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From the crystallographic data of 18 achiral mono- and polycyclic anhydrides of C, and C,, symmetry, the
environment around each carbonyl group was investigated in order to characterize the different nucleophile—
electrophile (Nu-El) intermolecular interactions O--C=0 and C=0--H (“acidic” hydrogen). For 0..C=0
interactions, typical geometrical features are observed. The carbonyl groups are often involved in push-pull
interactions such as C==0-.C=—=0---C=0, especially for the nine achiral anhydrides that crystallize in the P, 5,
chiral space group. The conformation of the anhydride ring is envelope (6 molecules) or half-chair (12 molecules);
in the latter case, the molecules turn into chiral species. MNDO calculations have been performed to model
the intermolecular interactions. In contrast to the nucleophilic approach, which is very dependent on geometry
and consequently on steric hindrance control, the electrophilic approach is efficient whatever its orientation and
therefore is quite independent of steric factors. Pyramidalizations on the carbonyl group occur for Nu.-C=0
and C=0--El interactions, with the substrate carbon atom moving in the half-space where the reactant is located.
Additive pyramidalizations are observed when push-pull interactions are efficient; therefore, weak pyramidalizations
do not mean weak interactions when the nucleophile and the electrophile are in opposite half-spaces. Other
MNDO calculations show that the anhydride ring is easily puckered to a half-chair conformation; it is more difficult
to get the envelope form, but in every case, these processes induce spontaneous pyramidalizations, as is ex-
perimentally observed with some carbonyl groups not involved in O-.C=0 interactions.

The analysis of crystallographic data has recently im-
proved our structural knowledge about reaction paths of
heterolytic reactions,? especially for nucleophilic addition
to carbonyl groups.? Intramolecular® and intermolecular®
donor-acceptor interactions have been analyzed in terms
of geometrical parameters: distance d(Nu--C==0) between
the reactant nucleophilic atom and the electrophilic carbon
of the carbonyl group, angle #(Nu.-C=0) always close to
105°, pyramid height A between the top carbonyl carbon
and the base consisting of the oxygen and the two other
atoms covalently bonded to the carbonyl carbon. More-
over, the Nu atom is always very close to the carbonyl
bisector plane, another typical geometrical feature of these
interactions.

For Nu = N, an almost perfect correlation associates A
and d; as has been established from intermolecular in-
teraction data of cyclic molecules,® it allows the investi-
gation of a broad range of d values up to covalent distances.

For Nu = O, intra- and intermolecular interactions have
been investigated,® but A values are less than those ob-
served for Nu = N at similar d values. A premature con-
clusion might be that these O---C=0 interactions are too
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weak to be significant. But our careful investigation of the
molecular packings in a series of 18 cyclic anhydrides*
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Figure 1. Geometrical parameters for the intermolecular in-

teractions. (1.1) Substrate-reactant: a-b (d = d;); b-a (d = d,).

(1.2) O--M bisector of Y,0uZy.

(Chart I) having C, or Cy, symmetry draws our analysis
to another conclusion. In this series, many C=0--C=0
intermolecular interactions and some >0-+.C=0 interac-
tion may be suspected as they are in agreement with two
of the geometrical criteria: 8 o~ 105° and bisector nu-
cleophile attack. To justify the weakness of the corre-
sponding pyramidalizations (A values), one may postulate
perturbations from supplementary nucleophile-electro-
phile interactions, either secondary counteracting Nu---
C=0?% or C==0-El interactions, with the electrophilic (El)
atom being carbonyl carbon or hydrogen atoms of neigh-
boring molecules. The role played by C-H--O interactions
in determining molecular packing has been recently em-
phasized.® Moreover, each anhydride of our series, except
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Figure 2. Distribution of O-C=0 angles 6, (from Tables VIII
and IX) from crystallographic data* of the anhydride series. Key:
(b) secondary O--C=0 interaction weaker than the primary one,
which has the shortest O--C distance (4 and 18); (¢) head-to-tail
orientation of the two interacting carbonyl groups, &, = 0° (14);
(d) weak interaction, d; = 3.56% 5).
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Figure 3. Distribution of |®;| dihedral angles (Figure 1; values
from Tables VIII and IX) from crystallographic data* of the
anhydride series. Key: (b—d) details in Figure 2; (e) interactions
in 18 crystal.
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Figure 4. Distribution of O-J-K angles 8, (values from Tables

X and XI) from crystallographic data? of the anhydride series.
See Figure 1, 1.3; J-K = H-C and C-O.

6 and 16, provides hydrogen atoms as weak electrophiles
owing to their bonding to C(sp?), C(sp®)-0, and/or C-
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Figure 5. Distribution of C=0-J angles 8, (values from Tables

X and XI) from crystallographic data? of the anhydride series.
See Figure 1, 1.3; J-K = H-C and C-0O.

(sp?)-C(sp?) (-C(=0)-0 or -C=C-).

To check the efficiency of these postulated Nu..C=
0O--El push-pull interactions, their experimental geome-
trical features have been compared with those resulting
from MNDO calculations using the H,C=0 and HC(O)-
OC(0Q)H systems, associated with different neighboring
nucleophile and/or electrophile, as models.

