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ABSTRACT: We describe the synthesis and characterization of three
p l a t i n um( I I ) ω - a l k e n y l c omp l e x e s o f s t o i c h i ome t r y P t -
[CH2CMe2(CH2)xCHCH2]2 where x is 0, 1, or 2, as well as some related
platinum(II) compounds formed as byproducts during their synthesis. The ω-
alkenyl ligands in all three complexes, cis-bis(η1,η2-2,2-dimethylbut-3-en-1-
yl)platinum (2), cis-bis(η1,η2-2,2-dimethylpent-4-en-1-yl)platinum (3), and cis-
bis(η1,η2-2,2-dimethylhex-5-en-1-yl)platinum (4), bind to Pt by means of a Pt−
alkyl sigma bond at one end of the ligand chain and a Pt−olefin pi interaction at
the other; the olefins reversibly decomplex from the Pt centers in solution. The
good volatility of 3 (10 mTorr at 20 °C), its ability to be stored for long periods
without decomposition, and its stability toward air and moisture make it an attractive platinum chemical vapor deposition (CVD)
precursor. CVD of thin films from 3 shows no nucleation delay on several different substrates (SiO2/Si, Al2O3, and VN) and gives
films that are unusually smooth. At 330 °C in the absence of a reactive gas, the precursor deposits platinum containing 50% carbon,
but in the presence of a remote oxygen plasma, the amount of carbon is reduced to below the Rutherford backscattering
spectroscopy (RBS) detection limit without affecting the film smoothness. Under hot wall CVD conditions at 250 °C in the absence
of a co-reactant, 72% of the carbon atoms in 3 are released as hydrogenated products (largely 4,4-dimethylpentenes), 22% are
released as dehydrogenated products (all of which are the result of skeletal rearrangements), and 6% remain in the film. Some
conclusions about the CVD mechanism are drawn from this product distribution.

■ INTRODUCTION

Some 30 years ago, our research group was the first to show
that the organoplatinum complex (C5H5)PtMe3 was a useful
precursor for the chemical vapor deposition (CVD) of
platinum thin films.1 Over the years, many other Pt CVD
precursors have been described,2−4 but a close variant of
(C5H5)PtMe3, the methylcyclopentadienyl complex
(C5H4Me)PtMe3, has become the most widely employed.5

Like (C5H5)PtMe3, it is stable toward air and moisture, it is
thermally stable at room temperature, and its vapor pressure
(53 mTorr at 23 °C) is relatively high.6,7 Pure platinum films
can be grown by CVD or atomic layer deposition (ALD) from
(C5H4Me)PtMe3 and several other precursors, provided that a
reactive gas is present, such as hydrogen, oxygen, ozone, or an
oxygen plasma;6−11 these reactive gases assist in the removal of
excess carbon from the films.
Today, the CVD2−4,12,13 and atomic layer deposition

(ALD)14−17 of platinum thin films from organoplatinum
precursors are of interest for a wide variety of applications,
including the fabrication of gate electrodes18 and other
microelectronic structures,8,19 as catalysts,20−23 as a compo-

nent of data storage media,24 and as electrical contacts in
medical devices.25−27

Though widely studied, one major drawback of (C5H4Me)-
PtMe3 as a CVD precursor is that it suffers from long
nucleation delays.7,8,11,28,29 This problem can be traced to the
high metal−ligand bond strengths and consequent high kinetic
barriers associated with eliminating ligands from adsorbed
(C5H4Me)PtMe3 molecules.29,30 Such elimination reactions
typically occur more quickly on platinum surfaces than they do
on the underlying substrate, owing to the highly catalytic
nature of platinum.5,8,31 As a result, deposition initiates to form
islands on the surface, which subsequently grow rapidly.
Similar island growth behavior has been observed for several
other Pt CVD precursors.10,32−36 Eventually, the islands
coalesce, but the long nucleation delays, and resulting sparse
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nucleation, mean that it is difficult to make continuous films
that are also very thin; instead, at the point of full coalescence,
the films are typically relatively thick and rough. Although the
deposition of conformal Pt films has been achieved by means
of an alternating ALD/oxygen plasma process from
(C5H4Me)PtMe3, nucleation delays of ∼50 cycles are still
observed.31

The nucleation delay problem can potentially be resolved by
employing a precursor whose ligands can more easily eliminate
than those in (C5H4Me)PtMe3.

16 For example, the “open-Cp”
precursor (2,4-dimethylpentadienyl)(ethylcyclopentadienyl)-
ruthenium(II) shows enhanced nucleation compared to
bis(ethylcyclopentadienyl)ruthenium(II),37 and the amino-
alkene precursor dimethyl(N,N-dimethyl-3-buten-1-amine)
platinum shows enhanced nucleation compared to (C5H4Me)-
PtMe3.

38

In this context, we have previously described the square-
planar platinum(II) precursor in which two coordination sites
are occupied by weakly coordinating olefin groups: Pt-
[(CH2)3CHCH2]2 or cis-bis(η1,η2-pent-4-en-1-yl)platinum
(1).35 Although this pentenyl compound is highly volatile and
affords relatively clean platinum films,35 it decomposes
thermally within 2 weeks at room temperature35,39 and thus
is not ideal as a CVD precursor. The thermal sensitivity stems
from the availability of a low-barrier mechanism to eliminate a
ligand: β-hydrogen elimination initiated by decomplexation of
the olefin groups:

In the present study, we sought to prepare new platinum
CVD precursors that are stable at room temperature but still
retain the lability of the alkenyl ligands, with the idea that a
low-barrier pathway for dissociation of a ligand would lead to
fast nucleation.40−42 Our strategy was to replace the β-
hydrogen atoms in 1 with methyl groups: this “β-stabilization”
strategy has long been employed to increase the thermal
stability of organometallic complexes.43−47

We now report the synthesis and characterization of three
new “β-stabilized” platinum complexes of stoichiometry
Pt[CH2CMe2(CH2)xCHCH2]2 where x is 0, 1, or 2: cis-
bis(η1,η2-2,2-dimethylbut-3-en-1-yl)platinum (2), cis-bis(η1,η2-
2,2-dimethylpent-4-en-1-yl)platinum (3), or cis-bis(η1,η2-2,2-
dimethylhex-5-en-1-yl)platinum (4). We also describe the
growth of the platinum films from 3, which is a particularly
interesting CVD precursor owing to its good volatility, its low
melting point, its stability toward air and water, and its much
longer shelf life compared to the “β-unstable” parent
compound 1. Notably, CVD of thin films from 3 shows no
nucleation delay on several different substrates (SiO2/Si,
Al2O3, and VN) and gives films that are unusually smooth. In a
separate paper, we will describe the mechanism by which 3
decomposes thermally in solution. Those results provide
additional insights into the relationship between the structure
of the precursor and the CVD growth kinetics and morphology
of the resulting platinum thin films.

■ RESULTS AND DISCUSSION

Preparation of β-Stabilized Bis(ω-alkenyl)platinum(II)
Complexes. In our earlier work, cis-bis(η1,η2-pent-4-en-1-yl)
platinum (1) was generated by treatment of (COD)PtCl2
(COD = 1.5-cyclooctadiene) with two equivalents of a

Grignard reagent.35 Similar reactions with the analogous β-
stabilized Grignard reagents (or in one case with an
alkyllithium) afford the corresponding compounds cis-bis-
(η1,η2-2,2-dimethylbut-3-en-1-yl)platinum (2), cis-bis(η1,η2-
2,2-dimethylpent-4-en-1-yl)platinum (3), and cis-bis(η1,η2-
2,2-dimethylhex-5-en-1-yl)platinum (4). Compounds 2 and 3
are light yellow liquids, whereas 4 is a low-melting solid; all
three compounds can be purified by column chromatography
on silica gel with pentane as the eluent.
All three bis(ω-alkenyl)platinum compounds 2, 3, and 4 can

be stored indefinitely under an argon atmosphere at −20 °C.
Of the three, the dimethylbutenyl derivative 2 is the least
stable: it reacts with air and water and decomposes within days
at room temperature under Ar. Of intermediate stability is the
dimethylhexenyl compound 4, which is air and water stable but
decomposes thermally in several days at room temperature. In
contrast, the most stable is the dimethylpentenyl compound 3,
which can be stored at room temperature for 1 month in air
with only slight darkening and with no observable changes in
the NMR spectrum. Thus, 3 is far more thermally stable than
its unmethylated analog 1, which decomposes by β-hydrogen
elimination over 2 weeks at room temperature.39

The melting points are ca. −15 °C for 2, ca. 20 °C for 3, and
46−47 °C for 4; all three compounds 2−4 are volatile, with 2
having the highest volatility. Such low melting points are useful
for CVD precursors because the delivery rate of liquid
precursors can be easily controlled and reproduced.3,7 The
vapor pressure of 3, which is 12 mTorr at 23 °C and 250
mTorr at 80 °C, follows the equation log p = 6.19−2400/T
(pressure is in Torr and temperature is in K). The vapor
pressure of 3 is only slightly lower than that of the commercial
precursor (C5H4Me)PtMe3, which has Pvap = 53 mTorr at 23
°C.7 The enthalpy of evaporation of 3, ΔHvap = 11 ± 2 kcal
mol−1 (see the Supporting Information, SI), is similar to the
10.5 ± 0.2 kcal mol−1 value reported for (C5H4Me)PtMe3.

7

Cyclooctadiene-Containing Byproducts. Treatment of
(COD)PtCl2 with the butenyl Grignard reagent, (2,2-
dimethylbut-3-en-1-yl)magnesium bromide, gives poor yields
of 2; instead, the major product is the monoalkylated
compound bromo(η1-2,2-dimethylbut-3-en-1-yl)(1,5-cyclooc-
tadiene)platinum (5). Good yields of 2 require the use of
the corresponding alkyllithium reagent (see the Experimental
Section).
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We also found that the adduct (1,5-cyclooctadiene)bis(η1-
2,2-dimethylbut-3-en-1-yl)platinum (6) is obtained when the
butenyl compound 2 is sublimed at room temperature in the
presence of ∼1 equiv of COD onto a cold (−80 °C) surface
under vacuum. In both 5 and 6, the olefin groups of the
butenyl ligands are not coordinated to Pt. The COD adduct 6
is in equilibrium with 2 and free COD in solution: when pure 6
is dissolved at millimolar concentrations in toluene-d8 at room
temperature, it is almost completely dissociated to 2 and free
COD (Figure S5.4). The temperature dependence of the
equilibrium constant Keq = [6]/([2][COD]) shows that ΔH =
5 ± 1 kcal mol−1 and ΔS = 29 ± 5 cal mol−1·K−1 (Figure S5.6).
The large entropy change is consistent with the dissociation of
one particle to two:

The reaction of (COD)PtCl2 with the dimethylhexenyl
Grignard reagent generates 4 in only 10% isolated yield
because a second compound is also formed: (1,5-
cyclooctadiene)bis[η1-(2,2-dimethylcyclopentyl)methyl] plati-
num (7). This latter compound (which was isolated a mixture
of three diastereomers) is the result of insertion of the olefin
group into the Mg-C bond before alkylation of the Pt center.
We show in the SI (Section 2) that 4 does not convert to 7 in
benzene-d6 in the presence of 1,5-cyclooctadiene, whereas the
hexenyl Grignard reagent readily cyclizes (i.e., undergoes an 5-
exo-trig insertion reaction).48

Solid-State Structures of the β-Stabilized Bis(ω-
alkenyl)platinum(II) Complexes. Crystallographic data for
compounds 2−6 are listed in Table 1, and selected bond
distances and angles are given in Table 2. The structures of 2−
4 (Figure 1) all contain two ω-alkenyl ligands in which the α-
carbon atom is sigma-bound to platinum (η1) and the CC
bond at the other end of the chain is pi-bound (η2), as found
previously for Pt[(CH2)3CHCH2]2.

