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The gas-phase reactivity of CH3NHOCH3 (N,O-dimethylhydroxylamine, DHA) and NH20CH3 (0- 
methylhydroxylamine, MHA) toward a series of anionic bases has been studied using the method 
of Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry. Both DHA and MHA 
undergo a competing proton abstraction from and nucleophilic substitution reaction on the nitrogen 
atom. The competition between these processes is governed by the strength of the base used. 
Unexpectedly, the nucleophilic attack on the nitrogen atom leading to the substitution of the methoxy 
group is found to be a relatively facile process. This is especially evident in the substitution reactions 
with 0-methylhydroxylamine, NH20CH3, where the formation of methoxide ions is much more 
efficient than in the highly inefficient substitution reactions of dimethyl ether, CH30CH3. Apparently, 
substitution reactions on the nitrogen atom do not suffer from a very unfavorable activation barrier 
which is assumed to hamper nucleophilic substitution reactions on carbon atoms in the gas phase. 
This seems to be supported by high-level density-functional (DF) calculations which indicate that 
the nucleophilic substitution reactions on the nitrogen atom proceed via an entropically favored less 
tight, SNl-like transition state. However, in the reactions of N,O-dimethylhydroxylamine, CH3- 
NHOCH3, the proton abstraction and substitution processes unfavorably compete with a base- 
induced imine-forming 1,a-elimination. The efficiency of the imine-forming elimination reactions 
of CH3NHOCH3 can be compared favorably with the efficiency of base-induced alkene-forming 
1,a-elimination reactions of corresponding simple ethers such as CH3CH20C2H5. 

Introduction 
Base-induced alkene-forming 1,a-elimination reactions 

(eq 1) constitute one of the basic types of reaction in organic 
chemistry.’ Since 1927, when Ingold2s3 introduced the 

B- + HCBR,CaR2L - BH + CR,=CR, + L- (1) 

concept of “base-promoted olefine-forming elimination 
reactions”, many experimental investigations have been 
performed on this class of reactions in the condensed 
phaseP13 as well as in the gas phase.lk23 Considerable 
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experience has been gathered concerning the parameters 
which determine the reaction rates, the product distri- 
bution, and the stereochemistry. The nature of base- 
induced alkene-forming 1,a-elimination reactions is now 
well understood and interpreted in terms of the concept 
of the variable transition state (VTS).’V~~ In this concept, 
reactions are classified according to the geometry of the 
transition state (TS), which is conceived as being located 
at  one point in a continuous spectrum of mechanistic 
poseibilities. The VTS theory comprises the Bunnet E2H- 
spectrum,9Jo i.e., Elcb(-like), synchronous E2, and El(- 
like) eliminations involving linear protdn transfer, as well 
as the Winstein-Parker E2H-E2C-spectruml1-l3 in which 
bent proton transfer may occur with a certain degree of 
base/Ca covalent interaction. Furthermore, stereoelec- 
tronic arguments account for the preference of TS 
structures in which the base and the leaving group are 
anti- or syn-periplanar.2”27 

In contrast, base-induced heteroalkene-forming 1,2- 
eliminations have received little attention both in 
c o n d e n ~ e d ~ ~ 3 ~  and in g a s - ~ h a s e ~ ” ~  mechanistic studies, 
although in synthetic organic chemistry they represent an 
important tool to introduce a ?r-bond between a carbon 
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Imine-Forming 1,a-Elimination Reactions 

and a heteroatom or between two heteroatoms.2a33 As an 
exception, the base-induced imine-forming 1,Pelimination 
reaction (eq 2) has been investigated extensively in the 
condensed phase during the past d e ~ a d e . 3 ~ ~ ~  Extensive 
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B- + HCaR2NaRL - BH + CR2=NR + L- (2) 

