1) to afford the corresponding

cyclic carbonate (note that the reported yields are based on the three-step sequence).

(R)-4-(4-phenylbut-1-yn-1-yI)-1,3-dioxolan-2-one (10”)

o Following the General Procedure C. Yellowish oil (0.63 g, 44%
"/o\/:o yield). "TH NMR (400 MHz, CDCl3) § 7.35 — 7.28 (m, 2H), 7.27 —
7.23 (m, 1H), 7.22 — 7.17 (m, 2H), 5.33 — 5.18 (m, 1H), 4.55 (t, J =
8.2 Hz, 1H), 4.25 (dd, J = 8.3, 6.9 Hz, 1H), 2.85 (t, /= 7.4 Hz, 2H), 2.63 — 2.49 (m, 2H).
13C NMR (101 MHz, CDCl3) § 154.1, 139.8, 128.5, 128.4, 126.6, 90.8, 74.6, 69.9, 66.5,
34.3, 20.9. HRMS (ESI/TOF) m/z Calcd for Ci3Hi2NaOs [M + Na]® 239.0679; Found
239.0690. UPC2 conditions: IA column, isocratic CO2/MeOH = 90:10, 3 mL/min, 1500
psi. ee = 96%, [a]; =-3.4 (¢ =0.12, DCM).

Bn é

(R)-4-(hex-1-yn-1-y1)-1.3-dioxolan-2-one (1p°)

o>‘= Following the General Procedure C. Yellowish oil (0.65 g, 39%
" o

/ ©

n-Bu

yield). '"H NMR (400 MHz, CDCl3) § 5.34 — 5.25 (m, 1H), 4.59 (t, J

=8.1Hz, 1H),4.32 (dd, J=8.2,7.0 Hz, 1H), 2.26 (td, /= 7.1, 2.0 Hz,
2H), 1.56 — 1.46 (m, 2H), 1.45 — 1.35 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H). *C NMR (101
MHz, CDCl) & 154.1, 91.8, 77.3, 77.0, 76.7, 73.6, 70.0, 66.7, 30.0, 21.9, 18.4, 13.5.
HRMS (ESI/TOF) m/z Calcd for CoH12NaO3 [M +Na]* 191.0676; Found 191.0679. UPC2
conditions: TA column, isocratic CO»/MeOH = 99:1, 3 mL/min, 1500 psi. ee = 87%, [o]}
=+47.4 (¢=0.12, DCM).
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(R)-4-(6-chlorohex-1-yn-1-yl)-1.3-dioxolan-2-one (1q°)

0 Following the General Procedure C. Yellowish oil (0.45 g,

P ' 379 yield). "H NMR (400 MHz, CDCl3) & 5.37 — 5.23 (m,

cl 1H), 4.60 (t, J= 8.2 Hz, 1H), 4.33 (dd, J = 8.3, 6.9 Hz, 1H),
3.56 (t,J=6.4 Hz, 2H), 2.32 (td, /= 7.0, 2.0 Hz, 2H), 1.93 — 1.83 (m, 2H), 1.78 — 1.64 (m,
2H). 3C NMR (101 MHz, CDCl3) § 154.0, 90.7, 74.3, 69.9, 66.6, 44.3, 31.4, 25.2, 18.1.
HRMS (ESI/TOF) m/z Caled for CoH11CINaO3; [M + Na]* 225.0289; Found 225.0279.
UPC2 conditions: [A column, isocratic CO2/ACN =90:10, 3 mL/min, 1500 psi. ee = 94%,

[0]% =+7.2 (c = 0.16, DCM).

(R)-4-(5-chloropent-1-yn-1-yI)-1.3-dioxolan-2-one (1r°)

0 Following the General Procedure C. Yellowish oil (0.85 g, 45%
0 © yield). '"H NMR (400 MHz, CDCl3) § 5.36 — 5.23 (m, 1H), 4.61
(t, J=8.2 Hz, 1H), 4.33 (dd, J = 8.3, 6.9 Hz, 1H), 3.63 (t, J =
6.2 Hz, 2H), 2.48 (td, J = 6.9, 2.0 Hz, 2H), 1.99 (tt, J = 6.9, 6.1 Hz, 2H). *C NMR (101
MHz, CDCl3) 6 154.0, 89.6, 74.7,69.9, 66.5,43.3,30.6, 16.1. HRMS (ESI/TOF) m/z Calcd
for CsHoCINaOs [M + Na]® 211.0132; Found 211.0134. UPC2 conditions: IA column,
isocratic CO»/ACN = 97:3, 3 mL/min, 1500 psi. ee > 99%, [a]; = +7.5 (¢ = 0.13, DCM).

cl 4

(R)-4-(5-((4-methoxybenzyl)oxy)pent-1-yn-1-y1)-1,3-dioxolan-2-one (1s°)

o] Following the General Procedure C. Yellowish oil (1.63 g,
we? O 56% yield). "H NMR (400 MHz, CDCl5) 8 7.29 — 7.22 (m,
2H), 6.92 — 6.84 (m, 2H), 5.26 (ddt, J = 8.0, 7.0, 2.0 Hz, 1H),
4.55 (t, J= 8.1 Hz, 1H), 4.43 (s, 2H), 4.26 (dd, J = 8.3, 7.0 Hz, 1H), 3.81 (s, 3H), 3.51 (t,
J=6.0 Hz, 2H), 2.38 (td, J = 7.1, 2.0 Hz, 2H), 1.81 (tt, J = 7.1, 6.0 Hz, 2H). 3C NMR
(101 MHz, CDCl3) 8 159.2, 154.1, 130.4, 129.3, 113.8, 91.1, 73.9, 72.7, 69.9, 68.0, 66.6,
55.3,28.2,15.6. HRMS (ESI/TOF) m/z Calcd for CisH1sNaOs [M + Na]* 313.1046; Found
313.1051. UPC2 conditions: IA column, isocratic CO2/IPA = 90:10, 3 mL/min, 1500 psi.
ee = 96%, [a]% = +1.8 (c = 0.16, DCM).

PMBO =
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(R)-4-(4-(benzyloxy)but-1-yn-1-yl)-1.3-dioxolan-2-one (1t”)

o} Following the General Procedure C. Yellowish oil (1.28 g, 52%
“Q © yield). "H NMR (400 MHz, CDCl3) § 7.40 — 7.27 (m, 5H), 5.37
—5.22 (m, 1H), 4.58 (t, J=8.2 Hz, 1H), 4.55 (s, 3H), 4.32 (dd, J
=8.3, 6.9 Hz, 1H), 3.59 (t, J = 6.7 Hz, 2H), 2.58 (td, J= 6.7, 1.9 Hz, 2H). *C NMR (101
MHz, CDCls) 6 154.1, 137.8, 128.5, 127.9, 127.7, 88.5, 77.4, 77.0, 76.7, 74.7, 73.1, 69.8,
67.5,66.5,20.2. HRMS (ESI/TOF) m/z Calcd for Ci14H14NaO4 [M + Na]* 269.0784; Found
269.0777. UPC2 conditions: IA column, isocratic CO2/MeOH = 90:10, 3 mL/min, 1500
psi. ee = 94%, [a]; =+2.2 (¢ = 0.15, DCM).

=
BnO
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General procedure D for the synthesis of chiral 6-membered cyclic carbonates:

(-)-NME o
H Zn(OTf), TBAF
=
R/ /'\/\OSIR3 /H/\ /'\H
HJ\/\ois3
R

Step 1. Zn(OTH), (1.0 equiv) was dried under vacuum at 125 °C for 2 h. Then the flask
was cooled to r.t., the vacuum was released and (—)-N-methylephedrine (1.1 equiv.) was
added. The vacuum was applied for 30 min and then released. Toluene (1 M) and
triethylamine (1.1 equiv) were added, and the reaction mixture was stirred at r.t. for 2 h.
The alkyne (1.5 equiv) was added dropwise, and the reaction mixture was stirred at r.t. for
15 min. A solution of aldehyde (1.1 equiv.), which was prepared in accordance with the
procedure described in the literature,!! in toluene (1 M) was added slowly by means of a
syringe pump within 1 h. The reaction mixture was stirred until TLC showed complete
conversion (typically 16-20 h), then quenched by the addition of saturated aqueous NH4Cl.
The aqueous layer was extracted with Et>O, and the combined organic phases were dried
over MgSQq, filtered, and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel (hexanes/ethyl acetate, 5:1) to afford the affording the pure,

intermediate compound.??*°

Step 2: To a stirred solution of the respective silyl-protected diol (1.0 equiv) in THF (0.4
M) at 0 °C was added tetrabutylammonium fluoride (1.0 M in THF, 1.1 equiv). The flask
was warmed to room temperature and stirred until TLC analysis indicated the reaction was
complete. The solvent was removed, and the residue was purified by flash column

chromatography over silica gel (hexanes/ethyl acetate, 1:1) to afford the diol.

