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Abstract.

The separation between a pair of peri-located dimethylamino and ethene-2,2-
dinitrile groups in a naphthalene molecule, which models the progress of a
Michael reaction, can be controlled by the installation of a short ethylene bridge
or the introduction of repulsive interactions at the opposite set of peri positions.
Introduction of a dimethylammonium substituent produced a hydrated chloride
salt in which the MexN---C(H)=C(CN). separation between reactive groups
decreases, reversibly, from 2.167 A at 200 K to 1.749 A at 100 K, with the
maximum rate of change in the range 128-140 K, which was studied by variable
temperature X-ray crystallography and solid state NMR. From these and other
crystallographic data a correlation between Me:N---C bond formation and alkene

bond breaking was constructed for the first step of an aza-Michael reaction.



Introduction.

Bond formation and breaking is a core theme in chemical reactivity but it is very
difficult to monitor the whole process, including the correlation between bond formation and
breaking, due to the high energy of the transition state which involves partially broken and
formed bonds. Indeed transition states have only been accessed experimentally by femtosecond
spectroscopy as demonstrated by Zewail,! and calculations offer a more pragmatic approach
to exploring transition state structures.? The Michael reaction is a very well-known reaction,
involving the addition of a nucleophile such as an amine, thiolate or enolate, to an electron
deficient alkene or alkyne. It is used to prepare a wide variety of substances including
enantiopure ones, and may be promoted, for example, by organocatalysis.® The aza-Michael
reaction, in particular, is used in the construction of heterocycles, alkaloids and molecules of
pharmaceutical relevance.* Some calculations of the transition states structures and/or energies
for such reactions have been reported, in some cases aimed at predicting mutagenicity of the

Michael acceptor.>®

The idea of modelling reaction pathways based on structural data from crystals is well
established for both organic and some inorganic systems though the experimental data
generally lies closer to the start or end of the reaction process.” The naphthalene framework has
been used for observing interactions and reactions between pairs of groups placed at the peri-
positions by crystallographic and solid-state NMR methods.® Apart from
nucleophile/electrophile interactions, peri-substituted naphthalenes have provided chiral
hydrocarbons with very large steric interactions,® frustrated lone pairs systems!® and proton
sponges,** with experimental charge density studies carried out in selected cases.*? Attractive
interactions between functional groups were first reported in the pioneering work from Dunitz
et al. on the interactions of nucleophiles with carbonyl groups as in naphthalene 1.2 Such n-
n interactions affect the chemistry of the electrophile, for example the aldehyde 2 both
protonates and acylates on the O atom with formation of a N-C bond between the two groups,**
as do several closely related ketones.'® We have reported the structure of a series of compounds
where a dimethylamino group lies next to a polarised alkene, such as 3 and 4. In the first of
these the nucleophile impinges on an alkene terminated by two nitriles with a Me2N---C
separation of 2.413(2) A while in the latter case, where the alkene is activated by two in-plane
lactone carbonyls, the groups reacts to form a zwitterion with a long MezN-C bond of 1.651(3)
A. Although a range of such systems has been studied,’” no such structures with MezN---C



separations in the range 1.7-2.4 A have been found. Indeed, the only molecular structure with
such N---C separations are for transannular interactions across the ring systems of particular
alkaloids, such as Clivorine 5 (1.93 A) and Senkirkine 6 (2.25 A),*® as highlighted by Biirgi,
Dunitz and Schefter.?® n-n” interactions between peptide carbonyls have been particularly

highlighted recently for their role in determining the conformation of proteins.?°

To modify peri-interactions and find such intermediate separations between the peri-
groups, we decided to explore whether a pair of substituents at the second set of peri-positions
of the naphthalene skeleton could control the electrophile/nucleophile separation at the first
pair. In particular, would repulsion between a second pair of substituents lead to the first pair
being pushed closer together, and conversely would contraction at the second pair lead to an
increased electrophile/nucleophile separation? We describe here results for compounds

containing a dimethylamino group and a dicyanoethenyl group as the nucleophile/electrophile



pair. The results of a reaction between this pair of groups to form a zwitterion has been
observed in crystals of the corresponding biphenyl system 7, with new Me2N-C bonds of
1.586(3) and 1.604(3) A in the two independent molecules.?* In this case the reaction involves

the formation of a less strained ring than in the naphthalene series.

