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High-Level Electron Correlation Calculations on Formamide and the Resonance Model
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The question of planarity and the validity of the amide resonance model have been investigated in formamide
on the basis of high-level quantum chemical calculations. Complete geometry optimizations were performed
for the equilibrium structure and for the 9@otated transition state at the MBPT(2), MBPT(4), CCSD, and
CCSD(T) electron correlation levels, with basis sets up to cc-PVTZ. While electron correlation tends to give
nonplanar equilibrium, the final result at the CCSD(T)/PVTZ level iseaactlyplanar structure, as proven

by the absence of imaginary vibrational frequencies. The crucial parameter in the geometryNHead

length is calculated at 1.354 A. For the barrier to internal rotation aroundtHé kibnd our best estimate,
including the zero-point-energy correction, is 153:20.5 kcal/mol. To check predictions of the resonance
model, we have analyzed geometric changes, charge shifts from Mulliken population analysis, and the nature
of relevant valence orbitals and also calculated NMR chemical shieldings as a function of internal rotation.
In contrast to recent suggestions by Wibetgal. (J. Am Chem Soc 1987 109 5935;1992 114, 831;
Sciencel99], 252 1266) thatrz-resonance would not play a significant role in explaining the rotational
barrier in formamide, we have found no compelling evidence to doubt the validity of the amide resonance
model.

I. Introduction have been found, depending on the basis set and the choice of

. . , the exchange-correlation functiorfdf*
The importance of formamide for structural chemistry and

biochemistry is obvious: this is the simplest possible molecule inf-g?ni;[iag;'(;rbtgu'tnttﬁ;nr?;trgrt:tgofr;hirc;ﬂ%éh;;ﬁdbggg rga:;/seesd the
containing the OCNH unit characteristic of the peptide bond.

Two points are of primary interest about the structure of interes'g of theoreticians long ag?® Expgriment§ﬂ7*30 and

formamide: (a) the question of whether the equilibrium theoretica 2224255+ B values for the barrier vary in the range
geometry i.s planar and (b) the magnitude of the barrier to 15-20 kcal/mol, a fairly high value, clfear_lyindicating Fhe partia_ll
internal rotation around the-€N bond. (The significance of double bond. The well-known qualitative explanation of this

planarity in reducing the number of conformational varieties in ggg\?\}ﬁ'ﬁo{;‘de ?;ri?ﬁ;rt'esrclhsezisggloc\)/\r/l' the resonance model, as
peptides is put in a nice historic perspective in a posthumous )
paper by Pauling) While the tendency of the amide moiety

toward planarity-explained conventionally by the resonance H\ /H H\ /H
modet-is generally accepted, the possibility of a nonplanar C—N - c——N+
peptide unit has been a recurring question since the classic / \ / \
studies by RamachandréA. The existence of twisted amides Y H o_ H

in sterically constrained situations is well-known, and interpreta-
tion of their chemical and physical properties has strong  \when deciding that despite numerous previous studies a new
relevance to the resonance motiel.Most recently, the pos-  theoretical study on formamide was worthwhile, we were led
sibility of a pyramidal amide nitrogen in peptides has been py two considerations. First, recent electron correlation
brought up by Sulzbachkt al® in connection with calculated  cajculations-although giving partly contradictory resuttgend
NMR sh|'fts: the observed differences in chemical shifts betwegn to suggest that higher levels of theory lead to nonplanarity. We
an o-helix and af-pleated sheet could be reproduced only if  find this somewhat counterintuitive. Tiseconcconsideration
the nitrogen environment was assumed to be nonplanar. may be even more important: in a series of influential papers
We emphasized already in an early pded it will be seen Wiberg?®373%has questioned the validity of amide resonance
in detail below thaexactplanarity of formamide is an extremely  theory in explaining the barrier to internal rotation in formamide.
delicate question. Experimentally, despite sophisticated micro- This seems indeed very disturbing from the point of view of
wave and infrared spectroscopic studie¥, it seems virtually  using qualitative models in structural chemistry. We have
impossible to distinguish between a planar and a slightly therefore decided to perform calculations on both the equilibrium
nonplanar structure with a small hump on a flat potential surface. structure and the J6rotated transition state, going as high as
Theoretically, the results are sensitive to both basis set effectspossible with the level of theory. Electron correlation in
and electron correlation. Hartre€ock calculations'* 16 may previous geometry optimizations was treated at the lowest level,
give both planar and nonplanar geometries, depending on thesecond-order perturbation theory. We will present here results
basis set in a rather random manner. Inclusion of electron gbtained from coupled cluster methods and fourth-order per-
correlation in the framework of second-order perturbation theory turbation theory, using matchingly large basis sets (see details
seems to lead to a preference of nonplandfity? From density  in the Computational Methods and Notation section). Beyond
functional theory (DFT) both planar and nonplanar structures the figures obtained from these calculations, our main concern
is a qualitative picture of the amide structure. We will analyze
€ Abstract published irAdvance ACS Abstractdanuary 1, 1997. the results from various aspects: besides population analysis,
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nuclear magnetic resonance (NMR) chemical shieldings will low-frequency vibrations, with the conclusion that the equilib-
be calculated to obtain information about charge shifts during rium structure is “planar or very close to planar”’. The obvious

rotation. difficulty with all these experimental studies is that several
simplifications had to be made in the models: coupling with
Il. Computational Methods and Notations other modes as well as the kinetic effect (variation of the reduced

mass) was necessarily neglected. A sophisticated attempt was
made to remove these deficiencies, as far as possible, by Brown
et al’?2 They reanalyzed all of the available spectroscopic data
using a large amplitude motion (LAM) model in which the
inversion coordinate is coupled with several other coordinates:
the couplings with torsion and the-@ bond length were
variable parameters, while some other couplings were estimated

All calculations were carried out by the ACES Il program
systent© Basis sets were systematically increased from double-
and triple¢ polarization (DZP,TZP}~43 through triple& two-
polarization (TZ2P¥46 up to the “correlation-consistent”
polarized valence triplé- (cc-PVTZ)’ basis set. The latter
(referred to briefly as PVTZ in this paper) is a set specifically

designed for electron correlation calculations and con'[ainsf b initi leulati d fixed. N h :
polarization functions including f-functions. For historic rea- rom ab initio calculations and nixed. Note that some primary

sons, Cartesian (six-component) d-functions were used in the9€0Metry parameters were also fixed. The potential was of the

DZP. TZP. and TZ2P sets. while the PVTZ set contained duadratie-quartic type, but the results were so insensitive to
sphérical harmonic functions (five-component d's, seven- the quadratic term that this was fixed at an estimated value.

