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The Crystal Structure of Cyclo-L-prolyl-glycyl: a Refinement of High-Angle Diffraction Data
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The structure of cyclo-L-prolyl-glycyl has been determined by single-crystal X-ray analysis. The crys-
tals are orthorhombic, space group P2,2,2;, a=9-666 + 0006, b=>5-780+ 0-004, c=13-067 +0-010 A,
and Z=4. Diffractometer data were collected using monochromated Mo K« radiation and the struc-
ture was refined with the entire data set to give the residuals R=0-044 and Rw=0-051. A refinement
using only the high-angle data (sin 8/A>0-40) gave the residuals R=0-049 and Rw=0-046. Both the
diketopiperazine ring and the pyrrolidine ring are appreciably puckered and the molecular conforma-
tion is virtually identical to that of cyclo-L-prolyl-L-leucyl [Karle, 1. L. (1972). J. Amer. Chem. Soc. 94,
81-84]. Marked differences in the parameters are noted for the two refinements with the high-angle
refinement giving generally identical distances for chemically similar bonds. Similarly the high-angle
results indicate less apparent thermal motion of the molecule than does the full-data refinement.

Introduction

The conformation of the diketopiperazine (DKP) ring
in cyclic dipeptides has undergone considerable
investigation by X-ray diffraction and by various
spectroscopic techniques. The initial X-ray results
showed that DKP rings with a center of symmetry are
planar, as in cyclo-Gly-Gly (Degeilh & Marsh, 1959;
Lonsdale, 1961), cyclo-Sar-Sar (Groth, 1969), and
cyclo-D-Ala-L-Ala (Sletten, 1970; Benedetti, Corradini
& Pedone, 1969a). The existence of planar DKP
rings in solution has been partially confirmed by
n.m.r. studies of several cyclic dipeptides in trifluor-
acetic acid (Kopple & Marr, 1967; Kopple & Ohnishi,
1969), however the DKP ring appears to usually take
on a twist-boat conformation in dimethyl sulfoxide-
ds (Kopple & Ohnishi, 1969).

A boat conformation was found for the DKP ring in
an X-ray study of cyclo-L-Ala-L-Ala (Sletten, 1970;
Benedetti, Corradini & Pedone, 1969b) in which the
methyl groups are equatorial to the ring. A recent
interpretation (Hooker, Bayley, Radding & Schellman,
1974) of the circular dichroism (c.d.) spectra in water,
methanol and triethyl phosphate also gives a boat con-
formation for this compound but in the opposite sense,
such that the methyl groups are in pseudoaxial posi-
tions.

The number of accessible conformations for DKP is
severely limited by the presence of proline in the ring.
Conformational energy calculations for cyclo-p-Pro-
L-Pro show that the DKP ring assumes a flattened
chair form (Young, Madison & Blout, 1973) while for
cyclo-L-Pro-L-Pro the boat form is preferred. Interpre-
tations of n.m.r. (Siemion, 1971), infrared (Vi&ar,
Smolikovd & Bldha, 1972; Bldha, Budé&Sinsky, Fri¢,
Smolikovd & Vicar, 1972) and c.d. (Hooker, Bayley,
Radding & Schellman, 1974) spectra are all consistent
with this view. Spectroscopic studies of the less rigid
cyclo-L-Pro-Gly indicate that the DKP ring takes on

either the boat or planar conformation depending on
the solvent (Siemion, 1971; Bldha, Bud&sinsky, Fri&,
Smolikovd & Vicar, 1972; Vi¢ar, Smolikovd & Bldha,
1972). In a recent X-ray study of the closely related
cyclo-L-Pro-L-Leu (Karle, 1972) the DKP ring was
found to have the boat conformation and is virtually
identical to that found for cyclo-L-Pro-Gly in this
study.

In addition to providing a precise characterization
of the conformation of cyclo-L-Pro-Gly, the avail-
ability of a large number of very high-quality diffrac-
tion data has presented the opportunity to establish
molecular parameters for this simple dipeptide with
great precision. By utilizing only high-angle data in
some of the refinements, a set of nuclear coordinates
has been obtained which can then be compared with
those from a full-data refinement to show the effects
of valence shell-asphericity on bond distances and
angles.

