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Abstract: Conductometric and 13C NMR spectrometric analyses of aqueous solutions containing variable concentrations of cy
clohexaamylose and lithium or sodium salts of the 4-biphenylcarboxylate anion indicate formation of a ternary complex com
posed of two cyclohexaamylose molecules and a single 4-biphenylcarboxylate ion. Conductometric measurements of corre
sponding equilibrium constants at five temperatures between 20 and 45 0C yielded values of -28 ± 2 kcal mol-1 and -72 ± 
6 cal mol-1 deg-1 for the standard enthalpy and entropy changes, respectively, of the complexation reaction. Chemical shifts 
of cyclohexaamylose and 4-biphenylcarboxylate carbons in the complex are discussed in terms of a bitoroidal ternary model. 

Introduction 

Cyclohexaamylose, commonly named a-cyclodextrin, is 
a member of the homologous cycloamylose (I) series of cyclic 

cyclo 

I 

oligomers which consists of 6-12 a-l,4-linked D-glucopyra-
nosyl residues.1 The prefix terminology a, 0, 7—-cyclodextrin 
refers to degrees of cyclic oligomerization where N = 6,7, 8—, 
respectively. a-Cyclodextrin (TV = 6) is known to bind mole
cules and ions in the interior cavity of its torus-shaped mole
cule. The resultant inclusion complexes have been investigated 
by various spectral methods and these have been reviewed.2 

Published studies213 of the binding of a large number of 

substrates by cycloamyloses have generally assumed a 1:1 
stoichiometry in the complexation reaction. However, there 
are some examples of two cycloamylose:one substrate stoi
chiometrics involving methyl orange,3,4 orange I,5 6-p-tolui-
dinylnaphthalene 2-sulfonate (TNS),6 «-heptane,7 and cy-
clohexane.7 Complexes with 3:1 stoichiometrics have been 
suggested with palmitoyl Co-A substrate.8 

The diversity of these systems and the relative absence of 
structural and thermodynamic information regarding higher 
complexes led us to further study the reaction of a-cyclodextrin 
with multifunctional substrates. We selected the 4-biphenyl
carboxylate anion and investigated the interactions between 
its polar and nonpolar sites with the various zones of the a-
cyclodextrin cavity. As shown in studies of related complexa-
tions,9,10 structural information of this kind may be readily 
provided by 13C NMR spectrometry. On the other hand, 4-
biphenylcarboxylate is an ionic substrate, and its concentration 
may be conveniently monitored by conductometry at dilution 
levels inaccessible to 13C NMR spectrometry. We therefore 
measured stoichiometric, thermodynamic, and structural 
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Table I. Least-Squares Slope and Intercept Values for Line Segments in Figure 1 

Line segment Intercept, Stoichiometric 
Carbon < a/K°FCy < ppm Slope coefficient n 

1 0.0 0.4 0,002 ± 0.01 1" 1.182 ±0.056" 
1 0.8 1.6 0.562 ±0.014 0.029 ±0.011 2.06 ±0.15 
3 0.0 0.4 0.006 ±0.006 0.651 ±0.027 
3 0.8 1.6 0.334 ±0.011 0,002 ± 0.009 1.98 ±0.15 

a The uncertainties represent standard errors. 

(a/V°FCy)' 
Figure 1. Chemical shift displacements of Ci and C3 carbons of Cy upon 
addition of A -. 

parameters of the complexes by the complementary methods 
of conductometry and 13C N M R spectrometry. 

13C NMR Stoichiometric Analysis 

Because several of the 13C N M R resonances of a-cyclo-
dextrin (Cy) are markedly displaced on complexation with 
4-biphenylcarboxylate (A - ) , measurement of these chemical 
shifts should provide a means for determining the overall 
stoichiometry of the complex. In order to do this we first ex
amined the 13C NMR spectrum of a D2O solution containing 
0.05 F Cy, the line assignments of which are known.11 Our 
chemical shift data are consistent with those previously re
ported. In a separate series of experiments, the resonance lines 
were found to be independent of Cy concentration between 
0.005 and 0.100 F to within ±0.02 ppm. These data indicate 
that Cy molecules do not aggregate in the absence of sub
strates, in agreement with a previously published conclusion.7 

Next, small portions OfNa+A - were added stepwise to the 0.05 
F Cy sample and the spectrum was recorded. In this fashion 
we obtained chemical shift data with solutions containing up 
to 0.08 F A - , which was the apparent solubility limit. No ad
ditional peaks other than those ascribed to Cy and A - were 
observed. The data were analyzed as follows. 

Consider the formation of a single complex Cy n A - . Under 
rapid exchange conditions the observed chemical shift of a 
given Cy resonance, S0bSd, may be taken as the weighted av
erage of the complexed and free Cy resonances. 

