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Abstract: A comparison between calculated and experimental values for different kinds of allenes demonstrates that the poly-
nomial expression of the corresponding chirality function is able to account for a numerically adequate description of the molar
rotations of allenes in the transparent region. Correlations of optical activity data with other physical quantities, such as }3C-
chemical shifts, reveal that the parameters used for the calculations of the rotations are numerically well fixed.

(I) Introduction

An essentially algebraic theory applicable to any type of
chirality observation® x and any class of molecules® has been
presented in ref 2. In the form of special expressions charac-
terized by mathematical simplicity, semiempirical methods
for the calculation of chirality observations have been proposed.
These expressions contain, e.g., formally defined elements, such
as ligand-specific parameters A(R), u(R), etc., which may be
determined experimentally or on the basis of a quantum-
mechanical theory. The number of necessary parameters for
each ligand R depends upon the symmetry of the molecular
skeleton. The quantitative description of a chirality observation
by a chirality function naturally guarantees the theoretical
determination of the absolute configuration of a molecule.

A preliminary test for the semiempirical description of the
molar rotations [¢]2*D of phenylallenecarboxylic acids using
chirality functions has been reported* (D being the wavelength
of the sodium D line A 589 nm). For these kinds of “ D34 mol-
ecules”*% it has been found that one ligand-specific parameter
A(R) as the single variable suffices for the numerical calcu-
lation of [¢]*'D.

Furthermore, a quantum-mechanical treatment of the molar
rotation [¢])2°D of 1,3-dimethylallene (1) (Figure 1) has given
the physical interpretation of the parameter A(CHs) for the
o-inductive donor CH3.3 1t is the purpose of the present con-
tribution to report further examples for the success of the
proposed method* to account for a numerically adequate de-
scription of the molar rotations of allenes and to investigate
solvent effects on the rotations; to extend our treatment of
[¢]>°D to the optical rotatory dispersion (ORD) [¢]25\ in the
transparent region (A 2 330 nm); and to give further insights
into the physical interpretation of the A(R) parameters and
their numerical accuracies.

The discussions are based upon new experimental findings
essentially from our laboratories®-® and include the allenes
1-24 (Figures | and 2) as well as the methyl esters (COOH
— COOCHj3) and the sodium salts (COOH — COONa) of
the corresponding acids 7-9. The methyl esters are denoted by
an appended e (e.g., 7e) and the sodium salts by an appended
s (e.g., 7s).

Concerning the molar rotations [¢]25D some phenylallenes
(2, 3-9, 12, 13) have been treated in ref 4.

(IT) Theory

Summarizing some aspects of the theory of chirality func-
tions with special emphasis to allenes will facilitate not only
the ability to see the relations of this theory to our experimental
procedures and discussions but also some relations to a recent
proposal® relying in part concerning “experimental evidence”

on our results for phenylallenecarboxylic acids. For this pur-
pose we make use of the development of the chirality functions
in terms of polynomials of the lowest degree in ligand-specific
parameters, 2

The chirality observations of interest refer to measurements
of pseudoscalar properties of molecules of one kind in an
achiral solvent and (equimolar) nonracemic mixtures of con-
stitutional isomers. In order to be different from zero when
applied to any possible nonracemic mixture of isomers a chi-
rality function has to be “qualitatively complete”.>* The
concept of qualitative completeness emerges from the as-
sumption that, apart from accidental cases, no zero chirality
observation occurs for an ensemble of chiral molecules,
whether it contains only molecules of one kind or is a mixture
of nonenantiomeric isomers.

1t has turned out that the “qualitatively” complete chirality
function” for the allenes as the prototypes of *“D,, molecules”
is made up additively of two components ¢, and ¢, with dif-
ferent structures. Concerning this molecular class with ligand
sites at the corners of a tetrahedron of symmetry D,y (Figure
3) the corresponding expression is given by eq 1.

x(R1,R2,R3,R4) = ¢1(R1,R2.R3,R4) + 2(R1,.R2,R3,R9)
(1a)
x(R1,R2,R3,R4) = ¢/ [MR) = MR2)][AR3) — A(R4)]
+ e2[#(R}) — u(R2)][u(R2) = w(R3)][u(R3) — u(R))]
[u(Ry) = u(R4)][u(R2) = w(Ra)][#(R3) — u(R4)] (1b)

The coefficients ¢, = £1 (i = 1, 2) are sign factors which may
be determined experimentally or by a quantum-mechanical
theory. From eq 1b one can easily see that the u term vanishes
if two of the ligands are identical, i.e., for molecules of the type
(a) in Figure 4. For these kinds of molecules ¢, represents the
qualitatively complete chirality function.

The function ¢, the A term, satisfies the zero identity 2,
regardless of the nature of the ligands R;.

