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ABSTRACT

Two tertiary ethynyl alcohols were subjected to
modified Rupe reaction conditions.

The number of products

from each reaction was determined by analytical GLC and
product separation effected by preparative GLC.

3-methyl-

3-penten-2-one and 3-methyl-2-pentenal were identified by
spectral measurements as the major isomerization products
of

3~methyl-l-pentyn-3-ol.

1-acetylcyclohexene was

iden~

tified as one of the major rearrangement products from
1-ethynylcyclohexanol and cyclohexylidenethanal tentatively
identified as the other major product.

Possible iden-

tities of minor products from each reaction are discussed.
A temperature dependence for the formation of
aldehydes and ketones was established.

The aldehydes were

the predominant products at the lower reaction temperatures
and the ketones at the higher reaction temperatures.
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INTRODUCTION
Hans Rupe, in the years 1926 to 1935, studied the
~earrangements

incurred by acetylenic alcohols when treated

with formic acid.
Rupe reaction.

These rearrangements are known as the

The studies of a number of ethynylcarbinols

(I) led to the conclusion that the acid-induced isomerization products were unsaturated aldehydes (II).

R-~~C!!CH
6H

HCOOH

)

R-~:y-gH
H

(II)

(I)

General Rupe Reaction
The aldehyde structures were assigned on the basis
of 2,4-dinitrophenylhydrazone derivatives and positive tests
with Schiff's and Angeli's reagents. 1 '

2

Table I (p. 2)

summarizes some representative starting materials and produ.c"ts Rupe and his co-workers isolated.
However, in 1933 Rupe and co-workers reported the
products of formic acid treatment of l-ethynyl-3-methyl-lcyclohexanol and l-ethynyl-2-methyl-5-isopropyl-l-cyclohexanol to be the corresponding

~ 9 ~-unsaturated

'

ketones,

but offered no explanation regarding the discrepancy with
previously reported results.

As late as 1935 Rupe 10 still

maintained that unsaturated aldehydes were the primary
products of hot formic acid treatment of ethynylcarbinols.

-2-

Table I.

Summary of Rupe' s Investigations

Startine; material

Reported product

1
(1) 3-methyl-l-pentyn-3-ol

1-butylidenethanal

(2) l,2-ethynyldicyclohexanol 2

1-cyclohexylidenethanal

(3) 3,7-dimethyl-l-octyn-3-ol3

3,7-dimetbyl-3-octenal

(4) 3-phenyl-l-butyn-3-ol3

3-phenyl-3-butenal

(5) 3,4,4-trimethyl-:-pentyn-3-ol5
4
(6) 3,5-dimethyl-l-he:xyn-3-o1

3,4,4-trimethyl-3-1entenal
3,5-dimethyl-3-hexenal

(7) 3-phenyl-l-pentyn-3-ol5

3-phenyl-2-pentena.l

(8) ~ethynyl fenchyl a.lcohol6

cc ~fenchena.l

(9) 2-methyl-5-isopropyl-lethynylcyclohexanol7

2-methyl-5-isopropylcyclohexylidene-l-acetaldehyde

(10) l-methyl-4-isopropy8-3ethynylcyclohexanol

l-methyl-4-isopropylcyclohexylidene-3-aceta.ldehyde

Subsequent investigations of this reaction contradicted many of Rupe's conclusions and indicated that unsaturated ketones are the acid-induced isomerization products
of tertiary ethynyl alcohols.

Table II (p.3) summarizes

these investigations.
Fischer 11 concluded from his study of the action of
formic acid on 1-ethynylcyclohexanol that ketones were
definitely the major products of the Rupe reaction, and if
aldehydes were formed at all they were present in very small
amounts.

-3Table II.

Swmnary of Subsequent Investigations of the Rupe Reaction
Reported products

Starting material
(1) l-ethynylcyclohexanolll,12,15,l7

1-acetylcyclohexene

13
(2) 3-phen:yl-l-butyn-3-01

acetophenone

(3) C(-ethynyl fenchyl alcoho11 3

2-acetyl-6-hydro:xyca.mphane

(4) 3,7-dimethyl-l-octyn-3-ol14

3,7-dimethyl-3-octen-2-one

(5) 2,2-dimethyl-l-cyclohexanol1 5

2,2-dimethyl-l-acetyl-lcyclohexene

(6) 3-methyl-l-pentyn-3-0116

3-methyl-3-penten-2-one

(7) 3-methyl-l-nonyn-3-0118

3-methyl-3-nonen-2-one

The evidence that ketones were the principal
products of acid-catalyzed isomerizations of tertiary
acetylenic alcohols led to the postulation of various
reaction mechanisms.

Each of these mechanisms was based

solely on product analysis of a reaction which had proceeded to near completion.
Hurd and Christ 13 (1937) postulated a mechanism
involving two Wagner rearrangements of ethynylbornyl
alcohol (III) to 2-acetyl-6-hydroxycamphane (IV).

