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Abstract: Pincer complexes of the type (RPCP)IrH,, where (RPCP)Ir is [#3-2,6-(R.PCH,),CsHs]Ir, are the
most effective catalysts reported to date for the “acceptorless” dehydrogenation of alkanes to yield alkenes
and free H,. We calculate (DFT/B3LYP) that associative (A) reactions of (M*PCP)IrH, with model linear
(propane, n-PrH) and cyclic (cyclohexane, CyH) alkanes may proceed via classical Ir(V) and nonclassical
Ir(I)(y?-Hy) intermediates. A dissociative (D) pathway proceeds via initial loss of H,, followed by C—H
addition to (MePCP)Ir. Although a slightly higher energy barrier (AE¥) is computed for the D pathway, the
calculated free-energy barrier (AG¥) for the D pathway is significantly lower than that of the A pathway.
Under standard thermodynamic conditions (STP), C—H addition via the D pathway has AG°* = 36.3 kcal/
mol for CyH (35.1 kcal/mol for n-PrH). However, acceptorless dehydrogenation of alkanes is thermodynami-
cally impossible at STP. At conditions under which acceptorless dehydrogenation is thermodynamically
possible (for example, T= 150 °C and Py, = 1.0 x 1077 atm), AG* for C—H addition to (M*PCP)Ir (plus a
molecule of free H,) is very low (17.5 kcal/mol for CyH, 16.7 kcal/mol for n-PrH). Under these conditions,
the rate-determining step for the D pathway is the loss of H, from (MePCP)IrH, with AGp* ~ AHp* = 27.2
kcal/mol. For CyH, the calculated AG°* for C—H addition to (VePCP)IrH, on the A pathway is 35.2 kcal/mol
(32.7 kcal/mol for n-PrH). At catalytic conditions, the calculated free energies of C—H addition are 31.3
and 33.7 kcal/mol for CyH and n-PrH addition, respectively. Elimination of H, from the resulting “seven-
coordinate” Ir-species must proceed with an activation enthalpy at least as large as the enthalpy change
of the elimination step itself (AH ~ 11—13 kcal/mol), and with a small entropy of activation. The free energy
of activation for H, elimination (AGx*) is hence found to be greater than ca. 36 kcal/mol for both CyH and
n-PrH under catalytic conditions. The overall free-energy barrier of the A pathway is calculated to be higher
than that of the D pathway by ca. 9 kcal/mol. Reversible C—H(D) addition to (RPCP)IrH; is predicted to
lead to H/D exchange, because the barriers for hydride scrambling are extremely low in the “seven-
coordinate” polyhydrides. In agreement with calculation, H/D exchange is observed experimentally for several
deuteriohydrocarbons with the following order of rates: CsDs > mesitylene-di, > n-decane-d,; >
cyclohexane-di,. Because H/D exchange in cyclohexane-di, solution is not observed even after 1 week at
180 °C, we estimate that the experimental barrier to cyclohexane C—D addition is greater than 36.4 kcal/
mol. This value is considerably greater than the experimental barrier for the full catalytic dehydrogenation
cycle for cycloalkanes (ca. 31 kcal/mol). Thus, the experimental evidence, in agreement with calculation,
strongly indicates that the A pathway is not kinetically viable as a segment of the “acceptorless”
dehydrogenation cycle.

Introduction progress has been made over the past two decades toward the
The selective catalytic functionalization of alkanes and alkyl development of solution-phase transition-metal-based systems

groups remains one of the foremost challenges in the field of c@Pable of thermally effecting this reactién. Most such
catalysist Dehydrogenation of alkanes to the corresponding systems involve transfer of hydrogen to a sacrificial olefin (eq

olefins is a reaction of particular potential value. Significant
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1), but a smaller number of catalysts have been shown effectiveor
for “acceptorless” dehydrogenation (eq®2)8

(PCP)IrH, + RH— [(PCP)IrH;R] (4a)

alkane+ accepton&alysi

alkene+ H,e acceptor (transfer) (1) [(PCPIMHR] = (PCP)IMR)(H)+ H, (4b)

et Associative A) pathway
alkane——- alkene+ H,! (“acceptorless”) (2) ) . _
In either case, the overall reaction is that shown in eq 5:

Aside from the obvious and important advantage that a mole (PCP)IrH, + RH — (PCP)Ir(R)(H)+ H (5)
of olefin is not sacrificed, acceptorless systems are, in principle, 2
simpler than transfer systems with respect to potential recycling Overall reaction of eq 4 or 5; pathway unspecified

and separation problems. . )
The family of solution-phase catalysts that have proven most ~ The question whether the acceptorless dehydrogenation
effective for acceptorless dehydrogenation are those that haveProceeds dissociativelyD( pathway, Ir()/Ir(Ill) couple) or
also been found most effective for transfer-dehydrogenation, associatively & pathway; possibly via Ir(V)-dihydride or
viz., pincer catalysts of the typ8RCP)IrH, where RPCP)Ir is nonclassical Ir(Ill}-dihydrogen intermediates, or possibly via
[17%-2,6-(RPCHy),CsHa]Ir. 47 Transfer-dehydrogenation is more @ concerted pathway) has relevance extending beyond this
particular system. €H bond activation by late metals is

PR, generally assumed to occur via low oxidation states and to be

| 5y (PCP)IrH, favored by increased electron density at the metal center. Yet,
/"‘H Bergman has found that cationic Cp*Ir(lll) species can add
PRz alkane C-H bonds!4 and Hall has calculated that this system

proceeds via an Ir(V) intermediateUnlike the (PCP)Ir systems,
amenable to experimental mechanistic study, mainly becausean Ir(I) pathway is not accessible in the Cp*Ir case, and the
the acceptorless reaction must be conducted in an open systemlternative ofo-bond-metathesis by Cp*Ir(lll) was calculated
while vigorously refluxing to purge the solution of,HThus, to be less favorable than the Ir(V) pathway. Further, M(I)/M(l11)
we have, to date, focused our experimental mechanistic studiespathways (M= Co, Rh, Ir) are assumed to be operative for a
on the transfer system, and we have elucidated a fairly detailedwide range of important reactions catalyzed by group 9 métals.
free-energy profilé. The reaction cycles of the two systems Establishing the operation of a M(lIl)/M(V) pathway for
undoubtedly share several steps, inclugirgydrogen elimina- dehydrogenation would have obvious implications for hydro-
tion by the presumed alkyl hydride intermediates ((PCP)Ir- genation with further extensions to hydroformylation, hydro-
(alkyl)(H)) and subsequent loss of olefin to give (PCP)IrFhe silation, and other related catalyses.
key difference between the acceptorless and transfer systems In this paper, we confirm, experimentally and computation-
lies in the loss of Hfrom the iridium dihydride. In the case of  ally, that C-H addition to the Ir(lll) species can indeed occur.
the transfer systems, we have shown that the dihydride losesHowever, the experimental results and a detailed computational
hydrogen via insertion of the acceptor into the-H bond model lead firmly to the conclusion that the acceptorless
followed by C-H elimination. Hence, an Ir(1)/Ir(lll) couple is ~ dehydrogenation system doast operate via an associative
operative in accord with independent computations by Hall and pathway. Instead, loss oftccursdissociatiely via an Ir(l11)/
by usl®11 The acceptorless system, however, must obviously Ir(l) pathway. Furthermore, this dissociative loss ofrHay be
lose free dihydrogen. This can, in principle, proceed either the rate-determining step under the actual catalytic conditions,
dissociatively (with H loss prior to alkane addition; eqs 3a,b) a result which has significant implications for any attempts at
or associatively (K loss after, or concertedly with, alkane the development of related catalysts with higher turnover
addition; egs 4a,b). Previous computational studies have pre-frequencies’
dicted that the reaction proceeds associatively, specifically via

L . . . Result d Di i
C—H oxidative addition to the dihydrid&!3 esulls and iscussion

Calculated Energies AE) of C—H Addition. Our compu-
(PCP)IrH, + RH— (PCP)Ir+ H, + RH (3a) tational modeling uses'¢PCP) as the basic “pincer” ligand.

. (9) Goldman, A. S.; Renkema, K. B.; Kissin, Y.; Czerw, M.; Krogh-Jespersen,
(PCP)lH— H2 +RH (PCP)Ir(R)(H)+ HZ (3b) K. 222nd ACS National Meeting; American Chemical Society, Washington,

. Lo DC: Chicago, IL, 2001; AN 2001:637418.
Dissociative D) pathway (10) Li, S.; Hall, M. B. Organometallics2001, 20, 2153-2160.
(11) Krogh-Jespersen, K.; Czerw, M.; Kanzelberger, M.; Goldman, Al.S.
Chem. Inf. Comput. Sc2001, 41, 56—-63.
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Commun.1996 2083-2084. (b) Gupta, M.; Hagen, C.; Kaska, W. C.; Niu, S. Q.; Hall, M. B.Chem. Re. 200Q 100, 353-405.
Cramer, R. E.; Jensen, C. M. Am. Chem. S0d.997, 119, 840-841. (c) (13) Haenel, M. W.; Oevers, S.; Angermund, K.; Kaska, W. C.; Fan, H.-J.; Hall,
Gupta, M.; Kaska, W. C.; Jensen, C. @hem. CommurL997 461-462. M. B. Angew. Chem., Int. EQ001, 40, 3596-3600.

(5) Xu, W.; Rosini, G. P.; Gupta, M.; Jensen, C. M.; Kaska, W. C.; Krogh- (14) Klei, S. R.; Tilley, T. D.; Bergman, R. GI. Am. Chem. So00Q 122,
Jespersen, K.; Goldman, A. 8hem. Commuril997, 2273-2274. 1816-1817.

(6) Liu, F.; Pak, E. B.; Singh, B.; Jensen, C. M.; Goldman, AJ.SAm. Chem. (15) Niu, S. Q.; Hall, M. B.J. Am. Chem. S0d.998 120, 6169-6170.
So0c.1999 121, 4086-4087. (16) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RPfhciples and

(7) Liu, F.; Goldman, A. SChem. Commuril999 655-656. Applications of Organotransition Metal Chemistriniversity Science

(8) (a) Fuijii, T.; Saito, Y.J. Chem. Soc., Chem. Comm@@9Q 757—758. (b) Books: Mill Valley, CA, 1987; pp 523576.
Fujii, T.; Higashino, Y.; Saito, YJ. Chem. Soc., Dalton. Trans. (1972 (17) Presented in part at the Pacifichem 2000 Congress, December, 2000,
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A Hy + Sy 362 PR, PR,
(M‘?PCP)|F~.}:| \ H ¢ \ H .
) 1% Cm 1 Cm
. 28.7 o H| H . H H ™
— MepCp)l ’
("‘01) (+ H, " (MQF’CF’)"fHy PR, TSe-endo Rs E

+CyH H . . . "
Y T Figure 3. lllustration (full PCP ligand shown) of representative transition

state for C-H addition via theA pathway (eq 4a; TSendd and the
corresponding addition product (intermedi&ie See Figures 4 and 5 for
paway a more detailed illustration of the equatorial planes of these species and of

the other, isomeric, transition states and intermediates.

