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Abstract: Reaction of bis(phosphinite) PCP iridium pincer complexes (p-XPCP)IrHCI (5a—f) [X = MeO
(5a), Me (5b), H (5¢), F (5d), CsFs (5€), Arf(= 3,5-bis(trifluoromethyl)phenyl) (5f)] with NaOBu in neat
cyclooctane (COA) generates 1:1 mixtures of the respective (p-XPCP)IrH, complexes 4a—f and the
cyclooctene (COE) olefin complexes (p-XPCP)Ir(COE) (6a—f) at 23 °C. At higher temperatures, complexes
4 and 6 are equilibrated because of the degenerate transfer dehydrogenation of COA with free COE (6 +
COA = 4 + 2COE), as was shown by temperature-dependent equilibrium constants and spin saturation
transfer experiments at 80 °C. At this temperature, the COE complexes 6 exchange with free COE on the
NMR time scale with the more electron-deficient complexes 6 exchanging COE faster. The exchange is
dissociative and zero order in [COE]. Further analysis reveals that the stoichiometric hydrogenation of
COE by complex 4f, and thus the separated back reaction 4f + 2COE — 6f + COA proceeds at temperatures
as low as —100 °C with the intermediacy of two isomeric complexes (p-Ar"PCP)Ir(H).(COE) (8f, 8f'). COE
deuteration with the perdeuterated complex 4f-dsg at —100 °C results in hydrogen incorporation into the
hydridic sites of complexes 8f,8f'-dss but not in the hydridic sites of complex 4f-dss, thus rendering COE
migratory insertion in complexes 8f,8f' reversible and COE coordination by complex 4f rate-determining
for the overall COE deuteration.

Introduction thermocatalytit2?-5dehydrogenation of alkanes, though indus-
trial applications are far from realized. As the reverse of olefin

Invention of catalytic processes for conversion of abundant hydrogenation, homogeneous hydrogenation catalysts in prin-

alkane feedstocks to higher value products based on transition- Tiple should accomplish the alkane dehydrogenatiériThe

metalll mediated €H bond activations remal_ns a challenging endothermicity of this reaction howevérequires very high-
task! Heterogeneous alkane dehydrogenation processes suclg

hvdro\eracking or catalviic reforming are the most important emperature conditions>(L50 °C), which are often not compat-
?S( vd o)cracking or ca ayucreto g are the mostimportant 0" yith the thermal stability of potential catalysts. Partly
industrial source of olefins and arerfeDevelopment of

b(fcause of their improved thermal stability, bis(phosphine) and

analogous homogeneous processes, due to drastically decreas% S(phosphinite) PCP iridium pincer complexes4 (Chart 1)
reaction temperatures (typically heterogeneous processes operatlg?ave been shown to be the most active homogeneous catalysts
at 400-600°C), is expected to provide higher selectivities and

higher energy efficiency. In addition, such studies might lead (3) (&) Crabtree, R. H.; Mihelcic, J. M.; Quirk, J. M. Am. Chem. S0d979
. . - 101, 7738-7740. (b) Baudry, M. J.; Ephritikine, M.; Felkin, H.; Holmes-
to a better understanding of the requirements for efficient alkane Smith, R.J. Chem. Soc., Chem. Comm@883 788-789. (c) Baudry, M.
C—H functionalization. J.; Crabtree, R. H.; Parnell, C. P.; Uriarte, RQiganometallics1984 3,
816-817.
Since the first examples of homogeneous alkane dehydroge- (4) (a) Burk, M. J.; Crabtree, R. H.; McGrath, D. \. Chem. Soc., Chem.

Commun1985 1829-1830. (b) Burk M. J,; Crabtree R. H. Am. Chem.
nation stoichiometric and substomhmmgtnc in tr§n5|t|on metal, Soc.1987 109, 8025-8032. (¢) Nomura, K... Saito, ¥i. Chem. Soc., Chem.
much progress has been made providing effective phatud Commun1988 161-162. (d) Sakakura, T.; Sodeyama, T.; Tokunaga, M.;

Tanaka, M.Chem. Lett1988 263—264. (e) Maguire, J. A.; Boese, W. T.;
Goldman, A. SJ. Am. Chem. S0d.989 111, 7088-7093. (f) Sakakura,

(1) For recent reviews on this topic, see: (a) Kakiuchi, F.; Chatanid. T.; Sodeyama, T.; Tanaka, Mlew J. Chem1989 13, 737-745. (g)
Synth. Catal2003 345 1077-1101. (b) Labinger, J. A.; Bercaw, J. E. Sakakura, T.; Abe, F.; Tanaka, Mhem. Lett1991 297—298. (h) Choi,
Nature 2002 417, 507—514. (c) Crabtree, R. Hl. Chem. Soc., Dalton J.-C.; Kobayashi, Y.; Sakakura, J. Org. Chem2001, 66, 5262-5263.
Trans.2001, 2437-2450. (d) Jia, C.; Kitamura, T.; Fujiwara, cc. Chem. (5) (a) Maguire, J. A.; Goldman, A. S. Am. Chem. S0d.99], 113 6706~
Res.2001, 34, 633-639. (e) Jensen, C. MChem. Commuril999 2443— 6708. (b) Maguire, J. A.; Petrillo, A.; Goldman, A. $. Am. Chem. Soc.
2449, (f) Sen, AAcc. Chem. Red.998 31, 550-557. (g) Shilov, A. E.; 1992 114, 9492-9498. (c) Belli, J.; Jensen, C. Mdrganometallics1996
Shul'pin, G. B.Chem. Re. 1997, 97, 2879-2932. For leading reviews on 15, 1532-1534.
the functionalization of sp- and 3@—H bonds, see: (h) Ritleng, V.; Sirlin, (6) (a) Crabtree, R. HChem. Re. 1985 85, 245-269. (b) Crabtree, R. H.

C.; Pfeffer, M.Chem. Re. 2002 102, 1731-1769. (i) Guari, Y.; Sabo- Chem. Re. 1995 95, 987-1007.
Etienne, SEur. J. Inorg. Chem1999 1047-1055. (j) Dyker, G Angew. (7) The dehydrogenation enthalpy of COA (23.3 kcal/mol) is among the lowest
Chem., Int. Ed1999 38, 1699-1712. known for alkanes, which makes it an even more suitable substrate for

(2) (a) Wieseman, PPetrochemicalsEllis Horwood: Chichester, England alkane dehydrogenation. NIST Chemistry WebBook, NIST Standard
1986; pp 96-91. (b) Weissermel, K.; Arpel, H.-Industrial Organic Reference Database Number 69. http://webbook.nist.gov/chemistry/ (re-
Chemistry Wiley-VCH: Weinheim, Germany, 2003; pp 589. leased March, 2003).
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Chart 1. Active PCP lIridium Pincer Catalysts for the Transfer Dehydrogenation of COA with TBE

X
R,P Ir: PR, (tBu),P Ir——P(tBu),  (tBu),P I P(tBu),
HY ™ HY ™ HY "W
R = Bu (1) @) X =MeO (4a), Me (4b), H (4c), F (4d), C4Fs(4e),
R=iPr (2) ArF [= 3,5-bis(trifluoromethyl)phenyl] (4f)

for the thermochemical transfer dehydrogenation of, for ex-
ample, cyclooctane (COA) in the presenceest-butylethylene
(TBE), as shown in eq 18811