Experimental Geometrical Features

From the crystal data of 18 C, or C,, monocyclic or
polycyclic anhydrides*® without any heteroatom except
oxygen, we have calculated the different geometrical pa-
rameters associated with the suspected intermolecular
nucleophile—electrophile interactions. These have been
selected on the basis of intermolecular atomic distances
in general shorter than the sum of Allinger’s van der Waals
radii,’ well established through MM2 molecular mechanics
modeling, which takes into account in particular the re-
vised hydrogen van der Waals radii (1.4 A).”

The geometrical parameters are defined in Figure 1,
reported in Tables VIII-XI in the supplementary material,
and analyzed as distribution diagrams in Figures 2-5.

Oxygen—Carbon Intermolecular Interactions. An-
hydrides 1-5, 7-9, 12, 14, 17, and 18 are involved in dif-
ferent kinds of interactions: 26 C=0--C=0 (intermole-
cular O--C distances d ranging from 2.90 to 3.58 A); 6
>0.-C=0 (3.05 < d = 3.59 A); 12 C=0..C-0 (3.20 < d
< 3.44 A).

The distributions of the 6, and ®; values for the 32
0--C=0 interactions are shown in Figures 2 and 3, re-
spectively. The averaged values of 6, and &; are 104° and
95°, respectively, in good agreement with Biirgi’s results.3¢
Only four 6, values are less than 90° and correspond to ®;
values clearly out of the bisector criteria (®; ~ 90°), but
the corresponding O-~C distances (3.31-3.58 A) are rather
large. In two other cases, the nucleophilic oxygen is almost

(6) Compounds 1-9 crystallize in the chiral P2,2,2; space group; the
others crystallize in the P2,/n (10), Pca2, (11), Pnma (12), P2,/c (13, 14,
and 18), Pn (15), Pbca (16), and Pnae2, (17) achiral space groups.

(7) (a) Handal, J.; White, J. G.; Franck, R. W.; Yuh, Y. H.; Allinger,
N. L. J. Am. Chem. Soc. 1977, 99, 3345-3349. (b) Mirsky, K. Acta
Crystallogr., Sect. A: Cryst. Phys. Diffr. Theor. Gen. Crystallogr. 1976,
A32, 199-207.

(8) The actual symmetry of 6 may be different than the a priori Cy,
owing to torsion around the central bond (19.6° in the crystal) induced
by the nonbonded interaction between the H(9A) and H(10A) hydrogen
atoms of the two methano bridges. Therefore, in solution, 6 may have
two enantiomeric conformers, which allows its crystallization as a con-
glomerate.
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Figure 6. Carbonyl group pyramidalization.

in the plane of the carbonyl group (|®;] = 172-173°), but
it corresponds to anhydride 18 involved in numerous O-
«C=0 interactions.

If we exclude these 6 uncertain interactions, we register
the carbonyl groups to be involved in push-pull interac-
tions: 11 C=0..C=0..C=0; 2 >0-.C=0-.C=0, 3 C=
0+.C=0.C-0, and 4 >0+.C=0...C-0.

Focusing on the C=0 reactant orientation, the ®; angles
appear quite homogeneously distributed from 4 to 174°
(Table VIII, supplementary material).

Carbonyl Oxygen-Hydrogen Intermolecular In-
teractions. From the 47 hydrogen atoms selected by the
intermolecular distance criteria (O-+-H < 2.75 &), only 9
do not have electrophilic character as defined in the in-
troduction; they will be excluded from the registration of
C=0--H intermolecular interactions (Table X, supple-
mentary material).

As the hydrogen positions are not accurately known, the
errors on O-H distances may be larger than 0.1 A.
Therefore, the fluctuations of d values cannot be signifi-
cant. The distribution diagrams of 6, and 6; geometrical
parameters (Figure 1) are reported in Figures 4 and 5,
respectively, and show broad ranges around averaged
values 6; ~ 6, ~ 135°.

The orientation of a hydrogen with respect to the n and
= electrons of the carbonyl group® may be described
through the &, parameter: 37% of the ®, values are in-
cluded in the ranges 0-20° and 160-180° (n electrons) and
26% in the range 70-110° (7 electrons).

If we exclude the 18 carbonyl groups already involved
in push—pull oxygen—carbon interactions, 4 supplementary
carbonyl groups suffer 2 other kinds of push—pull inter-
actions: 3 C=0-..C=0---H-C; 1 >0...C=0..-H-C. Lim-
iting the balance to the first nine compounds of the series,
those that crystallize in the P2,2,2, space group, all the
carbonyl groups, except one of 3 and the two of 6, are
involved in push—pull interactions. In contrast with this
observation, only seven carbonyl groups involved in
push—pull interactions are registered for the second half
of the series (10-18), the anhydrides that crystallize in
achiral space groups. There is an obvious relationship
between these push—pull interactions and the packing
mode. The lack of any nucleophile—electrophile interaction
in 6 surely results from the large pure hydrophobic sur-
roundings protecting the anhydride group.

Pyramidalization of the Anhydride Carbonyl
Groups. For each carbonyl group, we have calculated the
pyramid height A (Figure 6); their values range from 0 to
2.3 X 1072 A and are reported in Table XII (supplementary
material).

