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The bond dissociation energies and the heats of formation of 
the  complexes Fe+-NCH (6)  and Fe+-CNH (10) have been 
determined. The HCN ligand in 6 is by 3 kcal/mol less stron- 
gly bound to Fe+ than HNC in 10, and complex 6 is 13 kcal/ 
mol more stable than 10. Isomerization of 10 to 6 is difficult if 

not impossible to bring about as, upon collisional activation, 
mutual isomerization cannot compete with ligand detach- 
ment. In addition, the  ion-molecule reactions of 6 and 10 with 
O2 give rise to distinct product distributions. 

As demonstrated earlier['] the gas-phase chemistry of tert-butyl 
cyanide (1) and tevt-butyl isocyanide (7) with "bare" Fe+ is charac- 
terized by the formation of the ion-dipole complexes 2 and 8, re- 
spectively (Scheme I).  These intermediates owe their existence to a 
highly specific sequence of elementary steps: Initial "end-on" com- 
plexation of the functional groups X (X = CN, NC) is followed by 
(i) a cleavage of the C-X bond and (ii) and intracomplex proton 
transfer from the incipient t-C4H9+ ion to the XM dipole to gener- 
ate 2 and 8. These complexes serve as precursors of the products 
depicted in Scheme 1, and high-energy collision experiments pro- 
vided evidence that the [Fe, H, N, C]+ ion generated from cyanide 
1 does indeed correspond to the complex Fe+-NCH (6); when the 
process starts from isocyanide 7, the isomeric form Fe+-CNH (10) 
is generated. 

In this paper the following three aspects will be addressed: (i) 
We will report on the bond dissociation energies (BDEs) and heats 
of formation (AHf) of 6 and 10. (ii) It will be demonstrated that 6 
and 10 do not only exhibit a different behavior when subjected to 
high-energy collisional activation[']; the gas-phase reactions of 6 
and 10 with molecular oxygen at thermal energies are also quite 
distinct. (iii) Preliminary experiments are described aimed at an 
attempted collisional isomerization of 10 to 6 using the SORI (sus- 
tained off-resonance isomerization) techniqueL2]. All experiments 
were conducted by means of Fourier transform ion cyclotron reson- 
ance (FTICR) mass spectrometry, employing a Spectrospin CMS 
47X instrument, which is equipped with an external ion source; the 
instrument and details of its operation have been previously de- 
scribed" h,3,41. 

The bond dissociation energies of Fe+-NCH (6) and 
Fe+-CNH (10) were determined on the basis of the ligand 
exchange process defined in Eq. ( I ) .  From the occurrence versus 
non-occurrence (bracketing method)" ' 1  of the reaction, lower and 
upper borders of BDE are available using the literature-known 
BDE(Fe+ - L')[I2]. 

Fe+-L + L' + Fe+-L' + L (1) 

Scheme I 
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From the data given in Table 1 and ref.[12] for the complex 
Fe+-NCH (6) we obtain 34 < BDE(Fe-NCH) < 37 kcallmol; for 
the isomer Fe+-CNH (10) the bond dissociation energy amounts 
to 37 < BDE(Fe+-CNH) < 40. In line with the previously report- 
ed[la,llal thermochemical properties of the Fe+[l"] and NiCp+[I1"] 
complexes of CH3CN and CH3NC, the present finding suggests 
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that the RCN ligand (R = H, CH3) is generally less strongly bound 
than RNC to Fe+; this may well reflect the stronger o-donor and 
n-acceptor capabilities of the RNC in comparison with the RCN 
ligands. Similar results are predicted by qualitative MO theory to 
hold true for neutral metal fragments as and adsorption 
studies of RCN and RNC on Ni surfaces reveal an analogous 
trend[151. From the BDEs of 6 and 10 together with the thermo- 
chemical data compiled in Table 2, the heats of formation of 6 and 
10 can be derived, and we obtain: AH461 = 278 k 10 kcal/mol, 
AHdl0) = 29 1 ? 10 kcal/mol. These data together with the heats 
of formation of the remaining products shown in Scheme 1 lend 
further support to our explanation used previously['"] to explain 
the branching ratios reported in Scheme 1: As the binding energy 
of HCN to Fe+ is smaller than that of HNC and neutral HCN is 
more stable than HNC (by at least 10 kcal/mol['6]), intermediate 2 
should prefer to dissociate to the pair 3/4 rather than 9 6 ;  in con- 
trast, for 8 the preferred decomposition channel should lead to the 
formation of 5/10 rather than 3/9. This is precisely corroborated by 
the experimental results (Scheme 1). 

k, for the reactions of interest and compared k, with the calculated 
collision rate constants kColl["]. As indicated by the data in Table 
I ,  if ligand exchange takes place it always proceeds with collision 
rate. This observation lends further credibility to our approach of 
determining the BDE by using the bracketing methodr'l.181. 