Cey C
0.0 | (*PCP)IrH, + CyH 227 r}15\ 2'185| N 2291|Ccy
e 2077, %7 ’ 21567 1649 ' o2
Figure 1. Energy profile for the dissociative pathwayof eq 3 (R= Cy Crop = Irs 12)'87’ Crp = Ir—H CPCPZﬁBIr\<
= cyclohexyl). LWI'-I % 1,7841_i_ ‘H] 744 1636 “o05 H
0.879 H
A B C
H, elimination 284 — =
2 elimination (PCPIrH)(Cy) 17.3 kcal /mol 21.2 kcal /mol 17.4 kcal /mol
7 7 7 TSorere [ 268 [t 24
‘ TSamic | 224 A pathwa 1,582}|I 1,664P|I e
E s 21.2(B) ) | TSeendo 1201 Y Co, 240 7, 2215 S ] N
Tor I I pep 1T cy PCP 5
keal 173 [ 17.4 159 71 h 1811, 1792 1631 ‘o, H
(H) A Cpgp=Ir—H ¢ Icov y D '|'| E | Cox I—%);‘g—l H
!IDUY H-LH CFCP—IIr< Cpep = It — Coy Crep !h‘“H .D E
Crcr-llr"-::_' B H H-l-H H 15.9 kcal /mol 17.1 kcal / mol
H Figure 4. Schematic illustrations of the plane perpendicular to thér PP
i axis for the five minima located for €H addition to ("®PCP)IrH
0.0 (*PCP)IrH, + CyH
) - ] o (internuclear distances (A) and energies for=RCy). Gocpis the carbon
Figure 2. Energy profile for the associative pathwayof eq 4 (R= Cy). forming the I—PCP linkage; Gy is the carbon forming the +Cy linkage.

The structures of the five calculated energy minima (in the plane Ir—P bond lengths (not shown) lie in the narrow range 2333 A.
perpendicular to the PIr—P axis) are shown schematically. Pathways for

C—H addition (eq 4a) are indicated by blue lines,¢fimination (eq 4b) is . . . L
indicated by red lines, and interconversions of isomers are indicated by geometrical features associated with the coordination around

black lines. the Ir metal are shown for the five minima in Figure 4.

The geometrical parameters (Figure 4) show that potential
intermediate andE are clearly classical Ir(V) €H addition
products, while intermediate%, B, andD are nonclassical Ir-

(I (n3-H,) species (for convenience, we will refer to both

Methyl groups on phosphorus presumably capture the electronic
effects of the bulky groups used experimentallybqtyl,

- . B : i _ _ : er
i-propyl) cz)une welrll, bbut in tﬁrmskcl)f eﬁeétlng steric effects thes{: groups of intermediates as “seven-coordinate”). MiniteC,
ma):j qot he muc | ettsr t an tle, y rog;r: atﬁms rTOSt ONeNp  andE are almost isoenergetic, whereas minimBriies ca.
used in theoretical studies involving (model) phosphines. We 4 kcal/mol higher. Importantly, interconversions among the

will comment briefly on the Me versusBu issue later in this speciesh andC and between the speciBsandE are calculated

report. Because most experimental studies on the (PCP)Ir-yq aye energy barriers that are lower2( kcal/mol) than the
catalyzed dehydrogenation have employed cycloalkanes, We,civation energy for the reverse reaction€ elimination,

use cyc_Iohexane(CyH) as our exemplary model substrate inthe _3_g kcal/mol)!* Furthermore, and most important later (see

discussion; however, results for propané™fH, 1 C—H bond), below), the barrier to rotation of the dihydrogen ligands around

benzene, and tolue_zne (benzylic)-€ addition are reported as e II—(H,) axis is calculated to be even lowes 1 kcal/mol)tt

well when appropriate. in accord with experimental and previously calculated values
The calculated value oAE for loss of dihydrogen from  for »2-H, rotation for closely related Ir(lIF-dihydrogen com-

(MePCP)IrH: (eq 3a) is 28.7 kcal/mol. Repeated attempts to plexest?

locate a transition state for the dissociation were unsuccessful. Three transition states have been located for cyclohexane

The reverse reaction apparently experiences no energetic barrieC—H addition (equatorial €H bond cleavage) toMePCP)-

in an idealized gas phase, and thus the calculated activationir(H),. The respective structures are shown schematically in

energy for H loss, AE¥, is also 28.7 kcal/mol. Subsequent Figure 5 (see Figure 3 for full structure of FSnq9.

addition of cyclohexane to three-coordinatééRCP)Ir has a The transition state of lowest energySe—endo AE¥ = 20.1
barrier of 7.5 kcal/mol. Hence, the overall reaction under study kcal/mol) has the cyclohexane adduct approachingtRGP)-
(eq 5) has a calculateNlEp* = 36.2 kcal/mol for RH= CyH, Ir(H), species between the two hydrides, trans to the carbon

when it proceeds via the dissociative pathway of eq 3 (Figure forming the Ir-PCP linkage (8cp, and it connects directly to
1). The barrier to addition ofi-PrH to M*PCP)Ir is only 6.6  minimum E. The transition state labeleBSug/c lies only 2
kcal/mol, and eq 5 has a calculatad* = 35.3 kcal/mol. kcal/mol higher in energyXE* = 22.4 kcal/mol) thal Sg—engo
Several configurational isomers can be envisioned as inter- In TSap/c, cyclohexane is approachin§®PCP)Ir(H), from the
mediates on the associative pathway (eq 4). We have located
five minima with the compositionPCP)IrH(Cy) as indicated ~ (18) van Willen, C.J. Comput. Cheml997, 18, 1985-1992.

. . ; . (19) Li, S. H.; Hall, M. B.; Eckert, J.; Jensen, C. M.; Albinati, A.Am. Chem.
in Figure 2 (see Figure 3 for full structure). Some essential S0c.200Q 122, 2903-2910 and references therein.
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H Cey 175 H %,
1.660| 1}}\’ Coy 21381 ) /;qH B 16191 /:Qccy
Coep=Irl_ 1179 Cpep-Tr > 3 GCpop-Ir {
Leco | %oy H 1.616 | ‘o) H 1621 | %> H
H 1.753 H 2.050 2.051
TSE-endo TSa/s/c TSp/E-exo
20.1 kcal/mol 22.4 kcal / mol 26.8 kcal / mol

Figure 5. Schematic illustrations of the plane perpendicular to thérPP

axis for the three transition states for—@ addition to *PCP)IrH,

(internuclear distances (A) and energies fo=RCy). Cocpis the carbon
forming the IPCP linkage; Gy is the carbon forming the +Cy linkage.
Ir—P bond lengths (not shown) lie in the narrow range 2333 A.

side (cis to G¢cp, and this approach may, in principle, lead to
minimum A, B, or C. Judging from the structural parameters
of TSamic (Figure 5), we may anticipate that minimu@ is
the most likely product from this TS. Intrinsic reaction
coordinate (IRC) calculations (see Computational and Experi-
mental Section) were successfully employed to confirm this idea.
The transition state of highest energyBp/e—exo (AE* = 26.8
kcal/mol), also has the cyclohexane approachif§CP)Ir(H)
from the side (cis to gcp and could lead to minimurd or E.
On the basis of its geometry and confirmed by IRC calculations,
TSp/e—exo &ctually connects to minimui (as does Sg—endo)-
Thus, the located transition states all lead to formation of the
classical “seven-coordinate” isome@ éndE). As stated above,
formation of the nonclassical isomefsand D may proceed
from C andE, respectively, with very low barriers. However,
regardless of which €H addition pathway is traversed, the
highest energy point along the overAllpathway corresponds
to elimination of B from this manifold of intermediates.
Because there is no barrier calculated for addition eftdd
(MePCP)IrH(Cy), the activation energyAE*) for elimination
of H, from any of the minimaA—E is equal to the thermody-
namic energy difference\E) for the elimination step (12.5 kcal/
mol for RH= CyH from minimumD). For the overall reaction
(eq 4),AEA* = 28.4 kcal/mol when RH= CyH (AEA* = 28.0
kcal/mol when RH= n-PrH).

It is not possible to predict which one of the two low-energy

JH
(*pCPyirl] STP
+ H2
G 32.2
CyH + " :
Mey —')j 29.2 1 _Cy H4+H 29.2
(kca;) ( PCPIr “H (PP "
“mol, z 1 ~H
mo (MapcP)Ir\c H 27.3 (M"‘PCP)Ir:
+ Hy TSke-endo H Cy
1 + H,
(MepcP)ir — Cy
19.0 D wly
(MePCP)ir
A T Apathvey
+ CyH D pathway
("PCP)irH, + CyH (MPCP)irH, + CyH

0.0

00

Figure 6. Computed free-energy profiles firandA pathwaysat STP(T

= 298 K; all reactants and products Rt= 1 atm) for the reaction of
cyclohexane withNePCP)IrH. For theA pathway, only the lowest-energy
TS for C—H addition is shown TSg-ends See Figures 24). Likewise,
only the lowest energy of the two intermediat&s §nd E) preceded by
TSe—endois shown (see Figure 2). The TS fop kbss from either(¢PCP)-

IrH2 or D was not located; see ref 22 for a more detailed discussion of the
estimated values.

Calculated Gibbs Free Energies AG) of C—H Addition:
Standard Thermodynamic Conditions. As expected, the
calculated differences betweexE and AH (or betweenAE
and AH¥) are generally found to be small, though they can be
as much as ca. 3 kcal/mol (mostly due to the inclusion of
vibrational zero-point energies in the enthalpies). However,
entropic factors result in very large differences betweégh
and AG (or betweerAH* and AGY).

We consider first the dissociative pathwa)( As stated
above, there is apparently no purely electronic energy barrier
for H, addition to **PCP)Ir in the gas phase (eq 3a reversed).
Thus, the enthalpic barrier to,Hoss may be estimated to be
equal to the thermodynamic enthalpy difference for eqA\34r;

(eq 3a)~ AH (eq 3a). Being unable to locate a conventional
transition state structure from the electronic structure calcula-
tions, we cannot computdS for H, loss from the five-
coordinate species using standard statistical mechanical expres-
sions. However, we can estimate that the activation entropy for
H; elimination must be very small on the basis of experimental

associative transition states is really the most favorable for the data obtained on closely related “seven-coordinate” systems,
initial C—H addition step, because the computed energies arethat is, AS’ (eq 3a)~ 0.2! Overall, the free-energy difference

too similar. However, the activation energy for the associative
(A) path, AEx* = 28.4 kcal/mol, is determined by the,H
elimination step, and it is distinctiower (by about 8 kcal/
mol) than that calculated for the dissociati® pathway AEp*

between {'ePCP)IrH; and the TS for H elimination, AG* (eq

3a), is thus estimated to be equal to the enthalpy difference,
AH (eq 3a). Under standard thermodynamic conditiohs=(
298 K, all reactants and productst= 1 atm), the computed

= 36.2 kcal/mol. But reaction rates are of course dependentvalue iSAH® (eq 3a)= 27.0 kcal/mol~ AG°* (eq 3a).

upon differences in Gibbs free energyG* = AH* — T(AS"),
and not on internal energy differencee").2° As will be shown

The TS for C-H addition to ["*PCP)Ir (eq 3b) has a
significantly higher free energy at STP than does the TS for H

below, consideration of free energies leads to the conclusionloss from ["*PCP)IrH: (eq 3a). Thus, the\G°* (eq 3a) value
that the dissociative pathway is the more favorable, even underestimated above does not enter into the overall activation free-

standard thermodynamic conditions. Furthermore, the free-

energy difference favoring th® pathway becomes quite
substantial when the actual experimental conditions of the

catalytic reaction (elevated temperature, low pressure of dihy-

drogen, bulky groups in (PCP)Ir) are carefully considered and
accounted for.