A total of 21 carbony! groups have A values >0.5 X 1072
A, i.e., significant values with respect to the standard de-
viations. Of these, 11 (1-5, 9, 12, 14) are involved in O-
«C=0 interactions, and in each case except one (a carbonyl
group of 9),° the oxygen nucleophile is in the same half-
space (Figure 6) of the carbonyl carbon that corresponds

(9) The O--C==20 interaction is weak (d = 3.48 A), and two C=0--H
interactions (d = 2.47 and 2.52 A) act in the half-space opposite the
nucleophilic oxygen atom.
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to a normal situation. As 10 of these 11 carbonyl groups
are involved in Nu-.C=0--El push—pull interactions, the
O--El interactions do not change the A sign, except for 9.°
Another 6 carbonyl groups of this class of 21 are only
involved in C=0..-El interactions, El being H in 5 cases
and C in 1 case; all 6 carbonyl groups belong to compounds
(10, 11, 13, 15) that crystallize in achiral space groups. The
influence of the C=0--El on the A sign is not obvious, as
El is distributed in the two half-spaces and at close
proximity to the carbonyl plane (®; ~ 0° or 180°). The
last four carbonyl groups belong to compounds (6 and 16)
without any weak electrophilic hydrogen atom, as we de-
fine it in the introduction, but this limitation may be
questionable.®

Among the 16 carbonyl groups that are weakly pyram-
idalized (A < 0.5 X 1072 A), we may distinguished 7 that
are involved in 2 counteracting O--C=0Q interactions, the
oxygen nucleophiles of which are located in different
half-spaces (Figure 6) with cancellation of their effect on
pyramidalization. Another 6 carbonyl groups are involved
in only 1 O--C==0 interaction and in several C=0-+El
interactions; in each case except 1, 1 or 2 of the electro-
philes is a carbon atom. For the last three carbonyl groups,
there are no O-+-C==0 interactions.

Whereas the role played by Nu---C=0..El interactions
in the crystallization process is obvious, the influence of
the C=0---El interactions on pyramidalization must be
studied thoroughly. It is the subject of the MNDO cal-
culations.

Anhydride Ring Conformations. For each anhydride
cycle (five-membered ring) except 9 and 18, the carbonyl
groups (C40,) are out of the reference plane defined by
the middle oxygen (OQ;) and the two carbon atoms (C, and
C,) bonded to the carbonyl carbons (C4; and Cgz). The
distances d between this plane and the carbonyl atoms
have been calculated and reported in Table XIV (sup-
plementary material). For all the molecules except two
(6 and 9), the atoms of each carbonyl group are located
in the same half-space delimited by the reference plane,
and it may be observed that |d(0,)| > [d(Cg)|. Owing to
the relative position of the two carbonyl groups of a
molecule that may be in the same half-space or in opposite
ones, the anhydride rings adopt envelope (12, 13, 15, 186,
18A,B) or half-chair conformations (1-3, 4A,B, 5, 7, 8, 10,
11, 14, 17). All the molecules crystallizing in the P, ,
chiral group, except 6 and 9, have a half-chair conformation
that shifts the molecular symmetry from C, to C; or Cy,
to C,. In spite of similar features, four molecules (16, 11,
14, 17) crystallize in achiral groups, just as the six molecules
with an envelope ring do. If the nonplanarity of the an-
hydride ring seems to be the norm, we are unable to im-
plicate some intermolecular interactions in the process that
orients toward an envelope or a half-chair conformation.

MNDO Calculations

In order to study the efficiency of push—pull nucleo-
phile~electrophile interactions in inducing geometrical
deformation of the carbonyl of an anhydride moiety,
semiempirical calculations have been carried out using the
MNDO method.® All the geometries were optimized at
the SCF level by minimizing the energy with the Davi-
don-Fletcher—Powell (DFP) algorithm.!12 In a first step,

(10) Dewar, M. J. S.; Thiel, W. J. Am. Chem. Soc. 1977, 99, 48994907,
4907-4917.

(11) (a) Davidon, W. C. Comput. J. 1968, 10, 406-410. (b) Fletcher,
R. Ibid. 1965, 8, 33-41. (c) Fletcher, R.; Powell, M. J. D. Ibid. 1963, 6,
163-168.

{12) Thiel, W. QCPE 1982, 14, 438.
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Table I. Relative Orientation of Nucleophilic Reactants
with Respect to CH,O Substrate: 6,° Angles for Minimum

AH, Values
d.®

reactant 3.5 3.0 2.7 2.5 2.2
H- 180 178 131 120 113
LiH¢ 131 119 115 111
H,0¢ 116 101 98
H,0¢ 95 (228) 94 (219) 96 (208)
CH,0¢ 87 (235) 94 (219) 96 (207)

8 Nu-~C=0 angle in degrees. ®Nu--C distance in angstroms.
¢Li~H--C = 180°. 44, 180° (Figure 1, 1.2). °Figures in parentheses
correspond to 6, optimized values.

