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ABSTRACT

The purpose of this research was to prepare, identify, and
characterize 2,2,h,L-tetranethyl-1,3~cyclobutanediol bischloroacetate
using 2,2,l,h~tetramethyl-1,3-cyclobutanediol and monochloreacetic acid
as starting materials. The synthesis of this diester has not been
reported previously.

Catalyzed and uncatalyzed reactions were attempted, with the
uncatalyzed having, in gemeral, the better yield. The diester, irans-
2,2,h,i-tetramethyl-1,3-cyclobutanediol bischloroacetate (mp, 103.5~10k;
n22, 1.516-1.520), was isolated from a mixture of the isomers. The
trans configuration of the diester was confirmed by comparing known
nuclear magnetic resonance spectra to that of the diester. Infrared
spectroscopy was used to confirm functional groups. Standayrd analytical
techniques were used to determine chloride composition of the new
compound.

A new method of separation of the cis diol from a mixture of the

isaomers is described.
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CHAPTER I

INTRODUCTION

Historical Background

As early as 1911, an attempt was made to prepare 2,2,4,h-tetra-

methyl-1,3-cyclobutanediol, L2

It was not, however, until 1936 that
this compound was reported as being successfully prepared.3 In 1960
the diol first became available in volume quantitles by Eastman Chemical
Products, Inc. Experimental data obtained in their own laboratories
indicate the diol has exceptional thermal and hydrolytic sﬂ;ab:i.].:i.‘l::r.h
Umusual stability of the esters of the diol prepared in their labora-
tories suggests their use in synthetic lubricants. In addition, many
possible applications for the diol exist in the polyester field.s

Because esters of the diol are of current interest, preparation
of a new ester should contribute to & better understanding of diol

esters in general. The choice of an ester to be prepared was based on

1k, Wedekind and M. Miller, Ber., Lk, 3265 (1911), cited by
R. Hasek et al., J. Org. Chem., 26, 700 (I361).

FHenceforth the term diol may be used in place of 2,2,h,h-tetra-
methyl-1,3-cyclobutanediol.

3P. F. Gross, "The Structure of a Ketens Dimer,"” Ph.D. thesis,
Cornell University, 1936, cited by R. Hasek et al., J. Org, Chem., 26,
700 (1961). —

hEa.si:ma.n Chemical Products, Inc., "Tetramethyl-l,3-cyclobutane-
dione; 2,2,h,l-tetramethyl~1,3~-cyclobutanediol; Properties, Reactions,”
May, 1960, p. 13.

5 Ibid.

e



2
ease of handling and identifying the new compound. A chloro-substituted
ester, 2,2,l,4-tetramethyl-1,3-cyclobutanediol bischloroacetate,6 was
chosen., The electrophilic chlorine increases the polarity of the com-
pound, enabling crystallization to occur more readily, and, thus, the
compound can be studied more easily. Standard amalytical techniques for
chloride are available. The chloro-ester derivative contains a known
quantity of chlorine and the ester can easily be identified.

!

Literature Seaxrch

To assure originality of this study of the esterification of the
diocl to the chloro-diester, a thorough search of available literature was
carried out, using the indexes of Richter; Stelzner; Beilstein; and

Chemical Abstracts, 1907-1968. The search was conducted under headings:
2,2,l,h-tetramethyl-1,3-cyclobutanediol, CgH, 0, and 2,2,h,h-tetra-

nethyl-1,3~cyclobutanediol bischloroacetate, Glzﬂlaohclz. Literature
from Bastman indicates a nuuber of esters of the diol have been prepared.
However, preparation of the bischloroacetate diester of the diol has not
been reported.

A survey of esterification procedures shows that several alterna-
tives exist for comversion of alcohols to esters: the use of acid
chlorides, anhydrides, or carboxylic acids. In general, acid chlorides
esterify alcohols most readily, and carboxylic acids least readily.

Because difficulty of esterification of the dicl was of interest,’ a

6Henceforth the texm chloro-diester may be used in place of
2,2,l,i-tetramethyl-1,3~cyclobutanediol bischloroacetate.

7Inm, Pe ho



3
carboxylic acid, monochlorocacetic acid, was used in this investigation.
Esterification using a carboxylic acid was first described by Fischer.8

The Fischer method of esterification is a reaction between a
carboxylic acid and an alcohol in which an ester and water are products,
A carboxylic acid and an alcohol are refluxed with 1-5% by weight of
sulfuric acid which serves as a catalyst. Esterification is reversible
and does not go to campletion, but reaches an equilibrium state in which

same acid, alcohol, ester, and water are all present.
RCOCH 4 R'OH === RCOOR' + HOH

Because esterification is reversible and reaches an equilibrium, an

equi]ibrium constant can be expressed for the reaction:
[Reoor?] [Hod]
[Booct] [R*od]

=
Keq

According to Le Chatlier's principle, more of the ester would be
formed if the reaction equilibrium could be shifted to the right. An
equilibrium shift can be effected in several ways. Either excess acid or
alcohol can be added., This method works well, but cost or limited quanti-
ties of acid or alcohol may limit its usage. An alternative 1s to remove
the water as it is formed. Water can be removed by using a dehydrating

8F:inche:t' and Spier, Ber., 208, 1150, 3252 (1895), cited by
V. Migrdichian, "Organic Synthesis," Vol. 1, Rheinhold Publishing Co.,
New Iork, 1957, P. 313.



agent such as concentrated sulfuric acid, zinc chloride, or calcium
chloride.’ Water can also be distilled off as it forms if the reaction
can be carried out at a temperature greater than the boiling point of
water. Another techniques for water removal involves esterification in a
solvent such as benzene. Water formed fram the reaction and benzene from
the reflux condenser ave collected and separated in a Dean-Stark trap..°
An important question arises when an ester is prepared by the
Fischer method: From which reactant is the oxygen eliminated-~the
alcohol or the carboxylic acid? Work has been done which suggests that
in many cases the oxygen is eliminated from the acid. This was first
indicated by the fact that a thioester is formed if a thiol is used in

place of the alcchol.™t
RCOOH 4 HSR' ———> RCOSR' + HOH

Proof was later obtained using water containing isotopic oxygen for

hydrolysis of an estemlz

508 + RCOOR! = RCO0™ %M + R'0H

. Migrdichian, "Organic Synthesis," Vol. 1, Rheinhold Pub-
1ishing Co., New York, 1957, p. 315.

10y, Condon and H. Meislich, "Introduction to Organic Chemistry,"
Holt, Rinehart and Winston, Inc., New York, 1960, p. 32h.

Y5, E. Reid, Am. Chem. J., 13, 489 (1910).

