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The potential energy surfaces for the abstraction reactions of heavy cyclopropen¥s-ZX with carbon
tetrachloride have been characterized in detail using density functional theory (B3LYP), including zero-point
corrections. Five cyclopropene analogues includkig§ —C—C), B(Ge—Si—Si), C(Si—Si—Si), D(Si—Si—

Ge), and E(Ge—Ge—Ge), have been chosen in this work as model reactants. Two reaction paths, the CI
abstraction | and the Cgabstraction Il, have been considered in the present study. Our theoretical findings
strongly suggest that the former is more favorable, with a very low activation energy and a large exothermicity.
This is in accordance with available experimental observations. Moreover, our theoretical investigations also
indicate that the more electropositive the elements making up the double bond of a heavy cyclopropene, the
lower its activation barrier and the more exothermic the haloalkane abstraction. That is, electronic factors
play a dominant role in determining the chemical reactivity of the heavy cyclopropene species kinetically as
well as thermodynamically. Furthermore, a configuration mixing model based on the work of Pross and
Shaik is used to rationalize the computational results. The results obtained allow a nhumber of predictions to
be made.

I. Introduction cyclotrisilenel, 1-disilagermirene, and 2-disilagermiren8
were reacted with an excess of G®& form the corresponding

The development of the chemistry of multiply bonded systems trans-1,2-dichloro derivatives, even at low temperature, in nearly

invol_ving elements_in higher perio_d][s Is geqerally regardt_ed as aquantitative yield (see reactions-8 in Scheme 13. Also,

geZ?e'snfgrég?];;m]a'r:)?{ﬁg'%ggem'sro'gl pffggﬁgri;ngmﬂgas Sicyclotrisilene4 reacted with CCJ to produce therans1,2-

Gye and Sn) havg been nt\;lyegizeg and isolated in the aSEichloro derivative (reaction 4 in Scheme ®1)Moreover, the
' y PaSteaction of cyclotrisilene5 with 1,2-dibromoethane yields

Ftiehcade thatr)lks to the.ltj)lsetof t?]ulky fta.b”'zt'r?g grohiﬂ?_at 1S, guantitatively the corresponditigans-1,2-dibromocyclotrisilane
It has now been possible lo characterize these reactive SpECie o 5xtion 5 in Scheme $)and the 1-disilagermirené reacts

d;JOe ;gt;hs&rﬁslftlirt]&?g:na,z%ézermgriylarggr%i?g;ﬁa?gn %022;_ with Mel with quantitative formation ofrans-1-iodo-2-meth-
prop : 9 Y P yldisilagermirane (reaction 6 in Scheme?? All these available

Isnkgelgtgetr?{a_ \:geé?]|| d?euctgﬁﬂbo;:eLnsthrihtgg:drleri?:%;et%;ng experiments strongly suggest that these reactions proceed
' Y y y P selectively to produce only the trans isomers. In fact, Sekiguchi

(rjnuuec?ogt;]eeai:ehri d;]ﬁ:ggl(t:'t?\ztmézz prreez?:?rf'ogt?;zuzg;Or;r%%uvr\],gﬁ’ and co-workers proposed that these experimental results should
9 Y 9 9 ' P be explained by steric requirements as well as by the single-

their carbon analogue (cyclopropeddhey are constituting a electron-transfer (SET) mechanighn,

new highly promising and quickly developing class of organo- . N . L .
metallic compounds, i.e., heavy cyclopropene analogues. Indeed, It is these fascinating experimental results that inspire this

the chemistry of heavy cyclopropenes is starting to bring about StUdy- The key questions are how the trans products are formed
both novel insights into structural and physical properties as @1d Why they show a significant abundance in the formation

well as possibilities for the synthesis of new and interesting Pro¢€ss: Knowledge of the_features of pqtential energy surf_aces
system& For instance, heavy cyclopropenes can give access'S " general of great value in understanding the roles of various
to cyclic and bicyclic compounds via addition and cycloaddition POSSIble processes. Although the above experimental results help
reactions’ Besides these, available experimental evidence has!" Understanding the potential energy surfaces in heavy cyclo-
demonstrated that highly strained heavy cyclopropeessibit propene systems, they are at present not capable of providing
enhanced reactivity over analogous cyclopropémesticularly com_plete me_chanlst|c detail. Inc_nlged, it is very difficult to _det_ect
in chemical reactions with halogenated hydrocarohs such the intermediate and the transition state due to the limitations
many novel reactions can be carried out with heavy cyclopro- N current experimental techniques. Theory, a primary source

penes that are not feasible or at least cannot be carried out undeff reliable fundamental information, is therefore an extremely
mild conditions with analogous cyclopropenes. valua_lble tool Wllh which to study_the heavy_ cyclopropene
In this work. we shall focus on the chemical reactions of SPECIes. According to the above available experimental reults,

heavy cyclopropenes with haloalkanes. The reactions of heavy'?r':’O comtpetltlvi rr]eactlon plathways havgtrl])ierll consldereg fqr
cyclopropenes with CGlhave been reported in the case of € reactions of heavy cyclopropenes with halocarbons. basl-

