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(Hamor & Hamor, 1978). The sums of bond angles in
the dioxolane and tetrahydrofuran rings are 507-9 and
501-3°, respectively. The dioxolane and tetrahydro-
furan rings adopt an envelope conformation with O(5)
deviating 0-76 (1) and 0-815 (1) A, respectively, from
the planes containing the other four atoms in the rings.
The dihedral angle between the two least-squares planes
is 111.4 (1)°.

The dihedral angle between the plane defined by
C(13), C(14), C(15) and C(16) and the epoxide plane is
90.5 (1)°. The rather short distance between C(13) and
C(15) [2:132 (2) A] and the small angle C(13)—O(5)—
C(15) are also seen in norbornane skeletons. Two pairs
of C—O bonds in the dioxolane ring reveal the
asymmetry in the bond lengths. C(15)-O(5) and
C(15)—0(4) are significantly shorter than C(13)—O(5)
and C(12)—0O(4), respectively. The two methyl ester
groups linked to the phenyl ring take different con-
formations with respect to the phenyl ring. One is
almost perpendicular and the other nearly parallel to
the ring.

Acta Cryst. (1989). C45, 634638
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Structure of the Linear Oligopeptide tert-Butyl 1-[ 1-(Benzyloxycarbonyl)amino-1-
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Abstract. C,H,N,O,, M, =458-60, triclinic, PI,
a=5971(5), b=14.033(5), c=16-011(11)A, «
= 103-30 (39), f=92-97(65), y=93:25(44)°, V=
1301 (3)A3, Z=2, D.,=1-1711gem™>, D,=
1-16gem™3, A(CuKa)=1-5418 A, u=6-166cm™,
F(000) = 496, T = 295 K. The final R value for 2298
observed [I > 30(I)] reflections is 0-068. The con-
formations of the urethane and peptidle —CONH—
groups is trans. The two Ac,c residues show ¢, v sets of
torsion angles both falling in the region of the
conformational energy map where a- and 3,,-helices are
found, but their handedness is opposite. The two
cyclohexyl rings adopt a slightly distorted- chair
conformation with the —NH group in the axial position.

* Linear Oligopeptides. 197. Part 196: Moretto, Crisma, Bonora,
Toniolo & Balaram (1988).

0108-2701/89/040634-05$03.00

Introduction. Qur conformational energy computa-
tions on Ac-Ac,c-NHMe (Ac acetyl, Ac,c 1-amino-
cyclohexane-1-carboxylic acid and NHMe methyl-
amino) (Paul, Sukumar, Bardi, Piazzesi, Valle, Toniolo
& Balaram, 1986; Pavone, Benedetti, Barone, Di
Blasio, Lelj, Pedone, Santini, Crisma, Bonora &
Toniolo, 1988) indicated that this C**-dialkylated,
cyclic a-amino acid residue is conformationally restric-
ted and that its minimum energy conformation falls in
the a/3,,-helical region, irrespective of the position
(either axial or equatorial) of the a-amino group. The
results of the theoretical analysis were corroborated by
crystal-state investigations (Bardi, Piazzesi, Toniolo,
Sukumar, Raj & Balaram, 1985; Paul, Sukumar, Bardi,
Piazzesi, Valle, Toniolo & Balaram, 1986; Pavone,
Benedetti, Barone, Di Blasio, Lelj, Pedone, Santini,
Crisma, Bonora & Toniolo, 1988) of Acgc-rich tri- and

© 1989 International Union of Crystallography
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tetrapeptides that provided experimental evidence for
the onset of the 3,y -helical conformation. Taken
together, these findings strongly support the view that
the conformational preferences of the Acgc residue
closely parallel those of Aib (a-aminoisobutyric acid),
the prototype of C*-¢-dialkylated a-amino acids (Ton-
iolo, Bonora, Bavoso, Benedetti, Di Blasio, Pavone &
Pedone, 1983; Toniolo, Benedetti & Pedone, 1986).

