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ABSTRACT: Reactions of P((CH2)mCHCH2)3 (2.0 equiv;
m = 9 (f), 10 (g), 14 (k)) and PtCl2 in toluene give trans-
PtCl2(P((CH2)mCHCH2)3)2 (trans-1f,g,k; 63−49%).
Reactions of trans-1f,g with Grubbs first generation cata-
lyst (CH2Cl2/reflux) followed by hydrogenations (cat.
PtO2) afford chromatographically separable gyroscope-like

trans-PtCl2(P((CH2)n)3P) (trans-2f,g, 3−19%; from interli-

gand metathesis) and trans-PtCl2(P((CH2)n−1CH2)-

(CH2)nP((CH2)n−1CH2)) (trans-2′f,g, 25−12%; from inter-

and intraligand metathesis), where n = 2m + 2. Under analo-

gous conditions, trans-1k gives only cis-PtCl2(P((CH2)30)3P)
(cis-2k, 39%), but when o-C6H4Cl2 solutions are kept at 180 °C, trans-2k forms (quantitative by 31P NMR; 72% isolated).
In contrast, a similar sequence with the Hoveyda−Grubbs second generation catalyst gives only trans-2k (8%). The stability
order cis > trans is established for 1g and 2′f,g in CH2Cl2 (61−56:39−44; months at RT), but the opposite is found for 1g and
2′f in toluene (9−7:91−93) or 2′f in o-C6H4Cl2 (7:93). Thus, it is proposed that the conversion of trans-1k to cis-2k involves a
geometrical isomerization of the educt or an intermediate catalyzed by a species derived from Grubbs catalyst. The crystal
structures of trans-2g·THF and cis-2′f,g are determined and analyzed in detail.

■ INTRODUCTION

The design and synthesis of sterically protected molecular rotors
is under intense study in a number of laboratories.1−13 In many
cases, these are envisioned as components of various types of
molecular devices.14 In previous efforts, we have reported
ring-closing alkene metatheses of platinum bis(phosphine)
dichloride complexes of the formula trans-PtCl2(P-
((CH2)mCHCH2)3)2 (trans-1)

15 with Grubbs first generation
catalyst and subsequent hydrogenations.16,17 When m is 6−8,
gyroscope-like platinum complexes of the formula trans-

PtCl2(P((CH2)n)3P) (trans-2; n = 14 (c), 16 (d), 18 (e)) can
be isolated, where n is the number of carbon atoms in the meth-
ylene chains (n = 2m + 2).16,17 As shown in Scheme 1, these
feature cage-like, triply trans spanning dibridgehead diphos-
phine ligands.
In some cases, the yields of trans-2 are modest. However,

trigonal bipyramidal Fe(CO)3 adducts of the same dibridgehead
diphosphines (as well as homologues with fewer methylene
groups) can be similarly accessed in higher yields, as rationalized
elsewhere.18−20 Palladium analogues of trans-2 have also been
described.16,17 With all MCl2 adducts, rotation is fast on the
NMR time scale, even at −100 °C.

In all of the above reactions, varying amounts of isomeric

monoplatinum co-products, trans-PtCl2(P((CH2)n−1CH2)

(CH2)nP((CH2)n−1CH2)) (trans-2′a−c), have also been iso-

lated.17 Whereas trans-2a−c are derived from three-fold
interligand alkene metathesis, trans-2′a−c are derived from
combinations of intraligand (two-fold) and interligand (single-
fold) metathesis. The latter cyclization mode has also been seen
with other metal fragments. However, except for a few
octahedral systems with certain values of n,21,22 it is always a
minor pathway. Density functional theory (DFT) calculations
(gas phase) suggest that trans-2 is more stable than trans-2′ for
n < 16, but trans-2′ is more stable for n ≥ 20.23,24

We have sought to fully explore the topological space
associated with the preceding compounds, as well as the free
diphosphine ligands, and have systematically targeted various
types of stereoisomers that may be isolable.23,25 One of these,
trans-2″ in Scheme 1, is also derived from three-fold interligand
alkene metathesis, but two of the methylene chains “cross”, unlike
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the disposition in trans-2. A dimetallic adduct of a bridgehead
diphosphine and a free dibridgehead diphosphine dioxide with
crossed methylene chains have in fact been isolated.25,26

Another variable is the cis/trans sense at platinum. First
consider the educts 1. Only trans-1b−e, which lack permanent
dipolemoments, are obtained when the precursors are reacted in
the nonpolar solvent benzene.15 In contrast, cis-1b−g, which are
shown in Scheme 2 and have dipole moments, dominate when

syntheses are carried out in the polar solvent water.15,23 Related
phenomena have been observed with other bis(phosphine)
platinum dichloride complexes.27 In any event, cis-1b−g
undergo three-fold interligand alkene metathesis followed by
hydrogenation to give cis-2b−g (Scheme 2).23 For reasons
detailed elsewhere, such complexes are often referred to as
parachute-like23a counterpart to the gyroscope-like attribute
of trans-2. When kept in halobenzene solutions at 150−185 °C,
cis-2c,g isomerize to trans-2c,g.23 DFT calculations indicate the
gas-phase stability trend trans > cis for 2a−g.23
In this study, we sought to extend the syntheses of gyroscope-

like complexes trans-2 in Scheme 1 to higher values of n.
Questions to be addressed included the following: (1) Might
additional types of products, such as trans-2″, form? (2) How do
trans-2/trans-2′ selectivities vary? (3) Is the stability order trans-
2 > cis-2 maintained? Additional motivation was provided by
earlier observations that reactions of trans-2c,e and excesses of
appropriate nucleophiles liberate the dibridgehead diphosphines
3c,e, as shown in Scheme 3.28−30 These can serve as “container
molecules” for the selective transport of PtCl2 and PdCl2 away
from NiCl2.

30 It was thought that diphosphines with larger
macrocycles might exhibit complementary selectivities, as well
as other interesting chemistry.