Wi I [Cy] + «[Cy„A-]} = S0[Cy] + KSn[CynA -] (1) 

80 and Sn represent the chemical shift of a given carbon reso
nance in pure Cy and Cy n A - , respectively. The stoichiometric 
coefficients which multiply the concentration of complex re
flect the fact that n mol of Cy is bound in 1 mol of the complex, 
so that n mol of the carbon atoms giving rise to a particular 
resonance are bound in each mol of the complex as well. A 
fixed quantity of Cy was employed in our experiments, so 
that 

Kj[Cy] + K[CynA-]J = F C y K
0 (2) 

where Fc y denotes the initial concentration of Cy in K0 mL and 
V is the solution volume after adding a portion of N a + A - . 

As a, the number of moles of N a + A - , increases, the 
chemical shifts 50bsd are increasingly displaced from So as more 
Cy is complexed. If the complex is fairly strong, we expect the 
variation of <50bsd with a to change markedly when the stoi
chiometric equivalence point is reached. Before this equiva
lence point there is an excess of Cy, i.e., na < K°Fcy and all 
A - is complexed. Consequently, [CynA -] = a/ V. Substitution 
into eq 1 and 2 yields the displacements 

na 
ASobsd = -^p- ASn; na < K°FCy (3) 

where A50bsd is (S0bsd — So), ASn is (Sn — S0), and it is under
stood that one such equation applies to each carbon resonance 
line. At the equivalence point na = K0FCy, all Cy is complexed, 
and so S0bSd = Sn or AS0bSd = ASn. After the equivalence point, 
excess N a + A - has no effect on complexed Cy and so A50bSd 
remains fixed at ASn. 

A50bsd = ASn; na > V^FCy (4) 

As a result, a plot of AS0bsd vs. a/K°Fcy consists of two linear 
segments which intersect where \/n = a/K°Fc5- These plots 
are shown in Figure 1 and the results of a least-squares treat
ment of each line segment are given in Table I. Simultaneous 
solution of the line equations representing the Ci and C3 car
bons yielded n values of 2.06 ±0 .15 and 1.98 ± 0.15, respec
tively. The line parameter uncertainties represent standard 
errors and were obtained from the least-squares analysis and 
the M-value uncertainties were calculated from these by 
propagation of variance procedures. An estimate of the max
imum probable error in n was made on the basis of the fol
lowing estimated error limits: ±0.02 ppm in AS0bsd, ±2% in Cy 
concentration, ±0.5% in purity of N a + A - , and ±2% due to 
weighing and transfer errors. The results were n = 2.06 ± 0.3 
based on the Ci data and n = 1.98 ± 0.3 based on the C3 
data. 

Conductometric Determination of Equilibrium Constants 

The formation of Cy complexes with 4-biphenylcarboxylate 
anions must reduce the mobility of the ion through an aqueous 
solution. This would be reflected by a decrease in the specific 
conductance of a solution of A - upon addition of Cy. Thus, the 
conductance of solutions containing varying concentrations 
of Cy and the substrate should provide a means of determining 
the equilibrium constants of the complexation reaction. We 
chose to measure such solutions under the conditions of a 
conductometric titration where a solution containing 0.100 F 
Cy was added to a solution containing ca. 0.01 F substrate as 
the lithium salt L i + A - . The conductance (1 /R) of such a so
lution is related to the ionic composition by the equation 

+ [CyA-]Xi + [Cy2A-]X2I (5) 

where 6 is the conductance cell constant, [j] is the molar con
centration of species j , and Xj denote the corresponding 
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equivalent ionic conductances at the ionic strength and tem
perature of the solution. In addition to conservation equations 
for substrate 

FLiA = [Li+] = [A-] + [CyA-] + [Cy2A"] (6) 

and for Cy 

F cy = [Cy] + [CyA-] + 2[Cy2A-] (7) 

we assume that the solution composition is specified by two 
stepwise complex formation equilibria 

_ [CyA-J7, 

Table II. Conductometric and Equilibrium Parameters of Cy„A~ 
Complexes 

K, = 

and 

K2 = 

[Cy][A ]TCyTo 

[Cy2A-]T2 

(8) 

(9) 
[Cy][CyA-]TcyTi 

In these equations FLiA and FCy are the total analytical con
centrations at any point during the titrations and TCy and y„ 
represent activity coefficients for free Cy and for CynA -

molecules, respectively. We assumed that Tcy = 1-00 because 
Cy is uncharged and that the singly charged ionic activity 
coefficients are related to ionic strength / by the Debye-Hiickel 
equation 

log T« = 
-AVl 

1 + BanVl 
(10) 

where A and B are temperature-dependent parameters taken 
from the Robinson and Stokes12 tabulation and that the ion-
size parameters are 0.75, 1.6, and 1.8 nm for aa, a\ and a2, 
respectively. The equivalent conductance values Xj in eq 5 also 
depend on ionic strength and since this quantity never exceeds 
0.01 M, we assume that an extended form of the Onsager re
lationship12 

i^ + /3x?)v7 ( n ) * j = \ 0 ' + BanVl 

is a valid approximation. Xf is the equivalent conductance at 
infinite dilution and a and /3 are temperature-dependent pa
rameters again taken from Robinson and Stokes.12 Although 
Xu+ is known,12 the other Xf values are not. We determine X§ 
(for uncomplexed A - ion) from the conductance measurement 
of the initial point of the titration. Since this solution contains 
no Cy, the two terms in eq 5 corresponding to CyA - and 
Cy2A- are zero, the conductance depends only on Li+ and A -

