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ABSTRACT: The compound cis-bis(7',7>-2,2-dimethylpent-4-en-1-yl)platinum, Pt-
[CH,CMe,CH,CH=CH,], (3), is a recently discovered chemical vapor deposition
(CVD) precursor for the deposition of highly smooth platinum thin films without nucleation
delays on a variety of substrates. This paper describes detailed mechanistic studies of the
pathway by which 3 reacts upon being heated in solution. In various solvents between 90 and
130 °C, 3 decomposes to generate ~1 equiv of 4,4-dimethylpentenes by addition of a
hydrogen atom to the pentenyl ligands in 3. The “extra” hydrogen atoms arise by
dehydrogenation of other pentenyl ligands; some of these dehydrogenated ligands are
released as methyl-substituted methylenecyclobutanes and cyclobutenes. A combination of
isotope labeling and kinetic studies suggests that 3 decomposes by C—H activation of both
allylic and olefinic C—H bonds to give transient platinum hydride intermediates, followed by
reductive elimination steps to form the pentene products, but that the exact mechanism is
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solvent-dependent. In C4Fy, solvent association occurs before C—H bond activation, and the rate-determining step for thermolysis is
most likely the formation of a Pt 6 complex. In hydrocarbon solvents, the solvent is little involved before C—H bond activation, and
the rate-determining step is most likely the formation of a Pt 6 complex only for y-C—H and e-C—H bond activation, but cleavage or
formation of a C—H bond for 6-C—H bond activation. A comparison of the thermolysis reactions under CVD conditions and in
solution suggests that the high smoothness of the CVD-grown films is due in part to rapid nucleation (which is a consequence of the
availability of low-barrier C=C bond dissociation pathways) and in part to the formation of carbon-containing species that passivate

the Pt surface.

B INTRODUCTION

The chemical vapor deposition (CVD)' ™ and atomic layer
deposition (ALD)°™’ of platinum thin films from organo-
platinum precursors is of interest for a wide variety of
- 110 ey
applications: as a gate electrode material, ~ as a diffusion
barrier or ohmic contact in microelectronic structures,l b2 as a
catalyst,'*~'® as a component of data storage media,'” and as

18220
However, the

an electrical contact in medical devices.
deposition of platinum thin films from ALD or CVD generally
suffers from poor nucleation'"*'~>* due to the differences in
the reactivities”® and surface energies26 of common substrates
and platinum. For example, the popular CVD and ALD
precursor (CsH,Me)PtMe; has a high barrier to eliminate
ligands when it is adsorbed on oxide surfaces”*”’ but reacts
readily on Pt nuclei owing to the highly catalytic nature of
platinum."*>** As a result of poor nucleation, the consequent
island growth behavior makes it difficult to grow continuous
films that are also very thin.

To solve this problem, one must increase the rate of
nucleation on a relatively inert substrate surface (k) vs that
on catalytic platinum surfaces (kp,). Several approaches, such
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as using an oxygen plasma as a co-reactant”” or employing a
precursor whose ligands can be more easily eliminated,” have
been used to enhance the reactivity of precursor molecules on
substrates vs that on Pt nuclei. However, in both cases, a short
nucleation delay persists.

In a separate paper,”’ we described the synthesis and
characterization of cis-bis(',n*-2,2-dimethylpent-4-en-1-yl)-
platinum, Pt{CH,CMe,CH,CH=CH,], (3). Compound 3,
a liquid precursor with a relatively high vapor pressure (250
mTorr at 80 °C), can be stored at room temperature for
months in air. In addition, 3 deposits very smooth platinum
films without nucleation delays on several different substrates
(S8i0,/Si, Al,O;, and VN). Qualitatively, 3 gives much
smoother films than the commonly used methylcyclopenta-
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dienyl precursor (CsH,Me)PtMe,;, which we attribute to a
combination of a low barrier for formation of reactive
intermediates (which leads to fast generation of nuclei on
low-reactivity substrates) and passivation of the growing
platinum surface by dehydrogenation of the 2,2-dimethyl-
pent-4-en-1-yl ligand (which reduces the rate of precursor
decomposition on Pt nuclei).’” A combination of both effects
leads to a significant enhancement in the ratio kg/kp, which
leads to smoother films.

In the current paper, we describe studies to determine the
mechanism and the kinetics by which 3 thermolyzes in
solution. These studies also afford important insights into the
origin of fast nucleation seen during CVD from 3 and the
relationship between the structure of the precursor and the
morphology of the resulting films.

sub

Bl RESULTS AND DISCUSSION

Possible Unimolecular Decomposition Mechanisms
for 3. The thermolysis of Pt{CH,CMe,CH,CH=CH,], (3)
in solution could be initiated by several different mechanisms
(Scheme 1), including (a) activation of one of the five different

Scheme 1. Possible Decomposition Mechanisms of 3
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kinds of C—H bonds,”' ™** (b) migratory insertion of the C=
C bond into the Pt—alkyl bond to form a (3,3-
dimethylcyclobutyl)methyl group,®*® which subsequently
undergoes f-hydrogen elimination, (c) f-alkyl or p-allyl
elimination,”* > and (d) reductive elimination by C—C
coupling of two pentenyl ligands.*’

Many of these processes can be distinguished by analyzing
the organic thermolysis byproducts.*"** For example, reductive
elimination should generate 14-carbon species, whereas the j-
methyl and f-allyl elimination pathways should result in the
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formation of hydrocarbons having fewer than 7 carbon atoms;
in contrast, the other pathways should afford 7-carbon species.

Organic Products and Stoichiometry of Thermolysis
of 3 in Different Solvents. In order to obtain information
about the thermal reactivity of 3, we carried out parallel
thermolysis studies in sealed NMR tubes in four different
solvents: hexafluorobenzene (CFq), benzene (C¢Hg), deuter-
obenzene (C¢D4), and deuterocyclohexane (Cy¢D;,). The
room-temperature 'H NMR spectra confirm that the structure
of 3 seen in the solid state is maintained in all of these
solvents.”® In all of our thermolysis studies, the initial
concentration of 3 was ~0.05—0.2 M, and a drop of mercury
was added to inhibit secondary surface reactions on any
colloidal platinum that formed.™ In all four solvents, the
thermolysis rates become significant only above about 90 °C.

Thermolyses conducted between 90 and 130 °C in the
fluorocarbon C¢Fg generate light yellow solutions and a black
precipitate. Over the first ~1.5 half-lives, the principal organic
products are 4,4-dimethyl-1-pentene and 4,4-dimethyl-2-
pentene; these products are generated by adding one hydrogen
atom to the 2,2-dimethylpentenyl ligands in 3 (Scheme 2).

Scheme 2. Products Generated upon Thermolysis of 3 in
CeFs
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The 1- and 2-pentene isomers, which are present in a ratio of
~1:7, together constitute ~1 equiv per mole of 3 (Figure
S3.1). Most likely, the 1-pentene isomer is formed initially, but
over the long residence times in the NMR tube, it isomerizes in
the presence of platinum to the thermodynamically more
stable 2-pentene isomer.”* The 7-carbon dehydrogenation
products 1,1-dimethyl-3-methylenecyclobutane and its isomer
1,4,4-trimethylcyclobutene are also formed, but only in small
amounts: about ~0.15 equiv total* is generated per mole of 3
(Figures S3.1-3.4).

