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Palladium-Catalyzed Elimination/Isomerization of Enol Triflates into

1,3-Dienes™**

lan T. Crouch, Timothy Dreier, and Doug E. Frantz*

The prevalence of 1,3-dienes as substrates in some of the most
important transformations in organic synthesis (e.g. Diels—
Alder reactions) engenders this class of compounds as highly
sought after raw materials for carbon—carbon bond construc-
tion. In addition, nature has incorporated 1,3-dienes into a
multitude of biologically active natural products, thus further
solidifying the broad interest of this functional group beyond
simple methodology development. Nonetheless, despite their
pervasiveness and significant efforts from the synthetic
community, the stereoselective synthesis of functionalized,
highly substituted 1,3-dienes remains a formidable chal-
lenge.'

Our venture into the synthesis of 1,3-dienes began with a
program to identify nontraditional reaction manifolds of
stereodefined enol triflates because of their ability to act as
pluripotent substrates with various catalysts and nucleophiles.
In addition, our ability to readily access enol triflates with
precise control of the acyclic stereochemistry provides the
opportunity to exploit the unique reactivity differences
between stereoisomeric starting materials.”! Herein, we
report a conceptually new and mechanistically distinct
catalytic reaction of enol triflates that is mediated by a
commercially available palladium(0) catalyst en route to
substituted 1,3-dienes (Scheme 1).
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Scheme 1. Catalytic elimination/isomerization of enol triflates into 1,3-
dienes. Tf=trifluoromethanesulfonyl.

Our initial experiments for the tandem elimination/
isomerization of enol triflates were guided by a rational
decision to use [Pd(PrBus),] as our catalyst of choice. This
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decision was driven by two prevailing ideas. First, we were
committed to identify a commercially available palladium
catalyst for utmost simplicity and practicality in the imple-
mentation of this method. Second, we needed a catalyst that
could rapidly undergo facile reductive elimination of triflic
acid from a [L,PdH(OTY)] intermediate to regenerate the
active palladium(0) catalyst, thus minimizing the lifetime of
the palladium-hydride intermediates. The elegant studies of
Fu and co-workers showed that the reductive elimination of
HX from a [L,PdHX] species can be a kinetically and
thermodynamically favored process when L=P(rBu);, and
therefore simplified our decision to use this catalyst.”! In
addition to catalyst choice, from the outset it was not clear
whether we would encounter differential activity between the
Z and Eenol triflates given the fact that their internal
chelation environments are significantly different (on the
assumption that a stereospecific oxidative addition of palla-

Table 1: Survey of the reaction conditions.”!

oTf [Pd(PtBus),]

AN COBN or «_COsBn _2Omo) | NoCOzBn
TfO base, addm:/e (2E.4E)-2

(Z2)1 (E)1 solvent, 50 °C
Entry Enol Solvent Base Additive Yield [%6]'9

Triflate®
1 (E)11 DMSO Hiinig's — 9
2 (B)11 DCE  Hinig's - 51
3 (E)-1 CH,CN Hunig's - 66
4 (1 THF  Hinig's - 65
5 (E)1 EtOAc  Hinig's — 54
6 (E)-1 DMF  Hinig's - 47
7 (E)1 toluene Hinig's — 82
8 (E)-1 toluene Et;N - 24
9 (B)1 toluene DIPA - 14
10 (E)-1 toluene PMP - 65
n (E)-1 toluene Cy,NMe - 43
12 (B)-1 toluene Na,CO;, H,0H 80kl
130 (B toluene Na,CO; P(tBuj)® 0
14 (21 toluene Na,CO; H,OM 0
15 (21 toluene Hiinig's TMSOTf! 82!
167 (21 toluene Hiinig’s P(tBu,)®¥ 4+ TMSOTf! 0

