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ABSTRACT: A metal-free efficient synthesis of olefins via micro- HOOC Rz PIFA R2 '« ONLY E-isomer
wave-assisted direct decarboxylative elimination of arylacetic acids is R W air, W, 120°C / * 20 min

described. This reaction, using commercially available reagent PIFA as

Ry

oxidant, readily provides a variety of desired products in moderate to

good yields.

D irect decarboxylative transformations of carboxylic acids,
which are usually considered as readily available, bench
stable, and inexpensive feedstocks, provide a useful approach
for chemical synthesis. In particular, decarboxylative couplings
using transition-metal catalysts, such as Pd,! Ag,2 Rh,* Cu,* and
Ni,” have received significant attention. Recently, the utility of
photoredox reagents including iridium complex® and Fukuzumi
acridinium photooxidant” has emerged as an alternative strategy
for direct decarboxylative functionalization of carboxylic acids.

Hypervalent iodine reagents are extensively used in organic
synthesis as oxidants mainly due to their benign environmental
quality, commercial availability, and easy handling. Although
the efficient generation of a carbon-centered radical from a
carboxylic acid is not easy, several methods for decarboxylative
coupling reactions have been developed recently using
iodine(III) derivatives, in combination with transition-metal®**

or photoredox catalysis,”' especially, Ag—catalyzedZd and
photoinduced'® decarboxylative alkynylation. Moreover, the
iodine(III) dicarboxylate intermediates were produced in the
photoredox system,'*® followed by the formation of carbon-
centered radicals. However, via a direct decarboxylative
elimination of fatty acids to form olefins, there are only a few
reports in which a transition-metal catalysis was employed."'
Herein, we would like to report on metal-free direct
decarboxylative elimination of arylacetic acids for the synthesis
of olefins using iodine(IlI) reagents under microwave heat
conditions.

We began by investigating the reaction parameters (Table 1).
In the presence of air, commercially available iodine(III)
reagents and organic solvents were screened under microwave
irradiation conditions. In terms of chemical yield (only E-
isomer found), PIFA (PhI(OCOCF,), phenyliodine bis-
(trifluoroacetate)) was determined as the best one with
acetonitrile as the solvent (entries 1—6). The addition of acid
or base did not improve the chemical yields (entries 7—9).
When shortening the reaction time from 30 to 20 min, the
chemical yield did not drop (entry 10). However, microwave
irradiation for 10 min, no microwave heat, lower or higher
reaction temperature, led to lower yields (entries 11—14).
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Table 1. Optimization of Reaction Conditions”

HO -0 iodine(lll), air =
solvent, pW
150 W, 120 °C 2a
1a ONLY E-isomer
entry iodine(IIT) solvent t (min) yield (%)
1 PhIO CH,CN 30 <5
2 PhI(OAc), CH,CN 30 <s
3 PIFA CH,CN 30 85
4 PIFA PhCH, 30 10
s PIFA AcOEt 30 29
6 PIFA DCE 30 52
7€ PIFA CH,CN 30 84
8 PIFA CH,CN 30 40
9° PIFA CH,CN 30 <s
10 PIFA CH,CN 20 85
11 PIFA CH,CN 10 63
12 PIFA CH,CN 30 13
13¢ PIFA CH,CN 20 <s
14" PIFA CH;CN 20 79

“1a (0.20 mmol), iodine(III) (0.24 mmol), solvent (2 mL). *Isolated
yield. “CF,COOH (0.40 mmol). “t-BuOK (0.40 mmol). °K,CO; (0.40
mmol). /Ol bath heat. 2100 °C. #140 °C.

With the optimized reaction condition established, we first
explored the substrate scope of aryl/diphenylacetic acids. As
depicted in Figure 1, the reaction exhibited a broad generality,
readily affording a variety of different aryl/diphenylvinyls in
moderate to good yields. It should be noted that the direct
decarboxylative elimination generated the sole E-olefins, which
could be the thermodynamic products (2b—2r). Moreover,
substituents or functional groups on the aromatic ring (2b—2i)
or side chain (20—2r) were well tolerated. We also observed
that thienyl group (2h) or hydroxyl group (2q) led to a sharp
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Figure 1. Substrate scope of aryl/diphenylacetic acids.

decrease of the yield. Higher reaction temperature was required
to achieve olefin 2i. When treating diphenylacetic acids with the
same reaction condition, it also furnished the desired products
in satisfactory yields (2u—2x).

To probe the mechanism of this decarboxylative elimination,
arylacetic acid 3 with a cyclopropyl group was subjected to the
optimized condition (Scheme 1). This reaction gave a

Scheme 1. Reaction of Cyclopropyl Acid 3

COOH
1.2 equiv PIFA = OTCF-:
CH4CN, pW, 120 °C ,Q/W o]
Ph 20 min Ph
3 4 (54%)

cyclopropyl ring opening product 4, suggesting that a radical-
mediated process was involved. On the basis of the above
results, a postulated mechanism is depicted in Scheme 2. The
reaction of la and PIFA provides iodine(Ill) dicarboxylate
intermediate A,”*'*" which is liable to furnishing carboxylic
radical B, followed by generating the corresponding carbon

Scheme 2. Proposed Mechanism
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radical C and the release of CO,. Subsequent oxidation® and
elimination give corresponding olefin 2a.

In addition, we conducted the decarboxylative elimination of
substrate S, which could be subject to proton leaving at the
methyl site or methylene site (Scheme 3, eq 1). As expected,

Scheme 3. Reactions of § and 7

COOH
12 equw PIFA (1
CH4CN, pW, 120°C

20 min

5 87% (6a:6b = a.n

!

COOH
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S CHaCN, pW, 120 °C ‘\_< ’

20 min
7 8 (32%)

this reaction afforded an inseparable mixture of 6a and 6b with
fair regioselectivity. Using phthalimide-protected amino acid
instead of arylacetic acid as the substrate (Scheme 3, eq 2) also
afforded the desired olefin 8.

In conclusion, we have developed the first example of a
metal-free direct decarboxylative elimination for the synthesis
of olefins under microwave irradiation conditions. The reaction,
in the presence of commercially available PIFA, readily afforded
a variety of aryl/diphenylvinyls in moderate to good yields.
Preliminary mechanistic investigations suggested a radical
process could be involved in the decarboxylative elimination
reaction.
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ABSTRACT: An efficient asymmetric total synthesis of (S)-baclofen

was accomplished via a one-pot operation from commercially available 0
materials using sequential reactions, such as aldol condensation of
acetaldehyde, diphenylprolinol silyl ether mediated asymmetric
Michael reaction of nitromethane, Kraus—Pinnick oxidation, and
Raney Ni reduction. Highly enantioenriched baclofen was obtained in

one pot with a good yield over four reactions.

O ne-pot operations are effective methods for both carrying
out several transformations and forming several bonds in
a single pot, while at the same time cutting out several
purifications, minimizing chemical waste generation, and saving
time. Thus, a one-pot reaction can be not only efficient but also
green and environmentally friendly, and “pot economy”’
should be one of the important economies in the synthesis of
molecules. However, one-pot reactions are challenging because
subsequent reactions have to be conducted in the presence of
the products generated in the previous reactions, which might
interfere with the desired successive reactions.”

We have a continuing interest in making natural products
and drugs via one-pot procedures, and we previously
accomplished a one-pot synthesis of (—)-oseltamivir,” one-pot
synthesis of ABT-341,” and three-pot synthesis of prostaglandin
A; and E; methyl esters,'* all of which use the organocatalyst
mediated asymmetric Michael reaction as a key step. It is a
synthetic challenge to make a drug with a chiral center via a
one-pot operation from readily available materials.

Baclofen (1) is a potent GABAg, receptor agonist used for the
treatment of spinal cord injury induced spasm.* Although the
racemic compound is used in clinical practice, the R-enantiomer
is the actual active species, the synthesis of which has been
actively investigated.” A two-pot synthesis of baclofen was
reported using organic—inorganic hybrid catalysts with
moderate enantioselectivity (70% ee). Recently, Kobayashi
and co-workers reported an excellent asymmetric synthesis of
rolipram, which has a similar structure to baclofen, via a one-
flow method.”

We have previously reported the formal asymmetric synthesis
of baclofen based on an organocatalyst mediated asymmetric
reaction” (eq 1). The asymmetric Michael reaction of
nitromethane with 3-(p-chlorophenyl)propenal (3) catalyzed
by diphenylprolinol silyl ether 2, which has been independently
developed by our group’ and Jorgensen’s group,'® afforded y-
nitroaldehyde 4 with excellent enantioselectivity. Oxidation of

-4 ACS Publications  © 2015 American Chemical Society

Ph
" (N-B—[—Ph 0
ol g, S .
Me H
cl tay /NH 2

one-pot reaction
CH3NO, NaClO; H; cl

aldehyde 4 provided carboxylic acid $, a known intermediate of
baclofen (1).

9
2mol % Ph
Ph
9 N otms o
| H 20 mol % HCO,H H
—_———
+ CH3NO, . _NOs
MeOH, rt, 40 h
cl al
3 80%, 92% ee 4
NaClO,
9 o)
NaH,PO 4 2H,0
8

2-methyl-2-butene OH known OH ;
A ., No, ——* L NH, (O
+BUOH /H,0 =3 /1

Cl cl
96%
’ 5 baclofent (1)

There are two key concerns in preparing (S)-baclofen from
the commercially available materials via a one-pot operation.
(1) Is there a method for the synthesis of @f-unsaturated
aldehydes that is suitable for the first step of the one-pot
reaction? (2) Does each subsequent reaction proceed in the
one-pot procedure with the same efficiency as the reaction
using isolated starting material?

The first problem is a transformation of p-chlorobenzalde-
hyde into 3-(p-chlorophenyl)propenal with two-carbon homo-
logation. Many methods are known for this basic chain
extension,"' such as the Horner—Wadsworth—Emmons re-
action of phosphonate imine,"? phosphonate hydrazone,13 aldol
reaction using a combination of vinyl acetate and Ba(OH),,"*
reaction with C-silylated imines,"® and a Peterson-type reaction
using silyl aldimines.'® Starting from ethoxy acetylene, vinyl
lithium,"” vinyl Zr,"® and vinyl Zn'’ reagents have been
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Scheme 1
4 mol %
Ph
N otms

MeNO;, (3 equiv)

o] 1) evaporation 40 mol % HCOH

NaClO, (1 equiv) o

NaH,PO 4 2H,0 (1.5 equiv) o

0]
H +
MeJ\H
Cl

20 mol % DBU .3h H20, rt, 48 h 2-methyl-2-butene Raney Ni, H,
> > > - - ..., _NH;
i
THF, rt, 48 h 2) evaporation then evaporation +BUOH /H,0=3/1,3h MeOH, 1t, 48 h
50°C, 2h then NayHPO 3 5H,0 (1 equiv), 1 h  thenagHCl () o¢

successfully employed for this transformation. None of these
methods, however, are applicable to the first reaction of a one-
pot operation because aqueous workup is necessary, or
generated byproducts or remaining reagents would interfere
with subsequent reactions. In particular, the subsequent
reaction is a catalytic asymmetric reaction, and there is a
possibility that even a small amount of byproduct or remaining
reagents would decrease the enantioselectivity.

We thought that an ideal method would be aldol
condensation of acetaldehyde because an equivalent amount
of water is the only byproduct. However, this is a difficult
reaction, as the obtained product also possesses a formyl
moiety, which reacts further with the other nucleophile. Only
aqueous NaOH is known to promote this reaction as far as we
were aware.”’

We have reported that amines such as diarylprolinols
promote the asymmetric aldol reaction of acetaldehyde,”"**
which indicates that an amine catalyst would promote the aldol
condensation. A range of amine catalysts were screened:
pyrrolidine, which is a basic skeleton of diarylprolinol, gave a
complex mixture. While no reaction proceeded in the presence
of pyridine, DABCO, DMAP, and K,COj;, the desired product
3 was obtained in DBU along with acetal 7 and dienal 8 (eq 2).
Although Et;N and i-Pr,NEt also afforded the product, the
reaction was slow. Solvent screening (THF, DMF, toluene,
MeOH, and CH,Cl,) indicated that THF was the preferred
solvent. Although we could not obtain the desired a,f-enal 3 in
good yield because of the generation of acetal 7, the successful
conversion of acetal 7 into 3 would make the one-pot synthesis
of a,f-enal 3 possible. After extensive experimentation, we were
pleased to find the following conditions (eq 3): aldol reaction
was performed in the presence of DBU (20 mol %) to afford
a,f-enal 3 and acetal 7. Two evaporations, first at room
temperature then at 50 °C, gave desired a,f-enal 3 in good
yield (76%) in one pot. The reaction proceeds as follows. The
aldol product 9, acetaldehyde, and acetal 7 were under
equilibration (eq 4). While acetaldehyde was removed under
the reduced pressure at the first evaporation at room
temperature, this equilibration shifts to the left with retro-
acetalization to convert acetal 7 into 9. Dehydration from aldol
product 9 proceeds at 50 °C in the presence of DBU to provide
the desired a,f-enal 3 in good yield. If the evaporation was
carried out at 50 °C from the beginning without doing it at
room temperature, a second aldol reaction of a,f-enal 3 with
acetaldehyde also proceeded to provide a substantial amount of
dienal 8.

0 20 mol % DBU
H +
Me)LH THF, 11, 48 h
al

6 3 7
o}
. H
evaporation evaporation I
- 3)
rt 50 °C
9 3
76% (one-pot)
OH O /L
o 20 mol % DBU [eXe}
* R = @)
Me”™ "H OH
Cl
Cl
s 7

The next step was the asymmetric Michael reaction of
nitromethane (Scheme 1). Because we used DBU in THF in
the first reaction, the next asymmetric Michael reaction had to
be conducted in the presence of DBU, which might interfere
with the asymmetric reaction because DBU is a stronger base
than diphenylprolinol silyl ether. Moreover, the solvent should
be optimized because a protic solvent such as MeOH is the best
solvent in the asymmetric Michael reaction.® After thorough
optimization of reaction conditions, the reaction was found to
proceed efficiently without sacrificing enantioselectivity, using
formic acid as an additive, which reduced the basicity of the
DBU by the protonation, in a mixture of THF and water.”’
That is, after the first aldol condensation reaction of
acetaldehyde using DBU (20 mol %) for 48 h, nitromethane
(3 equiv), diphenylprolinol silyl ether (4 mol %), HCO,H (40
mol %), and water were added to the reaction vessel, and the
asymmetric Michael reaction proceeded at room temperature
for 48 h to afford the Michael product 4. The enantioselectivity
was found to be 95% when the reaction was stopped.

Subsequent transformations were also performed in the same
flask. After removal of solvent and nitromethane under reduced
pressure, Kraus—Pinnick oxidation®* was successfully per-
formed in aqueous t-BuOH to afford carboxylic acid 5. After
addition of Na,HPO;-5H,0 to reduce unreacted NaClO,, the
reduction of the nitro group to the amine was carried out using
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Table 1. One-Pot Synthesis of a,f-Unsaturated Aldehydes
via Two-Carbon Homologation”

1) evaporation, rt

> H (5)
2) evaporation, 50 °C R |

entry product X time yield
(mol %)™ (h)i< (%)L

o 0 Xmol % DBU
L, A >

R™"H Me” 'H THF, rt, time

(o]
1 /Q/*AH 10 19 82
oN
(o]
2 /@/“\\)LH 20 48 76
Cl
o]
3 /O/“\‘)LH 20 20 70
Br
o]
4 /@f‘“\“)LH 20 33 62
Ts0
5 UJH 20 60 65
FiC
(o]
6 WH 20 33 74
Me0,C
NO, 0
7 W H 20 21 71

Br (o]
8 @MH 20 29 76
Cl o]
.
9 CL/\)‘ H 20 46 80
Cl
o]
o
10 o H 10 15 60
N, =
0
11 WH 20 48 63
o]
12 OO NN 20 14 75
(o]
13 /@/VLH 20 20 53
Ph
OMe o]
14 20 100 53

1

“Unless otherwise noted, the reaction was performed by employing
aldehyde (0.5 mmol), acetaldehyde (2.5 mmol), and DBU (0.1 mmol)
in THF (0.5 mL) at room temperature for the indicated time. See
Supporting Information for details. “Amount of DBU. “Reaction time
for the first aldol reaction. “Isolated yield.

Raney Ni under a H, atmosphere to provide the baclofen
hydrochloride salt by the addition of HCL

All of the transformations can be carried out in a one-pot
operation to afford the product in 31% total yield (93% ee)
over four steps (75% per step), starting from 3 g of p-
chlorobenzaldehyde.

Because the first aldol condensation reaction of acetaldehyde
for the synthesis of a,f-enal is synthetically useful, the
generality of the reaction was investigated (Table 1). The
reaction is effective, with aromatic aldehydes containing
electron-deficient substituents; p-nitro-, p-chloro-, p-bromo-,
p-toluenesulfonyloxy-, p-trifluoromethyl-, and p-methoxycar-
bonyl-substituted benzaldehyde are all suitable substrates to
afford a,f-unsaturated aldehydes in good yields (entries 1—6).
Benzaldehyde derivatives with an electron-deficient substituent
at the o-position, such as o-nitrobenzaldehyde and o-
bromobenzaldehyde, afforded a,f-enals in good yields (entries
7 and 8). The reaction proceeded efficiently in the reactions of
2,6-dichlorobenzaldehyde and heteroaromatic aldehydes such
as pyridine-4-carbaldehyde (entries 9 and 10). Aromatic
aldehydes without an electron-deficient substituent, such as
benzaldehyde, 2-naphthaldehyde, and 4-biphenylcarbaldehyde,
can also be used as suitable electrophiles (entries 11—13). An
aromatic aldehyde with an electron-donating substituent is not
a good substrate. The desired product was obtained in 53%
yield after 100 h in the reaction of o-anisaldehyde (entry 14),
and no reaction proceeded in the case of p-anisaldehyde. A self-
aldol reaction proceeded in the case of an aliphatic aldehyde
such as 3-phenylpropanal.

In summary, an efficient asymmetric synthesis of (S)-
baclofen was accomplished via a one-pot operation with a
total yield of 31% on a gram scale. All of the reagents are
commercially available and cheap. It is one of the most efficient
methods for the preparation of (S)-baclofen. The synthesis has
several noteworthy features. Aldol condensation of acetalde-
hyde catalyzed by DBU is a straightforward and efficient
method for the preparation of @,f-unsaturated aldehydes from
the corresponding aldehydes. Asymmetric Michael reaction of
nitromethane catalyzed by diphenylprolinol silyl ether is robust
and is not interfered with in the presence of a strong base such
as DBU by the addition of formic acid. Kraus—Pinnick
oxidation and Raney Ni reduction in the same pot proceeded
smoothly despite the presence of several byproducts that were
generated in the previous reactions.
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ABSTRACT: The intermolecular cyclopropanation of aromatic
olefins with activated methylene compounds using iodine and
visible light irradiation was described. This reaction proceeds
under rare-metal-free conditions. Styrenes with various sub-
stituted groups (alkyl and electron-withdrawing groups) provided

corresponding cyclopropanes in moderate to good yields.

Functionalized cyclopropanes are an important class of
organic compounds because of their unique biological
activities' and physical properties.” They have also been applied
as important synthetic intermediates in cyclopentannulation via
metal-catalyzed ring-opening reactions.” Therefore, the devel-
opment of methods for the synthesis of members of this class is
highly important. Hence, a large number of synthesis methods
to access fused cyclopropanes have been developed.”
Furthermore, the total synthesis of naturally occurring products
containing cyclopropanes, such as Solanoeclepin A° and
Mycorrhizin,® has been achieved. To prepare cyclopropane
units, chemists can employ commonly developed methods,
includin§ transition metal catalyzed carbene’ insertion into
alkenes,” Simmons—Smith reactions,” Corey—Chaykovsky
reactions,'® Kulinkovich—de Meijere reactions,'' and Michael-
initiated ring-closure (MIRC) reactions.'” In 2012, a silver- and
iodine-mediated radical pathway was reported by Kamimura for
the intramolecular construction of cyclopropanes from nitro-
methane derivatives (Scheme 1a)."”” This reaction proceeds
with an unconjugated alkene. However, no conditions that
produce intermolecular reaction products have yet been found.
There we have speculated on the ability to realize the
intermolecular cyclopropanation with a radical pathway.

In our laboratory, a unique photo-oxidative approach based
on the ability of iodine, which led to the formation of tartaric
acids from p-ketoesters via tandem oxidation/rearrangement
reaction, has been introduced (Scheme 1b)."* Visible light
irradiation of the iodinated intermediate induced homolytic
carbon—iodine bond cleavage, allowing access to radical species
under moderate conditions. This reactivity enabled the
development of light-driven cyclopropanation of active
methylene compounds using styrenes, a process that could
not be realized under thermal activation (Scheme Ic).

Herein, we investigate the intermolecular cyclopropanation
of styrenes with active methylene compounds, mediated by
molecular iodine. This study demonstrates that a radical
intermediate (II), generated upon photoinduced homolytic
carbon—iodine bond cleavage of an iodinated starting material
I, can serve as a suitable precursor (III) for cyclopropanation
resulting from radical addition of II to styrenes.

-4 ACS Publications  © 2015 American Chemical Society
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We examined the reaction of ethyl cyanoacetate (1a) with
styrene (2a) in ethyl acetate under visible light irradiation. Only
a trace amount of the cyclopropanated product (3a) was
detected when la and 2a were reacted in the presence of
calcium iodide or magnesium iodide (Table 1, entries 1 and 2).
Fortunately, in the presence of iodine, the reaction occurred
and gave the desired cyclopropane in 66% yield (entry 3).
Changing the amount of iodine drastically decreased the yield
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Table 1. Optimization of the Reaction Conditions

o}
EtOJ\|
+
N Ph

fluorescent lamp
iodine source o]

base (1.0 equiv) RJ\P\PP

EtOAc (5 mL), rt, 20 h CN
1a 2a (1.0 equiv) 3a

entry iodine source (equiv) base solvent  yield (%)”  dr®
1 Cal, (1.0) K,CO,4 EtOAc trace -

2 Mgl, (1.0) K,CO,  EtOAc 0 -

3 L (1.0) K,CO,  EtOAc 66 45:1
4 L (02) K,CO;  EtOAc 12 45:1
5 L (20) K,CO,  EtOAc 46 6:1
6 L (1.0) Cs,CO;  EtOAc 66 6.5:1
7 L (1.0) KOH EtOAc 58 5.5:1
8 L, (1.0) CsOAc EtOAc trace -

9 L, (1.0) pyridine EtOAc 17 4:1
10 L, (1.0) Et;N EtOAc trace -
11 - K,CO, EtOAc 0 -
12 L (1.0) - EtOAc 0 -
13 L, (1.0) K,CO,4 "Hexane 31 4:1
14 L (1.0) K,CO, CHCL 10 s:1
15 L (1.0) KCO;  MeCN 52 7:1
16 L (1.0) K,CO,  DMF 45 6:1
17 L, (1.0) K,CO, EtOAc 80 (86)  5:1

“Yield was determined by "H NMR analysis of the crude reaction
mixture. The number in parentheses is the isolated yield. “The
diastereomeric ratio was determined by '"H NMR analysis of the crude
reaction mixture. “Reaction carried out with 3 mL of EtOAc and 3
equiv of styrene.

of the desired product (entries 4 and S). Among the different
bases examined, K,CO; was found to be the best base (entries
6—10). Conversely, performing the reaction in the absence of
either iodine or base led to no detectable product (entries 11
and 12). Subsequent screening for the best solvent showed
EtOAc to be the best solvent (entries 13—16). Finally, fine-
tuning the ratio of 1a and 2a as well as the concentration of the
solvent proved to give the best results, giving the product (3a)
in 86% isolated yield (entry 17).

After obtaining optimized reaction conditions, we then
explored the reaction scope and limitations. First, we
investigated a variety of styrenes (2) to assess their ability to
react with ethyl cyanoacetate (1a) (Scheme 2). Styrenes with
an electron-donating group showed poor reactivity and gave the
cyclopropanated product (3b) in 21% yield. Styrenes bearing
alkyl groups at the ortho, meta, and para positions reacted well
with 1a to give the corresponding cyclopropanes (3c—3f) in
good yield. Higher yields of cyclopropanes 3g—3i were
obtained when various styrenes substituted with electron-
withdrawing groups were employed in this transformation.
However, the product yields dropped drastically when 2-
vinylpyridine was used as the starting material. Alpha or beta
substituted styrenes gave corresponding cyclopropanes (3k—
3m) in moderate yields. An attempt to extend this reaction
system to olefin-bearing alkyl substituents was not successful;
no cyclopropanated product (3n) was observed for a 1-hexene
substituted styrene. Also, cinnnamate did not react with 1a and
only starting material was observed.

Diverse active methylene compounds (1) were next
examined to study the scope of this methodology (Scheme
3). At the outset, active methylene compounds possessing a
nitrile group and other electron-withdrawing groups were

Scheme 2. Synthesis of Cyclopropanes (3) Using Various
Styrenes (2)“

fluorescent lamp

O I, (1.0 equiv) o
EtOJ\I , gy FEOs(0eq) EtO)KP\Ar
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1a 2 3
o o o
CN CN e, O i
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0 o Me o
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CN Me CN CN
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o g N g M NO;
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o _Ph o) O _Ph
EtO Eton\P\cmg EtO’D\§\COZMe
CN CN CN
3m:40% 3n:0% 30:0%
(2.4:1)

“General conditions: 1a (0.30 mmol), 2 (0.90 mmol), I, (0.3 mmol),
and K,CO, in EtOAc (3 mL) at rt for 20 h under an Ar atmosphere
and visible light irradiation. Yields refer to the isolated yield. Numbers
in parentheses refer to the diastereomeric ratio, and the ratios were
determined by "H NMR analysis of the crude reaction mixture.

employed to evaluate the ability of our method. Methyl
cyanoacetate provided the desired product (3p) in good yield.
When acyloyl acetonitriles were investigated as the substrates
for this reaction, all the cyclopropanated products (3q—3s)
were obtained in good yield. Moreover, this reaction could be
applied to other active methylene compounds, such as
malononitrile and dimethyl malonate, providing the corre-
sponding cyclopropanes 3t and 3u in 75% and 51% yield,
respectively. However, the reaction of styrene (2a) with 2-
nitroacetophenone resulted in a lower yield. In addition, the
reaction of benzyl cyanide with styrene (2a) was unsuccessful,
leading to a complex mixture, and no desired product (3w) was
obtained.

To further investigate the primary reaction mechanism,
several controlled experiments were performed (Scheme 4).
First, we attempted the reaction of ethyl cyanoacetate (1a) with
styrene (2a) under dark reaction conditions, and a significantly
lower yield of the desired product (3a) was observed (Scheme
4, eq 1). Second, when TEMPO (1.0 equiv) was added under
the optimized reaction conditions, the reaction could not
produce 3a, possibly due to the fact that the radical

DOI: 10.1021/acs.orglett.5b02957
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Scheme 3. Synthesis of Cyclopropanes (3) Using Various
Active Methylene Compounds (1)“

fluorescent lamp

o (1.0 equiv)
R! KoCO3 (1.0 equiv) R"\P\
N+ Zph > Ph
R2 EtOAc, t, 20 h R2
1 2a 3
o) o) o)
o)
MeO Ph ] Ph Ph
CN \ CN CN
Me
3p:80% 3q:47% 3r51%
(5.5:1) (12:1) (11:1)
o) o)
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CN CN £
3s:74% 3t75% 3u:51%
(11.5:1)

o)

Ph Ph
NO, CN

3v:8% 3w:0%

“General conditions: 1 (0.30 mmol), 2a (0.90 mmol), I, (0.3 mmol),
and K,COj; in EtOAc (3 mL) at rt for 20 h under an Ar atmosphere
and visible light irradiation. Yields refer to the isolated yield. Numbers
in parentheses refer to the diastereomeric ratio, and the ratios were
determined by 'H NMR analysis of the crude reaction mixture.

Scheme 4. Controlled Experiments

dark
o) Iz (1.0 equiv)
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EtO EtOAc, it, 20 h
17% yield

O
Ph/q)LOEtm
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trace

1a + 2a

3a (2)
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intermediate that formed was blocked by the TEMPO and,
thus, could not aid cyclization (Scheme 4, eq 2). The above-
mentioned results clearly indicated that the visible light
irradiation played a significant role in forming the radical
intermediate and that the reaction proceeded via a radical
pathway. Moreover, we prepared iodinated ethyl cyanoacetate
(1a—TI) and performed the photoinduced cyclopropanation of
la—I with 2a under our optimized reaction conditions without
iodine; a 54% yield of the desired product (3a) was observed
(Scheme 4, eq 3). Furthermore, the reaction of 2a with

10

TEMPO under our reaction conditions could not furnish the
desired product. These experiments suggested that the
homolytic carbon—iodine bond cleavage to form the radical
intermediate could be involved in the transformation under
standard conditions. To gain insight into the cyclization
mechanism of this reaction, an iodinated precursor (4a) was
used under the standard conditions (Scheme 4, eq 4). The
results indicated that no cyclization product was formed when
the reaction was performed without potassium carbonate.
Unfortunately, precursor 4 was not observed under the
standard condition in all cases.

From the above-mentioned experimental results, we
proposed a possible reaction mechanism that involved a
photoinduced homolytic carbon—iodine bond cleavage process
(Scheme 5). First, a radical intermediate 1’ was formed by the

Scheme 5. Plausible Reaction Mechanism for the
Cyclopropanation

l2 | EWG
base Pe hv 5 2 .
NC” EWG T NCTEWG T T Ar CN
14 1T 5
14
§
EWG EWG

|
G 5 e
CN J  Ar \_/'CN H*
3 4 4

base-assisted iodination of 1, followed by the photoinduced
homolytic carbon—iodine bond cleavage of 1—1. The generated
carbon radical then attacks the alkene, producing intermediate
S, which abstracts the I atom from 1-I to generate radical 1’
and intermediate 4 in a chain reaction. Finally, 3-exo-tet
cyclization of 4 occurs to form the desired cyclopropane (3).
In conclusion, we have successfully developed a highly
efficient photoinduced intermolecular reaction of active
methylene compounds with styrenes, mediated by iodine for
the straightforward synthesis of cyclopropanes, which are
important and useful intermediates in organic chemistry. A
general reaction mechanism has been proposed involving the
generation of a radical intermediate via photoinduced
homolytic carbon—iodine bond cleavage, which could be
further applied for various types of reactions. Moreover, the
corresponding cyclopropane products could be obtained under
rare-metal-free conditions, constituting a green chemistry
approach for the synthesis of cyclopropane derivatives.
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ABSTRACT: The reactions of 1,3,5-triformylphloroglucinol with (1R,2R)-1,2-diaminocyclohexane, (1R,2R)-1,2-diphenyl-
ethylenediamine, or (R)-2,2’-diamino-1,1’-binaphthyl result in the formation of enantiopure [2 + 3] keto-enamine condensation
products, in contrast to analogous reactions of 1,3,5-triformylbenzene, where [4 + 6] Schiff base cages are formed. The X-ray
crystal structure of the diaminocyclohexane 2 + 3 derivative as well as modeled structures of other compounds of this type show
cyclophane-like molecules with close contact between the phloroglucinol rings. Density Functional Theory (DFT) calculations

confirm that there is a sizable 7—7 interaction between these rings influencing the conformation of these molecules.

he condensation of 1,3,5-triformylbenzene with (1R,2R)-
1,2-diaminocyclohexane or other chiral diamines results in
interesting [4 + 6] cage imines,' > such as compound 1 (Figure
1), that exhibit unique guest binding and gas sorption properties,
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Figure 1. Structures of the [4 + 6] cage 1, a putative [4 + 6] cage 4 and
the [3 + 3] macrocycle 2.

as demonstrated by Cooper et al.”®> On the other hand, the
condensation of aromatic dialdehydes with the same chiral
diamines often leads to [3 + 3] imine macrocycles, which,
together with their amine counterparts, act as hosts for metal ions
as well as organic molecules. In particular the condensation of
2,6-diformylphenols with chiral diamines results in the formation
of [3 + 3] Schiff bases such as 2. These macrocycles and their
amine counterparts form interesting trinuclear metal complexes.”
In contrast, the [4 + 6] cage 1 seems to be a relatively poor ligand
for polychelate binding of metal ions. To date, no metal
complexes of these imine cages have been reported, while a
reduced amine-type [4 + 6] cage derived from 1,3,5-triformyl-
benzene and ethylenediamine forms a metal— orgamc framework
(MOF) coordination polymer with zinc(II) clusters.’

-4 ACS Publications  ©2015 American Chemical Society 12

Inspired by the elegance of the [4 + 6] cages derived from
1,3,5-triformylbenzene, we have envisaged that the introduction
of additional coordinating groups to 1 will create an organic
molecule that will allow for “three-dimensional” extension of
“two-dimensional” coordination chemistry of [3 + 3] macro-
cycles (Figures 1, 2). For this purpose we have chosen 1,3,5-

A S
AN

Figure 2. Comparison of the X-ray crystal structure’ of macrocycle 2
(left) with one of the faces of the modeled structure of the putative cage

4 (right).

triformylphloroglucinol 3 as the starting carbonyl compound for
the synthesis of a hypothetical compound 4 and similar cages. In
these new molecules, each face of the tetrahedral cage would
correspond to a [3 + 3] triphenolic macrocycle. In particular, the
modeled structure of the [4 + 6] condensation product 4 based
on 3 and (1R,2R)-1,2-diaminocyclohexane § shows a tetrahedral
cage, where each face very closely corresponds to a [3 + 3]
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macrocycle 2 previously studied by us (Figure 2, Figure S25,
Supporting Information (SI)).7

Trialdehyde 3 is an interesting substrate for the formation of [ 1
+ 3] condensation products with various amines, which have
been studied in the context of proton tautomerism, metal
binding, liquid crystal properties, and helicity inversion;® 3 has
been also condensed with aromatic diamines in a 2:3 ratio to give
2-D planar covalent polymers.”’

In this report we present the characterization of condensation
products of 3 with (1R,2R)-1,2-diaminocyclohexane R-S,
(1S,25)-1,2-diaminocyclohexane $-5, (1R,2R)-1,2-diphenyl-
ethylenediamine R-6, (1S,2S)-1,2-diphenylethylenediamine S-
6, (R)-2,2'-diamino-1,1’-binaphthyl R-7, and (S)-2,2’-diamino-
1,1-binaphthyl S-7. We show that the [2 + 3] condensation
products are formed instead of the expected [4 + 6] cages
(Scheme 1). This result is in contrast to the recent finding of the

Scheme 1. Formation of the [2 + 3] Keto-enamines 8—9
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Figure 4. COSY spectrum (500 MHz, CDCl;) of R-8 showing the
correlations between the signals of protons a and b as well as between b
and c, which are characteristic for the keto-enamine tautomer.

addition of CD;OD, confirming the presence of an exchangeable
NH proton (Figure S3, SI). The COSY spectrum shows
correlation of the cyclohexane signal ¢ to the NH signal b,
which in turn is correlated to the vinylic doublet a.

The formation of 2 + 3 products is also confirmed by the X-ray
crystal structures of R-8 and $-8 (Figure S, Figures $26—533, SI)

odd—even alteration between [2 + 3] and [4 + 6] imine cages
formed from 1,3,5-triformylbenzene and diamines of various
chain length.m Thus, in the case of condensation of 1,3,5-
triformylbenzene and diamines with an even number of carbon
atoms (including 5 and 6) [4 + 6] products were formed, while in
the case of diamines with an odd number of carbon atoms [2 + 3]
products were observed.

The reaction of enantiopure diamine R-§ or S-5 with 3 in
refluxing ethanol resulted in formation of precipitate R-8 or S-8
that can also be obtained from methanol, chloroform, or pyridine
(see SI for experimental details and spectroscopic character-
ization). The formation of the 2 + 3 product is confirmed by an
ESI MS spectrum. The integration of '"H NMR signals (e.g.,
signals a and c; see Figures 3 and 4 for labeling) of R-8 confirms
the 2:3 ratio of 1,3,5-trisubstitued phloroglucinol to diamino-
cyclohexane which, together with the observation of five
diaminocyclohexane signals, indicate formation of a symmetric
cage product. The condensation of trialdehyde 3 with diamine
results in formation of keto-enamine rather than a Schiff base
product (Figure 3), as indicated by the COSY spectrum (Figure
4) and disappearance of the '"H NMR signal at 10.49 ppm after

13

Figure S. X-ray molecular structure of R-8.

showing a propeller shaped molecule. These structures indicate
that 8 can be regarded as chiral [6.6.6] azacyclophane.'”
Although the two 6-membered rings derived from the
phloroglucinol fragments in the keto-enamine product 8 are
not formally aromatic, their close parallel arrangement observed
in the X-ray molecular structure suggests attractive 7—7 stacking
interactions in analogy to cyclophanes. The 7 orbitals responsible
for these interactions are characterized computationally in the SIL

The role of 7—x interactions was modeled by a series of
Density Functional Theory (DFT) calculations for a keto-
enamine tautomer of 8 (see SI for computational details and the
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discussion of stability preferences for the keto-enamine vs enol-
imine and [2 + 3] vs [4 + 6] cages). Two DFT functionals,
B3LYP and TPSS, and empirical dispersion correction scheme
D3, were used.'® The distance between the ring centroids in the
X-ray structure is 3.500 A. After structure optimization, this
distance was 3.838 A for TPSS and 3.463 A for TPSS-D3.
Similarly, values of 3.871 A for B3LYP and 3.529 A for B3LYP-
D3 were obtained. DFT lacks the ability to reproduce dispersion
consistently. Our results (inclusion of D3 dispersion correction is
required for proper estimation of the ring spacing) show that the
7m—7 interactions are an important factor in explaining the
closeness of the ring planes, which tend to stack even without the
cyclohexane linkers (for an isolated molecule the diaminocyclo-
hexane linkers can readily tilt to accommodate a range of
interplanar distances). This is shown in the Figure 6a:

a)

b)

e

Figure 6. Results of the DFT modeling without dispersion (blue,
B3LYP) and dispersion-corrected (red, BSLYP-D3): (a) molecules of 8

(hydrogens not shown for clarity); (b) dimers formed by central
unconnected fragments of 8.

superposition of the B3LYP and B3LYP-D3 structures shows
that the difference between the two is restricted to the
arrangement of the rings. Even more significant is the result of
the optimization of a dimer constructed from 8 by removing the
cyclohexane units and capping the amine nitrogen atoms with
either —H or —Me (see SI for details). This leads to stable
structures with an interaction energy close to —13 to —19.5 kcal/
mol at the DFT-D3 level, with an intermonomer separation of
3.36 to 3.39 A (see Figure 6b). When the dispersion correction is
not present, the structures are not stable (interaction energies of
ca. —0.9 to 0.3 kcal/mol) with the ring—ring distance of over 4.16
A, and in case of the capping with methyl groups, the structures
diverge and are no more planar (Figures $36, $37, SI).

The reaction of 3 with excess R-5 results in a [1 + 3]
condensation product. The NMR spectra of this product again
indicate formation of a keto-enamine tautomer (Figures S13—
S18, SI). Unlike the case of R-8, this time the formation of two
isomers® R-11 and R-12 (differing in the orientation of the C=
NH-C arms, Figure 7) is observed.

Similarly to R-S, refluxing R-6 or S-6 with 3 in a 3:2 ratio in
ethanol for 8 h resulted in the formation of precipitate R-9 or S-9.
The same product can be also obtained from methanol or
chloroform. In contrast, the reaction of R-7 or S-7 and 3 in
ethanol, chloroform, or toluene resulted in complicated
mixtures; however the condensation product 10 can be obtained
using pyridine as a solvent. As in the case of 8, correlations
characteristic for the keto-enamine tautomers were found in the
COSY spectra of R-9 and of R-10 (Figures S6 and S10, SI).
Reactions of 3 with simple achiral diamines such as ethylenedi-
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Figure 7. Clockwise and anticlockwise arrangement of the C=C—
NH-C fragments in S-8 and R-8 and the structures of the geometric
isomers R-11 and R-12.

amine or 1,3-diamino-2-hydroxypropane resulted in formation of
precipitates practically insoluble in common solvents.

The chiral nature of the discussed products is reflected in the
mirror-like CD spectra of the respective enantiomers (Figures
$22—824, SI). The rigid nature of the 2 + 3 keto-enamines 8—10
in combination with the chiral nature of the diamine results in a
fixed sense of the helical arrangement of diamine fragments and
the sense of rotation of the C=C—NH-C arms. It should be
mentioned that these are higher-order stereogenic centers; their
presence would result in enantiomeric structures of the
analogous derivatives of the achiral ethylenediamine. Thus, the
presence of R,R-diamine determines the anticlockwise arrange-
ment of the C=C—NH-C fragments in R-8 and the S,S-
diamine results in a clockwise arrangement in S-8 (Figure 7,
Figure $32, SI). In the case of 1 + 3 product 11, there is no clear
distinction between the “top” and the “bottom” of the system due
to easy rotation of the cyclohexane fragments; thus, the switch
between the clockwise and anticlockwise orientation of arms
simply corresponds to the rotation of the molecule (Figure 7).

Some of the [2 + 3] products obtained from the condensation
of trialdehydes with diamines are large enough to be regarded as
cages.'” In contrast, the crystal structure as well as MM+
modeled structures of 8 show a packed conformation with close
contact between the two phloroglucinol rings. The gap between
the phloroglucinol rings is somewhat larger for the modeled
structure of 10 (Figure S34, SI). Interaction of the latter
compound with the racemic mandelic acid results in
enantiodifferentiation of the mandelic acid signals; the effect is
however small, suggesting rather hydrogen bond formation on
the periphery and not the binding of the mandelic acid guest
inside the 2 + 3 cage.

Although the pure products 8—10 were isolated in moderate
27—65% yields, the '"H NMR spectra of crude reaction mixtures
indicate that they are formed in ca. 70—90% yields (Figure S19,
SI) so they are the preferred thermodynamic products. The
formation of [2 + 3] products 8 and 9 from 1,3,5-triformyl-
phloroglucinol contrasts strongly with the formation of [4 + 6]
products from 1,3,5-triformylbenzene and the same diamines.
Similarly, formation of [2 + 3] product 10 contrasts with the
formation of [4 + 6] product from 1,3,5-triformylbenzene and
1,4-diaminobutane, which has the same number of carbon atoms
connecting the two amine groups as diamine 7. Thus, the
outcome of the reaction not only is dependent on the length of
the carbon chain but also is influenced by the additional
substitution of the benzene ring by oxygen and formation of
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keto-enamine instead of imine derivatives. The different
preference for [2 + 3] vs [4 + 6] type of products in the
reactions of 1,3,5-triformylphloroglucinol and 1,3,5-triformyl-
benzene may originate from different energies of n—x
interactions of the respective six-membered rings, but other
factors, such as the entropic contribution related to different
reaction conditions, insufficient “error correction,” and incom-
plete reversibility of keto-enamine formation, may also play a role
(see SI for Figures S19, $20 and a more detailed discussion that
follows).

In summary we have demonstrated that the introduction of
three hydroxyl substituents to the 1,3,5-triformylbenzene
drastically changes the course of the condensation reaction
with chiral diamines. Instead of [4 + 6] imine condensation
products, [2 + 3] keto-enamines are obtained. The X-ray crystal
structures of these products as well as theoretical calculations
indicate formation of [n.n.n] cyclophane-type products with the
two phloroglucinol derived fragments interacting via 7—7
interactions. The binding of small aromatic guests by 10 and
similar more extended [2 + 3] cyclophanes, as well as the
coordinating properties of these compounds, will be the subject
of further studies.
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ABSTRACT: Regioselective N-alkylation of 1,3-azoles is a
valuable transformation. Organomagnesium reagents were
discovered to be competent bases to affect regioselective
alkylation of various 1,3-azoles. Counterintuitively, substitution
selectively occurred at the more sterically hindered nitrogen

MeMgCl or TMPMgCI (1.1 equiv)
THF, rt, 30 min

R-X (1.1- 20 equiv), it to 70 °C
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25-95% isolated yield, 34 examples, single step, protecting-group free

atom. Numerous examples are provided, on varying 1,3-azole scaffolds, with yields ranging from 25 to 95%.

he concept of protecting-group-free (PGF) synthesis has

gained prominence in the synthetic organic chemistry
community over the past decade.’ A successful PGF synthesis of
a target molecule is advantageous for a number of reasons; it
eliminates time-consuming and tedious manipulation of
protecting groups and increases efficiency with respect to atom
economy, loss of material, waste production, and synthetic
design.”

Numerous biologically interesting natural products and
medicinally important small molecules contain 1,3-azoles (e.g.,
imidazole, benzimidazole, imidazopyridine, and purine) (Figure
1). One challenge for the synthesis of 1,3-azole-containing
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transferase inhibitors
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anti-tumor activity

Alzheimer's disease drug
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Merck and Co., Inc.

Figure 1. Selected examples of natural and biologically active
compounds that contain 1,3-azoles.

molecules is the ambident nature of the azole toward N-
alkylation chemistry.” A particularly challenging situation arises
when the more sterically hindered nitrogen of the unsymmetrical
azole is the target for alkylation. Under conventional conditions,
alkylation favors the less sterically encumbered site.* In many
instances, the desired reverse selectivity could be achieved
through protection of the less hindered position followed by
alkylation of the desired position and then deprotection.”® A
PGF alternative to this less efficient process would therefore be
desirable.

Recently, a large quantity of N’-methyl-6-chloropurine (2a)
was required as an intermediate toward the scale-up of a
medicinal chemistry lead for in vivo studies.” Unfortunately, the
only method known for the production of 2a utilized a strategy
that relied upon a reduction/oxidation as well as a protection/
deprotection process, which was nonideal for the preparation of

-4 ACS Publications  ©2015 American Chemical Society
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large quantities of material.”® In order to facilitate the rapid
synthesis of 2a, conditions to reverse the inherent selectivity for
alkylation of the N’ over the N” position were investigated. It was
discovered that deprotonation of 6-chloropurine with i-PrMgCl-
LiCl followed by alkylation with methyl iodide furnished the
desired regioisomer with 9:1 selectivity (2a/2a’) in 70% yield.
Using this unoptimized method, 30 g of 2a was prepared in a
single reaction (Scheme 1).°

Scheme 1. Chemoselective Methylation of 6-Chloropurine

6C! 3 Cl Me cl
ToREN i-PrMgCILICI, THF, it N~ N NN
PRA Mel, 70 °C Lol = 1L Ly
2 N7y N9 ' NN N~ N
3 H + Me
1a 2a o

30g scale, 2a:2a'= 9:1, 70% yiele

A thorough literature search revealed that the selective
alkylation of the more hindered position of 1,3-azoles was
uncommon. The only examples of direct N” alkylation of purine
utilized a cobalt complex as a transient protecting group.’
However, difficult access to the cobalt complexes, long reaction
times, and a narrow substrate scope limit the potential
applications for this method. Due to the lack of literature
precedent for direct regioselective alkylation of the more
hindered position of 1,3-azoles, we decided to investigate this
transformation more rigorously.

Starting from our original conditions (Scheme 1), optimiza-
tion was directed toward maximizing selectivity and conversion.
A range of various bases including organomagnesium, organo-
zing, and lithium reagents were examined in the methylation of 6-
chloropurine in THF at room temperature.'’ i-PrMgCl-LiCl and
s-BuMgCl-LiCl gave similar N7/N? selectivity (25:1 and 26:1,
respectively) with a slightly higher conversion in the former case
(Table 1, entries 1 and 2). Use of the non-nucleophilic Knochel—
Hauser base TMPMgCL-LiCl (2,2,6,6-tetramethylpiperidinyl-
magnesium lithium chloride complex) resulted in lower
selectivity with fair conversion (entry 3). Interestingly, use of i-
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Table 1. Base Screen for the Methylation of 6-Chloropurine

&l base (1.1 equiv)
NN THF rt, 30 min /K/[
&/Nt[ N\> Mel (3 equw] L)\I /> * k

1a H 2a'
entry base conv” (%) 2a:2a’"
1 i-PrMgCI-LiCl 64 25:1
2 s-BuMgCI-LiCl N 26:1
3 TMPMgCI-LiCl NV 15:1
4 i-PrMgCl 65 >99:1
S MeMgCl 73 >99:1
6 MeMgBr <S 21:1
7 MeMgl <S 20:1
8 TMPMgCl 65 72:1

“Conversion determined by LC—MS. “Product ratio determined by
"H NMR spectroscopy.

PrMgCl without LiCl complexation improved the N’/N’
selectivity to >99:1, with good conversion at ambient temper-
ature (entry 4). Encouraged by this result, MeMgCl was tested
and provided similar selectivity and improved yield in this
transformation (entry S). Interestingly, when the counterion of
the Grignard reagent was changed from chloride to bromide or
iodide, the conversion and the selectivity dramatically decreased
(entries 6 and 7). Additionally, TMPMgCl could be employed in
this method, with good selectivity (entry 8).'"'> The non-
nucleophilic nature of this base, relative to MeMgCl, allows for
application of this strategy in the presence of sensitive functional
groups.B’14

After MeMgCl was identified as the optimal base, alkylation of
6-chloropurine with a variety of alkylating reagents was studied
(Table 2, entries 1—9). As anticipated, the N’-substituted
regioisomer was obtained irrespective of the aliphatic alkylating
reagent employed in this transformation. Alkylation using

Table 2. Alkylation of 6-Chloropurine and 2,6-

Dichloropurine
)\)I

MeMgCl (1.1 equiv)
THF, rt, 30 min

R- X temperature, time

fb

entry 2 R dbl?;:iiie)agent temp (°C) t?}.l:)e yzi/g
1 a H Mel (3.0) S0 N 9S
2 b H Et(30) 70 16 81
3 ¢ H »Pr(200) 70 16 85
4 d H #Bul(200) 70 72 25
5 e H BnBr(3.0) 50 20 88
6 f H CH,=CHCH,Br 70 16 90
(20.0)
7 g H CH=CCH,Br (3.0) 70 16 72
8 h H CF,CH,SO,CF, (2.0) 70 16 82
9 i H CgH;COCH,Br (1.1) —78tort 8 69
10 j Cl  Mel (3.0) 50 16 90
11 k Cl Et(30) 70 16 72
2 1 Cl  BnBr (3.0) 70 16 77
13 m Cl CH,=CHCH,Br 70 16 74
(3.0)
14 n Cl CH=CCH,Br (3.0) 70 16 81
1S o Cl CF,CH,SO,CF, (2.0) 70 16 74

“Isolated yield of the desired regioisomer."® bSee text for details.
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unactivated electrophiles was sluggish even at elevated temper-
atures and with excess alkylating reagent. For example, n-butyl
iodide required refluxing temperatures for 3 days to deliver a 25%
yield of alkylated material (entry 4). The product selectivity was
diminished with more reactive electrophiles. Decreased N’
selectivity was observed for phenacyl bromide at room
temperature; however, the product ratio could be improved
(N7/N° = 5:1) through slow addition of phenacyl bromide to the
reaction mixture at low temperature (entry 9). The present
conditions were also found to be amenable to the regioselective
alkylation of 2,6-dichloropurine, a common building block used
in medicinal chemistry (entries 10—15).*” A small amount of N°-
substituted products were observed in these cases (<10%
detected by 'H NMR analysis of reaction mixtures) albeit in
good to excellent isolated yields for the N’-regioisomer (72—
90%).

To understand whether the selectivity in this transformation
was a result of electronic or steric effects, purine derivatives with
various substituents at the C® position were investigated (Table
3). TMPMgCl was utilized for the alkylation of 6-bromopurine

Table 3. Methylation of Purine Derivatives

R
Or

H

Me

R
MeMgCl or TMPMgCI '
(1.1 equiv), THF, it, 30 min N~ N
- .2

N N

Mel, temperature, time

3a-f 4a-f
entry 4 R Mel (equiv) temp (°C) time (h) yield” (%)
1 a  NMe,’ 10.0 25 16 257
2 b OMe” 10.0 25 22 574
3 ¢ SMe” 3.0 70 16 80
4 d M 3.0 70 30 77
5 e Brf 3.0 25 20 80
6 f CN° LS 70 24 78

“Isolated yield of de51red regioisomer."® MeMgCI as the base.
“TMPMgCl as the base. 9Overmethylation of desired prouduct caused
reduced yield in these reactions.

and 6-cyanopurine at room temperature. The use of MeMgCl as
a base for these substates resulted in the formation of
dehalogenated and methyl addition byproducts (entries S and
6). While selectivity was not affected by the electronic nature of
the substituent on the purine, the yields were influenced by the
electronic nature of the substituent at the C° position (entries 1
and 2). These observations suggest that steric effects govern the
selectivity in this transformation with respect to this substitution
pattern.

Gratifyingly, this method could also be effectively applied to
various other bicyclic 1,3-azoles (Scheme 2). The methylation of
4-chloro-2-methyl-1H-benzo[d]imidazole gave the more steri-
cally hindered regioisomeric product 6d in 88% vyield. 7-
Substituted 1H-imidazo[4,5-b]pyridines provided the desired
N'-methylated products in good yields (6c and 6g). Similarly, 4-
substituted-3H-imidazo[4,5-c]pyridine afforded the desired N°-
methylation under standard conditions (6e and 6f). However, a
benzimidazole substrate with a chloride (EWG) or methoxide
(EDG) at C® rather than at the C’ position provided a 1:1 ratio of
regioisomeric products (6a—b). In order to reduce the steric
component, we moved the substituent to a remote position (C°).
If the regiochemistry was influenced by electronics, we would
expect to observe some selectivity; however, the electronic
character of the substituent had no effect on the regiochemistry
of the products. This observation provides further evidence that

DOI: 10.1021/acs.orglett.5b02994
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Scheme 2. Methylation of 1,3-Azoles”

s Ry Me
| ’
Ry MeMgCl or TMPMC! R,
? ""IA\""N\\ g, (1.1 equiv), THF, t. 30 min "ﬁ‘ = N)—R
| —Ry A0 SAU, A bl 4Ry
kB//H"u then Mel, temperature, time g N
Sa-g Ga-g
y  Me ; Me
L= P MeD. o~
el (il N'\
TN ey
6a [ :
T0%, 11 regicisomenc  BS%, 1.1 regicisomanc e
mixture Ba?
MabgCl MagC! TMPIEC!
Met (3 souivh Ml {3 s Med {10 equiv]
50°C 48R 50°C, 48h n48h
G e B e L~ I™ B,
AN R S AN A
N NET N \ -
I[ g—me L L& | J & L I
| SN | W~ N
&
ean? 7o ? 77%8 T4%8
MeMgC! T | TMPMGC! TMPMGE!
Mal (1.1 oquiv) Mel (10equi)  Mel(iDeqund  Mel (3equn)
nidh 18R n16h 18N

“Isolated yield of desired regioisomer.'®

the alkylation is dictated by steric effects rather than by
electronics. In addition, the presence and position of a nitrogen
atom in the 6-membered ring does not affect the regioselectivity
of 1,3-azole methylation. However, a C” substituent adjacent to
the site of alkylation is required to differentiate the steric
environment of the two reactive nitrogen atoms in the 1,3-azole
ring.

Encouraged by the excellent selectivity of various bicyclic 1,3-
azoles, we set out to extend this methodology to the alkylation of
unsymmetrical imidazoles. To our delight, the expected N
substituted imidazole was the major product under standard
reaction conditions (Table 4). Bromide and cyano groups were

Table 4. Alkylation of Imidazoles

R
R
‘g[ \, _MeMgCl (1.1 equiv), THF. . 30 min R1\[”\
n  then R-X, thermal or microwave, time N//
H
7a-h 8a-h
alkylating
reagent temp time yield”
entry 8 R, (equiv) base (°C (h) (%)
1 a Ph  Mel(L1) MeMgCl 25 48 76
2 b  tBu Mel(11) MeMgCl 25 48 87
3 ¢ Me Mel(L5) MeMgCl 70 20 64
4 d <l Mel (1.5) MeMgCl 70 20 69
S e Br Mel (1.5) TMPMgCl 70 20 69
6 f CN Mel(1.5) TMPMgCl 70 20 74
7 g Ph CH,= MeMgCl 120 2 42
CHCH,Br
(1.5)
8“ h Ph CH=CCH,Br MeMgCl 70 10 35
(1.1)

. o b . . . 15
“Microwave irradiation. “Isolated yield of desired regioisomer.

tolerated using TMPMgCl as the base and afforded a good yield
of the N' regioisomeric products (entries 5 and 6). Electrophiles
other than methyl iodide showed poor reactivity at ambient
temperature (Table 4, entries 7 and 8).!¥1¢

In conclusion, the direct, protecting-group free alkylation of
the more sterically encumbered position of a wide range of 1,3-
azoles has been demonstrated. High yields and regioselectivity
were achieved using commercially available alkylmagnesium
reagents or easily prepared TMPMgCI. It was observed that
selectivity was not affected by the electronic nature of the
substituents on the purine; however, the yields were influenced
by the electronic character of the substituents. This trans-
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formation may also be useful for the simplified preparation of 1,3-
azole-containing biologically active compounds.
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ABSTRACT: Four stereoisomers of sulfinyl ferrocenyl-sub-
stituted helicenequinones having central, planar, and helical
elements of chirality were stereoselectively formed, in one step,
from reaction between enantiopure sulfinyl ferrocenyl dienes
and a sulfinyl quinone. Asymmetric synthesis, kinetic
resolution, or chemical resolution processes occurred in
sequential cycloaddition, sulfoxide elimination, and partial
aromatization steps.

he development of chiral molecules that show strong
chiroptical properties may lead to new multifunctional
molecular materials.' In this context, helicenes, nonplanar
polycyclic systems that consist of ortho-fused aromatic rings
displaying helical chirality,” show great potential because, owing
to their extended 7-conjugated twisted backbone, they combine
huge chiroptical properties® with other ones such as absorption,
emission, and redox activity." The potential use of helicene
derivatives in these applications depends greatly on the facility of
generating different frameworks to modulate and optimize their
properties.”* Although remarkable progress has been made in
helicene chemistry,” a straightforward access to novel well-
defined molecular helical structures, as well as an understanding
of the factors controlling their structures and properties, are
crucial to the development of [n]helicenes toward functional
materials and still remains a challenge to synthetic chemists.
Recently, organometallic helicenes in which a transition metal
is included within the helical z-framework have emerged as
highly promising candidates for optoelectronic applications,
owing to the presence of the metal center.” Coordination of the
polycyclic aromatic molecules to metal atoms may alter the
electronic density distribution and significantly change their
properties. In this context, the switching of chiral metal-based
systems has great potential,” due to the possibility of reversibly
modifying the molecule by changing the properties of the metal
center (geometry, redox state). Therefore, it has been considered
attractive to explore the chemistry of these kinds of complexes.
During last years, we have succeeded in a short synthesis of
enantiopure helicenequinones® based on the efficient transfer of
chirality from a homochiral sulfoxide to the helical structure. The
strategy stems on the asymmetric domino Diels—Alder reaction/
pyrolytic sulfoxide elimination/aromatization process occurring
when vinyl dihydroaromatic derivatives, acting as dienes, react
with enantiopure sulfinyl quinones. More recently, we achieved
the enantioselective synthesis of a condensed ferrocene-[4]-
helicenequinone showing planar and helical elements of

-4 ACS Publications  ©2015 American Chemical Society
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chirality.”® The study of its chiroptical properties revealed the
presence of an efficient intramolecular charge transfer between
the donor planar—chiral ferrocene and the acceptor helical—
chiral quinone, which could be evidenced by circular dichroism
(CD).

We now report the application of our asymmetric approach to
the synthesis of [S]helicenequinones with a ferrocene substituent
at the most hindered C-14 position, showing central and planar
elements of chirality, by introducing a sulfinyl ferrocenyl moiety.
We have synthesized four stereoisomers of the eight possible of
such organometallic helical quinones, in a highly stereoselective
way by applying asymmetric synthesis, kinetic resolution, and
chemical resolution processes. We also describe their electronic
and chiroptical properties.

The asymmetric Diels—Alder approach required the ferrocene
diene (S,,Ss)-3, which was prepared in one step by Suzuki
coupling between known enantiopure sulfinyl ferrocenyl boronic
acid (SP,SS)-29 and tricyclic bromoaromatic derivative 1%
(Scheme 1). Thus, the reaction between (S,,Ss)-2 and 1 in the
presence of PACL,(dppf) and NaOH in refluxing toluene for 2 h’
led to sulfinyl ferrocenyl diene (S,,Ss)-3, with planar and central

Scheme 1. Synthesis of Diene (S,Ss)-3

(HO),B

OMe

PACl,(dppf), NaOH (aq)

toluene, 110°C, 2 h
55%

(Sp, Ss)-3 (98% ee)
[0]p?® = +42 (¢ 0.057, CH,Cly)
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elements of chirality in a defined configuration, in 55% yield and
98% ee,'” after flash chromatography.

With sulfinyl ferrocenyl diene (S,,,Ss)-3 in hand, we performed
its reaction with 2 equiv of enantiopure 2-(p-tolylsulfinyl)
quinone (Sg)-4."" "> When the reaction was carried out in
CH,Cl, at —25 °C for 15 h and at rt for additional 24 h (Scheme
2), a unique product, characterized as 14-(2-p-tolylsulfinyl)-

Scheme 2. Asymmetric Synthesis of Enantiomer (P,S,S)-5
from the Domino Process between (S,Ss)-3 and (Ss)-4

OMe o \ POl
s
Y
~o
"'_:7 o (Ss)-4 (2 equiv)

Ci-) CH,Cly, -25°C, 15 h

(Sp.Ss)-3 m24h
67%
(Ss)-4 (1 equiv) (P.S;,55)-5 (94% ee)
CH,Clp, -25°C [ulp® = +452 (¢ 0.042, CH,Cl;}
15 h, 72% : =
\_\ X
K\“
_"‘-w-—m /&
1 v ./H
6: []p? = +286 (¢ 0.028, CHaClo)

ferrocenyl-tetrahydro-[S]-helicenequinone (P,S,,Ss)-$, with hel-
ical, planar, and central elements of chirality, was isolated in 68%
yield and 94% ee'® {[a]*°p = +452 (¢ 0.042, CH,Cl,)}. This
product resulted from a domino process comprising asymmetric
Diels—Alder reaction with the first equiv of (Sg)-4, sulfoxide
elimination and aromatization of the B ring effected by the
second equiv of (Sg)-4. The absolute (P) configuration of the
helix in § was determined after an X-ray diffraction study of a
racemic sample, taking into account the known absolute
configuration of the sulfinyl ferrocenyl boronic acid (S,Ss)-2,
used to prepare diene (S,Ss)-3 (Scheme 1).

When the same reaction was carried out with 1 equiv of (Sg)-4
at —25 °C for 15 h (Scheme 2), the only compound isolated was
the hexahydroaromatic derivative 6 showing the nonaromatized
B ring. Compound 6 was formed after asymmetric Diels—Alder
reaction with (Sg)-4 and sulfoxide elimination of the nonisolated
initial adduct.

