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On the protonation of a macrobicyclic cage: an inert
tribenzylamine fragment and three robust aminophosphonium units
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Abstract—The protonation of a macrobicyclic cage with four intracyclic nitrogen atoms (one included into a tribenzylamine frag-
ment and the other three into iminophosphorane units) led to tris(aminophosphonium) cations. In the salts, the three anions are
situated outside the internal cavity although intercalated within the grooves of its macrobicyclic skeleton. The three aminophospho-
nium units are remarkably resistant to hydrolysis.
� 2006 Elsevier Ltd. All rights reserved.
The protonation of chiral, propeller macrobicycles 1a1

and 1b2 by a tenfold excess of hydrochloric, trifluoroace-
tic or tetrafluoroboric acid gave rise to the organic salts
2 in 57–98% yields, as a result of the protonation of the
three nitrogen atoms of the iminophosphorane units
(Scheme 1).3 Notably, the pivotal nitrogen included in
a tribenzyl amine fragment, bearing an electron lone
pair oriented inside the cavity, remained intact in spite
of its basicity being presumed to be greater than that
of the N-aryl iminophosphorane functions. This
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Scheme 1. Synthesis of tris(aminophosphonium) salts 2.
assumption was reasoned on the basis of the respective
pKa values of trialkylamines (e.g., triethylamine, 10.75
in water)4 and N-aryl iminophosphoranes (7.72 for
Ph–N@PPh3 in 76% aqueous EtOH).5 In fact, triethyl-
amine is usually the preferred base for deprotonating
intermediate aminophosphonium salts in the well-
known Kirsanov preparation of N-aryl iminophosphor-
anes from primary aryl amines and tertiary phosphane
dibromides.6

Although protonation of the pivotal nitrogen atom is
thermodynamically favourable, its failure in this case
is not unprecedented, as a number of examples of kineti-
cally slow, inside protonation of bridgehead nitrogen
atoms in cage amines have been reported.7 In fact, such
intracavity proton would not be stabilized by solvent or
counter-anions as apparently they cannot enter inside
the cavity, which is filled by aryl and methylene protons.

The 31P NMR of compounds 2 show only one singlet
close to 30 ppm, which is in the typical range of amino-
phosphonium salts.8 The simplicity of these spectra indi-
cates the presence of a C3 axis, and hence high
symmetry.

On the other hand, the intrinsic helical chirality of these
species, analogous to that of their precursors, is evi-
denced by the anisochronous CH2N and CH2P methyl-
ene protons in their 1H NMR spectra, as well as by
the appearance in their 13C NMR spectra of the ipso,
ortho, meta and para carbons of the PhP rings as two
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Table 1. Relevant 1H NMR chemical shifts of 1a–b and 2a–d

Tris(iminophosphoranes) Tris(aminophosphonium) salts

Comp. d(CH3) d(CH2N) d(CH2P) Comp d(CH3) d(CH2N) d(CH2P)

Heq Hax Heq Hax Heq Hax Heq Hax

1a �0.78 2.94 3.57 3.20 3.97 2a 0.83 3.00 3.25 4.96 4.00
2b 1.12 2.98 3.25 5.03 3.90

1b �0.69 3.45 3.65 3.23 3.95 2c 1.20 3.06 3.65 5.09 3.78
2d 0.57 3.13 3.72 4.24 3.87

Figure 1. Molecular structure of compound 2b: (a) an axial view; (b) a
perspective view as projected along the threefold axis.
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Figure 2. The lower triphosphane fragment of compounds 1b and 2b.
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sets of signals. The comparison of the 1H NMR data of
the tris(iminophosphoranes) 1 and the salts 2 (Table 1)
denote the similarity of chemical shift values between
the methylene CH2N protons of 1 and 2, indicating that
the bridgehead nitrogen was not protonated. By
comparison, when we carried out the protonation of
tris(m-azidobenzyl)amine [d(CH2) = 3.52 ppm], the
immediate precursor of 1,1,2 with hydrochloric acid to
give tris(m-azidobenzyl)ammonium hydrochloride
[d(CH2) = 4.29 ppm] the methylene protons of the later
were deshielded by 0.77 ppm in relation to the amine.

