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Computational chemistry has achieved vast progress in the last decades in the
field, which was considered to be only experimental before. DFT (density functional
theory) calculations have been proven to be able to be applied to large systems, while
maintaining high accuracy. One of the most important achievements of DFT calculations
is in exploring the mechanism of bond activation reactions catalyzed by organometallic
complexes. In this dissertation, we discuss DFT studies of several catalytic systems
explored in the lab of Professor Alan S. Goldman. Headlines in the work are: (1)
(R*PCP)Ir alkane dehydrogenation catalysts are highly selective and different from
(R*POCOP)Ir catalysts, predicting different rate-/selectivity-determining steps; (2) The
study of the mechanism for double C-H addition/cyclometalation of phenanthrene or
biphenyl by (B“PCP)Ir(1) and (P*PCP)Ir illustrates that neutral Ir(111) C-H addition
products can undergo a very facile second C-H addition, particularly in the case of

sterically less-crowded Ir(1) complexes; (3) (P*PCP)Ir pure solid phase catalyst is highly



effective in producing high yields of a-olefin products, since the activation enthalpy for
dehydrogenation is higher than that for isomerization via an allyl pathway; higher
temperatures favor the dehydrogenation/isomerization ratio; (4) (PCP)Ir(H)2(N2Ha)
complex follows a hydrogen transfer mechanism to undergo both dehydrogenation to
form N2 and Ho, as well as hydrogen transfer followed by N-N bond cleavage to form
NHs, N2, and Ha; (5) The key for the catalytic effect of solvent molecule in CO insertion
reaction for RMn(CO)s is hydrogen bond assisted interaction. The basicity of the solvent
determines the strength of the hydrogen bond interaction during the catalytic path and
determines the catalytic power of the solvent; and (6) Dehydrogenative coupling of
unactivated C-H bonds (intermolecular vinyl-vinyl, intramolecular vinyl-benzyl) is
catalyzed by precursors of the (P™PCP)Ir fragment. The key step for this mechanism is a
Ir(111) vinyl hydride complex undergoing addition of a styrenyl ortho C-H bond to give an

Ir(111) metalloindene plus H>
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Chapter 1
Introduction

This dissertation covers computational mechanism studies of C-H, C-C, and N-H
activation and CO insertion in organometallic chemistry and catalysis. Themes of the
research are arranged in order of introduction, experimental study followed by DFT

mechanism explanation.

In the first theme, we have demonstrated that (**PCP)Ir alkane dehydrogenation
catalysts are highly selectivity for the terminal position of n-alkanes, whereas (**PCOP)Ir
and (R*POCOP)Ir catalysts are much less terminal-selective, or are even selective for the
formation of internal olefins. DFT calculations reveal that the differences in selectivity
between the catalysts investigated are not due to variations in the differences in energy
between the pro-terminal and pro-internal TSs for any given reaction step. Instead, the
different selectivities are attributable to different rate-/selectivity-determining steps for
different catalysts. In particular, for (®“*PCP)Ir the rate-/selectivity-determining step is p-
H-elimination, whereas for (B“*POCOP)Ir the rate-/selectivity-determining step is loss of

the coordinated olefin.

In the second theme, we discuss the mechanism of double C-H
addition/cyclometalation of phenanthrene or biphenyl by (B**PCP)Ir(l) and (P“PCP)Ir(1)
complexes. The rate-determining step with both pincer ligands is calculated to be
addition of the sterically hindered ortho C-H bond of biphenyl or the analogue at the C4
position of phenanthrene, affording (B““PCP)Ir(111) and (P“PCP)Ir(111) aryl hydride

complexes. A second C-H addition, to produce cyclometalated Ir(V) dihydrides, has a



much lower calculated free energy barrier. While C-H addition to iridium is generally
associated with Ir(1), this work illustrates that neutral Ir(111) C-H addition products can
undergo a very facile second C-H addition, particularly in the case of sterically less-
crowded systems. This result may have significant implications for potential C-C

coupling catalysts.

In the third theme, we report that pure solid phase (pincer)Ir catalysts are highly
effective for the dehydrogenation of n-alkanes in the gas phase. (P“PCP)Ir can produce
high yield a-olefin products. As the calculated activation enthalpy for dehydrogenation is
higher than that for isomerization via the allyl pathway, higher temperatures favor the
dehydrogenation/isomerization ratio and therefore higher a-olefin yields. Thus the high
a-olefin yields obtained from the gas-solid systems with ("™PCP)Ir are in large part
simply a result of the conditions that lead to the gas/solid-phase state: use of highly
volatile hydrogen acceptors and high temperature, both of which mitigate the hydride

isomerization pathway.

In the fourth theme, we demonstrate that the (PCP)Ir(H)2(N2H4) complex follows
a hydrogen transfer mechanism to undergo both dehydrogenation to form N2 and Hy, as
well as hydrogen transfer followed by N-N bond cleavage to form NHz, N2, and Ho.
Small molecule assistance plays a key role in the hydrogen transfer step during the
process. Three key steps (a-N-H activation step, B-N-H transfer step, N-N bond cleavage
step) are our potential rate determining steps for the ammonia formation. The effect of
vacuum in removing dihydrogen from the metal center is supposed to lead to the pure

dehydrogenation reaction.



In the fifth theme, we show that the basicity of a catalyst molecule determines the
strength of the hydrogen bond interaction during the catalytic path and determines its
catalytic power. The key for the catalytic effect of solvent molecule in CO insertion
reaction for RMn(CO)s is hydrogen bond assisted interaction. Based on whether such an
interaction exists, we can predict the solvent catalytic effect for similar metal complex
CO insertion reactions as well. The mechanism proposed in this work applies to various

catalytic molecules as well as different metal CO insertion systems.

In the sixth and last theme, we explore the dehydrogenative coupling of unactivated
C-H bonds (intermolecular vinyl-vinyl, intramolecular vinyl-benzyl) catalyzed by
precursors of the (P"PCP)Ir fragment. The reactions proceed via C-H activation to
(P'PCP)Ir(1), followed by a second C-H activation by the resulting (""PCP)Ir(l11) product.
The C-H additions to Ir(I11) occur via TSs that are strongly Ir(V) in character, although
the reactions generally do not lead to an Ir(V) product but rather to the formation of a
new Ir(111) complex. The Ir(111) vinyl hydride complex undergoes addition of a styrenyl
ortho C-H bond to give an Ir(I11) metalloindene plus Ha, which is the key step for this

mechanism.



Chapter 2: Computational Study of C-H Activation by (PCP)Ir and (POCOP)Ir: A

Regioselectivity Study

Parts of this chapter are reproduced with permission from

Michael John Blessent “Development of pincer iridium catalysts for alkane
dehydrogenation”  Ph. D. Dissertation, Rutgers, The State University of New Jersey,

2016

The experimental work described in this chapter was done by Dr. Michael John Blessent
from Professor Alan S. Goldman’s group. This work would not have been possible

without Michael’s elegant and thorough experiments.



Introduction

Alkanes are both the most abundant and the least synthetically useful class of
organic molecules. Olefins by contrast are among the most useful and versatile of organic
reagents, and are intermediates in most fuel and commodity chemical processes. The
dehydrogenation of alkanes to give olefins is therefore potentially one of the most useful
transformations of organic molecules. The nature of alkanes, however, in contrast with
other classes of organic molecules, is such that they have no defining functional group;
therefore effecting their dehydrogenation (or any other transformation) regioselectively

represents a tremendous challenge.!

a-Olefins? are particularly desirable intermediates or precursors for a number of
reactions or products. Accordingly, dehydrogenation of n-alkanes with regioselectivity
for the terminal position would be particularly useful. Such a reaction, however, involves
cleavage of the strongest bond of an n-alkane (the primary C-H bond) to give the
thermodynamically least stable double-bond isomer. We were therefore very pleased,
several years ago, to discover that pincer-iridium complexes (P“PCP)Ir and (‘®“*PCP)Ir in
fact catalyzed n-alkane dehydrogenation with high selectivity for the terminal position®
(eq 1, the catalyst precursors are dihydrides, tetrahydrides, or olefin complexes, but no
significant differences among them in catalytic activity have ever been observed.?) It was
noteworthy that this selectivity was common to both of these complexes, despite the very
large difference in their degree of crowding at the metal center.® We presumed that this
was related to the regioselectivity for the primary position of n-alkanes displayed by late

transition metal complexes capable of oxidatively adding C-H bonds.> Unfortunately,



however, subsequent double-bond isomerization precluded the build-up of high

concentration of the desirable a-olefin kinetic product.®

PR,
\ (Répcp)Ir
I" R = Bu, Pr
PR, A
A A'H2

A = sacrificial hydrogen acceptor

(1)

Since these initial reports we have exploited these dehydrogenation catalysts for a
number of reactions,* including incorporating dehydrogenation, in tandem with olefin
metathesis, into a cycle for catalytic alkane metathesis (AM).5® Dehydrogenation at the
terminal position would be expected to lead to C2n-2 n-alkane plus ethane in such a cycle.
Accordingly, when (B“PCP)Ir (1) was used as dehydrogenation co-catalyst we found
that metathesis of n-hexane gave n-decane as the major product.®” The selectivity was
much lower than the Kinetic regioselectivity found for dehydrogenation but this could be
attributed to olefin isomerization occurring prior to metathesis. In marked contrast, when
the dehydrogenation co-catalyst was the bis-phosphinite complex (®**POCOP)Ir (2;
Scheme 1), n-decane was found to be the least abundant of the heavy products potentially
resulting from metathesis of n-hexane. A priori, this could be attributed to more rapid
olefin isomerization in the case of 2. Control experiments, however, indicated that 2 was

no more effective as an olefin isomerization catalyst than 1.°

Scheme 1. Bis-phosphinite and hybrid phosphine-phosphinite pincer catalysts used in

this work.



PR, O ~pBu, PR, PBu,
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Ir Ir Ir Ir
[ | | )
PR2 o -PBuU; o-PR2 PiPr,
(R*PCP)Ir (R="Bu (1); Pr) (B¥POCOP)Ir (2) (R*PCOP)Ir (R =Bu,’Pr)  (Bu2pCPPr2)|r
In view of the importance of selectivity in the AM reaction, and dehydrogenation-
based reactions in general, we decided to conduct an in-depth comparative study of the
regioselectivity of dehydrogenation (independent of AM) by the two seemingly similar
catalysts, 1 and 2, as well as derivatives thereof; our goal was to obtain insight into the
fundamental factors determining dehydrogenation regioselectivity. Herein we report the

results of such a study, including an entirely unanticipated explanation for the large

variations in regioselectivity found among these catalysts.

Result and Discussion

Direct determination of regioselectivity. The regioselectivity of n-octane
dehydrogenation by 1 was investigated using 1-hexene as hydrogen acceptor. An a-olefin
was chosen as acceptor so that it could be assumed that the transfer of hydrogen from n-
octane to 1 would be followed by hydrogenation of the acceptor, rather than back-
reaction of 1-H2 with octene, as long as a-olefin is present in excess over the octene
product. (The back-reaction/hydrogenation of octenes at early reaction times would

misleadingly influence the apparent regioselectivity for the production of free octene.)

In qualitative agreement with previously reported results,? it is clear from the data
shown in Figure 1 that the selectivity for dehydrogenation at the terminal position of n-
octane is quite high. The ratio of internal alkenes to 1-alkene product increases over time

due to isomerization, but using the modeling program COPASI*° the results can be fit to a



relative kinetic selectivity for the terminal position (the initial rate of formation of 1-

alkene over the rate of formation of total alkene) of >96%.

=3=1-ociene
=@=trans-Z-octene
cis-Z-octene
=0=3+4-octens
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=
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= i v -
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time (min)

Figure 1. n-octane/1-hexene transfer dehydrogenation catalyzed by 1 (2.5 mM) at

125 <C.

Steric crowding at the metal center is probably the most obvious explanation, a
priori, for the regioselective dehydrogenation of the terminal position. We therefore
synthesized and investigated the selectivity of the much less crowded species
(BY2PCPP2)|r, The terminal regioselectivity of this catalyst was determined to be 95%
(Figure 2a), equal within experimental error to that obtained from 1 (Figure 1). Even in
the case of the very uncrowded complex (P“PCP)Ir, terminal regioselectivity was found
to be quite high at 91% (Figure 2b). Thus all (R*PCP)Ir catalysts studied are found to be
highly regioselective for n-alkane dehydrogenation at the terminal position, and

regioselectivity is apparently insensitive to the degree of steric crowding.
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Figure 2. n-octane/1-hexene transfer dehydrogenation catalyzed at 125 <C by (a)

(BU2PCPP2)Ir (2.5 mM) and (b) (P“PCP)Ir (2.5 mM).

In striking contrast to the insensitivity of regioselectivity toward the nature of the
phosphinoalkyl groups, substituting an oxygen atom for even one of the two methylene
linkers has a dramatic effect on selectivity. n-Octane/1-hexene transfer dehydrogenation
catalyzed by the hybrid phosphine-phosphinite pincer catalyst (‘|“*PCOP)Ir affords only
ca. 50% selectivity for 1-octene (the remainder being mostly trans-2- and cis-2-octene).
Surprisingly, the less hindered (P“PCOP)Ir analogue, while significantly less terminal-
selective than the (R*PCP)Ir catalysts, is actually more selective (ca. 80%) for the

terminal position than is (®“*PCOP)Ir.
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Figure 3. n-octane/1-hexene transfer dehydrogenation catalyzed at 125 <TC by (a)

(‘B¥PCOP)Ir and (b) catalyzed by (P“*PCOP)Ir (2.5 mM).

Attempts to conduct the analogous experiment using (B““POCOP)Ir (2) were
initially much less successful. Although 2 has been reported to be a very good catalyst for
cyclooctane/t-butylethylene (COA/TBE) transfer dehydrogenation, it was found to be a
very poor catalyst for the n-octane/1-hexene couple. As seen in Figure 3, for example,
using catalyst 1 at 125 <C, 39 mM 1-octene of a total of 44 mM octenes had formed after
30 min. In contrast, with catalyst 2, no significant formation of 1-octene (< 1 mM) was
observed even at 150 <C after 135 min, while the formation of total octenes was only 1.5
mM. During this time, the 1-hexene acceptor had been isomerized such that only 24 mM
of the hexene remaining (of a total of 220 mM) was 1-hexene. Thus, double-bond
isomerization is fast relative to (the very slow) n-alkane/1-alkene transfer
dehydrogenation by 2, and such an experiment cannot reliably give us the regioselectivity

of n-alkane dehydrogenation by 2.

We considered that the extremely low level of catalytic activity of 2 was
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attributable to strong binding of the 1-hexene acceptor. Accordingly, we used a more
sterically hindered acceptor, trans-5-decene; the resulting catalytic dehydrogenation of n-
octane was indeed much faster, although still slow relative to the above experiments with
1-catalyzed n-octane/1-hexene transfer dehydrogenation. After 70 min a total of 32 mM
octenes had formed. Even at the earliest reaction time and lowest conversion, 1-octene
was not the major product (Figure 4), and the percentage of total octenes represented by
1-octene did not show any systematic variation during this interval. These results thus
indicated that (B“POCOP)Ir, like (B““PCOP)Ir (2) but in marked contrast with
("BYPCP)Ir (1), does not regioselectively dehydrogenate the terminal position of n-
alkanes. Instead, it appears to show some selectivity for dehydrogenation at the C2-C3

position of n-octane, while somewhat disfavoring the C3-C4 and C4-5 positions.

=@-trans-2-octene
7 [===1-octene
G =O~frans-3-octeng
cis-Z-octene
trans-4-octene

concentration (mM)
-9

0 10 20 30 40 50 60 70
time (min)

Figure 4. n-octane/5-decene transfer dehydrogenation catalyzed by (®“*POCOP)Ir

(1 mM) at 125 <C.
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Indirect determination of regioselectivity. The regioselective formation of a-olefin
by 1 as well as by (B2PCP™P?)Ir and (P™PCP)Ir was proven by the above experiments,
but we wished to further test the possibility that the apparent lack of selectivity by
(‘BYPCOP)Ir, (P*PCOP)Ir, and especially by 2, was not due to isomerization of the
thermodynamically less stable a-olefin subsequent to its production. In this connection,
we conducted two types of experiments, (i) competition between n-alkanes and
cycloalkanes and (ii) determination of regioselectivity for the reverse reaction, transfer-

hydrogenation.

Competition experiments between n-alkane and cyclooctane. In order to conduct
an intermolecular version of the intramolecular regioselectivity experiments described
above we designed a competition experiment between n-alkanes and cycloalkane. To
most closely model the internal positions of n-alkanes we chose a large cycloalkane,

cyclododecane (CDA), which is considered to have minimal ring strain! (Scheme 2).

Dehydrogenation catalyst 1 showed ca. 25:1 selectivity for the initial
dehydrogenation of n-pentane (to give predominantly 1-pentene at early reaction times)
vs. CDA (Figure 5a). The analogous experiments were also conducted with bis-
phosphine pincer catalysts (B?PCP"P?)Ir and (P™PCP)Ir; these catalysts also exhibited
high selectivity for the dehydrogenation of n-pentane (also to give predominantly 1-

pentene) vs. CDA, ca. 15:1 and 11:1, respectively (Figures 5b and 5c).

Scheme 2
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Figure 5. Competition experiments: transfer dehydrogenation of n-pentane vs.cyclododecane,

125 <C, catalyzed by (a) (®“PCP)Ir; (b) (*®42P2PCP)Ir and (c) (*“*PCP)Ir.

In very marked contrast, 2 showed slight selectivity for dehydrogenation of

cyclododecane (Figure 6a). Thus, the inter-molecular competition experiments are in

excellent agreement with the conclusions drawn from the direct determination of

13
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regioselectivity, namely, that the (R**PCP)Ir catalysts, but not catalyst 2, are highly

selective for dehydrogenation of the n-alkane terminal position vs. internal positions.

Even the hybrid phosphine-phosphinite pincer catalyst (B**PCOP)Ir exhibited slight
selectivity for dehydrogenation of cyclododecane (Figure 6b), indicating that the effect of
the O-for-CH: linker substitution is a threshold effect, rather than a continuum.
Interestingly, the less bulky (P™PCOP)Ir catalyst showed slightly greater selectivity for n-
pentane (Figure 6¢) vs. cyclodecane than did (B**PCOP)Ir. Presumably this is related to
its somewhat higher terminal selectivity as compared with (®**PCOP)Ir in the case of n-
octane dehydrogenation (Figure 3); likewise, it highlights the point that the selectivity for
the terminal alkane position is not predominantly attributable to steric crowding at the

iridium center.
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o
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Figure 6. Competition experiments: transfer dehydrogenation of n-pentane vs.
cyclododecane, 125 <T, catalyzed by (a) (B““POCOP)Ir; (b) (BU““PCOP)Ir and (c)

(P“PCOP)Ir.

Determination of regioselectivity for transfer-hydrogenation. As discussed above,
direct determination of regioselectivity for dehydrogenation is complicated by the
possibility of rapid isomerization of the olefin product. The same transition state can be
investigated in the reverse direction, however, by studying an inter-molecular
competition between hydrogenation of internal and terminal olefins, thereby avoiding the
isomerization problem. As illustrated in Figure 7, the parameter of interest is X, the
difference in free energies of activation for dehydrogenation at an internal position (AGint-
%) vs. dehydrogenation at the terminal position (AGwem-d*). This value is equal to the
difference in the corresponding value of AG* for hydrogenation of internal vs. terminal
olefins by (pincer)IrHz, minus the thermodynamic difference between the internal and

terminal olefins (AG °= ca. 2.0 kcal/mol).1?

X= AGint-dI - AGterm-dI = AGint-hI - AGterm-hI - 2.0 kcal/mol (2)
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Dehydrogenation Hydrogenation

DGIint-d DGIterm-d

Figure 7. Schematic energy profile illustrating relationships indicated in eq 2.

For these studies we chose to conduct a competition between 1-octene and trans-5-
decene. By choosing an internal olefin in which the double bond is far removed from the
terminus, we minimized the possibility of isomerization to the 1-alkene followed by
hydrogenation. The hydrogenation was conducted as a transfer hydrogenation so as to
mimic the conditions of the reverse reaction (n-alkane transfer dehydrogenation).
Cyclooctane (COA) was chosen as the hydrogen donor, since its dehydrogenation is
thermodynamically more favorable than that of typical alkanes, thus minimizing the
possibility of any back reaction with the resulting alkene product. Since we expected that
1-alkene would be more rapidly hydrogenated than internal (based in part on the reverse
rates for dehydrogenation and the more favorable thermodynamics of the n-alkane/1-
alkene couple in the hydrogenation direction) the experiments were conducted with a

ratio of internal to terminal olefin much greater than 1.

A COA stock solution of 1-octene (30 mM) and trans-5-decene (600 mM) was

prepared, to which was added the (pincer)Ir catalyst to give a concentration of 5 mM,
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followed by heating at 100 <C. Catalyst 1 showed very high selectivity for hydrogenation
of 1-octene (Figure 8). In spite of the 20:1 excess of trans-5-decene:1-octene the ratio of
n-octane to n-decane formed in the reaction after 30 min was ca. 24, indicating a
selectivity of ca. 24 x 20 = 480, corresponding to (AG¥int-h - AG¥term-h) = AG¥int-hiterm-h = 4.6
kcal/mol. (We assume that AS* ~ 0 and thus AG* ~ AH* which is thus approximately
independent of temperature). The analogous experiment with catalyst 2 gave a n-
octane:n-decane ratio of 0.9 +0.1, corresponding to a selectivity of ca. 0.9 x 20 = 18 and

AGHint-hiterm-h = 2.1 kcal/mol.

Based on these values and equation 2 we calculate that the respective values for
(AGint-a* - Grerm-d*) 1.€. the difference in barrier for terminal vs. internal dehydrogenation,
are 2.6 kcal/mol and 0.1 kcal/mol for catalysts 1 and 2, respectively. These values
correspond to predicted terminal/internal selectivity values for n-alkane dehydrogenation
of 22 :1and 1.1: 1, respectively. We find these results to be in excellent (even if not
precisely quantitative) agreement with the results of the direct dehydrogenation
experiments, confirming the very high terminal dehydrogenation selectivity of catalyst 1

and very low selectivity of 2.

25 20
competitive hydrogenation competitive hydrogenation
by (#4PCP)Ir by (=POCOP)Ir

=@-n-decane

=Cn-octane
=En-octane

concentration (mM)
concentration (mM)
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o——0

0 5 10 13 20 25 30 ] 100 200 300 400

(a) time (min) (b) time (min)

Figure 8. Competition experiments: transfer hydrogenation (100 <C; COA as hydrogen
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donor) of 1-octene vs. trans-5-decene (1:20) by (a) 1-Hz; (b) 2-Ha.

Computational elucidation of the origin of differences in regioselectivity between
(pincer)Ir complexes. The above results empirically establish that there is a major
difference in the true Kinetic regioselectivity between (POCOP)Ir or (PCOP)Ir vs.
(PCP)Ir complexes. A priori, the most obvious factor that would favor terminal
regioselectivity would be greater steric crowding. Owing to the smaller size of an O atom
linker as compared with CH>, and the greater C-E-P (E = O or CH>) angle imposed by the
O atom linker (114° vs. 108°), the dialkylphosphino groups are “held back” in fragment 2
(C-Ir-P angles are 81.8<and 84.9<in 2 and 1, respectively) and therefore the degree of
crowding at the metal center of 2 is indeed apparently less than in 1.° Close distances

between H atoms of opposing dialkylphosphino groups are shown in Scheme 3.

(b)
Scheme 3. Shortest distances between H atoms of the two dialkylphosphino groups in DFT-

calculated structures of (a) (B““PCP)Ir, (b) (B**POCOP)Ir and (c) (P“PCP)Ir.

Taken out of context, these metrics of 1 and 2 could seem to support a sterics-based
explanation for the difference in selectivity between these two catalysts. However, the

fact that (P“PCP)Ir shows terminal dehydrogenation selectivity very comparable to that
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of 1, although it is clearly much less crowded (Scheme 3c) than 2, seems entirely
inconsistent with a purely sterics-based explanation. Considering all the pincer
complexes studied it is clear that the O linker dramatically disfavors terminal/internal

regioselectivity, but not via a simple modulation of crowding at the metal center.

If differential steric effects can apparently be ruled out as the major source of the
differences in regioselectivity, then the experimental results would seem to support an
explanation based on electronic effects. We assume however, that differences in the
electronic demands of the presumed reaction steps for terminal dehydrogenation vs.
internal dehydrogenation would be relatively small; accordingly, it was quite difficult to
understand how the subtle differences in the electronic properties engendered by the O
vs. CH> linkers could account for the striking differences observed in regioselectivity. As
will be seen below, however, the problem was resolved through an extensive application
of DFT calculations. We focus on B*PCP catalyst 1 and B““POCOP catalyst 2. As would
be expected, and consistent with experimental results, the relative energies of the PCOP

species are intermediate between those of the PCP and POCOP analogues.

We have previously proposed that the catalytic transfer-dehydrogenation cycle
proceeds as shown in Figure 9;'2 all the calculations described herein are consistent with
that proposal. While the 14e (pincer)Ir fragment is certainly not the resting state during
the catalytic cycle (indeed, we have never succeeded in observing this species in spite of
many attempts to do so), it serves as a convenient zero energy point for the stated
thermodynamic parameters, particularly since the nature of the resting state should have

no effect on the regioselectivity.
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Figure 9. Catalytic cycle for (pincer)lr-catalyzed transfer dehydrogenation (from reference

13h).

DFT calculations of the reaction of (‘B“*PCP)Ir with n-hexane indicate that the rate-
and selectivity-determining step is B-H elimination by (®““PCP)Ir(hexyl)(H) (Figure 10).
The B-H elimination transition state (TS-p-H-elim) leading to (®““PCP)Ir(H)2(2-hexene) is
5.2 kcal/mol higher in free energy than the lowest TS leading to (|“PCP)Ir(H)2(1-hexene);
this value of AG(TSg-H-elim-int) - AG(TSp-H-elim-term) accounts for (or over-accounts for) the

observed regioselectivity.
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Figure 10. Free-energy diagram for the reaction of (®““PCP)Ir with n-hexane. [Ir] =

(‘BYPCP)Ir. (Lowest-energy isomers of each intermediate or TS are shown.)

C-H addition at the primary position is significantly favored over addition at C2,
both kinetically (AG* = 20.8 kcal/mol and 25.6 kcal/mol, respectively) and
thermodynamically (AG °= 18.2 kcal/mol and 21.1 kcal/mol, respectively). Surprisingly,
however, the lowest-energy TS leading to the 1-hexene complex is a 2,1-pB-H-elimination,
i.e. elimination at C1 from the secondary (2-hexyl) hydride (although the difference is
small at 26.2 kcal/mol vs. 26.9 kcal/mol). Thus, neither the kinetic nor thermodynamic
favorability of C-H addition at the primary position of alkanes is calculated to influence
regioselectivity. Similarly, the most favorable TS leading to the 2-hexene complex is
elimination at C2 from the 3-hexyl hydride (31.4 kcal/mol vs. 32.0 kcal/mol for

elimination at C3 from the 2-hexyl hydride).
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Chemical intuition would suggest that the nature of the linker (O vs. CH2) could not
drastically affect and even change the direction of the difference in energy between TSg.
H-elim-int and TSp-H-elim-term (AG-T Sp-H-elim-invterm). INdeed, the value of AG-T Sp-H-elim-
intterm fOr (BU“POCOP)Ir (5.1 kcal/mol; Figure 11) is found to be essentially identical to
that for ("B“*PCP)Ir (5.2 kcal/mol); thus the formation of the 1-alkene dihydride complex

is calculated to be strongly favored with either pincer ligand.

The origin of the difference in regioselectivity is revealed by the calculations,
however, when the step following B-H-elimination is considered. Whereas p-H-
elimination is rate- and selectivity-determining in the case of (®““PCP)Ir, in the case of
(B“*POCOP)Ir the rate- and selectivity-determining step is calculated to be the
subsequent step, loss of olefin. The large difference in the energies of pro-terminal and
pro-internal B-H-elimination TSs is thus not relevant for (®“*POCOP)Ir. Instead, the
relevant parameter is the very small difference in free energy of the TS for loss of 1-
hexene compared with the TS for loss of 2-hexene (23.0 and 23.3 kcal/mol, respectively),
consistent with the very low level of regioselectivity for formation of 1-alkene vs. 2-

alkene.
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Figure 11. Free-energy diagram for the reaction of ("®“4POCOP)Ir with n-hexane. [Ir] =

(BYPOCOP)Ir. (Lowest-energy isomers of each intermediate or TS are shown.)

The fact that such a remarkable difference in selectivity is correctly predicted by the
results of the DFT calculations gives us a very high level of confidence in the validity of
this explanation. However, it clearly raises the question: What is the underlying origin of
the high energy of the TS for olefin dissociation from (B““POCOP)IrH(alkene) as

compared with the BY“PCP analogue?

Origin of the high barriers to loss of olefin from (pincer)IrHz(olefin). Generally,
barriers to ligand loss are assumed to be closely associated with the thermodynamics of
the corresponding metal-ligand bonds. As seen in Figs. 10 and 11, however, the

thermodynamics of alkene loss from complexes of (B““POCOP)Ir and (B““PCP)Ir are
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both highly exergonic, and actually more favorable for (‘B“*POCOP)Ir(1-hexene) (AG = -

12.5 kcal/mol) than for dissociation from (B““PCP)Ir(1-hexene) (-9.5 kcal/mol).

The Ir-alkene Bond Dissociation Enthalpy (BDE) calculated for trans-
(BYPCP)IrH2(1-hexene) is 7.8 kcal/mol while that for trans-(B““POCOP)IrH2(1-hexene)
is 5.6 kcal/mol. The Kinetic enthalpic barriers (AH*) to olefin loss, however, are
significantly greater. The calculated value of AH* is 12.9 kcal/mol for the ®*4PCP
complex. Most importantly, the value calculated for (B““POCOP)IrHz(1-hexene) is 4.0
kcal/mol greater, at 16.9 kcal/mol, although as noted above the Ir-olefin BDE is 2.2

kcal/mol less than that of the B“PCP analogue.

The origin of these high kinetic barriers to olefin loss can be traced to the geometry
of the product. As predicted and explained in pioneering work by Eisenstein* the
geometry of trans-L2IrXH2 complexes (which are formally analogous to (R*PCP)IrH, and
derivatives) is severely distorted from square pyramidal; a geometry in which the hydride
ligands are mutually trans would be particularly unfavorable. Completely in accord with
that work, we calculate that H-Ir-H angles in 1-H2 and 2-H2 are severely acute, 55.6°
and 60.0< respectively. The coordination geometry of the olefin-dissociation TS
resembles that typically expected of a TS for ligand loss, i.e. a geometry similar to that of
the bound complex, but with a greatly weakened interaction between the metal and the
departing ligand (key metric parameters are shown in Scheme 4.) Indeed, for both
complexes, there is little indication of any olefin n-bonding in the TS, the major Ir-olefin
bonding being a fairly long 6-C-H bonding interaction. Most importantly, the hydride
ligands are situated almost rigorously trans (H-Ir-H = ca. 177 in the olefin dissociation

TS, in marked contrast with the very acute H-Ir-H angle in the product. Thus, the TS for
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olefin dissociation requires loss of most of the metal-olefin interaction, but realizes none
of the benefit of the subsequent relaxation to give the low energy complex with an acute

H-Ir-H angle.

Scheme 4. Key metric parameters for trans-(pincer)IrHz(1-hexene), TS for loss of 1-

hexene, and product of 1-hexene loss. (a) pincer = B“PCP (b) pincer = B“POCOP
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C-Ir-C=172.2° H-Ir-H =176.1

(b) (B“POCOP)Ir

Since the character of TS-alkene-dissoc closely resembles that of trans-(pincer)IrH:
plus free olefin, it is of significantly higher energy than that of the actual products,
geometrically unconstrained (pincer)IrHz plus free olefin. Just as significantly, to the
extent this characterization of the TS-alkene-dissoc is valid, and in the limit where the Ir-
alkene interaction is energetically negligible, if this is the TS for the rate-determining step

then the catalyst would necessarily favor formation of the more stable, internal, olefin;
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hence this model provides a very direct rationale for the lack of terminal regioselectivity

by such catalysts.

Calculations of the other pincer-Ir catalysts investigated in this work predict
generally smaller differences between the energies of TS-C-H-addition, TS-p-H-elim
and TS-alkene-dissoc. In the case of (P™PCP)Ir, TS-p-H-elim is slightly higher in
energy than TS-alkene-dissociation for both 1- and 2-hexene formation and the
difference in energies of the respective TS-B-H-elim isomers is large enough (2.2
kcal/mol) to account for the observed selectivity. However, the TS for secondary C-H
addition is actually higher in energy than the TS for B-H-elimination that leads to 2-
hexene; thus either one of these TS’s may be responsible for the observed
regioselectivity. We have not calculated the energetics for the catalysis by (‘B2PCP"?)Ir,
but assuming that they are somewhere intermediate between the (®“*PCP)Ir and
(PPCP)Ir, then olefin dissociation is not rate-determining for any of the three (PCP)Ir

complexes.

As would be expected, for the PCOP catalysts, the calculated energies are
intermediate between those of the PCP and POCOP catalysts. The small differences in
calculated energies of the key TSs makes any calculation-based predictions of their
regioselectivity extremely questionable. Nevertheless, the trends unambiguously predict
relatively lower energies of TS-g-H-elim vs. TS-alkene-dissociation as CH: linkers are
replaced with O atoms. This yields a fairly simple explanation for the highly unexpected
effect of the nature of the linkers; we therefore believe this justifies a high level of

confidence in this explanation of the differential regioselectivity.
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Origin of the different rate-determining steps for reactions of PCP and POCOP
(and PCOP) complexes. The DFT calculations offer an explanation for the different
regioselectivity of the different catalysts based upon different rate-determining steps. In

this section we address the origin of these differences in the rate-determining steps.

An O linker, bound to the carbon ortho to the metal center, is expected to act as a o-
withdrawing and n-donating group. As a result, the ipso carbon atom bound to Ir is
expected to be less o-donating and more n-electron-rich. The greater c-donating ability of
the Ir-bound carbon of the PCP aryl groups should engender a stronger trans influence.
This, in turn, would be expected to favor TS-alkene-dissoc relative to TS-B-H-elim, as
the Ir-bound pincer aryl carbon in TS-alkene-dissoc is trans to a very weakly bound
(departing) olefin, as opposed to the strong-trans-influence alkyl group at that position in

the case of TS-p-H-elim (Scheme 4).

In TS-p-H-elim there is what may be considered a partially vacant coordination site
cis to the pincer ipso carbon. In TS-alkene-dissoc, in contrast, the analogous site is
occupied by a hydride ligand, which can effectively act as a strong n-donor with respect
to ligands situated cis to it."® Increased = -electron density at the Ir-bound carbon, due to
n -donation by the O linkers in PCOP and POCOP complexes, should therefore favor TS-

B-H-elim relative to TS-alkene-dissoc.

The above reasoning suggests that both the o-withdrawing and n-donating effects of
the O linkers would lower the energy of TS-p-H-elim relative to TS-alkene-dissoc, in
accord with the calculated energies as well as the experimentally observed
regioselectivity. We wished to further test this hypothesis that the effects of the linker are

electronic and are exerted via the Ir-bound carbon, and therefore sought to design model
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compounds in which the nature of the Ir-bound atom was varied without any linker
variation. We therefore explored (computationally) the effect of varying atoms within the
aromatic ring of the pincer ligand, by conducting calculations on complexes of 1,4-

azaborinine-based pincers (Scheme 5), which are isoelectronic with PCP.

