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Abstract:  [Rh(nbd)(PCyp;),][BAT ]
(1) [nbd = norbornadiene, Arf =
C¢H;(CF;),, PCyp; = tris(cyclopentyl-
phosphine)] spontaneously undergoes
dehydrogenation of each PCyps ligand
in CH,(l, solution to form an equilibri-
um mixture of cis-[Rh{PCyp,(n>-
CsH,)}),][BAr",] (2a) and trans-[Rh-
{PCyp,(n*-CsHy)L][BAr",] (2b), which
have hybrid phosphine-alkene ligands.
In this reaction nbd acts as a sequential
acceptor of hydrogen to eventually
give norbornane. Complex 2b is dis-
torted in the solid-state away from
square planar. DFT calculations have
been used to rationalise this distortion.
Addition of H, to 2a/b hydrogenates
the phosphine—alkene ligand and forms
the bisdihydrogen/dihydride complex
[Rh(PCyp,),(H),(n-H,),][BAT",]  (5)
which has been identified spectroscopi-

Introduction

The activation and functionalisation of alkanes by transition
metal complexes using homogeneous processes is an impor-
tant area of research given the enormous synthetic value at-
tached with changing C—H bonds into synthetically useful

cally. Addition of the hydrogen accept-
or tert-butylethene (tbe) to 5 eventually
regenerates 2a/b, passing through an
intermediate which has undergone de-
hydrogenation of only one PCyps
ligand, which can be trapped by addi-
tion of MeCN to form trans-[Rh-
{PCyp,(n*-CsH;)}(PCyps)(NCMe)]-

[BAr",] (6). Dehydrogenation of a
PCyp; ligand also occurs on addition of
Na[BAr",] to [RhCl(nbd)(PCyp,)] in
presence of arene (benzene, fluoroben-
zene) to give [Rh(n®-CgHsX){PCyp,(n’*
CsH))}][BATF,] (7: X = F, 8: X = H).
The related complex [Rh(nbd){PCyp,-
(W*-CsH,)})][BArY,] 9 is also reported.

Keywords: C—H activation
hydrides -  hydrogenation
phosphines - rhodium

Rapid (~5 minutes) acceptorless dehy-
drogenation occurs on treatment of
[RhCl(dppe)(PCyp;)] with Na[BAr%,]
to give [Rh(dppe){PCyp,(n*-CsHy)}l-
[BArf,] (10), which reacts with H, to
afford the dihydride/dihydrogen com-
plex  [Rh(dppe)(PCyps)(H),(n”*-H,)]-
[BArF,] (11). Competition experiments
using the new mixed alkyl phosphine
ligand PCy,(Cyp) show that [RhCI-
(nbd){PCy,(Cyp)}] undergoes dehydro-
genation exclusively at the cyclopentyl
group to give [Rh(n*-CsHsX){PCy,(n*
CsH)}[BArf,] (17: X = F, 18: X =
H). The underlying reasons behind this
preference have been probed using
DFT calculations. All the complexes
have been characterised by multinu-
clear NMR spectroscopy, and for 2a/b,
4, 6,7, 8,9 and 17 also by single crystal
X-ray diffraction.

functional groups."™! Alkane dehydrogenation by late tran-
sition-metal complexes represents one of the key areas of

this effort as it allows alkanes to be converted into alkenes,
an important chemical feedstock (Scheme 1).°

The majority of examples of alkane dehydrogenation re-
quire an acceptor (alkene) to, in effect, partake in a transfer
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hydrogenation; although where a metal alkyl is present
elimination of alkane can also act as a driving force for the
reaction. Examples of intramolecular dehydrogenation from
alkyl phosphines”'? (e.g. T[4 0519 Il 81y and betadi-
ketimates (TV'*?!1) are well-established; and other coordi-
nated ligands, such as ethers,” alkoxides,™ N-heterocyclic

FULL PAPER

loss of ten hydrogen atoms. Ours and Sabo-Etienne’s obser-
vations clearly point to PCyp; being particularly well-set up
for intramolecular alkyl phosphine dehydrogenation. More-
over, these transformations result in the concise generation
of mixed phosphine/alkene ligands—a class of ligand that is
currently attracting considerable interest in catalysis.F"¥
We report here, in full, our studies on the dehydrogenation
chemistry of complexes containing one or two PCyp; li-
gands, including comparisons with tris(cyclohexylphosphine)
ligands (PCy;) and computational studies that shed light on
mechanistic pathways, energies and the bonding in these
complexes. As far as we are aware, prior to these recent
studies, C—H activation in cyclopentylphosphine complexes
has only been reported briefly before.”** Of particular

relevance to this paper are the

— extensive studies by Griitz-
(PE] PN - macher on Group 9 metal com-
Cy,P |@ i plexes with chelating phos-
@ P P/OS\H Ph 2 PR I phine-alkene ligands derived
//—Ru‘;\ "l >:/ H j Typ-M N /] from dibenzotropylidene phos-
lc - H,C Ph 52 phines such as diphenylphospa-
¥ nyldibenzocycloheptane
I I I (tropp™) (e.g. III, see above,
R =Ph).l"18354) Agpects of the
[M] = Ir, PtH work reported here have been
x> |BAT) O\ communicated previously.?®!
| P
Oy |
P\.f> R
6 Fl, \j Results and Discussion

X=F.H é Bis-PCyp; Complexes: The
Y v Vi tris(cyclopentylphosphine) com-

carbenes®! and functionalised cyclopentadienyls™ also un-
dergo dehydrogenation. The intramolecular dehydrogena-
tion of alkyl groups can also result in the addition of useful
double-bond functionality that can be utilised for further
elaborations in a synthetic scheme.?*?"]

