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Abstract: The heats of combustion of 1,4,8,11-tetraazacyclotetradecane and 1,4,8,1 1-tetraazaundecane have been determined
by bomb calorimetry and the standard enthalpies of formation derived (—27.7 £ 0.5 and —23.9 + 0.5 kcal mol=, respectively).
The enthalpies of solution of the same two compounds have been determined (—2.5 and —15.8 kcal mol™!, respectively) in 0.5
M NaOH. The gas-phase AH° values of the ligands have been estimated and the macrocyclic enthalpy term, which has been
determined previously for both Cu(11) (—4.7 kcal mol~')-and Ni(I1) (—4.9 kcal mol~1) with these ligands, has been compared
with the estimated difference in solvation energies of the two ligands (4.6 kcal mol~!). A general discussion on the terms con-

tributing to the macrocyclic enthalpy is presented.

Introduction

The macrocyclic effect, in which the stability of metal
complexes is enhanced by coordination to macrocyclic as op-
posed to analogous noncyclic ligands, was first reported in
1969.3 Since then, a great deal of interest has been shown in
the thermodynamic origins of this extra stability, particularly
with tetraaza ligands. Early conflicting studies assigned the
extra stability to wholly entropy* or wholly enthalpy® terms
based on enthalpy values obtained from temperature-depen-
dent stability constant studies. More recently,®-% direct ca-
lorimetric determinations of enthalpy values have shown that

N p M
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l
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Ly L,
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the entropy term is always favorable and that the enthalpy term
is dependent on the matching of the size of the macrocyclic
ligand aperture to that of the metal ion. For octahedral com-
plexes of copper(11) and nickel(IT) with the title ligands L, and
L, AH values for the metathetical reaction

ML2(aq)** + Li(ag) = ML(aq)** + La(aq) (1)

which represents the macrocyclic effect are —4.78 and —4.9°
kcal mol~I, respectively.

Calorimetrically one determines the enthalpy change as-
sociated with the formation reaction

M2*(aq) + L(ag) > ML?*(aq) ()

and the difference between these enthalpy values for different
ligands (L and L,) gives the macrocyclic enthalpy associated
with reaction 1. It can therefore be seen that this macrocyclic
enthalpy contains terms associated with both the metal com-
plexes and the free ligands in solution.

If there is no enthalpy difference between the free ligands
in solution, the macrocyclic enthalpy is only a measure of the
energy difference between the macrocyclic and the noncyclic
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Table I, Auxiliary Data (atm = 101.325 kPa)
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Table II. Summary of Typical Calorimetric Experiments at 298.15
K(‘

M, o, (0e/0p) 1.7 Co,
compd g mol~! gem™  Jatm™'g=! JK-lg™! L, L,
polythene 13.344 0.90 0.0293 1.94 m(compd)/g 0.417 221 0.395 326
filter paper 27.198 1.50 negligible 1.68 m(polythene)/g 0.035 300
Ly 200.326 0.73 (0.0209) 1.87 m(filter paper)/g 0.008 424
L, 160.262 0.97 (0.0209) 3.42 n:(H;0)/mol 0.055 34 0.055 34
@ Values in parentheses i AR/Q 1232 11259
P are estimates. —ARe(calor) /cal® —3630.00 —3638.73
—ARe(cont)/cal -10.50 -10.58
AE(HNO3)/cal 1.17 11.25
complex. The purpose of this work is to investigate the mag- AE(ign)/calb 0.25 0.30
nitude of the enthalpy difference between the ligands in solu- AE/cal 1.12 1.25
—Ae°(compd)/keal g—! 8.6364 8.2096

tion, thereby gaining further insight into the thermodynamic
origins of the macrocyclic effect,

Experimental Section

A. Reagents. L,, 1,4,8,1]-tetraazacyclotetradecane (Strem
Chemicals), was purified by double recrystallization from acetonitrile
and finally zone refined (50 passes) in a sealed tube under dry nitro-
gen. The melting temperature against time curve obtained by differ-
ential scanning calorimetry (Perkin-Elmer DSC2) indicated a purity
of better than 99.98 mol % and a fusion temperature of 464.5 K. A
scanning rate of 2.5 K min~! was used in the determination of the
purity and the melting curve was evaluated using a computer program
similar to that described by Marti.!®

L, 1,4,8,11-tetraazaundecane (Eastman-Kodak), was purified by
distillation in vacuo and collecting the fraction distilling at 185 °C
and 35 mmHg. This material was stored in a sealed ampule prior to
combustion. GLC analysis of the sample just before the series of
combustions using two different columns failed to show any impurity
peaks. Under similar conditions it was possible to determine impurity
levels of 0.03 mol % of water which is, of course, the least desired
impurity.

