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bond distance of 1.665 A.“o The intermediate C-C
distance is shortened to 1.36 A from an expected 1.46
A1 for an sp>-sp?single bond.

The phosphorus-ylide carbon bond length (1.713 A)
in 2,2,3,3,4,4-hexafluoro(triphenylphosphoranylidene)-
cyclobutane is closer to a phosphorus-carbon double
bond length (1.665 A) than a phosphorus-carbon
single bond length (1.828 A in triphenylphosphine),!?
indicative of a considerable amount of double bond
character formed by the overlap of the phosphorus d
orbitals with the ylide carbon p orbitals.

The cyclobutane ring distances show a marked
similarity in the C(1)-C(2) and C(1)-C(4) bond lengths.
These bond lengths, 1.436 (4) and 1.438 (4) A, agree
within one standard deviation with the average
(1.440 A) of the standard carbon single (sp*-sp®) bond
length (1.543 A) and the carbon double (sp2-sp2) bond
length (1.337 A).1® The carbon-fluorine bond lengths
on the a-ring positions (C(2) and C(4)) appear to be
slightly elongated, since the average carbon-fluorine
bond length in perfluorocyclobutane is 1.333 A, 13

The phosphorus and the carbon skeleton of the

(11) L. Pauling, ‘“The Nature of the Chemical Bond,” 3rd ed, Cornell
University Press, Ithaca, N. Y., 1960,

(12) J. J. Daly, J. Chem. Soc., 3799 (1964).

(13) C. H, Chang, R. F. Porter, and S. H. Bauer, private communi-
cation.

cyclobutane ring lie in a plane, the deviations being
P, —0.001 A; C(1), 0.015 A; C(2), —0.013 A; C(Q3),
0.012 A; C(4), —0.013 A. The fluorine atoms form
parallel planes above and below the phosphorus-
cyclobutane ring plane. The lack of puckering in the
four-membered ring also lends some support to the
partial double bond character in the C(1)-C(2) and
C(1)-C(4) bonds. Thus, the shortened C(1)-C(2) and
C(1)-C(4) bond distance average (1.437 A) compared
with the C(2)-C(3) and C(4)-C(3) bond distance
average (1.515 A), the lengthened fluorine bonds to
C(2) and C(4), and the shortened P-C bond length
support a delocalized version of the ylide structure.

A conclusive statement cannot be made about bond
distances in the phenyl rings since none of the atom
positions were corrected for thermal motion. The
average aromatic carbon-carbon bond length is 1.379
A, and the average carbon-hydrogen bond length is
0.98A.

The bond angles associated with the cyclobutane ring
(Table II) are similar to those found in perfluorocyclo-
butane,!? while the bond angles about phosphorus are
essentially tetrahedral as in the other triphenylphos-
phonium ylideslisted in Table III. The F(2)-C(2)-F(2')
and F(4)-C(4)-F(4’) bond angles are significantly
smaller than the F(3)-C(3)-F(3’) bond angle, again in-
dicating the occurrence of delocalized bonding.

Structures of Analogs of Nicotinamide—Adenine

Dinucleotide. 1.
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Abstract:

The crystal structure of N-(3-(aden-9-yl)propyl)-3-carbamoylpyridinium bromide trihydrate, (Ade-Cs-

Nic*)Br—, a molecule containing the bases of NAD™ with a trimethylene bridge linking the adenine and pyridinium
moieties, has been determined. The crystals of (Ci;H;sN-O)*Br—-3H,0 are triclinic with @ = 10.258 (2), b =

16.423 (2),and ¢ = 5.664 (1) A; o = 88.48 (2), 8 = 91.63 (2), and v = 103.98 (2)°, and there are two molecules in
the unit cell; the space group is P1. The structure has been refined to an R factor of 0.058 on the 2932 nonzero
reflections collected on an automatic diffractometer (Cu Ke radiation). The trimethylene chain is extended as the
N-C-C-C torsion angles in the chain are completely staggered. The amide group is twisted out of the plane of
the pyridinium ring by 38°48’. The adenine ring is linked to another centrosymmetrically related adenine ring by
two N(6)-H- - -N(7) hydrogen bonds and is overlapped by another centrosymmetrically related and hence parallel
adenine ring (related to the first by a translation in ¢) at a distance of 3.35 A. The >C(6)-NH, group of one
adenine ring overlaps the five-membered portion of the other ring. There is extensive hydrogen bonding in the

crystal involving the-pyridinium and adenine rings, the bromide anion, and the three water molecules.

Rather

surprisingly, the amide oxygen atom is not involved in hydrogen bonding.

he nicotinamide-adenine dinucleotide coenzymes
NAD+* (I) and NADH (II) have been detected in
many living systems and play an important role in
(1) This work was supported by USPH Grants GM 12470 and GM

19336 and Training Grant GM 722,
(2) Alfred P. Sloan Research Fellow, 1968-1970.

enzymatic oxidation-reduction reactions.? Wh?le the
constitution and stereochemistry are well established,*

(3) N.O. Kaplan, Enzymes, 2nd Ed., 3, 105 (1960).

(4) L. J. Haynes, N. A. Hughes, G. W. Kenner, and S. A. Todd,
J. Chem. Soc., 3727 (1957); N. A. Hughes, G. W. Kenner, and S. A.
Todd, ibid., 3733 (1957).
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the three-dimensional conformations of NAD* and
NADH have not been determined unequivocally.
Unfortunately, neither state of the coenzyme has as
yet formed crystals suitable for X-ray analysis. Spec-
troscopic studies on NAD* in solution have pro-
vided evidence for intramolecular interaction between
the adenine and pyridinium rings,®> and such studies on
the model compound, the N-(3-(aden-9-yl)propyl)-3-
carbamoylpyridinium cation, Ade-C;-Nic*t (IIl), pro-

information.®
methylene groups between the aromatic rings provides
enough torsional flexibility that the two rings in a
single molecule could be planar and overlapped or
‘““stacked,” yet they are not constrained in such a

vided similar Interposition of three

conformation. The availability of model compound
III provided the opportunity to study a molecule that
incorporates both the aromatic and electrostatic
features of NAD*.® Leonard and coworkers® ob-
served hypochromism for III in the same range as was
observed for NAD,’ suggesting intramolecular stacking
of the aromatic rings in solution. A crystal structure
analysis was carried out on a hydrated bromide salt of
Ade-C;-Nict (III). While X-ray studies on other
models for NAD+* have been reported,’~!° none of
these models has incorporated the possibility of intra-
molecular stacking. An X-ray analysis has also been
completed on the hydrated dibromide salt of (AdeH*-
Cs-Nic*).!!  The utility of the trimethylene bridge as a

(5) J. M. Siegel, G. A. Montgomery, and R. M. Bock, Arch. Biochem.
Biophys., 82,288 (1959).