■ RESULTS
Syntheses of the Title Compounds. The alkene

containing phosphines P((CH2)mCHCH2)3 were prepared

from PCl3 and Grignard reagents MgBr(CH2)mCHCH2)3 as
described earlier (m = 9)15,23 or by applying analogous protocols
to Grignard reagents with longer methylene chains (m = 10, 14;
Experimental Section). As shown in Scheme 4, PtCl2 and the
phosphines (2.0 equiv) were combined in the nonpolar solvent
toluene. Workups gave the new platinum complexes trans-
PtCl2(P((CH2)mCHCH2)3)2 (trans-1f,g,k) as yellow oils or
solids in 49−63% yields.
Complexes trans-1f,g,k and all other homogeneous new

species below were characterized by IR and NMR (1H, 13C{1H},
31P{1H}) spectroscopy. Satisfactory microanalyses were also
obtained. The 1JPPt values (2382−2375 Hz) were characteristic
of trans stereoisomers31 and much lower than those of cis-1a−g
(3511−3518Hz).23 Other spectroscopic properties were similar
to those of the lower homologues in Scheme 1.
As shown in Scheme 4, dilute CH2Cl2 solutions of the

two complexes with shorter methylene chains, trans-1f,g
(ca. 0.00057 M), and Grubbs first generation catalyst (12.4
mol % or 4.1 mol % per CC) were refluxed. The crude
reactionmixtures were filtered through alumina and then treated
with H2 (5 bar) and PtO2 (5 mol %) at 50 °C. In each case, two
monoplatinum products could be isolated by silica gel column
chromatography, trans-2f,g and trans-2′f,g. These paralleled
those obtained in the earlier work in Scheme 1. However, with
trans-2f and trans-2′f, the latter dominated (3% vs 25%). This
represents the first time a complex derived from intraligand and
interligand metathesis has preferentially formed from a non-
octahedral educt.
Careful efforts to detect other monoplatinum products were

unsuccessful.32 Thus, the low mass balance was presumed to
reflect the formation of oligomers and polymers, which would be
retained on the column. The structures of trans-2′f,g were
evidenced by a diagnostic pattern of 13C NMR signals (two sets
of n/2 signals in a ca. 2:1 area ratio) and supported by the crystal
structures of their cis isomers below. Readers are referred to
earlier papers for analyses of additional NMR properties.16,17,23

An analogous reaction sequence for the complex with the
longest methylene chain, trans-2k, is presented in Scheme 5
(top). However, analogous products were not obtained. Rather,
a single monoplatinum adduct could be isolated in 39% yield.

Scheme 1. Three-Fold Ring-Closing Metatheses of trans-1c−e: Syntheses of Gyroscope-like Complexes trans-2c−e

Scheme 2. Three-Fold Ring-Closing Metatheses of cis-1b−g:
Syntheses of Parachute-like Complexes cis-2b−g

Scheme 3. Syntheses of Dibridgehead Diphosphines 3c,e
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It exhibited a much larger 1JPPt value (3530 vs 2389−2307 Hz),
suggesting a cis coordination geometry and the parachute-like
complex cis-2k, as proven by additional experiments below. This
result was reproduced by two co-workers several times
(although in one case, a minor coproduct was detected).
Given the thermodynamic relationships established below,

this requires a species on the trans-1k to cis-2k reaction
coordinate that is more stable as a cis isomer (in CH2Cl2) and an
accessible mechanism for isomerization. Thus, a 31P{1H} NMR
spectrum of the soluble crude metathesis product prior to
hydrogenation was recorded (CDCl3; Figure S2, Supporting
Information). As usual, numerous signals were observed, with
some presumably reflecting a distribution of E/ZCC isomers.
These included two prominent singlets at 1.5 and 2.5 ppm and a
cluster near 5.5 ppm. Based upon chemical shift trends,34 the last
group can be confidently assigned to trans P−Pt−P isomers and
the first singlet to a cis P−Pt−P isomer.
When analogous experiments were conducted, but 31P{1H}

NMR spectra were recorded prior to complete metathesis, there
were additional signals in the 1.5 ppm region, consistent with the
presence of cis-1k (Figure S1). However, in no spectra were any
platinum satellites (1JPPt) resolved. When trans-1kwas subjected
to the initial conditions in Scheme 5, but in the absence of
Grubbs catalyst, it was recovered unchanged. However, some
cis-1k could be detected after weeks at room temperature (vide
infra).
The interconversion of cis/trans isomers of platinum(II)

complexes is known to be catalyzed by both phosphines and
anions,35−37 either of which can be supplied by Grubbs first
generation catalyst. Although Hoveyda−Grubbs-type catalysts
have always given inferior preparative results in ring-closing
metatheses of the types in Scheme 1, the NHC containing
second generation version lacks a phosphine ligand. Accordingly, a
parallel sequence was conducted as shown in Scheme 5 (bottom).
Now trans-2k was exclusively obtained, albeit in only 8% yield.
Additional analyses are provided in the discussion section.
Thermal Equilibrations. In order to provide context for the

first step in Scheme 5, various thermolyses were carried out, with
the goal of effecting equilibrations. First, an o-C6H4Cl2

(o-dichlorobenzene) solution of cis-2k was kept at 180 °C and
monitored by 31P{1H} NMR. Clean isomerization to gyroscope-
like trans-2kthe product initially expected in Scheme 5was
observed. Workup after 48 h gave trans-2k in 72% yield (1JPPt =
2364 Hz). This result is in line with analogous isomerizations of
cis-2c,g (Scheme 2) to trans-2c,g reported earlier, as well as
extensive gas-phase DFT calculations.23

Next, room temperature CH2Cl2 solutions of the educts trans-
1f,g were monitored by 31P {1H} NMR for several months.
As shown in Scheme 6 (top) and Figures 1 and 2, 40−60%

conversions to cis-1f,g15,23 (very) gradually occurred.
An analogous experiment with trans-1g in toluene gave only a
9% conversion to cis-1g. When this sample was kept at 100 °C
for 2 days, no further reaction occurred. Hence, it is concluded
that the isomerization of trans-1g is thermodynamically
unfavorable in the less polar medium toluene but favorable in
the more polar medium CH2Cl2. The isomerization of trans-1f
appears slightly unfavorable in CH2Cl2, suggesting a modest
dependence of the equilibrium upon the methylene chain length.