7K

TBE

200 °C
cat. 1-4

COA

+ /w< (eq 1)

COE TBA

Initial turnover frequencies (TOF) of 0.25and turnover
numbers (TON) up to 1000 have been observed with catalyst
at 200°C. Inhibition of catalysis using by TBE and the formed
cyclooctene (COE) was shown to restrict higher TON and
required the portionwise addition of TBE to obtain the reported
TON.8 Mechanistic studies by Goldman et al. reveal a first-
order dependence of this reaction in TBE at low [TBE], which
becomes inverse first-order at high [TBE] because of the pre-
equilibrium formation of the Ir(lll) complex (PCP)Ir(Hxrt-
butylvinyl), the catalyst resting state under these conditidhs.
Furthermore, under conditions where [TBE]0.3 M, hydro-
genation of TBE, and more specifically reductive elimination
of TBA from the (PCP)Ir(H)fechexyl) complex, was found
to be the rate-determining step for the overall reaction in the
same study. Recently, we have shown that compleees
exhibit a catalytic activity for the reaction of eq 1 up to 1 order
of magnitude higher than that of compldxunder standard
conditions without the need of maintaining relatively low TBE

(8) Gupta, M.; Hagen, C.; Flesher, R. J.; Kaska, W. C.; Jensen, ©hHdm.
Commun.1996 2083-2084.

(9) (@) Xu, W.-W.; Rosini, G. P.; Gupta, M.; Jensen, C. M.; Kaska, W. C.;
Krogh-Jespersen, K.; Goldman, A.Ghem. Commurl997, 2273-2274.
(b) Liu, F.; Goldman, A. SChem. Commurl999 655-656.

(10) Haenel, M. W.; Oevers, S.; Angermund, K.; Kaska, W. C.; Fan, H.-J.; Hall,
M. B. Angew. Chem., Int. EQ001, 40, 3596-3600.

(11) (a) Renkema, K. B.; Kissin, Y. V.; Goldman, A. $. Am. Chem. Soc.
2003 125 7770-7771. (b) Krogh-Jespersen, K.; Czerw, M.; Summa, N.;
Renkema, K. B.; Achord, P. D.; Goldman, A. 5.Am. Chem. So2002
124, 11404-11416. (c) Krogh-Jespersen, K.; Czerw, M.; Zhu, K.; Singh,
B.; Kanzelberger, M.; Darji, N.; Achord, P. D.; Renkema, K. B.; Goldman,
A. S.J. Am. Chem. So@002 124, 10797-10809. (d) Li, S.; Hall, M. B.
Organometallic2001, 20, 2153-2160. (e) Morales-Morales, D.; Lee, D.
W.; Wang, Z.; Jensen, C. MDrganometallics2001, 20, 1144-1147. (f)
Krogh-Jespersen, K.; Czerw, M.; Kanzelberger, M.; Goldman, AJ.S.
Chem. Inf. Comput. ScR001, 41, 56-63. (g) Kanzelberger, M.; Singh,
B.; Czerw, M.; Krogh-Jespersen, K.; Goldman, A.JSAm. Chem. Soc.
200Q 122 1101711018. (h) Liu, F.; Pak, E. B.; Singh, B.; Jensen, C.
M.; Goldman, A. SJ. Am. Chem. So0d999 121, 4086-4087. (i) Niu, S.;
Hall, M. B. J. Am. Chem. So0&999 121, 3992-3999. (j) Liu, F.; Goldman,

A. S. Chem. Communl999 655-656. (k) Lee, D. W.; Kaska, W. C.;
Jensen, C. MOrganometallics1998 17, 1-3. (I) Gupta, M.; Hagen, C;
Kaska, C. W.; Cramer, R. E.; Jensen, C.MAm. Chem. S0d.997, 119,
840-841.

concentrations. Furthermore, catalytically active species can be
easily generated in situ by addition of N#D to a solution of

the respective air stable hydridochloro precurpaXPCP)IrHCI
(5a—f) in 1:1 mixtures of COA and TBE2 We now wish to
report the nature of the catalytically active species generated
from the hydridochloro precursoBa—f as well as mechanistic
results with relevance to the catalytic transfer dehydrogenation
of COA.

Results and Discussion

Oxidative Addition/C —H Activation of COA by the
Fragment (p-XPCP)Ir (A). In recent studies, we have shown
that C—H oxidative addition of toluene and other arenes can
be easily accomplished by reaction of hydridochloro complexes
5a—f with NaOBu in the arene solvert Furthermore, a
dissociative exchange of arene from the formp&XPCP)Ir-
(H)(aryl) complexes comprising a reductive elimination/oxida-
tive addition sequence through the (presumed) intermediacy of
a 14e species §-XPCP)Ir (Aa—f) was established by line-
broadening techniques at temperatures abege °C.*2 Since
alkane C-H activation is one prerequisite step in the transfer
dehydrogenation of COA witlert-butylethylene (TBE) cata-
lyzed by complexesta—f, or by 5a—f in the presence of
NaQtBu, we have chosen to examine the stoichiometric reaction
of 5a—f, NaQtBu, and COA. Thus, reaction of complex&s—f
with 1.1 equiv of Na@Bu in neat COA forms within ca. 30
min at 23°C the respectiveptXPCP)IrH, complexesta—f as
was proven by matching th&P{!H} NMR signals and the
hydridic IrH, resonances in neat COA to independently prepared
complexes:3 A second Ir complex was formed in each case
with a characteristic'P{*H} NMR resonance in the range
between 173 and 180 ppm. Additionally, for these species a
second set of signals for the ligand backbone of ga&PCP
ligand as well as a broad multiplet in the narrow range of4.2
4.3 ppm could be detected in thd NMR spectra. The ratio of
the E-XPCP)IrH, (4a—f) and the new complexes is 1:1, as
determined by integration of the corresponding signals in the
IH NMR spectrum as well as integration of tF&{H} NMR
signals. No other complexes are formed in these reactions. We
have assigned the new Ir complexesaXPCP)Ir(COE) fa—

f) on the basis of matchingfP{*H} and'H NMR resonances
to those species formed by reactifgHPCP)IrH (40) or (p-
ArFPCP)IrH; (4f) with 2.5 equiv of COE in neat COA. We have
been unable to isolate complex@sf in a pure form. Generation
of complexegla—f and6a—f from the hydridochloro precursors
5a—f and Na@Bu in COA can be rationalized by dehydro-

(12) Gatker-Schnetmann, I.; White, P. S.; Brookhart, 81.Am. Chem. Soc.
2004 126, 1804-1811.

