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Correlated MP2 and MCSCF MO calculations of several model ppsiti ethenes in most cases indicate no
great participation of excited singlet and triplet electronic configurations in either the minima or the transition
structures for the suggested facilitated intramolecular rotation about the polarz€d@nd. This situation
changes significantly only in molecules with sulfur atoms in the molecule as either donors or acceptors. The
outstanding contribution of sulfur atoms as either donors or acceptors is a significant increase-géysush
ethene molecular polarizabilities. Thus, within the studied small series of mostly planargulsbthenes,
polarizability appears a better indicator of rapid intramolecular motions about=#@ ltbnd than straight
polarity. Substituents with larger steric demands around th€ Gond are shown to likely preclude its complete
turnaround, thus prompting a ramification of the interpretations of dynamic NMR phenomena in sterically
constrained pushpull ethenes as large-amplitude librations resulting from strong rovibrational and relatively
weak electronic coupling. These librations, as shown by complete vibrational mode analysis of corresponding
rotational transition structures, cover in fact certain sectors of the intuitively suggested full rotations similar
to those about €C single bonds.

Introduction or unsaturated heterocyclic suburfitg,are simpler to interpret
than those of saturated donor heterocy&c®s5 or presumably
freely rotating and inverting compounds such @$% More
sophisticated temperature-dependent dynathie® and 2-D
NMR experiment¥-12 in solution also register the occurrence

Photochemical and photophysical processes in substituted
ethenes are inseparable from the notion efTSintersystem
crossings or SS, respectively, T conical intersections,
frequently observed processes usually initiated by ultraviolet : . .
or visible light. In fact, all photoreactions of ene systems having of relatlvgly low barrlgr processes for cqnpourﬁisG, ,Wh'ch )
the characteristic €C type of bonding, and leading to stable have routlnqu been interpreted as S|gn|flcantly easier twisting
products, necessarily occur via crossings between two electronic®f the polarized €&C bond:* The corresponding thermody-
potential energy surfacédVith substituted ethenes, this is most Namic barriers are dependent on D and A substituents, re-
frequently a singlettriplet crossing and is closely related to Sp?Ct"{elyt:H’g’ls’lGaS well as on the polarity of solverﬁé?
their cis-trans photoisomerization. The involvement of a triplet, Which is understood as corroboration of their interpretation as
though, is not a necessary element of ethene or polyere cis rotations around the polarized=C bond.
trans isomerizatioh.Whatever the specific mechanism of a The barriers obtained by the mentioned NMR metfotfs
given ethene cistrans isomerization, the process is formally for model compounds of typed and 3 are in the range of
equivalent to a twist of the usually rigid=6C bond, and thus  12—23 kcatmol~1. However, the theoretical DFT=EC rota-
to a conformational isomerization. The experimentally estab- tional barriers of pushpull ethenesl span the range between
lished barriers to such processes are usually higher than 657 and more than 30 keahol1.1316While the theoretically found
kcalmol ™. upper limit is obviously somewhat beyond the notion of free

Ethenes of typel, where D is for &-)donor and A for  intramolecular rotation, the lower limit certainly deserves special
(7-)acceptor, are strongly polarized in their ground electronic attention. The significant contribution of single-bonded polar
states: The DA~ polarization can bring about quite a electronic configurations FZ+—C-A, to the ground states of
significant extension of the originally short=€C bond, which  pysh-pull ethenesl has attracted notable theoretical atten-
could consequently lead to a remarkabfeore than 20 tion.5-7.9.14-16 However, most authors have avoided discussion
kcalmol~'—lowering of the usually high barriers to rotation  of possibilities for the indicated intersystem crossing, prudently
about G=C bonds; so that the corresponding dynamic processes |eaying the problem to multiconfigurational MO calculatiGrig.
would be observable by NMRHowever, registered experi- |hternal rotation around the=€C bond should result in loss of
mental barriers depend significantly on the choice of model 4 e hond character, and theoretical calculation of acceptable
compounds. NMR dynamic phenomena in molecules with n4tional barriers by single-configurational methods as HF
relatively rigid donor fragments, e.g. in the presence of aromatic theory would be reliable only in the case of favorable cancel-

