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An efficient synthesis of formylacetic esters via ozonolysis of trans-B-hydromuconic esters followed by a
solid-supported triphenylphosphine reduction has been developed. In addition, an extension toward
formylacetic amides and a one-pot preparation of more stable intermediates which can be used for fur-
ther transformations are also described.

© 2012 Elsevier Ltd. All rights reserved.

There is a constant need for small reactive compounds, such as
B-keto esters, in organic synthesis. Despite the fact that formylace-
tic esters are less stable than B-keto esters, they have found atten-
tion in the synthesis of a wide variety of heterocycles used in
medicinal chemistry programs and in the total synthesis of natural
products. These include, pyrimidones (1, 2),! ring-fused azaindoles
(3),2 quinolones (4),3 p-lactams (5),* coumarins (6),” and tetrahyd-
ropyrans (7)° (see Fig. 1).

Due to their instability, the synthesis of formylacetic esters is not
as straightforward as for p-keto esters. One of the preferred syn-
thetic methods is to allow an alcohol to react with formylketene,
which is generated in situ from formyl Meldrum’s acid.” This meth-
od is an extension of an earlier described procedure for the prepa-
ration of p-keto esters via acyl Meldrum’s acids.® The synthesis
described is elegant but suffers from the fact that the unstable es-
ters have to be isolated through distillation. Additionally, the proto-
col does not easily allow further one-pot transformations into more
stable intermediates, and the key intermediate in this synthesis,
formyl Meldrum’s acid, has to be prepared and used within a short
period of time, altogether decreasing the practicality of the method
and reducing the total yields of the formylacetic esters 10b-e to a
moderate 25-30% from commercial starting materials.” Herein,
we report an efficient and convenient method for the synthesis
and traceless isolation of formylacetic esters, based on the ozonol-
ysis of trans-p-hydromuconic diesters, which also allows further
one-pot syntheses to more advanced products in excellent yields.

Commercially available trans-p-hydromuconic acid (8) was
esterified to give the corresponding carboxylic acid esters 9a-e in
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Figure 1. Examples of the utilization of formylacetic esters for the synthesis of
various heterocycles.

high yields by a standard procedure (Table 1).° In the case of the
tert-butyl ester 9d, the general procedure employing triethylamine
gave only traces of product. Satisfyingly, by exchanging the base to
the more hindered amine, 2,4,6-collidine, the tert-butyl ester could
be obtained in an 85% yield. The diamide 9f was similarly prepared
through a standard amide coupling procedure. In contrast to the
formyl Meldrum’s acid previously used for the preparation of form-
ylacetic esters, all the esters prepared from trans-B-hydromuconic
acid are stable and can be stored on the bench for extended periods
of time without any noticeable decomposition.
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Table 1
Synthesis of trans-B-hydromuconic diesters and diamides 9a—f°
(0] (0]
A OH - A R
8 o) 9af O
Entry R Conditions Yield (%)
a MeO PTSA (cat.), MeOH, rt, 18 h 95
b EtO (1) (COClI), (4 equiv), CcHg, DMF (cat.), 35 °C, 2 h. (2) EtsN (3 equiv), EtOH, rt, 1.5 h 93
c iPrO (1) (COCl), (4 equiv), C¢Hg, DMF (cat.), 35 °C, 2 h. (2) Et3N (3 equiv), iPrOH, rt, 2.5 h 75
d tBuO (1) (COCl), (4 equiv), CcHg, DMF (cat.), 35 °C, 2 h. (2) 2,4,6-collidine (3 equiv), tBuOH, rt, 2.5 h 85
e BnO (1) (COCl), (4 equiv), CeHg, DMF (cat.), 35 °C, 2 h. (2) Et3N (3 equiv), BnOH, rt, 1.5 h 81
f iPrNH HATU (2.6 equiv), iPrNH, (2.5 equiv), 2,4,6-collidine (4 equiv), DMF, rt, 24 h 63

Initially, ozonolysis of the trans-B-hydromuconic esters 9b-e
was performed followed by applying standard reductive conditions
(1.5 equiv of triphenylphosphine over 16 h), to reduce the ozonide,
which had previously been shown in a few examples.!® However,
this method also required purification by Kiigelrohr distillation,
which led to the corresponding formylacetic esters 10b—e in poor
to moderate yields (Method A, Table 2).

The thermal instability of the formylacetic esters makes distilla-
tion less than optimal for their purification and resulted in the low
isolated yields, especially for those with higher boiling points
(compare 10b and 10e in Table 2). Still, an obvious advantage with
this procedure, was the fact that 1 equiv of the starting material
theoretically generates 2 equiv of the product which substantially
increases the atom economy of the method. To avoid the purifica-
tion step, we sought to use solid-supported triphenylphosphine in
the reduction step, to facilitate easy and straightforward isolation
through simple filtration.

Reducing the ozonide with triphenylphosphine in solution was
accomplished overnight using 1.5 equiv of the reducing agent. Uti-
lizing polystyrene-bound triphenylphosphine (PS-PPh,) under
identical conditions left a large amount of the ozonide unreacted.
The reaction could be driven to completion by stirring for 48 h,
although resulting in increased decomposition. The equivalents
and reaction time were therefore optimized running the reaction
in deuterated chloroform, and the decay of the ozonide was fol-
lowed by NMR. Gratifyingly, employing 2 equiv of the reducing
agent for 24 h, led to full conversion into the aldehyde without
any detectable decomposition (see Method B, Table 2). This meth-
od could also be extended to the synthesis of the formylacetic
amide 10f (Table 2) in excellent yield."!