(20) We useE to represent the internal purely electronic energy. The thermal
electronic energyk, may be obtained by correctirig for the effects of
zero-point vibrational energies and finite temperature via the translational,
rotational, and vibrational partition functiongf{ = E + E + E; + E,).

The enthalpyH is thenH = Ey, + PV = Ey + RT, and the Gibbs free
energy isG=H — TS

energy value for the complef@ pathway, which is calculated
to be AGp°* = 36.3 kcal/mol for RH= CyH at STP (Figure

(21) Activation entropies for FHloss have been determined for a series of “seven-
coordinate” iridium complexes, (RRIrX(H)2(H,), which are particularly
closely related to the nonclassical intermediates calculated in this work.
Six values were determined fa&rS", ranging from 0.7+ 1.0 to 3.7+ 1.1
eu: (a) Hauger, B. E.; Gusev, D.; Caulton, K..IGAm. Chem. S0d994
116 208-214. (b) Bakhmutov, V. I.; Vorontsov, E. V.; Vymenits, A. B.
Inorg. Chem.1995 34, 214-17. Another highly relevant study was
conducted on the neutral “seven-coordinate” complexes R({)PRs)s
and Os(H)(PRs)z. AS values for elimination of kifrom these complexes
were determined to be-B 1 and—2 + 4 eu, respectively: (c) Halpern, J.;
Cai, L.; Desrosiers, P. J.; Lin, Z. Chem. Soc., Dalton Trans. (1972
1999)1991, 717-723.
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6). The computed value ohGp°* (eq 5) includes an overall
value of ASS°* ~ —13 eu relative to the reactant3'{PCP)-
IrH, + CyH), reflecting the sum of the favorable entropy
attributable to the elimination of a freelholecule (26.8 eu at
1 atm H) and the quite unfavorable entropic contribution of
the C—H addition step £ —40 eu). The computed activation
entropy for C-H elimination from {"*PCP)Ir(Cy)(H) is only
AS* (eq 3b)= 0.3 eu, a very small value which provides some
additional support for the estimat®S* (eq 3a)~ 0 for H,
loss from “ePCP)IrH, made above. Apparently, the entropic
gain associated with the group {ldr CyH) leaving the (PCP)-

kcal/mol higher than the barrier to the prior-El addition step
(eq 4a) in theA pathway.

Calculated Gibbs Free Energies AG) of C—H Addition:
Experimental Conditions. As just noted, under standard
thermodynamic conditionsAG°* is calculated to be slightly
lower for the D pathway than for thé pathway. ThéD pathway
would thus be predicted to be operative, but the computed
difference in free energies is so sma#i kcal/mol) that it is
certainly testing the confidence limits of the calculations.
However, the actual catalytic reaction certainly is not (and
cannot be) conducted under standard conditions (298 K, 1 atm

Ir species is not realized until after the transition state has beenin all reactants and products)G° of alkane dehydrogenation

reached.

Turning now to the associative pathway (eq 4), we find, as
expected, thaAS** for C—H addition is significantly negative,
about—46 to —48 eu. The large difference between this value
and that for G-H addition via the dissociative pathwax%*
~ —13 eu) reflects the absence of a free molecule pintthe
A pathway and a small additional contribution of ca7 eu
resulting from the greater steric crowding in the TS fori@
addition to "*PCP)IrH, as compared with addition t&{PCP)-

Ir. Factoring in the very negative entropy terms for&
addition via theA pathway produces large free energies of
activation. The TS of lowest free energy for-€ addition via
the A pathway (eq 4a) is calculated to be 32.2 kcal/mol for
cyclohexane TSg—endo). This value is substantial, but the TS
for loss of H (eq 4b) from the resulting “seven-coordinate”
adducts D/E) has an even higher enthalpy even if it is
assumed to be no higher in enthalpy than the reaction product,
that is, the alkyl hydrideA barrier for addition of H to (M¢PCP)-
Ir(Cy)H cannot be found on the potential energy surface, and it
is thus not possible to directly calculate the entropy or free
energy of the transition state forlélimination (TS,eim) from

the “seven-coordinate” intermediate. In analogy to the consid-
erations made above, we assume thag,di@ from D/E has
entropy similar to that of either intermediddeor TSg_endo (the

TS for C—H elimination fromD/E) and obtain a free energy of
activation AG°* = 37.4 kcal/mol for H elimination?.22
Therefore, this step (eq 4b) is apparently rate-determining for
the A pathway on the potential energy surface (Figure 2) as
well as on the Gibbs free-energy surface (Figure 6).

It is worth noting that the value oAG,°* obtained above,
37.4 kcal/mol for eq 5 (RH= CyH), is derived from calculations
which indicate that no point along the pathway is of higher
enthalpy than the productd/$PCP)IrRH+ H,. Nevertheless,
AGA°* is quite high due to the combination of the high
(thermodynamic) reaction enthalpy of eq 5 (25.3 kcal/mol for
R = Cy; 24.9 kcal/mol for R= n-Pr) and the substantial
unfavorable entropic contribution. Because the entropic contri-
bution is essentially unavoidable @amybimolecular pathway!
the value thus obtained faxGa°* may be regarded as a quite
reliable lower limit2123 This barrier AGa°* = 37.4 kcal/mol)
is found to be ca. 1 kcal/mol higher thaxGp°*, and it is ca. 5

(22) If we assume that the entropy of the transition state fpelinination,
TSu.eim, IS the same as that of intermedide we can estimate the free-
energy difference on the basis of the enthalpy difference between the two
states, which gives a value of 36.0 kcal/mol foryl,. The transition
state for C-H elimination, TSe_endo, Presents an alternative model for the
entropy of TS,eim. Extrapolating from the enthalpy difference in this case
gives a free energy of 38.8 kcal/mol. The average of these two values,
37.4 kcal/mol, is shown in Figure 7. The basis for this estimation method
is well established, particularly for related “seven-coordinate” iridium
complexes (see ref 21).
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is highly positive under 1 atm H(~16 kcal/mol), and an
extremely low steady-state concentration of (f¢ss than the
equilibrium concentration value for eq 2) must be maintained
in solution or the reaction (eq 2) will proceed to the left, rather
than to the right. Furthermore, the high reaction endothermicity
inevitably requires elevated temperatures, which also help favor
the reaction thermodynamics; in no case has acceptorless
dehydrogenation been reported at temperatures below@51
(and at that temperature only for the “easily” dehydrogenated
substrate cyclooctangy.82426

Clearly, to obtain free-energy parameters computationally that
are relevant to experiment, it will be necessary to model the
reactions as closely as possible to experimental conditions. From
the thermodynamic literature, the maximum steady-state con-
centration of H required for alkane dehydrogenation to produce
significant yield of olefin can be calculated to correspond to a
H, pressure of ca. I8% atm at 25°C. At the elevated
temperatures of the actual experiments, more relevant values
are ca. 1.0« 107 atm at 150°C and ca. 1.0< 107 atm at 200
°C227We have used these two temperature/pressure combina-
tions to calculate free-energy profiles for each of the hydro-
carbon substrates that we have studied (Table 1).

It should be noted that any calculated differenceA@®and
AG* resulting from the application of a nonstandard pressure
of dihydrogen are completely rigorous in terms of fundamental
thermodynamic laws. They follow from the simple relationship
for the pressure dependence of the chemical potential for a
species X:

Uy =ty + RTIN(Py/Py°)] (6)

(23) Determination of the thermodynamics for reaction 5 involves the comparison
of two very similar species, that is, (PCP)Ir(R)(H) and (PCP)Iz(H)
Electronic structure calculations (DFT or otherwise) are well known to
give highly reliable results, when comparisons of similar species are made.
It is worth noting that our values for the thermodynamics of this reaction
are in good agreement with related calculations by Hall (refs 12 and 13),
and they have been calibrated and found to be quite accurate for the
observable specie§ §“PCP)IrH, and (“BUPCP)Ir(Ph)H (ref 9).
The dehydrogenation enthalpy of cyclooctane is approximately 23.8(5) kcal/
mol as determined by either direct measurement of hydrogenation or on
the basis of enthalpies of formati&h°This can be compared, for example,
with the following enthalpies (kcal/mol) for the formation of alkenes from
n-butane: trans-2-butene, 27.5¢is-2-butene, 28.5; 1-butene, 3G3126
(25) NIST Standard Reference Database Number 69, 1996, http://webbook.nist-
.gov/chemistry/.
(26) Stull, D. R.; Westrum, E. F.; Sinke, G. The Chemical Thermodynamics
of Organic Compound®RRobert E. Kreiger Publishing: Malabar, FL, 1987.
(27) For example, for the dehydrogenationrehexane(liq) to give 1-hexene
andtrans-2-hexene, the values &G at 25°C are 20.97 and 18.37 kcal/
mol, respectively?> At 1.0 M hexene and 10 M-hexane, the equilibrium
pressures of Hat 25°C are thus 4.2x 10715 and 3.4 x 10713 atm,
respectively. At 150C, the respective pressures are .20 8 and 3.4x
107 atm. At 200°C, the respective pressures are 6807 and 1.1x
105 atm. Throughout the course of this work, we use £.00°7 atm at
150°C and 1.0x 105 atm at 200°C.
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Table 1. Calculated Free Energies of Activation for A and D

o —107
Pathways (H. Elimination and C—H Addition), and Free Energies 1907 Py, =107 atm
of Lowest Intermediate for the A Pathway G| o~ 10 M" CyH -
LH
D path Apath (ﬂ) (Mepcp)":‘lit (M"PCP)IT“(‘;Y
] et i
T P, H  CH CH Ha " a2 ot TSeanso fy 1 256 K 1T
hydrocarbon (°C)  (am)p  diss® add° add®  IrH;R®  elim’ (#PCP)Ir L] i (*epce)ir —cy
Yy WL

benzene 25 STP 270 254 252 149 279 P

benzene 150 g 272 7.1 246 14.2 27.7

benzene 200 10 273 97 261 156 292 oo o2
toluene 25 STP 270 315 291 205 332 epcpy 2 H

