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ORGANIC SYNTHESES BY MEANS OF NOBLE
METAL COMPOUNDS-—XLVII!

REACTION OF BUTADIENE WITH ALDEHYDES AND KETONES
CATALYZED BY PALLADIUM-PHOSPHINE COMPLEXES
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abstract— Palladium catalyzed reaction of butadiene with carbonyl compounds yields 1-substituted
2-vinyl-4. 6-heptadien — 1-ols or 2-substituted 3.6-divinyltetrahydropyrans. Four stereoisomeric pyrans
were characterized by NMR analysis. The reaction mechanism is discussed.

INTRODUCTION

PALLADIUM is an active catalyst for the decarbonylation of aldehydes.? From careful
consideration of the reaction mechanism, we assumed the first step to be oxidative
addition of aldehyde to the palladium catalyst to form an acyl-palladium com-
plex,® which could be an active intermediate for olefin insertion.* In an attempt to
synthesise ketones by olefin insertion into an acyl-palladium bond, we carried
out the reaction of butadiene with aldehyde in the presence of a palladium-triphenyl-
phosphine complex. Unexpectedly, the products obtained were not ketones but
1-substituted 2-vinyl-4,6-heptadien-1-ols and 2-substituted-3,6-divinyltetrahydro-
pyrans. Preliminary accounts of this new reaction have been given from our lab-
oratory,® and by others.®’

This reaction seems to be a new general reaction of butadiene with a dipolar
double bond to form cyclized products as expressed by the following scheme.

/
pad AN /—<—>_/
+ —_ A—B

A=B
The reaction of isocyanates with butadiene to form divinylpiperidones provides
another example of this general scheme.®

NS+ RCHO — NN ) QL
CHOH
R” R N07 N

R: Ph: 1 11

p-CIC¢H,: m v
p-MeCgH,: A% \2!
pMeOC4H,: VII VIII

C.H,0: IX X
Me: X1
Et: X111
n-Pr: XIv
i-Pr: XV
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RESULTS AND DISCUSSION

Reaction with aromatic aldehydes

Benzaldehyde was treated with butadiene using a palladium-triphenylphosphine
complex as catalyst, and the products separated into two components by fractional
distillation. The high boiling fraction was found to be 1-phenyl-2-vinyl-4,6-heptadien-
I-ol (I) by the following evidence. Elemental analysis and MW determination by
mass spectrometry support formula C, sH, 3O, derived from two moles of butadiene
and one mole of benzaldehyde. The IR and NMR spectra also agree with the proposed
structure. Hydrogenolytic hydrogenation over Pd/C consumed 4 moles of hydrogen
to give 3-benzyloctane as below.

z Z Z + Hz —_—
PhCHOH PhCH,

The low boiling fraction was determined to be 2-phenyl-3,6-divinyltetrahydro-
pyran(ll) by the following evidence. Elemental analysis and MW determination
support formula C,sH,4O. It was converted into 6-benzyl-3-octanol by hydrogena-
tion and hydrogenolytic ring opening at the benzylic ether bond. Oxidation of the
alcohol with CrO, gave 6-benzyl-3-octanone which was converted into 3-benzyl-
octane by Wolff Kishner reduction.

OH O
4 H,
// PdH* CrO,
CH,Ph CH,Ph

Ph (0]

NHaNH CH,Ph
2

Several types of palladium catalysts can be used for this reaction, most simply,
palladium acetate or palladium acetylacetonate with triphenylphosphine. Also the
n-allylpalladium chloride dimer, and dichlorobis(triphenylphosphine)palladium
are active catalysts in the presence of excess base, ¢.g. NaOPh. Zero valent complexes
such as tetrakis(triphenylphosphine)palladium, and bis(triphenylphosphine) pal-
ladium maleic anhydride are also active. As ligands, triarylphosphines are most
conveniently used. Trialkylphosphines and trialkylarsines are less reactive. The
reaction can be carried out using THF, benzene, DMF, or t-BuOH as solvent,
even at room temperature (results are in Table I).

It was found that the ratio of products I and II can be controlled by changing
the ratio of PPh,/Pd in the catalytic species. I was obtained as main product when
the ratio was near unity. By increasing the amount of PPh;, the relative amount of
Il increased and II was formed nearly totally when the ratio was above two. This
relationship is shown in Fig I using benzaldehyde.

The same pattern was repeated using several substituted benzaldehydes, the
results are summarized in Table 11.
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F1G 1. The effect of PPh;/Pd ratio on the reaction products.

Reaction with aliphatic aldehydes

The reaction with aliphatic aldehydes was carried out as shown in Table III
Since the reactions were carried out at the higher PPh,/Pd ratio, pyrans were the
main products and almost no alcohol was formed. But at the same time considerable
amounts of other by-products were obtained. In the presence of dichlorobis(tri-
phenylphosphine)palladium and NaOPh, 2-methyl-3,6-divinyltetrahydropyran
(X1) was obtained from acetaldehyde accompanied by 2,4-dimethyl-6-(2,7-octadieny-
loxy)-1,3-dioxane(XII). Two stereoisomers of XI were separated by column chroma-
tography and characterized. The formation of XII can be explained by base catalyzed
trimerization of the aldehyde to give 6-hydroxy-2,4-dimethyl-1,3-dioxane,® followed

by reaction of the resulting dioxane with butadiene. Thus, in the absence of the
base, XII was not formed.

