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spectroscopic changes and the protection of tryptophans from 
oxidation in the glycoprotein avidin which are brought about 
by complex formation with biotin are due to interaction be
tween biotin and the tryptophans of each subunit of avidin.2 
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In order to identify any biotin-tryptophan interaction that 
might be contributory to the very strong binding observed in 
the avidin-biotin complex, KQ » 1O-15M, model compounds 
were synthesized in this laboratory3 having trimethylene (2) 
and tetramethylene chains between the biotin ring system and 
indole. The name of the former compound is abbreviated as 
Biot-C3-Ind to indicate the essential features of the model.4 

Its structure and stereochemistry are established by its method 
of synthesis from the precursor (+)-biotin. In this model, the 
trimethylene bridge, which has been used to advantage in 
earlier photochemical5 and structural6 studies of interactions, 
allows the existence of folded conformations in which the indole 
can lie under, or endo'to, the fused rings of the biotin moiety. 
Evidence has been gathered from ultraviolet absorption, flu
orescence emission, and NMR spectroscopy for the existence 
of a weak intramolecular interaction between the two ring 
systems of Biot-C3-Ind (2) in dilute solutions in hydrophobic 

solvents.3 A determination of the X-ray structure of compound 
2 was undertaken to delineate potential intra- or intermolecular 
proximity, or association, of biotin with indole, and, by analogy, 
of biotin with the tryptophan units of avidin. The structure of 
Biot-C3-Ind (2) may also be related to the X-ray structures of 
biotin (I)7 '8 and several derivatives of biotin (3,94,'°5") re-

3 R = NHC H Br R'" CONHC H Br 
6 4 6 4 

ported previously. A prominent feature of all these structures 
is the longer than usual ureido carbonyl bond and the corre
sponding shortening of the carbonyl carbon-nitrogen bonds 
of the ureido ring. This feature has been attributed8 to partial 
derealization of electronic charge within the ureido group in 
response to participation of the carbonyl oxygen in a strong 
hydrogen bond. 

We have also determined the X-ray structure of the major 
oxidation product of Biot-C3-Ind (2) with hydrogen peroxide 
in glacial acetic acid, namely, the a-sulfoxide 6. The stereo

chemistry of this sulfoxide, which had been assigned on the 
basis of comparison of NMR spectra of Biot-C3-Ind and its two 
diastereomeric sulfoxides,3 was confirmed by this analysis. 
Moreover, a combination of the detailed structure obtained 
by X-ray analysis with the 1H and 13C NMR correlations for 
a-Biot(SO)-C3-Ind (6)3 would provide the basis for future 
structural and stereochemical assignments in asymmetric 
sulfoxides. The related a-sulfoxide of (-t-)-biotin has assumed 
importance because of the predominant formation of this di-
astereomer from NBS oxidation of bound biotin in the avi
din-biotin complex. 

Experimental Section 
Crystal Data for 2, [3aS-(3aa,40,6aa)]4-[3-(Indo]-3-yl)propyl]-

hexahydro-2-oxo-lfMhieno[3,4-d]imidazole (Biot-C3-Ind) Hem-
ihydrate.3 Anal. Calcd for C6H19N3OS-1AH2O: C. 61.91; H, 6.49; 
N, 13.54. Found: C, 61.94; H, 6.30; N, 13.33. Crystallized from 
aqueous ethanol; mol wt 310.5, orthorhombic, a = 46.229 (13) A, b 
= 7.533(2) A, c = 9.012 (2) A, V = 3138.4 A3, Z = 8, pc = 1.31 g 
cm~3,M(Cu Ka) = 18.4 cm-1, F(OOO) = 1320, systematic absences 
for /iOO when h = 2n + 1, for OAO when k = In + 1, and for 00/ when 
/ = 2« + I establish the space group as P2\2\2\. The cell dimensions 
were obtained by a least-squares fit to the settings for 15 reflections 
on a Syntex P2i diffractometer equipped with a graphite monochro-
mator, X(Cu Ka) = 1.541 78 A. 

Solution and Refinement of the Structure of 2. A crystal with di
mensions ca. 0.10 X 0.05 X 0.03 mm was used for data collection. The 
data collection was performed in the 28-0 scan mode. The variable 
scan option was employed (2.0 to 12.0° min-1) with the total back
ground time equal to the scan time. Three standards were monitored 
every 57 reflections. Examination of these reflections showed no 
crystal deterioration. The hkl octant was collected out to 26 = 140° 
(sin 8/X = 0.609). Out of the possible 3387 unique reflections col
lected, 2285 were considered significant at the 2<r level based on 
counting statistics. The data were corrected for Lorentz and polar
ization effects, but not for absorption; the minimum and maximum 
transmission factors were estimated to be 0.95 to 0.91. 

The structure was solved by direct methods using the version of the 
MULTAN program12 supplied with the Syntex EXTL system.13 

Full-matrix, least-squares refinement of positional and anisotropic 
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Table I. Final Atomic Coordinates for the Two Molecules of 2 

atom 

N(I) 
C(2) 
N(3) 
C(3A) 
C(4) 
S(5) 
C(6) 
C(6A) 
C(7) 
C(8) 
C(9) 
N(IO) 
C(Il) 
C(12) 
C(12A) 
C(13) 
C(14) 
C(15) 
C(16) 
C(16A) 
0(17) 
N(l') 
C(2') 
N(3') 
C(3A') 
C(4') 
S(5') 
C(6') 
C(6A') 
C(7') 
C(8') 
C(9') 
N(IO') 
C(ll ') 
C(12') 
C(12A') 
C(13') 
C(14') 
C(15') 
C(16') 
C(16A') 
0(17') 

