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Die Koppelung sollte beim entsprechenden Mangan-
Komplex, falls er isotyp ist, wesentlich stirker sein.
Entsprechende Versuche sind bereits im Gange.

Der Deutschen Forschungsgemeinschaft, die mit
Sachbeihilfen, Rechenzeit und Geriten diese Arbeit
unterstiitzt hat, sei bestens gedankt. Herr Dr A.
Schmidpeter hat freundlicherweise die Kristalle zur
Verfiigung gestellt.
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The Structure of 5-Norbornene-2,3-endo-dicarboxylic Anhydride

By RiccARDO DESTRO, GIUSEPPE FILIPPINI, CARLO MARIA GRAMACCIOLI AND MASSIMO SIMONETTA

Istituto di Chimica Fisica, Universita di Milano, Milano, Italy
(Received 3 February 1969)

The crystal and molecular structure of 5-norbornene-2,3-endo-dicarboxylic anhydride* has been deter-
mined and refined by least-squares methods. The crystals are orthorhombic, space group P2,2;2,
with a=13-539, b=9-565, c=5-972 A and four molecules per unit cell. Intensity data were collected
visually from Weissenberg photographs about two crystal axes. The final R index is 0-071; the average
standard deviation in the atomic positions is about 0-004 A. The anisotropic temperature factors of
the heavier atoms in the molecule can be accounted for by a Schomaker-Trueblood rigid-body treat-
ment; on this basis, corrections to the observed bond distances are in the range 0-007-0-010 A.

In the norbornene nucleus, the bridgehead angle C(1)-C(7)-C(4) is 93-5°. The geometry of the an-
hydride group is closely similar to that found in succinic anhydride. The two C-C single bonds which
connect the anhydride ring with the cyclopentene ring are found to be significantly longer (1-57 and
1-58 A) than normal. A similar feature observed in cyclopentadiene dimer probably accounts for its

chemical reactivity in the Cope rearrangement.

Introduction

The conformation of molecules with internal strain is a
subject of considerable recent interest. Among these
molecules, the derivatives of norbornane and other re-
lated polycyclic hydrocarbons have been the object of
several methods of structural investigation, including
electron diffraction in the gas phase (Hamilton, 1954;
Morino, Kuchitsu & Yokozechi, 1967) and X-ray dif-
fraction of crystals (Baenziger, Doyle & Carpenter,
1961; Ferguson, Fritchie, Rotertson & Sim, 1961;
Bruechner, Hamer, Robertson & Sim, 1962; Cesur &

* Bicyclo[2,2,1]hept-5-ene-2,3-endo-dicarboxylic (acid) an-
hydride.

Grant, 1965; Baenziger, Richards & Doyle, 1965;
MacDonald & Trotter, 19654, b; Destro, Gramaccioli
& Simonetta, 1968 ; Bellobono, Destro, Gramaccioli &
Simonetta, 1969). At the same time, several techniques
of semi-empirical calculations for the determination a
priori of molecular geometry have been developed and
applied to these substances (Wilcox, 1960; Gleicher &
Schleyer, 1967; Allinger, Hirsch, Miller, Tyminski &
Van Catledge, 1968 ; Simonetta Favini, Mariani & Gra-
maccioni, 1968; for a review of these methods see Wil
liams, Stang & Schleyer, 1968). For further applica-
tions of these methods, precise structural data on some
additional norbornene derivatives were considered de-
sirable. For 5-norbornene-2,3-endo-dicarboxylic an-
hydride(I), a particular point of interest arises from
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the resemblance of its conformation to that of cyclo-
pentadiene dimer(II), whose remarkable ease in giving
the Cope rearrangement is probably connected with its
molecular geometry (Destro, Gramaccioli & Simonetta
1968; Bellobono, Destro, Gramaccioli & Simonetta,
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Experimental

Crystals of 5-norbornene 2,3-endo-dicarboxylic acid
anhydride were obtained from the reaction of cyclo-
pentadiene with maleic anhydride and recrystallized
from benzene/light petroleum.* They are prismatic,
elongated along c. Weissenberg photographs indicated
them to be orthorhombic with space group P2,2,2,
(the systematic absences are £00, 0k0 and 00! with A, k
or [ odd).