2] (R 1 sRZsR3sR4) + "2} (R| ,R},R4,R2)

+ @I(RlsR4sR2sR3) =0 (2)
Therefore, it does not contribute to the expression
'5[x(R1,R2,R3,R4) + x(R1,R3,R4,R2) + x(R1,R4,R2,R3)]

(3)

which describes the (nonzero) chirality observation of a non-
racemic isomer mixture of the type (b) given in Figure 4. Such
a mixture may be built up, e.g., by the compounds 14, 15, and

16.
Molecules of the type (a) (Figure 4) or isomer mixtures of
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the type (b) (Figure 4) represent experimental arrangements
where an optical activity measurement depends only upon one
kind of parameter (A or ). Inref 4 it has been shown that the
“shortened” approximation (eq 4) (¢; = +1) is successful in
accounting for a numerically satisfying description of the molar
rotation [¢]23D(C>HsOH) of phenylallenecarboxylic acids in
ethanol as a “standard” solvent.*

xRy, Ry RR) = [AR) = MR [AMR) - A(RL)] (@)

1 4
N s
C=C=C
2" ~3

The above experimental finding* is not unexpected. The u
polynomial represents the (qualitatively complete) chirality
function for a molecular class with the skeleton of the regular
tetrahedron T, whereas eq 1 is the qualitatively complete
chirality function of a molecular class with the symmetry D4
of the irregular tetrahedron. Owing to the cumulated double
bonds the symmetry situation in allenes differs considerably
from the 7, symmetry, and it may be assumed that the A
polynomial describes the relevant part of the phenomenon; i.e.,
the 4 term should be small compared with the A term and
probably be negligible for numerical purposes.

In our treatment so far4 solvent effects (changing ethanol

®
©)
@
@
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for methanol) have been partly incorporated using the Lorentz
factor ((n2D +2)/3)'% for the internal field of the solvent
cavity, in which the solute molecule is enclosed (nD being the
index of refraction). Though this field correction is prob-
lematic,'% it is small and therefore of minor interest con-
cerning numerical aspects.

(IIT) Semiempirical Calculations of Optical Rotations of
Allenes

(1) Molar Rotations [¢]**D. Following our treatment* the
(new) parameters A(COOCH;) and A(COONa) are deter-
mined from the rotations of the compounds 7e and 7s which
are of the type (a) (Figure 4). For completeness and with
emphasis to the ORD (subsection [11.3) also the parameters
which have already been evaluated* are summarized in Table
I (e =+1, A\(H) = 0). The second column gives the experi-
mental values of the molar rotations [¢]2°D, the third column
gives the references for these values, and the fourth column
gives the A(R) parameters determined from [¢]2°D.

In Table I experimental and calculated (eq 4) molar rota-
tions are given. For this comparison we have restricted our-
selves to molecules where the rotations have been determined
under “standard conditions™ (ethanol or methanol as the
solvent) or where no specific solute-solvent interactions are
expected to occur. These compounds are given in Figure 1.

In general, an excellent agreement between calculated and
experimental molar rotations is observed. Only four com-
pounds exhibit larger deviations (1, 11, 15, 17). In the case of
( )-1,3-dimethylallene (1) one cannot be quite sure that the
given molar rotation corresponds to that of the optically pure
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Table I. Determination of the A(R) Parameters (eq 4) from the
Molar Rotations of Allenes having the S Configuration (\(H) =
0)

(¢]?°D(C,H;s0H),
Compd deg Ref AMR)

2 +1958 4,11 MCgHs) = +44.3

3 +6864 4,12 MCOOH) = +15.4

6 +280 4,13 MCH;) = +7.7

7 +88.8 4,13 XNCyHs) = +12.6

Te +124 6 MCOOCH3) = +16.5
Ts +211 6 MCOONa) = +19.3
12 +4220 4,12 A(CH3),CH) = +16.9
13 +3904 4,12  A(CH;);C) = +18.9

@ Values from methanol and corrected using the Lorentz factor:
[¢]2°D(C2HsOH) = 1.01[¢]**D(CH;0H).

compound.'4® Furthermore, the disagreement may be partly
due to the measuring conditions. The measurement has been
performed on the neat liquid, so that intermolecular interac-
tions may have some influence. The theory neglects such
contributions; i.e., only dilute solutions should be used for the
comparisons between experimental and calculated rota-
tions.

The other compounds (11, 15, 17), where larger deviations
are observed, have two common features: first, there is an ethyl
group geminal to the carboxylic functionality; second, all the
molecules have only three ligands other than hydrogen.

One might assume that, especially for the alkylallene-
carboxylic acids (15, 17), the T4 component ¢ of the (quali-
tatively complete) chirality function (eq 1b) becomes relevant.
However, this is ruled out by the fact that 17 is of type (a)
(Figure 4), and therefore, the u term vanishes (¢2 = 0).

Furthermore, it may be that the specific arrangement of
ligands (C,Hs geminal to COOH) gives rise to ligand inter-
actions which are not incorporated in the theory.2# This as-
sumption is unlikely due to the fact that in most molecules
under consideration there are also geminal interactions be-
tween the ligands, which obviously have no significant influ-
ence on the molar rotations. These ligand interactions have
been demonstrated for the allenes using photoelectron,'’
electronic (absorption) spectroscopy,'” and '*C-NMR spec-
troscopy.’®

Further factors which may have a decisive influence on
observed optical rotations and which are ignored by the theory
include solvation and conformational effects (special dis-
symmetric orientations of substituents or different rotamer
populations for different substitution patterns). An investi-
gation in how far conformational effects, especially in 1,3-
dialkylallenes, determine the optical rotations has failed to give
evidence for such a contribution in case of 1,3-dipropylal-
lene.'®® Therefore, an explanation for the observed deviations
for 11, 15, and 17 in terms of different interactions of the
carboxylic group with the solvent owing to the neighboring
ethyl substituent is attractive. On the other hand, the largest
deviation between experimental and calculated rotations is
observed for the allene with two ethyl groups (17), i.e., a
molecule with the 1,3-dialkylallene subunit generally suspected
to exhibit conformational dissymmetry.'8® Therefore, we
cannot preclude that the specific ligand arrangement (ethyl
geminal to the carboxylic group and only one substituent in «y
position) affects the rotamer populations with respect to the
ethyl groups. Furthermore, the rotamer population and not an
intrinsic property of the group may be the relevant factor for
the solvation of the carboxylic group, so that solvent and con-
formational effects are operative and, finally, cannot be sep-
arated.

