14-1. INTRODUCTION. NOMENCLATURE

In Chapter 1 it was pointe .
- Ternla 56 B Chiralpis th;it (i)tutn(t)ltmécasncccssary and sufficient condition for a
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neces‘sary one. In this chapter we shall turn oureXlS o Chlr?lny it
deyoxd of chiral centers. We shall include somea:;;?slogf t?ncfllzelcriiezn?lc??tlzl{es
spiranes and metallocenes) in which, for nomenclatural purposes, a chiral centler;
may be defined to exist (Cahn, Ingold, and Prelog, 1966) eve’n though these
molecules are closely akin to others in which no chiral centers can be discerned.
Classes of molecules to be discussed here (Eliel, 1962; Krow 1970) are
. even numbers of double bonds (cf. Chapter 9 for

allenes; cumulenes witl
cumulenes with odd numbers of double bonds); alkylidenecycloalkanes; SIS

the so-called atropisomers (biphenyls and similar compounds in which chirality is
due to restricted rotation about a single bond); helicenes, propellerlike structures;
and molecules, such as cyclophanes, chiral trans-cycloalkenes, ansa compounds,
and arenc—metal complexes including metallocenes, which are said (Cahn, In-
gold, and Prelog, 1960) to contain a “plane of chirality.” Also mclpdcd is the
phenomenon of cyclostereoisomerism, even though it does not strictly fit the
condition set down in the first paragraph. 1 to possess a
Allenes, a]kylidenecycloalkanes, biphenyls, and so on, a'rc smch (:jrion ﬂ;)n‘g
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Chiral axis

Figure 14.1. Chiral axis.

To specify the sense of chirality (i.c., configuration) o‘f a molecule possessing
a chiral axis (axial chirality, examples arc shown in Fig. 14.2) an additiong]
sequence rule is needed: Near groups precede far groups. The application of thjs
rule to the molecules shown in Figure 14.2 is shown in Figure 14.3. In all cases the
molecules in Figure 14.2 are viewed from the left. However, the reader should
take note that the same configurational descriptor results when the molecules are
viewed from the right, so no specification in this regard is needed. In the case of
biphenyl it is important to note that the ring substituents are to be explored from
the center on outward, regardless of the rule given above. Thus, in the biphenyl
in Figure 14.2, in the right ring the sequence is C—OCH; > C—H; the chlorine
atom is too far out to matter, a decision being made before it is reached in the
outward exploration. The fiducial atoms (i.e. those that determine the configura-
tional symbol, cf. p. 665) are the same when the molecule is viewed from the
right. The descriptors aR and aS$ are sometimes used to distinguish axial chirality
from other types, but the use of the a prefix is optional.

Molecules with chiral axes may alternatively be viewed as helices (in this
respect they resemble the helicenes to be disussed below) and their configuration
may be denoted as P or M, in a manner similar to that of conformational isomers
(Chapter 10; Prelog and Helmchen, 1982). For this designation, only the ligands
of highest priority in front and in the back of the framework are considered
(ligands 1 and 3 in Figure 14.3). If the turn from the priority front ligand 1 to the
priority rear ligand 3 is clockwise, the configuration is P, if counterclockwise it is

H
>c=c=c
H,C
Allene Alkylidenecycloalkane Spirane
NO,
OCH,
H Cl
HO,C
Biphenyl

Figure 14.2.  Molecules with chiral axes.
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M. Thus three of the four structures in Figures 14.2 and 14.3 are aR (chiral axis
nomenclature) or M (helix nomenclature); the spirane is aS or P. (The corre-
spondence of aR with M and a§ with P is general.)

Figure 14.4 shows molecules with chiral planes. The definition of a chiral
plane is less simple and clear-cut than that of a chiral center or axis. It is a plane
that contains as many of the atoms of the molecule as possible, but not all; in fact,
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the chiahity s doe (and solely due) to the fact that at least one ligand (usually
mote) s oo contaned e the chiral plane. Thus the chiral planc of the “ansy
compound™ A (i which the alievelic ting is too small for the aromatic one to
swivel thiough) s the plane of the benzene ring; the same is formally true of the
arcnechronmum tuearbonyl compound Dy the paracyclophane B, the more
highly substituted benzene ring (bottom) s considered the chiral plane and in
trans-cvelooctene C the chiral plane s that of the double bond. To find the
desctiptor for planar chital moleules one views  the chiral plane from the
out-of-plane atom closest to the plane (if there are two or more candidates, one
chooses the one closest to the atom of higher precedence according to the
sequence tales, of. Section 5-2), This atom, sometimes called the “pilot atom,™ is
marked with an arrow in Figure 144 (for compound C there are two cquivalent
such atoms). Then, if the adjacent three atoms a, b, and ¢ (again chosen by
precedence if there is a choice) deseribe a clockwise array in the chiral plane, the
configuration is pR, it the array is counterclockwise, the descriptor is pS. (The
prefix “p’t may be used to signal planar chirality.)