Table II. AH, Values® and Pyramidalization Heights®
Calculated for the CH,O ¢ ¢ « CH,0 System as Functions of
&,°(6; = 8, = 105°) and §,5(8, = 105°; &, = 90°)

d, A
3.5 3.0 2.5
P! 0 -64.9 (0.38) -62.7 (1.14) -54.7 (4.04)
45 -64.9 (0.33) -62.7 (1.08) -54.9 (3.92)
90  -64.8 (0.26) -62.7 (1.03) -55.0 (3.81)
6, 105  -64.8 (0.26) ~-62.7 (1.03) -55.0 (3.81)
130  -65.5 (0.26) ~64.0 (0.83) -57.9 (3.10)
155  -65.9 (0.25) -64.7 (0.78) ~-59.2 (2.94)
180  -66.2 (0.25) -65.1 (0.77) -59.8 (2.91)
205  -66.4 (0.25) -65.3 (0.78) -60.1 (2.91)
230 -66.4 (0.27) ~-65.2 (0.81) -59.6 (2.96)
255  -66.1 (0.28) -64.4 (0.89) -57.1 (3.15)

¢1n kilocalories per mole. °Figure 6; second CH,0 molecule; A
X 10? A in parentheses. °In degrees.

the calculations have been performed on formaldehyde,
the simplest carbonyl molecule, in order to check the ef-
ficiency of these calculations in reproducing the experi-
mental®® and theoretical® structural features associated
with separate nucleophilic and electrophilic approaches,
and then with simultaneous attack. Finally, the formic
anhydride was used as a second model in order to deter-
mine the influence of the second moiety of the anhydride
group.

In order to allow a possible pyramidalization of form-
aldehyde, nearly all the geometrical variables were optim-
ized in each calculation; the H-C distance was held con-
stant at 1.10 A, with the two OCH angles remaining equal
to each other throughout the study. Thus, the C,, sym-
metry of the initial molecule changes to C, as pyrami-
dalization occurs, the corresponding ¢ plane being subse-
quently referred to as bisector.

Nucleophilic Approach to Formaldehyde. Various
nucleophilic species have been used (Table I). Their own
geometrical features have been held constant at the values
computed from independant MNDO calculations of iso-
lated molecules.”®> The Li—H axis and the H,0 and CH,0
reactant C, axis lay in the bisector plane of the CH,0O
substrate (Figure 1). For different Nu.--C distances (d;),
we report in Table I the computed values of §,, the nu-
cleophile attack angle, and the value of 6, the angle be-
tween the reactant symmetry axis and the Nu..C axis,
corresponding to minimum calculated heat of formation
(AH;). We have also confirmed that the optimal approach
occurs when the reactant nucleophilic atom is in the bi-
secting plane of the substrate. Furthermore, we observe
a displacement of its carbon out of the plane defined by
its three bonded atoms and toward the reactant (Figure
6). The corresponding pyramidalization heights (A) are

(13) Li-H, 1.38 A; H,0(C,,) O-H, 0.943 A; HOH, 106.8°; CH,0(C,,),
C-H, 1.10 A; C=0, 1.22 A; OCH, 122°.
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Table III. Pyramidalization Heights (A X 10? A) and
Optimized 8, Values®® as Functions of
Nucleophile-Electrophile Distance (d,) and of 8, Angle® for
the CH,0 Substrate

dn A
reactant 65 3.5 3.0 2.5
CH,0° 180 0.0 (179) 0.0 (179) 0.0 (179)
150 0.27 (181) 1.45 (182) 4.59 (180)
135 0.39 (180) 1.35 (191) 4.77 (188)
120 0.29 (202) 1.11 (199) 3.95 (195)
105 0.24 (218) 0.78 (210) 2.76 (201)
90 0.17 (233) 0.44 (222) 1.97 (210)
H,0° 105 0.27 0.82 3.07
HO™ 105 0.16 0.78 3.35
H;Ne 105 0.26 1.06 3.95

¢ Figures in parentheses correspond to ; optimized values. ®In
degrees. °®, = 90°. ¢HO--.C angles = 180° H-O optimized in
each calculation. ¢Cj axis collinear with N-.C axis; N-H fixed at
1.007 A, as in isolated NH; molecule optimized in a MNDO calcu-
lation.

Table 1V. AH, Values® and Pyramidalization Heights®
Calculated for the CH,O o ¢ ¢ J-K System as Functions of
V! and 6, Angles® for d, = 2.5 A and 4, = 180°

reactant, 14

J-K 9, 0 45 90

H-F 90 -88.9(0.24) -89.0(0.33) -88.8 (0.00)
105 -90.2 (0.14) -90.4 (0.14) -90.5 (0.00)
120 -91.1 (0.10) -91.2 (0.08) —91.4 (0.00)
150 —92.0 (0.05) —92.1 (0.04) -92.1 (0.00)
180  -92.3 (0.00)

Li-H 90 -19.0 (2.11) -19.7(1.50) -20.3 (0.00)
106 -19.3 (1.79) -20.1(1.24) -20.9 (0.00)
120 -20.1 (1.47) -20.8(1.02) -21.5 (0.00)
150 -21.8 (0.77) -22.1(0.52) -22.4 (0.00)

180  -22.5 (0.00)

In kilocalories per mole. ?A X 102 A in parentheses. °In de-
grees.

reported in parentheses in Table II with the associated AH;
values as functions of &, and 6, parameters for the CH,-
0--CH,0 system. AH;values decrease with distances d;,
but do not significantly change with ®,. On the other
hand, the pyramidalizations are maximum with ®; = 0°
when an oxygen lone pair of the reactant is oriented toward
the substrate carbon atom. Table III shows pyramidali-
zations being maximum in the range 6, = 135-150°, but
this geometrical situation corresponds to higher AH; values.