The

authors applied this mechanism to tertiary acetylenic
alcohols in general, and disregarded the possibility of
aldehyde formation.

-4-

He

CH2
tt

i--~-+-~_,,,,,..,.......8-cHs
CHs-C-CHs

CHs-C-CHs

I

Chanley 15 (1948) offered a more detailed study of
this reaction.

1-ethynylcyclohexanol and 2,2-dimethyl-l-

ethynylcyclohexanol were used as substrates for the Rupe
isomerization.

Careful fractional distillation of the

product mixture from each starting material yielded 5o%
1-acetylcyclohexene and o.8% cyclohexylidenethanal; and
56% 2,2-dimethyl-l-acetylcyclohexene and 6% 2,2-dimethylcyclohexylidenethanal, respectively.

Chanley 1 s work is the

first reporting both aldehydes and ketones as products.
Hennion 16 and his co-workers (1949) hypothesized a
mechanism involving a 1:2-hydroxy shift with an intermediate vinylacetylene dehydration compound for the isomerization of 3-methyl-l-pentyn-3-ol (V) to 3-methyl-3-penten-2one (VI).

-5-

9H

CHa-CH2-y-C•CH
CH a
(V)

-H20

)

CHa-CH=Q-CeCH
CH a

CHsCH=o-8-cHa
CH a

(VI)

This mechanism is similar to the proposal of Hurd
and Christ 13 and does not provide for the formation of
aldehydes.

Hennion's group believed aldehyde formation

to be a competing 1:3-hydroxyl shift which existed for only
a few acetylenic alcohols. 16

They also purported the vinyl-

acetylene was an intermediate rather than a product.
Further evidence of the presence of a vinylacetylene
precursor in the Rupe reaction was presented by Hurd and
McPhee 1 ' in 1949.

These authors reported that the primary

product from the reaction of 3-methyl-l-butyn-3-ol with
formic acid was the dehydration compound, 3-methyl-2-butenl-yne, which could be hydrated by mercuric acetate to 3methyl-3-hydroxy-2-butanone.

The hydroxy ketone in turn

could then be dehydrated by p-toluenesulfonic acid to 3methyl-3-buten-2-one.
In 1956 Ansell~ !!-]_. 20 studied the rearrangement
products from a number of substituted ethynylcarbinols.
Each starting material was treated with formic acid or phosphorus pentoxide suspended in benzene.

Table III lists only

the results from a three hour reflux period with formic acid.
Ansell's group concluded the formation of the ketone was

-6Table III.
Starti~

Products from Formic Acid Treated Ethynyl Carbinols2°

$ ketone

material

$ alde&de

~

vi&lacet;'Llene

2

4.5

35.0

(2) 3-tert-butyl-l-butyn-3-ol

33

16.7

18.3

(3) 3-tert-butyl-l-pentyn-3-ol

41

9.6

17.2

trace

31.8

7.5

(1) 3-methyl-l-butyn-3-ol

(4) 3-tert-butyl-4-methyl-lpentyn-3-ol
(5) 2-ethynyl-3,3-dimethyl2-pentanol

20.3

8.5

9.0

(6) 3-ethynyl-4,4-dimethyl-3hexanol

48

7.0

6.o

6.8

2.5

0

5.5

10.5

0

(7) 3-isopropyl-4-methyl-l-

pentyn-3-ol
(8) 2,3,6-trimentyl-4-ethynyl4-heptanol

the most prominent reaction product from the starting
materials listed with the exception of 3-methyl-l-butyn-3ol, 3-tert-butyl-4-methyl-l-pentyn-3-ol, and 2,3,6-trimethyl-4-heptanol.

The formation of an aldehyde appeared to

be favored by an accumulation of alkyl groups adjacent to
the hydroxyl group of the ethynyl alcohol.
not support the hypotheses 14 '

16 17
'

The study did

that rearrangement in

the presence of formic acid depends on the initial dehydration of the ethynyl alcohol to the vinylacetylene.

Ansell

found the hydration of the isolated v1nylacetylenes to be

-~

slow and incomplete in the presence of formic acid. 20 It
was concluded that the unsaturated ketone arises by a 1:2shift of the hydroxyl group and the aldehyde by a 1:3hydroxyl shift.
Newmann 21 (1953) treated 1-ethynylcyclohexanol with
aqueous acetic acid using Dowex-50 as a catalytic surface.
The alcohol was converted directly to acetyl-cyclohexene
with no intermediate formation of 1-ethynylcyclohexene nor
1-acetylcyclohexanol.

This evidence further disputes the

previous studies which reported ketone formation was the
result of hydration of a vinylacetylene precursor.
More recently, Suga 22 reported the following isomerizations from the Rupe reaction:

a) 3-methyl-l-butyn-3-ol

yields 3-methyl-2-buten-l-al, b) 3-methyl-l-pentyn-3-ol
yields 3-methyl-3-penten-2-one and 3-methyl-2-pentenal, and
c) ethynylcarveol yields l-methyl-2-acetyl-4-isopropenyl1,3-cyclohexadiene.
The foregoing discussion points out many discrepancies in reported products from the Rupe reaction.

