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A significant debateon the mechanism of the denitrogenation
of diazabicyclo[2.2.1]hept-2-ené& continues since the discovéry
of the selective formation of doubly inverted bicyclo[2.1.0]pentanes.
Recent computational studi€€ on the parenfZ1 (X =Y = H)

disclosed that the concerted denitrogenation is favored over the
stepwise denitrogenation (Scheme 1, entry 1 in Table 1). In this

study, we found novel substituent effects at C(7) in the denitroge-
nation mechanism of the 7,7-disubstituted 2,3-diazabicyclo[2.2.1]-
hept-2-enesAZ2—4, in which the two C-N bonds are equiva-
lent.

Scheme 1. Possible Denitrogenation Mechanisms: Concerted
(Path 1) versus Stepwise (Path 2)
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Scheme 2. Substituent Effects on the Electronic Configuration of
the Lowest Singlet State of Cyclopentane-1,3-diyls DR and Their
Reactivity
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First, to obtain information about the substituent effects, three-
dimensional potential energy surfaces (PESs) along the twid C
bond breakings were calculated at the UB3LYP/6-31G(d) level of
theory (Figures 1 and 2). Apparently, the shape of the 3D plots is
mostly dependent on the substituents X and Y. As shown in Figure
1 for AZ3a, the stepwise path 2 was calculated to be the
energetically more favored process by ca. 10 kcal/mol over the
concerted path 1AE; > AE; (entry 3 in Table 1). In contrast, the
energy barrier of the concerted path 1 was predicted to be lower
by 7 kcal/mol than that of the stepwise denitrogenation of the
azoalkane®\Z4a, AE; < AE, (Figure 2, entry 6 in Table 1). The

Over the past decade, Borden and our group have disclosed thaPES analyses clearly indicate that the substituent effects on the

the substituents X and Y determine the electronic configuration of
the lowest singlet state of the cyclopentane-1,3-dDs Ss versus

Sa (Scheme 2§. Thus, the selective occupancy of the in-phase
nonbonded molecular orbitaiyg) is found in the lowest singlet
state () of the diradicalDR2,3that possess electron-withdrawing
substituents (X, Y= F or OR). In contrast, the out-of-phags is
energetically located below the in-phage in the lowest singlet
state (@) of the diradicalsDR4 that possess electron-donating
substituents (X or/and ¥= SiRs). The notable substituent effects
on the electronic configuration significantly affect the reactivity of
the singlet diradicals: a selective silyl migration was found to occur
in DR4 to produce 5-silylcyclopenterié while the quantitative
formation of bicyclo[2.1.0]pentanes was observed in the reaction
of DR2,33" The substituent effects are also expected to affect the
denitrogenation mechanism of the azoalkaA&s i.e., concerted
versus stepwise (Scheme 1). The concerted path 1 Ad@is a
symmetry-allowed process, since the phases of the diyl HOMO
(ya) and the N LUMO (x*) match. Thus, the energy barriers of
the concerted denitrogenation #zZ2,3 should be significantly
higher than that inPAZ4, because the diyl HOMO of the lowest
singlet state 0DR2,3is ys. When the energy barrier of the stepwise
path 2 is not significantly affected by the substituents X and Y,

energy barrier of the stepwise mechanism are snidth (= 32—

36 kcal/mol, Table 1). However, as expected, dramatic substituent
effects were calculated for the energy barriers of the concerted
pathways AE; = 25—46 kcal/mol, Table 1). The transition-
statestructures for the denitrogenation of the azoalk#&xes—4
were calculated at the UB3LYP/6-31G(d) level of theory (Table
1). As reported for the paremkz1,'°d the transition states for
connectingAZ and the diazenyl diradicaBZ could not be found

for AZ2—4 (Scheme 1); stretching the single C(N(2) bond of

the azoalkanes gives rise to a Morse-like potential. The transition
statesTS2, and TS3a for the N, loss fromDZ2 andDZ3a could

be located, and the activation enthalpiasig*) were calculated to

be almost zero (entries 3, 4). The transition state fidb could

not be located at the same level of theory (entry 7). The transition
statesTS4, for the concerted Nloss fromAZ4 were successfully
located, and the activation energi&sl;* were closely consistent
with AE; estimated from the PES analyses (entries 6, 7). The
transition states for the concerted denitrogenatiofzi,3a could

not be found at the same level of theory (entries 3, 4). These
computational studies predict that the stepwise denitrogenation of
the dialkoxy-substitutedZ3 is much slower than the concerted
denitrogenation of the silyl-substituteZ4.