+ Corresponding author lation of correlation effects in the relevant ground and transition
t Bulgarian Academy of Sciences. structures? In addition, polarized double bonds in puspull
* University of Alcala ethenes have significant zwitterionic character even in the
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SCHEME 1: Model Push—Pull Ethenes Subjected to the
Correlated Calculations
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supposedly planar conformational minimum. Therefore, con-
tributions of excited singlet and/or triplet electronic configura-
tions to the G=C rotational transition structure of puspull
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packagée?® which is used also in the search of potential surface
Sn — Sy, m = n, conical intersections or of-ST intersystem
crossings of electronic statésMulticonfigurational MCSCF
and MC-QDPT24 calculations are done with GAMESS-US.
Selected active configuration spaces involve preferentially some
of the frontiersz-orbitals of studied molecules: eight electrons
in eight orbitals?® Full geometry optimizations are carried out
at ROHF/6-31G* and MP2/6-31G* levels, as well as at the 8
x 8 MCSCF/6-31G* level. Stationary structures, e.g. minima
and TS, are verified by calculations of analytical vibrational
frequencies at the MP2/6-31G* lev&l This complete vibra-
tional analysis provides the requisite transition vectors of
corresponding unique imaginary vibrational modes of the located
TS as well as the visual mechanistic description of associated
intramolecular motions. In the cases of fully optimized minima,
vibrational analysis of the low-frequency real modes gives the
basis of proposed refinements to the interpretation of the
observed NMR dynamic phenomena.

As dictated by available computational resources, the active
correlation space for the MCSCF and MC-QDPT2/6-31G*
calculations is chosen to cover the eighelectrons in oc-
cupied MO’s and spanning four occupied and four virtual
mr-orbitals in 2a, 33, 3b, and 3d.2° For consistency, with the

ethenes are usually considered negligible. However, precisegyfur compound@b and3c we use active spaces of the same

localization of rotational transition structures of pugiull
ethenes by HartreeFock (HF), second order MgllePlesset
(MP2), and even density functional theory (DFT) methods often
fails,>1415which has been attributed to instability of both DFT
and MP2 results with respect to singtétiplet contaminatior:*

size, even though their two higher virtual MO’s are sulfur
0-MQ’s.2% No vibrational frequency calculations are done at
the MCSCF level due to unavailable analytical second energy
derivatives.

Optimizations at the & 8 MCSCF/6-31G* level with eight

These circumstances have stimulated our interest to studygiactrons in eight active orbitals do not bring significant

explicitly the contribution of singlet and triplet electronic
configurations to the €C internal rotation in pushpull ethenes
in more detail than has been attempted recetfthf:1517For
the sake of comparison with earlier calculations at other levels
of theory, as well as with experimental results, our choice of
model molecules has been limited to compou2ds§, as shown
in Scheme 1 and Tables 1 and 2. The majority of cyclic model
compounds2 and 3 of the above series have been extensively
studied both experimentally and theoretic&lghowing rela-
tively low C=C rotation barriers. It should be noted, however,
that significant participation of triplet electronic configurations
in the G=C rotation TS has normally been associated with high
rotational barriers;” which is another problem in need of
clarification.

An initial crude estimate of singlet and triplet conformational
energy profiles for the €C rotation in compound&a,b, and

3a—d, respectively, can be obtained by a relaxed scan of the

respective energy surface at the ROHF/6-31G* level. However,
a better account for electron correlation effects along the

surmised internal rotation path can be achieved by (U)DFT and/

or (U)MP2 calculations. We have selected the MP2 (frozen

geometry changes with respect to MP2/6-31G* geometries.
Therefore, single-point & 8 MC-QDPT2 calculatior?$-25 at

the correlation-consistent cc-pVTZ basis set [&Vate used to
refine the results of lower theoretical level calculations. To
reduce the vast memory requirements and the necessary huge
scratch disk space in MCSCF and MC-QDPT?2 calculations, the
cc-pVTZ basis set has been truncated of f-functions on non-
hydrogen atoms, as well as of d-functions on H, thus becoming
a [10s5p2d— 4s3p2d] for C, N, O; [5s2p- 3s2p] for H; and
[15s9p2d— 5s4p2d] for S. This truncation of cc-pVTZ basis
set expansions considerably improves the MCSCF convergence
as well.

