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Secondary and tertiary allylic alcohols react with carbon monoxide in the presence of catalytic quantities of
bis(dibenzylideneacetone)palladium(0) and 1,4-bis(diphenylphosphino)butane affording lactones in 45-92% isolated
yields. «,8-Unsaturated acids are formed by isomerization and carbonylation of primary allylic alcohols. 2-
(5H)-Furanones were isolated in yields of 60-80% when alkynols were employed as substrates for the cyclo-

carbonylation process.

The metal-catalyzed carbonylation of unsaturated sub-
strates has been the subject of many investigations.}2
Recent examples include the cyclocarbonylation of alkynes
to indanones catalyzed by cobalt carbonyl under water gas
shift conditions,® and the palladium(II)-catalyzed: di-
carbonylation of homoallylic alcohols (8-buten-1-0ls) and
analogous 3-butyn-1-ols to lactone esters (eq 1).4 The
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palladium reactions occur in the presence of cupric chlo-
ride, triethyl orthoacetate, and propylene oxide. Mono-
carbonylation of homoallylic alcohols to mixtures of five-
and six-membered ring lactones takes place when the re-
action is effected in the presence of acid and phosphine
ligands, but without propylene oxide and triethyl ortho-
acetate.® One of us previously demonstrated that only
five-membered ring lactones result when both oxygen and
acid are utilized for the palladium chloride catalyzed
carbonylation of homoallylic alcohols.f Allylic alcohols
can also be converted to lactones using palladium chloride
as the catalyst under acidic conditions and in the presence
of oxygen as well as cupric chloride.”®

We now describe a different palladium-based catalytic
system for the lactonization of allylic alcohols under neu-
tral conditions and in the absence of cupric chloride and
oxygen. This methodology, which was first developed for
formate ester reactions,? is also applicable to 1-alkyn-3-ols.

Results and Discussion

Treatment of 2-methyl-3-buten-2-0l (la, R = R’ = CHj,
R” = H) with carbon monoxide in 1,2-dimethoxyethane
(DME) in the presence of catalytic quantitie of bis(di-
benzylideneacetone)palladium(0) [Pd(dba),] and 1,4-bis-
(diphenylphosphino)butane (dppb), for 48 h at 40 atm
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pressure and 190 °C, afforded 4,4-dimethyl-y-butyro-
lactone (2a) in an isolated yield of 78% (eq 2). The ratio
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of substrate to palladium catalyst and added phosphine
was 25:1:1. Only traces of 2a resulted in the absence of
dppb. Other bidentate phosphine ligands such as 1,2-
bis(diphenylphosphino)ethane and 1,3-bis(diphenyl-
phosphino)propane are ineffective for this carbonylation
process. Other palladium complexes can be used as cat-
alysts, but the lactone is obtained in lower yield. Spe-
cifically, substitution of palladium acetate for Pd(dba),,
under otherwise identical conditions, afforded the lactone
in 60% yield, while 2a was isolated in only 25% yield when
tetrakis(triphenylphosphine)palladium(0) was employed
as the catalyst.

This simple lactonization reaction is applicable to a
variety of tertiary allylic alcohols containing alkyl, aryl,
and olefinic groups attached to the hydroxyl-bearing
carbon, with lactones obtained in good yields (see Table
I for results). The olefinic unit can be mono- or 1,1-di-
substituted but not internal since no reaction occurs in the
latter case (e.g., 3-penten-2-ol). Secondary allylic alcohols
behave in a similar manner. 3-Methyl-3-buten-2-ol affords
nearly equal amounts of cis- and trans-3,4-dimethyl-v-
butyrolactone, showing that the reaction has no stereo-
chemical control. An exception to the cyclocarbonylation
reaction was found for the diallyl alcohol 1,4-pentadien-
3-0l, which experienced carbonylation and isomerization
to give 3,5-hexadienoic acid in modest yield. The primary
allylic alcohols, allyl alcohol (1n) and 2-methyl-2-propen-
1-ol (10), isomerize and carbonylate to form «,8-unsatu-
rated acids in excellent yields. The latter transformation
has been observed previously, using palladium!® or nickel!!
catalysts. The structures of the lactones and acids were
determined by comparison of infrared, nuclear magnetic
resonance, and mass spectral results with literature data
as well as with authentic materials in some cases. New
lactones were characterized on the basis of analytical and
spectral data.