For 6, = 105°, the pyramidalization efficiency of the
reactants is in the order H;N > HO~ ~ H,0 > CH,0.

Therefore, the MNDO calculations lead to general
conclusions in agreement with those of previous experi-
mental and theoretical studies.® These conclusions are
available whatever the reactant species.

Electrophilic Approach to Formaldehyde. A total
of three electrophilic species (H*, HF, and LiH) have been
used. With the electrophile H*, the preferred approach
corresponding to minimum AH; values is in the plane of
the CH,0 substrate (¢ = 90°),!* as experimentally observed
for C=0.-H contact.’* For d, = 2.5 and 2.0 A, the op-
timized 6; values (Figure 1, J = H*) are 158 and 138°,
respectively. With the hydrogen of HF and the lithium
of LiH as electrophilic atoms (Table IV), the preferred
approach (AH; minimum) occurs for §, = 180°.

The MNDO calculations show that the electrophilic
approach takes place toward the substrate oxygen atom,
and as in the nucleophilic approach, a pyramidalization

(14) ¢ corresponds to the dihedral angle between the HCH bisector
and C=0..-El planes.
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Table V. Pyramidalization Heights (A X 102A) as a
Function of Nucleophile-Electrophile Distance (d,) to
CH,0 Substrate for §, = 105° and y!¢ = 0°

d2, A
electrophilic reactant 3.5 3.0 2.5
HF® 0.05 0.07 0.13
LiH¢ 0.46 0.94 1.83
CH,0%* 0.07 0.15 0.39
BHy* 0.07 0.17 0.53

98, = 105°; &, = 180°. &, = 90°. °CH,0 oxygen atom on BHj,
C; axis; BH; symmetry allowed to change from Dg, to Cy; B-H
fixed at 1.155 A from the MNDO calculation of the isolated mole-
cule.

Table VI. Pyramidalization Heights (A X 10% A) for the
H,O e ¢ eCH,0 ¢ o o LiH System® (A,q4q X 102 A Values? in

Parentheses)
CH,0--
LiH d, A
geometry  variable 3.5 3.0 2.5
d,
I 3.0A -0.75 (-0.67) -0.01 (-0.12) 2.21 (2.13)
2.5 A -1.64 (-1.56) -0.92 (-1.01) 1.42 (1.24)
by
I1¢ (360-105)° 1.90 (2.10) 2.43 (2.65) 4.69 (4.90)
(360-120)° 1.58 (1.74) 2.18 (2.29) 4.16 (4.54)
(360-150)° 0.96 (1.04) 1.79 (1.59) 3.75 (3.84)
dy
1112 3.0A 0.21 (0.27) 0.81 (0.82) 3.04 (3.07)
2.5 A 0.18 (0.27) 0.79 (0.82) 3.04 (3.07)
d,
IV/s 3.0A 0.32 (0.27) 0.93 (0.82) 3.04 (3.07)
2.5 A 0.17 (0.27) 0.80 (0.82) 3.04 (3.07)

¢ H,0++CH,0 parameters (Figure 1, 1.2): 6, = 8, = 105°; &, = &,
= 90° &, 180°. %A, = A(H,0--CH,0) + A(CH,O--LiH); A-
(H,0--CH,0) values from Table III; A(CHy-LiH) values from Ta-
ble V. ¢CH,0--LiH parameters (Figure 1, 1.3): 6, = 8, = 105°; ¢ =
0°; @, = 180°, YParameters: dy, = 2.5 A; 0, = 105% ¢y = 0° &, =
180°, <¢Parameters: 6, = 6, = 105° ¢ = 90°, &, = 180°.
fParameters: 0, = 6, = 180°. 4,44 = A(H,0--CH,0).

appears (except for 6, = 180° or ¥ = 90°) with the sub-
strate carbon atom moving in the half-space where the
electrophile reactant is located. The pyramidalization
efficiencies may be classified as Li-H > BH; ~ CH,0 >
HF (Table V).

Push-Pull Nucleophile-Electrophile Approach to
Formaldehyde. Pyramidalization height is defined either
positive or negative, depending on whether the substrate
carbon is moving toward the nucleophilic reactant (in the
same half-space) or away from it (in the opposite half-
space).

