
CHAPTER III
INCLUSION COMPOUNDS FORM ED FROM  

AVV-BIS(2-H YD RO XYBEN ZYL)ALK YLAM IN E D ER IV A TIV ES AND 

TRANSITIO N M ETA L IONS VIA  M O LECU LA R  A SSE M B L Y

Abstract

A series o f  JV,A-bis(2-hydroxybenzyl)alkylamine derivatives (1-5) have been found to 
form host-guest compounds with transition metal ions. The inclusion phenomena in 
solution are confirmed from the new peak at 415 nm observed by UV-Vis 
(ultraviolet-visible) spectroscopy and the aromatic and methylene peak shifts 
observed by proton nuclear magnetic resonance ( 'h  NM R) spectroscopy. 
Comparative studies on 1-5 by liquid-liquid extraction suggest that the bulky group at 
the aza position o f  the derivatives obstructs the ion interaction resulting in the 
decrease in ion extraction ability. Inclusion depends on the interaction o f the 
transition metal ions with the compounds 1-5 at the aza and hydroxyl groups as 
identified by the two-dimensional nuclear Overhauser enhancement technique ( 'บ -1!! 
NOESY). The results from Job’s plot and electrospray ionization mass spectroscopy 
(ESIMS) imply molecular assembly o f  the host-guest system in a 2:1 ratio. 
Comparative studies among different ions, i.e., Cu2+, Zn2+, and Cd2+, suggest that the 
host-guest formation is effective when electron sharing is possible through the outer 
orbital o f  the transition metal ions. In the case o f  inclusion in the solid state, the 
Fourier transform infrared (FTIR) spectra show the changes in vibrational mode o f  
the functional groups in host molecules whereas the X-ray diffraction (XRD) patterns 
suggest a change in the packing structure o f  the host m olecules. After host-guest 
formation, the thermal stability o f  the host m olecules decreases as a result o f  the 
change in the packing structure from a hydrogen-bonded network to one o f ionic 
interaction with the guest.

Keywords: I n c lu s io n ;  M o le c u la r  a s s e m b ly ;  N,N-b is (2 -h y d r o x y b e n z y l)a lk y la m in e
d e r iv a t iv e s ;  T ra n s i t io n  m e ta l  io n s ; H y d ro g e n  b o n d  n e tw o rk ;  Io n ic  in te r a c t io n
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INTRODUCTION

For the past few  decades, supramolecular chemistry has received much attention with 
regard to molecular recognition and inclusion [1-5]. With the advance o f  
instrumentation technology, not only cyclic but also acyclic compounds can be 
involved in host-guest relationships based on non-covalent interactions such as van 
der Waals [6 ], dipole-dipole [7], ท-ท stacking [8 ], and hydrogen bonding [9], Many 
strategies for obtaining supramolecular compounds are challenging from the 
fundamental molecular designs to synthesis pathways.

Scheme 1

Polybenzoxazines are reported as a novel type o f  phenolic resin with superb 
mechanical and thermal properties, which make them suitable com posite materials 
[10], The structure o f  the repeat unit o f  polybenzoxazines, the aza-methylene-phenol 
group, resembles the aza-methylene linkage in azacalixarenes (Scheme 1) [11], 
Previously, we reported the conditions for a one-step ring opening reaction o f  
benzoxazine to quantitatively (-90%  yield) obtain iV,jV-bis(2- 
hydroxybenzyl)alkylamine derivatives (Scheme 2) [12]. The structural
characterization o f  the derivatives by an single crystal X-ray analysis, NMR, and 
FTIR proved that the compounds are stabilized by intra- and intermolecular hydrogen 
bonding network [13]. Considering the uniqueness o f  N ,N -  bis(2- 
hydroxybenzyl)alkylamine derivatives, it is important to note that the molecule can
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be a basic unit for a series o f  macrocyclic compounds. For example, we succeeded in 
using this compound in the synthesis o f  a variety o f  macrocycles and established their 
inclusion phenomena with alkali and alkaline earth metal ions [14-16].

In order to extend their use to organometallic catalysis, the metal ions in the 
host-metal compounds need to be transition metals. Thus, another practical 
application for the JV,A^-bis(2-hydroxybenzyl)alkylamine derivatives would be in the 
generation o f  inclusion compounds with transition metal ions, and we expected that 
the electron rich phenol and aza groups might interact with transition metals. The 
present work thus aims to clarify (i) whether the N ,N -b is (2 -
hydroxybenzyl)alkylamine derivatives exhibit inclusion phenomena with the 
transition metal ions, and what the host-guest ratio is, (ii) how the functional group o f  
the derivatives plays a role in the interaction with transition metal ions, (iii) the effect 
o f  inclusion on the thermal stability o f  the derivatives, and (iv) the effect o f  solvent 
molecules in the host-guest system.