CHE
(CH_) \(CH ) CH CH

2n / 2 n { / 3
—NHEC - CO- -NH - C - CO-
Acéc Aib

n=_2:
In an attempt to gain a better understanding of the
geometry and conformation of the Acgc residue without
the influence of the constraints produced by intra-
molecular hydrogen bonds, we have recently focused
our attention on Acc derivatives and dipeptides too
short to form (incipient) 3, or o-helices (Valle, Crisma,
Toniolo, Sen, Sukumar & Balaram, 1988). In this paper
we present the results of an X-ray diffraction study of
the terminally-protected homo-dipeptide Z-Acsc-Acqc-
O'Bu (Z benzyloxycarbonyl and OBu tert-butyloxy).

Experimental. Colourless crystals (0-3 x 0-3 x
0-6 mm) of Z-Ac,c-Acee-O'Bu  (Crisma, Bonora,
Toniolo, Bavoso, Benedetti, Di Blasio, Pavone &
Pedone, 1988) were obtained from an ethyl acetate
solution by slow evaporation. Density measured by
flotation.

Preliminary oscillation and Weissenberg photo-
graphs were taken to establish the crystal symmetry
and the space group. Determination of the cell
constants and collection of the X-ray intensity data
were performed on a CAD-4 Enraf-Nonius diffrac-
tometer of the Centro Interdipartimentale di Metodo-
logie Chimico-Fisiche at the University of Naples,
equipped with PDP8/E and PDPI11/34 digital
computers. For the structure determination and
refinement, the SDP package (Enraf-Nonius, 1979)
was used. Unit-cell parameters were obtained by a
least-squares procedure on the angular parameters of
25 reflections in the 8 range 17—22°. The analysis of the
peak profiles suggested an w26 scan mode with a scan
angle equal to (1-0 + 0-15tanf)°; background counts
were taken in an additional area of 4w/4 on both sides
of the main scan with the same scan speed for each
reflection. A crystal-to-counter distance of 368 mm was
used with counter entrance aperture of 4 mm. The tube
placed between the goniometer head and the detector
was evacuated. Prescan runs were made at a speed of
3.5° min~!. Reflections with a net intensity 7 < 0-50(])
were flagged as ‘weak’; those having I > 0-50(1) were
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measured at lower speed (1-0-3-5° min~!) depending
on the value of o(I)/I. Two intensity control reflections
were measured every 60 min of X-ray exposure time in
order to monitor the crystal and the electronic stability;
no significant change in intensity was observed during
data collection. Orientation matrix checks were made
with respect to the scattering vectors of four well-
centred reflections every 200 reflections measured;
reorientation was made by using 25 high-angle reflec-
tions, if the displacements of the measured scattering
vector exceeded the calculated value by 0-15°. The
total number of independent reflections collected (0
range being 0—70°) were 4840 and those used in the
refinement [I>306(D)] 2298, h, k, [ range being —7-7,
—17-17, 0-19, respectively. All reflections were
corrected for Lorentz and polarization effects.

The structure was solved by means of direct
methods, using MULTAN80 (Main, Fiske, Hull,
Lessinger, Germain, Declercq & Woolfson, 1980). The
analysis of the E map of the set of phases with the best
combined figure of merit revealed the positions of most
of the non-hydrogen atoms. The positions of the
remaining atoms were derived from subsequent differ-
ence Fourier maps. The refinement used a full-matrix
least-squares procedure, minimizing the quantity
> w(F, — F,)? with weights w equal to 1/a(F,?). AlIC, N
and O atoms were refined with anisotropic temperature
factors. Hydrogen atoms were introduced in their
stereochemically expected positions with isotropic
temperature factors equal to the equivalent B factor of
the atom to which each of them was linked.