Compound D, although it would also appcear 1o have a chiral plane, is
conventionally treated as having chiral centers by replacing the g,  bond by six o
single bonds, as shown in structure D,. The (central) chirality is now determined
for the atom of highest precedence (the ring carbon marked by an arrow) and the
deseriptor is thus found to be § (Cahn, Ingold, and Prelog, 19665 see also Schlogl,
1967, Klyne and Buckingham, 1978, Vol. 1, p. 222).

Planar chirality, like axial chirality, may alternatively be looked at as a type of
helicity (Prelog and Helmehen, 1982). To determine the sense of the helix one
uses the pilot atom plus atoms a, b, and ¢ specified as above. It is then seen (Fig.
1-4.4) that pR compounds correspond to P and pS corresponds to M, opposite to
the correlation in axial chirality (see above).

T4-2. ALLENES

a. Historical. Natural Occurrence

It was already pointed out by van’t Hoff (1875) that an appropriately substituted
allene should exist in two enantiomeric forms. A simple case is shown in Figure
14.5, A a necessary and sufficient condition for such an allene to be chiral is that

a7 b, The reason for the dissymmetry is that the groups a and b at one end of the
system lie in a plane at ght angles to those at the other end. If the doubly

Planes of n — electrons

a , A (:E N <
nﬁ”,’(‘:.: ""C/ ! ( ‘ c a‘:?:‘—g?
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A D C

Figure 14.5.  Dissynnuetric allene,
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difficult, and 60 years elapsed before tl‘ . fi ) fS‘ predlctlpn proved 10 be q'une
in the laborator\" (Maithngj and Mi D sl EIDNS aliBe wes obtEy
‘ ; y (v é ills, 1935, 1936). The route chosen was one of
asymmetric svnthesis: Dehydration of 1.3-diphenyl-1,3-a-naphthyl-2-propen-1-ol
with (+)-camphor-10-sulfonic acid gave (+)-1,3-djipheny1-l.3-di-(§-naphthylailene
(Fig. 14.6) in slight preponderance over its enantiomer [enantiomer excess (ee)
ca. 5%]. Fortunately, the optically active allene forms a conglomerate (cf.
Chapter 6) and the pure enantiomer could be separated from the ‘racemate by
fractional crystallization without excessive difficulty. The material has the high
specific rotation [a]ils + 437 (benzene), [a]p +351 QC)'CIOhexa“C)- Use of (-)-
camphor-10-sulfonic acid gave the enantiomer of [a]ss + 438 (benzene)_. Shortly
after this asymmetric synthesis was accomplished, the allenic acid shown in Figure
47 (R= C‘Hﬂ,COaH) was resolved by crystal!xzauon of tbe br_gcu}le s’alt_ (II\:QPICS
et al., 1935). Earlier attempts to resolve the simpler alle’m.cdam fs o’\;'nt 13 15,“;
147 (R=H) had failed, but 2 quite similar acid 9 f“ta _Ch P
CH,,CH:C:C(H-C4H«;)CO:H was finally resolved by means of strychnine in
1951 (Wotiz and Pa!Chak)f hat optically active allenes also occur in nature. In
In 1952, it was recognized tha 1352 1953) established the structure of the
that year Celmer and Solomons ( C[at;olite. to be that of a chiral allene:
antibiotic mycom)/Ciﬂ« ’ _,CIT::;CH"CH::CHF—CH:CO:H. Sincg lhcx} o
H@C_C_::C——CH;’C$CH . been found in nature (for tabulations sce
number of other chiral a]]encS‘ R‘;L:m)’ 1977, p. 972: Runge, 1982, p. 3995 see
Rossi and Diversi, 1973, p- 27, ’ « been obtained in a
also Landor, 1982)- . optically active ‘a]lcncs 1hm; : L;nd . el
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Fipure 14.28. cis-trans Enantiomers,

