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The Crystal Structure of Protopine, C20H;9OsN

By S.R.HALL* AND F.R. AHMED
Pure Physics Division, National Research Council of Canada, Ottawa 1, Canada

(Received 30 May 1967)

The crystal structure of protopine, C20H;905N, has been determined by the symbolic addition proce-
dure, and has been refined by least squares to an R index of 0-043, with use of counter data for 2904
observed reflexions. The space group is P2;/n and the cell constants are a=13-610, b=17-445, c=
7-102 A, f=96-75°. The ten-membered ring in the molecule is severely buckled and contains a short
distance across the ring of only 2-555 A between the C atom of the carbonyl group and the tertiary
nitrogen atom. Each of the two benzene rings has a very slight boat form, and the normals to their
mean planes are at an angle of 27-8° from each other. The carbonyl group is about 37-4° out of the
mean plane of its nearest benzene ring. The carbonyl oxygen atom and the methyl group are on the

same side of the ten-membered ring.

Introduction

A natural group of alkaloids in opium is presented by
the two members: protopine, C,,H;o0sN, and crypto-
pine, C;;H,;0;5N. Protopine is almost the typical alka-
loid of the poppy order (Papavaraceae) since it has
been found in most species of this order. Molecules
in this group are characterized by the presence of a
ten-membered N-hetero-ring containing one carbonyl
group (Manske & Holmes, 1954). The carbonyl group
and the tertiary amino function are held very closely
together across this medium-sized ring, and it is of
interest to define the degree of interaction between
them. The two functional groups have been found to
interact when a proton is added to the carbonyl oxygen,
as for example in protopine hydriodide, with the net
result of transforming the ten-membered ring into two
six-membered rings. This interaction was studied by
Mottus, Schwarz & Marion (1953), and by Anet &
Marion (1954) from the ultraviolet and infrared spectra.

* National Research Council Postdoctorate Fellow. Present
address: Department of Physics, The University of Western
Australia, Nedlands, Western Australia.

The molecular structure for the protopine base is showa
in (I); the numbering of the atoms is based on that
given by Henry (1949), p.300.

0O _CH,
M (21

(12) (13)
(14

20 (3
CHZ( 0 - )

(I) Protopine

X-ray analysis of protopine and cryptopine has been
undertaken in order to determine their structures and
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in particular the shape and dimensions of the central
ten-membered ring, and the orientation of the carbonyl
group relative to the rings. In each case, the analysis
has been carried out on the base, since the heavy atom
derivatives have been expected to involve steric change
or complete closure of the ten-membered ring. In ad-
dition to the chemical interest in the two structures,
they have been considered by the authors to be very
suitable for trying out a self-consistent set of crystal-
lographic programs developed by Ahmed, Hall, Pippy
& Huber (1966) in FORTRAN IV for use on the
IBM 360 system, and in particular a program for the
direct method of phase determination by the symbolic
addition procedure for centrosymmetric crystals. The
structure of protopine is reported in this paper and
that of cryptopine will be described in a separate com-
munication.

Crystal data

Space group and unit-cell data for protopine, based
on precession photographs, have been reported by
Barnes & Forsyth (1954) as follows: space group P2;/c;
a=710y, b=17-44, c=16:08 A, f=122°45, Z=4;
D;=1-399 g.cm~3, D,=1-393 g.cm—3,

For the present X-ray analysis the space group has
been changed to P2;/n, and the cell constants as re-
measured on the General Electric XRD 5 diffracto-
meter using a 1° take-off angle, 0-02° and 0-05° slits
and Cu radiation (A, Ka; =1-54050 A, Ko, =1-54434 A)
are a=13-610 (¢=0-003), 5=17-445 (¢=0:004), c=
7102 A (6=0-003), f=96°45" (6=3"); U=1674-5 A3,
mol. wt.=353-36, D.=1-401 g.cm=3; u(Cu)=848
cm~1, F(000)=744. For this space group, the syste-
matic absences are the A0/ with #+/=2n+1, and the
040 when £k is odd.

Intensity data

Cu radiation, Ni filters, and a prismatic crystal of di-
mensions between 0-2 and 0-3 mm were employed for
the intensity data collection by the moving-crystal
moving-counter method (Furnas, 1957). The crystal
was mounted with the b axis along the direction of
the fibre, the take-off angle was set at 2°, and the inte-
grated intensity was measured at each lattice site within
the range of the instrument. The 20 scan was varied
between 2° for the low-angle reflexions and 4° for the
high-angle reflexions, and the background was meas-
ured at the beginning and at the end of each scan on
the Laue streak through the reflexion. The mA setting
was reduced for the strong reflexions instead of using
attenuators, and when the peak height exceeded 20000
counts per second the intensity was corrected for non-
linearity of the counter by an empirically evaluated
function. The intensity of the 400 reflexion was meas-
ured at short intervals of time during the data collec-
tion and employed for scaling of the intensities. Many
of the weak reflexions were remeasured prior to the
final stages of refinement in order to improve their
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counting statistics. The 1/Lp corrections were applied
to the net counts (total — background), and the absorp-
tion corrections were ignored since (1t )ay =0-21 (Jeffrey
& Rose, 1964).

In the reciprocal space corresponding to 20max of
about 161° (sin 6/A=0-64), there are 3705 non-equi-
valent lattice sites excluding those prohibited by the
space group, and of these, 2904 reflexions (78-4%) were
observed above threshold.

Structure determination by symbolic addition

The structure was determined by the symbolic addition
procedure for centrosymmetric crystals (Hauptman &
Karle, 1953), using a program written by S.R.H. for
the IBM 360 system in FORTRAN 1V, which performs
all the necessary operations automatically. The pro-
gram starts with the |F,] data on some arbitrary scale
and the f(hkl) values at zero temperature, as output
from the data reduction program, and concludes by
supplying the signed E(hk!) data in the appropriate
order on magnetic tape which can be used directly as
input to the Fourier program for calculation of the
E map. However, human intervention is made pos-
sible at various stages in the program if need be.

The scale of the |F,| data, K’, and the overall tem-
perature factor, B, were estimated from the Wilson
plot. In this calculation all the non-equivalent ob-
served and accidentally unobserved reflexions were
included, and appropriate allowances were made for
the equivalent reflexions and for the systematic ab-
sences. The scattering factor curves employed in this
and all other calculations were those derived by Han-
son, Herman, Lea & Skillman (1964), except that the
hydrogen curve was modified by a temperature factor
of —2:5A2 as suggested by Jensen (1965). The nor-
malized structure factor amplitudes | E,| were calculated
from the expression

| Byl = K(s)| Fyl*/e fff(S)

where | Fy| are on the assumed original scale, s=sin 6/4,
K(s)=K"2.exp (2Bs?), and ¢ for space group P2;/n
was taken as 2 for the A0/ and 0kO reflexions and as
1 for all the others. The computed values for the dis-
tribution and statistics of |E| for this structure, and
the corresponding theoretical values which were calcu-
lated by Karle, Hauptman, Karle & Wing (1958), given
in parentheses, were as follows: {|E|)»=0-803 (0-798),
{|E|2)=0-989 (1-000), {|E2—1])>=0-954 (0-968); re-
flexions with |E|>3 were 0-30% (0-3%), reflexions
with [E|>2 were 4-67% (5:0%), and reflexions with
|E|>1 were 30-4% (32:0%).