C—F bond activation of the solvent is of negligible
importance: during the first half-life no soluble fluorine-
containing species other than C¢Fy is present, and at longer
times C¢FsH can be detected but only in trace amounts
(Figures S3.5 and 3.6).

Thermolyses conducted in the hydrocarbon solvents C¢Hy,
Cg¢Dg, and C¢D;, generate brown solutions (indicative of the
generation of colloidal Pt) and a black precipitate. When the
thermolysis of 3 is conducted in C4Hg at 120 °C, the organic
product distribution after ~2 half lives is very similar to that
seen in C¢F4 (Scheme 3). Specifically, the principal organic
products are 4,4-dimethyl-1-pentene and 4,4-dimethyl-2-
pentene (~1:10 ratio, together constituting ~1 equiv per
mole of 3; Figure $3.13). Also formed are small amounts (0.01

Scheme 3. Products Generated upon Thermolysis of 3 in
Benzene at 120 °C
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Figure 1. (a) Normalized concentration (i.e, Cy = 1) of 3 vs time in C4Fy at different thermolysis temperatures, fit to C = Coe™™. (b) Normalized
concentration (i.e., Cy = 1) of 3 vs time in C4Hg at different thermolysis temperatures, fit to C= Cye ™. () Normalized concentration (i.e., Cy = 1)
vs time for the thermolysis of 3 at 121.5 °C in C4F¢, C¢Dg, and C¢D,. The integration was fit to C = Coe™. The rates of thermolysis in C4Dg and
CgD,; are similar, but slightly faster than that in C4F4. (d) Eyring plot for the thermolysis of 3 in C4Fy (AHF,, = 30(2) keal mol™! and AS*, =
—7(4) eu) vs Eyring plot for the thermolysis of 3 in C4Dg (AH¥,, = 36(5) kcal mol™" and AS¥, = 11(5) eu).

equiv total) of the 2,2-dimethylpentenyl dehydrogenation
products 1,1-dimethyl-3-methylenecyclobutane and its isomer
1,4,4-trimethylcyclobutene; a small amount (~0.08 equiv) of
the benzene activation product (E)-(4,4-dimethylpent-1-en-1-
yl)benzene is also formed (Figures $3.12 and 3.13).

When the thermolysis of undeuterated 3 is carried out at 120
°C in C¢Dy, essentially no H—D exchange can be observed
between unreacted 3 and solvent. Furthermore, only negligible
amounts (~10%) of deuterium appear in the allylic and
olefinic positions of the product pentenes, as observed in the
*H NMR spectrum (Figure S3.14). Similarly small amounts
(~10%) of deuterium also appear in the fert-butyl region,
which we associate with the minor product (E)-(4,4-
dimethylpent-1-en-1-yl)benzene; this species is probably
formed by a secondary reaction in which C—D bonds of the
deuterated solvent are activated after 3 decomposes (Scheme
S3.1). All of these observations are consistent with the
conclusion that C—H activation of the solvent is at best a very
minor component of the pathway by which 3 thermolyzes.

When the thermolyses of 3 is conducted in C¢Dg or C¢Hg at
lower temperatures, ie., below 120 °C, a similar product
distribution is seen, except that we see about 0.05 equiv of a
new species, (E)-5-methylhexa-1,3-diene.*® One possibility is
that some of the directly formed thermolysis byproducts, such
as this diene, are consumed or transformed over the course of
the reaction owing to the present of catalytically active Pt
species.

3819

Because the thermolysis of 3 results in the formation of only
trace amounts of light (<C,) hydrocarbons and C,, species, we
can rule out f-alkyl elimination, f-allyl elimination, and
reductive coupling of the pentenyl groups as major
decomposition pathways (mechanisms c¢ and d, Scheme 1).
Instead, thermolysis of 2 in solution most likely occurs by C—
H bond activation of some of the 2,2-dimethylpentenyl groups
(mechanism a, Scheme 1). The hydrogen atoms are transferred
to other 2,2-dimethylpentenyl groups to generate the observed
C, dimethylpentene products. Some of the dehydrogenated
2,2-dimethylpentenyl groups evidently undergo subsequent
skeletal rearrangements and are released from Pt (in low yield)
as methylenecyclobutanes or cyclobutenes.

Kinetics of the Thermolysis of Unlabeled 3 in
Different Solvents. In C.F,, C;H,, C(Dy, and C(Dj,, the
thermolysis follows first-order kinetics over the first two half-
lives (Figure 1 and Figures $S3.7—S3.9 and S3.15—S3.17). At
times longer than 2 half-lives, the thermolysis rate slows
slightly in all four solvents relative to first-order kinetics.”” In
order to avoid complications arising from the deviation from
first-order kinetics, the results discussed in the next several
sections are derived from data collected during the first 2 half-
lives.*

In all four solvents, the thermolysis of 3 obeys first-order
kinetics, d[3]/dt = —k,,,[3], over the first 2 half-lives. At 121.5
°C, the first-order rate constants of 9.4(9) X 107* min™' in
C¢Dg and 8.8(9) X 10™* min~" in C¢Dy, are equal within error
(in a separate experiment, Figure S3.11, we found that the rate
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constants in C¢Dg and C¢Hg are also identical within about
5%). In contrast, at 121.5 °C the first-order rate constant of
5.6(6) x 107* min™" in C¢Fj is slightly but significantly slower
(Figure 1). Thus, the rate constants in the three hydrocarbon
solvents are all essentially identical but are about 60% larger
than that in C¢F.

Fitting the rate of thermolysis between 90 and 130 °C to the
Eyring equation gives the activation parameters AH¥ = 36(5)
kecal mol™! and AS* = 11(5) eu in C4{D4 and AHF = 30 (2)
kcal mol™ and AS* = —7(4) eu in C¢F¢ (Figure 1).
Particularly notable here is that the activation entropy is
positive in C¢Dg but negative in C4F4, with a difference of
18(6) eu. The different rate constants and activation
parameters suggest that the mechanism by which 3
thermolyzes is different in C¢Dg than in C4F.

We can rule out the possibility that the faster thermolysis
rate in the hydrocarbon solvents is due to reaction with the
solvent: if solvent were reacting, then (1) the thermolysis rate
constant should be different in benzene, deuterobenzene, and
deuterocyclohexane, but in fact they are identical within
experimental error and (2) the rate constant in C¢F4 should
increase if C4Hg is added, but in fact the addition of 1.4 equiv
of benzene per mole of 3 gives a reaction rate and reaction
byproducts that are the same as those when benzene is not
added (see Figure S3.10). Furthermore, we showed above that
C—H activation of benzene is negligible. We conclude that the
main pathway for thermolysis of 3 in hydrocarbon solvents
does not involve the direct participation of the solvent. In
contrast, the slower rate of (and different activation parameters
for) thermolysis of 3 in C¢F¢ may be due to a change in the
reaction mechanism in this solvent. We will return to this point
later.