The unit-cell dimensious (see Table 1) were obtained
from a least-squares fit to measurements of sin2 § for
40 hkO and 48 hO! reflexions on zero-level Weissen-
berg photographs taken at 21 °C with Cu Ko radiation,
the film was held in the asymmetric position, essen-
tially following the Straumanis technique. Eccentricity
coefficients were included as parameters in the least-

* We wish to thank Professor I.R.Bellobono for having
kindly supplied us with the crystallized substance.

squares calculations and weights were assigned as in-
versely proportional to sin2 26.

Table 1. Crystal data for
S-norbornene-2,3-endo-dicarboxylic anhydride

a=13-5394+0-0008 A CoH30;

b= 9-5648 £ 0-0016 M.W. 16415

c= 59721 +0-0003 Z=4
F(000)=344

Dmn=1417 gecm™3 z=1:409 g.cm™3
MCu Kay)=1-54051 A
MCu Kap)=1-54433
AMCu Ka) =1-5418

The density was measured by flotation in a dilute
Thoulet (K,Hgly) solution.

For the determination of the structure, intensity data
were collected from multiple-film equi-inclination Weis-
senberg photographs. The layers 0-5 along ¢ and 0-2
along b were obtained from two crystals, almost square
in section, whose diameters were about 0-30 mm. Cop-
per Ka radiation was used. The intensities were esti-
mated visually and corrected for Lorentz and polari-
zation factors; no corrections either for absorption or
for extinction were made.

The processing of the observed data was first carried
on within the single layers, obtaining film and time
factors by minimizing £(In I;—In KI;)?, as indicated by
Rae (1965). Standard deviations were assigned to single
observations by means of an analysis of the residuals
(Gramaccioli & Mariani, 1967). The evaluation of rela-
tive scale factors for all the layers and subsequent aver-
aging of the observed |F|? values were performed ac-
cording to the method proposed by Rollett & Sparks,
modified to account for the dependence of the weights
upon the final scale factors (Hamilton, Rollett &
Sparks, 1965; Duchamp, 1964). Of 1048 reflexions with-
in the effective sphere of copper radiation, 950 were
collected, of which 148 were too weak to be observed.

Determination and refinement of the structure

A sharpened three-dimensional Patterson synthesis
gave the orientation of the C-O and O-O vectors in the
anhydride group. Starting from these vectors, a plau-
sible model for the whole molecule was assumed and
found to be consistent with the maxima observed
around the origin. The position of the molecule in the
unit cell was found by carrying out a series of structure
factor calculations based on low-angle (sin2 8/A2<0-15)
hkO and HKO! reflexions, each time assigning a dif-
ferent set of coordinates to the centre of the molecule
and recording on a map the discrepancy index
R(=ZX||Fo| — |F¢||/E|Fol). A program written for this
purpose by Albano, Bellon, Pompa & Scatturin (19635)
was employed, where the speed of calculation is sub-
stantially increased by the use of Fourier transforms.
A considerable amount of time-consuming calcula-
tion was avoided by excluding all positions forbidden
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Table 2. Observed and alculated structure factors

The columns contain values of &, /, 10|Flovs, 10| F|ca1, (°).
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by packing considerations; for this purpose the mol-
ec;ile was regarded as a sphere of minimum radius. =
3A.

The R index of the ‘best’ result from these calcula-
tions was 0-42 for all observed reflexions.* Refinement
of the positions of the heavier atoms by block-diagonal
least-squares was then initiated, minimizing the func-
ion Ew(|F|obs—|F|car)* and using for this purpose a
program written by Albano, Bellon, Pompa & Scattu-
rin (1963a) for our IBM 1620 computer. The first cycles
were based on a relative small number of reflexions
(72), each of them characterized by a low Bragg angle
(sin2 /42 <0-08) and by a relatively large value of the
structure factor (|F|=10); later on, all the remaining
reflexions were included by gradually extending these
limits. Initially unit weights were assigned to all the
reflexions included ; later, weights of the forms w=1/f2
were used, where f is the average scattering factor for
all the atoms at the calculated value of sin §/A. At the
beginning, isotropic temperature factors were held
constant and equal to 4-5 A2, Later on, when there
were a sufficient number of reflexions in the refinement
temperature factors were allowed to vary.