35

Compounds 2−4 all adopt solid-state structures with
(idealized) C2 symmetries, in which the two α-carbon atoms
are mutually cis. The Cα−Pt−Cα′ angle of 94.9(2)° in the
butenyl compound 2 is significantly larger than the ∼90°
angles seen in the pentenyl and hexenyl compounds 3 and 4
(Table 2). This difference reflects the short chain length (and

Table 1. Crystallographic Data for the New Compounds

2 3 4 5 6

formula C12H22Pt C14H26Pt C16H30Pt C14H23BrPt C20H34Pt
FW (g mol−1) 361.38 389.44 417.49 466.32 469.56
λ (Å) 0.71073 0.71073 0.71073 0.71073 0.71073
T (K) 100 100 100 100 100
crystal system monoclinic monoclinic monoclinic monoclinic monoclinic
space group P21/n P21/c C2/c P21 C2/c
a (Å) 6.2341(2) 5.8662(3) 6.0482(4) 9.7170(4) 18.3933(6)
b (Å) 10.3493(3) 21.591(1) 13.5208(8) 11.9545(5) 9.0744(3)
c (Å) 18.9360(6) 22.360(1) 19.287(1) 13.2835(6) 11.3108(4)
β (deg) 92.5422(8) 91.629(2) 95.364(2) 110.537(2) 104.951(1)
V (Å3) 1220.52(7) 2830.9(2) 1570.3(2) 1445.0(1) 1823.9(1)
Z 4 8 4 4 4
ρcalcd (g cm−3) 1.967 1.827 1.766 2.144 1.710
μ (mm−1) 11.455 9.884 8.916 12.450 7.687
R (int) 0.037 0.030 0.036 0.041 0.053
abs corr method multi-scan numerical numerical multi-scan multi-scan
max/min transm factors 0.334/0.141 0.457/0.038 0.535/0.066 0.747/0.516 0.512/0.419
data/restraints/params 3042/0/140 7109/0/316 1952/0/90 11517/1/294 2274/0/101
GOF on F2 1.231 1.170 1.210 1.070 1.125
R1 [I > 2σ(I)]a 0.0278 0.0142 0.0118 0.0189 0.0172
wR2 (all data)

b 0.0703 0.0293 0.0304 0.335 0.0374
max/min Δρelectron (eÅ−3) 1.68/−2.27 0.62/−0.49 0.89/−0.78 0.93/−1.01 0.52/−1.13

aR1 = ∑ ||Fo| − |Fc||/|∑|Fo|.
bwR2 = [∑w(Fo

2 − Fc
2)2/∑(Fo

2)2]1/2.

Table 2. Selected Bond Distances and Angles for the New Compoundsa

2 3 4 5 6

CC/Å 1.370(8) 1.366(3) 1.373(3) 1.326(6) 1.324(4)
Pt−Cα/Å 2.068(5) 2.058(2) 2.077(2) 2.072(3) 2.083(2)
Pt−Colefin

b/Å 2.259(6) 2.301(2) 2.272(2) N/A N/A
Pt−Colefin

c/Å 2.296(6) 2.250(2) 2.257(2) N/A N/A
Cα−Pt−Cα′/deg 94.9(2) 88.81(8) 88.2(1) 89.8(2)d 88.6(1)
Cα−Cβ−Cγ/deg 100.0(4) 106.6(2) 112.3(2) 110.7(3) 111.3(2)

aSome of the numbers given are averages over chemically equivalent bonds. bMethine carbon. cMethylene carbon. dCα−Pt−Br angle.

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c03226
Chem. Mater. XXXX, XXX, XXX−XXX

C

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03226/suppl_file/cm0c03226_si_006.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03226/suppl_file/cm0c03226_si_006.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03226?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03226?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03226?fig=&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c03226?ref=pdf


consequent small bite angle) of the chelating butenyl ligands in
2.
The Cα−Cβ−Cγ bond angles of 100.0(4) and 106.6(2)° in 2

and 3, respectively, are compressed so as to enable the CC
bond to coordinate to platinum despite the short chain lengths.
The Cα−Cβ−Cγ bond angle of 112.3(2)° in 4 (for which the
longer chain length reduces the ring strain) is similar to those
in the COD adducts 5 and 6 (Figure 2), in which the ω-alkenyl
ligands are unidentate and thus unaffected by ring strain.
The rings formed by the pentenyl groups in 3 adopt chair

conformations. In contrast, twist-boat conformations are seen
for most other complexes, including the unmethylated
compound 1, in which a bidentate ligand with a 5-atom
backbone is bound to a metal by a sigma bond at one end of
the chain and an η2-CC bond at the other.49−59 We propose
that the 2,2-dimethyl substituents in 3 cause the change in ring
conformation, as has been seen in some related com-
pounds.60,61 Possibly for the same reason, the ω-alkenyl rings
in the hexenyl compound 4 adopt boat-chair conformations,
whereas in the butenyl compound 2, they adopt idealized
envelope conformations.
In four-coordinate platinum(II) olefin complexes, the CC

bond vector typically is normal to the square plane (we will call

the angle between the CC vector and the normal the tilt
angle). For olefin complexes of d8 square-planar metals, there
is little electronic preference for any particular CC
orientation, but a tilt angle of 0° minimizes interligand steric
repulsions.62−65 In contrast, the CC vectors in 2−4 are all
tilted significantly away from this preferred orientation and
instead form tilt angles of 52 and 35° (average = 44°) in the
butenyl compound 2 (Figure 1), 29° in the pentenyl
compound 3, and 12° in the hexenyl compound 4. For
comparison, the tilt angles in the unmethylated pentenyl
compound 1 were 34° and 23° (average = 29°).35 The
presence of two different tilt angles in 2 and also in 1 is
undoubtedly a consequence of packing effects;60 both
compounds are completely symmetrical in solution (see
below).
In the butenyl compound 2, the short chain length clearly

prevents the CC bond vectors from being oriented in the
normal direction. Similar conformational constraints are
known to cause such tilting in other square-planar platinum(II)
complexes, which in the extreme can cause coordinated CC
bonds to be oriented a full 90° away from the normal, i.e., the
CC bond lies in the square plane.65,66 As the number of
carbon atoms in the ligand backbone increases, there are more

Figure 1. Left: Crystal structures of (a) cis-bis(η1,η2-2,2-dimethylbut-3-en-1-yl)platinum (2), (b) cis-bis(η1,η2-2,2-dimethylpent-4-en-1-yl)platinum
(3), and (c) cis-bis(η1,η2-2,2-dimethylhex-5-en-1-yl)platinum (4). Right: Views showing different tilt angles of the CC bond vectors with respect
to the square plane in the butenyl compound 2, the pentenyl compound 3, and the hexenyl compound 4. The ellipsoids are drawn at the 35%
probability level, except the hydrogen atoms are depicted as arbitrarily sized spheres.
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conformational degrees of freedom and the CC bond
vectors form smaller tilt angles.
Unlike our pentenyl and hexenyl compounds 3 and 4,

however, many square-planar compounds are known in which
an olefin at the end of a five- or six-atom chelating chain binds
to a metal with a tilt angle of essentially zero.49−59 We believe
that this perpendicular structure is not adopted by the alkenyl
ligands in 3 and 4 because it would lead to unfavorable inter-
and intraligand repulsions involving the 2-methyl groups and
the cis-double bonds.
The CC bond lengths in compounds 2−4 of ∼1.37 Å

(Table 2) are similar to the CC bond lengths seen in other
platinum(II) olefin complexes such as Zeise’s salt.67 The bonds
are about ∼0.045 Å longer than the ∼1.325 Å CC bond
lengths seen for noncoordinated alkenes such as those in the
COD adducts 5 and 6. As expected, the CC bond distances
in 2−4 are similar to those in other platinum(II) η1,η2-pent-4-
en-1-yl complexes in which the CC bond is trans to non-π
donors such as NHCs or phosphines,52,60 but slightly shorter
than those in which the CC bond is trans to π donors such
as chlorine or oxygen (∼1.40 Å).49−51

It is well known that coordination of olefins to metal centers
causes the carbon atoms to rehybridize so that the four
substituents are no longer co-planar with the CC bond.67

Interestingly, the olefinic methine group in the butenyl

compound 2 remains planar despite having a Pt−C contact
distance that is normal for Pt−olefin complexes. The planarity
suggests that the Pt−C interaction with this carbon atom is
largely nonbonding, a hypothesis that is consistent with the
negligible Pt−C coupling constant to this carbon as seen in the
solution NMR spectrum (see below).
The small elongation of the CC bonds and the significant

influence of steric and packing effects on the conformations of
2, 3, and 4 suggest that the olefin−Pt interactions are relatively
weak in these complexes; we will return to this issue in a
subsequent section.

Isomerism of the β-Stabilized Platinum(II) ω-Alkenyl
Complexes in Solution. Interestingly, we find that the
butenyl and hexenyl complexes 2 and 4 exist in solution as a
mixture of two species,68 even though only one species is
observed in the solid state. For all three compounds 2−4, three
diastereomers are possible: two diastereomers of C2 symmetry
in which the two olefins present the same face to Pt (re−re or
si−si; these two alternatives are enantiomers and thus give the
same NMR spectrum) and one diastereomer of Cs symmetry in
which the two olefins present different faces to Pt (si-e). For
the rest of this discussion, we will refer to the re−re and si−si
diastereomers as “the C2 isomer” and the si−re diastereomer as
“the Cs isomer.”

In the solid state, compounds 2−4 all adopt the C2 structure.
In solution, only a single isomer of the pentenyl compound 3 is
evident from the NMR spectra, which certainly is also the C2
structure (if the Cs isomer is present, its concentration is less
than 1%). For solutions of the butenyl and hexenyl compounds
2 and 4, however, significant amounts of both the C2 and Cs
isomers are present. Thus, in toluene-d8 at room temperature,
the 195Pt NMR spectrum of 3 shows only one singlet at δ
−3777, whereas the 195Pt NMR spectrum of 2 shows two
peaks at δ −4019 and δ −4110, in a ratio of approximately 2:1,
and the 195Pt NMR spectrum of 4 shows two peaks at δ −3778
and δ −3797, in a ratio of approximately 10:1 (Figure 3). For
the rest of this discussion, we will assume that the predominant
species in solution for 2 and 4 is the C2 isomer seen in the

Figure 2. Top: Crystal structure of bromo(η1-2,2-dimethylbut-3-en-1-
yl)(1,5-cyclooctadiene)platinum (5). Bottom: Crystal structure of
bis(η1-2,2-dimethylbut-3-en-1-yl)(1,5-cyclooctadiene)platinum (6).
The ellipsoids are drawn at the 35% probability level, except the
hydrogen atoms are depicted as arbitrarily sized spheres.