Since all

studies directed toward establishment of a mechanism were
based on product analysis, an accurate reaction mechanism
cannot be elucidated until all possible products and stable
intermediates are known.

The purpose of this study is to

analyze the products of the Rupe reaction and the optimum
conditions for their formation.

Studies on product

-8formation as a function of time were also necessary to
detect any intermediate compounds.
In order to accomplish these goals two model
alcohols were chosen:

3-methyl-l-pentyn-3-ol (A), and

1-ethynylcyclohexanol (B).
9H
CHsCH2-9-cacH
CHs

~
~ c~cH

(A)

(B)

The products of each of these compounds under Rupe reaction
conditions were isolated and identified by modern instrumental methods:

infrared (IR), ultraviolet (UV), and nuclear

magnetic resonance spectroscopy (NMR)J
chromatography (GLC).

and gas-liquid

The information gained from this

study will serve as a preliminary step in the elucidation
of the mechanism of the Rupe reaction.

RESULTS
System A
The 3-methyl-1-pentyn-3-ol -- formic acid reaction
mixture changed from a faint pink color at 40°C to black at
reflux temperature, 85-90°C.

Product mixtures were analyzed

by GLC at various time intervals (Table IV).

Each time

interval was begun when the reaction mixture reached

4o 0 c.

The per cent of' each component in the various product mixtures (Table r:v, Figures II, III) indicates the amount of
each product formed with respect to reaction time.
Under the modified Rupe conditions (p. 39) the
product mixtures from 3-methyl-l-pentyn-3-ol exhibited nine
consistent and detectable analytical GLC peaks for most
reaction times (Table IV).

Figure I represents a typical

analytical chromatogram for a two hour reaction.

Each

peak is numbered (A-1, A-2, etc.,) and the product corresponding to each peak will be discussed by peak number as
well as by name.
Unreacted Starting Material.

Peak A-7 (Figure I)

was isolated and purified by prep/partitioner fractionation.
The IR spectrum (Figure VII-A) and analytical GLC retention
volume (312 ml) were identical to those of known 3-methyl-lpentyn-3-ol.

The conversion of unreacted starting material

to products is illustrated by Figure II.

-10The ketone was obtained in

3-methyl-3•penten-2-one.

98.5% purity by GLC prep/partitioner fractionation and was
negative to Schiff 1 s reagent.

The IR spectrum (Figure

VII-B), NMR spectrum (Figure VII-B) and GLC retention volume
(237 ml) of purified peak A-6 were identical to those of a
known sample of this ketone.

The isolated compound was

further characterized by UV absorption (Table VI).
3-methyl-2-pentenal.

The aldehyde was obtained in

85% purity by preparative GLC from a reaction mixture which
refluxed for 15 minutes.

It was positive to Schiff's

reagent.
The primary structure proof of purified peak A-9 was
obtained by NMR (Figure VII-C)o
a triplet at

8.95~,

The NMR spectrum exhibits

a multiplet at

8.35~,

a singlet at 7.5T,

and another singlet at 2.02r with peak ratios of 3:5:1:1,
respectively.

The triplet at 8.95r identifies a methyl

group attached to a carbon-carbon double bond, the multiplet
at

8.35~

is typical of an ethyl group attached to a carbon-

carbon double bond, the singlet at

2.02~

aldehydic proton, but the singlet at

indicates an

7.5~

is approximately

3r units up field from that reported for typical protons
attached to the carbon-carbon double bond of a conjugated
carbonyl system. 23

This field shift can be explained as

resulting from the solvent(cc1 4 ) effect which also explains
the singlet rather than a doublet peak. 23

-11The IR spectrum (Figure VII-C) exhibits a carbonyl
band at 1730 cm- 1 •

This represents a shift to a shorter

wavelength by 50 cm- 1 with respect to the carbonyl band in
the IR spectrum of 3-methyl-3-penten-2-one.

This corres-

ponds to known carbonyl absorption differences between
~,~-unsaturated

aldehydes and

~,~-unsaturated

ketone

systems. 24
3-methyl-2-pentenal was the predominant product
formed during the first 15 minutes of the reaction (Table DI,
Figures II, III).

Since the aldehyde percentage no longer

increased after 15 minutes, two reactions were run at
reduced temperatureso

The first was heated for one hour at

4o-60°C, and the second for four and one-half hours at
40-50°C (Table DI).

In both of the reactions at reduced

temperatures the aldehyde was present in even higher percentages than in the 15 minute product mixture obtained at
the higher temperature range (40-75°C).
The aldehyde was purified by collecting the heart
fraction of the appropriate peak from the prep/partitioner.
These heart fractions contained more contaminating ketone
(A-6) than thought possible which seemed to indicate the
possibility of conversion of aldehyde to ketone on the prep/
partitioner column.