In order to study the solvent effect qualitatively we have
measured the molar rotations of some allenes in the very weak
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Table II. Experimental and Calculated (eq 4) Molar Rotations of
Allenes in Ethanol having the S configuration

[¢]2°D(C2HsOH),

Compd deg Ref X, deg
4 +515 6,12 +564
5 +496 6,12 +488
8 +253 4,13 +244
8e +300 6 +279
8s +354 6 +368
9 +103 4,13 +102
9e +154 6 +143
9 +249 6 +256

10 +374 6 +342
11 +157 6 +124
15 +34.4 6 +21.6
16 +100 6 +97.0
17 +74.9 6 +35.3
18 +63.5 6 +59.3
1 +51.04 14 +59.3

a Measured on the neat liquid (#25D = 1.425!6) and corrected using
the Lorentz factor.

Table III. Experimental and Calculated (eq 4) Molar Rotations of
Allenes in Chloroform having the S Configuration

[¢]**D(CHCI3),

Compd deg Ref  x,7deg [6]%°D/x
2 +2117 14 +2020 1.05
5 +566 6 +503 1.13
7 +117 6 +91.6 1.28
8 +259 6 +251 1.03
9 +135 6 +105 1.29

10 +370 6 +352 1.05
11 +159 6 +128 1.24
14 +124 19 +77.7 1.59
14e +111 19 +83.3 1.33
15 +45.6 6 +22.2 2.06
16 +112 6 +100 1.12
17 +94.5 6 +36.4 2.60
18 +75.6 6 +61.1 1.24

2 x(CHCI3) = 1.03x(C,HsOH).

protic solvent chloroform CHCl;. CHCl; is a potential hy-
drogen bond donor and a common solvent for optical rotation
measurements. It is also sufficiently polar to dissolve the acids
essentially in monomeric form,

Table 111 shows the comparison between experimental and
calculated molar rotations in chloroform as the solvent. Field
effects of CHCl; are incorporated by the Lorentz factor. The
agreement between [¢]2D(CHCI3) and x(CHCl,) is not as
good as for ethanol. Also in this case the most serious deviations
are observed for compounds with substituents geminal to the
carboxylic group, whereas the substituents in 4 position (ligand
site | or 2, Figure 3) seem to be of minor importance. The de-
viations are rather irregular (column 5, Table I11) and seem
to be not statistically at random. The deviations always point
to one direction,

These results suggest that a large part of the deviations be-
tween experimental and calculated rotations are due to solvent
effects associated with the hydrogen bonding ability of the
carboxylic group and the dependency of the interactions of this
group with the solvent upon geminal substituents (and their
conformations). This assumption is supported by the fact that
homologous aliphatic carboxylic acids R-CH,-COOH (R =
H, CHj3, C>Hs, ete.) have rather irregular dissociation con-
stants,2® which have been explained by steric hindrance of
solvation.20 As a further support of our arguments we make
use of the rotations of the acid 14 and its methyl ester 14e
(Table I11). Usually, the experimental rotations of the esters
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Table IV, Experimental and Calculated (eq 4) Molar Rotation of
Allenes in Acetonitrile having the S Configuration

[¢]2°D(CH3CN),

Compd deg Ref x,? deg

5 +504 6 +488
7 +72.0 6 +89.0

8 +237 6 +244

9 +100 6 +102

10 +346 6 +342

11 +117¢ 6 +124
15 +25.7 6 +21.6
17 +70.8 6 +35.3

4 x(CH3CH) = x(C3HsOH). ? The value for [¢]2D(CH;CN)
in ref 6 results from a misprint.

are greater than those of the corresponding acids (cf, Table II)
and the rotations of the esters are not much affected in
changing a protic solvent for a nonpolar aprotic solvent (cf.
[#]%°D (9e) in ethanol and isooctane).® Therefore, the reversal
of the sequence of the rotations for 14 and 14e in chloroform
may be associated with the interactions of the protic COOH
group and the solvent. This solvent effect of chloroform with
the carboxylic group makes it difficult to discuss the test of eq
3 for the compounds 14, 15, and 16 appropriately. According
to the concept of qualitative completeness this mixture of type
(b) should give nonzero rotation (eq 5), regardless of the nature
of the ligands and the solvent.

s[[#]*D(14) + [¢]°D(15) = [¢]*°D(16)]
= +19.2° (for CHCly) (5)

Indeed, eq 5 is different from zero which, however, apart from
being a result of experimental errors, may be due to solvent
(and conformational) effects in chloroform or may be viewed
as a hint that the u polynomial makes a nonvantshing contri-
bution to the rotations in chloroform or may be both,

In order to be independent at least from hydrz *en-bond
interactions between the solvent and the carbonyl group of the
allenic acids and from the problem of the internal electric field
due to the polarization of the solvent molecules we have mea-
sured the molar rotations of some allenes in acetonitrile
CHCN (Table 1V). This solvent is polar and disscives the
acids in monomeric form. Furthermore, acetonitrile has
practically the same polarizability as ethanol (i.c., the same
index of refraction). Therefore, we can calculate the molar
rotations x(CH3;CN) directly without any correction with the
A(R) parameters from Table 1.