X 

0.67363(14) 
0.66079(16) 
0.67782(13) 
0.70360(16) 
0.73232(14) 
0.73808 (4) 
0.72665(15) 
0.70243(16) 
0.73255(14) 
0.76107(15) 
0.78849(15) 
0.85147(16) 
0.83194(16) 
0.81420(15) 
0.82255(15) 
0.81316(17) 
0.82623 (20) 
0.84836(20) 
0.85836(17) 
0.84567(16) 
0.63630(9) 
0.37013(15) 
0.36229(17) 
0.37988(15) 
0.40018(16) 
0.43259(15) 
0.44053 (5) 
0.41988(17) 
0.39257(17) 
0.43941 (16) 
0.47133(16) 
0.47782(16) 
0.55386(17) 
0.52707 (20) 
0.50899(15) 
0.52581 (16) 
0.51938(16) 
0.54034 (20) 
0.56758 (20) 
0.57489 (20) 
0.55350(18) 
0.34313(10) 

y 

0.6116(9) 
0.4616(12) 
0.3186(9) 
0.3677(10) 
0.3119(10) 
0.4710(3) 
0.6497 (9) 
0.5753(10) 
0.1175(9) 
0.0642 (9) 
0.0942(11) 

-0.0888(13) 
0.0529(12) 

-0.0053(11) 
-0.1809(12) 
-0.3006(13) 
-0.4670(15) 
-0.5127(13) 
-0.3977(13) 
-0.2271 (11) 

0.4531 (7) 
0.5806(10) 
0.4507(12) 
0.3099 (9) 
0.3382(11) 
0.3329(11) 
0.5610(3) 
0.6514(12) 
0.5303(12) 
0.1936(11) 
0.1825(12) 
0.0317(12) 
0.0440(15) 
0.1228(12) 
0.0059(11) 

-0.1513(12) 
-0.3127(14) 
-0.4482(14) 
-0.4146(16) 
-0.2534(17) 
-0.1239(14) 

0.4586 (8) 

Z 

0.9095(10) 
0.9616(10) 
0.9324(9) 
0.8461 (9) 
0.9202 (9) 
1.0701 (3) 
0.9484(10) 
0.8459(9) 
0.9748 (8) 
1.0519(9) 
0.9551 (10) 
1.1626(8) 
1.1299(10) 
1.0170(9) 
0.9812(9) 
0.8758(10) 
0.8649(11) 
0.9629(12) 
1.0678(12) 
1.0746(10) 
1.0193(6) 
0.3026(10) 
0.3954(10) 
0.3703(10) 
0.2478 (9) 
0.2995 (9) 
0.3608 (3) 
0.2076(10) 
0.1959(9) 
0.4150(10) 
0.4525(10) 
0.5599(11) 
0.6887(10) 
0.6659(11) 
0.5982(11) 
0.5733(11) 
0.5090(11) 
0.5030(12) 
0.5653(17) 
0.6269(14) 
0.6294(12) 
0.4904 (7) 

atom 

O(W) 
H(I)0 

H(3) 
H(3A) 
H(4) 
HA(6) 
HB(6) 
H(6A) 
HA(7) 
HB(7) 
HA(8) 
HB(8) 
HA(9) 
HB(9) 
H(IO) 
H(Il) 
H(13) 
H(14) 
H ( I S ) 
H(16) 
H(l') 
H(3') 
H(3A') 
H (4') 
HA(6') 
HB(6') 
H(6A') 
HA(7') 
HB(7') 
HA(8') 
HB(8') 
HA(9') 
HB(9') 
H(IO') 
H(11') 
H(13') 
H(14') 
H(15') 
H(16') 
HA(W) 
HB(W) 

X 

0.60121 (10) 
0.667(1) 
0.670(1) 
0.703 (O)6 

0.749 (0) 
0.719(0) 
0.743 (0) 
0.706 (0) 
0.716(0) 
0.729(0) 
0.763 (0) 
0.760 (0) 
0.785 (0) 
0.793 (0) 
0.856(2) 
0.831 (0) 
0.797(0) 
0.820 (0) 
0.857(0) 
0.874 (0) 
0.366 (2) 
0.375(2) 
0.398 (0) 
0.445 (0) 
0.414(0) 
0.431 (0) 
0.386 (0) 
0.428 (0) 
0.433 (0) 
0.483 (0) 
0.478 (0) 
0.467 (0) 
0.471 (0) 
0.569(1) 
0.522 (0) 
0.500 (0) 
0.536(0) 
0.582 (0) 
0.595 (0) 
0.610(0) 
0.593 (0) 

y 

0.2050 (8) 
0.724 (9) 
0.186(9) 
0.309 (0) 
0.315(0) 
0.751 (0) 
0.692 (0) 
0.630 (0) 
0.101 (0) 
0.038 (0) 
0.136(0) 

-0.064 (0) 
0.052 (0) 
0.224 (0) 

-0.072(14) 
0.172(0) 

-0.267 (0) 
-0.551 (0) 
-0.635 (0) 
-0.432 (0) 

0.700 (9) 
0.222(9) 
0.244 (0) 
0.295 (0) 
0.776 (0) 
0.648 (0) 
0.540 (0) 
0.223 (0) 
0.075 (0) 
0.162(0) 
0.297 (0) 
0.056 (0) 

-0.081 (0) 
0.078(12) 
0.249 (0) 

-0.335(0) 
-0.565 (0) 
-0.512(0) 
-0.234 (0) 

0.286 (0) 
0.127(0) 

Z 

0.8665 (6) 
0.921 (9) 
0.930 (8) 
0.747 (0) 
0.847 (0) 
1.008(0) 
0.887(0) 
0.746 (0) 
1.047(0) 
0.888 (0) 
1.144(0) 
1.078(0) 
0.852 (0) 
0.953 (0) 
1.243(8) 
1.179(0) 
0.808 (0) 
0.786 (0) 
0.956 (0) 
1.138(0) 
0.317(9) 
0.414(9) 
0.170(0) 
0.217(0) 
0.228 (0) 
0.114(0) 
0.090 (0) 
0.507 (0) 
0.376 (0) 
0.358 (0) 
0.498 (0) 
0.655 (0) 
0.515(0) 
0.723(9) 
0.692 (0) 
0.466 (0) 
0.456 (0) 
0.565 (0) 
0.666 (0) 
0.938 (0) 
0.933 (0) 

