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ABSTRACT: Square planar trans-Rh(CO)(Cl)[P((CH2)14)3P]
(4c) is prepared from trans-Rh(CO)(Cl)[P((CH2)6CH
CH2)3]2 by a CC metathesis/hydrogenation sequence (41%).
Additions of NaBr, NaI, or KSCN give the substitution products

trans-Rh(CO)(X)[P((CH2)14)3P] (X = Br/I/−NCS, 5c/6c/7c,
97−44%). Additions of ZnPh2, MeLi, or NaBH4 give trans-

Rh(CO)(R)[P((CH2)14)3P] (R = Ph/Me, 8c/9c, ∼94−89%) or

trans-Rh(CO)(H2BH2)[P((CH2)14)3P] (10c, 99%). Reactions
with BrCCl3 or CO give the octahedral or trigonal bipyramidal

addition products trans-Rh(CO)(Cl)(Br)(CCl3)[P((CH2)14)3P]

(11c, 97%) or trans-Rh(CO)2(I)[P((CH2)14)3P] (12c, ∼98%).
The crystal structures of 5c, 6c, 8c, and 10c are determined. These and other data are used to calculate the dimensions of the
rotators and void spaces of the diphosphine cages, aiding the interpretation of dynamic properties. Specifically, 4c−6c and 9c−10c
exhibit a single set of seven CH2

13C NMR signals at room temperature, although three sets of seven are expected from symmetry
(⇒ facile 360° Rh(CO)(X) rotation); 7c−8c exhibit two sets of seven signals with a ca. 2:1 area ratio (∼90° Rh(CO)(X) rotation);
11c exhibits three sets of seven signals (no Rh(CO)(Cl)(Br)(CCl3) rotation). The barrier to Rh(CO)2(I) rotation in 12c is
bounded as higher than that of Rh(CO)(I) rotation in 6c, but the rotamers preferentially interconvert via CO dissociation/addition.
Reaction of 4c and excess PMe3 gives trans-Rh(CO)(Cl)(PMe3)2 (72%) and the dibridgehead diphosphine P((CH2)14)3P (58%).
The latter reacts with [(OC)2Rh(μ-Cl)]2 to regenerate 4c (58%).

■ INTRODUCTION

There is now an extensive literature of sterically shielded
molecular rotors.1,2 Shielding represents an important design
element in any molecular machine or device with a rotating
component, much like macroscopic industrial flywheels,
gearboxes, and drivebelts, which are normally kept in
protective housings.3 Packaging is also an important
consideration for microelectromechanical systems (MEMS),
which can have diverse types of moving parts.4

We have had a long-standing interest in types of compounds
that show promise as molecular gyroscopes.1b In particular, we
discovered that three-fold intramolecular ring-closing meta-
theses of coordination complexes with trans phosphine ligands
of the formula P((CH2)mCHCH2)3 afford, after hydro-
genations, the cage-like dibridgehead diphosphine adducts

trans-MLy[P((CH2)n)3P] (I; Scheme 1), where n = 2m + 2.
Such sequences can be effected with trigonal bipyramidal (n ≥
10),5 octahedral (n ≥ 14),6 and square planar (n ≥ 14)

educts.7 Depending upon the value of n and the nature of the
ligands, the MLy rotator may be (1) capable of a 360° rotation,
(2) capable of a substantial oscillation but not a full 360°
rotation, or (3) essentially locked in place. Related species with
silicon-(p-arylene)-silicon axes as opposed to phosphorus-
metal-phosphorus axes have been similarly accessed by
Setaka.2b,8

The synthesis of a typical square planar system with n = 14
and MLy = PtCl2 is depicted in Scheme 1. The corresponding
PdCl2 adduct is similarly available,7a and both have an
extensive chloride ligand substitution chemistry.7a,9 Certain

Received: December 21, 2021
Published: February 21, 2022

Articlepubs.acs.org/Organometallics

© 2022 American Chemical Society
733

https://doi.org/10.1021/acs.organomet.1c00708
Organometallics 2022, 41, 733−749

D
ow

nl
oa

de
d 

vi
a 

TE
X

A
S 

A
&

M
 U

N
IV

 C
O

LG
 S

TA
TI

O
N

 o
n 

Ju
ly

 2
7,

 2
02

2 
at

 1
6:

51
:4

2 
(U

TC
).

Se
e 

ht
tp

s:
//p

ub
s.a

cs
.o

rg
/s

ha
rin

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+L.+Estrada"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Leyong+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nattamai+Bhuvanesh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Frank+Hampel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+A.+Gladysz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.organomet.1c00708&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00708?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00708?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00708?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00708?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.organomet.1c00708?fig=abs1&ref=pdf
https://pubs.acs.org/toc/orgnd7/41/6?ref=pdf
https://pubs.acs.org/toc/orgnd7/41/6?ref=pdf
https://pubs.acs.org/toc/orgnd7/41/6?ref=pdf
https://pubs.acs.org/toc/orgnd7/41/6?ref=pdf
pubs.acs.org/Organometallics?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.organomet.1c00708?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Organometallics?ref=pdf
https://pubs.acs.org/Organometallics?ref=pdf


nucleophiles can also displace the dibridgehead diphosphine
ligand P((CH2)14)3P (1c). Each of these sixteen-valence-
electron species and the NiCl2 analogue can also be accessed
from 1c and MCl2 sources.10 Although various mechanistic
issues associated with these transformations remain to be
clarified, such diphosphines can function as “container
molecules” for transporting MX2 fragments from one medium
to another.10

While there are many fascinating properties of these group
10 complexes,7,9 we were also interested in developing
isoelectronic group 9 species. Since the two non-phosphine
ligands must now supply a total of three valence electrons, they
must be unlike, and the rotator will feature a dipole. Dipolar
entities are capable of interacting with electric fields, and this
represents one approach to driving the unidirectional rotation
required for molecular gyroscopes.1,11 Also, certain group 9
sixteen-valence-electron species are capable of adding suitable
Lewis bases to give five coordinate eighteen-valence-electron
trigonal bipyramidal adducts,12 and this represents a possible
approach to reversible modulating rotation or “braking”.
For this study, we were particularly attracted to rhodium, in

part due to the numerous reactions that can be catalyzed by
rhodium phosphine complexes and the ease of interconversion
of many rhodium(I) and rhodium(III) species.13 It is of
obvious interest to probe the feasibility and selectivity of
catalysis within the diphosphine cage. While some of the
preceding objectives might be pursued with group 10 adducts,
it can be challenging to access unsymmetrically substituted
species with dipolar rotators,9 and there is a narrower range of
M(II)/M(IV) couples.
Accordingly, we set out to synthesize and develop the

chemistry of Rh(CO)(X) adducts of dibridgehead diphos-
phines such as 1c. In this full paper, a variety of such
compounds are prepared and structurally characterized. Their
dynamic behavior, and those of five and six coordinate
derivatives, are probed by variable-temperature NMR. Trends
are analyzed in detail, and the feasibility of oxidative addition
within the diphosphine cage is established. Portions of this
work have been communicated.14

■ RESULTS
Metathesis/Hydrogenation Sequences. Many trans

bis(phosphine) adducts of rhodium carbonyl chloride have
been synthesized by reactions of the dinuclear chloride
complex [(COD)Rh(μ-Cl)]2, CO, and excess phosphines.15

As shown in Scheme 2, this procedure was applied to the

alkene-containing phosphines P((CH2)mCHCH2)3 (m = b,
5; c, 6; d, 7; e, 8).16 Workups gave the target complexes trans-
Rh(CO)(Cl)[P((CH2)mCHCH2)3]2 (2b−e) as yellow oils
in 25−54% yields. These and all other new compounds below
were characterized by IR and NMR spectroscopy [1H, 13C-
{1H}, 31P{1H}], and in most cases microanalyses, as
summarized in the Experimental Section. Each complex gave
a distinctive IR νCO band, and NMR spectra exhibited
characteristic 31P-derived virtual17 and 103Rh couplings.

Scheme 1. Synthesis of a Representative Square Planar Group 10 Gyroscope-Like Complex and Displacement/
Recomplexation of the Dibridgehead Diphosphine 1c

Scheme 2. Syntheses and Chloride Ligand Substitution
Reactions of Gyroscope-Like Rhodium Complexes
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Dilute CH2Cl2 solutions of 2b−e (0.0018−0.0020 M) were
treated with Grubbs’ catalyst (15−22 mol %). Chromato-
graphic workups gave the crude ring-closing metathesis

products trans-Rh(CO)(Cl)[P((CH2)mCHCH(CH2)m)3P]
(3b,c,e) as mixtures of E/Z CC isomers. These were
partially characterized. The complex with the smallest
macrocycle, fifteen-membered 3b, was only obtained in 3%
yield, paralleling findings with related group 10 educts (<1%,
MLy = PdCl2).

7a,18 Presumably mainly oligomers and polymers
form. No monorhodium product was detected in the case of
2d. The phosphine ligand P((CH2)7CHCH2)3 is also a poor
performer in other square planar systems (4%, MLy = PtCl2).