The 478 reflexions with |E|>1-50 were then sep-
arated from the rest of the data, sorted in descending
order of |E|, and each of them was assigned one of
the eight parities in order to simplify the search opera-
tion. The search for sets of reflexions which satisfy the
X, relationship
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was performed for all values of |E,] > 1-50 but limiting
|E,| and {E,_;.| to values more than 2:0 each. The
three origin-defining reflexions 874, 735, and 12,6,1
were selected by the program from the first ten refiex-
ions with the largest |E|’s, and it was found necessary
to select the 1,14,4 reflexion to define a symbol 4. The
first stage of sign determination was limited to the 178
reflexions with [E|>2-0, but it was possible to fix the
signs of only 164 of these reflexions, and it was found
later that 14 of them were wrongly signed. The sign
determination was then extended to include the re-
mainder of the 478 reflexions with |E|>1-50. Alto-
gether, the signs were deduced for a total of 453 re-
flexions, of which 47 signs were later found to be wrong.
However, the £ map which was evaluated with these
453 reflexions gave the structure (excluding the hydro-
gen atoms) without any ambiguity as shown in Fig. 1,
and there were no spurious peaks in the map as high
as those selected for the molecule. The relatively high
percentage of incorrect signs can be attributed to the
unsuitability of the scheme adopted in the program
for acceptance or rejection of the signs, and steps are
now being taken to modify this part of the program.

The structure factors calculated for the trial model,
assuming isotropic temperature factors, gave an R
index of 0-27.

Refinement

The structure was refined by successive cycles of block-
diagonal least squares, employing only the observed
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reflexions and evaluating matrices of sizes 4 x4, 9 x 9,
or (3x3 and 6 x6) per atom. After two cycles of iso-
tropic refinement, the R index was reduced to 0-14,
and after three more cycles of anisotropic refinement,
it was reduced further to 0-09. A difference map was
computed and positions of all the hydrogen atoms were
derived from it. In cycles six to nine, the C, N, and
O atoms were refined anisotropically and the H atoms
isotropically, and the R index was brought to 0-05. It
was obvious at this stage that the structure amplitudes
for some of the weak reflexions were not as accurate
as the rest of the data, and the very strong reflexions
were affected by extinction. The intensities of most of
the weak reflexions were remeasured and their struc-
ture amplitudes were modified accordingly. The struc-
ture factors were recalculated without the contribu-
tions of the H atoms giving an R index of 0-074, a
second difference map was evaluated omitting the 101,
221, 310, 320, and 321 reflexions which had appre-
ciable extinction errors, and new positions for the hy-
drogen atoms were derived from it. A composite draw-
ing of this difference map is presented in Fig.2. The
peak heights for the hydrogen atoms were between 0-4
and 0-7 e.A-3, the residual electron densities on some
of the bonds were as high as 0-2 or 0-25¢.A-3, and
the backﬁround elsewhere was quite flat and within
+0-15e.A-3.

The final three cycles of refinement were carried out
on all atoms, with the revised data but excluding the
five strong reflexions with appreciable extinction errors.
The final shifts in the parameters were much smaller
than their e.s.d.’s, the final R index for all the observed

Fig.1. Composite drawing of the E map as evaluated with 453 reflexions, of which 47 had wrong signs.
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data was 0-043, and it was only 0-041 without the five
aforementioned reflexions. The | Fe| values for the large
majority of the unobserved reflexions were below the
threshold amplitudes, and the rest were only very
slightly above them. The weights employed in the re-
finement were calculated by the expression

w=1/{1+[(|Fo| —60)/40]2} .

Results

The refined parameters of the C, N, and O atoms are
listed in Table I, and those of the H atoms are given
in Table 2. The e.s.d.’s in Tables 1 and 2 were calcu-
lated with expression 6.4.3(6) of International Tables
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for X-ray Crystallography (1959, p.330), and increased

by 30% in order to allow for omission of the unob-
served reflexions and of the interaction between the
atoms. The molecule in perspective as viewed from two
directions at right angles to each other is shown in
Fig.3.

The observed structure amplitudes, and the calcu-
lated structure factors based on the parameters in
Tables 1 and 2, are listed in Table 3. A summary of
the agreement between |F,| and |F;| (Ahmed & Barnes,
1963) is presented in Table 4. Of the 3705 reflexions,
only two observed reflexions show high discrepancy;
both of these are very strong and are obviously affected
by extinction.

Fig.2. The second difference map, showing the hydrogen atoms, with the contour lines at intervals of 0-1 e.A-3, starting at
0-2 e.A-3. For clarity, the molecule has been divided at the dotted line.

Table 1. Fractional coordinates, vibration tensor components (A2) for the expression
T=exp [-2r2(Upa*?h2+ ... +2Upb*c*ki+ . . )], and their e.s.d.’s (all quantities x 10%)