Since the H,0 molecule (as nucleophile) and the LiH
molecule (as electrophile) provide significant and compa-
rable pyramidalization when they separately interact with
CH,0 substrate, the calculations were performed on the
H,0...CH,0O-LiH system for different geometries (Table
VI), which locate the reactants in opposite half-spaces (I
as in Figure 6) or in the same half-space (II) or with the
LiH molecule in the plane of the substrate molecule (III
and IV). The additivity of separate pyramidalizations A4
= A(H,0--CH,0) + A(CH,0--LiH) (values in parentheses
in Table VI, geometries I and II) is a satisfactory hy-
pothesis, accounting for the counteraction of the two
reactants on pyramidalization when they are in opposite
half-spaces (geometry I in Table VI) and for an increased
pyramidalization when they are in the same half-space
(geometry II). If the electrophile reactant is in the plane
of the substrate molecule (geometries III and IV), its
presence does not change the pyramidalization induced by
the nucleophile reactant very much.
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Table VII. Pyramidalization Heights (A X 10 A) for
HC(0)OC(O)H Involved in Different Interactions (A,qq X
102 A% Values in Parentheses)

db A
systems 3.5 3.0 2.5
H,0.~-CHO(O-CHO)*¢ 0.37 1.44 4.82
(CHO-0)CHO--CH,0%¢ 0.00 0.08 0.59
(CHO-0)CHO-LiH/ 0.85 1.71 3.03

H,0.--CHO(O-CHO)---

CH,O¢
HZO---CHO(O—CHO).--LiH" —0.50 (-0.48) 0.53 (0.59) 4.04 (3.97)

2 A,qa = A[H,0--CHO(O-CHO)] + A[(CHO-O)CHO--El]. *d =
d, for H,0.-CHO(0O-CHO) and H,0.-CHO(O-CHO)-EL d = d,
for (CHO-0)CHO-EL 6, = 6, = 105°% &, = &, = 90°; &, = 180°.
dPigure 1, 1.2. ¢Cf. Figure 1, 1.1. /6, = 105°; 6, = 180°; &, = 90°;
of. Figure 1, 1.3. #d, = 2.5 A; cf. footnotes b, ¢, and d. *d, = 3.5 A;
cf. footnotes b, ¢, and e.

Similar results have been obtained with H,O--CH,0-
-HF and CH,0--CH,0--CH,0 systems. For the last one,
see Table XIII (supplementary material).

Nucleophile and Electrophile Approaches to
Formic Anhydride. In order to check the availability of
a transfer of the formaldehyde results to anhydrides, some
calculations have been performed with formic anhydride
HC(O)OC(O)H as substrate in its s-E,s-E conformation
(Cy, symmetry).® In the course of the reactant attack on
one of the carbonyl groups (C,=0,), all the parameters
were fixed to initial values!® except for C,0, and C,0
distances and 0,C,H, and 0,C,O angles. As a result of
the intermolecular interactions, the system is no longer
planar, and a pyramidalization arises at the C, level.
Owing to the asymmetry of the substrate molecule, the
bisector is now defined as the plane bisecting the dihedral
angle between the O,C,H, and 0,C,O planes, the latter
containing the remaining atoms of the molecule.

Simple and push—pull interactions are investigated in
Table VII; as for CH,0 substrate, we observe good
agreements for the so-called additivity rule about the
push—-pull pyramidalizations.

Nonplanar Anhydride Conformations. Owing to the
experimental results suggesting that intramolecular in-
teractions, such as oxygen orbital overlap, prevent the
anhydride cycle from flattening, we calculate the envelope
and half-chair conformation energies of s-E formic anhy-
dride for different values of the HO,H/HO.,O; by steps of
0.5°, the hydrogen atoms and middle O; atom kept fixed
as in the fully relaxed planar molecule. Calculations
performed with only the hydrogen atoms kept fixed give
similar results. The conformation at the energy minimum
is very close to the planar one, the dihedral angle ® and
the energy difference AH deviating from 2° and 5 cal-mol™
at the most, respectively. But the potential energy surfaces
appear to be very flat around the energy minimum; for A®
= 10°, AH = 15 and 330 cal-mol™ for half-chair and en-
velope conformations, respectively.

Therefore, deviations from the planar conformation look
very easy and may be governed by the balance of soft
intermolecular interactions, even pure Van der Waals ones.
The evolution toward the envelope or the half-chair con-
formation appears to be easier in the latter case, which
corresponds to 12 observations versus 6 for the envelope.
Moreover, as the anhydride ring is puckered, a carbonyl
group pyramidalization occurs; for A® = 10°, A = 0.4 and
1.3 X 1072 A for half-chair and envelope conformations,
respectively.

-0.07 (-0.22) 0.84 (0.85) 4.22 (4.23)

(15) Initial geometrical parameters obtained by MNDO calculations:
C=0, 1.2185 A; C-0, 1.3722 A; H-C=0, 126.0°; 0-C==0, 116°; C-0-C,
123.9°; H-C fixed at 1.10 A.

Cossu et al.

Discussion

In agreement with earlier conclusions from ab initio
calculations,?»® whatever the nucleophilic reagent (>O or
C=0), its optimal approach occurs toward the C=0
carbon atom, in the bisector (®; ~ 90°) with 6, angles
(Figure 1, 1.1 and 1.2) generally greater than 90°, and in
the range 100-110° as the O--C distance decreases (Tables
VIII and IX, Figure 7; supplementary material). The
MNDO calculations are in good agreement with the ex-
perimental results (Table I). Moreover, it is noticeable that
6, and 8, values (Table I) and pyramidalization heights
(Table III) corresponding to H,0 and CH,O as nucleophilic
reagents are, respectively, close together. Therefore, these
calculations a posteriori justify our decision to consider
both C=0:-C=0 and >0.-C=0 interactions (Figures 2
and 3). Results from H;0-+CH,0 interactions (Table I)
show variations of 6, when 6, varies from a 180° fixed value
to the optimized values (~220°); in anhydride crystals, 6,
does not depend on 8,, which range from 115 to 165° and
from 230 and 255° (360 — 6, when ®, < 90°) for 4, values
ranging from 100 to 120° (Figure 8, supplementary ma-
terial). It is clear that less than half the O-.C=0 inter-
actions correspond to optimal 6; values (>180°; see Table
II); the packing appears to be mainly on the 4, control.