After the first least-squares cycles a constant decrease
of the R index was noticed. At the end of this stage
of the refinement (20 cycles) the R index was 0-15 for
all observed data. This is essentially the same line of
procedure as that adopted by us for 2,4,6-trinitrophe-
netole (Gramaccioli, Destro & Simonetta, 1968); the
number of least-squares cycles does not involve a great
deal of computing time, because the initial number of
reflexions is very small. A three-dimensional difference
Fourier synthesis was then calculated as a check on
our results; this indicated small shifts in some atomic
coordinates and temperature factors. All the hydrogen
atoms were represented by sharp peaks at the expected
positions. After a new cycle of least-squares, with the

* In this work, atomic scattering factors for hydrogen were
taken from Forsyth & Wells (1959) and for the heavier atoms
from Cromer & Waber (1965).

hydrogen atoms included in the structure-factor calcu-
lations, the R index was 0-12 for all observed reflexions.
At this stage, the least-square refinement was continued
on an IBM 7040 computer, using the program ORFLS
written by Busing, Martin & Levy (1962). Anisotropic
temperature factors were adopted for all atoms except
hydrogen, which were included only in the structure-
factor calculations. Weights were assigned according to
Hughes’s scheme. For eight of the strongest reflexions
(IF|obs >44), which were suspected of suffering from
systematic errors of measurements, the weight was
taken as zero; the reflexions too weak to be measured
(‘less than’) were also omitted from the least- squares.

After three cycles, convergence was virtually reached
at an R index of 0-076. Introducing new weights equal
to 1/o2 (where o2 is the variance in |F|ops, derived
during our data reduction) led to a slight improvement
in the R index, which fell to 0-071 after three cycles. The
molecular geometry also showed a slight improvement,
the symmetry of the molecule becoming closer to m.

At this stage the refinement was considered complete.
Nearly all the parameter shifts were about 0-1 times the
standard deviation; the largest shift, 0-3¢, occurred for
B33 of C(Z)

A check of the final weighting functions by plotting
the average value of w(|F|ops — | F|car)? for various inter-
vals of |F|, as suggested by Cruickshank ez al. (1961),
showed this value to be approximately constant (within
16% of the average), whereas Hughes’s weights were
worse in this respect (variations of the order 1 to 2).
However, the final goodness of fit (Xw(|F|ops — | Flear)?/
(n—p)'/? is 4-97. Thus, these weights appear to be valid
on a relative scale, but we were overly optimistic in as-
signing standard deviations to individual observations.

Precision of the results

The observed and final calculated structure factors are
listed in Table 2; the final parameters of the heavier
atoms are given in Table 3 and of the hydrogen atoms
in Table 4.

Table 3. The heavy atom parameters and their standard deviations

All the values in this Table have been multiplied by 104, The temperature factor is in the form
exp [— (b11h2 + b2k + b33i2 + 2b12hk + 2b13hl+ 2b23kD)].

x y z b11
C(1) 366 (3) = 2248 (5) 1800 (7) 46 (2)
C(2) 1331 (3) 1368 (4) 1987 (6) 54 (2)
C(3) 2012 (3) 2301 (5) 3392 (6) 50 (2)
C4) 1341 (3) 3601 (5) 3949 (7) 50 (2)
C(5) 1174 (3) 4358 (5) 1770 (8) 65 (3)
C(6) 597 (3) 3549 (6) 489 (7) 67 (3)
C(7) 353 (3) 2830 (6) 4233 (6) 49 (2)
C(8) 1872 (3) 1173 (5) —169 (6) 72 (3)
C(9) 2864 (3) 2636 (5) 1885 (6) 49 (2)
o) 2731 (2) 1971 (4) —162 (5) 60 (2)
0Q2) 1671 (3) 488 (4) —1766 (5) 110 (3)
0@3) 3563 (2) 3367 (5) 2180 (6) 49 (2)