x y z Un U Us;s 2Us; 2U;3 2U;2
Cc() 4352 (2) 3173 (1) - 1807 (3) 33512 361 (14) 357 (13) 87 (20) 67 (20) 88 (20)
C(2) 4930 (2) 3808 (1) —1872 (4) 402 (14) 412 (14 425 (14) 283 (23) 163 (23) 63 (23)
C@3) 5712 (2) 3951 (1) — 508 (4) 367 (13) 398 (14) 546 (16) 241 (29) 150 (24) —152 (23)
C@ 5964 (2) 3462 (1) 974 (4) 339 (13) 427 (14) 443 (14) 166 (23) —7(22) —152 (22)
(6 6)) 5709 (2) 2263 (1) 2749 (3) 334 (12) 399 (14) 384 (13) 189 (22) —114 21) —118 (22)
C(6) 4882 (2) 2108 (1) 3971 (3) 483 (14) 330 (12) 298 (12) —4 (20) 32D —208 (23)
N() 4137 (1) 1587 (1) 3037 (2) 316 (10) 259 (10) 303 (9 -3 (195 68 (15) —6(16)
C(8) 4441 (2) 781 (1) 3222 (3) 357 (12) 276 (12) 294 (11) 34 (19) —6(19) 6 (19)
C9) 3313 (2) —326 (1) 2099 (3) 338 (12) 274 (12) © 376 (13) 42 (19) 88 (20) 64 (19)
C(10) 2738 (2) ~731 (1) 699 (49) 341 (12) 267 (12) 490 (14) —11 (21) 117 (21) —51 (20)
can 2682 (2) —-535(1) —1168 (4) 432 (14) 373 (14) 429 (14) — 186 (23) 20 (23) —122 (23)
C(12) 3248 (2) 94 (1) —1611 (3) 423 (13) 381 (14) 322 (12) -99 (21) 75 21) —38 (22)
C(13) 4433 (2) 1178 (1) —738 (3) 341 (12) 313 (12) 295 (11) —6(19) 137 (19) 6 (20)
Cc(14) 3945 (2) 1948 (1) —473 (3) 304 (11) 333 (12) 275 (11) 44 (19) 7 (18) 7(19)
C@15) 4603 (2) 2644 (1) -313(3) 297 (11) 278 (12) 329 (12) 39 (19) 90 (19) 51 (19)
C(16) 5406 (2) 2782 (1) 1062 (3) 280 (11) 331 (12) 354 (12) 85 (19) 69 (19) —21(19)
Cc(17 3858 (2) 303 (1) 1711 (3) 308 (11) 234 (10) 317 (11) —39 (18) 59 (18) 53 (19)
C(18) 3830 (2) 505 (1) —216 3) 317 (12) 267 (10) 340 (12) —-52(19) 142 (19) 54 (19)
C(19) 3158 (2) 1697 (1) 3636 (4) 413 (14) 365 (14) 474 (15) —6 (23) 259 (23) 75 (23)
C(20) 2574 (2) —1283 (2) 3487 (4) 754 (22) 566 (18) 642 (20) 498 (32) —336 (34) —621 (34)
C@21 5682 (3) 4875 (2) —2694 (5) 692 (22) 646 (22) 840 (24) 693 (38) 15 (37) —364 (36)
o(1) 4843 (1) 4391 (1) —3201 (3) 584 (12) 593 (12) 659 (13) 707 (23) —45 (21) —220 (20)
0(2) 6151 (2) 4635 (1) —886 (3) 614 (13) 555 (12) 802 (15) 641 (23) —119 (23) —460 (22)
0®3) 3227 (1) —651 (1) 3848 (2) 587 (12) 387 (10) 421 (10) 173 (16) 5717 —284 (19)
o4 2246 (1) —1316 (1) 1517 3) 609 (12) 409 (10) 566 (12) 88 (18) 27 (19) —418 (19)
- 05 3052 (1) 2023 (1) —805 (2) 296 (8) 413 (10) 535 (10) 80 (17) —121 (15) 25 (16)
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The bond lengths and their e.s.d.’s as calculated by
the expression of Ahmed & Cruickshank (1953) are
shown in Fig.4(a). The bond angles and their e.s.d.’s
(International Tables for X-ray Crystallography, 1959,
p.331) are given in Fig.4(b). These results are based
on the refined coordinates and do not include the cor-
rections for thermal vibration. The angles which have
been omitted from Fig.4(b) for simplicity, and their
e.s.d.’s, are: C(16)-C(5)-H(4), 106-9° (1-4); C(6)-C(5)-
H(3), 110-5° (1-4); N(7)-C(6)-H(5), 105-9° (1-4); C(5)-
C(6)-H(6), 108-6° (1-3); N(7)-C(8)-H(8), 110-0° (1-3);
C(17)-C(8)-H(7), 109-6° (1-3); C(18)-C(13)-H(12),
111-5° (1-3); C(14)-C(13)-H(11), 102-1° (1-5); N(7)-
C(19)-H(14), 111-8° (1-6); H(13)-C(19)-H(15), 105-3°
(2:1); O(3)-C(20)-H(17), 115-5° (2:0); O(4)-C(20)-
H(16), 106-7° (1-8); O(1)-C(21)-H(19), 112:4° (2-1);
O(2)-C(21)-H(18), 103-9° (1-8).

Table 2. Fractional coordinates (% 103) and isotropic
temperature factors (A2) of the hydrogen atoms, and
their e.s.d.’s

x y z B
H(1) 375 (2) 304 (1) —276 (3) 3-4 (0-5)
H(Q2) 655 (2) 359 (1) 194 (3) 3-1(0-5)
H(@3) 600 (2) 175 (1) 231 (3) 3-6 (0-6)
H®4) 629 (2) 252 (1) 353 (3) 36 (0-5)
H(5) 451 (2) 260 (1) 425 (3) 3:6 (0-6)
H(6) 519 (2) 187 (1) 527 (3) 3-4 (0-5)
H(7) 436 (2) 56 (1) 450 (3) 31 (0-5)
H(8) 520 (2) 73 (1) 308 (3) 3-0 (0-5)
H(9) 224 (2) —82(l) 218 (4) 4-4 (06)
H(10) 320 (2) 26 (1) —297 (4) 3-9 (0-6)
H(11) 448 (2) 117 (1) —213 (4) 39 (0-6)
H(12) 511 (2) 117 (1) -4 (3) 2:6 (0°5)
H(13) 293 (2) 227 (2) 343 (4) 4-9 (0-7)
H(14) 314 (2) 155 (2) 506 (4) 60 (0-7)
H(15) 264 (2) 138 (2) 285 (4) 4-8 (0-6)
H(16) 292(2) —180(2) 384 (4) 7:0 (0:9)
H(17) 196 (3) —127 (2) 417 (5) 86 (1-0)
H(18) 619 (2) 471(2)  —365(5) 7-0 (0:9)
H(19) 549 (3) 543 (2)  —259 (5) 9-3 (1-0)
C(21)
’. 0(2)
I
¢ S em)
y
( e
.. & 2
(15)C(16)
z Oldepay 7~ )

=]

Fig.3. Two perspective views of the molecule at 90° from
each other.
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The distance N(7)- - - C(14) across the ten-membered
ring is only 2-555 A, and it makes angles of 106-0°,
108:6°, and 105-1° with the three bonds N(7)-C(6),
N(7)-C(8), and N(7)-C(19), respectively. It also makes
angles of 84-7, 97-7, and 101:6° with the three bonds
C(14)-C(13), C(14)-C(15), and C(14)-O(5), respec-
tively.

Discussion

Bond lengths and angles

The various types of bond in this structure have
mean values which are about the same as the corre-
sponding average values given by Sutton (1965), which
are quoted here in parentheses. The aromatic C-C
bonds in the two benzene rings vary in length from
1-363 to 1-418 A ; the mean is 1-388 A (1-394 +0-005 A).
The C-C single bonds in the ten-membered ring are
in the range 1-504 to 1-525 A, mean is 1-512 A (1-506
+0:005 A for a C-C single bond shortened in the
presence of a carbon-oxygen double bond, and 1-53
+0-01 A in the presence of an aromatic bond). The
three C-N bonds are between 1-458 and 1-466 A ; the
mean is 1-462 A (1-472 +0-005 A for a trivalent nitro-
gen atom). The carbon-oxygen double bond is 1-218 A,
which indicates clearly that it has ketonic character for
which the average distance is 1215+ 0-005 A, as com-
pared with the average distance of 1-145+0:01 A for
a carbonyl group (Sutton, 1965). The C-O single bonds
are of two types; the first type involves the C-atom of
an aromatic ring and varies in length between 1-375
and 1-385 A, mean is 1-381 A (1:371+0-016 A in con-
jugated heterocyclic compounds), and the second type
involves the C-atom of a CH, group and ranges from
1-419 to 1-431 A, mean is 1-425 A (1426 +0-005 A in
saturated heterocyclic compounds). Finally, the C-H
bonds are between 1-00 and 1:06 A, mean is 1-02 A
(1-06 to 1-09 A).

