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Abstract: The equilibrium isotope effect (EIE) for oxidative addition of H, and D, to Ir(PMe,Ph),(CO)CI
has been measured over a large temperature range, thereby demonstrating that the inverse (<1) EIE
previously observed at ambient temperature becomes normal (>1) at high temperature (>90 °C). The
temperature dependence of the EIE for oxidative addition of H, and D, to Ir(PH3).(CO)CI has been calculated
using the geometry and vibrational frequencies obtained from DFT (B3LYP) calculations on Ir(PH3)(CO)-
ClIHz and Ir(PH3)2(CO)CID,, and is in accord with the experimentally observed transition from an inverse to
normal EIE for oxidative addition of H, and D, to Ir(PMe.Ph),(CO)CI: the EIE is calculated to be inverse
between 0 and 510 K, reach a maximum value of 1.15 at 867 K and then slowly decrease to unity as the
temperature approaches infinity. This deviation from simple van't Hoff behavior, and the occurrence of a
maximum in the EIE, is the result of the entropy term being temperature dependent. At low temperature,
the enthalpy term dominates and the EIE is inverse, whereas at high temperatures the entropy term
dominates and the EIE is normal. The observation of both normal and inverse EIEs for the same system
indicate that inferences pertaining to the magnitude of an isotope effect at a single temperature may require
more detailed consideration than previously realized.

Introduction . ® . ®
H¢ H HT H H H
The oxidative addition of dihydrogen to a metal center is one l‘f +|| LT W b !
of the most fundamental reactions in transition metal chemistry - ® - O
and plays a role in many important processes, such as metal ‘! T Ty Tx Ry R,
catalyzed olefin hydrogenation. We have previously studied the
equilibrium isotope effect (EIE) for this transformation and in AN H/ A W H/ i~
1993 reported that the EIE for the oxidative addition efafd M< M< M< M< M< M<
D, to W(PMe)4l; is inverse (ie., Ky/Kp < 1), such that the Hr H\ He ) H\ Hy
cleavage of the stronger-ED bond is thermodynamically more VMHy] — oM VIMHg M)
favored than that of the weaker-HH bond! While this in-plane symmetric in-plane out-of-plane  asymmetric twist

observation may at first appear counterintuitive, and indeed Figure 1. Vibrational modes associated with G-symmetric [MH]
counter to the commonly held notion that deuterium prefers to fragment and the vibrational, translational, and rotational modes &birh

. which they are derived.
be located in the stronger bond to a greater extent than does Y

hydrogert. it is readily rationalized by the fact that the [MH o other examples of oxidative addition of kb a metal centet,
fragment has a substantially greater number of isotopically i have also been observed for coordination oftél give
sensitive vibrations (i.e., two stretches and four bends) than thatdihydrogen complexes, [Me-Hy)].4561n this paper, we report
of the single stretch in §ithe additional vibrations of the [M#

unit are derived from the rotational and translational degrees (3) See, for example: (a) Abu-Hasanayn, F.; Krogh-Jespersen, K.; Goldman,
A.S.J. Am. Chem. S0d993 115 8019-8023. (b) Shin, J. H.; Parkin, G.

of freedom of H molecule, as illustrated in Figure 1. Although J. Am. Chem. So@002 124, 7652-7653. (c) Yan, S. G.; Brunschwig, B.
each of the vibrations of the [Mififragment are lower in energy fo chgutzy C.; Fujita, E.; Sutin, N. Am. Chem. S0d998 120, 10 553~

than that of the Hstretch, the combination causes the total zero (4) see, for example: (a) Bender, B. R.; Kubas, G. J.; Jones, L. H.; Swanson,
point stabilization of [MD] versus [MH] to be greater than B. 1 Bokert, ) S B G floft, €. O C’T‘I-%‘rig‘mfo\‘}g\??&ﬁ

that for D, versus H. Inverse EIEs have not only been reported M. E. Inorg. Chim. Actal99q 177, 115-120. (c) Hauger, B. E.; Gusev,

D.; Caulton, K. GJ. Am. Chem. S04994 116, 208-214. (d) Bakhmutov,
V. |; Bertran, J.; Esteruelas, M. A,; LIEdp A.; Maseras, F.; Modrego, J.;

(1) (a) Rabinovich, D.; Parkin, G. Am. Chem. S04993 115 353-354. (b) Oro, L. A.; Sola, EChem. Eur. J1996 2, 815-825.
Hascall, T.; Rabinovich, D.; Murphy, V. J.; Beachy, M. D.; Friesner, R. (5) For some isotope effects in binary metal hydrides, see: (a) Wiswall, R.
A.; Parkin, G.J. Am. Chem. S0d.999 121, 11 402-11 417. H., Jr.; Reilly, J. J.Inorg. Chem.1972 11, 1691-1696. (b) Luo, W.;