Scheme 2

3,4-Dihydro-2H-
1,3-benzoxazine

derivatives

Phenol
derivatives

N,W-bis(2-hydroxybenzyl) alkylamine 
derivatives (1-5)

1 R= CH3, R’= CH3, R”= H
2 R= CH3, R -  C3H7, R”= H
3 R= CH3, R - C6H„, R”= H
4 R= C2H5, R -  CH3, R”= H
5: R= CH3, R -  CH3, R”= CH

RESULTS AND DISCUSSION
Inclusion Phenomena of yV,yV-Bis(2-hydroxybenzyI)alkylamine Derivatives and 

Transition Metal Ions

In order to identify whether the host-guest compounds between N ,N -b is (2 -  
hydroxybenzyl)alkylamine derivatives and various transition metal ions are formed,
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U V -Vis spectra were obtained to check for peak shift or the new peak generation. 
Makarska e t  a l. reported that porphyrins with copper ions show inclusion phenomena 
as identified from the peak shifts in U V -V is spectra [17]. Figure 1(A) shows UV-Vis 
spectra o f  the solution 1 with CuCl2 in methanol for various ratios. Compound 1 
gives a peak maximum at 284 nm whereas CuCl2 gives a peak at 267 nm. After 
mixing, a new peak at 415 nm is observed implying that 1 forms an inclusion 
compound with CuCl2. Similarly, 2-4 with CuCl2 gave a new peak at 415 nm, 
whereas 5 gave a new peak at 435 nm, confirming that A,V-bis(2- 
hydroxybenzyl)alkylamine derivatives act as hosts. Figure 1(B) was re-plotted from 
Figure 1(A) to represent the optimal host-guest ratio for 1 with CuCl2. The Job's plot 
obtained from the new peak at 415 or 435 nm indicates that the V,V-bis(2- 
hydroxybenzyl)alkylamine derivatives (1-5) incorporate the Cu2+ guest in the host- 
guest ratio o f  2 :1 .

Wavelength (nm) Mole fraction of A/,A/-bis(2-hydroxybenzyl)
alkylamine derivatives

Figure 1. (A ) U V -V is spectra o f  l-C uC l2 in methanol at various volumetric ratios; 
a) 0:6, b) 1:5, c) 2:4, d) 3:3, e) 4:2, f) 5:1, and g) 6:0. (B) Job’s Plot as a function o f  
mole fraction o f  (□ ) 1, (+) 2, (•) 3, (-) 4 at 415 nm, and (a) 5 at 435 nm.

'h  NM R was applied to study the interaction between host-metal ion and 
the effect o f  the metal ion. In order to avoid complicated conditions, methanol was 
selected as a good solvent for both A(jV-bis(2-hydroxybenzyl)alkylamine derivatives
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and transition metal chloride salts. As shown in Figure 2, in the case o f  1, when 
CuCl2 was added into the system, the peak at 3.636 (-C H 2 -N) ppm is significantly 
shifted and splits into two broad peaks at 4.118 and 4.310 ppm. The peak o f  CH 3 -N  
is also substantially deshielded by 0.481 ppm. The shifting and splitting o f  these 
specific peaks imply that the proton environment at the aza and methylene groups has 
changed. It can be speculated that the metal ion withdraws electrons from the aza 
and methylene groups resulting in a decrease in electron density o f  these protons in 
the host-guest system. It was found that the other derivatives (2-5) gave the similar 
results suggesting host-guest formation via interaction through the aza and methylene 
groups.

Chemical shift (ppm)

Figure 2. 'h  NM R (400 MHz) spectra o f  (a) 1 and (b) l-C u C f in m ethanol-^ with 
a 1 : 1  host-guest ratio.

Up to now, most reports on inclusion phenomena are for macrocyclic host 
compounds. However, there are cases where oligomers and small m olecules can also 
form inclusion compounds by molecular assembly as seen in pseudocalixarenes [18], 
oligobenzoxazine [11], and cholic acid [19]. Ganem e t  al. demonstrated that ESIMS 
provide important information on the host-guest complexation o f  macrolides [20], A 
number o f  host-guest molecular assembly compounds, either cyclic or noncyclic,
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especially calixarenes and P-cyclodextrins, were also elucidated by ESIMS [21-23], 
Here, we applied ESIMS to determine how A^,7^-bis(2-hydroxybenzyl)alkylamine 
derivatives accept transition metal ions.

Figure 3. ESIMS spectra o f  (a) 4 and (b) 4-CuCh with an orifice o f  35 V.