13, Polanyi and A. L. Szabo, Trans. Faraday Soc., 30, 508
(193L), cited by J. March, "Advanced Organic Chemistry: Reactions,
Mechanisms, and Structure,” McGraw-Hill Book Company, New York, 1968,
p. 310.




5
As hydrolysis is the reverse of esterification, it is clearly evident

that the oxygen is eliminated from the acid,
Further considerstion of the esterification mechanism of this
investigation will bs considered in another part of this paper.

Properties of 2,2,l,li~Tetramethyl-l,3-Cyclobutanediol

The diol selected for esterification. exists in the c¢is and trans

geamotidical isomers as shouwn in Figure 1. As a consequence, its molecular
structure conti-ibutes several :m'beresting characteristics. Two sets of
gen-dimethyl groups offer possibilities of stearic hindrance to reactivity
of thie diol hydroxy groups. Therefore, the difficulty of esterification
ghguld be an indleation of the amount of stearic hindrance. Cis and trans
isamers would provide an opportunity for comparison of cis-trans iscmer
properties of campounds piepared.

Isomers of the diol exhibit decidedly different properties when
heated with & mineral acid. The truns form is dehydrated to 2,2,L-~tri-
methyl-3-peiatenal with boiling aqueous sulfuric acid solution as dilute
as 0.02N. However, the cig form is waffected by boiling 204 aqueous
sulfuric acid sculvu‘t.ion‘,:i'3

Iu the work reported in this thesis, an approximate 50/50 mixture

of the cis and trans iscuers of the diol was 'used.lh Physical propexrties

of the diol sppeayr in Table I,

;. Hasek, . Clark, and J. Cheudst, J. Org. Chem., 26, 3130 (19%61).

]‘h’l‘he experimental sample was obtained from Eastman Chemical
Products, Inc., Kingsport, Tennessee.
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Figure 1. Structure of 2 , 2, i-Tetramethyl-1, 3=cyclobutanediol



TYPICAL PROPERTIES OF 2,2,4,4~TETRAMETHYL-1,3-CYCLOBUTANEDIOL??

b

(Approximately 50/50 mixture of cis and trans isamers)

Formula weight (calculated)
Appearance

Purity, %

Melting point, %

o,

Boiling point, 760 mm, C

Density, 25/25%C, gu/cn’

20°C

Refractive index, n D

Crystal system

Solubility, gm/100gm solution

Crystal habitat

Dipole momentb

1hh.2

White crystalline solid
99.5

125-135

162.5-163.5 (cis isamer)
Wy7-148 (trans S 1samer)
22

1.09 (cis isomer)
1.02 (frans isomer)

1.519 (cis isomer)
1.483 (tra.ns isamer)

Tetragonal (cis isomer)
Triclinic (trans iscmer)

Water 6.040
Toluene 2. 5
MeOH 47.8 61.3

Slightly elongated
Octahedra (cis isomer)
Long needles (trans isamer)

8100

2.39 (cis isamer)
2.10 (trans isamer)

®Eastman Chemical Products, Inc,, op. cit., pe L.

Pg. Hasek et al., J. Org. Chem., 26, 702 (1961).



The Stateament gi_' the Problem

The purpose of this investigation is to study the esterification
of 2,2,k,l-tetramethyl-1,3-cyclobutanediol, which exists as a mixture
of cis and trans geametrical isomers. The Fischer method of esterifica-

tion usually involves an acid catalyst, but the trans diol is known to

decampose in an acid exxv'.i_:.'omn.er.rl‘..l7

Therefore, esterification of the
diol would probably be best carried out without the usuwal acid catalyst.
Monochloroacetic acid is used in this esterification. Since the diol

is a mixture of the cis and trans isamers, one expects that esters

formed during esterification will, likewise, be a mixture of the isomers.
A procedure for separation of the diester isomers will be attempted. The
new compound will be idemtified using muclear magnetic resonance spectros-
copy, infrared spectroscopy, and standard analytical techniques. Various
physical properties will be determined. Although the diol isomers have
previously been separated, a simpler procpd;are will be sought. Data
accumulated during the investigation should contribute to the mass of
physical data available to all organic chemists.

17821'&, Pe 5.



CHAPTER IT

A PRELTMINARY INVESTIGATION

Introduction

To become familiar with the diol through actual use, 2,2,4,h-~

tetramethyl-1,3-cyclobutanediol diacetate was prepared as dsscribed in

1

the Bastman technical report.” Physical properties of the mixture of

the cis and trans isomers of the diester were compared to literature

values, and the campound was identified by saponification.

Preparation of a Known Compound
A mixture of 11.2 grams (0.1l mole) acetic anhydrids and 0.5 gram

anhydrous zinc chloride was added to 7.2l grams (0.05 mole) of the diol.
The mixture was refluxed for two hours at 125° C.2 After cooling, the
product remained completely liquid. Heating the liquid product under
reduced pressure, a water soluble liquid having the odor of acetic acid
distilled. A viscous liquid residue was washed alternately with water
and agqueous sodium bicarbonate until neutral to litmus. The remaining
substance solidified when chilled in an ice bath, becoming almost com-
pletely solid at 22°, When warmed slowly the solid became campletely

liguid at 250. The literature melting point of the cis-trang mixture of

J‘Easman Chemical Products, Inc., "Tetramethyl-l,3-cyclobutane
dione; 2,2,l,Li-Tetramethyl-1,3-cyclobutanediol; Properties, Reactions,"
May’ 1960’ pp. 15-160

2A11 temperatures are reported in centigrade degrees.




CHAPTER IT

A PRELTMINARY INVESTIGATION

Introduction

To become familiar with the diol through actual use, 2,2,4,4-

tetramethyl-1,3-cyclobutanediol diacetate was prepared as described in

1

the Eastman technical report.” FPhysical properties of the mixture of

the cis and trans isamers of the diester were compared to literature

values, and the compound was identified by saponification.

Preparation of a Known Compound
A mixture of 11.2 grams (0.1l mole) acetic anhydride and 0.5 gram

anhydrous zinc chloride was added to 7.21 grams (0.05 mole) of the diol.

The mixture was refluxed for two hours at 125° 0.2

After cooling, the
product remained completely liquid. Heating the liquid product under
reduced pressure, a water scluble liquid having the odor of acetic acid
distilled. A viscous liquid residue was washed alternately with water
and agueous sodium bicarbonate until neutral to litmus. The remaining
substance solidified when chilled in an ice bath, becoming almost com-
pletely solid at 22°, When warmed slowly the solid became completely

liquid at 25°, The literature melting point of the cis-trans mixture of

J"Easman Chemical Products, Inc., "Tetramethyl-l,3-cyclobutane-
dione; 2,2,lh,h~Tetramethyl-~1,3~cyclobutanediol; Properties, Reactions,"
May, 1960, pp. 15-160

2A11 temperatures are reported in centigrade degrees.



