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Abrtract - A computer program for the aamiquantitativa confomtional avalu- 
ation of polycyclic l yotams, with focus on five-, l ia- and aeven-bared 
carbocyclcr. is described. Starting from two-diwnaional structural info-- 
rion of thr product aa input, tha progam dcducas cha prrfarrad geometry of 
the molecule. including conformer population distributions vhan the product 
is a conformational mixture. Relativa l nthalpy, entropy and ralative free 
energy terms are also computed for the analyzed product. Thhr SCA program ia 
written in BASIC and has been designed for operation on microcomputer l ysrema. 

The knowledge of the preferred geomctry of a molecule and of its corresponding energy is of 

fundamental interest. From this information one may gain insight into the relation between l tmc- 

curt and activity, understand the course of kinetic controlled reactions (cf. product srereoche- 

q istry in storic-approach controlled reactions) and predict equilibria compositions. These are 

problems the organic chemist , especially when active in the field of natural and related products, 

is very often confronted with. Although impressive achievements have been recorded in recent years 

in the field of computerized molecular modelingl, the synthetic chemist aore often than not still 

prefers to have recourse to his favorite tool, the mechanical molecular model. In general such 

models help CO visualize the spatial arrangement of atoms within a conformation with sufficient 

precision for his purpores2. In contreac with computer systems, models are inexpensive, readily 

usable in day-to-day working environment and yield results at the user’s pace. The mere manipula- 

tion of a model, however, does not rcvral the energy content of the various considered conforma- 

tions. Implications thereof are not always fully realized. In particular, ir is now a co-n prac- 

tice to rationalize stereochemical results on the basis of “an inspection of models”. In general, 

however, no mention is made of how the inspection is performed. Questions such as Which conforma- 

tions have actually been considered ?I’, “Do these conformations represent potential energy minima ?” 

and “Have all possible conformations been envisioned ?” , often remain unanswered. This, in turn, 

raisea questions not only about the reproducibility of a model inspection. but also about the cor- 

rectness of the dravn conclusion, which often depends on the weight that a user will intuitively 

allocate to various interactions. 

This paper describes a proRram for the systematic conformational analysis (SCA) of polycyclic 

sy~tcms with focus on five-, six- and seven-membered carbocycler. The program perfoms a “model 

innpcrrion” in a systematic and semi-quantitative way. It operates on inexpensive microcomputer 

configurations. tie prior knovledRc is requested that ia not directly apparent from the rvo-dimen- 
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nional structural diagram of the molecule. All input information is introduced on an interactive 

basis, results are presented in a way appropriate LO the needs of the user. The t iw requested 

for a complete analysis, including input, ranges from a few to several minutes (on the average. 

2-3 q in/cycle in the full molecule). 

The main aim of the program is threefold. (1) The prediction of the preferred geometry of a 

molecule - or of its conformer population distribution when it is a confomcional mixture - in 

the reassuring confidence chat all reasonable conformations were envisioned and with an accuracy 

sufficient for most synthetic purposes. As a representative example the result of the analysis of 

1 is schematically given. Diagram & shows the endocyclic torsion angles of the compound as found 

by X-ray diffraction3. Diagram & represents the preferred geometry as deduced by the program; 

other populated forms merely imply small differences in the five-membered D-ring geometry due to 

restricted pseudorotation (vide infra). Other reasonable geometries. but which are not populated. 

can be rhovn upon request together with their calculated conformational energies. From the above 

informat ion (cf. l&) one may attempt to predict the stereochemical outcome of steric controlled 

reactions. (2) The calculation of appropriate free energy term. which are necessary for the pre- 

diction of the composition of isomeritacion equilibria. Sext to a relative enthalpy CC~, the 

program also calculates an often neS1ected entropy term necessary for determining free energy dif- 

ferences. As representative results, the acetyl side chain in oplapanone4 (2) is predicted to be 

thermodynamically stable (eq. 1). i.e., AC* - 9 kJ/mol at 25’C. and the craw-fused hydrindanone 

to be preferred in the isomeriration represented in eq. 2. i.e., 3G’ - -3 kJ/mol at 25.C (1 cal - 

4.186 .Joule). Obviously, this information can be crucial when planning a synthesis’. 

lb - 

(3) The generation of all reasonable starting geometries for eventual Uestheimer strain energy mi- 
6 

nimiration . In contrast with other computer ryrtemn the SCA program does not include a minimira- 

tion routine, where a planar or crude three-dimensional structure is refined toward the closest mi- 

2,S nimum energy conformation . It does provide, however. for all possible candidates for further 

energy minimization whenever refined geometries and energies are requested 
9 

. 

