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Summary: Rhodium- and molybdenum-catalyzed allenig- [2 =3 F
2 + 1] cycloaddition reactions gie 4-alkylidene andx-alky- Q:'ML" f
lidene cylopentenones, respeelly. The selectie reaction of f A T~ <:< — A\\\
one double bond of the allene@r another is controlled by the X \
transition metal and not the substrate structure. Calculations @ML
were performed to explain this unique control element using ~ " CQZO <:‘i§:° ML,
the B3LYP functional as implemented in Gaussian 03. The & . B
6-31G(d) basis set was applied to all elements except rhodium, jD P k /
which is described with the LANL? effagicore potential and (tCrﬁ_n dﬂ-
the LANL2DZ basis set. The product-determining step for both g X
reaction pathways is oxidat addition of the metal to the ¢
alkynyl allene to form the corresponding metallocycles B and Figure 1. Proposed mechanism of allenic {22 + 1] cyclocar-
B'. The calculations strongly suggest that geometric constraints bonylation.
imposed by the metal in the transition state are the key
controlling factor of the double-bond seleaty. The transition  girected control element. As a first step in our approach, we
state structure of rhodium-catalyzed oxidetiaddition has a g4t 1o understand the selectivity via theoretical investiga-
distorted square planar geometry that affords a lower transition tions? since the information gained from these calculations could
state energy when coordinated to the distal double bond of the . . - o ;

also guide us in designing additional laboratory experiments.

allene. In turn, the distorted trigonal bipyramidal geometry of ; > 27 . -
molybdenum in the transition state structure imposes confor- | "€ mechanism outlined in Figure 1 provides the basis for our

mational constraints upon binding to the distal double bond on analysis. Initially, some assumptions were made concerning the

the allene and thus leads to the energetically preferred generally accepted mechanism of this transition metal catalyzed

complexation and reaction with the proximal double bond. [2 + 2 + 1] cycloaddition. It was assumed that the first step in
Transition metal catalyzedyclocarbonylationreactions of the cycloaddition reaction involves complexation of the alkyne

allenes provide rapid entry into molecular skeletons that may 2nd the allene to the catalyst, giving either intermediate A or
otherwise be difficult to synthesize. However, advantages of A~ Next, oxidative addition affords the metallocyle B of, B
incorporating an allene moiety into a synthetic sequence canWhich undergo carbon monoxide insertion to yield the product
be negated by selectivity issues associated with this underutilizedC ©F C., respectively. Finally, reductive elimination provides
functional group: Recently, we observed that during a cyclo- €ither the a-alkylidene cyclopentenone D or 4-alkylidene
carbonylation reaction of an allene, only one of the double bonds cyclopentenone Ddepending upon the metal catalyst employed
reacted selectively, depending upon the metal catalyst em-in the reaction.

ployed? The selective reaction of one double bond over the  potential energy pathways for the proposed mechanisms were
other is precedentethut in most cases the substrate structure, mapped out using density functional theory with the B3LYP
not the reagent, is the controlling factor. We have subsequently fynctional implemented in Gaussian 03 to establish the most
taken advantage of the new transition metal catalyzed control|iyely rate-determining step. The composition of the rhodium
element by applying this to the first synthetically feasible2 o mpjex was chosen based upon experiment whereby a variety
2+ 1] approach to blcyglo[5.3.0]decan‘ém addition, we have of rhodium(l) catalysts were screened, and all gave similar
also sh?wn th??t this regllocor?trolglemlent an b? a_pplled t% Otherresults. Thus, it was reasoned that the additional complexity of
types of transition metal catalyzed cyclocarbonylation reactions. introducing ligands other than carbon monoxide was not

Since this regioselectivity trend appears to be general, we beneficial or necessary. For the rhodium-based catalyst it was
were eager to understand the nature of this transition metal . y. For " yst

determined that the oxidative addition step had the highest

* Corresponding authors. E-mail: kbrummon@pitt.edu, jordan@pitt.edu. €nergy of activation and was the least reversible. Thus, product

8 Eashmi, fz- E I\I;Angﬁw Cﬁef;, rl]nt- E@80%39,k359% O Rickard formation is determined early on along the reaction coordinate,
rummond, K. V.; en, H.; Fisher, K. D.; Kerekes, A. D.; RICKarads, . e
B.. Sill, P. C.; Geib, S. Drg. Lett 2002 4, 1931. and our attention was focused on the transition states for the