10
2,2,li, h~tetramethyl-1,3-cyclobutanediol diacetate is 22-25°.3 At room
temperature, the product was a glushy solid. This product, which will
be referred to as Product I, was analyzed quantitatively by saponifica-
tion.

Saponification of Product I

A known excess of standard alcoholic potassiwm hydroxids was
added to each of three weighed samples of Product I. The solutions
were refluxed over steam for thirty mimtes. Alkali remaining after
completion of saponification was determined by titration with standard
hydrochloric acid, using phemolphthalein indicator. From the quantity
of alkali unreacted, the milliequivalents of the alkali used in saponi-
fication was calculated. The saponification equivalent and the molecu-
lar weight based on two ester groups were calculated using the following
formulas:

- Weight of le in
5. B = poriie. nﬁ.llieé&ism%ents o 1T used
M. W, 8 S, E. x mmber of ester groups
Experimental results of the saponification appearing in Table II compare

favorably with calculated values. Product I was assumed to be a cis-
trans mixture of 2,2,h,li-tetramethyl-l,3-cyclobutanediol diacetate.

Jgastman Chemical Products, Inc., op. cit., pe 16



TABLE II

SAPONIFICATION OF PRODUCT 1

Sample Weight of sample, mg. Total meq. of KOH
1. 626,2 13.k6
2. 623.7 13.h6
3. 851.6 13.L6
Meq. of KOH for
Sample Meq. of KOH in excess saponification
1. 7.95 5.51
2. 197 5.h9
3. 5.98 T.L48
Saporf!.fieetion Experimental a
Sample equivalent molecular weight
1. e 228
2. 1 228
3. 11 228

%The theoretical molecular weight of the diester, 2,2,lL,L-tetra-
nethyl-l,3~cyclobutanediol diacetate, is 228.3.



CHAPTER IIT

SEPARATION OF THE cis AND trans ISOMERS OF THE DIOL

Introduction

A separation of the individual isamers of the diol may be
desirable in studies involving dipole moment, nuclear magnetic resonance
spectroscopy, and infrared spectroscopy. Various methods of separation
of the cis and the Yrans forms of the diol have been reported in the
literature. Miller reported separation of a sample of the mixture of
the isomeric forms of the diol by vacuum sublimation.l He concluded
two isomers melted at 127-128° and 147-148°. Hasek et al. later showed
these results to be inaccurate” when they isolated and identified the cis
and trans isomers of the diol, and devised a better method of separation
of the diol isome\r’s.3 Esterification of the diol using formic acid yields
a mixture of the cis- and trans-diformate esters which are respectively
liquid and solid at room temperature. Isomers of the diformate ester
may be separated by filtration. Alcoholysis of the respective esters
yields the individual c¢is and trans isomers of the diol.

Since esterification of the diol and subsequent alcoholysis of

the ester was time consuming, a question arose concerning the possibility

1. L. Miller, "Structure of Same Derivatives of Dimethylketene,”
Ph.D. thesis, Cornell University, 1937, cited by R. Hasek et al., J. Org.
Chem., 26, 700 (1961).

%R, Hasek et al., J. Org. Chem., 26, 702 (1961).

3/bid., p. T03.
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of separation of the diocl by a simpler procedure. The products of the
alcoholysis of the liquid portion of the diformate are described by
Hasek et al. as a mixture of the diol isomers.,", Separation of the cis-
diol from a mixture of these isomers using toluene as a recrystallization
solvent is then described. Isolation of the cis-diol from the commercial
sample of diol isomers should, likewise, be possible.

An attempt was then made to separate the cis isomer of the diol
from the comuercial saumple of diol isomers, using toluene as solvent. and
‘ omitting the esterification and alcoholysis steps. Similarity of the
melting point to the literature value confirmed the identity of the

isolated crystals as the cis-diol.

Preparation of the Diformate Ester

The diformate ester of the diol was prepared according to the
procedure described by Hasek et E.s A mixture of 28.8 grams (0.20 mole)
of the diol, 27.0 grams (0.59 mole) cﬁ' formic acid, and 18 milliliters of
benzens was refluxed for five hours. The solution was cooled, a second
portion of 27.0 grams of formic acid was added, and refluxing was
continued for four hours. After cooling, the solution was diluted with
20 milliliters of benzene, and alternately washed with water and aqueous
godium bicarbonate until the water wash was neutral to litmus., Finally,
the liquid product was dried over anhydrous sodium sulfate, After

distillation to remove the solvent, the product was cooled. Upon

hR. Hasek et al., J. Org. Chem., 26, 703 (1961).
5Ib:i.d.
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standing at room temperature for thirty hours, the product separated into
liquid and solid phases. The mixture was filtered, and the solid was
recrystallized twice from ligroin and dried. The solid formed planar
crystals which melted sharply at 67-68°. The melting point for the
irans-diformate ester of the diol is 67—680.6 Saponification of these
crystals (Product II) was carried out following the previous procedure.’
The experimental saponification equivalent for Product II was 100. The
data are given in Table ITI. The calculated value for the trans-diformate
ester, °10H16°h’ is 100,1. Product II was assumed to be the trans-

diformate ester.

»

Alcoholysis of the Diformate Ester

Alcoholysis of each of the separated portions of the diformate
esters was carried out as described by Hasek et Ll.a The crystalline
trans-diformate ester was dissolved in a solution of 25 milliliters of
methanol and 0.2 gram of metallic sodium and allowed to stand at rocm
temperature for twenty-four hours. One milliliter of acetic acid was
added and the solution evaporated to dryness. The solid residue was
dissolved in 25 milliliters of hot toluene. After filtration of the hot
solution to remove insoluble solids, the solution was concentrated to a
volume of about 15 milliliters and allowed to cool to room temperature.
The crystals were filtered from the solution, and, after drying, melted

%R, Hasek ot al., J. Org. Chem., 26, 703 (1961).

7s§gra, p. 10.
"R Hasek et al., loc. cit.



TABLE IIT

SAPONIFICATION OF FRODUCT II

15

Sample Weight of sample, mge. Total meq. of KOH
1. 616.1 13.46
2. 668.3 13.46
Meq. of KOH for
Sample Meq. of KOH in excess saponification
1. 7.33 6.13
2. 6.75 6.71
Saponification Experimental a
Sample equivalent nolecular weight
1. 101 202
2. 100 200

cyclobutanediol diformate is 200.2.

