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Ab initio calculations have been performed on unsubstitutetNJ}€=C(NH,), and methylated (MgN),C=
C(NMe,), tetrakis(amino)ethylene. In the unsubstituted system, idealized geometries have been optimized
first. Geometrical relaxations by pyramidalization or rotation of the amino groups have been carefully studied.
Full geometry optimization leads to a Y-shaped lowest energy structure. Optimized geometry resulting from
a synchronous rotation of the amino groups is located 8.1 (HF level) and 6.7 (MP2 level) kcal/mol above in
energy. In methylated species where strong steric effects are at work, only two minima are found. Their
energy difference is small (1.0 (HF level) and 0.6 kcal/mol (MP2/HF level)). The most stable isomer is
Y-shaped, while the secondary minimum exhibits an almost conrotatory motion of the amino groups. This
latter minimum is geometrically very close to the experimentally observed molecule. It is concluded that (i)
from an electronic point of view, Y-shaped geometry is preferred and (ii) steric effects disfavor this geometry,
which becomes energetically competitive with that obtained from a conrotatory motion of the amino groups.
It is finally suggested that the existence of two minima close in energy should be at the origin of the phase
transitions that are experimentally observed in this material.

Introduction (p) between them being equal to2@). X-ray analysis is in

accordance with the gas-phase results.
In unsaturated hydrocarbon, replacement of hydrogen atoms

by m-donor substituents such as PRroups may lead to MR
substantial changes in chemical properties. For instance, the mg‘\&“ Me"“N
oxidation potential ofp-benzoquinone is dramatically lowered / p=28°
by 2.6 V (from 2.85 to 0.25 V) when dimethylamino groups Nﬁ?:BC\N..\Me

replace the hydrogens of the aromatic ringAnother ex- “Me

ample is the low reactivity of the guanidium ion (C(Nbg),
which does not react with water despite its electronic defi- 1
ciency?

Geometrical changes may also occur between unsubstitute
and substituted systems. If we restrict ourselves to the interac-
tion between nitrogen lone pairs and thesystem of the
unsaturated moiety, two limiting cases can be found. In the
first case, the lone pairs of the NRroups conjugate with the
m-system of the unsaturated skeleton. Such a conjugation is
found in guanidium ior®. The resultingz-donation from the
amino groups toward the cationic carbon may be at the origin
of the diminished reactivity of this carbocation. On the contrary,
in hexakis(dimethylamino)benzene, the six nitrogen lone pairs
are fully deconjugated with respect to the benzene %ing.
Pyramidalization of the amino substituents is then observed.
An intermediate situation is found in tetrakis(dimethylamino)-
ethylene (TDAE): according to the gas-phase structural deter-
mination by Bock et al%, the four amino groups partiall i . : . .
deconjugat)é. A = 55° rotation of the planeg of t%es% grou)p/Js pairs being ful!y deconjugated. ‘This re'sglt is clearly at .Odd
is observed with respect to the fully conjugated situation. The W_'t_h the expenmen_ta_ll dgta and may originate from semiem-
relative motion of the amino groups is conrotatory. In addition, pirical methods deficiencies. Ab initio calculations on unsub-

the two (MeN),C halves partially deconjugate, the twist angle §tituted TAE moleculealso lead toa rather surprising result:
(MeN): P y 119 g in the lowest energy structure (optimized at the HF/3-21G level),

* Corresponding author. FAX: (33) 169154447, E-mail: volatron@cth.u- WO amino groups on the same carbon (_30”J'UQate with thé_ZC
psud.fr. double bond whereas the two other amino groups deconjugate.

o=55°

whive

d More recently, an X-ray diffraction study of TDAE at
different temperatures confirms the prominent features of this
structure® The twist angle of the &C bond found to be equal

to 28.2 at 218 K* slightly reduces to 24%at 90 K5 From the
collected data, we have calculated the mean pildition angle

to be equal to 49:9(90 K). In this study, it is also shown that
other geometrical parameter values depend on temperature: for
instance, &C bond length increases from 1.348 A (218 K) to
1.362 A (90 K) with decreasing temperature. Finally, a careful
study of this material indicates that three transition phases occur
upon heating at 183, 193, and 242 K.

