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Over the past several decades there has been considerable
interest in developing receptors for NH4

�. Such receptors are
desirable as sensors in clinical analysis and in environmental
chemistry.[1] For example, concentrations of urea or creatinine
in biological samples can be determined indirectly by
measuring the amount of NH4

� released upon enzyme-
catalyzed hydrolysis of the substrates. These receptors are
also useful for determining the concentrations of NH4

� or
ammonia in drinking water and in the air. One of the most
effective NH4

� receptors is nonactin (1), a natural antibiotic
agent that is currently used commercially in ion-selective
electrodes (ISE).[1, 2] However, a serious drawback of nonactin
is that it binds only about ten times more tightly to NH4

� than
to K�. Similarly, crown ethers show little or no selectivity for
binding NH4

� over K�.[3] Here we report a rationally designed
receptor (2) that is highly selective for binding NH4

� over K�.
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The main reason why it has been difficult to design
receptors that are highly selective for binding NH4

� over K�

is that the sizes of the two monocations are closely matched.
However, NH4

� and K� are clearly distinct in terms of their
symmetry. K� has a closed valence electron shell with
spherical symmetry and prefers ionic bonds with coordination
numbers of six or more. In contrast, NH4

� has tetrahedral
symmetry and allows four specifically positioned hydrogen
bonds in addition to ionic interactions. Our goal was thus to
develop a receptor with lone pair electrons that are rigidly
held at the correct geometry for binding NH4

� by hydrogen
bonds.[4] We avoided additional functional groups that may
stabilize NH4

� by dipole interactions since these groups may
lower the selectivity.

Molecular mechanics computation[5] showed that the three
imine nitrogen atoms in 2 are ideally positioned for hydrogen
bonding to NH4

� with NR ´´´ NA distances of about 3 � and
NR ´´´ NA ´´ ´ NR angles of about 1108 (where NR represents a
receptor imine nitrogen atom, and NA represents the NH4

�

nitrogen atom). Whereas this expected bite is perfect for
NH4

�, the bite angle (1108) is too wide to favor higher
coordination numbers for metal ions like K�, and the bite
distance (3 �) is too long for metal ions with a smaller
radius.[6] The three ethyl groups in 2 are expected to assist in
directing the three pyrazole rings to the same side of the
benzene ring by steric interactions (forming ababab struc-
tures).[7] The three methyl groups in the 5-position of the
pyrazole rings were intended to converge the imine nitrogen
atoms for binding NH4

�, and the three methyl groups in the
3-position of the pyrazole rings were intended to block ligands
from coordinating to K�.

Figures 1 and 2 show the crystal structures of 2 and its NH4 ´
PF6 complex (3), respectively.[8] The structure of 2 reveals that
the three pyrazole groups are not all on the same side of the
benzene ring. Consistent with the solid-state structure, low-
temperature 1H NMR spectra of 2 in CD2Cl2 reveal that the
receptor lacks C3 symmetry in solution.[9] It may be that the
repulsion between the three lone pair electrons on the
pyrazole imine nitrogen atoms prevents the formation of the
above-mentioned ababab structure. However, all three pyr-
azoles of 3 are on the same side of the benzene rings and are
hydrogen bonded to NH4

� as predicted. Additionally the
counterion (PF6

ÿ) is located close to the NH4
� ion with a

NA ´´ ´ F6 distance of about 3.0 �. The NR ´´ ´ NA distances

Figure 1. The structure of 2 in the solid state. The asymmetric unit contains
two independent molecules with enantiomeric conformations that are
related by near noncrystallographic inversion symmetry. Only one of them
is depicted.