Me\(o OH MeYO o) _
PdLn X
3McCHO NaOPh OJ 2C,H, J
Me

Me

X1

n-Propionaldehyde, n-butyraldehyde, and isobutyraldehyde behaved similarly
giving the corresponding divinylpyrans (XIII, XIV, and XV, respectively) in high
yields.

Dichlorobis (triphenylphosphine) platinum with excess NaOPh can also be used
for the reaction, though the activity was lower than that of palladium. In addition
to the isopropyldivinylpyran (XV), a considerable amount of 2,6-diisopropyl-5,5-
dimethyl-1,3-dioxan-4-on(XVI) was obtained from isobutyraldehyde. The formation
of the latter can be explained by dehydrogenation of the aldehyde to give a ketene
by the catalytic action of the platinum complex, followed by cyclization with iso-
butyraldehyde as shown below. The formation of butenes in this reaction was
confirmed by GLPC analysis. The results are in Table V.



3709

Organic syntheses by means of noble metal compounds— XLVII

{urikq : joyode) siskjeue Hd 10 £q pAulwidniddg ,

(€) s01-58

(€£) op1 071
€) opi-sit

(€) 8€1-0T1

(uw) dg

o0
(%06) §§ 91 08  [ouedoidosi
(e9oLY 9-T¢ 144 oL auou
68:11 (0e)
e18) st L1 08  touedoidost
88:21 (on
(629 €1 91 9L-0L suszuaq
16:6 (0£)
(6%} 1-C1 ¥L 0g au9zUdqg
oisial
(VAL (1) .) {ju)
joyoae + urifd oy, ‘dwa) JUA[0S

(e
fudd {8-82)
Tz [eangny
08 — H*HDO0D0Pd
ird}
0s $50 Yfydd)*1opd [eanyiny
agmv
@mogsmm IPAYS Awwc_ ) Axoysw-d
0 - THDOD0NPd pAIBpIEZIRGRXOY
(5610} ()
0T LESO (fygd)1ord apAyopiezuaqifyiaw-d
(z610) ((4¢]
of L2890 (fyad’1Opd apAysprezusqoofys-d
{fw) @) 8 (8)
sustpeing ydoOeN 1see) s3pAyap[e durwoY

SIXITANOD NNIAYTIVd Al GIZATY.LYD UNFIAVLNE HLIM SSAAHIA' TV OLLYWOAY 40 NOUOVAY [ 318V ],



K. OHno, T. Mirsuvasu and J. Tsun

3710

(1

HU TS ‘AX L1 oL auou g $0 oy “EyddiFed apAyspiellinqost
(o1}
auazuaq (811 fydd
(s€)011-66 (987 ¥41°AX LY 08
(ov) (910
HONg-1 oL ~ (9500 HTHOODOPd apAyspresknqost
(st}
{81 £41 ‘AIX L1 oL suou juge o1 o1 Hudd)1DPd apiyspeiding-u
on
(€£2) 8 ‘AIX 8 OET-¥21 suou W Og — o) *(*ydd)pd apAyspiesding-u
. €
. (e Ydd ©912)
£ A1ng-
OM STT-011  (29) €€€°AIX LI 08  ouedosdoss  quog — @wzz0)  HTHD0D0Pd spigopleiting-u
. €
06) acn 4dd @1
3 doid
BDO1I-56 () §sTMX LI 08  louwdoxdost  quigg - 7200 HCHOOD0Pd 3pAyaprELoLios
aen ‘udd
85 u”uﬂv_.wov_ﬂauom
(0L) 901 “IX LI 0L-09 louedosdost w091 — wzo)  {CHOODOPd
(0g) an
{Ov) 001 OL 01 9L'1X i 08 su3zuaq 255 o1 e 0) Hruddtord spAyepieIoE
()8 (3u) D) () (8 10 qw) ] 3 @
ueikdjhutatp
(wuws) d-g -9 ‘¢AAly-g  sunl ‘duta], JudAl08 susIpeIng ydeN 1shreie) sapAyaplY

SIXATANOD WAIAYTIVd A8 GIZATYLYD ENFIQVING HIlM SIGAHACTY DILVHATTY 40 NOLLOVAY "[]] 718v]



371

Organic syntheses by means of noble metal compounds— XLVII

9512 (900 ‘€819 (€] ‘9-supa1 1 (Qh ‘€-supar (€N
“''H + °'Y yead o) yum paddepiang ,

@F'r Ot 98 - 6L 16 -~ 94 St-S5€  £89

6 ' (@ (e 98 - 18 0§ -~ §9+4 STH-9€  80L

(ONETp (ot 18 - 08 IS - $94 9y~ $6€ 869

P rEo®tr 18- 618 1€~ 8¢ by - 90v 86

(€)1 Tp (€)™ I QWL Q) 98 ~ 08 €16 ~ 8L 09+ -~ 96€ SS9
®D™T T D™ T 9 TN T L8 - 8L s - SLy Ly ~S0b  S6§
@'r 98- 6L IS -~ 994 W~ 8¢ EbS

OSSP r @ r QU-"r')F'r s8-64L 8% I8F 1T§ 91§ 9Th~- 98€ 6IS
O L ONE r @ r SN r@w'r 98§-61L IS 965 9TS 0TS €b-6€ 9
©O1Er N r @ rON-*rwN'r 98-568 I8y 105 97§ TTS 91+ 95+ SO9
(*H)r "H+°H *H °*H ‘H °H °*H 'H ‘H