component f's). When referring to literature results, the usual |Neir resultis avery shallow single-minimum potential. While
notation of basis sets introduced by the Pople group will be thelrana[y5|s accounts for all of 'Fhe experimental data relgtlng
used®® Electron correlation calculations were performed by to planarity of formamide”, we still feel that some uncertainty

many-body perturbation theory to second and fourth order and &15€s from the assumptions noted above.

coupled cluster theory with singlesloubles and approximate The experimental difficulties just underline the significance
triples: MBPT(2), MBPT(4), CCSD, and CCSD(T). (For the of theoretical calculations on the structure. Early HartrEeck
perturbation method we use here the notation favored in the (HF) calculations including geometry optimizations go back to
ACES Il program system; the alternative notation referring to the 197081314 In the light of present computational resources,
Maller—Plesset partitioning (MP2, MP4) is equivalent and will these can hardly be considered as conclusive, but it is interesting
be used as synonyms when discussing results from papers thato see how sensitive planarity is to the selection of the basis
used the latter.) Unless noted otherwise, all calculated data citedfunction set. The first systematic test was made by Cargen

at a given level of theory refer to geometriedly optimized at al.:*#the smallest, STO-3G basis set gives non-planar structure,
the same leel. Geometry optimization was based on analytic and the 4-31G basis predicts planarity, while a doubbasis
gradients available in ACES Il for all levels mentioned with d-functions on the non-hydrogen atoms gives again a
above?®51 When calculating frequencies, second derivatives nonplanar geometry. (Note that the latter optimization fixed
were obtained by numerical differentiation of the analytic some geometry parameters.) Our early stuady which
gradient. This can be done in ACES Il for each symmetry planarity was already determined by calculating the out-of-plane
species separately, a great convenience when only the out-offorce constant matrix, see belewgave exact planarity with the
plane (&) frequencies are needed to decide about planarity (see4-21G basis set. Larger basis sets were tested later by Boggs
the Discussion section). Nuclear magnetic resonance (NMR)and Niul® Their largest basis set was valence trifléeype,
shieldings were calculated at the Hartrdeock (HF) and augmented with two sets of d-functions on the heavy atoms
MBPT(2) levels as available in ACES ¥#,on the basis of the  and one set of p-functions on the hydrogens, and gave a
gauge-invariant atomic orbitals (GIAO) methee* When nonplanar structure with dihedral angles up t012°. The
studying internal rotation around the-®l bond, a system of  authors stressed the role of polarization functions in determining
coordinates termed “natural coordinates” were used, as obtainedhe structure. The importance of a balanced use of polarization
by the INTC progran¥>56 Constrained geometry optimizations functions is indicated by the calculations of Wrigtttal.:1” with
along the internal rotation coordinate were carried out by Pulay’'s a DZ set augmented by heavy-atom d-functions only, they
GDIIS method®”%8 In the above tasks, an interface progP8m  obtained dihedral angles up to °12vhile adding p-functions

connecting the relevant programs from TX9%and ACES If° on the hydrogens led to planarity. Among the popular basis

was used. sets from the Pople grotfpof similar quality, both 6-31G* and
6-31G** give planarity!836.37

lll. Discussion Before discussing the effect of electron correlation, a technical

A. Planarity and Equilibrium Structure. Planarity of remark seems to be in order which is especiallyi_mportant when
formamide is an extremely delicate problem: while it is the structure is close to planarity, as will be seen in cases pel_ow.
common knowledge that it is “essentially” planar, distinction When testing planarity, the only reliable procedure is to optimize
between an exact planar and a slightly nonplanar structure seem&€ geometryvithin planarconstraint and then to check whether
very difficult. Experimental studies indicate this problem this stationary pointis a minimum or a saddle point; the latter
clearly: the classic microwave spectroscopic study by Kurland ¢&n be accomplished by calculating the vibrational frequencies,
and Wilsor reported a planar structure; a few years later Costain @0 imaginary value indicating a saddle point. Although the
and Dowling-using data on more isotopomersoncluded that ab0\_/e s_hould be well-known, one can find even in present day
the structure was slightly nonplanlater, Hirotaet al.l° used publications the wrong technique: start with a geometry without

the microwave data of 11 isotopomers (includ#ig and!80 any symmetry and see if the optimization converges to a
data) to determine the structure. Concerning planarity, they Symmetric structure. The obvious problem is that this latter
fitted a quadratiequartic potential along the NHnversion procedure-for numerical reasonscan never give aexactly

angle to the low-frequency infrared data from Kifigand this Symmetric structure.

fitting gave no hump at the planar configuration, leading to the  The first electron correlation study that performed complete
conclusion that the structure was “essentially planar’. As an geometry optimization making use of the analytic gradient seems
alternative approach, Hansest alll (this study includes to be the one by Wrighet al.l” Their highest level calculation
acetamide and thioformamide, too) used a Fourier expansionwas of the MP2/DZP type and gave a structure with dihedral
in cosine functions along a torsional type coordinate to fit the angles away from planarity by-23°. Because they did not
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TABLE 1: Lowest Frequency Vibration (in cm 1) of plane mode in which the amino twist and wagging coordinates
Planar Formamide? are strongly mixed) at various levels of theory (see the
basisset SCF MBPT(2) MBPT(4) CCSD ccsD(T) Computational Methods and Notations section above). The
DZP 445 2441 2021i 2845 3007 results systematically show the effects of increasing basis sets
TZP 175.0 306.3i 357.6i 333.1i 362.5i and the inclusion of higher levels of electron correlation. While
TZ2P 148.8 89.7i 193.1i 178.9i 203.8i we mentioned above that smaller basis sets behave in a rather
PVTZ 1659  167.7 b 104.0 61.6 random way, the present results indicate that from a fairly high
a|maginary values indicate nonplanarity; for emphasis, these are quality upward they all predict planarity at the Hartréeock
underlined? Not calculated. SCF level. Electron correlation at the MBPT(2) level tends to