(13) Guatker-Schnetmann, I.; White, P. S.; Brookhart, @tganometallic2004
23, 1766-1776
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Scheme 1. Generation of (p-XPCP)IrH; (4) and (p-XPCP)Ir(COE) (6) by Dehydrochlorination of Complexes 5 with NaOtBu in Neat COA

X X
+2 NaOtBu
COA solvent + COA
2 23°C
—_— —_—
o] -2 NaCl +
| I -2 fBUOH | | | | I I
(tBu),P (Ir P(Bu), (Bu)oP Ir P(tBu), (tBu)oP llr,. P(Bu),  (Bu),P Ir P(Bu),
H z
Cl  5af Aa-f _ H H 4af : 6a-f
Scheme 2. Equilibrium Reaction of Complexes 4 and 6 Generated from Complexes 5
X
23-80°C, K - H4IICOEF
+ COA, 4 [6]'[COA]
COA solvent
7 | |
(tBu),P Ir P(tBu), (tBu),P II[ P(tBu),
6 H H 4
)
Table 1. 3P NMR Spin Saturation Transfer Data for the Equilibrium 6 + COA = 4 4+ 2COE at 80 °C
I35 4a (4)* I3 gg (6)° Ty (4 T, (6) Ropst® Rops—1° [4/6] (from Keq
4.6 (%) (%) (s) (s) (s (s Ropst/Robs—1 measurement)
a 84.5 74.5 2.1 1.8 0.19 0.09 2.18 2.23
b 64.6 52.5 2.2 2.0 0.45 0.25 1.82 1.92
c 47.8 39.2 2.7 2.3 0.67 0.40 1.67 1.78
f 51.5 42.8 1.6 1.5 0.89 0.59 1.51 1.62

a Relative integration of thé'P NMR signal of4 obtained for complete versus no saturatior6o? Relative integration of thé'P NMR signal of6
obtained from complete versus no saturatio®of Obtained by the inversion recovery method. Based on the obs@&ivealues, the relaxation delay in
each SST experiment was uniformly set to 15 Rate for the conversion d to 4. ¢ Rate for the conversion af to 6.

chlorination of5a—f to give an undetected 14dragment p-
XPCP)Ir Aa—f). Oxidative addition of COA té®\a—f followed
by p-hydride elimination generates compoundis—f and 1
equiv of COE, which traps another I4&agment p-XPCP)Ir
to yield 6a—f (Scheme 1).

Significantly, we find here that the methylene-bridged pincer
complex{ CgHz-2,6-[CHP({Bu),] 2} I'HCI** undergoes the same
reaction with Na@Bu in neat COA, but the ratio of the
generated complex¢£sHz-2,6-[CHP({Bu),] 2} IrH (1):{ CeHs-
2,6-[CHP(tBu);] 2} Ir(COE) is ca. 8-9:1 at 23°C, and free COE
is detected byH NMR experiments. Furthermore, we find that
the ratio of eachda—c,f/6a—c,f pair gradually increases as
temperature is raised with concomitant liberation of free GBOE.
More electron-rich ligand backbong@sXPCP result in larger
4/6 ratios (and larger amounts of free COE) at a given
temperature, for exampleda/6a = 2.23,4b/6b = 1.92,4d/6¢
= 1.78, and4f/6f = 1.62 at 80°C. The ratios4a—c,f/6a—c,f

return to 1:1 again when the temperature is lowered back to 23

free COE and the iridium(lll) complexekfrom their iridium-
() precursorss and COA.

The 3P NMR resonances & and4 are sharp in the range
of 25—80 °C and give no indication of the interchange ®f
and4 as shown in Scheme 2. Howevé&R NMR spin saturation
transfer (SST) experiments at 80 provide clear evidence for
the equilibrium as well as quantitative rates for the interchange
of the6a—c,f and4a—c,f pairs. In a typical set of experiments,
a 1:1 mixture of complexedf and6f, obtained by reaction of
20 umol complex5f and 1.1 equiv of Na@u in 300 mg of
COA in a J. Young NMR tube at 23C, was heated to 88C,
while equilibration resulted in generation of free COE and
increase of thedf/6f ratio. SST experiments on the well-
separated (by ca. 30 ppm}P NMR resonances were then
carried out. Irradiation and saturation of the resonancetfor
resulted in a decrease of the net magnetization of'fRsignal
for 6f, while saturation of the signal f@&f resulted in decrease
of the integral fordf. These data, together wilh measurements

C. These observations strongly suggest that an equilibrium iSfor both nuclei, are summarized in Table 1 and can be used to

established between complexds and 6 by the reaction
(p-XPCP)Ir(COE) 6) + COA = (p-XPCP)IrH; (4) + 2COE
(Scheme 2). It is noteworthy that more electron-rich ligand
backbonegp-XPCP thermodynamically favor the formation of

(14) Moulton, C. J.; Shaw, B. LJ. Chem. Soc., Dalton Tran4976 1020-
1024

(15) The olefinic signal at 5.6 ppm (calibrated to the COA signal at 1.57 ppm)
is dynamically broadened.

9332 J. AM. CHEM. SOC. = VOL. 126, NO. 30, 2004

calculate the rate of formation (not rate constantsjfofrom
6f (Robs) as well as the reverse rate, formation6fffrom 4f
(Robs-1). Similar data for theda—c/6a—c pairs are also sum-
marized in Table 1.

As a check on the accuracy of the SST experiments, the ratio
of RobdRobs—1 Should correspond to the independently measured
equilibrium ratio of thed/6 pairs. These ratios and thgqvalues
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23°C o
7 1
free COE (tBu)P Ilr PtBu2 | I.coE
pH COE 6c
6.5 6.0 5.5 slo 415 ppm‘
IrH, of 4¢
70 °C /
T T
m-H/of 4c -16.6 -16.7 ppm

0.08%

6

1.000

0.104
—

2.133 7

2.448

1.946

T S

Figure 1. Temperature-dependent equilibriso + COA = 4c + 2COE
in the aromatic and olefinic region of théd NMR spectrum. Sample
obtained from reaction dfc and ca. 2.2 equiv of COE in neat COA.

are summarized in the last two columns and are clearly in close
agreement. It is significant to note that the rates of interchange

of speciest and6 increase as the electron-withdrawing ability
of para-substituent increases. For example, the rate of conversio
of 6f to 4f is 0.89 s compared to 0.1973 for conversion of
6ato 4a The reverse rate is similarly accelerated, with the rate
of 4f to 6f equal to 0.59 st compared to 0.097¢ for 4ato 6a

Additional details concerning thd/6 equilibration were
revealed by reactingpfHPCP)IrHCI 6¢) with 1.1 equiv of
NaOBu in neat COA in the presence of ca. 2.2 equiv of COE.
Quantitative conversion d¥c into 6¢is complete within ca. 40
min at 23°C, and a ca. 1:1.2 mixture 6£/COE (sharp multiplet
at 5.61 ppm) results. Heating this reaction mixture to°@0
causes the appearance of the iridium dihydride compéica
5% with respect t&c). In the same experiment, increasing line-
broadening of the signals for free COE at 5.61 ppm and
coordinated COE (slightly shifted downfield by ca. 0.05 ppm)
can be observed upon heating the sample gradually toC70
(Figure 1).