studies have been performed on base-induced imine- 
forming l,2-eliminations of N-chloroamines in the con- 
densed ~hase .4~  These studies provide convincing evidence 
that these imine-forming 1,2-elimination reactions are of 
E2 type. For example, alkoxide-induced imine-forming 
1,2-elimination reactions of N-chloro-N-methylbenzy- 
lamines exhibit overall second-order kinetics. Hammett 
studies indicate that the electron density increases at  the 
&carbon in going to the transition state (TS). Further- 
more, stretching of the Ca-H and Na-L bonds in the 
activated complex is revealed by a considerable primary 
kinetic H/D isotope and a large leaving group element 
effect, r e s p e c t i ~ e l y . ~ ~ ? ~ ~  

However, there are some significant differences between 
imine- and alkene-forming 1,a-elimination reactions. In 
the former, a C-N *-bond is formed which is ca. 10 kcal/ 
mo124,44 stronger than the C-C *-bond which results from 
the latter. Furthermore, the N-L single bond which has 
to be broken is about 31 kcal/mol (L = Cl)24344 weaker than 
the C-L single bond. As a result, base-induced imine- 
forming 1,2-eliminations are considerably more exothermic 
and have a lower activation enthalpy (AH') than their 
alkene-forming analogues (the AS* values are compara- 
ble).43 Consequently, the reaction rate constants for the 
imine-forming eliminations of N-chloroamines are found 
to be a factor of about lo4 higher than the alkene-forming 
eliminations of the corresponding c h l ~ r o a l k a n e s . ~ ~ ~ ~ ~  

On the basis of the results from Hammett studies it is 
suggested that the E2 transition state is shifted from Elcb- 
like for alkene-forming eliminations toward a more central 
E2 for analogous imine-forming eliminations. 

In the present study the feasibility of gas-phase base- 
induced imine-forming 1,2-eliminations in comparison 
with competing substitution processes has been explored. 
To this end the reactivity of N,O-dimethylhydroxylamine 
(DHA) and 0-methylhydroxylamine (MHA) toward a 
series of anionic bases has been studied as a function of 
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Table I. Primary Product Anion Distribution8 (%) and 
Overall Second-Order Rate Constants, k(B-) (10-9 cm3 s-1 

molecule-'), for Reactions of B- with 
N,ODimethylhydroxylamine (DHA) 

product anion distribn" 
B- k(B-) (DHA - H)- CH30- [CH30-, HB] C H y N -  

NH2- 2.9 & 0.4b 11 56 33 
CsH5- c 17 49 34 
OH- 3.9 f 1.4b 9 72 19 
CH30- C 100 
C2H50- c 100 
F- C 96 4 
CN- 0.0 
c1-, 0.0 

a See eq 3a-f. b Deviation from average over two independent 
experiments. c Rate constant determination complicated (see Ex- 
perimental Section). 

the strength of the base, under the low-pressure conditions 
of a Fourier transform ion cyclotron resonance (FT-ICR) 
mass spectrometer where association of solvent molecules 
and/or counter ions is a ~ o i d e d . ~ ~ ~ ~ ~  This experimental 
study is supplemented with quantum chemical calculations 
using a high-level density-functional (DF) m e t h ~ d . ~ ~ - ~ ~  

Experimental Section 

The experiments were performed with a Fourier transform 
ion cyclotron resonance (FT-ICR) mass spectrometer constructed 
at the University of Amsterdam and equipped with a 1.4-T 
electromagnet and a cubic inch cell (De Koning and Nibbering,14 
and references cited therein). The segmented fourier transform 
(SEFT) procedure53 was employed to obtain relative ion abun- 
dances with an accuracy of better than f l  % . General operating 
and experimental procedures have been described previ0us1y.l~ 

The temperature in the cell was around 333 K as measured by 
a thermocouple on the trapping plate opposite the filament. The 
total pressure in the different experiments was normally kept 
below lo4 Pa with a background pressure lower than 5 X 
Pa. The pressure was measured with an ionization gauge placed 
in a side arm of the main pumping line. 