Discussion.

Structural effects of a second set of peri-substituents in a naphthalene derivative.

We started by exploring the effect of installing an ethylene bridge between the second
set of peri-positions on the MezN---C(H)=C(CN)2 separation by studying acenaphthene
derivative 8. The molecule was prepared from acenaphthene in six steps (ESI). Its X-ray crystal
structure, determined at 150 K, showed that the installation of the ethylene bridge had led to a
significant increase in the distance between the functional groups: the MezN---CH=C(CN)2
distances in the two crystallographically unique molecules are 2.755(2) and 2.846(2) A
compared to 2.413(2) A in the unsubstituted analogue 3. Furthermore, the difference of 16-17°
in the exo angles at the fusion the benzene rings between the two peri positions (¢ and v in
Table 1) shows how the widening of the ¢ angle between the amino and alkene groups has
been caused by the compression of the y angle which was imposed by the short ethylene bridge:
i.e. ¢: 127.24(17) /128.51(17)° vs y: 111.67(17)/111.18(17)°. In 3, without the ethylene bridge,
these two angles differ only by ca. 2° (122.6(2) and 120.42(12)°). The increased separation,
and reduced n-n” interaction between the -NMe2 and -CH=C(CN):2 groups, allows the
electrophilic group in one of the two crystallographically independent molecules to rotate
closer to the acenaphthene plane and to increase the conjugation between the alkene and the
aromatic system. Indeed, this general strategy of a short peri-bridge was also implemented in
the design of acenaphthylene derivative 9 by Ishigaki and Suzuki which shows an
exceptionally long C-C bond between peri-substituents?? and also in materials with frustrated

lone pairs such as 10.1°
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Table 1. Selected molecular geometry for naphthalenes 3, 8, 11 and 12 and cation 13.

Compound T/K alA blA 0/° Me;NH---H / A
3, R=R’=H 150  2413(2)  1354(2) 112.5(2) -
8RR’ =CH,CH, | 150  2.755(2)  1.343(3) 122.71(14) -
2.846(2)  1.348(3) 133.00(15)
11, R=R’=Ph 150  2.3603(19) 1.356(2) 114.21(11) -
12,R=NMey, R’=H | 150  2.455(2)  1.356(2) 116.29(12) -
2512(2)  1.350(2) 117.19(12)
13.Cl, 200  2.167(4)  1.369(4) 113.2(2) 2.07
R=*NHMez, 150  2.098(4)  1.378(4) 113.4(2) 2.09
R’=H 134 1.932(4)  1.401(4) 115.0(2) 211
100  1.749(3)  1.431(3) 115.9(2) 2.14
TIK 0P v/ /0 /o E
3, R=R’=H 150 120.42(14)  122.6(2) 56.5(2) 49.7(2) -81.5(2)
8, RR’=CH.CH, | 150 127.30(18)  111.73(17)  51.9(3) 45.8(2) -82.1(2)
128.54(17)  111.25(18)  35.9(3) 27.5(3) -100.8(2)
11, R=R’=Ph 150 126.24(13)  117.74(12)  51.0(2) 94.95(18)  -36.9(2)
12, R=NMez, R’=H | 150 120.27(15)  122.74(15)  53.1(2) 77.8(2) -54.9(3)
120.81(15)  122.75(15)  49.9(2) 90.5(2) -43.0(3)




13.Cl 200 117.8(2) 126.5(3) 53.0(4) 48.9(5) -82.3(4)
R=*NHMey, 150 117.1(2) 127.1(2) 51.4(4) 49.1(4) -81.0(3)
R’=H 134 116.0(2) 128.1(2) 46.4(4) 49.6(4) -78.6(3)

100 114.3(2) 129.3(2) 42.0(4) 48.0(3) -76.4(2)

Figure 1. Molecular structures of 3% (left) and the two independent molecules of 8 (middle
and right) in the second of which (right) the alkene has rotated to be closer to the naphthalene
plane.

