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2,4,6-Tris(isopropylamino)-l,3,54rinitrobenzene (2a) cocrystallizes with isopropylamine in a highly distorted 
boat form (2al) but adopts an almost equally distorted twist-boat from (2az) in a cocrystal with toluene. In the 
boat from, a quinonoid resonance pattem is found for the benzene core, whereas no such simple resonance equivalent 
exists for the twist-boat form. Differences in the donor-acceptor relationships between 2al and 2a2 are discussed 
in terms of bond lengths and are substantiated by UV-vis spectroscopy: the band at longest wavelengths in 
the solid-state UV-vis spectrum of 2al is shifted by 27 * 7 nm in comparison to that of 2az, a difference of 5.8 * 1.5 kcal/mol in energy. For solutions of 2a, UV-vis spectroscopy indicates the presence of both conformers 
in different amounts that vary with temperature. 

Introduction 
It is of great interest, both from a fundamental and 

practical point of view, to be able to predict the solid-state 
arrangements of organic molecules.2 In the absence of 
strong ionic interactions, solid-state structures of individual 
molecules and their packing patterns depend on the in- 
terplay of energetically rather subtle “steric” (van der 
Waals) and “polar” (di- and multipolar, hydrogen bonding) 
interactions. The most notable progress has been made 
both experimentally and theoretically for two extreme 
cases: “pure” van der Waals interactions, as found in the 
crystals of  hydrocarbon^,^ and hydrogen bonding, which 
provides a strong directional ordering f ~ r c e . ~ ~ ~  The in- 
fluence of a crystal field on the conformations of individual 
molecules has also been modeledS6 

Comparing the packing of chemically closely related 
molecules has been difficult in solid-state organic chem- 
istry. Rather minor structural changes in the individual 
molecules can lead to quite substantial changes in their 
cooperative behavior, i.e., the crystal structure. Individual 
contributions of atoms, functional groups or molecules are 
difficult to disentangle. Common methods of correlation 
analysis in physical organic chemistry such as Hammett 
correlations are no longer feasible. It is desirable, therefore, 
not to change the constitution of the molecule at all, but 
to devise compounds with great conformational flexibility 
that show conformational polymorphi~m.~t~ Such mole- 
cules adopt different conformations in different crystal 
forms. If the flexible molecules cocrystallizes with different 
neutral guests (“pseudopolymorphism”), the conformations 
observed may be used as a probe for the influence of 
“crystal packing forces”, which are induced by the neutral 
guest molecule. Two advantages are associated with this 
approach. Independent conformational analysis of the host 
molecule by theoretical and experimental techniques allows 
quantification of the impact of crystal packing forces on 
the conformation of the molecule, and different confor- ’ 
mation isolated in crystals may be isolated and studied in 
detail that is not available for solution studies. This paper 
deals primarily with the latter aspect, and we have chosen 
tris(alky1amino)trinitrobenzenes for this purpose. 

Siegel and co-workers1° have shown the benzene core of 
2,4,6-tris(diethylamino)-1,3,5-trinitrobenzene (1) to be 
drastically distorted toward a boat form, with the sum of 
absolute values of torsional angles within the ring 
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NRR’ 
1: R=R’=Et  
2: R ’ = H; R = i - Pr, Et, neo- Pentyl, t -  Bu 

amounting to 172’. We have demonstrated” that only one 
alkyl group on nitrogen, as in 2, suffices to achieve rather 
similar distortions. X-ray studies on the potassium salta 
of trinitrophloroglucinol’ and AM1 calculationslJl revealed 
that it is the electronic “push-pull” interaction in tris- 
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Conformational Change through Hydrogen Bonding 
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Figure 1. Ball-stick diagram for 2a.i-PrNH2 (2aJ. Amino hy- 
drogen atoms on N2,4, and 6 have been located on the difference 
map. The amino hydrogen atoms of the free isopropylamine are 
2-fold disordered. 

(don0r)trinitrobenzenes that causes the benzene core to 
be unusually "floppy"; steric factors then determine its 
actual deformation. We have also found that a boat 
structure is adopted for 2a.i-PrNHz, but that twist-boat 
structures are adopted for 2b-d,12 a difference that was 
attributed to the intermolecular hydrogen bonding to the 
guest molecule present in 2a.i-PrNHP. AM1 calculations 
suggest that there are only small energy differences be- 
tween boat and twist-boat forms of 2,11 so that seemingly 
minor changes in the molecular surrounding of 2 might 
have a profound influence on ita conformation. We report 
here on the conformational change of 2a in the solid state 
from a boat to twist-boat form when the cocrystallizing 
isopropylamine is replaced with toluene. 

