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Abstract: Geometries of AX10 molecules (A= C, Si; X=H, F, Cl, Br, CH;, SiHs) have been optimized at

the HF/6-31G* level as a function of the AAAA dihed
and trans conformational minima, some have an ad
only within a certain critical range of sizes of subst

ral angle In addition to the generally known gauche
ditional (“ortho”) minimummeard0®. This appears
ituents X. It is attributed to a splitting of the ordinary

gauche minimum by 1,4 interactions between substituents, similarly as the twisting of the anti minimum from

18C is attributable to 1,3 interactions. A universal
subsequent disappearance of the ortho minimum as

I model is proposed to rationalize the appearance and
Xincreases in size. It contains intrinsic barriers described

according to Weinhold, van der Waals interactions described by a Lennard-Jeh2pétential, and Coulomb

charge-charge interactions.

Introduction

Conformational properties of flexible linear chains are of
fundamental importance in determining the behavior of organic
molecules and are among the first pieces of information

presented in elementary textbooks of organic chemistry and

polymer science. They are also important for compounds of
elements other than carbon, such as silicon.

It is commonly assumed that saturated linear chaiR6A 2
are capable of existing in only three distinct stable conformer
forms with respect to rotation around a skeletatA bond:
two enantiomeric gauche formgs( g-) with AAAA dihedral
anglesw of about 60 (right-handed helix) and-60° (left-
handed helix), and an anti forna)(with w of 180°* (as in
polyethylené). In the anti form, deviations ab up or down
from 18C occur for substituents X larger than H, and have been

attributed to steric interference between substituents in positions

1 and 3 in the ideally staggered backbone (“1,3 interactions”).
The anti minimum is then split into a pair of enantiomeric
minima @, a-), forcing a helical arrangement of the A atoms
in the all-anti forn? (as in poly(tetrafluoroethylend)

The existence of a total of four conformers with respect to
rotation around a central AA bond @+, g-, a+, a-) is thus

generally considered the norm, although it is recognized that

extremely sterically encumbered structures may display excep
tional behavio® However, at irregular intervals throughout the
past few decades, computational evidence for yet another pai
of conformers, with a minimum neap = +90°, has been
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reported for some relatively unhindered saturated linear chains,
making for a total of six conformers. Until recently, these
calculations were so approximate that limited significance and/
or generality appears to have been attached to them by their
authors or anyone else [CNDO/2 for (&> MM2 for C4Me; P,
MM27 and MNDO/2 for SisHzn+2 and SiMezn+2]. Numerous
other calculations of linear chain conformations only found the
usual three or four conforme?a10 At times, the existence of
only three or four conformers was assumed and geometry
optimization was restricted to limited dihedral anglésin a

few cases it was noted that the dihedral anrgleomputed for

the “gauche” minimum was curiously far fro#60° and closer

to £90°.12 Until recently, the only experimental evidence for
the existence of a conformational minimum-z90° that we

are aware of were several unexpected dihedral angles close
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to 9¢ in the X-ray structure of a macrocyclic compound, be due to the above-mentioned 1,3 interactions. Although they
SijeMesz; 3 additional examples have since been found in did not consider other chains, this sounds like a general
branched oligosilané's. argument, and it appeared to us that a total of six conformational
Our interest in the subject stems from efforts to understand minima in the ground-state potential energy surface ought to
the conformational dependence of the optical properties of be the rule for most if not all molecules of the typgXAo, except
oligosilanes and polysilands. We were initially confirmed in for the smallest substituents X and the longest bond lengths
the usual skeptical attitude toward the possible existence of aA—A. At this point, we were truly curious and decided to
third pair of conformers when our MP2/6-31G** calculatiéhis ~ perform fully optimized conformational search calculations for
for SisH10 provided no evidence for it, although earlier semiem- a series of saturated linear chaingXAo.
pirical calculation&affirmed its presence clearly. It seemed to We were initially rather perplexed by the results, since the
us that the isolated reports of a third pair were artifacts of crude calculations sometimes produced only the usual two pairs of
computational methods. Although this is so in the case of conformations even for quite large substituents X. As qualitative
SisH10, we now know that, in general, we were wrong. understanding of open chain conformations would appear to be
A 3-21G* calculation for SjMeso at the fully optimized a rather fundamental requirement in elementary stereochemistry,
Hartree-Fock and single-point MP2 leveldfollowed by fully it appeared desirable to find a very simple model that would
optimized 6-31G* calculations at both HF and MP2 leVéls, rationalize or perhaps even predict the number of conformations
and also a D9%* calculation for GFy at the fully optimized for an AyX10 chain from elementary properties of the atom A
Hartree-Fock level!® followed by a fully optimized MP2/6-  and the group X without having to resort to an extensive
31G* calculatior?®2! all agreed with those previous more computer calculation. Presently, we report the results of this
approximate calculations for (SiMg”-8 and (CR),° chains that search for the origin of the conformational diversity.
predicted the existence of a third backbone conformer pair ( For simplicity, we use the “ortho"d, o-) designation for
= 90°) in addition to the usual gauche and anti pairs. The the third conformer pair, proposed in the experimental study of
energies of the three conformer pairs were always within 2 or C4F10in recognition of the computed near orthogonality of the
3 kcal/mol of each other. The MP2/6-31G* results paralleled dihedral anglew,? and not theg!, g; labels proposed by
the HF/6-31G* results very closely. We then obtained the same Smith et al*®
result for G(CHs)1o at the fully optimized HF/6-31G* level .
(mentioned in a footnote in ref 20), in agreement with a prior Methods of Calculation
MM2 report? All computations were performed with IBM RS 6000/550 and 590
These ab initio results were not easily dismissed, since the work stations.
levels of calculation employed are generally fairly reliable for Ab Initio Calculations of Conformer Geometries and Energies.
molecular conformations, and also since Smith é? ahowed These used the GAUSSIAN 92 progréfCalculations for GX0 and
that the use of a six-minima torsional potential in the rotational SiwX10 [X =H, F, Cl, Br (only GBry), CHy(=Me), and SiH] were
isomeric state model of polymer properties accounted for the done at the HF/6-31G* levéf. HF calculations for GBrio used an
behavior of poly(tetrafluoroethylene) better than the use of the Effective core potential (ECP). Calculations for SFio were also
. . repeated at the MP2/6-31G* level, and those faCly at the HF/6-
Star.]dard four-minima pOte.mlal'. An observafioft of thrge 311G* level. The results for $ilio and SiMeso were taken from refs
distinct IR spectra of the individual conformers ofFeo in 16 and 18, respectively. Atomic charges were obtained from natural
nitrogen matrix removed any remaining doubt: at least in some pond orbital (NBO¥ and Mulliken population analyses.
A4X10 chains, there indeed are three pairs of backbone confor-  Geometry optimizations for a series of fixed central dihedral angles
mations at comparable energies. The next questions are, whyunder the assumption &, symmetry yielded potential energy curves.
and when? They were followed by unconstrained optimizations for the minima
Smith et al. suggestélthat the splitting of the expected foupd_in these curves. Frequency analys_is was performed at all fully
“ordinary gauche” pair of minima at60° into a pair at about ~ ©Ptimized geometries, except for&o, Si(SiHs)io, and the MP2
+55° and another at about90° in C4Fyo is due to steric 1,4 ?i?ilgﬁlta“on on SFio, Where our computational resources were insuf-
interactions (i._e.., interactions betwgen s_ubstituents located in A C'2 symmetry axis was found in each case and the potential energy
backbone positions 1 and 4), and is entirely analogous to the

