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Abstract. The study of several thermal processes involved in the fl-oxy-~-diazo 
carbonyl compounds chemistry at the AM 1 semiempirical level is reported. Princi- 
pally, our study focussed on competitive Wolff and 1,2-hydride rearrangement 
reactions involving nitrogen elimination that a particular type of fl-oxy-~-diazo 
carbonyl compounds (see scheme 1) can undergo under certain conditions. The 
AM1 results provide a reasonable description of the energy-related and structural 
aspects involved in the elementary processes considered. 
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1 Introduction 

A previous comprehensive experimental study [1, 2] aimed at finding new asym- 
metric synthetic pathways for 1-methyl-2-hydroxy units with a view to the prep- 
aration of a variety of compounds of interest (e.g. macrolide antibiotics) was 
completed in this work by carrying out a semiempirical quantum chemical study 
of some elementary processes involved in a new, recently developed synthetic 
scheme [2]. The scheme involves aldol condensation reactions between chiral 
aldehydes (e.g. 2,3-O-isopropylidene-D-glyceraldehyde) and diazo ketones to form 
a/%oxy-~-diazo carbonyl compound (DK in Scheme 1). Specifically, our study 
focussed on potential Wolff rearrangement (WR) and 1,2-hydride rearrangement 
reactions involving nitrogen elimination that DK can undergo under certain 
conditions. 

Even though the chemistry of Wolff rearrangement has been widely studied in 
many respects, its mechanism has been the subject of much debate and of both 
theoretical and experimental research. Authors argue whether nitrogen elimination 
and the 1,2 migration of the carbon atom take place in a concerted or stepwise 
manner and, in the latter case, whether the precursor for the ketene (KE) is the 
ketocarbene (KC) or an oxyrene intermediate (OX). Experimental evidence sug- 
gests that they all may depend on the particular ~-diazo ketone [3-6]; thus, some 
WR processes allow one to rule out the involvement of the ketocarbene [4, 5] and 
others (e.g. those of cyclic diazo ketones) that of the oxyrene [6]. In any case, there 
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Scheme 1 

seems to be general consensus that the first step in WR is the formation of the 
ketocarbene (KC in Scheme 1) [7], whose involvement in the process has been 
widely documented [7-15] (e.g. by ESR of the triplet state produced by photo- 
chemical induction 17-13]). The carbene can envolve to the ketene (KE) or, R1 
providing, to an ~,//-unsaturated ketone (UK). Isomerization via the oxyrene (OX) 
has also been observed in experiments with asymmetrically substituted [16] and 
isotope labelled ~-diazo ketones [17-19]. 

For theoretical studies based on the potential hypersurface model to lead to 
reliable conclusions, computations must be carried out with an appropriate quan- 
tum chemical method and using full optimization throughout the entire coordinate 
system space while avoiding constraints that might condition the results. Highly 
theoretical ab initio studies carried out on the simplest possible system 
(R1 = R2= H) [20-24] have provided interesting information on potential energy 
hypersurfaces for the ground state [24] and, in some cases, excited states [22, 23]. 
Thus, Novoa et al. [22] used MC-SCF gradient optimization techniques at the 
6-31G* level to study the interconversion between the ketocarbene (KC) and the 
oxyrene (OX), as well as the region where the surfaces for the single and triplet state 
intercept; they demonstrated the role that the triplet state of the oxyrene may play 
in WR reactions. Yoshimine [23] used MC-SCF and MRCI methods to investigate 
the interconversion between ketene (KE) and its isomer oxyranylidene. Some 
reactivity studies based on semiempirical methods (MNDO, MNDO/C [25-27] 
and MINDO/3 [28, 29]) have also been reported for this and related systems, all 
involving the ground state. Schrgder and Thiel [25, 26] showed MNDO methods 
and their correlated versions, MNDO/C, to be consistent with more expensive 
ab initio computational methods as regards the number and type of stationary 
points for the C2H2ON2 system, and to lead to acceptable geometries relative to 
the reference ab initio calculations; the non-correlated version, however, provides 
more divergent results as regards energies. 

In some ab initio studies of the elementary processes of Scheme 1 in the triplet 
state (that with the lowest energy in the carbene), activation energy barriers were 
found very high relative to those calculated for the lowest ground state [20]. 
Unsurprising, many studies on WR suggest potential intersystem crossing as 
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part of the overall mechanism; consequently, all semiempirical calculations on WR 
were limited to the potential energy hypersurface (PES) for the lowest-energy 
singlet state. 

