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A sequential allyl vinyl ether formationClaisen rearrange-
ment process catalyzed by a palladium{ibhenanthroline
complex is reported. The effects of allylic alcohol structure,
type of vinylating agent, and palladium catalysts are dis-
cussed. This method provides a convenient approagtdto

Note

stabilization of the carbocation intermediate. A Lewis acid-
catalyzed vinyl ether exchange process has been proven to be
mild and specific, but so far only toxic Hg(ll) has been
successfully applied in such a tandem vinyl ether exchange
Claisen rearrangement procégiternative approaches to allyl
vinyl ethers include the reaction of allyl esters with Tebbe’s
reagen€ preparation from silyl enol ethefsand aldol conden-
sation of unsaturated estérsSeveral elegant vinyl ether
formation—Claisen rearrangement sequences leading,de
unsaturated aldehydes are known, including3aloethyl allyl
ammonium salt approach developed by L&itHe 5-halo ethyl
ether elimination approach developed by Duég¥ the allyl
oxide addition to [)-carboxyvinyltrimethylamonium betaine
Claisen rearrangementlecarboxylation method developed by
Buichi,'! the Rh(ll)-catalyzed BamfordStevens/Claisen rear-
rangement sequence developed by Stél& copper-catalyzed
C—O0 coupling-Claisen rearrangement process developed by
Buchwald?!® and the diallyl ether isomerization method devel-
oped by NelsoA? While often useful, some of these methods
require harsh conditions, are limited to certain types of substitu-
tion patterns, or need high loadings of catalysts and reagents.
It has long been known that Pd(ll) salts such as Pd(@Ak)
| are also effective Lewis acid catalysts for the vinyl ether
exchange reactiol?.McKeon and Fitton reported that Pd(OAc)
can be stabilized bgis-bidentate ligands such as phenanthroline
or 2,2-bipyridyl while still maintaining its activity:® These
catalysts have been employed for the synthesis of vinyl ethers
of steroids, glycidol, and sugat$Recently, Schlaf and Bosch
optimized the vinyl ether exchange reaction by using a more
soluble and Lewis acidic complex of palladium trifluoroacetate

unsaturated aldehydes under mild conditions that avoid the 4 4 7-diphenyl-1,10-phenanthrolin/g) as catalyst? In

use of toxic Hg(ll) catalysts. The new methodology has been
successfully demonstrated on the kilogram scale.

Recently in our research work we needed a series of low
molecular weight/,0-unsaturated aldehydes as building blocks

for SAR studies. Although many of these compounds are known,

surprisingly few practical laboratory methods suitable for their

addition, an elegant Ir-catalyzed vinyl ether synthesis with vinyl
acetate/NzCO; has been developed by Ishii et'8lHowever,
atandemPd(ll)-catalyzed allyl vinyl ether formatienClaisen
rearrangement process has not yet been reported.

(4) Ht catalyzed: Thomas, A. FI. Am. Chem. Sod969 91, 3281.
Dauben, W. G.; Dietsche, T. J. Org. Chem1972 37, 1212.
(5) Hg?" catalyzed: (a) Watanabe, W. H.; Conlon, L.EAm. Chem.

preparation in the gram to kilogram scale are available. Synthesissoc.1957 79, 2828. Church, R. F.; Ireland, R. E.; Marshall, J.JAOrg.
of the requisitey,0-unsaturated ester or ketone from an allylic Chem.1966 31, 2526. (b) Saucy, G.; Marbet, Rielv. Chim. Actal967,
alcohol and an or_tho ester or enol eth_er catalyzed by pro_tic acid 50'(6) Kilnney| W. A.: Coghlan, M. J.; Paquette, L. & Am. Chem. Soc.
(the JohnsorClaisen ortho ester Claisen rearrangenmiehiy 1985 107, 7352-7360.

a well-established reaction, and the corresponding aldehydes (7) Maeda, K.; Shinokubo, H.; Oshima, K.; Utimoto, &.Org. Chem.
are often prepared from the esters by further reduction/ 1998 61 2262-2263.