ions, and the contribution due to Li+ is known. Equation 5 is 
solved for X0 and then eq 11 for X§. These results at various 
temperatures are given in Table II. We determined X2 for 
Cy2A- in a similar manner but by a separate experiment 
measuring the conductance of a solution prepared with a 
FCyIFUA ratio (~10:1) sufficiently large that we could expect 
nearly quantitative conversion of A - to Cy2A-. Assuming 
complete conversion, the X2 value was calculated and this was 
taken as an initial estimate in an iterative procedure. When ATi 
and K2 were determined, we could calculate the small residual 
concentrations of A - and CyA - in this solution and by com
pensating for the conductance of these species could refine the 
X2 value and then iteratively refine K1 and K2. 

The remaining unknown parameters in the set of eq 5-11 
are K\, K2, and X°, but since these equations are highly coupled, 
nonlinear, and overdetermined, it is impossible to solve for any 
of the unknowns explicitly and we used a nonlinear regression 
method attributable to Gauss.13 Briefly, this method linearizes 
the model eq 5-11 around a set of initial guesses of the un
known parameters and thereby replaces these parameters with 
unknown "parameter corrections". The "parameter correc
tions" are determined by a least-squares solution minimizing 
the sum of squared deviations between the experimental con-

Temp, 
0 C 

20 
25 
30 
37 
45 

X0, 

11.9 
13.4 
14.6 
17.5 
20.0 

mho 
Xf 

cm2 eq 

17 
17 
22 
28 
30 

1 

23.1 
25.8 
29.6 
33.5 
39.6 

K]K2, 
10 5 M - 2 

1.3 
0.87 
0.25 
0.12 
0.032 

Fit,0 

% 
0.08 
0.08 
0.08 
0.44 
0.26 

" Relative root mean square deviation of calculated from experi
mental conductances. 

ductances and the conductances predicted by the linearized 
model equations. The initial parameter guesses are then ad
justed by the "parameter corrections" and these new parameter 
values serve as the guesses for the next iteration seeking further 
"parameter corrections". The iteration converges to the min
imum sum of squared deviations when all the "parameter 
corrections" are sufficiently small. At this point the set of 
parameter values are accepted as those which satisfy the 
original model equations in the least-squares sense. We wrote 
a digital computer program to carry out this Gauss iteration 
and to permit interaction with the user through a terminal at 
each step of the way. This feature enabled us to guide the 
convergence by resetting initial guesses or by holding certain 
parameters constant as needed and to enter refined X2 values 
as K\ and K2 changed as explained above. 

Before discussing the results of these calculations, one fur
ther complication remains, namely, the addition of Cy to the 
solution causes a substantial increase in the viscosity,14 which 
causes a decrease in all of the X values and the measured con
ductance. It has been found experimentally that X0 values are 
proportional to the reciprocal of the viscosity, and further, the 
values of a and /3 in eq 11 are related to the viscosity in the same 
way. We were able to account for the variation in viscosity by 
means of a "blank titration" technique in which a standard 
solution of NaCl was titrated with Cy under conditions iden
tical with those that would later be employed to titrate the A -

solutions. These data were compared in turn to conductance 
values obtained from a "titration" of standard NaCl with pure 
water. Each set of data was suitably corrected for the solvent 
conductance (1-2 /nmho cm) and a small impurity conductance 
in the Cy reagent. The ratios of the corrected conductance 
values obtained when NaCl was titrated with water compared 
to the titration of NaCl with Cy yielded a viscosity correction 
which was found to be linear with volume of added Cy solution 
in the concentration range of the experiment (up to 0.016 F). 
The values were smoothed by a least-squares analysis before 
they were applied to the Cy-A - titration data. As an example, 
the specific conductance data obtained in a series of titrations 
follow: (a) titration of 0.01 F NaCl with H2O, 2 mL added, 
1023.6 Atmho cm; (b) titration of 0.01 F NaCl with 0.1 F Cy, 
2 mL added, 1017.5 ^mho cm; (c) titration of water with 0.1 
F Cy, 2 mL added, 2.78 ,umho cm; (d) water "blank", 1.61 
Mmho cm; (e) titration of Li+A - with 0.1 F Cy, 424.9 /umho 
cm. Appropriate combination of the above conductances, 
namely (a — d)/(b — c), yielded a "vicosity correction" of 
1.0072 which along with the other data yielded a least-squares 
equation for the viscosity correction of r\jr\a = 1.0000 
(±0.0005) + 0.0035 (±0.0001)i: where v is the volume in 
milliliters of a 0.1 FCy solution added to a 50-mL sample so
lution. The uncertainties represent standard errors. The vis
cosity correction predicted by this equation for an appropriate 
v was then used to correct the A - conductance, and in the case 
above a value of 425.1 ,umho cm was obtained. 