L o . L . curves (Figure 1) thus correspond to minimum energy paths in the
splitting of thea minimum intoa anda- minima, believed to  \icinity of potential energy minima. This need not be the case in the

regions of high energy. As first shown by Dewar and Kirschfer,
“chemical hysteresis” may cause a path obtained by gradually changing
the value of one geometrical parameter, while optimizing all the others,

(13) Shafiee, F.; Haller, K. J.; West, B. Am. Chem. S0d.986 108
5478.
(14) Lambert, J. B.; Pflug, J. L.; Stern, C. Angew. Chem., Int. Ed.

Engl. 1995 34, 98. Lambert, J. B.; Pflug, J. L.; Allgeier, A. M.; Campbell,
D. J.; Higgins, T. B.; Singewald, E. T.; Stern, C. Acta Crystallogr. C
1995 C51, 713. Lambert, J. B.; Pflug, J. L.; Denari, J. Mrganometallics
1996 15, 615. Pflug, J. L. Ph.D. Dissertation, Northwestern University,
Evanston, IL, 1994. Sekiguchi, A.; Nanjo, M.; Kabuto, C.; SakuraiJH.
Am. Chem. Sod 995 117, 4195.

(15) Miller, R. D.; Michl, J.Chem. Re. 1989 89, 1359. Imhof, R.; Antic,
D.; David, D. E.; Michl, J.J. Phys. Chem. A997, 101,4579. Imhof, R.;
Teramae, H.; Michl, JChem. Phys. Lettl997 270, 500. Maziees, S.;
Raymond, M. K.; Raabe, G.; Prodi, A.; Michl, J. Am. Chem. S0d 997,
119 6682.

(16) Albinsson, B.; Teramae, H.; Plitt, H. S.; Goss, L. M.; Schmidbaur,
H.; Michl, J.J. Phys. Chem1996 100, 8681.

(17) Teramae, H.; Michl, Mol. Cryst. Liq. Cryst.1994 256, 149.

(18) Albinsson, B.; Teramae, H.; Downing, J. W.; MichlChem. Eur.

J. 1996 2, 529.

(19) Smith, G. D.; Jaffe, R. L.; Yoon, D. YMacromoleculed994 27,
3166.

(20) Albinsson, B.; Michl, JJ. Am. Chem. S0d.995 117, 6378.

(21) Albinsson, B.; Michl, JJ. Phys. Chem1996 100, 3418.

to stray far from the lowest energy path. The computed transition
energies will then be too high. This behavior is suspectedM&p,*®

(22) GAUSSIAN 92, Revision C, Frisch, M. J.; Trucks, G. W.; Head-
Gordon, M.; Gill, P. M. W.; Wong, M. W.; Foresman, J. B.; Johnson, B.
G.; Schlegel, H. B.; Robb, M. A.; Replogle, E. S.; Gomperts, R.; Andres,
J. L.; Raghavachari, K.; Binkley, J. S.; Gonzales, C.; Martin, R. S.; Fox,
D. J.; Defrees, D. J.; Baker, J.; Stewart, J. J. P.; Pople, J. A. Gaussian Inc.:
Pittsburgh, PA, 1992.

(23) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213.
Ditchfield, R.; Hehre, W. J.; Pople, J. A. Chem. Phys1971, 54, 724.
Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Phys1972 56, 2257.
Gordon, M. S.Chem. Phys. Lettl98Q 76, 163.

(24) Bergner, A.; Dolg, M.; Kahle, W.; Stoll, H.; Preuss, Hol. Phys.
1993 80, 1431. Kaupp, M.; Schleyer, P. v. R.; Stoll, H.; PreussJHAm.
Chem. Soc1991 113 6012.

(25) NBO 4.0; Glendening, E. D.; Badenhoop, J. K.; Reed, A. J;
Carpenter, J. E.; Weinhold, F.; Theoretical Chemical Institute, University
of Wisconsin: Madison, WI, 1994,

(26) Dewar, M. J. S.; Kirschner, S. Am. Chem. S0d.971, 93, 4292.



Six Conformations of Saturated, Chains

0 60 120 1800 60 120 180
10
C,Hyg SisHye
0 \\&A 0
10 : 5
CaFio T SigFig
o“..‘/‘ T o

i

—~ 25 5
g CsMeyq SisMeyg
>
o
-Q
=
= 0
30 - 5
C4Clyg S14Clyg
0 0
30 % - 1C
CBryo S14(511'13)10
0 0]
0 60 120 180 0 60 120 180

Figure 1. Optimized HF/6-31G* potential energy of,X,o chains as

a function of the dihedral angle. C; symmetry was assumed except
as stated in the text for/e;o. The dashed MP2/6-31G* curve inyBip

is shifted arbitrarily relative to the HF/6-31G* curve.
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Table 1. Substituent van der Waals Radii

substituent rvaw (Aya substituent rvaw (A)a
H 1.20 Cl 1.75
F 1.47 Br 1.85
Me ~1.70 SiHs ~2.20°

a Reference 2% Calculated from the geometries of gbind SiH.

among the 10 substituents, and (iii) the electrostatic interactions among
the 14 A and X atoms and substituents.