. . . . cally, they are both abstraction mechanisms proceeding via either
cyclotrisilenes and mixed cyclotrimetallerne$n this study, a c%lorin)é atom (reaction 1) or a COgroup (Fr)eaction II%

*To whom correspondence should be addressed. E-mail: midesu@ 10 €xamine the generality of the heavy cyclopropene (X
mail.ncyu.edu.tw. Y —Z) abstractions, we have thus undertaken a systematic
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investigation of the abstraction reactions of model compounds
A(C—C-C), B(Ge—Si—Si), C(Si—Si—Si), D(Si—Si—Ge), and
E(Ge—Ge—Ge) (see Scheme 2) and CCIThe reason for
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(X,Y,Z=C, Si, and Ge; R = SiMe3) (1)
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and to bring out the definitive factors that control the activation

barrier for the heavy cyclopropene abstraction reactions. To the
best of our knowledge, this is the first theoretical study on the

abstraction of heavy cyclopropenes and the first application of
DFT to the majority of these molecules. Thus, the present
calculations can provide comprehensive energetic information
on the abstraction potential energy surface for all the reactions.
It is believed that a better understanding of the thermodynamic

choosing these model reactions is because they represent variougnd kinetic aspects of such abstractions may suggest further
kinds of heavy cyclopropene abstractions for which experimental synthetic applications involving heavy cyclopropene compounds.

results have been reported by Sekiguchi and co-workers.

Indeed, only through a thorough systematic study of heavy || Theoretical Methods
cyclopropene abstractions can we understand trends in their

reactivity -8

All geometries were fully optimized without imposing any

Our primary aim in this work is to explain the trend of the symmetry constraints, although in some instances the resulting
reactivities in numerous variations in the group 14 elements structure showed various elements of symmetry. The geometries
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and energetics of the stationary points on the potential energy

surface were calculated using the DFT (B3LYm)ethod in

conjunction with the 6-31G(d) basis S&€tWe denote our

B3LYP calculations by B3LYP/6-31G(d). Thus, the model ©

compounds (see Scheme 2) have at least 182 (for A) electrons m;fz .

and 373 basis functions. The spin-unrestricted (UB3LYP) PN \cD"A .cw“

formalism used for the open-shell (doublet) species, and their ooy ] ¢

<&> values were nearly all equal to the ideal value (0.75). f‘z,-;»-..: /agél ) Aég'.ﬁ;ﬁ!.‘;?c"

Vibrational frequency calculations at the B3LYP/6-31G(d) level o Fx J

were used to characterize all stationary points as either minima

(the number of imaginary frequencies (NIMAGS 0) or

transition states (NIMAG= 1). The relative energies are thus %c .C-C)-PC
117lwali'mol

corrected for vibrational zero-point energies (ZPE, not scaled).
All the stationary points were positively identified as equilibrium
structures (the number of imaginary frequency (NIMAED)

or transition states (NIMAG= 1)). It should be pointed out
that our theoretical findings suggest that singlet state chemistry
should be dominant because of their high reactivity toward
heteroatom lone pairs. Therefore, only the singlet potential
energy surface was considered throughout this work. All of the

DFT calculations were performed with the GAUSSIAN 03
package of programs.

I1l. Results and Discussion

In this section the results for four regions on the potential
energy surfaces will be presented: heavy cyclopropene (X
Y—-2Z;X,Y,Z=C, Si, and Ge)t CCls, the precursor complex
(PC), the transition stateT(S), and the abstraction productsR).
The fully optimized geometries for those stationary points

calculated at the B3LYP/6-31G(d) level are given in Figures
1-5, respectively. The selected geometrical parameters and
relative energies at the B3LYP level of theory are collected in
Tables 1 and 2, together with some known experimental results.
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The Cartesian coordinates calculated for the stationary pointsgigyre 1. The optimized geometries (in A and deg) for the precursor

at the B3LYP level are available as Supporting Information.
(1) Geometries and Energetics of Heavy Cyclopropenes.

complexes RPC), transition statesT(S), and abstraction producté\p)
of cyclotricarene (6C—C) with CCl,.. All were calculated at the

As one can see in Table 1, the computed structures of the singleB3LYP/6-31G(d) level of theory. The heavy arrows indicate the main

heavy cyclopropene compound ¥ —Z) are in good agree-
ment with the available experimental data (in parentheses).

