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Anal. Calcd for C20H26A~2S2:  C ,  50.0; H ,  5.5. Found: C ,  50.2; H, 
5.6. 

Seven-membered (.t)-2 was obtained as white needles in 38% yield: 
mp 75-76 OC. 

Anal. Calcd for C,oH,3AsS: C ,  50.0; H ,  5.5. Found: C ,  50.2; H ,  
5.6. 

Both compounds had ' H  N M R  spectra in CDCI, identical *ith those 
of the corresponding pure enantiomers. 

Mineral Acid Catalyzed Asymmetric Transformations: Synthesis of 
(R*,S*)-1. A solution of (R*,R*)-1 (2.5 g) in chloroform (100 mL) was 
treated with a mixture of methanol (5 mL) and hydrochloric acid (5 mL, 
I O  M). After two weeks, 2.2 g (88% yield) of pure (R*,S*)-1 had 
separated from the mixture as long colorless needles: mp 197-198 "C; 
IH N M R  (CDC13) 6 1.21 (s, 6 H ,  AsMe), 1.74-2.66 (m, 8 H,  CH2CH2), 
3.63, 4.53 (ABq, 2JHH = 13.7 Hz, 4 H ,  CH,), 7.22-7.52 (rn, 8 H ,  aro- 
matics). 

Anal. Calcd for C20H3,As2S2: C,  50.0; H,  5.5. Found: C ,  49.9; H, 
5.4. 

An additional 0.27 g (10.8%) of the compound was obtained upon 
concentration of the mother liquor. 

Palladium(I1) Complexes of the Macrocycles: [SP-4,1-[R - 
(9R *, 18R *,6S *, 1 5 s  *)]]-[5,7,8,9,14,16,17,18-Octahydro-9,18-dimethyl- 
dibenzo[e,l][ 1,8,4,1 l]dithiadiarsacyclotetradecin-S6,S 15,As 9,As '8]palla- 
dium(I1) Perchlorate ((RA,,RA,,Ss,Ss)-9). Freshly prepared [PdCI2- 
(MeCN),]34 (0.24 g, 0.92 mmol) was dissolved in acetonitritile (250 mL), 

(34) Hartley, F. R.; Murray, S.  G.; McAuliffe, C. A. Znorg. Chem. 1979, 
18. 1394. 

and AgCIO, (0.38 g, 1.99 equiv) was added to the solution (in the dark). 
After the mixture had been stirred for ca. 5 min, it was filtered (to 
remove AgCI), and the filtrate was treated with (S,S)-I, the latter being 
dissolved in a small quantity of acetonitrile. The reaction was allowed 
to proceed for ca. 1 h, whereupon the solvent was removed by evaporation 
and the residue was recrystallized from acetone. The pure complex 
crystallized as yellow needles (0.58 g, 71%): mp 265-267 "C; [elD -84' 
(c 5.0, Me2SO-d6); 'H N M R  (Me,SO-d,, 303 K)  6 2.24 (s, 6 H, AsMe), 
1.93-4.18 (m, 8 H ,  CH2CH2) ,  4.35, 4.18 (ABq, 2JHH = 14.7 Hz, 4 H ,  
CH,), 7.26-7.55 (m, 8 H, aromatics); A, 136 cm2 Q-I mol-' (Me,CO) 
( l : l ) ,  54 cm2 0-' mol-' (Me,SO) (1:2), 232 cm2 mol-' (MeCN) (l:2). 

Anal. Calcd for C,,H2,As2Cl,O8PdS,: C ,  30.6; H,  3.3. Found: C, 
30.8; H ,  3.4. 

The following compounds were prepared similarly. 
( R  *Ar,R*AsrS*~,S*S)-[Pd(l)](C104)2 (from (R * ,R *)-1): yellow 

needles from actone; mp 263-265 "C dec; 7 6 8  yield; ' H  N M R  
(Me,SO-d,) identical with that of pure enantiomer. 

Anal. Calcd for CzoH26AszC1208PdS2: C, 30.6, H,  3.3. Found: C, 
30.3; H, 3.6. 

(R *AS,S*Ar,R*~,S*s)- and (R*As,S*As,S*S,R *s)-9 (from (R * $ ) - I ) :  
pale-yellow needles from acetonitrile-diethyl ether; mp 259-261 "C dec; 
IH N M R  (Me2SO-d6, 25 "C) 6 1.36 (s, 6 H,  AsMe) 2.26 (5, 6 H,  
AsMe), 2.58-4.49 (m, 16 H ,  CH2CH2) ,  4.06, 5.09 (ABq, 'JHH = 12.4 

(m, 16 H ,  aromatics); A M  135 cm2 Q-' mo1-I (Me2CO), 54 cm2 Q-' mol-' 
(Me2SO), 216 cm2 ST' mol'l (MeCN).  

Anal. Calcd for C,oH,,As,C~208PdS2: C ,  30.6; H,  3.3. Found: C ,  
30.4; H ,  3.6. 

Hz, 4 H ,  CHl) ,  4.64, 4.76 (ABq, 2 J H H  = 14.6 Hz, 4 H,  CH2), 7.52-7.85 
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Abstract: Tetrathia-12-crown-4 (12S4) in the solid s ta te  adopts a square conformation with the sulfur atoms at the corners, 
to yield a s t ructure  derived from fusion a t  the terminal S atoms of two "bracket'! units. This macrocycle crystallizes in the  

S-CH2-CH2-s 

I 
CH2 
I 

monoclinic system, space group Cc, with a = 13.028 (7) A, b = 12.884 ( 5 )  A, c = 14.493 (7)  A, p = 108.18 (4)O, and  Z = 
8. Pentathia-15-crown-5 (15S5) assumes an  irregular conformation generated from two bracket units by fusion a t  one S atom 
and connection of the remaining two terminal S a toms by a -CH2CH,- linkage. This crown thioether also crystallizes in the 
monoclinic system, space group P2 , /n ,  with a = 16.444 (3) A, b = 5.432 (1) A, c = 18.255 (3) A, p = 115.58 (I) ' ,  and Z 
= 4. Hexathia-18-crown-6 (18S6) adopts a conformation produced by connection of two bracket units by two -CH2CH2-  
linkages. I t  crystallizes in the orthorhombic system, space group Fdd2,  with a = 20.466 ( I )  A, b = 33.222 (3)  A, c = 5.21 3 
(4) A, and Z = 8. Analysis of these structures reveals a pronounced preference for gauche placement a t  C-S bonds. This 
preference causes the ubiquity of bracket units and  contrasts with the antipathy to gauche placement of the C - 0  bonds in 
oxa-crown ethers. This  marked difference derives from the difference in C-E bond lengths, which changes nonbonded 
1,4-interactions in both C-C-E-C and  E-C-C-E fragments.  

C r o w n  ethers ,  a n d  more  generally crown-like molecules of t h e  
fo rm (-CH2-CH2-E-),, have  seen extensive use a s  bioinorganic 
model  systems, binucleating l igands,  chelators  for specific me ta l  
ions, a n d  phase- t ransfer  catalysts .  For these purposes they  have  

several advantages.  They  permit  control of both the  coordination 
environment (donor a toms)  and ,  in principle, t he  stereochemistry 
a t  a me ta l  ion. In addition, they a r e  easily synthesized by routes 
t h a t  pe rmi t  systematic  var ia t ion of r ing s ize  a s  well a s  identity 
a n d  p lacement  of heteroatoms.  On t he  other  hand,  they d o  have 

'Address correspondence to this author at the University of Oxford. 
'Department of Chemistry, Brandeis University, Waltham MA 02254. 

one  disadvantage:  their  design r ema ins  a n  essentially empir ical  
exercise. Despite t he  pioneering work of Dale  on conformational 
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analysis in crowns,'-4 and of Allinger and Eliel on development 
of molecular mechanics  calculation^,^ the critical importance of 
the conformation to crown coordination chemistry has not been 
widely appreciated among those interested primarily in chelation 
and ligand design. 