(i) An empirical function was used for the intrinsic part of the barrier.
This function was derived by the Weinhold procedtifzased on the
effects of the deletion of elements in the Fock matrix expressed in the
natural bond orbital basis, as implemented in the NBO part of the
GAUSSIAN 92 progrant® For rotation around the central-8A bond
(anglew, positive for counterclockwise rotation at the closer atom A,
i.e., right-handed AAAA helix), the elements deleted were those
between the two AX and the A(2)-A(1) bond orbitals on atom 2
and the two A-X and the A(3}-A(4) antibond orbitals on atom 3,
plus the analogous ones between the bond orbitals on atom 3 and
antibond orbitals on atom 2. For rotation around the terminal bonds
(angleg, zero at the staggered geometry and positive for counterclock-
wise rotation of the terminal groups when viewed from a point located
on the terminal bond axis outside the molecule), the elements deleted
were those between the three-X bonds on the terminal atoms A(1)
and A(4) with the central A(2)A(3) antibond and the AX antibonds
on central atoms A(2) and A(3), respectively, and the analogous ones
between the antibond orbitals on A(1) and A(4) with the bond orbitals
on A(2) and A(3). The intrinsic function was fitted to the forf@&/

2)(1 + cos(3v)) and C(1 — cos(3)) for rotation around the central
bond and simultaneous rotations around both terminal bonds, respec-
tively. A universal valueC = 4.5 kcal/mol simulated all the ab initio
results semiquantitatively. Only o stands apart as the shape of
the intrinsic barrier of its central bond is totally different, and no attempt

was made to fit it to a functional form.
(i) The Lennard-Jones-612 potentiad® was used for van der Waals
interactions. The van der Waals r&@ii'ridw used are collected in

Table 1. We are aware of the ambiguiffeimvolved in the definition

and we now find it in the one case that was examined in some detail, Of I but believe that they will not invalidate the model as long as a
CiMeyo. Here, the barrier between the ortho and gauche minima appearsconsistent set of values is used. A universal proportionality constant

to occur atw = 60° if approached along the bottom of a valley from
largerw values and at 80f approached along the bottom of a parallel
valley from smallerw values. The two valleys differ in the sense of

€ = 0.012 kcal/mol was found to provide a semiquantitative fit with
all the ab initio results.

(iii) Point charge repulsions were used for electrostatic interactions.

rotation of the terminal backbone bonds. The true transition structure ChargeQx = gx was placed on each substituent &, = —2qx on
was not located. It seems to lie on the ridge separating the two valleys, central atoms A, an@a = —3gx on terminal atoms A, witlx equal

at a dihedral angle of about 73, and does not posse€s symmetry,

to the average value on the 10 substituents from ab initio calculations

i.e., the end groups rotate independently. To obtain this region of the by either the Weinhold NBO or Mulliken procedure. Charges on a

curve shown in Figure 1, we drove one of the terminal rotation angles

while holdingw constant at 75and optimizing all other geometrical

variables without symmetry constraints. The true activation energy is

thus lower than shown in Figure 1. The relaxation ofthesymmetry
constraint may lower the barriers between conformers in the otheirA

molecules as well, and the exploration of transition states in linear chain

conformational isomerization deserves a separate study.

Although substituent conformations are of limited relevance for our
primary goal, which is an understanding of backbone conformations,
we note that there might in principle be many different local minima

on a AlMeyo hypersurface with nearly identical AAAA dihedral angles
and differently rotated methyl groups. In the highly crowdet€;,,

where we observe coupled rotation of the methyl groups in the sense

of the previously reportéd® gearing motions, and maybe in&iHs)10

as well, the appearance of multiple local minima due to methyl rotation

is less likely than in the less crowded,®8e;0. We have not observed

such multiple minima in our ab initio calculations for any of these
molecules, nor in numerous molecular mechanics calculations per-

formed in preliminary searches.
Model Calculations. The potential energy was the sum of (i) the

polyatomic substituent were collapsed into a point charge at the atom
attached to the chain.

The final expression for energy (in kcal/mol) as a functiomaind
¢ was

Eror = Entr T Evaw + Ecour

Entr = (C/2)(3+ cos(3v) — 2cos(®))

Ew=¢ Y [@rx"r )" = @)

i<{X}
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— Table 2. HF/6-31G* Optimized Central Dihedral Angles and
Ecou. = (L/4meo) ey QQ/riy End Group Rotation Angle$ in AsX1o Chains (deg) ?
AsX1o Wy om Wo ®o Wa Pa
wherei andj run over the substituents X or both over the chain atoms  c,H,, 654 —3.1 180.0 0.0
A and substituents X, as indicated BX} and{A,X}, respectively, SiH1o 67.2 —-05 180.0 0.0
andr;_j is the distance between atoimandj. With angles in degrees, C4F10 56.1 —-9.8 96.1 78 1691 7.7
distances in A, charges in elementary units, and energy in kcal/mol, SisFio 133.3 —6.6
the values of the constants a@e= 4.5, ¢ = 0.012, and 1/deq = SigF1? 54.9 62.3 121.3 1.8
332.064. CsMeqg 52.8 —15.3 87.9 145 162.8 —15.7

i SisMero 537 —-153 920 7.7 1635 -125
In each AXyo chain, all backbone bond lengths-, were assumed CaClio 530 -82 (90.0) 64 1567 —9.9

equal, as were all backbone-to-substituent bond lengths. _Thfey SiClyo 55.6 ~80 95.8 86 1646 -97
were set equal to averages of lengths computed for the anti minimum. C.Bryo 526 ~7.6  (90.0) 84 1537 —96
All valence angles were 109.47 The substituent charge, the van der  gj,(sjH,),, 534 -149  90.1 10.7 163.0 —15.0
Waals radii of the substituents, and the s andra—x bond lengths
were treated as variable parameters. The initial structure had the AAAA @ MP2/6-31G*. There is no ortho minimum in these molecules, but
dihedral anglev equal to 180 and the terminal groups staggered ( the optimum geometry of the end groups is not staggered=at90°.

= 0°). Relative energies were then computed as a function of angles
of rotation around the A(2)A(3) (w) and the A(1}-A(2) and A3

A(4) (¢) bonds, preserving a 2-fold axis of rotational symmetry.