Finally, we also observed that, in both CsD4 and C4Fs, the
rate constant for generation of the 4,4-dimethylpentene
isomers (the major organic products) is essentially the same
as the rate constant for thermolysis of 3 (Figures $3.25 and
$3.26 and Table S3.1). In addition, no organoplatinum species
other than 3 are ever observed in solution. We will discuss the
mechanistic ramifications of these observations in a later
section.

Isotope Labeling Studies: Identification of the C—H
Bonds That Are Activated during Thermolysis. Five
deuterium-labeled isotopologues of cis-bis(1',;>-2,2-dimethyl-
pent-4-en-1-yl)platinum were synthesized to study the C—H
activation step: these are 3-a-dy, 3-f-Me-d,,, 3-y-d,, 3-6-d,, and
3-e-d, (Scheme 4):

We showed above that, during thermolysis, the 4,4-
dimethylpentene thermolysis products obtain their “extra”
hydrogen atom from other pentenyl ligands in 3. The extra

Scheme 4. Five Deuterated Isotopologues of 3 Used in This

Study
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C~ptz d Pt
X ™
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hydrogen atom is added to the Pt-bound a-CH, group, which
is thereby converted into a methyl group to form the 4,4-
dimethylpentene products (which can also be viewed as tert-
butyl-substituted propenes). The origin of the extra hydrogen
atom can be identified by analyzing the deuterium content in
the tert-butyl group of the 4,4-dimethylpentene thermolysis
products generated from each of the five deuterated
isotopologues of 3.

For thermolyses of 3-a-d, or 3-f/-Me-d,, conducted in C¢F
at 110 °C, quantitative "H and *H NMR analyses (see section
S in the Supporting Information) show that, within
experimental error, the 4,4-dimethylpentene products are
formed exclusively by addition of one hydrogen atom to the
pentenyl ligands; from the absence of any deuterium transfer,
we can conclude that little activation of the a-CH, and f-Me
positions occurs. In contrast, for thermolyses of 3-y-d,, 3-6-d,,
and 3-e-d, under the same conditions, we find that the 4,4-
dimethylpentene products are generated partially by addition
of a deuterium atom and partially by addition of a hydrogen
atom: on a mole fraction basis, 0.2(1), 0.27(5), and 0.33(8)
are respectively formed by adding one D atom to the pentenyl
ligands, and the rest are formed by adding one H atom
(Scheme S and Table SS.1 and Figures SS.3, S$5.14, and $5.20).
This result suggests that, somewhat surprisingly, the y-CH,, 6-
CH, and &-CH, positions are all being activated.

Thermolysis of the deuterated isotopologues of 3 in CsHg
give similar but not identical results. The results of the
thermolysis of 3-y-d,, 3-0-d,, and 3-¢-d, show that all of these
C—H bonds are activated: on a mole fraction basis, 0.5(1),
0.15(4), and 0.28(5), respectively, of the 4,4-dimethylpentenes

Scheme S. Products from the Thermolysis of the Various
Isotopologues of 3 in CF¢”

82\Pt/D2 add H only ></\
{// ~/ - CD.H A
I
3-a-dy
DsC o cD, D,
by o 3 add H only M
R
@ \/ CH3 X
DsC
3-p-Me-dq;
>< PO 0.8 equiv.
Pt add H or D CHy c A
Dz%; \/\CDZ — S >< 2
CH,D Xy 0-2equiv.
3-dy ~ D
N
)i add H or D CHjy S 0.73 equiv
S
/~cD CH,D C% 0.27 equiv.
N
3-6d,
Pt add H or D CH3></\CD 0.67 equiv.
l p2C ></\
3-s-d, CH,D Ncp, 0.33 equiv.

“The 1-pentene structure is shown for simplicity, but there is
considerable isomerization to the 2-pentene isomer and a small
amount of H-D scrambling occurs among the allylic and olefinic (i.e.,
7, 6, and €) positions.
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are formed by adding one D atom to the pentenyl ligands, and
the rest are formed by adding one H atom (Table SS5.2 and
Figures SS.7, S5.18, and $5.24). The results for 3-y-d, and 3-5-
d, appear to be different in C¢Hg than in CgFg.

Thus, we reach a somewhat surprising conclusion: there is
not one mechanism but at least three principal mechanisms for
the thermolysis of 3—activation of y-, 5-, and e-C—H bonds—
all operating in parallel at comparable rates. There is a small
possibility that not all of these C—H activation processes occur
in the primary step: i.e., that activation occurs initially at one or
two preferred positions and that activation at the other sites
occurs subsequently from the dehydrogenated ligand. The KIE
studies below, however, rule out the possibility that activation
occurs at only one site.

We note here that the simultaneous activation of y-, -, and
&-C—H bonds over a-C—H bonds has also been seen in the
thermolysis of the f-stabilized 2,2-dimethylpentyl compound
Pt(CH,CMe,CH,CH,CH,;),(PEt;),: 23% of the molecules
are thermolyzed by the activation of y-C—H bonds, 68% by 6-
C—H bonds, and 9% by e-C—H bonds, with relative rates of
2.6:7.6:1.>7 In this system, the thermolysis was proposed to
involve dissociation of one of the PEt; ligands to generate a
three-coordinate (or o-complex) intermediate, followed by C—
H activation to generate a Pt hydride; the hgldrogen atom
subsequently transfers to the other alkyl ligand.”

Assessment of the Extent of Intramolecular H/D
Scrambling in Unreacted 3. The multiple C—H bond
activation processes that 3 undergoes prompted us to
determine whether intramolecular H/D scrambling occurs
before the reductive elimination of the 4,4-dimethylpentenes.
To do this, we followed the locations of the deuterium labels in
unreacted 3 as the thermolysis proceeded. Thermolysis of 3-y-
d, in C¢F4, C¢Hg, and C¢Dg at 110 °C shows that no deuterium
scrambles into the a-position of unreacted 3 (Figures SS.1,
S5.3, S5.5, S5.7, and S5.9) and less than 7% of the § or €
olefinic protons in unreacted 3 become deuterated after 1.5
half-lives. The finding that the extent of H/D scrambling in
unreacted 3 is very small affords an important insight into the
mechanism of thermolysis, which we will discuss below, but
otherwise we can assume that the deuterium labels largely stay
in place when 3 is heated.

Isotope Labeling Studies: Kinetic Isotope Effects. The
above results show that a key step in the thermolysis of 3 is the
activation of C—H bonds. As mentioned above, during
thermolysis we see no organoplatinum complexes in solution
other than 3, and the rate constant for generation of the 4,4-
dimethylpentenes is the same as the rate constant for the
disappearance of 3. Therefore, the rate-determining step
(RDS) must involve 3 or an activated form thereof.