The ionization gauge was calibrated for methane by fitting 
our rate constant for the reaction CH4'+ + CH4 - CH5+ + CH3' 
to the average literature value of (1.11 f 0.04) X cm3 
molecule-' Absolute pressures were obtained by correction 
for the sensitivities R, of the ionization gauge for gases x relative 
to methane, using the relationship R, = 0.36~~ + 0.30 of Bartmess 
and Georgiadiss5 and polarizabilities CY from Miller.56 The 
determination of overall second-order rate constants k(B-) for 
the reactions of B- with the substrate was complicated by the 
formation of CN-, probably due to proton abstraction from traces 
of HCN, which are considered to result from pyrolysis of nitrogen- 
containing compounds on the hot filament. This complication 
can lead to  an overestimation of the determined overall rate 
constants. Therefore, rate constants could be determined only 
for relatively efficient reactions (Tables I and 111). 
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Figure 1. Calculated minimum energy structures (pm) of 0-methylhydroxylamine (MHA) and its complexes with F- and gross 
Mulliken atom charges (electrons) for MHA. 

NH2- was generated via dissociative resonant capture of 
electrons with a kinetic energy of 5 eV by NH3. C a s -  was 
produced via proton abstraction from benzene by NH2-. OH- 
was generated via dissociative resonant capture of electrons with 
a kinetic energy of 6 eV by H20 (OH- is formed via H-1. CH30- 
was generated via reaction of NH2- with N,O-dimethylhydrox- 
ylamine or via reaction of OH- with 0-methylhydroxylamine and 
was selected as the 13C isotopomer (m/z 32) in order to distinguish 
the reactant from the product methoxide. C2H50- was formed 
via proton abstraction from ethanol by OH-. F- was generated 
via dissociative resonant capture of electrons with a kinetic energy 
of 6 eV by CF4. C1- was made in a 8 ~ 2  substitution of NH2- and 
CHSC1. Finally, CN- was obtained by proton abstraction from 
HCN (contamination, vide supra). 

Chemicals. Gaseous 0-methylhydroxylamine was generated 
from its hydrochloric salt by treating i t  with an excess of grained 
sodium hydroxide under high vacuum in the inlet system of the 
FT-ICR. N,O-Dimethylhydroxylamine (DHA) and the hydro- 
chloric salt of 0-methylhydroxylamine (MHAeHCI) were a gift 
from Professor F. Bickelhaupt of the Scheikundig Laboratorium, 
Vrije Universiteit, Amsterdam. All other chemicals were com- 
mercially available. GC analysis (Reoplex, 60 "C) of the DHA 
sample indicated that the purity was better than 98%. MS 
analysis (MAT 90, Finnigan MAT, Bremen, Germany) indicated 
that the MHAmHCl was free from methanol, while no significant 
amount of methanol was detected in the gaseous MHA sample 
which was introduced to the FT-ICR cell as described above. 

Theory 
Quantum chemical calculations were performed using 

a high-level density-functional (DF) method, as imple- 
mented in the Amsterdam density-functional (ADF) 
program system.4732 The MOs were expanded in a large 
set of Slater type orbitals (STOs). The basis is of double-{ 
quality (two STOs per nl shell). A polarization function 
was added on each atom: 2p on H, 3d on N, 0, and F. 
Geometries were optimized with the simple Xa exchange- 
correlation potential4' using gradient  technique^.^^ The 

energy data reported for stable structures have been 
obtained in the optimum geometry with more sophisticated 
density-function& (DF) for exchange and correlation. 
Exchange is described with Slater '~pl/~ potential (Xa with 
a = V3), with a nonlocal correction due to Beckeesm 
According to the suggestion by Stoll et al.,6l only correlation 
between electrons of different spin is introduced, for which 
electron gas data (in the VoskeWilk-Nusai$2 parame- 
trization) are used. 

