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We report a full quantum mechanical investigation, based on DFT calculations, on the unimolecular
and bimolecular alkynevinylidene rearrangements in the prototype [CI-RHPR)(HC=CH)] complex,
to solve the discrepancy between theory and recent experimental data and to provide a definitive answer
concerning the largely debated molecularity issue of the 1,3-shift inetal complexes. We calculate
the intramolecular pathway to be kinetically favored over the intermolecular one by 15.0 kcal/mol, in
agreement with recent crossover experiments. Comparison of our DFT calculations performed on the
real systems with reduced models shows that a full quantum mechanical description of the investigated
systems is mandatory for a correct description of their reactivity, owing to the relevant role played by
the electron-donating phosphine ligands.
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Sphel'e Of a tl'anSItIOI‘l metal haS attracted mUCh |nterest bothwhose fundamental Steps involve either a 1’2_ ora l,g_hydrogen

place from the alkyne complek via a mechanism analogous

:COffesponding author. E-mail: filippo@thch.unipg.it. to that occurring in the free acetyleneinylidene tautomeriza-

dﬂ%’gi’g‘a%PeDf“A%ﬁunzio tion or occurs through the intermediacy of aACH-bound

(1) () Werner, HAngew. Chem., Int. Ed. Endl99Q 29, 1077. Bruce, alkyne intermediate&® Antonova et af proposed an alternative
gﬂél ﬁ)hgezm(.geé 1991, 91,019;., WakfatgulaYJ- COhrgan%mgté S%hggﬁ’-ggf mechanism in which an oxidative addition of the 1-alkyne to

3 . runeau, C.; Dixneut, D. IACC. em. rRe " . H : _ H

(2) Antonova, A. B.; Kolobova, N. E.; Petrovsky, P. V.; Lokshin, B. ',[he me',[al center glv,es a hydndo alkynyl compl@xwhlch then
V.; Obezyuk, N. SJ. Organomet. Cheml977, 137, 55. isomerizes to the vinylidene produgty a 1,3 hydrogen shift

gg gbhz, A.;I_W?:rnesr, HJ. I?rgagomst. %elrﬂ%TQ 3822%?)2. - from the metal to @ (path Il). Either unimolecular (IIA) or

e Angelis, F.; Sgamellotti, A.; Re, NDalton Trans. . ; chi ; .

(5) (@) Bullock. R. M. J. Chem. Soc.. Chem. Commui889 165. blmo!ecul_ar (IIB_) 1,3-shifts can take place in pr|nC|pIe, the Iat_ter
Lomprey, J. R.: Selegue, J. B. Am. Chem. Sod992 114 5518. (b) possibly involving the coupling of two hydrido-alkynyl moi-
Cadierno, V.; Gamasa, M. P.; Gimeno, Jré2eCarrén, E.; Gart-Granda, eties?-310Discrimination between pathways | and Il is strictly
S. Organometallics1999 18, 2821. related to the stability of the hydrido-alkynyl intermediate, which

(6) (@) Wakatsuki, Y.; Koga, N.; Yamazaki, H.; Morokuma, K.Am. . .
Chem. $0c1994 116 8105. (b) De Angelis, F.: Sgamellotti, A.: Re, N. i turn depends on the electron count or electron richness of

Organometallics2002 21, 2715. (c) De Angelis F.; Sgamellotti, A.; Re,  the metal centet.Indeed, while for the alkynevinylidene

N. Organometallic2002 21, 5944. . . . i
(7) (@) Wolf, J.. Werner, H.. Serhadli, O.; Ziegler, M. Angew. Chem., isomerizations on%metal fragments a straightforward 1,2-shift

Int. Ed. Engl.1983 22, 414. (b) Rappert, T.; Naberg, O.; Mahr, N.; Wolf, pathway has been experimentally and theoretically pr&$ed,
J.; Werner, H.Organometallics1992 11, 4156. (c) Werner, H.; Baum,  for d® and highly electron-rich dsystems the same process