0SS 89L ((9n (€p :a AX) 1d-0s!
29 09:L ((9) (gl g AX) 1d-0s!
Y29  v8L ((9» (e 1 ¥ AX) 1d-0s1
65 P9L (O P A I1X) 2N
L9 e (9N EN:D IX) 3N
L19  6vL (9P (N2 X) OH"D
09 8¢ ((9p (€P 'V X) OTH*D
35S  8pL ((Gn(€p o 1 ud
W09 St ((9p (€14 11) ud
19 p8L QP EN:vIDud
[A181W3Y5031915)
'H 'H .|

@ENTVA 1 ‘ZHW 001) NVHAJOYUAHVUIILTANIAIG-9'¢-QLNLILSHNS-7 GALYIOST 40 Vivd YN ‘A 318V



37112 K. OHNoO, T. MiTsuyasu and J. Tsus

Me-_ Piln_ Me .
Me/CHCHO Me/CHCOPt H

Me— . ~__ s CHg Me
[Mc/(.—C—O] PtH* ——— Me/c C=0 + butenes

M
l 2 "“>cHcHo
Me

(o]
Me 0
me Me _Me
_CH o7 “cH
Me Me
XVI

Reaction with ketones

The above palladium catalyzed reactions of butadiene proceed smoothly with
most aldehydes, but reactions with simple ketones such as acetone were not successful
and 1,3,7-octatriene was obtained.* However, some specific ketones were found to

ChR_ o
_C=0 + PavYd — ANNANF + CF,
CF, CF,
/ XIX
OH
o I
| CF, + CF, + _C o~
CF, cFy Mo CKy éF\/\/
/ 3

XVIII XVIL XX

TABLE V. REACTION OF ISOBUTYRALDEHYDE WITH BUTADIENE CATALYZED BY PLATINUM COMPLEXES

Catalysts Butadiene  Isobutyraldehyde Recovered Xvt  Xvpe
Isobutyraldehyde®
(® {ml) (® (2) (2) (8

PtCl,(PPh;), (05) y )
{PhONa ©5 35 15 7 3S 45
PtCI,(PPhy),  (05) B s 2 -
PhONa ©5)
Pt(PPh,), (0-38) 35 15 10 04 06
PtCl,(PPhy), (05 .
{PhONa ©5) 20kg/cm 15 7 — —

? Ethylene was used instead of butadiene.

® Obtained by distiliation.

* The formation of 1,3,7-octatriene in acetone using bis(triphenylphosphine) palladium maleic an-
hydride as catalyst was reported (ref. 10).
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take part in the reaction. Thus, perfluoroacetone gave 2,2-bis (trifluoromethyl)-
3,6-divinyltetrahydropyran (X VII), in addition to other products as shown below.

Both XVII and XIX were formed by Diels-Alder reactions of perfluoroacetone
with butadiene and 1,3,7-octatriene.!* Alcohol XX is formed by reaction of butadiene
with perfluoroacetone (1:1), probably by the following mechanism.*

CF, CF, L
c=o0 + PdLn _ ~Sc—rpd”
7 PR ~.
CF, C, o L
3
N
OH
CE,_ CH
~ 0N |
i _c CH s
cFy | _Pd ~\ - CF | NINF
07| icH CF,
L </
CH, XX

Other active a-diketones such as benzil and biacetyl gave the corresponding
pyrans (XXI and XXII) by reaction at one of the carbonyl centres.

R—ﬁ—-ICl—R + 2 ANF — R
o O RCO 0 /
R: Ph:XXI
Me: XXII

Stereochemistry of 2-substituted 3,6-divinyltetrahydropyrans

The obtained 2-substituted 3,6-divinyltetrahydropyrans consisted of four
stereoisomers, some of which were separated by repeated column chromatography
and are listed with their NMR data in Table IV.

GLPC analysis of the 2-phenyl-3,6-divinyltetrahydropyrans showed three peaks:
A(II A), B(II B), and C(II C)t. The peak of the fourth isomer overlapped with peak B.
The NMR spectra of these three isomers are shown in Figs 2, 3, and 4.

He

H,

1A H, H, 11B 11C

* Similar reaction was observed by Wilke et al'? using a Nickel complex as stoichiometric reagent.

t Notation does not always reflect the same stereochemistry but the order of retension time on GLPC.
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In the NMR spectrum of 11 B, when the Hy proton was irradiated, the H, proton
collapsed to a quartet. This means that the rate of inversion of the pyran ring is slow
on the NMR time scale.!? Otherwise, the quartet would collapse to a triplet by rapid
inversion. The same observation was noted for 11 A and 11 C. Therefore, it seems
logical that the large 2-phenyl moieties always prefer an equatorial conformation.

ORPED SUUNEN SR RV S WU S SR G SN S S S
3 4 5 L 7 8 9

L
2

FI1G 2. NMR spectrum of 2-phenyl-trans-3, cis-6-divinyltetrahydropyran (II A) (100 MHz, CCl,).

