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The structure of dimethyl trans, trans-2,5-dichloromuconate, CaHaO4CI2, was determined by single- 
crystal X-ray diffraction techniques. The unit cell is monoclinic, space group P21/n, with the following 
dimensions at 23 + 2°C: a = 3.967 (1), b = 23.339 (5), c = 5"483 (1) A,, fl= 95.80 (1)0. There are two molecules 
in the unit cell; the molecules lie on centers of symmetry. The data were collected on an automated 
diffractometer. The structure was refined by full-matrix least-squares; the final value of the conventional 
R index is 0.041. The molecules lie in densely packed layers parallel to (T01). The carbonyl oxygen as- 
sumes the antiplanar conformation with respcct to the fl-carbon atom. Nonbonded intramolecular dis- 
tances do not show a significant preference for one conformer over the other. 

Introduction 

The conformation of the carboxyl group, a represen- 
tation of which is shown in Fig. 1, has been a subject 
of interest in a number of laboratories over the past 
few years. The preferred conformation at the carbon- 
carbon bond has been found to be the one which 
places the ~, fl carbon-carbon bond synplanar to 
the carbonyl (Leiserowitz & Schmidt, 1965). This 
preference is attributed by Leiserowitz and Schmidt to 
nonbonded interactions between the t -carbon and its 
hydrogen atoms, on the one hand, and the hydroxyl 
or carbonyl oxygen atoms, on the other. Chiefly due 
to the difference in carbon-carbon-carbonyl  oxygen 
and-hydroxyl  oxygen angles (characteristically about 
122 and 114 °, respectively), nonbondedfl-carbon-oxygen 
and hydrogen-oxygen distances are 0.1 and 0-2 A greater 
in the synplanar than in the antiplanar conformers. 

This preference in conformation is amply confirmed 
for saturated acids, which are synplanar with only a 
few exceptions. However, the extension of this con- 
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formation to a,fl-unsaturated acids on the basis of the 
same nonbonded interaction arguments is less satis- 
factory. Table 1 contains a list of a,fl-unsaturated 
acids and esters whose structures are known, together 
with the respective conformations about the carboxyl 
carbon-carbon bond. Of the twenty-three crystallo- 
graphically independent carboxyl groups represented in 
this table, nine are known to be antiplanar. 

As Dunitz & Strickler (1968) point out, nonbonded 
interactions cannot be the sole factor determining con- 
formations at the carbon-carbon bond in these com- 
pounds. They suggest that the bent-bond description 
of double bonds may be useful as a model of the inter- 
actions which produce the antiplanar conformation. 
If the carbonyl double bond is considered as two bent 
single bonds, then staggering about C-Ca in saturated 
acids leads to the synplanar conformation. However, 
in a,fl-unsaturated acids, with two double bonds to be 
resolved into bent bonds, staggering about C-Cc~ gives 
the antiplanar conformation. In the latter case, the 
preference for the staggered conformation is in op- 
position to the steric factor and admits the possibility 
of antiplanar conformations. 

While the bent-bond concept does rationalize the 
appearance of antiplanar conformations in unsaturated 
acids, it does not enable one to predict the conforma- 
tions in such acids whose structures are not known. 
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There is, however, one prediction which the bent-bond 
description does make: in s,/~-unsaturated acids for 
which nonbonded interactions are ambivalent, the anti- 
planar conformation should be preferred. This suggests 
an investigation of s-substituted s,fl-unsaturated acids. 
One such example was found in the literature: 2- 
methyl- trans-but-2-enoic  acid (Porte & Robertson, 
1959). The conformation of this compound places the 
double bonds antiplanar with distances of 2.76 A be- 
tween the carbonyl oxygen ands-methyl carbon and 2.72 
/~ between the hydroxyl oxygen and]?-carbon. For a hy- 
pothetical synplanar conformer with the same bond dis- 
tances and angles, nonbonded distances of 2-76 A be- 
tween carbonyl oxygen and,&carbon and 2.71 N between 
hydroxyl oxygen and s-methyl carbon were calculated. 
The nonbonded interactions are clearly ambivalent in 
this case. 