Compound 4 gives the peak (M+H) at m /z  =  300 which is equal to its 
molecular weight (Figure 3(a)). Moreover, a series o f  peaks appear at the m /z  =  300, 
600, and 899 implying that 4 tends to form an assembly structure o f  two and three 
molecules. This might be related to the inter- and intramolecular hydrogen-bond 
network in the solution state. The hydrogen bonding o f  the host structure in solution 
might resemble that in the solid state [13]. After complexation, the spectrum shows 
m /z  peaks in the range o f  300-370, 590-670, 890-970, 1180-1260, and 1490-1560 
(Figure 3(b)). It is important to point out that these values are close to the total o f  
m /z  o f  4 and Cu2+. This implies that in solution, 4 interacts with CuCh as clusters in 
the host-guest ratios o f  1:1 ~  5:1, which is significantly different from the results in 
Figure 1 where the host-guest ratio for each compound in solution observed by UV- 
Vis was 2:1. The difference might arise from the rapid solvent evaporation in va c u o  
during ESIMS characterization.
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Ion Extraction Ability of Af,A/̂ -Bis(2-hydroxybenzyl)aIkylamine Derivatives

Molar ratio of A/,A/-bis(2-hydroxybenzyl) 
alkylamine derivatives:CuCI2

Figure 4. Extraction percentages o f  (□ ) 1, (+) 2, (•) 3, (-) 4, and ( a) 5 as a function 
o f  molar ratio to CuCE.

To evaluate the efficiency o f metal ion interaction, liquid-liquid extraction 
containing aqueous metal ions and A,/V-bis(2 -hydroxybenzyl)alkylamine derivatives 
dissolved in chloroform was studied. In general, the extraction percentages refer to 
the equilibrium between host and metal in the form o f  com plex and free molecules 
existing in the solution. Among 1-5, I gives the highest extraction percentage (up to 
80%) whereas 5 gives the lowest (24%) (Figure 4). In addition, the extractions o f  2-5 

are less than that o f  1 (between 50% and 70% at all ratios). Here, the differences in 
extraction percentage might be due either to the electrical effect or the bulkiness o f  
substituted groups. Considering the substituent group at the phenol ring, although 
the ethyl group donates electrons to the phenol ring, the ion extraction o f  4 was not 
higher than that o f  1 as would be expected. It should be noted that when substituent 
group adjacent to the nitrogen atom is a propyl group and cyclohexyl group as in 2 
and 3, the extraction percentages decreased remarkably compared to 1. Here, the 
bulkiness must be affecting the suitability o f  the A,A-bis(2 - 
hydroxybenzyl)alkylamine derivatives for ion extraction. As seen in 1-5, an increase 
in bulkiness at the aza group leads to a decrease in ion extraction. We speculate that
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the bulky group might occupy the space and obstruct the metal in interacting with the 
host m olecule. At present, we are studying the crystal structure to confirm our 
speculation.

Inclusion Compounds Formed between A(./V-Bis(2-hydroxybenzyl)alkylamine 

Derivatives and Transition Metals in the Solid State

It is important to clarify the solid state o f  inclusion compounds as this leads 
to the understanding o f  host-guest interactions without the solvent effect. Here, the 
solid state o f  the host-guest complex was prepared. The optimum host-guest ratio 
was confirmed to be 2:1. The FTIR and XRD techniques were used to identify the 
changes in vibrational mode o f  the functional group in the host m olecule and the 
packing structure. Spectra were recorded in Nujol in order to observe the host-guest 
formation with the least disturbance by moisture and water m olecules.

Figure 5 shows the FTIR spectra o f 1, 3, and 4 before and after inclusion 
with C uC f compared to the Nujol reference spectrum. In all inclusions with C uC f, 
a trace amount o f  OH is observed suggesting a weak intermolecular hydrogen bond 
among the host m olecules. The doublet peaks at 1617 and 1597 cm ' 1 resulting from 
the stretching mode o f  c = c  in the aromatic ring become a singlet implying an effect 
from the metal ion. The other peaks, especially, 1249 (C-N) and 1207 cm ' 1 (C-N-C) 
due to the aza-methylene group, become insignificant reflecting that the vibration o f  
the functional group might be obstructed by interaction with the metal ion.

To our surprise, in the case o f  3, there was little change in FTIR spectra after 
complexation. This suggests that the structure o f  3 might have some limitations in 
rearranging to accept metal guests. We speculate that there might be two types o f  the 
structure when compounds 1-5 encounter the metal ion, i.e., one in which metal ion 
interaction occurs through the hydroxyl group o f  the phenol unit and the aza- 
methylene group (the cases o f  1, 2, and 4) and one with very weak interaction (the 
cases o f 3 and 5). This is also relevant to the liquid-liquid extraction studies, where 3 

and 5 gave lower extraction percentages than the others (Figure 4). It is important to 
note that Figure 1 shows 2:1 complex formation for 3 or 5 whereas Figure 4 
demonstrates their low  extraction ability. This implied a solvent effect, which favors



2 4

the complexation o f  3 and 5 in methanol (Figure 1). In other words, when the 
solvent is evaporated, it is difficult to maintain the host-guest interaction in solid 
state (Figure 4).