Taking into account our precedent work,® where we had
observed the kinetic resolution of a planar—chiral ferrocene
diene upon reaction with sulfinylquinones, we decided to
perform the reaction of enantiopure (Sg)-4 with racemic diene
rac-3, hoping for an efficient kinetic resolution.'” Initially,
reaction of rac-3 was carried out with 0.5 equiv of (Sg)-4
(CH,Cl,, —78 °C, 1 h). Under these conditions (Scheme 3), we
could isolate, after flash chromatography, a 45% yield of
unreacted enantioenriched diene (—)-(RP,RS)-3, which showed
a 33% ee,'’ together with a 36% of 14-[2-(p-tolylsulfinyl)-
ferrocenyl]-tetrahydro-[5]-helicenequinone (M,SP,SS)-7, with a
good 81% ee."

This result indicated that a kinetic resolution of the starting
racemic diene 3 had taken place. The more reactive (S,Ss)
enantiomer of 3 had preferably reacted with enantiopure sulfinyl
quinone (Sg)-4, but surprisingly, the product obtained after the
domino process was not the hexahydroaromatic derivative 6 nor
the B-ring aromatized tetrahydro-[S]-helicenequinone (P,SP,SS)-
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Scheme 3. Kinetic Resolution of (rac)-3 with (S5)-4 To Give
Enantiomer (M,S,,Ss)-7

o \ p-Tol
N
NN
~o
(¢]
@ (rac)-3 (Ss)4
\ CH,Cly, ~78°C, 1h
MeO Ny
@
R
0S8~¢
(M,S,,Se)T 0
(S)-4 (ReRs)-3 (M.Sp,Ss)-7
(equiv) % yield / % ee / [o]p2 % yield / % ee / {o]p20
05 45733/ -7 (¢ 0.107, CH,Cly) 36/81/-429 (c 0.007, CH,Cly)
0.41 49170/ -21 (¢ 0.051, CH,Cly) 25/97/-530 (¢ 0.032, CH,Cly)

S (Scheme 2), resulting upon reaction with enantiopure (S,,,Ss)-
3, but the diastereomer (M,S, SS) 7 showing the opposite (M)
absolute configuration at the hehx. ? After some experimentation
varying the amount of sulfinyl quinone (Sg)-4, the best results of
the kinetic resolution process were obtained from reaction of
diene (rac)-3 with 0.41 equiv of (Sg)-4 in CH,Cl, at =78 °C for 1
h (Scheme 3). Under these conditions, a 49% ?rleld of unreacted
diene (—)-(R,,Rs)-3 showing a good 70% ee, = together with a
25% yield of the tetrahydro-[5]-helicenequinone (M,S,,Ss)-7
{la] 2OD = —530 (¢=0.032, CH,Cl,)}, which showed an excellent
97% ee,"" could be isolated. This result is noteworthy both in
terms of optical (97%) and chemical yields (25%) of tetrahydro-
[S]-helicenequinone (M,S,,Ss)-7, taking into account that the
maximum global yield would be 41% for a domino process
comprising four steps: kinetic resolution of the racemic diene 3,
Diels—Alder reaction, sulfoxide elimination, and partial aroma-
tization. Moreover, the synthesis of the two helical epimers from
the same starting material is also remarkable.

Next, we studied the same reaction of sulfinylquinone (Sg)-4
with the (R,,Rs) enantiomer of sulfinylferrocenyl diene 3 with
the aim of evaluating the possible different stereochemical course
of the overall process (Scheme 4).

Scheme 4. Asymmetric Synthesis of Enantiomer (P,R,Rs)-7
from the Domino Process between (R,,R)-3 and (Ss)-4

o \ p-Tol
S\\o QNOMe
Fo \
IR
O (Ss)-4 (2 equiv) o-S0
CH,Cly, 1t, 24 h

ﬂd

(PR, RS) -7 (>98% ee)
[a]p?® = +514 (¢ 0.043, CH,Cly)

(Ss)-4 (2 equiv), 5d
54%

(Ss)-4 (1 equiv)
CH,Clp 1t 24 h
60%

8 [a]p? = +20 (¢ 0.052, CH,Cly)
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As expected on the base of the above observed kinetic
resolution, when the reaction between diene (RP,RS)—E}, prepared
from sulfinyl ferrocenyl boronic acid (R,,Rs)-2 in a similar way as
indicated in Scheme 1, and 2 equiv of (Sg)-4 was conducted at
—25 °C in CH,CI,, no evolution was observed at all. It was
necessary to increase the temperature to rt for 24 h, followed by a
second addition of sulfinylquinone (Sg)-4 and continue the
reaction for S days, to observe the completion of the domino
process.* Under these conditions, the diastereomeric 14-
sulfinylferrocenyl-tetrahydro-[S]-helicene quinone (P,R,Rs)-
7,18 bearing helical, planar, and central elements of chirality,
was obtained in 54% yield and >98% ee {[a]*p = +514 (c =
0.043, CH,CL,)},'" after flash chromatography. It was also
possible to isolate the corresponding hexahydro-[S]-helicene-
quinone 8, with the nonaromatized B ring, when the reaction of
diene (R,Rs)-3 was performed with 1 equiv of (Ss)-4 at rt for 24
h (Scheme 3). Under these conditions, compound 8 was
obtained in 60% yield, after flash chromatography.

Having synthesized three stereoisomers of 14-(p-tolylsulfin-
yl)-ferrocenyl-tetrahydro-[S]-helicenequinones (P,SP,SS)—S,
(P,R,,Rs)-7, and (M,S,,S5)-7, showing helical, planar, and central
elements of chirality, we decided to carry out the reaction
between enantiopure diene (R,Rs)-3 and racemic sulfinyl
quinone 4 with the aim of obtaining a new steroisomer
(M,RP,RS)—S from a chemical resolution process (Scheme 5).

Scheme 5. Chemical Resolution of (rac)-4 with (R,Rs)-3 To
Give Enantiomer (M,R,,R;)-5

O"S o/

Z

(0]
(P.Ry,Rs)-T (88% ee)

O (rac)-4 (2 equiv)

CH,Cl, -78°C, 5 h

50:50 dr
53%
I {
K/\Z‘«/T}'}\_/
)’{\' N
it o W o ™ (MR, Rs)-5 (>98% ee)

[et]p2® = -400 (¢ 0.02, CH,Cl;)

When we performed the reaction between enantiopure diene
(RyRs)-3 and 2 equiv of sulfinyl quinone (rac)-4 in CH,Cl, at
—78 °C for 5 h, we could obtain, after flash chromatography, in
53% global yield, an equimolecular mixture of separable
diastereoisomers (P,R,,R)-7 (88% ee),' previously obtained
as indicated in Scheme 3, and the new stereoisomer (M,RP,RS)-S
{[a]®p = —400 (c = 0.02, CH,Cl,)}, showing an excellent >98%
ee.'” The absolute (M) configuration of the helix present in
(M,R,,Rs)-§ was determined after an X-ray diffraction study of a
racemic sample (Scheme 5), taking into account the known
absolute configuration of the starting sulfinyl ferrocenyl boronic
acid (R,,Rs)-2, used to prepare diene (R,Rs)-3.

The UV /vis spectra of ferrocenyl helicenequinones 5 and 7 are
shown in Figure la. As can be seen, they are dominated by the
intense sulfoxide absorption at 4 = 250 nm. The bands in the
region of 4 < 350 nm can be due to the ferrocene—
cyclopentadiene charge transfer [Fe (e2g) — Cp (egl)]

22

a) 25000
20000
15000 —
—_—
@
10000
5000
0
250 50 450 550 650
5000 nm
b) 10
8 ——(MRR)-5
>
’ ——(PS5)-5

nm
C} 10
& {PRR)-7
[ ——(MS5)-7
A
g 2

Figure 1. (a) UV/vis spectra of § and 7. (b) CD spectra of (P,S,,Ss)-5
and (M,RP,RS)—S; (c) CD spectra of (P,RP,RS)—7 and (M,SP,SS)-7.

absorption and the quinone transitions. The absorptions
centered at ca. 465 nm (¢ ~ 1550 cm™' M) could be attributed
to a symmetry forbidden Fe (alg) — Fe (e2g) transition as well
as to a weak intramolecular charge transfer transition from the
ferrocene donor to the m-conjugated aromatic system. An
interaction between the ferrocene substituent and the quinone
moiety is not evident, probably due to the interrupted
conjugation between the naphthoquinone (AB rings) and the
ferrocenyl substituted naphthalene fragment (DE) due to the
hydroaromatic C ring of the pentacyclic system.

The CD spectra of (+)-(P,S,Ss)-5 and (=)-(M,RRs)-5
(Figure 1b) and (+)-(P,R,,Rs)-7 and (—)-(M,S,,Ss)-7 (Figure
1c) evidenced their opposite absolute configurations. Apart from
the intense Cotton effect of the sulfoxide at 4 = 250 nm, and the
absorption at ca. 300 nm attributed to the ferrocene, the band at
ca. 360 nm is evidencing the chirality of the quinone. The band
appearing at 470 nm is significantly intense. This is reflecting an
effective intramolecular transfer of chirality within the planar—
chiral ferrocene and the helicenequinone, which could also be
associated with the intramolecular charge transfer dz—n*
transitions.

In summary, we have achieved the enantioselective synthesis
of four stereoisomers of 14-(p-tolylsulfinyl)ferrocenyl-substi-
tuted [S]helicenequinones S and 7 using a strategy based on
double asymmetric induction Diels—Alder reactions between
planar—chiral sulfinylferrocenyl tricyclic diene 3 and sulfinyl p-
benzoquinone 4. Upon reaction of enantiopure (S,Ss)-3 with
(Sg)-4, helicenequinone (P,SP,SS)-S was exclusively formed.

DOI: 10.1021/acs.orglett.5b03029
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Kinetic resolution of rac-3 with (Sg)-4 gave rise to helical epimer
(M,S,,Ss)-7, while enantiopure (R,,Rs)-3 reacted much more
slowly with (Ss)-4 leading to (P,R,,Rs)-7. Finally, stereoisomer
(M,RP,RS)—S, together with an equimolecular amount of
(P,RP,RS)—7, resulted in a chemical resolution process occurring
between enantiopure (R,,Rs)-3 and rac-4. The CD spectra of
derivatives § and 7 showed the opposite absolute configuration
of the enantiomers as well as a significantly intense chiroptical
response of the band at 470 nm, which was poorly intense in the
UV/vis spectrum.
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ABSTRACT: A new process has been developed for the
selective construction of 2,6-disubstituted, 2,4,6-trisubstituted,
and 3,5-disubstituted pyridines based on the catabolism and
reconstruction behaviors of amino acids. Molecular iodine was
used as a tandem catalyst to trigger the decarboxylation—
deamination of amino acids and to promote the subsequent
formation of the pyridine products.
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mino acids hold an important place in the annals of ligand

chemistry,1 chiral catalysis,2 and total synthesis.3 They
have also been used to develop an interesting array of synthetic
methodologies, with the majority of these studies being focused
on C—C bond-forming reactions via a decarboxylative coupling
process.” However, nature is much more effective at affecting
the chemical transformations of amino acids. These compounds
are used in nature for many other reactions besides
decarboxylative coupling reactions since amino acids are
some of the most basic and versatile synthons available to
living organisms. During the biosynthesis of alkaloids, amino
acids can be catabolized into smaller fragments, which are
subsequently used as building blocks to reconstruct the core
skeletons of alkaloids under enzymatic conditions.” A
representative example of this process is the biosynthesis of
haouamine A, which is a pyridine-based alkaloid that is widely
believed to be biogenetically derived from four identical
tyrosine congeners’ (Figure 1). The catabolism of these

3 HO. NH2
— § :
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il ‘x\,@/\,

Reconstruction I | Catabolism

HO

Pyridine is one of the most common N-containing aromatic
ring systems® and can be found in a wide range of natural
products, pharmaceuticals, and functional materials.” Pyridine
rings are traditionally prepared from aldehydes and amines via
multicomponent reactions'’ or transition-metal-catalyzed
cycloaddition processes.'’ However, the application of these
reactions can sometimes be limited by their requirements for
the use of toxic aldehydes or the need for extensive workup
procedures to remove residual metals. To address these
limitations, research efforts have recently been directed toward
the construction of pyridine skeletons via the oxidative cleavage
of the C—N bonds of amine derivatives'? (Figure 2, Column 1,

Yu and Lie's work Wang's work
f COOH Ry “CHO
i Hzh- Oxidation - A . ﬂﬂ; >
RAN ¢y e (P R “NHz Ry NCHO F
ol HN Ry N" TR,
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O SRR [ U R poeice. z -
NH Ry T < . e
o \ pyridine Ry CNT R, NHz OMSO A A
pyriding i5 via iy and re of amino acid involving C-N cleavages

Figure 2. Selected examples of pyridine synthesis and a brief
introduction of this work.

haouamine A Chichibabin-like pyridine Syr;lmeér's decarboxylation,

Figure 1. Biosynthesis protocol of haouamine A.

tyrosine derivatives through sequential decarboxylation and
deamination reactions is thought to lead to the formation of the
corresponding phenylacetaldehyde derivatives and ammonia,
which might undergo a Chichibabin-type reaction to produce a
pyridinium core.” To the best of our knowledge, there have
been no reports concerning the use of the catabolism and
reconstruction behaviors of natural amino acids as a leading
strategy for the development of novel synthetic methodologies.

-4 ACS Publications  © 2015 American Chemical Society
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left side). Herein, we report an unprecedented I,-mediated
reaction for the in situ cleavage of the unreactive C—N bonds'”
of natural amino acids to catabolize to the corresponding
aldehydes and amines, which subsequently undergo a
reconstruction process to afford 2,6-disubstituted, 2,4,6-
trisubstituted, and 3,5-disubstituted pyridines in a single step.
Given that the construction of pyridines from natural amino
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acids under mild condition represents a rare transformation'*
(Figure 2, Column 2, right side), this new method for the
selective synthesis of multisubstituted pyridines from different
kinds of amino acids will be of considerable practical value
(Figure 2, Column 2).

We initially investigated the reaction of glycine (1a) with
acetophenone (2a) as a model reaction in the presence of 1.0
equiv of I, at 100 °C in DMF. Several bases were screened
against this transformation to optimize the reaction conditions
(for optimization details, please see Supporting Information
(SI)). The results of these screening experiments showed that
pyridine was critical to the success of the transformation (Table
1, entry 1). When the solvent was switched from DMF to

Table 1. Optimization of the Reaction 1“

(o]
~ conditions
H;N" "COOH * P h)K ——

P N7 Ph
1a 2a 3a

entry  solvent I, (equiv) additive (equiv) temp (°C) yield” (%)
1 DMF 1.0 Pyridine (2.0) 100 31
2 Pyridine 1.0 - 100 61
3 Pyridine 1.0 DBU (2.0) 100 trace
4 Pyridine 10 DMAP (2.0) 100 36
S Pyridine 1.0 Cs,CO; (1.0) 100 trace
6  Pyridine 10 K,CO, (1.0) 100 23
7 Pyridine 10 KOH (2.0) 100 27
8 Pyridine 1.0 - 110 65
9 Pyridine 1.0 - 120 73
10 Pyridine 0.2 - 120 24
11 Pyridine 0.5 - 120 41
12 Pyridine 1.5 - 120 27

“Reaction conditions: 1a (2.0 mmol, excessive dose), 2a (2.0 mmol),
additive, solvent (2.0 mL) for 12 h. “Isolated yields based on 2a.
Reactions were carried out in a pressure vessel.

pyridine, the yield of the desired product 2,6-diphenylpyridine
(3a) increased significantly (Table 1, entry 2). Several other
bases were also evaluated but found to be ineffective (Table 1,
entries 3—7). The optimal temperature for this reaction was
determined to be 120 °C (Table 1, entry 9). Notably,
decreasing or increasing the loading of I, led to a reduction
in the yield of the product, indicating that a loading of 1.0 equiv
was optimal.

With the optimized conditions in hand, we proceeded to
examine the scope of the reaction using a variety of different
substrates (Scheme 1). Several alkyl-branched amino acids,
including alanine (3f), 2-aminobutanoic acid (3g, 3h), leucine
(3i), and 2-aminohexanoic acid (3j—n), all reacted smoothly
under the optimized conditions to produce the corresponding
2,4,6-trisubstituted pyridines in moderate yields. Unfortunately,
the use of O-acetyl-L-serine hydrochlorideas (20) or O-butyryl-
L-serine hydrochlorideas (20”) as substrates failed to provide
the desired products. The unexpected cleavage of C—O bonds
led to 4-methyl-2,6-diphenylpyridine (3f) being the major
product. Furthermore, a wide range of acetophenones were
screened under the optimized conditions. Acetophenones
bearing an electron-withdrawing group on their phenyl ring
reacted well and produced the desired pyridine products in
good yields (e.g, 3d, 3k, 31). Acetophenone substrates bearing
a halogen substituent on their benzene ring (e.g., 2-Cl, 4-Cl, 4-
Br: 3b, 3c, 3j) were well tolerated. Notably, 2-naphthyl methyl
ketone also reacted smoothly to give the desired product (3h)
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| 20, R=Me = 3t Ar=4-F-Ph, R =4-F 74%
‘20, R=npr | jr/
' ~F 3p T4%
Ph Ph Ph
=
- e e
oy \} P~ e
3y 75% = Iv 73% 3qv 36%

“Reaction conditions: 1 (2.0 mmol), 2 (2.0 mmol), I, (2.0 mmol),
pyridine (2.0 mL), 120 °C for 12 h. “Isolated yields. Reactions were
carried out in a pressure vessel.

in moderate yield (45%) which was unambiguously confirmed
by X-ay crystallography (please see SI). The optimized
conditions were also successfully applied to a wide variety of
heteroaryl ketones, including furanyl, thienyl, indolyl, and
benzofuryl methyl ketones, which generated the corresponding
heterocyclic substituted pyridines in good yields (3e, 3n, 3m,
3s, 3u, respectively). It is noteworthy that the reaction of
glycine with 1-phenyl-2-(phenylsulfonyl)ethan-1-one under the
optimized conditions led to the unexpected cleavage of one of
the two sulfonylbenzene groups and the formation of 2,3,6-
trisubstituted pyridine (3p) as the main product in 74% yield.
Several non-natural @-aromatic amino acids, such as 2-amino-2-
phenylacetic acid and related derivatives, were found to be
especially good substrates for this transformation (3q—t with
good yields in most cases) because of the electron-withdrawing
effect of their aromatic rings. Sterically hindered substituents
were also employed, and the results were satisfactory (3u and
3v). Cross-trapping product 3qv could be obtained using 2a
(1.0 mmol) together with 1-(9H-fluoren-3-yl)ethanone (1.0
mmol) as substrates.

Having evaluated the scope of this new method, we turned
our attention to the reaction of phenylalanine (4a) with
acetophenone (2a). However, this reaction did not generate
any of the desired product under the optimized conditions, but
it did result in the formation of a small amount of 3,5-
diphenylpyridine. Further investigation revealed that acetophe-
none did not participate in this transformation and that the 3,5-
diphenylpyridine product was therefore formed as a con-
sequence of the catabolism and homoreconstruction of
phenylalanine through a C—N cleavage process. Because of
this unusual transformation, we screened a variety of different
solvents with the aim of improving the yield of the 3,5-
diphenylpyridine product (for the optimization details, please
see SI). Only DMSO gave a relatively meaningful yield (Table
2, entry 1). The optimal temperature for the reaction was
determined to be 115 °C (Table 2, entry 2). The loading of I,
was also examined. Addition of 0.2 equiv of I, led to a 20%
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Table 2. Optimization of the Reaction 2

N
COOH conditions 3 |
mz - i
da 5a #
entry L, (equiv) additive (1.0 equiv) temp (°C) yieldb (%)
1 1.0 - 100 31
2 1.0 - 115 46
3 0.2 - 115 20
4 0.2 - 118 65
S 0.4 - 115 25
6 0.5 - 115 61
7 1.0 - 115 33
8 1.5 - 115 trace
9 0.5 K,CO; 115 25
10 0.5 NaOAc 115 trace
11 0.5 HOAc 115§ 78
12 0.5 acetic anhydride 115 70

“Reaction conditions: 4a (1.0 mmol), I, additive, DMSO (3.0 mL) for
6 h. “Isolated yields. “Reaction time extented to 24 h. Reactions were
carried out in a pressure vessel.

yield of the product (Table 2, entry 3). However, extension of
the reaction time to 24 h lead to a 65% yield which means I,
could be recycled by DMSO as a catalyst. The best result could
be achieved when using 0.5 equiv of I, (Table 2, entry 6). An
increased dose of I, lead to a dramatic reduction of desired
product. Additives such as acids and bases have been scanned,
and acetic acid was found to be optimal in reducing byproducts
and improving the yield of Sa (Table 2, entry 11).

Given that the yield of 3,5-diphenylpyridine achieved by this
reaction was pleasing compared with that of “abnormal”
Chichibabin pyridine synthesis,"> we proceeded to investigate
the scope of this conversion using a variety of phenylalanine
derivatives bearing sensitive halogen substituents (4-F, 4-Cl, 4-
Br, and 3-F; Scheme 2). All of these compounds gave the
desired products in good yields. It is noteworthy that the
reaction of tyrosine with a free hydroxyl group successfully
furnished the interleukin-6 inhibitor Sch-21418'° (5f) in 66%
yield. The use of tyrosine derivatives bearing a ¢t-Bu protecting
group on their hydroxyl functionality gave 5g (70%), which was

visualized as a white fluorescent dot by TLC. Unfortunately,
histamine and tryptophan did not react in the same way.

The following control experiments were performed to
provide some insight into the mechanisms of these reactions
(for a detailed graphic, please see SI). For reaction I,
acetophenone was treated with 1.0 equiv of I, in the absence
of an amino acid in pyridine under the standard conditions for
6 h. This reaction produced 1-(2-oxo-2-phenylethyl)pyridin-1-
ium iodide (A) as a undissolved product in excellent yield.
Given that the generation of the pyridinium ylide equivalent A
would be an inevitable part of this reaction and pyridine was
found to be critical to the success of this transformation, it
seemed reasonable to assume that a pyridinium ylide was
formed as a crucial intermediate during this reaction. The
formation of 3q in 71% yield from the reaction of amino acid
1q with A in the absence of acetophenone provided further
proof of this idea. However, the yield of this reaction was lower
than that of the reaction shown in Scheme 3, which indicated

Scheme 3. Probable Mechanisms
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“Reaction conditions: 4 (2.0 mmol), HOAc (2.0 mmol), I, (1.0
mmol), DMSO (3.0 mL), 115 °C for 6 h. “Isolated yields. Reactions
were carried out in a pressure vessel.
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that acetophenone played another role in the transformation.
The subsequent reaction of 1q with equal amounts of A and 2v
under the standard conditions gave the symmetrical products
3q and 3v in 7% and 34% yields, respectively. The cross-
trapping product 3qv was also obtained, as predicted, in a 45%
yield. For reaction 2, we repeated the first reaction using 2-
phenylethan-1-amine instead of phenylalanine (4a). However,
this reaction failed to produce any trace of the desired product
Sa under standard conditions. This result suggests that the
driving force for this reaction was the decarboxylation of the
amino acid. The absence of a carboxyl group would make it
difficult to activate the C—N bond at the & position, therefore
preventing its oxidative cleavage by I,. This result also suggests
that this efficient I,-mediated catabolism process is unique to
amino acids. Furthermore, 2-phenylacetonitrile (B3), 2,4-
diphenylbut-2-enal (B4), and toluene could be detected by
GC-MS as intermediates.

Based on the results described above and previous research,
we have proposed a plausible mechanism (Scheme 3). For
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reaction 1, the acetophenone substrate would be initially
converted to 2-iodo-1-phenylethan-1-one, which would be
trapped by pyridine to afford 1-(2-oxo-2-phenylethyl)pyridin-1-
ium iodide (A). At the same time, I, would trigger the
sequential decarboxylation and oxidation reactions of the amino
acid substrate to generate the corresponding imine species,
which would undergo a rapid hydrolysis reaction to give
ammonia and the corresponding aldehyde. The ammonia,
aldehyde, A, and residual acetophenone would converge via a
Krohnke type pyridine synthesis'~ to reconstruct the desired
2,6-disubstituted or 2,4,6-trisubstituted pyridine product in the
presence of I,. A similar mechanism would also occur for
reaction 2 (with phenylalanine as an example). Followed by
decarboxylation of carboxyl group, I, promoted the oxidation of
the C—N bond to afford the unstable intermediate 2-
phenylethan-1-imine (B1). After hydrolysis, phenylalanine
catabolized to corresponding ammonia and 2-phenylacetalde-
hyde (B2). The combination of 3 equiv of B3 with 1 equiv of
ammonia (or 2 equiv of B3 with 1 equiv of B1) would allow for
the construction of the pyridine core in situ via a Chichibabin-
type pyridine synthesis. Finally, the 3,5-disubstituted pyridine
product could be obtained by a debenzylation/aromatizition
process.'™ This process would allow for the regeneration of a
catalytic equivalent of I, in the presence of DMSO.

In summary, we have developed a novel method for the
chemoselective synthesis of 2,6-disubstituted, 2,4,6-trisubsti-
tuted, and 3,5-disubstituted pyridines from natural amino acids.
These transformations featured a catabolism and reconstruction
reaction model including an unprecedented I,-mediated
oxidative cleavage of unreactive C—N bonds. In addition to
the inherent value offered by this reaction as a biomimetic
process, one of the main advantages of this environmentally
benign method is that it avoids the direct use of toxic aldehydes
and harsh conditions. Moreover, the transformation of biomass
materials into synthetically valuable scaffolds is ecologically and
economically beneficial.
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ABSTRACT: The first Pd-catalyzed allylic dearomatization of V>
substituted indoles triggered by C—H bond activation is reported. N P . /—/
The presence of a catalytic amount of 2,5-DMBQ is proven to be R@/ g/ . 1.1 equiv Ag,CO;

a key factor for the high yield. This one-pot tandem allylic C—H “ N 3 ( DCM, 80 °C, Ar W

A R
activation/dearomatization sequence provides a straightforward =2

access to 3,3-disubstituted indolines.

he dearomatization process has been widely recognized as a

powerful strategy for the construction of cyclic or
heterocyclic frameworks from simple starting materials."”
Therefore, a great deal of effort has been devoted to
dearomatization reactions, and various methods have been
established in alkylative and arylative dearomatizations.” Among
them, transition-metal-catalyzed dearomatization of indoles
derivatives attracts much more attention for its extensive
application in the synthesis of different indole alkaloids. In
general, the classical and efficient dearomatization reactions of
indoles have been made with electrophiles containing a leaving
group.” However, from a step- and atom-economic point of view,
the dearomatization reactions triggered by a simple C—H bond
activation® would be a more straightforward and advanced
alternative. Very recently, Luan’s group and You’s group
independently reported the dearomatization of naphthols via
transition-metal-catalyzed C—H functionalization.®® ™ The
Tanaka group successfully developed a gold-catalyzed dearoma-
tization of l-aminonaphthalene derivatives with an intra-
molecular C—H functionalization.”® Despite this progress,
transition-metal-catalyzed direct dearomatization via C—H
bond functionalization remains rare and sluggish.

It is well-known that transition-metal-catalyzed allylic C—H
activation is potentially a more efficient and complementary
process to the conventional Tsuji—Trost-type reactions.”
Though allylic C—H bond activation studies have made
significant advancements recently,”"" application of this
strategy to the dearomatization of indoles has not yet been
described. Previous strategies for the allylic dearomatization of
indoles mainly employed allylic halides or esters (Scheme 1, path
A)."> As a result of our endeavors, a new method for the
dearomatization of indoles triggered by a Pd(II)-catalyzed allylic
C—H activation was developed (Scheme 1, path B). Compared
with existing allylic dearomatization of indoles, our reaction
combines allylic C—H activation with dearomatization of indoles
and provides a rapid and concise route to the synthesis of
polysubstituted indolines.

-4 ACS Publications  ©2015 American Chemical Society
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Scheme 1. Strategies for Dearomatization of Indoles

-

RSN
FG = Halide, OCO4R, elc.

[Pd. Cu, etc.]

this work

At the outset of this study, we chose 2,3-dimethylindole (1a)
and allylbenzene (2a) as model substrates to optimize suitable
reaction conditions. We screened a number of conditions
including palladium sources, oxidants, solvents, and additives
(Table 1). After consulting previous reports of allylic C—H
activations, we selected Pd(PPh;),Cl, (5 mol %) as the catalyst,
Ag,CO; (1.1 equiv) as the oxidant as well as the base, and
benzoquinone (BQ) (1.1 equiv) as an additive. A series of
solvents were then evaluated at 80 °C in the reaction of allylic C—
H activation and dearomatization of indoles. Gratifyingly, we
found that Pd(PPh;),Cl, could catalyze the reaction and that
dichloromethane (DCM) is the best solvent (entries 1—7); the
desired product was obtained in 23% yield. Encouraged by this
result, we further optimized the reaction conditions. Sub-
sequently, control experiments indicated that Ag,CO; and BQ
were essential to the reaction (entries 8 and 9). A screening of
different palladium catalysts showed that Pd(PPh,),Cl, is still the
best choice in this transformation (entries 10—14). It is well-
known that BQ is pivotal in many Pd-catalyzed allylic
functionalization reactions and often serves as the oxidant and
ligand.13 Therefore, various BQ derivatives such as additives 2—8
on an equivalent scale were examined. When substituted electron
benzoquinones such as 2-methylbenzoquinone, 2,6-dimethyl-
benzoquinone, and 2,5- dimethylbenzoquinone (2,5-DMBQ),
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Table 1. Reaction Conditions Screening”

Me "
©/g—Me 4 "“‘:,"l'\_/l‘e._ [Pd) / Ligand, oxidant Me; -q._-/hh'f( :".
N kJ additive, solvent @ ‘§_ Me ~7
Z =N
1a 2a 3a
entry [Pd] +igand oxidant additive solvent yield (%)™

1 Pd(PPhy),Cly Ag,CO; BQ toluene 20
2 Pd(PPhy),Cly Ag,CO, BQ DCM 23
3 Pd(PPh,);Cl> Ag,COy BQ DCE 19
4 PA(PPh,),Cly Ag,CO;4 BQ THF 20
5 Pd{PPh;)Cl Ag;CO, BQ MTBE 23
6 Pd({PPh;),Cly AgyCOy BQ DMSO 0
7 Pd({PPh;).Cl, Ag;COy BQ CHCly 21
8 Pd(PPh4),Cl, Ag,CO, DCM 0
9 Pd(PPhy),Cly BQ DCM <5
10 Pd(OAC), +PPhy Ag,CO; BQ DCM <5
1 PdCl, +PPhy Ag,CO4 BQ DCM <5
12 Pd(TFA), +PPh, Ag,CO, BQ DCM <5
13 [P(CHs)Cll, Ag,CO,4 BQ ocM <5
14 Pd(PCy3),Cly Ag,CO; BQ DCM 12
15 Pd(PPh;),Cl, Ag;CO; additive 2° DCM 42
16 Pd(PPhy),Cl, AgLCO; additive 3° DCM 58
17 Pd(PPh;);Clz Ag,COy additive 4° DCM a3
18 Pd{PPhy),Cla Ag,CO4 additive 5° DCM <5
19 Pd(PPhy),Cl, Ag,CO; additive 6° DCM <5
20 Pd(PPhy),Cl, AgCO0, additive 7° DCM <5
21 Pd(PPhy),Cl, Ag,CO; additive 8° DCM <5
22¢ Pd(PPhy),Cl, Ag,CO, additive4®  DCM 93
23¢ Pd(PPhy),Cly Ag,CO5 additive 4° DCM 31
24¢ Pd(PPhy),Cl, K;5,05 additive 4° DcM <5
25¢ Pd(PPh,),Cl; oxone additive 4° DCM 10
26¢ Pd(PPhy),Cly AgOAC additive 4° DCM <5
27 Pd(PPhy),Cl, Ag,0 additive 4° DCM 34
28° Pd(PPhy),Cl, DICP additive 4° DCM 21

on (o] o] o]

o] o] o] o]

BQ additive 2 additive 3 additive 4
o] o (o] o]
_o o. cl cl
||
1]
o] (o] o) (o]
additive 5 additive 6 additive 7 additive 8

“The reactions were carried out by using 1a (0.20 mmol), 2a (0.44
mmol), palladium (S mol %), ligand (10 mol %), oxidant (1.1 equiv),
and additive (1.1 equiv) in solvent (1.5 mL) at 80 °C for 16 h under
argon. bIsolated yields. “Additive (20 mol %). 9Additive (10 mol %).
“Additive 2 = p-toluquinone; additive 3 = 2,6-dimethyl-1,4-quinone;
additive 4 = p-xyloquinon; additive S = duroquinone; additive 6 = 2,6-
di-tert-butyl-p-benzoquinone; additive 7 = 2,6-dimethoxy-1,4-benzqui-
none; additive 8 = 2,6-dichloro-1,4-benzquinone.

were examined, the yield of the desired product improved
(entries 15—17). The 2,5-dimethylbenzoquinone (2,5-DMBQ)
gave an excellent yield of 93% (entry 17). Owing to the electronic
and steric effects, duroquinone, 2,6-di-tert-butyl-p-benzoqui-
none, and 2,6-dimethoxyquinone only provided lower yields
(entries 18—20). Moreover, electron-poor 2,6-dichlorobenzo-
quinone also was unfavored for this reaction (entry 21). Next,
decreasing the amount of 2,5-dimethylbenzoquinone (2,5-
DMBQ) to 20 mol % left the yield of product completely
unchanged (entry 22). A further decrease of the amount of 2,5-
dimethylbenzoquinone (2,5-DMBQ) is not beneficial to the
reaction (entry 23). Finally, we also investigated other oxidants,
but no improvements were obtained (entries 24—28). Thus, the
optimal reaction conditions were obtained by using Pd-
(PPh,),Cl, (5 mol %) as the catalyst, 2,5-dimethylbenzoquinone
(2,5-DMBQ) (20 mol %) as additive, 1.1 equiv Ag,COj; as the
base as well as the oxidant in 1.5 mL of DCM for 0.2 mmol of 1a

29

with 044 mmol of allylbenzene at 80 °C under an argon
atmosphere (entry 22).

Having discovered optimized conditions for the allylic
dearomatization reaction of 2,3-disubstituted indole, we wished
to demonstrate the generality of this straightforward trans-
formation. We first investigated the compatibility of the olefin
partners (Scheme 2). Indeed, electron-rich allylbenzene such as

Scheme 2. Substrate Scope of Alkenes™”

k 5 mol % Pd[PPh,),Cly
L | — 20 mol % 2,5-DMBQ
R 1.1 equiv Ag;CO,

DCM. 80 °C. Ar

2a-2m

7'~ 0Me

3 T5%

3m T4%

“The reaction was carried out with Pd(PPh;),Cl, (5 mol %), 2,5-
DMBQ (20 mol %), Ag,CO; (1.1 equiv), 1a (0.20 mmol), and 2a—m
(0.44 mmol) in DCM (1.5 mL) at 80 °C for 16 h under argon. bYield
of isolated product.

m-methoxyallylbenzene, p-methoxyallylbenzene, and 3,5-dime-
thoxyallylbenzene afforded the desired products in 84%, 75%,
and 60% yields, respectively (3b—d). 3-Methylallylbenzene
furnished the desired product with 88% yield (3e). Unfortu-
nately, the electron-poor allylbenzenes such as 4-Cl- and 4-CF;-
substituted allylbenzene delivered the desired products in 57%
and 33% yield, respectively (3fg). The allylpentafluorobenzene
only gave trace amounts of the desired product (3h). Meanwhile,
possibly due to a steric effect, 2-methylallylbenzene gave the
corresponding product in 60% yield (3i), and 2-naphthylpro-
pene gave the corresponding product in 48% yield (3j). Notably,
heteroaryl-substituted propenes such as 2-allylthiophene and 5-
allylbenzo[d][1,3]dioxole also produced the desired products in
good yields (3k, 84%; 31, 79%). Moreover, the 4-acetylallylben-
zene afforded the desired product in 74% yield (3m).
Nonactivated alkenes such as 1-decene or l-octene are not
compatible in this reaction.

Next, various substituted indoles were examined (Scheme 3).
Both electron-donating group (5-OMe) and electron-with-
drawing groups (5-Cl, and §,7-di-Cl) on the indoles were well-
tolerated and gave the corresponding products in moderate to
good yields (4b—d). Moreover, carbon-cycle-fused indoles were
also proven to be suitable for this transformation. For example,
the 1,2,3,4-tetrahydrocarbazole and indolo(2,3-B)cycloheptene
afforded dearomatizated products in 88% and 67% yields (4e and
4f). 3-Monosubstituted indoles were then studied. 3-methyl-
indole delivered the desired product 4g in 56% yield. Tryptophol
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Scheme 3. Substrate Scope of Indoles™"”

5 mol % Pd{PPh,),Cl;
20 mol % 2.5-DMBC
1.1 equi O
DCM, 80 °C, Ar

1b-1i 2a

Cl_~

Ph
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L ) W

N
H Ts

44 15%

4 20%

“The reaction was carried out with Pd(PPh;),Cl, (5 mol %), 2,5-
DMBQ (20 mol %), Ag,CO; (1.1 equiv), 1b—i (0.20 mmol), and 2a
(0.44 mmol) in DCM (1.5 mL) at 80 °C for 16 h under argon. bYield
of isolated product.

gave the corresponding furanoindoline product in 44% yield
(4h). When N-tosyltryptamine was used, the corresponding
product was observed in lower yield (4i), and the allylic
amination product was obtained as byproduct concomitantly.
Moreover, indolylcarboxyamide gave the double allylic sub-
stituent product at the C-3 and N-1 positions in 20% yield (4j),
and meanwhile, the C—H bond amination product was also
produced.

In accordance with the experimental results (see the
Supportin% Information) and by referring to the leading
literature,"” the mechanism is proposed in Scheme 4. The

Scheme 4. Proposed Mechanism of Allylic C—H Activation/
Dearomatization of Indoles

catalytic cycle was initiated via an electrophilic allylic C—H
activation by Pd(II) catalyst, and z-allylpalladium complex A was
formed."* At the same time, Ag,CO; worked as the base for
deprotonation of substituted indole to afford nucleoplilic reagent
B, which then accepted the z-allylpalladium complex attack and
produced the dearomatization to form the complex D. Then,
complex D released the product 3a and formed the L,Pd’
followed by a redox reaction with 2,5-DMBQ_ to generate
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L,PdIICl, and 2,5-dimethylbenzene-1,4-diol to complete the
catalytic cycle. Meanwhile, 2,5-dimethylbenzene-1,4-diol was
oxidized by Ag,CO; to regenerate the 2,5-DMBQ. In this
reaction, we also could not exclude that 2,5-DMBQ performed as
the ligand and prompted the reductive elimination to proceed
with a swing.

In conclusion, we have developed the first general example of
direct palladium-catalyzed C3-allylic dearomatization of sub-
stituted indoles through C—H activation/dearomatization
tandem processes. This Pd-catalyzed transformation is effective
for indoles and allylbenzenes containing sterically and electroni-
cally diverse substituents and affords the C3-phenylpropenyl
indolenine products in good yield.
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ABSTRACT: The rearrangements of 4-substituted bicyclo[2.2.2]oct-S-en-2-yl radicals, generated from the corresponding
Diels—Alder adducts with phenylseleno acrylates by radical-induced reductive deselenocarbonylations, give the 2-substituted
bicyclo[3.2.1]oct-6-en-2-yl radicals with some substituents, e.g, alkoxy and phenyl, but not for silyloxymethyl or benzyl
substituents. Theoretical calculations with DFT give the thermodynamics of these reactions and the origins of these processes.

Recently, we reported the development of phenylseleno Scheme 1. Rearrangement of Anthracene Adduct 7
acrylate 1 as an “ethylene equivalent” in Diels—Alder SePh
reactions.' Thus, heating 1 with various dienes 2 gave the i 1

H |
expected cycloadducts 3, which could be reduced cleanly using Oec 4 ﬁSePh tol
tris(trimethylsilyl )silane 4, the Chatgilialoglu reagent,” to give ! G

10°C
12h
the desired formal cycloadducts of ethylene 5 (Figure 1). s 1 95% )
(Me;Si)sSiH H o
: : T C 7Y - T2
" isooctane *
R—/ + ﬁSePh heat afl SePr reflux, 1 h
K\ ! 7% 8 -3 9
2 1 5
_ calculations show the interplay of ring strain and relative
{TMSA}BS‘H Rt stabilities of these substituted radical systems.
ABNKOl The substrates for the radical rearrangement studies were all
reflux/t h 5 prepared by the Diels—Alder reaction of the freshly prepared 1-

substituted 1,3-cyclohexadienes 10° with the phenylseleno
acrylate 1, which were carried out in refluxing toluene for 14 h
(Table 1). The cycloadducts were obtained in yields of 55—
97% as mixtures of endo and exo isomers 11 and 12. In all

conditions without any rearrangement of the generated cases, the endo isomers 11 were the major products, with the

: . 7
radicals.” However, we reported that the adduct 7, prepared endo./ €xo ratio varying from 3.3-8 to L. .
by the Diels—Alder reaction of anthracene 6 with the With the Diels—Alder products 11 and 12 in hand, we next

examined their reductive decarbonylation to produce the

Figure 1. Use of 1 as an ethylene equivalent in Diels—Alder reactions.

The majority of substrates were reduced under the normal

dienophile 1, underwent significant rearrangement to give a !
1:3 mixture of the expected dibenzobicyclo[2.2.2]octane reduced p’roduc'ts. A mixture of.the endo and exo esters was
product 8 and the rearranged dibenzobicyclo[3.2.1]octane treated with tris(trimethylsilyl)silane and AIBN in refluxing

product 9 (Scheme 1)." This was attributed to the well-known benzene for several hours to give the reduction products (Table
2). The reduction of the parent unsubstituted compound 11a/

12a gave predominately the expected bicyclo[2.2.2]octene 13a,
with very little rearranged products (>20:1). However, the
behavior of the substituted analogues was quite different.
Reduction of the 4-methoxy esters 11b/12b afforded only a

homoallyl—cyclopropyl carbinyl radical rearrangement pathway
leading to a more stable radical.* This specific transformation is
also known as a neophyl rearrangement.” We now report that
this rearrangement is general and proceeds for all systems in
which the radical in the new bicyclo[3.2.1]octyl ring system is

more stable than the radical in the original bicyclo[2.2.2]octyl minor amount of the unrearranged product 13b and gave
ring system. We observe an interesting result, namely that a
secondary bicyclo[2.2.2]oct-5-en-2-yl radical is more stable Received: October 27, 2015
than a tertiary bicyclo[3.2.1]oct-6-en-2-yl radical. Theoretical Published: December 15, 2015
| on © 2015 American Chemical Society 32 DOI:10.1021/acs.orglett.5b03112
ublications
A4 Org. Lett. 2016, 18, 32-35
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Table 1. Diels—Alder Reaction of 1-Substituted Dienes 10
and Phenylseleno Acrylate 1

SePh
K”/ SePh q10+C

SePh
entry compd R yield (%) ratio 11:12%
1 a H 97 8:1
2 b OMe 87 5.1:1
3 c OTBS 76 34:1
4 d Ph 66 441
S e CH,OTBS 83 3.3:1
6 f CH,Ph 88 4.1:1

“The ratios of all products were determined by careful integration of
the appropriate peaks in the 'H NMR spectra.”

Table 2. Reduction of Bicyclo[2.2.2]oct-2-enyl-5-

selenophenyl Esters 11 and 12
13

SePh
11?12

H R
+
R
o H .
14 15

_(TMS);SH
TABNPRH

entry compd R ratio 13:14 + 1§ ratio 14:15%
1 a H >20:1 NA
2 b OCH; 1:5.6 2.6:1
3 c OTBS 1:2.5 2.5:1
4 d Ph 1:10 2.4:1
N e CH,0TBS 7:1 2.9:1
6 f CH,Ph 7:1 3.8:1

“The ratios of all products were determined by careful integration of
the appropriate peaks in the 'H NMR spectra.’

mainly the rearranged 2-methoxybicyclo[3.2.1]oct-6-enes 14b
and 15b, w1th the ratio of unrearranged to rearranged product
being 1:5.6.°

The proposed mechanism for the reduction is shown in
Scheme 2. Treatment of the selenophenyl esters 11 and 12 with
tris(trimethylsilyl)silane generates the acyl radicals 16, Wthh
undergo decarbonylation to give the secondary radicals 17.”
Reduction of 17 by the silane affords the unrearranged
bicyclo[2.2.2]octene product 13. However, in competition
with this reduction, the radical 17 can rearrange via the
cyclopropyl carbinyl radical 18 to give the bicyclo[3.2.1]oct-6-
en-2-yl radical 19. Reduction of this radical by the silane gives a
mixture of the equatorial and axial products 14 and 18.

The prevalence of the rearranged products 14b/15b is not
surprising since intermediate 19b, leading to the bicyclo[3.2.1]-
octene product, has a radical adjacent to a methoxy group. In
contrast, intermediate 17b, leading to the bicyclo[2.2.2]octene
product, has a simple secondary radical (Scheme 2). As
expected, the more substituted radical is more stable. In a like
manner, the 4-silyloxy analogue 11c¢/12¢, upon similar
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Scheme 2. Proposed Mechanism of Reduction of

Selenophenyl Esters”
é& (TMS)SH_ 4@

]r']
H TSge = 122

7 y  (TMS)SH
——
AIBN/PHH
R
0% “sePh

1112

14 15 18
14.3 1.4
T{TMS):S!’H H TSgp =127
R E\ o é/&
R
19 19
23

“Relative computed Gibbs free energies for the parent compound (R =
H) are given in red.

treatment, gave the rearranged products 14c and 1Sc as the
major products in a 2.5:1 ratio with the unrearranged product
13c. Again, the stability of the intermediate radical leading to
the rearranged product would be expected to be greater than
that of the unrearranged product. The 4-phenyl analogue 11d/
12d behaved similarly and afforded the rearranged products
14d and 15d in a 10:1 ratio with the unrearranged product 13d.
Here the bicyclo[3.2.1]octenyl radical 19d is tertiary and
benzylic and, therefore, is much more stable than the secondary
homobenzylic radical in 17d. On the basis of these foregoing
results, the reduction of the 4-silyloxymethyl analogue 11e/12e
seems surprising, since in this case the unrearranged product
13e predominated, formed in a 7:1 ratio with the rearranged
products 14e and 1Se. This implied that the bicyclo[2.2.2]-
octenyl intermediate leading to 13e, containing a secondary
radical, is more stable than the rearranged bicyclo[3.2.1]octenyl
intermediate with a tertiary radical. We also reduced the 4-
benzyl analogue 11f/12f, and the unrearranged product 13f was
formed preferentially over the rearranged products 14f and 15f,
again in a ratio of 7:1.

To further investigate these varying product ratios, we
performed density functional calculations at the MO06-2X/6-
311G(d,p)//B3LYP/6 31G(d) level of theory using the
Gaussian09 program.'’ Activation free energies for the
homoallyl—cyclopropyl carbinyl radical rearrangement of
17a—18a and 18a—19a were also computed.

Figure 2 shows the relative energies of radicals, transition
states for rearrangement, and products for the parent system (R
= H). The bicyclo[2.2.2]octene, 13a, is 1.8 kcal/mol more
stable than the bicyclo[3.2.1]octene 14a. The corresponding
radicals 17a and 19a differ in energy by 2.3 kcal/mol in the
same direction. This results from the greater strain of the
bicyclo[3.2.1] skeleton. The low activation barriers for TS;,_;q
and TS;g_;o are consistent with the proposed equilibrium
between radical species 17 and 19.

Table 3 shows the computed energy differences between
substituted radical species 17 and 19, along with the
corresponding equilibrium ratios from these energies. The
energy differences are in good accord with the expected
energies of radical stabilization by these substituents."
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17a

19a

Figure 2. Structures of bicyclo[2.2.2]oct-2-ene 13a, bicyclo[3.2.1]oct-
6-ene 14a, and their radicals 17a and 19a, with relative M06-2X/6-
311G(d,p)//B3LYP/6-31G(d) Gibbs free energies in kcal/mol.

Table 3. Computed Radical Stabilities and Equilibrium
Ratios of Bicyclic Compounds with Various Substituents

AAG;_ predicted ratio experimental ratio
entry R (kcal/mol) 17:19 13:14 + 15
1 H 23 48:1 >20:1
2 OCH; -1.0 1:5 1:5.6
3 Ph —6.7 1:>8 x 10* 1:10
4 CH; 1.2 8:1 7:1¢

“Experimental value for the CH,OTBS and CH,Ph substituents.

Comparing these computed ratios with those observed
experimentally confirms our initial assumptions that radical-
stabilizing substituents promote the ring rearrangement—
methoxy and phenyl substituents favor formation of the
bicyclo[3.2.1]octene system, while a methyl substituent,
although also stabilizing, prefers to remain unrearranged as
the [2.2.2] system.

Furthermore, in the rearranged 2-substituted bicyclo[3.2.1]-
oct-6-ene products, the equatorial product 14 is always favored
over the axial, 15, and the ratio of 14/1S varies from a low of
2.3:1 to a high of 3.8:1. The radical is only slightly nonplanar, as
shown in Figure 3, to minimize eclipsing between the bonds to
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(a)

Figure 3. Newman projections for 19a, viewing from (a) C2—Cl1 and
(b) C2—C3.

the radical center and the attached carbon. Moreover, this
preference is reinforced in the transition states in order to
minimize eclipsing with the newly forming bond, a well-known
phenomenon in C—C bond-forming reactions, sometimes
referred to as torsional steering.12 For instance, in Figure 3,
hydrogen abstraction from silane will occur from the top of the
radical center of 19a to avoid torsional strain from eclipsing
bonds. This favors formation of product 14 over 185.

In conclusion, we have found that the in situ generated
[2.2.2] radicals are generally more stable than the correspond-
ing [3.2.1] rearrangement counterparts, but radical-stabilizing
substituents can reverse this preference. The relative stabilities
of these radicals control the product ratios, while torsional
effects control the stereochemistry of hydrogen transfer from
silane to the alkyl radicals.
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ABSTRACT: An organocatalytic three-component reductive
coupling reaction between dimethyl phosphite, benzylidene
pyruvates, and aldehydes is reported. A chiral triaryliminophos-
phorane catalyst promotes Pudovik addition, which is followed
by phospha-Brook rearrangement to transiently generate
enolates that are trapped stereoselectively by aldehydes. This
reductive coupling provides vicinal polyfunctionalized stereo-
centers from readily available prochiral starting materials with
excellent diastereoselectivity, enantioselectivity, and yield.

he reductive union of two prochiral starting materials into

products bearing vicinal stereogenic centers builds
molecular complexity and as such is an actively sought
transformation in chemical synthesis. Pinacol-type reductive
coupling reactions deliver vicinal diols, > but drawbacks
remain. Commonly used single-electron transfer methods rely
on stoichiometric amounts of low-valent metal,> ™" and
stereocontrol can be challenging.”™ In the methodologies
that have successfully achieved selectivity in the reductive
coupling reaction, there is still the issue of making the vicinal
alcohols react orthogonally in downstream transformations.”®
Some of these issues were recently addressed through the use
of a base-catalyzed, phosphite-mediated asymmetric reductive
coupling of two different carbonyls.”” In this mechanistic
manifold, a Pudovik addition of a dialkylphosphite to an isatin
triggers phospha-Brook rearrangement and subsequent catalyst
controlled trapping of the resultant enolate with an
aldehyde.®” Herein, we extend this reaction framework and
report a highly stereoselective phosphite-mediated reductive
coupling reaction between benzylidene pyruvates and aryl
aldehydes (Scheme 1).

Our goal of introducing a higher level of functionality into
the product carries with it challenges not faced in our prior
work (Scheme 2). In order to achieve a stereoselective cross-
coupled product from ambident benzylidene pyruvates and aryl
aldehydes, it is necessary to be able to control (a) the
chemoselectivity of the phosphite addition (pyruvate vs
aldehyde),'® (b) the regioselectivity of the phosphite addition
(1,2- vs 1,4-addition),"" (c) the nucleophilicity of the nascent
enolate (a- vs y-trapping),'” (d) the chemoselectivity of the
enolate trap (pyruvate vs aldehyde),'”"* and (e) the stereo-
selectivity of the enolate addition into the aryl aldehyde.
Fortunately, the relative electron deficiency of the benzylidene
pyruvates made the chemo- and regioselectivity issues
manageable. Furthermore, the chiral triaryliminophosphoranes
developed by Dixon and co-workers'* guided the stereo-

-4 ACS Publications  © 2015 American Chemical Society
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defining C—C bond construction with excellent levels of
diastereo- and enantiocontrol.

Initially, we studied the dimethyl phosphite mediated
reductive coupling of benzylidene pyruvate la with para-
bromobenzaldehyde (Table 1). Using 10 mol % KO'Bu at 0 °C,
the reaction was complete in minutes and hydroxy phosphate
2a was formed exclusively (dr 1.2:1). Having found that the
enolate formed by the Pudovik—phospha—Brook sequence was
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Scheme 2. Chemoselectivity Issues
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Ph Br

o
|

\I\HOM CFE
e Ph
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9 SJ\NH

Py

H™ 1 "OMe N
OMe = vR2
- PhsP iR .
o] (10 mol %) Ph._z H
c1 R'=Ph R?=H
H c2 R'=H,RZ=Bu  Me0;PO COMe
Br THF (0.1 M) o
entry temp (°C) catalyst dr er 2a:3a
14 0 KO'Bu 1.2:1 50:50 100:0
2k —60 c1 13:1 9:91 6:1
3t —60 c2 17:1 97:3 >20:1

“Reaction was conducted on 1.0 mmol scale, using 1.1 equiv of
dimethylphosphite and 5.0 equiv of ArCHO; reaction was complete in
minutes. “Reactions were conducted on 0.2 mmol scale, using 1.1
equiv of dimethylphosphite and 5.0 equiv of ArCHO. Reactions were
run for 24 h.

both nucleophilic at the correct position and capable of being
trapped by aryl aldehydes, we turned our attention to the
development of the asymmetric variant. In our previous
experience with this type of reductive coupling reaction, we
demonstrated through crossover experiments that a stereo-
ablative retro aldol process becomes possible somewhere in the
cryogenic range;7 therefore, we sought to carry out the
reactions at as low a temperature as possible. We observed
that cinchona alkaloid-derived thiourea catalysts were not basic
enough to permit the reaction to proceed at cryogenic
temperatures, which caused us to move toward other catalyst
families. The evaluation of chiral triaryliminophosphorane C1
revealed that, after 48 h at —60 °C, the starting material was
completely consumed and a 6:1 ratio of products was obtained
arising from aldehyde trapping (2a) relative to proton trapping
(3a), the former with a diastereomer ratio of 13:1. This
encouraging result led us to synthesize and evaluate catalyst C2,
which gave a >20:1 ratio of 2a:3a, with >20:1 dr and 97:3 er.

The application of catalyst C2 to a broader range of reaction
partners was then undertaken (Scheme 3). The reaction
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Scheme 3. Asymmetric Reductive Coupling Reactions™”
o
Ar
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72% ygeld i
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68% yield 67% yield 65% yield
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29 2h 2i°
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56% yield B7% yield T4% yield
2j 2k 2l

T0% yield 53% yield 78% yield
2m 2n 20

70% yield
2p 2q 2r

43% yield 55% yield

“All reactions were conducted on 0.1 mmol scale, using 1.1 equiv of
dimethyl phosphite and 5.0 equiv of ArCHO. % yields refer to isolated
yields. All dr, er, and % yields are the averages of two trials. bReaction
time = 48 h.
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proceeds with electron-withdrawing groups on the benzylidene
pyruvate; placing the electron-withdrawing group on the ortho
(2f 2g) or para (2b—2d) positions on the benzylidene
pyruvate led to comparable yields and stereoselectivities to the
unsubstituted case, but we found that using a meta-bromo
benzylidene pyruvate gave only 5.4:1 dr. Additionally, while
substrates with meta and para electron-withdrawing groups
gave upward of 96:4 er, we observed enantioselectivities of
90.5:9.5 for 2f and 93:7 for 2g (o-bromo and o-fluoro,
respectively). Using a 4-methyl substituted benzylidene
pyruvate we observed that the reaction was complete in 24 h
(2h), though, with stronger electron-donating groups on the
ring, the reaction is slower likely due to depressed rate of
Pudovik addition (2i—2j). Using the 2-thienylidene pyruvate
gave 2k in >20:1 dr, with 87% yield and 92:8 er, but extending
the conjugation of the starting material as in 21 gave 14:1 dr and
92:8 er, with a 74% yield. The reaction was found to proceed
with other electron-deficient aryl aldehydes as well (2m—2r),
either in the para or meta position, although there was a
noticeable drop in stereoselectivity with para-nitrobenzalde-
hyde. We attempted to use benzaldehyde as a coupling partner,
but observed that the major product formed in that reaction
was 3.

The asymmetric reductive coupling reaction on gram scale
works comparably to those reactions conducted on smaller
scale. Figure 2 illustrates the conversion of 1 g of 1a to 1.88 g of
the derived coupled product 2a with >20:1 dr and 97.5:2.5 er
after a single recrystallization. An X-ray diffraction study of this
material revealed the absolute conféguration of the coupled
product to be (IR2R) (Scheme 4).'

Scheme 4. Asymmetric Reductive Coupling Reaction on
Gram-Scale and X-ray Diffraction Study of 2a“

0
H
Ph + Ph
g Br 10 mol % C2
[ (5.0 equiv) 6 i
OMe THF, 60 °C ,
o, 0 Py MeO,C OH .
1a H'Pr"OM 2a
(1.00 g) (I)Me 9 crude
11:1dr, 955 er

post-chromatography/
recrystallization
1.88 g (74%), >20:1 dr, 97.5:25 er

“The reaction was conducted using 1.1 equiv of dimethyl phosphite
and 5.0 equiv of ArCHO. % yield refers to isolated yield. Reaction was
run for 24 h.

The work described here expands on organic reductant-based
organocatalytic reductive coupling. The title process exhibits
high levels of chemo- and stereoselectivity in the face of
multiple potential reaction pathways. Specifically, this work
presents new possibilities for the coupling partners that can
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participate in this reaction. Research into potential applications
of these new motifs is currently underway in our laboratory.
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ABSTRACT: The asymmetric hydrogenation of A-amino nitroolefins has been successfully achieved by rhodium/
bis(phosphine)-thiourea L, with excellent enantioselectivities and yields (up to 96% ee, 96% yield, >99% conversion, TON
up to 1000) under mild conditions. Chiral f-amino nitroalkane products and their derivatives are versatile intermediates in

organic synthesis.

ptically active f-amino nitroalkanes are important chiral

synthetic intermediates and easily converted into other
useful organic molecules. For example, chiral 1,2-diamines and
a-amine acids can be obtained via the well-known Nef reaction’
or nitro reduction.” In addition, their derivative structural
motifs were widely distributed in many pharmaceuticals (Figure
1), such as ostltamivir,” GR-205171A," (+)-CP-99, 994,* and
asimadoline.’

Owing to the great significance of chiral f-amino nitro-
alkanes, much more attention is paid to developing excellent
methodologies to approach them. Asymmetric aza-Henry
reactions® and aza-Michael additions of amines to nitroalkenes’

(+)-CP-99,994

asimadoline

Figure 1. Related chiral pharmaceuticals containing key chiral
structural motifs.

-4 ACS Publications  © 2015 American Chemical Society

worked as the primary and direct ways to prepare chiral f-
amino nitroalkanes. In addition, Sun and co-workers developed
another important route through asymmetric hydrosilyation of
p-amino nitroalkenes catalyzed by a bifunctional catalyst N-
sulfinyl urea with high enantioselectivities.” Until now, catalytic
asymmetric hydrogenation of functionalized olefins was
regarded as one of the most environmentally friendly
methodologies to access chiral molecules.” Recently, our
group developed an efficient method to afford various chiral
P-amino nitroalkanes through asymmetric hydrogenation of j-
amino nitroolefins catalyzed by Rh/TangPhos.'’ Subsequently,
Hou and co-workers also reported excellent enantioselective
hydrogenation of f-amino nitroolefins via Ir/spiro-Phos to
provide chiral f-amino nitroalkanes'' (Scheme 1).

Most recently, we were devoted to developing a series of
novel chiral bifunctional ligands based upon the synergistic
activation strategy via cooperating transition-metal catalgfsis and
organocatalysis, such as bisphosphine-thiourea ligands.'”~'* We
successfully applied these bifunctional bisphosphine-thiourea
ligands into the rhodium-catalyzed asymmetric hydrogenation
of nitroalkenes'” and unprotected NH imines"® with excellent
results, which respectively made use of hydrogen-bonding and
anion-binding interaction between the thiourea scaffold and the
functional groups of substrates. Since thioureas have been
approved for the activation of the nitro group through
hydrogen-bonding interaction, we believe that the asymmetric
hydrogenation of f-amino nitroolefins should provide excellent
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Scheme 1. Synthesis of Chiral f-Amino Nitroalkanes via
Asymmetric Hydrogenation

Previous workl1%-11l;
a) Zhang's work!'%:

NHAC Rh(COD)TangPhos]BF 4 NHAC ﬁ(j
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>99% conversion |  (Bu _ (Bu
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NHAG [I(COD)CI)z/(R,R)-f-spiroPhos NHAc
R X-NOz 1, B0atm), CH,CL, 80°C R NO;
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i >99% conversion
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NHAc  Rh/bisphosphine-thiourea Ly, H; NHAc
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""""" CFy 7l excellent ee
i high conversion
)SL ' high yield
e N N/%E
: H H !
: PP’ g !
Ly - |
R -, - il :

results with our bifunctional bisphosphine-thiourea ligands.
Herein, this novel synergistic activation strategy proved to be
very efficient in this rhodium-catalyzed asymmetric hydro-
genation of f-amino nitroolefins (up to 96% ee, >99%
conversion, 96% yield, TON up to 1000).

We began the initial investigations with the hydrogenation of
model substrate (Z)-N-(2-nitro-1-phenylvinyl) acetamide 1a to
optimize the reaction conditions, the results are summarized in
Table 1. We examined the catalytic activity of L; with different
rthodium sources (Table 1, entries 1—4). To our delight,
Rh(NBD),BF, afforded the best result with full conversion and
excellent enatioselectivity (>99% conversion, 96% ee, Table 1,
entry 2). And we found that the solvents played an important
role in this catalytic transformation (Table 1, entries 5S—11). We
obtained excellent results in CH,Cl, and toluene (Table 1,
entries 2, 10). But the substrate la did not resolve well in
toluene. CH,Cl, was chosen as the best solvent, while a slight
decrease in enationselectivities were observed when using
ethanol, ethyl acetate and CF;CH,OH as the solvents (Table 1,
entries 6, 9, 11). Moderate enationselectivities were obtained
when the reactions were performed in the ‘PrOH, MeOH and
THF (Table 1, entries S, 7, 8).

Encouraged by these promising results, another chiral ligand
L, was employed and obtained lower enantioselectivity (Table
2, entry 2). It was shown that the CF; group on the 3,5-
(trifltuoromethyl)-phenyl ring played an important role. The
ligand L; without the thiourea scaffold provided a poor result
(Table 2, entry 3); this control experiment exhibited that the
thiourea motif activated the substrate efliciently and worked
excellently in a directing role. Subsequently, we decreased the
catalyst loading from 12 to 1 mol % resulting in similar results
with high activity (97% conversion, 96% ee, Table 2, entry 1 vs
entry 4).
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Table 1. Metal Source and Solvent Screening for Asymmetric
Hydrogenation of (Z)-N-(2-Nitro-1-phenylvinyl)-acetamide
1a?

