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Abstract-The highly symmetrical 1,4.7.10-tetraazatetracyclo[5.5. l.~“.O’O~“]tridecane (1) has been 
synthesized by two methods. The proton NMR spectrum of 1 is analyzed. The cyclic tetra- 
aminomethane derivative undergoes a remarkable series of degenerate prototropic and conforma- 
tional equilibria. The temperature dependence of the proton NMR spectra of 1 and its conjugate acid 3 
are interpreted in terms of a large rate enhancement of intramolecular nucleophilic addition to 
guanidinium ion 3 (ring-chain tautomerism) compared to its acyclic counterpart. 

Dialkylamide ions are normally poor leaving groups 
from tetrahedral carbon in ionization processes. In 
appropriately substituted molecules, however, pro- 
tonated dialkylamino groups are well known to dis- 
sociate to carbonium ion intermediates and a secon- 
dary amine. The latter process is particularly facile 
in tetrakis(dimethylamino)methane,’ a rare struc- 
tural type which dissociates rapidly to hexamethyl- 
guanidinium ion and dimethylamine in water. Ap- 
parently, the reverse process has not been studied 
previously. Hydrolysis and other nucleophilic addi- 
tions to guanidinium ions generally proceed very 
slowly. 

In this paper we describe the synthesis of the 
highly symmetrical 1.4,7,10-tetraazatetracyclo- 
[5.5.1 .0’.‘3.0’0~“]tridecane (l), a molecule that dis- 
sociates readily and reversibly in water to an in- 
tramolecular guanidinium ion-amine pair (2). In 
aqueous solution, a remarkable sequence of degen- 
erate prototropic and conformational equilibria ac- 
companies dissociation and causes the magnetic 
equivalence of all protons. 

t&It 3 could not be isolated from the reaction of cyclen 
with phosgene, thiophosgene. phosgene imines, or trisal- 
koxycarbonium ion salts. 

SThe reactants were refluxcd in t-butanol with an equi- 
valent of potassium t-butoxide. Intermediate 7 was iso- 
lated as the tetraphenylboron salt, m.p. 201-202”. from 
acetonitrile. 

Synthesis 
Two syntheses of the guanidinium salts 3 and 4 

are illustrated in Scheme 1. The simpler route starts 
with 1,4,7,10-tetraazacyclododecane (“cyclen,” 
5):.’ one equivalent of hydrochloric acid, and ethyl 
orthocarbonate in ethanol giving 3, m.p. 133-136” 
(hydrate) in nearly quantitative yield.? Acidification 
of 3 with hydrochloric acid gives the guanidinium 
hydrochloride 4, m.p. 249-252”. Alternatively, the 
bicyclic guanidine 6’ can be bridged* with the pro- 
tected mustard 7’ followed by hydrolysis to 4. The 
latter route suffers from low yield and difficult 
purification of intermediate 8 but confirms struc- 
ture. 

The tetracyclic amine 1 was isolated by extrac- 
tion into benzene from a basified aqueous solution 
of 3 or 4. After careful azeotropic drying, 1 was 
obtained as a hygroscopic, sublimable, colorless 
solid, m.p. 97-105”. This synthesis is remarkable 
considering the need for lithium dimethylamide to 
effect addition to hexamethylguanidinium ion.’ 
Mass spectroscopy of 1 shows the parent ion at m/e 
180. The IR spectrum is shown in Fig 1. Poten- 
tiometric titration of an aqueous solution of 1 
shows end points at the addition of one and two 
equivalents of acid. These data are in accord with 
the interconversions of 1,3, and 4 shown in Scheme 
1. The quantitative reconversion of 1 to 8 on treat- 
ment with ethyl chloroformate provides additional 
structural evidence. 

stnlcturt? 
The proton NMR spectrum of 1 in benzene (Fig 

2) or other aprotic solvents under anhydrous condi- 
tions is a symmetrical AA’BB’ pattern. The 
parameters shown in Table 1 were calculated from 
the 100 MHz spectrum by standard methods6 In the 
iteration process the values of JAN and Jse8 were al- 
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Fig 1. IR Spectrum of 1 in Ccl.. 

