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Inclusion complexes of diisopropylfluorophosphate with cy-, p-, and y-cyclodextrins (CD) have 
been studied by ‘H and ,‘P NMR methods. Binding constants (K) for the guest-host complex are 
determined for p- and r-CD. Both NMR methods lead to the conclusion that P-CD forms the 
tightest complex with DFP, an order of magnitude tighter than y-CD. We also conclude that (U-CD 
does not form an inclusion complex with DFP. 

INTRODUCTION 

The hydrolysis of diisopropylfluorophos- 
phate (DFP) and other phosphorus esters 
has been of great interest (I). The discov- 
ery of the enzyme DFPase shows great 
promise for the hydrolysis of DFP (2), but a 
major problem with enzymes is their poor 
stability and limited availability. The use of 
enzyme mimics for these type of hydro- 
lyses would relieve the stability and avail- 
ability problems. One of the best known 
molecules used in biomimetic studies is cy- 
clodextrin (CD) (3). We have studied the 
inclusion complexes of DFP with CY-, p-, 
and y-CD using nuclear magnetic reso- 
nance (NMR) techniques. The first step to- 
ward catalytic hydrolysis of DFP will be to 
demonstrate binding in the CD cavity. Fu- 
ture work will deal with functionalized CD 
molecules. 

Cyclodextrins are cyclic oligomers of 
glucose. The most common CDs are the 
hexamer (a), heptamer (p), and the octamer 
(y) which have a molecular weight around 
1000 (Fig. 1). Cyclodextrins have a conical 
doughnut shape with hydroxyl groups on 
the outer surface while the cavity is hydro- 
phobic, similar to what would be expected 
for a miniature enzyme. The solubility of 
CD in water is good, making the inclusion 
of various apolar molecules possible (3). 
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Functional groups can be attached directly 
to the CD molecule making it catalytically 
active; first an inclusion complex must be 
formed with the guest molecule. 

The first report on the interaction of DFP 
and CDs was a study of kinetics and ther- 
modynamics of the reaction of DFP with c~- 
CD in aqueous alkaline media (4). Calori- 
metric measurements were used to indicate 
that an inclusion complex was formed. A 
recent article on the interaction of phos- 
phorus containing aromatic compounds 
with (r-CD indicated that the addition of the 
phosphate ester group makes the molecule 
too bulky to form an inclusion complex (5). 
This work addresses the question of 
whether DFP forms an inclusion complex 
with (Y-, fl-, or r-CD. 

The characterization of the guest-host 
inclusion complex can give valuable infor- 
mation as to what type of CD derivative 
should be synthesized to enable greater 
success in obtaining the catalytic activity 
desired. The use of ‘H NMR to study the 
inclusion of aromatic hydrocarbons by CD 
has been studied previously (6). Peaks for 
the H-3 and H-5 atoms of a-CD, which are 
directed toward the interior of the CD cav- 
ity (Fig. 2), showed significant chemical 
shifts when substituted benzoic acids were 
added to CD solutions in D20. Atoms 
which reside on the exterior of the cavity, 
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FIG. 1. Shape and structure of the CD cavity. 

H-l, H-2, H-4, had only marginal shifts. 
The large upfield shift for the H-3 and H-5 
atoms is attributed to the anisotropic 
shielding effect of the aromatic rings of the 
benzoic acids included in the CD cavity. 

The change in chemical shift of the inter- 
nal protons due to the inclusion of a guest 
molecule can help determine the guest- 
host molar ratio for the complex, the bind- 
ing constant, K, and the molecular disposi- 
tion of guest compounds. We have studied 
the DFP/CD complex by ‘H NMR and 31P 
NMR. The 31P NMR was helpful in con- 
firming the ‘H NMR data and also in clari- 
fying the molecular disposition of DFP in 
the CD cavity. 