14 15

To explore the opposite effect, the ethylene bridge was replaced by two phenyl rings
which should repel each other since the peri-naphthalene ring carbon atoms are only ca. 2.5 A
apart. Thus, the peri-diphenyl derivative 11 with a MezN---C(H)=C(CN)z interaction at the

opposite peri-positions was prepared from 1,8-diphenylnaphthalene in five steps via aldehyde



14, and the dinitrile 11 was crystallised as a toluene solvate. The X-ray crystal structure was
determined and the molecular structure is shown in Fig 2. The two phenyl groups are tilted at
62.2 and 63.2° to the naphthalene, and they are repelled apart with an angle of 20.9° between
them and a widening of the nearby exo-angle (y) at the fusion of the naphthalene rings to
126.24(13)°. The opposite exo-angle (¢) is compressed to 117.74(12)° leading to the other two
peri groups being oriented closer together so that the MezN---C(H)=C(CN). separation is
reduced to 2.3603(19) A, 0.053 A shorter than in the dinitrile 3 without peri phenyl groups.

Figure 2. Molecular structures of naphthalene 11 with two peri phenyl groups (left) and one
of the two crystallographically unique molecules of naphthalene 12 with a dimethylamino
group and hydrogen atom at the second set of peri-positions (right).

Continuing the idea of introducing a repulsive peri-interaction, the corresponding
naphthalenes with just one -NMez group, unprotonated or protonated, in the opposite peri-
position, 12 and 13.Cl respectively, were prepared. Protonation was expected to increase the
effective size of the dimethylamino group. Compound 12 was prepared by peri-lithiation of
1,5-bis(dimethylamino)naphthalene and treatment with DMF to yield aldehyde 15 followed by
Knoevenagel condensation with malonitrile. The X-ray structure of the unprotonated material
12 (Fig. 2) shows that the peri-repulsion between the H and -Me2N groups in the two
crystallographically unique molecules is not very effective, even though there is van der Waals
contact between the peri H atom and a N-methyl H atom. The exo angles at the fusion of the
benzene rings differ only by ca. 2° and are similar to those in naphthalene 3 which has no
second dimethylamino group. The MezN---C interactions are just slightly longer than in 3
(Table 1). The results from the X-ray crystal structure of the HCI salt, however, showed a much

more significant repulsion between the dimethylammonium group and the peri H atom.



Variable temperature peri-interactions in 13.Cl.

The salt 13.Cl, readily prepared from 12, crystallised in the orthorhombic space group
Fdd2 with one molecule of water per two cations of 13 and two chloride anions. In the crystal
structure of this salt at 200 K the cation shows a remarkably short MezN---C(H)=C(CN)2
interaction of just 2.167(5) A, which is ca. 1 A within the separation predicted by the sum of
van der Waals radii (Fig. 3). This is also ca. 0.25 A shorter than is observed in the
corresponding naphthalene derivative 3 with just a pair of H atoms at the second set of peri-
positions. The dimethylamino group is well aligned with the alkene-dinitrile group for a
reaction to take place, with a MezN---C=C angle of 113.2(2)°. Furthermore, the alkene bond
is lengthened by 0.015 A compared to the unsubstituted molecule 3, suggesting that there has
been a small degree of progress along the reaction coordinate for the addition of a tertiary amine
the alkene. At the other side of the molecule the dimethylammonium substituent and peri-H
atom are repelled apart, so there is van der Waals contact (2.07 A) between the N-H and the
peri-H atom. The N-methyl groups lie to either side of the naphthalene plane to minimise steric
interaction with the ortho H atom. This peri-repulsion leads to an exo angle y of 126.5(3)° and
consequentially to a much smaller exo ¢ angle of 117.8(2)°, and the closer approach between
the dimethylamino group and alkene. In the crystal structure the dimethylammonium group
forms a hydrogen bond to the chloride anion, and a water molecule bridges two chloride anions
(Fig. 4). Pairs of cations of 13, linked by hydrogen bonding through a Cl---HOH---Cl unit, lie
in columns along the b axis, with four parallel columns lying side by side along the a axis
(44.4094 A at 200 K). The two cations are related by the two fold axis along the short ¢ axis
which cuts the water’s oxygen atom. The column is completed by a second such pair, related

to the first by a two-fold screw axis along the c axis (Fig. 4, vide infra).

