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ABSTRACT: Reactions of Re(CO)5(X) (X = Cl, Br)
or [Re2(CO)4(NO)2(μ-Cl)2(Cl)2] and the phosphines
P((CH2)mCHCH2)3 (m = 6, a; 7, b; 8, c) give mer,trans-
Re(CO)3(X)(P((CH2)mCHCH2)3)2 (53−95%) or cis,trans-
Re(CO) (NO) (Cl)2(P((CH2)6CHCH2)3)2 (57%), respec-
tively. Additions of Grubbs’ catalyst (5−10 mol %, 0.0010−
0.0012 M) and subsequent hydrogenations (PtO2, ≤5 bar)

yield the gyroscope-like complexes mer,trans-Re(CO)3(X)(P-

((CH2)n)3P) (n = 2m + 2; X = Cl, 7a,c; Br, 8a,c; 18−61%) or
cis,trans-Re(CO)(NO)(Cl)2(P((CH2)14)3P) (14%), respec-

tively, and/or the isomers mer,trans-Re(CO)3(X)(P(CH2)n−1CH2)((CH2)n)(P(CH2)n−1CH2) (X = Cl, 7′a−c; Br, 8′b;
6−27%). The latter are derived from a combination of interligand and intraligand metatheses. Reactions of 7a or 8a with NaI,

Ph2Zn, or MeLi give mer,trans-Re(CO)3(X)(P((CH2)14)3P) (X = I, 11a; Ph, 12a; Me, 13a; 34−87%). The 13C NMR spectra of
7a−c, 8a−c, 11a, and 13a show rotation of the Re(CO)3(X) moieties to be fast on the NMR time scale at room temperature
(and at −90 °C for 8a). In contrast, the phenyl group in 12a acts as a brake, and two sets of 13C NMR signals (2:1) are observed
for the methylene chains. The crystal structures of 7a, 8a, 12a, and 13a are analyzed with respect to Re(CO)3(X) rotation in
solution and the solid state.

A. INTRODUCTION

Molecular rotors are receiving intensive study from a variety
of standpoints,1−3 and the 2016 Nobel Prize in chemistry has
highlighted their application in certain types of molecular
machines.4 We, together with the Garcia-Garibay,5 Setaka,6 and
other7 groups, have been particularly interested in rotors that
have promise as molecular gyroscopes.8−14 Here, the rotators
are sterically protected to shield neighboring molecules in
solution or create a free volume in the solid state. Some typical
architectures are shown in Figure 1 (I−III).
Species of the type III have been especially sought in our research

group.8−13 These can be viewed as adducts of metal fragments and
dibridgehead diphosphines. They are accessed by threefold
intramolecular and interligand ring-closing alkene metatheses of
precursors with two trans ligands of the formulas P((CH2)mCH
CH2) (IV), followed by hydrogenations. In a few cases an
alternative mixed interligand/intraligand cyclization mode to give
V can be observed,9c,12,13 but it is only rarely the dominant product.
We have been examining the efficacy of the threefold ring-

closing alkene metatheses as a function of metal coordination

geometry and ligand set Ly.
8−13 In previous papers, a variety of

trigonal bipyramidal and square planar substrates IV (y = 2, 3)
have been investigated.8−11 The yields of III are, for reasons
discussed elsewhere and below, somewhat higher with trigonal
bipyramidal complexes.8,14a At the outset of this work, we were
concerned that octahedral substrates IV may present too much
steric hindrance for interligand ring-closing metatheses by virtue
of the four groups in the equatorial plane.
In this full paper, we describe successful syntheses of

octahedral complexes of the type III, with Re(CO)3(Cl),
Re(CO)3(Br), and Re(CO)(NO)(Cl)2 rotators, and attendant
spectroscopic, structural, dynamic, and reactivity data. A portion
of the results with the first two rotators was communicated
earlier.12 This work is complementary to studies of related
complexes with Os(CO)2(X)2 rotators, which have been detailed
separately.13 Together, these efforts establish the remarkably
facile availability of gyroscope-like complexes III from precursors
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IV that have four small monatomic or linear diatomic ligands in
the equatorial plane.

B. RESULTS
B.1. Syntheses of Precursor Complexes. Reactions of

the rhenium pentacarbonyl halide complexes Re(CO)5(X)
(X = Cl, Br)15 and trialkylphosphines PR3 (2.0 equiv) at
elevated temperatures have previously been shown to afford
the bis(phosphine) complexes mer,trans-Re(CO)3(X)(PR3)2.

16

Thus, as illustrated in Scheme 1, reactions of Re(CO)5(X) with
the tris(ω-vinylalkyl)phosphines P((CH2)mCHCH2)3 (m = 6,
1a; 7, 1b; 8, 1c)17 in chlorobenzene at 140 °C affordedmer,trans-
Re(CO)3(X)(P((CH2)mCHCH2)3)2 (X = Cl, 2a−c; Br,
3a−c). Chromatographic workups gave the chloride complexes
2a−c as yellow oils in 69−95% yields and the bromide complexes
3a−c as orange oils in 53−77% yields.

These new complexes, as well as most others isolated below,
were characterized by IR and NMR (1H, 13C{1H}, 31P{1H})
spectroscopy, mass spectrometry, and microanalyses, as detailed
in the Experimental Section. Key data are summarized in Table 1.
The mer relationship of the carbonyl ligands was evidenced by
the IR νCO pattern,

18−20 and a representative spectrum is given in
Figure s1 in the Supporting Information. This in turn established
a mer geometry for the remaining ligands, and the single 31P
NMR signal required a trans relationship for the two phosphine
ligands. This relationship was also evident from the CO 13C NMR
signals, which were phosphorus-coupled triplets (ca. 2:1 area ratio
corresponding to the two CO ligands trans to each other and
that trans to the halide ligand; see Figure s2). As seen for
other complexes of the type IV earlier7−9,11 and illustrated by
the representative spectrum in Figure s3, the PCH2 and
PCH2CH2CH2

13C NMR signals were phosphorus-coupled virtual
triplets (1JCP = 13.7−14.4Hz and 3JCP = 6.1−6.6Hz),21 whereas the
PCH2CH2 signals were singlets. These assignments were verified
by 1H,1H COSY, and 1H,13C{1H} COSY NMR spectra of 2a.
Reactions of the dirhenium tetrachloride tetracarbonyl

dinitrosyl complex [Re2(CO)4(NO)2(μ-Cl)2(Cl)2]
22 with tri-

alkylphosphines PR3 (4.0 equiv) have previously been shown to
afford the monorhenium bis(phosphine) complexes cis,trans-
Re(CO)(NO)(Cl)2(PR3)2.

22,23 Thus, as illustrated in Scheme 2,
a reaction with 1a (MeCN, 120 °C) afforded cis,trans-Re(CO)
(NO)(Cl)2(P((CH2)6CHCH2)3)2 (4a) as a yellow oil in 57%
yield. Consistent with the homologues reported earlier,22 the
IR spectrum showed strong νCO (1984 cm

−1) and νNO (1718 cm
−1)

bands. The CO 13C NMR signal was a phosphorus-coupled
triplet, indicating a trans relationship of the two phosphine
ligands, consistent with the single 31P{1H} NMR signal. The
chemical shifts and multiplicities of the PCH2CH2CH2

13C NMR
signals were similar to those of 2a and 3a.

Scheme 1. Syntheses and Ring-Closing Alkene Metatheses of Rhenium Tricarbonyl Halide Complexes 2a−c and 3a−c

Figure 1. Representative architectures for molecular gyroscopes
(I−III), typical precursors to III (IV), and occasionally detected
byproducts (V).
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B.2. Syntheses of Title Complexes. As depicted in
Scheme 1, ring-closing metatheses of 2a−c and 3a−c were per-
formed in dilute chlorobenzene solutions (0.0010−0.0012 M)
at room temperature using Grubbs’ catalyst (first generation,
5−10 mol %). Nitrogen was aspirated through the samples

to purge the coproduct ethene, and aliquots were periodically
removed. These were taken up in C6D6, and 1H NMR
spectra were recorded. After 21 h, the CHCH2 signals
had been replaced by new CHCH signals as shown in
Figure s4.

Table 1. Selected 13C{1H} NMR and IR Data
13C{1H} (δ/ppm)

complex PCH2 [
1JCP, Hz]

a PCH2CH2 PCH2CH2CH2 [
3JCP, Hz]

a CO [2JCP, Hz]
a,b IR (cm−1)c νCO, νNO

2ad 27.4 [14.3] 23.9 31.3 [6.1] 195.3 [8.9] 2026 (w), 1934 (s), 1888 (s)
191.8 [6.5]

2be 27.4 [14.3] 23.9 31.4 [6.1] 195.5 [9.0] 2042 (w), 1930 (s), 1880 (s)
192.0 [6.1]

2ce 27.5 [13.7] 24.0 31.4 [6.1] 195.5 [8.4] 2038 (w), 1930 (s), 1884 (s)
192.0 [6.1]

3ae 27.9 [14.4] 24.0 31.2 [6.6] 194.6 [8.9] 2026 (m), 1999(m), 1934 (s), 1888 (s)
191.5 [6.4]

3be 28.0 [14.3] 24.0 31.3 [6.1] 194.6 [9.1] 2041 (w), 1930 (s), 1882 (s)
191.5 [6.5]

3ce 28.0 [14.5] 24.1 31.4 [6.2] 194.7 [9.0] 2042 (w), 1934 (s), 1888 (s)
191.6 [6.5]

4ae 23.3 [14.3]f 23.4 31.3 [6.2] 204.2 [7.0] 1984 (s), 1718 (s)
7ae 29.2 [14.4] 23.6 30.4 [6.3] 195.3 [9.0] 2038 (m), 1922 (s), 1884 (s)

191.9 [6.3]
7′ae 28.2 [14.8]f,g 23.8g 30.7 [6.5]g 195.5 [9.2] 2038 (w), 1926 (s), 1880 (s)

26.7 [13.8]g 22.2g 28.9 [5.5]g 192.0 [6.0]
7′be 28.15 [14.5]f,g 23.9g 30.9 [6.6]g 195.5 [9.0] 2038 (m), 1930 (s), 1880 (s)

26.6 [14.0]g 23.0g 30.1 [5.7]g 191.9 [6.1]
7ce 27.4 [14.3] 23.5 30.7 [6.0] 195.4 [8.8] 2038 (w), 1930 (s), 1884 (s)

191.8 [6.5]
7′ce 28.2 [14.8]g 24.0g 31.0 [6.5]g 195.5 [9.2] 2036 (w), 1927 (s), 1879 (s)

26.7 [13.8]g 23.3g 30.8 [5.5]g 192.0 [6.0]
8ae 29.9 [14.8] 23.8 30.3 [6.5] 194.6 [8.6] 2038 (m), 1926 (s), 1884 (s)

191.3 [6.3]
8′be 27.2 [13.7]g,h 24.0g 30.8 [6.7]g 194.7 [8.7] 2040 (w), 1930 (s), 1883 (s)

23.1g 30.0 [5.8]g 191.5 [7.2]
8ce 27.9 [14.5] 23.5 30.5 [6.2] 194.6 [8.9] 2042 (w), 1934 (s), 1888 (s)

191.3 [6.0]
9ae 24.7 [14.2] 22.4 29.9 [6.5] 203.1 [5.5] 1980 (s), 1718 (s)
10ae 29.0 [14.6] 24.2 31.1 [6.1] 193.2 [8.8] 2038 (w), 1934 (s), 1888 (s)

190.6 [6.9]
11ae 31.4 [14.7] 24.2 30.3 [6.5] 193.3 [9.3] 2034 (w), 2011 (w), 1930 (m), 1884 (s)

190.3 [6.9]
12ai 32.6 [14.2]g 24.0g 30.4 [6.5]g 198.2 [9.3] 2011 (m), 1903 (s), 1876 (s)

29.6 [14.5]g 22.7g 30.1 [6.5]g 196.6 [5.6]
13ae 30.9−30.3j 23.9 30.9−30.3j 201.1 [9.2] 2008 (w), 1900 (m), 1868 (s)

195.8 [7.5]
aAll signals for which J values are given are triplets. bIn complexes with three CO ligands, the downfield signal corresponds to the two that are trans.
cOil or powder film; 2a-c and 3a-c also give a νCC band (m) at 1640 cm−1. dNMR solvent: toluene-d8.

eNMR solvent: C6D6.
fOne peak of this

triplet is obscured; the chemical shift and coupling constant are extrapolated from the two that are visible. gApproximate intensity ratio 1:2
(downfield/upfield). hThe second triplet is obscured by other signals. iNMR solvent: CD2Cl2.

jThe two triplets overlap and the J values could not be
deconvoluted.