One of our groups has recently communicated the intra-
molecular dehydrogenation of a cyclopentyl ring in tris(cy-
clopentylphosphine) (PCyp;) to give V, by treatment of [Rh-
(nbd)CI(PCyp);] with Na[BAr",] (as a halide abstracting re-
agent, nbd=norbornadiene, Arf=CsH;(CF;),), with nbd
acting as an acceptor of hydrogen from the cyclopentyl
group.”®! When this reaction is performed in fluorobenzene
or toluene the solvent coordinates (e.g., V), but when per-
formed in weakly coordinating CH,Cl, the [BAr",]~ anion
complexes with the metal centre instead, through one of its
arene rings.””! Starting from [Rh(dppe)CI(PCyp),] this dehy-
drogenation reaction can be acceptorless, and also occurs at
room temperature in less than five minutes.” Dehydrogen-
ation of PCyp; on neutral ruthenium centres has also been
very recently reported by Sabo-Etienne and Grellier by
treatment of [Ru(PCyp;),(H),(n>-H,),] with ethene.’” This
results in a double dehydrogenation to give VI, with the net
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plex [Rh(nbd)(PCyp;),|[BAr",]

(1) is prepared by addition of

PCyp; to [Rh(nbd)Cl], using
Na[BAr",] as a halide abstracting reagent in a biphasic
CH,CI1,/H,0O solvent system. Although 1 can be isolated in
analytically-pure form by low temperature recrystallisation,
it is not stable in solution, unlike its tris(cyclohexylphos-
phine) (PCys;) or tris(isopropylphosphine) (PiPr;) analogues
(which show no appreciable change in solution after 24 h in
our hands). Over the course of 2h in CH,Cl, solution 1
smoothly converts to two new species, identified as a mix-
ture of two isomeric complexes in which two cyclopentyl
rings, one of each phosphine, have undergone alkyl dehydro-
genation: cis-[Rh{PCyp,(n*-CsH,)},][BArF,] (2a) and trans-
[Rh{PCyp,(n*-CsH,)},][BArY,] (2b) (Scheme2). After 2h
the ratio of 2a/2b is 3:1, respectively, but if left for 2d
(CD,Cl, solution) this ratio changes to 1:3 after which there
is no appreciable change. Heating to 40°C overnight results
in a change in ratio to 1:4, which on cooling eventually re-
establishes the original concentrations. Thus, 2a and 2b are
in equilibrium with one another, and although the barrier to
rearrangement must be relatively high as it takes 2 d to ap-
proach equilibrium concentrations, there is only a small dif-
ference in relative stabilities (K., ~3; AG" (298K)
~2.5 kJmol™"). This high barrier reflects a possible reorgani-
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sation mechanism that involves partial decoordination of
one of the strongly bound phosphine-alkene ligands or
movement through a disfavoured rhodium(I) tetrahedral in-
termediate. A similar mixture of isomers, that do not inter-
convert on the NMR timescale, was observed for cis/trans-
[Rh(tropp™),][PF,].1*

Complexes 2a and 2b have similar NMR spectroscopic
characteristics, but subtle differences make the identification
of the two isomers possible. In their *P{'H} NMR spectra
both display a single phosphorus environment showing cou-
pling to '“Rh [6 67.4, J(Rh,P) = 150 Hz for 2a; § 65.8, J-
(Rh,P) = 114 Hz for 2b]. The smaller RhP coupling con-
stant for the trans-isomer 2b, compared with the cis, is simi-
lar to the closely related complexes cis/trans-[Rh(tropp™),]-
[PF4],P¥ and is an indication of the relative trans influences
of the phosphine and alkene ligands. The *'P chemical shift
of the phosphines have undergone a significant downfield
change, as expected for a ligand which has become part of a
strained five membered ring.”?! For example, compared with
cationic 1 [0 13.4] a chemical shift change of Ad
+52.4 ppm occurs in 2b on dehydrogenation and formation
of the chelate ring. In the '"H NMR spectrum distinctive res-
onances at 6 = 4.90 (2a) and 5.46 ppm (2b) are observed
for the chemically equivalent alkene protons in the dehydro-
genated cyclopentyl rings on each isomer, with relative inte-
grals of 1:3. No resonances at high field are observed, show-
ing that there are no hydrides present. In the *C{'H} NMR
spectrum the alkene carbons for 2a and 2b are clearly iden-
tified at ¢ 100.0 and 89.2 ppm, respectively, both showing
coupling to '®Rh; with that for 2a a AA’'MM'X second-
order system that shows trans coupling to *'P. The relative
downfield shift for the trans isomer is as noted for cis/trans-
[Rh(tropp™),][PF4].’® The NMR spectra are unchanged on
cooling to 250 K. Dissolving crystalline material of 2b (see
below) results in NMR spectra that show major peaks for
the trans isomer, that slowly approach the equilibrium con-
centrations observed previously.

