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Abstract

We report that the cationic iridium complex (P"PCP)IrH* undergoes addition of alkane C-H
bonds, which is manifested by catalytic alkane transfer-dehydrogenation to give alkenes and by
hydrogen isotope (H/D) exchange (HIE). Contrary to established selectivity trends found for C-H
activation by transition metal complexes, strained cycloalkanes, including cyclopentane,
cycloheptane, and cyclooctane, undergo C-H addition much more readily than n-alkanes which
in turn are much more reactive than cyclohexane. Aromatic C-H bonds also undergo H/D
exchange much less rapidly than those of the strained cycloalkanes, but much more favorably
than cyclohexane. The order of reactivity toward dehydrogenation correlates qualitatively with
the reaction thermodynamics, but the magnitude is much greater than can be explained by
thermodynamics. Accordingly, the cycloalkenes corresponding to the strained cycloalkanes
undergo hydrogenation much more readily than cyclohexene, despite the /ess favorable
thermodynamics of such hydrogenations. Computational (DFT) studies allow rationalization of
the origin of reactivity and the unusual selectivity. Specifically, the initial C-H addition is strongly
assisted by -agostic interactions, which are particularly favorable for the strained cycloalkanes.
Subsequent to a-C-H addition, the H atom of the -agostic C-H bond is transferred to the
hydride ligand of (""PCP)IrH*, to give a dihydrogen ligand. The overall processes, C-H addition
and B-H-transfer to hydride, generally show intermediates on the IRC surface but they are
extremely shallow, such that the 1,2-dehydrogenations are presumed to be effectively

concerted although asynchronous.
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m INTRODUCTION

Iridium has played a prominent role in the chemistry of C-H activation and functionalization,
largely through C-H activation by low oxidation state (specifically, Ir') centers,'® although
examples of C-H activation by high-valent complexes have long been known as well.®° With
respect to catalysis, alkane dehydrogenation by pincer-ligated low-valent iridium complexes has
been particularly well studied.'®!! In the past decade, however, there has been significant
progress in the development of pincer-iridium-based catalysts believed to operate entirely via
high-valent oxidation states.!?1® Recently, we reported that the (p-pyridyl-8“PCP)IrCI* cation (p-
pyridyl-®'PCP = 3,5-bis(di-tert-butylphosphinomethyl)-2,6-dimethylpyridin-4-yl) undergoes
facile intramolecular C(sp3)-H activation!’. We computationally investigated C-H activation by
the parent Ir'"' complex (*®“PCP)IrCI* (RPCP = 2,6-CsH3(CH2PR;)) and the less crowded analog
(P"PCP)IrClI*. DFT calculations indicated that (P"PCP)IrCI* would more favorably undergo
intermolecular rather than intramolecular C-H activation (Scheme 1). Moreover, intermolecular
C-H addition of alkanes by this fragment was predicted to lead to dehydrogenation to yield

olefins.t”

=Bu or iPr + EtyNH* PRy PR, = P!Buy: AAG® = 9.5 kcal/mol
\ (favoring intramolecular addition)
Ir—CI Ir—CI or Ir—Cl .
+ EtN / PR, = P'Pry: AAG® = -1.9 kcal/mol
3 (favoring intermolecular addition)
PR,
Me R='Bu, R =Me

R=Pr,R =H

Scheme 1. Relative free energies for cyclometalation (intramolecular sp® C-H activation) versus

intermolecular sp3 C-H activation (propane used as model alkane; from reference 17).

High-valent systems for dehydrogenation of alkanes or alkyl groups hold the intriguing
possibility that they might tolerate functional groups or reagents not compatible with low-
valent systems, or that they may offer selectivity complementary to low-valent systems. In
consideration of these points, we attempted to pursue an experimental investigation of the
predicted catalytically active fragment (P"PCP)IrCI*. While we were unsuccessful in this effort,
we found that the isoelectronic fragment (P"PCP)IrH* is an active catalyst for alkane

dehydrogenation and H/D exchange. Interestingly, it shows selectivity that is dramatically
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different from that of low-valent species (most notably, (P"PCP)Ir and related fragments).
Calculations indicate this selectivity can be rationalized based on a novel pathway, one which is
very distinct from pathways reported for low-valent (RPCP)Ir-based catalysts'®l 18 and widely
assumed to be operative for dehydrogenation catalysts based on transition metals in low

oxidation states more generally.

m EXPERIMENTAL RESULTS

Synthesis of (P"PCP)IrH*. Motivated by the experimental and computational studies noted
above, we attempted to synthesize ("PCP)IrCl* via the reaction of (P"PCP)IrHCI (1-HCI) with
[H(Et20),2][BArF?4]1° (Scheme 2), as well as with H[PFs] and HCI?°. These efforts, however, were

unsuccessful.

Scheme 2. Attempted generation of (P"PCP)IrCI* by reaction of 1-HCI with [H(Et20)2][BArF?4].

24
P\iPr2 P\iPr2 [BAF]
H
{ 247 M- “He @
Iqr + IHELORIBAF] K-> ™o
PPr, PPr,

Scheme 3. Generation of [1-H*][BArF"] by reaction of 1-HCl with M[BArF"].

. . [BArF" n = 20:
PPr PPry BArF20 = B(C4Fs)s
\ AL M*[BArF"-  solvent \ A + MCly
Ir\CI - Ir® n = 24:
| (M = Li, Na, K) | BArF24 = B(3,5-CgH3(CF3)2)s
P'Pr2 PIPFZ

We therefore considered investigation of the isoelectronic fragment (P"PCP)IrH* (1-H*), an
analog of ("B“POCOP)IrH* (B“POCOP = 2,6-CsH3(OP'Bu,),), the chemistry of which has been
extensively developed by Brookhart and co-workers.?2?” Toward this end 1-HCl was treated
with M[BArF2°] or M[BArF24] (M = Na, Li, K; BArF2° = B(CsFs)s; BArF2* = B[3,5-CH3(CF3)2)]4;
Scheme 3). The room-temperature 3P[*H] NMR spectrum of a light orange toluene-ds solution

resulting from the reaction with Na[BArF?*] predominantly featured a very broad peak at 8 55
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with several minor sharp peaks at 8 36 to 8 55. At 100 °C, however, the 3!P[*H] NMR spectrum
showed only a single fairly sharp peak at 6 59.7. The *H NMR spectrum at 100 °C showed only
one, fairly broad, peak upfield of 6 O (i.e. the hydride region), specifically at 6 -41.59, integrating
as 1 H relative to the characteristic pincer-ligand and BArF?* signals, indicative of a hydride
ligand positioned trans to a vacant coordination site?®. When the temperature was lowered this
peak broadened further and at room temperature it was not observable, nor were any other
signals seen in the upfield region. We attribute these observations to the presence of only one
species in solution at 100 °C, best described as (P'PCP)IrH* (1-H*), although weak and dynamic
interactions with solvent, anion, or other species in solution seem likely. At room temperature,
such interactions, perhaps including the binding of solvent impurities, are presumably less
dynamic.

(PrPCP)IrH*: addition of small molecules and further characterization. When CO
atmosphere was added to a dichloromethane solution of [1-H*][BArF?4] followed by removal of
solvent and dissolution in CDCls, the 3'P[*H] NMR spectrum showed a single sharp signal at §
51.11, while a signal at 5 -10.42 (t, 3Jpn = 12.8 Hz) was found in the *H NMR spectrum,
suggestive of the formation of [1-H(CO),*][BArF?*] (Scheme 4). Crystals were obtained by vapor
diffusion of pentane into a benzene solution and scXRD confirmed characterization as

[cis-1-H(CO)2*][BArF?*] (Figure 1).

Scheme 4. Reaction of 1-HCl with Na[BArF?*] to generate putative 1-H* under CO atmosphere
leading to 1-H(CO),*.