The importance of conformational effects is particularly ap- 
parent with crown thioethers. Structural work has revealed that 
14S46,7 and other crown th ioe ther~* ,~  adopt bizarre "inside-out" 
conformations in which the heteroatoms point out of the mac- 
rocyclic ring (the "exodentate" conformation).6 This unusual 
behavior contrasts with that of crowns containing oxygen or ni- 
trogen atoms,l03" and it has important ramifications for coor- 
dination chemistry. In the most striking case, reaction of 
1,4,8,11 -tetrathiacyclotetradecane (tetrathia- 14-crown-4, 14S4) 
with NbCI, gives [(NbCI,),-14S4],'2~'3 in which an inside-out 
macrocycle bridges two NbCI, units rather than chelating one. 
Exodentate coordination of thioether groups has also been reported 
for the Hg(I1) complex of 1,4-dithia-18-cro~n-6.'~ 

Our interest in the coordination chemistry of crown thioethers 
such as hexathia-18-crown-6 (18S6)'5-20 led us to examine the 
crystal structure of free 18S6.*' This preliminary work2' showed 
that two of its S atoms are  endodentate, in violation of the exo 
generalization. T o  try to discern the origin of these peculiar 
conformational properties we have prepared and structurally 
characterized tetrathia-12-crown-4 (1 2S4) and pentathia- 15- 
crown-5 (1 5 S 5 )  in addition to hexathia-18-crown-6 and report 
herein the results of that investigation. In conjunction with the 
work of Glass et a1.22 on trithia-9-crown-3 (9S3), the results 
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presented here complete the isologous series of (-CH2-CH2-S-), 
macrocycles ( n  = 3-6). This paper shows that the commonly 

(1) Dale, J .  Isr. J .  Chem. 1980, 20, 3-11. 
(2) Dale, J. Tetrahedron 1974, 30, 1683-1694. 
(3) Dale, J. Acta Chem. Scand. 1973, 27, 11 15-1 129. 
(4) Dale, J .  J .  Chem. SOC. 1963, 93-111. 
(5) Allinger, N.  L. J .  Am. Chem. SOC. 1977, 99, 8127-8134. Burkert, U.; 

Allinger, N.  L. Molecular Mechanics; American Chemical Society: Wash- 
ington, DC, 1982. Allinger, N. L.; Chung, D. J .  Am.  Chem. SOC. 1976, 98, 
6798-6803. Profeta, S., Jr.; Allinger, N. L. J .  Am. Chem. SOC. 1985, 107, 
1907-1918 and references therein. Manoharan, M.; Eliel, E. L. J .  Am. Chem. 
SOC. 1984, 106, 367-372 and references therein. Molecular mechanics cal- 
culations were first suggested by Westheimer: Westheimer, F. H.  In Steric 
Effects in Organic Chemistry; Newman, M. S., Ed.; Wiley: New York, 1956; 
Chapter 12. 

(6) DeSimone, R. E.; Glick, M. D. J .  Am. Chem. SOC. 1976, 98, 762-767. 
(7) Abbreviations used: 9S3, 1,4,7-trithiacyclononane (trithia-9-crown-3): 
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(12-crown-4); 1806, 1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-6). 

(8) Dalley, N.  K.;  Smith, J. S.: Larson, S. B.; Matheson, K.  L.; Chris- 
tensen, J .  J . ;  Izatt, R. M. J .  Chem. Soc., Chem. Commun. 1975, 84-85. 
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observed exodentate orientation of sulfur atoms arises from the 
preference of C-S linkages to adopt gauche placement. This 
behavior contrasts with the anti preference of C-0 bonds, a 
difference that appears to derive in large measure from the dif- 
ference in C-E bond length (E = 0, S). The paper concludes 
with a set of rules for the prediction of conformation in crown-type 
ligands. 

Experimental Section 
Tetrahydrofuran Procedures. purified by distillation from sodium 

benzophenone ketyl, N,N-dimethylformamide by vacuum distillation 
from molecular sieves, and CH2CI2 by distillation from CaH,. Thionyl 
chloride and 3-thiapentane-1,5-dithiol were purified by distillation, the 
latter under reduced pressure. All other compounds were reagent grade 
and used as received. Thin-layer chromatography w'as performed on 
silica gel 0.25-mm plates, and spots were made visible by heating the 
plate after treatment with phosphomolybdic acid. 

Infrared spectra were determined on Nujol mulls or KBr pellets by 
use of a Perkin-Elmer 683 spectrometer that was calibrated with poly- 
styrene. Proton N M R  spectra were measured with a Varian HFT80 
spectrometer relative to MelSi as an internal reference, or on a WH300 
spectrometer calibrated against residual solvent protons. (All shifts are 
reported relative to Me4Si.) Melting points are uncorrected. 

Preparation of Compounds. 3,6,9-Trithiaundecane-l,ll-diol. Sodium 
metal ( 1  1.8 g, 0.513 mol) was dissolved in 0.5 L of absolute ethanol under 
a nitrogen atmosphere and 3-thiapentane-1,5-dithiol (31.4 mL, 0.241 
mol) added. The  solution was brought to reflux and 2-chloroethanol 
(34.4 mL, 0.513 mol) added dropwise to maintain reflux. After the 
addition was complete the reaction mixture was allowed to reflux over- 
night. Rotary-evaporation of the reaction mixture afforded a white solid 
that was treated with 100 mL of hot acetone and filtered to remove NaCI. 
The acetone solution was rotary-evaporated to dryness and the resulting 
solid triturated with anhydrous diethyl ether. The solid was then dried 
in vacuo to yield the product (42.4 g, 91%). TLC: R,0.42 (EtOAc). 
' H  N M R  (300 MHz,  6, CDCI,, Me4Si) 3.77 (t, 4 H, J = 6 Hz, 
-OCH,-), 2.79 (m. 12 H ,  -SCH2-), 2.27 (b, 2 H ,  -OH) Anal. Calcd 
for CgH,,S302: C, 39.64; H ,  7.48. Found: C, 39.69; H ,  8.06. 1R (KBr, 
cm-') 3275 (s), 2900 (m), 1478 (w), 1460 (w), 1420 (m), 1380 (w), 1340 
(m), 1250 (w), 1202 (m), 1118 (m), 1054 (s), 1010 (s), 770 (m), 718 (w), 
690 (m).  A similar procedure was used to prepare 3,6-dithiaoctane- 
1,8-diol. 

3,6-Dithiaoctane-l$-dithiol. To a round-bottom flask containing 
3,6-dithia-1,8-octadiol (3.98 g, 21.8 mmol) and thiourea (3.35 g, 4.40 
mmol) was added 48% hydrobromic acid (7.5 mL, 66 mmol). The initial 
suspension dissolved upon heating to form a clear solution; after refluxing 
under nitrogen for 9 h, the reaction mixture u a s  allowed to cool to room 
temperature before concentrated sodium hydroxide solution ( I  .62 g (66 
mmol) in 27 mL of water) was carefully added to precipitate a white solid 
mass. Upon heating the solid dissolved, and the mixture was then re- 
fluxed overnight under nitrogen, during which time the dithiol separated 
from the aqueous layer. The reaction mixture was allowed to cool to 
room temperature and neutralized with concentrated HCI to yield a 
two-phase system. The  dithiol was separated from the aqueous layer, 
after which the aqueous layer was extracted twice with 50 mL of CH2C12 
and the combined organic extracts were dried (iXa,S04) and rotary- 
evaporated to dryness. Vacuum distillation (bp 170-175 " C  (2.6 
mmHg)) yielded the pure product as  a viscous oil that solidified upon 
standing. Yield 67.6% (3.16 g). N M R  (6, 80 MHz,  CDCI,, Me,Si) 
2.80-2.60 (m, 12 H ,  -SCH2), 1.68 (m, 2 H, -SH). IR (neat liquid, KBr 
plates, cm-I) 2900 (s), 2820 (m), 2550 (m), 1690 (m),  1590 ( u ) ,  1430 
(s), 1405 (s), 1270 (s), 1210 (s), 1150 (m) ,  968 (w). 903 (m), 850 (w, 
br), 770 (w, br), 698 (m, br), 680 (w, br). 