However, remarkable differences between 1 and 2 are
observed in the chemical shift of the protons which are
in the lower triphosphane fragment (CH3 and CH2P
protons in Table 1). For example, the CH3 protons in
the 1H NMR spectrum of 2c appearing at d = 1.20 are
notably shifted downfield (Dd = 1.89 ppm) from those
in 1b (d = �0.69 ppm). Also is considerable the change
in the shift of the pseudoequatorial proton of the CH2P
unit, that appears for example at d 5.09 ppm in com-
pound 2c, 1.86 ppm deshielded with respect to 1b.

Such large differences could be rationalized by an X-ray
crystallographic analysis of compound 2b (Fig. 1).9

Relatively strong hydrogen bonds10 are established
between the NH protons and only one oxygen atom of
the CF3COO� anions placed outside the inner cavity.
Such hydrogen bonds were nonsymmetrical and the sec-
ond oxygen atom of the CF3COO� anions established
short contacts with the pseudoequatorial hydrogens of
the CH2P units. This fact justified the deshielding of
the signal corresponding to these last protons in the
1H NMR spectra of 2. This is a special example of the
steric deshielding effect.11 In Figure 2, a schematic repre-
sentation of the lower triphosphane fragment of neutral
1a and ionic 2b species is presented, remarking these
facts.

Obviously, the conversion N@P! HN–P+ involves the
enlarging of the N–P bond and confers more flexibility
to the bicycle, thus allowing a concerted relaxation in
order to accommodate optimum hydrogen bonds to
CF3COO� and optimum intercalation of these anion
within the grooves of the molecule. Two consequences
of this relaxation are (a) the average angle H2C–P–Ci-
(Phax) changes from 106.5� in 1b to 111.9� in 2b, and
so the average distance CH3� � �centroid(Phax) increases
from 3.784 Å in 1b to 4.255 Å in 2b; and (b) the average
dihedral angle H2C–P–Ci(Phax)–Co(Phax) changes from
60.5� in 1b to 36.6� in 2b. These data indicate a remark-
able difference in the orientation of the pseudoaxial phen-
yl rings, which are ‘facing’ the pivotal CH3 in a lesser
extent in 2b than in 1b, and, consequently, diminishing
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Figure 3. Stabilizing CH� � �p interactions of pivotal CH3 in 1b and 2b.
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the stabilizing CH� � �p interactions and the shielding of
the CH3 protons in the 1H NMR spectra (Fig. 3).

The 1H NMR data of 2b in CDCl3 solution at 298 K
commented above revealed that, probably, the confor-
mation of this compound in solution is similar to that
in the solid state. The rest of salts 2 seem to adopt a tri-
dimensional arrangement close to that of 2b, if we take
into account the similarity of their NMR data.

Iminophosphoranes easily undergo acid-catalyzed
hydrolysis for yielding the respective amines and phos-
phane oxides.12 These processes occur by protonation
on nitrogen giving aminophosphonium salts, followed
by attack of water on phosphorus. It is surprising in this
respect the exceptional stability of aminophosphonium
salts 2 in the presence of water. Thus, they remained
unaltered when submitted to the usual hydrolysis proce-
dure (aqueous THF, 25 �C, 24 h) but also under harsher
conditions (reflux, 48 h).