Results and Discussion

Ab Initio Results for AsX30. Since we needed to obtain
results for a whole series of4X 1 chains, we were limited in
the quality of the calculation that we could perform. We used
the HF/6-31G* approximation, which has a reasonable reputa-
tion as far as geometry optimization for ordinary molecular
structures is Concernéa’ and would be expected to give Figure 2 A schematic repl’esentation of 1,4 interaptions ata geometry
meaningful results. Intrinsic conformational barriers in simple |ntermed|§te betwgen gauche and ortho conform_atlo_ns. The substituents
hydrocarbon chains have been long kndwo be describable labeled with gsterlsks provide the largest contribution to the van der
at the Hartree'Fock level, even though the introduction of Waals repulsion.
electron correlation does make some differeticé comparison Second, as changes from Oto 18 (right-handed helix),

with the MP2/6-31G* level of calculation, which should provide  {he optimal value o changes in a complicated manner (Table
a better description of nonbonded substituesubstituent  2). For @ < » < ~75°, optimizedy is negative £60° < ¢ <

in_teractions, is available for the potential energy curves of 0°, clockwise rotation of the end groups). The sign of optimized
SisMeyot® and GF10.21 In both cases the geometries of all three ¢ changes ab = 75°, again atw = 120, then again aty =
conformers are nearly identical at HF and MP2 levels of 180, etc.

calculation, the differences in the calculated potential energy Third, it is noteworthy that the anti minimum is split into
curves and the relative conformer energies are small, and theyyq (a,) not only when repulsive interactions between substit-
unusual ortho minimum is quite p_ronounced. A comparison ents in position pairs 1, 3 and 23 could be expected to be
of HF and MP2 calcgla_tlons for @10 at the 6.-31G** level large, as in QMexo, Sia(SiHs)10, C4Clio, and especially §Brio,
also revealed great similarity,and the fully optimized HF/6- ¢ ais0 in SiMeyoand SiClyo, in which these steric interactions
31G* results for the conformational minima in theXy, series surely are small.

seem to be qualitatively reliable. Since the HF results for $, differed from all others, we

The HF/6-31G* results for g0, CaF10, C4Clio, C4Meso, also performed MP2 calculations. A comparison of HF/6-31G*
C4Brio (ECP on Br), SiHio, SiuMerq, SisFi0, SiClio, and and MP2/6-31G* results indeed revealed a qualitative difference
Siy(SiHs)10 are shown in Figure 1 and Table 2 (for numerical (Figure 1), in that a shallow gauche minimum appeared only at
values, see Supporting Information). As anticipaedhe the MP2 level. In this approximation, dispersion forces are
curves for the tetrasilanes are flatter than those for the butanesintroduced, and more compact forms such as the gauche
Those for GHi0 and SiH10 have a familiar shape and show conformer are differentially favorééirelative to less compact
only the expected gauche and anti minima. Most of the others forms. We believe that in all the other cases the HF/6-31G*
look strange at first. results are qualitatively correct.

First, it is puzzling that the splitting of the gauche minimum A Heuristic Model for A 4X10. It is natural to assume that
into a g+ pair and ano. pair, presumabl? due to steric the puzzling behavior predicted by the ab initio calculations
interactions of substituents in positions 1 and 4 (Figure 2), does (Figure 1, Table 2) should be understandable in simple terms.
not follow a simple pattern. In the carbon series, it appears The primary effects suited for an intuitively satisfactory
upon going from an H substituent to F, and more clearly, upon rationalization are as follows: (i) an intrinsic barrier of the kind
going to the even larger Gibut then it disappears in4Clio present even in ethane and disilane, (ii) repulsive or attractive
and GBryg, although the steric demands of €lnd Cl are van der Waals interactions between substituents, and (iii)
normally considered to be comparable, and although Br is electrostatic interactions. In the spirit of a search for simple
definitely larger than Ckl In the silicon series, the splitting  explanations, we shall assume that these effects are additive.
persists throughout, except for the most peculiar cases6{sSi An AzX10molecule that finds itself at some particular AAAA
e S Al LG imooicat P — dihedral anglew, and is strained as a result of interactions
Th(eo& sim%fer', HF. ﬁlrj'E a bIenpupn;fa,\'l‘é’\)\,sforkyelcgr;);‘;'cvol_“f [‘)”;9_ between the substituents X, will surely relieve some of the strain

(32) Allinger, N. L.: Fermann, J. T.; Allen, W. D.; Schaefer, H. F., i Dy modifying its other dihedral angles, valence angles, and even
J. Chem. Physl1997 106, 5143. bond lengths. To gain simple insight into the origin of the
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Table 3. Charges, Reduced van der Waals Radii, and Reduced  organic chemist since it relates the barrier in ethane to familiar

Lateral Bond Lengths in &0 Molecules concepts such as frontier orbital theory and antiperiplanar
AXe RM™ Ry raa(d) rax(®) ox(aup ox (auf interactions. According to this rationalization, staggered ge-
Cato 078 071 153 109 1016 4020 ometries are f_a_lv_oreq in ethane because t_hey permit a more

SisH1o 051 063 236 148 -015 -018 favorable stabilizing interaction of the occupiegh orbitals of
CaFio 0.95 0.86 1.54 132 -0.34 —0.40 the methyl group on one end with the emptyy antibond
SisFio 0.63 0.67 234 157 —0.47 -0.68 orbitals of the methyl group at the other end. The slight transfer
CsMeyo 104 095 164 1.55 0.00 +0.0T of electron density from bonding to antibondiagy orbitals is
SkMeo 072 081 236 190 -035 -04% reflected in the somewhat longer CH bonds in ethap&H)
C4Clyo 1.07 1.09 1.63 1.78 +0.10 +0.06 _ Asra _ A3tb
SiClyo 074 086 237 205 -024 —-039 = ;.1108 ; compared to methaneg(C!—I).— 1.1068 :