Figure 3. 195Pt NMR spectra of the butenyl compound 2 (top), the
pentenyl compound 3 (middle), and the hexenyl compound 4
(bottom) at 20 °C in toluene-d8. Two isomers (C2 and Cs) exist in
solution for 2 and 4, but not for the pentenyl compound 3.
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solid state; as we will see, this assumption can explain the
relative amounts of the two isomers as a function of chain
length, whereas the opposite assumption cannot.
The presence in solution of only the C2 isomer for the

pentenyl compound 3 but both the C2 and Cs isomers for 2
and 4 is also evident in the 1H and 13C{1H} NMR spectra.
Thus, the 1H NMR spectrum of the butenyl compound 2 at
−60 °C in toluene-d8 shows twice the number of expected
peaks (discussed in detail below), which can be assigned to the
presence of two isomers in a 2:1 concentration ratio (Figure
4). A variable temperature NMR study of 2 shows that the

relative amount of the minor (Cs) isomer increases slightly
with temperature. Fitting the temperature dependence of the
equilibrium constant Keq = [C2-2]/[Cs-2] to the van’t Hoff
equation gives the following parameters: ΔH = −0.3 ± 0.5 kcal
mol−1, ΔS = 0 ± 2 cal mol−1·K−1 (Figure S6.2). The small
values for the enthalpy and entropy changes show that the two
isomers are rather similar thermodynamically. Likewise, two
isomers are also seen in the low-temperature 1H and 13C{1H}
NMR spectra of the hexenyl compound 4, in approximately a
10:1 ratio. Fitting the temperature dependence of the
equilibrium constant Keq = [C2-4]/[Cs-4] to the van’t Hoff
equation gives ΔH = −0.8 ± 0.5 kcal mol−1, ΔS = 1 ± 2 cal
mol−1·K−1 (Figure S6.14). The C2 isomer is favored over the
Cs isomer at room temperature by a free-energy difference ΔG
of 0.3 ± 0.8 kcal mol−1 for 2 and by 1.1 ± 0.8 kcal mol−1 for 4.
The Cs isomer is not observed for the pentenyl compound 3.

We propose that, for all three compounds, the energy of the
minor isomer is dictated by the energy penalty that arises from
steric repulsions between the two olefin groups. The small bite
angle of the butenyl ligand in 2 means that the two olefins are
far from one another, so that the nonbonded repulsion
between the two olefin groups in each of the isomers is small.
The result is that both isomers have about the same energy.
The longer chain length of the hexenyl ligand in 4 means that
the olefinic C=C vectors in 4 are nearly perpendicular to the
square plane of the Pt center; the nonbonded repulsions
between the two olefin groups in the C2 and Cs isomers are
probably not small, but owing to the perpendicular orientation
they are likely to be rather similar, so that again the two
isomers have about the same energy.
For the pentenyl compound 3, the bite angle is sufficiently

large to place the olefins in close proximity in the Cs isomer,
but the conformational constraints of the β-methyl groups and
the five-carbon backbone make steric clashing of the olefin
groups unavoidable, particularly for the Cs isomer of 3. The
energy of this isomer is therefore higher, which results in it
being present in solution in amounts too small to detect by

NMR spectroscopy. Nevertheless, as we will show below, this
isomer must be present transiently in solution, as an
intermediate in an intramolecular dynamic process.

Structure and Bonding of the β-Stabilized Platinum-
(II) ω-Alkenyl Complexes in Solution. The 1H and 13C
NMR resonances in 2−4 have been assigned based on the peak
patterns, coupling constants, and one-dimensional (1D)
nuclear Overhauser effect spectroscopy (NOESY) NMR
spectra (see Figure 5). For all three compounds, the following

discussion will initially focus on the spectra of the C2 isomer,
which is the only isomer present for the pentenyl compound 3,
and is the major isomer for the butenyl and hexenyl
compounds 2 and 4. All of the NMR data (reported below
for solutions in toluene-d8) are consistent with structures in
which the alkenyl ligands coordinate to Pt in an η1,η2 fashion.
Thus, the 1H NMR spectra of the C2 isomers of 2−4 each
display three signals between δ 3 and 5, which are assigned to
the olefinic protons (Table 3). The shielded chemical shifts
and the diminished 3JHH coupling constants (compared to
those seen for free olefins) clearly show that the CC bonds
are coordinated to platinum in solution.35,55−59,69,70 In the
13C{1H} NMR spectrum of the butenyl compound 2 at −60
°C, small Pt−C coupling constants are observed for the
olefinic carbons: 1JPtC is 26 Hz for the terminal methylene

Figure 4. 1H NMR spectra in the olefinic region of the butenyl
compound 2 (top left) and the hexenyl compound 4 (top right) at
−60 °C in toluene-d8. The C2/Cs isomer ratios for 2, 3, and 4 are
1.9:1, >100:1, and 11:1, respectively.

Figure 5. 1H NMR spectrum of the pentenyl compound 3 in toluene-
d8 at −20 °C.

Table 3. Selected 1H and 13C NMR Data for the C2 Isomers
of the Butenyl Compound 2, the Pentenyl Compound 3,
and the Hexenyl Compound 4 in Toluene-d8 at 20 °C
Unless Otherwise Specified

2a 3 4
1H δ (α-CH2) 1.32, 0.91 2.25, 1.64 2.30, ∼1.80b
1H 2JPtH (α-CH2)/Hz 86, 105 37, 103 62, 101
1H δ (−CH) 4.39 4.51 ∼4.14b
1H δ (CH2) 3.65, 3.51 3.57, 3.40 4.28, 3.39
1H 3JHH (olefinic)/Hz 15.2, 8.8 14.7, 8.0 15, 9.1
13C δ (α-CH2) 5.46 43.3 46.7
13C 1JPtC (α-CH2)/Hz 610 844 861
13C δ (−CH) 97.37 104.67 104.51
13C δ (CH2) 74.76 88.76 82.86
13C 1JPtC (−CH)/Hz 0 16 20c

13C 1JPtC (CH2)/Hz 26 29 28c

aAt −60 °C. At room temperature, the two isomers are exchanging
rapidly. bOverlapping with other resonances. cAt −70 °C. The 195Pt
satellites for the olefinic carbons of 2 in the low-temperature 13C{1H}
NMR spectrum are broad owing to chemical shift anisotropy,73 so
these Pt−C coupling constants are somewhat less precise.
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carbon and 0 Hz (!) for the methine carbon. This zero
coupling constant to the methine carbon is consistent with the
observation in the solid state that this carbon atom is planar
and apparently unhybridized. One possibility is that, owing to
the constraints of the short chain length, the methine p-orbital
is located close to the nodal surfaces of the linear combinations
of the valence orbitals on Pt; as a result, the overlap of the
methine carbon with Pt is relatively weak.71,72

Small 1JPtC coupling constants are also observed in the
13C{1H} NMR spectra of the pentenyl compound 3 (29.4 Hz
for the methylene carbon and 17 Hz for the methine carbon at
20 °C) and the hexenyl compound 4 (20 Hz for the methylene
carbon and 28 Hz for the methine carbon at −70 °C). The
small Pt−C coupling constants in 2−4 show that the CC
bonds remain bound to platinum in solution, but suggest that
the interactions are relatively weak.
We describe all of the 1JPtC coupling constants to the olefin

groups in 2−4 as “small” because in other platinum(II) cis-
dialkyl diolefin complexes they are usually much larger: 55 Hz
in (COD)PtMe2, 46 Hz in the norbornadiene compound
(NBD)PtMe2,

74 and 44.6 Hz in the neopentyl compound
(COD)Pt(CH2CMe3)2.

75 Interestingly, the 1JPtC coupling
constants to the olefinic carbons in 3 are also smaller than
those of 50 and 40 Hz in the unmethylated analog
Pt[(CH2)3CHCH2]2, 1.

76 This latter comparison suggests
that the 2,2-dimethyl substitution in complexes 2−4 weakens
the Pt−olefin bonding, perhaps by a combination of electronic
factors (the trans influence of the neo-alkyl groups is larger
than that of n-alkyl groups)77 and steric factors (the 2-methyl
groups force the rings to adopt conformations that are less
favorable for Pt−olefin overlap).
Long-range Pt−H couplings to ligand protons in platinum

complexes are known to follow a Karplus-type dependence on
the torsional angle between the Pt−C and C−H bonds,78,79

and we can use this dependence to assign the 1H NMR
resonances in 2−4. For example, in the 1H NMR spectrum of
the pentenyl compound 3 at −20 °C, one of the α-CH2
protons, one of the β-methyl groups, and one of the γ-CH2
protons, exhibits a large JPt−H coupling constant, whereas the
partner group in each diastereotopic pair shows little or no
observable JPt−H coupling (in fact, 3 shows a four-bond 4JPt−H
coupling of 10 Hz to the equatorial 2-Me group). If we assume
that the pentenyl ligands adopt chair conformations as
observed in the solid state (Figure 6), then the larger couplings
can be assigned to the equatorial groups (which form torsion
angles relative to the Pt−C bond that are close to 180°) and
the smaller couplings to their axial counterparts (which
describe torsion angles that are close to 90°). These
assignments have been confirmed by a series of 1D NOE
experiments (Figure S4.7).
The 1JPtC coupling constant to the α-CH2 group of 610 Hz

seen for the butenyl compound 2 is significantly smaller than
those of 844 and 861 Hz observed for the pentenyl and butenyl
compounds 3 and 4, respectively. The latter are similar to the
1JPtC coupling constant of 844 Hz seen in the neopentyl
complex (cod)Pt(CH2CMe3)2.