Wavenumber /cm

Figure 5. FTIR spectra o f  (a) Nujol, (b) 1, (c) l-C uC l2 , (d) 3, (e) 3 -CuCl2 , (f) 4, and 
(g) 4-CuCf>.

The X-ray diffraction patterns indicate the packing structures and support 
the FTIR results. For example, the XRD pattern o f  l-C uC h (Figure 6 (c)) is 
drastically changed compared to that o f  1 (Figure 6 (a)), whereas the pattern o f
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3 -CuCl2 (Figure 6 (e)) is similar to that o f 3 (Figure 6 (d)). In the case o f  l-C uC l2 , the 
compound gives a series o f  new peaks around 2 9 -  5-8°, especially at 5.58, 6.36 and 
6.98° with little changes at 11-30°. This suggests that copper ions are aligned in the 
packing structure o f  1. For 3 -CuCl2 , the results from extraction percentages and the 
FTIR, all suggest an unchanged packing structure o f  the host (Figure 6 (d) and (e)).

5 10 15 20 25 30 35
2Theta / deg.

Figure 6 . Diffraction patterns o f  (a) 1, (b) CuCl2 , (c) l-C uC l2 , (d) 3, and 
(e) 3-CuC12.
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Stability of Af,Ar-Bis(2-hydroxybenzyl)alkylamine Derivatives in the Host-metal 

Compound

The thermal properties o f  inclusion compounds are studied to assess the 
effect o f  the guest on the thermal stability o f the host molecule. Rossel e t a l. reported 
on studies o f  cyclodextrin and acyclovir inclusion compounds by TGA and DSC  
[24], Here, we applied DSC to assess the stability o f  the TV,A/-bis(2- 
hydroxybenzyl)alkylamine derivatives upon changing the hydrogen bond network 
after inclusion o f  the metal ion.

Figure 7(a) shows that in the case o f  1 with no metal guest, the melting 
temperature is 161°c . Here, the melting o f  the jV,jV-bis(2-hydroxybenzyl)alkylamine 
derivative reflects the stability afforded by the hydrogen-bond network as shown by 
the single crystal analysis [13]. However, l-C uC h (2:1) shows a broad melting 
temperature at 130-150°c (Figure 7(b)). This implies that the hydrogen-bond 
network o f  1 might be obstructed after inclusion. The host-guest interactions in the 
solid state as evidenced from FTIR, XRD and DSC (Figures 5-7) are relevant to 
those in solution shown by 'h  NMR (Figure 2). We speculate that the hydrogen- 
bond network o f  1 changes to ionic interactions with metal ions both in solution and 
in the solid state.

50 75 100 125 150 175 200
Temperature/ °c

Figure 7. DSC thermograms o f  (a) 1 and (b) l-C uC l2 .
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Effect of Solvent on Inclusion of Ar,7V-Bis(2-hydroxybenzyl)alkylamine 

Derivatives

In solution, the interaction o f  solvent m olecules may either enhance or 
reduce the stability and possibility o f  host-guest formation. In the present work, the 
effects o f  protic solvent (methanol) and aprotic solvent (DM SO and chloroform) on 
the inclusion compounds were observed by 'h  NM R spectroscopy. Since the host- 
guest ratio is 2:1 (Figure 1), here, an excess o f  guest was added to the host solution in 
order to provide the condition that most hosts interact with guests. The CuCb was 
added in deuterated solvent in an equimolar amount to the host compound.

I'I PT 1111 111 M 11111111 1111111111111 111 น 1111
104  10.0 9.6 7.4 7.0 6.6 4.4 4.0 3.6 2.4 2.0 1.6

Chemical shift/ ppm

Figure 8 . 'h  NM R (400 MHz) spectra o f  (a) 1 and (b) l-C uC l2 in DMSO-<7 (5.

Comparing Figure 2 with Figure 8 , it is important to note that 1 shows an 
OH peak in DM SO. This implies that there are free hydroxyl groups o f  1 in DMSO  
since the interactions in DM SO might be based on polar-polar interactions. 
However, after inclusion, the hydroxyl peak splits into one broad peak and one sharp 
peak. This suggests two structures in equilibrium, i.e., one with a hydrogen-bond 
network (broad peak) and one with a free hydroxyl group (sharp peak). Furthermore, 
the -CH 2 -N peak becomes broader with splitting and shifts to low field. This
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suggests a decrease in electron density as a result o f  metal ion interaction. Another 
significant change in the 'h  NMR is that two species o f  methyl protons appear at the 
same chemical shift suggesting an identical environment.

