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ABSTRACT: C−H bond activation of terminal alkynes by
[Tp ′Rh(CNneopen t y l ) ] (Tp ′ = hyd r i do t r i s - ( 3 , 5 -
dimethylpyrazolyl)borate) resulted in the formation of terminal
C−H bond activation products Tp′Rh(CNneopentyl)(CCR)H
(R = t-Bu, SiMe3, hexyl, CF3, p-MeOC6H4, Ph, and p-CF3C6H4). A
combination of kinetic selectivity determined in competition
reactions and activation energy for reductive elimination has
allowed for the calculation of relative Rh−Calkynyl bond strengths.
The bond strengths of Rh−Calkynyl products are noticeably higher
than those of Rh−Caryl and Rh−Calkyl analogues. The relationship
between M−C and C−H bond strengths showed a linear
correlation (slope RM−C/H−C = 1.32), and follows energy correlations previously established for unsubstituted sp2 and sp3 C−
H bonds in aliphatic and aromatic hydrocarbons.

■ INTRODUCTION
Direct C−H bond activation and functionalization of hydro-
carbons by homogeneous transition metal compounds has
attracted interest due to its potential for industrial and synthetic
applications. Issues of current interest center around conversion
of C−H activated species to functionalized products and
control of selectivity during the activation process.1 For
example, while ortho-directing groups have been widely
employed for arene functionalization,2 recent reports show
that directed meta-3 and para-4 functionalization can also be
obtained.
One important aspect of selectivity in organometallic C−H

bond activation relies upon knowledge of metal−carbon bond
strengths. While some examples of C−H activation take
advantage of kinetic selectivity, many examples show that
thermodynamic activation products are ultimately obtained.5,6

Consequently, the importance of knowing relative metal−
carbon bond strengths plays a critical role in predicting
chemical reactivity. While many organometallic complexes have
been shown to activate C−H bonds, only a few studies of
kinetic and thermodynamic selectivity have been reported
where bond strength information has been obtained.
In one early report, Marks et al. used calorimetry to

determine a small series of zirconium−carbon and thorium−
carbon bond strengths, noting a linear correlation versus C−H
bond strengths in which DM−C plotted against DC−H displayed
slopes, denoted herein by RM−C/H−C, of 1.55 and 1.11,
respectively.7 Wolczanski et al. used exchange reactions to
determine relative titanium−carbon bond strengths for over a

dozen hydrocarbons, showing a relation between DM−C and
DC−H with RM−C/H−C = 1.36.8 Wolczanski also reported a more
limited study of tantalum−carbon bond strengths in which the
RM−C/H−C relating differences in M−C versus C−H bond
strengths was 1.0.9

Early studies in our group established that in Cp*Rh(PMe3)-
(R)H complexes, the range of metal−carbon bond strengths
exceeded the range of C−H bond strengths, resulting in a
thermodynamic preference for cleaving the stronger C−H bond
due to the formation of an even stronger Rh−C bond.10 Our
group has also reported that generation of the [Tp′Rh-
(CNneopentyl)] (Tp′ = hydridotris-(3,5-dimethylpyrazolyl)-
borate) fragment by photolysis of Tp′Rh(CNneopentyl)(η2-
PhNCN-neopentyl), 1, in hydrocarbons leads to the clean
activation of a C−H bond, giving Tp′Rh(CNneopentyl)(R)H
(R = vinyl, alkyl, and aromatic). By combining kinetic barriers
to reductive elimination with kinetic competition experiments,
the thermodynamics for hydrocarbon exchange could be
determined versus benzene (ΔG°, Figure 1, eq 1). ΔG° was
then used to determine relative rhodium−carbon bond
strengths for 8 different hydrocarbon C−H bonds with sp2

and sp3 hybridization, showing a bond strength correlation with
RM−C/H−C = 1.22.11,12

Δ ° = Δ + ΔΔ − Δ⧧ ⧧ ⧧G G G G[Rh](Ph)H [Rh](R)Hre oa re
(1)

Received: February 2, 2012
Published: May 23, 2012

Article

pubs.acs.org/JACS

© 2012 American Chemical Society 9276 dx.doi.org/10.1021/ja301095r | J. Am. Chem. Soc. 2012, 134, 9276−9284

pubs.acs.org/JACS


Perutz and Eisenstein reported DFT calculated results
comparing Re-arylF and C−H bond strengths in the complex
CpRe(CO)2(Ar

F)H for a complete series of polyfluoroben-
zenes, resulting in a bond strength correlation with RM−C/H−C =
2.25.13 They calculated a similar effect on metal−arylF bond
energies for a range of metal fragments, including ZrCp2,
TaCp2H, TaCp2Cl, WCp2, ReCp(CO)2, ReCp(CO)(PH3),
ReCp(PH3)2, RhCp(PH3), RhCp(CO), IrCp(PH3), IrCp-
(CO), Ni(H2PCH2CH2PH2), and Pt(H2PCH2CH2PH2). In
this series, RM−C/H−C values ranging from 1.93 to 3.05 were
calculated.14 More recently, our group studied C−H activation
in a series of polyfluorobenzenes using both [Tp′Rh-
(CNneopentyl)] and [Tp′Rh(PMe2Ph)] fragments.15,16 In
both of these experimental studies, kinetic measurements
were used to correlate M−arylF bond strengths with arylF−H
bond strengths, giving RM−C/H−C values of 2.14 and 2.15,
respectively, showing that phosphine versus isocyanide
spectator ligand had little effect on the range of metal−carbon
bond strengths encountered.
Eisenstein and Perutz also performed DFT calculations of

metal−carbon bond strengths with varioius hydrocarbons for
both the Tp ′Rh(CNneopentyl)(R)(H) and Ti(R)-
(silox)2(NHSitBu3) (silox = OSitBu3) systems described
above. Excellent agreement with experiment was seen for the
calculated slopes of M−C versus C−H bond strengths
(RM−C/H−C = 1.23 and 1.12, respectively).17

In all of the above studies, activations were limited to
hydrocarbons containing sp2 and sp3 C−H bonds. Correlations
with sp C−H bond activations are notably absent. Therefore,
new studies aimed at further developing knowledge of C−H
bond strengths of terminal alkynyl complexes of the [Tp′Rh-
(CNneopentyl)] fragment have been conducted and provide
additional insight. Here, we report the use of reductive
elimination rates and kinetic selectivity experiments to measure
the relative free energy for the reaction of [Tp′Rh-
(CNneopentyl)] with various terminal alkynes (eq 2). The
free energy will be used in concert with calculated bond
strengths for terminal alkyne C−H bonds to ultimately
determine relative M−C bond strengths for complexes of the
type [Tp′Rh(CNneopentyl)(CCR)H]. A plot of ΔD(M−C)
versus D(C−H) will be compared to computational results, and
the factors that influence metal−carbon bond energies will be
analyzed and quantified.