Scheme 2. Synthesis and Ring-Closing Alkene Metathesis of Rhenium Carbonyl Nitrosyl Dichloride Complex 4a
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The samples were filtered through neutral alumina to give
the crude metathesis products 5*a−c (X = Cl; 76−99%) and
6*a−c (X = Br; 83−90%). As shown in Scheme 1, the target

complexes mer,trans-Re(CO)3(X)(P((CH2)mCHCH-

(CH2)m)3P) were designated 5a−c or 6a−c. The alternative

intramolecular metathesis products mer,trans-Re(CO)3(X)(P-

(CH2)mCHCH(CH2)m−1CH2)((CH2)mCHCH(CH2)m)-

(P(CH2)mCHCH(CH2)m−1CH2) were designated 5′a−c or

6′a−c. Four CC isomers are possible for each type of product
(EEE, EEZ, EZZ, ZZZ). Accordingly, 31P{1H} NMR spectra
exhibited at least four principal signals, as illustrated in Figure s5.
The mixtures 5*a−c and 6*a−c were treated with 1−5 bar of

H2 in the presence of the catalyst PtO2 (10 mol %). In all cases,
1H NMR spectra of aliquots taken after 1−2 d showed complete
CHCH consumption. Workups gave the samples designated
7*a−c or 8*a−c in Scheme 1. Note that these carry the new
indices n, signifying the number of methylene groups in each
trans spanning linkage (n = 2m + 2). For 7*a, the 31P{1H} NMR
spectrum showed one main signal and two much less intense
upfield signals (Figure s6). With 7*b, the dominant signal was
upfield, with a less intense one downfield (3.6:1). With 7*c,
the dominant signal was again downfield, with a less intense one
upfield (2:1).
The samples 7*a−c and 8*a−c were chromatographed. With

7*a,c, both the gyroscope-like complexes 7a,c (61%, 25%; all
yields from acyclic precursors 2a−c or 3a−c) and the isomeric
non-gyroscope species 7′a,c (8%, 11%) could be isolated. The
31P{1H} NMR signals of the former were downfield of the latter.
In the case of 7*b, only the isomeric species 7′b proved isolable
(28%), although it is believed that the other (downfield) 31P
signal noted above can be assigned to 7b. In the cases of 8*a−c,
selectivities appeared somewhat higher. With 8*a, only 8a was
detected by 31P{1H} NMR and subsequently isolated (37%).
With 8*b, only 8′b was detected by 31P{1H} NMR and
subsequently isolated (20%). With 8*c, substantial amounts of
8c and trace amounts of 8′c were apparent, but only 8c was
subsequently isolated (18%).
As shown in Scheme 2, the carbonyl nitrosyl dichloride

complex 4a was analogously elaborated with the help of NMR
monitoring to a crude metathesis product. Subsequent hydro-
genation gave the gyroscope-like complex 9a in 14% overall yield.
The structures of several of these gyroscope-like com-

plexes have been confirmed crystallographyically (vide infra).
However, 13C{1H} NMR spectra also played decisive roles in the
assignments. Specifically, the non-gyroscope complexes gave two
sets of n/2 methylene signals in a ca. 2:1 area ratio, as illustrated
in Figure s7. The more intense set can be attributed to the
two macrocycles derived from intraligand metathesis. The less
intense set corresponds to the trans spanning methylene chain
derived from interligand metathesis. In contrast, the gyroscope-
like complexes gave a single set of n/2 methylene signals,
consistent with Re(CO)3(Cl) or Re(CO)3(Br) rotation being
fast on the NMR time scale. These dynamic properties are
treated in more detail below.
Complexes 7a, 8a, and 9a were isolated as white powders

with high melting points (230−278 °C), whereas 7c and 8c were
pale yellow oils. Complex 7′a was a white, iridescent, lower-
melting powder (70 °C); 7′b,c were pale yellow oils, and 8′b
was a sticky white oil. In general, complexes of the type V are
less crystalline than the analogous gyroscope-like complexes III.

Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) data were obtained for several compounds,24 and
are summarized in Table s1 (Supporting Information).

B.3. Substitution Reactions. Rhenium carbonyl or nitrosyl
halide complexes have been shown to undergo a variety of
substitution reactions.25,26 As depicted in Scheme 3, the acyclic

precursor complex 2a and the gyroscope-like complexes 7a and
8awere combined with NaI in refluxing tetrahydrofuran (THF)/
acetone (2:1 v/v). With the chloride complexes 2a and 7a,
31P{1H} NMR spectra showed greater than 99% consumption
after 20−25 h. With the bromide complex 8a, one week was
required. Workups gave the iodide complexes mer,trans-
Re(CO)3(I)(P((CH2)6CHCH2)3)2 (10a) as a yellow oil in

68% yield, and mer,trans-Re(CO)3(I)(P((CH2)n)3P) (11a) as a
pale yellow powder in 34−56% yields.
As shown in Scheme 4, the halide ligands of 7a and 8a could

also be substituted by carbon nucleophiles. A THF solution of 7a
and Ph2Zn was refluxed for 2 d.Workup gave the phenyl complex

mer,trans-Re(CO)3(Ph)(P((CH2)n)3P) (12a) as an orange
powder in 87% yield. Similar reactions were performed with 7a
or 8a and MeLi. Workups gave the methyl complex 13a as a
white powder in yields from 78% (after 1 d from 7a) to 82%
(after 2 d from 8a). Substitution reactions have been successfully
performed with sulfur and other carbon nucleophiles, but the
products have only been partially characterized.27 Attempts to
effect CO/NO+ substitutions with nitrosonium salts such as NO+

BF4
− have been unsuccessful.27

In contrast to all of the preceding gyroscope-like complexes
with P(CH2)14P linkages, the 13C{1H} NMR spectrum of the
phenyl complex 12a showed 14 CH2 signals. These consisted of
two sets of seven with a ca. 2:1 area ratio. A crystal structure
(below) excludes an isomeric complex of the type V. Hence,
this phenomenon is attributed to the slow rotation of the
Re(CO)3(Ph) rotator on the NMR time scale, resulting in
one (CH2)14 segment that does not readily exchange with the
other two. This is further treated in the discussion of dynamic
properties below.
For all of the substitution products, the PCH2CH2CH2

13C{1H} NMR signals exhibited chemical shift and coupling

Scheme 3. Substitution Reactions with NaI
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constant patterns analogous to those of their precursors. The
methyl complex 13a afforded ReCH3

1H and 13C{1H} NMR
signals at −0.27 and −31.9 ppm, respectively; each was a triplet
due to phosphorus coupling. Similar upfield chemical shifts have
been observed with other rhenium methyl complexes.26a,28

Scout experiments were conducted to lay the groundwork for
rate studies. It has been a long-standing goal to compare the rate
laws for substitution reactions of gyroscope-like complexes such
as 7a with those of acyclic analogues such as 2a. As summarized
in Scheme 3, homogeneous conditions suitable for NMR tube-
scale experiments could be developed for the conversions
of 2a and 7a to iodide complexes 10a and 11a (NH4

+ I− or
n-Bu4N

+ I− in THF/acetone or 1,1,2-trichloroethane with a Ph3PO
internal standard). However, the reactions in THF/acetone
were still quite slow near the boiling point of the solvent, and
some decomposition appeared to occur in the higher-boiling
1,1,2-trichloroethane. Nonetheless, the consumption of 2a was
moderately faster than that of 7a under all conditions investigated.
B.4. Structural and Dynamic Properties. Structural data

were sought for as many complexes as possible. Crystals of
the gyroscope-like complexes 7a, 8a, 12a, and 13a (or solvates
thereof) could be grown, but efforts with isomeric non-gyroscope
species (V) were unsuccessful. X-ray data were acquired (173.15K),

and the structures were solved as outlined in Table s2 and the
Experimental Section. Thermal ellipsoid diagrams are collected in
Figures 2 to 5. These data confirmed the assigned structures,
including the mer,trans stereochemistry. Metrical parameters are
summarized in Tables 2 (various types of distances) and s3
(various types of angles). The bond lengths and angles were very
similar to those in related octahedral rhenium carbonyl chloride,
bromide, phenyl, and methyl complexes, some references for
which are given in the Supporting Information.
The chloride complex 7a and bromide complex 8a crystallized

in nearly identical lattices, as illustrated by the data in Table s2
and elaborated further below. However, the bromide and two
carbonyl ligands in 8a, unlike the chloride and carbonyl ligands in
7a, were disordered. As shown in Figures 2 and 3, one carbonyl
ligand occupied the center “hole” of one 17-membered macro-
cycle. For 7a, the chloride ligand was always trans to this carbonyl
ligand. With 8a, the bromide ligand was found in all three
remaining positions, but predominantly trans to the carbonyl
ligand in the hole (70:15:15 occupancy ratio after refinement).
Figure 3 depicts only the dominant rotamer, whereas an overlay
of all three is given in Figure s10.
The unit cell of the monosolvated phenyl complex 12a·THF

featured four independent molecules, as illustrated in Figure 4.

Scheme 4. Substitution Reactions with Carbon Nucelophiles

Figure 2. Thermal ellipsoid plots of 7a with the P−Re−P axis in (left) and perpendicular to (right) the plane of the paper.

Figure 3. Thermal ellipsoid plots of the dominant rotamer of 8a with the P−Re−P axis in (left) and perpendicular to (right) the plane of the paper.
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These exhibited minor differences in the macrocycle con-
formations. Note that in some of these perspectives, the macro-
cycle arrays are more “T” shaped than “Y” shaped. The methyl
complex 13a crystallized in a lattice very similar to those of
7a and 8a. Again, as shown in Figure 5, one carbonyl ligand
occupied the center hole of one 17-membered macrocycle. The
methyl ligand was disordered over the two positions cis to this
carbonyl ligand (55:45 after refinement).
As implied in passing above, 7a, 8a, and 13a crystallized in

identical space groups (P21/n) and with very similar lattice
constants (Z = 4, V = 4739.02(19)−4767.78(18) Å3) and
macrocycle conformations (Figures 2, 3, 5). In each case there
are two sets of molecules with parallel P−Re−P axes, but with a

nonparallel relationship to each other, as illustrated in Figure 6.
Several approaches have been used to calculate the angles
between the nonparallel axes.9c,13a,14a The most intuitive is to
define one least-squares plane consisting of the six atoms of two
parallel P−Re−P axes of one set, and an analogous least-squares
plane of the other set (planes defined by only three nearly
collinear experimental points tend to have large error limits).
The resulting angles are 30.4° (7a), 34.6° (8a), and 32.9° (13a).
Unsurprisingly given Figure 4, 12a crystallizes in a more
complicated lattice, with four sets of molecules with parallel
P−Re−P axes.
The gyroscope-like molecules were probed for dynamic

behavior. For example, 13C{1H} NMR spectra of the bromide

Figure 4.Thermal ellipsoid plots of the four independent molecules of 12a in the unit cell of 12a·THFwith the P−Re−P axes perpendicular to the plane
of the paper (the molecule numbering corresponds to the data in Table 2).

