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ABSTRACT

Selective metalation of sulfonylphosphonates results in sufficiently stable carbanions that undergo chemoselective Julia�Kocienski
condensation with various aldehydes to provide (E)-allylic phosphonates in good yields and selectivities. The subsequent
Horner�Wadsworth�Emmons condensation with aldehydes is used to synthesize various unsymmetrical trans-dienes, trienes, and
tetraenes. This methodology is utilized for the concise synthesis of a naturally occurring fluorescent probe for membrane properties,
β-parinaric acid.

Conjugated polyenes represent a diverse class of natural
and unnatural products. The problems associated with the
stereoselective syntheses of these motifs have been of great
interest due to the importance of polyenes in biology,
material science, and organic synthesis.1 Although a num-
ber of different methods are available for the synthesis of
conjugated polyenes, the majority of these methods are

based on the use of transition-metal-catalyzed cross-
couplings1,2 or stereoselective condensations such as Wittig
and Horner�Wadsworth�Emmons (HWE) olefination.3

Traditional approaches rely on a stepwise carbon�carbon
bond or carbon�carbon double bond formation and often
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require multiple postcoupling manipulations in order to
carryon the installationof theolefin functionality.Recently,
the development of transition-metal-catalyzed double cou-
plings and iterative cross-couplings has enabled convergent
syntheses of symmetrical and unsymmetrical polyenes.4

In contrast, very few sequential coupling protocols

involving condensation of bifunctional reagents with alde-

hydes are available (Figure 1). The double condensation of

vinylogous R,β-bisphosphonates with aldehydes has been

known for many decades.5 However, to the best of our

knowledge, no condensation-based methods for the con-

vergent two-step assembly of unsymmetrical polyeneshave

been reported.6 Such a strategy might be especially valu-

able for the rapid generation of unsymmetrical trans-

polyene libraries since it would avoid the additional steps

required for the synthesis of various vinyl halides, boronic

acids, stannanes, and silanes. Herein we now describe new,

highly chemoselective, sequential condensations of sulfo-

nylphosphonates and aldehydes that can be used for the

rapid construction of conjugated unsymmetrical polyenes.
Being interested in developing new strategies for the

convergent assembly of natural and unnatural polyenes,
we sought to exploit various bifunctional substrates for the
condensation-based synthesis of unsymmetrical polyenes
(Scheme 1).
We envisioned that monodeprotonation of symmetrical

bis-sulfone 2a
7 or bisphosphonate 2b, followed by con-

densation with 1 equiv of aldehyde,might lead to an allylic
sulfone or phosphonate. These products could then under-
go a second olefination upon exposure to an additional
equivalent of base and aldehyde.
Unfortunately, the attempts to utilize substrates 2a and

2b for selective mono-olefination were met with limited
success (Scheme 2). The deprotonation of bis-sulfone 2a

with KHMDS resulted in rapid elimination leading to the

butadienylarylsulfone 4a.8 The condensation of mono-
metalated bisphosphonate 2b with 3-phenylpropanal

(1.1 equiv) provided 5a (20�45% yield). This reaction was
sluggish and suffered from a competitive condensation

leading to symmetrical triene 4b. We surmised that the
problems encountered with 2b could be avoided if one of

the phosphonates of 2b was replaced with triphenylphos-
phonium or arylsulfone functionalities. The protons next

to the triphenylphosphoniumor arylsulfonemoieties of 2c,
2e, or 2f would be more acidic than the protons adjacent
to diethylphosphonate. Thus, substrate 2cmay undergo

chemoselective Wittig reaction, while 2e and 2f could
undergo chemoselective Julia�Kocienski condensation7

to provide 5a. To test this hypothesis, the unsymmetrical
bifunctional substrates 2c, 2e (3 steps, 57%), and 2f

(59% yield, three steps) were synthesized on a multigram
scale from the commercially available (E)-1,4-dibromo-2-

butene 1a.

Figure 1. Cross-coupling and condensation-based convergent
approaches to polyenes.

Scheme 1. Synthesis of the Bifunctional Precursors for Sequen-
tial Condensation

Scheme 2. Monocondensation of 3-Phenylpropanal and 2a�2f
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The attemptedWittig condensation of 2cwith 3-phenyl-

propanal provided only trace amounts of the desired

allylic phosphonate 5a. However, the treatment of sulfonyl-

phosphonates2eand2fwithKHMDS(1.1 equiv) followed

by the addition of 3-phenylpropanal (1.2 equiv) resulted

in the clean formation of 5a (Scheme 2). Both reactions

proceeded with remarkable levels of chemoselectivity,

and no competing HWE condensation was detected by
1H NMR analysis of the crude mixture. Neither the

formation of the symmetrical triene side product nor

the elimination of the arylsulfone was observed in these

experiments.
Based on these encouraging results, the effect of the

aldehyde structure on the yields and selectivities of this

reaction was explored next (Table 1). Our general compar-

ison of the reactions of metalated 2e and 2fwith aldehydes

illustrates that both substrates react with comparable

efficiencies to provide allylic phosphonates 5. However,

olefinations with metalated 1-phenyl-1H-tetrazole-sulfone

2e proceed with higher selectivities. The Julia�Kocienski

condensations with metalated 2e proceed with good yields

and selectivities with both the unbranched (entries 1, 3,

and 5) andβ-substituted aliphatic aldehydes (entries 6�10).