It has been noticed before that the complexation energy 
of fluorine-containing anion/molecule complexes depends 
very critically on the quality of the basis set.63 Therefore, 
after the geometries were optimized with the double-!: 
basis, DFT calculations for the anion/molecule complexes 
[MHA, F-]N and [MHA, F-IC (vide infra) and their 
fragments MHA and F- were performed with an extra 
large triple-!: basis augmented with two polarization 
functions on each atom (3d and 4f on F, N, 0, C; 2p and 
3d on H). However, the gross Mulliken population 
analysisM (see charges in Figure 1 and Table VI) has been 
performed using the smaller double-!: basis set to avoid 
problems associated with the application of this method 
in the case of very large basis seta containing diffuse 
functions.@ 

Considerable experience shows that with the DF ap- 
proach interaction energies in systems involving main 
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Table 11. Reaction Enthalpies (AHr, kcal/mol) for Reactions of B- with N,ODimethylhydroxylamine (DHA). 

A H 1  

B- PA(B-)b PTc S N ~ ( N ) ~  SN2(c)' 1,2-E' 192-Eso1v~ 1,2-E/PTe 
NH2- 403.7 -18 -29 -19 -45 -55 -37 
C6H5- 400.8 -15 -59 -29 -42 -52 -34 
OH- 390.8 -5 -4 -2 -32 -56 -24 
CH30- 380.5 6 0 3 -22 -51 -14 
CzH5O- 377.4 9 6 -19 -39 -11 
F- 371.4 15 14 -13 -43 -5 
CN- 351.1 35 13 7 -9 15 
c1- 333.4 53 48 48 25 11 33 

a Calculated using data of Lias et al.73 and B e n ~ o n . ~ ~  For formaldimine, CHFNH, we have used the revised heat of formation of 17 kcal/mol 
determined in our and accordingly adjusted heat of formation of 40 kcal/mol for the imide CHyN-:  AH~(CHFN-) = AH&HyNH)73 
+ PA(CHZ=N-)~~ - AHf(H+).73 Thermochemical data for (DHA - H)-, CH3NHO-, and NHzF have been determined in this work (see Table 
V). The gas-phase proton affinity (PA) is defined as the enthalpy change associated with the reaction BH - B- + H+ (see ref 73). c See eq 
3a-f. 

group elements and/or metals can be calculated with an 
accuracy of better than 5 k ~ a l / m o 1 . ~ ~ ~ ~ ~ . ~ ~ ~ ~  

Thermochemistry. The proton affinity (PA) of NH20- 
(Table V) has been obtained by anchoring the calculated 
energy difference AE for the reaction NHzOH + F- - 
NH20- + HF to the literature value for the proton affinity 
of F-,73 using the relation PA(NH20-) = PA(F-) + AE + 
AZPE and assuming that AZPE = 0 for the proton transfer. 
The proton affinity of CH3NHO- has been estimated using 
the relation PA(CH3NHO-) = PA(NH20-) + IPA(CH3- 
NHO-) - PA(NHzO-)I and assuming that [PA(CH3NHO-) 
- PA(NHzO-)I = [PA(CzH50-) - PA(CH30-)3, where the 
PA values for methoxide and ethoxide have been obtained 
from the literature.73 The heat of formation (A&) of NHzF 
(Table V) has been obtained by anchoring the calculated 
energy difference AE for the reaction F- + NHzOCH3 - 
NHzF + CH30- to the literature values for the heats of 
formation of F- and NH20CH3,73 using the relation 
AHf(NH2F) = AHf(F-) + AHf(NH20CH3)- AHf(CH30-) + 
AE + AZPE and assuming that AZPE = 0 for the 
substitution reaction. 

Results 
The experimental results and thermochemical data are 

summarized in Tables I-V. Tables I and I11 show the 
primary product anion distribution for the reactions of B- 
with N,O-dimethylhydroxylamine (DHA) and O-meth- 
ylhydroxylamine (MHA), respectively. The corresponding 
thermicities for a number of conceivable processes (eq 
sa-f) are listed in Tables I1 and IV, respectively. The 
results of the quantum chemical DF calculations are shown 
in Tables V and VI and in Figure 1. 