(2) Wolfsberg, M.Acc. Chem. Red.972 5, 225-233. Clewley, J. D.; Flanagan, T. Bl. Chem. Phys199Q 93, 6710-6722.
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Scheme 1 Scheme 2
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experimental evidence for the interesting observation that the P H K MD
EIE for oxidative addition of Hto a metal center may undergo M\D * ! -~ M\H * !
a transition from an inverse to a normal value upon raising the
temperature. EIE = K= Ky/Kp
Results and Discussion Scheme 3

A . . EIE = Ky/Kp = SYM « MMI « EXC « ZPE
EIEs (and equilibrium constants in general) are typically e

expected to vary in an exponential manner as the temperature

. . . . {(on)RH/(cn)RD} (MPH/MRH)SIZUPH/'RH)UZ
is raised. Recently, however, we reported calculations which SYM= PR, MMI = P ooy 2
predict that the temperature dependence of the EIE for oxidative e v p T

ac_idmon of H to the 16-e|ec_tr(_)n tungstenocene spedigs- T {01 — exp(—uPpl1 — expl-iPio)l) exp(E (WP — Pp)2)
Si(CsH4)2]W} would not exhibit such behavior. Thus, rather  EXC= . . ZPE:T
than vary monotonically with temperature, the EIE for oxidative IT{{1 — exp(-u")}1 — exp(-U"ip)]} exp{Z (i - u"ip)/2)

addition of hydrogen t§[H2Si(CsHy)2]W} is predicted to exhibit
amaximum the EIE is 0 at 0 K, increases to a maximum value
of 1.57, and then decreases to unity at infinite temperditire.
Prompted by this result, we sought to obtain experimental
evidence that the EIE for oxidative addition of té a transition
metal center could undergo a temperature-dependent transitio
from an inverse to a normal value. Since we anticipated that : ) ) ) ] )
high temperatures would be required to observe this effect, we Way 1S that |_ts evaluation does not require any information
elected to study oxidative addition ofzHn a system that is ~ concerned with Ir(PE)2(CO)CI, but only requires thermody-
thermally robust. For this reason, we chose to investigate the "amic data on Ir(PE2(CO)ClH, Ir(PHs)(CO)CID,, H, and
Vaska system because previous studies have demonstrated that2 IN this regard, it is conventional to determine the EIE by
the interconversion of Ir(Pf(CO)X and Ir(PR),(CO)XH; is the expression EIE= Ky/Kp = SYM - MMI - EXC - ZPE,
well-characterized for a wide range of substituents (Scheme Where SYM is the symmetry factéf MMI is the mass-moment

where Ui = hvix/kgT, R = Xo, and P = I(PH3),(CO)CIX, (X = H, D)

Although the equilibrium isotope effect for oxidative addition
of H is defined as the rati&n/Kp, it is evident that the EIE is
r4’dentica| to the equilibrium constant for the isodesmic exchange
reaction (Scheme 2). An advantage of viewing the EIE in this

1)39.10,11 of inertia term, EXC is the excitation term, and ZPE is the zero
1. Computational Evaluation of the Temperature Depen-  Pointenergy term (Scheme 3):4The SYM term is determined
dence of the EIE for Oxidative Addition of H, and D, to by the symmetry number ratio of the species involved and is

Ir(PH 3)2(CO)CI. Previous experimental and computational unity for oxidative addition of KD to Ir(PHs)>(CO)CI; the
studies have demonstrated that the oxidative addition,abH  MMI term is determined by their structures (i.e. their masses
Ir(PRs)2(CO)CI complexes is characterized by an inverse EIE and moments of inertidf, and the EXC and ZPE terms are
at ambient temperatuf@PPrior to experimentally determining ~ determined by their vibrational frequencies. The required
whether the EIE for oxidative addition of2Ho Ir(PRs)2(CO)- structural and vibrational data were obtained by DFT calcula-
Cl would exhibit a temperature-dependent transition from tions using the B3LYP functional and the 6-31G**/LACVP**
inverse to normal, akin to that predicted {¢H >Si(CsHa)2]W},7 basis sets. The geometry optimized structure of IgJRE0)-

we first performed calculations on the simplified Ir(§HCO)- ClI (Figure 2) corresponds closely to that of previous calculatfons
CIH; system. and the principal vibrations that are isotopically sensitive are
summarized in Table 1. It should be noted that the six normal
© ﬁ“&%i';c'%p“gaiEeorf‘dggtgy;é_ﬁ?\t%ﬁ]e’ 'I\f"%thogg.;inzg'ggj‘)ge“eous Catalysis. modes associated with the [lfHmoiety mix with other

(7) Janak, K. E.; Parkin, Gl. Am. Chem. So@003 125, 6889-6891. vibrational modes, as illustrated by the isotopic sensitivity of

(8) For other examples of situations in which there is a temperature-dependent
transition between a normal and inverse EIE, see ref 2.