1,8-Dichloro-3,6-dithiaoctane. Danger! This and other 2-haloethyl 
sulfides (sulfur mustards) are powerful vesicants. This compound was 

(22) Glass, R. S.; Wilson, G. S.; Setzer, W .  N. J .  Am.  Chem. SOC. 1980, 
102, 5068-5069. 
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prepared by the action of thionyl chloride on a suspension in CH2C12 of 
the corresponding diol. Upon reaction the suspended solid dissolved to 
yield a solution of the dichloro compound. The resulting solution was 
rotary-evaporated to dryness, the residue was taken up in CH,C12 and 
washed with N a H C 0 3 ,  and the organic layer was separated by filtration 
through phase-separation paper. After drying over Na2S04  the solution 
was rotary-evaporated to dryness to yield the dichloro compound (TLC 
(CH2CIz, silica gel) R( 0.77). A corresponding procedure afforded 
1, l  l-dichloro-3,6,9-trithiaundecane (TLC (CH2C12, silica gel) Rf0.72). 
N M R  (6, 80 MHz,  CDCI3, Me4%) 3.65 (m, 4 H) ,  2.89 (m, 4 H) ,  2.79 
(s, 8 H) .  IR (neat liquid, KBr plates, cm-I) 2900 (w), 2360 (w), 1438 
(s), 1420 (s), 1382 (w), 1296 (m),  1234 (w), 1224 (w), 1200 (m), 1194 
(s), 1146 (s), 1044 (w), 767 (m), 733 (w), 714 (s), 704 (s), 688 (m), 676 
(s). Owing to their hazardous nature neither dichloro compound was 
characterized further. 

Hexathia-18-crown-6 (1  8S6) was prepared essentially by the proce- 
dure of Ochrymowycz et al.23,24 with use of the cesium carbonate me- 
diated cyclization method introduced by Buter and K e l l ~ g g . ~ ~  To cesium 
carbonate (0.985 mmol, 320 mg) suspended in 250 m L  of D M F  under 
a nitrogen atmosphere at  50-55 O C  was added over a 3-h period 
(Hirschberg funnel) a solution containing 1 ,I l-dichloro-3,6,9-trithiaun- 
decane (0.981 mmol, 274 mg) and 3-thiapentane-l,5-dithiol (0.981 
mmol, 151 mg) in 45 mL of DMF. After addition was complete, stirring 
at  50 OC was continued for an additional hour. The solvent was then 
removed by distillation at  1 mm and the residue stirred with 75 mL of 
CH2Clz for 15 min before it was filtered through Celite. The filtrate was 
washed twice with 50 mL of dilute aqueous N a O H  solution, dried over 
anhydrous Na2S0,,  and evaporated in vacuo to give essentially pure 
product ( T L C  (silica gel, CH2C12) R,, 0.60). Yield 316 mg (898) .  
Recrystallization from hexane/acetone (4:l v/v) afforded needles suitable 
for diffraction measurements (mp 90-91 OC; parent ion peak at  m / e  
360). Anal. Calcd for C12H,,S,: C ,  39.96; H ,  6.71; S, 53.34. Found: 
C ,  40.04; H, 6.60; S, 53.35. N M R  (6, CDCI,, Me,Si) 2.82 (s). IR  3400 
(w, br), 2900 (m),  1428 (s), 1410 (sh), 1310 (sh), 1269 (m), 1230 (w), 
1202 (s), 1159 (m), 1130 (sh), 1030 (w, br), 962 (m), 878 (w, br), 842 
(s), 738 (w), 709 (m), 694 (w), 676 (m).  

Pentathia-15-crown-5 (1 5S5) was the generous gift of Professor Leo 
A. Ochrymowycz, Department of Chemistry, University of Wisconsin, 
Eau Claire. Crystals suitable for diffraction studies were obtained by 
slow cooling of a solution of 15S5 in toluene/cyclohexane ( l :5) ,  

Tetrathia-12-crown-4 ( l2S4)  was prepared by the following method. 
A solution of 3,6-dithiaoctane-1,8-dithiol (519 mg, 2.42 mmol) and 
1,2-dibromoethane (454 mg, 2.42 mmol) in 50 m L  of D M F  was added 
under a nitrogen atmosphere over a period of 12 h to a suspension of 
CszC03 (1.14 g, 3.50 mmol) in 100 mL of D M F  at  50 OC. The reaction 
mixture was stirred for an hour a t  50 OC after addition was complete, 
and the D M F  was then removed by distillation at  reduced pressure. 
After the residue was stirred for 15 min with 75 mL of CH2C12 and 50 
mL of water, the organic phase was washed twice with 50 m L  of dilute 
aqueous N a O H  solution, dried over anhydrous NazS04,  and evaporated 
in vacuo. Recrystallization from chloroform afforded 12S4 (485 mg, 2.02 
mmol) mp 215-218 OC (lit. 214-216 0C;26 215-217 OCZ3). Yield 83.4%. 
Parent ion peak at  m / e  240. T L C  (CH2CIz, silica gel) Rf 0.72. ' H  
N M R  (CDCI,, Me,Si) 6 2.73 (s). IR  (KBr) 3320 (w), 2850 (w), 1425 
(s), 1370 (w), 1275 (m), I200 (m), 1175 (m), 1120 (m),  930 (w), 758 
(m), 708 ( w ) ,  673 (s). 

X-ray Diffraction Data Collection. Crystallographic data are sum- 
marized in Table I .  After the crystals had been mounted in quartz 
capillaries, data sets were collected with use of the 0-20 scan technique 
by means of a Nicolet R 3  diffractometer with a M o  X-ray tube and a 
graphite-crystal monochromator. Unit cell parameters and orientation 
matrices were determined from the setting angles of 20 or more high- 
angle reflections widely distributed in reciprocal space. Orientation and 
intensity standards were measured every 60 reflections. No decompo- 
sition was observed during data collection for any of the crystals. The 
data were corrected for Lorentz and polarization effects, but no ab- 
sorption correction was applied owing to the observed small variation in 
transmission coefficients and the small linear absorption coefficients 
(range: 7.26-7.42 cm-I). 

All three structures were solved by direct methods (SOLV, of the 
Nicolet SHELXTL Crystallographic package) from the E map with the 
highest figure of merit. Calculations were performed with the Nicolet 

Wolfet al. 

(23) Ochrymowycz, L. A,; Mak, C.-P.; Michna, J .  D. J .  Org. Chem. 1974, 

(24) Wolf, R. E.,  Jr.; Hartman, J. R.; Ochrymowycz, L. A,; Cooper, S. 

(25) Buter, J.; Kellogg, R. M. J .  Chem. SOC., Chem. Commun. 1980, 

(26) Buter, J.; Kellogg, R. M. J .  Org. Chem. 1981, 46, 4481-4485. 

39, 2079-2084. 

R. Inorg. Synrh., in press. 

466-467. 

Table I. Crystallographic Data for Tetrathia-12-crown-4 (1 2S4), 
Pentathia-15-crown-5 (15S5), and Hexathia-18-crown-6 (18S6) 
cmpd 12S4 1 5 s  18S6 
mol wt 240.45 300.56 360.72 
space group Cc (No. 9) P2 , /n  (No. 14) Fdd2 (No. 43) 
a ,  A 13.028 (7) 16.444 (3) 20.466 (1) 
b, 8, 12.884 (5) 5.432 (1) 33.222 (3) 
c, A 14.493 (7) 18.255 (3) 5.213 (4) 
a, deg 90 90 90 
6, deg 108.18 (4) 115.58 (1) 90 
7, deg 90 90 90 
vol, A3 2311.4 1470.83 3544.6 
dcalcdr g/cm3 1.38 1.36 1.35 
dobrd 1.38 1.34 
Z 8 4 8 
x M o  K a  M o  K a  Mo K a  
F(000) 1023.94 639.96 1535.9 
1, cm-' 7.42 7.29 7.26 
cryst size, mm 0.25 X 0.25 X 0.25 X 0.25 X 0.15 X 0.25 X 

0.3 0.35 0.4 
refl coll +h,+k,kl  fh,=kk,+l 
total no. of refl coll 2574 5183 1616 
unique data with 1878 2605 834 

20 range, deg 3-50 3-50 3-60 

+h,+k,+l 

Fz > 3 4 3  

final R, % 3.77 4.55 6.67 
final R,, % 3.36 4.59 6.94 
GOF" 1.396 1.280 1.564 
no. of var. 215 154 81 
temp 23 23 23 
scan rate, deg/min 3.0-15.0 2.0-10.0 2.00-29.3 
mode 0-28 8-28 8-28 
RlMQ 0.02 16 0.0198 0.0200 

"The  goodness of fit is defined as [Cw(lFol - IFc1)2/(no - nv)]1/2, 
where no and n, denote the number of data and variables, respectively. 