Upon addition of COE (12, 41 equiv), the disappearance of
4c at 70°C is observed. Furthermore, we find that the olefinic
signal for free COE becomes increasingly sharp with COE
addition, while the width at half-heighi\@* 1/2) of the olefinic
signal of complex6c remains at ca. 25.0 Hz. Similar results
have been obtained for the olefinic resonance of compléaés
At 75 °C, Av*1(6@) = ca. 19+ 1 Hz, Av*15(6¢) = ca. 34+
1 Hz, andAv* 15(6f) = ca. 48t 1 Hz in the presence of-240
equiv of free COE. Upon heating a solution of 5 equiv of free
COE andéf in neat COA from 70 to 100C, the olefinic COE
signal of6f gradually broadens into the baseline while the signal
for free COE reachedv*;, = ca. 72 Hz atd = 5.55 ppm
(instead of 5.61 ppm at Z&). Further heating to 12TC results
in a diminished signal widttAv* 1, = ca. 64 Hz and = 5.45
ppm (the weighted average position for fast exchange is 5.41
ppm). The lack of dependence of line-broadening of the olefinic
resonances dba,c,f on [COE] clearly indicates the exchange
is zero-order in [COE] with COE dissociation from complexes
6 as the rate-limiting steff As was quantitatively shown for
the dissociative arene exchange (via reductive elimination/

oxidative addition) in the respectivp-KPCP)Ir(H)(aryl) com-
plexes!® exchange of COE in complexds as judged by the
signal width “Avy2*” of the olefinic resonances, qualitatively
proceeds faster for the more electron-deficieptXPCP)Ir
fragments Aa—f). This is also in accordance with the quantita-
tive SST experiments that revealed that electron-deficient
p-XPCP ligand backbones result in enhanced rates for the
transformation o6 to 4 (vide supra). A faster dissociative ligand
exchange with increasing electron deficiency at the metal center
is not unprecedented.

The equilibria of Scheme 2 constitute a full catalytic cycle
of a putative transfer dehydrogenation, since the COE/COA
couple can be considered as a degenerate hydrogen acceptor/
donor system. At “low” temperature (2&) and “low” [COE],
both complexed and6 are resting states of the catalytic cycle,
while at “high” [COE] (i.e., in the presence of an additional
1.2 equiv of COE with respect to the catalyst) the sole resting
state is COE comple& (Figure 1, 23°C spectrum). Increasing
temperature, however, entropically favors the formation of three
species 4 and two COE molecules) from two speciesgnd
COA) and shifts the equilibrium of Scheme 2 to the right (Figure
1, 70°C spectrum). Pre-equilibrium COE dissociation from the
resting staté presumably generates the ITdspecieA, which
is capable of COA €&H oxidative addition and subsequent

r?-hydride elimination to generate dihydrideand COE.

Stoichiometric COE Hydrogenation by Complex 4f. To
gain a better understanding of the equilibrium described in
Scheme 2, we have studied the stoichiometric reaction of
dihydride 4f with COE to generate COA argf (and thus the
separated back reaction of Scheme 2). While similar studies
have been conducted for the hydrogenation of TBE with
methylene-bridged complekkat 55°C to obtain kinetic dat&l2
reaction of complexXf with COE (11-37 equiv) in neat COA
solvent is instantaneous at 2@ and produces comple3f as
the sole product. Low-temperature hydrogenation of COE was
therefore conducted in toluerg-and, surprisingly, proceeds
too fast for NMR monitoring even at40 °C. At —90 °C,
however, it was possible to follow the consumption4dfin
the presence of 11 equiv of COE over the course oBda(ca.

4 to 5 half-lives) by!H and 3P{I1H} NMR experiments.
Significantly, the final producéf is not formed at-90 °C, but

the buildup of two new species with characteristic resonances
at o = 181.5 and 167.7 in thé'P{*H} NMR and at—9.86,
3.61, and 2.95 ppm (in a 1:1:1 ratio) in thld NMR spectra
can be observed. While ti#éP NMR resonance at 181.5 ppm
at —90 °C matches that ofgtArFPCP)Ir(D)(tolyld) (7f),13 the

31P NMR resonance at 167.7 ppm and theNMR resonances
are indicative of a six-coordinate Ir complex containing a
coordinated COE double bond (3.61 ppm), the allylic signals
of coordinated COE (2.95 ppm), and two averaged hydride
ligands (-9.86 ppm). Over time, a minor isomer characterized
by a hydridic resonance at9.41 ppm can also be observed by
IH NMR experiments. However, disappearance of these isomers
and further buildup off can be monitored b§P{*H} and?D
NMR (characteristic resonance -a##3.1 ppm) at-90 °C. We
tentatively assign the aforementioned ((COE) complexes

(16) In principle, the dissociation of COE could be induced by association of
COA C—H bonds which are present in ca. 000 000-fold excess with
respect to the olefinic €C bond of free COE in this study.

(17) zZhong, H. A.; Labinger, J. A.; Bercaw, J. E.Am. Chem. So2002 124,
1378-1399.

J. AM. CHEM. SOC. = VOL. 126, NO. 30, 2004 9333
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Scheme 3. COE Hydrogenation in Toluene-ds at —90 °C and Formation of COE Complex 6f at —40 °C
Al 10-30 equiv. COE, Arf
tol-dg, -40 °C, <2 min
+ COA
(1B )l'!’ I (tBu)P l
u r u
2 / \ 2
H H 4
-90 °C, tol-dj
-40 °C
Arf
tol-dg
o —— [e) (0]
o | o -COA
(tBu), /lr°—P(tBu)2 (tBu),P Ir P(tBu), (tBu)zP /Ir P(tBu)z
Ho srer Bf t°' -7 7
cis and trans-(H),
isomers

as cis- and trans-isomers gf-ArFPCP)Ir(H)(COE) 8f,8f',18
which upon insertion of coordinated COE into one H bond
generates thepfArFPCP)Ir(H)(cyclooctyl) compleBf. Reduc-
tive elimination of COA fromBf generates the 14especies
Af, which C—D activates the toluendg solvent and results in
formation of @-ArFPCP)Ir(D)(told;) (7f) (Scheme 3).

While aromatic and aliphatic-€H(C—D) activations at very

When complexf is treated with COE in methylcyclohexane-
dis (in place of toluenads) at —90 °C, formation of both
isomeric complexe8f,8f" and the final producéf is observed
by 'H NMR experiments. By warming samples4ffand COE
from —110°C to —70 °C in the NMR spectrometer, there is a
small buildup of complexe8f,8f' of up to 10% (10.5 equiv of
COE), 12% (14 equiv of COE), and 15% (20.5 equiv of COE)

low temperatures are not unprecedented, the generation ofduring the heating period. At-70 °C, species8f,8f' are
coordinatively unsaturated species capable of accomplishing thisconsumed faster than they are generated to |16&es the sole

reaction usually requires photolytic conditidhsather than
“low-temperature” thermochemical conditioffsOxidative ad-
dition of toluene at-90 °C starting from4f and COE implies

that the activation barriers for the hydrogenation of COE,

including reductive elimination of COA from comple&f to
form the 14e speciesAf, are remarkably low. The observed
Ir(D)(tolyl-d;) complex7f is kinetically stable at-90 °C. Its
protio analogue g-ArFPCP)Ir(H)(tolyl) was shown by line-

product. The half-life of dihydride comple¥ in these reactions
was determined to be ca. 17 min (10.5 equiv of COE) and ca.
9 min (20.5 equiv of COE) at-70 °C. Finally, when the
perdeutero complexp(ArFPCP)IrD; (4f-dsg)? in methylcyclo-
hexanedy4 is treated at—100 °C with 35 equiv of COE
(conditions chosen to build up complex&§-dsg8f'-dsg in
substantial amounts), an exchange of Ir-deuteride by hydride is
observed in complexe8f-dsg8f'-dss. On the basis of the

broadening techniques to exchange toluene by a dissociativeintegrals for both the kH and olefinic resonances @&f,8f',

mechanism at temperatures abev&0 °C.13 Heating the sample
to —40 °C results in reductive elimination of toluernlg-and
finally in quantitative generation of theAr"PCP)Ir(COE) 6f)