b2 b33 b1z b13 ba3

132 (6) 267 (11) —2(3) 10 3) —-1(N

96 (5) 187 (11) —1(@3) —-103) 10 (5)
109 (5) 188 (9) 73) 33 3(5)
109 (6) 271 (12) 303 10 3) —51 (6)
106 (5) 377 (16) 19 (4) 65 (5) 21 (7)
145 (7) 245 (13) 40 (4) 12 (4) 31 (D)
148 (7) 266 (13) 6 (3) 32 (3) -1

91 (5)  220(11) 24 (3) 18 0 (6)
13¢) 261 (12) 13 (3) 11 3) 7 (6)
131 (4  265(9 122) 4503) 12 (5)
152 (5) 260 (10) 23 (3) -27(4) —62 (6)
185(6) 479 (14) —12(3) 14 (3) 9 (7)
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Table 4. Parameters for the hydrogen atoms

x y z B
H(1) —0-023 0-158 0-158 4-5 A2
H(2) 0-121 0-058 0-317 4-5
H@3) 0-218 0-170 0-500 4-0
H®4) 0-172 0-410 0-512 45
H(5) 0-148 0-512 0-145 5-5
H(6) 0-053 0-397 —0-132 55
H(7) 0-034 0-212 0-554 4-0
H(8) —0:025 0-362 0-425 50

The standard deviations in the coordinates of the
heavier atoms, derived from the residuals and the dia-
gonal elements of the final least-squares cycle, corres-
pond to positional uncertainties of the order of 0-004 A.
The corresponding standard deviations in the bond
distances are around 0-007 A and in the angles around
0-5°. No discussion of the precision of the C-H bonds
and angles is thought to be appropriate.

Fig.1. The molecule of 5-norbornene-2,3-¢ndo-dicarboxylic an-
hydride, viewed along the direction corresponding to the
maximum moment of inertia. Bond distances are corrected
for thermal libration.
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Corrections for thermal libration

A ‘rigid’ molecule such as this anhydride was expected
to behave as a rigid body in undergoing thermal lib-
rations. Accordingly the tensors T, L, and S (Scho-
maker & Trueblood, 1968) were derived from a least-
squares treatment. A series of three programs for our
IBM 1620 computer was written for this purpose (Filip-
pini & Gramaccioli, 1969). In these calculations equal
weights were assigned to all thermal factors; the results
are shown in Table 5. The agreement between observed
and calculated values of Uy for each atom is fairly good,
the differences rarely exceeding the standard deviation.
The mean-square rotational displacements of the mol-
ecule amount to 29-20 and 11 (°)? about the principal
axes of the tensor L.

The corrections for distances have been derived un-
der the rigid-body assumption from the tensor L, ac-
cording to Schomaker & Trueblood (1968). This pro-
cedure resulted in a substantial increase for all of them
(0-007 to 0-010 A). A negligible correction of the bond
angles (0-1° to 0-2°) was found.* Values for all bond
distances and angles before and after corrections for
thermal libration are given in Table 6.

Discussion

The molecular structure

The molecule as viewed along the direction corres-
ponding to the maximum moment of inertia is shown
in Fig.1. The conformation of the norbornene nucleus
is in essential agreement with the results of previous
crystallographic work, such as the structure of anti-7-
norbornenyl p-bromobenzoate (Macdonald & Trotter,
1965b), where most of the bond lengths and angles are
nearly identical with ours. A useful comparison can be
made also with the tricyclo[3,2,1,02 4joctane nucleus
(Macdonald & Trotter, 1965a2) and especially with
cyclopentadiene dimer (Destro, Gramaccioli & Simo-
netta, 1968 ; Bellobono, Destro, Graccioli & Simonetta,

* The correction for bond angles was made under the as-
sumption that triangulation is valid for deducing intramolec-
ular angles from corrected distances when dealing with a rigid
body. It is clear that in a general case this cannot be done
(Busing & Levy, 1964).