Refinements were ended when the shifts in the atomic
coordinates and anisotropic temperature factors for the
C, N and O atoms were less than { and } of the
corresponding standard deviations, respectively. The
atomic scattering factors, with the real and imaginary
dispersion corrections, for all atomic species were
calculated according to Cromer & Waber (1974). The
final R values were R=0.-068 and wR =0-065;
S =0-98. (4/0)ax in the final refinement cycle for
non-hydrogen atoms 0-01. Max. and min. heights in
final AF synthesis +0-168 and —0-200 e A=3, Table 1
gives the final atomic coordinates and equivalent
isotropic thermal parameters for all non-hydrogen
atoms.*

Discussion. The molecular structure of Z-Accc-Acgc-
O’Bu with the numbering of atoms is illustrated in Fig.
1. Selected bond lengths and bond angles with their
estimated standard deviations are listed in Table 2.
Since the molecule is achiral, it crystallizes in a

* Lists of structure factors, anisotropic thermal parameters and
hydrogen-atom parameters have been deposited with the British
Library Document Supply Centre as Supplementary Publication
No. SUP 51528 (14 pp.). Copies may be obtained through The
Executive Secretary, International Union of Crystallography, 5
Abbey Square, Chester CH1 2HU, England.
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Table 1. Atomic coordinates and equivalent isotropic

CZGHJBNZOS

(Schweizer & Dunitz, 1982), the peptide moiety

thermal parameters (A?) for the non-hydrogen atoms of (Benedetti, 1982) and the cyclohexyl ring (Pavone,

Z-Acic-Acgc-OBu (with e.s.d.’s in parentheses)

B, =$la%B,, + b8y, + ¢*By; + abP,,cosy + acB,cosp + béz,cosci].

X y z Beq
o(1) 0-9646 (6) 0-3971 (2) 0-2716 (2) 5.73 (16)
0(2) 0-5889 (6) 0-4172 (2) 0:2724 (2) 6-12 (17)
o1 0-1506 (5) 0-1774 (5) 0-2260 (2) 5-39 (16)
02 —0-0631 (6) 0-0939 (3) 0-3770 (3) 7-34 (20)
02* 0-2522 (6) 0-0211 (2) 0-3312(2) 5-87(17)
N1 0-7285 (6) 0-2678 (3) 0-2234 (2) 4.56 (17)
N2 0-4355 (6) 0-2049 (3) 0-3284 (2) 4.98 (18)
c(1) 1.0008 (9) 0-5509 (4) 0.2264 (4) 5-64 (26)
C(6) 1-1736 (11) 0-5413 (4) 0-1708 (4) 7-70 (33)
C(5) 1-1578 (12) 0-5833 (5) 0-1001 (4) 9:39 (38)
C(4) 0-9735 (13) 0-6345 (5) 0-0869 (4) 8-99 (37)
C(3) 0-8058 (11) 0-6458 (5) 0-1426 (4) 8-47 (35)
C(2) 0-8180 (10) 0-6023 (4) 0-2125 (4) 6-87 (29)
[o[)] 1.0124 (10) 0-5017 (4) 0-3013 (4) 6-54 (29)
C(8) 0-7418 (9) 0-3646 (4) 02566 (3) 5-23 (23)
Ce, 0-5213 (8) 0-2115 (3) 0-1818 (3) 4.71 (21)
C#, 0-4065 (10) 0-2622 (4) 0-1164 (3) 6-45 (26)
cA, 0-5829 (9) 0-1090 (4) 0-1374 (3) 5-53 (26)
cn, 0-5625 (11) 0-2645 (5) 0-0429 (4) 8-81(33)
cr, 0-7284 (11) 0-1095 (5) 0-0610 (4) 7-60 (35)
C?, 0-6192 (12) 0-1629 (6) —0-0018 (4) 9.01 (42)
c’, 0-3496 (8) 0-1979 (3) 0:2479 (3) 4-99 (22)
Ce, 0-2909 (8) 0-1915 (4) 0-3977(3) 5-22(23)
CP2, 0-1486 (9) 0-2786 (4) 0-4253 (3) 5.74 (25)
c#, 0-4489 (9) 0-1794 (4) 0-4745 (3) 6-03 (25)
cr, 0-2877 (10) 0-3725 (4) 0-4679 (4) 6-80 (29)
c7, 0-5817 (10) 0-2746 (4) 0-5184 (4) 6-40 (28)
c?, 0-4301 (10) 0-3586 (5) 0-5456 (4) 6-84 (31)
c’y 0-1355 (10) 0:0972 (4) 0-3663 (3) 6-02 (26)
Cc(9) 0-1403 (10) —0-0772 (4) 0-2960 (4) 6-59 (29)
C(10) —0-0236 (11)  —0-0736 (5) 0-2206 (4) 7-86 (35)
C(11) 0-3363 (11)  —0-1389 (4) 0:2664 (5) 7-91 (35)
C(12) 0-0229 (12)  —0-1141(4) 0-3671 (4) 8.71(34)