Step 3: To the deprotected diol (1.0 equiv) in DCM (0.25 M) in an argon-flashed flask
cooled by an ice bath was added pyridine (4.0 equiv). A solution of triphosgene (BTC, 0.5
equiv) in DCM (0.25 M) was added and the reaction mixture was allowed to stir for 1 h
and checked by TLC. The reaction mixture was quenched with saturated aqueous NH4Cl

and diluted with water. The layers were separated, and the aqueous phase was extracted
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three times with DCM. The combined organic layers were washed with 1 M HCI (three
times), saturated aqueous Na>COj and brine. After separation, the organic layers were dried
over Na>SQOys, filtered, and concentrated in vacuo. The crude product was purified by flash
chromatography on silica gel (hexanes/ethyl acetate, 20:1) to afford the corresponding

cyclic carbonate (note that the reported yields are based on the three-step sequence).

(5)-4-(4-phenylbut-1-yn-1-y1)-1,3-dioxan-2-one (3d’)

0 Following the General Procedure D. Yellowish o0il (0.64 g, 28% yield).

OJ\O '"H NMR (400 MHz, CDCl3) § 7.35 — 7.27 (m, 2H), 7.25 — 7.16 (m,

FZ 3H), 5.24 — 5.07 (m, 1H), 4.62 — 4.43 (m, 1H), 4.40 — 4.27 (m, 1H),

2.83 (t,J=7.4 Hz, 2H), 2.55 (td, /= 7.2, 2.0 Hz, 2H), 2.36 — 2.22 (m,

1H),2.07 —1.94 (m, 1H). 3C NMR (101 MHz, CDCls) § 147.6, 140.0, 128.5, 128.4, 126.5,

89.1, 75.9, 68.3, 65.8, 34.4, 27.7, 20.8. HRMS (ESI/TOF) m/z Calcd for C14H14NaOs; [M

+Na]* 253.0835; Found 253.0831. UPC2 conditions: IA column, isocratic CO2/MeOH =
90:10, 3 mL/min, 1500 psi. ee = 88%, [a]; =+5.5 (¢c=0.11, DCM).

Bn

(R)-5,5-dimethyl-4-(4-phenylbut-1-yn-1-yI)-1,3-dioxan-2-one (3e”)

o) Following the General Procedure D. Yellowish oil (1.39 g, 54%
oJ\o yield). "H NMR (400 MHz, CDCl3) § 7.34 — 7.27 (m, 2H), 7.25 — 7.17

Z K (m, 3H), 4.77 — 4.67 (m, 1H), 4.12 (d, J = 10.7 Hz, 1H), 3.92 (dd, J =
10.7, 1.2 Hz, 1H), 2.85 (t, J = 7.3 Hz, 2H), 2.66 — 2.53 (m, 2H), 1.07

(s, 3H), 1.02 (s, 3H). 3C NMR (101 MHz, CDCls) & 147.5, 140.0, 128.5, 128.4, 126.5,
90.0, 77.5, 75.9, 74.2, 34.4, 32.0, 21.5, 20.6, 19.4. HRMS (ESI/TOF) m/z Calcd for
Ci6Hi1sNaOs [M + Na]" 281.1148; Found 281.1144. UPC2 conditions: IB column,

isocratic CO»/ACN = 93:7, 3 mL/min, 1500 psi. ee = 78%, [a]; = +20.3 (¢ = 0.20, DCM).
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(45)-5-methyl-4-(4-phenylbut-1-yn-1-yl)-1.3-dioxan-2-one (3f”)

0 Following the General Procedure D. Yellowish oil (1.12 g, 46% yield).
OJ\O '"H NMR (400 MHz, CDCl3) § 7.34 — 7.27 (m, 2H), 7.25 — 7.17 (m,
Bn\/kH 3H), 5.02 —4.95 (m, 0.5H), 4.74 (dt, J= 7.6, 2.0 Hz, 0.5H), 4.40 (dd, J
Me 11.0, 4.3 Hz, 0.5H), 4.20 — 4.09 (m, 1H), 3.98 (dd, /= 11.0, 8.3 Hz,
0.5H), 2.84 (td, J = 7.4, 2.1 Hz, 2H), 2.65 — 2.51 (m, 2H), 2.46 — 2.33 (m, 0.5H), 2.24 —
2.11 (m, 0.5H), 1.06 (d,J= 6.9 Hz, 1.5H), 0.92 (d, /= 6.8 Hz, 1.5H). *C NMR (101 MHz,
CDCls) & 147.8, 147.7, 140.2, 140.0, 128.6, 128.6, 128.5, 126.7, 126.6, 90.9, 89.2, 75.7,
74.5,73.7,72.7,71.6,70.7,34.5,34.4,32.5,30.1,20.9, 20.8, 12.9, 11.4. HRMS (ESI/TOF)
m/z Calcd for CisHigNaOs [M + Na]™ 267.0992; Found 267.0991. UPC2 conditions: TA
column, isocratic CO2/MeOH = 90:10, 3 mL/min, 1500 psi. ee = 98%, [a]; = +28.9 (¢ =
0.16, DCM).

(R)-4-(4-phenylbut-1-yn-1-y1)-5.7-dioxaspiro[2.5]octan-6-one (3g°)

o  Following the General Procedure D. Yellowish oil (1.26 g, 49% yield).

o)l\o '"H NMR (400 MHz, CDCl3) § 7.33 — 7.27 (m, 2H), 7.25 — 7.17 (m,

Bn\/% 3H), 4.89 —4.78 (m, 1H), 4.26 (dd, J=11.0, 0.8 Hz, 1H), 4.05 (dt, J =

11.0, 0.9 Hz, 1H), 2.83 (t, /= 7.3 Hz, 2H), 2.62 — 2.49 (m, 2H), 0.98 —

0.91 (m, 1H), 0.87 — 0.74 (m, 2H), 0.73 — 0.66 (m, 1H). *C NMR (101 MHz, CDCls) &

148.2,139.9, 128.5, 128.4, 126.5, 89.3,74.7, 74.0, 73.1, 34.3, 20.7, 18.8, 10.0, 7.4. HRMS

(ESI/TOF) m/z Caled for CisHisNaO3 [M + Na]* 279.0992; Found 279.1001. UPC2

conditions: OJ column, isocratic CO»/EtOH = 92:8, 2 mL/min, 2000 psi. ee = 84%, [a]} =
+75.3 (¢=0.11, DCM).
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4.5.3 General procedure for the synthesis of the silylated allenols

General Procedure E:

0O

J friwei) it R R
y: 5 mol %
ey 9 o« PhMe,Si-Bpin >=C OH
/\/‘J)n NaOt-Bu (25 mol %) PhMe,Si i
2R3 n=01 K3PO4 (50 mol %) R3
0.20 mmol 0.30 mmol Tol (0.2 M), N,
: : 80 °C, 20-48 h

In a N»-filled glove box, a dried 2 mL vial was charged with the respective cyclic
carbonate (1.0 equiv), PhMe>Si-Bpin (1.5 equiv), NaO#-Bu (25 mol %), ICy-HCI (5 mol %),
Ni(acac)z (5 mol %), K3POs (50 mol %), and toluene (0.2 M). The reaction mixture was
stirred at 80 °C until TLC analysis indicated that the reaction was complete (the reaction
mixture can be open to the air when doing the TLC analysis). Hereafter, the solvent was
evaporated by a gentle stream of N2, and the residue was purified by flash chromatography

on silica gel (hexanes/ethyl acetate, 20:1) to afford all corresponding products as oils.