Scheme 5. Azaborinine-based pincer complexes with their isoelectronic relationship to
PCP indicated (a), and resonance forms (b and ¢) indicating the respective o- and 7-
donating/withdrawing properties of their respective central coordinating atoms.
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HC) <U>H B N: <U>H—
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It would be expected that the coordinating N atom of (¥*4pB-PNP)Ir would be much
less o-donating than the PCP carbon but much more n-donating; in this sense it would
exaggerate the electronic properties of POCOP. This effect is highlighted by the non-

aromatic resonance form shown in Scheme 5b.
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Figure 12. Free-energy diagram for the reaction of (*®““pB-PNP)Ir with n-hexane. [Ir] =
("B¥pB-PNP)Ir. (Lowest-energy isomers of each intermediate or TS are shown.)

The calculated energy profile shown in Figure 12 is consistent with our hypothesis
that greater n-donation and decreased c-donation by the central coordinating pincer group
favors TS-p-H-elim relative to TS-alkene-dissoc (cf. Figure 10). The alkene dissociation
TSs in this case are of higher energy than TS-p-H-elim by 7.7 kcal/mol and 4.6 kcal/mol,
differences which are significantly greater than those found for (‘®“*POCOP)Ir. (For
example, in the conformationally simplest case, 1,2-B-H-elimination vs. dissociation of
the 1-hexene, the difference is 1.7 kcal/mol for the B“*POCOP complex vs. 7.7 kcal/mol

for (B“pB-PNP)Ir.)

At the other extreme, the B atom of (‘B**pN-PBP)Ir should be a very strong c-donor
but much less n-donating (or more 7 -withdrawing) than the PCP carbon (as indicated by

the non-aromatic resonance form shown in Scheme 5b). Calculations of the catalytic
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cycle show a striking reversal in the relative energies of TS-p-H-elim relative to TS-
alkene-dissoc, with the former TSs ca. 15 kcal/mol higher in free energy than the latter,

as compared with a ca. 6 kcal/mol difference — in the opposite direction — for (‘B*4pN-

PBP)Ir.
A TS-b-H-elim .
TS-C-H-addtn ~ [Ml(H)(hexyl) //—\(\ L
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Figure 13. Free-energy diagram for the reaction of (*®““pN-PBP)Ir with n-hexane. [Ir] =

(*BYpN-PBP)Ir. (Lowest-energy isomers of each intermediate or TS are shown.)

We have also examined the more subtle effects of varying substituents on the para-
carbon of (B“PCP)Ir derivatives. Table 1 shows the resulting difference between the
calculated free energies of TS-p-H-elim (both 1,2--H-elimination and 2,1-p-H-
elimination) and TS-1-hexene-dissoc. Consistent with our hypothesis, t-donating and c-
withdrawing Me2N and MeO substituents lower the free energy of TS-p-H-elimination

relative to TS-1-hexene-dissoc. The p-NO: group exerts an effect in the opposite
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direction that is much smaller; this may be due to o- and n-effects acting in opposite
directions. As expected, the effects of varying the atoms in the ring are much greater than
either varying para-substituents or the linkers/ortho-substituents. In particular, the effect
appears to be mostly due to the nature of the coordinating atom; thus the cationic
("B“PNP)Ir was calculated to have an energy profile not very different from that of the

neutral (®**pB-PNP)Ir analogue.

Table 1. G[TS-B-H-elim] — G[TS-1-hexene-dissoc]. Free energies (kcal/mol) of the TSs
for B-H-elimination (1,2- and 2,1-elimination) relative to the TS for dissociation of 1-

hexene from (pincer)IrHz(1-hexene)
Pincer 12 (21
BuipCp 4.4 3.6
MeO-B“pPCP 1.9 0.6
Me;N-B¥pCP 1.9 1.2
NO.-BY“PCP 4.6 3.8
Bu4pOCOP -1.6 -6.1
ButpCOP 0.4 -2.6

BUDBPNP  -7.7 9.3

BU4pN-PBP 124  16.3
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The sign of the value of G[TS-p-H-elim] - G[TS-1-hexene-dissoc] indicates
whether f-H-elimination or olefin dissociation is calculated to be rate-determining in the
case of each alkane dehydrogenation catalyst studied. Catalysts with positive values (and
thus rate-determining -H-elimination steps) are predicted to show greater selectivity for
dehydrogenation of the terminal position in n-alkane than those with negative values.
Note, however, that the magnitude of these values does not predict the degree of such
selectivity, which is dependent on the difference in energy between TS-p-H-elim for 1-

alkene formation vs. TS-B-H-elim internal alkene formation.

Conclusions

We have demonstrated in this work that (R*PCP)Ir alkane dehydrogenation catalysts
are highly selective for the terminal position of n-alkanes, whereas (R*PCOP)Ir and
(R*POCOP)Ir catalysts (i.e. analogous complexes with one or two O-atom linkers) are
much less terminal-selective, or are even selective for the formation of internal olefins.
The difference is a genuine kinetic effect, and not due to isomerization of free olefin
(although such isomerization does lead, eventually, to predominantly internal olefin with

all of the catalysts studied).

DFT calculations reveal that the differences in selectivity between the catalysts
investigated are not due to variations in the differences in energy between the pro-
terminal and pro-internal TSs for any given reaction step; for example, such differences
are nearly identical for the two parent complexes studied in this work, (®“*PCP)Ir and

(BY“POCOP)Ir. Instead the different selectivities are attributable to different rate-
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/selectivity-determining steps for different catalysts. In particular, for (B““PCP)Ir the rate-
Iselectivity-determining step is B-H-elimination, whereas for (®““POCOP)Ir the rate-

[selectivity-determining step is loss of the coordinated olefin.

The selectivity exhibited by (B““PCP)Ir and other (R*PCP)Ir complexes derives from
a pro-terminal B-H-elimination TS that is of lower energy than the corresponding pro-
internal B -H-elimination TS. There are two isomeric pro-terminal TSs leading to 1-
alkene complex, B -H-elimination from the 1-alkyl (1,2-elimination) or, from the 2-alkyl
(2,1-elimination), products of n-alkane C-H addition. Surprisingly, although the initial C-
H addition at the primary position to give (pincer)Ir(1-hexyl)(H) is both kinetically and
thermodynamically more favorable, the TS for -H-elimination from (pincer)Ir(2-
hexyl)(H) is the TS that is of lower energy in all cases studied. Independently of that
point, for all catalysts investigated, both of the B-H-elimination TSs leading to 1-alkene
complex are lower than any B-H-elimination TS leading to internal alkene complex.
Thus, the 1-alkene dihydride complexes are formed more rapidly than the 2-alkene
dihydrides, in all cases studied, including those catalysts that are not selective for the

formation of free terminal olefin.

In the TS for olefin dissociation, the departing olefin moiety has the character of a
fully-formed olefin, while the remaining fragment has a geometry very similar to that
found in the fully bound olefin complex trans-(pincer)IrHz(alkene). In the limiting case
where (a) this (simplified) characterization is valid, and (b) the olefin-metal interaction is
negligibly weak in this TS, the difference in energy between the pro-terminal and pro-
internal olefin-dissociation TSs will be equal to the difference between the terminal and

internal olefins, and will thus favor formation of internal olefin.
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The Ir-alkene bond in the trans-(pincer)IrH>(alkene) intermediate is
thermodynamically very weak. For example, the bond dissociation enthalpies for
(BYPCP)IrH2(1-hexene) and (B“*POCOP)IrH2(1-hexene) are calculated as only 5.1
kcal/mol and 5.6 kcal/mol, respectively, while AG “for dissociation is actually calculated
to be quite negative (-9.5 kcal/mol and -12.5 kcal/mol, respectively). On that basis, it
might be expected that the barrier to olefin loss would be small, and the TS for alkene
dissociation from (pincer)IrHz(alkene) would be much lower in energy than the preceding
B-H-elimination TS (which is also the TS for the back reaction, i.e. olefin insertion).
However, despite the thermodynamically weak binding, the kinetic barrier to olefin loss
is surprisingly high. Importantly, it is higher in the case of the POCOP vs. the PCP
catalysts; e.g., AG* = 10.7 kcal/mol for loss of 1-hexene from (B“*PCP)IrH2(1-hexene)
and 13.8 kcal/mol for (B““POCOP)IrH2(1-hexene) (the corresponding values of AH* are

12.9 kcal/mol and 16.9 kcal/mol).

The experimental results indicate that the differences in selectivity between catalysts
is very significant, and is not based primarily on steric factors. The calculations indicate
that the origin of the low selectivity in the POCOP and PCOP complexes is an outcome
of the high kinetic barrier to alkene loss; as a result, formation of the corresponding 1-
alkene complexes is reversible and the major alkene eventually liberated is internal.
These experimentally and computationally based conclusions are integrated in terms of
an electronics-based explanation for an olefin-loss TS that is higher than the TS for -H-
elimination in the case of POCOP and PCOP, but not PCP complexes. Specifically, the

O-atom linkers engender an Ir-bound carbon atom that is more n-electron rich and less c-
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donating relative to the Ir-bound carbon of (PCP)Ir; both factors favor an olefin-

dissociation rate-determining step.

The barrier to ligand dissociation from transition metal complexes is typically
thought to be determined by the corresponding metal-ligand bond strengths. This is found
not to be the case in the present systems, and it is shown to have a dramatic and
unexpected effect, leading to major differences in regioselectivity among very closely

related alkane dehydrogenation catalysts.
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Computational Details

All electronic structure calculations employed the DFT method! and the PBE?
exchange-correlation functional. A relativistic, small-core ECP and corresponding basis set
were used for the Ir atom (LANL2TZ model);>* all-electron 6-311G(d) basis sets were
applied to all P, N, C and B atoms; 311G basis sets were applied to all H atoms and, in
addition, a set of diffuse p-type functions (exponent = 0.75) were placed on all hexane H
atoms involved in C-H activation.>® Reactant, transition state and product geometries were
fully optimized, and the stationary points were characterized further by normal mode
analysis. Expanded integration grid sizes (pruned (99,590) atomic grids invoked using the
integral=ultrafine keyword) were applied to increase numerical accuracy and stability in
both geometry optimizations and normal mode analyses.” The (unscaled) vibrational
frequencies formed the basis for the calculation of vibrational zero-point energy (ZPE)
corrections; standard thermodynamic corrections (based on the harmonic oscillator/rigid
rotor approximations and ideal gas behavior) were made to convert from purely electronic
(reaction or activation) energies to (standard) enthalpies (H) and Gibbs free energies (G; P
=1 atm).!H, entropy (S), and G were evaluated at two temperatures, T = 25 °C (= 298 K)
and T =125 °C (=398 K). All energy values quoted in the principal text refer to T =25 °C.
In Supporting Information, we tabulate enthalpies, entropies, and free energies at T = 298
K (P=1 atm) as well as free energies at T =398 K (P =1 atm). The latter T (125 °C =398
K) approximates the temperature used in the experimental work. All calculations were

executed using the GAUSSIAN 09 series of computer programs. !



Table S1. Potential energies, enthalpies, entropies and free energies using PBE
functionals for hexane dehydrogenation by (‘B“PCP)Ir.2
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AG(398
Species AE AH AG(298 K) | AS K)
[Ir](1-hexene) -20.5 -18.3 -2.4 -53.3 3.0
[Ir] + n-hexane 0.0 0.0 0.0 0.0 0.0
[Ir]-0-C1-H -3.1 -2.2 9.9 -40.5 13.9
[Ir]-oc-C2-H 0.1 1.3 13.1 -39.6 17.1
[Ir]-c-C3-H 0.1 1.2 13.2 -40.3 17.2
TS-C-H-addtn-C1(-

C2) 8.3 7.2 20.8 -45.6 25.3
TS-C-H-addtn-C2(-

Cl) 12.8 11.3 25.8 -48.8 30.7
TS-C-H-addtn-C2(-

C3) 12.2 10.9 25.6 -49.4 30.6
TS-C-H-addtn-C3(-

C2) 13.8 12.5 27.6 -50.8 32.7
[Ir](H)(C1) (C1-C2) 4.7 4.1 18.2 -47.4 22.9
[Ir](H)(C2) (C2-C1) 8.8 8.0 22.2 -47.7 27.0
[Ir](H)(C2) (C2-C3) 7.7 6.8 21.1 -47.9 25.9
[Ir](H)(C3) (C3-C2) 9.3 8.9 24.1 -51.0 29.2
TS-B-H-elim-C1-C2 12.5 9.4 26.9 -58.7 32.8
TS-B-H-elim-C2-C1 12.1 9.3 26.2 -56.8 31.9
TS-B—H-elim-C2-C3-

E 17.7 14.5 32.0 -58.9 37.9

TS-B-H-elim-C3-C2-

E 16.2 13.4 31.4 -60.3 37.4
[Ir]H2(1-hexene) -3.5 -5.4 11.9 -58.0 17.7
[Ir]H2(2-hexene-E) 2.3 0.5 18.5 -60.6 24.6
TS-dis-1-hexene 11.1 7.5 22.6 -50.6 27.6
TS-dis-2-hexene 14.0 10.5 24.8 -47.9 29.6
[Ir]H2 + 1-hexene 6.9 2.4 2.4 -0.1 2.4
[Ir]H2 +2-hexene-E 3.4 -1.2 -1.3 0.2 -1.3

@ Units are kcal/mol for AE, AH, and AG; units are cal/(deg-mol) for AS. The standard

state for each species participating in the reaction is P = 1 atm; T = 298.15 K.



Table S2. Potential energies, enthalpies, entropies and free energies using PBE
functionals for hexane dehydrogenation by (®**POCOP)Ir.2

AG(298 AG(398
Species AE AH K) AS K)
[Ir](1-hexene) -29.0 -27.5 -13.3 -47.5 -8.6
[Ir] + n-hexane 0.0 0.0 0.0 0.0 0.0
[Ir]-c-C1-H -6.7 -6.3 5.4 -39.1 9.3
[Ir]-c-C2-H -5.0 -4.5 6.5 -36.8 10.1
[Ir]-c-C3-H -4.2 -3.8 6.9 -35.7 10.4
TS-C-H-addtn-C1(-C2) 0.9 -0.7 11.7 -41.6 15.9
TS-C-H-addtn-C2(-C1) 3.6 1.7 15.5 -46.3 20.2
TS-C-H-addtn-C2(-C3) 4.2 2.5 16.1 -45.8 20.7
TS-C-H-addtn-C3(-C2) 5.0 3.2 17.1 -46.9 21.8
[Ir](H)(C1) (C1-C2) -3.0 -4.2 8.8 -43.5 13.1
[Ir](H)(C2) (C2-C1) -1.9 -2.9 10.8 -46.3 155
[Ir](H)(C2) (C2-C3) -2.2 -3.2 10.1 -44.7 14.6
[Ir](H)(C3) (C3-C2) -0.9 -1.9 11.9 -46.4 16.6
TS-B-H-elim-C1-C2 8.7 5.3 21.3 -53.7 26.7
TS-B-H-elim-C2-C1 4.2 1.0 16.9 -53.4 22.2
TS-B—H-elim-C2-C3-E 9.1 5.7 22.0 -54.8 27.5
TS-B-H-elim-C3-C2-E 10.4 7.1 23.9 -56.1 29.5
[Ir]H2(1-hexene) -5.4 -7.5 9.2 -55.9 14.8
[Ir]H2(2-hexene-E) -2.9 -5.1 11.5 -55.9 17.1
TS-dis-1-hexene 13.3 9.4 23.0 -45.5 27.5
TS-dis-2-hexene 13.6 9.6 23.3 -45.8 27.9
[Ir]H2 + 1-hexene 2.8 -1.9 -3.3 4.4 -3.7
[Ir]H2 +2-hexene-E -0.6 -55 -6.9 4.7 -7.4

@ Units are kcal/mol for AE, AH, and AG; units are cal/(deg-mol) for AS. The standard

state for each species participating in the reaction is P = 1 atm; T = 298.15 K.
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Table S3. Potential energies, enthalpies, entropies and free energies using PBE
functionals for hexane dehydrogenation by (‘t“4PCOP)Ir.2

AG(298 AG(398
Species AE AH K) AS K)
[Ir](1-hexene) -24.0 -21.9 -6.3 -52.2 -1.1
[Ir] + n-hexane 0.0 0.0 0.0 0.0 0.0
[Ir]-6-C1-H -4.3 -3.5 9.0 -41.7 13.1
[Ir]-c-C2-H -1.8 -1.1 9.6 -35.8 13.2
[Ir]-c-C3-H -2.0 -1.3 9.8 -37.3 13.6
TS-C-H-addtn-C1(-

C2) 4.9 3.7 17.2 -45.1 21.7
TS-C-H-addtn-C2(-

Cl) 7.9 6.5 21.2 -49.2 26.1
TS-C-H-addtn-C2(-

C3) 8.0 6.6 21.3 -49.3 26.2
TS-C-H-addtn-C3(-

C2) 9.3 8.0 23.2 -51.0 28.3
[Ir](H)(C1) (C1-C2) 1.3 0.7 14.6 -46.7 19.3
[Ir](H)(C2) (C2-C1) 3.4 2.7 17.0 -48.3 21.9
[Ir](H)(C2) (C2-C3) 2.3 1.7 16.4 -49.3 21.3
[Ir](H)(C3) (C3-C2) 4.3 3.7 18.5 -49.6 23.5
TS-B-H-elim-C1-C2 11.0 8.0 25.2 -57.7 31.0
TS-B-H-elim-C2-C1 8.2 55 22.3 -56.4 27.9
TS-B—H-elim-C2-C3-

E 13.0 9.9 26.9 -57.3 32.7
TS-B-H-elim-C3-C2-E 14.0 11.3 28.7 -58.3 34.5
[Ir]H2(1-hexene) -4.2 -6.1 11.5 -58.9 17.4
[Ir]H2(2-hexene-E) -0.2 -2.2 15.7 -59.9 21.7
TS-dis-1-hexene 13.6 10.0 24.8 -49.7 29.8
TS-dis-2-hexene 13.7 10.2 24.7 -48.8 29.6
[Ir]H2 + 1-hexene 4.9 0.5 0.3 0.7 0.2
[Ir]H2 +2-hexene-E 15 -3.1 -3.4 1.0 -3.5

8 Units are kcal/mol for AE, AH, and AG; units are cal/(deg-mol) for AS. The standard

state for each species participating in the reaction is P = 1 atm; T = 298.15 K.
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Table S4. Potential energies, enthalpies, entropies and free energies using PBE
functionals for hexane dehydrogenation by (F™“PCP)Ir.2
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Species AE AH AG(298 K) AS AG(398 K)
[Ir](1-hexene) -31.1 -29.9 -15.7 -51.0 -9.6
[Ir] + n-hexane 0.0 0.0 0.0 0.0 0.0

[Ir]-5-C1-H -8.4 -7.8 4.7 -42.1 9.0

[Ir]-c-C2-H -6.9 -6.2 5.9 -40.8 10.0

[Ir]-6-C3-H -6.3 -5.5 7.2 -42.5 11.4
TS-C-H-addtn-C1(-

C2) 1.2 -04 13.7 -47.3 18.5
TS-C-H-addtn-C2(-

Cl) 3.7 1.8 16.6 -49.8 21.6
TS-C-H-addtn-C2(-

C3) 3.9 2.1 17.0 -50.1 22.0
TS-C-H-addtn-C3(-

C2) 45 2.7 17.9 -51.1 23.0
[Ir](H)(C1) (C1-C2) 2.1 3.1 11.7 -49.7 16.7
[Ir](H)(C2) (C2-C1) 2.1 -3.3 11.6 -49.7 16.5
[Ir](H)(C2) (C2-C3) -1.0 -2.2 12.4 -49.2 17.3
[Ir](H)(C3) (C3-C2) -0.6 -1.9 12.9 -49.5 17.8
TS-B-H-elim-C1-C2 0.9 -2.7 14.0 -56.0 19.6
TS-B-H-elim-C2-C1 -0.6 -4.2 13.0 -57.6 18.8

TS-B—H-elim-C2-C3-
E 2.6 -1.2 16.2 -58.3 22.0
TS-B-H-elim-C3-C2-E 3.0 -0.7 16.9 -59.0 22.8
[Ir]H2(1-hexene) -14.7 -17.3 0.1 -58.2 5.9
[Ir]H2(2-hexene-E) -11.9 -14.6 3.1 -59.3 9.0
TS-dis-1-hexene 2.9 -1.4 13.7 -50.6 18.7
TS-dis-2-hexene 4.4 0.1 145 -48.2 19.3
[Ir]H2 + 1-hexene 3.1 -1.6 -0.9 -2.4 -0.6
[I]H2 +2-hexene-E 0.4 -5.1 -45 2.1 -4.3

& Units are kcal/mol for AE, AH, and AG; units are cal/(deg-mol) for AS. The standard
state for each species participating in the reaction is P = 1 atm; T = 298.15 K.



Table S5. Potential energies, enthalpies, entropies and free energies using PBE
functionals for hexane dehydrogenation by (™POCOP)Ir.2

Species AE AH AG(298 K) | AS AG(398 K)
[Ir](1-hexene) -36.8 -35.5 -20.5 -50.2 -15.5
[Ir] + n-hexane 0.0 0.0 0.0 0.0 0.0

[Ir]-c-C1-H -12.5 -12.1 0.2 -41.1 4.3

[Ir]-o-C2-H -10.9 -10.5 1.2 -39.1 5.1

[Ir]-0-C3-H -10.2 -9.7 2.7 -41.5 6.9
TS-C-H-addtn-C1(-

C2) -6.1 -1.7 55 -44.5 10.0
TS-C-H-addtn-C2(-

Cl) -4.3 -6.3 8.0 -48.0 12.8
TS-C-H-addtn-C2(-

C3) -3.8 -5.7 8.5 -47.6 13.2
TS-C-H-addtn-C3(-

C2) -35 -5.4 9.7 -50.6 14.8
[Ir](H)(C1) (C1-C2) -9.2 -10.2 3.6 -46.2 8.2
[Ir](H)(C2) (C2-C1) -10.9 -12.2 2.1 -48.1 6.9
[Ir](H)(C2) (C2-C3) -11.2 -12.3 1.6 -46.9 6.3
[Ir](H)(C3) (C3-C2) -10.6 -11.8 3.1 -49.8 8.0
TS-B-H-elim-C1-C2 -8.1 -11.9 5.1 -56.8 10.8
TS-B-H-elim-C2-C1 -8.2 -12.0 4.4 -55.3 10.0

TS-p—H-elim-C2-C3-
E -7.0 -11.0 6.5 -58.6 12.4

TS-B-H-elim-C3-C2-
E -5.2 -9.0 8.8 -59.7 14.8
[Ir]H2(1-hexene) -18.2 -20.9 -3.9 -57.0 1.8
[Ir]H2(2-hexene-E) -17.3 -20.1 -2.5 -59.0 3.4
TS-dis-1-hexene 2.3 -2.1 12.1 -47.6 16.9
TS-dis-2-hexene 1.7 -2.7 11.9 -48.8 16.7
[Ir]H2 + 1-hexene 2.1 -6.7 -6.3 -1.3 -6.2
[Ir]H2 +2-hexene-E -5.6 -10.3 -10.0 -1.0 -9.9

8 Units are kcal/mol for AE, AH, and AG; units are cal/(deg-mol) for AS. The standard
state for each species participating in the reaction is P = 1 atm; T = 298.15 K.



Table S6. Potential energies, enthalpies, entropies and free energies using PBE
functionals for hexane dehydrogenation by ®*PCOP)Ir.2

Species AE AH AG(298 K) AS AG(398 K)
[Ir](1-hexene) -31.0 -29.7 -15.7 -47.0 -11.0
[Ir] + n-hexane 0.0 0.0 0.0 0.0 0.0

[Ir]-5-C1-H 5.4 5.1 6.1 -37.6 9.9

[Ir]-c-C2-H -3.6 -3.1 8.2 -38.0 12.0

[Ir]-c-C3-H -3.3 -2.9 8.2 -37.4 12.0
TS-C-H-addtn-C1(-

C2) 0.3 -1.7 10.9 -42.1 15.1
TS-C-H-addtn-C2(-

Cl) 4.5 2.5 16.1 -45.6 20.6
TS-C-H-addtn-C2(-

C3) 3.2 1.1 14.8 -45.8 19.4
TS-C-H-addtn-C3(-

C2) 5.7 3.7 17.1 -45.0 21.6
[Ir](H)(C1) (C1-C2) -1.5 -2.9 9.6 -42.1 13.8
[Ir](H)(C2) (C2-C1) -0.7 -1.9 114 -44.8 15.9
[Ir](H)(C2) (C2-C3) 0.9 -1.0 14.5 -52.3 19.8
[Ir](H)(C3) (C3-C2) 0.2 -1.0 12.6 -45.5 17.1
TS-B-H-elim-C1-C2 2.5 -1.0 15.3 -54.5 20.7
TS-B-H-elim-C2-C1 0.0 -3.5 12.1 -52.3 17.3

TS-B—H-elim-C2-C3-
E 4.5 0.9 17.6 -56.1 23.2

TS-B-H-elim-C3-C2-
E 3.6 0.0 16.4 -55.0 21.9
[Ir]H2(1-hexene) -9.6 -12.0 4.1 -53.9 9.5
[Ir]H2(2-hexene-E) -8.4 -11.0 5.7 -56.0 11.3
TS-dis-1-hexene 5.4 1.2 15.9 -49.2 20.8
TS-dis-2-hexene 6.4 2.1 16.6 -48.7 21.5
[Ir]H2 + 1-hexene 7.5 3.1 2.7 1.2 2.6
[Ir]H2 +2-hexene-E 4.1 -0.5 -1.0 1.5 -1.1

8 Units are kcal/mol for AE, AH, and AG; units are cal/(deg-mol) for AS. The standard
state for each species participating in the reaction is P = 1 atm; T = 298.15 K.



Table S7. Potential energies, enthalpies, entropies and free energies using PBE
functionals for hexane dehydrogenation by (“*pB-PNP)Ir.2

AG(298 AG(398
Species AE AH K) AS K)
[Ir](1-hexene) -40.5 -38.2 -22.3 -53.6 -16.9
[Ir] + n-hexane 0.0 0.0 0.0 0.0 0.0
[Ir]-c-C1-H -11.1 -10.7 2.1 -42.8 6.3
[Ir]-c-C2-H -5.3 -4.2 9.2 -45.0 13.7
[Ir]-6-C3-H -5.3 -4.3 9.3 -45.3 13.8
TS-C-H-addtn-C1(-

C2) -8.2 -7.6 3.1 -35.9 6.7
TS-C-H-addtn-C2(-

Cl) -3.3 -4.3 10.4 -49.1 15.3
TS-C-H-addtn-C2(-

C3) -4.7 -5.6 9.3 -50.0 14.3
TS-C-H-addtn-C3(-

C2) -2.0 -3.0 114 -48.1 16.2
[Ir]J(H)(C1) (C1-C2) | -18.6 -18.7 -4.5 -47.4 0.2
[Ir](H)(C2) (C2-C1) | -12.7 -12.8 1.6 -48.2 6.4
[Ir](H)(C2) (C2-C3) | -14.2 -14.6 -0.3 -47.8 4.5
[Ir]J(H)(C3) (C3-C2) | -11.9 -12.3 2.3 -48.7 7.1
TS-B-H-elim-C1-C2 -3.5 -6.3 11.1 -58.3 16.9
TS-B-H-elim-C2-C1 -4.9 -1.4 9.5 -56.6 15.2
TS-B—H-elim-C2-C3-

E 0.9 -1.9 15.8 -59.2 21.7
TS-B-H-elim-C3-C2-
E -0.9 -3.6 14.1 -59.4 20.1
[Ir]H2(1-hexene) -16.0 -17.4 0.3 -59.1 6.2
[Ir]H2(2-hexene-E) -11.2 -12.7 5.4 -60.6 11.4
TS-dis-1-hexene 7.0 3.5 18.8 -51.4 23.9
TS-dis-2-hexene 16.1 12.7 27.9 -51.2 33.1
[Ir]H2 + 1-hexene -16.1 -19.7 -19.5 -0.7 -19.5
[Ir]H2 +2-hexene-E -19.5 -23.3 -23.2 -0.4 -23.1

8 Units are kcal/mol for AE, AH, and AG; units are cal/(deg-mol) for AS. The standard
state for each species participating in the reaction is P = 1 atm; T = 298.15 K.



Table S8. Potential energies, enthalpies, entropies and free energies using PBE
functionals for hexane dehydrogenation by ®®“4pN-PBP)Ir.?

AG(298
Species AE AH K) AS AG(398 K)
[Ir](1-hexene) -5.8 -3.9 12.0 -53.1 17.3
[Ir] + n-hexane 0.0 0.0 0.0 0.0 0.0
[Ir]-0-C1-H -0.6 0.6 9.7 -30.4 12.8
[Ir]-c-C2-H 0.1 1.4 8.7 -24.5 11.2
[Ir]-c-C3-H 0.0 1.3 7.3 -20.1 9.3
TS-C-H-addtn-C1(-

C2) 20.3 18.9 335 -48.9 38.4
TS-C-H-addtn-C2(-

Cl) 26.0 24.4 39.9 -51.9 45.1
TS-C-H-addtn-C2(-

C3) 24.9 23.2 37.8 -48.9 42.7
TS-C-H-addtn-C3(-

C2) 26.4 24.7 40.5 -53.0 45.8
[Ir](H)(C1) (C1-C2) 4.1 4.0 18.5 -48.6 23.4
[Ir](H)(C2) (C2-C1) 22.9 21.9 37.2 -51.1 42.3
[Ir](H)(C2) (C2-C3) 21.4 20.5 35.0 -48.7 39.9
[Ir](H)(C3) (C3-C2) 21.6 20.4 37.8 -58.6 43.7
TS-B-H-elim-C1-C2 18.5 15.2 33.2 -60.4 39.3
TS-B-H-elim-C2-C1 21.2 19.1 37.1 -60.6 43.2

TS-B—H-elim-C2-C3-
E 23.6 20.2 38.4 -61.1 445

TS-B-H-elim-C3-C2-
E 22.6 19.5 38.2 -62.6 44.4
[Ir]H2(1-hexene) 3.9 1.9 20.1 -61.3 26.3
[Ir]H2(2-hexene-E) 8.6 6.5 25.0 -62.2 31.2
TS-dis-1-hexene 9.5 6.1 20.8 -49.6 25.8
TS-dis-2-hexene 10.7 7.5 23.8 -54.8 29.3
[Ir]H2 + 1-hexene 23.7 18.8 19.4 -2.0 19.6
[Ir]H2 +2-hexene-E 20.3 15.2 15.7 -1.7 15.9

& Units are kcal/mol for AE, AH, and AG; units are cal/(deg-mol) for AS. The standard
state for each species participating in the reaction is P = 1 atm; T = 298.15 K.
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Chapter 3: Computational Study of Double C-H Activation of Biphenyl or

Phenanthrene
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Introduction

Complexes of Ir(1) have played a key role in the development of C-H bond activation
chemistry, dating back to the original reports of oxidative addition of alkanes by
Bergman?! and dehydrogenation of alkanes by Crabtree.? More recently, iridium
complexes of R*PCP (R4PCP = «*-CsH3-2,6-(CH2PR>)2) and related pincer ligands have
emerged as the most effective class of complexes for the catalytic dehydrogenation of
alkanes.®>* This chemistry, as well as a wide range of other reactions including oxidative
addition of C-O and C-F bonds,>® stoichiometric and catalytic cleavage of C-O bonds,”®
catalytic dimerization of acetylenes,® and even olefin isomerization,'® proceeds via C-H

bond oxidative addition by a 14-electron (pincer)Ir(l) fragment.!!

The unusual ability of Ir(l) complexes to undergo addition of non-polar bonds has
been partly attributed to the central metal atom being particularly electron-rich.*? In
addition, both three-coordinate Ir(l) complexes and the Cplr(l)L fragments originally
reported to add alkane C-H bonds! feature an electronic configuration with a low-energy
empty orbital of sigma symmetry and a high-energy filled orbital of pi-symmetry which,

as was explained by Hoffmann, allows a kinetically very facile C-H addition.*3

Although complexes (R*PCP)Ir(alkyl)H have never been observed for simple alkyls,
the addition of aryl C-H bonds affords adducts that are isolable; however, these five-
coordinate d® complexes tend to rapidly and reversibly undergo C-H bond
elimination.'**® In this contribution, we report unexpected results emerging from a
systematic study®® of C-H bond additions of bicyclic and polycyclic arenes to (PCP)Ir(l).
In reactions with phenanthrene or biphenyl, the resulting Ir(I111) C-H addition product

undergoes an unanticipated second C-H activation. Although far less common than C-H
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activation by Ir(l), a substantial number of reports of C-H activation by Ir(111) have been
published 162! These examples have generally proven to be less amenable to mechanistic
characterization than simple C-H oxidative additions by Ir(l). In this work we also report
that the barrier to C-H addition to Ir(111) is calculated to be remarkably low, consistent

with the experimental observations.

Result and Discussion

Experimental Results. In a J-Young NMR tube at room temperature, 0.010 mmol of
(BYPCP)IrH, (R*PCP = «3-CgHs-2,6-(CH2PR2).) was dissolved in 0.5 mL of mesitylene-
di2 and 2.0 equiv norbornene (NBE; stock solution in p-xylene) was added,; this is known
to yield (B**PCP)Ir(NBE),? a labile complex that gives a broad singlet in the 3'P NMR

spectrum at & 62.9 ppm.

Phenanthrene (1.1 eq; 0.011 mmol) was added to the resulting solution; after shaking
for ca. one minute, the solution turned from dark red-orange to bright orange. The 3P
NMR spectrum of the resulting mixture showed one major peak (95%) at 6 68.3 ppm, in
addition to a minor peak at 6 43.1 ppm. A broad hydride (Ir-H) resonance was observed
at 5 -45.4 ppm, very close to the chemical shift seen for the (®“*PCP)Ir(aryl)(H) (aryl =
phenyl, naphthyl, anthracenyl) complexes,**% and clearly indicative of the presence of a
five-coordinate d® metal complex. As the temperature of the NMR sample was lowered
below 10 <C, the hydride (Ir-H) signal at ca. 6 -45.4 ppm begins to separate into two
distinct resonances. The remainder of the spectrum transformed from an assemblage of
fairly broad peaks at room temperature to significantly sharper resonances that are
indicative of a non-symmetric environment: ®“PCP t-butyl and methylene linker protons

were each resolved as multiple inequivalent sets, and signals attributable to n*-
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phenanthrenyl ligands appear. At -40 <C, the far-upfield signal in the *H NMR spectrum
resolved into two overlapping triplets at 6 -45.39 ppm and & -45.48 ppm (Jue = 13 Hz). In

the 3P NMR spectrum, the resonance at & 68.3 ppm is partially resolved into two peaks.