For C—H bond activation processes, there are four
possibilities for the RDS (Scheme 6):* (1) formation of a

Scheme 6. Possible Steps in the Decomposition of 3
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CH-M o complex, (2) oxidative cleavage of a C—H bond, (3)
reductive C—H coupling to form the organic byproduct(s), or
(4) dissociation of the organic byproducts from the metal
center. We already have some evidence that the RDS cannot be
step 4, because if it were, there should be significant
intramolecular H/D scrambling in unreacted 3 that is
specifically deuterium labeled.’””" However, very little such
scrambling occurs, as mentioned above. Possibility 1 does not
involve making or breaking C—H bonds; thus, if the RDS for
the thermolysis of 2 is this step, then the rate of thermolysis
should not show a primary deuterium kinetic isotope effect
(KIE), ky/kp. In contrast, if the RDS for the thermolysis of 3 is
step 2 or 3, a primary deuterium KIE should be seen.
Therefore, valuable mechanistic information can be obtained
by measuring the KIE for thermolysis of deuterated
isotopologues of 3.

To gain insight into the RDS, we measured the ky/kp values
for the thermolysis of the three isotopologues of 3 involved in
C—H bond cleavage described in the previous section. We
determined the ky/kp values for 3-y-d,, 3-6-d,, and 3-¢-d, in
two ways: from the rate at which 3 disappears over time (as
determined from 'H NMR integrals) and from the amount of
deuterium present in the tert-butyl groups of the product 4,4-
dimethylpentenes (as determined from 'H and *H NMR
integrals).

From the rate of disappearance of 3, the measured ky/kp
values for 3-y-d,, 3-6-d,, and 3-e-d, in C¢Dg are 1.2(1), 1.5(1),
and 1.3(1), respectively, and in CgF¢ are 1.2(1), 1.2(1), and
1.1(1), respectively.>>® Thus, the measured ky;/kp values in
C¢Dg are somewhat larger than those measured in CFg; this
result is consistent with the rate and activation parameter data
(Figure 1; see above), which suggested that the thermolysis of
3 follows different mechanisms in the two solvents.

The finding that activation of the 6-C—H bonds of 3 in
C¢Dgs has a measured ky/kp value larger than that for
activation of the y- and &-C—H bonds can also be seen in
NMR spectra taken after a certain fixed thermolysis time. Thus,
after 46 h of thermolysis in C4Hy, 3-6-d, generates significantly
less 4,4-dimethylpentene than do 3-y-d, and 3-¢-d, (Figure 2).

The relatively small measured ky/kp values at first glance
seem to be inconsistent with being primary KIEs, and thus we
may be tempted to rule out the possibility that steps 2 and 3
are rate-determining. In fact, we need to interpret the small ky/
kp values in a more global way.

Analysis of the Average KIE for Three Pathways
Operating in Parallel, in Which Only One Pathway
Involves Deuterated Bonds. The measured ky/kp values
for the thermolysis of 3-y-d,, 3-6-d,, and 3-¢-d, must be
interpreted in light of the facts that (1) the thermolysis of 3
occurs by multiple pathways, all operating in parallel and each
involving a different C—H bond, and (2) for the deuterated
isotopologues of 3 we investigated, only one of these sites is
deuterated. Therefore, at most only one of the three pathways
will show a KIE (and then only if this step is rate-determining),
whereas the other two pathways have KIE = 1 because those
sites are not deuterated; the measured ky/kp value will be a
weighted average among all three pathways.

For the general case of three C—H activation pathways
operating in parallel at different rates, only one of which
involves deuterated bonds, let R;, R,, and R; be the measured
(i.e., average) ky/kp values for the deuterated isotopologues
that are specifically labeled at sites 1—3, respectively. As a
starting point, let us assume that the intrinsic KIE for activation
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Figure 2. (a) Natural log of normalized concentration (i.e., Cy = 1) vs time for thermolysis of 3 and 3-5-d, at 110 °C in C4F. (b) Natural log of
normalized concentration (i.e., Cy = 1) vs time for thermolysis of 3 and 3-6-d, at 110 °C in C¢Dg. (c) 'H NMR spectrum of the products of
thermolysis of 3, 3-y-d,, 3-6-d,, and 3-e-d, at 110 °C in C4H after 56 h in a side by side experiment, showing the different ratios of the integrals of
the methyl resonances of unreacted 3 to that of the product product 4,4-dimethylpentene at this time point.

of a C—H bond vs a C—D bond is the same for all three sites;
we will call this value x. We also assume (as is observed) that
scrambling of the deuterium labels among the three sites is
negligible. Under these assumptions, then R, = (c;kyy + cokp +
cskan)/ (crkin/x + ko + Gkan), Ry = (ki + ko + ceskan)/
(crtkig + kon/x + cskay), and Ry = (cikyy + ko + cska)/
(cikyg + Gk + c3ks/x), where the coefficients ¢, ¢,, and ¢,
reflect the populations of the three sites.
Let us now compute the quantity 1/R; + 1/R, + 1/Ry:

1 1 1
4+ — =

R,

ckig/x + ko + cikay

ki + ek + ek

R,

Ry

ok + ckon/x + ckay kg + ko + ckay/x

kg + ko + cskay kg + ko + cskay
This expression simplifies to 1/R; + 1/R, + 1/R; = 2 + 1/x,
from which we obtain x = 1/[(1/R; + 1/R, + 1/R;) — 2]. This
equation enables us to calculate x, the intrinsic KIE for
deuteration of one of the three sites, from the three measured
ky/kp values (if the assumptions that led to this expression are
true).

From this KIE value, we can also calculate the fractional
contributions of the three pathways to the overall reaction for
the undeuterated compound (assuming that there is no H/D
scrambling with other sites after the rate-determining step).
We will call these three numbers the branching fractions.
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Manipulation of the equation R, = (cikjy + ko + c3kay)/
(ciki/x + ko + csksy) shows that the fraction f; of
undeuterated 3 that decomposes by pathway 1, i.e., the ratio
ciki/ (cikiyg + ko + c3ksy), is equal to (1 — 1/R;)/(1 — 1/
«x); similar expressions give the branching fractions for the
other two pathways.

Furthermore, for each of the single-site deuterated
isotopologues of 3, we can predict the mole fraction y of the
4,4-dimethylpentenes that is formed by adding a deuterium
atom: further manipulation of the equation R, = (¢;k; + ¢,k
+ Gsksy)/(cikin/x + cykop + c3kapy) shows that y; = (cik/x)/
(cikiu/x + ko + c3kap) is equal to (R; — 1)/(x — 1); again,
similar expressions give the mole fractions expected from the
other two isotopologues of 3. These predictions assume that
no further C—H bond activation or H/D scrambling occurs
after the initial C—H bond activation step; furthermore, as
mentioned above, the entire model is based on the assumption
that the intrinsic KIEs for the three sites are approximately
equal.