4-(dimethyl(phenyl)silyl)-6-phenylhexa-2.3-dien-1-o0l (20)

H Following the General Procedure E. Yellowish oil (41.3 mg, 67%
S yield). 'H NMR (400 MHz, CDCl) §7.57 - 7.52 (m, 2H), 7.43 ~ 7.37
SiMezPh (m, 3H), 7.31 — 7.25 (m, 2H), 7.23 — 7.17 (m, 1H), 7.16 — 7.10 (m,

2H), 5.14 — 5.03 (m, 1H), 4.03 — 3.87 (m, 2H), 2.81 — 2.68 (m, 2H), 2.40 — 2.24 (m, 2H),
0.94 (s, 1H), 0.42 (s, 6H). 3C NMR (101 MHz, CDCL:) § 205.7, 141.9, 137.7, 133.9, 129.4,
128.5, 128.3, 127.9, 125.9, 97.2, 87.5, 61.2, 35.1, 30.5, -3.0, -3.2. Si NMR (79 MHz,
CDCL) § -8.6. HRMS (ESI/TOF) m/z Caled for C20H24NaOSi [M + Na]* 331.1489; Found
331.1487.
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4-(dimethyl(phenyl)silyl)octa-2,3-dien-1-0l (2p)

H Following the General Procedure E. Yellowish oil (43.8 mg, 84%
n-Bu c)\/OH yield). "H NMR (400 MHz, CDCls) § 7.57 — 7.51 (m, 2H), 7.39 — 7.35
SiMe,Ph (m, 3H), 5.07 (tt, J= 6.6, 3.0 Hz, 1H), 4.04 (d, J= 6.6 Hz, 2H), 2.02 —

1.94 (m, 2H), 1.47 — 1.36 (m, 2H), 1.35 — 1.25 (m, 2H), 1.20 — 1.09 (m, 1H), 0.86 (t, J =
7.2 Hz, 3H), 0.41 (s, 6H). ®C NMR (101 MHz, CDCl3) § 205.5, 137.9, 133.8, 129.2, 127.8,
97.8, 86.8, 61.4, 31.2, 29.0, 22.3, 13.9, -2.9, -3.1. Si NMR (79 MHz, CDCL) & -8.4.
HRMS (ESI/TOF) m/z Calcd for C16H24NaOSi [M + Na]* 283.1489; Found 283.1482.

8-chloro-4-(dimethyl(phenyl)silyl)octa-2,3-dien-1-0l (2q)

H Following the General Procedure E. Yellowish oil (47.2 mg,
cl AOH g0 yield). "H NMR (400 MHz, CDCls) 8 7.55 — 7.49 (m, 2H),
SiMe,Ph 7.39 = 7.35 (m, 3H), 5.13 — 5.06 (m, 1H), 4.05 (d, /= 6.6 Hz,

2H), 3.47 (t, J = 6.7 Hz, 2H), 2.02 — 1.96 (m, 2H), 1.80 — 1.70 (m, 2H), 1.61 — 1.5 (m,
2H), 1.15 (s, 1H), 0.40 (s, 6H). 3C NMR (101 MHz, CDCls) § 205.5, 137.6, 133.8, 129.3,
127.9, 97.3, 87.3, 61.3, 44.9, 32.0, 28.4, 26.1, -3.0, -3.2. 2Si NMR (79 MHz, CDCL) &
-8.6. HRMS (ESUTOF) m/z Caled for CigHo3CINaOSi [M + Na]* 317.1099; Found
317.1091.

7-chloro-4-(dimethyl(phenyl)silyl)hepta-2.3-dien-1-ol (2r)

H Following the General Procedure E. Yellowish oil (44.9 mg,
N c)\/OH 80% yield). "H NMR (400 MHz, CDCls) § 7.56 — 7.51 (m, 2H),
SiMe,Ph 7.41 —7.35 (m, 3H), 5.21 — 5.03 (m, 1H), 4.05 (d, J = 6.6 Hz,

2H), 3.52 (t,J = 6.5 Hz, 2H), 2.18 — 2.07 (m, 2H), 1.99 — 1.80 (m, 2H), 1.33 (s, 1H), 0.41
(s, 6H). *C NMR (101 MHz, CDCl3) § 205.4, 137.5, 133.8, 129.4, 127.9, 96.6, 87.6, 61.2,
44.4, 31.7, 26.3, -3.0, -3.2. ?Si NMR (79 MHz, CDCl3) § -8.1. HRMS (ESI/TOF) m/z
Calcd for CisH21CINaOSi [M + Na]™ 303.0942; Found 303.0938. The spectral data was

identical to those reported in the literature.’
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4-(dimethyl(phenyl)silyl)-7-((4-methoxybenzyl)oxy)hepta-2.3-dien-1-ol (2s)

H Following the General Procedure E. Yellowish oil (49.7 mg,

OH
PMBO C)\/ 65% yield). "H NMR (400 MHz, CDCl3) § 7.56 — 7.51 (m,
SiMe,Ph 2H), 7.41 — 7.34 (m, 3H), 7.25 - 7.21 (m, 2H), 6.93 — 6.83 (m,

2H), 5.17 — 5.01 (m, 1H), 4.39 (s, 2H), 4.02 (d, J = 6.6 Hz, 2H), 3.81 (s, 3H), 3.43 (t, J =
6.5 Hz, 2H), 2.11 —2.00 (m, 2H), 1.81 — 1.69 (m, 2H), 1.52 (s, 1H), 0.40 (s, 6H). *C NMR
(101 MHz, CDCls) § 205.5, 159.2, 137.8, 133.8, 130.6, 129.3, 127.8, 113.8, 97.4, 87.5,
72.5, 69.4, 61.2, 55.3, 28.9, 25.7, -3.0, -3.1. Si NMR (79 MHz, CDCl;) § -8.4. HRMS
(ESI/TOF) m/z Calcd for C23H30NaO3Si [M + Na]* 405.1856; Found 405.1852.

6-(benzyloxy)-4-(dimethyl(phenyl)silyl)hexa-2,3-dien-1-ol (2t)

H Following the General Procedure E. Yellowish oil (44.0 mg,

OH
BnO C 65% yield). '"H NMR (400 MHz, CDCl3) § 7.59 — 7.53 (m, 2H),
SiMe,Ph 7.42 —7.28 (m, 8H), 5.17 — 5.08 (m, 1H), 4.45 (s, 2H), 4.09 —

3.99 (m, 2H), 3.64 — 3.56 (m, 1H), 3.54 — 3.46 (m, 1H), 2.35 —2.25 (m, 2H), 1.84 (s, 1H),
0.42 (s, 3H), 0.41 (s, 3H). 3C NMR (101 MHz, CDCL) § 205.8, 138.2, 137.6, 133.9, 129.3,
128.4,127.9,127.8,127.7,95.0, 87.4, 72.8, 69.2, 60.4, 29.4, -3.0, -3.2. Si NMR (79 MHz,
CDCls)  -8.4. HRMS (ESI/TOF) m/z Calcd for C21HaeNaO»Si [M + Na]* 361.1594; Found
361.1596.

5-(dimethyl(phenyl)silyl)-3-methyl-7-phenylhepta-3.4-dien-1-ol (4a)

Me Following the General Procedure E. Yellowish oil (55.2 mg, 82%
Bn C OH yield). "H NMR (400 MHz, CDCl3) § 7.58 — 7.52 (m, 2H), 7.42 —
SiMe,Ph 7.36 (m, 3H), 7.30 — 7.24 (m, 2H), 7.20 — 7.11 (m, 3H), 3.60 (t, J=

6.4 Hz, 2H), 2.77 — 2.68 (m, 2H), 2.33 — 2.23 (m, 2H), 2.20 — 2.10 (m, 2H), 1.65 (s, 3H),
1.40 (s, 1H), 0.40 (s, 3H), 0.39 (s, 3H). 3C NMR (101 MHz, CDCls) § 205.3, 142.2, 138.1,
133.9,129.2, 128.4, 128.3, 127.8, 125.7,95.4, 91.8, 60.9, 36.9, 35.5, 31.5, 18.7, -2.8, -2.8.