While a considerable amount of work has been done on
the metal-catalyzed cyclization of homoalkynyl alcohols
such as 3-butyn-1-ols,* comparatively little is known con-
cerning the reaction of 1-alkyn-3-ols, which are acetylenic
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Table I. Cyclocarbonylation of Allylic Alcohols Catalyzed by Pd(dba),~dppb* (eq 2)
allyl alcohol product
structure no. structure no. yield® (%)
1 CH. 2 78
CH,=CHC(CHg)(OH)CH,4 a o ‘ o> :CH: a
CH,—~CHC(OH)(C,H;)CHgq 1b ( > :c H 2b 70
° 0 Cbz-l:
CH,=CHC(OH)(CH;)C(CH,) le C(CHy): 2c 92
2 3. 373 oioyc’-‘:’ £
CH,—~CHC(OH)(CHyPh 1d o Ph 2d 76
{) <cu,
CH;=~CHC(OH)(CH;)CH,CH,;CH=C(CHjy), le o =£_)<c|-1zc|-|zcu=c(ct-|,)z 2e 80
07 "CH,
CH,=C(CH;)C(CHy)OH if CH, 2f 51
{ S :CH
o 0 CH:
CH,=CHC(OH)HCH 1g CH. 2¢ 74
2 3 04}“ 3
CH,~CHC(OH)HC;H-n 1h o { > :C,Hrn 2h 65
o7 H
CH,=~CHC(OR)HPh 1i ( > :Ph 2i 74
g o={ X[,
CH,=CHC(OH)HCH,CH=CH; 1j Z 2j 49
H,C=CHC(OH)HCH,C(CH,)=CH, 1k o 2k 52
CH,=C(CH;)C(OH)HCH,4 11 CH, 21 45¢
CH,=CHC(OH)HCH=CH; Im MCOOH 2m 35
CH,=CHCH,0H In CH,CH=CHCOOH 93
CH,~C(CH,;)CH,0H lo (CH,),C=CHCOOH 92

¢Reaction conditions: alcohol (2.5 mmol), Pd(dba), (0.1 mmol), dppb (0.1 mmol), DME (2.5 mL), CO (40 atm), 180 °C, 48 h. bIsolated
yield. ¢52/48 trans/cis.

Table II. Synthesis of 2(5H)-Furanones by Pd(dba),-dppb-Catalyzed Carbonylation of Alkynols (eq 3)

alkynol product
structure no. structure no. yield® (%)
(CH;),C(OH)C=CH 3a =\ __CH,3 4a 60
°=Q><CH3
C,H;C(OH)(CH;)C=CH 3b =\_C.Hs 4b 70
°=[O)<°Ha
(CH;);CHCH,C(OH)(CH;)C=CH 3¢ = CHy de 62
°=£:><:H:<0Hs
PhC(CHy(OH)C=CH 3d =\_Ph 4d 65
o}
=[(;)<CH3
CH,=CHCH,CH,C(OH)(CH3)C=CH 3e o W de 80
0" "CH,
Htgsw 3f o=l 4f 80
:o:< 7
HO_ C=CH 3 m . 4
0=No
3h 4h 65

OH
OCECH

O%Hm

°Reaction conditions: alkynol (2.5 mmol), Pd(dba), (0.1 mmol), dppb (0.1 mmol), DME (2.5 mL), CO (20 atm), 160 °C, 48 h. ®Isolated

yield.

analogues of allylic alcohols. For examples, alkynols react
with carbon monoxide and iodobenzene in the presence

of a transition-metal complex and carbon dioxide, affording

3(2H)-furanones.'?