[a] Reactions performed at 0.2m using 1.0 equiv of enol triflate and
2.0 equiv of base. [b] Isomeric purity is >99% as determined by LC/MS.
[c] HPLC assay yields for the 2E,4E stereoisomer using an analytical
standard of the product. [d] Used 2 equiv. [e] Isolated in 80% yield as a
10:1 ratio of (2E,4E)/(2E:4Z) stereoisomers. [f] No catalyst. [g] Used
20 mol %. [h] Isolated in 80% yield as a 10:1 ratio of (2E,4E)/(2E:4Z)
stereoisomers. [i| Used 1 equiv. Bn=benzyl, Cy=cyclohexyl, DCE=1,2-
dichloroethane, DIPA=diisopropylamine, DMF=N,N’-dimethylform-
amide, DMSO=dimethyl sulfoxide, Hiinig's=diisopropylethylamine,
PMP=1,2,2,6,6-pentamethylpiperidine, THF =tetrahydrofuran, TMS=
trimethylsilyl.
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dium(0) takes place in the first step). Thus, we judiciously
screened both Z and E stereoisomers of enol triflate 1 during
the development phase of our investigations. The results of
our optimization screen are shown in Table 1.

Two separate sets of reaction conditions have been
identified based on the starting olefin geometry of the enol
triflate. For the E-enol triflate 1, various solvent and Brgnsted
base combinations provide the corresponding diene 2 in good
yield in the presence of 2.5mol% of [Pd(P:Bu,),]."" How-
ever, the optimal reaction conditions we chose for the E enol
triflates were toluene, Na,CO; (2 equiv), and H,O (2 equiv) at
50°C with 2.5 mol % catalyst (Table 1, entry 12). Interestingly,
(Z)-1 completely failed to provide any observable product by
LC/MS regardless of the base or solvent employed. None-
theless, we discovered that the addition of a strong Lewis acid
such as trimethylsilyl triflate (TMSOTY) along with Hiinig’s
base restored the catalytic activity, thus providing 2 in
comparable yield to its stereoisomer (Table 1, entry 15).
Notably, without a source of palladium(0) the reactions of
both stereoisomers did not provide any product (2), even in
the presence of a phosphine ligand and/or a Lewis acid
(Table 1, entries 13 and 16).

With these optimized reaction conditions in hand for both
the E and Z enol triflates, we explored the initial scope and
limitations of this new method for the synthesis of the
corresponding 1,3-dienes. The culmination of our efforts thus
far is highlighted in Table 2. Gratifyingly, a broad range of
acyclic enol triflates were viable substrates and in each case
provided the expected 2E,4F dienoates as the major stereo-
isomeric products. In addition, the successful synthesis of
(2E,4Z)-1,3-cyclooctadiene (8; Table 2, entry7) from the
corresponding cyclic enol triflate provides, as far as we are
aware, the only known synthesis of this cyclic diene.
Incorporation of a heteroatom-containing substituent on the
enol triflate is highlighted in entries 3 and 11-13 in Table 2,
and includes the synthesis of the dienylboronate ester 14 as a
highly versatile synthetic building block.’! The ability to
convert either stereoisomer of the starting enol triflate into

Angewandte
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Scheme 3. Mechanistic studies.
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Scheme 4. Additional studies.

the corresponding diene in comparable yields and stereose-
lectivity (Table 2, entries 4 and 5) should allow the utmost
flexibility during strategic synthetic planning
when only one stereoisomer of the enol triflate

R . : . .

ot 0 is synthetically accessible, or a mixture of stereo-

/\/\i . i & 52 /\Mow isomers is unavoidable.
RT™ OR! He OR! Preliminary mechanistic investigations into
f-hydride Lpdyore © oot “enet ot these reactions have shed some light on a unifying
elimination x ) " [Pd(PtBus)s) . reaction pathway that rationalizes the stark
R 4 o | deprotonation reactivity differences between the E and Z enol

catalyst regeneration oxidative addition . .
HWOW triflates. We propose that the reactions proceed
P, i - S through the catalytic pathway as outlined in
‘l : Lobg'--0 Scheme 2. Following oxidative addition into the
- ot m or H N ; enol triflate, a P-hydride elimination from a
LPd OR' aR jonic vi i
R/\Mom aP'e e 48 catlo.mc vinyl pallad1urp(ll) complex9 occurs to
P4+ reactive L R'unreactive provide the corresponding allenoate.”’] A subse-
g ; . )
x-allyl complex l S l Lewis quen't hyd?‘opallz'ldat?on fol?owed by a second'B
-oTf _ " . hydride elimination isomerizes the allene to give
) + e 1 SER the corresponding diene.'”! Catalyst regeneration
hydropalladation L,Pd- - /,.Pd .
Rymt  oa ot e M occurs by a deprotonation of the resultant
i —— cationic palladium(IT) hydride and completes
R

Scheme 2. Proposed reaction pathway. L.A. = Lewis Acid.
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Table 2: Preliminary substrate scope.”