In particular, it is of interest to note that some of the calculated

bond lengths (such as modg) are in perfect agreement with
the experimental valuésThis thus gives us confidence that the
present models with the current method (B3LYP/6-31G(d))
employed in this study should provide reliable information for
the discussion of the reaction mechanism.

By analogy with all other known dimetallenesR=ER; E
= C, Si, Ge, Sn, and PB)it is expected that the two lowest
states of heavier cyclopropene analogu&sE in Scheme 2)
are singlet and triplé€ These states are derived from the ground
state HOMO, an essentially bonding orbital based on the
central doubly bonded %Y atoms, and the LUMO, an
antibondingsr orbital on the X=Y atoms. As one can see in
Table 1, the triplet state of heavy cyclopropene-(%—Z2) has
a significantly larger double bond distance<X) and a wider
bond angle[IXZY) than its closed shell singlet state. This can
be easily understood from the simple orbital restAtSIndeed,

components of the transition vector.

Furthermore, the singletriplet energy separation®\Eg =

wriplet — Esingle) Of group 14 heavy cyclopropenes is one of the
most important parameters in the present study. Our theoretical
results as given in Table 2 show a decreasing trend in the
singlet-triplet energy splitting AEs;, for A(46.3 kcal/mol)>
B(20.7 kcal/mol)> C(18.0 kcal/mol)> D(16.9 kcal/mol)>
E(14.1 kcal/mol) at the B3LYP/6-31G(d) level of theory. This
is quite analogus to previousEg; results observed for dimet-
allenes® Since the HOMG-LUMO energy difference for a
dimetallene decreases rapidly from carbon down to lead, so, in
turn, does its\Es.2 Similarly, our theoretical investigations also
confirm that the heavier the group 14 elements participating in
the heavy cyclopropene system, the smaller its sirdtéilet
energy splittingAEg; is. The reason for this is primarily because
of the interaction of the high-lying orbitals of the endocyclic
X=Y double bonds in the framework and the low-lying-
orbitals of the exocyclic ZSi (Z = C, Si, and Ge) bond¥.

this is usually the case in group 14 cyclopropene compounds, Besides this, from a binding energy point of view, it is well-

in accordance with expectations of the Walsh rdfesddition-
ally, the X=Y double bond distance for both singlet and triplet

established that the bond strength of a double bond decreases
from carbon to lead owing to the longer bond length down with

states shows a monotonic increase down the group from C tothe group 14 element8.Combining all these important factors,

Ge. For instance, the=XY double bond distance increases in
the orderA (1.310 A)< C (2.143 A)< D (2.159 A)< B (2.178

A) < E (2.261 A). This trend is also the same in the triplet
state.

one may obtain the following conclusion: the greater the atomic
weight of group 14 elements involved in the double bond of a
heavy cyclopropene, the weaker itsbond strength, and the
smaller the singlettriplet energy gapAEs. We shall use this
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Figure 2. The optimized geometries (in A and deg) for the precursor Figure 3. The optimized geometries (in A and deg) for the precursor
complexes PC), transition statesT(S), and abstraction productap) complexesPC), transition statesT(S), and abstraction productap)

of 2-disilagermirene (GeSi—Si) with CCL. All were calculated at the of cyclotrisilene (Si-Si—Si) with CCL. All were calculated at the
B3LYP/6-31G(d) level of theory. The heavy arrows indicate the main B3LYP/6-31G(d) level of theory. The heavy arrows indicate the main
components of the transition vector. components of the transition vector.

conclusion to explain the origin of barrier heights for heavy reflected in the calculated complexation energy. Indeed, as
cyclopropene abstractions in a later section. shown in Figures 45 and Table 2, the energy of the precursor
(2) Precursor Complexes.In fact, when we searched the complex relative to its corresponding reactants is less than 10
potential energy surfaces of the abstraction of heavy cyclopro- kcal/mol at the present DFT level of theory. Calculated
penes with CClfor transition structures, we noticed an initial  vibrational frequencies for the precursor complexes reveal that
decrease in the total energy as compared with the isolatedthese structures are true minima on the potential energy surface
molecules at large separations. That is to say, the abstractiornof the heavy cyclopropene CCl, reaction. Note that there are
of CCls by heavy cyclopropenes initiates the formation of a only very small distortions of the intramolecular bond lengths
precursor complex. The optimized geometries of complexation relative to the free reactants. In consequence, our theoretical

of heavy cyclopropenes with Cgli.e., A(C—C—C)—PC, calculations show that these complexes are weakly bound and
B(Ge—Si—Si)—PC, C(Si—Si—Si)—PC, D(SiSi—Ge)—PC, fall in a very shallow minimum at a large distance on the
and E(Ge—Ge—Ge)—PC are shown in Figures-15, respec- reaction surface.