The mean angle at each of the twelve carbon atoms
in the benzene rings is between 119-98 and 120-00°,
thus showing that the three bonds at each of these
atoms are nearly planar. At C(14), the mean angle is
only 119-3°, and that atom is about 0-11 A away from
the plane through atoms C(13), C(15), and O(5). The
four bonds at each of the other carbon atoms are very
nearly tetrahedrally arranged ; mean angle at each atom
is between 109-3 and 109-4°. The three bonds at N(7)
and the short distance N(7)---C(14) across the ten-
membered ring are arranged nearly tetrahedrally
around the nitrogen atom; these angles range from
105-1 to 113-2° and their mean is 109-4°, Therefore,
it seems that in derivatives of protopine in which the
nitrogen atom is tetravalent, the direction of the fourth
bond for least steric change would be across the ring
in the direction of N(7)---C(14), thus transforming it
into two six-membered rings. The other alternative, in
which a fourth atom other than C(14) is attached to
N(7), would certainly require a conformational change
in the ten-membered ring and a considerable increase
in the N(7)- - -C(14) distance. It is of interest to men-
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Table 3. Observed structure amplitudes and calculated structure factors (x 10)
(* indicates unobserved reflexion and |Fe| in place of |Fyl).

x f0 FC x FO FC x FO  FC x FO kC x FO FC x FO FC x f0 FC X fO FC x F0 fC x FO FC X FO FC x FO. fC
3 He 1y le 3l <lole 8] 18 a1 o327 6 200 ~202| s T 12y 117 | ke 2 342 328 6 s 5
. 19 61 T T 3¢ -20 18 2 276 an2 3 T2 10 T 158 -184
5 0 AT0 -4b89 20 35 -23 . 3¢ -27 1 3 1e7 144 1 4 281 281 1] 348 <30
[ 1 78 =376 2 ST T 9 340 9 18 4 (34 33 2 LY 423 ° 81
T 2 184 175 22 156 =14 10 3n 19 s 40 40 3 & 238 =240 10 100 -93
L] 3 248 =239 11 105 ~103 20 6 123 118 4 7 .l a0 1 3le 23
° 4 206 201 H= 2, L= 2 12 33 34 21 T 0 5 8 o1 12 36
10 s 7 13 12 T} 22 e 122 -118 6 9 13 2 s
11 6 381 350 01018 ~1031 | 14 124 -12¢ 9 160 162 7 1% a8 -3e
12 T 21 -20 1 15 se 3| me 10 40 ) 15 86 -T4
13 8 196 192 2 16 43 a7 168 - 16 103 108
14 00 2 3 1T 50 -49 ° 12 247 <239 | Ha
10 208 207 Y 18 8% &e 1 He Ay Le 7
He 1 a8 9 s 2 1
Ha Oy Le 1 12 211 =207 s He =2, L= s 3 -2 1 87 50
o 13 s 1 - 3 2 A9 -49
1 9 9 1 18132 -1 ] 1196 194 s 4 3 31e
2 38 -302 2 15 144 189 9 2 311 388 6 3 s 4 102 =100
3 89 408 3 16 40 =81 3 81 -e2 T o153 1Al s s 30
- b{ -T2 . 134 ” 68 L “ 32e 3 8 200 -197 7 3 29¢ -3
s 23 =14 5 18 53 =53 5 207 208 9 137 -le4 L] T 20¢ 2
& 313 -1 s 19 S 53 ° 6 153 -153] 10 81 ’ 8 % 9
T 83 -9 7 0 a0 &0 1 T o252 =233 11 11y 120 1 307 -297| 10 9 2% -22
e 80 -e1 [} 2 8 110 of 12 2% -257 2 197 -199 10 12 <18
9 49 -a7 9 He 3 9 13 3 3115 <107 [ He -3y Le 9 i W d
10 201 23] 10 4 10 14 119 . 10 12 18 o
AL 350 s ° s 11 15 332 s 3 o e
12 He 1 s 12 1w 6 %9 - He -4y te 7
13 2 T 13 17 e i 2 22 =17
14 103 -y 3 s 14 10 # [IEETY 3 e 0 1143 -1a9
18 2 3 36 4 9 15 1 N 9 49 2
16 3 10 1o 20 23 20 10 322 =324 LLJ 4 L o 3
17 He 1, ts 0 3 1 17 21 .
18 1 12 18 ‘0 242 23 s
19 1 3 10 He toare s 6
20 37 2 9 He 2, L= 8 2 31 38 7
21w 3 10 e . ° 3 sen e s
22 28 4 11 ° 37 1 4 503 =513 9 He
5 12 0 1 245 23y 2 S 407 410 10
He 0 te -2 6 1 1 2 136 144 3 & $91 -s0s 1 °
7 1 2 3 30 + T 1% 139 12 1
8 13 3 “ 340 16 s s 189 184 13 2
9 16 4 s 3 -2 6 3
10 17 .5 6 148 -156 T H= 4
1 1 6 T 340 22 . 3
12 19 T 8 153 -136 ? o e 3 s
13 20 ] 9 112 1s| 10 1110 -1 i
14 2 9 10 4 | 1 2 3 3 ]
15 10 11 39 -39 12 3 220 12 9
18 He 1 12 19 1| 13 4 210 10
17 12 13 105 08| 14 s 1
1 118 11| 1> 14 200 s} 13 e 123 23| 12
19 2 192 -176 | 14 16 T 13
20 3 123 10 17 . 14
21 - 53 L 18 He =4y L= L] 15
-22 s 19 18
s 1 20 o 280 25| 17
He 1, e 1 ? 2 ° 2 1 67 | e
. 3 1 o8 -92 1 3 19 1 2 238 2 27 -9 19
0 1438 -1862 o 4 2 17 2 e -10| we 3t 2] 15 34 -m 2 176 178 3 2re 10
1 142 1491 10 s 3 18 -1wy 3 e -22e 16 24 -2 3 208 -200 4 73 79| He -5, te 3
2 429 -4 i 11 ® 4 184 -101 4 1 182 «am | 17 200 15 s -93 s 23
3 226 -221f 12 ? s 1 S 248 -232 2 39 5 233 =249 6 []
4 391 s01f 13 ] 6 260 3 s - 3 21 He <3y Lle § 6 326 -324| 18 96 -e8 1 1
3 317 =324 14 9 T 122 120 T 260 -269 4 800 R T o 128 19 l4s s 2
6 102 -100| 13 10 8 205 203 ¢ 240 -255 s o e 23 8 234 229 9 3
T 153 -133 9 125 121 9 o 418 1 244 247 9 39 =318 | He -4y e 4| 10 ’
a3 -138 e 10 102 =109 | 10 44 -33 1 2 2 232 244 | 10 222 220 s
195 192 1 of 11 a2 37 s 242 3 125 -125 | 11 ez 59 0 262 -262 | me .
10 196 19 1 12 12 1901 9 2ae 4 10 -89 | 12 137 13 195 -9 7
11 413 -a23 2 13 2% 13 280 20| 10 30 s 99 109 | 13 130 148 2 280 -3 []
12 243 238 He =1y te & 3 14 3 1 3 -8 1t o2 0 6 61 & 14 106 107 3 109 210 9
13 59 el . 4 15 38 13 26 -24{ 12 2 210 T 212 208 | 15 124 113 4122 122 10
147238 239 1 18z ~tet H 16 176 -1771 16 T8 a4 | 13 107 108 8 66 61| 16 o8 -9 5 11 167 1
2 18 14 6 23 |1 10 14 218 222 9 5T 59 6 37
3 90 T 2es 7] 18 36 -s2| M 2, 0= 7| 135 120 126 10 61 -es T 103 -103
4 5% 383 . 32 -28 19 25 -2 14 o1 0 11 1% 161 8 234 267
5 132 -139 9 200 4| 20 200 10 1 4 o 17 3¢ -9] 12 e 37 9 194 -202
¢ 10 % 0 2 181 -1aa | 18 306 -5 | 13 33 =22 10 108 -108
Toas a2 He <2 L= 3 3 st -a3| te 2re <3| 14 3ie ¢ 11 258 -264
3 6t | e -1y te 9 4 a3 3| 20 39 -e0| 13 &3 -39 12 1 97
9 3 25 “1 a2 398 s 32 27| a1 2r 26| 16 260 13 13 68 -2
10 138 =138 [ ST 2 26 -2 6 AL a2 17 5% -a 1 206 208 | 14 33 -2
112y 21 1 % -3 3 196 -188 T 46 34| me 3= 2] 28 35 2 2112 20| 15 1
12 246 =258 2 1 -n 4 133 1a2 0 3 16 3% 3
13 208 29 3 3 s 107 94 ’ 1 43 a3 e 3.0e 8 4 39 -3es | 17 21 29
1a a0 T30 6 15 -m| 10 2 o1 103 S 449 -aa9 | 18 24 2
13 12 0 M 2,1= o T o202 192 11 3 6 69
16 31¢ 9 8 154 133 12 4 T
17 81 %0 ° 9 13 11| 13 3 3
18 49 52 1 10 285 281 . 9
19 21 o 2 11 32e -8 K
0 16 e 3 12 11 -ur [
- 13 373 =382 *
e lyte oS s 16 68 6 °
6 13 e 21 1
0 330 . 326 1 16 1 2
1 139 -1%0 0 17 103 =101 3
2 179 -9 9 11 +
33 -33 10 19 268 14
4 205 -208 | 11 20 216 -9
s 103 -103 | 12 21 1ee 16
¢ 3¢ 4l 13
30 -4 | 1a
<3| 18
9 17T -122| 16
10 113 -1% | 17
1n o1 o-nl e
1250 -7 t
13 53 - | 20
147 | 2
1 15 29 24 22
H 16 32 -40
3 T 19 2 L] 2o L® I}
4
s 1 148 151
£ 2
? 3
. 4
9 s
10 .
1 1
12 [
13 v
14 10
1s 1
1 12
17 13
18 14, ]
19 1 1
20 16 2
2t 17 3
18 Y
He -1y Le 2 19 s °
20 . 1
1 6% -700 21 ? He 2
2 133 =134 22 [ 3
3 : b 4
. He tele 6| mw =2,Le 1| 10 s
s n .
3 1 156 -1%6 1 612 -6l1e 1z T
T 2 3 - 21435 -a7as | 13 38 | ne [ °
] 3 234 -268 3 ed2 638 | 1 ’ 1
9 4 218 -208 4 -a13 | 13 1 10 2
10 3 a4 -2 s 2 237 | 16 2 1 3
10 85 -s0] 11 6 164 178 6 S04 -e97 | 17 3 12 .
[TO] T -3+ T A0 394 | 18 4 13 s 143
12 ™ 8 138 -139 s 50 -2 18 s 14 129 -138 6 e -13 | 16 208 <211 | 15 2 22| Me He =S, Ls 8
133 9 119 126 e 211 235 | 20 & .2 1122 | a7 1
14 o 10 147 147 10 334 =320 7 16 33 22 8 122 124 13 .0 -58 L 1 0 184 -172
13 % 1 e 200 1 e ] 17 e 13 0 19 9 -8 H 1 108
1 4 12 62 39| 12 e -1 9 18 52 as) 10 2re 22| 20 ms -114 ° 3 2 127
115 -13| 13 206 -211 1 10 19 250 6| 11 e+ 6| 21 22 -2 1 . 3 -1
He 0y La 16 20 =23 | 14 242 248 2 1 20 200 200 12 63 67 H ) . 108
15 85 ed | 15 105 106 3 12 13 66 67| W als 3 3 s s 215
*1 e 3 21 1s 18¢ - 16 140 =137 4 13 L 3 Lo . 14 43 40 - T L =78
2 121 -1 11 137 % s 14 1 156 -162 s . 1 45
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Table 3 (cont.)