75 The 13C NMR chemical shift
for the α-CH2 group in 2 of δ 5.5 is also quite different from
those of δ 43.3 and 46.7 seen for 3 and 4. We attribute these
differences to the short chain length of the butenyl ligand in 2:
the greatly perturbed interligand angles evidently affect the
Pt−C σ interactions, as well as the values of the chemical shift
tensor.80

Coordination Dynamics of the Pt−Olefin Bond. In
compounds 2−4, the binding of the platinum atom to one face
of the olefin makes the two hydrogen atoms of each -CH2- unit
in the alkenyl ring (and the two methyl groups of the CMe2
unit) diastereotopic. At low temperatures, the 1H NMR spectra
show that these pairs of H atoms (or pairs of Me groups) are
indeed chemically inequivalent, as mentioned above. For all
three compounds, however, an exchange process occurs that
causes the 1H NMR peaks arising from these groups initially to
broaden and then to coalesce as the temperature is raised.
Because the terminal vinyl protons of 3 show no broadening,
the only mechanism that can explain these exchange processes
is decomplexation of the olefin from the Pt center and
recoordination through the other face of the olefin;81,82 such
exchange processes have been called “alkene flipping”.83 This
same exchange process also results in the exchange of the C2
and Cs isomers of 2 and 4 and requires that the Cs isomer of 3
also be formed transiently in solution, although in amounts too
small to detect. We note that similar exchange processes have
been seen in other η1,η2-ω-olefin complexes of platinum.84

For the pentenyl compound 3, which exists in solution
exclusively as the C2 isomer, the 1H NMR line shapes of the
diastereotopic methyl groups (Figure 7) were simulated in
terms of a two-site exchange process to determine the olefin
face exchange rate as a function of temperature.85 A fit of 24
rates between 11 and 69 °C to the Eyring equation gives
activation parameters of ΔH‡ = 19 ± 1 kcal mol−1 and ΔS‡ = 9
± 3 cal mol−1·K−1 for the exchange process between the
methyl groups in 3 (Figure S6.11 and S6.12). Because the rate
of exchange is half of the rate of olefin decomplexation (see the
Experimental Section), the activation parameters for olefin
decomplexation are ΔH‡ = 19 ± 1 kcal mol−1 and ΔS‡ = 10 ±
3 cal mol−1·K−1.
Similarly small but positive activation entropies of 12−14 cal

mol−1·K−1 seen for olefin face exchange processes in some 4-
pentenyl zirconocene compounds86,87 were proposed to
indicate a mechanism in which the metal−olefin bond is
broken without the concomitant association of solvent
molecules (solvent-assisted mechanisms should have negative
activation entropies). We propose, therefore, that olefin face
exchange in 3 also occurs by breaking the platinum−olefin
bond41,88 without the involvement of solvent. The resulting

Figure 6. (a) View of the pentenyl compound 3 along the Cβ−Cα

bond, (b) Newman projection of 3 along the Cβ−Cα bond, (c) view
of 3 along the Cγ−Cδ bond, and (d) Newman projection of 3 along
the Cγ−Cδ bond. In (a) and (c), the platinum atoms are in red and
the carbon atoms are in black. Hydrogen atoms are depicted as
arbitrarily sized spheres.
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intermediate is either a 3-coordinate species with an empty site
(if the olefin simply dissociates)89−91 or a 4-coordinate C−H σ
complex (if the metal−olefin bond is broken but is replaced
with an agostic interaction).83,92,93 In fact, C−H σ complexes
have been proposed as intermediates in olefin face exchange
processes in certain d6 rhenium93 and d0 zirconium83,92,94

complexes. Compared to the ground-state η2-olefin complex,
the transition state that leads to the C−H σ-complex
intermediate should have increased degrees of freedom due
to the expansion of the ring size, so that a small and positive
entropy of activation is expected.
For the butenyl and hexenyl compounds 2 and 4, analysis of

the 1H NMR line shapes is more complicated because of the
effects of coupling to platinum and also because these
compounds exist in solution as a mixture of the C2 and Cs
isomers (in ratios of ∼2:1 and ∼10:1, respectively) some of
whose 1H NMR resonances overlap. For both compounds, we
found that the rate is best determined by fitting the line shapes
of selected 13C{1H} NMR resonances. For 2, fitting of the
olefin face exchange rate at 11 different temperatures between
−46.4 and 22.2 °C to the Eyring equation gives ΔH‡ = 13.8 ±
0.6 kcal mol−1 and ΔS‡ = 4 ± 2 cal mol−1·K−1 for the C2
isomer and ΔH‡ = 13.5 ± 0.6 kcal mol−1 and ΔS‡ = 4 ± 2 cal
mol−1·K−1 for the Cs isomer (Figures S6.5−S6.9). For 4, fitting
of the olefin face exchange rate at 8 different temperatures
between −2.8 and 33.6 °C to the Eyring equation gives ΔH‡ =
17 ± 1 kcal mol−1, ΔS‡ = 5 ± 4 cal mol−1·K−1 for the C2
isomer and ΔH‡ = 16 ± 1 kcal mol−1, ΔS‡ = 6 ± 4 cal mol−1·
K−1 for the Cs isomer (Figures S6.16−S6.18).
The solvent is unlikely to participate in these exchange

processes: activation entropies for olefin face exchange in metal
complexes of the 2-methylhex-5-en-2-olate ligand (which is
structurally analogous to the 2,2-dimethylhex-5-en-1-yl ligand
in 4 in terms of having the same chain length and similar

conformational flexibilities) are ∼3−8 cal mol−1 K−1 when the
exchange process is purely intramolecular, but are 8−12 eu
more negative if solvent plays a role.81,82

The 4 to 10 cal mol−1·K−1 entropies of activation for 2, 3,
and 4 (Table 4) indicate that olefin face exchange in all three
ω-alkenyl compounds takes place by a mechanism involving a
transition state in which the metal−olefin bond is broken but
(most likely) replaced with an agostic interaction between Pt
and one of the ω-hydrogen atoms.81,83,93,95−98 At 20 °C, the
rate of the olefin decomplexation increases in the following
order: 6 s−1 for the pentenyl compound 3, ∼40 s−1 for the
hexenyl compound 4, and ∼3000 s−1 for the butenyl
compound 2. Notably, the rate of thermal decomposition of
the platinum η1,η2-2,2-dimethyl-ω-alkenyl complexes at room
temperature increases in the same order (i.e., 3 < 4 < 2). This
correlation suggests that the intermediate formed during the
olefin face exchange is also an intermediate in the thermolysis
pathway.
Owing to its higher thermal stability compared to the other

new alkenyl compounds, the pentenyl compound 3 shows the
best potential as a CVD precursor, a topic to which we now
turn.

Cold Wall Chemical Vapor Deposition of Thin Films
from 3. Cold wall CVD experiments were performed in a
high-vacuum chamber described elsewhere,99,100 and the onset
of nucleation and film growth were monitored by real-time
spectroscopic ellipsometry (SE).101 Film thicknesses were
measured by scanning electron microscopy (SEM), and growth
rates (in atoms per area) were measured by Rutherford
backscattering spectroscopy (RBS). The films were grown
from the pentenyl compound 3, which was kept in a reservoir
maintained at 75 °C and transported to the growth chamber
with an argon carrier gas.
We find that, at substrate temperatures between 275 and 350

°C, smooth and reflective films can be grown from 3 on
various substrates (SiO2/Si, Al2O3, and VN). For example, on
a SiO2/Si substrate at 330 °C, a 17 nm film with a rms
roughness of 1.7 nm was deposited in less than 10 min (Figure
8). Interestingly, unlike growth from (C5H4Me)PtMe3, which
shows significant nucleation delays,7,8,11,28,29 growth from 3
occurs without delay on all substrates tested (Figure 8).
While maintaining the same substrate reservoir temperature

and carrier gas flow rate, the rate of deposition (Å/min)
increases exponentially with an increasing temperature
between 275 and 330 °C (Figure S8.2); this result shows
that growth under these conditions is in the reaction-limited
regime. The deduced activation energy of 18 kcal/mol (0.78
eV) is considerably smaller than the >1.5 eV activation energy
seen for growth from (C5H4Me)PtMe3.

8 In addition, the onset
temperature for CVD growth from 3 is ∼25 °C lower than that
of ∼300 °C for (C5H4Me)PtMe3.

5 All of these observations are
consistent with the conclusion that 3 is a more reactive
molecule under CVD conditions than the cyclopentadienyl

Figure 7. Variable-temperature (VT)-1H NMR spectrum of the
pentenyl compound 3 in toluene-d8.

Table 4. Activation Parameters for CC Bond Decomplexation in Toluene-d8, and Correlation With Thermal Stability, for
the Butenyl Compound 2, the Pentenyl Compound 3, and the Hexenyl Compound 4

2 3 4

ΔH‡, kcal mol−1 13.8(6), C2 13.5(6), Cs 19(1) 17(1), C2 16(1), Cs

ΔS‡, cal mol−1·K−1 4(2), C2 4(2), Cs 10(3) 5(4), C2 6(4), Cs

ΔG‡, kcal mol−1 at 20 °C 12.6(8), C2 12.3(8), Cs 16(1) 16(2), C2 14(2), Cs

thermal stability at 20 °C unstable stable for weeks unstable

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c03226
Chem. Mater. XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03226/suppl_file/cm0c03226_si_006.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03226/suppl_file/cm0c03226_si_006.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03226/suppl_file/cm0c03226_si_006.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03226?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03226?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03226?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03226?fig=fig7&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c03226?ref=pdf


compound, as expected owing to the presence of the labile ω-
alkenyl groups.
As is typically seen for organoplatinum CVD precursors, the

films obtained from 3 contain both platinum and carbon when
the depositions are conducted in the absence of oxidative or
reductive co-reactants. RBS analysis shows that the films grown
under such conditions consist of ∼50 atom % platinum with
the balance being carbon. Because of the presence of the
latter,102−105 a 12 nm film deposited at 330 °C on Al2O3 has a
relatively high resistivity of 830 μΩ·cm vs the 10.6 μΩ·cm
value seen for bulk platinum.10

Remote Oxygen Plasma-Assisted Chemical Vapor
Deposition of 3. The quality of films grown by CVD from
organoplatinum precursors is usually improved, and the
deposition rate is often increased, by addition of oxidants or
reductants such as O2 or H2 to the gas stream, which react with
excess carbon to remove it as COx

5,8,106 or CxHy.
7,10 We find,

however, that addition of reactant gases such as O2 or H2 to a
flux of 3 has almost no effect on the deposition rate. This
finding suggests that the Pt surface generated from 3 is
poisoned in such a way that it is unable to activate these
molecules. We therefore investigated lowering the carbon
content of the films by employing a reactant that does not rely
on the catalytic ability of the platinum surface: atomic oxygen
generated by a low-power remote plasma.9 Using the same
cold wall equipment, we found that deposition from 3 at 330
°C in the presence of a remote oxygen plasma (see the
experimental section) also occurs with no nucleation delay,
and that the rate of deposition is increased to ∼220% of its
value in the absence of the plasma.

The purity, crystallinity, and resistivity of the film grown in
the presence of the oxygen plasma also show significant
improvements (Figure S8.3 and S8.4): the oxygen and carbon
contents are below the RBS detection limit (variously
estimated to be between 59 and 30%) vs the ∼50% carbon
content seen for the films grown from 3 in the absence of a
plasma. The films grown in the presence of the remote oxygen
plasma contain nanocrystalline platinum with crystalline
domains of ∼7 nm in size (Figure S8.4) and are reasonably
smooth: the rms roughness of 2.2 nm is comparable with the
1.7 nm value seen in the absence of the plasma (Figure 8). The
use of the oxygen plasma also lowers the resistivity from 830 to
450 μΩ·cm for a 12 nm film deposited on Al2O3. It may prove
possible to obtain films with even faster growth rates, lower
carbon contents, and lower resistivities by employing a
stronger plasma source or a different oxidant such as ozone.