In this solvent we have an overall good agreement between
calculated and observed rotations with the exception of 7 and
17, the last compound exhibiting the largest deviations in any
solvent. For the allenes 11 and 15 the agreement between
calculated and experimental rotations is strikingly improved
compared with those in ethanol. Until now we have been unable
to give a convincing explanation for the large deviations in case
of 7 and 17. Probably, in acetonitrile, both the ethyl groups in
the molecules achieve those preferred conformations which are
observed for a single ethyl group in ethylallene,® and thus in-
troduce a conformational dissymmetry comparable to that in
1,2-cyclononadiene.!®

The solvent effects may have an unpredictable influence on
the basic model underlying the discussions for chirality ob-
servations; e.g., there may be in some solvents the violation of
the restricting condition ligand qualities to be independent
from neighbor ligands or there may be introduced a confor-
mational dissymmetry. As a consequence, optical activity
measurements of allenes which shall be compared with theo-
retical predictions on the basts of eq 4 should be performed at
least in two different solvents, preferentially ethanol (metha-

+10

0.5 1.0

Figure 8. Correlation of the A(R) parameters of inductive substituents and
the group moments |u(R)|.

nol) and acetonitrile. For nonpolar allenic hydrocarbons sat-
urated hydrocarbons as the solvents are also appropriate.

Owing to the extreme sensitivity of optical activity mea-
surements to solvent and other effects we feel it rather difficult
to find well-defined allenic systems for which unambiguous
experiments may be performed in order to discuss the concept
of qualitative completeness on the basis of eq 3.

(2) Correlations of the A(R) Parameters with Other Substit-
uent Parameters. A quantum-mechanical treatment of the
optical rotation [¢]33D of (S)-1,3-dimethylallene (1) has given
the physical interpretation of the substituent parameter
AMCH3) of the g-inductive donor group CH3.3 According to
the theory the parameter A(R) is related to the difference of
the (group) polarizabilities concerning the major axes of the
=C—R bond, Aa(R) = a{R) — o (R), the anisotropy of the
polarizability, and a factor x(R), characterizing the variations
and reductions of electronic charges in the Cyp2-Csp2 bonding
region. The factor «(R) should be viewed as a measure of the
polarity of the C-R bond between the allenic terminal carbon
atom and the ligand carbon atom.

AMR) = G - «k(R) - Aa(R) (6)

In eq 6 G is a geometrical constant depending upon the sym-
metry of the molecular skeleton.

On the basis of eq 6 the observed large variations of the A(R)
parameters for the alkyl groups and the hydrogen atom may
be interpreted. For this purpose we consider the extremes
MCHs3) = 4+7.7 and A((CH3)3C) = +18.9. Both the ligands
are assumed to be of the (time-averaged) symmetry Cs,.. at
least in sterically not hindered allenes. Using an additivity
hypothesis for group anisotropic polarizibilities?! the aniso-
tropies for the polarizabilities of acetonitrile CH3-CN (ay —
o, = 1.89 A%2! and tertiary butylnitrile (CH3);C-CN (¢
— a, = 1.68 A3)2! suggest that also in allenic systems the
differences between the group properties Aa(CH;) and
Aa((CH3);C) are rather small. Then the observed variations
of the corresponding A(R) parameters should only be due to
the differences in the bonding polarities x(R) of the Cyp2-Cyp2
bonds in the alkylallenes. Indeed, an excellent linear correlation
(eq 7) (linear correlation coefficient » = 0.998) of the pa-
rameter A(R) with the group moment |u(R)] (Figure 5) is
found.

AMR) = 22.11|u(R)| = 0.12 (7N

The corresponding group moments are identified with the
dipole moments of the corresponding phenyl derivatives
C¢Hs-R22 which in turn are related to the dipole moments of
the allenes R-CH=C==CH:® (in Debye). Furthermore, it has
been shown’® that the parameters A(R) are linearly related to
the parameters o(R) which are used to calculate the 13C.
chemical shifts of the central carbon atoms of allenes.”® Two
correlations, eq 8a (» = 0.981) and 8% (r = 0.999), with nearly
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Table V. Determination of A(R) Parameters from Empirical
Correlations
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Table VI. Experimental and Calculated (eq 4) Molar Rotations of
Allenes having the S Configuration

Method Ref AMR) Compd [#]2°D, deg Ref X, deg
Eq 10b MCH;3(CHy)s) = +12.6 19 +2444 36 +194
Eq 11l MCH,CH,0H) = +12.6 21 +(84 £ 10)® 33 +97.0
Eq9a 35 MCH,;OH) = 49.5 23 +475 14, 34 +473
Eq 9b 35,38 MHC=CC=C) = +375 24 +448¢ 14, 37 +3669

[¢]*°D = +(113£6°)2 33 MC(CH3),0H) = +14.7

2 Measured in methanol and corrected via the Lorentz factor.

equal slopes have been obtained by a least-squares fit. Equation
8a is valid for (s-inductive) alkyl groups including hydrogen
and eq 8b for mesomeric substituents bonded via a carbon atom
to the allenic skeleton.