24 24
PiPr, Fiiprz [BArF=7] pipr, |[BATF
H CgDs, 80 °C H | CO (1atm) H
|r<CI + Na[BArF24) 22— ~ o Ir®/ codam \|r(?—co
| - NaCl | | “co
P'Pr2 P'Pr2 PiPr2
4
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Figure 1. Molecular structure of [cis-(""PCP)IrH(CO),] cation determined by scXRD. Hydrogen
atoms, except for the hydride ligand, and BArF?* anion omitted for clarity.

Addition of H, atmosphere to a toluene-d® solution of 1-H* resulted in the formation of two
signals in the 3'P[*H] NMR spectrum at approximately § 55 and § 57 ppm in a ratio of ca 70:30.
In the 'H NMR spectrum (toluene-ds), two peaks in the metal-hydride region were observed at
approximately 6 -3.99 ppm and 6 -26.88, in a ratio of 2:1, consistent with an assignment of
[(P"PCP)IrH(H2)][BArF?*] ([1-H(H2)]1[BArF?4]); the ®BYPOCOP analog of this species has been
reported by Brookhart and co-workers®. HMBC spectroscopy revealed that the hydride signals
correlated with the major signal in the 3!P[*H] NMR spectrum.

Propene, t-butylethylene (TBE), and cyclopentene (CPE) were added to separate toluene-ds
solutions of [1-H*][BArF?4]. In all three cases an upfield signal was observed in the *H NMR
spectrum (-34.2 ppm, -30.7 ppm, and -33.4 ppm, respectively), indicative of an olefin complex
with a hydride ligand positioned trans to a vacant coordination site, and therefore presumably
1-H(alkene)*. In the cases of TBE and CPE the 'H NMR signals due to the free olefin in solution
were broad, indicating exchange between free and coordinated olefin (signals attributable to
coordinated olefin were not observed). With propene, the free olefin signal was sharp at room
temperature but broadened at higher temperature, ca. 320 K. A single peak was observed in
the 3P NMR spectrum with each alkene: propene, 46.3 ppm; TBE, 51.2 ppm (broad); CPE, 38.8
ppm. (Details are found in the Supporting Information.)

When 1 atmosphere ethylene was added to a toluene-ds solution of [1-H*][BArF?4], at room

temperature the *H NMR signal attributable to free ethylene was very broad, at 5.1 ppm (cf.
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5.25 ppm in the absence of metal complex®®). In the 3!P[*H] NMR spectrum an extremely broad
signal is observed at 29.6 ppm. No hydride signal was observed at room temperature but at 233
K a signal appears at -13.3 ppm, attributable, in contrast to the complexes discussed above, to a
hydride positioned trans to a strong trans-influence ligand. At this temperature, the free
ethylene signal in the 'H NMR spectrum was relatively sharp, at 5.24 ppm. In the 31P[*H] NMR
spectrum an extremely broad signal is observed at 29.6 ppm at room temperature, while at
233K a relatively sharp signal is found at 27.18 ppm. Under 1.6 atm ethylene, the signal in the
room-temperature 3!P[*H] NMR spectrum was sharper than observed under 1.0 atm, and
shifted to 28.6 ppm. These results are all consistent with rapid exchange between coordinated
and free ethylene, and an equilibrium between the mono- and bis-ethylene complexes,
1-H(CzHa)* and 1-H(CzHa)2".

Thus, ethylene, propene, CPE, and TBE are all found to bind to 1-H* and to undergo exchange
between free and coordinated alkene on the NMR timescale. Only in the case of the least
sterically demanding alkene, ethylene, is there evidence for a significant equilibrium
concentration of bis-ethylene complex, and this is apparently the major species in solution at
233 K.

Alkane dehydrogenation by 1-H*: initial screenings. The addition of Li[BArF?°] to cyclooctane
(COA) solutions containing TBE and 1-HCl was found to result in high rates of catalytic COA-to-
TBE transfer dehydrogenation (Figure 2a). No dehydrogenation was observed under the same
conditions when no alkali metal salt was added to the 1-HCI. Addition of 3 equiv Li[BArF?°] gave
somewhat greater activity than with 1 equiv Li[BArF?°], but the use of 6 equiv Li[BArF?°] gave no
more activity than with 3 equiv; this seems consistent with incomplete halide removal by 1

equiv, and essentially complete removal with the use of 3 equiv.
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1-HCI (4.8 mM) M = Li, Na, K
+ /\’< MX + /\K X = BArF20, BArF24, BPh,

115°C
1mL 900 mM
COA/TBE transfer-dehydrogenation catalyzed COA/TBE transfer-dehydrogenation catalyzed by
by 1-HCl and varied concentration of LiBArF2° 1-HCL plus NaBArF>*, LIBAF°, LiBPh, or KBPh,
600 600
500 500
s . —A
= 400 — S 400
E -3 equiv LIBArF20 = -o-NaBArF24 (anhydrous)
=, - o
o 300 *1 s LfBArFZU 3 300 -®NaBArF24 (1-3% water)
O, 200 -6 equiv LiBArF20 = 00 W LiBAF20
-4-0.2 equiv LiBArF20 A LiBPha
100 -0-0 equiv LiBArF20 and 1-HCL 100
A -0-KBPh4
0 o— 0 o—!
0 200 400 ) 50? 800 1000 0 200 400 600 800 1000
(a) time/ min (b) time/min

Figure 2. (a) COA/TBE transfer-dehydrogenation catalyzed by 1-HCI and various quantities of Li[BArF?°]
(b) COA/TBE transfer-dehydrogenation catalyzed by 1-HCI and Li[BPh4], Na[BArF?4] or KBPhj.

Salts of Li*, Na*, K* were investigated, with non-coordinating anions including BPhs, BArF?,
and BArF?4. No dehydrogenation was obtained with K[BPh4] presumably due to very poor
solubility. 1.0 equiv Na[BArF?4] (either anhydrous or 1-3% H20) afforded a level of catalytic
activity very comparable to 3 equiv Li[BArF?°]. Additional Na[BArF?4] had no significant effect.
These results suggest that chloride was fully removed with the use of 1.0 equiv Na[BArF?4].
Subsequently, for purposes described below, unless indicated otherwise, 1-H* was prepared in
situ by the reaction of 1-HCI with Na[BArF?*] at 115 °C.

Several hydrogen acceptors were investigated for COA transfer-dehydrogenation. 1-hexene
and t-butylpropene (TBPE; 4,4-dimethylpent-1-ene) were found to undergo rapid isomerization
to form internal olefins, affording low rates and turnover numbers (TONs) for transfer-
dehydrogenation?®3° (Figure 3a). TBE proved significantly more effective than other acceptors
and was used as the standard acceptor for further transfer-dehydrogenation experiments in

this study.
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1-HCI (4.8 mM)

O + A R Na[BArF24] (1 eq) O + R
115°C
1mL 900 mM
COA transfer-dehydrogenation with various H-acceptors COA/TBE transfer-dehydrogenation by various catalysts
450 450
400 400
350 350
% 300 i::; s 300 —o—(iPr4PCP)IrH+
= %0 ) E 250 - (tBu2PCOPIPr2)IrH+
8 200 SR Z 200 - (Ad4PCP)IrH+
~ 150 -m-cyclohexene S 450 - ({BUAPCP)IrH+
100 100 -
50 50 |/9—® ——————O0—— M;.
0 R A
0 50 100 150 200 250 0 50 100 150 200 250
(a) time/min (b) time/min

Figure 3. (a) COA transfer-dehydrogenation by 1-H* with use of various hydrogen acceptors.
(b) COA/TBE transfer-dehydrogenation by various complexes (pincer)IrHCl and MX (presumed
to generate the corresponding species (pincer)IrH).