(9) (a) Deeming, A. J.; Shaw, B. lJ. Chem. Soc. (A)969 1128-1134. (b) (12) The symmetry factor includes both externgl énd internal (n) symmetry

Hyde, E. M.; Shaw, B. LJ. Chem. Soc., Dalton Tran§975 765-767. numbers. See: Bailey, W. F.; Monahan, A.J5.Chem. Educl978 55,

(10) (a) Vaska, L.; Werneke, M. Ann. N. Y. Acad. Scl971 172, 546-562. 489-493.
(b) Zhou, P.; Vitale, A. A.; San Filippo, J., Jr.; Saunders: W. H.,JJr. (13) (a) Wolfsberg, M.; Stern, M. Rure Appl. Chem1964 8, 225-242. (b)
Am. Chem. Sod 985 107, 8049-8054. (c) Kunin, A. J.; Johnson, C. E.; Melander, L.; Saunders: W. H., Reaction Rates of Isotopic Molecules
Maguire, J. A.; Jones, W. D.; Eisenberg, RAm. Chem. S0d.987, 109, Wiley-Interscience: New York 1980. (c) Carpenter, B.[Betermination
2963-2968. (d) Kunin, A. J.; Farid, R.; Johnson, C. E.; Eisenberg].R. of Organic Reaction Mechanism#Viley-Interscience: New York 1984,
Am. Chem. Sod 985 107, 5315-5317. (d) Ishida, T.J. Nucl. Sci. TechnoR002 39, 407-412. (e) Bigeleisen, J.;

(11) It should be noted that although oxidative addition gtdIr(PRs),(CO)X Mayer, M. G.J. Chem. Physl947 15, 261—-267.
gives Ir(PR)(CO)XH, in which the H has added parallel to the GC (14) For some recent influential studies concerned with the computation of
Ir-X axis, unstable isomers derived from addition parallel to thérPP isotope effects in organometallic systems, see: (a) Slaughter, L. M,
axis have also been detected by parahydrogen induced polarization. See: Wolczanski, P. T.; Klinckman, T. R.; Cundari, T. B. Am. Chem. Soc.
(a) Hasnip, S. K.; Colebrook, S. A.; Sleigh, C. J.; Duckett, S. B.; Taylor, 200Q 122 7953-7975. (b) Bender, B. RJ. Am. Chem. Sod.995 117,
D. R.; Barlow, G. K.; Taylor, M. JJ. Chem. Soc., Dalton Tran2002 11 239-11 246. (c) ref 3a and 4a.
743-751. (b) Hasnip, S. K.; Duckett, S. B.; Sleigh, C. J.; Taylor, D. R.;  (15) Application of the TellerRedlich product rule permits the MMI term to
Barlow, G. K.; Taylor, M. JJ. Chem. Soc., Chem. Comm@f99 1717 be replaced by the vibrational product (VP) derived from the vibrational
1718. frequencies. See ref 13.
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Figure 2. Geometry optimized structure of Ir(BJ4(CO)CIH,. Selected
bond lengths (A): P 2.317 and 2.318, +Hransto ciy 1.588, I-Hrans to
co) 1.632, I-CIl 2.529, I-CO 1.951.

Table 1. Principal Isotopically Sensitive Vibrations in
Ir(PH3)2(CO)CIH2 and Ir(PH3)2(CO)CID2

Ir(PH3)2(CO)CIH, Ir(PH;),(CO)CID,
assignment (cm™) (cm™Y)
V1 stretch; trans to Cl 2240.6 1588.6
vco 2153.3 2121.6
V2 stretch; trans to CO 2042.7 1470.3
01 out of plane 903.7 688.6
02 out of plane 814.1 611.9
61 in plane 845.1 644.1
2 in plane 750.2 586.2

6.0

EIE =SYM « MMI - EXC « ZPE

50 (SYM = 1; MMI = 5.551)

EIE
[Ir] + Hp ==—= [IfH,

4.0

SYM « MMI « EXC
3.0

2.0 A

ZPE
S— EXC |

1500 2000 2500
T(K)

500 3000

Figure 3. Calculated EIE as a function of temperature for oxidative addition
of Hy and D, to Ir(PHs)2(CO)CI expressed in terms of SYM, MMI, EXC,
and ZPE components.

thev(CO) stretch in Ir(PH)2(CO)CIH, and Ir(PH)2(CO)CID..
Therefore, the EIE calculation was performed usaligrequen-
cies.