S H E L X T L  Crystallographic Package programs on a Nova 3 minicom- 
puter. Atomic scattering factors were obtained from the usual source.27 
Block-diagonal least-squares refinement with anisotropic temperature 
factors for all non-hydrogen atoms was continued to convergence; the 
function minimized during refinement was R = Z(llFol - lFcll)/CIFol,  
R, = - IFc l ) / xw ' /2Fo ,  where w = l/(a2F + GP), where G, 
the factor by which particularly intense reflections were down-weighted, 
was 0.001-0.0002. 

Several of the carbon atoms (C5 and C6 in pentathia-15-crown-5, and 
C 2  and C3  in hexathia-18-crown-6) appear to be disordered. This dis- 
order manifests itself by thermal ellipsoids that are exceptionally elon- 
gated along the S-C bond direction, and it probably arises from the 
presence at  the C-C linkage of two equivalent configurations much like 
the A, 6 isomerism of ethylenediamine ~ h e l a t e s . ~ * , ~ ~  The mechanism of 
a similar disorder in a thioether complex has been discussed in detail by 
Olmstead et al.30 (The same type of disorder appears in the structures 
of tetrathia-14-crown-4 (6 isomorph),6 t r i th ia - l2-~rown-4 ,* ,~  and 1,4- 
d i th i a - l8 -~ rown-6 .*~~)  Although it could not be resolved here, an anal- 
ogous case with a,w-bis(methyldodeca-1,12-diylammonio)hexane di- 
bromide" (which on an ordered model also exhibits thermal ellipsoids 
elongated along bond directions) has recently been resolved." 

Cycles of difference Fourier maps and least-squares refinement re- 
vealed most of the hydrogen atoms (except those bound to disordered 
carbon atoms); all H atoms were included at  their calculated positions 
with isotropic thermal parameters but not refined. The final difference 
map showed no peak greater than 0.51 e/A' in  any of the structures. 

Structure Determinations. Tetrathia-12-crown-4. The observed sys- 
tematic absences (hkl, h + k # 2n; hOl, I # 2n) are consistent with the 
space groups Cc and C2/c. Subsequent refinement established the former 
as correct. After successful refinement in space group Cc, the atomic 
coordinates of the two independent molecules were compared, in order 
that a possible symmetry relationship between them might be discovered. 
N o  such relationship was found. Final discrepancy indices were R = 

(27) Cromer, D. T.; Waber, J .  T. International Tables for X-ray Crys- 

(28) Hawkins, C. J .  Absolute Configuration of Metal Complexes; Wi- 

(29) Corey, E. J.; Bailar, J. C. J .  Am. Chem. SOC. 1959, 81, 2620-2629. 
(30) Olmstead, M. M.; Musker, W. K.; Kessler, R. M. Inorg. Chem. 1981, 

20, 151-157. 
(31) Rubin, B. H.; Williamson, M.; Takeshita, M.; Menger, F. M.; Anet, 

F. A. L.; Bacon, B.; Allinger, N. L. J .  Am. Chem. SOC. 1984,106, 2088-2092. 

tallography; The Kynoch Press: Birmingham, England, 1974; Vol. IV. 

ley-Interscience: New York, 1971; p 28. 
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Table 11. Atomic Coordinates (X104) and Temperature Factors (A2 
X IO’) for Tetrathia-12-crown-4 

atom X Y z U“ 
SI 
s 4  
s 7  
SI0 
c 2  
c 3  
c 5  
C6 
C8 
c 9  
c11 
c 1 2  

SI‘ 
S4‘ 
S7’ 
S10‘ 
c 2’ 
C3‘ 
C5‘ 
C6’ 
C8‘ 
C9’ 
C l l ’  
C12‘ 

3714 (1) 
1119 (1) 
1751 (1) 
4370 ( I )  
2383 (4) 
2407 (5) 
1012 (4) 
1751 (5) 
2487 (4) 
3674 ( 5 )  
3831 (4) 
4318 (4) 

3261 ( I )  
5063 ( I )  
2276 ( I )  

522 ( I )  
3824 (4) 
4627 (4) 
3847 (4) 
3576 (4) 
1348 (4) 
1336 (4) 
1341 (4) 
2361 (4) 

6638 ( I )  
8868 (1) 

10779 ( 1 )  
8579 ( 1 )  
7217 (4) 
8210 (4) 
9427 (4) 

10334 (4) 
9729 (4) 
9712 (4) 
7559 (4) 
7542 (4) 

5336 (1) 
7396 (1) 
7187 (1) 
5087 (1) 
6467 (4) 
6244 (4) 
7704 (4) 
6933 (4) 
6715 (4) 
5544 (4) 
5492 (4) 
4845 (4) 

3429 (1) 
1899 (1) 
4570 (1) 
6097 (1) 
2886 (4) 
2316 (4) 
3004 (4) 
3383 (4) 
5335 (4) 
5432 (4) 
5213 (3) 
4398 (4) 

11182 (1) 
9739 (1) 
7006 (1 )  
8448 (1) 

10774 (4) 
10250 (4) 

8744 (4) 
7913 (4) 
7622 (4) 
7720 (4) 
9654 (4) 

10047 (4) 
“Equivalent isotropic U defined as one-third of the trace of the or- 

thogonalized Uij tensor. 

Table 111. Bond Lengths (A) and Selected Angles (deg) for 
Tetrathia- 12-crown-4 

SI-C2 1.826 (5) SI’-C2’ 1.811 (6) 
S I -c12  1.806 (5) Sl’-CI2’ 1.811 ( 5 )  
s4 -c5  1.801 ( 6 )  S4’-C5’ 1.823 (5) 
s4 -c3  1.808 (6) S4’-C3’ 1.826 (6) 
S7-C6 1.8 I5 (6) S7’-C8’ 1.817 (7) 
S7-C8 1.820 (5) S7‘-C6‘ 1.820 ( 5 )  
s 10-c9 1.825 (5) SI0’-C9’ 1.811 (7) 

C l l -C12  1.505 (8) C2’-C3’ 1.501 (9) 
C2-C3 1.528 (8) C5’-C6’ 1.516 (7) 
C5-C6 1.504 (8) C8’-C9’ 1.516 (7) 

SIO-CI I 1.817 ( 5 )  SI0’-CII’ 1.818 (5) 

C8-C9 1.508 (8) Cll’-C12’ 1.521 (8) 

C12-SI-CZ 101.3 (2) C2’-Sl’-C12’ 101.4 (2) 

C6-S7-C8 100.7 (3) C6’-S7’-C8’ 101.4 (3) 
c5-s4-c3  102.2 (3) C3’-S4’-C5’ 101.2 (2) 

CIl-SIO-C9 100.8 (2) C9’-SIO’-C11’ 101.1 (3) 

Table IV. Torsional Angles (deg) for Tetrathia- 12-crown-4 
Sl-C2-C3-S4 -1 73.1 S I’-C2’-C3’-S4’ 173.8 
c2-c3-s4-c5  73.7 C2’-C3’-S4’-C5’ -71.1 
C3-S4-C5-C6 72.5 C3’-S4’-C5’-C6‘ -69.3 
S4-C5-C6-S7 - I  72.7 S4’-C5‘-C6‘-S7‘ 173.2 
C5-C6-S7-C8 72.2 C5‘-C6’-S7‘-C8‘ -75.8 
C6-S7-C8-C9 71 .O C6’-S7’-C8’-C9’ -7 1 .O 
S7-C8-C9-S10 -174.1 S7’-C8’-C9’-SIO’ 173.7 
C8-C9-S 10-C 1 1 71.5 C8’-C9’-SIO’-Cll’ -71.0 
C9-SlO-Cl I-C12 76.1 C9’-SlO’-CIl’-C12’ -72.0 
SIO-CI l-CI2-Sl -173.6 SI0’-Cl l’-Cl2’-Sl’ 173.1 
c 1 1-c 12-s 1 - c 2  68.2 Cll’-Cl2’-Sl’-C2’ -74.2 
c 12-Sl-C2-C3 72.2 C 1 2’-S l’-C2’-C3‘ -7 3.2 

3.77% ( R ,  = 3.36%). Positional parameters for the non-hydrogen atoms 
are collected in Table 11. 

Pentathia-15-crown-5. The observed systematic absences (OkO, k # 
2n; hOl, h + I # 2n) uniquely defined the space group as P2 , /n  
(equivalent positions f(x,y,z); + x ,  + y ,  - z ) ) ,  a nonstan- 
dard setting of P2,/c.  Final discrepancy indices were R = 4.55% ( R ,  
= 4.59%). Positional parameters for the non-hydrogen atoms are col- 
lected in  Table V. 

