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. Carbgn—hydrogep bond activat.ion, a crit.ically important step Hac:H7CHa " SC\T/C'H:: Hie N _cH,
in a variety of reactions, has received considerable attehtmn. [s¢] {ir] firl
the special case of hydrogen transfer (HT) betweérHRand Ir-C: 2.28

; : ) Sc-C: 2.41 Ir-C(C'): 2.18 Ir-C': 2.16
M—R, there are two well-established mechanisms (Scheme 1): (a) Sc-H 1.90 Ir-H: 1.58 Ir-H: 1.61
o-bond metathesisoBM)2 and (b) oxidative addition/reductive C-H:1.44 C(C)-H: 2.17 gl-_ﬂ:_ ;g%
elimination (OA/RE)? Historically, the midpoint in the reaction C-8¢-C:73.5 CHrC* 130.3 C-Ir-C" 110.0°
coordinate fooBM has been characterized as a single four-centered [Sc] = Cp,Sc [Ir] = Cp*Ir(PMe3) [Ir] = Cp*Ir(PMeg)
transition state (TS) with a small RM—R angle and a nonbonding c H ¢ ¢ H < c H ¢
M—H distance, while the midpoint for the OA/RE mechanism has et o M o o ©
been characterized as an intermediate (INT) with a higher formal "',\‘v_.’ o.o,. % v
oxidation staterf{ + 2), a large R-M—R angle, and a MH bond. o o
Recently, several groups have suggested alternative mechanisms Sc Ir Ir
that appear to be in between these extretnésVe termed our 1 2 3
alternative mechanism metal-assistebond metathesis (MéBM);* Figure 1. B3LYP/DZP optimized geometric parameters and AIM critical

Lin and co-workers termed theirs oxidatively added transition state points for1, 2, and3. Distances are given in angstroms.
(OATS)> Oxgaard et al. termed theirs oxidative hydrogen migration

(OHM)6 and Perutz et al. termed theiscomplex assisted  S°¢"me !
metathesis¢-CAM).” The identification of these different mech- Rt +
anisms has typically been only through comparison of computed @ M----R _
geometric parameters. Here, we analyze the reaction coordinate R'—H / \ R H
midpoint (INTs or TSs) of these mechanisms with Bader’'s atoms MR ,f,' * ,!‘
in molecules (AIM) analysi§.The midpoints of the alternative \ : . . :/
mechanisms are all TSs that directly connect reactant and product. AN f Ve A
Through this analysis, we show that mechanisms can be unambigu- M'\ - M\_" - Mij*_H
ously differentiated on the basis of their AIM bonding patterns. R R R

All optimized geometries and analytical frequencies were (©xidative Addition / Reductive Elimination)

calculated in Gaussian B2t the B3LYP/DZP? level of theory.

The character (INTs vs TSs) of the species was identified through as those irt are found. The TS for OA/RE3, is responsible for

the frequency calculations. AIM2080was used to analyze the  C—H cleavage leading to formation @ At the TS's optimized

electron density, its gradient field, and its Laplacian; bond (B) and geometry, BCPs are found for the “breaking™—€& bond and

ring (R) critical points (CP) in the gradient field were located “forming” Ir —H bond, but not for the “forming” kC bond.

through this analysi® A BCP is essential for a direct interaction Among the systems proposed to proceed by one of the new

between atoms and is symbolized by a red dot in the AIM mechanisms is the asymmetric HT that occurs betwe®faBd

representations. A RCP is symbolized by a yellow dot. All 3D Csr2 atoms in the I¥, seven-coordinate TS [(acalfC,PH,Ph)-

molecular and AIM representations were made with JIMP2 (CssPHg)H]* (4) in the reaction of the alkane with (acdcPh$

visualization softwaré3 The dashed lines that connect critical points  Geometrically, T4 has an I+-H bond length comparable @

in the following figures are approximate bond paths. the GP3— and GP2—H interactions of 1.68 and 1.93 A, respectively,
The oBM and OA/RE mechanisms, the two “classic” mecha- are shorter than those @ but longer than those af, and the

nisms for HT, have been theoretically investigated by methane C—Ir—C angle is intermediate to those dfand 2. In the AIM

addition to [CpScCH;] (Cp = #°-CsHs) and to [Cp*Ir(PMe)- analysis4 is characterized by #CsP3 [r—CsP2 I[r—H, and GP3-H

(C'Hg)]™ (Cp* = n°-Cs(CHa)s), respectively, as models closely BCPs with a RCP inside the-HCsP3*-H coordinates. Interestingly,

related to the experimental systeA#s# Figure 1 shows the in this TS, the transferring hydrogen is shown to interact with the

optimized geometric parameters, which agree well with published metal center and only one of the pendent ligands. The geometric

data, and CPs of theBM TS, [Cp:Sc(CH).H]* (1), the OA/RE parameters and AIM representationdofire shown in Figure 2.