NHAC NHAC

s NOj, Rh/L,, Hy (50 atm) A NOy FaC N HJ\Q
; Ly

1a 2a thp,@
entry metal source solvent conversion (%)”  ee (%)°

1 [Rh(COD)Cl], CH,Cl, 99 91
2 Rh(NBD),BE, CH,Cl, >99 9%
3 Rh(COD),CFSO;  CH,ClL, 0 NA
4 Rh(COD),BF, CH,CI, >99 88
S Rh(NBD),BE, PrOH >99 77
6  Rh(NBD),BF, EtOH 99 91
7 Rh(NBD),BF, MeOH 99 81
8 Rh(NBD),BE, THF >99 77
9 Rh(NBD),BF, EA >99 90
10 Rh(NBD),BF, toluene >99 96
1l Rh(NBD),BF, CE,CH,0H 599 85

“Unless otherwise noted, all reactions were carried out with a Rh/
ligand/substrate (0.1 mmol) ratio of 12:13.2:100 in 1.0 rnL of CH,Cl,
at room temperature under hydrogen (50 atm) for 24 h. bConversion
was determined by '"H NMR. “Ee was determined by HPLC analysis
using a chiral stationary phase. COD = 1,5-cyclooctadiene, NBD = 2,5-
norbornadiene, NA = Not Available, EA = ethyl acetate.

Table 2. Ligand and Catalyst Loading Screening for
Asymmetric Hydrogenation of (Z)-N-(2-Nitro-1-
phenylvinyl)-acetamide 1a”

NHAC NHAC

@)\.Noz Rh(NBD),BF /L, H, (50 atm) ©/\,Noz

2a
N
O A, ,
b P !
thp - 2" Fe PP e
= PhoP Ph,P
L4 L2 Ls
entry ligand  catalyst loading (mol %)  conversion (%)”  ee (%)°
1 L, 12 99 96
2 L, 12 >99 85
L, 12 NR ND
4 L, 1 97 96

“Unless otherwise noted, all reactions were carried out with a
Rh(NBD),BF,/ligand/substrate (0.1 mmol) ratio of 12:13.2:100 or
1:1.1:100 in 1.0 mL of CH,Cl, at room temperature under hydrogen
(50 atm) for 24 h, NR = No Reaction. “Determined by 'H NMR.
“Determined by HPLC analysis using a chiral stationary phase.

With the optimized conditions in hand (Rh(NBD),BF,/L,/
CH,CL,/H, (50 atm)/room temperature), we turned our
attention to the scope of this asymmetric hydrogenation. As
summarized in Scheme 2, a variety of f-acylamino nitroolefins
were hydrogenated smoothly to afford the corresponding
products in high yields and excellent enantioselectivities. To
our delight, the desired product 2a was obtained in 97% yield
and 95% ee when the catalyst loading was reduced to 0.1 mol %
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Scheme 2. Asymmetric Hydrogenation of f-Amino
Nitroolefins 1 Catalyzed by Rhodium/L,“

NHAC Rh(NED),BF 4/L ’;‘“"ACNO
= NO.
o % H, (50 atm), CH,Cly, 1t R/;v z
NHAc

NHAc

©/\/N02
2a

conversion: 97% (99%)"

/g\/ NO; /@/\/ NO,
2b ~o 2

conversion: >99%

NHAc

conversion: >99%

yield: 94% (97%)" yield: 93% yield: 95%
- QRY .
ee: 96% (95%)° ee: 96% ee: 94%
NHAc @HAC P;IHAC
~_NO; @/\/Noz 2/©/-\(N02
2d 2e 2f
O"\.
conversion: >99% conversion: =99% conversion: >99%
yield: 94% yield: 95% yield: 94%
ee: 94% ee: 94% ee: 95%
NHAC NHAc NHAG
/@/\/Noz ~-NO2 /@/:\/NOE
F Cl
2g Cl  2h 2i
conversion: >99% conversion; >99% conversion: >99%
yield: 93% yield: 94% yield: 96%
ee: 96% ee: 86% ee: 95%
Cl  NHAc WHAC NHAC
~_NO; /@/\/Noz I I A _NO,
2j Br 2k 21
conversion: >99% conversion: =89% conversion: >99%
yield: 93% yield: 94% yield: 94%
ee: 2% ee: 92% ee: 96%
NHAC
= L NHAC NHAC NHAC
== : NO. NO, MNO2
N\ o \l/‘\/ 2
2m 2n 20 2p
conversion: >89% conversion: >99% conversion: >99% conversion: >99%
yield: 95% yield: 95% yield: 95% yield: 94%
ee: 80% ee: 81% ee: B5% ee: B0%

“The reactions were carried out with a Rh(NBD),BE,/L,/substrate
(0.1 mmol) ratio of 1:1.1:100 (1la—1c, 1g—1i, 11) or 4:4.4:100 (1d—
1f, 1j—1k, Im—1p) in 1.0 mL of CH,Cl, at room temperature under
hydrogen (S0 atm) for 24 h. The conversion was determined by 'H
NMR. The yield was isolated yield. The ee was determined by HPLC
analysis using a chiral stationary phase. bThe reaction was carried out
with a Rh(NBD),BF,/L,/substrate (0.5 mmol) ratio of 1:1.1:1000 (S/
C =1000) in 0.5 mL of CH,Cl, at room temperature under hydrogen
(90 atm) for 72 h.

(S/C = 1000) at this scale. The electronic properties of the
substituents on the phenyl group of the substrates had little
influence on the reactions. The substrates bearing electron-
donating (1b—1f) and electron-withdrawing groups (1g—1k)
on the phenyl ring performed well with excellent enantiose-
lectivities (92—96% ee). Although the meta-methyl (1d),
methoxyl (1e), para-tert-butyl (1f), orth-Cl (1j), or para-Br
(1k) group on the phenyl ring resulted in a little lower
conversion, and a 4 mmol % loading of catalyst was introduced
to achieve full conversion. The 2-naphthyl substituted nitro-
olefin 11 also afforded an excellent result (>99% conversion,
96% ee) when the 4 mmol % loading of catalyst was applied. In
addition, the heteroaromatic 2-furyl substrate 1m reacted
smoothly to provide a high conversion and enantioselectivity
(>99% conversion, 90% ee). Noticeably, the less reactive
isopropyl and n-propyl p-acylamino nitroolefins (1n, 1p)
obtained good to excellent enantioselectivities (>99% con-
version, 80%—91% ee). More sterically hindered cyclohexyl /-
acylamino nitroolefins (10) converted well into the corre-
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sponding products with good enantioselectivity (>99%
conversion, 85% ee).

In conclusion, we successfully developed the highly efficient
asymmetric hydrogenation of f-amino nitroolefins catalyzed by
rhodium/bis(phosphine)-thiourea L; with excellent enantiose-
lectivities and yields (up to 96% ee, 96% yield, >99%
conversion, TON up to 1000). Further studies on the extension
of this novel catalytic system and reaction mechanism are
currently underway.
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ABSTRACT: An unprecedented example of Pd-catalyzed difluor- g -

. . . . . . oH ! PACI{PPh. 5 %) 3
omethylation of aryl boronic acids with bromodifluoroacetate is P ) g g o H\(
described. The reaction proceeds under mild reaction conditions _A1_J e p¥oquinans (£8 salv); Q/’\/

q 9 O . . Ry F KO,
with hydroquinone and Fe(acac); as additives. Preliminary " £ i e /_N,
mechanistic studies reveal that a difluorocarbene pathway is involved g £ 57 axamples
BrCF,COEt = [iCF; Zetia derivative F

in the reaction, which is unusual compared to the most traditional

approaches. This reaction has advantages of high efficiency and

excellent functional group compatibility, even toward bromide and hydroxy group, thus providing a useful protocol for drug
discovery and development.

he demand for discovery of new bioactive compounds and pathway is involved in the reaction, which is unusual compared to

advanced functional materials has triggered considerable the traditional reactions.
efforts in the introduction of fluorinated functional groups into We began our studies on the basis of the hypothesis that if an
organic molecules.' It has become an intensive topic of active species I could be generated in situ by the reaction of ethyl
organosynthetic chemistry. Among the organofluorinated bromodifluoroacetate 2 with a nucleophile Nu-H (i.e., hydro-
compounds, difluoromethylated arenes constitute a type of quinone) the formation of difluoromethylated arenes would be
distinct compound because of the unique properties of the possible through the catalytic cycle illustrated in Scheme 1.
difluoromethyl group (CF,H)” and important applications of
diﬂuc;romethylated arenes in pharmaceuticals and agrochem- Scheme 1. Hypothesis for Pd-Catalyzed Difluoromethylation
icals.” ;['o date, however, compared to trifluoromethylation of of Arylboronic Acids with Bromodifluoroacetate
arenes,” strategies for the introduction of CF,H into an aromatic
. A s cat [Pd]
ring remain limited and have been less explored.” Although ABOH); + BCFCOEl — = AgEH
CF,H can be prepared through deoxyfluorination of aldehydes
with SF, or dlalkylamlnosulfur trifluorides (i.e, DAST or APUICELNY. vt 1
DeoxoFluor),’ these reactions suffer from important functional AR,
group incompatibility and the need for expensive and/or toxic i Bt i
fluorinated reagents. N ® BPA(LICF,CONu ArPd{Lm:FzH

Recently, some new strategies for the use of difluoroalkylated P Q_rj___i \® fise

reagents as fluorine sources to access such a fluorinated structural /\_\
motif have been developed.”™"” Despite the importance of these B(CF;C0Et —>  BrCF,CONu (PaOL s

methods, the development of new strategies and efficient ¢

methods to access difluoromethylated arenes remains a require-
ment for drug discovery and development. We envisioned that
the transition-metal-catalyzed difluoromethylation of aryl metals
with electrophilic difluoromethylated reagents, such as difluor-
oalkyl halides, would be an attractive alternative. To date,

however, such a transformation is a longstanding challenge and

has not been reported because some difluoromethyl transition- .realize the hypothesized reaction is to generate the k.ey
metal complexes are unstable."" To the best of our knowledge, 1ntermed1ate [Arpd(.Ln)CFZH] IV. We considered that with
the palladium complex [HCF,Pd(L,)X] (X = halides) has not the aid of an oxidant, if the ~CONu group (Nu = OPh-p-OH) of
been documented thus far. As part of a systematic study on the the complex III could be 'removed through.a redox pathway to
transition-metal-catalyzed direct introduction of fluorinated relea_se CO and benzoqumonef the 'fona.tlon of IV would _be
functional groups into organic molecules,'> we herein disclose possible; as a result, the reductive elimination of IV would give
an unprecedented example of Pd-catalyzed difluoromethylation
of arylboronic acids with low-cost ethyl bromodifluoroacetate." Received: November 6, 2015
Preliminary mechanistic studies reveal that a difluorocarbene Published: December 14, 2015

We envisioned that once the intermediate I was formed, the
oxidative addition of the C—Br bond to Pd(0)L, would produce
the palladium complex II, which would subsequently deliver an
active palladium complex III via transmetalation. The key step to

ACS Publications  ©2015 American Chemical Society 44 DOI: 10.1021/acs.orglett.5b03206
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the difluoromethylated arenes and regenerate Pd(0)L,, simulta-
neously.

Accordingly, our initial studies focused on the Pd-catalyzed
cross-coupling of bromodifluoroacetate 2 with arylboronic acid
1a in the presence of hydroquinone'* and a variety of oxidants
(for details, see Tables S1—S8 in the Supporting Information).
After extensive efforts, we found that an optimal yield of 3 (85%
upon isolation) could be obtained with utilization of
PdCL,(PPh,), (5 mol %), Xantphos (7.5 mol %), hydroquinone
(2.0 equiv), Fe(acac), (3.5 mol %), and styrene (20 mol %) in
dioxane at 80 °C (eq 1). Styrene is used because of its beneficial

PACL(PPhs), (5 mol %)
Xantphos (7.5 mol %)
hydroquinene (2.0 equiv)
L fat ki ik K
Fe{acac), (3.5 mol %)

2 styrene (20 mol %)

Ph i Fh
K;CO;, dioxane, 80 °C .
1a 3, B5% vyield

B{OH)z CFzH

+  BICF,CO.E

effect on the reaction efficiency. We reasoned that this is
probably because styrene can coordinate with iron species and
improve the reactivity of the iron complexes.'>'® Any absence of
other reaction factors, such as hydroquinone, Fe(acac);, and
styrene, all led to no or lower yields of 3 (see Table S8 in the
Supporting Information). No product 3 was observed without
the palladium or Xantphos, thus demonstrating that the Pd/
Xantphos do play an essential role to promote the reaction.

A wide range of arylboronic acids could be difluoromethylated
with 2 through this method (Scheme 2). Many versatile
functional groups, including base or nucleophile-sensitive
moieties, such as formyl, alkoxycarbonyl, enolizable ketone,
cyano, siyl, thioether, and amine, were tolerated quite well (18—
25,30, 31, and 36). Most remarkably, chloride, bromide, and free
hydroxy group containing aryl boronic acids are also suitable
substrates (28, 29, and 32). This is in sharp contrast to previous
results,””"* in which aryl halides and/or free proton-containing
substrates were incompatible with their reaction conditions.
Furthermore, heteroaromatic rings, such as dibenzo[b,d]furan
and -thiophene, and carbazole-derived boronic acids all under-
went difluoromethylation smoothly (33—35). However, pyr-
idine-containing boronic acids were not suitable substrates.
Additionally, the difluoromethylated arene 3 could also be
synthesized on a 1 g scale with good yield (68%).

The utility of this method can also be demonstrated by late-
stage difluoromethylation of different bioactive molecules (37—
40). As shown in Scheme 2, good yields were obtained when the
flavanone and estrone derived arylboronic acids were employed
(37 and 40). The difluoromethylation of tyrosine-derived
arylboronic acid also proceeded smoothly with 61% yield (38).
The most significant example is the direct difluoromethylation of
Zetia, a drug famous for the treatment of high blood cholesterol,
without protecting the free hydroxy group (39), thus providing
an useful tool for the medicinal chemistry.

To probe the reaction mechanism illustrated in Scheme 1, we
conducted a kinetic study of the reaction of 1a with 2 (Scheme
3a), and the yield of 3 was plotted against time (Figure 1b, black
line). It was found that a new species BrCF,CO,K (V) instead of
4-hydroxylphenyl difluoroacetate (BrCF,O,Ph-pOH, I) was
generated at the beginning of the reaction and the production
of 3 at initial stage required formation of a large amount of V
(Figure la, black line), thus indicating the critical role of V in
promotion of the reaction. This finding was further confirmed by
the kinetic study of the reaction of V with arylboronic acid 1a
under standard reaction conditions, in which a similar kinetic
profile was also observed (Scheme 3b, Figure 1b, red line).
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Scheme 2. Pd-Catalyzed Difluoromethylation of Arylboronic
Acids 1 with Bromodifluoroacetate 2“

PACIy(PPhs)s (5 mal %)
Xantphos (7.5 mal %)

B{OH)> hy i ) CFH
roquinone (2.0 equiv]
T + BrCFCOEt — ————————= =
R i Fe{acac); (3.5 mol %) Ry
2

styrene (20 mol %)
KzCQy, dioxane, 80 °C

/@/CFzH ﬁCF;H Ph CF3H . ~CFH R'=1Buy, 7,80%
[ \©/ 0 =BnO, 8, 67%
Phi Zph R

1

=PhO, 9, 62%
= 9,

3,85%, 68%° 5, 64% 6. 89% MeO. 10 70%

CFaH CFH O o CF;H
¢ 2
o W
MeQ OMe Me’
1, 73% 12, 65% 13,65% 14, 41%, (71%)°

CFyH CFaH

CFaH
? Q o ~CFaH p-CHO, 18, 57%
Q Q OHC—:(j/ m-CHO, 19, 55%
# o-CHO, 20, 52%

15, 84% 16, 77% 17,72%
PR ~CFH NC CFH S GEaH
ElO;C'i\-// Meoc—(;]/ \©, ok

pP-CO4EL, 21, 80% p-COMe, 23, 55% p-CF3, 26, B4%°

m-COEL, 22, 75%  m-COMe, 24, 73% 26, 45%° m-CFy, 27, 78%"
CFH
| = | \l CF:H /@,CBH /@,CHH
e
o~ e Z g ™S ES
28, 43%, (54%)° 29, 33%, (38%)" 30, 72% 31,87%
CFsH
CF3H = =
O O
2] 4 N
OH CFzH CFzH Ph
32, 76% 33, 77% 34, 79% 35, 56%
)
o
CF ;H
o J@/\*m
L~ o = NHBoc
N [ HF,C
o. CF:H
36.62% 37, 76% 38, 61%
CFH o]
£ Wl
@Jv y SOL
F o HF;C
39, 58% 40, 76%

E

“Reaction conditions (unless otherwise specified): 1 (0.3 mmol), 2
(2.0 equiv), K,CO; (4.0 equiv), dioxane (2.5 mL) for 24 h. All
reported yields are isolated yields. “Determined by '’F NMR using
fluorobenzene as an internal standard. “1 (0.6 mmol) and dioxane (3.0
mL). “Reaction carried out on a gram scale.

Scheme 3. Cross-Coupling of 1a with 2 or V

a) 1a + BrCF,CO;Et  standard reaction conditions BICF,COK  + 3
) —_——— 2
(1.0 equiv) 2 (2.0 equiv) Reaction Time (T) v
b} 1a +  BrCFCO;K  standard reaction conditions
R e
{1.0 equiv) V (2.0 equiv)

Reaction Time (T)

Additionally, the "’F NMR and GC—MS analysis of the reaction
showed no I was formed during the reaction process. Thus, these
results imply that the hypothesized mechanism illustrated in
Scheme 1 is less likely.

To rule out the possibility that the formation of
difluoromethylated arenes arises from the decarboxylation of
difluoroacetylated arene, the reaction of compound 4 or 4’ with
hydroquinone under standard reaction conditions was con-
ducted (eq 2). However, no difluoromethylated arene 3 was
observed during the reaction, thus clearly indicating that an
intriguing mechanism is involved in the reaction.

DOI: 10.1021/acs.orglett.5b03206
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Figure 1. (a) Yield (black line) or recovery of V (red line) and (b) yield
of 3 with BrCF,CO,Et (black line) or BrCF,CO,K (red line) as a
starting material.

PACI;(PPhy); (5 mal %)

CFCO4EL CFCOK
o il CH Xantphos (7.5 mol %) EEm
o . _femposmoy) [ -
20 y styrene (20 mol %) Ph
Fh Fh - aqu, KzC Oy, dioxane, 80 °C
4 4 hydroguincne 3 (not detected)

To further understand the role of hydroquinone, several
experiments were performed (Scheme 4). It was found that when

Scheme 4. Roles of Hydroquinone for the Reaction

with or without

hydroguinonie (1.0 equiv) with hydin inong, 55%
8) BICF)COEl —————————————=  BCF;COK ydroquinont,
2604 2C04 without hydrouinone

2(1.0 equiv) KGOz i208auk) v
dioxane, 80 °C, 45 min (nct detacted)
KzC0y (2.0 equiv)
b) BrCFCOEL e BrCF,CO;K
2 (4.5 squb) dioxane, : v, 24%
PAChL{PPh;); (5 mol %)
B(OH) Xantphos (7.5 mol %) s AERH
o /©, , BrCFLOK _ Felacach, (3.5 mal %) @/
Ph 2.0 equiv) styrene (20 mal %) Ph
(1.0 equiv) v with or without wilh hydroquinone, 72%

1a hydroquinone (2.0 equiv)
K;C0;4, dioxane, B0 °C, 24 h

without hydrequinone
(ot detected)

bromodifluoroacetate 2 was treated with K,COj; (2.0 equiv) in
the presence of hydroquinone, 55% yield of V (determined by
F NMR) was formed after the reaction was stirred for only 45
min (Scheme 4a). However, the absence of hydroquinone led to
no V (Scheme 4a), while prolonging the reaction time to S h
could afford V in 24% yield (determined by "’F NMR, Scheme
4b). Thus, these results clearly demonstrate that the hydro-
quinone has a beneficial effect on the formation of V, but it is not
essential. On the contrary, the hydroquinone plays an essential
role for the generation of difluoromethylated arenes, as no
product 3 was observed in the absence of hydroquinone (Scheme
4c). In addition, the comparison of reaction of 1a with 2 or V in
the presence of hydroquinone with or without Fe(acac),
(Schemes S4 and SS and Figures S2 and S3 in the Supporting
Information) reveals that the iron species is not essential for the
reaction, but it can facilitate the transformation of V into final
product 3.

It has been demonstrated that BrCF,CO,K can serve as a
precursor of difluorocarbene.'” This inspired us to surmise that a
difluorocarbene may be generated in situ from V and a palladium
catalytic cycle via a difluorocarbene pathway may be involved in
the reaction. To identify whether a difluorocarbene is involved in
the reaction, a difluorocarbene scavenger pyridine-2-thiol ® was
added to the reaction by using V as a coupling partner (Scheme
Sa). It was found that the difluoromethylthiopyridine 41 instead
of 3 was produced, thus indicating that a difluorocarbene is
involved in the reaction.

In addition, given the fact that a 48% yield of 3 could be
provided when la was treated with 2 in the presence of
Pd(PPh;), (5 mol %), hydroquinone and Fe(acac); (Scheme
5Sb), but no 3 was produced in the absence of Fe(acac), or other
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Scheme 5. Mechanistic Studies

PA{PPhy)CI; (5 mol %)
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B(OH), Xantphos (10 mol %) £
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b | B T T S AT Py T A
) = * o BICFCOEL  pyacac, (3.5 mol %) =
P 2 K;COy, dioxane, 80 °C Ph
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B(OH); PA(PPhy), (5 mol %) wH
o | m, i et Xaniphos (10 mal %)
e Eat hydroguinone (2.0 equiv)
! 2 KyC0;. dioxane, 80 °C L
'h
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B{OH), = CF;CF 3
T | BrCF,CO:K (2.0 equiv) ot CFH e
== =
& y o hydrogquinone (2.0 equiv) " T+
PP —FPM e £0, diokane, B0°C =
Ph PR Ph Ph
1a, (1.0 equiv) vi

Wi =20mol % 3, 47% 3a, 20% not detectec

oxidants (Scheme 5c), we envisioned that probably only the Pd"
species was involved for the formation of difluoromethylated
arenes. This was further confirmed by the X-ray photoelectron
spectroscopy (XPS) analysis of the reaction, in which only Pd"
was found (Scheme S9 and Figure S4, Supporting Information).
What is more, when we used a catalytic amount of palladium
complex [PhPd(Xantphos)I] VI (20 mol %) as a catalyst,
compound 3 (47% yield) was indeed generated (Scheme 5d).
However, it is worthy to note that no difluoromethylbenzene was
generated during the reaction process, even when 50 mol % of VI
was used (for details, see Scheme S7b, Supporting Information).
Thus, these results clearly indicate that the aryl group of the
difluoromethylated arene does not derive from [ArPd-
(Xantphos)X]. In the meantime, a difluorocarbon elongated
tetrafluoroethylated 3a was produced in 20% yield (Scheme 5d).
These findings confirm that a difluorocarbene species is involved
in the reaction, as it has been demonstrated that an elongated
difluorocarbon can be produced by the insertion of a
difluorocarbene into fluoroalkylmetal species."’

Therefore, on the basis of above results, the hypothesized
mechanism illustrated in Scheme 1 can be ruled out, and a
plausible mechanism through a the Pd"-involved difluorocarbene
pathway is proposed (Scheme 6). The reaction was initiated by

Scheme 6. Proposed Reaction Mechanism

BrCF,COEL (2)
AICF,H
BrCF,COK (V)
| Pd"(L,) L Pl -
*CFy - f/»f\rB[Osz
® Looe
H Vel H [
(Lpd'=cF, Pathl XPd'(LJCF Ar Path i XPd'(L)Ar (1X)
(vin v,
ArB{OH)> .. GFy » muts
= ArPd(L % }
(X) BrCF,C0O.K (VI

the reaction of Pd"(L,) with difluorocarbene which was
generated in situ from V (path I). Subsequently, the resulting
palladium(II) difluorocarbene species (VII) was trapped by
arylboronic acid to produce the key intermediate [XPd"(L,)-
CF,Ar] (VIII). Finally, protonolysis of VIII afforded difluor-
omethylated arenes and regenerate Pd"(L,) simultaneously. In
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the overall catalytic cycle, the hydroquinone is essential for
promotion of the reaction. However, the exact role of
hydroquinone remains elusive at this stage. As for the role of
Fe(acac); in the overall catalytic cycle, one possibility is that a Fe-
based difluorocarbene species’’ may be generated in the
reaction, which is being subsequently transferred onto Pd to
produce VIL. What is more, taking into account the fact that the
aryl group of difluoromethylated arene does not derive from the
palladium complex [ArPd(L,)X] (IX), the proposed mechanism
illustrated in path IT*' for the current reaction can be excluded.

In conclusion, we have demonstrated an unprecedented
example of Pd-catalyzed difluoromethylation of arylboronic acids
with low-cost ethyl bromodifluoroacetate. The significant
features of this reaction are its high efficiency, broad substrate
scope, and excellent functional group compatibility, even toward
bromide and hydroxyl groups. Applications of the reaction led to
difluoromethylated biologically relevant molecules with high
efficiency, thus providing a useful protocol for drug discovery and
development. Preliminary mechanistic studies reveal that a
palladium catalytic cycle via a difluorocarbene pathway is
involved in the reaction. To the best of our knowledge, this is
the first example of a transition-metal-catalyzed carbon—
difluorocarbon single bond (C—CF,) formation via a difluor-
ocarbene pathway. We believe that it will not only prompt the
research in the field of transition-metal difluorocarbene
chemistry but also be useful for related chemistry.
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ABSTRACT: A Pd(OAc),-catalyzed alkylation reaction of the A/¥/ationef T””"’" Sprven

: . . Pd{OAcJ;, Mkv'
tertiary carbon of chiral cyclopropane substrates with alkyl \maops iyl ‘\omnps H QTEDP<=
iodides and bromides via C(sp®)—H activation has been X=1orBr il .
PR 9 g o Tertiary Quaremary ™ trans-1
developed. This is an elusive example of a C—H activation- cisq  carbon carbon '

mediated alkylation of tertiary carbon to effectively construct a
quaternary carbon center. The alkylation proceeded with various alkyl halides, including those of functional groups, to provide a
variety of chiral cis- and trans-1,1,2,-trialkyl substituted cyclopropanes of medicinal chemical importance.

D irecting-group-mediated C—H functionalization is one of cyclopropane substrate cis-1 as well as trans-substrate trans-1
the most useful transformations in organic synthesis (Scheme 1).°

because it allows regio- and stereoselective functionalizations
and alternative synthetic routes that are different from

Scheme 1. Functionalization of Tertiary C(sp*>)—H Bond on

conventional transformations via prefunctionalization of the Cyclopropanes

C—H bond, such as halogenation and/or metalation." Thus, .

these C(sp*)—H functionalizations have been effectively used in Prevfr’:’ls work

the synthesis of a variety of complex molecules.” Considerable Pd(OAc),

effort has been devoted to the functionalizations of C(sp®>)—H OTBDPS _Agohe OTBDPS
as well as C(sp*)—H bonds, and many primary or secondary tg‘s‘?"e

C(sp®)—H bond activation examples are known. In contrast, Z:,’;':,:y g;?:,’,"ary
only a few examples of tertiary C(sp*)—H functionalization cls- .........................

have been reported, probably because sterically hindered Alkyl
tertiary carbons are less reactive than primary and secondary Alkylation OTBDps
carbons. This work %/ WJD\OTBDPS %

In our continuing studies using cyclopropanes as key Quaternary | trans-1
conformational restriction units,” we needed to prepare a carbon

variety of chiral 1,1,2-trisubstituted cyclopropane structures
with a quaternary carbon (Figure 1). To construct such

Furthermore, we were required to obtain chiral 1,1,2-
trialkylsubstituted cyclopropanes. For their synthesis, we
jbv j/v APV /Y\/ considered that the directing-group-mediated alkylations of

C(sp®) would be very effective, which might allow us to

ent-A ent.B construct the quaternary carbon center while preparing a wide

variety of chiral 1,1,2-trialkyl-substituted cyclopropanes. Again,
cis-1 as well as trans-1 would be effective substrates (Scheme 1).

Although directing-group-mediated alkylations of C(sp3)
have recently been studied intensively by Daughs,6 Shi,”
Chen,® and Ge,” alkylation of tertiary C(sp®) has not yet
been reported. However, we hypothesized that, when chiral
cyclopropane substrates cis-1 and trans-1 are employed, the
tertiary C(sp®) alkylation forming the quaternary carbon center

Figure 1. Target chiral 1,1,2-trisubstituted cyclopropanes.

structures,* directing-group-mediated substitution via transi-
tion-metal-catalyzed direct C—H activation can be the most
attractive strategy because it regio- and stereoselectively
provides a wide range of compounds via a short synthetic
route.' In fact, we successfully developed tertiary C(sp®)

arylation on chiral cyclopropanes with aryl iodides via Pd(II)- Received: November 9, 2015
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might proceed owing to the following characteristic features of
cyclopropane: (i) the tertiary carbon of cyclopropanes is less
sterically hindered compared with the usual ones due to the
small and rigid ring structure, (i) the ring carbons forming the
cyclopropane structure are unusually sp’-like-hybridized, and
(iii) the C(sp*)—H activation may be potentially promoted due
to conformational restnctlon of the directing group attached to
the rigid cyclopropane ring,"’

Here, we report Pd(IT)-catalyzed tertiary C(sp®) alkylation
via a directing-group-mediated C—H activation by employing
chiral cyclopropane substrates.'' To the best of our knowledge,
this is the first example of tertiary C(sp®) alkylation via metal-
catalyzed C—H activation with a directing group, although the
arylations of tertiary C(sp®) have been reported."

We first examined the tertiary C(sp®) alkylation of chiral
cyclopropane cis-1 with EtI (2a) as an electrophile. As a result,
we found that the reaction under our conditions previously
optimized for the arylation using 2a instead of an aryl iodide—
ie., 2a (3 equiv), Pd(OAc), (10 mol %), AgOAc (1.5 equiv), in
toluene at 100 °C, 12 h—actually produced the desired
alkylated quaternary cyclopropane product 3a, although the
yield was very low (17%) (Table 1, entry 1). K,CO;, a

Table 1. Optimization of Reaction Conditions

Pd(OQAc), (10 mol % SN OTBDPS
cis1 + EH bzze
©.05mmol) (3equiv) 2odive
2a solvent (0.25 M)
temp, 18 h
condrboﬂs be
entry - - yield (%)
audvent {temp) base (equiv) addllwe (eva}

1 toluene (100)  AgOAc(1.5) 17 (83)

2 toluene (100)  K,CO,(15) 1(99)

3 toluene (100) AgOAc (1.5) PivOH (0.3) 20 (78)

4 toluene (100)  AgOAc (1.5) TsNH; (0.3) 9(63)

5  toluene (100) AgOAc (1.5) (BnO),P{O)OH (0.3) 31(31)

6 toluene (100) AgOAC (1.5) (PhO),P(O)OH (0.3) 12 (88)

7 toluene (100)  AgOAc (1.5) BnOP(O)(OH), (0.3) 10 (89)

&  dioxane (100) AgOAc (1.5) (BnO},P{O)OH (0.3) 18 (81)

9  CF3CF20H (100) AgOAc (1.5) (BnO);P(O)OH (0.3) 6 (44)

10 t+-AmylOH (100)  AgOAc (1.5) (BnO),P{O)OH (0.3) 50 (42)

11 t-BuOH(100)  AgOAc (1.5) (BnO),P(C)OH (0.3) 58 (42)
12 t-BuOH (100) AgaPOy4 (1.5) (BnO),P{O)OH (0.3) & (65)

13 -BuOH (100) AgOTF (1.5) (BnO)2P(O)OH (0.3) complex mix
14 t-BuOH (100) Ag,CO5 (1.5) (BnO):P{O)OH (0.3) 66 (31)

15 t-BuOH (100) AgsCO4 (1.5) (BnO),P{O)OH (1.3) 75(25)
167  -BuOH (100) Ag:CO4(1.5) (BnO),P(0)OH (1.3) 85(0)
17% t-BuOH(50)  Ag;CO;(1.3) (BnOJ,P(0)OH (1.3) 95 ( 0), 92°
187  -BuOH ( 50) Ag,CO5(1.3) (BnO);P{O)OH (0.6) 82 (9)

19° -BuOH ( 50) Ag;CO4 (0.6) (BnO),P{C)OH (1.3) 54 (32)

200 t+-BuOH ( 50) AgzC05 (1.1) (BnO),P{O)OH (1.3) 78( 5)

217 LBUOH(50)  (BnO)P(O)OAg (1.3) — 56 (10)
227 -BUOH(50)  (BnO)P(O)OAg (1.3) KzCO3(1.1) 58 (8)
23" LBUOH(50)  (BnO),P(O)OAg (1.3) KHCO; (1.1) 80(8)

2Pd(OAc), (15 mol %), for 12 h. *Yields were estimated by 'H NMR
using anthracene as an internal standard. “Numbers in parentheses are
remaining cis-1 “Isolated yield.

nonsilver salt, was also tested, but the reaction did not proceed
at all (entry 2). We then tested various additives together with
AgOAc. Addition of PivOH (0.3 equiv) or TsNH, (0.3 equiv)
was not effective in improving the yield (entries 3 and 4).
Addition of (BnO),P(O)OH (0.3 equiv), which was reported
to be effective for C(sp®)—H alkylation by the Chen group,’
somewhat improved the yield (31%, entry S5). We also
examined other phosphate additives; however, addition of
(PhO),P(O)OH or BnOP(O)(OH), was ineffective (entries 6
and 7). Next, we examined the reaction solvent. Although
dioxane and CF,CF,0OH were not suitable solvents (entries 8
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and 9), the use of t-AmylOH or t-BuOH as the solvent clearly
improved the yield (50%, entry 10; 58%, entry 11). Next, we
screened the silver salts. The use of Ag,PO, or AgOTTf instead
of AgOAc significantly decreased the yield (entries 12 and 13);
however, the switch to Ag,COj; provided the product 3a in 66%
yield (entry 14). Thus, we fine-tuned the reaction conditions
with Ag,COj as a base. The use of 1.3 equiv of (BnO),P(O)-
OH increased the yield to 75% (entry 15). When we examined
the alkylation in the presence of Pd(OAc), (15 mol %), cis-1
was effectively consumed to produce 3a in 85% yield (entry
16). Even at a lower temperature (S0 °C), the reaction
proceeded smoothly to give 3a in 95% yield (entry 17). When
the amount of Ag,CO; or (BnO),P(O)OH was reduced, the
reaction was not completed (entries 18—20). As described, we
found that the ethylation at the tertiary C(sp®) of chiral
cyclopropane cis-1 efliciently occurred and that the optimized
reaction conditions were those in entry 17.

To gain information about the effect of Ag,CO; and
(BnO),P(O)OH, we examined the alkylation using (BnO),P-
(O)OAg instead of the combination of Ag,CO;/(Bn0O),P(O)-
OH. As a result, we obtained 3a in 56% yield (entry 21).
Addition of K,COj to the reaction system did not improve the
yield (58%, entry 22). When KHCO; was added to the reaction
system, however, the yield effectively increased to 80% (entry
23). These results suggest that (BnO),P(O)OAg might be
formed in situ and that the bicarbonate ion (THCO,) plays an
important role in promoting the alkylation."” ™"

With the optimized reaction conditions in hand, we
investigated the reactions of cis-1 with various alkyl iodides
and bromides. The results are summarized in Scheme 2."> The
reaction with low molecular weight primary alkyl iodides, i.e.,
methyl iodide (2b) and butyl iodide (2c), afforded the
corresponding products in high yields. Fatty dodecyl iodide
(2d) and branched 3-methylbutyl iodide (2e) were also suitable
electrophiles, and they gave the corresponding alkylated
product in 82% yield and 62% yield, respectively. However,

Scheme 2. Substrate Scope of cis-1¢

%/ \HJD\OTBDPS

Pd(OAc), (15 mol %)
AgoCO3 (1.1 equiv)
(BnO),P(O)YOH (1.3 equiv)

sl R eOH (0.25M)
2b-2 U
9 50°C. 12 h 3b-3q
Me Me
Me—| Me” > |m >_\_
Me |
2 2¢ 2d o
90 % 93 % 82%° 62%
Me N |
" )\l Ho/\/\l \\\/I Cl/\/\/\/
© o 29 2h 2i
no reaction 51% 84% 79%
TIPS I Me
Ow [ I d
2m
78% 31% 73% 61%
EtO. Br Br
m/\Br P ©/\ /@/\
o} O,N
2n 2p 2q
43% 50% 45% 65%

“All reactions were carried out using cis-1 (0.05 mmol) and R—I or R—
Br (3 equiv). “Yield of 0.5 mmol (250 mg) scale reaction was 86%.
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the reaction with secondary isopropyl iodide (2f) did not
proceed at all. Next, we tested alkyl iodides with functional
groups, i.e.,, 3-iodopropanol (2g), iodoacetonitrile (2h), and 1-
chloro-6-iodohexane (2i).

These functional groups tolerated the alkylation to provide
the corresponding coupling products, while the yields were
moderate. Alkyl iodides with thiophene (2j) and phthalimide
(2k) were also good coupling partners. The reactions with a
TIPS-protected terminal alkyne (21) and cis-olefin (2m)
proceeded smoothly. We next examined the reaction with
alkyl bromides. When the reaction was carried out with EtBr,
only a trace of the desired coupling product was obtained.
However, the reactions with active alkyl bromides, such as ethyl
bromoacetate (2n) and allyl bromide (20), proceeded to give
the corresponding alkylated products in 43% and 50% yield,
respectively. Benzyl bromide (2p) and 4-nitrobenzyl bromide
(2q) were also effective electrophiles for the alkylation.

We next investigated the alkylation of trans-1, which was a
more challenging substrate than cis-1 because its tertiary
C(sp®)—H bond to be activated was significantly sterically
hindered due to the adjacent cis-substituent. In fact, only a 21%
yield of the coupling product 4a was obtained under the
reaction conditions optimized for cis-1 and Etl (Supporting
Information Table S1, entry 1). We conducted the alkylation
under various conditions and found that the reaction at higher
temperature (75 °C) made the yield slightly higher, obtaining
4alir}731% yield (Supporting Information Table S1, entry
2).”

The reaction results of trans-1 with various alkyl halides are
summarized in Scheme 3. The reaction with a simple alkyl

Scheme 3. Substrates Scope for trans-1

R-X (3 equiv) 0.
Pd(OACc), (15 mol %)

Ag,CO3 (1.3 equiv) NH R OTBDPS

trans-1 (BnO),P(O)OH (1.3 equiv)
(0.05 mmoly +-BuOH (0.25 M) N
76°C,12h x 4
Me, TIPS——
Me” I M >—\~I
e
2a 2e 21 I
31% 37% 22%
EtO\n/\ ©/\Br /@/\Br
I
o O,N
2r 2p 2q
48%° 37% 2 38%°

Reactions were carried out at 50 °C.

iodide 2a, branched alkyl iodide 2e, TIPS-protected terminal
alkyne 21, and ester 2r provided the corresponding alkylated
product in 22%—48% vyields. Activated alkyl bromides 2p and
2q also worked as coupling partners.

We then examined the transformation of the 8-amino-
quinoline moiety. A two-step sequence was employed: (i) Boc
introduction at the amide and (ii) hydrolysis of the resulting
secondary amide with LiOH and H,0,. This gave the
carboxylic acid S in 72% yield from 3d (Scheme 4).

We also examined the tertiary C(sp®) alkylation with
noncyclopropane substrates, i.e., cyclobutane substrate 6 and
acyclic substrate 7 (Scheme 5). When 6 or 7 was treated with
Etl under the optimized reaction conditions for cis-1, the
ethylation did not proceed at all, even under the higher
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Scheme 4. Transformation of the 8-Aminoquinoline Moiety

1) Boc,0O
DMAP
—_—

H 2) LioH
N oteors ) 10

CH,

HO OTBDPS

O a4 72% (2 steps) 0 5

Scheme 5. C(sp®)—H Alkylation of Non-cyclopropane
Substrates 6 and 7

g Etl (3 equiv)
Pd(OAc); (15 mol %)
=N Ag,CO;3 (1.3 equiv)
NH  (BnO),P(O)OH (1.3 equiv)
no reaction
H O +-BuOH, 50 °C or 100 °C
6
o
7\ P
no reaction

NH same as above

jiz

-

temperature at 100 °C. These results suggest that the
characteristic steric and hybridization property of cyclopropane
enables the tertiary C(sp®) alkylation of cyclopropane
substrates to proceed, as we hypothesized.

In conclusion, we successfully developed the directing-group-
mediated tertiary C(sp”) alkylation of chiral cyclopropanes with
alkyl iodides and activated alkyl bromides in the presence of
Pd(OAc),. This is the elusive example of tertiary C(sp°)
alkylation via C(sp®)—H activation, and it allows us to prepare a
variety of chiral 1,1,2-trialkylcyclopropanes of medicinal
chemical importance. The results of the control experiments
with noncyclopropane substrates suggested that the tertiary
C(sp®) alkylation effectively occurs due to the characteristic
structural and hybridization feature of the cyclopropane ring.
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ABSTRACT: The hydroalkylation of alkenes using alkyl iodides with Hantzsch ester as a hydrogen source occurred smoothly
under a Pd/light system, in a novel, tin-free Giese reaction. A chemoselective reaction at C(sp’)—I in the presence of a C(sp*)—X
(X = Br or I) bond was attained, which allowed for the stepwise functionalization of two types of C—X bonds in a one-pot
procedure.

he addition of radicals to alkenes is among the most basic focused on the use of Hantzsch ester, which has been used
of radical reactions. The Kharasch' and Giese reactions” ™" successfully in radical reductions’ and glycosylations'® based on
both proceed with a radical chain composed of radical addition photoredox catalysts such as Ir(ppy); and [Ru(bpy);](BF,),. In

to alkenes followed by Sy2 reaction delivering halogen and this paper, we report that a palladium/light system worked well
hydrogen, respectively. There has been a recent renewal of to achieve the Giese-type reaction of alkyl iodides with
interest in palladium-assisted radical reactions using alkyl electron-deficient alkenes by introducing Hantzsch ester as a
iodides’™” whereby a SET (single electron transfer) process hydrogen source.
from Pd(0) to alkyl iodides is typically proposed for the As expected, under photoirradiation (SolarBox; 1500 W of
generation of alkyl radicals/PdI radical pair as a first event. xenon lamp in a box, for details see the Supporting
Based on this concept, we previously developed a series of Information) the reaction of iodocyclohexane 1a, ethyl acrylate
cascade carbonylation reactions using alkyl iodides, CO, and 2a, and Hantzsch ester 3 in benzene in the presence of Et;N
coupling reagents using a Pd/light combined system® in which and a catalytic amount of PdCl, and PPh; proceeded to give the
CO trapping by alkyl radicals ultimately leads to the formation desired Giese addition product 4aa in a 30% yield (Scheme 2).
of acylpalladium intermediates.” Without Hantzsch ester 3, the Giese product would not form.

We expected that such a Pd/light combined system would be
applicable even to a tin-free Giese reaction, as outlined in Scheme 2. Photoinduced Reductive Radical Addition of
Scheme 1. A key issue here was deciding what reagent would Iodocyclohexane 1a to Ethyl Acrylate 2a
work as a hydrogen source in the presence of a Pd complex. We Solarbox (Xe, Pyrex)

PdCl; (5 mol %)

Scheme 1. Concept: Pd/Photoirradiation System for Tin- | B0~ COEL :.-iECLI‘TZCE[:SNTU{ » COEl
Free Giese Reaction O/ + o COEt + R T O/\rr
EtsM (1.5 equiv)

H
CgHg (10 mL), 16 h

hv T 1a 2a 3 4aa
R—I + Pd(0) e [rR=1] + Pdl) — R+ + Pd()l Bl b g b wilh e
PPh3 (20 mol %) instead of ~BuNC  (30%)
[ “‘E“._/EWG without PdCl, or t-BuNC or LiCl (=19%)
thermal conditions (80 °C) (=1%)
g

R EWG
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Changing the ligand from PPh; to t-BuNC'' in benzene
improved the yield of 4aa to 71%. In the absence of a Pd
catalyst, +-BuNC, or LiCl, only a trace amount of 4aa was
observed. No reaction took place under thermal conditions (80
°C).

Table 1 demonstrates the general nature of the present
reductive alkylation of alkenes 2 by iodoalkanes 1 and Hantzsch
ester 3. A series of substituted a,f-unsaturated esters 2b—f were
examined (entries 2—6). The reaction of la with ethyl
crotonate 2b, dimethyl maleate 2d, and Me- and Ph-substituted
ethylidene malonate 2e and 2f gave the corresponding addition
products 4ab—af in moderate to good yields. In contrast, the
reaction of 1a with methyl methacrylate 2¢ gave 4ac in a rather
poor yield of 38% (entry 3). Other alkenes with an electron-
deficient group, such as ethyl vinyl ketone 2g, acrylonitrile 2h,
and phenyl vinyl sulfone 2i, also gave the alkylation products
4ag—ai in good yields (entries 7—9). The reaction of la with
cyclohexenone 2j gave the desired product 4aj in a modest
yield of 48% (entry 10). Irrespective of whether the alkyl
moiety of RI 1 was primary, secondary, or tertiary, the reaction
worked quite well (entries 11—16).

To confirm the intervention of radical species,12 radical
cascade reactions were examined (Scheme 3). The reaction of

Scheme 3. Radical Cascade Reactions Using 6-Iodo-1-
hexene 1g and (Iodomethyl)cyclopropane 1h

Solarbox (Xe, Pyrex)
PdCI,/t-BuNC/LICI
Hantzsch ester 3

EtsN, CegHg, 16 h -

1g 28 53% ‘on
IR
JeSy
= COEt
jcoza
A\/I CO,Et z = 2]
i L : (
1h 2a O—<002Et
. oy 4ha

X COEt (transicis = 67/33)
L "/

Et0,C

6-iodo-1-hexene 1g and 2a gave ethyl 4-cyclopentylbutanoate
4ga in 53% yield by way of S-exo radical cyclization (Scheme 3,
eq 1). (Iodomethyl)cyclopropane 1g reacted with 2a to give
1,2-disubstituted cyclopentane 4ha in a 40% vyield. In this
reaction, an initially formed cyclopropylcarbinyl radical under-
goes ring-opening to give a homoallyl radical,"”’ which then
adds to 2a to form an a-carbonyl radical. The S-exo cyclization
and the addition of the resultant radical to the second molecule
of 2a followed by hydrogen abstraction from Hantzsch ester
gives the product 4ha (Scheme 3, eq 2). The syn/anti ratio of
4ha was nearly the same as that of a previously established
radical cyclization.*

We then examined the chemoselectivity of the reaction using
alkyl iodides 1i and 1j with a haloaryl moiety (Scheme 4). The
alkylation reactions of 1i or 1j with 2a proceeded chemo-
lectively at the C(sp®)—I bond, leaving C(sp>)—X bonds for the
next functionalization (Scheme 4, eq 3). The crude products
4ia and 4ja were exposed to the standard conditions of
Suzuki—Miyaura raection without additional Pd, which gave the
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Table 1. Reaction of Alkyl Iodides 1 and Alkenes 2 under the
Pd/hv System

Solarbox (Xe, Pyrex)

- PdCI,/t-BuNC/LiCI R4
2
RI-|  + K\(Rz Hantzschester3 o4 R
EtsN, CgHg, 16 h
RS 3 66 R2
1 2 4
entry 1 2 4 yield (%)
I CO.Et
1 X COEt 4aa
1a 2a 71%
Me
COzEt  4ab
2 1a CO,Et
Me 002 55%
2b
CO.Me COzMe
3 1a y 4ac
Me 2¢ Me 38%
COzME
CO,Me
4 1a \2/ Sk COMe gad
= 2Me 72%
2d
Me Me
5 1a . COEL COEt  4ae
CO.Et 2e CO,Et 73%
Ph Ph
6 ia I\.\rCOgEt COEt 4o
COEt o CofEt  64%
0
T 1 0 dag
a
\\‘\A/ 75%
29
CN
8 1a . CN 4ah
2h 7%
SO.Ph
9 1a X SO.Ph 4ai
2i 88%
10 1a o M
" 0y
0 3 48%
= CO,Et 4ba
1 CgHyr—I 2a CiH T > % 67%
1b
12 1b 2 ,\i/ )
g CgHy7 61%
n-Bu n-Bu COEt
13 2a N dca
n-Bu | n-Bu 60%
1c
| CO.Et ’
14 2a 2
20
aSALEA SN
CO,Et
15 @\I 2a 4ea
68%
1e
Co,Me -
16 t-Bu—I 2d
T t-Bu A COxMe 66%

“Reaction conditions 1 (1 mmol), 2 (1.5 equiv), 3 (1.2 eqiuv), PdCL,
(5 mol %), t-BuNC (20 mol %), LiCl (20 mol %), Et;N (1.5 equiv),
C¢H; (10 mL), 16 h, hv (SolarBox (Xe, 1000 W/m?), Pyrex).
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Scheme 4. Chemoselective Reaction of 1i and 1j with Alkyl—

I and Aryl-X Moieties (X = Br, I)
[ i

(:' Solarbox (Xe, Pyrex)
o ’\@\ + S CO& Hantzsch ester 3 o /\@\ @)
EtsN
% X

PdCI,/t-BuNC/LICI

CeHg, 16 h
1i (X =Br) 2a dia (X =Br) (46%)
1X=10 dja(X=0) (47%)
= dia (X = Br)
R L

without isclation

Ph-B{OH)z

COEL
K205 Fo)

4]
5(X=Br) (38%) O

80°C,16 h
5(X=I) (36%)

arylated products Sia and Sja, respectively (Scheme 4, eq 4).
Although the chemoselective reaction was achieved, moderate
yields of 4ia and 4ja, which are due to the side reactions of key
alkyl radicals to add to two molecules of ethyl acrylate and H-
abstraction from a-position to ether oygen, requires further
optimization of the reaction conditions. On the other hand, it
should be noted that GC—MS analysis of the crude reaction
mixture indicated that the reduction of the yields of § is partly
because of Pd-catalyzed aromatic reduction of 4ia and 4ja with
Hantzch ester remaining in the one-pot procedure.

Whereas an appreciable byproduct of the reaction of 1b with
2a (Table 1, entry 11) was diester 7 (>10%), which
incorporated two molecules of ethyl acrylate 2a, octane 6, a
simple reduction product, was detected in only a trace amount
(Figure 1). This suggests that while a reduction of the adduct
a-carbonyl radical by Hantzsch ester is sluggish, that of the
parent octyl radical is far more sluggish.'*

CO,Et

CgHq7=H CgHi7

CO,Et
6 H 7

Figure 1. Byproducts.

A plausible reaction mechanism is illustrated in Scheme 5.
First, alkyl radicals are generated by the reaction of alkyl iodides
and Pd(0) under photoirradiation via a SET process, which is
then added to olefins. The resultant radicals abstract hydrogen
at the 4-position of Hantzsch ester to give the products and a
dienyl radical, which reacts with the Pd(I) species to give
Pd(0), HI, and a pyridine derivative.

In summary, we have demonstrated a new protocol for the
Giese-type reductive alkylation of alkenes by alkyl iodides,
which uses Hantzsch ester as a hydrogen source and a Pd/
photoirradiation system to promote radical generation. The
reaction can be applied to cascade reactions involving 5-exo
cyclization and the ring opening of a cyclopropylcarbinyl
radical. Unlike the original tin hydride conditions reported by
Giese, a chemoselective reaction is possible in spite of the
C(sp*)—X (X = Br, I) bonds. Further synthetic applications of
this new combination of a Pd/light system with Hantzsch ester
are currently underway in this laboratory.
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Scheme 5. Proposed Reaction Mechanism
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ABSTRACT: Tetraaryl-substituted pyrroles are one impor- a1 o PR “

tant class of luminophores. In this work, an acid-promoted i" | __NHOAc _ Ar WA + 3H.,0
cross-dehydrative aromatization between benzoin and deoxy- Ar2” ¥H) Ar3  AcOH, 100 “ACOH, 100°C sl s £
benzion was developed. This transformation provides an

efficient and straightforward path for the synthesis of various aryl group substituted tetraarylpyrroles. Good to excellent yields
were obtained through the easy operation with acetic acid and ammonium acetate.

A romatic rings are important building blocks existing in Scheme 1. Approach To Access Tetraaryl-Substituted Pyrrole

numerous pharmaceuticals, natural products, and func- ”
\ﬁn j _NH,OAc, HOAc _ “'1‘11"“"4

. N 1 . .
tional materials.” Among various aromatic compounds, five- and
six-membered aromatic rings are the most common system in the

chemical world. Tremendous efforts have been devoted to _ — Al
construct aromatic rings during the past decades.” Normally, six- Sress et Aremetiatn

membered aromatic cycle can be constructed through cyclo-

trimerization of alkyne or nitrile or the Dies—Alder reaction the amount of 2c was increased to 1.33 equiv, the unsymmetrical
followed by aromatization.’ A five-membered aromatic cycle can tetraaryl-substituted pyrrole 3ac was obtained in 98% yield
usually be built via the classic Paal—Knorr synthesis or transition- (Scheme 2).

metal-catalyzed cycloisomerization-type or cycloaddition-type

reactions.” The Paal—Knorr synthesis is a typical dehydrative Scheme 2. Initial Attempt To Access Unsymmetrical
aromatization process with H,O as the side product.” However, it Tetraaryl-Substituted Pyrrole

usually requires uneasily accessible 1,4-dione as the precursor.®

CFs
Pyrroles are one of the most frequently appearing five- O — .
membered rings in many important molecules.” Recently, with " _NH,OAc (15 equiv)
the development of electroluminescent materials, some tetraar- O H HO " AcOH(20mL) O Q
i CFy
2c

ylpyrroles were discovered to have remarkable fluorescence,
which shows potential application in organic electronic devices.”

However, until now, most of the reported synthetic methods pamme Amount of 2c Temp Yield of 3ac
could only selectively afford symmetric tetraaryl-substituted 1.0 equiv 120°C 0%
pyrroles, which restrict further application of those types of 1.33 equiv 100 °C 98%
molecules in materials chemistry.”” In 1938, Davidson
successfully prepared a symmetric tetraphenylpyrrole from Furthermore, the reaction conditions were applied to the
benzoin.'” Tt is known that benzoin is a proper precursor of synthesis of other unsymmetrical tetraaryl-substituted pyrroles.
desoxybenzoin.'' Inspired by these results, we deduced that First, different benzoins were tested as substrates to react with 1a
whether the direct cross-condensation of benzoin and (Scheme 3). Both electron-donating and electron-withdrawing
desoxybenzoin could construct important tetraaryl pyrroles substituents on the benzene ring of benzoin were well tolerated
with four different aryl groups. Herein, we demonstrated an acid- under the current conditions (Scheme 3, 3ab, 3ac). Even the
promoted cross-dehydrative aromatization for the synthesis of cyano group was also well tolerated (Scheme 3, 3ad). Benzoin
unsymmetrical tetraaryl-substituted pyrroles (Scheme 1). substituted with halogens such as F, Cl, and Br afforded the
In our initial attempt, 1,2-diphenylethan-1-one (1a) and 4,4'- corresponding products in excellent yields (Scheme 3, 3ae—ag).
bis(trifluoromethyl)benzoin (2c) were selected as the substrates It is worthy of noting that functional groups such as cyano, fluoro

in the presence of ammonium acetate in AcOH at 120 °C to always show the potential of improving the photovoltaic

prepare the unsymmetric tetraaryl-substituted pyrrole 3ac. To
our delight, the desired product 3ac was successfully obtained in Received: November 10, 2015
70% yield. When the temperature was decreased to 100 °C and Published: December 18, 2015
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Scheme 3. Acid-Promoted Cross-Dehydrative Aromatization
of 1a with Different Benzoins”

H
Ph

_NHOAc _ PhgNs ar
\ /)
Ar P Ar

AcOH, 100 °C

Scheme 4. Acid-Promoted Cross-Dehydrative Aromatization
of Different 1,2-Diarylethan-1-ones with 2a”

T@@T

2a

H
N

N1WPn

Arf Ph

__NH0Ac
AcOH, 100 “C

Q O ¥ O O O

3ab, sz%' 3ac, sa% 3ad, 54%
H F H cl
O \Nf O O \Nf O
& Q & Q
3ae, 92% F 3af, 96% “ 3ag, 86%
OO O LD QLD
Ol O $U
3ah, 90%" 3ai, 91%° 3aj, 21%

“Reaction conditions: 1a (0.3 mmol), 2 (0.4 mmol), NH,OAc (4.5
mmol), AcOH iZ .0 mL), 100 °C, 12 h. The products were obtained in
isolated yields. “The reaction was conducted under 120 °C. 2 (0.5
mmol) was used.

properties of materials. Moreover, the halogens such as Br and
Cl, usually provide possibilities for further functionalization.
Some benzoin that the phenyl groups were replaced by other aryl
cycles were also investigated. Benzoins with naphthalene and
thiophene substituents were able to furnish the desired products
in good yields (Scheme 3, 3ah and 3ai), while 2,2'-furoin only
afforded the target product in 21% yield, which might due to its
instability under the standard conditions (3aj).

In the next step, a series of 1,2-diarylethan-1-ones were
investigated to extend the substrate scope (Scheme 4). The
reactions of desoxybenzoin with p- and o-methyl substitutents
showed good reaction efficiency in this acid-promoted cross-
dehydrative aromatization reaction (Scheme 4, 3ba and 3ca).
Electron-rich substituents on the benzene ring were also well
compatible (Scheme 4, 3da and 3ea). The desoxybenzoins with
halide substituents such as F, Cl, and Br afforded the
corresponding products in good yields (Scheme 4, 3fa—ia).
Ethanone substituted with a-naphthyl groups was also suitable in
this transformation (Scheme 4, 3ja). Carbazole and dibenzofuran
are also important structure motifs in material chemistry because
of their stability and special properties. Interestingly, unsym-
metrical tetraaryl-substituted pyrroles containing the block of
carbazole or dibenzofuran were synthesized successfully by
adding 1.0 mL of toluene as a cosolvent to increase the solubility
(3ka, 3la).

At last, the synthesis of tetraaryl-substituted pyrrole with four
different aromatic substituents was also explored through this
acid-promoted cross-dehydrative aromatization transformation.
4-Chlorobenzoin was used to react with desoxybenzoin bearing
two different aryl substituents. The desired pyrroles with four
different aryl substitutents were obtained with two regioisomers
due to the tautomerism of benzoin as expected (Scheme $).

It is obvious that Ar' and Ar?, respectively, bound to the C1
and C2 positions of the produced pyrrole. However, due to the
tautomerism of benzoin, it is not clear that whether the Ar group
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“Reaction conditions: 1 (0.3 mmol), 2a (0.4 mmol), NH,OAc (4.5
mmol), AcOH g .0 mL), 100 °C, 12 h. The products were obtained in
isolated yields. “1 (0.15 mmol), 2a (0.4 mmol), PhMe (1.0 mL) was
added.

Scheme 5. Synthesis of Tetraaryl-Substituted Pyrrole with
Four Different Substituents via Cross-Dehydrative
Aromatization
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Reaction conditions: 1 (0.3 mmol), 2 (0.4 mmol), NH,OAc (4.5
mmol), AcOH (2.0 mL), 100 °C, 12 h. Isolated yields.

bound to the carbonyl goes to the C4 position of the product
pyrrole. To confirm this, 2k and 21 were, respectively, subjected
to reaction with 1a (Scheme 6). Both reactions resulted in the
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Scheme 6. Comparison Experiments

i e
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same products 3ak; and 3ak,, yet with different ratios. When 2k
was applied as the substrate (p-Cl phenyl was bound to the
carbonyl), 3ak, was the major product, in which the p-Cl phenyl
was at the C4 position. When 21 was applied as the substrate (Ph
was bound to the carbonyl), 3ak, was the major product, in
which the Ph group was at the C4 position. Those results
indicated that the carbonyl carbon of 2 became the C4 carbon of
the produced pyrrole and the tautomerism of benzoin derivatives
led to the minor product of the isomers.

On the basis of those results, a tentative reaction pathway was
proposed in Scheme 7. Benzoin 2 initially reacts with NH,OAc to

Scheme 7. Tentative Reaction Pathway

OIAr“ NH.OAC HNIAr4 HzN:J/:Ar4
4 —
3 3
HOZAr HO ", Ar 05Ar3
Arl__0O
s T
T/‘ H,0 A" 1
H
A N ar Arﬁ/N;/\Ar‘ Arﬁ&N;/L\Ar“
;?L%z;3 Add p2” o7 ar AT 07 AR
g OH 7 6

result in 4, which could be isomerized into @-amino ketone S.
Further condensation of § with 1 results in imine 6 followed by a
tautomerism to enamine 7. An intramolecular cyclization via an
electrophilic addition to the carbonyl group forms 8. Then, an
acid promoted dehydrative aromatization of 8 releases the
desired pyrrole 3. The isomerized product might result from the
initial tautomerism of benzoin 2.

Author: Next, it is known that the N—H bond of the tetraaryl-
substituted pyrroles seem to be too active to be implemented on
photoelectric devices directly.'* Both N-alkylation and boryla-
tion are important methods for modifying the tetraaryl-
substituted pyrrole to the desired molecular materials. N-
Alkylation can stabilize the molecule and nnprove the photo-
voltaic properties of materials to some extent.”” The alkylation
reaction of 1aa with iodoethane and bromohexane all proceeded
smoothly (Scheme 8). Furthermore, boron is a strong electron-
withdrawing atom. Formation of an N—B bond can greatly
change the photovoltaic property of tetraaryl-substituted
pyrrole."* N-Borylpyrroles showed larger stocker shift and better
fluorescence efficiency in PL spectra compared with N-
alkylpyrroles. The N-borylation reaction of 3aa was also
explored. A 26% yield of the desired product Sa was obtained
with B(Mes),F as the boron source (Scheme 8).
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Scheme 8. Applications of the Obtained Tetraaryl Pyrroles

N
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Q
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3aa

In summary, we have developed a facile and highly efficient
approach for the construction of unsymmetrical tetraaryl-
substituted pyrroles via acid-promoted cross-dehydrative aroma-
tization. In this strategy, two monocarbonyl compounds, instead
of the difficult-to-synthesize 1,4-diketone, were used as
substrates to construct tetraaryl-substituted pyrroles with H,O
as the side product. Various functional groups and heterocycles
were tolerated.
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ABSTRACT: The alkynylation of thiols with EthynylBenzio-
doXolone (EBX) reagents is a fast and chemoselective method
for the synthesis of thioalkynes. Combined experimental and
computational studies are reported, which led to the
identification of a new mechanism for this reaction, proceeding
via an initial sulfur—iodine interaction followed by f-addition,
a-elimination, and a 1,2-shift. Depending on the substituent on

o R!

