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Protection of NH2 groups as phthalimides using a mixture of acetic acid, phthalic anhydride, and 
the relevant polyamine can take unusual routes. For diethylenetriamine the major product is 
diphthalimidodiethylammonium-hydrogen phthalate (DPDAH-HP). For triethylenetetraamine, 
ethylene migration products NJV-bis(2-phthalimidoethy1)piperazine (2) and N,",W-(nitrilotri- 
ethy1ene)trisphthalimide (3) were obtained from room temperature and refluxing reaction mixtures, 
respectively. The crystal structures of 2,3, and DPDAH-HP were determined and reveal a series 
of stabilizing complementary interactions for these favored products (i.e., offset z--JC stacking and 
C-H. s . 0  and possibly C-He *N hydrogen bonds (2), electrostatic interactions between the amine 
and pyrrolic functionalities (3), and offset z-z stacking and N-H.. 0 hydrogen bonding (DPDAH- 
HP)). The DPDAH-HF' units stack along a screw axis parallel to the b-direction to yield a striking 
[phthalimide-phthalimide-hydrogen phthalate], motif and are linked in the a and c directions by 
N-H. m . 0  bonds. Solution IH NMR studies of 3 reveal unusual temperature (178-420 K) evolution 
of sharp aromatic proton resonances in various solvents. Typically, the spectra exhibit a spectacular 
temperature evolution from a sharp doublet of quartets at  high temperature to complex second- 
order behavior and then a singlet. As the temperature is further lowered, a complex second order 
spectrum reappears followed by a doublet of quartets. The phthalimide-amine interaction energy, 
determined from temperature dependent NMR studies, is ca. 20 kJ/mol. Solid state 13C aromatic 
resonances are broadened by z-JC interactions in 2 and DPDAH-HP while two sets of 13C 
resonances are found for 3 as expected from the solid state structures. The hydrogen phthalate 
anion in DPDAH-HP exchanges rapidly with free phthalic acid (equilibrium constant, K = 4 x 
lo2 Umol); this phthalate exchange exhibits almost temperature independent behavior indicating 
that it is predominantly entropy driven. 

Introduction 

Poor solubility and kinetic and thermodynamic insta- 
bility are major problems which must be overcome before 
the interesting polynucleating coordination cavities ex- 
hibited by a plethora of Schiff base chelates'-* can find 
applications in catalysis5 or biomedical  diagnostic^.^,' 
Those problems may be solved by reduction of Schiff base 
iminic sites and subsequent introduction of good metal 
ion binding carboxylate, alkoxide, or phosphonate func- 
tionalities into the resulting NH sites. This approach has 
worked so well for pyridine tetraazamacrocycles,8 tetra- 
azacyclododecane ( ~ y c l e n ) ~  and 1,4,8,11-tetraazatetra- 
decane (cyclam)? that some of their derivatives are 
currently in routine in vivo clinical use.l0 Alternatively, 
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the good metal ion binding functionalities can be built 
into Schiff base precursors, such as la, prior to the 
condensation stage. 

t 
l b  

( n  = I ,  2) 

R = H, CHzCOOH, CHzCHzOH, CHzCHzP03Hz 

This route is attractive in view of the extreme instabil- 
ity of potentially useful polynucleating chelates such as 
lb ( n  = 2, R = H) which are stabilized by metal ions.'l 
Because of the interesting electronic properties exhibited 
by dinuclear rare earth Schiff base complexes3J2 we 
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sought to extend our studies to potentially novel water 
soluble and stable Schiff base complexes derived from 
precursors such as la. 

Selective functionalization o f  the secondary amine la 
(R = H) to produce la (R f H) requires prior protection 
of the primary amine sites. We sought to accomplish this 
selective protection using a literature procedure which 
employs a refluxing mixture of acetic acid, phthalic 
anhydride, and the relevant polyamine, henceforth the 
acetic acid-phthalic anhydride-polyamine protocol (A- 
P-P), which is claimed to work well for la (R = H, n = 
l ) . I 3 J 4  However, we find the A-P-P to be more compli- 
cated, producing diphthalimidodiethylammonium-hydro- 
gen phthalate (DPDAH-HP) for la (R = H, n = 1); 2 
and 3 are preferred for la (R = H, n = 2). 