7a

The two samples obtained in quantity (3c,e) were
hydrogenated over PtO2 (Adams’ catalyst) to give the target

complexes trans-Rh(CO)(Cl)[P((CH2)n)3P] (4c,e; n = 2m +
2 = c, 14; e, 18) as yellow powders in 54 and 13% yields,
respectively (41% and 10% from 2c,e). Yields were also lower
for the larger ring size in the PtCl2 series. The IR νCO values of
4c,e, were similar to those of 2c,e (1950−1946 vs 1953−1950
cm−1), indicating a negligible cage effect.
Ambient temperature 13C{1H} NMR spectra of 4c in

CD2Cl2 or CDCl3 showed seven CH2 signals, or one type of
P(CH2)14P bridge, as depicted in Figure 1 (bottom). As is
commonly seen for such dibridgehead diphosphine adducts,
two of the signals exhibited virtual coupling to phosphorus.17

2D NMR experiments with PtCl2 analogues have established
that the PCH2 signals exhibit the larger couplings (16.2−16.3
Hz), and the PCH2CH2CH2 signals the smaller couplings
(6.6−6.8 Hz).7a For the square planar rhodium complexes
herein, the values range from 11.3 to 13.8 and 6.3 to 7.5 Hz,
respectively. Couplings for the PCH2CH2 signals are much
smaller, as can be bounded by the widths of the peaks at half-
height (w1/2 = 2.7−3.4 Hz for 4c,e). Of relevance to trigonal
bipyramidal complexes below, the same trends have been
established for Fe(CO)3 analogues,5a although the upfield/
downfield sense of the PCH2CH2CH2 signals can invert.
Chloride Ligand Substitution Reactions. The chloride

ligands in complexes of the type trans-Rh(CO)(Cl)(PR3)2 are
easily substituted.19 Could such reactions take place equally
well within the cage-like dibridgehead diphosphine ligands of
4c,e? Accordingly, two types of transformations were pursued.
The first involved halide or pseudohalide nucleophiles, and the
second involved simple carbon or hydride nucleophiles.
As shown in Scheme 2, CH2Cl2 or acetone solutions of 4c

were treated with NaBr, NaI, or KSCN (1.2−10 equiv).
Workups gave the corresponding halide or pseudohalide

complexes trans-Rh(CO)(X)[P((CH2)14)3P] (X = 5c, Br; 6c,
I; 7c, −NCS) as yellow powders in 45−97% yields. The
structures of the first two were confirmed crystallographically
as described below. The formulation of 7c as an isothiocyanate
or RhNCS complex was made by analogy to products derived
from other trans-Rh(CO)(Cl)(PR3)2 species and KSCN and
the close correspondence of the IR νNCS values (2084 vs
2089−2100 cm−1).20 In contrast to the halide complexes 5c
and 6c, 7c exhibited two sets of CH2

13C{1H} signals at room
temperature, with one set more intense (ca. 2:1). This is
illustrated in Figure 1 (middle), and the dichotomy is
rationalized in the Discussion section.
Next, a THF solution of 4c was treated with ZnPh2 (2.1

equiv), a reagent that effected chloride ligand substitution with
the PtCl2 analogue.7a A chromatographic workup gave the

phenyl complex trans-Rh(CO)(Ph)[P((CH2)14)3P] (8c) in
89% yield. The NMR spectra showed features characteristic of
hydrocarbyl bis(phosphine) rhodium complexes, such as
strong couplings between rhodium, phosphorus, and the
ligating ipso and CO carbon atoms (1JRhP = 142 Hz; 1JRhC(i‑Ph)
= 26.4 Hz and 2JPC(i‑Ph) = 16.3 Hz; 1JRhCO = 55.3 Hz and 2JPCO
= 13.8 Hz). As with 7c, the 13C{1H} NMR spectrum exhibited
two sets of seven CH2 signals, with a ca. 2:1 area ratio (Figure
1, top).
A similar reaction was conducted with a hexane solution of

4c and MeLi/LiBr (10 equiv). A number of workups were
evaluated, as well as other methyl nucleophiles. In all cases, the

target methyl complex trans-Rh(CO)(Me)[P((CH2)14)3P]
(9c) was obtained. However, it has not yet been proved

Figure 1. 13C{1H} NMR spectra (ambient probe temperature) of the
methylene region of 4c (bottom, CDCl3, 125 MHz), 7c (middle,
toluene-d8, 100 MHz), and 8c (top, C6D6, 125 MHz).
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possible to isolate 9c in an analytically pure form. Rather, a
material of roughly 92% purity by 31P NMR is obtained in 94%
yield (one byproduct). Nonetheless, the methyl 1H and 13C
NMR signals were readily apparent as rhodium- and
phosphorus-coupled doublets of triplets [1H and 13C{1H}
(ppm, C6D6): −0.22 (dt, 2JRhH = 1.5 Hz, 3JPH = 8.3 Hz) and
−5.3 (dt, 1JRhC = 20.1 Hz, 2JPC = 13.9 Hz)]. As with the halide
complexes 4c, 5c, and 6c, the 13C{1H} NMR spectrum
exhibited a single set of CH2 signals.
Finally, a THF solution of 4c was treated with excess

NaBH4. As shown in Scheme 3, the workup gave the bidentate

borohydride complex trans-Rh(CO)(H2BH2)[P((CH2)14)3P]
(10c) in 99% yield. A number of group 9 halide complexes
gave analogous substitution/addition products upon reaction
with NaBH4.

21,22 In this case, the structure was evidenced by a
broad 1H NMR signal integrating to 4H and anchored by two
poorly defined humps (−0.93, −1.05 ppm), in accord with
literature precedent.21 The IR spectrum showed a weak νBH
band at 2394 cm−1. The tetradeutero analogue 10c-d4 was
analogously synthesized using NaBD4 and exhibited an IR νBD
band at 1697 cm−1. The νBD/νBH ratio, 0.709, was in good
agreement with that calculated from the reduced masses of the
atoms (0.736 for 11B)23 and reports for other pairs of BH/BD
compounds.22a,24 The 13C{1H} NMR spectra of 10c and 10c-
d4 showed a single set of CH2 signals.
In connection with other objectives, the corresponding

hydride complex trans-Rh(CO)(H)[P((CH2)14)3P] was
sought. To the best of our knowledge, there are no examples
of BH3 abstractions from bidentate borohydride complexes to
give isolable complexes of the formula Rh(CO)(H)(PR3)2.
Nonetheless, 10c was treated with several nitrogen Lewis bases
that are capable of binding BH3. While no reaction took place
with excess pyrazine by 31P{1H} NMR (THF, RT), there was
substantial conversion to a new species with excess DMAP or
DABCO (toluene, RT), but a rhodium hydride complex could
not be detected by 1H or (indirectly) 31P NMR.
Addition Reactions. The preceding reactions with NaBH4

and NaBD4 can be viewed as additions. However, trans-

formations in which the original ligand set of 4c was retained,
with only an increase in coordination number, were also
sought. If any of these could be effected reversibly, it could
represent a means of modulating the rotational barrier of the
rotator.
There is a prior literature of oxidative additions of

tetrahalomethanes to square planar d8 complexes.25 Accord-
ingly, 4c and CBrCl3 were combined in C6D6. As shown in
Scheme 3, the octahedral adduct 11c was isolated in 97% yield.
The stereochemistry (Br and CCl3 trans; Cl and CO trans) was
tentatively assigned by analogy to that of a crystallographically
characterized analogue.25a As analyzed below, certain dimen-
sions of the CCl3 ligand greatly exceeded those of the others in
this study. Accordingly, 13C{1H} NMR spectra (room
temperature, C6D6, or 60 °C, toluene-d8) exhibited three sets
of seven CH2 signals, as depicted in Figure 2. Although not all

peaks are resolved, the three downfield triplets associated with
the PCH2CH2CH2 signals are easily seen (two partially
overlap).26 As detailed in the Discussion section, this reflects
both the higher barrier and lower symmetry associated with the
tetrasubstituted rotator.
Next, the reaction of 4c and NaI was repeated in the

presence of CO. Under similar conditions, several trigonal
bipyramidal dicarbonyl iodide complexes trans-Rh(CO)2(I)-
(PR3)2 have been generated.12 These are usually quite labile,
reverting to the corresponding monocarbonyl iodide com-
plexes under N2. As shown in Scheme 3, the dicarbonyl iodide
complex 12c was quantitatively generated. The IR spectrum
exhibited two νCO bands, as opposed to the single absorption
for 6c [1988 (m) and 1930 (s) vs 1940 (s) cm−1]. The
31P{1H} NMR signal was somewhat downfield of that of 6c
(25.2 vs 15.8 ppm, 1JPRh 85 vs 113 Hz). Crystals could be
grown (CH2Cl2/methanol), but sufficed only for a preliminary
structure solution that showed the staggered L3M−P(CH2)3
conformation seen for other trigonal bipyramidal adducts of
1c.5,6a When 12c was purged under a N2 stream, 6c was
quantitatively regenerated. Low-temperature 13C{1H} NMR
spectra of 12c are described below.

Crystallography. Crystal structures were sought for as
many of the preceding complexes as possible. Accordingly,
suitable crystals of the bromide, iodide, phenyl, and
borohydride complexes 5c, 6c, 8c, and 10c were obtained,
and their structures determined as outlined in Table 1 and the

Scheme 3. Reactions Involving Additions to the Rotators of
Gyroscope-Like Rhodium Complexes

Figure 2. 13C{1H} NMR spectrum of the methylene region of 11c
(C6D6, 100 MHz, ambient probe temperature).
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Experimental Section. The results are depicted in Figures 3 and
4, and key metrical parameters are given in Table 2. Tables of
torsion angles, which can be used to compare the
conformations of the dibridgehead diphosphine ligands, are
given in the Supporting Information.
The structures of the bromide and borohydride complexes

5c and 10c were free of complications. However, the I−Rh−
CO moiety in 6c was disordered, with two orientations
differing by ca. 180°. These refined to an 89:11 occupancy
ratio, and only the dominant rotamer is shown in Figure 3. As
is evident in Figure 3, 5c and 6c are essentially isostructural,
with P−C−C−C and C−C−C−C torsion angles that always
match within a few degrees (Table s1). Also, the space groups
are identical (C2/c) with very similar unit cell dimensions
(Table 1).
Interestingly, the phenyl complex 8c crystallized in a chiral

non-centrosymmetric space group (P21; no. 33), with only a
single enantiomer in the unit cell. The bulk sample was not
further investigated, but crystals containing the opposite
enantiomer would be anticipated. Although stereogenic
atoms are absent, the molecular conformation is chiral.
However, such enantiomers would be expected to rapidly
interconvert in solution.
Low Temperature 13C{1H} NMR Data. When 13C{1H}

NMR spectra of the square planar chloride or iodide
complexes 4c or 6c were recorded in CDFCl2 at −120 °C,
only severely broadened signals were observed. There were no

signs of decoalescence, meaning the fast exchange regime
extends to very low temperatures. Similar observations have
been made with PtCl2 and PdCl2 analogues.7a However, as
noted in Figure 1, the NCS and phenyl complexes 7c and 8c,
each of which features a ligand with a longer radial extension,
exhibited two sets of CH2

13C signals at room temperature (ca.
2:1 area ratio).
Low temperature 13C{1H} NMR spectra of the trigonal

bipyramidal dicarbonyl iodide complex 12c were recorded
under CO (1 atm) and showed two sets of CH2 signals, with
one set more intense (ca. 2:1). Hence, the second CO ligand
allows the slow exchange regime to be accessed. Upon
warming, the sets coalesced, as illustrated for the PCH2CH2

signals in Figure 5 (Tcoal = 278 K). Cooling regenerated the
original spectra. The moderate temperature dependence of the
chemical shifts in Figure 5 is typical for gyroscope-like
complexes.5