■ RESULTS AND DISCUSSION
C−H Bond Activation of Terminal Alkynes. The ability

of Tp′Rh(CNneopentyl)(PhNCNneopentyl) (1) to serve as a
photoprecursor to the reactive [Tp′Rh(CNR)] fragment has
been well-established.18 Irradiation of 1 in neat 3,3-dimethyl-1-
butyne results in the loss of the carbodiimide ligand and
insertion into the terminal C−H bond of the alkyne, producing
a bright red solution. Removal of the solvent followed by 1H
NMR analysis of the residue in benzene-d6 shows the clean
formation of Tp′Rh(CNneopentyl)(CC−t-Bu)H (2a),
which features a hydride doublet at δ −13.68 (JRh−H = 18.9
Hz, Scheme 1). An analogous photolysis of 1 in ethynyl-

trimethylsilane at 0 °C results in the formation of two hydride-
containing products in a 1:1 ratio. The 1H NMR spectrum
displays two hydride resonances at δ −13.44 (d, JRh−H = 19.0
Hz) and −14.85 (d, JRh−H = 21.3 Hz), indicating the formation
of both Tp′Rh(CNneopentyl)(CCSiMe3)H (3a) and Tp′Rh-
(CNneopentyl)(CH2SiMe2CCH)H (3b). Complex 3b is
unstable in benzene solution at room temperature and the

Figure 1. Free energy diagram for activation of hydrocarbon C−H
bonds with [Tp′Rh(CNneopentyl)].

Scheme 1. Products of Photolysis of 1 in Various Terminal
Alkynes
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hydride resonance at δ −14.85 disappeared in 2 days. The most
notable resonances in the 1H NMR spectrum of 2a and 3a are
those for the hydrides which appear as doublets at δ −13.68 (d,
JRh−H = 18.9 Hz) and −13.44 (d, JRh−H = 19.0 Hz), with a small
JRh−H that is characteristic of an adjacent alkynyl ligand (vide
infra). The complexes are chiral at rhodium, resulting in six
resonances between δ 1.47 and 2.90 for the six Tp′ methyl
groups and three resonances between δ 5.57 and 5.82 for the
three Tp′ methyne hydrogens.
2a and 3a can be halogenated with CHBr3 or CCl4, resulting

in the formation of Tp′Rh(CNneopentyl)(CC−t-Bu)Br (2a-
Br) or Tp′Rh(CNneopentyl)(CCSiMe3)Cl (3a-Cl). Typical
spectroscopic features are the low-field signals for the acetylide
carbon atoms of Rh−CC unit in the 13C{1H} NMR spectra
at δ 67.34 (JRh−C = 40.5 Hz, α-C) and 108.70 (JRh−C = 6.2 Hz,
β-C) for 2a-Br and δ 108.1 (JRh−C = 5.7 Hz, β-C) and 109.1
(JRh−C = 38.5 Hz, α-C) for 3a-Cl, both of which are split into
doublets. The IR spectra of 2a-Br and 3a-Cl display bands at
2158 and 2115 cm−1, respectively, being assigned to the v(C
C) stretching modes of the alkynyl ligand.
The molecular structures of the rhodium complexes 2a-Br

and 3a-Cl were determined by X-ray crystallographic analysis
(Figure 2), and selected bond distances and angles are listed in
Table 1. The coordination environments around the rhodium
center of 2a-Br and 3a-Cl are essentially the same, and each
rhodium atom possesses the κ3-coordinated Tp′ ligand. The
distances C(22)−C(23) for 2a-Br and 3a-Cl are 1.201(8) and
1.206(3) Å, respectively, indicating the presence of a C−C
triple bond. The Rh−C(sp) distances are 1.975(6) and
1.970(2) Å, respectively, and are noticeably shorter than the
Rh−C(sp2) distance in Tp′Rh(CNneopentyl)(C6F5)Cl
(2.063(5) Å)19 and Tp′Rh(CNneopentyl)(CHCHCMe3)Cl
(2.021(6) Å).12

Photolysis of 1 in 1-octyne gives two major hydride-
containing products in a 1.2:1 ratio with trace amount of two
more minor hydride-containing products, along with the
commonly observed trace amounts of o-, m-, and p-
carbodiimide activation products. Because of the number of
products formed in this reaction, it was not possible to fully
characterize each species individually by 1H NMR spectrosco-

py. The two major hydride resonances at δ −13.66 (JRh−H =
19.2 Hz) and −14.91 (JRh−H = 24.6 Hz) are assigned as
Tp′Rh(CNneopentyl)(CC-hexyl)H (4a) by comparison of
Rh−H coupling with previous terminal alkyne activation
products and Tp′Rh(CNneopentyl)[(CH2)6(CCH)]H (4b)
by analogy to the previous report of Tp′Rh(CNneopentyl)-
(pentyl)(H).11

Photolysis of 1 in pentane followed by pressurization with
3,3,3-trifluoro-1-propyne (10 psi) for 2 days at room
temperature gives one hydride-containing product along with
carbodiimide activation products (eq 3). Loss of pentane occurs

Figure 2. ORTEP drawing of the molecular structures of (a) 2a-Br and (b) 3a-Cl. All hydrogen atoms are omitted for clarity. Ellipsoids are shown at
the 50% probability level.

Table 1. Selected Bond Distances (Å) and Angles (deg) of
2a-Br and 3a-Cl

2-Br
Rh−Br 2.4671(10) Rh−C16 1.911(6)
Rh−N1 2.090(5) C22−C23 1.201(8)
N7−C16 1.147(7) C22−Rh−N1 91.8(2)

N1−Rh−Br 91.90(12)
C16−Rh−N1 177.2(2) Rh−C22−C23 176.9(5)
Rh−C22 1.975(6) C22−C23−C24 179.9(6)

3a-Cl
Rh−Cl 2.3566(5) Rh−C16 1.932(2)
Rh−N1 2.0872(17) C22−C23 1.206(3)
N7−C16 1.143(3) C22−Rh−N1 91.87(7)

N1−Rh−Cl 91.33(5)
C16−Rh−N1 178.03(7) Rh−C22−C23 178.8(2)
Rh−C22 1.9703(19) C22−C23−Si1 173.6(2)
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readily under these conditions (τ1/2 ≈ 1 h), and oxidative
addition of 3,3,3-trifluoro-1-propyne proceeds to give 5a.
Removal of the solvent under vacuum followed by dissolving
the residue in C6D6 allows observation of the hydride
resonance for 5a at δ −13.18 (d, JRh−H = 18.0 Hz). However,
the reaction showed low conversion to 5a and predominantly
went to decomposition products. Consequently, Tp′Rh-
(CNneopentyl)(CCCF3)H (5a) could not be fully charac-
terized by 1H NMR spectroscopy.
Photolysis of 1 in 4-ethynylanisole, phenylacetylene, and 4-

ethynyl-α,α,α-trifluorotoluene showed 3 major products
resulting from o-, m-, and p-carbodiimide activation at δ
−13.39, −13.66, and −13.68 (Figure 3). Each spectrum shows