M.; Schneider, D.; Windriler, B. Organometallics1994 13, 1089. (d) occurs via hydrido-alkynyl intermediates, which have also been
Werner, H.; Rappert, T.; Baum, M.; Stark, A.OrganometChem 1993 . . .
459, 310. intercepted and in some cases structurally charactefiZéd.
19gi) 1B(i)ar;%lgr71i, C.; Peruzzini, M.; Vacca, A.; Zanobini,Brganometallics The 1,3-shift step from the hydrido-alkynyl is more elusive
. . 1 i 711 R;j ini
(9) (a) de Los Ros, I.: Jinieez-Tenorio, M.: Puerta, M. C.: Valerga, P. and is S'[I.|| a maFter.of debaté 11 Bianchini et al. have shol/vn
J. Am. Chem. S0d.997 119, 6529. (b) Bustelo, E.; Cafbd. J.; Lleds, that the isomerization of 1-alkynes on [P(&FH,PPh)3Co]
éé;ll\{lereiter, K.; Puerta, M. C.; Valerga, B. Am. Chem. So2003 125 complexes occurs through the intermediacy of a hydrido-alkynyl
(16) Wakatsuki, Y.: Koga, N.: Werner, H.: Morokuma, &.Am. Chem. species, th_e subsequent isomerization to the vmy!ldene product
S0¢.1997 119, 360. being a unimolecular process, as supported by its occurrence
(11) Grotjahn, D. B.; Zeng, X.; Coosky, A. . Am. Chem. So2006 even in the solid stattWerner and co-workers showed that
128 2798. =
(12) (a) Stegmann, R.; Frenking, @rganometallics1998 17, 2089. the rearrangement of RhCI(Prs)Z(HC. CR) alk_yne complexe_s
(b) Garéa-Yebra, C.: Lpez-Mardomingo, C.: Fajardo, M. Afitio, A.: to the vinylidene proceeds via the intermediacy _of a hydrido-
Otero, A.; Rodiguez, A.; Vallat, A.; Luca, D.; Mugnier, Y.; Cafbd. J.; alkynyl complex’ Although a unimolecular mechanism has been

Lledos, A.; Bo, C.Organometallic200Q 19, 1749. (c) Baya, M.; Crochet, initi i inati i i
P.; Esteruelas, M. A.; Ligez, A. M.; Modrego, J.; Cate, E.Organometallics '”'F'a”y proﬁose: on th(.e basis of k.metlc data, InCI!JdIr;]g thel.
2001, 20, 4291. (d) Oliva, M.; Clot, E.; Eisenstein, O.; Caulton, K. G. evidence that the reaction occurs is some cases in the solid

Organometallics1998 17, 3091. state’® an unusual bimolecular mechanism (lIB) has been

10.1021/0m7003964 CCC: $37.00 © 2007 American Chemical Society
Publication on Web 09/27/2007



5286 Organometallics, Vol. 26, No. 22, 2007 De Angelis et al.

Scheme 1. Reactivity of AcetyleneVinylidene

Isomerizations ; Lo ; { -
] A‘f"-’. . Ay ot o e
< v s V?_ . -

1(0.0) 2(-0.8) 3(-147)
T;d ‘T"‘“\r}:
- Rk’ L
oy at X

TS, 5 (26.1) JoTst,, (1)

Figure 1. Optimized geometrical structures and relative energies
of speciesl—3 and of the transitions statésS',—3 and TS",_3.

The H atoms of the Me groups of thidPr ligands are omitted for
clarity.

- . o . Table 1. Calculated Energetics Using Different Basis Sets
suggested for the alkyrevinylidene isomerization on this RhCl- and Fgunctionalsg

(Pi-Prs), fragment and supported by a theoretical stddynd
some circumstatial evidenédn particular a pioneering com-

1 TS,—2 2 TS>—3 TS'>—3 3

putational study by Wakatsuki et &P ,based on integrated B3LYP

guantum mechanics/molecular mechanics (QM/MM) calcula- 22((%211)) 8:8 ig:i i:i gg:‘; ig:? :ﬁ:g
tions on the [CI-Rh(PPrs),(HC=CH)] complex, revealed an AE(BS2) 0.0 93 -07 29.8 280 —13.3
energetically accessible bimolecular pathway, involving coupling AG(BS2) 0.0 6.8 —0.8 26.1 411 -147
of two hydrido-alkynyl complexes, which was found to be B97-1

favored over the unimolecular 1,3-shift. Recent double-crossover AE(BS1) 0.0 1.7 33.3 24.1
experiments performed on the same complex, however, have AG(BS1) 0.0 26 300 40.6

been reported that are inconsistent with a bimolecular patfivay. 22 ((3222)) 8:8 :8:? gg:i 4213:3

To solve the discrepancy between theory and experiment and
to pl)rowlde_ta Qeflnmvfetﬁnsxvgr (;]‘?frt‘(fe;':t':gt t?e Iarg:-:tly deb_ated while a 6-31G* basis set was employed for the remaining atéms;
molecularty 1ISSué of the 1,s-shiit in“dnetal complexes, in we will hereafter label this basis set as BS1. Geometry optimizations

this article we report a full quantum mechani(?al DFT investiga- followed by frequency calculations have been performed using BS1.
tion on both the unimolecular (IIA) and bimolecular (11B) Single-point calculations with the larger LANL2DZ/6-3G**

alkyne-vinylidene rearrangements in the [CI-Ris)(HC= basis set (BS2) have then been carried out, adding BS1 thermal
CH)] complex. corrections to obtain the free energy data labél&BS2), which

we discuss here. In all cases small differences, within ca. 3 kcal/

Computational Details mol, were found between BS1 and BS2 energies; see Table 1. No

simplification in the molecular structures or symmetry constraints

The DFT calculations reported in this paper have been performed have been employed.