Figure 2. a) Side and b) top views of 3 in the solid state. Except for the four
NH4

� hydrogen atoms that have been located in the differential Fourier
density map and refined without constraints, hydrogen atoms have been
omitted for clarity. In (b) the PF6

ÿ ion has been omitted. Selected
interatomic distances [�] and angles [8]: N2 ´´´ N7 2.949(4), N4 ´´´ N7
3.001(4), N6 ´´´ N7 3.053(4), P6 ´´ ´ N7 3.031(4); N2-N7-N4 125.2(3), N2-
N7-N6 105.8(1), N4-N7-N6 111.9(1).

range from 2.95 � to 3.05 � for 3, typical of hydrogen bonded
N-H-N units.[10] The value of the NR ´´´ NA ´´´ NR angles range
from 1058 to 1258 for 3, in good agreement with molecular
modeling. It is evident from the crystal structures that the
match between the NH4

� and the receptors is excellent with
no major deformations (Figure 1).[11]

Figure 3 shows that an ISE based on receptor 2 is highly
selective for binding NH4

� over K� (lg KNH4
�/K� �ÿ2.6).[12] In

reasonable agreement with this data, the equilibrium constant
for binding of the NH4

� to 2 (1.4� 106mÿ1) as determined by
the extraction method[3] is over two orders of magnitude
greater than that for binding of K� to 2 (8.8� 103mÿ1). The
selectivity of the electrode for binding NH4

� over Na� is even
greater (lg KNH4

�/Na��ÿ2.8).[13] By comparison, a nonactin-
based ISE, prepared the same way as the 2-based ISE, is only
about ten times more selective for binding NH4

� over K�

(lg KNH4
�/K� �ÿ1.0 and lg KNH4

�/Na��ÿ2.6).[14]

Experimental Section

2 : 3,5-Dimethyl pyrazole is dissolved in THF, deprotonated with solid NaH,
and allowed to react with 1,3,5-tris(bromomethyl)-2,4,6-triethylbenzene.[15]

The mixture is poured into water, and extracted with CHCl3. The organic
phase is washed with aqueous NaOH and evaporated, and the residue is
recrystallized from ethanol to give 2 as colorless crystals in 73 % yield.
Elemental analysis calcd for C30H42N6: C 74.03, H 8.70, N 17.27; found: C
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Figure 3. Responses of ISEs to NH4
�, Na� and K�. a) ISE based on 1.

b) ISE based on 2.

73.79, H 8.71, N 17.04; 1H NMR (CDCl3, 300 MHz): d� 0.86 (9H, t, Me),
2.14 (9H, s, Me), 2.15 (9H, s, Me), 2.77 (6 H, q, CH2), 5.18 (6H, s, CH2), 5.76
(3H, s, pyrazol-4-yl-H); 13C NMR (CDCl3, 75 MHz): d� 11.85, 13.75,
15.09, 24.12, 47.59, 106.03, 130.83, 139.85, 145.62, 147.38.

3 : Colorless crystals of [2 ´ NH4]PF6 (3) were obtained by recrystallizing
stoichiometric amounts of 2 and NH4PF6 from hot ethanol in 70% yield.
Elemental analysis calcd for C30H46F6N7P: C 55.46, H 7.14, N 15.09; found:
C 55.83, H 7.26, N 15.29; 1H NMR (CDCl3, 300 MHz): d� 1.11 (9H, t, Me),
2.11 (9H, s, Me), 2.38 (9H, s, Me), 2.47 (6 H, q, CH2), 5.05 (6H, s, CH2), 5.85
(3H, s, pyrazol-4-yl-H), 6.79 (3 or 4H, somewhat broad, NH4).
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The Sting of the Scorpion:
A Metallaboratrane**
Anthony F. Hill,* Gareth R. Owen,
Andrew J. P. White, and David J. Williams