Theoretical calculations have been previously performed on
TDAE as well as on unsubstituted tetrakis(amino)ethylene
(TAE).#® Geometrical optimization of TDAE with the AM1
method lead to a planar8=CN, skeletort the nitrogen lone
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This Y-shaped geometry2) given by these calculations also TABLE 1: Main Bond Lengths (in A) and Relative Energies

C|ear|y differ from the observed geometry. (AE, in kCﬁ'/mOl) of the Five Idealized Structures 3-7 (HF

Level). CNonj and CNgeconj Are the CN Bond Lengths of
'-k Conjugated and Deconjugated Amino Groups, Respectively

|-I_|L N~ structure GC CNoonj CNeconj AE

\ / 3 1.322 1.406 3]

C——=C 4 1.337 1.410 +5.4

/ \ 5 1.347 1.369 1.411 -19.2

N Ne H 6 1.332 1.402 1.399 —8.9

HH’ f 7 1.329 1.397 1.405 -13.3

a Absolute energy:—298.089 69 au.

structures. All the structure3—7 have been optimized, the

The available data on TDAE and TAE may be summarized amino groups and the 8, skeleton being kept planar. The
as follows: experimentally, a partial deconjugation of the amino results are given in Table 1.
groups from the CC bond occurs through a conrotatory motion.
Ab initio calculations do not reflect this feature and give an \ \CN Ny
optimal Y-shaped structure for TAE. We therefore decided to - N—
undertake ab initio calculations on both TAE and TDAE in order \_/ \_/
to understand (i) the electronic preference of theystem in / \ / \
such molecules and (ii) the role of steric effects at work in \ /N—
TDAE.

Method of Calculation

The 6-31G* basis set was used throughout the papeor —N/ N/ — \N—
unsubstituted system (TAE), a detailed study of the potential \ /

energy surface has been made at the HF level. All stationary / \ /—\
points have been optimized with the help of an analytical —\ N, N
gradient method (Berny algorittfin  Characterizations of the \ <1 N~
extrema were made by analytical frequency calculations at this 5 6

level. The stationary points may be minimum (Min, no

imaginary frequency) or transition state (TS, only one imaginary h/ 5

frequency) om-order saddle point¢SP,n imaginary frequen- — N/

cies). In this last casen(> 1), the stationary point has no \ /
chemical significance. The located extrema have been reopti- / \
mized at the MP2 level. Starting from the minima found for

TAE, the methyl groups have been introduced, and the resulting <1 /
substituted structures have been reoptimized at the HF level. 7
Since calculations on such systems need much computational

time, only single-point calculations have been made at the MP2  Arbitrarily, the energy of the conjugated structi&bas been

level on the HF-optimized geometries. The Gaussighse4 taken as the origin of the energies. This structure is more stable
of programs was used throughout. by 5.4 kcal/mol than the fully deconjugatédd This may come

from a stabilizing conjugation in the-system and/or different
nitrogen lone pair repulsions in the two geometries. However,
both these geometries are noticeably higher in energy than those
A. Unsubstituted System G(NH»),. The potential energy  in which only two amino groups conjugate. Among them, the
surface (PES) of the unsubstituted molecule has been extensivelyy-shaped structure3 is found to be the most stable, in
studied at the HF level. Starting from five idealized geometries, accordance with Frenking’s calculatiohsThis result may be
two geometrical relaxations (rotation and pyramidalization of related to the so-called Y-aromaticity: an aromatic stabilization
the amino groups) have been analyzed. Full geometry optimi- may occur when six electrons are shared in favorbitals
zations have then been performed on the most importantlocated at the tops and the center of a regular triangle. The
structures. Finally, idealized structures and minima located at relevance of the Y-aromaticity is still under debaté.
the HF level have been reoptimized at the MP2 level. From a geometrical point of view, the main geometrical
Idealized Geometries.We have first optimized the five  parameters are quite similar in all structures (Table 1) except
idealized structures depicted3a-7. In 3, the whole molecule in 5. C—C bond length varies from 1.32 to 1.34 A and-®
is planar and the four amino substituents conjugate with the distance from 1.40 to 1.41 A, whether the amino group is
mcc-moiety. In4, all the NH, groups have been rotated by’90  conjugated or not. In Y-shaped structethe C-C bond
and all of them are fully deconjugated. When only two amino length (1.35 A) is elongated with respect to the preceding
groups conjugate withrec (the two remaining ones being fully  structures while the €N conjugated bonds are shortened (1.37
deconjugated), one obtains three structures depending on théd). These differences may be interpreted as resulting from the
relative position of the conjugating group 5 they are located intervention of the resonating structures depicted in Scheme 1.
on the same carbon, while they substitute different carbon atoms Frequency calculations show that none of these idealized
in cis and trans positions i6 and 7 respectively. structures are minima on the PES: at least four imaginary
Structure5 is an idealization of the Y-structure obtained by frequencies are found in each case. Geometrical relaxations of
Frenking® while 6 and 7 are butadiene-like (cis and trans) these different structures have then been studied. First, a