using the Gaussian 98 program pack&g€o check the effect of
the exchangecorrelation functional, we employed both the . .
B3LYP! and B97-15 functionals. The LANL2DZ basis set along Results and Discussion

with the corresponding pseudopoterifiaVas used for the Rh atom, We calculate the reaction free energies of both pathways 1A
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Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; 2.~ H. ; ;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, 1. The#*-C—H-coordinated acetylene, which was found as a

S.: Daniels, A. D.; Strain, M. C. Farkas, O.; Malick, D. K.: Rabuck, A. minimum in previous studies performed off hetal com-
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. plexes*8 turned out to be a transition state in the presént d
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;  ~5ggl0

Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,

M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Considering AG(BS2) data, the vinylidene produd is
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, dussian calculated to be 14.7 kcal/mol below the starting acetylene
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(15) Hamprecht, F. A.; Cohen, A. J.. Tozer, D. J.; Handy, NJ.Chem. with the hydrido-alkynyl intermediat2almost isoenergetic with

Phys.1998 109, 6264.
(16) (a) Hay, P. J.; Wadt, W. R. Chem. Physl985 82, 270. (b) Wadt, (17) Ditchfield, R.; Hehre, W. J.; Pople, A. J. Chem. Physl971, 54,
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Figure 2. Potential energy surface (kcal/mol) along the linear

transit scan connecting two isolated hydrido-alkynyl units to the

vinylidene product, performed at the B3LYP/BS1 level. Kaxis

corresponds to a concerted shortening of the two intermolecular
C—H distances (A). The zero of the energy has been set to the
sum of the energies of two noninteracting hydrido-alkynyl species,

set arbitrarily at a €H distance of 8 A. The calculated points have
been interpolated by a cubic spline.

1, lying only 0.8 kcal/mol belowl; see Figure 1. The relative
stability of the three minima is drastically different from that
found in ref 10, where the vinylidene and hydrido-alkynyl
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of an adduct between the two interacting moieties. The
maximum energy structure encountered along the linear transit
scan, corresponding to the approximate transition state for a
synchronous reaction pathway, is found fori& values of 1.75
A and calculated 31.6 kcal/mol higher than twice the energy of
the hydrido-alkyny®, i.e., 34.7 kcal/mol above twice the energy
of the starting alkyne complek at the B3LYP/BS1 level.
Starting from the linear transit maximum energy structure,
we have been able to optimize the transition state for the
bimolecular coupling of the two hydrido-alkynyl moieties,
leading to two uncoupled vinylidene product§'”,-3 in Figure
1. Surprisingly,TS",—3 corresponds to an asynchronous reaction
mode, with an almost formed vinyliden€&H' bond (1.22
A), an elongated RR-H' bond (1.90 A), a noninteracting -
H" distance (2.36 A), and a Rr-H" distance of 1.56 A, close
to its value in the equilibrium structure 2f(1.51 A). Frequency
eigenvector analysis performed ORS",_3 confirmed the
asynchronous reaction mode of the unique negative frequency;
see Supporting Informatio.S",_3 is calculated 2.3 kcal/mol
below the energy of the approximate synchronous transition
state, considering B3LYP/BS1 data. Despite several attempts,
no real transition state corresponding to a synchronous reaction
pathway could be located. Considering(BS2) data,TS">—3
is calculated 41.1 kcal/mol above twice the energy, dfierefore
15.0 kcal/mol higher than the transition state for the unimo-
lecular pathway IIA,TS',_3, in agreement with recent experi-
mental evidencé! It is interesting to note that, without inclusion
of thermal correctionsTS',—3 andTS'"»>_3 are almost isoener-

species were reported to lie, respectively, 7.8 below and 9.4 getic, 29.8 versus 28.0 kcal/mol at the B3LYP/BS2 level, the

kcal/mol above the alkyne for the [CI-Rh(B} model by

discrimination between unimolecular and bimolecular pathways

means of MP2 calculations. This discrepancy is not related to heing essentially determined by the unfavorable entropy loss

the different level of theory used in this work and in ref 10, as
confirmed by B3LYP/BS1 and MP2/BS1 calculations performed
on the same [CI-Rh(Pb] fragment, which consistently indi-
cated the vinylidene and hydrido-alkynyl, respectively,-6.6
5.3 and 15.%+15.7 kcal/mol (DFT-MP2, respectively) below

associated with the bimolecular pathway. We notice that our
calculated (free) energy barrier for the bimolecular pathway IIB

might be slightly affected by basis set superposition error, which
should lead, however, to an underestimation of the energy
barrier. Finally, to check that our results are independent of the

and above the alkyne species. Our results point, on the otheremployed exchangecorrelation functional, we performed ad-
hand, to a remarkable stabilizing effect of the electron-donating ditional calculations using the B97-1 functiotélwhich was
Pi-Pr3 phosphine ligands on both the vinylidene and hydrido- shown by Zhao and Truhlar to provide energetics of comparable
alkynyl species, which cannot be captured by use of simplified quality to MP2 results for weakly interacting systetisThe