Line shape analyses allowed kobs values to be estimated at
seven temperatures from 248 to 303 K (Figure 5). An Eyring
plot (Figure S1) gave ΔH⧧ and ΔS⧧ values of 18.6 kcal/mol
and 20.3 eu. The nature of the CO signal also varied with
temperature. At lower temperatures, a doublet of triplets was
observed (−40 °C: 1JRhC = 71.5 Hz, 2JPC = 16.0 Hz). As the
coalescence temperature was approached, the couplings
became less well resolved. Only a broad singlet was observed
at the coalescence temperature or above. The mechanistic

Table 1. Summary of Crystallographic Data

5c 6c 8c 10c

empirical formula C43H84BrOP2Rh C43H84IOP2Rh C49H89OP2Rh C43H88BOP2Rh
formula weight 861.86 908.85 859.05 796.79
temperature [K] 110(2) 173(2) 110(2) 110(2)
diffractometer Bruker D8 GADDS Nonius KappaCCD Bruker APEX 2 Bruker D8 GADDS
wavelength [Å] 1.54178 0.71073 0.71073 1.54178
crystal system monoclinic monoclinic monoclinic monoclinic
space group C2/c C2/c P21 P21/c
unit cell dimensions
a [Å] 23.2142(12) 23.4154(4) 13.598(2) 20.043(3)
b [Å] 12.2225(6) 12.3194(3) 14.214(2) 15.3822(19)
c [Å] 34.0851(17) 34.0731(8) 13.828(2) 14.884(2)
α [deg] 90 90 90 90
β [deg] 108.563(3) 109.066(1) 113.014(2) 97.445(6)
γ [deg] 90 90 90 90
volume [Å3] 9168.0(8) 9289.7(4) 2460.0(6) 4550.0(11)
Z 8 8 2 4
ρcalcd [Mg m−3] 1.249 1.300 1.160 1.163
μ [mm−1] 4.894 1.130 0.444 3.897
F(000) 3680 3824 932 1736
crystal size [mm3] 0.07 × 0.06 × 0.05 0.20 × 0.20 × 0.10 0.15 × 0.12 × 0.03 0.06 × 0.03 × 0.02
Θ range [deg] 2.73−60.50 1.26−27.49 1.60−27.50 3.63−59.99
index ranges −26 ≤ h ≤ 25 −30 ≤ h ≤ 30 −17 ≤ h ≤ 17 −22 ≤ h ≤ 22

−13 ≤ k ≤ 13 −15 ≤ k ≤ 15 −18 ≤ k ≤ 18 −17 ≤ k ≤ 17
−38 ≤ l ≤ 38 −44 ≤ l ≤ 44 −17 ≤ l ≤ 17 −16 ≤ l ≤ 16

reflections collected 35769 18326 28440 35375
independent reflections 6853 [R(int) = 0.0524] 10641 [R(int) = 0.0562] 11138 [R(int) = 0.0383] 6630 [R(int) = 0.1262]
max. and min. transmission 0.7919 and 0.7257 0.8954 and 0.8056 0.9868 and 0.9364 0.9261 and 0.7998
data/restraints/parameters 6853/0/433 10641/3/447 11138/106/478 6630/109/433
goodness-of-fit on F2 1.075 0.947 1.041 1.036
final R indices [I > 2σ(I)] R1 = 0.0431, wR2 = 0.1106 R1 = 0.0494, wR2 = 0.1051 R1 = 0.0548, wR2 = 0.1457 R1 = 0.0633, wR2 = 0.1408
R indices (all data) R1 = 0.0486, wR2 = 0.1128 R1 = 0.1181, wR2 = 0.1433 R1 = 0.0616, wR2 = 0.1522 R1 = 0.1319, wR2 = 0.1583
largest diff. peak and hole [e Å−3] 2.068 and −0.841 0.711 and −0.647 1.440 and −0.579 0.702 and −0.731
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implications of these data are analyzed in the Discussion
section.
Diphosphine Ligand Substitution. The carbonyl and

dibridgehead diphosphine ligands of 4c also present
possibilities for substitution chemistry. As noted for the
PtCl2 analogue in Scheme 1, reactions with excesses of cyanide
and acetylide nucleophiles afford the free diphosphine
P((CH2)14)3P (1c).7a Salts of the platinum dianion [Pt(C
X)4]

2− can also be isolated. Accordingly, we sought to probe
the chemistry of 4c and highly nucleophilic and Lewis basic
phosphines.
Thus, as shown in Scheme 4, a hexane solution of 4c was

treated with a toluene solution of PMe3 (10 equiv). A yellow
solid precipitated, and the workup gave the previously
characterized bis(phosphine) complex trans-Rh(CO)(Cl)-
(PMe3)2 (13)

27 in 72% yield. Chromatography of the filtrate
afforded 1c as a colorless solid in 58% yield. Hence, under
appropriate conditions, the Rh(CO)(Cl) fragment can, like
PtCl2, “escape” from the diphosphine cage.
To probe this process, PMe3 was added in 1.0 equiv

increments to a toluene-d8 solution of 4c in an NMR tube.

Within 20 min of the addition of the first equiv, some 13 could
be detected by 31P{1H} NMR.28 After 5.0 equiv, the signals of
4c had nearly disappeared. After 4.0 equiv, broad low intensity

Figure 3. Thermal ellipsoid diagrams (50% probability) and space
filling representations of the bromide complex 5c (top) and iodide
complex 6c (bottom; dominant rotator conformation only).

Figure 4. Thermal ellipsoid diagrams (50% probability) and space
filling representations of the phenyl complex 8c (top) and μ2-
borohydride complex 10c (bottom).

Table 2. Key Crystallographic Distances [Å] and Angles
[deg]

5c 6c 8c 10c

Rh−P1 2.320(1) 2.3247(14) 2.309(1) 2.320(2)
Rh−P2 2.323(1) 2.3220(14) 2.304(2) 2.323(2)
Rh−CO 1.858(6) 1.775(7) 1.878(5) 1.806(8)
C−O 1.015(7) 1.176(8) 1.101(6) 1.15(1)
Rh−Xa 2.5056(6) 2.6801(5) 2.137(5) 2.326(8)
Rh−H 1.5397

1.5202
P1−Rh−P2 177.81(4) 178.38(5) 177.81(4) 169.34(8)
P1−Rh−C 92.4(2) 89.5(2) 92.4(2) 89.3(3)
P2−Rh−C 89.7(2) 91.9(2) 93.7(2) 88.5(3)
P1−Rh−Xa 86.67(3) 91.75(4) 86.7(2) 90.1(2)
P2−Rh−Xa 91.24(3) 86.97(4) 87.6(2) 93.7(2)
C−Rh−Xa 174.3(2) 173.4(2) 176.0(2) 171.2(3)
Rh−C−O 177.5(5) 177.3(7) 178.2(5) 179.3(7)

aX = Br, I, Cipso, or B.
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peaks due to 1c and PMe3 could be discerned. These
sharpened and intensified after 6.0 equiv of PMe3 had been
added. Several minor signals, coupled to both rhodium and
phosphorus, were apparent. Possible intermediates are
proposed in the Discussion section. However, no significant
quantities of the tris(phosphine) complex Rh(Cl)(PMe3)3,
which exhibits distinctive 31P NMR signals,29 were detected.
The reversibility of the displacement of the rhodium rotator

from 4c was tested. As shown in Scheme 4, a hexane solution
of [(OC)2Rh(μ-Cl)]2 was treated with 1c. Analysis of an
aliquot by 1H and 31P{1H} NMR showed >99% conversion to
4c, which was subsequently isolated in 58% yield.

■ DISCUSSION

Syntheses. Schemes 2−4 show that a variety of gyroscope-
like rhodium complexes containing aliphatic trans dibridgehead
diphosphine ligands P((CH2)n)3P can be accessed by three-
fold intramolecular ring-closing metatheses and subsequent
hydrogenation, substitution, and/or addition reactions. The
metathesis/hydrogenation sequences are most effective for n =
14, and thus, the chemistry of 4c has been most extensively
developed. In general, it appears possible to reproduce virtually
all standard rhodium(I) chemistry within the diphosphine
cage. These transformations also allow direct access to species
with sterically shielded dipolar rotators, in contrast to routes
involving PtX2 or similar analogues, for which monosubstitu-
tion to give Pt(X)(Y) adducts is normally problematic.7a,9

Rotator Dimensions. In order to rationalize the broad
range of dynamic properties exhibited by the rhodium
complexes, several concepts must be introduced. First, every
rotator MLy is characterized by a “van der Waals radius”. This
would be determined by the ligand with the greatest individual
radius. For many ligands, one can simply take the distance
from the metal to the terminal atom, and add the van der
Waals radius30 of the terminal atom. The radii of ligands
relevant to this study have been calculated using distances in
the crystal structures in Figures 3 and 4 (Table 2), or those of
closely related rhodium complexes, and are summarized in
Table 3.
For example, in the case of a CO ligand, the rhodium−

oxygen distance is added to the van der Waals radius of an
oxygen atom, giving 4.46 Å (2.94 + 1.52 Å). In the case of
phenyl, the distance from rhodium to the p-hydrogen atom is
used, giving 7.08 Å (5.88 + 1.20 Å). With the methyl ligand,
the van der Waals surfaces of the hydrogen atoms do not
extend further from the P−Rh−P axis than that of the carbon
atom (the axis is the optimum reference when all atoms do not
lie in the trigonal plane). The same holds for the terminal and
bridging hydrogen atoms of the μ2-BH4 ligand. With the CCl3
ligand, the van der Waals surfaces of the chlorine atoms do
extend further from the P−Rh−P axis than that of the carbon
atom, but the radius thus obtained remains less than that
associated with the iodide ligand (4.59 Å vs 4.66 Å).
Rotators are also capable of steric interactions in an

orthogonal or “vertical” dimension, in which “thickness”
would play a role. With a halide ligand, this equates to the
van der Waals diameter. With linear CO or NCS ligands or
planar phenyl ligands, this would be derived from the atom
with the greatest van der Waals diameter (CO, 3.40 Å for
carbon; NCS, 3.60 Å for sulfur). For a methyl ligand, this can
be calculated from a static structure (see A in Table 3) or the
cone defined by rotating the methyl group. The latter is
somewhat greater (3.57 Å vs 4.03 Å). Importantly, the
“thickness” of the CCl3 ligand (5.98 Å or 6.80 Å) greatly
exceeds the others.