prefer nonplanarity, as was already indicated by earlier studies
use the technique described above, they needed extreme effortg the literature. The new information is that the effect of
to decide about planarity: they made a clever linear interpolation electron correlation is indeed very systematic: higher levels of
scan between a planar and non-planar structure, but this stillcorrelation strengthen the tendency toward nonplanarity,
leaves some uncertainty about the final accuracy. Tsuzuki andCCSD(T) giving the highest imaginary frequency in each case.
Tanabé make the statement that all of the five levels of Considering that these calculations represent fairly high levels
calculations they performed (HF with 6-31G, 6-31G*, and of theory and are accordingly very expensive, one could easily
6-31G**; MP2 with the latter two basis sets) give planar stop at, say, the CCSD(T)/TZ2P level with the conclusion that
structures. This is true for the HF results, but is incorrect for high-level electron correlation calculations predict nonplanar
MP2: for the MP2/6-31G** case, several papers quote explicitly structure for formamide. Then, however, we stressed our
an imaginary frequency; 2! at about 60i cm*. We didn't find computational resources to extend the calculations to the PVTZ
the MP2/6-31G* value in the literature and calculated it to obtain set (the highest level CCSD(T) calculation of the three out-of-
v =117icnT™. An extreme example of the technical problem plane frequencies with this basis, which includes f-functions
mentioned above is the result given by Kwiatkowski and on each heavy atom, takes-3 weeks on a powerfu] worksta-
Leszczynski? using MP2 with the large basis set 6-311G(3df,- tion, and needs about 4 Gbyte disk space). As seen in Table 1,
2p), they carried out optimization in a nonsymmetrical structure the PVTZ basis leads back again to planarity even with highly
and report dihedral angles of 0.00¢) for the equilibrium correlated wave functions. (Note that the trend is still the same
structure, with the conclusion that the “calculations predict such as with the smaller basis sets: larger correlation, which led there

a small deviation from planarity of the molecule that it should to |arger imaginaryfrequencieS, gives nowower real frequen_
be considered as a planar system”. It seems obvious that thisgjes))

extremely small deviation from planarity can hardly be else than
numerical error. To check this explicitly, we have optimized
the structure in planar constraint and calculated the out-of-plane
frequencies at exactly the same level of theory: the lowést a
frequency is 187 cmt (with the other two at 655 and 1059
cm™1). Thus, no imaginary frequency is found, proving that
the structure igexactlyplanar at this theoretical level. Apart
from this corrected result, the only planar structure at the MP2
level was reported by Burtoat al,2! when they augmented
the TZV2P basis set with f-functions on nitrogen (nitrogen only).
The presence of f-functions in both studies should be noticed.

The MP2/TZV2P structure in ref 21 and all other MP2 structures geometries were found,. the.zer.o-pomt' energy of the lowest
. . - .-~ frequency out-of-plane vibration is definitely above the hump.
in the literature are nonplanar. Note specifically a result with

a fairly large basis set: Olscet al?2 obtained dihedral angles In qonclusion, our results show that elt_actron correlatior_l tends
of 12—14° at the MP2(FC)/6-31++G** level. Their perturba- to shlf_t the structure to_vva_rd _n_onplanarlty, _but the barriers at
tion treatment used frozen core, which may also have some Planarity are physically insignificant. More importantly, when
effect on the result; still, it is surprising that another recent study Correlation calculation is coupled with the use of correspondingly
makes the opposite statement: Ventetaal®? mention in large basis sets (in W_hl_ch higher angulgr momentum functions
passing that their “own geometry optimizations agree with the S€€m to be a determining factor), the final result issaactly
available theoretical and experimental data in that formamide Planar structure for formamide.
is planar”. True that they are concerned mainly with tauto- We now discuss some aspects of the geometry, with the
merism, rather than details of the geometry; still the remark results listed in Table 3. Besides the highest level CCSD(T)/
about planarity is not justified in the light of the above PVTZ results, lower level calculations are included to give an
discussion. Because they do not quote frequencies, we havempression of convergence. From an inspection of basis set
checked this with their largest basis set: our own MP2/6- and electron correlation trends, a “best estimate” is also given,
311++G(2d,2p) calculations give the following' &requen- although the latter has obviously no strict foundation, it is
cies: 69.9i, 635.9, 1053.2 cth(E = —169.608 332 9 au), the  intended to give a better overlook of the final results, and we
imaginary value proving nonplanarity. We mention finally the think that within the conservative error limits this is indeed the
only geometry optimization that went beyond the MP2 level. best equilibrium geometry for formamide. For comparison with
Ou et al38 (interested mainly in the rotational barrier) have experiment we included the results of two microwave (MW)
optimized the ground state structure at the MP4/6-31G** level. studie§1° and Kuchitsu's electron diffraction (ED) resuffs.
They found dihedral angles of5°, in line with the observation ~ Substitution structuresrd) from MW studies are generally
above that correlation prefers nonplanarity, but the basis set isconsidered as good approximations of equilibrium structures.
obviously too small to give really conclusive results about higher ED rg structures are thermal averages but may be based on more
correlation effects. complete information. There is no doubt that the results by
From the present study, the basic information about planarity Hirota et al.,'° listed asry(2) in Table 3, represent the most
is contained in Tables 1 and 2. Table 1 shows the lowest complete microwave study, which includé¥C and*®O data;
vibrational frequency for formamide (this is always the out-of- still, in view of the fact that the CostairDowling study already

When investigating planarity, it should be clear, however,
that the question is somewhat academic. This is seen in the
results listed in Table 2. The TZ2P basis—set all levels of
electron correlatiorrgives quite significant deviations from
planarity in terms of the geometry parameters, as indicated by
dihedral angles off from planarity by up to #@2°. Energeti-
cally, however, these deviations are practically negligible: even
the largest energy difference is only 50 cal/mol, less than
20 cntl. For comparison, an experimental estinidtar the
hump was 370 cm. In our results, even where nonplanar
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TABLE 2: Testing Planarity Constraint in Formamide on Selected Parameters (TZ2P Basis Set)

MBPT(2) MBPT(4) CCsD CCSD(T)
parameter Cs C Cs C Cs C Cs C
geometry
CN 1.3589 1.3591 1.3635 1.3674 1.3581 1.3619 1.3621 1.3662
NHc 1.0021 1.0024 1.0036 1.0048 1.0008 1.0019 1.0031 1.0042
NH; 0.9997 1.0000 1.0015 1.0027 0.9984 0.9997 1.0008 1.0021
CNHc 119.37 119.00 119.38 118.08 119.40 118.15 119.35 118.01
CNH; 121.03 120.73 121.08 119.75 121.06 119.75 121.05 119.70
OCNH, 0) 5.4 0) 104 (0) 10.2 0) 10.5
OCNH (180) 173.8 (180) 167.9 (180) 167.9 (180) 167.7
energy diff., (kcal/mob 0.002 0.041 0.031 0.049

a Cs andC;, indicate the point group symmetry; that & is the planar structurd. Two-, three-, and four-character symbols denote bond lengths
(A), angles (deg), and torsions (deg), the latter defined as the dihedral angle between the planes OCN and CNH:; the subscripts ¢ and t indicate
cis(syn) and trans(anti) position of the hydrogen relative to the oxygenergy difference between the planar form and the nonplanar minimum,
all optimized.