H/D exchange is not complete prior to formationsf These
experiments indicate that the insertion of coordinated COE into
one of the Ir-D bonds of8f-dsg,8f'-dsg and S-hydride (5-

as the thermodynamic product within minutes (Scheme 3). deuteride) elimination iBf are reversible and competitive with

Complex6f exhibits no detectab®P NMR resonance at40

reductive elimination of COA from the unobservegeArFPCP)-

°C (400 MHz) because of the exchange of two diastereotopic Ir(D)(cyclooctyl-d;) complex B8f-dsg). Remarkably, no protio
31P nuclei, which occurs at a rate that broadens signals into thelabel is transferred into the hydridic sites of the startipgh¢™-

baseline. At—90 °C, the3!P NMR resonances appear as two
doublets {Jpp = 345 Hz) at 184.8 and 169.2 ppm, while the
fast exchange singlet is detected at 177.0 ppm abdi@. 0

(18) We believe that theis-dihydride gives rise to one hydridic resonance
because of fast exchange presumably through a#f-H§) species.

(19) (a) Janowicz, A. H.; Bergman, R. G. Am. Chem. S0d.982 104, 352—
354. (b) Arndtsen, B. A.; Bergman, R.; Mobley, T. A.; Peterson, T. H.
Acc. Chem. Red.995 28, 154-162 and references cited herein.

(20) A few examples of oxidative €H addition after thermochemical generation
of coordinatively unsaturated species-é86 to —60 °C are known: (a)
Periana, R.; Bergman R. G. Am. Chem. S0d986 108 7332-7346. (b)
Golden, J. T.; Andersen, R. A.; Bergman, R.I5Am. Chem. So2001,
123 5837-5838.
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PCP)IrD; complex4f-dzg at —100 °C (Scheme 4). Thus, COE
coordination to4f-dsgis irreversible. This step must be the rate-
limiting step for overall COE hydrogenation at low [COE] where
little 8f,8f grow in during reaction. Figure 2 shows a qualitative
free-energy diagram for the overall reaction. To accommodate
the H/D exchange results, transition-state 1 (TS1) must be higher
in energy than transition-states 2 (TS2) and 3 (TS3) and
transition-states 2 and 3 must be comparable in energy.

(21) Deuteration of altert-butyl and hydridic positions of compourtf-dsg is
achieved by heatingf in benzeneds for 12 h to 150°C.
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Scheme 4. Reversible and Irreversible Steps of COE Deuteration at —100 °C in Methlcyclohexane-di4

F F
Ar 35 equiv. COE, Ar
methylcyclohexane-dy4, -100 °C
+ COA-d,
| | | |
(Bu),P Ir P(tBu), (tBu),P Ir P(1Bu),
D D 4fdy 6f-ds5
-100 °C
+ COE + COE T
Arf Arf Arf
-100 °C
-100 °C - COA-d;
—_—
0] o O 0] O O
| ,,\\\\D | | W \\D | | |
(tBu)zP—/Ir P(tBu), (tBu)zPH Ir P(tBu), (tBu),P Ir P(tBu),
D/H
8f-d35,8f -dag Af-dyg
* ~H/D
two isomers L |

TS1

G.100°c

Af + COE
+COA

Bf + COE

8f + COE
4f + 2 COE

6f + COA

&

Figure 2. Free-energys versus reaction coordinaggfor the hydrogenation
of COE by 4f, 4f-dzg at —100 °C (the intermediacy oBf and Af is
postulated).

Increasing temperature should accelerate the first-order

conversion oBf,8f' to 6f relative to the second-order formation
(negativeAS) of 8f,8f from 4f. Thus, it is not surprising that
at higher temperatures, i.e70 °C, it becomes increasingly
difficult to detect8f,8f in the reaction of COE with#f.

TBE Hydrogenation. The hydrogenation of TBE by complex

4f requires slightly higher temperatures than COE hydrogenation

but is still several orders of magnitude faster than with the
standard Kaska/Jensen/Goldman pincer comgleXhus 4f
disappears witly, = ca. 70 min in the presence of 12 equiv of
TBE in methylcyclohexaneh, solution at—80 °C, which
compares to the reported disappearance of compleith t;/,

= ca. 10 min in the presence of 12 equiv of TBE at°g5!12

No complexes other tha#f and the product olefin complex
(p-ArFPCP)Ir(TBE) Of) are observed in this reactidd.lt is

(22) The assignment of compledf is based on the absence of any hydridic
resonances down te-100 °C as well as on the appearance of three
multiplets in the'H NMR spectrum in a 1:1:1 ratio at 4.98, 4.03, and 3.15
ppm.

significant to note that in the case bthe Ir(lll) vinyl hydride,

{ CeH3-2,6-[CHP(tBU),] 5} Ir(H)[CH=CHC(CHs)3], is formed
rather than the olefin complé*a9-kSimilar to the case of COE,
no hydride label is transferred into the deuterio sitegdfedisg
upon reaction with TBE over the course of 160 min-&0 °C,
thus implying an irreversible step betweéhand the p-ArF-
PCP)Ir(H)pechexyl) complex Cf). Given the increased steric
bulk of TBE relative to COE, it seems likely that TBE
coordination to form the (unobservedis- and trans-(p-ArF-
PCP)Ir(HX(TBE) complexes requires a higher activation barrier
than COE coordination. This suggests that coordination of TBE
is the rate-determining step in the hydrogenation.

The transfer dehydrogenation of COA by TBE was studied
by IH and3P NMR spectroscopy in COA solution at 7C.
Treatment of a mixture of COAf (330:1) (obtained by reaction
of 4f with 2 equiv of COE in neat COA solvent at 28) with
20 equiv of TBE resulted in one turnover after ca. 20 min, as
shown by generation of 1 equiv of TBA. At this stage, the major
iridium species is the COE complé&f, but a small amount of
TBE complex9f (ca. 10%) can be detected. After 5.5 turnovers
(ca. 190 min),6f is the sole iridium complex present, even
though a large excess of TBE is still present.

