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Abstract—Proton spin coupling constants and chemical shifts (AA’'BB’ part) in a number of 2-substituted
1,3-dioxolanes of the types:

O = [ o

Combination of NMR and dipole moment data indicates rotation about the C2——OR bond giving rise to
an equilibrium between anti and gauche forms; the equilibrium constant depends on the bulk of group R.

The mean phase angle of pseudorotation shifts slightly towards that of an envelope form, ie. towards a
smaller torsional angle of the CH,—CH), fragment, on passing from anti to gauche. From ecarlier X-ray
data on bis-1,3-dioxolane!? it is deduced that the maximum possible value of ¢ in 1,3-dioxolanes is about
30°; the actual value in the solid is 21°.

INTRODUCTION

IN PREVIOUS papers the conformation of some 5-membered ring compounds was
studied : trans-1,2-dihalogenocyclopentanes,? 1,1,2-trihalogenocyclopentanes,® ring
D in steroids** and halogeno-substituted tetrahydrofuranes.® Several physical
techniques—X-ray analyses, NMR, IR and Raman spectra and measurements of
dipole moments—were combined to yield a consistent picture of the conformational
properties. In particular, the exploitation of the linear relationship between vicinal
coupling constants and the squares of the dipole moments has proved fruitful.?-3:7
We now report on this approach in a study of the little-known 2-alkoxy-1,3-dioxo-
lanes, for which compounds a convenient synthetic route has been described.?

The stereochemistry and conformation of 1,3-dioxolanes have received con-
siderable attention in recent years,>~!2 but most of the work has been limited to the

FG. 1

study of NMR spectra. It is well established that the presence of two different
substituents on C2 gives rise to an AA'BB’ spectrum of the protons on C4 and CS
(Fig. 1).
* Present address: Case Western Reserve University, Cleveland, Ohio.
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It has been stated® that the chemical shift of the cis hydrogens (H, and H,) of
2-substituted 1,3-dioxolanes depends on the nature of group R; for R = alkyl or
aryl the trans hydrogens are hardly affected. The present study shows that for R =
alkoxy not only the shifts of the cis but also those of the trans hydrogens are influenced
by the nature of R in a complicated manner. Conformational isomerism about the
exo C2—O bond and pseudorotation of the dioxolane ring seem to play a role.

Three different spin couplings are obtained from the AA'BB’ pattern:®

J12 = J34 = J (positive)
114 = 123 = Jm,,,,(positive)
J13 = J34 = Jyom (negative)

The ring is non-planar and the equality J,, = J,, originates from a rapid inter-
conversion of two equally populated families of pseudorotation conformers (Fig. 2).

1 2
2 Q 1 .
w><R"""“* w><R
3 O HM“ O H
4 3

PG 2

Each form of Fig. 2 represents the average of a range of conformations of practically
equal energy (pseudolibration?). No direct information is available about the im-
portant average torsional angle of the fragment O—CH ,—CH ,~O of 1,3-dioxolanes
in solution. A minimum energy form (half-chair, C,) with ¢ ~ 40° has been assumed.®

Surprisingly, however, consideration of the only published X-ray analysis of a
1,3-dioxolane derivative, bis-1,3-dioxolane,!? indicates that the CH,CH, fragment
is not maximally puckered and, if it were, it cannot attain a torsion angle larger than
about 30°,

From the reported atomic parameters of bis-1,3-dioxolane we find the following
torsional angles ¢ (Fig. 3 and Table 1).
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TABLE 1. OBSERVED TORSIONAL ANGLES IN SOLID BIS-1,3-DIOXOLANE AND CALCULATED
ANGLES FOR THE SYMMETRICAL CONFORMATIONS (SEE FIG. 3 AND TEXT).

calc. C, (4 =0°%) obs. (4 = +19-1°) calc. C, (4 = 36°)

9ol@s — 1) +303° +303° +29-1°
o1 (o1 —2) —248 -279 -291
@2(p; — 3) + 95 +13:6 +180
%) (g)g_. —4) + 95 + 46 0
@al@e — 5) ~248 -207 -180

The true geometry of the ring is difficult to depict but it may be considered as being
mid-way between the halfchair (C,) form B and the envelope (C,) form C. In the
solid the exo bonds of both rings are (pseudo) equatorial and anti.