8rhe theoretical molecular weight of 2,2,l,l-~tetramethyl-1,3~
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sharply at 148°. The literature melting point of the trans-diol is
1h8°.9 These crystals were assumed .to be the trans-diol.

The liquid portion of the diformate ester, containing a mixture
of the cis- and trans-diformate esters, was dissolved in a solution of
70 milliliters of methanol and 0.2 gram of metallic sodium and allowed to
stand at room temperature for twenty-four hours. The solution was evap-
orated to dryness over steam and the residue dissolved in hot toluene.
Filtration of this hot solution removed insoluble solids. Upon cooling,
the hot toluene solution yielded a large quantity of crystals which
melted at 132-154°. These crystals recrystallized from a second portion
of toluene melted at 160-167°, A final recrystallization from toluene
gave crystals melting at 162-16L°. These were assumed to be the cis-
diol. The literature melting point of the cis-diol is 162,5-163.5°.1C

Separation of the cis-Diol from a Mixture of the Isomers

A preliminary investigation indicated that the cis-diol could be
gseparated fram a mixture of the isamers using toluene as the solvent. A
6.17 gram sample of the commercial cis-trans mixture of the diol was
dissolved in 20 milliliters of toluene. The solution was cooled to 80°
and filtered to separate the diol which had crystallized. The filtrate
(I) was saved for further crystal recovery. The separated crystals
melted at 158-165°. These were redissolved in 20 milliliters of toluene,
cooled to 100°, and filtered. A final recrystallization from 10 milli-

liters of toluene gave 0.95 gram of the cis-diol, melting at 164-165°,

95221'3’ Pe 7. mSQra, De Te
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An unsuccessful attempt was made to separate the trans-diol from
Filtrate (I). Filtrate (I) was cooled in an ice bath, and the solid
diol filtered from the solution. The crystalline residue was dissolved
in a second portion of hot toluene, cooled to 87°, and filtered. On
standing at room temperature, the final filtrate deposited crystalline
material., Separation of this material by filtration gave long tetra-
hedral crystals melting at 128-132°, which were probably still a mixture

of the cis and trans isamers of the diol.u

11yi19er obtained crystals, melting point 127-128°, which Hasek
al. detexmined to be 30% cis-diol and 70% trans-diol, R. Hasek et al.,
J. Org. Chem., 26, 702 (1961).



CHAPTER IV

PREPARATION, IDENTIFICATION, AND CHARACTERIZATION OF
252,14, 4-TETRAMETHYL~1 , 3-CYCLOBUTANEDIOL BISCHLOROACETATE

Introduction

Several attempts were made to prepare 2,2,l4,4-tetramethyl-l,3-
cyclobutanediol bischloroacetate by esterification of 2,2,h,hi-tetra-
methyl-l,3-cyclobutanediol using monochloroacetic acid. Since
esterification can be carried out in various enviromments, three trials
were attempted using the respective catalysts: anhydrous zinc chloride,
five per cent phosphoric acid, and metallic sodium. Two trials were
uncatalyzed reactions: one at 108-117°, and the second at 95-105°. All
esterification trials yielded a slushy solid, from which a white
crystalline solid melting at about 97-100° was isolated.

A Sunmary of the Reactions

Considerable decomposition occurred during three of the ester-
ification reactions: reactions having zinc chloride and phosphoric acid
added as catalysts, and the 108-117° uncatalyzed reaction. Assuming the
product to be the chloro-diester, ylelds of the crystalline product for
these trials were respectively: 2§, 9%, and 18%. The trans-diol was
assumed to have decomposed, rather than the cis-diol, since the former is

least stable in an acid enviromnent.l Because decomposition occurred

1Su2ra, pP. 5.
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during the uncatalyzed reaction at 108-117°, a second trial was carried
out at 95-105°. No decamposition occurred in the second trial; the
yield was 23%. Esterification in which sodium was used as a catalyst
produced a yield of 21%.

The Infrared Spectrum of the Chloro-diester

The infrared spectrum of the chloro-diester, Product VIIz, is

shown in Figure 2. Absorptions at 5.70 p and the shoulder at 5.85 n
represent the ca.rbbnyl group of the chloroacetate moiety. Because there
is freedam of rotation for the alpha carbon, two configurations are
possible: absorption occurs at 5.70 p for the configuration in which the
chlorine is nearest the carbomyl group, and at 5.85 p for the configura-
tion in which the chlorine is farthest from the carbonyl group.3 Twin
absorptions at 7.05 p and 7.25 n are characteristic for gem-dimethyl
groupss,4 such as the two sets substituted on the cyclobutane ring. Absorp-
tion at 8.50 j represents the ester linkage stretch, and at 12.55 B the
carbon-chlorine stretch. The absorption of 7.60 p is believed to be due

to an impurity. A mors complete description is given in Table IV.

Chlorine Analysis of the Products

The crystalline productdescribed above, n.p. 97-100°, was not
known definitely to be the chloro-diester. If the compound is the diester,

z.l'.n.fra, p. 21.

3L. J. Bellamy, "The Infra-red Spectra of Complex Molecules,®
Methuen and Company, Ltd., London, 1962.

hJ . R. Dyer, "Application of Absorption Spectroscopy of Organic
Compounds,® Prentice-Hall, Inc., Englewood Cliffs, N. J., 1965.
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TABLE IV

THE CORRELATION OF THE INFRARED SPECTRUM
OF PRODUCT VII, THE CHLORO-DIESTER

Groupa Range n
C-H, G-CH, stretch 3.30
C=0 stretch 5.70-5.82
gem~dimethyl asymetric and 7.05-7.28

symnetric bending
0-H bending (impurity) 7.60
C-0 stretch 8.50
C-0 stretch 9.95
~CH,~ rock 10,35-10.72
C-C1 stretch 12.55
Ring out of plane hending 12.82

zhaThe absorption at 6.20 p is a calibration peak of polystyrene
at 6.2, p.
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it should have a definite amount of chlorine in the molecule and the ana-
lyzed chlorine composition would agree closely with the calculated value.

Chlorine analysis was carried out on the crystalline products from
the uncatalyzed reactions, and on the crystalline product from the sodium
catalyzed reaction. Chlorine in the compound was converted to inorganic

chloride using a Parr bomb fusion.s,

Volhard volumetric procedure6 was ugsed to determine the percentage of chlo-

The Caldwell modification of the

rine present. Resulis of the chlorine analysis indicated Products V,
Vi, and VII, as described in Table VI, were the chloro-diester.