reoxidation step&?3Drawbacks associated with this three-step

(8) Hiersemann, MSynthesi200Q 1279-1290.
(9) Laird, T.; Ollis, W. D.; Sutherland, I. Ql. Chem. SocPerkin Trans.

sequence are not only the use of moisture-sensitive reductants 198Q 1477-1486. ‘ _
and oxidants, which is undesirable in large-scale synthesis, but (10) Dulcee, J.-P.; Rodriguez, Bynthesig993 399.

also the lengthy and sometimes problematic workup operations
The difficulty behind a direct Claisen approach to aldehydes
is,*in many cases, the formation of allyl vinyl ethers from acetal
elimination, presumably due to the lack of additional oxygen

(1) For Ireland-Claisen and the Johnson ortho ester Claisen rearrange-
ments: (a) Ireland, R. E.; Mueller, R. BH. Am. Chem. Sod972 94, 5897.
(b) Johnson, W. S.; Werthemann, L.; Bartlett, W. R.; Brocksom, T. J.; Li,
T.-T.; Faulkner, D. J.; Petersen, M. R. Am. Chem. S0d.97Q 92, 741.

(2) For a most recent review of Claisen rearrangement: Castro,
A. M. M. Chem. Re. 2004 104 (6), 2939 -3002.

(3) For example: Valentine, J. C.; McDonald, F. E.; Neiwert, W. A ;
Hardcastle, K. I.J. Am. Chem. Sgc2005 127, 4586-4587. Baldwin,
I. R.; Whitby, R. J.Chem. CommurR003 2786-2787.
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(13) Nordmann, G.; Buchwald, S. 0. Am. Chem. So2003 125 4978~
4979.

(14) Nelson, S. G.; Wang, KJ. Am. Chem. Soc2006 128 4232~
4233 and references cited therein.
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227-232.
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(17) (a) Weintraub, P. M.; King, C.-Hl. Org. Chem1997, 62, 1560~
1562. (b) Tachibana, T.; Aihara, T. CAN: 112:138900; JP 01272577; Seimi
Chemical Co., Ltd. Japan, 1989. (c) Handerson, S.; Schlafig. Lett.
2002 4, 407-409.

(18) Bosch, M.; Schlaf, MJ. Org. Chem2003 68, 5225-5227.
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Ph Ph TABLE 1. Pd(ll)-Catalyzed Vinylation —Claisen Rearrangement
7N 7 N/ N\ OH Rg
Pd(CH5CN),Cl, =N, N= =N_ N= - =/ [rcoDl, RNANR,
Y ¥’ R /\
P RS s “Re 4 Pl catalyst [ Rj\}Rs ] . wao
- X =C0F3L0; Illb: X = CF3CO;, : X =CF3CO, Oz 3
/\fo/\aa \ s
FIGURE 1. Pd(ll) and Ir(l) catalysts. .
| o ~ Eawy  Aloohol (1) CC:;ZII{IS; rf,, Product 3 Yield (%)
In view of the low cost of many vinylating reagents, fair on
catalytic turnover numbers, and mild reaction conditions, we  a L g}g;ﬁ \)\/CHO 23 gg;
explored the possibility of devising a tandem Pd(ll)-catalyzed o o .

: S : Ma/A 0 (78)
vinylation _Clalsen rearrangement process for_ the preparation p v\Et b/ A _cro 60 (78)
of the desiredy,d-unsaturated aldehydé$Herein we report oH
our results. . Ma/A Pr 54.(75)

Results and DiscussionSeveral incorporated design features K/\Pf N
should be noted here. (1) As many Claisen rearrangements OH Ia /A 60 (75)
require a high temperature to proceed, a vinylating agent with ¢ K)\ };ﬁ:jﬁ S eno gg gg;
a high boiling point is desired. The large difference between oH
the boiling points of vinylating agent and product should also . Ma/A Y\/CHO 52 (70)°
facilitate distillative isolation. (2) The equilibrium nature of the Y b/ A 60 (80)°
V|ny_lat|on reaction requires an excess of \_/lnylatmg agent. To . OH Illa/B « o 68 (85)
achieve atom and volume efficiency, a vinyl ether with low P Ib/B -~ > 60 (90)
molecular weight is therefore preferred. (3) A more polar oH
reaction medium would be expected to increase the reaction A g%z;g £\~ CHO ,715 83
rate. (4) Both the vinylating reagent and the catalyst have to be Et
commercially available and inexpensive. Commercial triethyl- OH Illa/B 72 (90)