On cooling the crystal of this salt to 150 K the molecular structures changes by a small
amount, with the MezN- --C=C distance contracting by 0.069 A to 2.098(4) A, and the alkene
lengthening slightly by 0.009 A. However, on cooling further to 100 K the structure of the
cation underwent a more significant change. The contraction of the crystal lattice applies
pressure to the cation, and the dimethylamino and dicyanoethenyl groups are pushed closer
together to give a Mez2N----C separation of 1.749(3) A, though this is still not as short as in
the biphenyl derivative 7 (1.586 /1.604 A). The alkene bond has also partly broken and its



Figure 3. The molecular structure of the cation 13 at 200 K (top left), at 150 K (top right) and
100 K (below), with MezN---C separations of 2.167(4), 2.098(4) and 1.749(3) A respectively.
A bond between the functional groups is drawn in the latter case, to indicate the closer distance.

length (1.431(3) A) lies intermediate between that for this species at 200 K (1.369 A), and that
in the biphenyl case 7 (1.487 /1.493 A). Furthermore, the molecular geometry at the attacked
alkene carbon has changed from planar to partially tetrahedral. The coordinates of the hydrogen
atom at this centre were found in a difference Fourier map and refined in the X-ray analysis.
Thus the angles between the two C-C bonds and the C-H bond at this centre change from 122.2,
116.2,117.9°at 200 K to 118.6, 112.7 and 109.6° at 100 K. As this addition reaction proceeds
partial charges, positive and negative, should develop respectively on the dimethylamino
nitrogen atom and on the carbon atom between the nitrile groups. The N-methyl bonds have
lengthened in response, from 1.462(5) and 1.476(4) A at 200 K to 1.486(3) and 1.490(3)
A at 100 K. These four values lie in-between those for naphthalenes 3 and 4, 1.459 and 1.502
A respectively, which have longer and shorter Me2N---C separations (2.413 and 1.651 A).%
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There is also a tightening of the bond angles at the N atom in the dimethylamino group on
going from 200 K to 100 K. The bonds from the developing carbanion to the nitrile groups
have shortened from 1.430(4) and 1.434(4) A at 200 K to 1.416(3) and 1.423(3) A at 100 K,
with slight increases in the nitriles’ bond lengths: from 1.135(4)/1.142(4) A to
1.149(3)/1.149(3) A, as the nitriles play a greater role in stabilising the negative charge. All
these changes are consistent with progress along the reaction coordinate on cooling the crystal.
Overall, this suggests that there is a partially formed bond of length 1.749 A between the two
functional groups. The MezN---C interaction is aligned approximately along the ¢ axis of the
cell, and this axis contracts by ca. 2.8% on cooling from 200 K to 100 K, while there are much
smaller changes on the a axis (+0.6%) and the b (-0.7%). The overall packing arrangement
observed at 200 K is maintained (Fig. 4). The longest C-N bonds in the Cambridge Structural
Database, neglecting artefacts due to disordered side chains or inaccurate structures and
excluding peri-naphthalenes, are ca. 1.61 A e.g. in the highly strained system 16 where the
nitrogen atom is involved in the fusion of two four-membered rings and a three-membered
ring.2 Among the peri-naphthalenes the longest N-C bonds between peri-substituents are in

cations 17 and 18 and zwitterion 19 and are in the range 1.66-1.68 A.1517:24

To explore this temperature dependent change of the Mez2N---C interaction, the
crystal structure of 13.CIl.0.5H>0 was determined at a set of intermediate temperatures, 10 K
apart, and since the most notable structural changes were found to take place between 140 and
128 K, the crystal structure was carefully measured at intervals of 2 K within this range. The
crystal structure was redetermined at 132, 134, 136 and 138 K as the crystal was warmed back
up to 150 K, and the results indicated that the process is reversible. The changes in the
Me:zN---C separation and bond length of the C=C(CN)2 alkene with temperature are shown in