C.Brio 113 120 1.64 1.96 +0.03 40.15 This interaction also causes a slight variation in the backbone
Siy(SiHg)1o 0.92 0.99 240 237 +0.11 +0.08 bond length and in the energy of the bondimg: orbital as a

aBond lengths and atomic charges are average values taken fromfunc.tIon O.fw’ agnd this needs to be included in the analysis of
calculations at the geometry of the anti minimum of each individual Parrier heights
AsX10 molecule.’ Total charges on X from Mulliken population It is quite possible that one of the other interpretations of the
analysis.° Total charges on X from natural hybrid orbital population  ethane barrier, such as the electrostatic description in terms of
analysisd Total charge on all atoms of the substituent. cumulative atomic multipole momenit&would work just as

number of minima observed, we have however adopted anWell, and there is a degree of arbitrariness in the choice we
approximation in which valence angles are always exactly Made.
tetrahedral and bond lengths are rigid, and only the; AXd We have computed the magnitude of they — o stabiliz-
groups are allowed to rotate away from their staggered position ing interaction as a function of for all of our AsX10 molecules,
by an anglep. This approximation is justified by the fact that ~assuming perfectly staggered end groups;A¥ = 0°), and
the simple model is not meant to reproduce the ab initio potential found that in all cases exceptsBjo it has approximately the
energy curves quantitatively, nor are we trying to reparametrize Same functional form as in ethar{€/2)(1 + cos(3v)), and only
molecular mechanics, but are merely attempting to identify the the constan€ varies from about 2 kcal/mol for £10 to about
physical origin of the qualitative shape of the potential energy 5 kcal/mol in GMeyo and about 6 kcal/mol in {10, C4Clio
curves in terms of the three additive classical effects mentioned@nd GBrio (Figure 4). It thus appears that the original NBO
above. Not allowing other modes of motion to relax as we analysi§’ of the way in which the natural bond orbital
changew will accentuate the root causes of changes in strain. interactions vary as a function afapplies generally. The large
In keeping with the ab initio results for the conformational decrease ofC from C—C bonds to StSi bonds is easily
minima, we preserve a 2-fold axis of rotational symmetry by understood. Only the vicinal overlap of the p components of
always rotating both end groups equally by an angleThe the bond and antibond orbitals contributes significantly to
resulting potential energy surfaces are two-dimensional, plotted @ngular variation of the interaction, and its importance drops
as a function of the central dihedral angleand the terminal ~ rapidly as one proceeds down the column of the periodic table.
dihedral angles. They were obtained for a series of parameter For tin and lead, the intrinsic barriers should be minute.
values reflecting (i) the nature of the intrinsic barrier as a  The Special Case of SFi0. The unique very flat HF/6-
function of A and X, (ii) the effective size of X, and (iii) the =~ 31G* potential energy curve of o, with a single shallow
charges on A and X. minimum at 130 (Figure 1), resembles the familiar curve for
To make the model universal, we express lengths in units of H202.4° The latter is usually considered to be dominated by
the skeletal A-A bond lengthra_a (Table 3), and ultimately ~ interactions of the two oxygen lone pairs that have laeal
use a universal intrinsic barrier sige= 4.5 kcal/mol and van ~ symmetry. Their nonbonded interactions are minimized at

der Waals proportionality constaat= 0.012 kcal/mol. Sub- = 90° and maximized at Dand 180. The effect is believed
stituent size is reflected in its reduced van der Waals radius to be further modified by the secondary effect of electrostatic
R\)/(dW = r‘>’<dW/rA,A and in its reduced lateral bond lend®ax = repulsions between the positively charged H atoms, which are
ra-x/fa—a. FOr most substituents, and all those we ug&’ largest forw = 0° and decrease gradually toward 18€ausing

the barrier atv = 0° to be higher than that at 180and shifting

andrax, and thus the reduced quantiti W and , are
X d & Rax the minimum from 90 to 113.7.4° Indeed, the minimum in

approximately linearly related (Table 3). In the following, we o .
refer to both values jointly as the “effective substituent size”. H25 4‘2"”‘ its long SS bond and less polar SH bonds, lies at

The question we are posing is, how does the interplay of the 88.7.
|ntr|n_3|c b_arrler, the effective sub_s’gltuent size, and Ia_teral bond (34) Wilson, E. B., JrAdy. Chem. Physl959 2, 367. Radom, L; Hehre,
polarity dictate the number of minima on the potential energy w. J.: Pople, J. AJ. Am. Chem. Sod.972 94, 2371. Lowe, J. PScience
surface and the optimal values@fand¢? We shall see below 1973 179, 527. Orville-Thomas, W. J., Ethternal Rotation in Molecules

ot ; ; Wiley: New York, 1974. Houk, K. N.; Rondan, N. G.; Brown, F. K;

that thq variation of the effgcts of bond polarity as a funpt|on Jorgensen, W. L. Madura, J. D.: Spellmayer, C.JDAm. Chem. Soc.
of the dihedral angles is minimal, and we shall therefore discuss 1983 105, 5981.
the intrinsic barrier and effective substituent size first. (35) Strasburger, K.; Sokalski, W. Z&hem. Phys. Letl994 221, 129.

(i) Intrinsic Barrier. The origin of the intrinsic 3-fold barrier (36) Mulliken, R. S.J. Chem. Physl939 7, 339. Mulliken, R. S.; Rieke,

ion in eth has been rationalized in different ways b C. A; Brown, W. G.J. Am. Chem. Sod941 63, 41.

to rOt_atmn In ethane ys Dy (37) Landolt, H.; Bonstein, RZahlenwerte und Funktionen aus Natur-
a series of author®;3435and one of these had to be selected wissenschaften und Techn@&ruppe II, Atom- und Molekphysik Vol. 7,
for use in the heuristic model. We decided to adopt an Strukturdaten freier mehratomiger Molekeltiellvege, K.-H., Ed.;
interpretation that goes back to Mullikefs‘secondary hy- ff;mger've”ag: Berlin, Heidelberg, New York, 1976; (a) p 196, (b) p
perconjugation” and has been convincingly advocated by (és)Guo, D.; Goodman, LJ. Phys. Chem1996 100, 12540.

Weinhold?” This analysis has much intuitive appeal to an (39) Sokalski, W. A.; Lai, J.; Luo, N.; Sun, S.; Shibata, M.; Ornstein,
R.; Rein, R.Int. J. Quantum Chem., Quantum Biol. Syrtp91, 18, 61.