TABLE 3: Computed Equilibrium Structure of Formamide 2

MBPT(2) MBPT(4) CCsSD CCSD(T) tﬁgztr_ exptl

Parameter TZ2P PVTZ TZ2P PVTZ TZ2P PVTZ TZ2P PVTZestimaté rg1) r«2) rg
CcO 1.215 1.212 1.219 1.216 1.207 1.205 1.213 1.211 1.212(3) 1.193 1.219 1.212
CN 1.359 1.351 1.367 1.357 1.362 1.352 1.366 1.356 1.354(5) 1.376 1.352 1.368
CH 1.096 1.094 1.100 1.099 1.097 1.095 1.099 1.097 1.097(3) 1.102 1.098 1.125
NH. 1.002 1.001 1.005 1.004 1.002 1.001 1.004 1.003 1.003(3) 1.014 1.002 1.027
NH; 1.000 0.998 1.003 1.001 1.000 0.998 1.002 1.000 1.000(3) 1.002 1.002 1.027
OCN 124.7 124.9 124.7 125.0 124.7 125.0 124.7 125.0 125.0(2) 123.8 124.7 125.0
HCN 1125 112.2 1125 112.1 112.7 112.3 112.6 112.2 112.0(3) 113.2 112.7 (112.7)
CNH; 119.0 119.2 118.1 119.3 118.2 119.3 118.0 119.3 119.3(3) 117.2 118.5 118.7
CNH; 120.7 121.1 119.8 1211 119.8 1211 119.7 121.1 121.1(3) 120.6 119.9 (119.7)
HCNO 179.1 180 178.3 (180) 178.4 180 178.3 180 180 (180) (180) (180)
OCNH, 5.4 0 10.4 0) 10.2 0 105 0 0 7 0) (0)
OCNH 173.8 180 167.9 (180) 167.9 180 167.7 180 180 168 (180) (180)
energy, 0.614 134 0.648816 0.655326 0.690991 0.626 964 0.659 645 0.650 753 0.685 855

—(E + 169) (au)

aFor general notation and units see footnotes to Table 2; for the relative out-of-plane position of hydrogens note this: ABCD is the dihedral
angle between the planes ABC and BGiDespective of bonding relations and using the following convention: the vectors perpendicular to the
planes are defined @l = exg x €sc andn2 = esc x ecp, the vector directions being A~ B — C — D. P r4(1) andrg(2) are substitution structures
from microwave studies based on deuterium &htdat& and additionat®C and®O datal® respectivelyrq structure from electron diffraction data
combined with MW result§® Entries in parentheses indicate assumed, fixed vafugse text, with error estimates referring to the last digit.

was based on 10 isotopes (deuterium &?d substitutions), in the planar configuration TZ2P gives results practically
the large differences between the two results indicate the identical with PVTZ; see Table 2. At the same time, correlation
uncertainties of results often quoted simply as “experimental effects seem well converged concerning these angles. Thus,
data”. Among the individual parameters the CN bond length our final estimates seem reasonably justified. This means then
is of primary interest, as this is the crucial measure of the double- a noticeable difference from Hirota’s results: both of the CNH
bond character. Our final estimate was established using theangles are larger in our results, and the consequence can be
observation that increasing the basis set size and adding moreébest expressed in the resulting HNH angle (being redundant, it
correlation act in opposite directions. Note also that the longer is not listed in the table): the latter is 121i6 the experimental

CN bond in the TZ2P results is partly the consequence of the study, while it is 119.6 in our study, staying close to the
nonplanar geometry: as seen in Table 2, under planarity idealized 120. On the other hand, there is good agreement in
constraint the CN bond becomes shorter. (This coupling the following: both experiment and theory indicate that the;NH
between the CN bond length and nonplanarity will be seen in triangle is bent slightly (using the terminology of vibrational
more detail below in connection with internal rotation.) The spectroscopy, along a rocking type coordinate) toward the
final estimate around 1.354 A agrees very well with Hirota’s oxygen, as sketched in the following scheme:

value of 1.352 AL We think that the other two results around

or even above 1.37 A are definitely too long. From the H M
structural point of view, the CN bond length of 1:35.36 A O>_N\H>
indicates clearly the partial double bond: for comparison, the

corresponding experimental values in methanimingCd-NH)
and methylamine (kC—NH,) are 1.273 and 1.471 A, respec- B. Internal Rotation and the Resonance Model. As is
tively 8465 As to theory, we have also optimized the geometries well-known from numerous theoretical studies, by rotating the
of these latter two molecules at the CCSD(T)/PVTZ level. The amide group around the-N bond by 90 and 270, respec-
calculated CN bond lengths are 1.273 and 1.463 A, respectively,tively, two transition states (TS) &@s symmetry are obtained.
in line with the above. These two are different due to the pyramidalization of the
Another point of interest may be the angles around the configuration around the nitrogen. We shall investigate here
nitrogen. In the theoretical results, comparison of the TZ2P only the lower energy state (TS1), in which the hydrogens point
and PVTZ values would indicate large uncertainty. This is toward the oxygen. This is the transition state determining the
misleading, however, as the lower angles in the TZ2P results rotational barrier. TS1 is characterized by a low dipole moment
are the direct consequence of pyramidality: accepting planarity, of x = 1.5-1.6 D, as compared to > 4.0 D for TS2.
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TABLE 4: Computed Structure of the 90°-Rotated Transition State (TS1) of Formamidé

MBPT(2) MBPT(4) CCsD CCSD(T)

parameter TZ2P PVTZ TZ2P PVTZ TZ2P PVTZ TZ2P PVTZ AP
(6{6] 1.205 1.203 1.210 1.207 1.198 1.196 1.205 1.202 —0.009
CN 1.442 1.434 1.451 1.441 1.443 1.434 1.449 1.439 0.083
CH 1.093 1.092 1.096 1.094 1.093 1.091 1.095 1.093 —0.004
NH 1.014 1.014 1.016 1.017 1.013 1.013 1.016 1.016 6.014
OCN 125.3 125.5 125.3 125.6 125.2 125.4 125.2 125.4 0.4
HCN 113.2 112.9 113.0 112.9 113.3 113.1 113.2 113.0 0.8
CNH 107.1 107.2 106.8 106.8 107.3 107.4 106.9 107.0 e
OCNH 55.7 55.7 55.3 55.4 55.9 56.0 55.5 556 e
rotational barrief, AE (kcal/mol) 16.4 17.0 154 16.1 14.9 15.7 15.0 15.8

aFor general notation and units see footnotes to TabkGzometry changes relative to the planar equilibrium, from the CCSD(T)/PVTZ
results.c Average for the two hydrogen$Energy difference from the corresponding minimum values in TabRABgles around the nitrogen
change, of course, drastically; it would be senseless to quote differences; see text.