tively. For convenience, the energies are given relative to the Furthermore, one may wonder whether any experiments can
two reactant molecules, i.e., heavy cyclopropene {X-Z) and detect the precursor complex formed by heavy cyclopropene

CCly, which are also summarized in Figures3 and Table 2. with CCl, or not. According to the present theoretical results,
We describe these species as complexes, because there are onityappears unlikely that the-bonded complexes can be isolated
minor differences between their bond lengths and those of the experimentally at room temperature because their stabilization
free reactants. energies are too low to be detected. Indeed, to the best of our
As seen in Figures-15, all these five precursor complexes knowledge, no experimental detection of heavy cyclopropene
adopt very similar X-Y—Z----CCl, bonding characteristics.  haloalkane complexes formed during the reactions has been
They are best described asbonded complexes, in which the reported yet
CCl, molecule is interacting with the system of the heavy (3) Transition States.As mentioned in eq 1, there are two
cyclopropene (XY —2Z), the X=Y----Cl bond length ranging reaction pathways for the abstraction reactions of heavy cyclo-
from 3.55 A to 7.93 A. Namely, the calculated bond distances propenes (%Y —Z). One is the Cl abstraction I. That is, starting
for (X—Y—2)----CCl, contacts are much longer than those from the TS—CI, this leads apparently to Cl atom abstraction
calculated for the corresponding products (vide infra). Accord- and the formation of (XY —2Z)CI* + CCls*. On the other hand,
ingly, it is not surprising that such long bond distances are the CC} abstraction reaction Il via thES—CCl3 results in (%=
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Figure 4. The optimized geometries (in A and deg) for the precursor
complexes PC), transition statesT(S), and abstraction product8p)

of 1-disilagermirene (SiSi—Ge) with CCl. All were calculated at the
B3LYP/6-31G(d) level of theory. The heavy arrows indicate the main
components of the transition vector.

Y —2Z)CClg* + CI* products. In both pathways, Ca consid-

ered to attack the less electronegative atom of the double bond
The main geometrical parameters of the transition states
corresponding to abstraction reactions as well as their appearance
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Figure 5. The optimized geometries (in A and deg) for the precursor
complexesPC), transition statesT(S), and abstraction productap)

of cyclotrigermene (GeGe—Ge) with CC}. All were calculated at
the B3LYP/6-31G(d) level of theory. The heavy arrows indicate the
main components of the transition vector.

TABLE 1: Selected Geometrical Parameters for Singlet and

Triplet Heavy Cyclopropenes (X—Y —Z)ab
X=Y X-ZandY-Z 0OXZY X-Siand Y-Si

are shown in Figures 15, together with the meaningful SYSMY-2) A A) (deg) A)
components of their transition vector. These transition states singlet
will be referred to a§ S—A—Cl, TS—B—CI, TS—C—ClI, TS— ggg;féf%i) S oA L ass
D—CI, andTS—E—CI for (I) (Cl abstraction) and S—A—CCls, C°(Si—Si—Si) 5143 2355 5415 2363
TS—B—CClI3, TS—C—CCl3, TS—D—CCl3, andTS—E—CCl3 (2.138) (2.358) (2.369)
for (II) (CCl3 abstraction), respectively. It should be noted that D (Si—Si—Ge) 2159 2391 53.67  2.355
the results for the transition states of the heavy cyclopropene E*(Ge-Ge-Ge) gggg gggg 2‘2‘-38 g-ﬂ;
abstraction reactions might perhaps be one of the most interest- (2.239)  ( - ) (52.7)  (2.448)
ing results of the present study since very little is known about triplet
the barrier height3 A(C-C-C) 1.487 1475 60.51  1.835
1er neignts. .  B(Ge-Si-Si) 2420  2.431,2.362 60.64  2.411,2.370
Regarding the Cl abstraction, one can observe that the mainc (sj—sj—si) 2343  2.375 5912  2.375
components of the transition vector correspond to the motion D (Si—Si—Ge) 2377  2.397 59.45  2.368
2504  2.480 61.40  2.417

of the chlorine atom between X (the attacked atom on the double E (Ge—Ge—Ge)
bond) and the carbon atoms, whose eigenvalue gives an aatthe B3LYP/6-31G(d) level of theory. For the B3LYP optimized

