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Abstract-In connection with a general procedure for manual systematic co~o~ational analysis, a method for the 
evaluation of torsion const~int in cyclic systems is reported. Torsion constraining structural features presently 
include fusions and bridgings. Starting from the two-dimensional structure of tbe molecule. where stereocenters are 
indicated by the conventional wedged/h~bed stereobond noIation, the method allows for the ready determjnatioa 
of allowed endocyclic torsion angle ma~itudes and signs at const~ined bonds. The method rests on the analysis of 
the torsion angles related to a cyclic fragment. The limitations of the method are discussed and its scope is 
exemplified by the analysis of the required geometry of a key reaction in the total synthesis of quadrone. 

The full description of molecular geometry requires the 
knowledge of bond distances, valency angles and torsion 
angles. Among those a chemist perceives only the latter 
as a sensitive parameter for the description of molecular 
shape, when using framework models. Indeed, molecule 
models merely consist of skeIetal fragments, possessing, 
for a particular hybridization state, standard valency 
angles and bond &stances. different geometri~i 
arrangements are then obtained by varying torsion 
angles. Within limits, the description of molecular 
geometry by torsion angles alone yields a fair ap- 
proximation for the real thr~edimensional picture of a 
molecule, and moreover, one that a chemist is familiar 
with.’ 

Using the very properties of molecular models (i.e. 
constant bond distances and valency angles) a method is 
presented which allows for the ready evaluation of tor- 
sion constraint in a cyclic system. The process is done 
through examination of the twodimensional structure of 
the molecule, with stereocenters indicated by the con- 
ventional hashed/wedged bond notation. The torsion 
constraint is defined in terms of allowed signs and mag- 
nitudes of endocyclic torsion angles, Torsion constraint 
evafuation forms the base of a generalized procedure for 
systematic co~ormational analysis. This has recently 
been outlined with the focus on the seven-membered- 
ring system.* The procedure is based upon the derivation 
of a primary conformational set which includes every 
possible basic co~ormation~ that a system can adopt 
with respect to its intrinsic ,structural features and its 
tors~n constraining structurai features.§ In the fo~iowing 
paper in this series the basic co~ormations of five- and 
six-membered-ring models will be defined, and the im- 
portance of the torsion constraint evaiuation in the 
derivation of a basic conformational set wit1 be 
exemplified. 

tResearch Associate (Bevoegdverklaard Navorser) of the 
National Fund for Scientific Research, Belgium. 

&sic or model co~o~at~n nfers to-8 geometrically well- 
defined, usually symme~y-reIated form. 

OAn illustrative chart is found in Ref. 2. 
YThe notion of a ring being flexible is inberent is pseudoro~t- 

ing systems (e.g. cyclopentane, boat Cyclopes, chair and boat 
cyclobeptane), where conformational interconversion is possible 
without bending bond angles. 

Basically, the method yields the same information as 
the one ob~ined via molecular model examination. 
However, at the same time it provides the reassuring 
confidence that every possible conformation of the sys- 
tem has been envisioned. Therefore, the procedure 
shouId find a broad range of applications in flexible 
systems,8 where molecular model examination alone 
~~not ascer~in that every possible ~onfo~atio~ of the 
system has in fact been examined. Moreover, the method 
allows for a useful approach to the description of tran- 
sition-state geomet~es, as the analysis of the required 
geometry for a key reaction in the total synthesis of 
quadrone will further illustrate.3 

In the first part of this paper the relationships between 
the torsion angles in a (substituted) four-atom fragment 
are analyzed and a stereoconvention for the unambiguous 
assignment of the orientation of substituents is presen- 
ted. Further extension to torsion constraint evaluation in 
cyclic systems is given in the second part, Finally, the 
scope and lim~~tions of the method are discussed. 

~~~irjQ~ of torsion angle. In a fragment of attached 
atoms l-Z-3-4, where neither 1 nor 4 are collinear with 2 
and 3, the torsion angle w is defined as the smaller angle 
subtended by bonds 1-2 and 3-4 in a plane projection 
obtained by viewing the fragment along the axis 2-3; o is 
considered positive or negative depending on whether a 
clockwise or anticlockwise rotation of the bond to the 
front atom (f or 4) is required in order to coincjde with 
the direction of the bond to the rear selected atom (4 or 
I, respectively), respectively,c’ This definition implies 
that absolute values of torsion angles are equal to or 
smaller than Igo”, and that it is immaterial whether the 
projection is viewed from the front or the rear. 

The reference iorsion angle (0, the a,@ stereo- 
designotion. In order to allow for the unambiguous 
assignment of the.orientation of substituents, located on 
the centraf atoms 2 and 3 of a given fra~ent f-2-3-4, 
the fo~lowi~ conventions are introduced: atoms 1 and 4 
are defined as endo atoms, other atoms located on 2 and 
3 as exo atoms, and the angle subtended by t and 4 along 
2-3 as the reference torsion angle @; Q, will thus always 
imply the endo, endodihedral angle of a particular four- 
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atom fra~ent. When the central atoms are joined by a singIe bond, nine different combinations corresponding 
double bond, 4 is either 0” (2 geome~y) or 180” (E to fragments 1-9 (Scheme I) can be considered depend- 
geometry).? However, when 2 and 3 are joined by a ing on the hybridization state of the central atoms (i.e. 