" The hydrogen atoms have been assigned numbers corresponding to the atom to which they are bonded. * If the standard deviation is reported 
as zero, the parameter was not varied in the least-squares refinement. 

thermal parameters for the nonhydrogen atoms converged with values 
for/? and Rw of 0.105 and 0.076, respectively.14 The hydrogen atoms 
bonded to nitrogen and oxygen were located from a difference map; 
the hydrogen atoms bonded to carbon were placed at ideal positions 
with C-H distances of 1.0 A. The hydrogen atoms were assigned 
isotropic thermal parameters 10% larger than the equivalent isotropic 
B of the atoms to which they are bonded. Continued full-matrix, 
least-squares refinement of the positional and anisotropic thermal 
parameters for the nonhydrogen atoms and of the positional param
eters for the hydrogen atoms bonded to nitrogen and oxygen converged 
with values for R and Rw of 0.068 and 0.044, respectively. However, 
the O-H bond lengths and H-O-H bond angles were chemically 
unreasonable. Subsequently, the hydrogen atoms of the water mole
cule were removed from the structure factor calculations and relocated 
from a difference map. In the final cycles of full-matrix, least-squares 
refinement, the positional and anisotropic thermal parameters of the 
nonhydrogen atoms and the positional parameters of the hydrogen 
atoms bonded to nitrogen were refined. The hydrogen atoms bonded 
to carbon and oxygen were included in the structure factor calculations 
but their parameters were not refined. The final values of R and Rn, 
are 0.067 and 0.044, respectively; the final value of [2w(|F0 | -
\Fc\)2/(m - «)]1/2, where m is the number of observations and n is 
the number of variables, is 1.75. The scattering curves were taken from 
the analytical expression given in the "International Tables for X-ray 
Crystallography".15 The highest residual electron density in the final 
difference map is 0.27 A -3. The final values for the atomic coordinates 

are given in Table I. The thermal parameters and the structure factors 
have been deposited.16 

Crystal Data for 6, [3aS-(3aa,4/S,6aa)]4-[3-(Indol-3-yl)propyl]-
hexahydro-2,5-a-dioxo-l//-thieno[3,4-d]imidazole (a-Biot(SO)-
C3-Ind).3C|6H,9N302S,molwt317.3,orthorhombic,a = 10.634(3) 
Kb = 13.641 (2) A, c = 10.847 (3) A, V = 1573.4 A3, Z = 4, pc = 
1.34 gem"3, M(CuKa) = 18.7 cm"1, f (000) = 672, systematic ab
sences for hOO when h = In + 1, for OkO when k = 2« + 1, and for 00/ 
when / = 2« + 1 establish the space group as P2^2\2\. The cell di
mensions were obtained by a least-squares fit to the settings for 15 
reflections on a Syntex P2| diffractometer equipped with a graphite 
monochromator, X(Cu Ka) = 1.541 78 A. 

Solution and Refinement of the Structure of 6. A crystal with di
mensions ca. 0.20 X 0.10 X 0.08 mm was used for data collection. The 
data collection was performed as described above with a 26 scan rate 
of 2.0 to 29.3°_min_l. Three standards were monitored every 47 re
flections. The hkl octant was collected out to 26 = 140° (sin 6/\ = 
0.609). Out of the possible 1697 unique reflections collected, 1595 
were above zero at the 2a significance level based on counting statis
tics. The data were corrected for Lorentz and polarization effects, but 
not for absorption; the minimum and maximum transmission factors 
were estimated to be 0.86 to 0.83. 

The structure was solved by direct methods using the programs 
described above. All of the hydrogen atoms were located from a dif
ference map. Full-matrix, least-squares refinement of positional and 
anisotropic thermal parameters for the nonhydrogen atoms and of 
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Table II. Final Atomic Coordinates for 6 Table III. Bond Lengths (A) and Angles (deg) in the Two 

atom 
N(I) 
C(2) 
N(3) 
C(3A) 
C(4) 
S(5) 
C(6) 
C(6A) 
C(7) 
C(8) 
C(9) 
N(IO) 
C(H) 
C(12) 
C(12A) 
C(13) 
C(14) 
C(15) 
C(16) 
C(16A) 
0(17) 
0(18) 
HN(I) 
HN(3) 
HC(3A) 
HC(4) 
HC(6') 
HC(6") 
HC(6A) 
HC(7') 
HC(7") 
HC(8') 
HC(8") 
HC(9') 
HC(9") 
HN(IO) 
HC(Il) 
HC(13) 
HC(14) 
HC(15) 
HC(16) 

X 

0.4341 (4) 
0.3299 (5) 
0.3254 (4) 
0.4422 (4) 
0.4234(4) 
0.3861 (1) 
0.5165(5) 
0.5113(4) 
0.3274(5) 
0.3161 (5) 
0.2209 (7) 
0.2106(4) 
0.2486(5) 
0.1979(4) 
0.1241 (4) 
0.0493 (6) 

-0.0130(7) 
-0.0033 (8) 

0.0673 (7) 
0.1338(4) 
0.2513(3) 
0.4182(4) 
0.455 (4) 
0.290 (4) 
0.480 (3) 
0.493 (4) 
0.499 (4) 
0.594(5) 
0.597 (5) 
0.355(3) 
0.250 (4) 
0.287 (4) 
0.402 (4) 
0.139(6) 
0.244 (6) 
0.225 (6) 
0.279 (6) 
0.056 (6) 

-0.057 (5) 
-0.044 (6) 