Finally, the treatment of the tris(aminophosphonium)
salt 2a with an excess of triethylamine in benzene at re-
flux temperature achieved the triple deprotonation
reverting it to the original tris(iminophosphorane) 1a.
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(0.5 mmol) in dichloromethane (10 mL). The mixture was
stirred for 12 h. The precipitated solid was filtered, washed
with cold dichloromethane (3 · 5 mL), dried under vac-
uum and recrystallized.
Tris(aminophosphonium) trichloride 2a: Yield: 87%; mp
259–260 �C (colorless prisms from chloroform); 1H NMR
(300 MHz, CDCl3): d = 0.83 (s, 3H; CH3), 3.00 (d,
J(H,H) = 12.6 Hz, 3H; CHAHBN), 3.25 (d, J(H,H) =
12.6 Hz, 3H; CHAHBN), 4.00 (pseudo t, J(H,H)(H,P) =
15.5 Hz, 3H; CHAHBP), 4.96 (m, 3H; CHAHBP), 6.42 (s,
3H; Harom), 6.80 (d, J(H,H) = 6.3 Hz, 3H; Harom), 7.26–
7.41 (m, 11H; Harom), 7.63–7.78 (m, 16H; Harom), 8.12 (br
s, 3H; Harom), 8.98–9.02 (m, 6H; Harom), 11.99 (br s, 3H;
NH); 13C{1H} NMR (75.4 MHz, CDCl3): d = 28.51
(CH3C), 36.59 (m; CH2P), 43.46 (q, 2J(C,P) = 3.2 Hz;
CH3C), 57.31 (CH2N), 119.17 (d, 1J(C,P) = 105.0 Hz; iC–
PhP), 120.37 (d, 3J(C,P) = 5.2 Hz; s-cis-CH@C–N@P),
122.01 (d, 1J(C,P) = 112.3 Hz; iC–PhP), 122.72 (d,
3J(C,P) = 12.2 Hz; s-trans-CH@C–N@P), 124.32, 129.85
(d, 3J(C,P) = 13.3 Hz; mC–PhP), 129.93 (d, 3J(C,P) =
13.9 Hz; mC–PhP), 130.15, 132.52 (d, 2J(C,P) = 10.4 Hz;
oC–PhP), 133.70 (d, 2J(C,P) = 12.7 Hz; oC–PhP), 134.17
(br s; pC–PhP), 134.98 (br s; pC–PhP), 139.05 (q), 141.56
(q); 31P{1H} NMR (121.4 MHz, CDCl3): d = 30.71; IR
(Nujol): m = 3388 (NH), 1470 (CP), 1118 (NP) cm�1; MS
(FAB+): m/z (%) = 951 (100) [M+�3Cl]; C62H60Cl3N4P3