I

RI

Pos

Fo 2

L #F
o—f
OA@

R? electron-donating

O—|——R?

o]

RZ

o—I- S

OJ\©9

R? electron-withdrawing

‘ 8.
R-S8H —= gt N

=

RZ

the alkyne, this mechanism can be favored over the previously disclosed concerted a-addition pathway.

lIkynes are among the most versatile building blocks in

synthesis due to their interesting structural properties and
the numerous methods available for their transformation.'
Additionally, they have found a multitude of applications in
chemical biology and materials science. Heteroatom-substituted
alkynes, such as ynamides and thioalkynes, are farticularly
interesting owing to their enhanced reactivity.” Whereas
important breakthroughs have recently been realized in the
efficient synthesis of ynamides, most methods for accessing
thioalkynes require multiple steps and/or the use of highly
reactive intermediates, such as lithium acetylides.” Recently,
milder metal-catalyzed methods for the alkynylation of thiols
have emerged.” Our group developed a metal-free alternative
approach based on the use of EthynylBenziodoXolone (EBX)
hypervalent iodine reagents.” Originally limited to the transfer
of silyl alkynes, the method was later extended to the synthesis
of aryl and alkyl acetylenes and was also applied to the
functionalization of cysteines in proteins in the living cell.

Most reactions of nucleophiles with alkynyliodonium salts
involve a conjugate addition, a-elimination, and 1,2-shift
pathway (Ochiai’s mechanism, Scheme 1A).° Based on Density
Functional Theory (DFT) computations, we proposed in 2014
an unprecedented concerted a-addition mechanism proceeding
via a low energy three-atom transition state for the alkynylation
of thiols with EBX reagents (Scheme 1B).*" Herein, we present
further computational results which reveal a third unexpected
mechanism, resulting from the shift of a van der Waals complex
characterized by a favorable sulfur—iodine interaction directly
to a low lying transition state for f-addition (Scheme 1C).
Computations predict that either @- or f-addition can be
favored depending on the reagent substituents, as supported by
a BC-labeling experiment.

In our previous studies, we demonstrated that thiols could be
alkynylated in high yields with both silyl- and alkyl-substituted
EBX reagents.”” DFT computations led to the discovery of a
new concerted a-addition pathway, which was 12.2 kcal/mol
lower in energy than p-addition for the alkynylation of

-4 ACS Publications  © 2015 American Chemical Society
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Scheme 1. Alkynylation of Thiols and Proposed Mechanisms
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benzylthiol 1la with the commercially available TIPS-EBX
reagent 2a (Scheme 2). However, for Me-EBX 2b we were able
to isolate a side product 4 coming from a f-addition pathway.
Computations indeed showed that the difference in energy
between the two pathways was smaller for methyl than silyl
substituents (4.7 instead of 12.2 kcal/mol). Nevertheless, the a-
addition pathway was still significantly lower in energy and the
isolation of 4 was therefore intriguing.
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Scheme 2. Alkynylation of Benzyl Thiol 1a and Computed
Transition State Energies
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Consequently, we conducted additional computations for the
alkynylation with EBX reagents (at the PBEO-dDsC/TZ2P//
MO06-2X/def2-SVP theoretical level; see computational details
in the Supporting Information for additional information).”
Thiophenol 1b was used as a substrate, rather than the
previously employed benzylthiol, to minimize conformational
freedom (Figure 1). Lower energy pathways involving direct -
addition of thiophenolate 1b’ on the triple bond could not be
identified. In fact, all these attacks involve a nonfavorable van
der Waals interaction with the f-position of the alkyne (b,*).
However, when we reinvestigated pathways starting from the
more favorable van der Waals interaction complex a, between
the sulfur and the iodine atom, which was previously identified
as the entry point for the concerted a-addition (arg;), a new
low energy pathway proceeding via transition state bypg; was
found. This corresponds to a direct attack of the sulfur atom on
the alkyne B-position and is lower in energy than the a-addition
pathway (9.3 vs 10.1 kcal/mol). In this new transition state, the
sulfur atom attacks at a trajectory 180° to the arene ring, rather
than 90° as in the previously identified -addition pathway.®
After formation of vinyl intermediate b,, elimination of iodine
occurs readily via transition state brg,, followed by a barrierless
1,2-silicon shift to give the observed product Sa and 2-
iodobenzoate (6).

The new reaction pathway was also computed for Me-EBX
2b (Figure 2). In this case, f-addition via transition state brg,
was favored by 5.8 kcal/mol. Furthermore, the obtained vinyl

intermediate b, was more stable, with a barrier of 12.2 kcal/mol
for carbon—iodine bond cleavage. Interestingly, intermediate
b, corresponding to a vinylidene carbene, could also be
identified, as the sulfur shift was significantly slower than the
silicon shift. Finally, a relatively facile (8.4 kcal/mol activation
energy) 1,2-sulfur shift gives the observed product Sb.

An important difference between silyl and alkyl reagents in
the f-addition pathway is the identity of the migrating group:
silicon vs sulfur.” In the case of TIPS-EBX 2a, introducing a B3¢
label onto the alkyne would unambiguously differentiate the
two pathways. Indeed, when thiophenol 1b was reacted with
13C-labeled reagent 2¢,'’ a 1:1.2 mixture of products labeled in
the a- and f-positions to silicon was obtained (products Sa’
and Sa”; Scheme 3). This result supports the coexistence of the
two reactions pathways and agrees well with the small energy
difference (0.8 kcal/mol) obtained by computation.

In order to better understand the factors determining the
relative energies of the two possible reactions pathways, we
computed the reaction of EBX reagents with systematically
varied heterocyclic cores (2, 7—9) and alkynyl substituents
(Figure 3).11

From these computations, it appears that the structure of the
hypervalent iodine heterocycle has only a marginal effect on the
energy of the transition state (Figure 4). In contrast, the
substituent on the alkyne had a strong influence on the
transition state energy. With an electron-withdrawing sub-
stituent, such as an ester, a-addition is favored, as the resulting
partial negative charge is stabilized. With silyl and phenyl
substituents, both pathways are competitive. Finally, electron-
donating groups make the a-pathway less favorable and at the
same time lower the energy for the transition state of the -
pathway.'” Interestingly, alkynes bearing either a highly
electron-rich or an electron-withdrawing substituent are
expected to react faster with nucleophiles (activation energy
around S kcal/mol). Unfortunately, to date we have been
unable to synthesize reagents bearing a methoxy or an ester
group for experimental verification. It is also worth mentioning
that alkynyliodonium salts, such as 9, displayed very similar
behavior to EBX reagents, although they cannot be used for the
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Figure 1. Reaction free energy profile [PBE0-dDsC/TZ2P//M06-2X/def2-SVP level in implicit THF solvent (COSMO-RS)] for the three possible
mechanistic pathways a (blue), b (green), and b (red) for the reaction of TIPS-EBX 2a with thiolate 1b’.
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Figure 2. Reaction free energy profile [PBE0-dDsC/TZ2P//M06-2X/def2-SVP level in implicit THF solvent (COSMO-RS)] for the two possible
mechanistic pathways a (blue) and b (red) for the reaction of Me-EBX 2b with thiolate 1b'.

Scheme 3. Reaction of thiophenol 1b with '*C-labelled
reagent 2c
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Figure 3. Transition state energies for a (full lines) and § (dotted
lines) pathways for EBX reagents depending on the R group and
heterocyclic core 2 (blue diamond), 7 (green triangle), 8 (red circle),
and 9 (black square).

alkynylation of thiols due to the formation of disulfides as major
products.> The superiority of EBX reagents, therefore, can be
assigned not to a faster alkynylation of thiols, but to a slower
oxidation to disulfides.

In conclusion, further in-depth computational studies
prompted discovery of a new mechanism for the alkynylation
of thiols with EBX reagents proceeding via an initial sulfur—
iodine interaction followed by a concerted f-addition. This
mechanism is favored in the presence of electron-donating

62

Figure 4. Energy difference ag;—brg; depending on the R group and
heterocyclic core 2 (blue), 7 (green), 8 (red), and 9 (black).

groups on the alkyne, whereas the previously reported a-
addition pathway dominates in the presence of electron-
withdrawing groups. With the commercially available reagent
TIPS-EBX 2a, both pathways are accessible, as supported by a
labeling experiment. With this study, a more complete picture
of the mechanism of the alkynylation of thiols has emerged,
which will be highly useful for the design of new trans-
formations using the versatile EBX reagents.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.or-
glett.5b03241.
Experimental procedures and analytical data for the
labeling experiments and computational details (ener-
gies) (PDF)
Cartesian coordinate xyz files (ZIP)

DOI: 10.1021/acs.orglett.5b03241
Org. Lett. 2016, 18, 60—63



Organic Letters

B AUTHOR INFORMATION
Corresponding Authors

*E-mail: matthew.wodrich@epfl.ch.
*E-mail: jerome.waser@epfl.ch.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the European Research Council, Starting Grant
iTools4MC, Number 334840, for financial support. M.D.W.
thanks Prof. Clémence Corminboeuf (EPFL) for helpful
suggestions and comments. The Laboratory for Computational
Molecular Design at EPFL is acknowledged for providing
computational resources.

B REFERENCES

(1) Acetylene Chemistry: Chemistry, Biology and Material Science;
Diederich, F., Stang, P. J, Tykwinski, R. R, Eds; Wiley-VCH:
Weinheim, 2005.

(2) (a) Shindo, M. Tetrahedron 2007, 63, 10. (b) Kondoh, A;
Yorimitsu, H.; Oshima, K. Chem. - Asian J. 2010, S, 398. (c) Evano, G.;
Coste, A; Jouvin, K. Angew. Chem, Int. Ed. 2010, 49, 2840.
(d) DeKorver, K. A;; Li, H. Y,; Lohse, A. G.; Hayashi, R;; Lu, Z. J,;
Zhang, Y.; Hsung, R. P. Chem. Rev. 2010, 110, S064. (e) Wang, X. N.;
Yeom, H. S; Fang, L. C; He, S. H; Ma, Z. X,; Kedrowski, B. L;
Hsung, R. P. Acc. Chem. Res. 2014, 47, 560.

(3) Selected examples: (a) Ziegler, G. R; Welch, C. A.; Orzech, C.
E,; Kikkawa, S; Miller, S. I. J. Am. Chem. Soc. 1963, 85, 1648.
(b) Braga, A. L,; Reckziegel, A; Menezes, P. H; Stefani, H. A.
Tetrahedron Lett. 1993, 34, 393. (c) Marchueta, I; Montenegro, E.;
Panov, D.; Poch, M,; Verdaguer, X.; Moyano, A.; Pericas, M. A,; Riera,
A. J. Org. Chem. 2001, 66, 6400. (d) Ochiai, M.; Nagaoka, T.; Sueda,
T.; Yan, J.; Chen, D. W.; Miyamoto, K. Org. Biomol. Chem. 2003, 1,
1517. (e) Werz, D. B.; Gleiter, R.;; Rominger, F. J. Org. Chem. 2004, 69,
2945. (f) Bieber, L. W.; da Silva, M. F.; Menezes, P. H. Tetrahedron
Lett. 2004, 45, 273S. (g) Arisawa, M.; Fujimoto, K,; Morinaka, S.;
Yamaguchi, M. J. Am. Chem. Soc. 2008, 127, 12226. (h) Godoi, B;
Speranca, A.; Back, D. F,; Brandao, R.; Nogueira, C. W,; Zeni, G. J.
Org. Chem. 2009, 74, 3469. (i) Chandanshive, J. Z.; Bonini, B. F,;
Gentili, D.; Fochi, M.; Bernardi, L.; Franchini, M. C. Eur. J. Org. Chem.
2010, 2010, 6440. (j) Ni, Z.; Wang, S.; Mao, H.; Pan, Y. Tetrahedron
Lett. 2012, 53, 3907.

4) () Yang, Y,; Dong, W.; Guo, Y.; Rioux, R. M. Green Chem. 2013,
1S, 3170. (b) Brachet, E.; Brion, J.-D.; Alami, M.; Messaoudi, S. Adv.
Synth. Catal. 2013, 35S, 2627. (c) Brachet, E.; Brion, J.-D.; Alami, M,;
Messaoudi, S. Chem. - Eur. ]. 2013, 19, 15276. (d) Bruneau, A.; Roche,
M.; Hamze, A.; Brion, J.-D.; Alami, M.; Messaoudi, S. Chem. - Eur. ].
20185, 21, 8375.

(5) (a) Frei, R; Waser, J. J. Am. Chem. Soc. 2013, 135, 9620. (b) Frei,
R.; Wodrich, M. D.; Hari, D. P.; Borin, P. A.; Chauvier, C.; Waser, J. J.
Am. Chem. Soc. 2014, 136, 16563. (c) Abegg, D.; Frei, R; Cerato, L;
Prasad Hari, D.; Wang, C.; Waser, ].; Adibekian, A. Angew. Chem., Int.
Ed. 2015, 54, 10852. First synthesis of EBX reagents: (d) Ochiai, M.;
Masaki, Y.; Shiro, M. J. Org. Chem. 1991, 56, 5511. (e) Zhdankin, V.
V.; Kuehl, C. J; Krasutsky, A. P.,; Bolz, J. T.; Simonsen, A. J. J. Org.
Chem. 1996, 61, 6547. Reviews on electrophilic alkynylation:
(f) Brand, J. P.; Waser, J. Chem. Soc. Rev. 2012, 41, 4165. (g) Kaschel,
J; Werz, D. B. Angew. Chem,, Int. Ed. 20185, 54, 8876.

(6) Ochiai, M.; Kunishima, M.; Nagao, Y.; Fuji, K.; Shiro, M.; Fujita,
E. J. Am. Chem. Soc. 1986, 108, 8281.

(7) PBEO: (a) Perdew, J. P.; Burke, K; Ernzerhof, M. Phys. Rev. Lett.
1996, 77, 386S. (b) Adamo, C.; Barone, V. J. Chem. Phys. 1999, 110,
6158. —dDsC: (c) Steinmann, S. N,; Corminboeuf, C. J. Chem.
Theory Comput. 2011, 7, 3567. (d) Steinmann, S. N.; Corminboeuf, C.
J. Chem. Phys. 2011, 134, 044117. (e) Steinmann, S. N.; Corminboeuf,
C. Chimia 2011, 65, 240. (f) Steinmann, S. N.; Corminboeuf, C. J.

63

Chem. Theory Comput. 2010, 6, 1990. M06-2X: (g) Zhao, Y.; Truhlar,
D. G. Theor. Chem. Acc. 2008, 120, 215. (h) Zhao, Y.; Truhlar, D. G.
Acc. Chem. Res. 2008, 41, 157.

(8) See Figure SI in Supporting Information for the computed
structures.

(9) A methyl shift is much higher in energy and was not observed by
computation.

(10) (a) Brand, J. P.; Charpentier, J.; Waser, J. Angew. Chem., Int. Ed.
2009, 48, 9346. (b) Fernandez Gonzalez, D.; Brand, J. P.; Waser, J.
Chem. - Eur. ]. 2010, 16, 9457.

(11) Preliminary computations were also performed with phenolate
and tolyl anions as nucleophiles. For the case of the oxygen
nucleophile, pathways corresponding to @ and f addition could also
be identified and were close in energy. For the carbon nucleophile, the
P addition pathway via preliminary interaction with the iodine atom
could not be easily located and requires further study.

(12) The fact that the transition state energy of the a pathway is
lower for methoxy than methyl could be tentatively explained by the
inductive effect of the oxygen atom.

DOI: 10.1021/acs.orglett.5b03241
Org. Lett. 2016, 18, 60—63



LIETERS

pubs.acs.org/OrglLett

Lewis Acid Mediated Vinylogous Additions of Enol Nucleophiles into
an a,f-Unsaturated Platinum Carbene

Paul A. A]legretti,_r Khoi Huynh,i- Tarik J. Ozumerzifon, and Eric M. Ferreira™

Department of Chemistry, University of Georgia, Athens, Georgia 30602, United States

© Supporting Information

OMe
o Pt catalyst
R = R J _EwG _Lewisacid _ + 23 examples
= - 40 - 99% yield
R
B stabilized
X=NR O nucleophile

ABSTRACT: A variety of substituted indoles and benzofurans are accessed via a platinum catalyzed annulation and vinylogous
addition of enol nucleophiles. Several B-dicarbonyl compounds participate in the reaction, as do a-nitro and a-cyano carbonyl
species. Subjecting the indole products to acidic conditions results in the formation of fused heterocycles.

S ubstituted indoles continue to prove their worth as
privileged molecules. This structural motif is present in a
wide variety of natural products and pharmaceuticals, and its
utility as an important chemical building block is highlighted by
the rich chemistry describing its elaboration to more complex
molecular architectures.” Numerous approaches have been
developed over the years to facilitate indole formation,” with
many recent efforts utilizing metal catalysis to promote the ring
formation.* Among these, methods that use indole formation as
part of a multicomponent coupling process are particularly
appealing due to their ability to synchronize the formation of
multiple bonds during a single reaction.”

We envisioned a process where initial indole formation
would be linked to the intermolecular addition of a carbon
nucleophile, providing ready access to diversely substituted
heterocyclic products. We and others have been investigating
the use of platinum catalysis to generate o,f-unsaturated
carbene intermediates via an intramolecular nucleophilic
addition into alkynes bearing propargylic ethers (Scheme 1).°

These carbenes have been demonstrated to undergo cyclo-

Scheme 1. a,f-Unsaturated Carbene Generation/
Nucleophilic Attack

a,f-Unsaturated

Py Nucleophilic attack ca’b‘f;s
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N
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Boc
Intramolecular Intermolecular Intermolecular
Heteroatoms Heteroarenes Enol Species
(ref 6h) (ref 6i) This work

-4 ACS Publications  © 2015 American Chemical Society

additions,” ™ hydrogen migrations,”* 8 and vinylogous nucle-
ophilic additions.”™ In the latter systems, both heteroatom
nucleophiles and electron-rich heterocycles have been shown to
be competent reactants. Inspired by the demonstration that
enol nucleophiles can achieve vinylogous additions into
rhodium and gold carbenes generated from diazo species,” we
became curious whether this class of nucleophiles would be
participatory within this catalytic platinum reaction manifold.
Herein, we demonstrate that the nucleophilic interception by
these enol species can indeed be coupled to indole formation,
yielding heterocyclic products that feature synthetically
attractive structural motifs (e.g., all-carbon quaternary carbon
centers, functionality poised for subsequent manipulations).
We began our studies using N-Boc-aniline 1a and 3-ethyl-2,4-
pentanedione as our enol nucleophile (Table 1). Using similar
conditions to those we had developed for the vicinal
bisheterocyclizations, we observed minimal nucleophilic
addition (entry 1, 8% yield of 3aa). We suspected that the
poor reactivity was due to the PPh; ligand rendering the metal
carbene too electron rich to induce the double-addition
process. Indeed, switching the phosphine ligand to P(C4F;),
produced the desired reactivity, generating indole 3aa in 58%
yield (entry 2). Added base suppressed the reaction (entries 3
and 4), but several Lewis acid additives were beneficial to the
overall process. Given its boost in reactivity and relatively low
cost, we determined MgCl, was the optimal Lewis acid for
further studies. Reducing the equivalents of enol source to 2.0
or 1.1 resulted in diminished reactivity (entries 10 and 11).
Interestingly, exclusion of the phosphine ligand had no adverse
effect on the reaction overall (entry 12), suggesting that the
phosphine was merely an inhibitor when electron rich and not
influential when electron deficient. Other Lewis acids without
phosphine additives showed comparable results (entries 13—
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Table 1. Optimization of the Reaction Conditions

Scheme 2. Examination of Enol Nucleophiles on the
Coupled Annulation/Vinylogous Addition Reaction

o o
Me T Mo —— OMe I(gz?ﬂ::%z}}z
{ 1 % . Nu
OMe [(051:;:1% 2:]52 rzz; |5=£;1° 5) e 0 o P . Nucleophile MgCl, (5 mol %) w
Z additive \ {5-6 aquiv) 1,4-dioxane Eoc
1,4-dioxane, 23 °C " Et Me NHBoc 14 2a-| 3aa-3al
NHBo! Boc
1a ‘ 3aa 0
Ph [0}
entry ligand additive (mol %)  time (h)  yield 3aa” (%) g\j_‘« Me @j_« MOEI
N
1 PPh, none S 8 Boc Boc
2 P(C¢Fs), none 3 58 . 3ad .
96% ylel’d 23 3h BO9% Id 23 °C,3h B2% yield, 23°C, 20 h
3 P(C¢Fs); Na,CO, (100) S 0 75% ym 23 °c 10 he
4 P(C(F,), Na,CO; (10) s 18
S P(CgFs); MgCl, () 2 72 NO, NO,
6 P(CFs), La(OTH), (5) 2 73 NMe,
7 P(C¢Fs), CuSO, (10) 4 68 Bac Boc
8 P(CeFs); CeCl, (5) 0.5 65 7% y:eld 7 G, 72h 89% yield 2:3 C,10h yiald 50°c 3h
9 P(C(F,), Sc(OTH), (5) 05 30 o
10 P(C4Fs), MgCl, (5) 2 s0° Me 0 Me
11 D(CgFs)s MgCl, (5) 2 30° p Et Me 3 MeOEt
12 none MgCl, (5) 3 72 (70)4 N N. © Boc
13 none CuSO, (20) 6 61 _ Baa  3a
14 one La(OTH), (5) 5 7 70% yield, 23°C, 3h 579% yield, 23 °C, 10 h 74% yleld 50 °C,15h
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15 none none 2 59

Determlned by 'H NMR using dibenzyl ether as an internal standard.
bUsed 2.0 equiv of diketone 2a. “Used 1.1 equiv of diketone 2a.
“Isolated yield in parentheses.

14). As a control experiment, we also ran the reaction without a
Lewis acid and observed a measurable decrease in yield (entry
15), confirming our hypothesis that the efficiency of the
addition process is loosely correlated to the concentration of
the enol nucleophile.*”

With the optimized conditions in hand (2.5 mol % Zeise’s
dimer, S mol % MgCl,, no ligand), we set out to establish the
generality of this reaction. A variety of f-dicarbonyl compounds
were evaluated using N-Boc aniline 1a as our carbene precursor
(Scheme 2). Overall, this process generated the desired
substituted indoles in high yields. p-Diketones, ketoesters,
and ketoamides all successfully added into the platinum
carbene intermediate. The nucleophile stoichiometry could be
reduced, albeit generating indole 3ac in lower relative yield and
requiring longer reaction times (75% in 10 h with 1.1 equiv vs
89% in 3 h with S equiv). a-Nitro carbonyl compounds proved
to be competent nucleophiles, forming indoles 3af and 3ag in
good yields. Of particular interest is indole 3ag, which
represents a modular method of constructing an isomeric
tryptophan motif with the side chain connected to the 2-
position of the indole ring.'” Similar to the product formed in
reaction optimization (3aa), nucleophiles with an additional a-
substituent could be utilized in this transformation to generate
the formation of all-carbon quaternary centers (3ah—aj).
Nucleophiles that form less of the enol species in equilibrium
(malonates, ketonitriles) were less reactive in this catalytic
manifold.

Having demonstrated a broad tolerance for a variety of enol
nucleophiles, we next explored the effects of substitution on the
carbene precursor (Scheme 3). The starting materials were
easily accessed, generally via Sonogashira coupling of o-
iodoanilines with the desired alkyne.'' Both acetyl- and
toluenesulfonyl-protected anilines were successful (3bc and
3cc), although with lower yields than obtained when the
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N N N
Boc Boc Boc

a Jak
B4% yield, 23°C, 3h 44% yield, 80 °C, 12 h 40% yield, 50 °C,15 h
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Scheme 3. Examination of Substitution on the Coupled
Annulation/Vinylogous Addition Reaction”
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corresponding N-Boc aniline was used. The presence of
electron-withdrawing (—NO,) and electron-donating
(—OMe) groups could be incorporated into the carbene
precursor. Secondary propargylic ethers were also tolerated,
forming indoles 3fc—ic in good yields; diastereoselectivity,
however, was not controlled in this process. A variety of phenol
substrates also reacted as hoped, generating benzofuran
products 3jc, 3ke, and 3lc in good yields.

In our prior work,”” we had demonstrated that heteroatom
nucleophiles could intramolecularly intercept the putative
carbene intermediate at the f position. To evaluate the efficacy
and the selectivity of the dicarbonyl nucleophile, we performed
two tests (Scheme 4). In the first case, substrate 4 was

Scheme 4. Nucleophile Competition Experiments

e 22
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combined with ketoester 2c¢ under the catalytic conditions.
Bisheterocycle 5 was the only observed product, illustrating that
intramolecular trapping by the hydroxyl group was faster than
dicarbonyl nucleophile incorporation. This experiment also
agrees with our proposed mechanistic rationale, implicating the
nucleophilic addition at the f position of a platinum carbene.
An alternative mechanism involving addition to an indolyl
cation that originates from ether ionization'” would suggest
that compound 6 would be observed in the reaction via
eventual conversion of 5. The second experiment represented a
competition between two external nucleophiles. For this case,
addition of the ketoester was completely selective, as only
indole 3ac was observed."

The coupling of a dicarbonyl group to an indole moiety with
this relative connectivity enables direct routes to fused
heterocyclic compounds. Illustrated in Scheme §, indoles 3ac
and 3ai were subjected to acidic conditions (CSA, toluene,
heat). In the case of indole 3ac, Boc removal and condensation
with the methyl ketone occurred to afford the fyrrolo[l,Z-
a)indole skeleton in compound 8 in good yield."* This fused

Scheme S. Elaboration of the Indole Products
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heterocyclic motif is of interest due to its structural relationship
to the mitomycins."” Indole 3ai, meanwhile, underwent an
orthogonal ring closure at C3, and heterocycle 9 was formed.'
The straightforward conversion of the products that arise from
these vinylogous carbene additions to higher order heterocycles
is demonstrative of the overall utility of this method.

Catalytic transition metal carbenes continue to be proven
invaluable in synthetic chemistry due to their capacity to
promote a variety of bond-forming reactions. The results
described herein highlight the ability to generate platinum
carbenes under mild conditions, enabling the intermolecular
construction of carbon—carbon bonds with a variety of enol
sources. The addition of Lewis acidic MgCl, was important to
encourage sufficient nucleophilicity across this range of enol
species. The regioselectivity of addition to the putative vinyl
platinum carbene intermediate parallels the observed vinyl-
ogous additions of nucleophiles in vinyl rhodium and gold
carbenes.” This reactivity mode offers an opportunity to
introduce species f to the carbene center and represents a
unique coupling process with concomitant ring closure. Further
investigations into this reactivity profile and applications are
underway and will be reported in due course.
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ABSTRACT: We have developed the Cp*Rh(III)-catalyzed
cyclization reaction of arylnitrones with diazo compounds to
obtain N-hydroxyindoline products under mild conditions.
The substrate scope and functional group compatibility were

examined with the demonstration of synthetic utility.

Ar
i o
Ny tir N: cat. ) —|+ MR
* . OpRh) | Ny N
» ™ E' E- —_— =
T -N; \/‘_’/( _% E*
Ar = (hetero)aryl E'=E2or E'
E'=E?

PhNO; + ArCHO

Indolines are an important structural motif present in
numerous alkaloid compounds' displaying interesting bio-
logical and pharmaceutical properties.” Their facile preparation,
as a result, has drawn much attention, thus leading to the
development of indolines and various derivatives bearing
synthetically valuable functional groups. Especially noteworthy
among those are a CuH-catalyzed route to 2,3-disubstituted
indolines® and a Pd-catalyzed C—C coupling procedure
involving unactivated methylenes.””> A more direct approach
using redox-neutral C—H functionalization has been demon-
strated to be fruitful for the synthesis of broad types of
heterocycles.” For example, Zhou et al. reported a Rh(III)-
catalyzed C—H functionalization of arylamine N-oxides in
reaction with diazo compounds.”* While this annulation works
efficiently with polyaromatic amine N-oxides to give 1H-
benzo[glindolines (Scheme 1a, right side), aniline N-oxides
afford acyclic aminomandelic acids via an O atom transfer
pathway (Scheme 1la, left side). Doyle et al. reported a
cooperative catalytic reaction of nitrones with substituted vinyl
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diazgacetates to give functionalized 3-hydroxypyrroles (Scheme
1b).

Metal-mediated transformations of nitrone compounds can
lead to the development of facile synthetic methods.” The fact
that we can take advantage of the nitrone moiety as a reacting
site as well as a directing group may allow an additional
opportunity to form heterocyclic products of structural
diversity.” Indeed, in continuation of our efforts on C—H
functionalizations,'® we recently reported an efficient Rh(III)-
catalyzed redox-neutral cyclization reaction of arylnitrones to
afford indolines via C—H bond activation and a subsequent
oxygen atom transfer pathway.'' This development was
inspired by the recent advances in Rh-carbene chemistry'”
contributed by Rovis,”> Glorius,"* Yu,"> and others.'® Along
this line, we herein report the Rh(II)-catalyzed C—H
cyclization of nitrones in reaction with diazo compounds
leading to N-hydroxyindoline products under mild conditions
(Scheme 1c). It should be mentioned that, during the
preparation of this manuscript, Zhou et al. reported an
analogous transformation using a similar catalytic system.””

We commenced our studies by examining the reaction
parameters in a reaction of a nitrone species la with dimethyl
2-diazomalonate 2a (Table 1). The well-established combina-
tion of [RhCp*CL,], (3 mol %) and AgSbF4 (12 mol %) in 1,4-
dioxane resulted in the poor yield of the desired indoline
product 3a (entry 1). Decomposition of the diazo reactant 2a
was observed to occur slowly over time under these conditions.
The cyclization efficiency was significantly improved by the
addition of acid additives.'” Among those acids screened, pivalic
acid (2.0 equiv) was especially effective and the indoline
product could be isolated in 89% yield (entry 2). The structure
of indoline 3a was unambiguously confirmed by X-ray
crystallographic analysis. A satisfactory product yield was
obtained still with a lower catalyst loading (73% with 1 mol
% of Cp*Rh catalyst, entry 3). While a lower loading of pivalic
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Table 1. Optimization of Reaction Conditions”

.

OMeqpe
@H e Nz OMe catalyst / [Ag] salt é?ﬁ‘p? .:‘\,_f."%[:;_
U S -t
25°C, ¢ (h)
1a . oA dimer of 3a

entry catalyst/[Ag] salt additive (equiv) ¢ (h) yield (%)”
1 [RhCp*Cl,],/AgSbFq none 24 13

2 [RhCp*Cl,],/AgSbFq PivOH (2) 12 93 (89)°
3% [RhCp*Cl,],/AgSbF PivOH (2) 24 73

4 [RhCp*Cl,],/AgSbFq PivOH (0.5) 12 67

5 [RhCp*Cl,],/AgSbF AcOH (2) 12 68

6 [RhCp*Cl,],/AgSbFg PhCO,H (2) 15 61

7 [RhCp*Cl,],/AgSbFj CF,CO,H (2) 12 36

8 [RhCp*Cl,],/AgSbF p-TsOH (2) 15 29

9 [RhCp'Cl,],/AgSbF4 PivOH (2) 2 78

10 [IrCp*Cl,],/AgSbF PivOH (2) 12 <l

11 [Ru(p-cymene)Cl,],/AgSbF,  PivOH (2) 10 <1

12 [RhCp*Cl,],/AgNTH, PivOH (2) 10 63

13 [RhCp*Cl,],/AgSbF PivOH (2) 24 42

14 [RhCp*Cl,],/AgSbF PivOH (2) 24 44

“Reaction conditions: 1a (0.11 mmol), 2a (0.10 mmol), catalyst (3.0
mol %), [Ag] salt (12 mol %), molecular SIeves (4 A), and additive
(2.0 equiv) in 1,4-dioxane (0.5 mL) at 25 °C. *“NMR yield of the crude
reactlon mixture (internal standard: 1,3,5-trimethylbenzene). “Isolated
yield. 91.0 Mol % of Rh catalyst and 4.0 mol % [Ag] salt were used. “In
1,2-dichloroethane. /In toluene.

acid gave decreased efficiency (entry 4), other Bronsted acid
additives (AcOH, PhCO,H, TFA, or TsOH) were less effective
when compared to PivOH (entries 5—8).

A rhodium catalyst derlvatlve replacing Cp* with (1,3-di-tert-
butyl)cyclopentadienyl (Cp')'® was slightly less effective (entry
9). Interestingly, different catalytic systems (Ru or Ir), also
known to promote the C—H functionalization,'*”" did not
display reactivity (entries 10—11). Palladium catalysts were also
ineffective (see the Supporting Information for details). The
use of AgNTT, instead of AgSbFy afforded 3a in moderate yield
(entry 12). Solvents other than 1,4-dioxane were less effective
(entries 13—14).

With the optimal conditions in hand, we scrutinized the
scope of the arylnitrones in reactions with dimethyl 2-
diazomalonate 2a (Scheme 2). To our delight, high efficiency
was observed over a wide range of substrates irrespective of the
structural variation of nitrones to furnish the desired indolines
in good to excellent yields. Phenylnitrones bearing methoxy,
tert-butyl, and methyl groups at the 4-position of the
phenylimino moiety underwent the cyclization smoothly at
room temperature to give the corresponding products (3b—3d)
in 81-85% yields. Substrates bearing electron-withdrawing
groups such as fluoro, chloro, or trifluoromethyl underwent the
desired reaction efficiently albeit at a slightly higher temper-
ature (40 °C) leading to satisfactory yields (3e—3g). Reaction
of a nitrone substrate having an ortho-methyl group at the
phenylimino moiety was smooth without difficulty (3h).

When nitrones bearing biphenyl- or naphthylimino groups
were subjected to the standard conditions, the corresponding
indoline products (3i and 3j, respectively) were obtained in
reasonable yields. Heterocyclic substituents were compatible
with the present procedure as demonstrated by the facile
formation of 3k (benzothiophene) and 31 (thiophene). The
structure of product 3k was unambiguously confirmed by X-ray
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Scheme 2. Substrate Scope of Arylnitrones”
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“1 (0.11 mmol) and 2a (0.10 mmol) in 1,4-dioxane (0.5 mL) at 25
°C. At 40 °C.

crystallographic analysis. In addition, the present cyclization
could be expanded to include nitrones bearing substituents at
the N-aryl moiety. Interestingly, the efficiency was maintained
at a high level with nitrones substituted with either electron-
donating or -withdrawing groups on that side. Indeed, the
product yields of 3m—3n were comparable to those of 30—3q.
It is worth mentioning that the present reaction conditions are
compatible with various functional groups such as halides,
heteroarenes, or esters.

The scope of the diazo reactants was subsequently examined
(Scheme 3). Symmetrical diazo compounds with di-n-butyl,
di(2,2,2-trifluoroethyl), and diphenyl esters underwent the
reaction efficiently (3r—3t). Diazo esters bearing readily
removable dibenzyl groups were facile for this cyclization
(3u—3v). Pleasingly, unsymmetrical diazo esters underwent the
cyclization in satisfactory efficiency. In fact, diazo compounds
bearing both ester and ketone groups were reacted with a
nitrone (la) to afford the corresponding indoline products
(3w—3y) as single diastereomers in each case, determined by
NMR analysis (see the Supporting Information for details).

The synthetic utility of the obtained 1-hydroxyindoline
product (3a) was briefly examined (Scheme 4). Reduction of a
N-hydroxy group was readily carried out using iron filings in
acetic acid to afford N—H indoline compound 4 in 73% yield."”
Considering the fact that C-7 substituted indolines exhibit
interesting biological activities such as antibacterial, antiviral,
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Scheme 3. Scope of Diazo Compounds®
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Scheme 4. Synthetic Utilities of Indoline Products
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and antidiabetic properties,*’

thus making them a versatile

pharmacophore, we wondered if direct introduction of
functional groups would be plausible at the C-7 position of

indolines.

Pleasmgly, under the conditions previously developed by
194 direct C—H amidation of N-acetylindoline 5 with tosyl
a21de was readily achieved to furnish 6 by the action of a
ruthenium catalyst. Oxidation of 1-hydroxyindoline 3a was

facilitated by silver acetate (2.0 equiv) to afford 3H-indole-N-
oxide 7 under mild conditions. In addition, the present
cyclization procedure was convenient to perform in a gram
scale reaction, and the desired product was isolated in good
yield after recrystallization (Scheme 4b).
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In order to obtain mechanistic insights, preliminary experi-
ments were briefly carried out (Scheme 5). A reaction in the

Scheme S. Preliminary Mechanistic Studies
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Nz
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o_ OH

1ala-ds 3al3a-dy

presence of H,'®0 revealed that the obtained product 3a was
not incorporated with the *0 atom (Scheme 5a).>' This result
implies that the cyclization does not proceed via the N—O
bond cleavage in nitrone 1a, thereby indicating that no oxygen
atom transfer occurs throughout the reaction progress. In
addition, a notable kinetic isotopic effect was measured (ky/kp
= 2.2), suggesting that C—H bond cleavage may be involved in
the rate-limiting step (Scheme Sb). 22

On the basis of the ?rehmmary mechanistic studies and
precedent literature,'"'>'®*** 3 mechanistic proposal is
depicted in Scheme 6. At the first step, the Rh(III)-mediated

Scheme 6. Proposed Mechanism
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ortho C—H bond cleavage occurs to form a five-membered
rhodacycle I followed by coordination of a diazo compound
leading to IL'' In the subsequent diazo insertion step, as
reported independently by Yu'® and Lee,"” two pathways
would be plausible. Extrusion of N, from II delivers a Rh-
carbene species III that undergoes a migratory insertion to
afford a six-membered rhodacycle IV (pathway a). Alter-
natively, direct intramolecular 1,2-migratory insertion of II may
also deliver the same intermediate IV without an intervening
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rhodium carbenoid species (pathway b). Cyclization is assumed
to proceed through a redox-neutral pathway presumably via V,
the protonation of which by pivalic acid providing the desired
product 3 with regeneration of a catalytically active Rh
species.

In summary, we have developed a highly efficient synthetic
route to N-hydroxyindolines by the Rh(IIl)-catalyzed C—H
cyclization of arylnitrones with diazo compounds. The scope of
the nitrone substrates and diazo reactants was sufficiently broad
to deliver structurally diverse indoline products in high yields
under mild conditions. This study will allow a new point of
entry to enrich nitrone chemistry, especially toward the direct
C—H functionalization approach.
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ABSTRACT: An efficient copper-catalyzed trifluoromethyla-
tion of polysubstituted alkenes assisted by decarboxylation of

p,y-unsaturated carboxylic acids has been achieved. The R!

reaction provides a general method to construct allylic and
vinylic CF;-substituted compounds under mild conditions.

olecules bearing trifluoromethyl group(s) have been

widely applied in modern pharmaceuticals, agrochem-
icals, and materials."”” For instance, the selective incorporation
of a trifluoromethyl group into drug candidates often
significantly alters their metabolic stability, lipophilicity, and
biopotency.1’3 Hence, it has been of great synthetic interest to
develop efficient methods for the incorporation of the CF,
group into organic molecules.” During the past years,
trifluoromethylations of aryl, vinyl, and allyl halides,” organo-
boron reagents,6 and terminal alkynes’ employing catalytic or
stoichiometic amounts of copper species have been developed.
In particular, transition-metal-catalyzed methods for the
trifluoromethylation of C(sp?’)—H and C(sp’)-X (X =
halogen) bonds have attracted great attention.”” Moreover,
trifluoromethylation of alkenes have been studied intensively
recently."’

Recently, the groups led by Buchwald,'" Liu,'* and Wang"’
independently reported Cu(I)-catalyzed trifluoromethylation of
alkenes with electrophilic trifluoromethylating agents to
construct the allylic C—CF; bonds. Qing and co-workers aslo
reported that the allylic CF; product could be obtained from
Cu(I)-catalyzed oxidative trifluoromethylation of alkenes with
TMSCF,.'* However, these processes were shown to be
effective only with linear terminal alkenes, while the branched
terminal alkenes and the internal alkenes were found to be
unsuitable substrates for the reaction.'”'>'* Although the scope
of the alkenes was expanded to cyclic alkenes in Wang’s
process, the yields were rather low."* Moreover, Wang’s process
was found to be not amenable to the linear internal alkenes and
substituted cyclic alkenes."* Sodeoka'® and Gouverneur'® also
independently reported the Cu(I)-catalyzed trifluoromethyla-
tion of allylsilanes, but the scope of substrates was limited.
Therefore, a new protocol for catalytic trifluoromethylation of
polysubstituted alkenes is highly desired.

Previously, we reported the copper-catalyzed decarboxylative
fluoroalkylation of a,f-unsaturated carboxylic acids with Togni-
type electrophilic fluoroalkylating agents, which provides a
rapid access to various organofluorine compounds bearing di-
and trifluoromethyl groups at vinylic positions."”* We also
reported copper-catalyzed decarboxylative difluoromethylation

-4 ACS Publications  © 2015 American Chemical Society
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of f,y-unsaturated carboxylic acids with Togni-type electro-
philic fluoroalkylating agents.17b Herein, we report a Lewis acid
(CuCly2H,0)-catalyzed decarboxylative trifluoromethylation
of B,y-unsaturated carboxylic acids. This new synthetic protocol
acts as a powerful strategy for allylic trifluoromethylation that
nicely complements the aforementioned methods."' "¢

At the onset of our investigation, we chose the reaction
between Togni’s reagent (1a)"® and 3-(p-tolyl)-3-butenoic acid
(2a) as a model reaction to survey the reaction conditions. We
screened the different combinations of catalyst, solvent, and
reaction temperature. As shown in Table 1, when a mixture of
la (1.0 equiv) and 2a (2.0 equiv) in 1,4-dioxane/H,0O (4:1 v/
v) was heated to 110 °C (temperature of oil bath), the desired
product 3a was formed only in 3% yield (entry 1) with 1a being
completely decomposed. Then we screened a series of Lewis
acids to activate la (entries 2—11). We found that Lewis acids
Zn(OAc),-2H,0"*" and F63C12-4H206f’19 showed very low
catalytic activity for the reaction (entries 2 and 4), and
Sc(OTf),,"” Ce(OTf),, Sm(OTH),,"” La(OTf);, and Ga(NO;),
showed no catalytic activity (entries 5—9). Other Lewis acids
such as Pd(OAc),, CuCL*" and CuCl,-2H,0" exhibited
higher activity to catalyze this reaction, among which CuCl,:
2H,0 showed the highest catalytic potency (entries 3 and 10,
11). However, the yield of product 3a was only moderate
(53%) when 2.0 equiv of 2a were used (entry 11). When the
amount of 2a was increased to 4.0 equiv, the product 3a was
formed in 80% yield (entry 17). It was found that the product
yield was not significantly influenced by the solvent system, and
the reaction in 1,4-dioxane/H,O (4:1 v/v) gave the highest
yield (entries 11—15). The 1.6 mol % catalyst loading was
found to be optimal, since both lower (1.0 mol %) and higher
(3.2 mol %) loadings led to decreased yields (entries 17—19).
The yields were also found to be sensitive to the reaction
temperature. Initially, we thought that the yield could be
improved by lowering the temperature, which could decrease
the tendency of decomposition of 1a. However, the product 3a
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Table 1. Optimization of Reaction Conditions”

COCH
F,C—I—O
+
(0]
2a 1a (1.0 equiv)
entry 2a (equiv) solvent (v/v)

1 2.0 dioxane/H,0 (4:1)

2 2.0 dioxane/H,0O (4:1)

3 2.0 dioxane/H,0 (4:1)

4 2.0 dioxane/H,0 (4:1)

S 2.0 dioxane/H,0 (4:1)

6 2.0 dioxane/H,O (4:1)

7 2.0 dioxane/H,0 (4:1)

8 2.0 dioxane/H,0O (4:1)

9 2.0 dioxane/H,O (4:1)

10 2.0 dioxane/H,0 (4:1)

11 2.0 dioxane/H,0 (4:1)

12 2.0 DME/H,0 (4:1)

13 20 DME/H,0 (4:1)

14 20 DMSO/H,0 (4:1)

15 2.0 dioxane

16 3.0 dioxane/H,0 (4:1)

17 4.0 dioxane/H,0 (4:1)

18 4.0 dioxane/H,O (4:1)

19 4.0 dioxane/H,O (4:1)

20 4.0 dioxane/H,0 (4:1)

21 4.0 dioxane/H,0 (4:1)

CFy
catalyst
solvent, temp, 12 h
3a
catalyst (equiv) temp (°C) yield (%)°

- 110 3
Zn(OAc),2H,0 (0.016) 110 9
Pd(OAc), (0.016) 110 23
FeCL,-4H,0 (0.016) 110 s
Sc(OTf), (0.016) 110 0°
Ce(OTH), (0.016) 110 0°
Sm(OTf), (0.016) 110 0°
La(OTf), (0.016) 110 0°
Ga(NO,); (0.016) 110 0°
CuCl (0.016) 110 48
CuCl,-2H,0 (0.016) 110 53
CuCl,2H,0 (0.016) 110 44
CuCl,-2H,0 (0.016) 110 48
CuCl,2H,0 (0.016) 110 43
CuCl,-2H,0 (0.016) 110 41
CuCl,2H,0 (0.016) 110 69
CuCl,-2H,0 (0.016) 110 80
CuCl,-2H,0 (0.010) 110 76
CuCl,-2H,0 (0.032) 110 70
CuCl,-2H,0 (0.016) 90 64
CuCl,2H,0 (0.016) 60 41°

“Typical reaction conditions: Togni reagent 1a (1.0 equiv, 0.8 mmol), H,O (1 mL), 1,4-dioxane (4 mL). “Determined by "F NMR spectroscopy
using PhCF; as internal standard. “Reagent 1a was decomposed completely probably due to the strong Lewis acidity of the catalyst. “74% of 2a
(based on the amount of 2a added) was recovered, and 95% of 2-iodobenzoic acid was obtained as byproduct. °38% of 1a was found to remain

unreacted.

was only formed in 64% yield at 90 °C, although Togni’s
reagent was fully consumed (entry 20). When we decreased the
temperature to 60 °C, the yield decreased to 41%, and reagent
1a was partially (38%) unreacted after 12 h (entry 21). Finally,
the optimal yield (80%) of product 3a was obtained when
Togni’s reagent la and substrate 2a (molar ratio 1a/2a = 1:4)
were stirred in 1,4-dioxane/H,0 (4:1 v/v) in the presence of
CuCl,-2H,0 (1.6 mol %) at 110 °C for 12 h (entry 17).
Notably, most of the unreacted substrate 2a (74% based on the
amount of 2a added) could be easily recovered, and the
byproduct 2-iodobenzoic acid could be isolated in 95% yield
(entry 17). It is also noteworthy to mention that the reaction
was found to be insensitive to air.

By using the optimized reaction conditions (Table 1, entry
17) as a standard, we examined the substrate scope of the
present copper-catalyzed trifluoromethylation reaction. The
results are summarized in Scheme 1. The reactions with
terminal alkenes bearing aryl (or alkyl) groups proceeded
smoothly to afford the corresponding products in moderate to
excellent yields (such as 3a—j, 3k—m). The present
trifluoromethylation was found to tolerate various functional
groups, such as ester, hydroxyl, and alkynyl groups, which
makes this trifluoromethylation protocol attractive for many
synthetic applications. Notably, the aldehyde functional group,
which is usually fragile under oxidative conditions, remained
intact in the reaction (in the case of 3f). Trisubstituted alkenes,
including cyclic alkenes and the linear internal ones, could also
react under the same reaction conditions to give the
corresponding trifluoromethylated products in moderate to
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excellent yields (such as 3n—s). It is worthwhile mentioning
that the endo double bond of the substrate 2n [2-(3,4-
dihydronaphthalen-1-yl)acetic acid] could be transformed into
an exocyclic double bond in product 3n. Moreover, the
unreacted substrate 2n could be mostly recovered (79% yield
based on the 2n added). In addition, the tetrasubstituted
alkenes 2t could also react smoothly to afford the products in
moderate yields (3ta and 3tb) featuring exocyclic double
bonds. The formation of double-trifluoromethylated product
3tb is probably due to the high reactivity of 3ta, which could
further react with Togni’s reagent 1a. It is remarkable that the
3,4-allenoic acid 4 could also be readily trifluoromethylated
using the same protocol to give 2-trifluoromethylated 1,3-diene
compound Sa in 70% yield (Scheme 2).

To gain some mechanistic insights into the current
decarboxylative trifluoromethylation reaction, we examined
the reaction between la and p-benzoquinone (6) under the
standard reaction conditions and found that the product 7 was
not detected by '”F NMR and GC-MS, while 1a decomposed
completely (Scheme 3), which was different from the results
reported by Wang.”® Moreover, when reagent 1a reacted with
2a in the presence of a stoichiometric amount of 6 under the
same reaction conditions, the product 7 was still not detected
by "’F NMR and GC-MS, and the trifluoromethylated product
3a was obtained in 65% yield (Scheme 3). These experimental
results indicate that, in our reaction system, a CF; radical is not
likely involved as a reactive species in the reaction mechanism.

Based on these results, we speculate that the present
trifluoromethylation reaction may proceed through cationic
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Scheme 1. Trifluoromethylation of Polysubstituted Alkenes
2 with Reagents 1a"*

RZ R? . R® R®
. FsC—1—0 CuCly* 2H,0 (1.6 mol %)
R?_&‘COOH ¥ o 1,4-dioxane/H,0 R R
R'R® 110°C, 12h FiC R
2 1a 3
CF; CF;4 CF; CF,
:%} 9 :& 7&?
MeO Br
3a, 75% 3b, 85% 3c, 86% 3d, 64%
CF; -
CF, CF,
@), s
O &
i cHO
3e, 86% 3f, 43% 3g, 65% 3h, 68%
CF, Br
CF, g
CF
A O CF3
=
=
o
4 /
COOEt G O
// Br
3i, 60% 3j, 87% 3k, 63% 31, 65%
CFy CF;
@5’ 0
U o
3m, 95%¢ 3n, 55% 30, 86% 3p, 94%
CFs CF, CF,
@, "o
- ok,
3ta, 27%
O 9 () %
MeO 4
Br Br Br i CF,
o,
3q, 54% 3r, 60% 3s, 58% ath, 28%

“The reaction conditions were as follows: 1a (0.8 mmol), 2 (3.2
mmol), CuCl,-2H,0 (0.0125 mmol), 1,4-dioxane (4 mL), and H,0 (1
mL) were stirred at 110 °C for 12 h. “Isolated yield. “Yields were
determined by "F NMR spectroscopy using PhCF; as internal
standard.

Scheme 2. Trifluoromethylation of 3,4-Allenoic Acid 4 with
Reagents 1a

/ CFy
CuCly* 2H70 (1.6 mol %)
+ 1a
1,4-dioxane/H,0 ‘
COOH 110°C, 12 h
4 5a
70%

4.0 equiv 1.0 equiv

intermediates.”’ As illustrated in Scheme 4, the substrate 2
should react with reagent 1a in the presence of CuCl,-2H,0 to
generate intermediate 8, and the intermediate 8 further
undergoes decarboxylation to give the desired product 3.

In summary, we have developed a new strategy for allylic
trifluoromethylations; that is, Lewis acid (CuCl,-2H,0)-
catalyzed and decarboxylation-assisted trifluoromethylation
enables the efficient transfer of the CF; group into
polysubstituted alkenes. This new strategy nicely complements
the previous trifluoromethylation methods for alkenes.'’~"*
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Scheme 3. Attempted Capture of the Trifluoromethyl
Radical by p-Benzoquinone

o

i JCFy

Q

CuCly2H,0 (1.6 mol %)
b ol itk ol G

1.4-dioxane/H,;0,
o 10°C, 12h 9
1] 7
1.0 equiv 1.0 equiv not detected
(o] CFy o
CuCly* 2Hz0 (1.6 mol %) CFy
+ 2a + fa —— o7 + | |
1,.4-dioxane/H,0,
0 110°C,12h o
6 3a, 65% 7
1.0equiv 4.0 equiv 1.0 equiv 9F NMR yield not detectec
Scheme 4. Possible Reaction Pathway
Ré RS R R® RS RO
R? COOH 1a R )¥-cooCul, - co, e
- - R R4 CF4y
R' R? cu?* Fs«€ R? R' R2
2 8 3

Our present trifluoromethylation method has a wide ranging
scope of substrates and shows good tolerance for various
functional groups. More importantly, this new method tolerates
oxygen and water and, thus, significantly simplifies the
operation. Furthermore, 3,4-allenoic acids could also be
successfully trifluoromethylated by using this protocol to afford
the 2-trifluoromethyl-1,3-diene product in high yield. Further
investigations of the reaction mechanism and the application of
the current strategy in other fluoroalkylations/fluorinations are
currently underway in our laboratory.
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ABSTRACT: A novel methodology for the regioselective O6 acylation of i . "o o
the 2,3-diacyl trehaloses to access Mycobacterium tuberculosis sulfolipid SL- |, ‘X(;ﬁ e ""’l’ﬂﬁo ""’%‘;\ HuCu .0
3 and related 2,3,6-triester glycolipid analogues is reported for the first ey — o — Loon
time. The methodology was successfully extended to achieve the first total OW?." Rn\(o O_gt  MuCis b oMy
synthesis of the tetraacylated trehalose glycolipid from Mycobacterium " O L i | © o .
paraffinicum. The corresponding 2,3,6-triesters trehalose glycolipids were Ri=y O o N . -
also synthesized starting from the common 2,3-diacyl trehalose. These Re=804Na :ﬁ% Cz;o
synthetic glycolipids are potential candidates for serodiagnosis and vaccine o i o o‘:
development for tuberculosis. HisCy —.\<O O ciHis

o

he resurgence of tuberculosis (Tb) and its rapid spread

around the globe is alarming.' Due to the emergence of
the multidrug resistant strains and its coinfection with HIV, Tb
remains a top killer infectious disease worldwide.” Thus,
effective vaccines, new drugs and methods for quick diagnosis
of Tb are highly warranted to stop the spread of the disease. In
this regard, sulfoglycolipids (SLs) and polyacyl-glycolipids
present on the outer coat of the virulent strains of
Mycobacterium tuberculosis (MTb) are promising candidates
for vaccine development.®™""

Among the various glycolipids expressed on the surface of
MTHb, the tetraacyl-sulfotrehalose glycolipid SL-1°"° and diester
ACZSGLS "7 have received much attention from synthetic
chemists as well as biologists. In contrast, the corresponding
triester, 2'-O-sulfated 2,3,6-triacyl trehalose glycolipid termed
SL-3 1 (Figure 1), has been explored to a much lesser extent.”
Although studies have confirmed the antigenic nature of SL-3

1,° chemical synthesis of 1 or its simplified analogues (e.g., 2)
has not been reported to date. Likewise, the nonsulfated 2,3,6-
triesters of trehalose have been isolated from MTb’ and other
mycobacterial strains.'” Due to their microheterogeneous
nature, the exact structures of these glycolipids still remain
obscure, but biological studies have h1§hhghted their
importance for serodiagnosis of tuberculosis.” On the basis
of the observed 2,3,6-acylation pattern and the isolated side
chain acids, a possible structure 3 has been proposed for a MTb
glycolipid which is composed of an octadecanoyl ester at the 2-
and 6-positions and a mycolipenoyl ester at the 3-position.””
The chemical synthesis of 3 or its simplified analogues such as 4
is not reported. Also, it would be interesting to access the
corresponding 2,3,6'-triacyl trehalose derivatives 5 and 6 to
study the effect of the acylation site (O6- versus O6’-positions)
on the biological activity. In fact, the 2'-O-sulfated 2,3,6-triester
and 2,3,6’-triester of trehalose are shown to be intermediates in
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Figure 1. Mycobacterial trehaloglycolipids and their analogues.

the biosynthesis of SL-1.* Yet another structurally related
glycolipid 7 is a novel 2,3,6,2 tetraacyl trehalose derivative
isolated from Mycobacterium paraffinicum.'> Compound 7 is an
acidic glycolipid characterized as 2-O-octanoyl-3,2’-di-O-
decanoyl-6-O-succinoyl-a,a-D-trehalose. Synthesis of such
sulfated/nonsulfated triesters or tetraesters would require an
efficient strategy for the monoesterification of the 2,3-diacyl
trehalose at O6/06'-position, which to the best of our
knowledge is unexplored. In continuation of our studies on
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the synthesis of trehalose glycoconjuga.tes.,s‘i’13 herein we report
a novel methodology for the regioselective O6 acylation of the
2,3-diacyl trehaloses to access SL-3 and related 2,3,6-triester
glycolipid analogues 2 and 4, respectively. The methodology
was successfully extended to achieve the first total synthesis of
tetraacylated trehalose glycolipid 7. The 2,3,6'-triesters $ and 6
were synthesized via regioselective hydrolysis of dicyclohex-
ylidene acetals followed by acylation at O6'.

It was envisioned that an appropriately protected 2,3-diacyl
trehalose derivative®'* could be a valuable intermediate for the
synthesis of trehalose glycolipids requiring functionalization at
2,3 and 6-positions. Regioselective 6-O-monoacylation of the
2,3-diester would give access to the 2,3,6-triester 4 and its
analogues, whereas synthesis of its 2'-O-sulfated SL-3 analogue
2, and the 2'-O-acylated tetraester 7, would require further
regioselective functionalization at 2’-O-position. Likewise, the
synthesis of 2,3,6"-acylated derivatives could be achieved
starting from the same 2,3-diacyl trehalose. We hypothesized
that the presence of both the O2- and O3-acyl functionalities
on the same D-glucose ring should induce a difference in the
reactivity of the two primary 6- and 6’-OH groups, and this
difference can be tuned to direct the incoming acyl group to
one of the primary positions.

To test this hypothesis, we decided to explore the
regioselective monoacylation of the 6,6"-diol 8, which can be
conveniently prepared from trehalose in five steps and 41%
overall yield on a multigram scale following our earlier reported
strategy.Sd As shown in Table 1, the regioselective acylation of

Table 1. Regioselective Acylation of Diol 8

OH OH
TMSO q Acid (1.1 equiv) TMSO’é&
Tmsgéﬁ W) TMSO
TMSO, GAZK (1.5 8 clv) TMSO,

R\,_-_—.G
OH DMAP (1.1 equiv) C;
o 0 oT1ms CHaCly, rt, 10 h o Q OTMS

H3'515‘“\§D OTC‘-EHS! H_1,1C-,,-,——\€ O\:]/(-’-15|.|31
s © 9ag O
entry acid 9a-9g (%) 8 (%)
1 C,H,;,COH 68 16
2 CyHysCO,H 68 17
3 Cy HyCO,H 64 18
4 CoH,,CO,H 62 17
5 C,H,CO,H 59 18
6 C,0H;yCO,H 60 18
7 CyHy,CO,H 67 18

compound 8 was performed by cannulating a premixed solution
of palmitic acid (1.1 equiv), DCC (1.5 equiv), and DMAP (1.1
equiv) in CH,Cl, into the solution of diol 8 in CH,Cl, at rt and
stirring for 10 h. The major product was isolated and
characterized as 2,3,6-tri-O-palmitoyl trehalose (9a) in 68%
yield, along with a recovery of 16% unreacted diol 8. We also
obtained a small amount of the 2,3,6,6'-tetra-O-palmitoyl
derivative; however, the other regioisomer, i.e., 2,3,6'-triester,
was not observed. The regioselectivity of monopalmitoylation
reaction was confirmed by observing a downfield shift of two
C6 protons in "H NMR and their correlation in the 'H—'"H
COSY as well as "H-"*C HSQC and HMBC spectra (see the
Supporting Information). The reason behind this regioselec-
tivity is not clear. We believe that the incoming fatty acid may
get associated with the lipid chains of 8 and is slowly delivered
to the proximal hydroxyl group on the same sugar.
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With such exciting results in hand, we proceeded to study the
substrate scope of the reaction with fatty acids of different chain
length and unsaturation. DCC-mediated esterification of diol 8
with stearic acid also afforded the monoesterified product 9b in
68% yield (entry 2). When compound 8 was reacted with
dodecanoic acid under the optimized conditions, monodode-
canoyl ester 9c was obtained in 64% yield (entry 3). Similarly,
reaction with decanoic acid and octanoic acid furnished the
corresponding triesters 9d and 9e in 62% and 59% yields,
respectively (entries 4 and 5). Monoacylation of diol 8 with
unsaturated fatty acid viz. undecenoic acid (60%) and oleic acid
afforded 9f (60%) and 9g (67%), respectively (entries 6 and 7).
In all of these reactions, 16—18% of starting material 8 was
recovered. The O6 regioselectivity observed in the mono-
acylation of the 2,3-diacyl trehalose 6,6’-diol provided
unprecedented access to the 2,3,6-functionalized trehalose
glycolipids and SL-3 analogues.

Scheme 1 delineates our strategy for the synthesis of 2,3,6-
tri-O-palmitoyl trehalose 4 and SL-3 analogue 2. The TMS

Scheme 1. Synthesis of Triester 4 and SL-3 Analogue 2

RO,
RO HaiCis. o 0
RO N : 0 8]
(o} [ 1.1-DMC (3equiv) Ho H31C1s
O p-TsOH (0.5 equiv) HOG \g'f-o
0N OR “chont2h )
o Q

Ha31C1s—( o] 80%
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Dowex 50WX8 H* (2 /9a R = TMS o ©
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QO 1. TFA: H,0 -
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NaN3 (25 ~11, R = CH,CF; -
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86% R CFiCH,0-§-N ]
SIS 0O =

groups in compound 9a were removed by acid-promoted
hydrolysis using Dowex SOWX8 H" acidic resin to obtain 2,3,6-
tri-O-palmitoyl trehalose 4 in 95% yield. For the synthesis of 2'-
sulfated derivative 2, the free 4’- and 6’-hydroxyl groups in 4
were protected as a cyclohexylidene acetal using 1,1-
dimethoxycyclohexane (1,1-DMC) and a catalytic amount of
p-TsOH to obtain compound 10 in 80% yield. Regioselective
2'-O-sulfation of triol 10 was performed using sulfuryl
imidazolium salt (SIS)'® reagent, employing Et;N as a base™
to obtain compound 11 in moderate yields of 43%, along with
35% recovery of the starting material 10. Use of excess of SIS
reagent or changing the base from Et;N to 1,2-dimethyl-
imidazole or DMAP did not improve the yields of the sulfation
reaction. The trifluoroethyl (TFE) group in compound 11 was
removed smoothly by heating with NaN; (12, 86%), followed
by acid hydrolysis of the cyclohexylidene acetal to furnish SL-3
analogue 2 in 85% yield.