Compounds 2a and 2b are always formed as a mixture,
and recrystallisation of the reaction mixture after 2 h affords
crystals in which 2a and 2b have co-crystallised with both
compounds in the unit cell. Leaving the reaction for 2 d, and
then recrystallising, affords crystals of 2b exclusively. Un-
fortunately the solid-state structures of the cocrystallised 2a
and 2b result in a generally poor refinement from which we
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are reluctant to discuss the spe-
cifics of bond angles and distan-
ces. The gross structures of 2a/b
| that derive from this analysis

"thm are presented in the Supporting
P\O Information, and confirm that
é they are cis and trans isomers,
" respectively. Griitzmacher has

reported the structure of cis-
[Rh(Metropp™),][PFs], which is
closely related to 2a.”

The solid-state structure of
2b, crystallised from the solu-
tion left for two days, is presented in Figure 1. The phos-
phines are trans disposed [P-Rh-P 178.30(4)°], and although
the Rh—P bond lengths [2.324(1), 2.327(1) A] are a little
longer than those reported for related bis(phosphine)-
alkene complexes such as cis-[Rh(Mtropp™),][PF]*” [aver-
age 2241(1)A] or [Rh(aminophosphole)(cod)][BF,]
[2.2116(7) A],*" they still are reasonable for a rhodium(I)—
P bond. The Rh-C distances [ranging from 2.186(4)-
2.192(4) A] are also as expected for a rhodium(I)-alkene in-
teraction, but are significantly shorter than found in cis-
[Rh(Metropp™),][PF]*' [average 2.426(4) A], which were
noted for their unusual length. The C=C bond lengths
[1.389(7), 1.388(6) A] are as expected. The most notable fea-
ture of the molecule is that it is distorted so that the alkene
units are compressed with regard to one another [¥ mid-
point C3/C4-Rh-midpoint C23/C24 144.01(2)°] so that the
carbon atoms C4 and C24 are almost linear [179.0(2)°],
while the P-Rh-P angle is also essentially linear [178.30(4)°].
This distortion takes the molecule from idealised C,, sym-
metry to approximate C, symmetry, and is reminiscent of
that observed in the complex [Ru(CO),(P’'Bu,Me),]."*! The
electronic reasons behind this distortion are discussed later
and lie in the mutually trans, m-accepting alkene ligands.
However, this distortion must also occupy a fairly shallow
potential energy landscape as the solution NMR spectra of
2b only shows one alkene environment (even at 250 K),
whereas if the solid-state structure was retained there would
be two, suggesting either a planar structure in solution or a
low energy rocking occurs of the phosphine-alkene ligand.
A related structure to 2b has been reported for [Ir-
(tropp®™),][PFs], which shows a similar distortion although
in this case is it defined as being more tetrahedral (P-Ir-P
angles of 169.7°).%"! The newly formed phosphine-alkene
ligand in 2a/b has a bite angle (X P-Rh-centroid of C3/C4)
of ~83°, which is the same as that of dppe.

The formation of 2a/2b comes as a result of a dehydro-
genation of two cyclopentyl rings—one on each phosphine.
Following the reaction by 'H and *'P{'"H} NMR spectroscopy
allows intermediates on this process to be observed.
Figure 2 shows a mole fraction/time plot for the organome-
tallic complexes observed. Initially dissolving 1 in CH,Cl, at
298 K affords a new complex, 3 (Scheme 3), very rapidly
(minutes). After one hour the mole fraction of 3 starts to
drop, eventually reaching zero, while those of 2a, and then