a terminal C−H bond activation product (7a, 8a, 9a), which
has a JRh−H coupling constant of ∼19 Hz. There is also evidence
for other products resulting from activation of the arene C−H
bonds (7b, 7c, 8b, 8c, 8d, 9b, 9c), as these doublets have larger
couplings (∼24 Hz), but overlap with each other and cannot be
clearly identified. Methoxy group activation product 7d (JRh−H
= 23.9 Hz) was also observed in the reaction with 4-
ethynylanisole.
To exclude carbodiimide activation products for a more

precise observation of the Rh−H resonances in the 1H NMR
spectra, Tp′Rh(CNneopentyl)(CH3)H (6) was prepared by the
reaction of Tp′Rh(CNneopentyl)(CH3)Cl with Cp2ZrHCl/
Cp2ZrH2 in THF followed by flash chromatography through
silica gel to give Zr-free solutions of 6.20 Addition of 4-
ethynylanisole, phenylacetylene, or 4-ethynyl-α,α,α-trifluoroto-
luene to 6 in benzene at room temperature gave the terminal
C−H bond activation products 7a, 8a, or 9a, along with aryl
ring activation products 7b−9c (eq 4) and some phenyl
hydride Tp′Rh(CNneopentyl)(Ph)H, 10. The reaction with 4-
ethynylanisole shows four hydride resonances at δ −13.37
(JRh−H = 18.8 Hz) for the alkyne C−H activation product 7a,
−14.18 (JRh−H = 24.1 Hz) for the methoxy group activation
product 7d, and −13.03 (JRh−H = 22.8 Hz) and −13.44 (JRh−H =
21.6 Hz) for the phenyl ring activation products 7b and 7c. The
reaction with phenylacetylene also showed four hydride
resonances at δ −13.34 (JRh−H = 18.7 Hz) for the terminal
alkyne C−H activation product 8a and at δ −13.05 (JRh−H =
23.4 Hz), −13.33 (JRh−H = 23.6 Hz), and −13.68 (JRh−H = 22.1
Hz) for phenyl ring activation products 8b−d. However, the

reaction with 4-ethynyl-α,α,α-trifluorotoluene showed only one
hydride resonance at δ −13.29 (JRh−H = 18.5 Hz) for the
terminal alkyne C−H activation product 9a (Figure 4).

As the above routes to the arylalkynyl complexes were not
very selective, these complexes were synthesized independently.
The alkynyl rhodium complexes, 7a-Cl, 8a-Cl, and 9a-Cl were
prepared by treatment of Tp′Rh(CNneopentyl)Cl2 with
magnesium acetylides in order to exclude the aryl hydride
products seen in the C−H activation reactions (see Supporting
Information, for the molecular structure of 8-Cl). Each alkynyl
rhodium chloride complex reacted with LiEt3BH to exchange
chloride for hydride and gave clean formation of complexes 7a,

Figure 3. Hydride resonances for photolysis of 1 with 4-
ethynylanisole, phenylacetylene, and 4-ethynyl-α,α,α-trifluorotoluene
in the 1H NMR spectrum. o-, m-, and p- mark the presence of
carbodiimide activation side-products.

Figure 4. 1H NMR hydride resonances of 4-ethynylanisole, phenyl-
acetylene, and 4-ethynyl-α,α,α-trifluorotoluene activation complexes
formed by reductive elimination of methane from 6. Note that some
Tp′Rh(CNneopentyl)H2 is seen from the preparation of Tp′Rh-
(CNneopentyl)(Me)H using Cp2ZrH2 (top spectrum).
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8a, and 9a, with hydride resonances identical to those shown in
Figure 4 (eq 5).

Reductive Elimination of RCCH from Tp′Rh(CNR)-
(CCR)(H). The rates of reductive elimination of alkyne from
complexes 2a, 3a, 4a, 5a, and 7a−9a were determined in C6D6
solution by monitoring the conversion of the complexes to
Tp′Rh(CNneopentyl)(C6D5)D (10-d6) by 1H NMR spectros-
copy (eq 6). These experiments were performed at 100 °C, and

in each case, formation of 10-d6 was irreversible. Pentafluor-
obenzene was used instead of benzene to trap the [Tp′Rh-
(CNneopentyl)] fragment in cases where decomposition
occurs prior to the formation of 10-d6 due to the extended
reaction times and elevated temperatures. A plot of ln([C]t/
[C]0) of the terminal C−H bond activation complex versus
time was used to determine the rates of reductive elimination.
Table 2 summarizes the rate constants kre(RCCH) along
with the activation energies for the reductive elimination at 100
°C (ΔG⧧

re).
The rate of reductive elimination of terminal alkynes is slow

compared to alkane or benzene reductive elimination.
Complete conversion to 10-d6 in C6D6 was observed for
complexes 2a−5a, while complexes 7a−9a led to decom-
position. It is possible that η2-coordination of phenylacetylene

derivatives stabilizes the [Tp′Rh(CNneopentyl)] fragment and
inhibits the formation of the benzene activation product when
its reductive coupling is achieved, although these adducts were
not observed. When pentafluorobenzene was used to trap the
metal fragment, however, the perfluorophenyl hydride product
is observed, but not quantitatively (30−60%). Consequently,
these barriers for reductive elimination should be considered as
a lower limit for the barrier for dissociative reductive
elimination. One can observe the slowing of the rate of
reductive elimination as one changes phenyl substitution to an
electron-withdrawing group (CF3) in the para position of the
phenyl ring of phenylacetylene.

Competition Experiments. The rate at which two
substrates compete for the vacant site in [Tp ′Rh-
(CNneopentyl)] was determined by irradiation of 1 in a
known ratio of two substrates and monitoring the kinetic
products formed by 1H NMR spectroscopy (Table 3). In

competition experiments where multiple sites were activated,
only the quantity of terminal alkyne activation product was
used in calculating the k1/k2 product ratio. Consequently, the
quantity of methyl activation product of ethynyltrimethylsilane
and o-, m-, and p-phenyl ring activation products of
phenylacetylene derivatives were not used in the competition
experiment calculations, as these represent side-reactions. The
selectivities ksubstrate/kC6H6 reported in Table 3 were calculated
on a per-molecule basis using eq 7, where I1/I2 is the integrated
area of the hydrides of the products, V2/V1 is the ratio of the
substrate volumes, d2/d1 is the solvent density ratio, and MW1/
MW2 is the ratio of molecular weights; subscript 2 refers to
benzene/pentane/mesitylene and subscript 1 refers to the
competing terminal alkyne. For the competitions of alkynes
versus pentane and mesitylene, these ratios were converted to
be relative to benzene as indicated in Table 3 using competition
data from ref 11. The mild selectivities resulted in small
differences in ΔΔG⧧

oa values (<1.2 kcal mol−1).
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Table 2. Rates of Reductive Elimination of RCCH from
Tp′Rh(CNneopentyl)(CCR)(H) at 100 °Ca

R kre(RCCH), s−1 ΔG⧧
re, kcal mol−1

3,3-dimethyl-1-butyne 6.7 (3) × 10−6 30.83 (4)
ethynyltrimethylsilane 7.1 (6) × 10−7 32.50 (6)
1-octyne 1.21 (7) × 10−5 30.39 (4)
3,3,3-trifluoro-1-propyne 1.8 (2) × 10−5 30.10 (8)
4-ethynylanisole 7.2 (4) × 10−6 30.78 (4)
phenylacetylene 2.6 (1) × 10−6 31.53 (4)
4-ethynyl-α,α,α-trifluorotoluene 1.7 (1) × 10−6 31.83 (5)

aErrors are reported as standard deviations. Error in ΔG⧧
re calculated

using σG = −(RT/kre)σk.