Results and Discussion 
2a, prepared from either 2,4,6-trichloro- or 2,4,6-tri- 

methoxy-l,3,btrinitrobenzene with e x m  isopropylamine 
in toluene," crystallizes as a 1:l complex with isopropyl- 
amine from the reaction mixture. The X-ray crystallo- 
graphic analysis" showed its benzene ring to be highly 
distorted toward a boat form (2al, Figure 1 and Table I). 
The strong differences in bond lengths observed within the 
ring are best accounted for by emphasis of a nonplanar 
para quinonoid resonance structure: The C-C bonds at  
the "side" of the boat are 0.05 A shorter than the average 
of the four other bonds, the C-NHR bond at the "bow" 
carbon is shortened by 0.05 A relative to the bonds at the 
side, and the C-N02 bond at the "stemn carbon is likewise 
shortened by 0.02 A.lS Two intramolecular hydrogen 
bonds, indicated by the distances of the corresponding 
heavy atoms, are formed between the amino and nitro 
groups on the side of the boat; the third amino group has 
an additional weak interaction with a nitro group on the 
side (Table I). The free nitro and amino groups on bow 
and stern engage in intermolecular hydrogen bonding to 
the additional isopropylamine, but not to another molecule 
of 2al. The steric bulk present seems to prevent an in- 
teraction of the latter sort, which is common for nitro- 
anilines.6b 

Sublimation of 2a-i-PrNHz at 140 O C  (0.5 Torr) removes 
the excess amine; crystallization from toluene then leads 
to a 1:l complex with that solvent. The X-ray analysis 

(12) 2c and 2 d  ref 11. 2 b  Wolff, J. J.; Neben, S. F.; Powell, D. R. 
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Table I. Comparison of Structural Features for 
2a.i-PrNH2 (2aJ vs 2a*QH&Hs 

Bond Lengths (A) 

C l C 2  1.471 (7) 1.449 (13) 
C 2 4 3  1.412 (7) 1.452 (14) 
c3-c4 1.482 (7) 1.452 (21) 
c4-c5 1.474 (7) 1.425 (25) 
C5-C6 1.411 (8) 1.445 (15) 
C 6 4 1  1.452 (7) 1.407 (19) 
C-C(ave) 1.450 1.438 
range 0.071 0.045 

C2-N2 1.332 (7) 1.323 (16) 
C4-N4 1.281 (7) 1.329 (14) 
C6-N6 0.327 (6) 1.344 (20) 
C-NHR(ave) 1.310 1.332 
range 0.051 0.021 

C1-N1 1.366 (7) 1.385 (11) 
C3-N3 1.377 (6) 1.372 (21) 
C5-N5 1.393 (7) 1.389 (27) 
C-NOz(ave) 1.379 1.382 
range 0.027 0.017 

2 4  2 8 2  

Nonbonded Distances (A) 

H2a-03a 1.911 H2-03a 2.240 
1.619 H4a-03b 2.402 

H4a-N7c 2.073 H6-01a 1.757 
H6a-05b 1.960 N2-03a 2.537 
N2-03a 2.571 N4-03b 2.583 
N4-03b 2.842 N6-01a 2.616 
N6-05b 2.586 
N7a-Ola 3.238 
N7a-Olb 2.974 
N 7 W 3 a  2.907 
N7c-03b 2.974 
N7c-N4 2.941 

2a1 2a2 

H4-03b 

Dihedral Andes (deal - -- 
2a; 2a1 

ClC2C3C4 4.8 (7) -15.6 (23) 
c2c3c4c5  -41.3 (7) -19.0 (21) 
C3C4C5C6 39.5 i7j 40.5 iisj 

C6ClC2C3 38.0 (7) 32.1 (20) 

C4C5C6C1 -1.0 (8) -24.7 (18) 
C5C6ClC2 -38.0 (7) -11.8 (19) 

dih LI 161 144 

h 

b 
Figure 2. Ball-stick diagram for 2a.C&CHS (2a). The toluene 
has been omitted for clarity. 

reveals a twist-boat form for the benzene core (2a2, Figures 
2 and 3). The baeic structural featurea correspond to those 
found for 2b-d, which crystallize in twist boat forme. In 
&, there is less bond alternation than in 2a-i-PrNH2 (2al), 
the average C-C bond is longer, and the ring is less dis- 
torted as measured by the sum of absolute values of di- 
hedral angles" (Table I). 2az cannot be characterized by 
a single dominant resonance form, but, on the basis of the 