TBE is therefore much more weakly bound to the fragment
Af than COE. These experiments show that under transfer
dehydrogenation conditions previously reported once [COE]
begins to rise, the catalyst resting state is the COE conilex
and as observed, free COE inhibits turnover to a much higher
degree than TBE213

The higher binding affinity of COE relative to TBE was
independently proved by reaction of precatabfstvith NaOtBu
and 2.7 or 12.7 equiv of TBE in benzedgat 23°C. These
reactions do not give quantitative conversion5dfto 9f but
give mixtures of p-ArFPCP)Ir(TBE) @f) and @-ArFPCP)Ir-
(D)(CeDs) (11f-dg)13[2.7 equiv of TBE: 9f/11f-dg = 1:4, 12.7

J. AM. CHEM. SOC. = VOL. 126, NO. 30, 2004 9335



ARTICLES Gottker-Schnetmann and Brookhart

Scheme 5. Equilibration of Complexes 11f-ds and 9f by Dissociative Ligand Exchange

Arf Arf A n ArF
NaOtBu,
CgDs - Ce¢Dg +TBE
1 P o I 7 7 | |
(tBu)ZP—/Ir P(tBu), (tBu)zP—/Ir P(tBu), | (tBu),P Ir P(tBu), (tBu),P Ir P(tBu),
H él o’ | |

5 11f.q CeDs L A >f of

Chart 2. Catalytic Cycles for the Transfer Dehydrogenation of COA with TBE by Complexes 1 (left side)? or 4 (right side)

[Ir] = {CeH3-2.6-[CHP(tBu);1}Ir [Ir] = {4-X-CgH5-2,6-[OP(tBu)l}Ir
COE TBE COE TBE
H _/ . N PN H _/ o, N\ PN

H H

i H H 103 i 103
Q/AV B Q/m\ S
H

ir], i - H,[Ir]\/\% (i, i < H,[lr]\/\k
H
C A
Q AE)A f Tg Q EA f Tg

(]
W

TBE at higil[COE]: TBE
[lr]\ BE COE +

[ir] — [ir]
/>< \/\’/\ via A A

a2 Resembling the results obtained by Goldman et al. according to ref 11a.

equiv of TBE: 9f/11f-ds = 1.4:1]. In contrast, reaction df than COE hydrogenation although still several orders of
with NaQBu with 2 equiv of COE in benzengsalready results magnitude faster than with complé&€eHs-2,6-[CHP (Bu),] 2} -
in quantitative generation of COE complékat 23°C. Since Ir(H)2 (1).
complexedf and11f-ds are equilibrated through a dissociative  The results reported permit a detailed comparison of the
ligand exchange (see Scheme 5) in a manner similar to thatcatalytic cycles for the Kaska/Jensen/Goldman system based
found for complexespg-XPCP)Ir(H)(aryl}® and complexes, on a pincer complex of the phosphifi@Hs-1,3-[CHPtBu);]2}
it is clear COE has a substantially higher binding affinity than 54 the pincer catalysts studied here employing the more
TBE. electron-deficient phosphinitg§s-X-CgH4-1,3-[OP(BuU),] 2} .13
Summary Although very similar at first glance, the catalytic cycles for

. . the transfer dehydrogenation of COA with TBE by complexes
. Reaction of p-XPCP)ITHCI complexe$a—f with Na()tBu 1 or 4 exhibit ysomge remarkably different chgracterﬁ)stics.
in neat cyclooctane at 23C generates 1:1 mixtures of

Catalytic cycles for the two systems are shown separately in
complexesd4a—f, (p-XPCP)IrH,, and complexesba—f, (p- . i
XPCP)II(COE). At 70°C, complexesda—f and 6a—f are Chart 2. Both systems-€H activate COA via a 14efragment,

equilibrated by the degenerate transfer dehydrogenation of COA{24E;)-([-C(3:I?:2-|P2-(t2E;i_)[(])|;I(F(uC):2)]z}rlers[:eg’i—\fl)cl\sz:]ri]IéAa;fgrc;rti{o?gfthe
with COE. At higher [COE], the equilibri# + COA = 4 + ’ 212 - resp y, Whi'e g

2COE are shifted to thaXPCP)Ir(COE) complexe§, while A€ fragment results from hydrogenation of TBE by the
a degenerate COE exchange in comple&egas found to be dlhytginde g?m:l)lexesll or I4. ﬁ-Hlydrlde ellmlrt\atloCnOIfEromd h
independent of [COE] and faster for the more electron-deficient unobserve I _)(cyc ooctyl) complexes generates -andihe
ligand backboneg-XPCP. The separated back reactiéin-+ catalytically active Ir(H) complexesl or 4. Under typical
2COE — 6f + COA already proceeds at100 °C via the catalysis condition, that is, at high [TBE] or high [COE] relative
intermediacy of two observable isomerip-ArFPCP)Ir(H}- to [Ir], the catalyst resting states are predominantly controlled
(COE) complexes8f,8f. At —70 °C, complexessf,8f are by strong olefin to Ir interactions, while under more stoichio-
consumed faster than they are generated under pseudo-first-metric conditions (low [olefin]:[Ir] ratios)L or 4 are competitive
order conditions, ant,» = ca. 9 min (20.5 equiv of COE) and resting states relative to the iridium olefin complexes (Chart
ca. 17 min (10.5 equiv of COE) for the overall COE hydrogena- 2

tion. Deuteration of COE (35 equiv) b#f-dsg at —100 °C A striking difference between catalysts derived frarand4
reveals that coordination of COE #-dag is rate-limiting for is the interaction of their 14efragments with olefins{ CsHs-

the overall hydrogenation reaction and that migratory insertion 2,6-[CHP(tBu)]2} Ir (C) has a high affinity for TBE because
of (p-ArFPCP)Ir(Hx(COE) 8f,8f' is partially reversible, indicat-  of formation of the oxidative addition produg€sHz-2,6-[CH,P-

ing that the reductive elimination op{ArFPCP)Ir(cyclooctyl)- (tBu)2]2} Ir(H)[CH=CHC(CHb)3]. The thermodynamic stability
(H) is competitive with3-elimination to reform the dihydride  of this Ir(lll)(vinyl)(hydride) complex results in its dominance
8f,8f". Hydrogenation of TBE byf proceeds somewhat slower at [TBE] > 0.3 M and strong inhibition of catalysis. Goldman’s
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kinetic studies established an inverse first-order dependence of General Procedure for in Situ Generation of COE Complexes

the catalytic turnover frequency on [TBE] because of the
unfavorable equilibrium betwee@ + TBE and the vinyl
hydride complex{CsH3-2,6-[CH:P({Bu),]2} Ir(H)[CH=CHC-
(CHg)3].112 In contrast, the affinity of{4-X-CsH»-2,6-[OP-
(tBu)2]2} Ir (A) for TBE is rather low; TBE is not oxidatively
added but simplyr-coordinated to the metal. Such a different
binding mode of TBE, despite the very similar geometric
environment at the Ir centers i andC, is clearly electronic

in nature considering thak is much more electron-deficient

6a—d,f. To a mixture of complexsa and 1.1 equiv of Na@u in a
medium-walled J. Young NMR tube was added ca. 330 mg of COA
containing the appropriate amount of COE in an argon atmosphere
glovebox. The tube was occasionally shaken and treated with ultrasound
until 5a was completely dissolved. After 360 min at 23°C, the
starting complex had disappeared, and the solution was deep red
colored. If no COE was added to the reaction mixture, 1:1 mixtures of
4al6awere obtained at 23C. A similar technique was used to generate
1:1 mixtures ofdb,c,f/6b,c,f. Complexessc and 6f were alternatively
generated by reaction of complexésand4f, respectively, with 2 to

thanC and therefore prefers substrate interactions which do not 2.5 equiv of COE in neat COA at 23C. 'H NMR spectra in neat

increase its oxidation state from Ir(l). Furthermore, the steric
requirements for coordination (instead of oxidative addition)
of TBE or COE atA are rather different, radically disfavoring
TBE coordination. Consequently, TBE is only a weak inhibitor
of the catalytically active fragme#rt, and high TONs and TOFs
can be achieved even at high [TBE}%.5 M). However, the
much higher affinity ofA for COE compared to TBE causes
the catalytic inhibition after ca. 2200 TON for the best
performing fragmeniAf due to pre-equilibrium formation of
6f.