Scheme 4. Syntheses of Title Complexes with n = 20 and 22

Scheme 5. Syntheses of Title Complexes with n = 30

Scheme 6. Additional Thermal Isomerizations
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Analogous experiments were conducted with CH2Cl2 and
toluene solutions of trans-2′f,g. As shown in Scheme 6 (bottom)
and Figures 3 and 4, 58−56% conversions to cis-2′f,g were

observed in CH2Cl2 but only a 7% conversion to cis-2′f in
toluene. When the last sample was kept at 100 °C for 2 days,
no further reaction occurred. The toluene was replaced by
o-C6H4Cl2 and the sample kept at 150 °C for 2 days. Again, no
further reaction occurred. Hence, toluene and o-C6H4Cl2 are
insufficiently polar to shift the equilibrium toward the cis
isomers. These results are in line with gas-phase DFT calcula-
tions reported earlier.23

Crystal Structures. In view of the potential for interesting
structural features, efforts were made to crystallize all of the
cyclic compounds in Schemes 4−6. Crystals of a THF solvate of
gyroscope-like trans-2g, and two complexes representing the

alternative ring-closing metathesis mode, cis-2′f,g, were grown,
as described in the Experimental Section. X-ray data were
collected and the structures solved, as summarized in Table S1
and the Experimental Section. The molecular structures are
depicted in Figures 5 and 6. Key bond lengths and angles are
given in Table 1.

Complex trans-2g represents the gyroscope-like complex with
the largest macrocycles (25-membered) that has been struc-
turally characterized to date. The THF molecule is sandwiched
between two macrocycles, as opposed to occupying the cavity of
only one. The structure illustrates two limiting modes by which
increasingly larger macrocycles can fill space. The left most
macrocycle in either view can be considered “horizontally
extended” with an “all anti” (CH2)9 segment emanating from
each phosphorus atom (torsion angle range 180.0(4) to
169.7(4)°); average 176.5°). The ninth methylene group then
initiates a gauche C−C−C−C linkage (torsion angles 65.2(6)
and 60.6(6)°), several of which are necessary for closing any
carbocyclic ring. The other macrocycles extend somewhat in
the (vertical) direction of the P−Pt−P axis, as reflected by two
Pt−P−C−C linkages with anti conformations (torsion angles
178.3(3) and 179.2(3)°). This leads to particularly spacious
macrocycle cavities, as seen in the space-filling representation in
the toc graphic.
As is evident from Figure 6, cis-2′f,g adopt quite similar solid

state conformations, with several homologous gauche/anti
sequences. Furthermore, both crystallize in the space group

Figure 1. Isomerization of trans-1f (blue diamond) to cis-1f (orange
diamond) in CH2Cl2 at RT (62:38 after 151 days).

Figure 2. Isomerization of trans-1g (blue diamond or maroon circle) to
cis-1g (orange diamond or green circle) in CH2Cl2 or toluene at
RT (39:61 or 91:09 after 195 days).

Figure 3. Isomerization of trans-2′f (blue diamond ormaroon circle) to
cis-2′f (orange diamond or green circle) in CH2Cl2 or toluene at
RT (42:58 or 93:07 after 187 or 86 days).

Figure 4. Isomerization of trans-2′g (blue diamond) to cis-2′g (orange
diamond) in CH2Cl2 at RT (44:56 after 161 days).

Figure 5. Thermal ellipsoid plot (50% probability) of trans-2g·
THF (top) and view along the P−Pt−P axis (bottom).
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P21/c with Z = 4. Accordingly, the unit cell dimensions are
similar, with the volume of the former being slightly smaller
(6246.7 vs 6798.9 Å3). The greatest difference is found in the
lengths of the a axes (24.5316(12) vs 26.533(3) Å), the direc-
tions of which nearly coincide with the long dimensions of the
roughly elliptical macrocycles in Figure 6.
The bond lengths and angles in Table 1 fall within standard

ranges. However, the platinum−phosphorus bonds that are
trans to phosphorus atoms are distinctly longer than those that
are trans to chlorine atoms (2.3199(11)−2.3100(11) Å vs
2.263(4)−2.2468(15) Å), and the platinum−chlorine bonds
that are trans to phosphorus atoms are distinctly longer than
those that are trans to chlorine atoms (2.3717(16)−2.359(4) Å
vs 2.3125(11)−2.3099(11) Å). These trends follow logically
from the trans influence and are paralleled in other series of
related complexes.38,39

■ DISCUSSION
The results in Schemes 4 and 5 establish that an upper limit has
not yet been reached with respect to macrocycle sizes in
gyroscope-like complexes accessed by three-fold intramolecular
alkene metatheses. Extensions beyond the 30 three-membered
rings in trans-2k would seemingly only require α,ω-haloalkene

building blocks X(CH2)mCHCH2 with m ≥ 14, for which
viable synthetic routes exist.40,41 This also augurs well for the
availability of increasingly larger dibridgehead diphosphines of
the type 3 (Scheme 3). In terms of trans-2/trans-2′ selectivities,
the ratios appear highest (considering Schemes 1, 4, and 5
together) when n/2 is an odd integer. This curious trend is also
evident with octahedral coordination geometries.21,22

However, the initial formation of the parachute-like complex
cis-2k (Scheme 5) represents a complication with respect to
future extensions. On a positive note, there seems to be a
beneficial effect upon yield relative to those of trans-2f,g in
Scheme 4, and the subsequent thermal isomerization to trans-2k
is spectroscopically quantitative. Importantly, the isomerizations
of the model compounds in Scheme 6 and Figures 1−4 show
that cis isomers are generally favored in CH2Cl2, with the solvent
for the metatheses and hydrogenations in Schemes 4 and 5.
However, equilibrations require months at room temperature
and should not be appreciably accelerated under the reflux con-
ditions of the metatheses.
The detection of some cis adducts among the crude

metathesis products, as well as the apparent trans/cis isomer-
ization of the educt 1k, supports the well-precedented35,37

possibility of a phosphine-catalyzed isomerization that can be
avoided with the Hoveyda−Grubbs second generation catalyst.
This poses the question as to why analogous phenomena are not
seen with the reactions in Scheme 1, which in several cases were
carefully scrutinized for cis products. Although it represents an
extrapolation from only two points, the data for trans-1f,g
(Figures 1 and 2) seem to indicate that, in CH2Cl2, trans-1
becomes progressively more favored as the methylene chains are
shortened.
Grubbs catalyst has often been applied in toluene42−44 and

occasionally in haloarenes.21−23,45,46 Thus, another test of the
preceding interpretation would be to conduct analogous
metatheses in these less polar solvents. However, in preliminary
experiments, themetathesis withGrubbs first generation catalyst
in Scheme 5 was much slower in toluene, even at higher catalyst
loadings (conversion still incomplete after 7 days).
Another open question is whether it will prove possible, with

increasing methylene chain lengths, to access additional types of
isomers, such as the topologically novel species trans-2″ in
Scheme 1. As noted above, such chain crossing has now been
documented in derivatives of dibridgehead diphosphines 3 that
lack P−M−P linkages.25,26 All that seemingly would be needed
are methylene bridges that are sufficiently long to accommodate
both a svelte Cl−Pt−Cl moiety and a methylene chain. Toward
this end, the macrocycle size in trans-2g already seems adequate.
However, there are additional considerations. On the reaction