sp3 or sp’). For the assignment of substituent orientation 

tlkviakions from this ideal case are discussed in the second the fragment is disposed in a cisoid conformation,S so 
part. that, starting clockwise from atom 1, atom 4 is reached 

$The plane formed by bonds l-2 and 3-4, when # is set equal oiu 2 and 3 along the concave side of the fra~ent (eqn 
to o”,coincides with the plane of the paper. Tbe case of an E-double 1): depending on whether exo substituents are oriented 
bond is discussed later in the text. above (wedged stereobond) or under the plane (hashed 

5 \2_-3//5 
t’ ‘L 

P 
t 

P 

4 

‘Fragment f; endoendo: w&4) = a; exo-exo: o(& 8’) = 0u,ff’)=4, &I,O’)=Q1-1200 (or cPtZdo”)“=r,~, ( 
~(a, 8’) = Q, + 120” (or Q, - 24fPy = r,+; endoexo: 0(/?,4) = ~(1, a’) = @ f 120” (or Cp- 2WP, u(a,4) = ~(1, @‘) = 
CD-12o”(orcp+24@~. 

bFm~ents 2-3; endozndo: 0(1,4) = Q1, exocxo: f&,5) = Q, - 60” (or 10 + 3oW = @a, o(a, 5) f @ + 60” (Or 
@-3QO”)“=fY,;endoexo: ~(~,4)=~tl200(or10-2~)*,w(a,4)=~-1~(or4,+2~~,w(1,5)~0+181)0(or 
CD- i%oy. 

cFragments 69; endo-endo: ~(1.4) = QI; exo-exo: ~(5, jT) = Q, + 60” (or # - 300% = aa., fu(5, a’) = 4- 60” (Or 
S$B+ 309’)” = g,.; endoexo: 0(5,4) = (o+ 180” (or @- lW)e, w(l,@‘) = @- 120” (or 6?+24o”Y, o&u’) =a+ 120” (Or 
Q, - 24W. 

dFragments 69; endoundo: ~lr( I, 4) = Q1; exoexo: 0(5,6) s (0; endosxo: w(5,4) = w(l,6) = @ + 180” (Or @ - 
18o”y”. 

*For absolute values of w larger than 180”. 

Scheme PbSd 
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stereobond), they are designated by fl (and B’) or a (and 
a’), respectively, a prime indicating that the substituent 
is located on atom 3. When dealing further with cyclic 
systems, the atoms of the cyclic skeleton will always be 
considered clockwise and the endocyclic (or internal) 
torsion angles will be taken intum as reference angles a. 

The above stereoconvention implies that every sub- 
stituent lying above or underneath the plane of a ring will 
have its orientation defined by /3 or a, respectively, 
provided that the ring is considered in its most extended 
form (i.e. planar ring with all fragments in cisiod con- 
formations), and that the corresponding twodimensional 
structural diagram is drawn using the conventional 
wedged@)/hashed(a) stereobond notation. The 8, a 
designation used here is thus directly related to the cis, 

frons-stereoisomer distinction in cyclic compounds.’ It 
should be stressed that the currently used 6, a notation 
in steroids, designating substituents up and down at a 
given carbon when the ring is viewed from above, is 
maintained here, provided that the cycle does not present 
a reentrant angle in its structural diagram. Apart from an 
aesthetical point of view, the use of reentrant angles (e.g. 
in medium rings) is mostly not warranted. Often they are 
intended to provide additional information about a par- 
ticular conformation of the molecule;* in some cases, 
however, this happens at the expense of clarity about the 
very structure of the molecule (i.e. its configuration, vide 
infra). Therefore, it is logical that a two-dimensional 
diagram should only be used to represent unambiguously 
the configuration of a molecule; any information regard- 
ing the confomation is best given by a drawing 
reflecting the three-dimensional situation. If one still 
wishes the use reentrant angles in a structural diagram, 
the following points should be kept in mind in order to 
avoid ambiguity when following the above outlined a, fi 
stereodesignation. (1) The conventional wedged/hashed 
symbols are only used at tetrahedral ring atoms and are 

always drawn at the convex side of the concerned vertex. 
(2) At the vertex of a reentrant angle, wedged and hashed 
stereobonds indicate a and B substituents, respectively, 

tA difficult case is the unambiguous representation of an 
epoxide originating from an E-double bond. Following the out- 
lined conventions, an “a epoxide” should be represented either 
by I or fl (see also Ref. 8). 

SSeveral of the above discussed points have been stressed 
before in connection with a proposed convention for describing 
germacranolide sesquiterpenes (Ref. 8). 

OFor values of T and 6 larger than W, tbe following qua- 
tions are used: (4) @ - 2do”; (5) @ t 240”; (6) 0 - 300”: (7) 8 t 
300”. 