The temperature dependence of the individual terms and the
EIE for oxidative addition of KD, to Ir(PHs)(CO)CI is
illustrated in Figure 38 Significantly, the EIE for oxidative
addition of H to Ir(PHz)2(CO)CI exhibits a similar temperature
dependence to that fd{H,Si(CsHg4)2]W}; that is, the EIE is
inverse between 0 and 510 K, reaches a maximum value of
1.15 at 867 K and then slowly decreases to unity as the
temperature approaches infinity. Since the SYM and MMI terms
are temperature independéhthe occurrence of a maximum
is a result of the ZPE and EXC terms opposing each other. Thus,
the ZPE term increases from zero to a limiting value of unity

(16) The EIE at 300 K is 0.57 in good agreement to the value of 0.46 calculated
by Krogh-Jespersen and Goldman (ref 3a).

6.0

EIE = exp(~AAG/RT) = exp(—AAHIRT) + exp(AAS/R)

5.0 EIE
[Ir] + Hy =——= [IrH,

4.0
3.0 exp(AAS/R)

20

EIE

-

T

500

exp(-AAH/RT)

1000

0.0

1500
T(K)

0 2000 2500 3000

Figure 4. Calculated EIE as a function of temperature for oxidative addition
of Hy and D to Ir(PHg)2(CO)CI, expressed in terms of expAAH/RT)
and expAASR).

as the temperature is increased, whereas EXC decreases from
unity to a limiting value of 1/MMI32 In view of the latter
relationship between EXC and MM, it is convenient to analyze
the temperature dependence of the EIE in terms of the combined
[SYM - MMI - EXC] term and the ZPE term. In this regard,
the [SYM + MMI - EXC] term may be viewed to correspond
closely to the entropy component, whereas the ZPE term
corresponds closely to the enthalpy componriéas illustrated

by comparison of Figures 3 and 4.

In terms of enthalpy and entropy considerations, deviation
from the simple exponential relationship accordingter exp-
(—AAH/RT)exp(AASR) occurs if eitherAAH or AASare not
constant over the temperature range studied (whexél =
AHy — AHp andAAS = ASy — ASy). Examination ofAAH
andAASas a function of temperature (Figure 5) indicates that
it is the variation ofAAS that is primarily responsible for the
deviation from van't Hoff behavior and the occurrence of a
maximum in the EIE: thus, over the temperature rang&@0
K, AASvaries from 3.41 to 1.48 e.u. (i.e., a reduction of 56.6%),
whereasAAH only varies from 1.22 to 1.20 kcal met (i.e.,

a reduction of 1.6%).

As illustrated in Figures 3 and 4, the [SYMMMI - EXC]
(entropy) component favors a normal EIE, varying from the
value of [SYM+ MMI]1® = 5,55 @ 0 K to unity at infinite
temperature, whereas the ZPE (enthalpy) component favors an
inverse EIE. The ZPE term is 1 because the [MH fragment
has a greater number of isotopically sensitive vibrations than
that of the single stretch in Hand the energies of these
vibrations are sufficient that they cause the total zero point

(17) The combined [SYM MMI] term is equivalent to the product of the
translational and rotational partition function ratios of the products and
reactants, i.e.@")(Qwo)/(QrR)(Qrod). This term is only strictly temperature
independent whem > O, the rotational temperature. The EIE data
presented here are obtained by treating the rotational and nuclear partition
functions classically. Consideration of quantum effects serves to modify
the [SYM - MMI - EXC] (entropy) term at low temperature, but has no
effect on the low-temperature limit of the EIE which is dominated by the
ZPE (enthalpy) term.

It should be noted that the ZPE and enthalpy [exppAH/RT)] terms are

not identical because the thermal population of vibrationally excited states
also provides a contribution to the enthalpy term. Correspondingly, the
[SYM - MMI - EXC] and entropy [exp§AS/R)] terms are not identical,
but differ by a similar component to that relating ZPE and enthalpy.
However, these differences are small such that ZPExp(—AAH/RT)]

and [SYM- MMI - EXC] ~ [exp(AASR)] are good approximations. For
example, at 100 K, ZPE 0.002 and [expt AAH/RT)] = 0.002, whereas
SYM - MMI - EXC = 5.48, and exp{ASR) = 5.48; at 1000 K, ZPE=
0.542 and [expt AAH/RT)] = 0.547, whereas SYMMMI - EXC = 2.12,

and expAASR) = 2.11.