(33) Anderson, J. E. IThe Chemistry of Alkanes and Cycloalkanes (40) Pelz, G.; Yamada, K. M. T.; Winnewisser, &.Mol. Spectrosc.
Patai, S., Rappaport, C., Eds.; Wiley: New York, 1992; p 95. 1993 159, 507 and references therein.
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Figure 3. Ab initio computed intrinsic central rotational barriers in
AsX10. The upper right corner shows th€/2)(1 + cos(3v)) model
curve.

Not surprisingly, the NBO analysis revealed that the
osi-si — o&i—g interactions in S are far more stabilizing than
theosi—si — o%i_si interaction. The former interaction is stron-
gest aiw = 60° and determines the shape of the potential curve.
The latter interaction is maximized at 1'80ut even then is so
weak that it fails to induce a minimum in the curve shown in
Figure 5. Finally, the addition of the effects of electrostatic
repulsion, unusually large in this case, shifts the minimum in
SiyF10 to about 130 in the HF calculation (Figure 1).

At the MP2/6-31G* level, however, the picture for,Big
changes, and shallow minima are present atastl 122. We
believe that the new gauche minimum af &5due to attractive
van der Waals forces, which are ignored in the HF calculation.
These forces normally play a minor role in), compounds,
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Figure 4. Model calculation: Potential energy obX;0 as a function
of the dihedral anglev, at constantp = 0°: (A) van der Waals
contribution only; (B) sum of van der Waals and intrinsic contributions.

interactions between the substituents X to the total energy as a
function of w, computed using the simple model with staggered
AX3 end groups¢ = 0°). In C4Hj0, SihH10, and SiFqq, the
effective substituent size is small enough for this contribution
to be very small at all angles (these results are not shown). In
the other AX1p molecules, this contribution provides an energy
barrier atw = 60°, and analysis of the individual pairwise
interactions shows that it is due to 1,4 interactions, as antici-
pated?®

The origin of these interactions is readily visualized. Given
tetrahedral angles, at = 60° the four backbone atoms and
two of the substituents at positions 1 and 4 form a perfect six-
membered ring in the chair conformation (Figure 2). If the
bonds carrying the substituents have unit length like those in
the backbone, the reduced distance between the interacting 1,4
substituents is unity also, obviously much shorter than the
optimal nonbonded distanceRQ’W. As expected, the size of
the barrier at 69 increases with the increasing size of the
substituent as measured By and R". The 1,3 interac-
tionst®33are negligible, and a similar barrier is not observed to
occur atw = 18C° (Figure 4).

Figure 4B exemplifies the sum of the contributions from the
intrinsic and the van der Waals interactions, using an arbitrary
but typical value ofC = 4.5 kcal/mol for the former. At =
60°, a broad well provided by the former is split by a narrower
peak provided by the latter, and the gauche and ortho minima

because the intersubstituent distances are such that the repulsiveesult as anticipate¥f. Together, the intrinsic and the van der
part of the Lennard-Jones potential applies, and the HF Waals contributions thus account for the presenceg.gfand

approximation is sufficient. In 1o the reduced bond length

o+ minima. They appear to suggest that these minima exist

Rax is so small that the attractive part of the potential applies, for all substituents X whose size is above a critical value. This
and the HF approximation is inadequate. Clearly, the unique disagrees with the ab initio results (Figure 1), according to which
intrinsic barrier, the small reduced substituent bond length, and an excessive increase in substituent size removes the o

the high polarity of its bonds set o apart from all the other
A4X10 molecules that we have investigated.

(i) Van der Waals Repulsions. Terminal Groups Stag-
gered. Figure 4A shows the contribution of van der Waals

minimum.

Even for quite large substituents, the introduction of van der
Waals interactions makes little difference in the vicinitycof
= 18C°. The splitting of the anti minimum to positions just
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Figure 5. Model calculation: Sum of van der Waals and intrinsic=€ 4.5 kcal/mol) contributions to the potential energy oA as a function of dihedral angte and end group rotation angfe reduced
van der Waals radiu;dw, and the reduced bond leng®x. In drawings along the diagonal, the fat line indicates the optimal reaction path. For labels on axes, see the lower left corner.

surey) Okkipareinies Jo SUONBWIOOD XIS

6866T ‘'€ 'ON ‘0CT 'IOA "20S "Wy ‘wy



580 J. Am. Chem. Soc., Vol. 120, No. 3, 1998 Neumann et al.

below 180 and just above 180thus cannot be explained by
this simplest approach, in which the end groups are forced to
remain staggered.

Terminal Group Rotation. To understand the factors that
control the splitting of the gauche minimum into two, we
examined the role of the rotation of the terminal A}roups
(dihedral anglep), whose importance has been well recog-
nized%1933 According to the ab initio results (Table 2), these
groups are not perfectly staggered in most of theX#
conformational minima. They are twisted counterclockwise in
the region of the ortho minimunog), between the transition
state that leads to the gauche form and the one that leads to the
anti form, and clockwise in the regions of the gauche) @nd
twisted anti &+) minima. The twist directions are inverted for
theg-, o- anda- minima (® = w = —18C°). Asw increases
in a AsX10 molecule with 6 minima, the sense of end group
rotation thus reverses each time the molecule passes through a
transition state that separates conformers. In the compound
with 4 minima, GCl;pand GBryq, the sense of twisting changes

as if the transition states defining the ortho minimum were still ihe ortho minimum @ = 80—90°, Figure 6B). The clockwise

present. _ rotation of the AX groups from the perfectly staggered position
Figure 5 shows a series of plots of energy calculated from jn the gauche form of the right-handed helix € 0) and their
the simple model as a function of both the central AAAA  counterclockwise rotation in its ortho forma & 0) are hallmarks

SFigure 6. Gauche (A) and ortho (B) geometry of,X%o.

dihedral angle» from O° to 180 (results for 0 > w > —180° of these minima. The simultaneous rotation of both end groups
follow from symmetry), and the angl, related to the terminal by ¢ preserve<C, symmetry.
AAAX dihedral angle, from¢ = 0° (staggered) tap = 60° Next, we return to Figure 5 and start with the smallest