as illustrated in eqn (2). (3) Since the presence of an 
E-double bond in a cycle necessarily implies that two 
four-atom fragments are disposed in a transoid con- 
formation, the net result for the a, B stereodesignation is 
the same as if the double bond were not present.t In 
order to illustrate the problem, a case where ambiguity 
may arise is discussed below. The two-dimensional 
representation of tulirinol as 10 does not allow for the 
unambiguous assignment of the configuration at C-l, 
following the above convention, since it is not clear 

whether the substituent at C-l would still be designated 
by a hashed stereobond if the ten-membered ring were 
considered in its most extended form. It was shown by 
X-ray diffraction that the three oxygen substituents at 
C-l, Cb and C-IO are c&oriented.9 Following the pro- 
posed convention the three substituents are now defined 
as a substituents (relative configuration) and the struc- 
tural diagram is drawn as 11, when using a reentrant 
angle at C-l. It will be shown later that the contradiction 
apparent in 11 (i.e. an “a substituent” is indicated with a 
wedged stereobond) is in fact not real.* 

The @, Y, r and 6 relations. The dihedral angles 
subtended by the exo, exo atoms and exo, endo atoms in 
fragments l-9 are directly related to the reference angle 
@ (Scheme I). Assuming trigonal symmetry in the 
Newman projections, these dihedral angles correspond 
to @, @ ? l80”, @? 120”. or @ 2 60”.6b The different rela- 
tionships are further defined by eqns (3H7): 

O? IgO”=‘!’ (3) 

= e, = e,. 
= e, = e,. 

(6) 
(7) 

A graphical representation is given in Fig. 1. Which 
relationship is followed by a dihedral angle around 2-3 
depends on both the hybridization of the central atoms 2 
and 3, and on the position (i.e. exo or endo) of the atoms 
subtending the angle (Table I). Entries 3, 6, 8 and 9 in 
Table I need to be commented upon. (1) An exo, exo- 
dihedral angle in an sp3, sp3-hybridized fragment equals 
Q when both exo substituents are c&oriented, and fol- 
lows the r-type relation (i.e. @ + 120”) when Irans-orien- 



4280 P. J. DE CLERCQ 

/ 

/ 

L 

L 

Fig. I. Interrelationship between ‘4, r+ Q,,~, 0, and 0,. and the reference torsion angle @, according to eqns 

(3H7). 

Table 1. Effect of the hybridization of atoms 2 and 3 and of the 
exolendo-position of substituents located on atoms 2 and 3 of a 
fragment l-2-3-4 on the relationship between the torsion angle 
subtended by the substituents and tbe reference torsion angle a.’ 

on 3 (eqn 9). (3) An exo, exo-dihedral angle in an sp3. 
sp’-hybridized fragment follows the 8 relation (entry 9; 

%, endo, endodibedral angle subtended by atoms 1 and 4. 9, 
defined by eqn (3). S. defined by eqns (4) and (5). depending on 
tbe conkguration; see text, notes I and 2. 0, defined by eqns (6) 
and (7). depending on the configuration; see text, note 3. 

ted (cf. entry 8; fragment 1 in Scheme I); in the latter 
case, distinction is made between the c+. relation (eqn 4) 
and Ihe + relation (eqn 5), depending on whether the 
substituent attached to atom 2 is a- or &oriented, res- 
pectively. The case is exemplified in eqn 8. (2) The 
same distinction is made when dealing with an exo, endo- 
dihedral angle with the exo substituent attached to an 
sp3-hybridized atom (entries 3 and 6; fragments l-5); 
however, in this case the 7,,,, relation is followed when 
the exo substituent is p-oriented on 2 or al-oriented on 3, 
and the 7ke relation when a-oriented on 2 or /3’-oriented 

fragments 2-S): 0, (or the equivalent O,.) if the exo 
substituent on the sp’ atom is a-oriented on 2 or /3’ 
oriented on 3, and 0, (or O,.) if p-oriented on 2 or 
al-oriented on 3 (eqn 10). The use of these relationships 
is exemplified for product 12 in Scheme II. 
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*When a( I#, 3-7) is set equal to @z o (?-3,4-S) corresponds 
to ?& 0(2-3,410) to VI, and 0(5-4,3-2) lo t?,, respectively. 

When ~(9-iO,4-3) is set equal to @: w(i2-10,411) corresponds 
to T&Z, w(i2-io,e3) 10 Q*, and ~(ii-4, i&99) to Q,, respec- 
tively. 

Scheme Ii’. 

For a particular fragment any dihedral angle can thus 
be related to an arbitrarily chosen reference angle a; in 
practice, the internal torsion angles of a cyclic system 
wili be taken in turn as reference torsion angles since 
they are often restrained to a definite sign and a limited 
range of magnitudes (uide in@). The usefulness and 
consistency of the above introduced a, fl stereodesig- 
nation is now fully apparent. For example the following 
dihedral angle values, related to the C( l)-C(lO) fragment 
in tulirinol (lo), were determined by X-ray diffraction:9 
~(2.i, lO-9) = - 123.1”, 0(5’-l, lO-9) = t 121.3”, and w(s’- 
1,10-14) = -59.0”. For @ equal to ~(2-1, IO-9), one may 
readily deduce from Fig. 1 that 0(5’-I, 10-9) corresponds 
to Q,, and w(5’-I, t&14) to @,, respectively: both equa- 
tions 9 and IO indicate the “absolute” Q configuration for 
the O-5’ substituent at C-l. 