Carbon dioxide is essential for lac-
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tonization, with an alkynylketo alcohol formed when the
reaction is repeated without CQ,,1213

The Pd(dba),/dppb catalytic system is useful for the
carbonylation of alkynols (3) to give 2(5H)-furanones (4)
in good yield (Table II). Alkynols are somewhat more

R! R!
| Pd(dba),, dppb —
HC=C-C-R? + (0 — ¢ (3)
| DME, 20 atm. 0 R?
OH 150°C, 48 h.
(€)] @

reactive than allylic alcohols, as the reactions proceed in
a satisfactory manner at lower pressure and temperature
using the alkynol. No reaction occurs in the absence of
dppb. Monocyclic and spirocyclic 2(5H)-furanones were
isolated in reasonable yields by cyclocarbonylation of ap-
propriate alkynols. Complimentary to the present meth-
odology is the synthesis of 3,4-disubstituted 2(5H)-
furanones by rhodium carbonyl (Rh,(CO),5,Rhg(CO),e)
catal;lr‘zed carbonylation of internal alkynes including en-
ynes.

A possible mechanism for the conversion of allylic al-
cohols to lactones is outlined in Scheme I (illustrated for
2-methyl-3-buten-2-ol). Reaction of Pd(dba), with dppb
and carbon monoxide may give 5.° The latter can undergo
insertion into the oxygen—hydrogen bond of the allylic
alcohol, affording 6. Oxidative addition of water and
methanol has been described for iridium(I) complexes.!?
Insertion of carbon monoxide into the palladium—oxygen
bond (by ligand migration), with dppb bonded in the bi-
dentate fashion, would give 7 (alkoxyplatinum complexes
readily insert carbon monoxide).’® Intramolecular addi-
tion of the palladium hydride to the double bond would
form the metallocycle 8. Conversion of 8 to the lactone
would then occur by exposure to carbon monoxide and
dba, with 5 being regenerated in the process. The ability
of dppb to coordinate to palladium through one or both
phosphorus atoms is probably key to success of this re-
action.

The pathway in the case of alkynols is likely analogous
to that of the allylic alcohols, with 9 and 10 as conceivable
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intermediates for the production of 2(5H)-furanones.

O .0

FH-\;PQz €<,g
thUCHz)a PPh
® ) (CH2)4

In conclusion, Pd(dba),~dppb is an effective catalytic
system for the carbonylation of allylic alcohols and alkynols
to y-butyrolactones and 2(5H)-furanones under neutral
conditions.

Experimental Section

General. 'H NMR spectral data were obtained at 200 or 300
MHz. GC determinations were made with an OV-17 packed
column,

Allylic alcohols, alkynols, and DME were commercial products
and purified, if required, prior to use. Metal catalysts and
phosphine ligands were purchased from commercial sources and
were used as received. A 45-mL stainless-steel autoclave (Parr
Instruments) was used for these reactions.

General Procedure for the Carbonylation of Unsaturated
Alcohols. The allylic alcohol (2.5 mmol) or alkynol (2.5 mmol)
was added into a 45-mL autoclave containing a solution of 0.0575
g (0.1 mmol) of Pd(dba), and 0.0426 g (0.10 mmol) of dppb in
2.5 mL of DME. The autoclave was purged and then pressurized
to either 40 (allylic alcohols) or 20 (alkynols) atm of CO. The
reaction mixture was stirred at elevated temperature (190 °C for
allylic alcohols, 150 °C for alkynols) for 48 h and then cooled to
rt. The solution was filtered through Celite, and the filtrate was
concentrated by rotary evaporation to give the cyclic compound.
Purification was achieved by silica gel chromatography or by
distillation.

v-Butyrolactones. 2 (R =R’ = CH,, R” = H;'R = CH,, R’

= C,H, R” = Hj%R = CH, R’ = Ph, R” = H;®R = R’ = R”
= CH,"R = CHy, R’ = R" = H R = n-CyH,, R’ = R” = HY
R =Ph R =R’ = H{®R = CH,CH=CH,, R’ = R” = H;® R

=R”"=CHg,R' = H“) are known compounds and had spectral
properties in accord with the literature data.

The following lactones are new.