For this reason a mixture of 3-methyl-

3-penten-2-one, 3-methyl-l-pentyn-3-ol, and 3-methyl-2pentenal with analytical GLC peak ratios of 3:3:1,

-12-

respecti vely, was heated in a water bath for two hours.

The

same peak ratios were calculated for the mixture following the
heating period.

This indicated the apparent aldehyde-ketone

conversion was not due merely to heating while on the prep/
partitioner column.
Unidentified peaks.

Peaks A-1, A-2, A-3, A-4, and

A-5 were not isolated and characterized from system A.
Peaks A-1 and A-2 seemed to predominate in fractions
which were highly yellow-colored.
Peaks A-3, A-4, and A-5 were detectable in most
reaction mixtures (Table IV), but only in very small amounts
throughout the course of the reaction.

Peaks similar to A-3

and A-4 were detected in analytical chromatograms of
unreacted 3-methyl-l-pentyn-3-ol in comparable amounts.
Peak A-8 was present as a minor fraction, being
slightly more predominant during the first stages of the
reaction.

It was not detected at all in the total 15-minute

product mixture, but it did appear in some fractions
collected from the prep/partitioner during the purification
of the aldehyde.

-13100

(A-2)

(A-6)

80

(A-7)
60

(A-5)

40

(A-9)

(A-1)

20

(A-3)
X'2

2

4

6

8

10

12

14

16

18

Retention Time in Minutes

Figure I.

AnaJ.ytical Chromatogram of System A for a Two Hour Reaction
Attenuation sensitivities (x2, xlO, x20) as indicated

-14Table IV.

A.

Product Analyses of System A as a Function of Reaction Time

Total Product Mixture

Hours

l/4a
l/2b
lc
2c
4r::
8c

Weisht

ld
4 l/2e

~eak

number

A-2

A-~

A-4

A-5

A-6

A-7

A-8

A-2

0.9
12.4
9
7.4
5,5
2.1

0.1

0.1

5
7.5
8.5
10.4
8.8

0.1
0.2
0.3
o. 5

0.1
0.2
0.2

0.1
1.4
1
0.9
o.8
o.8

0.2
24.1
33.6
45.6
60.5
80.3

82.7
40.3
34.5
23.6
11.8
3.6

4.1
3.4
4
2
1.4

15.7
12.7
10
8.9
5.9
4.5

1.4
6

0.1

0.1

0.1

0.3
o.8

80.2
75.5

18.3
17.7

Product Mixture Excluding Unreacted Starting Material

Hours

l/4a
l/2b
ic
2c
4c
8c

bl

A-1

ld
4 l/2e

B.

Eercent~es

Wei5ht

~ercent~es

bl

~eak

number

A-1

A-2

A-~

A-4

A-5

A-6

A-8

A-2

5.5
21
14
9.7
6.5
2.8

o.4

o.6

8.4
12
11.6
13
9.1

1.3
40.2
51.3
59.6
70
83

6.9
5.3
4.7
2.5
1.4

90,7
21.3
15.5
13
7.3
4.7

1.5
3.4

6.7
24.5

Reaction temperatures:

0.1
0.2
o.4
0.5

0.1
0.2
0.2

o.8
2.4
1.5
1.2
0.9
0.9

0.2

0.2

0.2

a(40-75°c), b(75-85°c), c ( 85-90°c),
d(40-600C), e(40-50°C)

90
72

-15-
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0
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16

75

14
1-bJ
0

1

55
0

10
0

i-45

(A-9)
6

0
0

- 25
0

4
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0

o.:--- -- (A-8)
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0

2

Figure II.
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Reaction Time in Hours

8

Peak Percentages in Total Product ~~xture of System A
as a Function of Reaction Time
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°
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Figure III.

2

0

20

~

(A-8)

---.___ :__-\.A.--9-).~=====-o=
o

9)

(A-5)

10

o

; - - - - ---~~._,(,_,A---=3~)-(A---lo-~

4
Reaction Time in Hours

Peak Percentages in Product Mixture (Excluding Unreacted

Starting Material) of System A as a Function of Time

-17System B.
The 1-ethynylcyclohexanol -- formic acid reaction
mixture changed from a pale yellow color at 60°C to black at
reflux temperature, 90-95°C.
by

Product mixtures were analyzed

GLC at various time intervals (Table V).

Each time

interval was begun when the reaction mixture reached

6o c.
0

The per cent of each component in the various product
mixtures (Table V; Figur•es V, VI) indicates the amount of
each product formed with respect to reaction time.

Under

the modified Rupe conditions (p. 39) the product mixtures
from 1-ethynylcyclohexanol exhibited seven analytical GLC
peaks for most reaction times (Table V).

Figure IV

represents a typical analytical chromatogram for a two hour
reaction.

