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Determination of synlanti Isomerism in DCNQI Derivatives by 2D Exchange
Spectroscopy: Theoretical Underpinning

Fernando P. Cossio,!?! Pilar de la Cruz,™ Antonio de la Hoz,*!l Fernando Langa,”!
Nazario Martin,*!9 Pilar Prieto,!! and Luis Sanchez!!!
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The dynamic syn/anti isomerism resulting from the inversion
of the cyano group at the C=N double bond in a series of
substituted DCNQIs has been investigated in solution by
two-dimensional exchange spectroscopy (2D EXSY). The iso-
mers formed were characterised by 'H NMR at 223 K to slow
down the inversion process of the cyanoimine group as well
as by H,H COSY spectra. Whereas compounds 6, 7, 9 and 10
show only one isomer, compounds 8 and 11 show two isomers
with two inversion processes and compounds 12 and 13 show
three isomers and four inversion processes. The energy bar-
rier for the syn/anti isomerization of the NCN groups has
been estimated from the rate constants determined from the
2D EXSY spectra, and very close values (13.16-13.93 kcal/
mol for a single inversion) were found for all compounds. Iso-
merizations involving two NCN groups (compounds 12 and
13) exhibited higher activation free energy values
(13.41-14.40 kcal/mol). Theoretical calculations of these free
energy barriers are in excellent agreement with the experi-

mental values, especially when solvent effects are taken into
account. Theoretical calculations at BSLYP/6-31G* level pre-
dict planar geometries for the DCNQI derivatives studied (6
and 8), in particular when solvent effects are considered. This
is in perfect agreement with the experimental data. Two-
electron stabilizing interactions, as well as solvent effects, are
related to the relative energies of the different stereoisomers.
The relative equilibrium populations of the different isomers
have been calculated using semiempirical energies and
Boltzmann's distribution. Although the most stable isomer as
determined by AM1 method is in qualitative agreement with
that deduced from NMR experiments in all DCNQI deriva-
tives studied, better quantitative correlations are obtained at
the B3LYP(L1A1)/6-31G* calculation level. Comparison of
both semiempirical and ab initio calculations reveal that in
these DCNQI systems AM1 is the method of choice for those
larger systems whose size prevents energy calculations at
higher levels.

Introduction

Organic charge-transfer (CT) complexes and CT salts
have been intensively studied in search of electrically con-
ducting and superconducting properties.[!! Synthetic efforts
in the preparation of these “organic metals” have mainly
been directed to the modification of the electron donor
component and, to a lesser extent, to the design of novel
electron acceptors.!l With regard to the acceptor compon-
ent, tetracyano-p-quinodimethane (TCNQ)®! (1) and dicy-
ano-p-quinonediimine (DCNQI)®! (2) are, together with the
[M(dmit),] complexes®! and the more recent [60]fullerene

(2l Facultad de Quimica, Universidad del Pais Vasco. Apdo 1072,
20080 San Sebastian, Spain
E-mail: qopcomof@sq.chu.es

[Pl Facultad de Ciencias del Medio Ambiente,
Universidad de Castilla-La Mancha,
45001 Toledo, Spain
E-mail: flanga@amb-to.uclm.es

[l Facultad de Quimica, Universidad de Castilla-La Mancha,
13071 Ciudad Real, Spain
E-mail: adlh@qino-cr.uclm.es

4" Departamento de Quimica Orgéanica, Facultad de Quimica,
Universidad Complutense,
E-28040 Madrid, Spain
E-mail: nazmar@eucmax.sim.ucm.es

Supporting information for this article is available on the
WWW  under http://www.wiley-vch.de/home/eurjoc or from
the author.

Eur. J. Org. Chem. 2000, 2407—2415

0 WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

derivatives,!! the most important, and a wide variety of de-
rivatives have been prepared during the last few years.[”)

TCNQ and DCNQI molecules are the subjects of re-
newed interest due to the growing field of conductive
Langmuir—Blodgett (LB) films based on molecular con-
ductors,®! their use as components of materials for molecu-
lar electronic devices,” and the novel magnetic and optical

properties that inter- or intramolecular CT complexes can
exhibit.[”]

The first well-known CT complex was formed by the
TCNQ molecule and tetrathiafulvalene (TTF), thus open-
ing up the field of molecular organic conductors.'l The
most recent family of DCNQI acceptors, developed by
Hiinig and co-workers,!'! presents some interesting advan-
tages over the TCNQ predecessor. Firstly, DCNQIs are eas-
ily prepared in a one-pot procedure from the respective qui-
nones,['”l and secondly the acceptor strength of DCNQI is
similar to that of TCNQ and can be finely tuned by the
electronic effects of the substituents present on the DCNQI
ring.['3 In addition, and in sharp contrast with the TCNQ
analogues, a multistep redox behaviour is observed for the
laterally fused n-extended derivatives.['¥ Thirdly, in contrast
to the substituted TCNQ derivatives, which are severely dis-
torted out of planarity, most DCNQIs are planar molec-
ules,!'>) which is a prerequisite for electrical conductivity.!!]
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This planarity has been attributed to the less sterically de-
manding cyanoimino group (=N—CN) in comparison with
the most rigid dicyanomethylene group (=C(CN),) present
in TCNQ derivatives.