TABLE 5: Typical Changes in Single and Double Bonds and the next frequency is definitely real, at 887 and 891%m
(A) in Conjugated Systems respectively. Finally, Olsoet al22 reported a barrier of 15.9
butadiene iminopropene glyoxal kcal/mol from MP2/6-31%+G** calculations (TS1 also op-
—AS(C-C)  0.07-0.09 0.09-0.10 0.02-0.05 timized), with ZPE correction (frequencies calculated at this
AD (C=X) 0.003-0.010 0.0020.002  0.001—0.003 same level) decreasing it to 15.2 kcal/mol.

aBased on a rough survey of experimefitahd theoretical resultg. Our resultsl on the tran'SItlon state are compiled n Table 4.
For base molecules of “pure” single and double bonds ethane, ethylene Largely confirming previous lower level calculations, the
methanimine, and formaldehyde were considebasilid roughly both structural changes upon rotation can be summarized as follows
for C=C and G=N. (when figures are quoted, they refer to the highest level,
CCSD(T)/PVTZ results): (a) strong pyramidalization of the
amide group; the OCNH torsional angterhich would be 90
for a rotated flat NH group—is 55.6 (expressed in another
way, the angle of the CN bond with the Mhblane is6 =
61.6°); of course, pyramidalization requires lowering of the
angles around the nitrogen; besides the listed CNH angles of
107.0, we add that the redundant HNH angle is 104(®) a
very significant lengthening of the CN bond slightly above 0.08
A; (c) a slight, but clear shortening of the CO bond by close to
0.01 A; (d) finally, a lengthening of the NH bonds by
0.013 and 0.016 A, respectively; thisften overlooked-change
is certaintly quite significant for an XH bond.

It was recognized from the beginning that for any reasonable
calculation of the barrier it is inevitable to reoptimize the
geometry for the transition state. This was very clearly shown
by Nalewajski in early HF/4-31G calculatiofsgespite several
limitations arising mainly from the lack of the gradient technique
at that time (the planar structure was not optimized; the
optimized parameters of TS1 seem also rather crude; notably
the HNH angle of 132-in the pyramidalized nitrogen moietyls
obviously unrealistic.) The first Hartred-ock ab initio studies
performing reliable, complete geometry optimization of the
transition state appeared around 1¥80 when the analytic
gradient techniqu became generally available. These studies

(using the 4-31G and 4-21G basis sets, respectively) obtained It is also of interest to compare the nitrogen moiety in the
18—20 kcal/mol for the barrier, somewhat overestimated in the TS1 structure with methylamine. As mentioned above, we have

light of later results. They have still correctly established the OPtimized the latter at the CCSD(T)/PVTZ level. The relevant
basic structural changes upon rotation: pyramidalization of the figures for methylamine are Ck 1.463 A, NH= 1011 _A'
amide group and lengthening of the CN bond. The role of CNH = 109.#, HNH = 105.8, andf = 56.5. Comparing
electron correlation idowering the barrier was shown very ~ these with the results in Table 4 shows that the CN bond in
clearly by Jasieet al. 34 although the transition state (TS1) was rotat.ed fc_>rmam|de is close to its counterpart in methyja_mme,
only SCF-optimized. Tsuzuki and Tandbehave already  Put is still shorter by about 0.02 A. Perhaps surprisingly,
optimized TS1 at the MP2/6-31G** level, and Wiberg and pyramidalization is even slightly larger in the transition state
Breneman at the MP2/6-31G* lev&l. Burtonet al2! used much of formamide than in methylaminef. the twoé values above.
larger basis sets and came to the conclusion-tiidioth the ~ AS @ general remark about pyramidalization, it may be noted
equilibrium and TS1 are optimizethe MP2 barrier is some-  that this strong coupling between torsion and inversion can
whatlarger than the SCF one. Their result is 17.1 kcal/mol at lréady be seen close to the equilibrium planar structure. This
the MP2/TZV2PHf (f-functions on nitrogen only) level. They ~ Was pointed out in our early vibrational stutfyand we

too found lowering of the barrier down to 15.1 kcal/mol when Suggested that the lowest frequency vibration may be best
using higher correlated (coupled cluster type) wave functions: described as a “twisting-pyramidal” mode.

in this case, however, the CCSD and CCSD(T) energies were For the rotational barrier our results vary between 15 and 17
calculated in the MP2 optimized structure, and the basis setkcal/mol. The strong basis set effect should be pointed out:
was only 6-31G**. By adding a zero-point-energy (ZPE) even from the fairly large TZ2P basis, there isinoreaseof
correction (from MP2 calculations), their final best estimate is close to 1 kcal/mol when going to the PVTZ basis. As to
61 kd/mol (14.6 kcal/mol). Oat al3867gptimized the transition ~ correlation, the effect is again strong: when going from MBPT-
states with the 6-31G** basis set at the HF, MP2, and MP4 (2) to higher levels, there is now decreaseof about 1 kcal/
levels and obtained for the TS1 barrier, in this order, 16.0, 16.5, mol. The fact that the two effects act opposite explains that
and 15.5 kcal/mol. An interesting fact in their results is that earlier lower level calculations gave very good (still perhaps
with MP4/6-31G** they foundtwo imaginary frequencies in  slightly underestimated) results (14-55.5 kcal/mol)}3® For a
TS1, which would indicate a second-order saddle point. We comparison with experiment, zero-point-energy (ZPE) changes
think this must be an artifact, due to the small basis set. We have to be considered. It would have been too expensive to do
have two sets of results available from our calculations related this at the highest level, but we have calculated the complete
to this question: both the CCSD/TZP and the CCSD/TZ2P vibrational frequencies for the equilibrium and the transition
results show only one imaginary frequency, both at 492im  state at two levelsjiz., MBPT(2)/TZ2P and CCSD/TZP. The
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Figure 1. Atomic charge shifts (proton units) upon internal rotation in formamide from Mulliken population analysis. The bars indicate the
difference between the 9@otated structure and the planar structure. Black, white, grid: MBPT(2) with basis sets DZP, TZ2P, and PVTZ, respectively.