While the unity intercept values and linearity of the cor
rection equation seemed to indicate that the calculation was 
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Table III. KxK2
 13C NMR Data' 

Ci data 
Ah2 = 0.75 ppm 

C3 data 
AS2 = 0.43 ppm 

F A - X 103 

7.62 
15.9 
24.4 

7.62 
15.9 
24.4 

A<50bsd 

0.27 
0.32 
0.38 
0.15 
0.19 
0.23 

Log (Jf1AT2) 

4.12 
3.95 
3.96 
4.10 
4.00 
4.05 

" FCy = 4.97 X 10-3 M in D2O at 30 0C. 

a valid one, it remained for us to verify that no complexes were 
formed between Cy and lithium, sodium, or chloride ions. We 
obtained the 13C NMR spectra of 0.05 F Cy solutions con
taining from 0 to 0.5 F NaCl and, in a separate series of ex
periments, 0-0.05 F LiCl. The resonances observed for each 
of the six nonequivalent carbon atoms in the Cy moiety were 
identical to within the reproducibility of measurement (±0.01 
to ±0.02 ppm) over the entire concentration range of added 
salts. This is in contrast to chemical shift displacement of about 
1 ppm observed in Cy complexes with other substrates. As
suming that possible complexes with these inorganic ions would 
result in similar chemical shift changes in Cy resonances and 
that we would detect a displacement of chemical shift of 0.05 
ppm, the formation constants of any 1:1 Cy complexes with 
Na+ or Cl - would be smaller than ~0.1 and less than ~1 for 
complexation with Li+. Our conclusions regarding the sodium 
and chloride ions are in agreement with previously published 
reports.14-15 Since our conductometric measurements utilized 
solutions containing less than 0.01 M of these inorganic ions, 
the presence of such complexes, if they exist at all, cannot have 
had an appreciable effect on our measurements. 

Application of analytical and computational procedures 
described above to conductometric titrations at five temper
atures between 20 and 45 0C led to X[J, \°x, X2

1, and KxK2 pa
rameter sets which are listed in Table II. We found that equally 
good fits were obtained over a range of Kx and K2 parameter 
values at any given temperature. In other words, the equations 
and experimental data could not be solved for unique values 
of Kx and K2. However, for any particular set of suitable pa
rameters the K2/K\ ratio was much greater than unity and the 
K\K2 product was virtually invariant at a given temperature. 
A plot of In (KxK2) vs. 1/7 was found to be linear. 

These results indicate that the ternary complex (Cy2A-) 
is the only detectable product under our experimental condi
tions, i.e., the concentrations of the binary complex (CyA-) 
were below the conductometric detection limit. 

Thermodynamic Parameters of Complex Formation 

Using the well-known thermodynamic relationship 

In (K1K2) = - (AH0/R)(I/T) + AS°/R (12) 

we plotted In (KxK2) vs. 1/7 data points corresponding to 
entries listed in Table II. The resultant linear plot led to a 
least-squares equation In (KxK2) = (14 100 ± 900)(1/T) -
(36 ± 3), where the parameter uncertainties are standard er
rors. The slope and intercept of this line yielded values for the 
standard enthalpy and entropy changes, respectively, of ternary 
complex formation at 20-45 0C. These are given below. 

AH° = -28 ± 2IcCaImOl-1 

AS° = -72 ± 6 cal mol-1 deg-1 

Confirmation of KiK1 Value by 13C NMR 
To confirm our conductometric KxK2 determination by an 

independent method, we measured the Cy 13C NMR chemical 
shifts in dilute solutions of Cy and A - where only a fraction 
of the Cy is complexed. / = A50bsd/ A52 varies from zero when 

Cy in solution is uncomplexed to unity when Cy is totally 
complexed, and hence this ratio may be taken as the fraction 
of Cy bound in the complex, provided that the concentration 
of binary complex CyA- is negligible as the conductometric 
study seems to indicate. When the two equilibrium equations 
8 and 9 are combined with Cy and A - conservation equations, 
the result expressed in terms of/is 

KxK2=- /(72/70) (13) 
(\-f)2(2FA--fFCy)Fcy 

again assuming that the concentration of CyA - is negligible. 
We do not know the activity coefficient ratio 72/70 in the D2O 
solvent used for the 13C NMR solutions, but since 72 and 70 
both refer to singly charged ions and Cy2A~ has a larger ef
fective diameter than A - , the Debye-Hiickel activity coeffi
cient correlation would predict 72 > 7o> but the ratio 72/70 
should nevertheless be near unity. 

Equation 13 can be employed to yield KxK2 values from our 
A50bsd data once the value of A<52 is known, since/is the ratio 
of these displacements and all the other terms in the equation 
are known experimental variables. Values of Ab2 for the Ci 
carbon of Cy were estimated under conditions where/is close 
to unity, namely, solutions where high concentrations of Cy 
and excess A - were present. These corresponded to mole-ratio 
data given in Figure 1 where 0.8 < (a/V^Fcy) < 1.6. AS2 for 
Ci was taken as 0.60 ppm. This estimate along with A<50bsd 
values listed in the third column of Table III gave three initial 
estimates of KxK2 from Ci data and these were averaged. In 
order to refine the estimates of KxK2 and A§2, an iterative 
calculation employed the average initial KxK2 value and eq 13 
to solve for values of/where the concentrations of Cy and A -

were large (/near 1). These/values along with A50bsd (near 
0.60 ppm for Ci) yielded new estimates of Ac>2 and the calcu
lation of KxK2 was repeated using an average of these. The 
iteration was continued until successive values of A§2 were 
within 0.005 ppm. The procedure above was used to analyze 
C3 data as well and the results are given in Table III. 

