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Thia- and dithiametacyclophanes have been shown te undergo several
types of interesting confarmaticnal behavior. The coalescence temperature
method has been widely used to estimate the varicus conformational energy
barriers. Dithialnlmetacyclophanes exhibit a unique flipping process, the
barpier of which largely depends on the substituent at the [n+6J~position.
An inversion process is common among thia- and dithialm.nlmetacyclophanes
{m=n o m#n)., Hwever, substituent(s) at the 9~ and/or 18-position(s)
of dithial3.3lmetacyclophanes results in variability of the conformer
mreferred. Most mediun-sized dithiametacyclophanes seem to be conforma-
ticnally very mobile but three dithial3.1.3.1)metacyclophanes are known to

demonstrate a novel "twist-inversion” fluxional behavior.

In the past 25 years, a substantial literature has accumulated concerning the syntheses

and properties of metacyclophanes]-io. In particular, f2.2imetacyclophanes have been widely

used as models for the investigation of intramelecular and transannular steric and electronic

11’]2. 1 of [2.2)metacyclophanes is also well-known. An

interactions The sterecchemistry
equally substantial number of thia- and dithiametacyclophanes have also been reparted during
recent years. They were prepared largely as precursors for the corresponding metacyclophanes

3-10.13 However, the stereochemical aspect of these thia- and

and/or metacyclophanedienes
dithiametacyclophanes has alsoc been well-studied and demonstrates some interesting conforma-
ticnal processes. The Jonger C-S bond and the lower bending energy of a C-5-C bridge provide
more conformational flexibility in the thia- and dithiametacyclophanes than in their metacyclo-

phane counterparts, thus resulting in lower conformational energy barriers.

*Present mailing address : Department of Chemistry, University of California, Berkeley,

California, 94720, U.5.A.

—1739—




THE COALESCENCE TEMPERATURE METHOD

T » Tc

T>»T
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T << TC

FIGURE 1 Temperature-dependent ]H—NMR spectra of a
simple conformational interconversion.

Yariable temperature 1H—NMR spectroscopic studies have widely been used to obtain informa-
tion on dynamic molecular movements, in particular the determination of the enmergy barriers to
conformational 1nterconversion]4’15 and for rotation about sterically hindered carbon-carbon
single bondsls'ZI. However, since the practically measurable temperature range in ]H-NMR
studies is from -180%C to +200°C. the range in energy barriers that can be studied is thus
restricted from 20 to 110 kd/mole.

For a relatively simple conformational interconversion process, for example where the
low-temperature spectrum consists of two peaks and these collapse and reappear as a single peak
at the average position at high temperatures (Figure 1), the coalescence temperature (TC)
method te estimate AGz (the transition state free energy at coalescence) is most often usedm’15
as a measure of the energy barrier for such a process, This method simply involves the measure-
ment of the coaltescence temperature (Tc) and the frequency seperation {Av) of the peaks cen-

cerned at the low temperature limit (Figure 1). The rate constant (kc) and free energy of

activation (AGi) for the exchange at TC can then be calculated from equations {1] and [2]
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Ae’c‘ (ki/mole) = 0.019 T_ (9.972 + log <) (3]
Av

respective1y‘4. Equation [2) is transformed to equation [3] for the purpose of direct calcu-

lation.

The simple method discussed above is, however, not without limitations. For example, the
linewidth of the signals must be small in comparison to the Av value. Secondly, the Aﬁi
values so obtained should only be compared within similar examples such that Asi is approxi-

mately constant.

DETHIA [n]METACYCLOPHANES

y Reference
1 2 22
S S 2 3 22, 23, 24
3 4 25, 26
4 5 22
(CH)g 5 22

As far as the parent dithia[n]metacyclophanes are concerned, the members 1 -5 have been
reported. They have all been shown to exhibit a conformational flipping process A=B (Figure
2; X = H). The presence of the two sulfur atoms greatly simplifies the 1H—NMR signals for the
benzylic protons, which could be easily monitored to indicate the flipping process. For exampie,
the benzylic protons of dithia[6jmetacyclophane 1 appear as a singlet (63.66)22 at +120°C,
indicating a fast conformational equilibrium A =% B (Figure 23 X = H). At -50°C, however, the
process is frozem and the benzylic protons now appear as a clear AB system (GA = 4.26, 6B = 3.69,

- 22
Jag = 10 Hz)°“.
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FIGURE 2 Conformational flipping in dithialn]-
metacyclophanes.