The spectral data was identical to those reported in the literature.?
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5-(dimethyl(phenyl)silyl)-3-methylnona-3.4-dien-1-ol (4b)

Me Following the General Procedure E. Yellowish oil (36.9 mg, 64%
n-Bu C)\/\OH yield). 'TH NMR (400 MHz, CDCl3) 8 7.56 — 7.49 (m, 2H), 7.40 —
SiMe,Ph 7.32 (m, 3H), 3.63 (t, J = 6.3 Hz, 2H), 2.22 — 2.10 (m, 2H), 1.97 —

1.90 (m, 2H), 1.67 (s, 3H), 1.54 (s, 1H), 1.43 — 1.33 (m, 2H), 1.32 — 1.23 (m, 2H), 0.85 (4,
J=17.2 Hz, 3H), 0.36 (s, 3H), 0.36 (s, 3H). 3*C NMR (101 MHz, CDCls)  205.1, 138.4,
133.8,129.0, 127.7,95.8,90.9, 60.9, 36.9, 31.5,29.6,22.4, 18.7, 14.0, -2.7, -2.8. Si NMR
(79 MHz, CDCl3) 6 -8.1. HRMS (ESI/TOF) m/z Calcd for CisH2sNaOSi [M + Na]*
311.1802; Found 311.1810.

8-chloro-5-(dimethyl(phenyl)silyl)-3-methylocta-3.4-dien-1-ol (4¢)

Me Following the General Procedure E. Yellowish oil (5§1.3 mg,
o CJ\/\OH 83% yield). '"H NMR (400 MHz, CDCl3) § 7.55 — 7.48 (m, 2H),
SiMe,Ph 7.40 — 7.33 (m, 3H), 3.63 (t, J = 6.4 Hz, 2H), 3.50 (t, J = 6.6

Hz, 2H), 2.23 - 2.12 (m, 2H), 2.12 — 2.03 (m, 2H), 1.93 — 1.80 (m, 2H), 1.68 (s, 3H), 1.42
(s, 1H), 0.38 (s, 3H), 0.37 (s, 3H). *C NMR (101 MHz, CDCI3) § 205.1, 137.9, 133.8,
129.2, 127.8, 94.5,91.9, 60.8, 44.6, 36.9, 32.0, 26.9, 18.6, -2.8, -2.9. *Si NMR (79 MHz,
CDCl3) 6 -8.1. HRMS (ESI/TOF) m/z Calcd for Ci7H25CINaOSi [M + Na]* 331.1255;
Found 331.1255.

5-(dimethyl(phenyl)silyl)-7-phenylhepta-3.4-dien-1-ol (4d)

H Following the General Procedure E. Yellowish oil (15.5 mg, 24%
Bn C OH yield). '"H NMR (400 MHz, CDCl3) § 7.55 — 7.49 (m, 2H), 7.40 —
SiMe,Ph 7.34 (m, 3H), 7.27 - 7.22 (m, 2H), 7.19 - 7.14 (m, 1H), 7.13 - 7.09

(m, 2H), 4.94 — 4.78 (m, 1H), 3.58 (t, J = 6.4 Hz, 2H), 2.79 — 2.64 (m, 2H), 2.28 —2.21 (m,
2H),2.18 (q, J= 6.5 Hz, 2H), 1.31 (s, 1H), 0.38 (s, 3H), 0.38 (s, 3H). >*C NMR (101 MHz,
CDCls) § 207.1, 142.1, 137.8, 133.9, 129.2, 128.5, 128.2, 127.8, 125.8, 95.4, 82.8, 62.5,
35.3, 32.0, 31.1, -2.9, -3.1. Si NMR (79 MHz, CDCls) § -8.8. HRMS (ESI/TOF) m/z
Caled for C2H2eNaOSi [M + Na]* 345.1645; Found 345.1645.
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5-(dimethyl(phenyl)silyl)-2,2-dimethyl-7-phenylhepta-3.4-dien-1-ol (4€)

H Following the General Procedure E. Yellowish oil (46.3 mg,

c oH 06%yield). "H NMR (400 MHz, CDCl3) & 7.58 — 7.53 (m, 2H),

Bn Me® Me 742 736 (m,3H),7.29 - 7.24 (m, 2H), 7.21 — 7.16 (m, 1H),
SiMe,Ph

7.15-7.11 (m, 2H), 4.82 (t, J= 3.2 Hz, 1H), 3.29 (s, 2H), 2.81
~2.63 (m, 2H), 2.31 - 2.21 (m, 2H), 1.37 (s, 1H), 1.01 (s, 3H), 0.9 (s, 3H), 0.42 (s, 3H),
0.41 (s, 3H). 3C NMR (101 MHz, CDCL) & 205.0, 142.2, 137.7, 134.0, 129.3, 128.4,
128.3,127.9, 125.8,97.3,94.5,72.3, 37.1, 35.5, 31.4, 24.8, -2.9, -3.0. *Si NMR (79 MHz,
CDCls) § -8.8. HRMS (ESI/TOF) m/z Calcd for C23H3NaOSi [M + Na]* 373.1958; Found
373.1957.

5-(dimethyl(phenyD)silyl)-2-methyl-7-phenylhepta-3.4-dien-1-ol (4f)

H Following the General Procedure E. Yellowish oil (38.4 mg,
C)\/\OH 57% yield). "H NMR (400 MHz, CDCl3) § 7.57 — 7.52 (m, 2H),
Me 7.42 —7.35 (m, 3H), 7.29 — 7.23 (m, 2H), 7.20 — 7.15 (m, 1H),
SiMe,Ph 7.15-7.10 (m, 2H), 4.93 — 4.81 (m, 1H), 3.47 — 3.37 (m, 2H),
2.77 - 2.66 (m, 2H), 2.36 — 2.27 (m, 1H), 2.27 — 2.21 (m, 2H), 1.40 (s, 1H), 0.99 (dd, J =
8.5, 6.9 Hz, 3H), 0.40 (s, 3H), 0.40 (s, 3H). ®*C NMR (101 MHz, CDCls) § 206.0, 205.9,
1422, 137.8, 137.7, 133.9, 129.2, 128.4, 128.3, 127.9, 125.8, 96.5, 96.3, 89.3, 89.2, 68.0,
36.2,36.0,35.4,35.4,31.3,31.2,17.0, 16.8,-2.9, -3.1. Si NMR (79 MHz, CDCl3) & -9.0.
HRMS (ESI/TOF) m/z Calcd for C2,H2sNaOSi [M + Na]* 359.1802; Found 359.1802.

Bn
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(1-(3-(dimethyl(phenyl)silyl)-5-phenylpenta-1,2-dien-1-yl)cyclopropyl)methanol (4g)

H Following the General Procedure E. Yellowish oil (39.0 mg, 56%
Bn C%X\OH yield). '"H NMR (400 MHz, CDCl3) § 7.58 — 7.52 (m, 2H), 7.41 —
SiMe,Ph 7.36 (m, 3H), 7.29 — 7.23 (m, 2H), 7.21 — 7.15 (m, 1H), 7.15-7.10

(m, 2H), 5.00 (t, J = 3.1 Hz, 1H), 3.4 (s, 2H), 2.79 — 2.64 (m, 2H), 2.34 — 2.18 (m, 2H),
1.37 (s, 1H), 0.67 — 0.62 (m, 2H), 0.58 — 0.53 (m, 2H), 0.41 (s, 3H), 0.40 (s, 3H). *C NMR
(101 MHz, CDCL) § 205.7, 142.1, 137.7, 133.9, 129.3, 128.4, 128.3, 127.9, 125.8, 98.4,
91.2, 69.3, 35.3, 31.3, 21.7, 12.0, 11.8, -2.9, -3.1. Si NMR (79 MHz, CDCL) & -9.2.
HRMS (ESI/TOF) m/z Calcd for C23HasNaOSi [M + Na]* 371.1802; Found 371.1794.