Depending upon the substitution pattern on the DCNQI
ring, these molecules can display syn/anti isomerism, the
configuration of which has been determined by '"H NMR
spectroscopy at varying temperatures.['?!

Although both isomers are in principle possible for the
parent unsubstituted DCNQI, the anti isomer is preferred
(80:20)1"?! since the dipole moments are reduced in this con-
figuration. Very recently, a new series of 2,3-disubstituted
N,N'-dicyanoimines have been reported and their syn/anti
isomers determined.[!¢!

We have also reported the synthesis and redox properties
of single-component donor-acceptor organic compounds
composed of a DCNQI-derived strong electron acceptor
and 1,4-benzoxazine (3),['"! 1,4-benzodithiin (4)''®! and 1,4-
benzoxathiin (5)I'® as donor fragments.

These compounds (3—5), which according to X-ray ana-
lysis and theoretical calculations are distorted from
planarity, exhibit a photoinduced intramolecular electron
transfer from the high-energy HOMO furnished by the
donor moiety to the low-energy LUMO located on the
DCNQI fragment.

Interestingly, the energy difference between planar and
butterfly structures of the DCNQI moiety is calculated to
be < 3 kcal/mol at the ab initio 6—31G* level.'® The as-
signment of hyperfine coupling constants in the EPR spec-
tra, in agreement with the temperature-dependent 'H NMR
spectra and theoretical calculations, indicate the preferred
configurations shown in Scheme 1.

In this paper we describe a series of differently substi-
tuted DCNQIs prepared for investigation, by two-dimen-
sional exchange spectroscopy (2D EXSY), of the multiple
dynamic processes which take place in solution as a con-
sequence of the inversion of the cyano group at the C=N
double bond, leading to an equilibrium between different
isomers. In order to rationalise the experimental findings,
theoretical calculations have also been carried out at semi-
empirical (AM1 and PM3) and ab initio (3—21G™ and
6—31G*) levels.

Results and Discussion

The target DCNQI derivatives were prepared from the
respective quinones by reaction with bis(trimethylsilyl)car-
bodiimide (BTC) in the presence of titanium tetrachloride,
following Hiinig’s procedure (Scheme 2).*!2l The com-
pounds prepared are listed in Scheme 3, Scheme 4 and
Scheme 5.

Dynamic Nuclear Magnetic Resonance (DNMR) Studies

The most commonly used techniques for evaluation of
reaction rates are line-shape analysis and magnetisation
transfer.l'”) However, the application of both methods be-
comes increasingly difficult when the number of possible
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resonances increases, or the chemical shift separation de-
creases.*%!

Multisite systems, not amenable to study by conventional
methods, can be studied by 2D exchange spectroscopy (2D
EXSY). With this method, each single process is separated
in the 2D map, so that interferences between processes are
avoided.?!1 2D EXSY has been applied to the resolution
of complex kinetic processes, in organometallic chemistry,
metallotropy and fluxional behaviour, conformational stud-
ies etc.[>Z

A special feature of 2D EXSY is that, rather than the free
activation energy, the kinetic constant for each independent
process is deduced from the NMR spectral data. More re-
cently, 1D EXSY techniques have been introduced.3!
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Inversion of the cyanoimine group in DCNQIs 6—13
may produce 3—4 isomers with a maximum of four inver-
sion processes and twelve interchange equilibria. This
means that, in most cases, it is impossible to find the coales-
cence temperature for each single process and so is a good
example for demonstrating the application of 2D EXSY
techniques.

In order to characterize compounds 6—13 when the in-
version of the cyanoimime group is a fast process, 'H NMR
spectra at 293 K were recorded. The majority of com-
pounds show broad signals at room temperature as an in-
dication of a kinetic process that is close to coalescence at
this temperature (Table 1).

Isomers from each compound were characterized by 'H
NMR in CDClI; solution at 223 K (Table 2, Scheme 3—5).
At this temperature, inversion of the cyanoimine group is a
slow process on the 'H NMR time scale in all cases.

Identification of isomers was performed considering: i)
the anisotropy of the cyano group,?¥ that makes H,,,, de-
shielded in relation to H,,,, i) comparison with monocon-
figurational compounds; compound 8 (two isomers), for in-
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Table 1. NMR spectra of compounds 6—13 at 293 K (3, ppm, J,
Hz, solvent, CDCls)

Compound NMR signals

6 2.34 (s, CHj3)

7 7.63 (s, H-2, H-3); 7.86 and 8.41 (AA'XX/,
Joy=76Hz J,x=T8Hz, J,p = 1.4 Hz, H.
6, H-7 and H-5, H-8).