Next, we turned our attention to the synthesis of 2,3,6'-
triesters 5 and 6. Since the regioselective acylation of 6,6’-diol 8
favored the O6-position, we needed a different strategy for the
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synthesis of 2,3,6’-tri-O-palmitoyl trehalose derivatives § and 6
(Scheme 2). Therefore, we started with the easily accessible

Scheme 2. Synthesis of Sulfated and Nonsulfated 2,3,6’-Tri-
O-palmitoyl Trehaloses 5 and 6
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tricyclohexylidene-protected 2,3-di-O-palmitoyl trehalose 13.>

It was envisaged that if we could selectively remove two
cyclohexylidene acetals (2/,3' and 4/,6') from the same D-
glucose unit of 13 we could then use the so-obtained 4,6-
monoacetal derivative for the synthesis of § and 6. For this
purpose, compound 14, which was prepared earlier by us in
50% vyield by AcOH hydrolysis of 13, was procured in an
improved yield by performing the reaction in two steps. First,
all the three cyclohexylidene acetals were completely removed
using TFA-mediated hydrolysis, and then 4,6,4',6'-dicyclohex-
ylidenation was performed with 1,1-DMC (S equiv) and p-
TsOH at rt to obtain 14 in 75% yield. Subsequent selective
removal of the 4',6"-acetal in 14 turned out to be a very difficult
task since both the acetals are in 6-membered chair form and
their reactivity should be nearly same. However, the diacyl
functionalities were expected to disarm one of the rings and
thereby affect the rates of acetal hydrolysis. When we
performed the hydrolysis reaction using 80% AcOH at elevated
temperature (60 °C), the reaction offered the desired
monoacetal 15, albeit in a moderate 37% yield, along with
the other regioisomer 4,6-diol (20%) and di-O-palmitoyl
trehalose (25%). Our attempts to improve the yield of the
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hydrolysis reaction by performing it at lower temperature and
by changing the acid did not offer better results. Nevertheless,
both byproducts could be recycled back to the starting material
14 by carrying out cyclohexylidenation, thereby increasing the
effective yield of the transformation.

With compound 15 in hand, we proceeded further to
synthesize glycolipids S and 6. The free hydroxyl groups in
compound 15 were protected as TMS ethers, and the O6'-
TMS group was selectively removed by using NH,OAc'®
afford the corresponding 6’-OH derivative (75% yield over two
steps), which upon DCC-mediated coupling with palmitic acid
furnished 2,3,6'-triester 16 in 95% vyield. Aqueous TFA-
promoted hydrolysis of TMS and cyclohexylidene protecting
groups afforded 2,3,6-tri-O-palmitoyl trehalose S in 80% yield.
In order to synthesize compound 6, the TMS groups in 16
were removed selectively by stirring it with Dowex SOWX8 H*
resin to obtain an intermediate 2’,3’,4'-triol (83%), which upon
regioselective sulfation with SIS reagent employing Et;N as a
base offered 2’-O-sulfated product 17 (50%), along with a
recovery of the starting material (30%). The TFE protecting
group was removed by heating 17 with NaN; in DMF at 65 °C
for 12 h (80%), and finally, removal of the cyclohexylidene
acetal by TFA hydrolysis afforded compound 6 in 80% yield.
We did not observe acyl migration in any of these reactions.

Synthesis of monosuccinoyl tetraester 7, isolated from M.
paraffinicum,"” has not been reported. Based on the trehalose
functionalization pattern in 7 we envisaged that the strategy we
used for the regioselective 2,3,6,2'-functionalization of 2 could
be extended for the synthesis of compound 7. Accordingly, we
began the synthesis from trehalose tricyclohexylidene acetal
18°%"* (Scheme 3). Regioselective 2-O-acylation of 18 with
octanoic acid via a DCC-mediated coupling furnished the
monoacylated intermediate in good yield (78%). The
remaining 3-OH was acylated with decanoic acid to obtain
compound 19 in 97% yields. Hydrolysis of cyclohexylidene
acetals in 19 using aq TFA furnished 2-octanoyl-3-decanoyl
trehalose 20 in 85% yield. The free hydroxyl groups in 20 were
protected as TMS ether and the primary TMS groups were
removed by treatment with NH,OAc to afford 6,6'-diol 21 with
75% vyield over two steps. Regioselective DCC-mediated
monoacylation at O6-position with monobenzyl succinic
acid'” under earlier optimized conditions (Table 1) offered
monosuccinoyl derivative 22 in 58% yields. With the desired
triester 22 in hand, we proceeded further to complete the
synthesis of 7. The TMS groups in 22 were removed by using
Dowex SOWX8 H resin (91%) and the free 4'- and 6’-OH
groups were protected as a cyclohexylidene acetal by reaction
with 1,1-DMC/p-TsOH conditions to obtain compound 23 in
65% yields. Regioselective 2’-O-acylation of compound 23 via a
DCC-mediated coupling with decanoic acid afforded com-
pound 24 (76%). Finally, removal of the cyclohexylidene acetal
in 24 using aq TFA (79%) followed by debenzylation of the
intermediate under catalytic hydrogenation conditions afforded
the desired tetraester 7 in 90% yield. All of the synthesized
target glycolipids were purified by silica gel chromatography
and characterized thoroughly using 'H, 3C, and in-depth 2D
analysis (see the Supporting Information).

In conclusion, we have established efficient conditions for the
regioselective O6-monoacylation of the 6,6'-diol of 2,3-
dipalmitoyl trehalose via DCC-mediated coupling with fatty
acid acyl chains. The reaction proceeds with excellent
regioselectivity and affords good yields of the desired
monoacylation products and works well for fatty acids with
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Scheme 3. Synthesis of Tetraester 7
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different chain lengths and unsaturation. This strategy allowed
unprecedented access to compounds 2 and 4, the analogues of
trehalose-based glycolipid SL-3 from M. tuberculosis. The
nonsulfated and sulfated triesters (5 and 6) having a palmitoyl
group at O6'-position were also prepared starting from 2,3-di-
O-palmitoyl trehalose. The regioselective O6 acylation strategy
was extended to accomplish the first total synthesis of the
trehalose-based tetraester 7 from M. paraffinicum. The various
trehaloglycolipids synthesized during our studies, which are
structurally well characterized and homogeneous materials, are
now available for evaluation of their antigenic activity to test
their utility as serodiagnostic markers and vaccine candidates
for M. tuberculosis.
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ABSTRACT: Relying on the nucleophilicity of silanol for building up Rz Rs R,, Ra
silicon-incorporated scaffold with an enantiopure tetrasubstituted carbon 8H-R-TRIP ~Br
center remains elusive. In this report, asymmetric bromo-oxycyclization of 4 & Ry B, 7aL0, x5

olefinic silanol by using chiral anionic phase-transfer catalyst is described. ' OH toluene l

This protocol provided a facile entry to a wide arrangement of enantiopure Ph™~ Ph 0°C ph. Ph
benzoxasilole in moderate to excellent enantioselectivities depending on 1 2

the unique reactivity of bromine/N-benzyl-DABCO complex. upto 93% e

O rganosilicon has undoubtedly occupied a unique position a) previous work (ref 4): allylic substitution

. . . . . . . . OH

in organic chelr?éstry, as shown l?y 1tslxczv(}de applications in OAc 4 R.SiOH, Pd or Ir )\%
synthetic chemistry, ” material chemistry,“ and pharmaceut- A MR = Ar R
ical chemistry.'® Therefore, an enormous endeavor has been HEHGEAF. = TDAE, THE

dedicated to the incorporation of silicon into an organic « silaniol as water surrogate

scaffold, particularly into the enantiopure molecules, as the s limited examples

e chiral trisubstituted carbon center

resulting organosilicon could be employed to construct
diversely valuable chemical bonds (e.g, C—C, C-0O, C-X
bonds).” In this regard, although silanol is easily accessible and
widely employed in synthetic chemistry (e.g, for the synthesis
of siloxane,' cross—couplingZd), harnessing the nucleophilicity
of silanol for organic transformations is not well investigated,
presumably due to its instability (easy to dehydrate to form
siloxanes) and weak nucleophilicity of hydroxyl.® In this
account, catalytic asymmetric reactions by directly taking
advantage of silanol as oxygen source are scarce.* Only iridium- « moderate to excellent enatioselectivities

and palladium-catalyzed asymmetric allylic etherification of :ﬁ:‘;;ﬁ;:srggﬁz?:;':zie;:;,;?ggrff: {r{esr! and Br)
silanol has been reported by Hartwig and Xu respectively

(Figure 1).48’b However, silanol is only used as a water Figure 1. Enantioselective reactions directly relying on the
surrogate in those reactions, and the synthetic potential of nucleophilicity of silanol.

silicon could not be fully utilized for constructing other chiral

scaffolds in subsequent transformations. To this end, powerful strategly for construction of other functionalized chiral
construction of an asymmetric tetrasubstituted carbon center heterocycles.”® ™ Despite the significant progress in asymmetric
directly based on the nucleophilicity of silanol represents a big halo-oxycyclization reactions, synthetic applications of those
challenge in the chemistry of silanol, which to the best of our enantiopure halogenated products are mainly limited to the
knowledge has not been described to date. derivatization of halogen. Therefore, incorporation of other
Recently, asymmetric electrophilic halo-functionalization of orthogonally versatile functionality (e.g., Si, B) via asymmetric
unsaturated C—C bonds has witnessed great advances.™ In this halogenation reaction is still highly desirable. In cor%tinuation of
context, asymmetric halo-oxycyclization of olefinic alcohol has our work on asymmetric halogenation reactions,” herein we
been extensively studied for giving easy access to enantiopure report our preliminary results on the first enantioselective
halogenated tetrahydrofuran and tetrahydropyran (Figure 1).°
Furthermore, by employing tethered nucleophiles other than Received: November 16, 2015
alcohol, asymmetric halo-oxycyclization has also emerged as Published: December 14, 2015
ACS Publications  © 2015 American Chemical Society 80 DOI: 10.1021/acs.orglett.5b03303
4 Org. Lett. 2016, 18, 8083
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bromo-oxycyclization of olefinic silanol,*® which enables access
to chiral benzoxasilole in moderate to excellent enantioselectiv-
ities.

The reaction condition optimization commenced with
asymmetric bromocychzatlon of silanol 1a using chiral anionic
phase-transfer catalyst,® and selected results are listed in Table
1. Encouragingly, benzoxasilole 2a was initially obtained in 82%

Table 1. Screening of Reaction Conditions for
Enantioselective Bromo-Cycloetherification of Olefinic
Silanol 1a“

conditions
—_—- o
si®1 1a,2a:R=Ph i
R R 1ab, 2ab: R = Me R: R
1 1ac, 2ac: R=i-Pr 2
Br N/ ‘@N R B1: X=ClI
2==N_ _N= B2: X=Br
= $  B3:X=BF,
=]
3BF,
R-N N (BQ N N-R
o —Br=-— o
S B4 A —y

R = 3,5-difluoromethylbenzyl

L1: 8H-R-TRIP "i-Pr

time yield” ee”
entry cat. Br' base solvent (h) (%) (%)
1 L1 Bl  NaHCO; toluene 6 81 92
2 L1 B2  NaHCO; toluene 12 64 81
3 L1 B3  NaHCO;  toluene 12 40 75
4 L1 B4  NaHCO;  toluene 12 0 NR
N L1 Bl  NaHCO;  hexane 20 S3 93
67 L1 Bl NaHCO,; bezene 4 61 91
7 L1 Bl NaHCO; Et,0 S 66 91
8 L1 Bl  Na,CO; toluene 4 81 95
9 L1 B1 K,CO; toluene 4 87 9s.5
10 L1 Bl KPO, toluene 4 77 94
11° L1 Bl K,CO;, toluene 20 80 94
12/ L1 Bl K,CO;, toluene 4 91 72
13* L1 Bl K,CO4 toluene 4 89 68

“The reaction was carried out by addition of silanol 1a (0.1 mmol) in
toluene (1 mL) to a mixture of catalyst (0.01 mmol), brominating
reagent (0.13 mmol), and base (0.40 mmol) in toluene (1 mL) at O

Isolated yield. “Determined by HPLC on a Chiralpak AD-H
column 9The reaction was carried out at rt. “The reaction was
conducted at —20 °C. “Silanol lab as substrate. £Silanol lac as
substrate.

yield and 92% ee under our previous optimal conditions for
asymmetric bromocyclization of tryptamine78 (entry 1).
Subsequent evaluation of different bromine/N-benzyl-
DABCO complexes showed that enantioselectivity of this
reaction greatly depended on the counteranion of those
complexes. B1 with chloride as counteranion was superior to
other bromine complexes in terms of yield and enantiose-
lect1v1ty (entries 2 and 3). To our surprise, bromonium salt
B4"! was ineffective for this reaction even after the reaction
time was extended (entry 4). This could be ascribed to the
reduced reactivity of bromine by double complexation with N-
benzyl- DABCO. Next, a survey of different chiral phosphoric
acids revealed that 8H-R-TRIP L1 was the catalyst of choice
(see the Supporting Information). Solvent screening showed
that inferior results were produced using nonpolar solvents
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other than toluene (entries S—7). Among bases tested for this
reaction, K,COj; gave the best outcome, leading to 2a in 95.5%
ee (entries 8—10). Furthermore, reducing the temperature was
detrimental to the reaction (entry 11). Two phenyls on silicon
were indispensible for this reaction, as putting other
substituents (e.g, Me, i-Pr) on silicon only led to the
corresponding benzoxasiloles in moderate enantioselectivities
(2ab, 2ac, entries 12 and 13).

With optimal reaction conditions being set up, we turned our
attention to examine the substrate scope of this reaction.
Electron-donating or electron-withdrawing groups on phenyl
have little impact on this reaction, leading to the corresponding
benzoxasilole in excellent enantioselectivities (Figure 2, 92—

10 mol % 8H-R-TRIP

B1, K;CO,3
z = X
toluene
0°c
2a: X=H 87%, 95.5% ee

1 % Br 2b:X=4-Me 94%,96% ee
4 2c: X =5Me, 92%,92.5% ee
k1 B 2d: X = 5-OMe 93%, 96% ee
- 2e: X=4-Cl 92%, 98% ee
5 Si, 2f: X =5.C1 91%, 94% ee
6 Ph Ph 29: X = 4-CF, 90%, 99% ee
2h: X = 6-Me 85%, 75% ee 2i: X=H

PH Ph Ph Fh
2 'm
91%, 87% ee 89%, 59% ee 87%, 83% ee 52%, 65% ee
"""" Me  nPr, Ph Me.
Br Br Br Me, “—Br
2 o
i i Si.

PH “ph pi Fh pW Fh py Ph
2n 20 2p 2q
(from E olefin) (from E olefin)  (from E olefin)  (from Z olefin)
89%, 93.5% ee 89%, 90% ee 89%, 86% ee 91%, 69% ee

n-Pr, Ph
Me, ,—Br Me, Br
g.{ o
Ph’SLP“ Ph’SLP"
2r 2s

(from Z olefin)

(from Z olefin)
93%, 97% ee

89%, 98.5% ee

2t
82%, 91.5% ee

Figure 2. Substrate scope of enantioselective bromo-cycloetherifica-
tion of olefinic silanols. Key: (a) The reaction was carried out by
addition of silanol (0.1 mmol) in toluene (1 mL) to a mixture of 8H-
R-TRIP (0.01 mmol), B1 (0.13 mmol), and K,CO; (0.40 mmol) in
toluene (1 mL) at 0 °C.

97% ee, 2a—g). However, presumably due to steric repulsion,
introducing substituents adjacent to silicon dramatically
reduced enantioselectivity of this reaction, leading to 2h and
2i only in 75% ee and 84% ee, respectively. On the other hand,
substituents on olefin have complicated effect on enantiose-
lectivities. Replacement of the olefinic methyl with other alkyl
groups (e.g,, Et, i-Pr) resulted in decreased enantioselectivities
(87% for 2j and 59% ee for 2k). Only 6-endo-bromo-
oxycylization was detected when this methyl group was
removed from the substrate, delivering benzoxasiline 2 I’ and
2’'m in moderate enantioselectivities. Substituents on the

DOI: 10.1021/acs.orglett.5b03303
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terminal olefin were also tolerated, while enantioselectivities
depended on the configuration of alkene. As shown in Figure 2,
lower enantioselectivities were obtained when the more bulky
group was present on E-olefins (93% ee for 2n to 86% ee for
2p), while a reverse trend was observed for Z-olefins (69%ee
for 2q to 98.5% ee for 2s). Finally, even tetrasubstituted olefin
could be smoothly transferred to benzoxasilole 2t in 91% ee.
To display the synthetic application of the resulting chiral
benzoxasilole, synthesis of 2a on a 4 mmol scale was first
implemented to afford benzosilole in comparable enantiose-
lectivity (Scheme 1). Its subsequent transformations by taking

Scheme 1. Synthetic Transformations of Benzoxasilole 2a
Meﬁ Nu

NaNu, DMF o

Sl

3a, Nu = N3, 89%, 92% ee
Me‘ Br 3b, Nu = CN, 82%, 95% ee

Me% Br
p KF, H202 OH
5t >
Ph Ph OH

2a, 94%, 95% ee 4
4 mmol scale 85%, 99% ee

Me, ,—OH
NaOH, EtOH @?s,{cm
H

5
90%, 95% ee

advantage of bromine and silicon were tested, respectively.
Halogen as a handle for introduction of other functionality was
routinely achieved by substituting of bromide with azide and
cyanide, respectively, affording the corresponding benzosiloles
3a and 3b in high enantiopurities. For transformation of silicon,
Tamao—Fleming oxidation of 2a smoothly furnished phenol 4
with retention of bromine. Protonation of silicon concurrently
with displacement of bromine with H,O could be readily
realized by heating 2a in NaOH/EtOH, affording the known
diol 5, which established absolute configuration of 2a to be S."

Although benzoxasilole has emerged as an efficient transfer
reagent for reactive organometallic reagents for cross-coupling
reactions,’’ diastereoselective transmetalation of substituents
on sﬂlcon for construction of stereogenic silicon is not well
explored.” To this end, synthesis of 20 on a 2.5 mmol scale
enabled us to obtain a good crystal of 20 for X-ray analysis,
which confirmed its absolute configuration (Scheme 2)."’
Removal of bromine with AIBN/Bu;SnH followed by ring
opening of benzoxasilole with methyllithium generated silane 7
in excellent yields. Selective transfer of one phenyl of 7 proved
to be challenging owing to the competltlve transfer of methyl
under previous cross-coupling conditions' ' (see the Support-
ing Information). After extensive optimization (see the
Supporting Information), transfer of methyl could be totally
suppressed using Cul-catalyzed oxidative homodimerization of
silane 7.'"* Disappointingly, only poor diastereoselectivities
resulted, and initial attempts employing achiral or chiral ligands
proved to be fruitless (see the Supporting Information).

In conclusion, the generation of a chiral tetrasubstituted
carbon center by directly utilizing the nucleophilicity of silanol
is described. The reaction was realized by employing bromine/
N-benzyl-DABCO complex under chiral anionic phase-transfer
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Scheme 2. Selective Transmetalation of Phenyl on Silicon

n-Pr,

Me, n.
Me, )—Br % ,-Bu
AIBN, (n-Bu);SnH o
- Si
Pph ph Ph
20, R =H, 94%, 89% ee 6
2.5 mmol scale 95%,90% ee
MeLi
o« ‘1_}\?\‘« Me n-Bu Me n-Bu
*
L, ‘, CL/< Cu(OAc),, air : /( -
Me
" : Si
‘Me
Ph Ph Ph
95%, dr 1.3:1 7

ORTEP of 20 87% ee and 85% ee 95%, 89% ee

catalyst. Structurally diverse benzosiloles were obtained in
moderate to excellent enantioselectivities, which mainly
depended on the substituents and configuration of alkene.
Selective transfer of the phenyl of silane derived from chiral
benzoxasilole was enabled by copper-catalyzed oxidative
dimerization, albeit with no diastereoselectivity on the silicon
stereogenic center.
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ABSTRACT: The thermal cyclization of enyne—carbodiimides substituted at both the alkyne and :‘:‘;:::::i:‘:
carbodiimide terminus showed two curved Hammett correlations (log k/k, against o, ) that were fully s found heret
reproduced by DFT (density functional theory) computational results. The latter suggest a concerted

mechanism, but the transition state (TS) analysis failed to reveal any mechanistic insight about the

reason for a curved Hammett correlation. Instead a preT'S inspection, i.e., examination of the electronic

and steric details on route between reactant and TS, furnished a detailed picture of the mechanism.

n/;;rﬁ

he meticulous inspection of stationary points along the
potential energy surface (PES) to identify mechanistic
information has a long and triumphant history, in particular for
physical organic chemistry after teaming up with computational
investigations.1 A large amount of attention is typically given to

1a

the rate-determining step with its preceding minimum, the Torsa =97°C Torse ™ 113 ¢ diadealintermedate
transition state (TS), and the corresponding product because Figure 1. Comparison of the onset temperatures in the thermal
agreement between computed and experimental kinetic data, cyclization of 1a and 3.

e.g, see kinetic isotope effects,” provides a solid base for any

mechanistic hypothesis derived therefrom. Here, we show that at furnishing a curved Hammett relationship that separated
the concerted vs stepwise boundary3 the mechanistic informa- electron-donating and -withdrawing groups (Figure 2). At the

tion is not necessarily revealed from a review of the stationary
points. Instead, the examination of nonstationary points between
reactant(s) and rate-determining TS, a preTS inspection, provides
the important clues.

T/ log (kylks) xp

Over many years, the C*—C® diradical cyclization of enyne— i
allenes has been investigated by numerous authors.”> For the = LN
cyclization of the related enyne—carbodiimides 1 (Scheme 1), we NO,

Scheme 1. Thermal Cyclization of Enyne—carbodiimides 1a—
k with Polar Substituents at Either Terminus

Series X (RZ=H) Series Y (R'=H]
aR'=H a:R?=H
b:R'=NO; 9: R? =NO; :
c:R'=CN h:RZ=CN _,
d:R'=Cl iRZ=Cl
R' = OM R? = OM,
: Rl = NM; jk R2= NM; Figure 2. Hammett plots of rate constants for la—k vs o, (Table S1).
Experimental (top)® and computed (bottom) data. Subscrlpts XandY

stand for series X (left) and Y (right).

proposed in 1998 a stepwise mechanism involving a diradical
intermediate® based on MR-CI + Q_computations (DZP basis
set) and experimental kinetic data, which showed an onset
temperature difference of only 21 °C between 1a and 3 (Figure
1).° A notable solvent dependence suggested some polar
contributions in the TS of 1, a phenomenon well-known at the
boundary of diradicals and zwitterions.7 To elucidate the polar
effects, a detailed kinetic study was thus undertaken in 2008 by
studying two groups of enyne—carbodiimides (Scheme 1), one
substituted at the alkyne (series X) and the other at the

time, the curvature was explained by a changeover from a
coarctate mechanism’ involving a carbene intermediate (with X,
Y = EWG) to a zwitterion (with X, Y = NMe,, OMe) mechanism,
with the carbene intermediate indirectly supported by isolation
of product 8° (Scheme 2) and the latter by the notable rate
accelerations in polar solvents.

carbodiimide terminus (series Y).® The relative rates of each Received: November 17, 2015
series nicely correlated with the substituent constants o, Published: December 18, 2015
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Scheme 2. Formation of Product 8 Indirectly Suggested
Involvement of the Carbene Intermediate 6

Ph

Ph Ph Ph
oo »
e s = /)" = — N A
# ~ - N o N
N N SN N
6 7 8

To better resolve the putative mechanistic changeover in the
thermolysis of 1 as reflected by the curved Hammett relationship,
we decided to undertake a computational study. For that reason,
we computed the PES for 1a by varying the C*~C°® and C’—C?
bond distances at BLYP/6-31G* level of theory (Figure 3).

EANY
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Figure 3. Potential energy surface (BLYP/6-31G*; grid: 30 X 30;
smoothed) for the thermal cyclization of la. The numerical values
represent the respective bond distances in A.

Against our expectations, we could not locate any intermediate
along the reactive reaction coordinate; rather, we identified the
singlet diradical 1a_INT as a dead end with no direct exit route to
the product. By comparison with experimental data, the 6-31+G*
basis set gave better results than 6-31G*. Hence, we reoptimized
all stationary points on the PES at BLYP/6-31+G* level and
searched for the presence of any reactive diradical intermediate.
Again, we could not find any productive intermediate on the PES,
suggesting a concerted mechanism for the thermal cyclization of
la.

The calculated free energy barriers for the cyclization of
enyne—carbodiimides 1b—k, all operating via a concerted
mechanism, are in very good agreement with the experimental
kinetic data (Table 1). Hammett correlations with the calculated
rate constants revealed exactly the same curvature like the
experimental kinetic results (Figure 2). As an interim conclusion
one has to state that the C*—C°® cyclization of enyne—
carbodiimides seems to follow a concerted pathway with no
intermediate, quite in contrast to earlier claims.®

The premise of a concerted mechanism, however, requires that
equally all other pieces of evidence for a stepwise mechanism
collected over the years, such as the low barrier for ipso-
cyclization of 3 and the formation of 8 from S, have to be
reconsidered. Notably, the parent la and the sterically
encumbered enyne—carbodiimide 3 exhibit a computed free
energy barrier difference AAG* of only 2.2 kcal mol™ for the
concerted pathway, which is in rather good agreement with the

Table 1. Computations at the BLYP/6-31+G* Level and
Experimental Free Energy of Activation for 1 at 120 °C

compd computed free energy of experimental free energy of
1 activation AG¥ 5y (kcal mol™)  activation® AG¥,, (kcal mol™)
a 282 27.9
b 28.5 29.5
c 28.5 28.6
d 28.3 28.5
e 26.8 27.0
f 24.8 21.5
g 284 284
h 28.8 27.9
i 283 279
j 2638 257
k 24.1 20.8

“Experimental free ener§ies of activation were derived from
experimental rate constants

experimentally found onset temperature difference (97 vs 118
°C). This unexpectedly small AAG* may be ascribed to a
ground-state destabilization of 3 by 4.3 kcal mol™" (Figures S4
and SS) and a different C’—C? distance in the TS (2.50 and 2.64
A for 1a and 3). Equally, formation of 8 from 5 may be explained
by a competitive pathway (SI) that does not involve the
postulated carbene trapping as depicted in Scheme 2.

But what is the reason for the curvature in the Hammett plots
of 1 if there is no change in mechanism? Curved Hammett
correlations'® have been previously observed in substitution,
elimination, acyl-transfer, and oxidation reactions.’' The tradi-
tional explanation for such phenomena is attributed to (a) a
change in mechanism, (b) a single mechanism with a different
extent of bond formation and cleavage or a change of the charge
character in the TS, and (c) a different balance of polar and
resonance effects by different substituents in the TSs.'> Option
(a) can be eliminated due to the full agreement of experimental
and computational data and the computational evidence for a
concerted mechanism for 1. To evaluate option (b), we

calculated (i) the asynchronicity (Ad) at the TS (Figure 4),

e +Cl +CN
b
H
=098 o] *NO,
OMe < =018
<
LRS-
NMe,
% 087
- 05 0 0s '
NMe, 1%
-y
-3
e
I

L/ '; +CN
=000 wE s
[C] i NO,
=

Figure 4. Correlations (subscripts X and Y stand for the series X and Y)
of asynchronicity Ad at TS, dipole moment 4 at TS, and ground-state
stabilization energy (GSE) of 1 all vs 0,
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(ii) TS o-contraction,"® (iii) Mulliken and natural bond orbital
(NBO) charges, and (iv) the dipole moment at the TS (Figure
4), but none of them would correlate with ¢, in an analogous
manner as the rate constants for both series X and Y (Figure 2).

To check the balance of polar and resonance effects, i.e., option
(¢), Yukawa—Tsuno diagrams of log(k/ko) vs &, + r*(c," — 6,
and 0, + r(6,” — 0,) were plotted by varying r = 0—1, which,
however, did not lead to any linear correlation (Table S2). All
known reasons for curvature in Hammett correlations were thus
met with failure.

Furthermore, no correlations were detected with aromaticity
in the TS as measured by the nucleus-independent chemical shift
(NICS) or the harmonic oscillator model of aromaticity
(HOMA) index (Table S6). Houk’s'* distortion/interaction
model (see the SI) also failed to rationalize our findings. Finally,
the impact of ground-state stabilization'  on the starting material
was considered by checking isodesmic reactions, such as la +
PhNMe, — 1f + PhH (Figure 4).

After failing to find a reason for the curvature by inspection of
both the TS and reactant, we decided to compare qualitatively
the energy profiles of enyne—carbodiimide (concerted) and
enyne—allene (stepwise) cyclizations. From a large battery of
studies,”® it has become evident over the years that enyne—
allenes follow the stepwise pathway in their thermal cyclization.
The idealized reaction coordinate (Figure S) shows a rate-

Potential Energy

*ai Yy
Virtual starting material
Reaction Coordinate

Figure S. Two idealized reaction coordinates. The solid blue curve
represents the thermal cyclization of enyne—allenes and the red one that
for enyne—carbodiimides.

determining C*—C® bond formation (first step) that is followed
by the closure of the C’—C® bond (second step). A projection of
typical reaction coordinates for enyne—allene (blue curve) and
for enyne—carbodiimide cyclizations (red curve) on top of each
other suggests that in the concerted TS of the latter the C*—C®
binding has merged with the C’—C?® bond formation. As a result,
the contributions of the initial C*—C® binding are obscured in the
TS. This insight suggested to search in the preTS region of the
concerted carbodiimide reaction as there we expected to see the
changeover, like that of enyne—allenes, from the C*—~C° to the
follow-up C’—C® bond formation.

To find this nonstationary point (represented roughly by the
vertical line in Figure §, i.e., the starting point for the virtual
second step, i.e., C’—C®bond formation) on the PES, we decided
to critically consider all steps in the cyclization of 1a from the
starting material to the TS. By decreasing the C*—C® bond
distance stepwise by 0.025 A from the reactant to the TS, leaving
the C’—C? free to optimization, we obtained the graph depicted
in Figure 6 (left). Upon decreasing the C*—~C® bond distance,
both carbodiimide C=N bonds elongate although they are
perpendicular to each other. Once the C*—~C® bond distance
approaches the one of the TS the structure collapses (after the
S7th point) to the product region because of an unimpeded
approach of C” and C®. At point 57, i.e., prior to the collapse, the
C*—C%bond distance is 1.64 A, which is almost the same as in the
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Figure 6. (Left) Scanning of C*~C® bond distance by 0.025 A from 1a.
(Right) Comparison of scan results of 1a, 1b, and 1f.

real TS. The electronic energy gap between the real TS and that
at the 57th point is only 0.02 kcal mol™. All these facts reflect
how close one can approach the real TS of 1 by scanning one
bond distance only.

For mechanistic insight, all molecular orbitals were analyzed
beginning from the reactant at five-step intervals. The 45th point
is the first point where some electron density, found in the
HOMO-1 (Figure S1), arises between C” and C®. At that point,
the C*—C® bond formation is well progressed (1.94 A), while the
C’—C® bond distance is still at 3.37 A.

Thereafter, the same analysis was performed for all other
enyne—carbodiimides 1b—k. A representative comparison of 1a,
1b, and 1f (Figure 6, right) shows that at the 4Sth point the
electronic energy of all three compounds is already well
pronounced, so that an inspection at this point may shed some
light on the cause for the curvature in the Hammett plots.

An in depth NBO analysis at the 45th point showed four major
stabilizing orbital interactions, i.e.,, 7, = m,*, 7, = 7%, 1, = m ¥,
and 7; = m* to be relevant in the cyclization of enyne—
carbodiimides 1a—k (Figure 7). Their individual contribution to

Mg =Tg*

Figure 7. Colored structures: Two orbital interactions contributing to
the stability of 1a at the 45th point. Black and white structures: The four
relevant orbital interactions at the 45th point of 1a.

the interaction energy as a function of 6, is shown in Figure 8,
right. The addition of all four interaction energies furnishes the
total stabilizing interaction energy, which correlates with o,
(Figure 8, left) for both series in exactly the same manner as
do the experimental and computational kinetic data (Figure 2).
Thus, the information provided by the orbital interactions is the
one that is relevant for the kinetics from a mechanistic point of
view.

An analysis of the individual contributions for series X, i.e.,
compounds la—f (Figure 8, top right), indicates that for donor
substitution the m#; — ;¥ interaction dominates, while for
neutral and EWG substituents the z; - 7,* and 7, —» m,*
interactions almost cancel. For series Y, i.e, la,g—k (Figure 8,
bottom right), the situation is somewhat more complicated; the
interaction analysis shows that donor-substituted cases are
dominated by several interactions (7, —» m,*, 7, — 7%, 1, —
7, *) that add up almost pari passu. On the side of neutral and
EWG substituents for 1a,g—k, the sum of all four interaction
cancels mostly. This complexity prevents us from drawing a

DOI: 10.1021/acs.orglett.5b03310
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Figure 8. (Left) Correlation of the total orbital interaction energies
(IEs) of 1 against 0, (Right) The individual (dashed lines) and the total
IEs (solid red and blue line) are plotted against o, (reference R = H is set
to zero). Subscripts X and Y stand for the series X (top) and Y (bottom).

simple electron push—pull mechanisms for the true rate-
determining process in the thermal cyclization of la—k.

Why are those interactions not visible at the real TSs? For
comparison, a reaction profile for the thermal cyclization of
enyne—allene la’ was computed at the same DFT level
Interestingly, all of the interactions depicted for enyne—
carbodiimide 1a at the 45th point are present in the C*—C® TS
of enyne—allene 1a’ as well, but they vanish as the system moves
on to the diradical intermediate and C’—C® TS. Thus, in the
course of further structural and electronic changes the original
interactions become invisible. By the same token, the relevant
interactions in the enyne—carbodiimide cyclization, as illustrated
in Figure 7, already become invisible in the TS due to the second
bond formation.

Is there a hidden transition state (hTS)'® at or near the 45th
point? Actually, the analysis by IRC gradient norm fails to detect
a hTS, thus lending even more importance to a preTS inspection!
The current finding suggests that many concerted reactions with
highly asynchronous bond formations, in which the first bond-
forming process has the predominant influence on the rate, may
benefit from a preTS analysis.

Our study reveals that a concerted, but highly asychronous,
mechanism is operative for the thermal cyclization of enyne—
carbodiimides 1a—k. Due to the asynchronicity, a TS inspection
does not reveal the orgin of the rate changes and of the curved
Hammett correlation. Rather, preTS inspection at the nonsta-
tionary point just prior to formation of the second bond reveals
the various underlying interactions that guide the rate and as a
result the curved Hammett correlation.

In summary, the traditional heuristics using mechanistic
information from the analysis of stationary points fails in our
system. A strategy is presented that uses the analysis of
nonstationary points (preTS inspection).
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ABSTRACT: An intramolecular oxidative cyclodehydrogenation via

a one-pot process is described, which induces selective C—C bond ﬁf:/? \
formation and bromine functionalization. The application of this new FAmA e

route gives rise to a novel family of partially fused, selectively
brominated N-doped pyrimidine graphenes.

Fusion (3) X, =Br X=H
(4) X, X5, =Br

Interest in the synthesis of N-containing polycyclic hydro- Using elemental bromine under controlled conditions, this
carbons (PAHs), particularly from a materials chemistry new work demonstrates that it is possible to induce intra-
perspective, is growing exponentially.’ The realization of molecular bond formation at the pyrimidine rings in diaza-
multiple inter- and intramolecular bond fusions in halogenated substituted polyphenylenes. Furthermore, it shows that con-

polyphenylenes, catalyzed by Au(111),” Pt(111),” and Cu(111)*
surfaces,” has prompted this revived research attention. Such
processes offer low-energy routes to N-doped graphene
nanoribbons and nanofragments, via single-source precur-
5,6,8 . . . .
Synthetic work is required, however, to improve the

trolled bromination is achievable at the para positions of pendant
unsubstituted phenyl rings, giving a range of brominated
pyrimidine-fused PAHs. Figure 1 shows the mass spectrum of

sors.” the reaction mixture, comprising 1-pyrimidyl-2,3,4,5,6-penta-

yield and purity of the N-doped halogenated precursors and to
optimize the selectivity of their coupling reactions.

Oxidative cyclodehydrogenation in solution (the Scholl o2
reaction) is understood to require a Lewis acid and oxidant |
and to occur either by a radical cation (electron transfer) or by an
arenium cation (proton transfer) mechanism.”'® In N-
containing materials, the extent of ring fusion is highly catalyst-
and dopant- dependent. For one polyphenylene precursor, 1,2- 20000 -
dipyrimidyl-3,4,5,6-tetra(4-tert-butylphenyl)benzene, fully fused
materials were previously obtained using AICl;/CuCl, as Lewis
acid and oxidant, whereas a variety of incomplete ring closures
are produced when FeCl, is used.'"'* Increasing the number of
N dopant atoms causes a decrease in reactivity, even in the 10000 ~

Br B r U |
. 4
presence of resonance-stabilizing methoxy substituents.'> Such a L o~
lack of specificity and control has given rise to the search for ] b ;
alternative catalytic reagents. I
. Lo
1 N I N
800 900

phenylbenzene (1) and elemental bromine after 10 min. At room

Abundance

The authors have an established interest in the bottom-up J
fabrication of N-doped graphene fragments.'”'*'* Prompted by 0 = - -
this and the drive to develop and test new routes to N-doped 600 700 iz
fused and partially fused materials, they decided to revisit the
earlier findings of Gourdon et al. into the cyclodehydrogenation Figure 1. Mass spectrum of a sample of the reaction mixture of 1-
of diaza-substituted polyphenylenes.'® This work had shown that pyrimidyl-2,3,4,5,6-pentaphenylbenzene polyphenylene (1) and bro-
cyclodehydrogenations using AICL;/CuCl, or MoCl; gave rise to mine after 10 min in an open vessel at room temperature.
insoluble polychlorinated products and had led the authors to

conclude that para unsubstituted pendant phenyl rings promote Received: November 17, 2015
uncontrolled oligomerization. Published: December 18, 2015
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temperature, no remaining uncyclized polyphenylene is observed
after a reaction time of 10 min. By controlling the time and
temperature of the reaction, the degree of substitution can be
optimized to yield 8,9,10-tris(4-bromophenyl)-
tribenzoperimidine (3) and $5,13-dibromo-8,9,10-tris(4-
bromophenyl)tribenzoperimidine (4) in 80 and 50% yields,
respectively.

Inspired by the one-pot reaction conditions employed by
Rathore to generate hexakis(4-bromophenyl)benzene,'” we used
a 1 X 107 M solution of polyphenylene 1 in CDCl,, with 100
equiv of reagent grade bromine. Despite the fact that the excess
bromine would cause significant shifting of the NMR signals of
the products, a study of the crude reaction mixture was
undertaken, using in situ "H NMR spectroscopy. From this, it
was possible to gain an insight into the time scale of each step of
the reaction as it proceeded. The spectroscopic study, over the
course of 25 min, documented the almost instantaneous nature
of the cyclization between the pyrimidine ring and its
neighboring phenyl rings, the stepwise bromination of the
pendant phenyl rings, and finally the bromination of the fused
pyrimidine core. The information garnered from the resulting 'H
NMR spectra (S15) suggested how we might vary the reaction
conditions (reaction time, temperature, solvent, vessel con-
ditions (open or closed)) to separately optimize the formation of
each of the products.

Initially, 1 was reacted in neat bromine at room temperature
for varying reaction times (S min to S h) to yield different
proportions of 2, 3, and 4. Column chromatography using
dichloromethane as eluent, followed by recrystallization from
dichloromethane/methanol, allowed the isolation of each highly
pure fraction. Subsequently, more direct routes to two of the
major products were successfully obtained. Changing to pressure
tube conditions in toluene resulted in the formation of only 2 in
quantitative yields. The pure product could be crystallized
directly from the reaction mixture without the need for any
additional purification. Refluxing in chloroform was successful in
driving the reaction to higher yields of the pentabrominated 4.
The evolution of HBr was observed in all cases. Figure 2 presents
the individual spectra of the isolated materials.

"H NMR spectroscopy was the primary tool for characterizing
the new products. A comparison of the spectra is presented in
Figure 2. Taking the spectrum of the starting material as a
reference, the most dramatic change occurs upon the initial
cyclization to give 2, whereupon the resonance of proton (H1) in
the pyrimidine ring of 1 shifts from 8.6 ppm to a peak at 9.8 ppm.
Once this ring is fused (as in 2, 3, and 4), the chemical shift of this
signal remains essentially constant. The signal at 8.2 ppm (H2) in
the starting material (corresponding to both protons, a to
nitrogen) is now absent. From the in situ experiment, a plot was
generated of the integrations of the pyrimidyl signals (e.g., H1
and H2) and their variation with reaction time. The plot is
consistent with the rapid formation of the C—C intramolecular
bonds (complete within 4 min). Fusion results in the significant
deshielding of protons (H4) (from the multiplet at 6.9 ppmin 1)
to a doublet at 9.4 ppm in the '"H NMR spectra of 2 and 3 (Figure
2). This doublet then becomes a singlet in 4 after the final
bromination takes place.

Fortunately, single-crystal X-ray diffraction was possible for
most of the isolated products and gave data that were consistent
with those arising through spectral characterization techniques.
Diffusion of S5-(4,5',6'-triphenyl-[1,1':2’,1"-terphenyl]-3'-yl)-
pyrimidine into toluene solutions allowed the growth of single
crystals of 2, suitable for single-crystal X-ray diffraction

10.0 95 9.0 85 8.0 7.5 7.0 6.5

Figure 2. "H NMR spectra of 1 and the isolated products 2, 3, and 4 in
CDCl, (solvent signal marked with an asterisk).

measurements. The molecule crystallized in the P1 space
group with two molecules per unit cell. Solvent molecules
found in the voids could not be modeled to an acceptable level,
and therefore, SQUEEZE was applied.

As a result of the ring closure, the fused phenyl and pyrimidine
rings now form part of a significantly curved bowl-like structure.
The strained nature of this pyrimidine section results in a curve of
20° at the extremities, relative to the plane of the central ring. The
molecules pack in a head-to-tail fashion, with 7—7 interactions
between the aromatic cores resulting in intermolecular distances
of 3.538 A. Analysis of the single-crystal X-ray structure of the
tribrominated 3 shows that the bromine atoms present result in
only minimal changes to the molecular structure. The dimeric
lateral overlap of the fused aromatic portions, however, was very
much enhanced in 3, possibly due to the presence of two
dichloromethane molecules in the void, as seen in Figure 3b.

e
XSS oA xS oo xs S
%ﬁﬁmwv’ﬁ
v{.. X J ! s ity
(@) e
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Figure 3. (a) Asymmetric unit and packing motif of 2; (b) asymmetric
unit and packing motif of 3. Displacement ellipsoids shown at 50%.
Hydrogen atoms omitted for clarity.
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At this point, it was decided to explore the generality of the
new method and to apply it to the more challenging 4N-
containing polyphenylene 1,2-dipyrimidyl-3,6-bis(4-tert-butyl-
phenyl)-4,5-bis(4-bromophenyl)benzene 5. This precursor was
chosen for comparison with a system previously studied by
Draper et al.'” The difference in this case is that two t-butyl
groups are present to block two of the para positions on the
pendant phenyls. On heating dipyrimidyl polyphenylene
precursor § in toluene with Br, for 45 min, the half-cyclized
product 6 was isolated in 70% yield (Figure 4). This was a
positive improvement on the reported yields of similar half-
cyclized analogues that were generated by the traditional FeCl;
route (e.g,, 32%).12

Figure 4. Schematic of the reaction to generate a fused dipyrimidyl
analogue (6) from polyphenylene precursor (5): (i) Br,, toluene, 90 °C,
1h

Recrystallization of 6 from CH,Cl,/MeOH vyielded the
product as a crystalline yellow solid. After filtering, no further
purification was necessary, and on diffusing the product in a
methanol solution, twinned crystals suitable for X-ray diffraction
studies were genereated. The data were refined as a two-
component twin using PLATON and HKLF 5 and were
successfully integrated using a triclinic unit cell. The unit cell
contains 6 H,O molecules, which were treated as a diffuse
contribution to the overall scattering without specific atom
positions by SQUEEZE/PLATON. The packing motif (Figure
5) shows the head-to-tail stacking between alternating molecules,
with very small interplanar distances of 3.365 and 3.349 A.

- — i
53.355A /\ b
{3.349A : §§ ¢
1 -—
E;.s&sA" § AN\

Figure S. Asymmetric unit and packing motif of 6. Displacement
ellipsoids shown at 50%. Hydrogen atoms omitted for clarity.

For all-carbon systems, cyclodehydrogenation is not seen to
occur by the route presented here. All carbon hexaphenylben-
zenes are seen to only undergo para bromination, while
precursors blocked at these sites show no reaction at all.
Increasing the number of pyrimidine rings has a direct influence
on the total number of C—C bond formations achieved. This can
be limited, ultimately, at higher degrees of closure, at which point
the twisted nature of the increasingly fused molecule possibly
inhibits any further reaction. It is likely that, in the presence of
nitrogen atoms, cyclodehydrogenation progresses via an arenium
cation mechanism. This could be rationalized by protonation of
the pyrimidine ring, thereby generating a cation at the adjacent
carbons, ortho to both nitrogen atoms. Evidence for this is seen in
the fact that cyclodehydrogenation never occurs with adjacent

20

phenyl rings bearing electron-withdrawing substituents, such as
Br. This new work supports the general consensus that for bond
formation to occur, via electrophilic attack, a sufficiently electron-
rich contiguous ring is required.

In summary, a gateway reaction has been demonstrated that
offers an unprecedented and one-step process to partially fused
and bromo-functionalized N-doped polyaromatics. These are
suitable for chemical functionalization and/or further aromatiza-
tion using existing routes. The work impacts recent publications
that mark the point of convergence between top-down and
bottom-up synthetic routes to doped nanoribbons. The arrival of
an alternative reagent to brominated precursors with precise
substitution patterning will provide new opportunities for the
control of the symmetry and edge characteristics of graphene
materials and the broadening of their potential application in
electronic devices. Under the right conditions, such materials can
be intermolecularly stitched to form a patchwork holey graphene
sheet or nanoribbon. The new selective fusion and bromination
of highly aromatic di- and tetra-aza PAHs also introduces a high-
yielding methodology to deliver novel ligands. The systems
isolated to date are relevant to making orthometalated or N-
coordinated transition metal complexes with interesting photo-
physical applications.
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ABSTRACT: The first asymmetric cycloaddition of nonstabilized 0, R soBu

azomethine ylide and N-sulfinylimines is presented. In reactions with NS gy atBn H” " }— N\ s '\E'H?! H

aryl—alkyl and heteroaryl—alkyl ketimines, excellent diastereoselectiv- . I ) -l & . T - rPNpy

ities and good yields are obtained in all cases, regardless of the R R - R1_ _
Non-Stabilized Ph 1,2-Diamines

electronic character of the substituents at the aromatic rings.

Azomethine Ylide

Moreover, the cycloadducts obtained can easily be deprotected in
acid media, giving access to free 1,2-diamines which are prevalent in many natural and pharmaceutical products.

1,2-Diamine, containing one tetrasubstituted center and an
unsubstituted CH, (N—CR,—CH,—N), is a highly relevant
privileged moiety because it is present in the structure of
compounds exhibiting pharmacological properties. These
properties have important biological effects such as antitumor,
anti-infective, anti-inflammatory, antidiabetic, and cardiovascular
agents, as well as enzyme inhibitors and immune agents, among
others. These 1,2-diamines usually form part of a large family of
heterocycles. The homochiral tetrasubstituted centers are one of
the keys to their biological role. Because of the importance of
these structures, the search for synthetic methods able to
produce them in an optically pure form is extremely important.
Figure 1 shows examples of these compounds with important
biological effects, such as imidazolines, pyrrolidines, piperazines,
or platinum complexes.

The two main asymmetric strategies used in the synthesis of
this type of 1,2-diamine involve two steps. The first one, the
creation of the tetrasubstituted center, is based on the highly
efficient asymmetric Strecker' or aza-Henry” reaction, yielding

o] Ar
A A i i
HN™ "NH N7 NH A N (j
X e N* NH R" "NH N
/E 1= \ i
Ar” - R R\ 5 RIA— ik
~ o R* R? R R .
Imidazolidin-2-ones  Imidazolines Amine- Pyrrolidine
imidazolines derivatives
0
NH Cl, cCl
“ R HrH P D—NH
N7 SN= NN HN™ NH HN_ )
| NR e TR ¢
Ar— |‘\__,..Nj‘\/ R —f\._N N RV ’
Alkyl & R? 4 R3 R? n
Pyrazin-2-amines Piperazines Platinum Spiro-
Complexes  derivatives

Figure 1. Biologically important 1,2-diamines containing the N—CR,—
CH,—N fragment.

-4 ACS Publications  ©2015 American Chemical Society

aminonitrile and aminonitroderivative intermediates, respec-
tively (equations a and b, Scheme 1). These must be further

Scheme 1. Approaches for the Asymmetric Synthesis of 1,2-
Diamines Containing the N—CR,—CH,—N Fragment

Strecker Reaction

R3 R3 harsh
(@) N’ TMSCN "NH conditions NH,
a —= ——
RrJLRz Lewis acid RZ1°CN RZ'-‘J\/NHz
R R‘I
Aza-Henry Reaction strong
3 reductive
(b) N,R3 MeNO, R‘NH conditions NH,
= NO " g2 s-NHz
R1JLR2 Catalyst Re]; 2 R éf/
Our approach:
. 2
Q. Ph R1,R_.}__ N(SOEBU NH
- -! o e = | o e
© TL Lo i R (g 1 A N
R'R? ' it R'
Non-Stabilized ~ph 1,2-Diamines

Azomethine Ylide

transformed into the diamines required. However, the second
step involves a change in the oxidation state, usually requiring
strong conditions such as harsh acidic reagents for hydrolyzing
nitriles, which sometimes provoke retro-Strecker reactions, and
strong agents to reduce the NO, group, which are not compatible
with many functional groups. This is the main handicap limiting
the applicability of these methods.” Thus, the synthesis of
optically pure compounds containing the N—CR,—CH,—N
fragment still remains a unresolved problem in asymmetric
synthesis, which presents an important challenge in the search for
new procedures that avoid the drawbacks described above.
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It is well-known that imidazolidines can be transformed into
1,2-diamines using hydrolytic procedures.” On this basis, we
reasoned that by finding a good method for obtaining optically
pure imidazolidines with the N—CR,—CH,—N fragment we
could easily achieve the desired diamines. However, the
stereoselective synthesis of these heterocycles is not a trivial
task. Despite one of the most straightforward methods for the
asymmetric synthesis of pyrrolidines being the 1,3-dipolar
cycloaddition of olefins with stabilized azomethine ylides,®
there are very few references concerning their reactions with
imines to obtain imidazolidines.” Moreover, to obtain the
heterocycles bearing the asymmetric tetrasubstituted center of
our desired 1,2-diamines, we needed to start from ketimines,
whose reactions with azomethine ylides have never been
reported (refs 6a and b only concern asymmetric examples
with N-sulfinylaldimines). On the other hand, reactions yielding
the CR,—CH, moiety require the use of nonstabilized
azomethine ylides, which are much less explored in asymmetric
cycloadditions due to their usually low stereoselective control
(only the addition to different electrophiles in racemic versions
has been described).”

In this work, we present a general procedure for preparing the
desired 1,2-diamines based on the asymmetric 1,3-dipolar
reaction of nonstabilized azomethine ylides with N-sulfinylketi-
mines (equation ¢, Scheme 1) and a further transformation of the
resulting imidazolidines. In addition, we will present the results
obtained with some N-sulfinylaldimines.

We started our exploration of the reactions of aldimines® with
a nonstabilized dipole generated from 1 in catalytic acid media,
which to date has never been studied. Reactions with Ellman’s ¢-
butyl-N-sulfinylimine 2a" were performed in the presence of a
catalytic amount of different conventional acids such as TFA,
benzoic acid, and ortho-fluorobenzoic acid (o-FBA), with the
results shown in Table 1 (entries 1—3). They were improved by

Table 1. Initial Exploration of the Addition of Nonstabilized
Ylide Derived from 1 to N-Sulfinylimines 2a—c and 3a,b”

TMS’ T Ph + NTR acid (20 mol %).. \'I\ ) or i )
“OMe Rzu\Ra CHyCl;, 0°C " by
Bn Bn
1 2,R¥=H 4 5
3, R*= Me
entry R! R? acid dr® yield (%)°
1 Bu-2a Ph TFA 69:31 63 (4a/4a’)
2 ‘Bu-2a Ph BzOH 87:13 70 (4a/4a’)
3 Bu-2a Ph oFBA 81:19 80 (4a/4a’)
4 ‘Bu-2a Ph DPP 91:9 72 (4a/4a’)
S Tol-2b Ph TFA 80:20 51 (4b/4b")
6 Tol2b  Ph DPP 87:13 82 (4b/4b")
7 ‘Bu-2c  p-MeOC(H,  DPP 80:20 78 (4c/4c’)
8 ‘Bu-2d  p-CNC¢H, DPP >98:2 87 (4d)
9 Tol-3b  Ph DPP NR®
10 ‘Bu-3a Ph DPP >98:2 26 (5a)
119 'Bu-3a Ph DPP >98:2 86 (5a)

?All reactions were carried out with 1 (0.2 mmol) and 2 or 3 (0.1
mmol) and 20 mol % of the catalyst indicated in 0.2 mL of
dichloromethane. “Determined by 'H NMR. “Combined yield.
“Reaction carried out with 0.4 mmol of 1. “No reaction. Amine
center with opposite configuration (ddp = diphenyl phosphate, 0FBA
= ortho-fluorobenzoic acid, TFA = trifluoroacetic acid).

using diphenyl phosphate (20 mol %) as the acid; this resulted in
a 91:9 mixture of inseparable diastereoisomers (4a and 4a’) in
72% isolated yield after 12 h (entry 4). Other solvent
concentrations and temperatures were also studied (see
Supporting Information), but the diastereomeric ratio could
not be improved. As expected from a steric point of view, the
reactions with N-tolylsulfinylaldimine 2b (R' = Tol) under TFA
and DPP catalysis (entries S and 6) required lower reaction times
(2 h) and the stereoselectivity was slightly lower. We then
studied the influence of the electronic effect of the substituents in
the aromatic ring on the stereoselectivity (see entries 7 and 8).
The electron-withdrawing groups (EWGs, i.e., p-CN) improved
the dr, whereas electron-donating groups (EDGs, i.e., p-MeO)
decreased the final diastereomeric ratio.

The behavior of the N-sulfinylketimines 3a and 3b (precursors
of the tetrasubstituted centers) in these reactions (entries 9—11)
was then explored. Davis’ ketimine 3b did not react, and no trace
of the expected adduct Sb could be detected after 24 h, under
conditions similar to those used with aldimines (entry 9). Other
conditions were also studied (see SI) with analogous negative
results. Surprisingly, the bulkier Ellman’s ketimine 3a yielded Sa
in 26% yield under mild conditions after 18 h (entry 10), and this
yield could be improved by up to 86% in 2 h by increasing the
amount of 1 (4 equiv, entry 11).

Once the optimal conditions had been determined, we studied
the reactions with different methyl aryl ketimines 3 (Table 2).

Table 2. Scope of the Reaction between Ketimines 3 and 1 in
the Presence of Catalytic DPP*

- {
™S r|~i Ph . N""'Bu DPP (20 mol %) _ [}
“OMe R “Me CHxCl; 0°C "
Bn
1 3 5
entry R time (h) dr” yield (%)
1 C¢H; (3a) 2 >98:2 86 (5a)
2° CgH; (3a) 8 >98:2 83 (5a)
3 p-MeCgH, (3¢) 2 >98:2 97 (5¢)
4 p-CNC4H, (3d) 2 >98:2 89 (5d)
5 p-NO,CH, (3e) 3 >98:2 87 (Se)
6 0-FC4H, (3f) 3 >98:2 57 (5f)
7 2-naphthyl (3g) 2 >98:2 84 (Sg)
8 m-MeOC¢H, (3h) 2 >98:2 94 (5h)
9 2-furyl (3i) 10 >98:2 92 (5i)
10 2-thienyl (3j) 12 >98:2 87 (5§)

“All reactions were carried out with 1 (0.4 mmol) and 3 (0.1 mmol) in
0.2 mL of dichloromethane. “Determined by 'H NMR. “Reaction
carried out with 5.3 mmol of 1.

The result of the reaction of 3a under conditions of entry 11 in
Table 1 was repeated in entry 1 of Table 2. This reaction could be
scaled up to 5.3 mmol without any erosion in the yield and the
diastereoselectivity (entry 2). The reaction tolerated EDGs and
EWGs in the aryl moiety. This reactivity was only slightly
sensitive to the electronic character of the ring, with longer
reaction times for substrates bearing electron-rich rings (entries 9
and 10) and similar reaction times with electron-poor ones
(entries 4 and S). Bulkier aromatic rings like 2-naphthyl or ortho-
fluorophenylketimines (entries 6 and 7) had a mild influence on
the reactivity. Stereocontrol is very efficient in all cases (dr >
98:2), and the yields are usually very good.
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We then examined the influence of other ketimines (3k—30)
on the dipolar reaction with the nonstabilized dipole (Scheme 2).

Scheme 2. Scope of the Reaction between N-
Sulfinylalkylketimines 3k—30 and 1 in the Presence of
Catalytic DPP“

- 0/ R?  soBu
TMS™ "N~ “Ph S. Ri<
| . Ntgy DPP (20 mol %) B
“OMe R R2 CH.Cl, 0°C % N’
Bn
............ L S - S
Et, SOBu )\: SO'Bu = SOBu
T N N
N s S L
) h h
Bn Bn Bn
5k, dr > 98:2 51, dr > 98:2 5m, dr = 98:2,
t=2h, yield=86% t=5h, yield=66%  t=5h, yield =64%
Me, SOBu Et0,Cc, SOBu
tgy=7 N ph=7—N
L P b
N N
Bn Bn
5n, no reaction 50, dr > 98:2

t=1.5h,yield =71%

“All reactions were carried out with 1 (0.4 mmol) and 3 (0.1 mmol)
and 20 mol % of DPP in 0.2 mL of dichloromethane. The
diastereomeric ratio was determined by 'H NMR.

The reactions of phenylalkylketimines 3k (R* = Et) and 31 (R* =
s-Bu) produced the corresponding imidazolidines Sk and 51 as
single diastereoisomers in good yields (86 and 66%,
respectively), whereas the dialkylketimines which contained
the bulky #-Bu group did not give fruitful results (Sn was not
detected). Two interesting examples illustrate the synthetic
possibilities of this reaction. The first is the spiranic compound
Sm, which was obtained diastereomerically pure in 64% yield and
illustrates the behavior of N-sulfinylimines derived from cyclic
arylketones. It is relevant because of the importance of the
spiranic structures containing the fragment NCR,CH,N,” which
are accessible from the adducts obtained. The second example is
the derivative So, also obtained with complete control of the
stereoselectivity in the reaction of a sulfinylimine derived from an
a-ketoester, which could provide an interesting route for the
preparation of optically pure tetrasubstituted a-amino acids
derived from 1,2-diamines.

The absolute configuration of imidazolidine S5d was
unequivocally assigned as R,R (left, Figure 2) by X-ray
crystallographic analysis.'” We assigned the same configuration
to all imidazolidines derived from ketimines 3 and obtained as
unique diastereoisomers. Analogously, the absolute configura-
tion of 4d was assigned as S,R (right, Figure 2). This was also

Figure 2. Absolute configuration of the imidazolidine Sd and 4d (Ar = p-
CNCH,).

94

assumed for the major diastereoisomer obtained for the other
aldimines 2a—2c studied. Thus, the predominant configuration is
different for both types of substrates.

As the configuration at carbon starting from aldimines is the
opposite of that resulting from ketimines, the factors controlling
the stereoselectivity in both reactions should be different. The
conformational stability of the different rotamers of the ketimine
3a around the N—S bond was studied previously by DFT
calculations. "'

Analogously, this question was also studied in the N-
phenylsulfinylimine derived from acetaldehyde,'> which will be
used here as a model of the behavior of N-sulfinylaldimines. In
both cases, A rotamers, with the sulfinyl oxygen in a s-cis
arrangement with respect to the C—N bond, is more stable than
the B rotamer, with the lone electron pair at sulfur adopting the s-
cis arrangement (Scheme 3). This is presumably due to the

Scheme 3. Stereochemical Course for Aldimines and
Ketimines

R
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minimization of the dipolar moment and the significant
contribution of the stabilizing hydrogen bond of the sulfinyl
oxygen with H (dg..y = 2.33 A) in aldimines or with the CH; in
3a (do.y_c = 2.17 A). The shifting of the equilibrium, and
therefore the predominance of rotamers A, is much higher for
aldimines (AG = 4.8 kcal/mol) than for ketimines (2.4 kcal/mol
in 3a), as would be expected from the steric repulsions involving
the sulfinyl oxygen in both cases (O/H in aldimines < O/Me in
3a). According to these data, B rotamers must be scarcely
populated in aldimines. However, they will be small, but
significant, in ketimines such as 3a."® Due to their relative
reactivity, steric factors predict a similar reactivity for A and B
rotamers, being favored in both cases by the approach of the
dipole to the face, avoiding interactions with a bulky ¢-butyl
group (pro-Rin A and pro-S in B). However, electrostatic factors
determine the higher reactivity of the B rotamers due to the
favorable formation of compounds §, with the R configuration at
carbon. On this basis, we have explained the stereochiral results
obtained as follows. In the case of the ketimines, the population
of the B rotamers is low but significant. Higher reactivity of the B
rotamers compared to A rotamers determines the exclusive
formation of compounds § (Curtin—Hammett principle).
Nevertheless, the stereoselectivity control is not complete in
the case of aldimines, and compound 4/, resulting from an attack

DOI: 10.1021/acs.orglett.5b03251
Org. Lett. 2016, 18, 92—95



Organic Letters

of the dipole to the B rotamers of compound 2a, can be detected
(91:9 mixtures of 4a/4a’, Table 1). The influence of the
substituents supports this explanation. Thus, the presence of an
EWG (such as CN in 2b) will increase the acid characteristics of
the aldiminic hydrogen and therefore the strength of the
hydrogen bond and the AG value. Thus, the population of B
decreases, and the stereoselectivity increases (only 4b was
detected), whereas an EDG (such as OMe in 2c) produces the
opposite result, decreasing the diastereomeric ratio (80:20
mixture of 4c/4c’, Table 1).

Finally, we studied different transformations of the imidazo-
lidine 5 (Scheme 4). Desulfinylation into imidazolidines 7a and

Scheme 4. Selective Deprotection to Different Diamine
Derivatives

H4C

HaC o € SOBu HiC
R=—NH 4M HCl in dioxane/ Rr=—N 1.25 M HCI Res—NH;
[ ) . meoH@n  *7 _inMeOH "/
g% i, 2h N reflux, 10 h NHBn
7a (R = Ph, B6%) 5 6a (R = Ph, 96%)

7f (R = 0-FCgH,,Ph, 89%) 6e (R = p-NO,CgHj, 88%)

7f can be performed in high yields with HCl in a mixture of
dioxane/MeOH (7:1), whereas the desired open chain 1,2-
diamines 6a and 6e, containing the N—CR,—CH,—N fragment,
can be obtained only using methanol as solvent.