Gray: CCSD(T)/TZ2P.

£10=-0.569 a.u. €12=-0.420 a.u.

Figure 2. Schematic representation of the participation of p-atomic
orbitals in the highest two"amolecular orbitals in formamide (see
text).

ZPE correction was found to be quite sensitive to the method,
—0.4 and—0.7 kcal/mol, respectively. Considering these and
taking the CCSD(T)/PVTZ barrier of 15.8 kcal/mol, our final
estimate for the barrier with ZPE correction is 15:D.5 kcal/
mol. Experimental values for the barrier in various solvents
vary in the range 1722 kcal/mol¢’=2° As was discussed very
clearly by Jasieret al.3* hydrogen bonds tend to increase the
barrier so that theoretical calculations for the free molecule are
expected to underestimate the barrier. Measurements by Cha
et al® in a polystyrene matrix may approximate the free
molecule, but their result of 58 kJ/mel 13.9 kcal/mol seems
too low in the light of the theoretical results, of which the best
seem to converge around 15.05.5 kcal/mol.

Our main interest in internal rotation in amides lies in the
qualitative understanding of the amide bond. Traditionally, the

C—N bond in the planar conformer has more ionic character,
resulting in a shorter and stronger bon#.”

About point i the following should be considered. It is a
generalobservation in conjugated systems that the shortening
of the single bondAS is about an order of magnitude larger
than the lengthening of the double bor&). In Table 5 we
have given a few examples based on a survey of experimiéntal
and theoreticdf results. Part of the large difference between
AS and AD is understandable: if we compare the changes
energetically the larger force constant of the double bond
involves a larger change in energy for the same change in the
bond lengths. In the present example of formamide, we have
checked this explicitly: in the rotated structure, with geometry
optimized at the MBPT(2)/TZ2P level, a change of 0.01 A in
the CG=0 and C-N bonds back toward their values in the planar
structure, the energy increase we&) = 144 and 58chartrees,
respectively. This brings down the ratio of about 9 in the bond
length changes to a ratio of about 4 for the associated energy
changes. This is, of course, still a large difference, and we do
not see a simple model that could explain it. It may be added

r{hat the equilibrium €O bond length in formamide mark-

edly, even if not drastically, longer than a “true” double
bond. We checked this by calculating formaldehyde at the
CCSD(T)/PVTZ level with the result dR = 1.2065 A, which
should be compared to the corresponding value of 1.2108 A in
formamide. Concerning the bond lengths, formamide thus
behaves in every respect just like typical conjugated systems.
Therefore, we think that point i does not really contradict the

partial double bond and the consequently high barrier are very resonance model.

simply explained by the resonance model. The well-known
essential idea is that-electron conjugation between the CO
double bond and the nitrogen lone pair strengthens thé&lC
bond, leading to partial double-bond character, which is lost
during rotation. The model thus relies on tiielectron system.
As stressed in the Introduction, this simple picture has been
seriously questioned by Wibegg al.3>373% They have two main
arguments: (i) While the CN bond lengthening is indeed very
significant upon rotation, the CO bond length changes very little;
in addition, its value in the equilibrium shows no significant
deviation from regular €O double bonds. (ii) Calculating
atomic electron populations based on Bader's meffiégithe
charge shift on the nitogen atom is just tbppositeof what

Point ii is of crucial importance concerning the use of
gualitative models in structural chemistry. Obviously, when
talking about partial charges and charge shifts in a molecule,
one should always keep in mind that these are no physical
guantities. There are still several well-known models trying to
guantify chemically important notions, such as atomic charges
and bond orders. Wiberg's conclusiéh¥ are based mainly
on Bader’s population®:70 In our attempt to test charge shifts
upon rotation from other aspects, we have first of all returned
to the simplest, classic method of Mullikéh.It is, of course,
well-known that electron populations can be very sensitive to
basis sets (note that the results in ref 35 were based on one
basis set only (6-31G**)). We have therefore evaluated the

the resonance model would predict, and the population at the \yjliken populations from several of our calculations, with four

oxygen is only slightly affected.

Their main conclusion is that “essentially all of the interac-
tions leading to the rotational barrier originate in the Cbond
and that the oxygen does not participate to a significant
extent.”3” The strengthening of the €N bond is explained
by hybridization arguments, related with tlesystem: “the

typical results shown graphically in Figure 1. The bars indicate
the shifts in atomic net charges when going from equilibrium
to the TS1 structure (all structures optimized). As expected,
the results show fairly large fluctuations, indicating the uncer-
tainties of (any) population analysis. Still, in our opinion the

overall picture is quite clear. (a) The most crucial problem in
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Figure 3. Calculated’O and'>N NMR chemical shieldings as a function of internal rotation in formamide, with TZP basis on heavy atoms, DZP
on hydrogens: circles, oxygen; triangles, nitrogen; white, SCF; black, MBPT(2).
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Figure 4. Calculated**C NMR chemical shieldings as a function of internal rotation in formamide, with TZP basis on heavy atoms, DZP on
hydrogens: cross, SCF; star, MBPT(2).

Wiberg’s results, in that they found negligible changes at the (with energies in atomic units given in parentheses) are as
oxygen atom, is not present here; it is in fact the charge shift follows:
on the oxygen _that is the most stable one in QII four calcylations. planar structure:
(b) Also, the nitrogen atom, although showing fluctuations up v . _ e N .

. . . a' (—0.569); 4(—0.437); & (—0.420);
to a factor of 2, shows consistently negative charge shifts as N
predicted by the resonance model. (c) The charge shifts on the a' (+0.167)
carbon atom fluctuate so much that no prediction can be given; .qiated structure:
still, this seems acceptable, as the_ resonance model does not a' (—0.524); &4(—0.474); a(—0.441):
say anything about it. Considering that the fundamental )
prediction of the resonance model concerns a positive charge a' (+0.122)
shift from nitrogen to oxygen upon rotation and this is correctly  In Figure 2 we show schematically the two occupied
reproduced, we hope to have proved that Mulliken population s-orbitals in the planar conformer. In orbital 10, the p-functions
analysis-with all its limitations—does support the resonance on the three heavy atoms participate with roughly equal weights;
model. It should be noted that population analysis based onin orbital 12, the coefficients of the oxygen and nitrogen p’s
the natural bond orbital concept of WeinhHldalso clearly have opposite signs, and the carbon participation is very small.