Hot Wall Chemical Vapor Deposition of Thin Films
from 3. To obtain information about the chemistry that
occurs during the CVD growth from 3, CVD experiments were
performed in a static vacuum (∼10 mTorr) vertical hot wall
deposition system equipped with a liquid nitrogen-cooled
NMR tube107 to trap the organic byproducts.108 The precursor
reservoir was kept at 75−80 °C to achieve reasonable growth
rates, and the hot zone was heated either to 250 ± 10 or to 300
± 10 °C. At both temperatures, smooth and reflective films can
be grown on several different substrates (including silicon,
gold, and glass).
The morphology and composition of the films grown in the

static hot wall CVD apparatus are analogous to those obtained
in the cold wall experiments in the absence of an oxygen

Figure 8. (a) SEM image of a Pt film grown from the pentenyl compound 3 on silicon at 330 °C (thickness: 19 nm); (b) SEM image of a Pt film
grown from the pentenyl compound 3 on silicon at 330 °C in the presence of an oxygen plasma (thickness: 11 nm); (c) real-time ellipsometry
curve (at 2.65 eV) of Pt growth at 330 °C on SiO2/Si, VN, and Al2O3. The platinum precursor is introduced at the time of 0. The ellipsometry
signal responds immediately to the introduction of the precursor, which suggests that there is no nucleation delay on these three substrates; (d)
atomic force microscopy (AFM) image of a Pt film grown without and with oxygen plasma from the pentenyl compound 3 at 330 °C on an Al2O3
substrate.
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plasma (Figure S9.1−S9.6). Glancing angle XRD analysis
shows that the ∼300 nm thick films grown at 250 °C contain
nanocrystalline platinum, with crystalline domains ∼3.5 nm in
size. The X-ray photoelectron spectra (XPS) show that the
films grown on glass consist of 47% Pt, 40% C, and 13% O and
the films grown on gold consist of 56% Pt, 38% C, and 5% O
(the oxygen probably coming from postgrowth air exposure).
In addition, for a film grown at 250 °C on glass, the electrical
resistivity was 950 μΩ-cm, which is similar to the conductivity
of the films grown at 330 °C in the cold wall apparatus.
Quantitative 1H NMR spectroscopy shows that the principal

organic products generated at 250 °C under hot wall CVD
conditions are 4,4-dimethyl-1-pentene (0.40 equiv per mole of
3 consumed), 4,4-dimethyl-2-pentene (0.80 equiv), and 2,2-
dimethylpentane (0.24 equiv) (Figure S10.1−S10.7). Togeth-
er, these three products account for 72% of the carbon atoms
in 3. All of these products are generated by adding hydrogen
atoms to the 2,2-dimethylpentenyl ligands in 3. When this
CVD experiment is repeated in an apparatus whose surfaces
have been deuterated (by treatment first with 2 M NaOD in
D2O and then with 2 M DCl in D2O), the organic byproducts
contain no deuterium above natural abundance levels, as
judged by 2H NMR spectroscopy. This experiment shows that
the hydrogen that appears in the hydrogenated ligands does
not come from adventitious sources such as the walls of the
CVD chamber and must instead come from the precursor.
Together, these experiments show that, when 3 is thermolyzed
at 250 °C under CVD conditions, 72% of the pentenyl ligands
are converted to C7 products (4,4-dimethylpentene isomers
and 2,2-dimethylpentane) by acquiring hydrogen atoms from
the remaining 28% of the pentenyl ligands. In other words,
some of the pentenyl ligands must be dehydrogenated by C−H
bond activation, a process that readily occurs on Pt surfaces at
these temperatures.5,109−115

Most of the pentenyl ligands that are dehydrogenated under
CVD conditions at 250 °C are also released as volatile organic
products. Among these dehydrogenated byproducts are the C7
hydrocarbons 1,1-dimethyl-3-methylenecyclobutane (0.04
equiv per mole of 3 consumed), 1,3,3-trimethylcyclo-1-butene
(0.06 equiv), 2,4-dimethyl-1,3-pentadiene (0.08 equiv), 1,1-
dimethyl-2-methylenecyclobutane (0.06 equiv), and toluene
(0.02 equiv) (See Supporting Information, Section S10). For
all of these compounds, the dehydrogenation is accompanied
by a rearrangement of the pentenyl skeleton by means of
breaking and/or making C−C bonds. These dehydrogenated
C7 products, together with the small amount of isobutylene
and higher-molecular-weight (most likely C14) products
formed, account for 22% of the carbon atoms in 3. Combined
with the 72% of the carbon atoms in 3 that are released as
hydrogenated hydrocarbons, we find that 94% of the carbon
atoms are released during CVD as volatile byproducts; the
remaining 6% of the carbon atoms, or about one carbon atom
per Pt, remain in the Pt film. The finding that just under one
carbon atom per platinum is retained in the film is consistent
with the XPS results.
In summary, the NMR and XPS data enable us to determine

what happens to essentially all of the atoms in the precursor
under CVD conditions; the stoichiometry of the reaction is
shown in Scheme 1.
This product distribution is consistent with a mechanism in

which about a quarter of the dimethylpentenyl ligands
dehydrogenate on the surface.5,109−114 The liberated hydrogen
atoms combine on the surface with the other (nondehydro-

genated) dimethylpentenyl ligands to produce 4,4-dimethyl-
pentenes and 2,2-dimethylpentane, which dissociate from the
surface and are carried away.
In contrast, the dehydrogenated ligands have no easy

pathway to desorb from the surface because the 2,2-dimethyl
substituents block low-energy pathways such as β-hydrogen
elimination and formation of conjugated dienes. Other possible
dehydrogenation products, such as acetylenes or allenes, are
either not formed or are too strongly bound to the surface to
desorb. Instead, the only way in which the dehydrogenated
ligands from 2 can desorb from the surface is by undergoing
processes that involve making or breaking C−C bonds,
reactions that are known to occur on Pt surfaces.113,116 In
the present case, these skeletal rearrangements lead to the
desorption of methylenecyclobutanes, cyclobutenes, penta-
dienes, and toluene, as well as isobutylene.
We conclude this section with a comparison of the CVD

behavior of the unmethylated compound 1 and its β-stabilized
analog 3. In contrast to the byproduct distribution seen for 3
(which consists mostly of hydrogenated ligands), for the
unmethylated analog 1, both hydrogenated ligands (pentene
isomers) and dehydrogenated ligands (pentadiene isomers) are
generated in roughly equal amounts.35 A key attribute is that
both types of products (hydrogenated ligands and dehydro-
genated ligands) have low-energy pathways to form volatile
desorbates. The ease of removing both hydrogenated and
dehydrogenated ligands from the surface is consistent with the
relatively low carbon content (Pt/C ratio of ∼4.6:1) in the
films grown from 1 in the absence of co-reactants. Compared
to the CVD of 3, the rapid desorption of most of the ligands
during the CVD of 1 should generate a more active Pt surface,
which will catalyze additional deposition from 1. Such
autocatalytic behavior should lead to the formation of rough
films because growth is faster than nucleation. In fact, rough
films indicative of autocatalytic CVD are exactly what we see
for 1.35

Comparison of CVD Behavior of 3 and (C5H4Me)-
PtMe3. There are three important differences in the CVD of Pt
from 3 and from (C5H4Me)PtMe3: (1) CVD from 3 initiates
very rapidly, whereas growth from (C5H4Me)PtMe3 suffers
from lengthy nucleation delays, (2) co-flow of O2 or H2 has
almost no effect on the rate of the film deposition from 3, but
greatly increases the rate of deposition from (C5H4Me)PtMe3,

8

and (3) films obtained from 3 are very smooth, but those
obtained from (C5H4Me)PtMe3 are quite rough.
We attribute the difference in nucleation delay to the lability

of the alkenyl ligands in 3: specifically, we propose that
decomplexation of the olefin groups from Pt, which we know
has a low barrier, forms highly reactive Pt species90 that serve
as nucleation initiators. In contrast, (C5H4Me)PtMe3 is

Scheme 1. Fate of the Carbon and Hydrogen Atoms during
the CVD of the Films from the Pentenyl Precursor 3a

aThe products that are the result of skeletal rearrangements are
indicated with the wavy lines.
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kinetically very inert and has no low-energy pathways to break
a Pt−C bond; the result is a long nucleation delay in ALD and
a higher activation energy for growth in CVD.8

To explain the other two differences, we note that CVD
from organoplatinum precursors inevitably leads to the
formation of carbonaceous adsorbates, and such species in
turn are known to influence the reactivity of the surface.116,117

In this context, we know that 3 and (C5H4Me)PtMe3 leave a
similarly large amount of carbon impurities in the film when
used as single-source precursors.10,118 Thus, the difference
between these two precursors must not lie in the amount of
carbon generated, but instead must reflect a difference in its
chemical nature.
It is known that step sites on Pt surfaces are able to break

H−H and C−H bonds116,119 and promote the activation of
O2,

120 and that kink sites are able to break C−C as well as H−
H and C−H bonds.116 We propose that the inability of the Pt
films grown from 3 to activate O2 and H2 arises because the
step and kink sites become poisoned by the dehydrogenated
pentenyl ligands, which cannot desorb unless they undergo a
skeletal rearrangement. Although the kink sites can promote
C−C bond activation and can be reactivated when the
rearranged ligand desorbs, this reactivation is slow because the
skeletal rearrangement has a high barrier. When the reactivated
kink sites bind to another dehydrogenated ligand, they become
temporarily deactivated again. The net effect is that both the
step and kink sites are poisoned, so that the surface is largely
unable to chemisorb O2 or H2.
The poisoning can also explain why the films obtained from

this precursor are so smooth: the poisoning inhibits
autocatalytic deposition of 3, which is known to occur with
most Pt precursors. The resulting slower deposition rate,
combined with the fast nucleation rate, creates circumstances
in which growth occurs by constant renucleation, a mechanism
that is known to lead to enhanced film smoothness.121

Concluding Remarks.We have made three new platinum-
(II) compounds containing chelating ω-alkenyl ligands cis-
bis(η1,η2-2,2-dimethylbut-3-en-1-yl)platinum (2), cis-bis(η1,η2-
2,2-dimethylpent-4-en-1-yl)platinum (3), and cis-bis(η1,η2-2,2-
dimethylhex-5-en-1-yl)platinum (4). All three compounds are
dynamic in solution: the CC bonds reversibly decomplex at
rates that are fast on the NMR time scale, with the pentenyl
compound 3 showing the slowest decomplexation rates and
the greatest thermal stability.
In addition to being thermally stable under ambient

conditions, compound 3 is volatile and stable toward air and
water and as such is a potentially useful new CVD precursor
for platinum. At temperatures of 275−350 °C in vacuum, it
nucleates very well on SiO2/Si, Al2O3, and VN to deposit
highly smooth thin films; this behavior is unlike most other
platinum CVD precursors, which generally form large particles
due to nucleation delays and autocatalytic growth kinetics.
Compared to (C5H4Me)PtMe3, which exhibits long nucleation
delays in both CVD7 and ALD,28 deposition from 3 is
characterized by a much shorter nucleation delay. This effect is
probably a consequence of the availability of a low-barrier
process in 3 (initiated by olefin decomplexation) to initiate the
CVD mechanism; no such low-barrier process is available for
the (C5H4Me)PtMe3 precursor. The fast rate of nucleation for
3 also makes it a promising CVD precursor to deposit Pt
nucleation layers.
As is common for all organoplatinum CVD precursors, the

films obtained from 3 contain both platinum and some carbon

when the depositions are conducted in the absence of a co-
reactant. Interestingly, by employing a remote oxygen plasma,
the amount of carbon impurities is significantly reduced and
the resistivity of the films is lowered, without significantly
degrading the smooth film morphology. The formation of
carbon impurities is related to the reactions that 3 undergoes
under CVD conditions: activation of the C−H bonds of some
of the pentenyl ligands leads to the formation of surface
hydrogen atoms, which react with other ligands to generate
2,2-dimethylpentenes and 4,4-dimethylpentane. These hydro-
genated species desorb from the surface, but the dehydro-
genated 2,2-dimethylpent-4-en-1-yl ligands can desorb only by
undergoing higher-energy skeletal rearrangements and, as a
result, they deactivate surface sites that normally react with H2
or O2 and catalyze further deposition from 3. This behavior is
unlike that seen for other organoplatinum precursors, which
show no such poisoning effect. Further evidence in support of
a poisoning effect is that removal of the carbonaceous species
through the use of an oxygen plasma leads to faster growth
rates. The combination of fast nucleation and slow (i.e., non-
autocatalytic) growth is what is responsible for the highly
smooth films that are deposited from 3.122

All in all, the results provide an interesting example of how
ligand engineering can be used to develop CVD precursors
that afford films with desired properties. In addition to tuning
the reactivity of the precursor molecule itself, the design can
also dictate what organic groups are delivered onto the surface
and those groups can affect the film morphology by changing
the reactivity of the surface.