The first part of the paper describes rhc principle of the method. The different programs that 

are part of SCA are then discussed in some detail with the focus on the requested input informa- 

tion and obtained result (output). 

PRIKIP1.E OF l-H? %A-HOD 

The full analysis of a polyryclic molecule occurs in three distinct stages : the torsion con- 

straint evaluation of each cycle in the molecule, the deduction and evaluation of possible confor- 

mations for each cycle separately and, finally, the deduction and evaluation of possible combi- 

nations among the above deduced conforraations 
10,ll 

. These functions are performed by six diffr- 

rent programs. which work independently of each other, but use a co-n temporary file fT0RSFII.E) 

for storage and retrieval of relevant data (scheme 1). (1) During the user’s input the program 
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Scheme 1. Program Structure Table 1. Progam characteristics 

Program 
Instruction Yemory requirements* 

1 inos *t storage at run-time 
b 

TORSEVAL 369 11 ll-12C 
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opt ional ; ‘1 1 :h:n.~~:sd~rT~~~~~~i~*~~ ;;:g;;;;n:;n 

OUTPUT OUTPUT OUTPL’f 
the numher of combinations to be examined; in case 
of memory shortage this number is automatically 
reduced. 

perfoma an evaluation of the torsional constraint in each cycle of the molecule : at each cndo- 

cyclic bond the program calculatea the smallest and the largest dihedral angle value (algebraic) 

that the ring can afford with respect to its intrinsic structural features (in particular the site 

of the ring) and to the torsion constraining structural features that are present at that bond 
11 

(ring fusions, bridging, anchoring substituentn) . This crucial part of the analysis is per- 

formed by the program TORSEVAL for each cycle in turn. (2) Por five-, six- and seven-membered 

rings the program then deduces all geometrically possible conformations ranked in increasing or- 

der of energy. The deduction is realized by matching the result of the torsion constraint eva- 

luation against the set of standard forms that the program regards as allowed. This matching pro- 
10 

cesa has been discussed in detail for manual operation . It involves the use of linear conforma- 

tional notations which allow for very rapid deduction and guarantee that every possible form has 

been tnviaiontd. For each deduced form a conformations1 energy value is calculated by sming up 

different energy contributions. Depending on the ringsirt, this part of the analysis is ptr- 

formed by the program CONFS. CONF6, CONF’IM’ (saturated) and CONF7EN (unsaturated). (3) Finally, 

the program CONFCO!4g determines which conformations. among those derived for each ring. are cow 

patiblt vith regard to the structure of the full molecule (cf. type of fusions and bridgings). 

During that process an energy tern is involved which reflects hou precisely the confonaations of 

the different rings fit together. All alloved combinations are then generated ranked in in- 

creasing order of energy. Relative populations for the different combinations are calculated in 

a range of 10 kJ/mol. together with relative enthalpy, entropy (entropy-of-mixing) and free energy 

terms for the full umlecule. 

The way SCA is structurised allowa for a minimal use of internal memory. In this laboratory 

the program is run on a Z-2D Cromenco System (t-g0 microprocessor. 64Kg RAM. two S-inch quad- 

capacity disk drives). 

ded Cromenco version). 

vtraion of the program 

The six programs which are part of SCA are written in BASIC (16K Exren- 

!lore detailed program characteristics art given in table 1. me present 

is available from the author. 

When running SCA the prograo TORSEVAL is first entered. This program is entirely in charge of 

the following steps. The user is only expected to provide information upon the program’s request. 

Input information is either aelf-explaining (e.g.. number of cyclea in the system, ringsites, 

atoanumbering) or presented as a menu where the user chats one of the options. In all cast* is 

the input numeric; in this way all requested informrtion is introduced in a convenient and rapid 

way. 

In order to perform the torsion constraint evaluation, the progru vi11 request the following 

infomtion for each c+zlc of the polycyclic system in turn. (1) The clockwise numbering of the 

ringatou. The choice of numbering is entirely up LO the uttr; in this way original numbering 

systems as in steroids can be maintained, which msy facilitate the interpretation of the results. 

(2) Constrained bond info-Lion. for each cndocyclic bond in turn. The program distinguishes 
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four types of constrAint : Z-bond, F-bond, B-bond And Iprposed constrAinc. Z-bond refer. to an 

l ndocyclic double bond (Z-geometry). Fusion- And Bridged-bonds Are joined to a second ring. 