0.084 (7) 

y 
0.7527(3) 
0.7469 (3) 
0.6572 (2) 
0.6039 (3) 
0.5001 (3) 
0.5212(1) 
0.6068 (3) 
0.6664 (3) 
0.4396 (3) 
0.3337(3) 
0.2761 (4) 
0.0149(3) 
0.0894 (4) 
0.1747(3) 
0.1524(3) 
0.2076 (5) 
0.1626(9) 
0.0579(9) 
0.0048 (6) 
0.0512(3) 
0.8125(2) 
0.4325 (2) 
0.817(4) 
0.647 (3) 
0.599(3) 
0.474(3) 
0.649 (3) 
0.564 (4) 
0.682 (4) 
0.444 (3) 
0.477 (3) 
0.331 (3) 
0.299(3) 
0.311 (4) 
0.274(4) 

-0.054(5) 
0.071 (4) 
0.289 (4) 
0.190(4) 
0.017(4) 

-0.058 (6) 

2 

0.6437 (4) 
0.5710(4) 
0.5207 (4) 
0.5351 (4) 
0.5850(4) 
0.7474 (lj 
0.7533 (6) 
0.6341 (5) 
0.5159(4) 
0.5623 (5) 
0.4882 (6) 
0.5744 (5) 
0.5040(6) 
0.5409 (4) 
0.6448 (4) 
0.7240 (6) 
0.8166(7) 
0.8339(7) 
0.7588(8) 
0.6639 (4) 
0.5577 (4) 
0.8224 (3) 
0.675 (4) 
0.454 (4) 
0.461 (3) 
0.599 (4) 
0.822(4) 
0.766(5) 
0.626 (5) 
0.423 (3) 
0.531 (4) 
0.657(5) 
0.566 (4) 
0.481 (6) 
0.406 (6) 
0.587(6) 
0.435 (5) 
0.700 (6) 
0.877 (6) 
0.905 (6) 
0.754(7) 

positional and isotropic thermal parameters for the hydrogen atoms 
converged with values for R and Rw of 0.045 and 0.049, respectively. 
The final value of I Z W ( I F J -
number of observations and n 
The weighting scheme and a 

- \Fc\)
2/(m-n)V/\ 

is the number of varia 
where m is the 
bles, was 3.93. 

omic scattering factors used were as 
described above. The highest residual electron density in the final 
difference map was 0.37 e A - . The final values for the atomic coor-
dinates are given in Table II. The thermal parameters and the struc
ture factors have been deposited.16 

Results 

A stereoscopic view of the two crystallographically inde
pendent molecules of Biot-C3-Ind (2) is shown in Figure 1. 
While the absolute configuration was not determined in this 
study, all coordinates and drawings correspond to the absolute 
configuration determined Dreviously for a heavy atom deriv-
ative of biotin.9b The molecule of Biot (SO)-C3-Ind (6) is 
shown in Figi are 2. While 
moiety in these molecules 

the atom numbering of the biotin 
is consistent with the chemical 

Independent Molecules 
Biot(SO)-C3-lnd (6)" 

N(l)-C(2) 
N(l)-C(6a) 
C(2)-N(3) 
C(2)-0(17) 
N(3)-C(3a) 
C(3a)-C(4) 
C(3a)-C(6a) 
C(4)-S(5) 
C(4)-C(7) 
S(5)-C(6) 
S(5)-0(18) 
C(6)-C(6a) 
C(7)-C(8) 
C(8)-C(9) 
C(9)-C(12) 
N(IO)-C(Il) 
N(10)-C(16a) 
C(ll)-C(12) 
C(12)-C(12a) 
C(12a)-C(13) 
C(12a)-C(16a) 
C(13)-C(14) 
C(14)-C(15) 
C(15)-C(16) 
C(16)-C(16a) 
C(6a)-N(l)-C(2) 
N(l)-C(2)-N(3) 
N(l)-C(2)-0(17) 
N(3)-C(2)-0(17) 
C(2)-N(3)-C(3a) 
N(3)-C(3a)-C(4) 
N(3)-C(3a)-C(6a) 
C(4)-C(3a)-C(6a) 
C(3a)-C(4)-S(5) 
C(3a)-C(4)-C(7) 
S(5)-C(4)-C(7) 
C(4)-S(5)-C(6) 
C(4)-S(5)-0(18) 
C(6)-S(5)-0(18) 
S(5)-C(6)-C(6a) 
N(l)-C(6a)-C(3a) 
N(l)-C(6a)-C(6) 
C(3a)-C(6a)-C(6) 
C(4)-C(7)-C(8) 
C(7)-C(8)-C(9) 
C(8)-C(9)-C(12) 
C(ll)-N(10)-C(16a) 
N(IO)-C(11)-C(12) 
C(9)-C(12)-C(ll) 
C(9)-C(12)-C(12a) 
C(ll)-C(12)-C(12a) 
C(12)-C(12a)-C(13) 
C(12)-C(12a)-C(16a) 
C(13)-C(12a)-C(16a) 
C(12a)-C(13)-C(14) 
C(13)-C(14)-C(15) 
C(14)-C(15)-C(16) 
C(15)-C(16)-C(16a) 
N(10)-C(16a)-C(12a) 
N(10)-C(16a)-C(16) 
C(12a)-C(16a)-C(16) 

OfBiOt-C3 -Ind (2) and in the Molecule of 

unprimed 

1.360 
1.475 
1.360 
1.248 
1.470 
1.545 
1.564 
1.825 
1.545 
1.815 

1.556 
1.543 
1.555 
1.512 
1.429 
1.336 
1.379 
1.415 
1.380 
1.404 
1.395 
1.395 
1.363 
1.414 

112.0(7 
109.8(7 
125.6(8 
124.4 (8' 
111.8(7^ 
113.6(6) 
103.0(6) 
107.6(6) 
105.5(5 
113.7(6) 
112.7(5) 
89.8 (4) 

107.5(5) 
102.4(6) 
110.6(6) 
109.5 (6) 
113.3(6) 
113.9(6) 
111.2(6) 
109.4(7) 
106.9(7) 
125.6(7) 
126.5(7) 
107.6(7) 
133.0(8) 
107.6(7) 
119.3(8) 
120.0(8) 
119.6(9) 
122.1 (9) 
117.8(9) 
108.4(8) 
130.6(8) 
121.0(8) 