Experimental section

Cyclo-L-Pro-Gly was obtained from an ethanol extract
of the Gulf of Mexico starfish Luidia clathrata
(Echinodermata). Excellent crystals of this compound
were obtained by slow cooling of a methanol-acetone—
hexane (tr) solution.* Precession photographs dis-
played orthorhombic symmetry, mmm, with the
systematic absences h=2n+1 for 400, k=2n+1 for
0k0, and /=2n+1 for 00/, which uniquely correspond
to the space group P2,2,2,. A total of 58 reflections
within the angular range 7-5°<20<25° for Mo Ka
radiation were automatically centered on a Syntex
PT autodiffractometer; a least-squares refinement of
the angular settings yielded the lattice parameters a=
9:666 + 0-006, b=5-870 + 0-004, and ¢=13-067 +0-010

* The author is indebted to G. R. Pettit for crystals of this
material.
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A which for Z=4 gives g.ic=1381 g cm™3 (gype=
1:37 g cm™3).

The diffraction intensities were measured on a
0-30x0-40x0-20 mm crystal using graphite-mono-
chromated Mo K« radiation with the diffractometer
operating in the variable speed 6-26 scan mode. For
each reflection the scan speed, between 1° min~' and
12° min~%, was determined from the intensity found in
a rapid sampling scan. The scans were taken over the
range 20Ka; —0-8° to 20Ka,+0-8° with background
counts for 0-5 of the scan time taken at each end of
the scan. A total of 1280 independent reflections were
investigated (20 < 60-0°) with the Mo tube operating at
20 mA and 50 kV. The low-angle data (20<25°) were
reinvestigated twice at 10 mA and 50 kV to obtain
more reliable intensities for the strongest reflections.
After applying a least-squares scaling procedure
(Hamilton, Roilett & Sparks, 1965), a total of 1234
reflections were retained as objectively observed with
|Fo| >0:67505; 0r=0-02|F,|+(C+k*B)""*R/(2|F,|Lp)
where C is the total count in a scan taken at the rate R
and k is the ratio of scanning time to the time for the
total background count B. Periodic monitoring of three
reflections showed a maximum 2 % random variation in
intensity during the time of data collection. Correc-
tions were applied for Lorentz and polarization effects
on monochromated radiation (Azaroff, 1955) but
absorption effects proved to be negligible. Isotropic
extinction corrections (Zachariasen, 1967, 1968) were

Table 1. Starting set for phase determination

h k1 E Phase

0 1 4 2:22 n/2
13 0 4 2-02 n

7 0 5 1-91 —7n2

6 4 2 1-73 /2

2 0 8 1-43 n

6 0 10 1-36 0

4 0 16 1-35 0
12 0 6 1-28 n

8 0 4 1-22 0
12 0 0 110 0

4 0 6 110 n

8§ 0 14 1-07 n

0 4 16 1-07 0
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applied during the least-squares refinement of the
structure. In the final refinement of all the data, the
maximum extinction correction was 1:4% of |F,| for
the 002 reflection. An average thermal parameter
(291 A?) and a scale factor (0-60) required for the cal-
culation of normalized structure factors |E,,| were
obtained from a Wilson (1942) analysis.

Structure determination and refinement

A starting set (Table 1) of 13 phase angles was de-
veloped for the initial phase determination. The first
three, being linearly independent reflections, were
arbitrarily assigned (Hauptman & Karle, 1956) phases
to specify the origin. The fourth was assigned a phase
consistent with the value of 2¢,, obtained in a
squared-tangent formalism (Hauptman, 1970; Tsai &
Collins, 1972) to specify the enantiomorph. The re-
maining phases were assigned on the basis of consistent
2. and 2, interactions (Karle & Hauptman, 1956).
Approximate values of 2¢,,, (0 or =) for 33 additional
reflections were obtained from the squared-tangent
formalism. This starting set of ¢y, and 2¢,, was used
in a generalized tangent refinement* of 163 reflections.
An initial four cycles of refinement with the phases
taken from the average of

ELPEyp— 2l Sin (204 + ¢n— )i

— Nkl 17h— 24 =tan
. ENHEp— okl €08 Copr+ on— u) i i
and the more familiar
E.E,_,| si -
T, = ELE, 4l Sin (gx+ @h— i)k ~tan g,

- <|El:Eh-:k[ cos ((ﬂk"’%—k»r

gave 90 phases with an average consistency, C=0-36,
as defined by Tsai & Collins (1972). These phases were
applied to two sets of four cycles of T;; tangent refine-
ment to give 131 phases with an average consistency,
C=0-59. In a Fourier synthesis utilizing these phases,
ten maxima were identified as a fragment of a plausible

* The author is indebted to C. C. Tsai for copies of the
squared-tangent and generalized tangent programs.