1t should be noted that, at Ieast from the nomenclatural point of view, COMpOLnd,
A and B in Fip. 14.27 are not considered cases of axial chirality (Cahn, Ingold, 44
Prefog. l‘)(\())t To name such compounds one lTabels the chiral centers in the ring 4
R or‘S. as the case may be, and since K =5 in the sequence rules (other things
being equal), the configuration is Z, the OH of the oxime I;gn;{ on the side of the
R substituent on the ring. The type of chirality scen in Figure 14.27, originally
called “‘geometric enantiomorphic isomerism™ (Lyle and Lyle, 1959) and Jate,
“geometric enantiomerism” (Eliel, 1962, p. 320) should now be called cis-trans
enantiomerism. In fact, it nced not coincide with apparcent axial chirality at a]l; 4
more general case is shown in Figure 14.28.

14-4. SPIRANES

The name “‘spirane,” from the Latin spira mcaning twist or whorl implics that
spirancs (cf. Fig. 14.2) are not planar; it is their nonplanarity that gives rise to
their chirality.

Among the chiral spiranes (Fig. 14.29) one may discern three types: A, which
definitely displays axial chirality similar to that of allenes and alkylidenccy-
cloalkanes (see above); B, which, like corresponding alkylidenccycloalkanes (sce
above), displays central rather than axial chirality; and C, which conceptually
would appear to display axial chirality but, for purposes of nomenclature, is
considered to have a chiral center (Cahn, Ingold, and Prelog, 1966). Compound
A is described as indicated in Figure 14.3, the descriptor is a8 or P. Compound B
has four stercoisomers (2 pairs of enantiomers); C(1) is a chiral center, whereas
C(6) displays cis-trans isomerism and the stercoisomer showa is 1S,6-trans. To
name C onc arbitrarily gives one ring preference over the other; the more
substituted branch in that ring then has priority 1 and the less substituted has

Hy  COM

N

A B c
(9)-Spiro[3.3]heptanc- (15, £6)-Spiro[3.3]hoptane- (H)-1,1 5 5-Tetramethyl
2 6-dicarboxylic acid 1,6-dicarboxylic acid spiro[3.3]heptane

"Focht acid” ()

Figure 14,29, Types of spitanes.
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Figure 14,30, Examples of spiranes.

riority 3, whereas the correspondi e, = .
P 9 ponding priorities in the arbitrarily less favored ring

2;‘;;1 acr;?lii‘r.Thc configuration is then 4R; the spiro center C(4) is considered a
The most strained .satur.atcd spiranc, spiro[2.2]pentane (Fig. 14.30, A), was
appare_mly first synthesized in 1896 by Gustavson (g.v.) although it was not then
recognized _als §uch (cf. Applequist et al., 1958). Its strain of 65 kcalmol ™'
(272kJ mol™ ") is only about 10 kcal mol™' (42 kJ mol ") greater than that of two
isolated cyclopropane rings (Humphrey and Spitzer, 1950; Fraser and Prosen,
1955; for an interpretation, see Bernett, 1967). Chirality in spiranes, first recog-
nized by Aschan (1902) was demonstrated in 1920 by Mills and Nodder (q.v.) by
resolution of a spirodicarboxylic acid (Fig. 14.30, B). This compound is of type C
in Figure 14.29; the central carbon atom can be described as a chiral center.
However, a compound of type A in Figure 14.29 was resolved 5 years later (Mills
and Warren, 1925); it is shown in Figure 14.30, C. It is of interest that the spiro
center of compound C is a quaternary nitrt(')gen.trahther tsllr;"lirrl()acccr?tit)rox:ngt(::zxo.
C 0 Fioure 14.30 is also interesting; 1t bas a ter /
coonrch?:;ggalncll]rilraﬁ fenters; contemplation of models (cf. Fig. 1"1-31) lndlelfelS’ U}S
existence of three diastereomeric racemates, which have, in fact, been 1solate
Leuchs : iesler, 1912). . - . ; MR io
( SC:;G:;dag;gzmems Of)absolute configuration of spiranes of type C in Figure

: : Klyne and Buckingham, 1978, Vol. 2, p.
14.29 have been accomplishcl e o 50-}1151). The first correct one (Gerlach,

106; Buckingham and Hill, 1?86, P}I:(’)\in in Figure 14.32 and is based on that of
'1968) is concerned with the dione . figure. The relative configuration gf_ this diol
its diol precursor shown v lecular hydrogen bonding and by

ntramo . S er
had been established bY f the two diastereomeric mono-ols. The
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14-5. BIPHENYLS. ATROPISOMERISM