'0 0 
2 

3 

4 

9 u 4 

0 
DPDAH-HP 

We have studied in detail the structural and NMR 
characteristics of these products in order to establish 
conclusively their identity and formation as well as 
determine the mitigating factors favoring the reaction 
routes in which they are formed. 

Herein we report the preparation, crystal structures, 
and NMR characteristics of 2,3, and DPDAH-HP which 
show these preferred A-P-P products to be stabilized 
by noncovalent interactions such as n-n stacking and 
H-bonding and reveal unusual temperature evolution of 
phthalimide aromatic 'H resonances. 

Results and Discussion 

Syntheses and Molecular Structure. The forma- 
tion of ethylene migration products 2 and 3 in the 
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Figure 1. Molecular structure of 2, the product of the A-P-P 
with la (R = H, n = 2) at room temperature. 

Figure 2. Molecular structure of 3, the product of the A-P-P 
with la (R = H, n = 2) (refluxing conditions) showing the 
n-pyrrolic interaction (phthalimide built on N(3)). 

A-P-P with la (R = H, n = 2) is preferred to the desired 
linear diphthalimide 4. The formation of these com- 
pounds was revealed by elemental, NMR,15 IR, and mass 
spectrometric analyses, but the most convincing evidence 
comes from the single crystal X-ray crystallographic 
study. The molecular structures of 2 and 3 are given in 
Figures 1 and 2 and show that the A-P-P modifies the 
la (R = H, n = 2) framework to yield the branched 
ethylene migration products. For the products from la 
(R = H, n = 11, elemental analyses, a complicated IR 
spectrum, and lH NMR clearly indicate that the product 
of the A-P-P is not the desired diphthalimidodiethyl- 
amine (DPDA).13J4 Single crystal X-ray crystallography 
analysis proves the formation of a novel DPDAH-HP 
complex (Figure 3), stabilized by complementary n-n 

(15) NMR data (200 MHz; CDC19; 6 ppm). For 2: 'H 2.52 (singlet), 
2.59 (triplet), 3.78 (triplet), 7.70 (multiplet), 7.82 (multiplet); 13C 35.28, 
53.01, 55.64, 123.15, 132.22, 133.80, 168.32. For 3: 'H 2.90 (triplet), 
3.74 (triplet), 7.69 (singlet); l3C 35.35, 51.53, 52.95, 123.02, 132.18, 
133.82, 168.15. For DPDAH-HP in (CD&SO: 'H 3.19 (triplet), 3.81 
(triplet, 7.47 (quartet), 7.85 (multiplet), 8.03 (quartet). 
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Figure 3. Structure of the asymmetric unit of DPDAH-HP 
showing interacting phthalimide and hydrogen phthalate 
species. 

stacking, carbonyl-carbonyl, and X-H...O (X = N, 0) 
hydrogen bonding interactions. This product is also 
obtained when phthalic acid reacts directly with DPDA 
or when DPDA is hydrolyzed under acidic conditions. 
Earlier literature reports13J4 do not give the properties 
of the A-P-P/la (R = H, n = 1) products, which were 
subsequently used under basic conditions to prepare 
compounds with N-R functionalities. Our studies show 
that DPDAH-HP decomposes to DPDA and phthalate 
anions under these basic conditions. 

Ethylene migration processes in alkylamines are 
known,16 but they are of low yield and demand high 
pressure and temperatures as well as catalysts. By 
contrast, the A-P-P gives high yields of ethylene migra- 
tion products under relatively mild reaction condition. 
Whereas a modified version of the A-P-P (vide supra) 
works for l a  (R = H, n = 11, protection of higher 
polyamines l a  (R = H, n > 1) cannot be accomplished 
by this method. Since the nature of the phthalimide 
product isolated from the A-P-P critically depends on 
the experimental conditions and the identity of the 
polyamine, we have studied the crystal structures of 2, 
3, and DPDAH-HP in more detail to determine the 
stabilizing interactions which contribute to these favor- 
able reaction routes. 

Solid-state Structures. The molecule of 2 has crys- 
tallographically imposed symmetry with the piperazine 
ring adopting the chair conformation. The molecule is 
in the “fully extended” conformation (Figure 1) which 
permits efficient packing within the crystal. There are 
weak intermolecular interactions consisting of offset n-z 
stacking  interaction^'^-^^ and hydrogen bonds.20-22 The 
former are shown in Figure 4 and involve C- - -C con- 
tracts of 3.769(2) A ((32)- - -C(6)’), 3.472(3) A (C(5)- - - 

(16) Bowman, R. G.; Hartwell, G. E.; Molzahn, D. C.; Ramirez, E. 
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Figure 4. Offset n-n stacking between molecules of 2. The 
primed atoms are related to the unprimed atoms by a center 
of symmetry at W z ,  V z ,  V 2 ) .  