Iridium complexes of other PCP-type pincer ligands were investigated for catalytic activity
under the same conditions as described above (Figure 3b). The archetypal (“PCP)IrHCI gave no
observable COA/TBE transfer-dehydrogenation activity; the contrast with 1-HCl is particularly
striking considering that the corresponding (*®“PCP)Ir' fragment is generally highly effective for
transfer-dehydrogenation (albeit less so than (P"PCP)Ir')?°. This may be attributable to purely
steric factors; we have calculated'’ in the case of (RPCP)IrCI* that intermolecular C-H bond
addition (a terminal C-H bond of propane) has a barrier, AG#, 7.5 kcal/mol higher for ®B“PCP
than for P'PCP. Alternatively, the negligible activity of (*8“PCP)IrHCI may be attributable to
cyclometalation; both kinetically (AAG* = -2.0 kcal/mol), and thermodynamically (AAG® = -4.7
kcal/mol), (B“PCP)IrCl* is calculated to be much more prone to cyclometalation than
(PrPCP)IrCI*.Y?

The tetra-adamantyl substituted complex (*“PCP)IrHCI showed activity slightly higher than
(*BYPCP)IrHCI, but still much less than (P'PCP)IrHCI; the increase vis-a-vis (®“PCP)IrHCI may be
due to A9PCP being slightly less sterically demanding, or its greater resistance to
cyclometallation (Figure 3b).3! The mixed di-t-butylphosphino/di-i-propylphosphino complex

(*B¥2PCOPP?)IrHCI, was found to be more active than (*“PCP)IrHCI or (®“PCP)IrHCI, but still much
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less so than (P"PCP)IrHCI. Accordingly, all further work in this study utilized only the P"PCP

pincer ligand.

Chemoselectivity of dehydrogenation: comparison between (PCP)Ir' and (PCP)Ir''H*.
Precursors of (pincer)lr', including (P'PCP)Ir', are among the most effective and well known
catalysts for alkane dehydrogenation, typically operating via an Ir'/Ir'"! cycle? 3233, Given that
the present and previously reported systems share the same (P'PCP)Ir unit, we felt it was
critical to consider and investigate the possibility that the two systems operated via the same
catalytically active species (even though there were no obvious bases or reductants present in

precursors). To this end, we

the above-described examples of catalysis achieved with Ir
conducted selectivity competition experiments with sources of (*"PCP)Ir' and with the putative
fragment (P"PCP)Ir'""H*. These experiments not only demonstrated that the systems operated
via different catalytically active species, they also revealed remarkable and unexpected
differences in selectivity.

Addition of KO'Bu to 1-HCl is known to generate the active species (P"PCP)Ir!, 3435 while the
addition of Li[BArF?9] is presumed, based on the experiments described above, to generate
(P"PCP)IrH*. Experiments were conducted in which a competition for dehydrogenation of COA
versus n-decane was established, using TBE as H-acceptor, with 1-HCl and one equiv of either
KO'Bu or LiBArF?°. In the case of KO'Bu addition, greater activity, by a factor of ca. 2 on a per
mol basis, was observed for the dehydrogenation of n-decane versus COA (Figure 4a). In
contrast, the use of LiBArF?° resulted in much greater (>200-fold) activity toward COA relative

to n-decane (Figure 4b). These strongly contrasting selectivities support the conclusion of

fundamental differences in the respective catalytic cycles of these two systems.
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1-HCI (7 mM)
O R U gLl O Ve
n=6  LiBArF2 or KO'Bu (1equiv) n=6

025mL  0.25mL 115°C +Isomers
Competition experiment: COA/n-decane Competition experiment: COA/n-t_iecanZ
dehydrogenation by 1-HCI plus KO'Bu dehydrogenation by 1-HCI plus LiBArF
350 250
s
z 300 E 200
S 250 =
T 200 -e-decenes é 150 o COE
3 o
g 150 ---COE 5100
2 100 2 -»-decenes
g 2 50
T 50 o,
0 0 4 L 4 -
0 20 40 60 80 100 120 0 20 40 60 80 100 120
(a) time/min (b) time/min

Figure 4. Competition experiments: transfer dehydrogenation of COA versus n-decane by
(a) 1-HCl and KO'Bu (presumably generating (P"PCP)Ir'), and (b) by 1-HCl and Li[BArF?°]
(presumably generating (PCP)IrH").

The same competition was conducted but catalyzed by (P"PCP)Ir(ethylene) and
[H(Et20),2][BArF?%]. The results were effectively the same as obtained with (P"PCP)IrHCI and

Na[BArF?4], indicating a common, catalytically active fragment, presumably (""PCP)IrH*.

1-(C5H,) (3.5 mM)
ORI g I
N=6  [H(Et,0),I[BArF?] (2.5 equiv) n=6

025mL  0.25mL 15°C * 1somers

Competition experiment: COA/n-decane
dehydrogenation by 1-(C,H,) plus HBArF2*

175
150
125
100
75
50
25

--COE

-e-decenes

[alkene product] / mM

L 2 s 4 . 2
0 20 40 60 80 100 120
time/min

Figure 5. Competition experiment, transfer-dehydrogenation of COA versus n-decane catalyzed
by (P'PCP)Ir(ethylene) and [H(Et,0)2][BArF?4] (cf. Figure 4b).
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Further transfer-dehydrogenation competition experiments using 1-H*. Intrigued by the
remarkably high selectivity for dehydrogenation of COA versus an n-alkane, we investigated the
competition of other cycloalkanes with n-decane. We note that the results of competition
experiments are determined solely by energy differences between the rate-determining TSs for
different substrates.3® In contrast, the rates of individual experiments are also controlled by
relative resting state energies, which likely vary depending upon the binding energies of the
respective alkene product, and may be further complicated by many factors such as allyl or
diene formation as well as any impurities present in the substrate sources.

1-H* (generated by the reaction of 1-HCl with Na[BArF?4]) showed high selectivity for
dehydrogenation of cyclopentane (CPA) versus n-decane, as was observed for COA versus
n-decane, although “only” by a factor of ca. 13 (Figure 6a). Cyclododecane (CDA), however, was
found to be much less reactive than n-decane (by a factor of ca. 20; Figure 6b). Thus the relative
activity of the cycloalkanes (values relative to n-decane) is as follows: COA (>100:1) > CPA (ca.
10:1) > CDA (ca. 0.05:1). This order correlates with ring-strain in the respective cycloalkanes

(Table 1): COA (9.6 kcal/mol) > CPA (6.5 kcal/mol) > CDA (4.8 kcal/mol).

1-HCI (5 mM) 1-HCI (5 mM)
24 24
O Na[BArF?4] (1 equiv) \ + @ Na[BArF 1 (1 equiv) \ .
115°C A ”=6 T~ nsc n:6
50% 50% + isomers

1.6M 18h 50% 50% 1. 6M 18h +isomers

Competition: dehydrogenation of CPA and n-decane Competition: dehydrogenation of CDA and n-decane

14
12
s =
E i 10
T S s
_§ -&-CPE § 8 —-e-decenes
g a 6 |
o 10 -e-decenes 2 4 $-ChE
o PO I T e . o ® )
0 200 400 600 800 1000 1200 0 50 100 150 200 250
(a ) time/min (b) time/min

Figure 6. Transfer dehydrogenation catalyzed by 1-H* with TBE as hydrogen acceptor.