7 ) h \CHO
eneglycol divinyl ether (TGDV) fulfills all of the above Pr)\/ mb/B P 71(88)
requirements. It possesses a high boiling poniZ0 °C/18 OH
mmHg), relatively low molecular weight (as two vinyl ether i ipr P Ob/B  p o\ ACHO 73 (92)
units are available in one molecule), increased polarity, and a on oHo
modest price of ca. $90/kg. . \
i ) . . Ib /B 7
Using 1.5 equiv of TGDV as starting material and solvent, /Y >/ /;E:;I 0

we were delighted to find that a series of primary allylic alcohols

underwent the vinyl ether exchange reaction efficiently at 70 M Illa/B 7593)
75 °C when the complex of Pd(OAgand 1,10-phenanthroline A b /B /\/k/CHO 2G5
was used as catalyst (Table 1, entries a to e). The superior ligand oH

4,7-diphenyl-1,10-phenanthroline, used in ref 18 for better ! @ Ma/A @VCHO 40° (75)
solubility, is not necessary here, because TGDV dissolves the

less soluble 1,10-phenanthroline complex catalyst without any OH

difficulties. Claisen rearrangement, however, proceeded very m @\ Ia/A Q\/CHO 55 (76)
slowly under these conditions, and only trace amounts of alde-

hyde could be observed even after prolonged reaction time. OH }

Reactions at higher temperature were also tried but failed, n }O_ Ila/A Q 70 (75)
most likely due to significant decomposition of Pd(ll) catalyst CHO

at temperatures above90 °C giving palladium black. The

F_’d(OAc)Z cc_)r_nplex (lla or I_Va) is us_,ually active enough, very o 7 Ma/A E 75 (83)
likely benefiting from the high polarity of TGDV. For example, OH OJ/Z

reaction of 3-methylbutenol reached its theoretical equilibrium verbenol °

ratio of ca. 75-80% readily withn 6 h at 70°C with Pd(OAc) OH Ia/B

complexilla or IVa in TGDV (Table 1 entry d), but the same P Z b / B )\/vc“o 68 (%0)
vinylation reaction witiVa failed when 20 equiv of butyl vinyl oH

ether was used as vinylating agent (Table 1, entry 18 in ref W lla/B X CHO - (15)
18). The reaction was normally faster when the Pd{tfajnplex linalool lib 7B E7 o151 8095)

(b ) was employed, but 2020 mol % of Hinig’'s base

aWhenlllb was used as catalyst, Hig's base it PLNEt) was added
(20) Our initial experiments of 3-methyl-2-buten-1-ol and vinyl acetate as counter base to inhibit acetal formati8iCondition A: 50 mmol of
catalyzed by 1% [Ir(COD)CH|(V) at 100°C in toluene following the method  allyllic alcohol, 75 mmol of TGDV, and 0.5 mol % catalyst was stirred at
of Ishii (ref 19) gave 3,3-pentenal in ca. 35% yield (NMR) with some 70 °C for 5-15 h, then 126-150°C for 5-9 h. Condition B: 50 mmol of
difficulties in isolation of the volatile product from the toluene reaction  gjyllic alcohol, 75 mmol of TGDV. and 0.5 mol % catalyst was stirred at
mixture. No reaction was observed with the secondary alcohol 1-penten- gg'ec for 24-48 h, then 120°C for 0.5 h.¢ Isolated yield. Numbers in
3-ol. During the preparation of this paper, Ishi’'s group published their o rentheses are yields basedsrNMR before isolationd Rearrangement

:gci‘itr?]zzeglIVI'irly;?ég)&gaﬁ:gagea“;rég%ﬁ?irgh?]gth?s(:]’iﬁ/]?to'tr W%Shgm'ted was conducted at 190C. ¢ About 5-10% impurities remained in the
b yaly ' B 9 T 9- ’ product even after two distillations.