(6) N.J. Leonard, T. G. Scott, and P. C. Huang, J. Amer. Chem. Soc.,
89,7137 (1967); P. C. Huang, Ph.D. Thesis, University of Illinois, 1966;
T. G. Scott, Ph.D, Thesis, University of Illinois, 1969.

(7) W.B. Wright and G. S. D. King, Acta Crystallogr., 7, 283 (1954).

(8) I. L. Karle, Acta Crystallogr., 14, 497 (1961).

(9) C-I. Brdndén, I. Lindquist, and M. Zeppezauer, Ark. Kemi, 30,
41 (1969).

(10) H.Hope, Acta Crystallogr., Sect. B, 25, 78 (1969).

(11) P. L. Johnson, J. K. Frank, and 1. C, Paul, J. Amer. Chem. Soc.,
95,5377 (1973).
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means of studying the structural basis for interactions
between linked nucleic acid bases has been recently
demonstrated for the case of I,1’-trimethylenebis-
thymine.1?

Experimental Section

Transparent, prismatic crystals of the bromide salt of Ade-
Cs-Nic* (III), although stable for several months when maintained
in contact with water, rapidly powdered upon removal from mother
liquor and exposure to the atmosphere. Analytical datals on a
freshly filtered sample indicated the presence of at least one water
molecule of crystallization. In view of the limited number of
crystals at our disposal and their propensity to lose water, we did
not attempt to measure the density. The results of the X-ray
analysis indicated the presence of three molecules of water of
crystallization per molecule of III.

Preliminary X-ray photographs indicated that the crystals be-
longed to the triclinic system. All X-ray work was carried out
upon crystals sealed along with some mother liquor in thin-walled
glass capillaries.

Crystal data: (Ci:HisN:O)Br-3H.0, M = 432.3, triclinic, a =
10.258 (2), b = 16.423 (2),and ¢ = 5.664 (1) A; a = 88.48 (2)°,
8 =91.63(2)°, andy = 103.98(2)°, V = 9253 A3, Z = 2, pealed =
1.55 g cm™3; F(000) = 444, u = 36.6 cm™!, No systematic ab-
sences, space group Pl or P1.

The cell parameters were determined by a least-squares fit to the
settings for the four angles of 12 reflections on a Picker FACS-1
diffractometer (Cu Ko, A = 1.54178 A). The crystal was mounted
along the ¢ axis. The dimensions of the crystal along the a, b,
and ¢ axes were 0.32 mm X 0.44 mm X 0.64 mm, respectively.
The maximum and minimum transmission factors were estimated
as0.31 and 0.14.

Data were collected using a Picker FACS-1 system employing
nickel-filtered Cu Kea radiation and a 6-26 scan technique. At-
tenuators were inserted when the count rate exceeded 10,000
counts/sec. A scintillation counter equipped with a pulse height
analyzer was used to determine the diffracted intensity. The scan
rate was 2°/min with 10-sec backgrounds measured at the two
extremes of the scan. The scan range had a base width of 2.0°,
with a dispersion factor being applied at higher 26 values. The
octants of data 4kl, hkl, hki, and hk! were measured to give a total
of 3362 reflections. Of these, 2932 were considered to be signif-
icantly above background using the criteria that the net count
must be greater than 1097 of the total background count, or in the
situation where 1097 of the background count is less than 10 counts,
be greater than 10 counts.!* A standard reflection was monitored
after every 50 measurements; there was no evidence for crystal
decomposition during the period of data collection. Lorentz and
polarization corrections were made to the data, but no correction
was made for absorption.

Solution and Refinement of the Structure. The structure was
solved by the heavy atom method based on bromine and refined
smoothly in the centrosymmetric space group P1. Four cycles of
least-squares refinement on positional and isotropic temperature
factors for the nonhydrogen atoms reduced R to 0.13. Unit
weights were used for all the nonzero reflections, while the quantity
minimized was Iw{|F,| — 'F./|2. With the introduction of aniso-
tropic temperature factors for all the atoms, refinement had to be
carried out in two partial cycles due to computer storage limitations.
One partial cycle consisted of refinement of the N(1), C(2), N(3),
C(4), C(5), C(6), N(6), N(7), C(8), N(9) atoms, while the other
consisted of atoms C(12), N(13), C(14), C(15), C(16), C(17), C(18),
C(19), N(20), and O(21); the atoms Br, C(10), C(11), W(22),
W(23), and W(24) were common to both cycles. Four cycles of
such refinement reduced R to 0.075.

The positions of all the hydrogen atoms in the cation were clearly
evident from a three-dimensional difference map, although the
hydrogen atoms attached to the water molecules could not be rec-

(12) J. K. Frank and L. C. Paul, J. Amer. Chem. Soc., 95, 2324 (1973).

(13) Found: C, 42.86; H, 4.62; Br, 20.37. Calcd for CuHis
BrN:O: C, 44.4; H, 4.2; Br, 21.2. Calcd for CisHisBrN:O- H:0:
C, 42.4; H, 4.5; Br, 20.2. Calcd for CisH1sBrN;O-2H:0: C, 40.6;
H, 4.8; Br, 19.3.

(14) Using NRC-2A, written by F. R, Ahmed, S. R. Hall, M. E.
Pippy, and C. P. Saunderson, “NRC Crystallographic Programs for
the IBM 360 System,” National Research Council, Ottawa, Canada,
1967.