This paper reports the results obtained by applying the AM1 semiempirical 
method to the thermal processes of Scheme 1. We used a semiempirical method 
owing to the large number of atoms involved in the system studied, and AM1 
in particular as it had previously proved to clearly surpass their predecessors 
(MINDO/3 and MNDO) in reactivity studies. 

2 Computational method 

Calculations were carried out using the AM1 (Austin Model 1) method [30] as 
implemented in v. 6.0 of the programme MOPAC [31]. The 'PRECISE' option was 
always included in the data file in order to increase convergence criteria by default 
by a factor of (usually) 100. 

Full optimization throughout the coordinate space was carried out, unrestric- 
tedly, to energy gradient norm values below 0.1 kcal/mol for every stationary point 
(equilibrium minima, transition states, ... ) on the PES. For this purpose, pertinent 
options for each point type in MOPAC were used. The topological nature of 
the different points located was finally determined from frequencies and force 
constants. 

3 Results and discussion 

In this work we characterized the minima for the reactant (DK) and the intermedi- 
ates of Scheme 1 (KC and OX) in the lowest-energy PES, as well as the transition 
states for each elementary process between them and with the different reaction 
products. Species such as those in Scheme 2 are also KC isomers, as shown in some 
theoretical studies [20, 21, 23, 25] - the KC interconversion barriers in such struc- 
tures were very high, however, so they were not considered in this study. 

Table 1 lists the most salient geometric parameters for each point; their 
optimized structures are shown in Fig. 1 (transition states include the atomic 
components of the transition vector). 

TS1 is the transition state for the thermal elimination of molecular nitrogen 
from DK to yield the corresponding ketocarbene (KC). The length of the N 2 2 - C  3 
bond at that point has expanded to 2.0/~. On the other hand, the C2-C3 and 
C3-C4 bonds become virtually of the same length, as in the KC molecule. Eliminat- 
ing N 2 brings about dramatic conformational changes in the acyclic portion of the 
system (as reflected in the dihedral angles given in Table 1), since the process 
involves the loss of conjugation in the molecular portion comprising atoms Nz3, 

O 
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Fig. 1. Optimized AM1 geometries for TSI to TS5. Arrows 
illustrate the atomic components of transition vector 

N22 , C3, C 2 and Olo, which is responsible for the initial planarity of the acyclic 
chain in DK. Different values for C2-C3 and C3-C4 bonds lengths in DK is also 
consequence of this conjugation. As can be seen in Fig. la, the two fragments that 
are formed depart in such a way that the nitrogen-nitrogen bond remains parallel 
to the plane defined by sites C2, C3 and C4. One other geometric change involved 
in this step is the opening by ca. 5 ° of the bond angle defined by atoms C3, C4 and 
Oll, which is very close to that of the ketocarbene in the transition state. 

The geometry obtained for the carbene (KC) has the C2-C1 and C4-H15 bonds 
virtually aligned with orbital Pz in C3, which is vacant in the singlet state 
considered for the carbene. Hence, it is appropriately arranged for the migration of 
H~5 or that of the methyl group at C2. TS2 and TS3 (Fig. lb and c, respectively) are 
the transition states, in that order, for such mutually competitive elementary 
processes, viz. that giving the corresponding ~,fl-unsaturated ketone (UK) and that 
yielding the Wolff rearrangement product (the ketene, KE). 

Both transition states correspond to non-planar geometries as regards the 
atoms that are directly involved in the two processes; the most significant dihedral 
angles defined by such atoms (C1C2C3C4, C4C3C2010 and H15C4C3C2) are close 
to 90 ° at TS2 and TS3, which again confirms that the starting conformation 
assumed for species KC is the most suitable as it prefigures that of the correspond- 
ing transitions states. In this respect, the AM 1 predictions are quite consistent with 
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those of the more recent high-level ab initio calculation methods for Wolff 
rearrangement mechanism [24]. 

Depending on the reaction pathway the system takes, the supermolecule 
portion not including the reaction domain (atoms Ca, C2 and C3 in one case, and 
Has, C4 and C3 in the other) rotates freely about appropriate bonds to adopt the 
arrangement resulting in the most stable transition state possible. Thus, in TS2, 
a projection along the C5-C, bond, reveals that the other three bonds lie in 
a virtually alternate arrangement (including the H15-C4 bond, which is in 
the process of breaking) that encompasses C4 and C5. In TS2, the five-centre 
cyclic residue is rather differently arranged; this is the configuration leading to 
the least steric interaction between such a group and a methyl group, the displace- 
ment of which along the reaction coordinate results in an approach to the cyclic 
residue. 