C(7)’), 3.625(3) A (C(5)- - -C(8)’), 3.624(4) A (C(6)- - -C(6)’), 
and 3.637(2) (C(6)- - -C(7)’). Such distances are typical 
of n-n stacking,lg and the offset nature of the stacking 
is consistent with rules developed recently by Hunter and 
 sander^'^,'^ which indicate x--(s interactions to be domi- 
nant (rule 3). Weak 0- - -H-C hydrogen bonds20-22 are 
indicated by the contacts O(1)- - -H(7’) = 2.51(2) A and 
O(2)- - -H(2”) = 2.83(2) A and by the angles O(1)- - - 
H(7’)-C(10’) = 176” and O(2)- - -H(l”)-C(3”) = 171” 
where the primed and double primed atoms are related 
to those in the asymmetric unit by the transforma- 
tions x ,  y ,  -1 + z and 1 + x ,  y ,  1 + z ,  respectively. The 
O(1)- - -C(lO’) and O(2)- - -C(3”) separations are, respec- 
tively, 3.50 and 3.73 A. In addition, the N(1)- - -H(l”) 
contact of 2.76(2) A suggests the possibility of a weak 
N- - -H-C hydrogen bond, but as the NU)- - -H(l’’)-C(4”) 
angle is 150”, this conclusion is less certain. 

Figure 2 gives a perspective view of 3 from which it is 
evident that two of the phthalimidoethyl substituents are 
“fully extended while the third, that built on N(3), is 
folded back over N(2). This is supported by the torsion 
angles involving these three substituents, viz. N(2)- 
C(19)-C(20)-N(l) = -168.2(2)”, N(2)-C(21)-C(22)- 
N(4) = 171.8(2)”, N(2)-C(lS)-C(17)-N(3) = -61.7(3)”. 
Since there do not appear to be any unusual inter- 
molecular contacts involving the “folded back phthal- 
imidoethyl group, we conclude that the conformation 
observed in the crystal results from an attractive interac- 
tion between the atoms of the pyrrolic moiety containing 
N(3) and the lone pair on the amine nitrogen (N(2)). This 
conclusion is supported by the short, noncovalent contacts 
N(2)- - -N(3) (3.02 A), N(2)- - -C(9) (3.54 A), and N(2)- - - 
C(l0) (3.88 A). The sum of bond angles about the imide 
nitrogens, 359.7’ (N(l)), 359.9’ (N(3)), and 359.9” (N(4)), 
is consistent with planarity and the presence of some 
positive charge associated with the phthalimide 
functional it^.^^-^^ The interaction of N(2) with N(31, C(9), 
and C(10) appears to  be predominantly electrostatic. 
Studies of the electronic characteristics of some N- 
(aminoalky1)phthalimides have frequently invoked the 
significance of imide-amino interactions for understand- 
ing cooperative phenomena in the photophysics and 
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Figure 5. Supramolecular [phthalimide-phthalimide-hy- 
drogen phthalate], stacks showing the intermolecular hydro- 
gen bonding. 

photochemistry of phthalimide systems.25 To the best of 
our knowledge, this is the first structural demonstration 
of these interactions. 

Figure 3 shows a perspective view of the asymmetric 
unit of the DPDAH-HP complex while Figure 5 shows 
the association of these units along the 21 axis. This 
supramolecular ribbon, based on the [phthalimide- 
phthalimide-hydrogen phthalate] stack as the repeating 
unit, is stabilized by complementary hydrogen bonding, 
offset n-n stacking, and electrostatic interactions. The 
hydrogen bonding is shown in Figure 5 and consists of 
the H(2)- - -0(5) interaction 1.92(5) A) within the 
DPDAH-HP unit and an O(7)- - -H(l)' interaction (1.73(7) 
A) connecting adjacent units. Figure 6a illustrates the 
offset n-n phthalimide-hydrogen phthalate stacking 
within the DPDAH-HP unit which is characterized by 
the C- - -C contacts C(3)- - -C(27) = 3.593(6), C(5)- - -C(21) 