Results
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_y\( \N— —r\{ \N— —ts{ \N——
A <7 NI
N N _N5£ l<N_ _N¢ &N_ TABLE 3: Range of Pyramidalization Angles (@, in deg)
\ / \ / \ / and Stabilization Energies AE, in kcal/mol, with Respect to
Idealized Structure 3) for Each Pair Isomer
Cy Cz cD
3a 3b 3c 3d 3e
'\/ \, '\( \ AE —26.4 —21.6 —-21.5 —-21.3 —14.7
_ & 7N_ - N 7N_ 0 125.0 127.3 127.0 124-4130.6 130.8
—N\ /N— —N\ /N— stabilization is found inD; motion. This point has been
B, D previously analyzed in more detail elsewhéte.

TABLE 2: Rotation Angles (a, in deg) and Stabilization
Energies (AE, in kcal/mol, with Respect to Idealized
Structure 3) for the Minimum of Each Coupled Rotation

Pyramidalization of the Amino GroupsStarting from the
five idealized geometrie3—7, different pyramidalization mo-
tions may occur depending on the relative orientation of the
hybridized lone pairs. For instance, struct@deads to five

C: C, CD D; D, pair isomers a—3€) as depicted in Scheme 3, in which the
o 401 1.7 401 36.7 393 arrows symbolize the directions of the hybridized lone pairs.
AE —13.4 ~136 —94 —26 -89 In the optimization process, theld, framework has been kept

planar and each amino group pyramidalization angle is inde-

rotation of the amino groups should reduce the amino lone pair Pendently optimized. The relative energies of the five isomers
repulsions as previously shown in trivalent BBoron systems ~ 3a—3eare given in Table 3 with the range of the pyramidal-
with three z-donating groupd! Similar deformation is that  ization anglesf, defined as the angles between the CN bonds
actually observed in the experimental structure. Second,and the bisectors of the +N—H angle. (Note that, for
pyramidalizations of the amino groups that also lead to a Symmetry reasons, only one valuetbis found for3a—3cand
stabilization of the molecule have been studied. These two kinds 3€ pair isomers.)

of structural relaxation will be separately analyzed in the  As expected, the largest stabilization is found when the lone
following. pairs may expand in different directions. This is the casgain

Rotation of the Amino GroupsFor the sake of simplicity, where all the hybridized adjacent lone pairs develop in trans
we will only present the results on coupled rotations of the four Position with respect to each other. In the same way, the
amino groups, each of them being kept planar. In each casesmallest stabilization is found Bewhere the lone pairs are all
the interconversiorB — 4 has been computed. For each cis. Intermediate values are found for the other pair isomers.
C(NH,), moiety, disrotatory and conrotatory motions of the It should be noted here that the largest stabilization upon
amino groups may occur. Coupling these different motions of pPyramidalization {-26.4 kcal/mol in3a) is roughly four times
each C(NH), group leads to five different coupled rotations as the pyramidalization energy in ammonia (6.5 kcal/mol at our
depicted in Scheme 2. level of calculation and 5.8 kcal/m8lexperimentally observed).