The compound dimethyl trans, trans-2,5-dichloro- 
muconate was selected for this structure determination 

C1 H 
I I 

CH3OOC--C~C--C---~C--COOCH3 
I I 

H CI 

as an example of an s-substituted s,/~-unsaturated 
ester whose structure would be pertinent to the con- 
formational questions outlined above. It was a par- 
ticularly appropriate choice because the structure of 
the unchlorinated parent compound, dimethyl trans, 
trans-muconate,  had recently been determined (Filip- 
pakis, Leiserowitz & Schmidt, 1967) and found to be 
synplanar with respect to the carboxyl carbon-carbon 
bond. Calculations using representative values of bond 
distances and angles suggested that while the chlorine- 
oxygen nonbonded distance would be roughly 0.05 A 

longer in the antiplanar conformer, the nonbonded 
distance between ,&carbon and oxygen would be 
0.05 A longer in the synplanar conformer. 

Experimental 

A supply of the dichloromuconate was provided by 
Professor Bryan W. Roberts of the University of Penn- 
sylvania, and portions were recrystallized by sublima- 
tion. The crystals were transparent, colorless, and most 
commonly in the form of thin laths. After several 
recrystallizations a crystal of suitable size and thickness 
was found. Attempts to cut samples from larger crys- 
tals were seldom successful, apparently the result of 
slippage parallel to the (]01) plane. 

Preliminary film work indicated the crystal has a 
monoclinic lattice. As indexed, systematic absences 
uniquely determine the space group as P 2 J n .  The 
pertinent crystal data are listed in Table 2. The lattice 
constants are the result of a least-squares fit to 12 care- 
fully centered 20 measurements ranging between 40 
and 65 °. These measurements were made at 23 (2)°C 
using Cu Ks radiation. The density of this material 
was estimated at between 1 and 2 g cm -a 

The crystal used for data collection was a rectangular 
prism of about 0.03 x 0.02 × 0.01 cm mounted with its 
long dimension (corresponding to the a axis) parallel 
to the glass fiber. Two quadrants of data (hkl  and hkl )  
were collected with Ni-filtered Cu Ks radiation out to 
150 ° 20 using a highly modified, Datex-automated 

C~ 9 \ // c~c,, 
0--1-t 

Fig. 1. The carboxyl group, synplanar conformer. 

Table 1. Conformations o f  s ,p-unsaturated carboxylic acids 

Compound Conformation 
Methyl m-bromocinnamate syn ] 
Methyl p-bt omocinnamate syn 
Crotonic acid syn 
Sorbic acid syn 
trans-~-2-Furylacrylic acid syn 
trans-B-2-Thienylacrylic acid, ,8 form syn I 
trans-B-2-Thienylacrylic acid, y form syn / 
Acrylic acid syn 
Octa-2,6-trans, trans-dienedioic acid syn 
Octa-2,6-eis, trans-dienedioic acid syn 
trans-p-Ionylidene motonic acid syn 
Dimethyl trans, trans-muconate syn 
Monomethyl trans, trans-muconate, ester group syn I 
Monomethyl trans, trans-muconate, acid group anti f 
cis-fl-Ionylidene crotonic acid anti 
~-trans-Cinnamic acid anti 
2-Methyl-trans-but-2-enoic acid anti 
~-Fumaric acid* anti 
,&Fumaric acid anti 

and esters about the carboxyl  carbon-carbon bond 

Reference 

Leiserowitz & Schmidt (1965) 

Filippakis & Schmidt (1967) 
Block, Filippakis & Schmidt (1967) 
Higgs & Sass (1963); Chatani, Sakata & Nitta (1963) 
Martuscelli (1969) 
Martuscelli & Mazzarella (1969) 
Eichhorn & MacGillavry (1959) 
Filippakis, Leiserowitz & Schmidt (1967) 
Rabinovich & Schmidt (1967) 
Eichhorn (1957) 
Leiserowitz & Schmidt (1965) 
Porte & Robertson (1959) 
Brown (1966) 
Bednowitz & Post (1966) 

Verrucarin A p-iodobenzenesulfonate, trans end anti } McPhail & Sim (1966) Verrucarin A p-iodobenzenesulfonate, cis end syn 