supports the resonance model, as shown byai3® In fact, (The rotated structure is not shown, one of the abitals
this can even be seen in a most recent study by WiBerg, disappears, of course, and the remaining one is roughly+t@ C
concerned mainly with thioformamide. bond.) The conclusion from Figure 2 about the planar structure

It is also instructive to take a look at the relevant molecular seems very convincing about resonance: the character of these
orbitals. Taken at our MBPT(2)/TZP geometries, the highest orbitals is the same as in the allyl anion, the archetypical
three occupied SCF orbitals (302) and the first virtual orbital example of a three-center-bond, resonance system!
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The above discussion is based on qualitatisemiquantitative Keeping in mind the limitations of any qualitative model,
arguments. We thus tried to find true physical quantities that we think that the present results do not give serious reason to
may give information about charge shifts during rotation. To doubt the validity of the amide resonance model as used
this purpose we calculated NMR chemical shieldings as a traditionally in chemistry.
function of internal rotation. The internal coordinates used in
following internal rotation were the types suggested in ref 55.  Acknowledgment. This work has been supported by the
The rotational coordinate was thep = (1/4)@y + 12 + 73 + National Scientific Research Foundation of Hungary (OTKA),
74), the sum of all four torsional angles around theCbond. Grants No. T-017374 and F-019263. The calculations were
(For the explicit definition of the rest of the coordinates, see performed on the IBM SP/2 system at our department.
ref 68.) For each point alongy, the rest of the geometry was
optimized, at the level MBPT(2)/TZP. Inthe NMR calculations References and Notes
the basis set was TZP on heavy atoms and DZP on the
hydrogens, and the calculations were done at two levels, SCF (1) Pauling, L.Chem Intellingencer1996 2, 32.
and MBPT(2). The results are shown in Figures 3and 4. Itis __(2) Ramachandran, G. N.; Lakshminarayanan, A. V.; Kolaskar, A. S.
known that NMR shieldings are sensitive to correlation, and Biochim Biophys Acta 1973 303 8. T
. ' (3) Ramachandran, G. N.; Kolaskar, A.BBochim Biophys Acta1973
indeed the SCF and MBPT(2) results show very large differ- 303 385.
ences. However, theelative values, i.e. the changes during (4) Bennet, A. J.; Wang, Q.-P.; Slebocka-Tilk, H.; Somayaji, V.; Brown,

; ; = R.S.; Santarsiero, B. Ol. Am Chem Soc 1990 112 6383.
rotation are practically the same. At the oxygen, the shift is (5) Yamada, SAngew Chem, Int. Ed. Engl. 1995 34, 1113.

very large and-using the simplified picture that decreasing (6) Sulzbach, H. M.; Schleyer, P. v. R.; Schaefer, H. F., JlIIAm
shielding means decreasing electron densityin the right Chem Soc 1995 117, 2632.
direction. The shift at the nitrogen is much smaller, but again __ (7) Fogarasi, G.; Pulay, P.;"Tdk, F.; Boggs, J. EJ. Mol. Struct 1979

; L : ; 57, 259.
in the expected direction. The large shift at carbon is remark- (8) Kurland, R. J.; Wilson, E. B., Jd. Chem Phys 1957, 27, 585.

able, but the resonance model says nothing about this. As a (9) Costain, C. C.; Dowling, J. MJ. Chem Phys 196Q 32, 158.
whole, since the amide resonance model concerns the nitrogen (10) Hirota, E.; Sugisaki, R.; Nielsen, C. J.; Sgrensen, GJ.®/ol.

; Spectrosc1974 49, 251.
and oxygen, and the shifts on these latter are correct, the NMR (11) Hansen. E. L .- Larsen, N. W.: Nicolaisen, F. 8hem Phys Lett
calculations do suppotiat least do not contradiethe presence 198Q 69, 327.
of resonance in formamide. (12) Brown, R. D.; Godfrey, P. D.; Kleibuoer, B.J. Mol. Spectrosc
1987, 124, 34.
. (13) Christensen, D. H.; Kortzeborn, R. N.; Bak, B.; Led, J. Lhem
IV. Conclusions Phys 197Q 53, 3912,

. . (14) Carlsen, N. R.; Radom, L.; Riggs, N. V.; Rodwell, W. RAm
We have presented theoretical results on formamide that, duecém’soc 1979 101, 2233.

to simply the advances in computational resources and the (15) Boggs, J. E.; Niu, ZJ. Comput Chem 1985 6, 46.
appearance of powerful computer programs, represent the (16) Wang, X.-C.; Nichols, J.; Feyereisen, M.; Gutowski, M.; Boatz,

highest level calculations on this molecule. On the basis of J';(T%/mwerti' ﬁt- % JM sg?;‘rﬁégashésfhg’;’rlg% gEs’CloOnAqflﬁi Chem
the results, conclusions can be drawn on qualitatively important 1ggg o 603 T P ey, B &.omp

aspects of the molecular structure. (18) Dstergard, N.; Christiansen, P. L.; Nielsen, OJPMol. Struct

(1) Systematically increasing the level of electron correlation, (THEOCHEM)1991, 235 423. .
. - (19) Kwiatkowski, J. S.; Leszczynski, J. Mol. Struct 1992, 270, 67.
it has been shown that correlation strengthens the tendency (20) Kwiatkowski. J. S.: Leszczynski, 3. Mol. Struct 1993 297, 277.

toward a nonplanar equilibrium. This explains why the notion (21) Burton, N. A.; Chiu, S. S.-L.; Davidson, M. M.; Green, D. V. S.;
seems to have been spreading in the literature that the exactillier, I. H.; McDouall, J. J.; Vincent, M. AJ. Chem Soc, Faraday Trans

structure might be nonplanar (even if lying in an extremely 19?32?9@25603;111 F.: Li Y. Houk, K. N.; Kresge, A. J. Schaad, L1J

shallow potential well). However, we find it very reassuring am chem Soc 1995 117, 2992.
that using a matchingly large basis set, the highest level (23) Flori, J.; Johnson, B. Gl. Phys Chem 1994 98, 3681.

calculation (CCSD(T)/PVTZ) gives axactlyplanar structure, g‘s‘r; Eixo_n' Dd At.;’\l/\lllatpsulfawa, E-PPhBQSPChte(" 1R994lg§~3 3596;3

. . . . e erricaudet, M.; Pullman, ep rotein rRes y .

in agreement with chemical intuition. _ . (26) Harding, L. B.; Goddard, W. A., lIlJ. Am Chem Soc 1975 97,
(2) In connection with calculating the barrier to internal 6300.

rotation we have examined the well-known amide resonance (27) Kamei, H.Bull. Chem Soc Jpn 1968 41, 2269.