Dirtinction betvAen both types is triviA1; note, however. thAt only bonds vhich are AdjAcAnt to 
11 one of the bridgeheAd centerr are identifiAd As B-bonds . If desired A constrAint cAn be Arbi- 

CrArily imposed At A bond; in this cAse the minimum And msximum torsion Angle vAlues are entered. 

Uhen An F- or B-Cypt constrAint hAs been identified the progrAm will further request infonution 

regArdin rhe ringsite of rhc conetrAining cycle , And the hybriditAtion And configurstion of thA 

Atoms AC rht cowtrAined bond. Assignmenrs of hybridization And configurAtion Are mode upon 

clockwise ConsidcrAcion of the involved ringAtomA. ConfigurAtionAl Assignments Are mAde relA- 

rive to the plAnAr ring using rhe fAmi1iAr B(b). a(~) stereodesignation (cf. wedged And hAshed 

srcrcobonds for an orienCAtion Above And under the plAne, resptct.ively). #ext to sp3(3)- And 
2 

sp (2)-hybridirAtion stdtes the progrsm considers “intermediate (i)” SLAttO when three-me&ered 

rings Art involved. A sample input for the six-membered C-ring of i is shown in charr 1. 

Chart 1. Inpur for rht C-ring of product 1” 

Clockwise numbering : ? 8? 9? ll? 12? 13? 16 --_--- 

Is the following bond ConstrAined (yes - 1. no - 0) : 
a/ 9 ? 1 

one or two constrAints (1.2) : ? 1 
7R 

Z-bond(l), F-bond(Z), B-band(3). T’mposed(l) : ? 2 
ringsite of fused cycle : 1 7 
hybridirAtion : 33(l), 32(2)7 230). 22(L). intermediAte : ? 2 
configuration : A(1). b(2) : ? 1 

9/11 ? 1 
Zne or two conscrAints (1,2) : ? 1 
t-bond(l), F-bond(Z), B-band(3). Tmposed(b) : ? 1 

11/12 ? 0 
12113 ? 7i 
13/l& ? T 

One or tvo constrAintI (1.2) : ? 1 
Z-bond(l). F-bond(Z). B-band(3). Tmpostd(O) : 7 2 

rinp,sitt of fused cycle : ? 5 
hybriditAtion : 
configurAtion : 

33(l), 32(2); 23(3), 22(b), inCtndiAtA (5) : ? i 

1.41 8 ? 0 
AA(l), bb(2). Ab(3). bA(6) : ? 2 

Anchoring substitutnts off the ring (yes - 1, no - 0) ? 0 

Enter numbering (0 LO end) of : 
- exocyclic sp2-ringAtoms : ? 0 
- ringAtoms with bttA-quArtmA_q CArbOn : ? 0 

- ringrtoms vith betA-cArbon : ? G? s? 0 
- ringsroms with betA-oxygen : ? 0 
- ringatoms with AlphA-quAternAry cArbon : ? 0 
- ringatomn with AlphA-CArbon : ? JJ? fi? t? 0 
- ringaroma vich Alpha-oxygen : ? 0 

Want to compare with experimental vAlues (yes - 1, no - 0) ? 1 
Enter clockvise experimentA torsion AngltS Srsrcing from 819 : 
? -22? l? -16? 46? -71? 55 _-____ 

A Bold type numeric inforrmtion is introduced by rhe user. 

Using the foregoing Assimncs one May rtAdily deduce the Alloved torsion Angle vsluts At con- 

StrAined bonds11’12. Note rhat two constrainre may be present At the Arms bond. Consider pro- 

duct 2 : AL bond 9.4 in cycle 1 Art fused A sirwmbtred ring And A stvtn-membAred ring, while 

bond 4.9 in the six-membered rine 2 is both A F-bond (fusion wirh the five-membered ring 1) And 

A B-bond (bridging with rhe revAn-membered ring). In prAccict rhe two inputs shown in scheme 2 

are vAlid. In the firsr eupplt one considers only the consCrAints thsr ArA direcrly rAlArAd 

to one of the three AnAlytAd cycles. The second wry of input is cltArly more tiw consuming And 

only stricrly nectssAry vhtn the dtducAd conformAtions Are not to be CombinAd. In UAnArAl, when 

deAling with bridged systems (thrAA cycles cAn be distinguishAd). onA should only ConridAr thA 

two smaller rings for AnAlysis (cf. cycles 2 And 3 in 1). (3) Anchoring rubrtituAnt ioforution. 

fit idenfificAtion of A SubstituAnt As An Anchoring SubstituAnt (A.&l., cArt-butyl group) rAsults 
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Scheme 2a 

Cycle 

1 

Bond Input (a) 