In conclusion, we have developed the first asymmetric
cycloaddition of nonstabilized azomethine ylides and N-
sulfinylimines, with almost complete control of the stereo-
selectivity. The cycloadducts obtained from ketimines can be
deprotected in acid media, providing easy access to 1,2-diamine
derivatives containing tetrasubstituted centers, which are
prevalent structures in natural and pharmaceutical products.
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ABSTRACT: Novel amino acid substituted imidazoles engendered ROLL R =cocH(NN" system

from amino acid alkyl ester hydrochlorides and 2-oxoaldehydes as a ¢ o e [ R, COR

result of selenium dioxide promoted unconventional reaction in a ® s ®H0 seoy pyridne - 050 :R--"Il\fNH .('”:.‘- R

basic environment is presented for the first time. Despite the nature =, FNH;HCI A R ey Rey Y

of the 2-oxoaldehydes/amino acids used, the imidazoles generated  cow e ] 5 Gxmrpied
3 Bavage up to 89% yield

had a functional core structure, and all of the reactions meticulously
retained regioselectivity. The imperative feature of these reactions
was the uniqueness of selenium dioxide in fixing two nitrogen atoms from amino acids through an in situ generated
ArCOCHN)N, system.

2-Oxoaldehydes (OAs) have proven to be versatile building Scheme 1. Summary of Work

blocks for a variety of chemical transformations.' The application A) Curlosity-drivan design 0

of OAs toward the generation of different exigent products/ i , n--’ﬁ 80
chemistry is the current interest of our group.” The differing R CHO o0y pyrdine. e OS¢ g

behavior of the aldehyde group in OA is primarily due to the R nigh AN R o

presence of an electron-withdrawing ketone group.' Although ol 5 j

reactions through the aldehydic group of OA with different . N "RCOCHN,N;" system
nucleophiles are well explored in diverse directions, the reactivity i '.cc;

through the in situ generated hypothesized system B)lierature roport T
(RCOCHN)N,) is not well explored. To develop applications $ N 52

for such a system, we recently established a novel method for the ROCT NHz + OHOR base, axidant~ ROC™|{ R

synthesis of 6—aminophenanthridines.z"‘ Therein, benzotriazoles B s R Conorationof ifaren

were used as nucleophiles against an in situ generated 2- RO;G7 "NH; + OHOR " ROLTNTR ™ hoterocycies
oxoiminium ion. However, with amino acid alkyl esters, the C) Our work ™

reactivity was not possible due to the tendency of 2-oxoiminium g T ',{'C&‘R’

to oxidize to a-ketoamides.”™ In an effort to develop such a R'O’C/:”H‘“HC' i m" T aon iR Va

system with amino acids, we designed our reaction against amino :

acids in the presence of selenium dioxide (Scheme 1A). In our

previous observation regarding the conversion of a-carbon- to moderate nucleophilicity of amino acid alkyl esters between
ylimines to a-carbonylamides, we efficiently developed an secondary and weak nucleophilic amines it would preferably go
oxidative amidation approach against weak nucleophilic amines through path b and result in the generation of an RCOCHNN,
(anilines, benzamides, and sulfonamides).2f However, such system III that ultimately results in the synthesis of imidazolesin a
reactions, when tested against primary aliphatic amines, failed regioselective manner (Scheme 1C).

to produce any reaction. For these observations, we presume that, Imidazole derivatives arez well known for their diverse
due to the low nucleophilicity of WNA, the intermediate I pharmacological applications.” In addition, imidazole is part of

histidine and histamine, and their derivatives are the core

undergoes an elimination reaction to the 2-oxoimine II ¢
fragments in different natural products.” Thus, our method could

intermediate (path a) that ultimately undergoes oxidation to an
amide bond. However, the behavior of such a reaction against
amino acids alkyl esters bearing primary nucleophilic amine with Received: November 18, 2015
the B-ester group was never explored. Herein, we assume that due Published: December 15, 2015
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be a novel, alternative, economical, and imperative method for
their regioselective synthesis. Amino acids are always considered
to be an attractive class of chiral reactants/reagents used for the
generation of different complex organic compounds.” While the
reaction of amino acids with aldehydes has been successfully
employed for the generation of amide bonds® and different
heterocycles through reaction of in situ generated imine with
different reagents (Scheme 1B),” they have never been directly
utilized as reagents for the synthesis of different imidazoles
(Scheme 1C). In this regard, our method highlights an
unconventional tendency of selenium dioxide to promote the
synthesis of imidazoles in a regioselective manner through a
RCOCHN) N, system in a basic environment. The beauty of the
reaction lies in the fixing of two nitrogens from the amino acid in
manner similar to the method of Hashemi et al. for the synthesis of
imidazoles.®

In our initial investigations, we ventured to examine the nature
of product obtained on reacting phenylglyoxal 1a (1 mmol) and
glycine methyl ester hydrochloride 2a (1 mmol) in ACN under a
basic environment (1 mmol) with selenium dioxide (1 mmol) as
the reagent at 100 °C. To our delight, the reaction produced an
unexpected product 3a in 33% yield (Table 1, entry 1).

Table 1. Optimization of the Reaction®

o o ~COMe
0" NH, HCI + OHC ok Se0,/ base A | N x
Me0.C 2aN 2HC iak ACN | 2 Nrj \_4
SeO,/ 3a
2a oxident tem; (vield®)/
entry  (mmol) base (mmol) (mmol) (°C time (h)

1 1 pyridine (1) 1 100 33/4
2 1 pyridine (1) 1 50 32/4
3 1 pyridine (1) 1 rt 30/4
4 1 pyridine (1.3) 1 rt 50/4
5 1 pyridine (1.5) 1 rt 52/4
6 1 pyridine (1.7) 1 rt 52/4
7 1.1 pyridine (1.5) 1 rt 56/4
8 12 pyridine (1.5) 1 rt 61/4
9 1.2 pyridine (1.5) 1.2 rt 67/4
10 12 pyridine (1.5) 15 rt 67/12
11 1.5 pyridine (1.5) 12 rt 67/12
12 1.2 TEA (1.5) 12 rt 30/24
13 12 KOH (1.5) 12 it 25/24
14 12 NaOH (1.5) 12 it 28/24
15 12 NaHCO; (1.5) 12 it 18/24
16 12 KHCO; (1.5) 12 it 21/24
17 12 pyridine (15)  MnO, (1.2) t 0/24
18 1.2 pyridine (1.5) IBX (1.2) rt 0/24
19 12 pyridine (1.5) TBHP (1.2) rt 0/24
20 1.2 pyridine (1.5) Oxone (1.2) rt 0/24
21 1.2 pyridine (1.5) DIB (1.2) rt 0/24

“Reaction conditions: 1a (1 mmol), 2a (1.2 mmol), pyridine (1.5
mmol), selenium dioxide (1.2 mmol), and ACN (3 mL). “Isolated
yields.

Compound 3a, when examined in HRMS, surprisingly generated
a mass of 321.1235 that formulated a structure formula of
C,oH 7N, O;. This perhaps could be possible if two molecules of
OA 1a reacted with two molecules of amino acid 2a in an
unprecedented manner. In this regard, detailed NMR analysis was
performed to reach a structure of 3 (for details, see the Supporting
Information, page S14). The structure was finally fortified by
single-crystal X-ray diffraction studies of the best crystallizable
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Figure 1. ORTEP diagrams of compound 3e.

compound 3e, generated by reacting 2-(4-fluorophenyl)-2-
oxoacetaldehyde le (1 mmol) and glycine methyl ester
hydrochloride 2a (1 mmol) under the above-mentioned
conditions (Figure 1; for details, see the Supporting Information).

Following the promising results achieved with the above
method, the reaction conditions, particularly the change in
concentrations, temperature, and base, were thoroughly inves-
tigated (Table 1). Under the conditions comparable to those
perceived above, a survey of change in temperature (entry 1—3)
intimated that there was no predominant effect of temperature on
the yields (entry 3). Besides, screening of our reaction at different
concentrations of pyridine was also performed (entries 3—6). We
observed that better yields of desired product were observed at 1.5
equivalence of pyridine (entry S). A further increase in the
concentration of pyridine had no promising effect (entry 6).
Later, screening about the change in amino acid concentration
(entries 6—8) generated best results when taken at 1.2 equiv
(entry 8). In addition, our reaction when tested with different
concentrations of selenium dioxide (entries 8—10) indicated best
results at 1.2 mmol (entry 9). Furthermore, we tested our reaction
under different bases (entries 12—16). Finally, different reactions
were tested against different oxidants to confirm the unanimous
role of SeO, to promote our reaction (entries 17—21). After
extensive studies, we observed that the best conditions for the
reaction were when 1 mmol of 1a was treated with 1.2 mmol of 2a
and 1.2 mmol of SeO, in 3 mL of ACN in the presence of 1.5
mmol of pyridine at rt (entry 9).

Having observed that SeO, catalyzed the unprecedented
addition of glycine methyl ester 1a with 2-oxoaldehyde 2a under
the above optimized conditions in a highly regioselective manner,
we then decided to examine the substrate scope of this process. As
compiled in Tables 2 and 3, a variety of amino acid alkyl esters 1
were tested against 2-oxoaldehydes 2 with diverse steric and
electronic properties (entries 3a—ad). We were gratified to find
thatin all reactions tested the desired products 3 were produced in
good yields (60—89%). In general, we classified these reactions in
two different sets of experiments. In one set of experiments,
different reactions were conducted between different 2-
oxoaldehydes 1 and glycine methyl ester hydrochloride 2a
(entries 3a—h). It was observed that both electron-rich and
electron-deficient OA could be smoothly transformed into the
desired product. In addition, different experiments were
performed between different representative amino acids 2 and
phenylglyoxal 1a (entries 3i—1). In this case as well, yields were
good for all the reactions conducted. Further, to check the
reproducibility of our reaction against different ester protected
amino acids, we conducted a few experiments against ethyl-
protected glycine (entries 3m—o). In all reactions, we found no
effect of the change in yields to that extent.

Another set of experiments was conducted between different
OAs and amino acid hydrochlorides in order to check for a broad
substrate scope (Table 3). In general, substituents at different
positions of the arene group and their electronic nature in OA do
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Table 2. Scope of the Reaction”

R o BT s
R'OZCANHZ HCI + OHC” “R" % 4 I,}R"
2 1 it N3
entry R R’ R” yield® (%)/time (h)
3a H Me Ph 67/4
3b H Me 4-MePh 68/4
3¢ H Me  3-MePh 66/4
3d H Me 4-MeOPh 69/4
3e H Me 4-FPh 62/4
3f H Me 4-CIPh 64/4
3g H Me 4-BrPh 65/4
3h H Me 4-HOPh 60/4
3i Me Me Ph 84/3.5
3j benzyl Me Ph 83/3
3k isopropyl Me Ph 81/2.5
31° ethyl(methyl)sulfane Me Ph 79/2.5
3m H Et 4-Me 66/4
3n H Et 4-F 61/4
30 H Et 4-Br 60/4

“Reaction conditions: 1 (1 mmol), 2 (1.2 mmol), pyridine (1.5
mmol), selenium dioxide (1.2 mmol), and ACN (3 mL). bIsolated
yields. “d-isomer.

Table 3. General Substrate Scope of the Reaction”

= o ® ~COxMe
MeOgC/;\ NH, HCI + OHCJLR" W" R" J\ﬂ} R*
2 1 " N3 4
yield® (%)/time

entry R R” (h)
3p Me 3-MePh 85/3.5
3q Me 4-MePh 86/3.5
3r Me 4-MeOPh 88/3.5
3s Me 4-FPh 84/3.5
3t benzyl 4-MePh 82/3
3u isopropyl 3-MePh 85/2.5
3v isopropyl 4-MePh 86/2.5
3w isopropyl 4-FPh 81/2.5
3x isopropyl 4-CIPh 83/2.5
3y isopropyl 4-BrPh 82/2.5
3z isopropyl 4-MeOPh 89/2.5
3aa“  ethyl(methyl)sulfane  4-MePh 82/2.5
3a3b H S-methylthiophene-2-yl 64/4
3ac Me S-methylthiophene-2-yl 86/3
3ad H 4-NO,Ph 0/24

“Reaction conditions: 1(1 mmol), 2 (1.2 mmol), pzridine (1.5 mmol),
selenium dioxide (1.2 mmol), and ACN (3 mL). “Isolated yields. “d-
isomer.

not affect the efficiency of the reaction (3a—ac). However,
reactions with nitro-substituted OA failed to produce any reaction
(entry 3ad). In addition, we found that in the case of amino acids
yields were good despite the nature of the isomer being used (d or
1); however, variation in the R group in amino acids affects the
overall yields to some extent. For glycine, the yields were slightly
less than other amino acids.

Since such reactions on amino acid alkyl esters 2 and 2-
oxoaldehydes 1 are possible with selenium dioxide only, we
currently anticipate a plausible mechanism that can justify the
generation of imidazole regioselectively (Scheme 2). In this
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Scheme 2. Plausible Mechanism
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mechanism, OA reacts with the amino acid in the presence of
SeO, to generate intermediate I. Intermediate I avoids generation
of 2-oxoimine II, undergoes elimination of selenonic acid on
reacting with a second amino acid 2, and generates intermediate
IIL Intermediate III can either undergo tautomerism to IIla that
ultimately can undergo N—C bond cleavage to IIIb or can
undergo addition of another OA molecule to IV. Since
intermediate IIla cannot justify regioselectivity, we propose a
mechanism through IV. Intermediate IV can also tautomerize to
IVa. However, different transformation through IVa could result
in the generation of different product. Therefore, we presume that
IV undergoes cyclization to V, ultimately through different steps
eliminates SeO, and generates intermediate VIIL Intermediate
VIII on aromatization generates the required product 3. The
mechanism was supported by LC—ESI—MS analysis experiments
performed between la and phenylalanine methyl ester 2. We
could easily trap the mass of intermediate III “RCOCHN,N,
system” (for details, see the Supporting Information).

In addition to the reaction mechanism, different control
experiments were conducted to gain insight into the significance
of different groups/reagents toward our reaction (Scheme 3). For
example, we observed no reaction under the optimized conditions
for coupling of benzaldehyde with 2a (experiment 1). This

Scheme 3. Control Experiment

o]
X

o] - SeOyf pyridine
+  HCLH,;N"COMe ———————

no Reaction 1)
2a ACN, 100 °C o
COCHO Se0, (ko
A HNT > COMe ————2——= N @
1a 2a ACN, 100 °C
o] ’; /
3a (0% yield)
COCHO $e0,
+ HNTS — 22 3(0% yield) ®
1a ACN, 100 °C
COCHO ridine
+ HCLH;NT > COMe —22 3 (0% yield) @
1a 2a ACN, 100 °C
COCHO —~
+ HyN CO,H ———————— 3 (0% yield)
©/1a 22 P ACN,100°C ®
Se0,/ pyridine
COCHO | HANT CopH a2 P 5 (0% yield)
1a 22 ACN, 100°C ®)
COCOH Se0,/ pyridine )
LN 0o Me —2 PYIINE o (0% yield)
2a ACN, 100 °C m
COCHO o~ SeO,/ pyridine
HCLHN COMe ——————— 3a (66% yield
©/“ v TN, FOE T e 60% v ®
Ry Rz argon atm
COCHO : SeQy/ pyridine )
+ HCOLHNCOMe 22 PYIO® 3 (0% yield) o
ACN, 100 °C (9)
1a Ry [ Ry
CHy | CHy
CHj |OH
CHy |CoHs

DOI: 10.1021/acs.orglett.5b03321
Org. Lett. 2016, 18, 96—99



Organic Letters

observation clearly indicated the importance of the 2-oxo group in
performing the reaction. Our reaction, when performed in the
absence of pyridine, failed to produce the desired product
(experiment 2). This result demonstrates that besides neutraliza-
tion of amino acid alkyl ester hydrochloride, pyridine act as the
catalyst as well. Failure of reaction with primary amines
(experiment 3) proves the importance of the f-ester group.
Experiment no. 4, obviously justifies the role of SeO, in
performing the reaction. However, experiments 5 and 6 clearly
rule out the possibility of the Maillard-based mechanism '’ for the
generation of imidazoles. In experiment 7, the absence of 3a
clearly justifies that our mechanism is not through 2-oxoacid. In
addition, the reaction between la and 2a under optimized
conditions under argon atmosphere also generated the desired
product 3a in comparable yields (experiment 8). It clearly rules
out the role of air assistance in our reaction. Finally, failure of
valine, threonine, and isoleucine to generate desired product
justifies that rearrangement of VI to VIII/elimination of SeO is
difficult with sterically hindered amino acids (experiment 9).

In conclusion, we revealed an efficient novel synthetic method
for the generation of amino acid substituted imidazoles from
amino acid alkyl esters 2 and 2-oxoaldehydes 1 via selenium
dioxide promoted unconventional reaction in a basic environ-
ment. Despite variation in the nature of 2-oxoaldehydes/amino
acids, the imidazoles generated had a functional core structure
with fixed regioselectivity. The imperative feature of these
reactions was the uniqueness of selenium dioxide in fixing two
nitrogen atoms from amino acids through an in situ generated
ArCOCHN)N, system and generation of optically pure
compounds. Further investigations, including detailed mecha-
nistic studies, expansion of the substrate scope to different
natural/nonprotein amino acids, and peptides, and application
toward the development of novel IDO inhibitors'' /peptidome-
mitics,'> are currently underway in our group.
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ABSTRACT: Lancolide E (1) featuring a complex tetracyclo[5.4.0.0%*.0>"Jundecane-bridged system that is constructed by an
eight-, a three-, and two five-membered carbon rings in a sterically congested region was obtained in trace amounts from a “talented”
schinortriterpenoid producer Schisandra lancifolia. Its structure was fully characterized by combining 2D NMR spectroscopy,
theoretical calculations, and X-ray diffraction analysis. The biogenetic pathway of 1 was proposed to involve a Prins cyclization.

ince the discovery of the first schinortriterpenoid (SNT)

from Schisandra micrantha in 2003," plants of the
Schisandraceae family, an important medicinal taxon, have
become famous for their ability to produce highly oxygenated,
rearranged nortriterpenoids. Their underlying biogenetic path-
ways are thought to originate from 3,4:9,10-disecocycloartanes,
which show intriguing terpenoid oxidation and cyclization
reactions occurring in nature.” Such complex chemical reactions
generate tremendous structural variety that the skeletal repertoire
is far more diverse than initially thought. In this context, enormous
efforts directed toward the total synthesis of these challenging
molecules have been ongoing for more than 10 years in several
research groups,”” and recently, the complete syntheses of
schindilactone A,** rubriflordilactone A,**" schilancitrilactones B
and C* and propindilactone G* have been accomplished
successively, providing a cornucopia of reports on synthetic
strategies and tactics.

In our search for new SNT's from plants of the Schisandraceae
family, we attempted to identify new architectures in a structure-
guided isolation approach. HPLC—UYV screening enables simple,
rapid, and direct identification of the structural features of SNTs,
which is based on our long-established SNTs library. By using
this approach, we recently discovered several SNTs bearing
unusual scaffolds from S. lancifolia collected in the Nujiang
prefecture such as schilancitrilactones A—C,* lancolides A—D,’

-4 ACS Publications  ©2015 American Chemical Society
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and lancifonins E and F.® Meanwhile, inspecting the isolates and
the data from HPLC analysis, we noticed that almost all SNT's
from this species showed a maximum UV absorption band in the
range of 270—300 nm with slight differences in peak shapes,
which is an attribute of the a,f,y,6-unsaturated-y-lactone moiety
in the side chain or exocyclic position.”” Therefore, if there is an
exception to the aforementioned cases in S. lancifolia, it allows us
to assume that the structural feature may have changed and thus a
new compound appears to be prospective. As a part of our
ongoing research for structurally fascinating SNTs from such
a “talented” producer using UV screening approach, a minor
SNT (1.3 mg) with a A, at 204 nm featuring a complex
tetracyclo[5.4.0.0%*0*" Jundecane-bridged system, termed lanco-
lide E (1), was isolated (Figure 1). Herein, we report the isolation,
identification by using 2D NMR spectroscopy, theoretical
calculations, X-ray diffraction analysis, and biogenetic pathway of 1.

Lancolide E (1) was obtained as white amorphous powder. Its
molecular formula was determined as C,oH3,0, by the positive
ESIMS (m/z 563 [M + Na]*) and HREIMS (m/z 540.1998
[M]", calculated $40.1995), indicating 14 degrees of unsatura-
tion. The '"H NMR spectrum of 1 (Table S1, Supporting
Information) recorded in acetone-ds showed one secondary
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Figure 1. Structures of lancolides D and E (1) and their respective
nomenclatures of the unique bridged systems (numbering in blue).

methyl at 8y 1.04 (d, J = 7.0 Hz) and four tertiary methyls at
8y 1.19 (s), 1.25 (s), 1.26 (s), and 1.96 (br s). An olefinic proton
resonance at 8y 7.28 (d, J = 1.6 Hz) suggested the existence of a
trisubstituted double bond. In the lower-field region, four
resonances at 5y 4.23 (brs), 4.39 (s), 4.83 (dd, J = 5.1, 2.5 Hz),
4.97 (d,] = 6.0 Hz), and 6.25 (s) were ascribed to either methines
or exchangeable hydroxyl groups. Its *C NMR and DEPT
spectra (Table 1) exhibited 29 carbon resonances, including
five methyls, three methylenes, nine methines (one olefinic and
two oxygenated carbons), and 12 quaternary carbons (one keto
carbonyl, two ester groups, one olefinic carbon, and six
oxygenated carbons). By analysis of the HSQC spectrum, all
proton resonances were unambiguously assigned to their
respective carbons except for the two singlets at &y 4.39 (s)
and 6.25 (s), which indicated that these two proton resonances
were from hydroxyl groups. These observations occupied 4 out
of 14 degrees of unsaturation, indicative of an SNT with a
decacyclic structure for 1.

Extensive analysis of the 1D (Table 1) and 2D (Figure 2)
NMR data demonstrated that 1 possessing rings A—D and G
shared partially structural similarities with lancolide D, a 12,22-
cyclopreschisanartane-type SNT that was isolated from this
species previously,” but the analysis also revealed some
significant functional group and structural distinctions between
them. The resonances of the C-22/C-23/C-24/C25 conjugated
double bond (5; 139.6, 141.4, 135.9, and 127.0) and the
characteristic C-15 hemiketal carbon resonance (6; 106.7) in
lancolide D were absent. Instead, a trisubstituted double bond
(6c 149.3 and 129.4) and three anomalous quaternary carbon
resonances (6c 109.6, 91.1, and 53.6) were observe in 1.
Additionally, the UV spectrum of lancolide D showed a 4, at
304 nm that was contributed by the exocyclic @,3,y,6-unsaturated
y-lactone moiety,” while the A, of 1 was blue-shifted to 204 nm
indicating a rupture in the ,f,y,6-unsaturated y-lactone but yet
suggestive of an a,f-unsaturated-y-lactone moiety.

The aforementioned differences allowed us to postulate that
the tricyclo[6.3.0.0”"' Jundecane-bridged system involving the
exocyclic conjugated double bond in lancolide D is rearranged
in 1. This assumption was confirmed by detailed analysis of
HMBC and 'H-"H COSY data recorded in acetone-dy as well
as in pyridine-ds (Figure 2). The hemiketal C-1S resonance
(8¢ 106.7) in lancolide D had been replaced by an oxygenated
quaternary carbon resonance at dc 91.1 in the eight-membered
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Table 1. Experimental and Calculated "*C (150 MHz) NMR
Data of Lancolide E (1) (6 in ppm)

expt caled
no. 8¢, type” d¢ typeb S¢c° A5
1 80.5, CH 80.8, CH 80.6 0.1
2 39.8, CH, 40.4, CH, 40.3 0.5
3 1772, C 178.1, C 173.0 42
4 857, C 85.8, C 86.5 0.8
5 47.4,CH 47.4,CH 472 02
6 33.0, CH, 32.8, CH, 332 0.2
7 702, CH 702, CH 733 31
8 59.0, CH 59.9, CH 60.0 1.0
9 85.3,C 85.6, C 86.8 1.5
10 97.8, C 985, C 98.4 0.6
11 25.5, CH, 264, CH, 286 31
12 37.6, CH 37.8, CH 407 3.1
13 27.2,C 27.3,C 30.3 3.1
14 204.3, C 206.3, C 206.9 2.6
15 91.1, C 912, C 91.0 0.1
16 27.0, CH 27.6, CH 292 22
17 285, CH 28.5, CH 293 0.8
18 13.9, CH, 14.0, CH, 144 0.5
19 1027, C 103.0, C 103.5 0.8
20 39.4, CH 39.5, CH 416 22
21 15.6, CH; 16.0, CH; 15.7 0.1
2 $3.6,C 53.8,C 543 0.7
23 109.6, C 109.8, C 108.5 1.1
2% 1493, CH 149.6, CH 145.8 35
25 129.4, C 129.6, C 130.3 0.9
26 171.5,C 172.5, C 166.1 S4
27 103, CH, 103, CH, 130 2.7
29 25.8, CH;, 26.0, CH,4 25.2 0.6
30 30.4, CH, 30.7, CH, 29.1 13

“Recorded in acetone-ds. "Recorded in pyridine-ds. “Calculated in
acetone-dg. TAS = 164 — Oexpth MAE = 1.6 ppm, and CMAE =
2.2 ppm.

Figure 2. Key HMBC (H — C), 'H—'"H COSY(-), and ROESY
correlations of 1.

carbon ring (ring F) of 1, which was judged by the HMBC
correlations (recorded in acetone-dg) from the hydroxyl group
resonance at Sy 4.39 (HO-15) to C-14 (5c 204.3), C-15
(8¢ 91.1), and C-16 (5 27.0) together with the correlations
(recorded in pyridine-ds) from H-16 (8y; 1.97,d, J = 5.5 Hz) and
H-17 (8 1.18, d, ] = 5.5 Hz) to C-15 (5¢ 91.2). Although the
chemical shift of C-9 in 1 was almost identical with that in
lancolide D, the disappearance of a hemiketal resonance in ring
F of 1 indicated a cleavage of the oxa bridge formed between
C-9 and C-18. The quaternary carbon resonance at ¢ 53.6 was
assigned to C-22 in ring H because it showed HMBC cor-
relations (recorded in acetone-dg) with H-11a (6 = 2.48, ddd,
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J =146, 11.1, 1.0 Hz), H-12 (84 = 2.31, dd, = 11.1, 6.2 Hz),
H-20 (84 = 2.67, m), and Me-21 (5 = 1.04, d, ] = 7.0 Hz). Most
notably, HMBC correlations (recorded in acetone-ds) from
HO-15 and H-16 to C-22 and from H-12 to C-15 together with
correlation (recorded in pyridine-ds) from H-20 to C-15, which
were not presented in lancolide D, were observed in 1, and thus,
this set of HMBC correlations required that there was a carbon—
carbon linkage between C-15 and C-22, which formed a five-
membered carbon ring (ring J) containing C-15, C-16, C-17,
C-20, and C-22. Therefore, a complex, sterically congested
tetracyclo[5.4.0.0*.0%" Jundecane-bridged system constructed
by an eight-, a three-, and two five-membered carbon rings was
established. Subsequently, analysis of the HMBC correlations
(recorded in acetone-d,) from a tertiary methyl (5 1.96) to two
olefinic carbon resonances (5c 149.3 and 129.4) and an ester
group (8¢ 171.5) and from an olefinic proton resonance (5 =
7.28, d, ] = 1.6 Hz) to the ester group and a quaternary carbon
resonance (§c 109.6) demonstrated the existence of an
a,f-unsaturated y-lactone moiety (ring I) containing C-23, C-24,
C-25, and C-26. In addition, linkage of rings H and I by a
carbon—carbon single bond could be deduced from the HMBC
correlation (recorded in acetone-ds) from H-12 to C-23.
Considering the molecular formula and the remaining one
degree of unsaturation unaccounted for, C-9 and C-23 should be
attached to the oxygen atom left to form a six-membered oxygen-
containing ring (ring E) that was connected to ring I in a
spirocyclic manner at C-23, thus completing the planar structure
of 1 (Figure 1).

The rigidity of 1 facilitated the assignment of the relative
configuration. The relative configuration of chiral centers in rings
A—D was determined to be the same as those in lancolide D by
the similar ROESY correlations (Figure 2) and carbon (Table 1)
and proton (Table S1, Supporting Information) chemical shifts
of both compounds, except that H-8 in 1 was assigned to be
a-orientated via the ROESY correlations of H-8 (8 = 4.23, br s)
with H-5 (8y = 2.64, m) and H-6a (6y = 1.94, m). The
observation of ROESY correlations of HO-15 with H-8 and H-20
indicated that HO-15 and H-20 were a-orientated. Moreover,
the ROESY correlations of H-12 with Me-18 and Me-21; and of
H-16 (6 = 1.59, d, J = 5.4 Hz) with H-17 (5 = 1.20, overlap)
and Me-18 were observed as well, thus leading to assignments
of a f-orientation to H-12, H-16, H-17, Me-18, and Me-21. The
R* configuration for C-23 in the spiro lactone was determined
by the ROESY correlations of H-24 with H-12 and Me-21.
Thus, the relative configuration of 1 was determined as 1R¥,
5§*,78%,85%,9R* 10R*,125%,135%,158%,165*,17R*,195%,205*,
225%23R*,

A computational method was carried out to confirm the planar
structure and relative configuration of 1 through comparison
of its experimental and calculated *C NMR data due to the
initially unsuccessful attempts to obtain single crystals of 1. The
MMEF conformational search resulted in seven conformers in a
30 kJ/mol energy window. The conformational geometries
optimization of these conformers at the B3LYP/6-31G(d) level
in vacuo afforded one conformer accounting for more than 99%
(Table S3, Supporting Information), suggesting that compound
1 presented as a structurally rigid polycyclic construct. In regard
to calculation of *C chemical shifts, nuclear shielding constants
were calculated using the GIAO method® at the MPW1PW91-
SCRF/6-31G(d,p) level in acetone with PCM, and the shieldings
so obtained were converted into chemical shifts by referencing to
TMS at 0 ppm (Sqed = Ormis — Oealcd)- The correlation coefficient
(R?) between calculated and experimental data obtained by linear
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regression analysis was 0.9988 (Figure 3), and the mean absolute
error (MAE) and the corrected mean absolute error (CMAE)
were 1.6 and 2.2 ppm (Table 1), respectively, thus supporting the
structure furnished by 1D and 2D NMR data.

i y=1.0191x - 1.8615
R?=0.9988

0 30 60 90 120 150 180 210

6expt{ppm}
Figure 3. Regression analysis of experimental versus calculated
3C NMR chemical shifts of 1; linear fitting was shown as a line.

Various recipes and solvent systems were employed to address
the issue of growing suitable single crystals for X-ray diffraction
experiment so as to provide solid evidence of the structure of 1.
Slow evaporation, slow cooling, and solvent diffusion methods
with single and binary solvent systems were first used. However,
the evaporation rate was carefully controlled but amorphous
powders rather than crystals were obtained. The vapor diftusion
method was then tried, yet slow diffusion of poor solvents, i.e.,
chloroform, petroleum ether, 2-propanol, and ethyl acetate, into
the clear solutions of methanol, acetone, or pyridine containing 1,
respectively, led to the formation of noncrystalline powders as
well. Fortunately, when water was used as a poor solvent to
slowly diffuse into a solution of methanol containing 1 at room
temperature, suitable crystals of 1 in the form of colorless prisms
were ultimately obtained. The X-ray diffraction analysis using
Mo Ka radiation revealed that 1 crystallized in the monoclinic
chiral P21 space group and its asymmetric unit contained two
crystallographically independent molecules with same config-
urations (Figure S1, Supporting Information). Further inves-
tigation indicated that 1 exhibited twinning, and therefore, the
structure was refined employing the TWIN and BASF
instructions in SHELXL-97, generating the final BASF value
0f 0.217. Thus, the structure and relative configuration of 1 were
successfully established (CCDC 1427792, Figure 4).

Figure 4. ORTEP representation of crystal structure of 1.

The absolute configuration of 1 was assigned as 1R,5S,7S,8S,
9R,10R,128,138,155,165,17R,195,205,225,23R based on the
conservation of the absolute stereochemistries of the western
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hemisphere of SNTs. Subsequently, time-dependent density-
functional theory (TDDFT) method'® at the CAM-B3LYP/
TZVP level in the gas phase and in methanol with PCM was
employed to simulate the electronic circular dichroism (ECD)
spectra of 1. Close agreement was found in the calculated and
experimental curves (Figure S). Molecular orbital (MO) analysis
(Figure S3, Supporting Information) at the same level in
methanol revealed that the weak Cotton effect (CE) in the
experimental curve at 301 nm could be ascribed to the negative
rotatory strength at 288.6 nm that was generated by the
electronic transitions from MO143 to MO14S in the cyclopropyl
moiety and the carbonyl group; the experimental positive CE
at 248 nm could be assigned to the positive rotatory strength
at 235.6 nm that was contributed by the electronic transitions
from MO137 to MO144; the diagnostic negative CE at 213 nm
could be ascribed to the negative rotatory strength at 209.6 nm
from MO139 to MO144 involving a 7 — 7 transition of in
the a,f-unsaturated-y-lactone moiety. Therefore, the absolute
configuration of 1 was defined to be 1R,5S,7S,85,9R,10R,125S,
13S,155,16S,17R,19S,208,225,23R.

intensity (mdeg)

250 300 350 400

wavelength (nm)
Figure S. Experimental and calculated ECD spectra of 1 (black,
experimentally observed in methanol; blue, calculated in the gas phase;

red, calculated in methanol).

In the structural elucidation of lancolide E (1), we became
aware of a biogenetic relationship between lancolides D and E
(1) (Scheme 1). It is likely that a cleavage of the hemiketal in
lancolide D affords intermediate A that forms intermediate B, a
C-8 epimer, via a keto—enol tautomerism. A subsequent Prins
cyclization catalyzed by organic acids'' of intermediate B is as
a key step to constructing the C-15/C-22 carbon bond and the
oxa bridge between C-9 and C-23. Due to sample quantity
limitations, bioactivity evaluation of 1 was not feasible.

Scheme 1. Proposed Biogenetic Pathway for 1

H
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ABSTRACT: Dicobalt octacarbonyl-catalyzed carbonylative
cyclization of pyridinyl diazoacetates is developed for the
synthesis of pyridoisoquinolinones under mild conditions
(room temperature) in a carbon monoxide atmosphere.
Moreover, a synthetic method for various pyridoisoquinoli-
nones from ethylpyridinyl aryl acetates is demonstrated
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through diazotization using TsN; and DBU followed by Co-catalyzed carbonylation to generate ketene intermediates, which
can subsequently undergo intramolecular cyclization under mild conditions in a carbon monoxide atmosphere in a semi-one-pot

fashion.

ransition-metal-catalyzed carbonylation using carbon

monoxide is one of the significant methods to prepare a
variety of carbonyl compounds.' In particular, Pd-catalyzed
carbonylative cross-coupling is an important method for the
synthesis of a large number of compounds having the carbonyl
functional group. However, the carbonylation of metal carbenes
is rarely reported due to the limitations of substrate scope and
harsh conditions, such as the high pressure of carbon
monoxide, high reaction temperature, and stoichiometric
processes. Moreover, because the carbonylation of metal
carbene furnishes ketenes, which are very important in organic
synthesis, the development of streamlined synthetic methods to
overcome these shortcomings is still highly attractive and
challenging.

Recently, Ungvary” and Wang” reported the transition-metal-
catalyzed carbonylation of metal carbenes derived from diazo
compounds with carbon monoxide for the preparation of
ketenes and the intermolecular addition of ketenes with
nucleophiles such as alcohols and amines, resulting in the
formation of a variety of carbonyl derivatives." However, we are
not aware of any reported examples of the transition-metal-
catalyzed carbonylation of diazo compounds and sequential
intramolecular cyclization. More recently, we demonstrated a
robust synthetic method for a wide range of pyridoisoindoles
from pyridinyl aryl diazoacetates under Cu-catalytic or metal-
free conditions.’ Inspired by our previous work, we envisioned
that treatment of diazoacetate possessing a nucleophilic
pyridinyl moiety with a transition-metal carbonyl catalyst,
under a CO atmosphere or not, would result in the
carbonylation of metal carbene to afford pyridinyl aryl-
substituted ketene, which can be applicable in intramolecular
cyclization reactions to provide pyridoisoquinolinones.® Herein,
we report dicobalt octacarbonyl catalyzed carbonylative
cyclization of pyridinyl diazoacetates for the synthesis of
pyridoisoquinolinones under mild conditions (room temper-
ature) in a carbon monoxide atmosphere (Scheme 1).
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Scheme 1. Co-Catalyzed Carbonylative Cyclization for the
Synthesis of Pyridoisoquinolinones
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Moreover, a useful synthetic method for a number of
pyridoisoquinolinones from pyridinyl aryl acetates is demon-
strated through diazotization using TsN; and DBU followed by
Co-catalyzed carbonylation and the intramolecular cyclization
of ketene with a tethering pyridinyl moiety under mild
conditions in a carbon monoxide atmosphere in a semi-one-
pot fashion.”

First, we investigated the scope and limitation of transition-
metal carbonyl catalyzed carbonylative cyclization of pyridiny-
laryl diazoacetate la as the substrate under a CO atmosphere
(Table 1). A variety of pyridinylaryl diazoacetates were easily
prepared from Rh-catalyzed alkylation® of 2-arylpyridines with
Meldrum’s acid and the diazotization reaction’ of the
corresponding pyridinyl aryl acetates (see the Supporting
Information). Although Cr(CO), Mo(CO)s W(CO)4 and
Fey(CO);, (2.0 mol % each) were completely ineffective
(entries 1—4), Co,(CO); (2.0 mol %) successfully produced
pyridoisoquinolinone in 95% isolated yield in toluene at 25 °C
under a CO atmosphere after CO bubbling for 2 min (entry ).
When Co,(CO)g-catalyzed carbonylative cyclization was
carried out under a CO atmosphere without CO bubbling or
under a N, atmosphere without CO bubbling, the cyclization
reaction did not go to completion, and the desired product 2a
was obtained in 61% and 19% yields, respectively, along with
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Table 1. Reaction Optimization”

) )

i | N7 cat. A N

= Nz CO balloon SN

1a Co,Et e 2a COE
entry cat. (mol %) solvent time (h) yield” (%)
1 Cr(CO), (2.0) toluene 12 0
2 Mo(CO), (2.0) toluene 12 0
3 W(CO)s (2.0) toluene 12 0
4 Fey(CO),, (2.0) toluene 12 0
S Co,(CO); (2.0) toluene 97 (95)°
67 Co,(CO); (2.0) toluene 61 (35)°
7 Co,(CO); (2.0) toluene 5 19 (70)°
8 Co,(CO); (1.0) toluene 24 56
9 Co,(CO)s (2.0) DCE 12 57
10 Co,(CO); (2.0) CH,CN 2 30
11 Co,(CO); (2.0) THE 5 88

“Reactions were carried out with 1a (0.2 mmol) and metal carbonyl
(1.0—2.0 mol %) in solvent (1.25 mL) at 25 °C. After CO bubbling for
2 min, the reaction mixture was stirred under CO atmosphere. PNMR
yield using dibromomethane as an internal standard. “Isolated yield.
“Under CO atmosphere without CO bubbling. “Recovery yield of 1a.
SUnder N, atmosphere without CO bubbling.

recovery of 1a (entries 6 and 7). These results indicate that the
CO bubbling and atmosphere are essential for the carbonylative
cyclization. The use of 1.0 mol % of Co,(CO); gave inferior
results compared to 2.0 mol % (Table 1, entries S and 8).
Toluene gave the best result among the solvents (DCE,
CH,;CN, and THF; entries 9—11). Screening of a series of Pd
and Rh catalysts did not give satisfactory results (see the
Supporting Information).

Next, the scope of substrates in this carbonylative cyclization
reaction was examined with pyridinyl aryl diazoacetates (1)
possessing a wide range of substituents on the aryl groups
under the optimal conditions (Scheme 2). Electronic
modification of the substituents at the aryl moiety of 1 had
little effect on the reaction efficiency. The substrates possessing
both electron-donating groups (R = Me and MeO) and
electron-withdrawing groups (R = F, Cl, CF;, CN, CH,;CO,
and EtO,C) on the aryl moiety were well tolerated under the
reaction conditions and provided the corresponding products
2b—1 in good to excellent yields ranging from 70% to 94%.
When 2,3-naphthyl-substituted pyridinyl diazoacetate (1n)
underwent the Co-catalyzed carbonylative cyclization, the
desired benzopyridoisoquinolinone 2n was produced in 76%
yield. However, 1,2-naphthyl-substituted pyridinyl diazoacetate
(1o) was cyclized to 20 in 45% yield. This decreased efficiency
was attributed to the steric congestion of the bent polycyclic
aromatic compound. When pyridinyl diazoacetate (lp)
possessing an estrone moiety was employed as the substrate,
the carbonylative cyclization product 2p was satisfactorily
obtained in 84% yield. Moreover, the arene is not limited to a
benzene skeleton. Heteroaromatic diazoacetate 1q obtained
from (thiophene-2-yl)pyridine was applied to the present Co-
catalyzed carbonylative cyclization, affording 2q in 54% yield.

In addition, modification of a wide range of substituents (R =
Me, MeO, F, and CH;CO) on the pyridine moiety was
tolerated without notably affecting the catalytic effectiveness
(Scheme 3, 4a—d). Diazoacetate (3e) possessing an isoquino-
line moiety showed moderate reactivity in this transformation
due to the steric congestion arising from the intramolecular
cyclization. Pyrimidine-substituted diazoacetate (3f) is appli-
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Scheme 2. Scope of Aryl Groups®”
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“Reactions were carried out with 1 (0.2 mmol, 1.0 equiv) and
Co,(CO)g (2.0 mol %) in toluene (1.25 mL) at 25 °C under CO
atmosphere after CO bubbling. bCoz(CO)s (5.0 mol %) was used.
°Co,(CO); (15.0 mol %) was used.

Scheme 3. Scope of Pyridyl Groups®
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“Reactions were carried out with 3 (0.2 mmol) and Co,(CO); (2.0
mol %) in toluene (1.25 mL) at 25 °C under CO atmosphere after CO
bubbling. bCoz(CO)s (15.0 mol %) was used. “Co,(CO); (5.0 mol %)

was used.
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cable to the present transformation, providing the correspond-
ing cyclic product (4f) in 87% yield.

Subsequently, because pyridinyl aryl diazoacetates (1 and 3)
were easily obtained from the diazotization reaction of the
corresponding pyridinyl aryl acetates,” we envisioned that this
carbonylative cyclization for the synthesis of pyridoisoquinoli-
nones could be achieved directly through diazotization followed
by the Co-catalyzed carbonylative cyclization from pyridinyl
aryl acetates in a one-pot fashion (Scheme 4). First, after

Scheme 4. Synthesis of Pyridoisoquinolinones from
Pyridinyl Aryl Esters in a Semi-One-Pot Fashion”

R? R?
ﬁ\ ”J 1) TsNy, DBU = LI'
4
A~ THF, 25 °C, N, PGP
R‘—\ | 2) Co,(CO)s (50 mol %) R )
THF 25 °C. CO balloon
5  COEt 2.4 co;,Et
s
) D
ﬁ\f\m & N & N PN N
Wo Me = EtO,C pV
CO.Et coaa coasx CCI;Et
22, 51% 2d, 68% 21, 63% 4b, 60%

“Reactions were carried out with § (0.2 mmol, 1.0 equiv), TsN; (0.4
mmol), and DBU (0.4 mmol) in THF at 25 °C for 12 h. After the
reaction mixture was filtered through a short pad of silica, Co,(CO);
(50.0 mol %) in THF was added to filtrate at 25 °C for 6 h under CO
atmosphere.

pyridinyl aryl diazoacetate Sa was treated with TsN; and DBU
in THF at 25 °C for 12 h, Co,(CO)j catalyst (2.0 mol %) was
added to the reaction mixture for carbonylative cyclization.
However, because the remaining DBU in the reaction mixture
deactivated the Co catalyst, the corresponding cyclic product 2a
was not produced. Accordingly, we attempted the synthesis of
the pyridoisoquinolinone (2 and 4) in a two-step, semi-one-pot
procedure.” After pyridinyl aryl diazoacetate Sa was treated
with TsN; and DBU in THEF for 12 h, the reaction mixture was
filtered through a short pad of silica, and the filtrate was used as
the starting material in the following Co-catalyzed carbonylative
cyclization at 25 °C under a CO atmosphere, leading to the
formation of 2a in 51% yield. Likewise, pyridinyl aryl
diazoacetates (5) possessing a variety of substituents (R' =
Me and EtO,C, R* = MeO) on the aryl and pyridinyl groups
are applicable in this modified method, providing the
corresponding pyridoisoquinolinones (2d, 2I, and 4b) in
good yields ranging from 60% to 63%.

Because pyridoisoquinolinones (2 and 4) are fluorescent,
their optical properties in CH,Cl, solution were examined (see
the Supporting Information). The pyridoisoquinolinone
fluorophores displayed Stokes shifts ranging from 41 to 75
units. The extinction coeflicients were variable from 67264 to
245677 M~"-em™". The pyridoisoquinolinone (2q) affords high
quantum yields and extinction coefﬁaents, which are an
attractive property for biological probes.’

Although the mechanism of the present reaction has not
been completely established, a feasible reaction pathway is
illustrated in Scheme 5. Coordination of the cobalt catalyst to
the nitrogen atom in pyridinyl diazoacetate 1 and 3 results in
the formation of the intermediate I, which is converted to a
cobalt ethoxycarbonyl carbene complex II through dinitrogen
extrusion. Migration of a CO from the Co carbene II affords
the metal-complexed ketene intermediate III, which is followed
by decomplexation to furnish ethoxycarbonyl ketene IV with
regeneration of the cobalt catalyst. 290171 Subsequent intra-
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Scheme 5. Proposed Mechanism
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molecular cyclization of the ketene group with the pyridinyl
moiety in IV provides pyridinium enolate V, which is in
resonance with pyridoisoquinolinone 2 and 4. The elucidation
of the detailed reaction mechanism must wait further study.

In conclusion, we have successfully developed a dicobalt
octacarbonyl catalyzed carbonylative cyclization of pyridinyl
diazoacetates for the synthesis of pyridoisoquinolinones under a
carbon monoxide atmosphere. Moreover, a useful synthetic
method for a wide range of pyridoisoquinolinones from
pyridinyl aryl acetates has been demonstrated through
diazotization using TsN; and DBU followed by Co-catalyzed
carbonylation and intramolecular cyclization of ketene with a
tethering pyridinyl moiety under a carbon monoxide
atmosphere in a semi-one-pot procedure. These transforma-
tions are attractive due to the use of an inexpensive and
commercially available Co catalyst and an easily accessible
starting material and the release of harmless N, under mild
conditions (room temperature).
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ABSTRACT: An unprecedented iodine(III)-mediated oxidative
transposition of vinyl halides has been accomplished. The
products obtained, a-halo ketones, are useful and polyvalent
synthetic precursors. There are only a handful of reported
examples of the direct conversion of vinyl halides to their

15 examples
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corresponding a-halo carbonyl compounds. Insights into the mechanism and demonstration that this synthetic transformation

can be done under enantioselective conditions are reported.

Ithough hypervalent iodine reagents have been known for

over a century, they have recently become a subject of
growing and keen interest in the field of chemistry." In addition
to being mild, selective, eco-friendly, and versatile oxidants,
iodine(III) and iodine(V) reagents have also proven their utility
in performing synthetically relevant transformations, such as
phenolic dearomatizations” and various other oxidative
rearrangements.” They can also act as safer alternatives to
some toxic metal-based oxidants, such as thallium.* Lately,
there have been numerous efforts in the development of
stereoselective methods involving these reagents.”

The iodine(IIT)-mediated synthesis of functionalized ketone
derivatives has been a particularly active area of research.® This
is not surprising considering the ubiquitous nature of a-
functionalized ketones in natural and synthetic compounds.
One particularly useful approach exploits iodine(II) chemistry
to introduce by oxidation a leaving group at the a position of
the carbonyl (Scheme 1a). If performed under enantioselective
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conditions, the resulting products are versatile chiral precursors
for stereoselective synthesis. In this context, our group has been
interested in the synthesis of chiral nonracemic a-tosyloxy
ketone derivatives. For more than 15 years, the published
methods involved the direct a-tosyloxylation of ketones.”
Recently, we have raised the issue that the probable mechanism
involved for the direct a-tosyloxylation of ketones could
prevent achievement of high enantioselectivities.® In an effort to
solve this issue, we have developed reaction conditions that
have given access to the desired a-tosyloxy ketones from their
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corresponding enol esters (Scheme 1b, R” Ac), with
unprecedented levels of enantioselectivities (up to 90% ee).’

We envisioned that other vinylic substrates having the same
oxidation state as enol derivatives, such as vinyl halides, could
thus serve as a-substituted ketone precursors (Scheme 1c).
Only scarce examples are found in the literature for the direct
conversion of vinyl halides to their corresponding a-halo
ketone derivatives.'’ In analogy to a-tosyloxy ketones, the a-
halo ketones families have the same versality and are common
and useful building blocks in synthetic chemistry."'

Accessing these products from the vinyl halides family is
particularly interesting in this regard, due to the numerous
synthetic methods to access them from nonketonic precur-
sors.'” We report herein the oxidation of vinyl halides to their
corresponding a-halo ketones in high yields and mild
conditions.

To evaluate the reactivity of the described compound family,
we elected to use vinyl halides 1a and 1b, derived from
octanophenone, for the low volatilities of the substrates and
final products. For the sake of simplicity, these substrates were
obtained directly from the ketone.” The results of the
optimization are described in Table 1. The reaction of la
with [hydroxy(tosyloxy)iodo]benzene (HTIB) did not result in
the formation of the a-tosyloxy ketone product, but instead its
chloro analog (2a). The formation of acid derivatives 3 in small
amounts was observed as a consequence of 1,2-aryl migration.
Isolated yields of 3 compounds could not be obtained due to
their partial and continuous hydrolysis over the course of the
purification by flash chromatography on silica gel.

The effect of adding TsOH-H,O in increasing amounts was
studied to determine if this additive could accelerate the
reaction rate, as it was previously observed for the reaction of
HTIB with enol esters.'” It was found to furnish a great
acceleration effect, while not affecting the relative 2a/3
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Table 1. Conditions Screening”

X HTIB (1.05 equiv) o o
PhM == H2_0 PhJ\rH? + R*ﬁ’"}
solvent, rt, time X Ph
1a (X = Cl) 2a (X = Cl) 3
1b (X = Br) 2b(X=Br) R=0Ts, Cl, OH
entry TsOH (equiv) solvent time (h) 2 [%]” 3 [%]°
1 0 MeCN 20 69 15
2 0.1 MeCN S 77 18
3 0.5 MeCN 2 79 21
4 1 MeCN 1.5 80 20
5 0.1 MeCN“ 6 97 <2
6 0.1 MeCN/H,0 (1:1) 24 76 <2
7 0.1 H,O 72 29 <2
8 0.1 CH,Cl, 48 68 20
9 0.1 CH,CL,“ 26 70 30
10 0.1 EtOAc 72 46 <2
11 0.1 THF 1 53 <2
12° 0.1 MeCN* 17 86 <2
13°¢ 0.1 MeCN 17 98 <2
“Unless otherwise stated, la was used. “Isolated yield. Yield

determlned by 'H NMR of the crude mixture, with respect to isolated
2. 10 equiv of water were added to the reaction. *Reaction performed
with 1b.

formation ratio (entries 2—4). Since the concentration of
TsOH increases as HTIB is reduced during the reaction
process, a substoichiometric loading (0.1 equiv) of TsOH is
sufficient to achieve noticeable overall acceleration, and was
used for the remainder of the optimization. As hydrolysis is
most probably involved in the reaction process, the effect of
water was next evaluated. Addition of 10 equiv of water resulted
in no acceleration, but in a very clean conversion of 1a to 2a,
with no detectable aryl migration products 3 (entry S).
Attempts to perform the reaction in either equivolumic
MeCN/water solution or directly in water resulted in lower
yields of 2a, but no observable formation of phenyl migration
products (entries 6—7). Other solvents (entries 8—11) were
tested, but only resulted in lower yields and side products
formation. The addition of 10 equiv of water in dichloro-
methane did not prevent the formation of migration products
3. The optimized conditions were evaluated on vinyl bromide
1b; a lower yield and no migration products were observed
(entry 12). The presence of the a-hydroxy ketone in the crude
mixture suggested susceptibility of 2b toward hydrolysis. The
reaction was thus was performed without the addition of water;
the a-bromo product 2b was obtained in essentially
quantitative yield, with no noticeable migration products
(entry 13).

With these optimized conditions in hand, the scope of this
new transformation was investigated with various vinyl
chlorides and bromides. The results are summarized in Scheme
2. The transformation is efficient on styrene analogs (R =
aromatic), with excellent yields in most cases. It is important to
point out that it does however proceed with some success on
fully aliphatic substituted vinyl bromide 1¢, affording product
2¢ with 32% yield. Conversion of 1c was complete, with the
formation of numerous unidentified side products.

The method supports variation on the other portion of the
styrene derivatives (R’, R”). For example, vinyl chloride and
bromide 1g and 1j, respectively, were converted in almost
quantitative yields to their respective a-halo ketone products.
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Scheme 2. Reaction Scope”
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“Isolated yields reported. No water was added in the reaction.
“Reaction performed at 55 °C. “Reaction performed at 40 °C.

The reaction can even proceed on tetrasubstituted vinyl halides
(1h and 1k), although higher reaction temperatures (40—55
°C) are required to obtain complete conversion. Cyclic vinyl
bromide 1f afforded the desired product 2f in a very fast
reaction. In the last three cases, the lower yield is attributed to
partial formation of the enone products. These results are in
stark contrast with the behavior observed for the corresponding
enol ester analogs, which afforded mainly the formation of the
corresponding enones in low yield.'”'* The electronic
properties of the aromatic group of the styrene derivatives
greatly affect the reactivity. Vinyl halide 1m, bearing a p-
methoxy phenyl group, is converted almost instantly to product
2m. The lower yield is attributed to numerous unidentified side
products, but aryl migration products 3 are observed in higher
quantities in the crude mixture. In contrast, almost 4 days of
reaction are required to achieve complete conversion of
substrate 1n, bearing a p-trifluoromethyl phenyl group. The
described methodology demonstrates a larger scope than the
known methods to directly convert vinyl halides to a-halo
ketones.

During the optimization process, the observation of the aryl
migration products 3 prompted the investigation of the
reaction mechanism. These products point toward a potential
internal transposition of the halogen atom in the reaction
process. To assess the feasibility of the latter versus an external
halide attack manifold, a scrambling experiment was performed.
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An equimolar mixture of substrates 1d and 1j was subjected to
the optimized reaction conditions. The outcome is presented in
Scheme 3.

Scheme 3. Scrambling Experiment
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to accelerate expulsion of the chloride anion, through better
solvation, and prevent formation of products 3. In the case of
vinyl bromides, the bromide anion is a better leaving group, and
the competing aryl migration is not observed. No a-tosyloxy
ketone is observed as the conjugate base of the strongest acid
(HCl and HBr vs TsOH) will be the counterion of the
iodonium intermediate Int-C and lead, by Sy2 substitution, to
the final product. We refer to this pathway as a “release-and-
catch” mechanism.

This unusual mechanism would have strong implications on
the stereochemical aspects of this reaction. We thus tested
preliminary enantioselective conditions to determine if this
transformation would only furnish racemic products. The result
is illustrated in Scheme 5.

Starting from an equimolar mixture of vinyl halides 1d and
1j, the four possible a-halo ketone products were observed in
almost equimolar quantities. The slight variance in ratio could
be explained by either the different rates of conversion of 1d
and 1j or competing mechanisms. It is clear however that the
main reaction pathway does not consist of an internal halide
migration, but an external halide attack. Addition of 10 equiv of
water did not change noticeably the scrambling outcome. The
possibility of the formation of the a-tosyloxy ketone product
and subsequent Sy2 by a halide was infirmed; a displacement
reaction with HCI in similar reaction conditions was found to
be very slow (35% conversion in 36 h) in a control
experiment.”> Additionally, the a-tosyloxy ketone products
were not observed in the crude reaction mixtures, even if the
reactions were stopped prior to completion. With these
experimental clues in hand, we proposed at the moment the
mechanism illustrated in Scheme 4.

Scheme 4. Proposed Mechanism
X
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As observed for the enol esters, the acceleration in the
presence of TsOH is attributed to the formation of the phenyl
tosyloxy iodonium intermediate Int-A, which is suggested to be
the reactive iodine(III) species. Association of the vinyl halide
and attack of a nucleophile (TsO~ or H,0) lead to the
formation of intermediate iodonium Int-B. At this point,
depending on the rate of halide expulsion and migratory
aptitude of the R group, there can be competing internal aryl
migration through a semipinacolic displacement of Phl. In the
case of vinyl chloride substrates, addition of water is necessary
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Scheme 5. Enantioselective Conditions
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While the enantioselectivity observed is modest, the fact that
the product is not racemic is very promising for the
development of an enantioselective variant of this new
transformation. The sense of induction was found to be the
same as that obtained with enol esters using chiral iodoarene 4’
suggesting a similar reaction process. To the best of our
knowledge, this is the first example of an enantioselective
conversion of a prochiral vinyl halide to a corresponding chiral
nonracemic @-halo ketone.

In summary, this new iodine(IIl)-mediated transformation
shows high potential to serve as a very useful synthetic tool.
This methodology will be of great interest for the synthetic
community considering the variety of methods to synthesize
vinyl halides and the utility of a-halo ketone derivatives. The
results described herein also raise numerous interesting
questions for the field of hypervalent iodine chemistry. It is
clear from the control experiments and the results obtained
under enantioselective conditions that several aspects of the
mechanism will need to be investigated in order to fully exploit
this highly promising process. Joint computational/experimen-
tal investigations are currently underway and will be reported in
due course.
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ABSTRACT: Synthesis of four diastereomers of the C1-C12
fragment of amphirionin-5 has been achieved in a convergent and
stereodivergent manner. Detailed comparison of the 'H and "*C
NMR data of each compound with those reported for the natural
product led to not only the stereochemical assignment of the
relative configuration of the C4/CS stereogenic centers but also
reassignment of the proposed relative configuration at C9 of
amphirionin-S.

D inoflagellates of the genus Amphidinium are an enormously
rich source of structurally diverse secondary metabolites of
complex molecular architecture with potent biological activities.
In particular, a number of potent cytotoxic macrolides,
amphidinolides and iriomoteolides, have been isolated from
Amphidinium sp. to date.' Recently, novel complex tetrahy-
drofuran-containing linear polyketide natural products with
intriguing biological activities have been isolated from
Amphidinium sp. by Tsuda and co-workers.”™* Of these,
amphirionin-5 (1, Figure 1) was isolated in 2014 by Tsuda and

20 amphirionin-5 (1)

Me OH

H H =
1 19 Holl 2 oTBS
Me 3 T Me
5 “Me

Figure 1. Structures of amphirionin-S (1) and two possible
diastereomeric C1—C12 fragments 2 and 3.

co-workers from cultivated algal cells of the benthic dinoflagellate
Amphidinium sp. (KCA090S53 strain) collected off the coast of
Iriomote Island, Okinawa Prefecture, _]apan.2 The gross structure
and partial stereochemical assignment of amphirionin-5 was
elucidated on the basis of 2D-NMR data and J-based configura-
tional analysis® and found to consist of a linear polyketide
skeleton containing two tetrahydrofuran rings, a trans-epoxide,
and 11 stereogenic centers. However, despite extensive NMR
studies, the relative configurations of the C4/CS$ stereogenic
centers and the stereochemistry of the two isolated stereogenic
centers at C12 and C26 could not be resolved, and the absolute

-4 ACS Publications  ©2015 American Chemical Society 112

OH O
originally proposed structure of amphirionin-5

Me OH
4 H -

“Me

N 'M
revised structure

configuration has also remained undefined. These stereo-
chemical problems can only be addressed efficiently using a
synthetic approach.

Interestingly, this linear polyketide natural product was found
to exhibit potent proliferation-promoting activity on murine
bone marrow stromal ST-2 cells (282%) and murine osteoblastic
MC3T3-E1 cells (320%) at a dose of 10 ng/mL, whereas it did
not induce cellular differentiation or cellular morphological
changes at a dose range of 0.001—1000 ng/mL and also exhibited
no cytotoxicity at high doses (1—10 ug/mL).”

As part of our program toward the total synthesis and
complete stereochemical assignment of amphirionin-5, we
herein report the stereodivergent synthesis of four diastereo-
meric C1—C12 fragments and comparison of their NMR data
with those reported for the natural product. This has led both to
an assignment of the relative configuration of the C4/CS$
stereogenic centers and a reassignment of the proposed relative
configuration at C9 of amphirionin-S.

Our stereochemical-determination strategy for establishing
the relative configuration of the C4/CS$ stereogenic centers of
amphirionin-S relied on the synthesis of two possible
diastereomers of the epoxide-containing C1—C12 fragments 2
and 3 (Figure 1). Comparison of their NMR spectroscopic data
with those of the natural product would assign the relative
configuration of C4/C5.°~* Our retrosynthetic plan for the C1—
C12 fragments 2 and 3 is depicted in Scheme 1. We envisioned
that the 2,5-trans-substituted tetrahydrofuran ring of 2 and 3
would be constructed through a domino Sharpless asymmetric
dihydroxylation (SAD)/stereospecific cyclization of mesylates 4
and 5, respectively.'” The two requisite diastereomeric epoxides
4 and 5 would be derived by branching from allylic alcohol 6 by
Katsuki—Sharpless asymmetric epoxidation'' using (+)- or
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Scheme 1. Retrosynthesis of Two Diastereomeric C1-C12
Fragments 2 and 3
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(—)-tartrate ester. Compound 6 would be accessed by means of
Corey—Bakshi—Shibata (CBS) reduction'” of enone 7, which in
turn would be assembled from three fragments, isobutyraldehyde
(8), aldehyde 9, and sulfone 10, through Julia—Kocienski
olefination'® and Horner—Wadsworth—Emmons (HWE) re-
action, in a convergent manner.

The synthesis of allylic alcohol 6 started with the known imide
11."* Reductive removal of the chiral auxiliary in 11 with LiBH,
(MeOH, THEF, 0 °C)" afforded alcohol 12 in 92% yield
(Scheme 2). Parikh—Doering oxidation'® of 12 provided
aldehyde 9, which was then coupled with the known sulfone
10" through Julia—Kocienski olefination (KHMDS, DME, —55
°C)" to give (E)-alkene 13 in 64% yield from alcohol 12 (E/Z >

Scheme 2. Synthesis of Allylic Alcohol 6

o O .
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H —_— H
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BHyTHF
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20:1). The p-methoxyphenylmethyl (MPM) group of 13 was
oxidatively removed with DDQ (87%), and the resultant primary
alcohol was oxidized to the corresponding aldehyde. Treatment
of the aldehyde with lithiated dimethyl methylphosphonate,
followed by oxidation with tetra-n-propylammonium gerruthen—
ate (TPAP)/N-methylmorpholine N-oxide (NMO)," provided
P-keto phosphonate 14 (66% yield for the three steps). HWE
reaction of 14 with isobutyraldehyde (8) under Masamune—
Roush conditions (i-Pr,NEt, LiCl, MeCN) '’ led to (E)-enone 7
in 99% yield as a single stereoisomer (E/Z > 20:1). Finally, CBS
reduction'” of enone 7 using (R)-2-methyl-CBS-oxazaborolidine
15 provided the desired allylic alcohol 6 in 93% yield with an 11:1
diastereomer ratio.”” The absolute configuration of the C5”'
stereogenic center was unambiguously established by a modified
Mosher analysis.”