The electrophilic approach preferentially occurs in the
plane of the CH,0 molecule with H* as electrophile and
in the prolongation of the carbon—oxygen double bond with
HF and LiH (Table IV). For each 8, value, the calculated
energy differences corresponding toy = 0° and ¢ = 90 °
do not exceed 0.4 (HF) or 1.7 kcal'mol™ (LiH). This can
be correlated with anhydride crystal data, which show an
almost random dispersion of 6, values (similar to ¥) for
C=0...H-C, C==0---C~0, and C=0--C=0 interactions'®
(Tables X, XI, and VIII, respectively; supplementary
material).

In contrast to the nucleophilic approach, which is very
dependent on geometry and consequently on steric hin-
drance control, the electrophilic approach is efficient
whatever its orientation, therefore quite independent of
steric factors. This first conclusion may be an useful
statement for structure—reactivity correlations.

Turning now to the carbonyl group pyramidalization,
which may be qualitatively related to the transition-state
geometry (reactantlike or productlike), the MNDO calcu-
lations obviously confirm that as long as a nucleophilic or
an electrophilic approach occurs in the plane of the CH,O
molecule, no pyramidalization is observed. But, as soon
as the reactant deviates from this plane, a pyramidalization
arises, the CH,O carbon moving toward the reactant
(Tables III and IV). In the anhydride crystals, we have
not observed any case with 8,(Nu---C=0) or §,(C=0.-E})
values equal to 180°.

The MNDO calculations lead to some supplementary
remarks:

(1) In the course of the reactant approach, A is primarily
dependent on the d; or d, distance; subsequent calculations
show that the H--CH,0 system continuously tends toward
the formation of the CH;0™ anion, with maximum py-
ramidaliiation when H™ is located at distances in the range
2.5-1.2 A.

(2) The pyramidalizations due to HO™ and H,0 reactants
are close together (Table III), which suggest that no
electrostatic effect is involved.

(3) According to the previous hypothesis related to
crystal structure analysis,®™f nitrogen atom is more nu-
cleophilic than oxygen, if judged by A values (Table III).

(16) Cossu, M. Thése Doctorat &s sciences physiques, Université de
Provence, Marseille, 1983.
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(4) At a given distance, the pyramidalizations induced
by nucleophiles are generally greater than those induced
by electrophiles.

(5) Larger A values are obtained with LiH as electro-
phile, which reveals a stronger interaction, even at long
distances (Table V); indeed, the more diffuse lithium or-
bitals allow a larger overlap with the CH,0 orbitals.

(6) The pyramidalizations look almost insensitive to the
reactant (nucleophile or electrophile) orientation, providing
the nucleophilic or electrophilic atom is well located.

The MNDO-calculated A values related to the nucleo-
philic approach are roughly 0.3 X 102 A at d, = 3.5 A, 0.80
X102Aatd, =3.0A, and3x 1024 atd, 254, in
qualitative agreement with the values observed from the
anhydride crystals (A up to 2.3 X 1072 A with d, and d,
distances in the range 2.9-3.6 A). However, in a number
of cases, the experimental values are smaller and occa-
sionally close to zero (Table XII, supplementary material).
Our push—pull hypothesis has been well supported by the
MNDO calculations (Tables VI and VII), which predict
an additivity rule for A with possible cancellation or inverse
pyramidalizations (with respect only to those induced by
the nucleophile reactant) when the nucleophilic and
electrophilic reactants are located in opposite half-spaces
of the carbonyl group (Table VI, geometry I).

Indeed, Table VI shows that the differences between
A4q and computed A values do not exceed 0.2 X 1072 A,
The deviations are maximum for geometry II, because the
H,0 oxygen and the lithium atoms are close together
(O-Li =2 A for d; = d; = 2.5 A) and consequently can
interact. When LiH moves from one half-space (geometry
I) to the other (geometry II), the reactant net charges,
negative on LiH and positive on H,0, vary by —0.079e and
+0.086e, respectively, indicating an electronic transfer from
H,0 to LiH.

In order to check whether this additivity rule is opera-
tional upon other reactants, further calculations were
carried out on H,0---CH,0--HF and CH,0-+-CH,0--CH,0
push—pull systems (Table XIII, supplementary material).
In both cases, the results show that A and A4, values are
still close together. It may be expected that the so-called
additivity rule is fairly general. Moreover, in some cases,
namely when there are no significant interactions between
reactants, one would reasonably expect that this rule could
still apply with more than two nucleophile-electrophile
interactions on the carbonyl group, which is very frequent
in the crystals (Table XII, supplementary material).