EXPERIMENTAL 

The spectra were recorded on a Nicolet 
NT-200 spectrometer operating at 200 MHz 
for ‘H acquisition and 81 MHz for 31P acqui- 

TABLE I 

‘H NMR Data for the Change in Chemical Shift of 
Lu-Cyclodextrin Relative to H-l 

H-2 H-3 H-4 H-5 H-6 

a-CD 1.392 1.078 1.454 1.235 1.170 
R = 0.5 1.396 I.078 1.454 1.235 1.178 
R = 1.0 1.397 1.078 1.455 1.237 1.180 
R = 1.5 1.396 1.081 1.454 1.238 1.179 
R = 2.0 1.398 1.071 1.463 1.235 1.170 
AR 0.006 0.010 0.009 0.003 0.010 

Note. R is the moles of DFPimoles of cyclodextrin. 
AR is the change in A6 over the complete range of R. 

TABLE 2 

‘H NMR of the Change in Chemical Shifts of 
p-Cyclodextrin Relative to H-l 

H-2 H-3 H-4 H-5 H-6 

P-CD 1.398 1.104 1.457 1.232 1.190 
R = 0.5 1.399 1.119 1.457 1.254 1.200 
R = 1.0 1.398 1.134 1.456 1.281 1.203 
R = 1.5 1.397 1.142 1.456 1.294 1.205 
R = 2.0 I .397 1.152 1.463 1.290 1.206 
R = 5.0 1.405 1.139 1.454 1.279 1.203 
AR 0.008 0.048 0.009 0.062 0.016 

Note. R is the moles of DFPimoles of cyclodextrin. 
AR is the change in A6 for the complete range of R. 

sition. In aqueous solution, the resonances 
from only the nonexchanging hydrogens 
are detected. The assignments of the CD 
spectra were determined previously (6, 7). 

The chemical-shift value of the ith hydro- 
gen of CD is referenced to the chemical 
shift of the proton on C,, H-l. The external 
H-l proton was chosen as a reference since 
DFP inclusion would have a minimal effect 
on the H-l chemical shift. Any changes in 
the A& for inner-surface hydrogen is be- 
cause of the added guest and may be related 
to the nature of the adduct and not to pH or 
solvent effects. Tables 1 through 3 show the 
proton chemical shifts of (Y-, p-, and y-CD, 
respectively, over the molar ratio of DFPi 
CD (R is the molar ratio of DFP to CD), and 
Fig. 3 shows the data in graph form for the 
case of P-CD. Table 4 shows the complexed 
and uncomplexed AiYs for H-3 and H-5 of 
/3- and y-CD along with calculated binding 
constants, Kb. The range of R was only 2.0 
for a-CD since only a 1 : 1 inclusion com- 
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FIG. 2. The approximate location of the nonex- 
changeable protons of CD. 



466 HALL ET AL. 

TABLE 3 

‘H NMR of the Change in Chemical Shift of 
y-Cyclodextrin Relative to H-l 

H-2 H-3 H-4 H-5 H-6 

y-CD 1.433 1.174 1.525 1.271 1.235 
R = 0.5 1.432 1.178 1.524 1.277 1.235 
R = 1.0 1.431 1.179 1.524 1.281 1.235 
R = 1.5 1.429 1.183 1.523 1.285 1.237 
R = 2.0 1.428 1.184 1.521 1.288 1.237 
R = 3.0 1.423 1.189 1.519 1.296 1.238 
R = 4.0 1.422 1.192 1.518 1.308 1.239 
R = 10.0 1.427 1.208 1.513 1.320 1.238 
&R 0.011 0.033 0.011 0.049 0.004 

Note. R is the moles of DFP/moles of cyclodextrin. 
AR is the change in A8 for the complete range of R. 

plex was considered feasible. The range 
was extended to 5.0 and 10.0 for p- and y- 
CD, respectively, since a 2 : 1 complex was 
a possibility for these two CDs. 

For the 31P NMR experiments, a 5-ml 
2.27 mM DFP (in DzO) sample was used 
with the addition of varying amounts of 
solid CD. An external reference of 85% 
phosphoric acid was used. A graph of 6P vs 
R (where R is now the molar ratio of CD/ 
DFP) for the three cyclodextrins is shown 
in Fig. 4 (6P is the average of the DFP dou- 
blet) . 