A more exact definition of the ring conformation is obtained by means of the relation between any
torsional angle @, in a regula cyclopentane ring and the phase angle of pseudorotation :4-3

®; = Pncos(34 + j8) m
wherej = 1,2, 3,4; 6 = 144° and ¢, the maximum possible torsional angle. Given two or more torsional
angles @, the values of ¢,, and can be calculated from Eq. (1). We find 4 = 19-1° and ¢,, = 30-3°, i.e. the
conformation is indeed halfway between C, (4 = 0°) and C, (4 = 36°) symmetry. It is easily verified that
permutation of the experimental @,’s in Eq. (1) yields a constant (42°) value of 4 — j x 72°, as required
by theory ;® the approximation involved (regular bond lengths) does therefore not introduce serious errors.

By substitution of 4 = 0° and 4 = 36° in Eq. (1) (¢,, = 30:3°), we obtain the torsional angles of the
symmetrical forms that are part of the same pseudorotation circuit® (Table 1).

In the case of S-membered rings it is a priori uncertain whether or not the torsional
angles of the molecule as found in the crystal lattice will change to a significant
extent on passing into solution. Of course, in solution a complicated mixture of
forms under rapid equilibrium may occur, a: with respect to the position on the
ring, pseudo axiai and pseudo equatoriai and b: with respect to the rotation about
the exo C2—OR bond : anti and gauche (below). Assuming that the ring geometry is
mainly determined by intramolecular forces, the true energy minimum along the
pseudorotation circuit of the equatorial anti form will correspond more or less
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closely to the conformation of the ring in the solid. Theoretical justification of this
hypothesis rests on consideration of the two strongly conflicting demands made on
the ring in solution as well as in the solid:

(a) The tendency to increase the torsional angle of the CH,CH, fragment at the
cost of the CH,—O fragments; the former has undoubtedly the greater energy
barrier to internal rotation.

{b) For stereoelectronic and electrostatic reasons the above tendency is opposed
by the outspoken preference!* !* of the O—C—O—C fragments to assume a
clinal conformation with ¢ = 60°.

The resulting compromise is a form in which ¢ CH,—CH, = ¢4 = 21°, equal to
the average ¢ C—O0—C—O0 = (¢, + 9,)/2 = 21°.

On the other hand, the present NMR results (below) indicate that ¢, and hence
the geometry of the entire S-membered ring, slightly depends upon the conformation
about the C2—OR bond. Summarizing, the “best” model of the 1,3-dioxolane ring
geometry in solution seems to be one in which the important torsional angle
@ (CH,CH,) adopts some value in the range 18-25°; the maximum possible value
of this angle on further pseudorotation is 30°, i.e. rather smaller than that estimated
from observed coupling constants.!*- 16

Dipole moments
The dipole moments of several 2-alkoxy-1,3-dioxolanes and of bis-1,3<dioxolane
were determined to detect possible conformational isomerism about the exo bond

(Table 2).

TaBLE 2. DpOLE MOMENTS (D) IN CARBON TETRACHLORIDE (T) AND
IN BENZENE (B) AT 25° OF SOME 1,3-DIOXOLANES

No. R, R: ' #r M8

1 OMe H 1-87 181

11 OMe Me 205 205

3 OtBu H ’ 1-41 1-53

4 dioxo- H ’ 206 —
lane

* Compound numbers correspond to those in Table 5.
b Ref. 17 reported g2 = 192 D in benzene.

Let us first consider the possible conformations of bis-1,3-dioxolane (4).

(i) Assuming a ring geometry such as shown in Fig. 3, two conformations may
occur with regard to the possmon of group R: pseudo equatonal (e) and pseudo
axiai (a) Thereiore, rmg inversion leads to three possmlc combinations of the two
rings: ee, ea and aa.