coordinate to gyroscope-like complexes trans-2, the final ring-
closing step involves the bicyclic intermediate I with syn
(CH2)mCHCH2 chains shown in Figure 7. In contrast, the
final ring-closing step en route to trans-2″may entail the bicyclic
intermediate II, with “mismatched” anti (CH2)mCHCH2
chains. This insight suggests a more sophisticated synthetic
approach, inspired by an earlier synthesis of a related diphosphine
complex III (n = 14) that features two anti-pentafluorophenyl
groups.33 The optimum precursor to trans-2″ would be IV, in
which the aryl groups of III have been replaced by (CH2)mCH
CH2 moieties. A subsequent reaction with Grubbs catalyst is
certain to give oligomers, but some amount of trans-2″ would
(after hydrogenation) logically be anticipated. The challenge is
to realize a viable route to IV, possibly from an analogue of III
with appropriate anti P−X groups.

Figure 6. Thermal ellipsoid plots (50% probability) of cis-2′f (top) and
cis-2′g (bottom).

Table 1. Key Crystallographic Bond Lengths (Å) and Angles
(deg)

trans-2g·THF cis-2′f cis-2′g
Pt−P 2.3100(11) 2.2576(15) 2.251(4)

2.3199(11) 2.2468(15) 2.263(4)
Pt−Cl 2.3099(11) 2.3717(16) 2.367(4)

2.3125(11) 2.3590(16) 2.359(4)

P−Pt−P 177.06(4) 103.90(6) 104.35(14)
P−Pt−Cl 93.97(4) 84.93(6) 83.59(16)

86.29(4) 84.16(6) 84.31(13)
85.91(4) 171.62(6) 170.67(15)
93.86(4) 169.94(6) 172.03(14)

Cl−Pt−Cl 179.59(5) 87.25(6) 87.81(15)
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In summary, this study has greatly expanded the range ofm/n
dimensions available to the types of platinum complexes
in Schemes 1 and 2. The new monophosphine ligands
P((CH2)mCHCH2)3 can also likely be applied to other
metals and coordination geometries to yield numerous new
gyroscope-like complexes, with enhanced possibilities for
topologically novel coproducts. These and related themes will
be the subject of future studies from this laboratory.

■ EXPERIMENTAL SECTION
General.All reactions except hydrogenations were conducted under

inert atmospheres using standard Schlenk techniques. Chemicals were
treated as follows: hexanes, CH2Cl2, toluene, and THF dried and
degassed using a Glass Contour solvent purification system; o-C6H4Cl2,
distilled under reduced pressure and degassed; CDCl3 (Cambridge
Isotope Laboratories), magnesium turnings (Aldrich, 98%), anhydrous
PtCl2 (ABCR, 99.9%), PCl3 (Merck, 99%), NH4Cl (Mallinckrodt
Chemicals, 99.9%), Grubbs first generation catalyst ((Cy3P)2
Ru(=CHPh)Cl2; Aldrich, 97%), Hoveyda−Grubbs second generation

catalyst ((H2IMes)Ru(CHC6H4(o-OCH(CH3)2)Cl2, H2IMes =
1,3-dimesityl-4,5-dihydroimidazol-2-ylidene; Aldrich, 97%), PtO2
(Aldrich, 99.9%), 16-bromo-1-hexadecene (Amadis Chemical, 95%),
SiO2 (Silicycle), and neutral Al2O3 (Macherey-Nagel), used as received.
NMR spectra were recorded on a Varian NMRS 500 MHz instru-

ment at ambient probe temperatures and referenced as follows (δ, ppm):
1H, residual internal CHCl3 (7.26);

13C{1H}, internal CDCl3 (77.16);
31P{1H}, external H3PO4 (0.00). IR spectra were recorded on a Shimad-
zu IRAffinity-1 spectrometer with a Pike MIRacle ATR system
(diamond/ZnSe crystal). Melting points were recorded using a Stan-
ford Research Systems MPA100 (OptiMelt) automated apparatus.
Microanalyses were conducted by Atlantic Microlab, Inc.
P((CH2)10CHCH2)3. A round-bottom flask was charged with

Br(CH2)10CHCH2 (5.014 g, 20.3 mmol)47 and degassed (3× freeze−
pump−thaw). THF (25 mL) was added, the mixture was cooled to 0 °C,
and magnesium turnings (0.984 g, 40.5 mmol) were added with stirring.
After 1 h, the cooling bath was removed. The mixture was stirred
overnight and then filtered (glass frit). The filtrate was cooled to 0 °C.
A solution of PCl3 (0.49 mL, 5.6 mmol) in THF (10 mL) was added
dropwise via syringe over 5 min. After 1 h, the cooling bath was removed.
The mixture was stirred overnight and again cooled to 0 °C. Aqueous
NH4Cl (20 mL) was added dropwise over 5 min. After 1 h, the cooling
bath was removed. The mixture was stirred for 2 h and the colorless
aqueous phase removed via syringe. The solvent was removed from the
organic phase by rotary evaporation, and CH2Cl2 (10 mL) was added.
The solution was filtered under a nitrogen atmosphere through a short
pad of silica gel (5 × 3 cm), which was washed with CH2Cl2 (100 mL).
The solvent was removed by oil pump vacuum to give P((CH2)10
CHCH2)3 (2.036 g, 3.82 mmol, 68%) as a greenish yellow oil.

NMR (CDCl3, δ/ppm): 1H (500 MHz) 5.80 (ddt, 3H, 3JHHtrans =
17.0 Hz, 3JHHcis = 10.1 Hz, 3JHH = 6.8 Hz, CH), 4.98 (br d, 3H,
3JHHtrans = 17.1 Hz, CHEHZ), 4.92 (br d, 3H, 3JHHcis = 10.2 Hz, 
CHEHZ), 2.07−1.99 (m, 6H, CH2CH), 1.45−1.21 (m, 54H,
remaining CH2);

13C{1H}48 (126 MHz) 139.0 (s, CH), 114.0
(s, CH2), 33.8 (s, CH2CH), 31.4 (d, 3JCP = 10.6 Hz,
PCH2CH2CH2), 29.53 (s, CH2), 29.48 (s, CH2), 29.4 (s, CH2), 29.3
(s,CH2), 29.1 (s,CH2), 28.9 (s,CH2), 27.2 (d,

2JCP = 12.4Hz, PCH2CH2),
25.8 (d, 1JCP = 12.6 Hz, PCH2);

31P{1H} (202 MHz) −31.0 (s).
P((CH2)14CHCH2)3.THF (30mL), Br(CH2)14CHCH2 (7.085 g,

23.3 mmol), magnesium turnings (1.162 g, 48.4 mmol), a solution of
PCl3 (0.56 mL, 6.46 mmol) in THF (10 mL), and aqueous NH4Cl
(20 mL) were combined in a procedure analogous to that given for
P((CH2)10CHCH2)3. An identical workup gave P((CH2)14CH
CH2)3 (2.090 g, 4.13 mmol, 64%) as a greenish yellow oil.