R4
R* OTf 3 R? cat. [Pd(PBus),] R4
CO.R R base, additive
R 2 . COR R3)\,/\(C02R
R2 R! TfO iy toluene R?2 R!
Z triflate E triflate
Entry  Enol Method,9 t T Product! Yield
Triflate® Cat.[mol%] [h] [°C] [
Ph
1 i A, 25 1250 ph NN COE 3 g7
107 N -COZE
2 )l/co o A, 2.5 1250 _hocos 4 84
TfO 2
OMe
3 i/ A 25 1225 Meo S COE 5 59
07 - COZE
- CO,Et
4 oA COsE A 2.5 1250 YV 6 54
OTf
5 YVC%E‘ B, 2.5 1250 6 72
OTf
x CO,Bn
6 \/K(COan B, 10 12 80 v\( 7 7
OTf
CO.Et CO,Et
7 2 B, 10 12 80 8 92
8 A, 2.5 12 50 S\ CO2nHex 9 g
X COonHex

TfO

OTf
X CO,Et
9 - COzEL B, 10 12 80 )\f 2 10 64
80 )\NCOZE’ 1 9oM

10 COEL B, 10
Ph Ph
oTf
X COEt
o CO,Et = 2
n B, 2.5 12 50 N 12 74
_N Ts”
Ts
OoTf .
COLiBu B CO,/Bu
12 B, 10 12 80 13 81
TMS ™S
oTf
O- B/\)\/COZEt O~ g -COE
13 &() B, 2.5 1250 4 14 4

[a] Reactions performed at 0.2 m in toluene under an inert atmosphere of N,. [b] Isomeric purity >99 %
as determined by LC/MS. [c] Method A: Na,CO; (2 equiv) as base and H,O (2 equiv); Method B:
Hiinig's base (2 equiv) and TMSOTf (1 equiv). [d] Diene stereochemistry (both major and minor
isomers) confirmed by nOe analysis. [e] Yields of the isolated products are reported as an average of two
separate experiments (<10% difference between both runs). [f] Isolated as a 5:1 mixture of 4E/4Z
stereoisomers. [g] Isolated as a 7:1 mixture of 4E/4Z stereoisomers. [h] Isolated as an 8:1 mixture of 2E/
27 stereoisomers.
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We believe that the significant
reactivity differences between the £
and Zenol triflates is due to the
inherent intramolecular chelation
environments, which dictate their
relative reactivity after the oxida-
tive addition. In the case of E enol
triflates, a more facile B-hydride
elimination from a cationic vinyl
palladium(II) complex can be
explained by the readily accessible
open coordination site in these
complexes ((E)-15). In contrast,
we believe with Z enol triflates the
carbonyl oxygen occupies the open
coordination site in the cationic
square-planar palladium(II) com-
plex (Z)-15 and this interaction
attenuates the agostic interaction
with the -hydrogen atoms.

However, strong Lewis acids,
such as TMSOTY, can effectively
compete with the palladium center
for coordination to the carbonyl
oxygen atom, thus freeing a coordi-
nation site for a subsequent f-
hydride elimination to occur.']
Nonetheless, despite these signifi-
cant kinetic differences between E
and Zenol triflates, current evi-
dence supports the hypothesis that
the products are under thermody-
namic control.'!