Table 3. Kinetic Selectivity Data Determined from
Competition Experimentsa

entry substrates
T

(°C)
ksubstrate/
kC6H6

ΔΔG⧧
oa,

kcal mol−1b

1 3,3-dimethyl-1-butyne:
benzene

10 0.18 (3) 1.0 (1)

2 ethynyltrimethylsilane:
benzene

10 0.33 (5) 0.6 (1)

3 1-octyne: mesitylenec 10 0.12 (2)c 1.2 (1)
4 3,3,3-trifluoro-1-propyne:

pentaned
10 0.26 (4)d 0.8 (1)

5 4-ethynylanisole: benzene 10 0.60 (9) 0.3 (1)
6 phenylacetylene: benzene 10 0.41 (6) 0.5 (1)
7 4-ethynyl-α,α,α-

trifluorotoluene: benzene
10 1.2 (2) −0.1 (1)

aAll samples were irradiated for 10 min using same equivalent volume
ratio of each substrate used. Ratios are then corrected to be relative to
benzene, if necessary. No correction for the number of hydrogens
available has been applied. bΔΔG⧧ vs benzene. A negative value
indicates that terminal alkyne is kinetically favored. Errors in rate ratio
estimated at 15%, giving σG = −(RT/ratio)σratio = −0.15RT ≈ 0.1 kcal
mol−1. ckoctyne/kbenzene = (koctyne/kmesitylene)(kmesitylene)/kbenzene) =
(0.154)(0.769) = 0.118. dkCF3CCH/kbenzene = (kCF3CCH/kpentane)-
(kpentane)/kbenzene) = (1.22)(0.213) = 0.259.
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Analysis of Rhodium−Carbon Bond Strengths. From
these kinetic selectivities (ΔΔG⧧) and reductive elimination
barriers (ΔG⧧

re), the driving force ΔG° relative to benzene
activation can be calculated as indicated in eq 1. One feature of
this method is that the uncertanties in G are small, since free
energy (G) is a log function of rate (k) or rate ratio (k1/k2).
Next, the relative metal−carbon bond strengths can be
calculated as indicated in eq 8. Here, the driving force (free
energy) is related to the differences in metal−carbon and
carbon−hydrogen bond strengths (enthalpy), along with an
entropic correction for the number of hydrogens available for
activation (1 vs 6). Since only the C−H bond strength for
phenylacetylene is reported in the literature,21 the C−H bond
strengths shown in Table 4 were calculated using DFT.

− = Δ − − Δ −

= Δ ° −

− − − −

D H H

G RT

D D

(Rh C) [ (Rh CCR) (Rh Ph)]

ln(1/6)

[ (RCC H) (Ph H)]

rel

(8)

These data are also shown graphically in Figure 5a, in which
the relative metal−carbon bond strength is plotted versus the
carbon−hydrogen bond strength. Included in the plot are data
from earlier studies with sp3 and sp2 hydrocarbons, but not
substrates in which the C−H bond is effected by resonance
(e.g., H−CH2CN, H−CH2Ph, H−CH2CHCH2).

22 Good
linearity is observed for all of these ‘normal’ sp, sp2, sp3

hydrocarbons. A slope RM−C/H−C = 1.32 is observed, which
indicates that the differences in metal−carbon bond energies

are about 30% greater than the difference in carbon−hydrogen
bond energies.
For comparison with the experimental values for this system,

DFT calculations were performed on the corresponding
terminal alkyne complexes using the model fragment [Tp′Rh-
(CNMe)] (see Supporting Information). These calculated Rh−
Calkynyl bond strengths are also listed in Table 4, and calculated
Rh−C bond strengths for the other hydrocarbons were
reported earlier.23 A plot of C−H bond strengths21 versus
calculated Rh−C bond strengths (M06-2X) in Tp′Rh(CNMe)-
(R)H shows dispersion of terminal alkynes with RM−C/H−C =
1.59 (Figure 5b). The DFT calculations appear to slightly
overestimate the differences in rhodium−carbon bond
strengths, but the magnitude of the slope depends on the
method and model employed. We examined methods M06-2X,
B3LYP, and B3PW91 and models TpRh(CNMe), Tp*Rh-
(CNMe), TpRh(CNCH2

tBu), and Tp*Rh(CNCH2
tBu), with

M06-2X and Tp*Rh(CNMe) giving reasonable agreement with
experiment (see Supporting Information for details).
In addition, DFT was used to calculate the effect of changing

the R group attached to rhodium on the metal−hydrogen bond
strength. For each of the complexes Tp′Rh(CNMe)(R)H, the
Rh−H bond strength was calculated. The variation of Rh−H
bond strengths was minimal (68.6 ± 1.2 kcal mol−1), indicating
that the differences in the stability of the various derivatives lies
in changes of the Rh−C bond strength, not in changes of the
Rh−H bond strength as a result of the change in alkynyl ligand
(see Supporting Information for details).
It is also worth noting that terminal alkynes, with the

strongest C−H bonds of all hydrocarbons, also have the

Table 4. Kinetic and Thermodynamic Data for Formation of Tp′Rh(CNneopentyl)(R)Ha

R (terminal C−H) ΔΔG⧧
oa
b ΔG°b calcd D(C−H)c exptl Drel(Rh−C)d calcd Drel(Rh−C)d,e

3,3-dimethyl-1-butyne 1.0 (1) 1.1 (2) 131.4 18.4 26.9
ethynyltrimethylsilane 0.6 (1) −0.9 (2) 131.6 20.6 27.1
1-octyne 1.2 (1) 1.8 (2) 131.0 17.4 26.4
3,3,3-trifluoro-1-propyne 0.8 (1) 1.7 (2) 135.4 21.9 37.4
4-ethynylanisole 0.3 (1) −0.5 (2) 122.7 10.4 24.2
phenylacetylene 0.5 (1) −0.0 (2) 133.2 21.4 27.6
4-ethynyl-α,α,α-trifluorotoluene −0.1 (1) −0.9 (2) 127.8 16.9 31.9

aAll values are in kcal mol−1. Cumulative errors in all D′s are estimated at 0.3 kcal mol−1 plus any uncertainty in the DC−H (calculated DC−H do not
have errors). bΔΔG⧧

oa and ΔG° vs benzene. A positive value means benzene is favored. cCalculated using DFT; B3LYP/6-31 g**. dRelative to
D(Rh−Ph) = 69.4 kcal mol−1. A positive value means DRh−CCR is stronger. eCalculated using DFT; M06-2X/6-31g**.

