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The synthesis and structural characterization of a series of tripodal tris(phosphine) ligands, containing
SiMe2 elbow groups, is described. The significant steric congestion in these ligands, due to the
silylmethyl substituents, is manifest both in the solid-state structures and in the solution NMR spectra
of the free ligands. Variable temperature 1H{31P} NMR studies of one of the ligands,
CH3C(SiMe2PEt2)3 (4b) gave an estimated barrier to rotation around the Si–Capical bonds of
approximately 10.4 kcal mol−1. Octahedral j2- and j3-molybdenum complexes of these ligands also
demonstrate the impact of the additional bulk imparted by the SiMe2 substituents, and the high Lewis
basicity of these phosphines, with subtle changes at the apical and phosphine substituents changing the
overall coordination chemistry observed.

Introduction

Multidentate phosphine ligands play an important role in
transition metal coordination chemistry and catalysis.1 Among
these multifunctional, chelating ligands, tripodal tris(phosphine)
compounds such as triphos (1,1,1-tris(diphenylphosphino-
methyl)ethane, 1)2 have been exhaustively exploited and studied,1,3

due to the significant control they can offer over coordination
environments at a metal centre, by anchoring three ancillary
phosphine groups in mutually cis positions on one face of the
metal. Considerable effort has been devoted to tailoring this useful
ligand structure for a wide range of applications: tris(phosphine)
tripods have been prepared with modified apical groups,4 apical
pendant groups,5 and pendant substituents at phosphorus.6 How-
ever, the only examples of tripodal polyphosphines with other
than –CH2– groups a to phosphorus in the chelate backbone
are compounds 27 and 3a,8,9 and the potential impact of such
modified elbow groups on the coordination chemistry of tripodal
tris(phosphine) ligands remains relatively unexplored. Also, de-
spite the prevalence of triphos-derived ligands in coordination
chemistry, relatively few complexes of this popular tripodal
framework with dialkyl substituents at phosphorus have been
reported. We present here the synthesis and characterization of a
series of tripodal tris(phosphine) ligands containing SiMe2 elbow
groups, including both Ph and Et substituents at phosphorus,
and an evaluation of the electronic and steric properties of these
bulky triphos analogues based on their molybdenum coordination
chemistry.
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Results

Ligand synthesis and characterization

Bulky triphos analogs 3a–b and 4a–b were prepared as outlined in
Scheme 1. 1,1,1-Tris(dimethylsilyl)ethane (5b) was not previously
described in the literature, despite its structural similarity to the
core of carbon-based triphos, CH3C(CH2PPh2)3 (1). The Si–Br
bonds in 6a–b were substituted by three equivalents of lithium
diphenyl- or diethylphosphide to give compounds 3a–b and 4a–b
in good yield.10

Fig. 1 and 2 show molecular structures determined for crystals
of the methyl-capped tripods 6b and 3b (see Table 1 for selected
bond lengths and angles). A key feature of the solid-state structures
of H-capped tripods 6a and 3a is a widening and flattening of the
tripodal trisilylmethane core, in particular relative to the solid-
state structure of HC(CH2PPh2)3,11 which complements tripod
conformation in minimizing interactions between silylmethyl
elbow groups on adjacent arms of the tripods.9 However, solid-
state structures of the Me-capped tripods 6b (Br-substituted) and
3b (PPh2-substituted) do not exhibit this “splaying”, despite the
presence of the SiMe2 elbows. The average Si–Capical–Si angles in
6b and 3b are both 110.6◦, and, accordingly, the central carbon
in these Me-capped tripods is approximately 0.2 Å further from
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Scheme 1

Fig. 1 Molecular structure of CH3C(Me2SiBr)3, 6b. Shown is one of two
enantiomeric forms, present in equal abundance in the crystal lattice.

Fig. 2 Molecular structure of CH3C(SiMe2PPh2)3, 3b.

the plane containing the three silicon atoms than in 6a and 3a:
0.600(7) Å in 6b and 0.602(2) Å in 3b. Thus the repulsions between
HMe(apical) and HSiMe in methyl-capped 6b and 3b do not allow

distortion of the tetrahedral core. The resulting crowding renders
the relative conformations of tripod arms in the methyl-capped
compounds more sensitive than those in the corresponding H-
capped tripods to the size of the non-methyl substituents at silicon,
i.e. H, Br, PEt2, PPh2. For example, the solid-state structure of
methyl-capped, Br-substituted tripod 6b has a threefold rotation
axis coincident with the apical CH3–C bond (Fig.1, symmetry
operations are given in footnote a of Table 1). One methyl group
on each silicon elbow in 6b points down toward the base of
the tripod, approximately anti to the apical CH3–C bond, while
the second methyl group points back toward the bromine atom
on an adjacent arm. This “gearing” of the silyl methyl groups
around the threefold central axis minimizes the interactions of
these groups both with each other and with the apical methyl
substituent. The H-capped, Br-substituted tripod 6a adopts a
more relaxed, unsymmetric, syn-anti-anti conformation, but an
analogous, geared, C3-symmetric structure is observed for the H-
capped tripod 3a, with its larger PPh2-substituents.9a Meanwhile,
for the Me-capped, PPh2-substituted tripod 3b, gearing of SiMe
groups and bulky PPh2 substituents is not sufficient to offset
interactions between these groups and the methyl group at the apex
of this tetrahedral Si3 tripod. Dihedral angles of −42◦, −46◦, and
85◦ between the apical methyl carbon and the three phosphorus
atoms in C1-symmetric 3b give rise to the slightly “staggered”
structure illustrated in Fig. 3. Two of the diphenylphosphine

Table 1 Selected bond lengths and angles for Me-capped tripods 6b and
3b

6ba, CH3C(SiMe2Br)3 3b, CH3C(SiMe2PPh2)3

Bond lengths/Å
C1–C2 1.577(11) C1–C2 1.567(3)
C1–Si 1.905(2) C1–Si1 1.923(2)

C1–Si2 1.911(2)
C1–Si3 1.918(2)

Si–Br 2.2670(10) Si1–P1 2.3151(9)
Si2–P2 2.2948(9)
Si3–P3 2.3063(9)

Si–C3 1.890(6) Si1–C3 1.874(3)
Si–C4 1.814(7) Si1–C4 1.871(3)

Si2–C5 1.868(3)
Si2–C6 1.882(2)
Si3–C7 1.870(2)
Si3–C8 1.872(2)

Bond angles/◦

Si–C1–Si′ 110.6(2) Si1–C1–Si2 110.03(11)
Si1–C1–Si3 109.69(11)
Si2–C1–Si3 112.09(11)

Br–Si–C1 109.38(5) P1–Si1–C1 107.60(7)
P2–Si2–C1 112.26(7)
P3–Si3–C1 107.77(7)

Br–Si–C3 103.60(18) C11–P1–C21 104.64(11)
C31–P2–C41 101.34(11)
C51–P3–C61 101.32(11)

Torsional angles/◦

Br–Si–C1–C2 83.29(8) P1–Si1–C1–C2 −42.07(15)
P2–Si2–C1–C2 85.41(15)
P3–Si3–C1–C2 −46.50(15)

a Primed atoms are related to unprimed ones via the rotational symmetry
operation (1 − y, x − y, z); double-primed atoms are related to unprimed
ones via the operation (1 − x + y, 1 − x, z) (both operations represent
opposite-handed one-third rotations about the crystallographic threefold
rotational axis (2/3, 1/3, z)).
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Fig. 3 Views illustrating C1 symmetry and the distinct environments for
SiMe groups in the molecular structure of 3b.

substituents in 3b (P1 and P3) are canted in the same direction
(counter-clockwise), while the third phosphine fragment (P2) has
the opposite cant (clockwise). This arrangement distinguishes P1

by placing it in a relatively unhindered environment, with the
phenyl groups pointing out and away from the bulk of the tripod
core. The remaining phosphine substituents (P2, P3) are canted
towards each other, which alleviates the crowding of SiMe2 groups
on these two arms of the tripod, with a partial “gearing” of the
four phenyl groups, similar to that seen for 3a. For the arms
bearing P2 and P3, one methyl group on each silicon atom is
anti relative to the CH3–C bond (MeA), while the second methyl
group is approximately gauche (MeB). The SiMe groups on the
third tripod arm (MeC) are staggered between those on the other
two arms, which optimizes the distance between the methyl and
phenyl substituents. Silicon-phosphorus bond lengths in 3b are
1–2% longer than those in 3a, which is also consistent with the
increased congestion around the core of 3b. 31P{1H}NMR spectra
of 3b in d8-toluene at low temperature are consistent with a ground
state solution structure analogous to this solid-state structure (see
Electronic Supporting Information (ESI) for details).†