Torsion constraint eoofuafion in cyc/ic systems 
Distinction is made between first and second order 

torsion constraint evaluation. During first order evalua- 
tion the allowed signs and magnitudes of the different 
endocyclic angles are defined, During second order 
evaluation the preferred rnffgnj~~des of torsion angles are 
evaluated. In order to allow for a semiquanti~tive des- 
cription, the magnitude (absolute values) of dihedral 
angles are further characterized by angle types.* These 
types are defined by a single ’ capital letter (i.e. 
0, A, B, etc) or a double capital letter (i.e. 00, OA, etc.); 
they encompass ranges of 30” (but 20’ for 0) and lo”, 
respectively (Table 2). 

With regard to the allowed magnitude of an endocyclic 
torsion angle a, two parameters are used: 0, and 2,. (1) 
0, represents the largest torsion angle Q1 of a particular 
cyclic fragment.~ In the first instance, the magnitude of 
Q?, is dicated by the ring size of the cycle and the 

tRegardless of the preferred conformation of the cycle. 
*With regard to the 8, value of 152” calculated for the BCB 

of cyclodecane,” the corresponding MA&, value probably cor- 
responds to 180”. 

Bin view of the results obtained for E cyclooctene,‘9 the 
minimum allowable @ value for an E-double bond probably 
corresponds to type JG 

IiComparison of tp, and Z, values in the cycioaikane series” 
reveals that for cyclo~n~ne, Z, = 0.62 (P,, and that for targer- 
membered rings, f, = @,,,. 

‘In highly constrained syslems one may expect important bond 
angie deviations rather than torsion angie values larger than the 
MA@, value; see, e.g. Refs. IS, 16. 

Table 2. Dihedral angle types and their corresponding magnitude 
ranges (degrees) 

00: o-9 DE: 90-99 0: o-19 

g.-J: 10-19 gg: loo-109 & : 10-39 

& : 20-29 a: 110-119 3: 30-59 

s: 30-39 'F : 120-129 g : 50-79 

@g: 40-49 fc: 130-139 g: 70-99 

s: so-59 &S: 140-149 E: 90-119 

cc: 60-69 E: 150-159 f : 110-139 

2: 70-79 E : 160-169 5: 130-159 

&IJ: 80-89 g: 170-180 E: 190-180 

hybridization of the fragment. Values for (0, in cycloal- 
kanes (sp-‘, sp3 fragment) and cycloalkenes (sp’, sp*- 
endocyclic fragment) as a function of the ring size are 
given in Table 3; these values result from the preferred 
non-planar conformation of alicyclic compounds, and 
correspond to the largest torsion angle values encoun- 
tered among the basic unsubstituted cycloalkane’“‘* and 
cycloalkene’3*‘4 conformations. Since the above 0, 
values can be increased significantly by the imposition of 
external strain on the system (cf fusions and bridgings) a 
MA@, value (for Maximul Allowable) is further intro- 
duced. MA@,, indicates the largest possible torsion angle 
that the cycle can afford. As a measure for MA@,,,. Q, 
values in highly constrained model derivatives were 
considered. The MA#, values for cycloalkanes smaller 
than nine-mem~red are given in Table 3.‘s-‘9 Since the 
Q,,, values for sp3, sp’ fragments in cycloalkenes are 
already on the large side,‘3*‘4 they will further merely be 
considered as MA@,,, values. Nine- and larger membered 
rings are presently not c0nsidered.S A three-membered 
ring is merely identified with a double bond; types 00 
and OA (constrained case) are allowed for a Z-double 
bond, types HH and HI for an E-double bond.8 (2) Z, 
represents the largest sum of the torsion angles at two 
adjacent bonds in the cycloalkane series. Values given in 
Table 3 correspond to the largest sums encountered 
among the basic cycloalkane conformations.“.‘2 A cfl. 
30% increase of these values is allowed for the cor- 
responding MA&,, values (Table 3).n It will further be 
shown how this parameter can effectively be used in the 
evaluation of possible conformations. It should be stres- 
sed here that the way both the MAO,,, and MAP, values 
were deduced implies that any substantial larger value 
than the maximum allowable one should correspond to a 
situation where the ring is geometri~lly no longer 
viable.’ With regard to the sign of @, a torsion constraint 
is identified when a particular sign for @ is imposed or 
rejected. Torsion constraining structural features in- 
clude: fusions, bridgings and anchoring substituents 
located off the ring.’ 

Fusion. A fusion with a cycle may, depending on the 
ring size of both cycles and on the hybridization of the 
fusion atoms, impose a particular sign on the angle(s) at 
the fusion bond. This sign imposition depends critically 
on the configuration of the fusion atoms. 

(I) In the case both fusion positions are sp3-hybri- 
dized, one has to distin~ish between cis fusions (i.e. 
exo, exodihedral angle of type Q&’ or &Y) and truns 
fusions (i.e. exo, exodihedral angle of type a@ or &‘). 