4-(dimethyl(phenyl)silyl)-6-phenylhexa-2.3-dien-1-o0l (20°)

H Following the General Procedure E. Yellowish oil (46.3 g, 75%
Bn A~ yield). "H NMR (400 MHz, CDCls) § 7.59 — 7.52 (m, 2H), 7.43 —
SiMe,Ph 7.36 (m, 3H), 7.31 — 7.25 (m, 2H), 7.23 — 7.17 (m, 1H), 7.16 — 7.10

(m, 2H), 5.14 — 5.03 (m, 1H), 4.03 — 3.89 (m, 2H), 2.81 — 2.69 (m, 2H), 2.39 — 2.26 (m,
2H), 0.95 (s, 1H), 0.42 (s, 6H). 3C NMR (101 MHz, CDCl3) § 205.7, 141.9, 137.7, 133.9,
129.4, 128.5, 128.3, 127.9, 125.9, 97.2, 87.5, 61.2, 35.1, 30.5, -3.0, -3.2. *Si NMR (79
MHz, CDCl;) 6 -8.3. HRMS (ESI/TOF) m/z Calcd for C20H24NaOSi [M + Na]* 331.1489;
Found 331.1483. UPC2 conditions: OJ column, isocratic CO2/ACN = 95:5, 2 mL/min,
2000 psi. ee = 93%, es = 97%, [a]; =-2.1 (¢ = 0.15, DCM).

4-(dimethyl(phenyl)silyl)octa-2,3-dien-1-0l (2p°)

H Following the General Procedure E. Yellowish oil (42.7 mg, 82%

= OH
”'BUYCN yield). "H NMR (400 MHz, CDCl3) & 7.57 — 7.52 (m, 2H), 7.39 — 7.36
SiMe2Ph (m, 3H), 5.10 — 5.03 (m, 1H), 4.04 (d, J= 6.7 Hz, 2H), 2.02 — 1.93 (m,

2H), 1.46 — 1.36 (m, 2H), 1.35 — 1.26 (m, 2H), 0.86 (t, J = 7.2 Hz, 3H), 0.40 (s, 6H). *C
NMR (101 MHz, CDCls) 6 205.5, 137.9, 133.8, 129.2, 127.8, 97.8, 86.8, 61.4, 31.2, 29.0,
22.3,13.9,-2.9,-3.1. ®Si NMR (79 MHz, CDCls) § -8.4. HRMS (ESI/TOF) m/z Calcd for
Ci6H24NaOSi [M + Na]" 283.1489; Found 283.1484. UPC2 conditions: IG column,
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isocratic CO2/MeOH = 98:2, 2 mL/min, 2000 psi. ee = 89%, es > 99%, [a]; = -5.1 (¢ =
0.14, DCM).

8-chloro-4-(dimethyl(phenyl)silyl)octa-2.3-dien-1-ol (2q°)

H Following the General Procedure E. Yellowish oil (43.6 mg,

2 OH
cl N 74% yield). "H NMR (400 MHz, CDCl3) § 7.56 —7.50 (m, 2H),
SiMezPh 7.41 —7.36 (m, 3H), 5.15 - 5.05 (m, 1H), 4.06 (d, J = 6.6 Hz,

2H), 3.47 (t, J = 6.7 Hz, 2H), 2.04 — 1.95 (m, 2H), 1.80 — 1.69 (m, 2H), 1.62 — 1.51 (m,
2H), 1.22 (s, 1H), 0.40 (s, 6H). *C NMR (101 MHz, CDCls) § 205.5, 137.6, 133.8, 129.3,
127.9, 97.3, 87.3, 61.3, 44.9, 32.0, 28.4, 26.2, -3.0, -3.1. ¥Si NMR (79 MHz, CDCl3) & -
8.6. HRMS (ESI/TOF) m/z Calcd for CisH23CINaOSi [M + Na]® 317.1099; Found
317.1101. UPC2 conditions: IG column, isocratic CO2/MeOH = 95:5, 2 mL/min, 2000 psi.
ee = 93%, es = 99%, [a]; =-6.3 (¢ =0.12, DCM).

7-chloro-4-(dimethyl(phenyl)silyl)hepta-2.3-dien-1-ol (2r’)

Following the General Procedure E. Yellowish oil (38.8 mg,

A" 699 yield). '"H NMR (400 MHz, CDCl3) § 7.55 — 7.50 (m, 2H),
SiMe,Ph 7.41 —7.34 (m, 3H), 5.17 — 5.06 (m, 1H), 4.05 (d, J = 6.5 Hz,
2H), 3.51 (t, J = 6.5 Hz, 2H), 2.16 — 2.08 (m, 2H), 1.95 — 1.83 (m, 2H), 1.19 (s, 1H), 0.41
(s, 6H). 3C NMR (101 MHz, CDCl3) § 205.4, 137.5, 133.8, 129.4, 127.9, 96.7, 87.6, 61.2,
44.4,31.7,26.3, -3.1, -3.2. Si NMR (79 MHz, CDCl;) § -8.4. HRMS (ESI/TOF) m/z
Calcd for Ci5H2;CINaOSi [M + Na]* 303.0942; Found 303.0943. UPC2 conditions: IG
column, isocratic CO2/MeOH = 96:4, 2 mL/min, 2000 psi. ee = 94%, es = 94%, [a]}; = -
9.1 (¢=0.12, DCM).

nTLT
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4-(dimethyl(phenyl)silyl)-7-((4-methoxybenzyl)oxy)hepta-2.3-dien-1-o0l (2s’)

H Following the General Procedure E. Yellowish oil (52.0 mg,

¥~ OH
PMBO/\/YC/\/ 68% yield). '"H NMR (400 MHz, CDCl3) & 7.56 — 7.51 (m,
SiMe,Ph 2H), 7.40 — 7.34 (m, 3H), 7.26 — 7.21 (m, 2H), 6.90 — 6.85 (m,

2H), 5.13 = 5.03 (m, 1H), 4.39 (s, 2H), 4.02 (d, J = 6.6 Hz, 2H), 3.81 (s, 3H), 3.43 (t, /=
6.5 Hz, 2H), 2.12 - 1.99 (m, 2H), 1.83 — 1.70 (m, 2H), 1.59 (s, 1H), 0.40 (s, 6H). 3*C NMR
(101 MHz, CDCls) § 205.5, 159.2, 137.8, 133.8, 130.6, 129.3, 127.8, 113.8, 97.4, 87.5,
72.5, 69.4, 61.2, 55.3, 28.9, 25.7, -3.0, -3.1. Si NMR (79 MHz, CDCl;) § -8.7. HRMS
(EST/TOF) m/z Caled for C23H30NaOs3Si [M + Na]* 405.1856; Found 405.1853. UPC2
conditions: IG column, isocratic CO2/MeOH = 85:15, 2 mL/min, 2000 psi. ee = 94%, es
=98%, [a]5 =-8.5 (¢ =0.11, DCM).

6-(benzyloxy)-4-(dimethyl(phenyl)silyl)hexa-2.3-dien-1-ol (2t’)

H Following the General Procedure E. Yellowish oil (46.0 mg, 68%
BnO " Jicld). 'H NMR (400 MHz, CDCl3) § 7.58 — 7.53 (m, 2H), 7.41 —
SiMezPh 7.28 (m, 8H), 5.17 — 5.08 (m, 1H), 4.45 (s, 2H), 4.09 — 3.99 (m,

2H), 3.64 — 3.57 (m, 1H), 3.54 — 3.46 (m, 1H), 2.34 — 2.26 (m, 2H), 1.85 (s, 1H), 0.42 (s,
3H), 0.41 (s, 3H). BC NMR (101 MHz, CDCl3) § 205.8, 138.2, 137.6, 133.9, 129.3, 128.4,
127.9, 127.8, 127.7, 95.0, 87.4, 72.8, 69.2, 60.4, 29.4, -3.0, -3.2. Si NMR (79 MHz,
CDCls) 6 -8.2. HRMS (ESI/TOF) m/z Calcd for C21H26NaO,Si [M + Na]* 361.1594; Found
361.1592. UPC2 conditions: IG column, isocratic CO2/MeOH = 85:15, 2 mL/min, 2000
psi. ee = 88%, es = 94%, [a]; = -8.6 (¢ = 0.15, DCM).