Spin—orbit couplings betweens&nd T, electronic states are
calculated using the full BreitPauli electronic transition
Hamiltonian?82%as implemented in GAMESS-USB Structures,
orbitals, and vibrational modes are visualized and plotted using
MOLDEN?° and GaussView?

Results and Discussion

Computed energies of pusipull ethene model2 and 3 at

core) approach, being indeed aware of the possible significantthe various MO theory levels are summarized in Table 1. The

spin contamination of the open shell solutions. A reliable remedy
to this, as has been noted much eadig€ are MCSCF (CAS
SCF) calculationg®-22 which produce spin states uncontami-
nated by wave functions of higher multiplicity and can thus
allow explicit determination of the extent of electronic state
interactions in the selected puspull ethenes. These types of
calculations should also clarify the possible involvement of
intersystem crossings in the twistings of strongly polarized
C=C bonds.

Computational Details

Single-determinant wave functions, that is, ROHF and MP2
calculations in this work, use the GAUSSIAN 03 program

rotational barriers, calculated at our highest level x88
MC-QDPT2/cc-pVTZ/IMP2/6-31G*, withAG Gibbs energy
corrections at 300 K from MP2/6-31G* calculations, are listed
in Table 2.

Structural Details. Earlier theoretical studies indicate sig-
nificant variations of the electronic structure of pugull
ethenes, depending on the specific interactions in any particular
combination of D and A. For example, the computed length of
the G=C bond varies within a 1.351.45 A range at the
HF/6-31G* level and is definitely related to=€C bond polar-
ization§ at least for first row D and A atoms. The registered
barriersAG* of dynamic processes, interpereted asCrota-
tions, also correlate fairly well with quantities such/&dc—c,
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TABLE 1: MO Computational Results —ROHF,20 MP2,2° and CAS?0.22a

Bakalova et al.

CAS minS
ROHFS CAS'S MP2/6-31G* MP2/6-31G*
TS singletAE E+ AG E+ AG
compd rot. AE AAGF Olxx rot. AAG* RHF (ref 6)
2a —490.496 90 —490.605 35 —491.925 82 —491.880 35
—490.456 64 —490.565 63 —491.813 82 —491.769 89
AE =252 AE=24.9 109.5 AAG = 27.6 AE =258
23.9
2b —1130.191 61 —1135.860 11 —1137.099 33 —1137.070 49
—1130.171 84 —1135.826 90 —1136.993 75 —1136.965 62
AE=124 AE=20.8 207.5 AANG=17.7 AE=10.9
20.4
2c —5136.042 13 —5137.203 84 —5137.180 20
—5136.019 56 —5137.102 36 —5137.081 19
AE=14.2 249.5 AAG=13.3
12.7
3a —448.483 76 —448.627 07 —449.869 67 —449.823 86
—448.441 25 —448.590 35 —449.782 09 —449.735 35
AE =26.7 AE=23.0 41.9 AAG =29.3 AE=27.2
23.6
3b —488.121 09 —488.266 90 —489.532 32 —489.465 49
—488.060 56 —488.208 62 —489.470 50 —489.406 35
AE =38.0 AE=36.6 104.2* AAG =40.3 AE=39.4
38.3
3c —1133.417 09 —1133.462 64 —1134.750 05 —1134.671 20
—1133.344 17 —1133.427 42 —1134.696 45 —1134.618 44
AE =458 AE=22.1 144.4 AAG =149.0 AE=49.1
21.6
3d —526.528 66 —526.681 67 —528.181 16 —528.160 09
—526.508 16 —526.630 15 —528.039 81 —528.017 51
AE=129 AE=32.3 134.2* AAG=14.0
331
3e —1021.071 24 —1022.278 56 —1022.170 43
—1020.962 55 —1022.208 67 —1022.102 63
AE =68.2 143.239* AAG = 66.5
3f —5133.699 74 —5134.862 12 —5134.778 63
—5133.618 07 —5134.813 51 —5134.730 75
AE=51.2 137.290* AAG=51.9

a Active CAS configuration spaces arex88; the basis set is 6-3133.Absolute energies are given in atomic units, @i AAG* (barriers to
C=C rotation) are in kilocalories per molAG* corrections at the MP2/6-31G* level are used at the 8 MC SCF/6-31G* level as well. ¢,
= the largest component of the polarizability tensor; **single-point 8 MCSCF/6-31G*//MP2/6-31G* calculations.