(14) We have establlhedlJIJ" an exponential correlation bntween the 
average C-C bond lengths within the benzene core and the sums of 
absolute values of torsional angles, which holds ale0 for this cane. 
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Figure 3. Thermal ellipsoid plot for 2a.C6H5CH, (2az). 
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Figure 4. Solid-state UV-vis spectra of 2al and 2a2. 

observed bond lengths, there is clearly a stronger electronic 
interaction between two amino groups at the "side" of the 
twist boat and the nitro group in their common ortho 
position. A t  least formally, a useful description arises from 
a dissection of the central benzene core into an allyl cation 
subunit (C2-C4, amino-substituted at  the termini) and an 
allyl anion unit (C5-C1, nitro-substituted at  the termini). 

Judged by the consistent trend in the averaged C-C, 
C-NHR, and C-N02 bond lengths (Table I), push-pull 
interaction in the twist-boat 2a2 is weaker than in boat 2al. 
This is a surprising result, since in 2a2 intermolecular 
hydrogen bonding that might attenuate intramolecular 
interactions is lacking, intramolecular hydrogen bonding 
is considerably stronger (relevant nonbonded distances are 
7-1570 shorter than in 2al), and the ring deviates less from 
planarity. 

A quantitative spectroscopic measure for the difference 
in push-pull interaction is provided by the UV-vis spectra 
of 2al and 2a2 in the solid statel6 (Figure 4). The ab- 

(16) We thank Mrs. M. Bsumann for help with this technique. 
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Figure 6. UV-vis spectrum of 2a in dichloromethane (0.05 
mmol/L). 

sorption band at  highest wavelength for the isopropyl- 
amine complex is substantially red-shifted; otherwise, the 
spectra are nearly superimposable. If the fine structure 
visible in both spectra is approximated with a smoothed 
curve and a conservative error limit is used, A, = 380 f 
5 nm for the amine complex and A, = 353 f 5 nm for 
the toluene complex are found. In this spectral region, the 
difference of 27 f 7 nm corresponds to 5.8 f 1.5 kcal/mol. 
Solutions of either complexes or sublimed 2a in dichloro- 
methane give identical spectra (Figure 5): the band at  
highest wavelength (376 f 1 nm) has a shoulder at ca. 350 
nm that increases relative to the major band when the 
temperature is lowered. Clearly, both conformers are 
present in solution and their absorption bands are su- 
perimposed. 

Conclusion 
Depending on a cocrystallizing molecule, 2 can be sta- 

bilized in either of two otherwise labile conformations, a 
boat and a twist-boat form that coexist in solution. Al- 
though these conformations are of similar energy, there 
are very substantial differences in their geometric features 
and in the donor-acceptor relationships between the nitro 
and amino groups. Nitroanilines are known to have good 
nonlinear optical properties that arise mainly from strong 
intramolecular charge transfer present in their excited 
states.I6 Since the donor-acceptor pattern changes pro- 
foundly on going from 2al to 2a2, the conformational 
change is expected to have a major impact on the B or x@) 

(16) Overviews: Prasad, P. N.; Williams, D. J. Introduction to Non- 
linear Optical Effects in Molecules and Polymers; Why: New York, 
1991. Chemla, D. S., Zym, J., Eds. Nonlinear Optical Properties of 
Organic Molecules and Crystals; Academic Preee: London, 1987. Shen, 
Y. R. The Principle8 of Nonlinear Optics; Wiley: New York, 1984. 
Williams, D. J. Angew. Chclm. 1984,96,637; Angew. Chem., Int. Ed. Engl. 
1984, 23, 690. There has been s report on a weak second harmonic 
generation from 2,4,~triamino-l,3,&trinitrobeneene, derpite of the 
centrosymmetric apace group in which it crystallizes: Ledom, I.; Zym, 
J.; Siegel, J. S.; Brienne, J.; Lehn, J.-M. Chem. Phys. Lett. 1990,172,440. 
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values of those phasea. Evaluations of the nonlinear optical 
properties of 2 are in progress and will be reported in due 
course.17 