We made estimates of the uncertainties in our data that led 
to a maximum probable error of ±0.12 in our value of log 
(KxK2) = 4.03. All of our values fall well within the range. Our 
13C NMR derived value of log (KxK2) = 4.03 pertains to the 
D2O solvent system used in these measurements and differs 
somewhat from the value of log (KxK2) = 4.40 at 30 °C in the 
H2O solvent employed for conductance measurements. This 
disparity seems consistent with the different solvating prop
erties of D2O and H2O. In addition, the essential constancy of 
the 13C NMR derived equilibrium constant indicates that the 
Cy2A~ complex dominates in D2O as well as H2O solvent. 

Structure of the Cy2A- Complex 
We shall attempt to deduce structural information about 

the Cy2A~ complex by examining the relative A52 values of 
carbons on both Cy and A - within the complex. To distinguish 
these 13C NMR resonances we introduce a superscript nota
tion. For example, superscript (CyI) refers to the Ci carbon 
of a-cyclodextrin (I, N = 6) and superscript (A-2') denotes 
the C2' carbon of 4-biphenylcarboxylate (II). The subscripts 
obsd, 0, and 2 on 5 and A8 retain their meanings. 

The fraction/of complexed Cy may be expressed in terms 
of the resonance displacements A5obsd/ AS2 for any particular 
Cy carbon atom. The equality of/in terms of CyI to/in terms 
of Cy2-Cy6 permits us to calculate A5(Cy) values for all Cy 
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Table IV. Cv and A - Chemical Shifts0 and Their Displacements6 in Complex Cy2A 

CyC gjfy). MP* <> A - C ilA-)' A<52' A") 

1 
2 
3 
4 
5 
6 

102.37 
72.72 
74.31 
82.22 
73.02 
61.45 

0.75 
0.39 
0.43 
0.08 
0.12 
0.00 

1 
2 
3 
4 
1' 
2' 
3' 
4' 
a 

144.12 
128.10/ 
130.17? 
136.32 
140.92 
127.72/ 
130.54« 
129.12 
176.33 

0.35 ± 0.06 
-1.5 ±0.08/ 

2.8 ±0.05? 
0.9 ± 0.07 
1.8 ± 0.10 

-1.6 ±0.08/ 
1.4 ± 0.1* 

—1.4 ± 0.1 
-3.3 ±0.05 

0 <5o, parts per million downfield from Me4Si. * AcS2 = <52 - &o- Negative signs indicate upfield displacement. c Each entry represents the 
average of five measurements of 0.050 M Cy solutions. These had standard deviations of 0.01 -0.02 ppm. d Each entry represents the average 
of several measurements with a standard deviation of about ±0.02 ppm. e Average of four solutions containing 0.02-0.06 F Na + A - or Li+A -. 
/ ? Assignments may be reversed. 

carbons from the equation 

A«p> = AhU ( A t f ^ / A S ^ " ) (14) 

Ad^ data were obtained in the mole-ratio experiments and 
the displacement A5^Cyl) = 0.75 ppm was determined as de
scribed in the previous section. The results are given in the third 
column of Table TV. 

A52
A-) values required two further ' 3C NMR experiments. 

First, 5^A_) chemical shifts for all A - carbons were determined 
by measuring 13C NMR resonances of four pure N a + A - and 
L i + A - solutions in the concentration range 0.02-0.06 F. The 
average of these four is given in the fifth column of Table IV. 
Standard deviations calculated from the four solutions for each 
carbon were within the expected ±0.02 ppm precision of our 
measurements. The observed resonances were assigned to 
specific carbons of the A - ion using a number of comparative 
criteria: (1) symmetry factors, (2) relative relaxation rates of 
protonated and nonprotonated carbons,16 (3) published shifts 
of 4-biphenylcarboxylic acid,17 and (4) best fit of measured 
/7-NO2 substituent effects in the 4'-nitro-4-biphenylcarboxy-
late/4-biphenylcarboxylate system with corresponding effects 
in the 4-nitrobiphenyl/biphenyl17 system. 

Second, 5^/j and 5 ^ ' chemical shifts were recorded si
multaneously for all carbons in four solutions each 0.050 F in 
Cy and 0.000, 0.026, 0.052, and 0.077 F in N a + A - . A5iA_) 

values were calculated from these as follows. The fraction of 
complexed A - in solution is 

[Cy2A -] _ ASjU 

FA- Ac52
A"> 

Similarly, the fraction of complexed Cy is 

2[Cy2A -] _ A5<82 

^7Cy A S P ' 

In the same solution, equating [Cy2A ] yields 

Ad^ = 
2 F A -

A5p> 
/A5<A

S 

\Aaj£& 

(15) 

(16) 

(17) 
' Cy V ^°6bsd 

Substitution of displacements AS^d' and A^b/d* recorded for 
each of the three solutions containing N a + A - (0.026-0.077 
F) and Cy (0.050 F) along with A52

Cyl) = 0.75 ppm in eq 17 
led to three A52

A_) values for each of the nine nonequivalent 
A - carbons. These were averaged, and the resulting set of 
A<52

A-) displacements is given in the sixth column of Table 
IV. 