the difference of®C chemical shifts of ethene carbon atoms, to the process than the “genuine” rotation with the TS having
which characterize the pusipull effect experimentally® How- perpendicular planes of donor and acceptor substituents, includ-
ever, both HF and MP2 computational models have beening the corresponding carbon atom of the formal polarized
reported to systematically overestimate the experimental NMR double bond. Therefore, tightly optimized ground electronic state
barriers® Estimates of &C rotation barriers from B3LYP/  structures2 and3 with no symmetry constraints have slightly
6-31G* calculation®® are apparently closer to the experimental twisted heterocyclic rings of, symmetry instead of,, at the
values. HF/6-31G*, as well as at the MP2/6-31G(d) computational level,
The so far most extensive comparison of experimental NMR Figure 1. Similarly, all atoms around the formal double bond
data and theoretical results from MO calculatfonslies on in “truly perpendicular” G=C rotational transition structures are
geometries, optimized at the HF/6-31G* level. Reported rota- more or less pyramidal, Figure 1. For these reasons we have to
tional minima around the €C bond are strictly planar, while  reconsider the electronic structure changes along the suggested
in the rotation transition structures the planes of donor atoms C=C bond rotation at higher theoretical levels than those used
are perpendicular to those of acceptor atémidowever, so far®610 Throughout these calculations, the MP2/6-31G*
reoptimization of geometries of model compouriland 3 vibrational analysis is our best level to obtain the necessary
shows at even the ROHF/6-31G* level a certain degree of thermodynamic contributions to the total energy which provide
pyramidality of donor heteroatoms in the five-membered rings. the required estimates of measurable barriers of unhindered full
At the MP2/6-31G* level, planar structures are in fact transition rotations (irrespective of whether coupled with other vibrational
structures for a ring puckering, which is either the symmetric modes or not) about the polarized=C bonds. Note that the
mode with D= NH, 3a, or the antisymmetric one with B O, lowest frequency vibrational mode of ground rotational states
S; 3b and 3c with respect to the €C 2-fold axis. With D= of studied puskpull ethenes is the €C twisting mode, i.e.,
NCHa, 3d, these ring puckering vibrations are two of,Aand the suggested=€C rotation, strongly coupled with heteroatom
one of B symmetry. In the case of N donoig, 3d, 4—6, the inversions, Figure 2. This mode is preserved as the transition
B vibration effectively brings about a carbon pyramidalization mode in the rotational TS’s. The conservation of the coupled
at the donor end of the=€C bond as well. With O and S donors, internal rotation-inversion vibrational mode in both the fully
3b, and 3c, the A, ring puckering vibrations are effectively  relaxed rotational minimum and in the corresponding transition
equivalent to &C bond twisting, which is the “€&C rotation” structure for the rotational isomerization is the necessary and
searched for, and requires indeed a significantly lower barrier sufficient guarantee for the correct assignment of the considered
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TABLE 2: Calculated MP2/6-31G*, (8x8)MC-SCF/6-31G*//
(8x8)MC-SCF/6-31G*, and (8x8)MC-QDPT2/cc-pVTZ//
MP2/6-31G* Energies (au) and Rotation Barriers Thereof