Competition experiment of (a) cyclopentane (CPA) versus n-decane and (b) cyclododecane
(CDA) versus n-decane.
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Table 1. Ring strain and dehydrogenation enthalpies of relevant alkanes

Dehydrogenation Ring strain Ring strain/CH, | Dehydrogenation
product (cycloalkane) (cycloalkane) enthalpy (vs. CsH12)
cyclopentene (CPE) 6.5 1.3 -1.2
cyclohexene (CHxE) 0.0 0.0 0.0
cycloheptene (CHpE) 6.3 0.9 -2.0
cyclooctene (COE) 9.6 1.2 -3.5
cyclododecene (CDE) 4.8 0.4 -1.7
1-decene -- -- +2.0
trans-2-decene -- -- -0.2
TBE - - +2.1

1-HCI (7 mM)

.\ O TBE (2.4 M) .\ @
& Na[BArF24] (1.0 equiv)
115°C, -TBA

Competition experiment:
CDA/CHxA dehydrogenation by 1-H*

3.5
s
Z 30
= 25
S
- 20
g_ -o-CDE
2 15
L2 10 —-CHxE
< o5
0.0 . 2 2 4
0 250 500 750 1000 1250 1500

time/min

Figure 7. Transfer dehydrogenation catalyzed by 1-H* with TBE as hydrogen acceptor.

Competition experiment of cyclododecane (CDA) versus cyclohexane (CHxA).

Thus CDA was found to be far less reactive than n-alkanes toward dehydrogenation by 1-H*,

and n-alkanes in turn far less reactive than COA or CPA. Nevertheless, cyclohexane (CHxA) was

found to be even much less reactive than CDA (Figure 7). Indeed, no cyclohexene was observed

in a CDA/CHxA dehydrogenation competition experiment; thus the ratio could not be

quantified but the extremely low level of susceptibility of CHxA toward dehydrogenation by

1-H* can clearly be inferred.

Hydrogenation by (PCP)IrH*. A correlation of dehydrogenation reactivity with ring strain

among cycloalkanes is not in itself surprising. Ring strain in medium-sized rings generally

12
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correlates with thermodynamics of dehydrogenation (Table 1 shows ring strain and
dehydrogenation enthalpies), and the dehydrogenation thermodynamics will in turn correlate
with rates if the rate-determining transition state has some cycloalkene character. However, we
found the large magnitude of the dehydrogenation selectivity to be surprising.

While the very high reactivities of COA and CPA relative to n-decane are consistent with their
lower enthalpy (lesser endothermicity) of dehydrogenation, the very low relative reactivity of
CDA does not seem to correlate with its dehydrogenation enthalpy. (The dehydrogenation
enthalpy of CDA is slightly more negative than that of CPA, for example, and significantly more
negative than that of n-decane to give either terminal or internal olefins; Table 1). In order to
further investigate the relative reactivity of these substrates we studied the reverse reaction,
hydrogenation of the corresponding olefins.

Hydrogenation (with H;) is not the microscopic reverse of transfer-dehydrogenation.
Nevertheless, if the rate-determining step follows addition of olefin and net addition of 2 H to
the metal center in pathways for both transfer-hydrogenation and for hydrogenation using Ha,
the selectivity in competition experiments should be the same regardless of the hydrogen
source. In accord with this point, the very high reactivity of ("PCP)IrH* for the dehydrogenation
of COA versus linear alkane was also reflected in hydrogenation competition experiments.
Competition experiments between hydrogenation of COE versus TBE were performed using
(PrPCP)Ir' and using (P"PCP)Ir'"H*. The rapid rate of the hydrogenation reaction, with either
catalyst, precluded direct observation of kinetics. Instead, hydrogen gas (Hz) was incrementally
added to the reaction vessel and concentrations were determined by *H NMR spectroscopy,
allowing the determination of relative rates. When catalyzed by (PCP)Ir' (1-HCI/KO'Bu)
hydrogenation was essentially completely selective for TBE, with negligible COE hydrogenation
detected (Figure 8a), consistent with the much more favorable thermodynamics of TBE
hydrogenation. However, when catalyzed by 1-H* (1-HCI/NaBArF?4), hydrogenation of COE and
TBE proceeded at virtually identical rates (Figure 8b), highlighting the point that the Ir' and Ir'"
catalysts operate through very different mechanisms and, in particular, the far greater relative

effectiveness of the IrH* system for COA/COE dehydrogenation/hydrogenation.
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Figure 8. (a) Competition hydrogenation experiments: (a) COE versus TBE catalyzed by (P"PCP)Ir(l)
(b) COE versus TBE hydrogenation catalyzed by (P"PCP)IrH*

The reaction enthalpy of TBE hydrogenation is 5.6 kcal/mol more negative than that of COE
hydrogenation (Table 1). Given that, and considering that COE is a disubstituted olefin while
TBE is monosubstituted, the extremely high selectivity for hydrogenation of TBE shown by
(P"PCP)Ir' is not surprising. Rather, the approximately equal barriers for hydrogenation of COE
and TBE when catalyzed by 1-H* is very noteworthy.

The reaction enthalpy of hydrogenation of CPE is 2.3 kcal/mol more favorable than for COE
hydrogenation, but still 3.3 kcal/mol less favorable than for TBE hydrogenation (Table 2).
Nevertheless, in a competition experiment, CPE was hydrogenated more rapidly than TBE
(Figure 9a). Likewise, CHpE has a hydrogenation enthalpy 4.1 kcal/mol less negative than TBE,
but is hydrogenated ca. 4x more rapidly (Figure 9b).
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Figure 9. (a) Competition experiments, hydrogenation catalyzed by (P"PCP)IrH* (a) CPE versus TBE,
(b) CHpE versus TBE, (c) CHxXE versus TBE

CHxXE has a thermodynamic driving force for hydrogenation greater than that of COE, CHpE, and
CPE, by 3.5, 2.0 and 1.2 kcal/mol, respectively (Table 2). As noted above, CHpE and CPE are
hydrogenated by (P"PCP)IrH* faster than TBE while hydrogenation of COE and TBE proceed at
essentially the same rate. Yet despite the significantly more favorable thermodynamics of
hydrogenation of CHxE, the rate of CHxE hydrogenation was ca. 300-fold slower than that of TBE,
corresponding to AAG* = 3.4 kcal/mol favoring the hydrogenation of TBE over CHxE (and therefore
also AAG* = 3.4 kcal/mol favoring hydrogenation of COE over CHXxE; Figure 10). Expressed in terms
of dehydrogenation, this implies that the barrier to COA dehydrogenation is = 6.9 kcal/mol less
than for CHxA dehydrogenation (Figure 10) although the thermodynamics of COA dehydrogenation

are only 3.5 kcal/mol more favorable.
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Table 2. Relative thermodynamics of hydrogenation, activation free energies of hydrogenation
(kcal/mol) of cycloalkenes/cycloalkanes catalyzed by 1-H* (expressed relative to TBE/TBA), and
inferred relative activation free energies and rates of dehydrogenation

AAG® Relative rat.e AAGH AAGH Relative rate of
Alkane hydrogenation hydrogenation hydrogenation |dehydrogenation dehydrogenation
ydrog of alkene ydrog ydrog of alkane (inferred)
TBA (0.0) (1.0) (0.0) (0.0) (1.0)
cyclopentene +3.3 2 -0.4 -3.7 520
cyclohexene +2.1 0.003 +3.4 +1.3 0.11
cycloheptene +4.1 4 -0.8 -4.9 3900
cyclooctene +5.6 1.0 0.0 -5.6 13000
hydrogenation
~<~———dehydrogenation
pesII et
AAGH = 3.4 kcal/mol
X +6.9
X kcal/mol
CHxE COE
+H, + Hy
COA
A
AAG°® = -3.5 kcal/mol
{ [CHXxAy

Figure 10. Schematic illustration of relative kinetic barriers of dehydrogenation of CHxA and
COA catalyzed by 1-H* inferred from the kinetics of hydrogenation of CHxE and COE by 1-H*
and the known relative thermodynamics.

Competition H/D Exchange Catalysis using 1-H*. Alkane dehydrogenation by molecular
transition metal catalysts is generally accepted to proceed via C-H oxidative addition followed
by B-H-transfer.1 37-38 With the goal of probing the C-H activation step, we conducted H/D
exchange experiments, again relying on competition experiments to avoid confounding effects
due to varying the resting state (particularly as a result of varying the nature of olefinic
products) or due to the possible presence of impurities in any particular reagent/substrate.