the substituent-dependent change in the mechanism would be To confirm the computational prediction of the substituent-

operative.
10 m J. AM. CHEM. SOC. 2005, 127, 10—11

dependent change in the denitrogenation mechanism, the thermal
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Table 1. Summary of the Experimental and Computational Activation Parameters, AH* (kcal/mol) and AS* (e.u.), for the Denitrogenation of

Aza
computational
experimental concerted: path 1 stepwise: path 2 preferred
entry AZ (XY) AH* AS* kel AE° AHFd ASFd =4 AHpze AH,* df AS,* 9 mechanism
1 AZ1 (H,H) 36.5+£0.3¥ 8.74+0.4 36.6 9.1 39.0 2.8 2.5 concerted
36.0+£ 0.2 5.84+ 0.5
2 AZ1 36.2+ 0.6 5.8+ 0.2 347 38 36
3 AZ2 (F,F) 46 * * 36 325 0.0 1.8 stepwise
4 AZ3a (OH,0H) 46 * * 36 33.3 0.4 0.9 stepwise
5 AZ3b (OEt,OEt) 39.1+£ 1.0 1.3+ 0.1 1
6 AZ4a (SiHz,SiHs) 25 25.0 2.9 32 concerted
7 AZ4b (SiHz,H) 30 28.5 4.6 33 325 * * concerted
8 AZ4c (SiMeyPh,H) 26.0+ 0.5 0.48+ 0.1 4x 108

aThe calculated values are the UB3LYP/6-31G(d) enerdighe relative rate constants are calculated atI5C The energiedE; andAE; (kcal/mol)
are from the PES analyses (see Figures 1 an¢i&).the activation parameters are calculated at 298 Khe energies are reported relative to the corresponding
azoalkanes AZf The activation parameters are relative to the corresporiig Reference 54! Reference 5b. The energies are calculated at 445 K by
the method of the CASPT2//UB3LYP, see ref 1d. The * indicates that the transition states were attempted but not successfully located at the UB3LYP/6-

31G(d) level of theory.
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Figure 1. Potential energy surfaces (PES) along the €{4(2) and C(4)-
N(3) bond breakings for the denitrogenationAZ3a. The shape of the
PES plots folAZ2 is similar to that forAZ3a. See Supporting Information.
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Figure 2. Potential energy surfaces (PES) along the €{4(2) and C(4)-
N(3) bond breakings for the denitrogenationAf4a. The shape of the
PES plots foAZ4b is similar to that forAZ4a. See Supporting Information.
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decomposition ofAZ3b (X Y = OEt) and AZ4c (X
SiMePh, Y = H) was performed in a sealed tube as described in
the Supporting Information. The activation parameters, Aéff

and AS', for the denitrogenation reactions are listed in Table 1
(entries 5, 8), together with the known valbiésr AZ1 (entry 1).
The energies for th&Z1 decomposition, which were determined
in this study, were consistent with those previously determined
(entries 1, 2). As predicted by the theory, the rate of the
decomposition 0AZ3b was found to be much slower than that of
AZ4c (kel, entries 5, 8). Thus, the dramatic substituent effects on
the rate retardation of thAZ3b decomposition are reasonably

underestimate the activation energy by ca. 6 kcal/mol for the
stepwise denitrogenation of the paré#1,!d the experimentally
obtained activation enthalpyAH* = 39.1 kcal/mol) for the
decomposition oAZ3b is quite consistent with the value calculated
for the stepwise path oAZ3a, AHp; + AH,* = 33.7 kcal/mol
(entries 4, 5). Alternatively, the energild* = 26.0 kcal/mol) for
the decomposition oAZ4c fits that obtained by the calculation
for the concerted path &%Z4b, AH,* = 28.5 kcal/mol (entries 7,
8). The UDFT method is known to closely reproduce the energy
for the concerted denitrogenation of the paraatl .1

In summary, in this combined experimental and computational
study, novel substituent effects on the mechanism of the thermal
denitrogenation of azoalkanés were found: a stepwise mech-
anism is favored by electron acceptors at the methano bridge, but
the concerted mechanism operates for electron donors. The dramatic
change of the denitrogenation mechanism is attributed to the
substituent effects on the electronic configuration of the lowest
singlet state of the 1,3-diradicalBR. This remarkable finding
should stimulate future calculations and experiments on the
mechanistically fascinating stereoselecti¥ity the formation of
bicyclo[2.1.0]pentanes fromMZ.

Supporting Information Available: Experimental and computa-
tional details. This material is available free of charge via the Internet
at http://pubs.acs.org.
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