Compound MP2 NImag Re=c MP2 +AG 8x8 CAS MC-QDPT2
v,em’
2a Sy -491.92582 0 1.411 -491.81382 -490.76901 -492.32607
TS-S -491.88035 1-906 1448 -491.76989  -490.70482  -492.29696 TS-T:
AE=285 AAG=27.5 AAG=39.3 AAG=17.3
Figure 1. Optimized 8x 8 MCSCF/6-31G(d) geometries 8fl, left
2b Sy -1137.09933 0 1.438 -1136.99375  -1136.02477  -1137.50803 : . . : it . :
TS—S 113707335 1-1257 1462 -1136.96562  -1136.00368  -1137.48257 to ”g.h.t' S the rotational transition structure oj;3ind the rotational
AE=16.3 AAG=176  AAG=145  AAG=173 transition structure of T
2¢ S -5137.20384 0 1.441 -5137.10236  -5133.69974  -5134.91088 ~
TS-8 -5137.18020 1-1395 1466 -5137.08119  -5133.61807  -5134.84050 -
AE=14.8 AAG=13.3 AAG=49.7 AAG=42.7
s . 3a
a S -449.86967 0 1.382 -449.78209 -448.69362 -450.19723
TS-S -449.82386 1-1441  1.446 -449.73535 -448.67749 -450.16969
AE=28.7 AAG=29.3 AAG=10.7 AAG=179 .
3b S, -489.53232 0 1.363 -489.46848 -488.35097 -489.89435
TS-S -489.46549 1-2283 1.423 -489.40635 -488.34386 -489.84747 —
AE=419 AAG=39.0 AAG=3.6 AAG=25.5
3¢ So -1134.75006 0 1.371 -1134.69645  -1133.68543  -1135.11584
TS-S  -1134.67120 1-300.3  1.441 -1134.61844  -1133.57293  -1135.03670
AE=49.5 AAG=49.0 AAG=70.1 AAG=49.1
3dplan.S, -528.18116 3-2386 1.398 -528.03983 -526.68167 -528.59903
nonplan.S, -528.18931 0 1.392
TS-S -528.16038 1-101.5 1448 -528.01751 -526.64760 -528.58495
AE=18.5 AAG=14.0 AAG=22.4 AAG=9.8
3e So -1022.27856 0 1.365 -1022.20867 -1021.07124  -1022.26671
TS-S -1022.17043 1-7152  1.462 -1022.10262 -1020.96255  -1022.17086
AE=67.9 AAG=66.5 AAG=66.7 AAG=58.7
3f So -5134.86212 0 1.369 -5134.81351 -5133.69974  -5134.91088
TS-S -5134.77863 1 -2683 1.441 -5134.73075 -5133.61807  -5134.84050
AE=52.4 AAG=51.9 AAG=50.7 AAG=43.7
N
[NCH_, 4
NCH, o]
H
4 So  -549.20199 0 1.399 -549.04970 -547.65507 -549.66736
TS-S -549.18181 1-107.9 1.446 -549.02977 -547.62457 -549.64314
AE=12.7 AAG=12.5 AAG=18.9 AAG=15.0
» Ground rot. state Rotation TS
NCH,
[NCH,H S Figure 2. Lowest vibrational modes d3a, 3f, and5 at the ground
state, and their rotational transition modes (compare also to Figure 1,
5 Sy -871.79444 0 1.405 -871.64434 -870.24045 -872.24118 Sd)_
TS-S -871.77722 1-91.7 1.453 -871.62804  -870.22633  -872.21798
AE=10.8 AAG=10.2 AAG=8.3 AAG=14.0
e molecular modes as well as of the located stationary points of
‘°“”’$=g the corresponding molecular potential energy surface.
e Reoptimization of pushpull ethene models at the MCSCF/
6 Sy -589.54652 0 1.403 -589.34644 -587.78071 -589.69730 - * i 1 eyl i
Tss " 58930010 U553 1456 28929998 28773495 28920 6-31G Ievel requires the selection of a su_ff|C|entIy Iarge active
AE=28.9 AAG=292  AAG=165  AAG=283 spacée.’ which should be both computationally feasible and
N N adequately_ accomm(_)date important MO'’s participating in the
W( C=C rotation. For first row elements, these can be safely
%A assumed to be the several frontieprbitals, four occupied and
i 17 _ * imiza-
7 So -524.53469 0 1.343 -524.46462 -523.05691*  -524.89097* fpur Vlrtual' The 8_X 8 MCSCF/6 31G . geometry Optlmlza
TS-S  -524.45888 1-374 1411 -52439017  -522.84998*  -524.40680* tions of 2 and 3 series of molecules indicate planar or almost
AE=4T6 AMGHI6T  AAGEIZN0 AAGR2966 planar singlet ground-state geometries. As calculations of
N AN numerical vibrational frequencies for our models at this level
Y are hardly feasible, we interpret the planarity of five-membered
N donor heterocycles at the>8 8 MCSCF level as an indication
8 S, 52696986 0 1345 52684871 -525.53888*  -527.36744* that corresponding MP2 calculations possibly underestimate ring
TS-S -526.83958 1-378.0 1.438 -526.72113 -525.22704*  -526.83453* . . .
AE=318 AAG=301  AAG-1940 AAG=3337 puckering barriers. The same applies also to heteroatom (N, O,