Cis fusions imply a @-type relation at both sides of the 
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Table 3. Maximum VASES (absolute) of endocyciic torsion angles in cycfoaikanes and cycloalkenes 

Cycloalkanes (s?~-sP~) cycloalkenes 

Ringsize *ma L sp3-*pZ) qrne 

.a Maximum torsion angle magnitudes encountered ~.n basic cyclo- 

alkane conformations, according to references 10-12. 

b Maximum Allowable +m value in cycloalkanes, according to 

references 15-19. 

c Haximum sum (rounded value) of torsion angle magnitudes at 

two adjacent bonds as found in basic cycloalkan& conforma- 

tions, according to references 11-12. 

d 
Maximum Allowable Cm values (rounded values: see text). 

e Maximum tOtdOn angle magnitudes at C-2,C-3 bonds in A 1,2_ 

cycloalkenes, according to references 13-14. 

f 
Not considered. 

junction; consequently, both fusion torsion angles pos- 
sess the same sign, but no sign is a p&k imposed (e.g. 
13 and 14 in Scheme III). On the contrary, &IIIS fusions 
impose a sign on both angles provided that the cycles are 
smaller than eight-membered (e.g. 15 and 16 in Scheme 
III: n and n’~7). Indeed, since the MA@,, values for 
rings smaller than eight-membered do not exceed 120” 
(i.e. smaller than type FF), The following can be readily 
deduced from Fig. I: an a@’ confi~~tion of a cycle n’ 
fused at the reference cycle n (i.e. lti) results in a 

positive torsion angle at the fusion position in n’ f+ > 

0) and a negative torsion angle in n (#<O); the inverse 
result is found for the alternative trunf conflation (i.e. 
161.t In the case of truns fusions of cycles smaller than 
eight-membered it has been observed that the trigonal 
symmetry assumption is not always valid: the sum K of 
the absolute values of both angles depends on the sub- 
stitution pattern at the junction.*’ In a first ap- 
proximation equations Ii and 12 will be used, with two 
possible values for q~ternary, tertiary substitution.~ 

K = PI + l~&dl = 120” for quat./tert.-quat. subst. (I 1) 
I IO” for quat.ltert.-tert. subst. (12) 

(ring size: 4-7). 

Vhe same conclusion is arrived at by l&court” by consider- If one of the cycles can adopt a conformation with a 
ring that the angular substituents are axially oriented to both 
rings. However, the present deduction is more general and takes 

torsion angle larger than 120” (i.e. MA&,, corresponding 

into account that: (i) seven-membered rings may undergo tram 
to type FF or larger) a similar direct relationship be- 

fusions (e.g. with another cycloheptane) at bonds where one of 
tween angle signs and fusion configuration is not com- 

the junction substituents is not axial (i.e. isoclinal in the twist- 
pulsory: e.g. in the BCB conformation of the ten-mem- 

chair co~o~ation)~* (ii) when dealing with cycles larger than 
bered ring” in 17, both angles at the fusion are negative 

ei~t-mem~red, frans fusions with the same torsion angle sign (e.g. @ = - 150" and r_+.= - 3@‘, cf Fig. 1). Angle type 
at both sides of the junction may occur (see text). correspondances for @ and 7 (K= 120” and 1100) in the 

*Important deviations may occur (K < 1OP). especially in case of truns fusions between 4-, 5-,6- and 7-membered 
highly constrained systems (see Refs. 14 and 15). rings are given in Table 4. They were deduced from the 

*&f-2,36) is taken as Q, in 13-16; w&3,2-6) corresponds to the ~~~o~~~t~n in 13 (relative to cycle n), to 
a,a’ in 14, a.@’ in IS (thus reg.) and &a’ in 16 (thus T&C). 

Scheme III’. 
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Table 4. Effect of ring size and configuration on the sign and the magnitude of the endocyclic torsion angles at an 
sp’-sp’ trans fusion of cycles smaller than 8-membered’ 

KBaQ t< 0) *o,o TaZ, t> 0) _ c < 0 

a For the reference cycle with torsion angle : (upper-left 

corner), tors~~~n anqle types are r~iven in the F>rst row and 

ring sizes 1" the left colwrn; for the cycle fesed at 1 with 

torsion angle -(Ta3' or T3,,, dependinq on the conflquration; 

lower-fiqht corner) torsion angle types are q~ven in the 

last rows for K = 120' (eq 11) and K = 110" CC!C: 12): ring 

slzcs are noted I" the right column. 

MAO,,, values (Table 3) and eqns (4) and (5). Torsion 
constraint evaluation using these data is exemplified for 
the seven-membered ring of 18 in Scheme IV. One will 
further note that for K = 110” there is a direct cor- 
respondance between the symbols 0 and E, A and D, B 
and C, respectively; i.e. to a preferred type t BB at the 
fusion in the cyclopentane of 18 corresponds type - CC 
in the 7-membered ring. 

(2) In the case one of the fusion atoms is sp*- 
hybridized, the signs at the fusion bond are dependent on 
both the configuration of the fusion atom and on the ring 

0 

.w(8-7, 6-5) = w(13d, 7-l I) = @: possible types ~(00 to EC’); cf MA& value for a S-membered ring Fable 3). 