(1060.45): Calcd C, 70.22; H, 5.70; N, 5.28; found C,
70.13; H, 5.56; N, 5.17.
Tris(aminophosphonium) tris(trifluoroacetate) 2b: Yield:
85%; mp 258–259 �C (colorless prisms from chloroform/n-
pentane); 1H NMR (300 MHz, CDCl3): d = 1.12 (s, 3H;
CH3), 2.98 (d, J(H,H) = 12.6 Hz, 3H; CHAHBN), 3.25 (d,
J(H,H) = 12.6 Hz, 3H; CHAHBN), 3.90 (pseudo t,
J(H,H),(H,P) = 15.5 Hz, 3H; CHAHBP), 5.03 (pseudo
quint, J(H,H),(H,P) = 8.0 Hz, 3H; CHAHBP), 6.36 (s,
3H; Harom), 6.79 (d, J(H,H) = 7.3 Hz, 3H; Harom), 7.25–
7.32 (m, 9H; Harom), 7.41–7.66 (m, 18H; Harom), 7.96 (d,
J(H,H) = 8.4 Hz, 3H; Harom), 8.51 (dd, J(H,H) = 13.9,
7.3 Hz, 6H; Harom), 11.91 (br s, 3H; NH); 13C{1H} NMR
(75.4 MHz, CDCl3): d = 28.67 (CH3C), 35.91 (ddd,
1J(C,P) = 55.7 Hz, 3J(C,P) = 13.1, 6.0 Hz; CH2P), 43.13
(q, 2J(C,P) = 6.4 Hz; CH3C), 56.99 (CH2N), 119.38 (d,
1J(C,P) = 140.4 Hz; iC–PhP), 119.52 (d, 3J(C,P) = 4.5 Hz;
s-cis-CH@C–N@P), 120.74 (d, 1J(C,P) = 105.5 Hz; iC–
PhP), 121.00 (q, 1J(C,F) = 309.7 Hz; CF3), 122.12 (d,
3J(C,P) = 11.1 Hz; s-trans-CH@C–N@P), 124.49, 129.81
(d, 3J(C,P) = 13.3 Hz; mC–PhP), 129.88 (d, 3J(C,P) =
13.9 Hz; mC–PhP), 130.37, 131.50 (d, 2J(C,P) = 10.7 Hz;
oC–PhP), 132.44 (d, 2J(C,P) = 12.4 Hz; oC–PhP), 134.18
(d, 4J(C,P) = 2.2 Hz; pC–PhP), 135.21 (d, 4J(C,P) =
2.6 Hz; pC–PhP), 139.23 (q), 141.60 (q), 161.77 (q,
2J(C,F) = 35.0 Hz; CO); 31P{1H} NMR (121.4 MHz,
CDCl3): d = 30.45; IR (Nujol): m = 3459 (NH), 1465
(CP), 1117 (NP) cm�1; MS (FAB+): m/z (%) = 951 (100)
[M+�3CF3CO2]; C68H60F9N4O6P3 (1293.13): Calcd C,
63.16; H, 4.68; N, 4.33; found C, 63.05; H, 4.78; N, 4.46.
Tris(aminophosphonium) tris(trifluoroacetate) 2c: Yield:
57%; mp >350 �C(colorless prisms from chloroform/
diethyl ether); 1H NMR (300 MHz, CDCl3): d = 1.20 (s,
3H; CH3), 3.06 (d, J(H,H) = 13.4 Hz, 3H; CHAHBN), 3.65
(d, J(H,H) = 13.4 Hz, 3H; CHAHBN), 3.78 (pseudo t,
J(H,H),(H,P) = 16.2 Hz, 3H; CHAHBP), 5.09 (pseudo
quint, J(H,H),(H,P) = 6.9 Hz, 3H; CHAHBP), 6.42 (d,
J(H,H) = 2.7 Hz, 3H; Harom), 7.29–7.36 (m, 6H; Harom),
7.47–7.60 (m, 18H; Harom), 7.66–7.69 (m, 3H; Harom), 7.86
(dd, J(H,H) = 8.7, 2.7 Hz, 3H; Harom), 8.45 (dd, J(H,H) =
14.3, 7.4 Hz, 6H; Harom), the resonance of the NH is not
observed; 13C{1H} NMR (75.4 MHz, CDCl3): d = 30.42
(CH3C), 35.81 (m; CH2P), 43.19 (q, 2J(C,P) = 5.0 Hz;
CH3C), 55.70 (CH2N), 118.90 (d, 1J(C,P) = 121.8 Hz; iC–
PhP), 119.01, 120.39 (q, 1J(C,F) = 285.5 Hz; CF3), 120.41
(d, 1J(C,P) = 105.8 Hz; iC–PhP), 121.12 (d, 3J(C,P) =
1.0 Hz; s-cis-CH@C–N@P), 123.80 (d, 3J(C,P) = 11.0 Hz;
s-trans-CH@C–N@P), 130.03 (d, 3J(C,P) = 14.5 Hz; mC–
PhP), 130.05 (d, 3J(C,P) = 12.3 Hz; mC–PhP), 131.30 (d,
2J(C,P) = 10.4 Hz; oC–PhP), 132.34 (d, 2J(C,P) = 12.2 Hz;
oC–PhP), 134.68, 134.70 (br s, pC–PhP), 135.51 (br s, pC–
PhP), 138.42 (q), 139.93 (q), 161.54 (q, 2J(C,F) = 36.6 Hz,
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CO); 31P{1H} NMR (121.4 MHz, CDCl3): d = 30.09; IR
(Nujol): m = 3411 (NH), 1463 (CP), 1116 (NP) cm�1; MS
(FAB+): m/z (%) = 1191 (42) [M++4�3CF3CO2], 1189
(100) [M++2�3CF3CO2], 1188 (66) [M++1�3CF3CO2],
1187 (93) [M+�3CF3CO2]; C68H57Br3F9N4O6P3