(i) Internal rotation about the exo (C2—C2!) bond gives rise to one anti and two
equal energy gauche forms for each of the above named conformations (Fig. 4).
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anti gauche
FIG. 4 Anti and gauche forms of bis-1,3-dioxolane.
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FIG. § Infrared spectra of bis-1,3-dioxolane
(a) in the solid (KBr disc)
(b) in carbon disuiphide
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Theoretically, 6 forms of different energy are possible. In the solid, only one is
realized, the anti—ee conformation having a center of symmetry and a practically
zero dipole moment. Interestingly, the large moment of the compound in solution
(206 D, compare the moment of 1,3-dioxolane,'® 1-47 D) indicates a strong pre-
dominance of one or more of the polar forms: gauche—ee, —ea, —aa or anti—ea.
Model studies (Cenco Petersen) reveal the presence of several unfavourable short
atomic distances in the ea and aa series not occurring in the gauche—ee conformation.
It seems likely, then, that the latter form predominantes. A dipole moment of 2-1-
2-2 D is estimated for this form, in accord with the measured value.

The drastic conformational change of bis-1,3-dioxolane on passing from the solid
into solution is also revealed by the IR absorption spectra of the two states. The IR
spectrum (Fig. 5) of the solid (KBr disc) bears little resemblance to that of the solution
in carbon disulphide. Strong absorption bands of the solid, e.g. those at 928, 1030,
1232 and 1310 cm ™!, are not found in the spectrum of the solution, which, moreover,
shows many new bands, notably at 786, 843, 978, 1005, 1046 and 1181 cm ™!,

The dipole moments of the compounds 1, 11 and 3 can likewise be understood on
the basis of an equilibrium anti = gauche; the equilibrium constant is presumably
governed by the balance between steric, stereoelectronic and electrostatic factors
(Fig. 6).

CH, CH,
CH,
o) o = Q"I o
11 Chyy,

F1G. 6 Gauche (g) and anti (a) conformers of 2-alkoxy-1,3-dioxolanes.

The anti form possesses two clinal C—O—C—O arrangements, thought!* '3 to
be more stable than antiperiplanar C—O—C—O, whereas the gauche form contains
only one (a similar count explains the preference for the gauche conformation in
bis-1,3-dioxolane). Hence, notwithstanding greater steric repulsions the anti con-
former in compound 1 (1a) seems to be preferred over 1 g. This tendency, as is
witnessed by its larger dipole moment, is strengthened in compound 11 because of
the added skew butane interaction. Finally, the tBu group evidently suffers from
large steric strain when in anti position and prefers to occupy more or less exclusively
the less hindered conformation 3a, with a low dipole moment. The conformational



Conformation of non-aromatic ring compounds—XLIV 4383

problems are, of course, more complex than can be dealt with at present since each
g and a isomer may occur as an equilibrium mixture pseudo equatorial = pseudo
axial. Dipole moment studies alone do not provide a clue to a detailed description
of these complex systems.

NMR spectra
The AA'BB’ patterns recorded are similar to those described in the literature.®~!2
An example is shown in Fig. 7.

ef

Y

24 16 8 O cis

FIG. 7 AA’ part of the NMR spectrum (100 Mc) of bis-1,3-dioxolane (4) in CDCl, (¢’ = ).

The assignment of the peaks follows the notation of Dischler et al.!® The spectral
parameters were easily calculated by hand and, in several cases, verified by the use
of a computer program.* A further check on the correctness of the assignments was
obtained by running the spectra of the majority of the compounds at 2 frequencies
(60 and 100 Mc) in various solvents. The coupling constants measured from the 60
and 100 Mc series agreed satisfactorily, the deviations being of the order of 0-05-
0-1 c/s. Spectral data® for a large number of 2-alkyl-1,3-dioxolanes already indicated
narrow ranges of the coupling constants:

Ref. 9 this work
Jus 694-752¢/s 6:47-7-27c/s
Jirans 394620 c/s 5-88—6-46 c/s

* We are indebted to Mr. R. Kaptein for the ALGOL version of the Frequint IV program. The calcu-
lations were carried out on the X1 computer of this university.
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but the range for J,, (the coupling most sensitive to changes in molecular geometry)
is extended down to 65 c/s. We will return in the discussion to this important point.
The gem spin couplings have been discussed® and will not be surveyed here.

Table 3 lists the coupling constants and v, values for compounds 1-16.