imaginary frequency of 105iTS—A—Cl), 73.5i TS—B—CI),
93.9i (TS—C—ClI), 125i (TS—D—CI), and 71.2i TS—E—CI)
cm™1. In fact, inspection of the transition vector shows clearly
that the reaction proceeds toward formation ofFX—2Z)CI*
and CC}. In addition, decreasing the electronegativity of the
attacked atom X in the heavy cyclopropene(X—2) causes

a large increase in the (XY—2)—CI' (CI' = the migrating
chlorine atom) distance. That is, the newly forming &I’ bond
length increases in the ord&86—A—Cl (2.39 A) < TS—C—

structures of the singlet reactants see FigureS.JExperimental data
are in parenthese8The abbreviation “X-Y—Z" is taken from eq 1.
See the text¢ See ref 69 See ref 7.

Cl (2.41 A) < TS-D—CI (2.48 A) < TS—B—CI (2.72 A) <
TS—E—CI (2.74 A). It is noted that the three atoms (X, Cl
and C) involved in the bond-breaking and bond-forming
processes are not collinear along thé~«Q axis as displayed
in Figures 5. For instance, the X atom of the heavy
cyclopropene (XY —2Z)molecule makes an angle, with respect
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TABLE 2: Relative Energies for Singlet and Triplet Heavy
Cyclopropenes (X-Y—Z) and for the Process Heavy
Cyclopropene+ CCl, — Precursor Complex— Transition
State — Abstraction Products?

AEgP AEgp¢

AE#d AHe

X
system (kcal mof1) (kcal ngorl) (kcal mof1)  (kcal mof-1)
for Cl abstraction
A(C-C-C) +46.29 —0.1167 +28.07 +38.26
(+28.19)
B (Ge—Si—Si) +20.66 -9.326 —2.043 —15.29
(+7.283)
C (Si—Si—Si) +18.03 —0.9281 +4.337 —17.49
(+5.265)
D (Si—Si—Ge) +16.91 —0.9444 +3.993 —19.16
(+4.937)
E (Ge—-Ge—-Ge) +14.14 —9.938 —7.559 —19.76
(+2.339)
for CClz abstraction
A(C—-C-C) +46.29 —0.1167 +92.01 +70.34
(+92.13)
B (Ge—Si—Si) +20.66 —9.326 +46.24 +17.15
(+55.57)
C (Si—Si—Si) +18.03 —0.9281 +54.02 +20.78
(+54.95)
D (Si—Si—Ge) +16.91 —0.9444 +50.60 +17.05
(+51.55)
E (Ge—Ge—Ge) +14.14 —9.938 +33.16 +9.613
(+43.10)

a At the B3LYP/6-31G(d) levels of theory. For the B3LYP optimized
structures of the stationary points see Figure$1° Energy relative
to the corresponding singlet state. A positive value means the singlet
is the ground state. The stabilization energy of the precursor complex,
relative to the corresponding reactaritShe activation energy of the
transition state, relative to the corresponding reactants (relative to the
precursor complex in parenthesesJhe enthalpy of the product,
relative to the corresponding reactants.

to the X—CI'—C bond of 168, 157, 159, 158, and 158 for
model moleculed\, B, C, D, andE, respectively.

Next we consider the Cglabstraction Il. A search for the
transition state did show that the energy profile for this reaction
exhibits a maximum. The transition states located for thes CCl
abstractions by various heavy cyclopropenes are also presente
in Figures 15, respectively. These transition structures are
characterized by one imaginary frequency of 589i, 493i, 515i,
526i, and 483i cm?! for model molecule®\, B, C, D, andE,
respectively. The normal coordinate corresponding to the
imaginary frequency is primarily located at theé4{CCl bond
cleavage, followed by the formation of the-CCl'3 bond. If
one examines these bond distances for the attacking, CCI
molecule in Figures 15, one may easily find that the reaction
coordinate is fundamentally an asymmetric stretch at the
conventional transition state. Besides, to avoid the steric
repulsion with the substituents of heavy cyclopropene %

Z), the X:---C----Cl angle is slightly bent in these TS's, as
observed in Figures-15. For example, our theoretical findings
demonstrate that the angléX—C—Cl of TS—CClI; for A—E
five model molecules is 178 175, 174, 173, and 1785,
respectively.