Johnson, et al. | N-(3-(Aden-9-yl)propyl)-3-carbamoylpyridinium Bromide Trihydrate



5372

Table I. Final Atomic Coordinates in Fractions of the
Unit Cell Edges

x y z
Br 1.02842 (6) 0.14771(5)  0.1564 (1)
N(1) 0.7438 (5) 0.4529 (3) 0.5519 (9)
cQ) 0.6996 (6) 0.3919 (4) 0.7102 (12)
N@3) 0.5806 (4) 0.3388 (3) 0.7233 (8)
c@) 0.4976 (5) 0.3523 (3) 0.5437 (9)
c(s) 0.5302 (5) 0.4137 (3) 0.3660 (10)
C(6) 0.6613 (5) 0.4659 (3) 0.3760 (10)
N(6) 0.7036 (6) 0.5269 (3) 0.2153 (11)
N(7) 0.4232(5) 0.4093 (3) 0.2133(8)
c(®) 0.3280 (6) 0.3482 (3) 0.3005 (11)
N©) 0.3675 (4) 0.3111 (3) 0.5011 (8)
C(10) 0.2890 (6) 0.2403 (3) 0.6345 (11)
c(1) 0.3203 (5) 0.1586 (3) 0.5574 (10)
c(12) 0.2245 (5) 0.0842 (3) 0.6681 (11)
N(13) 0.2530 (4) 0.0046 (2) 0.5852 (7)
C(14) 0.3298 (5) —0.0338 (3) 0.7241 (9)
c(15) 0.3510 (5) —0.1099 (3) 0.6584 (9)
C(16) 0.2986 (5) —0.1438 (3) 0.4450 (9)
can 0.2225 (6) —0.1018 (3) 0.3039 (10)
C(18) 0.1990 (6) —0.0276 (3) 0.3808 (10)
c(19) 0.4295 (5) —0.1515 (3) 0.8331 (9)
N(20) 0.3846 (6) —0.2343 (3) 0.8505 (10)
0(21) 0.5247 (4) —0.1097 (2) 0.9445 (7)
W(22) 1.0138 (7) 0.4583 (4) 1.2223 (15)
W(23) 1.0353 (8) 0.3306 (5) 0.8071 (16)
W(24) 0.8883 (6) 0.2989 (4) 0.3544 (13)
H(2) 0.761 (6) 0.380 (4) 0.82 (1)
H(6a) 0.663 (6) 0.532 (4) 0.12(1)
H(6b) 0.790 (5) 0.558 (3) 0.23 (1)
H(8) 0.223 (5) 0.326 (3) 0.24 (1)
H(10a)  0.191 (6) 0.238 (3) 0.59 (1)
H(10b)  0.321(5) 0.248 (3) 0.81 (1)
H(lla)  0.319(6) 0.152(3) 0.38 (1)
H(l1lb)  0.416(5) 0.161 (3) 0.62 (1)
H(12a)  0.131(5) 0.087 (3) 0.63 (1)
H(i2b)  0.236 (7) 0.090 (4) 0.84 (1)
H(14) 0.366 (4) —0.007 (3) 0.86 (1)
H(16) 0.302 (6) —0.203 (4) 0.40 (1)
H(17) 0.189 (7) —0.126 (4) 0.17 (1)
H(18) 0.131(5) —0.004 (3) 0.30 (1)
H(20a)  0.299 (7) —0.259 (4) 0.80 (1)
H(20b)  0.416 (5) —0.254 (3) 0.91 (1)
H(23a)  0.976 (14) 0.319 (8) 0.72 (2)
H(23b)  1.030(11) 0.401 (7) 0.90 (2)
H(24a)  0.916(8) 0.274 (5) 0.24 (1)
H(24b)  0.975 (10) 0.346 (6) 0.34(2)

o Standard deviations in parentheses. ® Hydrogen atems are
given the number of the atom to which they are attached.

ognized from this map. Inclusion of 16 hydrogen atoms in the
appropriate partial cycle of refinement (i.e., that which contained
the atom to which they were bonded) reduced R to 0.066, and R,
defined as { Iw(|F,| — |F:|)%/Zw|F,/2}'/s, t0 0.078. Both positional
and isotropic thermal parameters for the hydrogen atoms were
refined and the resulting Bs values ranged from —0.1 to 4.9 A2
The lowest By value corresponded to one of the hydrogen atoms,
H(20b), attached to the nitrogen atom of the amide group, while
the resulting N-H bond was rather short, 0.6 A. Another dif-
ference map was calculated omitting this atom from the structural
model. The highest positive peak on this map corresponded to the
position for H(20b), with a height of 0.8 electron/A%. There were
two other peaks in the range 0.7-0.8 electron/A3 within 1 A of the
bromide anion. The next highest peak on the map was one of
0.4 electron/A® near W(24) (assigned to a hydrogen atom). Careful
inspection of this map provided evidence for geometrically reason-
able positions for two hydrogen atoms on each of W(23) and W(24),
but no definite location of hydrogen atoms bonded to W(22) could
be made. As W(22) is within hydrogen bonding distance to
another W(22) molecule across a center of symmetry, there is
probably disorder in the arrangement of the hydrogen atoms bonded
to this atom, and it is therefore not surprising that these hydrogen
atoms could not be located. Least-squares refinement of the
structure, including the hydrogen atoms attached to W(23) and
W(24), led to final values for R and R, of 0.058 and 0.067 on the

Table II. Bond Lengths (A) and Bond Angles (degy

Bond Lengths

N(1)-C(2) 1.331 (8) C(11)-C(12) 1.505 (8)
N(1)-C(6) 1.335(7) C(12)-N(13) 1.496 (7)
C(2)-N(3) 1.320(8) N(13)-C(14) 1.348 (6)
N(3)-C(4) 1.356 (7)  N(13)-C(18) 1.335(7)
C(4)-C(5) 1.394(7) C(14)-C(i15) 1.381(7)
C(4)-N(9) 1.360 (7) C(15)-C(16) 1.384 (7)
C(5)-C(6) 1.410(8) C(16)-C(17) 1.386 (8)
C(5-N(7) 1.367(7) CUT)-C(18) 1.380 (8)
C(6)-N(6) 1.335(8) C(15)-C(19) 1.509 (7)
N(7)-C(8) 1.316 (7)  C(19)-N(20) 1.329 (8)
C(8)-N(9) 1.373(7) C(19-0(21) 1.219 (7)
N(9)-C(10) 1.451 (7)