Also sensitive to the combined steric influence of substituents
at the tripod apex and elbows are the barriers to tripod arm
rotation around the Capical–Si bonds for these compounds in
solution, as illustrated in Scheme 2. While 1H NMR spectroscopy
of H-capped tripod 6a (Br-derivative) shows a sharp singlet for
the SiMe2 protons even when the sample is cooled to 183 K,
consistent with rapid arm rotation, the SiMe2 signal in the 1H
NMR of compound 6b (Me-capped, Br-derivative) in toluene-
d8 shows some broadening when the sample is cooled, which
suggests that simply replacing the apical hydrogen in 6a with a
methyl group increases the barrier to rotation around the tripod

Scheme 2

arms. The increase is not large enough to allow resolution of
non-equivalent chemical shifts for distinct SiMe groups at low
temperature (183 K). Low temperature 1H NMR spectra of the H-
capped, PEt2-substituted tripod 4a show slight broadening of the
SiMe2 signal similar to that observed for 6b, while the SiMe2 signal
for Me-capped, PEt2-substituted 4b decoalesces into two broad
singlets of equal intensity, similar to the decoalescence previously
observed for H-capped, PPh2-substituted 3a,9a consistent with
slow exchange of SiMe groups between two inequivalent sites, in a
ground state solution structure of pseudo-C3 symmetry. Rotation
around the Capical-Si bonds is required for this exchange of SiMe
groups, and the barrier to this rotation was determined by line-
shape analysis of the SiMe peaks in the 1H{31P} NMR spectra
recorded for 4b at low temperature (Fig. 4). An energy of activation
(Ea) of 10.7 kcal mol−1 for this two-site exchange is similar to that
for 3a (Ea = 10.9 kcal mol−1),9a which contains the smaller apical
group (H) but larger PPh2-substituents. Finally, the SiMe2 signal
in the 1H{31P} NMR for a cooled sample of methyl-capped, PPh2-
substituted 3b undergoes an apparent decoalescence at 195 K
giving three broad singlets, consistent with a ground state

Fig. 4 The SiMe2 region of (a) room temperature and (b) low temperature
1H{31P} NMR spectra of CH3C(SiMe2PEt2)3, 4b, in d8-toluene. (c)
Calculated low temperature spectrum. The vertical scale for (b) and (c) is
40× that for (a). Signals due to an impurity of the disubstituted compound
CH3C(Si(CH3)2Br){Si(CH3)2PEt2}2 are marked with “*”.
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solution structure of low symmetry, not inconsistent with its solid-
state structure.12

Molybdenum carbonyl complexes of the tris(phosphine) tripods

The j2-complexes 8a–b and 9a–b formed readily from the addition
of ligands 3a–b and 4a–b, respectively, to Mo(pip)2(CO)4 (pip =
piperidine) (eqn (1)), and were isolated as pale yellow solids, after
removal of the solvent and free piperidine under vacuum. The
31P{1H} NMR spectra for all four j2-complexes show two singlets
in an approximately 2 : 1 ratio, with the shift of the lower intensity
peaks corresponding closely to that for free tripod. The solid-state
structure of 8a (Fig. 5, bond distances and angles in Table 2)
illustrates an approximate chair conformation adopted by the
six member chelate ring, as anticipated for these j2-molybdenum
complexes.13

(1)

Fig. 5 Molecular structure of {j2-HC(SiMe2PPh2)3}Mo(CO)4 (8a) show-
ing the chair conformation of the six member chelate ring. Non-hydrogen
atoms are represented by Gaussian ellipsoids at the 20% probability level.
The hydrogen atom attached to the methyne carbon (C10) is shown with
an arbitrarily small thermal parameter; all other hydrogens are not shown.
For clarity, only the ipso carbons from the phenyl groups are shown.

As shown in Scheme 3, the j2-complexes 9a–b, containing PEt2-
substituted ligands, convert to the corresponding j3-complexes
10a–b, with loss of one equivalent of CO, with heating in benzene
or toluene. Complexes 10a–b were isolated from the reactions
of ligands 4a and 4b with Mo(CO)6 or Mo(g6-mesitylene)(CO)3

in refluxing toluene. The 31P{1H} NMR spectra of these j3-
complexes each show a singlet, surrounded by a low intensity sextet
arising from coupling of the three equivalent phosphorus nuclei
to 95Mo (I = 5/2, 15.72% natural abundance, 1JMo–P ≈ 111 Hz in
both complexes). The molecular structures of 10a–b are shown in

Table 2 Selected bond lengths and angles for 8a, 10a, and 10b

8a: (j2-3a)Mo(CO)4 10aa: (j3-4a)Mo(CO)3 10b: (j3-4b)Mo(CO)3

Bond lengths/Å
Mo–P1 2.5473(5) Mo–P 2.5582(5) Mo–P1 2.5577(4)
Mo–P2 2.5497(5) Mo–P2 2.5554(4)
P1–Si1 2.3022(7) Mo–P3 2.5547(4)
P2–Si2 2.3103(7) SiA–P 2.3245(8) Si1–P1 2.2947(5)
P3–Si3 2.2772(8) SiB–P 2.277(3) Si2–P2 2.2923(5)
Mo–C1 1.986(2) Si3–P3 2.2979(6)
Mo–C2 1.973(2) Mo–C1 1.955(2) Mo–C1 1.9604(16)
Mo–C3 2.032(2) Mo–C2 1.9550(16)
Mo–C4 2.031(2) Mo–C3 1.9657(16)
Si1–C10 1.8981(19) SiA–C10 1.8886(9) Si1–C4 1.9028(16)
Si2–C10 1.8890(19) SiB–C10 1.909(3) Si2–C4 1.9103(16)
Si3–C10 1.9162(19) Si3–C4 1.9028(16)

Bond angles/◦

P1–Mo–P2 91.109(16) P–Mo–P′ 90.388(15) P1–Mo–P2 91.964(12)
P1–Mo–P3 90.251(12)
P2–Mo–P3 89.236(12)

Si1–C10–Si2 118.02(10) SiA–C10–SiA′ 114.98(7) Si1–C4–Si2 112.42(7)
Si1–C10–Si3 110.58(9) SiB–C10–SiB′ 112.45(11) Si1–C4–Si3 113.51(8)
Si2–C10–Si3 112.38(10) Si2–C4–Si3 112.74(8)
Mo–P1–Si1 119.11(2) Mo–P–SiA 116.33(2) Mo–P1–Si1 117.360(18)
Mo–P2–Si2 124.24(2) Mo–P–SiB 113.77(7) Mo–P2–Si2 116.676(18)

Mo–P3–Si3 116.390(18)
C11–P1–C21 99.47(9) C11–P1–C13 100.92(10) C11–P1–C13 101.23(8)
C31–P2–C41 103.56(9) C21–P2–C23 100.94(7)
C51–P3–C61 106.37(10) C31–P3–C33 100.96(8)

Torsional angles/◦

P1–Si1–C10–H 55.8 P–SiA–C10–H −169.5 P1–Si1–C4–C5 −170.08(9)
P2–Si2–C10–H −65.5 P–SiB–C10–H 159.8 P2–Si2–C4–C5 −166.58(10)
P2–Si3–C10–H 22.9 P3–Si3–C4–C5 −168.36(9)

a While the solid-state structure of 10a is highly symmetric, there is some disorder in the crystals. The SiA and SiB labels represent alternate atom positions
arising from the presence of a tripod with an opposite “twist”. Atoms bearing an “A” label are refined at 5/6 occupancy, and “B” atoms are refined at
1/6 occupancy giving a local 5 : 1 disorder. However, due to the presence of an inversion center in the unit cell (centrosymmetric space group R3), the
5 : 1 disorder also occurs as a 1 : 5 disorder in the invertomer, resulting in an overall equal distribution of the tripod “hands”.
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Scheme 3

Fig. 6 and 7, respectively, and relevant bond lengths and angles are
listed in Table 2. Despite the conformational constraints imposed
by coordination of all three bulky tripod arms in these complexes
(vide infra), the geometry at Mo is undistorted octahedral, with
chelate bite angles of approximately 90◦. Reactions of 8a–b or 3a–
b analogous to those shown in Scheme 3 did not give j3-complexes
of the PPh2-substituted ligands 3a–b, even after prolonged reflux
of reaction mixtures in toluene.14

Fig. 6 View of the {j3-HC(SiMe2PEt2)3}Mo(CO)3 molecule (10a) slightly
offset along the C10–H bond axis, illustrating crystallographically-
imposed threefold symmetry. Atoms marked with a prime (′) character
are at (−y, x − y, z) and those marked with a double prime (′′) are at (−x +
y, −x, z).