Table 2. Fractional coordinates (x 10%) and thermal parameters from full-data refinement

The thermal parameters are expressed in the form T=exp [—3(Bi/h2a*?+ Byk*** + Bysl2c* + 2B ,hka*b* + 2B hla*c* +
2Bysklb*c*)], where the By, values are in A2, Isotropic thermal parameter calculated from Biso=4[V? det (B;,)]"/*. The estimated

standard deviations are listed in parentheses.

X Y z By B3 B, B3 By Biso

N; 3063 (2) 6782 (3) 3815 (1) 2:09 (6) 2-83 (7) 2:97 (7) 0-14 (7) 0-23 (5) 0-46 (6) 2-57
O, —490 (1) 5914 (3) 4259 (1) 2:04 (5) 4:36 (8) 546 (9) —0-08(6) —0-22(6) 0-05 (9) 3-64
C; 752 (2) 5893 (4) 4453 (2) 2:21 (7) 2:97 (9) 3-50(9) —0-01(7) 0-32(7) —030(® 2:82
$ 1730 (2) 7741 (4) 4114 (2) 1-99 (7) 2:62 (8) 3-29 (9) 0-14 (7) 0-:09 (7) —0-01 (8) 2-58
Cc4 1309 (3) 9108 (5) 3170 (2) 3-20 (10) 3-87 (11) 4:70 (12) 0-59 (10) —0-35(9) 1-:31 (11) 369
Cy 2693 (3) 9918 (5) 2740 (2) 3-95 (12) 361 (11) 4-09 (12) 0-23 (10) 0-06 (10) 1-16 (11) 3-75
C¢ 3695 (3) 7979 (5) 2946 (2) 3-30 (10) 4-62 (13) 3-52 (10) 0-39 (11) 0-65 (9) 1-56 (10) 3-53
N, 1370 (2) 4220 (4) 4995 (2) 2-39 (7) 327 (8) 434 (9) —=0-51(7) 0-19 (6) 092 (7) 312
0, 4881 (1) 4494 (3) 4179 (1) 2:44 (6) 4-05 (8) 4:23 (7) 0-83 (6) 0-34 (6) 071 (7) 3-35
C, 3696 (2) 5177 (4) 4360 (2) 2:22(7) 2-89 (8) 2:87(8) —-019(7) —-0-17(7) 0-15 (8) 262
C3 2839 (2) 4238 (5) 5234 (2) 2:37 (8) 3-58 (10) 3-46 (10) —0-16(8) —0-06(7) 0-99 (9) 3-00
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molecule. A Fourier synthesis on |F,| phased with these
positions (R=0-48), gave one additional maximum,
which had also appeared in the original E synthesis.
The model was refined with isotropic thermal param-
eters by full-matrix least-squares analysis (Busing &
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Table 4. Fractional coordinates ( x 10%), thermal param-
eters (A?), and bond distances (A) for the hydrogen
atoms
The estimated standard deviations are listed in parentheses.

Levy, 1962) with each reflection assigned a weight, w= H ztri’m - y ; B d
1/o% and with atomic scattering factors for C° N°, and . ) )
O° calculated by Cromer & Mann (1968). At conver- Ch lﬁg g; lﬁgg‘ g; ‘3‘% g; }3 g; (l).g; E‘_%
gence the standard residual was R=0-109 and the ol 90(3) 801(5) 267(2) 22(6) 099 (4)
weighted residual, Rw=[Dw(|F,|—|F|)%/>w|F,*1'?, Ci 265 10204 198 12(5)  1-00(4)
was 0-143. A difference Fourier synthesis based on gg 2992 112665 311 @ 120)  097(4)
Lo ¢ 460 (3) 851 (6) 316 (2) 3:0(7) 0-97 (3)
these results allowed objective placement of all hy- C: 379(3) 691(5) 233(2) 28() 1-:03(3)
drogen atoms. Least-squares refinement of the model N, 81 (2) 301 (4) 524 (2) 0-9 (5) 095 (3)
with anisotropic thermal motion by the non-hydrogen Ci 29902 S31(9) 5852 19()  102(3)
atoms and isotropic thermal motion by the hydrogen C: 33 2844 5462 08() 092(%)

atoms and including the extinction correction gave the
residuals, R=0-044 and Rw=0-051 for 141 parameters.
A refinement with fixed temperature factors of B=
4-0 A2 for the hydrogen atoms gave the residuals R=