We attribute the major peak(s) in the NMR spectra at & 68.3 ppm (3'P) and § -45.4
ppm (*H) to the formation of two closely related C-H activation products; at room
temperature, C-H elimination is sufficiently rapid to give substantial broadening of the
signals. These results compare with those observed for the complex (B“*PCP)IrPhH in
benzene solution: at -40 T, a *'P NMR signal is found at & 67.7 ppm and a hydride
signal at 6 -45.55 ppm (Jup = 13.5 Hz), while warming to room temperature results in a
symmetrical ligand spectrum and broadening, and then loss of the hydride signal (at ca.
25 C). Qualitatively, the spectroscopic observations more closely resemble those
obtained from the reaction of (B““PCP)Ir with toluene.?* Toluene has two C-H bonds
(para and meta to the methyl group) that can easily undergo addition/elimination; the
meta isomer generates two possible rotamers with respect to the Ir-tolyl bond, while the
ortho C-H bond is too sterically hindered to allow addition. At room temperature, a single
very broad hydride *H NMR signal and a single *'P NMR signal are observed, while at
lower temperatures NMR signals attributable to the three possible isomer/rotamers of
toluene addition are resolved. Like toluene, phenanthrene has two sterically unhindered
inequivalent aryl C-H bonds. Therefore, we attribute the above observations to the
formation of two of the four possible rotamers of 2- and 3-phenanthrenyl iridium hydride
complexes (in accord with DFT calculations discussed below) (eq 1), which we

collectively refer to as 1.
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Within 24 hours at room temperature the initially minor signal observed at 6 43.1
ppm in the 3P NMR spectrum grew to become the major signal (80%); no corresponding
hydride resonance in the *H NMR spectrum was observed. After 48 hours, the 3P NMR
spectrum showed exclusively this peak at 6 43.1 ppm (with an integral indicating
quantitative conversion). This chemical shift is characteristic of a cyclometalated 5-
coordinate complex without a hydride ligand.?® Broad resonances attributable to the t-
butyl and methylene groups in the *H NMR spectrum indicated a fluxional geometry at
room temperature. Both square pyramidal and trigonal bipyramidal geometries should
yield sharp, well-defined NMR signals. In the former case, the t-butyl and methylene
protons would be subjected to very different local magnetic fields due to different
placements relative to aromatic rings, leading to two sets of peaks in each case. In the
latter case, a single, sharp NMR signal would be seen for the 36 t-butyl hydrogens and
another for the 4 methylene hydrogens. Since neither of these descriptions match the
observed NMR data, we propose the structure shown in eq 2 for complex 2 with the
assumption of some degree of fluxional behavior for the bidentate phenanthren-4,5-diyl

ligand.
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Given that the proposed formulation of 2 is a 16-electron species, we added an
atmosphere of CO in an attempt to obtain the corresponding 18-electron adduct.
Although CO addition to 16-electron, five-coordinate iridium complexes generally occurs
immediately upon mixing, **2 for the conversion of 2 to 2-CO the diagnostic color
change (deep red-orange to bright yellow) observed upon CO addition required several
hours to go to completion. Nevertheless, addition of CO was eventually complete,
yielding product 2-CO (eq 3). The NMR spectroscopic properties of 2-CO are
unremarkable for a six-coordinate (PCP)Ir(I11) complex, except that the difference
between the t-Bu group resonances is very large; the values are & 1.05 ppm and 6 0.18
ppm (Ad = 0.87 ppm), indicating a very unsymmetrical environment with respect to
aromatic rings. A similar, less pronounced effect is seen for the methylene resonances at

6 3.84 ppm and 6 3.18 ppm (Ad = 0.66 ppm).

tBu tBuz
tBUz tBUZ 2-C

Both complexes 2 and 2-CO were successfully crystallized by slow evaporation

©)

from a mixture of pentane and benzene (4:1 by volume) and their structures were
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determined by X-ray crystallography (Figure 1) to be in accord with those proposed on

the basis of the NMR studies.

2 2-CO

Figure 1. Molecular structures of compounds 2 and 2-CO. Selected bond lengths (A) and angles
(deg): 2: Ir(1)-C(1) 2.099(5), Ir(1)-C(25) 2.126(5), Ir(1)-C(36) 2.015(5), Ir(1)-P(1) 2.3379(14),
Ir(1)-P(2) 2.3243(14), C(36)-Ir(1)-C(1) 92.25(19), C(36)-Ir(1)-C(25) 82.0(2), C(1)-Ir(1)-C(25)
174.08(19), C(1)-Ir(1)-P(1) 81.66(15), C(1)-Ir(1)-P(2) 82.14(15), P(2)-Ir(1)-P(1) 160.61(5). 2-
CO: Ir(1)-C(39) 1.887(3), Ir(1)-C(1) 2.107(3), Ir(1)-C(28) 2.116(3), Ir(1)-C(25) 2.127(3), Ir(1)-
P(1) 2.4008(9), Ir(1)-P(2) 2.3790(8), C(39)-1r(1)-C(1), 99.76(13), C(1)-Ir(1)-C(28) 92.56(12),
C(39)-Ir(1)-C(25) 88.30(13), C(28)-1r(1)-C(25) 79.46(12), C(1)-Ir(1)-P(1) 79.19(9), C(1)-Ir(1)-
P(2) 77.20(9), P(2)-1r(1)-P(1) 156.31(3).

The X-ray structure of 2 reveals that the coordination geometry is almost ideally
square pyramidal. In particular, in the plane bisecting the P-Ir-P axis the relevant angles
are C(PCP)-Ir-C(phen) = 92< C(phen)-Ir-C(phen) = 82< and C(PCP)-Ir-C(phen) = 174<
The observation of a single (broad) peak at § 1.23 ppm in the *H NMR spectrum of 2,

attributable to the t-butyl groups which are inequivalent in the crystal structure, indicates

fluxional behavior in solution.
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The structure of 2-CO offers an explanation for the large magnetic inequivalence of
the t-Bu groups observed in the NMR experiments (6 1.05 ppm and 6 0.18 ppm): one t-
Bu group on each phosphorus lies essentially over or under the phenanthrene ring system,
which should result in an upfield shift in the *H NMR resonances, while the remaining
two t-Bu groups are located well outside the phenanthrene ring. For the t-butyl groups
positioned toward the center of the phenanthrene ring, the distances between methyl
groups and the carbon atoms of the central phenanthrene ring (C26 and C27; Figure 1)
are as short as 2.5 A, well below the sum of the van der Waals radii for aryl and methyl

groups, and indicating significant and directed H-r interactions.?6:?’

Biphenyl was found to react with (®“*PCP)IrH, and NBE; the reaction proceeded for
the most part analogously to the reactions with phenanthrene. Complete disappearance of
the (B““PCP)IrH; signal in the 3'P NMR spectrum was accompanied by the appearance of
a major signal at 6 68.1 ppm (95%) and a minor signal at & 42.5 ppm (5%) within 30 min
of mixing. The *H NMR spectrum at room temperature shows broad signals characteristic
of a coordinated ®®““PCP ligand. A broad hydride (Ir-H) resonance is observed at § -45.6
ppm, indicative of a five-coordinate d® metal complex and particularly

(BY4PCP)Ir(aryl)(H).

At -20 T, the far-upfield signal in the *H NMR spectrum resolves into three
overlapping triplets at 6 -45.52 ppm, & -45.58 ppm, and 6 -45.65 ppm (Jup = 13.3 Hz). In
the 3P NMR spectrum, the major resonance is partially resolved into three signals at &
67.7 ppm, 6 67.5 ppm, and 6 67.4 ppm, approximately in a 1:1:1 ratio corresponding to

the three hydride signals. The minor *!P NMR signal at & 42.5 ppm remains sharp at low
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temperatures; the remainder of the *H NMR is broad and poorly resolved, consistent with

the presence of three closely related species.

The major species formed, with highly upfield *H NMR resonances, are presumably
the products of biphenyl C-H bond addition and, specifically, addition of the para- and

meta-C-H bonds (eq 4).

P\ Fi
H H
& o —Groo. Org
PBu, PBu, p-3 PBuU, O
m-3 (+ rotamer)

(4)

After 24 h at ambient temperature, the resonance at & 42.5 ppm in the 3P NMR
spectrum had grown to represent 65% of the product in solution. Additional NBE
acceptor (2 equiv) was added, and after an additional 24 h at ambient temperature, the 3!P
NMR spectrum showed only a single resonance at 6 42.5 ppm and complete
disappearance of any hydride resonances. The NMR data are consistent with
cyclometalation to afford product 4 (eq 5), which has been previously identified (and
crystallographically characterized) as the product of biphenylene C-C bond addition to

(BUPCP)Ir.?

tBUZ

P‘Buz P‘Bug P‘Buz

m-3 (+ rotamer)

(5)



57

Thus, reactions of (®“*PCP)Ir, NBE, and either biphenyl or phenanthrene result in
rapid C-H activation at the least hindered carbons of the arenes, but the final product
results from activation of two hindered C-H bonds (ortho to the inter-ring C-C bond) to

yield cyclometalated, five-coordinate Ir(I11) complexes.

Note that, in contrast to the planar geometry observed for phenanthrene, the arene
rings of free biphenyl are not co-planar in the lowest energy conformation. We calculate
(PBE/6-311G(d,p)) that the planar biphenyl conformation (D2n symmetry), which serves
as the transition state between equivalent rotational conformers, is only about 3.5
kcal/mol higher in free energy than the minimum structure in which the two rings are
canted ca. 40=from co-planarity (C> symmetry). We wished to explore a comparable case
in which a planar arene conformation (as observed in complexes 4 and 4-CO) was
significantly higher in energy and surmised that the species 2,2’-difluorobiphenyl might
satisfy this requirement. The minimum energy 2,2’-difluorobiphenyl conformer (C;
symmetry; twist angle ~ 459 is 4.9 kcal/mol below the planar conformer in which the
two fluorine atoms are anti (C2n symmetry; TS). However, the planar conformation
required for the double C-H activation and cyclometalation processes requires the F
atoms to be mutually syn (Coy symmetry; TS) and is computed to be 10.4 kcal/mol higher

in energy than the twisted minimum energy conformer.?:2

F F F R
F !
F 10.4 kcal/mol

0.0 kcal/mol 4.9 kcal/mol

The reaction of (®“*PCP)IrH, and NBE with 2,2’-difluorobiphenyl at ambient

temperature yielded products resulting exclusively from ortho C-H activation, in accord
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with the known stability of ortho-F substituted metal aryl complexes.*3! Consistent with
that stability, the sharper peaks in the *H NMR spectrum indicated a lower rate of
exchange than observed for the unsubstituted biphenyl iridium hydride, 2. Unlike in the
case of the parent biphenyl, even after two hours there was no spectral evidence for
cyclometalation. The solution was heated at 75 <C for 24 h at which point the NMR
spectrum revealed ca. 5% conversion to a cyclometalated product 4-F2, indicating a
much greater barrier to double C-H activation for 2,2’-difluorobiphenyl than
unsubstituted biphenyl. After heating at 125 <C for 24 h, however, NMR analysis showed
75% conversion to 4-F2, and full conversion to the cyclometalated product was finally

observed after an additional 24 h at 125 <C (eq 6).

Bu, tBu,

t
PIBU = P P
\ 2 \/H 125 °C \ Fr
o= R Qe
F
P'Bu, F Pigu, < PBU2 4 k2
(6)

A single-crystal X-ray structure of complex 4-F2 was obtained (Figure 2).
Undoubtedly due to steric repulsion between the F atoms, the biphenyldiyl aromatic rings
of complex 4-F2 are significantly distorted from co-planarity; this is most clearly
illustrated by the value of the C(29)-C(30)-C(31)-C(32) torsional angle (with C(29) and
C(32) bonded to F atoms) which is 19.4< The distance between the two F atoms is 2.46

A, well below twice the van der Waals radius for F (1.47 A).3
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Figure 2. Molecular structure of compound 4-F2. Selected bond lengths (A) and angles (deg):
Ir(1)-C(36) 1.995(3), Ir(1)-C(25) 2.092(3), Ir(1)-C(1) 2.111(3), Ir(1)-P(1) 2.3062(8), Ir(1)-P(2)
2.3685(8), C(36)-1r(1)-C(25) 80.23(12), C(36)-Ir(1)-C(1) 98.23(11), C(25)-Ir(1)-C(1) 177.93(11),
C(1)-Ir(1)-P(1) 81.20(8), C(1)-Ir(1)-P(2) 81.24(8), P(1)-Ir(1)-P(2) 160.87(3)

The reactivity of biphenyl with (P“PCP)Ir, a pincer-ligated fragment less
hindered than (®““PCP)Ir, was also investigated. Formation of the analogous double C-H

addition product was observed, but without the appearance of an observable single-

addition intermediate.

iprz iprz
T : =
T N _s0c o r—>
I. Q benzene

P'Pr2

(")

(PPCP)Ir(propene) (50 mM) reacted over ca. 25 hours in p-xylene-dio with biphenyl
(50 mM) to give the previously characterized?® cyclometalated complex 5 (eq 7). The
reaction with biphenyl in higher concentration (260 mM) proceeded significantly more
rapidly (10 mM after 30 min and 50 mM after 12 h), but at an even higher biphenyl

concentration (520 mM) the rate of reaction was unchanged. These observations indicate
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that the rate limiting step of eq 7 at the higher biphenyl concentrations is loss of propene,
and thus the reaction of “("™PCP)Ir” to afford the double C-H addition product is in fact

much more rapid than the observed rate of formation of 5.

To obtain a more meaningful lower limit for the reaction rate of the fragment
(P*PCP)Ir with biphenyl, we added H; to a solution of (P™PCP)Ir(propene) (50 mM) in
CsDs, which resulted in the formation of (P“PCP)IrHa. To this solution was added t-
butylethylene (TBE, 200 mM). Hydrogenation of 2 mol TBE per mol (P*PCP)IrH4 gave
a solution of a product presumed to be (P“PCP)Ir(TBE) which is much more labile than
(PPCP)Ir(propene), with 50 mM unreacted TBE remaining. Biphenyl (260 mM) was
added to this solution at ambient temperature, and within 10 min *H NMR spectroscopy
revealed the formation of 5 with 85% conversion and the remaining 15% of
(PPCP)Ir(TBE) unreacted; within 20 min, 100% conversion to 5 was observed. When
the reaction kinetics were monitored by NMR spectroscopy at 10 <C, the reaction
proceeded to completion with an approximate pseudo-first order rate constant of ca. 5.5 x
10* s, A kinetic simulation (COPASI®) assuming a pre-equilibrium loss of TBE from
(PPCP)Ir(TBE) with equilibrium constant K1, followed by a second-order reaction of
(PPCP)Ir with biphenyl with rate constant k2 (eq 8), gave an excellent fit to the data with
Kiek, = 1.34 x 10 s (Figure 3). This value corresponds to a standard free energy
difference between the TBE complex and the rate-determining transition state (with a

composition of (P*PCP)Ir plus biphenyl) of AG = 21.6 kcal/mol.
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Figure 3. Formation of cyclometalated complex 5 in the reaction of ("™PCP)Ir(TBE)
with biphenyl (260 mM) at 10 <C.

Computational results and discussion. The results from DFT electronic structure
calculations on the reactions of (®““PCP)Ir (and model pincer complexes) with
phenanthrene or biphenyl are fully consistent with and facilitate explaining the
experimental observations. We applied the PBE3 functionals and valence basis sets of
triple-zeta plus polarization quality (PBE/LANL2TZ+f+spdf/6-311G(d,p)); the pincer
ligand retained its bulky 'Bu groups. Enthalpies (H and Gibbs free energies (GS T =
298.15 K, P = 1 atm) were obtained from the electronic energies (E) using standard
statistical mechanical expressions. Complete computational details are provided in the

Computational Details.

61
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Consistent with the rapid formation of two C-H addition isomers from each of the
reactions of ("B“*PCP)Ir with phenanthrene and biphenyl, the four C-H bond cleavage
transition states (TS’s) for eqs 1 and 4 are calculated to be very similar and quite low in
free energy, ranging from 10.9 kcal/mol to 11.3 kcal/mol relative to free (®“*PCP)Ir and
hydrocarbon. These TS’s are only slightly higher (ca. 2-3 kcal/mol) in free energy than
the sigma-C-H bond complexes that precede them on the energy surface; the sigma bond
complexes are calculated to have enthalpies ca. 4.5 kcal/mol below the free species. The
meta- and para-C-H addition products are calculated to have free energies in the range of
-0.1 to -1.1 kcal/mol relative to free (*®“*PCP)Ir plus free biphenyl or phenanthrene. The
actual free energies for adduct or product formation are undoubtedly lower (more
favorable) than the calculated values. The PBE electron density functional is purely local
and therefore tends to overstate steric repulsions, since it does not include medium- or
long-range correlation energy (and hence omits dispersion interactions).> Also, in a
condensed phase the translational and rotational motions become partially restricted, and
the use of (computed) gas phase entropies for bimolecular solution phase reactions thus
leads to an overestimation of the unfavorable entropic contribution to the free energy of

complex formation.®

For addition of the C-H bonds ortho to the inter-ring C-C bond, the free energy of the
TS’s are significantly higher than those for addition at the m- and p-positions: 21.4
kcal/mol and 21.0 kcal/mol relative to (B““PCP)Ir and hydrocarbon for phenanthrene and
biphenyl, respectively, or 22.5 kcal/mol and 21.4 kcal/mol relative to the corresponding
para-C-H addition products (Scheme 1). However, while these ortho-C-H transition

states are significantly higher in free energy than the less hindered C-H addition TS’s,
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they are not so high as to prohibit the additions from occurring at ambient temperature.
The calculated overall barriers (energies of the TS minus energies of the para C-H
addition resting states) correspond to rate constants of 1.3 x 104 s? (1~ 5,200 s) and 8.7

X 10 s (tu2 ~ 800 s), respectively, at 22 <C.

Scheme 1. Conversion of meta- and para-C-H addition products to ortho-C-H addition
products, with free energies shown (relative to free species).
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The products of ortho-C-H addition (0-1 and 0-3) are calculated to be 6.2 kcal/mol
and 6.4 kcal/mol above the para-C-H adducts; thus, the calculations indicate that the
ortho-C-H addition products would never be present in an observable equilibrium

concentration.

The barrier to the second C-H addition to (B“*PCP)Ir (eq 9), i.e. the cyclometalation
of phenanthrene or biphenyl, is calculated to be remarkably low: AG* = 5.9 kcal/mol for
phenanthrene and AG* = 7.1 kcal/mol for biphenyl (AH* = 6.1 kcal/mol and 7.3
kcal/mol, respectively). The transition states (Scheme 2) are structurally quite similar to
the products (Scheme 3) with the new Ir-H bonds fully formed (1.61 A) and the

developing Ir-C bond only slightly longer than in the product (ca. 2.23 Ain TSvs 2.14 A
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in product); the C-H distances of ca. 1.53 A are typical for a C-H bond cleavage TS. The
biphenyl group, the iridium atom, and the ipso-carbon atom of the ®®“*PCP ligand are
approximately coplanar, but the H atom undergoing C-H addition is clearly outside that
plane (0.68 A outside the mean plane of the biphenyl carbon atoms). Hence, this TS is
perhaps most easily viewed as a hydride migrating to the biphenyl-diyl group, i.e., in

terms of the reverse reaction, C-H elimination.

tBu, i tBuy
W= oS
v I
H/ H/ H
PtBUZ PIBUZ
o-1 (phenanthrene): 5.1 kcal/mol TS(1/2-H2): 11.0 kcal/mol 2-H2 (phenanthrene): 4.7 kcal/mol
0-3 (biphenyl): 6.0 kcal/mol TS(3/4-H2): 13.1 kcal/mol 4-H2 (biphenyl): 6.5 kcal/mol

(9)

Scheme 2. Calculated bond lengths and angles for atoms in the coordination sphere of
TS(1/2-H2) and TS(3/4-H2), and graphic illustration of TS(1/2-H2) (methyl groups and

H atoms not bound to Ir omitted for clarity).
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H a0 TS(1/2-H2) H s TS(3/4-H2)

TS(L/2-H2)

Scheme 3. Calculated bond lengths and angles for atoms in the coordination sphere of 2-

H2 and 4-H2, and graphic illustration of 2-H2 (methyl groups, and H atoms not bound to

Ir omitted for clarity).
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2-H2

The calculated (thermodynamic) free energies and enthalpies of the addition reaction
of eq 9 are close to zero (AG hen = -0.4 kcal/mol; AH Shen = 0.6 kcal/mol; AG Siph = 0.5
kcal/mol; AH %iph = 1.3 kcal/mol). The calculated distances between the hydrides in
products 2-H2 and 4-H2 are ca. 1.51 A. Accordingly, there is no significant dihydrogen
character in either species, and the Ir atom in these products of the second C-H addition
may be viewed as being fully oxidized, i.e. Ir(\V). The Ir center, the PCP ipso-carbon
atom, the hydrides, and the coordinated aryl carbons are all located within 0.001 A of

their mean planes.
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tBu, 2-H2: DH° = 9.9 kcal/mol 1Bu;
P\ > 4-H2: DH° = 9.1 kcal/mol P\
H,}r\H < -H, - }r D
PBU; 2-H2 or 4-H2 PBu, 2or4 (10)

We are unable to locate a conventional transition state for subsequent loss of Hz from
the Ir(V) dihydride intermediates, 2-H2 and 4-H2 (eq 10). If we assume that AH1o* ~
AH10=(i.e. the back reaction, addition of Hzto 2 or 4, has no enthalpic barrier) and,
further, assume that ASio* = 0 for Hz loss, then the free energy barriers for Hz loss (“TS-
10”) are ca. 3 kcal/mol above the TS's of eq 9 for the formation of the dihydrides
(TS(1/2-H2) and TS(3/4-H2)); loss of H (eq 10) would then be the rate-determining step
for the overall formation of 2 and 4. However, if ASio* > ca. 10 eu (and hence TAS? > ca.
3 kcal/mol at T > 300 K)), which seems plausible for a dissociative process, then loss of
H> would proceed more rapidly than the back reaction and consequently cyclometalation
(eq 9) would be the rate-determining step. In any case, given the error margin of the
calculations, the calculated barriers for the formation of 2-H2 and 4-H2 are equal or
approximately equal to the overall barriers for the formation of 2 and 4; and, as noted
above, the computed values of these barriers are consistent with the experimental

timescale of formation of these species.

Further experimental evidence in support of the calculated Ir(V) pathway is obtained
from the reaction of 2 with Ha. A rapid reaction is observed upon addition of H» to a
solution of 2 affording (PCP)IrH4 (Scheme 4). Presumably this reaction proceeds initially
via the reverse of the reaction steps that lead to 2 (cyclometalation to give the Ir(V)
intermediate 2-H2, followed by loss of H). The fact that the overall reaction of Scheme 4

proceeds rapidly is of course consistent with the calculated low energy of the C-H



68

addition/elimination (Ir(111)/Ir(V)) transition state TS(1/2-H2), which connects 2-H2 and

0-1, calculated to be only 6.3 kcal/mol above 2-H2 in free energy.

Scheme 4. Reaction of 2 with H»

PBu,

|
IrtH,

Ir |
/ ¥ PBu,

P[BUZ 2 PIBUZ 2-H PtBUZ o-1 O‘

It should be noted that the formation of 2 and 4, as presented in eqs 2 and 5, are both
uphill reactions in which Hz is the co-product (AG °= 6.2 kcal/mol and 7.1 kcal/mol,
respectively). However, since the reactants 1 and 3 were formed via the displacement of
NBE from (PCP)Ir(NBE), free NBE is present and may undergo hydrogenation. Since
NBE hydrogenation is exothermic by 33 kcal/mol,®’ the overall reaction is thus
significantly exergonic. The observed rates of eqs 2 and 5 can therefore only be regarded
as lower limits, since it is quite plausible that H> is dissociated from 2-H2 or 4-H2,
reversibly, preceding the H addition to NBE. Nevertheless, the fact that reactions 2 and 5
proceed at room temperature on the timescale of hours, combined with the fact that the
equilibrium concentration of 0-1 and 0-3 are too small to be observed, does provide
experimental evidence that cyclometalation of 0-1 or 0-3 to give Ir(V), eq 9, has a low
Kinetic barrier; this is certainly consistent with the (non-rate-determining) calculated
values of AGg* = 5.9 kcal/mol (phenanthrene) and 7.1 kcal/mol (biphenyl). An overall
free energy diagram for the reaction of (‘®““PCP)Ir with phenanthrene is shown in Figure

4.
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Figure 4. DFT-calculated free energy diagram for the formation of complex 2.
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We have considered the possibility that the very low barrier to C-H addition to Ir(l11)

to give Ir(V) intermediates 2-H2 or 4-H2 was attributable, at least in part, to conjugation

between the arene ring systems. In particular, the formation of the

metallocyclopentadiene core seemed, a priori, as though it might strongly favor

cyclometalation; however, several calculations on model species indicated this was not

the case. For example, the cyclometalation of complex 6, a double C-H addition product

of tetrahydrobiphenyl, would not lead to any such conjugation. The barrier calculated for

the cyclometalation step of Scheme 5 is 6.3 kcal/mol, which is no greater (in fact, it is

slightly less) than the corresponding reaction for biphenyl, AGg* = 7.1 kcal/mol; likewise,

the thermodynamics of Scheme 5 and eq 9 (biphenyl), AG = 0.5 kcal/mol, are exactly

equal (somewhat coincidentally). We conclude that formation of the Ir-H and Ir-C(sp?)

bonds serves as the only major driving force in the cyclometalation reaction.
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Scheme 5. Calculated cyclometalation of tetrahydrobiphenyl affording a metallacycle

product which lacks a metallocyclopentadiene core.

satu rated satu rated
tBu tBu
DG¥=6.3
kcaI/moI
Ir Ir
saturated saturated
tB Uy 6 P tB Us

Steric factors also seem to play an only minor role in the kinetics and
thermodynamics of the cyclometalation step. When the calculations are conducted with
phosphinomethyl (R = PMez in (R*PCP)Ir) groups instead of the very bulky phosphino-t-
butyl (R = P'Buy) groups, the initial C-H addition of phenanthrene is thermodynamically
and kinetically more favorable, but the thermodynamic difference between the PMe>
analogues of 0-1 and p-1 is calculated as 5.9 kcal/mol, essentially equal to the value of
6.2 kcal/mol calculated for the P'Bu, complexes. The Kinetic barrier to the
cyclometalation step is essentially unchanged at AG* = 5.1 kcal/mol for the PMe;
analogue vs. AGg* = 5.9 kcal/mol for the P'Bu. species, while AG ®=-2.1 kcal/mol vs. -
0.4 kcal/mol, respectively. The pronounced difference in steric crowding is, however,
illustrated in the following step, loss of Hz from (R*PCP)Ir(phen)Ha, for which AG°= 8.8
kcal/mol with R = PMe; in contrast to 1.5 kcal/mol when R = P'Buz. Similar results are
obtained for the reaction of biphenyl (for the cyclometalation step, AG* = 6.3 kcal/mol

and 7.1 kcal/mol calculated for PMe; and P'Buz groups, respectively).

Steric factors are also calculated to play a role in the kinetics of formation of the C-H
addition product o-1. The calculated TS for the ortho C-H addition of phenanthrene to

(M4PCP)Ir to give  0-1-Me is 15.4 kcal/mol above p-1-Me and, in the case of biphenyl,
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12.3 kcal/mol above m-3-Me. These values, which represent the rate-determining
barriers for the conversion of the lowest energy (meta or para) mono-C-H addition
product to the cyclometalated species, are 7-9 kcal/mol less than the above noted values
of 22.5 kcal/mol and 21.4 kcal/mol for the reaction of (B““PCP)Ir with phenanthrene and

biphenyl, respectively.

The conclusion of a significant steric contribution to the barrier for formation of the
ortho C-H addition product is in agreement with experimental observations in the
reaction of biphenyl with (P*PCP)Ir(TBE). The calculated barrier (Figure 5) for the
conversion of the lowest energy mono-C-H addition product (m-3-iPr) to give 0-3-iPr is
AG! = 16.8 kcal/mol. (PPCP)Ir(TBE) is calculated to be substantially lower in energy
than m-3-iPr; accordingly, in the reaction of ("™PCP)Ir(TBE) with biphenyl, neither
products of biphenyl single C-H-addition nor any other intermediates are observed. The
calculated overall barrier of the reaction is 22.4 kcal/mol, in excellent agreement with the
value inferred from the kinetics of eq 8, AGs* = 21.6 kcal/mol at 10 <C. The subsequent
cyclometalation, a C-H addition to the Ir(l111) complex 0-3-iPr, has a computed barrier of

10.3 kcal/mol.
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Figure 5. DFT-calculated free energy diagram for the formation of complex 4-iPr.

We have also computationally explored the possibility of double intermolecular C-H
addition; such reactions could be of great interest in the context of catalytic C-C
coupling. As noted above (B““PCP)Ir is well established to undergo C-H addition of
benzene to yield (B““PCP)IrPhH. Addition of a second benzene molecule (Scheme 6) to
give (BY*PCP)Ir(Ph)2(H). has a calculated barrier of AG* = 37.6 kcal/mol. This
substantial barrier is clearly mostly attributable to the highly unfavorable
thermodynamics for the second C-H addition reaction, AG <= 33.9 kcal/mol; the reverse

reaction, Ir(V)/Ir(111) C-H elimination, is thus kinetically very facile: AG* = 3.7 kcal/mol.
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Scheme 6. Calculated addition of a second benzene molecule to (RPCP)IrPhH. The
calculations are gas-phase but assume a molarity of benzene equal to that of neat liquid

and take into account the availability of 6 C-H bonds per molecule.

R, R
PR, + ) P
\ M O R = Bu: DG = 37.6 kcal/mol \Q \Q
Ir _© R = Me: DG = 13.9 kcal/mol Ir\—® -Hp Ir—@
/ —
H/ H /

/

PRz R =Bu: (0.0 kcal/mol) PRz R =1Bu: 33.9 keal/mol PRz R = Bu: 29.0 kcalimol
R = Me: (0.0 kcal/mol) R = Me: 10.6 kcal/mol R = Me: 14.9 kcal/mol

In contrast with the cyclometalations of species 0-3, steric factors play a large role in
the intermolecular case, where a second molecule of benzene is introduced to the
coordination sphere. Accordingly, benzene C-H addition to the much less crowded
complex (M*PCP)IrPhH affording (Me*PCP)Ir(Ph)2(H)2 has a calculated barrier of only
AG* = 13.9 kcal/mol (cf. AG* = 37.6 kcal/mol with (B“*PCP)Ir) (Figure 6). Notably, this
free energy barrier is almost entirely due to a large calculated entropic component (AS* =
-38 eu; -TAS? = 11.3 kcal/mol); the enthalpic barrier is extremely small, AH* = 2.6

kcal/mol.
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Figure 6. DFT-calculated free energy diagram for dehydrocoupling of benzene by
(Me4PCP)Ir, coupled with hydrogenation of a sacrificial acceptor. The calculations are
gas-phase but assume a molarity of benzene equal to that of neat liquid and take into

account the availability of 6 C-H bonds per molecule.

Thermodynamically, the second C-H addition to (M®*PCP)Ir is endergonic but only by
10.6 kcal/mol (AH® =-0.1 kcal/mol; AS° =-36 eu, so -TAS< = 10.7 kcal/mol).
Subsequent loss of Ha, to give (M*PCP)Ir(Ph)z, is endergonic by 4.3 kcal/mol (with AH®
= 14.1 kcal/mol), and the overall reaction ((M**PCP)IrPhH + PhH — (M**PCP)Ir(Ph), +
H>) is hence endergonic by only 14.9 kcal/mol. The rate-determining step for formation
of the (M*PCP)Ir(Ph)2 species would presumably be loss of Ha; although the TS for H.
loss was not located, its free energy may be estimated (in the manner noted above,
assuming that AS* > 10 eu) very approximately as 7 kcal/mol (or less) above the product,

or ca. 22 kcal/mol (or less) above (M#PCP)IrPhH.
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Thus, in spite of the very high barrier calculated for the addition reaction of two
benzene moieties to (B“*PCP)Ir, these computed results suggest that in the absence of
severe steric crowding, a double intermolecular C-H addition would be quite feasible. If
the Hz co-product is consumed by an acceptor, the overall reaction for formation of
(Me4PCP)Ir(Ph), would be exergonic (alternatively, Hz could be purged from solution.
Subsequent reductive elimination of biphenyl from (M®*PCP)Ir(Ph); is calculated to have
a barrier AG* = 20.0 kcal/mol. Thus, a catalytic cycle for dehydrogenative C-C coupling
may be envisioned, proceeding through an Ir(V) intermediate; if coupled with efficient
removal of Hy, the formation of the bi(phenyl)iridium complex would be the rate-
determining segment of the cycle, with a low Kinetic barrier attributable to a rate-

determining loss of H, from the Ir(V) intermediate.

Conclusions

The double C-H addition/cyclometalation of phenanthrene or biphenyl by (®““PCP)Ir(l)
and (P*PCP)Ir(l) complexes has been found to occur under mild conditions. The reaction
pathways have been calculated in detail, and the computational results are found to be in
full agreement with all experimental observations. The rate-determining step with both
pincer ligands is calculated to be addition of the sterically hindered ortho C-H bond of
biphenyl or the analogue at the C4 position of phenanthrene, affording (|“*PCP)Ir(111)
and (P*PCP)Ir(111) aryl hydride complexes. A second C-H addition, to produce
cyclometalated Ir(V) dihydrides, has a much lower calculated free energy barrier, ca. 6
kcal/mol for (‘B“*PCP)Ir and 10.3 kcal/mol for ("™*PCP)Ir with biphenyl. While C-H
addition to iridium is generally associated with Ir(l), this work illustrates that neutral

Ir(111) C-H addition products can undergo a very facile second C-H addition, particularly
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in the case of sterically less-crowded systems. This result may have significant

implications for potential C-C coupling catalysts.

We also note the relationship with a recent report!’ in which C-H elimination from a
PNP-pincer Ir(I11) alkyl hydride was found to be very slow, precluding an Ir(1)/Ir(I11)
catalytic olefin hydrogenation cycle. Catalytic olefin hydrogenation did proceed,
however, via addition of Ha to the Ir(111) alkyl hydride and subsequent C-H elimination
from the resulting Ir(\V) complex. We suggest that the kinetics of Ir(111)/1r(V)
interconversions are typically quite facile, and the thermodynamics may be more

typically favorable for catalysis (i.e. nearly thermoneutral) than is widely appreciated.
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Computational Details

We made use of DFT methodology! implemented in the Gaussian 09 program. All
calculations employed the PBE exchange-correlation functional.® For the Ir atom, we
applied the Hay-Wadt relativistic effective (small) core potential (ECP)* and the
LANL2TZ basis set*® augmented by an f-type polarization function® and a full
complement of diffuse (s,p,d,f) functions;’ other atoms (P,C and H) were assigned 6-
311G(d,p) basis sets.®* We abbreviate the chosen functional, ECP, basis set combination
as PBE/LANL2TZ+f+spdf/6-311G(d,p). In most calculations, the (**PCP)Ir (**PCP = «°-
2,6-(R2PCH2),CsH3) species was modeled with R = '‘Bu, the phosphine substituents
actually used in the experiments; selected calculations used R = 'Pr or Me for truncated
model system comparisons. Reactant, transition state, and product geometries were fully
optimized, and stationary points located on the potential energy surfaces were
characterized further by normal mode analysis. Expanded integration grid sizes (pruned
(99,590) atomic grids, invoked using the integral=ultrafine keyword) were applied to
increase numerical accuracy and stability in both geometry optimizations and normal
mode analysis.'? The (unscaled) vibrational frequencies formed the basis for the
calculation of vibrational zero-point energy (ZPE) corrections; standard thermodynamic
corrections (based on the harmonic oscillator/rigid rotor approximations and ideal gas
behavior) were made to convert from purely electronic (reaction or activation) energies
(E) to (standard) enthalpies (H and Gibbs free energies (G P = 1 atm).!* H, entropy
(S9, and G were evaluated at room temperature, T =25 °C (= 298 K), the approximate

reaction temperature for the experimental work.