Considering the effects of substitution, our results suggest
that, from a kinetic viewpoint, the abstraction reactions of heavy

J. Phys. Chem. A, Vol. 111, No. 30, 2007167

follows (relative to the precursor complex):.S—A—CCl3 (92
kcal/mol) > TS—B—CClI3 (56 kcal/mol)> TS—C—CCl3 (55
kcal/mol) > TS—D—CClI;3 (52 kcal/mol)> TS—E—CCl; (43
kcal/mol). In other words, our theoretical work strongly indicates
that the lower the electronegativity of the substituent group 14
elements, the lower its barrier to abstraction with £ClI
Moreover, as already found in dimetallene abstractfoinss
clear that the calculated activation energy is substantially lower
for Cl than for CC} abstraction, indicating that in all cases the
halogen abstraction process is highly favored.

(4) Abstraction Products. The expected products of the
abstraction reactions of heavy cyclopropenes with Ce
either AP—CI and CC} or AP—CCl3 and Ct. Accordingly,
the optimized product structures are name8dRs-A—ClI, AP—
B—Cl, AP—C—-Cl, AP—D-CI, AP—E—CI, AP—A—CClj3,
AP—B—CCl3 AP—C—CCl3 AP—D—CCl3 andAP—E—CCls,
which are collected Figures—5, and the calculated reaction
enthalpies for the abstractions are given in Table 2. Again, as
Figures 5 show, the order of the XCI (X is the attacked
atom) bond length follows the same trend as the atomic weight
of the atom X: AP—A—CI (1.95 A) < AP—C—ClI (2.15 A)~
AP—D—CI (2.15 A) < AP—B—CI (2.32 A)~ AP—E—CI (2.32
A). The same effect can also be found in the £&bstraction
reactions: AP—A—CCl3 (1.55 A) < AP—C—CCl; (1.99 A)
~ AP—D—CCl; (1.99 A) < AP—E—CCl; (2.02 A) < AP—
B—CCl3 (2.05 A).

As demonstrated earlier, a heavy cyclopropene with more
massive and less electronegative atoms on the double bond
reaches the transition state relatively early, whereas a cyclo-
propene analogue with less massive but more elecronegative
atoms on the double bond arrives at the transition state relatively
late. The former is therefore predicted to undergo a more
exothermic abstraction, which is borne out by our DFT
calculations. For instance, our theoretical findings indicate that
the enthalpy for the Cl atom abstraction of heavy cyclopropenes
decreases in ordé&sP—A—CI (+38.3 kcal/mol)> AP—B—ClI
(—15.3 kcal/mol)> AP-C—CI (—17.5 kcal/mol)> AP—D—

| (—19.2 kcal/mol)> AP—E—CI (—19.8 kcal/mol). On the

ther hand, our theoretical results demonstrate that the energies
of the CCh-abstraction products are all above those of their
corresponding reactants. This strongly indicates that the CCI
abstraction reactions by heavy cyclopropene are endothermic,
which would be energetically unfavorable. That is to say, the
abstraction products (XY —Z)CCls* are not produced from a
CClz group transfer reaction as in (1) but possibly exist if these
radicals ((%X-Y —Z)CCls*) are produced through other reaction
paths.

IV. Overview of Heavy Cyclopropene Abstraction

From our study of the mechanisms of the reactions of heavy
cyclopropenes with CGJ the major conclusions that can be
drawn are as follows:

(1) For the heavy cyclopropene systems studied in the present
work a precursor complex for the CChbstraction reaction
should not be observable.

(2) The abstraction reactions of the heavy cyclopropenes

cyclopropene systems bearing electropositive elements on theproceed via a two-step abstraction-recombination path (forma-
double bond are more facile than that with more electronegative tion of the two radicals and then abstraction of another atom in

elements. As seen in Table 2, for instance, the B3LYP barrier a subsequent step collapsing to the final product). Moreover,

height for Cl abstraction by heavy cyclopropenes decreases insuch abstraction reactions should occur via a transition state
the order (relative to the precursor compléb$—A—CI (28 characterized by a nonlinear arrangement of the three atoms
kcal/mol)> TS—B—CI (7.3 kcal/mol)> TS—C—CI (5.3 kcal/ involved in the process.

mol) > TS—D—CI (4.9 kcal/mol)> TS—E—CI (2.3 kcal/mol). (3) During the competition between CI- and @@bstraction,

The same effect can also be found in the £&listractions as  the magnitudes of the Cl abstraction barriers are much lower
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Figure 6. Calculated frontier molecular orbitals for model molecude$C—C—C), B (Ge—Si—Si), C (Si—Si—Si), D (Si—Si—Ge), andE (Ge—
Ge—Ge). The abbreviation R stands for the SgMgoup. For details see the text.