C(10)-C(11) 1.531 (8)

Bond Angles

C(2)-N(1)-C(6) 119.1 (4) N(9)-C(10)-C(11) 110.3(5)
N(1)-C(2)-N(3) 129.3(6) C(10)-C(11)-C(12) 110.3(5)
C(2)-N(3)-C4) 111.2(5) C(11)-C(12)-N(13) 109.9(5)
N(3)-C(4)-C(5) 125.8 (3) C(12)-N(13)-C(14) 118.6(3)
N(3)-C(4)-N(9) 128.0(5) C(12)-N(13)-C(18) 119.6(3)
C(5)-C(4)-N(9) 106.2 (3) C(14)-N(13)-C(18) 121.8(5)
C(4)-C(5)-C(6) 116.5(5) N(13)-C(14)-C(15) 119.7 (3)
C(4)-C(5)-N(T) 110.2(5) C(14)-C(15)-C(16) 119.6(3)
C(6)-C(5)-N(7) 133.3(4) C@14)-C(15-C(19) 116.1(5)
N(1)-C(6)-C(5) 118.2(4) C(16)-C(15)-C(19) 124.3(4)
N(1)-C(6)-N(6) 120.1 (4) C(15-C(16)-C(17) 119.2(3)
C(5)-C(6)-N(6) 121.7 (5) C(16)-C(17)-C(18) 119.3(3)
C(5)-N(7)-C(8) 104.4 (5) N(@13)-C(18)-C(17) 120.3(4)
N(7)-C(8)-N(9) 113.4 (3) C(15)-C(19)-N(20) 114.1 (%)
C(4)-N(9)-C(8) 105.6 (4) C(15)-C(19)-0(21) 120.5(4)
C(4-N(9)-C(10) 127.1(4) N(20)-C(19)-0(21) 125.4(3)
C(8)-N(9)-C(10) 127.2(4)

s The C-H lengths range from 0.90 to 1.10 A with esd in range
0.05-0.07 A; two of the N-H lengths (N(20)-H(20b) and N(6)-
H(6a)) are rather short, 0.62 (5) and 0.69 (6) A, respectively, while
the other two are normal, 0.91 (6) and 0.92 (7). *®The C-C-H
angles external to the pyridinium ring range from 117 to 124° with
esd of 3-6°,

nonzero reflections. The final shifts were less than the estimated
standard deviations for all the refined parameters. The temperature
factors for the hydrogen atoms of the water molecules are quite
large (6-18 A?) when compared to those for the hydrogen atoms in
the cation (1.6-5.2 A?), and this fact would indicate substantial
disorder of these hydrogen atoms or very high librational motion
of the water molecules.

The scattering curves for Br~, C, N, O were taken from the com-
pilation in ‘‘International Tables for X-ray Crystallography,”1®
that for Br~ being corrected for anomalous dispersion.!® The
scattering curve for hydrogen was that calculated by Stewart,
etal\V?

The final atomic coordinates are listed in Table . The final
values for the thermal parameters and of 4, k, /, |Fl, and F. will
appear in the microfilm edition of the journal. 18

Results and Discussion

Figures 1 and 2 are stereoscopic views of the contents
of the unit cell. A view of a single molecule is shown
in the following paper.!' Bond lengths and angles are
listed in Table 1.

Molecular Dimensions in the Cation. The only di-
mensions in the adenine moiety that differ by more than

(15) “International Tables for X-Ray Crystallography,” Vol. III,
Kynoch Press, Birmingham, England, 1962, pp 201-209.

(16) Reference 15, pp 213-216.

(17) R. F. Stewart, E. R. Davidson, and W. T. Simpson, J. Chem.
Phys., 42,3175 (1965).

(18) The final values for the thermal parameters, the list of A, k, I,
|Fo!, and F,, and some details of best plane calculations, will appear
following these pages in the microfilm edition of this volume of. the
journal. Single copies may be obtained from the Business Operations
Office, Books and Journals Division, American Chemical Society, 1155
Sixteenth St., N.W., Washington, D. C. 20036. Remit check or money
order for $3.00 for photocopy or $2.00 for microfiche, referring to code
number JACS.73-5370.
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Figure 1.
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Stereoscopic view of the molecular packing looking along the c axis. Hydrogen bonding is shown by discontinuous lines.

Figure 2. Stereoscopic drawing of the structure viewed almost normal to the planes of the adenine rings. The hydrogen bonding is shown

by discontinuous lines.

the quoted root mean square deviations from the values
given in a survey of neutral adenine derivatives'® are
the C(4)-C(5) bond lengths (1.394 (7) A as compared
to the value of 1.370 = 0.014 A given by Donohue) and
the external angles at C(6) and C(9). A similar con-
clusion can be drawn by comparison with an average
set of dimensions for neutral adenine derivatives pub-
lished by Voet and Rich.® A C(4)-C(5) length of
1.392 (10) A was, however, found in the structure of
deoxyadenosine monohydrate.?! On the basis of best
plane calculations, the nine atoms of the adenine group
are not strictly coplanar; deviations range from —0.009
(N(9)) to 0.011 A (N(7)). Full details of these cal-
culations are in the microfilm edition.’* This is
among the more planar adenine rings studied by X-ray
methods.?? The six-membered ring [N(1)-C(6)] is
definitely planar, while the planarity of the five-mem-
bered ring [(C(4), C(5), N(7), C(8), N(9)]is marginal, and
there is a dihedral angle of 0°43’ between the best
planes through these two rings. The two heavy atom
substituents, N(6) and C(10), lie —0.014 and 0.025 A,
respectively, from the best plane through the adenine
moiety.