Application of the Above Kinetic Model to the Data
for 3 in CsDg and CgFs. For thermolysis of 3 in CgDg,
inserting the measured values R, = 1.2(1), R; = 1.5(1), and R,
= 1.3(1) into the above model affords the following value for
the intrinsic KIE for activating a single C—H vs C—D bond: «
= 3.7(9). This value falls in the range expected for a primary
deuterium KIE for breaking or making a C—H bond.
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The model also predicts that, for thermolysis of the
deuterated isotopologues 3-y-d,, 3-6-d,, and 3-e-d, on a
mole fraction basis 0.08(5), 0.19(7), and 0.11(5) of the 4,4-
dimethylpentenes, respectively, should be formed by adding
one deuterium atom to a pentenyl ligand. Experimentally, as
described above, these mole fractions are 0.5(1), 0.15(4), and
0.28(S) for thermolyses of 3-y-d,, 3-6-d,, and 3-¢-d, in C4Hg.
The value for 3-6-d, is in reasonable agreement with the
predictions based on the model, but the values for 3-y-d, and
3-e-d, are not. This disagreement suggests that one of the
assumptions behind the model is invalid. In particular, as we
will show below, the disagreement can be explained if the
intrinsic KIEs are different for each site: the results suggest that
the KIEs for activation of the y- and e-C—H bonds are smaller
than 3.7 (i.e., possibly they are secondary KIEs), whereas the
KIE for activation of the 5-C—H bonds is larger than 3.7 (i.e.,
primary).

Interpretation of the KIE Results in Benzene. The
results in the previous section suggest that the KIEs for
activation of the y- and e-C—H bonds may be smaller than the
KIE for activation of the §-C—H bonds. One way in which this
difference may arise is as follows. In the most general
mechanism, the first two steps in the activation of a C—H
bond at a metal center are the formation of C—H ¢ complex,
followed by oxidative addition of the C—H bond (Scheme
7).* The rate constants k; and k_, that describe the reversible

Scheme 7. One of the Proposed Pathways for Activation of
C—H bonds in 3

k 1 k2 H
SN o S e
G T X >

o complex

“Activation of the 6-C—H bond is shown; the other two pathways
involve activation of the y- and &-C—H bonds.

formation of the ¢ complex should have near-unity KIEs
because the C—H bond is not broken in these steps and might
even be inverse owing to zero-point effects; in contrast, the
rate constant k, should show a large primary KIE.

As has been pointed out by others,”* the magnitude of the
KIE actually measured in such systems depends on the ratio
between k_; and k,: i.e., on the relative rates with which the ¢
complex reverts to 3 vs activates a C—H bond. Specifically, if
the steady-state assumption is applied to the ¢ complex, then
the first-order rate constant for C—H bond activation is k,, =
kiky/(k_y + ky). If k_, > k,, i.e., oxidative addition of the C—H
bond (k,) is slow and therefore the rate-determining step, then
kops = kiky/k_j; in this case, a large and primary KIE is
expected. If instead k, > k_}, i.e,, oxidative addition of the C—
H bond (k,) is fast so that formation of the ¢ complex is the
RDS, then k., = k;, and a small and possibly inverse KIE is
expected.

As a result, large KIEs are expected if cleavage of the C—H
bond is the RDS,*****° whereas small and possibly inverse
KIEs are expected if formation of the ¢ complex is the
RDS.**™° For 3, the formation of a & complex with the 5-C—
H bond should have a relatively low barrier, because the
resulting ring is six-membered and therefore likely to have the
lowest strain (taking into account ring strain, transannular
strain, and torsional strain). The low barrier for formation of
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the ¢ complex means that this step is unlikely to be rate
determining, and instead the RDS will be cleavage of the C—H
bond; a large and primary KIE is therefore expected, as our
kinetic results suggest. In fact, we know from solution studies
that 3 undergoes a dynamic “alkene flipping” process that likely
proceeds by a nondissociative mechanism (as judged from the
activation parameters), probably involving a o-complex
intermediate.*’

In contrast, the 6 complex involving e-C—H bonds forms
seven-membered rings that will be characterized by larger
amounts of strain. The ¢ complex involving the y-C—H bonds
may also be hard to form because these hydrogen atoms are
not directly attached to the C=C bond, and the ¢ complex
cannot be directly formed by a nondissociative “alkene
flipping” process. As a result, the barrier for formation of the
o complex is more likely to be high and rate-determining.
Therefore, for activation of both the y- and e-C-H bonds, a
small and possibly inverse KIE is expected.

Let us now return to our kinetic model but change the
underlying assumption, in an attempt to understand the
observed ky/kp values: let us assume that activation of C—H
bonds at sites 1—3 have different intrinsic KIEs given by x;, «,,
and x;. We can then derive the expression 1/R; = 1 — f;(1 —
1/x,), where f; is the branching fraction (i.., the fraction of
undeuterated 3 that reacts by pathway 1); analogous
expressions apply for pathways 2 and 3. Let us assume that
activation of the 5-C—H bonds has an intrinsic KIE of 5 (a
reasonable primary value). Then from the 1.5 value of Rs we
can estimate that f; is approximately 40%;"” this estimate does
not change much as long as x, is much larger than 1. In other
words, approximately 40% of undeuterated 3 reacts by
activation of 6 C—H bonds.

The modified model predicts that, for the isotopologue of 3
deuterated at site 1, the mole fraction of the 4,4-
dimethylpentenes that should be formed by adding a
deuterium atom to the pentenyl ligands is given by the
expression y; = 1/(x;/f; + 1 — x;), and similar equations
pertain for deuteration at the other two sites. For 3-0-d, in
benzene, for which we estimate that the intrinsic KIE x5 = §
and the branching fraction f; = 40%, the model predicts that
the mole fraction of 4,4-dimethylpentenes that should be
generated by addition of a deuterium to the pentenyl ligands is
0.12; the experimental value is 0.15(4). If we assume that the
branching fractions for activation of the y- and e-C—H bonds
of 3 in benzene are 40% and 20%, respectively, and that the
intrinsic KIEs for these two pathways are x, = x, = 0.7, then the
model predicts that y, = 0.48 and y, = 0.26; the experimental
values for the fraction of the 4,4-dimethylpentenes formed by
adding a deuterium atom from 3-y-d, and 3-¢-d, are 0.5(1) and
0.28(5). These deduced branching fractions and intrinsic KIEs
should be considered as illustrative rather than definitive,
however, because in benzene the errors in the observed ky/kp
values are large in comparison to how much the ky/kp values
differ from 1.

In summary, the measured ky/kp and the small amount of
deuterium incorporated into the 4,4-dimethylpentene products
for the thermolysis of 3-5-d, in benzene suggest that the RDS
for activation of the 5-C—H bonds in this solvent involves
breaking (or making) a C—H bond and is characterized by a
large KIE of about 5.°% In contrast, the RDS for activation of y-
and e-C—H bonds is most likely formation of the ¢ complex
that precedes the C—H bond activation step and is
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characterized by a KIE that is close to unity (or possibly
inverse).