Figure S1. Reaction mechanism with computed free energies for C-H activation of
phenanthrene, biphenyl and benzene by (B““PCP)Ir [PBE/LANL2TZ+f+spdf/6-
311G(d,p)].
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Benzene + (BY“PCP)Ir
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Table S1. Potential energies, enthalpies, entropies and free energies for C-H activation of

phenanthrene, biphenyl and benzene by (B““PCP)Ir [PBE/LANL2TZ+f+spdf/6-

311G(d,p)].2
Phenanthrene + (‘®““PCP)Ir | Structure Label E H G S
BU4PCPIr + H2phen IntermP0 00| 00| 00 | O
sigma-C-H coordinated 25| 13| 122 | 5
complex IntermP1
sigma-C-H coordinated 58|47 83 | -3
complex-m IntermP1-m
sigma-C-H coordinated 56| a5 | 83 | -3
complex-p IntermP1-p
TS-ortho-C-H activation TS-0-1 74 | 5.8 |2147| -52
ortho-PCPIrHphenanthryl 0-1 125 | 129 | >t | 0
TS-ring-closing second CH
activation TS-2-H2 431 -68 ) 1101 -60
PCPH2_concerted ring 2-H2 107 | 123 | 47 |
PCP_concerted ring + H2 2+H2 21 | -24 | 6.2 | -29
TS-meta-C-H activation TS-m-1 -2.7 | -3.6 | 11.3 | -50
meta-PCPIrHphenanthryl m-1 143 | 145 | 08 | 4
meta | aae | 06 | -47
PCPIrHphenanthryl rotamer | m-1-rotamer 14.4 | 14.6 '
TS-para-C-H activation TS-p-1 -2.8 | -3.7 | 10.9 | -49
para-PCPIrHphenanthryl p-1 145 | 148 | 11 | 40
para: S I I R Y
PCPIrHphenanthryl_rotamer | p-1-rotamer 144 | 147 '
Biphenyl + (B““PCP)Ir Structure Label E H G S
BUPCPIr + H2Biphen IntermBO 00 | 0.0 | 0.0 0
sigma-C-H coordinated 46| 36| 95 | -a4
complex IntermB1
sigma-C-H coordinated 56| -aa | 87 | -a4
complex-m IntermB1-m
sigma-C-H coordinated 55 | 45 | 80 | -42
complex-p IntermB1-p
TS-ortho-C-H activation TS-0-3 69 | 57 | 210 | -51
ortho-PCPIrHBiphenyl 0-3 11.9 | 122 | 80 | 81
TS-ring-closing second CH
activation TS-4-H2 22| 48 131 | -60




PCPH2_concerted ring 4-H2 92 1 q09| 65 | 8
PCP_concerted ring + H2 4+H2 28 | -18 | 7.1 | -30
TS-meta-C-H activation TS-m-3 -28 | -3.7 | 10.9 | -49
meta-PCPIrHBiphenyl m-3 13.7 | 141 | 01 |4
meta- o | e | 02| 47
PCPIrHBiphenyl rotamer m-3-rotamer 13.8 | 14.1 '
TS-para-C-H activation TS-p-3 -29 | -3.8 | 109 | -49
para-PCPIrHBiphenyl 0-3 13.9 | 142 | 04 | 46
Benzene + (BY“PCP)Ir Structure Label E H G S
BU4PCPIr + H2benzene IntermBZ0 0.0 | 0.0 | 0.0 0
sigma-C-H coordinated i i )
complex IntermBZ1 54 | -42 | 88 43
TS-C-H activation first
benzene TS-BZ-CH-1 23| -33 | 115 1 -50
Interm-C-H activation - - 18 | -a5
first_benzene Interm-BZ-CH-1 114 | 11.7 '
TS-C-H activation
second_benzene TS-BZ-CH-2 153 1 143 | 438 | -39
Interm-C-H activation
_second_benzene Interm-BZ-CH-2 1051 10.7: 40.1 | -99
PCPIr(phenyl)2 IntermBZ2+H2 17.8 | 15.0 | 35.2 | -68

Units are kcal/mol for AE, AH, and AG; units are cal/(deg-mol) for AS. The standard

state
for concentrations is P = 1 atm for each species participating in the reaction; T = 298.15
K.
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Figure S2. Reaction mechanisms with computed free energies for C-H activation of
phenanthrene, biphenyl and benzene by (P“PCP)Ir [PBE/LANL2TZ+f+spdf/6-

311G(d,p)].
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p Computed Gibbs Free Energies at
\ _ T=298 K, P =1 atm.
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Table S2. Potential energies, enthalpies, entropies and free energies for C-H activation of
phenanthrene, biphenyl and benzene by (P*PCP)Ir [PBE/LANL2TZ+f+spdf/6-
311G(d,p)].2

Phenanthrene + (F"*PCP)Ir | Structure Label E H G S
) 0.0 | 0.0 | 0.0 0
BUPCPIr + H2phen IntermPO-iPr
sigma-C-H coordinated 90| -83 1| 6.2 | -49
complex IntermP1-iPr
sigma-C-H coordinated 11__7 11__5 2.5 | -47
complex-m IntermP1-m-iPr
sigma-C-H coordinated 11_.7 11-.4 31 | -49
complex-p IntermP1-p-iPr
. _ 03 | -14 | 149 | -55
TS-ortho-C-H activation TS-0-1-iPr
_ 210 | 219 | 3° | 82
ortho-PCPIrHphenanthryl 0-1-iPr
TS-ring-closing second CH -9.9 12-.8 5.8 | -62
activation TS-2-H2-iPr
_ _ 162 | 184 | %4 | 83
PCPH2_concerted ring 2-H2-1Pr
. . -29 | -7.8 | 0.8 | -29
PCP_concerted ring + H2 2+H2-iPr
o _ 110 | 125 | 28 | 1
TS-meta-C-H activation TS-m-1-iPr
_ 17.8 | 185 | 47 | 40
meta-PCPIrHphenanthryl m-1-iPr
meta- _ 180 | 187 | 48 | 47
PCPIrHphenanthryl rotamer | m-1-rotamer-iPr
o _ 111 | 126 | 28 | 2
TS-para-C-H activation TS-p-1-iPr
_ 181 | 189 | ™1 | 0
para-PCPIrHphenanthryl p-1-iPr
para- _ 180 | 187 | 44| 8
PCPIrHphenanthryl rotamer | p-1-rotamer-iPr
Biphenyl + (B“*PCP)Ir Structure Label E H G S
i ) 0.0 | 0.0 | 0.0 0
BupCPIr + H2Biphen IntermBO-iPr




_ ] - - 2.2 | -48
sigma-C-H coordinated 123 | 12.1
complex IntermB1-iPr
_ ) - - 34 | -48
sigma-C-H coordinated 111 | 11.0
complex-m IntermB1-m-iPr
_ ) - - 3.0 | -48
sigma-C-H coordinated 114 | 11.3
complex-p IntermB1-p-iPr
. _ -35 | -47 | 123 | -57
TS-ortho-C-H activation TS-0-3-IPr
- - -2.7 | -63
i . 206 | 214
ortho-PCPIrHBiphenyl 0-3-iPr
_ _ -8.3 - 7.6 | -63
TS-ring-closing second CH 11.3
activation TS-4-H2-iPr
- - -4.7 | -62
] . 21.0 | 23.3
PCPH2_concerted ring 4-H2-iPr
i ) -26 | -76 | 0.9 | -29
PCP_concerted ring + H2 4+H2-iPr
- - 2.8 | -51
I . 109 | 124
TS-meta-C-H activation TS-m-3-iPr
- - -45 | -46
i _ 17.4 | 18.2
meta-PCPIrHBiphenyl m-3-iPr
- - -4.3 | -A7
meta- _ 175 | 18.3
PCPIrHBiphenyl rotamer m-3-rotamer-iPr
- - 2.4 | -50
_— . 11.0 | 12.6
TS-para-C-H activation TS-p-3-1Pr
- - -4.2 | -48
. . 176 | 184
para-PCPIrHBiphenyl p-3-iPr
Benzene + (B““PCP)Ir Structure Label E H G S
i 0.0 | 0.0 | 0.0 0
BUUPCPIr + H2benzene IntermBZ0-iPr
_ ) - - 3.7 | -48
sigma-C-H coordinated 10.7 | 10.6
complex IntermBZ1-iPr
o - - 35 | -52
TS-C-H activation first 104 | 11.9
benzene TS-BZ-CH-1-iPr
o - - -3.3 | 48
Interm-C-H activation Interm-BZ-CH-1- 16.7 | 175

first_benzene

iPr
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TS-C-H activation -04 | -21 | 27.3 | -99
second_benzene TS-BZ-CH-2-iPr
Interm-C-H activation Interm-BZ-CH-2- -6.1 | -6.8 | 225 | -98
_second_benzene iPr

. 71 | 3.6 | 23.3 | -66
PCPIr(phenyl)2 IntermBZ2-iPr +H2

Units are kcal/mol for AE, AH, and AG; units are cal/(deg-mol) for AS. The standard
state

for concentrations is P = 1 atm for each species participating in the reaction; T = 298.15
K.



Figure S3. Reaction mechanisms with computed free energies for C-H activation of
phenanthrene, biphenyl and benzene by (M**PCP)Ir [PBE/LANL2TZ+f+spdf/6-
311G(d,p)]
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Table S3. Potential energies, enthalpies, entropies and free energies for C-H activation of

phenanthrene, biphenyl and benzene by (M**PCP)Ir [PBE/LANL2TZ+f+spdf/6-

311G(d,p)]. ?

Phenanthene + (M#PCP)Ir | Structure Label E H G S

MPCPIr_+H2phen IntermPO 00 | 00 | 00 | 0.0
(S:I(?rrr?&-ei-H coordinated I 126 12_.4 06 | 203
TS-ortho-C-H activation TS-0-1-Me -42 | 6.6 | 65 | -43.8
ortho-PCPIrHphenanthryl 0-1-Me -28.0 zg;_g -14.8 | -50.2
;I'CSti-\r/;nt?(;ﬁIosmg second CH . 14 25_.2 97 | 519
PCPH2_concerted ring 2-H2-Me -29.0 32-.1 -16.9 | -51.0
PCP_concerted ring + H2 2+H2-Me 13 12-.7 8.1 1155
TS-meta-C-H activation TS-m-1-Me -12.4 14;.2 -1.5 | 425
meta-PCPIrHphenanthryl m-1-Me 184 | 05| -88 | -362
TS-para-C-H activation TS-p-1-Me -12.5 14; 4| 16 | 429
para-PCPIrHphenanthryl p-1-Me 185 155.7 8.9 | -363
Biphenyl + ("**PCP)Ir StructureLabel | E | H | G S

'V'_e“PCPIr + H2Biphen IntermBO 00 | oo | oo | 00
(S::)grg]n&;():(-H coordinated N 120 12_.1 04 | 203
TS-ortho-C-H activation TS-0-3-Me 80 | -99 | 38 | -459
ortho-PCPIrHBiphenyl 0-3-Me 271 29-.4 -14.2/1 -50.8
Iigcg?c;ﬁlosmg second oH TS-4-H2-Me 196 | 56 | 79 | 526
PCPH2_concerted ring 4-H2-Me 27138 3(;.9 -15.7 | -51.2
PCP_concerted ring + H2 4+H2-Me 18 13:,5 8.7 | -16.1
TS-meta-C-H activation TS-m-3-Me 123 14;.2 L4 | 427
meta-PCPIrHBiphenyl m-3-Me 177 | 1gq | 83 | -356
lr'-’nggl_rHBiphenyl_rotamer m-3-rotamer-Me 178 15;.0 85 | -35.3




TS-para-C-H activation TS-p-3-Me 125 14;.3 -16 | -429
para-PCPIrHBiphenyl p-3-Me 180 | 19g | 69 | 430
Benzene + (M*PCP)Ir Structure Label E H G S
M_e“PCPIr + H2benzene IntermBZ0-Me 00 | 00| 00 | 0.0
i'fr?ﬁeiH _Coo_rdma_wd ntermBzi-Me | 127 | 130 | 14 | 388
onzane acnvatfon flrSt Ts-BZ-CH-1-Me | 18 | 137 | 13 | 415
;?rtstatr_rgégéngafva“on ,I\r,}germ'Bz'CH'l' 173 | gg | T4 | 370
sTeScoidF_lt?eCrt]Iz\:aarf:aon | Ts-Bz-CH-2-Me | 132 | 159 | 109 | -90.1
second benzene. Ve | 169 | jg| 76 | 878
IntermBZ2-Me | 92 | .45 | 11.9 | -54.9

PCPIr(phenyl)2

+H2

4Units are kcal/mol for AE, AH, and AG; units are cal/(deg-mol) for AS. The standard

state
for concentrations is P = 1 atm for each species participating in the reaction; T = 298.15

K.
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Chapter 4: Computational Study of Solid-Phase Molecular Pincer-Iridium Catalysts
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Introduction

Olefins are key intermediates in many, perhaps even most, processes in the fuel and
commodity chemical industries, and are also of great importance in the synthesis of fine
chemicals. The development of catalysts for the regioselective dehydrogenation of
alkanes and alkyl groups to afford olefins is therefore a goal of great interest to a broad
range of chemists.

The most significant progress toward the goal of practical regioselective alkane
dehydrogenation catalysts has been realized with pincer-ligated iridium complexes,
beginning with the report by Kaska and Jensen? of alkane dehydrogenation by
(BYPCP)IrHn (1-Hn; R*PCP = «3-CgH3-2,6-(CH2PR2)2; n = 2 or 4). Our group
subsequently reported the synthesis and generally greater catalytic activity of the less
crowded P"PCP analogue (2)? and soon discovered that both complexes showed kinetic
selectivity for dehydrogenation of n-alkanes at the terminal position to give the highly
desirable corresponding a-olefins.® Catalysts 1 and 2 were also found to be effective for
the acceptorless dehydrogenation of alkanes.?* Work with these complexes has been
followed by reports of numerous catalytically active variants with the (PCP)Ir motif,>
including other bis-phosphines,'®1 bis-phosphinites (POCOP),*>18 hybrid phosphine—
phosphinites (PCOP),'*? arsines (AsOCOAs),? hybrid phosphine-thiophosphinites
(PSCOP)? and hybrid amine-phosphinites (NCOP)?. In addition to simple alkane
dehydrogenation, these complexes have been employed for numerous other catalytic
transformations of hydrocarbons, including alkane metathesis,®892924-26 glkyl group
metathesis,?’ dehydroaromatization,'®?82° alkane—alkene coupling reactions,3-?
borylation of alkanes?® and the dehydrogenation of several non-alkane substrates.?3334

Several pincer motifs more recently explored, such as (CCC)Ir,®38 (PCP)Ru*1,
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(PCP)0s*, and (NCN)Ir*344 have been found to show promise for alkane
dehydrogenation but as of yet none have proven to be competitive with the well
investigated PCP-type iridium-based systems.®

In early alkane dehydrogenation studies® 3,3-dimethyl-1-butene (TBE) was found by
Crabtree to be a singularly effective hydrogen acceptor. In addition to being resistant to
double-bond isomerization, the bulky TBE is only weakly coordinating; in contrast,
ethylene was found to completely inhibit catalytic activity.*® TBE has thus become the
most commonly used acceptor for alkane transfer dehydrogenation.®® We have found that
norbornene (NBE) is also very effective, presumably for similar reasons.®® However, on
a large scale, the use of smaller olefins, such as ethylene or propene, would be much
more practical. Ethylene, in particular, is efficiently dehydrogenated with heterogeneous
catalysts, which could allow for recycling of ethane (without necessarily requiring the
costly separation of ethylene and ethane).*® We have earlier reported the use of propene
as acceptor for dehydroaromatization reactions.'® Very recently Brookhart and co—
workers have demonstrated the role of ethylene as both an acceptor and a dienophile in
the synthesis of piperylene,*’ toluene*’ and p—xylene.*8

The dehydrogenation of lighter alkanes, e.g. butane and pentane,**° is of particular
interest. Such alkanes are generally undesirable as transportation fuel components, while
the corresponding olefins and dienes have many chemical applications and could
potentially be dimerized (or cross-dimerized) to give alkanes of molecular weight more
suitable for fuel >

Given these considerations we were led to study the transfer-dehydrogenation of

lighter alkanes using gaseous olefins. At high temperatures, mixtures of these
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hydrocarbons are entirely in the gas phase, while the catalyst is (at least primarily) in the
solid phase.>® Much to our surprise the turnover rates resulting from such dual-phase
systems were found to be remarkably high. Although heterogeneous solid-gas systems for
alkane dehydrogenation are very well known,*® to our knowledge these are the first
examples of purely molecular solid-phase catalysts for alkane dehydrogenation.
Characteristic of their behavior in solution, and in contrast with non-molecular solid-
phase dehydrogenation catalysts, these systems are selective for the formation of a-
olefins. Most remarkably, the maximum yields of a-olefin from these heterogeneous
systems are found to be much greater than have been previously obtained from
homogeneous solution phase systems (the highest previously reported yield being 97 mM
1-octene® from the transfer dehydrogenation of n-octane with 0.5 M 1-decene catalyzed

by l-Hn).

Result and Disscussion

A crystalline precursor of (P™*PCP)Ir. As initial results (see below) indicated the
particular effectiveness of ("™PCP)Ir for our purposes, we explored several synthetic
routes to viable precursors of this catalyst. We successfully obtained crystalline
(P™PCP)Ir(C2H4) (2-C2H4), which was characterized by X-ray diffraction (Figure 1).
This is the first report of a crystal structure of a direct precursor of the ("™PCP)Ir

catalyst.
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Figure 1. ORTEP diagram of (P™“PCP)Ir(C2Ha) with ellipsoids drawn at the 50%

probability level. For the sake of clarity only H atoms on the ethylene ligand are shown.

Transfer dehydrogenation by various pincer-iridium complexes: gas-solid phase.
In a typical experimental set-up (Figure 2) 100 pL of a stock n-pentane solution of
catalyst (1 mM) was added to a custom—made thick-walled long-neck 1.5-mL ampoule
inside an argon-filled glove box. The ampoule was then connected to a Kontes adapter
via Tygon tubing and degassed on a high-vacuum line. Propene (1.0 atm) was then
introduced to the system. The contents of the vials were frozen in liquid nitrogen, and the
vials were flame sealed. (The total gas volume before sealing was 3 mL; thus, after
condensation, sealing, and warming, the pressure of propene is approximately 2 atm. The
vials were then placed in a pre-heated aluminum block inside an oven maintained at
240 <T [note: extreme caution must be exercised during this process, including the use of
appropriate safety shields] and subjected to interval free heating for a stipulated time.
The oven was then cooled to room temperature, the ampoules were removed, the contents
were frozen in liquid nitrogen, the ampoules were broken open, and the contents were

analyzed by GC.

The vapor pressure of n-pentane at 200 <C and 240 <C is calculated to be 32 atm and
52 atm, respectively.5>%2 100 Pl n-pentane in a 1.5 mL vial, upon converting fully to the
gas phase, will generate pressures of approximately 22 atm and 24 atm at 200 <C and
240 <C, respectively. Thus, all hydrocarbons are expected to be in the gas phase under

these conditions.
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— 1 atm propene

1 atm propene in a
total of 3 ml volume
condenses in a

1.5 ml space

Kontes valve -——

== 1.5 ml capacity 100 pl stock solution

(Pentane + catalyst)
Flame seal under 2 atm propene
(0.14 Eq, "1.227 M"™)

Tygon tube -.—

Y

Thick walled annealed Vapor pressure of
> custom-made glass vials pentane above liquid
of 1.5 ml capacity at 240 °C =52 atm

100 ul stock solution
(Pentane + catalyst)s—

Total pressure when
reaction mixture is in

Liquid Ny-e—]
e gas phase = 26 atm

Figure 2. Experimental setup for transfer dehydrogenation of n—pentane catalyzed by
pincer-iridium complexes using ethylene or propene as acceptor (values given for 2 atm
acceptor at 240 C).

n-Pentane/propene transfer dehydrogenation was initially investigated with nine
different pincer-Ir complexes (Table 1 and Scheme 1). We have previously reported that
the relatively uncrowded mixed methyl/t-butyl substituted complexes (®“*MePCP)IrH, (3)
and (B¥2Me2pCP)IrH, (4) are catalytically more active than 1 for the transfer
dehydrogenation of n—octane using either TBE or NBE as acceptor.® (Note that under
transfer-dehydrogenation conditions, olefin, dihydride and tetrahydride complexes are
equivalent as precursors of the catalytically active (pincer)Ir fragments.) Likewise,
complexes (p-OMe-P“PCP)IrH4 (7-Hs) and (P™PCP)IrH, (2-Ha4) were reported to be

more active than 1 for transfer dehydrogenation of n-alkanes using TBE.354°
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Scheme 1. Pincer-Ir catalysts investigated in this study

P\‘Buz P\iPr2 PBuMe PBuMe PBu,
Ilr Ilr Ilr Ilr MeO Ilr
PBu, PiPr, PBu, PMe'Bu PBu,

(BuPCP)Ir (1) (P*PCP)Ir (2)  (BuSMepCP)ir (3)  (‘Bu2Me2pCP)ir (4)  (p-MeO-BU4PCP)Ir (5)

O‘Fi‘Buz FiiPrz O‘FiiPrz O FiiPrz
Ir MeO Ir Ir Q Ir
[ [ [ [

o-P'Buy PPr, PPr, P'Pry

(BU4POCOP)Ir (6) (p-MeO-PHPCP)Ir (7)  (P™PCOP)Ir (8) (Pr4Anthraphos)Ir (9)

Transfer dehydrogenation of gas phase n-pentane using propene (2 atm) was
successfully catalyzed under these conditions by the relatively crowded complexes
("BYPCP)IrHn (1), the p—methoxy derivative (p-OMe-B“PCP)IrH, (5) and the
bisphosphinite complex (B““POCOP)IrH, (6). These catalysts all gave relatively low TO
numbers, less than 30 TO after 180 min at 240 <C (entries 1-3, Table 1). The apparent
initial rates with catalysts 1 and 5 were moderately high, but were not maintained over
the course of the reaction (e.g. catalyst 1 gave 20 TO after 10 min, but the same TON was
found after 40 min). Catalyst 3, in which one of the 'Bu groups of 1 is substituted by a
methyl group, showed slightly greater catalytic activity (entry 4, Table 1; 59 TO after 40
min). To our knowledge these are the first examples of presumed molecular catalysts

effecting heterogeneous (gas-solid phase) dehydrogenation of alkane.
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Table 1. Dehydrogenation of n—pentane “[8.7 M]”? by various pincer-Ir catalysts, under 2
atm propene “[1.2 M]™? at 240 <C°

(pincer)Ir catalyst
(1.0 mMm)

N N /3 N /\JJ"\ + N0t N
= sealed vial aligned = = =
8.7M 2 atm vertically at 240 °C 1-pentene (E+Z)-2-pentene 1,3-pentadiene

"L2m"
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) Total % Propene .
Entry Catilqﬁt/ ! T'rmf‘/ Olefins® (Wi_tz?arl}t;%i{)gw'\gs) conversion (by D/'(snnl\js
/ mM GQC)
es 10 0 0 ND 0
G
X 6 180 8 4 (50%) ND -
A(Tk 10 20 15 (75%) ND -
2 Cglr
|
O 40 20 17 (85%) ND -
4(?34 10 23 18 (75%) ND 1
3 Meodli
<K 5 180 25 20 (77%) ND 1
‘\E" 10 0 0 ND 0
4 Cgllr
K3 40 59 50 (85%) ND 0
X* 10 340 105 (33%) 30 21
: !
7 180 950 200 (24%) 98 150
4
~\- 10 630 140 (24%) 63 40
6 CZC_-:
P 180 1050 230 (24% 90 110
-
2
S 10 96 53 (56%) 10 2
7 Q':
. 0
hw g 6 180 630 170 (29%) 52 40
\I‘F< 10 110 79 (72%) ND 2
g {pn
& i< o 180 160 100 (64%) ND 4
s 10 170 120 (70%) ND 3
MeQ IIr
9 ]
—r 180 310 180 (61%) ND 10

7

& Concentrations given represent concentrations obtained after the indicated time of heating,
followed by cooling of the reaction vessel to 25 <C so that all species are condensed or dissolved

into liquid solution phase.

b Reaction vessels (glass ampoules) were oriented vertically.
¢ Most runs were repeated; results given are the average of two or more runs. Reproducibility

averaged £3%.
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In contrast with the moderate activity noted above, much higher rates and TONs were
obtained with the use of catalyst 4, in which methyl groups replace two of the ‘Bu groups
of 1 (entry 5, Table 1). After 10 min, 340 TO had been obtained, corresponding to
consumption of ca. 30% of the propene in the vessel, while after 180 min, the TON was
950, corresponding to hydrogenation of >90% of the propene. Dehydrogenation catalyzed
by (PPCP)Ir(C2H4) (2) proceeded even more rapidly (entry 6, Table 1); 630 TO were
obtained after 10 min and >1000 TO after 180 min. These rates and turnover numbers are

unprecedented even for solution phase alkane dehydrogenation systems.

The very high catalytic efficiency of (B¥?Me2PCP)IrH,4 (4) compared to
(BuMepCP)IrH, (3) contrasts with our earlier observations on n—octane transfer
dehydrogenation with TBE or NBE as acceptors.® Studies on 3 and 4 for n—octane
transfer dehydrogenation using TBE or NBE indicated that 3 was the more effective of
the two catalysts (although both 3 and 4 provided higher activity than 1). However, as 4
showed a tendency to form dinuclear clusters, it was unclear whether this was responsible
for its lesser activity. Given the presumably much greater binding ability of propene vs.
the bulkier TBE or NBE, the formation of dimers or oligomers should be much less
significant in the presence of propene; the much greater reactivity of 4 vs. 3 when using
propene thus lends support to this explanation for the lesser activity of 4 obtained when

NBE or TBE is used as acceptor.

The activity levels of hybrid phosphine-phosphinite catalyst (P“PCOP)Ir(C2Ha) (8)
(entry 6, Table 1), and (P*Anthraphos)Ir(C2Ha) (9) (entry 7, Table 1) were high, but less
than those of either 4 or 2. The p-methoxy derivative of 2, (p—~OMe'"™PCP)Ir(C2Ha) (6)

appeared to give a good initial rate (170 TO after 10 min) but much lower conversion
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than 2 after 180 min. We suspect this is due to intermolecular reactions involving the

methoxy groups, leading to catalytically inactive species.>3%*

The great differences in catalytic activity among these various catalysts, and
particularly the disparity between the more crowded (three or more t-Bu groups) and less
crowded complexes was not expected. Previous studies in our lab and others have
indicated that less crowded complexes did indeed tend to be more active, but the
difference was much less dramatic. These studies generally utilized NBE and TBE as
hydrogen acceptors and, of course, were in the liquid phase. For example, the difference
between the activity of B“PCP and P“PCP catalysts was found to be a factor of ca. 3-
fold.® The present results therefore raised the question as to whether the large differences
between the catalysts, most notably the B**PCP and "PCP derivatives, were a result of
the different acceptors used in this study, or a result of the unusual conditions,

particularly the solid vs. solution phase.

Accordingly, we conducted solution-phase experiments (using n-octane as
dehydrogenation substrate) under similar conditions, including the nature of the acceptor
and the unusually high temperature (240 <C). Results are shown in Table 2. A very
pronounced difference in activity is observed between the (®““PCP)Ir and (P“PCP)Ir
precursors: a factor of ca. 11 in the initial data point, a value which is of the same
magnitude as the factor of ca. 30 observed in the gas-solid-phase experiments. Further,
we find that in the case of catalyst 1 and propene as acceptor, in both solid and liquid
phases the rate decreases dramatically after an initial period of catalysis with a relatively
slow rate. We are not able to fully explain this behavior of catalyst 1, but our

observations all seem applicable to both solution and solid phase. Indeed, the fact that we
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observe, in both solution and solid phase, both the dramatic difference between catalysts
1 and 2 and the particular temporal profile of catalyst 1, strongly indicates that the
catalysts are operating as discrete molecular species even in the solid phase.

Table 2. Dehydrogenation of n—octane [6.2 M]? by various pincer-Ir catalysts, under 6
atm propene “[3.7 M]™ at 240 T

(pincenir catalyst N STNSTNT e e N AN N
NN /\ (d-0mM 1-octene (E+Z)-2-octene (E+Z)-3-octene
sealed vial aligned
6.2M "g?m" vertically at 240 °C W\/ + octadientgs, NG
(E+2)-4-octene aromatics
Total % Propene -
Catalyst / 1 . . . 1-Octene / mM . Dienes
Entry Time / min Olefins® o conversion (by
mM M (% total monoenes) 60) / mM
Xk 10 170 56 (34%) 4 7
1 Cg':
<K 1 40 190 43 (23%) 4 8
3—?‘ 10 290 75 (28%) 4 15
2 C%_'{
_{‘;,, 8 40 600 140 (25) 10 61
A(FI’) 10 180 73 (31%) 2 8
3 Cgllr
,PK_ 4 40 1100 140 (16%) 15 260
\F::< 10 1250 250 (24%) 15 230
4 Ilr
&2 j:{ o 40 1310 270 (24%) 20 190
—Q\ 10 1930 160 (13%) 44 670
5 Cgl:r
_{'.l, 40 2430 130 (10%) 65 1130
2

& Concentrations given represent concentrations obtained after the indicated time of heating,
followed by cooling of the reaction vessel to 25 <C so that all species are condensed or dissolved
into liquid solution phase.

b Reaction vessels (glass ampoules) were oriented vertically.

¢ Most runs were repeated; results given are the average of two or more runs. Reproducibility
averaged £2%.
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In an effort to determine the physical distribution of catalyst during the gas-solid
phase experiments, after several runs the GC oven temperature was lowered from 240 C
to 60 <C and slowly opened in the range of a camcorder (see Sl for images of one such
experiment with ("™*PCP)Ir(CzH.) (2)). At this point the top portion of the vial was cool
relative to the base, which was still hot as it was enclosed in the aluminum block. The
resulting images clearly show bright red droplets formed along the topmost portions of
the vial as pentane condenses on the catalyst that had deposited on the glass. This
observation could be explained by vigorous splashing, when the pentane solution is
heated to 240 <C (followed by rapid solvent evaporation) or alternatively, by sublimation
of the catalyst at this temperature. To distinguish between these possibilities, an ampoule
containing solid catalyst was heated under the same conditions as the catalytic runs,
including the presence of 2 atm propene but in the absence of pentane or other liquid.
Under such conditions, no significant migration of the iridium complex within the
ampoule was observed. Thus, rather than sublimation of catalyst, it seems likely that
when a pentane solution of catalyst is heated at 240 <C, the solution splashes and coats

the glass surface before the solvent is fully evaporated.

If it is assumed that the catalyst coats the glass surface, then, by having vials aligned
horizontally rather than vertically, the catalyst would have a greater surface area and
should function more efficiently. When the ampoules were positioned horizontally (using
catalysts 2, 8 and 9 which proved most effective in the experiments, cf. Table 1) even
higher rates were achieved as shown in Table 3. Remarkably, in the case of catalyst 2,
the reaction had effectively proceeded to completion (> 97% consumption of propene, >

1000 TO) after 10 min.
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Table 3. Dehydrogenation of n—pentane “8.7 M”? under 2 atm propene “1.2 M at
240 <T with selected catalysts and ampoules positioned horizontally®

(pincer)Ir catalyst
(1.0 mM)

N /\ —>| pR— M + /\J"J\ + /""\,/\ + N\
sealed vial aligne!
8.7M 2 atm horizontally at 240 °C 1-pentene (E+Z)-2-pentene 1,3-pentadiene

"L2m"

i Total % Propene .
Entry Catalyst/1mm T|m_e/ Olefins® 1-Pentene / mM conversion (by Dienes
min (% total monoenes) / mM
/ mM GQC)
Bﬁ‘k‘ 10 220 120 (54%) 21 3
1 Q':
P, 180 920 170 (20% 74 82
7 3 (20%)
\p::( 10 520 240 (50%) 48 32
2 Ir
8 Fl'--< 180 680 190 (31%) 67 64
A9
~€L 10 1090 200 (20%) 97 110
3 Cg':
P, 180 1200 190 (17% 97 114
V) (17%)

& Concentrations given represent concentrations obtained after the indicated time of heating,
followed by cooling of the reaction vessel to 25 <C so that all species are condensed or dissolved
into liquid solution phase.

b Reaction vessels (glass ampoules) were oriented horizontally.

¢ Most runs were repeated; results given are the average of two or more runs. Reproducibility
averaged £1%.

n-Butane was also investigated as a dehydrogenation substrate. Into an ampoule
containing the same quantity of catalyst 2 that was used in the experiments of Tables 1-3,
a 1:1 butane/propene gas mixture was condensed (see Fig. 2) such that upon sealing and
warming to room temperature the pressures of butane and propene each reached 3 atm.
High rates and turnover numbers were observed (Table 4). In view of the much higher
volatility of butane (b.p. = -1 <C) than pentane (b.p. = 36 <C), these results may be
interpreted as arguing against the possibility of a condensed amorphous catalyst/alkane

phase as opposed to a “true” solid-gas interaction. (It is well beyond the scope of this
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work, however, to address in detail the question of the “phase” of any hydrocarbon
adsorbed to the solid.)

Table 4. Dehydrogenation of n-butane (3 atm) “[6.1 M]”* with propene (3 atm) “[6.1
M]”* at 240 °C catalyzed by 2. °

(pincer)Ir catalyst

(1.0 mM)
N /\ ﬁ» W + /\:JJJ Nt PN
sealed vial aligne
3 atm 3atm  horizontally at 240 °C 1-butene (E+2)-2-butene butadiene
"6.1 M" "6.1 M"
Time / Total Olefin® Butadiene 1-Butene 1-Butene
Catalyst/1 mM min / TON / TON / TON Fraction / %
—g L 10 335 40 185 65
C{.L 40 590 40 370 65
|
_{'T— 180 680 65 280 45

& Concentrations given represent concentrations obtained after the indicated time of heating,
followed by cooling of the reaction vessel to -15 <C so that all species are condensed or dissolved
into liquid solution phase.

b Reaction vessels (glass ampoules) were oriented horizontally.

Ethylene would be even more attractive as a hydrogen acceptor than propene (in
addition to the abundance of ethylene derived from shale gas in North America, ethane
could be more easily recycled via separation from the alkane substrate and conventional
dehydrogenation methods*®). In this context, experiments with ethylene gave highly
encouraging results (Table 5), although rates were roughly a factor of ten slower than

when propene was used as acceptor.
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Table 5. Dehydrogenation of n-pentane “[8.7 M]”? with ethylene (2 atm, “1.2 M”)? at 240 T’hy
various pincer-Ir catalysts

Total % Ethylene .
Entry C/:alt"#]ﬁt Time / min Olefins® ((yl-tzte;;t;r:;(/)g:\gs) conversion (by D/'?:&S
/ mM 0 GC)
Eﬁ'\- 10 17 12 (71%) ND 0
1 Q:':
_{'r_ 8 40 45 34 (76%) ND 0
X* 10 98 70 (71%) ND 1
2 QC_:
P, 180 254 135 (55%) ND 7
/ K~ 4
\F::( 10 41 36 (88%) ND 0
3
& 2 l( o 180 150 120 (78%) ND 1
‘(TL 10 41 36 (88%) ND 0
MeO Ir
4 |
—r 180 156 120 (78%) ND 1
6
~\ 10 72 60 (88%) 4
s C%T 40 320 250 (79%) ND 5
‘ 100 660 430 (65%) ND 28
R 180 720 420 (61%) 44 41
(pincer)Ir catalyst
(1.0 mM)
/\/\ ¥ / sealed vial aligned M ¥ /\IJJJ\ * M * Cofe
8.7M 2 atm vertically at 240 °C 1-pentene (E+Z)-2-pentene 1,3-pentadiene
"1.2 M

& Concentrations given represent concentrations obtained after the indicated time of heating,
followed by cooling of the reaction vessel to 25 <C so that all species are condensed or dissolved
into liquid solution phase.

b Reaction vessels (glass ampoules) were oriented vertically.

¢ Most runs were repeated; results given are the average of two or more runs. Reproducibility
averaged £2%.