Table 2. Selected bond lengths (A) and angles (°) for
Z-Acic-Ac,c-OBu (with e.s.d.’s in parentheses)

N,—C=, 1-470 (6) N,—Ce, 1.479 (5)
ce,—C’, 1-546 (6) ce,—C/, 1:539 (7)
C'=0, 1-220 (6) C',=02 1-206 (7)
C'—N, 1.343 (5) C',—02* 1.338 (6)
C=—C», 1.548 (6) Ce,—C?, 1.523 (7)
Ce,—Ch, 1.525 (7) CerCPy 1.557 (6)
CA —Cri 1.543 (7) CP—Cn, 1:515 (7)
CP,—Cn 1.537 (1) cr,Cn, 1:516 (8)
cr—C3, 1-506 (10) cn—Ce, 1.527(7)
cn,C8, 1-529 (8) cn,—Ct, 1-525 (8)
Ni-C*,—C,’ 111-9 (6) N2-C,-C’, 109-6 (6)
N1-Ce,—CP1, 111-5 (6) N2-Ce,—CP?, 1113 (6)
N1-Ce,—C*1, 107-9 (6) N2-Ce,—CP, 106-7 (6)
cP,_C2—C', 1081 (6) cR,_CaC, 109-3 (6)
CP',—Co—C', 106-6 (6) CP,—Co—C', 108-8 (6)
C=,—CP,—C", 109-3 (7) Ce,—CP—Cn, 112.9 (7)
CP,—C",—C?, 111-8 (8) CP—Cr—C?, 110-6 (7)
Cr\—C8—Cn, 1117 (9) Cn—C8,—Cr, 110-2 (8)
C8,—Cr,—Ch, 1112 8) Ci—Cn,—CH, 112-1(7)
Cr,—CPi_Ca, 112:6 (7) C*,—CP2,—Ce, 112-1(7)
CPt—Ca,—C#, 110-8 (6) CP,—Ca,—CH, 110-6 (6)
Ce,—~C",~01 1211 (7) C°—C';—02 122-9 (7)
Ce,—C',—N2 115-9 (6) Ce,—C';—02* 11.1(7)
01-C',—N2 122.9 (6) 02-C',-02* 125.9 (8)
C(8)-N1-C=, 123-5 (6) C',—N,—C*, 121-6 (6)

centrosymmetric space group and in the crystal
molecules of both screw senses are present.

The bond lengths and bond angles observed for this
dipeptide agree well with those previously reported for
‘the geometry of the N-terminal benzyloxycarbonyl
. group (Benedetti, Pedone, Toniolo, Dudek, Némethy &
Scheraga, 1983), the C-terminal tert-butyl ester group

Benedetti, Barone, Di Blasio, Lelj, Pedone, Santini,
Crisma, Bonora & Toniolo, 1988). In particular, the
bond angles of the two Acgc residues indicate an
asymmetric geometry for the C* atom.

Both Ac,c residues adopt a conformation in the
helical region of the ¢, ¥ map, but their handedness is
opposite. The pertinent values are: ¢, [C(8)—N,—
Cx—C'1=-739(7°, v [IN-C*—C',—N,]=
—23-3(6)°; ¢, [C')—N,—C*—C',] = +48-8(6)°, v,
[N,—C2,—C',—02*] = +49.7 (6)° (IUPAC-IUB
Commission on Biochemical Nomenclature, 1970).
These values differ by less than 20° from those
pertaining to the ideal 3,,-helix (60, +30°) or a-helix
(£55, +45°).