Discussion

Carbonyl stretching frequencies in the infrared spectra of
the molybdenum carbonyl phosphine complexes 8–10 (see Table 3)
apparently point to strong Lewis basicity of the ligands 3–4.
In particular, the j3-tripodal complexes 10a–b exhibit signifi-
cantly lower stretching frequencies than is observed for a wide
range of tris(phosphine) analogs (entries 1–2, 4–9 in Table 3),
indicating a weaker CO bond due to increased back-bonding
from molybdenum to CO. We have not found infrared data for j2-

Fig. 7 Molecular structure of {j3-CH3C(SiMe2PEt2)3}Mo(CO)3 (10b).

coordinated triphos ligands on molybdenum carbonyl fragments,
but we note that mCO values for our j2-complexes 8–9 are also
consistently lower than those recorded for (R3P)2Mo(CO)4 with
R = Et or Ph, respectively (entries 13–18). Among the few
examples of tris(phosphine) molybdenum complexes exhibiting
mCO close to those observed for 10a–b are a series of j3-
triphosphacyclododecane complexes (e.g. entry 10), with all-alkyl
substituents at each phosphorus,19 and a complex containing the
very bulky phosphine P{(H)NPri}3 (entry 3). This latter ligand,
which is probably a good p-acid, should limit back-bonding to
the carbonyl ligands, yet the carbonyl stretching frequencies are
consistent with strong back-bonding from this P3 molybdenum
fragment. We note the much larger P–Mo–P angles of 94◦ in this
complex: although the strongly donating SiMe2 elbow groups,
in concert with the ethyl substituents at phosphorus in tripods
4a–b, probably do render our tris(phosphine) ligands very strong
r donors, we cannot rule out the influence of differences in
coordination geometries on our observed mCO values. For example,
there is very little variation in mCO for j3-triphos derivatives with
a range of different substituents at phosphorus (entries 4–9),
though we note each example contains at least one aryl group
at phosphorus. However, available crystallographic data suggests
these triphos ligands also routinely impose P–Mo–P angles ≤85◦

in their j3-complexes, while ligands 4a–b give P–Mo–P angles of
about 90◦ in complexes 10a–b, and {cyclo-(PriPC3H6)3} (entry 10)
imposes an average P–Mo–P angle of 88◦. Finally, consistent with
a high Lewis basicity of the PEt2-substituted tripod arms of 4a–
b, which should render both the tripod and the ancillary CO
ligands more stable to ligand substitution, the j2-complexes 9a–
b do not react with approximately equimolar amounts of PMe3,
even after 12 h of heating at 85 ◦C, as determined by 31P{1H}
NMR spectroscopic monitoring of mixtures of these complexes
with 1–2 equiv of PMe3 in d8-toluene in sealed NMR tubes. The
only reaction observed in these experiments is partial conversion
of the j2-complexes to j3, with loss of CO (eqn (2)),20 which also
occurs with heating in the absence of PMe3 (vide supra). Mixtures
of the PPh2-substituted j2-complexes 8a–b and approximately 2–3
equiv of PMe3 in d8-toluene in sealed NMR tubes showed, after
4 h of heating at 85 ◦C, signals corresponding to small amounts of
the products 11a–b, resulting from substitution of one CO ligand
by PMe3 (eqn (3)), perhaps indicative of a slightly lower Lewis
basicity of 3a–b relative to 4a–b.21

This journal is © The Royal Society of Chemistry 2006 Dalton Trans., 2006, 2671–2682 | 2675
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(2)

(3)

The SiMe2 elbow groups in tripods 3 and 4 also present
steric constraints that affect the relative stabilities of j2- and j3-
complexes incorporating these ligands, more than for analogous
complexes of tripods with CH2 elbow groups. This is illustrated
by the structure of the j2-complex 8a (Fig. 5), containing PPh2-
substituted, H-capped ligand 3a. An unusually wide angle of
118◦ at the tripodal ligand apex (Si(1)–C(10)–Si(2)) in the chelate
ring in 8a indicates the distortion from tetrahedral required to
accommodate approximately gauche conformations of SiMe2 and
PPh2 groups on adjacent arms of the j2-ligand, and the third,
un-coordinated tripod arm is twisted well out of the way of the
Mo coordination sphere. The j3-coordination of 3 or 4 requires
anti conformations of all three phosphorus donors with respect
to the apical substituent (H or Me), which forces Si–Me elbow
substituents on adjacent tripod arms to point directly at each
other. This all-anti tripod conformation has been shown to be
sterically disfavored for the H-capped free ligand 3a and its
brominated precursor 6a,9 and our crystallographic and variable

temperature NMR data point to at least the same degree of
congestion in 3b and 6b. The crystal structures of j3-complexes
10a–b (Fig. 6 and 7) show puckering in the 5-membered chelate
rings, which helps offset the Si–Me interactions on adjacent arms,
and P–Et conformations that direct half of the ethyl groups well
away from the SiMe2 groups, while the remaining ethyl groups
intercalate between SiMe2 groups on each arm. Replacement of
ethyl groups on phosphorus with phenyl groups would clearly
place more strain on these j3-structures, particularly for the flatter,
H-capped ligand 3a, leading to less stable complexes.

Greater stability of j2-complexes of the PPh2-substituted lig-
ands 3a–b relative to their putative j3-complexes may explain why
we have not observed coordination of that final tripod arm to yield
(j3-3)Mo(CO)3 complexes. However, particularly high barriers to
rotation around tripod arms in ligands 3a–b, as discussed above,
may also influence the rates of formation of these j3-complexes,
which presumably occurs via the j2-complexes. As shown in
Scheme 4, rotation around a Si–Capical bond is required to pull

Scheme 4

Table 3 Infrared data for selected molybdenum carbonyl 3◦ phosphine complexes. Crystallographic data included where available

Entry Complex mCO/cm−1 P–Mo–P avg/◦ C–Mo–C avg/◦ Ref.

fac-L3Mo(CO)3 where L3 is:
1 (PPh3)3 1934, 1835 15
2 (PEt3)3 1937, 1841 15
3 {P(N(H)Pri)3}3 1918, 1815 94 87 16
4 j3-CH3C(CH2PPh2)3 1937, 1844 84 85 CH2Cl2

6b

5 j3-CH3C(CH2P(Et)Ph)3 1931, 1844 83 89 CH2Cl2
6b

6 j3-CH3C(CH2P(CH2Ph)Ph)3 1934, 1838 83 87 CH2Cl2
6b

7 j3-CH3C(CH2P(4-tBuPh)2)3 1934, 1840 CH2Cl2
17

8 j3-HOCH2C(CH2PPh2)3 1937, 1845 CH2Cl2
5c

9 j3-
MeSO2OCH2C(CH2PPh2)3

1927, 1844, 1826 CH2Cl2
5c

10 j3-{cyclo-(PriPC3H6)3} 1915, 1813 88 87 18
11 j3-HC(SiMe2PEt2)3 (10a) 1904, 1802, 1773 (sh) 90 86 This work
12 j3-CH3C(SiMe2PEt2)3 (10b) 1911, 1816, 1802 90 86 This work

cis-L2Mo(CO)4 where L2 is:
13 (PPh3)2 2023, 1929, 1911, 1899 15
14 (PEt3)2 2016, 1915, 1900, 1890 15
15 j2-HC(SiMe2PPh2)3 (8a) 2015, 1917, 1876 (br) 91 89 This worka

16 j2-CH3C(SiMe2PPh2)3 (8b) 2010, 1909, 1883, 1871 This work
17 j2-HC(SiMe2PEt2)3 (9a) 2002, 1892, 1881, 1859 This work
18 j2-CH3C(SiMe2PEt2)3 (9b) 2005, 1881 (br), 1857 This work

a These deviate somewhat from previously reported values of 2018, 1950(sh), 1925, 1880 cm−1.8 In particular, we see no stretch at 1950 cm−1. We note that
the elemental analysis reported in reference 8 for this complex is 6.4% low in carbon. It may be that this sample contained some Mo–CO impurities.
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the unbound tripod arm into the metal’s coordination sphere.
Perhaps even more importantly, the 6-membered metallacycle of
the j2-precursor must undergo a chair to boat conformational
change before the phosphine on the third arm can coordinate to the
metal. This involves Si–P bond rotations that may be significantly
hindered by the SiMe2 and PPh2 interactions. Of course, these
kinetic barriers to chair–boat inversion and single arm rotation
should also render j3-complexes of elbow-substituted tripods such
as 3 and 4 considerably inert to arm-dissociation reactions, as is
perhaps demonstrated by the lack of reaction of 10a–b with PMe3

(eqn (3)).