3.413(6), and C(10)- - -C(21) = 3.541(6) A. The short 
intramolecular O(5) - C(6) and O(6) 433) distances, 
3.087(6) and 3.098(6) A, respectively, are indicative of 
carbonyl- * .carbonyl interactions in the DPDAH-HP 
unit. The mean planes of the two aromatic moieties are 
ca. 8.1(5)" from coplanarity. Figure 6b shows the offset 
n-JC stacking of adjacent phthalimide units. Pertinent 
C- - -C contacts are C(3)- - -C(17)' = 3.393(6), C(3)- - - 
= 3.519(7), C(5)- - -C(19)' = 3.424(7), and C(6)- - -C(20)' 
= 3.592(2) A. The two sets of n-n stacking interactions 
are thus of comparable magnitude, and their offset 
nature is again consistent with rule 3 of Hunter and 
S a n d e r ~ , ' ~ J ~  indicating the dominance of n-o interac- 
tions. That 
DPDAH-HP is correctly formulated as an ion pair (Le., 
protonation of N(1) by phthalic acid), rather than as a 
cocrystallized mixture of phthalic acid and the secondary 
amine, is established by the observation that the refined 
N(l)-H distances (N(l)-H(l) = 1.06(7), N(l)-H(2) = 
0.91(5) A) are equal within experimental error as ex- 
pected for a quaternized nitrogen. Further, these dis- 
tances are much shorter than the distances to the oxygen 
atoms with which the hydrogens are also associated 
(H(1)- - -0(7)' = 1.73(7), H(2)- - -0(5) = 1.92(5) A). In this 
compound as well as in 2 and 3, all the intramolecular 

= 3.538(6), C(5)- - -C(27) = 3.280(6), C(6)- - -C(27) = 

C(18)' = 3.440(7), C(4)- - -C(18)' = 3.297(7), C(4)- - -C(19)' 

(25) Barlow, J. W.; Davidson, R. S.; Lewis, A.; Russell, D. R. J. Chem. 
Soc., Perkin Trans. 2, 1979, 1103. 
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b 

c 9  

C l l '  

Figure 6. (a) Offset n--n phthalimide-hydrogen phthalate 
stacks of DPDAH-HP. Atoms of hydrogen phthalate are 
shaded. (b) n-JC phthalimide-phthalimide stacks in 
DPDAH-HP. Primed atoms are related to the corresponding 
unprimed atoms of Figure 3 by the transformation 1 - x ,  + y, -2. 

distances and angles compare well with previous deter- 
minations on similar  specie^.^^-^^ 

The typically short phthalimide carbonyl bond lengths 
(1.203(2) A and 1.207(2) A (2), 1.201(3) A and 1.209(3) A 
(3), as well as 1.219(5) A and 1.215(5) A (DPDAH-HP)) 
and their high stretching IR frequencies (1700-1780 
cm-l) do not support the partial double bond character 
required by the frequently used phthalimide structural 
model 5.23 

5 6 

That the phthalimide C=O bond is not involved in 
conjugative resonance is independently substantiated by 
1 7 0  NMR studies30 in which aromatic or N-substituents 
were found to have only van der Waals, not electronic, 
effects on the chemical shift. However, partial double 
bond character in the phthalimide carbon-nitrogen 
bonds was convincingly demonstrated by C=N trapping 
 reaction^;^^^^^ phthalimide C-N bond lengths (1.39- 1.40 
~~ 

(26) Bats, J. W.; Teuber, H. J. Acta Crystallogr., Cryst. Struct. 
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(28) Gerst, K.; Nordman, C. E. Acta Crystallogr. 1977, B33, 1588. 
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(30) Baumstark, A. L.; Dotrong, M.; Oakley, M. G.; Stark, R. R.; 

(31) Kanaoka, Y. ACC. Chem. Res. 1978, 11, 407. 

Commun. 1984, C41, 298. 

Chem. Commun. 1993, 1074. 
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Figure 7. CP MAS 13C NMR spectra of aromatic and carbonyl 
resonances for 2 and 3. 