The C-C lengths (1.380-1.386 A) in the pyridinium
ring agree well with the accepted values for C-C
lengths in phenyl rings.2? The pyridinium ring is
slightly, but quite significantly nonplanar!® with
deviations ranging from —0.015 (C(15)) to 0.017 A
(C(14)). The deviations from planarity in the pyridine
rings in AdeH+-C;-Nic*t!! and in the 1,1’-trimethylene-
bisnicotinamide cation (Nict-C;-Nict)?2?® are not signifi-

(19) J. Donohue, Arck. Biochem. Biophys., 128, 591 (1968).
(1538; D. Voet and A, Rich, Progr. Nucl. Acid Res. Mol. Biol., 10, 183

(21) D. G. Watson, D, J. Sutor, and P. Tollin, Acta Crystallogr., 19,
111 (1965).

(22) O.Kennard in ““International Tables for X-Ray Crystallography,”
Vol. III, Kynoch Press, Birmingham, England, 1962, pp 275-276.

(23) J. K. Frank, N. N, Thayer, and 1. C. Paul, J. Amer. Chem. Soc.,
95, 5386 (1973).

cant. However, the results of a x2 test on the devia-
tions of the atoms in the pyridinium ring in N-phenyl-
2,4,6-trimethylpyridinium perchlorate?* suggest a slight,
but significant nonplanarity in that ring also. The
endocyclic C-N*-C angle in the pyridine ring is 121.8
(5)°; in AdeH*-C;-Nic* this angle was 120.5 (5)°,!!
while in Nic+-C;-Nict, the angles were 119.8 (2) and
120.3 (3)°.2% The corresponding angles in the pyridine
rings in  N-phenyl-2,4,6-trimethylpyridinium  per-
chlorate?* and in pyridoxine hydrochloride?® are
122.1 (4) and 124.5 (3)°, respectively. In the case of
the neutral pyridine molecule in the gas phase, micro-
wave measurements give a C-N-C angle of 116.7°,%
while crystallographic data on picolinamide? give an
angle of 117.3 (4)°. These data would suggest a
significant change in the geometry at nitrogen upon
substitution and formation of a cation.

The two carbon substituents C(12) and C(19) lie
0.056 and 0.096 A out of the best plane through the six
atoms of the pyridine ring. In addition to the “bend-
ing”’ out of the ring plane by the amide group, there is a
twist of 38°48’ between the plane of the pyridinium
ring and the exact plane through C(15), C(19), N(20),
and O(21). Virtual coplanarity of the amide group
with the planar portion of the heterocyclic ring was
found in the hydrated salt of AdeH*+-C;-Nic*,!! in
Nict+-C;-Nic+,?% in  N-(2,6-dichlorobenzyl)-6-hydroxy-
1,4,5,6-tetrahydronicotinamide (IV),' and in N-benzyl-
1,4-dihydronicotinamide,® and also in the less detailed
analysis of N-(2,6-dichlorobenzyl)nicotinamide iodide
monohydrate,® although there is a large angle of
rotation (41°) in nicotinamide itself.” With the sole
exception of nicotinamide, the oxygen atom of the

(24) A. Camerman, L. H. Jensen, and A. T. Balaban, Acta Crystal-
logr., Sect. B, 25,2623 (1969).

(25) F.Hanic, Acta Crystallogr.,21, 332 (1966).

(26) B. Bak, L. Hansen, and J. Rastrup-Andersen, J. Chem. Phys.,
22,2013 (1954).

(27) T. Takano, Y. Sasada, and M. Kakudo, Acta Crystallogr., 21,
514 (1966).
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Figure 3. Torsion angles about (a) the C(10)-N(9) bond, (b) the
C(12)-N(13) bond, (c) the C(11)-C(10) bond, and (d) the C(12)-
C(11) bond. Angles (ABCD) are considered positive if when
looking along the BC bond, atom A has to be rotated clockwise
to eclipse atom D.

amide group is located on the side of the ring con-
taining the nitrogen atom in all the above structures.
The dimensions of the amide group agree well with
those compiled by Bracher and Small?® and make an
interesting comparison with those for IV, where a sub-
stantial contribution from the dipolar structure V was

H\Cil\}ﬁ
|
03 C

NH,
A%

proposed.” The exocyclic C-C, C-O, and C-N
lengths in IV were 1.449 (4), 1.262 (4), and 1.348 (4) A,
and the C-C-O, C-C-N, and N-C-O angles were
122.6 (3), 118.5 (3), and 118.9 (3)° respectively, whereas
the corresponding values in III are 1.509 (7), 1.219 (7),
and 1.329 (8) A, and 120.5 (4), 114.1 (4), and 125.4 (3)°.
These differences are consistent with the contributions
from V to the overall structure of IV and the lack of
conjugation of the amide group with the aromatic ring
in III.

(28) B. H. Bracher and R. W, H. Small, 4Acta Crystallogr., 23, 410
(1967).

Conformation of the Cation. The cation is extended
so that there is no intramolecular overlapping of the
adenine and nicotinamide groups. The C-C bonds in
the methylene chain have the fully staggered arrange-
ments; the torsion angles N(9)-C(10)-C(11)-C(12) and
C(10y-C(11)-C(12)-N(13) are —171.5 and 178.1°,
respectively (Figure 3). Indeed, the maximum devi-
ation of an atom, C(11), from the best plane through
the five atoms N(9), C(10), C(11), C(12), and N(13) is
only 0.096 A.'"® The staggered conformation of the
methylene chain results in the adenine and pyridine
rings being inclined at 108°11’ to each other. The
centers of mass of the adenine and pyridine ring systems
are 7.31 A apart.