In the various reactions of B- (B- = NH2-, C&-, OH-, 
MeO-, EtO-, F-, CN-, and C1-) with DHA, the competing 
formation of four types of primary product anions is 

(66) Bickelhaupt, F. M.; Fokkens, R. H.; Koning, L. J. de; Nibbering, 
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Table 111. Primary Product Anion Distributions (%) and 
Overall Second-Order Rate Constants, k(B-) ( loT9 om3 9-I 

molecule-I), for Reactions of B- with 
0-Methylhydroxylamine (MHA) 

product anion distribna 
B- MB-) (MHA - H)- CH30- 

NHz- 1.7 49 51 
C6H5- b 30 70 
OH- 1.3 45 55 
CH30- b 100 
CzH50- 0.0 
F- b 100 

See eq 3a-c. Rate constant determination complicated (see 

Table IV. Reaction Enthalpies (AHr, kcal/mol) for 

Experimental Section). 

Reactions of B- with 0-Methulhudroxylamine (MHAP 
~~ ~ 

A H 1  

B- PA PTb SN~(N) '  SN2(C)b 1,l-E' 

NHz- 403.7 -18 -3 1 -17 25 
C&- 400.8 -15 -61 -27 28 
OH- 390.8 -5 -5 0 38 
CH30- 380.5 6 0 5 48 
CzH50- 377.4 9 3 8 51 
F- 371.4 15 5 16 57 

a Calculated using data of Lias et al.?3 and Ben~on.'~ Thermo- 
chemical data for (MHA - H)-, NH20-, and NH2F have been 
determined in this work (see Table V). b See eq 3a-c. See eq 4. 

Table V. Selected Proton Affinities (PA, kcal/mol) and 
Heats of Formation (A&, kca1,mol) Obtained from Proton 
Transfer Bracketing Experiments and DFT Calculations 

system quantity value method 
(DHA - H)- PA 386 f 5 experimental bracketing 
(MHA - H)- PA 386 5 experimental bracketinp 
NHz0- PA 385 DFTb 
CH3NHO- PA 382 estimatedb 
NHzF AHf -27 DFTb 
0 PA bracketed between PA of OH- and CHsO- (see Tables I and 

111). See theoretical section. 

observed, namely (DHA - H)-, CH30-, [CHsO-, HB], and 
CH2=N- (Table I). The relatively weak bases CN- and 
C1- appear to be unreactive toward DHA. This can be 
ascribed to the relatively unfavorable reaction enthalpy 
of the conceivable reactions listed in Table 11. For all 
other reaction systems, CH3O- appears to be the dominant 
product anion. 

In the reactions of B- (B- = NH2-, CsH5-, OH-, MeO-, 
EtO-, and F-) with MHA the competing formation of two 
types of primaryproduct anions is observed, namely (MHA 
- HI- and CH30- (Table 111). The efficiency of the 
reactions involving MHA is significantly lower than for 
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Table VI. Complexation Energies A&omple. (IrcaVmol) and 
Gross Mulliken Charges Q (electrons) which the 

Fragments Acquire in the Complexes of 
0-Methylhydroxylamine (MHA) and Fluoride Obtained 

from DFT Calculationsa 

w BH + R-Na-CH3 FT 

S N ~ ( N )  
w R-NH-B + CH30- 

sN2(c) 
,,e 

1,2-E (only for R = CH3) 

R-NH-0- + CH3-B 

V 

Bickelhaupt et al. 