8 7.87 (AA'XX' part AA', J,, = 7.6 Hz, Jyy =
78 Hz, J,y = 1.5 Hz, H-6, H-7); 8.76 (br. s, H-
S, H-8

9 417 (s, OCHy); 6.83 (s, H-3); 7.76 and 8.08
JAA_ HZJXX—71HZJAx—12HZH-
6, H-7 and H-5, H-8); 8.93 (s, H-9, H-10)

10 7.66 (t, J = 8§ Hz, H-3, H-6); 7.81 (m, H-2, H-
7); 9.0- 84(br s, H-4, H-5)

11 7.70 (t, J = 8§ Hz, H-3, H7)780(dJ—83HZ
H-2, H-6); 8.35 (br. s, H-4, H-8)

12 2.48 (s CH,); 7.82 (AA'XX' part AA’, Jp =
7.6 Hz, Jyy = 1.8 Hz, J, = 1.6 Hz, H-6, H-
7); 8.61 (br. s, H-1, H-4); 8.75 (br. s, H-5, H-8)

13 7.80 (m, H-8, H-9): 7.88 (m, H-2, H-3); 8.15 (m,
H-7, H-10); 8.4—9.9 (br. s, H-1, H-4, H-6, H-11)

stance, versus compound 7 (one isomer), iii) H,H correla-
tions in the COSY spectra at 223 K; for example in com-
pounds 10, 11, 12 (Figure S-1, Supporting Information)
and 13, and iv) the spin system; for example in compounds
8, 12 and 13, where symmetrical isomers show an AA’XX'
pattern for the benzene ring proton signals while asymmet-
rical isomers show an ABCD pattern.

Inversion Kinetics by 'H NMR

Compounds 6, 7 and 9 reveal only one isomer, repres-
ented in Scheme 3 (6a, 7a, 9a), showing the relative impor-
tance of the interaction of the CN group.

In compound 10, a monocyanoimine, only one isomer
and only one inversion process are possible, represented by
the interchange 4-H/5-H. This process can be studied by
variable-temperature experiments. The coalescence temper-
ature was found to be 299 K, a value that gives a AG* =
13.91 kcal/mol (Scheme 3), very close to the values de-
scribed for related compounds.'?!

Compounds 8 and 11 each display two isomers. In both
compounds two inversion processes can be detected (pro-
cesses I and II), represented by three interchanges of 5-H
and 8-H in compound 8 and of 4-H and 8-H in compound
11 (Scheme 4).

Finally, compounds 12 and 13 exhibit three isomers, and
four inversion processes can be detected (processes [—1V).
They are represented by twelve interchange processes, six in
each ring fused with the quinone ring. These transforma-
tions can be monitored in compound 12 by the interchange
of 1-H and 4-H in one ring and 5-H and 8-H in the other
ring. Similarly, in compound 13 the inversion can be ob-
served by inspection of the interchange of 1-H and 4-H in
one ring and 6-H and 11-H in the other ring (Scheme 5).
Figure S-2 (Supporting Information) shows the peri-H sig-
nal of the EXSY spectrum of compound 13.

Since in multisite exchange systems it is not possible to
detect all processes independently by means of 1D NMR
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Table 2. NMR spectra of compounds 8—13 at 223 K (5, ppm, J,
Hz, solvent, CDCl5)

CN ©N
N
8 | 1 10 11 I 1
T, U0,
8 3 8 3
5 JN 4 7 6 IN 4
NC NC

Compound NMR signals

8a 7.85 (AA'XX', J . = 7.1 Hz, J, = 7.9 Hz,
J.v = 1.4 Hz, H-6, H-7); 8.31 (AA’XX’, H-
5. H-8)

8¢ 7.89 (m, H-7); 7.93 (m, H-6); 8.41 (dd, J =
7.5, 1.5 Hz, H-8); 9.19 (dd, J = 7.5, 1.2 Hz,
H-3)

10 7.66 (t, J = 8 Hz, H-6); 7.75 (t, J = 8 Hz, H-
3); 7.81 (dd, J = 8, 1.3 Hz, H-7); 7.86 (dd,
J =179, 1.2Hz, H-2); 8.13 (dd, J = 7.9,
1.3 Hz, H-5); 8.76 (dd, J = 7.9, 1.2 Hz, H-4)

11a 7.66 (t,J = 78HZ,H7)771(dJ 75HZ
H-3): 7.76 (t, J = 7.7. Hz, H-6); 7.81 (m, H-
3), 7.9 (dd, J = 7.5, 1 Hz, H-8), 8.50 (dd,
J = 6.5, 1.2 Hz, H-4)