Diphosphine Cage Void Space. The next step in
rationalizing dynamic properties involves the void space within
the diphosphine cage, a feel for which can be gleamed from the
space filling representations in Figures 3 and 4. Figure 6 (left)
focuses on the “horizontal clearance” or void space in the plane
of the rotator. In an idealized scenario, one would take the
distance from rhodium to the distal carbon atoms of the
(CH2)14 segments and subtract the van der Waals radius of
carbon. In actuality, the three (CH2)14 segments can adopt a
number of conformations, as evidenced in Figures 3 and 4 and

Figure 5. Variable temperature 13C{1H} NMR spectra of 12c
(CD2Cl2, 100 MHz) under CO (1 atm; the signal designated with a *
is from another CH2 group).

Scheme 4. Displacement/Reinsertion of the Rh(CO)(Cl)
Rotator From/Into the Dibridgehead Diphosphine 1c
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many other crystal structures.5,6,7a Analyses can be carried out
using “average clearances” or “minimum clearances” or other
treatments. Values of 5−6 Å have been used for various
complexes of 1c in the past,5,6,7a and all of the new rhodium
complexes fall within these limits.
Figure 6 (right) presents one of several approaches to

estimating the “vertical clearance” or void space needed to
accommodate the “thickness” or the rotator. First, the distance
between the two planes defined by the three CH2 groups on
each phosphorus atom is calculated, and then twice the van der
Waals radius of a carbon atom is subtracted.5a This gives a
rather modest clearance of ca. 2.60 Å, smaller than the van der
Waals diameters or “thicknesses” of all the ligands in Table 3.
As analyzed extensively elsewhere,1b,5a,31 MLy rotation must
therefore be correlated to conformational changes in the
diphosphine ligands. Accordingly, rotational barriers drop
significantly in analogous dibridgehead diarsine complexes,
where the metal-heteroatom bonds are ca. 4% longer.31

However, any ligand with a “thickness” greater than the P−
Rh−P distance (ca. 4.60 Å) would be certain to block rotation,
even with much longer (CH2)n segments.
The key conclusions from this section are (a) both phenyl

and NCS ligands markedly exceed the horizontal clearance
afforded by dibridgehead diphosphine ligands with (CH2)14
chains; (b) the remaining ligands are accommodated by these
clearances; (c) all of the ligands have “diameters” or

“thicknesses” that exceed the vertical clearance, but for the
CCl3 ligand, this value is greater than the P−Rh−P distance
(≥5.98 Å vs 4.60 Å).

Dynamic Properties, Square Planar Complexes.
Consider the reaction coordinate as the Rh(CO)(X) moieties
of the square planar rhodium complexes are rotated a full 360°.
As illustrated in Figure 7, these constitute six-fold rotational
barriers, as six minima (II−VII) and six intervening maxima
(not depicted) are encountered.32 Note that there are two
different rate constants, k1 and k2, corresponding to either the
Y (CO) or X ligands passing through a macrocycle.
For none of the minima in Figure 7 are any of the three

(CH2)n bridges equivalent (exchanged by a symmetry
operation). Thus, three sets of 13C NMR signals would be
expected. Most of the above rhodium complexes give only one,
even at the lowest NMR temperatures attainable (X = Cl, Br, I,
CH3, η

2-BH4). Parallel results have been obtained for the
corresponding platinum dihalide complexes (when X = Y in
II−VII, two of the (CH2)14 bridges become equivalent).7a This
requires rapid (CH2)14 bridge exchange on the NMR time
scale, or a 360° rotation in Figure 7.
When the preceding set of ligands is replaced by one with a

radius that precludes passage through a (CH2)14 bridge,
dynamic behavior becomes restricted. Specifically, this results
in a marked decrease in the rate constants, where X must pass
through a macrocycle (k2). However, the rate constants for the

Table 3. Dimensions Associated with Rotator Ligands L (Å; vdW = van der Waals)

aRhodium complexes used for the distances in b and related parameters (averages were taken when multiple complexes are listed). bThe distance
from rhodium or the P−Rh−P axis to the terminal atom of the ligand, plus the vdW radius30 of the terminal atom. cUnless footnoted otherwise, this
is expressed by the atom with the largest vdW diameter. dThis value includes the vdW surface of the p-hydrogen atom. eThe vdW surfaces of the
CH3 and terminal BH2 hydrogen atoms do not extend farther from the P−Rh−P axis than those of the boron and carbon atoms. fThese values were
determined analogously to those for the CCl3 ligand, as described in h. gThe distance from the P−Rh−P axis to the most remote vdW surface of
each chlorine atom (average of three values). hThe smaller value represents the distance expressed by the double headed arrow in the static
structure A; the larger represents the vdW diameter swept by rotation of the Rh−CCl3 bond.

Figure 6. Analyses of the void space in complexes of the dibridgehead diphosphine P((CH2)14)3P (1c).
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steps that involve Y (CO) passing through a macrocycle (k1)
would be less affected. Thus, as illustrated by VIII and IX in
Figure 8 (top), the CO ligand is able to pass between two

adjacent interstices, while the larger ligand (e.g., NCS or
phenyl) remains confined to one. This serves to exchange the
positions of two (CH2)14 bridges but not the third, resulting in
two sets of CH2

13C NMR signals as illustrated in Figure 1
(middle, top).
For the sake of completeness, the situation in which X and Y

are two large ligands is also diagrammed in Figure 8. Neither
can pass through a macrocycle, so three sets of signals would
be anticipated at all temperatures. Although the corresponding
PtPh2 and Pt(NCS)2 complexes have different symmetries,
both are also in the slow exchange limit at ambient
temperature (two sets of signals consistent with the mirror

plane when the colors are eliminated in X and XI).7a When the
bridges are lengthened to (CH2)16, the PtPh2 complex exhibits
a single set of signals (fast exchange limit).7a,33

Dynamic Properties, Other Coordination Geometries.
Next, consider the trigonal bipyramidal dicarbonyl complex
12c generated in Scheme 3. As shown in Figure 9, such

adducts have three-fold rotational barriers,32 with three
maxima and three minima as the rotator passes through
360°. In any minimum of a Rh(CO)2(I) or similar rotator, two
of the (CH2)n bridges are symmetry equivalent (e.g., the lower
two in XV). Note that each transition state exhibits three
eclipsing interactions, as opposed to one in Figure 7.
Accordingly, there is a general expectation (also from other
considerations) that for related compounds, six-fold barriers
will be associated with lower activation energies than three-fold
barriers.32

Low temperature 13C{1H} NMR spectra of 12c clearly show
that the slow exchange limit can be reached, unlike the square
planar precursor 6c. Two sets of CH2 signals are observed, as
excerpted in Figure 5. This strongly suggests a much higher
rotational barrier than 6c. However, the mechanism by which
the (CH2)14 bridges exchange in the high temperature limit
merits scrutiny. In particular, the markedly positive ΔS⧧ value
(20.3 eu) best fits a dissociative mechanism, which considering
the facile equilibrium 6c + CO ⇄ 12c would logically involve
CO. In contrast, the ΔS⧧ value for Fe(CO)2(NO)

+ rotation
within the same diphosphine cage is negative (−6.5 eu).5a

Here, any CO dissociation is excluded by the phosphorus
coupling (1JCP) that remains in the fast exchange limit.
However, the couplings that can be observed for the CO signal
of 12c in the slow exchange limit (−40 °C: 1JRhC = 71.5 Hz,
2JPC = 16.0 Hz) wash out in the fast exchange limit.
Thus, we conclude that the (CH2)14 bridges in 12c

preferentially exchange by a mechanism involving rate-limiting
CO dissociation to give 6c, followed by rapid Rh(CO)(I)
rotation and CO addition, as sketched in Figure 10. An
alternative mechanism involving Rh(CO)2(I) rotation is
probably viable but requires a higher activation energy. In
any case, these data can be taken as strong support for
intrinsically higher three-fold as opposed to six-fold rotational

Figure 7. Energy minima associated with the six-fold rotational
barriers of square planar X−M−Y (X−Rh−CO) complexes of the
dibridgehead diphosphines P((CH2)n)3P (1).

Figure 8. Restrictions on equilibria of the type in Figure 7 when one
(top) or both (bottom) of the X−Rh−Y ligands is too large to pass
through the diphosphine macrocycle.

Figure 9. Energy minima and maxima associated with the three-fold
rotational barriers of trigonal bipyramidal complexes of the dibridge-
head diphosphines P((CH2)n)3P (1). The blue dot can be considered
a marker or the iodide ligand of a Rh(CO)2I rotator.
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barriers in these systems.32 Furthermore, given the facility with
which the second CO ligand can bind or dissociate, it can be
considered a reversible “brake” or modulator of the rotational
barrier.
Octahedral complexes such as 11c would have twelve-fold

rotational barriers, and representative maxima and minima are
given in Figure 11 (XX−XXII). However, since 11c does not

exhibit dynamic behavior, readers are referred elsewhere for
more detailed treatments.1b,6,31 When the radii of the four
equatorial ligands are small, as in certain osmium and rhenium
complexes (L = CO, Cl, Br, CH3, etc.), only the fast exchange
limit can be observed, even at very low temperatures.6 Hence,
the CCl3 ligand in 11c is solely responsible for blocking
rotation.
Note that as shown in XXI and XXII, one of the three

interstices must accommodate two of the four equatorial
ligands. This poses the possibility of an unusual type of
isomerism that might be detectable in appropriately substituted
systems with high rotational barriers. Namely, which two of the
four ligands occupy the same interstice? In the crystallo-
graphically characterized complex that was used to assign the
stereochemistry to 11c, trans-Rh(CO)(Cl)(Br)(CCl3)-
(PMe3)2,

27 all trans P−CH3 bonds are eclipsed, creating a
steric environment related to those in XXI and XXII.
Surprisingly, the doubly occupied interstice does not feature
two of the smaller ligands, but rather the large CCl3 ligand and
a CO ligand, as depicted in XXIII. However, the CO ligand
comes close to being eclipsed with the two proximal P−CH3
bonds.
Diphosphine Decomplexation and Other Chemistry.

Other aspects of the new chemistry herein deserve emphasis.