(*epcP)ir PPy

toluene 150 107 27.2 13.7  28.9 20.2 33.3 +H, & Sey
toluene 200 16®° 273 165 306 219 351 0w | 0.0 + Hy
propane 25 STP 270 351 327 26.3 37.7 (_MSP;)WZ (MepCP)ir (MepCP)IrH,

propane 150 10 272 167 337 255 366 +CyH +CyH + Hy +CyH

propane 200 1 273 19.2 352 26.9 38.1 . ) .
cyclohexane 25 STP 27.0 36.3 32.2 27.3 37.4 Figure 7. Free-energy profiles fob andA pathways a_iﬂ' = 150°C, Py,
cyclohexane 150 10 27.2 175 313 256 36.0 = 107 atm, and [cyclohexane} 10 mol/L for the reaction of cyclohexane

cyclohexane 200 16 27.3 200 328 268 37.3 with (MePCP)Irt:. See caption, Figure 6, for details. Note that, under these
conditions (in contrast with STP; Figure 6), the rate-determining step for
the D pathway is loss of B not C—H addition.

aAt STP,P = 1 atm for all reactants and products. At other conditions,
Py, is the value given, and a value Bk is used to give the density of

C—H bonds in solution of the corresponding hydrocarbon (see text for small changes due to the temperature-dependena#it) the
discussion)? Estimated free energy of activation for loss of fiom - . :
(MePCP)IrH, equal to the enthalpy of Hloss (see ref 21 and text for TS for C-H addition to {**PCP)Ir (eq 3b) is calculated to be

discussion)¢ Free energy (relative td"¢PCP)IrH; plus RH) of the TS for at a much lower free energy under “experimental” conditions

R—H addition to ["*PCP)Ir plus a free molecule of' AG* of C—H (17.5 kecal/mol, relative toMePCP)IrH and cyclohexane) than
addition to "ePCP)IrH; for the TS of lowest energy.Free energy (relative is the TS f | 3a: 27.2 keal/mol Fi 7 W
to (MePCP)IrH, plus RH) of the lowest energy intermediate (with stoichi- 'S € or H loss (eq 3a; 27.2 kcal/mol, see Figure 7). We

ometry [MePCP)IrHbR]) preceded by the lowest energy TS for-B conclude that under conditions where acceptorless dehydroge-

addition to ["*PCP)IrH. f Estimated free energy (relative t4sPCP)IrH: i i i i _ ini
plus RH) of the “TS” for H elimination via the associative path. The value nation (eq 2) is experimentally possible, the rate-determining

is assumed to have an enthalpy no higher than the enthalpy of the productsSteP for theD pathway is elimination of ki(eq 3a, rather than
The entropy is then estimated as an average of the entropy value calculatedeq 3b) withAGp* = 27.2 kcal/mol.

e sta) e it or Gebleceas  The A pathway is also favored by 6.7 kealimol from the
higher solution density of cyclohexane-€& bonds. However,
Thus, for example, for a state that includes freg tHe use of as compared with results obtained at STP, this factor is offset
Py, = 1.0 x 107 atm instead of 1.0 atm results in a free-energy (almost exactly, by coincidence) by the higher temperature (150
change equal t&(RIn 1077) or, equivalently, an entropy change °C) which disfavors the entropically unfavorable addition

of RIn 1077 ~ 32.0 eu. reaction. At 15(°C, the computed value &G* for eq 4a (RH
We should also include statistical terms to account for the = CyH) is 31.3 kcal/mol. The TS for Hoss from the resulting
increased density of €H bonds in alkane solution visads “seven-coordinate” species has an even higher free energy of

gas phase at 1 atm. Neat alkane solvent has a concentration 086.0 kcal/mol, relative to the iridiumdihydride and cyclohex-
ca. 10 mol/L (e.g., 9.3 mol/L for cyclohexane), whereas the ane (Figure 7). Thus, the computae,* is 36.0 kcal/mol for
standard calculations assume 1 atwD(041 mol/L at STP). eq 5 (RH= CyH), and the calculated difference between the
The gas-liquid concentration correction is equivalent to an overall free-energy barriers of the two pathwagdGap*, is
entropy correction oR In(10/0.041). Finally, because the basic substantial, 8.8 kcal/mol for RE: CyH, and is unequivocally
statistical mechanical expressions only take into account a singlein favor of the D pathway. Analogous calculations give a similar
C—H bond of the hydrocarbon, we must also correct for the value for propane (LC—H), AAGap* = 36.6 — 27.2= 9.4
statistically greater number of €4 bonds available per  kcal/mol (favoringD; Table 1).
molecule that may add to iridium. Thus, when the addendum  Bulky Alkyl Groups. It is noteworthy that the very large
is cyclohexane (12 €H bonds), we include an overall-€H calculated preference for tHe pathway results even though
bond density factor oR In[12 x (10/0.041)]. Although this the calculations are conducted using methyl groups, rather than
entropic correction is less rigorous than the one used for the t-butyl or i-propyl groups, on the PCP phosphorus atoms.
dihydrogen pressure, it is also less important in the context of Bulkier alkyl (or aryl) groups would undoubtedly serve to further
differentiating between théA and D pathways. For both increase the free energy of the crowded transition states
pathways, the respective—- addition transition states are encountered on th& pathway. Even if the TS for €H addition
favored by the same factor, which thus cancels out in evaluatingto (RPCP)Ir (i.e., the second step in tBepathway) could be
the difference between these two transition states. equally disfavored by steric factors, which seems highly unlikely
In the case of thalissociatve pathway D), the use of because it is less crowded than the TS forHC addition to
experimental temperature and hydrogen pressure conditions(RPCP)IrH, this would have no effect on the overalGp* until
results in a significantly lower calculated valueAaG* for C—H steric factors become so severe thattCaddition (eq 3b) rather
addition, because the relevant transition state includes a moleculghan H loss becomes rate-determining for thgoathway. This
of free H.. When compared with data obtained at STP, the use would require ca. 10 kcal/mol of additional steric repulsion in
of Py, = 1.0 x 1077 atm andT = 150°C (423 K) results in a the case of RH= CyH (Figure 7). Adding this magnitude of
decrease of 12.7 kcal/mol fé&xG*. The entropic factor account-  steric energy to the free energies lfth A and D transition
ing for the density of G-H bonds yields a further decrease of states for G-H addition would increase the value AAGap*
6.7 kcal/mol (cyclohexane). As a result of these corrections (plus to approximately 19 kcal/mol in favor of thB pathway for
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Table 2. Thermodynamic and Activation Enthalpies and Entropies
of the Relevant Addition Reactions at STP

addendum Ir species AH* AH AS* AS AGF  AG
H> (MePCP)Ir 0.0 —27.0 —26.8 —26.8 8.0 —19.0
benzene NePCP)Ir —5.4 —-12.3 —-39.1 —-30.6 6.3 —3.2
toluene tePCP)Ir 0.9 —75 —452 —433 125 4.3
propane(l) (MePCP)Ir 47 —22 -380 —37.0 160 88
cyclohexane NePCP)Ir 54 -17 —-39.8 —40.0 17.2 10.2
benzene NePCP)IrH  13.2 1.7 —448 —44.7 252 15.0
toluene fePCP)Irh  14.3 5.7 —50.0 —49.8 29.1 205
propane(l) (MePCP)IrH, 19.4 13.5 —44.8 —43.0 32.7 26.3
cyclohexane NePCP)IrH, 18.4 15.1 —46.5 —40.8 32.2 27.3

either cyclohexane (see Figure 7) or propane. Any additional
steric repulsion, if it affected th& and theD transition states
equally, would not change this very substantial value.
Experimental Determination of the Barrier to the A
Pathway: H/D Exchange.The calculations clearly predict that
the A pathway has a much greater barrier thanEnpathway
(for eq 5). Furthermore, a considerably greater barrier is
predicted for the pathway (36.0 kcal/mol for cyclohexane and
(MePCP)IrH; at 150°C) than is experimentally observed for the
actual, overall, catalytic reactions (for example, 30.0 kcal/mol
for cyclooctane and{BY“PCP)IrH; at 150°C). The problem of
experimentally testing the conclusions of these calculations is
quite intriguing. The reaction in question (eq 5) yields an
intermediate, which has never been observed when=RH
alkane; indeed, formation of the alkyl hydrides (with loss of
H,) is calculated to be endothermic, and, in addition, the alkyl
hydrides are presumably subject to relatively rgpidydrogen
elimination. Even for an observable model species, such as
("BUPCP)Ir(Ph)(HY8 eq 5 is highly endothermic (calculatadd
= —12.3 — (—27.0) = 14.7 kcal/mol; Table 2), which
effectively precludes kinetic measurements. Thus, direct mea-
surement of the barrier of eq 5 seems a formidable task.
However, the nature of the associative pathway, irrespective of
the calculated values afG¥, suggests a way to determine at

least an upper limit to its rate. Because the calculated associative

pathway involves intermediate nonclassical dihydrogen com-
plexes, or intermediates that are in rapid equilibrium with
dihydrogen complexes, (PCP)iHshould undergo H/D ex-
change with a deuteriohydrocarbon solvent at a rate at leas
comparable to that of the associative reaction.

RD + (PCP)IrH, — [(PCP)IrH,D(R) =
(PCP)IrtHG*HD)(R)] — RH + (PCP)IrHD (7)

Scheme 1. General Reaction Scheme Used for Kinetic Modeling
To Obtain the Rate of H/D Exchange between
Deuterohydrocarbons and (:"B'PCP-d,)IrH, (See Experimental
Section for Details)

kRl')/er

CeDg+ (“P*PCP-dyIrH, » (“BUpCP-d,)[fHD + CeDH

K
(+B*pCP-d)tHD — B (-BupCp g, )IrH,

than C-H elimination (eq 4a, reverse), then the rate of H/D
exchange will be faster than the rate of eq 5.

The addition of benzene t¥§PCP)Ir is calculated to be much
more thermodynamically favorable than addition of alkanes (see
Table 2); accordingly, the corresponding substitution g
R—H (eq 5) is thermodynamically much more favorable for
benzene. Addition of RH toMéPCP)IrH: to produce the
(MePCP)IrHsR intermediate is also thermodynamically more
favorable for benzene (by 13.4 kcal/mol) than for cyclohexane,
and the associative transition state for benzene additiorGR5
is calculated to be 5.2 kcal/mol lower than that for cyclohexane.
These results are in accord with all previous experimental
comparisons revealing that addition of benzene to late metal
centers is both kinetically and thermodynamically much more
favorable than addition of alkané%The barrier AG°¥) for
benzene addition td"¢PCP)IrH; is calculated to be 24.6 kcal/
mol, when corrections are applied for the-B bond concentra-
tion of neat benzene. The reverse reaction (elimination of
benzene from the lowest energy intermediate, minimAirim
this case (see Figure 2)) has a barrier of ca. 11.8 kcal/mol, which
is substantially greater than the barrier calculated for rotation
of H2.1° Thus, H/D exchange between@ and (PCP)IrH
is calculated to occur with a barrier &fG** = 25.2 kcal/mol
at 25°C (AG* = 20.9 kcal/mol when the concentration of-€l
bonds in neat benzene is taken into account) before adjustments
are made for isotope effects and for statistical terms that would
account for nonproductive addition/elimination.