■ EXPERIMENTAL SECTION
All experiments were carried out in a vacuum or under an argon
atmosphere using standard Schlenk techniques unless otherwise
specified. All glassware was oven-dried before use. Solvents (pentane,
diethyl ether) were distilled under a nitrogen atmosphere from
sodium/benzophenone immediately before use. Magnesium turnings
(Fisher) were used as received. The compounds (COD)PtCl2,

123 4-
bromo-3,3-dimethyl-1-butene,124 (2,2-dimethylbut-3-en-1-yl)-
lithium,124 5-bromo-4,4-dimethyl-1-pentene,124 and 6-bromo-5,5-
dimethyl-1-hexene,124 were prepared as described elsewhere.
Benzene-d6 and toluene-d8 were purchased from Cambridge Isotope
Laboratories in 1 mL ampoules and used without purification.
SilicaFlash@P60 silica gel was purchased from Silicycle.

Elemental analyses were performed by the University of Illinois
Microanalytical Laboratory. The FTIR spectra were acquired on a
Thermo Nicolet IR200 spectrometer as mineral oil mulls between
KBr plates and processed using the OMNIC software package with
automatic baseline corrections. Melting points were acquired on a
Thomas−Hoover Uni-Melt apparatus in sealed capillaries under an
argon atmosphere. The 1D 1H, 2H, and 13C 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 Avance III HD spectrometer equipped with a 5 mm
BBFO CryoProbe at 11.74 T. The 1D 1H−1H NOE data and the
195Pt NMR data were recorded on a Varian Inova 600 spectrometer at
14.09 T. Chemical shifts are reported in δ units (positive shifts to
higher frequency) relative to tetramethylsilane (TMS) (1H, 13C), set
by assigning appropriate shifts to residual solvent signals or to an
external standard of aqueous 1.0 M K2PtCl6 (195Pt) by sample
replacement. X-ray crystallographic data were collected by the staff of
the G. L. Clark X-ray Laboratory at the University of Illinois. The gas
chromatography−mass spectrometry (GC−MS) spectra were col-
lected on a GC−MS system (Agilent Inc, Palo Alto, CA) consisting of
an Agilent 7890 gas chromatograph, an Agilent 5975 mass selective
detector, and a HP 7683B autosampler by the staff of the Roy J.
Carver Biotechnology Center at the University of Illinois. The peaks
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were evaluated using the AMDIS 2.71 (NIST, Gaithersburg, MD)
program and identified with the aid of the libraries NIST08 (NIST,
MD) and W8N08 (Palisade Corporation, NY).
Isothermal thermogravimetric analysis (TGA) data were collected

on a TA Instruments Q50 TGA system by the staff of the Materials
Research Laboratory at the University of Illinois. Dynamic TGA data
were collected on a Cahn TherMax 500 TGA instrument. SEM data
were collected on a Hitachi S-4800 High Resolution SEM instrument.
GI-XRD data were collected on a PANalytical MRD instrument and
processed with the JADE software package. XPS data were collected
on a PHI 5400 instrument and processed with the CasaXPS software
package. Before being analyzed, the films were treated with ozone for
1 min and then sputtered with Ar+ for 4 min to remove surface carbon
contamination arising from atmospheric exposure. Rutherford back-
scattering spectra were collected on a 3SDH Pelletron instrument.
Atomic force microscopy data were collected on a Cypher S AFM
microscope. Electrical conductivities were measured by the four-point
probe method.
cis-Bis(η1,η2-2,2-dimethylbut-3-en-1-yl)platinum (2). To a

solution of (COD)PtCl2 (0.28 g, 0.75 mmol) in diethyl ether (20
mL) at −78 °C was added (2,2-dimethylbut-3-en-1-yl)lithium124 (20
mL of a 0.09 M solution in pentane, 1.8 mmol). The mixture was
stirred at −78 °C for 5 h and was allowed to warm to −20 °C over 5
h. The solvents were slowly removed under vacuum, keeping the
temperature at −20 °C to prevent vaporization of the product. The
residue was extracted with pentane (2 × 20 mL), and the extracts
were filtered, combined, cooled to 0 °C, and quenched with H2O (5
drops). The resulting solution was dried over Na2SO4 at 0 °C, cooled
to −78 °C, and filtered. The filtrate was evaporated under vacuum at
−20 °C to give a brown oil. The product was purified by column
chromatography on silica gel with pentane as the eluent (Rf = 0.30).
Slow evaporation of the eluate at −20 °C gave the product as a white
solid, which melts to form a light yellow liquid at room temperature.
Yield: 0.16 g (58%). Anal. calcd for C12H26Pt: C, 39.9; H, 6.14.
Found: C, 40.3; H, 6.06. Mp ca. −15 °C. 195Pt {1H} NMR (129 MHz,
C7D8, 20 °C): δ −4019 (br, Cs isomer, relative intensity = 1), −4110
(br, C2 isomer, relative intensity = 2). At room temperature, the C2
and Cs isomers are exchanging rapidly: 1H NMR (500 MHz, C7D8, 20
°C): δ 4.39 (dd, 2 H, 3JHH = 15.3, 8.8 Hz, 2JPtH = 40.8 Hz, −CH),
3.67 (d, 2 H, 3JHH = 15.3 Hz, 2JPtH = 38.6 Hz, CH2), 3.46 (d, 2 H,
3JHH = 8.8 Hz, CH2), 1.08 (br, 12 H, 2-Me), 0.87 (br, 4 H, Pt-
CH2).

13C{1H} NMR (126 MHz, C7D8, 20 °C): δ 99.72 (br,
−CH), 74.69 (s, 1JPtC = 25.3 Hz, CH2), 37.76 (s, 2JPtC = 113.7
Hz, 2-C), 32.59 (s, 3JPtC = 40.6 Hz, 2-Me), 5.51 (s, 1JPtC = 614 Hz, Pt-
CH2).
Separate NMR peaks can be seen for the two isomers at low

temperatures: 1H NMR (500 MHz, C7D8, −60 °C): Major isomer: δ
4.39 (dd, 2 H, 3JHH = 15.2, 8.8 Hz, 2JPtH = 39 Hz, −CH), 3.65 (d, 2
H, 3JHH = 15.2 Hz, 2JPtH = 41 Hz, CH2), 3.51 (d, 2 H, 3JHH = 8.8
Hz, 2JPtH = 19 Hz,CH2), 1.32 (d, 2 H,

2JHH = 10 Hz, 2JPtH = 86 Hz,
Pt-CH2), 1.22 (s, 6 H, 2-Me), 1.07 (s, 6 H, 2-Me), 0.91 (d, 2 H, 2JHH
= 10.0 Hz, 2JPtH = 105 Hz, Pt-CH2).

13C{1H} NMR (126 MHz, C7D8,
20 °C): δ 97.37 (s, −CH), 74.76 (s, 1JPtC = 26 Hz, CH2), 37.82
(s, 2JPtC = 112 Hz, 2-C), 32.45 (s, 2-Me, 3JPtC cannot be obtained due
to peak overlapping), 32.45 (s, 3JPtC = 48 Hz, 2-Me, 3JPtC), 5.46 (s,
1JPtC = 610.0 Hz, 1-CH2).
Minor isomer: δ ∼4.37 (m, −CH), 3.78 (d, 2 H, 3JHH = 15.3 Hz,

2JPtH = 36 Hz, CH2), 3.25 (d, 2 H,
2JHH = 8.7 Hz, 2JPtH = 15 Hz, 

CH2), 1.29 (s, 6 H, 2-Me), ∼1.18 (d, 2 H, 2JHH = 10 Hz, 2JPtH = ∼70
Hz, Pt-CH2), 1.04 (s, 6 H, 2-Me), 0.78 (d, 2 H, 2JHH = 10 Hz, 2JPtH =
120 Hz, Pt-CH2).

13C{1H} NMR (126 MHz, C7D8, 20 °C): δ 100.80
(s, −CH), 74.93 (s, 1JPtC = 25 Hz, CH2), 37.54 (s, 2JPtC = 115
Hz, 2-C), 32.79 (s, 3JPtC = 56 Hz, 2-Me, 3JPtC), 32.50 (s, 2-Me, 3JPtC
cannot be obtained due to peak overlapping), 5.00 (s, 1JPtC = 608.0
Hz, 1-CH2).
Note: 2,2-dimethylbut-3-en-1-yllithium reacts with silicone grease,

so Krytox grease must be used in order to obtain appreciable yield for
current scale of reaction.124

(2,2-Dimethylpent-4-en-1-yl)magnesium Bromide. A 250
mL three-necked flask equipped with a water-cooled reflux condenser

was charged with magnesium turnings (4.0 g, 170 mmol), diethyl
ether (20 mL), and 1,2-dibromoethane (9 drops). The mixture was
heated to reflux for 12 h and then was treated with 5-bromo-4,4-
dimethylpent-1-ene (4.25 g, 24.0 mmol) in one portion while still hot.
The mixture was heated to reflux for a further 12 h and then was
filtered. The solid residue was extracted with diethyl ether (2 × 10
mL), filtering each time. The filtrates were combined to give a light
yellow solution, which was used in the next step. Yield: 24 mL of a
0.41 M solution (41%).