Chem. Eur. J. 2008, 14, 1004 —1022
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Figure 1. Solid-state structure of 2b. Hydrogen atoms and the [BAr",]”
anion are not shown. Thermal ellipsoids are presented at the 50 % proba-
bility level. Selected bond lengths [A] and angles [°]: Rh1—P1 2.324(1),
Rh1-P2 2.327(1), Rh1—C3 2.191(5), Rh1—C4 2.190(5), Rh1—C23 2.186(4),
Rh1-C24 2.192(4), C3—C4 1.389(7), C23—C24 1.388(6), P1-Rh1-P2
178.30(4), P1-Rh1-Ct3/4 82.73(3), P2-Rh1-Ct23/24 82.66(3), Ct3/4-Rh1-
Ct23/24 144.01(2), P1-Rh-Ct23/24 96.52(3), P2-Rh-Ct3/4 97.05(3).
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225 K, resolve into doublets-of-doublets that show coupling
to '®Rh and a large *'P-*'P coupling [0 76.2, J(PP) = 286,
J(Rh,P) = 120Hz; 6 552, J(PP) = 286, J(Rh,P) =
117 Hz], identifying a trans phosphine geometry. The hy-
dride region of the 'H NMR spectrum at this temperature is
featureless. The data in hand do not allow us to conclusively
state whether nbe is bound, or perhaps another weak inter-
action (agostic, solvent, adventitious water) is present, as,
given the mixture, the 'H NMR spectrum is ambiguous for
identifying a coordinated nbe peak. In support of a nbe
complex, 3 displays very similar *'P{'"H} and '"H NMR spec-
tra to the well-characterised acetonitrile adduct trans-[Rh-
{PCyp,(11-CsH,)}(PCyp)(NCMe)][BAI™,] (6) (see below) in
which the phosphorus ligands lie trans both in solution and
the solid-state. Whatever the nature of 3 it is clearly an in-
termediate on the overall double dehydrogenation process.
A suggested mechanism, based on that established for
alkane dehydrogenation,">® is presented in Scheme 3.
Phosphine dissociation (A), C—H activation (B), 3-H trans-
fer (C) and then H, loss arrive at the intermediate species 3.
The transformation from 3 to 2a/2b is much slower than
that from 1 to 3 and presumably passes through a putative
intermediate such as D. Al-
though we have no direct evi-
dence for a complex such as D,
the isoelectronic complex cis-
[Ru{PCyp,(n*-CsH;)},H,] has
been reported as an intermedi-
ate in the dehydrogenation of
PCyp; in [Ru(PCyps),(H,)(n’*-
H,),] using ethene as the accept-
or to form complex VLFY We
draw D as cis but it could well
also be trans. Such isomerisation
in dihydride phosphine com-
plexes is known.*! Given that
we do not observe D in our

t[h]

Figure 2. Plot of % composition of 1 (=), 2a (a), 2b (e) and 3 (m) for the reaction outlined in Scheme 2.
Values from relative integrals in the '"H NMR spectrum (normalised to 100 % ).

2b, rise. After 100 h there is no significant change in the
composition of the solution. The mass balance remains con-
stant, thus identifying 3 as an intermediate in the reaction.
Compound 3 has been spectroscopically partially character-
ised as a norbornene (nbe) adduct trans-[Rh{PCyp,(n>-
CsH,)}(PCyp;)(n*-nbe)][BAr",] in which one of the cyclo-
pentyl rings has undergone an alkyl dehydrogenation, with
norbornadiene acting as a hydrogen acceptor to form nor-
bornene. This activation process relies on dissociation of
one of the PCyp; ligands, as in the presence of a 10-fold
excess of PCyp; complex 1 remains unchanged in CH,Cl, so-
lution overnight. Complex 3 shows two broad resonances in
the *'P NMR spectrum [§ 75.7, 51.8] that, on cooling to

Chem. Eur. J. 2008, 14, 1004 -1022
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system, and that 3 is relatively
long-lived, the overall rate-de-
termining step must be involved
with the dehydrogenation of the
second  cyclopentylphosphine.
Gas chromatographic analysis
of the reaction mixture over the
same timescale shows the nbd — nbe — nba conversion
consistent with this strained alkene acting as a hydrogen ac-
ceptor. Although the mole fraction of nbd drops to zero,
nbe is never completely converted into nba, suggesting that
loss of H, from intermediate D is competitive with hydroge-
nation of nbe. Although 2a and 2b are in equilibrium with
one another, given that they are both present in the reaction
from the start we cannot discount a parallel mechanism
that, in the early stages of the reaction, transforms D direct-
ly into 2b.