Interpretation of the KIE Results in Hexafluoroben-
zene. In contrast to the results above, thermolysis of 3-y-d,, 3-
5-d,, and 3-¢-d, in C¢F4 shows (1) much smaller (and very
similar) measured ky/kp values of R, = 1.2(1), Ry = 1.2(1),
and R, = 1.1(1) and (2) very similar deuterium contents in the
4,4-dimethylpentene byproducts. The 4,4-dimethylpentene
mole fractions generated by addition of a deuterium to the
pentenyl ligands are 0.2(1), 0.27(5), and 0.33(8), respectively.
The greater deuterium incorporation seen for thermolysis 3-6-
d, in C4F¢ (vs that of 0.15 seen in C4Hj) suggests that the §-
C—H activation pathway has a smaller intrinsic KIE in
comparison to thermolysis in C¢Hy If we assume that all
three pathways have the same intrinsic KIE, as the mole
fractions above imply, then we calculate that x, the average KIE
for activation of a single C—H bond, is 1.7(20). This result
suggests that, for all three pathways, the RDS for the
thermolysis of 3 in C4Fy is probably not cleavage or formation
of C—H bonds but something else.

These observations, along with the observation that the first-
order rate constant for thermolysis of 3 in CgFy is distinctly
slower than in C¢Hy, suggest that C4F4 directly affects how 3
undergoes thermolysis.

For C—H activation processes in other systems, it is known
that increasing the coordinating ability of the solvent (such as
from CH,Cl, to MeCN) can sometimes cause the measured
KIE to change from large and primary to small and
secondary.”® The explanation is that in a weakly coordinating
solvent the RDS is oxidative cleavage of C—H bond, whereas
in a strongly coordinating solvent the solvent competes with
(and slows) the coordination of a C—H bond to the metal
center. This slowing causes the formation of the C—H ¢
complex to become rate-determining, and a secondary KIE
results.

In both C¢Hg and C4Fg, formation of the ¢ complex appears
to be the RDS for y- and e-C—H activation. In contrast, for &-
C—H activation, we propose that benzene acts as a weakly
coordinating solvent, so that C—H bond cleavage (or
formation) is the RDS and a large primary KIE is seen,”
whereas C4Fs is a strongly coordinating solvent, so that
formation of the o complex is the RDS and a small and
possibly inverse KIE is seen (Scheme 8).>>**~°' It is known
that C¢F binds more strongly than C4Hy to Pt° because it is a
better 77 acceptor®® and that C¢Fy forms stable #* complexes
with Ir' or Rh!, which are isoelectronic with Pt

Scheme 8. Different Mechanisms for Activation of the §-C—
H bonds of 3 in CHg and CFy
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We showed above that, in comparison to the entropy of
activation of 11 + S eu for thermolysis of 3 in CgDg, the
entropy of activation for thermolysis of 3 in C¢Fg is more
negative by 18 + 6 eu (Figure 2). This value is consistent with
association of C(F4 before the RDS, because the measured
activation parameters in C¢F4 are not for a single step: it
reflects both the thermodynamics of the pre-equilibrium of
solvent association before the RDS (which has a negative
entropy change) and the thermodynamics of the RDS itself
(Scheme 8).

The results support the hypothesis that the association of
C4Hg plays essentially no role in the thermolysis of 3, so that
the results in this solvent reflect how 3 decomposes
unimolecularly. In contrast, C¢F4 coordinates to Pt and
changes both the mechanism and the RDS of the §-C—H
bond activation pathway. Interestingly, the rate of “alkene
flipping” is the same in C,Hg and C,Fg (see section 6 in the
Supporting Information), which suggests that coordination of
C4Fs is not involved in the o-complex transition state for
“alkene flipping” but occurs before the formation of the o-
complex intermediate that leads to C—H activation.

Fate of the Pt Intermediate Formed after C—H Bond
Cleavage: Formation of the 4,4-Dimethylpentenes and
Platinum-Containing Thermolysis Products. The major
decomposition mechanism of 3 involves three pathways, each
of which lead to C—H bond cleavage. The cleavage should
afford a platinum(IV) species bearing an unmodified pentenyl
ligand, a hydride, and a dehydrogenated pentenyl ligand
(probably a metallacycle). The subsequent reductive elimi-
nation of the pentenyl and hydride ligands forms ~1 equiv of
4,4-dimethylpentenes and a Pt" complex with a dehydro-
genated pentenyl ligand.

A small amount of the dehydrogenated pentenyl ligands
rearranges to form the C;H;, species (E)-S-methylhexa-1,3-
diene, 1,1-dimethyl-3-methylenecyclobutane, and 1,4,4-trime-
thylcyclobutane, or reacts with benzene to form pentenylben-
zene species (Schemes S3.1 and $3.2). The release of these
organic byproducts, however, is inefficient under solution
thermolysis conditions,””** and most of the dehydrogenated
pentenyl ligands are retained in the black Pt-containing solids
that are also formed.

Comparison between Thermolysis of 1 and 3 in
Solution. Some years ago we described the highly volatile
platinum(II) pentenyl compound Pt[(CH,),CH=CH,], (1),
an analogue of 3, and showed that it could be used to deposit
platinum thin films by chemical vapor deposition (CVD).*®
This precursor is air- and water-stable and also has an
unusually high vapor pressure for an organoplatinum
compound but decomposes over time at room temperature.
We showed that one of the key steps in the decomposition
mechanism is f-hydrogen elimination, a process that for
transition metals often has a low barrier.”” "

It is well-known that blocking f-hydrogen elimination leads
to a significant improvement in the thermal stability of
transition-metal alkyls.””~’ At 87 °C in toluene-d, the rate
constant for thermolgrsis of the non-methylated analogue 1 is
2.5 X 1072 min.°® For comparison, the rate constant for
thermolysis of 3 at 89.5 °C in benzene-dy is 2.1(2) X 107°
min'; thus, replacing the two f-hydrogen atoms with two f-
methyl groups leads to a decrease in the rate of thermolysis by
~3 orders of magnitude.

In addition to the improving the thermal stability by
changing the thermolysis mechanism, substitution of A-H
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atoms with methyl groups also changes the nature of the
thermolysis products. Thermolysis of 1 in benzene generates
~1.3 equiv of pentene isomers (hydrogenated ligands) and
~0.4 equiv of pentadiene isomers (dehydrogenated ligands).
In total, 1.7 equiv of pentenyl-derived organic byproducts is
generated per equivalent of 1. In contrast, thermolysis of 3
generates ~1 equiv of hydrogenated pentenyl ligands and ~0.1
equiv of dehydrogenated ligands. (Table S8.3).

Comparison of Byproducts Formed by Thermolysis
of 3 in Solution and under Static CVD Conditions. We
previously showed that, under static*' hot-wall CVD
conditions,” the thermolysis of 3 at 250 °C gives the products
shown in Scheme 9, given in moles per mole of 3, as

Scheme 9. Thermolysis Products Generated from 3 under
Static CVD Conditions”

80 M + 0.40/A)< " D.24/\)<

+D.O4%L+OO);]L+DOS +0.06%L

+0.02 @\ +002 | +008 CyHy  +086 C

“Products that are the result of skeletal rearrangements are indicated
with wavy lines at the places where C—C bond cleavage and
formation occur.

determined by GC-MS and "H NMR analyses. This product
distribution accounts for essentially 100% of the carbon and
hydrogen atoms in 3, all of which are converted into volatile
byproducts except for a small amount of carbon, which remains
on the surface:

Relative to the organic products seen under CVD conditions
at 250 °C, thermolysis of 3 in benzene near 120 °C shows no
formation of the multiply hydrogenated product 2,2-
dimethylpentane. In addition, fewer organic species are
generated by dehydrogenation of the pentenyl ligands in 3,
and the amounts of these dehydrogenated species are smaller.
These findings show that, not unexpectedly, more of the
carbon atoms (and some of the hydrogen atoms) are retained
in the black precipitate formed when 3 is thermolyzed at ~120
°C in solution than are retained in the films deposited at 250
°C under CVD conditions.