2006 71, 6285-6286.
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SCHEME 1. Substitution Effect on Claisen Rearrangement SCHEME 2. lterative Vinylation —Claisen Rearrangement
SO ey yata
E— O 70% % o)
\@)\/\R, R)\/AR‘ 70% 72%
3p 4 5

ortriethylamine had to be used to inhibit acetal formation caused  aRreagents and conditions: (a) @HCHMgBr, —78 to 0°C; (b) 1.5
by the higher acidity of trifluoroacetic acid, as described in ref equiv of TGDV, 0.5% Pd(OAg}phenanthroline, 7580 °C, 48 h.
18. When the vinyl ether exchange step reached equilibrium
(easily monitored byH NMR), the temperature was raised to  (entry m) and carveol (entry n) can actually rearrange at slightly
ca 120-150 °C and the Claisen rearrangement initiated lower temperature (156C), although the rationale for this is
immediately, again easily tracked Y4 NMR. When the unclear. In the case of verbenol (entry 0), no rearrangement
rearrangement reaction was complete, the product was readilywas observed. The reaction of cyclic allylic alcohols is well-
isolated by flash distillation under vacuum (€00 mmHg). ~ known to be problematic since adoption of the chairlike
The product thus obtained normally contained small amounts transition state suffers froraynpentane interactions and the
of remaining allylic alcohol or other impurities. A second boat transition state is inherently higher in enetgy.
distillation produced highly pure aldehyde suitable for our ~ The potential of this methodology to access more complicated
synthetic purposes. compounds has been explored as shown in Scheme 2. Starting
The reaction of acyclic secondary allylic alcohols (Table 1, from a rearranged product 3-methyl-4-hexergy 6f Table 1,
entries f to k) showed interesting differences from those of €ntry p), a diene aldehydewas easily obtained in 70% overall
primary alcohols. Vinyl ether exchange can also be catalyzed Yield by a standard vinyl magnesium bromide addition followed
by eitherllla orlllb efficiently, usually requiring less than 24 by @ tand.em V'”){' ether exchang€laisen rearrangement of
h to finish. However, the Claisen rearrangement step itself seemsthe resulting allylic alcohol. Aldehydé was again subjected
to proceed at a faster rate, as rearranged product can be observe@ the same iterative reaction sequence and, to our delight, the
even at a temperature as low as 80, within the same above result was almost exactly reproducible, generating the
temperature range for the vinyl ether exchange step. This desired triene aldehydin ~50% overall yield in just 4 steps
facilitates the overall reaction significantly, as the irreversible from 3-methyl-4-hexenal3p). Polyene aldehydes are useful
Claisen rearrangement consumes the allyl vinyl ether, thereforePuilding blocks, e.g., in the synthesis of polyene type natural
driving the equilibrium further to the right-hand side, so a higher Product3® and brevetoxin-type polycyclic ethetsy directly
conversion may be achieved with the same or even lower generating the aldehyde functionality instead of the esters, this
amount (such as 1 equiv) of TGDV (Table 1, entriesk}. metho_d a_voids the red_ucti(_a@xidation steps,_ and is the_refore
Reactions of secondary allylic alcohols all proceeded smoothly SUperior in terms of simplicity and convenience, particularly
at 85°C, with the formation of allyl vinyl ether intermediates \{vhen several skipped alkgne units need to .pe constructed in a
followed by in situ Claisen rearrangement, givirg90% linear sequence. The mild reaction conditions should also

conversion (NMR) and usually over 70% vield after isolation. tolerate more functional groups in complex molecules sensitive

The faster Claisen rearrangement observed here is in agreelC acid or severe oxidation/reduction conditions.
One of the future directions to optimize this method would

ment with results reported in literature that radical stabilizing . .
substituents at C-4 can accelerate reaction rates significéntly. P€ 0 design more stable catalysts that tolerate higher temper-

