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studied previously5 is that in the latter case a tertiary base (Et3N 
or DABCO) is required for transformation to the a complex to 
be effective; formation of the zwitterionic intermediate is suffi
ciently disfavored such that the overall process with aniline alone 
does not occur. This contrasting behavior reflects the greater 
stability of <x complexes in the 4,6-dinitrobenzofuroxan system.9 

Following the characterization of complexes 6, 8, and 9, it 
became of interest to determine whether a a complex containing 
both carbon- and nitrogen-bonding functions could be prepared. 
In fact, we found that the diadduct 10 can easily be prepared by 

addition of 4 to a (CD3J2SO solution of 8, followed by 2 equiv 
of Et3N. The NMR spectrum of the product is completely in 
accord with the structural formulation in 10.6 

We intend to further investigate the reactions of aromatic 
amines with various nitroaromatic compounds in order to attempt 
to delineate the structural/electronic factors with respect to the 
nucleophile and electrophile on ambident reactivity in such sys
tems. 
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As part of our interest in gas-phase hydride-transfer reactions1 

we recently observed H3O" formed by oxidation of formaldehyde 
by OH".2 Deuterium-labeling experiments have shown that the 
structure of the H3O" ion can best be desribed as a hydride ion 
solvated by a water molecule, in agreement with recent ab initio 
molecular orbital calculations at the 4-31++G level.3 Equation 
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Figure 1. FT ICR spectrum of an ND2-/ND3/CH20 system. Experi
mental conditions: P(ND3) = 70 n?&, P(CH2O) = 30 jjPa, magnetic field 
strength 1.4 T, electron energy 4.5 eV, emission current 800 nA. The 
spectrum is taken at a trapping time of 150 ms (i.e., 150 ms after the 
electron beam pulse started), 2350 transients accumulated. The ex
panded graph on top shows the mass region from m/z 19 to 22. The OH" 
and OD" ions observed are due to background water but do not interfere 
with the measurements as can be seen from the low abundance of the 
H2DO" ions. 

1 rationalizes the formation of this species via a two-step process 
in the collision complex.2 The first step is proton transfer from 

OH" + CH2O ^ [OH"-CH20]* <=* [H2O-HCO"]* ^ 
a 

[H"-H20-CO]* — H"-H20 + CO (1) 

formaldehyde to OH", but the resulting complex a does not dis
sociate, because water is more acidic than formaldehyde.4 The 
second step is transfer of a hydride from HCO" to water, resulting 
in H3O" and CO. 

The observation of H3O"5 raises the question whether NH4" 
can also be generated as a stable species in the gas phase. The 
reaction between NH2" and formaldehyde has been examined 
earlier by drift cell ion cyclotron resonance spectrometry,4 but 
no ion corresponding to NH4" has been reported. However, under 
the improved experimental conditions of our Fourier transform 
ion cyclotron resonance (FTICR) spectrometer6,7 we have been 
able to observe ions at m/z 18. Although our instrument does 
not yet have the capability of performing high-resolution exper
iments, the mass of these ions can be measured with sufficient 
accuracy: 18.0350 ± 0.0037 daltons (exact mass of NH4" is 
18.0344 daltons). Support for the formation of NH4" is derived 
from the observation that ions at m/z 19 are formed if 15NH3 is 
used.8 The mass of these ions is measured to be 19.0316 ± 0.0041 
daltons (exact mass of 15NH4" is 19.0314 daltons). This clearly 
shows that NH4" is a stable species in the gas phase. 

The mechanism of formation of NH4" appears to be different 
from that of H3O" (see eq 1) in the following sense: the proton 
abstraction from formaldehyde by NH2", which is a stronger base 
than OH", is now exothermic and results in the formation of HCO" 
ions (eq 2).4 Ejection of these HCO" ions9 results in removal 
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NH,- + CH2O — NH3 + HCO -

m/z 16 m/z29 

HCO" + NH3 -» CO + NH4-
m/z 18 

(2) 

(3) 

of the NH4" ions, which indicates that in a subsequent ion/ 
molecule reaction a hydride is transferred from HCO" to am
monia10 (eq 3). This is further supported by the observation that 
in the ND 2