Figure 5. Plot of relative Rh−Calkynyl bond strength vs terminal C−H bond strength of terminal alkynes (kcal mol−1). (a) Experimentally determined
D(Rh−Calkynyl) vs experimental (■)/DFT-calculated (□) D(C−H), and (b) DFT-calculated D(Rh−Calkynyl) vs experimental (■)/DFT-calculated
(□) D(C−H).
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strongest metal−carbon bonds. This results in alkynes being
the ‘king’ in thermodynamic competitions with all other
hydrocarbons. In terms of kinetic selectivity with [Tp′Rh-
(CNneopentyl)], the range of competitive selectivities is small,
spanning a range of only a factor of 22:1 for the very best
substrate (4-ethynyl-α,α,α-trifluorotoluene) to the very worst
substrate (cyclohexane). Finally, it is also worth noting that
these reactions give clean terminal alkyne C−H activation
products. No evidence for rearrangement to terminal vinylidene
compounds has been seen, in contrast to the reactions with
RhCl(PiPr3)3

24 and numerous other transition metal com-
plexes.25

■ CONCLUSIONS
Photolysis of Tp′Rh(CNneopentyl)(η2-PhNCNneopentyl) in
neat terminal alkynes resulted in C−H activation products of
the type Tp′Rh(CNneopentyl)(CCR)H (R = t-Bu, SiMe3,
hexyl, CF3, p-OMeC6H4, Ph, p-CF3C6H4). The arylalkyne
derivatives could be prepared pure via an acetylation/hydride
exchange sequence. Measurement of the barriers to alkyne
reductive elimination, along with kinetic selectivity for terminal
C−H activation versus benzene, allowed for the determination
of the driving force for a given C−H activation versus C−H
activation of benzene. These data, in turn, allow the
determination of relative metal−acetylide bond strengths.
Plotting the experimentally determined D(Rh−Calkynyl) versus
calculated C−H bond strengths gives a slope RM−C/H−C of 1.32,
and this work completes a connection of sp C−H activation to
related rhodium−carbon bond energy correlations in unsub-
stituted sp2 and sp3 aliphatic and aromatic hydrocarbons. DFT
calculated bond energies tend to exaggerate the differences in
rhodium−carbon bond strengths, as the slope of this plot is
1.59.

■ EXPERIMENT SECTION
General Procedures. All operations and routine manipulations

were performed under a nitrogen atmosphere, either on a high-vacuum
line using modified Schelnk techniques or in a Vacuum Atmospheres
Corp. Dri-Lab. Benzene-d6 was distilled under vacuum from CaH2 and
stored in an ampule with a Teflon valve. Terminal alkynes were
purchased from Aldrich Chemical Co. and TCI America, dried over
CaH2, and vacuum-distilled prior to use. Isopropyl-magnesium
chloride was purchased from Aldrich. Preparations of Tp′Rh-
(CNneopentyl)(η2−PhNCN−neopentyl) (1),18 Tp ′Rh-
(CNneopentyl)Cl2,

26 and Tp′Rh(CNneopentyl)(CH3)H
20 have been

previously reported. All 1H NMR, 19F NMR, and 13C NMR spectra
were recorded on a Bruker Avance 400 and 500 MHz NMR
spectrometer. IR spectra were recorded in the solid state on a Nicolet
4700 FTIR spectrometer between 4000 and 600 cm−1. All photolysis
experiments were carried out using a pyrex-filtered 200-W Hg−Xe
lamp.
Computational Details. Homolytic C−H and Rh−C bond

energies were calculated for the seven alkynes and TpRh(CNMe)-
(H)−CCR complexes, respectively, and are presented in Table 4. X-
ray crystallographic structures were used as the starting points for the
calculations if a corresponding structure was available. Gas-phase
structures were fully optimized in redundant internal coordinates,27

with density functional theory (DFT) and a wave function
incorporating Becke’s three-parameter hybrid functional (B3)28

along with the Lee−Yang−Parr correlation functional (LYP).29 The
alkynyl complexes were also calculated using the M06-2X and
B3PW91 functionals for comparison.30 All calculations were
performed using the Gaussian09 package.31 The Rh and Si atoms
were represented with the effective core pseudopotentials of the
Stuttgart group and the associated basis sets improved with a set of f-
polarization functions for Rh (alpha = 1.350)32 and a set of d-

polarization functions for Si (alpha = 0.284).33 The remaining atoms
(C, H, N, B, O, and F) were represented by a 6-31G(d,p)34 basis set.
The geometry optimizations were performed without any symmetry
constraints, and the local minima were checked by frequency
calculations. Gibbs free energies have been calculated at 298.15 K
and 1 atm.

Preparation of Tp′Rh(CNneopentyl)(CCCMe3)H (2a). A
solution of 1 (10 mg, 0.017 mmol) dissolved in 0.6 mL of t-
butylacetylene was placed in a J-Young NMR tube. This sample was
irradiated for 5 min at 0 °C. The solvent was immediately removed in
vacuo at room temperature. The resulting bright yellow residue was
dissolved in C6D6. Only one C−H activation product was observed,
consistent with the earlier observation that 1 does not activate
neopentane.11 1H NMR (400 MHz, C6D6): δ −13.68 (d, J = 18.9 Hz,
1 H, Rh-H), 1.13 (s, 9 H, C(CH3)3 of t-Bu-acetylene), 1.47 (s, 9 H,
C(CH3)3), 2.11 (s, 3 H, pzCH3), 2.18 (s, 3 H, pzCH3), 2.26 (s, 3 H,
pzCH3), 2.30 (s, 3 H, pzCH3), 2.53 (d, J = 4.5 Hz, 2 H, NCH2), 2.75
(s, 3 H, pzCH3), 2.90 (s, 3 H, pzCH3), 5.57 (s, 1 H, pzH), 5.63 (s, 1
H, pzH), 5.82 (s, 1 H, pzH).

Preparation of Tp′Rh(CNneopentyl)(CCCMe3)Cl (2a-Cl). A
similar procedure to that for 7a-Cl was employed. 1H NMR (500
MHz, C6D6): δ0.88 (s, 9 H, C(CH3)3 of isocyanide), 1.45 (s, 9 H),
2.02 (s, 3 H), 2.11 (s, 3 H, pzCH3), 2.15 (s, 3 H, pzCH3), 2.68 (q, J =
13.6 Hz, 2 H, NCH2), 2.76 (s, 3 H, pzCH3), 2.78 (s, 3 H, pzCH3),
3.26 (s, 3 H, pzCH3), 5.55 (s, 1 H, pzH), 5.61 (s, 1 H, pzH) 5.63 (s, 1
H, pzH). 13C NMR (500 MHz, C6D6): δ 12.28 (pzCH3), 12.42
(pzCH3), 12.68 (pzCH3), 14.85 (pzCH3), 15.83 (pzCH3), 16.03
(pzCH3), 26.76 (C(CH3)3 of isocyanide), 29.72 (C(CH3)3 of t-Bu-
acetylene), 30.49 (C(CH3)3 of isocyanide), 30.49 (C(CH3)3 of t-Bu-
acetylene), 56.24 (NCH2), 67.34 (d, J = 40.5 Hz, Rh-CC-t-Bu), 107.34
(CH of pz), 107.68 (CH of pz), 108.13 (CH of pz), 108.70 (d, J = 6.2
Hz, Rh−CC-t-Bu), 142.72 (pzCq), 143.08 (pzCq), 144.22 (pzCq),
151.99 (pzCq), 152.16 (pzCq), 154.42 (pzCq). IR (cm−1) v = 1975,
2026, 2158 (CC). 2a-Cl also forms upon treatment of 2a with CCl4.