The coupling constants J; ; of II A(10 Hz), II B(2 Hz) and II C(3 Hz) indicate their
configuration as trans, cis and cis respectively. The H, signals are more complex
and even decouplmg experiments did not afford simple first-order spectra. The H,
proton of II B is observed at higher field (602 1) than that of I} CT Furthermore,
the line width of the H, proton of II B (20 Hz) is larger than that of 11 C (10 Hz).}

Thus, the H, protons of I B and 1I C should be axial and equatorial, respectively.
Similarly the conformation of the 6-vinyl moiety of I1 A was deduced to be equatorial
from the line width of the H, proton (20 Hz). From these data, compounds, I A,
IIB and IIC were identified as 2-phenyl-trans-3, cis-6-divinyltetrahydropyran,
2-phenyl-cis-3, cis-6-divinyltetrahydropyran, and 2-phenyl-cis-3, trans-6-divinyl-
tetrahydropyran, respectively.

GLPC analysis of 2-isopropyl-3,6-divinyltetrahydropyran also shows four peaks
A, B, C and D in order of increasing retention time, three of which yielded pure
material. The coupling constants J, 3 of XV A, XV B, and XV D are 10 Hz, 2 Hz,
and 2Hz, respectively, which correspond to axial-axial, axial-equatorial, and
axial-equatorial coupling. The chemical shifts of the H, protons of XV A, XV B,

+ Usually the equatorial proton can be observed at lower field.'*
! Broader line width seems to reflect axial-axial coupling.
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FIG 3. NMR spectrum of 2-phenyl-cis-3, cis-6-divinyltetrahydropyran (II B) (100 MHz, CCl,).

B 1 " 1 " 2 " A " 1 s 1 P
2 3 < 5 [ 7 8 9

F1G 4. NMR spectrum of 2-phenyl-cis-3, trans-6-divinyltetrahydropyran (11 C) (100 MHz, CCl,).
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624, 624, and 550 1, respectively {Table IV). In the last case the H,
proton is observed at lower field than those of the former two cases, and thls proton
would be equatorial. The line width of the H, protons (XV A, XV B, and XV D) are
20, 20, and 14 Hz, respectively. This suggests that the preferred conformations for
the H, protons of XV A and XV B are axial and that of XV D equatorial. Their
stereochemical assignments in Table 1V follow from these data. The stereochemical
assignments of other pyrans were made by similar techniques.

In the case of the 2-alkyl-3,6-divinyltetrahydropyrans (2-Me, 2-Et, 2-Pr, and 2-i-Pr

danahvpc\ the gas nhrnmatnaranh:n behavior of the four stereoisomers is relnhvplv

v BG5S Uil VilalUsi QP Uiia SUiiava

similar so that it seems probable that the peaks A, B, C, and D would have the
trans-3, cis-6: cis-3, cis-6: trans-3, trans-6, and cis-3, trans-6 configurations, res-
pectively, even though some were not isolated in a pure state.

The reaction mechanism

In 1968, N. Hagihara et al.'® speculated that a o, n-diallyl palladium complex,
coordinated by phosphine, may be an intermediate in the butadiene. dimerization.
They suggested that this intermediate might be protonated via o-allyl palladium
bond fission by a suitable protic medium followed by decomposition of the resulting
mono-rn-allyl palladium complex to yield the corresponding telomerization products.

The same o, n-diallyl palladium intermediates might play an important role in
our novel reactions. In the presence of aldehydes, insertion of the carbonyl group
into the palladium might take place giving an alkoxide type complex (3 or 4) as
shown below. This intermediate would have an equilibrium between a w-allyl and
o-allyl palladium complex depending on the concentration of the phosphine ligands.
The former complex is expected to decompose rapidly through hydrogen transfer
from the a-position of the m-allyl moiety to give the unsaturated alcohol, while
the latter complex might give rise to the pyran through a ligand coupling reaction.
Generally, the alkoxide group of such a complex is transferred to the less substituted
position of the m-allyl system through ligand coupling.* However, if the alkoxide
group and r-allyl system are in the same molecule, this could not be general enough
because of the geometrical restriction of the ligand. Thus, in the case of the pyran
formation, the alkoxide group was certainly transferred to the more substituted site.

The presence of this equilibrium between the n-allyl and ¢-allyl palladium complex
was supported by experimental results (Fig 2). The product distribution varies
markedly with the triphenylphosphine palladium ratio and the unsaturated alcohol
is the main product in the presence of excess palladium over triphenylphosphine
and vice versa. Thus, the relative extent of these two pathways depends on the tri-
phenylphosphine : palladium ratio.

The reactivity of perfluoroacetone or the a-diketones can simply be explained
in terms of their strength of coordination to the catalyst during the initial step of
the reaction.t A simple ketone might be weakly bound, thus, acetone or 2-butanone
are inert.

* Inthe palladium catalyzed telomerization reaction of butadiene with nucleophiles such as an alcohol,'®
an amine,'® a phenol,'® or active methylene compounds,'” nucleophiles preferrentially attack the less
substituted position of the n-allyl system.

t Palladium complexes containing perfluoroacetone as ligand have been ¥nown.'® This ketone would
also be more strongly coordinated to palladium than simple ketones.
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A + Pdln ——

CH L
-L R” \ _Pd
o} L
4
\ e ‘
l’// \\\
%4
V FN\F
CHOH
R R 0O
y/
EXPERIMENTAL

B.ps and m.ps are uncorrected. NMR spectra were measured on a Varian A 60 or HA 100 spectro-
meter (CCl,). Mass spectra were recorded on a Hitachi RMU 6A or RMS 4 (coupled to GLPC) mass
spectrometer and figures given in parenthesis refer to the relative intensities of the ions concerned. A
Yanagimoto GC 550 research chromatograph was used for GLPC. IR spectra were determined on a
Hitachi EPI S2 spectrometer. All aldehydes were freshly distilled prior to use.