A lowering of the melting point of the mixture of two substances
is an indication those substances are not idemtical.! Melting points of
a 50/50 mixture of various combinations of products showed no significant

depression as shown in Table V.

TABLE V

MIXTURE MELTING POINTS
Melting point of

Products Melting points a_50/50 mixture
VI, IV 99-101, 98-101 99-100
III, IV 96-100, 98-101 96-101
VII, V 101-102, 98-99 . 98-101
w, Vv 98-101, 98-99 98-101

5Pa:'r Manual Number 121, "Peroxide Bomb Apparatus and Methods,"
Parr Instrument Company, Moline, Illinois, 1950.

65. Caldwell and H. Moyer, Ind. Eng. Chem., Anal. Ed., 7, 38-39
(1935).

7A. Weissberger, "Physical Methods of Organic Chemistry,"
Interscience Publishers, Inc., New York, 1949, p. 79.




TABLE VI

COMPARISON OF ESTERIFICATION PRODUCTS

a Per cent.b Per cent
Reaction Product Melting Point Chlorine Yield®
Catalyzed:
Anhydrous
ZnCl, III 96-100 Not analyzed 2
5% H4PO) v 98-101 Not analyzed 9
Metallic
sodium v 98-99 23.5 2
Uncatalyzed:
108-117° VI 101-102 2h.5 18
95-105°  vII 101-102 23.9 23

%rhe melting points were found using an electrical heating device,
the Fisher-Johns Melting Point Apparatus, Fisher Scientific Company,

Pittsburgh, Pa.

Brhe theoretical percentage for (::!_ZI-I]_BOI‘GI2 is 23.86.

CBased on total diol used.
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Similarity of esterification procedures, lack of depressed mixture melt-

ing points, and close agreement of melting points indicated Products ITI
through VII, by whichever method prepared, were identical. The infrared
spectrum of Product VII was used to confirm functional groups, and the
muclear magnetic resonance spectrum of Product VI confirmed the config.

uration. A comparison of esterification products is givem in Table VI.

Determination of the Configuration g:g the Chloro-diester

Though the camposition of the product was known to be that of the
chloro-diester, the configuration, whether cis or trans, needed to be

confirmed.
Nuclear magnetic resonance (NMMR) was used in determining the
/ configuration of the molecule. An NMR spectrum shows a signal or peak
for each kind of proton, or hydrogen atom, in a molecule. The chloro-
diester molecule contains several kinds of protons, but protons of the
four methyl groups were best sulted for configuration study. The
enviromments of all methyl groups of the trans isomer are idemtical. (The
three protons on each methyl group are equivalent.) Each methyl proton
on methyl groups (a) and (b) "sees” an ester group and a lone proton on
the same side of the ring, as is shown in Figure 3. The NMR spectrun
would show & gingle peak, representing twelve methyl protons of the four
equivalent methyl groups. As an example, the NMR spectrum of the trans-
diformate diester is shown in Figure L. A peak representing methyl
protons appears at § 1.1, relative to standard tetramethylsilane, TMS.
The four methyl groups of the cis isamer are not equivalent.'
Methyl groups (b) on the same side of the ring as the ester groups are



%

ClH2000 OCOCH,C1

Figure 3. Structure of 2,2,l,li-tetramsthyl-1,3-cyclobutanediol
bischloroacetate
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equivalent. Methyl groups (a) on the opposite éide of the ring are
equivalent. However, each set of methyl groups "sees" a slightly differ-
ent envirorment, as is shown in Figure 3. Thus the two sets of methyl
groups are not equivalent. The NMR spectrum would show two peaks, each
peak representing one set of methyl groups, or six protons. Figure S
~ shows the NMR spectrum of the cis-diol as an example. The peak at & 1.0
represents methyl protons on the same side of the ring as the hydroxy
groups, and the peak at § 0.8 represents those on the opposite sidse.

The MR spectrum of the chloro-diester, Product VI, is shown in
Figure 6. The single peak at { 1.1, relative to TMS, clearly shows the
product to have the trans configuration.

Alcoholyais of the chloro-diester was carried out following the

same procedure as for the t.ra.nsadi_fomte.a

The crystalline prodanct,
melting at 1h8°, was the trans-diol, further confirming the trans

configuration.

Conformation of the Chloro-diester

Since the ester groups are free to rotate, a question of their most
stable conformation arises. The conformation showm in Figure 7a, having
a smaller dipole moment, is the favored structure. The alternmative, as in
Figure Tb, has a much larger moment.’ Crystal studies of secondary esters
using X-ray anslysis have shown that the conformation illuatrated in

8521‘&, p. k.

7A. Liberles, "Introduction to Theoretical Organic Chemistry,®
Macmillan Co., New York, 1968, p. 562.
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10 Conformation of the chloroacetate

Figure 8 is invariably adopted.
moiety of the diester molecule is undoubtedly as shown in Figure 9. The
probable molecular structure for trans-2,2,k,4-tetramethyl-l,3-cyclo-
butanediol bischloroacetate is shown in Figure 10.

Experimental Work

Esterification of the Diol Using Zinc Chloride as a Catalyst.

A mixture of 7.2l grams (0.05 mole) of the diol, 10,00 grams (0.1l mole)
of chloroacetic acid, and 0.28 grams of anhydrous zinc chloride was
heated for two hours at 120°. The product was a black liquid, indicating
considerable decamposition had occurred. After the liquid was washed
alternately with water and aqueous sodium bicarbonmate until the aqueous
phase was no longer acidic to litmus, the product was filtered., On
standing at romm temperature for thirty-six hours, the liquid deposited
& small portion of solid. This solid was separated by filtration and
washed once with ligroin. The solid, Product III, weighed approximately
0.3 gram and melted at 96-100°,

Esterification g__i' the Diol Using Phosphoric Acid as a Caga__lzgt.

A mixture of 7.2l grams (0.05 mole) of the diol, 10.00 grams (0.1l mole)
of monochloroacetic acid, and 0.8 gram of phosphoric acid was heated for
two hours at 115°. The product, a reddish-brown liquid, had undergone

conasiderable decamposition as was expected becapse of the instability of

the trans-diol in an acid enviromment. The product became a gummgy solid

104, McL. Mathieson and J. C. Taylor, Tetrehedron, 46, 4137 (1965),

cited by A. Rich and N. Davidson, eds., "Structwral Chemistry and Molecu-
lar Biology," W. H. Freaman and Co., San Francisco, 1968, p. 601.



CH

3
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after being washed alternately with water and aqueous sodium bicarbonate.