Conclusion

The silylmethyl elbow substituents in tripodal tridentate phos-
phine ligands 3 and 4 provide sufficient bulk to render tripod
conformations extremely sensitive to variations in the size of
the apical and phosphorus substituents. The presence of strongly
donating silicon groups a- to phosphorus significantly enhances
the Lewis basicity of these phosphines. Both of these features
influence the molybdenum coordination chemistry of ligands 3 and
4: our studies suggest that there is delicate energetic and kinetic
balance between j2 and j3 coordination of these bulky ligands.

Experimental

General conditions, reagents, and instruments

Unless otherwise noted, all reactions and manipulations were
performed under nitrogen in an MBraun Unilab 1200/780
glovebox or using conventional Schlenk techniques. Toluene was
dried by distillation from sodium under argon; benzene, pentane,
hexanes, tetrahydrofuran, and ether were distilled from
sodium/benzophenone under argon. Deuterated solvents were
purchased from Canadian Isotope Labs (CIL), freeze–pump–thaw
degassed and vacuum transferred from over sodium/benzophe-
none (benzene-d6, toluene-d8) or calcium hydride (chloroform-
d1) before use. Chlorodimethylsilane, 1,1,1-trichloroethane,
bromine, triphenylphosphine oxide, and n-butyllithium (1.6 M in
hexanes) were purchased from Aldrich Chemical Co. and used as
received without further purification. [AgI·PMe3]4 was purchased
from Acros Chemical Co. and used as received. Diphenyl-
and diethylphosphine were purchased from Strem Chemicals
as 10 wt% solutions in hexanes, and the concentration checked
against a known quantity of triphenylphosphine oxide by
31P{1H} NMR before use. Tris(dimethylsilyl)methane (5a),22

tris(bromodimethylsilyl)methane (6a),9a,22 tris(diphenylphos-
phinodimethylsilyl)methane (3a),9a (g6-mesitylene)tricarbonyl-
molybdenum(0)23 and bis(piperidyl)tetracarbonylmolybde-
num(0)24 were prepared according to literature methods. Lithium
diphenylphosphide and lithium diethylphosphide were prepared
by the reaction of equimolar amounts of n-butyllithium and the
desired dialkylphosphine in hexanes. NMR spectra were acquired
on a Bruker AC 300 operating at 300.133 MHz for 1H, and
75.469 MHz for 13C; a Bruker AMX 360 operating at 360.13 MHz
for 1H, 90.565 MHz for 13C, 145.784 MHz for 31P, and 71.550 MHz
for 29Si; a Bruker Avance 500 operating at 500.133 MHz for 1H,
202.430 MHz for 31P, and 99.361 MHz for 29Si. Chemical shifts

are reported in ppm at ambient temperature unless otherwise
stated. 1H chemical shifts are referenced to residual protonated
solvent peaks at 7.15 ppm (C6D5H), 2.09 ppm (PhCD2H), and
7.24 (CHCl3). 13C chemical shifts are referenced to C6D6 at
128.4 ppm and CDCl3 at 77.5 ppm. 1H, 13C, and 29Si chemical
shifts are reported relative to tetramethylsilane, 31P chemical
shifts are reported relative to 85% H3PO4(aq). Microanalysis was
performed by Canadian Microanalytical Service Ltd., Delta,
BC, Canada. IR spectra were recorded on a Perkin Elmer FTIR
Spectrum 1000 spectrophotometer using KBr pellets (unless
otherwise noted). Mass spectrometry was carried out by Mr
David McGillivray in the Department of Chemistry, University
of Victoria, and by Mr Wayne Buchannon in the Department of
Chemistry, University of Manitoba.

Preparation of ligands

Synthesis of CH3C(SiMe2H)3 (5b). Under a flow of nitrogen,
magnesium powder (10.9 g, 0.450 mol) and THF (anhydrous,
150 mL) were stirred together in a 500 mL two-necked RB
flask equipped with a magnetic stir bar, reflux condenser,
and pressure equalizing dropping funnel. Chlorodimethylsilane
(50 mL, 0.450 mol) was added to the RB flask by syringe. 1,1,1-
Trichloroethane (15 mL, 0.150 mol) in THF (50 mL) was placed in
the dropping funnel and added to the RB flask over a period of 2 h,
with the dropping rate adjusted to maintain gentle reflux during
the addition. The reaction mixture was stirred under reflux for
an additional 4 h, then cooled to room temperature, poured over
500 mL crushed ice and allowed to stand for 1 h, then stirred for an
additional hour. The mixture was filtered through glass wool into
a 500 mL separatory funnel and the aqueous and organic layers
separated. The aqueous layer was extracted with 2 × 30 mL of
hexanes, and the organic layer washed with 2 × 30 mL of distilled
water. The combined organic fractions were dried over MgSO4,
and then gravity filtered to remove the drying agent. Solvents were
removed on a rotary evaporator, and the remaining liquid was
distilled under reduced pressure. The fraction distilling between
60–80 ◦C (10 mmHg) was collected, giving 5b as a clear oil in
≥97% purity.25 Yield: 13.9 g (45%). 1H NMR (300 MHz, C6D6,
d): 4.137 (sept, 3JHH = 3.7 Hz, SiH), 1.071 (s, 3H, CCH3), 0.129
(d, 3JHH = 3.7 Hz, 18H, SiCH3). 13C{1H} NMR (75 MHz, C6D6,
d): 13.56 (s, CCH3), −3.95 (s, SiCH3), −5.54 (s, CCH3). 29Si{1H}
NMR (99 MHz, C6D6, d): −9.20 (s, SiCH3). IR (thin film on NaCl
plate, cm−1): 2103 (mSi–H). MS (EI, 70 eV) m/z: 203 ([M − H], 7%),
189 ([M − CH3], 32%), 144 ([M − Si(CH3)2H], 100%), 129 ([M −
Si(CH3)3H], 81%), 85 ([M − 2Si(CH3)2H], 21%), 73 ([Si(CH3)3],
65%), 59 ([Si(CH3)2H], 74%), 40 ([SiC], 78%).

Synthesis of CH3C(SiMe2Br)3 (6b). To a 500 mL three-neck
round bottom flask equipped with a magnetic stir bar, pressure
equalizing dropping funnel and two gas inlet adapters was added
5b (10.50 g, 51.34 mmol) in benzene (20 mL). A 3.0 M solution
of bromine (0.15 mol, 7.9 mL Br2 total) in benzene was added
dropwise over 2.5 h to the contents of the round bottom flask.
A stream of nitrogen was passed through the flask and allowed
to exit via a dispersion tube submerged in a 1 M solution of cis-
cyclooctene in toluene (400 mL), then through a 1 cm layer of
NaOH pellets, to trap product HBr(g) and any unreacted Br2(g).