The second, and truly striking, difference between catalysts
1 and4 is that4f hydrogenates TBE or COE at much lower
temperatures<70 °C) thanl1 (55 °C) with comparable rate
constants. Significantly, the rate-determining step for the
hydrogenation of COE, and probably of TBE, Hy is the
coordination of the olefin tdf rather than reductive elimination
of neahexane, for example, from the intermediate (pincer)Ir-
(H)(nechexyl) complex, as was demonstrated by Goldman for
the Kaska/Jensen/Goldman syst8fnOnce again, the higher
stability of the Ir(Ill) oxidation state in complexes derived from
{CgH3-2,6-[CHP({Bu),] 2} Ir (C) might account for this behavior
when compared to a higher stability of Ir(l) oxidation states in
complexes derived fromp{XPCP)Ir (A). Furthermore, the
increased electrophilicity in these bis(phosphinite) complexes
suggests a higher rate of insertion of the olefin dihydride
complex.

Experimental Section

General Considerations.All manipulations were carried out using

standard Schlenk, high vacuum, and glovebox techniques. Argon was

purified by passage through columns of BASF R3-11 (Chemalog) and
4 A molecular sieves. Toluerdy; benzenads, and methylcyclohexane-

dhs were degassed, vacuum-transferred, and stored over mol sieves in
an argon atmosphere glovebox. COA was stirred with concentrated

H,SO, for several hours until it was olefin- and arene-free (GC and
NMR analysis), and then it was distilled under vacuum and stored in

an argon atmosphere glovebox. Cyclooctene was degassed and distilled
under vacuum and stored in an argon atmosphere glovebox prior to q
use. TBE as received from Aldrich was degassed, vacuum-transferred 2" o-H

and stored in an argon atmosphere glovebox. Compkeesi5 were
synthesized by known procedur@d?and complexf-dss (deuterated

in all tert-butyl and hydridic positions) was obtained by heating a
benzeneds solution of4f for 12 h to 150°C followed by high vacuum
sublimation of the frozen solvent at'C.2® NMR spectra were recorded
on a Bruker DRX 400 MHz instrument and are referenced either to

COA were referenced to the COA signa1.57 ppm). NMR data for
6a—d,f are reported in neat COA. TR& resonances are temperature-
dependent. Samples &P {'H}NMR spin saturation transfer experi-
ments were prepared by an identical procedure in the absence of COE.
Capillaries containing a toluerdy-solution of thep-HPCP ligand of
complexdc{=CgHs-1,3-[OP(Bu);],} were used as internal integration
standards and gave identical results when compared to the software
calibration routine provided by the Bruker XWinNMR packade.
relaxation times for thé'P NMR resonances were determined by the
inversion recovery method. The relaxation delay was uniformly set to
15 s 5 x Ty for each SST experiment. Five independent SST
experiments at 80C were conducted with 64 transients each, to obtain
accurate rate data for the equilibrium of Scheme 2. Irradiation of the
31P{1H} NMR resonance of complexdsor 6 with dB = 120 gave no
changes of the integrals dfand6. Irradiation of the®!P{*H} NMR
resonance of complexeswith dB = 35 gave complete saturation of
complex4 and signal depletion of the respective compekradiation

of the 3'P{*H} NMR resonance of complexeswith dB = 35 gave
complete saturation of complé&and signal depletion of the respective
complex4. Finally, irradiation in the middle of both resonances with
dB = 35 gave no signal depletion dfor 6. The T; relaxation times,

in combination with the degree of signal depletion (and the thermo-
dynamic ratio of4/6 as a crosscheck), allowed for a quantitative analysis
of the rates of the separated forward and back reactions of the
equilibrium6 + COA == 4 + 2COE. RatefRys1 for the half reaction

6 + COA — 4 + 2COE were obtained by the algorittRg,s; = T1(6) *

x [(1/1(6)) — 1] after irradiation of the’!P NMR signal of4, where

1(6) is the relative integral o6 obtained by complete versus no
saturation of. RatesRns-1 for the back reaction were obtained by the
respective algorithmRops-1 = T1(4)™ x [(1/1(4)) — 1] after irradiation

of the 3P NMR signal of6, wherel(4) is the relative integral oft
obtained by complete versus no saturatioréof

O—P(tBu),

6a-f O—P(tBu),

6a: 'H NMR (400.1 MHz, 80°C, neat COA): § 6.11 (s, 2 H, 3-
), 4.18 [m br, 2 H, Ir(COE)], 3.67 (s, 3 H, OgHremaining
signals not observed because of CGAR{*H} NMR (162 MHz, 80
°C, neat COA): 6 171.4.6b: 'H NMR (400.1 MHz, 80°C, neat
COA): 6 6.33 (s, 2 H, 3- and 5-H), 4.22 [m br, 2 H, Ir(COE)],
remaining signals not observed because of CBR{*H} NMR (162
MHz, 80 °C, neat COA): 6 171.2.6¢c: *H NMR (400.1 MHz, 80°C,
neat COA): 0 6.78 (t br, 1 H, 4-H), 6.47 (BJy_n = 8.0 Hz, 2 H, 3-

residual protio solvent or to TMS as internal standard. Samples in neatand 5-H), 4.28 [m br, 2 H, Ir(COE)], remaining signals not observed

protio solvent were shimmed by optimizing the intensity of the FID because of COAP{

and referenced to the solvent chemical shift in CDEP chemical
shifts are referenced to an externajPd, standard.

(23) In analogy to comples, complexesA exchange their protio or deuterio
label in the hydridic positions with thiert-butyl groups. See also ref 11k.

1H} NMR (162 MHz, 80°C, neat COA):6 170.5.
6d: 'H NMR (400.1 MHz, 80°C, neat COA): 6 6.2 (d,?Je—y = 10.3
Hz, 2 H, 3- and 5-H), 4.25 [m br, 2 H, Ir(COE)], remaining signals
not observed because of CORP{'H} NMR (162 MHz, 80°C, neat
COA): 6 174.5.6f: *H NMR (400.1 MHz, 80°C, neat COA):0 7.79

(s, 2 H, 2- and 6-H), 7.52 (s, 1 H, 4H), 6.59 (s, 2 H, 3- and 5-H),
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4.21 [m br, 2 H, Ir(COE)], remaining signals not observed because of
COA. 3P{1H} NMR (162 MHz, 80°C, neat COA): 6 179.0.