(H) 
(10) 
(H) 
(9) 
(10) 
(10) 
(H) 
(8) 
(10) 
(8) 

(H) 
(10) 
(H) 
(H) 
(12) 
(12) 
(12) 
(12) 
(12) 
(H) 
(14) 
(14) 
(14) 
(12) 

primed 

1.337(12) 
1.465(11) 
1.356(11) 
1.233(10) 
1.464(11) 
1.570(11) 
1.561 (12) 
1.842(9) 
1.511 (12) 
1.812(9) 

1.561 (12) 
1.516(11) 
1.522(13) 
1.494(10) 
1.389(13) 
1.373(15) 
1.359(13) 
1.434(12) 
1.379(13) 
1.392(12) 
1.409(13) 
1.402(14) 
1.377(18) 
1.389(15) 

114.4(7) 
107.8(8) 
126.4(8) 
125.8(8) 
113.4(7) 
112.6(6) 
102.5(6) 
109.1 (6) 
104.8(5) 
114.9(6) 
113.6(6) 
91.0(4) 

105.0(6) 
101.7(6) 
112.2(7) 
109.8 (7) 
113.3(7) 
112.0(7) 
115.7(7) 
109.0(8) 
109.8(8) 
127.8(8) 
126.4(8) 
105.8(8) 
132.6(8) 
108.6(8) 
118.8(8) 
120.4(9) 
118.2(10) 
122.8(12) 
116.8(10) 
106.8(8) 
130.1 (10) 
123.0(9) 

BiOt(SO)-
C3-Ind 

1.362(7) 
1.439(6) 
1.340(5) 
1.233(5) 
1.448(6) 
1.529(6) 
1.556(7) 
1.829(4) 
1.512(6) 
1.815(5) 
1.498(3) 
1.528(8) 
1.535(6) 
1.512(9) 
1.517(7) 
1.335(7) 
1.362(7) 
1.343(7) 
1.406(6) 
1.392(7) 
1.400(6) 
1.351 (11) 
1.444(18) 
1.324(12) 
1.400(9) 

112.0(4) 
108.5(4) 
125.5(4) 
126.2(4) 
112.5(4) 
113.0(4) 
101.8(4) 
109.0(4) 
101.9(3) 
114.7(4) 
114.6(3) 
88.2(2) 

110.3(2) 
109.0(2) 
106.6(4) 
103.2(4) 
113.2(4) 
108.0(4) 
113.8(4) 
111.5(4) 
112.4(5) 
108.1 (4) 
111.6(5) 
127.8(5) 
126.1 (4) 
106.0(4) 
134.2(4) 
106.9(4) 
119.0(4) 
119.6(6) 
120.7(8) 
120.1 (9) 
119.5(7) 
107.4(4) 
131.4(5) 
121.2(5) 

convention, the atoms of the trimethylene bridge and the indole 
group are numbered sequentially following numbers assigned 
to the biotin moiety (see 2). Bond lengths and angles in the two 
molecules of 2 and in 6 are given in Table III. 

Unlike some previously studied examples of trimethylene 
linked molecules,6b'd the molecules of 2 and that of 6 are more 
or less extended with no intramolecular overlap. The two 
molecules of 2 differ most clearly by rotations about the 

C(7)-C(8) bond; one molecule, designated as unprimed (2), 
has C(4) and C(9) disposed gauche, while in the primed mol
ecule (2'), C(4) and C(9) are trans. There is also a slight dif
ference in the orientation of C(8) with respect to the indole ring 
about the C(9)-C( 12) bond. The molecule 6 has the trimeth-



ylene chain fully extended. The major difference in this mol
ecule from 2 and 2' is that the indole group is oriented around 
the C(9)-C( 12) bond such that the six-membered ring of the 
indole is somewhat to the endo side of the biotin ring sys
tem. 

Ureido Ring. The ureido rings in the two independent mol
ecules of 2 and in 6 are approximately planar (Table IV); the 
carbonyl oxygen is displaced by 0.082, 0.056, and 0.172 A in 
2, 2', and 6, respectively, from the best plane of the atoms in 
the ring toward the exo side of the folded bicyclic biotin ring 
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Table IV. Some Details of Best Planes in the Molecules of 2, 2', 
and 6* 

2 2' 6 

Plane A 
N(I) 
C(2) 
N(3) 
C(3a) 
C(6a) 
0(17) 

C(3a) 
C(4) 
C(6) 
C(6a) 
S(S) 

N(IO) 
C ( I l ) 
C(12) 
C(I2a) 
C(13) 
C(14) 
C(15) 
C(16) 
C(16a) 
C(9) 

-0 .034" 
- 0 . 0 0 3 " 

0.034" 
-0 .057" 

0.059" 
-0 .082 

0.067" 
-0 .038" 

0.044" 
-0 .072" 

0.825 

-0 .022" 
-0 .004" 

0.014" 
0.016" 

-0 .010" 
-0 .028" 

0.009" 
0.026" 

-0 .004" 
0.158 

0.026" 
-0 .026" 

0.006" 
0.008" 

-0 .022" 
-0.056 

Plane B 
-0 .010" 

0.006" 
-0 .007" 

0.011" 
0.848 

Plane C 
0.008" 

-0 .004" 
0.016" 

-0 .009" 
-0 .010" 

0.002" 
0.029" 

-0 .004" 
-0 .022" 

0.080 

0.002" 
- 0 . 0 6 1 " 

0.068" 
-0 .072" 

0.050" 
-0.172 

0.045" 
-0 .025" 

0.045" 
-0.054« 

0.946 

-0 .002" 
0.005« 

- 0 . 0 1 1 " 
0.005" 
0.005" 

-0.002« 
-0 .014" 
-0 .018" 