Experimental Section 
The synthesis of 2a has been described elsewhere.ll X-ray 

analysis: Siemens P3f, Cu Ka, -165 (2) OC, highly oriented 
graphite crystal. 20 range: 4.&114.0°; scan speed 2.00-12.0O0/~, 
scan range (w) 0.80°. Background measurement: stationary crystal 
and stationary counter at beginning and end of scan, each for 
16.7% of total scan time. A total of 1897 reflections collected, 
1823 independent reflections (Rbt = 4.02%); 1331 reflections 
observed (F > 4.0u(F)); no absorption correction. Yellow prisms, 
0.20 X 0.30 X 0.50 mm, Cl6H2,N6O6-C7HS, formula weight 476.5; 
monoclinic, space group Cc, a = 16.944 (6) A, b = 17.189 (8) A, 
c = 11.169 (4) A, B = 129.84 (3)O, V = 2498 (2) Aa; 25 peaks to 
determine cell, 28 range of cell peaks 45.00,49.0O0; 2 = 4; density 
(calcd) 1.267 g/cms; absorption coefficient 0.741 mm-’, F(000) 
1016. Solution by direct methods,’* full-matrix least-squares; 

absdute structure q = 1 (3); extinction correction x = 0.0015 (4), 
where Fc = F(l + O.OO2xF/sin (28))?; hydrogen atoms riding 
model, isotropic r/; weighting scheme w-’ = $(F) + O . O O O 6 ~ ;  266 
parameters refmed, R (OM data) = 6.96, R, = 7.06%; Gof = 1-60, 
largest and mean A/u  0.040,0.003; lar est difference peak 0.32 
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A series of nucleoside cyclic 3’,5’-phosphoramidates has been studied by ‘H NMR spectroscopy. For cis-9-20 
a chaktwist equilibrium has been characterized for the six-membered 1,3,2-dioxaphosphorinane (phosphoramidate) 
ring. The chair-twist equilibrium constant was estimated on the basis of the proton-phosphorus coupling constants 
for the 5’a and 5’b protons and found to vary with the nature of the amino group on phosphorus, the solvent, 
and to a lesser degree, the 2’-substituent (H or OH), and the heterocyclic base (purine or pyrimidine). The 
replacement of a pyrimidine base (uracil) with a purine base (adenine) shifts the equilibrium toward the chair 
conformation by only 0.1-0.3 kcal/mol. The presence of a 2’-OH also favors the chair form to a small extent 
(0.2-0.4 kcal/mol). The observed equilibrium constant for the NJV-dimethyl phosphoramidate derived from 
thymidine is used to estimate an intrinsic resistance of the six-membered ring to chair to twist interconversion 
(AGO@ - TI) in three solvents of only 0.5-0.8 kcal/mol. Correction of this value by 0.5 f 0.2 kcal/mol (change 
of base and 2’-substituent) gives an estimated AGo(C - T) for cAMP of 0.8-1.5 kcal/mol. Similarly corrected, 
the value of AGo(C - T) for CAMP, based on the previously studied trans phenyl cyclic 3’,S’-phosphate derived 
from thymidine, becomes 2.5-2.9 kcal/mol. The potential for chair-twist conversion on binding of cAMP to 
an enzyme is pointed out, although no experimental evidence regarding this question exists. trans-9-20 all are 
shown to exist in the chair conformation. lH NMR reveals no evidence for conformational change in the sugar 
rings of these molecules on chair to twist conversion. The relative destabilization order for an axial amino substituent 
in the series 9-20 was found to be MezN > piperidinyl > PhCHzNH > PhNH. 

Both adenosine cyclic 3/,5’-monophosphate, cAMP (I), 
and guanosine cyclic 3/,5’-monophosphate, cGMP (2), play 

I1 to free the catalytic subunit that is responsible for the 
phosphorylation leading to activation of certain key 
metabolic enzymes.l The enzymatic, hydrolytic ring 
opening conversion of cAMP to adenosine 5‘-mono- 
phosphate (5’-AMP) is accomplished by specific isozymic 
phosphodiestera~es.~ A detailed understanding of the 
binding of cAMP to the active site is critical to a full 
understanding of the interaction of cAMP with protein 
kinases (PK’s) or phosphodiesterase (PDE’s). 

1 B m A d e n i n e  o + f j  - 2 0 - G u a n i n a  
0- p- o“’ ’% 

7 ;  O H  - 

central roles in the regulation of cell metabolism.1 cAMP 
binds to the regulatory subunits of protein kinases I and 

(1) See, for exam le the review aeries: Adv. Cyclic Nucleotide Res. 
1971-19&9,1-26. A&. Cyclic Nucleotide Res. Protein Phosphorylation 
Res. 1988-1987, 26-20. Adv. Second Messenger Phosphoprotein Res. 
1988- 1990,21-24. 22, 1. 
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