This solid was washed with 503 ethanol and filtered. The residue, after
drying for several hours in a vacuum desiccator weighed 0.67 gram and
melted at 80-95°, After this solid was washed twice with ligroin, the
crystals, Product IV, weighed O.43 gram and melted at 98-101°. Mixture
melting points of Products III and IV showed no depression, and the two
products were assumed identical.

Esterification 9£ the Diol II_s_:_L_xg Metallic Sodium as a Camt.

A mixture of 7.2l grams (0.05 mole) of the diol, 11.10 grams (0,12 mcle)
of monochloroacetic acid, and 0.1 gram (0.004 mole) of metallic sodium
was heated to 125°. One milliliter of absolute ethanol was then added,
forming sodium alkoxide, a powerful base. Reaction temperature was main-
tained at 125° for one houwr, Reduced pressure distillation yielded 1.0
milliliter of water and 0.8 milliliter of a water insoluble substance
thought to be ethyl chlorcacetate. The odor and pH of the aqueocus distil-
late indicated it contained dissolved monochloroacetic acid. After
cooling, the residue was a white gummy solid. Drying in a vacuum desic-
cator for two days did not alter its physical appearance. The product
was washed with 50% ethanol and filtered. The crystalline residue,
Product V, weighed 3.19 grams and melted sharply at 98-99°, The filtrate
from the ethanol was separated into an aqueous layer and a yellowish
organic layer. After solvent removal, the orgamic layer weighed 6.87
grams and boiled at approximately 150° at atmospheric pressure. Further
identification of the liquid was not attempted.

Product V was analyzed for chlorine. A 312,7 milligram sample of
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Product V was thoroughly mixed with 150 milligrams of lactose and 15 grams
of sodium peroxide. The sample mixture was placed in a Parr bamb, shaken
well, and fused to convert chlorine in the compound to inorganmic chlorids.
When cool, the melt was dissolved in distilled water, acidified with 50
milliliters of 1:1 mitric acid, and made up to 250 milliliters. One-fifth
aliquots of the sclution were analyzed. Chloride amalysis by the Volhard
method showed Product V to contain 23.5% chlorine. Experimental data for
this analysis are shown in Table VII.

Uncatalyzed Esterification of the Diol (I). A mixture of 7.21
grams (0.05 mole) of the diol and 10.00 grams (0.1l mole) of monochloro-
acetic acid was heated for one and one-half hours at 108-117°. The
reaction mixture decamposed while heating. The product becams a gummy
solid after being washed alternately with water and aqueous sodium
bicarbonate. This solid was washed with 508 ethanol, separated by fil-
tration, and dried. The product, brownish-white crystals, weighed 2.66
grams and melted at 99-101°, A white crystalline solid (Product VI)
which melted at 101-102° resulted after the brownish-white crystals were
washed once with ligroin. The Parr bomb method was used to convert the
golid to inorganic chlorids, and chloride gmlysis of aliquots by the
Volhard method showed 24.5% chlorine in Product VI. Analysis dataare
given in Table VIII.

Uncatalyzed Esterification of the Diol (II). Because the previous
esterification product had decamposed dwring heating, a second uncatalyzed
esterification was carried out at a somewhat reduced temperature. A
mixture of 1l.Li2 grams (0.10 mole) of the diol and 20.20 grams (0.2l mole)



TABLE VII

CHLORINE ANALYSIS OF FRODUCT V
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Chloride: Found

Wt. of sample Meq. of Ag" Meq. of KSCN
in mg.2 used used

1. 62.54 1.520 1.102

2. 62.54 1.520 1.108

3. 62.54 1.520 1.105

Meq. of chloride Mg. of chlorine Per cent
in sample in sample chlorine

1. 0.418 1.8 23.7

2. 0.422 1.6 23.3

3. 0.5 1h.7 23.5

%The original sample was 312.7 milligrams, and 1/5 aliquots

were analyzed.

hI'he theoretical per cent chlorine for 612H180h612 is 23.86,.



TABLE VIII

CHLORINE ANALYSIS OF PRODUCT VI

Chloride: Found

Wt. of sample Meq. of Ag' Meq. of KSCN
in mg.2 used used
1. 62.54 1.508 1.078
2. 62.54 1.508 1.075
3. 62,54 1.508 1.075
L. 62.54 1.508 1.075
Meg. of chloride Mg. of chlorine Per cen‘l'.b
in sample in sample chlorine
1. 0.430 15.2 2.5
2. 001]—33 15.3 2)405
3. 0.432 15.3 24.5
L. 0.432 15.3 2.5

%The original sample was 312.7 milligrams, and 1/5 aliquots
were analyzed.

Prhe theorstical per cent chlorine for G, 16061, 1s 23.86.
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of monochloroacetic acid was stirred at 95;1050 for three and one-half
howrs. The apparatus vas arranged for distillation and the reaction
mixture heated to 110° (25mm). During heating 2.2 milliliters of water
distilled, 60% of the thearetical amount. The liquid product remaining
in the flask was washed alternately with water and agueons scdium bicar-
bonate to remove excess monochloroacetic acid. Standing at room temper-
ature for two hours, the liguid product changed to a gummy solid which
was washed with 503 ethanol. Filtration of this mixture gave 6.86 grams
of a solid, melting at 72-84°. Recrystallization of the solid from
methanol gave planar crystals (Product VII) which melted at 103.5-104°.1%
The refractive index was determined by the Becke Line Method.'?
Product VII was analyzed for chlorine using Parr bomb fusion and the
Volhard procedure. Chlorine analysis showed 23.9% chlorine, Analysis
data are glven in Table IX.

The methanol recrystallization filtrate was chilled in an ice bath
and solid particles fomed_in the solution., Filtration of this mixture
gave a small quantity of white powder which melted at 40-50° and was
thought to contain a large proportion of the cis isomer of bischloro-
acetate diester. No further identification was carried out.

U'R. Shriner, R. Fuson, and D, Curtin, "The Systematic Identifica-
tion of Organic Compounds,” John Wiley and Sons, Inc., New York, Lth
edition, 1957, p. 28. .

12A. Weissberger, "Physical Methods of Organic Chemistry,” Inter-
science Publishers, Inc., New York, 1949, p. 933.
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TABLE IX

PHYSICAL CONSTANTS AND CHLORINE
ANALYSIS OF PRODUCT VII

Chloride: Found

Wt. of sample Meq. of Ag¥ Meq. of KSCN
in mg.2 used used

1. 62,9 1,571 1.086

2. 62.% 1a571 1.082

3. 62496 1.571 1.083

h. 62.96 1.571 1.081

5. Blank 1.571 1.571

Meq. of chloride Mg. of chlorine Per cent
in sample in sample c.:hlorineb

1. 0.h22 15.0 23.8

2. 0.426 15.1 24.0

3. 0.425 15.1 2h.0

L. o0.427 15.1 2L.0

5. 0

Melting point®

1. 104

2. 103.5-104

3. 10305-10h

Refractive Index-Becke Line at 22°
The index lies between 1.516.1.520%

%he original sample was 314.8 milligrams, and 1/5 aliquots were
analyzed.