Each peak is numbered (B-1, B-2, etc.,) and the

product corresponding to each peak will be discussed by peak
number as well as by name.
Unreacted Starting Material.
and purified by preparative GLC.

Peak B-6 was isolated

The IR spectrum (Figure

VII-D) and analytical GLC retention volume (345 ml) were
identical to those of 1-ethynylcyclohexanol.

The conversion

of starting material to products is illustrated in Figure V.
1-acetylcyclohexene.

A 98% pure fraction of peak

B-5 was negative to Schiff's reagent and was characterized
by IR (Figure VII-E) and W Crable VI) as well as NMR

-18(Figure VII-E).
8.45~,

The NMR spectrum exhibited a quartet at

a singlet at

7.89~,

and a doublet at 3.25T with peak

ratios of 4:7:1 respectively.
represents four protons within

The quartet at

8.45~

the cyclohexene ring struc•

ture all of which are located the greatest distance away
from the conjugated carbonyl system.

The singlet at

7.89~

is consistent with a methyl group attached to a carbonyl
group, and buried within this peak are the protons of the
ring structure which are closest to the conjugated carbonyl
system.

The doublet at 3.25T represents the hydrogen

attached to the carbon-carbon double bond of the conjugated
carbonyl system. 25
Unidentified peaks.

Peaks B-1, B-2, B-3 1 B-4, and

B-7 were not isolated and characterized from system B.
Similar to peaks A-1 and A-2, peaks B-1 and B-2
seemed to predominate in the fractions which were highly
yellow-colored.
Peaks B-3 and B-4 do not appear until more than 5o%
of the starting material has been consumed, i.e., between
the first and second hour of the reaction.

At this time a

gunrrny yellow substance appeared which floated on the top of
the reaction mixture.

When this material was taken up in

hexane with the rest of the organic product mixture the
only new peaks observed were B-3 and B-4.

However, when

-19the yellow gum was removed from the rest of the organic
fraction, its analytical GLC retention volume was found to
be identical to that of the ketone, B-5, and peaks B-3 and
B-4 did not appear, but remained with the liquid organic
fraction.

The gum could be dr'ied under vacuum to a brittle,

flaky material which had a melting point range of 160-165°0.
It sublimed as a heavy yellow syrup leaving a blackened

residueo

The IR spectrum (Figure VII-F) was inconclusive.

Peak B-7 was not~ pu:r•:1.fied by the prep/partitioner.
Collection of what appeared from the partitioner chromatograms to be peak B-7 yielded a fraction with a smaller
percentage of peak B-7 than had been injected, and a
greater percentage of peak B-5o

This apparent conversion

was similar to the conversion noted between 3-methyl-2pentenal (A-9) and 3-methyl-3-penten-2-one (A-6).

However,

a product mixtur•e with peak ratios of 7:8:1 for B-5:B-6:B-7,
respectively, which was heated in a water bath for two
hours exhibi·:;ed the same peak r'atios after the heating
period.

As was the case with System A, the apparent con-

version of peak B-7 to peak B-5 was not due merely to
heating while on the pr·eparative GLC column.
Peak B-7 is the predominant product formed during
the fifteen minute heating pe:t'iods and also predominated
dur•ing the reac·cions which wer•e run at reduced temperatures
(Table V).

-20-

A fraction collected from the prep/partitioner
containing peaks B-7 and B-5 was positive for Schiff's
test.

-21lOO
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Figure rY.

Analytical Chromatogram of System B for a Two Hour Reaction
Attenuation sensitivities (x5, xlO, x50) as indicated
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Table

v.

Product Analyses of System B as a Function of Reaction Time

A. Total Product Mixture
Weight percentages by peak nwnber

Hours
B-1

B-2

2c
1
2c
4c
8c

1.3
2.0
1.4
0.7
o.4
0.2

1.0
1.0
.9
0.7
o.8
o.s

ltd
41e
2

9.0
1.6

0.9
2.1

1.a

tb

B.

o.6
0.5
o.6

B-2

2C
4c
8c

9.5
7.2
2.6
o.8
0.5
0.2

7.8
3.4
1.7
0.9
1.0
0.9

lid
2
41e
2

36.3
10.0

3.7
12.9

ib

re

B-5

B-6

B-7

0.7
1.0
1.1

1.2
12.0
42.1
78.4
84.5
90.9

86.8
71.6
49.1
16.o
11.3
5.2

9.8
13.4
6.5
3.0
1.5
1.2

4.7

73.0
84.o

12.6
12.2

Weight percentages by peak nwnber
B-1

4

B-4

Product Mixture Excluding Unreacted Starting Material

Hours

,la

B-3

Reaction temperatures:

B-3

0.7
o.6
o.6

B-4

B-5

B-7

o.8
o.8
1.1

8.9
42.3
92.9
93.4
95.3
95.9

74.o
47.2
12.8
3.5
1.7
1.3

13.5

46.5
77

a(60-75°c), b(75-90°c), c(90-95°c),
d(60-70°c), e(60-65°c)
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Table VI.
ComEound