Reaction of benzaldehyde with butadiene. To a mixture of benzaldehyde (21-0 g), dichlorobis(triphenyl-
phosphine) palladium (0-50 g), and NaOPh (1-30g) in an autoclave was introduced butadiene (50 mi)
and the suspension shaken at 100° for 6 hr. The mixture was diluted with ether (150 ml), water washed,
and freed of solvent. The residue was distilled giving pale yellow oil (28 g), b.p. 110-140°/4 mm, consisting
of unsaturated ‘alcohol I and four stereoisomers of pyran Il in the molar ratio 1/11 A/II B/II C
= 10:23:41:26 (GLPC).

This mixture was redistilled at reduced pressure through a spinning band column. The first fraction
(18 g, b.p. 110-125/3 mm) was a mixture of the four stereoisomeric pyrans (II). Chromatography (silicic
acid, CHCl,) of this mixture furnished isomer 11 B (ca. 6 g) from the less polar fraction, and rechromato-
graphy (alumina, hexane-ether) of the more polar fraction, gave II A and II C separately. Attempted puri-
fication of the final isomer 11 D, the presence of which was detected by GLPC, was not successful. Stereo-
chemistry of each isomer was assigned by NMR (discussed above).

2-Phenyl-trans-3, cis-6-divinyltetrahydropyran (II A): IR(liquid film) 1645 (olefin), 1145, 1130, 1090,
1064, 1028 (ether), 990, 915 (olefin): m/e 214, 108, 107, 105, 93, 91, 80, 79, 77, 67, 54(100), 41, 39: NMR,
(Table 1V). (Found: C, 84-20: H, 8-37. Calc. for C,sH,30: C, 84-07: H, 8-47%,.)

2-Phenyl-cis-3, cis-6-divinyltetrahydropyran (II B): IR(liquid film) 1642 (olefin), 1195, 1180, 1130,
1110, 1095, 1075, 1063, 1030 (ether), 990, 910 (olefin): m’e 214, 108, 107, 105, 93, 91, 80, 79, 77, 67, 54(100),
41, 39:. NMR, (Table 1V). (Found: C, 83-79. H, 8 50. Calc. for C,sH,0: C, 84-07: H, 8-47%,)

2-Phenyl-cis-3, trans-6-divinyltetrahydropyran (II1 C): IR(liquid film) 1645(olefin), 1190, 1125, 1110,
1040, 1030, 1015(ether), 995, 915(olefin): m/e 214, 108, 107, 105, 93, 91, 80, 79, 77, 67, 54(100), 41, 39: NMR,
(Table 1V). (Found: C, 83-88: H, 8-40. Calc. for C,sH,30: C, 84-07: H, 8-47%}

Further distillation afforded alcoho! I(1-1 g) as colourless viscous oil: b.p. 130-4°/3 mm: IR(liquid
film) 3444, 1645, 1190, 1175, 1080, 1057, 1037, 1025, 995, 910: NMR 7-4-8-0 (3), 6:73(1), 5-54(1), 33-52(8),
2:81(5). (Found: C, 84:01: H, 8-48. Calc. for C,sH,30: C, 84-07: H, 8-47%)
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Conversion of the pyran 11 to 3-benzyloctane. A suspension of pyran I (10 g) and palladium black (01 ¢
in EtOH containing 1%, HCI (40 ml) was shaken under H, (3 atom) at 50° for 12 hr. After work-up and
distillation, 6-benzyl-3-octanol was obtained as a colourless oil (8:1 g): b.p. 115 1204 mm: m/e 220(M*):
NMR 9-12(t, 4), 864(m, 9), 290(m, 5). (Found: C, 81:46: H, 10-83. Calc. for C,,H,,0: C, 81-76, H, 10-98%,.)

6-Benzyl-3-octanone was prepared by Jone’s oxidation of the above alcohol as a pale yellow oil (80%):
b.p. 110-115/3 mm: m/e 218, 146, 127, 117, 92, 91, 85, 72, 57, 65. 24-Dinitrophenylhydrazone: m.p. 92°
(hexane). (Found: C, 63-39: H, 668 : N, 14-00. Calc. for C;,H,(N,O,: C, 63-39: H, 658: N, 14:06%,.)

A mixture of the above prepared 6-benzyl-3-octanone(0:90g), KOH (1-5g), and hydrazine hydrate
(1 ml, 80%) in ethylene glycol(15 ml) was heated at 120° for 6 hr, and 200-220° for 3 hr. The crude isolated
product was distilled to furnish 3-benzyloctane as a mobile liquid(0-65 g, 92% purity by GLPC): b.p.
145-8 /30 mm. An analytical sample was obtained by prep GLPC, m‘e 204, 112, 92, 91, 71, 65, 57, 43, 41,
29. (Found: C, 8791: H, 11-91. Calc. for C,sH,,: C, 88-16: H, 11-84.) The same compound was prepared
by hydrogenation (acidic medium) of alcohol I using palladium black as catalyst in 75% yield, the two pro-
ducts were identical in all respects.

Reaction of furfural with butadiene. Furfural (20 g), dichlorobis (triphenylphosphine)palladium (0-4 g)
and NaOPh (055 g) were reacted with butadiene (50 mi) as described above at 70° for 44 hr to give a
colorless oil (32:6 g) after distillation, b.p. 85-115°/2 mm. Analytical GLPC revealed the presence of
three isomeric pyrans of IX and unsaturated alcohol X in the ratios IX A/IX B/IX C/X = 22:29:34:15.