We have been able to isolate a model for intermediate D
in Scheme 3 by switching from rhodium to iridium. The re-
lated increase in M—H and M—P bond strength disfavours
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hydrogen loss, either by elimination of H, or phosphine dis-
sociation and reduction of nbe; allowing for the isolation of
a complex in which both cyclopentyl groups have undergone
dehydrogenation, but some of the hydrogen from this pro-
cess remains on the metal. Addition of PCyp; to [Ir-
(coe),Cl], along with Na[BArF,] and tbe (fertbutylethene—
an excellent hydrogen acceptor®) affords a complex mix-
ture, as determined by 'H and *'P NMR spectroscopy, that
after 16 h becomes one major species. This can be isolated
as an analytically-pure crystalline material in moderate,
34 %, yield and is identified by NMR spectroscopy and X-
ray crystallography as trans-[Ir(H,){PCyp,(n*-CsH,)},]-
[BArF,] (4). The solid-state structure of 4 shows a trans ar-
rangement of phosphines with the alkene ligands mutually
cis to one another and presumably trans to the hydrides,
which were not located (Figure 3). A significant amount of
disorder associated with the non-activated cyclopentyl
groups could not be satisfactorily modelled due to the mar-
ginal quality of the data, meaning the hydride ligands on 4
were not located and it is inappropriate to discuss the struc-
tural metrics in detail. '"H and *'P{'H} NMR spectroscopy
show that a trans structure is retained in solution. In particu-
lar a single peak is observed in the *'P{'"H} NMR spectrum
at 8 39.5 ppm, while in the '"H NMR spectrum a single reso-
nance for chemically equivalent hydrides at 6 —12.17 ppm is
observed as a triplet [J(PH) = 11.4 Hz], and the alkene
protons are now observed as two, integral 2H, peaks at 6 =
4.69 and 4.50 ppm. The related cation [Ir(H),(tropp™)]*
(with various anions) forms on protonation of a neutral
monohydride.* A solid-state structure has not been report-
ed for this complex, but the NMR data compare well with 4,
in particular one *'P environment and a triplet at 6 —12.66
[/(PH) 11.8 Hz] for the two hydride ligands in the
"H NMR spectrum.
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Figure 3. Solid-state structure of 4. Hydrogen atoms and the [BAr",]
anion are not shown. Thermal ellipsoids are presented at the 50 % proba-
bility level. Selected bond lengths [A] and angles [°]: Ir1-P1 2.308(2),
Ir1-P2 2.326(2), P1-Ir-P2 179.5(1). The hydride ligands were not located.
NMR data suggest that they occupy sites trans to the coordinated alkene
ligands.

Addition of H, to the mixture of 2a/2b results in the im-
mediate hydrogenation of the bound alkene ligands and the
generation, in quantitative yield by NMR spectroscopy, of
the bisdihydrogen/dihydride complex [Rh(PCyps),(H),(n’*-
H,),][BAr",] (5) (Scheme 4). Complex 5 is directly analo-
gous to [Rh(PRj),(H),(n*-H,),][BAr",] (R=iPr, Cy)*! and
the neutral ruthenium complexes [Ru(L),(H,)(n*H,),] (L=
PCy,,™3 PiPr3,*! PCyp,,*! N-heterocyclic carbene®). Com-
plex 5§ can be prepared more conveniently by direct addition
of H, (4 atm) to 1. Compound 5 is only stable under a H, at-
mosphere, decomposing to unidentified products when

Chem. Eur. J. 2008, 14, 1004 —1022
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placed under a vacuum or the H, replaced with argon; the
complex was fully characterised in solution by NMR spec-
troscopy. In the 'HNMR spectrum at room temperature
under a H, atmosphere no hydride signal is observed (pre-
sumably it is broad and unresolved in the baseline), and no
signal for dissolved H, at d 4.6 ppm is seen. This suggests
rapid exchange between free and bound H,, a common ob-
servation in dihydrogen systems at room temperature.”) The
S'P{'H} NMR spectrum shows a single phosphorus environ-
ment at 6 57.4 ppm [/(Rh,P) = 101 Hz]. Progressive cooling
to 200 K results in two broad hydride signals at 6 —2.21 and
—13.79 ppm, in the ratio 4:2, respectively, with reference to
the alkyl phosphine protons. 7 relaxation time measure-
ments at 200 K (400 MHz) show that the integral 4H reso-
nance is due to a dihydrogen ligand (7; = 14 ms) while the
higher field, integral 2H resonances, is assigned to a hydride
(T; = 250 ms). The dihydrogen ligands in 5 are likely to be
rotating around the M-H, axis at low temperature as only
one 1-H, environment is observed; this being in accord
with findings for other dihydrogen complexes in which the
barrier to rotation is very small.**!! The 3'P{H} NMR
spectrum at this temperature is essentially unchanged from
that at 298 K. All these findings are consistent with those re-
ported for analogous bisdihydrogen/dihydride complexes, in
particular [Rh(PCys),(H),(n*-H,),][BAr",].1*9

Addition of the hydrogen acceptor tbe to 5 reforms the
mixture 2a/2b after 3 h. This is a stepwise process, with the
second dehydrogenation much slower than the first, as ob-
served previously for both the synthesis of 2a/2b and the
dehydrogenation of PCyp; in [Ru(PCyp;),(H,)(n’-H,),].B)
The product of the first dehydrogenation can be trapped by
addition of acetonitrile immediately after tbe addition,
which results in the isolation of 6, as crystalline material in
moderate (53 %) yield (Scheme 5); although the reaction is
quantitative by NMR spectroscopy. No further dehydrogen-

ool QT

P H i) toe P
tbe H\__| R ii) MeCN |
2ab @~ H/Th\,H ———> MeCN—Rh---
H

3h O/&\O minutes O/é\o

5 6

Scheme 5.
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ation in 6 occurs as the coordinated acetonitrile prevents
further dehydrogenation of the other cyclopentyl ring by
blocking the vacant site required for C—H activation.