The central methylene protons could sometimes bhe monitored to demonstrate the flipping

23’24. In its ]H—NMR spectrum at ambient

process as illustrated by dithial7]metacyclophane
temperature, the protons HA and HB appear as a guintuplet at 80.45 indicating the fast equili-
brium A = B (Figure 1; X = H}, As the temperature is lowered, the signal for protons H, and
Hy callapse (TC = -50%C) and subsequently reappear {-95°C) as two broad peaks at 6-0.21 (HA}
and &1.71 {HB) respectively. The high-field signal for l-IA is consistent with a frozen confor-
mation as shown in 2A in which HA is located directly above the cavity of the w-electron

cloud and thus experiencing a shielding effect.

Hg
Ha
s\/(H&/ S S
B
2 2A

Using the coalescence temperature method]4, the respective energy barriers of the

22 and 42.72%°2% (a/mole. These

conformational flipping in 1 and 2 are estimated to be 51.9
values are respectively smaller than those obtained for a similar flipping process in [6]-

metacyclophane & (72.8 kJ/mo1e)3 and [7Imetacyclophane 7 (48.1 kJ/mo]e)3. consistent with
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the fact that the longer and more flexible C-S-C bond results in lower energy barrier.

The larger memebers of the dithia[n]metacyclophane family are conformationally very mobile
giving température-independent 1H~NMR spectra within the respective temperature range studied
{Tabie 1}. The flipping process in these larger rings is thus not easily frozen due to smail

energy barriers (Table 1).

TABLE 1 Comparison of energy barrier for conformational flipping in
dithia [n]metacyclophanes and [nlmetacyclophanes.

[niCyclophane 1. (°C) 86 (ki/mole) Reference
16]-1 -20? 51.9 22
[61-& -76.5P 72.8 3
[7]-2 -50° a2.7 23, 24
{71-7 -2gb 48.1 3
[8)-3 <-80% <38.1 25, 26
£91-4 <607 <431 22
[(10]-5 <-70? <41,0 22

qoatescence temperature of the benzylic protons.

bCoa]escence temperature of the central methylene protons.

Introduction of an intraannular substituent such as -CH3 at the [n+6]-position of a
dithiainlmetacyclophane is expected to greatly increase the barrier to conformational flipping.

Thus the dithia[n]metacyclophanes &-15 have been prepared27

but compounds 8-12 show no
evidence for conformational flipping A= B (Figure 1; X = CHS} as a result of the steric
hindrance of the methyl substituent (Tc >]BO°C, Aﬁi > 95,0 kd/mole}, The lack of flipping

process in these cyclophanes is indicated by their }H-NMR spectra showing clear AB systems for
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the benzylic protons at all temperatures studied27.

w =

W o

(=)

12
13
14
15

w0 o~

Where the chain is sufficiently long,

flipping A= B (Figure 1; X = CH3) for example in 13-15 , becomes possible. The AB systems

for the benzylic protons in 13 and ¥4 collapse at 60% and -30°C respectively before reappearing

as singiets, corresponding to energy barriers of 69.4 and 50.2 kJ/mole respective]y”.
TABLE 2 Comparison of energy barrier for conformational flipping in
T dithialn)metacyclophanes % with different substituents X.
X n AGz {kd/mole) Reference
H 7 2.7 23, 24
F 10 44.0 22
GH 10 68.3 28
NH,, 10 100.5 28
N, 12 63.7 28
¢ 12 64.5 28
CHy 12 69.5 27
Br 12 94.2 28
CN 12 98.8 28
CN 13 60.7 28
Br 13 64.5 28
OCH3 13 75.0 27
OCH3 14 43,0 27
I 14 61.2 28
SCH3 14 72.9 28
C00CH, 14 98.8 28
S00CH, 16 70.8 28
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Dithiainlmetacyclophanes % with other substituents at the [n+6}-position {Table 2)
have also been reported and they show the same flipping process A 4 B (Figure 1) when it is

d22'27’28. With a given n-value, all members studied exhibit only one identical

allowe
fluxional process {flipping} and differ only in the substituent X. Thus the relative Aﬁz
values so obtained for the energy barriers could be directly used to reflect the "size" {or
steric hindrance) of the substituent X —— the higher the energy barrier (Aﬁz), the larger the
"size" of X (Table 2), Due to the synthetic variability which resylts in the syntheseszz’27’28
of a large number of dithia[nlmetacyclophanes 16 , a reasonably complete 1ist could be obtained
by the above method to provide information concerning the relative spatial requirement {"size" 29

of these common substituents (Table 2).