This mixture was redistilled at reduced pressure through a spining band column. The first fraction
(22 g, 85-95°/3 mm) was a mixture of the three isomeric pyrans of IX, of which two pyrans, IX A and
IX C, were separated by repeated chromatography (silic acid with CHCl,). Stereochemical assignments
of each isomer were performed by NMR analysis as described above (Table IV). Although unresolved by
chromatography, the third component was the isomeric pyran IX, clearly revealed by the mass assay.

2-Furyl-cis-3-cis-6-divinyltetrahydropyran(IX A): IR(liquid film) 1640, 990, 910(vinyl), 1110, 1070,
1040(ether): NMR(Table 1V): m/e 204(1-0), 108(2-6), 97(35), 96(14), 95(13), 8)(6 5), 79(13), 67(20), 55(9-9),
54(100), 41(13), 39(19). (Found: C, 76:27: H, 7-95. Calc. for C,3H,¢0,: C, 7644: H, 7-90%.)

2-Furyl-trans-3-cis-6-divinyltetrahydropyran (IX C): IR(liquid film) 1644, 990, 910(vinyl), 1060(ethcr),
730(furan). NMR(Table 1V): m‘e 204(1-0),- 108(3-3), 97(40), 96{14), 95(14), 80(7-3), 79/15), 67(20), 66(7-6),
§5(11), 54(100), 41(14), 39(21). Found: C, 76:30: H, 7-91. Calc. for C,3H,40,: C, 7644: H, 790%).

2-Furyl-3,6-divinyltetrahydropyran(IX B): MS/GLPC m/e 204(1-2), 108(4-0), 97(42), 96(14), 80(7-2),

TH15), 67(21), 66(9-1), 55(13), 54(100), 41(12), 39(22).

Further distillation afforded alcohol X(6-1g), b.p. 98-115°. An analytical sample was obtained by
redistillation yielding 1-furyl-2-vinyl-4,6-heptadien-1-ol as a colorless clear oil: IR(liquid film) 3400,
1010-1000, 990, 910: NMR 7-28-8:01(3), 7-04(1), 5-49(1), 3-3-5-2(8), 3-80(2), 2:74(1).

Reaction of acetaldehyde with butadiene. (a) In the absence of base. A solution of acetaldehyde (44 g),
palladium acetate(0-22 g), and tri-phenylphosphine (1:31 g) in isopropanol (70 ml) was treated with buta-
diene (160 ml), and the mixture shaken at 60-70° for 17 hr. The resulting oil was distilled te afford a color-
less oil (106 g), b.p. 70-100°/40 mm, the GLPC analysis of which revealed the four isomeric pyrans of
XI(XT A/XI B/XI C/XI D = 46:32:6:16). None of the corresponding unsaturated alcohol was obtained
under these conditions. The mixture was submitted to repeated column chromatography (silicic acid,
CHCl,) providing analytical samples of two pyrans, IX C and IX D.

2-Methyl-trans-3, trans-6-divinltetrahydropyran (1X C): IR(liquid film) 1645, 1130, 1120, 1098, 1050,
1000, 915, 883 cm ™! : NMR, (Table 1V): m‘e 152(vw), 108(55): 93(8:6), 80(12), 79(21), 67(26), 66(17), 55(14),
54(100), 53(9-4), 43(14), 41(15), 39(19). (Found: C, 78-81 : H, 10-52. Calc. for C;,H,40: C, 78:89: H, 10-59%,.)

2-Methyl-cis-3, trans-6-divinyltetrahydropryan (IX D): IR(liquid film) 1643, 1127, 1083, 1042, 993,
915, 881, 868 cm ™ '.): NMR, (Table 1V): m/e 152(vw), 108(4-8), 93(9-6), 80(11), 79(20), 67(27), 66(15), 55(13),
54(100), 53(8:4), 43(11), 41(14), 39(20). Found: C, 78:70: H, 10-72. Calc. for C,(H,¢0: C, 78-89: H, 10-59%,.)

The mass spectra of the other two pyrans, IX A and IX B, were obtained using MS/GLPC combination :
IX A(m/e 152(vw), 108(4-9), 93(7-3), 80(10), 79(18), 67(20), 66(14), 55(11), 54(100), 53(7-0), 43(9-4), 41(11),
39(15). 1X B(m/e 152(vw), 108(4-8), 93(6:8) 80(9-2), 79(17), 67(20), 66(13), 55(10), 54(100), 53(7-5), 43(11),
41(12), 30(16)).

(b) In the presence of base. The reaction was carried out as described above using acetaldehyde (11 g),
benzene (30 ml), dichlorobis(triphenylphosphine) palladium (0-35 g), NaOPh (1 g), and butadiene (60 g).
The crude product obtained on extractive work-up was distilled to provide, after a forerun containing the
pyran IX(7-6 g), a clear colorless liquid (14 g), b.p. 80-140°/5 mm, consisting of dioxane XII as major
component (ca. 40rel %). An analytical sample was obtained by fractional distillation furnishing 2,4-

-
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dimethyl-6-(2,7-octadienyloxy)-1,3-dioxane{XII) as a clear viscous oil: b.p. 124°/5mm: IR(liguid film)
1642, 994, 920(mono-substituted olefin): 960(di-substituted olefin), 1155, 1130, 1112, 1040(ether): NMR,
885 (3,d,J = 6), 877(3,d,J = 52), 82-87(4, m), 7-96(4, m), 6:34(1, m), 606(1), 576(1), 535(1,q,J = 3),
542(1, q), 509(1), 5-05(1), 4-0-4-64(3): m/e 240, 115, 109, 93, 79, 71, 67, 45, 43, 41, 39. (Found: C, 7001 H,
10-05. Calc. for C,,H,,0,: C, 69-96: H, 10-:07%,).