B. Bomb Calorimetry. The calorimeter (internal volume 0.200 dm3),
its calibration, and the auxiliary equipment have been described
previously.!! It was used with 1.00 cm? of water initially in the bomb
and an initial oxygen pressure of 30 atm at 298.15 K. The oxygen was
purified by passage over heated cupric oxide to remove combustible
material. The samples of L, for combustion were enclosed in poly-
thene,!? care being taken to work only under dry nitrogen during
sample transfer.

The standard specific energies of combustion of the polythene and
filter paper fuse were —46.350 and —17.225 kJ g™, respectively. The
polythene and filter paper fuse analyzed as Cggs3H200 and
CH ¢3600.843, respectively, The experimental results are based on
1975 atomic weights.!3

The quantities in Table | were used to reduce weighings to masses,
convert the energy of the actual bomb process to that of the isothermal
process, and reduce to standard states.!* The specific heat capacities
were determined on the DSC using sapphire as a standard.!?

After combustion the bomb solution and several washings were
combined and diluted to 0.100 dm3. The solution was then analyzed
for nitric acid by both the UV spectroscopic method!!-'6 and poten-
tiometric titration with standard sodium hydroxide. Both methods
viclded, within the limits of experimental error (+0.2%), the same
concentration of nitric acid as in the case of the triphenylamine
combustions.!” The combustion products were checked for CO and
other products of incomplete combustion, but none was detected. No
nitrous acid was formed during the series of combustions.

C. Solution Calorimetry. The enthalpies of solution of ligands L,
and L were determined by an LK B reaction and solution calorimeter
(8700-1) using an ampule technique. A few milligrams of 1he com-
ponent of the reaction being studied was sealed in a glass ampule (1
cm?). The sealed ampule was now placed in the ampule holder and
immersed in the reaction vessel containing 80 cm? of 0.5 M NaOH
solution.

The system was left to stand until thermal equilibrium had been
attained, and the reaction started by breaking the ampule.

Electrical calibration was made after each run. Four runs were
carried out for each of Ly and L», and the average enthalpies of solu-
tion are reported in Table V.

The solid L, dissolved completely within less than 1 min, giving an
absolutely clear solution.

“ ¢(calor) denotes the energy equivalent of the calorimeter, (3.23184
+ 0.0012) kcal Q7. % Items 81-85, 87-90, 93, and 94 of the com-
putation form of ref 14, correction to standard states. ¢ The symbols
and abbreviations are those of ref 18 except as noted (cal = 4,184
J).

Table I1I. Summary of Experimental Results at 298.15 K
—Ae° (compd) /kcal g=! (cal = 4.184 J)

L] L2
8.6364 8.2096
8.6369 8.2103
8.6385 8.2136
8.6343 3.2081
8.6375 8.2109
mean 8.6367 8.2105
std dev 0.0007 0.0009

Table IV. Derived Molar Values for Condensed State at 298.15 K
(cal = 4.184 J)

—AE° /keal —AH® [keal  —AH® /keal
compd mol~! mol~! mol~!
L, 1730.2 £ 0.5 17326 £ 0.5 27.7+£0.5
L 13158 +£ 0.5 1317.6 £ 0.5 23.9+£0.5
Results

A. Standard Enthalpies of Formation from Combustion
Calorimetry. Results for typical combustion experiments for
both compounds are summarized in Table I1. The symbols and
equations used are as defined in ref 18 with AE(HNO3) de-
noting the energy of decomposition of the nitric acid formed
in the combustion. Values of AE.°/M, the specific energy of
the idealized combustion reaction, for all experiments are given
in Table I11. The generalized combustion reaction is repre-
sented by the equation

CoaHpNc(lorc) + (a + 5/4)02(g)
=aCOx(g) + 5/2H,0(1) + ¢/2N2(g) (1)