We also calculated TS4 (Fig. ld), viz. the transition state for the isomerization 
of the ketocarbene (KC) to the oxyrene (OX). The intermediate character of OX has 
been demonstrated experimentally in many ways (for example, by studying the 
isomerization of ketocarbenes with different substituents or others isotopically 
labelled at C2 and C3 [16-19]). Also, oxyrenes seemingly play a more prominent 
role in the thermolysis of diazo ketones at high temperatures [24], which is 
ascribed to a higher stability of the corresponding ketocarbene. The oxyrene 
isomer of the prototype system C2H20 has been widely studied theoretically 
[21, 24]. Significant differences between the geometric predictions (essentially 
lengthened C-O and C-C distances) of various types of ab initio calculations are 
obtained when electronic correlation is considered (by using any available method 
such as MP2, CCSD, etc.); less marked differences have also been encountered in 
terms of the number of base functions used. The AM1 results for OX are quite 
consistent (0.03 A default for C-O bonds, and 0.02 ~ in excess for the C-C ones) 
with the best ab initio calculations - correlated at the CCSD(T) level with massive 
bases - of Radom and Shaefer III [24], which are repeatedly mentioned in our 
discussions as they are the latest available to us. 

The AM1 geometry for the transition state of the elementary process KC ~ OX 
(TS4) is also highly consistent with that predicted by various ab initio calculations; 
however, ab initio results for such a point are controversial since, while most 
predict its existence as a true transition state, calculations MP2/6-31 iG(df, p) failed 
to locate the corresponding saddle point and CCSD(T)/6-311G(d, p) or density 
functional calculations [24] suggested that the OX-like structure is a saddle point. 
The most recent calculations [24] for the TS4 analogue, obtained by Radom and 
Shaefer III with analytical optimization of the gradient at the RHF level, density 
functional theory, MP2 and coupled cluster treatment, revealed this geometry 
(particularly the C2-Olo and C3-Olo bond distances) to be very sensitive to the 
inclusion of electronic correlation in the calculations (it shortens O~o-C3 and 
lengthens O~o-C2) and somewhat less sensitive to the use of increasingly large 
basis sets, which have the opposite effect on the interatomic distances between the 
oxygen and the two carbon atoms. The C2-C3 bond hardly varies with the type of 
calculation. The AM1 value for the shorter C-O bond in TS4, 1.335/~, is very close 
to those derived from ab initio calculations by other authors [21, 22], particularly 
that obtained by Radom and Shaefer III (1.383 ,~) using their best treatment; also, 
the AM1 value for the longer bond, 1.826 A, was 0.2 A longer than that of Radom 
and Shaefer III, i.e. much closer than those obtained by Bouma et al. with 
optimization at the RHF/4-31G (1.918/~) or by Novoa from MC-SCF 6-31G* 
calculations (2.39 ~). 
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Fig. 2. Energy profiles for the processes considered. Energy is the standard heat of formation, in 
kcal/mol 

Table 2. Heat of formation (kcal/mol), dipolar moment (D) and net charges (-e) for stationary points 
calculated 

DK TS1 KC TS2 TS3 TS4 OX TS5 

AH ° --114.51 - -64 .67  -86.93 - -78.79 - -68.29 - -73.00 -80.84 --56.69 
/~ 2.295 1.804 2.363 3.255 2.309 1.814 1.822 3.831 
qC1 --0.271 - -0 .255  --0 .253 --0 .259 -0.290 - -0 .197 - -0 .140 --0.276 
qCz 0.303 0.191 0.211 0.295 0.317 0.227 0.026 0.234 
qC3 -0.384 -0.063 -0.083 -0.392 -0.305 -0.191 -0.096 -0.194 
qC4 0.098 -0.012 -0.003 0.165 0.126 0.128 0.123 -0.112 
qOlo -0.319 -0.334 -0.329 -0.341 -0.273 -0.377 -0.290 -0.271 
qOll -0.335 -0.343 -0.335 -0.300 -0.333 -0.317 -0.312 -0.261 
qN22 0.205 0.049 . . . . .  0.075 
qNz3 0.022 0.040 . . . . . .  0.036 
qHls 0.128 0.149 0.188 0.179 0.130 0.168 0.146 0.249 