0.011« 
0.038 

" These distances involve atoms that were included in the best plane 
calculations. * The best planes were calculated by weighing the atoms 
according to 1/cr2. 

system. The ureido carbonyl bonds are in the range 1.23-1.25 
A and the carbonyl carbon-nitrogen bond distances average 
1.35 A. These values may be compared with averages of 1.21 
and 1.37 A for the carbonyl and C-N bonds in 12 barbiturate 
structures.17 The observed ureido carbonyl bond lengthening 
and carbonyl C-N shortening have also been reported in bio-
tin,7,8 dethiobiotin,10 and azabiotin." While the ring ap
proaches planarity, the deviations from planarity impart 
considerable asymmetry to the ring about a plane that contains 
C(2) and bisects, and is normal to, the C(3a)-C(6a) bond. If 
we adopt the convention used by DeTitta et al.8 for describing 
this asymmetry, the values of $ u are 12.6, 3.5, and 13.1° for 
2, 2', and 6, respectively. The,value of $ u in 1 is 2.5°. 

Tetrahydrothiophene Ring. The tetrahydrothiophene rings 
in 2 and 6 are all nonplanar (Table IV). However, an exami
nation of the torsion angles around the ring (Table V) indicates 
somewhat different patterns of nonplanarity. In 2', the ring is 
quite symmetrical about S(5) and the midpoint of the C(3a)-
-C(6a) bond, with the C(4)-C(3a)-C(6a)-C(6) torsion angle 
being 1.8°. In 2, there is considerable deviation from symme
try, and the corresponding torsion angle is -12 .2° . The ring 
in 6 is intermediate between those in 2 and 2', with a torsion 
angle of - 9 . 1 ° . Applying the convention used by DeTitta et 
al.,8 the values of $ T are 13.4, 4.1, and 10.0° for 2, 2', and 6, 
respectively; the value for 1 is 3.1 °.8 In all three molecules, the 
sulfur is displaced from the best plane of the four carbon atoms 
in the ring toward the concave or endo side of the folded bi-
cyclic framework; these displacements are 0.825 and 0.848 A 
in 2 and 2' and 0.946 A in 6. A displacement of 0.862 A was 
reported for biotin8 and of 0.964 A for 3.9 The dihedral angles 
between the four-atom plane C(3a)-C(4)-C(6)-C(6a) and 
the three-atom plane C(4)-S(5)-C(6) are 140.3 and 138.5° 
in 2 and 2', respectively, and 134.3° in 6. These values may be 
compared with the corresponding angle, 137.6°, in biotin.8 

Bicyclic Ring System. The bicyclic ring system is folded 
along the bond between C(3a) and C(6a) in both 2 and 6. The 
dihedral angles between the best plane of the ureido ring and 

Table V. Torsion Angles" in the Two Molecules of 2 and in the 
Molecule of 6 

N(l)-C(2)—N(3)-C(3a) 
N( l ) -C(6a)-C(3a)-N(3) 
N(l ) -C(6a)-C(3a)-C(4) 
N(l ) -C(6a)-C(6)-S(5) 
C(2)-N(l ) -C(6a)-C(3a) 
C(2)-N(l ) -C(6a)-C(6) 
C(2)-N(3)-C(3a)-C(4) 
C(2)-N(3)-C(3a)-C(6a) 
N(3) -C(2) -N( l ) -C(6a) 
N(3)-C(3a)-C(4)-S(5) 
N(3)-C(3a)-C(4)-C(7) 
N(3)-C(3a)-C(6a)-C(6) 
C(3a)-N(3)-C(2)-0(17) 
C(3a)-C(4)-S(5)-C(6) 
C(3a)-C(4)-S(5)-0(18) 
C(3a)-C(4)-C(7)-C(8) 
C(3a)-C(6a)-C(6)-S(5) 
C(4)-C(3a)-C(6a)-C(6) 
C(4)-S(5)-C(6)-C(6a) 
C(4)-C(7)-C(8)-C(9) 
S(5)-C(4)-C(3a)-C(6a) 
S(5)-C(4)-C(7)-C(8) 
C(6)-S(5)-C(4)-C(7) 
C(6a) -N( l ) -C(2) -0(17) 
C(6a)-C(3a)-C(4)-C(7) 
C(6a)-C(6)-S(5)-0(18) 
C(7)-C(4)-S(5)-0(18) 
C(7)-C(8)-C(9)-C(12) 
C(8) -C(9) -C(12)-C( l l ) 
C(8)-C(9)-C(12)-C(12a) 
C(9)-C(12)-C(l I)-N(IO) 
C(9)-C(12)-C(12a)-C(13) 
C(9)-C(12)-C(12a)-C(16a) 
N (10)-C( 11 )-C( 12)-C( 12a) 
N(10)-C(16a)-C(12a)-C(12) 
N(10)-C(16a)-C(12a)-C(13) 
N(10)-C(16a)-C(16)-C(15) 
C( l l ) -N(10)-C(16a)-C(12a) 
C( l l ) -N(10)-C(16a)-C(16) 
C(l l ) -C(12)-C(12a)-C(13) 
C(l l ) -C(12)-C(12a)-C(16a) 
C(12)-C( l l ) -N(10)-C(16a) 
C(12)-C(12a)-C(13)-C(14) 
C(12)-C(12a)-C(16a)-C(16) 
C(12a)-C(13)-C(14)-C(15) 
C(12a)-C(16a)-C(16)-C(15) 
C(13)-C(12a)-C(16a)-C(16) 
C(13)-C(14)-C(15)-C(16) 
C(14)-C(13)-C(12a)-C(16a) 
C(14)-C(15)-C(16)-C(16a) 