Since the 13C NMR data are recorded under rapid exchange 
conditions, the A52

Cy) parameters represent the average per
turbation induced by two distinct binding sites of the 4-bi-
phenylcarboxylate ion on the Cy components of the complex. 
They also reflect Cy-Cy interactions within the complex. The 
Cy displacements show little or no perturbation at the C5 and 

C6 carbons (0.12 and 0.00 ppm, respectively), whereas the C2 

and C3 carbons are significantly perturbed. (0.39 and 0.43 
ppm, respectively). The latter secondary carbon atoms are 
located on the larger rim of Cy, and we define it here as the 
"head" of the molecule. We consider the pattern of C2,C3 vs. 
C5,C6 displacements as evidence favoring an antiparallel, 
"head to head" association of the two Cy moieties in 
Cy 2 A - . 

We assembled a space-filling model of a Cy2A complex 
with this orientation. In this model the A - ligand is coaxially 
occluded in a zone defined by the duplicate bands of C5 
methine groups. The model suggests that the points of closest 
approach among the two Cy and one A - constituents would 
result in perturbations at the C3, C2, and, to a lesser extent, the 
C5 carbons of Cy. The observed A<52

Cy) displacements are 0.43, 
0.39, and 0.12 ppm, respectively. On the other hand, the C6 
methylene bands are located on the "tails" of the "head to 
head" model. These sites are remote from the A - ion and no 
perturbation would be expected there. The observed A<52

Cy6) 

displacement is 0.00 ppm. The Ci carbons of Cy are signifi
cantly deshielded (AcS2-

0*'" = 0.75 ppm) and this may be in part 
reflective of macrocyclic conformational changes associated 
with the complexation11 as well as direct interaction with the 
substrate. 

As shown in Table IV, carbon atoms in both phenyl moieties 
of the A - anion are substantially perturbed as expected from 
the Cy 2 A - model. The carboxylate carbon is most perturbed 
(A<52

A~a) = —3.3 ppm), clearly reflecting the transfer of a 
charged group from D2O solution into a less polar cavity de
fined by the two Cy moieties. Perturbations of phenyl carbons 
are expected to be delocalized and attenuated by charge relay 
within and across the rings by resonance, IT polarization, and 
field effects. A detailed interpretation of A6|A-) values does not 
seem possible at this time. We note, however, that the pattern 
of alternating signs of A<5^A_) values is generally consistent with 
induced chemical shift displacements due to ring substitution 
in aromatic systems.17'18 

Discussion 

Results of conductometric and 13C NMR spectrometric 
analyses of solutions containing a-cyclodextrin and 4-bi-
phenylcarboxylate ions are consistent with exclusive formation 
of a ternary complex 

K\K2 

2Cy + A - ^ = ^ Cy 2 A - (18) 

where log (K]K2) is 4.40 in aqueous solution at 30 0C. We have 
measured an average AH° = —14 kcal/mol of Cy compared 
with typical values of —9.6 to —11.6 kcal mol - 1 in binary 
complexes.2b'15 This is a somewhat more negative value per 
mol of Cy than previously reported. It may be due to formation 



3558 Journal of the American Chemical Society / 100:11 / May 24, 1978 

of intermacrocyclic hydrogen bonds between Cy constituents 
within the complex. 

It is difficult to make direct comparison between our AS 0 

value of —72 cal mol - 1 deg - 1 with the available AS0 values 
for binary complexes since these values refer to reactions of 
neutral species with a-cyclodextrin. However, most of the 
entropy changes reported for substrates structurally similar 
to 4-biphenylcarboxylate lie between about —10 and —30 cal 
mol - ' deg - 1 . 2 b ' ' 5 On the basis of AS0 per mol of Cy, the ter
nary complex appears to be more ordered than comparable 
binary complexes, which would be expected from a ternary 
model involving extensive intermacrocyclic hydrogen bonding 
as well as a less mobile substrate.10 The large negative standard 
entropy change associated with reaction 18 may be accounted 
for by a substantial reduction in the number of rotational and 
vibrational degrees of freedom available to macrocyclic com
ponents of ternary vs. binary complexes. 

We have proposed a "head to head" Cy2A~ model to ac
count for observed 13C N M R resonances of the complex rel
ative to unbound species. In this model hydrogen bonding be
tween C2 and C3 hydroxy groups of one Cy moiety and corre
sponding C2 and C3 groups of the other seems plausible. 