x FO FC x F0 £C x F0 FC X FO FC x FO FC K FO FC x FO FC x F0 FC K FO  FC x FO FC X FO fC
He ~3, L= 8 s el 3 88 90| 12 98 -99 | 12 6 42 A 0 16 37 3 16 25 23
o 156 4 34¢ -6 | 13 101 a8 13 He 84 Le 5 1 30 28 1 17 A1 -a9
& 336 337 1522 s 82 18 a2 a3 ] s 8 345 356 2 .
3 11 8 379 371s 6 136 -18 | 13 33 -32) 1 161 e 9 301 306 3 we -10, Le 2
10 1 10 9 308 312 T 99 -101 | 16 3 25| 16 2 e -7| 10 298 262 4 38
1719 se | 10 108 -104 [ 17 3 19| 11 a9 ae s 0 100 -111 80
12 13 2| 11 a1 T 9 10 4 33 20| 12 91 -8 6 1 0
13 3te -4 | 12 33 38 0 3 223 229 13 191 204 7 2 22
14 42 -3 | 13 53 -as | 1 He 6 45 38| 1a a4 39 [ 3 99
15 29 25| te 238 250 T 19 781 13 e -4l 9 4 -18
16 77 13| 13 96 -99 ° & 35 61| 16 200 0] 10 s -29
17 43 4s | 16 4T -39 1 9 st se| 17 3 -nn| 11 o 96
18 e 1| 17 19 -7 2 10 280 -18| 18 36 -a3 | 122 7 24
18 25 =21 3 11 200 2| 19 ase 13| 13 ] 18
W S, Ls 6| 19 32 28 . 12 a0 4 14 9 s
20 s -7 s 13 53 -35|mue 9, 0e 2| 15 10 -8
123 23 3 [T LI H n He =10, L=
2 121 128 [ me selm 2 7 1205 <197 | ne 12 .
3 e -1s [ e 2 13 o 11 -2
4 209 -211 o 751 -Ta3 9 3 L 1 36 -0 ]
s el 1 260 -19 10 1 . 2
6 e 7 2 236 -23% n 2 [l 3
T 32 -18 3513 -499 12 3 ® a
s e 5 4 Te -7 13 . T s
5 81 -81 s 1 -1 14 s s 3
10 132 128 6 8+ B 15 6 9 7
1 -52 T 28 23 7 10 [
12 4 39 8 31e =22 " [ i 9
1321 -2 9 324 OIT 9 12 10
18 2 -18| 10 3> 2 o 10 13
1287 29y 1 1 ta He
He =5, te 8 | 12 245 253 2 12 15
13 3 3 13 16 1
1 108 113 | 14 105 105 4 14 17 2
2 o6 -m | 13 s 82 s 13 18 3
3 . 16 a1 -as 6 16 4
4 125 -129 | 17 105 -9 1 He s
s 18 2¢e 8 He N
¢ 35 62| 19 23 29 9 1 7
TS -ur| 20 89 82 10 ° 2 s
[T u 1 3 9
9 35 -29 12 2 kY 10
10 113 -116 13 3 s 1
11 11 -1 14 3 ® 12
12 3 -3 13 s T 13
13 a1 -3 16 . ]
s ez ot a 7 ° e
15 25 21 10 [] 10
16 22 1n He ° n °
12 10 12 1
13 1 n 13 2
2 14 3
He 3 He 15 .
. 16
° s o 17 He
1 L] 1 10
2 T 2 [
3 e 3 He 1
. 231 -2% ? 4 z
s 10 59 10 s 0 1s6 =136 3
6 1 . 1 41 3 -
7 12 7 ki 2 51 53 [
3 T 1t 3 38 a8 ® 4
9 He 9 60 4 40 N T 260 | e 10,00 8
10 10 3 =31 s 261 -27% 8 220 -3
1 1 26 & 299 =211 9 %8 %9 121 -1
12 12 98 =108 T 168 -170 | 10 49 50 130 123
1 290 -18 | 1 13 210 e 16 N
2 191 -183 | 14 340 =24 | 13 215 -225 | 1a  are -2e 9 46 36 | me -9, te @8
3 1as 138 | 1% 3 sa | 1a
4 202 2% 102 =98 | 13 He By L= T 1
s 36 10 | He a6 3 16 2
& -5 £34 o4 17 21 18 1 M 36 3
7 130 -135 1 &3 -ss | 18 s 2 e 4
8 33 -1 2 300 -8 | 19 39 -30 3 21e -2 s
9 61 sl 3 a1 31 4 29 -3
10129 -138 Y s - He
1112 -1 s 6 119 120
12 157 161 ° T e 7 0
13 340 21 7 t
14 34 -am ) He 7 2
15 164 =70 e 3
16 290 -18 | 10 1 3 4
17 260 10 2 119 126 s
1 e -e9| 18 35 =28 | m 3 29 13 o
2 3w | 19 21 -2 A 290 -10 1
32 28 5 6s .
4 20 15| me -6 L= 3 ¢ 32 20 9
s 23 -20 T 2% O 10
6 14v 6 8 a7 -as u
9 37 -3 12
LIS NI ] 10 81 -8 13
i1 40 -42 14
37 -n 13
36 =35 He -8, Le 8 16
AL e 17
a8 =50 o 4z a7 18
8 29 1 3 -2
105 107 2 3 e
33 %2 3 33
o -87 He 4 200 -5 1
FEEE T} - s 19e 18 2
6 23 23 3
tole 0 T 61 -8l .
s
s
T
" [
9
10
1
12
5
14
15
16
17
150 =12
He =9y s & | He -
He 12, Le 1
108 -110 1
133 -133 2 1 3 9
e 8 3 2 e 9
123 -8 4 3
6 1 s .2
126 -12% 3 s
13e -20] 13 1 231 241 7 6 2
16 240 2 78 8 7
e GeLe 1| 17 48 3 3 142 148 °
18127 -1n 4 9 -93| 10
s 69 -e6 | M
He =0y Le 4 s e 9 12
7 9 =92 | 13
o 209 -210 ] 60 -ss | 14
1 186 193 9 240 -11 | 18
2 10 68 =39 | 16 15 112 -106
3 15 11 1w -ls | a7
. 16 12 18 He =12, L= 1
3 17 13 He 9 Le S .
s 18 14 He 190 =199
7 19 15 [
[l 20 16 1 0
s 9 17 2 1
nsi 10 He 3 2
2| n He = 4 3
el 12 0 492 419 s -
-20| 13 1 286 -217 1 s s
-19 | 18 2 105 -122 2 7 ®
=3 1s 3327 =32 3 ] 7
s0 | 1e A 210 12 . He -9, Ls 1 9 3
17 s 63 -eT s 10 8+ »
1| e 6 39 -3 6 o 23z -235| 11 41 -3l 10
T 90 a7 7 e -22| 12 s 70| 1
-17 | Mo s 9 3 [ 2 308 -382| 13 &9 es| 12
103 9 214 =217 9 31 1y 13
9 1 10 179 185 | 10 4 300 12| Me -9, e 5| a4
LI 2 n 2te 27l n nus -129 s 221 -y 15
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Table 3 (cont.)