The chloroform system was also studied. After formation o f  the inclusion 
compound o f  1 with CuCl2 (Figure 9(b)), the methylene protons (3.71 ppm) were 
slightly deshielded by 0.03 ppm. The hydroxyl protons o f  1 appearing at 9.4 ppm 
(Figure 9(a)) reflect the inter and intramolecular hydrogen-bond network o f 1 in 
CDCI3 . The upfield shifting o f  these hydroxyl protons from 9.4 to 8.2 ppm (Figure 
9(b)) suggests that when complexation occurs, the hydrogen bonding ((ว-H -N )  
might be changed to H-O - m etal- N. The changes in the peak due to the aromatic 
protons also support formation o f  an inclusion compound since those due to the 
phenol group are broader after complexation (Figure 9(b)).

Chemical shift/ ppm

Figure 9. 'h  NM R (400 MHz) spectra o f  (a) 1 and (b) l-C uC h in CDCI3 .

Here, 'H-'H NO ESY was also carried out to obtain more information on the 
inclusion process [25], Compound 1 shows the peaks involved in the interaction 
between protons o f  the hydroxyl group (H I, H2) and protons o f  methylene group 
(H7, H9) (Figure 10(a)). In the case o f  l-C uC h (Figure 10(b)), the disappearance o f  
those peaks supports our speculation about the interaction o f  1  with the metal ion via 
the lone pair o f  electrons on the oxygen and nitrogen atoms. Upon inclusion, the

I I ■ r  I I I I I I I  r I I |— r  I I I I I 1 I I I I I I I I I 
9.8 8.6 7.4 7.2 6.8 6.4 4.0 3.7 3.4 2.6 2.3 2.0
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intramolecular interaction (H I, H2 to H7, H9) decreased while the interaction with 
metal ions was dominant. The peak resulting from the interaction o f  the methylene 
protons (H7, H9) with the methyl protons (H I 6 ) disappeared whereas that o f  the 
methylene protons (H7, H9) with the aromatic protons (H3, H I5) became weaker, 
implying the effect o f  the metal ion on 1 during host-guest formation.

16

F1 (ppm) F1 (ppm)

Figure 10. 'H-'H NO ESY (400 MHz) spectra o f  (a) 1 and (b) l-C uC h in CDCI3 .

Inclusion Compounds of /V,./V-Bis(2-hydroxybenzyl)alkylamine Derivatives with 
other Transition Metal Ions

Another question o f  interest was to what extent a different transition metal 
J-orbital system would affect the inclusion phenomena. For example, the successful 
inclusion phenomena o f  Cu2+ (3d9) might be due to an empty 4s orbital being 
available to accept electrons from A,A-bis(2 -hydroxybenzyl)alkylamine derivatives.
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A study o f  the formation o f  com plexes o f 1 with other transition metal ions was 
therefore carried out.

255 265 275 285 295 305 315 325
Wavelength (nm)

Figure 11. u v  Spectra o f  1 (1 .6 5 x l0 -4 M) mixing with Z n C l j  (1 .6 5 x l0 -4 M) in 
methanol at the volumetric ratios o f  a) 0:6, b) 1:5, c) 2:4, d) 3:3, e) 4:2, f) 5:1, and 
g) 6:0, and h) 1.65x1 O' 4 M solution o f  1 mixed with ZnCh at the molar ratio o f 1:8 .

Figure 11 shows U V -Vis spectra o f  solutions o f  1 with zinc ions in 
methanol with ratios o f  1:5 to 5:1. In methanol, 1 gives a peak maximum at 284 nm 
(Figure 11(g)) whereas ZnCl2 does not show any peak (Figure 11(a)) over the range 
255-325 nm. This is different from the CuCl2 system since there is no new peak 
from the solution o f  ZnCl2 and 1 but a bathochromic effect. For example, in the case 
o f  l-Z nC b for 1:5, the peak is shifted from 284 to 290 nm, implying a host-guest 
system. A saturated system o f  ZnCl2 - l  shows a significant peak at 290 nm (Figure 
1 1 (h)). This implies that the high concentration o f  ZnCl2 increases the metal ion 
interaction with the host molecules resulting in a hyperchromie effect. Considering 
the peaks b-f, the apparent peak shift might come from the overlap o f  the two peaks, 
i.e., 284 nm (due to the host) and 290 nm (due to the host-guest complex).
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Chemical shift (ppm)

Figure 12. 'h  NM R (4 0 0  M H z) spectra o f  (a) l-C dC l2, (b) 1, and l-Z nC l2 at the 
ratios o f  (c) 1 :1 , (d) 1 :8 , and (e) 1:15 in m ethanol-^.

'h  NM R measurements were also undertaken to confirm inclusion o f  Zn2+ 
with 1. Considering the electronic orbital o f  Zn2+, we speculate that the fully filled 
3d 10 orbital with no available 5 -orbital might prevent electron sharing with 1. A 
series o f  spectra o f  l-Z nC l2 spectra show all protons deshielded similar to l-C uC l2 

(Figures 2, and 12 (c)-(e)). The methylene peak shows only peak shifting without 
splitting. This implies that the Zn2+ maintains the equivalent structure o f  the two
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-CH2- groups (adjacent to the N  atom) even upon host-guest formation. In other 
words, the fully filled d-orbital in Zn2+ might obstruct the sharing o f  the lone pair 
electrons o f  OH and N  in the host-guest compound. When the ratio o f  l-Z nC b was 
as high as 1:8 or 1:15, the aromatic peaks were significantly broad. This suggests 
that there are various averaging aromatic proton environments in the inclusion 
com plex formed between 1 and ZnCl2.