11b 7.73(,J:8H H-3, H7),7.83(dd,J:8,
1 Hz, H-2, H-6); 8.43 (dd, J = 7.6, 1 Hz, H-
4, H8)

12a 247 (s, CH3_-2, CH;3_3); 7.77 and 8. 25
(AA'XX', J,y = 7.5Hz, Jox = 8 Hz, J4x
1.3 Hz, H6 H7andH5 H-8); 887(5 H-
1, H-4)

12b 2.40 (s, CH3,2, CH;_3); 791 and 9.10
(AA'XX', J4u = 72Hz, J4xr = 7.9 Hz,
J4y = 1.1 Hz, H-6, H7andH5 H-8); 801
(s, H-1, H-4)

12¢ 2.43 (s, CH;_3); 2.45 (s, CH;_2); 7.84 (t, J =
8§ Hz, H-7); 7.86 (t, J = 8 Hz, H-6); 8.14 (s,
H-4): 8.38 (dd, J = 7.9, 1.3 Hz, H-8); 8.81 (s,
H-1): 9.04 (d, J = 7.8 Hz, H-5)

13at®! 8.37 (AA'XX'" part XX', J,p = 6.7Hz,
Jiy=717Hz, Juy = 1.5 Hz, H-1, H-4); 9.68
(s, H-6, H-11

13btb! 8.88 (s, H-6, H-11); 9 19 (AA'XX' part XX',
g = 7j5 2, Jiy = SHz, J, = 1.2 Hz,
H-1, H-4

13ct? 8.51 (dd, J = 7.5, 1.4 Hz, H-4); 8.97 (s, H-6);
9.13 (dd. J = 7.7, 0.9 Hz, H-1); 9.68 (s, H-11)

[al Numbering of the ring systems has been carried out according
to the ITUPAC rules for aromatic hydrocarbons (rule A-21.2) and
the corresponding quinones (rule C-317.1). — @ 2-H, 3-H and 7-
H, 8-H, 9-H, 10-H are shown as two multiplets at 6 = 8.05—8.22
and 7.76—8.02, respectively.

spectra, it is necessary to use DNMR spectra in two dimen-
sions using the EXSY pulse sequence.

The essential feature of a quantitative 2D EXSY experi-
ment is the relationship between the intensity of a cross-
peak and the rate constants for chemical exchange. Cross-
peaks in the spectrum correspond to nuclei that exchange
from one site to another. The intensities of those cross-
peaks do not correspond directly to the exchange matrix
but to its exponential form.[2!¢]

Rate constants can be deduced from the spectrum ac-
cording to Equation (1)

R = —InAh,, = =X (InA)X /1,

where A; = 1,/M;, 1., is the mixing time, I,(t,,)/M; and
X is the square matrix of eigenvectors of A; such that
X 'AX = A = diag ();), with A, the ith eigenvalue of A. I,

2410

can be deduced by measuring the volume of each peak in-
tensity directly from the spectrum. M; is the volume of the
diagonal peak of the spectrum registered with a mixing time
close to 0, without any chemical exchange.

An essential feature of the process is that [Equation (2)]

Kij pi = Kji pj

where K;; and Kj; are the rate constants of processes i —
j and j — i, respectively, and p; is the relative population of
the ith site.

The AG* values of the inversion processes are collected
in Table 3. The energy barrier for the syn/anti isomerization
of the NCN groups can be estimated from the rate con-
stants and is very close in all compounds: between 13.16
and 13.93 kcal/mol for a single inversion. This value is sim-
ilar to that obtained for other substituted DCNQIs.[?!->4]

Some isomerizations imply an inversion of two NCN
groups. For instance, in compounds 12 and 13, interconver-
sion of both symmetric isomers implies the inversion of
both NCN groups (Scheme 5, process I). The activation free
energy increases slightly, to 13.41—14.40 kcal/mol in these
cases.

Moreover, self-transformation of some single isomers,
e.g. as process IV in Scheme 5, can easily be detected by 2D
EXSY spectra. This process again implies a double inver-
sion of the NCN group, for instance in the asymmetric iso-
mers of 8, 11 (Scheme 4, process 11), 12, and 13 (Scheme 5,
process IV). In these processes, the free activation energy
again increases to 13.71—15.56 kcal/mol.

Theoretical Calculations

In order to unveil the reasons underlying the experimen-
tally ascertained free energy barriers to isomerization, we
performed several calculations on the topomerization of N-
cyanomethanimine (14) at the B3LYP/6—31G* level, both
in the gas phase and in solution. Intensive study of the pos-
sible transition structures led to the structure TS, whose
main geometrical features are reported in Figure 1.