The solid-state structure of 6 is shown in Figure 4, and
this demonstrates that the molecule adopts an approximate
square planar geometry, with trans orientated phosphines
[P1-Rh-P2 178.02(3)°] and an acetonitrile ligand sitting op-
posite the alkene double bond on the dehydrogenated
PCyp; ligand [N-Rh-C2/C3,,4p0ine 173.57(8)°]. The molecule
thus does not show the distortion observed in 2b, as expect-
ed in the absence of competing trans wt acceptors (see later).
Other bond lengths and angles are as expected. In solution,
two *'P environments are observed in the *'P{'H} NMR
spectrum of 6, that also show distinctive trans P-P coupling,
namely 0 74.6 [dd, J(P,P) = 302, J(Rh,P) = 123 Hz| and
25.7 ppm [dd, J(PP) = 302, J(Rh,P) = 117 Hz]. The 'H and
SIC{'H} NMR spectra show signals due to coordinated
MeCN and the alkene. In particular one alkene environment
is observed, consistent with the square-planar geometry.

Figure 4. Solid-state structure of 6. Hydrogen atoms and the [BAr",]
anion are not shown. Thermal ellipsoids are presented at the 50 % proba-
bility level. Selected bond lengths [A] and angles [°]: Rh—P1 2.281(1),
Rh—P2 2.358(1), Rh—N 2.060(3), Rh—C3 2.136(3), Rh—C4 2.145(3), C3—
C4 1.378(5), P1-Rh-P2 178.02(3), P1-Rh-Ct3/4, Ct3/4-Rh-N 173.57(8), P1-
Rh-Ct3/4 83.34(2), P1-Rh-N 91.04(8), P2-Rh-Ct3/4 95.14(2), P2-Rh-N
90.55(8).

Computational Studies on 2a and 2b: We have performed
DFT calculations on 2a and 2b as well as a number of relat-
ed smaller model systems. Geometry optimisations on the
full complexes provided good agreement with experimental
data with, in particular, the bent structure of 2b being well
reproduced (the alkene midpoint-Rh-alkene midpoint angle,
that we shall call 0 being 146° compared with 144° from ex-
periment, see Supporting Information for details). In addi-
tion, 2b was computed to be 7.5 kJmol ' more stable than
2a, consistent with the small preference determined from
experimental equilibrium concentrations. With smaller
models of the type [Rh{PR,(n*-CsH,)},]* (R=H, Me) the
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cis form becomes the more stable, by 2.0 kimol ™ (R=H)
and by 0.8 kIJmol™' (R=Me). The different isomeric prefer-
ences computed with these various models suggest that the
greater stability of the trans species in the full system is pri-
marily driven by steric effects.

The main focus of our study at this point, however, was to
account for the bent structure of 2b and to this end we have
employed the simplified model system trans-[Rh(PHj;),-
(C,Hy),]*, 2b'. This species optimises to a bent geometry
with 6=146° and this was found to be 13.3 kJmol™' more
stable than an alternative square-planar geometry obtained
with 6 fixed at 180°. The occupied metal-based d orbitals of
these two structures are shown schematically in Figure 5.

0=180°

8 = 146°
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95 1b,
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E =+13.3kJ mol” E=0.0kJ mol”

Figure 5. Energy level diagram [eV] for the occupied metal-based d orbi-
tals of 2b'.

For 6=180° the HOMO is dominated by Rh d_. and s char-
acter (>93%). To lower energy the 1b; and 1la, orbitals are
again mainly metal-based (ca. 85%), but are now stabilised
by mixing with the PH; o* orbitals (contributions omitted
from Figure 5). Most stable is the 1b, orbital for which -
back donation to the alkenes is apparent. Reducing 6 to
146° results in a strong stabilisation of the la; orbital by
around 1 eV due to enhanced m-back donation from the Rh
d,. orbital to the alkene st* orbitals. The only destabilisation
that occurs upon bending is in the 1b, orbital (0.25 eV) and
this arises from both a loss of m-back donation as the Rh-
(d,,)/alkene(m*) overlap diminishes and the introduction of
some o-antibonding character. Overall, & stabilisation of the
1a, orbital is the dominant effect and this drives the distor-
tion towards a bent structure.

As mentioned previously, the structure of 2b is reminis-
cent of that reported for [Ru(CO),(PrBu,Me),].¥) In that
case a rationalisation in terms of Ru—CO n-back donation

1010

www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

was proposed, this being enhanced in the bent form due to
the extremely e~ rich Ru” centre. Indeed, calculations on
isoelectronic (but less e rich) [Rh(CO),(PH;),]* favoured a
square-planar structure. The structure of 2b, however, indi-
cates that deformation away from a square-planar geometry
in these 16e species can arise not only from the nature of
the metal centre but also from the type of the m-acceptor
ligand involved. To test this idea we used the ADF program
to analyse the M-L interaction in trans-[Rh(PH;),(L),]*
species (L=C,H, or CO), where geometries with §=180 or
146° were employed. In each case the molecule was split
into {Rh(PH;),L}* and {L} fragments, with the major point
of interest being the extent of m-back donation from the Rh
d,. orbital (the HOMO of the {Rh(PH;),L}* fragment) into
the m* acceptor orbital on L. From the above discussion this
interaction is the one that should control whether a defor-
mation is seen.