Derived values of the standard molar energy of combustion
AE.°, the standard molar enthalpy of combustion AH.°, and
the standard molar enthalpy of formation AH:° of the com-
pounds in the condensed state are given in Table 1V. Values
of AE.° and AH° refer to eq | and values of AH° refer to
the equation

aCl(c, graphite) + b/2H2(g)
+ ¢/2Na(g) = C,HpyN, (lorc) (2)
The uncertainties in Table 1V are twice the standard deviation

of the mean and include the uncertainties in the calibrations
and energies due to polythene and filter paper fuse.’> The
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Scheme I
elements
~— C,H,,N,(1) + 3C(c, graphite) + 2H,(g) -A———> C,H,N,(c) =™ (3)
-15.8 CvH20N4(g) + 3C(c, graphite) + 2Hz(g) AH C:oHuNa(g) -2.5 (4)
-
e C,H,,N,(aq) + 3C(c, graphite) + 2H,(g) AH,=19.5 C, H;N,(aq) =— (5)
L, L,
Table V. Enthalpies of Solution in 0.5 M NaOH AH®(L,, g) = +2.6 kcal mol~!

compd —AH®°, keal mol~!
L 2.51 (8)@
L, 15.82 (4)

% The values in parentheses are the standard deviations on the last
significant figure.

values!® AH{°(CO,, g) = —94.05] kcal mol~! and
AHP(H»,0,1) = —68.315 kcal mol~! were used to derive the
values of AH°(C,H;N_lor¢).

B. Solution Enthalpies. Results for enthalpies of solution for
both ligands are reported in Table V.

These quantities were measured in 0.5 M NaOH instead of
pure water in order to avoid the protonation of the amines,
which are both strong bases.

Discussion

The origins of the enthalpy term contributing to the mac-
rocyclic effect, can be considered by use of the thermochemical
cycle shown in Scheme 1. AH s is the interesting quantity, being
the difference in the standard enthalpies of formation of L, and
L, in solution (here 0.5 M NaOH). As can be seen, the mac-
rocyclic ligand L, is 9.5 kcal mol~! less stable in solution than
the noncyclic ligand L,. This term is made up of two parts; (a)
the difference due to the replacement of two N-H bonds with
a NCH>CH,CH;N group, i.e,, cyclizing the ring (AH4); (b)
the difference in the solvation energies from the gas phase.
Unfortunately both these ligands are extremely involatile
making the determination of AH,,, or AHg,, impossible
without recourse to sophisticated equipment allowing for the
measurement of very low vapor pressures, Thus an experi-
mental value for AH is not available at present. However,
using the group additivity bond energy scheme first observed
by Benson and Buss?® and the group values tabulated by Cox
and Pilcher?! it is possible to calculate values for the standard
gas-phase enthalpies of formation of both ligands. It must be
remembered that such calculations do not allow for the ni-
trogen lone pair/lone pair interactions and any strain energy
within the ring system in the cyclic ligand. Both these contri-
butions would lead to a positive increase in AH4. The strain
energy should, however, be small since previous studies®22 have
demonstrated that an alternating 5, 6, 5, . . . chelate ring se-
quence possessed by complexes of both L and L, provides the
most favorable ligand conformations resulting in minimum
strain, Both ligands, having alternate ethylene and propylene
bridges between the nitrogen donors, can adopt a more or less
strain-free conformation when the four donor nitrogen atoms
are confined to the same plane. The following values are
therefore calculated.

AH?(L,, g) = —2.3 kcal mol~!

leading to a calculated value for AH4 of +4.9 kcal mol~!.

This corresponds to a standard enthalpy of sublimation of
L, of 30.3 kcal mol~! and a standard enthalpy of vaporization
of L, of 21.6 kcal mol~!. Both values appear reasonable; as-
suming the value for L, since it is not affected by ring strain
or lone-pair interactions, a direct molar mass ratio would give
approximately 27 kcal mol~! for the standard enthalpy of
vaporization of L;. Thus the enthalpy of fusion of L, should
now be about 3 kcal mol~! at 298 K, provided that ring strain
and lone-pair interactions are ignored. We have obtained
AHys0n(L1) = 6.4 kcal mol~! at its melting point (464.5 K)
from the DSC purity determinations. Correcting the latter
value to 298 K gives AH%(298 K) = 4.7 kcal mol~! and
suggests that the contribution from ring strain and lone-pair
interactions will be small. However, in the absence of experi-
mental values for AHgup(L|) and AH (L) the best we can
conclude is that 4.9 kcal mol~! is a lower limit for AH4 and
further contributions from ring strain or lone-pair terms in the
cyclic ligand will make AH4 more endothermic.