A(R) = —=3.47¢(R) — 0.85 for inductive groups (8a)
AR) = =3.530(R) + 33.76 for mesomeric groups (8b)

The !3C-chemical shift parameters ¢(R) are correlated with
the Swain-Lupton?? resonance parameters & and Dewar-
Grisdale? parameters M’;7? i.e., the A(R) parameters have
a common basis with usual substituent constants of linear free
energy relationships3 in physical organic chemistry.

These correlations of the A(R) parameters with other
physical quantities show that the A(R) values are numerically
well fixed. Consequently, deviations from predicted rotations
may provide valuable chemical information concerning solvent
effects, ligand interactions, conformational effects, etc.

Concerning the general theory optical rotations!%:.26 [$]25D
and '3C-chemical shifts?’? 8¢, i.e., differences in magnetic
shielding tensor traces, represent second-order properties,
because they depend upon ground states |0) and excited states
|i) with energies Eq (=hvo) and E; (=hy;), respectively. Both
involve sums of magnetic transition moment operator matrix
elements (O|m|i).28

([o] ~ Zv3(voi? = v»)~ " Im{(0|m|/) - (i|u]0)

Usually, correlations of the rotations with polarizabilities «
are emphasized2® which involve sums of electric dipole moment
operator matrix elements (0| u|/).5-26 Therefore, it is formally
interesting that relationships exist between [¢]2°D and ¢ or
the substituent effect on these quantities, respectively.

As the parameters ¢(R) for inductive groups are correlated
with the w-electron densities Pc,”™ (CNDO/S),! calculated
within the CNDO/S approximation, we have a further pos-
sibility to obtain A(R) parameters without any reference to
optical activity measurements via eq 9a (r = 0.989) which has
been obtained by a least-squares fit.

AR) =190.3P¢,(CNDO/S)(RCH=C=CH,) — 173.0
for inductive groups (9a)

A corresponding correlation (eq 9b) (» = 0.998) involving
the w-electron density of the central carbon atom of the allene
R—CH=C=CH; is also valid for mesomeric substituents
(C¢Hs, COOCHj;, COOH) bonded via carbon to the allenic
skeleton (cf. Table V and ref 38).

A(R) = 344.0Pc,"(CNDO/S)(RCH=C=CH;) — 269.3
for mesomeric groups (9b)

From a practical point of view the above empirical corre-
lations are useful for the predictions of new A\(R) parameters
and consequently the predictions of molar rotations. This shall
be demonstrated considering the allenes 19-24.

From the results embodied in eq 8a three statements con-
cerning inductive substituents emerge.

(1) As the 13C-chemical shifts (the o(R) values) for allenes

a The solvent for the measurement is not given in ref 36. » Measured
in methanol and corrected via the Lorentz factor. < Measured in
methylene chloride. 4 Corrected via the Lorentz factor x(CH,Cl»)
= ].03X(C2H50H).

with linear alkyl groups alternate according to the number of
their methylene groups,3? there exist two sets of linear alkyl
groups each of them having the same A(R) value for every el-
ement of the set.

MCH;(CHa),) ~ M(CH3) forn=12,4  (10a)
MCH;(CHa),) ~ M(C:Hs) forn=3,5  (10b)

Equation 10b can be used immediately to estimate the
molar rotation of 20. Unfortunately, only the rotation in
chloroform is available,?! and therefore, “solvent effects” may
be expected (subsection I11.1). However, as one may assume
on the basis of the similar pK values of the corresponding ali-
phatic carboxylic acids?? the effect of the n-butyl group is
similar to that of the ethyl group, we would predict [¢]2°D(20)
~ [$]?°D(15) in CHCls. This, indeed, is correct ([¢]?°D =
+45.6 (Table H1) for 15, and for 20 [¢]%°D = +47.23! in
CHCl3).

(2) Based upon the comparison of ¢(CH3) = —3.2 ppm’®
and ¢(CH,SCH3) = —3.2 ppm32 one can expect that a het-
erosubstituent X has only a small influence, i.e., A\(CR3X) is
only slightly changed in comparison to A(CR,H).

(3) A heterosubstituent X in 3 position to the allenic skeleton
(CR,CR;X), exerting a § effect?® on the '3C-chemical shift
of the central carbon atom of the allene, should have a negli-
gible influence on the parameters ¢ and A, i.e.,

AMCR,CR2X) = MCR>CR;H) (n

On the basis of the above statements, the empirical correlations
9a and 9b, or the molar rotations of the corresponding com-
pounds,new A(R) parameters have beendetermined (Table V).
In the first column of Table V the basis for the evaluation of
AR) is given.

Using the A(R) values from Table V the molar rotations of
the allenes 19, 21, 23, and 24 (from Figure 2) have been cal-
culated. The comparison between experimental and calculated
rotations for these compounds is given in Table V1.