Katsuki—Sharpless asymmetric epoxidation'" of allylic alcohol
6 using (+)-diisopropyl tartrate (DIPT) as a chiral ligand
delivered epoxy alcohol 16> in 90% yield with high
diastereoselectivity (dr ca. 23:1) (Scheme 3). Alcohol 16 was
converted to the corresponding mesylate 4 (MsCl, Et;N), which
was then subjected to SAD using AD-mix-f3.” Diastereoselective
dihydroxylation and concomitant stereospecific cyclization
proceeded smoothly to form a tetrahydrofuran ring, and the
desired C1—C12 fragment 2 was obtained in 90% yield for the
two steps. The 2,5-trans configuration of the tetrahydrofuran ring
in 2 was confirmed by means of HMBC spectra and NOE data,
and the absolute configuration of the C9 stereogenic center was
unambiguously established by a modified Mosher analysis.”***

The diastereomeric fragment 3 was prepared in a similar
fashion from allylic alcohol 6 via epoxy alcohol 17 (Scheme 3). In
this case, Katsuki—Sharpless asymmetric egoxidation of 6** with
(=)-DIPT is a typical “mismatched” pair' "> and thus resulted in
a 1.4:1 mixture of epoxides 17 and 16, which were readily
separated by flash column chromatography on silica gel. Epoxide
17 was advanced by employing the sequence described in the
conversion of 16 to 2 to furnish 3 (86% yield, two steps).”

The 'H and *C NMR chemical shifts in the C1—C9 region of
the two diastereomeric C1—C12 fragments 2 and 3 were
compared in detail with those of the corresponding moiety of the
natural product.”® As shown in Figure 2, the *C NMR chemical
shifts in the C1—C6 region of fragment 2 matched with those
reported for the natural product within +0.7 ppm, while the
diastereomer 3 displayed obviously different chemical shifts. In
particular, the observed *C NMR chemical shifts for C5 and C6
of 3 distinctively deviated from those of the natural product (A
> 1.0 ppm). These results strongly suggested that natural
amphirionin-5 has the (35*%48*,5SR*)-configuration shown for
structure 2. In contrast, there were large and similar discrepancies
in the '*C NMR chemical shifts for C7, C9, and C30 in the right-
hand region of both compounds 2 and 3. From these significant
deviations in the NMR data between the synthetic fragments 2/3
and the natural product, we inferred that the C9 stereogenic
center of amphirionin-5 might be misassigned and that the most
likely configuration of the C1—C9 portion of amphirionin-5 is
represented by the revised structure 18 (see Scheme 4).

Thus, inversion of the C9 hydroxy group of 2 and 3 was
performed using modified Mitsunobu conditions (p-
NO,C¢H,CO,H, Ph;P, diethyl azodicarboxylate (DEAD),
THF)*® followed by methanolysis (K,CO,;, MeOH) to afford
alcohols 18 and 19, respectively, as shown in Scheme 4. Their
NMR data were again compared with those of the natural
product (Figure 3). Clearly, the '*C NMR chemical shifts in the
C1—C9 region of diastereomer 18 were virtually identical to
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Scheme 3. Synthesis of the Diastereomeric C1—C12 Fragments 2 and 3
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Figure 2. Differences in *C NMR chemical shifts between amphirionin-
5 (125 MHz) and synthetic fragments 2 and 3 (150 MHz). AS = §
(natural product) — & (synthetic fragment) in ppm (CDCl,).

Scheme 4. Synthesis of Diastereomers 18 and 19
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those reported for the natural product.” In contrast, as with the
case of compound 3, distinct differences were observed in the '*C
NMR chemical shifts of the diastereomer 19 and the natural
product in the C3—C6 region. Furthermore, *J;;}; data of the
C1-C9 portion of 18 correspond well to the data of
amphirionin-5.”> These results convincingly defined the relative
configuration of the C1—C9 portion of amphirionin-5 as that
represented by structure 18 with the (35%4S*SR*95%)-
stereochemistry.
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carbon number

Figure 3. Differences in 13C NMR chemical shifts between amphirionin-
S (125 MHz) and synthetic fragments 18 and 19 (150 MHz). A§ = §
(natural product) — & (synthetic fragment) in ppm (CDCl,).

In conclusion, four diastereomers C1—Cl12 fragments of
amphirionin-5 have been synthesized in a stereodivergent
manner. The key features of the synthesis route include (1)
convergent synthesis of the common intermediary allylic alcohol
by employing Julia—Kocienski olefination, Horner—Wads-
worth—Emmons reaction, and Corey—Bakshi—Shibata reduc-
tion and (2) efficient construction of the 2,5-trans-substituted
tetrahydrofuran ring by a domino Sharpless asymmetric
dihydroxylation/stereospecific cyclization. Comparison of the
NMR data of the four diastereomers with those of the natural
product allowed not only assignment of the relative configuration
of the C4/CS stereogenic centers but also reassignment of the
proposed configuration at C9 of amphirionin-S. Further studies
aimed at the complete stereochemical assignment and total
synthesis of amphirionin-$ are underway and will be reported in
due course.
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ABSTRACT: Asymmetric a,y-regioselective [3 + 3] formal
cycloadditions of @,f-unsaturated aldehydes and 2-nitroallylic
acetates have been developed for the first time. These reactions
proceeded through a domino Michael addition—Michael addition
sequence via an unusual cascade dienamine—dienamine catalysis of
a chiral secondary amine, and multifunctional cyclohexene
derivatives were generally constructed in moderate yields with
excellent stereoselectivity after simple treatment with K,COs;.

a,f-Unsaturated aldehydes are readily available bifunctional
starting materials and have been extensively utilized in a variety
of catalytic reactions. In particular, they can form iminium ions
with lower LUMO energy in the presence of an amine catalyst;
thus, a number of a,f- and ipso,f-regioselective pericyclic or
stepwise cycloaddition reactions have been fruitfully devel-
oped." On the other hand, the y-CH becomes more acidic
when the iminium ions are formed and can be removed
generating the corresponding HOMO-raised dienamine spe-
cies, which could facilitate more versatile regioselective
cycloaddition reactions with diverse electrophilic reagents.” As
outlined in Scheme 1, both ipso,a- and p,y-regioselective

Scheme 1. Diverse Cycloaddition Reactions via Dienamine
Catalysis
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inverse-electron-demand Diels—Alder cycloaddition reactions
have been realized by combining in situ generated dienamines
with electron-deficient dienes (path a).” In contrast to @,f-
regioselective pericyclic 1,3-dipolar cyclioadditions,4 a py-
regioselective formal [3 + 2] reaction could occur between
the dienamines and electrophilic 1,3-dipoles (path b).’
Moreover, the dienamines could perform as electron-rich
dienes in ipso,y-regioselective normal-electron-demand Diels—
Alder-type reactions wuh activated alkenes, producing 1,3-
cyclohexadiene scaffolds.® In addition, a few f3,y- -regioselective
[2 + 2] cycloadditions to access cyclobutanes have also been
presented via cascade dienamine—iminium catalysis (path c).”*

The above-mentioned examples demonstrated that the
dienamine species from a,f-unsaturated aldehydes have
multiple reactive sites, which supply high potential in
developing diverse regioselective cycloaddition reactions.
Nevertheless, it has rarely been reported that such dienamines
could serve as a,y-regioselective 3C partners for constructing
cyclic skeletons.” In fact, the dienamine intermediates possess
two nucleophilic a- and y—sites,lo thus an a,y-regioselective [3 +
3] formal cycloaddition'" reaction would be expected when
assembled with suitable 1,3-biselectrophilic substances via an
unusual cascade dienemine—dienamine catalytic addition
sequence.'”” We envisaged that 2-nitroallylic acylates'® might
be the model components, as the initial Michael addition could
efficiently generate the required second acceptors through the
elimination of a molecule of acid, favoring the subsequent
Michael addition to furnish the cyclohexene structures (Scheme
1).14

Although a [2 + 2] cycloaddition to access a cyclobutane has
been previously reported between 2-hydroxymethylnitrostyrene
and a,f-unsaturated aldehyde via dienamine catalysis,” it was
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found that the reaction of the corresponding acetate 2a and 3-
methylcrotonaldehyde 1a proceeded in a different pattern in
toluene by the catalysis of chiral amine C1 and benzoic acid Al.
The desired a,y-regioselective [3 + 3] formal cycloaddition
occurred smoothly through the above-mentioned cascade
catalysis, producing cis-product 3a and its trans-diastereomer
4a in a low ratio (2:1) due to the poor diastereoctontrol in the
protonation step. Both diastereomers had the same ee value
(85%), indicating that the enantiocontrol was determined in
the first y-regioselective Michael addition step. The yield was
fair because a few unidentified byproducts were also observed
(Table 1, entry 1). Comparable results were obtained by using

Table 1. Screening Studies of [3 + 3] Formal Cycloaddition
of Enal la and 2-Nitroallylic Acetate 2a“

Py Ph/\["‘oz € (20 mol %) /[5/
1 solvent 35°C Ph
a
N02

OR
2a R = CH,CO
2b R =PhCO
ﬁl =4
C1 X=TMS  ¢3 R1 =R%= CFy, R2=H CFs
C2 X=TES C4R'=R3=H, R?= NO, cs FC
entry cat. acid solvent yield/9%" ee/%"
1 C1 BA toluene 49 85
2 C1 BA o-xylene 45 81
3 C1 BA mesitylene 46 86
4 Cl1 BA DCM 42 48
5 C1 Me;BA mesitylene 45 88
6 C2 Me;BA mesitylene 45 90
7 C3 Me;BA mesitylene 44 97
8 C3 Me;BA mesitylene 45 92
9¢ C3 Me;BA mesitylene 45 96
10 C3 - mesitylene 58 98
11 C4 - mesitylene 72 92
12 Cs - mesitylene 66 94
13 C3 - toluene 68 97

“Unless noted otherwise, reactions were performed with enal 1a (0.2
mmol), acetate 2a (0.1 mmol), amine C (20 mol %), and acid A (20
mol %) in solvent (1.0 mL) at 35 °C for 48 h. “Combined yield of
isolated diastereomers; dr values around 2:1 to 2.5:1 by '"H NMR
analysis. Determmed by HPLC analysis on chiral stationary phase (for
major cis-3a). 92b was used. *NaOAc (0.1 mmol) was added.

other aromatic solvents (entries 2 and 3), but the
enantioselectivity was reduced significantly in DCM (entry
4). It was found that using bulkier 2,4,6-trimethylbenzoic acid
(Me;BA, entry S) or amine C2 (entry 6) could slightly improve
the enantiocontrol in mesitylene. An excellent ee value was
attained by the aid of amine C3 with a bifunctional thiourea
group,” though the yield was still unsatisfactory (entry 7). In
addition, using benzoate 2b as the substrate could not improve
the yield (entry 8). As AcOH would be generated, the attempt
to enhance the reaction efficiency by adding some AcONa to
the mixture still resulted in no success (entry 9). The reaction
proceeded more efficiently without any additive, retaining
remarkable enantioselectivity (entry 10). Thiourea C4 and
squaramide CS were investigated, giving better yields but with
slightly reduced enantioselectivity (entries 11 and 12). Finally, a

comparable yield with an excellent ee value was produced in
toluene in the presence of bifunctional C3, but still with a
similarly low dr value (entry 13, 3a:4a = 2.5:1).

As a mixture of diastereomers with low ratios was always
obtained in the asymmetric [3 + 3] formal cycloadditions, we
treated the diastereomers with diverse bases in order to
epimerize the chiral center adjacent to the NO, group. It was
found that the major cis-3a could be efficiently converted to
trans-4a in EtOAc in the presence of excess K,CO; at ambient
temperature; ' thus, we can smoothly isolate the pure trans-
diastereomer 4a in a moderate yield in two steps (Table 2,

Table 2. Substrate Scope and Limitations of [3 + 3] Formal
Cycloadditions”

R1

) C3 (20 mol %) R2 CHO

>_/CHO RS\[ toluene, 35°C, 48h
OAc 2)KoCOs(10equiv) R° Y
EtOAC, 1t, 5 h NO,
4
entry R}, R? R yieId/%b ee/%"

1 H H Ph 4a, 56 (55) 97 (96)”
2 H H 4-FC(H, 4b, 52 97
3 H, H 2-CIC(H, 4c, 54 98
4 H, H 3-BrC4H, 4d, 54 97
5 H H 4-BrCH, 4e, 53 95
6 H H 2-F-4-BrC4H, 4f, 54 97
7 H H 3,4-CL,C4H, 4g, 61 97
8 H H 3-MeC¢H, 4h, 54 91
9 H, H 4-MeC¢H, 4, 51 9
10 H, H 4-MeOC4H, 4, 56 97
11 H H 1-naphthyl 4k, 51 95
12 H, H 2-furyl 4], 53 94¢
13 H H 2-thienyl 4m, 52 94
14 H, H 2-styryl 4n, 52 95
15 H H chexyl 40, 41 88
16 H, Me 3,4-CL,CH, 4p, 56 9
17 H, Et 3,4-CLC4H, 4q, 43 9
18 —(CH,),— 3,4-CL,CH, 4r, 44 97
19 —(CH,);— 3,4-CL,C¢H, 4s, 51 95

“Unless noted otherwise, reactions were performed with enal 1 (0.2
mmol), 2-nitroallylic acetate 2 (0.1 mmol), amine C3 (20 mol %) in
toluene (1.0 mL) at 35 °C for 48 h. Then the isolated diastereomers
were treated with excess K,CO; in BtOAc at rt for 5 h. "Yield of
isolated pure diastereomer for two steps. “Determined by HPLC
analysis on chiral stationary phase; dr >19:1 by 'H NMR analysis.
“Data in parentheses were obtained at 0.5 mmol scale. “The absolute
configuration of 41 was determined by X-ray analysis; see the
Supporting Information. The other products were assigned by analogy.

entry 1). The similar results could be smoothly obtained at a
larger scale (data in parentheses). As a consequence, we
explored the substrate scope and limitations through a
sequential [3 + 3] formal cycloaddition and epimerization
process. The results are summarized in Table 2. First, a number
of 2-nitroallylic acetates with diverse substitutions were
explored in the reactions with 3-methylcrotonaldehyde 1a. In
general, the substrates with either electron-withdrawing or
-donating aryl groups could be well tolerated, affording the
corresponding trans-products 4b—4j in moderate yields with
excellent enantioselectivity after epimerization treatment
(Table 2, entries 2—10). 1-Naphthyl, heteroaryl, and 2-styryl-
substituted ones could be smoothly utilized, and products 4k—
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4n were produced with good results (entries 11—14).
Nevertheless, a branched alkyl-substituted substrate showed
lower reactivity, and product 40 was obtained in a fair yield but
with high enantioselectivity (entry 15). On the other hand, the
substitution patterns of enal substrates were investigated in the
reactions with the 2-nitroallylic acetate bearing a 3,4-
dichlorophenyl group. It was noteworthy that y,y-unsymmetri-
cally substituted enals showed high regioselectivity, favoring the
formation of thermally stable dienamine species to deliver
products 4p and 4q with three contiguous chiral centers,
respectively (entries 16 and 17). Moreover, chiral bicycles 4r
and 4s were also obtained in excellent enantioselectivity, albeit
in fair to modest yields (entries 18 and 19). However, the linear
enals without y,y-disubstitutions failed to participate in this type
of [3 + 3] formal cycloaddition reactions.

Since cis-diastereomers were produced as the major one in
the previous [3 + 3] reaction, simple flash chromatography was
applicable to isolate these isomers, thus enriching the
stereogenic diversity of the chiral products. As outlined in
Scheme 2, both cis-3a and -3d were obtained with outstanding
enantioselectivity, albeit in fair yields.

Scheme 2. Isolation of cis-[3 + 3] Products

CHO
NO;
~_CHO Ar/““\\E C3 (20 mol %) p
- e Ar
1a 2 OAc toluene, 35°C, 48 h NO,

3a Ar = Ph, 45%, 97% ee
3d Ar = 3-BrCgHy, 43%, 97% ee

The remaining a,f-unsaturated aldehyde moiety of 4j could
undergo another [3 + 3] formal cycloaddition reaction with
cyclohexane-1,3-dione, efliciently delivering a tetracyclic
product § containing a quaternary chiral center in exclusive
diastereoselectivity (Scheme 3)."” Thus, the multifunctional
products obtained from these [3 + 3] formal cycloadditions
would find more applications in organic synthesis and
medicinal chemistry.

Scheme 3. Synthetic Transformations of Cycloadduct 4j

CHO o} (o]
x WNO;
Ar * l
(olE Ar
o) z

NO,
4j Ar = 4-MeOCqH, 5 92%, 96% ee

97% ee

piperidine (1.1 equiv)
AcOH (1.1 equiv)
Na,S0,, EtOAc
80°C, 16 h

In conclusion, we have developed an asymmetric [3 + 3]
formal cycloaddition reaction of a,f-unsaturated aldehydes and
2-nitroallylic acetates under the catalysis of a chiral bifunctional
secondary amine-thiourea substance. This reaction exhibited
high a,y-regioselectivity and excellent enantioselectivity,
proceeding through a domino Michael addition—Michael
addition sequence through a less explored cascade dien-
amine—dienamine catalytic pattern. Moreover, diastereopure
cyclohexene derivatives were efficiently obtained with excellent
enantioselectivity after simple treatment with K,CO;, which
allowed further transformation to access chiral skeletons with
high molecular complexity. Additional results will be reported
in due course.
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ABSTRACT: The first triketone—phloroglucinol—monoter-
pene hybrids, callistrilones A and B (1 and 2), along with a
postulated biosynthetic intermediate (3) were isolated from
the leaves of Callistemon rigidus. Compounds 1 and 2 featured
a new carbon skeleton with an unprecedented [1]benzofuro-
[2,3-a]xanthene or [1]benzofuro[3,2-b]xanthene pentacyclic
ring system composed of three kinds of building blocks. Their
structures and absolute configurations were elucidated by
spectroscopic analysis, X-ray diffraction, and electronic circular

dichroism (ECD) calculations. A plausible biogenetic pathway for the new compounds is also proposed. Compound 1 exhibited
moderate antibacterial activity against Gram-positive bacteria including multiresistant strains.

any plants of the family Myrtaceae have been used as

folk medicine due to their significant antimicrobial,
antitumor, and anti-inflammatory properties.' > Phytochemical
investigations revealed that these plants possess a series of
cyclic triketones, phloroglucinols, and terpenes.*”” Interest-
ingly, these constituents are also found as building blocks to
construct more complex bioactive natural products, such as
antibacterial triketone—phloroglucinols,8 antiviral phlorogluci-
nol—monoterpenes,” cytotoxic phloroglucinol—sesquiter-
penes,'’ and insecticidal triketone—monoterpenes.'' Recently,
a rearranged triketone—phloroglucinol—triketone adduct with
two kinds of building blocks was isolated from Myrtus
communis, which was considered to be a new inhibitor of
reactive oxygen species (ROS) generation.'” Due to their
complex structural features and diverse biological effects, these
natural products have become attractive targets for organic
chemists.">"*

In our continuing studies on structural unique and bioactive
phloroglucinol derivatives,"”"" the first triketone—phlorogluci-
nol—monoterpene hybrids (1 and 2) along with a postulated
biosynthetic intermediate (3) (Scheme 1) were isolated from
the plant Callistemon rigidus (Myrtaceae). Compounds 1 and 2
represent a new carbon skeleton with an unprecedented
[1]benzofuro[2,3-a]xanthene or [1]benzofuro[3,2-b]xanthene
pentacyclic ring system composed of three kinds of building
blocks, which were combined via two different coupling
patterns to form pyran (ring B) and dihydrofuran (ring D)
rings. Moreover, 1 exhibited moderate activity against Gram-
positive bacteria including multiresistant strains. In this paper,
we describe the structural elucidation, hypothetical biogenetic
pathway, and antibacterial activities of 1-3.

-4 ACS Publications  © 2015 American Chemical Society
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The molecular formula of 1 was established as C3,H,,O- by
its HR-ESI-MS (m/z 565.3177 [M + H]", calcd for C;,H,;0-:
565.3160). The UV spectrum of 1 displayed absorption maxima
at 206, 219, and 302 nm. The IR spectrum showed
characteristic absorptions for aromatic ring (1623, 1461
cm™"), hydroxyl group (3437 cm™), and carbonyl groups
(1719, 1653 cm™). The 'H NMR spectrum of 1 suggested the
presence of five tertiary methyls, two isopropyl moieties, an
isobutyryl unit, and two oxygenated methines. The *C NMR
and DEPT spectra of 1 exhibited 34 carbon signals including
those for a benzene ring, an olefinic bond, and three carbonyl
groups.

A comparison of the 1D and 2D NMR data of 1 (Table 1)
with those of myrtucommulone C'® suggested the presence of
an isobutyl syncarpic acid unit (la) and an isobutyryl
phloroglucinol moiety (1b) in 1 (Figure 1). The HMBC
cross peaks between H-13 and C-1/C-4a/C-12a/C-5a revealed
the substructures 1a and 1b were connected through a C-12b
and C-13 bond. The remaining 10 aliphatic carbon atoms could
be attributable to a monoterpene moiety. The '"H—'H COSY
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Scheme 1. Plausible Biosynthetic Pathways of 1—2
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spectrum of 1 revealed the presence of three spin systems as
shown in Figure 1. In addition, the HMBC cross peaks between
H-10'/H-11' and C-9 and between H-9/H-12" and C-11/C-7b
suggested the presence of a 2,3-epoxy-p-menthane moiety (1c)
in 1. The HMBC correlations between H-7b and C-12a/C-7
indicated the connection of the monoterpene and phloroglu-
cinol units via a C-7a and C-7b bond. Based on the molecular
formula information and the sole hydroxyl proton that involved
in hydrogen bond (6 13.31, 7-OH), the forming modes of the
pyran ring (ring B) and the dihydrofuran ring (ring D) were
deduced as via C-4a—0—C-5a and C-11a—O—C-12a bonds,
respectively (Figure 1).

The relative stereochemistry of 1 could be elucidated by a
NOESY experiment. The NOE correlations between H-12" and
H-7b/H-11/H-9'/H-15', between H-1' and H-3'/H-14/, as
well as between H-4" and H-2'/H-6" established the relative
configuration of 1 (Figure 2). The complete structure and
stereochemistry of 1 were further established by X-ray
diffraction analysis. Crystals suitable for X-ray diffraction were
grown in methanol solution. The final refinement of the Cu Ko
data resulted in a small Flack parameter of —0.02(16), allowing
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Table 1. 'H (500 MHz) and "*C (125 MHz) NMR Data of 1
and 2 in CDCl,; (6, ppm; J, Hz)“

1 2
ne- % 5a 5 B
1 197.3 198.1
2 56.4 23 56.1 2
3 212.3 = 213.0 -
4 47.4 = 47.8 =
4a 167.7 — 168.9 —
Sa 154.1 = 149.8 =
6 104.3 110.8
6a - = 157.1 =
7 160.4 D - =
7a 113.6 2 87.6 =
7b 40.5  3.03dd(124,5.9) - -
8 236 2.12ddd (14.1,5.9,2.7) 1292 5.64dd (10.3,2.0)
1.58 m
9 393 1.82m 1347  5.87dd(10.3,3.3)
10 56.1  345dd (4.1,3.3) 385 191m
11 55.1  3.29d(4.1) 274 2.02m,1.77m
11a 88.6 - 44.6  3.50dd(7.0,4.5)
11b - - 117.8 .
12 - - 156.0 -
12a 161.9 — 110.3 —
12b 99.3 = B =
13 326  4.15d(3.6) 327 4.28d(3.6)
13a 112.6 = 109.0 =
l' 239 1.38s,CH; 252 1.39s5,CH;
2 254 1375, CH, 253  149s5,CH;
3 25.1 1565, CH; 24.5 1335 CH;
¥ 254 1405, CH; 249 1.38s CH;
5 209.2 = 204.6 -
6 397 387m 414  326m
7 180 1.20d(7.0),CH; 183  1.13d(6.9),CH,
8 212 1.22d(6.6),CH; 181  1.11d(6.9),CH;
9 285 1.62m 267 1.53s CH;
10 221 1.09d(6.5), CH, 317 1.60m
1 215  1.08d(6.5),CH; 202 0.92d(6.7),CH,
12 263 1485 CH; 203 092d(6.7),CH,
13" 347 1.86m 360 1.80m
14 18.0 0.69d(6.9),CH; 182 0704 (6.9),CH;
15’ 201 0.85d(6.9), CHs 20,1 0.76d(6.9),CH;
16' - — 60.6 3.91s OCH;
7-OH 1331s -~

“Overlapped signals are reported without designating multiplicity.

'H-'H cosyY 2
HMBC

T
Figure 1. Key '"H—'H COSY and HMBC correlations of 1 and 2.

the assignment of the absolute configuration of 1. The rings A—
D in 1 are nearly planar. The six-membered ring E is in an
envelope conformation due to the presence of an epoxy group

DOI: 10.1021/acs.orglett.5b03360
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Figure 2. Optimized structures and key NOESY correlations of 1 and
2.

(Figure 3). Moreover, the quantum-chemical ECD calculation
method was used to further confirm the absolute configuration

Figure 3. X-ray ORTEP drawings of 1 and 2.

of 1. The ECD spectra calculation for
(7bR,9R,10R,11R,11a5,13S)-1 and its enantiomer
(7b5,95,108,115,11aR,13R)-1 using the TDDFT method was
performed (see the Supporting Information). The experimental
ECD spectrum of 1 exhibited a negative Cotton effect at 321

122

(Ae — 35.9) nm as well as positive Cotton effects at 290 (Ae +
17.1) and 249 (Ae + 27.4) nm, which were similar to those of
the calculated spectrum for the isomer with
7bR,9R,10R,11R,11a5,13S configurations (Figure 4). Hence,
the absolute configuration of 1 was elucidated as
7bR,9R,10R,11R,11aS$,13S.

—xptl for 1
40 o= =calcd for (TBRIR1OR11R.1125,135) -1
== scaled for (705,95,105,115,11aR,13R) -1 o

20+

-20 4

-40
200

300 350 400

wavelength (nm)

250

Figure 4. Calculated and experimental ECD spectra of 1.

The molecular formula of 2 was deduced as C35H, ;O by the
quasimolecular ion at m/z 563.3382 [M + H]* (caled for
CysH,,O04: 563.3367) in its HR-ESI-MS. The UV absorption
maxima at 205, 225, 265, 287 nm as well as the IR bands at
1696, 1649, 1602, 1465 cm™* implied the presence of a
carbonyl group and an aromatic ring. Comparison of the *C
NMR data of 2 with those of 1 revealed that their chemical
shifts for rings A, B, and C were similar, except the signals for
the epoxy carbons (8¢ 56.1, 55.1) of monoterpene part in 1
were replaced by olefinic carbons (5¢ 134.7, 129.2) as well as
the presence of one more methoxyl signal (§¢ 60.6) in 2. The
HMBC correlations between H-16" and C-12 suggested the
methoxyl was attached at C-12 position (Figure 1). The spin
systems (H-8 to H-11a and H-10 to H-11'/H-12") observed in
the "H—"H COSY spectrum (Figure 1) as well as the HMBC
correlations between H-9'/H-10 and C-8/C-11a, and between
H-11'/H-12" and C-10 revealed the presence of 2-menthene
unit (2c). Furthermore, the HMBC correlations between H-
11a and C-12/C-6a, as well as the upfield shift of C-6a (5¢
157.1) and downfield shift of C-7a (5c 87.6) led to the
construction of dihydrofurane ring (ring D) via monoterpenoid
and phloroglucinol units.

In the NOESY spectrum of 2, the correlations between H-2’
and H-4'/H-14', between H-15" and H-4', between H-1" and
H-3’, between H-16" and H-13’/H-11a, as well as between H-
9" and H-11a confirmed the relative configurations of C-7a, C-
11a, and C-13 (Figure 2). However, the configuration of C-10
could not be deduced by the NOESY data. Fortunately, crystals
suitable for single-crystal X-ray diffraction were obtained. The
Flack parameter of 0.01(15) of 2 allowed unambiguous
assignment of the absolute configuration as 7aR,10R,11aR,13R
(Figure 3).

A plausible biosynthetic pathway for compounds 1 and 2 is
proposed as shown in Scheme 1. It has been reported that
isobutyrylphloroglucinol and flavesone are two major compo-
nents of Callistemon plants, derived from the Claisen reaction
between malonyl CoA and isobutyryl CoA."” Oxidation of
isobutyrylphloroglucinol could lead to the radicals ia and ib."”
The latter could be combined with the conjugated diene of

DOI: 10.1021/acs.orglett.5b03360
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phellandrene, a common monoterpene of Callistemon plants, to
form a reactive intermediate (ii). Further oxidation of ii could
form the cations iiia and iiib. The intramolecular cyclization
between 2-OH and the carbocation of iiib could lead to the
formation of biosynthetic intermediate (3), which was further
coupled with the precursor isobutylidenesyncarpic acid via
Michael and intramolecular nucleogphilic additions to yield a
linear framework compound 2.'%1% On the other hand, the
cyclization between 4-OH and carbocation, followed by the
procedures similar to those of 2, could give 1.

In order to confirm that compounds 1—3 are indeed natural
products, the crude methanol extract of the fresh leaves of C.
rigidus was analyzed by HPLC—HRESIMS (see the Supporting
Information). The ion peaks in accord with those of 1—3 were
detected, which confirmed the natural occurrence of these
compounds.

Compounds 1—3 were tested for their antibacterial effect
against five Gram-positive and four Gram-negative strains (see
the Supporting Information). Among them, only 1 exhibited
moderate antibacterial activity against all Gram-positive bacteria
with MIC values ranging from 16 to 32 pg/mL. Furthermore,
compound 1 showed more potent antibacterial activity against
multiresistant strains Staphylococcus aureus ATCC33591, S.
aureus MuS50, and Enterococcus faecium 13-01 than positive
control oxacillin (MIC 256—512 pg/mL).
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Regioselective Rhodium-Catalyzed Addition of 1,3-Dicarbonyl
Compounds to Terminal Alkynes
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Qo o 2.5 mol % [Rh(cod)Cl], 6 O

9 1} "
RN R M. __7.5mol % DPEPhos - *
) R”NF

p-CF3CgH4COOH (50 mol %
DCE:EtOH (5:1), 80 °C, 18 h

R = Alkyl, Aryl, FeAlkyl Highly regioselective
R'=R" = Alkyl, Aryl C-C bond formation
38 examples
up to 99% yield

ABSTRACT: A new method for the rhodium-catalyzed regioselective C—C bond formation using terminal alkynes and 1,3-
dicarbonyl compounds to achieve valuable branched a-allylated 1,3-dicarbonyl products is reported. With a Rh(I)/DPEphos/
p-CF;-benzoic acid as the catalyst system, the desired products can be obtained in good to excellent yields and with perfect
regioselectivity. A broad range of functional groups were tolerated, and first experimental insights of a plausible reaction
mechanism were obtained.

Recently, we reported on a series of rhodium-catalyzed Scheme 1. Proposed Pathway for Carbon—Carbon Bond

addition of different pronucleophiles to allenes' and Formation from Terminal Alkynes

terminal alkynes,2 which can be regarded as an atom economic P — .
alternative to the transition metal-catalyzed allylic substitu- RS R n [RA] RuH N"'/
tion>~” and the palladium-catalyzed allylic oxidation.®’ Although = RGOOH i R7X7 | CH-Nudleophiter R
terminal allenes'® displayed in many cases higher reactivity, the C-C bond formation?
isomeric terminal alkynes'" are much easier accessible substrates
and thus synthetically more appealing starting materials. Table 1. Ligand Screening and Optimizations

Unfortunately, the reactivity of terminal alkynes is so far o o [Rh(COD)CI]; (2.5 mol %) o 0
restricted to the additions of carboxylic acids furnishing allylic G ™ NN DPEphos (3, 7.5 mol %) /Uﬁ
esters (C—O bond formation)** as well as to the addition of = ArCOOH (x mol %) Cobhg
sulfonylhydrazides furnishing allylic sulfones (C—S bond 0 % - =, DCE, 80°C, 18 h
formation).”” G e *

However, the addition of carbon nucleophiles would be i g T
synthetically very attractive since this allows for further carbon %3 :
skeleton extension. Mechanistic investigations indicated that the p— Ar x (mol %) sield® (%)
reaction of terminal alkynes and carboxylic acids proceed via a
o-allyl rhodium complex as the resting state.'” We speculated ! Ph 100 64
that a suitable carbon nucleophile such as a 1,3-dicarbonyl 2 Ph 0 traces
species could serve to trap this o-allyl complex by a C—C bond 3,, P-CECeHy 100 -

4 p-CF,CH, 50 97

formation.
We herein report on the successful realization of this concept
achieving a regioselective rhodium-catalyzed addition of 1,3-

dicarbonyl compounds to terminal alkynes as an efficient method 5 . . .
for the formation of valuable branched a-allylated 1,3-dicarbonyl 80 °C led to the desired branched product 4 in 64% yield (Table
compounds (Scheme 1). 1, entry 1). In the absence of benzoic acid, only traces of product
Our studies emanated by employing 1-dodecyne (1, 2.0 equiv) could be observed (entry 2) demonstrating its importance for the
and acetylacetone (2, 1.0 equiv) as model system (Table 1)."> title reaction. Studying different para substituted benzoic acid
After first reactivity assays'* we were pleased to find that applying
[Rh(COD)Cl], (2.5 mol %) and DPEphos (3, 7.5 mol %) as Received: November 26, 2015
catalyst and benzoic acid (100 mol %) as an additive in DCE at Published: December 18, 2015

“Isolated yield of the branched product 4. “Reaction performed in
DCE/EtOH (5:1).

ACS Publications  © 2015 American Chemical Society 124 DOI: 10.1021/acs.orglett.5b03391
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derivatives revealed that p-CF;C,H,CO,H was most effective,
leading to 93% yield of 4 (entry 3). Also the solvent plays an
important role in this reaction. An optimized solvent mixture of
DCE and ethanol (5:1) allowed to reduce the amount of p-
CF;C4H,CO,H to 50 mol %, still providing the highest yield
(entry 4). In all cases the branched allylic addition product was
the only regioisomer that could be observed.

With these optimized conditions in hand we next explored the
scope of alkynes. A large number of commercially available or
easily accessible terminal alkynes were suitable substrates for the
reaction and afforded exclusively branched products in good to
excellent yields (Scheme 2). Additionally, linear alkyl-, aliphatic

Scheme 2. Scope of Alkynes with Acetylacetone (2)

o o [Rh(COD)CI}; (2.5 mol %) o 0
* DPEphoas (3, 7.5 mol %)
R/\;‘::‘ o
2 p-CF4CgH,COOH (50 mol %) R
(2.0 equiv) (1.0 equiv) DCE:EtOH (5:1),80°C, 18 h 4a-w
O

n=3, 4a, 98% (95%}“ yield® O)k//&/ ﬁ

n=7, 4b, 97% yield

n=9, 4c, 94% yield ?4% yleld 43% yield EE% yle!d
o o
n=1,4h, 94% yield =1,4), 92% yleid 41
76% y|eld n =2, 4i, 93% yield n=2, 4k, 90% yield 95% yield
o 0 o 0O
4m 4n 4p
99% yield 86% yield 98% yneld 87% yield
o 0O o o o 0O 0O O
RO
n 8
=1, 4q, 82% yield 2
;:z :? b :i::d at R = Bn, 4u, 72% yield 4w
B i = 4v, i B89% yield
n =3, 4s, 80% yield 97% yield R =Bz, 4v, 99% yield yie

“This reaction was addltlonally performed in a S mmol scale and gave
4a in 95% isolated yield. ®All yields are isolated yields.

cyclic-, phenyl-, and linear w-substituted alkynes were applicable.
To our delight even prehalogenated alkynes were tolerated well
(4j, 4k), and additionally, several other functional groups such as
a cyano substituent (41), a phthalimidoyl function (4m), and a
thioether function(4n) were compatible. Also substrates with
protecting groups for hydroxy functions, including silyl ether
(4q—4s), trityl ether (4t), benzyl ether (4u), and benzoate
functions (4v) behaved well. Even the presence of a hydroxy
group was well tolerated (4w).

Next, the reaction could be applied to a variety of 1,3-
diketones (Scheme 3). The reaction of heptane-3,5-dione with 1-
dodecyne (1) led to the branched product $ with an excellent
yield of 98% (Scheme 3), albeit yields dropped for sterically more
congested derivatives. The addition of the symmetric bisbenzoyl

125

Scheme 3. Scope of 1,3-Dicarbonyl Compounds with 1-
Dodecyne (1)

o o [Rh(COD)CI; (2.5 mol %) o o
NI ¥ b DPEphos (3, 7.5 mol %) R s
1 p-CF3CgHsCOOH (50 mol %)  n-CgHyg
(2.0 equiv) (1.0 equiv) DCE:EtOH (5:1), 80°C, 18 h 519
o 0 o o o o0
n-CgHyg < n-CgHyg 7 n-CgHyg
R = Et, 5, 98% vyield 9 10
R = iPr, 6, 55% yield 97% yield®, 1:1.2 dr® 25% yield®

R=tBu, 7, 27% yield®
R = Ph, 8, 92% yield®

o o o o

n-C7Hys

R =F, 14, 83% yield®
R = Br, 15, 73% yleld®
R = OMe, 16, 90% yield®
R = CF3, 17, 23% yield®

p-Me, 11, 86% yield®
m-Me, 12, B9% yield®
o-Me, 13, 34% vyield®

(o}
MeO‘ ] ‘CFg

n-G7Hy5

n-CrHyg

19
96% yield®

86% yield?, 1:1.2 dr®

“Reaction was carried out over 66 h. “The diastereomeric ratio (dr)
was determined by "H NMR analysis.

methane led to 8 in 92% yield. Also, with benzoyl acetone, high
yields of 9 (97%, 1:1.2 dr) were obtained.

Varying the pattern of functional groups on the aryl moiety of
bisbenzoyl methane was possible and furnished the desired
addition products in mostly good yields. Furthermore, the
heterocyclic bisthiophenoyl propane-1,3-dione could be applied
to yield 19 in 96% yield.

The resulting a-allylated 1,3-dicarbonyl compounds are useful
startmg materlals for heterocycle synthesis of medicinal
interest.'>'® Hence, reaction of 4a with hydroxylamine led to
the oxazole 20. Correspondingly, reaction with hydrazine and
phenylhydrazine furnished the pyrazoles 21 and 22, respectively,
in good to excellent yields (Scheme 4). Pyrazoles are suitable
substrates for a further functionalization by rhodium-catalyzed
N-allylation with allenes developed in our laboratories."
Subjection of the a-allylated 1,3-dicarbonyl compounds to
ethanolic potassium hydroxide solution initiated a deacetylation
resulting in the formation of y,0-unsaturated ketones in
quantitative yield (Scheme 4). This facile access to y,5-unsatu-
rated methyl ketones represents a synthetic alternative to an
enolate allylation reaction or a Claisen/Carroll-type rearrange-
ment."”

Furthermore, treatment of either chlorine or silylether
functionalized substrates 4j and 4r under basic or acidic
conditions, respectively, led to the formation of the dihydropyran
system 24 in good yields (Scheme 4)."®

In order to attain first insights into the reaction mechanism,
the following control experiments were performed. Subjecting
the allylic benzoic ester 25 to the reaction conditions furnished
4a, the product of an allylic substitution reaction. This indicates
that 25 might be an intermediate during the course of this

DOI: 10.1021/acs.orglett.5b03391
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Scheme 4. Applications in the Synthesis of Trisubstituted
Oxazoles, Tri- or Tetra-Substituted Pyrazoles, Deacetylation,
and Cyclization

from 4a: from 4a: R'
NH;OH+HCI (1.5 equiv) NH4*HCI (1.5 equiv) N-N

EtOH, reflux, 18 h EtOH, refiux, 18 h /’EC
n-CgHys 7

R'=H, 21, 80% yield
R'=Ph, 22, 86% yielc

N-O

/%
-Cathys == or: PhNzH; (1.5 equiv)
HClegnc (cat),
20 EtOH, reflux, 18 h
94% yield 0o 0O

L

4a: R = n-CeHyy
4b: R = n-CgHyg
4j: R = CI{CHz)2
4r: R = TBSO(CHy),

(o) from 4b: from 4j: 0
KOH (2.0 equiv) KOH (2.0 equiv) S
EtOH, reflux, 45 min EtOH, reflux, 30 min o
= =
n-CoHg from 4r:
23 Et,O:TFA (10:1) 24
duant 40 °C, 90 min from 4j: 82% yield

from 4r: 90% yield

reaction (Scheme 5). However, from our previous mechanistic
studies on the rhodium-catalyzed addition of benzoic acid to

Scheme S. Control Experiments

a: Involvement of allylic ester 26

j\ [Rh(COD)CI]; (1 mol %) 9 o
Q7 “Ph Qo Q DPEphos (3, 3 mol %)
=+ R E—
n-CsHsq NO additive n-CsHyq <
25 2 DCE (0.4 M) 4a
(1.2 equiv) (1.0 equiv) 80°C,16h 89% yield
b: Stoichiometric reaction with preformed a-allylcomplex 26
Ph
o o
o,%o
[Rh] g 0 NMR tube
|
/%) * )\/U\ =
-CeHaq THF-dg -CsHq
rt d4a
26 2
% F formation observed in NMR
(1.0 equiv) (1.0 equiv)

[Rh] = [(DPEphos)RhCI]

terminal alkynes furnishing branched allylic benzoates, it is
known that allylic esters can undergo reaction with the rhodium
catalyst to furnish o-allyl rhodium complex 26, which has been
isolated previously representing the resting state of the catalyst.

Hence, to clarify whether the o-allyl rhodium complex 26 is an
intermediate in the reaction with acetylacetone as a nucleophile,
a stoichiometric reaction with the preformed rhodium complex
26 was monitored in an NMR experiment. Indeed, formation of
the allylic addition product 4a could be observed suggesting the
rhodium complex 26 to be an intermediate of the catalytic cycle.
Additionally, isotope-labeling experiments with deuterated
substrate showed deuterium incorgoration in all positions of
the alkene function of the product,”” which is in agreement with
previously made observations for the rhodium-catalyzed addition
of different pronucleophiles to allenes'*™ and alkynes.™

Based on these experiments and previous results, we propose
the following catalytic cycle (Scheme 6).

Starting step I is the known formation of the o-allyl complex
C’, obtained by reaction of the alkyne and the aryl carboxylic
acid. C' is presumably in equilibrium with z-allyl complex C and
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Scheme 6. Proposed Catalytic Cycle

0o o -
/k% [Rh] HOJ\N + R/\Q}
St A
R
RN
W Ar AT
0
0 0 0.%0 0”’}“)0
[RA] [Rh] [RA] O TAr
| | —— + [Rh]

HO™ “Ar

[Rh] = [(DPEphos)RhCl]

the allylic ester B. Anion exchange of C with acetylacetone would
provide allyl complex D. Reductive elimination from D would
release the allylic addition product E.

To conclude, starting from simple terminal alkynes and
1,3-dicarbonyls we have developed a highly regioselective
rhodium-catalyzed C—C bond forming reaction furnishing
valuable branched a-allylated 1,3-dicarbonyl compounds in
good to excellent yields. The utility of the obtained products
was demonstrated through one step transformations to
heterocyclic systems of medicinal interest. Furthermore,
hydroxide mediated deacetylation provided products of a formal
methylketone enolate allylation or Claisen/Carroll-type rear-
rangement. Further attempts regarding extensions of this
method to the formation of quaternary centers, other
(carbon-) nucleophiles as well as the development of an
asymmetric variant are ongoing in our laboratories.
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ABSTRACT: A novel Fe-catalyzed olefin hydroamination
with diazo compounds for accessing hydrazones has been
developed. Diazo compounds are used as radical acceptors and
can be trapped by the in situ generated alkyl radical toward C—

R? N EWG
%Ra N Fefacacyy I HR _ Ewe=cox)
1 * J\ Silane foh M \{/\R S0.Ph
R RY “EWG RS PO(OEY),

N bond formation. The reaction conditions are mild, and the substrate scope is broad. Additionally, this hydroamination protocol
is applicable for intramolecular reactions to construct diverse heterocycles.

he synthesis of nitrogen-containing molecules is impor-
tant and interesting since these compounds exist widely in
medicinal chemistry, fine chemicals, and materials.' Among
numerous methods, transition-metal-catalyzed olefin hydro-
amination represents a rapid and distinct approach (Figure
1A).” Mukaiyama reported a seminal example of olefin
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(Mukaiyama, Carreira, Boger, Baran, Shigehisa, Buchwald)
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(B) Previous Transition-Metal-Catalyzed Reaction of Olefins with Diazo Compounds
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Figure 1. Olefin hydroamination of and metal-catalyzed reaction of
olefins with diazo compounds.

hydroamination to access amines with the reaction of Fe-
catalyzed hydrogen atom transfer (HAT), in which phenyl-
silane was used as the reductant and butyl nitrite was used as
the amination source.” Carreira developed versatile Co-
catalyzed olefin hydroamination using differential amination
sources such as p-tolylsulfonylazide (p-TsN,), azodicarbox-
ylates." Shigehisa also reported a Co-catalyzed hydroamination
of unactivated olefins for accessing nitrogen-containing
heterocyclic compounds.’ Recently, Boger extended the Fe-

-4 ACS Publications  © 2015 American Chemical Society
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catalyzed olefin hydroamination method using simple NaNj as
amination sources.® Meanwhile, Shenvi developed chemo-
selective olefin isomerization and hydrogenation utilizing the
HAT style.” More recently, Baran invented a practical olefin
hydroamination with nitroarenes for the achievement of
hindered amines.® On the other hand, Buchwald and co-
workers reported elegant work that included Cu-catalyzed
asymmetric olefin hydroamination for synthesis of enantiomeric
amines.” Despite the advances in this field, the development of
olefin hydroamination for accessing other nitrogen-containing
molecules such as hydrazone remains to be explored.

Diazo compounds are known as versatile building blocks in
organic synthesis.'” In the presence of a transition-metal
catalyst, diazo compounds mainly convert to short-lived metal-
carbenes with the extrusion of nitrogen gas, and they give rise
to various carbenoid reactions with a remarkable degree of
chemo-, regio-, and stereoselectivity.'' Typically, diazo
compounds undergo cyclopropanation with olefins in the
presence of a variety of transition-metal catalysts, including Rh,
Ru, Co, Cu, Fe, Ag, Au (Figure lB).12 Recently, Feng and co-
workers reported a Sc(OTf);-catalyzed new electrophilic
addition of a-diazoesters with ketones for enantioselective
C—N bond formation."> Meanwhile, Fox developed Rh(II)-
catalyzed reactions of diazoesters with organozinc reagents to
access hydrazones."* Heinrich also reported that aryl diazonium
salts could act as amination sources with nonactivated olefins.'
These findings revealed that diazo compounds could act as
amination reagents, therefore driving the need to explore this
building block for access to nitrogen-containing molecules.

In pursuit of our interest in olefin functionalization and diazo
compounds  transformation,'® we proposed that diazo com-
pounds could serve as radical acceptors.” Herein, we wish to
report an Fe-catalyzed olefin hydroamination with diazo
compounds for hydrazone synthesis (Figure 1C).
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We commenced our study by investigating olefin 1a and a-
diazomalonate 2a. When the reaction was subjected to Boger’s
Fe,(0x),-6H,0 and NaBH, conditions in ethanol at 60 °C, the
hydroamination product was not observed (Table 1, entry 1).

Table 1. Optimization of the Reaction Conditions™”

MeO
J\/OBn 5 MeOchCOEMa Conditions I
N, MeOZC \\f\oar
1a 2a
entry Fe(III) salt reductant solvent t (°C) yield (%)b
1 Fe,(OX);6H,0  NaBH,  EtOH 60 -
2 Fe(OX)y6H,0  EtSH  EtOH 60 -
3 Fe,(OX);6H,0  PhSiH,  EtOH 60 -
4 Fe(acac); Et;SiH EtOH 60 -
S Fe(acac), PhSiH; EtOH 60 88
6 Fe(acac), PhSiH, EtOH 25 56
7 Fe(acac) PhSiH; THF 60 62
8 Fe(acac), PhSiH, CH,;CN 60 -

“Reaction conditions: 1a (0.4 mmol), 2a (0.2 mmol), Fe(III) salt (10
mol %), reductant (0.4 mmol), in 2 mL of solvent under argon for 6 h.
bIsolated yields are given.

Variation of the reductant to Et;SiH and PhSiH; did not give
any improvement (entries 2—3). The next combination of
Fe(acac); and Et;SiH was also ineffective (entry 4). Gratify-
ingly, when PhSiH; was used as a reductant, a remarkable
hydrazone product 3a was observed in 88% yield (entry ),
indicating a pathway of olefin hydroamination, and the
hydrogen of hydrazone has a significant chemical shift (§ =
11.61 ppm) in "H NMR, probably because of a hydrogen bond
occurring between the carbonyl group and the hydrazone. An
attempt to lower the temperature to 25 °C gave a decreased
yield (entry 6). The survey of solvents showed that THF and
CH;CN were inferior, either giving a lower yield or shutting
down the reactivity (entries 7—8).

With the optimized conditions in hand, we set out to explore
the substrate scope of this transformation (Scheme 1). Various
olefins served as viable donor substrates to achieve the
formation of hydrazones. For example, 2-methylallyl alcohol
(1b) and 3-methylhomoallyl alcohol (1c) were well applicable
in this transformation, exhibiting good tolerance for the
hydroxy group. Other disubstituted terminal olefins were also
amenable to this hydroamination (entries 3—8), with valuable
functional groups such as ether, amide, and the piperidine ring.
When monosubstituted terminal alkenes with valuable
trimethylsilyl and para-methoxyphenyl functional groups were
subjected to this process, the reaction proceeded smoothly to
enable access to secondary hydrazones in moderate to good
yields (entries 9—10). Morever, cyclic olefins including
cyclohexene, dihydropyran, and norbornene could also be
used in this transformation. It should be noted that the C—N
bond formation of dihydropyran occurred at the 2-position,
probably because the formed radical intermediate was more
stable. The trisubstituted olefin 1p was also practical to
generate the product in excellent yield. Notably, the sterically
encumbered estrone 3-methyl ether derivative 1q could be
applicable to deliver the product in 74% yield. Therefore, this
method provides a simple, rapid access to secondary and
tertiary hydrazones, with readily available starting materials.

Next, a variety of diazo compounds were utilized to react
with (S)-(—)-p-Citronellol 1r to construct diverse hydrazones
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Scheme 1. Scope of the Olefin™”

R? Fe(acac); MeO._.0
H\ MeOZCTCOZMe (10 mol %) I I;IR2
— 3 + ,N
L B N, PhSiHs, EtOH Me0,C” N R
1 2a 60°C,6h 3 R?
1 (1b),83% 2 (1€),90% 3 (1d), 70% 4° (1e), 92%
\)L 9
)I\/OH JL/\ \O’ )L/\NJLPMP
H
5 (1),79% 6 (19).73% 7 (1h), 70% 8 (1), 92%
\)I\/ M
Ho O NHPh \[)q
OH Boc
9 (1j).42%  10° (1k), 81% 11 (1), 69% 12 (1m), 88%
N O
13 (1n),53% 14 (10),65% 15 (1p), 94% 16 (1q), 74%

QD & ey

“Reaction conditions: 1 (0.4 mmol), 2a (0.2 mmol), Fe(acac); (10
mol %), PhSiH; (0.4 mmol), in EtOH (2 mL) at 60 °C for 8 h, argon.
bIsolated yields are shown. “PMP = para-methoxyphenyl.

(Scheme 2). Gratifyingly, various diazo compounds, regardless
of the acceptor/acceptor type or the donor/acceptor type, were

Scheme 2. Scope of the Diazo Compounds™”

e S e Ry EWE Fetacac)s (10 mol %) j\WGH
—_———————— x> LN .
Me Me N PhSiHs, EtOH,60°Cc R™ "N” R
1r L L L
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1 (2a), 92% 2 (2b), 56% 3 (2c) 64% 4 (2d), 63%
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Nz Mo N Nz
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0.0 o}
Wiy i _OEt
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\

“Standard conditions; isolated yields are shown. “Solvent: THF (2
mL) and EtOH (0.4 mmol).

well tolerated. Those substituents, such as ester, ketone, diethyl
phosphornate, sulfone, phenyl, and benzyl, were well applicable
to furnish the products in moderate to good yields (Scheme 2,
entries 1—9). Additionlly, the cyclic diazo compounds, with the
scaffold of barbituric acid, Meldrum’s acid, and oxindole, could
also be utilized in this protocol to furnish the valuable
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functionalized hydrazone products in good yields, thus
demonstrating the synthetic utility. Morever, the structure of
4m which is prepared from 1f and 2j was confirmed by X-ray
analysis,'® wherein a OH group is disordered and distributed in
three different positions (Figure 2).

(o]
~ )J\ -
HO\)I\,OH s N N Standard Y
OA\H/EO Conditions \t\oH
N,
1f zj ~ 2 ; 4m 58%
B i AR
T WA
—f: R

Figure 2. X-ray analysis of 4m.

The applicability of this protocol to intramolecular reaction
was also examined (Scheme 3). Various olefins could be easily

RZ
gy
“\}Ra Fe ﬂ“‘ PhSiH,(OEt)
R' 1
PhSiH; + EtOH
H
Ln—Fe
3%'?‘ FellL,
R Rz e’Ln
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R® F
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3 -
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Figure 3. Proposed mechanism.

Scheme 3. Scope of the Intramolecular Hydroamination®

R1

R! Fe(acac); (10mol %) |l
DRz PhSiH; (2 equiv), EtOH (2 equi\:)r N‘H R?
5 R THF, 60 °C 6 R?
Substrates:
Etozc\n/\)\ MeOZCM Ph ,-Y
5¢

N, 5d
Products: o
EtOzCYj\L MeO,C Phj/\LO
|
N,
N Nﬂz
6a, 78% H 6b, 85% H 6c, 46%
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o] }.
MeO,C -
| -.f/@?__: ) o
N, A5 /f{ \/
N AT
6d,43% H T\ 6c
o 1 X(

eight-membered

“Reaction conditions: 2 (0.2 mmol), Fe(acac); (10 mol %), PhSiH,
(0.4 mmol), EtOH (0.4 mmol), in THF (2 mL) at 60 °C for 8 h,
argon; isolated yields are shown.

functionalized with a diazo group (Sa—5d) and subjected to the
hydroamination conditions using THF as solvent to furnish
diverse cyclic hydrazones (6a—6d) in good yields, including
six-, seven-, and eight-membered architecture. The structure of
compound 6¢ was confirmed by X-ray analysis.'” Interestingly,
the chemical shift of these cyclic hydrazone hydrogens was
about § = 6.0 ppm in 'H NMR spectra, probably due to the
hydrogen bond not occurring in these cyclic products. Thus,
this method demonstrates a distinct approach to heterocycle
synthesis.

Based on these results and others previously reported in the
literature, a plausible mechanism is proposed in Figure 3.
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Initially, the Fe(III)-catalyst is converted to Fe hydride species
A in the presence of phenylsilane and ethanol.>”*'**** Then A
regioselectively adds olefin 1 to form B, placing the Fe atom on
the more substituted carbon atom. The dissociation of B
delivers Fe(II) species C and alkyl radical D, which is trapped
by diazo compounds 2 to generate intermediate E. The single-
electron transfer between E and C delivers F, which is
protonated to G. Finally, the rapid isomerization of G furnishes
the hydrazone products.

In summary, an Fe-catalyzed olefin hydroamination with
diazo compounds to access secondary and tertiary hydrazones
has been reported. This protocol features mild conditions and a
broad scope. Additionally, various olefins were easily function-
alized with the diazo group and were converted to diverse
heterocycles in this protocol.
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ABSTRACT: Stereoselective alkylation of the vinylketene silyl N,O-acetal
possessing a chiral auxiliary has been achieved by using activated alkyl halides
including allyl iodides, benzyl iodides, and propargyl iodide with Ag(I) ion in the
presence of BF;-OEt,. The reaction proceeded to give reduced polyketides in
high stereoselectivity. The synthesis of mycocerosic acid, a component of the cell
envelope of Mpycobacterium tuberculosis, has been accomplished by this
methodology. During the synthetic studies, 2-methylbenzimidazole was found ”
to be a bulky proton source which worked in the presence of liquid ammonia.

Reduced polyketides are ubiquitous in natural products
including secondary metabolites' and pheromones of
insects.” Methodologies toward reduced polypropionates have
been developed by several groups. Some of them are iterative
routes’ while others include organometallic reactions.” Recently,
we reported the stereoselective and short-step synthesis of all
isomers of the branched methyl groups of 2,4,6-trimethylocta-
noic acid derivatives having a hydroxy group at the CS position
by using our remote asymmetric induction reaction® and the
regio- and stereoselective reductions.” We applied the method-
ology to accomplish the first total synthesis of septoriamycin A.°
This methodology is a powerful tool to synthesize partially
reduced polyketides having a hydroxy group or a d-lactone.
However, further steps for deoxygenation are required to prepare
the reduced polypropionate having no oxygen in their chains. A
stereoselective alkylation of a dienolate would be a straightfor-
ward and concise method to prepare reduced polypropionates.
To the best of our knowledge, there is no precedent of the
asymmetric alkylation of the y-position of a dienolate derived
from @,f-unsaturated carboxylic acid.” Herein, we report the
stereoselective alkylation of the vinylketene silyl N,O-acetal
possessing a chiral auxiliary and its application to the synthesis of
mycocerosic acid [(2R4R,6R,8R)-2,4,6,8-tetramethyloctacosa-
noic acid], a component of the cell envelope of Mycobacterium
tuberculosis.

During the course of our synthetic studies on acyclic
polyketides, we have developed remote asymmetric induction
reactions including the vinylogous Mukaiyama aldol reactions
and the acylation reaction (Scheme 1).>° These reactions
showed high stereoselectivity, although the reaction position
(the terminal carbon of the dienol ether) was directed far from
the chiral center of the auxiliary. These reactions construct
stereogenic centers and introduce the enone attaching the chiral
auxiliary simultaneously, so that they realize short-step syntheses
of polypropionates.”**’ Based on these results, we examined a

-4 ACS Publications  ©2015 American Chemical Society
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Scheme 1. Remote Asymmetric Induction Reactions Using
the E,E-Vinylketene Silyl N,0-Acetal 1
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stereoselective alkylation of silyl dienol ether 1, which would be a
straightforward method to synthesize reduced polyketides.'’

At first, we investigated various Lewis acids in the presence of
allyl iodide (Table 1). Frequently used Lewis acid including
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Table 1. Reaction of the E,E-Vinylketene Silyl N,0-Acetal 1
and Allyl Iodide in the Presence of Lewis Acid

s 2~ (15 equiv)
. ’g_\ Lewisl acid (1.2 equiv) ’—g_\
additive (0.2 equiv) Me Me
Me” N\ﬂ’o CH,Cl, = & N\[(O
TBSO O temperature 0O O
1 16 h 6

entry Lewis acid additive temp (°C)  yield (%) dr”
1 TiCl, 0 0

2 SnCl, 0 0

3 AICL 0 0

4 BF,-OFEt, rt 0

S ZnBr, rt 0

6 AgNO, rt 10 10:1
7 Ag,S0, rt 18 6:1
8 AgClO, 0 24 18:1
9 AgBF, -20 4S5 10:1
10 AgOTf -20 46 >20:1
11 AgTFA -20 58 >20:1
12 AgTFA BF;-OEt, -20 65 >20:1
13" AgTFA -20 80 >20:1
14° AgTFA BF,-OFt, —40 83 >20:1

“The ratio was determined by 400 MHz 'H NMR. bAllyl iodide (3
equiv), AgTFA (3 equiv), and BF;-OEt, (0.2 equiv) were used.

TiCl,, SnCl,, AICl;, BF;-OEt,, and ZnBr, did not provide the
allylated product 6 (Table 1, entries 1 to 5), while silver(T) salts'
facilitated the reaction to give y-adduct 6 with good to excellent
stereoselectivity (entries 6—11)."” Among silver(I) salts, silver
trifluoromethanesulfonate (AgOTf) and silver trifluoroacetate
(AgTFA) gave the adduct 6 in moderate yield with excellent
selectivity (entries 10 and 11). No a-alkylated compound was
observed. Addition of a catalytic amount of BF;-OEt,"'* in the
presence of AgTFA gave better yield without affecting the
stereoselectivity (entry 12). Increasing the amount of AgTFA
and allyl iodide gave a higher yield of 6 (entry 13). After all, the
reaction in the presence of BF;-OEt, proceeded at —40 °C to
afford y-adduct 6 in high yield with excellent regio- and
stereoselectivity (entry 14). Therefore, the conditions of entry
14 were employed for the following reactions.

Next, we examined the alkylation reaction with a variety of
alkyl iodides. Although #-Pr-I gave no adducts, activated iodides
reacted with dienol ether 1 to provide y-alkylated compounds
(Table 2). Disubstituted allyl iodides gave the corresponding
adducts in good yield with excellent stereoselectivity (Table 2,
entries 2—4). Trisubstituted allyl iodide gave the adduct in
moderate yield but stereoselectivity was high (entry S). Benzyl
iodides including benzyl iodide, p-bromobenzyl iodide, and p-
nitrobenzyl iodide gave adducts in good yield with excellent
selectivity (entries 6—8); however, p-methoxybenzyl iodide gave
moderate yield with good selectivity (entry 9). In this reaction,
we observed production of p-methoxybenzyl trifluoroacetate as a
byproduct. Propargyl iodide also facilitated the reaction to give
the corresponding propargyl adduct in good yield with good
stereoselectivity (entry 10).

To investigate the reaction mechanism Z-olefin 8 was used as
an electrophile in the alkylation reaction (Scheme 2). The
reaction proceeded at —90 °C and provided a mixture of allylated
compounds 9 and 10. The E-isomer 10 was produced about the
same amount as Z-isomer 9. Additionally, ethyl iodoacetate did
not afford the corresponding adduct (not shown in Scheme 2).
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Table 2. Reaction with the E,E-Vinylketene Silyl N,0-Acetal 1
and Alkyl Halide in the Presence of AgTFA and BF; OEt,

R-1 (3 equiv)
e . w4

Me
AgO,CCF; (3 equiv)

x5 BF;+OEt, (0.2 equiv)
N.O —— N_ G
Me S CH,Cl RJ\/\Y Y
TEBSO O temperature [s] (0]
1 16 h 7
temperature ield
entry R-1 : product : dr
(°C) (%)
I Al 781040 6 83 >20:1
2 )\/| -78 Ta 75 >20:1
3 ppr A -90 b 77 >20:
4 BrofhAA ¢ 71 17
5 /\)\/ -90 7d 43 180
6 ©\,| 78 7% 76 >20:1
Br
7 \©\/I -78t0o—40 7f 75 16:1
O,N
8 \©\/' -20 7@ 66 >20:1
MeO
9 -90 7h 58 9:]
|
10 /\/\/| 78 i 13
1 A~ ~78t0-40 - 0 2

“The ratio was determined by 400 MHz 'H NMR. “Bnl (1.5 equiv)
and AgTFA (1.2 equiv) were employed.