For those dehydrogenated pentenyl ligands that are released
from Pt, the majority are formed by skeletal rearrangements
that involve C—C bond cleavage; this is because the
dehydrogenated ligands have no easy pathway to desorb
from the surface by C—H bond activation because the 2,2-
dimethyl substituents block low-energy processes such as f-
hydrogen elimination and formation of conjugated dienes.
Thus, the only way in which the dehydrogenated ligands from
3 can desorb from the surface is by breaking or forming C—C
bonds. Although such processes are known to occur on Pt
surfaces,”’ they are slow, and as a result the surface becomes
poisoned by the dehydrogenated pentenyl ligands.™

Energy Barrier of CVD vs Energy Barrier in Solution.
In the absence of reactive gases, deposition from 3 generates
smooth nanocrystalhne Pt films that contain 40—50%
carbon.”® The growing Pt surface is most likely covered with
hydrocarbons; "> for growth from 3 the dehydrogenated
ligands serve as poisons that considerably reduce the catalytic
activity of the Pt surface. On such a surface, the thermolysis of
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3 probably involves adsorption from the gas phase followed by
a unimolecular process (Scheme 10).

Scheme 10. Possible Decomposition Mechanism of 3 on a

Poisoned Pt Surface during CVD
|
@PIFL

k,, constant ﬁ Kdec
2

physically
adsorbed
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Eadesorb AHyq = 36(5) kcal/mol

=11(2) kcal/mol

The rate of decomposition of 3 on the poisoned Pt surface
can be written as k = k k4../kg, in which k, and k4 are the rates
of adsorption and desorption, respectively, and kg, is the rate
of unimolecular decomposition. Because the adsorption step is
barrierless, the activation energy for deposition of films of 3,
E,(depos), can be derived from the activation energy for
desorption of 3, E,(desorb), and the activation energy of
unimolecular decomposition of 3, E,(dec):

E,(depos) = —E,(desorb) + E,(dec)

Because the growing Pt surface during CVD is covered with
hydrocarbons, and 3 is a hydrocarbon-like molecule, we
assume that E,(desorb) is similar to the heat of vaporization of
3,”* which we previously measured to be 11(2) kcal/mol.*’ Let
us assume that E,(dec) is similar to AH* for thermolysis of 3
in C¢Dy, which we showed above is 36 (5) kcal/mol (we
assume here that the behavior of 3 in a hydrocarbon solvent
resembles its behavior on a hydrocarbon-rich surface). From
these crude assumptions, we estimate that E, (depos) for
deposition from 3 should be approximately 25 (S) kcal/mol on
a chemically inert surface. This value is comparable to the
activation energy of 18 (3) kcal/mol for thermolysis of 3 under
CVD conditions.”® This barrier for the unimolecular
decomposition of 3 on surfaces is relatively small and is
responsible for the fast nucleation seen for 3 when it is used as
a CVD precursor.

Note that, in contrast, the commercial precursor (C;H,Me)-
PtMe; has no low-barrier pathways for decomposition.
Computational studies suggest that the Pt"—CHj; bond is
strong (51 kcal/ mol),” which is significantly larger than the
measured enthalpy of activation for 3; the Pt—CsH,Me bond is
certainly even stronger. Thus, the nucleation of (CsH,Me)-
PtMe; probably is not initiated by dissociation of a ligand but
instead by reaction with surface hydroxy groups.”* As a result,
the nucleation behavior of (C;H,Me)PtMe; shows a strong
dependence on the nature of the underlying substrate.”® The
nucleation behavior of 3, in contrast, does not appear to show
substrate dependence, although this observation does not
necessarily rule out the possibility that 3 also nucleates by
reaction with surface hydroxyl groups.*

B CONCLUDING REMARKS

Thermolyses of 3 in solution and under CVD conditions both
produce large amounts of 4,4-dimethyl-1-pentene, much of
which is isomerized to its isomer 4,4-dimethyl-2-pentene; both
products are the result of adding a hydrogen atom to the
dimethylpentenyl ligands in 3. The additional hydrogen atom
arises by C—H activation of other dimethylpentenyl ligands.
For thermolysis in solution, we have shown that the extra
hydrogen comes from the olefinic and allylic hydrogen atoms
of the other ligand of the same molecule. For thermolysis
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under static CVD conditions, the extra hydrogen comes from
the dehydrogenation of pentenyl ligands on the platinum
surface.

In hydrocarbon solvents such as C4Dg, the mechanism of
C—H bond activation involves three pathways, operating in a
simultaneous manner and in parallel. The first step is
decomplexation of the C=C bond of one of the ligands of
3 to generate a ¢ complex in which an allylic y-C—H bond or
an olefinic - or e-C—H bond coordinates to Pt. Subsequently,
C—H activation of one of these C—H bonds occurs to form a
short-lived Pt"¥ hydride, which reductively eliminates ~1 equiv
of 4,4-dimethylpentenes and generates an insoluble black
precipitate that contains most of the dehydrogenated pentenyl
ligands.

For activation of the y- and e-C—H bonds, the RDS is
formation of the ¢ complex. In contrast, for activation of the &-
C—H bonds the RDS is intramolecular C—H bond oxidative
cleavage (or formation) in C¢Hs but formation of the o
complex in C4Fg, as shown by a series of studies involving
deuterated isotopologues of 3. We attribute the change of
mechanism to the stronger coordinating ability of C4F, which
coordinates to Pt and hinders the formation of the C—H ¢
complex, whereas C4H does not participate significantly in the
decomposition before or during the RDS (but does become
slightly involved afterward). Thus, the thermolysis pathway in
benzene reasonably models the mechanism by which 3
decomposes under CVD conditions on an inert surface (i.e.,
unimolecularly).

Although there are dangers associated with extrapolating
results in solution to processes (such as CVD) that occur in
the absence of solvent, under the right circumstances the
chemistry of organometallic molecules in solution can afford
an important insight into the chemistry behind CVD
processes.”” Here, the hydrocarbon solvents we have used
play essentially no role in the chemistry, and it seems
reasonable to use the thermolysis studies as a basis for
formulating hypotheses about why some precursors give
smooth Pt films and others do not. For precursors such as
(CsH,Me)PtMe;, which have no low-energy pathway to
dissociate a ligand, the formation of nuclei is slow but the
growth on Pt (which can catalyze the loss of ligands) is fast;
these circumstances lead to a low density of nuclei and the
formation of rough films. For compound 3, however, a C=C
bond can readily decomplex to form intermediates that can
readily convert to growth species, so that the formation of
nuclei is fast on all surfaces; in addition, the dehydrogenated
pentenyl ligands poison the Pt surface.®® As a result, the Pt-
containing films grown from 3 are unusually smooth.