TABLE 3. SPECTRAL DATA FOR THE A;B; 1,3-DIOXOLANE SYSTEM AT 100 Mc

R: R: S S Jiws g Jowet¥Ju v/
1 OMe H B 680 628 760 968 130
D — 625 768 — 11
T 610 611 731 946 106
N 680 624 750 964 104
2 OEt H B — 62 152 — 1458
D — 621 147 - 123
N 68 615 747 957 116
3 OtBu H B 701 618 729 968 206
D 6% 617 — 966 189¢
T 706 633 735 986 179
N 705 618 723 971 169
4 dioxolane H B 660 613 73S 943 201
D 65 609 767 937 108
s OAc H B 715 643 764 1000 123
D — 646 164 — g3
6 OPh H B — &3 182 — 22:5%
D 66 630 760 965 173+
N 676 615 745 953 1844
7 ca, H B 685 627 169 970 287
D 68 630 70 975 206
T 68 642 175 986 202°
8 SPh H B 726 642 780 1005 238¢
D 12 63 166 998 201*
N 727 62 168 990 210¢
9H N — 0
10 CH,Br H B 661 608 768 938 137
D 658 602 768 931 104
11 OMe  Me B 65 619 76l 947 1ne
D — 620 758 — 106%
T 6% 602 730 727 94
N 662 611 151 742 100
12 OEt Me B 670 62 164 757 134
D 61 615 158 7.50 105
N 670 615 759 7.50 100
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TABLE 3—continued
R‘ Rz State* J‘“ J,- "“J—- Jm + i‘Jdt VQac/s).
13 OMe CeHs B 71 616 744 72 171
D 713 606 7-54 9-63 18-3
N 708 609 756 963 159
14 OEt CeHs B 711 626 7-58 982 198
N 712 615 7-50 971 175
15 CHOHPh CsH; D 685 588 747 931 210
16 CHOHPhpCl PCICsH« B 548 631 795 9-60 169

* B = benzene, D = deuterochloroform, T = carbon tetrachloride, N = neat liquid.
® 100 Mc, v,d values indicated by * were calculated from 60 Mc spectra only.
¢ N. Sheppard and J. J. Turner, Proc. Roy. Soc. A, 252, 506 (1959).

DISCUSSION

Having established that the conformation about the C—OR bond depends on the
nature of the substituent we may now ask whether the ring geometry is similarly
affected. If so, is it possible to construct a consistent model that explains the observed
changes in coupling constants and chemical shifts on substitution?

We utilize the previously developed?:? linear correlations between various physical
properties of a given conformational equilibrium mixture.

The measured properties P, QandRofanethbnummmuxeoftwo forms are equated to the properties
Pa, Py, Qa, ctc,, of the individual conformers by:

Pw=XP,+{1~X)Pa
Q=X,0,+(1 - X)Qa @
Re=XR, +(1-X)Ra

where X, is the molar fraction of component g.

It follows that: dP/dQ = (Pg — Pa)AQg — Qa) = AP/AQ = constant; similarly dP/dR = constant,
etc.

On the condition that the individual properties Pg, Pa, ..., are independent of the external influences
applied to vary the equilibrium constant, a shift of the equilibrium yiclds linear relations between the
measured properties. Moreover, if we choose properties Py, Pa, ..., that are constant from compound
to compound, a single straight line is obtained for a homologous series of compounds.*

For example, the dipole moments of the individual anti and gauche forms of
2-alkoxy-1,3-dioxolanes are expected to be practically independent of the nature of
the alkoxy groupt and a plot of u? vs any other property (coupling constant or
chemical shift) permits one to draw several conclusions regarding this sécond

property.

* In the case of a three-conformer system the relation between two properties, say u? and J, is more
complex. Generally, the points will be scattered within the boundary of a triangle (cf. ref. 7 and H. R. Buys,
forthcoming thesis, Leiden).

¥ The dipole moments of homologous series of ethers and alcohols are known to be practically constant;
A. L. McClellan, Tables of Experimental Dipole Moments, Freeman and Co., San Francisco (Calif.), 1963).
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The experimental results (Fig. 8) indicate that there exists a linear relation between
u? and J,, within the error of measurement. First, it follows that the variation of
J s from compound to compound is due to variations in equilibrium composition,
J.is (anti) being significantly smaller than J, (gauche). Second, the properties of the
conformers partaking in the equilibrium, in particular cis (anti) and J ., (gauche),
seem to be constant for the a and g conformers of the compounds 1-3 in benzene