This saddle point involves inversion around the iminic
nitrogen atom. An alternative transition structure involving
rotation around the iminic C=N bond*! was not found,
since the starting geometries converged to either 14 or TS
upon optimisation. The main energetic and electronic fea-

Table 3. Activation free energies determined by 2D-EXSY NMR

Compound  Processl?! AG* [kcal/mol]  AG* [kJ/mol]
8 8a Z 8¢ (I) 13.27 = 0.14 55.54 £ 0.55
8 8¢ — 8¢ (1) 1371 =012 57.35 = 0.51
10 10210 13.94 = 011 58.30 = 0.44
11 11a = 11b (I) 13.20 = 0.31 55.23 = 1.31
11 11b Z 11b (II) 15.56 = 0.10 65.11 = 0.39
12 12a = 12b (1) 14.40 = 0.29 60.26 = 1.20
12 12a = 12¢ (1) 13.16 = 0.17 55.04 = 0.73
12 12b = 12¢ (I11) 13.31 = 0.33 55.69 = 1.30
12 12¢ = 12¢ (IV) 13.76 = 0.06 57.55 £ 0.26
13 13a 2 13b (I) 13.41 = 0.67 56.08 = 2.84
13 13a—13c (I)  13.08 = 034 5471 = 1.90
13 13b = 13c¢ (I11) 13.04 = 0.45 54.55 = 1.89
13 13c¢ = 13c (IV) 13.93 = 0.32 58.27 = 1.33

[a] See Schemes 4—5.
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Figure 1. B3LYP/6—31G¥* (plain text) and B3LYP(L1A1)/6—31G*
(chloroform solution, bold text) geometrical data of structures
6a—c; bond lengths and angles are given in A and degrees, respec-
tively; in this and in the following figures which include ball-and-
stick representations, unless otherwise noted, atoms are represented
by increasing depth of shading in the order: H, C, N

tures of the stationary points associated with the topomer-
ization of 14 are collected in Table 4.

Table 4. Activation energiesl®! (AE,, kcal/mol), Gibbs activation en-
ergiest® (AG,, kcal/mol), selected bond indices!) (B, a.u.), NBA
charges (q;, a.u.) and dipole momentsl¢ (u, D) associated with
topomerization of compound 144! in the gas phase (¢ = 1.00) and
in chloroform solution® (¢ = 4.81)

Magnitude e = 1.00 e =481
AE, 14.43 13.30
AG, 14.80 13.67
B,; (14) 1.179 1.193
B,; (TS) 1.302 1.322
Bs4 (14) 2.776 2.760
Biy (TS) 2.599 2.580
q- (14) -0.471 —0.486
q- (TS) —0.303 —0.485
qq (14) —-0.329 —0.374
q4 (TS) —0.422 —0.419
u (14) 4.333 5.163
p (TS) 4.925 6.178

[al Computed at the B3LYP/6—31G*+AZPVE level. — [ Com-
puted at 298 K. — [l Computed at the B3LYP/6—31G* level. — [
See Figure 1 for atom numbering. — [ Solvent effects computed
using the Onsager—Kirkwood (L1A1) method.

As can be seen, our computed free energy of activation
is in very good agreement with our experimental data, par-
ticularly if solvent effects are taken into account. This in-
ternal coherence between experimental and computational
results proves the reliability of both studies and provides
additional support to the elegant experiments of Kessler et
al.,?l that demonstrate that the inversion of imines takes
place by inversion mechanisms. Our computational data
also explain why the inversion barriers of cyanoimines are
relatively low. The natural bonding analysis (NBA)?7! of TS
reveals that in this saddle point there is a significant two-
electron stabilisation involving the lone pair of the iminic
nitrogen atom N2 and the antibonding orbital of the cyano
group (Figure 2). The corresponding second-order per-
turbational energy is calculated to be —79.42 kcal/mol at
the B3LYP(L1A1)/6—31G* level.

This very large value is due in part to the favourable ori-
entation between the sp-hybridized N2 atom and the cyano
moiety. For instance, in compound 14 the same two-elec-
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Figure 2. Main resonance forms and two-electron interaction in
structure TS computed at the B3LYP/6—31G* level

tron interaction is calculated to be only —12.27 kcal/mol.
Therefore, the resonance shown in Figure 2 promotes larger
bond indices for the N2—C3 bonds of TS with respect to
14. The computed charges on the N2 and N4 atoms in TS
and 14 are also in agreement with this analysis (Table 4).
Another important consequence of this resonance is that
TS is more polar than 14, as reflected in the larger dipole
moments reported in Table 4. Therefore, the activation bar-
riers computed in solution are lower than those found in
the gas phase.

As support for the experimental determinations, the mo-
lecular structure of all isomers of compounds 6—13 were
investigated by means of the semiempirical methods AM1
and PM3.%8 In some cases (compounds 6 and 8, see be-
low), ab initio methods®! HF/3—21G* and HF/6—31G*
have also been included. The chief geometric features of the
structures 6a—c and 8a—c are shown in Figures S-3 and
S-4 (Supporting Information), respectively. The reported
data correspond to those obtained at the B3LYP(L1A1)/
6—31G* level in chloroform solution (¢ = 4.81, vide infra).
In any case, the gas-phase geometries obtained at the
B3LYP/6—31G* level are very similar to those found in so-
lution.

