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lntrabridgehead Hydrogen-bonded Ions : Spectroscopic Characteristics 
and the Question of Single vs. Double Minimum Potentials 
Roger W. Alder," Richard E. Moss, and Richard B. Sessions 
School of Chemistry, University of Bristol, Bristol BS8 7 TS, U.K. 

N.m.r. and i.r. data on inside-protonated medium-ring bicyclic diamines are presented and discussed; the 
As(' H,2H) test shows that only the linear N +-H:N bond within inside-protonated 1,6-diazabicyclo[4.4.4] - 
tetradecane is of the single minimum type. 

We have converted a number of medium-ring bicyclic di- 
amines into inside-protonated ions which possess intrabridge- 
head N+-H : H bonds.lr2 An X-ray structure determination3 of 
in[4.4.4]H+Cl- shows it to contain a linear hydrogen bond 
with the shortest known N,N distance (2.53 A). We report the 

varied n.m.r. and i.r. spectroscopic characteristics of the ions 
in Table 1 ,  all with hydrogen bonds more or less isolated from 
external influences. A key question is whether any of these 
ions have a true single minimum potential for the hydrogen 
b0nd~9~ and we use the AS(~H,~H) test6 to provide an answer. 
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Table 1. Spectroscopic data of the in[k.Z.m]H+ ions. 

Sym- VNHe / 
metry" 8(IH)b IS(1H,2H)b cm-I VSII/VNL, 

in[5.4.2]H+ 13.5 2450 
in[6.4.2]H+ 10.7 2450 
in[5.5.2lH+ C, 12.35 2475 
in[6.3.3]Hi C, 17.25 0.76 2200 

in[4.4.4]H+ D, 17.40" 0.06c 1400-1900 
in [6.4.3 1 H + 14.62 0.65 2150 1.24 
in[5.5.3]H C, 17.20d 0.87d 2100 1 .?ti 

in [ 5.4.3 ] H + 17.48 0.53 1400--1900 

in[5.4.4]H+ 16.19 0.43 1500-2200 

in[5.5.4]W7 C, 15.30 0.92 1500--2300 CU. 1 
in [6.5.3 ] H + 13.78 0.58 2200 1.25 

cis-in[4.4.Me2]H+g C, 15.71 0.54 1500-2300 cu. 1 

a Highest symmetry possible assuming n o  eclipsed C-C bonds 
(remainder C,).  IJ In  CHCI,-CDCI, unless otherwise stated; shifts 
are not solvent sensitive except for in[5.5.2]H+ which shifts to 
S 13.15 in neat CF,CO,H. All spectra were recorded on a JEOL 
FX200 Spectrometer. Shifts are defined as positive if 6( 'H)  3 
S(2H). Owing to the sniall quantity of partially N-deuteriated 
material available, 'H and Z H  spectra were r u n  on the same sample 
directly from the inside-protonatioti reaction i n  SSo;, aqueous 
H,S04, CH,OH and C D 3 0 H  were internal references; 6('H) is the 
same in this medium as in CDCI,. I '  In  H,O-D,O. In  CHCI, or 
CH,C12 solution, the V X H  position is not solvent sensitive. Not 
measured, since only partially A-deuteriated samples have been 
made (ref. 2). p Prepared as a BF,- salt from 1,6-diazabicyclo- 
[4.4.0]decane by methylation (CHJ), reductive cleavage (AI-Hg), 
reductive methylation (CH,O, NaBH,CN), and protonation. The 
observation of t ive1T lines for this species at - 100 "C, coalescing 
to three lines at higher temperatures, is proof of the cis stereo- 
chemistry show 11. 