Experimentally, H/D exchange is observed to occur between
CsDe and (BUPCP)Irth. The kinetic analysis of the data is
slightly complicated by incorporation of deuterium into the
t-butyl groups. The concentration o§0sH, (BUPCP4l,)IrHo,
(“BUPCP4d,)IrHD, as well as the total fraction of protium in

tthe PCPt-butyl groups, was monitored over time by NMR.

Fortunately, there is no exchange with the"PCP methylene
groups, which provide a good integration standard for the
determination of percent-deuteration at the hydride talmaty!
positions. Also fortunate is the fact that the dihydride and the
mixed hydride-deuteride signals are easily resolved in the

Note that actual observation of H/D exchange (eq 7) does not hydride region of théH NMR spectrum. Analysis by kinetics
demonstrate that a full associative exchange has occurred (ecpimulation programs gives a best fit to all of the species
5), because the step after—& addition (i.e., H or HD monitored with a rate constant for eq 7 kafpum = 6 x 1075
elimination from the adduct) may not necessarily have taken M~* s™. A simplified reaction scheme for the fit is shown in
place. In fact, as noted above, the calculations suggest that theéScheme 1; see Experimental Section for details. The fit is
barrier to loss of K from the “seven-coordinate” alkane-E1 insensitive to the value dé-_guipo as long as the value used is
addition products (eq 4b) is higher than that forig addition/ much larger thakgp/r.

elimination, eq 4a (see Figures 6 and 7), though the small
differences are perhaps within the uncertainty level of the (29)
calculations. Thus, the rate of H/D exchange (eq 7) should
provide a goodupper limit estimate to the rate of associative
exchange (eq 5); that iAG;* provides a lower limit forAGs*.

If H, elimination from the G-H adduct (eq 4b) is indeed slower

For reviews of alkane €H bond activation by organometallic complexes,
see ref 1 and (a) Jones, W. D.; Feher, FAdc. Chem. Resl989 22,
91-100. (b) Crabtree, R. HChem. Re. 1985 85, 245. (c) Halpern, J.
Inorg. Chim. Actal985 100, 41-48. Some more recent papers that have
addressed selectivity in particular and provide good lead references
include: (d) Harper, T. G. P.; Desrosiers, P. J.; Flood, TO@anometallics
199Q 9, 2523-2528. (e) Bennett, J. L.; Vaid, T. P.; Wolczanski, P. T.
Inorg. Chim. Actal998 270(1-2), 414-423. (f) Wick, D. D.; Jones, W.

D. Organometallics1999 18, 495-505. (g) McNamara, B. K.; Yeston, J.
S.; Bergman, R. G.; Moore, C. B. Am. Chem. Sod.999 121, 6437
6443.

(28) Kanzelberger, M.; Singh, B.; Czerw, M.; Krogh-Jespersen, K.; Goldman,
A. S.J. Am. Chem. So200Q 122 1101711018.
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Table 3. Experimental Rates and Free Energies of H/D Exchange (Eq 7, kronw Extrapolated from Scheme 1), and Corresponding
Calculated AG* Values of C—H Addition to (MePCP)IrH, (Eq 4a)2

calculated (MPCP)IrH, experimental (B“PCP)IrH,

R-H AG,;* (kcal/mol) R-H T(°C) Ko(exrap) (M~157Y) rates, (s74) AGy4* exuap) (kcalimol)
benzene 20.9 at 2%C (21.1at 30C) benzene 30 1.2 104 2.8x 1073 21.3
toluene 23.5 at 25C (27.5at 110C) mesitylene 110 7.2 10°° 1.0x 103 27.9
CsH7—H(1°) 29.1at25°C (32.3at 130C) Nn-CigHz1—H 130 8.5x 107° 8.7x 104 29.5
cyclohexane 27.6 at 2% (32.3 at 180C) cyclohexane 180 <3x 1076 <2.8x 10° >36.4

aky is extrapolated from the reaction scheme indicated (in simplified form) in Scheme 1 (see Table 5 for full details). The value thus obtained (a second-
order rate constant) is then multiplied by a statistical factor of 2.0 to allow for unproductive addition/elimination (i.e., elimination of RDheattof RH,
from the addition product) and multiplied by solvent concentration, to give a pseudo first-order rate constanf,hrase values are then substituted into
the Eyring equation to give free energies of activation for eq 7a, which are directly comparable with the calculated valué$ doidifion A\Gay).

We estimate a very large error in the determination of these fully confirm the major conclusion drawn from the electronic
rate constants due to experimental error and possible errors instructure calculations reported above (i.e., that the catalytic
assumptions concerning isotope effects (see Computational andeaction proceeds via a dissociative pathway), when they are
Experimental Section). Nevertheless, thanks to the generouslydirectly compared witlexperimentallymeasured catalytic rates
forgiving nature of logarithms, the final error in the experimental (Table 4). The catalytic turnover rate is 11*h3.1 x 1073
determination ofAG* is reasonably small and certainly suf- s for cyclooctane dehydrogenation catalyzed b§“PCP)IrkH
ficiently small to provide a useful value for comparison with at 151°C, corresponding to an overall activation barrier of 30.0
the calculated data. kcal/mol. For cyclodecane dehydrogenation, the turnover rate

H/D exchange with other hydrocarbons, specifically mesity- is 90 ™1 (2.5 x 1072 s71) at 201°C, corresponding to a barrier
lened;, and decaneh,, requires significantly higher temper-  of 31.7 kcal/mol. The failure of cyclohexank; to undergo any
atures than ¢Dg to achieve conveniently measured rates. The observable H/D exchange withf'PCP)IrH, even after 1 week
values for the corresponding exchange-reaction rate constantat 180 °C, indicates that the barrier for€H addition to
are more easily determined than fogBe, becausekrpin is (“BUPCP)IrH; is significantly higher than the experimentally
certainly very slow in these cases relativek{os,p, and the determined barrier to the overall catalytic reaction. Note that
kinetics analysis becomes essentially a one-parameter fit. Thecyclohexane has been reported by Bergman to undergo addition

resulting rates are shown in Table 3. morereadily than cyclooctane, in separate reactions with two
Our most significant experimental result regarding H/D different iridium specied? Because a catalytic cycle obviously

exchange is a negative one. Even at 280 cyclohexaned cannot proceed more rapidly than any single step in the cycle,

undergoes no observable H/D exchange WittFPCP)IrH, after these results are clearly inconsistent with an associative pathway

1 week, indicating that addition of cyclohexadg-C—D bonds for the catalysis. Or, at the very least, they are inconsistent with
to ("BUPCP)IrH, does not occur on this time scale. We can the associative pathways calculated in this work by us and
therefore determine a lower limit for the free energy of activation calculated by others for smaller substratesfecause such
for Cy-H addition to ("BYPCP)IrH (eq 4a) ofAG* > 36.4 kcal/ pathways are also calculated to lead to H/D exchange. Thus,
mol (see Table 3 and accompanying footnote, and Computa-cycloalkane dehydrogenation must proceed viaDhgathway

tional and Experimental Section). with an overall barrier of ca. 31 kcal/mol. The cycloalkanetC
The resulting exchange rates for the different hydrocarbons activation step of th® pathway can have a barrier no greater
decrease in the following order: phenyl-H benzyl-H > than that (though possibly lower). The value forB activation

n-alkyl-H > cycloalkyl-H. This trend is familiar in the context  of n-alkanes is presumably lower still, on the basis of literature
of C—H activation, especially by late metal centers. Indeed, to precedent for selectivity in €H activation?®
our knowledge, every study involving-€H addition of these Considerations on the Remaining Steps of the Full
substrates has yielded this exact order for both kinetics and Catalytic Cycle; Relative Rates for Different Alkanes and
thermodynamics?-3°Consequently, the relative barriers to H/D  an Experimental Upper Limit for the Rate of H , Loss from
exchange are all consistent with the assumption that the (PCP)IrH ,. The data in Table 4 reveal that cyclooctane (COA)
exchange rate is a measure of the addition rate of the corre-and cyclodecane are dehydrogenated with significantly lower
sponding C-H bond. barriers tham-undecane. At first glance, this ordering appears
The experimentally determined activation barriers are useful to be inconsistent witteither the A or the D pathway. It is
in two distinct respects. First, they provide a comparison with opposite that which would be expected from a rate-determining
the computational values, and it can be seen from Table 3 thatassociative reaction, because transition metal complexes add
the agreement is quite good although the calculated free energiegycloalkane G-H bonds more slowly than primary-€H bonds
of activation appear to be slightly too high. for all known C—H addition system&® The ordering, however,
Second, and independent of the good agreement with theis also inconsistent with a simple picture involving the dis-
calculated values, the experimental values for H/D exchange

(31) Most of the currently available functionals (including B3LYP) underestimate

(30) The relative differences in the addition rates among different alkane intermolecular binding energies and charge-transfer effects at long range.
substrates for kinetic measurements are usually much smaller than those It is possible that the B3LYP functionals differentially overestimate the
observed in the present case. This is probably because direct measurements  energies in metal complexes with high coordination numbers and in the
of addition rates necessarily involve exothermic additions, whereas in the transition states, which lead to the formation of these complexes. See, for
present case the rate-determining step is endothermic. Thus, the transition example: (a) Paizs, B.; Subhai, $. Comput. Chem1998 19, 575. (b)
state is late and, perhaps more importantly, our kinetic barriers include a Ruiz, E.; Salahub, D. R.; Vela, A. Am. Chem. S0d.995 117, 1141. (c)
thermodynamic barrier. Thermodynamic variations among additions of Ref 13.
various hydrocarbons are often found to be of the same order of magnitude (32) Peterson, T. H.; Golden, J. T.; Bergman, R.JGAm. Chem. So@001,
as those in the present case. 123 455-462.
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Table 4. Experimental Rates for Acceptorless Alkane
Dehydrogenation and Corresponding Values of AG*

catalyst substrate T(°C) rate (=2 AG*
(“"BUPCP)Ir COA 151 11 30.0
(“BUPCP)Ir CDA 201 90 31.7
(tiBU/MeOPCP)“a n-Ci11H24 196 30 32.4
(=PPCP)Ir COA 151 94 28.2
(~PPCP)Ir CDA 201 400 30.3
(IiP'PCP)ll' n-CqiHz4 196 60 31.7

a (t-BUMEOPCP)|r = [13-4-CHs0-2,6-[¢-BusP)CHp)]2CoHa]Ir.