(1529.82): Calcd C, 53.39; H, 3.76; N, 3.66; found C,
53.25; H, 3.66; N, 3.53.
Tris(aminophosphonium) tris(tetrafluoroborate) 2d: Yield:
98%; mp >350 �C (colorless prisms from chloroform/n-
hexane); 1H NMR (300 MHz, CDCl3): d = 0.57 (s, 3H;
CH3), 3.13 (d, J(H,H) = 13.4 Hz, 3H; CHAHBN), 3.72 (d,
J(H,H) = 13.4 Hz, 3H; CHAHBN), 3.87 (pseudo t,
J(H,H),(H,P) = 15.7 Hz, 3H; CHAHBP), 4.24 (pseudo
quint, J(H,H),(H,P) = 8.1 Hz, 3H; CHAHBP), 6.43 (d,
J(H,H) = 2.6 Hz, 3H; Harom), 7.44–7.51 (m, 12H; Harom),
7.61–7.73 (m, 18H; Harom), 8.20–8.28 (m, 6H; Harom), 8.34
(d, 2J(H,P) = 10.5 Hz, 3H; NH); 13C{1H} NMR
(75.4 MHz, CDCl3): d = 28.65 (CH3C), 36.03 (m; CH2P),
41.20 (q, 2J(C,P) = 5.8 Hz; CH3C), 55.90 (CH2N), 116.93
(d, 1J(C,P) = 100.8 Hz; iC–PhP), 119.28 (d, 1J(C,P) =
100.7 Hz; iC–PhP), 119.47, 119.89 (d, 3J(C,P) = 3.3 Hz;
s-cis-CH@C–N@P), 122.99 (d, 3J(C,P) = 9.9 Hz; s-trans-
CH@C–N@P), 130.57 (d, 3J(C,P) = 13.6 Hz; mC–PhP),
130.93 (d, 3J(C,P) = 14.3 Hz; mC–PhP), 131.63 (d,
2J(C,P) = 11.2 Hz; oC–PhP), 131.88 (d, 2J(C,P) =
13.9 Hz; oC–PhP), 135.19 (d, 4J(C,P) = 1.3 Hz), 135.31
(d, 4J(C,P) = 2.5 Hz; pC–PhP), 135.76 (d, 4J(C,P) =
2.8 Hz; pC–PhP), 137.12 (q), 140.15 (q); 31P{1H} NMR
(121.4 MHz, CDCl3): d = 31.83; IR (Nujol): m = 3180
(NH), 1489 (CP), 1115 (NP) cm�1; MS (FAB+): m/z
(%) = 1191 (89) [M++4�3BF4], 1189 (100) [M++2�
3BF4], 1187 (62) [M+�3BF4]; C62H57B3Br3F12N4P3

(1451.19): Calcd C, 51.31; H, 3.96; N, 3.86; found C,
51.42; H, 3.84; N, 3.81.
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Koppel, I. A. J. Org. Chem. 2002, 67, 1873.
5. Laynez, J.; Menéndez, M.; Saiz Velasco, J. L.; Llamas-
Saiz, A. L.; Foces-Foces, C.; Elguero, J.; Molina, P.;
Alajarı́n, M.; Vidal, A. J. Chem. Soc., Perkin Trans. 2
1993, 709.

6. (a) Johnson, A. W.; Kaska, W. C.; Ostoja-Starzewski, K.
A.; Dixon, D. A. Ylides and Imines of Phosphorus; John
Wiley and Sons: New York, 1993; pp 403–483; (b) Horner,
L.; Oediger, H. Liebigs Ann. Chem. 1959, 627, 142.

7. (a) Simmons, H. E.; Park, C. H. J. Am. Chem. Soc. 1968,
90, 2428; (b) Simmons, H. E.; Park, C. H. J. Am. Chem.
Soc. 1968, 90, 2429; (c) Park, C. H.; Simmons, H. E. J.
Am. Chem. Soc. 1968, 90, 2431; (d) Smith, P. B.; Dye, J.
L.; Cheney, J.; Lehn, J. M. J. Am. Chem. Soc. 1981, 103,
6044; (e) Ilioudis, C. A.; Bearpark, M. J.; Steed, J. W. New
J. Chem. 2005, 29, 64.

8. Teddy, J. C. Handbook of Phosphorus-31 Nuclear Mag-
netic Resonance Data; CRC Press: Boca Raton, 1992.

9. Crystal data for 2b: Empirical formula, C69H60F9N4O6P3

(+148.75 e� as solvent); formula weight, 1453.87; unco-
loured, rectangular crystals; crystal size 0.40 · 0.20 ·
0.20 mm3; triclinic; a = 13.000(16) Å, b = 21.559(2) Å,
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