Je

a. Introduction

In the examples given so far, the chiral axis is sustained (and the screy, o el

sense of the molecule maintained) cither by the “stiffness” (high barre; ,
rotation) of a double bond (allenes) or by the molecular framework g 4 Whks
(spiranes) or by a combination of the two (alkylidenecycloalkanes). We noy w
to molecules with a chiral axis whose helical sense is maintained through hingers
rotation about single bonds, the hindrance in general being due to steric cons
tion. The classical examples of such molecules are the biphenyls (or biar_\lg n
general) shown in Figure 14.36. If X# Y and U# W and, moreover, the ser,
teraction of X-U, X-V, and/or Y-V, Y-U is large enough to make the plon:
conformation an energy maximum, two nonplanar, axially chiral enantiomes
(Fig. 14.36) cxist. If the interconversion through the planar conformation s slos
cnough they may, under suitable circumstances, be isolated (resolved). This tipe
of enantiomerism was first discovered by Christie and Kenner (1922) in the ws
of 6,6"-dinitro-2,2"-diphenic acid (Fig. 14.36, X =U=CO,H; Y=V=N0,\
which they were able to resolve. It was later called (Kuhn, 1933) “atropisonsr
ism” (from Greek a meaning not, and tropos meaning turn). (For references®
the carly history, see Eliel, 1962, p. 156.)

Reterence to Chapter 10 suggests that atropisomerism is a type of co

tonal (rotational) j rism in which the conformational isomers or COntorm&‘;
mﬁi’lﬂﬂl It is immediately Obvious that the term suffers from

et

problems discussed in Sections 2-4 and 3-1.b: How slow must the intercon\‘el\ \
oy 4 N pe . . SN ol S
of the enantiomers be (i.e., how long is their half-life) before onc sped

t

. 1< s ot R p\\‘s

d:mpfsmnufsm? At what temperature is this measurement to be m‘f;ﬁ',vu N

atroptsomerism  still exis - : . ~omes G
I nostill exist when isolation of stereoisomers becomes y stud

impossible but their existence can be revealed by NMR (or other gpectrd

y

Figure 14,36, Enantiomerjc

hiphc11yl§. chiral
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b. Biphenyls and Other Atron:
tropisomers of the sp°~sp? Single-Bond Type

General Aspects

Atropisomers are ‘
Atrop numerous in number and type and only a very brief treatment

C,ind be ggvgnYherc-lglpl'leny]. isomerism has been extensively discussed earlier
(, a?nslg-/'no . 33.’ Shriner, Adams, and Marvel. 1943; Eliel, 1962, p. 156;
krow, ), especially in regard to the structural attributes needed to “restrict”

rqtation. Half-li.vcs of racemization of numerous biphenyls have been determined
with the following general findings:

1. Most tetra-ortho substituted biphenyls .(Fig. 14.36, UV.X,Y # H) are
resolvable and quite stable to racemization unless at least two of the
groups are fluorine or methoxy.

A nonresolvable, tetra-ortho substituted biphenyl is shown in Figure 14.37, A
(Adams and Yuan, 1933). It should be noted that although the condition U # V
and X # Y is not fulfilled by this molecule, the perpendicular conformation lacks a

plane of symmetry because of the meta substituents (Cl# CO,H).

2. Tri-ortho substituted biphenyls are readily racemized (short ¢,, values)
| when at least one of the groups is small (CH,O or F), otherwise

. ation tends to be slow (but is possible, generally at elevated
racemiza

temperatures). .
3. Di-ortho substituted bl?hen)f
stituents are large. .An mtcrccfl1 °
B), originally obtalpcd Optlic:3 an oy
4,4’-diamino derivative (€00

|s are generally resolvable only if_thc sL:b-
ting example is 1,1’-binaphthyl (Fig. 14.37,
ive by deamination of the rcsolvgd
1963). The compound exists in

S
a

B
and 1,1'-binaphthyl B.
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Figure 14.38. Mutarotating mono-orthosubstituted
biphenyl. Br As(CHy)y'*

Chirality in Molecules Devoid of Chiral Centerg
two crystalline modifications, a racemic compound, mp 145°C and 4
conglomerate (cf. Section 6-3), mp 158°C. The latter 1 casily resolyeq
cither spontancously or by sceding of the mclt. or sn.lutmn (Wilson ang
Pincock, 1975; sce also p. 317); above the niclting point the enantiomers
arc in rapid cquilibrium (1, =0.5s at 160°C; AG' =23.5keal mo] !
(98.3 kJ mol ).