2.1 2 
9.4 F(6) 

Input (b) 

2 
F(6) 
F(7) 

2 4.9 F(5) F(5) 
B(7) 

7.6 B(7) 
6.5 B(S) B(5) 
5.6 g(S) B(S) 

3 0.5 B(6) B(6) 
5,6 B(6) B(6) 
6.11 B(7) 

10.6 B(7) 

’ Numbers between parentheses refer to the ring- 
sire of the constraining cycle. 

in effectively constraining the adjacent bonds. In practice the program will only allow a truly 

equatorial site in the puckered region of the generated conformations, so as to avoid any syn-di- 

axial interaction while minimizing possible Rauche interactions. The specific algorithm imposes 

torsion angles of opposite siRn at the adjacent bonds - with particular sign depending on the 

orientation of the anchoring substituent - 
12 

and with magnitudes larger than 10’ (absolute value) . 
In the present treatment a number of geometrically possible but energetically improbable confor- 

mations are excluded. An alternative way of dealing with encumbering subrtituenta is Riven below. 

(6) Substituent information. This relatea to exocyclic sp2-hybridized ringacou, (cf. ketones and 

exocyclic double bonda), and to ringatoms bearing Q- and @-oriented rubrcituents. In the latter 

case distinction is made depending on whether the connecting atom of the rubstituent is quater- 

nary (e.g.. tert-butyl), carbon or oxygen. Fused rings and bridging0 are also regarded as rub- 

l tituentr; atoma in a three-membered ring, however. are not. The program further uses this sub- 

OtitUtnt infOrPrtiOn in determining semi-quantitative conformational energies for the generated 

conforutionr. (5) Experimental torsion angle values. Whenever the conformation of a ring is 

known (cf. X-ray data) the program will compare the geometries of the deduced conformations with 

the experiwntally known via calculation of the correrponding standard deviations. 

There ir no practical limitation to the number of ringr that can be analyzed by the program : 

up to eight rings, which can be part or not of the 8ame molecule, can be dealt with in the same 

run. Every ringrite can in principle be examined by the TORSEVAL program. The deduction of con- 

formations. however, in restricted at the present time to five-, nix- and seven-membered rings. 

The result of the torsion constraint evaluation in shovn upon request : for each endocyclir bond 

the minimum and maximum alloved torsion angles are given. 

A number of structural features cannot be dealt with by the program : E-double bonds, trans- 

funions with three-membered rings and bridging6 involving np2 -hybridized bridgehead centers. 

One should also keep in mind that the Reometrical relationships, that are at the oriRin of the 

torsion constraint evaluation, arc derived assuming standard valency angles 
11.12 . Consequently, 

the procedure should not be applied to exceptionally strained systems where bond angles depart 

considersbly from their ideal values. Such systems include e.g. bicycloll.l.1 pencaner, bi- 

cyclol2.l.llhexaneo and trans-bicycle 3.2.0lheptsnes. Wherever a torsion anRle value ia “forced” 

to adopt a value larger than the ringsite limit, a fake value (i.e., 370’) is assigned a~) mini- 

mum and m.aximum allcuable angle value. For five-. six- and seven-membered rinRs the program alno 

consider* the algebraic am of anRlc values at every two adjacent bonds; if this sum is forced 

to be larger than the maximum allowable value for that ringrire then the proRram will consider 
11 

the ring aa geometrically non viable . In our model there cases merely imply that the rejected 

ring cannot be built by means of a frawwork model with rtandard bond distance8 and valency 

angles. Whenever a ring is found too constrained by the TORSEVAL program, the program is inter- 

rupted and the user informed. Uhen dealinR with spirocyclic systems one should keep in mind 

that the program will not consider possible combinations of the deduced conformationu of the 

rings since the combination procedure operates via the chaining of cycles through c-n bondn. 
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OLTPUT 

After the input no interaction by the user is allowed until the final result of the analysis 

has been obtained. For each cycle of the system in turn, .a CONF program will perform the dcduc- 

tion and evaluation of the geometrically possible conformations ; at the end of the analyrir of 

each cycle the deduced conformations are shovn. ranked in increaring order of energy. A sample 

output for the six-wmbercd C-ring ia shown in chart 2. E.ach conformation is identified by a 

qualitative end a quantitative description. The qualitative deecription via l symbolic notation, 

e.g., 13+/W for a half-chair conformation with atom 13 at the above top, allows for the direct 

reproduction of the conforrrution on a model. The quantitative description includes both the in- 

dividual cndocyclic torsion snglcr at each cyclic bond (internal coordinate) and a conformational 