While both 6 and 10 react with O2 at thermal energies with colli- 
sion rate, the product distribution differs (Scheme 2). From the 
latter complex Fe+-CNH (lo), the only ionic product observed 
corresponds to FeO+, while the isomeric species Fe+-NCH (6)  
gives rise to a 1 : 1 mixture of FeO+ and FeOH+. Obviously, in- 
terconversion of the two isomers does not take place in the course 
of the ion-molecule reactions. Thermochemical considerations 
(Table 2) suggest that the neutral HNCO cogenerated in the oxi- 
dation of 10 most likely corresponds to isocyanic acid. The reaction 
may involve the peroxo complex 11, which can decompose directly 
to FeO+ and HNCO. Although dissociation of I1 to FeOH' and 
NCO' is also exothermic, from the non-occurrence of this process 
we infer the existence of a kinetic barrier for the intramolecular 
hydrogen transfer. If a direct insertion of O2 is also operative for 
Fe+-NCH (6)  to produce 12, on thermochemical grounds inter- 
mediate 12 cannot dissociate directly to FeO' and fulminic acid 
(HCNO). In order to make the oxidation of 6 exothermic, re- 

Table 1. Comparison of the experimental (k,) and calculated (k,,,,) 
rate constants for the ligand exchange process F ~ + - L  + L! ~ 

Fe+-L' + Lr.1 

12 11.9 1 .o 
CCaHg 13 12.8 1 .o 
CH:,CN 40 35.9 1.1 

HNC [dl 

i-c4H8 12 12.8 0.9 
CH3CN 41 35.9 1.1 

C2H4 HCN 30 31.2 0.9 
C& HCN [dl 

i-C4H8 HCN [dl 

La] All rate constants are given in units of cm3 . moleculec1 
scI. - Lh] The estimated error of k, is f250/P31. - The collision 
rate constant kcoll was calculated according to ref.["]. - Ld] Rather 
than hgdnd substitution we observe the formation of association 
complexes Fe(L')L+. 

arrangement must precede dissociation, and this view is also sup- 
ported by the formation of the rearrangement products FeOH+ 
and presumably NCO'. While the nature of the neutral species co- 
generated in ion-molecule reactions remains - on principal 
grounds - undetermined, thermochemical data rule out that CNO' 
or CON' are accessible in the oxidative formation of FeOH+ from 
6.  We cannot presently offer a plausible mechanism for the reaction 
of Fe+-NCH (6) with 02. However, among the many conceivable 
intermediates, initial replacement of HCN by O2 to generate the 
ion-dipole complex 13 is unlikely n view of the fact that BDE- 
(Fe+-02) < BDE(Fe' -NCH)[221. Quite attractive, though purely 
speculative, is the idea of a cycloaddition reaction to first generate 
14, which may then serve as an intermediate for the skeletal re- 
arrangements. Obviously, further work is indicated to elucidate the 
mechanistic details of the oxidations of 6 and 10. 

Scheme 2 - 

10 

FeO+ + OCNH 

FeOH+ + OCN' 

Table 2. Heats of formation (AHF) in kcal/mol used to evaluate 
thermochemical data'"] 

Neutral AHf Ion AHf 
~ c~~ ~~ ~~ 

CN. 104 Fe+ 28 1 
HCN 32 FeO+ 266 
HNC 48 FeOH+ 21 1 
NCO' 3 1  Fe(HCN)+ (6)  278['1 
CNO' 104IbI Fe(HNC)+ (10) 29 1 [Gel 
CON' 1 77Lbl FC-NCH 
HNCO -25 
HCNO 531.1 
HOCN - 2 [CI 

t-CdHgCN - 1  
t-C,HgNC 21[4 

6 

HONC 6(j[cl 
i-C4H8 -4 14 

FeO+ + OCNH 

FeOH++ OCN' 
la] All data are taken from ref.[I9] if not stated otherwise. - Lb] Esti- 
mated value based on data given in ref.[20]. - rC] Taken from 
- Fd] Estimated value based on the known AHf data of CH3CN 
and CH3NCCZ61. - This work. 

The last aspect concerns the possibility of a mutual interconver- 
sion of the Fe+ complexes 6 and 10 upon collisional activation. 
For the metal-free systems, i.e. HCN and HNC, there is now ample 

In order to exclude the possible existence of barrier in the ligand 
exchange processes (Eq. I ) ,  we have determined the rate constants 
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HCN + F e y  

3'3 n 
HCN-Fe' (6)' - 

278 

reaction coordinate 

Figure 1. Schematic potential energy surfaces for the isomerizations 
HCN F? HNC and HCN-Fe+ * HNC-Fe+; for the sake of cla- 
rity, in the HCNlHNC system the heat of formation of unconi- 

plered Fe+ is included 

evidence that the barrier for the isomerization of HNC to HCN is 
quite high (>30 kcal/mol)li6b1, thus explaining that the two species 
are indeed viable in the gas phase. For the Fe+ complexes, there is 
not even semiquantitative information available as to whether li- 
gand detachment, i.e. loss of HCN from 6 or HNC from 10, ener- 
getically predominates over the exothermic isomerization 10 -+ 6. 
The latter, of course, is likely to be a multistep process, whose de- 
tails are presently studied computationallyl'31. We have applied the 
SORI techniquer21 to the complex Fe+-CNH (10) by irradiating 
10 with an off-resonance radio frequency pulse over a period of 
0.5-2 s in the presence of argon (which serves as a collision part- 
ner). Over the whole energy regime (,Flab = 18-40 eV) the only 
product observed corresponds to Fe+. When the collisionally ex- 
cited complex 10, which had not absorbed enough energy to dis- 
sociate, reacts with 02, we observe exclusive formation of FeO+. 
The FeOH+ species which would be indicative of the presence of 6 
(see Scheme 2) is not generated. Thus, isomerization of 10 to 6 
requires a higher activation energy than the lowest dissociation 
channel. From the data given in Table 2 one can construct an over- 
simplified potential energy surface (Figure 1 ), according to which 
the barrier for the multistep isomerization 10 + intermediates -+ 
6 exceeds 22 kcal/mol. This result supports previous, less direct 
observations[24] that a metal-ion-mediated isomerization of the type 
RNC + RCN is not a facile process.. 
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