First, the liberation of the dibridgehead diphosphine 1c from
4c in Scheme 4 adds to the growing number of reactions in
which the rotator MLy can be excised from the ligand cage.7a,10

Although much mechanistic work remains to be done, certain
evidence points toward the operation of “homeomorphic”
isomerizations,10,34,35 in which the diphosphines literally turn
themselves inside out. One such pathway would involve the
hypothetical species 14c in Scheme 5, for which cleavage of a

rhodium-phosphorus bond is also necessary. In 4c, the
phosphorus lone pairs of the ligand are both directed “in”,
and in 14c, they are both “out”, in what would be termed an
out, out isomer.35b

There would be several possibilities for how 14c and PMe3
might then react to give 1c and 13 (Scheme 4). Furthermore,
14c could be an intermediate in the chloride ligand
substitutions and CO and CBrCl3 additions. Recent computa-
tional data indicate that the in,in isomer of 1c is more stable
than the out,out.36 Thus, an initial isomerization to out,out-1c
may be required to reinstall the Rh(CO)(Cl) rotator with
[(OC)2Rh(μ-Cl)]2 (Scheme 4).
Earlier, we established that certain complexes in this report

can serve as catalyst precursors for olefin hydroformylation.14b

There was potential for the cage-like environment to lead to
new selectivities. However, since there are pathways for the
rhodium rotators to escape from the cage, or possibly react in
altered steric environments such as 14c, catalysis has not been
further pursued. In this context, we have developed another
series of gyroscope-like rhodium complexes based upon
triarylphosphines, as exemplified by 15 (Scheme 5). These
are of interest from a variety of standpoints, but given the
“rigid” p-phenylene units in the bridges, they may have a higher
barrier to homeomorphic isomerization (which entails much
torsional motion). Such less flexible systems may help to
ensure catalysis within an architecturally defined space.
Finally, there is notable recent work involving other

sterically constrained rhodium(I) environments.37−39 The
most relevant features a series of complexes with phosphine
pincer ligands that are connected by an additional (CH2)14
bridge, as reported by Chaplin and exemplified by 16 in
Scheme 5.38 Ligands that occupy the cavity can show unique

Figure 10. Dissociative (bottom) and non-dissociative (boxed)
mechanisms for interconverting rotamers of 12c.

Figure 11. Representative energy minima and maxima associated with
the twelve-fold rotational barriers of octahedral complexes of the
dibridgehead diphosphines P((CH2)n)3P (1).

Scheme 5. Equilibrium that Involves a Homeomorphic
Isomerization and May Play a Role in the Chemistry of 4c
(Top) and Other Relevant Complexes (Bottom)
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reactivity compared to unbridged analogues, providing further
motivation for the continued development of the complexes in
Schemes 2−4.

■ CONCLUSION
This study has established the ready availability of a large class
of rhodium complexes with sterically shielded dipolar rotators,
which can in principle be directed by electric fields. These can
be statically applied, creating an analogy of a compass,40 or
dynamically applied, with an appropriate rotational frequency
yielding a molecular gyroscope.1 The dynamic properties of
the rotators have been studied in detail, and well-defined
trends have emerged based upon the radii and “thicknesses” or
“diameters” of the constituent ligands Ly. Additional trends can
be defined based upon coordination geometries. This work
represents the most comprehensive treatment to date of the
factors that control rotational barriers for rotators embedded in
cage-like assemblies of the formula E((CH2)n)3E, classes of
molecules that are continuing to see rapid growth.

■ EXPERIMENTAL SECTION
General. Reactions were conducted under N2 atmospheres.

Solvents and reagents were treated as described in the Supporting
Information. The CDFCl2 was prepared by a literature procedure.41

NMR spectra were obtained on standard FT spectrometers and
referenced as follows (δ/ppm): 1H, residual internal CHCl3 (7.26),
C6D5H (7.16), CHDCl2 (5.32), CHFCl2 (7.47), or C6D5CHD2
(2.08); 13C, internal CDCl3 (77.16), C6D6 (128.06), CD2Cl2
(53.84), CDFCl2 (104.2), or C6D5CD3 (20.43); 31P{1H}, external
H3PO4 (0.00). DSC and TGA data were obtained with a Mettler-
Toledo DSC-821 instrument and treated by standard methods.42

trans-Rh(CO)(Cl)[P((CH2)5CHCH2)3]2 (2b). A Schlenk flask
was charged with [(COD)Rh(μ-Cl)]2 (0.531 g, 1.07 mmol) and
CH2Cl2 (20 mL), and CO was gently bubbled through the solution.
After 15 min, a solution of P[(CH2)5CHCH2]3 (1.468 g, 4.555
mmol)16 in hexanes (20 mL) was added. The dark red solution was
stirred (16 h). Rotary evaporation gave a dark red oil that was
chromatographed on silica (5.0 × 30 cm column) with hexanes (500
mL) followed by hexanes/CH2Cl2 (2:1 v/v). The solvent was
removed from the product-containing fractions by rotary evaporation
to give 2b as a yellow oil (0.931 g, 1.15 mmol, 54%). Anal. Calcd For
C43H78ClOP2Rh: C, 63.65; H, 9.69. Found: C, 63.82; H, 9.64. IR
(cm−1, oil film): 1948 (s, νCO), 1639 (m, νCC).
NMR (CDCl3, δ/ppm): 1H (500 MHz) 5.71−5.63 (m, 6H,

CH), 4.89−4.78 (m, 12H, CH2), 1.96−1.89 (m, 12H,
CH2CH), 1.75−1.68 (m, 12H, CH2), 1.48−1.38 (m, 12H, CH2),
1.33−1.25 (m, 24H, CH2);

13C{1H} (125 MHz) 188.1 (dt, 1JRhC =
75.4 Hz, 2JPC = 15.7 Hz, CO), 138.8 (s, CH), 114.4 (s, CH2),
33.7 (s, CH2), 30.8 (virtual t,17 3JPC = 6.3 Hz, PCH2CH2CH2), 28.5
(s, CH2), 24.46 (virtual t,17 1JPC = 12.6 Hz, PCH2), 24.39 (s, CH2);
31P{1H} (202 MHz) 16.7 (d, 1JRhP = 117 Hz).
trans-Rh(CO)(Cl)[P((CH2)6CHCH2)3]2 (2c). A Schlenk flask was

charged with P[(CH2)6CHCH2]3 (1.495 g, 4.10 mmol),16 CH2Cl2
(20 mL), hexane (20 mL), and [(COD)Rh(μ-Cl)]2 (0.493 g, 1.00
mmol) and flushed with CO. The orange solution was stirred and
turned deep yellow. After 2 h, the solvent was removed by oil pump
vacuum. The tan oil was chromatographed on silica gel (2.5 × 7.0 cm
column) with hexane/CH2Cl2 (2:1 v/v). The solvent was removed
from the product-containing fractions by oil pump vacuum to give 2c
as a yellow oil (1.306 g, 1.458 mmol, 73%). Anal. Calcd for
C49H90ClOP2Rh: C, 65.72; H, 10.13; Found: C, 65.28; H, 9.70. IR
(cm−1, powder film): 1953 (s, νCO).
NMR (CDCl3, δ/ppm): 1H (400 MHz) 5.93−5.71 (m, 6H,

CH), 4.98−4.96 (m, 12H, CH2), 2.00 (q, 3JHH = 6.8 Hz, 12H,
CH2CH), 1.80−1.70 (m, 12H, CH2), 1.52−1.49 (m, 12H, CH2),
1.40−1.25 (m, 36H, CH2);

13C{1H} (100 MHz) 187.9 (dt, 1JRhC =
75.6 Hz, 2JPC = 15.7 Hz, CO), 138.7 (s, CH), 114.1 (s, CH2),

33.5 (s, CH2), 32.0 (virtual t,17 3JPC = 6.5 Hz, PCH2CH2CH2), 28.6
(s, CH2), 28.5 (s, CH2), 24.6 (virtual t,

17 1JPC = 12.8 Hz, PCH2), 24.4
(s, CH2);

31P{1H} (162 MHz) 17.6 (d, 1JRhP = 115 Hz).
trans-Rh(CO)(Cl)[P((CH2)7CHCH2)3]2 (2d). [(COD)Rh(μ-

Cl)]2 (0.778 g, 1.58 mmol), CH2Cl2 (20 mL), CO, and a solution
of P[(CH2)7CHCH2]3 (2.626 g, 6.462 mmol)16 in hexanes (20
mL) were combined in a procedure analogous to that for 2b. An
identical workup gave 2d as a yellow oil (1.574 g, 1.608 mmol, 51%).
Anal. Calcd For C55H102ClOP2Rh: C, 67.43; H, 10.49. Found: C,
67.16; H, 10.61. IR (cm−1, oil film): 1950 (s, νCO), 1639 (m, νCC).

NMR (CDCl3, δ/ppm): 1H (500 MHz) 5.83−5.75 (m, 6H,
CH), 5.00−4.90 (m, 12H, CH2), 2.05−2.00 (m, 12H,
CH2CH), 1.86−1.80 (m, 12H, CH2), 1.57−1.50 (m, 12H, CH2),
1.42−1.25 (m, 48H, CH2);

13C{1H} (125 MHz) 188.2 (dt, 1JRhC =
76.7 Hz, 2JPC = 15.7 Hz, CO), 139.2 (s, CH), 114.3 (s, CH2),
33.9 (s, CH2), 31.4 (virtual t,17 3JPC = 6.3 Hz, PCH2CH2CH2), 29.2
(s, CH2), 29.1 (s, CH2), 29.0 (s, CH2), 24.6 (s, CH2), 24.5 (virtual
t,17 1JPC = 12.6 Hz, PCH2);

31P{1H} (202 MHz) 16.6 (d, 1JRhP = 115
Hz).

trans-Rh(CO)(Cl)[P((CH2)8CHCH2)3]2 (2e). [(COD)Rh(μ-
Cl)]2 (0.812 g, 1.65 mmol), CH2Cl2 (20 mL), CO, and a solution
of P[(CH2)8CHCH2]3 (3.031 g, 6.754 mmol)16 in hexanes (20
mL) were combined in a procedure analogous to that for 2b. An
identical workup gave 2e as a yellow oil (0.891 g, 0.837 mmol, 25%).
Anal. Calcd For C61H114ClOP2Rh: C, 68.87; H, 10.80. Found: C,
68.58; H, 11.04. IR (cm−1, oil film): 1950 (s, νCO), 1639 (m, νCC).