(19) EXC is unity at 0 K, and so [SYM MMI + EXC] = [SYM - MMI]

(18)

J. AM. CHEM. SOC. = VOL. 125, NO. 43, 2003 13221
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35 35 Table 2. Equilibrium Constant and Equilibrium Isotope Effect Data
for Oxidative Addition of H, and D; to Ir(PMezPh),(CO)CI in
3.0 301 Benzene (errors are reported at the 95% confidence level)
25 ] - T(°C) Ku (M) KoM EIE = Ku/Kop
8 25 2.5(2)x 10* 6.0(5)x 10* 0.41(4)
T 201 204 30 2.03(9)x 10* 4.1(1)x 10 0.49(3)
E 3 35 1.5(2)x 10¢ 2.79(9)x 10 0.52(6)
g 15 15 45 6.3(3)x 10° 1.03(5)x 10* 0.62(4)
AAH 55 3.4(3)x 10° 5.15(5)x 108 0.65(5)
1.0 4 1.0 70 1.97(8)x 10° 2.7(3)x 10® 0.74(8)
85 8.9(3)x 102 9.7(4) x 1 0.92(5)
0.5 05 - 100 3.8(3)x 1¢? 3.6(2)x 1% 1.05(9)
110 3.12(4)x 10 2.53(4)x 1 1.23(3)
0.0 — 0.0 —— 120 2.0(1)x 1 1.60(3)x 102 1.23(8)
0 200 400 600 800 1000 0 200 400 600 800 1000 130 1.36(3)x 102 9.7(3) x 10 1.41(6)
T T 140 1.8(1)x 10* 1.65(3)x 10* 1.13(10)
Figure 5. Calculated temperature dependenceAd&fH = AHy — AHp 158 1.21(7)x 10* 9.8(4) 1.24(9)
andAAS = ASy — AS. AAH varies from 1.22 to 1.20 kcal mol from 185 7.4(3) 6.2(2) 1.19(6)

0 to 1000 K, whereadAS varies from 3.41 to 1.48 e.u.

stabilization of [MDy] versus [MH] to be greater than that for fTabg?d t'Eunicti)cT'?m C?fﬁtantdagd tEquJi(llijb’\f/iIUleljrl]SSO(tgr(J)e)Clilff_ect Data
. or Oxidative 1tion o 2 an 2> 10 Ir e 2 n

D> versus H'_ Although EXC_:_< 1, th_e combined [SYM MMI Toluene (errors are reported at the 95% confidence level)

- EXC] term is>1 because it is dominated by the [SY-NVMI]

component (5.55). The combined [SYM MMI] term is L) Ka (M) KoM EIE = K%
equivalent to the product of the translational and rotational ‘5‘2 1'502((§;§ 1834 1é7c2)((§))§ ig; g'gé%
partition function ratios of the products and reactants, i.e., 70 2.4(1)x 10° 3.19(5)x 10° 0.76(4)
(QeP)(QroD)(QP)(QroM)Y” and the dominant component is 85 1.45(9)x 10° 1.68(7)x 103 0.87(7)
associated with the large difference in entropy betwegard 100 6.8(4)x 107 7.1(3)x 1¢? 0.95(8)
D, as compared to that between [MHnd [MD,]. Specifically, ﬂg 4%6?(?)? ig 4;;’?((%5 ig 1:%8
translational entropy of Pis greater than that of fbecause of 120 2.51(6)x 10 1.9(1) x 10 1.36(10)
a mass effect whereas the rotational entropy of i3 greater 130 1.77(5)x 1% 1.22(6)x 1 1.45(8)
than that of H because (i) the rotational levels of Bre more 158 10.4(1) 8.1(3) 1.29(14)
closely spaced than those of ldue to a mass effect via the
moment of inerti&! and (ii) the degeneracy of the rotational 16
levels for Oy are greater than those for,P? 151

The calculations thus predict that the EIE for oxidative "] {
addition of dihydrogen to Ir(PE(CO)CI would exhibit a g I i { { i
transition from an inverse to normal value due to competition &, | % l {
between the ZPE (enthalpy) and [SY-NIMI - EXC] (entropy) 3 10 |
terms. At low temperatures, the ZPE enthalpy component% 091 4 i
dominates and the EIE is inverse, whereas at high temperatures °8{ "gt" {
the [SYM - MMI - EXC] entropy component dominates and 071 I I
causes a transition from an inverse to normal EIE. Experimental E: i1
evidence for this transition was, therefore, sought. 0s] 1

2. Experimental Evidence for a Transition from Inverse 03 , i , , , , , i ,
to Normal EIE for Oxidative Addiltion of H , and D, to Ir- 280 300 320 340 360 73?2) 400 420 440 460 480
.(PMeZ.Ph)Z(CQ)CI.' For the experimental study, we chose to Figure 6. Temperature dependence of the EIE for oxidative addition of
investigate oxidative addition ofand D to If(PMePh)(CO)- H, and D» to I(PMe:Ph)(CO)CI in benzene.