THIA AND DITHIA [m.n]METACYCLOPHANES (m = n or m # n)

200°¢
‘_#__ @ Hl
e _ l

The parent [2,2)metacyclophane 17 , which was first prepared by Pellegrin in 189930, has

3 and X-ray crysta]lographic32 studies to exist in the anti-, stepped

33

been shown from 1I-I-NMR
conformation 17A in both solutfon and solid state. Variable temperature ]H-NMR studies
reveal that there is no conversion between YA and W8 uwp to 200%, Replacement of two

bridging methylene units with sulfur links, as in dithial2.2Imetacyclophanes 18 -2 , still
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X 8

- A

18 H .41
19 F 5.62

20 o 5,21
21 & 5.07

does not allow free anti-syn conversion. The preferred conformation of these dithiaf2.2]-
metacyclophanes is again the anti-, stepped A as indicated by the shielded proton signals
for I-!_.| which 1ies above the opposite benzene ring. The lack of any conformational process is
evident by the fact that the AB systems in 18 -21 remain unchanged up to 180% (Aﬁi > 96.6
kd/mole}).

The increase of one sulfur atom in one of the chains of [2.2]metacyclophane, however, makes

35,36 44 55%, the

an inversion orocess in thial3.2Jmetacyclophane 22 comparatively easier
—SCﬂE— and 'CchﬂQ’ protons appear as two seperate singlets indicating a fast equilibrium
process. At -54°C, however, clear AB | &y = 3.45, GB = 3,84 ] and apparent A232 { & = 2.22,

GB = 3.08 ) systems were observed for the respective -SCﬁE- and -CHZCﬂe-
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protons, The Hi protons appear at 85.43 suggesting that the frozen anti-conformer 22A or 22B.
The fact that only one conformation is frozen could indicate that the equilibrium at higher
temperature involves the fast inversion 22A = 22B. Using the coalescence temperature of the
'CHZ'CHZ' protons (Tc = 0.5°C), the barrier to inversion in 21 was estimated at 34.8 kd/mole,
a value much smaller than those obtained for a series of [3.2lmetacyclophanes (AGg = 86.1 -
79.9 kJ/moIe)37, again showing the higher conformational flexibility due to the longer C-S-C
bridge.

< Hi ?

23a 238

The most striking result is perhaps obtained from the parent dithial3.3Imetacyclophane 23 .

35,36,38 was reported, initial ]H-NMR studies suggested a rapid equilibrium

After its preparation
at room temperature between the anti- and syn-conformers (23A +—= 23B) and assumed the signal
at 86.6 to be the averaged chemical shift for the internal protons (Hi)35’35’38. However, a
more detailed study was reported recently which gives conclusive indication that 23 exists as
the syn-conformer 23B both in the solid state {X-ray t:r_',i'sta1]ography)39 and in solution (]H—NMR

1

studies)>?. The TH-NMR signa1®® for H, at 86.82 (CDC1,, 10°C) and other aromatic protons at

SHi

S &, = 6.90%0 or 6.0141+42

24 <=/

1

40-42 " yith carbon disulfide as

86.91 are in fact comparable to that of the model compound 24
a solvent, the H1. protons appear at 36.62 and remain invariant with temperatures between -80°C
and +80°C. This could then suggest an easy and fast inversion process between 3B and 23B'

(syn = syn} with no appreciabte concentration of the anti-conformer 23A . a result entirely

‘opposite to that found in thia[3.2Imetacyclophane 22 (anti = anti).
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Interestingly, replacement of one of the H1 protons in dithia[3.3)metacyclophane with a

23p

substituent leads to variability in conformational preference at room temperature. However, the
preference, which could easily be determined by the signal of the Hi proton, fs apparently fnde-

pendent of the steric hindrance of the substituent X. For example, the amino-substituent in 25