* This modification contains three crystallographically independent carboxyl groups, each antiplanar. 
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Table  2. Crystal data 

D i m e t h y l  t rans ,  t r a n s - 2 , 5 - d i c h l o r o m u c o n a t e  

C~HaO~CI2 

P 2 t / n  M . W .  239"1 
a =  3"967 (1 ) /~  F ( 0 0 0 ) = 2 4 4  
b = 2 3 " 3 3 9  (5) Q e a l e  = 1"57 g c m  -3 
c =  5"483 (1) Z = 2  
,8=95.80 (1) ° #/Q=36"4 cm2g -~ (for Cu K~c radiation) 

G .  E .  X R D - 5  diff ractometer .  This  i n s t rumen t  is equ ipped  
wi th  a quarter-circle  gonios ta t ,  scint i l la t ion coun te r  
and  pulse height  analyzer .  Peaks  were scanned  at a 
rate  o f  1 ° 20/min.  Backgrounds  were sampled  for  30 
s on b o t h  sides of  a scan range which  increased 
l inear ly f r om a m i n i m u m  of  2.4 ° at  7 ° 20 to 3.6 ° at  
150 ° 20. Some th i r ty  o f  the s t rongest  reflections were 
recol lected at  reduced beam intensi ty.  The  intensit ies 

Table  3. Positional and thermal parameters 

A n i s o t r o p i c  t e m p e r a t u r e  fac to rs  a re  expressed  as:  

exp [ -- (h2,8,, + k~f122 +/2#33 -I- hkfl ,~ + h/,8z3 -I- k/#23)] • 
E.s.d. ' s  are  in pa ren theses .  

x y 
( x 10 +) ( x 105) 

Cl 2827 (1) 6955 (2) 
O(1) 748 (5) 17609 (5) 
0 ( 2 )  - 2 2 5 5  (4) 13694 (5) 
C( I )  - 389 (5) 2928 (7) 
C(2) 522 (5) 7493 (7) 
C(3) - 285 (5) 13531 (7) 
C(4) -3091 (11) 19331 (12) 

x y 
( × 103) ( x 104) 

H(1)  - 165 (5) 364 (6) 
H(2) -110  (7) 2093 (12) 
H(3) -437  (7) 1889 (9) 
H(4) -418  (8) 2137 (11) 

( x 104) ( × l04) ( X 10 ~) ( x 101) ( × l04) 
3844 (1) 1018 (5) 181 ())  297 (2) 4 (1) 
1401 (3) 1467 (18) 121 (2) 487 (7) - -43 (3) 

- -1829 (2) 1086 (133 106 (2) 352 (5) 33 (3) 
-- 335 (3) 763 (16) 126 (3) 253 (6) 5 (4) 

1023 (3) 704 (14) 130 (3) 256 (5) - 1 (3) 
257 (3) 780 (16) 120 (3) 317 (6) - 8 (4) 

- 2 8 1 0  (7) 1125 (33) 139 (5) 481 (12) 45 (6) 

1 3  # 2 3  

I, × 10 4 ) ( x 10 4) 
- 2 8 8  (4) - 9  (1) 
- 4 4 7  0 7 )  - 1 7  (2) 
-246  (13) 1 (2) 
- 6 6 ( 1 5 )  3 ( 2 )  
- 53  ( 1 4 )  2 ( 2 )  

- 7  (16) - 5  (2) 
- - 1 2 4  ( 3 0 )  3 0  ( 4 )  

( x 10 a) ( x 102) ( x 104) ( x 102) ( x 10 a) ( × 102) ( x 103) 

- 187  ( 3 )  13 ( 2 )  - -  1 ( 3 )  3 ( 1 )  1 ( 4 )  - - 4  ( 2 )  - 4  ( 2 )  
- 3 1 2  (6) 8 (2) 31 (8) 11 (2) 13 (7) 0 (4) 22 (6) 
--431 (5) 19 (4) 18 (6) 4 (1) 10 (7) - 8  (3) 3 (4) 
- 1 6 6  ( 6 )  16  ( 4 )  2 0  ( 7 )  7 ( 2 )  12  ( 8 )  - 1  ( 4 )  7 ( 5 )  
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Table  4. Fo, F~, and a(Fo) ( x 10) 

T h e  final va lue  o f  the  s e c o n d a r y - e x t i n c t i o n  p a r a m e t e r  ( e q u a t i o n  3, L a r s o n ,  )967) is 4.6 (9) x 1 0 - %  -2. 
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of three standard reflections (0,10,1, 172, and 12-3) 
were monitored every 45 reflections throughout the 
ten days of data collection. Variances, a2(I), were 
obtained from counting statistics with an additional 
term, (0.02 C) 2, where C is the scan count. F 2 and 
a(F 2) were calculated in the usual fashion. 