5-(dimethyl(phenyl)silyl)-7-phenylhepta-3.4-dien-1-0l (4d’)

H Following the General Procedure E. Yellowish oil (18.7 mg, 29%
B AN on yield). "H NMR (400 MHz, CDCls) § 7.56 — 7.51 (m, 2H), 7.41 —
SiMe,Ph 7.35 (m, 3H), 7.29 — 7.22 (m, 2H), 7.20 — 7.14 (m, 1H), 7.14 — 7.09

(m, 2H), 4.93 — 4.80 (m, 1H), 3.58 (t, J= 6.4 Hz, 2H), 2.79 — 2.65 (m, 2H), 2.28 — 2.22 (m,
2H),2.19 (q, J= 6.5 Hz, 2H), 1.37 (s, 1H), 0.39 (s, 3H), 0.39 (s, 3H). *C NMR (101 MHz,
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CDCl3) & 207.1, 142.1, 137.8, 133.9, 129.2, 128.5, 128.2, 127.8, 125.8, 95.4, 82.8, 62.5,
35.3,32.0, 31.1, -2.9, -3.1. ®Si NMR (79 MHz, CDCls) § -8.8. HRMS (ESI/TOF) m/z
Calcd for C21H26NaOSi [M + NaJ" 345.1645; Found 345.1647. UPC2 conditions: OJ
column, isocratic CO2/ACN = 90:10, 2 mL/min, 2000 psi. ee = 77%, es = 88%, [a]}; =-3.4
(c=0.12, DCM).

5-(dimethyl(phenyl)silyl)-2.2-dimethyl-7-phenylhepta-3.4-dien-1-ol (4€’)

Following the General Procedure E. Yellowish oil (50.5 mg,
Bn/YCmOH ZZH% yield). '"H NMR (400 MHz, CDCls) § 7.57 — 7.52 (m,
SiMe,Ph ), 7.41 —7.35 (m, 3H), 7.29 — 7.23 (m, 2H), 7.21 — 7.15 (m,
1H), 7.15-7.11 (m, 2H), 4.82 (t, /= 3.2 Hz, 1H), 3.29 (d, J =
0.8 Hz, 2H), 2.82 — 2.61 (m, 2H), 2.30 — 2.20 (m, 2H), 1.41 (s, 1H), 1.00 (s, 3H), 0.99 (s,
3H), 0.41 (s, 3H), 0.40 (s, 3H). 3C NMR (101 MHz, CDCls) § 205.0, 142.2, 137.7, 134.0,
129.3, 128.4, 128.3, 127.9, 125.8,97.3,94.5,77.4,77.1,76.7, 72.3, 37.1, 35.4,31.4, 24.8,
-2.9, -3.0. ¥Si NMR (79 MHz, CDCl;) § -9.0. HRMS (ESI/TOF) m/z Calcd for
C23H30NaOSi [M + Na]® 373.1958; Found 373.1964. UPC2 conditions: OJ column,
isocratic CO2/ACN = 85:15, 2 mL/min, 2000 psi. ee = 68%, es = 87%, [a]; =-1.6 (c=0.13,
DCM).

\uII

(2R)-5-(dimethyl(phenyl)silyl)-2-methyl-7-phenylhepta-3.4-dien-1-ol (4f°)

Following the General Procedure E. Yellowish oil (31.6 mg,
47% yield). '"H NMR (400 MHz, CDCls) & 7.56 — 7.50 (m,
Me 2H), 7.40 — 7.34 (m, 3H), 7.28 — 7.22 (m, 2H), 7.19 — 7.14 (m,

SiMe,Ph 1H), 7.14 —7.10 (m, 2H), 4.94 — 4.76 (m, 1H), 3.50 — 3.34 (m,

2H), 2.78 — 2.64 (m, 2H), 2.35 —2.27 (m, 1H), 2.27 — 2.21 (m, 2H), 1.35 (s, 1H), 0.98 (dd,
J = 8.4, 6.8 Hz, 3H), 0.40 (s, 3H), 0.39 (s, 3H). 3C NMR (101 MHz, CDCls) & 205.9,
205.9,142.2,137.8,137.7,133.9, 129.2, 128 .4, 128.3, 127.8, 125.8, 96.5, 96.3, 89.3, 89.2,
68.0,36.2, 36.0, 35.4,35.4,31.3,31.2, 17.0, 16.8, -2.9, -3.1. Si NMR (79 MHz, CDCl3)
8 -9.0. HRMS (ESI/TOF) m/z Caled for C2H2sNaOSi [M + Na]® 359.1802; Found

OH

e

C
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359.1810. UPC2 conditions: OJ column, isocratic CO2/ACN =90:10, 2 mL/min, 2000 psi.
ee = 87%, es = 89%, [a]s =-3.4 (¢ =0.13, DCM).

(1-(3-(dimethyl(phenyl)silyl)-5-phenylpenta-1,2-dien-1-yl)cyclopropyl)methanol (4g”)

H Following the General Procedure E. Yellowish oil (45.3 mg, 65%

¥~ .
o C/X\OH yield). "H NMR (400 MHz, CDCl3) § 7.58 — 7.52 (m, 2H), 7.41 —
SiMe,Ph 7.37 (m, 3H), 7.29 — 7.24 (m, 2H), 7.21 — 7.15 (m, 1H), 7.15-7.11

(m, 2H), 5.01 (t, J=3.1 Hz, 1H), 3.44 (d, J= 1.1 Hz, 2H), 2.80 — 2.65 (m, 2H), 2.35-2.20
(m, 2H), 1.38 (s, 1H), 0.67 — 0.62 (m, 2H), 0.58 — 0.53 (m, 2H), 0.41 (s, 3H), 0.41 (s, 3H).
3C NMR (101 MHz, CDCl3) § 205.7, 142.2, 137.7, 133.9, 129.3, 128.4, 128.3, 127.9,
125.8,98.4,91.2,69.3,35.3,31.3,21.7,12.0, 11.8, -2.9, -3.1. *Si NMR (79 MHz, CDCl5)
3 -9.2. HRMS (ESI/TOF) m/z Caled for C23H2sNaOSi [M + Na]" 371.1802; Found
371.1800. UPC2 conditions: OJ column, isocratic CO2/ACN =90:10, 2 mL/min, 2000 psi.
ee = 53%, es = 63%, [a]; = -4.7 (¢ = 0.14, DCM).
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4.5.4 Procedures for the post-modifications of compound 2s”

Wil T

g NOYO

H NCO Et;N C
AN\OH ° PMBO
PMBO/\/YC + /©/ /\/Y
cl

HN
DCM SiMe,Ph
SiMe,Ph
cl

2s’ 5a

To a solution of the silyl allenol 2s” (0.3 mmol, 114.8 mg, 1.0 equiv) in DCM (0.6 mL,
0.5 M) was added 4-4-chlorophenyl isocyanate (0.36 mmol, 71.3 mg, 1.2 equiv) at r.t.,
followed by Et;N (0.6 mmol, 60.7 mg, 2.0 equiv). The reaction mixture was stirred for 12
h and TLC analysis then indicated the reaction was complete. Hereafter, the solvent was
evaporated by a gentle stream of N, and the residue was purified by flash chromatography

on silica gel (hexanes/ethyl acetate, 5:1) to afford the corresponding product 5a as an oil.

(R)-4-(dimethyl(phenyl)silyl)-7-((4-methoxybenzyl)oxy)hepta-2,3-dien-1-yl  (4-chloro-

phenyl)carbamate (5a)

Yellowish oil (135.8 mg, 85% yield). '"H NMR
AN (400 MHz, CDCl3) § 7.53 — 7.48 (m, 2H), 7.39 —
SiMe,Ph HN\@\ 7.31 (m, 3H), 7.29 — 7.26 (m, 2H), 7.25 — 7.18 (m,
Cl 4H), 6.87 - 6.83 (m, 2H), 6.68 (s, 1H), 5.14 — 5.05
(m, 1H), 4.66 — 4.54 (m, 2H), 4.37 (s, 2H), 3.79 (s, 3H), 3.41 (td, J= 6.6, 1.6 Hz, 2H), 2.05
~1.97 (m, 2H), 1.74 (p, J= 7.0 Hz, 2H), 1.64 (s, 1H), 0.38 (s, 3H), 0.38 (s, 3H). *C NMR
(101 MHz, CDCl3) 8 206.6, 159.2, 153.2, 137.4, 136.6, 133.8, 130.6, 129.3, 129.3, 129.0,
1283, 127.8, 119.8, 113.8, 97.2, 82.8, 72.5, 69.4, 63.9, 55.3, 28.8, 25.4, -3.1, -3.2. PSi
NMR (79 MHz, CDCl3) 6 -8.6. HRMS (ESI/TOF) m/z Caled for C30H34CINNaO4Si [M +
Na]* 558.1838; Found 558.1848.