The agreement is rather satisfying. Therefore, the above
A(R) parameters from Table V are also suited for the calcu-
lations of molar rotations of allenes. The deviation for 24
probably results from the solvent effect of methylene chloride
(similar to the situation in chloroform). Furthermore, the
larger deviations for 19 and 24 may be partly due to confor-
mational effects of the long alkyl chains. The possibility that
long alkyl chains (CH;),-X, especially those with terminal
polar groups, such as X = OH and COOH, introduce confor-
mational dissymmetry into allenes becomes more important
with increasing n.37 Such effects will surely have a nonnegli-
gible influence on the magnitude of the rotations. Therefore,
allenes with such substituents, e.g., some interesting naturally
occuring diyne-allene systems,'434-37 have not been considered
in our investigation.

(3) Optical Rotatory Dispersion in the Transparent Region.
The physical interpretation of the A(R) parameters according
to eq 6 implies, at least for the inductive groups, the analytical
form for the description of the ORD in the transparent region;
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Figure 6. Experimental and calculated optical rotatory dispersion of some
allenes in the transparent region.

the wavelength dependency of [#]2 is determined via A(R)
by the anisotropy of the polarizability Aa(R). Consequently,
the wavelength dependency should involve four constants: C,r,
Cis Aprs Ay, 26:41:42

Crr _ Cn
>\2 - >\rr2 A - >\112

However, from a practical point of view it seems to be advan-
tageous to use a simpler relation.

For the discussion of the ORD of allenes we restrict ourselves
to the compounds 1-18 (Figure 1), because only for these
molecules ORD curves are available;6:'3-18b je | only the
A(R) parameters from Table 1 are considered.

Evaluating the AM(R) parameters for selected wavelengths®13
it turns out that, with the exception of the phenyl group, the
ratio between the A(R) values of two different groups R and
R is practically independent from the wavelength (A = 330
nm).

[MR1)/A(R3)]x = constant for A = 330 nm
and R; # C¢Hs (13)

This is expected for hydrogen and the alkyl groups as the dif-
ferences between their A(R) parameters are almost indepen-
dent from Aa(R) (eq 7). The analytical wavelength depen-
dency of the A(R) may be approximated in terms of eq 14a and
14b, respectively.

AR) =

(12)

1.20 X 108
+———>\2—'—> (]43.)

R; = H, alkyl, COOH, COOCH3;, COONa

3.12 X 109
+——>\2——) (14b)

These expressions contain only two empirical constants. They
are identical concerning the analytical form with the approx-

IMR)x = 0.224 [MR)]p - (1

[M(CeHs)] = 0.100[A(CeHs)]p - (1

imation used to describe the wavelength dependency of the
average polarizability

a = thlay + axn + az3)®

In general, ORD curves calculated on the tasis of eq 4 and 14
show deviations from the experimental ones by ~10% for A >
400 nm and ~25% for 330 < X\ < 400 nm.

In Figure 6 experimental and calculated ORD curves for
some representative allenes (not used for the determination
of the eq 14a and 14b) are displayed. For the alkylallenecar-
boxylic acids (16, 18) the agreement is satisfying on the total
interval A 2 330 nm, whereas for phenylallenecarboxylic acids
(6, 8) the agreement is only sufficient for A = 400 nm, This
may be partly due to the different sensitivities of the phenyl
group and the other groups toward wavelength. Furthermore,
the ORD of the allenes in the transparent region is essentially
determined by electronic transitions with energies AE <
50 000 cm™!,4%44 Phenylallenecarboxylic acids have longer
wavelength transitions than alkylallenecarboxylic acids, 044
and, within the series of phenyl compounds, the circular di-
chroisms of the (weak) longest wavelength transitions are
partly of different signs.** Therefore, the ORD curves for
phenylallenes are rather sensitive toward structural changes
at the border of the transparent region.

(IV) Summary and Conclusions

As a resumé it has turned out that special expressions of
chirality functions involving ligand-specific parameters A(R)
and their quantum-mechanical interpretations form a sound
basis for the quantitative description of the optical rotatory
dispersion of allenes in the transparent region.

Correlations of the A(R) parameters with other physical
quantities assure the accuracy of the selected numerical values
of these parameters which may be buried sometimes by solvent,
conformational, and other effects, if experimental and calcu-
lated molar rotations of allenes are compared. For practical
purposes and problems of (dyr.amic) stereochemistry!!.18545
our treatments offer two application patterns.

(1) From the sign of the (measured) optical rotation in the
transparent region (A 2 330 nm) the optical purity and the
absolute configuration of a given allene may be calculated,
provided the allene has substituents whose A(R) parameters
are known.

(2) If for an allene a certain parameter is unknown (cf. ref
45), it may be determined without any reference to optical
activity measurements from '3C-chemical shift measurements
or semiempirical CNDO/S calculations of #-electron densities
via empirical correlations.

The accuracy of our determinations of optical purities is
comparable to that achieved with chiral shift reagents using
NMR spectroscopy.?? In case of the allenes purely empirical
methods for the determination of absolute configurations
(“Lowe’s rule”*7) and the calculations-of molar rotations based
upon Brewster’s classical helix model®® are covered by our
treatment.

Acknowledgment. Financial support by the “Deutsche
Forschungsgemeinschaft” is gratefully acknowledged. We
thank one referee for a valuable comment concerning confor-
mational dissymmetries in allenes.

References and Notes

(1) Part 7: W. Runge and W. Kosbahn, Ber. Bunsenges. Phys. Chem. 80, 1330
(1976).