sociative pathway, if it is assumed that (a) (PCP}lisl the

Scheme 2
C-H addition
B-H elimination

olefin dissociation Ko (expulsion

(PCP)IrH, ki (Hyloss) ey K2 (Y (pep)irH, from solution) (PCP)IrH,
)
+alkane € K + alkane k., + olefin + olefin
-1
+Hy o) +Hy op +Hp (gas)

Expressed in terms of Schemekz(PCP)Ir][alkane] appears
to be greater thak-1[(PCP)Ir][Hxsor]. However, if the rate of
expulsion of H from solution, KexH2sol], is less than
k_1[(PCP)Ir[Hzsop], the majority of H dissociation events
would be ultimately unproductive.

catalyst resting state (ground state) in all of the reactions and Thus, even assuming that loss of id rate-determining for

that (b) K loss is irreversible for all of the reactions. On the
basis of those two assumptions, thepathway is expected to

the formation of (PCP)Ir(alkyl)(H) (eq 5), as is indicated by
the calculations in this paper, it is not necessarily the rate-

afford equal rates for all substrates. Thus, it is strongly implied determining step of the catalytic cycle. Furthermore, even if
that H loss (regardless of the pathway) is not necessarily the loss of H s rate-determining for the overall reaction yielding
irreversible, and subsequent steps in the reaction cycle may, ablefin and H in solution(and we believe this to be the cdse,
least in some cases, contribute to the overall reaction barrier.although it falls outside the scope of the present work), the rate
While a detailed characterization of all remaining steps in the of the catalytic cycle may still be lower than the rate of
cycle is well beyond the scope of this paper, in this section we dissociation of H from (PCP)IrH. This condition would only

will briefly consider other steps. In particular, we will consider

require thatkexJH2so] is less than or not much greater than

the one remaining step that the acceptorless system does nok-1[(PCP)Ir][Hysonl. In the limiting case, which can be ex-
have in common with the transfer-dehydrogenation system: thepressed as eq 10, expulsion of tflom solution could actually

expulsion of H from solution. We believe that consideration

of this step is critical in accounting for the apparent discrepancy

of the greater reactivity of the cycloalkanes versealkanes.

Precise energy barriers for the chemical steps in the catalytic

cycle after C-H addition are presently being determined

experimentally in the context of transfer-dehydrogenation stud-

be the rate-limiting step.

Kexp < ko [(PCP)IT]
(for rate-limiting expulsion of Hfrom solution)
(10)

ies. However, we have previously shown that sources of Under this condition (eq 10), the preequilibria of egs 11 and

(BUPCP)Ir (e.g., (BUPCP)Ir(Ph)(H)) will readily dehydrogenate
alkanes even at 2% .28 We cannot yet experimentally determine
the rate of the overall reaction sequence OPYPCP)Ir with

alkanes, but an upper limit of ca. 18 kcal/mol can be placed on

the overall barrier to this sequence—-8 addition, followed
by egs 8 and 9).

f-H elimination
— >

(PCP)Ir(R)(H) (PCP)IrH,(alkene)  (8)

9)

This would imply that G-H addition to {"BYPCP)Ir, as well as
f-H elimination and olefin removal, should all proceed more
rapidly than the back reaction with,Hinder the conditions
required for dehydrogenation (e.g., 18D, Py, < ca. 107 atm).
This is in accord with (a) the calculations in this paper, which
show the free energy of the-H addition transition state to be
lower than the free energy of the;limination/addition TS
(see Figure 7), and (b) the simple assumption that even if H
addition is diffusion controlledk~ 10°© M~1 s71), the low
concentration of H(=< ca. 10°1° M) gives a rate of back reaction
with H; (ca. 1 s1) which is relatively slow (cf., the overall
rate of the sequence of-@H addition followed by eqs 8 and 9
is =130 st at 150°C, on the basis oAG* < 21 kcal/mol).
Hence the loss of KHis probably followed by a relatively rapid
formation of olefin product for both cyclic and linear alkanes.

(PCP)IrH,(alkene)— (PCP)IrH, + alkene

12 would be in effect.

(PCP)IrH, == (PCP)Ir+ Hyq) (11a)
(PCP)Ir+ alkane== (PCP)Ir(alkyl)(H) (11b)
(PCP)Ir(alkyl)(H)== (PCP)IrH, + alkene  (11c)

sum of eqs 11b,c: (PCPYr alkane=
(PCP)IrH, + alkene (11d)

sum of egs 11ac: alkane=alkene+ Hyo,, (12)
The preequilibrium of eq 11d implies that the concentration of
(PCP)Ir would be dependent upon the dehydrogenation ther-
modynamics of the particular alkane (at a given concentration
of alkene). In other words, alkanes with higher dehydrogenation
enthalpies (i.e., linear alkar®é£9 will result in higher concen-
trations of (PCP)Ir in solution (eq 11d lies toward the left). The
higher concentration of (PCP)Ir results in greater rates of back
reaction of B with (PCP)Ir, relative to expulsion of Hrom
solution (i.e., the limit of eq 10 is approached). Thus, the limit
of eq 10 should be more readily approached by the buildup of
linear alkene product as compared with cycloalk&r&.lt is
entirely possible, therefore, that the rate-determining step for
catalytic dehydrogenation of COA and cyclodecane is loss of

It must be remembered, however, that the acceptorless dehyH, from (PCP)IrH, whereas under similar concentrations and
drogenation (unlike transfer-dehydrogenation) is an inherently conditions, the rate-limiting step foralkane dehydrogenation

heterogeneous reaction system. #fisinot removed sufficiently
rapidly from solution, it is possible that the formation of olefin,
no matter how rapid, would be reversible.
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(which appears to be the cdgethen the back reaction with

is, in itself, consistent with the rate of expulsion of playing

linear alkenes is necessarily much faster, because the equilibriuman important role in determining the overall rate. Instrumentation

lies much further to the left.

An additional consideration is the possibility thabth
cycloalkane anda-alkane systems might operate under preequi-
librium (eq 12) conditions. Because this would yield a much
greater equilibrium concentration oflfbr the cycloalkane&}2>
the rate of reaction under such conditiokgg[H2(sorl, Would
be much greater for cycloalkanes. Thus, it is possible that loss
of H, from (PCP)IrH will be rate-determining for cycloalkanes
but notn-alkanes or, alternatively, that,Hexpulsion will be
rate-determining for both classes of substratesither case,
cycloalkanes will gie faster ratesOnly in the limit where loss
of Hy from (PCP)Ir is rate-determining for the dehydrogenation
of both cycloalkanes anatalkanes Kex, > k-1 [(PCP)Ir]) would
equal rates be obtained by tBepathway.

Although we have not yet developed methods to monitor the

acceptorless dehydrogenation in situ, experiments with alkene/

alkane mixtures in closed systems strongly indicate that in the
case of COA, and probably in the caserealkanes at low
alkene concentration, the resting state is (PCR)attemper-
atures of 150C or greatef. The free-energy barrier to the loss
of H, cannot be greater than the overall catalytic barrier
measured for any one of the alkanes. The loss p{dd any

other step in the cycle) can have a barrier no greater than the

30.0 kcal/mol found for COA dehydrogenation (cf., the much
greater barriers calculated for th® pathway). Preliminary
kinetic studies of acceptorless COA dehydrogenation indicate
that the reaction rate is independent of stirring rate. This would
suggest that expulsion of ;Hs highly efficient under these
conditions kexp > k-1 [(PCP)Ir]), specifically with COA as
substrate, and that 30.0 kcal is therefore the approximate
experimental value oAG* for H; loss at 157°C 33 Calculations
using full bis¢-butyl)phosphino groups on the PCP ligand yield
a free energy of 27.8 kcal/mol forjaddition to {FBUPCP)Ir,

0.6 kcal/mol greater than the calculated value fordddition

to (MePCP)Ir. The experimental value of 30.0 kcal/mol is in good
agreement with this calculated value. Alternatively, iislin

fact not removed with a sufficiently high rate under these
conditions, that is, ifkexH2ison iS not much greater than
k-1[(PCP)Ir][Hoso] (Scheme 2), then it is possible that dis-
sociation of H (and subsequent alkane dehydrogenation) is
occurring reversibly. In this case, the experimental value of 30.0
kcal/mol serves as an experimental upper limit for the barrier
to loss of B from ("BUPCP)IrH.

In the case of-alkanes, preliminary kinetics data have been
less reproducible, but the slower rates indicate that loss,of H
from (PCP)IrH; is not rate-determining. Thus, in accord with
the above considerations, thalkane system may operate under
conditions at or approaching the limit in which the preequilib-
rium of eq 12 is established, and the rate-determining step is
expulsion of H. Note that the irreproducibility of the kinetics

(33) In the case ofi-alkanes, the slower rates must therefore be attributable to
a faster back reaction rehydrogenation of the olefin product as compared
with cycloalkenes. Because we have found trvaikanes are dehydroge-
nated more rapidly than cycloalkanes, and becauakkane dehydroge-
nation is thermodynamically less favorable, then hydrogenation of linear
olefins must indeed be much more rapid than that of cycloalkenes as would
be expected in view of both steric and thermodynamic considerations. In
terms of Scheme 2 [(PCP)IrH;][olefin] is apparently greater than
ks[Hz(son] for linear olefins at the concentrations monitoredda. 10 mM),
but not for cyclooctene at concentrations in which the stirring rate was
varied (< ca. 100 mM).

that will allow more quantitative control of the JHexpulsion
rate, which is required for detailed kinetic studies of the system,
is currently being designed.

Summary and Conclusion

Our results may be summarized as follows: The dissociative
pathway for the reaction of'¢PCP)IrH, with alkanes (cyclo-
hexane and propane) is calculated to have an energy barrier
(AEY) of ca. 36 kcal/mol. The highest energy TS for this path
involves C-H addition to ("*PCP)Ir, after H elimination. For
the same pathway\G* at standard thermodynamic conditions
is also ca. 36 kcal/mol, because the entropies pidds and
C—H addition approximately cancel out. However, when the
free-energy barriers are calculated for conditions under which
dehydrogenation is thermodynamically possible (€.g= 150
°C; Py, = ca. 107 atm, with densities of hydrocarbon-C1
bonds equal to those in neat solutio®yG* for the G-H
activation step is much lower, ca. 18 kcal/mol. The large
difference is primarily due to the high entropy under these
conditions of the free K molecule produced prior to -€H
activation. Under these conditions, the rate-determining step is
loss of H from (MePCP)IrH, which has an enthalpy (and
estimated free energy) barrier of 27.2 kcal/mol (27.8 kcal/mol
for (""BUPCP)IrH).

An associative pathway for the same reaction is calculated
to proceed through Ir(V) and Ir(lIl-Hy) intermediates, in
accord with previous calculations ofFRCP)IrH.12 The lowest
energy barrier AE¥) for direct G-H addition to ["*PCP)IrH,
is calculated to be 20.1 kcal/mol (cyclohexane). The loss.of H
from the resulting manifold of adducts has a higher energy
barrier, 28.4 kcal/mol above the level of the reactants. Because
there is no barrier calculated fortdddition to (**PCP)Ir(R)H,

AE¥ for the overall reaction is equal thE = 28.4 kcal/mol.