Table 5. Rigid-body tensors for S5-norbornene-2,3-endo-dicarboxylic anhydride, referred to a Cartesian coordinate
system, whose origin and directions of axes coincide with the crystallographic axes

Standard deviations are given in brackets.

T (A2) 943 (39) —305 (44)

(% 104) 941 (45)
L (rad?) 68 (7) —18 (6)
47 (6)

S (A.rad) 14 (12) 112 (14)

(x 104) —75 (12) —37(13)

166 (16) ~177 (16)

—191 (43)
—256 (54)
969 (86)

—18 (5)
-1(4
67 (6)

—171 22)
139 (19)
23 (17)

(‘unreduced’)

[trace (S)=0]
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1969), whose conformation is, on the whole, not very
different from that of our molecule, the anhydride group
being replaced by another five-membered ring. In cyc-
lopentadiene dimer we found a single bond consider-
ably longer than usual (1-59 +0-013 A, uncorrected for
thermal libration). This fact could account, at least in
part, for the ease with which the substance under-
goes certain chemical reactions, such as the Cope re-
arrangement, where this bond is broken; the length-
ening of this bond is probably the result of repulsion
between non-bonded atoms in the same molecule.

A similar situation might be expected to occur in the
anhydride. Owing to the m symmetry of the isolated
molecule, there are two bonds corresponding to the

‘stretched’ bond in cyclopentadiene dimer, C(1)-C(2)
and C(3)-C(4). Both are found to be longer than usual.

Another point of interest is the value of the bridge-
head angle C(1)-C(7)-C(4), which is very far from the
tetrahedral value, as in all these compounds. Our result
(93:5°) is close to the values 92-7 (+0-8°) found in
cyclopentadiene dimer and 93-2° (+1-5) and 92-0°
(+0-8°) obtained for norbornane and norbornadiene
respectively, by electron diffraction in the gas phase
(Morino, Kuchitsu & Yokozechi, 1967). The values
reported by Macdonald & Trotter (19654, b) are slight-
ly higher (96° and 97° +1-2° in the tricyclooctane and
norbornene nuclei respectively). The difference be-
tween these two and the others is at the limit of signi-

Table 6. Bond distances and angles in the anhydride

The two values relate to uncorrected and corrected values respectively for thermal motion. No corrections have been applied
to data involving hydrogen atoms.

C(1)-C(2) 1-558 A 1-566 A C()-H() 1-04 A
C(1)-C(6) 1504 1-513 C(2)-HR) 1-05
C(1)-C(7) 1-556 1-565 C(3)-H(3) 114
C(2)-C(3) 1-534 1-545 C(4)-H(4) 0-99
C(2)-C(8) 1-493 1-501 C(5)-H(5) 0-86
C(3)-C(4) 1576 1-585 C(6)-H(6) 1-16
C(3)-C(9) 1-498 1-506 C(N-H7) 103
C(4)-C(5) 1-506 1-515 C(7)-H(8) 111
C(4)-C(7) 1-537 1-547
C(5)-C(6) 1-340 1350
C(8)-0(1) 1390 1-400
C(8)-0(2) 1-188 1196
C(9)-0(1) 1390 1-399
C(9)-0(3) 1190 1-198
C(2)-C(1)-C(6) 108:1° 108:1°
C(2)-C(1)-C(7) 978 97-7
C(6)-C(1)-C(7) 1011 101-0
C(1)-C(2)-C(3) 103-3 103-3
C(1)-C(2)-C(8) 1147 1146
C(3)-C(2)-C(8) 104-4 104-4
C(2)-C(3)-C(4) 103-1 1032
C(2)-C(3)-C(9) 1050 1051
C(4)-C(3)-C(9) 1137 1136
C(3)-C(@)-C(5) 106:5 106-5
C(3)-C(@)-C(7) 98-4 983
C(5)-C(4)-C(7) 101-3 1013
C(4)-C(5)-C(6) 1077 107-6
C(5)-C(6)-C(1) 1076 107-6
C(1)-C(7)-C(4) 93-4 935
C(2)-C(8)-0(1) 109-8 109-8
C(2)-C(8)-0(2) 130-4 130-3
0(1)-C(8)-0(2) 119:8 1199
C(3)-C(9)-0(1) 109-3 109-2
C(3)-C(9)-0(3) 130-5 130-5
0(1)-C(9)-0(3) 1202 120-3
C(8)-0(1)-C(9) 1113 1114
H(1)-C(1)-C(2) 109° H(5)-C(5)-C(4) 122°
H(1)-C(1)-C(6) 127 H(5)-C(5)-C(6) 130
H(1)-C(1)-C(7) 109 H(6)-C(6)-C(1) 139
H(2)-C(2)-C(1) 108 H(6)-C(6)-C(5) 112
H(2)-C(2)-C(3) 98 H(7)-C(7)-C(1) 118
H(2)-C(2)-C(8) 125 H(7)-C(7)-C(4) 114
H(3)-C(3)-C(2) 107 H(8)-C(7)-C(1) 105
H(3)-C(3)-C(4) 110 H(8)-C(7)-C(4) 108
H(3)-C(3)-C(9) 117 H(8)-C(7)-H() 115
H(4)-C(4)-C(3) 103
H(4)-C(4)-C(5) 117
H(4)-C(4)-C(7) 127
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ficance; it may well be connected with the fact that in