. 25
N i
; > 26,
27

$ —~—
) 2
A

25 NHz 4.9
26 ND» 7.3
27 CHy 5.6

effectively freezes the process in favor of the anti-conformer 284 shielding the Hi signal to
64.943. The nitro-substituent in 26 , however, results in a very strong preference for the

43

syn-conformer 268 having the Hi proton signal appear at &7.3. Suprisingly, with a methyl-

substituent, a fast equilibrium exists between 27A and 278 (with perhaps a slightly stronger
preference for 27A ) giving an averaged Hi signal at 65.627. From the studies of [n+6]substi-
tuted dithia{nImetacyclophanes as discussed earlier, the relative "size" (spatial requirement)
of the three substituents is in the order NH2 > NO2 > CHS‘ Thus the conformational preference

in these 9-substituted dithiaf3.3]metacyclophanes is clearly not controlled by the steric effect
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of the substituent alone. The true effect is not fully understood.

F 170% F—

S
A
CHg~ CHFX;C::’)
28s

28A

GCH; 1.6 (singlet) 6CH3= 2.5 (doublet)

l

The anti-syn inversion process in dithia[3.3)metacyclophanes 1is, however, best demonstrated

by 28 21

. At room temperature, the process is frozen qnd both 28A and 28B exist as rigid
and stable conformers. The methyl group of 28A appear as a shielded singlet at §1.6 and that
of 288 , due to the coupling with the neighboring ﬂuori;le atom, show up as a doublet at 52.5.
These signals collapse at about 105°C and reappear at 170°%C as a singlet at §2.0 indicating the
fast equilibriun between 28A and 288 . With two “large" substituents at the 9- and 18-positions
of the dithia[3.3]metacyclophane system, stable syn- and anti-conformers such as 29 and 30 have

o445

been isolat However, they are no longer thermally interconvertable due to large energy

barriers induced by the steric hindrance of the two methyl groups.

>

é%
3 S
e é 29

30

Ny~

MEDIUM-STZED DITHIAMETACYCLOPHANES

Medium-sized dithiametacyclophanes such as dithia[3.0.3]metacyclophanes 3 46 and 3227.

47,48 43,49 have been

dithia(4.4Imetacyclophane 33 and dithia{n.1]metacyclophanes 34-36
reported. However, though their respective IH-MR spectra at room temperature indicate free
conformational movements in these molecules, no variable temperature studies have been made in

an attempt to investigate any possible frozen conformers at Tower temperatures.
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33 5
31 - 35 s
32 x-cn 36 -3

3

50'51, dithia[3.1.3.1]metacyclophanes

In the studies of annelated annulenes and cyclophanes
37 - 3% were prepared as potential precursors, The 1H-NMR spectrum of dithia[3.1.3.1]metacy-
cTaphane 37 at 0% s relatively simple (Table 3}, showing a multiplet at 7.2 - §6.7 for the
aromatic protons and three separate singlets at 63.84, 63.63 and §1.78 for the central -Cﬁz-.
bridging -cgzs- and methyl protons respectively, It was initially thought that 37 is conforma-

tionally very mobile due to its Targe 20-membered ring. However, a single conformation of 37

38 39

is observed at -100°C. In the 1H-NMR spectrum {-100%C), there are two types of methyl protons
—— & highly shielded singlet at §1.18 typical of an anti-methy] group (compared with 29 )44
and & normal syn-methyl group (compared with 30)44 at 32.38. These data indicate that the

frozen conformer cannot be the anti,antf-conformer 37A or the syn,syn-conformer 378 in both
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RO o

P/,

S
anti-isomer; GCH; 1.30 syn-isomer; ECH; 2.54
anti,anti-isomer : syn,syn-isomer :