At standard thermodynamic conditions, the free-energy barriers
for this pathway are much highe AG* = 32.2 kcal/mol for
C—H addition and ca. 37.4 kcal/mol for subsequent loss of H
from the C—H addition product. Under experimental conditions
(e.g.,T=150°C; Py, = ca. 107 atm, hydrocarbon €H bond
densities equal to those in neat solution), the respective values
for C—H addition and Hloss are 31.3 and 36.0 kcal/mol for R

= Cy (33.7 and 36.6 kcal/mol for R n-Pr).

Consequently, under experimental conditions, the calculated
overall free-energy barrier is ca. 9 kcal/mol greater for Ahe
pathway. It is further worth noting that even if a TS of lower
free energy for the €H addition step could be located, this
would have no bearing on the highest free-energy barrier, the
one for the “transition state” for felimination from the “seven-
coordinate” C-H adducts. Because some point on the reaction
coordinate must have an enthalpy at least equal to that of the
products (25.3 and 24.8 kcal/mol above reactants fer Ry
andn-Pr, respectively), and the entropy terf\S) due to the
loss of a free hydrocarbon molecule is substantial, especially
at higher temperatures, the existence of this very high free-
energy barrier for thé pathway is unavoidabi:34It should
also be noted that the presence of dialkylphosphino groups
bulkier than dimethylphosphino would be expected to further
increase the free-energy gap favoring the dissociative pathway.

The A pathway involves intermediates of the composition
(RPCP)Ir(alkyl)Hs which are calculated to undergo rapid
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scrambling among the hydrogen ligands. In the case of deuter-be an important consideration in future efforts directed toward
ated hydrocarbons, this would lead to H/D exchange with rational development of related dehydrogenation catalysts.
(RPCP)IrH. Indeed, exchange with-BUPCP)IrH is observed
for several hydrocarbons with rates decreasing in the following
order: GDe > mesitylened;, > n-decaned;o > cyclohexane- Computational Methods. All calculations used DFT methodoloty
di» (cyclohexaned;» does not undergo observable exchange even with Becke’s three-parameter hybrid exchange functional (B3) and the
after 1 week at 180C). This order is in agreement with the Lee—Yang-Parr correlation functional (LYF.%" The Hay-Wadt
relative rates calculated for the different hydrocarbons in this relativistic, small core ECP and corresponding basis sets (split valence
work. The absolute free-energy barriers extrapolated for the H/D double€) were used for the Ir atom (LANL2DZ modef).We used
exchange are also in reasonably good agreement with theall-electron, full doubles plus polarization function basis sets for the

. . . - second and third row elements C (Dunnirtguzinaga D95(dfP and
calculated barriers, so there is strong evidence thadt @ddition 0 . !

. P (McLean-Chandler)® Hydrogen atoms in the hydrocarbon, which

to (RPCP)IrH: can indeed occur along the pathways calculated.

. z. . formally become hydrides in the product complexes, or in dihydrogen
However, the barrier to cyclohexane addition (both experimental \yere described by the tripleplus polarization 311G(p) basis <ét:

and computational) is much greater than the experimental barrierregular hydrogen atoms in alkyl or aryl groups (including PCP) carried
to the full catalytic alkane dehydrogenation cycle. Thus, both a double¢ quality 21G basis st
experimental methods (at least for cycloalkanes) and compu- Reactant, transition state, and product geometries were fully
tational methods (for both propane and cyclohexane) demon- optimized with the ECP/basis set combination described above (B3LYP/
strate that theéA pathway is not kinetically viable. BasisA). The stationary points were characterized further by normal-
TheD pathway for cycloalkane €H addition must therefore mode analysis, and the (unscaled) vibrational frequencies formed the
be operative experimentally with a free-energy barrier no greater Pasis for the calculation of vibrational zero-point energy (ZPE)
than ca. 30 kcal/mol, in good agreement with values calculated corrections. Th_ermodynamlc co_rrec_tlons were madeito convert from
for the D pathway. Fon-alkanesthe experimental results alone 23rzgﬁéicggoggi;:gfgglsg ?f;g’i}:}ﬁ;ggfg'ﬁﬁi; _AOGcli_'
cannot exclude theA pathway. However, the experimental ' ' ¥ ;

. X ) ) " AZPE includedT = 298 K, P = 1 atm) according to standard statistical
results are consistent with the high barrier to thetCaddition mechanical expressiori.Standard techniques were also applied to

step and certainly not inconsistent with the substantially higher optainAG andAG* at other combinations of temperature and pressure.
barrier calculated for the subsequent élimination. TheD Additional single-point calculations at the B3LYP level used a more
pathway found for cycloalkanes (with a barrier of ca. 30 kcal/ extended basis set for Ir in which the default LANL2DZ functions for
mol) must also be accessible for dehydrogenatiom-alkanes; the Ir(6p) orbital were replaced by the functions reoptimized by Couty
thus all calculated and experimental results are consistent onlyand Hall?** and sets of diffuse d functions (exponent0.07) and f
with the D pathway for either cyclic or linear alkan&s. functions (exponent 0.938)° were added as well (B3LYP/BasisB).
The development of an experimental energy profile for the The repptimized/ex_pan_ded Ir basis set preferentially favors structures
full catalytic cycle awaits (a) the completion of transfer- with high Ir coordination number¥:*® All computed energy data

. . . N
dehydrogenation studies, which will yield the precise barriers discussed in the text or presented in the tables are basa@¢nE’)
for C—H additi dB-H eliminati t d (o) th values from these B3LYP/BasisB calculations, followed by electronic
or addrtion an_ p-H elimination s_eps, and ( )_ e energy-enthalpy-free energy conversions (as appropriate) made in
development of experimental methods suitable for monitoring 4, aqditive fashion with data derived at the B3LYP/BasisA level.

the reaction in situ and controlling the rate of Eixpulsion. In a few cases, the exact nature of a particular transition state was
However, in the limit where kiis rapidly expelled from solution,  investigated further by intrinsic reaction coordinate calculati@ns.
the rate-determining step of the catalytic reaction is dissociation Approximately 10 steepest descent steps from the transition state were
of H, from (PCP)IrH, rather than addition of alkane. This must executed in the forward and reverse direction given by the transition
vector. The resulting structures were then geometry optimized toward
the nearest minimum to assign proper reactants and products.

All calculations were executed using the Gaussian 98 series of
computer progran.

H/D Exchange. ("B'PCP)IrH, was prepared by subjecting

Computational and Experimental Section

(34) After completion of this work, Haenel, Kaska, and Hall reported an
experimental/computational study (ref 13) in which it was concluded that
the (anthraphos-PCP)lgHanalogue of (PCP)IriHundergoes reaction 5
proceeding through an associative transition state foHGddition. The
computational model used in ref 13 has Pgtoups in the anthraphos-
PCP ligand rather than dimethylphosphino groups (as in our calculations)
or bisg-butyl)phosphino groups (as used in both the anthraphos and the

PCP-parent experimental systems), and a small model alkane<RH

(*"BUPCP)IrH, to vacuum, according to reported methdd3euterio-

ethane). Haenel, Kaska, and Hall chose to classify the associative TS as

an “interchange TS”, TSTS was proposed to lead directly to (anthraphos-
PCP)IrEtH; that is, €H cleavage and addition of ethane were concerted
with formation and expulsion of 1 Some of the computed internuclear
distances (A) in TSare Ir—Cetny (2.176); I—Ha (1.641); Ginyi—Ha (2.58);
Ir—Hp (1.664); I-H¢ (1.687); H—H. (1.046). Thus, the ethyl carbon and

with iridium. The C-H distance is 2.58 A, indicating a fully cleaved-&

(35) Parr, R. G.; Yang, WDensity-Functional Theory of Atoms and Molecules
University Press: Oxford, 1989.

(36) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(37) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(38) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

F., lll, Ed.; Plenum: New York, 1976; pp-128.

bond. Using the exact model species and computational methods applied (40) McLean, A. D.; Chandler, G. S. Chem. Phys198Q 72, 5639.

(41) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JAChem. Phys198Q
72, 650.

(42) Binkley, J. S.; Pople, J. A.; Hehre, W.Jl. Am. Chem. Sod.98Q 102
939

)
)
all three hydrogens have normal distances to Ir and show significant bonding (39) Dunning, T. H.; Hay, P. J. IModern Theoretical Chemistrpchaefer, H.
)
)

in ref 13, we have verified the existence and structure qf H8wever,
graphical examination of the transition vector components fqrshSws

no structural indications of Hexpulsion. Rather, the normal mode
displacements indicate that TiS a TS for interconversion of two “seven-
coordinate” isomers, the analogues of our struct@esdC in Figures 2
and 4. Normal mode following from T§intrinsic reaction coordinate
approach) led cleanly to the intermediate (anthraphos-PCP)IrE}taidi
(anthraphos-PCP)IrEt(K$pecies as the “reactant” and “product” connected
by TS. In our hands, the proposed rate-limiting TS in ref 13,, i®es not
lead to the final products of eq 5, (anthraphos-PCP)IrEtH,. Also, the Lett. 1993 208 111.

energy obtained for TSs peculiar, If T$is associated with a TS leading (46) If we letAAE = AE(B3LYP/BasisB)— AE(B3LYP/BasisA), we findAAE
in a single step from reactants (anthraphos-PCR)kH EtH to the = —3.5 kcal/mol andAAE* = —4.8 kcal/mol for the reactio¢PCP)Ir+
(anthraphos-PCP)IrEtHt H, products. TSis reported to be approximately CyH — (MePCP)Ir(Cy)(H). For the systeW{PCP)IrH, + CyH — (MePCP)-
18 kcal/mollower in enthalpy than these final products (Table 1 of ref Ir(Cy)(H)s, we find AAE = —3.3 kcal/mol andAAEF = —4.8 kcal/mol.
13). (47) Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523.

(43) McQuarrie, D. AStatistical Thermodynamigklarper and Row: New York,
1973.
(44) Couty, M.; Hall, M. B.J. Comput. Chenil996 17, 1359.