H/D exchange experiments were based on competitions between various deuterated alkanes

versus benzene-ds. With H> as the source of hydrogen and the reaction monitored by *H NMR
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spectroscopy, 1-H* (generated from 1-HCl and Na[BArF?4]) was found to catalyze H/D exchange
with benzene ca. 3-fold more rapidly on a per mol basis than with CHxA (Figure 11a). H/D
exchange with n-octane proceeded about 2.4 times more rapidly on a per mol basis, with a

slight regioselectivity for the terminal position (per C-D bond; Figure 11b).

1-HCI (10 mM) 1-HCI (10 mM)
24 =z 24 . 2
+ NaBArF 1equw n-CgDqg + | NaBArF** (1 equiv) _  p.cgDy7H + |
N N N N
4 118 Y Hz 110°C 1:2.7 \d6 H,, 110 °C \d5

H/D exchange competition: n-octane vs. benzene
70
60 -¢-benzene-d5

H/D exchange competition: CHA versus benzene

S
o

w
a

50 -B-n-octane-d17 (intemal h)

-e-benzene-d5 40

-A-n-octane-d17 (terminal h)

[H/D exchange prouct] / mM
N
o

[H/D exchange product]/mM

-@-cyclohexane-d11 30
° 20
10
5 —e 10
0 0
0 500 1000 1500 2000 2500 0 1000 2000 3000 4000
(a) time/ min (b) time/ min

Figure 11. H/D exchange using H. as the source of hydrogen; competitions versus benzene-de
(a) cyclohexane-diz (b) n-octane.

In a striking contrast to the selectivity for H/D exchange of benzene over CHxA, an analogous
competition experiment with COA instead of CHxA revealed very high selectivity for COA, over
50:1 on a per mol basis (Figure 12a). Similar results were obtained when dioxane-hg was used

instead of H; as the hydrogen source (Figure 12b).
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(H, as hydrogen source) 400 ~ (dioxane as hydrogen source) ]
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Figure 12. H/D exchange competition studies for cyclooctane-di¢ using as the source of
hydrogen (a) Hz, and (b) dioxane-hs.

Intramolecular H/D exchange competition experiments were also conducted. When H/D
exchange of toluene was effected with 1-H*, it was found that the meta- and para-positions
were equally reactive on a per-bond basis, while no exchange was observed at the ortho-
position presumably due to steric crowding (Figure 13a). The meta- and para-positions are
significantly (ca. 8-fold) more reactive than the benzylic position of toluene. In surprising
contrast with toluene, however, the benzylic position of ethylbenzene is ca. 1.5-fold more
reactive than its meta- and para-positions (Figure 13b); the benzylic position of ethylbenzene is
thus about 12-fold more reactive than the toluene benzylic position. Moreover, also
surprisingly, the methyl group of ethylbenzene is about 1.5-fold more reactive than the
methylene group of ethylbenzene; the ethylbenzene methyl group is therefore more reactive
by a factor of ca. 18 than the toluene (benzylic) methyl group. (These comparisons assume that
the respective aromatic C-D bonds of toluene and ethylbenzene are approximately equally

reactive).
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Figure 13. H/D exchange intramolecular competition studies for toluene-dsand
ethylbenzene-dio, using COA the source of hydrogen.

Olefin binding. Small crystals were obtained from the NMR tube in which hydrogenation of
COE and TBE (Figure 8a) was catalyzed by [1-H*][BArF?*]. scXRD afforded the molecular
structure of [(P"PCP)IrH(OH2)(COE)][BArF?4] (Figure 14), suggestive of a resting state
[(P"PCP)IrH(COE)*] (1-H(COE)*). The source of water observed in the crystal structure was not

determined but we suspect it to be the Na[BArF?4] used to generate [1-H*][BArF?*] from 1-HCI.

Figure 14. Molecular structure of cationic component of [1-H-COE(H,0)][BArF?*] determined
by scXRD. BArF?* anion and hydrogen atoms, except for the hydride ligand, omitted for clarity.
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m DFT COMPUTATIONS AND MECHANISTIC DISCUSSION

The behavior of the present system contrasts dramatically with trends generally seen in
studies of C-H activation by transition metal complexes. For example in Bergman’s seminal
reports on oxidative addition of alkane C-H bonds the relative order of reactivity was found to
be benzene (4.7) > n-alkane 1° (2.7) > CPA (1.6) > CHxA (1.0) > COA (0.09).%> 4041 Since that
time, many systems have been reported in accord with this general trend.*?>2 By contrast, we
find that COA undergoes H/D exchange at least 30-fold faster than benzene in the present
system, and over 150-fold faster than CHxA. The observation that dehydrogenations of COA
and CPA are more facile than that of CHxA is perhaps not surprising as it is consistent with the
relative thermodynamics of dehydrogenation — but the magnitude of the differences is much
too high to be explained primarily in terms of thermodynamics. This point is reflected in the
observation that COE, CHpE, and CPE also undergo hydrogenation much faster than CHxE, or
even TBE, in spite of the fact that hydrogenations of the former olefins are thermodynamically
less favorable. This very unusual selectivity, observed for both H/D exchange and for
dehydrogenation/hydrogenation, has been investigated by computational (DFT) methods.

Geometry optimization and vibrational analyses were carried out in the gas phase using the
MO6L density functional as implemented in Gaussian-16.3°* For this purpose the 6-311G(d,p)
basis set was used for the main group elements,> while iridium carried the SDD relativistic
effective core potential and associated basis set augmented with one f polarization function.>®
>7 Final electronic energies were obtained in a polarizable continuum representing toluene as
solvent®8 via single point calculations on the gas-phase geometries using the MO06L, wB97X-D,>°
B3LYP-D3BJ®° and PBEO-D3BJ 6162 density functionals, employing this time the def2-tzvp basis
set on the main group elements and the def2-qzvp basis set with associated ECP on Ir.63-%% The
enthalpy and Gibbs free energy terms were obtained from the gas phase calculations at 298.15
K and adjusted to 1M.5>% The computed gas-phase entropies for associative/dissociative
reactions were exaggerated and exhibited large variations among related reactions; to mitigate
these effects, the entropies were scaled by 0.5.%7 Values differed among the different
functionals, but similar trends were found for the entire range of alkanes investigated. We base
the discussion on the MO6L results. The P"PCP ligand can define several conformation; for
practical considerations we limited the calculations to the conformer observed for

[1-H-COE(H20)][BArF?*] in Figure 14.
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C-H Bond Addition. The d®-(PCP)IrH* fragment is calculated to have a closed shell electronic
state and a bent geometry. Calculated transition states (TSs) for C-H addition to 1-H* (TS1), for
all alkanes investigated, are illustrated in Figure 15. The C-H bond undergoing cleavage can in
principle be oriented with H pointing either toward or away from the hydride ligand of 1-H*. We
will first discuss pathways in which the H of the cleaved C-H bond is oriented away from the
hydride (this will be designated as Mechanism A when distinguishing it from pathways that
proceed via the alternative orientation, to be discussed below). In all cases the incipient Ir-H
and Ir-C bonds are found to be nearly fully formed in the TS. The incipient Ir-H bond distances
are essentially equal (within 0.02 A) to the Ir-H bond distance of the hydride ligand already
present prior to C-H addition (Figure 15). Likewise, the incipient Ir-C bond is quite short, ca. 2.2
A, within the range of a typical iridium alkyl C-H bond length. Accordingly, the C-H distance of
the bond undergoing cleavage in the TS (>1.75 A) is far greater than that of an actual C-H bond.

Thus the C-H addition TSs are quite “late”, and have substantial Ir(V) character.