Figs. 5-6. The region of fastest change with temperature is centred on ca. 134 K.
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Figure 4. Crystal packing for 13.CI.0.5H.0 at 100 K viewed down the c axis: a pair of
chloride anions bridged by a water molecule each form a hydrogen bond to the N-H of the
dimethylammmonio group of cation 13 (above) and the full crystal packing arrangement
(below).

The overall structural change in cation 13 on cooling from 150 to 100 K is small as
illustrated by the overlaid structures (Fig. 7), though significant for the two reacting groups.
Two possible interpretations of the observed changes could be considered. Either there is just
a steady reduction in the Me2N---C distance on cooling with a more rapid change in the 140 to
128 K range as the structure passes through a higher energy state, or there are two structures
represented by those at ca. 140 and 128 K, and within this temperature range an increasing

percentage flip over to the “128 K structure” as the temperature falls. The former interpretation
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Figure 5. Graph of the Me2N---C distance (A) versus temperature (K) for 13.C1.0.5H0.
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Figure 6. Graph of the C(H)=C(CN): distance (A) versus temperature (K) for 13.CI.0.5H-0.
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would require that the structure was progressing through a transition state. The latter
interpretation should lead to increased atomic displacement parameters for the interacting

atoms in the temperature range where a mixture of two structures was present.

Plots of the atomic Ueq value versus temperature where Ueq is an isotropic parameter

derived from the six atomic anisotropic displacement parameters to represents the uncertainty
in the atomic position due to thermal motion and/or disorder,? for the three atoms primarily
involved in the interaction process are shown in Fig. 8. Superimposed on the expected steady
decrease in the Ueq value with falling temperature, there is an increase which is centred at ca.
134 K: by ca. 25% for the two directly interacting atoms, the amino nitrogen N1 and the alkene
carbon C15, and by ca. 10% for the remote alkene carbon C16 (Fig. 7). This would be

consistent with the presence of two similar structural forms in this temperature range.

Figure 7. An overlay of the two structures at 150 K (blue) and 100 K (yellow) demonstrating
the changes in the overall skeleton for 13.C1.0.5H-0, and selected atomic labels for those
atoms most directly involved in the interaction.
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Figure 8. Plot of Ueq. (A?) against temperature (K) for the three atoms involved in the
MezN---C(H)=C(CN): interaction/bond formation process: N1, C15 and C16.
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Structure of the cyano ester analogue, 21.Cl.

Cco,Me CO,Me
NMe2 o’ CN NMe2 = CN
®
H NMe, H NMe,
HY
20 21

For comparative purposes, the corresponding methyl cyanoester 20 was prepared and
converted to its chloride salt 21.Cl. Its crystal structure was measured at 260 and 150 K. The
crystal structure of this salt resembles that of the dinitrile chloride salt 13.CI.0.5H20 in a
number of respects. It includes a molecule of water per two chloride anions, and has similar

cell parameters and the same space group (Fig. 9-10). However, the Me2N---C separation

Figure 9. Molecular structure of the cation 21 and associated chloride anion in the salt
21.CI.0.5H.0 at 150 K.

in 21.CL.0.5H,0O at 260 K is 1.754(6) A, significantly shorter than for the dinitrile salt
13.CL.0.5H,0O at 200 K (2.167(4) A), and the partially broken alkene bond has a length of
1.442(5) cf. 1.369(3) A. Thus this structure at 260 K most closely resembles that of the dinitrile
salt at 100 K. On cooling to 150 K the Me2N---C separation contracts by 0.034 A to 1.705(3)
A, and the former alkene bond extends slightly to 1.452(3) A. So in this case, there is a
substantial degree of N-C bond formation and C=C bond breaking at 260 K.