cis-Bis(η1,η2-2,2-dimethylpent-4-en-1-yl)platinum (3). To a
suspension of (COD)PtCl2 (1.50 g, 3.99 mmol) in diethyl ether (20
mL) at 0 °C was added (2,2-dimethylpent-4-en-1-yl)magnesium
bromide (23 mL of a 0.41 M solution in diethyl ether; 9.4 mmol)
dropwise with vigorous stirring. The mixture was stirred at 0 °C for 2
h and then was warmed to room temperature. The mixture was
filtered, and the solid was extracted with diethyl ether (20 mL). The
filtrate and the filtered extract were combined and then the solvent
was removed under vacuum. The resulting slurry was extracted with
pentane (2 × 20 mL). The extracts were filtered, combined, quenched
with water (5 drops), and dried over magnesium sulfate. Pentane was
removed on a rotary evaporator, and the product was purified by silica
gel column chromatography using pentane as the eluent (Rf = 0.57).
The removal of the solvent from the eluate gave a light yellow oil. The
oil was recrystallized from ethanol (∼0.2 mL) at −20 °C to give the
product as a light yellow solid. Yield: 0.99 g (64%). Anal. calcd for
C14H26Pt: C, 43.2; H, 6.73. Found: C, 42.9; H, 6.56. Mp ∼20 °C.
195Pt{1H} NMR (129 MHz, C7D8, 20 °C): δ −3777 (s). 1H NMR
(500 MHz, C7D8, 20 °C): δ 4.51 (m, 2 H, −CH), 3.57 (d, 2 H,
3JHH = 14.7 Hz, 2JPtH = 39.6 Hz, CH2), 3.40 (d, 2 H,

3JHH = 8.0 Hz,
2JPtH = 29.5 Hz, CH2), 2.25 (d, 2JHH = 11.8 Hz, 2JPtH = 36.6 Hz, 2
H, Pt-CH2 equatorial), 1.91 (dd, 2JHH = 11.4 Hz, 3JHH = 4.2 Hz, 2 H,
3-CH2 equatorial), 1.64 (d, 2JHH = 11.7 Hz, 2JPtH = 102.9 Hz, 2H, Pt-
CH2 axial), 1.47 (dd, 2JHH = 11.4 Hz, 3JHH = 9.6 Hz, 2 H, 3-CH2
axial), 1.24 (s, 6 H, 2-Me axial), 1.13 (s, 6 H, 4JPtH = 9.9 Hz, 2-Me
equatorial). 13C{1H} NMR (126 MHz, C7D8, 20 °C): δ 104.67 (s,
1JPtC = 16 Hz, −CH), 88.76 (s, 1JPtC = 29.4 Hz, CH2), 51.14 (s,
2-C), 48.69 (s, 3-CH2), 43.30 (s, 1JPtC = 843.6 Hz, 1-CH2), 33.08 (s,
3JPtC = 99.6 Hz, 2-Me equatorial), 31.99 (s, 3JPtC = 32.3 Hz, 2-Me
axial).

cis-Bis(η1,η2-2,2-dimethylhex-5-en-1-yl)platinum (4). This
compound was prepared from 6-bromo-5,5-dimethyl-1-hexene via
the Grignard reagent according to the procedure for synthesizing cis-
bis(η1,η2-2,2-dimethylpent-4-en-1-yl)platinum. After being purified by
column chromatography using pentane as the eluent (Rf = 0.50), it
was further purified by slow evaporation of pentane from an ethanol/
pentane solution at −78 °C. The resulting thermally sensitive yellow
crystals were collected and dried. Yield: 51 mg (10%). Anal. calcd for
C16H30Pt: C, 46.0; H, 7.24. Found: C, 46.2; H, 6.91. Mp 46−47 °C.
195Pt{1H} NMR (129 MHz, C7D8, 20 °C): δ −3778 (s, Cs isomer,
relative intensity =1), -3797 (s, C2 isomer, relative intensity = 5). 1H
NMR (500 MHz, C7D8, 20 °C): Major isomer: δ 4.28 (d, 2 H, 3JHH =
15 Hz, CH2), 4.14 (m, 2 H, −CH), 3.39 (d, 2 H, 3JHH = 9.1 Hz,
2JPtH = 34.2 Hz, CH2), 2.30 (d, 2JHH = 9.3 Hz, 2JPtH = 64 Hz, 2 H,
Pt-CH2 equatorial), 2.14 (m, 2 H, 4-CH2), 1.80 (d,

2JHH = 7 Hz, 2JPtH
= 105 Hz, 2H, Pt-CH2 axial), 1.55−1.75 (m, 4 H, 3-CH2 & 4-CH2),
1.20 (br, 2H, 3-CH2), 1.15 (br, 6 H, 2-Me equatorial), 1.00 (br, 6 H,
2-Me axial). 13C{1H} NMR (151 MHz, C7D8, 20 °C): δ 104.51 (br,
−CH), 82.86 (br, CH2), 46.66 (s, 1JPtC = 860.9 Hz, Pt-CH2),
40.07 (br, 2-C), 37.72 (s, 3JPtC = 97 Hz, 2-Me equatorial), 37.33 (br,
3JPtC = 20 Hz, 3-CH2), 28.86 (br, 2-Me axial), 28.05 (br, 4-CH2).

Minor isomer is not observable at room temperature, but a second
set of peaks are clearly shown in the 13C NMR spectrum in toluene-d8
at −30 °C (Figure S4.16). Major isomer: 13C{1H} NMR (151 MHz,
C7D8, −30 °C): δ 104.06 (br, −CH), 82.48 (br, CH2), 46.64 (s,
1JPtC = 853.85 Hz, Pt-CH2), 40.12 (br, 2JPtC = 38.82 Hz, 2-C), 37.87
(s, 3JPtC = 98.16 Hz, 2-Me equatorial), 36.78 (br, 3JPtC = 20 Hz, 3-
CH2), 28.73 (br, 2-Me axial), 27.91 (br, 4-CH2, JPtC = 14.15 Hz).
Minor isomer: 13C{1H} NMR (151 MHz, C7D8, −30 °C): δ 106.27
(br, −CH), 81.36 (br, CH2), 47.28 (s, Pt-CH2). Other
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resonances cannot be unambiguously identified due to peak
overlapping.
General Crystallographic Procedure. The following details

were common to all of the crystal structure determinations; for details
about individual compounds, see Supporting Information, Section S3.
Crystals mounted on glass fibers with either Krytox or Paratone oil
were transferred onto the diffractometer and kept at −173 °C in a
cold nitrogen gas stream. Intensity data were collected on a Bruker
Apex II diffractometer equipped with a CCD detector or a Bruker D8
Venture kappa diffractometer equipped with a Photon 100 CMOS
detector. Standard peak search and indexing procedures gave rough
cell dimensions. Data were collected with an area detector using the
measurement parameters listed in Table 1. The measured intensities
were reduced to structure factor amplitudes and their estimated
standard deviations by correction for background, scan speed, and
Lorentz and polarization effects. No corrections for crystal decay were
necessary. Systematically absent reflections were deleted and
symmetry equivalent reflections were averaged to yield the set of
unique data. The structure was solved by direct methods
(SHELXTL); subsequent least-squares refinement and difference
Fourier calculations revealed the positions of all of the non-hydrogen
atoms and the olefinic hydrogen atoms (for 2, 3, and 4) on the ω-
alkenyl ligands. The analytical approximations to the scattering factors
were used, and all structure factors were corrected for both real and
imaginary components of anomalous dispersion. The methyl groups
were allowed to rotate about the C−C axis to find the best least-
squares positions. The displacement parameters for methylene and
methine hydrogens were set equal to 1.2 times Ueq for the attached
carbon; those for methyl hydrogens were set to 1.5 times Ueq. In the
final cycle of least-squares, independent anisotropic displacement
factors were refined for the non-hydrogen atoms. Final refinement
parameters are given in Table 1. A final analysis of variance between
the observed and calculated structure factors showed no apparent
errors.

1H{1H} NOE Spectra of cis-Bis(η1,η2-2,2-dimethylpent-4-en-
1-yl)platinum (3). The 1D 1H{1H} NOE NMR spectra of 3 were
measured at −20 °C by means of a NOESY 1D experiment with a 500
ms mixing time. At this temperature, the olefin face exchange rate for
the Pt−olefin interaction is slow. The NOE results confirm the
assignments made on the basis of the magnitudes of the Pt−H
coupling constants. Thus, when the axial Pt-CH2 resonance at δ 1.59
was irradiated, sizable NOE signals are seen for the resonances at δ
2.21 and at δ 1.19, which are assigned to the equatorial Pt-CH2
resonance and the equatorial 2-Me resonances, respectively (Figure
S4.7). When the equatorial Pt-CH2 resonance at δ 2.21 was irradiated,
both methyl resonances show sizable NOEs. When the equatorial γ-
CH2 resonance at δ 1.89 was irradiated, the olefinic methine peak and
both methyl peaks show sizable NOEs.
Variable Temperature 1H NMR Spectra and NMR Simu-

lations. Simulations of variable temperature NMR line shapes to
determine the olefin face exchange rates were performed with the
program WINDNMR.85 Before the simulations were performed, the
experimental spectra were phased and baseline-corrected using the
NUTS software package (Acorn NMR Inc.).125 The chemical shift
difference between the slow-exchange resonances is linearly depend-
ent on temperature, and we assumed that the low-temperature trend
in the difference could be extrapolated to temperatures above the
coalescence point. The rates of exchange as a function of temperature
were determined from visual comparisons of the experimental spectra
with computed trial line shapes. At each temperature, the exchange
rate was the value that gave the best fit of the calculated to the
observed line shape. For a two-site exchange, the WINDNMR
package parameterizes the “rate” of exchange as the sum of the
forward and backward rate constants (kab + kba).

126 For a first-order
exchange between two sites of equal population, the actual rate
constant (i.e., either kab or kba) is half of this parameter. For a first-
order exchange between two sites of unequal population, the actual
rate constants are given by kab (i.e., leaving the a site) = (mole fraction
of the b site)(kab + kba) and similarly for kba.

Activation parameters were determined by fitting the rates as a
function of temperature to the Eyring equation. The errors in the rate
constants of ca. 20% were estimated on the basis of subjective
judgments of the sensitivities of the fits to changes in the rate
constants. The temperature of the NMR probe was calibrated using a
methanol temperature standard,127 and the estimated error in the
temperature measurements was 1 K. Uncertainties in the activation
parameters were estimated from propagation of error formulae.128

For the pentenyl compound 3, the 1H NMR spectra were collected
in toluene-d8 at 24 temperatures between 11 and 69 °C. The 1H
NMR line shapes of the resonances due to the diastereotopic β-Me
groups were simulated to extract the olefin face exchange rate. The
natural linewidth (FWHM = 2.6 Hz) was measured from the
resonance for the axial methyl group at −22 °C, a temperature at
which the exchange is in the slow-exchange limit. Because the
equatorial methyl resonance shows significant 195Pt−1H coupling, the
exchange rates in the slow-exchange regime (11−36 °C) were
determined by fitting the line shape of only the axial methyl
resonance. Above 36 °C, as coalescence is approached, the equatorial
methyl resonance is sufficiently broad that the 195Pt satellites are no
longer evident, but we found that we could successfully simulate the
line shapes in this temperature range by assigning the equatorial
methyl resonance an effective natural linewidth (FWHM) of 4.0 Hz.