0-046 and Rw=0-054 for 130 parameters. To minimize -

the effects on the model of aspherical electron density
in bonds and lone pairs (Jeffrey & Cruickshank, 1953;
Hanson, Sieker & Jensen, 1972), a refinement of the
non-hydrogen atomic parameters was obtained for the
data with sin /A >0-40 (967 reflections). The residuals
were R=0-049 and Rw=0-046 for 100 parameters.*

Results

Final atomic coordinates and thermal parameters for
the non-hydrogen atoms in cyclo-L-Pro-Gly from the
full-data refinement are presented in Table 2 and the
parameters from the high-angle refinement are pre-
sented in Table 3 along with the estimated standard
deviations derived from the least-squares analyses.
Atomic coordinates and thermal parameters for the
hydrogen atoms are presented in Table 4.

* A list of swructure factors has been deposited with the
British Library Lending Division as Supplementary Publica-
tion No. SUP 30763 (7 pp.). Copies may be obtained through
The Executive Secretary, International Union of Crystallog-
raphy, 13 White Friars, Chester CH1 1 NZ, England.

Since the compound displayed a negative plain
o.r.d. curve, the same as that obtained from a synthetic
preparation with L-proline, the configuration of the
chiral center can be assigned (S)-C{ and the molecule
is shown in the correct enantiomorphic form in Fig. 1.
Each non-hydrogen atom is represented by an ellipsoid
consistent with the anisotropic thermal parameters in
Table 3. A stereoscopic drawing of the unit-cell con-
tents is shown in Fig. 2.

Fig. 1. A perspective representation of the structure of cyclo-
L-proline-glycine prepared from the results of the refinement
of high-angle data.

Table 3. Fractional coordinates (x 10*) and thermal parameters from high-angle refinement

The thermal parameters are expressed in the form T=exp [—3(Bi1h*a*?+ Byk2b*2 + Bysl?c*2+ 2By hka*b* + 2 Byshla*c* +

2B,:klb*c*)], where the By, values are in A2 Isotropic thermal parameter calculated from By, =4[V?* det (f:)]">. The estimated
standard deviations are listed in parentheses.

X y z By, B, B, By, By By Biso

N, 3066 (1) 6785 (3) 3814 (1) 1-86 (5) 2-70 (5) 2:67 (5) 0-16 (4) 024 (4) 0-43 (5) 2:34
O, —493 (1) 5928 (3) 4259 (1) 1-79 (5) 392 (6) 508 (7) —0-18(4) —024 () 0-06 (7) 3-28
C, 754 (2) 5883 (4) 4457 (1) 1-82 (5) 2:67 (6) 321(7) —=010(5 024 (5) —-0-13(6) 2:49
$ 1735 (2) 7755 (3) 4114 (1) 1-76 (5) 2:36 (6) 3-04 (6) 0-19 (5) 0-09 (5) 0-08 (5) 2:32
Cé 1308 (2) 9103 (4) 3172 (2) 2:86 (7) 3-69 (8) 4-41 (9) 0-57(7) —0-38 (6) 1-:30 (8) 3-39
Cy 2693 (3) 9919 (5) 2738 (2) 3-70 (9) 3:47 (8) 3-74 (8) 0:12(7) —=001 (D 1-33 (7) 3-46
C? 3693 (2) 7977 (4) 2947 (2) 3-:02(7) 4-06 (9) 321 (7) 0-29 (7) 0:66 (6) 1-:30 (7) 3-20
N, 1368 (2) 4225 (3) 4999 (1) 2:10 (5) 2:93 (6) 3:99(7) —0-48(5) 021 (4) 0-74 (6) 2-81
0, 4881 (1) 4501 (3) 4180 (1) 2:17 (5) 3-62 (6) 3-75 (6) 075 (4) 0:32 (4) 0-54 (5) 2-99
C; 3699 (2) 5181 (3) 4361 (1) 1-93 (5) 2-47 (6) 2:61(6) —-003(¢) —-017@) 0-13 (5) 2:31
C3 2840 (2) 4249 (4) 5236 (2) 2:17 (5) 3:20(7) 3-13(6) —020(5) —009 (5 0:94 (6) 2:70
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Discussion