is very endothermic for all bases used (Table IV). However, 

(4) 

the formation of methoxide in the reactions of B- with 
DHA may proceed via both S N ~ ( N )  (eq 3b) and a base- 
induced imine-forming 1,Belimination (1,2-E, eq 3d). The 
S N ~ ( N )  reaction of DHA is expected to be less efficient 
than the S N ~ ( N )  reaction of MHA due to the steric 
shielding of the nitrogen center by the methyl substituent. 
Nonetheless, both the proportion of the reactions resulting 
in methoxide ions and the overall reaction rate constants, 
k(B-), are significantly larger for the reactions with DHA 
than for the corresponding reactions with MHA (Tables 
I and 111), implying that the formation of methoxide ions 
is much more efficient in the reactions with DHA. This 
leads to the conclusion that the formation of methoxide 
anions in the reactions with DHA dominantly (if not 
exclusively) proceeds via an 1,2-E process (eq 3d) which 
is considered to be muchmore efficient than the competing 
S N ~ ( N )  process (eq 3b). One arrives at  an upper limit of 
20 % and 15 % for the proportion of methoxide ions which 
are formed via a S N ~ ( N )  substitution in the reactions DHA 
with NH2- and OH-, respectively, if it is assumed that the 
branching ratios of the proton transfer (PT) and the 
S N ~ ( N )  substitution are similar for DHA and MHA. 

An interesting question that remains is why the nu- 
cleophilic substitution on the nitrogen atom resulting in 
methoxide ions (SN~(N),  eq 3b) is not in competition with 
the nucleophilic substitution on the carbon atom of the 
methoxy group (sN2(c), eq 3c), which is anticipated to 
result in the formation of unobserved CH3NHO- and 
NHzO- ions in the reactions with DHA and MHA, 
respectively. At first sight one might expect that nucleo- 
philic substitution on the more electronegative nitrogen 
(QN in MHA = -0.32 electrons) would be less effective than 
nucleophilic substitution on carbon (Qc in MHA = +0.10 
electrons; Figure 1). From the results in Tables I1 and IV 
it appears that the observed S N ~ ( N )  process always is 
favored energetically over the corresponding sN2(c) 
process. In general, an increase of the exothermicity of 
a reaction leads to a decrease of the activation barrier.z4 
This effect may partly compensate for the effect of the 
electron distribution which shields the nitrogen center 
from nucleophilic attack. Theoretical calculationsz6 show 
that gas-phase sN2(c) reactions are hampered by a tight 
transition state (TS) which can be considered as an 
"entropy bottleneck". As a result, sN2(c) reactions very 
unfavorably compete with less exothermic 1,2-E process- 
es.149z1 The apparent prevalence of S N ~ ( N )  over sN2(c) 
may have the same origin. The average homolytic bond 
strength of the N-0 single bond (43 kcal/mol) is nearly 
two times smaller than that of the C-0 single bond (84 
kcal/mol).44 Furthermore, the DF theoretical investigation 
(Figure 1) shows that the N-0 bond (140.5 pm) in MHA 
is slightly longer than the C-O bond (139.9 pm). 

The relatively large N-O bond distance is probably the 
result of the mutual repulsion between the nitrogen and 
oxygen atoms which both have a lone pair in the same 
plane (Figure 2). This contrasts to the situation for the 
slightly positively charged methoxy carbon in MHA which 
has no lone pair. 

The above considerations may lead to the conclusion 
that the S N ~ ( N )  substitution proceeds via a TS in which 
N-O bond rupture is more advanced than C-O bond 
rupture in the TS of the sN2(c) substitution. This implies 