Hexathia-18-crown-6. The observed systematic absences ( h k l ,  h + k 
# 2n, h + I # 2n; k + 1 # 2t1; Okl, k + 1 # 4n, k ,  1 # 2n; hOl, h + 
I # 4n, h ,  1 # 2n; hkO, h ,  k # 4n; hOO, h # 4n; OkO, k # 4n; 001, 1 # 
4n) uniquely defined the space group as Fdd2. Final discrepancy indices 

Table V. Atomic Coordinates (X104) and Temperature Factors (A2 
X lo3) for Pentathia-15-crown-5 

atom 
SI 
s 4  
s 7  
SI0 
S I 3  
c 2  
c 3  
c 5  
C5d 
C6 
C6d 
C8 
c 9  
c11 
c 1 2  
C14 
C15 

X Y 2 V 
5546 (1) 13982 (2) 978 ( I )  63 ( I )  
7175 (1) 11713 (4) 3524 ( I )  84 ( I )  
5562 (1) 7123 (3) 4416 ( I )  73 ( 1 )  
3774 (1) 4699 (2) 2707 ( I )  53 ( I )  
3135 (1) 9583 (3) 604 ( I )  61 (1) 
6267 (4) 12170 (12) 1859 (4) 71 (3) 
6342 (5) 13203 (15) 2616 (4) 92 (4) 
6454 (6) 10639 (17) 4077 (4) 67 (4) 
6525 (15) 9454 (50) 3654 (15) 92 (13) 
6139 ( 5 )  8164 (15) 3804 (5) 61 (4) 
6373 (25) 9984 (62) 4376 (16) 117 (17) 
4446 (4) 8461 ( 1 1 )  3879 (3) 67 (3) 
3717 (4) 6570 (11) 3498 (3) 67 (3) 
3153 (3) 6465 (10) 1791 (3) 50 (2) 
3716 (3) 8407 (9) 1635 (3) 53 (2) 
4120 (4) 10709 (11) 472 (3) 68 (3) 
4427 (4) 13108 (11) 889 (3) 64 (3) 

”See Table 11. footnote a 

Table VI. Bond Lengths (A) and Selected Angles (deg) for 
Pentathia- 15-crown-5 

S l -CI5  1.837 (7) 57-c8 1.817 (6) 
SI-C2 1.820 (6) 57-c6 1.840 ( 1  1) 
s 4 - c 3  1.821 (6) S7-C6d 2.069 (38) 

S4-C5d 1.711 (29) SlO-C9 1.800 (7) 
s 4 - c 5  1.950 (11) S10-CII 1.813 (5) 

S13-CI4 1.842 (7) 
S13-CI2 1.819 (5) 

C2-C3 1.448 (1 1) C5-C6 1.449 (12) 
C8-C9 1.502 (8) C5-C5d 1.050 (31) 
C11-CI2 1.509 (8) C5-C6d 0.7 12 (39) 
C14-Cl5 1.483 (8) C5d-C6 1.058 (31) 

1.368 (32) C5d-C6d 1.473 (49) C6-C6d 

C15-Sl-C2 100.6 (3) C8-S7-C6 102.4 (3) 
c3-s4-c5  102.5 (4) C8-S7-C6d 101.3 ( I O )  
C3-S4-C5d 100.1 (8) C6-S7-C6d 40.4 ( I O )  
C5-S4-C5d 32.5 (5) ClI-SIO-C9 103.7 (3) 
C14-SI3-Cl2 98.8 ( 3 )  

Table VII. Torsional Angles (deg) for Pentathia-15-crown-5 
SI-C2-C3-C4 -171.9 C9-S10-CI I-Cl2 84.3 
C2-C3-S4-C5 -1  21.9 S1 0-CI 1-CI 2-SI3 166.6 
C3-S4-C5-C6 91.0 Cl l -Cl2-SI3-Cl4  -156.4 
S4-C5-C6-S7 174.4 C12-SI 3-CI4-Cl5 -78.4 
C5-C6-S7-C8 82.8 S 1 3-C 14-C I 5-S 1 167.0 
C6-S7-C8-C9 113.8 C14-C15-SI-C2 -80.9 
S7-C8-C9-S10 -63.9 C I  5-SI-C2-C3 -76.1 
C8-C9-SIO-C11 -88.5 

Table VIII. Atomic Coordinates ( X  lo4) and Temperature Factors 
(A2 X lo’) for Hexathia-18-crown-6 

atom X V U a  

s1 
s 4  
s 7  
c 2  
c 3  
c 5  
C6 
C8 
c 9  

737 ( I )  
2619 (1)  
3914 ( I )  
1654 (7) 
1717 (7) 
2758 (4) 
3055 (4) 
3930 (4) 
-761 (4) 

2781 ( I )  3125 78 ( 1 )  
3079 ( I )  -649 (8)  62 ( 1 )  
3535 ( I )  3284 (10) 74 ( I )  
2920 (3) 2567 (27) 108 (6) 
2991 (4) 1 (25) 101 (6) 
3592 (2) 429 (20) 61 (3) 
3639 (3) 3012 (23) 63 (3) 
3001 (3) 4251 (24) 76 (3) 

-2250 (3) 2336 (24) 80 (4) 
~~ 

”Equivalent isotropic U defined as one-third of the trace of the or- 
thogonalized U,, tensor. 

were R = 6.71% (R, = 6.97%). Positional parameters for the non-hy- 
drogen atoms are collected in Table VI11. 

Results 
Descriptions of the Structures. Bond lengths  in t e t r a th i a -  12- 

c rown-4  ( 1  2S4) ,  penta th ia -15-crown-5  ( I  5S5) ,  a n d  hexath ia -  
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Figure 1. ORTEP drawing of 12S4 showing thermal ellipsoids a t  50% 
probability level (hydrogen atoms are omitted for clarity). Atomic 
numbering follows IUPAC convention (Le., SI-C2-C3-S4, etc.) 

s10 
Figure 2. ORTEP drawing of 15S5 showing thermal ellipsoids at 50% 
probability level (hydrogen atoms are omitted for clarity). Atomic 
numbering follows IUPAC convention (Le., SI-C2-C3-S4, etc.) 

18-crown-6 (1 8S6) correspond closely to those in previously re- 
ported crown structures.loJ1 Carbon-sulfur bond lengths range 
from 1.797 (8) to 1.844 (10) 8, and agree with those of tetra- 
thia- 14-crown-4 ( 1  4S4),6 trithia-9-crown-3 (9S3),22 and several 
partially thia-substituted crown  ether^.^,^,^^ As in other crown 
structures, the C-C bond distances found here (range: 1.440 
(9)-1.528 (8) A) are significantly shorter than the value expected 
for C(sp3)-C(sp3) linkages (1.54 They compare well, 
however, with those reported for other crowns (e.g., for 18- 
~ r o w n - 6 , ~ ~ , ~ ~  for the crowns mentioned above, and for 1,4-dithi- 

the lowest homologue of the present compounds). 
Earlier structures of macrocyclic thioethers have been described 

in terms of whether the lone pairs of the sulfur atoms point into 
or out of the ring. (These two orientations are known as endo- 
and exodentate, respectively.)6 In each of the two crystallo- 
graphically independent molecules of tetrathia-12-crown-4, all four 
of the sulfur atoms point out of the ring (Le., are exodentate), 
in a conformation that appears square in projection (with ap- 
proximate D4 symmetry) (Figure 1). This conformation is 
identical with that of c y c l ~ d o d e c a n e ~ ~ ~ ~ ~  and closely related to the 
rectangular one of tetrathia-14-crown-46 (in which all four S atoms 
are also exodentate). Pentathia-15-crown-5 adopts an irregular 
shape (Figure 2) in which, once again, all of the sulfur atoms are 
exodentate. In contrast, hexathia-18-crown-6 (Figure 3), which 
has crystallographically imposed twofold symmetry, has only four 
of its six sulfur atoms exodentate; the other two are endodentate. 