(d) CHpA (e) trans-CHxA (f) cis-CHxA

Figure 15. Calculated geometries of TSs (TS1) for C-H bond addition of various alkanes, as
indicated. Atoms of C-H bond undergoing addition in red and the atoms of the -agostic C-H
bond in green.
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The most noteworthy aspect of the TSs for C-H addition is an agostic interaction with the
[-C-H bond (Figure 15). This interaction appears to be very strong as indicated by the
pronounced elongation of the 3-C-H bond as well as the short B-H-Ir bond distance. Respective
values, for example in the case of n-butane (Figure 15a), are 1.174 A (versus 1.09 A for a typical
alkyl C-H bond), and 1.90 A (M-H bond distances of agostic C-H bonds are considered to range
between 1.8 and 2.3 A.%8) For addition of COA, the strength of the agostic interaction appears
to be nearly equal (very slightly greater) to that for n-butane (respective C-H and 3-H-Ir bond
distances are 1.179 and 1.86 A; Figure 15b). Likewise, similar values are found for cyclopentane
(B-C-H and B-H-Ir distances of 1.155 and 1.97 A, Figure 15c), while distances for cycloheptane
(CHpA) are essentially identical to those calculated for n-butane (Figure 15d).

In the case of cyclohexane C-H addition we have located two isomeric TSs for C-H addition. In
the lower energy isomer, the C-H bond undergoing addition and the agostic B-H are at trans
positions of the six-membered ring (Figure 15e), in contrast to the TSs for the aforementioned
cycloalkanes in which Ir and the agostic B-hydrogen are mutually cis (Figures 15b-d). The
metrics of the Ir-C-H -agostic unit of this species indicate an agostic interaction significantly
weaker than for the other alkanes, although the metrics of the C-H bond undergoing cleavage
are very similar to those of the other three substrates. In the second TS for cyclohexane C-H
addition, the C-H bond undergoing cleavage and the agostic 3-C-H bond are mutually cis (Figure
15f). The metrics of this cis-CHxA TS, both those of the agostic Ir-C-H unit and the C-H bond
undergoing addition, are very similar to those found in the other alkanes; the cis-CHxA TS,
however, is of slightly higher energy than the trans-CHxA TS, in spite of the much more

pronounced agostic interaction found in the former.
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(d) CHpA (d) cis-CHxA (e) trans-CHxA

Figure 16. Calculated geometries of products of C-H addition. Atoms of added C-H bond in red
and the atoms of the B-agostic C-H bond in green.

The calculated products of the C-H additions of n-butane, COA, CPA, CHpA, and CHxA (cis)
(Figure 16 a-d) show agostic interactions that in general appear to be even stronger than those
found in the respective TSs; the agostic Ir-H distances are shorter and the agostic C-H bonds are
longer. In the case of the trans isomer of CHxA C-H addition (Figure 16f), however, these
distances are unchanged (within 0.002 A) from the TS; thus the weak agostic interaction in the
trans-TS for cyclohexane addition remains weak in the corresponding trans C-H addition
product. Despite this apparently much weaker agostic interaction, the trans C-H addition
product is approximately the same energy as the cis isomer (Table 2). The explanation for this
seems clear. In the trans isomers of both TS and intermediate (Figures 14e and 15e), the CHxA
unit has the very stable chair conformation, while in the cis isomers the ring is severely twisted.
Thus, CHxA can “choose” either a strong agostic interaction, similar to that found with the
other alkanes investigated, but accompanied by severe conformational strain (the cis
conformer), or alternatively, an unstrained trans conformer with a weak agostic interaction.

The energetic cost is comparably high for either “choice”, for both TS and C-H addition product.
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We believe that these isomeric CHxA species provide valuable insight into the factors that
determine the energies of the cycloalkane dehydrogenations in general. Note, however, that
only the cis species are chemically relevant: the trans isomers can ultimately lead only to trans-

cyclohexene — which is much too high in energy (free or bound) to be a viable product (Table 3).

Table 3. Calculated free energies of TSs and products of C-H addition to 1-H* (relative to
free alkane and 1-H*) and calculated enthalpy of free alkane in eclipsed conformation
relative to unconstrained free alkane

TS1(C-H |1-(H)R* (C-H |TS2 (B-H- | 1-H(H:)(alkene)* Ring |AH Eclipsed

addition) | addition prod.) | transfer) (B-H transfer prod.) |strain |Conformer
TBA 15.0 15.0 18.9 6.7 - 2.1
n-butane 14.0 13.8 15.7 3.0 - 2.4
CPA 14.9 14.9 15.7 1.9 6.5 0.0
CHXxA (cis) 22.5 20.5 20.7 3.9 0.0 9.8
CHxA (trans) | 20.8 21.4 35.0 32.0 0.0 n/a
CHpA 14.3 12.5 13.8 1.7 6.3 0.6
COA 12.3 9.7 9.8 1.2 9.6 1.8

Whereas CHxA must undergo severe strain to adopt a conformation allowing a strong agostic
interaction, essentially the opposite is true for the other cycloalkanes investigated. The agostic
interaction requires an unfavorable eclipsed relationship of the H atoms that are geminal to the
agostic C-H bond and the Ir center. This is necessarily unfavorable, but it results in overall relief
of the ring strain found in free CPA, CHpA, and COA. In support of this proposal, calculations of
the free cycloalkanes with a fully eclipsed HCCH unit (Table 3) indicate an energetic cost of 9.8
kcal/mol for CHxA, much greater than that of n-butane (2.4 kcal/mol). In contrast, the energies
of eclipsed conformers of CPA, CHpA, and COA are lower than that of n-butane.

Calculated activation and reaction free energies and enthalpies of the C-H additions are
shown in Table 3. Consistent with the TSs of C-H addition being “very late” (as reflected in the
nearly full formation of Ir-C and Ir-H bonds as well as nearly full cleavage of the C-H bonds), the
free energies of the products of addition are nearly equal to those of the TSs, or even very
slightly higher®. The span of ca. 10 kcal/mol in AG* and 12 kcal/mol in AG® are both far greater

than implied by previously reported experimental studies*> 494352 of cycloalkane addition (e.g.
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a range of 12-fold between CPA, CHxA, and COA at -60 °C, corresponding to a difference of only
ca. 1.1 kcal/mol). Perhaps even more notably, COA was found to be the least reactive
cycloalkane in such systems, while COA is calculated to be the most reactive in the present one.
These differences can be well explained, as discussed above, in terms of ring strain and the
importance of the agostic interaction in the present system. Conversely, in the case of
“classical” C-H activating transition metal systems, where no ancillary agostic interaction is
involved, the addition of a metal center to the ring only increases the strain associated with
eclipsed or intra-annular interactions.

B-H Transfer. For catalytic alkane dehydrogenations operating via an initial C-H bond addition,
the mechanism is typically assumed to proceed by a conventional of B-H transfer step, to afford
a coordinated olefin and an M-H bond. Our calculations however predict that the agostic 3-C-H
bond in the a-C-H addition products, instead undergoes a transfer of the B-H to the adjacent
hydride ligand; no intermediate with an Ir-H bond is formed during this process. Such -H-
transfers to a ligand are not common, but they are not unprecedented.’®72 The Ir-(B-H)
distances (ca. 1.71 A), however, indicates a significant degree of Ir-H bonding in these TSs (Figure
17). Perhaps the closest comparison to such a TS is with oxidative hydrogen migrations’>’> or c-
CAM pathways’®77, in which the TS typically has character of a C-H addition product but rather

than being an energy minimum it is a TS leading to a dihydrogen complex.

25

https://doi.org/10.26434/chemrxiv-2024-plh2j ORCID: https://orcid.org/0000-0003-1049-0077 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0



Parihar et al. 10/26/24

(d) CHpA (d) cis-CHxA (e) trans-CHxA

Figure 17. Calculated geometries of TSs for 3-C-H transfer (from carbon to hydride). Atoms
of C-H bond undergoing addition in red and the atoms of the -agostic C-H bond in green.