Figure 5. Thermal ellipsoid plots of dominant rotamer of 13a with the P−Re−P axis in (left) and perpendicular to (right) the plane of the paper.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b00909
Inorg. Chem. 2017, 56, 7454−7469

7459

http://dx.doi.org/10.1021/acs.inorgchem.7b00909


complex 8a were recorded in toluene-d8 at 20 °C and then at
10−20 °C intervals down to −100 °C. Special attention was
given to the CH2 signals that decoalesce in trigonal bipyramidal
analogues.8,14a However, the peaks simply broadened and/or
became less intense, perhaps due to partial precipitation.
Complex 7a, with the smaller chloride ligand, would be certain
to have a lower rotational barrier than 8a. Hence, even lower
decoalescence temperatures would be expected.
Interestingly, the DSC trace of 7a showed a significant endo-

therm at 41 °C (Table s1), far below the melting point (230 °C).

This phenomenon was probed by X-ray crystallography; a data
set was collected at 50 °C. The temperature dependence of the
shapes of thermal ellipsoids has in some cases been correlated to
rotational barriers.29 The new data set was solved and revealed
no new disordered atoms or phase transitions versus the low-
temperature data set obtained above. However, the quality of the
crystal diminished, and no quantitative analyses were undertaken.

C. DISCUSSION

C.1. Scope of Syntheses. Additional observations provide
further context for the successful syntheses of octahedral
gyroscope-like complexes in Schemes 1 and 2. First, analogues
of 2a−c and 3a−c were prepared but with only four or
five methylene groups in each substituent of the ligand
P((CH2)mCHCH2)3 (i.e., m = 4 or 5).27,30 When these were
similarly treated with Grubbs’ catalyst, no fully cyclized
monorhenium products could be detected. Even with longer
reaction times and higher temperatures and catalyst loadings,
the terminal CHCH2 linkages were only partially consumed.
In contrast, the analogous trigonal bipyramidal iron complexes
trans-Fe(CO)3(P((CH2)mCHCH2)3)2 (m = 4, 5) underwent
efficient intramolecular alkene metatheses to give (after hydro-
genations) complexes of the type III in 50−63% yields.8a,b Thus,
the formation of octahedral gyroscope-like complexes requires at
least six methylene groups in each phosphine ligand substituent
of the precursor IV.
Results very similar to those in Scheme 1 have been obtained

with octahedral osmium dicarbonyl dichloride and dibromide
complexes, cis,cis,trans-Os(CO)2(X)2(P((CH2)mCHCH2)3)2
(X = Cl, 14a−c; X = Br, 15a−c).13a These are summarized in
Scheme 5. Importantly, the structure of the non-gyrosocope
species 19a (n/X = 14/Br) could be confirmed crystallographically.
The distribution of gyroscope-like versus non-gyroscope products
(III/V) parallels that with the rhenium complexes. In both cases,

Table 2. Key Interatomic Distances Involving Gyroscope-like Complexes [Å]

7a 8aa 12a(1)b 12a(2)b 12a(3)b 12a(4)b 13aa

Re−P 2.4266(8) 2.4300(9) 2.4230(16) 2.4219(16) 2.4194(15) 2.4270(15) 2.4113(9)
2.4297(8) 2.4300(8) 2.4289(16) 2.4223(15) 2.4357(16) 2.4372(15) 2.4120(9)

P to P 4.844 4.850 4.833 4.836 4.834 4.842 4.815
C−O 1.046(4) 1.099(4) 1.124(7) 1.141(7) 1.149(7) 1.127(7) 1.088(6)

1.121(4) 0.844(5) 1.156(7) 1.173(6) 1.141(7) 1.137(7) 1.129(4)
1.019(4) 1.087(5) 1.149(6) 1.140(7) 1.159(6) 1.157(6) 1.055(5)

Re-CO 2.037(4) 2.116(5) 2.003(6) 1.976(6) 1.968(6) 1.992(6) 2.077(5)
1.922(4) 1.957(3) 1.970(6) 1.930(5) 1.986(7) 1.989(6) 1.975(4)
2.054(4) 1.996(5) 1.949(6) 1.973(6) 1.935(5) 1.940(5) 2.003(4)

average Re−CO 3.066 3.032 3.115 3.109 3.110 3.112 3.109
Re−COrotor

c 4.59 4.55 4.64 4.63 4.63 4.63 4.63
Re−Xd 2.531(10) 2.6596(7) 2.245(5)/6.035 2.215(5)/6.041 2.227(5)/6.039 2.224(5)/6.044 2.119(5)
Re−Xrotor

e 4.28 4.51 7.24 7.24 7.24 7.24 3.82
7.252/6.587 7.214/6.544 6.783/7.076 6.585/7.341 6.804/7.275 7.094/6.789 7.230/6.559

Re−Cdis
f 6.563/7.248 6.578/7.243 6.645/6.754 7.441/6.944 6.525/7.310 6.823/7.207 6.590/7.257

6.579/6.579 6.577/6.584 7.436/7.179 7.554/6.957 7.066/6.767 7.311/6.781 6.584/6.588
shortest/longest Re−Cdis−vdWg 4.86/5.55 4.84/5.54 4.95/5.74 4.89/5.85 4.83/5.61 5.08/5.61 4.86/5.58
Re−Cinter

h 5.122 5.167 5.418 5.487 5.353 5.278 5.172
Re−Cinter−vdWi 3.42 3.47 3.72 3.79 3.66 3.58 3.47

aValues for the dominant Re(CO)3(Br) (8a) or Re(CO)3(Me) (13a) rotamer. bValues for the four independent molecules of 12a in the unit cell
(THF monosolvate). cThe average rhenium−oxygen distances plus the van der Waals radius of oxygen (1.52 Å). dX = Cl, Br, Cipso/Hpara or CH3.
eThe Re-X distance plus the van der Waals radius of X (Cl, 1.75 Å; Br, 1.85 Å; H 1.20 Å, C, 1.70 Å). fDistances from rhenium to the two carbon
atoms of each macrocycle that are closest to the plane of the rotator (Cdis).

gThe shortest/longest of the previous six distances, minus the van der
Waals radius of carbon (1.70 Å). hDistance from rhenium to the nearest non-hydrogen atom of a neighboring molecule (always a carbon atom).
iThe previous entry minus the van der Waals radius of carbon (1.70 Å).

Figure 6. Unit cell of chloride complex 7a.
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precursor complexes with even numbers of methylene groups in
each phosphorus substituent (i.e., 2a,c, 3a,c, 14a,c, 15a,c) afford
mainly III. Complexes of the one phosphine with an odd number
of methylene groups in each substituent (i.e., 2b, 3b, 14b, 15b)
afford mainly V. To date, we lack a rationale for this strong
dependence of product type upon the methylene chain length.
Although more examples are needed to rigorously establish an
even/odd selectivity correlation, there is abundant precedent for
the alternation of molecular properties with even/odd counts of
methylene groups.31

Among other successful approaches, Setaka was able to access
the disilicon gyroscope-like molecules II (Figure 1) via three-
fold intramolecular ring-closing metatheses of the precursors
p-(H2CCH(CH2)m)3SiC6H4Si((CH2)mCHCH2)3.

6b,c He
also encountered isomeric byproducts analogous to V, and the
ratios were similarly strong functions of the number of methylene
groups m (6, 24:0; 7, 10:43; 8, 23:39).6b Both types of products
were also observed with other arene rotators.6a,d−f Setaka
noted that if all CHCH2/CHCH2 combinations undergo
metathesis at identical rates, non-gyroscope products should
dominate over gyroscope-like products (3:1).6c

Although the yields of most of the octahedral gyroscope-
like complexes in Schemes 1, 2, and 5 are modest, that of
the chloride complex 7a (61%) stands out. In view of the lower
yield of the bromide analogue 8a (37%), this is tentatively
interpreted as a ligand size effect. The lower yields versus those
realized with trigonal bipyramidal precursors trans-Fe(CO)3
(P((CH2)mCHCH2)3)2 can be rationalized from the con-
formational models in Figure 7 (top). In ML3 adducts, the three
(CH2)mCHCH2 substituents on each phosphorus atom will
prefer to be staggered relative to the three ligands on the metal,
as shown in VI. This preorganizes the phosphine substituents for
intramolecular and interligand alkene metathesis. In contrast,
there are no such synergies in octahedral ML4 adducts. One or
two of the metal-based ligands will be nearly eclipsed with the
(CH2)mCHCH2 substituents on phosphorus, as shown in VII.
Hence, intermolecular and intraligand alkene metatheses should
be better able to compete.
Other octahedral gyroscope-like complexes have been synthe-

sized via additions to trigonal bipyramidal or square planar
precursors. As shown in Scheme 6 (top), adducts with Fe(CO)3
rotators (20) are easily protonated to give cationic [Fe(CO)3(H)]

+

species.8a,b Alternatively, oxidative additions can be conducted
with square planar Rh(CO)(X) species, as exemplified for
22 in Scheme 6 (bottom).11a Since the ligands on the rotator
in product 23 are unlike, and the CCl3 ligand is too large to
pass through a 17-membered macrocycle (see next section),

the 13C{1H} NMR spectrum exhibits three sets of (CH2)n/2
signals (n = 7).

C.2. Structural and Dynamic Properties. The crystallo-
graphic data provide a framework for analyzing the barriers to
Re(CO)3(X) rotation. The initial step is to establish the radius of
the rotator, each of which will have a “radius determining” ligand
as highlighted in Figure 8. For example, the average rhenium−
oxygen (ReCO) distances in 7a, 8a, and 13a range from 3.032 to
3.109 Å (Table 2).32 When the van derWaals radius of an oxygen
atom is added (1.52 Å),33 values of 4.55 to 4.63 Å for the effective
ReCO radius are obtained.
The rhenium−chloride, −bromide, and −methyl distances in

7a, 8a, and 13a are somewhat shorter (2.53, 2.66, and 2.12 Å).
When the van der Waals radii of the halide or methyl carbon

Scheme 5. Metathesis/Hydrogenation Sequences with Octahedral Osmium Complexes

Figure 7. (top) VI, preorganization of ligands prior to ring-closing
metathesis of a trigonal bipyramidal precursor to gyroscope-like
complexes III; VII, pell-mell disposition of ligands in an analogous
octahedral precursor. (middle) Ground-state conformations of trigonal
bipyramidal (VIII) and octahedral (IX) gyroscope-like complexes III,
and the respective transition states for rotator rotation (X, XI).
(bottom) Mirror image rotator conformations of phenyl complex 12a.
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atom are added (1.75, 1.85, and 1.70 Å),33 slightly lower values
are obtained (4.28, 4.51, and 3.82 Å). Hence, the effective radius
of the rotator in 7a, 8a, and 13a can be taken as 4.55 to 4.63 Å.
In the case of the phenyl complex 12a, analysis is complicated by
the four independent molecules in the unit cell. Nonetheless, it is
obvious that the phenyl ligand will be radius-determining. Hence,
the distances from the rhenium atoms to the para hydrogen
atoms (6.035, 6.041, 6.039, 6.044 Å) are averaged (6.04 Å), and
the van der Waals radius of a hydrogen atom is added (1.20 Å).
This gives an effective radius of 7.24 Å.34