In order to confirm the electronic orbital involved in the inclusion process, 
CdCl2 was also studied. We expected that CdCl2 with the outer orbital 5s2 would 
show similar results to ZnCl2.

250 260 270 280 290 300 310 320
Wavelength (nm)

Figure 13. u v  Spectra o f  (a) 1.65x1 O' 4 M solution o f  1 and (b) l-C dC l2 (1:8).

The m ixing o f  a solution o f  1 with CdCl2 was observed by u v  (Figure 13) 
and gave a peak with a hyperchromie shift similar to that o f  ZnCl2, implying that 
inclusion had occurred. The 'h  NM R spectrum o f  l-C dC l2 shows a shift in the 
methylene protons but the change is small compared to that o f  l-Z nC l2 (Figure 
12(a)). This implies a difficulty in interaction with the host. The small changes in 
'h  NM R and u v  also imply that the size o f  the metal ions also has an effect on 
complexation.
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CONCLUSION
The present work clarifies the inclusion compound o f  A,yV-bis(2- 

hydroxybenzyl)alkylamines with transition metals by using copper, cadmium, and 
zinc as model ions. In solution, the host-guest ratios o f  A,jV-bis(2- 
hydroxybenzyl)alkylamine derivatives with CuCh were found to be 2:1. Although 
the host-guest formation is dependent on the structure o f  the host, the interaction 
might form at the hydroxyl and aza-methylene group as suggested from U V -Vis, 'h  
NMR, and H-'H NOESY. The ESIMS showed cluster patterns indicating inclusion 
phenomena by the molecular assembly o f iV,yV-bis(2 -hydroxybenzyl)alkylamines. 
The studies on the interaction with metal ions in various solvents suggested that the 
inclusion might be enhanced by either hydrogen bonding or polar-polar interaction. 
For the solid-state host-guest compound, the DSC clarified that the jV,jV-bis(2- 
hydroxybenzyl)alkylamine derivatives lost some thermal stability after forming 
inclusion compounds with metal ions. Overall, we found that with respect to the 
nature o f  A, A -bis(2 -hydroxybenzyl)alkylamine derivatives, the larger the bulky group 
at the aza position is, the lower the metal ion acceptance o f  the host will be, whereas 
with regard to the transition metals, the vacant electron orbital was an important 
factor for inclusion.

EXPERIMENTAL
Chemicals

Paraformaldehyde, methylamine, 4-ethylphenol, 2,4-dimethylphenol, and 
anhydrous sodium sulfate were purchased from Fluka, Switzerland. p-Cresol, 
propylamine, cyclohexylam ine, and m ethanol-^ were obtained from Merck, 
Germany. Sodium hydroxide and isopropanol were provided from Carlo Erba, Italy. 
Copper(II) chloride, and zinc(II) chloride were purchased from Shimakyu’s Pure 
Chemicals, Japan, and Ajax Finechem, Australia, respectively. 1,4-Dioxane, diethyl 
ether, isopropanol, dichloromethane, and AA-dim ethylsulfoxide (DM SO) were from 
Labscan, Ireland. Chloroform-^, and methyl sulfoxide-Jfi (DMSO-r/fi) were 
purchased from Aldrich, Germany. All chemicals were used without further 
purification.
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Instruments
Fourier transform infrared spectra (FTIR) were recorded in Nujol in the 

range 4000-400 cm ' 1 with 64 scans at a resolution o f  2 cm ' 1 on a Bruker Equinox55/S 
spectrophotometer using a deuterated triglycinesulfate detector (DTGS) with a 
specific detectivity, D*, o f  lx io 9 cm .H zl/2 พ’1. Differential scanning calorimetry 
analysis (D SC ) was carried out by a Perkin Elmer DSC7 from 5 0 °c  to 2 0 0 °c  at a 
heating rate o f  10°c/m in. X-ray diffraction (XRD) patterns were obtained from a 
Rigaku RINT 2000, using CuKa (À.=0.154 nm) as an X-ray source with 2 6  o f  5-50° 
operating at 40 kV and 30 mA with Ni filter. Proton nuclear magnetic resonance ( 'h  
NM R) spectra and two dimensional nuclear Overhauser enhancement ( 1H -1F4 
NOESY) spectra were obtained using a Varian Mercury-400BB spectrometer. The 
host-guest ratio was studied by electrospray ionization mass spectrometer (ESIMS), 
using a PE SCIEX API III Biomolecular Mass Analyzer. U V -V is absorbance data 
were obtained on a Perkin Elmer UV-VIS spectrometer Lambda 16.