Bis(azolyl)borate chelates are often referred to as ªscorpi-
onatesº because their coordination geometry can place a
hydrogen substituent on boron in close proximity to a metal
center constrained within the claws.[1] This arrangement leads
in some cases to agostic interactions, however to date none of
these situations have involved direct formation of a metal ±
boron bond (BÿH oxidative addition). By extending this
conceptual arthropomorphism and in deference to the para-
ble, we confirm that it is indeed ªin the nature of the scorpion
to stingº. Herein we report the first example of a poly(azo-
lyl)borate ligand that undergoes BÿH activation (stinging) at
one metal center to provide the unprecedented metallabor-
atrane structural motif (A), akin to the more familiar
boratrane cages (B).[2]

We have previously described the chemistry of the isoelec-
tronic s-organyl complexes [Ru(R)(CO){HB(pz)3}(PPh3)] (1,
pz� pyrazol-1-yl; R� vinyl, aryl),[3] and [Ru(R)(CO)(PPh3)-
([9]aneS3)]� (2, [9]aneS3� 1,4,7-trithiacyclononane),[4] which
feature facially tridentate triaza-scorpionate or trithia macro-
cyclic coligands. The recent report of the new ligand
ªHB(mt)3º (mt� 2-sulfanyl-1-methylimidazole)[5] suggested
to us that the complexes [Ru(R)(CO)(PPh3){HB(mt)3}] (3)

should be readily accessible, and that the HB(mt)3 ligand in
such complexes would effectively serve as a hybrid of the
HB(pz)3 and [9]aneS3 ligands. In our initial attempts to
prepare the complexes 3 we have encountered an unprece-
dented class of reaction for tris(azolyl)borates, namely the
intramolecular activation of the bridgehead BÿH bond to
provide the first example 4 of a metallaboratrane.

The treatment of the complex [Ru(CH�CHCPh2OH)Cl-
(CO)(PPh3)2][6] with Na[HB(mt)3] (dichloromethane, room
temperature) provides high yields of the novel ruthenabora-
trane complex [Ru{B(mt)3}(CO)(PPh3)] (4, Scheme 1). The

Scheme 1. Synthesis of 4. R�CH�CH2, CH�CHCPh2OH, CH�CH(4-
MeC6H4), C6H5.

formulation of the yellow complex follows from spectroscopic
data and was confirmed by a crystallographic study.[7] The
gross composition is reflected in the positive-ion FAB mass
spectrum, which includes a molecular ion as the base peak and
fragmentations arising from the loss of the carbonyl and
phosphane ligands. One singlet resonance (d� 17.1) is ob-
served for the bridgehead boron atom in the 11B NMR
spectrum. The 1H NMR and 13C{1H} NMR spectra are solvent
dependent: Thus in CDCl3 a static structure is suggested by
the appearance of sharp peaks arising from two mt environ-
ments. However, the operation of a fluxional process is
apparent in C6D6 at room temperature. The infrared spectrum
reveals one carbonyl absorption at nÄ � 1888 cmÿ1 (Nujol), a
frequency which is suggestive of zero-valent ruthenium (see
below).

The structure of the complex 4, as revealed from an X-ray
diffraction study, is shown in Figure 1.[7] The ruthenium atom
adopts a distorted octahedral coordination despite the con-
straints of bis-chelation, with cis-interligand angles in the
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1996, 282 ± 283, J. Chem. Res. (M) 1996, 1601 ± 1618.

[*] Dr. A. F. Hill, G. R. Owen, Dr. A. J. P. White, Prof. D. J. Williams
Department of Chemistry
Imperial College of Science, Technology, and Medicine
South Kensington, London SW7 2AY (UK)
Fax: (�44) 171-5945804
E-mail : a.hill@ic.ac.uk

[**] Poly(azolyl)chelate Chemistry, Part 9. A.F.H. gratefully acknowledges
the award of a Senior Research fellowship from The Leverhulme
Trust and The Royal Society. Ruthenium salts were generously
provided by Johnson Matthey Chemicals Ltd. ± Part 8: A. F. Hill,
A. J. P. White, D. J. Williams, J. D. E. T. Wilton-Ely, Organometallics
1998, 17, 4249.