parameter. the phase angle (puckering coordinate), that allows for the mapping of conformations 

on a mDde.1 surface. The number of axial 6- and o-oriented rub*tituentr ia alao given (xb and Xa, 

respectively). Uhsn experimntelly knovn torrion angle valuer have been input, the corresponding 

utandard deviations are shovn. This type of output is provided after the examination of each 

cycle in turn. Finally, the program CONFCOKB examine8 the combination of the conformationa that 

were deduced for each cycle. In the case of product 1, where tventy form were deduced for the 

rix-uembcred A-ring, four for the sevenmembered B-ring, three for the C-ring (chart 2) and ten for 

the five-medered D-ring, a total of 2,boO porrible combinationa are conridered. 

Chart 2. Output for the C-ring of product 1’ 

Nr Ph’Ab Conform kJ/mol Xb xa 01 9 9111 11/12 12/13 13/l& lb/0 

1 (-60) 13*/HC 15 (1 1) -16 0 -16 40 -6r 40 

f,.nd;;~;evI;;;;;, . experimental : 26 26 valuer 5). (1 (1 : 18). 1) 1) -22 -29 0 12) 0 0 1 -29 -16 0 66 50 29 -50 -50 -71 29 50 55 
(1: (2: (2: 

e For the ured atoanumbcring, l ce chart 1; 
b 

Phaec angle; ’ Number of axial 5 (XI)- 
and o(Xa)-oriented rubrtituentr. 

Chart 3. Final output of the l nalyrir of product 1” 

Allowed combinations in the 10 kJ/mol range : 

Nr Energy Population CY 1 CY 2 CY 3 CY k 

1 76 66 1 G 1 1 
‘i 79 20 1 G 1 2 
‘i 02 6 2 4 1 1 
i; 06 3 1 G 1 G 

z 05 05 2 2 2 1 G 4 1 1 2 5 
7 06 1 5 4 1 1 

Relative cnthalpy : 70 kJ/mol 
Entropy of miring : 15 Jlm1.K 
Entropy of r-try : 0 J/mol.K 
Relative free energy (290 Kelvin) : 73 kJ/mol 

A Cycles 1, 2, 3 and 4 refer to the A, B. C and D rings of the steroid-like pro- 
duct I, respectively. 

For each possibility the actual torsion angles at both sides of constrained bonds (cf. furionr 

and bridgings) are compared with regard to the particular geometrical rclationehip thnt her been 

defined during the torsion conrtrsint cvaludtion 
11.12 

. Whenever deviations occur from the ideal 

c*se (cf. bond angle bending) an energy term ir included vhich in proportional to the deviation 

(vide infra). Combinations where deviations are encountered that correspond to differences in 

ideal torsion angle valuer larger than 30. are discarded. The remaining co&inatiooo are ranked 

in increasing order of energy; their confomtional energies are obtained by suming the energy 

of the considered confowtion of ench cycle in the mleculc and the above deduced “angle devia- 

tion” energy term. In the first instance only those geometries for the full molecule are shovn 



SystemaUc conformrlional analysis- I 3723 

that are effectively populated. The final result of the analysis of product 1. is shown in 

chart 3. The preferred geometry of the molecule (combination Nr. 1; 66 X populated) correspond8 

co a chair conformation for ring A, a sofa conformation for ring B (the fourth deduced form for 

chat cycle). a half-chair form for ring C (vide suprs) and a twist fora, for ring D. The corre8- 

ponding full geometry is represented in lb. 

The stnwtural diagrams of the different baric geometries that are considered by the program 

for each ringsite are given in the appendix. Conformation8 are unambiguously identified via a 

symbolic notation : one or more lectern for the basic geometry involved, and an atoanrnrber fol- 

lowed by a + or - sign, for further defining the conformation within the basic geometry. In the 

case of a five-membered ring up to 100 different conformations can be considered by the program. 

lhe various basic geometries considered for six-membered ringa represent 110 different conforma- 

tions. Indeed, a basic geometry of type 52 or 5 represents a number of conformation8 equal CO 

two timer the ringaire. In practice the n&or of deduced conformations ir reduced by tiearch 
12 

ntracegies chat are implemented in the CONF program . It is intereating to note here that the 

torsion angle values that are shovn in the output are not the values umd in the matching proce- 

dure for deduction of allowed confowcions - which are rounded values - but are calculated l c- 

cording to eq 3 (N - 5.7) and eq 4 (N - 6) : 

(S-1)/2 N/Z-l 

9 - L 9, cos(um l Zlm(j-1)/N) (3) 0. - 
I 

7. qm cor(#m l Zym(j-1)/N) l 

m-2 m-2 fqB,2/ h, cos(r(j-1)) (4) 

N is the ringaite. q, and $m represent puckering coordinates (amplitude and phaac angle, rerpec- 

civcly). For j - 1 ,...N the H torsion angles +l,... eN of a particular conforution are obtained. 