than those of the Cglabstractions. This strongly implies that (Si—Si—Si) < model moleculeE (Ge—Ge—Ge). It is thus
the one-chlorine-atom-abstraction reaction should be the mostpresumably concluded that heavy cyclopropenes containing
energetically favorable path for heavy cyclopropene abstractions.either the S#Sn or the P&Pb double bond can readily
In consequence, one-chlorine-atom-abstraction will be the first abstract halogen atoms from halocarbons, while heavy cyclo-
step in the initial reaction of a heavy cyclopropene and a propenes containing the=€C double bond are unreactive toward
halocarbon, and halogen-abstraction products will dominate. Our them,

model conclusions are consistent with some available experi-
mental findings:

(4) For a given haloalkane, the more massive and less
electronegative the doubly bonded atoms of a given heavy
cyclopropene are, the easier the abstraction reaction with In brief, based on the model calculations presented here, it
haloalkane will be. That is to say, the present theoretical findings is found that a heavy cyclopropene should undergo first one
suggest that the reactivity of heavy cyclopropenes increases inatom (Cl) abstraction and then proceed to the second atom (ClI)
the order model molecul& (C—C—C) < model moleculeC abstraction. Finally, one may thus obtain ttens-1,2-dichloro-

(5) Electronic as well as steric factors should play a pivotal
role in determining the chemical reactivity of heavy cyclopro-
pene species, kinetically as well as thermodynamically.
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cyclotrimetallane products. This is consistent with what we model moleculéd species has comparatively a largest singlet

found in the Sekiguchi’'s experimental observatiéns. triplet separation4Es—=46.3 kcal/mol). Our B3LYP/6-31G(d)
results as shown earlier are consistent with the above prediction.
V. The Configuration Mixing Model For this reason, abstraction by halocarbons is easier and more

. . exothermic for the heavy cyclopropene systems than for their
Based on our theoretical study, all our computational results cyciopropene counterpart. In other words, our theoretical

can be rat_ionalized on the basis of a configurati%n mixing (CM) findings strongly suggest that the singétiplet splitting of a
model which was developed by Pross and Shaik®According heavy cyclopropene species can be used as a diagnostic tool to

to this model, it is readily seen that the barrier heighi{) as predict the reactivities of various cyclopropene analogues in
well as the reaction enthalpAl) should be expressed interms  5pstraction reactions with haloalkaiés.

of the singlet-triplet splitting AEst (=Ewipiet — Esingley Of the
reactant, i.e., the heavy cyclopropene{X—2). That is to say, VI. Conclusion
the reactivity of such abstraction reactions will be governed by

the singlet-triplet excitation energies for each of the reactants, N this work, we have studied the mechanisms of heavy
i.e., AEst (=Euipiet — Esingletfor heavy cyclopropene) antiE - cyclopropene abstraction reactions with carbon tetrachloride by
(=Exipiet — Esingiet or CCly). The stabilization of the transition density fL_mctlonaI t_heory. It should be ment|or_1ed that this stu_dy
state of an abstraction reaction depends on the singiptet has provided the first theoretical demonstration of the reaction

splitting AEs; (=Exipiet — Esingie) Of the reactant heavy cyclo- trajectory. and theoretical estimation of the activation energy
propené?18Accordingly, if AE, is a constant, then the smaller and reaction enthalpy for these abstraction processes. However,
the value ofAE; of the heavy cyclopropene is, the lower its It sh(_)uld be_ pointed out that the ca_IcuIat_ed DFT barrier heights
barrier height is, and the larger its exothermicity is, and, in turn, &re if anything, too low#? Those barrier heights therefore quoted
the faster the abstraction reaction with haloalkanes is. In other h€re might be underestimated by several kilocalories per mole.
words, understanding the singitiplet splitting AEs; of the Nevertheless, the energies optalned at th_e B3LYP/6-31_G(d) level
heavy cyclopropene can be used to predict the relative reactivity € at least, provide qualitatively reliable conclusions. In

of the various reactants. We shall see that the calculated resultgarticular, our study has shown that the singleiplet gapAEs
support these predictions below. (=Etiplet — Esingle) based on the CM model can provide a useful

From the above analysis, a strong correlation betwtEg basis for understanding and rationalizing the relative magnitude
and the activation energy és well as the reaction enthalpy is of the activation barriers as well as reaction enthalpies for the

expected”18For instance, our B3LYP calculations suggest that apstraction of haloalkanes by heavy cyclopropenes.
AEq (kcal/mol) decreases in the orda(46.3) > B(20.7) > Consequently, not only have we given an explanation for the

C(18.0) > D(16.9) > E(14.1), while the barrier height for CI avail_able expe(imental o_bservation_s t_)ut al_so our approach
abstraction by the heavy cyclopropene also decreases in the ordeProvides chemists with important insights into the factors

TS—A—CI (28) > TS—B—Cl (7.3) > TS—C—Cl (5.3) > TS— controlling heavy cyclopropene abstraction reactions with
D—CI (4.9) > TS—E—CI (2.3). Again, the enthalpy follows halocarbons and thus permits them to predict the reactivity of
the same trend as fokEq; AP—A—CI (+38.3 kcal/mol)> several, as yet unknown, heavier cyclopropene species.