4-tert-Butyl-4-methyl-y-butyrolactone (2¢): IR »(CO) 1768
cm™; NMR é (CDCly) 0.91 (s, 9 H, C(CHj),), 1.30 (s, 3 H, CH,),
1.82 (m, 1 H, H-3), 2.18 (m, 1 H, H-3), 2.52 (m, 2 H, H-2); MS

(m/e) 141 (M - CHy)*, 99 (M - C(CH,);)*. Anal. Calcd for

CgH,¢0,: C, 69.19; H, 10.32. Found: C, 69.50; H, 10.38.

4-Methyl-4-(4-methyl-3-pentenyl)-y-butyrolactone (2e): IR
»(CO) 1765 cm™; NMR 6§ (CDCl;) 1.33 (s, 3 H, CHy), 1.55 (s, 3
H, (CHs)zC=), 1.63 (s, 3 H, (CH3)20=), 2.04-2.60 (m, 8 H,
methylene protons), 5.10 (t, 1 H, J = 7.0 Hz, CH=C(CHj),); MS
(m/e) 182 (M)*, 167 (M - CHy)*. Anal. Caled for CH,30,: C,
72.49; H, 9.95. Found: C, 72.91; H, 10.02.

4-(2-Methyl-2-propenyl)-y-butyrolactone (2k): IR »(CO)
1770 em™; NMR é (CDCly) 1.73 (s, 3 H, CHj), 1.80-2.40 (m, 4 H,
CH,CH,), 2.50 (m, 2 H, CH,C(CH3)=CH,), 4.50 (m, 1 H,
CHOC(0)), 4.75 and 4.85 (2d, 2 H, J = 1.0 Hz, CH;=); MS (m/e)
140 (M)*, 85 [M - CH,C(CHg)=CH,]*. Anal. Calcd for CgH;,05:
C, 68.54; H, 8.63. Found: C, 68.17; H, 8.84.

Unsaturated Acids. 3,5-Hexadienoic acid was identified by
comparison of its spectral data with literature values,? while
crotonic acid and 3-methyl-2-butenoic acid were characterized
by comparison with commercial, authentic materials.

2(5H )-Furanones. 4 (R! = R? = CH % R! = CH,, R? = C,H,2

=CH,; R?=Ph;B Rl = R2 = (CHy) ;" R! = R2 = (CH,)*Y)
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are known compounds and had spectral properties in accord with
literature data.

The following 2(5H)-furanones are new.

5-Methyl-3-(2-methylpropyl)-2(5H)-furanone (4c): IR
»(CO) 1765 em™!; NMR & (CDCly); 0.90 (d, 6 H, J = 6.2 Hz,
(CH,),CH), 1.10 (m, 1 H, CH(CHj,),), 1.40 (s, 3 H, CH,), 1.65 (d,
2 H, J = 6.9 Hz, CH,), 6.00 and 7.35 (2d, 2 H, J = 5.6 Hz,
CH=CH), 7.35 (d, 1 H, CH=); MS (m/e) 97 (M - C;Hy)*. Anal.
Calcd for CgH,, 05 C, 70.10; H, 9.15. Found: C, 70.01; H, 9.20.

5-(3-Butenyl)-5-methyl-2(5H)-furanone (4¢): IR »(CO) 1755
cm™; NMR 4 (CDCl,) 1.40 (s, 3 H, CH,), 1.80-2.15 (m, 4 H,
CH,CH,), 5.00 (m, 2 H, CHz==), 5.72 (m, 1 H, CH=CH,), 6.02
and 7.35 (2d, 2 H, J = 5.6 Hz, CH=CH); MS (m/e) 98 (M -
C.He)*. Anal. Caled for CgH,,0,: C, 71.03; H, 7.95. Found: C,
70.75; H, 7.58.

5,5-Heptamethylene-2(5H)-furanone (4h): IR »(CO) 1745
cm™}; NMR é (CDCl;) 1.30-2.10 (m, 14 H, (CHy),), 6.05 and 7.40

(23) Meyers, A. L; Spohn, R. F. J. Org. Chem. 1985, 50, 4872.