NMR (CDCl3, δ/ppm): 1H (500 MHz) 5.83 (ddt, 3H, 3JHHtrans =
17.0 Hz, 3JHHcis = 10.3 Hz, 3JHH = 6.7 Hz, CH), 5.00 (br d, 3H,
3JHHtrans = 17.0 Hz, CHEHZ), 4.94 (br d, 3H, 3JHHcis = 10.8 Hz, 
CHEHZ), 2.09−2.01 (m, 6H, CH2CH), 1.46−1.20 (m, 78H,
remaining CH2);

13C{1H}48 (126 MHz) 139.2 (s, CH), 114.1
(s, CH2), 33.8 (s, CH2CH), 31.5 (d, 3JCP = 10.3 Hz,
PCH2CH2CH2), 29.70 (s, CH2), 29.69 (s, 2 × CH2), 29.64 (s, CH2),
29.58 (s, CH2), 29.5 (s, CH2), 29.41 (s, CH2), 29.37 (s, CH2), 29.17
(s, CH2), 29.0 (s, CH2), 27.2 (d, 2JCP = 11.6 Hz, PCH2CH2), 25.9
(d, 1JCP = 12.6 Hz, PCH2);

31P{1H} (202 MHz) −25.7 (s).
trans-PtCl2(P((CH2)9CHCH2)3)2 (trans-1f). A Schlenk flask was

charged with P((CH2)9CHCH2)3 (1.596 g, 3.25 mmol),15 toluene
(10 mL), and PtCl2 (0.433 g, 1.63 mmol) with stirring. After 48 h, the
mixture was concentrated to ca. 2 mL and placed at the top of a silica
column (3.5 × 20 cm), which was eluted with hexanes/CH2Cl2 (90:10
to 80:20 v/v) and then CH2Cl2. The solvent was removed from the
product fractions by oil pump vacuum to give trans-1f (0.821 g, 1.02
mmol, 63%) as a pale yellow oil. Anal. Calcd (%) for C66H126Cl2P2Pt
(1247.67): C, 63.54; H, 10.18; found C, 63.80; H, 10.34.

NMR (CDCl3, δ/ppm): 1H (500 MHz) 5.80 (ddt, 6H, 3JHHtrans =
17.0 Hz, 3JHHcis= 10.2 Hz, 3JHH = 6.7 Hz, CH), 4.99 (br d, 6H,
3JHHtrans= 17.1 Hz, CHEHZ), 4.92 (br d, 6H, 3JHHcis = 10.3 Hz, 
CHEHZ), 2.09−1.98 (m, 12H, CH2CH), 1.87−1.77 (br m, 12H,
PCH2), 1.60−1.51 (br m, 12H, PCH2CH2), 1.45−1.21 (m, 72H,
remaining CH2);

13C{1H}48 (126 MHz) 139.2 (s, CH), 114.1 (s,
CH2), 33.8 (s, CH2CH), 31.2 (virtual t,50 3JCP = 6.48 Hz,
PCH2CH2CH2), 29.5 (s, 2 × CH2), 29.22 (s, CH2), 29.15 (s, CH2),
28.9 (s, CH2), 23.7 (s, PCH2CH2), 20.4 (virtual t,50 1JCP = 16.3 Hz,
PCH2);

31P{1H} (202 MHz) 5.09 (s, JPPt = 2375 Hz51); IR (cm−1,
powder film) 2924 (s), 2855 (m), 1458 (m), 718 (m).

trans-PtCl2(P((CH2)10CHCH2)3)2 (trans-1g). Toluene (10 mL),
P((CH2)10CHCH2)3 (1.529 g, 2.87 mmol), and PtCl2(0.382 g,
1.44 mmol) were combined in a procedure analogous to that for
trans-1f. An identical workup gave trans-1g (1.186 g, 0.891 mmol, 62%)
as a pale yellow oil. Anal. Calcd (%) for C72H138Cl2P2Pt (1331.83): C,
64.93; H, 10.44; found C, 65.21; H, 10.54.

NMR (CDCl3, δ/ppm): 1H (500 MHz) 5.79 (ddt, 6H, 3JHHtrans =
17.0 Hz, 3JHHcis = 10.1 Hz, 3JHH = 6.7 Hz, CH), 4.98 (br d, 6H,
3JHHtrans = 17.1 Hz, CHEHZ), 4.91 (br d, 6H, 3JHHcis = 10.3 Hz, 
CHEHZ), 2.06−1.99 (m, 12H, CH2CH), 1.87−1.77 (br m, 12H,
PCH2), 1.59−1.50 (br m, 12H, PCH2CH2), 1.45−1.33 (m, 24H, 2 ×
CH2), 1.32−1.20 (m, 60H, remaining CH2);

13C{1H}48 (126 MHz)
139.1 (s, CH), 114.1 (s, CH2), 33.8 (s, CH2CH), 31.2 (virtual
t,50 3JCP = 6.5 Hz, PCH2CH2CH2), 29.6 (s, CH2), 29.5 (s, 2 × CH2),
29.22 (s, CH2), 29.17 (s, CH2), 28.9 (s, CH2), 23.6 (s, PCH2CH2),
20.4 (virtual t,50 1JCP = 16.1 Hz, PCH2);

31P{1H} (202 MHz) 4.69
(s, 1JPPt = 2382 Hz51); IR (cm−1, powder film) 2924 (s), 2847 (m),
1458 (m), 718 (m).

trans-PtCl2(P((CH2)14CHCH2)3)2 (trans-1k). Toluene (10 mL),
P((CH2)14CHCH2)3 (1.614 g, 2.30 mmol), and PtCl2(0.3061 g,
1.151 mmol) were combined in a procedure analogous to that for trans-
1f. An identical workup gave trans-1k (0.941 g, 0.564 mmol, 49%) as a
light yellow solid, mp (capillary) 57 °C. Anal. Calcd (%) for
C96H186Cl2P2Pt (1668.48): C, 69.11; H, 11.24; found C, 69.12; H, 11.41.