A), which are significantly shorter than single Cgpz-NQp2 
bonds (1.42 A),33 are also supportive. Whereas these data 
seem to suggest that the true solid state structure of the 
phthalimide moiety is close to 6, the Caryl-Ccarbonyl bond 
lengths (ca. 1.48 A) are n ~ r m a l ~ ~ - n o t  unusually longer 
as would be expected. Further studies are thus needed 
to resolve the problem, but model 5 is unsatisfactory. 
'H and lSC CP-MAS NMR Behavior. The most 

interesting 'H NMR spectral region of the phthalimides 
studied is 7-8 ppm in which the four typically AB-type 
aromatic protons resonate.35 The CH2 resonances in the 
2-4 ppm region are normal and, unlike their aromatic 
'H counterparts, are temperature independent. CP MAS 
13C spectra of powders of 3 (Figure 7) show two sets of 
aromatic carbon resonances which we attribute to the 
frozen structure shown in Figure 2 (i.e., the carbons 
interacting with the lone pair on the tertiary amine site 
and those which are not). If this solid state structure 
persists in solution two sets of AB aromatic proton 
resonances would be expected. However, a detailed study 
of the temperature evolution (178-420 K) of phthalimide 
AB aromatic 'H resonances of 3 reveals one set of sharp, 
solvent dependent resonances throughout the tempera- 
ture range (Figure 8). These results suggest that either 
the solution structure is close to that predicted by MM2 
calculations (all three phthalimides fully extended), when 
the pyrrolic-amine interaction is not included, or the solid 
state conformation (Figure 2) undergoes rapid (on the 
NMR time scale) solution equilibration among the four 
isomers (Scheme 1). 

Temperature dependent 'H NMR spectral studies of 2 
in chloroform and DPDAH-HP in DMSO reveal that, 
compared to 3, the former compounds exhibit marginally 
temperature sensitive AB phthalimide resonances. This 
suggests that n-n stacking interactions are not a sig- 
nificant source of the unusually high temperature sen- 

(32) Howard, K. A.; Koch, T. H. J .  Am. Chem. Soc. 1975,97, 7288. 
(33) Gane, P. A. C.; Boles, M. 0. Acta Crystullogr. 1979, B35, 2664. 
(34) Kashino, S.; Ito, K.; Haisa, M. Bull. Chem. SOC. Jpn. 1979,52, 

(35) Zanger, M. Org. Mugn. Reson. 1972, 4, 1. Sterk, H.; Holzer, 
365. 

H. Org. Mugn. Reson. 1974, 6, 133. 
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Figure 8. Spectacular temperature evolution of the aromatic 
lH NMR spectral profile (500 MHz) of 3 in chloroform. 

Scheme 1. The Conformations of 3 

ia, 

Q Q 

/ Q 

sitivity of resonances of 3. In fact, effects of n-n stacking 
interactions are detectable through studies of the con- 
centration dependency of the aromatic lH NMR reso- 
nances of DPDAH-HP (for which n-n stacking inter- 
actions were pronounced) and the DPDNphthalic acid 
system. Whereas DPDA in DMSO exhibits concentra- 
tion independent aromatic proton resonances (200 MHz; 
high frequency resonance = 1556 Hz), the aromatic 
phthalimide resonances of DPDAH-HP are significantly 
concentration dependent (higher frequency resonance = 
1575 (dilute), 1570 (20 times more concentrated), and 
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interaction enthalpy from Figure 10b (methanol a n d  
acetone) to  be AH+ = 20 kJImol. 

A 
1 :3 Ibi- 

M 

1 :1 

2: 1 A 
DPDA-HP 

l : o  J - 

Experimental Section 

Materials. l a  (n = 2, R = H) was 98% pure from Fisher 
Scientific Co., and absence of significant impurities was 
established by 'H and 13C NMR. Phthalic anhydride was 
99.5% pure from BDH Chemicals Limited. 

Elemental Analyses. Elemental analyses were performed 
by either Galbraith Laboratories, Knoxville, TN, or Medac Ltd., 
Brunel University, Uxbridge, U.K. 

Spectral Measurements. Routine 'H and 13C NMR 
spectra, referenced to TMS, and CP-MAS 13C NMR spectra 
were recorded at  room temperature on a Bruker ACE 200 
spectrometer at the University of the West Indies (UWI). All 
CP MAS 13C NMR spectra were recorded with cross polariza- 
tion, high power proton decoupling and magic angle spinning 
using 7 mm probes. The 13C frequency was 50.325 MHz, and 
typical acquisition parameters were as follows: decoupler 
power, 80 W; contact time, 2 ms; recycle time, 2 s. Total 
spinning side band and nonquaternary carbon suppression 
procedures were used to  aid the assignment. Variable tem- 
perature 'H NMR spectra were recorded on either a Bruker 
AC200 (at UWI), General Electric 500 MHz spectrometer 
(Tulane University), or Bruker WM 250 MHz spectrometer (at 
Imperial College, U.K.). A Perkin-Elmer 1600 Series FTIR 
No. 16-1091 was used to record the IR spectra, and the mass 
spectra were obtained on a Kratos Concept 1 H spectrometer. 
N,W-Bis(2-phthalimidoethyl)piperazine (2). A 7.49 g 