As stressed above, the TSs for C-H addition (TS1) have geometries and energies remarkably
similar to the C-H addition products (il1). Those same C-H addition products have geometries
and energies very similar to the subsequent TSs (TS2) for 3-H-transfer to hydride (geometric
relationships are highlighted in Figure 18 for cyclopentane; see Table 3 for free energies). Given
how shallow are these calculated minima on the energy surface, we can infer that they do not
represent true intermediates, in the sense of species with a finite lifetime. Rather, the C-H
addition and B-H transfer to hydride can be viewed, in effect, as components of an
asynchronous concerted process,’®7? connecting weakly bound alkane c-C-H complex
precursors (1-H(RH)*) with the corresponding olefin dihydride complex intermediates

1-H(alkene)(H.)".
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(a) TS1 (b) i1 (c) TS2 (d)i2

Figure 18. Dehydrogenation of cyclopentane by 1-H* illustrating the geometric similarity of

(a) the TS for C-H addition (TS1) (b) the energy minimum (il1) reached via IRC from TS1 (c) the TS
for B-H transfer from carbon to hydride (TS2); and the intermediate (i2) reached via IRC from
TS2. For clarity, only atoms in the coordination sphere of the metal and approximately in the
plane perpendicular to the P-P axis (and H atoms bound to the key carbons undergoing C-H
addition and B-H transfer) are shown.

The products derived from TS2, 1-H(alkene)(H2)* (e.g. Figure 18d), have very short (ca. 0.83
R) H-H distances, with the H; ligand oriented perpendicular to the plane of the reaction
coordinate of the 3-H transfer TS.

Following the formation of 1-H(alkene)(Hz)*, several different steps appear to be plausible.
The formation of 1-H(alkene)(Hz)* from alkane and 1-H* is calculated to be endergonic in all
cases (Table 3; Figure 20); therefore, the reverse of its formation would be rapid. Rotation of H,
around the (n2-Ha)-Ir axis presumably has a very low barrier. The formation of 1-H(alkene)(H2)*,
followed by a rapid back-reaction, would therefore lead to exchange between the hydride of
1-H* and alkane, providing a pathway for hydrogen isotope exchange (HIE). Notably the H/D

exchange occurs at the [-position rather than at the site of actual () C-H addition (Figure 19).

l"-~\‘ H
Hm l. H\ ,I. \ o -~\ H\ m ,I H/» l.
-’ g Ir < ' g / -’
Ir —_— Ir[ —_— | H . _'l —_— Ir[ —_— I
| H | H D |
D D D H H

Figure 19. Schematic illustration of Mechanism A for H/D exchange
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Figure 20. Free energy profile and schematic of full catalytic cycle for COA/TBE transfer-

dehydrogenation

Loss of H, from 1-H(alkene)(Hz)* is calculated to be only moderately endothermic (AH® = ca.
10 kcal/mol) and slightly endergonic (Figure 20). We have been able to locate a TS for loss of H;
from only one of the 1-H(alkene)(Hz)* complexes (alkene = 1-butene) but, as expected, the
kinetic barrier for H; loss is only slightly higher than the low thermodynamic barrier and thus H,
loss is presumably facile and reversible. We infer that this is the case for all the alkanes studied.

If Hy is lost reversibly from 1-H(alkene)(Hz)*, the H2 loss process would have no obvious
effect on any of the experimental observations including HIE. However, H; loss results in a
vacant coordination site which could permit an associate exchange of alkenes. Indeed, as
discussed in the previous section (Experimental Results), experimentally we have shown that
complexes 1-H(alkene)(H2)* undergo rapid exchange between free and bound alkene. If alkene
exchange does occur prior to re-association of H,, followed by hydrogenation of the incoming
alkene to give the corresponding alkane (the reverse of the alkane dehydrogenation), it
provides a full pathway for transfer dehydrogenation (with COA/TBE as the H-donor/H-acceptor

couple in Figure 20). We also cannot rule out an alternative catalytic pathway for alkene
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exchange, in which alkene is lost directly from 1-H(alkene)(Hz)* and the incoming acceptor
replaces it (COE and TBE in Figure 20). Loss of alkene, however, is calculated to be substantially
more endergonic than loss of H,, e.g. AG® = 16.6 kcal/mol for COE, compared with AG® = 4.8
kcal/mol for loss of H,. But regardless of whether alkene exchange occurs directly, or via loss of
H2 (as in Figure 20), if exchange is rapid relative to the back reaction for formation of
1-H(alkene)(H2)* it would not affect the overall rate of transfer-dehydrogenation (or HIE). This
study is focused primarily on the initial C-H bond cleavage and -H transfer steps, i.e. the
formation of 1-H(alkene)(Hz)* from 1-H* and alkane. In view of the unusual selectivity it is clear
that these steps, and not olefin exchange, determine the rates, including relative rates, of
dehydrogenation and HIE.

Note that in all cases discussed above, the C-H bond undergoing addition is positioned trans
to the hydride ligand initially present in 1-H(RH)*, while the agostic bond is cis to that hydride
(Figure 15). This represents an unusual pathway in which the exchange occurs between the
originally present hydride ligand and the [-C-H bond for all alkanes discussed above. Such a
pathway, however, is not possible or favorable for species that cannot feasibly undergo
1,2-dehydrogenation, e.g. for aromatic C-H bonds or for the benzylic C-H bond of toluene. Yet,
as described in the experimental results section above, these molecules are in fact observed to
undergo HIE, although somewhat slowly. In this context we now consider pathways in which the
hydride resulting from C-H addition is positioned cis to the hydride initially present in 1-H*, thus
allowing exchange between hydride and the a-C-H bond

Consideration of an alternative orientation of addition: Mechanism B. C-H addition with an
orientation opposite that of the examples discussed above has been calculated for several of
the same exemplary alkanes. It is found that C-H addition via this pathway (Mechanism B)
initially proceeds similarly to that as discussed above (Mechanism A) (Figure 21). In particular,
as in Mechanism A, there appears to be a strong [3-agostic interaction in the C-H addition TS for
Mechanism B. In this case, the -agostic interaction is necessarily positioned cis to the PCP ipso-
carbon and trans to the hydride present prior to C-H addition (Figure 21). Based on metric
parameters, the agostic interactions, although relatively strong, appear to be slightly weaker

than those present in the TSs of Mechanism A (i.e. the C-H distances are slightly shorter and the
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Ir-C and Ir-H distances slightly longer; Figure 22). In the case of toluene, C-H addition proceeds
via a TS with n3-allyl character, in which the C1-C2 n-system seems to play a role analogous to

that of the agostic C-H bond for alkane C-H addition (Figure 22).

...... H N l H N | H \': H
Mechanism A: Cil; C! Co G
I Ir—CipSO —_ / Ir—Cipso —_— / ‘,..Ir—CipSO — ”_""_Cipso
TN N -Gl i <A
TS1 1-(H)R(H) TS2 1-(H)(alkene)(H,)
H H H
_ ~ H. H ! H)\ /I-L
Mechanism B: | ""JR_Cipso > /lr\—Cips0 > /Irh—Cipso > H I|,r—Cipso
/C\C/H /C\C/H /C\C""/H —C<rH
\ \ \ T
TS18 1-(H)2.R TS2B 1-R(Hy)

Figure 21. Schematic illustration of Mechanism A (C-H bond addition trans to the hydride ligand
of 1-H*) and Mechanism B (C-H bond addition cis to the hydride ligand of 1-H*)

(b)

Figure 22. Calculated geometries of TSs for C-H addition of (a) n-butane (1°), (b) CPA, and
(c) toluene (benzylic position) proceeding via Mechanism B (TS18). Atoms of C-H bond
undergoing addition in red and the atoms of the B-agostic C-H bond (or C1-C2 nt-system for
toluene) in green. (See Figure 15 for Mechanism A analogues for n-butane (1°), and CPA.)