In C; motion, all the amino groups are rotating in a Similar partial optimizations have been performed for ideal-
conrotatory manner; similarly, all motions are disrotatorpin ized structuregl—7. Six pair isomers are found in each case
For each motion, we have find a stabilizatidi with respect ~ (except in4 for which seven pair isomers may exist). The
to 3 for a rotation anglex in the range 3642° (a being equal definitions of the various isomers are given in Scheme 4, and
to zero in3). The results are given in Table 2. the energetical results are given in Table 4.

Two motions C; andC,) are stabilizing by about13.5 kcal/ The results in Table 4 show that, as found in struct@ees
mol whereasD; motion is almost nonstabilizing (Table 2), the 3g the largest stabilization upon pyramidalization occurs when
two other motions leading to intermediate stabilizations. These the lone pairs expand in different regions in order to avoid each
results may be understood by considering the lone pair repulsionother. The largest stabilization-80.2 kcal/mol) is found in
between the amino groups. The interaction of the four,NH structure4ain which no conjugation between amino lone pairs
lone pairs is an eight-electrons/four-OM destabilization, which and therrcc-system is possible. The stabilization is more than
is analogous to the well-known four-electrons/two-OM repulsion four times the stabilization found in ammonia upon pyramidal-
found in He. From a monoelectronic point of view, this ization (—26.0 kcal/mol), probably because the amino lone pair
repulsion only depends on the overlap between the lone pairs.repulsion is weaker in pyramidalized structi4e. On the
In a conrotatory motion, the overlap between two lone pairs on contrary, the stabilization is found to be smaller than 26.0 kcal/
the same C(Nb), moiety cancels for a rotation angle neaf 40 mol in structureb—7. We attribute this result to a partial loss
As a consequence, the amino lone pair repulsion becomesof stabilizing conjugation in these structures.
negligible for that rotation angle, which is well-reflected by the Full Optimization. Starting from the 35 structures precedingly
optimuma angle value found for the two motior; and C, obtained C1, C2..D2, 3a...7f), a full geometry optimization
(Table 2). On the contrary, the overlap between the amino lone has been performed at the HF level without any geometrical
pairs never cancels along a disrotatory motion, and a weak constraint. Since different structures may collapse on the same
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SCHEME 4
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TABLE 4: Mean Pyramidalization Angles (6, in deg) and TABLE 5: Main Bond Lengths (in A), Mean
Stabilization Energies AE, in kcal/mol) for Each Pair Pyramidalization Angles (@, in deg), and Relative Energies
Isomer (AE, in kcal/mol) of the Eight Optimized Structures 8—15 at
42 4b  4c  4d  de 4 4g the HF Level
AE —302 —249 —241 -229 -226 -201 -16.7 8 9 10 N N
0 122.8 1240 1258 126.0 1253 1256 129.4 looks 5a 5b 5¢c Ta 7f C1 Cc2 Te
like
5a 5b 5c 5d 5e 5f AE (02 3.1 3.8 4.2 5.0 8.1 9.1 9.4
C=C 1.334 1.336 1.332 1.325 1.325 1.328 1.326 1.326
AE —15.8 —13.6 —12.6 —10.3 —-5.3 —-29
0 131.7 134.9 129.3 132.7 133.9 136.7 CN/® 1.429 1.429 1;122/9 1.422 1.424 1.413 1.415 1.417
6a 6b 6c 6d 6e 6f CN’ 1.391 1.390 1.398/ 1.413 1.413 1.416 1.417
1.395
AE -189 -170 -162 —146 —143 116 6>  129.1 129.3 1315  126.8 128.4 123.9 136.7 134.6
0 1276 1298 1298 1283 1318 1303 ¢gp 1309 1345 1307  127.6 125.7 127.2 128.3
7a b 7c 7d 7e 7f a Absolute energy: —298.150 74 au, which corresponds to a

stabilization of—38.3 kcal/mol with respect t8.  See Figure 1 for
the definition of N, N, atoms.6, 0, refer to pyramidalization angles
of N; and N, atoms, respectively.These two values correspond to
the Ny (N) and N' (N2') atoms, see Figure 1.