- /ND 3 /CH 2 0 system mainly ND3H" is formed (eq 
4; see Figure 1). The ND2H2" ion observed is due to incomplete 

HCO" + ND3 — CO + ND3H" (4) 
m/z 21 

labeling of the ND3 used rather than to the occurrence of a 
reaction analogous to the one that forms H3O" (eq 1). In 

ND2 + CH2O 

m/z 18 

[ND2-CH2O] 

[ND2H-HCO ] — 

ND2H + HCO 

m/z 29 
(5a) 

// • ND2H2" + CO (5b) 

m/z 20 

agreement with this, NH3D - is formed exclusively in the 
NH 2

- /NH 3 /CD 2 0 system." 
Information concerning the structure of the NH 4

- ion can be 
derived from its reaction with formaldehyde: 

NH4" + CH2O — NH3 + CH3O" (6) 
m/z 18 m/z 31 

The ND3H" ion is observed to transfer only a hydride ion, not 
a deuteride ion, to formaldehyde (eq 7). This is shown by ejection 

ND3H" + CH2O 

m/z 21 

ND3 + CH3O 

m/z 31 
-#—• ND2H + CH2DO" 

m/z 32 

(7a) 

(7b) 

of the ND3H" ions, which results in a partial decrease of the 
abundance of the CH3O" ions.12 Conversely, the NH3D" ion only 
transfers the D" ion to formaldehyde. 

These observations show that the hydrogen and deuterium 
atoms in the ND3H" and NH3D" ions do not become equivalent. 
The observed ions can therefore best be described as a hydride 
ion solvated by an ammonia molecule: H--NH3. This is in 
agreement with recent ab initio molecular orbital calculations at 
the 4-31++G level on NH4", which indicate that the H--NH3 

structure is more stable than the H2-NH2
- structure3. 

It is possible to bracket the heat of formation of NH4" on the 
basis of the observed reactions. An upper limit of about +85 
kJ-mol"1 can be calculated from eq 3,13'14 and a lower limit of-80 
kJ-mol-1 can be derived from eq 6.13,15 The calculated3 heat of 
formation of the H --NH3 structure is about +85 kJ-mol"1, in 
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agreement with the present experiments. 
The HCO - ion has been observed to transfer a hydride ion to 

methylamine and ethylamine as well (eq 8). No hydride transfer 

HCO - + RNH2 — CO + RNH3
-

R = H, CH3, C2H5 

(8) 

to dimethylamine has been observed, probably due to the com
petition of a fast proton-transfer reaction leading to (CH3)2N-. 
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Most chemical transformations involve the making and breaking 
of more than one bond, and the question of the timing of these 
events arises frequently. We report here a possible solution to 
this problem, in which the isotopic fractionation at one site (e.g., 
the bond-making site) is measured as a function of the isotope 
at the other (e.g., the bond-breaking site). This approach, a 
"double fractionation" experiment, can be used not only to test 
for concertedness but also to discover whether the isotopically 
sensitive transition state(s) are fully rate determining. The ex
periment is general, provided that substitution at one site (e.g., 
of D for H) can be specified while the fractionation at the other 
site (e.g., of H vs. D, 12C vs. 13C, or 16O vs. 18O) is measured. 

We illustrate the method with the enzyme proline racemase,1 

which proceeds by a "two-base" mechanism (Figures 1 and 2).2 

From experiments with D - [ 2 - 2 H ] - and L-[2-2H]proline,2'3 it is 
known that the transition state(s) for substrate interconversion 
involve kinetically significant proton motion at both protonic sites 
and that both protons are sequestered on their sites until the proline 
is released.4 Let us first assume that the reaction is stepwise 
(Figure 1). In the first step the C-2 proton of D-proline (H") is 
abstracted to give a carbanionic intermediate, and in the second 
step L-proline is formed by delivery of a solvent-derived proton 
(H') to this carbanion. If the reaction is run in mixed H2O-D2O 
then because transition-state 2 is kinetically significant, there will 
be discrimination against deuterium, and the product L-proline 
will have a lower deuterium content than the solvent. The product 
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