(counterclockwise rotation, eclipsed) r= —60° (clockwise — gypstituents, located in the lower left comn@ag + R <
rotation, eclipsed). The individual plots in Figure 5 differ in 1.4, Table 3). The minimum energy isomerization path is not
effective substituent size as defined B and Rax (Table affected by van der Waals repulsions between substituents at
3). The energy contains additive contributions from van der )| and goes only through the gauche and anti minima, both at
Waals interactions, from the intrinsic barrier at the central bond, 4 = 0°. Rotation of the terminal groups away from the
(C/2)(1 + cos(3v)), and from the intrinsic barriers at the two  staggered arrangement to either positive or negative values of
terminal bonds, which add up ©(1 — cos(3)). ¢ increases the energy because of intrinsic barriers at both

Instead of the simple one-dimensional representation of the terminal bonds. IRax + R\)/(dW > 1.4, increasing 1,4 interac-
conformational isomerization path Implled in Figure 4, in Figure tions cause a tW|St|ng of the end groups from the Staggered
5 we consider a path represented by a curve of minimal energy arrangement, as can be seen Ragx = RYW = 0.8. At this
that winds its way over the ¢ plane and connects the minimum  pqint, the surface still contains only a gauche minimune a¢
at thew = 0° edge with the minimum at the = 180° edge for 60°, with ¢ < 0°, an anti minimum aty = 18C°, and no ortho
each choice oR™™ and Rax. minimum.

Since we assume rigid rotation, while the real molecule  As noted above, repulsive van der Waals interactions are also
relieves some strain by adjusting bond lengths and valenceabsent in Sf1o, but Figure 5 is not applicable, because this
angles, strong interactions already occur for smaller effective special case has a different intrinsic barrier function.
substituent sizes in the model than they do in reality. This does Going to the next group of compoundsFz, SisMej,
not reduce the utility of the plots for a discussion of the origin  C4Me;o, SisClio, and Si(SiHs)10, the effective substituent size
of trends in the conformational effects of substituent size, and is increased enough that the sixy + R‘;(dW exceeds 1.5 but
merely means that the effective substituent size, i.e., the valuesis still smaller than 1.9. As the effective substituent size
of Rax and R{™, need to be taken smaller than would be increases, a high-energy ridge due to 1,4 interactions gradually
expected from standard tables; e.g., instead of taking the properdevelops in the potential energy surface and protrudes from the
values ofRcc = 1.08 andR‘(’:‘l’W = 1.10, we need to take an  point (w,p) = (0°,60°) toward the center point of the plot
effective value of abouRcc) = RETW; 1.0 to approximate the ~ (90°,0°). In doing so, it displaces the minimum energy
ab initio result. isomerization path further to negative valuespah the region

The Gauche and Ortho Minima. To understand the role  of the gauche minimum. At the same time, increasing 1,3
of the rotation of the end groups in the ortho and gauche minima, interactions introduce additional hills into the surface@)
we refer to Figure 2, in which the &X10 molecule is shown = (120, 60°) and (120,—60°), displacing the minimum energy
with staggered end groups, at,$) = (60°,0°). The substituents  path toward positive values af nearow = 90° and toward
on A(4) and A(1) responsible for the repulsive 1,4 interaction negative ones ab > 120°. As the vaIuesR}'(dW = Rax = 0.9
(see Figure 4) are marked with an asterisk. Their separationare reached, the above-mentioned ridge merges with the hill
can be increased and the 1,4 interaction strain can be relievedhat grew at ¢.¢) = (120°,—60°), creating a barrier that
at the expense of a loss of perfect staggering at the terminalseparates the original gauche minimum into an ortho and a
bonds. Achieving this by clockwise rotation of AXjroups gauche minimum. This is the barrier that so clearly appeared
around the terminal AA bonds amounts to optimizing the in Figure 4 atw = 60°. These compounds have six confor-
geometry of the gauche minimum (right-handed helx 0w mational minima.
< 70°, Figure 6A). Doing it by counterclockwise rotation of Additional increase in effective substituent siz@;’f(N +
the AXz groups results in the optimization of the geometry of Rax = 2.0) leads to further increase of the hills and ridges in
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the potential energy surface. The ridge due to 1,4 interactions,
which started from the point(,¢) = (0°,60°), and the hill due

to 1,3 interactions, which grew ab(¢p) = (120°,60°), start to
obliterate the ortho minimum and make it disappear WRgn

and R‘)’(dW approach unity. The valley that contained this
minimum then spills its content into the wide well that contains 180 60 180 80
the anti minimum. This is the reason for the presence of only
four minima in GClyp and GBrio. A closer examination of
Figure 1 indeed reveals a shoulderet 100° for C4Clio. The
unusual flat region between = 90° and 120 presumably is

the remnant of the former ortho minimum. I4& o the
reduced substituent size has increased sufficiently that even the
last hint of an ortho minimum has vanished. For such large
substituents the barrier that separates the gauche valley from
the unified orthot anti valley is massive, and passage over its
lowest point difficult. The minimum energy path is displaced =
toward negative values af, except in the region of 75< w 180 60 18080
< 12, where memory of the ortho valley survives apds
positive.

The methyl group can decrease its effective van der Waals
radius by meshing with other methyl groups in a gearing
motiorf-33and effectively has a small&ayx value than chlorine,
which does not have this option (Table 3). Apparently, the
effective size of the methyl groups lies just below the critical
limit, so C4Mey still has all six minima. @QClyis located just
above the critical value, at which the ortho minimum is lost.

We conclude that the existence of the ortho minimum is 2
precarious and is dictated by two critical effective substituent 180 60
sizes. As X increases upon going from the lower left to the N
upper right in Figure 5, the gauche minimum first splits into a }
gauche and an ortho minimum, and then the ortho minimum 0.6
disappears by merging with the anti minimum.