Detailed studies of the use of 3 as a CVD precursor are
described in a separate paper.”’

B EXPERIMENTAL SECTION

All manipulations were carried out under vacuum or under argon
using standard Schlenk techniques unless otherwise specified. All
glassware was oven-dried before use. Hexamethyldisiloxane (Petrarch
Systems) and perfluorotoluene (Sigma-Aldrich) were used as
received, 1,2,4,5-tetrachlorobenzene (Eastman Chemical) was recrys-
tallized from diethyl ether, and hexafluorobenzene (Strem Chemicals)
was dried over 3 A molecular sieves. Benzene-ds (Cambridge Isotope
Laboratories) and benzene (EMD Millipore) were distilled under
nitrogen from sodium/benzophenone, and cyclohexane-d;, was
purchased from Cambridge Isotope Laboratories in 1 mL ampules
and used without purification.
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All isotopologues of 3 were synthesized from the corresponding
deuterium-labeled S-bromo-4,4-dimethyl-1-pentenes. Because these
syntheses were conducted on small scales, two modifications of the
standard preparations were made in order to obtain reasonable yields.
First, the deuterated alcohols were not prepared by direct
bromination from deuterated 2,2-dimethylpent-4-en-1-ol, but instead
were first converted to the corresponding tosylates and then
converted to the bromide with NaBr/HMPA. Second, in order to
minimize adventitious oxidation or hydrolysis, lithium reagents were
used instead of Grignard reagents to synthesize 3.”° The syntheses of
the isotopically labeled compounds are described in detail in the
Supporting Information.

Thermolysis reactions were conducted in a Thermo Scientific
Lindberg/Blue M Mini-Mite Tube Furnace or (for kinetic experi-
ments requiring better temperature control) in a Fisher Scientific
Isotemp 10068 refrigerated circulating bath with mineral oil as a heat
transfer medium. The 1D 'H, *H, and '3C NMR data were recorded
on a Varian Inova 400 spectrometer at 9.39 T, a Varian Inova 500
spectrometer at 11.74 T, a Varian Inova 600 spectrometer at 14.09 T,
or a Bruker BS00 NMR spectrometer at 11.74 T. Chemical shifts are
reported in & units (positive shifts to higher frequency) relative to
TMS ('H, C), set by assigning appropriate shifts to residual solvent
signals. GC-MS spectra were collected by the staff of the Roy J. Carver
Biotechnology Center at the University of Illinois on a GC/MS
system (Agilent Inc., Palo Alto, CA, USA) consisting of an Agilent
7890 gas chromatograph, an Agilent 5975 mass-selective detector, and
a HP 7683B autosampler. Peaks were evaluated using the AMDIS
2.71program (NIST, Gaithersburg, MD, USA) and identified with the
aid of the libraries NIST08 (NIST, MD, USA) and W8NO08 (Palisade
Corporation, NY, USA).

Thermolysis of 3 in C4Fg, CsD;,, CDg, and CgHg Solutions. In
order to suppress secondary reactions with colloidal platinum
species,” we added a drop of mercury to all solutions in which
thermolysis studies were conducted. We confirmed by GC-MS that
dialkylmercury compounds were not formed (Figure S3.4). The
addition of Hg inhibits H—D exchange between byproducts and
solvents. A solution of hexamethyldisiloxane or 1,2,4,5-tetrachlor-
obenzene dissolved in C4Dg4 and sealed in a glass capillary was used as
an integration standard. The capillary and the mercury droplet were
loaded into an NMR tube, which was evacuated for § h at 10 mTorr
before addition of analyte.

A sample of 3 (typically 20 mg, 0.051 mmol) was cooled to 0 °C
and evacuated for S h (10 mTorr) to ensure that it was free of residual
solvents. The dried sample was dissolved in the desired solvent (C4Dy
or C¢Fg; 650 uL), and the resulting solution was transferred to the
NMR tube containing the capillary and a drop of mercury. The NMR
tube was then degassed by the freeze—pump—thaw technique and
flame-sealed under vacuum. The tube was completely immersed in a
circulating oil bath preheated to the desired temperature, which could
be controlled to within +1 °C. Multiple measurements at 110 + 1 °C
in the circulating oil bath show that the measured rate constant has a
standard deviation of ~10%. A few nonquantitative thermolysis
experiments were conducted by placing the NMR entirely within the
hot zone of a tube furnace whose two ends were blocked with glass
wool.

At certain time intervals, the NMR tube was removed, cooled to 20
°C to quench the reaction, and examined by NMR spectroscopy. The
progress of the reaction was monitored by measuring the peak
integrals; the disappearance of 3 due to thermolysis was best followed
by integration of the olefinic peaks. The concentration of 3 at t = 0 is
often somewhat anomalous, possibly due to slow redissolution of the
integration standard after the freeze—pump—thaw step. As a result,
this data point was omitted from the curve-fitting analyses.
Thermolyses were conducted for no more than 2 half-lives to
minimize any inhibition effect from byproducts.

To minimize experimental error, experiments were conducted as
much as possible in a side by side fashion, with the parameter of
interest as the only variable. For example, for deuterium labeling and
kinetic isotope studies, deuterated and undeuterated samples of 3
(typically 20 mg, 0.05 mmol) were dissolved separately in the desired
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solvent (C¢Dg or C4Fg; 650 uL), and the solutions were transferred to
separate NMR tubes, each containing a drop of mercury and a
capillary containing an integration standard, as described above. The
NMR tubes were flame-sealed and then placed side by side in the
same heating bath or hot zone.

For 3-a-d,, 3-y-d,, 3-0-d,, and 3-¢-d,, the amount of deuterium
incorporated into the tert-butyl group of the 4,4-dimethylpentene
thermolysis products was calculated from “H NMR peak integrals of
unreacted 3 (giving moles of unreacted 3, parameter A), ’H NMR
peak integrals in the tert-butyl group (giving moles of
C;H,CMe,CH,D, parameter B), and the mole fraction of 3 initially
present that had undergone thermolysis (parameter C). The amount
of deuterium incorporated into the tert-butyl group of the 4,4-
dimethylpentene thermolysis products is then given by the expression
B(1 — C)/AC (see section $ in the Supporting Information). For 1--
Me-d,,, the amount of additional deuterium incorporated into the
tert-butyl group of the 4,4-dimethylpentene thermolysis products was
determined from 'H NMR peak integrals (see section S in the
Supporting Information). Because the sample of 3-y-d, contained
about 10% of the 3-a-d, isomer (and vice versa for the sample of 3-a-
d,) owing to scrambling during the preparation of the organolithium
reagent,”” the amount of deuterium in the tert-butyl group of the 4,4-
dimethylpentene thermolysis products was corrected accordingly, but
as a result the KIEs and deuterium contents are less accurate for
thermolyses of these two compounds. To ensure the accuracy of
NMR integrations, T, relaxation times were measured, and recycle
delay times larger than ST, were used.
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