Selectivity for production of a-olefins. Regioselective functionalization of the
terminal position of n-alkanes (or n-alkyl groups) has long been one of the major goals of
research in catalytic hydrocarbon conversion. Ever since the earliest examples of

organometallic C-H bond activation revealed selectivity for oxidative addition at 1°vs. 2
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positions® — and thus a remarkable preference for cleaving stronger C-H bonds — this
selectivity has been viewed as perhaps the most important potential advantage of
“homogeneous” vs. “heterogeneous” catalysts for the functionalization of alkanes or
alkyl groups. Thus, we were quite surprised to observe that the heterogeneous systems
described above appeared to show greater selectivity for the formation of a-olefins than
the homogeneous (solution-phase) systems based on the same catalysts. For example, 2-
catalyzed pentane-ethylene transfer dehydrogenation yielded 430 mM a-olefin (upon
condensation to the liquid phase; entry 5, Table 5) and formation of 660 mM total olefin.
This is an unprecedented yield of a-olefin from n-alkane dehydrogenation; as noted
above, to our knowledge the highest yield of a-olefin previously reported from any
catalytic alkane dehydrogenation system was 97 mM (out of a total conversion to olefin

of 143 mMm).%

The high selectivity, in even a qualitative sense, for a-olefin formation resulting from
a heterogeneous system is certainly noteworthy; for example, after 10 min at 240 <C,
88% selectivity with total conversion to 72 mM (upon condensation) is obtained (entry 5,
Table 5). This observed regioselectivity certainly supports the argument that the catalyst,
although not in solution, is still operating as a discrete molecular species. But even more
remarkable is the appearance of even greater selectivity for a-olefin formation from the
heterogeneous system as compared with the same catalyst in solution. Accordingly,
further experiments were conducted in large part with an aim toward explaining this

phenomenon.
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Table 6. Dehydrogenation of n—pentane “[8.7 M]” under 2 atm and 6 atm propene at
200 °C and 240 <T catalyzed by 2-C2Ha

Entr  Conditio _ _ Tot_al 1-Pentene / mM % Propene Dienes
Time / min Olefins® (% total conversion (by
Y ns / mM monoenes) GC) /mM
240 °C 10 630 140 (24%) 63 40
1 2 atm 40 850 170 (22%) 77 70
“1.2 MW 180 1050 230 (24%) 90 110
240 °C 10 1370 420 (37%) 56 210
2 4 atm 40 1450 440 (36%) 66 230
25 M 180 1590 430 (33%) 73 290
240 °C 10 700 300 (48%) 20 76
3 6 atm 40 870 400 (51%) 20 87
3T W 180 1060 440 (46%) 30 116
240 °C 10 695 380 (58%) 8 40
4 6 atm 40 930 485 (56%) 10 65
“7.4 MM 80 1420 575 (46%) 16 170
200 °C 10 410 150 (41%) 36 34
5 2 atm 40 690 190 (32%) 60 75
“1.2m” 180 720 190 (30%) 67 74
200 °C 10 370 155 (46%) 15 30
6 4 atm 40 510 210 (45%) 20 40
“2.5M” 180 800 260 (37%) 39 94
200 °C 10 270 130 (50%) ND 17
7 6 atm 40 470 220 (50%) 14 30
“3.7Wm” 180 950 320 (40%) 35% 110
(P™PCP)Ir(CH,)
NN AN I(zonl’“f;d N NN RN
8.7M vertically 1-pentene (E+Z)-2-pentene 1,3-pentadiene

200 °C or240°C

& Concentrations given represent concentrations obtained after the indicated time of heating,
followed by cooling of the reaction vessel to 25 <C so that all species are condensed or dissolved
into liquid solution phase.

b Reaction vessels (glass ampoules) were oriented vertically.

¢ Most runs were repeated; results given are the average of two or more runs. Reproducibility
averaged £3%.

dVolume of pentane in each vial was reduced from 100 uL to 50 uL; thus the propene/pentane
ratio was doubled.

When propene pressure is varied from 2 atm to 4 atm at 240 <C (Table 6) the overall

rate of dehydrogenation increases by ca. 2-fold. Further increase in propene pressure to 6
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atm results in a decreased rate, which is comparable to the rate observed with 2 atm of
propene. The yield of a-olefin, however, depends significantly upon propene pressure;
for example, after 40 min at 240 <C, conversion was very similar at 2 atm and 6 atm
propene (850 — 870 mM), but yields of a-olefin were quite different, 170 mM (22%) and
400 mM (51%), respectively. Reducing the amount of pentane to 50 pL allowed us to
have approximately “7.4 M” propene while working under 6 atm (entry 4, Table 6). This
reaction system, when heated at 240 <C for 80 min, gave the highest yield of 1-pentene
yet reported from transfer-dehydrogenation, ca. 575 mM, which is about 5.9 times greater
than the a-olefin yields obtained in previous reports.® At lower temperatures, a similar

dependence of propene pressure on yields of 1-pentene was observed (entries 5, 6 and 7,

Table 6) as illustrated in Figure 3.
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Figure 3. Plot of 1-pentene as fraction of pentenes formed in the dehydrogenation of n-
pentane catalyzed by 2-C2H4 under 2 atm, 4 atm, and 6 atm propene at 200 <C

Origin of the high a-olefin yields. As discussed above, high yields of a-olefin are
obtained when using ethylene as acceptor and under high pressures of propene in

particular. Both olefins, but ethylene in particular, are expected to bind strongly to the
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pincer-iridium complex. This strong binding explains the relatively low rate of
dehydrogenation obtained in the presence of ethylene, given that (pincer)Ir(ethylene) is
presumably not catalytically active. We have recently shown that the dehydrogenation
catalyst ("B“*PCP)Ir (1) catalyzes olefin isomerization via an #°-allyl pathway which, in
turn, proceeds via C-H addition prior to olefin coordination.®” Thus olefins like ethylene
that bind very strongly, or high pressures of propene which binds fairly strongly, would
be expected to inhibit isomerization of the a-olefin primary product. However, such
binding of the acceptor olefins would also be expected to inhibit (equally) the rate of
dehydrogenation; if the rate of isomerization relative to dehydrogenation were
unchanged, the maximum concentration of a-olefin would also be unchanged (although it

would of course take more time to reach that maximum).

The conclusion, in our earlier study, of an #°-allyl isomerization pathway being
operative for catalyst 1 was based on several lines of evidence.>’ In particular, we gave
very strong consideration to the most commonly proposed pathway for olefin
isomerization: insertion into an M-H bond (e.g. 2,1-addition of 1-alkene), followed by B-
H migration at C3 to give the more stable double-bond isomer, 2-alkene); we will refer to
this as a “hydride addition pathway”. Under the conditions of our studies the only
observable resting state was always (‘®**PCP)Ir(1-alkene). Thus, a hydride addition
pathway would proceed via a small, if unobservable, concentration of a catalytically

active hydride, most likely (*®“*PCP)IrH2, which should be present according to eq 1.

(pincer)lr(1-alkene) + alkane = (pincer)IrH. + 1-alkene + alkene’

(1)
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The concentration of the hydride species would be much greater in alkane than in
arene solvent due to the steady state behavior of eq 1; therefore, isomerization rates
would be commensurately much greater if such a species were largely responsible for
isomerization. In fact we found that rates of 1-alkene isomerization by 1 were identical in

n-octane and p-xylene solvent®’ (and this result was reproduced during the present study).

In the case of (P™PCP)Ir (2), as with 1, the major resting state in the presence of any
appreciable concentration of 1-alkene is the 1-alkene complex (or the propene or ethylene
complex in the presence of these olefins). However, the effect of alkane vs. arene solvent
on the rate of isomerization proved to be very different in the case of 2. Addition of 1-
octene [100 mM] to 2-C2H4 (1 mM) in either n-octane or p-xylene solvent resulted in
complete conversion to (P“PCP)Ir(1-octene), without any hydride species observable in
either solvent. However, in contrast with the catalytic behavior of 1, 1-octene
isomerization is indeed significantly faster in n-octane than in p-xylene, by ca. two-fold
(Figure 4). This indicates that dihydride 2-H2 is a much more active catalyst (on a per
mol basis) than 2-(1-octene). Nevertheless, given that the small concentration of
dihydride would be many times greater in alkane than in arene (eq 1), the fact that there is
only a ca. 2-fold difference indicates that isomerization by 2 does not proceed exclusively
via the hydride pathway. Instead, it can be concluded that the observed isomerization in
p-Xylene solvent is not due to a hydride pathway, but is presumably due to an allyl
pathway; the rate of this pathway might be considered a “baseline”, while the presence of

any 2-Hzcould add to this baseline rate.
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Figure 4. Isomerization of 1-octene in n-octane and p-xylene at 125 <C catalyzed by 2

Ethylene is presumably a better hydrogen acceptor than propene, given that the
thermodynamics of its insertion and hydrogenation are more favorable, and that it is
sterically less demanding. Thus any contribution to isomerization from a hydride pathway
would be expected to be minimized by the presence of ethylene, particularly at high
pressure. Indeed, under 4 atm ethylene (and with the reaction ampoule oriented
horizontally so as to maximize surface area and minimize diffusion limitations) the yield
of 1-pentene was the highest we have obtained to date, 520 mM (after condensation) after
180 min (entry 1, Table 7).

With 2 atm instead of 4 atm ethylene (entry 2, Table 7), the reaction rate is
expected to be somewhat (up to 2-fold) faster due to decreased inhibition. Surprisingly,
however, under these conditions the reaction was found to be ca. 4-fold faster. We
suspect this result is due to a diffusion limitation which lowers the local ethylene

concentration and thus (somewhat counter-intuitively) produces a rate even faster than
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would be predicted. With respect to mechanistic study, the value of this experiment is

thus doubtful.

Table 7. Dehydrogenation of n—pentane [“8.7 M]” with ethylene at 240 <C catalyzed by

2_a,b
Conditio Tim To’gal 1-Pentene / mM % Ethylene Dienes
Entry ns e_/ Olefins® (% total conversion (by /' mM
min / mM monoenes) GC)
1 240 °C 10 562 346 (64%) 63 24
fgtm 40 1292 115 (10%) 100 82
2 240 °C 10 132 114 (88%) 8 0
4 atm 40 306 238 (79%) 16 4
“24M” 180 1096 524 (52%) 60 90
3 200 °C 10 26 22 (85%) 85% 0
2 atm 40 114 90 (80%) 80% 0
“1.2m” 80 260 186 (72%) 24 3
180 424 248 (61%) 61% 14
4 200 °C 10 3 3 (>97%) ND 0
4 atm 80 28 26 (93%) 1 0
“2.4” 600 220 166 (78%) 8 3
150 456 278 (64%) 15 11
(PHPCP)IN(C H,)
NN F e NN NN SN N
8.7M horizontally 1-pentene (E+Z)-2-pentene 1,3-pentadiene

200°Cor240°C

& Concentrations given represent concentrations obtained after the indicated time of heating,
followed by cooling of the reaction vessel to 25 <C so that all species are condensed or dissolved
into liquid solution phase.

b Reaction vessels (glass ampoules) were oriented horizontally.

¢ Most runs were repeated; results given are the average of two or more runs. Reproducibility
averaged £3%.
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Overall, the picture that emerges from these studies is illustrated in Scheme 2.

Scheme 2

(Pr4PCP)Ir(1-alkene)

%KI

('P“‘PCP)Ier (PPCP)Ir === (P"PCP)Ir(CH,=CHA)
fast slow -
olefin olefin _\_ R
isomztn —\ —\ isomztn
—\ = ethylene or

_//—R A propene

Implicit in the above explanation of selectivity is a model of reactivity that is at
least qualitatively not different from the behavior of the catalyst in solution. We therefore
further explored the liquid phase reactivity with the same acceptors and n-alkanes as an
obvious test of this model. Moreover, the solution phase does not present the issue of
irreproducible surface area and physical distribution of the catalyst, thus allowing a more
rigorously quantitative study of the reaction kinetics.

2-catalyzed, solution-phase, transfer dehydrogenation of n-octane was conducted
with ethylene and with propene as acceptor. As with the gas-solid phase reactions, a glass
ampoule was charged with catalyst, alkane, and olefin acceptor, and then sealed. The
ampoule was rotated in the oven to promote gas-liquid mixing. Transfer-
dehydrogenation was run with 2 atm, 4 atm, and 6 atm propene pressure. Higher propene
pressures resulted in somewhat lower rates, indicating that a significant fraction of the
catalyst was present as the out-of-cycle species 2-propene. The effect on the rate from a
3-fold increase in Ppropene, hOwever, was less than a factor of 3 (<2-fold), suggesting that

2-propene is not the only major species present.
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If we assume that 2-propene is catalytically inactive with respect to both octane
dehydrogenation and 1-alkene isomerization, then an increase in [2-propene]
(effectuated by increasing the propene pressure) is expected to lower the rates of both
processes equally. Assuming that fragment 2 can react with either n-alkane (leading to
dehydrogenation) or with a-olefin (leading to isomerization), an increase in Ppropene Would
not be expected to have any direct effect on the ratio of dehydrogenation to isomerization
if these were the only paths leading to dehydrogenation and isomerization, respectively.
In that case, at a given level of conversion (i.e. after dehydrogenation had proceeded to a
given extent), the degree of isomerization would be proportional, and the fraction of
unisomerized 1-alkene product formed would be independent of propene pressure.
However, as seen in Table 8 and Figure 5a, at any given level of conversion the fraction
of a-olefin is in fact higher under the higher propene pressure[s]. This is explained in
terms of the left side of Scheme 2: if a small concentration of 2-Hz is responsible for a
significant fraction of the isomerization, then increasing propene concentration will
decrease the steady-state concentration of 2-Ha, thus resulting in decreased isomerization
and higher a-olefin yields.

When ethylene is used as the hydrogen acceptor, the yields of 1-octene show a
weak dependence on ethylene pressure. At high ethylene pressures, the yields of 1-octene
are somewhat higher than with propene but the difference between the two acceptors is
not large. We interpret these results as approaching a regime, where the concentration of
2-H2 is too low to contribute significantly to isomerization; in such a regime, the ratio of
dehydrogenation to isomerization should be independent of ethylene or propene

concentration.
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Table 8. Dehydrogenation of n-octane “[6.2 M] catalyzed by 2 (1 mM) under varying
propene or ethylene pressures at 180 <C (spinning reaction vials).?

Acceptor, Time / min Total olefins® / 1-OCtene / mM % A?ceptor Dienes /mM
Pressure mM (Fraction %) conversion (by GC)
propene 5 340 93 (29%) 18 17
2 atm 10 590 120 (22%) 32 49
“1.2m” 20 990 120 (14%) 60 150
30 1240 80 (8%) 82 280
5 270 92 (35%) 10 10
propene 10 490 165 (30%) 15 25
4 atm 20 840 146 (20%) 30 90
24 W 50 1455 120 (11%) 60 345
90 1980 <5 100 750
5 200 70 (37%) 4 10
propene 10 500 160 (33%) 9 25
6 atm 30 870 190 (24%) 18 88
“3.6 M” 60 1410 190 (16%) 30 250
120 1860 170 (12%) 46 480
10 23 9 (40%)
ethylene 40 87 35 (40%) 8
2 atm 110 210 76 (37%) 17
“1.2Mm” 250 430 130 (32%) 38 25
480 690 160 (26%) 55 64
840 1040 160 (18%) 75 150
10 12 8 (66%) -
ethylene 40 24 15 (63%) 1
4 atm 80 92 62 (67%) 5
“2.4M” 200 170 85 (52%) 7 3
480 430 150 (37%) 17 18
960 960 210 (24%) 40 100
1440 1100 200 (21%) 44 140
40 <4 3 (83%) ND 0
(P+4PCP)Ir (1) 180 33 20 (67%) 3
ethylene 960 156 78 (56%) 15 2
2 atm 2160 455 127 (29%) 35 20
“1.2Mm” 5400 1000 130 (15%) 75 135

& Concentrations given represent concentrations obtained after the indicated time of heating,
followed by cooling of the reaction vessel to 25 <C so that all species are condensed or dissolved
into liquid solution phase.

b Reaction vessels (glass ampoules) were oriented horizontally.
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¢ Most runs were repeated; results given are the average of two or more runs. Reproducibility
averaged £1%.
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Figure 5. Plot of 1-octene as percentage fraction of octenes formed in the
dehydrogenation of n-octane catalyzed by 2-C2Hsat 180 <C under (a) 2 atm, 4 atm, and 6

atm propene, (b) 2 atm and 4 atm ethylene, (c) 2 atm ethylene and propene, (d) data from
all plots combined.

The reaction of n-octene with propene is probably too fast at 180 <C to obtain
good kinetics data. For this reason, and also to investigate the effect of temperature
further, we also conducted runs under propene at 160 <C. We also varied temperature
with ethylene as acceptor, but in this case we raised the temperature to 200 <C, since the
kinetics with ethylene were quite slow at 180 <C. Generally speaking, higher selectivity is
of course associated with lower temperature — and this is particularly true in the case of
formation of thermodynamically less favorable products. Inspection of Tables 8 and 9,
however, reveals that at any given level of conversion, with any given pressure of either

propene or ethylene, higher temperatures are found to give greater fractions of a-olefin.
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Accordingly, at 200 <C and at the highest pressure of ethylene used (4 atm), an a-olefin
yield as high as 250 mM (250 TO) is obtained, a factor of 2.5 greater than any previously

reported value in solution.

Table 9. Dehydrogenation of n-octane (6.2 M) catalyzed by 2 (1.0 mM) under propene at
160 <C, and under ethylene at 200 C

1-Octene / :
Acceptor GO oy Total Olefins / (Seg'l/i'vity % Ac_cePt;ch Dlse;]e
ons mMm ” conversion (by GC) mM
10 9 55 (57%) 5 0
160 °C 20 190 76 (41%) 9 3
propene 2 atm 40 450 100 (24%) 23 21
“1.2 M 90 720 105(16%0) 40 66
180 1310 52 (5%) 90 340
10 55 37 (67%) 1
160 °C 20 118 55 (47%) 2 2
propene 6 atm 40 270 110 (40%)
“3.6 M” 80 540 120 (25%) 11 40
120 690 140 (22%) 12 50
180 850 140 (19%) 20 110
10 170 90 (56%) 16% 2
200 °C 20 360 140 (40%) 23% 14+1
ethylene 2 atm 40 580 200 (40%) 45% 28+1
1 ',\2/|27 90 950 195 (24%) 75% 9612
120 1190 2(<1%) 100% 206+6
10 40 28 (74%) 2% 1
200 °C 40 180 96 (56%) 7% 4+1
ethylene 4 atm” 80 390 170 (44%) 17% 13+1
“2,\'/?.5 120 560 210 (40%) 25% 304
180 770 250 (34%) 32% 55+1
280 910 230 (27%) 38% 55+1

& Concentrations given represent concentrations obtained after the indicated time of heating,
followed by cooling of the reaction vessel to 25 <C so that all species are condensed or dissolved
into liquid solution phase.

b Reaction vessels (glass ampoules) were oriented horizontally.

¢ Most runs were repeated; results given are the average of two or more runs. Reproducibility
averaged £1%.



124

Computational Results, Discussion, and Overview. Quantum mechanical calculations
(DFT, see Computational Details) modeling (in vacuo) the P“PCP (2) and ®B““PCP (1)
systems offer significant insight into the surprisingly high yields of a-olefin obtained in
this work, both in solution and solid-gas phase experiments, and enable us to put the
mechanistic hypotheses advanced above on a much firmer footing. Moreover, while we
have previously reported that 2 is a more effective catalyst than 1 for several alkane
dehydrogenation reactions, 25 the difference was not as pronounced as in much of the
present experimental work; the present set of DFT calculations help explain this
observation as well.

In the following, we use hexane/1-hexene as our representative n-alkane/1-alkene
pair. If we consider the simple case of an n-alkane/1-alkene transfer-dehydrogenation
cycle, the resting state of either catalyst 1 or 2 is the corresponding 1-alkene complex,
while the rate-determining step is f-H elimination of the 1-alkyl iridium hydride C-H
bond addition product (Schemes 3 and 4). For (B““PCP)Ir, 1, the difference in free energy
between the 1-alkene complex resting state and the rate-determining TS (RDTYS) is
calculated to be 34.1 kcal/mol (38.9 kcal/mol - 4.8 kcal/mol) at 220 °C (AGz220; most of
the experiments in this work were conducted at 200 <C or 240 <C and for convenience,
free energies are given at the intermediate temperature, 220 <C; Scheme 3). For catalyst 2
(Scheme 4), the difference in free energy between the RDTS for dehydrogenation and the
1-alkene complex resting state is AG220 = 33.1 kcal/mol (25.4 kcal/mol - (-7.7) kcal/mol);

the computed difference between the two catalysts, AG220 = 1.0 kcal/mol, is consistent
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with the experimentally observed significant but not extreme difference in catalytic

activity of 2 vs. 1 for n-alkane/1-alkene transfer-dehydrogenation.®

Scheme 3. Calculated pathway with relative free energies (220 <C) for transfer-
dehydrogenation and a-olefin isomerization catalyzed by 1. Free energies of key resting

states and rate-limiting (determining) transition states (RDTS) shown in red.
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Scheme 4. Calculated pathway with relative free energies (220 <C) for transfer-
dehydrogenation and a-olefin isomerization catalyzed by 2. Free energies of key resting

states and rate-limiting (determining) transition states (RDTS) shown in red.
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However, catalyst 1 binds much more strongly to ethylene than to a-olefin (AG220 =
8.4 kcal/mol, Scheme 3). The overall barrier for dehydrogenation in the ethylene reaction
(Grs-peta-elim — G(1-ethene)) is therefore very high, AG220 = 42.5 kcal/mol. In the case of
the less crowded catalyst 2, ethylene binds only 3.9 kcal/mol more strongly than does 1-
hexene, and AGaoo for the ethylene complex vs. the B-H elimination RDTS is 37.0
kcal/mol. Thus, in comparing catalysis by 2 vs. 1, AG22 = 5.5 kcal/mol in the case when
ethylene is the acceptor; this corresponds to a very large difference in reaction rate

between the two catalysts, in accord with observations (see Table 8, for example).
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Both catalysts 1 and 2 are kinetically highly regioselective for the dehydrogenation of
n-alkanes to give a-olefins;® however, due to subsequent double-bond isomerization, with
neither catalyst (nor with any other alkane dehydrogenation catalyst) have a-olefin yields
previously been reported above 100 mM.8 The following computational results may
explain why the conditions in the present work afford much higher a-olefin yields, in

solution and especially in the solid-gas system.

As discussed above, we have previously determined that the major pathway for olefin
isomerization by 1% proceeds via formation of an iridium allyl complex (involving
addition of the allylic sp® C-H bond to 14-electron fragment 1). While allyl-based olefin
isomerization pathways have long been known,-%* the more commonly proposed
“hydride isomerization pathway” involves insertion into a metal-H bond, followed by -
H elimination at the adjacent position (e.g. 2,1-addition of M-H to an a-olefin), and then
2,3-elimination.®®"! This mechanism would seem to be a particularly likely path for a
transfer-dehydrogenation system in which insertion of olefin (the acceptor) into M-H
bonds is a necessary part of the catalytic cycle. The computational results shown in
Scheme 3, however, explain why the “allyl isomerization pathway” predominates for

isomerization catalyzed by 1.

Dehydrogenation of n-alkane substrate yields (pincer)IrHz. The predicted importance
of the hydride isomerization pathway can be expressed in terms of the three possible
reactions of the dihydride (Scheme 3). The RDTS for the hydride isomerization pathway
by (BU““PCP)IrH. (1-H2) (3,2-B-H-elimination) has a free energy of 44.0 kcal/mol (all
energies are expressed relative to the free (pincer)lr complex plus appropriate substrates

unless noted otherwise). Alternatively, 1-H2 can hydrogenate acceptor to complete one
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catalytic cycle. The respective RDTS free energies for hydrogenation are much lower:
26.0 kcal/mol and 36.4 kcal/mol for ethylene or propene, and 38.9 kcal/mol for higher a-
olefin acceptors (the reverse of the B-H elimination step in dehydrogenation),
respectively. Thus, the calculations predict that isomerization by 1-H2 would be
negligible in the presence of these acceptors. Even if the barrier to hydrogenation of the
acceptor were much higher, as is calculated in the case of TBE at 47.0 kcal/mol, back
reaction with the a-olefin product (Grots = 38.9 kcal/mol) followed by isomerization via
the allyl path (Grots = 34.7 kcal/mol) would be much more rapid than isomerization by

the hydride path.

In the case of catalyst 2 the free energy of the RDTS for the hydride isomerization
path is much lower (26.2 kcal/mol, Scheme 4) than that of 1 and, importantly, in contrast
with 1, much lower relative to the competitive hydrogenations of acceptor or a-olefin. As
with 1-Hz, hydrogenation of ethylene still has a RDTS of much lower energy (18.4
kcal/mol); but for the much less crowded dihydride 2-Hz, the RDTS for hydrogenation of
propene (25.3 kcal/mol) and for the back reaction with a-olefin (25.4 kcal/mol) are quite
comparable to the hydride isomerization RDTS. The calculations thus indicate that for
catalyst 2 in the presence of ethylene, or in the limit of very high propene concentration
or pressure, isomerization via the hydride path will not play a large role. In the case of
low propene concentration or pressure, however, or in the case of an acceptor with a
higher barrier to hydrogenation (e.g. TBE), the hydride isomerization path can be
significant. Moreover, at lower concentrations of propene or in the case of a poor

acceptor, the back reaction of a-olefin product will predominate over the forward
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hydrogenation of acceptor. This back-reaction lowers the net rate of hydrogenation, while

isomerization can still proceed via the allyl pathway.

The relative rates of isomerization and dehydrogenation (which determine the

ultimate build-up of a-olefin) are expressed algebraically in eq 2, based on the rate

constants indicated in Scheme 5.

Scheme 5. Simplified scheme illustrating relative rates of isomerization and
dehydrogenation as well as corresponding rate constants. (Terms in the numerator of
equation 2 are color-coded to indicate their origin in the corresponding isomerization

pathways depicted in the scheme.)
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i ks[a-olefin]k,[RH]
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From eq 2 it can be seen that in the limit of ka[A] >> k-1[a-olefin] and ka[A] >> ks[a-
olefin] (i.e. conditions of fast hydrogenation of the sacrificial acceptor) the
isomerization/dehydrogenation ratio reduces to kz[a-olefin]/k:[RH] (eq 3). Eq 3 reflects
the competing reactions of (pincer)Ir (present in a very small steady-state concentration)

with o-olefin (isomerization) vs. alkane (dehydrogenation).

If Ka[A] >> k.1[a-olefin] and ka[A] >> ka[a-olefin]:

ko[a-olefin]

isomerization/dehydrogenation =
k;[RH]

©)

When ethylene is the acceptor, the difference in free energies of the respective
RDTS’s is very large for 1, ca. 13 kcal/mol, and large even for 2 (ca. 7 kcal/mol); thus,
either catalyst should be in the fast-acceptor hydrogenation limit and eq 3 is expected to

be applicable, with no significant contribution to isomerization from a hydride pathway.

In the case of propene acceptor and (B“*PCP)Ir catalyst (1) the difference in free
energies for the RDTS’s of propene hydrogenation vs. isomerization via the hydride
pathway is also very large (7.6 kcal/mol). The difference between propene hydrogenation
vs. back-reaction with a-olefin is 2.5 kcal/mol. Hence, as long as propene
concentration is comparable to a-olefin concentration the back-reaction rate will be

small, and the system will still be in the fast-acceptor hydrogenation limit described by eq
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3. Similarly, when a-olefin is used as acceptor, the relative rate of back reaction will be

small as long as the acceptor is present in excess.

In the case of propene acceptor and the less bulky (""*PCP)Ir catalyst (2), however,
the calculated difference in free energies for the RDTS’s of propene hydrogenation vs.
isomerization via the hydride pathway is small (1.0 kcal/mol), and the difference between
propene hydrogenation vs. back-reaction with higher a-olefin is negligible (0.2 kcal/mol).
In both cases this represents a competition between the reaction of 2-Hz with propene vs.
a-olefin. Thus, only in the limit of very high propene concentration or pressure (relative
to concentration or pressure of a-olefin) will the isomerization/dehydrogenation ratio
approach the lower limit of eq 3. As the reaction progresses and reaches the limit of
complete consumption of propene the isomerization/dehydrogenation ratio will rapidly

increase.

Regarding ethylene or propene acceptors, it should be noted that as the overall rate of
dehydrogenation is inhibited by their binding to the iridium center, as the acceptor
concentration or local pressure is lowered, its rate of consumption is increased. Thus,
slow diffusion could result in a (counter-intuitive) faster-than-expected rate (either in the
gas or solution phase) and a self-propagating cycle which in turn could further lower
concentrations of acceptor; consecutively, this would result in a higher-than-expected rate

of isomerization (eq 2) as well as a fast but diffusion-limited rate of hydrogenation.

The use of a higher a-olefin as sacrificial acceptor (one with chain length different
from the n-alkane substrate so that the reaction is non-degenerate) allows simplification

of eq 2, since we can then assume ks = k1. If we consider the point at which the acceptor
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concentration is equal to the product (a-olefin) concentration, eq 2 can be simplified to eq

4.

. isomerization 2ko[a-olefin] ks
If [a-olefin acceptor] = [a-olefin product]: = + —
net dehydrogent'n k¢[RH] K.

(4)

In the case of catalyst 1, the term ka/k1 is predicted to be negligible due to the RDTS
difference of 5.1 kcal/mol for the respective steps. For 2 the calculated difference (0.8
kcal/mol) is small, even within the range of error of the calculations, consistent with a
significant contribution to isomerization from the hydride-isomerization pathway under
this (fairly typical) set of conditions. This is also consistent with the results of the
isomerization experiment in which only a-olefin is present (in that case a-olefin of only
one chain length is present but that will not affect the rates of isomerization resulting

from the different isomerization pathways.)

Note that in the case of catalyst 2 the use of highly reactive acceptors suppresses the
dihydride path, which could otherwise play a significant role. But even independent of
suppressing the hydride path, in the case of 1 or 2, higher concentrations of more active
acceptors (i.e. high values of k4[A]) will favor a higher a-olefin fraction of total olefin
produced by disfavoring the back-reaction of dihydride with a-olefin product. This is
reflected in eq 2 in that, even in the limit of ks = 0, the ratio of isomerization to net

dehydrogenation (eq 2) is still inversely dependent on ka[A].

(Pincer)Ir-catalyzed alkane dehydrogenation has been of particular interest in the

context of alkane metathesis in which (pincer)Ir catalysts operate in tandem with olefin
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metathesis catalysts.?® As noted above, the hydride isomerization pathway is suppressed
by the presence of effective hydrogen-acceptors in high concentration. In the course of an
alkane metathesis reaction, however, the steady-state concentration of olefin is quite low,
and the conditions favor the build-up of dihydride complex. Given that both catalyst 1
and 2 dehydrogenate alkanes with high regioselectivity for the terminal position, these
results may well explain why catalyst 1 gives much better yields of Con-2 product in
alkane metathesis (e.g. n-decane from n-hexane) than does 2. Indeed, although 2 and
several other catalysts have shown high regioselectivity for dehydrogenation, catalyst 1
has proven nearly unique with respect to good selectivity in alkane metathesis;®?%% a
possible explanation is that the dihydride isomerization path in particular is anomalously

unfavorable for the highly crowded catalyst 1.

The effect of the nature and concentration of acceptor on the a-olefin fraction as
elucidated above may offer insight into the higher yields of a-olefin obtained in the gas
phase vs. liquid. In a gas-phase experiment the ratio of total acceptor to a-olefin present
in the reaction vessel equals the relative concentrations of these species to which the
catalyst is exposed. In the solution phase experiments, however, while essentially all
catalyst and a-olefin are in the solution phase, a large fraction of the ethylene or propene
acceptor is in the gas phase, thus biasing the system toward isomerization vs.

hydrogenation.

We note one additional effect which the DFT calculations suggest would contribute to
the high yields of a-olefins reported in this work. High temperature is generally
associated with a lack of selectivity. However, the RDTS (B-H elimination) for the

dehydrogenation of n-alkane by 2 has an enthalpy barrier calculated to be 4.4 kcal/mol
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greater than that of the RDTS for a-olefin isomerization catalyzed by 2. Higher
temperatures should thus favor dehydrogenation vs. isomerization, and ultimately the
apparent “selectivity” for a-olefin production. The error in the calculated difference in
enthalpy between these very different TSs (allyl-isomerization vs. B-H-elimination) is
surely large relative to the small difference itself, but taking the calculated value of 4.4
kcal/mol as a “best guess”, we can consider the effect of conducting the reaction at

220 T, for example, compared with a more typical reaction temperature of 150 <C. The
predicted change in the ratio of dehydrogenation to isomerization via the allyl pathway is
significant, viz. a factor of exp[(4.4 kcalemol™/R)(1/T1 — 1/T2)] = 2.1 (T1 =423 K; T2 =
493 K). Note, however, that the RDTS for the hydride isomerization pathway has a
slightly higher calculated enthalpy than the RDTSs for the competitive hydrogenation
reactions; thus, the hydride pathway will be favored by higher temperature, highlighting
further the importance of the use of highly effective hydrogen acceptors in obtaining high

yields of a-olefin.

Conclusions

We report that pure solid phase (pincer)Ir catalysts are highly effective for the
dehydrogenation of n-alkanes in the gas phase. (P“PCP)Ir (2) was found to be
particularly effective for this purpose, while commonly used bulkier catalysts such as
(BYPCP)Ir (1) or (B““POCOP)Ir are much less effective. High selectivity for a-olefin (the
thermodynamically least stable double-bond isomer) is obtained, demonstrating that the

solid catalyst is operating as the molecular species. Remarkably, the fractional yields of
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a-olefin obtained from the heterogeneous systems are actually much greater than have

been previously reported with homogeneous solution-phase systems.

In an effort to elucidate the origin of the unusually high a-olefin fraction, as well as
the much greater reactivity of the less crowded catalysts, we conducted solution-phase
studies and DFT calculations on complexes 1 and 2. With ethylene as hydrogen acceptor
the much greater reactivity of complex 2 is well explained by the DFT calculations. The
difference in energy between the RDTS for dehydrogenation and the ethylene-bound
resting state is calculated to be much greater for the bulky complex 1 than for 2; in the
case of higher olefins the difference is much smaller. This effect is applicable to propene
also, but to a much lesser extent. However, decomposition of catalyst 1 seems to be

promoted by propene via a mechanism that we do not yet understand.

While both 1 and 2 are known to be regioselective for dehydrogenation of n-alkanes
to give a-olefins, yields of a-olefin are limited by double-bond isomerization; the highest
yield of a-olefin previously reported in solution experiments was 97 mM (obtained with
the use of 2). We have reported that the mechanism of isomerization in the case of
catalyst 1 proceeds entirely by reaction of the 14-electron fragment 1 with olefin via an
allyl intermediate and not via the more typical hydride class of mechanism. DFT
calculations show that the hydride pathway is much more competitive in the case of 2;
this is supported by experiments showing that 1-octene is isomerized ca. 2-fold more
rapidly by 2 in n-octane vs. p-xylene solvent (whereas, in the case of complex 1, the rate

of isomerization in these two solvents is identical).

The contribution of the hydride pathway to isomerization is dependent upon a

competition for the dihydride complex between hydrogenation of acceptor,
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hydrogenation of a-olefin (i.e. back-reaction), and 2,1-insertion of the a-olefin leading to
isomerization. DFT calculations indicate that the reaction of either 1-Hz or 2-H2 with
ethylene is much more rapid than either back-reaction with a-olefin or isomerization of
a-olefin. Hence the use of ethylene as hydrogen acceptor gives the highest yields of a-
olefin in either solution-phase or solid-phase experiments; at high pressures, propene
gives a-olefin yields that are only slightly lower. As the calculated activation enthalpy for
dehydrogenation is higher than that for isomerization via the allyl pathway, higher
temperatures favor the dehydrogenation/isomerization ratio and therefore higher a-olefin
yields. Thus the high a-olefin yields obtained from the gas-solid systems with catalyst 2
are in large part simply a result of the conditions that lead to the gas/solid-phase state: use
of highly volatile hydrogen acceptors and the high temperature, both of which mitigate
the hydride isomerization pathway. A further advantage of the gas phase is that the
catalyst is exposed to the same ratio of acceptor to a-olefin product that is present in the
reaction vessel. In contrast, in the solution runs, the volatile acceptors propene and
ethylene are partitioned largely into the gas phase while the a-olefin product remains in
solution, thus favoring isomerization via the hydride path, as well as hydrogenation of a-
olefin (back reaction); both effects contribute to an increase in the ratio of isomerization

to dehydrogenation.