AE -160 —-156 —-139 —-135 -—-125 -l121
0 129.5 129.7 131.6 131.4 130.9 131.0

extremum, only 12 different stationary points have been found

on the PES. Frequency calculations show that there are eight \p2 Calculations. The five idealized structure3—7 have
minima, three transition states, and one second-order saddléyeen reoptimized at the MP2 level, and the results are given in

point. For the transition states, the imaginary frequency is Table 6. The energetical order is the same as that found at the
essentially associated with the rotations of amino groups aroundHF |evel; the relative stability decreases in the order 7 >

C—N bonds. These transition states therefore allow the inter- 6 > 3 > 4. In addition, the relative energies are found to be
conversion between pair isomers. In the following, we will very close at both levels of calculation, the largest difference
focus on minima. The eight minim&<{-15, Figure 1, Table 5)  (less than 3 kcal/mol) being found fé(Table 6). As expected,
found on the PES may be described as: (i) three pair isomersthe optimized bond length values increase from HF to MP2
of the Y-shaped structure, (ii) three pair isomers of the trans optimizations (compare Tables 6 and 1). For instance, the CC

structure and (i) two minima resulting from th@; and C, distance in the lowest energy structiig1.347 A, HF level)
motions. Thea rotation angles given in Figure 1 refer to the increases to 1.368 A (MP2 level).
idealized structures. For instance & a 3.9 rotation has Reoptimization of the eight minim@&—15 at the MP2 level

occurred with respect to a perpendicular geometry of botiHHN  leads to only seven different minima (structurg8 and 15
groups. InC1 andC2 structures, the rotation angles are given collapse to the same extremum). Basically, the results are the
with respect to the fully conjugated geometry. The relative same as those found at the HF level: the same energy ordering
energies are given in Table 5. As previously found by Frenking, is found except fof.1, which becomes the second lowest energy
the lowest energy structure is Y-shaped and @estructure structure (Table 7). The three pair isomers of the Y-shaped
(rather close to the experimental geometry) is located 8.1 kcal/ structure 8, 9, and 10) are within 3.5 kcal/mol, and the two
mol above in energy. pair isomers 11 and 12) of the trans structure are located 3.1
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Figure 1. Optimized rotational angles (in deg) and relative energhds, {n kcal/mol) of the minim&8—15 at the HF level. The¢ angle refers to

the rotation of the top BC moiety with respect to the bottom one.

TABLE 6: Main Bond Lengths (in A) and Relative Energies
(AEwmpz, in kcal/mol) of the Five Idealized Structures 3-7
(MP2 level)

structure GC CNconj CNdeconj AEMPZ AEHF
3 1.348 1.410 ® 0
4 1.367 1.414 +5.5 +5.4
5 1.368 1.377 1.413 —20.6 —19.2
6 1.362 1.407 1.401 —10.9 —8.9
7 1.358 1.401 1.407 —16.0 —13.3

@ Absolute energy:=—298.992 04 au.

and 3.9 kcal/mol abov@. The two minimal3and14 resulting
from C; andC, motions are located 6.7 and 8.0 kcal/mol above
the absolute minimur8, respectively. From a geometrical point

of view, the different pair isomers exhibit almost the same bond

TABLE 7: Main Bond Lengths (in A), Mean
Pyramidalization Angles @, in deg), and Relative Energies
(AE, in kcal/mol) of the Seven Optimized Structures 814 at
the MP2 Level

8 9 10 11 12 13 14

looks 5a 5b 5c 7a 7f C1 Cc2
like

AE 02 35 3.5 3.1 3.9 6.7 8.0
C=C 1.355 1.357 1.354 1.351 1.352 1.354 1.352
CN{* 1.437 1.437 1.433/1.4851.429 1.433 1.419 1.418
CN® 1.400 1.400 1.409/1.4061.419 1.419 1.424
04° 126.8 126.9 126.3 125.0 1235 1315 135.2
02 127.2 129.8 128.6 1246 125.6 123.5

a Absolute energy: —299.058 81 au, which corresponds to a
stabilization of—41.9 kcal/mol with respect t8. ® See Figure 2 for
the definition of N, N, atoms.6;, 6, refer to pyramidalization angles

lengths (Table 7). For instance, the CC distance varies from of N, and N atoms, respectively. These two values correspond to
1.354 to 1.357 A within the three pair isomers of the Y-shaped the N (N,) and N’ (N) atoms, see Figure 2.