The data in Table 1 indicate that for both systems reduc-
ing 6 leads to increased Rh d. L w* overlap, although this
effect is notably larger for L=C,H,. We also monitored the
change in orbital occupation when the two fragments inter-
act to form the full trans-[Rh(PH;),(L),]* species. For 6=
180° the Rh d,. (doubly occupied in {Rh(PH;),L}") is unaf-
fected, as there is no low-lying orbital of correct symmetry
on L with which to interact. When 6=146° Rh d, — L =n-
back donation occurs and the greater depopulation of the
Rh d, in frans-[Rh(PH;),(C,H,),]* indicates the improved
efficiency of this process with L=C,H,, a direct result of
greater Rh d_./C,H, n* overlap. The significant populations
of the * orbitals of both CO and C,H, when 6=180° arise
from there being several {Rh(PH;),L}* orbitals capable of
n-back donation at that geometry. The fact that the popula-
tion increases further upon bending trans-[Rh(PHj;),-
(C,H,),]* but is unaffected in trans-[Rh(PH;),(CO),] ™" is fur-
ther evidence of improved m-back donation with the alkene
in this system.

Table 1. Computed data from trans-[Rh(PH;),L,]* fragment calculations.

L/6 [°] Orbital overlap (Rh d_.|L m*) Orbital populations

Rhd, L o*
C,H,/180 0.001 1.99 0.22
C,H,/146 0.161 1.69 0.32
CO/180 0.001 1.99 0.17
CO/146 0.071 1.95 0.18

Our calculations confirm that enhanced M—L mn-back
donation promotes the bent geometries seen in some ML,-
(PR3), species. This effect may arise from either a particular-
ly e” rich metal centre (as in [Ru(CO),(PrBu,Me),]) or the
presence of a m-acceptor ligand capable of efficient interac-
tion with the metal d.. orbital. The alkene ligands in 2b’
(and by extension 2b) achieve this through improved over-
lap and this seems simply to be a result of the spatial extent
of the n* orbital, which has a well-matched “bite angle” for
the metal d_.. Although CO is normally considered a better
7t acceptor than an alkene ligand, in this specific case the
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shape of the CO =m* orbitals do not facilitate a strong
enough interaction with the metal d,. for bending to occur
in trans-[Rh(PH;),(CO),]*. A further requirement for de-
formation appears to be a ftrans arrangement of two
m-acceptor ligands. Thus near-planar structures are ob-
served for cis structures such as 2a and [Ru(CO),-
(1Bu,PCH,CH,P/Bu,)].F¥! Presumably st-competition effects
are more pronounced with a trans arrangement and adds a
further driving force to maximise m-back donation by de-
forming away from a planar structure.

Mono-PCyp; complexes: The intramolecular dehydrogena-
tion of cyclopentyl groups is also observed in mono-phos-
phine rhodium complexes. Related complexes based on the
tropp™ ligand set have been previously reported by Griitz-
macher, although in these cases a preformed phosphine
alkene ligand is used.'*>#!) The synthesis of a suitable pre-
cursor material [RhCl(nbd)(PCyp;)] comes from treatment
of [Rh(nbd)Cl], with PCyp;. When treated with Na[BAr",]
in fluorobenzene alkyl dehydrogenation results in formation
of the fluorobenzene complex [Rh(n*-C4HsF){PCyp,(n’*-
CsH,)}][BAr",] 7 (Scheme 6). Use of benzene as co-solvent
gives the analogous benzene complex 8. In the formation of
7 and 8, the coordinated norbornadiene acts as a hydrogen
acceptor, and norbornene is observed in the reaction mix-
ture (by GC and 'HNMR spectroscopy). The 'H and
BC{'H} NMR spectra of 7 show signals arising from the co-

FULL PAPER

Figure 6. Solid-state structure of 7 (top) and 8 (bottom). Hydrogen atoms
and the [BAr',]” anion are not shown. Thermal ellipsoids are presented
at the 50 % probability level. Selected bond lengths [A] and angles [°] for
7: Rh—P 22412(6), Rh—C13 2.125(2), Rh—C14 2.128(2), Rh—C1-6
2.244(2)-2.337(3), C13—C14 1.401(4), P-Rh-Ct13/14 82.56(2); for 8: Rh—P
2.219(3), Rh—C13 2.133(6), Rh—Cl4 2.114(4), Rh—Cl-6 2.250(2)-
2.336(2), C13—C14 1.414(5), P-Rh-Ct13/14 82.93(8).

_|+ —|+

- Na[BA,] X_©i excess nbd _< = have been assigned to specific

3Pl -l .
RN _— LN E—— alkene groups (see Experimen-
cl CgHeX O P\./> CeHsF O'~.-P<h>> tal Section). The *'P{'H} NMR
-CHpp 6 6 © spectrum shows the distinctive
. downfield shift of the coordi-

7:X=F . .