~(6-5, I-IO) = @ yields ~(2-1.54) = r_g possible types for 0: -(BC to HZ), and for ~.,a~: + (00 to Bc); cf Table 4. 

Scheme IV’. 
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‘cu(l-2,3_4)=@inproducts 19,ZOandfl; 0(6-3,2-5)in 19.28and21 correspond to O,., &and em, respectively. Mowed 
types (cf Table 5) in 1): @ = -(oO to EC), $4 = 0.) = +(oO to EC); in 20: ‘4 = +(OO to Ml), &( = 0,) = -(,&I to 
DE); in 21: @= 400 to CD), 6. = t(o0 to BC) and -(oO, OA). 

Scheme V’ 

size of both cycles (cf Fig. 1 and 0, values in Table 3). 
Table 5 allows for the direct deduction of type and sign 
correspondances at the fusion of 5-, 6- and 7-membered 
rings. Here @ is taken as the endocyclic torsion angle in 
the cycloalkene. Examples are given in Scheme V. 
Cyclobutenes being essentially planar, they are not con- 
sidered in Table 3. 

Fused systems that cannot be treated by the present 
procedure: (1) trans fusions between S- and Cmembered 
rings, and between 7- and 3-membered rings (cf Table 4); 
(2) cis fusions between small rings (i.e. 3- and Cmem- 
bered). 

Bridging. Torsion constraint originating from bridging 
is in the first instance restricted at the cyclic bonds that 
are directly attached to the bridgehead atoms; these 
bonds are further defined as CB bonds (for Constrained 
Bridged). Endocyclic’torsion angles at CB bonds follow 
the te, or r,,,+ relation depending on the configuration of 
the bridgehead atoms (cf endo, exodihedral angle, 
equation 9). This is exemplified in Scheme VI. Con- 
sequently, bridgings can be treated as trans fusions 
involving sp3-hybridized fusion atom$’ Table 4 is used 
for determining possible angle types and signs of torsion 
angles at CB bonds. Provided that two cycles which have 
a CB bond in common are both smaller that g-membered, 
a direct sign relationship between the angles at the CB 
bond is found (vide supra). 

Bicyclo[2.l.l]hexanes and bicyclo[l.l.I]pentanes can- 
not be treated by the present procedure since trans 
fusions between 4- and 4- or S-membered rings are not 
considered (cf Table 4). Several examples dealing with 
bridged systems will be discussed in the following paper 
in this series. Bridging with sp* hybridization at the 
bridgehead position necessarily involves the incor- 
poration of an E-double bond in a cycle. The smallest 
ring which can afford this, and still can yield an isolable 
compound is suggested to be the g-membered ring (cf 
bicyclo[3.3.l]non-l-ene):’ this is in accord with type FG 
for the minimum allowable torsion angle of an E-double 
bond (uide supra). 

2 2 
%(I-2,3-4) in cycle ab of 22 and 23 is taken as 0; 0(4-3,2-R in 

cycle bc then corresponds to TV* in 22 and to ape, in 2% 
respectively (see eqn 9). 

Scheme VI’. 

Scope and limitations 
The above outlined procedure allows for the assess- 

ment of torsion constraint in a cyclic compound in terms 
of allowed torsion angle signs and magnitudes. The 
obtained data serve as a stringent criterion for the 
deduction of the possible conformations of a cyclic 
system.* The importance of contigurational constraints in 
the assignment of conformation has already been stres- 
sed before?’ The recognition of constraining structural 
features is an essential part in the recently reported 
computer method for semiquantitative assignment of 
conformation of 6-membered ring systems.” Preliminary 
fragment approach in computerized molecular modeling 
has also been used before.= However, these methods for 
conformer generation are inconvenient for manual use, 
since they were primarily developed for automatic 
treatment by machine. The primary aim in the develop- 
ment of the present procedure has been the possibility of 
using it manually in a rapid and reliable way for the 
solution of day-today problems encountered in synthetic 
organic chemistry. The conceptually unifying approach 
used in the development of the method should in prin- 
ciple allow for future computer treatment as well. Since 
the method is based on a geometrical analysis of frame- 
work models, without being restricted by their physical 
limitations, one may expect its most interesting ap- 
plications in cases where molecular model examination 
does not yield satisfactory results: (1) in flexible systems, 
where molecular model examination alone cannot 
guarantee that every possible form of the system has 
been examined; (2) in the description of the geometry of 
a transition state (uide infra). 

It should be stressed here that the essential relation- 
ships (eqns 3-7) upon which rest the deduction of the 
method were derived assuming standard valency angles 
(i.e. co 109” and 120” for sp3- and sp*-hybridized atoms). 
Consequently; the procedure should not be applied to 
systems where bond angles depart considerably (ca 20“ 
and more) from their ideal values. With this respect, 
caution should be taken when considering four-mem- 
bered rings. The few systems, that are too constrained to 
be considered here, show such important angle devia- 
tions: bicyclo( l.l.l]pentane~,2*.~’ bicyclo[2.l.l)hex- 
anesT trans-bicyclo[S. I .0]octanes,26 cyclopropenes and 
cyclobutenes.” 