Several experiments provide
data consistent with our mechanis-
tic proposal (Scheme 3). First, the
reaction of enol triflate (E)-16 per-
formed with a stoichiometric
amount of catalyst and in the
absence of exogenous base pro-
vided the diene product 9 in rea-
sonable yield. This is consistent with
the pathway that occurs through an
initial oxidative addition/B-hydride
elimination sequence rather than a
Brgnsted base mediated deprotona-
tion/elimination pathway.['¥]
Second, control reactions in the
absence of a palladium catalyst
with enol triflates (Z)-1 or (E)-1
provide little or no conversion into
alkynoate 17 (or the corresponding
allenoate) after 48 h. This result
supports the critical involvement
of palladium in the first step and is
evidence against alkynoates (or
allenoates) as kinetically viable
entry points into the catalytic cycle
by a base-mediated elimination of
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triflic acid. Furthermore, to provide support of the interme-
diacy of a m-allyl complex, we subjected enol triflates 18-20 to
the reaction conditions (Scheme 4). The success of these
reactions, which provided isomeric dienes 21-23, is consistent
with the formation of a m-allyl palladium complex capable of
B-hydride elimination from the a-carbon atom. More impor-
tantly, the difficulty of accessing substituted 1,3-butadienes
such as 21-23 by using traditional methods highlights the
unique capacity of this novel reaction of enol triflates.
Finally, ongoing experiments to explore the extended
scope of this reaction with respect to other enol sulfonate
substrates are shown in Scheme 5. For example, unactivated

[Pd(PtBus),]
(10 mol%)
X Ph Hunig’s Base (2 equiv) AN Ph
TfO toluene, 80 °C 25
24 85%
[Pd(PtBU3),]
)j\/ (10 mol%)
x-CO,Bn  NayCOs (2 equiv)
TsO z H,0 (2 equiv) 35%
(E)-26 toluene, 80 °C

)\/\/COZBn

27
OTs [Pd(PtBus)2]
MCOan 10 mol%) 39%

(2)-26 Hunig's base (2 equiv)

TMSOTT (1 equiv)
toluene, 80 °C

Scheme 5. Preliminary studies with other substrates.

vinyl triflate 24 readily participated in the palladium-cata-
lyzed elimination/isomerization reaction to provide the
tetrasubstituted 1,3-diene 25 in excellent yield upon isolation.
Furthermore, although acetoacetate-derived enol triflates are
both readily available, and easily handled, less costly enol
sulfonate derivatives may be more amenable to large-scale
syntheses. In this regard, enol tosylates provide a viable
alternative.'"¥ Thus, in preliminary experiments, we subjected
enol tosylates (FE)-26 and (Z)-26 to the palladium-catalyzed
elimination/isomerization. While the reaction conditions are
harsher and the yields somewhat lower than their enol triflate
counterparts, the viability of enol tosylates to provide the
corresponding 1,3-dienes shows significant promise.

In conclusion, we have discovered a new catalytic
elimination/isomerization pathway of stereodefined enol
triflates capable of providing the corresponding functional-
ized, highly substituted 1,3-dienes in synthetically useful
yields. Preliminary mechanistic studies support a distinct
catalytic pathway that rationalizes the stark reactivity differ-
ences between E and Z enol triflates through stereoisomeric
cationic vinyl palladium(IT) complexes. In addition to provid-
ing a practical approach to 1,3-dienes, we believe that this new
mechanism also opens the opportunity to selectively intercept
allenes and m-allyl complexes through tunable cationic vinyl
palladium(IT) species. A full report on the further develop-
ment of this approach to additional substrates and a detailed
mechanistic study is forthcoming.
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equilibrating Pd—H(D) intermediates. See the Supporting Infor-
mation for more details.

The base-mediated elimination of triflic acid from enol triflates
to provide the corresponding alkynoate (or allenoate) could
serve as a potential pathway for these reactions that bypasses the
initial oxidative addition and subsequent (3-hydride elimination
from a vinyl palladium(II) complex. The success of reactions in

[14]

the absence of base, however, is evidence against this alternative
pathway.
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see Ref [2h] and a) H. Nakatsuji, K. Ueno, T. Misaki, Y. Tanabe,
Org. Lett. 2008, 10, 2131; b) J. M. Baxter, D. Steinhuebel, M.
Palucki, I. W. Davies, Org. Lett. 2005, 7, 215; c¢) D. Steinhuebel,
J. M. Baxter, M. Palucki, I. W. Davies, J. Org. Chem. 2005, 70,
10124.
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