It is noteworthy that formation of a Cy2A_ complex involves 
the transfer of a charged carboxylate group from an aqueous 
solvation sphere into a Cy cavity surrounded by methine groups 
and glycosidic oxygens. Since the Cy cavity is generally re
garded as less polar than an aqueous environment, this process 
might be expected to be unfavorable. The measured AH0 and 
AS° values seem to indicate that this effect is compensated for 
by additional interactions presumably involving Cy moieties 
of the ternary complex. It is also possible that complexation 
of the carboxylate anion does not appreciably influence the 
AH° and A5"° values because the anion may retain part of its 
solvation sphere in the complex. 

The surprising stability and exclusive formation of the 2:1 
complex containing the 4-biphenylcarboxylate substrate has 
led us to explore complex formation with other bifunctional 
substrates. We are also studying effects of functional group 
substitution in a-cyclodextrin on the complexation reaction. 
In view of the sustained interest in cycloamylose derivatives 
as enzyme models,20'19'20 more information concerning the 
factors involved in binary vs. ternary complex formation would 
seem useful. 

Experimental Section 

Chemicals. Lithium 4-biphenylcarboxylate (LiBPC) was prepared 
from commercial samples of 4-biphenylcarboxylic acid (0.063 mol) 
and lithium carbonate (0.035 mol) which were dissolved in hot distilled 
water (ca. 400 mL) and boiled for about 10 min. The hot solution was 
filtered and cooled. The first two crops were combined and recrys-
tallized twice from distilled water leading to 7.5 g (60%) of clear white 
plates. The concentration of a LiBPC stock solution was determined 
by potentiometric titration with standard 0.1 F HCl solution and by 
a second method involving treatment with excess standard 0.1 F HCl 
followed by potentiometric back-titration with standard 0.02 F NaOH 
solution. The end points were estimated from a Gran plot of the ti
tration data. 

The sodium salt (NaBPC) was prepared from 4-biphenylcarboxylic 
acid (0.047 mol) which was treated with 70 mL of 1 F NaOH. The 
mixture was heated to about 60 0C and 10-mL aliquots of methanol 
were added until the solution became homogeneous. Filtration and 
cooling led to NaBPC which was recrystallized twice from hot 0.01 
F NaOH solution. The final sample crystallized as white flakes in 
about 50% yield and did not melt at 290 0C. Portions of this sample 
were titrated with 0.1 F HCl or treated with excess 0.1 F HCl and 
back-titrated with 0.02 F NaOH as described above for the lithium 
salt. 

Solutions containing commercial samples of Cy-4H20 were ana
lyzed by 13C NMR spectrometry using high signal/noise conditions. 
The resultant spectra included non-Cy resonances corresponding to 
no more than ca. 2% of the sample peaks. These samples were used 

in subsequent experiments without further purification. 
13C NMR Analyses. Pulsed Fourier transform 13C NMR mea

surements were recorded on a Varian CFT-20 spectrometer operating 
at 20.00 MHz. Parameters were set in the following ranges: spectral 
width 3-4 kHz, pulse width 6-18 /xs (26-77° tip angle), acquisition 
time 0.15-1.02 s, pulse delay 0.00-2.00 s, data points 1.2-8.2K, 
completed transients 0.8-160K. All 13C NMR spectra were proton 
decoupled and were obtained at an ambient temperature of 30 ± 2 0C 
in 10-mm tubes. Chemical shifts were measured in parts per million 
downfield from external Me4Si with a reproducibility ranging from 
±0.01 to±0.02ppm. 

13C NMR analyses of Cy/D20 solutions were typically carried out 
in the following way. An aliquot (8.00 mL) of a Cy stock solution was 
pipetted into the NMR tube and the spectrum was recorded. The 
sample was titrated with microweighed portions of NaBPC, NaCl, 
or LiCl and the tube was spun in the spectrometer probe for at least 
5 min prior to data acquisition. This procedure was followed at each 
titration point to ensure thermal equilibration and solvation of added 
salt. 13C NMR spectra of Cy (0.005-0.100 F), NaBPC (0.024 F), and 
LiBPC (0.02-0.06 M) D2O solutions were recorded in separate series 
of experiments. 

Conductometric Analyses. Conductances were measured with a 
General Radio type 1608-A impedance bridge along with Yellow 
Springs Instrument Co. type 3403 or Beckman dip cells. The tem
perature was regulated with a MGW Lauda constant temperature 
circulating bath and monitored bv a digital thermometer to ±0.1 
°C. 