Mono-ortho substituted biphenyls are, in general, not resolvable alth()Ugh
the (+)-camphorsulfonate of the arsonium salt shown in Figure 14.3g
shows mutarotation (cf. p. 750) suggesting that an interconversion of
diastercomers occurs in solution because the two diastercomers are not
cqually stable (asymmetric transformation of the first kind, cf. Section
7-2.¢).

. Substituents in the meta position tend to enhance racemization barriers by

what is known as a “buttressing cffect,” that is, by preventing the outward
bending of an ortho substituent, which would otherwise occur in the
transition statc (coplanar conformation) for racemization. (This outward
bending allows the ortho substituents to slip past each other more readily
by energy minimization of the activated complex (cf. Scction 2-6).

. The apparent size of substituents (as gauged by racemization rates of

differently ortho-substituted biphenyls) is I>Br> CH;>CI>NO, >
CO,H > OCH, > F > H. This order roughly parallels van der Waals radii
(IZBr>=C=>Cl>N>0>F=>Hj; in polyatomic groups allowance must
be made for the outer substituents) and is quite different from that of the
AG" values in cyclohexanes (axial-cquatorial equilibrium, Table 11.7) In
contrast to synaxial substituents in cyclohexanes, ortho substituents on the
two rings in biphenyls point at each other, so their interaction should
increase with increasing van der Waals (and bond) radii.

. Activation barriers to racemization can be calculated quite closely by

molecular mechanics (cf. Section 2-6); in fact, calculation of barriers of this

type constitutes the first application of what is now called the molecular

mechanics or force field method (Westheimer and Mayer, 1946; cf.

Westheimer, 1956). Semi-empirical methods have also been applied to the

??l(c;lation of barrier height, with some success (Kranz, Schleyer, et al..
993).

- Diastcreomers are found not only in biphenyls with chiral substitucnts but

also ip terphenyls. The compound shown in Figure 14.39, A is an example:
the cis isomer has been resolved, whereas the drans isomer, which wis
separated from the cis, cannot be resolved because it has a center of
symmetry (Knauf, Adams, ¢t al., 1934),

.Ox:da'tion of the optically active cis hydroquinone A gave an optically
active quinonc B, which was reduced back to optically active A. Ll
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ﬁpdmg showed that atropisomerism is possible in structures other than
biphenyls. Additional cases of resolvable atropisomers are shown in Figure
14.40 (Mills and Dazeley, 1939; Adams and Miller, 1940; Adams et al.,
1941)_. Examples of thioamides were discussed earlier (Section 9-1.¢; see
also Oki, 1983).

9. Noncoplanarity may be assisted or enforced by bridging (cf. Hall, 1969).
Molecule A in Figure 14.41 is resolvable*and moderately optically stable
(Adams and Kornblum, 1941) even though o0,0'-diphenic acid (Fig. 14.36,
X=U=CO,H, Y=V= H) is not. The ortho bridge.d B find df)ubly ortho
bridged C biphenyls (Fig. 14.41) have been §ynthes3zed in optically active
form by Mislow et al. (1969 The doutly e B

: _ i e but can be rac y, 1
v;:th X =CO ((j)r“?italllrexq:lg Sizalt;bile and racemizes with a half-life of _only
"y c.ompoun o The enantiomers of the corresponding three-atom singly
54.mm at 10'.1 < — O) are much more stable (see also Iffland and
bridged species B (i( ’—t t)he two-atom bridged compound D (Mislow and
Siegel, 1958). In contrast,

. . ili =108 min at
g enantiomeric stability .(zh2 : ‘
e 1962) 1 e o of tetra-ortho substituted biphenyls in

- high stability 1b3% + DIPTETLE
28.1°C) contrary t0 t.hc':thilfhthus clear that ortho bridging dl'n:llnvb:ilxii
general (se¢ abo[;/‘f')t, lof Ortho-subSmUth biphenyls, presumably eCause
enantiomeric stabtlity

CH,
C
(113C)2HC\C¢ e,
*,
) R N(CHy), 17
CH; '\ "’C/ .
C=">cot
Br
- , R =CH;or .
e R solvable styrenes: where
cS i
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