Despite their differences in gross appearance and exo/endo 
orientations, these three crown thioethers are  actually closely 
related conformationally: all three have their sulfur atoms a t  
“kinks” and tend to have their carbon atoms in linear S-C-C-S 

(32) Huffman, J. C.; Campbell, M. L.; Dalley, N.  K.; Larson, S. B. Acta 

(33) Spec. Pub/.-Chem. SOC. 1965, No. 18. 
(34) Maverick, E.; Seiler, P.; Schweizer, W. B.;  Dunitz, J. D. Acta 

(35) Dunitz, J. D.; Seiler, P. Acta Crystallogr. 1974, 530,  2739-2741. 
(36) Marsh, R. E. Acta Crystallogr. 1955, 8, 91-94. 
(37) Dunitz, J. D.: Shearer, H. M. M. Helu. Chim. Acta 1960, 43, 18-35. 
(38) Groth, P. Acta Chem. Scand. 1978, A32, 279-280. 

Crystallogr. 1981, 537, 1739-1741. 

Crystallogr. 1980, 536, 61 5-620. 

Figure 3. ORTEP drawing of 18S6 showing thermal ellipsoids a t  50% 
probability level (hydrogen atoms are  omitted for clarity). Atomic 
numbering of unique atoms follows IUPAC convention (i.e., SI-C2- 
C3-S4, etc.) 

Table IX. Bond lengths (A) and Angles (deg) for 
Hexathia- 18-crown-6 

1.955 (14) 
s 4 - c 3  1.900 (13) S4-C5 1.816 (8) 
S7-C6 1.797 (8) S7-C8 1.844 ( I O )  
C5-C6 1.486 ( 1  5) C8-C9 1.448 (1  5 )  
C2-C3 1.365 (19) 

Sl-C9a 1.811 (9) SI-C2 

C9a-SI-C2 99.8 (4) C3-S4-C5 103.9 (5) 
C6-S7-C8 102.9 (4) SI-C9a-C8 114.7 ( 8 )  
SI-C2-C3 106.1 ( I O )  S4-C3-C2 107.0 ( I O )  
S4-C5-C6 116.3 (6) S7-C6-C5 116.9 (7) 

S7-C8-C9 11 2.0 (8) 

Table X.  Torsional Angles (deg) for Hexathia-18-crown-6 
C2-SI-C9’-C8’ 73.3 C6-S7-C8-C9’ -1 16.5 
C9‘-SI-C2-C3 84.2 C8-S7-C6-C5 93.1 
C5-S4-C3-C2 -78.3 SI-C2-C3-S4 -174.6 
C3-S4-C5-C6 -99.8 S4-C5-C6-S7 -78.9 

S7-C8-C9-S 1 ‘ 179.2 

runs. These features lead to recurrence of a -S-CH2-CH2-S- 
CH,-CH2-S- “bracket” unit that resembles a right triangle in 
projection, with the central sulfur atom a t  the right angle. 

S-CH2-CH2-S 
I 

S 

This bracket repeat unit provides a particularly simple way of 
describing crown thioether structures. For example, the structure 
of 12S4 is generated by fusion of two bracket units (Sl-C2- 
C3-S4-C5-C6-S7 and S7-C8-C9-SlO-c1 l-Cl2-Sl) at S1 and 
S7, while that of 15S5 is formed by fusion of two bracket units 
(S4-C3<2-Sl-C15-C14-S 13 and S4-C5-C6-S7-C8<9-S 10) 
a t  S4 and linkage of S13 and SI0 by a -CH2CH2- group. Sim- 
ilarly, the 18S6 structure follows from linkage of two bracket units 
(S7-C8-C9-S I’-C2’-C3’-S4’ and S4-C3-C2-S 1 -C9’-C8’-S7’) 
at S4 and S7 (and S4’ and S7’) by means of two C-C fragments. 

Discussion 
Earlier structural work on macrocyclic t h i o e t h e r ~ ~ , ~ , ~ . ~ ~  revealed 

that the S atoms point out of the ring; this observation suggested 
that exo orientation of the S atoms is characteristic of this class 
of ligands.39 The present results show that hexathia-18-crown-6 
violates this generalization.2’ In addition, the orientation of the 
S atoms of the (-CH,-CH2-S-), macrocycles (n = 322 - 6) fails 
to yield an obvious pattern: tetrathia- 12-crown-4 and pentat- 

(39) Trithia-9-crown-3 is an exception (it has all three S atoms endoden- 
tate), but it might be argued that this is due to the small ring size. 
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1.4 INTERACTIONS AT C-E BONOS CONFORMATIONS AT C-E BONDS 

E-C 
I 

z 
C" 

C' 
I 

C 
- 
E 
I 
i 
C *  

C* 

1 
C 

TOP 

'C 

G A U C H E  A N  ____ 
Figure 4. Gauche and anti placements a t  C-C-E-C bonds. 

hia- 15-crown-5 have only exo S atoms, but hexathia-18-crown-6 
has two endo and four exo S atoms. 

A more fruitful perspective from which to consider the con- 
formation of crown thioethers is in terms of the torsional angles 
a t  the C-S and C-C bonds, where torsional angles of f60°  are 
classified as gauche and those of k18O0 as anti (Figure 4). The 
torsional angles of crown thioethers display a clear pattern: in 
hexathia- 1 8-crown-6, tetrathia- 12-crown-4, tetrathia- 14-crown-4,6 
trithia- 1 2 - c r o ~ n - 4 , ~ - ~  1,4-dithia- 1 5 - c r o ~ n - 5 , ~ * ~  1,4-dithia- 18- 
cr0wn-6,~>~ 1,lO-dithia- 18-cr0wn-6,~~~ and 1,6-dithia~yclodecane,~ 
euery C-S linkage adopts gauche placement-without e~cept ion .~ '  
Even 15% shows a preponderance of gauche placements (seven 
of the ten C-S bonds),42 although odd-membered rings commonly 
show anomalous torsional angles (because of the appreciable strain 
in odd-membered  ring^).^ In short, regardless of the exolendo 
orientation of the sulfur atoms, crown thioethers clearly display 
a strong affinity for gauche placement a t  the C-S bonds. 

The preference of C-S bonds for gauche placement contrasts 
with the antipathy of C-0 bonds to it. For example, 12/ 12 C-S 
bonds of hexathia- 18-crown-6 are  gauche, but only 2/ 12 C - 0  
bonds of 1 8 - c r o ~ n - 6 . ~ ~ ~ ~ ~  Similarly, 818 C-S bonds of tetra- 
thia-12-crown-4 adopt gauche placement, but only 4/8 C-0 bonds 
of 12-crown-4 do likewise.3g (A cyclic structure requires eight 
gauche bonds (vide infra); since 12-crown-4 has only four C-C 
bonds, a t  least four of the C-0 bonds are forced to adopt gauche 
placement in any case.) The conformational preferences of both 
C-S and C-0  bonds manifest themselves clearly in mixed oxa-thia 
crowns: 1 , 4 - d i t h i a - l 8 - c r o ~ n - 6 , ~ ~ ~  trithia- 12-cr0wn-4~-~  1,l O-di- 
t h i a - l 8 - ~ r o w n - 6 , ~ * ~  monothia- 18-cr0wn-6,~~ and 1,4-dithia-l5- 
c r 0 w n - 5 ~ ~ ~  have gauche placements at 414,616,414, 112, and 414 
C-S bonds but have 018, 012, 018, 1/10,41 and 116 gauche 
placements a t  C - 0  bonds. While exceptions do occur (typically 
where ring strain is significant, as in small or odd-membered rings), 
C-S bonds generally adopt gauche placement, while C-0 bonds 
typically avoid i t  insofar as possible. 

(40) Setzer, W. N.; Wilson, G. R.; Glass, R. S .  Tetrahedron 1981, 37, 
2735-2742. 

(41) In monothia-18-cr0wn-6~~ one of the two C-S linkages adopts 
anti placement, and one of the ten C-0 linkages adopts gauche placement. 
This compound is, however, disordered across an inversion center that relates 
an 0 and an S atom. For this reason observation of one gauche and one anti 
linkage each for both the C-S and C 4  bonds, instead of two gauche for C-S 
and two anti for C-0, is neither surprising nor significant. 

(42) Of the three remaining C-S bonds one (C12-Sl3) is anti (torsion 
angle: -156.7') and the other two (C3-S4 and S7-C8) are essentially eclipsed 
(torsion angles: -122.0 and 113.7', respectively). The eclipsing of two bonds 
graphically illustrates the strain in this ring. 
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Figure 5. Schematic representation (see text) of 1,4-interactions in 
gauche CH,-CH,-E-CH, linkages: (a) E = 0; (b) E = S .  
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Figure 6. Schematic representation (see text) of 1 ,4-interactions in 
gauche E-CH,-CH,-E linkages: (a) E = 0; (b) E = S .  