This journal is © The Royal Society of Chemistry 2006 Dalton Trans., 2006, 2671–2682 | 2677
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Once addition of bromine was complete, the mixture was allowed
to stir for 30 min. The solvent was removed in vacuo to give
a pale orange solid, which was purified by sublimation under
vacuum with the aid of a heat gun to give a white crystalline
solid. Yield: 18.19 g (80.3%). The product was resublimed (77 ◦C,
5 × 10−3 mmHg) to obtain a sample for elemental analysis. Mp
(uncorrected) 225 ◦C (sublimes). 1H NMR (300 MHz, C6D6,
d): 1.091 (s, 3H, CCH3), 0.689 (s, 18H, SiCH3). 13C{1H} NMR
(75 MHz, C6D6, d): 14.6 (s, CCH3), 10.3 (s, CCH3), 5.8 (s, SiCH3).
29Si{1H} NMR (71 MHz, C6D6, d): 28.4 (s, SiCH3). Anal. Calcd
for C8H21Br3Si3: C 21.78, H 4.80. Found: C 21.85, H 4.75. MS (EI,
70 eV) m/z: 427 ([M − CH3], 32%), 361 ([M − Br], 100%), 224
([M − Br, Si(CH3)2Br], 61%), 139 ([Si(CH3)2Br], 21%), 85 ([M −
Br, 2 Si(CH3)2Br], 38%), 73 ([Si(CH3)3], 37%).

Synthesis of HC(SiMe2PEt2)3 (4a). In a Schlenk tube equipped
with a magnetic stir bar, 6a (1.49 g, 3.48 mmol) was dissolved in
3 mL THF and cooled in an ice bath. In a second Schlenk tube,
LiPEt2 (0.98 g, 10 mmol) was dissolved in THF (25 mL), and slowly
added to the cooled solution of 6a by cannula. After the LiPEt2

addition was complete, the ice bath was removed, and the mixture
allowed to stir under nitrogen. After 1.5 h, the solvent was removed
under vacuum to give a pale yellow paste. The paste was extracted
with dry hexanes (30 mL) and filtered by cannula; the solvent was
removed from the filtrate under vacuum. The cloudy, pale yellow
oil was dissolved in pentane (6 mL) and filtered through Celite to
remove remaining solid LiBr. Pentane was removed under vacuum
to give 4a as a pale yellow oil in >95% purity.26 Yield: 1.17 g (76%).
1H NMR (360 MHz, C6D6, d): 1.56 (m, 6 H, PCH2CH3), 1.43 (m,
6 H, PCH2CH3), 1.18 (dt, 3JPH = 15.1 Hz, 3JHH = 7.6 Hz, 18 H,
PCH2CH3), 0.47 (s, 18 H, SiCH3), −0.12 (q, 3JPH = 3.9 Hz, 1H,
HCSi3). 13C{1H} NMR (90 MHz, C6D6, d): 15.2 (m, PCH2CH3),
14.0 (m, PCH2CH3), 1.1 (q, 2JCP = 12.4 Hz, HCSi3), 1.0 (m, SiCH3).
31P{1H} NMR (145 MHz, C6D6, d): −80.2 (s, PEt2). 29Si{1H}
NMR (99 MHz, C6D6, d): 2.56 (complex m, SiCH3). MS (EI,
70 eV) m/z: 425 ([M − Et], 100%), 365 ([M − PEt2], 72%), 275
([M − 2PEt2], 20%), 187 ([M − 3PEt2], 12%).

Synthesis of CH3C(SiMe2PPh2)3 (3b). In a Schlenk tube
equipped with a magnetic stir bar, LiPPh2 (2.613 g, 13.60 mmol)
was dissolved in 25 mL THF to give a clear red solution. A solution
of 6b (1.996 g, 4.524 mmol) in 5 mL THF was added to the
LiPPh2 solution by syringe, and stirred overnight under nitrogen.
The solvent was removed under vacuum to give an orange paste,
which was extracted with toluene (25 mL) and filtered by cannula
to remove lithium bromide. Toluene was removed under vacuum
to leave a yellow foam, which was washed with 3 × 10 mL dry
pentane to give the product as a white powder. This was collected
on a glass frit and dried under vacuum. Yield 2.86 g (83%). Mp
(uncorrected) 166–168 ◦C. 1H NMR (360 MHz, C6D6, d): 7.68 (m,
12 H, o-C6H5), 7.04 (br m, 18 H, p-, m-C6H5), 2.05 (s, 3H, CCH3),
0.43 (br s, 18 H, SiCH3). 13C{1H} NMR (90 MHz, C6D6, d): 136.9
(m, Cipso), 135.4 (m, Cortho), 128.1 (m, Cmeta), 127.7 (s, Cpara), 19.6
(q, 3JCP = 7.8 Hz, CCH3), 5.0 (q, 2JCP = 12.7 Hz, CCH3), 1.4 (td,
4JCP = 4.3 Hz, 2JCP = 4.6 Hz, SiCH3). 31P{1H} NMR (145 MHz,
C6D6, d): −50.9 (s, PPh2). 29Si{1H} NMR (99 MHz, C7D8, d): 8.28
(complex m, SiCH3). Anal. Calcd for C44H51P3Si3: C 69.81, H 6.79;

Found: C 67.82, H 6.72.27 MS (EI, 70 eV) m/z: 571 ([M − PPh2],
11%), 386 ([M − 2PPh2], 11%), 201 ([M − 3PPh2], 19%).

Synthesis of CH3C(SiMe2PEt2)3 (4b). In a Schlenk tube
equipped with a magnetic stir bar, 6b (1.62 g, 3.67 mmol) was
dissolved in 3 mL THF and cooled in an ice bath. In a second
Schlenk tube, LiPEt2 (1.01 g, 10.6 mmol) was dissolved in THF
(25 mL), and slowly added to the cooled solution of 6b by cannula.
After the LiPEt2 addition was complete, the ice bath was removed,
and the mixture was allowed to stir under nitrogen. After 1 h, the
solvent was removed under vacuum to give a yellow paste. The
paste was extracted with dry hexanes (25 mL) and filtered by
cannula; the solvent was removed from the filtrate under vacuum.
The cloudy, pale yellow oil was dissolved in pentane (6 mL) and
filtered through Celite to remove remaining solid LiBr. Pentane
was removed under vacuum to give 4b as a yellow oil in >95%
purity (by 1H NMR).26 Yield: 1.44 g (87%). Bp > 130 ◦C (5 ×
10−3 mmHg). 1H NMR (360 MHz, C6D6, d): 1.63 (m, 6 H,
PCH2CH3), 1.41 (s, 3H, CCH3), 1.40 (m, 6 H, PCH2CH3), 1.19
(dt, 3JPH = 15.1 Hz, 3JHH = 7.6 Hz, 18 H, PCH2CH3), 0.41 (s, 18 H,
SiCH3). 13C{1H} NMR (90 MHz, C6D6, d): 16.8 (q, 3JCP = 8.6 Hz,
CCH3), 15.6 (m, PCH2CH3), 14.3 (m, PCH2CH3), 2.9 (q, 2JCP =
11.9 Hz, C(CH3)), −0.5 (td, 4JCP = 4.2 Hz, 3JCP = 3.7 Hz, SiCH3).
31P{1H} NMR (145 MHz, C6D6, d): −81.4 (s, PEt2). 29Si{1H}
NMR (99 MHz, C6D6, d): 6.65 (complex m, SiCH3). MS (EI,
70 eV) m/z: 439 ([M − Et], 70%), 379 ([M − PEt2], 68%), 321 ([M −
SiMe2PEt2], 14%), 291 ([M − 2PEt2], 14%). For the disubstituted
tripod CH3C(SiMe2PEt2)2(SiMe2Br): 1H NMR (360 MHz, C6D6,
d): 1.65–1.50 (m, 6 H, PCH2CH3), 1.45–1.30 (m, 6 H, PCH2CH3),
1.33 (s, 3H, CCH3), 1.20–1.10 (m, 18 H, PCH2CH3), 0.71 (s, 6 H,
SiCH3Br), 0.44 (br s, 6 H, SiCH3PEt2), 0.35 (br s, 6 H, SiCH3PEt2).
31P{1H} NMR (145 MHz, C6D6, d): −82.6 (s, PEt2).