S) inversion barriers, though possibly with some degree of
aFree energies at the MC levels are calculated using the MP2 thermal reserve. Ne\{‘erthele;ss_, our MCSCF results mdt_eed_ support the
corrections at 298 K. €C rotation barrierA\E and AG* are given in selection of “planar” five-membered heterocyclic rings at the
kilocalories per mole. *(12 8)MCSCF/6-31G* and (128)MC-QDPT2/ donor end of pushpull ethenes as a good means to obtain
6-31G* calculations, respectively. theoretical estimates of=€C rotation barriers with little if any
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contribution of concomitant intramolecular motidgh€onse- 210+ -
quently, the 8x 8 MCSCF calculations with the 6-31G* basis - \ i
locate perpendicular rotational transition structures such as the 224 T . . / oent -
MP2/6-31G* ones. = - 7’

At the MP2/6-31G* level, the lowest electronic state of the % 2304 /'
perpendicular rotational transition structure is a singlet and is £
indeed the pure rotational TS, as identified by vibrational mode & 2*° /
analysis. The ground electronic states of 8 MCSCF/6-31G* < /'
perpendicular structures are triplets, and most likely minima. g =501 / \-
In the case of3d, however, the perpendicular MP2/6-31G* % So Va \
structure has three imaginary frequencies, and the rotational Z 2%°7 )/‘ \\.
mode in the lower two of these is associated with N heteroatom s Ty
inversion modes; see Figures 1 and 2. Similarly, the single 2104
rotational mode in3a is again coupled with the pyramidal LA A A A

. . . -20 ] 20 40 (=) 0 H;D ) 12‘0 ':0 ’ léo ) l;) ) 50
inversion of the two nitrogen atoms.

The problem associated with the=C rotational transition Figure 3. ST, relaxed surface scan f@c, D = S, ROHF/6-31G*
structure_ can thus _be recognize_‘d as 3-fold: (1) doe$ it t_)elong Tr?e 9 p;ofile ﬁas a sharp maximum, while the,'é\ shallow doublé
to pure singlet or triplet e!ectronlc Staj[es or to a certain ml_xture minimum zone in the region of perpendicular donor and acceptor planes
of these; (2) how large is the coupling of the real rotational within the molecule. Electronic energy is shifted by 1133 au.
transition with other intramolecular motions reflected by the
corresponding transition mode; and (3) what is the real SCHEME 2: Push—Pull Ethene Models with Disallowed
contribution of sulfur (and possibly other higher row donor Donor Heteroatom Inversion
atoms, e.g. P, compourge and Se, compound&c and 3f) N

N N N =
atoms to the doneracceptor structure and hence to the N Z S =
rotational barrier? The latter problem is directly related to the | |
notion of C=C bond polarization or the pustpull effect as N N N N
well. We find no anomalies in atom and bond populations for W </\Q
either G=S, 2b, or C=Se, 2¢, acceptor groups against NH
donors. Electronic structure, i.e., atom and bond populations, 7 8
and geometry changes with=€C rotation in these two model
molecules follow the general pattern found with first row
acceptor atoms, N and O. However, with and2c (acceptors
S and Se) there are exceptions of the pyshll pattern for first
row DA pairs in the GGC NBO populatiori? which in fact
indicate a single €C and not a double €C bond in both

Rotation angle, deg

the perpendicular structures of DA ethenes is given also by their
ROHF/6-31G* conformational scans; see Figures 2 and 3.
Alternatively, the A vibration of the hypotheticalCy,
structure would produce the ¥ structure in Figure 1, center,
which is the result of singlet saddle point (transition structure)
optimization and closely resembles the true transition structures

ground and transition structures for the internal rotation. In with hi . : *
" ghly pyramidal nitrogen atoms at the MP2/6-31G* level,
addition, NBO charges on=€C carbon atoms d3c, 3e, and3f as shown in Figure 2 for the open model