M 2N )0 %)

of which the four methyl groups are identical. Examination of molecular models suggests another
possibility for the fixed conformation of 37 , namely conformer 37C, which possesses a pair
each of anti- and syn-methyl groups. The anti-methyl protons in 37C are located in the shielding
cones of two benzene rings, which would then be expected to produce a larger combined shielding
effect than that experienced by the methyl protons in dithia[3.3lmetacyclophane 29 . This is

indeed observed (GCH = 1.16 for 37C compared to 6CH = 1,30 for 29 }. In the high temperature
3 3
8 s
S \u)
S
37C
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spectrum {0°C), the methyl signal occurs at the average (30.01 ppm) position of the corresponding
peaks in the low temperature spectrum (-100%C} (Table 3), thus indicating a true fluxional
process consistent with 37C == 37C’ (in fact 37C &£ 37C’ ), rather than one conformer trans-

ferring to a different conformer,

r
TABLE 3 'H-NMR data®! of dithia[3.1.3.1]metacyclophanes 37 -39
Phane T (%) Ar-H Ar-CH,- -SCH,,- Ar-CH.,
37 0 §7.2-6.7 (m} £3.84 (s}  &3.83 (s) §1.78 (s)
~100 67.3-6.2 (m) - §8,8-2.9 {m) ----  &£2.42 (s}, 61.16 (s)
38 -20 §7.4-6.8 (m) §3.97 {s)  83.76 {s) 82.00 (s},
61.88 (s}
-100 87.7-6.3 (m) --- 64.3-3.1 (m) ---- §2.75 (s), 61.34 (s)
52,48 (s), 51.20 (s}
39° +35 §7.4-7.2 (m} --- §3.67 (s) 61.88 (s)
3Too insoluble for low-temperature studies

The comparison of the 1H-NMR spactra of dithiz{3.1.3.11metacyclophanes 37 -3¢ { 39 is
too insoluble in most organic solvents to allow Jow-temperature studies) reveals clese similari-
ties among them. By analogy, it is thus believed that all three members exhibit the same
fluxional process as indicated by arC %= 37C' independent of a change at the cemtral bridge(s)
{ >CH, or »>C=0 ).

Using the coalescence temperature method, the energy barriers of 37 and 38 are estimated
to be 39.4 and 38.7 ki/mole respective'lys7 (Table 4). Apparently, the fluxicnal barrier in the
dithia]3.1.3.1Imetacyclophane system is not affected significantly by changing the central sp3-
methylene bridge to a spz-carbonyI function. This is probably due to the flexible C-5-L bridges
which compensate for the induced geometrical strain, if any, imposed by the carbonyl center in

3g .

The fact that a7 - 3¢ , with 20-membered macro-rings, still exhibit a novel conformational
behavior should prompt the reinvestigation of the possible conformational processes in dithia-
metacyclophanes 31 - 36 (12- to 14-membered rings). It will also be interesting to compare

these results with other medium-sized dithiametacyclophanes as they become available.
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TABLE 4  Thermodynamic data’!

for the barrier of the fluxional process

jn dithia3.1.3.1Imetacyclophanes 37 and 38.

aTemperature at which Av is measured.

bThe coalescence temperature.

Cyclophane w2y T, (%) Tc(°c)b Aﬁi (kd/mole)
a7 3.4 -100 -70 39.4
T 121.1 100 73 8.7

REFERENCES

R. W. Griffin, Jr., Chem. Rev., 1963, 63, 45.

. H. Smith, 'Bridged Aromatic Compounds', Academic Press, New York, 1964.

B
S. Hirono, H. Hara, T. Hiyama, $. Fujita and H. Nozaki, Tetrahedron, 1975, 31, 2219,
T

. Otsubo and S. Misumi. Synth, Commun., 1978, 8, 285.

F. Vogtle and P. Neumann, Synthesis, 1973, B85.

F. Vogtle and L. Rossa, Angew. Chem. Int. Ed. Engl,, 1979, 18, 575,

= =X

o =

-

Vogtle and P, Neumann, Chimia, 1972, 26, 64.
R. H. Mitchell, Heterocycles, 1978, 11, 563.

. §. Givens and R, J. Olsen, J. Org. Chem., 1979, 44, 1608.
. Boekelheide, I, D. Reingold and M. Tuttle, Chem. Conmun., 1973, 406.
. Boekelheide and R. A. Hollins, J. Am, Chem. Soc., 1973, 95, 3201.

Vogtle and P. Neumann, Angew. Chem, Int, Ed. Emgl., 1972, 11, 73.

{. C. Calder and R. J. Garratt, J. Chem, Soc. {B), 1967, 660.

. Boekelheide, P. H. Anderson and T. A. Hylten, J. Am. Chem. Soc., 1974, 96, 1558.