Synthesis
A series o f  the derivatives, i.e., Ar.Ar-bis(2-hydroxy-5- 

methylbenzyl)methylamine, 1, A(jV-bis(2-hydroxy-5-methylbenzyl)propylamine, 2, 
A,V-bis(2-hydroxy-5-methylbenzyl)cyclohexylamine, 3, MA^-bis(2-hydroxy-5- 
ethylbenzyl)methylamine, 4, and V,A'-bis(2-hydroxy-3,5-
dimethylbenzyl)methylamine, 5, were prepared from a ring-opening reaction o f  the 
relevant benzoxazine and phenol derivatives. Mixtures o f  3,4-dihydro-3,6-dimethyl- 
2H -l,3-benzoxazine and p-cresol (1:1) were prepared and stirred at 60°c. The 
mixtures were allowed to react until viscous and left for precipitation. The 
precipitates obtained were collected, and washed with diethyl ether before vacuum 
drying. The compounds were recrystallized in chloroform before use. Similarly, 3,4- 
dihydro-6-m ethyl-3-propyl-2H-l,3-benzoxazine, 3,4-dihydro-6-methyl-3-cyclohexyl- 
2H -l,3-benzoxazine, 3,4-dihydro-6-ethyl-3-m ethyl-2H -l,3-benzoxazine, and 3,4- 
dihydro-3,6,8-trim ethyl-2H-l,3-benzoxazine were reacted with p -creso l,/7-cresol, 4- 
ethylphenol, and 2,4-dimethylphenol, respectively. The compounds obtained were 
qualitatively analyzed by FTIR, ‘h  NMR, and EA.
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7V,7V-bis(2-hydroxy-5-methyl benzyl)methylamine (1): 90% yield; R f = 0.24 (5% 
MeOH in CHCI3 ); clear and colorless solid; mp = 163°C; FTIR (KBr, cm '1): 3271 
(br, OH), 1499 (vs, C-C), 1456 (m, N-CH 3), 1249 (ร, C-N), 1209 (m, C-N-C), 815 
(vs, C-N-C); 'H NM R (200 MHz, CDCI3 , ppm): 0H 2.23 (6 H, ร, Ar-CH 3), 2.23 (3H, 
ร, N -C H j), 3.69 (4H, ร, Ar-CH 2 -N), 6.70 (2H, d, Ar-H), 6.83 (2H, ร, Ar-H), 6 . 8 6  

(2H, d, Ar-H). Anal.calcd. for C 17H2 1NO 2 : c , 75.28; H, 7.75; and N , 5.17. Found: 
c , 75.31; H, 7.77; and N, 5.19%.

A,,Ar-bis(2-hydroxy-5-methylbenzyl)propylamine (2): 80% yield; R f = 0.22 (5% 
MeOH in CHCI3 ); clear and colorless solid; mp = 149°C; FTIR (KBr, cm '1): 3251 
(br, OH), 1501 (vs, C-C), 1467 (m, N-CH 3), 1276 (ร, C-N), 1210 (ร, C-N-C), 819 (ร, 
C-N-C); 'H NM R (200 MHz, CDCI3 , ppm): 8 แ 0.87 (3H, t, C H 3 -CH 2 -CH2 -N), 1.65 
(2H, m, CH 3 -C H 2 -CH 2 -N), 2.22 (6 H, ร, Ar-CH3), 2.50 (2H, t, CH 3 -CH2 -C H 2 -N), 
3.70 (4H, ร, A r-C H 2 -N), 6 . 6 8  (2H, d, Ar-H), 6.85 (2H, ร, Ar-H), 6.90 (2H, d, Ar-H). 
Anal.calcd. for C 19H 2 5 N O 2 : c , 76.25; H, 8.36; and N , 4.69. Found: c , 76.28; H, 
8.31; and N, 4.70%.

A^,A^-bis(2-hydroxy-5-methylbenzyl)cyclohexylamine (3): 8 0 %  yield; R f =  0 .3 0  

(5 %  M e O H  in C H C I 3 ) ;  clear and colorless solid; mp = 1 81 °C ; F T IR  (KBr, cm '1): 
3 2 26  (br, O H ) ,  1500  (vs, C -C ) , 1449  (m, N -C H ) ,  1249  (ร, C -N ) ,  1210  (m, C -N -C ) ,  

819  (ร, C -N -C ) ;  ‘ H  N M R  (2 0 0  M H z ,  C D C I3 , ppm): 8 แ 1.1 (2 H , m, C H 2), 1.45 (4 H ,  

m, C H 2), 1 .82  (4 H , m, C H 2), 2 .2 2  ( 6 H , ร, C H 3 -Ar), 2 .7 0  (1 H , m, C H ), 3 .72  (4 H , ร, 
Ar-CH 2 -N), 6 . 6 8  (2 H , d, Ar-H), 6 .85  (2 H , ร, Ar-H), 6 .9 0  (2 H , d, Ar-H). Anal.calcd. 
for C 2 2H 2 9N O 2 : c , 7 7 .8 8 ; H , 8 .5 5 ; and N , 4 .1 3 . Found: c , 7 7 .9 0 ; H , 8 .5 6 ; and N ,  

4 .1 6 % .