Ultraviolet Absorption Values

~max (rn~)
observed
..................

reported

229h

--230e

,....,.~

(1) 3-methyl-3penten-2-one
(2) 3-methyl-2-

pentenal

(3) 1-aoetylcyolohexene

€max

228e

227e
291 8

232e
230h

ie

----233:
---

Solvents: h • hexane J

15

observed_report~d..-

l0,800h
12,8ooe
l 1 100e
76e
14,0006
ll,360h

---

12 600 16
'
e

---

--12 5ooa
---

e • ethanol (abs)

'

e

5

DISCUSSION
The classical Rupe reaction is conducted in excess
f'ormic acid, usually a ten-fold excess of acid to alcohol!-.' 0
Initial experiments using thin acid concentration resulted
in product formation which was too rapid to accurately
follow.

To alleviate this problem the acid concentration

was decreased to a mole ratio of five to one.

Under these

conditions the reaction rate decreased, but the same number
of components in each reaction mixture was the same.

This

modification of classical Rupe conditions has led to some
interesting observations.
The resulting decrease in rate with a decrease in
acid concentration contradicts accepted beliefs as to the
actual role of H+ in the reaction.

The variation in rate

of reaction with formic acid concentration suggests the
reaction may not be first order overall.

Thus, the Rupe

r·eac:tion may be more complex than currently thought.
·'.I'he two tertiary acetylenic alcohols used as model

compotm.ds for the Rupe reaction in this study are identical
in f'unctional group arrangement.

Thu&, -similar treatment

of the two systems would be expected to yield analogous
products and product intermediates. 26

Hence, although peak

B-? was not isolated and definitely characterized, it can
tentatively be identified as cyclohexylidenethanal.

B-7

was the final peak in the analytical chromatograms as was

-303-methyl-2-pentenal; a partially purified fraction of B-7
was positive to Schiff 1 s reagent; and it was the major
initial product of the reaction, as well as the major product of the reactions conducted at lower temperatures, which
was also the case with 3-methyl-2-pentenal.
The study of the variation in product formation
during the course of the reacd;ion suggests several things.
Initially the r•eaction was accomplished by mixing reagents
followed by gradual heating

·co reflux temperature. The rela-

tive amounts of products were determined at the time intervals listed in Tables IV and V.

From the apparent inconsis-

tencies in amounts of each product formed at the time
intervals, e.g.,

o.2%

A-6 and 15.7% A-9 at 15 minutes com-

pared with 80.3% A-6 and 4.5% A-9 at eight hours, it was
suggested that aldehydes (A-9 and B-7) were formed at lower
temperatures than ketones (A-6 and B-5).
The results of experiments conducted at the lower
temperature ranges (Tables

rv

and V) clearly demonstrate

that the aldehyde is the kinetically favored product at
lower temperatures.

Thus the ketone must be kinetically

favored at incr•eased tempera-Cures, making it the ther-modynamically most stable product.

This is in agreement with the

observed results and explain:8 the product composition
observed in the controlled temperature experiments.

The

temperature dependence ( unrepor,ted to date) for aldehyde

-31versus ketone formation quite likely is the major cause of'
the discrepancies in the literature.
There appears to be some conversion of aldehyde to
ketone at higher temperatures.

Table VII below relists

the data for the more prominent peaks from Tables

rv

and

v.

Table VII-A. Product Analyses of System A with Respect to
.:1ime
1

Hours

Wei~ Perce~tages

A-1
1/4
1/2
1
2
4
8

8.4
12
11.6
13
9.1

A-2
5.5
21

14
9.7
6.5
') 8
"-"

bi Peak Number
A-6
A-9
1.3
90.7
40.2
21.3
51.3
15.5
59.6
13
70
7.3
83
4.7

Table VII-B. Product Analyses of System B with Respect ·i;o
Time
Hours
1/4
1/2

1
2
4
8

Wei5h"i; Percentages by Peak Number
B-1
B-2
B-5
B-7
7.8
8.9
74
9.5
42.3
7.2
3.4
47.2
2.6
12.8
1.7
92.9
.8
93.4
3.5
.9
1
.5
1.7
95.3
.2
1.3
.9
95.9

-32As the data indicate the only products increasing in
per cent as the reaction proceeds are A-6 and B-5, 3-methyl3-penten-2-one and 1-acetylcyclohexene, respectively.
Hence, some aldehyde to ketone conversion must be taking
place as the reaction proceeds at the higher temperature
ranges.
The temperatur•e s·tability of the aldehyde wa.s tested
by

heating mixtm:: es of aldehyde, ketone, and unreacted
0

star•ting material fr•om each syi::rcem (pp 11, 19) and no
conversion of aldehyde to ketone was observedo
ratios in each mixture

happer~&d

Unless the

to be the equilibrium ratios

between the components (which is unlikely since the ratios
used were from the

produc·~

mixtures of each system at one

hour and these were altered during the course of the reaction at higher temperatures), the aldehyde appears to be
stable at the higher reflux temperatures..