(45) Ehlers, A. W.; Bbme, M.; Dapprich, S.; Gobbi, A.; Hivarth, A.; Jonas,
V.; Kéhler, K. F.; Stegmann, R.; Veldkamp, A.; Frenking, Giem. Phys.
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Table 5. Complete Set of Reactions and Relative Rate Constants Used for Modeling the Kinetics of H/D Exchange between

Deuterohydrocarbons and (“BYUPCP)IrH,2

reaction® rate constant® fixed value (relative)? numerical value (M~* s™%)¢

(*BYPCP)IrH, + RD — (*BUPCP)IrHD+ RH k7 variable 1.2x 104
(*BUPCP)IrHD+ RH — (*BUPCP)IrH, + RD k—7 2 x 0.5h x ky 20x 10°
(+BUPCP)IrHD+ RD — (*BUPCP)IrD; + RH ko 0.5 xks 6.1x 10°°
(*BYUPCP)IrD, + RH— (*BUPCP)IrHD+ RD k2 2In x ky 4.0x 10°®
(*BYPCP)IrH; + PD— (*BYUPCP)IrHD+ PH ks variable 1.0
(*BUPCP)IrHD+ PH— (*BYPCP)IrH, + PD k_z 2 x 0.5x kg 1.0
(*BUPCP)IrHD+ PD — (*BUPCP)IrD; + PH ke 0.5x% kg 50x 101!
(*BUPCP)IrD, + PH— (*BUPCP)IrHD+ PD kg 2x 0.5x ks 2.0
(*BUPCP)IrH, + TD — (*BUPCP)IrHD+ TH ks variable 1.2x 107t
(vBUPCP)IrtHD+ TH — (*BYPCP)IrH, + TD ks 0.5x k-g 6 x 1072
(*BYUPCP)IrHD+ TD — (*BUPCP)IrD, + TH ke 0.5x ks 6 x 1072
(*BYUPCP)IrD, + TH — (*BUPCP)IrHD+ TD k_g 1.0x ks 1.2x 101

aNumerical values determined forsQs are given; values fok; given in Table 4 for other deuteriohydrocarboh&D = deuteriohydrocarbons; PH(D)
= PCPtert-butyl hydrogens (deuterons); TH(B} hydrides (deuterides) of BY“PCP)IrHD4—x. ¢k; and k-7 refer to eq 7. Other rate constants do not
correspond to equations in the text and are indicateg a$n = statistical correction for number of H's in RH (actually monoproteated deuteriohydrocarbon)
as compared with number of equivalent D’'s in RD, for examples= 6 for reactions with @De. ¢ Numerical values for RD= CgDg; for other
deuteriohydrocarbongz andks were set to an arbitrary high value relativeko(1.0 s'%; see Table 4 for other values obtained kgy.

hydrocarbon solvents were distilled from Na/K alloy. Solutions of ca.
0.030 M (*B'PCP)IrH, were prepared and transferred to an NMR tube
which was then flame-sealed.

Because our interest was specifically in determining the rate-dfi C
addition to {BYPCP)IrH, it was desirable to disfavor any other
pathways that might potentially lead to H/D exchange. In particular,

fits based on one parameté&y,(see below). This allows a higher level

of certainty ink; than if the fits were also sensitive to other parameters.
We believe that our results, fdg, have an uncertainty of less than
+25%; this corresponds to an uncertaintyAG* of +0.2 kcal/mol
(even a factor of 2.0 corresponds to an acceptable error level of only
+0.4 kcal/mol at 3C°C).

in the case of alkanes, there was concern that a degenerate transfer- The kinetics modeling scheme treated the R@Rityl hydrogens

hydrogenation/dehydrogenation involving even trace amounts of cor-

(deuterons) as a pool of individual species with a total “concentration”

responding alkene could lead to rapid H/D exchange without proceeding 36 times that of total iridium. This was consistent with our experimental

via reaction 4a. To minimize this possibility, all runs were conducted
with small amounts of (B“PCP)IrH, present (ca. 25 mol %). This
was obtained simply bgiotdriving the conversion from(B“PCP)IrH,
to ("BUPCP)IrH: to completion. Our hope was that the presence of

method, which could only determine the fraction of total PRityl
deuteration, and this obviated the need to treat each of the 36 possible
isotopomers separately for kinetics modeling. A pseudo second-order
rate constantks, for exchange between the hydrides aed-butyl

(*BUPCP)IrH, would keep the steady-state alkene concentration to an hydrogen is then obtained; this value is not physically meaningful,

absolute minimum. Because§'PCP)IrH, loses free H, the thermo-

assuming that the exchange is intramolecular, but it allows us to

dynamics of alkene hydrogenation must be very favorable and lie very extrapolatek;. In principle, a physically meaningful first-order rate

far to the right:

(“BUPCP)IrH,

(“BUPCP)IrH, + alkene p— ~ ("B“PCP)IrH2 + alkane (13)

We still cannot exclude the possibility that transfer-hydrogenation/

constant for exchange could be obtained by multiplyiady (36 x
[(*"BYPCP)IrH-d]). However, as this value was not directly relevant
to this work, such a conversion to first-order was unnecessary, and
because the reaction in all cases was fast relatikg, ibcould, in any
case, only serve as a very approximate lower limit. The hydrides/
deuteride ligands of (B“PCP)IrH;-d, were similarly treated as a pool

dehydrogenation or other undesired H/D exchange pathways were inof individual species. Unlike the hydrides/deuterides'ofPCPé)-
fact operative to at least a partial extent. However, because we use therH,-d,, the various isotopomers of B“PCP)IrH,-d, could not be
observed H/D exchange rates to obtain upper limits for the rate of eq resolved by'H NMR.

4, any such pathways would not invalidate the conclusions obtained

from this work.

The total concentration of dihydride and tetrahydride was found to
remain unchanged during the kinetic runs, as determinetHdyMR
observation of the PCP methylene protonsB{PCPé,)IrH,: o
—3.47(vt), Jpu = 6.4 Hz, dihydride; (B'PCPd,)IrH,: 3.24(vt), Jpn
=3.4 Hz) and an external (capillary) standalid. NMR was also used
to monitor (a) the total concentration of iridium dihydride,B(PCP-
dn)IrH2 (0 —19.194(t), Jpu = 8.7 Hz; n = 0-36); (b) the total
concentration of hydridodeuteridé;F*PCPé,)IrHD (6 —19.039(t) Jpn
= 8.4 Hz;n = 0—36); (c) the fraction of deuteration of the totei"PCP
tert-butyl hydrogens ¢ 1.22(vt) Jpy = 6.4 Hz); (d) the fraction of
deuteration of the total ®“PCP4,)IrHDu-m (tetrahydride) hydrides
(d —9.48(t) Jru = 9.8 Hz); and (e) the fraction of protiation of the
deuteriohydrocarbon. Thus, a total of five different experimental
parameters were measured.

The concentrations of all species were fit to the reaction scheme

indicated in Table 5.

At the outset of this discussion, it is important to note that we
required only a value fok;, and that value was needed at only a very
approximate level. Ultimately, the data fits were shown to be highly

insensitive to the other variables and therefore essentially amounted to

Rate constantk_;, ky, andk_» are chemically equivalent tky. k
was set equal to 0.5 k; because it was assumed that statistically the
rate of RD exchange withG“PCP)IrHD would be one-half the rate
with (“"BYUPCP)IrH. Likewise, k-7 was set equal to 0.5 k—». Both
rate constants contained the statistical term, \&heren is the number
of chemically equivalent H’s in the perproteo-hydrocarbon, to account
for the fact that the RH product was only monoproteated (e 4Psl€
wheren = 6).

Although kinetic isotope effects for-€H activation reactions vary
greatly, equilibrium isotope effects vary much less so because the
relevant vibrational frequencies of the respective ground states are far

(48) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M;
Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
98, revision A.9; Gaussian, Inc.: Pittsburgh, PA, 1998.
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more constant in value than those of the transition states. For the sakefor (‘"B'PCP)IrH:
of simplicity, we kept the same ratio, 2.0, for all reactions involving _
transfer of H/D from C to Ir (e.g.kz/k—7 or ks/k-3). This somewhat nirH, = IrH, + (—k;IrH 5"RD = kgfIrH ,"PD +
arbitrary value was obtained by taking a well-determined equilibrium K7 ItHD*RH + k_g*ItHD*PH — kg*IrH ,*TD +
isotope effect for GH addition, 2.4 for addition to TRh(CN- K_s*IrHD*TH) d t
neopentyl}® at 26 °C, and extrapolating to the midpoint of the
temperature range most relevant to this work<380 °C). The final
value ofk; was not very sensitive to the value used (e.g., an assumed
isotope effect of 1.4 gave values within 10% of those obtained using
2.0). It was assumed that there was no significant equilibrium isotope
effect in the exchange between dihydride and tetrahydride.

The reactions were monitored at intervals of ca. 2000 s. Data for
benzene and-decane (experimental and least-squares best-fit calcu-
lated) are given in the Supporting Information. Benzene gave the best

data probably because the low temperature of the reactiortfC30 benzene (Table 5). For other deuteriohydrocarbons, wkeneas

allowed continuous heating in the NMR spectrometer, whereas otherSmaller and temperatures were much higher, it was assumeésthat

samples had to be removgd, heated, and thgn re.turned. .to theandksr were large relative t&. Thus,ks andks were set at an arbitrary
spectrometer. The resulting fit was found to be highly insensitive to

the values for variablds andks because these rates were rapid relative high value (1.0 ) for other deuteriohydrocarbons, and it was
to k;. The sum of the squares of the differencégexp — calcy) subsequently confirmed that varyig andks in that regime had no

d d totically with i - lues kef h effect on the calculated fit. Raw data and corresponding calculated data
ecreased asymptoticaly with Increasing values (exchange points are given in the Supporting Information for the exchange
betweent-butyls and hydrides).

) ) o reactions with @D andn-C,0D2,, respectively.

The factors used fdt_7 andk-» were also unimportant in optimizing
the fit, because the corresponding rates were slow due to the very low Acknowledgment. We thank the Division of Chemical
concentrations of RH (particularly after correction for the statistical Sciences, Office of Basic Energy Sciences, Office of Energy
term, n, which is required because the “RH” product is only mono- Research, U.S. Department of Energy for support of this work,
proteated RD). Thus, the kinetics simulation was essentially a fit to and the National Science Foundation for a computer equipment
the one parameter of interest;. This conclusion was even more  grant (DBI-9601851-ARI).
applicable to the other deuteriohydrocarbons, because the corresponding ) ) ) .
values ofk; were much smaller, relative to presumed valuekscdnd Supporting Information Available: ~Data (concentrations
ks at the much higher temperatures used for these substrates. determined byH NMR) used to obtain (least-squares best-fit)

Using a macro written for Microsoft Excel 98 for Macintosh’ we rate constants fOI’ H/D eXChange betWeen deuteriohydrocal’bons
calculated the concentrations of each species at small finite time (CsDs andn-decaned;;) and {"B'PCP)Irt and corresponding
intervals (0.5 s) using the appropriate kinetic equation. For example, calculated values (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.

IrH; is [(*"BYPCP)IrH)] at the outset of each time intervat; eirH; is

the resulting concentration at the end of each time interval (other
abbreviations are defined in footnote Table 5). The use of time
intervals smaller than 0.5 s had no effect on the concentrations that
were calculated for the experimental times (ca. every 2000 s). Rate
constants were then calculated by iterating to minimize the sums of
the squaresY[(exp — calcy/exp.g), weighted for the time-averaged
concentrations of various species that were monitored. It was established
by iteration ofks, ks, andk; thatks andks were large relative t&; for

(49) Northcutt, T. O.; Wick, D. D.; Vetter, A. J.; Jones, W. D.Am. Chem.
Soc.2001, 123 7257-7270. JA012460D
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