As illustrated in Figure 8, distances can also be calculated from
the rhenium atom to the remote carbon atoms of the macrocycle
that are closest to the plane of the rotatorwhich are often but
not always the two carbon atoms in the middle of the methylene
chain. The six values associated with each complex are listed
in Table 2. The van der Waals radius of a carbon atom is then
subtracted from the shortest distance.35 This gives a minimum
“horizontal clearance” of 4.83−5.08 Å, which comfortably
accommodates the radii of the rotators of the chloride, bromide,
and methyl complexes 7a, 8a, and 13a. However, the radius of
the rotator of the phenyl complex 12a is clearly too great to pass
through a macrocycle, in accord with the 13C NMR data noted
above.
Additional issues affect rotational barriers. One is the

vertical or top/bottom clearance. It can easily be shown that
the van der Waals diameters of the chloride and bromide atoms

(3.50 and 3.70 Å)33 exceed the free volume within the CH2−P−
Re−P−CH2 segments of the diphosphine cages. For a more
detailed analysis of these interactions, readers are referred to
a study that compares analogous diphosphine and diarsine
complexes.14a The As−M−As distances are ca. 3−4% greater
than the P−M−P distances, affording significantly decreased
barriers. Another issue, applicable to barriers in the crystal lattice,
involves the distance from rhenium to the nearest non-hydrogen
atom of a neighboring molecule. When this value, adjusted for
the van der Waals radius of the nearest atom, is greater than the
radius of the rotator, there is no intermolecular impediment to
rotation of the rotator. As summarized in Table 2, all of these
distances (Re/Cinter-vdW) are much shorter than the radii of the
rotators, rendering solid-state rotation infeasible.
Other considerations are relevant to the surprisingly facile

Re(CO)3(X) rotation in 7a, 8a, and 13a. As depicted in Figure 7
(middle), the transition states for ML3 rotation in trigonal
bipyramidal complexes (e.g., 20, Scheme 6) feature a threefold
eclipsing interaction as shown in X. Naturally, this should be
much higher in energy than the staggered ground-state VIII. In
contrast, the octahedral complexes 7a, 8a, and 13awould all have
singly eclipsed transition states as shown in XI. However, nearly
eclipsed groups cannot be avoided in the ground-state IX due to
the higher coordination number. These destabilizing interactions
should raise the ground-state energy versus that of VIII and
lessen the rotational barriers in the octahedral complexes. Said
differently, the octahedral complexes feature 12-fold rotational
barriers (12 energy maxima and 12 minima in the course of a
360° rotation), whereas the trigonal bipyramidal complexes
feature threefold rotational barriers (three maxima and three
minima). It is an established physical organic principle that
higher-order rotational barriers must be (considerably) less than
lower-order rotational barriers when they involve substituents of
comparable sizes.36

The ground-state conformation of the phenyl complex 12a
deserves special attention in view of the 13C{1H} NMR spectrum
(two sets of seven CH2 signals, ca. 2:1 area ratio). Consistent
with the solid-state structures in Figure 4, the larger phenyl group
would logically prefer the middle region of the interstice between
the two neighboring 17-membered macrocycles, as depicted in
XII (Figure 7, bottom). However, the three macrocycles are
inequivalent in XII, and three sets of seven CH2 signals in a
ca. 1:1:1 area ratio would be expected. Importantly, the 13C{1H}
NMR spectra of 7a, 8a, and 13a (one set of seven CH2 signals)
establish, in line with geometric considerations above, that the
carbonyl ligands can easily rotate through 17-membered macro-
cycles. Thus, XII should be able to equilibrate with the mirror
image XIII by a 30° Re(CO)3(Ph) rotation. This exchanges the
two macrocycles that neighbor the phenyl group, accounting for
the two sets of signals and their relative intensities.
Finally, one other type of dynamic property deserves mention.

An increasingly popular technique, “ion mobility mass
spectrometry”, interrogates the gas-phase diffusivities and
collisional cross sections of positive ions.37 When the molecular
ions of complexes of the types III and V are comparedas
specifically done for 7a and 7′a (Scheme 1) and several
analogous pairs of complexes from Scheme 5those derived
from ovoid-shaped III travel considerably faster through a drift
chamber containing a low pressure of a neutral buffer gas
(nitrogen) than the less compact V.13b Only very small sample
sizes are required for such determinations, and the sensitivity can
be greater that that for a popular assay of diffusivity in solution,
DOSY NMR.

Scheme 6. Alternative Approaches to Octahedral Gyroscope-
like Complexes

Figure 8. Some spatial relationships in the title compounds involving
the rotators and methylene carbon atoms connecting the trans
phosphorus atoms.
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C.3. Summary. Octahedral gyroscope-like complexes
that feature tetrasubstituted Re(CO)3(Cl), Re(CO)3(Br),
and Re(CO)(NO)(Cl)2 rotators encased within triply spoked
P((CH2)n)3P (n = 14, 16, and 18) stators are easily prepared
by ring-closing interligand alkene metatheses and hydro-
genations of precursors with two trans ligands of the formulas
P((CH2)mCHCH2) (n = 2m + 2). The halide ligands can be
substituted by nucleophiles such as NaI, Ph2Zn, and MeLi.
Except for the Re(CO)3(Ph) species with n = 14, rotation about
the P−Re−P axis is facile in solution, as established by NMR and
in accord with geometric considerations derived from crystallo-
graphic data. Isomeric species derived from a combination of
interligand and intraligand alkene metathesis are also often
produced. When n = 16, these are the major products.

D. EXPERIMENTAL SECTION
General Data. 1H, 13C{1H}, and 31P{1H}NMR spectra were recorded

on standard 300−400 MHz spectrometers at ambient probe temperatures
and referenced as follows (δ, ppm): 1H, residual internal C6D5H (7.15)
or CDHCl2 (5.23);

13C, internal C6D6 (128.0), toluene-d8 (137.4, 128.9,
128.0, 125.1, 20.5), or CD2Cl2 (53.5); 31P, external H3PO4 (0.00).
Fourier transform infrared (FT IR) spectra were recorded using ASI
React-IR 1000 or Thermo Scientific Nicolet IR100 spectrometers. Mass
spectra were obtained using Micromass Zabspec and Shimadzu Biotech
Axima Confidence instruments. Melting points were determined on
an Electrothermal IA 9100 apparatus or a Stanford Research Systems
(SRS) MPA100 (Opti-Melt) automated device. DSC and TGA data
were recorded with a Mettler-Toledo DSC821 instrument and treated
by standard methods.24 Microanalyses were conducted on a Carlo Erba
EA1110 instrument (in house).
Except for hydrogenations, reactions were conducted under dry

N2 atmospheres. Chromatographies were conducted in air. Reaction
solvents were treated as follows: THF, distilled from Na/benzophe-
none; hexanes, acetone, CH2Cl2, and MeOH, simple distillation;
chlorobenzene and MeCN, distilled by rotary evaporation and aspirated
with N2. The following were used as received: C6D6, toluene-d8, CDCl3,
THF-d8, CD2Cl2 (5 × deutero GmbH), Al2O3 (neutral, Macherey-
Nagel), Grubbs catalyst (Aldrich), PtO2, MeLi (1.6 M in Et2O), Ph2Zn,
NH4

+ I−, n-Bu4N
+ BF4

−, Ph3PO (6 × Acros), and NaI (Riedel).
The following were synthesized by literature procedures: Re(CO)5(X)
(X = Cl/Br),15 (P((CH2)nCHCH2)3)2 (1; n = 6, a; 7, b; 8, c),17 and
[Re2(CO)4(NO)2(Cl)2(μ-Cl)2].

22

mer,trans-Re(CO)3(Cl)(P((CH2)6CHCH2)3)2 (2a). A Schlenk flask
was charged with Re(CO)5(Cl) (0.335 g, 0.926 mmol), chlorobenzene
(20 mL), and 1a (0.677 g, 1.86 mmol), and fitted with a condenser. The
yellow solution was stirred for 21 h at 140 °C (oil bath temperature) and
turned orange with gas evolution. The solvent was removed by rotary
evaporation and oil pump vacuum. The residue was chromatographed
(Al2O3 column, 3 × 15 cm, 4:1 v/v hexanes/CH2Cl2). The solvent was
removed from the product containing fractions by oil pump vacuum to
give 2a (0.839 g, 0.811 mmol, 88%) as a viscous yellow oil. Anal. Calcd
(%) for C51H90ClO3P2Re: C 59.19, H 8.77; found C 58.83, H 8.99.
NMR (δ/ppm): 1H (C6D6, 400MHz)38 5.77 (ddt, 3JHHtrans = 16.9 Hz,

3JHHcis = 10.2 Hz, 3JHH = 6.7 Hz, 6H, CH), 5.04 (br d, 3JHHtrans =
17.1 Hz, 6H,CHEHZ), 4.98 (br d,

3JHHcis = 10.2 Hz, 6H,CHEHZ),
2.06−1.92 (br m, 24H, CH2CHCH2/PCH2), 1.68−1.56 (br m,
12H, PCH2CH2), 1.38−1.22 (br m, 36H, CH2);

13C{1H} (toluene-d8,
100 MHz)38 195.3 (t, 2JCP = 8.9 Hz, CO trans to CO), 191.8 (t, 2JCP =
6.5 Hz, CO trans to Cl), 139.1 (s, CH), 114.6 (s, CH2), 34.1 (s,
CH2), 31.3 (virtual t,21 3JCP = 6.1 Hz, PCH2CH2CH2), 29.2 (s, CH2),
29.1 (s, CH2), 27.4 (virtual t,21 1JCP = 14.3 Hz, PCH2), 23.9 (s,
PCH2CH2);

31P{1H} (C6D6, 162 MHz) −8.2 (s). IR: Table 1. MS:39

1035 ([2a]+, 5%), 1007 ([2a − CO]+, 100%), 1000 ([2a − Cl]+, 90%),
979 ([2a − 2CO]+, 6%).
mer,trans-Re(CO)3(Cl)(P((CH2)7CHCH2)3)2 (2b). Re(CO)5(Cl)

(0.500 g, 1.38 mmol), chlorobenzene (15 mL), and 1b (1.125 g,
2.766 mmol) were combined in a procedure analogous to that used for
2a. An identical workup gave 2b (1.464 g, 1.308 mmol, 95%) as a viscous

yellow oil. Anal. Calcd (%) for C57H102ClO3P2Re: C 61.18, H 9.19;
found C 60.88, H 9.29.

NMR (C6D6, δ/ppm):
1H (300MHz)40 5.77 (ddt, 3JHHtrans = 16.8 Hz,

3JHHcis = 10.3 Hz, 3JHH = 6.6 Hz, 6H, CH), 5.02 (br d, 3JHHtrans =
17.1 Hz, 6H,CHEHZ), 4.97 (br d,

3JHHcis = 10.1 Hz, 6H,CHEHZ),
2.15−1.88 (br m, 24H, CH2CHCH2/PCH2), 1.71−1.52 (br m, 12H,
PCH2CH2), 1.42−1.12 (br m, 48H, CH2);

13C{1H} (75 MHz)40 195.5
(t, 2JCP = 9.0 Hz, CO trans to CO), 192.0 (t, 2JCP = 6.1 Hz, CO trans to
Cl), 139.1 (s, CH), 114.5 (s, CH2), 34.1 (s, CH2), 31.4 (virtual
t,21 3JCP = 6.1 Hz, PCH2CH2CH2), 29.4 (s, CH2), 29.3 (s, CH2), 29.2 (s,
CH2), 27.4 (virtual t,21 1JCP = 14.3 Hz, PCH2), 23.9 (s, PCH2CH2);
31P{1H} (121 MHz) −8.2 (s). IR: Table 1. MS:39 1091 ([2b − CO]+,
100%), 1084 ([2b − Cl]+, 50%).

mer,trans-Re(CO)3(Cl)(P((CH2)8CHCH2)3)2 (2c). Re(CO)5(Cl)
(0.500 g, 1.38 mmol), chlorobenzene (15 mL), and 1c (1.240 g,
2.763 mmol) were combined in a procedure analogous to that used
for 2a. An identical workup gave 2c (1.154 g, 0.9599 mmol, 69%) as a
viscous yellow oil. Anal. Calcd (%) for C63H114ClO3P2Re: C 62.89,
H 9.55; found C 63.25, H 9.52.