A^,A^-bis(2-hydroxy-5-ethylbenzyl)methylamine (4): 90% yield; R f = 0.34 (5% 
MeOH in CHCI3 ); clear and colorless solid; mp = 130°C; FTIR (KBr, cm '1): 3301 
(br, OH), 1499 (vs, C-C), 1460 (m, N-CH 3 ), 1251 (ร, C-N), 1207 (m, C-N-C), 821 (ร, 
C-N-C); ‘H NM R (200 MHz, CDCI3 , ppm): SH 1.17 (6 H, t, Ar-CH2 -C H 3), 2.25 (3H,
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ร, N -C H j), 2.54 (4H, q, Ar-CH 2 -CH3), 3.72 (4H, ร, Ar-CH 2 -N), 6.73 (2H, d, Ar-H), 
6.87 (2H, ร, Ar-H), 6.94 (2H, d, Ar-H). Anal.calcd. for C i9H 2 5N 0 2: c , 76.26; H, 
8.36; and N, 4.68. Found: c , 76.24; H, 8.35; and N , 4.65%.

Ar,Ar-bis(2-hydroxy-3,5-dimethylbenzyl)methylamine (5): 80% yield; R| = 0.39  
(5% MeOH in CHCI3 ); clear and colorless solid; mp = 123°C; FTIR (KBr, cm '1): 
3399 (br, OH), 1484 (vs, C-C), 1427 (m, N-CH 3 ), 1243 (m, C-N), 1214 and 1201 (m, 
C-N-C), 847 (m, C-N-C); 'h  NMR (200 MHz, CDCI3 , ppm): 8 แ 2.22 (12H, ร, Ar- 
C H 3), 2.25 (3H, ร, N -C H 3), 3.68 (4H, ร, Ar-CH 2 -N), 6.72 (2H, ร, Ar-H), 6.81 (2H, ร, 
Ar-H). Anal.calcd. for CigH2 5N 0 2: c , 76.26; H, 8.36; and N, 4.68. Found: c , 76.27; 
H, 8.34; and N , 4.69%.

Complexation in Solution
Methanolic solutions o f  each derivative and copper chloride (1 .65x10'4 M) 

were made up and the two solutions were mixed in the following ratios: (l-5)-copper  
chloride, 1:5, 2:4, 3:3, 4:2, and 5:1, respectively. The mixtures were shaken 
vigorously for 1 min and left for 12 h, U V -V is absorbance at the maximum peak 
position was measured and plotted as Job’s plot. Zinc chloride was also used instead 
o f  copper chloride. Each chloride salt o f  copper, zinc, and cadmium was mixed with 
V,V-bis(2-hydroxybenzyl)alkyIamine derivatives to give a 1:1 molar ratio, and 
dissolved in m ethanol-^  for analysis by 'h  NMR. Similarly, DMSO-Jtf and CDCI3 

were used as solvents to study the solvent effect.

Solid State of Host-metal Ion Complex
Solutions o f  A,Ar-bis(2-hydroxybenzyl)alkylamine derivatives in chloroform  

(7x10 ' 3 M) and copper chloride in deionized water (0.7 M) were prepared, vigorously 
mixed, and left for 3 d. The organic phase was collected, dried by anhydrous 
Na2รO 4, and evaporated to obtain a green powder, which was characterized by FTIR, 
DSC, and XRD. The concentration o f  copper chloride in the aqueous phase was 
determined (to establish the host-guest ratio) by U V -V is spectroscopy. The powder 
was dissolved in CDCI3 for analysis by 'h  - 'h  NO ESY NMR.
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Percentage Metal Ion Extraction
Solutions o f  copper chloride in deionized water (2.5x1 O' 2 M) and the N ,N -  

bis(2-hydroxybenzyl)alkylamine derivatives in chloroform (0.1, 7.5x1 O'2, 5 .0x10‘2, 
2 .5 x l0 '2, 1 .2 5 x l0 '2, 6 .2 5 x l0 '3, and 2 .5 x l0 ' 4 M) were prepared; 5 mL o f each 
solution were m ixed together, vigorously shaken for 1 min, and left for overnight. 
The absorbance at 815 nm was measured and calculated for percentage extraction by 
the equation [(A0-A )IA o\*  100 where A 0 is the initial absorbance, and A  is the 
absorbance after extraction with the /V,/V-bis(2 -hydroxybenzyl)alkylamine derivative.
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