The significance of the change in atomic positions upon
refinement with high-angle data is immediately ap-
parent from the changes in bond lengths (Table 5). In
all cases those bonds which are chemically similar be-
come identical in length, sometimes reflecting changes
of 0-01 A or more from those of the full-data refine-
ment. For example, the two carbonyl bonds, C'-O,
differ by 0-01 A in the full-data results, but they average
to 1-:232 A which is the same value, 1233 (2) A, ob-
tained for both bonds in the high-angle refinement. For
the closely related DKP, cyclo-L-Pro-L-Leu, refined
with all the data (Karle, 1972) the two carbonyl bonds
differ by 0-014 A in the same sense as in cyclo-L-Pro-
Gly and also average, 1236 A, to the value obtained in
this refinement. Sletten (1970) also reports similar
values ranging from 1-235 to 1-239 A for the DKP
carbonyls in cyclo-p-Ala-L-Ala and cyclo-L-Ala-L-Ala.
Clearly, the different asphericity of the atoms in the
glycine residue and the proline residue is responsible
for the different carbonyl bond lengths obtained from
the full-data refinement. In addition, it is interesting to
note that the proline carbonyl bond length from the
full-data refinement of 3,4-dehydroproline anhydride
(Karle, Ottenheym & Witkop, 1974) is exactly the same,
1-228 A, as those obtained from both full-data refine-
ments of proline DKP compounds.

In a similar way, all the C-C bonds except C{-C}
become virtually identical at 1-518 A in the high-angle
refinement while the full-data refinement showed
C$-C; to be distinctly shorter at 1-504 (3) A. This bond
also appeared to be short, 1-507 and 1-509 A, in cyclo-
L-Pro-L-Leu and 3,4-dehydroproline anhydride, respec-
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Table 5. Bond distances (A) in cyclo-L-Pro-Gly

Estimated standard deviations are listed in parentheses.

High-angle Full-data

Bond refinement refinement
N—C§ 1461 (2) 1-459 (3)
N,—C? 1-462 (2) 1-468 (4)
N-C; 1-330 (2) 1329 (3)
Ci—C¥ 1-:520 (3) 1526 (4)
Cci—C; 1-518 (3) 1-504 (3)
C§-Cy 1-531 (3) 1-527 (4)
Cij—C¢ 1-:519 (4) 1-518 (4)
C,—0, 1-233 (2) 1-227 (3)
Ci—N, 1-341 (3) 1-349 (3)
N,~C§ 1-456 (2) 1-455 (3)

2_C, 1-515 (3) 1-515 (3)
C;—0, 1-233 (2) 1-237 (3)

tively. Curiously, the bond Cf—CJ in this structure is
longer, 1:531 (3) A, than the other C-C bonds but it is
considerably shorter, 1:485 A, in cyclo-L-Pro-L-Leu.
The three non-amide C-N bonds also have similar
bond lengths when obtained from the high-angle refine-
ment. They show at most a 0-006 A difference between
them while those from the full-data refinement differ by
0-013 A. Those in the DKP ring, C®-N, are little af-
fected by the asphericity of the atoms, hence almost
identical values, 1-463 and 1-461 A, were obtained in
cyclo-L-Pro-L-Leu for C{-N; and C4-N,, respectively.
Both amide bonds in cyclo-L-Pro-Gly, C;~N, and
C,-N,, are distinctly shorter, 1-341 (2) and 1:330 (2) A,
respectively, than those in cyclo-L-Pro-L-Leu, 1-357
and 1-341 A, respectively, regardless of the type of
refinement used. The fact that one is a secondary
amide bond and the other a tertiary amide bond may
account for the difference in length in each molecule.
Even shorter amide bonds, 1:322 and 1-329 A, werere-

Fig. 2. A stereo diagram of the packing in a unit cell. The axial ditections are a — and ¢ }.
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ported for cyclo-D-Ala-L-Ala and cyclo-L-Ala-L-Ala,
respectively.