X FO  fC XK FO  FC x FO FC X FO FC x Fo  FC X FO  FC
e 12, s 2 4 139 1e2 143 4 s 62 ~s6| 11 3 -m 7 a9 38
s 96 98 2 38 -3y 6 320 -6| 12 e & 8 48 -5
0 231 -243 6 3ae 15 3 3te a7 T 47 ar| 13 59 -sa 9 238 -2
1 a8 53 2 3s 3 4 53 =33 8 e 221 14 11 -ra 10 23 5
2 183 172 s 18 &3 s 31 9 sk 62 1 218 -10
3 - 9 59 49 6 290 -2) 10 27 19| Me 13, 1e 3| 12 11e -2
4 208 =110 10 79 75 T 70 .70 11 3 =34
s 33 =23 1 288 -10 a2 -3 12 58 -5 0 306 B He 134 Ls 5
6 31 =31 12 32 . -28 9 78 -85 13 10 -59 1 30 -21
7 so 13 240 5 10 228 -3 16 15 i 2 32 -3 o 17e &
3 M| 14 T8 15 1 208 10 3 17 n 11 e
9 121 =116 | 15 16 9| 12 I =76 | Me =13y k= 1 A 290 20 2 170 1
10 . 5 13 N 3 76 -8
11 ST 581 He 12, Le 4| He =12, L b o 117 182 6 25 19 4 lae -1l
12 258 -18 1 3 -1 7 288 -2
13 35 26 o 188 -183 o 21 21 2 206 =216 8 19 ~72| We ~13, x5
14 35 el 158 -2 1 3 2 3 e -8 9 23 15
2 290 -1 2 35 -m 4 168 182 10 42 -38 0 a4 as
He -12, Lo 2 3 29e 4 3 32 s &1 62 1 80 8 1 9 90
4 26 21 4 2% =21 6 16 Te 2 119 19
0 184 -182 5 29 =21 5 A5 -ar T AL =33) He =13y lv ) 3 69 -T
1 ~46 6 26 1 6 23 -1 8 35 -3 4 210 17
2 121 -12) T 102 -107 T 22 9 66 =67 o 33 13 s 260 -18
3 =95 8 153 151 8 29 20 10 48 -a3 L 65 15 & 45 a8
4 81 -5 9 6 =30 e 81 -12{ 11 &0 -38 2 33 -7 T 24e <10
s 5 -s0| 10 1 -3 12131 -129 3 60 =53 8 44 a8
6 e 18| 11 26 -26| me =12y 1= 7| 13 86 -90 4 33 27 9 200 -8
T3 22 14 55 -a9 5 33 25 10 100  ~99
8 T3 65| He =124 L= 4 1 48 s 6 11 -n
9 189 193 2 2% =28| e 13 le 2 T2l 23| me~13 e 8
10 133 148 o 195 191 3 8 =9 8 38 =35
11 e 1123 -~126 « 12 -n 103 30 9 280 9 T 122 130
12 9 92 2 33 -2 2 15 1Tl 10 40 26 2 220 -3
13 89 82 3 60 -52| Me 13, Le O 3 T2 -e6] 1L 39 36 3 63 8
[T T 4 e 18 4 169 ~167 12 29 -3 4 210 s
13 w12 5 32 21 185 ss S 114 116) 13 190 =5 3 38 -3
6 328 -13 2 e 27 6 13 -8 6 45 a3
He 12, Le 3 T 58 =54 1 A0 -as T 65 =59 mHe 13, Ln & T e s
. 8 145 -139 4 26t 260 8 69 -6
1 338 -3 9 130 -127 5 33" =19 9 2re -22 1L 25¢ -6 He 14, Le O
2 33 -21 10 31 40 6 33 =21 10 250 13 2 3 30
3 163 -184| 11 236 -2 T 85 T6l 11 23¢ 19 3 99 98 0 104 =102
4 105 -106§ 12 AT a7 8 15 -89 12 29 18 4 5T 59 18 g8
$ 117 ~116| 13 19 <10 9 308 <13| 13 16e =9 s 21 =22 2 3 -3
6 119 -6 14 19 7| w0 3 6 13 12 3 93 -8
T 116 109 1t 106 300| Me ~13, L= 2 T s -109 4 162 155
8 58 - 58| He 12, Le 5| 12 256 - R 8 63 57 s 69 -8B
-9 21 2 13 167 ~-1e3 1 a1 -8 s 11 -2z 6 88 -e8
10 250 13 1 21 -261 14 83 18 2 88 as T 56 =56
11 41 -38 2 39 -a7 338 -as| w13, e e sa 39
12 89 -8 330 28} me 13 L= 1 A M -ss 9 40 s
13 20 7 4 220 -1 5 19 -82 1 59 sal 10 a3y 83
s 32 -38 o 127 129 6 33 15 2 328 11 11 220 -8
e -12,'Le 3 & 19v 10 ToTe T4 T o320 13 3 318 -12] 12 3
. T 20 24 2 34 -1 8 58 -6 4 e sl 13 s -1l
1 e -29 3 108 -102 9 308 -9 s 308 -1l
2 e 9| Ha =12y le 5 4125 12l 10 280 o3 6 o1 9l He 14, e 1
3 1 -89