Using these calculated gas-phase standard enthalpies of
formation, AH4 = +4.9 kcal mol~!, we now obtain a value of
+4.6 kcal mol~! for the corresponding difference in solvation
energies from the gas phase. This means that the reaction L(g)
— L,(aq) is 4.6 kcal mol~! less exothermic than the corre-
sponding reaction with the noncyclic ligand L, presumably
due toa greater interaction with the solvent in the latter case.
In view of the uncertainty expressed above about AH, this
value must be regarded as a lower limit which would increase
in the event of significant contributions from ring strain or
lone-pair effects, although it is unlikely that it could ever ap-
proach the 14 kcal mol~! associated with this effect by Mar-
gerum’s group.’

Turning to the macrocyclic effect and the origins of the extra
stability of macrocyclic complexes the enthalpy change for the
metathetical reaction | has been shown calorimetrically to be
—4.7% and —4.9% kcal mol~! for Cu(II) and Ni(II), respec-
tively. Within experimental error, this is the difference in
solvation energies between L and L| and tempts one to con-
clude that the macrocyclic enthalpy can satisfactorily be ex-
plained in terms of ligand solvation. However, the situation is
more complicated and the macrocyclic enthalpy AH | contains
three contributing terms in relation to the thermochemical
cycle shown in Scheme I1. The third term in this equation is
the difference in solvation energies of the ligands L, and L; and
has been shown above to have a lower limit of —4.6 kcal mol—".
1t thus contributes favorably to the macrocyclic enthalpy.

The second term, the difference in hydration energies of the
two complexes, is difficult to estimate precisely. The effective
radius of the two complexes must be very similar and to this
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Scheme II
) AH g,
ML,*(g} + Li(g) = ML,*(g) + Lug)
lAHh(ML,”) lAHh(L,) l AHBML,*) 1AHh(L,)
ML,*(aq) + L,(ag) == ML, **(aq) + Ly(aq)

AH, = AHgg + {AHB(ML,™) - AHR(ML,*)} + {AHR(L,) - AHR(L,)}

extent one would expect this term to be very small and since
rmi 2+ will be slightly smaller than 2+ it will have an un-
favorable contribution to AH . The endothermic nature of this
term will be enhanced if the solvent interacts with the two NH,
groups on ML,2* more strongly than with the equivalent NH
groups on the cyclic complex ML,2*, However, the extent of
such an interaction is very difficult to quantify, but it should
not exceed the difference in solvation energies of the free li-
gands (4.6 kcal mol~!). This raises the interesting question of
whether the traditional choice of L, as the reference ligand is
a good one or whether a more appropriate reference ligand
might not have been 2,5,9,12-tetraazatridecane, which is L,
methylated on each terminal nitrogen. This latter choice would
minimize any difference between the hydration energies of the
cyclic and noncyclic complexes by equalizing the possibilities
of solvent-complex interactions and making the radii of the
two complexes almost identical.

The first term, AH g, is the difference in Cu-N bond
energies in the two complexes in the gas phase. In the event of
the estimate for the third term being good, and the second term
being small and positive, then AH g, must be small and neg-
ative. This might be reasonable when the two complexes are
structurally very similar with identical geometries and similar
Cu-N bond distances. This is the case of L, and L, since L,
is almost exactly the right size for the exact matching of the
size of the aperture in the ligand with the size of the metal
ion,23 keeping the four nitrogens planar. In cases where the
macrocyclic ligand is replaced by one where the size of the li-
gand aperture is not matched by the metal ion and a distortion
occurs from the MNy planar configuration then strain will be
introduced into the system and this will be reflected in AH g,
and thus in AH;. This happens with the smaller ligand
1,4,7,10-tetraazacyclododecane where the Cu(Il) ion is too
large to be accommodated in the ligand aperture?? and the
Cu(IT) complex has recently been shown to be square pyram-
idal.2425 Here the macrocyclic enthalpy (using 1,4,7,10-te-
traazadecane as reference ligand) is only 1.1 kcal mol=!,# In
reality, however, AH g5 for the system studied may well prove
to be a small favorable term, confirming a macrocyclic effect
in the gas phase. i