With other DCNQI derivatives,!!7-'8 semiempirical calcu-
lations indicate that, in all compounds studied, the molec-
ule adopts a butterfly shape with the central DCNQI ring
in a boat conformation. Hence, the steric interactions be-
tween the cyano groups and atoms in peri (or ortho) posi-
tions are avoided.

In all isomers of compound 13 the difference in stability
between the planar and butterfly-type structure is around 9
kcal (see Table S-3, Supporting Information), indicating a
clear preference for this latter geometry, as calculations and
X-ray crystallographic data have shown for related com-
pounds.I'8! Deviations from planarity calculated for 13 are
similar to those observed from X-ray analysis.

On the other hand, in compound 7, AMI1 calculations
indicate that the boat structure should be more stable than
the planar by a few calories. Nevertheless, analogous com-
pounds, as well as compound 12,['3] have been shown to be
planar by X-ray.l'®! So, in order to gain a deeper insight
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into the geometry of these compounds and the validity of
semiempirical methods, we have fully optimised the molecu-
lar geometry of compounds 6 and 8 by using SCF—MO
and DFT methods.

The deviations from planarity for isomers a—c of com-
pounds 6 and 8, calculated by means of different methods,
are collected in Table S-4 (Supporting Information).

It is interesting to note that at the B3LYP/6—31G* level
the geometries for 6a and 8a,c are predicted to be planar,
in particular when solvent effects are taken into account.
This result is in agreement with the experimental evidence.
In contrast, AM1 and PM3 predict uniformly butterfly
structures. An examination of the main two-electron inter-
action computed on the natural bonding orbital (NBO) ba-
sis provides an explanation for the preference for planar
structures. According to natural bonding analysis (NBA,
vide infra), an important stabilising factor in the conjugated
structures 6a—c and 8a—c consists of the donation from
the endocyclic ©(C=C) NBO to the exocyclic antibonding
1*(C=N) NBO. For instance, in 6a the second-order energy
associated with this stabilising two-electron interaction is
calculated to be —22.08 kcal/mol at the B3LYP(L1A1)/
6—31G* level?” (see Figure S-5A, Supporting Informa-
tion). However, the same interaction in the butterfly-shaped
structure of 6a computed on the geometry is only —15.91
kcal/mol at the same level. Therefore, although electrostatic
arguments favour butterfly structures because of the repul-
sion between the C—Cl and CN dipoles, stereoelectronic
effects favour the planar structures. It is also noteworthy
that in all structures the NCN angles of the cyanoimine
moieties are not planar. In all cases, the computed depar-
ture from linearity is of ca. 10° (Figures S-3 and S-4, Sup-
porting Information). This effect is due mainly to the dona-
tion from the lone pairs (Lps) of the sp>-hybridized nitrogen
atoms to the n*(C=N) NBOs. For instance, in 6a it is found
that the second-order energy associated with the Lp(N) —
n*(C=N) interaction is —31.8 kcal/mol (see Figure S-5B,
Supporting Information). A similar effect has been found
in other nitrogen-containing cumulenes such as isocyan-
ates.[’] In addition, in structures 6a,c and 8a,c there are
two-electron donations from the lone pair of the chlorine
atom to the n*(C=N) NBO, with associated energies of ca.
2—3 kcal/mol (for instance, see Figures S-5C and S-6A,
Supporting Information). These latter stabilising interac-
tions are also related to the relative energies of the different
stereoisomers (vide infra).

The relative energies of structures 6a—c and 8a—c at dif-
ferent computational levels are reported in Table 5; the en-
ergies for the same compounds are collected in Table S-
3 (Supporting Information). From these results it can be
concluded that AM1 gives better relative energies than PM3
in these systems, since the computed relative stabilities are
in better agreement with the experimental results. However,
these results must be considered with caution, given the uni-
form preference for butterfly structures in this semiempir-
ical Hamiltonian. The B3LYP calculations yield good re-
sults, particularly when solvent effects are taken into ac-
count. From our results at the B3LYP/6—31G* level and
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Table 5. Relative energies, in kcal/mol calculated for isomers a—c
of compounds 6 and 8 by using different methods