R. Gygaz, J. Wirz, J. T. Spargne and N. L. Allinger, Helv. Chim. Acta,. 1977, 60, 2522.

H. Kescler, Angew. Chem. Int. Ed. Engl., 1970, 9, 219,

J. Y. Curtin, P. E. Bender and D. S. Hetzel, J. CGrg. Chem., 1971, 36, 565.

R. L. Clough and J. D. Roberts, J. Am. Chem. Soc,, 1976, 98, 1018.

R. L. Clough and J. D. Roberts, J. Org. Chem., 1978, 43, 1328.

H. H. Hutton, W. E. Hiebart and V. Mark, Can. J. Chem., 1978, 56, 1261,

R. H. Mitchell and J. S. H, Yan, Can. J. Chem., 1980, 58, 2584.

— 1753 —



22.
23.
24.
25,
26.
27.
28.

29.
30.
31,
3.
33.
34.
35.
38,
37.

39.
40,
4.
42,

43.
44,
45,
46.
4.
48,

49,
50.
51,

F. Vogtle, Tetrahedron, 1969, 25, 3231,

R. H. Mitchell and V. Boekelheide, Tetrahedron Lett., 1969, 2013.

R. H. Mitchell and ¥. Boekelheide, J. Heterocyclic Chem., 1969, 6, 981.

F. Vogtle, Tetrahedron Lett., 1968, 5221

F, Vogtle, Chem. Ber., 1969, 102, 1724,

F. Yogtle and P. Neumann, Tetrahedron, 1970, 26, 5299.

F. Vogtle, J. Grutze, R. Natscher, W. Wieder, E. Weber and R. Grun, Chem. Ber., 1975,
las, 1694.

H. Forster and F. Vogtie, Angew. Chem. Int. Ed. Engl., 1977, 16, 429.

M. Pellegrin, Rec. Trav. Chim., 1899, 18, 458.

D. J. Wilson, V. Boekelheide and R. W. Griffin, Jr., J. Am. Chem. Soc., 1960, 82, 6302.
C. J. Brown, J. Chem. Soc., 1953, 3278.

H. S. Gurowsky and C. Juan, J. Chem. Phys., 1962, 37, 120.

F. Vogtle and A. H. Effler, Chem. Ber., 1969, 102, 3071.

T. Sato, M, Wakabayashi, M. Kainosho and K. Hata, Tetrahedron Lett., 1968, 4185,

T. Sato, M. Wakabayashi, M. Kainosho and K. Hata, Tetrahedron, 1971, 27, 2737.

R. W. Griffin, Jr. and R. A, Coburn, J. Am, Chem. Soc., 1967, 8%, 4638.

o

Vogtle and L. Schunder, Chem. Ber., 1969, 102, 2677.
. Anker, G, W. Bushnell and R. H. Mitchell, Can. J. Chem., 197%, 57, 3080.

. Boekelheide and R, A. Hollins, J. Am. Chem. Soc., 1970, 92, 3512.

~ = =

. Sakai and K. Watanbe, Bull. Chem. Soc. Jpn., 1967, 40, 1548.

K. Sakai, M. Ishige, H. Kono, I. Motoyama, K. Watanbe and K. Hata, Bull. Chem. Socc. Jpn.,
1968, 41, 1902.

N. Finch, C. W. Gemenden and B. P. Konzum, J. Org. Chem., 1976, 41, 2509.

R. H. Mitchell and V. Boekelheide, J. Awm. Chem. Soc., 1974, 96, 1547.

R. H. Mitchell and V. Boekelheide, Tetrahedron Lett., 1970, 1197,

F. Vogtle, Justus Liebigs Ann. Chem., 1969, 728, 17.

T. Otsubo, M. Kitasawa and S. Misumi, Chem. Lett., 1977, 977,

L. Rossa and F. Vogtle, J. Chem. Research (S), 1977, 264; J. Chem. Research (M), 1977,
3010.

M. Atzmyller and F. Vogtle, Chem. Ber., 1978, 111, 2547.

Y. H. Lai and R. H. Mitchell, Tetrahedron Lett., 1980, 2633.

Y. H. Lai and R, H, Mitchell, unpublished results.

Received, 20th May, 1981

— 1754 —