In addition, thea-alkyl group may also help the allyl vinyl ether atures so that the Claisen rearrangement can proceed at a faster
to reach the concerted chairlike transition state for rearrangement @€ A a result, the equilibrium may be driven to the right
by a steric effect (Scheme 1). Along this line, reaction of two side even more efficiently, improving yield, partlcular.ly for the
tertiary allylic alcohols 2-methyl-3-buten-2-ol and linalool were '€actions of primary alcghols. The catalysts used in Table 1
examined (Table 1, entries p and g). Under the same conditions,2"€ Stable only up to c80°C. 2,2-Dipyridyl has been prc;posed
we found both of these reactions proceeded smoothly with © be an effective ligand for this transformation as wefl but
catalystlllb , generating the corresponding aldehyde directly reaction conditions and results are not available. For comparison
and cleanly in~90% yields tH NMR). None of the allyl vinyl ~ Purposes, reactions with completb and ‘its methoxy-
ether intermediate was observed, suggesting a much fasteSuPstituted versioll were examined (Table 2). However, none
Claisen rearrangement is occurring at this temperature, in©f thém was found to be superior in terms of stability and
agreement with the trend observed above. Due to its nonvolatile 2€UVIy- Forothe reaction of a primary alcohol (Table 2, engry
nature, the rearranged product from linalool was isolated easily 1)» 1.2 mol % ofllb or VI had to be used to achieve a 60%
in 80% yield by flash column chromatography. It should also yield, likely due to decomposition of the. catalyst. Vinylation
be noted that vinylation of the sterically demanding tertiary ©f & Secondary alcohol (1-penten-3-ol) failed completely (entry

. g .
allylic alcohol linalool failed in the literature withb as catalyst ~ 2)- Instead, 3-pentanone was identified'ByNMR, suggesting
and butyl vinyl ether as vinylating agett. an isomerization reaction of 3-pentenol predominated. Interest-

ingly, the enolization seemed to be sensitive to an increased
steric hindrance on the double bond such as that imposed by
an additional methyl group (entry 3). In this case, slow vinyl
ether exchange was observed and the aldehyde was obtained in
ca. 40% yield after 48 h. These results suggest that dipyridyls
are an inferior ligand class when compared to the phenanthro-
lines, and further efforts at optimizing the ligand must continue
"in the future.

Finally, cyclohexenols (Table 1, entries | to o) can be
vinylated readily as well in ca5 h, but the rate of the
rearrangement was found to be strongly dependent on the
structure. Vinyl cyclohexenyl ether (entry |) rearranges only at
190 °C. The sterically more hindered 3-methylcyclohexenol

(21) For discussion of substituent effects in the Claisen rearrangement
see: Burrows, C. J.; Carpenter, B. X.Am. Chem. S04981, 103 6983~
6984. Gajewski, J. J.; Gee, K. R.; JurayjJJOrg. Chem199Q 55, 1813~
1822. (22) Bartlett, P. A.; Pizzo, C. RI. Org. Chem1981, 46, 3896-3900.
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TABLE 2. Reaction Catalyzed by Dipyridinyl Type Complexeg

MeQ OMe
7 N— N
=N N=
/Pd\
F;COCO  OCOCF;
vi
Entry alcohol  Cat. Condition Product, yield’
OH CHO
| 12%1b  72°C,36 h 60 %
1.2% VI then 120°C,2 h 57 %
OH  0.5%11b . Q 2%
2 g Azosevt s0eah I Ka
OH CHO
3

/‘\]/ 0.5% VI  85°C,48h /\‘)/ 40 %

a A mixture of 25 mmol of alcohol and 75 mmol of vinylating agent
TGDV was stirred with 0.5 mol % catalyst and 5 mol % g base
(i-PrNEt) at 75-85 °C. P NMR yield reported.

In summary, we describe the first tandem Pd(ll)-catalyzed
vinyl ether formatior-Claisen rearrangement process using the
readily available palladium acetatphenanthroline catalyst in
combination with TGDV as the vinyl ether starting material.
This provides a convenient approach to a seriesy@f
unsaturated aldehydes under mild conditions that avoids the us
of toxic Hg(ll). This method is very practical and volume
efficient, and we have prepared some volatile aldehydes2ih

JOCNote

used as catalysh,N-diisopropylethylamine (6.4 g, 0.05 mol) was
added to inhibit acetal formation as a side reaction. The reaction
condenser should be opened to air and NOT inerteday ldrgon.