Method 6a 6b 6¢ 8a 8b 8c

PM3 0.00 —0.73 —=0.55 0.00 —0.89 —0.62
AM1 0.00 +1.32 +0.66 0.00 +1.53 +0.67
HF/3-21G(*) 0.00 +2.10 +0.63 0.00 +0.62 —0.16
HF/6—31G* 0.00 —0.31 —0.43 0.00 —2.96 —1.64
HF(L1A1)/6—31G* 0.00 +0.51 —=0.11 0.00 —0.79 +0.31
B3LYP/6—31G* 0.00 +1.40 +0.35 0.00 —0.74 —0.57
B3LYP(L1A1)/6—31G* 0.00 +2.14 +0.89 0.00 +0.41 +0.04

the NBA, 6a is the most stable structure in the case of com-
pound 6. This result is due to the stabilising Lp(Cl) — =*
(C=N) interactions in 6a. In 6¢ there is only one interaction
of this type, thus resulting in a relatively higher energy. In
addition, although the intramolecular electrostatic interac-
tion between the CN and C—Cl dipoles is destabilising, the
intermolecular solvation energy is larger, since the electro-
static part of the solvation energy is proportional to the
square of the molecular dipole moment in the
Onsager—Kirkwood model (vide infra). Therefore, both
stereoelectronic and solvent effects favour the stabilisation
of structure 6a.

In the case of compound 8, aside from the Lp(Cl) — ©*
(C=N) interaction, there are C(sp?)—H bonds coplanar
with the CN moieties. The average distance between these
hydrogen atoms and the sp-hybridised carbon atom of the
closest cyano group is ca. 2.25 A (see Figure S-4, Sup-
porting Information). Therefore, since C—H bonds can act
as efficient donors,*!l these interactions can partially stabil-
ise structures 8b,c. For example, in 8¢ the o(C—H) — =*
(C=N) donation is calculated to be quite similar to that
associated with the Lp(Cl) — n*(C=N) interaction (Figure
S-6, Supporting Information). As a consequence, the stere-
oelectronic, Coulombic and solvent effects are comparable
and the relative energies of isomers 8a and 8c are quite sim-
ilar at the B3LYP(L1A1)/6—31G* level, in good agreement
with the experimental evidence.

In Table S-4 (Supporting Information) we have also in-
cluded the Boltzmann populations of compounds 6—13,
computed at 293 K and using the AM1 method. The gen-
eral trends are in qualitative agreement with the preceding
discussion and with the experimental data. However, it
must be noted that a higher theoretical level is required to
obtain quantitative concordance with those obtained in our
NMR analysis (vide supra).

Conclusions

Low-temperature NMR spectra and 2D EXSY experi-
ments have proved to be a valuable tool to study the inver-
sion of the cyanoimine group in DCNQI derivatives. The
structures of all isomers have been determined, their NMR
spectra have been assigned and the thermodynamic para-
meters of the inversion of the cyanoimine group have been
calculated.
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The validity of this methodology for evaluation of rate
constants and free activation energy of the NCN group of
DCNQISs can be confirmed by: 1) comparison of the calcu-
lated AG* values with previously reported values and with
computational studies (these studies demonstrate that the
isomerization process involves inversion of the imine nitro-
gen atom and not rotation around the imine C=N
bond),[!2:16:181 i) considering compound 12 where compar-
ison of the calculated AG* by determination of the coales-
cence temperature and 2D EXSY experiments show an ex-
cellent agreement (13.91 versus 13.94 kcal/mol), and iii) by
a good agreement with the semiempirical calculations.
However, considering the minor isomers, no linear relation
between differences in energy and differences in the isomers
ratio was found.

Semiempirical and ab initio calculations have supported
the experimental determinations and have permitted the
elucidation of the conformation of DCNQI derivatives and
the origin of the differential stability of isomers.

Comparison of semiempirical and DFT calculations have
shown that, for these systems, AMI1 appears to be the
method of choice in larger systems whose size precludes
energy calculations at more sophisticated levels.

The following structural conclusions can be drawn.
Firstly, DCNQI rings adopt a boat conformation in order
to avoid steric interactions between the cyano group and
the atom in the peri (or ortho) position. Secondly, NBA
shows that donation of the endocyclic ©(C=C) NBO to the
exocyclic antibonding 7*(C=N) NBO is responsible for the
higher stability of planar structures in compounds 6 and 8.
Thirdly, donation from the Lps of the sp>-hybridized nitro-
gen atoms to the 7*(C=N) NBOs explains the nonplanarity
of the NCN angles of the cyanoimine moieties. Fourthly,
stabilising Lp(Cl) — n*(C=N) and o(C—H) — n*(C=N)
interactions are responsible for the greater stabilisation of
structures 6a and 8c.