10156 J. Phys. Chem. A, Vol. 102, No. 49, 1998

TABLE 8: Main Bond Lengths (in A) and Relative Energies
(AE, in kcal/mol) of the Five Idealized Structures 3—7'

structure GC CNeonj CNyeconj AE
3 1.455 1.483-1.567 211.9
4 1.337 1.415 ®
5 1.380 1.418 1.426 35.0
6' 1.365 1.426 1.419 19.5
7 1.349 1.426 1.415 7.0

@ Absolute energy=—610.303 13 au.

structure 8, 9, and10). Only the orientation and the pyrami-
dalization of the lone pairs noticeably differ from one isomer
to another.

As found at the HF level, the MP2 results are clearly at odd
with the experimental determination of the structure of the
tetrakis(dimethylamino)ethylene. A geometry resembling the
minimum 13is experimentally found by both X-ray and electron

Fleurat-Lessard and Volatron

this point, calculations on the substituted tetrakis(dimethylami-
no)ethylene have been undertaken.

B. Substituted System G(NMey)s. In the following, we
will keep the notation used in unsubstituted systems study. A
prime () will be added to characterize substitution by methyl
groups. In afirst step of calculation, idealiz&e-7' geometries
have been optimized at the HF level. The results are given in
Table 8. Replacement of hydrogen atoms by methyl groups
generates strong steric effects: the lowest energy structure is
now the fully deconjugated ond'j in which steric effects are
expected to be the weakest. The fully conjugated one is less
stable by more than 200 kcal/mol. Similarly, the Y-shaped
structure5' is destabilized by 35 kcal/mol with respect4b
Butadiene-like structure€ and7' in which steric effects are
expected to be smaller are found to be at intermediate energies.
From a geometrical point of view, the steric effects are clearly

diffraction (ED) methods, whereas we find a Y-shaped structure !lustrated by the CC bond lengthening 3 (1.455 and 1.322

as absolute minimum. The energy difference (8.1 and 6.7 kcal/

mol at HF and MP2 levels, respectively) is probably significant.

in methylated and unsubstituted species, respectively).
Starting from the geometries of thelXt; moiety optimized

The discrepancy between the experimental data and ourin the unsubstituted speci8s-15, a full optimization has been
theoretical results may originate from the replacement of the undertaken for the substituted TDAE. Starting from the eight
methyl groups by hydrogen atoms in our calculations. To check optimized structures at the HF level, only two minin@,'3

TABLE 9: Main Geometrical Parameters (Bond Lengths in A, Angles in deg) of the Two Optimized Structures 8and 13. See

Scheme 5 for Atom Numbering

structural determination X-ray 218 K X-ray 90 K ED X-ray the8r. theor.13
reference 5 5 4 4 this work this work
o 55 48.7-51.1 55 55 19.848.6 51.0-59.2
B 28.3 24.6 28 28.3 175 185
Ci—C, 1.348 1.362 1.36 1.351 1.342 1.340
Ci—Np 1.410 1.415 1.403 1.3991.408 1.406 1.416
Ci—N; 1.399 1.410 1.403 1.3991.408 1.406 1.413
Co—N3 1.397 1.414 1.403 1.3991.408 1.424 1.413
Co—N,4 1.412 1411 1.403 1.3991.408 1.424 1.416
N1—Cs 1.434 1.448 1.452 1.4¥1.451 1.441 1.446
N1—Cs 1.443 1.455 1.452 1.4311.451 1.446 1.444
No—Cs 1.415 1.444 1.452 1.431.451 1.441 1.444
N2—Cs 1.441 1.442 1.452 1.4311.451 1.446 1.442
N3—C7 1.420 1.444 1.452 1.4¥1.451 1.444 1.444
N3—Csg 1.438 1.451 1.452 1.4311.451 1.448 1.442
Ns—Co 1.413 1.447 1.452 1.4311.451 1.448 1.446
Ns—Cio 1.453 1.454 1.452 1.4311.451 1.444 1.444
N1—C;—N; 112.6 114.9 118.4 110.7 115.0
N1—Ci—C; 124.7 125.0 124.6 120.0
N—C—C; 122.7 120.1 124.6 124.8
> 360.0 359.9 360.0 359.8
N3—C—Ngy 114.2 115.3 118.4 120.7 115.0
N3—C,—C; 121.8 120.2 119.6 124.8
Ns—Co—Cy 124.0 124.5 119.6 120.0
5 360.0 360.0 360.0 359.8
Ci—N1—C3 119.4 119.2 119.2 121.3 118.8
Ci—N;—C, 118.6 116.3 117.3 117.5
C3—N1—Cy 115.2 113.5 114.0 113.9
) 353.2 349.0 352.6 350.2
C1—N2—Cs 122.1 119.5 119.2 121.3 117.6
C1—N2—Cs 120.1 119.3 117.3 120.4
Cs—N>—Cg 117.7 1155 114.0 113.9
> 359.9 354.4 352.6 351.9
Co—N3—Cy 121.3 118.8 119.2 117.6 117.6
Co—N3—Cg 120.5 118.1 117.6 120.4
C7—N3—Cg 117.3 114.3 113.4 113.9
> 359.1 351.2 348.6 351.9
Co—Nys—Co 121.0 119.6 119.2 117.6 118.8
C2—N4—Cyp 117.9 116.3 117.6 117.5
Co—N4s—Cyo 116.2 113.9 113.4 113.9
> 355.1 349.8 348.6 350.2