(2) (a)E.Ruch and A. Schénhofer, Theor. Chim. Acta, 19, 225 (1970): (b) E.
Ruch, Acc. Chem. Rss., 5, 49 (1972).

(3) (a) Author to whom correspondence should be addressed at Studiengruppe
fir Systemforschung, D-6900 Heldelberg, Germany; (b) Technische Uni-
versitéat Miinchen.

(4) E.Ruch, W. Runge, and G. Kresze, Angew. Chem., Int. Ed. Engl., 12, 20
(1973).

Journal of the American Chemical Society |/ 99:17 [ August 17, 1977



(5) D. Haase and E. Ruch, Theor. Chim. Acta, 29, 247 (1973).

(6) W. Runge, G. Kresze, and E. Ruch, Justus Liebigs Ann. Chem., 1361
(1975).

(7) (a) W. Runge and J. Firl, Ber. Bunsenges. Phys. Chem., 79, 907 (1975);
(b) ibid., 79, 913 (1975).

(8) (a) W. Runge, Habilitation Thesis, Technische Universitat Munchen, Ger-
many, 1975; (b) J. Kroner, W. Kosbahn, and W. Runge. Ber. Bunsenges.
Phys. Chem., in press.

(9) J. Dugundji, D. Marquarding, and I. Ugi, Chem. Scr., 9, 74 (1976).

(10) (a) W. J. Kauzmann, J. E. Walter, and H. Eyring, Chem. Rev., 26, 339 (1940);
(b) W. Liptay, Ber. Bunsenges. Phys. Chem., 80, 207 (1976), and references
herein.

(11) J. M. Walbrick, J. W. Wilson, and W. M. Jones, J. Am, Chem. Soc., 90, 2895
(1968).

(12) K. Shingu, S. Hagishita, and M. Nakagawa, Tetrahedron Lett., 4371
(1967).

(13) G. Kresze, W. Runge, and E. Ruch, Justus Liebigs Ann. Chem., 756, 112
(1972).

(14) (a) R. Rossi and P. Diversi, Synthesis, 25 (1973). (b) Owing to the general
results concerning stereoselectivity of hydroboration reactions'® we as-
sume the optical purity of 1 obtained by the procedure in ref 14a to be at
least 75%.

(15) H.C.Brown, N. R. Ayyangar, and G. Zweifel, J. Am. Chem. Soc., 86, 397
(1964).

(16) A. A, Petrov and A. V. Fedorova, Russ. Chem. Rev., 33, 1(1964).

(17) W. Runge. W. Kosbahn, and J. Kroner, Ber. Bunsenges. Phys. Chem., 79,
371(1975).

(18) (a) P. Crabbé, E. Velarde, H. W. Anderson, S. D. Clarke, W. R. Moore, A.
F. Drake, and S. F. Mason, Chem. Commun., 1261 (1971); (b) W. R. Moore,
H. W. Anderson, and S. D. Clark, J. Am. Chem. Soc., 95, 835 (1973).

(19) (a) L. Crombie, P. A. Jenkins, and J. Roblin, J. Chem. Soc., Perkin Trans.

1. 1090 (1975). (b) Based upon the chemical degradation of 14 ([a]%‘D
= 4+21.7° in CHCl3) to (+)-methyl 2-methylbutyrate, [a]?°0(CHCl3) =
+5.1°, of known S configuration and rotation ([a{z-”o = +23.1°) a molar
rotation of [«]24D(CHCI3) = +98.4° is obtained for optically pure 14. Re-
action of 14 ([«]?0(CHCI3) = —36.1°) with diazomethane gave 14e
([«]*#*D(CHCI3) = —29.4°). Consequently, optically pure 14e has
[«)24D(CHCIg) = —79.3°.

(20) (a) H. A. Staab, "Einfuhrung in die theoretische organische Chemie”, Verlag
Chemie, Weinheim/Bergstr., Germany, 1962, p 617ff; (b) J. J. Christensen,
R. M. Izatt, and L. D. Hansen, J. Am. Chem. Soc., 89, 213 (1967).

(21) (a) J. Applequist, J. R. Carl, and K.-K. Fung, J. Am. Chem. Soc., 94, 2952
(1872); (b) J. Applequist and J. R. Carl, J. Phys. Chem., 77, 2090
(1973).

(22) "*CRC-Handbook of Chemistry and Physics™, 47th ed, The Chemical Rubber
Company, Cleveland, Ohio, 1966-67.

(23) C. G. Swain and E. C. Lupton, J. Am. Chem. Soc., 90, 4328 (1968).

(24) M. J. S. Dewar and P. J. Grisdale, J. Am. Chem. Soc., 84, 3548 (1962).

(25) N. B. Chapman and J. S. Shorter, Ed., ’Advances in Linear Free Energy
Relationships’’, Plenum Press, London, 1972.

(26) D. J. Caldwell and H. Eyring, "The Theory of Optical Activity’’, Wiley-In-
terscience, New York, N.Y., 1971.

(27) N. F. Ramsey, Phys. Rev., 91, 303 (1953).

5603

(28) Concerning substituent effects on the 13C-chemical shifts of the central
carbon atom of allenes we can restrict ourselves to the paramagnetic
shielding tensor.2°

(29) J. B. Stothers, "*Carbon-13 NMR Spectroscopy’’, Academic Press, New
York, N.Y., 1972.