Figure 7. Additional relevant structures.
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NMR (CDCl3, δ/ppm): 1H (500 MHz) 5.82 (ddt, 6H, 3JHHtrans =
17.0 Hz, 3JHHcis = 10.1 Hz, 3JHH = 6.6 Hz, CH), 5.00 (br d, 6H,
3JHHtrans = 17.1 Hz, CHEHZ), 4.93 (br d, 6H, 3JHHcis = 10.9 Hz, 
CHEHZ), 2.09−2.01 (m, 12H, CH2CH), 1.88−1.80 (m, 12H,
PCH2), 1.61−1.52 (m, 12H, PCH2CH2), 1.45−1.35 (m, 24H, CH2),
1.34−1.20 (m, 108H, remaining CH2);

13C{1H}48 (126 MHz) 139.2
(s, CH), 114.1 (s, CH2), 33.8 (s, CH2CH), 31.2 (virtual t,50
3JCP = 6.5 Hz, PCH2CH2CH2), 29.71 (s, 2 × CH2), 29.74 (s, 2 × CH2),
29.67 (s, CH2), 29.58 (s, CH2), 29.56 (s, CH2), 29.3 (s, CH2), 29.2
(s, CH2), 27.0 (s, CH2), 23.7 (s, PCH2CH2), 20.4 (virtual t,

50 1JCP = 16.1
Hz, PCH2);

31P{1H} (202 MHz) 4.69 (s, JPPt = 2379 Hz51); IR (cm−1,
powder film) 2916 (s), 2850 (m), 1465 (m), 911 (m), 717 (m).

trans-PtCl2(P(CH2)20)3P) (trans-2f) and trans-PtCl2-

(P((CH2)19CH2)(CH2)20P((CH2)19CH2)) (trans-2′f). A Schlenk flask

was charged with trans-1f (0.545 g, 0.437 mmol), Grubbs first
generation catalyst (0.0444 g, 0.054 mmol, 12.4 mol %), and CH2Cl2
(750mL; the resulting solution is 0.00058M in trans-1f) and fitted with
a condenser. The solution was refluxed with stirring (48 h). The solvent
was removed by oil pump vacuum, and CH2Cl2 was added. The sample
was passed through a short pad of neutral alumina, rinsing with CH2Cl2.
A Fischer−Porter bottle was charged with the filtrate (reduced to
20mL), PtO2 (0.0200 g, 0.088mmol), andH2 (5 bar). Themixture was
kept at 50 °C (venting H2 to maintain 5 bar) and stirred (48 h).
The solvent was removed by oil pump vacuum. The residue was placed
at the top of a silica column (3.5 × 26 cm), which was eluted with
hexanes (1000 mL) and then hexanes/CH2Cl2 (10:1 to 6:1 v/v).
The solvent was removed from the product fractions by rotary
evaporation to give trans-2f (0.0175 g, 0.015 mmol, 3%) and trans-2′f
(0.1263 g, 0.108 mmol, 25%) as pale yellow waxy oils that solidified
after 48−72 h.
Data for trans-2f: mp 47 °C (capillary). Anal. Calcd (%) for

C60H120Cl2P2Pt (1169.55): C, 61.62; H, 10.34; found C, 61.40; H,
10.40.
NMR (CDCl3, δ/ppm): 1H (500MHz) 1.90−1.75 (m, 12H, PCH2),

1.70−1.58 (m, 12H, PCH2CH2), 1.50−1.38 (m, 12H, PCH2CH2CH2),
1.38−1.19 (m, 84H, remaining CH2);

13C{1H}48 (126 MHz) 30.9
(virtual t,50 3JCP = 6.8 Hz, PCH2CH2CH2), 28.9 (s, CH2), 28.71
(s,CH2), 28.66 (s, CH2), 28.46 (s, CH2), 28.45 (s,CH2), 28.1 (s, CH2),
28.0 (s, CH2), 23.6 (s, PCH2CH2), 20.6 (virtual t,50 1JCP = 16.2 Hz,
PCH2);

31P{1H} (202 MHz) 5.06 (s, 1JPPt = 2307 Hz51); IR (cm−1,
powder film) 2916 (s), 2847 (m), 1458 (m), 718 (m).
Data for trans-2′f: mp 66 °C (capillary). Anal. Calcd (%) for

C60H120Cl2P2Pt (1169.55): C, 61.62; H, 10.34; found C, 61.89; H, 10.46.
NMR (CDCl3, δ/ppm): 1H (500 MHz) 2.06−1.89 (m, 6H, PCH2),

1.88−1.53 (m, 24H, PCH2CH2CH2), 1.52−1.21 (m, 90H, remaining
CH2);

13C{1H}48 (126 MHz) 31.2 (virtual t,50 3JCP = 6.8 Hz,
PCH2CH2CH2), 30.7 (virtual t,50 3JCP = 6.3 Hz, 2PCH2CH2CH2),
29.24 (s, CH2), 29.17 (s, CH2), 28.9 (s, 2CH2), 28.8 (s, CH2), 28.5
(s, 2 × 2CH2), 28.3 (s, CH2/2CH2), 28.1 (s, 2CH2), 28.01 (s, 2CH2),
27.97 (s, CH2), 27.6 (s, 2CH2), 27.4 (s, CH2), 27.3 (s, CH2), 24.5
(s, PCH2CH2), 23.0 (s, 2PCH2CH2), 22.2 (virtual t,

50 1JCP = 16.4 Hz,
PCH2), 19.3 (virtual t,

50 1JCP = 16.3 Hz, 2PCH2);
31P{1H} (202 MHz)

4.93 (s, 1JPPt = 2375Hz
51); IR (cm−1, powder film) 2916 (s), 2844 (m),

1459 (m), 716 (m).

trans-PtCl2(P(CH2)22)3P) (trans-2g) and trans-PtCl2-

(P((CH2)21CH2)(CH2)22P((CH2)21CH2)) (trans-2′g). Grubbs first

generation catalyst (0.0427 g, 0.052 mmol, 12.4 mol %), trans-1g
(0.557 g, 0.418 mmol), CH2Cl2 (750 mL; the resulting solution is
0.00056 M in trans-1g), PtO2 (0.0201 g, 0.088 mmol), and H2 (5 bar)
were combined in a procedure analogous to that given for trans-2f and
trans-2′f. An identical workup gave trans-2g (0.1015 g, 0.081 mmol,
19%) and trans-2′g (0.0652 g, 0.052mmol, 12%) as pale yellow oils that
solidified after 48−72 h.
Data for trans-2g: mp 47 °C (capillary). Anal. Calcd (%) for