16

Table 2. Selected molecular geometry for naphthalene cation 21 in 21.CI.0.5H20.

Compound | T/K al/A b/A 0/° Me;NH---H / A
21.Cl. 260 1.754(6) 1.442(5) 115.4(3) 2.18
150  1.705(3) 1.452(3) 115.23(18) 2.24
T/K PG v/ T/° E K
21.CI 260 114.2(4) 128.9(4) 46.4(6) 56.6(5) -66.9(5)
150 113.7(2) 129.0(2) 45.7(3) 55.7(3) -66.7(3)

The crystal structures of the dinitrile and cyanoester salts 13.Cl.0.5H.O and
21.C1.0.5H20 have similar orthorhombic unit cells, and the space group is Fdd2 in both. For
the cyano ester salt, the cations are organised into columns along the b axis. To accommodate
the ester group in place of the cyano group the a axis is expanded by ca. 9%. The c axis is
contracted by 5%. Cations are connected in pairs by the Cl---HOH--Cl unit and are related to
each other by the two fold axis through the water molecule. A second pair of cations related to
the first by a 21 axis provides the second component of the column. However, there is a large
difference in the relative orientation of the cations and the CI---HOH--ClI unit when compared
to the dinitrile salt (Fig. 10). First of all, the Cl---O---Cl angle is much wider (108.7 cf. 82.9°)
which places the chloride ions further apart (5.310 cf. 4.220 A), and the CI---Cl vector is more
closely aligned along the b axis lying at 9.2° cf. 29.2°. This pushes the two symmetry related
cations further away from each other, with their protonated nitrogen atoms now 8.994 A apart
cf. 5.522 A in 13.C1.0.5H0. This is further illustrated by the much larger Cl---O---Cl---(H)N
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torsion angle of 141.7 cf. 59.5°, though the Me2N(H)---Cl---O angle remains almost constant.
(91.9 cf. 89.1°).

Figure 10. Linking of pairs of cations by a Cl---HOH--Cl unit along the b axis for dinitrile
salt 13.CI1.0.5H,0 (top), and for cyanoester salt 21.CI.0.5H,0 (bottom), viewed down the ¢
axis, with the b axis horizontal.
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Solid State NMR studies on 13.CI1.0.5H,0 .

To gain some further insight into the increasing progress of the reaction between the
functional groups in the crystalline salt 13.CI1.0.5H>0 on decreasing the temperature, the
analogue which carried a *C label at the attacked alkene carbon was prepared and crystallised
and then converted to a powder and studied by variable temperature solid state *C NMR. The
expected unit cell dimensions were confirmed by powder X-ray diffraction  The “open”
analogue 3 (Me2N---C: 2.413 A) and the “closed” analogues 4 and 22-23 (Me2N---C: 1.612(2)-
1.651(3) A) provide references for the chemical shift of this labelled carbon atom at its possible
extreme positions: 165.6 and 88.9-99.1 ppm respectively.'®” In solution both the salt 13.ClI
and free base 12 show that they are in the “open” structure with the alkene carbon atoms at
163.1 and 73.4 ppm for 13.Cl and 165.8 and 73.0 ppm for 12 in CD2Cl..

nd o=, )

Me,NE 0 Me,NE o)
22 23

As pointed out above, the two possible scenarios of the structural changes on cooling
should show up in the NMR spectrum in a different way. If there is just a steady reduction in
the MezN---C distance on cooling, one would expect the continuous change in the chemical
shift of a single line of the labelled carbon from 156 ppm to ~90 ppm. In the other scenario one
would expect two lines in the spectrum corresponding to the high- and low-temperature phases,
with the intensity ratio depending on the temperature. The change with temperature in the NMR
spectrum of the labelled carbon is given in Fig. 11. At high temperature the spectrum shows
only one signal at a chemical shift of ca. 153 ppm at 230 K falling to ca. 144 ppm at 120 K.
On decreasing the temperature further, the signal amplitude decreases drastically, it becomes
broader and the maximum moves back towards 150 ppm at 85 K. From this behaviour one can
rule out the first scenario with a steady change in the MezN---C bond/interaction distance.
Assuming coexistence of the two phases as proposed in the second scenario seems not to be
fully adequate as well. The most probable explanation for such temperature dependence of the
spectrum is assuming a slow exchange between the two configurations of the molecule.