Reaction of n-propionaldehyde with butadiene. 2-Ethyl-3,6-divinyltetrahydropyran (XIII) was prepared
as described above (55%). IR(liquid film) 1640, 1110, 1035, 990, 910. The mass spectra of four stereoisomers
of XIII were obtained using a MS/GLPC apparatus, and major fragments from each isomer displayed the
same pattern: m/e (rel intensity for XIII A, XIII B, XIII C, and XIII D, respectively) 166 (vw), 108(13, 14,
11, 12), 915, 14, 16, 13), 80(18, 16, 16, 12), 79(28, 30, 28, 25), 67(25, 26, 29, 26), 66(15, 14, 15, 10), 57(15,
16, 17, 12), 55(12, 11, 185, 11), 54(100, 100, 100, 100), 41(14, 13, 15, 15), 39(16, 16, 14, 12).

Reaction of n-butyraldehyde with butadiene. 2-n-Propyl-3,6-divinyltetrahydropyran(X1V) was prepared
as described above (b.p. 110-120/40 mm, 62%,). IR(liquid film) 1640, 1120, 1100, 1075, 1045, 990, 910. The
mass spectra of four stereoisomers of XIV were obtained using MS/GLPC, and major fragments from
each isomer displayed the samer pattern: m/e (rel intensity for XIV A, XIVB, XIV C, and XIV D, res-
pectively) 180(vw), 108(15, 13, 11, 13),93(17, 14, 17, 17), 80(20, 16, 18, 24), 79(32, 26, 24, 37), 71(16, 15, 10, 12),
67(26, 22, 27, 32), 66(18, 14, 16, 19), 55(14, 12, 14, 13), 54100, 100, 100, 100), 41(18, 15, 14, 20), 39(14, 16,
15, 16).

Reaction of isobutyraldehyde with butadiene. (a) Using palladium catalyst 2-iso-Propyl-3,6-divinyl-
tetrahydropyran (XV) was obtained by the procedure described above (b.p. 90-110/35 mm, 30%). The
three isomeric pyrans XV were separated as above and assignments of each structure were performed
by NMR analysis, (Table IV).

2-iso-Propyl-trans-3, cis-6-divinyltetrahydropyran(XV A): IR(liguid film) 1643, 990, 91({olefin):
1050, 1040(ether): NMR, (Table IV): m/e 180(vw), 108(6-9), 93(10), 80(12), 79(24), 71(12), 67(25), 66(15),
55(13), 54(100), 53(7-4), 43(19), 41(17), 3%(15). (Found: C, 79-76: H, 11-00. Calc. for C,,H,,0: C, 7994
H, 11-18%,.)

2-Isopropyl-cis-3, cis-6-divinyltetrahydropyran(XV B): IR(liquid film) 1640, 998, 910(olefin), 1080,
1046, 1032(ether): NMR, (Table 1V): m/e 180(vw), 108(7-0), 93(12), 80(14), 79(29), 71(14), 67(27), 66(15),
55(15), 54(100), 53(7-9), 43(19), 41(19), 39(15). (Found: C, 79-70: H, 11-02. Calc. for C,,H,,0: C, 79-94: H,
11-18%,)

2-Isopropyl-cis-3, trans-6-divinyltetrahydropyran(XV D): IR(liquid film) 1645, 998, 910(olefin), 1045,
1015(ether): NMR, (Table 1V): m/e 180(vw), 108(5-0), 93(11), 80(12), 79(27), 81(12), 67(39), 66(14), 55(17),
54(100), 53(7-0), 43(21), 41(24), 39(18). (Found: C, 79-81 : H, 11-09. Calc. for C,,H,,0: C, 79-94: H, 11-18%,.)

The mass spectrum of isomer XV C was obtained using MS/GLPC and displayed the same fragment

pattern as the other isomers: m/e 180(vw), 108(6-5), 93(9-0), 80(11), 79(21), 71(11), 67(31), 66(15), 55(15),
54(100), 53(7-3), 43(20), 41(21), 39(16).
(b) Using platinum catalyst. A mixture of isobutyraldehyde(14-4 g), dichlorobis(triphenylphosphine)-
platinum(0-79 g) of NaOPh(1-16 g), and butadiene(21-6 g) was shaken at 90° for 17 hr. The mixture was
distilled to furnish, after a forerun of XV(1-7 g}, 2,6-diisopropyl-5,5-dimethyl-1,3-dioxan-4-on(XVI) as a
colourless viscous oil(84 g, 58%): IR(liquid film) 1740, 1250(lactone): 1170, 1140, 1000{cther): NMR,
9-00(6,d,J = 6), 897(6,d,J = 6), 897(6,d, J= 6), 871(6), 808(1), 8:01(1), 574(1,d,J = 55), 492(1,d,
J =4).(Found: C, 6728 H, 10:28. Calc. for C,,H,,0,: C, 67-25: H, 10:35%,.)