(50 mmol) portion of phthalic anhydride was slowly added to 
a stirring solution of 3.69 g (25.3 mmol) of triethylenetetra- 
amine dissolved in 70 g of glacial acetic acid at  room temper- 
ature. The resulting mixture was stirred at  room temperature 
overnight and then refluxed for 1 h. Acetic acid was removed 

Figure 9. Dependence of the aromatic phthalimide and 
phthalate 'H resonance on the initial DPDA-to-phthalic acid 
mole ratio in (CD&SO (200 MHz). 

1564 (saturated) Hz). These results indicate that the 
solid state extended intermolecular x-n stacking inter- 
actions regime of DPDAH-HP (Figure 5) is present in 
solution. A titration of DPDA with phthalic acid (Figure 
9) leads to the progressive downfield shift of the phthal- 
imide proton resonances from 1556 to a limiting value 
of 1575 Hz corresponding to  the phthalic acid-to-DPDA 
ratio of 2:l.  It is also remarkable that the phthalate 
quartets, which are temperature  independent in 
DPDAH-HP, are also narrow a n d  dependent on the 
concentration of phthalic acid. This suggests that the  
DPDAH-HP phthalic acid (H2P) equilibration (eq 1) 
is fast on the NMR time scale. Similar studies with 
ethylene diphthalimide yielded concentration independ- 
en t  phthalimide a n d  phthalate  resonances. 

DPDA + H,P t DPDAH-HF' (1) 

From Figure 9 and  eq 2,36 the overall equilibrium 
constant for (1) is K 4 x lo2 IJmol, and  the correspond- 
ing equilibration free energy (AGO = RT In K )  is AGO = 
14 kJ/mol. Since the phthalate  lH resonances are tem- 
perature  independent, equilibrium 1 is entropy driven.37 
We thus at t r ibute  the large temperature  sensitivity of 
aromatic resonances of 3 to the amine-phthalimide 
interaction (Figure 2 a n d  Scheme 1). Using the upper 
a n d  lower 6 limits in Figure 10a as 6, a n d  &, respec- 
tively, a n d  eq  836 we estimate the phthalimide-amine 

(36) With c and y as initial concentrations of HzP and DPDA, 
respectively, and the equilibrium concentration of DPDAH-HP = a ,  
the overall equilibrium constant K for (1) is: 

K = [DPDA-HPl/[[H,PI[DPDAll = a/[(c - a)(r - a)]  (2) 

Since equilibrium 1 is fast on the NMR time scale, the observed 
chemical shift ( 6 )  is a weighted average of the rapidly exchanging 
aromatic phthalate lH resonances given by 

(3) 
where 6 b  and 6, are the resonances of the aromatic phthalate protons 
in DPDAH-HP and HzP, respectively. Equation 3 can be rearranged 
to yield 

(4) 

6 = d,a/c + d,(c - a)/c 

a = c[(6 - b,)i(db - 6,)l 

Substitution of a in (4) into (2) and rearranging yields 

K = [(6 - d,)(db - 6,)1/[(6b - d)b(db - 6,) - c(d - 6,)11 (L/"d) 
(5) 

6 b  1640 Hz (Le., 6 corresponding to a solution containing a small 
amount of phthalic acid and excess DPDA), while that of 6, = 1533 
Hz (i.e., the experimentally observed aromatic 'H resonance of free 
phthalic acid), y 33 mmol/L throughout and c = 18,33,66,99 mmoU 
L. Using the above arguments the observed aromatic proton resonance 
frequency (6) of 3 will depend on limiting frequencies of the unbound 
(6,) phthalimide and phthalimide-amine complex (6b)  (Figure 2 and 
Scheme 1) of 3 and the equilibrium mole fraction contributions of the 
two species ( x  and (1 - z), respectively) as 6 = .&, + (1 - x)d, from 
which 

x = (6 - 6,)/(6, - 6,) (6) 
The overall equilibrium constant, K, for the complexed and free 
phthalimide moieties in Scheme 1 is K = x/(l - x ) ,  which upon 
substitution of x from eq 6 yields 