Preparation of Tp′Rh(CNneopentyl)(CCCMe3)Br (2a-Br).
2a-Br was prepared by treatment of 2a with CHBr3, and crystals were
grown for X-ray structure determination. 1H NMR (500 MHz, C6D6):
δ0.88 (s, 9 H, C(CH3)3 of isocyanide), 1.45 (s, 9 H), 2.02 (s, 3 H),
2.11 (s, 3 H, pzCH3), 2.15 (s, 3 H, pzCH3), 2.68 (q, J = 13.6 Hz, 2 H,
NCH2), 2.76 (s, 3 H, pzCH3), 2.78 (s, 3 H, pzCH3), 3.26 (s, 3 H,
pzCH3), 5.55 (s, 1 H, pzH), 5.61 (s, 1 H, pzH) 5.63 (s, 1 H, pzH).

13C
NMR (500 MHz, C6D6): δ 12.28 (pzCH3), 12.42 (pzCH3), 12.68
(pzCH3), 14.85 (pzCH3), 15.83 (pzCH3), 16.03 (pzCH3), 26.76
(C(CH3)3 of isocyanide), 29.72 (C(CH3)3 of t-Bu-acetylene), 30.49
(C(CH3)3 of isocyanide), 30.49 (C(CH3)3 of t-Bu-acetylene), 56.24
(NCH2), 67.34 (d, J = 40.5 Hz, Rh-CC-t-Bu), 107.34 (CH of pz),
107.68 (CH of pz), 108.13 (CH of pz), 108.70 (d, J = 6.2 Hz, Rh−CC-
t-Bu), 142.72 (pzCq), 143.08 (pzCq), 144.22 (pzCq), 151.99 (pzCq),
152.16 (pzCq), 154.42 (pzCq). IR (cm−1) v = 1975, 2026, 2158 (C
C). Anal. Calcd for C27H42BBrN7Rh·1/2(THF): C, 50.16; H, 6.68; N,
14.12. Found: C, 49.56; H, 6.61; N, 13.18 (THF is observed in the X-
ray structure).

Preparation of Tp′Rh(CNneopentyl)(CCSiMe3)H (3a). The
synthesis of 3a was identical to that of 2a except that 1 was dissolved
in 0.6 mL of ethynyltrimethylsilane and the product solution was
allowed to stand for 2 d at room temperature. At earlier times,
Tp′Rh(CNneopentyl)(CH2SiMe2CCH)H (3b) could be observed.
For 3a, 1H NMR (400 MHz, C6D6): δ −13.44 (d, J = 19.0 Hz, 1 H,
Rh-H), 0.11 (s, 9 H, Si(CH3)3), 0.74 (s, 9 H, C(CH3)3), 2.11 (s, 3 H,
pzCH3), 2.16 (s, 3 H, pzCH3), 2.26 (s, 3 H, pzCH3), 2.27 (s, 3 H,
pzCH3), 2.76 (s, 3 H, pzCH3), 2.86 (s, 2 H, NCH2), 2.88 (s, 3 H,
pzCH3), 5.52 (s, 1 H, pzH), 5.61 (s, 1 H, pzH), 5.78 (s, 1 H, pzH). For
3b, 1H NMR (400 MHz, C6D6): δ −14.85 (d, J = 21.3 Hz, 1 H, Rh-
H), 0.64 (s, 6 H, Si(CH3)2), 0.71 (s, 2 H, Rh−CH2), 0.74 (s, 9 H,
C(CH3)3), 2.05 (s, 3 H, pzCH3), 2.17 (s, 3 H, pzCH3), 2.29 (s, 3 H,
pzCH3), 2.40 (s, 3 H, pzCH3), 2.47 (s, 3 H, pzCH3), 2.60 (s, 5 H, 3 H
of pzCH3, 2 H of NCH2), 5.59 (s, 1 H, pzH), 5.66 (s, 1 H, pzH), 5.82
(s, 1 H, pzH).

Preparation of Tp′Rh(CNneopentyl)(CCSiMe3)Cl (3a-Cl).
3a-Cl was obtained by treatment of 3a with CCl4.

1H NMR (400
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MHz, C6D6): δ 0.34 (s, 9 H, C(CH3)3), 0.87 (s, 9 H, Si(CH3)3), 2.02
(s, 3 H, pzCH3), 2.10 (s, 3 H, pzCH3), 2.14 (s, 3 H, pzCH3), 2.68 (d, J
= 5.7 Hz, 2 H), 2.73 (s, 3 H, pzCH3), 2.76 (s, 3 H, pzCH3), 3.23 (s, 3
H, pzCH3), 5.52 (s, 1 H, pzH), 5.56 (s, 1 H, pzH), 5.63 (s, 1 H, pzH).
13C{1H} NMR (400 MHz, C6D6): δ 1.64 (Si(CH3)3), 12.26 (pzCH3),
12.40 (pzCH3), 12.68 (pzCH3), 14.83 (pzCH3), 15.9 (pzCH3), 16.07
(pzCH3), 26.72 (C(CH3)3), 32.55 (C(CH3)3), 56.28 (s, NCH2),
107.41 (CH of pz), 107.83 (CH of pz), 108.1 (d, J = 5.7 Hz, Rh−
CCSiMe3),108.26 (CH of pz), 109.10 (d, J = 38.5 Hz, Rh-CCSiMe3),
142.85 (pzCq), 143.24 (pzCq), 144.34 (pzCq), 152.06 (pzCq), 152.24
(pzCq), 154.53 (pzCq). IR (cm−1) v = 2088, 2115 (CC), 2325. Anal.
Calcd for C26H42BClN7RhSi·(C6H6): C, 54.28; H, 6.83; N, 13.85.
Found: C, 53.85; H, 7.12; N, 13.25 (C6H6 is observed in the X-ray
structure).
Preparation of Tp′Rh(CNneopentyl)(CC(CH2)5Me3)H (4a).