As in the case of Mechanism A, the products of C-H addition of Mechanism B are
geometrically and energetically very similar to the TSs which lead to them (Figure 23). Other
than the relative position of the hydride ligand that is present prior to addition, both the

energies and the metric parameters of the TSs and products of C-H addition of Pathways A and
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B are quite similar (Table 4). However, unlike Pathway A, Pathway B results in the two hydride

ligands positioned mutually cis. This would seem to offer the possibility of facile reductive

formation of coordinated H,, which, if reversible, could result in HIE between 1-H* and alkane.

(a) (b) (c) (d)

Figure 23. Reaction of 1-H* with n-butane (1° position) via Mechanism B: (a) TS for C-H addition,
(b) product of C-H addition, (c) TS for H-H reductive bond formation, (d) product of H-H
reductive bond formation.
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Table 4. Calculated free energies of TSs and products of C-H addition to 1-H* (relative
to free alkane and 1-H*) for Pathways A and B. For mechanism A, the H, adduct
formed is 1-H(alkene)(H2)*. For mechanism B, the H, adduct formed is 1-(Hz)(alkyl)*.

TS1 (C-H 1-R(H),* (C-H TS2 (H-H-bond | Products of H-H bond
addition) addition product) formation) formation (H2 adducts)

n-butane

AG (A) 14.0 13.8 15.7 3.0

AG (B) 15.5 15.5 23.8 111

CPA

AG (A) 14.9 14.9 15.7 1.9

AG (B) 16.9 17.2 19.6 9.9

CHXxA (cis)

AG (A) 22.5 20.5 20.7 3.9

AG (B) 21.3 21.6 21.3 16.1

COA

AG (A) 12.3 9.7 9.8 1.2

AG (B) 10.2 10.8 19.2 9.3

benzene

AG (A) 28.52 -a

AG (B) 16.9 16.7 19.8

Toluene

AG (A) 26.6 26.0

AG (B) 13.1 13.4 20.4

(a) The TS for cleavage of the benzene C-H bond via “Mechanism A” i.e. C-H bond cleavage with H
oriented away from the hydride ligand, does not lead to oxidative addition or H-H bond formation, but
leads instead to migration of H from benzene, to form a C-H bond with the "PCP ipso carbon.

C-H addition via Pathway B affords Ir(V) product cis-1-R(H)2*. Reductive H-H bond formation
to give Ir(lll) dihydrogen complexes 1-R(Hz)" is calculated to be thermodynamically downhill,
e.g. for R = 1-butyl, AG® = -4.4 kcal/mol. Interconversion between cis-dihydride and dihydrogen
complexes is typically kinetically very facile. However, there is a significant kinetic barrier to H-H
bond formation (AG* = 8.3 kcal/mol) in this case, and as a result, the TS for H-H bond formation
(TS28) is significantly higher (also by 8.3 kcal/mol) in free energy than the TS for C-H addition (R
= n-butyl, Table 4). This seems clearly attributable to the loss of the agostic interaction in the TS

for H-H bond formation; this is required to achieve the favorable configuration of the product
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1-R(H)2* (Figure 23 d) in which the two strong-trans-influence groups, the alkyl (R) and the PCP
ipso-carbon, are mutually cis (>C-Ir-C = 102°).

Thus, alkane C-H addition is found to be comparably facile via Pathways A and B, with both
pathways involving strong assistance by a 3-agostic interaction. The resulting coordination
geometries, however, then offer distinctly different possibilities for subsequent reactivity.
Pathway B allows the reductive formation of bound H;, and thereby enables direct HIE between
the C-H bond that undergoes addition (a-C-H) and the hydride ligand of 1-H*. Pathway A allows
the transfer of H from the -agostic C-H bond to the 1-H* hydride ligand (LLHT). Surprisingly
perhaps, the LLHT TS (TS2”) is very similar in energy and even geometry to the TS for C-H
addition while the TS for H-H reductive bond formation (TS28) is significantly higher in energy.
Thus the two pathways involve very different mechanisms for HIE, even resulting in HIE of
different C-H bonds (i.e. the a- and B-C-H bonds for mechanisms B and A respectively).

Only in the case of Pathway A do the steps described above lead to dehydrogenation to give
olefin (coordinated to the iridium center). In the case of Pathway B, -H-transfer after C-H
addition is in principle possible but if it were to occur after the H-H reductive bond formation
(and subsequent H; loss) the overall barrier for the reaction would of course be at least as high
as the TS for the H-H reductive bond formation step; the computational results strongly suggest
that Pathway B is unfavorable for the alkanes investigated.®

For C-H activation of substrates such as toluene (benzylic position) or benzene, Pathway A is
not a feasible option for HIE. Either there is no 3-H atom to transfer (following toluene benzylic
activation) or B-H transfer would afford a very high-energy benzyne complex. We conclude that
for these substrates, HIE (H/D exchange) proceeds via Mechanism B. The barriers calculated by
DFT are quite consistent, within the expected accuracy limits, with these results. Thus the
barrier to HIE exchange between benzene and 1-H* via Mechanism B is greater than that
calculated for COA via Mechanism A but less than that calculated for cyclohexane via either
Mechanism A or B in accord with experimental findings (Figures 11 and 12). Likewise, the
barrier to benzene HIE via Mechanism B is calculated to be less than that for the benzylic C-H
bond of toluene, consistent with the more rapid exchange of para- and meta-C-H bonds of

toluene versus exchange at the benzylic position. Notably, however, in the case of
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ethylbenzene, exchange is more rapid at both benzylic and methyl group positions than at the
para- and meta-positions; this can obviously be attributed to the viability of Mechanism A for

ethylbenzene C(sp3)-H bonds in contrast with those of toluene.

m SUMMARY AND CONCLUSIONS

The oxidative addition of C-H bonds by transition metal complexes and the dehydrogenation
of alkanes proceeding via C-H oxidative addition have been studied extensively for over 40
years. In this work, we report an unanticipated role of a B-agostic bond in promoting C-H
oxidative addition. The [-agostic C-H bond can then itself undergo activation, through a
hydrogen transfer to a hydride ligand (LLHT), resulting in a 1,2-dehydrogenation of alkane to
give a coordinated olefin and a dihydrogen ligand. This can result in HIE with the initially
present hydride ligand if back-reaction follows, or the loss of free alkene and catalytic
dehydrogenation in the presence of a sacrificial hydrogen acceptor. The energy surface of the
overall process is calculated to have at most a very shallow energy minimum and the overall
C-H addition and B-H-transfer leading to coordinated alkene may be considered an effectively
asynchronous concerted process.”®7° This pathway, which has no reported precedent to our
knowledge, results in selectivity for both hydrogen isotope exchange (HIE) and catalytic
dehydrogenation that is distinct from that of established systems for either of these reactions.
Specifically, H-C-C-H linkages that favor the formation of -agostic interactions undergo
particularly facile HIE and catalytic dehydrogenation. Thus strained cycloalkanes (cyclopentane,
cycloheptane, cyclooctane) undergo HIE more readily than benzene or the benzylic group of
toluene, as well as HIE and catalytic dehydrogenation far more rapidly than cyclohexane or n-
alkane. Microscopic reversibility dictates that the same factors would favor hydrogenation and
indeed the rates of cycloalkene hydrogenation are found to correlate positively with strain in
the alkane product, and therefore correlate inversely with the thermodynamic driving force. In
view of the importance of hydrogenation and dehydrogenation, as well as the great interest in
C-H activation and HIE, we believe that these findings open potentially valuable new
approaches to the design of catalysts based on consideration of 3-agostic and perhaps other

secondary interactions.
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