( 7 )  K = (d - db)/(d, - 6) 
Using the van't Hoff equation and expression 7 we obtain 

In K = In ( ( 6  - 6,)/(d, - 6)) = &/RT - AS*/R (8) 

(37) El-Awady, A. A,; Harris, G.  M. Inorg. Chem. 1081, 20, 1660. 
Sullivan, J. C.; French, J. E. Inorg. Chem. 1964, 3, 832. 
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Figure 10. Temperature dependence of the AB aromatic 
phthalimide lH resonances (all data scaled to 250 MHz for 
comparison) of 3 (A) and the paramete?6 In ((6 - 6b)/(6, - 6)) 
(B) (a = acetone, b = chloroform, c = DMSO, and d = 
methanol). 

in U ~ C U O  and replaced with hot ethanol. Off-white needles 
(6.23 g, 58% yield based on phthalic anhydride) were deposited 
and subsequently recrystallized from ethanol: mp 256 "C; IR 
1766 and 1706 cm-l (imide); MS (electron impact) m/z 432 
(M+). Anal. Calcd for 2, C24H24N404: C, 66.67; H, 5.55; N, 
12.96. Found: C, 66.54; H, 5.52; N, 12.94. 
NJ",N"-(Nitrilotriethy1ene)trisphthalimide (3). A 33.2 

g (0.20 mol) portion of phthalic anhydride was added to a 
solution of 14.62 g (0.10 mol) of triethylenetetraamine dis- 
solved in 160 g of glacial acetic acid (preheated to ca. 95 "C). 
This mixture was refluxed for 1 h and the solvent removed in 
uucuo and replaced with 95% ethanol. A total of 23.13 g (42% 
yield) of a pale yellow solid precipitated out. Recrystallization 
from an ethanoVCHCl3 solvent system gave flat yellow-brown 
irregularly shaped crystals: mp 183 "C; IR 1766 and 1706 cm-l 
(imide); MS (FAB, thioglycerol matrix) mlz 537 (M + H)+. Anal. 
Calcd for 3, C30H24N406: C, 67.16; H, 4.68; N, 10.45. Found: 
C, 67.40; H, 4.48; N, 10.40. 

Table 1. Crystallographic Data for 2,3, and DPDAH-HP 
2 3 DPDAH-HP 

molecular form. C24H24N404 C30H24N406 C Z ~ H Z ~ N ~ O ~  
molecular wt 432.25 536.51 529.24 
cryst. size (mm) 0.3 x 0.3 x 0.36 x 0.16 x 0.23 x 0.40 x 

0.4 0.53 0.59 
cryst. shape, color block, amber plate, amber plate, colorless 
radiatn (graphite Mo Ka Mo Ka Mo Ka 

crystal system triclinic t r i c 1 in i c monoclinic 
space grp Pi (No. 2) Pi (No. 2) P21 (No. 4)  
a, A 7.2826(7) 8.57(1) 6.881(1) 
b, A 12.689( 1) 20.435(4) 12.985(2) 

13.818(2) C, A 5.8575(8) 8.027(1) 
a, deg 91.085(8) 97.90(1) 
A deg 96.018(8) 112.30(1) 101.03(5) 
Y ?  deg 77.795(7) 79.42(1) 
v, A 3  526.1(2) 1275(1) 1211.9(5) 
z 1 2 2 
dealed, g cm-' 1.36 1.40 1.45 
range of data 28- = 54" 28" = 50" 28" = 25" 

monochromated) 

O 5 h 5 9  O ~ h 5 1 0  O s h 5 8  
-16 5 k 5 16 -24 5 k 5 24 
- 7 5 1 5 7  - 9 5 1 5 9  - 1 6 5 1 5 1 3  

0 5 k 5 15 

no. reflns collected 2485 4799 2435 
no. unique reflns 2299 4473 2231 
R,,, 0.016 0.012 0.015 
no. of reflns refined 1574 (I z 20(I)) 2965 (I z 241)) 1855 (I z 341)) 
no. of variables 193 361 273 
R 0.037 0.054 0.046 
wR 0.050 0.064 0.063 
S 1.676 2.027 2.186 