The synthesis of 4a was identical to that of 2 except that 1 was
dissolved in 0.6 mL of 1-octyne. Following photolysis, hydride
resonances for both 4a (δ −13.66, d, J = 19.2 Hz) and 4b (δ −14.91,
d, J = 24.6 Hz) were observed. After several hours at room
temperature, only 4a was observed.
Preparation of Tp′Rh(CNneopentyl)(CCCF3)H (5a). Com-

plex 1 was placed in a J-Young NMR tube, dissolved in pentane, and
irradiated for 20 min at 10 °C, followed by pressurization with 3,3,3-
trifluoro-1-propyne (10 psi). The mixture was kept for 2 days at room
temperature and the solvent was removed under vacuum, yielding 5a.
For 5a, 1H NMR (400 MHz, C6D6): δ −13.18, d, J = 18.0 Hz.
Reaction of Tp′Rh(CNneopentyl)(CH3)H with Arylalkynes. A

solution of Tp′Rh(CNneopentyl)-(CH3)H (6) in benzene solvent was
prepared, the solvent removed and replaced with C6D6, and excess
phenylacetylene added. The solution was monitored by 1H NMR
spectroscopy to determine the products formed as methane was
eliminated. The observations of the hydride region of the spectrum are
described in the text. Similar reactions were carried out with 4-
ethynylanisole and 4-ethynyl-α,α,α-trifluorotoluene.
Preparation of Magnesium Acetylides. Isopropylmagnesium-

chloride (0.17 mL of a 2 M solution in THF, 0.34 mmol) was added
dropwise by syringe to phenylacetylene (38 μL, 0.34 mmol) in 3 mL
of THF under an atmosphere of N2. The reaction mixture was stirred
for 1 h at room temperature following which the magnesium reagent
was ready for use. The p-CF3- and p-MeO-phenylethynyl reagents
were prepared similarly.
Preparation of Tp′Rh(CNneopentyl)(CCC6H4-p-OMe)Cl

(7a-Cl). To a stirred solution of 200 mg (0.35 mmol) of
Tp′Rh(CNneopentyl)Cl2 in 250 mL f THF was added, dropwise
over a period of 2 min, a solution of the magnesium acetylide prepared
as described above. Upon addition of the Grignard reagent, the color
of the solution changed from yellow to green-yellow. The reaction
mixture was stirred for 1 h. The reaction was quenched with a
saturated solution of NH4Cl(aq) until all had reacted to give a clear
solution. This solution was filtered through cotton, reduced in volume
under vacuum, and recrystallized with CH2Cl2/hexane (175 mg, 0.27
mmol, 77%). 1H NMR (400 MHz, C6D6): δ 0.81 (s, 9 H, C(CH3)3),
2.06 (s, 3 H, pzCH3), 2.13 (s, 3 H, pzCH3), 2.16 (s, 3 H, pzCH3), 2.64
(s, 2 H, NCH2), 2.81 (d, J = 1.7 Hz, 6 H, 3 H of pzCH3, 3 H of
OCH3), 3.25 (s, 3 H, pzCH3), 3.30 (s, 3 H, pzCH3), 5.52 (s, 1 H,
pzH), 5.53 (s, 1 H, pzH), 5.66 (s, 1 H, pzH), 6.76 (d, J = 8.8 Hz, 2 H,
Ph-m), 7.59 (d, J = 8.8 Hz, 2 H, Ph-o). 13C{1H} NMR (400 MHz,
C6D6): δ 12.3 (pzCH3), 12.4 (pzCH3), 12.7 (pzCH3), 15.0 (pzCH3),
15.7 (pzCH3), 15.8 (pzCH3), 26.6 (s, C(CH3)3), 32.4 (C(CH3)3), 54.7
(OCH3), 56.3 (NCH2), 84.5 (d, J = 39.6 Hz, Rh-CC-p-OMePh), 102.7
(d, J = 8.0 Hz, Rh−CC-p-OMePh), 107.5 (CH of pz), 107.9 (CH of
pz), 108.3 (CH of pz), 113.0 (p-OMePh-o), 121.8 (ipso C of
pOMePh), 133.0 (pOMePh-m), 142.8 (pzCq), 143.3 (pzCq), 144.3
(pzCq), 152.2 (pzCq), 152.3 (pzCq), 154.6 (pzCq), 158.2 (ipso COMe
of Ph). IR (cm−1) v = 1974, 2031, 2156 (CC), 2237, 2532. Anal.
Calcd for C30H40BClN7ORh·1/3(CH2Cl2): C, 52.64; H, 5.92; N,
14.17. Found: C, 51.94; H, 6.36; N, 14.66.
Preparation of Tp′Rh(CNneopentyl)(CCC6H5)Cl (8a-Cl). A

similar procedure to that for 7a-Cl was employed (78% yield). 1H
NMR (400 MHz, C6D6): δ 0.80 (s, 9 H, C(CH3)3), 2.05 (s, 3 H,

pzCH3), 2.12 (s, 3 H, pzCH3), 2.16 (s, 3 H, pzCH3), 2.62 (s, 2 H,
NCH2), 2.77 (s, 3 H, pzCH3), 2.80 (s, 3 H, pzCH3), 3.26 (s, 3 H,
pzCH3), 5.51 (s, 1 H, pzH), 5.52 (s, 1 H, pzH), 5.65 (s, 1 H, pzH),
6.99 (t, J = 7.4 Hz, 1 H, Ph-p), 7.13 (t, J = 7.8 Hz, 2 H, Ph-m), 7.65
(dd, J = 8.1, 1.1 Hz, 2 H, Ph-o). 13C{1H} NMR (400 MHz; CDCl3):
12.5 (pzCH3), 12.7 (pzCH3), 13.0 (pzCH3), 14.6 (pzCH3), 15.3
(pzCH3), 15.4 (pzCH3), 27.0 (s, C(CH3)3), 33.0 (C(CH3)3), 57.2
(NCH2), 85.7 (d, J = 40.8 Hz, Rh-CCPh), 103.3 (d, J = 6.9 Hz, Rh−
CCPh), 107.4 (CH of pz), 107.9 (CH of pz), 108.1 (CH of pz), 125.3
(ipso C of Ph), 127.7 (Ph-m), 128.2 (Ph-p), 131.6 (Ph-o), 143.5
(pzCq), 143.7 (pzCq), 144.0 (pzCq), 151.9 (pzCq), 152.3 (pzCq),
154.1 (pzCq). IR (cm−1) v = 1973, 2028, 2156 (CC), 2238, 2528.
Anal. Calcd for C29H47BClN7Rh·1/4(CH2Cl2): C, 53.64; H, 5.92; N,
15.71. Found: C, 54.14; H, 6.02; N, 15.05 (CH2Cl2 is observed in the
NMR spectrum of 8a-Cl at δ4.27, see p S-18 in Supporting
Information).