For the butenyl and hexenyl compounds 2 and 4, analyses of the
variable temperature 1H NMR spectra are made more difficult by two
factors: both compounds exist in solution as a mixture of two isomers
and the peaks suffered from overlapping and coupling to 195Pt. We
found that it was far easier to simulate the variable temperature
13C{1H} NMR line shapes for exchange between the C2 and Cs

isomers. For 2 and 4, most of the 13C{1H} NMR resonances show
195Pt−13C coupling, but because couplings to the α-carbon resonances
for the C2 and Cs isomers are so large (1JPtC ∼600 Hz for 2 and ∼800
Hz for 4), the line shapes of the central features of these resonances
are well separated from (and unaffected by overlap with) their 195Pt
satellites. In addition, for 2, we also studied the olefinic methine
carbon resonances of the C2 and Cs isomers, which show no
195Pt−13C coupling.

For 2, the natural line widths of the 13C{1H} NMR resonances
(FWHM = 1.6 Hz for the Cs isomer and 2.2 Hz for the C2 isomer)
were taken from the 13C{1H} NMR spectrum at −62 °C, which is at
the slow-exchange limit. For 4, the slow-exchange natural linewidth of
the 13C{1H} NMR resonances (FWHM = 2.3 Hz) for the Cs isomer
was taken from the 13C{1H} NMR spectrum at −21 °C. Because the
resonance for the C2 isomer at −21 °C is broad (probably due to
slowing of ring conformational motion), the slow-exchange natural
line widths (FWHM = 2.4 Hz) for the C2 isomer were extrapolated
from the linewidth seen in the 13C{1H} NMR spectrum at −8 °C by
assuming that this resonance narrows at a lower temperature in the
same way as does the Cs isomer. The equilibrium constant K = [C2]/
[Cs] was measured by 1H NMR spectroscopy over temperatures (−83
to −41 °C for 2, −83 to 21 °C for 4) at which the two isomers are
slowly exchanging; the activation parameters obtained from a van’t
Hoff plot were used to extrapolate this equilibrium constant to higher
temperatures (Figure S6.2 and S6.14), and the resulting mole
fractions were used in the simulations.

For 3, the rate measured based on the line broadening of the
methyl resonances is actually the rate of converting one enantiomer of
the C2 isomer to the other. The rate of interest (olefin
decomplexation) corresponds to the rate of conversion of the C2
isomer to the Cs isomer, which based on the scheme below should be
twice of the rate of the interconversion between the C2 isomers,
because each time a C2 isomer is converted to a Cs isomer, it converts
to its enantiomer with a probability of 50%. Because the rate of
decomplexation is twice the measured rate, the entropy of activation
of decomplexation should be ∼1 eu larger than the value obtained by
fitting the measured rate to the Eyring equation.
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Volatility of cis-Bis(η1,η2-2,2-dimethylpent-4-en-1-yl)plati-
num (3). The vapor pressure and molar enthalpy of sublimation of
3 were measured from the isothermal evaporation rates by means of
the following equation, which is a modified version of the Langmuir
equation for free evaporation in vacuum:129

=p k m t T M(d /d ) /

where p is the vapor pressure, dm/dt is the mass loss rate, T is the
absolute temperature, andM is the molecular weight. The parameter k
is an instrument-specific factor that depends in a complex way on the
experimental conditions used to carry out the isothermal measure-
ments; its value can be determined by measuring the isothermal
evaporation rate of a calibration standard at different temperatures
and comparing the evaporation rate with the reported vapor pressure
at each temperature. Because 3 liquefies with gentle heating, 1-
methylnaphthalene (which is also a liquid at room temperature) was
chosen as the standard; from its reported temperature-dependent
vapor pressure130 and evaporation experiments conducted on our
instrument, we found that the parameter k has a value of 5.4 × 10−3

Torr K1/2 g3/2 mol1/2 min1.
The isothermal evaporation rate of 3 was measured on the same

instrument with the same purge gas flow rate, and from the calibration
we determined the vapor pressure as a function of temperature. A fit
of the data to the August equation131 gives log p = 6.19−2400/T
(pressure is in Torr and temperature is in K). For example, the vapor
pressure of 3 is 10 mTorr at 20 °C and 250 mTorr at 80 °C. The
vapor pressure of 3 at 80 °C is higher than the 45 mTorr vapor
pressure reported for the related platinum(II) dialkyl diolefin complex
(COD)PtMe2.

20

The molar enthalpy of sublimation ΔHvap was determined to be 11
± 2 kcal mol−1 from a fit of ln p to 1/T according to the Clausius−
Clapeyron equation

= −
Δ

p B
H

RT
ln vap

where B is a constant. The enthalpy of evaporation of 3 is similar to
that of 10.5 ± 0.3 kcal mol−1 for the commercial precursor
(C5H4Me)PtMe3.

7

Cold Wall CVD Experiments. CVD experiments were performed
in a cold wall high-vacuum chamber described elsewhere.99,100 The
precursor was loaded into a glass reservoir, which was kept at 75 °C
during deposition experiments. A flow rate of 20−30 sccm argon
(99.999%) was used as a carrier; the precursor was delivered into the
chamber through a 0.4 cm i.d. stainless steel tube pointing toward the
substrate. The total chamber pressure (Ar and precursor, measured by
the manometer attached to the chamber) was kept at 2 to 3 mTorr. A
remote microwave plasma source consisting of a 9.5 mm i.d. Pyrex
tube with a 2.45 GHz Evenson cavity located outside of the
chamber132 was used to generate atomic oxygen from research grade
dioxygen gas (99.999%). For these experiments, the flow of O2 was
regulated with a mass flow controller to establish a partial pressure in
the chamber of 1.5 mTorr. The net plasma power (forward minus
reflected) was 70 W.
Several different substrates were tested. 10 nm films of Al2O3 were

grown on Si (100) by ALD from trimethylaluminum and water at 80
°C. Vanadium nitride (VN) was grown by in situ CVD from
tetrakis(dimethylamido)vanadium and ammonia at 330 °C on Si
(100). Silicon (Si(100) with native oxide) and Al2O3 substrates were
cleaned by UV/ozone to remove ambient contaminations for 10 min
before loading into the chamber. All substrates were radiatively
heated. The temperatures were measured with a K-type thermocouple
attached to the sample holder.
The onset of nucleation was monitored by real-time spectroscopic

ellipsometry (SE), and the changes in the angle Ψ were reported at a
single energy, 2.65 eV, which provides the greatest sensitivity to the
onset of nucleation, as discussed previously.101 Film thickness was
measured by scanning electron microscopy (Hitachi 4800) and
Rutherford backscattering spectroscopy, RBS (3SDH Pelletron). The
film growth rates were calculated by dividing the RBS thickness by the

growth time. The carbon content in the films was measured by RBS.
Surface roughness was measured by atomic force microscopy (Asylum
Research Cypher) using a silicon nitride cantilever in contact mode.

Thermolysis of 3 in the Condensed State. The thermolysis of
3 in the condensed state begins at ∼145 °C and is largely complete by
175 °C, as judged by thermogravimetric analysis under an atmosphere
of N2. The final mass after pyrolysis is 45% of the original mass; for
comparison, 50% of the mass of 3 is Pt.

The ∼5% mass loss seen during the ∼10 min ramp to 120 °C
(Figure S7.5) is not due to thermolysis of 3 but can be ascribed to a
small amount of vaporization; thermolysis of 3 in C6D6 follows a
unimolecular decomposition mechanism with a first-order rate
constant of 9 × 10−4 min−1 at 120 °C,133 and at this rate it would
take much longer (∼60 min) for ∼5% of 3 to decompose at this
temperature.

We estimate that it will take ∼400 h at 75 °C and ∼200 h at 80 °C
for 5% of 3 to decompose.

Thermolysis of 3 under Static Vacuum CVD Conditions. To
collect and analyze quantitatively the gaseous products generated
under CVD conditions, 3 was thermolyzed under static vacuum (10
mTorr) in a previously described glass apparatus.107,134 This
apparatus consisted of a solvent reservoir, a precursor reservoir, a
vertical deposition zone, and an NMR tube. The apparatus was
modified from the previous design by placing four indentations in the
vertical hot zone so that a substrate could be coated during
thermolysis and subsequently analyzed to assess the film properties.
The hot zone was heated with heating tape and the temperature was
regulated with a variable transformer. Temperatures were measured
with a K-type thermocouple held next to the hot zone under the
heating tape. The residual protons of commercial C6D6 (99.5%) were
used as an integration standard. The concentration of protons in this
solvent (0.284 mmol g−1) was assessed by dissolving 1,2,4,5-
tetrachlorobenzene (32.7 mg, 0.151 mmol) in the C6D6 solvent
(0.959 g) and measuring the relative intensity of the 1H NMR signals,
employing a 150 s post-acquisition delay to eliminate integration
errors due to long relaxation times for the aromatic protons.

The solvent reservoir was charged with C6D6 (0.850 g), which was
degassed with 3 freeze−pump−thaw cycles; the solvent reservoir was
isolated from the rest of the apparatus until the deposition step was
complete. Because 3 is low melting, it is difficult to load into the
apparatus as the pure material. As a result, 3 (69.0 mg, 0.177 mmol)
was dissolved in pentane (5 mL) and the solution was transferred into
the precursor reservoir with a syringe. The pentane solvent was
carefully removed at 0 °C, a temperature at which the evaporation of
precursor is negligible. CVD growth was conducted at 250 ± 10 °C,
with the precursor reservoir maintained at 80 °C.

Byproducts from the thermolysis were trapped in the NMR tube,
which was cooled with liquid nitrogen. After the deposition was
complete, the known amount of C6D6 solvent was transferred into the
NMR tube.107,134 As judged from quantitation of the contents of the
NMR tube, all (105 ± 10%) of the protons in the precursor were
accounted for in the byproducts collected in the NMR tube,
indicating that all of the volatile products had been trapped. The
identities of the products were determined from their 1H, COSY, and
HSQC NMR spectra and GC−MS data (Figure S10.1−S10.9).

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03226.

Crystallographic data (CIF)
Crystallographic data (CIF)
Crystallographic data (CIF)
Crystallographic data (CIF)
Crystallographic data (CIF)
Syntheses and characterization of bromo(2,2-dimethyl-
but-3-en-1-yl)(1,5-cyclooctadiene)platinum (5), bis(η1-
2,2-dimethylbut-3-en-1-yl)(1,5-cyclooctadiene)platinum

Chemistry of Materials pubs.acs.org/cm Article

https://dx.doi.org/10.1021/acs.chemmater.0c03226
Chem. Mater. XXXX, XXX, XXX−XXX

N

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03226/suppl_file/cm0c03226_si_006.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03226/suppl_file/cm0c03226_si_006.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c03226?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03226/suppl_file/cm0c03226_si_001.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03226/suppl_file/cm0c03226_si_002.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03226/suppl_file/cm0c03226_si_003.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03226/suppl_file/cm0c03226_si_004.cif
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c03226/suppl_file/cm0c03226_si_005.cif
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c03226?ref=pdf


(6), and bis[η1-(2,2-dimethylcyclopentyl)methyl](1,5-
cyclooctadiene)platinum (7); details of crystallography
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