(3) For a catalyst-controlled [4- 2] diene-allene cycloaddition, see:  oxidative addition step of the rhodium-catalyzed reaction.
Wender, P. A.; Jenkins, T. E.; Suzuki, . Am. Chem. Sod995 117,
1843.
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Figure 3. Energy landscape for molybdenum-catalyzed reaction.
Parts of the pathway where there is an extra CO present are shown
in blue.
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Figure 2. Energy landscape for rhodium-catalyzed reactiBarts
of the pathway where there is an extra CO present are shown in
blue.
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The free energy landscape for the rhodium-catalyzed reaction
is shown in Figure Z.The first step of the reaction is the "\
oxidative addition of the alkynyl allene to the rhodium catalyst 3 .
leading to metallocycldla. This step is rate-limiting, with a w‘
free energy barrier of 16.8 kcal/mdihe relatve free energies —_c
were calculated at 90C, the temperature at which the reactions “res e
were performedCarbonyl insertion and reductive elimination ~ Figure 4. Rhodium-catalyzed oxidative additién.
steps giving2 and3 have calculated free energy barriers of 1.0

and 11.5 kcal/mol, respectively. These last two steps are . BT\ $4
energetically more feasible if an additional CO ligand is added , 24 :
to the metal complex. -7/ 0\

ts11-6 3
ts11-13 ts7b-13

(kcalimol)

The free energy landscape for the molybdenum-catalyzed ¢
process is shown in Figure 3. The composition of the molyb- | /;
denum complex is based upon experiment, where molybdenum " g3/
aryl tricarbonyl complexes are used to catalyze the same CO 3 —_—
insertion reaction. The rate-determining step was found to be 00
the insertion of CO into the metallocyct This differs from @ 7
the rhodium-catalyzed process, where the oxidative addition step
was rate-determining. Interestingly, the free energy of the
transition state for the CO insertion is still 2.5 kcal/mol lower
than that for the oxidative addition of the metal to the distal
double bond of the allene. Moreover, all low-energy transition
states for the oxidative addition step involve the formation of a
metallocycle via a selective reaction with the proximal double

bond of the allene. Finally, the reductive elimination step is involved the distal double bond of the allene (compaend

energetlcglly a very favorable process. o . 124 Figure 4) and likewise for the transition states (compare
Extensive searches were performed on the oxidative additionis44-15 and ts12a-14 Figure 4). For both rhodium and

step of the rhodium- and molybdenum-catalyzed reactions, andyo|yhdenum metallocycles, the larger sized ring is preferred
the results of these calculations are depicted in Figures 4 andgyer the smaller ring. (For molybdenum compdr@ and 6

5, respectively. Interestingly, for the molybdenum process all £igyre 5, and for rhodium compata and14, Figure 4.) As a
low-energy complexation species involved the proximal double consequence, the energy difference of the molybdenum- and

Figure 5. Molybdenum-catalyzed oxidative additién.

bond of the allene (comparéa and 11, Figure 5). The same
was true for the transition states (compts@a-6andts11-13
Figure 5). For the rhodium case, all low-energy complexes

(7) All stationary points were located and vibrational analysis were (8) All energies used in figures are Gibbs free energies in kcal/mol and
calculated using the B3LYP functional as implemented in Gaussian 03. were calculated in the absence of solvent. Analogous calculations on an
The 6-31G(d) basis set was applied to all elements except Rh, which was azepine system in refluxing THF were performed using COSN@d the
described with the LANL2 effective core potential and the LANL2DZ basis solvent did not have a significant effect on the outcome of these calculations.
set. Relative free energies were calculated at a temperature’®f, 9thich Unpublished results from our laboratory.
was used in the experiments. Citations of the computational methods and  (9) Klamt, A.; Schiirmann, G.J. Chem. Soc., Perkin Tran993 2,
references are given in the Supporting Information. 799.
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rhodium-catalyzed reactions is reflected in the transition statesfurther supporting the conclusion that it is the transition state
of the oxidative addition step. For example, in the rhodium case geometry of the metal that drives the selectivity of this reaction.

the conversion of the complex to the metallocycle is an  |n conclusion, computational evidence is provided to explain
exothermic process by15.6 kcal/mol and proceeds via an early  an unusual selective reaction of either of the double bonds of

transition state. Thus, transition structisda-1apossesses a  the allene in an intramolecular allenic{22 + 1] cycloaddition.
slightly distorted square planar geometry, nearly the same as

the starting compleda. The geometry constraints imposed by
the metal in the transition state preclude complexation of the
proximal double bond of the allene, leading to an energetically
preferred complexation with the distal double bond, which in
turn leads to the thermodynamically favored metallocyide
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geometry of the metal in this transition state imposes confor-
mational constraints upon binding to the distal double bond on
the allene and thus leads to the energetically preferred com-
plexation with the proximal double bond, leading to the
kinetically preferred6. It is important to point out that
experimentally iridum gives very similar results to rhodium,
and tungsten gives the same regioselectivities as molybdenumOM0607503
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