2 

-3 .7 
- 9 . 4 

-129.6 
93.8 

8.1 
-108.6 

124.4 
8.4 

-3 .2 
-75 .9 

48.0 
108.1 
172.2 

-42 .3 

-178.6 
-18 .4 
-12 .2 

35.1 
-55.8 

37.3 
-58.7 

-166.9 
-179.1 

161.3 

-164.1 
-82 .9 

89.9 
174.4 

8.4 
-174.0 

0.4 
-0 .2 
177.8 

-178.6 
0.5 

-178.0 
-177.7 

-0 .1 
-0 .5 
178.7 
178.4 

1.4 
3.1 

-3 .6 
-1 .8 

1.3 
-0 .4 

2' 

- 3 .3 
2.5 

-117.1 
81.8 
-4 .9 

-122.1 
117.4 

0.3 
5.3 

-86.1 
39.3 

121.4 
178.8 

-39.8 

175.2 
-30.5 

1.8 
40.8 

-175.5 
27.0 

-64.2 
-165.9 
-176.8 

152.4 

177.5 
61.2 

-120.3 
176.7 

1.5 
-177.9 

-2 .1 
0.6 

-178.9 
176.6 
-1 .9 

-179.0 
-179.7 

0.9 
2.5 

-178.1 
178.0 

0.6 
-0.1 
-1 .5 
-2 .4 

1.2 
2.1 

6 

-13.0 
-9 .7 

-129.3 
88.7 

3.0 
-113.6 

130.8 
14.1 
5.7 

-73.9 
51.3 

110.5 
169.2 

-46 .0 
-155.7 

176.3 
-25 .0 

-9.1 
41.8 

-178.8 
38.5 

-64.9 
-171.3 
-176.5 

163.7 
152.6 
79.1 

-173.8 
-98 .3 

77.3 
177.7 

3.4 
-177.2 

1.4 
0.0 

179.5 
-179.1 

0.9 
178.4 
179.8 
-0 .8 
-1 .4 
178.8 

-177.9 
-0 .2 
-1 .8 

1.6 
0.1 

-0 .6 
0.9 

" The sign of the torsion angle A-B-C-D is considered positive if, 
when looking along the B-C bond, atom A has to be rotated clockwise 
to eclipse atom D. 

the best plane of the four carbon atoms of the tetrahydrothi
ophene ring are 118.5 and 120.1° in 2 and 2'and 121.7° in 6. 
These values are in agreement with the value of 122° in bio
tin.8 

Propyl Chain and Indole Substituent. The propyl chain 
joining the bicyclic framework and the indole system has the 
fully extended, all-trans conformation (Figures 1 and 2 and 
Table V) in 2' and 6. However, in 2, the chain is twisted such 
that the conformation about the C(7)-C(8) bond is nearly 
gauche. The indole substituent of each molecule is planar 
(Table IV). The differences in disposition of the indole ring 
with respect to the trimethylene chain can be seen by inspection 
of the torsion angles about the C(9)-C(12) bond (Table V). 
The bond distances and angles in the propyl chains and indole 
substituents are within normal ranges. 
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Figure 3. Stereoscopic view of the packing of 6 in the crystal. The reference molecule is shown by dark lines. 

Table VI. Some Details of the Hydrogen Bonding in 6 Table VII. Some Details of the Hydrogen Bonding in 2" 

N - - - 0 , H---O, N-H---O, 
A A deg 

N(IO)--- x,\+y,z 
0(17) 

N ( I ) - - - ]-X, ' /2+>', 
0(18) I V 2 - z 

N(3)--- lh-x,\-y, 
0(18) -V2-I-Z 

2.801(5) 1.87(7) 162(6) 

2.936(5) 2.07(5) 148(4) 

3.582(6) 2.85(4) 149(4) 

Packing of the Molecules in the Crystals. Some details of the 
hydrogen bonding in 6 are given in Table VI. In Biot(SO)-
C3-Ind (6), there are chains of molecules that run along the 
b axis and that are held together by N(IO)-H- - -0(17) in-
termolecular hydrogen bonding (Figure 3). In addition, there 
are hydrogen-bonded interactions in which 0(18), i.e., the 
oxygen atom attached to sulfur, participates. These involve 
N(I) and a very much weaker interaction with N(3). 

Details of the hydrogen bonding in Ind-C3-Biot (2) are given 
in Table VII. In the crystal of 2, a water molecule is interposed 
between N( 10') and 0( 17) in the two independent molecules 
and participates in hydrogen bonds (Figure 4). N(IO) also 
appears to interact with the water molecule at 1V2 — x, —y, V2 
+ z. The water molecule is also involved in hydrogen bonding 
to 0(17) (the interposition described above) and in a hydrogen 
bond to the sulfur atom in the primed molecule at 1 — x, -V2 
+ y, 1V2 — z- There is a pseudocentrosymmetrically related 

A---B, H---B, A-H---B, 
A A deg 

N(I)-H---
0(17') 

N(3)-H---
0(17') 

N(IO)-H---
O(W) 

N(3')-H---
0(17) 

N(IC)-H--
O(W) 

0(W)-
HA(W)-
---0(17) 

0(W)-
HB(W)-
- - - S ' 

1 - x , V2 + 
y , 1V2 - z 

l - * , - ' / 2 
+ y , l V2 -
Z 

1 V2 - x , - y , 
V 2 + z 

l - * , - V 2 
+ y , 1 V2 -
z 

2.872 (9) 

2.962 (9) 

2.977 (9) 

2.962 (9) 

2.00(7) 162(6) 

1.95(7) 158(5) 

2.47(9) 125(8) 

2.18(7) 166(8) 

2.972(10) 2.19(8) 163(9) 

2.832(8) 1.90(9) 159(8) 

3-_8 (6) 2.46(9) 151(7) l - x , - ' / 2 
+ >>, I V 2 -
Z 

0(17)- - -O(W)- - -S' angle is 100.9 (2)° 

" Distances and angles are given in terms of an A-H- - -B type in
teraction. 

pair of hydrogen bonds between an N-H and an 0( 17) in each 
of the two independent molecules. N(I)-H(Nl) in the un-
primed reference molecule forms a hydrogen bond to 0( 17') 
in the molecule at 1 —x, '/2 + y, !'/2 —z and 0(17) in theun-
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Figure 4. A stereoscopic view of the packing of molecules of 2 in the crystal. 
The reference molecules are shown by dark lines; that of 2 is to the upper 
right; that of T is to the center of the cell. 

primed reference molecule is involved in a hydrogen bond to 
the N(3')-HN(3') bond. N(3)-HN(3) forms a hydrogen bond 
to 0(1 T) in the molecule at 1 - x, - V2 + y, IV2 -z. The N(I') 
atom in the primed molecule does not appear to participate in 
hydrogen bonding. 