T

PMBO
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H o) NP
IN_OH DMAP PMBOW
pMBO/\/YC/\/ + ¢ — SiMe,Ph
. Et;N, DCM
SiMe,Ph R
2s’ 6a+6b R

To an oven dried flask charged with a stirring bar and dry DCM (2 mL, 0.15 M) was
added the silyl allenol 2s” (0.3 mmol, 114.8 mg, 1.0 equiv) and the mixture was cooled to
0 °C via an ice/water bath. Then 4-dimethylaminopyridine (DMAP, 0.03 mmol, 3.7 mg, 10
mol %) was added, followed by the dropwise addition of dry EtzN (0.9 mmol, 91.1 mg, 3.0
equiv). After this mixture had been stirred for ~5-10 min, the respective benzoyl chloride
(0.45 mmol, 1.5 equiv: for R = Br, 98.8 mg; for R = NO», 83.5 mg) was slowly added and
the resulting solution was stirred while warming to r.t. for 12 h. TLC analysis indicated the
reaction was complete. Hereafter, the solvent was evaporated by a gentle stream of N», and
the residue was purified by flash chromatography on silica gel (hexanes/ethyl acetate, 5:1)

to afford the corresponding product as an oil.

(R)-4-(dimethyl(phenyl)silyl)-7-((4-methoxybenzyl)oxy)hepta-2.3-dien-1-yl 4-bromo
benzoate (6a)

Yellowish oil (132.5 mg, 78% yield). '"H NMR (400 MHz,

CDCl3) 6 7.91 — 7.85 (m, 2H), 7.58 — 7.53 (m, 2H), 7.52 —

SiMe;Ph 7.47 (m, 2H), 7.38 — 7.29 (m, 3H), 7.23 — 7.16 (m, 2H),

6.89 — 6.82 (m, 2H), 5.20 — 5.12 (m, 1H), 4.79 — 4.72 (m,

2H), 4.36 (s, 2H), 3.80 (s, 3H), 3.40 (t, J = 6.5 Hz, 2H),

2.07 - 1.98 (m, 2H), 1.79 — 1.69 (m, 2H), 0.38 (s, 3H), 0.37 (s, 3H). *C NMR (101 MHz,

CDCl3) 6 206.7,165.7,159.1, 137.3, 133.8, 131.7, 131.2, 130.7, 129.3, 129.3, 129.2, 128.0,

127.8,113.8,97.3, 82.6, 72.5, 69.4, 63.8, 55.3, 28.9, 25.5, -3.1, -3.2. *Si NMR (79 MHz,

CDCls) 6 -8.6. HRMS (ESI/TOF) m/z Calcd for C30H33BrNaO4Si [M + Na]*™ 587.1224;
Found 587.1216.

c}\nlI
O
@]

PMBO
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(R)-4-(dimethyl(phenyl)silyl)-7-((4-methoxybenzyl)oxy)hepta-2.3-dien-1-yl 4-nitro-ben-
zoate (6b)

Yellowish oil (100.5 mg, 63% yield). '"H NMR (400 MHz,

CDClI3) 0 8.28 — 8.21 (m, 2H), 8.20 — 8.13 (m, 2H), 7.53 —

SiMe,Ph 7.46 (m, 2H), 7.38 — 7.29 (m, 3H), 7.22 — 7.16 (m, 2H),

6.89 — 6.82 (m, 2H), 5.21 — 5.13 (m, 1H), 4.80 (d, J=7.1

Hz, 2H), 4.36 (s, 2H), 3.80 (s, 3H), 3.41 (t, /= 6.5 Hz, 2H),

2.09— 1.99 (m, 2H), 1.80 — 1.70 (m, 2H), 0.38 (s, 3H), 0.38 (s, 3H). *C NMR (101 MHz,

CDCl3) 6206.7,164.5,159.1,150.5, 137.2,135.8, 133.8, 130.7, 130.6, 129.3, 129.2, 127.8,

123.5,113.7,97.5, 82.3, 72.5, 69.4, 64.6, 55.3, 28.9, 25.5, -3.1, -3.2. ¥Si NMR (79 MHz,

CDCl3) 6 -8.5. HRMS (ESUTOF) m/z Caled for C3HzsNNaOSi [M + Na]* 554.1969;
Found 554.1964.

0. 0

2\...1

PMBO c

NO,

H

nT

: DD z
PMBO Cé\/OH . HO CNOH
/\/Y . .
SiMe,Ph SiMe,Ph
2s’ 7a

To a stirred solution of the PMB-protected silyl allenol 2s” (0.12 mmol, 45.9 mg, 1.0
equiv) in DCM (1 mL, 0.1 M) and phosphate buffer (0.1 M, 0.1 mL) was added DDQ (0.18
mmol, 40.9 mg, 1.5 equiv) and the reaction mixture was stirred at r.t. for 2 h. TLC analysis
indicated the reaction was complete. Saturated NaHCO3 aqueous solution was added, and
the mixture was extracted three times with DCM. The extract was washed with saturated
NaHCOs and brine, and then dried over anhydrous Na»>SOs. The solvent was removed
under reduced pressure and the residue was purified by flash chromatography on silica gel

(hexanes/ethyl acetate, 2:1) to afford the corresponding product 7a as an oil.
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(R)-4-(dimethyl(phenyl)silyl)hepta-2.3-diene-1,7-diol (7a)

Yellowish oil (22.5 mg, 71% yield). '"H NMR (400 MHz, CDCI;)

AN 57,55 -7.50 (m, 2H), 7.39 — 7.34 (m, 3H), 5.13 — 5.07 (m, 1H),
SiMe,Ph 4.07 — 4.02 (m, 2H), 3.59 (td, J = 6.5, 1.8 Hz, 2H), 2.10 — 1.98
(m, 2H), 1.92 (s, 2H), 1.76 — 1.61 (m, 2H), 0.39 (s, 6H). *C NMR (101 MHz, CDCls) &
205.7,137.7,133.8, 129.3, 127.9, 97.1, 87.3, 62.1, 61.2, 31.5, 25.4, -3.0, -3.2. Si NMR
(79 MHz, CDCl3) & -8.7. HRMS (ESI/TOF) m/z Calcd for CisH22NaO,Si [M + Na]
285.1281; Found 285.1283.

n>I

HO

(R)-4-(dimethyl(phenyl)silyl)-7-hydroxyhepta-2.3-dien-1-yl  (4-chlorophenyl)carbamate
(5b)

1T

Following the same procedure for the PMB-
HO Cé\/o\fo deprotection described above. Yellowish oil (51.5 mg,
SiMe;Ph HN\@\ 85% yield). "H NMR (400 MHz, CDCl3) 8 7.55 —

Cl 747 (m, 2H), 7.39 — 7.28 (m, 5H), 7.28 — 7.23 (m,

2H), 6.86 (s, 1H), 5.11 (tt, J = 6.8, 3.0 Hz, 1H), 4.71 — 4.55 (m, 2H), 3.60 (td, J=6.5, 1.9
Hz, 2H), 2.12 — 1.94 (m, 2H), 1.75 — 1.64 (m, 2H), 1.59 (s, 1H), 0.39 (s, 3H), 0.38 (s, 3H).
3C NMR (101 MHz, CDCls) § 206.5, 153.3, 137.3, 136.6, 133.8, 129.3, 129.0, 128.4,
127.9, 119.8, 97.2, 82.9, 77.3, 77.0, 76.7, 63.6, 62.2, 31.5, 25.2, -3.1, -3.3. 2’Si NMR (79
MHz, CDCl;) 6 -8.6. HRMS (ESI/TOF) m/z Calcd for C2H2sCINNaO3Si [M + Na]*

438.1263; Found 438.1253.