One of the possible applications of the method is 
illustrated with the analysis of a particular strategy for 
the construction of the cyclic carbon skeleton of 
quadrone (24)’ An attractive approach could involve 
bond formation between C-l and C-11 in 25 uia an 
intramolecular reaction. Depending on the proposed 
reaction-which obviously must also involve participa- 
tion of the enone system-C-II(Z) could stand for a 
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diene (i.e. Diels-Alder reaction),2R an oletin (i.e. ene 
reaction).m an allene (i.e. photocycloaddition).29 In every 
one of these cases. a transition state depicted as in 26 
can be formulated, taking into account the formation of 
the new bond and the concomitant change in hybridization 
at C-l. The structure of 26 implies that the S-membered 
ring A, originally only fused at B, now also becomes part 
of a bicyclo[3.2.l)octane system (cf rings A and C). At 
this point the question arises, whether the constraints 
imposed on the system in the starting material 25 are 
compatible with the constraints that will be induced in 
the system upon reaching the required transition state 
geometry 26. More specifically, one should consider the 
constraints at a bond that is part of both cycles A and C, 

tAn indication for the raise in strain energy which occurs upon 
increasing the dihedral angle magnitude in a j-membered ring is 
found in the work of Hendrickson:” for a cyclopentane in the 
twist conformation, ~,/I,/E(kJ/mole): 45”/28.1”/0; 50”/31”/2.2; 
S5”/34”/6.4: 6@/37”/14.2: 65”/39.Y/26.2. 

Table 

and that is not directly involved in the reaction, i.e. bond 
C-2, C-3. Constraint evaluation at this bond in 26 leads to 
possible types + AB. + BB or t BC for 4) (l-2,34); a 
tram fusion of type fia’ between a 5(A)- and 6(C)- 
membered ring in a bridged system is involved (eqn 
9;Table 4). On the other hand, the fusion between two 
Smembered rings in 25, involving the sp*-hybridized C-l 
and a /?-oriented hydrogen at C-2, results in allowed 
types for the torsion angles (8-2,1-6)/(5-l, 2-3): - AB/ t 
AA, - AAI t AB, - OAI + BB, - 001 + BC, respectively 
(Table 5). Thus, in approaching the transition state 
geometry 26, ring A must accomodate a situation where 
m(l.2) and a(2.3) correspond to t(AA - BC) and 
+ (AB - BC), respectively; the sum of the torsion angles 
at these adjacent endocyclic bonds equals 50” or more, 
whereas the MAX, value in a j-membered ring is 40” 
(Table 3). Consequently, a reasonable geometry for ring 
A cannot be obtained without introducing too much 
strain in either the B or the C ring;t this should 
effectively preclude the transformation of 25, via 26, into 

5. Effect of ring size and configuration on the sign and magnitude of the endocyclic torsion angles 
sp’-sp’ fusion of cycles smaller than &membered’ 

-7r -DE -DD -CD -CC -BC -RR -AD -M -OA -DO +OO +OA 3 
6 

-0A -00 +33 +OA +AA +A9 +BB +BC +CC +CD +DD +DE +EE 0 
0 

d 
a and ? desigr.ate the configuration at the ]unctlon; zz corresponds 

to oa (= Z$,), and 9 to ZB (= cJa,), resnectively. The cycle con- 

taining the double bond at the junction is the reference cycle 

and the corresponding torsion angle at the juction the reference 

angle Q (unper-left corner): allowed torsion angle types and signs 

for i are given in the first row: rinq sizes for the unsaturated 

cycle in the left column. For the cycle fused at @ with torsion 

angle 7 (3 
3 or 7= depending on the configuration; lower-right 

corner1 angle types are given in the last rows and ring sizes 

in the right column. 

at an 
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9R. W. Doskotch. E. H. Fairchild, C.-T. Huang, J. H. Wilton, M. 
A. Beno and G. C. Christoph, 1. Org. Chem.25, 1441 (1980). 

“Cyclobutane; for a review, see: R. M. Moriarty, Top. Stereo- 
them. 8. 271 (1974); for additional recent references, see, e.g.: 
R. Escale. J. P. Girard. J. P. Vidal. J. C. Teulade. J. C. Rossi 
and J. P. Chapat, Tefrihedron 36. iO37 (1980); N.‘L. Bauld, J. 
Cessac and R. L. Holloway, 1. Am. C/rem. Sot. 99.8140 (1977); 
D. Cremer, Ibid. 99. 1307 (1977). 

“Cyclopentane; see, e.g.: K. S. Pitzer, W. E. Donath, Ibid. 81, 
3213 (1959); W. J. Adams, H. J. Geise and L. S. Bartell, Ibid. 
92, 5013 (1970); J. B. Hendrickson, Ibid. 85, 4059 (1963); for a 
recent review, see : B. Fuchs, Top. Srereochem. IO. I. 