Low-Temperature Hydrogenation of COE by Complex 4f in
Tolueneds and Methylcyclohexaneeis and by Complex 4fdss in
Methylcyclohexane€hs. A solution of 4f (8.1 mg, 10umol) and 300
uL tolueneds in a septum-capped NMR tube was cooled to-€&10
°C in a toluene/liquid nitrogen slush. A solution of COE (12.1 mg,
110 umol, 11 equiv; 20.6 mg, 18Zmol, 18.7 equiv; 40.8 mg, 370
umol, 37 equiv) in 10QuL tolueneds was slowly added via syringe,
and the content was carefully mixed while the tube remained in the
toluene/liquid nitrogen slush. The tube was then inserted into the
precooled {105 °C) probe of the NMR spectrometer and shimmed
before being heated t690 °C and reshimmed. Formation of complexes
8f,8f" and traces o¥f-ds were already evidenced by the first acquired
experiment at—=90 °C (after ca. 5 min). The buildup of complexes
8f,8f" and 7f-dg was monitored over the coursé ® h (11 equiv of
COE), while>95% (4 to 5 half-lives) o#f and 8f,8f was consumed
to leave7f-ds. Warming of the sample te-40 °C (within ca. 2 min)
resulted in quantitative generation of the COE comg@éxncreasing
amounts of COE added to compléx resulted in higher buildup of
complexessf,8f'.

A solution of4f (8.1 mg, 1@mol) and 28Q:L methylcyclohexane-
dh4 in @ septum-capped NMR tube was cooled to €425 °C in an
n-hexane/liquid nitrogen slush. A solution of COE (11.6 mg, 6%,
10.5 equiv; 15.4 mg, 14@mol, 14 equiv; 22.6 mg, 20@mol, 20.5
equiv) in 100uL methylcyclohexaneah, was slowly added via syringe,
and the content was carefully mixed while the tube remained in the
n-hexane/liquid nitrogen slush. The tube was then inserted into the
precooled 110°C) probe of the NMR spectrometer, and the sample
was shimmed. An‘tH NMR experiment at—110 °C indicated no
consumption of comple#f. The sample was then heated+@0 °C in
the probe and reshimmed. Substantial amounts of comp8#s(10—
15%, depending on the equivalents of COE added)&Gind0—16%)
were already formed by the time the first experiment was acquired
(ca. 4 min). The consumption df and8f,8f as well as the buildup of
complex6f was monitored byH NMR experiments. The well-separated
signals of 3- and 5-H of complexe&sd (6.83 ppm),8f,8f' (6.58 ppm),
and6f (6.73 ppm) were suitable for accurate integration and allowed
for the determination aoffy, of complex4f = ca. 17 min (10.5 equiv of
COE) and ca. 9 min (20.5 equiv of COE). Similar experiments were
conducted withdf-dsg and 35 equiv of COE in methylcylohexangr
at —100°C. In these experiments, the buildup of hydridic resonances
for complexes8f,8f'-dss was observed, while no hydridic label in
complex 4f-dss was detectable4f 'H NMR (400.1 MHz, —70 °C,
methylcyclohexanehs): 6 7.94 (s, 2 H, 2 and 6-H), 7.69 (s, 1 H,
4'-H), 6.83 (s, 2 H, 3- and 5-H}YBu not observed because of excess
COE, —15.80 (t br, 2 H, IrH). 3P{1H} NMR (162 MHz, —70 °C,
methylcyclohexanehs): 6 205.4.

8f,8f: 'H NMR (400.1 MHz, —70 °C, methylcyclohexanekhs,
second isomer ifi}): ¢ 7.85{7.85 (s, 2 H, 2- and 6-H), 7.60{7.6G
(s,1H,4-H), 6.58{6.58 (s, 2 H, 3- and 5-H), 3.863.42 (m, COE),
2.69{2.69 (m, COE),tBu not observed because of excess CO&80
{-10.23 (t br,%Jpy = 15.5 Hz 2 H, IrH). 3*P{*H} NMR (162.1 MHz,
—70 °C, methylcyclohexaneéhs): ¢ 167.2{167.3 (br).
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6f: IH NMR (400.1 MHz,—70 °C, methylcyclohexanéis): 6 7.92
(s, 2 H, 2— and 6-H), 7.65 (s, 1 H, 4H), 6.73 (s, 2 H, 3- and 5-H),
4.23 (m), 2.48 (m)tBu not observed because of excess CBE.'H}
NMR (162 MHz,—70°C, methylcyclohexanehs): 6. 184.2 and 168.6
(d each2Jpp = 348 Hz).

Low-Temperature Hydrogenation of TBE by Complexes 4f and
4f-dsg. A solution of 4f (8.1 mg, 10umol) and 280uL methylcyclo-
hexanedy4 in a septum-capped NMR tube was cooled to-€425°C
in ann-hexane/liquid nitrogen slush. A solution of TBE (10.1 mg, 120
umol, 12 equiv; 29.5 mg, 35@mol, 35 equiv) in 10QuL methylcy-
clohexaned;4 was slowly added via syringe, and the content was
carefully mixed while the tube remained in thdnexane/liquid nitrogen
slush. The tube was then inserted into the precootedl 0 °C) probe
of the NMR spectrometer and shimmed before heating&6 °C and
reshimming. With 12 equiv of TBE, slow formation of the TBE
complex 9f was observed with d;, = ca. 70 min at—80 °C.
Deuteration of TBE (35 equiv) withif-dsg at —80 °C resulted in
observation only of complexe#-dss and 9f-dse. 9f: *H NMR (400.1
MHz, —80 °C, methylcyclohexanehs): ¢ 7.93 (s, 2 H, 2 and 6-H),
7.66 (s, 1 H, 4H), 6.72 (s, 2 H, 3- and 5-H), 4.83 (m, 1 H,), 3.81 (m,
1 H,), 3.22 (m, 1 H),tBu not observed because of residual protio-
methylcyclohexane/excess TBEP{*H} NMR (162 MHz, —80 °C,
methylcyclohexanehs): 6 180.5 and 170.3 (d eachlpp = 342 Hz
each, 1:1 P).

In Situ Generation of the TBE Complex (Ar"PCP)Ir(TBE) (9f)
from 5f. Mixtures of complexe8f and11f-ds were obtained by reacting
complex5f and Na@Bu with variable amounts of TBE in benzede-
solution (see Scheme f: 'H NMR (400.1 MHz, 23°C, benzene-
ds): 0 7.87 (s, 2 H, 2 and 6-H), 7.67 (s, 1 H, 4H), 7.02 (s, 2 H, 3-
and 5-H); 4.99, 4.07, and 3.15 (m eadhH each, TBE), 1.28 (s, 9 H,
TBE), 1.13 (vt,Jpy = 7.0 Hz, 36 H, 4x tBu). 31P{*H} NMR (162
MHz, 23°C, benzenek): 6 176.9.11f-ds: ‘*H NMR (400.1 MHz, 23
°C, benzeneak): 6 7.87 (s, 2 H, 2 and 8-H), 7.67 (s, 1 H, 4H),
6.97 (s, 2 H, 3- and 5-H), 1.34 (vlpy = 7.0 Hz, 36 H, 4x tBu).
S1P{1H} NMR (162 MHz, 23°C, benzenealk): ¢ 182.0.
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