Haschemeyer and Rich?® have discussed the torsion
angles about the glycosidic (C-N) bond in nucleosides
and nucleotides and rationalized the values obtained in
terms of intramolecular nonbonded contacts between
the atoms in the sugar residue and N(3), C(8), and
H(8) (in the case of adenine nucleosides and nucleo-
tides). A view of the torsion angles about the C(10)-
N(9) bond in Il is shown in Figure 3a. The H(8)- - -H-
(10a) distance is 2.41 (8) A, which does not imply
significant interference between these atoms even if one
accepts the rather large value (1.2 A) given by Pauling®
for the van der Waals radius of hydrogen. The
rotational conformation around the C(12)-N(13) bond
(Figure 3b) is very similar to that around the C(10)-
N(9) bond. The methylene chain is oriented almost
(but not quite) perpendicularly with respect to the
heterocyclic ring in each case. The H(12b)-:-H(14)
and H(12a)- - - H(18) distances are 2.31 (8) and 2.44 (7)
A, respectively. The nitrogen atom of the pyridine
ring and its three substituent carbon atoms can be con-
sidered planar only at the 0.005 significance level;
the carbon of the methylene chain, C(12), lies 0.045 A
out of the plane defined by C(14), N(13), and C(18).

Hydrogen Bonding. Two centrosymmetrically re-
lated adenine groups are paired by two N(6)-H- - - N(7%)
hydrogen bonds; the N(6)- - - N(7%) distance is 3.005 (8)
A (Table III). Somewhat similar types of hydrogen
bonding have been encountered previously in adenine
hydrochloride,®! in the complex 9-ethyl-8-bromo-
adenine-1-methyl-5-bromouracil, 2 between two crystal-
lographically independent sets of 9-ethyl-8-bromoaden-
ine molecules in a 1:2 phenobarbital-9-ethyl-8-bromo-
adenine complex,?3 in uridylyl(3’,5')adenosine phos-
phate hemihydrate,?* and in polyadenylic acid.?*> The
hydrogen bonding in the structure of AdeH+-Cs-Nic*
also involves centrosymmetrically related N(6)-H- - - N-
(7) interactions.!! A more detailed description of the
various hydrogen bonding schemes among adenine
molecules has been given by Voet and Rich.? In
polyadenylic acid®* the hydrogen-bonded adenine

(29) A.E.V.Haschemeyer and A. Rich, J. Mol. Biol., 27, 369 (1967).

(30) L. Pauling, ‘‘The Nature of the Chemical Bond,” 3rd ed, Cornell
University Press, Ithaca, N. Y., 1960, pp 257-264.

(31) W. Cochran, Acta Crystallogr., 4, 81 (1951).

(32) S. S. Tavale, T. D. Sakore, and H. M. Sobell, J. Mol. Biol,, 43,
375(1969).

(33) S.-H. Kim and A. Rich, Proc. Nat. Acad. Sci. U. S., 60, 402
1968).
( (34) N. C. Seeman, J. L. Sussman, H. M, Berman, and S.-H. Kim,
Nature (London), New Biol., 233, 90 (1971); I. L. Sussman, N. C, See-
man, S.-H. Kim, and H. M. Berman, J. Mol. Biol., 66, 403 (1972);
J. Rubin, T. Brennan, and M. Sundaralingam, Science, 174, 1020 (1971);
Biochemistry, 11,3112 (1972),

(35) A. Rich, D. R. Davies, F. H. C. Crick, and J. D. Watson, J.
Mol. Biol. 3,71 (1961).
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Table III. Molecular Dimensions Relevant to the Hydrogen Bonding Schemes

Bond A

Angle Deg

Hydrogen Atoms from Ade-C;-Nic*

N(6)- - -N(79) 3.005 (8) C(6)-N(6) - - -N(77) 134.3 (4)
N(6)- - -W(2311) 3.11 (1) C(6)-N(6) - - - W(23I1) 131.4 (4)
H(6a)- - -N(79H 2.34(6) N(6)-H(6a) - -N(7Y) 162 (5)
H(6b) - - - W(2311) 2.24 (6) N(6)-H(6b) - - - W(2311) 159 (3)
N(20)- - -N(3111) 2.987(7) C(19)-N(20)- - - N(3111) 124.9 (3)
N(20)- - - W(241V) 2.959 (9) C(19)-N(20) - - - W(241V) 114.2(3)
H(20b) - - - N(3111) 2.45(5) N(20)-H(20b) - - - N(3111) 148 (6)
H(20a)- - - W(241V) 2.05(7) N(20)~H(20a) - - - W(241V) 172 (5)
Environment of W(24)
w(24): - -Br~ 3.384 (6) Br=-.-W(24)- - - W(22V) 115.1 (3)
W(24) .- - W(22V) 2.72(1) Br---W(24): - - W(23) 98.7 (3)
W(24)- - -N(201V) 2.959 (9) Br=- . -W(24)- - -N(20V) 97.7(3)
W(24)- - -W(23) 2.93(1) W(22Y). - -W(24). - -N(201V) 115.7 (3)
H(24a): - -Br~ 2.67(8) W(23)- - -W(24)- - -N(201V) 142.1 (3)
H(24b)- - - W(22V) 1.9 (1) W(22Y). - -W(24). - -W(23) 87.3(3)
W(24)-H(24a) 0.85(8) H(24a)-W(24)-H(24b) 88 (8)
W(24)-H(24b) 1.03(12) W(24)-H(24a)- - -Br~ 143 (7)
W(24)-H(24b)- - -W(22V) 134 (9)
Environment of W(23)
W(23). - -W(24) 2.93 (1) W(24)- - -W(23) - - W(22) 130.3(3)
W(23)-+-W(22) 3.24 (1) W(24)« - - W(23) -« “N(61T) 114.0 (2)
W(23)- - -N(61T) 3.11 (1) W(22)- - -W(23)- - -N(61%) 74.1 (3)
H(23a)- - -W(24) 2.2(1) H(23a)-W(23)-H(23b) 107 (11)
H(23b)- - - W(22) 2.1(1) W(23)-H(23a) - - -W(24) 154 (14)
W(23)-H(23a) 0.78 (15) W(23)-H(23b)- - - W(22) 143 (5)
W(23)-H(23b) 1.29 (12)
Environment of W(22)
W(22)- - - W(22V%) 2.87 (1) W(22VD). . - W(22)- - - W(23) 72.4 (4)
W(22)- - -W(23) 3.24 (1) W(22V1). . - W(22)- - - W(24VID) 127.4 (3)
W(22)- - - W(24V1D) 2.72 (1) W(22V). .- W(22)- . N1 V1) 109.5 (3)
W(22)- - - N(1ViI) 3.37(1) W(22VD). . -W(22)- - -N(1VD) 107.9 (2)
W(22)- - -N(1VT) 2.848 (9) W(23)- - -W(22)- - -W(24V1T) 70.3(3)
W(23). .- W(22)- - -N(1VI}) 126.7 (2)
W(23)- - - W(22). -N(1VD) 118.0 (3)
W(24V1D). . . W(22)- - -N(1V1D) 68.1(2)
W(24V1Ly. . - W(22)- - -N(1VD) 122.0(3)
N(1VID). .. W(22)- - -N(1VD) 111.8 (2)

elreferstol — x,1 —y, —z; IL2—x,1 —y, 1 —z; II[,1 —x, —y,2 -2z IV,1 —x,—y,1 —2z; V,x,y, =142z VL2 — x,