Reaction of perfluoroacetone with butadiene. A mixture of perfluoroacetone(25 ml), t-BuOH(50 ml),
benzene(20 ml), palladium acetate (0-49 g), triphenylphosphine(1-57 g), and butadiene(80 g) was shaken
at 40° for 20 hr. The crude product obtained on extractive work-up was distilled to afford, after a forerun
containing a small amount of 1,3,7-octatriene, the following two fractions. The first (30-5 g), b.p. 50-67°/
70 mm, consisted of 1,3,7-octatriene(57 rel %), t-BuOH (31 rel %), the alcohol XX(5rel %), and 2,2-tri-
fluoromethyl-2,3-dihydropyran(XVIII, 7 rel %, indentical to an authentic sample'!). Analytical sample
of XX was obtained by prep GLPC.

L,1,1-Trifluoro-2-trifluoromethyl-trans-3,5-pentadien-2-ol (XX): IR :(liquid film) 3500, 1310, 1290,
1220, 1189, 1160, 1140cm~': NMR, 46X(1,d,J,. = 17 Hz, H,), 471(1,d,J,. = 10 Hz, H,), 3-65(1, dd,
Joe =10Hz,Jy = 10Hz. H)). 326(1,dd. J 4 = 10Hz, J4 = 15Hz Hy). 430(1,d,J., = 15 Hz, H,),

H. H.
H,
\C T

CFS/ I Hqy H,
OH;¢

CF,
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630(1, s, H): mass m/e 220, 151, 103(base peak), 69, 59, 53, 39. (Found: C, 38 36: H, 3-03. Calc. for C,H,-
FeO: C, 38-16: H, 2.73%,.) GLPC analysis showed predominantly a single peak (95%, trans). The second
fraction(46 5 g), b.p. 70-100°/70 mm, consisted of the pyran XVII and the Diels-Alder adduct XIX(3:1
by GLPC). Pyran XVII was separated by repeated distillation, (during which XIX decomposed gradually)
as a clear colorless liquid: b.p. 101-105°/72 mm: IR(liquid film) 1642, 1290, 1255, 1210, 1130, 1065, 1045,
1010, 995, 925, 870, 725 cm ™~ ' : m/e 274, 245, 205, 121, 101, 99, 93, 84, 83, 79, 69, 67, S5, 54, 41, 39: NMR
7-8-87(4), 6:3X(1), 586(1), 477-507(4), 3:95-4-45(2). (Found: C, 4843: H, 477. Calc. for C,,H,,FO:
C,4818: H, 438%.)

Reaction of biacetyl with butadiene. A solution of biacetyl (86 g), triphenylphosphine(0:92 g) and pal-
ladium acctate (0-22 g) in t-BuOH (20 ml) was treated with butadiene (21 g) at 80° for 17 hr. The crude
isolated product was distilled to give, after a forerun containing a small amount of 1,3,7-octatriene(ca. 3 g),
2-acetyl-2-methyl-3,6-divinyltetrahydropyran(XXII) as a colorless mobil 0il(7g): b.p. 110-120/3 mm:
IR(liquid film) 1720, 1642, 1118, 1110, 1060, 1030, 1015, 990, 915cm ™! (similar absorption as those of
2-alkyl-3,6-divinyltetrahydropyran series except at carbonyl region, see above): NMR 899, 8:80, 875,
and 8:-66(4s, 3, MeC—O of four stereoisomers), 7-69, 7-80, and 7-35(3s, 3, MeC==0 of four stereoisomers).
GLPC analysis showed four peaks, and the mass spectra of each peak were obtained using MS/GLPC:
mfe (rel intensity for XXII A, XXII B, XXII C, and XXII D, respectively) 194(vw), 152(1-7,1-7,1-8, 1-6),
151{9-0, 7.7, 68,9 7), 107(69,6:6,4:5,62), 93(13,12,11, 15), 91(4-8,4-6,40,3-8), 86(1-7,1-8,68,8:3), 81(46,
45, 40, 4-8), 80(1-9, 1-8, 52, 83), 79(9-8, 8-2, 12, 19), 71(7-7, 73, 63, 7-0), 67(41, 42, 39, 35), 55(9-2.9-1, 9-1, 8:6),
54(46, 44, 31, 30), 53(56, 59,63, 8:1), 43(100, 100, 100, 100), 41(14, 14,14, 18), 39%(11, 96,13, 16). (Found:
C, 7450: H, 9-41. Calc. for C,,H,30,: C, 7423 : H, 9-28%.)

Reaction of benzil with butadiene. A mixture of benzil(3-0 g), t-BuOH(S0 ml), benzene(30 ml), butadiene
(20 ml), palladium acetate((+22 g), and triphenylphosphine(0-92 g) was shaken at 50° for 72 hr. The mixture,
after usual work-up, was distilled to remove butadiene oligomers (trimer: 44 g, b.p. 65°/2 mm: tetramer :
20g, b.p. 110-120°/2 mm). The residual oil was chromatographed (aluminium oxide, hexane—ether) to
afford 2-phenyl-2-benzoyl-3-6-divinyltetrahydropyran(XXI) as a colorless viscous liquid(6 g), 63%, based
on benzil): IR(liquid film) 1678, 1056, 1027, 995, 911, 740, 700, 675 cm ™' (similar absorptions as those of
11 except at carbonyl region, see above). (Found : C, 82-81: H, 712. Calc. for C,,H,,0,: C, 8302 H, 692%,)
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