Thus we report a novel molecular gas-solid system which shows high kinetic
selectivity for dehydrogenation of n-alkanes at the terminal position. The solid phase
itself has little if any effect on the intrinsic selectivity and reactivity; indeed DFT
calculation modeling the system in vacuo capture the key properties of the catalyst in the

gas-solid system as well as in solution. Experiment and calculation have led to greater



137

insight into the factors that determine the yields of the desirable terminal
dehydrogenation products. We find that it is possible to effectively eliminate one of two
pathways for olefin isomerization with the appropriate conditions and hydrogen acceptor.
A focus of further work will be on the design of catalysts for which the remaining n?-

allyl isomerization pathway is less active relative to dehydrogenation.
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Computational Details

All electronic structure calculations employed the DFT method! and the PBE? exchange-
correlation functional. A relativistic, small-core ECP and corresponding basis set were
used for the Ir atom (LANL2TZ model);** all-electron 6-311G(d,p) basis sets were
applied to all P, C, and H atoms.® The (**PCP)Ir species was modeled with R = #-Bu and
i-Pr, the phosphine substituents actually used in the experiments. Reactant, transition
state and product geometries were fully optimized, and the stationary points were
characterized further by normal mode analysis. Expanded integration grid sizes (pruned
(99,590) atomic grids invoked using the integral=ultrafine keyword) were applied to
increase numerical accuracy and stability in both geometry optimizations and normal
mode analysis.® The (unscaled) vibrational frequencies formed the basis for the
calculation of vibrational zero-point energy (ZPE) corrections; standard thermodynamic
corrections (based on the harmonic oscillator/rigid rotor approximations and ideal gas
behavior) were made to convert from purely electronic (reaction or activation) energies
(E) to (standard) enthalpies (H) and Gibbs free energies (G; P = 1 atm).” H, entropy (S),
and G were evaluated at two temperatures, T =25 °C (=298 K) and T =220 °C (=493
K). The latter T corresponds approximately to the temperature used in the experiments,
and all energy values quoted in the principal text refer to T = 220 °C unless noted

otherwise. We tabulate E, H, S, and G at T=25°C (298 K; P=1 atm) as wellas Gat T =
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220 °C (P =1 atm). All calculations were executed using the GAUSSIAN 09 series of

computer programs.®
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Reaction mechanism and energy tables
Figure S1. Reaction mechanism with free energy values for alkane dehydrogenation by
BUPCPIr [PBE/LANL2TZ/6-311G(d,p)]

Alkane Dehydrogenation Using B““PCP; Functional: PBE; Basis Set: LANL2TZ/6-311G(d,p); G (220 °C)
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Table S1. Potential energies, enthalpies, entropies and free energies for alkane
dehydrogenation by (®“PCP)Ir [PBE/LANL2TZ/6-311G(d,p)].?

AG(2
Structure 98 AG(493
File name label AE | AH K) AS K)
tBu-PCPIr-ethene 2-ethene | 30.3 | 27.9 | -13.2 | -49.4 -3.6
tBu-PCPIr-propene 2-propene | 22.6 | 20.3 | -4.8 | -51.9 5.3
tBu-PCPIr-TBE 2-TBE 119 ] -96 | 6.6 | -54.2 17.1
tBu-PCPIr-1hexene 2-lhexene | 23.0 | 20.6 | -5.2 | -51.6 4.8
tBu-PCPIr + 1-hexene 0.0 | 0.0 | 0.0 0.0 0.0
tBu-TS-Hmigration TS2/2a 71 | 56 | 219 | -54.5 325
tBu-Interm-1allyl-anti 2a -81 | -85| 55 | -46.9 14.7
tBu-Interm-3cor-allyl-syn 2b 126 | 11.8 | 5.7 | -58.7 17.2
tBu-TS-Hmigration-sec TS2s20 84 | 7.1 | 23.8 | -56.0 34.7
tBu-PCP+ 2-hexene -34 | -36 | -3.6 | -34 -1.9
tBu-PCPIr-2hexene 2-2hexene | 19.2 | 16.7 | -0.9 | -47.7 6.8
TS212-(n-
tBu-TS-CH-C1-C2 Hex)(H) 76 | 6.6 | 20.9 | -48.0 30.3
2-(n-
tBu-Interm-CH-C1-C2 Hex()(H) 24 | 2.2 | 16.7 | -48.9 26.3
TSZ—(n—
tBu-TS-elim-C1-C2 He(Hy2-H2 | 12.3 | 9.4 | 27.2 | -59.9 38.9
tBu-PCPIrH2+1-hexene 6.8 | 25 | 2.8 -1.0 3.0
tBu-TS-elim-C2-C1 TSocpoH2a | 11.8 | 9.2 | 26.5 | -58.0 37.8
tBu-Interm-CH-C2-C1 2C 85 | 80 | 225 | -48.8 32.0
tBu-TS-elim-C2-C3-E TSoc2-H2- | 17.4 | 144 | 32.3 | -60.1 44.0
tBu-PCPIrH2+2-hexene 34 | -1.1 ] -09 | -0.7 -0.7
TSo2-Hos-
tBu-TS-elim_ethane (EN(H) 22 | -04 | 156 | -534 26.0
tBu-Interm-CH_ethane 2-(EY)(H) | -3.1 | -3.7 | 9.8 | -452 18.6
tBu-TS-CH_ethane TSoeyHy2 | 42 | 3.2 | 165 | -44.7 25.2
tBu-PCPIr+ethane -3.7 | -37 | -32 | -15 -3.0
tBu-TS-elim-C2- TS2-H212-(n-
C1_propane Pr)(H) 11.3 | 8.7 | 25,5 | -56.2 36.4
tBu-Interm-C2-
C1_propane 2-(n-Pr)(H) | 65 | 6.0 | 20.3 | -47.9 29.6
tBu-TS-CH-C2-
C1 propane TSo.npryHy2 | 11.5 | 10.3 | 245 | -47.7 33.8
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tBu-PCPIr+propane 01| 02 | 0.2 0.1 0.2
tBu-TS-elim-C1- TS2-H2r2-
C2_TBA (TBA)(H) 206 | 17.8 | 35,5 | -59.3 47.0

tBu-Interm-C1-C2_TBA | 2-(TBA)H) | 1.1 | 0.3 | 14.4 | -471 | 235

tBu-TS-CH-C1-C2_TBA | TSo-maymy2 | 8.6 | 7.5 | 21.7 | -47.6 31.0
tBu-PCPIr+TBA 05| 04 | 03 0.3 0.3

& Units are kcal/mol for AE, AH, and AG; units are cal/(deg-mol) for AS. The standard

state

for concentrations is P = 1 atm for each species participating in the reaction; T = 298.15

K.

Figure S2. Reaction mechanism with free energy values for alkane dehydrogenation by

(PPCP)Ir [PBE/LANL2TZ/6-311G(d,p)]

Alkane Dehydrogenation Using P™PCP; Functional: PBE; Basis Set: LANL2TZ/6-311G(d,p); G (220 °C)
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Structure AG(298 AG(493
File name label AE AH K) AS K)
iPr-PCPIr-ethene 1-ethene | -34.1 | -32.8 | -19.9 | -43.0 -11.6
: 1-
IPr-PCPIr-propene propene | -31.4 | -30.1 | -15.8 | -48.0 6.4
iPr-PCPIr-TBE 1-TBE -24.2 | -22.8 -7.9 -49.7 1.8
. 1-
IPr-PCPIr-1hexene | 1povene | 331 | 319 | 173 | -400 | 7
iPr-PCPIr+ 1-hexene 0.0 0.0 0.0 0.0 0.0
iPr-TS-Hmigration TS11a 47 | -71 8.8 -53.3 19.2
iPr-Interm-lallyl-anti la -30.7 | -31.0 | -13.3 | -59.3 -1.8
iPr-Interm-3cor-allyl-syn 1b 274 | -276 | -104 | -57.6 0.9
iPr-TS-Hmigration-sec TSub 47 | -71 8.8 -53.3 19.2
iPr-PCP+ 2-hexene -34 | -3.6 -3.6 0.3 -3.7
. 1-
IPr-PCP-2hexene | opovene | 27.7 | -265 | -121 | 482 | 27
D T TS11-(n-
IPr-Ts-cH-Cl-C2 oty | 17 | 02 | 132 | -as9 | 220
. 1-(n-
IPr-Interm-CH-C1-C2 He)(H) | -23 | -3.8 98 456 18.7
. _ _alim. _ TSl-(n_
iPr-TS-elim-C1-C2 veoeiyire | 0.6 27 143 | 570 25.4
iPr-PCPIrH2+1-hexene 6.0 14 1.3 0.3 1.3
iPr-TS-elim-C2-C1 | TSiwiH2a| 08 | -28 | 141 | -56.7 25.1
iPr-Interm-CH-C2-C1 1c 24 | -3.8 11.0 | -49.5 20.6
iPr-TS-elim-C2-C3-E | TSicnte | 1.6 | -21 | 150 | -575 | 26.2
iPr-PCPIrH2+2-hexene 2.6 -2.1 -2.3 0.5 -2.4
. . TS1-H21-
iPr-TS-elim_ethane o) 28 | 62 8.7 -49.9 18.4
iPr-Interm-CH_ethane | 1-(Et)(H) | -8.3 | -9.7 2.9 -42.1 11.1
. TSi-
IPr-TS-CH_ethane - 24 | 43 83 423 16.6
iPr-PCPIr+ethane -3.7 | -37 -3.2 -1.5 -3.0
iPr-TS-elim-C2- TS1-Hon- 25 2
C1_propane (n-Pr)(H) 1.4 -2.1 14.4 -55.4 '
iPr-Interm-C2- 1-(n- 192
C1_propane Pr)(H) -3.4 -4.7 9.7 -48.5 '
IPF-TS-CH-CZ- TSl-(n- 25 3
C1_propane Pr)(H)/L 3.7 1.8 16.0 -47.7 '
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iPr-PCPIr + propane 0.1 0.2 0.2 0.1 0.2
. . TS1-Ho1-
iPr-TS-elim-C1-C2_TBA TEAY) 43 0.9 185 50.1 30.0
1-
iPr-Interm-C1-C2_TBA | (TBA)(H 15.9
) -4.9 -6.4 7.1 -45.1
. TS1-
IPr-TS-CH-C1-C2_TBA (TBA)(H)/L 0.2 -2.0 11.2 -44.1 198
iPr-PCPIr + TBA 0.5 0.4 0.3 0.3 0.3

& Units are kcal/mol for AE, AH, and AG; units are cal/(deg-mol) for AS. The standard

state

for concentrations is P = 1 atm for each species participating in the reaction; T = 298.15

K.

Computational Section References

(1) Koch, W.; Holthausen, M. C. A Chemist’s Guide to Density Functional Theory;

Wiley: New York, 2001.
(2) Perdew, J. P.; Burke, K.; Ernzerhof, M. Phys Rev. Lett. 1996, 77, 3865-3868.

(3) Hay, P.J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299-310.

(4) Roy, L. E.; Hay, P. J.; Martin, R. L. J. Chem. Theory Comput. 2008, 4, 1029-1031.
(5) (a) Ditchfield, R.; Hehre, W. J.; Pople, J. A. J. Chem. Phys. 1971, 54, 724-728. (b)

Hariharan, P. C.; Pople, J. A. Molecular Physics 1974, 27, 209-214. (c)

Raghavachari, K.; Binkley, J. S.; Seeger, R.; Pople, J. A. J. Chem. Phys. 1980, 72,
650-654. (d) McLean, A. D.; Chandler, G. S. J. Chem. Phys. 1980, 72, 5639-5648.
(6) Frisch, £.; Frisch, M. J.; Clemente, F. R.; G. W. Trucks Gaussian 09 User’s

Reference, 147.

(7) McQuarrie, D. A. Statistical Thermodynamics; Harper and Row: New York, 1973.
(8) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A;

Cheeseman, J. R.; Scalmani, G.; Barone, V. et al. Gaussian 09, Revision D.01,

Gaussian, Inc., Wallingford, CT, 20009.



148

Chapter 5: Computational Study of N-H Activation by (PCP)IrH2

Introduction

Heterogeneously catalyzed ammonia synthesis by iron based catalysts has long
been known and is well studied, while the homogeneously catalyzed synthesis of NH3
from N2 and H2 by a defined transition-metal homogeneous system remains unsolved in
the field of chemistry. Iron heterogeneously catalyzed Haber-Bosch process is the only
industrial process we humans have successfully developed for transforming nitrogen.
This process now produces 500 million tons of nitrogen fertilizer per year.! But the
Haber-Bosch process is conducted at high pressure ( 15-25 MPa) and high temperature
(300-550 <C), which consumes 3-5% of world natural gas production (~1-2% of the
world’s annual energy supply).! Design of a new catalyst which can be an alternative to
conduct nitrogen hydrogenation under low pressure and low temperature will be a

tremendous contribution to the farming and energy industries.

A former group member, Dr. Kathleen Field, found that a common pincer alkane
dehydrogenation catalyst (**“*PCP)IrH(phenyl) has the ability to run the hydrazine N-H
activation reaction, including both dehydrogenation and N-N bond cleavage to form

ammonia.

A thorough DFT study about both processes were made using DFT calculation
methods. Several possible mechanisms were proposed and studied. With the experimental
results in hands, we were looking for a mechanism supporting those results which

maintained self-correctness among the mechanisms proposed.
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Result and Disscussion

(PCP)IrH2 mechanism: The mechanism involving single molecule (PCP)IrH> catalysing
the whole process is not intuitive, since it is quite different from the C-H activation
reaction that is catalyzed by the same molecule. In the C-H activation reaction, the active
catalyst is a 14e (PCP)Ir molecule with an olefin acting as the hydrogen acceptor. In this
hydrazine N-H activation reaction system, there is no strong hydrogen acceptor to react
with the metal dihydride in order to form (PCP)Ir. So the active species in this N-H
activation system should be 16 electron (PCP)IrH.. Based on such assumptions, we
proposed and calculated the following (PCP)IrH2 mechanism pathways: we have two
different reaction systems under different conditions. When the system was put under
vaccuum, only dehydrogenation reaction happened with N2 and H> forming. When we
put the system under 100 <C temperature, we had ammonia formed as well as N2 and Ha.
Both reactions are catalytic rather than stoichiometric with the experimental results

obtained by Dr. Field in the following Table

Catalyst [Catalyst] M [Hydrazine] M Time NH;] M % yield TON
By, S8
Cg'_"‘ 0.02 0.10 30 min 0.1 99 5
)
e
|
Cg'l'—"f 0.005 0.10 2 hours 0.1 99 20
)
.E“‘T;au
Cg'l'—"-‘ 0.017 0.40 24 hours 0.35 87 24
T.
é;g'lf—ﬂz under 1 atmH, 0.025 0.14 65 hours 0.0949 58 4
Bu By . B
..—T
Q'l'—’“ 0.016 0.10 30 min 0.1 95 8

C{':' 0.016 0.10 3.5 hours 0.0346 36 2
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H
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H-H
TS-Vb-3
i 8.7 H
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H N
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'i'/"\ N’H " NzHy
N, tep” "N H-H A N
H H [pcp]l{-—--!‘f‘ [pcp]lr‘f_N\H [pcp]\r————u—NHz
NoH H H Ny H H NH,
o TSHX-X H TS-VIHX H | TS-VIIVIN H TS-1-VIl
" -18.1 | 6.1 I N 59 H 9.9
[pcp]l#—N:N 4T [pep]ir-N=NH -————————— [pcpllli'--'\‘l - [pcp]ir—N-NH, -————— [pcplir—N;H,
A Ha H ™w
X ™ X v Vil 1
811 -19.2 -20.2 -27.4 -28.3

Addition of hydrazine to (PCP)IrH>, to yield 2a is calculated to be downhill and
2a has been experimentally isolated, crystallized and characterized by Dr. Field. This can
be seen as our starting point. The first three steps are possible rate determining steps.
First, N-H activation assisted by an Ir-H bond to form an iridium hydride gives complex
Il. The idea of small molecule assisted mechanisms will be explored in the later chapter.
Subsequent transfer of that one hydrogen atom to the B-nitrogen gives Il1, a precursor
with -NH3 structure formed. Finally, release of one molecule of ammonia yields IVV. The
two hydrogen transfers steps and the N-N bond cleavage step each have an energy barrier
of approximately 30 kcal/mol; the energy differences between them are within the error
of DFT calculation. We need to also consider experimental result to determine which step
is the RDS. If release of ammonia is rate determining, steric effects should play a big role
to break the N-N bond and push the ammonia molecule out considering four large tbu
groups around the active site. The calculated intermediate (*"““PCP)Ir(H)2(NHNHs3)

structure is shown below:
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Based on that less sterically hindered ("™*PCP)Ir catalyst should be less likely to
release NH3 most likely due to a high energy barrier for the release or the high stability of
the four coordinate complex, and therefore the reaction is much slower. Based on the
kinetics experimental results of Dr. Field, the (P™PCP)Ir catalyst is indeed much less
active showing the ammonia release step could be the RDS of the process. Reverse N-H
activation hydrogenated the a N atom in 1V to yield V, which had been reported and
characterized at -30 <C.2 From V, there are several possible pathways leading to ammonia
formation. Two possible ones are shown here as (a) from V to VI and (b) V to Vb; the
difference here is whether H: is involved in the process. But since both transformations
have a low Kkinetic barrier, it is possible that both reactions happened under the reaction
conditions; indeed, both were observed and VI had also been reported and characterized

at room temperature?. The transformation between V and VI was thermodynamically
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neutral and had a low kinetic barrier around 20 kcal/mol, which was 10 kcal/mol lower
than the RDS. One thing worth mentioning is that neither V nor VI are observed during
the reaction, most likely due to the stability of 3, which is calculated as having the lowest
free energy. This fact also explains its observance by NMR during the reaction. Extra
amount of hydrazine to substitute ammonia from the metal center is a driving force from

VI to 1, which gives the second equivalent of ammonia.

Also, another molecule of hydrazine undergoes N-H activation with an even
stronger activation fragment 14e (PCP)Ir other than 16e (PCP)IrH2. N-H activation
followed by a p N-H elimination leads to a side-on diazene intermediate, VIII. Though
this diazene molecule doesn't play a crucial role in our proposed mechanism, it is
reported by a lot of studies as a critical intermediate during the synthesis of ammonia
from nitrogen and hydrogen.*® Subsequent dehydrogenation by hydrogen atom transfer
to the metal center results in IX. Small molecule assisted effect shows again in the
following step as B-N-H elimination with loss of one molecule of hydrogen, which ends
up as dihydrogen dinitrogen metal complex X. Nitrogen release from X to give the
dihydride complex or another molecule of hydrazine substitution is easily accessible and

finishes our complete catalytic cycle.

Overall, the whole process is extremely downhill with -80.7 kcal/mol energy
release thermodynamically. Most of this negative energy is due to the stability of
products and entropic favorability, as hydrogen, nitrogen and ammonia are very stable
species in comparison to hydrazine. The backwards reaction would encounter a kinetic
barrier of 111 kcal/mol; the overall forward reaction barrier is 30 kcal/mol. Presumably,

the second half of the reaction mechanism starting from 1 is the pathway for the
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dehydrogenation of hydrazine to form nitrogen and hydrogen, and we will see a similar

pathway under vacuum conditions, rather than heating.

The reaction under vacuum is quite different in comparison, since we have a
"hydrogen acceptor" in this case: the vacuum. Under the low air pressure, | can convert to
V111 with low kinetic barrier. And 16 electron species VIII could undergo N-H
dehydrogenation extremely similar to its C-H dehydrogenation reaction catalysed by the

same pincer (PCP)Ir complex.

H

HH H 1 B
[ - -H, =——=—— [peplir—N=N
[pep]ir—N—N [pcplir-N2 + [peplir—Hz !
H o Xl
' 424
0.0
H N
[pcp|]_lir ;{N
H, HH H. H
e /N THA T8-6-7
[peplif--—y N, [pcplir N lpeplir™ "y 20.6
"H’ H H H
TS-2-3 H TS-3-4 HH TS-4-6 H
288 H N 32.6 cplirN=NH
pepllr-NoHy ———— [pcpll\r_,\,_r\m2 328 | fpopleyy —— . lp p}]{,
viIl b H 2
10.4 IX X XI
' 113 0.5 19.5

Via N-H activation from VIII to 1X, followed by B-N-H elimination from IX to X, we
would get the iridium dihydride diazene complex. a-N-H activation to form a hydrogen
coordinated XI was a possible route for the further dehydrogenation. Simple dissociation
of the diazene complex would result in the same product under low kinetic barrier as

well. Self disproportionation reaction would result into the same product as N2 and Ho.

Conclusions
Using experimental and DFT computational methods, we demonstrate that a
(PCP)Ir(H)(N2H4) complex follows a hydrogen transfer mechanism to undergo both

dehydrogenation to form Nz-and Ho, as well as hydrogen transfer followed by N-N bond
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cleavage to form NHs, N2, and Hz. Small molecule assistance plays a key role in the
hydrogen transfer step during the process. Three key steps (a-N-H activation, 3-N-H
transfer, N-N bond cleavage) are our potential RDS for ammonia formation. The effect
of a vacuum to remove dihydrogen from the metal center is supposed to lead to the pure

dehydrogenation reaction.
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Computational Details

All calculations used DFT methodologies implemented in the Gaussian 09 program.t All
the data presented here results from calculations which employed the TPSS functional.?
However, we did also examine results using other two different functionals M06° and
PBE*. Calculation results from these two functionals also support the mechanism we
propose in this work. For Ir, we applied the Hay-Wadt relativistic effective (small) core
potential® and the LANL2TZ basis set®augmented by a diffuse d-type function
(exponent=0.07645)%"; all other atoms (P,N,C and H) were assigned 6-311G(d,p) basis
sets.’

Geometries and potential energies were calculated for all the stationary points along
the reaction paths by standard optimization procedures. Normal mode analysis was
performed to further verify the nature of a particular stationary point (intermediate or
transition state). The resulting set of vibrational frequencies was employed (without
scaling) to determine zero-point energy corrections. Enthalpies (AH, AH*) and Gibbs’
free energies (AG, AG*; T = 298.15 K, P = 1 atm) were subsequently obtained from the
potential energies (AE, AE*) using standard thermodynamic corrections.® In order to
enhance computational stability and accuracy® in geometry optimizations and normal

mode calculations, we used increased atomic grid sizes (via the grid=ultrafine option).°



Energy Table

Table 1. Potential energies, enthalpies, entropies and free energies using the TPSS
functional for the proposed N-H activation of hydrazine by (®“*PCP)IrHz?

Species AE AH AG AS
2a 0.00 0.00 0.00 0.00
TS-2a-11 33.2 29.4 29.8 -1.5
1 23.3 20.7 20.9 -0.4
TS-11-111 31.8 27.6 28.9 -4.3
11 26.2 25.1 25.9 -2.6
TS-1I-1V 33.7 30.7 30.0 2.4
[\ 24.0 20.2 8.6 38.9
TS-1V-V 32.5 27.7 16.7 36.8
V -18.3 -18.9 -30.2 37.7
TS-V-VI 5.6 3.0 -10.6 45.3
VI -154 -14.2 -28.0 46.0
TS-V-Vb -8.0 -8.2 -11.6 11.6
Vb -13.7 -12.3 -15.5 10.6
TS-Vb-3 -5.9 -6.1 -8.7 8.7
3 -37.5 -33.7 -36.6 9.7

1 -17.3 -16.4 -28.3 39.9
TS-1-VIl 4.3 15 -9.9 38.2
VII -17.4 -18.5 -27.4 37.2
TS-VII-VIII 8.6 3.7 -5.9 32.2
VIII -15.6 -19.3 -29.2 33.2
TS-VII-IX 6.6 2.2 -6.1 28.1
IX -2.4 -8.3 -19.2 36.5
TS-IX-X 11 -8.4 -18.1 32.6
X -53.0 -62.6 -81.1 61.9
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a Units are kcal/mol for AE, AH, and AG; units are cal/(deg.mol) for AS. The standard

state

for concentrations is 1 M for each species participating in the reaction; T = 298.15 K.
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Chapter 6: Computational Study of the Solvent Catalysed CO Insertion Reaction
for RMn(CO)s Complexes

Introduction

The origin of the strong solvent effect in CO insertion reactions is difficult to understand,
because such reactions would not be expected to accumulate charge in the transition state.
Bergman’s work suggests that the nucleophilicity of the solvent influences the reaction

rate,> and he proposed an associative mechanism for such solvent effects (Scheme 1).

Scheme 1. Associative mechanism for solvent catalysed CO insertion reaction

ky

M(CO)R + S M-C(O)RS (1)

1

M-C(O)RS + L S M@D)ICO)R] S (2)

S: Solvent molecule  L: Trap molecule
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Halpern and co-workers showed that various solvent molecules have catalytic
ability for the formation of M[C(O)R].2 Among them, phosphine oxides and arsine oxides
show outstanding accelerating performance, but their study clearly supports a dissociative

mechanism (Scheme 2).

Scheme 2. Dissociative mechanism for solvent catalysed CO insertion reaction

ky

M(CO)R + S M-C(O)R +S (1)

-1

M-COOR + L — 2> ML)COR] ()

S: Solvent molecule  L: Trap molecule

Results and Discussion

Although the catalytic effect is well documented, the nature of the interaction is
still unknown. Halpern et al. inferred that the catalyst attacked at the carbonyl carbon
other than coordination at the metal center, causing the solvent effect (Equation 1). This
idea may have come from a well known amine oxide reaction (Equation 2), but our DFT
calculations strongly argue against such a similar attack happening for phosphine oxide.
The calculated barrier for OPMes reacting with Fe(CO)s is 55.2 kcal/mol, which is 42
kcal/mol higher than ONMe3s’s calculated barrier. This high barrier would prevent such
an attack from happening. Darensbourg’s experimental study also suggests phosphine
oxide would not attack CO as amine oxide does.? This result is not surprising, since the
strength of the P-O bond is much higher than that of the N-O bond. Also, the proposed
intermediate IntermX does not exist from a calculation perspective. The reaction is a

complete oxygen transfer reaction, which yields CO2 and PPhs. Ford’s elegant
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spectroscopic studies suggests some solvents could attack the metal center other than the
CO ligand for the dissociative solvent involved CO insertion step, though he was not able
to pinpoint the nature of the interactions or explain the outstanding catalytic effect of
phosphine oxide.* In order to fully understand this unusual solvent effect, an extensive
DFT study was conducted, which revealed the role of phosphine oxide in this CO
insertion reaction as well as other catalytic molecules and show a completely different

mechanism compared to the one proposed by Halpern.

Interm-X
Catalytic K R
PhyP=0 Q' Via
RMn(CO)s —3 5 (CO);Mn
5 Mn(oc)4)J\R \ropph3
0 (1)
L
Fe(CO)s + ONMe; ———— Fe(CO); + CO, +NMe; ———— LFe(CO),
fast (2)

Geometry optimizations and frequency computations were performed using
Gaussian09 and the PBE exchange-correlation functional; the SDD ECP and valence
basis set were used for metal atoms, and all-electron 6-311G(d,p) basis sets were applied
toall P, C ,O ,H ,N, and As atoms. Single-point energies of all the structures were also
calculated using PBE-D3(BJ), B3LYP-D3(BJ) and M06-L-D3 functionals with the same
basis sets. M06-L-D3//PBE results are presents in the main text, but all tested density
functional methods yield identical trends and free energies of similar magnitudes for all
the catalytic TSs. Thus, the same conclusions about the origins of catalytic effect are

reached irrespective of the functional used.
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Figure 1. Free energy profile for the catalytic CO insertion reaction of Mn(CO)s(Bz)
trapped by Mn(CO)4(PMe2Ph)H or PMePh;

The first step in the reaction is CO insertion (or alkyl migration) for reactant
MnR(CO)s. As shown in Figure 1, the alkyl migration TS is an extremely late transition
state. The free energy difference between 1-TS and 2 is only 0.4 kcal/mol; intermediate 2
has an agostic bond with H --Mn distance of 2.01 A. It is worth mentioning that the
barrier for the alkyl migration/CO insertion step is only 15.1 kcal/mol. The late transtition
state and low barrier imply that a catalytic process accelerating this step does not exis,
contrary to the fundamental idea behind the previous explanation for the solvent effect in
this reaction. There is agostic NMR experimental evidence suggesting the presence of

agostic structures of molybdenum acetyl complexes under static and dynamic
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conditions,>® but a CO insertion step can go through a 8.6 kcal/mol higher route (3-TS)
to reach an n2-acyl intermediates. Meanwhile, there is convincing evidence for n2-acyl
intermediates for several CO insertion reaction systems.”® Several theoretical calculations
on the Mn(CO)4(C(O)CHz) system also suggest that an agostic intermediate and an n-
acyl intermediate are two key intermediate for non-solvent involved CO insertion
reaction, and an n2-acyl mode is more stable than an agostic one.*% We got the similar
result like the previous calculation work as n?-acyl intermediate 4 is 5.0 kcal/mol more
stable than agostic intermediate 2. But we think the key is they can be transformed
between each other with the help of a solvent molecule. Experimental evidence supports
there is an equilibrium between these two species in molybdenum systems.>® From our
calculations, 2 can be transformed to complex 4 through a high energy RDTS (32.6
kcal/mol) without catalyst. The obvious reason behind this high barrier is that 3-TS has
an unsaturated 16e metal center with one empty site. Both 2 and 4 can be trapped by
phosphine or metal hydride to form the product, but the path goes from 2 with a 5.4
kcal/mol higher barrier compared to path from 4 using PMePh ; as trap reagent, or 8.1
kcal/mol using HMn(CO)4(PMePhy). This is not a surprising result, since the easy route
is the route through the stable n2-acyl intermediate to the product, while the harder route
is the route going through the higher energy agostic intermediate to the same product.
After trapping, other than forming the final product when using phosphine, the metal
hydride trap reagent will go through a hydrogen transfer to yield the more stable

dimanganese carbonyl complex.

The catalytic effect for all catalysts comes from their ability to achieve the

transformation between agostic intermediate 2 and n?-acyl complex 4 with a lower
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barrier, as shown in Table 1. After this transformation, they can go through an easy
channel in the following trapping step to accelerate the whole reaction. Phosphine oxide
and arsine oxide are particular good catalysts for such transformation with barriers
ranging from 12.3 kcal/mol to 15.5 kcal/mol, much lower than all the other catalytic
reagents. The interesting part is that the transformation step is extremely similar to the
trapping step, which react with phosphine or metal hydride. The difference is
intermediate b formed between the transformation step is quite unstable compared to the
final product which yields by trapping step, while the barrier for catalytic pathway is
considerable lower than trapping pathway. The nature of this catalytic mechanism lies

between these differences as compared in Scheme 3.

Table 1. Catalytic effects for Mn(CO)s(Bz)-CO insertion reaction by various catalysts.
Free energy profiles (kcal/mol).

S: b TSh
Entry Catalysts TSa LAr
p  HCH P O P
n\\ : :__—: '\\. u\ ,’;l'ﬂ'
OCH”"I;:‘F:"““C% OCIJ:,,rMn,,\\\\CH\BZ OCHF”'Eﬁﬁ:'\\“C HBZ
oc” | Nco  oc” | Yo oc® | o
co CO co
1 CH3CN 21.5 5.6 16.7
2 DMF 20.5 6.2 16.4
3 HMPA 15.2 3.3 12.2
4 OAsBus 12.3 0.6 8.1
5 OPBu3 14.4 2.8 10.3
6 OPPh3 15.5 3.2 11.7
7 Pyridine 21.6 3.1 16.8
8 THF 21.0 8.2 15.7
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From Scheme 3 we can see phosphine trapping molecule has an early TS (5-TS).
While the catalyst molecule OPPhs has a relatively late TS (TSa), the O-Mn distane is
2.95 A while the P-Mn distance is 3.67 A. Most importantly, in TSa_OPPhs the O---H
distance between the agostic H and the oxide atom in triphenylphosphine oxide is only
2.08 A, which means it forms a strong C-H---O hydrogen bond, since the shortest C-H---O
hydrogen bonds known today have H---O distances around 2.0 A.*! It is worth mentioning
that phosphine oxide is among the most strong acceptors for such hydrogen bonds. In 5-
TS_PPh2Me, the P---H distance is 2.72 A which is too long to have any hydrogen bond
interaction. Such hydrogen interactions happen only in the TS for most catalysts, which
explains the kinetic and thermodynamic result of the catalytic step. Not only hydrogen
bond exists for outstanding catalysts like phosphine oxide and arsine oxide, we think such
an interaction exists for all the catalyst reagents used in Halpern’s work as shown in

Table 2.

Scheme 3. Calculated bond lengths and angles for atoms in the coordination sphere of
TSa_OPPh3 and 5-TS_PPh2Me, and graphic illustrations of both.
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Table 2. Hydrogen bond properties for different catalysts
Species CH --X type | H --X distance (A) | AG (kcal/mol) | ki?
TSa_CH3CN | CH:--N=C 2.33048 21.5 1.5
TSa_DMF CH--0O=C 2.13390 20.5 7.8
TSa_HMPA | CH--O=P 2.10819 15.2 95
TSa_OAsBu3 | CH --0O=As 2.02387 12.3 1620
TSa_OPBu3 | CH--O=P 2.06843 14.4 148
TSa_OPPh3 | CH--O=P 2.08339 15.5 38
TSa_pyridine CH --N 2.30700 21.6 3.34
TSa_THF CH--O 2.21162 21.0 0.9

aRelative rate constant

The basicity of the catalyst molecule determines the strength of the hydrogen
bond interaction during the catalytic path and determines its catalytic power. Phosphine
oxides and arsine oxides have the shortest hydrogen bonds, lowest calculated barriers and
largest rate constants. In order to further prove that the barrier for the transformation
between the agostic intermediate and n2-acyl complex is determined by the strength of
the hydrogen bond forming during the transformation, we do model calculations of
Mn(CO)sCHs, Mn(CO)sCH-Cl, andMn(CO)sCHCI. (Table 3). One of the strongest types
of evidence for the hydrogen bond nature of the C-H---O interaction is that the H---O
distance decreases systematically with increasing acidity of the C-H bond. The acidity of
the C-H bond is increased by the number of Cl atom connected to the C. The calculations

show the H --O distance indeed decreased systematically and ranges from 2.12 A to 1.98
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A and the AAG? for such transformation process decreased from 4.8 kcal/mol to -0.1
kcal/mol. However, AG* for TS-Association increased from 19.2 kcal/mol to 23.5
kcal/mol, because the alkyl migration step barrier increased from 15.1 kcal/mol to 24.4

kcal/mol following the increasing number of Cl substituents on the C atom.