(donors P, S, and Se) are negative for both donor and acceptor Rotational Barriers and Electronic Structure. Optimiza-

er_lcri]s of thg dodug!ehbond agd co;r&btc;ratde thle suggestion thattions of singlet structures with perpendicular planes of donor
with second and higher row donor ond polarity caneven acceptor substituents run conveniently at the @MCSCF/

be reverse_d, Which is out .Of Iing for t.h.e suggestgd polarity 6-31G(d) level with approximate Hessian matrixes having a
C_C? rotation barrier relatlopshl‘i)Adqunal details Of, the single negative eigenvalue; i.e., the resulting stationary points
relationships between gxperlmental barriers of dynamic NMR on corresponding PES are most probably true (rotational)
processes and electronic structure of model pymiil ethenes transition structures. In addition, geometries of these perpen-

will be discussed below. dicular structures are similar enough to the corresponding MP2/
Singlet and Triplet Minima on the Corresponding Poten- 6-31G* true transition structure geometries. However, we are
tial Energy Surfaces (PES)The suggestion of singlet triplet presently unable to verify the perpendicular<88 MCSCF
intersystem crossing accompanying the=C bond rotation  structures as rotational transition structures by explicit calcula-
would imply planar or approximately planar minima for the tijons of vibrational frequencies at the same level of theory.
singlet electronic states of model molecules. The triplet minima Therefore, for the separation of=€C rotation and vibrational
would be expected to resemble the transition structures for motions in a pushpull ethene we consider two rigid molecular
internal rotation. ROHF/6-31G* conformational scans along the models with the structures @fand8, Scheme 2. Like the case
lowest singlet and triplet PES, however, indicate triplet mini- ith models2—6, we choose to use MP2/6-31G(d) geometries
ma at the perpendicular conformation only for sulfur com- and to calculate thermodynamic corrections to the total electronic
pounds, independent of whether S participates in the donor, e.genergies thereof in order to obtain rotational barriers of the
2b, or the acceptor fragment, e 3g, of the push-pull ethene, model moleculeg and8.
Figure 3. Note, however, that the fixation of nitrogen atom motions in
The 8 x 8 MCSCF/6-31G* geometry optimization f@c—f 7 and8 also prevents the interaction of the free electron pair of
does in fact locate approximately perpendicular stationary struc- N with the zz-electronic system of the substituted ethene, thus
tures both as triplet minima and very close transition structures; reducing its polarization. This effect is clearly manifested in
see Figure 1 for3d. These perpendicular structures can be calculated &C bond lengths of and8, which are practically
considered arising from the;But-of-plane vibration of the equal to bond lengths in an unperturbed olefin. Moreover, the
corresponding planar symmetriod, structure. A hint to the MP2/6-31G* search for €C rotational transition structures in
possible existence of shallow double triplet minima close to 7 and8 results in strong distortions and significant reduction
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Figure 4. MP2/6-31G* stationary structures of puspull ethenes/ and 8

Figure 5. Local “planar” and pyramidal regions in compou6d8 x

8 MCSCF/6-31G*. Nitrogen atoms are most planar in thar®l least
planar in the almost perpendiculag fhinima. Nitrogen atoms in the
TS for the G=C “rotation” are of intermediate pyramidality.

of molecular symmetry in both models, Figure 4. The latter
findings hint once again at the dominating processes in models
2—6, where heteroatom lone pair-interactions are governing
the so far modeled properties of pugbull ethenes.

Unconstrained optimizations of triplet structures of se?ie§
at the 8 x 8 MCSCF/6-31G* level reveal the existence of
multiple minima, with various localizations of unpaired elec-
trons. As expected, odd electrons are most frequently localized
at the donor heteroatoms, rendering their configurations sig-
nificantly pyramidal. Another localization of an odd electron
can happen on the formally double bonded carbon atom, bearin
the donor substituents. Certain minima on the triplet poten-
tial energy surfaces can also have an odd electron localized
on the carbon of the electron acceptor group, CO or CN, Fig-
ure 5.