The phase angle deduced by the program for five-, six- and revenw&ered ringr is directly rela- 

ted to v2. Puckering coordinates corresponding to the different basic confomtions are avai- 
12 

lable aa supplementary material . The origin and implications of eq 3 and 4 vi11 be diacusaed 

l lseuherel3. 

It is adequate to define here mre precisely the energy values that are computed by the pro- 

gr*m. In principle the l nthalpy of a molecule in a stable confornstion is given by the bond 

energy CO which in added its steric energy. The latter reprcaents the total remaining molecular 

energy. the result of stretching. bending, torsion and van der Uaalr deatabiliting interactiona. 

The computed energy ED for a conformation of a ring repreeentr the difference betveen its ateric 

energy and that of the lowest energy foxm in the series (cf. cycloalkane, cycloalkene and cyclo- 

alkanone type). The program considers a number of additive effecta which contribute to yield 

this excess steric energy ED 
12 . (1) The conformational energy of the unaubrtituced conforution. 

(2) The nteric energy contribution of rubstituents. Three typea of rubrticuents are distinguiehed 

by the program. depending on the nature of the linking subrcituent atom : quaternary carbon (e.g.. 

tert-bucyl). carbon (e.g., ethyl) and oxygen (e.g.. hydroxyl. acetate). They are allocated a 
14 

weight factor of 3. 1 and 0.5. respectively (cf. A-values) . Subatituent energy contribution8 

depend on the specific location of the rubstituent and are taken relative LO the loueat rcrain 

position. Note chat equatorial (e.g. in S-membered ring foms) and iaoclinal aubrtitueota are 

not necessarily strain free. An axial rubrtituent is recognized (cf. chart 2) when the energy 

contribution related to its specific position (weight factor 1) exceeds a certain value. 

(3) The energy of a conformation uy a100 depend on the location of an l xocyclic double bond. 

The values used by the program were calculated for cycloalkanontr. (4) Inreractionr betveen vi- 

cinal substituents contribute a dentabiliring energy tern,, the magnitude of which is computed via 

E 
vie 

- 4U1Y2EB , where U1 and V2 are the weights of the two l ubstituents and EB i* a function of 

the dihedral angle between both rubscituentr in the considered form; F.6 equals I. 3, 2 and 1 kJ/ 

mol for angle values between O*-20.. 20*-U)*. 30*-&O*. and 60*-70.. rerpectivsly. Following 

this equation the gauche interaction bctvecn two equatorial methyl group. in chair cyclohexane 
15 

contributes 4 kJ/mole in destabilizing energy . An angle of 0. berveen the mame rubatituents 

would yield 16 kJ/mol, 
16 

in accord with the lover l stiorte for the higher barrier in n-butane . 
(5) Whenever a ring ia connected to another ring via a furion or bridging an energy tetlD ia in- 

volved with regard to how prccinely the torsion angler in the conridered confomtions obey 
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T-*+6, with 6 an angle psrwttr whore value depends on the type of fusion or bridging, $ 

the tormion angle value at the conrtrained bond in the conaidsrcd confomacion, and I rho corrta- 

ponding angle value in rhc connected cycle when no angle bending ia allowed (cf. rrigonal 8y1py- 
11 try in Ntmm projecrions) . L’pon examination of the combinarionr with the various conformarionr 

of the connecting cycle, the difference 51: (absolute value) bttvcen the actual and ideal valuea 

of r ia conridered. For differencea bervecn 0. and 15’ an energy term io added equal to AT/G, 

and for differencea bcrwecn 15’ and Z-0’ a term equal to AI/2. One rhould note here that l LOM 

which ar= part of a fused or bridging ring are considered as rubncituenta with regard to nteric 

energy contribution. So interaction, however, is counted between vicinal atoms which are pert of 

the a- fused ring. 