Preparation of molybdenum complexes

Synthesis of j2-(HC(SiMe2PPh2)3)Mo(CO)4 (8a). Compound
3a (0.51 g, 0.68 mmol) and Mo(pip)2(CO)4 (0.26 g, 0.68 mmol)
were suspended in 30 mL dry toluene in a Schlenk tube. The
headspace was evacuated and the yellow suspension stirred under
static vacuum in an oil bath for 2 h at 45 ◦C, after which the
solvent was removed in vacuo. The resulting sticky golden brown
foam was washed with hexanes (10 mL), and the washings were
decanted by cannula filtration to give 8a as a pale yellow powder
that was dried under vacuum. Yield: 0.32 g (49%). Spectroscopic
and physical properties are in agreement with those reported in
the literature.8

Synthesis of j2-(CH3C(SiMe2PPh2)3)Mo(CO)4 (8b). This
compound was prepared as described above for compound 8a,
using the following reagents and amounts: compound 3b (0.40 g,
0.53 mmol), Mo(pip)2(CO)4 (0.20 g, 0.51 mmol), 25 mL benzene.
Yield: 0.33 g (69%).28 Mp 125 ◦C (decomp). 1H NMR (360 MHz,
CDCl3, d): 7.59 (m, 4H, o-C6H5PMo), 7.52 (m, 4H, o-C6H5PMo),
7.41 (m, 4H, o-C6H5P), 7.4–7.2 (m, 18H, p-, m-C6H5P/PMo),
1.36 (br s, 3H, CCH3), 0.48 (d, 3JPH = 2.9 Hz, 6H, SiCH3),
0.45 (d, 3JPH = 6.1 Hz, 6H, SiCH3PMo), 0.14 (d, 3JPH =
2.5 Hz, 6H, MoPSiCH3). 13C{1H} NMR (90 MHz, CDCl3, d):
215.2 (dd, 2JCP(trans) = 23.1 Hz, 2JCP(cis) = 9.1 Hz, CO), 214.7 (t,
2JCP(cis) = 7.1 Hz, CO), 208.4 (t, 2JCP(cis) = 7.2 Hz, CO), 137.5 (dd,
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1JCP = 21.1 Hz, 3JCP = 6.8 Hz, ipso-C6H5PMo), 137.3 (d, 1JCP =
21.7 Hz, ipso-C6H5PMo), 135.1 (d, 2JCP = 20.7 Hz, o-C6H5PMo),
135.1 (d, 1JCP = 13.1 Hz, ipso-C6H5P), 135.0 (d, 2JCP = 12.1 Hz,
o-C6H5PMo), 134.0 (d, 2JCP = 11.4 Hz, o-C6H5P), 128.8 (s, p-
C6H5P), 128.4 (s, p-C6H5P), 128.4 (d, 3JCP = 7.1 Hz, m-C6H5P),
128.1 (s, p-C6H5P), 128.1 (d, 3JCP = 6.7 Hz, m-C6H5P), 128.0 (d,
3JCP = 7.5 Hz, m-C6H5P), 18.6 (d, 3JCP = 10.0 Hz, CCH3), 8.0
(q, 2JCP = 9.1 Hz, CCH3), 3.6 (d, 2JCP = 11.7 Hz, SiCH3PMo), 2.1
(d, 2JCP = 5.8 Hz, SiCH3PMo), 0.7 (d, 2JCP = 10.0 Hz, SiCH3).
31P{1H} NMR (145 MHz, CDCl3, d): −18.9 (s, 2P, PMo), −50.4
(s, 1P, P). 29Si{1H} NMR (99 MHz, C6D6, d): 7.66 (dt, 1JSiP =
40.4 Hz, 3JSiP = 8.1 Hz, 1Si, SiPfree), 7.14 (m, 2Si, SiPMo). MS
(FAB, mNBA matrix) m/z: 966 ([M], 2%), 782 ([M − PPh2], 21%),
753 ([M − PPh2, − CO], 40%), 725 ([M − PPh2, − 2CO], 38%),
697 ([M − PPh2, − 3CO], 68%), 669 ([M − PPh2, − 4CO], 39%).
IR (KBr disk, mCO, cm−1): 2010 (s), 1909 (s), 1883 (s), 1871 (s).

Synthesis of j2-(HC(SiMe2PEt2)3)Mo(CO)4 (9a). In a Schlenk
tube, 4a (0.43 g, 0.94 mmol) was dissolved in 30 mL dry toluene.
Mo(pip)2(CO)4 (0.37 g, 0.97 mmol) was added under a flow of
nitrogen, and the cloudy yellow suspension was allowed to stir
at RT under static vacuum for four days, until all of the solid
had dissolved to give a clear yellow solution. The solvent was
removed in vacuo to give a pale yellow paste that was extracted
into 10 mL hexanes and filtered by cannula. The hexanes was
removed under vacuum, and the residue washed with 5 mL of ice
cold pentane to give 9a as a pale yellow powder which was dried
under vacuum.29 Yield 0.32 g (51%). Mp 123–130 ◦C. 1H NMR
(360 MHz, C6D6, d): 1.70–1.51 (overlapping m, 6H, PCH2CH3),
1.50–1.21 (overlapping m, 6H, PCH2CH3), 1.14–0.95 (overlapping
m, 18H, PCH2CH3), 0.42 (d, 3JPH = 3.2 Hz, 6H, SiCH3(free)), 0.18
(d, 3JPH = 2.2 Hz, 12H, SiCH3(Mo)), 0.12 (dt, 3JPH = 3.6 Hz, 3JPH =
1.8 Hz, 1H, CH). 13C{1H} NMR (90 MHz, C6D6, d): 216.1 (dd,
2JCP(trans) = 22.2 Hz, 2JCP(cis) = 12.3 Hz CO), 213.4 (t, 2JCP(cis) =
6.3 Hz, CO), 211.8 (t, 2JCP(cis) = 9.5 Hz, CO), 19.7 (dd, 1JCP =
11.3 Hz, 3JCP = 8.0 Hz, MoPCH2CH3), 19.1 (dd, 1JCP = 13.5 Hz,
3JCP = 8.9 Hz, MoPCH2CH3), 15.0 (d, 1JCP = 16.4 Hz, PCH2CH3),
13.9 (d, 2JCP = 16.3 Hz, PCH2CH3), 10.6 (s, MoPCH2CH3), 10.2
(s, MoPCH2CH3), 3.2 (dt, 2JCP = 11.0 Hz, 2JCP = 9.6 Hz, CH),
1.8 (d, 2JCP = 8.2 Hz, SiCH3), 1.4 (br s, SiCH3), 0.3 (d, 2JCP =
4.4 Hz, SiCH3). 31P{1H} NMR (145 MHz, C6D6, d): −49.3 (s, 2P,
MoPEt2), −81.2 (s, 1P, PEt2). 29Si{1H} NMR (99 MHz, C6D6, d):
1.91 (dt, 1JSiP = 29.8 Hz, 3JSiP = 8.7 Hz, 1Si, SiPfree), 0.03 (m, 2Si,
SiPMo). MS (FAB, mNBA matrix) m/z: 592 ([M − SiMe3], 18%),
564 ([M − SiMe3, − CO], 11%), 536 ([M − SiMe3, − 2CO], 36%),
508 ([M − SiMe3, − 3CO], 92%), 506 ([M − (HCSiMe2PEt2)],
100%). IR (KBr disk, mCO, cm−1): 2002 (s), 1883 (br s), 1859 (s).

Synthesis of j2-(CH3C(SiMe2PEt2)3)Mo(CO)4 (9b). This com-
pound was prepared as described above for compound 9a, using
the following reagents and amounts: compound 4b (0.55 g,
1.2 mmol), Mo(pip)2(CO)4 (0.45 g, 1.2 mmol), 30 mL toluene.
Yield 0.32 g (41%) yellow powder, in ≥95% purity (by 1H NMR).29

Mp 87–105 ◦C. 1H NMR (360 MHz, C6D6, d): 1.9–1.2 (overlapping
m, 12H, PCH2CH3), 1.34 (s, CCH3), 1.2–0.9 (overlapping m, 18H,
PCH2CH3), 0.30 (d, 3JHP = 2.9 Hz, 6H, SiCH3), 0.27 (d, 3JHP =
4.3 Hz, 6H, SiCH3), 0.09 (d, 3JHP = 1.8 Hz, 6H, SiCH3). 13C{1H}
NMR (90 MHz, C6D6, d): 216.3 (dd, 2JCP(trans) = 20.1 Hz, 2JCP(cis) =
10.9 Hz, CO), 212.7 (t, 2JCP(cis) = 6.9 Hz, C≡O), 211.9 (t, 2JCP(cis) =