RESULTS AND DISCUSSION 

‘H NMR Studies 

The use of ‘H NMR for the detection of 
the inclusion of aromatic compounds by 

I.5 - 
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FIG. 3. rH NMR results of P-CD with DFP displayed 
as a graph of ppm vs R, where R is the molar ratio of 
DFP to P-CD. 

FIG. 4. 3’P NMR results of (Y-, p-, and y-CD with 
DFP displayed as a graph of ppm vs R, where R is the 
molar ratio of CD to DFP. 

CDs has been demonstrated by other re- 
searchers (6, 8). These researchers have 
shown that if inclusion takes place, the 
screening environment produced by the 
ring current should be sensed by hydrogens 
on the inner surface (H-3 and H-5) of the 
CDs. Since there is no ring current effect 
for DFP inclusion, the amount of shielding 
that the internal protons would experience 
by the inclusion of DFP was expected to be 
less than the inclusion of an aromatic. 

cY-Cyclodextrin binding studies with DFP 
are displayed in Table 1. There was no 
change in A6 by the addition of DFP, indi- 

TABLE 4 

Complexed and Uncomplexed Delta Chemical Shifts 
for H-3 and H-5 of p-CD and ?-CD: Binding 

Constants for P-CD and y-CD 

P-CD y-CD 

H-3 H-5 H-3 H-5 

A% 1.104 1.232 1.174 1.271 
A& 1.143 1.288 1.208 1.320 
& (Mm’) 1.25 x lo3 1.4 x lo3 69.5 75.97 

Note. A&, is uncomplexed CD. A& is complexed 
DFP/CD (values taken from curve). Kb was deter- 
mined by using the equilibrium equation and A& = 
A&N, + A&N,. A& = A6 at a specific R (DFP/CD 
molar ratio); N, is the mole fraction of complexed CD; 
N. is the mole fraction of uncomplexed CD. 
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eating that an inclusion complex is not 
formed. All A6 are constant to within 0.010 
ppm over the complete range of R (see Ta- 
ble 1). 

Tables 2 and 4 depict the P-CD ‘H NMR 
binding studies which proved to be more 
interesting than the (Y-CD data. These data 
are displayed graphically in Fig. 3. As in the 
a-CD case, the A& and A&, remain almost 
constant within 0.010 ppm for the complete 
range of R. However, a large change in 
shielding is experienced by both the H-3 
and the H-5 atoms. The A& initially at R = 
0 is 1.104 ppm and increases to 1.143 ppm. 
A& is initially at 1.232 ppm and also in- 
creases to an upper limit of 1.288 ppm. The 
H-6 hydrogens which are located on the 
smaller end (primary hydroxyl side) of CD 
and directed inward in the gauche confir- 
mation (6) are also affected; A& increased 
slightly with a total change of 0.016 ppm. 

The ‘H NMR data for y-CD binding to 
DFP are given in Tables 3 and 4. A&, A&, 
and A& are all constant within 0.011 ppm. 
Both A& and Aas increase with the addition 
of DFP up to 1 : 1 molar ratio. The total 
increase for the range of R = 10 for AS3 was 
0.033 ppm and A& was 0.049 ppm which is 
similar to P-CD. There appears to be no 
break at 1: 1 for the complex as seen with 
P-CD. This is indicative of a weaker bind- 
ing constant, K, as described below. 