Table 4. Agreement summary
2904 observed reflexions (1-4 <|F,j<143-8)
043

Category

N =

3-0|Fin| < [4F],

Limits

|4F|<1-0|Ful, or
1-0| Fen| < |4F| <2:0| Finl, or 0-10 < |4F|/|Fo] <0:15 4
2:0|Fin| <|4F| <30 Ftn, or 0-15<|4F|/|Fo| <0:20 1
or 0-20< |4F|/|F,|<0-30 1

kK FO FC K FO FC X FO FC x FO ¥C kK FO FC L FC
10 49 -49 1 196 -199 10 200 -1 - 23 1
1 35 34 1 22 =23 2 41 -42 11 a4 -3 s 45 a7 0 a8 -88
2 149 148 12 21 -18 3 240 12 L) 22 - 1 120 125
3 62 -55 13 9 -93 4 23 8 He 15, Ls 2 7 3 32 2 9 «3
3 s -4 s 27 =29 L] 19 =22 3 240 17
5 2 -27 He 14, L= 3 6 76 -Ta 1 106 ~103 - 31 -24
6 1&1 =157 T 28 24 2 25¢% 3o Ha =15, Ls s s 4s -49
T 28e 21 1 55 49 ] T4 T8 3 24¢ 18 L3 53 56
L] 86 83 2 51 =58 . 54 -50 o 9 L3 7 19% 11
9 25¢ e 3 258 =19 | Ha ~14, L= ) s 23e -8 1 35 32 L] 16% =18
10 12 -7 4 24e -3 & 20 -5 2 a2 s
11 95 -92 s 55 E13 0 k{3 ~78 7 66 -8} 3 18¢ <17 | He =18, Le 3
12 17e 2 s 22¢ 14 1 41 ~40 L] o 4 - 20 21
T 31 =28 2 a6 -97 s 21 20 1 25 24
He 14, L= 1 8 60 s 3 lee 4 W= =15, L= 2 2 32 =36
9 50 53 4 L1y -87 He 16y L® 0 3 19 -T6
1 o5 -87 1 Al 30 + 1] 5T
2 33 -24 He =14, L= 3 He 15, L= o 2 29¢ -7 o 99 7 s 4R -39
3 32 29 3 32 -22 1 25¢ 15 L) «) 49
“ a a 1 ale =15 1 Qv <o . 208 =14 2 40 A0 T 43 —A3
s N -2 2 e 2 2 105 109 5 119 -9 3 240 15
L3 Ll 43 3 92 N 3 98 94 L3 -3 4 23e 1 He =16, L= .
T 28 =27 - 55 63 . 80 L1 7 40 -42 5 22¢ 9
8 25 21 5 bed 8 5 42 -42 8 23 =25 s 21e -8 0 90 -82
9 21 =) L3 280 =24 6 [0 9% 9 26 =20 T 54 53 1 5 T4
10 25 3 7 a9 9N 7 3 n 10 20 16 L) 35 =29 Zz 26 24
1n 23 -17 s 28 19 8 23 -10 11 50 51 3 17e 3
12 21 22 9 240 20 9 82 -81 He 16, L= 1 - 21 14
13 108 °8 10 31 =37 10 24 25 He 15, L 3 5 -2 «0
11 3 =26 11 a2 86 1 29 =20
He 1&g Ls 2 12 23 =27 ] a8 -84 2 L1l =83 He 17, L= o
He 15y Le 1 1 33 -9 3 30 =33
0 9% =86 He 14, L= “ 2 25 =21 4 40 36 1 114 =111
1 30e 18 o 84 bl 3 19¢ =12 s 28 30 2 17¢ o
2 a8 e o 108 107 1 52 45 “ T4 =71 £ 46 =42 389 -68
3 3 2T 1 1 -45 2 T6 n s 22 18 T (1] 10 . 8 -28
- 30 -2 2 39 =33 3 45 40 £ n ”
s 28 15 3 69 &5 4 o1 92 . He =18, L= 1 He =17, L= 1
6 63 -1 4 18 - S 110 114 | He -15, Le 3 :
T ¥ =38 s L) 6 S1 -52 1 25¢ -2 o a3 ~83
] 42 -as T 23¢ -1l o 19 a1 2 45 =4l 1 3 =35
9 23 =19 | He -14, L» - L] [3] =60 1 " =74 3 240 1 2 106 =109
10 92 ar Q 19v 1 2 122 -117 - 26 =21 3 11¢ -1}
1 A8 s0 3 29¢ -9 10 To -84 3 27¢ 6 s 63 1) . 16¢ -10
1 68«65 “ 26 =25 6 21¢ -5 k] 42 a7
He =14, L= 2 2 39 37 He =15, Le 1 s 33 =35 1 40 =34
3 28e 25 [ “s -4 L] £l a8 He 17, L= ?
o 132 -128 4 53 A7 o 42 41 T “2 R
1 1% 137 5 6 50 1 140 - =140 ) 21e T He - 18, L 2 1 3 -10
2 126 129 & 250 19 2 92 -89 ° 180 10 2 50 58
3 98 88 T 32 =37 3 " -1 10 55 55 o 19 19 3 110 10
. &2 -m a 60  -58 - a9 91 1 s1 53 . 19 -8
5 38 =30 9 20¢ ) s 7 54 H= =15, L= . 2 34 29
6 13 s 10 18 9 13 35 29 3 38 =34 He =17, L 3
T 9N -9 T 268 -1) 1 o8 34 “ 45 -4
L] 2 17| He -14, L= 5 L] 240 1% 2 28 22 0 121 119
9 28 1 Al 22 1 3 e -31 He =18, L= 2 60 -1
Number