This indicates

the conversion of aldehyde to ketone is probably acid
catalyzed.

This con-version was not tested due to lack of

aldehyde which was completely devoid of starting material ..
Table VII also indicates that peaks A-1, A-2, B-1,
and B-2 may be precursors to ketones,B-5 and A-6.

This is

further verified by the build-up of these components during
the reactions conducted a·!:; J.:"educed temperatures which seems
to indicate that they are not being converted to aldehyde.

-33A conversion in peak predominance is also noted
between peaks 1 and 2 for each system.

In system A peak

A-2 predominates at lower temperatures and peak A-1 predominates at the higher temperatures.
system B.

The reverse: is true in

At lower temperatures peak B-2 predominates and

at higher temperatures peak B-1 predominates.
From GLC re·tention volumes and previous work 16 '

22

peaks l and 2 can tentatively be identified as the vinylacetylene dehydration compounds of each alcohol.

Peaks A-1

and A-2 would correspond to the cis-trans (VII and VIII) of
3-methyl-3-penten-l-yne.
CHs-C=Q-CcCH
Fr CHs
(VII)

CHs-~=Q-C!!CH
CHs

(VIII)

However, peaks B-1 and B-2 cannot be accounted for
in this manner as no cis-trans isomers are possible for 1ethynylcyclohexene, although, it is possible that the
~,¥-

~ .. ~

isomers account for the two peaks (IX and X). 2 T

o-C!!!CH
(X)

The interconversion in predominance between these
two peaks in each reaction mixture signifies one is more
stable at higher temperatures.

-34The results and apparent conclusions that can be
drawn from this work point out the complexity in mechanism
and equilibria involved in the Rupe reaction.

The entire

mechanism cannot be elucidated until the following and
other questions are answered!
1.

What is the exact role of formic acid in the

isomerization process?
2.

What other acids can produce Rupe rear•rangement

products?

3.

Can each of the respective aldehydes in the two

systems studied be

4.

conver-:.~ed

to ketone in an acid medium?

What is the effect of base on tertiary acetylenic

alcohols?

5.

Are peaks 1 and 2 in each system actually the

dehydration products of each alcohol and are they necessar"Y'
intermediates in ketone formation or is some ketone formed
directly from the alcohol?

Does any aldehyde arise from

these dehydration compounds?
In the face of the present findings and the lack of
answers to the above questions in the literature, it is
doubtful that any of the proposed mechanisms of the Rupe
reaction to date ar•e complete and valid.

EXPERIMENTAL
pEectral Measurements
~·

All nuclear magnetic resonance spectra were

determined with a Varian A-60 A spectrophotometer.

The

samples were dissolved in cc1 4 with TMS as an internal
standard. Values of the chemical shifts are reported in
'T'

units from TMS = lO'r.

('T' = 10-cf, where

t is the chemical

shift in ppm)

.!J:Y:.•

Ultraviolet determinations were carried out in

matched 1 cm silica cells with a Perkin•Elmer-Hitachi Model
139 spectrophotometer.

Hexane and absolute ethanol were

used as sol;vents as indicated (Table VI).

IR. Unless otherwise indicated the infrared spectra
were obtained as thin films between NaCl plates with a
Perkin-Elmer Model 137 B spectrophotometer.

All spectra

are corrected with a polystyrene film.

GLC. All analytical chromatograms were obtained
with a Perkin-Elmer Model 811 gas-liquid chromatograph containing a coiled aluminum column (ten feet by one-eighth
inch) packed with Anakrom diatomaoeous earth (70/80) which
had been coated

(2o%) with Silicone DC 200. Helium at 25

ml/min. was the carrier gas.

The hydrogen flame (H2/02

ratio of 15/30 psi) detector was connected to a Sargent
Recorder Model SR (1 mv, 1 sec., 1/2 inch/min.)
eratures used for system A were:

The temp-

injector, 200°C; column,

-3611000; detector, 160°C; and for system B:
column, 130°C; detector, 200°0.,

injector, 200°C;

Sample sizes of 0.1 to 0.4

Jll required 15 to 20 minutes for analysis for each system ..
Preparative GLC work was conducted with a Fisher
Prep/Partitioner containing a coiled aluminum column (nine
meters by three-eighths inch) and using pre-purified nitrogen (02=8 ppm) at 250 to 500 ml/min. flow rateo

The detec-

tor was a ther'mal conductivity cell operated at 140 milliamperes.

The temperatures used for system A weret

flash

evaporator, 180°C; column, 75-85°C; detector, 180°8; and
for system B:

flash evaporator, 220°C; column, 110°C;

detector, 220°C.

Sample sizes of one-fourth to one ml

required 60 to 90 minutes for analysis.