W
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20 1

1.0 v v v v
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FIG. 8 Plot of u? vs J,,, (compounds 1, 3 and 11 in benzene @) and in carbon tetrachloride O).
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F1G. 9 Plot of v, vs J,, of 2-substituted 1,3-dioxolanes.
@®in benzene, ® in deuterochloroform, Min carbon tetrachloride, ® neat liquid.
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and in carbon tetrachloride and this is assumed to hold for the remaining compounds
also. Third, the occurrence of a single straight line suggests* that two out of the
four possible conformers (axial anti, axial gauche, equatorial anti, equatorial gauche)
predominate in the equilibrium. The available data do not allow an unambiguous
choice between a and e conformers.

The chemical shift between the A and B hydrogens (v,0) is also a physical property
expected to vary with the equilibrium anti = gauche according to Eq. 2. However,
due to substituent-dependent influences on the chemical shift, such as magnetic
anisotropy and dipolar effects as well as specific solvent interactions, the correlation
between v,é and J;, (Fig. 9) or u? shows greater deviations from linearity than the
u?/J ;. plot. Still, the general trend seems clear : increasing J,, (=increasing amount
of the gauche form) goes with increasing v,6. Compound 7 (R = CCl;) shows an
anomalously high v,é value in benzene; in carbon tetrachloride its shift appears
normal.

It was assumed”® that the signal due to the hydrogens cis to the (carbon) substituent
on C(2) is shifted upfield. An inspection of the chemical shifts 4, and g of the
2-alkoxy-1.3-dioxolanes (Fig. 10) leads to the same tentative conclusion, although

R, R,
:
1 OMe H H I
[]
2 OEt H : |
' '
3 OtBu H : '
1
| d ] o
H
s | oAc H I ;
! [)
6 | o8 H i I
: []
) oa, H I :
L]
| s | o i |
5 H H i
]
10 CH,Br H :
1
]
1 OMe Me i I
)
12| om Me : l
(]
]
13| ome ¢ | |
]
]
14 OEt E |
15 | cH,0H-¢ : l
[] " -
< 2 - A'l\ ’.'n
o 42 /U >0

H -
F1G. 10 Chemical shifts (6 in ppm) of the A and B protons of 1,3-dioxolanes in deutero-
chloroform.

* Sce footnote * on page 4385.
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matters here are more complicated. In all cases the average shift 5,5 is to lower
field compared to that of 1,3-dioxolane. Moreover, the downfield resonances in the
series R = OMe, OEt, OtBu, O¢, S¢, occur in a narrow range (3-97-4-06 ppm in
CDCl,) whereas the upfield signal progresses fairly regularly from 3-95 to 3-77 ppm,
1.e. the cis proton signals are shifted progressively upfield, with increasing proportion
of the gauche conformers.* This shift may indicate a relatively large contribution
from the dipole field of the lone pair electrdns on the exo oxygen atom.

Coupling constants
The Karplus equation?! is utilized in the following form:

_—
(73]
~—

J = Acos® gy — Bcos guy + C
(O < ¢ < 180°)

The theoretical constants,?! adjusted to Eq. (3), are: 4 =9, B= 05, C = —0-3 ¢/s.
These constants are usually treated as empirically adjustable parameters with
special emphasis on the largest constant A. Introduction of the ring torsional angle
¢ (CH,CH,) gives: t

Jcl: = J. (4)

Jerams = $[J(120 + @) + J(120 - @)] )

Fn (5) takec thic farm hecanee the rino 1c invertino ranidlv Fram Eac () (4) and (§)

ARge () MRRVD LALS SUL AL USARSUOY SV dilap A0 anaVVALLUE ABpANeL) . 4 ATML LU () T B ey
we obtain a useful expression:

Jerans + ¥y =34 +3C (6)

Eq. (6) gives a means to check the validity of a general method!! to determine the

TABLE 4. Jp, + % J,4, (c/s) FOR YARIOUS XCRHCRHY FRAGMENTS

Fragment Compound Jirans + 3 Jeis Ref.
H—CH,CH,—H theor. constants 63 21
O—CHCH,—O carbon subst. 74 14