Because a previous data collection (Einspahr, 1970) 
had revealed a rather serious drop in scattering power 
with time, care was taken to record the time at regular 
intervals during collection of this data set. In this way, 
it was possible to assign to each datum a cumulative 
crystal-to-beam exposure time, good to within a 
quarter of a hour. Gaps during which the beam was 
shut off produced no perceptible decay. 

Examination of the standard reflections showed that 
each had undergone a linear decay with time; however, 
rates of decay for these reflections were quite different. 
Over a 200 h period during which the crystal was 
exposed to the beam, the F values of 0, 10, 1, 172, and 
123 dropped to 95, 93, and 82% of initial values, 
respectively. A comparison of the two intensity-equi- 
valent quadrants revealed a significant increase in 
percent decay at high angle. In addition, there were 
indications that this phenomenon was not spherically 
symmetric. A plot of F ratios of intensity-equivalent 
pairs averaged over the Miller index, k, on a grid in h 
and l suggested that the rate of increase in percent 
decay with angle was most severe in the reciprocal 
lattice plane h = - l .  It is presumably this latter 
phenomenon which accounts for the difference in decay 
rates among the standards as the 20-values of the 
standards are all between 40 and 50 ° . 

The two quadrants were collected such that some 
1000 intensity-equivalent pairs were separated by the 
same difference in cumulative exposure time. This 
subset of pairs was used as the basis of a least-squares 
fit of a two parameter equation, Fk=F~ exp (A+ 
B sin 2 0/22). The function minimized was ~w[ln(FJFk) 
+ A + B sin 2 0/22] 2 where w= [(1/4F~)aE(F z) + (1/4F~ 4) 
a2(F~2)]-L About 350 pairs for which one of the meas- 
ured F's  was missing or for which the ratio, FJFk, was 
less than 0.5 or greater than 1.5 were excluded, effec- 
tively removing the very weak or unobserved reflec- 
tions. For an average difference in exposure time of 
96.0 h, this calculation yielded values of A and B of 
0.039 (3) and 0.27 (2)A 2, respectively, corresponding 
to corrections of from 4% at low angle to 10% at 
high angle. 

A correction, Fcorr = F exp [A' + B' sin 2 0/22]4 where 
A'=A/96.0 h -~, B '=B/96 .0A 2 h - t ,  and t is the 
cumulative exposure time in hours, was now applied to 
each datum. A corresponding correction was applied 
to the a(F2). The data collected at reduced beam 
intensity were scaled up to full beam and corrected 
F values and weights, 1/a 2 (F2), for intensity-equivalent 
reflections were averaged. A total of 1042 independent 
data were obtained in this manner. 

A plot of corrected F values of the standard reflec- 
tions versus time revealed, as expected, that the two- 

parameter fit had not accounted for the ablzerant 
variation in decay rates. On the other hand, this cor- 
rection appears to have centered the variation in decay 
rates about zero. After a 200 h exposure period, F 
values of the standards (reported in the same order as 
previously) were 107, 105, and 93 % of original values. 
While sufficient data exist to permit expanding the 
number of parameters in the model, there is no clear 
indication of the form this expansion should take. No 
further work along this line is contemplated. 

Structure determination and refinement 

The solution of this structure has been described else- 
where (Einspahr, 1970). Briefly, the chlorine ), and z 
coordinates were obtained from a Patterson projec- 
tion, Pvw, constructed from photographic data. A 
fourfold superposition on the chlorine position re- 
vealed the projected positions of the other nonhydro- 
gen atoms. The model was completed by solving 
graphically for the x parameters assuming an ideal 
planar molecule. 