PH; ligands or by QM/MM calculations including the BH
ligands in the QM subsystem. This stabilizing effect of electron-

activation free energies for pathways IIA and IIB calculated
with B97-1 are 27.4 and 40.9 kcal/mol, respectively (see Table

donating ligands on the energy of the hydrido-alkynyl species 1), only marginally different from B3LYP results, thus confirm-

in d® metal fragments was identified by us in a previous sttdy.
We notice that destabilization of the alkyne relative to the
hydrido-alkynyl by the steric hindrance exerted by the bulky

Pi-Pr; ligands might also contribute to a lesser extent to reduce

the energy gap betweehnand 2.

We then searched for the transition states connedtitt?2
(TS1-2) and 2 to 3 (TS'2-3) along the unimolecular pathway
lIA, finding the two TS structures to lie 6.8 and 26.1 kcal/mol
abovel, respectively. The geometries 86;-, andTS',_3 are
similar to those found in ref 10, withS;—, showing any?-CH
interaction with the metal an@S',—3 showing the migrating
hydrogen exploiting the bonding interaction toy;Csee
Figure 1.

The bimolecular pathway 11B was investigated by performing

a linear transit scan of the potential energy surface for the system

constituted by two interacting hydrido-alkynyl moieties, con-
straining the two intermoleculars&H distances to vary in a
concerted fashion in the range 45.1 A, the latter value
corresponding to the €H distance in the vinylidene product

ing the unimolecular pathway.

Conclusions

To solve the discrepancy between theory and experiment and
to provide a definitive answer concerning the largely debated
molecularity issue of the 1,3-shift inffanetal complexes, we
have performed a full quantum mechanical DFT investigation
on both the unimolecular (Il1A) and bimolecular (1IB) alkyne
vinylidene rearrangements in the [CI-RiPr3),(HC=CH)]
complex. Reaction free energies of both pathways IIA and IIB
have been calculated considering the experimentally character-
ized systems without any symmetry constraints, which for path
IIB amounts to taking into account 136 atoms.

In agreement with previous studies on the acetytene
vinylidene isomerization onédnetal fragments, we found only
three minima on the reaction potential energy surface, corre-
sponding to the acetylene, the hydrido-alkynyl, and the vi-
nylidene complexes. Conversely to what was previously found

3. The resulting potential energy curve, reported in Figure 2 for the simplified [CI-Rh(PH),] model complex, for which the

along with selected optimized geometrical structures, shows a
repulsive interaction at short range and no evidence of formation

(18) Zhao, Y.; Truhlar, D. GJ. Chem. Theory Compu2005 1, 415.
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hydrido-alkynyl was found to lie 9.4 kcal/mol above the alkyne In conclusion we have demonstrated that a full quantum
complex, we find the hydrido-alkynyl and the alkyne to be mechanical description of the investigated systems is mandatory
almost isoenergetic. This discrepancy is not related to the for a correct description of their reactivity, owing to the relevant
different level of theory used (DFT or MP2), as confirmed by role played by the phosphine ligand substituents. Our results
additional MP2 calculations. Our results point, on the other hand, are fully in agreement with recent crossover experiments and
to a remarkable stabilizing effect of the electron-donatiitg P strongly indicate that a unimolecular pathway is favored for
Pr; phosphine ligands on both the vinylidene and hydrido- the alkyne-vinylidene isomerization in this prototype rhodium
alkynyl species, which we identified also if shetal fragments d® system, thus solving the long-standing issue of the molecu-
and appears therefore to be of general significance. larity of the 1,3-shift in this important class of organometallic
Considering our calculated free energy data, the transition reactions.
state for the bimolecular pathway IIB is calculated to be 41.1
kcal/mol above twice the energy of the alkyne complex, Acknowledgment. N.R. acknowledges financial support
therefore, 15.0 kcal/mol higher than the transition state for the from MIUR (PRIN 2006, contract number 2006038520).
unimolecular pathway IIA. It is interesting to note that, without
inclusion of thermal corrections, the two transition states are
almost isoenergetic, the discrimination between unimolecular
and bimolecular pathways being essentially determined by the
unfavorable entropy loss associated with the bimolecular
pathway. OM7003964
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