Figure 2 depicts schematically the energy aspects of the different reactions 
studied (see also Table 2). As regards the relative stabilities of KC and OX, our 
results, as expected, revealed the acyclic ketocarbene (KC) to be ca. 6 kcal/mol 
more stable. The calculated activation energies for the direct isomerization 
(KC ~ OX) and inverse isomerization (OX ~ KC) were 13.9 and 7.8 kcal/mol. 
Those for the competitive processes were 18.6kcal/mol ( K C ~ K E )  and 
8.1 kcal/mol (KC ~ UK), respectively; therefore, H migration is the most favour- 
able choice for KC evolution. On the other hand, the conversion of KC into OX via 
TS4 is more favourable than the formation of the ketene (KE) via TS3; this AM1 
prediction is consistent with those of the best ab initio results [24]. We may 
therefore conclude that the semiempirical method used successfully predicts the 
existence of every transition state on the potential energy surface of the system, and 
in close agreement with the most elaborate ab initio calculations using full geo- 
metry optimization; in addition, it also predicts relative stabilities and, despite the 
difference between the system studied in this work and the reference prototype for 
which all ab initio calculations are available (C2H20), it is a good approximation to 
the activation energies of the processes involved. 
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We also located a saddle point connecting the minima for DK and U K + N 2  
(TS5) in the potential energy hypersurface and hence corresponding to the 
transition state for a process where 1,2 hydrogen migration and nitrogen elimina- 
tion take place simultaneously in a concerted manner from DK (Fig. le). At such 
a point, the N22-C3 bond length is 1.496 ~, and thus much shorter than at TS1. 
This option has an associated activation enthalpy of 57.87 kcal/mol. However, 
based on our results, the rate-determining step in the stepwise process 
(DK ~ KC + N 2 ~ UK + N2) is the first step, i.e. the elimination of nitrogen; 
therefore, the activation energy for the overall reaction is 49.84 kcal/mol, so the 
stepwise mechanism is the choice with the lowest energy demands, but not the 
only one. 

Several attempts at finding a similar transition state for the concerted process 
DK ~ KE + N 2 failed. Low-dimensional surfaces obtained by using the reaction 
coordinate technique to plot the supermolecule energy as a function of the two 
geometric parameters which, to the author's minds may contribute maximally to 
the true coordinate of the hypothetical concerted pathway (viz. the C3-C1 and 
C3-N22 interatomic distances), allowed us to rule out the existence of a transition 
state connecting the minima for DK and KE; in fact, the sole route connecting such 
minima in the calculated surfaces was that passing by KC (i.e. that for the stepwise 
mechanism). Nor could we locate a saddle point such as that obtained by Tsuda 
et al. using MINDO/3 [28, 29] for C2H2ON/in a process involving the concerted 
elimination of molecular nitrogen and the cyclization of the supermolecule to form 
oxyrene. We used AM1 to study the potential hypersurface for the previous 
reaction and failed to locate the above-mentioned saddle point. We can therefore 
assume that the MINDO/3 predictions may have been affected by the excessive 
artificial stability introduced by its calculations for species including small rings 
[32]. 

It should be noted that the AM1 energies for TS1 and TS5 (viz. the transition 
states involving the formation of an N2 molecule), may have been overestimated 
by about 10 kcal/mol as a result of the error with which AM1 predicts the forma- 
tion enthalpy of the nitrogen molecule (ll.17kcal/mol vs. the experimental 
0.0 kcal/mol), so the barriers for the corresponding reactions may have been 
overestimated by ca. 10 kcal/mol. For this reason, the energies predicted by AM1 
for processes involving Nz elimination should be used reservedly. From a compre- 
hensive experimental and theoretical study (MINDO-BWEN on the hypersurface 
of the lowest-energy singlet state) of the photolysis of various a-diazo ketones 
(some cyclic), Bachman et al. [3c] showed the activation barriers for the different 
processes included in Scheme I to depend on the nature of R1 and R2 (and R3): the 
KE/UK ratio or the ability to experimentally detect OX depends on the nature of 
such groups. For this reason, we avoided comparing our AM1 activation energies 
with those experimentally or theoretically determined for related systems such as 
H2C20. 

On the other hand, based on our activation energies for the two competitive 
processes, KC-~ KE and KC ~ UK, the experimental UK/KC ratio for a gas- 
phase reaction conducted at a low pressure should be infinity. The experimental 
results available [33] for the system studied correspond to the photochemical 
reaction induced by irradiating DK in methanol with monochromatic light of 
253.7 nm (photon energy ca. 60 kcal/mol), which yielded UK quantitatively 
(100%). Under these conditions, the substitution of H16 by protective groups of  
a different electronic character decreased the KE/UK ratio to values below unity 
in some instances. In any case, any correlations between the calculated activation 
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barriers and  experimental ly observed K E / U K  ratios are not  immediate.  The 
K E / U K  ratio in these reactions has been widely shown to depend on addi t ional  
factors such as the way the process is induced, the solvent and, with photo- induced 
reactions, whether a rapid vibra t ional  relaxat ion of the ketocarbene is possible [32] 
(KC, which is usually formed with a large excess of vibrat ional  energy). 
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