C66H132Cl2P2Pt (1253.71): C, 63.23; H, 10.61; found C, 63.53;
H, 10.77.
NMR (CDCl3, δ/ppm): 1H (500 MHz) 1.88−1.80 (br m, 12H,

PCH2), 1.63−1.55 (br m, 12H, PCH2CH2), 1.45−1.39 (br m, 12H,

PCH2CH2CH2), 1.36−1.24 (br m, 96H, remaining CH2);
13C{1H}48

(126 MHz) 31.1 (virtual t,50 3JCP = 6.6 Hz, PCH2CH2CH2),
29.2 (s, CH2), 29.0 (s, CH2), 28.91 (s, CH2), 28.88 (s, CH2), 28.7
(s, CH2), 28.4 (s, CH2), 28.3 (s, CH2), 28.1 (s, CH2), 23.7
(s, PCH2CH2), 20.6 (virtual t,50 1JCP = 16.2 Hz, PCH2);

31P{1H}
(202 MHz) 4.85 (s, 1JPPt = 2389 Hz51); IR (cm−1, powder film) 2916
(s), 2847 (m), 1458 (m), 718 (m).

Data for trans-2′g: mp 53 °C (capillary). Anal. Calcd (%) for
C66H132Cl2P2Pt (1253.71): C, 63.23; H, 10.61; found C, 63.46; H, 10.78.

NMR (CDCl3, δ/ppm): 1H (500 MHz) 2.01−1.90 (m, 6H, PCH2),
1.82−1.75 (m, 6H, PCH2), 1.68−1.54 (m, 12H, PCH2CH2),
1.47−1.37 (m, 12H, PCH2CH2CH2), 1.30−1.22 (m, 96H, remaining
CH2);

13C{1H}48 (126 MHz) 31.2 (virtual t,50 3JCP = 6.76 Hz,
PCH2CH2CH2), 30.8 (virtual t,50 3JCP = 6.76 Hz, 2PCH2CH2CH2),
29.31 (s, CH2), 29.25 (s, CH2), 29.2 (s, CH2), 29.1 (s, 2CH2), 28.91
(s, CH2), 28.86 (s, 2CH2), 28.64 (s, 2 × 2CH2), 28.63 (s, 2CH2), 28.48
(s, CH2), 28.45 (s, 2CH2), 28.1 (s, 2CH2), 28.0 (s, CH2), 27.91
(s, CH2), 27.88 (s, 2CH2), 27.5 (s, CH2), 24.3 (s, PCH2CH2), 23.0
(s, 2PCH2CH2), 22.0 (virtual t,

50 1JCP = 16.6 Hz, PCH2), 19.4 (virtual t,
50

1JCP = 16.6 Hz, 2PCH2);
31P{1H} (202MHz) 4.85 (s, 1JPPt = 2369 Hz

51);
IR (cm−1, powder film) 2916 (s), 2847 (m), 1458 (m), 718 (m).

cis-PtCl2(P(CH2)30)3P) (cis-2k). Grubbs first generation catalyst
(0.0138 g, 0.017 mmol, 8.9 mol %), trans-1k (0.3125 g, 0.187 mmol),
CH2Cl2 (600mL; the resulting solution is 0.00031M in trans-1k), PtO2
(0.0164 g, 0.072 mmol), and H2 (5 bar) were combined in a procedure
analogous to that given for trans-2f. An identical workup gave cis-2k
(0.1159 g, 0.073 mmol, 39%) as a white solid, mp (capillary) 153.6 °C.
Anal. Calcd (%) for C90H180Cl2P2Pt (1590.36): C, 67.97; H, 11.41;
found C, 67.88; H, 11.53.

NMR (CDCl3, δ/ppm): 1H (500MHz) 2.05−2.91 (m, 12H, PCH2),
1.60−1.50 (m, 12H, PCH2CH2), 1.46−1.37 (m, 12H, PCH2CH2CH2),
1.34−1.21 (m, 144H, remaining CH2);

13C{1H}48 (126 MHz) 31.2
(virtual t,50 3JCP = 7.1 Hz, 4C, PCH2CH2CH2), 29.70 (s, CH2), 29.65
(s,CH2), 29.6 (s, 2×CH2), 29.5 (s, CH2), 29.4 (s, CH2), 29.3 (s, CH2),
29.0 (s, CH2), 28.8 (s, CH2), 28.6 (s, CH2), 28.4 (s, CH2), 28.2
(s, CH2), 24.8 (br s, PCH2CH2), 24.6 (br s, PCH2);

31P{1H} (202 MHz)
1.8 (s, 1JPPt = 3530 Hz51); IR (cm−1, powder film) 2916 (s), 2850 (m),
1465 (m), 717 (m).

trans-PtCl2(P(CH2)30)3P)(trans-2k). A: A Schlenk flask was
charged with cis-2k (0.0685 g, 0.043 mmol) and o-C6H4Cl2 (10 mL)
and heated to 180 °C. The isomerization was monitored by 31P{1H}
NMR. After 48 h, conversion was complete. The solvent was removed
by oil pump vacuum. The residue was chromatographed (silica column,
3 × 20 cm, 6:1 v/v hexanes/CH2Cl2). The solvent was removed from
the product fractions by rotary evaporation and oil pump vacuum to
give trans-2k as a pale yellow waxy oil, which solidified after 24 h
(0.0495 g, 0.031 mmol, 72%): mp (capillary) 46 °C. Anal. Calcd (%)
for C90H180Cl2P2Pt (1590.36): C, 67.97; H, 11.41; found C, 67.83; H,
11.58. B: A Schlenk flask was charged with trans-1k (0.5382 g,
0.323 mmol), the Hoveyda−Grubbs second generation catalyst
(0.0255 g, 0.041 mmol, 12.7 mol %), and CH2Cl2 (750 mL; the
resulting solution is 0.00043M in trans-1k) and fitted with a condenser.
The solution was refluxed with stirring (48 h). The solvent was
removed by oil pump vacuum, and CH2Cl2 was added. The sample was
passed through a short pad of neutral alumina, rinsing with CH2Cl2.
A Fischer−Porter bottle was charged with the filtrate (reduced to
20mL), PtO2 (0.0186 g, 0.082mmol), andH2 (5 bar). Themixture was
kept at 50 °C (venting H2 to maintain 5 bar) and stirred (48 h).
The solvent was removed by oil pump vacuum. The residue was placed
at the top of a silica column (3.5 × 26 cm), which was eluted with
hexanes (1000 mL) and then hexanes/CH2Cl2 (10:1 to 6:1 v/v).
The solvent was removed from the product fractions by rotary
evaporation to give trans-2k (0.0411 g, 0.026 mmol, 8%) as a pale
yellow waxy oil that solidified after 48−72 h.