This method facilitates further manipulations in the same pot
without isolation of the unstable formylacetic ester. This was
exemplified by the one-pot synthesis of more stable equivalents
of formylacetic esters,'? the acetoxy- and silyloxy-derivatives
11a,b, as well as the triflic acrylates 11c,d (Table 3).

In the synthesis of the silanyloxy-, acetoxy-, and trif-
luoromethanesulfonyloxy derivatives 11a-c, the formylacetic es-
ters were carefully concentrated and quickly redissolved in THF.
Next, a lithium enolate was generated by the addition of LDA, fol-
lowed by quenching with either a silylating (TBSCI), acetylating
(Ac0), or a triflating agent (Tf,0). The stereoselectivity was mod-
erate when the reaction was conducted at —78 °C giving an E:Z ra-
tio of 2:1 (see entries 11a and b). In contrast, running the reaction
at —40 °C gave predominately a Z configuration (E:Z ratio 1:6, see
entry 11c).!® Gratifyingly, this stereoselectivity could be altered
in preference to the E-isomer (100:0) by running the reaction in
dichloromethane and directly adding DBU in situ at —40 °C, fol-
lowed by triflic anhydride (entry 11d).*

Compounds 11¢,d were further transformed using standard pal-
ladium-catalyzed cross-coupling reactions, as exemplified by a
Stille coupling (Scheme 1). The Z-isomer of the enol triflate 11c
was successfully coupled with retention of stereochemistry in
the synthesis of alkyne acrylate 12 in good yield. Hence, they rep-
resent alternative intermediates in place of 3-iodoacrylates and
phosphonoacetates, the two of the reactants previously used for
the synthesis of conjugated acrylates, through copper-mediated!®
or Sonogashira couplings'® and Horner-Wadsworth-Emmons
reactions,!” respectively.

4-Unsubstituted bicyclic B-lactams are found in a variety of -
lactamase inhibitors such as sulbactam,'® tazobactam,!® clavulanic
acid,?? and analogues thereof. To display further the applicability of
the method developed, an advanced intermediate of the 6-unsub-
stituted penam 14 was synthesized. Di-tert-butyl hydromuconic
ester (9d) was transformed into 10d using Method B (Table 2), then
filtered, and mixed with the methyl ester of p-penicillamine?®! to
afford thiazolidine 13 in excellent yield (Scheme 2). From 13, the
penam 14 could be easily prepared by selective deprotection of
the tert-butyl ester and subsequent lactamization.*®

In conclusion, we have presented a method, based upon olefin
cleavage with ozone, for the synthesis of formylacetic esters. By

Table 2
Synthesis of formylacetic esters and amides 10a—f!!
o O
S R 1) O3, CH,CI,, -60°C oy O (0]
. G
9a-f le} 2) PS—PPh, or PPhg,
a- -
-60 °C to RT, 16-24 h 10a-f
Entry R Reduction conditions Yield (%) Method A Yield (%) Method B
a MeO Method B: 2.0 equiv PS-PPh,, —60 °C to rt, 24 h - 90
b EtO Method A: 1.5 equiv PPh;, —60 °C to rt, 16 h or Method B 65 95
C iPrO Method A or B 63 Quant
d tBuO Method A or B 46 Quant
e BnO Method A or B 24 Quant
f iPrNH Method B - Quant
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Table 3
Derivatization of formylacetic esters
O O 1) Base (1.05 equiv), 1 h O OR?
|
R1 OJJ\) ) ) ) R1 O)J\/
2) R“Clor (R“),0 (1.01 equiv), 18 h
10b, d 11a-d

Entry R! R? Conditions E/Z Yield (%)

a tBu Ac (1) LDA, THF, —78 °C (2) Ac;0,-78 °C to rt 2/1 68

b tBu TBS (1) LDA, THF, —78 °C (2) TBSCl,—78 °C to rt 2/1 642

c Et Tf (1) LDA, THF, —40 °C (2) Tf,0,—40 °C to rt 1/6 50°

d Et Tf (1) DBU, CH,Cl,, —40 °C (2) Tf,0,~78 °C to rt 100/0 61°

2 The enolic derivatives are volatile.

o OTf i
/\OJj\/l

11c

Scheme 1. Reagents and conditions: (i) tri-n-butyl(phenylethynyl)tin, LiCl,
Pd(Phs),Cl,, 2,6-di-tert-4-methylphenol, 1,4-dioxane, reflux, 4 h, 78%.

1) Oz, CHCly, -60 °C

o 2) PS-PPh, -60 °C-RT, 24 h
A OtBu
‘B“OJ\/\/\W 3) H,N-Pen-OMe (1.2 equiv),
9d¢ O RT, 24 h
tBuO
N O HN—
0 P z
14 CO;Me 13 COzMe

90% vyield, 3 steps
dr 95/5 (SS/RS)

Scheme 2. Synthesis of penam 14.

using solid-supported triphenylphosphine as the reducing agent,
no distillation was needed rendering a high yielding and practical
method. The procedure was also shown to be easily extended to in-
clude the formation of formylacetic amides. In addition, a one-pot
in situ ‘trapping’ of these reactive intermediates gave the more sta-
ble derivatives, silyl enol esters and enol triflates: with excellent
control over the stereochemistry. Finally, the convenience and effi-
ciency of this method was further demonstrated by the synthesis
of a penam intermediate. It is envisaged that this methodology
might be extended with the direct conversion of the unstable inter-
mediates into a number of different products.
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