‘*Cyclohexane, cycloheptane and cyclooctane: J. B. Hendrick- 
son, 1. Am. Chem. Sot. 89, 7036 (1%7). The geometrical des- 
criptions reported in this pioneer work are preferred here since 
they were all obtained using the same force field. 

“Cyclopentene; cf norbornene: C. Altona and M. Sundaralin- 
gam, 1. Am. Chem. Sot. 92, 1995 (1970). This represents the 
MA@, value, since free cyclopentene itself is substantially 
Ratter: see, e.g.: J. R. Villareal. L. E. Bauman, J. Laane, W. C. 
Harris and S. F. Bush, 1. Chem. Physics 63, 3727 (1975). 

“Cyclohexene, cycloheptene. cyclooctene: G. Favini, G. Buemi 
and M. Raimondi. 1. Mol. Struct. 2, 137 (l%8). The values are 
probably on the large side compared with more recent values: 
for cyclohexene. see, e.g.: F. A. L. Anet and I. Yavari, Tefra- 
hedron 34,2879 (1978). 

“Cyclobutane; cf frans-bicvclol4.2.0loctane systems. see. e.g.: 
A: Spelbos. F. C. Nij1holf.W. H. Bakker, R. Baden and L. Van 
den Enden. /. Mol. Sfrncf. 38. I55 (1977): B. L. Barnett. R. E. 
Davis, A& Cryst. B26, 326 (i98O):‘P. Coggon, A. T. McPhail, 
S. G. Levine and R. Misra, /. Chem. Sot.. Chem. Comm. II33 
(1971). 

‘6Cyclopentane; cf frans-bicyclol3.3.0joctane system, see, e.g.: D. 
W. Hudson and 0. S. Mills, /. Chem. Sot., Chem. Comm. 647 
(1972); cl bicyclol2.2.llheptane system, see Ref. 13. 

“Cyclohexane: see Ref. IS. 
“Cycloheptane: cl bicyclo[3.2.l]octane system, see, e.g.: J. R. 

Hanson. G. M. McLaughlin and G. A. Sim, 1. Chem. Sot., 
Perkin Trans. II I I25 (1972). 

‘9Cyclooctane: c/ E. cyclooctene. where a compromise is found 
between the ring size and the tendency of the double bond to 
adopt an undistorted 0= 180”. see, e.g.: F. A. L. Anet and I. 
Yavari, Tetrahedron 34. 2879 (1978); G. Favini. C. Rubino and 
R. Todeschini. /. Mol. Srrucr. 41. 305 (1977). 

mIn steroids, see: H. J. Geise. C. Altona and C. Romers, Terra- 
hedron 23.439 (1967). 

*‘See Wiseman’s restatement of Bredt’s rule: J. R. Wiseman and 
W. A. Pletcher, 1. Am. Chem. Sot. 92,956 (1970); J. Bred& H. 
Touet and J. Schmit, Ann. 1, 437 (1924). See also: F. S. 
Fawcett, Chem. Rev. 47, 219 (1950); G. L. Buchanan and G. 
Jamieson. Tetrahedron 28. II29 (1972): V. Preloa. /. Chem. 
Sot. 420 (1950). 

**E. J. Corey and N. F. Feiner. /. Org. Chem. 45.757.765 (1980). 
23W. C. Still and A. J. Lewis. Chemfech. I I8 (1974). 
“N. L. Allinger. M. T. Tribble, M. A. Miller and D. H. Wertz, 1. 

Am. Chem. Sot. 93, 1637 (1971). and references cited therein. 
?‘J. F. Chiana and S. H. Bauer. Ibid. 92. 1614 (1970). 
26K. B. W&erg, An& Chem., Int. Ed. Engl. 11, 332 (1972). 
=P. V. R. Schlever. J. E. Williams and K. R. Blanchard. 1. Am. 

a quadrone precursor.B It is interesting to note that the 
recent successful route to quadrone involved the closure 
of the propanobridge on the convex face of the bicy 
clol3.3.0loctanone system via 27.30 The absence of sp’ 
hybridization at C-l now allows for a negative torsion 
angle (e.g. - BB) at bond C-l, C-2 in the A ring; while 
proceeding from the starting material to the transition 
state 27, a conformation is now available to ring A where 
both C-l 1 and C-9 are axially oriented, thus allowing for 
a successful ring closure. This lengthy analysis could in 
principle be abbreviated if one could approach directly 
the transition-state geometry 26. i.e. determine the al- 
lowed torsion angle signs and magnitudes at the C-l, C-2 
bond during the change in hybridization at C-l. An 
approach, based on the description of transient 
geometries using intermediate hybridization states, is 
under study and will be reported shortly. 

In summary, this paper has detailed a manual method 
for the ready evaluation of torsion constraint in a cyclic 
system, starting from the two-dimensional structure of 
the molecule. In order to allow for an unambiguous 
configurational assignment, a consistent a, p stereodesig- 
nation of substituents located off a ring has been im- 
plemented. Torsion constraint is expressed in terms of 
allowed torsion angle signs and magnitudes. These data 
can be used in the determination of possible confor- 
mations of a cyclic system’ and in the assessment of 
pre-transition-state geometries, as has been shown for a 
key reaction in the total synthesis of quadrone. 
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