Attempts to locate &S, conical intersections of correspond-
ing electronic state potential energy surfaces give in most case
negative results, as do the similar attempts to findt§

intersystem crossings. Therefore, we resort to computations of

S—T1 spin—orbit couplings as the characteristics of corre-
sponding interstate interactions. These couplings are zero with
O either as a donoRa, or an acceptordb. In nitrogen model
compoundsa,d the computed spinorbit coupling constant is

6 cnm! and again zero, respectively. Sizable spambit
couplings are calculated only for sulfur compouratbsand3c,

a medium one of 27 cni for the former and a really large
one, 118 cm?, for the latter. The &Se compoundc only
has a small singlettriplet coupling constant, 2 cm. Calcula-
tions of open modelgl—6 with mixed acceptor groups give
small S-T couplings as well, 5, 8, and 1 crh respectively.
Thus, the tendency of studied pusbull ethenes to involve
singlet-singlet conical intersections or singtdtiplet inter-
system crossings upon=€C rotation seems associated with
neither molecular polarizability nor with straight polarity. At
the MP2/6-31G* level, &S and G=Se model molecules show
indeed highest first polarizabilitg. values. The thione com-
pound 2b also has the largest-S spin—orbit coupling
constants. With &S and G=Se as acceptor, the mod® and

2c molecules have the lowest=€C rotational barrier among
their series, Table 1, at all theoretical levels. To the contrary,

$
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, with disallowed r-7r interactions and enormous “rotation” barriers.

however, in the3a—f series, with first, second, and third row
donors vs first row acceptors, the lowest=C barriers are
associated with the most polariz8d,d. The Se donor, on the
other hand, brings about the largest computedl oupling
constants, 259 cm, for the ground rotational structure of
compound3f and the huge 360 cm for its apparent rotational
transition structure. Compourk, with the PH donor group,
has the relatively low ST coupling constants of 8 cm for
the ground rotational structure and 33 ©nifor the rotational
transition structure.

The importance of a multiconfigurational account for electron
correlation is specifically demonstrated in tBe-f series, with
the lowest barrier calculated at the<88 MCSCF/6-31G* level
for the sulfur compoun@c. Thus, no straightforward correlation
is apparent between the theoretical electronic structure quantities
and the G=C rotational barrier. Still, the possibility remains
that a correlation between polarizabilities ane-C rotational
barriers could be found with a large enough series of push
pull ethenes, as already shown with polarity and rotational
barriers® Such a relationship would certainly encompass very
limited ranges of similar molecules inasmuch as polarizability
is a global molecular characteristic, while the=C rotational
barrier is a quantity associated with a localized molecular

gfragment. Indeed, with a series of 25 molecules with known

barriers® we obtain at best only hints to the possible relationship
of experimental barriers vs molecular polarizabilities. The
prediction that compoundc, with the C=Se acceptor group,
i.e., Se participating in ther-conjugation leading to high
olarizability, should have a low “doneiacceptor” G—Ca
rotational barrier, ca. 13 kcal.mdl is still an indication that
high d-orbital contribution to bonding is likely to bring low
rotational barriers as well. This latter result is consistent with
the low NBO population of the £-Ca bond with S and Se
acceptors actually corresponding to a single bond, as well as
with the “correct” polarity of the bond, i.e., high positive NBO
charge on the donor end and negative NBO charge on the
acceptor end fo2b and2c. To the contrary, for weak-donors

PH, compound3e, and Se, compoundf, calculations at
correlated MO levels predict large=€C rotational barriers, large
NBO population of the €&C bond, low or inverted polarity,
and low molecular polarizability.

To summarize, no direct relation is apparent between either
rotational barriers and<€C bond polarity or barriers and-PA
pairing. The only consistent finding related to electronic
structures of pushpull ethenes is that increased$ spin—
orbit interaction constants, high polarity, and high polarizability
meet low calculated and experimental barriers sfCrotation
in sulfur compounds, with S as either donor or acceptor.

Steric Factors and Rotational Barriers. Nonplanar equi-
librium structures of pushpull ethene%!? suggest that the
interpretation of observed dynamic NMR intramolecular pro-
cesses as<€C rotations needs certain reformulation. Inspection
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