CI23 due to (i) the favorabléH NMR spectroscopic properties

(20) ASrandD2 — Hol = (3/2)RINM(D/M(Hy)] = 2.04 e associated with the PMEh versus PRhligand, and (ii) the
(21) The energy of the rotational levels is givenday= (hZ/&TZI)J(J + 1) where fact that the reaction with Hto give Ir(PMePh)(CO)CIH; is
e e ot T DAL R Tonnay (he Qe leve 2 facile® The equilibrium constants for the oxidative addition of

@2) ﬁ'nU(Dz)/'I(Hz)]d_:tl-?’ﬁ e.u.I e with nuclel of int ) e odd 3 H, and Dy in benzene and toluene were determinedtbyNMR
omonuclear diatomic molecules with nuclei of integer spin require o .
rotational levels to be coupled willf2l + 1) antisymmetric nuclear spin  SPectroscopy, from which the EIE at each temperature was

functions (i.e., para), whereas eu&rotational levels are coupled with the  determined (Tables 2 and 3). Most interestingly, the data support
(I + 1)(2 + 1) symmetric nuclear spin functions (i.e., ortho). For nuclei . . .
with half-integer spins, the situation is reversed and deiutational levels the theoretical prediction that the EIE undergoes a transition

are coupled withI(+ 1)(2 + 1) symmetric nuclear spin functions and  from inverse to normal as the temperature is raised. Thus, while
even J rotational levels are coupled wifl + 1) antisymmetric nuclear . ° .
spin functions. Thus, while both HI = 1/2) and B (I = 1) have triply Ku is less tharKp at 25°C, Kp decreases more rapidly than

degenerate odd J levels, even J levels foabd  are 6-fold and singly  doesKy upon raising the temperature, such that they become
degenerate, respectively. At high temperature, the entropy associated with . .
the different nuclear Z?pin state degeneracieA®,dD» — H,] = Rin- equal at ca. 90C; above this temperaturky becomes greater
{[(2lp + 1)%(2I4 + 1) = RIn(9/4) = 1.61. See: (a) McQuarrie, D. A. i i i i
“Statistical Mechanics”, Harper and Row: New York 1976. (b) Herzberg, than Ko (Flgure 6)' Hence, in accord with the Calcu',atlons on
G. Molecular Spectra and Molecular Structure. I Infrared and Raman  Ir(PHg)2(CO)CIH; and Ir(PH)2(CO)CID;, the strongly inverse
gggctra of Polyatomic Moleculegan Nostrand: New York 1959 pp 568 EIE [0.41(4)] observed for oxidative addition oftnd D to

(23) Deeming, A. J.; Shaw, B. L1. Chem. Soc. (A)968 1887-1889. Ir(PMe,Ph)(CO)CI at 25°C in benzene becomes normal at
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12.0

AHy =-12.0(2) keal mol"‘ ASy=-20(1) e.u.
AHp = -14.6(3) kcal mol™"; ASp = —27(1) e.u.
AAH = 2.6(4) keal mol™'; AAS = 7(1) e.u.

11.0 4

10.0 q

9.0 4
8.0 1
InK
7.0 4
6.0
5.0 4

4.0 1

3.0

24 2?5 2r6 2?7 2?8 29 3T0 3?1 3‘.2 3‘,3 3.4x107°
1T (K
Figure 7. van't Hoff plot for oxidative addition of Hand D, to Ir(PMex-

Ph)(CO)CI in benzene over the range-2530 °C.

temperatures greater than ca. ¥, and reaches a maximum
value of 1.41(6) at 130C (Figure 6). It should, however, be
noted that despite the qualitatively similar form of the experi-
mental temperature dependence of the EIE for oxidative addition
of Hz to Ir(PMePh)(CO)CI to the computed value for Ir(B)F-
(CO)CI, there are quantitative differences. For example, the
experimental transition from inverse to normal EIE for Ir(RMe
Ph)(CO)CI occurs at ca. 370 K (benzene), whereas that
computed for Ir(PH),(CO)Cl occurs at 510 K. Such discrepancy
is understandable on the basis that the experimental and
computational systems feature different;#iBands, i.e., PMg

Ph versus PH the latter being employed for computational
expediency. In addition, anharmonicity, which is not taken into
account in the computational study, will also influence the
temperature at which the transition from inverse to normal EIE
occurs. Specifically, introduction of anharmonicity to the
vibrational potential energy surface would result in the vibra-
tional energy levels becoming more closely spaced, thereby
affecting both the ZPE and EXC terms; however, the most
significant effect has been reported to be on the ZPE #rm.
Anharmonic effects generate lass inverse ZPE term and
thereby result in both (i) &ower temperature for the transition
from inverse to normal and (ii) arger maximurnvalue for the
observed EIE.