When a molecule is a confomtional mixture rhe conformarionv must be mixed according to a 

Boltzmann type dirrribution; therefrom rhe mlsr enthalpy and entropy can be calculated 
17a . Hole 

fraction6 are obtained from eq 5, where AS is most often zero; rhe enthalpy of a molecule 4th N 

stable (or dircrece) conformations is given by l q 6, with Ni the mole fraction of chc irh confor- 

marion and Ii. icr calculared cnchalpy. 
l’l* 

The entropy is computed from the entropy-of-mixing for- 

mila (eq 7) . 

h' N 
ln(Ni/Nj) - -(Hi-Hj)/Rf l AS/R (5) H - L NiHi (6) S--R C NilnNi (7) 

i-l i-l 

For our purpose the enthalpy of a conformation is Hi - Hf l EDi, where Hi ’ is the sum of rhc bond 

energy and the ateric energy of cht reference form and where EDi. the computed conformational 

energy, ia the excess rctric energy relative to the rtfertoce form. In practice the program cal- 

culates a relative enthalpy term INiEDi, with molar fraccionr obtained from lr~(h’~/N~) - -(EDi- 

EDj)/RT. an entropy-of-mixing term -R(LNilnNi l (k-1)1” 2). and an entropy-of-s-try term -Rlno. 

Thur, in ryrttmr which refer Co the ttme Hf the calculated conformer population distributions and 

entropy tttmn should be meaningful. Computed enchalpy valuer. however, have no meaning in the 

abrolutc renre. In the firrc instance the above entropy terms are calculared with k - 0 and 0. 

17b 
the r~trynumber , - 1. Subaequtntly, corrected valuer for k and o can be introduced; a few 

examples will be diacuas*d in rhc following paper. To treat iroocritarion equilibria free t- 

ncrgy difftrcncea need to be conaidcrcd. The prediction of equilibrium compositions can only 

be oeaningful for configurarional iromrr whont conformational l nergier were calculated relative 

to the same reference conformations. 

DISCUSSION 

The described wthod is to be regarded as an objective Dreiding model building rysram; bond 

diatancer and, in rhe first inscancc, bond angles are held at fixed characteristic values, and 

the various rhapes that a cyclic molecult may adopt are defined by changer in the torsion angles. 

The very broad set of ring conformations char are considered by the program romehow guarsnteer 

that the real geomccry of a molcculc - or at leart a good approximation - will be included in the 

deduced net. This, however, does not iwly chat rhir particular geometry will turn out co be cha 

preferred conformation as predicted by the program : this. in turn, will depend on the computed 

conformational energies. 

Basic geomecriea and energy terms that are used by the progrm are mortly taken frm rho li- 

terature and wcrc originally obtained via molecular mechanics calcularion 
12.18-35 . Obviously, 

any rhortcminge in the force fields used may seriously affect rhcse valuer. Worse is rhar. with 

regard to the cncrRetics of some system. e.g., subrtirured nix-membered boar conformations and 

substituted unracuratcd aeven-membered ring systems. lircle or no l yrtemaric work has yet been 

done. Here rhe program UIC. valuer that were intuitively assigned tither by comparison vith re- 

lated syatcmr or by mere qualitative inspection of modela. A major advantage of the method re- 

sider in the simultaneous consideration of a variety of conformational effects Char art diffi- 

cult LO evaluate during a model inspection. Such effects are merely considered additive; al- 

though this treatment is ofren ured successfully 
36 

, there is rtill no proof for ita validity. 
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me way some inceractione are delt with by the program is certainly not beyond criticirm. Espe- 

cially the introduction of a destabilizing energy term as being proportional to a difference in 

torsion angle valuer, while examining the co&inatioo of conformations of different cycles, cannot 

be regarded as an accurate quantitative trtacment, but rather as a qualitatively rtaronable one. 

Vicinal interactiona involving aubntitutntr located on double bonds (cf. A 1,2 - and A1*3-#train)37 

art not considered here. !40 rpecial treatment is presently rcrerved for evaluating syndiaxial 

interactions. The simple addition of the individual axial contributions is considered here ruf- 

ficiently destabilizing. Ocher interactions, ouch aa hydrogen-bonding and elcctrosratic incer- 

actions, are not considered altogether. The morrt important limitation of the method is its un- 

ability to recognize nonbonded interactions between subrtitucnts chat are not located on the same 

ring; severe interactions of this type can take place within the concavity of cir-fused systems. - 

Fortunately, however, chir is the kind of interaction that is most earily identified during an 

inspection of models. In view of these limitations the method should be used in conjunction with 

molecular models. 