Table 1. Calculated NMR parameters for 1 in benzene 

Aa 156.0 ( 2.60 pprn 1 
A6 160.7 (301 ppm) I 

J,,,, J&V 
Jt,onr JW 
J~.rn JAB 
J,I, Jm, 3.6 IQ I 

lowed to vary independently but were calculated to 
be identical. This is an example of deceptive sim- 
plicity in the spectrum, only the sum of these 
coupling constants can be calculated accurately. 

Consideration of the possible conformations for 
1 suggests that the most stable form and the only 
form with equivalent methylene groups is la. A 
molecular model of the conformer resulting from 
one nitrogen inversion in la is considerably 
strained and those from successive inversions are 
prohibitively strained. The large negative value for 
JAB identifies this as the coupling constant for gemi- 
nal methylene protons.* The remaining values are 
consistent with the assignments in Table 1. 

*P. J. Chivers and T. A. Crabb’ report geminal coupling 
constants for methylene groups alpha to nitrogen in the 
range - 8.6 to - 13.6 Hz. Methylene groups with one CH 
bond eclipsing the nitrogen lone-pair orbital are presumed 
to have J,, - - 8 Hz.. 

I I 

Fii. 2. 60 MHz proton NMR spectrum of 1 in benzene. 
The calculated spectrum is derived from the parameters in 

Table 1. 
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The coincidence of the values for the trots cou- 
pling constants JW and Jew suggests that the 
ethylene units are eclipsed on the time average. 
Molecular models show that the confo~ation of la 
with the lowest angle strain has eclipsed ethylene 
groups with one of the C-H bonds of each 
methylene eclipsing the nitrogen lone-pair orbital. 
The torsional strain introduced by four such ethano 
units should induce relaxation by rotation about 
these bonds. The eclipsed conformation probably 
represents a m~imum on the energy profile 
separating conformations with slightly twisted 
ethylene groups. Tetramine 1 may therefore have 
the relatively rare 4 symmetry, but DZd on the time 
average. 

The low-field protons were assigned as those pro- 
tons (He) in la which most nearly eclipse the nit- 
rogen lone pair. There is evidence for staggered 
systems that an alpha methylene proton which is 
gauche to a nitrogen lone pair is deshielded relative 
to the tram proton.8 Extrapolation of this behavior 
to systems which are nearly eclipsed seems ques- 
tionable. Protons syn to the lone pair in aziridines 
are deshielded relative to the anti protons,9 how- 
ever aziridines are poor models for la because of 
the ring strain. Data from model systems support 
our assignment and will be reported in a later publi- 
cation. 

The 60 and 220 MHz proton NMR spectra of the 
guanidinium chloride hydrochloride 4 are shown in 
Fig 3. The methyiene proton region of these spectra 
is readily interpreted as two overlapping AA’BB’ 
patterns. The multipfets centered at 6 4.24 and 3.60 
closely resemble the symmetrical pattern of the 
hydrochloride salt of 6. Since the spectra of 4 imply 
Cz. symmetry, apparently the most likely con- 
former, 4a, undergoes rapid ring inversion (bridge 
flipping) at room temperature. At - 48” the spec- 
trum of 4 (Fig 3) shows dramatic broadening which 
implies that this bridge flipping is nearly frozen 
out.* Broadening is also observed in the low- 
temperature spectra of 9 and 10, which should have 
similar barriers to bridge flipping. 

IO 

*Instrumental limitations precluded total resolution of 
tne spectra at lower temperatures. 

A tertiary amine, one of whose alpha-carbons is 
bound to three electronegative N atoms as in 1, 
would be expected to show reduced basicity. Hex- 
~ethylenete~ne and l,~~~bicycI~2.2.2]- 
octane have acidity constants S-OX lo-’ and 2-5 x 
lo-‘(moVl), respectively.‘* Yet tetramine 1 shows 
an apparent acidity constant 5.0X lo-” (mol/l) by 
potentiometric titration, indicating that 1 is an un- 
expectedly strong base. It will be shown in the fol- 
lowing section that this small equilibrium constant 
is due to a subsequent ~ansformation of the conju- 
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Fig. 3. Proton NMR spectra of 4 in CD&D. (A) 60 MHz 
at 68°C. (B) 60 MHz at -48°C. (C) 220 MHz at 20°C. Sol- 