Such a marked contrast requires explanation. One of the pivotal 
factors contributing to the opposite conformational preferences 
of oxa- and thia-crowns appears to be the different 1,4-interactions 
in gauche C-C-E-C and E-C-C-E (E = 0, S) units. Consider 
first the gauche 1,4-interactions in the C-C-E-C units, which 
are strongly influenced by the substantial difference in C-E bond 
lengths (E  = 0, 1.43 A; E = S, 1.82 A).  

In 1965 Mark and F l ~ r y ~ ~  pointed out that gauche placement 
a t  a -CH2-CH2-0-CH2- fragment results in repulsion between 
the terminal hydrogen atoms, which are only 1.8 8, apart (Figure 
5a) (cf. the sum of van der Waals radii: 2.4 A44). (For com- 
parison, 1.8 8, is approximately the H-H distance in the boat 
form of cyclohexane, while the H-H separation in eclipsed ethane 
is 2.29 A.) Electron diffraction, as well as infrared, Raman, and 
microwave spectroscopic s t~dies ,~ ' - '~  shows that gauche placement 
a t  a C-C-E-C bond is less stable than anti (by ca. -1 kcal/mol). 
On the other hand, a gauche C-S linkage suffers little or no 
repulsion because the greater length of a C-S bond places the 
terminal H atoms relatively far apart (Figure 5b); in fact, A E  
(gauchelanti) is 0 to +0.3 k c a l / m 0 1 . ~ ' ~ ~ ' - ~ ~  Consistent with this, 

(43) Mark, J .  E.; Flory, P. J. J .  Am.  Chem. SOC. 1965, 87,  1415-1423. 
(44) Bondi, A. J .  Phys. Chem. 1964, 68, 441-451. 
(45) Kitagawa, T.; Kusaki, K.; Miyazawa, T. Bull. Chem. SOC. Jpn. 1973, 

(46) Oyanagi, K.; Kuchitsu, K. Bull .  Chem. Sor. Jpn. 1978, 51,  

(47) Ogawa, Y.; Ohta, M.;  Sakakibara, M.; Matsuura, H.; Harada, 1.; 

(48) Iwamoto, R.  Spectrochim. Acta 1971, 27A, 238552399, 
(49) Astrup, E. E. Acta Chem. Scand. 1979, A33, 655-664. 
(50) Flory, P. J. Statistical Mechanics of Chain Molecules; Interscience: 

(51) Oyanagi, K.; Kuchitsu, K. Bull. Chem. SOC. Jpn. 1978, 51, 

(52) Ohta, M.; Ogawa, Y . ;  Matsuura, H.; Harada, I.;  Shimanouchi, T. 

(53) Hayashi, M.; Adachi, M.; Nakagawa, J. J .  Mol. Spectrosc. 1981,86, 

(54) Hayashi, M.; Shiro, Y.; Oshima, T.; Murata, H. Bull. Chem. SOC. 

46, 3685-3687. 

2237-2242. 

Shimanouchi, T. Bull. Chem. SOC. Jpn. 1977, 50, 650-660. 

New York, 1969. 

2243-2248. 

Bull. Chem. SOC. Jpn. 1977, 50, 380-390. 

129-1 35. 

Jpn .  1966, 39, 118-121. 
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Mattice” reported diminished first-order interactions in poly- 
(thiaethylene) (relative to poly(oxyethy1ene)) and attributed the 
difference to the greater C-E bond length of the former. Hence, 
1,4-interactions disfavor gauche placement a t  C-0  but not at C-S 
bonds. 

Another type of 1,4-interaction-that between the 
heteroatoms-affects gauche placements a t  E-C-C-E bonds. 
Extensive studies on, e.g., 1,2-disubstituted ethanes, cyclohexanes, 
and oxathianes have shown that the favorability of these E-E 
interactions depends on whether E is a first- or second-row ele- 

For E = N, 0, and F dispersion forces (electron- 
nuclear a t t r a c t i ~ n ) ~ ~ * ~ ~ ~ ~ ~  between the E atoms stabilize gauche 
placement a t  the E-C-C-E bond56-58 (the attractive gauche e$ 
fectS6tS7) (Figure 6a). In contrast, for E = S the greater size of 
the atoms causes greater electron4ectron repulsion between them, 
which destabilizes gauche placement a t  the E-C-C-E b ~ n d ’ ~ - ’ ~  
(the repulsiue gauche effect) (Figure 6b). As a consequence, 
1,2-difluor0-’~ and 1,2-dimethoxyethane ( 2 , 5 - d i o x a h e ~ a n e ) , ~ ~ ~ ~ ~ ~ ~  
for example, both exist almost entirely in the gauche form, whereas 
1,2-dichlor0-~~ and 1,2-dithiomethyIethane (2,5-di thiahe~ane)~’ .~~ 
exclusively assume the anti form. Thus, in summary, in crowns 
1,4-interactions favor gauche placements at 0-C-C-0 bonds but 
disfavor them a t  S-C-C-S bonds. 

These conformational effects a t  C-E and C-C bonds reinforce 
each other to influence conformation. To achieve a cyclic structure 
some bonds must assume gauche placement: a t  issue is whether 
the ones to do so will be the C-C or C-E linkages.62 In crown 
ethers 1,4-interactions favor gauche placements a t  0-C--C-0 
bonds (attractive gauche effect) but disfavor them a t  C-C-0-C 
bonds. On the other hand, in crown thioethers the opposite is true: 
1,4-interactions disfavor gauche placement a t  S-C-C-S bonds 
(repulsive gauche effect) but not at C-C-S-C bonds. Consid- 
eration of the various 1,4-interactions therefore suggests that the 
tendency to assume gauche placement should decrease in the order 
C-S >> C-C > C-0. This is the order observed experimentally. 

In fact, a further simplification can be made. As pointed out 
by Dale,3 even-membered rings with 10-18 members generally 
adopt q ~ a d r a n g u l a r ~ ~  (Le., square or rectangular) conformations 
with sides composed of all-anti runs and each corner formed from 
two successive gauche bonds of the same sign (Le., Thus 
four corners (and hence eight gauche bonds) are expected, and 
prediction of conformation then simplifies to deciding whether 
the heteroatoms will be in the sides ( E  = 0)2 or the corners ( E  
= S )  of the quadrangle (cf .  bracket units). 

For example, consider 12-membered rings. Cyclododecane in 
projection on the molecular plane appears square.37 As pointed 
out by Dale,2 replacement of four methylene groups with oxygen 
atoms to yield 12-crown-4 (1,4,7,1O-tetraoxacyclododecane, 1204)  
should result in the 0 atoms in the sides, not the corners, of the 
square;2 this minimizes the number of gauche C-0 bonds and 
leads to the structure observed for 1204 (Figure 7).38 Conversely, 
the same replacement with S atoms should result in the S atoms 
a t  the corners of the square, as found for 12S4 (Figures 1 and 

Wol fe t  al. 

(55) Mattice, W. L. J .  Am. Chem. SOC. 1980, 102, 2242-2245. 
(56) Zefirov, N .  S. Tetrahedron 1977, 33, 3193-3202. 
(57) Juaristi, E. J .  Chem. Educ. 1979, 56, 438-441. 
(58) Wolfe, S. Acc. Chem. Res. 1972, 5, 102-1 11. 
(59) Almenningen, A,; Bastiansen, 0.; Haaland, A,; Seip, H. M. Angew. 

(60) Snyder, R .  G.; Zerbi, G. Spectrochim. Acta 1967, 23A, 391-437. 
(61) Nakagawa, I.; Mizushima, S. J .  Chem. Phys. 1953, 21, 2195-2198. 
(62) For example, cyclization of poly(ethy1ene oxide) causes a number of 

C-C bonds to change to gauche placement but does not substantially affect 
the conformations of the C-0 bonds. Mattice, W. L. Macromolecules 1979, 

(63) Strictly speaking, classification of a conformation as quadrangular 
requires that each corner consist of two gauche placements of the same sign 
(called a “genuine cornern by Dale). For the present discussion we neglect 
the difference between “genuine corners” (g+g+, g-g‘) and “pseudocorners” 
(g’g-) as of secondary importance to ligand design. For example, relaxation 
of the diamond-lattice [3434] structure of 1404 to the [77] structure found 
experimentally involves changing two of the former into the latter but leaves 
1404 still essentially rectangular in projection. In addition, pseudocorners 
are a common feature of crown structures, and to draw the distinction com- 
plicates matters unnecessarily for present purposes. 