7.2 Hz, CO), 20.5 (br d, 1JCP = 15.5 Hz, MoPCH2CH3), 18.5 (d,
1JCP = 14.2 Hz, MoPCH2CH3), 16.1 (br d, 3JCP = 7.3 Hz, CCH3),
15.2 (d, 1JCP = 17.8 Hz, PCH2CH3), 13.9 (d, 2JCP = 18.5 Hz,
PCH2CH3), 11.1 (s, MoPCH2CH3), 10.0 (s, MoPCH2CH3), 2.5
(m, CCH3), 1.5 (br s, SiCH3), −0.5 (d, 2JCP = 5.3 Hz, SiCH3),
−1.0 (s, SiCH3). 31P{1H} NMR (145 MHz, C6D6, d): −55.5 (s,
2P, MoPEt2), −78.5 (s, 1P, PEt2). 29Si{1H} NMR (99 MHz, C6D6,
d): 5.64 (dt, 1JSiP = 29.8 Hz, 3JSiP = 6.6 Hz, 1Si, SiPfree), 2.95 (m,
2Si, SiPMo). MS (FAB, mNBA matrix) m/z: 648 ([M − EtH],
25%), 606 ([M − SiMe3], 22%), 590 ([M − PEt2], 22%), 578 ([M −
SiMe3, − CO], 26%), 550 ([M − SiMe3, − 2CO], 61%), 522 ([M −
SiMe3, − 3CO], 100%), 506 ([M − (CH3CSiMe2PEt2)], 28%). IR
(KBr disk, mCO, cm−1): 2005 (s), 1881 (br, s), 1857 (s).

Synthesis of j3-(HC(SiMe2PEt2)3)Mo(CO)3 (10a). This com-
pound can be prepared from Mo(CO)6 (method (a)) but we have
obtained higher yields using Mo(mesitylene)(CO)3 as a precursor
(method (b)). Method (a). Under a flow of nitrogen, a thick walled
glass reaction vessel with a J. Young valve (100 mL capacity) was
charged with a magnetic stir bar, Mo(CO)6 (0.499 g, 1.90 mmol),
HC(SiMe2PEt2)3 (0.843 g, 1.85 mmol), and 30 mL dry toluene.
The headspace was evacuated and the vessel sealed under static
vacuum, then heated in an oil bath at 120 ◦C for 18 h. After cooling
to room temperature, solvent was removed in vacuo to give a yellow
paste, which was washed with hexanes (2 × 10 mL) to give j3-
[HC(SiMe2PEt2)3]Mo(CO)3 as a white powder that was isolated
by filtration and dried under vacuum. Yield 0.267 g (22.7%).
Method (b). Under nitrogen, a 250 mL Schlenk flask was charged
with 4a (610 mg, 1.34 mmol), and Mo(mesitylene)(CO)3 (402 mg,
1.34 mmol). Toluene (90 mL) was added by syringe, the flask was
equipped with a reflux condenser, and the clear yellow solution
was heated at reflux for 2 h. When the solution cooled, the solvent
was removed under vacuum to leave a pale yellow solid. Repeated
washing with hexanes (4 × 10 mL) and toluene (2 × 10 mL)
ultimately allowed isolation of 10a as a white microcrystalline
powder, which was dried under vacuum. Yield 0.455 g (54%). Mp
220 ◦C (decomp). 1H NMR (300 MHz, C6D6, d): 1.90–1.70 (m,
12 H, PCH2CH3), 1.08 (dt, 3JPH = 13.5 Hz, 3JHH = 7.3 Hz, 18 H,
PCH2CH3), 0.06 (br d, 3JPH = 1.9 Hz, 18 H, SiCH3), −1.01 (q,
4JPH = 16.2 Hz, 1H, CH). 31P{1H} NMR (121 MHz, C6D6, d):
−56.9 (s, PEt2), also see sext, 1J95Mo31P = 109 Hz. Anal. Calcd for
C22H49MoO3P3Si3: C 41.63, H 7.78; Found: C 41.32, H 8.08. IR
(KBr disk, mCO, cm−1): 1904 (s), 1802 (s), 1773 (sh).

Synthesis of j3-(CH3C(SiMe2PEt2)3)Mo(CO)3 (10b). Under
a flow of nitrogen, a thick walled glass reaction vessel with a
Teflon J. Young valve (100 mL capacity) was charged with a mag-
netic stir bar, Mo(CO)6 (0.999 g, 3.78 mmol), CH3C(SiMe2PEt2)3

(2.5 g, 3.8 mmol), and 30 mL dry toluene. The headspace was
evacuated and the vessel sealed under static vacuum, then heated in
an oil bath at 120 ◦C for 18 h. After the mixture was cooled to room
temperature, solvent was removed in vacuo to give a yellow paste,
which was washed with pentane (20 mL). A pale yellow powder
was isolated by filtration, washed repeatedly with hexanes and
toluene and dried under vacuum. Yield 0.80 g (33%). Mp 227 ◦C
(decomp). 1H NMR (360 MHz, C6D6, d): 1.85 (m, 6 H, PCH2CH3),
1.76 (m, 6 H, PCH2CH3), 1.08 (dt, 3JPH = 13.3 Hz, 3JHH = 7.4 Hz,
18 H, PCH2CH3), 0.77 (q, 4JPH = 1.8 Hz, 3H, CCH3), 0.01 (d,
3JPH = 1.8 Hz, 18 H, SiCH3). 13C{1H} NMR (90 MHz, C6D6, d):
220.7 (m, CO), 19.1 (m, PCH2CH3), 13.1 (q, 3JCP = 5.3 Hz, CCH3),
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9.9 (s, x1/2 ∼ 5 Hz, PCH2CH3), 2.6 (q, 2JCP = 16.6 Hz, CCH3),
0.2 (s, x1/2 ∼ 5 Hz, SiCH3). 31P{1H} NMR (145 MHz, C6D6, d):
−57.3 (s, PEt2), also see sext, 1J95Mo31P = 110.8 Hz. 29Si{1H} NMR
(99 MHz, C6D6, d): 2.16 (complex m, SiCH3). Anal. Calcd for
C23H51MoO3P3Si3: C 42.58, H 7.92; Found: C 42.72, H 8.04. MS
(FAB, mNBA matrix) m/z: 650 ([M], 24%), 622 ([M − CO], 46%),
594 ([M − 2CO], 100%). IR (KBr disk, mCO, cm−1): 1911, 1816,
1802.

Other reactions

Conversion of j2-(HC(SiMe2PEt2)3)Mo(CO)4 (9a) to j3-
(HC(SiMe2PEt2)3)Mo(CO)3 (10a). Compound 9a (9 mg,
0.01 mmol) was dissolved in 0.5 mL C7D8 in a 5 mm NMR tube
equipped with a Teflon J. Young valve, and degassed by one freeze–
pump–thaw cycle. The sample was heated in an oil bath at 85 ◦C
and removed periodically to monitor the progress of reaction by
31P{1H}NMR spectroscopy. After 22.5 h, 38% of 9a had converted
to the j3 complex 10a.

Conversion of j2-(CH3C(SiMe2PEt2)3)Mo(CO)4 (9b) to j3-
(CH3C(SiMe2PEt2)3)Mo(CO)3 (10b). Compound 9b (21 mg,
0.031 mmol) was dissolved in 0.5 mL C7D8 in a 5 mm NMR
tube equipped with a Teflon J. Young valve, and degassed by one
freeze–pump–thaw cycle. The sample was heated in an oil bath
at 85 ◦C and removed periodically to monitor the progress of
reaction by 31P{1H} NMR spectroscopy. After 12 h, 32% of 9b
had converted to the j3 complex 10b.

Reactions of molybdenum tripod complexes with PMe3. Ap-
proximately 30 mg of the desired tripod–molybdenum complex
was placed in a sealable NMR tube, and attached via a glass
“T” connector to a 10 mL RB flask containing an appropriate
amount of [AgI·PMe3]4. The entire apparatus was connected
to a vacuum line and placed under vacuum, and toluene-d8

(0.5 mL) was vacuum transferred into the NMR tube. Under
static vacuum, the NMR tube was cooled in liquid nitrogen,
and the RB flask containing [AgI·PMe3]4 was warmed with a
heat gun until evolution of PMe3 could no longer be observed.
After allowing the PMe3 to collect in the NMR tube, the tube
was flame sealed under static vacuum, and warmed to room
temperature. The actual amount of PMe3 present in each tube
was determined by 31P{1H} NMR, relative to the known amount
of tripod–molybdenum complex (delay time D1 = 20 s). 31P{1H}
NMR spectra were rerecorded after heating the tubes in an oil
bath at 85 ◦C for 12–16 h. Percent conversions are reported with
respect to the overall amount of tripodal ligand present in the
sample.