Scheme 2. Alkylation with Z-Allyl Iodide 8

MEW| 8

Me
S AgTFA (3 equiv)
BF;+OEt; (0.2 equiv)
N 20
Me CH,Cl,
TBSO O -90°C, 4 h
1 56%
Me Me’_g—\ Me Me’—g—\
n-Pr. — e N, O = N, O
Y Y
O O o 0
9 (9:10=1.2:1) 10

These results suggest that the reaction involves cation
intermediates.

Based on these results, we applied this alkylation reaction to
natural product synthesis. Mycocerosic acid is a component of
phthiocerol dimycocerosate (PDIM), a virulent factor of
Mycobacterium tuberculosis (Figure 1)."* Tuberculosis is a
worldwide problem as a leather infection disease caused by
Mycobacterium tuberculosis. PDIM is required for further
investigation of the infection system of M. tuberculosis. The
Minnaard group has achieved the total syntheses of mycocerosic
acid and PDIM by the iterative catalytic asymmetric conjugate
addition of methyl group to @,B-unsaturated thioester.'* During
the course of synthesis of polyketide compounds in our
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Figure 1. Structure of PDIM.

laboratory, we started the synthesis of PDIM. Herein, we report
the concise synthesis of mycocerosic acid by using our
stereoselective alkylation reaction. As shown in Scheme 3, we

Scheme 3. Synthetic Plan toward Mycocerosic Acid

Me Me Me Me%—\

Me Me Me Me

OH
MBM ﬁ BRO g i N_ O
19 8 6 4 2 Y
9 ° 0 ©
mycocerosic acid 11
Me
Me Me N
\)\/K/ NGO
—> Bno At e
TBSO O
12 1

planned to synthesize mycocerosic acid by regio- and stereo-
selective reductions of two olefins of imide 11, which would be
synthesized by the stereoselective alkylation reaction with allyl
iodide 12 and dienol ether 1.

The synthesis started from the remote asymmetric induction
reaction using vinylketene silyl N,O-acetal 1 and dibenzyl acetal
13 (Scheme 4). The reaction proceeded to give 14 in a

Scheme 4. Synthesis of C1—-C9 Moiety of Mycocerosic Acid

1) NaBH,
Me MeOH
i Bno” “OBn 13 rt, 20 min
TiCly Me Me 96%
~_N_ O A N _O——
Me h CH,Cl; Y 2)1, PPhs
TBSO O ~78to-20°C OBn o 0 imidazole
1 42h 14 (dr >20:1) MeCN, Et,0
T1% 0 °C, 15 min

= =
CH,Cl, 4 2
-90to -78 °C, 12 h
61% in 2 steps

Me Me Me Melg—\
1 N\n/o
o 0

1
AgOTH Me Me Me Me/_ﬂgﬂ
sro AN ——— o AN N 0
0O 0

12 11 (dr>20:1)

Li, lig. NH;
THF
~78 °C, 6 min

HO.
then 9
proton source
see Table 3

=
2

15

stereoselective manner. Reduction of the imide to the primary
alcohol, followed by Appel reaction, afforded unstable allyl iodide
12 which was immediately used in the next reaction. The reaction
of 12 with vinylketene silyl N,O-acetal 1 in the presence of silver
triflate gave 11 in good yield with good stereoselectivity.
Subsequent Birch reduction promoted both reduction of a,f-
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unsaturated imide and removal of the benzyl group. In this
reaction, we examined the proton source to prepare C2 position
of the desired 15 (Table 3). When we added ammonium chloride

Table 3. Birch Reduction of Imide 11

Li, lig. NH5
THF
Me Me Me Me 78 °C, 6 min
BnO = = N, O —_—
2 then
11 o 0o proton source
Me Me Me Me Me Me Me Me
HO = 7~ XN HO = 2 Xn
15 © 6 ©
entry proton source yield (%) dr”(15:16)
1 NH,CI 72 2:1
OH
5 EBu By 86 21
(o}
3 | NH 61 4:1
e
g
2
9.
4 N 86 12:1
H
N
S—Me
5 N>_ 81 >20:1
H

“The ratio was determined by 400 MHz 'H NMR.

as a proton source, diastereoisomer at the C2 position (16) was
produced as a minor product in a ratio of 2:1 (Table 3, entry 1).
Although we employed 2,6-di-tert-butylphenol,'” a frequently
used phenol as a bulky proton source, the diastereoselectivity was
not imé)roved (entry 2). 2-Pyridone, reported by the Davies
group'® as a good proton source to react with the enolate
attaching an oxazolidinone, improved the diastereoselectivity to
4:1 (entry 3). Considering the acidity of the proton source, we
examined benzimidazole (pK, 12.75'), which gave 15 in good
yield with high stereoselectivity (entry 4). Finally, we added 2-
methylbenzimidazole as a more bulky and commerecially available
proton source, and the desired 15 was obtained in good yield
with excellent selectivity (entry S).

After achieving the stereoselective reduction of @,f-unsatu-
rated imide accompanied by deprotection to give primary alcohol
15, the stereoselective reduction of the internal olefin was
performed by the hydroxy group directed hydrogenation
(Scheme S). Shrock—Osborn catalyst worked very well to
produce all-syn compound 17 in high yield with excellent
stereoselectivity.'® Oxidation of the primary alcohol was
followed by Kocienski olefination to give olefin 18, which was
hydrogenated to give saturated imide 19. Hydrolysis of the imide
afforded mycocerosic acid, spectral data of which were identical
to those reported previously'** in all respects. Therefore,
mycocerosic acid has been synthesized in 10 steps from 1.

In conclusion, we have established the remote asymmetric
induction-type alkylation of vinylketene silyl N,O-acetal 1 with
activated alkyl halides in the presence of silver(I) salt and boron
trifluoride diethyl etherate and applied the reaction to synthesize
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Scheme S. Synthesis of Mycocerosic Acid
H

2
Me Me Me Me  Rh(cod)(PPhs,PFs  Me Me Me Me
HO = X HO. X
6 Y CHCl 8 N
10°Ctort, 20 h
15 9 5% 17 (dr>20:1) ©
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95% Me Me Me Me PdiC
— Me 1 N_ O
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LiHMDS g i, 20 h
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THF Me M M
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- then HCl aq 19 o
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mycocerosic acid

mycocerosic acid. In the Birch reduction of an unsaturated imide,
2-methylbenzimidazole was found to be an effective bulky proton
source. These methods are useful to the synthesis of reduced
polypropionates. Further application of these method to total
synthesis of natural products is in progress.
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ABSTRACT: We have developed a stereospecific, nickel-catalyzed
cross-coupling of secondary benzylic ammonium salts and
diboronate esters to deliver highly enantioenriched benzylic
This reaction utilizes amine-derived electrophiles,
which are readily available in high enantiopurity, and simple,
inexpensive nickel catalysts. This reaction has broad scope, enabling

boronates.

Baping

NMesOTi 10 mol % Ni{cod), or Ni(OAc),-4H,0 Bpin
22 mol % PPhjg, PPh,Cy, or ICy-HBF, :
= R2 - - R2
R NaOMe or KOMe R~
S THF, 24 h =
r eﬁ:grg?;fr;aable Stereospecific Miyaura Borylation ispe;‘:%ﬂfs
up to 99% ee

synthesis of a variety of secondary benzylic boronates in good yields

and excellent ee’s.

Enantioenriched secondary benzylic boronic esters are
valuable synthetic intermediates for the construction of
complex molecules. Their C—B bonds can be converted with
enantiomeric fidelity to C—O bonds by oxidation' or C—C
bonds by cross-couplings” or Matteson-type homologa-
tions."”"” Due to their utility, various methods have been
developed to deliver these compounds in high enantiomeric
enrichment (Scheme 1). From alkenes, catalytic, enantiose-

Scheme 1. Asymmetric Synthesis of Secondary Benzylic
Boronates

\ stereospecific
BX, Miyaura borylation NMe,OTf
R NMe
BX, —— /l\ = - ~
R THIS WORK Ar R
BX, / readily available
,J\ in high ee
R™ "BX; R-BX,

lective hydroboration,” f-boration of a,f-unsaturated carbon-
yls,5 diboration,® and l,l—arylboration7 methods have been
developed. Borylation of allylic electrophiles also delivers
enantioenriched benzylic boronates.” Boronate starting materi-
als can also be utilized to prepare enantioenriched benzylic
boronates. Methods utilizing boronate substrates include cross-
couplings of diboranes;” hydrogenation, hydroboration, and
conjugate additions of vinyl boronates;'’ and homologation
approaches, such as Aggarwal’s asymmetric deprotonation/
borylation route.""

Conspicuously absent from the previously reported asym-
metric syntheses of secondary benzylic boronates is a Miyaura
borylation of a benzylic electrophile.'>'* This approach would
offer a powerful alternative route from readily available starting
materials. Notable methods for C—B cross-couplings of alkyl
halides, tosylates, ammonium triflates, and ethers have been
developed using copper and nickel catalysts; however, to date
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these methods only deliver achiral or racemic products.**°

Miyaura borylations of alkyl electrophiles to deliver enantioen-
riched products are currently limited to allylic electrophiles.”"”

We have reported a stereospecific, nickel-catalyzed Suzuki—
Miyaura cross-coupling of benzylic ammonium triflates with
arylboronic acids.'®"? Amine-derived substrates are ideal
electrophiles for stereospecific cross-couplings, because amines
can be readily prepared in near-perfect enantiomeric excess via
a variety of methods.”® These amines can then be readily
transformed to trimethylammonium salts via a two-step
alkylation sequence, which requires only a single column
chromatography puriﬁcation.m’22 In addition, amine-derived
substrates offer a functional group handle orthogonal to ethers,
and both amines and ammonium salts are stable to long-term
storage. We envisioned that a stereospecific Miyaura borylation
of these attractive amine-derived electrophiles would be
possible by changing the arylboronic acid to a diborane
coupling partner.”” Herein we report an enantiospecific, nickel-
catalyzed Miyaura borylation of secondary benzylic ammonium
salts to deliver benzylic boronate esters in high yields and ee’s.
This reaction represents the first example of a cross-coupling of
a benzylic electrophile to deliver a highly enantioenriched
borane and is one of the first examples of a stereospecific cross-
coupling of a benzylic electrophile and a heteroatomic
nucleophile.'*"* Furthermore, it offers complementary scope
to existing methods for asymmetric synthesis of benzylic
boronate esters, such as asymmetric hydroboration of styrenes.

We selected the borylation of ammonium triflate 1a for our
optimization. The amine precursor of la is commercially
available in >99% ee. We assume no loss in ee during its
conversion to ammonium triflate la. Using bis(pinacolato)—
diboron (B,pin,) under conditions similar to those optimized
for the arylation of secondary benzylic ammonium triflates,"** a
low yield of boronate 2 was observed (Table 1, entry 1).
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Table 1. Optimization of Borylation”

Baping
NMe;OTH 10 mol % [Ni] Bpin
22 mol % L ~
sopde - Ssen
24h
1a, >99% ee 2a

tem yield ee
entry [Ni] I (°c (°/)b (%)°
14 Ni(cod), P(0-Tol), 70 12 nd*

2 Ni(cod), P(o0-Tol), 70 78 95

3 Ni(cod), P(o0-Tol), rt 84 98

4 Ni(cod), PPh, rt 86 99

S Ni(cod), None rt 81 97

6 Ni(OAc),4H,0  PPh, rt 80 99
7 none PPh, rt trace n.d.
8% Ni(cod), PPh, rt 0 nd.’

“Conditions: ammonium triflate 1a (>99% ee, 0.1 mmol, 1.0 equiv),
B,pin, (1.5 equiv), [Ni] (10 mol %), ligand (L, 22 mol %) NaOMe
(1.5 equiv), THF (0.2 M), 24 h, unless otherwise noted. “Determined
by 'H NMR analysis using 1,3,5-trimethoxybenzene as internal
standard. “Ee’s of the subsequent alcohol, formed via oxidation with
H,0, and NaOMe Determined by HPLC analysis using a chiral
stationary phase. “K;PO, replaced NaOMe. “n.d. = not determined.
711 mol % PPh,. #No base. 5 mol % Ni(cod),, 11 mol % PPh,,

However, by changing the base from K;PO, to NaOMe, a 78%
yield and excellent stereochemical fidelity (95% ee) were
achieved (entry 2).** By lowering the reaction temperature,
protodeboration is minimized, leading to an even higher yield
(entry 3). Investigation of the ligand showed that P(o-Tol); can
be replaced with PPh; (entry 4). Phosphine-less conditions are
also successful, but provide 2 in a slightly lower yield and ee
(entry S). In addition, air-stable Ni(OAc),-4H,0 can be used,
with only a slight reduction in yield for the model reaction
(entry 6). However, with some other substrates, Ni(OAc),
4H,0 proved inferior to Ni(cod), (not shown). Control
experiments confirmed that both nickel and base are required
for this reaction (entries 7 and 8). To obtain the highest levels
of reactivity and enantiospecificity across a range of substrates,
Ni(cod),/PPh; was selected as the optimal catalyst system
(entry 4). Under these conditions, lower yields were obtained
when iodide or methyl sulfate replaced triflate in the
ammonium salt (30% and 72%, respectively, not shown).
Consistent with the Suzuki arylation of benzylic ammonium
triflates, this borylation proceeds with inversion of config-
uration.”” These results compare favorably with asymmetric
hydroboration of 2-vinylnaphthalene to deliver 2a; via Rh- or
Cu;l():e‘xitalyzed hydroboration, 2a is formed in only 85—86%
ee.””

Under the optimized conditions, a variety of benzylic
ammonium triflates successfully underwent borylation, deliver-
ing boronate products in good yields and excellent ee’s
(Scheme 2).** In every case, the benzylic amine precursors
were prepared or purchased in high enantiopurity, highlighting
an advantage of amine-derived electrophiles. Amines that were
not commercially avallable were prepared via additions to
Ellman’s sulfinimines.””>™ The sulfinamide intermediates were
isolated as single diastereomers (>95% de), as determined by
"H NMR, and we assume the subsequent ammonium triflates
are prepared in >95% ee.”” As shown by the comparison of
yields determined by 'H NMR analysis and isolated yields, the
purification of some of these benzylic boronates often resulted
in 10—15% loss of product due to unavoidable decomposition
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Scheme 2. Scope of Ammonium Triflate”

BaXs
10 mol % Ni{cod)s
NMe;OTt 22 mol % PPhy BX,
AR NaOMe, THF AR
m,24h
1,295% ee

Bpin Bpin Bpin
Bpin H
; Me
e Co
MeO TBDPSO
2a, 81%  2b, 56% (65%) 2c, 83% 2d, 4?% (59%)
99% ee 92% ee 99% eet
299% es =02% es 299% es 292% es
Bpin Bpin Bpin
; ~M Bpin
Me e =
OMe o] Ts
2e, 49% (61%) 2f, 64% (72%) 2g, (44%) 2h, 62% (83%)
95% ee 98% eabc 96% ee 6% ee
205% es =98% es 206% es =06% es
Me Me Me "
i e
Bpin Bpin Bpin Mﬁ_\/Y
2-N 0...0 0.5-0
/v\’_/\' 2.Np” ""ph P/\r B B
: A
2-Np” “Me 2-Np” "Me
2i, 58% (83%) 2j, 72% (78%) 2k, 50% (59%) 2, (61%) 2m, (74%)
98% ee 98% ee 98% ee 95% ee 95% ee
=98% es 208% es =08% es =95% es =95% es

“Conditions: ammonium triflate 1 (>95% ee, 0.30 mmol, 1.0 equiv),
B,X, (1.5 equiv), Ni(cod), (10 mol %), PPhy (22 mol %), NaOMe
(1.5 equiv), THF (0.2 M), rt, 24 h, unless otherwise noted. Isolated
yields. Yields in parentheses determined by 'H NMR analysis using
1,3,5-trimethoxybenzene as internal standard. Ee’s of the subsequent
alcohol, formed via oxidation with H,0, and NaOMe, determined by
HPLC analysis usmg a chiral stationary phase. Enantlospemﬁaty (es)
= eepod/ ety X 100. Opp051te enantiomer of 1 used. 50 °C.

of these sensitive compounds. Nonetheless, synthetically useful
yields are obtained.

In addition to the 2-naphthyl substituent, a variety of other
arenes with extended 7-systems are well tolerated, including the
more sterically hindered 1-naphthyl (2b) and both methyl and
silyl ether substituted naphthyls (2c—e). Substrates with
heteroaryl groups also undergo borylation. Benzofuran 2f was
formed in 64% yield and 98% ee. Indoles can also be utilized,
providing excellent levels of stereochemical fidelity, albeit in
lower yield (2g).

With respect to the alkyl substituent (R, Scheme 2), a wide
variety of groups can be used. Linear alkyl groups are well
tolerated, including those with trifluoromethyl and acetal
functional groups (2h—j). Impressively, the borylation is also
effective with branched alkyl substituents, such as a bulky i-Pr
group (2k). Notably, asymmetric hydroboration cannot deliver
benzylic boronates with branched substituents in this position.
Dibenzylic ammonium salts (R = aryl) were unsuccessful in this
borylation; no desired product was formed.

These reaction conditions are also amenable to the use of
alternative diboranes. Borylation with bis(neopentylglycolato)-
diboron (B,neop,) and bis(hexylene glycolato)diboron
(B,hex,) delivered benzylic boronates 2l and 2m in good
yields and excellent levels of stereochemical fidelity (Scheme
2). However, these benzylic boronates proved unstable to
isolation, limiting their utility to downstream reactions that do
not require purification after the Miyaura borylation.

To demonstrate the synthetic utility and robustness, we
conducted the borylation of ammonium triflate 1c, prepared in
>95% ee, on a l-g scale (eq 1). We employed air-stable
Ni(OAc),-4H,0/PPhj as the catalyst, allowing benchtop setup.
Boronate 2c was isolated in 68% vyield and near-perfect
enantiopurity (99% ee). In contrast, asymmetric hydroboration
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NMeSOTf 10 mol % N.(OAc)2 4H,0 Bpin
22 mol % PPhy
Me Me (1)
NaOMe, THF
MeO 24 h MeO

1¢, 295% ee
10¢

2c, 68%
99% ee

resulted in only 88% ee of 2¢.”” This boronate is a direct
precursor to the anti- 1nﬂammatory drug (S)-naproxen, as
shown by the Crudden group.*

A current limitation of these conditions is that substrates
must contain an aryl substituent with an extended z-system,
such as naphthyl.”® The borylation to form p-fluorophenyl-
substituted 2n under the standard Ni(cod),/PPh; conditions
led to only 5% yield after 6 h. Hypothesizing that the lower
reactivity of these substrates stems from difficulty in the
oxidative addition, we investigated the use of more electron-
donating ligands. By using a catalyst generated from Ni(cod),
and either 1,3-bis(cyclohexyl)imidazolium tetrafluoroborate
(ICy-HBF,) or PPh,Cy with KOMe as base at increased
reaction temperature, synthetically useful yields and good ee’s
of benzylic boronates 2n—p were achieved (Scheme 3).

Scheme 3. Borylation of Non-naphthyl Substrates®

Bopin,
10 mol % Ni(cod),

NMe;OT} 22 mol % PPh,Cy Bpin
- :
KOMe, THF A
Ar Me 20°C. 24 h Ar Me
1, 295% ee
Bpin Bpin Bpin
FOANNO ARG O R

2n 53%? (60%) 20, 55% 2p, 60%
86% ee 86% ee 85% ee
286% es 286% es =86% es

“Conditions: ammonium triflate 1 (>95% ee, 0.3 mmol, 1.0 equiv),
B,pin, (1.5 equiv), Ni(cod), (10 mol %), PPh,Cy (22 mol %), KOMe
(1.7 equiv), THF (1.0 M), 70 °C, 24 h, unless otherwise noted.
Average isolated yields (+3%). Yields in parentheses determined by
"H NMR analysis using 1,3,5-trimethoxybenzene as internal standard.
Average ee’s (£1%) of the subsequent alcohol, formed via oxidation
with H,O, and NaOMe, determined by HPLC analysis using a chiral
stationary phase. Y0.5 mmol scale. ICy-HBF, (12 mol %) in place of
PPh,Cy. Result of a single experiment.

This reaction likely proceeds via an oxidative addition to
generate a benzylic nickel species, which then undergoes
transmetalation and reductive elimination to deliver an
enantioenriched benzylic boronate product (Scheme 4). As is

Scheme 4. Proposed Mechanism

NIL OTf NiL LOTH
szlnz

R == r
@A ]i:/(\ NaOMe AT

commonly observed in stereospecific cross-couplings of
benzylic electrophiles, greater reactivity is observed for
substrates containing aryl substituents with extended =
systems.”> This observation, along with the overall inversion
of configuration, is consistent with oxidative addition occurring
in an Sy2’ fashion via attack of the nickel catalyst at the ortho
carbon to generate nickel intermediates 3 and/or 4, at least
when the loss of aromaticity is not too costly. Further support
for this hypothesis is seen by comparing the borylations of le

NMe;OTf N|L Bp|n
Ar R

1
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and 1q (Scheme S). The borylation of le is effective, but
borylation of 1q resulted in no desired product. In this case, the

Scheme S. Substituent Effects on Reactivity”

B,pin,

TfOMegN 10 mol % Ni(cod), NiL nOTE Bpin
" _22mol % PPhy A e |- : "
SO S ; e
OMe n.24h OMe OMe
1e, 295% ee 2e, 49% (61%)
95% ee
pl
OMe NMezOTf 10 mol % N|(cod)2 OMe Bpm
1
Ve _22mol % PPhy_| / Me
" NaOMe,THF |
3 n.24h 'N|L LOTE

1q, =295% ee 2q (0%)

“Isolated yields. Yields in parentheses determined by "H NMR analysis
using 1,3,5-trimethoxybenzene as internal standard. Ee’s of the
subsequent alcohol, formed via oxidation with H,0, and NaOMe,
determined by HPLC analysis using a chiral stationary phase.

methoxy group may hinder attack at C1. Attack at C3 would
result in a less stable syn- allgrl nickel intermediate 6 and a
complete loss of aromaticity.

In conclusion, we have developed a stereospecific, nickel-
catalyzed Miyaura borylation of secondary, benzylic ammonium
triflates to deliver benzylic boronates in good yields and
excellent ee’s. For naphthyl-substituted substrates, this reaction
utilizes a simple and inexpensive Ni(cod),/PPh; or Ni(OAc),-
H,0/PPh; catalyst. By using a more electron-rich ligand,
borylation of non-naphthyl substrates has also been accom-
plished. This reaction represents the first example of a Miyaura
borylation of a benzylic electrophile to deliver highly
enantioenriched benzylic boronates, which represent a valuable
class of intermediates for organic synthesis.
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ABSTRACT: The synthesis of functionalized tertiary phosphine-boranes
has been developed via a chemodivergent approach from readily accessible
(hydroxymethyl) phosphine-boranes under mild conditions. O-Alkylation
or decarbonylative P-alkylation product could be exclusively obtained.
The P-alkylation reaction was found to proceed in moderate to very good
yields and very high enantiospecificity (es >95%) using a variety of alkyl
halides as electrophiles. The configurational stability of the sodium

B, NaH, RyX n BH,
R’u-P ——— R wePu - R1“'P“
RS retention we Ry R

catalytic in situ
generation

= Mild conditions * Chemodivergent
* Functional-group tolerant * Stereospecific

phosphido-borane intermediate was also investigated and allowed a
deeper understanding of the reaction mechanism, furnishing secondary phosphine-boranes in moderate yield and enantiopurity.

In asymmetric catalysis, the use of chiral phosphines has
allowed a wide array of enantioselective transformations,
where the phosphine can be used either as a ligand for
transition metals’ or as an organocatalyst.” While most of the
phosphine ligands used in asymmetric transition-metal catalysis
have a chiral backbone,’ the ones bearing the chiral center at
the phosphorus atom (P-stereogenic phosphines) have been
given much less attention, mostly due to their difficult
asymmetric synthesis. However, in some cases, P-stereogenic
phosphines feature better reactivity and/or selectivity than their
chiral-backboned counterparts.® In this context, the synthesis of
P-stereogenic phosphines remains a challenging area of
research. Among the numerous methods leading to these
chiral compounds, functionalization of secondary phosphines
(SPs) or phosphine-boranes (SPBs) has been intensively
documented.” More specifically, the design of P-stereogenic
tertiary phosphines through alkylation of P-chiral secondary
phosphines has been investigated® (Scheme 1). Indeed, in the
late 1990s, Livinghouse described the sparteine-mediated
Dynamic Thermodynamic Resolution (DTR) of tert-butyl
(phenyl) SPB.”* The key point of the success of this method

Scheme 1. Asymmetric Alkylation of SPs and SPBs
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was the precipitation of one diastereomer of the lithiated
phosphine-borane—sparteine complex at 25 °C, involving
probably a crystallization-induced process.”” The metal-
catalyzed dynamic kinetic resolution (DKR) of secondary
phosphine has also been investig:ted by Toste and Glueck
employing chiral ruthenium(I1)**" or platinum(I1)*~° com-
plexes as catalysts. Indeed, using methyl (aryl) phosphine, the
authors described the preparation of a variety of chiral mono-
and bis-phosphines, which may then be quenched by BH;—
THF*" to yield the corresponding phosphine-boranes. More
recently, our group also developed the stereospecific alkylation
of enantioenriched tert-butyl (aryl) SPB using n-BuLi as a
base.”

The reaction was found to occur with high conservation of
chiral information as long as the reaction was run at —78 °C.
Despite the remarkable efficiency of these methods, access to
aryl(alkyl) or diaryl SPBs remains difficult, especially for
enantioenriched compounds. Furthermore, although the
alkylation of configurationally stable dialkylphosphido-boranes
proceeds in high conservation of chiral information,” the use of
aryl(alkyl) or diaryl SPBs can be problematic, as partial
racemization may occur following the alkylation temper-
ature.” The use of excess organolithium compounds as a
base can also be prejudicial to the functional-group tolerance
and, thus, limits the use of functionalized -electrophiles
(especially with carbonyl and halogen functional groups).
Recently, Hayashi described the palladium-catalyzed decarbon-
ylative arylation of (hydroxymethyl) phosphine sulfides in
excellent yields'® (Scheme 2). This retroaddition process had
already been observed earlier by Imamoto under basic and
thermal conditions,"' and more recently by Kann, who noted
the formation of racemic P-alkylation products.'* Pietrusie-
wicz'** and our groupIZb independently reported the stereo-
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Scheme 2. Decarbonylations of (Hydroxymethyl)
Phosphorus Compound
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specific reduction of a-hydroxyphosphine oxides under mild
conditions (Scheme 2).

When a carbon substituent was present on the a atom, we
observed an erosion of the diastereoselectivity, and some SPB
was isolated, along with the desired product.”*” We also
attributed this fact to the possible retroaddition of the
hydroxyalkyl moiety under borane conditions. On the basis of
these observations, we turned our attention to the development
of a selective method for the decarbonylative alkylation of
hydroxymethyl phosphine-boranes, which are readily obtained
from H-adamantylphosphinates'*”"* (Scheme 3).

Scheme 3. Envisioned Strategy for the Alkylation of Masked
SPBs
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To optimize the conditions, we first screened the reaction
parameters, using compound la and o-(chloromethyl)pyridine
hydrochloride as an electrophile. When the reaction was run at
room temperature in THF and sodium hydride as the base, a
nearly 1:1 mixture of O-alkylation (2a) and decarbonylative P-
alkylation (3a) products was obtained in moderate yield (Table
1, entry 1). The formation of the latter product, resulting from
the retro-addition (i.e., decarbonylation) of the a-hydroxyalkyl-
phosphine-borane, was postulated to go through a sodium
phosphido-borane, which would then be trapped by the
electrophile in situ. When conducting the reaction on
enantioenriched starting material, we obtained 29% of 2a
with nearly fully conserved chiral information (er = 97.5:2.5,
entry 2) and 32% of 3a, also with minor loss of enantiomeric
excess (er = 95.5:4.5, entry 2). When looking at the influence of
the solvent, we observed that both polar and nonpolar solvents
favored the formation of 2a, although THF gave a nearly 1:1
mixture (entries 2—4).

In the case of DMF, the enantiomeric ratio of 2a decreased
to 83:17 (entry 3), suggesting racemization of the sodium
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Table 1. Optimization of the Reaction Conditions

BH base 2.5 equiv

1 additive 2.5 equiv BH, N7
Ph-P-__OH JE—— _P_ O .
7( jR/ " NHC '% Py h
N\ 4 . LV R
1aR=H (2'2 equiv 2aR=H
IORoPr  THF.0°C+25°C,16h oR=-Me
entry 10 base / additive  2/3:07  yield [%] (er)
1 (+/-) 1a NaH 1.1/1 30 (50:50)
2 (Se)-1a NaH L1/1  29(97.5:2.5)
3 (Se)-1a NaH 2.5/1 26 (83:17)
4] (Sv)-1a NaH 4.1/1 39(98:2)
5 (Sp)-1a NaH / LiCl - -
(Se)-1a  NaH /MgCL - -
(Se)-1a NaH / KCl 1.5/1 38 (98:2)
8 (Se)-1a  NaH/CsCl 1/1.5  28(96.5:3.5)
9 (Sp)-1a  NaH/BwNCl >1/20
10 (Sp)-1a NaH >20/1  80(97.5:2.5)
11 (Se)-1b NaH >1/20
12 (Se)-1c NaH >1/20
1319 (Sp)-1b NaH >1/20
149 (Rp)-1b NaH >1/20

“la: er = 98:2. 1b: dr ~1/1, er = 95:5 (both diastereomers). lc: dr
=2.6/1, er (major dia) = 98.5:1.5 and er (minor dia) = 87:13.
“Determined by *P NMR of the crude. “DMF used as solvent.
9Toluene used as solvent. €2-(Bromomethyl)pyridine hydrobromide
used as the electrophile. /3 equiv of NaH were used.

phosphido-borane intermediate in a more dissociating
solvent."' Then, we turned our attention to the influence of
an alkoxide counterion using THF as solvent, and we observed
that the more the ion pair was separated, the more formation of
3a was favored (entries 2, 5—9). However, in the case of the
ammonium counterion, this was also accompanied by complete
racemization at the phosphorus atom (entry 9). This is
consistent with the formation of tert-butyl(phenyl)phosphido
borane, the configurational stability of which would depend on
the counterion.”™"* It is worth noting that when using strongly
coordinated Mg or Li counterions (entries S—6), the reaction
did not proceed at room temperature. When changing the
leaving group on the electrophile from Cl to Br, only product
2a was obtained in 80% isolated yield and 97:3 er (entry 10).
This is also in accordance with retroaddition of the
hydroxymethyl group, as when using a better leaving group
(X = Br), SN, of the alkoxide on the alkyl halide (i.e,
“Williamson”-type reaction) may kinetically outcompete the
retroaddition, thus allowing the selective formation of 2a.
Finally, we evaluated the influence of substitution on the a-
carbon on the selectivity. When a carbon substituent was
present (R= Me, Ph, entries 11—12), highly selective formation
of 3 was observed. Indeed, the use of methyl substituted
substrate 1b did furnish the desired product 3 without any
detectable amount of the O-alkylated product 2b, in a moderate
57% yield and high enantiomeric ratio (er = 93:7, entry 11).
The use of phenyl substituted substrate lc gave similar
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reactivity and selectivity for the formation of 3 (36% yield, er =
93:7, entry 12). Finally, when the amount of sodium hydride
was raised to 3 equiv, the reaction of 1b gave the desired
compound 3a in a good 77% yield and very good enantiomeric
ratio (er = 95:5, entry 13). The substitution occurred
stereospecifically with retention of configuration at the
phosphorus atom, as the reaction of the other enantiomer
gave a similar yield and afforded the other enantiomer of the
product in nearly equal selectivity (entry 14). Unlike previously
reported protocols, " the reactions did not lead to detectable
amounts of aldehyde reduction products by the sodium
phosphido-borane at operating temperature (assessed by the
absence of degradation products on *'P NMR). With these
optimized conditions in hand, we turned our attention to
expanding the scope of the decarbonylative P-alkylation of 1b,
using a variety of alkyl halides (Figure 1). When a variety of
benzylic halides were used (Figure 1, 3b—f), electron-donating
groups on the aromatic ring favored the reaction.

?H: NaH 1.5 equiv BH,
Bu P RCH 1.2 equiv tB““_",VR
PR T y 3
OH  THF,0 —=25°C,24h Pl
(Sp-1b) dr = 1:1 (Se)
er = 95:5 (both dias)
3
BHy &~ BHy /j BHy y#
BH, | o
tBy -hf’\/]\) LS B P
X=CI,87T%
TT%, er= 955 re er= 855 (5p-3g)
-3a) X = C .
3p30) %= <l FG=0OMe 84%, er=93:7 (Sp-3b) X = CI P
BHy N7 Me B4%, er =946 (Sp-dc) X =Cl BHy p—
) Q €l 85%, er = 94:6 (Sp-3d) X = CI 3 il
PPN H  76%, er = 96:4 (Sp-3e) X = Br thr;"x/ -0

79%, er = 95.5:4.5 CO;Me 66%, er = 34:6 (Sp-3f) X = CI X = CI, 74%, dr = 96/4

(Rp-3ap X =CI er > 59.5:0.5 (Sp,5-3))
BH, BH, ?HJ ipr
e + BH3 -

v P 1By P By P ]
Buls™s By PH PR P o o

52% 73% 30% tBu

er = 95.5:4.5 er=94.5:5.5 er = 66.5:33.5 X = Cl, 53%, dr = 85.5:4.5

(Sp-3h) X =1 (Sp-31) X = Br (5p-3K) X = Br er > 99.5:0.5 (Rp,5-3])*

* (Rp-1b, dr ~1:1, er = 95:5 on both dias) used as starting material

Figure 1. Scope of the P-alkylation of compound 1b (dr ~1/1, er =
95:5 (both diastereomers)).

The use of methyl iodide or allyl bromide also allowed the
formation of compounds 3h and 3i, respectively, in moderate
yields. In all these cases, minor to no erosion of the
stereochemical information was observed (es >95%)."> This
method also allowed the use of (chloromethyl) chiral oxazoline
as an electrophile, to furnish P, C stereogenic phosphine/
oxazoline preligands (compounds 3j) in moderate yields and
with high diastereo- and enantioselectivity. Again, no
racemization was observed on the product. Indeed, as a chiral
electrophile is used in this case, the racemization can be
assessed by comparing the er of the starting material with the dr
of the product, given that the carbon center does not undergo
racemization under these conditions. The use of less reactive
secondary alkyl bromide resulted in decreased reactivity and
selectivity using the optimized conditions (3k, 30% yield, er =
66.5:33.5). In this case, 36% of SPB (resulting from unreacted
sodium phosphido-borane) was also isolated.

Using methyl(phenyl) masked SPB 4a, the access to tertiary
phosphine Sa was enabled under the same conditions. In this
case, the reaction was found to be slower but occurred in
similar enantiospecificity, as only minor racemization occurred
(Scheme 4). This remarkable result testifies to the versatility of
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Scheme 4. Alkylation of Other Group Functionalized P-
Stereogenic Phosphine-Borane

HCI

| N Cl
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BH
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{ \|/ NaH 3 equiv Ph( SN
Me THF, 0 °C+25 °C —
,dr=19/ 16h .
w- e blllendl ® er = 94.5:5.5

er = 99:1 (major dia)
96.5:3.5 (minor dia)

the method, which allows the formation of enantioenriched
compounds which are challenging to access using reported
methods.® To gain information on the reaction mechanism, we
used a proton source as the electrophile. The corresponding
SPB was obtained, and its enantiomeric ratio was assessed by
derivatizing to the corresponding P-Me compound”™ (Scheme
5). When the deprotonation was run at S °C for 2 h, 45% of

Scheme S. Configurational Stability of Sodium Phosphido-
Borane

BH; 1) NaH 1.5 equiv BH;  nBuli1.2 equiv BH,
& P oH THF. t°C, time 5 & Mel 5 equiv !
tBy' 4 P E—— tBy' 4 “H — B P
P \qu/e 2) NH,Cl sat, A THF, -78 °C by Me
Sp-1b) dr ~1:1 5°C,2h  45% DERIVATIZATION er=71.5:285
{erp= g.r)rs (both dias) | 10°C,6h 43% - er=82:18
" -25°C,15h 17% ref 9a er=96:4

SPB was isolated, and substantial racemization occurred. At
—10 °C, the reaction outcome was similar to the case for 5 °C,
although racemization was diminished. At —25 °C, the reaction
provided desired SPB in low yield (17%) but without erosion of
enantiomeric ratio, accounting for the higher stability of the
alkoxide at low temperature.

These results suggest that the sodium secondary phosphido-
borane seems to be configurationally more stable than its
lithium counterpart.””'* However, as detectable racemization
occurs despite the temperature, this does not explain the
complete stereospecifity observed during the alkylation process.
To rationalize this result, we propose a mechanism where the
sodium phosphido-borane would be generated in a catalytic
amount through the reaction time, and in the presence of the
electrophile, alkylation at the phosphorus atom would be faster
than racemization of the anionic intermediate (k, > k,,
Scheme 6). This mechanism would also explain complete
racemization using the ammonium counterion, as in this case of
k, < kg In the case of a less electrophilic secondary alkyl
halide, a diminished k, value may account for the decrease in
stereoselectivity of the process (k, & k).

Scheme 6. Proposed Reaction Scenario
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In conclusion, we have synthesized a variety of functionalized
tertiary phosphine-boranes by a straightforward approach, with
moderate to good yields and excellent enantiomeric ratios. In
the present report, the configurational instability of alkyl(aryl)-
phosphido-boranes has been circumvented by catalytic in situ
generation of these reactive species under mild conditions via
decarbonylation of hydroxyalkylphosphine-borane. The syn-
thesis of these compounds has been achieved in a three-step
enantiospecific sequence, from readily available, enantiopure H-
adamantyl phosphinate (which are separated via semiprepar-
ative chiral HPLC).'**
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ABSTRACT: An expert and easy one-step catalytic method for the multi
O—C coupling of alkyne is developed for the synthesis of valuable a-
ketoesters and their chiral analogues, in contrast to the generation of
esters by a noncatalytic method. The in situ generated powerful Ag"
catalyst from AgOTf is the workhorse in the oxidative grafting of alkyne
with PhIO and alcohol. The radical mechanism is confirmed in our

controlled experiments and UV—vis study.

irect introduction of two vicinal functional groups into a

C—C triple bond has found immense application in recent
times."”” The intermolecular heterodifunctionalization is an
especially attractive process to achieve valuable synthons,
intermediates, pharmaceuticals, bioactive natural products, and
their synthetic analogues.' In a continual effort to study the
reaction of alkynes with A%-hypervalent iodines® under mild
reaction conditions,lb’4 we envisaged that a terminal alkyne can
be directly transformed into valuable a-ketoesters (4, route b,
Scheme 1) through simultaneous installation of two oxo groups

Scheme 1. Selective Synthesis of @-Ketoester over Ester

into both the alkyne carbons and O—C coupling to =C—H with
alcohols. Interestingly, during preparation of our oxidative
difunctionalization strategy, Guo and co-workers published a
noncatalytic reaction to esters (3, route a, Scheme 1) through
cleavage of alkynes with fluorinated A*-hypervalent iodine
[PhI(OCOCF;),] at 60 °C (15 h).” Thus, it is a great challenge
for direct syntheses of a-ketoesters (4, route b) without
generation of ester 3. We were looking for efficient catalyst,
neutral hypervalent iodine, and mild reaction conditions to avoid
breakage of the labile keto-ester bond (C,—C,) of 4, which may
produce the byproduct 3 (route b). Ag'' species® was the catalyst
of choice, and PhIO” was chosen as an oxygen source for keeping
reaction medium neutral, rather than making harmful acidic
conditions for the use of PhI(OCOR),.

a-Ketoesters and their analogues are widespread in Nature,
valuable pharmaceuticals, and bioactive natural products such as

-4 ACS Publications  ©2015 American Chemical Society

144

cysteine and serine proteinase inhibitors a-ketoester-f#-amines,
thrombin inhibitor a-ketoester peptides, cancer cell growth
inhibitors and insecticidal antibiotic respirantin, and anti-
influenza-active angelicin.” a-Ketoesters bearing strongly elec-
tron-deficient carbonyl and neighboring binding-capable ester
functionalities make them useful synthons for asymmetric
reduction, fluorination, aminohydroxylation, and aldol reactions,
tandem heterocyclization, lactonization, construction of bio-
active natural products, and efficient epoxidation catalysis and
have strongly chelation-guided optical properties.” a-Ketoesters
were synthesized using PdY Cul, Cu powder, and I,-mediated
coupling of alcohol to carbon monoxide, 1,3-diketones, 1,3-
ketoaldehydes, and acetophenones, respectively.'® a-Function-
alized esters were the preferred precursor for a-ketoesters, which
were achieved using Rh', "BuLi, Bu,NF—KF, Ru", and PDIA—
H,S0,."" There are also a few other reported methods."”
Syntheses of a-ketoesters were also reported through oxidation
of trimethylsilyl-activated acet{lenes using OsO,—"BuO,H,"
Co(salen)-catalyzed reaction,'*” and a similar two-step reaction
using the strong oxidant KMnO, under basic conditions.'*
Direct synthesis of a-ketoesters and their chiral analogues
through coupling of alkyne with alcohol under low catalyst
loading will be an exciting addition to the existing approaches.
We have reported several benign strategies using PhIO under
neutral conditions.”* ™ To synthesize a-ketoester 4a, this work
begins with (Table 1) treatment of a mixture of 4-
biphenylacetylene (1a, 1 mmol), PhIO (3 mmol), and methanol
(1 mmol) in 1,2-ethylene dichloride (EDC) with a suitable
catalyst (1 mol %). Our early catalyst screening using several
potential metal salts and complexes (only two are only shown,
entries 1 and 2, Table 1) were unsuccessful. Gratifyingly, upon
use of metal catalysts such as Fel, Pd’, Ir™ and Rh™ the
reactions were successful (entries 3—6) in producing the desired
product 4a. However, the poor yields were a major concern of
these reactions, and the yields were not improved (18—25%)
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Table 1. Survey and Optimization of the Reaction

O0=remon
2a

Ia CH_‘

PhlO __PhIO catalyst

solven( temperature

entry catalyst” solvent®  temp (°C) time (h) yield” (%)
1 Ni(OAc),4H,0  EDC 80 8

2 RuCly.xH,0 EDC 80 10

3 FeCl, EDC 80 20
4 Pd(PPh,), EDC 80 25
S IrCly EDC 80 18
6 RhCL, 3H,0 EDC 80 4 2
7 AgOTf EDC rt 12 58
8 AgOTf EDC 80 1.5 68
9 AgOTf EDC 40 1.5 71
10 AgOTf" EDC 40 1.5 70
1V AgOTf EDC 40 15 63
128 AgOTf EDC 40 8.0

13 EDC 40 9.0 12
14 AgOTf EDC 80 1 50
15 AgOTf MeOH 40 1.5 65
16 AgOTf THEF 40 1.5 62
17 AgOTf PhCH;, 40 1.5 45
18 AgClo, EDC 40 2 60
19 AgNO; EDC 40 3 40
20 AgVO, EDC 40 6 25
21 Ag,0 EDC 40 6 20

“PhIO (3 mmol), 1a (1 mmol), and 2a (1 mmol). ®1 mol %. °S mL.

“Purified by column chromatography. 0.1 mol 9%.7PhIO (2.5 mmol).
$No PhIO.

with higher catalyst loading and reaction temperature.
Surprisingly, the yield of 4a was significantly improved (58%,
entry 7) upon use of AgOTf (1 mol %) at ambient temperature.
Both the yield (71%) and reaction rate (1.5 h) were further
improved under warming (40 °C) conditions (entries 8—11).
Optimized conditions were developed using only 0.1 mol % of
AgOTHf catalyst to complete the reaction within 1.5 h (entry 10)
in 70% yield. Our controlled experiments (entries 11—14)
confirm the presence of AgOTf catalyst (0.1 mol %) and oxidant
PhIO (3 mmol) were essential for the heterodifunctionalization
process. EDC was found as the best solvent (entries 10 and 15—
17). Other silver salts (entries 18—21) were not found to be
better catalysts.

The tolerance of various functionalities was successfully
examined for this new method (Scheme 2) through synthesis
of a wide range of compounds bearing both unsubstituted and
substituted aromatic rings (Table 2), heterocycles (4t), biphenyl
systems (4a—e,gh), and naphthalene ring (4i). The manipu-
lation of substrates has been achieved using primary, secondary
(4d), and long-chain alcohols (4e). Arylalkynes bearing
deactivating group halogen, nitrile, nitro, ketone, and ester

Scheme 2. Synthetic Route to a-Ketoesters

e

AgOTY (0.1 mol?%),
@ PHIOGmmol),

A "+"0_<R1 __EDG40°C,14h _
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Table 2. Synthesised a-Ketoesters

Eatry  Alkyne(D) Aleohol 2) Produet (4) Time ()  Yield (%)
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2 1a C,H,0H O O o 5 4p, 18
o
Vg
3 1a °C,H,0H 0 0 o 10 4677
o
0.
4 1 >—on Y 10 44,80
s ta *CyHyrOH 15 4e78
1]
6 —O—E CH,0H 0\ 1.5 4,70
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0
~ @ 7
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~ 35 497
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]
20 @/ °CH,0H m O 0 s
ij °
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/

O~
21 *CH 00
~, [
1k

(4m—gq, entries 13—17) were tolerated, but alkene was not
tolerated. The unorthodox carbonylation via an esterification
strategy to functionalized a-ketoesters (4a—u) was rapid (1.0—
4.0 h) and moderate to high yielding (52—80%). The substrate
(1) bearing a strongly electron-rich aromatic substituent such as
alkyne 1c and 1k (entries 9, 19, and 21) reduced the yield of 4i,
4s, and 4u substantially (52—55%) because of the formation of
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the corresponding degradation byproduct esters (3, Scheme 1).
The structure of compound 4g was confirmed by single-crystal
X-ray diffraction data analyses (Scheme 2)."*

To explore the scope of the benign strategy for synthesis of
thermally labile chiral a-ketoesters we have carried out the
reaction using secondary chiral alcohols (5, Table 3). Gratify-

Table 3. Scope of the Strategy for Chiral a-Ketoesters

Alkyne (1} Chiral Aleohol (5)

o éw@f@ :

no H
f 34

& &7@@

- o0 e -

ingly, chiral alcohols bearing sterically congested menthyl (Sa,
entry 1, Table 3), adamentyl (5b, entry 2), and norbornyl (5¢,d,
entries 3 and 4) groups smoothly underwent an oxidative
difunctionalization reaction to afford optically pure new a-
ketoesters (6a—d, Table 3). Most of the reported methods have
limits for direct access to the chiral a-ketoesters.

The Ag" complex is a metastable species'” and appeared as a
transient intermediate. In our control experiment, we noted that
the reaction was almost arrested in the presence of radical
scavenger TEMPO. This result suggested the reaction follows a
radical pathway. Our UV—vis study of the dynamic reaction
along with separate solutions containing EDC and AgOTf,
AgOTf with PhIO, and a combination of AgOTf, PhIO, and
substrate 4-phenylphenylacetylene (Figure 1) reveals the

Entry Product (6} Time (h} §, Yiel (%)

s

62,72

s

b, 69

8¢, 66

=

6d, 60

-
(-]

—— PhlO in EDC

—— AgOTfin EDC

Substrate (1a)

Product (4c)

- Reaction mixture with PhlO

o
®

- Reaction mixture with S,0g"

Absorbance
o4
)

o
S

- »_\\‘ '/\},‘-AgglIIS?l nm]
=Q

.\\_--

o
N

0.0 T T T 1
300 350 400 450
Wavelength (nm)

250

Figure 1. UV—vis study and detection of Ag" species.

appearance of a new peak at 371 nm. The peak was intensified
upon addition of K,S,0g. Kochi and Anderson ' achieved similar
results using a solution of AgNO; and stronger electron acceptor
S,047, which absorbed at 381 nm'** because of forming Ag".
With these experiments we have not only confirmed that this
reaction is catalyzed by in situ produced metastable Ag" species
from procatalyst'® AgOTf but also discovered formation of the
active oxidative radical Ag" catalyst upon treatment of A°-
hypervalent iodines. It will definitely find considerable
application in frequently used Ag-hypervalent iodine mediated
reactions.
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Based on our control experiments, UV—vis study, and
literature evidence,”'*'* we have proposed a radical mechanism
for this reaction (Scheme 3). PhIO is a well-known A%

Scheme 3. Possible Reaction Pathways
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MeOQ 1{:: l-l){ zh, H 'y I'!mm

8§ imajor)

hypervalent iodine reagent that follows a radical reaction
pathway.'” PhIO transforms procatalyst Ag' into transient Ag"
species through single electron capturing, which converts 1 into
the Ar—C=C?" radical followed by O—C coupling with alcohol
(2) to deliver an intermediate I (eq i). The intermediate I for 4a
was identified by mass spectrometry (Supporting Information),
which appeared at retention time 20.20 min with desired mass
208 (C;,Hy—C=C—OCH;). The reaction is expected to pass
through formation of Il and transfer of “O” from PhIO leading to
construction of 4. Transfer of both “O” from PhIO was
established using PhI'*O, which produced '*0,—4a (eq iii) of
mass 245.0948 (M + H). On the other hand, installation of two
“oxo” groups and migration of Ar with release of CO, may
produce a simple ester (eq ii), which was observed by Guo et al.
(3, Scheme 1).” Upon use of strongly activated alkynes such as 1c
and 1k (entries 9, 19, and 21, Table 2), we found corresponding
esters (3) about 5% under the reaction conditions, which were
increased by elevated temperature and longer reaction time.
Herein, transformation of intermediate II to product 4 is
expected to be a fast process because our attempts for trapping
the intermediate II were unsuccessful (eq iv,v). Surprisingly,
upon use of electronic and sterically congested triphenyl carbinol
(2h) and diphenylphosphinic acid (7) the corresponding
intermediates IIv and 8 were trapped, isolated, and characterized.
This supports the proposed mechanism.

In conclusion, we have demonstrated an in situ generation of
robust Ag" catalyst from a procatalyst Ag' using PhIO under
neutral reaction conditions. Our preliminary mechanistic study
reveals that carbonylation via esterification of alkynes follows the
radical pathway. It is an expert, selective, and simple method for
direct synthesis of a-ketoesters through oxidative grafting of
terminal alkynes and alcohols using very low catalyst loading.
The simple and benign one-step strategy for the multi O—C
coupling reaction brings another frontier into metal catalysis,
which is compatible for easy access to valuable chiral a-
ketoesters.

DOI: 10.1021/acs.orglett.5b03484
Org. Lett. 2016, 18, 144—147



Organic Letters

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.orglett.5b03484.

X-ray data for 4g (CIF)
Detailed experimental procedures, XRD, and spectro-
scopic data (PDF)

B AUTHOR INFORMATION
Corresponding Author

*E-mail: dkmchem@caluniv.ac.in.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Financial support of DST (SR/S1/0C-05/2012 and SR/S5/
GC-04/2012) and UGC are gratefully acknowledged.

B REFERENCES

(1) (a) Chen, Z.; L, J.; Jiang, H.; Zhu, S.; Li, Y.; Qi, C. Org. Lett. 2010,
12, 3262. (b) Pandit, P.; Gayen, K. S.; Khamarui, S.; Chatterjee, N.;
Maiti, D. K. Chem. Commun. 2011, 47, 6933. (c) Lu, Q.; Zhang, J.; Zhao,
G; Qi Y; Wang, H,; Lei, A. J. Am. Chem. Soc. 2013, 135, 11481.
(d) Besset, T.; Poisson, T.; Pannecoucke, X. Eur. J. Org. Chem. 2015, 80,
2765. (e) Lai, J.; Tian, L.; Huo, X.; Zhang, Y.; Xie, X;; Tang, S. J. Org.
Chem. 2015, 80, 5894. (f) Tian, P.-P.; Cai, S.-H.; Liang, Q.-J.; Zhou, X.-
Y,; Xu, Y.-H,; Loh, T.-P. Org. Lett. 2015, 17, 1636.

(2) (a) Chen, Y,; Ho, D. M,; Lee, C. J. Am. Chem. Soc. 2005, 127,
12184. (b) Zhao, F.; Zhang, D.; Nian, Y.; Zhang, L.; Yang, W.; Liu, H.
Org. Lett. 2014, 16, 5124. (c) Wen, J.; Wei, W.; Xue, S.; Yang, D.; Lou,
Y.; Gao, C.; Wang, H. J. Org. Chem. 20185, 80, 4966.

(3) (a) Wirth, T.; Ochiai, M.; Varvoglis, A.; Zhdankin, V. V.; Koser, G.
F.; Tohma, H.; Kita, Y. Hypervalent Iodine: Modern Developments in
Organic Synthesis; Springer-Verlag: Berlin, 2003. (b) Zhdankin, V. V;
Stang, P. Chem. Rev. 2008, 108, 5299. (c) Moriarty, R.; Tyagi, M. S. Org.
Lett. 2010, 12, 364—366. (d) Parra, A.; Reboredo, S. Chem. - Eur. ]. 2013,
19, 17244. (e) Sokolovs, 1; Lubriks, D.; Suna, E. J. Am. Chem. Soc. 2014,
136, 6920. (f) Yang, X.; Wu, T.; Phipps, R. J.; Toste, F. D. Chem. Rev.
2015, 115, 826.

(4) Khamarui, S.; Maiti, R.; Maiti, D. K. Chem. Commun. 2015, 51,384,

(S) Jiang, Q;; Zhao, A;; Xu, B,; Jia, J.; Liu, X,; Guo, C. J. Org. Chem.
2014, 79, 2709.

(6) (a) Alvarez-Corral, M.; Mufioz-Dorado, M.; Rodriiguez-Garcia, L
Chem. Rev. 2008, 108, 3174. (b) Seiple, I. B.; Su, S.; Rodriguez, R. A,;
Gianatassio, R.; Fujiwara, Y.; Sobel, A. L.; Baran, P. S. J. Am. Chem. Soc.
2010, 132, 13194. (c) Wang, Z; Zhu, L.; Yin, F.; Su, Z; Li, Z.; Li, C. J.
Am. Chem. Soc. 2012, 134, 4258. (d) Wang, H.; Guo, L.-N.; Duan, X.-H.
Chem. Commun. 2013, 49, 10370. (e) Chen, X,; Li, X.; Chen, X.-L.; Qu,
L.-B.; Chen, J.-Y.; Sun, K;; Liu, Z.-D.; Bi, W.-Z,; Xia, Y.-Y.; Wua, H.-T;
Zhao, Y.-F. Chem. Commun. 20185, 51, 3846.

(7) (a) Chatterjee, N.; Pandit, P.; Halder, S.; Patra, A.; Maiti, D. K. J.
Org. Chem. 2008, 73, 7775. (b) Pandit, P.; Chatterjee, N.; Halder, S.;
Hota, S. K; Patra, A.; Maiti, D. K. J. Org. Chem. 2009, 74, 2581. (c) Maiti,
D. K,; Chatterjee, N.; Pandit, P.; Hota, S. K. Chem. Commun. 2010, 46,
2022. (d) Pandit, P.; Chatterjee, N.; Maiti, D. K. Chem. Commun. 2011,
47, 1285. (e) Widger, L. R; Davies, C. G.; Yang, T.; Siegler, M. A;
Troeppner, O.; Jameson, G. N. L.; Ivanovi¢-Burmazovi¢, I; Goldberg,
D. P. J. Am. Chem. Soc. 2014, 136, 2699.

(8) (a) Angelastro, M. R;; Mehdi, S.; Burkhart, J. P.; Peet, N. P.; Bey, P.
J. Med. Chem. 1990, 33, 11. (b) Iwanowicz, E. J; Lin, J.; Roberts, D. G.
M.; Michel, I. M; Seiler, S. M. Bioorg. Med. Chem. Lett. 1992, 2, 1607.
(c) Pettit, G. R.; Smith, T. H.; Feng, S.; Knight, J. C.; Tan, R; Pettit, R.
K.; Hinrichs, P. A. J. Nat. Prod. 2007, 70, 1073. (d) Yeh, J.-Y.; Coumar,
M. S.; Horng, J.-T.; Shiao, H.-Y.; Kuo, F.-M.; Lee, H.-L; Chen, 1-C;
Chang, C.-W.; Tang, W.-F.; Tseng, S.-N.; Chen, C.-J.; Shih, S.-R.; Hsu, J.

147

T.-A;; Liao, C.-C,; Chao, Y. S.; Hsieh, H.-P. J. Med. Chem. 2010, 53,
1519. (e) Nie, Y.; Xiao, R;; Xu, Y.; Montelione, G. T. Org. Biomol. Chem.
2011, 9, 4070. (f) Markovic, D.; Kolympadi, M.; Deguin, B.; Poreé, F.-
H.; Turks, M. Nat. Prod. Rep. 2015, 32, 230.

(9) (a) Juhl, K; Jergensen, K. A. J. Am. Chem. Soc. 2002, 124, 2420.
(b) Chan, W. W.-K,; Yu, W.-Y.; Che, C.-M.; Wong, M.-K. J. Org. Chem.
2003, 68, 6576. (c) Harb, W.; Ruiz-Lépez, M. F.; Coutrot, F.; Grison,
C.; Coutrot, P. J. Am. Chem. Soc. 2004, 126, 6996. (d) Yang, Y.-H.; Shi,
M. J. Org. Chem. 2008, 70, 10082. (e) Li, H.; Wang, B.; Deng, L. J. Am.
Chem. Soc. 2006, 128, 732. (f) Blay, G.; Fernandez, 1.; Marco-Aleixandre,
A; Pedro, J. R. Org. Lett. 2006, 8, 1287. (g) Wu, H.-L.; Wu, P.-Y.; Shen,
Y.-Y,; Uang, B.-J. J. Org. Chem. 2008, 73, 644S. (h) Nakamura, A,;
Lectard, S.; Hashizume, D.; Hamashima, Y.; Sodeoka, M. J. Am. Chem.
Soc. 2010, 132, 4036. (i) Stefane, B. Org. Lett. 2010, 12,2900. (j) Zhang,
J--C.;Ji,J-X. ACS Catal. 2011, 1, 1360. (k) Zhu, X; Lin, A.; Fang, L.; Li,
W.; Zhy, C.; Cheng, Y. Chem. - Eur. ]. 2011, 17, 8281. (1) Xiao, X.; Xie,
Y; Su, C; Liu, M; Shi, Y. . Am. Chem. Soc. 2011, 133, 12914.
(m) Suzuki, S.; Kitamura, Y.; Lectard, S.; Hamashima, Y.; Sodeoka, M.
Angew. Chem.,, Int. Ed. 2012, 51, 4581. (n) Peng, J.-B.; Qi, Y.; Jing, Z.-R;
Wang, S.-H,; Tu, Y.-Q,; Zhu, D.-Y.; Zhang, F.-M. Org. Lett. 2015, 17,
1014.

(10) (a) Sakakura, T.; Yamashita, H.; Kobayashi, T.-a; Hayashi, T.;
Tanaka, M. J. Org. Chem. 1987, 52, 5733. (b) Zhang, C.; Feng, P.; Jiao,
N. J. Am. Chem. Soc. 2013, 135, 15257. (c) Zhang, Z; Su, J.; Zha, Z;
Wang, Z. Chem. - Eur. J. 2013, 19, 17711. (d) Sagar, A.; Vidyacharan, S.;
Sharada, D. S. RSC Adv. 2014, 4, 37047. (e) Xu, X.; Ding, W; Lin, Y,;
Song, Q. Org. Lett. 2015, 17, S16.

(11) (a) Shimizu, H.; Murakami, M. Chem. Commun. 2007, 285S.
(b) Su, Y.; Zhang, L; Jiao, N. Org. Lett. 2011, 13, 2168. (c) Metz, A. E;
Kozlowski, M. C. J. Org. Chem. 2013, 78, 717. (d) Nagaki, A.; Ichinari,
D.; Yoshida, J.-i. Chem. Commun. 2013, 49, 3242. (e) Liu, L.; Du, L,
Zhang-Negrerie, D.; Du, d Y.; Zhao, K. Org. Lett. 2014, 16, 5772.

(12) (a) Zhang, C.; Jiao, N. Org. Chem. Front. 2014, 1, 109. (b) Gu, P.;
Wu, X.-P.; Su, Y.; Xue, X.-Q; Li, P.; Li, R. Synlett 2014, 25, 53S. (c) Du,
J.; Zhang, X,; Sun, X.; Wang, L. Chem. Commun. 2015, 51, 4372.

(13) (a) Bulman Page, P. C.; Rosenthal, S. Tetrahedron 1990, 46, 2573.
(b) Nishinaga, A.; Maruyama, K.; Yoda, K.; Okamoto, H. J. Chem. Soc,
Chem. Commun. 1990, 876. (c) Li, L.-S.; Wu, Y.-L. Tetrahedron Lett.
2002, 43, 2427.

(14) CCDC no. for 4g: 1423494.

(15) (a) Anderson, J. M.; Kochi, J. K. J. Am. Chem. Soc. 1970, 92, 1651.
(b) Anderson, J. M.; Kochi, J. K. J. Org. Chem. 1970, 35, 986.

(16) Ghosh, S.; Khamarui, S.; Gayen, K. S.; Maiti, D. K. Sci. Rep. 2013,
3,2987.

(17) (a) Dohi, T.; Takenaga, N.; Goto, A.; Fujioka, H.; Kita, Y. J. Org.
Chem. 2008, 73, 7365. (b) Santana, A. G.; Paz, N. R;; Francisco, C. G;
Suérez, E.; Gonzalez, C. C. J. Org. Chem. 2013, 78, 7527. (c) Company,
A.; Sabenya, G.; Gonzilez-Béjar, M.; Gdémez, L.; Clémancey, M,;
Blondin, G.; Jasniewski, A. J.; Puri, M.; Browne, W. R;; Latour, J.-M.;
Que, L, Jr.; Costas, M.; Pérez-Prieto, J.; Lloret-Fillol, J. J. Am. Chem. Soc.
2014, 136, 4624.

DOI: 10.1021/acs.orglett.5b03484
Org. Lett. 2016, 18, 144—147



	001-003.pdf
	004-007.pdf
	008-011.pdf
	012-015.pdf
	016-019.pdf
	020-023.pdf
	024-027.pdf
	028-031.pdf
	032-035.pdf
	036-039.pdf
	040-043.pdf
	044-047.pdf
	048-051.pdf
	052-055.pdf
	056-059.pdf
	060-063.pdf
	064-067.pdf
	068-071.pdf
	072-075.pdf
	076-079.pdf
	080-083.pdf
	084-087.pdf
	088-091.pdf
	092-095.pdf
	096-099.pdf
	100-103.pdf
	104-107.pdf
	108-111.pdf
	112-115.pdf
	116-119.pdf
	120-123.pdf
	124-127.pdf
	128-131.pdf
	132-135.pdf
	136-139.pdf
	140-143.pdf
	144-147.pdf