A refined version of this model was used as a starting 
model for full-matrix least-squares refinement with the 
scan data described above. This refinement minimized 
the function ~ w ( F o  2 -  l/kZFc2) 2 where w =  1/02(Fo2). 
After six cycles of isotropic and two cycles of aniso- 
tropic refinement of the nonhydrogen atom parameters, 
a general plane difference electron-density map revealed 
the positions of the methyl hydrogens. The position of 
the fourth hydrogen was calculated. Subsequent refine- 

i 

Fig. 2. A representation of the unit cell viewed along a*. 

0 9 3 ~ . ~ .  ~ 0 . 9 0  

' 16?~,.,,,"-~ ~ [llT•o 
~13° H'~'4'~ ' ' 

Fig. 3. Bond distances (A) and angles (o). Primed atoms occupy 
equivalent positions (i,f, ~). E.s.d.'s for distances and angles 
not involving H atoms are 0"005 A and 0.2 °, respectively; 
those involving H atoms are 0.04 A and 2 °. 
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ment, which ultimately included as parameters the posi- 
tions and anisotropic temperature factors for the hydro- 
gen atoms as well as a secondary extinction coefficient 
(Equation 3, Larson, 1967), converged in seven cycles. 
Form factors for CI, C, and O were taken from Inter- 
national Tables for X-ray Crystallography (1962). The 
form factor for H was that of Stewart, Davidson & 
Simpson (1965). The final value of the R index 
Yllfol-Ifcl I/Ylfol, is 0.041 ; the goodness of fit is 1-45. Fi- 
nal values of the parameters are listed in Table 3. Table 4 
contains values of the observed and calculated struc- 
ture factors for each reflection. While the final value of 
the ~22 parameter for H(1) is negative by about one- 
third of its standard deviation, this is not considered a 
significant departure from a physically realistic model. 

A final difference-electron-density map produced no 
peaks or troughs with magnitudes greater than 0.15 
e A. -3. A section of this map through the mean plane 
of the molecule showed that the six largest peaks 
(0.10-0.15 e A -a) occurred at positions near the mid- 
points of bonds between nonhydrogen atoms, the only 
bond lacking a peak being the carbonyl bond C(3)-O(1). 
The standard deviation of electron density is estimated 
to be 0.1 e A.-3. 

Results and discussion 

The results of a molecular best plane calculation, 
shown in Table 5, indicate that the molecule is roughly 
planar despite significant deviations on the part of the 
oxygen and chlorine atoms. The normal to this plane 
makes an angle of 5 ° with the normal to (T01), the 
direction cosines of which are (-0.8477,0,0.6134) to 
the monoclinic axes. As (T01) contains the center at 

1 _1. (~,~,½), it is clear that the crystal is composed of layers 
parallel to (T01) approximately one carbon atom 
thick. The separation between layers is 3.5 A. 

Table 5. Deviations (A) from the mean plane of the 
molecule 

Direction cosines of the plane normal are -0.8892, -0.0566, 
and 0-5415 to the a, b, and e axes, respectively. The plane 
passes throught the origin. 

CI 0.05 C(1) 0"00 
0(1) -0-08 c(2) 0.02 
0(2) 0.07 c(3) 0.00 
H(1) - 0-02 C(4) 0.00 

There are no unusually close contacts between atoms 
in adjacent molecules. The closest approach separates 
molecules within the same layer. As seen in Fig. 2, the 
molecules pack such that a carbonyl bond of the origin 
molecule is directed toward a methyl group of the 
molecule centered at (½,½,½). The distance O(1) . . .  C(4) 
in this case is 3.106 A, although the shortest O . . . H  
distance is 2.78 A. Each molecule makes four such 
contacts, one with each of its four nearest neighbors 
within the layer. 

The layered nature of this crystal structure permits a 
rationalization of its tendency toward irreversible a- 
morphic deformation when subjected to stress. The 
absence of all save van der Waals forces between layers 
suggests that slippage of layers over one another might 
be induced by application of mechanical stress. 