Dipht halimidodiet hylammonium - Hydrogen Phtha- 
late (DPDAH-HP). To a solution of 10.30 g (0.10 mol) of 
diethylenetriamine (DETA) dissolved in 160 g of acetic acid 
was added 33.2 g (0.20 mol) of phthalic anhydride. This 
mixture was left to reflux for 1 h, and then the acetic acid 
was removed in uucuo and replaced with ethanol. A total of 
22.58 g (64% yield) of a cream crystalline precipitate was 
obtained. Recrystallization gave thick transparent plates: mp 
176-177 "C. Anal. Calcd for DPDAH-HP Cz~H23N30~: C, 
63.52; H, 4.35; N, 7.94. Found: C, 63.44; H, 4.37; N, 7.91. 
This compound is also obtained by reacting directly phthalic 
acid with DPDA. 

X-ray Crystallography. Crystals of 2, 3, and DPDAH- 
HP, obtained as described above, were mounted on thin glass 
fibers with a film of epoxy cement. General procedures for 
crystal orientation, unit cell determination, and refinement 
and collection of intensity data on the CAD-4 diffractometer 
have been published.38 Details specific to the present study 
are summarized in Table 1. For 2 and 3, no indication of cells 
of symmetry higher than the triclinic ones indicated by the 
CAD-4, software3g could be detected by a Niggli reduction or 
by diffraction symmetry, and the initial choices were confirmed 
by the successful refinement. For DPDAH-HP, the initially 
determined monoclinic cell was confirmed by the observation 
of 2/m diffraction symmetry. No significant variations in the 
intensities of three monitored reflections were observed for any 
of the crystals during the data collections. The data were 
corrected for Lorentz and polarization effects but not for 
absorption. No indication of the need for an extinction 
correction was seen. All structures were solved by direct 
methods (SIR which provided locations for virtually all 
the non-hydrogen atoms. 

The solution and refinement of 3 in Pi proceeded unevent- 
fully, while for 2, since the composition was initially unknown 
and proposed formulations were noncentrosymmetric, the 
solution was first attempted in the noncentric space group PI. 
The solution obtained was clgarly centrosymmetric, so refine- 
ment was carried out in P1.  Following full-matrix, least- 

(38) Mague, J. T.; Lloyd, C. L. Organometallics 1988, 7, 983. 
(39) Schagen, J.; Staver, L.; van Meurs, F.; Williams, G. CAD4 

Version 5.0; Enraf-Nonius: Delft, The Netherlands, 1989. 
(40) Burla, M. C.; Camalli, M.; Cascarano, G.; Giacovazzo, C.; 

Polidori, G.; Spagna, R.; Viterbo, D. J. Appl. Crystallogr. 1989,22, 389. 
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squares refinement of both structures with anisotropic dis- 
placement parameters for all non-hydrogen atoms. Ae maps 
provided locations for all hydrogen atoms for 2 and the 
majority of those for 3. Refinement of 2 was completed by 
inclusion of the hydrogen atoms with refinement of their 
positional and isotropic displacement parameters. For 3 the 
hydrogen atoms were included as fixed contributions in 
idealized positions (C-H = 0.95 A) with isotropic displacement 
parameters 20% larger than those of the attached carbon 
atoms and updated periodically. Both final A@ maps were 
essentially featureless. 

For DPDAH-HP, the only systematic absence observed in 
the final data set was OK0 for k odd indicating the space group 
to  be either P21 or P21fm.  Although not conclusive, the 
intensity statistics tended to  favor the former, and this choice 
was further supported by the fact that a resonable calculated 
density could only be obtained with the assumption that Z = 
2. This was confirmed by the successful refinement using full- 
matrix, least-squares methods, isotropic displacement param- 
eters for the carbon and nitrogen atoms of the phthalimido 
moieties, and anisotropic displacement parameters for the 
remaining non-hydrogen atoms. Following location of most 
hydrogen atoms in a A@ map, the refinement was completed 
by also refining the positional and isotropic displacement 
parameters of the hydrogen atoms attached to  N(1) and O(8) 
and inclusion of the remainder in calculated positions as 
described above for 2 and 3. 

For all structures, weights, wi = ~ F / I u ( Z ) ~  + (0.04P)21, were 
used in the final refinement. Scattering factors were taken 
from International Tables for X-ray Crystallography (1974, Vol. 
IV). All calculations were performed in a VAX station 3100 
with the MolEN suite of  program^.^^,^^ 
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