The mixture was heated gently to 7C. (An oil bath or water
bath is preferred to a heating mantle for better temperature control.
Decomposition of catalyst was often observed due to some “hot
spots” when heated by a heating mantle.) The reaction mixture
became a clear yellow solution. After the solution was stirred for
5—7 h, NMR showed that the allylic alcohol was converted to its
vinyl ether to the extent of 7580%. The mixture was then heated

to ca. 120°C and reflux started. The temperature was raised
gradually to 146-145 °C and stirring was continued at this
temperature for 510 h until'H NMR showed the rearrangement
was complete. For some reaction of cyclohexenols, the rearrange-
ment was carried out at a higher temperature, up to°@0Nhen

the reaction was finished, the reaction mixture was distilled with
an oil bath temperature of ca. 13040°C and under ca. 300 mmHg
pressure to give the crude product that was normally subjected to
a second distillation to produce high-purity product. For compounds
with a high boiling point 81—o0,q), distillation was not practical,
and flash column chromatography on silica gel (hexanes) was used,
giving pure product after evaporation of solvent.

(B) Typical Procedure for Secondary and Tertiary Allylic
Alcohols: Method B. To a solution of triethyleneglycol divinyl
ether (303 g, 1.5 mol) and the corresponding allylic alcohol (1 mol)
in a 1 Lflask equipped with an efficient condenser was added the
catalyst 1,10-phenathroline-Pd(OA¢R.0 g, 0.005 mol) or 1,10-
phenathroline-Pd(GEQO,), (2.6 g, 0.005 mol). When Pd(GEQ,),
complex was used as catalyBtN-diisopropylethylamine (6.4 g,
0.05 mol) was added to inhibit acetal formation as a side reaction.
The condenser should be opened to air and NOT inerted,lyr N
argon. The mixture was heated gently to—8® °C. (An oil bath

%r water bath is preferred to a heating mantle for better temperature

control. Decomposition of catalyst was often observed due to some
“hot spots” when heated by a heating mantle.) The reaction mixture

kg scale successfully using this methodology. In addition, remote became a clear yellow solution. Reaction was monitored by NMR,
alkene units are intact under these conditions, which allows the and formation of vinyl ether and aldehyde was usual80% after

efficient synthesis of polyene-type compounds. Further opti-
mization of the reaction system by exploring better designed
catalyst, as well as its application to more elaborate allylic
alcohols, is ongoing in our laboratories. Results will be reported
in due course.

Experimental Section

Preparation of Catalysts (ll, IlI, IV, and VI). All catalysts
used in this study were prepared in almost quantitative yield by
stirring a 1:1 (mol) mixture of palladium salt (Pd(OAcpr
Pd(tfay) and the corresponding organic ligand in DMEY
mL/mmol of complex). A yellowish solid precipitated out and was
isolated by filtration, rinsed with diethyl ether, and dried in an oven
at 50°C under reduced pressure.

Tandem Pd(ll)-Catalyzed Vinyl Ether Exchange—Claisen
Rearrangement. (A) Typical Procedure for Primary Allylic
Alcohols and Cyclic Cyclohexenols: Method A.To a solution
of triethyleneglycol divinyl ether (303 g, 1.5 mol) and the
corresponding allylic alcohol (1 molhia 1 Lflask equipped with

an efficient condenser was added the catalyst 1,10-phenathroline

Pd(OAc) complex (2.0 g, 0.005 mol) or 1,10-phenathroline-
Pd(CRCO,), (2.6 g, 0.005 mol). When Pd(GEO,), complex was

24 to 48 h. The mixture was then heated to ca.-1020 °C and
stirred at this temperature until NMR showed all of the remaining
vinyl ether had rearranged to aldehyde. When the reaction was
finished, the reaction mixture was distilled with an oil bath
temperature of ca. 120140°C and under ca. 300 mmHg pressure
to give the crude product that was normally subjected to a second
distillation to produce high-purity product. For compounds with a
high boiling point 8q, 4, 5), distillation was not practical, and flash
column chromatography on silica gel (hexanes) was used, giving
pure product after evaporation of solvent.
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