The Anti Minimum. Due to significant 1,3 interactions, for
very large substituents the energy surface is warped between

= 170 to 180 and¢ = 0 to —60° (Figure 5) and develops a :
well at (@,4) = (170°,—10°). Thus, aRax = R ~ 11 the Figure 7. Model calculation: Electrostatic contribution to the potential
y - l . ) = Ny = 1.4,

Lo . s o energy of AXio chains as a function of dihedral angle end group
anti minimum splits and moves from (@) = (18C°,0°) to (w.¢) rotation anglep, and the reduced bond leng®ax. Left: Electrostatic

= (17C¢°,—10%). In this region of geometries steric interactions  jieraction alone. Right: Electrostatic interaction plus intrinsic barrier
are I’e|atlve|y Weak |t IS I’eaSOI’lab|e to assume that there aI'E(C =45 kcanol)_ For labels on axes, see the lower left corner and

no great distortions from the ideal geometry with tetrahedral text.

angles, and th&" andRax values are realistic. Thus, inthe related to nonadditivity of the orbital interactions that are
cases of @Meyo, C4Clio, and GBryo, and marginally GFio, we responsible for intrinsic barriers (cf. Supporting Information).
can explain the origin of the split anti minimum in terms of 1,3 (i) Electrostatic Interactions. Figure 7 shows the elec-
van der Waals repulsions. However, the ab initio calculations trostatic repulsion energy as a function of the dihedral angles
predict a split anti minimum even in many less hindered ¢ and¢ for a series of reduced bond lengtRsx. The AX
compounds, such ass8ilip and SiMeso, and the simple model  bonds carry opposite charggg = +0.2 e at each end. For
does not. other values ofjx (Table 3), the interaction energy scales as
A related puzzle is the twistifg?® of the end groups away .2 For an AA bond length of 1.0 A, the vertical scale is in
from perfect staggering in the anti minimum valley. This is kilocalories per mole; for other AA bond lengthsit scales as
clearly obtained in the ab initio results not only for the largest 1/
substituents, but also for those wiR§™ and Rax values for One could take issue with some of the charges calculated,
which Figure 5 does not suggest any deviations fgprs 0°. either by the Mulliken or Weinhold methods. Thus, iaQTio,
This could be understood as one way to relieve the steric 1,3 the chlorine atoms are calculated to carry positive charges, and
repulsions, and perhaps Allinger ef@ivere right in suggesting ~ the carbon atoms are negatively charged. This might be a
that van der Waals radii are substantially larger than is normally Problem of an inadequate basis $eind these calculations were
assumed. But even in &ho, where steric 1,3 repulsions can therefore _repeated at the 6-311G* level. However, although
hardly be invoked, the end groups are twisted away from a the magnitudes of the charges were reduced somewhat, no
perfectly staggered geometry whenis fixed at 160 and the S|gn.|f|cant changes in the potential energy curve or the intrinsic
other degrees of freedom are relaxed. It seems to us that direcParrier resulted.

1,3 steric interactions can be only partially responsible for the _FOr realistic bond length ratios and bond dipoles, the
twisting of end groups in molecules with moderate or |aRge electrostatic interaction energy does not depend on dihedral

and R\)/(dW values, and that there must be an additional reason angles in a way conducive to producing minima or barriers in
for this quite prevalent phenomenon. We suspect that it is  (41) Jug, K.; Kaster, A. M. Int. J. Quantum Cheni993 48, 295.

180 60 180 60

180 60

Fax
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the potential energy surface. Even in the most polar cageSi  Conclusions

[ge(Mulliken) = —0.47 e, ge(NBO) = —0.68 €, Rax = 0.67],

the electrostatic repulsion energy is a roughly linear function ~ With the sole exception of @, the main conformational
of w and is nearly constant with respect to the end group rotation properties of the 4X;o molecules studied can be understood
¢ (Figure 7). All our investigations of the electrostatic in terms of the intrinsic barrier as defined by Weinhold’s
contributions to the barriers suggest that they are not essentialprocedure, and of standard van der Waals radii. The often
for the understanding of conformational properties a4y ignored splitting of the gauche minimum into gauche and ortho
chains. This is not surprising, considering the weak 1/ s general. It is confirmed to be due to 1,4 van der Waals
dependence of the electrostatic potential on distance. interactions as previously proposed, but is now predicted to

dor Was interactions, and elecirostatc nteractons, combined 2PPE3r 0Nl for a certain range of substituent sifdS't and
X ! Rax between 0.8 and 1.0 in units of backbone bond length).

with rigid rotations, account quite satisfactorily for the splitting The twisti £ th 6 mini f 184i "
of the gauche minimum as a function of substituent size, and € twisting of thé anti minimum away from @.e., IS
the model has thus accomplished its main purpose. It hasSPitting) is due to 1,3 van der Waals interactions as previously

however accounted less well for the more familiar weak splitting Pelieved, but appears already at smaller substituent sizes than
of the anti minimum and for the twisting of the end groups. expected. There could be several reasons for this and one is
Although it leaves little doubt that 1,3 van der Waals interactions examined briefly in the Supporting Information. It suggests
are responsible for these phenomena when X is large, both occuthat even relatively small changes in valence angles induced
for smaller substituents than expected. Perhaps the commonlyby the 1,3 interactions amplify the steric effect of the substituents
used van der Waals radii are too snfélbut it appears likely by affecting hybridization on the backbone atoms and thus
that the discrepancy has additional causes, such as more subtliattening the intrinsic barriers that favor perfect staggering.
properties of intrinsic barriers and geometrical changes during
the rotations. After all, although in an infinite chain the intrinsic
barriers would be the same for all AA bonds, in agXAy

molecule the central and the terminal bonds are clearly different
and do not have identical intrinsic barrier heights. Even in an supported by USARO grant DAAHO04-94-G-0018, funded

infinite chain, the intrinsic barriers do not have 3-fold symmetry 12iNty with NSF/DMR, and by NSF grants CHE-9412767 and
since the AX and AA bonds are inequivalent. The additivity CHE-9318469. F.N. is grateful to the Alexander von Humboldt
of the intrinsic barriers is questionable, since in the Weinhold Foundation for a Feodor Lynen Fellowship. Work performed
picture two donor orbitals competing for a single acceptor orbital &t Kanagawa was supported by NTT, Inc. We thank Mr. Dean
will not be twice as successful as a single donor orbital Antic for performing some of the calculations foaRzo.
interacting with a single acceptor orbital.

In Supporting Information we propose that van der Waals  Supporting Information Available: Table of the numerical
repulsions have a double effect on the rotational isomerization results displayed in Figure 1; results for and discussion of the
pathway of an AX1o molecule. A bigger substituent causes origin of the splitting of the anti minimum and of the twist of
higher repulsions directly, and it also induces valence angle {ha terminal groups, with Figures-82 (13 pages). See any

changes that affect hybr|d|zat!0n and modify the |ntr|n§|c barrier. current masthead page for ordering and Internet access
Thus, van der Waals repulsions could force a splitting of the instructions

anti minimum even when the substituent size is relatively
moderate. JA971406N
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