NMR (C6D6, δ/ppm):
1H (400MHz)40 5.78 (ddt, 3JHHtrans = 16.9 Hz,

3JHHcis = 10.2 Hz, 3JHH = 6.7 Hz, 6H, CH), 5.03 (br d, 3JHHtrans =
17.1 Hz, 6H,CHEHZ), 4.98 (br d,

3JHHcis = 10.2 Hz, 6H,CHEHZ),
2.09−2.02 (br m, 12H, CH2CHCH2), 2.01−1.94 (br m, 12H, PCH2),
1.72−1.59 (br m, 12H, PCH2CH2), 1.42−1.18 (br m, 60H, CH2);
13C{1H} (100 MHz)40 195.5 (t, 2JCP = 8.4 Hz, CO trans to CO), 192.0
(t, 2JCP = 6.1 Hz, CO trans to Cl), 139.2 (s, CH), 114.5 (s, CH2),
34.2 (s, CH2), 31.4 (virtual t,

21 3JCP = 6.1 Hz, PCH2CH2CH2), 29.7 (s,
CH2), 29.6 (s,CH2), 29.4 (s, CH2), 29.3 (s,CH2), 27.5 (virtual t,

21 1JCP =
13.7 Hz, PCH2), 24.0 (s, PCH2CH2);

31P{1H} (162 MHz) −8.2 (s).
IR: Table 1.MS:39 1203 ([2c]+, 10%), 1175 ([2c − CO]+, 60%), 1168
([2c − Cl]+, 100%).

mer,trans-Re(CO)3(Br)(P((CH2)6CHCH2)3)2 (3a). Re(CO)5(Br)
(0.500 g, 1.23 mmol), chlorobenzene (20 mL), and 1a (0.900 g,
2.47mmol) were combined in a procedure analogous to that used for 2a.
An identical workup gave 3a (0.975 g, 0.903 mmol, 73%) as a viscous
yellow oil. Anal. Calcd (%) for C51H90BrO3P2Re: C 56.75, H 8.40; found
C 56.81, H 7.95.

NMR (C6D6, δ/ppm):
1H (300MHz)40 5.77 (ddt, 3JHHtrans = 16.9 Hz,

3JHHcis = 10.2 Hz, 3JHH = 6.7 Hz, 6H, CH), 5.04 (br d, 3JHHtrans =
17.1 Hz, 6H,CHEHZ), 4.99 (br d,

3JHHcis = 10.3 Hz, 6H,CHEHZ),
2.11−2.00 (br m, 12H, CH2CHCH2), 1.99−1.91 (br m, 12H, PCH2),
1.69−1.51 (br m, 12H, PCH2CH2), 1.49−1.20 (br m, 36H, CH2);
13C{1H} (75 MHz)40 194.6 (t, 2JCP = 8.9 Hz, CO trans to CO), 191.5 (t,
2JCP = 6.4 Hz, CO trans to Br), 139.1 (s, CH), 114.6 (s,CH2), 34.1
(s, CH2), 31.2 (virtual t,

21 3JCP = 6.6 Hz, PCH2CH2CH2), 29.1 (s, CH2),
29.0 (s, CH2), 27.9 (virtual t,21 1JCP = 14.4 Hz, PCH2), 24.0 (s,
PCH2CH2);

31P{1H} (121 MHz) −13.2 (s). IR: Table 1. MS:39 1079
([3a]+, 5%), 1051 ([3a − CO]+, 100%), 102241 ([3a − 2CO]+, 5%),
1000 ([3a − Br]+, 95%).

mer,trans-Re(CO)3(Br)(P((CH2)7CHCH2)3)2 (3b). Re(CO)5(Br)
(0.503 g, 1.24 mmol), chlorobenzene (10 mL), and 1b (1.008 g,
2.478 mmol) were combined in a procedure analogous to that used
for 2a. A similar workup (Al2O3 column, 3 × 20 cm, 4:1 v/v hexanes/
CH2Cl2) gave 3b (0.769 g, 0.661 mmol, 53%) as a viscous yellow oil.
Anal. Calcd (%) for C57H102BrO3P2Re: C 58.84, H 8.84; found C 61.82,
H 9.58.42

NMR (C6D6, δ/ppm):
1H (300MHz)40 5.78 (ddt, 3JHHtrans = 16.9 Hz,

3JHHcis = 10.2 Hz, 3JHH = 6.7 Hz, 6H, CH), 5.03 (br d, 3JHHtrans =
17.1 Hz, 6H,CHEHZ), 4.99 (br d,

3JHHcis = 10.7 Hz, 6H,CHEHZ),
2.13−2.03 (br m, 12H, CH2CHCH2), 2.02−1.92 (br m, 12H, PCH2),
1.71−1.56 (br m, 12H, PCH2CH2), 1.39−1.17 (br m, 48H, CH2);
13C{1H} (100 MHz)40 194.6 (t, 2JCP = 9.1 Hz, CO trans to CO), 191.5
(t, 2JCP = 6.5 Hz, CO trans to Br), 139.1 (s, CH), 114.5 (s, CH2),
34.1 (s, CH2), 31.3 (virtual t,

21 3JCP = 6.1 Hz, PCH2CH2CH2), 29.4 (s,
CH2), 29.3 (s, CH2), 29.2 (s, CH2), 28.0 (virtual t,21 1JCP = 14.3 Hz,
PCH2), 24.0 (s, PCH2CH2);

31P{1H} (121 MHz) −13.2 (s). IR:
Table 1. MS:43 1164 ([3b]+, 20%), 1135 ([3b − CO]+, 100%), 1107
([3b − 2CO]+, 15%), 1084 ([3b − Br]+, 75%).
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mer,trans-Re(CO)3(Br)(P((CH2)8CHCH2)3)2 (3c). Re(CO)5(Br)
(0.420 g, 1.03 mmol), chlorobenzene (15 mL), and 1c (0.927 g,
2.07mmol) were combined in a procedure analogous to that used for 2a.
A similar workup (Al2O3 column, 3 × 20 cm, 4:1 v/v hexanes/CH2Cl2)
gave 3c (0.993 g, 0.796 mmol, 77%) as a viscous yellow oil. Anal. Calcd
(%) for C63H114BrO3P2Re: C 60.65, H 9.21; found C 60.91, H 9.20.
NMR (C6D6, δ/ppm):

1H (300MHz)40 5.80 (ddt, 3JHHtrans = 16.9 Hz,
3JHHcis = 10.1 Hz, 3JHH = 6.8 Hz, 6H, CH), 5.05 (br d, 3JHHtrans =
17.3 Hz, 6H,CHEHZ), 5.00 (br d,

3JHHcis = 10.3 Hz, 6H,CHEHZ),
2.16−2.05 (br m, 12H, CH2CHCH2), 2.05−1.93 (br m, 12H, PCH2),
1.75−1.58 (br m, 12H, PCH2CH2), 1.44−1.17 (br m, 60H, CH2);
13C{1H} (100 MHz)40 194.7 (t, 2JCP = 9.0 Hz, CO trans to CO), 191.6
(t, 2JCP = 6.5 Hz, CO trans to Br), 139.2 (s, CH), 114.5 (s, CH2),
34.2 (s, CH2), 31.4 (virtual t,

21 3JCP = 6.2 Hz, PCH2CH2CH2), 29.7 (s,
CH2), 29.6 (s,CH2), 29.4 (s,CH2), 29.3 (s,CH2), 28.0 (virtual t,

21 1JCP =
14.5 Hz, PCH2), 24.1 (s, PCH2CH2);

31P{1H} (121 MHz) −13.2 (s).
IR: Table 1.MS:43 1247 ([3c]+, 20%), 1219 ([3c − CO]+, 100%), 1192
([3c − 2CO]+, 20%), 1168 ([3c − Br]+, 35%).
cis ,trans-Re(CO)(NO)(Cl)2(P((CH2)6CHCH2)3)2 (4a ) .23

[Re2(CO)4(NO)2(Cl)2(μ-Cl)2] (0.200 g, 0.291 mmol), MeCN (30 mL),
and 1a (0.584 g, 1.60 mmol) were combined in a procedure analogous to
that used for 2a (3 h at 120 °C oil bath temperature). A similar workup
(Al2O3 column, 3× 15 cm, CH2Cl2) gave 4a (0.348 g, 0.333mmol, 57%)
as a viscous yellow oil. Anal. Calcd (%) for C49H90Cl2NO2P2Re: C 56.36,
H 8.69; found C 56.71, H 8.92.
NMR (C6D6, δ/ppm):

1H (300 MHz)40 5.77 (ddt, 6H, 3JHHtrans =
16.9 Hz, 3JHHcis = 10.2 Hz, 3JHH = 6.7 Hz, CH), 5.04 (br d, 3JHHtrans =
17.1 Hz, 6H,CHEHZ), 4.98 (br d,

3JHHcis = 10.2 Hz, 6H,CHEHZ),
2.31−2.10 (br m, 12H, CH2CHCH2), 2.09−1.89 (br m, 12H, PCH2),
1.80−1.55 (br m, 2H, PCH2CH2), 1.48−1.12 (br m, 36H, CH2);
13C{1H} (75 MHz)40 204.2 (t, 2JCP = 7.0 Hz, CO), 139.0 (s, CH),
114.5 (s, CH2), 34.0 (s, CH2), 31.3 (virtual t,21 3JCP = 6.2 Hz,
PCH2CH2CH2), 29.0 (s, CH2), 28.9 (s, CH2), 23.4 (s, PCH2CH2), 23.3
(virtual t,21 1JCP = 14.3 Hz, PCH2);

31P{1H} (121 MHz) −8.3 (s).
IR: Table 1. MS:39 104341 ([4a]+, 1%), 101541 ([4a − CO]+, 100%),
98041 ([4a − Cl − CO]+, 50%).
Alkene Metathesis of 2a. A three-necked flask was charged with 2a

(0.550 g, 0.531 mmol) and chlorobenzene (500 mL; the resulting
solution is ca. 0.0011 M in 2a), and fitted with a condenser. Grubbs’
catalyst (0.027 g, 0.033 mmol, 6 mol %) was added. The mixture was
stirred for 2 d, while N2 was bubbled through the solution to remove the
ethene. The solution was filtered through Al2O3, which was rinsed with
CH2Cl2. The solvent was removed from the combined filtrates by oil
pump vacuum to give 5*a (0.383 g, 0.403 mmol, 76%)44 as a viscous
yellow oil.
NMR (C6D6, δ/ppm):

1H (300 MHz) 5.60−5.42 (br m, 6H, CH),
2.22−1.98 (br m, 12H, CH2CHCH), 1.90−1.62 (br m, 12H, PCH2),
1.60−1.18 (br m, 48H, CH2);

31P{1H} (121 MHz) −1.8 (s, 45% of
integral),−3.2 (s, 13%),−4.6 (s, 14%),−6.4 (s, 28%).MS:39 950 ([M]+,
7%), 922 ([M − CO]+, 100%), 915 ([M − Cl]+, 35%).

mer,trans-Re(CO)3(Cl)(P((CH2)14)3P) (7a) and mer,trans-Re-

(CO)3(Cl)(P(CH2)13CH2)((CH2)14)(P(CH2)13CH2) (7′a). A Fischer−Porter
bottle was charged with 5*a (0.383 g, 0.403 mmol; the entire quantity
prepared above), THF (15 mL), and PtO2 (0.010 g, 0.044 mmol),
connected to a H2 cylinder, and partially evacuated. Then H2 was
introduced (5 bar), and the suspension was stirred. After 5 d, the solvent
was removed by oil pump vacuum. The residue was chromatographed
(Al2O3 column, 3 × 25 cm, 4:1 v/v hexanes/CH2Cl2). The solvent was
removed from the product containing fractions by rotary evaporation
and oil pump vacuum to give 7a (0.311 g, 0.325 mmol, 81%; 61% from
2a) as a white solid and 7′a (0.030 g, 0.031 mmol, 8%; 6% from 2a) as an
iridescent white powder.
7a: mp 230 °C, dec (gradual darkening, >180 °C). DSC/TGA:

Table s1. Anal. Calcd (%) for C45H84ClO3P2Re: C 56.49, H 8.85; found
C 56.67, H 8.92.
NMR (C6D6, δ/ppm):

1H (300 MHz)38 1.95−1.81 (br m, 12H,
PCH2), 1.75−1.60 (br m, 12H, PCH2CH2), 1.52−1.25 (br m, 60H,
CH2);

13C{1H} (75 MHz):38 195.3 (t, 2JCP = 9.0 Hz, CO trans to CO),

191.9 (t, 2JCP = 6.3 Hz, CO trans to Cl), 30.4 (virtual t,21 3JCP = 6.3 Hz,
PCH2CH2CH2), 29.2 (virtual t,

21 1JCP = 14.4 Hz, PCH2), 28.6 (s, CH2),
28.4 (s, CH2), 28.0 (s, CH2), 27.8 (s, CH2), 23.6 (s, PCH2CH2);
31P{1H} (121 MHz): −5.5 (s). IR: Table 1.MS:39 95641 ([7a]+, 13%),
92841 ([7a − CO]+, 100%), 92141 ([7a − Cl]+, 67%).