Finally, in order to extend the previous conclusions from
CH,0 as substrate to anhydride moieties, further calcu-
lations were devoted to the HC(O)OC(O)H system and
focused on pyramidalizations (Table VII). For similar
geometries, the A values determined for this anhydride are
larger than the CH,0 values by an average factor of about
1.6. This increase is larger than the one predicted on the
simple change in bond lengths!? owing to the pyramidal
basis extension. Therefore, such an observation suggests
that both nucleophilic and electrophilic approaches are
more efficient on anhydrides than on simple carbonyl
compounds.

In spite of calculations and experimental data corre-
sponding to early stages of addition reaction paths, these
pyramidalization comparisons suggest productlike and
reactantlike transition states, respectively, for anhydrides
and simple carbonyl compounds.

Once again, the additivity rule is operational (Table VI),
which suggests returning to the anhydride crystal data

(17) The increase related to this lengthening is A ~ 1 + [(C-0) -
(C-H)/3(C-H)] ~ 1.08 with A(C-0) = AA(C-H).
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from which some typical examples may be extracted.
Subsequently, the efficiency or the weakness of the dif-
ferent interactions will be qualitatively determined from
the analysis of different geometrical data,'8 in particular
the intermolecular distances d, but also 6, (Table III), &,
; and ®,. Some of the highest observed pyramidalization
heights (A > 1.5 X 1072 A) correspond either to efficient
0..C==0 interactions!® (with!8 or without!®® weak C—
Q--El interactions) or to efficiency of both located in the
same half-space.’® Another case?® corresponding to a
nucleophilic oxygen and two electrophilic carbons, located
in the same half-space, shows a weaker pyramidalization
(A = 0.5 X 1072 A), but their effect is surely counteracted
by an electrophilic hydrogen located in the other half-space
at short intermolecular distance (2.36 A) from the carbonyl
oxygen atom. Weak pyramidalizations (A < 0.5 X 102 A)
are observed either for efficient interactions, but with
reactants in opposite half-spaces?! or for Nu...C=0 and
C=0--El interactions, both being too weak.?

Disagreements® between experimental data and the
model are observed; four of these seven carbonyl groups
show significant pyramidalizations (A = 0.5 X 1072 A)
without any efficient interactions. Similar cases are ob-
served for carbonyl groups not involved in O-+C=0 in-
teractions?* or in any nucleophile—electrophile interac-
tions.?? As these carbonyl groups belong to puckered
anhydride rings (Table XIV, supplementary material), the
MNDO calculations have shown that pyramidalizations
may occur without any nucleophile—electrophile interac-
tion. Therefore, it only remains to understand the origin
of the puckering of these molecules; soft packing interac-
tions may be involved, but their analysis is not possible
at the present time.
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(18) (a) 4: C(8B) = O(2B); Nu, O(3B); El, H(1A), H(5B). (b) 3: C(9)
= 0(3); Nu, 0(2).

(19) 1: C(9) = O(8); Nu, O(2); El, H(8). 4: C(9B) = O(3B); Nu, O(3B);
El, C(9B), C(8B).

(20) 3: C(8) = 0(2); Nu, 0(2); El, C(9), C(8), H(3).

(21) 7: C(5) = O(7); Nu, 0(6); El, C(2), H(8); C(2) = 0(8); Ny, O(8),
0(7); EL, C(5), C(2); H(8). 8: C(4) = O(7); Nu, 0(6), O(7); EL, C(1), C(4),
H(11); C(1) = 0(6); Nu, 0(7), 0(8); El, C(4), C(1).

(22) 2: C(9) = O(8); Nu, 0(1); El, C(8), H(4). 5: C(15) = O(4); Nu,
0(2); El, C(11), C(14), H(10). 7: C(7) = O(7); Nu = 0O(8); El = H(4).

(23) 1: C(8) = 0(2); A = 1.7 x 1072 A; Nu, O(2); El, C(9) (weak
interactions). 2: C(8) = O(2); A = 0.1 X 1072 A; one strong interaction
(H(4)). 5: C(14) = O(3); A = 0.8 X 10°2 A; Nu, O(4); El, C(12), H(9) (weak
interactions). 9: C(11) = O(2); A = 2.3 X 102 A; Nu, O(2); El, C(11), H(2)
(weak interactions); C(12) = O(3); A = 1.1 X 1072 A; one strong interaction
(H(T)), but inverse pyramidalization. 12: C(4) = 0(3); A = 1.5 X 102 &;
Nu, O(1); El, C(2) (weak interactions). 17: C(8) = 0(8); A = 0.2 X 1072
A; Nu, O(8) (strong interaction); El, C(7), C(8), H(3) (all the reactants
being in the same space).

(24) 10: C(18) = O(16); A = 1.0 X 102 A; C(14) = O(17); A = 0.8 X
102 A. 11: C@8) = 0(2); A= 0.5 X 102 A; C(9) = 0(3); A = 0.7 X 1072
A 13: C(10) = 0(3); A =0.7 X 102 A, 15: C(11) = O(14); A = 1.0 X
102 A; C(12) = O(15); A = 1.4 X 102 A,

(25) 6: C(11) = O(14); A = 0.9 X 102 A, 16: C(11) = O(14); A= 0.9
x 102 A; C(12) = O(15); A = 1.3 X 102 A,