Reaction of j2-(HC(SiMe2PPh2)3)Mo(CO)4 (8a) with PMe3.
Compound 8a (20 mg, 0.021 mmol), PMe3 (0.039 mmol). After
12 h at 85 ◦C, 31P{1H} NMR showed 8a (d −21.4 and −52.4,
∼67%), (j2-HC{SiMe2PPh2}3)(PMe3)Mo(CO)3 (d −19.2 d, −24.6
t, and −51.3 s, ∼31%), PMe3 (d −62.3), and a small amount of
HPPh2 (d −40.4).

Reaction of j2-(CH3C(SiMe2PPh2)3)Mo(CO)4 (8b) with PMe3.
Compound 8b (38 mg, 0.039 mmol), PMe3 (0.10 mmol). After
12 h at 85 ◦C, 31P{1H} NMR showed 8b (d −17.9 and −50.2,
∼58%), (j2-CH3C{SiMe2PPh2}3)(PMe3)Mo(CO)3 (d − 13.7 d,
−23.7 t, and −49.3 s, ∼7%), (j3-CH3C{SiMe2PPh2}3)Mo(CO)3,

free CH3C{SiMe2PPh2}3 (d −50.9, ∼25%), cis-Mo(PMe3)2(CO)4

(d −16.4), trans-Mo(PMe3)2(CO)4 (d −6.3), and PMe3 (d −62.3),
and signals due to an unidentified species (d −17.5).

Reaction of j2-(HC(SiMe2PEt2)3)Mo(CO)4 (9a) with PMe3.
Compound 9a (29 mg, 0.044 mmol), PMe3 (0.038 mmol). After
12 h at 85 ◦C, 31P{1H} NMR showed only 9a (d −49.1, −81.2),
PMe3 (d −62.3), and trace amounts of HPEt2 (d −55.6). Small
white crystals on the walls of the NMR tube were identified as
10a, indicating that ∼10% of the original complex had converted
from j2 to j3 coordination, with concomitant liberation of CO.

Reaction of j2-(CH3C(SiMe2PEt2)3)Mo(CO)4 (9b) with PMe3.
Compound 9b (28 mg, 0.041 mmol), PMe3 (0.099 mmol). After
16 h at 85 ◦C, 31P{1H} NMR showed 9b (d −55.4 and −78.6,
∼60%), 10b (d −57.0, ∼30%), PMe3 (d −62.3), and trace amounts
of HPEt2 (d −55.6). Peaks potentially representing ∼15% of the
total tripod complex were also observed, but were unassigned (d
−54.8 (s), −55.7 (s)).

Reaction of j3-(CH3C(SiMe2PEt2)3)Mo(CO)3 (10b) with PMe3.
Compound 10b (32 mg, 0.049 mmol), PMe3 (0.007 mmol). After
12 h at 85 ◦C, 31P{1H} NMR showed no change; only 10b (d
−57.0), and PMe3 (d −62.3) were detected.

Line-shape analysis of 4b and related calculations

Line-shape analysis was carried out on the SiMe region of 1H{31P}
NMR (500 MHz) spectra recorded for compound 4b in toluene-
d8 at 200, 195, 190, 185, and 180 K, using a modified version
of DNMR330a contained in SpinWorks 2.3.30b Rate constants (k)
for the two-site exchange were determined iteratively at each
temperature, giving well-matched simulated and experimental
spectra. Estimated errors in k varied from 2–6%, temperatures
are ±5 K. Thermodynamic parameters were obtained from the
slope and intercept of an Eyring plot (ln (k/T) vs. 1/T , R2 =
0.9972): DH‡ = 10.4 kcal mol−1, DS‡ = 10.9 cal K mol−1. These
yielded DG‡(300 K) = 7.1 kcal mol−1 ± 0.2 kcal mol−1 (2.8% error).
Energy of activation, Ea = 10.7 kcal mol−1, was determined from
the slope of an Arrhenius plot (ln k vs. 1/T , R2 = 0.9973). DG‡

was also calculated for decoalescence of the SiMe signals in the
variable temperature 1H{31P} NMR spectra (500 MHz) recorded
for compound 4b using the value for the rate constant kC (where
kC = pDmC/(2)1/2) in the Eyring equation

DG‡ = −RTC ln[(kCh)/(kBTC)],

where R = the gas constant, TC = coalescence temperature,
DmC = peak separation at the low-temperature limit, h = Planck’s
constant, and kB = Boltzmann constant. For the two-site exchange
of SiMe groups in 4b: TC = 184 K ± 5 K, DmC = 218 Hz, DG‡ =
8.2 ± 0.2 kcal mol−1.

X-Ray crystallographic studies

Single crystals suitable for X-ray diffraction were grown from
hexanes (6b) or toluene (3b, 8a, 10a–b) solutions at −20 ◦C under
nitrogen, and mounted on glass fibres in hydrocarbon oil. Selected
crystal data and structural refinement details are listed in Table 4;
further details are given in the ESI.†

CCDC reference numbers 289572–289576.
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Table 4 Crystallographic experimental details

Compound 3b 6b 8a 10a 10b

Formula C44H51P3Si3 C8H21Br3Si3 C54H57MoO4P3Si3 C22H49MoO3P3Si3 C23H51MoO3P3Si3

Mr 757.03 441.25 1043.12 634.73 648.76
Crystal size/mm 0.43 × 0.27 × 0.24 0.88 × 0.19 × 0.16 0.66 × 0.22 × 0.21 0.40 × 0.29 × 0.23 0.44 × 0.40 × 0.25
Crystal system Triclinic Hexagonal Monoclinic Trigonal Monoclinic
Space group P1̄ (No. 2) P63/m (No. 176) P21/c (No. 14) R3 (No. 146) P21/na

a/Å 12.2968(11) 9.3209(9) 14.8482(8) 17.1523(3) 11.5080(5)
b/Å 13.0128(12) 14.8803(8) 17.2076(7)
c/Å 13.7299(12) 11.143(2) 23.9239(13) 9.2856(4) 16.6511(7)
a/◦ 104.2431(15)
b/◦ 100.4996(14) 94.4133(10) 90.3365(7)
c /◦ 95.9048(14)
V/Å3 2068.5(3) 838.4(2) 5270.2(5) 2365.84(12) 3297.3(2)
Z 2 2 4 3 4
qcalcd/g cm−3 1.215 1.748 1.315 1.337 1.307
l/mm−1 0.261 7.404 0.451 0.703 0.674
Temperature/◦C −80 −80 −80 −80 −80
Max. 2h/◦ 52.78 52.72 52.78 52.70 52.78
Total data collected 10365 3156 40529 5046 21617
Unique data, Rint 8299, 0.0256 608, 0.0341 10791, 0.0342 2083, 0.0167 6733, 0.0191
Obsd data [I ≥
2r(I)]

5997 519 9105 2080 6370

Restraints/params 0/451 0/38 0/587 0/105 0/299
S(F 2) [all data]b 1.007 1.145 1.035 1.108 1.064
R1(F) [I ≥ 2r(I)]c 0.0461 0.0254 0.0310 0.0178 0.0210
wR2(F 2) [all data]d 0.1260 0.0575 0.0831 0.0445 0.0587
Drmax, Drmin/e Å−3 0.443, −0.399 0.371, −0.359 0.520, −0.426 0.316, −0.228 0.358, −0.350

a An alternate setting of P21/c (No. 14). b S = [
∑

w(F o
2 − F c

2)2/(n − p)]1/2 (n = number of data; p = number of parameters varied; w = [r2(F o
2) + (a0P)2 +

a1P]−1 where P = [Max(F o
2, 0) + 2F c

2]/3; for 3b, a0 = 0.0731, a1 = 0; for 6b, a0 = 0.0174, a1 = 0.5075; for 8a, a0 = 0.0427, a1 = 2.3909; for 10a, a0 =
0.0243, a1 = 0.8197; for 10b, a0 = 0.0306, a1 = 1.4152). c R1 = ∑

||F o| − |F c||/
∑

|F o|. d wR2 = [
∑

w(F o
2 − F c

2)2/
∑

w(F o
4)]1/2.

For crystallographic data in CIF or other electronic format see
DOI: 10.1039/b516127d
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