7′a: mp 70 °C.
NMR (C6D6, δ/ppm):

1H (300 MHz)40 2.23−1.63 (br m, 24H,
PCH2/PCH2CH2), 1.62−1.12 (br m, 60H, CH2);

13C{1H} (100MHz)40

195.5 (t, 2JCP = 9.2 Hz, CO trans to CO), 192.0 (t, 2JCP = 6.0 Hz,CO trans
to Cl), 30.7 (virtual t,21 3JCP = 6.5 Hz, PCH2CH2CH2), 28.9 (virtual
t,21 3JCP = 5.5 Hz, PC′H2C′H2C′H2), 28.6 (s, CH2), 28.4 (s, CH2),

45 28.2
(virtual t,21 1JCP = 14.8 Hz, PCH2),

45 27.8 (s, CH2), 27.7 (s, CH2), 27.2 (s,
C′H2), 27.1 (s, C′H2), 26.8 (s, C′H2),

45 26.7 (virtual t,21 1JCP = 13.8 Hz,
PC′H2),

45 26.5 (s, C′H2), 23.8 (s, PCH2CH2), 22.2 (s, PC′H2C′H2);
31P{1H} (121 MHz) −7.2 (s). IR: Table 1.

Alkene Metathesis of 2b. Complex 2b (0.450 g, 0.404 mmol),
chlorobenzene (350 mL; the resulting solution is ca. 0.0011 M in 2b),
and Grubbs’ catalyst (0.033 g, 0.040 mmol, 10 mol %) were combined in
a procedure analogous to that used for 2a. An identical workup gave 5*b
(0.412 g, 0.398 mmol, 99%)44 as a viscous yellow oil.

NMR (C6D6, δ/ppm):
1H (300 MHz) 5.65−5.20 (m, 6H, CH),

2.27−1.58 (m, 36H, CH2CHCH/PCH2), 1.52−1.03 (m, 48H, CH2);
31P{1H} (121 MHz) −7.0 (s, 6% of integral), −7.2 (s, 7%), −7.5 (s,
41%), −7.7 (m, 47%).MS:39 103641 ([M]+, 30%), 100641 ([M − CO]+,
100%), 1000 ([M − Cl]+, 80%).

mer,trans-Re(CO)3(Cl)(P(CH2)15CH2)((CH2)16)(P(CH2)15CH2)
(7′b).46,47 Complex 5*b (0.412 g, 0.398 mmol; the entire quantity
prepared above), THF (20 mL), and PtO2 (0.009 g, 0.04 mmol) were
combined in a procedure analogous to that used for 7a. An identical
workup (Al2O3 column, 3 × 25 cm, 4:1 v/v hexanes/CH2Cl2) gave 7′b
(0.114 g, 0.110 mmol, 28%; 27% from 2b) as a sticky yellow oil. Anal.
Calcd (%) for C51H96ClO3P2Re: C 58.85, H 9.30; found C 58.90,
H 9.25.

NMR (C6D6, δ/ppm):
1H (300 MHz)40 2.16−1.82 (br m, 12H,

PCH2), 1.81−1.55 (br m, 12H, PCH2CH2), 1.53−1.14 (br m, 72H,
CH2);

13C{1H} (100 MHz):40 195.5 (t, 2JCP = 9.0 Hz, CO trans to CO),
191.9 (t, 2JCP = 6.1 Hz, CO trans to Cl), 30.9 (virtual t,21 3JCP = 6.6 Hz,
PCH2CH2CH2), 30.1 (virtual t,21 3JCP = 5.7 Hz, PC′H2C′H2C′H2),
28.81 (s, CH2), 28.78 (s, CH2), 28.5 (s, CH2), 28.2 (s, C′H2),

45 28.15
(virtual t,21 1JCP = 14.5 Hz, PCH2),

45 28.14 (s, CH2),
45 27.84 (s, C′H2),

27.78 (s, C′H2), 27.4 (s, C′H2), 26.6 (virtual t,
21 1JCP = 14.0 Hz, PC′H2),

23.9 (s, PCH2CH2), 23.0 (s, PC′H2C′H2);
31P{1H} (121 MHz) −7.5

(s). IR: Table 1.MS:39 1041 ([7′b]+, 10%), 1013 ([7′b−CO]+, 100%),
1006 ([7′b − Cl]+, 68%).

Alkene Metathesis of 2c. Complex 2c (0.546 g, 0.454 mmol),
chlorobenzene (400 mL; the resulting solution is ca. 0.0011 M in 2c),
and Grubbs catalyst (0.019 g, 0.023 mmol, 5 mol %) were combined in a
procedure analogous to that used for 2a. An identical workup gave 5*c
(0.487 g, 0.435 mmol, 96%)44 as a viscous yellow oil.

NMR (C6D6, δ/ppm):
1H (300MHz) 5.55−5.35 (br m, 6H, CH),

2.18−2.00 (br m, 12H, CH2CHCH), 1.99−1.78 (br m, 12H, PCH2),
1.77−1.55 (br m, 12H, PCH2CH2), 1.54−1.18 (br m, 60H, CH2);
31P{1H} (121 MHz) −5.3 (s, 35% of integral), −5.7 (s, 14%), −6.1 (s,
10%), −6.9 (s, 41%). MS:39 1119 ([M]+, 20%), 1091 ([M − CO]+,
70%), 1084 ([M − Cl]+, 100%).

mer,trans-Re(CO)3(Cl)(P((CH2)18)3P) (7c) and mer,trans-Re-

(CO)3(Cl)(P(CH2)17CH2)((CH2)18)(P(CH2)17CH2) (7′c).46 Complex 5*c

(0.487 g, 0.435 mmol; the entire quantity prepared above), THF
(10 mL), and PtO2 (0.010 g, 0.044 mmol) were combined in a
procedure analogous to that used for 7a and 7′a. An identical workup
gave 7c (0.126 g, 0.112 mmol, 26%; 25% from 2c) and 7′c (0.057 g,
0.051 mmol, 12%; 11% from 2c) as sticky pale yellow oils.

7c: Anal. Calcd (%) for C57H108ClO3P2Re: C 60.85, H 9.68; found
C 61.22, H 9.96.

NMR (C6D6, δ/ppm):
1H (300 MHz)40 2.09−1.89 (br m, 12H,

PCH2), 1.72−1.55 (br m, 12H, PCH2CH2), 1.54−1.25 (br m, 84H,
CH2);

13C{1H} (100 MHz)40 195.4 (t, 2JCP = 8.8 Hz, CO trans to CO),
191.8 (t, 2JCP = 6.5 Hz, CO trans to Cl), 30.7 (virtual t,21 3JCP = 6.0 Hz,

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b00909
Inorg. Chem. 2017, 56, 7454−7469

7464

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00909/suppl_file/ic7b00909_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b00909


PCH2CH2CH2), 29.1 (s, CH2), 28.9 (s, CH2), 28.69 (s, CH2), 28.65 (s,
CH2), 28.56 (s, CH2), 28.4 (s, CH2), 27.4 (virtual t,21 1JCP = 14.3 Hz,
PCH2), 23.5 (s, PCH2CH2);

31P{1H} (121 MHz)−7.3 (s). IR: Table 1.
MS:39 1097 ([7c − CO]+, 100%).
7′c: NMR (C6D6, δ/ppm):

1H (300 MHz)40 2.20−1.88 (br m, 12H,
PCH2), 1.87−1.60 (br m, 12H, PCH2CH2), 1.59−1.17 (br m, 84H,
CH2).

13C{1H} (100 MHz)40 195.5 (t, 2JCP = 9.2 Hz, CO trans to CO),
192.0 (t, 2JCP = 6.0 Hz, CO trans to Cl), 31.0 (virtual t,21 3JCP = 6.5 Hz,
PCH2CH2CH2), 30.8 (virtual t,21 3JCP = 5.5 Hz, PC′H2C′H2C′H2),
28.91 (s, CH2), 28.86 (s, CH2 or C′H2), 28.75 (s, CH2 or C′H2), 28.69
(s, CH2 or C′H2), 28.63 (s, CH2 or C′H2), 28.62 (s, CH2 or C′H2), 28.4
(s, C′H2), 28.3 (s, C′H2), 28.2 (virtual t,21 1JCP = 14.8 Hz, PCH2),
28.0 (s, C′H2), 27.5 (s, C′H2), 26.7 (virtual t,

21 1JCP = 13.8 Hz, PC′H2),
24.0 (s, PCH2CH2), 23.3 (s, PC′H2C′H2);

31P{1H} (121 MHz) −7.7
(s). IR: Table 1.MS:43 1128 ([7′c]+, 50%), 852 ([P((CH2)18)P + 2O]

+,
55%), 836 ([P((CH2)18)P + O]+, 50%), 820 ([P((CH2)18)P]

+, 10%).
Alkene Metathesis of 3a. Complex 3a (0.640 g, 0.593 mmol),

chlorobenzene (500 mL; the resulting solution is ca. 0.0012 M in 3a),
and Grubbs catalyst (0.027 g, 0.033 mmol, 6 mol %) were combined
in a procedure analogous to that used for 2a. An identical workup gave
6*a (0.531 g, 0.534 mmol, 90%)44 as a viscous yellow oil.
NMR (δ/ppm): 1H (C6D6, 300 MHz) 5.58−5.20 (br m, 6H, CH),

2.27−1.92 (br m, 12H, CH2CHCH), 1.91−1.65 (br m, 12H, PCH2),
1.62−1.15 (br m, 48H, CH2);

31P{1H} (CDCl3, 162 MHz): −6.0 (s,
41% of integral), −7.7 (s, 11%), −8.9 (s, 14%), −11.4 (s, 33%). MS:39

994 ([M]+, 14%), 966 ([M − CO]+, 100%), 913 (overlapping ions:
[M − 3CO]+ (911), [M − Br]+ (915), 34%).