The solid support,

stationary phase, and recorder (operated at 5 mv) were the
same as for the analytical GLC.
Standardization of the Analytical GLC
The internal normalization method 28 was used to
determine the weight per cent contribution of each component
in the reaction mixtureso

This method of standardization

is independent of sample volume injected and amount of
solvent present in the mixture, since it relates each peak
area to the total peak areas.

This method is particularly

applicable to hydrogen flame detectors when the compounds
being considered contain only carbon, hydrogen, and oxygen~ 8

-37The peak area for each component is determined by
a= 2.507ho- where h= peak height and

r:r

is the standard

deviation.fa The standard deviation is defined as the width
of the peak at o.882 of peak height~ This method of calcu~
lating peak areas compensates for nonsymmetry in the peaks.
The peak areas are summed and the percentage of each
component determined by
per cent of lth peak of
n components
Standard solutions of known weights of each purified
fraction for the series under consideration were subjected
to analytical GLC and the peak area ratios determined.

The

peak ratios were found to correspond exactly to weight
ratios, thus no correction factor was necessary.

It must

be pointed out however, that the peaks for compounds not
included in the standard mixtures were also considered as
direct representatives of weight percentages.

This assump-

tion was made since a reference weight per cent of all
peaks was important to the product; analyses.
Preparation of Starting Materials
3-methyl-l-pentyn-3-ol.

The starting material for

system A was prepared according to a modified method of
Campbell, Campbell, and Eby 29

Metallic sodium (11.5 gm)

was added slowly and with constant stirring to 500 ml of

-38liquid ammonia which was being perfused with acetylene.
Following sodium addition, 31 gm of 2-butanone was added
slowly through a dropping funnel.

The solvent, liquid

ammonia, was then allowed to vaporize and the resulting
solid hydrolyzed with ice water.

The organic layer was

extracted with ether, washed, dried, and purified by vacuum
distillation (b.p. 77-80°C/150 mm Hg).

This procedure

resulted in 9g'/o purity as determined by GLC with a retention
volume of 312 ml.
1-ethynylcyclohexanol was prepared by the same
procedure as above with the substitution of cyclohexanone
(49 gm) for 2-butanone.

The product was again purified by

vacuum distillation (b.p. 76-78°C/17mm Hg, m.p. 30-32°C).
~he

product was obtained in 37.5% yield in 9g'/o purity (GLC)

with a retention volume of 345 ml.
3-methyl-l-pentyn-3-ol was also purchased from the
Eastman Chemical Company, 1-ethynylcyclohexanol from
Matheson, Coleman, and Bell, and 3-methyl-3-penten-2-one
from City Chemical Corp.

All materials were analyzed by

l'R and NMR (Figures VII and VIII).
Conditions for the Rupe Reaction
System A.

3-methyl-1-pentyn-3-ol was treated with

formic acid according to a modified procedure of Hennion; 6
One mole (98.45 gm) of the alcohol was gently refluxed with

-39287.5 gm (5 moles of 8o%) of formic acid at a reflux temperature of 85-90°0 for two hours.

The reaction mixture

was cooled in an ice bath and neutralized with cold

5%

sodium hydroxide until the organic layer completely separated and the aqueous layer became colorless.

The organic

layer was removed and the aqueous layer washed twice with
3-4 ml hexane.

The combined organic fractions were washed

twice with 3-4 ml of water and dried over anhydrous sodium
sulfate.
System B.

1-ethynylcyclohexanol was treated with

formic acid according to a modified procedure of Chanley. 15
The procedure was the same as for system A with the substitution of 124

gm

of ethynylcyclohexanol for 3-methyl-l-

pentyn-3-ol.

The reaction mixture refluxed at 90-95°0 for

·two hours.
Per c.ent Product Analyses with ResI?ect to Time
3-methyl-l-pentyn-3-ol (9.85 gm) and 1-ethynylcyclohexanol (12.4 gm) were each treated with 28.75 gm of
8o% formic acid for time periods ranging from 15 minutes
·'.;o eight hours and the product mixtures obtained as before.
Analytical GLC was employed to determine the number and
relative amounts of components in each product mixture.

-40Treatment of Data.

Two types of component percent-

ages were calculated, one including unreacted starting
material in the total p:eak a:.t"ea, (Table IV-A, V-A) and the
other one considering only the products formed in the total
peak area (Tables IV-B, V-B)o

The data were plotted separa-

tely, the former to depict product formation relative to
consumption of starting material (Figures II, V), and the
latter to depict only the product ratios as a function of
time (Figures III, VI).
Product Isolation
Analytical peaks A-6, A-7, A-9, B-5, and B-6 were
isolated and purified by preparative scale GLC.

Each

fraction was trapped by condensation in small vials submerged in dry ice.

Purification required at least three

re-injections of each sample into the prep/partitioner
with only the heart of the peak being trapped each time.
The isolated purified fractions were stored under
nitrogen.
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