The bond distances and angles are shown in Fig. 3. 
E.s.d.'s for distances and angles not involving hydrogen 
atoms are 0.005 A and 0.2 °, respectively; those in- 
volving hydrogen atoms are 0.04 A and 2 °. All of these 
distances and angles are within the ranges of values 
reported in the literature. Comparison of these results 
with those of the parent compound, dimethyl trans, 
trans-muconate (Filippakis et al., 1967), shown in part 
in Table 6, reveal some of the effects of substitution of 
the bulky chlorine in the c~ position. The most noticeable 
effect is the expansion of angles C(I ')-C(I)-C(2) and 
C(1)-C(2)-C(3). While the C(2)-C(3) bond appears to 
have lengthened to accomodate the chlorine, the in- 
crease of 0.02 A is of questionable significance. 

Table 6. Bond distances and angles for dimethyl trans, 
trans-muconate (Filippakis et al., 1967) 

Primed atoms occupy the equivalent position (~,)7,_~). The 
values listed are those before temperature corrections were 
applied. E.s.d.'s for distances and angles are quoted as 0.002 A 
and O. 15 °, respectively. 

Distances Angles 
C(1)-C(I") 1.450/~ C(l ')-C(1)-C(2) 123.1 ° 
C(1)-C(2) 1.334 C(1) -C(2)-C(3) 120.9 
C(2)-C(3) 1.476 C(2) -C(3)-O(1) 125-7 
C(3)-O(1) 1-203 C(2) -C(3)-O(2) 111.0 
C(3)-0(2) 1.338 0(1) -C(3)-0(2) 123.3 
0(2)-C(4) 1-445 C(3) -0(2)-C(4) 115.6 

The greatest effect of the addition of chlorine is to 
invert the conformation about C(2)-C(3) to antiplanar. 
As indicated in the introduction, this result had been 
anticipated. It remains, however, to determine whether 
addition of the chlorine forced the antiplanar con- 
former or whether nonbonded interactions are, as as- 
sumed, ambivalent. The pertinent nonbonded distances 
observed in the antiplanar conformer are CI- .. O(1) of 
2.904 A, C(1) . . . 0 (2 )  of 2-722 A, and H(1) . . -0 (2 )  of 
2.36 A. For a hypothetical synplanar conformer with 
the same bond distances and angles, the pertinent 
distances would be C1. . .  0(2) of 2.685 A, C(1) . . .  O(1) 
of 2.900A, and H(1) . . .O(1)  of 2.60A. While the 
C1.. • O contact is 0.22 A longer in the antiplanar con- 
formation, the C . . - O  and H . . . O  contacts are 0.18 
and 0.24 A, respectively, shorter. The predicted van 
der Waals contacts are C I . . . O  of 3.2 A, C . . . O  of 
3.1 A, and H- • • O of 2.6 A. [The value for the C . . .  O 
contact was suggested by Dunitz & Strickler (1968).] 
Thus, while the C1. . .  O, C . - .  O, and H . . .  O contacts 
are 0.3, 0.4, and 0.2 A, respectively, shorter than 
predicted for the antiplanar conformer, they are 0.5, 
0.2, and 0.0 A, respectively, shorter in the synplanar 
conformer. Although it may be argued that the C1 
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contact is the most important of these, it would be dif- 
ficult to accept the hypothesis that this contact was the 
determining factor in fixing the conformation unless 
one were willing to accept the possibility of an attrac- 
tive force between H(1) and 0(2). This is hardly likely. 
While the valence angles for H(1) suggest (without 
statistical significance) that H(1) is leaning toward O(2), 
H(1) also makes contact with CI' across the center of 
symmetry at a distance of 2.72 A, suggesting that 
H(1) is being pushed, not attracted, toward 0(2). 
Dipole-dipole interactions resulting from the introduc- 
tion of chlorine favor the synplanar conformer and do 
not complicate the analysis. It is suggested that this 
is another case in which nonbonded-interaction ar- 
guments are ambivalent and the conformation about 
the carboxyl carbon-carbon bond is antiplanar. 

Fig. 4 is a stereo representation of the chloromucon- 
ate molecule. Thermal ellipsoids are drawn at the 50 % 
probability level. For H(1), an isotropic temperature 
factor of 3.0 A z has been substituted. 
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