(R)-4-(dimethyl(phenyl)silyl)-7-hydroxyhepta-2.3-dien-1-yl 4-nitrobenzoate (6¢)

H Following the same procedure for the PMB-deprotection
cANOO . L o i 1
HO described above. Yellowish oil (48.0 mg, 93% yield). 'H
SiMe,Ph NMR (400 MHz, CDCl3) 6 8.30 — 8.23 (m, 2H), 8.21 — 8.15
o (m, 2H), 7.53 — 7.47 (m, 2H), 7.37 —7.30 (m, 3H), 5.19 (tt, J
2

=7.0,3.0 Hz, 1H), 4.84 (dd, J="7.1, 2.2 Hz, 2H), 3.59 (t, J =
6.4 Hz, 2H), 2.10 — 1.99 (m, 2H), 1.72 — 1.63 (m, 2H), 1.57 (s, 1H), 0.39 (s, 3H), 0.38 (s,
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4H). 3C NMR (101 MHz, CDCl3) § 206.7, 164.6, 150.5, 137.1, 135.7, 133.8, 130.7, 129.4,
127.9, 123.5,97.5, 82.3, 64.5, 62.2, 31.7, 25.1, -3.2, -3.2. 2Si NMR (79 MHz, CDCL) § -
8.5. HRMS (ESI/TOF) m/z Caled for C2:H2sNNaOsSi [M + Na]* 434.1394; Found
434.1396.
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4.5.5 X-ray molecular structure for 3g’

Procedure: a pure, liquid sample of 3g” was kept in a freezer at -30 °C for two days and
colorless crystals were formed. The measured crystals of 3g” were stable under atmospheric
conditions; nevertheless, they were treated under inert conditions immersed in perfluoro-
polyether as protecting oil for manipulation. Data Collection: measurements were made on
a Bruker-Nonius diffractometer equipped with an APPEX II 4K CCD area detector, a
FR591 rotating anode with CuKa radiation, Montel mirrors and a Kryoflex low
temperature device (T =—173 °C). Full-sphere data collection was used with w and ¢ scans.
Programs used: Data collection Apex2 V2011.3 (Bruker-Nonius 2008), data reduction
Saint+Version 7.60A (Bruker AXS 2008) and absorption correction SADABS V. 20081
(2008). Structure Solution: SHELXTL Version 6.10 (Sheldrick, 2000) was used.21
Structure Refinement: SHELXTL-97-UNIX VERSION.?

Crystallographic details for 3g’: CisHi6s03, M; = 256.29, orthorhombic, P212:2i, a =
5.3269(2) A, b=18.8287(3) A, ¢ =28.2955(9) A, & = 90°, B =90°, y =90°, V= 1330.73(8)
A3 Z=4p=1279mg-M3, 1=0.710mm ', 1 = 1.54178 A, T=100(2) K, F(000) = 544,
crystal size = 0.20 x 0.10 x 0.05 mm?, 26(min) = 6.248°, 26(max) = 135.796°, 37385
reflections collected, 2424 reflections unique (Rint = 0.0307), GoF = 1.097, R = 0.0229 and
wR> = 0.0581 [/>20())], R1 = 0.0230 and wR> = 0.0582 (all indices), min/max residual
density = —0.16/0.09 [e-A], Flack parameter = 0.02(3). CCDC number 2116086.
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4.5.6 Experimentally determined and simulated CD spectra of 2s’

10

Exp CD
Calc (R)
Calc (S)

-10 ] . ] . ] . ]

200 250 300 350
A (nm)

400

Figure 1. Experimental (R enantiomer) and calculated CD spectra (R and S enantiomer) of

2s’

Experimental details: The experimental circular dichroism spectrum (CD) of (2s’) was

recorded at 25 °C on a Chirascan instrument in ACN (4 pg/mL) with a time per point of

0.5 s and triple-data accumulation followed by averaging and manual baseline correction.

Computational details: The geometry of the initial structure of the R enantiomer was

fully optimized with the double-hybrid DFT method B2PLYP and the def2tzv'* basis set,

including Grimme’s D3BJ dispersion corrections and acetonitrile solvent effects through

the implicit model SMD as implemented in Gaussian 16.2* Then, a molecular dynamics

simulation of 50 ps long (4 fs time-step) was performed using the GFN2-xTB? method as

implemented in XTB, at room temperature and in ACN included using the implicit solvent
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model GBSA2. To find the most significant conformations from the molecular dynamics
trajectory, we used a clustering process to gather above 1000 structures in 10 clusters via

the KMeans?® clustering method.

For each centre of cluster obtained, the geometry was re-optimized with Gaussianl6 at
the same level outlined above. From these geometries, the circular dichroism (CD)
spectrum was calculated with ADF201927 with the SAOP/tzv?® method and basis set and
including acetonitrile via the implicit solvent model COSMO. Each spectrum was based

on 100 excitations with an “excellent” numerical grid.

The final averaged CD spectrum was obtained adding the CD of each conformer
weighted according to a Boltzmann distribution from the relative potential energies. To
compare with the experimental data, a conversion of units was needed from reduced

rotatory strength to molar ellipticity.?*-°

Once the conformational space was considered
complete, the corresponding CD of the other enantiomer was obtained via a plane reflection.

Finally, a shift of the computed CD by —6 nm made a better fitting with experimental data.
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General Conclusions

The main objective of this doctoral thesis was to develop new applications for
silylborane and diborane reagents combining them with highly versatile and modular
internal alkyne-substituted cyclic carbonates using cheap and abundant metal catalysts (i.e.,
Cu and Ni). With these new approaches, we prepared a set of silyl allenols including
enantioenriched ones and highly stereo-controlled di-boron compounds, which can be
potentially in Hiyama or Suzuki coupling reactions towards the synthesis of more complex

molecules useful in the context of pharmaceutical development and/or materials science.

In chapter 2, we designed a general procedure for the preparation of highly versatile
and modular internal alkyne-substituted cyclic carbonates. Then, we developed an efficient
and mild Cu-catalyzed protocol for the decarboxylative silylation of these functionalized
carbonates affording 2,3-allenols featuring four different substituents. This practical
methodology provides access to a wide scope of tetrasubstituted, functionalized allenes in

excellent yields.

In chapter 3, we further exploited the application of the internal alkyne-substituted
cyclic carbonates. We developed a mild Cu-mediated methodology that allowed for
dichotomic borylation of alkynyl-substituted carbonates, affording either 1,2-diborylated
1,3-dienes or a-hydroxy allenes as the principal products. The chemoselective outcome
depended on the nature of the diboron(4) reagent. Through a series of control experiments
and spectroscopic/crystallographic data, we proposed a mechanistic rationale which aligns
with a crucial role of the relative kinetics of the second borylation step versus i-PrOH-

assisted protodemetalation.

In chapter 4, we devised a practical procedure for the wide-scope synthesis of enantio-
enriched, internal alkyne-substituted five- and six-membered cyclic carbonates. We
developed a Ni-mediated decarboxylative silylation of alkynyl cyclic carbonates affording
a wide range of highly substituted 2,3- and 3,4-allenol products in good yields. The formal

cross-coupling between a tentative intermediate Ni(allenyl) and the silyl reagent was
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further extended to enantiospecific conversions providing access to chiral allene synthons.
This protocol marked, as far as we know, the first Ni-catalyzed propargylic silylation
proceeding through an Sn2' manifold. Importantly, we believe that the Ni’-mediated
oxidative addition of the carbonate onto the zero-valent metal is a crucial step setting the
system up for the substitution process. This is contrary to Cu-mediated silylation which
proceeds through well-known f-oxygen elimination, which is unprecedented in Ni-

catalysis.

Altogether, the general conclusion from this thesis work (based principally on the
developed organic methodologies) is that a new dawn has risen for specially functionalized
cyclic carbonates. Whereas vinyl cyclic carbonates have already conquered a prominent
position as privileged substrates in allylic substitution chemistry and [3 + n] and [5 + n]
cycloaddition reactions, other types of carbonates such as the alkynyl-substituted ones
presented in this doctoral work have only recently emerged as precursors with great
synthetic potential. We therefore foresee that a further amplification of the synthetic use of
these functionalized cyclic carbonates from vinyl to alkynyl- and allenyl-substituted ones.
This represents an attractive future development being inspirational for the communities
with a focus on fine-chemical and pharmaceutical synthesis that requires exquisite control

over the chemo-, regio-, stereo- and/or enantio-selectivity.
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