mer,trans-Re(CO)3(Br)(P((CH2)14)3P) (8a). Complex 6*a (0.531 g,
0.534 mmol; the entire quantity prepared above), THF (15 mL), and
PtO2 (0.020 g, 0.088 mmol) were combined in a procedure analogous to
that used for 7a. An identical workup gave 8a (0.220 g, 0.220 mmol,
41%; 37% from 3a) as a white solid, mp 254 °C, dec (gradual darkening,
>180 °C). DSC/TGA: Table s1. Anal. Calcd (%) for C45H84BrO3P2Re:
C 53.98, H 8.46; found C 53.70, H 8.33.
NMR (C6D6, δ/ppm):

1H (300 MHz)40 2.00−1.82 (br m, 12H,
PCH2), 1.78−1.59 (br m, 12H, PCH2CH2), 1.55−1.28 (br m, 60H,
CH2);

13C{1H} (100 MHz)40 194.6 (t, 2JCP = 8.6 Hz, CO trans to CO),
191.3 (t, 2JCP = 6.3 Hz, CO trans to Br), 30.3 (virtual t,21 3JCP = 6.5 Hz,
PCH2CH2CH2), 29.9 (virtual t,

21 1JCP = 14.8 Hz, PCH2), 28.6 (s, CH2),
28.5 (s, CH2), 28.0 (s, CH2), 27.9 (s, CH2), 23.8 (s, PCH2CH2);
31P{1H} (121 MHz): −10.3 (s). IR: Table 1.MS:39 1000 ([8a]+, 28%),
972 ([8a − CO]+, 100%), 919 (overlapping ions: [8a − 3CO]+ (917)
and [8a − Br]+ (921), 42%).
Alkene Metathesis of 3b. Complex 3b (0.750 g, 0.644 mmol),

chlorobenzene (600 mL; the resulting solution is ca. 0.0011 M in 3b),
and Grubbs catalyst (0.027 g, 0.032 mmol, 5 mol %) were combined in a
procedure analogous to that used for 2a. An identical workup gave 6*b
(0.624 g, 0.578 mmol, 90%)44 as a viscous yellow oil.
NMR (C6D6, δ/ppm):

1H (400 MHz) 5.63−5.24 (br m, 6H, CH),
2.25−1.55 (br m, 36H, CH2CHCH/PCH2/PCH2CH2), 1.53−1.05
(br m, 48H, CH2);

31P{1H} (162 MHz): −12.0 (s, 4% of integral),
−12.2 (s, 4%), −12.4 (d, 28%), −12.6 (d, 25%), −12.9 (m, 38%).
MS:43 1052 ([M − CO]+, 30%), 1000 ([M − Br]+, 50%), 762
([P((CH2)7CHCH(CH2)7)P + 2O]+, 100%).

mer,trans-Re(CO)3(Br)(P(CH2)15CH2)((CH2)16)(P(CH2)15CH2) (8′b).46

Complex 6*b (0.624 g, 0.578 mmol; the entire quantity prepared
above), THF (10 mL), and PtO2 (0.013 g, 0.059 mmol) were combined
in a procedure analogous to that used for 7a. An identical workup gave
8′b (0.143 g, 0.132 mmol, 23%; 20% from 3b) as a sticky white oil. Anal.
Calcd (%) for C51H96BrO3P2Re: C 56.44, H 8.92; found C 56.70,
H 9.21.
NMR (C6D6, δ/ppm):

1H (300 MHz)40 2.22−1.89 (br m, 12H,
PCH2), 1.85−1.58 (br m, 12H, PCH2CH2), 1.55−1.17 (br m, 72H,
CH2);

13C{1H} (75 MHz)40 194.7 (t, 2JCP = 8.7 Hz, CO trans to CO),
191.5 (t, 2JCP = 7.2 Hz, CO trans to Br), 30.8 (virtual t,21 3JCP = 6.7 Hz,
PCH2CH2CH2), 30.0 (virtual t,21 3JCP = 5.8 Hz, PC′H2C′H2C′H2),
28.8 (s, CH2), 28.51 (s, CH2), 28.48 (s, CH2), 28.21 (s, C′H2), 28.18 (s,
CH2), 27.82 (s, C′H2), 27.76 (s, C′H2), 27.4 (s, C′H2), 27.2 (virtual

t,21 1JCP = 13.7 Hz, PC′H2),
48 24.0 (s, PCH2CH2), 23.1 (s, PC′H2C′H2),

31P{1H} (121 MHz) −12.6 (s). IR: Table 1.MS:43 1086 ([8′b]+, 20%),
1057 ([8′b − CO]+, 90%), 1006 ([8′b − Br]+, 100%).

Alkene Metathesis of 3c. Complex 3c (0.905 g, 0.725 mmol),
chlorobenzene (700 mL; the resulting solution is ca. 0.0010 M in 3c),
and Grubbs catalyst (0.030 g, 0.036 mmol, 5 mol %) were combined in a
procedure analogous to that used for 2a. An identical workup gave 6*c
(0.701 g, 0.603 mmol, 83%)44 as a viscous yellow oil.

NMR (C6D6, δ/ppm):
1H (300MHz) 5.61−5.30 (br m, 6H, CH),

2.26−1.86 (br m, 24H, CH2CHCH/PCH2), 1.79−1.10 (br m, 72H,
CH2);

31P{1H} (121 MHz): −10.2 (s, 26% of integral), −10.7 (s, 17%),
−11.1 (s, 17%), −12.0 (s, 40%). MS:39 116241 ([M]+, 20%), 113441

([M − CO]+, 100%), 1081 (overlapping ions: [M − 3CO]+ (1079),
[M − Br]+ (1083), 60%).

mer,trans-Re(CO)3(Br)(P((CH2)18)3P) (8c).
46 Complex 6*c (0.701 g,

0.603 mmol; the entire quantity prepared above), THF (10 mL), and
PtO2 (0.014 g, 0.062 mmol) were combined in a procedure analogous to
that used for 7a. An identical workup gave 8c (0.150 g, 0.128 mmol,
21%; 18% from 3c) as a viscous yellow oil. Anal. Calcd (%) for
C57H108BrO3P2Re: C 58.44, H 9.46; found C 59.88, H 9.25.42

NMR (C6D6, δ/ppm):
1H (300 MHz)40 2.08−1.89 (br m, 12H,

PCH2), 1.71−1.52 (br m, 12H, PCH2CH2), 1.50−1.29 (br m, 84H,
CH2);

13C{1H} (100 MHz)40 194.6 (t, 2JCP = 8.9 Hz, CO trans to CO),
191.3 (t, 2JCP = 6.0 Hz, CO trans to Br), 30.5 (virtual t,21 3JCP = 6.2 Hz,
PCH2CH2CH2), 29.1 (s, CH2), 28.9 (s, CH2), 28.8 (s, CH2), 28.6 (s,
CH2), 28.3 (s, CH2), 27.8 (s, CH2), 27.9 (virtual t,21 1JCP = 14.5 Hz,
PCH2), 23.5 (s, PCH2CH2);

31P{1H} (121 MHz) −12.6 (s). IR:
Table 1. MS:39 1169 ([8c]+, 35%), 1141 ([8c − CO]+, 100%), 1090
([8c − Br]+, 100%).

Alkene Metathesis of 4a. Complex 4a (0.296 g, 0.283 mmol),
chlorobenzene (230 mL; the resulting solution is ca. 0.0012 M in 4a),
and Grubbs catalyst (0.011 g, 0.013 mmol, 5 mol %) were combined in a
procedure analogous to that used for 2a. An identical workup gave a
viscous yellow oil (0.232 g, 0.242 mmol, 86%).44

NMR (C6D6, δ/ppm):
1H (300MHz) 5.65−5.18 (br m, 6H, CH),

2.39−1.81 (br m, 24H, CH2CHCH/PCH2), 1.68−1.09 (br m, 60H,
CH2);

31P{1H} (121 MHz): −4.7 (s, 34% of integral), −5.8 (s, 13%),
−6.3 (s, 23%), −7.1 (s, 29%).MS:39 959 ([M]+, 5%), 931 ([M − CO]+,
100%), 894 ([M − Cl − CO]+, 65%).

cis,trans-Re(CO)(NO)(Cl)2(P((CH2)14)3P) (9a). The crude metathesis
product of 4a (0.232 g, 0.242 mmol; the entire quantity prepared
above), THF (15 mL), and PtO2 (0.009 g, 0.04 mmol) were combined
in a procedure analogous to that used for 7a. A similar workup (Al2O3
column, 3 × 20 cm, 2:1 v/v hexanes/CH2Cl2) gave 9a (0.039 g,
0.040 mmol, 17%; 14% from 4a) as a white solid, mp 278 °C, dec
(gradual darkening, >265 °C). DSC/TGA: Table s1. Anal. Calcd (%)
for C43H84Cl2NO2P2Re: C 53.45, H 8.76, N 1.45; foundC 53.43, H 8.52,
N 1.47.

NMR (C6D6, δ/ppm):
1H (300 MHz)40 2.10−1.84 (br m, 12H,

PCH2), 1.80−1.60 (br m, 12H, PCH2CH2), 1.59−1.20 (m, 60H,
CH2);

13C{1H} (100 MHz)40 203.1 (t, 2JCP = 5.5 Hz, CO), 29.9 (virtual
t,21 3JCP = 6.5 Hz, PCH2CH2CH2), 28.2 (s, CH2), 28.1 (s, CH2), 27.4 (s,
CH2), 27.3 (s, CH2), 24.7 (virtual t,21 1JCP = 14.2 Hz, PCH2), 22.4 (s,
PCH2CH2);

31P{1H} (121 MHz) − 7.1 (s). IR: Table 1. MS:39 96741

([9a]+, 25%), 93741 ([9a−CO]+, 70%), 90041 ([9a−NO−Cl]+, 65%).
mer,trans-Re(CO)3(I)(P((CH2)6CHCH2)3)2 (10a). A Schlenk flask

was charged with 2a (0.250 g, 0.242 mmol), NaI (0.181 g, 1.21 mmol),
THF (20 mL), and acetone (10 mL). The yellow solution refluxed for
20 h. The solvent was removed by rotary evaporation and oil pump
vacuum, and the residue was chromatographed (Al2O3 column,
1.5 × 15 cm, 4:1 v/v hexanes/CH2Cl2). The solvent was removed
from the product containing fractions by oil pump vacuum to give 5a
(0.185 g, 0.164 mmol, 68%) as a viscous yellow oil. Anal. Calcd (%) for
C51H90IO3P2Re: C 54.38, H 8.05; found C 54.34, H 7.80.