Table 3. Effects of donor acidity (hydrogen bond strength)
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Entry | Substance TS-migration | Agostic-Interm TS-Association AAG H--O
HXX' X e, xxme | (keal/mol) A
OCM“'M /; ‘\:ﬁCO 0c, I-:I \}C\ OC;,,__"RWI'“\\\E;-_“O
n Tty 1Y = n’
0c”” | N0 |oee Nin\co °| <|:o‘CO
coO co
1 X=H,X'=H 15.1 14.4 19.2 4.8 2.12
2 X=H,X'=CI 19.4 19.1 21.2 2.1 2.06
3 X=CI,X"'=ClI 24.4 23.6 23.5 -0.1 1.98
Conclusions

The basicity of the catalyst molecules determines the strength of the hydrogen bond

interaction during the catalytic path and determines their catalytic power. The key for the

catalytic effect of solvent molecule in CO insertion reaction for RMn(CO)s is hydrogen

bond assisted interaction. Based on whether such interaction exists, we can predict the

solvent catalytic effect for similar metal complex CO insertion reactions as well. The

mechanism proposed in this work applies to various catalytic molecules as well as

different metal CO insertion systems. Performing calculations for Mo(Cp)(CO)sMe

system based on this mechanism, we also got perfect agreement with the catalytic CO

insertion experiment result.
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Computational details

All calculations used DFT methodologies implemented in the Gaussian 09
program.! Geometries were optimized using the PBE functional.? For metal atoms
(Fe,Mn,Mo), we applied the SDD relativistic effective(small) core potentials and the
associated (6s5p3d) valence basis sets;® all other atoms (P, C, N, As, O, H) were assigned
6-311G(d,p) basis sets.* Optimized geometries were verified by frequency computations
as intermediate or transition state structures. Expanded integration grid sizes (pruned
(99,590) atomic grids invoked using the integral=ultrafine keyword) were applied to

increase numerical accuracy and stability in both geometry optimizations and normal
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mode analysis.’ The (unscaled) vibrational frequencies formed the basis for the
calculation of vibrational zero-point energy (ZPE) corrections; standard thermodynamic
corrections (based on the harmonic oscillator/rigid rotor approximations and ideal gas
behavior) were made to convert from purely electronic (reaction or activation) energies to
(standard) enthalpies (H) and Gibbs free energies (G; P = 1 atm).® H, entropy (S), and G
were evaluated at room temperature: T =25 °C (= 298 K), the reaction temperature
reported in the experiments. Single-point energy on the optimized geometries were
evaluated using the dispersion-corrected density functional methods M06-L-D37( with
the original D3 damping function®), and the same ecp/basis set level. The data presented
here is using results from this M06-L-D3/PBE method. Additionally, single-point
energies were calculated using PBE-D37>°( with a Becke-Johnson damping function) and
B3LYP-D37°¢( with a Becke-Johnson damping function) as well to check for robustness
of our conclusions regarding the origin of catalytic effect across different functional

methods.
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Reaction mechanisms and energy tables
Figure S1. Reaction mechanism with free energies (kcal/mol) calculated as single

point energies using M06-L-D3 functional for CO insertion reaction in
Mn(CO)sCH.CeH4sOMe system catalyzed by various molecules.
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Table S1. Potential energies, enthalpies, entropies and free energies using PBE
functionals for CO insertion reaction in Mn(CO)sCH.CsH4OMe system catalyzed by

various molecules.?

Description Label TZ E H G S
Mn(CO)5Bz 0 0.0 0.0 0.0 0.0
Bz group migration TS | 1-TS 116 | 108 | 123 | -5.1
R group migration 2 113 | 111 | 121 | -3.1
sigma CH l:_)lpsnd breaking | 3-TS 300 | 202 | 304 | -40
Carbonyl coordinated 4 6.9 79 6.8 15
Interm
sigma CH bond TSa CHCN | 157 | 135 | 218 | -27.8
dissociation TS
TSa_DMF 8.7 9.7 | 205 | -36.3
TSa_HMPA 7.6 86 | 218 | -44.1
TSa OAsBu3 | 2.8 3.7 16.9 | -44.3
TSa_OPBuU3 59 6.8 19.4 | -42.2
TSa_OPPh3 7.9 86 | 21.2 | -42.1
TSa_pyridine | 11.2 | 11.9 | 225 | -35.4
Carbonyl coordinated
asssgciation TS TSb_CH3CN 80 | 87 | 167 ) -266
TSb_DMF 4.3 5.3 15.0 | -32.7
TSh_ HMPA 4.6 55 16.4 | -36.5
TSb OAsBu3 | 1.3 2.3 148 | -42.1
TSh_OPBu3 3.6 4.5 17.8 | -44.4
TSh_OPPh3 4.3 5.2 17.0 | -39.8
TSb_pyridine | 5.1 6.1 158 | -32.5
catalysts coordinate Interm | b_CH3CN -6.5 | -4.8 47 | -31.9
b_DMF 52 | -33 79 | -375
b HMPA -43 | -24 | 10.2 | -42.3
b_OAsBu3 -6.8 | -4.7 83 | -45.4
b_OPBu3 -40 | -23 9.7 | -40.3
b_OPPh3 -36 | -20 | 106 | -42.2
b_pyridine 9.7 | -7.8 45 | -41.1
HMn trapping TS A 5-TS_HMn 146 | 149 | 28.2 | -44.7
. 5-
PMePh2 trapping TS A TS_PPh2Me 127 | 134 | 243 | -36.5
HMn trapping TS B 6-TS_HMn 7.8 8.1 19.3 | -37.3
. 6-
PMePh2 trapping TS B TS_PPh2Me 5.9 6.8 17.1 | -34.5
PMePh2 trapping 7_HMn 20 | 32 | 163 | -43.9
Intermediate




HMn trapplng 7_PPh2Me 169 | -146 | 08 | 517
Intermediate
H transfer TS 8-TS 7.9 8.6 23.8 | -51.2
Mn2CO8L 9 8.7 10.7 | 120 | -4.3
Mn2CO9L 10 -30.3 | -26.3 | -12.9 | -45.0
Mn2CO10 11 -34.8 | -31.0 | -21.6 | -31.6

2 Units are kcal/mol for AE, AH, and AG; units are cal/(deg.mol) for AS. The standard state

for concentrations is 1 M for each species participating in the reaction; T = 298.15 K.
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Table S2. Free energies (kcal/mol) for CO insertion reaction in Mn(CO)sCH2CsHsOMe
system catalyzed by various molecules using different functional methods

Description Label TZ | PBED3BJ | B3LYPD3BJ | M06LD3
Mn(CO)5Bz 0 0.0 0.0 0.0
Bz grouq_glgratlon 1-TS 117 140 151
R group migration | 2 12.8 16.4 14.7
sigma CH bond 3-TS
breaking TS 314 31.7 32.6
Carbonyl coordinated | 4 8.2 8.7 9.7
Interm
sigma CH bond TSa_CH3CN 18.8 18.1 215
dissociation TS
TSa_DMF 16.9 16.0 20.5
TSa_ HMPA 13.5 114 15.2
TSa_OAsBu3 9.1 7.6 12.3
TSa_OPBu3 11.5 9.8 14.4
TSa_OPPh3 12.7 10.3 15.5
TSa_pyridine 17.7 17.3 21.6
Carbonyl coordinated
asssociation TS TSb_CH3CN 14.5 130 167
TSbh_DMF 13.2 12.1 16.4
TSbh_ HMPA 10.5 8.4 12.2
TSb_OAsBu3 7.0 4.6 8.1
TSb_OPBuU3 9.4 7.0 10.3
TSh_OPPh3 9.6 7.0 11.7
TSb_pyridine 13.0 124 16.8
catalysts coordinate | b_ CH3CN 33 55 56
Interm
b_DMF 5.8 5.3 6.2
b_HMPA 4.0 2.9 3.3
b_OAsBu3 0.8 -0.3 0.6
b_OPBu3 4.0 2.5 2.8
b_OPPh3 4.0 2.4 3.2




b_pyridine 0.6 2.6 3.1
HMn trapping TS A | 5-TS_HMn 19.5 17.0 22.1
PMePh2 trapping TS | 5-
A TS _PPh2Me 16.9 16.7 19.9
HMn trapping TSB | 6-TS_HMn 11.8 9.9 14.0
PMePh2 trapping TS | 6-
B TS PPh2Me 11.7 11.2 14.5
PMePh2 trapping 7_HMn 76 55 71
Intermediate
HMn trapping 7_PPh2Me 10.3 8.4 6.9
Intermediate
H transfer TS 8-TS 10.9 13.5 15.0
Mn2CO8L 9 6.8 59 4.9
Mn2CO9L 10 -24.0 -23.9 -22.4
Mn2CO10 11 -24.0 -20.1 -22.0

Table S3. Potential energies, enthalpies, entropies and free energies using the PBE
functional for species in Mn(CO)sCHs, Mn(CO)sCH.Cland Mn(CO)sCHCI> CO
insertion reaction catalyzed by DMF.2

Description Label TZ E H G S
R group migration TS-migration- i
transition state CH3 1161109 | 133 8.0
TS-migration-
CHCI 16.4 | 154 | 166 | -4.2
TS-migration-
CHCI2 206 | 196 | 208 | -4.0
Agostic Intermediate | Agostic-Interm- 110 | 109 | 129 | -6.9
CH3
Agostic-Interm-
CH2CI 16.3 | 159 | 165 | -1.9
Agostic-Interm-
CHCI? 206 | 20.2 | 200 | 04
sigma CH bond TS-
dissociation TS Association- 8.1 9.0 195 | -34.9
CH3
TS-
Association- 10.1 | 109 | 210 | -33.8
CH2ClI
TS-
Association- 111 | 119 | 218 | -33.2
CHCI2

4Potential energies, enthalpies, and free energies in units of kcal/mol; entropies in
unit of cal/mol deg.

173



174

Table S4. Free energies (kcal/mol) for species in Mn(CO)sCH3, Mn(CO)sCH-Cl and
Mn(CO)sCHCI> CO insertion reaction catalyzed by DMF using different functionals.

Description Label TZ PBED3BJ | B3LYPD3BJ | MO6LD3
R group
migration TS-migration- 13.4 17.4 15.1
transition state CH3
TS-migration-
CH2Cl 17.0 21.6 19.4
TS-migration-
CHCI2 21.2 26.0 24.4
Agostic Agostic-Interm-
Intermediate CH3 132 17.6 14.4
Agostic-Interm-
CH2CI 16.8 215 19.1
Agostic-Interm-
CHCI2 20.5 25.3 23.6
sigma CH bond | TS-Association-
dissociation TS CH3 159 16.0 19.2
TS-Association-
CH2CI 17.2 17.7 21.2
TS-Association-
CHCI2 18.1 19.3 23.5
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Figure S2. Reaction mechanism with free energies (kcal/mol) calculated as single point
energies using M06-L-D3 functional for CO insertion reaction in CpMo(CO)3CHz3 system
catalyzed by various molecules.
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Table S5. Potential energies, enthalpies, entropies and free energies using PBE

functionals for CO insertion reaction in CpMn(CQO)sCHjs system catalyzed by various
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molecules. ?

Description Label TZ E H G S
Mo(Cp)(CO)3Me 12 0.0 0.0 0.0 0.0

Me group migration TS 13-TS 123 | 116 | 128 | 41

R group migration 14 122 | 122 | 123 -0.2
sigma CH bond breaking TS | 15-TS 329 | 325 | 331 -2.0
Carbonyl coordinated Interm | 16 6.2 6.7 6.0 2.3

sigma CH bo_lr_usi dissociation | TSc_CH3CN 145 | 153 | 239 | -288

TSc_DMF 126 | 13.7 | 240 | -34.7

TSc_DMSO 9.1 10.0 | 218 | -394

TSc_OAsBu3 7.2 8.2 209 | -42.6

TSc_OAsPh3 8.6 9.5 21.6 | -40.7

TSc_OPBu3 10.0 | 109 | 23.1 | -40.9

TSc_OPOMe3 | 126 | 135 | 253 | -39.5

TSc_OPPh3 10.7 | 116 | 244 | -43.0

TSc_pyridine 122 | 132 | 245 | -37.8

Carbonyl coordinated TSd_CH3CN 9.1 101 | 185 | 283

asssociation TS

TSd_DMF 4.7 5.9 16.8 | -36.6

TSd_DMSO 2.0 3.1 146 | -38.6

TSd_OAsBu3 1.3 2.5 153 | -42.9

TSd_OAsPh3 2.9 3.9 16.0 | -40.6

TSd_OPBu3 4.2 5.4 17.9 | -42.0

TSd_OPOMe3 | 6.6 7.6 199 | 411

TSd_OPPh3 5.9 6.9 19.0 | -40.7

TSd_pyridine 6.7 7.8 189 | -374

catalysts coordinate Interm d_CH3CN 0.4 2.1 11.8 | -32.3

d_DMF 4.8 6.8 17.6 | -36.3

d_DMSO -3.7 -1.9 | 107 | 421

d_OAsBu3 -5.6 -3.7 95 | -44.4

d_OAsPh3 -5.2 -3.6 9.8 | -45.2

d_OPBu3 -0.2 1.5 14.0 | -42.0

d_OPOMe3 2.8 4.6 17.7 | -44.1

d_OPPh3 1.9 3.4 16.0 | -42.3

d_pyridine -0.4 1.6 13.8 | -41.0

PMePh2 trapping TS A 17-TS 129 | 138 | 26.3 | -41.9

PMePh2 trapping TS B 18-TS 6.4 7.5 19.1 | -39.0

Mo(Cp)(CO)2(PMePh2)COMe | 19 -9.9 -7.8 6.5 | -47.9
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apotential energies, enthalpies, and free energies in units of kcal/mol; entropies in units of
cal/mol deg.

Table S6. Free energies (kcal/mol) for CO insertion reaction in CpMo(CO)3CHzs system

catalyzed by various molecules using different functionals

Description Label TZ PBED3BJ | B3LYPD3BJ | M06LD3
Mo(Cp)(CO)3Me 12 0.0 0.0 0.0
Me group migration TS | 13-TS 13.2 16.0 145
R group migration 14 12.7 154 13.7
sigma CH bond 15-TS
brgeaking T 34.0 345 32.8
Carbonyl coordinated 16 73 8.8 6.3
Interm
S|_gma_CH bond TSc_CH3CN 21 4 234 214
dissociation TS
TSc_ DMF 21.0 22.2 21.0
TSc_DMSO 17.6 18.4 185
TSc_OAsBu3 14.4 14.8 14.3
TSc_OAsPh3 14.8 14.9 15.0
TSc_OPBu3 16.6 17.0 15.9
TSc_OPOMe3 20.0 20.0 194
TSc_OPPh3 16.7 16.6 16.2
TSc_pyridine 20.0 21.6 20.5
Carbor_lyl_ coordinated TSd_CH3CN 16.2 18.1 158
asssociation TS
TSd_DMF 14.1 15.1 14.1
TSd_DMSO 11.3 11.5 10.8
TSd_OAsBu3 8.9 8.9 7.4
TSd_OAsPh3 9.2 8.8 7.9
TSd_OPBu3 115 11.6 9.8
TSd_OPOMe3 14.4 14.5 13.1
TSd_OPPh3 12.3 12.1 114
TSd_pyridine 14.9 16.2 15.0
catalysts coordinate d CH3CN 8.7 113 104
Interm
d_DMF 13.9 13.5 13.3
d_DMSO 59 5.1 6.4
d_OAsBu3 0.8 -1.0 -1.2
d_OAsPh3 0.8 -0.9 0.7
d_OPBu3 5.7 4.1 3.8
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d_OPOMe3 11.1 9.0 9.5
d_OPPh3 7.0 4.9 5.6
d_pyridine 8.0 9.5 10.5
PMePh2 trapping TS A | 17-TS 18.5 20.0 18.6
PMePh2 trapping TSB | 18-TS 12.3 13.8 12.0
Mo(Cp)(CO)2(PMePh2) | 19
CO(ME)( )2 ) 55 4.6 1.7
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Introduction

Carbon-carbon bond forming reactions are clearly among the most useful and
important reactions in organic synthesis. Over the past several decades, transition metal
complexes have revolutionized the ability to effect C-C bond formation. The majority of
transition metal catalyzed systems for C-C bond formations, however, require pre-
activated substrates, including organometallic and/or organohalide species. (Of course,
this applies even more so to non-transition-metal catalyzed C-C bond formations.)
Significant progress has been made with respect to C-C bond formation between non-
functionalized alkanes, alkenes, and alkynes, with the dehydrogenative Heck (or
Fujiwara-Moritani) reaction, involving aryl and alkene C(sp?)-C(sp?) coupling, being
perhaps the most well developed class of such reactions. However, these methodologies
often require high to stoichiometric amounts of palladium species and/or oxidants, and
the presence of directing groups, and often display poor selectivity and/or yields.*® The
few published examples of Cvinyi-Cviny bond formation by double Cyinyi-H activation

suffer from the same issues.*

Examples of the direct formation of Cvinyi-Cvinyi bonds by transition metal mediated
dehydrogenative coupling of vinyl arenes to form specifically aryl substituted 1,3-

butadienes are particularly quite limited. Scheme 1 depicts notable examples to date. In
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an early example, Yatsimirsky et al. studied the kinetics of stoichiometric
dehydrogenative coupling of styrene by various palladium(ll) acetate species in glacial
acetic acid.® Much later, in 2006 the formation of 1,4-diphenyl-1,3-butadiene was
identified by Kim et al. as a component (up to 53%) in the product mixture resulting from
Fujiwara-Moritani coupling between benzene and styrene using Pd(CF3CO>). as catalyst
in the presence of thioether type ligands and 3.4 atm O2.° Recently, 4-vinylbiphenyl was
shown to undergo dehydrogenative coupling when deposited as a monolayer on copper
surfaces;” however, the coupled product was only observed in situ. Also in 2015, the
dehydrogenative coupling of various vinyl arenes was reported in up to 66% yield using
Pd(OAC); as catalyst (20 mol %) and Cu(OAc): as oxidant under 1 atm O2.8 In addition,

one equivalent benzyl chloride was found to be required.

N Pd,(OAc), X ‘
? O/\ AcOH, AcONa Q
Yatsimirsky et al. (1978)
10 mol % O
; N Pd(CF;CO,), O X
3.4atm O,, SR,

Benzene, 55 °C

Kim et al. (2006)
Cu(110) & Cu(100)
Surfaces X

U T e O
Ph 150 °C Ph

Sun et al. (2015)

Ph

20 mol % Pd(OAc), ‘

X 2eqCu(OAc), X

2 —_
1 atm O,, 1 eq BnCl O

Wu et al. (2015) DMF, 110 °C

Scheme 1. Reported examples of dehydrogenative coupling of vinyl arenes.

Although iridium has played a leading role in the development of stoichiometric C-H

bond activation, as well as catalytic C-H bond functionalization, particularly alkane
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dehydrogenation, there are surprisingly few examples of iridium-catalyzed
dehydrogenative couplings of C-H bonds. Intramolecular ligand-based C(sp?)-H
couplings forming new C=C double bonds,®° and several inter/intramolecular couplings
to form heterocycles''*? and fluorenols®® have been reported. In the present work, we
report the efficient dehydrogenative coupling of vinyl arenes to form (E,E)-1,4-diaryl-
1,3-butadienes catalyzed by the reactive (""PCP)Ir fragment. In addition, we demonstrate
efficient catalytic intramolecular C(sp®)-C(sp?) dehydrogenative coupling. These results
indicate that the established ability of pincer-ligated iridium complexes to effect both C-
H addition and C-C bond coupling* can be integrated into productive catalytic

dehydrogenative coupling reactions.

Result and Discussion

Catalytic intermolecular coupling by (P"PCP)Ir. Pincer-ligated iridium fragments
(RPCP)Ir have been reported to undergo facile and rapid addition of aryl and vinyl C-H
bonds at room temperature, as well as catalyzing alkane dehydrogenation. More recently,
we have also reported the double C-H activation of biphenyl and phenanthrene to form
iridacycles at (RPCP)Ir with concomitant release of H2.>% In addition, we have
demonstrated that (RPCP)IrRR' complexes can undergo relatively facile C-C bond
reductive elimination!* and, conversely, (RPCP)Ir fragments can oxidatively add strained
C-C bonds.!” With this in mind, we have attempted to determine whether these
stoichiometric reactions could be employed in catalytic dehydrogenative C-C bond

coupling reactions as indicated in Scheme 2.
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Scheme 2. Simplified catalytic cycle for dehydrogenative coupling by (RPCP)Ir

proceeding via C-H addition to yield an Ir(111) hydrocarbyl hydride followed by a second
C-H addition to the Ir(I1l) species.

PR,

R —R" Ilr R'-H
?/ PR>

FiRz PR,

Ir(R" Ir<

PR», PR,
Hy R"-H

A solution of styrene (0.654 M) in toluene containing 5 mol % (P"PCP)IrHCI and 2
equivalents KO'Bu (based on Ir) was heated at 150 <C in a sealed ampoule, with stirring,
for 24 h, presumably generating the reactive fragment (*"PCP)Ir. In accord with the
hypothesis indicated above, (E,E)-1,4-diphenyl-1,3-butadiene (1) was observed as one of
two major organic product as indicated by GC-MS and *H NMR spectroscopy, in
comparison with an authentic sample (Entry 1, Table 1). The other major product is
ethylbenzene, resulting from the hydrogenation of styrene. Thus the reaction is a
disproportionation, wherein one equivalent of styrene is hydrogenated to form
ethylbenzene for each equivalent of 1 produced (Scheme 3). In the absence of
(P'PCP)IrHCI, under otherwise identical conditions, the formation of 1 was not observed

(Entry 2, Table 1).
Scheme 3. Dehydrogenative coupling of styrene by disproportionation

precursors PiPr,
of: \
I
PPr, /
—_—
Q +

3 150 °C
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(P'PCP)Ir(C2Ha) was also found to be an effective precatalyst for dehydrogenative
coupling, presumably yielding the active (P"PCP)Ir fragment by dissociation of ethylene
without the need for base or other activating agents. Our typical protocol with this
precatalyst used 1 mole % (P"PCP)Ir(C2Ha) with respect to substrate, in p-xylene-dio

heated at 150 <C.

The (P'PCP)Ir catalyst was found to tolerate various substituents at the para-position
of the aryl ring, including methyl, t-butyl, trifluoromethyl, methoxy, and fluorine,
although conversions were lowered in some cases, perhaps due to C-H activation at the
position ortho to the substituent.'® 2-vinylnaphthalene (Entry 6, Table 1) was also
converted to the corresponding dimer. Functional groups at the para position that are
known to react with (PCP)Ir derivatives, such as C-Cl bonds or ester groups, prevented
catalysis as did a diphenylphosphino substituent. Vinylferrocene and 2-vinylpyridine

proved incompatible, affording low conversions and complicated product mixtures.

Substitution with methyl groups at the styrene meta positions had little effect on the
reaction. Likewise, substitution with a methyl group at one of the ortho positions did not
significantly inhibit the reaction (Entry 7, Table 1). Substitution at the vinylic positions,
however, severely limited dimerization. a-Methylstyrene was not efficiently coupled,
affording only 9% conversion (Entry 8, Table 1). Allylbenzene did not produce
observable coupling products (Entry 9, Table 1), instead only isomerization to form 1-

phenylpropene was observed.
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Catalyst Precursor

Hydrogenated

Engy [SUDStrate (conc.) Accepto |CONVersion |styrene :j(ilrilgr
(styrene/derivative) r (%) derivative oG
(mM) (%)
12 Styrene (PPCP)IrHCI (33 mM) |none |92 241 70 (779
22 Styrene None none |0 0 n/a
3 Styrene (P"PCP)IrHCI (6.5 mM) |none |43 n/d n/d
10" |Styrene (P'PCP)Ir(CzHa4) (5 mM)|none |83 ? ?!
125 |4-methylstyrene (P"PCP)Ir(C2Hs) (5 mM)|none |69 n/a 2!
13*  |4-tert-butylstyrene (P"PCP)Ir(C2Hs) (5 mM) |none |84 n/a 2!
2 4-(trifluoromethyl)styrene |(P"PCP)IrHCI (33 mM) |none |80 yes Yes
14 |4-trifluoromethylstyrene  |(P"PCP)Ir(CzHa4) (5 mM) [none |66 n/a n/a
3 4-methoxystyrene (P'PCP)IrHCI (33 mM) |none |76 yes Yes
16" |4-methoxystyrene (P'PCP)Ir(C2Hs) (5 mM)|none |42 n/a n/a
19™  |4-fluorostyrene (PPCP)Ir(CoHa) (10 fnone |57 35
1 4-chlorostyrene (P'PCP)IrHCI (33 mM) |none | 17" yes Yes
4 4-acetoxystyrene (PPCP)IrHCI (33 mM) |none |98 yes yes'
6° 2-vinylnaphthalene (PPCP)IrHCI (33 mM) |none |98 n/a 55
6 2-vinylpyridine (P'PCP)IrHCI (33 mM) |none | 99K no No
5 vinylferrocene (PPCP)IrHCI (33 mM) |none |21 yes nol
7 4 (P'PCP)IrHCI (33 mM) |none (5 yes No
18" |3,5-dimethylstyrene (P'PCP)Ir(C2H4) (5 mM)|nore |66 n/a n/a
178 13,5 o (P'PCP)Ir(C2H4) (5 mM)|none (6 n/a n/a
78 2-methylstyrene (P'PCP)IrHCI (33 mM) |none |98 n/a 48
15%  |2-methylstyrene (P"PCP)Ir(CaH,) (5 mM)|none (81 n/a n/a
11°2  |2,4,6-trimethylstyrene (P"PCP)Ir(C2Hgs) (5 mM)|none |0 n/a n/a
20m  12,3,4,5,6- (P"PCP)Ir(C2Hg) (10 none |0 0 0
21ms 2,6Qdi’1;Iuoros;tyrene (ip:'F?:CP)”(Cszt) (10 none |0 0 0
g2 a-methylstyrene (P"PCP)IrHCI (33 mM) |none |9 n/a n/d
92 Allylbenzene (P'PCP)IrHCI (33 mM) |none | 829 n/a n/d

Table 1. Iridium catalyzed dehydrogenative coupling of non-functionalized vinyl arenes.
Conditions: a) 5 mole% (P'PCP)IrHCI, 654 mM substrate in toluene, 2 equivalents KO'Bu,

150 T, 24 hours. b) 5 mM (P"PCP)Ir(C2H,), 500 mM substrate in p-xylene-dio, J-Young NMR
tube, 150 <T; 1) 42 hours, 2) 47 hours, 3) 54 hours, 4) 93 hours, 5) 152 hours, 6) 92 hours. c)
Isolated yield of diarylbutadiene unless noted, based on a disproportionation mechanism. f)
GCMS yield, dodecane standard. g) olefin isomerization. h) Product mixture complicated by
extensive H/CI scrambling. i) Trace. j) Decomposes upon melting, fragments observed. k)
Numerous unidentified products formed. Common m/z values detected: 170, 224, and 288. 1) H-
NMR. n/d = not determined, n/a = not applicable. m)10 mM (P"PCP)Ir(C,H4), 500 mM substrate
in mesitylene, sealed tubes, 150 <C, 1) 32h, 2) 32h, 3) 32h.

Increased coupling yields were also obtained using (P"PCP)Ir(C2Ha) as precatalyst in

the presence of 1 atm of either ethylene or propylene as acceptor (Entries 14 and 15,
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Table 1). In each case, yields were improved and ethylbenzene production was
significantly limited. The reactions proceeded cleanly but prolonged reaction times were
found to be necessary, which is presumably attributable to inhibition due to the acceptor

binding relatively strongly to (*"PCP)Ir.*°

The formation of almost exclusively the (E,E)-stereoisomer of 1,4-diphenyl-1,3-
butadiene is noteworthy. GC-MS revealed that an additional species with the same mass
and very similar GC retention time as the major (E,E) product, likely the (E,Z) isomer,

was present in all reaction samples in low concentration (ca. 7% of the (E,E) isomer).

We considered the possibility that the (E,Z) isomer was actually a major kinetic
product but underwent isomerization to the more thermodynamically stable (E,E) isomer.
To assess this possibility, a mixture of (E,E) and (E,Z)-diphenylbutadiene was
independently generated by visible light irradiation of a dilute hexane solution of 1.2
This solution was concentrated in vacuo to provide an oily semi-solid residue, which was
then used to prepare a toluene solution 0.2 M in total 1,4-diphenyl-1,3-butadienes. When
samples of this solution were heated at 150 <C for 24 hours under normal laboratory
lighting in the presence of KO'Bu/(P"PCP)IrHCI, almost all (E,Z) isomer was converted
to the (E,E) isomer, along with some formation of diphenylbutene and diphenylbutane. In
the absence of (P"PCP)IrHCI, under otherwise identical conditions, no isomerization was
observed. Thus the observation of predominantly (E,E) product in the coupling reaction

does not indicate that this isomer is the major kinetic product.

During the course of the coupling reactions we observe signals in the *H NMR
spectrum that appear to be attributable to the unsubstituted metalloindene analog of 2.

While we have been unable to isolate this species, the reaction of (P"PCP)Ir(C2H4) with
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3,5-bis-trifluoromethylstyrene does afford the corresponding analog (3). Crystals were
obtained by recrystallization in hexane at -40 <C, and the structure (of what appears to be
the n-hexane solvate) was obtained by X-ray diffraction. It has previously been reported
that the presence of an ortho-trifluoromethyl group greatly stabilizes (PCP)Ir(aryl)H;82
the apparently greater stability of 3 as compared with its unsubstituted analogue

presumably derives from the same or closely related factors.

Catalytic intramolecular coupling by (P"PCP)Ir. Surprisingly, in contrast with the
fairly efficient coupling observed with p-substituted substrates or mono-ortho substituted
substrates, 2,4,6-trimethylstyrene failed to yield any observable butadiene coupling
product. Instead, however, intramolecular C(sp®)-C(sp?) coupling was achieved
with >80% yield (93% total conversion) giving two major dehydrogenative coupling
products, 4,6-dimethylindene and 5,7-dimethylindene, as well as 2-ethylmesitylene

(Scheme 4).

Scheme 4. Intramolecular C(sp®)-C(sp?) dehydrogenative coupling catalyzed by
(P'PCP)Ir

'P’Z 10 mM

Ir/

P'Pr2 CH3 CH3
150 C 48h

K CHj3

> 80% yleld

Stoichiometric reactions of (BY“PCP)Ir with styrenes. In contrast to the P'PCP
analogs, no catalysis was obtained with the more crowded pincer-iridium species
("BYPCP)Ir. The reaction of (®“PCP)IrH4 with styrene at 150 <C for 6 h instead resulted in

a species, 3, in 80% yield (by *H NMR) which may be described as the product of



188

dehydrogenative coupling between a phosphino-t-butyl methyl group and a molecule of
styrene, plus C-H addition of the 3-vinyl and ortho-aryl C-H bonds of the coupled
product (eq 1). Crystals were obtained by recrystallization in hexane at -40 <C, and X-ray

diffraction revealed the structure shown in Figure 1.

P\‘Buz 4 A~ p F\’

IrH,4 4? I’r

|

PBU, 2 ph P Wﬁ
//Q 3

(1)

Figure 1. ORTEP representation of complex 3 (50% probability ellipsoids)

With either a-methyl styrene or B-methyl styrene, the reaction of (®“PCP)IrH, at
150 <C gave the simple metalloindene complex (complex 4 and 5, respectively) resulting
from C-H addition of the B-vinyl and ortho-aryl C-H bonds of the respective uncoupled
styrene (and presumably hydrogenation of another molecule of styrene; eq 2). The
iridium-containing products were identified by *H and *!P NMR spectroscopy of the

reaction solutions, as well as single-crystal X-ray diffraction (Figure 2).
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Figure 2. ORTEP representation of products of reaction with a-methyl and 3-methyl
styrene, 4 and 5 (50% probability ellipsoids).

Thus, it is seen, that both (""PCP)Ir and (‘®“PCP)Ir fragments have a strong tendency
to react with styrenes to form metalloindene complexes. It appears likely that the greater
steric bulk of the t-Bu groups mitigates the reactivity of the (B“PCP) complexes,

facilitating their isolation.

Double bond insertion mechanisms. A priori, several possible mechanisms for the
tail-to-tail coupling reaction can be envisaged. In general, olefin dimerization probably
proceeds most commonly via insertion of an olefin into a metal-carbon bond. The 14e
fragments (RPCP)Ir have been well established to oxidatively add C-H bonds, including

the addition of a trans-B-C-H bond of an alpha-olefin?? to give an observable 16e
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product. Addition of the styrene trans-p-C-H bond, followed by 1,2-insertion of a second
styrene molecule into the resulting Ir-C bond, and then B-H elimination (which is known
to be facile for (P"PCP)Ir(alkyl)H) would give the observed diphenylbutadiene (Scheme
5). Insertion of double bonds into Ir-C bonds, and metal-vinyl bonds more generally,

however, is relatively rare.

Scheme 5. Dehydrogenative styrene coupling via C-H addition and insertion into the
resulting Ir-C bond; calculated pathway with free energies shown (kcal/mol).

Ir-C
insertion

C-H "
addition /H XM M e||m|nat|on [Ir] (
[n— | —> [ —_— UN lr]
TS: 20.1 ==
©.0) Ph g P Ph /\ —\, >_\_\ ,r‘_\_\
. 21.2

TS: 48.0

DFT calculations (see Computational Details) indicate that the kinetics of styrene f3-
vinylic C-H addition to (P"PCP)Ir are facile (in accord with experimental results with C-
H addition of TBE to (|YPCP)Ir),? giving an oxidative addition product calculated to be
17.0 kcal/mol higher in free energy than the isomeric styrene n-adduct. (Free energies
were calculated at 423 K (150 <C) and 34.7 atm styrene, which corresponds to a styrene
concentration of 1.0 mol/L at 423 K.) Following C-H addition, however, addition of a
second molecule of styrene is endoergic by 0.8 kcal mol and insertion of its double bond
into the Ir-vinyl bond is calculated to have a very high barrier, AG” = 30.2 kcal/mol. The
TS for insertion is thus 48.0 kcal/mol above the resting state free energy, arguing against
the likelihood of such a mechanism.

Insertion of olefins into Ir-H bonds is much more facile than insertion into Ir-C
bonds. Styrene insertion into the Ir-H bond of the C-H addition product
(P'PCP)Ir(H)(CH=CHPh) yields (*"PCP)Ir(CH.CH:Ph)(CH=CHPh) (Scheme 6); the

styrene insertion TS and product are calculated to be 31.5 kcal/mol and 26.0 kcal/mol
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above the n-styrene complex, respectively, presenting a substantial but not prohibitively
high barrier. However, C-C elimination from this complex has a barrier of AG* = 24.3
kcal/mol and a prohibitively high-energy TS, 50.3 kcal/mol above the resting state.
(Moreover, the monoene resulting from such a reaction would need to undergo
subsequent dehydrogenation to give the observed diphenylbutadiene.) Our electronic

structure calculations therefore argue strongly against this pathway.

Scheme 6. Styrene dimerization via C-H addition and insertion into Ir-H bond; calculated
pathway with free energies shown (kcal/mol)

C-C elimination

insertion Ph Ph i +
C-H addition H Ph
m—| —>m{ = m{ W —{ml H | e
TS: 20.1 L_\ TS:31.5 L_\ =
(0.0) Ph oh oh *_\Ph 12.6
17.0 26.0
TS: 50.3

A “direct” coupling mechanism. We have previously demonstrated that 16e Ir(111)
complexes such as (RPCP)IrH2?3 and (RPCP)Ir(CCPh)(H)?* will undergo addition of C-H
bonds. Further, we have shown that C-C bond reductive elimination from complexes
(PCP)ItRR’ can be relatively favorable for C(sp?)-bound R groups.}*?* Thus, there is
good precedent for what is perhaps the simplest and most direct pathway that might be
envisioned for reaction 1, namely, a mechanism involving initial oxidative addition of a
styrene trans-p vinylic C-H bond to (P"PCP)Ir, followed by addition of the same bond of
a second styrene molecule; subsequent loss of Hz and then C-C elimination would afford
the coupled product. The calculated free energy profile pertaining to this “direct”

mechanism is shown in Figure 3.
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Figure 3. Calculated free energies and enthalpies (below, italic) for the tail-to-tail
coupling of styrene at 150 °C (423 K) and 1.0 mol/L styrene, via a “direct” mechanism
(addition of C-H bonds, followed by loss of H2 and C-C reductive elimination). Ball-and-
stick model of calculated highest-energy TS shown (‘Pr groups and pincer-backbone H
atoms omitted for clarity). Energy units are kcal/mol; bond lengths in A.