However, condensations with R,β-unsaturated aldehydes

such as 3-phenyl-2-propenal proceed with moderate yields

and selectivities (entries 11 and 12). To demonstrate that

these reactions are not sensitive to scale up, a condensation

of 2e and 3-phenylpropenalwas carried out on a gram scale

without any erosion in yield or selectivity.

While sulfonylphosphonates 2e and 2f could be even-

tually converted to conjugated trienes, tetraenes, or pen-

taenes, they cannot be used for the synthesis of dienes. In

order to demonstrate that our methodology is applicable

to the synthesis of dienes, sulfonylphosphonate 3 was

prepared from triethylphosphite and 1b (64%, three steps)

(Scheme 1). Similar to 2e and 2f, 3 could be monodepro-

tonatedwithKHMDS and reacted with various aldehydes

to provide allylic phosphonates 6a�h (Table 2). Impor-

tantly, these reactions were completely chemoselective and

no HWE or double condensation products were detected.

In general, the yields and selectivities for the condensations

with 3 were superior to the corresponding yields and

selectivities of olefinations with 2e and 2f. Both the un-

branched (entries 1�3) and β-substituted (entries 4�7)

aliphatic aldehydes reacted with 3 to provide allylic phos-

phonates 6a�g in 40�84% yields and excellent selec-

tivities. Importantly, 3 could be condensed with R,β-
unsaturated aldehydes such as 3-phenyl-2-propenal

(entry 8). The corresponding allylic phosphonate 6h was

isolated in 75% yield with an 86:14 E/Z ratio. In addition,

the condensations with 3 could be carried out on a gram

scale without any erosion of yield or selectivity (entry 1).
In order to demonstrate that sulfonylphosphonates

could be used for the convergent synthesis of polyenes

(cf. Figure 1), the HWE condensation of phosphonates 5a

and 6a with aldehydes was investigated (Table 3). It is

known that allylic phosphonates can be utilized in the

Table 1. Reactions of Monodeprotonated 2e and 2f with
Aldehydes

aConditions: (i) THF,KHMDS(1.2 equiv),�78 �C,5min; (ii) aldehyde
(1.5 equiv), �78 �C, 20 min; (iii) 0 �C, 1 h. PT = 1-phenyl-1H-tetrazole;
BT=2-benzo[d]thiazole. bAverage of two runs. cDetermined by 1HNMR.

Table 2. Reactions of Monodeprotonated 3 with Aldehydes

aConditions: (i) 3, THF, KHMDS (1.2 equiv), �78 �C, 5 min; (ii)
aldehyde (1.5 equiv),�78 �C, 20 min; (iii) 0 �C, 1 h. PT= 1-phenyl-1H-
tetrazole. bAverage of two runs. cDetermined by 1H NMR.
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(E)-selectiveHWE condensation to provide (E)-polyenes in
good yields and selectivities, and our results reinforce these
findings.9 Our evaluation of the optimal base (entries 1�5)
demonstrated that the deprotonation of dienyl phospho-
nates with n-BuLi provides superior yields and selectivities.
However, NaHMDSwas found to be the base of choice for
the reactions of allylic phosphonate 6a (entries 6�7).
The described method was applied to the synthesis

of β-parinaric acid. β-Parinaric acid is a naturally occur-
ring tetraene fatty acid that is a widely used fluores-
cent membrane probe.10 Our synthesis commenced from
known aldehyde 8 obtained in one step from the commer-
cially available methyl oleate (Scheme 3).11 Condensation
of 8 with sulfonylphosphonate 2e led to phosphonate 9

(70% yield, 91:9 9E,11E:9Z,11E). Phosphonate 9 could be
used for theHWEcondensationwith commerciallyavailable
(E)-2-pentenal. Due to the light and air sensitivity of the

resultant product, the hydrolysis of the β-parinaric acid
methyl ester was conducted in situ without isolation of
this intermediate. The resultant acid was obtained in 49%
yield and 7:1 ratio of the desired all-(E)-isomer to the sum
of (Z)-olefin containing isomers.12 Our synthesis included
5 linear steps (6 steps total) and is among the shortest
approaches to β-parinaric acid.13

In summary, this report describes a new protocol for the
synthesis of trans-dienes, trienes, and tetraenes that is
based on chemoselective condensation of monometalated
sulfonylphosphonates and aldehydes followed by Horner�
Wadsworth�Emmons olefination of the resultant allylic
phosphonates. We envision that this strategy will find its
application for the rapid generation of trans-polyene li-
braries as well as for the convergent synthesis of polyene-
containing natural products.
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Table 3. HWE Reactions of 5a and 6a with Aldehydes

aConditions: (i) 5 or 6, THF, base (1.1 equiv),�78 �C, 20 min to 1 h;
(ii) aldehyde (1.5 equiv), �78 �C, 15 min; (iii) rt, 10�15 h. bAverage of
two runs. cDetermined by 1H NMR. Scheme 3. Synthesis of β-Parinaric Acid
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