vent multiplet appears at S 3.3 I. 
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gate acid of 1 in water. The basicity of 1 can be 
estimated from the infrared stretching frequencies 
of CDCI, containing the amine.” Values of Av = 
vC_D - uco .,, are 84 cm-’ for both triethylamine 
and quinuclidine.* 1,4-Diazabicyclo[2.2.2]octane, 
whose tertiary amine sites are influenced by a beta 
nitrogen substituent on each alkyl chain, shows 
Au = 69cm-‘, whereas the still less basic hex- 
amethylenetetramine has Au = 34 cm-‘. Tetramine 
1 shows A.v = 48 cm-‘. If the acidity constants for 
this series of similar amines are proportional to the 
frequency shifts, then K*, for 1 can be estimated as 
6 x 10-8(mol/l). 

Since nitrogen inversion is unimportant in 1, the 
four lone-pair orbitals maintain DZ symmetry. Such 
an array of four hybrid orbitals can be considered 
a distorted spiroconjugated” arrangement. The 
molecular orbitals resulting from such interac- 
tion are JI(AJ = 1/2(h, + hz + hs + hd, 44%) = 
1/2(h, + hl: - h, - U, $CI(Bd = l/2@, - hz + h, - ltd. 
and Jr(B,) = 1/2(h, - h2 - hl + h,), where h, is a hy- 
brid orbital on nitrogen i. The corresponding ener- 
gies are a(A,) = a + & + 28,. e(B,) = e(BJ = 
LY - fi., and e(B2) = a + & - 2/3,, where Be is the ex- 
change integral for the cisoid 1,3 lone-pair interac- 
tion and & that of the transoid interaction. It is 
immediately apparent from these expressions and 
from the energy level diagram that the highest oc- 
cupied molecular orbital depends critically on the 
relative magnitudes of & and 8%. (The diagrams 
refer arbitrarily to & = l/2/3, and & = 28,. Photo- 
electron spectroscopy measurements in progress 
may distinguish between the two possible cases. In- 
terestingly, a peak in the mass spectrum of 1 ap- 
pears at m/e 90 (P”), indicating that the amine 
readily loses two electrons. Ionization may occur 
from the relatively high energy B* orbital resulting 
in a closed-shell stable dication. 

Degenerate rea~~a~ge~e~ts. The most interesting 
feature of ten-amine 1 is the isomerization and re- 
sulting degenerate rearrangement of its conjugate 
acid in water. The proton NMR spectra of 

- -e,.es 
%- \ 0,.0,- - 

e-m 

A,- 7 t 
- *2 

*Comparison with known t~~s(dime~yIamine~ 
methane is not possible because of its rapid reaction with 
CDCI,. 

guanidinium chloride 3 and its N-Me analogue 9 are 
similar at - 31” in methanol-d (Fig 4). At room 
temperature the spectrum of 3 collapses to a broad 
signal at about S 3.6. Similar behavior is observed 
in DO. In acetonitrile-d, at - 5Cr’ the 60 MHz spec- 
trum is a pair of broad lines which coalesce and 
sharpen to a singlet on warming. The coalescence 
temperature (TJ is higher for more dilute samples. 

These data indicate that 3 undergoes a rapid 
dynamic process which equilibrates the four types 
of methylene groups. Scheme 2 provides a mechan- 
ism consistent with these observations. Accord- 
ingly, 3 isomerizes rapidly and reversibly to 11, the 
conjugate acid of 1. In a subsequent bimolecular 
process, 3 abstracts a proton from 11 to give 1 and 
4. The net reaction is the reversible disproportiona- 
tion of 3 to 1 and 4. The methylenes of 1 are equi- 
valent, and therefore these processes interchange 
the four unique methylenes in 3. 

The equilibrium for the net reaction in Scheme 2 
lies far to the left in neutral media. We conclude 
this from the low-temperature NMR spectrum of 3 
in methanol-d,, from the IR spectra, and from ex- 
perimental estimation of the equilibrium constant. 
Tetramine 1 shows two breaks in its titration curve 

Fig. 4. Proton NMR spectra at 60 MHz in CD,OD at 
-31°C. (A) Spectrum of 3. (B) Spectrum of 9. Solvent 

multiplet appears at 63.31. 
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Net reactions 3+3 a I+4 

,!kHJZME 2. 

in water at 25” corresponding to equilibrium con- 
stants K, = 5.0 x lo-” and KI = 3.2 x 10m6 (mol/l). 