1—y,2—2z VILx,y,1+2z

residues are related by a twofold rotation axis and in
uridylyl(3’,5')adenosine phosphate hemihydrate3* by
a near twofold axis; thus the molecular planes are
not required to be parallel by symmetry. In Ade-C;-
Nic*, the other hydrogen atom on N(6) forms a hy-
drogen bond to W(23). It is almost certain that N(1)
acts as acceptor for hydrogen bonds from two different
W(22) water molecules, while N(3) acts as an acceptor
for a hydrogen atom, H(20b), from a nicotinamide
group in another molecule. It is not surprising that
N(1) can act as an acceptor for two hydrogen bonds as
this is the most basic nitrogen atom in adenine and is the
first site of protonation. The other hydrogen atom
on N(20) (the amide nitrogen atom) forms a hydrogen
bond to W(24). The oxygen atom of the amide group
is not involved in hydrogen bonding unless it be a
C-H..-O hydrogen bond (see below). Leiserowitz
and Schmidt®® have recently described the crystal
packing of amides in a large number of structures and
find that only in a few cases does this group fail to form
a centrosymmetrically related hydrogen bonded pair.
The present structure where the oxygen atom is not
involved in N-H- - -O or O-H- - -O hydrogen bonding,
is therefore quite unusual.

(19(23; L. Leiserowitz and G. M. J. Schmidt, J. Chem. Soc. A, 2372

Table IV. Intermolecular Contacts (<3.6 A) Other Than Those
Involved in Hydrogen Bonding®

N(1)- - -N(7VIII) 3.46 C(4)- - -N(20™V) 3.42
C(4)- - -N(6V111) 3.51 C(5)- - -N(20™) 3.53
C(5)- - -C(5V11) 3.44 C(11)- - -C(191v) 3.46
C(5)- - - C(6V11T) 3.48 C(11)- - -O(211V) 3.50
C(6)- - -N(7VI1L) 3.40 C(15)- - - W(241V) 3.46
C(6)- - -C(8VILT) 3.58 C(16)- - - W(241v) 3.01
N(6). - -C(8VIT) 3.54 C(11)- - -O(2111r) 3.37
N(6)- - -N(9VIL) 3.38 C(12)- - -O(2111) 3.29
C(10) - - - W(231X) 3.46 C(14)- - -O(21111) 3.11
Br...C(17%) 3.57 C(14)- - -C(17v1Y) 3.56

« Roman numerals indicate the transformations listed in Table
III and in this table, VIII refers to1 — x,1 — y, 1 — z; IX refers
to —1 4+ x,y,2; Xreferstol — x, —y, —z.

The hydrogen bonding pattern involving the three
crystallographically independent water molecules is
rather difficult to establish unambiguously in view of
the uncertainty in the location of some of the hydrogen
atoms. The most reasonable arrangement is shown in
Figures 4 and 5, and the dimensions are presented in
Table III. As W(22) forms a hydrogen bond (2.87
(1) A) across a center of symmetry to another W(22)
molecule, there must be disorder in the hydrogen atoms
in this water molecule, a fact which undoubtedly con-

Johnson, et al. | N-(3-(Aden-9-yl)propyl)-3-carbamoylpyridinium Bromide Trihydrate
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Figl_lre 4. Schematic representation of the hydrogen bonding for (a) W(22), (b) W(23), and (c) W(24). The Roman numerals refer to the
equivalent positions listed in Table III. The heavy dashed lines in a represent the probable disorder in the positions of one of the hydrogen

atoms attached to W(22).

Figure 5. Stereoscopic pair showing the hydrogen bonding scheme involving the water molecules.

Figure 6. The projection of the adenine groups at 1 — x, 1 — y,
1 — zand x, y, 1 4+ z onto the plane defined by the nine atoms of
the basic adenine group.

tributes to the failure to locate these atoms on the
difference maps.

Intermolecular contacts other than those clearly in-
volved in hydrogen bonding are listed in Table IV.
Neither H(2) nor H(8) is sufficiently close to water
molecules for there to be any possibility of C-H---O
hydrogen bonding as has been found in other adenine
structures. ¥ % Of particular interest is the C(14)- - - O-
(21117) contact of 3.112 (7) A. The H(14)- - -O(2111)

(37) M. Sundaralingam, 4cta Crystallogr., 21, 495 (1966).

(38) M. Sundaralingam and J. Abola, J. Amer. Chem. Soc., 94, 5070
(1972).

distance is 2.28 (5) A and the C(14)-H(14)- - - O(21111)
angle is 152 (3)°. This situation would appear to be
quite favorable for a C-H: - - O hydrogen bond.?® The
shortest contact in Table IV is between C(16) and
W(241V), 3.011 (8) A; the direction of the C-H bond
is, however, inconsistent with a C-H-.-O hydrogen
bond in this case. The only Br—---N(13)* contact
less than 4 A is one of 3.646 (4) A to N(13) in the mole-
culerelated tothatin TableI byl — x, —y, 1 — z.
Overlap of Bases. Two adenine bases related by the
center of symmetry at /5, 1/;, !/, overlap to the extent
shown in Figure 6. In this figure, the atoms of one
adenine group are projected onto the plane of the
other group. The >C-NH, of one molecule lies
over the five-membered ring of the second molecule.
Somewhat similar patterns of overlap of adenine groups
(although in molecules related by translation rather
than by inversion) occur in the crystal structures of
deoxyadenosine monohydrate,?! adenosine 5’-phos-
phate,# and the adenosine-5-bromouridine.complex, 4!
as recently classified by Sundaralingam and cowork-
ers.4? In all three of these examples, the amino nitro-
gen atom, but not C(6), lies over the imidazole ring.