According to the general understanding of the NMR line shape of molecular switching between
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two states?® the broadening of the line occurs when the switching rate is close to the difference
of the resonances in these states. In the present case, we expect severe broadening of the line if

the exchange rate between the two configurations of the molecule is of the order of few kHz.

3¢ cpMAS NMR

90.41 MHz

140K

120 K

115K

105K AN

9B K

85K A

300 250 200 150 100 50 O
Chemical Shift (ppm)

Figure 11. Temperature dependence of 3C CP MAS NMR spectrum of 13.C1.0.5H.0
sample. The details of the measurement are given in ESI.
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Solution NMR studies on 13.Cl.

The solution state *H and *3C NMR spectra of 13.Cl have been studied in both CD2Cl>
and in DMSO-ds . In CD2Cl2 there appears to be a fast equilibrium between the cation 13 and
the corresponding free base 12. This leads to broadening of the **C signals ipso, ortho and para
to the protonated NMe2 group (Scheme 1). When not protonated electron donation into the
naphthalene ring leads to upfield shifts of the ortho and para carbons and a downfield shift of
the ipso carbon.?” Furthermore, the two neighbouring H signals (peri and ortho) are also
broadened. In DMSO-ds the equilibrium is more strongly towards the free base. Of further
note is the upfield movement of the -C(CN)2 carbon from 73.4 to 66.2 ppm on changing from
CD2Cl2 to DMSO-ds, consistent with an increase in electron density at this carbon. The
corresponding carbanion would be expected to resonate at ca. 20 ppm.?® The observed change
in shift may be due to the more polar solvent stabilising a more advanced interaction between
the peri groups. We have indeed observed a shift for the corresponding carbon at 65.5 ppm for
11 in CDCls. Interestingly the SSNMR spectrum shows this carbon at 56.5 ppm at 260 K.

CN oN C: ortho and para carbons

shielded in 12
NMe, =~ “CN NMe, %\CN

&5 . Cu c: ipso carbon to protonation
| ~ + H - | S site.
(I:/ ~H C// SH
i CNive, N

o Hive, H: ortho and peri hydrogens
H affected by rapid proton
12 13 exchange at adjacent
NMe; group.

Scheme 1: Equilibrium of 13 with free base 12 observed in solution by NMR.

Mapping of the reaction coordinate.

The partial breaking of the alkene bond in cation 13, in which it changes from a bond
length of 1.369 A at 200 K to 1.431 A at 100 K, takes place while the Me:zN---C distance
changes from just 2.167 A to 1.749 A. In the cyclised biphenyl derivative 7, the Me2N-C bonds
are shorter (1.604(3) and 1.586(3) A), and the “broken” alkene bonds are longer (1.487 and
1.493 A), while in several compounds containing the C-C®(CN). fragment the single C-
C(CN)2 bond has a length in the range 1.514-1.536 A.? In contrast, for the unsubstituted
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naphthalene 3 with a MezN---C separation of 2.413 A, the alkene bond is 1.354 A long. These
data give insight into the bond formation and breaking in an aza-Michael reaction. For 13.Cl
at 150 K the nucleophile approaches close to the alkene (Me2N---C: 2.098 A) with only a small
increase of 0.024 A in the length of double bond, but then on cooling to 100 K the alkene
bond is partially broken while the Me2N---C distance contracts by just 0.349 A. To get a fuller
picture of this correlation the corresponding distances from a range of structures containing an
interaction or bond between a dimethylamino group and an ethene-2,2-dinitrile (3,7, 8, 11, 12,
13@200K, 13@150K, 13@140K, 13@128K, 13@120K, 13@100K) are plotted in Fig. 12,
from a MezN---C separation of ca. 2.8 A in acenaphthene 8 to ca. 1.6 A in the biphenyl 7. We
also included three data points where one of the nitriles is replaced by a methyl ester, two from
18.Cl (@260 K and 150 K) and also the corresponding peri-naphthalene with no extra peri
substituents 24 (ESI). The graph shows a curved correlation, though of course it is short of
data in the range 1.75-2.01 A,