(2d, 2 H, J = 5.7 Hz, CH=CH); MS (m/e) 180 (M)*. Anal. Calcd
for C;;H;¢04: C, 73.30; H, 8.95. Found: C, 72.96; H, 9.04.
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Arylmagnesium Bromide Additions to 1-Tetralone-2-acetic Acid Followed by
Catalytic Hydrogenolysis: Stereochemical Consequences!®
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A Stork reaction route (7 — 1b) was utilized to synthesize 1-tetralone-2-acetic acid methy! ester (1a) from
1-tetralone. Addition of a 2’-(o-methoxyphenyl) magnesium bromide to this ketone followed by palladium-catalyzed
hydrogenation of the intermediate cis lactones (2, verified by X-ray crystal structure determination of 2a, Figure
1), afforded predominantly a 1,2-cis tetralin (3) accompanied by smaller yields of the corresponding 1,2-trans
tetralin (4). The stereochemical consequences of this reaction sequence was unequivocally established by X-ray
crystal structure elucidation of 1,2-cis methyl ester 3b (Figure 2) and 1,2-trans carboxylic acid 4a (Figure 3).
Stereochemical assignments for the analogous diastereoisomeric sets 3¢—f and 4c—f were obtained by high-field
(400-MHz) 'H and 3C NMR correlations with the crystal structures. The overall reaction pathway illustrates
a useful approach to 1,2-cis-alkylated tetralins and certain sterically hindered 1,2-trans-alkylated tetralins.

Some 36 years ago,! our interest in elucidating the
structures of certain dienone—phenol rearrangement?
products® led us to study the reaction between 1-tetral-
one-2-acetic acid methyl ester (1a) and the Grignard
reagent from 2-bromo-4-methylanisole in order to open a
route toward substituted benzo[c]phenanthrenes. Sub-
sequent saponification, acidification, and hydrogenation
(1a — 2 — 3 and/or 4) resulted in a 1,2-cis-substituted
tetralin 3 as major product. As summarized in the sequel,
elucidation of the stereochemical consequences of this
reaction sequence required modern instrumental tech-
niques such as X-ray crystal structure determination and
high-field (400-MHz) 2D 'H and '*C NMR, which were
then not available. We now describe the successful com-
pletion of this early research.!

Several synthetic routes were evaluated for obtaining
1-tetralone-2-acetic acid methyl ester (1a). The following
previously known procedure was employed to obtain the
original supply of this ketone. Condensation of 1-tetral-
one**™ with methyl oxalate, in the presence of freshly
prepared sodium methoxide, led to glyoxalate (5).% De-

*To whom correspondence should be addressed at Arizona State
University.

0 0o o0 o 0
_» OCH;, _ ocH,
o]

5 6
carbonylation of the glyoxalate afforded 1,2,3,4-tetra-
hydro-2-carbomethoxy-1-oxonaphthalene (6).5 Alkylation
of ketone 6 with methyl bromoacetate gave 1,2,3,4-tetra-

hydro-1-0x0-2-naphthaleneacetic acid (1b) following hy-
drolysis and decarboxylation.’®¢ Yields in the latter pro-

(1) (a) Pettit, G. R. Doctoral Dissertation, Wayne State University,
Detroit, MI, June 1956. (b) Present address: Department of Chemistry,
Stanford University, Stanford, CA 94301.

(2) Cassis, R.; Scholz, M.; Tapia, R.; Valderrama, J. A. J. Chem. Soc.,
Perkin Trans. 1 1987, 2855-2859. Dannenberg, H.; Neumann, H.-G.
Liebigs Ann Chem. 1961, 646, 148. Shapiro, R. H. In Steroid Reactions;
Djerassi, C., Ed.; Holden-Day: San Francisco, 1963; pp 373-379.

. 4(f) Cf. Djerassi, C.; Grossnickle, T. T. J. Am. Chem. Soc. 1954, 76,

(4) (a) Cignarella, G.; Barlocco, D.; Rossi, G.; Rossi, E. Synthesis 1990,
160. (b) Prugh, D.; Deana, A. A.; Wiggens, J. M. Synthesis 1989, 554. (c)
El-Zohry, M. F.; El-Khawaga, M. J. Org. Chem. 1990, 55, 4036. Buchta,
E.; Galster, H.; Luther, F. Chem. Ber. 1949, 82, 126.
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