NMR (CDCl3, δ/ppm): 1H (500MHz) 1.89−1.80 (m, 12H, PCH2),
1.62−1.53 (m, 12H, PCH2CH2), 1.46−1.39 (m, 12H, PCH2CH2CH2),
1.36−1.23 (m, 144H, remaining CH2);

13C{1H}48 (126 MHz) 31.2
(virtual t,50 3JCP = 6.8 Hz, PCH2CH2CH2), 29.6 (s, 2 × CH2), 29.54
(s, CH2), 29.48 (s, CH2), 29.34 (s,CH2), 29.28 (s,CH2), 29.2 (s, CH2),
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29.1 (s, CH2), 29.0 (s, CH2), 28.8 (s, CH2), 28.72 (s, CH2), 28.65
(s, CH2), 23.7 (s, PCH2CH2), 20.5 (virtual t,

50 1JCP = 16.2 Hz, PCH2);
31P{1H} (202 MHz) 4.73 (s, 1JPPt = 2364 Hz51); IR (cm−1, powder
film) 2916 (s), 2847 (m), 1458 (m), 718 (m).
Equilibration Experiments. The following are representative.

A (Figure 2): An NMR tube was charged with trans-1g (0.0065 g,
0.0049 mmol) and CH2Cl2 (0.7 mL). 31P{1H} NMR spectra were
periodically recorded (after 195 days, δ/ppm): 4.99 (s, 1JPPt =
2382 Hz,51 trans-1g, 39%), 0.96 (s, 1JPPt = 3515 Hz,51 cis-1g, 61%).
B (Figure 2): An NMR tube was charged with trans-1g (0.0064 g,
0.0048 mmol) and toluene (0.7 mL). 31P{1H} NMR spectra were
periodically recorded (after 195 days, δ/ppm): 5.21 (s, 1JPPt =
2385 Hz,51 trans-1g, 91%), 1.18 (s, 1JPPt = 3518 Hz,51 cis-1g, 9%).
The tube was kept at 100 °C for 2 d. The sample was cooled, and 31P
{1H} NMR spectra were recorded (δ/ppm): 5.21 (s, 1JPPt = 2380 Hz,51

trans-1g, 91%), 1.18 (s, 1JPPt = 3513 Hz,51 cis-1g, 9%). C (Figure 3):
An NMR tube was charged with trans-2′f (0.0059 g, 0.0050 mmol) and
toluene (0.7 mL). 31P{1H} NMR spectra were periodically recorded
(after 86 days, δ/ppm): 4.93 (s, 1JPPt = 2374 Hz,

51 trans-2′f, 93%), 1.33
(s, 1JPPt = 3515 Hz,51 cis-2′f, 7%). The tube was kept at 100 °C for 2
days. The sample was cooled, and 31P{1H} NMR spectra were recorded
(δ/ppm): 5.20 (s, 1JPPt = 2380 Hz,51 trans-2′f, 93%), 1.17 (s, 1JPPt =
3513 Hz,51 cis-2′f, 7%). The solvent was removed by rotary
evaporation, and o-C6H4Cl2 (0.7 mL) was added. The tube was kept
at 150 °C for 2 days. The sample was cooled, and 31P{1H}NMR spectra
was recorded (δ/ppm): 5.27 (s, 1JPPt = 2380 Hz,

51 trans-2′f, 93%), 1.33
(s, 1JPPt = 3514 Hz,51 cis-2′f, 7%).
Crystallography. A. A THF solution of trans-2g was allowed to

slowly concentrate. After 7 days, colorless blocks were obtained. Data
were collected as outlined in Table S1. Cell parameters were obtained
from 45 frames using a 1° scan and refined with 164 010 reflections.
Integrated intensity information for each reflection was obtained by
reduction of the data frames with the program APEX3.52 Lorentz and
polarization corrections were applied. Data were scaled, and absorption
corrections were applied using the program SADABS.53 The space
group was determined from systematic reflection conditions and
statistical tests. The structure was refined (weighted least-squares
refinement on F2) to convergence,54−56 which revealed a THF mole-
cule for each trans-2gmolecule. Olex257 was employed for the final data
presentation. Non-hydrogen atoms were refined with anisotropic
thermal parameters. Hydrogen atoms were fixed in idealized positions
using a riding model. Some carbon atoms exhibited elongated thermal
ellipsoids, suggesting disorder. For C57−C60, the disorder could be
modeled between two positions (occupancy ratio of 61:39); appro-
priate restraints were used to keep the metrical parameters meaningful.
The absence of additional symmetry or voids was confirmed using
PLATON (ADDSYM).58 B. A CH2Cl2 solution of trans-2′f was
allowed to slowly concentrate. After 16 days, colorless thin plates of cis-
2′f were obtained (NMR spectra showed both isomers in solution).
Data were collected (64 049 reflections), and the structure was solved
as inA.C. A CH2Cl2 solution of trans-2′gwas allowed to slowly concen-
trate. After 15 days, colorless plates of cis-2′g were obtained. Data were
collected (123 992 reflections), and the structure was solved as in A.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.organomet.8b00345.

31P{1H} NMR spectra of the crude product from the
metathesis step in Scheme 5; 1H, 13C{1H}, and 31P{1H}
NMR spectra of new compounds; table of crystallo-
graphic data (PDF)

Accession Codes
CCDC 1834628 and 1834649−1834650 contain the supple-
mentary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/
cif, or by emailing data_request@ccdc.cam.ac.uk, or by

contacting The Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: gladysz@mail.chem.tamu.edu.
ORCID
Sugam Kharel: 0000-0001-6106-4639
Hemant Joshi: 0000-0002-7616-0241
John A. Gladysz: 0000-0002-7012-4872
Author Contributions
†S.K. and H.J. contributed equally to this work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank the U.S. National Science Foundation (CHE-
1566601) for support.

■ REFERENCES
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