(39) For two rather conflicting views concerning C-H- + - O hydrogen
bonding, see W. C. Hamilton and J. A. Ibers, “Hydrogen Bonding in
Solids,”” W. A. Benjamin, New York, N. Y., 1968, pp 182-183; J.
Donohue in “Structural Chemistry and Molecular Biology,”’ A. Rich
and N. Davidson, Ed., W. H. Freeman, San Francisco, Calif., 1968,
pp 459-465.

(40) J. Krautand L. H. Jensen, Actq Crystallogr., 16,79 (1963).

(41) A. E. V. Haschemeyer and H, M. Sobell, Acza Crystallogr., 18,
525(1965).

(42) C. E. Bugg, J. M. Thomas, M. Sundaralingam, and S. T. Rao,
Biopolymers, 10, 175 (1971).
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Two adenine rings, related by a center of symmetry,
overlap considerably in the crystal of the 9-ethyl-
adenine-1-methyl-5-fluorouracil complex.** In that
case, however, the C(6)-NH, group lies outside the
plane of the other ring, and the main overlap was
between the respective five- and six-membered rings.
In the structure of a-D-2’-amino-2’-deoxyadenosine
monohydrate,*¢ there was overlap of the C(6)-NH, group
with the pyrimidine ring of a moleculé related by a screw
axis. In the structure of adenosine triphosphate,*
there was interleaving of adenine rings with extensive
overlap of the two six-membered rings. In Ade-C;-
Nic+, the interplanar spacing between the adenine
rings is 3.35 A, while the shortest interatomic con-
tact between the parallel adenine groups is 3.38 A
between N(6) and N(9) (Table IV). The plane of the
adenine moiety at x, y, 1 4+ z is also 3.35 A on the
same side of plane of the basic adenine residue as the
ringat1 — x, 1 — y, 1 — z (Figure 6). The shortest
interatomic contact (excluding hydrogen) is 3.60 A
between N(3) and N(7) in the cation at x, y, 1 + z.

(43) K.-1. Tomita, L. Katz, and A. Rich, J. Mol. Biol., 30, 545 (1967).

(44) D. C. Rohrer and M. Sundaralingam, J. Amer. Chem. Soc.,
92, 4956 (1970).

(45) O. Kennard, N. W. Isaacs, W. D. S. Motherwell, J. C. Coppola,
D. L. Wampler, A. C. Larson, and D. G. Watson, Proc. Roy. Soc.,
Ser. A, 325, 401 (1971).
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The other side of the adenine ring is not overlapped
by any parallel planar group (Figure 1). The closest
approaches are 2.88 A between N(3) and H(16) in
the molecule at 1 — x, —y, 1 — z and 3.34 A between
C(4) and H(20b) in the same molecule.

There is also a slight overlap of pyridinium rings
related by the center of symmetry at !/5, 0, !/,. The
projections of atoms C(14) and C(15) in the symmetry-
related ring onto the plane defined by the six ring atoms
in the initial molecule lie within the ring. The inter-
planar distance, however, is 4.14 A. The N(13)---
O(21) distance between these two molecules is 3.92 A.

A comparison of the conformation in Ade-C;-Nic+
with those found in AdeH*-C;-Nict and in solution
will be given in the following paper.!!
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Abstract:

The crystal structure of N-(3-(aden-9-yl)propyl)-3-carbamoylpyridinium bromide hydrobromide dihy-

drate, (AdeH*-C;-Nic™)2Br—-2H;0, a dicationic species containing the bases found in NAD* linked by a tri-
methylene bridge, has been determined. The crystals are monoclinic with @ = 9.468 (1), b = 19.318 (2), ¢ = 13.845
() A, and B = 131°32’ (2"), and there are four molecules of (CisHi;N;0)?+2Br~-2H,0 in the unit cell; the space
group is P2y/c. The structure has been refined to an R factor of 0.059 on 3062 nonzero reflections collected on an
automatic diffractometer (Cu Ka radiation). The anion sites are occupied by chloride ions 3397 of the time. The
orientation of the trimethylene chain is such that the adenine and nicotinamide rings are close to being parallel
(dihedral angle 4°58”) and the distances of atoms in the nicotinamide moiety from the best plane of the adenine ring
range from 2.77t0 3.22 A. While there is no intramolecular overlap of nonhydrogen atoms between the two rings,
there is a close approach of C(2) and N(3) in the adenine ring to C(14) and O(21) in the nicotinamide moiety. The
shortest interatomic contact is between N(3)- - - C(14) at 3.06 (1) A. Theamide group is rotated by 3°54’ out of the
plane of the pyridine ring. The adenine ring is linked to another centrosymmetrically related adenine ring by two
N(6)-H- - -N(7) hydrogen bonds. There is possible C~H- - -O hydrogen bonding between two pairs of centro-
symmetrically related C(14) and O(21) atoms. The water molecules are involved in hydrogen bonding to the halide
anions. In addition to the close intramolecular approach of an adenine ring to the nicotinamide group, there are
some close approaches between the adenine ring and nicotinamide groups from other molecules. The dramatic
differences in the conformations found for Ade-C;-Nictand AdeH*-C;-Nict in the solid and in solution are discussed.

In the course of the preparation of the N-(3-(aden-9-
yDpropyl)-3-carbamoylpyridinium bromide, (Ade-
(1) This work was supported by USPH Grants GM 12470 and GM

19336 and Training Grant GM 722.
(2) Alfred P. Sloan Research Fellow.

C;-Nict)Br—- 3H,0 (I), samples,? crystals that were ini-
tially considered to be a different crystalline modifica-
tion of 1 were obtained. These crystals are monoclinic

(3) P.L.Johnson, C. A. Maier, and I. C. Paul, J. 4mer. Chem. Soc., 95,
5370 (1973).
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