The following conductometric titrations were carried out at each 
temperature (20.0, 25.0, 30.0, 37.0, and 45.0 0C): (1) A NaCl solution 
(50 mL, 0.0100 F) was titrated with 10 mL of distilled water in 1-mL 
aliquots. (2) A NaCl solution (50 mL, 0.0100 F) was titrated with 10 
mL of 0.100 M Cy solution in 1-mL aliquots. (3) Distilled water (50 
mL) was titrated with 10 mL of 0.100 F Cy solution in 1 -mL aliquots. 
(4) A LiBPC solution (50 mL, 0.0089 F) was titrated with 10 mL of 
distilled water in 0.5-mL aliquots. (5) A LiBPC solution (50 mL, 
0.0089 F) was titrated with 10 mL of 0.100 F Cy solution in 0.5-mL 
aliquots. In addition to these titrations, conductances of 10-mL so
lutions containing (6) 0.0100 F NaCl, (7) 0.0089 F LiBPC, and (8) 
distilled water were measured at each of the above temperatures before 
and after addition of excess Cy (1.00 g). Conductances were recorded 
3-5 min after addition of each aliquot following the establishment of 
equilibrium conditions in the dip cell. 
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Tyrosine Protecting Groups: Minimization of 
Rearrangement to 3-Alkyltyrosine during Acidolysis1'2 
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Abstract: In an effort to avoid the rearrangement of tyrosine ethers to 3-alkyl derivatives that occurs during acidolysis with hy
drogen fluoride four new tyrosine protecting groups were designed and tested under conditions used in peptide synthesis. 0-Iso-
bornyltyrosine and 0-[l-(5-pentamethylcyclopentadienyl)ethyl]tyrosine gave no rearrangement product. However, they were 
far too labile toward acidolysis in 50% TFA/CH2CI2 to be used in the standard procedures of peptide synthesis, although they 
might be valuable in different schemes. The other two derivatives, O-isopropyltyrosine and O-cyclohexyltyrosine, both were 
sufficiently stable in acid and underwent minimal rearrangement. The cyclohexyl group was readily cleaved from Tyr(c-Hex) 
under standard cleavage conditions with HF (0 0C, 30 min) and is therefore an especially suitable protecting group for peptide 
synthesis. Its value was demonstrated by a synthesis of angiotensin 11 in which fully active hormone was obtained in high yield 
without the formation of significant amounts (<0.3%) of the cyclohexyltyrosyl rearrangement product. 

Many side chain protecting groups used in peptide synthe
sis are cleaved in a final deprotection step by acidolysis. For 
the protection of the phenolic side chain of tyrosine several 
groups with such properties are available.3 However, none is 
entirely satisfactory for prolonged stepwise peptide synthesis 
which is, for example, the usual strategy in solid-phase peptide 
synthesis.4 Some of these protecting groups are too sensitive 
to acids5 or to nucleophiles6 and others undergo rearrange
ments during deprotection in strong acids to form 3-alkylty-
rosine (3) by-products.7 

?"2 

Tyrosine benzyl ether (Tyr(Bzl)) has frequently been used 
in combination with Na-Boc protection for stepwise syntheses 
employing selective acidic deprotection of the N a group, after 
coupling of each Boc amino acid. The degree of selectivity of 
Boc removal by trifluoroacetic acid was greatly improved by 
the introduction of derivatives containing electron-withdrawing 
halogen substituents such as w-bromobenzyltyrosine8 or 
2,6-dichlorobenzyltyrosine.7 The latter substitution also re
duced the 3-alkylation side reaction in the final deprotection 
stage from levels of 10-70% to about 5%. While this level of 
rearrangement is tolerable for small peptides containing few 
tyrosines, it is unsatisfactory for large peptides with many 
tyrosine residues. 

It is now well established that the acid-catalyzed rear
rangement of aryl ethers to ring-substituted phenols proceeds 
via both intermolecular and intramolecular pathways.9 To 
minimize or avoid the alkylation reaction several points must 
be considered. On the one hand it is possible to suppress the 
intermolecular pathway by scavengers such as anisole7 or 
benzene9 which compete with starting material and reaction 
products for the alkylating species. However, it is more difficult 
to interfere with the intramolecular pathway. Thus, the solvent 

M / 

NH,CHCOOH 
L 

OH 

CH0 

I 2 

R'scavenger + H 

NH CHCOOH 

2 

and the acid used for the cleavage reaction have only a small 
effect on the magnitude of the alkylation side reaction.7,9 Data 
derived from the acidolysis of benzyltyrosine in trifluoroacetic 
acid or hydrogen fluoride suggest that the intramolecular 
pathway is less favored in the presence of HF.7 However, the 
nature of the leaving group should have more influence on the 
intramolecular reaction. For example, benzyl phenyl ether is 
rapidly converted by aluminum bromide in chlorobenzene to 
a mixture of phenol and o-benzylphenol,10 whereas sec-butyl 
phenyl ether is cleaved to both ortho and para products.9-11 

This indicates a dominant intramolecular pathway in the case 
of the cleavage of the benzyl ether whereas in the latter ex
ample both intra- and intermolecular reactions occur.9'11 It 
is also expected that a group yielding upon acidolysis a cation 
that could rearrange to a neutral, nonalkylating product would 
have the desired properties: 

Tyr(R) —*• Tyr + R+ ^ R + H + 

Finally, it should be noted that steric effects should also play 
a role on the ratio of the intra- and intermolecular reactions. 
These data suggest the suitability of alkyl ethers for the pro
tection of the phenolic hydroxyl of tyrosine. This is supported 
by the fact that H-Tyr(Bu-f )-OH shows less than 0.05% re
arrangement during HF acidolysis.12 However, this protecting 
group is much too labile5 to be used in prolonged stepwise 
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