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ABSTRACT: We have computationally explored the trend in reactivity of [3 + 2] /"\
cycloaddition reactions between H,E=C=PH and HC=CH as the terminal H,E=C=PH ——» H,E PH

position in the phosphaallene is varied along E = C, Si, Ge, Sn, Pb. The reaction
barrier drops significantly from E = C (nearly S0 kcal/mol) to E = Si—Pb (ca. 20 *
kcal/mol). Activation strain analyses tie this trend to a reduction in activation strain =

\—/

E =C, Si, Ge, Sn, Pb

in the heavier phosphaallene analogues which, in contrast to the parent compound
H,C=C=PH, do already possess the bent geometry required in the TS.

n recent years, allenes, and in particular electron-deficient

allenes, have emerged as attractive building blocks in organic
synthesis." This growing interest is mainly due to the develop-
ment of efficient methods for the preparation of allenes based on
either classical organic chemistry or organometallic reagents.””*
In contrast, their heavier analogues E=C=E' (E, E’ = Sj, Ge, Sn,
N, P, As) have received much less attention because they have
been only postulated as transient intermediates for a long time.
However, heavier heteroallenes, such as phosphaallenes
P=C=X' and R;P=C=PR; or metallaallenes E=C=C (E = Sj,
Ge) can be successfully synthesized as stable or transient derivatives
by using bulky substituents,” "> which kinetically stabilize the
reactive double bonds.

Very recently, it has been reported that heteroallene 1 is
readily converted into the tricyclic compound 2 when reacted
with methyl acetylenedicarboxylate (Scheme 1).'* With the help
of DFT calculations, it has been proposed that a concerted [3 + 2]
cycloaddition reaction occurs to initially produce the carbene
intermediate 3, which evolves to the isolated product 2.

In our ongoing interest in the effect of introducing metal
moieties in pericyclic reactions,”>'® the experimentally ob-
served transformation depicted in Scheme 1 prompted us to
computationally study this novel [3 + 2] cycloaddition. Given
the tremendous importance of [3 + 2] cycloadditions in organic
chemistry,'” we decided to carry out a comparative study on the
effect of the group 14 elements in allenes 4a—f (H,E=C=PH,
E = C—Pb) in their reaction toward triple bonds. Issues such as the
in-plane aromaticity of the corresponding transition states shall be
discussed. Furthermore, the origins of the reaction barriers will be
studied by means of the so-called activation strain model.

First, we consider the reaction between allenes 4 and acetylene
to produce the corresponding carbenes 5 (see Table 1). All
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Scheme 1. [3 + 2] Cycloaddition Reaction of Heteroallene 1
with Methyl Acetylenedicarboxylate To Produce Compound
2

Tip(1Bu)Ge=C=PMes Et,0
1 —_—
+ -80°Ctor.t.
MeO,C———CO,Me
[3+2]

MeO,C CO,Me

3
Tip = 2,4,6-triisopropylphenyl, Mes = 2,4,6-tri-tert-butylphenyl

processes occur via a concerted [,4, + 2] cycloaddition
mechanism through quite symmetrical transition structures (see
Figure 1). A single-point CASSCF(2,2)/6-31G*&LANL2DZ
calculation on TS3 in which the Ge atom was described with
an effective core potential (ECP, vide infra) showed that the
occupancies of the active CI space are 1.851 e and 0.149 e, thus
indicating that the closed-shell configuration of this transition
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Figure 1. Geometries (in A) of the transition states of our [3 + 2] cycloadditions, optimized at M06-2X/def-TZVPP (B3LYP/def2-TZVPP geometry
parameters in parentheses). Atoms are represented as spheres: C, gray; H, white; P, violet.