Since the program ia designed to run on microcomputer8 the present method rcprenents a facile 

and inexpensive way for obtaining rtmiquantitativc information about the geometry and energy of a 

vide variety of cyclic products. As will be shown in a following paper 
38 

urcful results are ob- 

tained in various fields. It may help the synthetic chemist in predicting both the coppoaition 

of certain equilibria and the etereochcmical outcome of rceric controlled reactionn. It provides 

the conformational analist with starting geometrierr for further energy minimiration9. And finally 

it may alno serve educational purposes. 
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APPEh-DIX 

The considered basic geometrier for five-, rix- and seven-membered ringr are shcnm in rchclnr 
I, II and III, respectively. Dotted bonda indicate the poaaiblc poaicion of a double bond. Ex- 
cept a few high eymntric fom in the air-membered ring cane, the baric fom are either C2 
forms (left columna) or C forma (right columna). All forma are viewed from above. C forma 
poasrs* a e-try plane? the atom, sectioned by the plant, ir indicated in the notat%. fol- 
loved by a + or - sign, depending on whether the atom ir located above or underneath the mean 
plane of the ring, respectively. C fom are identified via an “octaoc rule” type projection : 
the ring ie dirpoaed l ymartrically -t n “poaicive” (indicated by l ) or negative (indicated by -) 
octantr. When the diad axis rectiona a atom, thia atom ia located at the inceraeccion and ita 
numbering indicated in the notation. Several forma in the l irrmbared ring l eriea deserve 
comKnt (vide infra). Using thia notation the direct reproduction of a conformation with fram- 
vork wlecular model8 ir readily and unambiguourly done. 

Scheme Ia 

2 

5 

T+ 

3 

1 

2 

6, ’ 

d 
: 

4 3 

L-/ T 2*/ E 

a Cyclopentane in characterized by paeudorotation. Syrmwcrical forma encountered during pacudo- 
rotation include the twist (T),envelope (El confowcionr. Five different puckering amplitudea 
can be considered. i.e., q2 - 18’, 28’. 38.. 08’ and 58. (cf. equation 3). depending on the 
structure of the five-membered ring (cyclopentane, CyclOpentene, cyclopentanone). 

Scheme IIa 

l-/ Cd2 Z./Cd m 

643 5f12 
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l-1 TBd 2*/ Bd 

3(6b/TBs 215)./Bs 
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’ Three cypen of geometries are considered for cycloheune : chairr, boats and intermediate forms. 
The latter are encountered during s)mwtrical chair-boat interconversions. Next to the regular 
chair (C) confomation the program alro taker distorted chair8 into conridtration. i.e., the 
Cd2 (C ) and Cdm (C ) form. They represent chair 8 
forcea’to adopt a dirge torsion angle value (max 80 

cometries in which one or more bonds are 
1 or a small torsion angle value fmin 30’1. 

The regular D2 and C 
part of a **me preu orotation circuit. 2’ 

boat forms, designated as TB and B, respectively, are symwtrical forms 
Similarly. TBs and Bn are strained boats with a higher 

puckering amplitude. For the B and BE forms, the u-try plane considered for notation runs 
through the opposite atoms; for the TB and TBs, the disd axir runs through the opposite atoms. 
The program also considers distorted boat gcometriea, i.e.. the symtrical TBd (C 1 and Bd (C 1 
forms. Finally. three intermediate confomtions. i.e., the half-chair (HC), ewe ope -t (El g an 
diplanar (DP) forms are included in the saturated series 80 as to enccmpaas the broadest pos- 
sible range of geometries. The 5 forms where the diad axis bisects two opposite bonds (cf. Cd2, 
TBd. HC and DP). are disposed l y-trically with the flatter bond in front. me “octant sign” 
is then related co the disposition of the acms of the opposite (puckered) bond : for */forms 
the “above” atom is indicated, for -/forrs the “dovn” atom. For cyclohexenc. only HC, E. DY 
snd undistorted boat forms (6. Bs) have to be considered. 

5.1 TC 2*/ c 

‘+ 6G2 

5 

5*/ 18 2-/B 

Scheme II? 

5*/ TE 2-/E 

7&, 5Q2 
2 

5*/ 1s 2-/s 

’ Two families are conoidcrcd for cycloheptanc, both of which are characterized by pseudorotation. 
Sylmstrical form include the tvirt-chair (TC) and chair (Cl conforutionr in one family, and the 
twist-boat (TB) and boat (B) forma in the other. For cycloheptent the program also conaiderr, 
next to the clarnical chair and boat forms. the envelope (E) and tvirt-•rwclope (TE) foils. and 
the sofa (S) and twist-sofa (TS) conforprtions. Formal E-TE and S-TS paeudorotationa are consi- 
dered by the program. In both the E and S forms different confowtions (cf. conformational 
energy)12 rcrult depending on the location of the double bond (5.6 versus 1.2 or 2.3 in E; 5.6 
versus 4.5 or 6.7 in S). 