Preparation of Tp′Rh(CNneopentyl)(CCC6H4-p-CF3)Cl (9a-
Cl). A similar procedure to that for 7a-Cl was employed (63% yield),
although a longer reaction time was required. 1H NMR (400 MHz,
C6D6): δ 0.79 (s, 9 H, C(CH3)3), 2.05 (s, 3 H, pzCH3), 2.11 (s, 3 H,
pzCH3), 2.15 (s, 3 H, pzCH3), 2.62 (s, 2 H, NCH2), 2.70 (s, 3 H,
pzCH3), 2.78 (s, 3 H, pzCH3), 3.20 (s, 3 H, pzCH3), 5.54 (s, 1 H,
pzH), 5.55 (s, 1 H, pzH), 5.65 (s, 1 H, pzH), 7.30 (d, J = 8.2 Hz, 2 H,
Ph-o), 7.43 (d, J = 8.1 Hz, 2 H, Ph-m). 13C{1H} NMR (400 MHz,
C6D6): δ 12.29 (pzCH3), 12.39 (pzCH3), 12.7 (pzCH3), 14.9
(pzCH3), 15.6 (pzCH3), 15.7 (pzCH3), 26.5 (s, C(CH3)3), 32.4
(C(CH3)3), 56.3 (s, NCH2), 94.28 (d, J = 41.7 Hz, Rh-CC-p-CF3Ph),
102.9 (d, J = 6.9 Hz, Rh−CC-p-CF3Ph), 107.6 (CH of pz), 108.0 (CH
of pz), 108.4 (CH of pz), 125.2 (ipso C of Ph), 125.2 (q, JC−F = 3.4
Hz, CF3), 128.1 (p-CF3Ph-m, overlapping with C6D6) 132.0 (p-CF3Ph-
o), 143.1 (pzCq), 143.5 (pzCq), 144.6 (pzCq), 152.1 (pzCq), 152.2
(pzCq), 154.5 (pzCq).

19F{1H} NMR (C6D6): δ 1.20 (s). IR (cm−1) v
= 1974, 2024, 2156 (CC), 2228, 2491. Anal. Calcd for
C30H46BClN7Rh: C, 51.34; H, 5.31; N, 13.97. Found: C, 51.83; H,
5.61; N, 13.69.

Preparation of Tp′Rh(CNneopentyl)(CCC6H4-p-OMe)H
(7a). LiEt3BH (0.16 mmol) in THF was added to a solution of 7a-
Cl (10 mg, 0.016 mmol) dissolved in THF and stirred for 1 h. This
sample was placed in an J-Young NMR tube and the solvent was
removed in vacuo at room temperature. The resulting bright yellow
residue was dissolved in C6D6.

1H NMR (400 MHz, C6D6): δ −13.37
(d, J = 18.8 Hz, 1 H, Rh-H), 0.71 (s, 9 H, C(CH3)3), 2.15 (s, 3 H,
pzCH3), 2.19 (s, 3 H, pzCH3), 2.30 (s, 3 H, pzCH3), 2.34 (s, 3 H,
pzCH3), 2.53 (s, 2 H, NCH2), 2.88 (s, 3 H, pzCH3), 2.91 (s, 3 H,
pzCH3), 3.27 (s, 3 H, OCH3), 5.52 (s, 1 H, pzH), 5.65 (s, 1 H, pzH),
5.80 (s, 1 H, pzH), 6.76 (d, J = 8.6 Hz, 2 H, Ph-m), 7.58 (d, J = 8.6 Hz,
2 H, Ph-o);

Preparation of Tp′Rh(CNneopentyl)(CCC6H5)H (8a). The
synthesis of 8a was identical to that of 7a except that 8a-Cl was used as
a precursor. 1H NMR (400 MHz, C6D6): δ −13.34 (d, J = 18.7 Hz, 1
H, Rh-H), 0.69 (s, 9 H, C(CH3)3), 2.15 (s, 3 H, pzCH3), 2.19 (s, 3 H,
pzCH3), 2.29 (s, 3 H, pzCH3), 2.32 (s, 3 H, pzCH3), 2.51 (s, 2 H,
NCH2), 2.85 (s, 3 H, pzCH3), 2.87 (s, 3 H, pzCH3), 5.51 (s, 1 H,
pzH), 5.65 (s, 1 H, pzH), 5.78 (s, 1 H, pzH), 6.96 (t, J = 7.2 Hz, 1 H,
Ph-p), 7.06 (t, J = 7.6 Hz, 2 H, Ph-m), 7.50 (d, J = 7.1 Hz, 2 H, Ph-o).

Preparation of Tp′Rh(CNneopentyl)(CCC6H4-p-CF3)H (9a).
The synthesis of 9a was identical to that of 7a except that 9a-Cl was
used as a precursor. 1H NMR (400 MHz, C6D6): δ −13.29 (d, J = 18.5
Hz, 1 H, Rh-H), 0.68 (s, 9 H, C(CH3)3), 2.14 (s, 3 H, pzCH3), 2.18 (s,
3 H, pzCH3), 2.28 (s, 3 H, pzCH3), 2.30 (s, 3 H, pzCH3), 2.51 (s, 2 H,
NCH2), 2.79 (s, 3 H, pzCH3), 2.82 (s, 3 H, pzCH3), 5.54 (s, 1 H,
pzH), 5.65 (s, 1 H, pzH), 5.81 (s, 1 H, pzH), 7.30 (d, J = 8.0 Hz, 2 H,
Ph-o), 7.42 (d, J = 8.0 Hz, 2 H, Ph-m).

Kinetics of Reductive Elimination Reactions of Terminal
Alkynes from Complexes 2a−9a. Complexes 2a−9a were
synthesized by dissolving 1 (10 mg) in 0.5 mL of the desired terminal
alkyne, followed by irradiation for 5−10 min at 10 °C. Volatiles were
removed in vacuo, resulting in a yellowish residue which was dissolved
in 0.6 mL of C6D6, followed by 2 mg of ferrocene added as an internal
standard. This solution was placed into a J-Young NMR tube and
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heated in a 100 °C oil bath. NMR spectra were recorded at regular
intervals by 1H NMR spectroscopy. Kinetic analysis was performed by
integration of the decreasing hydride resonance relative to the signal
for ferrocene. A first-order decay of the concentration of Tp′Rh-
(CNR)(CCR)H was plotted against time to give the rates of
reductive elimination of the corresponding RCC−H, and Excel was
used to determine the rate constant. Most reactions were followed for
∼3 half-lives.
Competition Experiments. A solution of 1 (15 mg, 0.025 mol)

dissolved in the same volume ratio of benzene/pentane/mesitylene
and a terminal alkyne (as indicated in Table 3) were placed in a J-
Young NMR tube. Each sample was irradiated for 10 min at 10 °C.
The solvent was immediately removed in vacuo at room temperature.
The resulting yellow residue was dissolved in C6D6 and 1H NMR
spectra were collected. The ratio of C−H activation products was
measured by integrating the hydride resonances in 1H NMR spectrum.
As many of the resonances were subject to partial overlap, a global
spectral deconvolution routine (Mnova) was used to determine the
contributions of each species. Errors are estimated at 15% (see
Supporting Information for details). The integration ratio was used in
eq 7 to calculate ksubstrate/kC6H6, which was then used to calculate bond
strengths according to eq 8. Note that even if the error in the product
ratio were 100% (i.e., off by a factor of 2), this corresponds to an error
in the free energy ΔΔG⧧ of only RT ln(2) = 0.4 kcal mol−1, which is
far less than the size of the data marker in Figure 5! The bond strength
trends for terminal alkyne C−H activation are found to follow the
same trend as seen with sp2 and sp3 C−H activation of normal
hydrocarbons.
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