Forsen et ~ 1 . ~  have shown that L6(1H,2H), the difference 
between the proton and deuterium chemical shifts, is (a) 
negligible for weak hydrogen bonds, becomes (b) large and 
positive (up to 0.72 p.p.m.) for strong hydrogen bonds where 
there is a low central barrier in a double minimum potential, 
and becomes (c) zero or  weakly negative for a strong bond with 
a single minim u ni potential ('symmetrical' hydrogen bond). 
A semi-quantitative theory of these effects was given, the 
large, positive 1 8  values resulting from the anharmonicity 
of the double minimum potential. The 18(1H,zH) values in 
Table 1 indicate that all the ions we have studied have this 
double minimum (low central barrier) potential, with one 
exception: the ir1[4.4.4]H+ ion which gives a S ( 1 H , 2 H )  value 
consistent with a single minimum potential, in agreement with 
expectations based on the X-ray structure. We suspect that 
the linearity of this bond is significant; all other single mini- 
mum hydrogen bonds are linear or  nearly so. 

The data on the other ions are notable for their variety. 
There is no correlation between 8('H) and as, and only a very 
crude one between 8(lH) and v,". Forsen et af.'j found a 
correlation of&'H) withA6 for 0-H: 0 bonds in a chemically 
more varied set of compounds. However no-one has examined 
such a chemically similar, but geometrically diverse set of 
hydrogen-bonded species before. Each spectroscopic para- 
meter will probably be an individual function of N,N distance 
and N-H-N angle. Detailed discussion is impossible without 
more structural information but our set of ions may include 
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Figure 1. 1.r. spectra of (a) in[5.5.3]HfCI0,-, (b) in[5.4.4]H+- 
C D - ,  and (c) itz[4.4.4]H-BF4-. Spectra n'ere run 011 0.16 M 
solutions in CH,Cl, in 0.1 mm cells, using a Nicolet 7000 Fourier 
transform i.r. spectrometer. Solvent absorptions hale been sub- 
tracted. The sharp band near 2000 cm-1 in (a) and (b) is probably 
a CI0,- overtone. No broad bands below 1400 cm-I, which might 
be ascribed to VXH, are seen in the spectra. 

ones with N+-H : N bonds longer than irz[4.4.4]Ht but still 
nearly linear (irz[5.5.4]H+ ?) as well as  others with short but 
strongly bent bonds (in[5.5.2]H+ ?). Force field calculations 
(MM2 program) on the diamines themselves give some idea 
of the likely non-linearity, though structures will obviously 
change on protonation. The lone pairs in [6.3.3]diamine make 
a 30" angle with the N,N axis; in [5.5.2]diamine this angle is 
38". Scheiner' has made an ab irziriu study of distortions in the 
H,N+-H: NH, system, He found that the barrier to proton 
transfer increased o n  lengthening the N,N distance and on dis- 
torting the bond from linearity. A single minimum potential 
was only found for linear bonds of N,N distance <2.5 A. At 
2.73 8, (the minimum energy distance) the barrier was 16 kJ 
mol-l  and was increased by 9 kJ mol-l when thc bond was 
bent such that both lone pairs made a 20" angle with the N,N 
axis. 

The v x H  band (= vas for a single minimum potential) does 
seem to vary in an explicable way with gross structure. The 
three diaminoethane derivatives have v s , ,  I-= en. 3450 cm--l; 
here the N,N distance is probably short and the N-H-N angle 
acute. Four of the five ions with an >N-[CH.,],-N-:: fragment 
have = cn. 2150 cin-l and vhIi,"vs,)  CN. 1.25, well below 
the classical limit.l18 In all these ions the band shape is quite 
normal, Figure l(a). Next come three >N-[CH,],-N< 
derivatives in [ 5.4.4]H+, irr [ 5.5.41 H-, and it[ C4.4. Me2]Ht, 
which show, Figure I(b), more or less steadily rising absorp- 
tion from 2500 to 1500 cm-l; in these cases deuteriation 
changes the band shape without causing any clear overall 
shift. Finally, the band for in[5.4.3]bi+ and in[4.4.4]Hi is 
complex and of low intensity, Figure l(c). Perhaps the latter 
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feature is associated with very restricted proton motion in 
these tight cages? 

We intend to gather more structural information and to use 
these ions as a test-bed for comparing the results from the 
fascinating variety of experimental methods now availabIeg-13 
for probing the single/double minimum question. 
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