Equations of the planes through the regions of the

both compounds a p-bromobenzoyl group is attached molecule which are of particular interest are given in

to the ‘apical’ position of the bridge.

Table 7. Some planes of interest

Table 7, together with interplanar angles and the de-

The coefficients g; are the direction cosines relative to the crystallographic axes a, b and c¢. Atoms were given equal weight in
the least-squares treatment, which follows the method described by Schomaker, Waser, Marsh & Bergman (1959).

C(1
C(2)
C(3)
(¢C))

A C2B -4

Plane 4 Plane B Plane C
4 4 4
—0:010 A C(1) 0-001 A (1) (0-:000 A)
0-014 C(4) —0-001 C(4) (0-000)
—0-014 C(5) 0-002 (¢4 (0-000)
0-010 C(6) —0-002

C(2)
C(3)
C(9)
C(8)
o(1)
0(2)
0(3)

Plane A: ¢q1=—03430 g¢,=—04517 g¢3= 08237 D=-0-246A

Plane B: —0-8099 0-4428 0-3846 0-963
Plane C: —0-4888 0-8127 —0-3171 1-164
Plane D: —0-4941 0-7869 —0-3696 —0-334
Dihedral angle A4AAB 113-2°

ANC 117-4

BAC 129-3

AND 1193

7L
Ty
s

3y

Fig.2. Molecular packing viewed along c.

Plane D

4

0035 A
—0-029
—0-013

0-002

0-027
—0-026

0-004
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viations of the individual atoms from the planes. These
deviations appear to be significant in the anhydride
group (up to 0-035 A); the group is, however, still vir-
tually planar and, on the whole, its geometry is in close
agreement with the results obtained for succinic anhy-
dride by Ehrenberg (1965) and by Biagini & Cannas
(1965). .

Molecular packing

If we assume as van der Waals radii for carbon, oxy-
gen and hydrogen the values 1-8, 1-4 and 1-2 A respec-
tively (Kitaigorodskii, 1961), we see that in only six
cases do two atoms belonging to different molecules
lie at a distance smaller than the sum of the correspond-
ing van der Waals radii. A summary of these distances
is given in Table 8. The molecular packing seen along
¢ is represented in Fig.2.

Table 8. Intermolecular contact distances

(Uncorrected for thermal libration.)

C(1)-C(5) —xy—4i—z 3-565 A
C(5)-H(l) —x,i+yi-2z 2:67
C(7)-H(6) xy,z+1 2:88
C(8)-H(3) x,y,z—1 2:96
C(9)-0(2) t—x,—y3+z 3-159
O(2)-H(3) x,y,z—1 2:36
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