NMR (CDCl3, δ/ppm): 1H (500 MHz) 5.84−5.76 (m, 6H,
CH), 5.02−4.89 (m, 12H, CH2), 2.05−2.00 (m, 12H,
CH2CH), 1.87−1.77 (m, 12H, CH2), 1.57−1.50 (m, 12H, CH2),
1.45−1.21 (m, 60H, CH2);

13C{1H} (125 MHz) 188.2 (dt, 1JRhC =
75.4 Hz, 2JPC = 16.3 Hz, CO), 139.2 (s, CH), 114.3 (s, CH2),
33.9 (s, CH2), 31.5 (virtual t,17 3JPC = 6.3 Hz, PCH2CH2CH2), 29.5
(s, CH2), 29.4 (s, CH2), 29.3 (s, CH2), 29.1 (s, CH2), 24.6 (s, CH2),
24.5 (virtual t,17 1JPC = 13.8 Hz, PCH2);

31P{1H} (202 MHz) 16.5 (d,
1JRhP = 115 Hz).

trans-Rh(CO)(Cl)[P((CH2)6CHCH(CH2)6)3P] (3c). A Schlenk
flask was charged with 2c (1.306 g, 1.458 mmol), Grubbs’ catalyst (ca.
half of 0.180 g, 0.220 mmol, 15 mol %), and CH2Cl2 (800 mL; the
resulting solution is 0.0018 M in 2c), and fitted with a condenser. The
solution was stirred. After 24 h, the remaining catalyst was added. The
solution was refluxed, and aliquots were periodically monitored by 1H
and 31P NMR. After 48 h, the CHCH2 signals had disappeared.
The solvent was removed by oil pump vacuum. The residue was
chromatographed on silica gel (2.5 × 10 cm column; TLC
monitoring) with hexane/CH2Cl2 (2:1 v/v). The solvent was
removed from the product containing fractions by oil pump vacuum
to give 3c as a pale yellow oil (0.890 g, 1.09 mmol, 75%, E/Z
mixture). The 31P{1H} and 13C{1H} NMR spectra showed traces of
additional species that may be dimers or oligomers.

NMR (C6D6, δ/ppm): 1H (300 MHz) 5.40−5.34 (m, 6H, CH),
2.04−2.00 (m, 24H, CH2), 1.70−1.67 (m, 12H, CH2), 1.34−1.30 (m,
36H, CH2);

13C{1H} (75 MHz) 188.3 (dt, 1JRhC = 74.7 Hz, 2JPC =
15.6 Hz, CO), 130.5 (s, CH), 31.8 (s, CH2), 31.1 (virtual t,17 3JPC
= 6.9 Hz, PCH2CH2CH2), 28.6 (s, CH2), 27.7 (s, CH2), 26.9 (virtual
t,17 1JPC = 12.6 Hz, PCH2), 25.7 (s, CH2);

31P{1H} (121 MHz) 23.8
(d, 1JRhP = 118 Hz, 70%), 22.0 (d, 1JRhP = 124 Hz, 30%).

trans-Rh(CO)(Cl)[P((CH2)8CHCH(CH2)8)3P] (3e). A Schlenk
flask was charged with 2e (1.511 g, 1.420 mmol) and CH2Cl2 (700
mL, the resulting solution is 0.0020 M in 2e). A solution of Grubbs’
catalyst (0.088 g, 0.11 mmol, 7.5 mol %) in CH2Cl2 (10 mL) was
added via syringe. The mixture was stirred (16 h) and a second equal
charge of Grubbs’ catalyst was added. The solution was refluxed (16
h). A 1H NMR spectrum (aliquot) showed no residual CHCH2
signals. The sample was passed through neutral alumina (5.0 × 30 cm
column), which was rinsed with additional CH2Cl2 (500 mL). Rotary
evaporation of the filtrate gave crude 3e as a dark yellow oil (1.153 g,
1.078 mmol, ∼76%), which was used directly for hydrogenation
below.
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trans-Rh(CO)(Cl)[P((CH2)14)3P] (4c). Procedure A (Scheme 2). A
Fischer-Porter bottle was charged with 3c (0.890 g, 1.09 mmol), PtO2
(0.037 g, 0.16 mmol, 15 mol %), THF (15 mL), and H2 (75 psig).
The mixture was stirred (12 h). The solvent was removed by oil pump
vacuum. The residue was chromatographed on silica gel (2.5 × 9.0 cm
column) with hexane/CH2Cl2 (3:1 v/v). The solvent was removed
from the yellow fraction by oil pump vacuum to give 4c as a yellow
powder (0.479 g, 0.586 mmol, 54%). DSC (Ti/Te/Tp/Tc/Tf):
endotherm, 40.0/55.4/69.6/76.27/76.28 °C; endotherm, 103.5/
126.7/134.8/139.2/145.8 °C. TGA: onset of mass loss, 277.6 °C
(Te). Anal. Calcd for C43H84ClOP2Rh: C, 63.18; H, 10.36; Found: C,
62.84; H, 10.00.
Procedure B (Scheme 4). A scintillation vial was charged with

[(CO)2Rh(μ-Cl)]2 (0.015 g, 0.038 mmol) and hexanes (5 mL). A
solution of P((CH2)14)3P (1c; 0.050 g, 0.077 mmol) in hexanes (10
mL) was added with stirring. After 16 h, the mixture was passed
through a pipette of silica, which was rinsed with hexanes (10 mL)
and CH2Cl2 (10 mL). The yellow fraction was collected, and the
solvent was removed by oil pump vacuum to give 4c as a yellow solid
(0.036 g, 0.044 mmol, 58%). IR (cm−1, powder film): 1946−1949 (s,
νCO, range over multiple measurements). MS:43 816 ([M − 1]+,
20%), 789 ([M − CO]+, 95%), 781 ([M − Cl]+, 100%), 747 (90%).
NMR (CD2Cl2, δ/ppm): 1H (400 MHz): 1.81−1.79 (m, 12H,

CH2), 1.67−1.63 (m, 12H, CH2), 1.46−1.42 (m, 12H, CH2), 1.33−
1.30 (m, 48H, CH2);

13C{1H} (100 MHz) 188.7 (dt, 1JRhC = 75.0 Hz,
2JPC = 16.0 Hz, CO), 30.7 (virtual t,17 3JPC = 6.5 Hz, PCH2CH2CH2),
28.4 (s, CH2), 27.7 (s, CH2), 27.4 (s, CH2), 27.3 (s, CH2), 25.6
(virtual t,17 1JPC = 12.9 Hz, PCH2), 24.5 (s, CH2);

31P{1H} (162
MHz) 19.5 (d, 1JRhP = 118 Hz). Data recorded in CDCl3 and CDFCl2
(−20 °C) are given in the Supporting Information.

trans-Rh(CO)(Cl)[P((CH2)18)3P] (4e). A Fischer-Porter bottle was
charged with 3e (1.153 g, 1.078 mmol), PtO2 (0.037 g, 0.16 mmol, 15
mol %), THF (15 mL), and H2 (75 psig). The mixture was stirred (12
h). The solvent was removed by oil pump vacuum. The residue was
chromatographed on silica gel (2.5 × 30.0 cm column) with hexane/
CH2Cl2 (3:1 v/v). The solvent was removed from the product
containing fractions by rotary evaporation. The oily residue was twice
dissolved in CH2Cl2, and the solvent was removed by rotary
evaporation. This gave 4e as a yellow waxy solid (0.135 g, 0.137
mmol, 13% from 3e or 10% from 2e). Anal. Calcd for
C55H108ClOP2Rh: C, 67.01; H, 11.04; Found: C, 67.11; H, 11.12.
IR (cm−1, wax film): 1950 (s, νCO).
NMR (CDCl3, δ/ppm): 1H (500 MHz): 1.88−1.78 (m, 12H,

CH2), 1.63−1.54 (m, 12H, CH2), 1.45−1.36 (m, 12H, CH2), 1.36−
1.22 (m, 72H, CH2);

13C{1H} (125 MHz) 188.4 (dt, 1JRhC = 75.4 Hz,
2JPC = 13.8 Hz, CO), 31.2 (virtual t,17 3JPC = 6.3 Hz, PCH2CH2CH2),
28.8 (s, CH2), 28.6 (s, CH2), 28.5 (s, CH2), 28.3 (s, CH2), 28.0 (s,
CH2), 27.8 (s, CH2), 25.1 (virtual t,

17 1JPC = 13.2 Hz, PCH2), 24.7 (s,
CH2);

31P {1H} (202 MHz) 17.5 (d, 1JRhP = 115 Hz).

trans-Rh(CO)(Br)[P((CH2)14)3P] (5c). A scintillation vial was
charged with 4c (0.051 g, 0.062 mmol), NaBr (0.064 g, 0.62
mmol), and CH2Cl2 (10 mL). The mixture was vigorously stirred (16
h) and passed through a pipette of Celite, which was rinsed with
additional CH2Cl2 (5 mL). The solvent was removed from the filtrate
by rotary evaporation to give 5c as a yellow powder (0.052 g, 0.060
mmol, 97%). Anal. Calcd for C43H84BrOP2Rh: C, 60.33; H, 9.90;
Found: C, 60.38; H, 10.04. IR (oil film, cm−1): 1944 (s, νCO). MS:44

863 ([M + 1]+, 81Br/5%), 861 ([M + 1]+, 79Br/5%), 781 ([M − Br]+,
100%).
NMR (CDCl3, δ/ppm): 1H (500 MHz) 1.91 (m, 12H, CH2),

1.68−1.57 (m, 12H, CH2), 1.48−1.38 (m, 12H, CH2), 1.38−1.24 (m,
48H, CH2);

13C{1H} (126 Hz) 187.7 (dt, 1JRhC = 76.7 Hz, 2JPC = 15.7
Hz, CO), 30.5 (virtual t,17 3JPC = 6.3 Hz, PCH2CH2CH2), 28.1 (s,
CH2), 27.7 (s, CH2), 27.3 (s, CH2), 27.2 (s), 26.6 (virtual t,17 1JPC =
13.2 Hz, PCH2), 24.5 (s, CH2);

31P{1H} (202 MHz) 17.5 (d, 1JRhP =
115 Hz).

trans-Rh(CO)(I)[P((CH2)14)3P] (6c). Procedure A (Scheme 2). An
NMR tube was charged with 4c (0.020 g, 0.025 mmol), NaI (0.015 g,

0.10 mmol), and CD2Cl2 (0.8 mL). The mixture was vigorously
stirred under N2 (8 h) and filtered to remove a white solid. The
solvent was removed from the filtrate by oil pump vacuum to give 6c
as yellow oil (0.022 g, 0.024 mmol, >95%). The oil was dissolved in
CD2Cl2, and the solution was layered with methanol. After one week,
yellow crystals of 6c were isolated by filtration (0.010 g, 0.011 mmol,
44%). DSC (Ti/Te/Tp/Tc/Tf): endotherm, 88.0/102.3/104.7/106.4/
110.0 °C. TGA: onset of mass loss, 263.8 °C (Te). Anal. Calcd for
C43H84IOP2Rh: C, 56.82; H, 9.32; Found: C, 56.13; H, 9.87.