Journal of the American Chemical Society [ 101:15 [/ July 18, 1979

In conclusion, despite the uncertainties surrounding some
of the terms contributing to the macrocyclic enthalpy, we can
say that the difference in hydration energies of the ligands
plays an important part in the macrocyclic enthalpy. We will
be continuing this study by determining the gas-phase ther-
mochemical properties of the ligands on completion of a tor-
sional effusion Knudsen cell which will allow the determination
of very low vapor pressures and by the determination of the
thermochemical properties of N-alkylated reference ligands
and their metal complexes.

Acknowledgment. We thank the Italian CNR for financial
support and acknowledge grants from SRC for the purchase
of the ac bridge potentiometer and the DSC instrument, and
from NATO for travel expenses,

References and Notes

(1) University of Stirling.
{2) Instituto di Chimica Generale ed Inorganica.
(3) S. K. Cabbiness and D. W. Margerum, J. Am. Chem. Soc., 91, 6540
(1969).
(4) M. Kodama and E. Kimura, J. Chem. Soc., Dalton Trans., 2341 (1976).
(5) F.P.Hinz and D. W. Margerum, Inorg. Chem., 13, 2941 (1974).
{6) A. Anichini, L. Fabbrizzi, P. Paoletti, and R. M. Clay, J. Chem. Soc., Chem.
Commun., 244 (1977).
{7) A. Anichini, L. Fabbrizzi, P. Paoletti, and R. M. Clay, /norg. Chim. Acta, 22,
125 (1977).
(8) A. Anichini, L. Fabbrizzi, P. Paoletti, and R. M. Clay, J. Chem. Soc., Dalton
Trans., in press.
(9) L. Fabbrizzi, P. Paoletti, and R. M. Clay, Inorg. Chem., 17, 1042 (1978).
(10) E. E. Marti, Thermochim. Acta, 5, 173 (1972).
(11) G. A. Heath, G. T. Hefter, and W. V. Steele, J. Chem. Thermodyn., 10, 395
(1978).
(12) W. Parker, W. V. Steele, W. Stirling, and |. Watt, J. Chem. Thermodyn., 7,
795 (1975).
(13) IUPAC Commission on Atomic Weights 1975, Pure Appl. Chem., 47, 45
(1976).
(14) W. N. Hubbard, D. W. Scott and G. Waddington in "'Experimental Thermo-
chemistry"”, Vol. 1, F. D. Rossini, Ed., Interscience, New York, 1965,

Chapter 5.

(15) E. M. Barrall and J. F. Johnson, Tech. Methods Polym. Eval., 1, 2
(1970).

(16) R. P. Buck, S. Singadega, and L. B. Rodgers, Anal. Chem., 26, 1240
(1954).

(17) W. V. Steele, J. Chem. Thermodyn., 10, 441 (1978).

(18) W. V. Steele, J. Chem. Thermodyn., 8, 311 (1977).

(19) CODATA: Key Values for Thermodynamics, J. Chem. Thermodyn., 3, 1
(1971); CODATA Bull., 5, 1(1971).

(20) S. W. Benson and J. H. Buss, J. Chem. Phys., 29, 546 (1958).

(21) J. D. Cox and G. Pilcher '"Thermochemistry of Organic and Organometallic
Compounds'', Academic Press, New York, 1970, Chapter 7.

(22) P. Paoletti, L. Fabbrizzi, and R. Barbucci, Inorg. Chim. Acta Rev., 7, 43
(1973).

(23) L. Y. Martin, L. J. Dahayes, L. J. Zompa, and D. H. Busch, J. Am. Chem.
Soc., 96, 4046 (1974).

(24) M. C. Styka, R. C. Smierciak, E. L. Blinn, R. E. de Simone, and J. V. Pas-
sariello, Inorg. Chem., 17, 82 (1978).

(25) R. M. Clay, J. Murray-Rust, and P. Murray-Rust, unpublished crystal structure
results.