Although the calculated temperature dependence of the EIE
does not follow van’t Hoff behavior over the full temperature
range (Figures 2 and 3), a linear dependence betwéearia
1/T is observed for the experimental data over a significant
portion of the temperature range of the study for the individual
reactions of H and D, (Figures 7 and 8). The enthalpies and
entropies determined from these plots (Table 4) indicate that
both AH and AS are more positive for addition of +than for
addition of Dy: for benzene solutiodAH = AHy — AHp =
2.6(4) kcal mot-t andAAS= AS; — AS = 7(1) e.u. As noted
above, an important component of th®AS term is the
difference in entropies of }{34.0 e.u. at 300 K) and 1X39.0
e.u. at 300 K526

The positive AAH and AAS values obtained from the
experimental study support the computational study which

(24) Torres, L.; Gelabert, R.; Moreno, M.; lluch, J. M.Phys. Chem. 2000
104, 7898.

(25) Wooley, H. W.; Scott, R. B.; Brickwedde, F. G.Res. Natl. Bur. Standards
1948 41, 379-475.

(26) Note that the entropy difference betweep ahd D, in the absence of
contributions from nuclear spin statistics is 3.4 e.u. See ref 18fandbook
of Chemistry and Physic32nd ed.; Lide, D. R., Ed.; CRC Press: Boca
Raton 1991; p 535.

12.0

AHy=-11.9(4) keal mol™'; AS = —19(1) e.u.
AHp = -14.3(6) kcal mol™"; ASp = —25(2) e.u.
AAH = 2.4(7) keal mol™'; AAS = 6(2) e.u.

11.0 q

10.0

9.0 1
8.0
InK
7.0 4
6.0 1
5.0 4

4.0 A

3.0

29 3 3.1 32 33 34x107°
1T (K™

Figure 8. van't Hoff plot for oxidative addition of Hand D to Ir(PMe,-
Ph)(CO)CI in toluene over the range 2330 °C.
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Table 4. Enthalpy and Entropy Data for Oxidative Addition of H»
and D; to Ir(PMe;Ph)2(CO)CI in Benzene and Toluene Determined
from van't Hoff Plots (errors are one standard deviation)

benzene? toluene®
AHy (kcal mol?) —12.0(2) —11.9(4)
AHp (kcal mol?) —14.6(3) —14.3(6)
AAH = AHy — AHp (kcal mol?) 2.6(4) 2.4(7)
AS;(e.u.) —20(1) —19(1)
AS (e.u.) —-27(1) —25(2)
AAS= AS; — A (e.u)) 7(1) 6(2)

aTemperature range 25.30 °C. P Temperature range 43.30 °C.

indicates thahAH (ZPE) favors oxidative addition of Dversus
H; (i.e., an inverse EIE), wherea@sAS (SYM - MMI - EXC)
favors oxidative addition of KHversus D (i.e., a normal EIE).
By comparison to the\AH term, theAAS component is small
[7(1) e.u.] so that a normal EIE is only obtained at high
temperatures when thEAAS term competes witiAAH.

The nature of an isotope effect (i.e., normal versus inverse)
is often invoked to infer details of the reaction coordinate and
structural changes of the molecules involved. However, since
both normal and inverse equilibrium isotope effects have now
been obtained in the same system, it is apparent that conclusions
derived from the magnitude of an isotope effect at a single
temperature may be more unreliable than previously considered.
For example, on the basis of the typical explanation for the
nature of an equilibrium isotope effect, i.e., deuterium prefers
to be located in the highest frequency oscill&ttive observation
of a normal EIE for oxidative addition of Hat elevated
temperatures could have been interpreted as being due to a zero
point energy effect resulting from the;KD,) molecule having
a stronger bond than the combinee-H(D) bonds. However,
the zero point energy term is actually inverse and the origin of
the normal EIE at elevated temperature is purely due to entropy
effects dominating.

Experimental Section

General Considerations.All manipulations were performed using
a combination of glovebox, high vacuum, and Schlenk techniques under
an argon or dinitrogen atmosphere. Solvents were purified and degassed
by standard procedures. Ir(PiRin)(CO)Cl was prepared by a literature
method for related derivativé$.Benzeneds and tolueneds were
obtained from Cambridge Isotopes and dried over 4A molecular sieves
prior to use!H NMR spectra were measured on Bruker 300 DRX and
Bruker Avance 500 DMX spectrometers.