|4F|/|Fo| <010 2898

801 unobserved reflexions (| Fepgxl =4+1)

| Fel <1-0| Fin|
1-0|Fin| < | Fe} <1-5| Fen|

N =

767
34

| Fin| = threshold amplitude=1-3 to 3-4

tion that only a small residual electron density (~0-14
e.A-3) was observed on N(7)- - -C(14) at about 0-75 A
from N(7).

Intermolecular distances

The shortest intermolecular contacts for the different
types of atom as found in this structure, and the cor-
responding distances as calculated from the van der
Waals radii (Pauling, 1960, p.260), given in parenthe-
ses, are as follows: H...H, 2:40 (2-4); H..-0, 2:49
(26); C---0, 3:19 (3:1); and C- - -C, 3:47 (3-4) A. The
nitrogen atom is involved in only two intermolecular
distances below 4-0 A, and both are to H-atoms which
are at a distance of 3-48 and 3-99 A from it. This con-
firms the proposal by Mottus, Schwarz & Marion
(1953), that the nitrogen atom is well buried in the
molecule. '

Planarity of the rings

The mean plane of the benzene ring containing atom
C(1), and of that containing atom C(11), referred to

the orthogonal set of axes X' =ax+cz.cos f, Y’ =by,
Z'=cz.sin f, are

0-6772X'—0-4862Y'—0-5523Z'—2-1388=0, (1)
and
0-7924X’' —0-6018Y' —0-0999Z' —3-6218=0, (2)

respectively. Each of these two rings is non-planar since
x2=97 and 72, respectively, and for v=3, P<0:1%.
Each ring has a very slight boat form with maximum
deviation from the mean plane of only +0-013 A. The
angle between the normals to these two planes is 27-8°.

The carbonyl group has atom C(14) about 0-06 A
above plane (1) and atom O(5) about 0-68 A below it,
and the C(14)-O(5) bond at an angle of 37:4° from
that plane. This finding is different from the prediction
by Mottus, Schwarz & Marion (1953), that the carbonyl
is very nearly in plane (1). For the sake of completeness,
it should also be mentioned that the carbonyl is at an
angle of 35-0° from plane (2).

The ten-membered ring can be described as having
the four atoms C(14), C(15), C(16), C(5) approximately
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in plane (1), the four atoms C(8), C(17), C(18), C(13)
approximately in plane (2), and the two parts are
linked together by the bond C(15)-C(16) on one side,
and by the three bonds C(5)-C(6), C(6)-N(7), and
N(7)-C(8) on the other side. The ring is severely buck-
led as shown in the two views of the molecule in Fig.3
and contains a short distance across the ring of only
2:555 A between N(7) and C(14). Both the N(7)-C(19)
and C(14)-0O(5) bonds are on the same side of the ring,

117'5(1207

.1 \(20) 1101
1101 (13)

345

the angle between them is 27-9°, and the distance
C(19)- - -O(5) is 3-19 A. These two bonds are slightly
skew, but their mean plane makes exactly equal angles
of 60-7° with planes (1) and (2).

Finally, as is to be expected, each of the two five-
membered rings is non-planar.

The authors are indebted to Dr W.H.Barnes for
suggesting the problem, and for making his original

1-431(4)

(2)

1181

(b)

Fig.4. Bond lengths (A) and angles (°), and their e.s.d.’s in parentheses. The e.s.d.’s are multiplied by 102 for the C-H bonds,
103 for the other bonds, and 10 for the angles.
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precession photographs available to them. All com-
putations have been carried out with the IBM 360
system using a compatible set of programs written for
that computer in FORTRAN IV by Ahmed, Hall,
Pippy & Huber (1966). Grateful acknowledgement is
made to Mrs M.E.Pippy of this laboratory for assis-
tance with the computations, and to the staff of the
NRC Computation Centre for their cooperation.
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The Crystal Structure of Cryptopine, C>1H230sN

By S.R.HALL* AND F.R. AHMED
Pure Physics Division, National Research Council of Canada, Ottawa 1, Canada

(Received 30 May 1967)

The structure of cryptopine, C;;H,305sN, has been determined by the symbolic addition procedure,
and has been refined by least squares to an R index of 0-042 for 1948 observed reflexions measured
with a scintillation counter. The space group is P2,/n and the cell dimensions are a=14-438, b=28-702,

c=14-369 A

, B=91°22’. The presence of two methoxyl groups in the cryptopine molecule in place of

one of the five-membered rings of the protopine molecule has resulted in significant differences in the
angles at the two oxygen atoms and at four carbon atoms of the benzene ring in that part of the two
molecules. The short distance between the C atom of the carbonyl group and the nitrogen atom across
the ten-membered ring is 2-581 A in cryptopine as compared with 2555 A in protopine. In both struc-
tures, the nitrogen atom is well buried in the molecule and has the three C-N bonds and the short
C- - -N distance across the ten-membered ring tetrahedrally arranged around it. The carbon-oxygen
double bond has ketonic character and is well off the planes of the aromatic rings.

Introduction

Cryptopine, C;H»305N, is the dimethyl analogue of
protopine, C,H;oOsN, whose X-ray crystal structure
analysis has been reported by Hall & Ahmed (1968).
Reference should be made to the introduction of that
paper where the purpose of the X-ray analysis of these
two compounds has been discussed. The schematic
formula of cryptopine is shown in (I), and the number-
ing of the atoms is basically the same as that adopted
for protopine for ease of comparison of the two mol-
ecules.
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