AP—B—Cl (—15.3 kcal/mol)> AP—C—Cl (—17.5 kcal/mol) We encourage experimentalists to carry out further experi-

> AP—D—CI (—19.2 kcal/mol)> AP—E—C| (—19.8 kcal/ ~ Ments to confirm our predictions.
mol). Namely, the DFT calculations indicate that there exists a
linear correlation between the activation energy and the reaction
enthalpy. This investigation makes it quite obvious that, in order
to find a good model for the facile abstraction of heavy
cyclopropene with halocarbons, an understanding of the singlet
triplet gapAEs; of the coordinatively unsaturated heavy cyclo-
propene is crucial. That is to say, abstraction reactions in which
heavy cyclopropenes have smaller singleiplet gaps will have
smaller barriers as well as larger exothermicity than reactions
whose corresponding cyclopropenes have large singiplet
gaps.

Finally, one may wonder why the abstraction reaction of a __ (1) For recent reviews, see: (a) Weidenbruch,Ghem. Re. 1995
h Y | Y f db Iy lect ti t 95, 1479. (b) Driess, MCoord. Chem. Re 1995 145 1. (c) Driess, M.;
eavy cyclopropene formed by less electronegative atoms (suc rutzmacher, HAngew. Chem., Int. Ed. Engl996 35, 828. (d) Baines,

as model moleculd&) is preferable to that formed by more K. M.; Stibbs, W. G.Adv. Organomet. Cheni1996 39, 275. (e) Okazaki,
electronegative atoms (such as model moleg)leThe reason ~ R.; West, RAdv. Organomet. Chenfl996 39, 31. (f) Klinkhammer, K.

; ; : e W. Angew. Chem., Int. Ed. Endl997, 36, 2320. (g) Barrau, J.; Rina, G.
for this can be traced directly to electronic factors within the Coord. Chem. Re 1998 178 593. (h) Power. P. Kl Chem. So., Dalton

heavy cyclopropene. From Figure 6, it is apparent that the Trans.1998 2939. (i) Tokitoh, N.; Matsumoto, T.; Okazaki, Bull. Chem.
magnitude of the energy difference between HOMO and LUMO Soc. Jpn1999 72, 1665. (j) Robinson, G. HAcc. Chem. Red999 32,

3. (k) Power, P. PChem. Re. 1999 99, 3463. () Leigh, W. JPure
fcl)r the Eeavy .CyCIfOprOpenz SIyStelmsu(:scressﬁ_sh as one p:'Oceec}lppl. Chem.1999 71, 453. (m) Weidenbruch, MEur. J. Inorg. Chem.
along the series from model molecueto E. ese results 1999 373. (n) Tokitoh, NPure Appl Chem.1999 71, 495. (0) Grutzma-

strongly imply that heavy cyclopropenes formed by less cher, H.; Fassler, T. FChem. Eur. J.200Q 6, 2317. (p) Escudie, J.;

electronegative atoms prefer to remain in high-spin states, Rar_\a:\(/o?atl?v(?, Rl\ilgogkLCE_eﬂ';- RF& 2?(00 10$ 3&_39- (@) l\SAaSEmori,T-:S
. ral, Y.; lakeda, N.; azkl, R.; FUrukawa, Y.; Kimura, Vl.; Nagase, S.;
whereas heavy cyclopropenes formed by more emc'[mnegatwé?okitoh. N.Bull. Chem. Soc. Jpr2002 75, 661. (r) Tokitoh, NAcc. Chem.

atoms favor low-spin states. It is reasonable to expect that theres.2004 34, 86.

promotion energy from the singlet state to the triplet state should k(2) ior reviiws r«;ulbout heall(vy cyclopropenes, seeh: (a) Lee, V. Y
i Sekiguchi, A.; Ichinohe, M.; Fukaya, N. Organomet. Chen200Q 611,

be smallt_ar for the formgr than for the latter. Accordingly, these 228. (b) Sekiguchi, A Lee, V. YChem. Re. 2003 103 1429. () Lee.

observations can explain why model moleckileas a smallest /'y - Sekiguchi, A. InThe Chemistry of Organic Germanium, Tin, and

singlet-triplet splitting (AEs=14.1 kcal/mol), whereas the other Lead Compound®Rappoport, Z., Ed.; Wiley: Chichester, U.K., 2002; Vol.
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