: - ; : ; : (28) Drakenberg, T.; Forsen, $.Phys Chem 197Q 74, 1.
model, which was seriously questioned in a series of articles (29) Drakenberg. TTetrahedron Lett1972 1743.

by Wiberg3>373% We have discovered th_e following. (30) Chan, B.; Shukla, J. P.; Walker, $Mol. Struct 1983 102, 165.
(a) Although the much smaller change in the CO bond length  (31) Nalewajski, R. FJ. Am Chem Soc 197§ 100, 41.

as compared to the CN bond cannot be explained in all detail, gg \Ffva”ﬁgmvs'-j? R(i)ggS\'/a’\rj{ X'i“sﬁol Ccr]?msél?e-iquhzﬁél Struct
these two bond lengths behave the same way as in typical redcHEM) 1981 76, 171. y, C; - J. Mol.

conjugated -systems. Therefore, this behavior does not = (34) Jasien, P. G.; Stevens, W. J.; Krauss, 84.Mol. Struct
contradict the amide resonance model, unless the whole conceptTF(igs??Al;i_EM)192368133 _1dS_>7- K_E.J. Am Chem Soc 1987 109, 5935
_ ; ; ; iberg, K. B.; Laidig, K. EJ. Am Chem Soc 4 .
of zr-resonancen gen?rahs denied. . . . (36) Tsuzuki, S.; Tanabe, K. Chem Soc, Perkin Trans2 1991, 1255.
(b) The charge.shlfts upon rotanqn from smple Mqlllken (37) Wiberg, K. B.; Breneman, C. Ml. Am Chem Soc 1992 114,
population analysis, although showing fluctuations with the 831.

methods used, basically do support the resonance model.lgéiB)Sl%Uéz';’;‘C-? Tsai, M.-S.; Chu, S.-Y.. Mol. Struct (THEOCHEM)
Es.peC|aIIy important |s.the very consistent and unlform charge (39) Wibe@ K. B.; Hadad, C. M. Breneman, C. M.; Laidig, K. E.;
shift on the oxygen which, based on Bader’s populations, was Murcko, M. A; LePage, T. JSciencel991, 252, 1266.

marked as a “spectator” atom by Wibefy. (40) Stanton, J. F.; Gauss, J.; Watts, J. D.; Lauderdale, W. J.; Bartlett,

N . A _ R. J.ACES Il Quantum Theory Project, University of Florida, 1991.
(c) Examination of the highest-orbitals shows that forma (41) Dunning, T. H.J. Chem Phys 197 53, 2823.

mide resembles very closely the electronic structure in allyl, @  (42) Huzinaga, SJ. Chem Phys 1965 42, 1293.
prototypical resonance system. (43) Rednon, L. T.; Purvis, G. D.; Bartlett, R. J. Am Chem Soc

; P ; 1979 101, 2856.
(d) NMR chemical shieldings, calculated as a function of (44) Dunning, T. HJ. Chem Phys 1971 55, 716.

internal rotation, are in line with the predictions of the resonance  (45) punning, T. H.J. Chem Phys 1971 55, 3958.
model for nitrogen and oxygen. (46) Gauss, J.; Bartlett, R. J. ICES Ilprogram basis library.



1408 J. Phys. Chem. A, Vol. 101, No. 7, 1997

(47) Dunning, T. HJ. Chem Phys 1989 90, 1007.

(48) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JABInitio
Molecular Orbital Theory Wiley: New York, 1986.

(49) Salter, E. A.; Trucks, G. W.; Bartlett, R. J.Chem Phys 1989
90, 1752.

(50) Gauss, J.; Stanton, J. F.; Bartlett, RJ.JChem Phys 1991, 95,
2623.

(51) Watts, J. D.; Gauss, J.; Bartlett, RChem Phys Lett 1992 200,
1.

(52) Gauss, JChem Phys Lett 1992 191, 614.

(53) Ditchfield, R.Mol. Phys 1974 27, 789.

(54) Wolinski, K.; Hinton, J. F.; Pulay, B. Am Chem Soc 199Q 112,
8251.

(55) Fogarasi, G.; Zhou, X.; Taylor, P. W.; Pulay,JPAm Chem Soc
1992 114 8191.

(56) Pulay, P.; Fogarasi, G. THRTC programfor generating natural
internal coordinates; University of Arkansas: Fayetteville, AR aiti&o
University: Budapest, Hungary, 1991992.

(57) Pulay, PChem Phys Lett 198Q 73, 393.

(58) Csaza, P.; Pulay, PJ. Mol. Struct 1984 114, 31.

(59) Szalay, P. G. Baods University: Budapest, Hungary, 1995.

(60) Pulay, P.TX90 Program DescriptianUniversity of Arkansas:
Fayetteville, AR, 1990.

Fogarasi and Szalay

(61) King, S. T.J. Phys Chem 1971, 75, 405.

(62) Ventura, O. N.; Rama, J. B.; Turi, L.; Dannenberg, 1. Phys
Chem 1995 99, 131.

(63) Kitano, M.; Kuchitsu, KBull. Chem Soc Jpn 1974 47, 67.

(64) Pearson, R., Jr.; Lovas, F.J.Chem Phys 1977, 66, 4149.

(65) Kreglewski, M.J. Mol. Spectrosc1989 133 10.

(66) Pulay, PMol. Phys 1969 17, 197.

(67) Ou, M.-C.; Chu, S.-YJ. Phys Chem 1995 99, 556.

(68) Fogarasi, G.; Baims, A.J. Mol. Struct (THEOCHEM)1985 133
105.

(69) Bader, R. F. W.; Nguyen-Dang, T. Adv. Quantum Chenil 981,
14, 63.

(70) Bader, R. F. WAcc Chem Res 1985 18, 9.

(71) Landolt-Banstein Numerical Data and Functional Relationships
in Science and Technology, New Seribtadelung, O. (Ed. in Chief);
Structure Data of Free Polyatomic MolecujeKuchitsu, K., Ed.;
Springer-Verlag: Berlin, 1992.

(72) Fogarasi, G.; Liu, R.; Pulay, B. Phys Chem 1993 97, 4036.

(73) Mulliken, R. S.J. Chem Phys 1955 23, 1833.

(74) Reed, A. E.; Weinstock, R. B.; Weinhold, - Chem Phys 1985
83, 735.

(75) Wiberg, K. B.; Rablen, P. R.. Am Chem Soc 1995 117, 2201.