The C(8)—0O(1)—C(7)—C(1) and O(1)-C(7)—C(1)—
C(6) torsion angles, giving the orientation of the phenyl
ring relative to the urethane moiety, have values of
¥81.2(7)° and ¥74.0 (8)°. The urethane linkage is
found in the usual trans conformation, the @, [C*—
N,—C(8)—O(1)] value being +165-9 (7)°. This struc-
tural property and the trans arrangement of the
N(1)—C(8)—0(1)—C(7) angle, +175.3 (8)°, allows us
to classify this Z-urethane moiety as the common type
b (Benedetti, Ciajolo, Di Blasio, Pavone, Pedone,
Toniolo & Bonora, 1979; Benedetti, Pedone, Toniolo,
Dudek, Némethy & Scheraga, 1983).

The torsion angles of the tert-butyl ester group show
the characteristic staggering of the three methyls with
respect to the C’,—O2* bond. The ester moiety adopts a
disposition close to the anticlinal conformation, the
value of the N,—C%—C’,—O, torsion angle being
+133.8 (9)° (Dunitz & Strickler, 1968). In addition the

Fig. 1. Molecular structure of Z-Acec-Ac,c-OBu with the number-
ing of atoms.
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C=,—C'",—02*—C(9) torsion angle (w,) is in the usual
trans conformation [F179-7 (8)°]. The secondary
peptide group adopts the common trans arrangement
(Benedetti, 1982; Ashida, Tsunogae, Tanaka &
Yamane, 1987), the value of the C*—-C'—N,—C¢,
torsion angle (w,) being +178-8 (8)°. In both Ac,c
residues the two torsion angles N—C*—CA—C?! (y!1)
and N—Ce—CP2—-C?? (y!-2), relating the peptide chains
to-the cyclohexyl ring, show a (g*, g-) conformation,
with values close to those predicted (+60°, —60°).
These are +64.0(7), ¥67-5(7)° for residue 1 and
¥66-1(7), £70-7(7)° for residue 2. In this con-
formation the N—H and C=O groups of each residue
are accommodated in the axial and equatorial positions
respectively. This feature was also observed in the
structures of most of the Acc-containing peptides
studied previously (Bardi, Piazzesi, Toniolo, Sukumar,
Raj & Balaram, 1985; Paul, Sukumar, Bardi, Piazzesi,
Valle, Toniolo & Balaram, 1986; Pavone, Benedetti,
Barone,” Di Blasio, Lelj, Pedone, Santini, Crisma,
Bonora & Toniolo, 1988; Valle, Crisma, Toniolo, Sen,
Sukumar & Balaram, 1988). The axial orientation of
the amino group was indeed anticipated in the early
work of Kenner, Preston & Sheppard (1965). In-
terestingly, in the zwitterionic Ac,c amino acid the
ammonium function is equatorial (Varughese, Chacko
& Zand, 1975); in contrast, the structure of the Ac,c
amino acid hydrochloride shows the ammonium group
in the axial position (Chacko, Srinivasan & Zand,
1971).

The endocyclic torsion angles indicate a slightly
distorted chair conformation for the cyclohexyl ring
(Cremer & Pople, 1975) of both Acgc residues, with a

Fig. 2. Mode of packing of the Z-Acgc-Acc-O‘Bu molecules
viewed down the ¢ axis. The intermolecular hydrogen bond is
indicated as a dashed line.
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Table 3. Backbone torsion angles (°) for N*-blocked
Acgc and Aib homo-dipeptides

Only the sets of torsion angles having a negative ¢, value have
been reported.

Compound (A v, 2] [2) Ref.
Z-Acic-Ac,c-O'Bu -73.9 -23.3 48-8 49-7 This work
Boc-Acgc-Acec-OH® —57-6 —46-1 49.3 38-1 (a)
Z-Aib-Aib-OH —659  -26.2 49-4 45.5 (b
Tfa-Aib-Aib-O'But —68-1 137-4 514 45.6 ()
Boc-Aib-Aib-OBzlf -59.7 519 51.4 —138.4 (d)

(a) Valle, Crisma, Toniolo, Sen, Sukumar & Balaram (1988). (b) Valle, Formaggio,
Crisma, Bonora, Toniolo, Bavoso, Benedetti, Di Blasio, Pavone & Pedone (1986). (¢)
Valle, Toniolo & Jung (1987). (d) Van Roey, Smith, Balasubramanian & Marshall
(1983).