1,4-dioxanes

O—CH,CH,—O 1,4-dioxanes 79 14
N—CH,CH,—O morpholine 81

S—CH,CH,—C thiczane 87 14
S—CH,CH,—S dithiane 94 1
C—CH,CH—O cyclohexanols 93 .
O—CH,CH,—O 1,3-dioxolanes 971 + 009 b

966 + 0-18 this work

* Average value from a number of compounds in the cyclohexane and steroid series.
® Average value from the data given in Ref. 9.

f these com pos:

t Trigonal projection symmetry is assumed. Calculations show that the error so introduced is of the
order of 2-3°. In view of the more serious approximations involved in the use of a single set of constants
in Eq. (3) (the assumption that the electronegative ring oxygen atoms influence the couplings of the a and ¢
protons to an equal extent), it can safely be neglected.

* Evsludina & and 7+ the daunfiald cional af thees comnounde ie noccihly due to the cic-nrotong
CRXCGUGIRE & and 7, o Gowniic:G signa: o pounGcs is S101y CUC 10 (N Lus-profions.
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constants A, B and C for a given X—CH,—CH,~Y fragment: this is to regard any
change in the couplings of the same fragment in different molecules as due to the
change in torsional angle. In that case, J,,.., + 4 J.;, should be constant for each
fragment. A compilation of coupling constant data from the literature and from our
work (Table 4) reveals that J, ,, + 4 J,, not only varies with the nature of X and Y,
as expected, but also with ring size and/or ring strain. Hence, an attempt to estimate
the torsional angle of the CH,CH, fragment in 1,3-dioxolanes from the measured
couplings may lead to erroncous conclusions.

The shift of J;, with the anti = gauche equiiibrium deserves closer attention.
Assuming that this shift is mainly due to a change in the average value of ¢, (Fig. 3
and Table 1), we may conclude that the mean phase angle of pseudorotation 4 is
different for the anti and gauche forms, ¢ gauche < anti. Hence, the gauche con-
formation about the exocyclic bond influences in such a way that it tends, on the
average, more towards the C, form (Fig. 3) than the anti conformation. The effect is
small, however. Let us consider the theoretical change in J,, and J,,,, on passing
from the C, (¢ = 18°) to the C, (¢ = 25°) form. Using Egs (4) and (5), and taking
A =9, B=205, one finds:

Ty (18°) — J.;p (25°) = 0084 A — 0045 B ~ 075 ¢/s
Jorens (18°) = Jppens (25°) = —0047 A + 0060 B ~ —0-4 cfs.

Qualitatively, the observed change in J,,, on passing from the tBu compound 3
{predominantly gauche) to the OMe, Me compound 11 (predominantly anti), i.e.
7-3-6-5 c/s, agrees with the calculated change, suggesting that the order of magnitude
of the accompanying pseudorotation is about correct. As far as we are aware, this is
the first experimental demonstration of the effect of the conformation about the
exocyclic bond on the conformation of the S-membered ring. A similar effect of the
nature of the substituent directly attached to ring D of steroids has been reported.’

TABLE 6. NUMERICAL DATA OF THE DIELECTRIC MEASUREMENTS

Compound  solvent® & 4 P20 (cm?) Rp (cm?){calc)
1 T 413 019 9478 23-40
B 427 -033 9068 2340 .
i T 499 025 11434 2802 (Rp exp = 2807T)
B 543  —029 11363 2802
3 T 264 036 7807 3726
B 280  —026 8491 3726
4 T 499 024 119-1 3208

T = carbon tetrachloride, B = benzene.

EXPERIMENTAL

Syntheses. Details of the synthetical procedures and analyses of the products will be given elsewhere.®
B.ps, refractive indices and chemical shifts are collected in Table 5.

Dielectric measurements. The electric moments were determined by measuring dielectric constants and
densities of 4-6 solutions of the compound in CCl, and in benzene (molar fraction range 0-0-025) at 25°
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as described.?-7 The total polarization P,, was calculated by the method of Halverstadt and Kumler;?®
dipole moments followed from:

o= 01281 w 10-190(P. . — ROATH
;T ETRESS RSN W20 T S s g

NMR spectra. The 60 Mc spectra were taken with a Varian A-60, the 100 Mc spectra with a Varian
HA-100 NMR spectrometer, using TMS as internal standard. The solutions in benzene, CDCly and
CCl, were approximately 159 wt/vol.
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