(27) shin, J. H.; Bridgewater, B. M.; Churchill, D. G.; Parkin, I8org. Chem.
2001, 40, 5626-5635.
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Determination of the EIE for Oxidative Addition of H , and D,
to Ir(PMe ,Ph),(CO)CI. In a typical experiment, a solution of Ir(Pie
Ph)(CO)CI in GDs (0.5 mL of 15 mM) in a gastight NMR tube was
saturated with k(1 atm at 24C). The sample was placed in a constant-
temperature bath4{1 °C), and removed periodically to monitor (by
H NMR spectroscopy) the conversion to the equilibrium mixture with
Ir(PMe;Ph)(CO)CIH,. The molar ratio of Ir(PMgPh)(CO)CI to Ir-
(PMe&Ph)(CO)CIH, was determined directly from tHel NMR spectra,
whereas the molar concentration of dihydrogen in solution at equilib-
rium was determined by a method similar to that described previétsly,
using a combination of Henry’s law with the mole fraction solubility
of H; obtained from the literature data. The calculation of equilibrium
constant requires knowledge of the total amount gfttitially present

Computational Details

All calculations were carried out using DFT as implemented in the
Jaguar 4.1 suite of ab initio quantum chemistry progréh@eometry
optimizations and frequency calculations were performed with the
B3LYP? functional and the 6-31G** (C, H, O, P, and Cl) and
LACVP** (Ir) basis sets. The Cartesian coordinates for the derived
geometries of Ir(PE)2(CO)CIH, and H, together with the vibrational
frequencies for Ir(PE2(CO)CIH,, Ir(PHs)2(CO)CID;, H,, and By are
listed in the Supporting Information. The MMI term was determined
from the geometries of Ir(PHL(CO)CIX; and % (X = H, D), whereas
the EXC and ZPE terms at the temperature of interest were determined
from the vibrational frequencies (see Scheme 2). The EIE was
determined at 1 degree intervals over the rang8@O0 K.

in the closed system, which is the sum of that in the gas phase above

the solution and that in solution. The number of moles pfrtthe gas

phase is determined using the ideal gas law and knowledge of the partial

pressure of B° and the volume of the headspace above the solution.
The number of moles of Hnitially in solution is calculated from the
solubility expressions given by Clevé&rAt equilibrium, the concentra-
tion of H, is determined from the total number of moles of ptesent

at equilibrium3! Specifically, the concentration of Hn solution is

Conclusions

In summary, an experimental investigation of the oxidative
addition of hydrogen to Ir(PM&h)(CO)CI provides support
for the theoretical prediction that the EIE for this reaction
exhibits a temperature-dependent transition from an inverse
value to a normal value upon increasing the temperature. Since

obtained by solving the two simultaneous equations that relate (i) the the EIE for oxidative addition of hydrogen {§H 2Si(CsHa)2] W}

number of moles of Hin the gas phase to the partial pressure pfrH
the gas phase via the ideal gas law, and (ii) the number of moles of H
in solution to the partial pressure of lh the gas phas®.

The equilibrium constantKy) was measured as a function of
temperature (Table 2) amiH and AS were determined from a van't
Hoff plot over the temperature range 2530 °C.3? An analogous
procedure was used to determiig as a function of temperature for
the corresponding reaction between Ir(RMigy(CO)Cl and B,3 from

which the EIE in benzene was determined. The equilibrium constants

for oxidative addition of Hand D, were measured in¢DsCDs using
a similar protocof*3°

(28) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.; Nolan, M.
C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, JJ.EAm. Chem. Soc.
1987, 109 203-219.

(29) In a system under 1 atm of pressure, the partial pressure iof tHe gas
phase is 1 atm minus the partial pressure of solvent: for benzene,l@gd
= —1784.8T + 7.9622, wherd is the temperature at which the sample is
prepared; for toluene, logdene = —2047.3T + 8.330. See:Handbook
of Chemistry and Physicg2nd ed.; Lide, D. R., Ed.; CRC Press: Boca
Raton 1991; p 684.

(30) Mole fraction solubility of Hin benzene: Inx= —5.6949-765.47/T/K).
See: Clever, H. L. IrSolubility Data SeriesYoung, C. L., Ed.; Pergamon
Press: Oxford, 1981; Volume 5/6: Hydrogen and Deuterium, p 164.

(31) The total number of moles of;HD,) present at equilibrium is determined
by the relative integration of Ir(PMEh)(CO)CI and Ir(PMgPh)(CO)-
CIX;, (X = H, D) which indicates how much of the originally present H
(D) has reacted.

(32) The van't Hoff plot does not include the high-temperature data due to the
deviation from ideal behavior at high temperature (see text).

(33) Mole fraction solubility of D in benzene: Inx= —5.7399-743.44/T/K).
See: Clever, H. L. IrSolubility Data Seriesyoung, C. L., Ed.; Pergamon
Press: Oxford, 1981; Volume 5/6: Hydrogen and Deuterium, p 287.
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also exhibits this transition, it will be of interest to determine
how general is this phenomenon and whether it also applies to
the coordination of hydrogen to give dihydrogen complexes.
The observation of both normal and inverse EIEs for the same
system indicate that inferences pertaining to the magnitude of
an isotope effect at a single temperature may require more
detailed consideration than previously realized.
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