(30) J. K. Crandall and S. A. Sojka, J. Am. Chem. Soc., 94, 5084 (1972).

(31) (a)J. H. Wotiz and R. Palchak, J. Am. Chem. Soc., 73, 1971 (1951). (b) On
the basis of the empirical experiences resolving allenecarboxylic acids
it seems very likely for 20 to be obtained in optically pure form through the
procedure given in ref 31a.

(32) (a) R. Steur, J. P. C. M. van Dongen, M. J. A. de Bie, W. Drenth, J. W. de
Haan, and L. J. M. van de Ven, Tetrahedron Lett., 3307 (1971). (b) To be
consistent a(CH;SCHa) has been determined from the '3C-chemical shifts
of phenylallene®?2 and 1-thiomethyl-2,3-butadiene.322

(33) A.Claesson, L.-I. Olsson, G. R. Sullivan, and H. 8. Mosher, J. Am. Chem.
Soc., 97, 2919 (1975).

(34) R. C. Cambie, A. Hirschberg, and E. R. H. Jones, J. Chem. Soc. C, 4210
(1963).

(35) CNDO/S calculations for H,C=C==CH-—CH,0H have been performed
for two conformations, one with the C-Q bond syn to the allenic double
bond (a), the other with the C-O bond in anti position (b). From analogy with
ethylallene,® conformation a is expected to be the preferred one: Pc,™ =
0.959 e (b: 0.952 e); Pc,™ = 0.892 e for HC=CC=CCH=C==CHj, Pc,"
= 0.831 e for H,C=C~~CHCOOCH; with C==0 trans to C==C and CHj
anti to H,C=C==CH.

(36) (a) M. Morisaki and K. Bloch, Bioorg. Chem., 1, 188 (1971). (b) There is no
proof for the optical purity of 18, However, the procedures to obtain (+)-18
and (—)-19 make it rather probable for 19 to be optically pure.

(37) R.E.Bew, J. R. Chapman, E. R. H. Jones, B. E. Lowe, and G. Lowe, J. Chem.
Soc. C, 129 (1966).

(38) From our results concerning H,C==C==CHCOQCHj3 and the x-ray inves-
tigation3® of HOOCHC=C==CHCOOH it is known that allenecarboxylic
derivatives have a preferred s-trans conformation. Therefore, we have
repeated our calculation*? for the s-trans form of H,C=C==CHCOOH: P, "
=0.827 e.

(39) L. Leiserowtiz and F. Nader, Angew. Chem., 85, 150 (1973).

(40) W.Runge, W, Kosbahn, and J. Winkler, Ber. Bunsenges. Phys. Chem., 79,
381(1975).

(41) G. R. Alms, A. K. Burnham, and H. W. Flygare, J. Chem. Phys., 63, 3321
(1975).

(42) J. Applequist, J. Chem. Phys., 58, 4251 (1973).

(43) M. Boyer-Donzelot and J. Barriol, Bull. Soc. Chim. Fr., 2972 (1973).

(44) W. Runge and J. Winkler, Ber. Bunsenges. Phys. Chem., 79, 610
(1975).

(45) (a) W. M. Jones and D. L. Krause, J. Am. Chem. Soc., 93, 551 (1971). (b)
From eq 8b one can predict the effect of a para substituent of the pheny!
group on the corresponding A(p-X-CgHy) parameter. From o(CgHs) = —3.0
ppm,”® o(p-Cl-CgHg) = —3.0 ppm,*® and o(p-CH3-CeHs) = —2.5 ppm*E
one obtains A(p-CI-CgHa) = +44.3 and A(p-CHz—CgH4) = +42.3.

(46) T. Okuyama, K. Izawa, and T. Fueno, Buli. Chem. Soc. Jpn., 47, 410
(1974).

(47) G. Lowe, Chem. Commun., 411 (1965).

(48) J. H. Brewster, Top. Stereochem., 2, 1(1967).

The Microwave Spectrum, Structure, and Dipole Moment
of 2-Mercaptoethanol; Evidence for an Intramolecular
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Abstract: The microwave spectrum of 2-mercaptoethanol has been observed and analyzed in the 18-40-GHz frequency region.
Using data from the normal and four additional isotopic species, the structure of the observed rotamer has been shown to be
all gauche (GGG). The structural results indicate the presence of an intramolecular hydrogen bond of the type OH-.S, with
an H-S distance of 2.565 £ 0.003 A, Dipole moment measurements lead to the values |us| = 0.619 £ 0.015, |up| = 1.478 £
0.012, and |gc| = 0.965 £ 0.009 D, in agreement with expectations for the observed GGG conformation. The present study
appears to be the first to present concrete structural evidence for the involvement of sulfur in an intramolecular hydrogen bond
in the gas phase. These results have been discussed in relation to other pertinent data.

Rotational isomerism in 1,2-disubstituted ethanes has
been studied extensively.! The threefold C-C barrier terms
lead generally to stable trans or gauche rotamers, the cis forms
being sterically unfavored. In the dihaloethanes (except for the
difluoro case??) the trans forms are the lowest energy species, b

while the situation reverses for the 2-haloethanols, for which
the gauche forms are lower in energy.3-¢ This latter phenom-
enon has been attributed to intramolecular hydrogen bonding,
and was carefully investigated by Azrak and Wilson® by mi-
crowave spectroscopy. These workers found that the stable
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