B- +NH&CH, ,(,(.E,_ BH + i i H  +CH30- 

~~~~ 

system hEcompler QW-) Q(MHA) 
[MHA, F-IN -22.1 -0.68 -0.32 
[MHA, F-IC -11.4 -0.75 -0.25 

0 See Figure 1 for calculated minimum energy structures. 

the reactions involving DHA. This trend continues for 
the reaction of C2H5O- with MHA, where no product anion 
was formed at  all. However, for all other bases CH30- 
appears to be the most abundant product anion as in the 
reactions with DHA. 

Discussion 

TheFormationof (DHA-H)-and (MHA-H)-. The 
formation of (DHA - HI- and (MHA - HI- is considered 
to proceed via a proton abstraction from DHA and MHA 
at the nitrogen atom, leading to (CHsI(CH30)N- and 
CH30NH-, respectively (eq 3a). This proton transfer (PT) 
is observed in the reactions of the stronger bases (PA 1 
390.8 kcal/mol) NH2-, C6H5-, and OH- but not for the 
weaker bases (PA I 380.5 kcal/mol) MeO-, EtO-, F-, CN-, 
and C1- (Tables I and 111). Assuming that entropy changes 
associated with the studied proton transfers are small, the 
proton affinity (PA) of both (CH3)(CH30)N- and CH3- 
ONH- is bracketed between the proton affinities of 
hydroxide (PA = 390.8 kcal/mol) and methoxide (PA = 
380.5 kcal/mol) and, hence, amounts to 386 f 5 kcal/mol 
(Table VI. 

The Formation of CHsO-. The formation of methoxide 
in the reactions of B- with MHA can be associated with 
a nucleophilic substitution on the nitrogen atom (&$(N), 
eq 3b). The possibility of a 1,l-elimination (1,l-E; eq 4) 
leading to the formation of the highly energetic nitrene 
NH (AHf = 90 kcal/mo1)'3 can be excluded as this process 
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Figure 2. Schematic representation of lone pair orbitals in 
0-methylhydroxylamine (MHA). 

that relative to sN2(c), S N ~ ( N )  proceeds via a less tight, 
SNl-like TS associated with a higher density of states and, 
thus, a more favorable activation entropy. Further support 
for this hypothesis comes from the DF calculations on the 
anion/molecule complexes of MHA and F- (Table VI, 
Figure 1). 

Association of MHA (calculated dipole moment of 2.623 
D) and F- can lead to the formation of two different anion/ 
molecule complexes in which the base is bonded to the 
amino or to the methyl group of MHA, i.e., [MHA, F-]N 
and [MHA, F-lc, respectively (Figure 1). In [MHA, F-]c 
the fluoride anion is bound by ca. 11.4 kcal/mol to the 
"backside" of the methyl group of MHA and thus has an 
appropriate configuration for an sN2(c) substitution. The 
complexation is accompanied by a charge transfer of -0.25 
electrons from F- to MHA and a lengthening of the C-0 
bond by 4.1 to 144.0 pm. The amino-bonded complex 
[MHA, F-]N appears to be considerably more stable than 
the methyl-bonded complex [MHA, F-]c (Table VI). In 
[MHA, F-]N the fluoride anion is bound by 22.1 kcal/mol 
to MHA which now has acquired a charge of -0.32 electrons. 
In contrast to the situation for [MHA, F-]c, the fluoride 
anion in [MHA, F-]N is hydrogen bonded to one of the 
N-H bonds of MHA. This N-H bond has been extended 
by about 10 pm from 104.5 in the free MHA to 114.4 pm, 
while the F-H bond length amounts to 138.9 pm. In fact, 
no stable conformation for a "backside" S N ~ ( N )  attack 
could be found. Nevertheless, the formation of [MHA, 
F-]N is accompanied by a significant lengthening of the 
weak N-0 bond in MHA by 3.6 to 144.1 pm. This suggests 
that in the S N ~ ( N )  TS the N-B bond formation lags behind 
N-0 bond breaking more than the C-B bond formation 
lags behind the C-0 bond breaking in the sN2(c) TS. 
Furthermore, the DF calculations show that upon for- 
mation of the reaction complex only a slight deviation (6' 
at d(FC) = 281 pm) from the F- approach coaxial with the 
CO axis results in a collapse of the reaction complex to 
[MHA, F-]N rather than to [MHA, F-]c. Although this 