We can assume that for Asi for R = 0 are 
the values for the water-included adduct or 
the empty CD and those at large R repre- 
sent the DFP-CD complex (4). With this 
assumption and that a 1 : 1 complex is 
formed, the A6 data can be used to estimate 
the binding constant, K, for the DFP-CD 
adduct. Table 4 shows the A6 values of 
complexed and uncomplexed P-CD and y- 
CD for H-3 and H-5 atoms and also the cal- 
culated binding constants associated with 
these atoms. For P-CD, K is 1.4 x lo3 and 
1.25 x lo3 M-’ for H-5 and H-3, respec- 
tively. The K values for y-CD are 69.5 and 
76.0 M-’ for H-5 and H-3. The calculated 
values of K using H-5 or H-3 agree nicely 
for both p- and y-CD. The H-5 protons in 

both CDs experience a greater interaction 
with DFP than H-3. This may be due to a 
tighter fit of the isopropyl groups of DFP 
into the smaller part of the CD cavity. The 6 
of H-6 does not move significantly in either 
p- or y-CD, indicating that the DFP mole- 
cule does not enter from the smaller end of 
the cavity. The change in IH chemical-shift 
data indicates that DFP may enter from the 
larger opening and fit more snugly into the 
smaller part of the cavity. 

3’P NMR Studies 

The 31P NMR studies examine the guest 
molecule instead of the host molecule, the 
reverse of the ‘H NMR experiments. To 
interpolate the data a molar ratio of CD to 
DFP (R) had to be used. Figure 4 shows the 
change in chemical shift of the phosphorus 
in DFP @P) over a range of R from 0.0 to 
4.0 for all three CDs. These data indicate a 
1: 1 complex for both /3- and y-CD. In both 
cases we see a break at approximately 1 : 1 
and then a steep increase in chemical shift 
as more CD is added. Our data indicate that 
the phosphorus nuclei are not included in 
the cavity and are influenced by CD solu- 
tion effects at molar ratios above 1.5 : 1. A 
theoretical chemical-shift maximum associ- 
ated with only complexation must be used 
to determine the binding constant. 

The binding constants, K, for p- and y- 
CD were calculated using the uncomplexed 
31P chemical shift of -9.885 ppm which is 
the value for DFP with (Y-CD below a 1 : 1 
molar ratio. This value was chosen because 
it takes into account any change in chemi- 
cal shift due to the addition of a sugar that 
does not form an inclusion complex with 
DFP. The complexed 31P chemical shift that 
was used for the determination of K was 
extrapolated to be -10.00 ppm for P-CD 
and -9.975 ppm for y-CD. Assuming a 1: 1 
complex, K p-CD = 1.84 x lo3 M-l and K 
y-CD = 169 M-‘. 

CONCLUSIONS 

Understanding the orientation and type 
of binding of CD-guest molecules can give 
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FIG. 5. Two of the possible orientations of DFP in a 
CD cavity: (a) with one isopropyl group in the hydro- 
phobic cavity, and (b) with both isopropyl groups in 
the cavity. 

insight into the engineering of functional- 
ized CDs. Since it appears not to make an 
inclusion complex with DFP, these results 
indicate that a-CD is not a good candidate 
for derivatization. ‘H NMR techniques are 
better suited than calorimetric methods to 
studying inclusion complexes with CDs 

(4). 
Both /3- and -y-CD are able to form a 1: 1 

inclusion complex with DFP. The molecu- 
lar disposition of DFP in the cavity of both 
p- and y-CD appears to be the same. One or 
both of the isopropyl groups are in the cav- 
ity and the phosphorus is outside of the sec- 
ondary hydroxyl end of CD; these two pos- 
sible orientations are displayed in Fig. 5. 

From these data it appears that func- 
tional groups for the hydrolysis of DFP 

should be attached to the 2” hydroxyl end of 
p- and y-CD. This would enable the react- 
ing groups to be in close proximity to the P- 
F bond. At this moment it is difficult to pre- 
dict which CD, p or y, will have the best 
catalytic rate once derivatized. Even 
though P-CD has much tighter association 
with DFP than ?-CD, this does not auto- 
matically mean it would have the higher ac- 
tivity. Previous work has shown that the 
catalytic activity of CDs can be indepen- 
dent of association constants (3). One 
hopes that the work presented in this paper 
will help guide the design of enzyme mimics 
for the catalytic transformation of phos- 
phorus esters. 
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