45

Procedure B (Scheme 3). Complex 12c was prepared in an NMR
tube (below). Then, N2 was aspirated through the sample (1 h). A
31P{1H} NMR spectrum showed complete conversion to 6c. Then,
CO was aspirated through the sample (1 h). A 31P{1H} NMR
spectrum showed ≥98% conversion to 12c. IR (cm−1, powder film):
1949 (s, νCO). MS:43 910 ([M + 1]+, 35%), 880 ([M − CO + 1]+,
90%), 781 ([M − I]+, 100%), 747 (90%).

NMR (CD2Cl2, δ/ppm): 1H (400 MHz) 1.96−1.94 (m, 12H,
CH2), 1.62−1.61 (m, 12H, CH2), 1.45−1.41 (m, 12H, CH2), 1.32−
1.29 (m, 48H, CH2);

13C{1H} (100 MHz) 186.5 (dt, 1JRhC = 75.0 Hz,
2JPC = 15.0 Hz, CO), 30.7 (virtual t,17 3JPC = 6.5 Hz, PCH2CH2CH2),
28.4 (s, CH2), 28.0 (virtual t,

17 1JPC = 13.5 Hz, PCH2), 27.9 (s, CH2),
27.6 (s, CH2), 27.5(s, CH2), 24.7 (s, CH2);

31P{1H} (162 MHz) 15.8
(d, 1JRhP = 113 Hz).

trans-Rh(CO)(NCS)[P((CH2)14)3P] (7c). A Schlenk tube was
charged with 4c (0.050 g, 0.060 mmol), KSCN (0.030 g, 0.30
mmol), and acetone (5 mL). The mixture was stirred (0.5 h) and
filtered through a Celite plug. Most of the acetone was removed from
the filtrate under vacuum. The sample was cooled to −20 °C and
layered with methanol (2 mL). After 24 h, the precipitate was isolated
by filtration, washed with methanol, and dried by oil pump vacuum to
give 7c as a yellow powder (0.037 g, 0.044 mmol, 73%). DSC (Ti/Te/
Tp/Tc/Tf): endotherm, 62.3/86.2/92.6/95.6/102.9 °C; exotherm,
191.0/215.3/232.6/246.6/259.5 °C. TGA: onset of mass loss, 176.4
°C (Te). Anal. Calcd for C44H84NOP2RhS: C, 62.91; H, 10.08, N,
1.67; S, 3.82; Found: C, 62.66; H, 9.91; N, 1.48; S, 3.13. IR (cm−1,
powder film): 2084 (vs, νNCS), 1953 (vs, νCO). MS:43 841 ([M + 2]+,
49%), 811 ([M − CO]+, 28%), 781 ([M − NCS]+, 30%), 747 (15%).

NMR (toluene-d8, δ/ppm): 1H (400 MHz) 1.90−1.60 (m, 12H,
PCH2), 1.55−1.25 (m, 72H, CH2);

13C{1H}46 (100 MHz) 31.3
(virtual t,17 3JPC = 6.5 Hz, PCH2CH2CH2), 30.4 (virtual t,

17 3JPC = 6.5
Hz, PCH2CH2CH2), 28.6 (s, CH2), 28.3 (s, CH2),

47 28.2 (s,
2CH2),

48 27.7 (s, CH2), 27.6 (s, CH2), 27.5 (s, CH2),
47 27.1 (virtual

t,17 1JPC = 12.7 Hz, PCH2), 26.9 (s, CH2),
47 26.8 (virtual t,17 1JPC =

12.7 Hz, PCH2),
47 25.5 (s, CH2),

47 24.0 (s, CH2);
31P{1H} (162

MHz) 21.0 (d, 1JRhP = 115 Hz).

trans-Rh(CO)(Ph)[P((CH2)14)3P] (8c). A scintillation vial was
charged with 4c (0.050 g, 0.062 mmol), THF (4 mL), and ZnPh2
(0.028 g, 0.13 mmol) with stirring. The reaction was monitored by
31P{1H} NMR. After 30 min (complete conversion), EtOH [1 mL;
degassed by sparging with N2 (4 h)] was added. The solvent was
removed by oil pump vacuum. The residue was dissolved in toluene
(1 mL) and passed through a pipette of silica, which was eluted with
additional toluene (5 mL). The solvent was removed from the yellow
filtrate by oil pump vacuum. The residue was dissolved in hexanes (4
mL), which was removed by oil pump vacuum. This gave 8c as a
sticky, dark yellow solid (0.047 g, 0.055 mmol, 89%) that
decomposed without melting between 110 and 138 °C. Anal. Calcd
for C50H91OP2Rh: C, 68.78; H, 10.51; Found: C, 68.43; H, 10.61. IR
(powder film, cm−1): 1937 (s, νCO).

NMR (C6D6, δ/ppm): 1H (500 MHz) 7.53 (d, 3JHH = 7.5 Hz, 2H,
o-CH), 7.24 (t, 3JHH = 7.0 Hz, 2H, m-CH), 7.04 (t, 3JHH = 7.5 Hz, 1H,
p-CH), 2.00−1.90 (br m, 4H, CH2), 1.76 (s, 8H, CH2), 1.51−1.35
(br m, 66H, CH2), 1.20−1.18 (br m, 5H, CH2);

13C{1H} (125 MHz)
196.9 (dt, 1JRhC = 55.3 Hz, 2JPC = 13.8 Hz, CO), 173.1 (dt, 1JRhC =
26.4 Hz, 2JPC = 16.3, i-Ph), 138.8 (t, 3JPC = 3.2 Hz, o-Ph), 126.3 (s, m-
Ph),50 122.2 (s, p-Ph), 30.5 (virtual t,17 3JPC = 6.8 Hz,
PCH2CH2CH2),

47 29.9 (virtual t,17 3JPC = 6.0 Hz, PCH2CH2CH2),
28.6 (s, CH2), 28.2 (s, CH2), 28.1 (s, CH2),

47 27.9 (virtual t,17 1JPC =
11.7 Hz, PCH2), 27.7 (s, CH2),

47 27.20 (s, CH2), 27.17 (s, CH2),
47
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27.13 (s, CH2), 27.06 (s, CH2),
47 25.9 (virtual t,17 1JPC = 12.8 Hz,

PCH2),
47 25.0 (s, CH2),

47 23.4 (s, CH2);
31P{1H} (202 MHz) 17.2

(d, 1JRhP = 142 Hz).

trans-Rh(CO)(Me)[P((CH2)14)3P] (9c). A scintillation vial was
charged with 4c (0.050 g, 0.062 mmol), hexanes (10 mL), and MeLi·
LiBr (1.5 M in Et2O; 0.41 mL, 0.62 mmol) with stirring. After 16 h,
the solution was passed through a filter syringe.49 The solvent was
removed from the filtrate to give 9c as a yellow solid (0.046 g, 0.058
mmol, 94%) that was 92% pure by 31P{1H} NMR (byproduct peak δ
21.1, d, 1JRhP = 142 Hz). IR (powder film, cm−1): 1929 (s, νCO).
NMR (C6D6, δ/ppm): 1H (500 MHz) 1.78 (br s, 24H, CH2),

1.55−1.41 (br m, 64H, CH2), −0.22 (dt, 2JRhH = 1.5 Hz, 3JPH = 8.3
Hz, 3H, CH3);

13C{1H} (125 MHz) 192.8 (dt, 1JRhC = 56.6 Hz, 2JPC =
15.1 Hz, CO), 30.8 (virtual t,17 3JPC = 7.5 Hz, PCH2CH2CH2), 28.1
(s, CH2), 27.8 (s, CH2) 27.6 (virtual t,17 1JPC = 11.3 Hz, PCH2) 27.3
(s, CH2), 27.1 (s, CH2), 25.0 (s, CH2), −5.3 (dt, 1JRhC = 20.1 Hz, 2JPC
= 13.9 Hz, CH3);

31P{1H} (202 MHz) 21.6 (d, 1JRhP = 142 Hz).

trans-Rh(CO)(H2BH2)[P((CH2)14)3P] (10c). A scintillation vial was
charged with 4c (0.050 g, 0.062 mmol), THF (5 mL), and NaBH4
(0.023 g, 0.62 mmol) with stirring. After 20 h, the sample was filtered
through a pipette of alumina, which was rinsed with THF (6 mL).
The solvent was removed from the filtrate by oil pump vacuum. The
red-brown residue was extracted with hexanes (4 mL) and filtered
through a glass microfiber filter paper. The solvent was removed from
the filtrate by oil pump vacuum to give 10c as a beige solid (0.049 g,
0.061 mmol, 99%) that decomposed between 70 and 93 °C without
melting. Anal. Calcd for C44H90BOP2Rh: C, 65.18; H, 11.19; Found:
C, 64.94; H, 11.09. IR (powder film, cm−1): 2394 (w, νBH), 1940 (s,
νCO).
NMR (C6D6, δ/ppm): 1H (500 MHz) 1.79−1.76 and 1.73−1.70

(2 br m, 24H, CH2), 1.43 (br s, 60H, CH2), −0.93 and −1.05 (2 br s,
4H, BH4);

13C{1H} (125 MHz) 191.8 (dt, 1JRhC = 74.2 Hz, 2JPC =
17.6 Hz, CO), 30.5 (t, 3JPC = 6.3 Hz, PCH2CH2CH2), 28.5 (s, CH2),
27.8 (s, CH2), 27.7 (s, CH2), 27.5 (s, CH2), 27.0 (t, 1JPC = 12.6 Hz,
PCH2), 24.3 (s, CH2);