Brhe theoretical per cent chlorine for 61 F1 0 CLp 18 23.86.

qrhe melting points were found using a calibrated electrical heat-
ing device, the Kofler Micro Hot Stage, Arthur H. Thomas Company,
Philadelphia. Five melting point standards (range Lh° through 174°) used
in the calibration were obtained from the same company.

dSt,.smd,ard liquids of known indexes, differing by 0.00L, were used
and were obtained from R. P. Cargille Laboratories, Inc., New York.



CHAPTER V

DISCUSSION

Introduction

During an investigation problems arise, many posing questions not
eagily answered., Often answers are buried in same obscure set of data
or in seamingly unrelated bits of data. One of the problems encountered
during this investigation was the reaction mechanism of the esterifica-
tion of the diol by monochloroacetic acid. Unless a thorough kinetics
study is carried out, the solution to the reaction mechanism must be
found in reaction data.

Esterification is a reversible process; the reverse reaction is
known as hydrolysis. The principle of microscopic reversibilityl states:
Molecular systems participating in each step :|.n the forward direction
must be identical to the systems participating in the reverse direction.
Therefore, once the mechanism for acid-hydrolysis is established, the
reverse reaction, esterification, is also established.

Acid-catalyzed esterification of alcchols, or hydrolysis of esters,
may be unimolecular or bimolecular, alkyl cleaved or acyl cleaved.

Alkyl Cleaved Acyl Cleaved

R'—-0—=H n-ﬁ+-o—-ﬂ

]'E. S. Gould, "Mechanism and Structure in Organic Chemistry,”
Henry Holt and Company, New York, 1959, p. 319.
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Unimolecular nucleophilic substitution, SNl » Wwith acyl cleavage
is found only where the R group of the carboxylic acid is very bulky, as
is the case for mesitoic acid.2
With alkyl oxygen cleavage SNl esterification occurs when the R!
group of the alcohol can exist as a stable carbonium ion, as is the case

for tertiary alkyl, and benzyl groups.3 The mechanism is shown below:

+

" oo * P! oo —> pt ot
R';C-0H + HY === R";C-0H, ==== R',C" + H,0
+ 0 OH 0
R'SC - HO-C-R =——= R!,0-0-C-R === R'Bc-o-é-n + HY

+

In the carbonium ion, carbon is bonded to three other groups
using sp° orbitals, and has a planar structure. The nucleophilic
reagent may attack from either side. When this carbon is assymetric,
L

partial racemization of products occurs:

attack — «<— attack

. p. Treffers and L. P. Hammett, J. Amer. Chem. Soc., 59, 1708
(1937). -

3 C. K. Ingold, "Structure and Mechanism in Organic Chemistry,"
Cornell University Press, Ithaca, N. Y., 1953, pp. 779-782.

hC. A. Bunton et al., Nature, 166, 679 (1950).
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Bimolecular nucleophilic substitution, S .2, with acyl cleavage

N
is the most common mechanism of acide-catalyzed es.t.erii‘io::a‘t,i.on.5 This

mechanism has been described as follows:é’ 7

0 H CH +
H* + R-C-OH ===~ R-C+ + R'OH ===> R-(~—0-R!
OH OH
+
H + 0H2 +
R—% g—R' —— 0-R' ——= R~C~—O-R' 4 H20
H H OH

+
R-GmmO-R! === R-g 0-R' + H
OH

Racemization cannot occur.

Alkyl cleaved S 2 esterification is unk:nown.8

N

The Acid Catalyst

Although all esterification mechanisms described are acid-catalyzed,
the hydrogen ion need not necessarily be derived from an acid added specif-
ically for that purpose. Two factors preclude the addition of a catalyz-

ing acid in this investigation: 1) The trans-diol decamposes in an acid

SE. So Gould, 22. E:L-t'-, p- 318.

6F. E. Roberts and H. C. Urey, J. Amer. Chem. Soc., §_(_), 2391

(1938).

Ts. ¢. Datta, J. N. E. Day, and G. R. Ingold, J. Chem. Soc., 1939,
838, cited by L. P. Hammett, "Physical Organic Chemistry,¥ NeGraw-HiIl

Book Company, Inc., New York, 1940, p. 357.

8J . March, YAdvanced Organic Chemistry: Reactions, Mechanisms,
and Structure,” McGraw-Hill Book Company, Inc., New York, 1968,
p. 310.
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medium, as is evidenced in the phosphoric acid-catalyzed reaction, and
2) Although substituents in the alpha position on the carboxylic acid
retard the so-called uncatalyzed reaction due to stearic hindrance, the
exception is alpha substituted halogens which have a decided accelerating
ei‘i‘ect.9 Each successive halogen substituted on the alpha carbon
increases the strength of the acid, as is shown below in the dissocia-

10

tion constants™ for acetic acid and its chlorine derivatives:

K
a

Acetic acid 1.76 x 1o:§
Chloroacetic acid 1.40 x 10__2
Dichloroacetic acid 3.32 £ 10
2

Trichloroacetic acid .00 x 107t

The electronegative chlorine induces an electron shift away fram the
carbonyl carbon stabilizing the anion and making the acid a better
proton donor. Chloroacetic acid can then serve as the proton donor in

the reaction often referred to as direct esterification.

SN.'L or SN2

Alkyl cleaved SNl esterification is characterized by racemization.

Esterification of a single diol iscmer was not attempted in this investi-
gation. However, alcoholysis, base-catalyzed, of both the trans-diformate

diester and the trans-chloro-diester gave the trans-diol. Alccholysis is

%Y. Migrdichian, "Organic Synthesis, Vol. I," Rheinhold Publishing
Corporation, New York, 1957, p. 312.

LOuyandbook of Chemistry and Physics," Forty-fourth Edition,
Chemical Rubber Publishing Co., Cleveland, Chio, 1963, pp. 1753-1756.
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analogous to hydrolysis: alkoxide replaces hydroxide. Although base
catalyzed hydrolysis generally follows the acyl cleaved SNZ mechanism, the
alkyl cleaved SNl pathway is followed with alcohols which give stable
carbonium ions. ' Should the diol form a stable carbonium ion, the

alcoholysis of a trans-diester would follow the alkyl cleaved S, 1 reaction,

N
and racemization of products would be observed. In this investigation no

racemization was observed for alcoholysis reactions, but because all
esterifications were carried out using the commercial sample containing
a mixture of the diol isamers, no definite conclusion can be drawn con-

cerning the mechanism. However, an alkyl cleaved S,1 mechanism would

N
appear highly unlikely.