Table 1. Computed Barrier Energies (AG? g, in keal/mol),
Reaction Energies (AGg »9s, in kcal/mol) and NICS(R,,) (in
ppm) for the Reaction of Compounds 4 with Acetylene

H,E=C=PH ..
N\
4a-e H.E™ PH
—_— \_/
+
5a-e
H—H

entry E AGF 05" NG NICS(R,)"
a C 47.3(48.3) 11.6(11.3) —21.3
b Si 20.1(18.1) —18.9(—26.8) —10.6
c Ge 204 (17.9) —14.5(—23.8) —12.4
d Sn 18.4 (14.0) —13.6(—242) —13.6
e Pb 20.6 (15.4) —5.0(—14.2) —14.7

“Plain values computed at the B3LYP/def2-TZVPP level.

Values in

parentheses were computed at the M06-2X/def2-TZVPP level. ¥ Com-
puted at the GIAO-B3LYP/def2-TZVPP level at the [3,+1] ring critical
point (R;,) of the electron density.

structure accounts for ca. 93% of the CASSCF wave function.
Therefore, in the remaining hybrid DFT calculations, only
monodeterminantal electronic descriptions will be considered.
Moreover, the negative nuclear independent chemical shift
(NICS) values computed for our Cosymmetric saddle points
(Table 1) clearly suggest aromatic diatropic ring currents.”® These
NICS values were calculated at the [3,+1] rm% critical point of the
electron density, as defined in QTAIM,” due to its high
sensitivity to diamagnetic effects and its unambiguous character
to define the “center” of a ring in terms of electron density.

Similar to nonorganometallic [3 + 2] cycloaddtion
reactions,”>* the six electrons involved in the concerted process
lie approximately in the molecular plane and give rise to an
appreciable ring current. In turn, this ring current promotes a
strong diamagnetic shielding at the ring critical point, leading to
the observed negative NICS values. The delocalization of the six
electrons can be viewed with the help of the anisotropy of the
induced current density (ACID) method, developed by
Herges.”**® The in-plane aromaticity for TS3 is clearly repre-
sented by the diamagnetic current along the toroid shown in
Figure S2 of the Supporting Information. The in-plane aromatic
character of TS3 is nicely confirmed also by the expected “bell-
shaped plot” of the NICS along the z axis perpendicular to the
molecular plane, with a maximum NICS value at z =0 A: i.e,, in
the [3,+1] ring critical point (Figure 2).
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Figure 2. Plot of the computed NICS values along the z axis perpendi-
cular to the molecular plane for TS3.

Interestingly, the computed energy values (Table 1) show that
while the transformation involving the parent allene
(H,C=C=PH, 4a) is endergonic, possessing a quite high
activation barrier, the corresponding [3 + 2] cycloaddition
reactions involving the heavier group 14 elements 4b—e are
highly exergonic, with activation barriers easily reached at room
temperature. In view of the computed energies, it can be
concluded that the presence of a group 14 element heavier than
carbon in allenes 4 facilitates the cycloaddition process.

In order to understand the factors which control how the
reaction barriers arise, we use the so-called activation strain
analyses.”®*” The activation strain model is a systematic exten-
sion of the fragment approach from equilibrium structures to
transition states as well as nonstationary points: e.g,, points along
areaction coordinate. It is a fragment approach to understanding
chemical reactions, in which the height of reaction barriers is
described and understood in terms of the original reactants.
Thus, the potential energy surface AE(() is decomposed, along
the reaction coordinate {, into the strain energy AEg,.,($)
associated with deforming the individual reactants plus the actual
interaction energy AE,($) between the deformed reactants:

AE@) = AEstrain(C) + AEint(C) (1)

The strain term AEg,,($) is determined by the rigidity of the
reactants and on the extent to which groups must reorganize in a
particular reaction mechanism, whereas the interaction term
AE;,((8) between the reactants depends on their electronic
structure and on how they are mutually oriented as they

2311 dx.doi.org/10.1021/j0102572x |J. Org. Chem. 2011, 76,2310-2314



The Journal of Organic Chemistry

approach each other. It is the interplay between AEg,.;,({) and
AE,,((€) that determines if and at which point along  a barrier
arises. In the transition state (i.e., for £ = {rg), we arrive at the
activation energy as a sum of activation strain plus TS interaction:

AE#(CTS) = AEistrain(CTS) + AE¢int(CTS) (2)
Further details of the method can be found in the literature.”* >

In our activation strain diagrams, we have projected the
intrinsic reaction coordinate (IRC) onto the H,E---C(=C)
distance between the group 14 element of allenes 4a,c and the
carbon atom of the acetylene fragment. This reaction coordinate
 undergoes a well-defined change in the course of the reaction
from oo to the equilibrium E—C distance in the corresponding
transition structure (Figure 3).

For the reaction of 4a and acetylene we can see that, in the
early stages of the process, the reaction profile AE raises
monotonically as the reactants approach each other: ie., there
is no reactant-complex well. Interestingly, a sharp increase of AE
occurs in the proximity of the transition-structure region, leading
to the observed high reaction barriers. In contrast, the increase in
AE in the 4c + acetylene reaction is much less pronounced, in
agreement with the much lower computed activation barrier.

Our activation strain analyses reveal that, for 4aatlong C- - - C
distances, the interaction energy between the deformed reactants
(AE,) is at first destabilizing and thus contributes to the
destabilization of the net energy AE, as can be seen in
Figure 3a. The initial increase of AE;, can be traced to steric
(Pauli) repulsion between the reactants in the early stages of the
reaction. This behavior of AE,,, is mterestlng, as it differs from
reactions such as Sy2 substitution®® and E2 elimination®® but
resembles the behavior in the pericyclic double group transfer
reactions.”> If we now further proceed along the reaction
coordinate, AE;, inverts at a certain point, after which this term
becomes more and more stabilized as one further approaches the
transition state.

The situation is different for the reaction of 4c with acetylene.
Here the interaction does not at first become destabilizing. It
remains practically unaltered at long Ge - - - C distances and then
smoothly becomes stabilizing in the vicinity of the transition
states (Figure 3b). As can be seen in Figure 3, the transition-state
interaction term AE" int 18 about —10 kcal/mol in both TS1 and
TS3. The reason that TS3 is associated with a lower overall
barrler AE" than TS1 is the reduced activation strain energy
AE* strain iN the former. Thus, the activation strain constitutes the
dominant factor controlling the relative barrier heights in our
model reactions.

The sharp increase in AE;, for the reaction between 4a and
acetylene comes mainly from the energy needed to deform the
allene 4a from its practically linear equilibrium geometry
(C=C=P angle of 174.8°) to the bent geometry adopted in
TS1 (C=C=P angle of 120.8°; see Figure 1). The computed
associated strain energy of this fragment is 29.6 kcal/mol. In
contrast, the equilibrium geometry of 4¢ is already more TS-like
(Ge=C=P angles of 168.1 and 117.5° in 4c and TS3, re-
spectively). This fact can be rationalized considering the well-
known reluctance of Si—Pb atoms to undergo s,p hybridization
compared to carbon®®*' which is, for instance, reflected in the
remarkable geometric difference between linear acetylene C,H,
and the most stable (nonlinear) structures of its heavier E,H,
homologues.** Therefore, there is less need to deform hetero-
allene 4¢, which is translated into a much lower activation strain
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Figure 3. Activation strain analysis of the [3 + 2] cycloaddition
reaction between acetylene and allene 4a (a) and 4c (b) along the
reaction coordinate projected onto the E- « - C bond length (in A). All
data have been computed at the M06-2X/def2-TZVPP level.

(12.4 kcal/mol) and, therefore, into a much lower activation
barrier. The deformation of the acetylene fragment in the
transition state also contributes to the total activation strain,
but it does so to a lesser extent (16.8 kcal/mol for the 4a +
acetylene reaction vs 8.4 kcal/mol for the 4c + acetylene
cycloaddition).