NMR (C6D6, δ/ppm):
1H (300MHz)40 5.77 (ddt, 3JHHtrans = 16.9 Hz,

3JHHcis = 10.2 Hz, 3JHH = 6.7 Hz, 6H, CH), 5.04 (br d, 3JHHtrans =
17.2 Hz, 6H,CHEHZ), 4.99 (br d,

3JHHcis = 10.1 Hz, 6H,CHEHZ),
2.17−2.03 (br m, 12H, CH2CHCH2), 2.02−1.91 (br m, 12H, PCH2),
1.68−1.52 (br m, 12H, PCH2CH2), 1.39−1.21 (br m, 36H, CH2);
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13C{1H} (100 MHz)40 193.2 (t, 2JCP = 8.8 Hz, CO trans to CO), 190.6
(t, 2JCP = 6.9 Hz,CO trans to I), 139.0 (s,CH), 114.6 (s,CH2), 34.0
(s, CH2), 31.1 (virtual t,

21 3JCP = 6.1 Hz, PCH2CH2CH2), 29.1 (s, CH2),
29.0 (virtual t,21 1JCP = 14.6 Hz, PCH2)

45, 29.0 (s, CH2)
45, 24.2 (s,

PCH2CH2);
31P{1H} (121 MHz): −20.9 (s). IR: Table 1.MS:39 112641

([10a]+, 20%), 109841 ([10a − CO]+, 100%), 1000 ([10a − I]+, 90%).

mer,trans-Re(CO)3(I)(P((CH2)14)3P) (11a). A. A Schlenk flask was
charged with 8a (0.075 g, 0.075 mmol), THF (20 mL), acetone
(10 mL), and NaI (0.150 g, 1.00 mmol). The yellow solution was
refluxed for 7 d. The solvent was removed from the orange-brown
mixture by rotary evaporation and oil pump vacuum. The residue was
filtered through Al2O3, which was rinsed with THF. The solvent was
removed from the combined filtrates by rotary evaporation and oil pump
vacuum to give 11a (0.044 g, 0.042 mmol, 56%) as a pale yellow powder.
B. A Schlenk flask was charged with 7a (0.107 g, 0.112 mmol), THF
(10 mL), acetone (5 mL), and NaI (0.094 g, 0.63 mmol). The yellow
solution was refluxed for 25 h. The solvent was removed from the orange
mixture by rotary evaporation and oil pump vacuum. The residue was
chromatographed (Al2O3 column, 3× 20 cm, 4:1 v/v hexanes/CH2Cl2).
The solvent was removed from the product containing fractions
by rotary evaporation and oil pump vacuum to give 11a (0.040 g,
0.038 mmol, 34%) as a pale yellow powder, mp 225 °C, dec
(gradual darkening, >173 °C). TGA: Table s1. Anal. Calcd (%) for
C45H84IO3P2Re: C 51.56, H 8.08; found C 51.08, H 8.27.
NMR (δ/ppm): 1H (C6D6, 300 MHz)40 2.07−1.89 (br m, 12H,

PCH2), 1.80−1.62 (br m, 12H, PCH2CH2), 1.60−1.41 (br m, 60H,
CH2).

13C{1H} (C6D6, 100 MHz)40 193.3 (t, 2JCP = 9.3 Hz, CO trans
to CO), 190.3 (t, 2JCP = 6.9 Hz, CO trans to I), 31.4 (virtual t,21 1JCP =
14.7 Hz, PCH2), 30.3 (virtual t,21 3JCP = 6.5 Hz, PCH2CH2CH2), 28.8
(s, CH2), 28.3 (s, CH2), 28.1 (s, CH2), 24.2 (s, PCH2CH2);

31P{1H}
(THF-d8, 121 MHz) −17.2 (s). IR: Table 1.MS:39 1048 ([11a]+, 30%),
1020 ([11a − CO]+, 100%), 922 ([11a − I]+, 30%).

mer,trans-Re(CO)3(Ph)(P((CH2)14)3P) (12a). A Schlenk flask was
charged with 7a (0.075 g, 0.078 mmol), THF (15 mL), and Ph2Zn
(0.091 g, 0.41 mmol). The solution was refluxed for 2 d and cooled.
MeOH (5 mL) was added, and a white precipitate formed. The solvent
was removed by oil pump vacuum, and the residue was extracted with
benzene. The extract was filtered. The solvent was removed from the
filtrate by rotary evaporation and oil pump vacuum to give 12a (0.068 g,
0.068 mmol, 87%) as an orange solid, mp 200 °C, dec (gradual
darkening, >172 °C). Anal: calcd (%) for C51H89O3P2Re: C 61.35,
H 8.98; found C 60.38, H 9.74.42

NMR (CD2Cl2, δ/ppm):
1H (400MHz)40 7.80 (d, 3JHH = 6.0 Hz, 2H,

o-Ph), 6.87−6.83 (m, 3H, m-Ph and p-Ph), 1.89−1.84 (br m, 4H,
PCH2

49), 1.61−1.50 (br m, 12H, CH2), 1.50−1.21 (br m, 68H, CH2);
13C{1H} (100MHz)40 198.2 (t, 2JCP = 9.3Hz,CO trans to CO), 196.6 (t,
2JCP = 5.6 Hz, CO trans to Ph), 157.7 (t, 2JCP = 11.8 Hz, i-Ph), 147.0 (s,
o-Ph), 126.8 (s,m-Ph),50 121.4 (s, p-Ph), 32.6 (virtual t,21 1JCP = 14.2 Hz,
PCH2), 30.4 (virtual t,21 3JCP = 6.5 Hz, PCH2CH2CH2), 30.1 (virtual
t,21 3JCP = 6.5 Hz, PCH2CH2CH2), 29.6 (virtual t,21 1JCP = 14.5 Hz,
PCH2), 29.1 (s, CH2), 28.9 (s, CH2), 28.57 (s, CH2), 28.56 (s, CH2),
28.21 (s, CH2), 28.20 (s, CH2), 28.15 (s, CH2), 28.0 (s, CH2), 24.0 (s,
PCH2CH2), 22.7 (s, PCH2CH2);

31P{1H} (121 MHz): −12.3 (s).
IR: Table 1. MS:39 999 ([12a]+, 50%), 971 ([12a − CO]+, 40%), 943
([12a − 2CO]+, 25%), 922 ([12a − Ph]+, 40%), 684 ([P((CH2)16)P +
2O]+, 100%).

mer,trans-Re(CO)3(Me)(P((CH2)14)3P) (13a). A. A Schlenk flask was
charged with 8a (0.100 g, 0.100mmol), THF (10mL), andMeLi (1.6M
in Et2O; 0.625 mL, 0.022 g, 1.00 mmol). The white emulsion was stirred
for 2 d. Water was carefully added to hydrolyze the excess MeLi. The
organic layer was filtered through Al2O3 and MgSO4. The solvent was
removed from the filtrate by oil pump vacuum to give 13a (0.077 g,
0.082 mmol, 82%) as a white powder. B. A Schlenk flask was charged
with 7a (0.099 g, 0.10 mmol), THF (10 mL), and MeLi (1.6 M in Et2O;
0.625 mL, 0.022 g, 1.00 mmol). The white emulsion was stirred for 24 h.
Workup as in procedure A gave 13a (0.075 g, 0.080 mmol, 78%)
as a white powder, mp 175 °C, dec (gradual darkening, >149 °C).

DSC/TGA: Table s1. Anal. Calcd (%) for C46H87O3P2Re: C 59.01,
H 9.37; found C 58.61, H 9.38.

NMR (C6D6, δ/ppm):
1H (300 MHz)40 1.82−1.68 (br m, 12H,

PCH2), 1.67−1.55 (br m, 12H, PCH2CH2), 1.53−1.31 (br m, 60H,
CH2),−0.27 (t, 3JHP = 6.0 Hz, ReCH3);

13C{1H} (100 MHz)40 201.1 (t,
2JCP = 9.2 Hz, CO trans to CO), 195.8 (t, 2JCP = 7.5 Hz, CO trans toMe),
30.9−30.351 (m, PCH2/PCH2CH2CH2), 28.6 (s, CH2), 28.4 (s, CH2),
28.1 (s,CH2), 27.9 (s,CH2), 23.9 (s, PCH2CH2),−31.9 (t, 2JCP = 6.4 Hz,
ReCH3);

31P{1H} (121 MHz): −8.7 (s). IR: Table 1. MS:39 93641

([13a]+, 4%), 92141 ([13a − Me]+, 40%), 90841 ([13a − CO]+, 8%),
68341 ([P((CH2)16)P + 2O]+, 100%), 66741 ([P((CH2)16)P + O]+,
45%), 65141 ([P((CH2)16)P]

+, 10%).
Crystallography. A. A hexanes/CH2Cl2 solution of 7a was heated

to 40 °C and concentrated under reduced pressure (560 mbar) with
cooling. After 30 min, colorless prisms were collected. Data were
acquired as outlined in Table s2. Cell parameters were obtained from
10 frames using a 10° scan and refined with 9685 reflections. Lorentz,
polarization, and absorption corrections52 were applied. The space
group was determined from systematic absences and subsequent least-
squares refinement. The structure was solved by direct methods.
The parameters were refined with all data by full-matrix-least-squares
on F2 using SHELXL-97.53 Non-hydrogen atoms were refined with
anisotropic thermal parameters. The hydrogen atoms were fixed in
idealized positions using a riding model. Some strong residual electron
densities were apparent, but were presumed to be artifacts. Scattering
factors were taken from the literature.54 B. A CH2Cl2 solution of 8a was
layered with MeOH. After two weeks, colorless prisms were collected.
Data were acquired, and the structure was solved, as in A (10 frames,
10° scan, 9139 reflections). The bromide ligand was disordered over
three positions, and refinement indicated a 70:15:15 occupancy. The
carbonyl ligands were located and assigned corresponding occupancies
(30:85:85). C. A THF solution of 12a was layered with MeOH.
After 1 d, colorless prisms were collected. Data were acquired, and the
structure was solved, as in A (10 frames, 10° scan, 25525 reflections).
Four independent molecules of 12a and four independent molecules of
THF were present in the asymmetric unit (two asymmetric units/unit
cell). The chiral space group was refined as a racemic twin (Flack’s
absolute structure parameter: 0.412).55D. A CH2Cl2 solution of 13awas
layered with MeOH. After two weeks, colorless prisms were collected.
Data were acquired, and the structure was solved, as in A (10 frames,
10° scan, 9646 reflections). The methyl group and one carbonyl ligand
were disordered over two positions (see text) and refined to a 55:45
occupancy ratio.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.inorgchem.7b00909.

Experimental procedures, representative IR and NMR
spectra and tables of thermal properties and character-
ization and crystallographic data (PDF)

Accession Codes
CCDC 669204−669206 and 1541799 contain the supplemen-
tary 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
Tobias Fiedler: 0000-0001-7169-305X
John A. Gladysz: 0000-0002-7012-4872

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.7b00909
Inorg. Chem. 2017, 56, 7454−7469

7466

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00909/suppl_file/ic7b00909_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00909/suppl_file/ic7b00909_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00909/suppl_file/ic7b00909_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.7b00909
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00909/suppl_file/ic7b00909_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1541799&id=doi:10.1021/acs.inorgchem.7b00909
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:gladysz@mail.chem.tamu.edu
http://orcid.org/0000-0001-7169-305X
http://orcid.org/0000-0002-7012-4872
http://dx.doi.org/10.1021/acs.inorgchem.7b00909


Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors thank the U.S. National Science Foundation (CHE-
0719267, CHE-1153085, CHE-156601) and Deutsche For-
schungsgemeinschaft (DFG, GL 300/9-1) for support.

■ REFERENCES
(1) Kottas, G. S.; Clarke, L. I.; Horinek, D.; Michl, J. Artificial
Molecular Rotors. Chem. Rev. 2005, 105, 1281−1376.
(2) (a) de Jonge, J. J.; Ratner, M. A.; de Leeuw, S. W. Local Field
Controlled Switching in a One-Dimensional Dipolar Array. J. Phys.
Chem. C 2007, 111, 3770−3777. (b) Khan, N. S.; Perez-Aguilar, J. M.;
Kaufmann, T.; Hill, P. A.; Taratula, O.; Lee, O.-S.; Carroll, P. J.; Saven, J.
G.; Dmochowski, I. J. Multiple Hindered Rotators in a Gyroscope-
Inspired Tribenzylamine Hemicryptophane. J. Org. Chem. 2011, 76,
1418−1424. (c) Dial, B. E.; Pellechia, P. J.; Smith, M. D.; Shimizu, K. D.
Proton Grease: An Acid Accelerated Molecular Rotor. J. Am. Chem. Soc.
2012, 134, 3675−3678. (d) Zhang, Q.-C.; Wu, F.-T.; Hao, H.-M.; Xu,
H.; Zhao, H.-X.; Long, L.-S.; Huang, R.-B.; Zheng, L. S. Modulating the
Rotation of a Molecular Rotor through Hydrogen-Bonding Interactions
between the Rotator and Stator.Angew. Chem., Int. Ed. 2013, 52, 12602−
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Gomez-Treviño, A.; Santillan, R.; Farfań, N.; Jimeńez-Peŕez, V. M.
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