aFrom ref 4.» Assumed.
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and 13, have been located. All the other optimized minima
collapse to only these two structures. No TS8P have been
found within this procedure. The lowest energy structure
resembles the structu&found in the unsubstituted case. It

J. Phys. Chem. A, Vol. 102, No. 49, 19980157

conrotatory motion@(N1) = a(Ng) =
51.C°, Table 9).

Single-point calculations at the MP2 level have been per-
formed on the HF-optimized geometries. The absolute mini-
mum 8 14 found at the HF level remains the most stable
structure, and.3 becomes only 0.6 kcal/mol higher in energy
at the MP2/HF level. Since both minima are close in energy,
we have located the transition state of the interconversion. It
lies 2.2 (HF level) and 3.5 kcal/mol (MP2/HF level) above the
absolute minimun8g'.

The main geometrical parameters of both optimized minima
are reported in Table 9 together with the available experimental

59.2, (l(Nz) = (1(N3) =

can be viewed as a derivative of the idealized Y-shaped structuredata. From the results in Table 9, it can be seen that the

(5") in which a rotation of the Mg&N groups has occurred
(o(N1) = a(Np) = 48.6°, a(N3) = a(N4) = —19.8, Table 9).

optimized structurel3 is very close to that experimentally
determined: for instance, the.fz-N bond lengths vary in the

The second minimum is located only 1.0 kcal/mol above the ranges 1.4161.415 A (exptl at 90 K) and 1.4131.416 A

preceding minimum. It resembles the structli8found in the

(theor.). The most important deviations are found for tlke C

unsubstituted species and results from an almost synchronousC bond length (1.36 (exptl) vs 1.34 A (theor.)) and fhawist

H H H H Hy H
| : 5 ,\{ N 63 X, :'_', les 9 Ny
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Ho MSE R H,, O N jé M
" T164's N 160 B N: X N
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Y-like structures
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13 14
Cl1-like structure C2-like structure