CO,Me

NMe, _NCN

24

Goodman’s calculations on the transition state for attack by methylamine on acrolein
and acrylamide where the double bond is activated by an aldehyde or a primary amide group
show MeN(H2)---C contacts of 2.04 and 1.84 A, and alkene bond lengths of 1.393 and 1.412
A respectively.5 From our crystallographic data, where the reaction is intramolecular and thus
the product has the additional consideration of strain energy due to formation of a fused ring,
a very approximate estimate for the position of the transition state from the crystallographic
data could be the mid-point of the zone in which the Me2N---C distance changes quickly, i.e.
with a Mez2N---C separation of ca. 1.94 A and the former C=C bond at ca. 1.40 A,
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Alkene v Me,N---C distance / A
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Figure 12. For a series of compounds containing the MezN---C(H)=C(CN)2 grouping, a plot

of the length of approached alkene bond against Me2N---C separation.

Conclusion.

This study provided insight into the correlation between the bond breaking and bond formation
processes in an aza-Michael reaction using groups positioned at the peri-positions of a
naphthalene ring, with their separation modified by steric interactions at the opposite peri-
positions. An ethylene bridge leads to increased separation while repulsion between two phenyl
groups leads to decreased separation. Having established the principle, then further
compression between the reactive groups can be attempted using larger substituents. Of
particular interest is the reversible behaviour with temperature of the naphthalene based salt
13.CI.0.5H,0 in which the MezN---C separation closes from 2.167 to 1.749 A on cooling from
200 to 100 K. The balance of evidence currently suggests that there is a dynamic equilibrium
between two close structural forms in the range 140-128 K. Using the Pauling expression for
bond order, at 200 K the peri N---C interaction corresponds to a bond order of ca. 0.15, while
at 100 K the bond order is ca. 0.47,% though these may be underestimates since the formula
applies to bond between neutral atoms. Further investigations are warranted, including charge
density measurements by accurate X-ray diffraction at different temperatures on this material
and closely related salts, a structural study of the effect of externally applied pressure on the

separation between the reactive groups as well as appropriate calculations and spectroscopic
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investigations. Single crystal to single crystal phase transitions are well known in molecular
materials, though usually involve the reorientation of the molecules relative to each other and
reorganisation of the attractive interactions between them.3 In contrast, the case discussed
here involves just a step change in the close intramolecular interaction/partial bond formation
between two groups, and is very rare. Crystallographic studies suggest that at the lower limit
(1.75 A) there is some form of bond between the reactive groups, given the strong induction
of pyramidality at the carbon atom and extension of the alkene bond, though it may be more
appropriate to consider this a partially formed bond. Charge density studies may provide
further insight into this. Only a few N---C separations in this range are known, in particular in
systems with a transannular N---C=0 interaction: Clivorine 5 with a N---C separation of
1.993(3) A and a somewhat lengthened C=0 bond (1.258(3) A), and Senkirkine 6 where the
N---C separation is longer (2.293 A) but the carbonyl bond in the usual range (1.213 A).*® Just
why the cation 13 can tolerate the higher energy interactions between functional groups in the
2.2-1.7 A region may be due to the role of strong hydrogen bonding stabilising this particular

type of crystal structure.

Experimental.

Full details of the synthesis and characterisation of new substances, the determination of
crystal structures by X-ray diffraction, solid-state NMR studies and calculations are provided
in the ESI. Crystal structures have been deposited at the Cambridge Structural Database with
numbers: CCDC 2016747-2016754 and 2019629.
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