Experimental Section

NMR Studies: NMR spectra were recorded with a Varian Unity
300 spectrometer operating at 299.980 MHz for 'H. Spectra were
recorded at the indicated temperature (+ 0.1 K) with a probe cali-
brated with methanol. The standard Varian pulse sequence was
used (VNMR 5.3 software, COSY and NOESY pulse sequences).
Samples were prepared dissolving the cyanoimine (0.05 mmol) in
CDClI; (0.6 mL) under argon. — H,H COSY spectra were acquired
using a 1-kHz spectral width; 4 transients of 256 data points were
collected for each 256 ¢, increments. A 1-s relaxation delay, a 10.8-
s (45°) pulse width and a 0.125-s acquisition time were used. The
data were processed using zero filling and sine-bell functions in
both dimensions before Fourier transformation. — The 2D ex-
change spectra (EXSY) were acquired in the phase-sensitive mode
using the States—Haberkorn method.? Typically, a 1-kHz spectral
width, 16 transients of 256 data points were collected for each 256
t; increments. A 0.2-s relaxation delay, a 21.5-s (90°) pulse width
and a 0.125-s acquisition time were used. The free induction decays
were processed with square cosine-bell filters in both dimensions
and zero filling was applied prior to double Fourier transformation.
— Determination of the kinetic parameters required two experi-
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ments with mixing times of 1 s (optimised) for the exchange experi-
ment and 0.05 s for the nonexchange spectra, respectively. The cross
peak/diagonal ratio was determined by integrating the volume un-
der the peaks.

Free energy of activation for compound 10 was calculated from the
coalescence temperature, determined to * 1 K, and the frequency
difference between the coalescing signals with the formula AG! =
aT(10.319 + log T/5v)."%" The estimated error in the calculated
free energy is 1.0 kJmol~!.

Computational Methods: The molecular geometry of compounds 6
and 8 were fully optimised using semiempirical and ab initio
methods.

Semiempirical calculations were carried out with the AM133 Ha-
miltonian with standard parameters*3-34 as implemented in the
MOPAC 6.0 package.** All stationary points were refined by
minimisation of the gradient norm of the energy at least below 0.01
keal/A, deg and characterised by harmonic vibrational frequency
analysis.

All ab initio calculations were performed using the GAUSSIAN
94129 suite of programs, with the 3—21G™ and 6—31G* basis set.[30
Geometry optimisations were carried out at the Hartree—Fock level
of theory and were further optimised using density functional the-
oryP71(DFT). For this purpose, we used the hybrid three parameters
functional developed by Becke and usually denoted as B3LYP.[38]
This method combines Becke’s gradient-corrected exchange func-
tional and the Lee— Yang—Parr and Volko—Wilk—Nusair correla-
tion functional®! with part of the exact Hartree— Fock exchange en-
ergy. Zero-point vibrational energies (ZPVE) were scaled by 0.89140]
when computed at the HF/3—21G™ and 6—31G* levels. Stationary
points were characterised by frequency calculations.[*!]

We studied the geometry of these compounds not only in vacuo
but also in the presence of CHCl; (¢ = 4.81) as organic solvent.
The electrostatic contribution of the solution energy was estimated
by means of the Onsager method,[*?! denoted as L1A1.131 The On-
sager reaction field method has been implemented®¥ in the
GAUSSIAN 94 series of programs.

Bond orders™ and atomic charges™® were calculated with the nat-
ural bond orbital (NBO) method.*”] Donor-acceptor interactions
were also computed by means of the NBO model.

Preparation of DCNQI Derivatives: Compounds 7, 8, 11 and 12
were prepared according to Hiinig’s procedure.l'?l Compound 6,481
compound 9,11 and compound 131*"1 were prepared by following
the methods previously reported.

1,8-Dichloro-/N-cyano-9,10-anthraquinon-10-imine (10): To a solu-
tion of 1,8-dichloro-9,10-anthraquinone (2 mmol) in dry CH,Cl,
(50 mL) at room temperature and under argon, were added drop-
wise TiCly (0.4 mL, 4.2 mmol) followed by BTC (0.94 mL, 3.5
mmol). The reaction mixture was stirred for 24 h. Then, CH,Cl,
(200 mL) was added and the mixture was poured into ice/water
(200 mL). The reaction mixture was vigorously stirred until the so-
lution reached room temperature. The organic phase was separated
and washed with plenty of water, dried with MgSO, and concen-
trated to 10 mL. The same volume of hexane (10 mL) was added
and a solid precipitated. This was collected by filtration and
washed with hexane; 47% yield; m.p. 218—219 °C. — 'H NMR
(300 MHz, CDCly): § = 7.66 (t, J = 8.0 Hz, 2-H, 7-H), 7.81 (m,
3-H, 6-H), 9.0—-8.4 (br. s, 4-H, 5-H). — 3C NMR (75 MHz,
CDCl;): 6 = 113.1, 125.5, 126.1, 132.2, 134.7, 136.4, 137.7, 170.0.
— IR (KBr): ¥ = 2195, 1700, 1605, 1580, 1560, 1455, 1340, 1250,
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1195, 1150, 840, 800, 720 cm™'. — MS (EI); m/z (%): 300 (100)
[M*]. = C;5sHgCILN,O: caled. C 59.83, H 2.01, N 9.30; found C
59.94, H 2.48, N 9.20.
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