Figure 2. Optimized angles (in deg) and relative energi&g&,(in kcal/mol) of the minima8—14 at the MP2 level.
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angle (24.6 (exptl) vs 18.8 (theor.)). These differences may of the latest are in excellent agreement with the experimental
be attributed in part to the calculation level: since geometry data. Finally, the coexistence of two isoenergetical minima for
optimizations have been performed at the HF level, the CC bond TDAE may explain the observed phase transitions in this
length and the3 twist angle are expected to be too small. material.
Indeed, in the unsubstituted structut8, correlation effects
lengthen the CC bond by about 0.03 A (from 1.328 to 1.354 A, References and Notes
Ta}bles 5 and 7) and increase thevalue from 17.0 to 21.0° (1) Bock, H.; Ruppert, K. Néver, C. Havlas, ZAngew. Chem., Int.
(Figures 1 and 2). Ed. Engl.1991 30, 1180.
However, the minimuni3 is found to be located about 0.6 (2) Gund, PJ. Chem. Educl972 49, 100.
ini i i (3) Chance, J. M.; Kahr, B.; Buda, A. B.; Toscano, J. P.; Mislow, K.
e o o oo S O ATELee . o Chanis B S5
. Yy sig . C ou a(_: auo e. & e (4) Bock, H.; Borrmann, H.; Havlas, Z.; Oberhammer, H.; Ruppert,
stability ordering cannot be firmly predicted from our results K.; Simon, A. Angew. Chem., Int. Ed. Engl991 30, 1678.
since this energy difference is too small. In addition, packing _  (5) Bruckmann, J.; Kiger, C.; Borrmann, H.; Simon, A.; Bock, H.
effects should be larger than the difference of stability between Zeitschrift fir Kristallographie 1995 210 521,
he two minima. It is thus reasonable that the experimentall (6) Frenking, G.J. Am. Chem. Sod991, 113 2476.
the : perin Y (7) Hehre, W. J,; Ditchfield, R.; Pople, J. Chem. Phys1972 56,
observed geometry corresponds to our secondary minimum. In2257. Hariharan, P. C.; Pople, J. Bheor. Chim. Actdl973 28, 213.
addition, it may be noted that the coexistence of two minima ] h(8) Friécfg MF'z JBLT&JCKS' CGh- W St:hltagltaéé H}.< Bfr;1 GTiII,PP.tM. W.; .
H H g onnson, b. G.; RODD, M. A.; eeseman, J. R.; Keltn, I.; Petersson, G.
closein energy could well explain the phase tra.nsm.ons observedA.; Montgomery, J. A.: Raghavachari, K.. Al-Laham, M. A.- Zakrzewski,
upon heating the crystal. Structural determination at lower v G oOrtiz, J. V.; Foresman, J. B.; Cioslowski, J.: Stefanov, B. B.;

temperatures (less than 90 K) should be of great interest. Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision E.1; Gaussian,

Our study on TAE and TDAE shows that two factors 'NC-: Pitisburgh, PA, 1995. . o
(9) In this study, we have restricted ourselves to geometries with six

(electronic and steric) are at work to understand the experi- ;_gjectrons (two from the €C double bond and four from the two nitrogen

mentally observed geometry in TDAE. In the unsubstituted lone pairs), except for the fully conjugated or deconjugated geomegies (

molecule where the steric effects are the weakest, electronicand 4, respectively). Test calculations on structures with one or three
: ~ : ’ deconjugated lone pairs have shown they lie higher in energy.

effects dominate and a Y-shaped geometry is found to be the™ ;) iein  Tetrahedrort983 39, 2733. Kiein, J.; Medlik, AJ. Chem.

most stable. Other geometries deriving from the butadiene- soc,. Chem. Commui973 275. Agranat, I.; Skancke, Al. Am. Chem.

like structures or from synchronous rotations of the amino Soc.1985 107 867. Wiberg, K. B.J. Am. Chem. S0d.99Q 112, 4177.

i i Agranat, |.; Radhakrishnan, T. P.; Herndon, W. C.; SkanckeChem.
groups are found to be higher in energy by I kcal/imol. Phys. Lett.1991, 181, 117. Gobbi, A.; MacDougall, P. J.; Frenking, G.

When steric effects are taken !nto account in the eight- Angew. Chem., Int. Ed. Engl991, 30, 1001. Frenking, G.; Gobbi, AChem.
methylated system, they play an important role and only two Phys. Lett.1992 197, 335. Skancke, AJ. Phys. Chem1994 98, 5234.
minima are found. They are almost isoenergetical: the most &3 \L/Orl]atf%n-,\fié Dte%?fhy, Ehemﬁlg%sils_eéﬁgz 198 253.

: H enn, J. M.rort. em. FOrsci 3 .
stable structure can be viewed as deriving from an Y s_h‘?‘ped (13) The absolute energy 8f is —610.340 29 au at the HF level. The
structure, whereas the second one resembles the minimumsapilization of8' with respect to# is equal to—23.3 kcal/mol.

deriving from a conrotatory motion. The geometrical parameters (14) The absolute energy 8fis —612.314 08 au at the MP2/HF level.

Conclusion