Chem. 1965, 77, 877-888. 

12, 944-948. 
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Figure 7. Relationship between the hydrocarbon cyclododecane and the 
heteroatom-substituted analogues, 1 2 0 4  and 12S4. Heteroatoms in  
1 2 0 4  and 12S4 are  designated by arrows. 

7). Cyclooctadecane crystallizes in a rectangular form; substitution 
of S for CH2 leads to four sulfur atoms in the corners, plus two 
in the side;. (In 18S6 these sides buckle to yield gauche placement 
a t  the C-S bonds.) While the structure of 1806 is not derived 
from that of the hydrocarbon, nevertheless it too is rectangular, 
but with the heteroatoms in the sides, not the corners, of the 
r e ~ t a n g l e . ~ ~ , ~ ~  

The present model emphasizes the conformational consequences 
of torsional strain and nonbonded interactions but neglects dipolar 
contributions as well as bond length ana angle deformations. These 
terms might be expected not to contribute much to differences 
in conformation between oxa- and thia-crowns. One might expect 
dipolar interactions to be roughly similar since the dipole moments 
of dimethyl ether and dimethyl sulfide differ little (1.3 1 D for 
CH30CH3,  1 .SO D for CH3SCH3).”-64 Similarly, deformations 
of bond lengths and angles probably do not strongly influence 
conformation, since, as Dale has pointed out,’ the steep potential 
wells for bond stretching and bending make these deformations 
very expensive energetically. Instead, most of the strain of alicyclic 
molecules is ,traded into relatively cheap torsional angle changes3 

A number of other simplifications have been made in addition 
to those discussed above. First, the present rules apply only to 
ethyl-linked systems such as the crowns discussed here. On the 
other hand, these systems are among those of the greatest interest 
in the context of coordination chemistry. Second, the rules are 
most readily applied to molecules of high symmetry. An asym- 
metric distribution of heteroatoms within the macrocycle can make 
conformational preferences of different segments of the ring act 
in opposition rather than concert and thereby preclude a clearcut 
prediction of the conformation of the ring as a whole. 

It may also be asked to what extent, if any, the conformations 
of crowns in the solid state reflect crystal packing forces rather 
than intrinsic conformational preferences of the individual mol- 
ecules. X-ray diffraction studies on poly(ethy1ene o ~ i d e ) , ~ ~ ~ ~ ~  
molecular mechanics calculations on oxa  crown^,^^.^^ and the 
observed uniformity of conformational preferences in oxa- and 
thia-crowns all suggest that packing forces play a minor role in 
influencing crown conformations. Some cases are known, however, 
of molecules (e.g., 1 ,6-dithiacyclodecane6*) that adopt different 
conformations in the solid state and the liquid or gas phase. Lastly, 
the model does not include the effects of solvation, which will affect 
relative stabilities of conformations in solution. Nevertheless, 

(64) Handbook of Chemisrry and Physics, 60th ed.; Chemical Rubber Co.: 

(65) Tadokoro, H.; Chatani, Y.; Yoshihara, T.; Tahara, S.; Murahashi, 

(66) Bovill, M. J.;  Chadwick, D. J.; Sutherland, I. 0.; Watkin, D. J .  J .  

(67) Wipff, G.; Weiner, P.; Kollman, P. J .  Am. Chem. SOC. 1982, 104, 

(68) Setzer, W. N.; Coleman, B. R.; Wilson, G.  S.; Glass, R. S. Tetra- 

Cleveland, OH, 1979-1980; p E-64. 

S. Makromol. Chem. 1964, 73, 109-127. 

Chem. SOC., Perkin Trans. 2 1980, 1529-1543. 

3249-3258. 

hedron 1981, 37, 2743-2747. 
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despite the oversimplifications inherent in it, this simple model 
based upon the difference in C-E bond lengths and 1,4 E.-E 
interactions accounts for observations and provides a basis for 
design of crown-type ligands. 

Conclusions 
Analysis of the structures of 12.34, 15S5, and 18S6 shows a 

marked preference for gauche placement a t  the C-E bonds. This 
preference is expressed by crown thioethers generally and is 
diametrically opposite that shown by crown ethers. The difference 
in 1,4-interactions at  the C-C-E-C and E-C-C-E bonds parallels 
the difference in conformational preference between oxa- and 
thia-crowns, and it can be used to rationalize the following ex- 
perimentally observed order of gauche preference: C-S >> C-C 
> C-0. Prediction of conformation in -(C-C-E),- crown-type 
ligands can be accomplished by the following: (1) maximizing 
the number of C-S bonds in gauche placement; (2) minimizing 
the number of C-0 (or secondary C-N) bonds in gauche 

placement; (3) minimizing the number of C-C bonds in gauche 
placement. The application of these considerations to design of 
macrocyclic ligands is apparent. 
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Palladium-Catalyzed Reactions in the Synthesis of 3 -  and 
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Abstract: The N-acetyl methyl esters of the (&)-claviciptic acids 9 were synthesized in 12 steps in overall 18% yield from 
commercially available 2-bromo-6-nitrotoluene. The synthesis involved, as key steps, Pd(I1)-catalyzed formation of the indole 
and the seven-membered nitrogen-containing C-ring and Pd(0)-catalyzed introduction of both C-ring side-chain precursors. 

The unusual ergot alkaloid biosynthesis derailment product 
clavicipitic acid (1) occurs in nature as a mixture of cis (la) and 
trans (lb) diastereoisomers, the proportions of which depend on 
the specific microorganism from which it is isolated.' Clavicipitic 
acid has been the recent target of two multistep total syntheses 
(183 and 264 steps, respectively). These gave the desired product 
as mixtures of cis and trans isomers in approximately 0.5% overall 
yield from commercially available starting materials and involved 
many classical synthetic procedures, including extensive protection, 
deprotection, and functional group modification. Both the isolated 
and synthetic clavicipitic acids were converted to the N-acetyl 
methyl esters 9a,b for ease in handling. We have been developing 
palladium-catalyzed approaches to the ergot  alkaloid^,'^^ primarily 
to demonstrate the efficacy of the use of transition metals in 
organic synthesis. Herein we report an unconventional approach 
to these N-acetyl methyl esters (9a,b) of the clavicipitic acids 
utilizing palladium catalysis in four key carbon-carbon and 
carbon-nitrogen bond-forming steps. 

Results and Discussion 
Scheme I summarizes the successful approach to the total 

synthesis of 9a,b. The conversion of commercially available 2- 
bromo-6-nitrotoluene to 1 -tosyl-3-iodo-4-bromoindole (5) has been 
presented in detail' and requires no further comment. Palladi- 

( I )  Part 1:  Harrington, P. J.; Hegedus, L. S. J .  Org. Chem. 1984, 49, 2657. 
(2) (a) Robbers, J .  E.; Otsuka, H.; Floss, H. G.; Arnold, E. V.; Clardy, 

J.  J. Org. Chem. 1980, 45, 1 1  17. (b) King, G. S.; Waight, E. S.; Mantk, P. 
G.; Szcyrbak, C. A.  J. Chem. SOC. Perkin Trans. 1 1977, 2099 

(3) Kozikowski, A. P.; Greco, M. N. J .  Org. Chem. 1984, 49, 2310. See 
also: Kozikowski, A.  P.; Okita, M. Tetrahedron Lett. 1985, 26, 4043. 

(4) Muratake, H.; Takahashi, T.; Natsume, M. Heterocycles 1983, 20, 
1963. 

(5 )  Hegedus, L. S.; Allen, G. F.; Bozell, J .  J . ;  Waterman, E. L. J .  Am.  
Chem. SOC. 1978, 100, 5800. 
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um(0)-catalyzed oxidative addition/olefin insertion ("Heck 
arylation"6) with the a-acetamidoacrylate fortuitously produced 
the 2 isomer exclusively of 6 in 60% isolated yield. In addition 
15-20% of deiodinated product 4 was recovered and could be 
recycled through the mercuration/iodination steps. Introduction 
of the tertiary allylic alcohol sidechain in the 4-position under 
similar palladium(0)-catalyzed conditions produced compound 

(6) Heck, R.  F. Org. React. (N.Y. )  1982, 27, 345. 
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