Acyl cleaved S 1 esterification occurs only for bulky, substituted

N
carboxylic acids. Monochloroacetic acid has no bulky substituted groups.

Moreover, the inductive effect caused by the alpha-substituted chlorine
0
would tend to form the highly unstable ion, C].Hza-o. This mechanism would

also seem unlikely.

Tertiary alcohols generally esterify by an alkyl cleaved SNl mecha-

nism. Primary alcochols follow an acyl cleaved SN2 mechanism. Esterifica-

tion of secondary alcohols may follow both mechanisms, but primarily
follows the SN2 path. Because the diol is a secondary alcohol, the SN2
mechanism seems probable. The most cammon mechanism for acid-catalyzed

egsterification is the acyl cleaved, S 2 type.

N
On the basis of the preceding arguments, direct esterification of

the diol by monochlorocacetic acid is described as an acyl cleaved,

Y. March, op. cit., p. 313.
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bimolecular, nucleophilic substitution. This proposed mechanism is

depicted in the following series of equations:

A.

B.

E.

H
C1CH 2-3-0}1 + HY — cicn 2-%};

Protonation causing increased reactivity at the carbonyl carbon

H 12 H +
C1CH ~C+ + HO-TMCB-OH'? = CICH ~TMCB-OH
2 2l R

Nucleophilic attack by the diol

+

H + H H,
C1CH,, \’ —_— C1CH,, ~TMCB-OH
OH ‘TMCB-OH OH

Proton shift forming a more stable leaving group

+
% +
c1cH TMCB=OH m——> C1CH .~G———O-TMCB-OH + HOH
2 3y 2 gH

Departure of the leaving group

+*

ClCHz-g—O-‘IMCB-OH ] ClCH2-g—-O-TMCB-OH .y
H

Ester formed by loss of proton

The second ester linkage is formed following the same mechanism.

Further Discussion

Considerable decomposition was noted in the esterification in which

12HO-TMCB-OH refers to the diol.
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zinc chloride was added as a catalyst, indicating an acid medium.
G. N. Lewis first described zinc chloride and other campounds able to

13

accept electrons and form camplex ions as strong acids. The mechanism

of the dehydration of the irans-diol in this reaction is beyond the
scope of this paper and is not presemted here.]'h
Probably the most unusual reaction was the esterification in
vwhich sodium was added. Gould has stated that esterification in basic
media is not o?:merved.15 The carboxylate ion, RCO0™, is formed in a
basic medium and is not subject to mucleophilic attack by alcohols.
However, the above reaction gave a yield comparable to the yield of the
direct esterification. An explanation of this problem would be that
insufficient sodium had been added to react with all the monochloroacetic
acid, and the excess acid reacted with the diol. Molar quantities of
monochloroacetic acid (0.12 mole) and sodium (0.004 mole) indicated only
a very small quantity of the acid would have reacted with the sodium.
Although the cis-chloro-diester is not discussed in the experimen-
tal section, this isamer is considered to be a liquid or a solid with a
low melting point. The ethanol wash from the esterification in which

1%. N. Lewis, J. Franklin Inst., 226, 293 (1938), cited by
L. P. Hammett, "Physical Organic Chemistry,” McGraw-Hill Book Company,
Inc., New York, 1540, p. 1L2.

lb'A mechanism is proposed for the dehydration of the diol in an
acid medium by R. Hasek, R. Clark, and J. Chaudet, J. Org. Chem., gé,
3130 (1961). -

lsEO So GOUld, -OE. _CE.:E., p. 3]5.
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sodium was used as a catalystl6 is believed to contain a large proportion
of the cis-chloro-diester. The liquid which boiled at approximately 150°
probably is contaminated with ethanol. Even though this liquid was

chilled at -18° for several weeks, no crystalline substance formed.

1'6Supr.'=v., p. 33.



CHAPTER VI
CONCLUSION

Summary of the Study

The diol, 2,2,L,4-tetramethyl-l,3-cyclobutanediol, was separated
according to a method given in the 1iterature.l A somewhat simpler
nethod was then investigated which yielded the cis diol. Several

methods of esterifying the cis and trans mixture of the diol were

explored using monochloroacetic acid. Both catalyzed and wmcatalyzed
enviromments were used, with, in general, the uncatalyzed reaction
having the better yield. The product isolated was the trans bischloro-
acetate diester of the diol which was identified by standard analytical
techniques including infrared and nuclear magnetic resonance spectros-
copy. The yield of about 20 per cent would indicate that considerable
stearic hindrance was involved in the formation of the diester. Another
possibility was that same of the trans diester was mixed with the cis
diester forming a liquid, from which it was difficult to isolate the
irans diester product. The mechanism of this esterification is
described as a bimolecular, acid-catalyzed, acyl cleavage, direct

esterification of a cyclic diol.

Future Problems

During the course of this investigation many interesting problems

lEastman Chemical Products, Inc., "Tetramethyl-l,3-cyclobutane-
dione; 2,2,L,l-tetramethyl-13,-cyclobutanediol; Properties, Reactions,”
Ma-y, 1960, pp- 20-21.
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arose. A few of these will be listed for future consideration. Though
the trans isomer of the diester was isolated, the cis isomer was not
obtained pure. A better method might be devised for separation of these
isamers of the diester. Esterifications of the diol using dichloro-
acetic acid and trichloroacetic acid should prove to be a relatively
simple, but interesting, investigation. The yields of these esterifica-
tions and the properties of the diesters could be compared to those of
the present investigation. X-Ray diffraction studies of the diol and
its derivatives‘?’B have shown that the cyclobutane ring is non-planar,
An interesting study would be that of determining the amount of out
of plane bending in the ring of the cis diester compared to that found
in the trans diester. Dipole moment determination for the two isamers
should, likewise, yield information concerning ring bending. Although
a method has been found to separate the diol isome:::s,"l the yields are
poor, and the process is time consuming. More solubility data for the
individual diol isamers might lead to a better method of separating the

isomers.

2J. D. Dunitz and V. Shamaker, J. Chem. Phys., 20, 1703 (1952).

3. W. Rathjens et al., J. Aner. Chem. Soc., 75, 5637 (1953).

hI:‘.as‘c.man Chemical Preducts, Inc., op. cit., pp. 20~21.
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