INT, [Cp*Ir(PMe3)(CH3)(C'H3)H]™ (2), and the OA/RE TS, In order to understandt more thoroughly, we examined

[[Cp*Ir(PMes)(CH4)(C'H3)]T]* (3). Geometrically,1 has a long analogous reactions which proceed through symmetric HT between

Sc—H distance and a small-€Sc-C angle, wherea has a short and CP3 and CP? atoms in [(acag)r(Me),H] (5) and [(acac)r-

Ir—H distance and a large-@r—C' angle. In the AIM analysisl (PhYH]* (6), respectively (Figure 2). HT between two methyl

is characterized by two S&C BCPs, two CG-H BCPs, and a RCP ligands proceeds throudh which is aC, symmetric, I¥, seven-

at the center of the four-centered TS, wh2lés characterized by  coordinate INT, while a similar reaction between two phenyl ligands

Ir—C, Ir—=C', and I-H BCPs. As expected for this INT2), no proceeds througB, which is aC, symmetric, seven-coordinate TS.

interactions between the hydride and pendent methyl ligands suchin both5 and6, the Ir—C and Ir—H distances are similar to those

12068 = J. AM. CHEM. SOC. 2007, 129, 12068—12069 10.1021/ja074518f CCC: $37.00 © 2007 American Chemical Society
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Figure 2. B3LYP/DZP optimized geometric parameters and AIM critical
points for4, 5, and6. Distances are given in angstroms.

Table 1. Geometric Parameters for Osmium and Platinum
Complexes?
[(acac),0(X),H]~ [(acac),Pt(X).H]*
Me (7) Ph (8) Me (9) Ph (10)
M—H 1.58 1.59 1.63 1.92
M—-C 2.15 211 2.17 2.13
C—H 1.99 1.91 1.56 1.42
C-M-C 124.5 120.3 91.6 81.6
midpoint species INT INT TS TS

aDistances in angstroms, angles in degrees.

in 2 and4, but the C-M—C angles are smaller than the angle of
2 and comparable to that ofl. Interestingly, 5 and 6 are
characterized by +C and IH BCPs only; evenin T$, no C-H
interactions were found. Note that4rthe C—H BCP not found in

5 or 6 is close to the RCP; the coalescence of the two CPs would
result in their annihilation, and thehwould resemble intermediate
5o0r TS6.

To explore the full range of possible mechanisms for HT, the
iridium center of5 and6 was replaced to produce the isoelectronic
osmium and platinum species ([(acg@3(X):H]~, X = Me (7),

Ph @); [(acac)Pt(X);H]*, X = Me (9), Ph (L0)). The optimized
geometric parameters are found in Table 1. For osmium, Both
and 8 are INTs with M—H distances similar to the other INTs
studied, but with larger EM—C angles and longer-€H distances.
On the other hand, both platinum species are TSs with longet Pt
distances and smaller-@t—C angles. Compared & the smaller
C—Pt—C angle in10is accompanied by a longer-P distance.

In the AIM analysis, the osmium INT¥(8) are characterized by
the same CPs as the other INDs §); however, the two platinum
TSs are characterized differently. Fyrtwo Pt-C, two C—H, and
one Pt-H BCPs were found with one RCP inside of each-Pt
H—C coordinates. TS is unique because the transferring hydrogen
is shown to interact witlhothpendent ligandandthe metal center
(shown asB in Figure 3). TS10is characterized by the same CPs
asl, as the PtH distance is too great for an interaction (shown as
A in Figure 3).

e 3

c
L

oo

o =q‘,.‘
m go::»--v

or Intermediate

Figure 3. Spectrum of mechanisms for metal-mediated hydrogen transfer.
This study provides a spectrum of mechanisms for metal-

mediated HT that can be resolved by AIM analysis. The resolution

of this spectrum is shown in Figure 3 with suggested assignments

of A = oBM (1, 10); B = MA0oBM (9); C = OATS/o-CAM (4);

D = OA/RE TS @); andE = OHM TS or OA/RE INT @, 5—8).
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