The calculated TS for C-H oxidative addition connects a C-H bond o-complex with
the oxidative addition product, and has a favorable enthalpy 14.8 kcal/mol below that of
the free 14e fragment plus styrene. (The calculated entropy of the oxidative addition TS,
however, is 43 eu less than that of the free 14e fragment plus styrene; thus, the
(unfavorable for addition) -TAS term results in a free energy at 150 <C slightly higher
than that of the free species). As noted above, the resulting vinyl hydride is 17.0 kcal/mol
higher in free energy than the styrene g-adduct.

Subsequent C-H addition of a second molecule of styrene proceeds via a TS that is

clearly Ir(V) in character (cf. Figure 3); the Ir-H distances (1.62 A and 1.66 A) are typical



193

of stable Ir hydrides, the C-H bond is essentially fully cleaved (dc.+ = 1.59 A), and the H-
H distance (1.68 A) is greater than that of even an “elongated” dihydrogen complex.?
This second C-H addition step is calculated to have a free energy barrier of AG* = 25.8
kcal/mol, arising from a very small activation enthalpy, AH* = 5.1 kcal/mol, and a very
unfavorable activation entropy, AS* = -49 eu (-TAS* = 20.7 kcal/mol). Although the
crowded TS has largely Ir(\V) character, it does not lead to an Ir(V) intermediate, but
rather to an Ir(111) dihydrogen complex (du-n = 0.85 A). Periana has termed processes
proceeding through such TSs without a net change in oxidation state as ‘Oxidative
Hydrogen Migrations’.2%?’

The next step in this pathway would be loss of Hz. The reverse of this step, the
corresponding addition of Hz, appears to have no barrier on the potential energy (E)
surface, and we are therefore unable to locate a conventional TS for the process. We may
estimate the enthalpic barrier to Hz loss as equal to the (thermodynamic) enthalpy of the
elimination process (AH = 16.3 kcal/mol). The entropy of the Ha-loss “TS” will not have
reached the full entropy of the resulting fragment and a free molecule of Hz, but we can
assume that the entropy of the Ha-loss “TS” will be at least equal to the entropy of the
reactant H, complex. If 20 eu is regarded as a reasonable upper limit to a gain in entropy
in this TS, its free energy at 150 <T is between 7.8 kcal/mol and 16.3 kcal/mol above the

H> complex, or between 34.7 kcal/mol and 43.2 kcal/mol above the n-styrene complex

(thus just barely allowing for the possibility that this loss of Ha is rate-determining).
The free energy of the H-loss products, (P"PCP)Ir(CH=CHPh), and Ha, is 26.7

kcal/mol above the rt-styrene complex. Addition of H> to an unsaturated species such as

(P'PCP)Ir(styrene) and hydrogenation of another molecule of styrene (indicated in green
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in Figure 3) is presumed to be very rapid on the overall time-scale of this reaction, and
certainly more rapid than the back reaction with ("PCP)Ir(CH=CHPh), which would be
present in an extremely small concentration. The free energy of the resulting products,
(P'PCP)Ir(CH=CHPh); plus PhEt, is 6.6 kcal/mol above that of (P"PCP)Ir(n-styrene) plus
two molecules of free styrene. C-C reductive elimination from (P"PCP)Ir(CH=CHPh)a,
with a calculated barrier AG* = 15.8 kcal/mol, affords the observed coupling product,
E,E-1,4-diphenylbutadiene, plus the (P"PCP)Ir fragment; this would rapidly bind styrene
to give (P"PCP)Ir(n-styrene), with the free energy of addition, AG = -16.8 kcal/mol, as

indicated in the first step in the energy profile of Figure 3.

Thus, the calculated overall barrier to the pathway of Scheme 3 is 42.8 kcal/mol,
assuming that C-H addition of the second styrene molecule is rate-determining; the TS
for H, loss from (P"PCP)Ir(CHCH2Ph)2(H2) could possess an even higher free energy, if
the activation entropy for Hz loss is in fact negligible. Although a predicted barrier of 40-
45 kcal/mol is notably lower than the barriers of the insertion mechanisms discussed
above, it remains significantly greater than the barrier that would be inferred from the
very approximately determined rate of styrene coupling (~ 3 x 10*s?), AG* ~ 32
kcal/mol. Nevertheless, we might not consider this calculated difference (ca. 10 kcal/mol)
to be great enough to reject the “direct” mechanism solely on this basis, particularly since
entropy plays such a large role in determining the barrier heights. As a rule, the entropy
computed from electronic structure calculations is derived from the statistical mechanical
expressions pertaining to an ideal gas and make use of the rigid rotor/harmonic oscillator
approximations. A consequence of this treatment is that entropy changes computed for

bimolecular reactions tend to be much larger than indicated by (solution phase)
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experimental values. Note, however, that any major errors in the entropy calculations
would largely apply as well to the insertion mechanisms proposed above and would thus
not affect the calculated difference in the overall barriers to these reactions, all of which

have a TS comprised of the (""PCP)Ir unit and two molecules of styrene.

Arguing even more strongly against the mechanism of Figure 3 is a combination of
experimental results and DFT calculations with 2,4,6-trimethylstyrene as the substrate.
As discussed in the experimental section above, the presence of o-methyl groups
completely inhibited the tail-to-tail dimerization reaction. Based only on cursory
consideration of the structures shown in Figure 3, such a result would probably not be
expected. Indeed, the DFT calculations predict that the overall barrier to tail-to-tail
dimerization via the mechanism of Figure 3 is lower for 2,6-dimethylstyrene by 4.0
kcal/mol than for styrene. This result is attributable to the lower binding energy of the
sterically hindered olefin in the n-olefin complex, not to any advantage conferred by the

methyl groups to the TS

Metalloindene mechanism. Figure 4 shows our proposed pathway for the tail-to-tail
coupling of styrene. Like the “direct” coupling mechanism of Figure 3, the initial in-cycle
step is addition of a styrene B-vinyl C-H bond but, in this case, it is addition of the g-C-H
bond that is cis to the phenyl group. This is kinetically and thermodynamically less
favorable than addition trans to phenyl (AAG* = 4.4 kcal/mol and AAG = 0.5 kcal/mol)
but the overall predicted barrier (AG* = 24.5 kcal/mol) is certainly not prohibitive. The
product is related to the product of addition of an ortho-C-H bond of biphenyl or
phenanthrene. We have recently demonstrated (based on experimental and computational

evidence), that such Ir(111) C-H addition products undergo a surprisingly facile secondary
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addition of the ortho-C-H bond of the other phenyl group in the case of biphenyl (or the
analogous C-H bond in the case of phenanthrene).?>1¢ In the present case also, the barrier
to the analogous addition by the Ir(I11) complex is calculated to be low: AG* = 8.9
kcal/mol and AH* = 7.8 kcal/mol. As in the case of the vinylic C-H bond addition to
(P'PCP)IrCH=CHPh)(H) (Figure 3), the C-H addition to this Ir(I11) hydride proceeds via
a TS that is essentially Ir(\V) in character, to give an Ir(111) dihydrogen complex (Figure

4).

Metalloindene mechanism

DG, 150 °C,1.0 M ¢
DH (kcal/mol)

PiPr, -
: \ / Ph
[ir] Ir - ' {
" 72.10
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h 2> 0.
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Figure 4. Calculated free energies and enthalpies (below, italic) for the tail-to-tail
coupling of styrene at 150 <C via a cyclometalation (metalloindene) mechanism.
Internuclear distances (A) indicated for some key species. Ball-and-stick model of
calculated highest-energy TS shown ('Pr groups and pincer-backbone H atoms omitted
for clarity). Energy units are kcal/mol; bond lengths in A.
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The facile cyclometalation to give a metalloindene dihydrogen complex is followed
by loss of Hz. As with loss of Hz from (P"PCP)Ir(trans-CH=CHPh)2(H.), this reaction
appears to have no barrier on the potential energy surface in the reverse direction, and we
were unable to locate a true TS (first-order saddle point on the potential energy surface).
Again, we assume that the enthalpic barrier to H> loss is at least equal to the
(thermodynamic) enthalpy of H: loss, which is 11.5 kcal/mol in the present case, while
the entropy of activation is larger than zero but no more than ca. 20 eu. This implies that
the highest point on the free energy surface for H; loss from the metalloindene dihydride

IS ca. 26 - 34 kcal/mol above the rt-styrene complex.

The H2 evolved from dissociation from the metalloindene dihydrogen complex is
presumably quickly consumed in the hydrogenation of styrene. The resulting products,
metalloindene plus ethylbenzene, are calculated to have a free energy that is 0.5 kcal
below that of the w-styrene complex plus an additional styrene molecule (indicated as
green in Figure 4). This calculated free energy is consistent with the observation during
catalysis of the n-styrene complex, the metalloindene complex of butadiene addition, and

a third species, not isolated, believed to be the parent metalloindene

The Ir(111) metalloindene then undergoes addition of the trans-p C-H bond of another
molecule of styrene. This reaction is calculated to proceed via a TS with a free energy
that is 35.1 kcal/mol above the n-styrene complex, leading to the Ir(\V) metalloindene
complex (P'PCP)Ir(Ind)(CHCHPh)(H). Aryl-H reductive elimination from this species is
closely related to the aforementioned cyclometalation of (P"PCP)Ir biphenyl or

phenanthrenyl hydride complexes, and likewise has an extremely low Kinetic barrier (AG*
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= 1.6 kcal/mol and AH* = 0.8 kcal/mol), leading to (P"PCP)Ir(cis-CH=CHPh)(trans-
CH=CHPh).

The bis(vinyl) complex (P"PCP)Ir(cis-CH=CHPh)(trans-CH=CHPh) (shown in
Figure 4) is very slightly higher in free energy than the trans,trans isomer (Figure 4).
More significantly, the calculated barrier to C-C elimination from the cis,trans isomer is
AG* = 23.2 kcal/mol, as compared with AG* = 15.8 kcal/mol for the trans,trans isomer,
and the TS for C-C bond elimination is 8.2 kcal/mol higher for formation of the cis,trans
isomer. This greater barrier to elimination can be explained in terms of steric factors,
which we have previously demonstrated to play a key role in the kinetics of C-C
elimination reactions.'* Elimination requires that the vinyl groups face each other, i.e. the
vinyl groups must occupy approximately parallel planes which also approximately
contain the P-Ir-P axis. For the cis-vinyl species, in particular, this orientation is sterically
very unfavorable in the TS compared to the orientation held in the reactant, where the
vinyl groups lie in the plane perpendicular to the P-Ir-P axis. Nevertheless, this TS is
calculated to be 4.5 kcal/mol lower in free energy than the TS for C-H addition to the
metalloindene, which necessarily gives rise to a cis-vinyl unit and ultimately the E,Z
isomeric product. As noted above, control experiments show that cis-trans isomerization
of this species to give the observed E,E isomer is rapid relative to the overall reaction

rate.

The overall barrier calculated for the metalloindene mechanism of Figure 4 (35.1
kcal/mol) is thus significantly lower than that for the “direct” addition mechanism of
Figure 3 (42.8 kcal/mol) and in very good agreement with the approximate

experimentally determined barrier, AG* ~ 32 kcal/mol.
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The energy profile of the proposed mechanism of Figure 4 suggests that addition of
the phenyl ortho-C-H bond leads reversibly to the metalloindene dihydrogen complex.
Assuming that the dihydrogen ligand can undergo rotation, this process would lead to
H/D exchange. When the reaction is conducted with CeHsC2Ds, we see extensive H/D
scrambling at all sites on styrene, including the styrene 0-C-H bond; exchange at the meta
and para positions is presumably the result of intermolecular H-D scrambling. However,
we have previously found that any substituent on an arene ring, even a methyl group,
strongly inhibits C-H addition 2228.2%; the failure of the vinyl group to prevent H/D
exchange at the 0-C-H position is consistent with the reversible cyclometalation implied

by Figure 4.

Intramolecular coupling. Consistent with the proposed mechanism of Figure 4, the
tail-to-tail coupling is not observed for 2,4,6-trimethylstyrene, which cannot form a
metalloindene intermediate (no ortho C-H bond). Instead, the c4nversion of 2,4,6-
trimethylstyrene to 4,6-dimethylindene occurs, representing an unusual example of
dehydrogenative C(sp%)-C(sp?) coupling with an unfunctionalized hydrocarbon. For this
reaction, a “direct” C-C coupling pathway is calculated (Figure 5). As in the case of the
metalloindene mechanism shown in Figure 5, the coupling pathway begins with C-H
addition to give the cis-2-arylvinyl iridium hydride (Figure 5). The bulkiness of the
trimethylphenyl group slightly raises the barrier to vinylic C-H addition to the 14e
(PPCP)Ir fragment, but it raises the relative energy of the n-olefin complex (relative to
free fragment plus olefin) even more. Cis-B-vinyl C-H addition of 2,4,6-trimethylstyrene

is thus kinetically, as well as thermodynamically, slightly more favorable, relative to the
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respective m-complex, than for the parent styrene (cf. Figure 4; AAG* = -2.1 kcal/mol and

AAG =-1.5 kcal/mol).
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Figure 5. Calculated free energies and enthalpies (below, italic) for the ("™*PCP)lr-
catalyzed conversion of 2,4,6-trimethylstyrene to 4,6-dimethylindene at 150 <C. Energy
units are kcal/mol; bond lengths in A.

Intramolecular addition of an ortho-methyl C-H bond then proceeds through an
intermediate with significant Ir(\) character (cf. Figure 4). The length of the newly
formed Ir-H bond in the TS (1.61 A) is actually slightly less than that of the Ir-H bond in
the preceding intermediate or that same bond in the TS (1.67 A and 1.66 A, respectively).
The incipient Ir-C bond is nearly, but not quite fully, formed (dc.ir = 2.29 A) and the C-H
bond is fully or nearly fully cleaved (dc.n = 1.67 A). This addition of the methyl C-H
bond (Figure 5; AG* = 18.3 kcal/mol and AG = 11.4 kcal/mol) is much less favorable
than addition of the aryl C-H bond to give a metalloindene (Figure 4; AG* = 8.9 kcal/mol

and AG = 5.4 kcal/mol); the TS has a free energy 34.3 kcal/mol above the t-complex
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resting state. The product of this benzylic C-H activation is an Ir(l11) dihydrogen complex
(dn-n = 0.87 A).

The TS for loss of Hz from the metallacycle dihydrogen complex could not be located
but, again, in the reverse direction, addition of Hz appears to be barrierless on the
potential energy surface. This implies aTS enthalpy equal to that of the product and,
again assuming that AS* = 0 to 20 eu, a free energy of the TS approximately27-35
kcal/mol above the resting state. Following hydrogenation of an additional molecule of
styrene (AG = -21.4 kcal/mol), C-C reductive elimination from this metallacyclic
speciesis relatively facile (AG* = 19.6 kcal/mol), releases indene and regenerates the 14e

(P*PCP)Ir intermediate.

Hence, the overall barrier to the intramolecular dehydrogenative C(sp%)-C(sp?)
coupling is calculated to be 34.3 kcal/mol with formation of the metallacycle dihydrogen
complex as the rate-determining step. Loss of dihydrogen from that complex appears to
have a lower calculated barrier, although we cannot rule out that step as rate-determining,
particularly in view of the error limits of the calculations. In either case, the calculations
seem to be in very good agreement with the experimental rate of the cyclization which
implies a barrier of ca. 32 kcal/mol.

Hetero-coupling with pentafluorophenylethylene. Like 2,4,6-trimethylstyrene,
pentafluorophenylethylene (Fs-styrene) cannot form a metalloindene intermediate. Thus,
it cannot undergo coupling via the proposed metalloindene mechanism and, accordingly,
Fs-styrene is found to undergo no detectable homocoupling. However, addition of the Fs-
styrene B-vinyl C-H bond to the (unsubstituted) metalloindene complex is calculated to

be more favorable (by 1.4 kcal/mol) than addition of the corresponding styrene bond,
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which is the rate-determining step proposed in the mechanism of Fig. 4. Accordingly, a
p-xylene-dio solution with (P'PCP)Ir(C2Ha) catalyst (5 mM) and roughly equal
concentrations of Fs-styrene (270 mM) and styrene (230 mM) reveals high selectivity for
dehydrogenative heterocoupled product 1-F5. Over the course of the first five hours at
150 <C, with 46% of total styrenes consumed, the ratio of 1-F5:1 remains constant at ca.
11:1 (Figure 6), implying that AG* is 1.9 kcal/mol lower for addition of Fs-styrene than
for styrene, in excellent agreement with the calculated value of 1.4 kcal/mol. It should
also be noted that Fs-styrene is preferentially hydrogenated vs. styrene (ca. 4.5:1). Hence,
the ratio of Fs-styrene:styrene decreases during the course of the reaction and styrene is
present in greater concentration after 4 hours, although the rate of formation of
heterocoupled product continues to greatly exceed that of homocoupled product. After 40
hours, quantitative conversion to dimer and hydrogenated products is observed; the
observed (*H NMR) concentrations of heterodimer and styrene homodimer are 161 mM
and 19 mM, respectively, while concentrations of CeFsCH2CHs and ethylbenzene are 124

mM and 28 mM, respectively.
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Figure 6. Products of (P"PCP)Ir-catalyzed dehydrogenative coupling of styrene and Fs-
styrene (150 <C).
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The failure of Fs-styrene to undergo homodimerization, even under conditions where
styrene homodimerization and cross-coupling occurs, argues strongly against the “direct”
addition mechanism. With a common resting state (as is necessarily the case in a single-
solution competition experiment of the type described above) the rate-determining step
for homocoupling of Fs-styrene via the “direct addition” mechanism is calculated to be
2.8 kcal/mol lower in free energy than that for styrene. (It is 40.0 kcal/mol above the
styrene s-complex and two molecules of free Fs-styrene, but the nature of the actual
resting state affects only this absolute value and not the relevant differences). This would
imply that the rate of Fs-styrene homocoupling would be ca. 30-fold greater than that of
styrene homocoupling, in direct contradiction with the failure to observe any Fs-styrene
homocoupling product. The TS for Fs-styrene homocoupling in the “direct” mechanism is
also calculated to be slightly lower in free energy than those for heterocoupling (40.6
kcal/mol above the styrene c-complex for styrene C-H addition to the C-H adduct of Fs-
styrene, and 41.4 kcal/mol for the converse heterocoupling TS; Figure 7), again in
contradiction with experimental results. Since the expected error in computed free
energies for such isodesmic comparisons are quite small, the implication that the “direct”
addition” mechanism would strongly favor formation of the Fs-styrene homocoupling
product (which is experimentally not observed) argues strongly against this being the

operative mechanism.

74
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Figure 7. Schematic diagrams of the TSs for the calculated rate-determining step for
dehydrogenative coupling, via the “direct” mechanism, for homocoupling of styrene (a);
heterocoupling of Fs-styrene with styrene (b) and (c); homocoupling of Fs-styrene (d).
Absolute energies are given relative to the(""PCP)Ir(r-styrene) complex plus the
corresponding two molecules of styrene. Note that relative energies are not affected by
the choice of reference state.

Additionally, the greater rate of hydrogenation of Fs-styrene relative to that of
styrene, noted above, suggests that Fs-styrene inserts more favorably into an Ir-H bond.
This observation offers an additional argument against the insertion-based mechanisms of
Scheme 3 (proceeding through insertion into an Ir-C bond) and particularly Scheme 4
(insertion into an Ir-H bond). In agreement with this inference, DFT calculations indicate
that the TS for the rate-determining step for the mechanism of Scheme 4 (C-C
elimination) is 7.8 kcal/mol lower in free energy for the homocoupling of Fs-styrene than
for styrene, and 2.8 kcal/mol lower than for heterocoupling of Fs-styrene and styrene.
Likewise, for the mechanism of Scheme 3, the TS of the rate-determining step (insertion
into the Ir-C bond) is 5.7 kcal/mol lower in free energy for homocoupling of Fs-styrene

than for styrene, and 3.8 kcal/mol lower than for heterocoupling.
Conclusions

Dehydrogenative coupling of unactivated C-H bonds (intermolecular vinyl-vinyl,
intramolecular vinyl-benzyl) is found to be catalyzed by precursors of the (P"PCP)Ir
fragment. The reactions proceed via C-H activation to (""PCP)Ir(1), followed by a second
C-H activation by the resulting (""PCP)Ir(l11) product. The C-H additions to Ir(111) occur
via TSs that are strongly Ir(V) in character although the reactions generally do not lead to

an Ir(V) product, but rather to the formation of a new Ir(111) complex.
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For the intermolecular dehydrogenative vinyl-vinyl coupling reaction, addition of
a vinylic C-H bond to Ir(l), followed by addition of a second vinylic C-H bond to the
resulting Ir(111) vinyl hydride, loss of H», and then C-C elimination would comprise what
we refer to as a “direct” pathway. Instead, however, the Ir(IIl) vinyl hydride complex
undergoes addition of a styrenyl ortho C-H bond to give an Ir(111) metalloindene plus Ho.
The activation enthalpy of this reaction (7.8 kcal mol) is slightly greater than the
intermolecular addition (5.1 kcal/mol), but the entropic penalty is much less. Subsequent,
intermolecular, vinyl C-H addition to the Ir(I11) metalloindene has a much greater
calculated barrier (AG* = 35.6 kcal/mol) than addition to the Ir(I11) vinyl hydride (25.8
kcal/mol) in the “direct” mechanism. However, the metalloindene pathway is driven by
addition of the dihydrogen produced to another molecule of olefin, prior to the second
vinylic C-H addition; this significantly lowers the free energy of the system (by 20
kcal/mol), which would lead to a commensurately much greater concentration of Ir(111)
metalloindene, thus favoring occurrence of the subsequent intermolecular reaction. In
contrast, in the case of the “direct” mechanism, loss of H2 and hydrogenation of styrene
does not occur until after the entropically unfavorable second addition of a vinyl C-H
bond, and thus cannot provide any driving force.

As we have shown previously, elimination from (pincer)IrRR' complexes can be
relatively facile when R and R' are sp?>-C-bound fragments.** Accordingly in all
mechanisms investigated, C-C elimination is not calculated to be rate-determining.

Although in most of this work the H» by-product of the reaction is consumed by

an additional molecule of styrene, it is found that other olefins can play the same role as
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hydrogen-acceptor; this allows, in principle, complete conversion of the styrene to
dehydrogenatively coupled dimer.

In accord with the proposed metalloindene mechanism, styrenes that lack a C-H
bond ortho to the vinyl group are found not to undergo tail-to-tail coupling. In contrast,
the DFT calculations predict that the ortho-substituents would not adversely favor
coupling via the “direct” mechanism. In the case of 2,4,6-trimethylstyrene, the product of
vinylic C-H addition to (*"PCP)Ir(l) undergoes cyclometalation by subsequent C-H
addition of an ortho-methyl C-H bond. This reaction is enthalpically much less favorable
than any of the C(sp?) C-H bond additions considered above, but due to the low entropy
penalty the calculated barrier is high although not prohibitive. Subsequent loss of H. and
then C-C elimination to give indene are calculated to proceed relatively rapidly. The
calculated overall barrier, corresponding to the cyclometalation TS, is 34.3 kcal/mol
above the t-complex resting state, in good agreement with the observed rates.

The absence of an ortho-C-H bond prevents homocoupling of CeFsCH=CH> via
the metalloindene mechanism; this is fully confirmed experimentally. However, although
CeFsCH=CH: cannot form a metalloindene complex, the fluorination of the aryl ring is
calculated to favor B-vinylic C-H bond addition to a metalloindene complex.
Accordingly, although it undergoes no homocoupling, the dehydrogenative hetero-
coupling of CeFsCH=CH> and styrene is much more favorable than styrene
homocoupling. This is well explained by the metalloindene mechanism, and the
calculations even capture fairly well the ratio of hetero- to homocoupling. The
calculations predict that if any of the other mechanisms investigated were operative, the

homocoupling of Fs-styrene would be more favorable than either heterocoupling or
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styrene homocoupling. We believe that the principles elucidated in this work will be
applicable to the development of more general dehydrogenative coupling reactions. Most
obviously, the metalloindene mechanism should be viable for the coupling of styrenes
and their derivatives with other C-H bonds (including both alkenes and non-alkenes).
While a “direct” mechanism was found to not be operative in the intermolecular case
studied in this work, it was found to operate for intramolecular coupling involving sp* C-
H bonds. Even for the intermolecular case, the barrier to the direct mechanism was not
calculated to be extremely high. Thus such a mechanism, or more generally sequential C-
H activations and C-C coupling, may well be viable with closely related catalysts. In that

context, efforts in our lab are underway to determine the factors favoring such pathways.
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Computational details

All electronic structure calculations employed the DFT method.! Data presented in the
text result from calculations which employed the MO06-L exchange-correlation
functional.? We did also examine two additional functionals, M06° and PBE?*, in selected
calculations; the results obtained with these functionals fully support the mechanisms we
propose based on calculations with the M06-L functional. For Ir, we applied the Hay-
Wadt relativistic effective (small) core potential® and the LANL2TZ basis set®?
augmented by a set of diffuse d-type functions (exponent=0.07645); all other atoms (P,
F, C, and H) were assigned 6-311G(d,p) basis sets.’

Geometries were calculated for stationary points along the reaction paths by standard
optimization procedures.® Normal mode analysis was performed to further verify the
nature of a particular stationary point (minimum or transition state). The resulting set of
vibrational frequencies was employed (without scaling) to determine zero-point energy
corrections. Enthalpies (AH, AH*) and Gibbs’ free energies (AG, AG*; T =298.15 K, P =
1 atm) were subsequently obtained from the potential energies using standard statistical
mechanical expressions.® For better comparisons with measured energetics, we further
corrected the Gibbs’s free energies so they corresponded to a standard state of 1 M for all
species and T = 423 K (the temperature applied in the experiments reported here).® In
order to enhance computational stability and accuracy® in geometry optimizations and
normal mode calculations, we used increased atomic grid sizes (grid=ultrafine option).*

All calculations made use of the Gaussian 09 electronic structure program.*?
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Reaction mechanisms and energy tables.

Figure S1. Ir(V) reaction mechanism with free energies (kcal/mol) for styrene coupling
catalyzed by (P“PCP)Ir.

functional:M06L

basis set:6-311G(d,p)+Lanl2TZ
Free energy diagram:G
standard condition: 1M
reaction temperature: 423K
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Table S1. Ir(V) reaction mechanism for styrene coupling by ("PCP)Ir: Energetics.?

Species E H G S AG(corrected)
Resting_state 0.0 0.0 0.0 0.0 0.0
PCPIr+styrene 40.0 | 38.8 24.6 47.5 16.8
Interm-agostic 199 | 194 18.7 2.3 16.5
TS-CH-1 26.9 | 24.0 22.6 4.7 20.1
Interm-CH-1 234 | 213 19.6 5.6 17.0
TS-CH-2 295 | 264 40.6 -47.8 42.8
TS-CH-2 H5 F5 | 23.8| 38.3 38.3 -49 40.6
TS-CH-2_F5 H5 [28.2| 25.0 39.3 -48 41.4
TS-CH-2 F5 F5 [25.9| 228 37.6 -49 40.0
Interm-CH-2-H2 | 13.3| 11.6 25.0 -45.1 26.9
Interm-CH-2+H2 |33.4 | 27.9 29.7 -6.1 26.7
Interm-CH-2 -39 | -25 7.9 -34.9 6.6
TS-coupling 7.6 9.2 22.5 -44.7 22.4
Product 6.0 7.8 5.9 6.2 -0.5
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& Units are kcal/mol for AE, AH, and AG; units are cal/(deg.mol) for AS. The standard

state

for concentrations is 1 M for each species participating in the reaction; T = 298.15 K.



Figure S2. Vinylidene reaction mechanism with free energies (kcal/mol) for styrene
coupling catalyzed by (P"*PCP)Ir.
functional:M06L

basis set:6-311G(d,p)+Lanl2TZ
Free energy diagram:G
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Table S2. Vinylidene reaction mechanism for styrene coupling catalyzed by (P“PCP)Ir:
Energetics.?

Species E H G S AG(corrected)
Resting_state 0.0 0.0 0.0 0.0 0.0
PCPIr+styrene 40.0 38.8 24.6 47.5 16.8
Interm-agostic 19.9 19.4 18.7 2.3 16.5
TS-CH-1 26.9 24.0 22.6 4.7 20.1
Interm-CH-1 23.4 21.3 19.6 5.6 17.0
TS-CH-2 33.7 28.6 28.6 -0.2 26.7
Interm-CH-H2-2 29.0 24.8 24.3 1.6 22.2
Interm-CH-2+H2 44.8 38.3 29.0 31.1 23.2
Interm-CH-2 7.5 8.0 7.2 2.4 3.2
TS-C-C-coupling 7.6 9.2 22.5 -44.7 24.3
TS-CH-1-2sty 25.3 24.0 37.8 -46.2 39.8
TS-CH-2-2sty 11.7 10.6 24.4 -46.3 26.4
Interm-CH-1-2sty 8.1 8.0 20.6 -42.1 22.0
Interm-CH-2-2sty -3.9 -2.5 7.9 -34.9 8.5

& Units are kcal/mol for AE, AH, and AG; units are cal/(deg.mol) for AS. The standard
state
for concentrations is 1 M for each species participating in the reaction; T = 298.15 K.



Figure S3. Ir-C bond insertion reaction mechanism with free energies (kcal/mol) for
styrene coupling catalyzed by P™PCPIr.

functional:M0O6L

basis set:6-311G(d,p)+Lanl2TZ
Free energy diagram:G
standard condition: 1M
reaction temperature: 423K
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Table S3. Ir-C bond insertion reaction mechanism for styrene coupling catalyzed by

(PPCP)Ir: Energetics.?2
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Species E H G S AG(corrected)
Resting_state 0.0 0.0 0.0 0.0 0.0
PCPIr+styrene 40.0 38.8 | 246 47.5 16.8
Interm-agostic 19.9 194 | 18.7 2.3 16.5
TS-CH-1 26.9 240 | 226 4.7 20.1
Interm-CH-1 23.4 21.3 19.6 5.6 17.0
Interm_olefin_cis -2.3 2.1 14.6 -55.9 17.8
TS C_C insertion 30.1 29.4 | 45.2 -52.9 48.0
Interm_olefin_C _insertion | 1.8 2.3 18.3 -53.6 21.2

& Units are kcal/mol for AE, AH, and AG; units are cal/(deg.mol) for AS. The standard

state

for concentrations is 1 M for each species participating in the reaction; T = 298.15 K.
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Figure S4. Ir-H bond insertion reaction mechanism with free energies (kcal/mol) for
styrene coupling catalyzed by (F“PCP)Ir..

functional:M06L
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Table S4. Ir-H bond insertion reaction mechanism for styrene coupling catalyzed by

(PPCP)Ir: Energetics.?2
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Species E H G S AG(corrected)
Resting_state 0.0 0.0 0.0 0.0 0.0
PCPIr+styrene 40.0 | 38.8 | 24.6 47.5 16.8
Interm-agostic 199 | 194 | 18.7 2.3 16.5
TS-CH-1 26.9 | 240 | 22.6 4.7 20.1
Interm-CH-1 234 | 21.3 | 19.6 5.6 17.0
Interm_olefin_cis -2.3 21 | 146 -55.9 17.8
TS C_H_insertion 134 | 12.3 | 285 -54.5 31.5
Interm_olefin_H_insertion 9.7 11.2 | 24.3 -43.9 26.0
TS _CC-coupling 314 | 331 | 479 -49.8 50.3
PCPIr+C insertion_product | 18.0 | 19.7 | 17.4 7.9 12.6

& Units are kcal/mol for AE, AH, and AG; units are cal/(deg.mol) for AS. The standard

state

for concentrations is 1 M for each species participating in the reaction; T = 298.15 K.
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Figure S5. MetalloIndene reaction mechanism with free energies (kcal/mol) for styrene
coupling catalyzed by (P"*PCP)Ir.

estimate maximum H2 loss AGt = 32.9 (10 kcal/mol above interm2) £
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Table S5. Metalloindene reaction mechanism for styrene coupling catalyzed by

(PPCP)Ir: Energetics.?2

Species E H G S AG(corrected)
Resting_state 0.0 0.0 0.0 0.0 0.0
PCPIr+styrene 40.0 38.8 24.6 47.5 16.8
Interm-agostic 19.9 19.4 18.7 2.3 16.5
TS-CH-1 27.9 24.9 26.0 -3.6 24.5
Interm-CH-1 18.7 16.4 18.6 -7.1 17.5
TS-CH-2 29.3 24.2 27.1 -9.6 26.4
Interm-CH-2 23.4 20.2 23.5 -11.0 22.9
Interm-CH-3+H2 38.7 31.7 24.5 24.2 19.6
Interm-CH-

3+PhC2H5-styrene 1.5 1.4 2.7 -4.5 -0.5
TS-CH-3 15.6 15.2 31.9 -56.1 35.1
TS-CH-3-F 12.9 12.5 30.1 -59.0 33.7
TS-CH-4 12.0 11.2 27.1 -53.3 30.0
TS-CH-5 10.3 11.8 21.7 -53.6 30.6
Interm-CH-4 10.0 10.4 25.7 -51.3 28.4
Interm-CH-5 -11.5 -10.0 5.0 -50.0 7.4
Product 8.9 10.9 9.3 5.6 4.8

& Units are kcal/mol for AE, AH, and AG; units are cal/(deg.mol) for AS. The standard

state

for concentrations is 1 M for each species participating in the reaction; T = 298.15 K.
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Figure S6. Metalloindene reaction mechanism with free energies (kcal/mol) 2,4,6-
trimethyl-styrene coupling vs cyclization catalyzed by (P*PCP)Ir.

functional:M06L

basis set:6-311G(d,p)+Lanl2TZ
Free energy diagram:G
standard condition: 1M
reaction temperature: 423K
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Table S6. Metalloindene reaction mechanism for 2,4,6-trimethyl-styrene coupling vs
cyclization catalyzed by (P™PCP)Ir: Energetics.?

Species E H G S AG(corrected)
resting_state 0.0 0.0 0.0 0.0 0.0
Ir+styrene 41.3 39.8 22.7 57.5 13.6
TS-CH-1 28.0 24.5 24.4 0.5 22.4
Interm-CH-1 18.7 15.6 17.2 -5.5 16.0
TS-CH-2-olefin 37.3 32.4 35.1 -8.9 34.3
Interm-CH-2 29.3 25.9 28.2 -8.0 27.4
Interm-CH-3_L+H2 41.4 34.0 25.4 28.9 19.9
Interm-CH-3 L 1.7 1.3 2.0 -2.3 -1.5
TS-CH-3-olefin 20.4 19.3 21.1 -6.0 18.1
TS-CH-4 18.8 18.4 35.7 -58.1 39.2
TS-CH-5 9.7 10.9 27.8 -56.6 31.1
Interm-CH-3 -4.0 -2.1 13.7 -53.2 16.6
Interm-CH-4 -7.0 -5.2 9.8 -50.3 12.3
TS-CH-4-ph 25.0 24.0 39.8 -52.8 42.6
TS-CH-5-ph 14.4 15.4 30.8 -52.0 33.6
Interm-CH-3-ph 24.5 25.0 42.6 -58.8 46.1
Interm-CH-4-Ph -1.5 0.6 16.5 -53.3 194

& Units are kcal/mol for AE, AH, and AG; units are cal/(deg.mol) for AS. The standard
state
for concentrations is 1 M for each species participating in the reaction; T = 298.15 K
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