* Boc fert-butyloxycarbonyl.

t Tfa trifluoroacetyl.

1 OBzl benzyloxy.

mean absolute value of 55-1°. This should be compared
with the expected mean torsion angle for a free
cyclohexane (54-7°) with a C—C—C bond angle of
111-5° (Bixon & Lifson, 1967). This result is similar to
those already described for the structures of the
Acgc-containing compounds solved so far (Chacko,
Srinivasan & Zand, 1971; Varughese, Chacko & Zand,
1975; Bardi, Piazzesi, Toniolo, Sukumar, Raj &
Balaram, 1985; Paul, Sukumar, Bardi, Piazzesi, Valle,
Toniolo & Balaram, 1986; Pavone, Benedetti, Barone,
Di Blasio, Lelj, Pedone, Santini, Crisma, Bonora &
Toniolo, 1988; Valle, Crisma, Toniolo, Sen, Sukumar
& Balaram, 1988).

The crystal structure of Z-Acgc-Aceec-OBu (Fig.
2) is characterized by a single intermolecular N—H---
O=C hydrogen bond between the urethane N,—H and
the peptide O,=C’, of a symmetry related molecule
(x+1,,2). The N---O distance, 2-89 (2) A, indicates the
formation of a strong hydrogen bond (Ramakrishnan &
Prasad, 1971; Taylor, Kennard & Versichel, 1984).
The peptide N,H group is involved in intramolecular
interaction with the N, atom: the N,---N, distance is
2-74 (1) A, the N,—H---N, angle is 108°. Packing is
obtained through van der Waals interactions between
methyls and phenyls of the C- and N-terminal pro-
tecting groups, respectively.

It may be concluded that the crystal-state con-
formation exhibited by this dipeptide is similar to that
shown by Boc-Acec-Acec-OH (Table 3), the only
other Ac,c homo-dipeptide studied so far by X-ray
diffraction. In these two peptides all four Acgc residues
are helical, but the last residue in each peptide chain
shows a handedness opposite to that observed in the
preceding one. If we compare the structures of the Acgc
homo-dipeptides with those of the homo-dipeptides
from Aib, the prototype of C*%-dialkylated a-amino
acids, it turns out that this feature is present also in
Z-Aib-Aib-OH (Table 3). However, a greater
conformational versatility appears to characterize the
Aib short peptides where the intramolecular hydrogen
bonds typical of the (incipient) 3,,/0-helices are not
possible.
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Structure of Quinine Monohydrate Toluene Solvate
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Abstract. C,(H,,N,0,.H,0.4C,H,, M, = 388.5, ortho-
rhombic, C222,, a=10-376 (1), b=16-726 (1), ¢
=25.255(9)A, V=4383A%, Z=8, D,,=1-17, D,
=1.177gem™3, CuKo=1.5418A, u#=6-28 cm™!,
F(000)=1672, T=295K, R=0-040, wR =0-036
for 2564 observed reflections. The asymmetry of the
C—N bonds of the quinuclidine N atom [1-471 (4),
1-494 (4) A, the short C—C bond of 1-356 (4) A in the
quinoline ring and the short intermolecular C..-C
distance between the overlapping quinoline planes
[3-273 (4) A] differentiate quinine from its derivatives
and other Cinchona alkaloids. The water molecule, as a
donor and an acceptor, connects three molecules of

0108-2701/89/040638-05$03.00

quinine by hydrogen bonds [O(12)---N(1) 2-867 (3),
0(12)---N(2) 2-876 (2) and 0(12)---0(1)
2.722 (3) Al. The toluene and quinoline planes make a
dihedral angle of 83-1(1)° with a minimum inter-
molecular C---C distance of 3-648 (4) A.

Introduction. Quinine, the best-known and perhaps the
most important alkaloid of the Cinchona group, has
several interesting pharmacological properties as an
antimalarial, antibacterial and cardioactive agent. The
results of the crystal structure analysis of two deriva-
tives of quinine have been previously reported (Suszko-
Purzycka, Lipinska, Piotrowska & Oleksyn, 1985;
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