3 K ,l+H+ 

4 K ‘3+H+ 

The equilibrium constant for the net reaction in 
Scheme 2 is 

K=[11[41=&= 1.6~ 1o-5 

[31 Kz 

Hence, about 0.4% of 1 is present when 3 is dissol- 
ved in water. The equilibrium constant K, for the 
isomerization 3 * 11 can be calculated from K, and 
an estimate of K,,,. From the frequency shift 

K~,_[~I[~]=K,.[JI=~ 
ml 1111 IL 

of 1 in CDCl, as discussed above, the value of K,, 
was estimated to be 6 x lo-* (mol/l). K, is then 8 x 
lo-*. The dissociation of 11 to the guanidinium ion- 
amine pair 3 is favored by 4 kcal/mol, apparently 
much less favorable than in acyclic tet- 
raaminomethanes. 

The surprising rapidity of the processes in 
Scheme 2 led us to examine the acyclic model reac- 
tion of pyrrolidine with hexamethylguanidinium 
chloride in methanol-d,. The exchange was slow at 
1000, requiring several minutes before di- 
methylamine was detected by NMR and several 
hours before equilibrium was reached. From the 
approximate half-life of this reaction, k* was esti- 
mated at lO”l/mol-sec. An estimate of km2-- 
200 set-’ (Scheme 3) was made from coalescence 
temperature measurements on 3. If all analogous 
proton transfer steps occur rapidly and at compar- 
able rates, then we can estimate the effect of intro- 
molecularity by the “effective concentration” 
= 200/10-’ = 2 x 10” mol/l, a value consistent with 

H 

the entropic advantage observed in other in- 
tramolecular reactions.” Furthermore, the equilib- 
rium constant for the addition of amines to acyclic 
guanidinium ions must be much smaller than 
10.’ (l/mol) since the dissociation of protonated 
acyclic tetraaminomethanes should be at least as 
rapid as the dissociation of 11 (kt). 

The rapidly established equilibrium 3e 11 pro- 
posed in Scheme 2 is crucial to understanding the 
dynamic behavior exhibited by 1 in protic solvents. 
The NMR spectrum of 1 in BO, in methanol-d,, or 
in moist acetonitrile-d, at 38” is a singlet (S 297. 
width at half height 1.5 Hz in CD,OD). A solution 
of 1 in methanol-d, made 1N in sodium methoxide 
was examined for temperature dependence of the 
60 MHz NMR spectrum. At - 41” the spectrum is a 
symmetrical broad multiplet which coalesces at 
- 10” and sharpens to a singlet on further warming 
(width at half height O-9 Hz at 70”). 

In protic solvents the two proton sites in la must 
be rapidly exchanging. The equilibration mechan- 
ism outlined in Scheme 3 is consistent with the 
above results. These five steps lead to a net inver- 
sion of the central carbon atom in la and intercon- 
vert the two proton types. The bridge-flipping mo- 
tion kl is essential to this mechanism. The model 
compounds 9 and 10 apparently undergo the bridge- 
flipping process rapidly (uide supra). The other 
steps in Scheme 3 are similar to steps in Scheme 2 
except that the acid HA is the protic solvent. Rapid 
exchange in strongly basic methanol-d implies that 
methanol itself acts as the acid HA. 

We do not have direct evidence for the inter- 
mediate tetracyclic ammonium ion 11 in Scheme 2 
or its counterpart in Scheme 3. Although it is likely 
that 11 is a discrete intermediate, it is possible that 
protonation of 1 is accompanied by C-N bond 
cleavage or conversely that 3 deprotonates with 
concomitant C-N bond formation. Protic acids in 
highly polar media are not required for the facile 
C-N bond cleavage in 1 since methylation with 
methyl iodide in anhydrous benzene gives 9 di- 

+ Me,NH 
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rectly. It is also possible that the guanidinium- 
amine pair 3 is better described as a hybrid 12. We 
are presently examining the X-ray crystal structure 
of this unusual compound to see if the guanidinium 
group is distorted from planarity by interaction 
with the secondary nitrogen. 

H 
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