31P{1H} (202 MHz) 21.7 (d, 1JRhP = 110 Hz).

trans-Rh(CO)(D2BD2)[P((CH2)14)3P] (10c-d4). 4c (0.050 g, 0.062
mmol), THF (5 mL), and NaBD4 (0.026 g, 0.62 mmol) were
combined in a procedure analogous to that given for 10c. An identical
workup gave 10c-d4 as a beige solid (0.038 g, 0.049 mmol, 79%).
Anal. Calcd for C44H86D4BOP2Rh: C, 64.85; H, 11.63; Found: C,
65.57; H, 11.11. IR (powder film, cm−1): 1940 (s, νCO), 1749 (w,
νBD). NMR data are largely similar to those of 10c and given in the
Supporting Information.

trans-Rh(CO)(Cl)(Br)(CCl3)[P((CH2)14)3P] (11c). An NMR tube
was charged with 4c (0.049 g, 0.067 mmol), CBrCl3 (0.034 mL, 0.34
mmol), and C6D6 (1.0 mL). The mixture was stirred (1 h). The
volatiles were removed by oil pump vacuum, and the residue was
washed with methanol to give 11c as a pale yellow solid (0.066 g,
0.065 mmol, 97%). DSC: no phase transition below 102.5 °C. TGA:
onset of mass loss, 102.5 °C (T e) . Anal . Calcd for
C44H84BrCl4OP2Rh: C, 52.04; H, 8.28; Found: C, 52.01; H, 8.07.
IR (cm−1, powder film): 2069 (vs, νCO). MS:43 951 ([M − CO −
Cl]+, 28%), 907 ([M − CO − Br]+, 30%), 869 ([M − CO − CCl3]

+

78%), 823 (100%).
NMR (C6D6, δ/ppm): 1H (400 MHz) 3.10−2.90 (br m, 2H,

CH2), 2.80−2.60 (br m, 2H, CH2), 2.50−2.35 (br m, 4H, CH2),
2.30−1.95 (br m, 6H, CH2), 1.85−1.65 (br m, 2H, CH2), 1.73−1.31
(m, 68H, CH2);

13C{1H} (100 MHz) 183.0 (dt, 1JRhC = 62.0 Hz, 2JPC
= 6.9 Hz, CO), 87.9 (dt, 1JRhC = 46.6 Hz, 2JPC = 4.0 Hz, CCl3), 30.9
(virtual t,17 3JPC = 6.3 Hz, PCH2CH2CH2), 30.49 (virtual t,17 3JPC =
4.1 Hz, PCH2CH2CH2), 30.43 (virtual t,17 3JPC = 6.4 Hz,
PCH2CH2CH2), 30.0 (s, CH2), 29.8 (s, CH2), 29.2 (s, CH2), 29.1
(s, CH2), 29.0 (s, CH2), 28.9 (s, CH2), 28.7 (s, CH2), 28.4 (s, CH2),
28.3 (s, CH2), 28.2 (s, CH2), 27.8 (s, CH2), 27.2 (s, CH2), 26.0
(virtual t,17 1JPC = 12.8 Hz, PCH2), 25.2 (virtual t,17 1JPC = 15.6 Hz,
PCH2), 23.9 (s, CH2), 23.6 (s, CH2), 23.3 (s, CH2), 22.8 (virtual t,17
1JPC = 12.6 Hz, PCH2);

26 31P{1H} (162 MHz) 15.6 (d, 1JRhP = 83

Hz). Data recorded in toluene-d8 (60 °C) are given in the Supporting
Information.

trans-Rh(CO)2(I)[P((CH2)14)3P] (12c). An NMR tube was charged
with 4c (0.020 g, 0.025 mmol), NaI (0.015 g, 0.1 mmol), and CD2Cl2
(0.8 mL) and fitted with a septum. The tube was purged with CO and
stirred (4 h) under a balloon pressure of CO. NMR spectra were
periodically recorded. After conversion was complete (>98%), the
sample was filtered under CO to remove a white solid. The filtrate was
saturated with CO and layered with CO-saturated methanol. After 24
h, yellow crystals of 12c had formed, some of which were collected
from the walls of the tube and immediately analyzed. IR (cm−1,
powder film): 1988 (m, νCO), 1930 (s, νCO).

NMR (CD2Cl2, δ/ppm, −40 °C): 1H (400 MHz) 1.98 (br m, 8H,
CH2), 1.69 (br m, 4H, CH2), 1.54 (br m, 4H, CH2), 1.37 (m, 8H,
CH2), 1.16 (m, 60H, CH2);

13C{1H} (100 MHz) 192.3 (dt, 1JRhC =
71.5 Hz, 2JPC = 16.0 Hz, CO), 30.7 (br m, CH2), 29.8 (virtual t,

17 3JPC
= 5.6 Hz, PCH2CH2CH2),

47 29.3 (virtual t,17 1JPC = 15.6 Hz,
PCH2),

47 28.3 (virtual t,17 1JPC = 15.6 Hz, PCH2), 27.6 (s, CH2),
47

27.4 (s, CH2), 27.2 (s, 2CH2),
48 26.1 (s, CH2),

47 26.0 (s, CH2),
47

25.9 (s, CH2), 24.9 (s, CH2), 24.2 (s, CH2), 24.0 (s, CH2);
31P{1H}

(162 MHz) 26.2 (d, 1JRhP = 85 Hz). Data recorded at other
temperatures are given in the Supporting Information.

Reaction of 4c and PMe3. A scintillation vial was charged with
hexanes (6 mL), 4c (0.050 g, 0.061 mmol), and PMe3 (1.0 M in
toluene; 0.61 mL, 0.61 mmol) with stirring. After 20 h, the yellow
slurry was filtered through glass wool. The wool retained a yellow
solid, which was rinsed with hexanes (2 mL). The filtrate was filtered
through a pipette of silica gel, which was rinsed with hexanes (15
mL). The solvent was removed from the filtrate by oil pump vacuum
to give P((CH2)14)3P (1c;7a 0.023 g, 0.035 mmol, 58%) as a white
solid. Then, THF (5 mL) was added to the yellow solid, which
extracted it through the glass wool. The solvent was removed from the
extract by oil pump vacuum to give trans-Rh(CO)(Cl)(PMe3)2 (13;

27

0.014 g, 0.044 mmol, 72%) as a yellow solid. IR (powder film, cm−1):
1952 (s, νCO).

Data for 1c:7a NMR (C6D6, δ/ppm): 1H (500 MHz) 1.55−1.49,
1.43−1.35 (2 br m, 84H, CH2);

13C{1H} (125.7 MHz) 31.1 (d, 3JPC =
10.1 Hz, PCH2CH2CH2), 29.3 (s, CH2), 29.2 (s, CH2), 29.2 (s,
CH2), 28.8 (s, CH2), 27.2 (d, 1JPC = 15.1 Hz, PCH2), 25.6 (d, 2JPC =
12.6 Hz, CH2);

31P{1H} (202 MHz) −32.2 (s). IR (powder film,
cm−1): 2920 and 2851 (νCH).

Data for 13:27 NMR (C6D6, δ/ppm): 1H (500 MHz) 1.18 (dt, 2JPH
= 3.5 Hz, 3JRhH = 1.0 Hz, 18H P(CH3)3);

13C{1H} (125 MHz) 188.8
(dt, 1JRhC = 75.4 Hz, 2JPC = 16.3 Hz, CO), 15.2 (dt, 1JPC = 15.1 Hz,
2JRhC = 1.3 Hz, P(CH3)3);

31P{1H} (202 MHz) −10.0 (d, 1JRhP = 115
Hz, P(CH3)3).

Crystallography. A. Crystals of 5c were obtained by slow
evaporation of a THF/pentanes solution derived from a reaction
designed to produce 9c (from 4c and MeLi·LiBr). Data were
collected as summarized in Table 1. Integrated intensity information
for each reflection was obtained by reduction of the data frames with
the program APEX2.51 Data were corrected for Lorentz and
polarization factors as well as for crystal decay using the program
SADABS.52 The structure was solved using SHELXTL.53 Non-
hydrogen atoms were refined with anisotropic thermal parameters.
The hydrogen atoms were placed in idealized positions and refined
using a riding model. The structure was refined (weighted least
squares refinement on F2) to convergence.52

B. An NMR tube was charged under N2 with a solution of 6c
(0.010 g) in benzene/CH2Cl2 (1:1 v/v; 0.2 mL), which was layered
with methanol (2.0 mL). After 14 d, data were collected on the yellow
prisms as outlined in Table 1. Cell parameters were obtained from 10
frames using a 10° scan and refined with 10410 reflections. Lorentz,
polarization, and absorption corrections54 were applied. 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 and hydrogen atoms were treated as for 5c. Scattering
factors were taken from literature.55 The I−Rh−CO moiety was
disordered, with two orientations differing by ca. 180°. The iodine
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atoms refined to an 89:11 occupancy ratio (I1/I1′), but the CO
associated with the minor rotamer (coincident with the iodine of the
major rotamer) could not be resolved. The atom C54 was also
disordered and could be refined to a 65:35 occupancy ratio (C54/
C54′). The anisotropic displacement parameters of neighboring
atoms (e.g., C55, C56) indicated further disorder that could not be
resolved.
C. Crystals of 8c were obtained from a solution of nitromethane,

CH2Cl2, and pentanes. Data were collected as summarized in Table 1
and treated as described for 5c. The structure solved readily in the
non-centrosymmetric space group P21 (no. 33) using the charge
flipping algorithm implemented in PLATON.56 Non-hydrogen and
hydrogen atoms were treated as for 5c. The thermal ellipsoids
associated with C1 to C14 indicated disorder, but this could not be
successfully modeled, so the ellipsoids were restrained. The structure
was refined (weighted least squares refinement on F2) to
convergence.52 The batch scale factor (0.01 with TWIN) confirmed
the non-centrosymmetric space group. The Flack parameter
(−0.01(4); theory for correct and inverted structures, 0 and 1)57

verified the absolute configuration.
D. Crystals of 10c were obtained by layering a CH2Cl2 solution

with nitromethane in an NMR tube, and then storage at −39 °C. Data
were collected as summarized in Table 1 and treated as described for
5c. The structure was solved analogously. The thermal ellipsoids
associated with C1 to C14 indicated disorder, but this could not be
successfully modeled, so the ellipsoids were restrained.
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