cannot directly be related to the relative energies of the 
transition states for S$(N) and sN2(c), it suggests that 
F- is captured in the vicinity of nitrogen and thus is 
predisposed for attack at  this center. Summarizing, 
association of MHA and F- preferentially leads to the 
formation of the more stable [MHA, F-]N reaction complex 
leading to S N ~ ( N )  substitution with a relatively loose, S N 1 -  
like TS. 

The Formation of [CH30-, HB]. The formation of 
the HB-solvated methoxide, i.e., the [CH3O-, HB] anion/ 
molecule complex, in the reaction between B- and DHA 
can unambiguously be associated with a mechanistic 
pathway in which a base-induced imine-forming 1,2- 
elimination (1,2-E) takes place followed by evaporation of 

formaldimine, CH2=NH, from the product complex [BH, 
CH2=NH, CH30-]* (1,2-Es01v, eq 3e). The formation of 
HB-solvated methoxide is observed only for the reaction 
induced by F-, probably because the reaction enthalpy 
gained in the 1,2-E process of F- (AH~,~-E(F-) = -13 kcal/ 
mol, see Table 11) is the lowest for the reaction systems 
studied and may be insufficient to fuel the very endot- 
hermic desolvation of the methoxide anion from HB 
(AHcomplex = -30 kcal/m01~~ for [CH30-, HF]). It may be 
supposed that formation of CH30- and [CH30-, HF] 
proceed via two stereochemically distinct elimination 
mechanisms, i.e., anti- and syn-1,2-E, respectively, as has 
been suggested for analogous gas-phase base-induced 
alkene-forming 1 ,a-elimination reactions of simple ethersI4 
and thioethers.15 

The Formation of C H p N - .  The formation of the 
imide ion CH2-N- in the reactions between B- and DHA 
can be associated with a mechanism that initiates with a 
1,2-E reaction step. As discussed above, this results in 
the formation of the [BH, CHFNH, CH30-]* product 
complex. Prior to the dissociation of this intermediate 
reaction complex a proton is transferred from formaldi- 
mine to methoxide leading to the formation of CH2=N- 
(1,2-E/PT, eq 3f). The PT step, which is about 8 kcal/ 
mol73 endothermic, has to be fueled by the reaction 
enthalpy gained in the preceding 1,2-E reaction step. If 
the 1,2-E reaction step becomes less exothermic, the 
reaction enthalpy gained may be insufficient for the overall 
1,2-E/PT process to occur (Table 11). In agreement with 
this, the formation of CH2=N- is observed only in the 
reactions induced by the three strongest bases, i.e., NH2-, 
CsH5-, and OH- (Table I). 

Conclusion 
It appears that base-induced imine-forming 1,2-elimi- 

nation reactions can be very efficient in the gas phase, as 
has been found for the reactions of N,O-dimethylhydrox- 
ylamine, CH3NMOCH3, with anionic bases. The efficiency 
of the imine-forming elimination reactions of CH&HOCH3 
can be compared favorably with the efficiency of base- 
induced alkene-forming 1,2-elimination reactions of cor- 
responding simple ethers such as diethyl ether, CH3- 

Unexpectedly, nucleophilic attack on the nitrogen atom 
leading to the substitution of the methoxy group is found 
to be a relatively facile process. This is especially evident 
in the substitution reactions of anionic bases with 0-me- 
thylhydroxylamine, NH20CH3, where the formation of 
methoxide anions is much more efficient than in the 
corresponding highly inefficient substitution reactions with 
dimethyl ether, CH30CH3.21 Apparently, substitution 
reactions on a nitrogen atom do not suffer from a very 
unfavorable activation entropy which is assumed to 
hamper nucleophilic substitution reactions on a carbon 
atom in the gas phase. This seems to be supported by 
high-level density-functional (DF) calculations which 
indicate that the nucleophilic substitution reactions on 
the nitrogen atom proceed via an entropically favored less 
tight, SN1-like transition state. 

CH20C2H5.14 
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