The biotin portion of the primed molecule makes a close 
approach to an indole group in the unprimed molecule at — V2 
+ x, V2

 - y, 1 - z (Figure 5a) and to an indole group in the 
primed molecule at 1 - x, V2 + y, '/2 - z (Figure 5b). The 
shortest contacts for the first approach are N(l')—C(12a) 
3.457 A, H(T)- - -C(13) 3.11 A, H(6a')- - -N(IO) 2.82 A, and 
H(6a')—C(16a) 2.78 A. In the second approach, the shortest 
contacts are H(4')- - -C(13') 2.73 A, H(4')- - -C(14') 2.77 A, 

and H(6b')- - -N(IO') 2.92 A. The shortest intermolecular 
contact involving the biotin portion of the unprimed molecule 
with an indole group is one of 2.84 A between H(3a) and 
C(12a) in the molecule at 1V2

 - *, ~y, ~xh + z. 

Discussion 
The X-ray results confirm many of the ideas proposed on 

the basis of the spectroscopic study.3 The sulfoxide (6) that is 
the major component of the oxidation of 2, when bound to 
avidin and using aqueous NBS, is shown to have the a con
figuration (i.e., oxygen pointing toward the exo side of the 
biotin ring system) with a pseudoequatorial orientation. The 
side chain to the indole ring is also in a pseudoequatorial or
ientation. The H(C6')-C(6)-C(6a)-H(C6a) torsion angle is 
94.5°, in good agreement with the "close to 90°" anticipated 
from the low value of the coupling constant. 

There appears to be no strong intramolecular interaction 
between the indole and biotin rings in any of the three mole
cules studied by X-ray methods. The bond lengths, angles, and 
general conformations of the two ring systems appear to be 
similar to those found in other indole and biotin derivatives. 
The most unusual feature of the molecular geometry is the very 
definite dissymmetry in the two five-membered rings of the 
biotin groups in 2 and 6 when compared to the geometry of 
biotin itself.8 The effect is much less apparent in the molecule 
of 2'. 

While there is intermolecular hydrogen bonding in the 
crystals of both 2 and 6, it does not appear to be unusually 
strong. As molecules 2, 2', and 6 all show lengthening of the 
carbonyl bond and attendant shortening of the adjacent C-N 
bonds, we are not convinced that this general feature of biotin 
molecules is caused by strong hydrogen bonding. Only in the 
case of 6 is there direct hydrogen bonding between the indole 
group and the biotin group. 

At the conclusion of the spectroscopic study, the suggestion 
was made that the biotin molecule almost fills a hydrophobic 
pocket in the protein molecule.3 While clearly not all the 
components of such a pocket are present in the crystal of 2, it 
is of considerable interest that the exo side of the biotin ring 
in the primed molecule of 2 does fit neatly and snugly into a 
hydrophobic V-shaped crevice provided by two indole rings 
(Figures 4 and 5). The two bridge hydrogen atoms (H(3a) and 
H(6a)) point into the axis of the V-shaped wall. The geomet
rical arrangement of molecules participating in this interaction 
can be seen on the left of Figure 4 about halfway up the cell 
involving the reference molecule 2'. The existence of a hy-

017 
W.03 

(a ) (b) 

Figure 5, Drawings of the overlap that the biotin ring system makes with indole rings in the molecule of 2. The atoms of the biotin groups are projected 
onto the best planes defined by the nine atoms of the indole rings. Distances of atoms from the planes are shown in A: (a) the overlap of the biotin portion 
of the primed reference molecule with the indole ring of an unprimed molecule at —'/2 + x, V2 — y,\ — z; (b) the overlap of the biotin of the primed 
molecule with the indole ring of a primed molecule at I - x, '/2 + y, '/2 — z-
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drophobic pocket with a correspondingly snug fit could assist 
in a strong complex between avidin and biotin. 
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cyclization process. Depending on the species, different C-3 
oxygenated products are then formed.1 

In contrast, we have demonstrated that the biosynthesis of 
the triterpene tetrahymanol (1) by Tetrahymena pyriformis 
is not an oxygen-dependent process.2 Accordingly, the bio
synthesis of tetrahymanol (1) by an enzyme preparation of T. 

H H 

Structures 1a and 1b are equivalent. For convenience of comparison of the 2H 
NMR spectra of [2H]tetrahymanol and the [3-2H1] model compounds, the 
numbering system (cf. ref 2) is used in the present paper. This is in contrast to 
the numbering system used in our paper, ref 3b. 
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Abstract: 3a- and 3/3-[2H|]-5a-cholestanes and 3a- and 3(3-[2H1]-4,4-dimethyl-5a-cholestanes were synthesized, and their 2H 
NMR spectra were determined. The chemical shifts of the 3a- and 3/3-deuterio isomers were separated by 0.46 ppm in thecho-
lestane isomers and by 0.23 ppm in the 4,4-dimethylcholestanes. The results were then used to establish that the nonoxidative 
cyclization of squalene by enzymes of Tetrahymena pyriformis in D2O proceeds with the introduction of a 3/3-deuterium atom 
into tetrahymanol. The 2H NMR results were supported by comparison of the C-2H stretching patterns of 3a- and 3/3-[2Hi]-
4,4-dimethyl-5a-cholestanes with the C-2H stretching pattern of biosynthetic tetrahymanol. The mechanism of the nonoxida
tive cyclization of squalene is also discussed. 