To further illustrate the activation-strain control of the
process, we plotted the computed total activation barriers
(AE, = E(TS) — E(4) — E(acetylene)) versus the total activa-
tion-strain energies AEjFStm-m (computed as the sum of the
individual strain energies of both reactants). Figure S1 of the
Supporting Information clearly shows that both parameters are
nicely linearly correlated (correlation coefficient of 0.9998 and
standard deviation of 0.3 kcal/mol). This result confirms that the
activation strain is decisive in determmmg the barrier heights of
[3 + 2] cycloaddition reactions.’ © Our results also show that the
high barrier for the [3 + 2] cycloaddition of 4a occurs, despite the
aromatic character of the corresponding TS, because of the need to
deform this heteroallene from linearity to a bent geometry in the
transition state.

In order to assess the generality of these results, we extended
our study to the more realistic system reported in Figure 4:
namely, the reaction between germallene 1b and dimethyl
acetylenedicarboxylate to yield intermediate carbene 3b and,
after the corresponding insertion reaction, tricyclic compound
2b. This model reaction includes all the relevant features of the
systems reported by Ghereg et al.'* (Scheme 1). At the relatively
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Figure 4. Main geometric (in A) and energetic features (in kcal/mol) of
the reaction between germallene 1b and dimethyl acetylenedicarbox-
ylate, computed at the M06-2X/6-31G*&LANL2DZ level.

less demanding MO06-2X/6-31G&LANL2DZ level of theory,
with an ECP for Ge, the activation free energy associated with
the formation of 3b via TS6 is similar to that computed for TS3 at
a higher computational level (Table 1). Similarly, densely sub-
stituted carbene 3b is more stable than the reactants, the
corresponding Gibbs reaction energy being in line with the value
obtained for the parent reaction with E = Ge (Table 1). The
computations show that the insertion reaction requires an
activation free energy similar to that obtained for the [3 + 2]
step (Figure 4), the corresponding transition structure TS7 being
quite synchronous. The overall reaction is computed to be very
exothermic, thus providing a considerable thermodynamic driv-
ing force for the whole process.

In conclusion, our [3 + 2] cycloaddition reactions between
heteroallenes H,E=C=PH (E = C—Si; 4a—e) and acetylene
occur concertedly through Ci-symmetric and in-plane aromatic
transition states. Reaction barriers drop significantly if one goes
from E = carbon to the heteroallenes with heavier group 14
elements E. Our activation strain analyses identify the activation
strain as the major factor in controlling the barrier heights. The
activation strain is high in the case of H,C=C=PH, causing the
barrier to be high as well, despite the aromatic character of the
TS. The reason is that this heteroallene 4a is linear and must be
bent significantly in the TS. At variance with this, the hetero-
allenes with a heavier group 14 element E do already possess a
bent equilibrium geometry which better fits into the TS structure
and therefore requires less deformation. The conclusions ob-
tained for these simple model reactions can be extended to the
densely substituted systems used in experimental studies.

B COMPUTATIONAL DETAILS

All of the calculations reported in this paper were obtained with the
GAUSSIAN 09 suite of programs.43 All reactants, transition states, and
cycloadducts were optimized using the hybrid functional B3LYP**
and Truhlar’s meta hybrid exchange-correlation functional M06-2X*®
with the triple-G-quality def2-TZVPP basis sets,*” which are supposed to
be close to the DFT basis set limit. In order to assess the reliability of less
demanding basis sets, the split-valence 6-31G* and LANL2DZ ECP (for
Ge) basis sets were also tested.*® Reactants and products were char-
acterized by frequency calculations and have positive definite Hessian

matrices. Transition structures (TS’s) show only one negative eigenva-
lue in their diagonalized force constant matrices, and their associated
eigenvectors were confirmed to correspond to the motion along the
reaction coordinate under consideration using the intrinsic reaction
coordinate (IRC) method.*” NICS values have been computed using the
gauge invariant atomic orbital (GIAO) method® at the GIAO-B3LYP/
def2-TZVPP level, since this method is more useful for comparative

20
purposes.
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