In most cases the bond angles (Table 6) are little
affected by the type of refinement used except those
involving the atoms C%, C, and O,, which have suffered
the greatest shift in position. The interior angles in the
DKP ring of cyclo-L-Pro-Gly are virtually identical to
those obtained for cyclo-L-Pro-L-Leu and 3,4-dehydro-
proline anhydride.

Table 6. Bond angles (°) in cyclo-L-Pro-Gly

The estimated standard deviations are listed in parentheses.

High-angle Full-data

refinement refinement
N,-C{-C; 110-4 (2)* 110-9 (2)*
N,—-C¢—C# 102:9 (2) 102-8 (2)
C;—Ci-CH 1165 (2) 116:6 (2)
Ci—C,-0, 122:2 (2) 123-2 (2)
C%—C;—N, 113-8 (2)* 113-6 (2)*
0,—C;—N;, 124-0 (2) 123:3(2)
C;—N,—-C§ 122-5 (2)* 122-7 (2)*
N.-C5-C, 112-3 (2)* 1120 (2)*
C—C,—N, 114-1 (2) 114-2 2)*
C5—C;—0., 122-4 (2)* 122:2 (2)
0,-C;—-N, 123:5 (2) 123:6 (2)
C;—N,-C% 122:4 (2)* 122:4 (2)*
C,—N,-C?¢ 124-2 (2) 124-1 (2)
C?—-N,-C¢ 112:8 (2) 113-0 (2)
Ci—-C4-Cy 103-0 (2) 103-1 (2)
Ci-C1—C¢ 104-8 (2) 105-2 (2)
Ci—Co—N, 103-5 (2) 103-3 (2)

* Interior angles for the DKP ring.

The exclusion of low-angle data from the refinement
also has a marked effect on the thermal parameters.
The diagonal elements of the temperature-factor
matrix for each atom are all uniformly smaller for the
high-angle refinement; however the off-diagonal ele-
ments are quite similar for both refinements. Similar
effects were noted for the isotropic temperature factors
in sucrose (Hanson, Sieker & Jensen, 1972), in which
the high-angle data gave lower temperature factors
than the full data set. In addition, they found that the
temperature factors obtained from the high-angle X-
ray data were the same as those from neutron-diffrac-
tion data and hence more properly represent the true
thermal motion of the atom centers. The low thermal
motion indicated for the hydrogen atoms in this anal-
ysis is probably an artifact due to the severe asphericity
of the electron shell for these atoms.

The great similarity of the ring conformations in
cyclo-L-Pro-Gly and cyclo-L-Pro-L-Leu can best be
seen from the list of dihedral angles (Table 7). The
values given for cyclo-L-Pro-Gly are derived from the
results of the high-angle refinement; the dihedral
angles obtained from the full-data refinement are
virtually the same. In both molecules the pyrrolidine
ring has identical envelope conformations: for cyclo-
L-Pro-Gly the atoms C§, N,, C4, and CJ are in a plane
(average deviation 0:014 A) and C? is 055 A out of the
plane. The diketopiperazine ring is also folded in both
molecules. The slight difference in dihedral angles for
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this ring results because the Gly peptide residue is much
flatter (w, =0-4°) than the corresponding L-Leu residue
(e, =63°). This difference may arise from the fact that
the amide hydrogen in cyclo-L-Pro-L-Leu forms an
intermolecular hydrogen bond, whereas in cyclo-L-
Pro-Gly there are no hydrogen bonds (¢f. Fig. 2).

Table 7. Dihedral angles (°) for cyclo-L-Pro-Gly

IUPAC Atoms Cyclo-L- Cyclo-L-Pro-
designation involved Pro-Gly L-Leu
0 C{CiN,C, ~44-0 —41-5
W, N,C;Ci{N, 385 337
w, C3N,CC? 0-4 63
02 C;C3N,C; -37-3 —41-5
v NiC;C2N, 327 33-8
, C3N,C;C8 74 62
X N,CCECY ~327 —31'5
X21 Ccicecics 356 360
X351 C8CIC3N, —24-0 —251
X4 CICIN,Cs 32 4-5
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