8 X nated phosphine ligand to &

Scheme 6.

ordinated arene, together with a signal characteristic of a co-
ordinated alkene ['H: 6 3.89, ®*C: § 65.04 d, J(Rh,C) =
16 Hz, HC=CH]. Similar signals are observed in the spectra
of 8. Complexes 7 and 8 have similar *'P{'"H} NMR spectra,
with 7 showing additional coupling due to the fluorine on
the arene ring [J(F,P) = 3.8 Hz]. The solid-state structures
(Figure 6) show that the bond lengths and angles are effec-
tively the same in both complexes, and confirm the presence
of a coordinated C=C double bond by short C-C distances
[7 C13-C14 1.401(4); 8 C13-C14 1.389(4) A], together with
M-C distances typical for M—alkene coordination, which are
similar to those observed for 2b and 6.

Adding an excess of nbd to 7 affords the nbd adduct [Rh-
(nbd){PCyp,(n*-CsH,)}][BATF,] (9) in which the diene has
replaced the fluorobenzene. The NMR data for 9 show the
presence of three-coordinated alkene groups and, aided by
coupling patterns and 'H,"*C correlation experiments, these
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731 ppm [AS +60 compared

with 1]. The solid-state struc-

ture of 9 is shown in Figure 7

and confirms the coordinated
nbd ligand. Bond lengths and angles of the dehydrogenated
phosphine ligand are similar to the other complexes report-
ed here. The complex is distorted away from square-planar,
as observed for 2b, so that the mid-points of two of the
alkene ligands [C1/C2 and C13/C14] do not lie rigorously
trans to one another but instead describe an angle of
153.16(1)° around Rh. The angle P-Rh-C4/C5 is close to
linear [175.25(2) deg]. As for 2b this distortion is a conse-
quence of two trans m-accepting ligands.

For the complexes 7 and 8 the mechanism of dehydrogen-
ation most likely follows, in part, that outlined in Scheme 3.
Halide abstraction from [RhCl(nbd)(PCyp;)] would afford
intermediate A. The pathway diverts after intermediate C,
as the absence of a second phosphine ligand results in a
highly unsaturated molecule that coordinates with the arene
solvent to form the obtained products.
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Figure 7. Solid-state structure of 9. Hydrogen atoms and the [BAr",]”
anion are not shown. Thermal ellipsoids are presented at the 50 % proba-
bility level. Selected bond lengths [A] and angles [°]: Rh—P 2.2694(7),
Rh—C1 2.158(4), Rh—C2 2.158(3), Rh—C4 2.262(3), Rh—C5 2.253(4), Rh—
C13 2.224(4), Rh—C14 2.247(3), C1—C2 1.365(5), C4—C5 1.357(6), C13—
C14 1.369(5); P-Rh-Ct4/5 175.25(2), P-Rh-Ct1/2 106.01(2), P-Rh-Ct13/14
82.86(2), Ct1/2-Rh-Ct4/5 69.50(1), Ct1/2-Rh-Ct13/14 153.16(1), Ct4/5-Rh-
Ct13/14 101.86(1).

Acceptorless dehydrogenation: Up to this point all the de-
hydrogenations reported have been facilitated by a hydro-
gen acceptor, either norbornene or fert-butylethene. The sys-
tems under discussion here also can undergo acceptorless
alkyl dehydrogenation, by changing the supporting ligand
set from nbd to dppe. Acceptorless dehydrogenation is po-
tentially more interesting as it is more atom efficient, and
systems that perform this process catalytically on alkanes
have been reported.->>4

Addition of Na[BAr",] to [RhCl(dppe)(PCyp;)] results in
the quantitative formation (by NMR spectroscopy) of [Rh-
(dppe){PCyp,(n*-CsH;)}|[BATF,] (10) (Scheme 7). Complex

! Na[BAr",] Ph, g
[ Peepi™”
C ~ R CH,Cl, Cp/Rh\
PRy Cl H, Ph;

Scheme 7.

10 is isolated as an analytically pure solid in 61 % yield. This
reaction occurs in 5 minutes in CD,Cl, solution. The
"H NMR spectrum of 10 shows a signal attributable to a co-
ordinated alkene at ¢ 4.89, which shows one-bond correla-
tion to a signal at 8 96.2 in the *C{'H} NMR spectrum, fully
consistent with a coordinated alkene. The hydride region of
the "H NMR spectrum is featureless—indicating the absence
of Rh-H species. The *'P{'H} NMR spectrum shows three
signals, all doublet of doublet of doublets, two with charac-
teristically large trans P-P coupling [J(PP) = 283 Hz]. They
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appear as a tightly coupled ABMX multiplet, with the outer
lines of the multiplets significantly reduced in intensity (see
Supporting Information). 'H?'P correlation spectroscopy
allows the identification of the *'P resonances and shows
that one of the dppe phosphines and the cyclopentylphos-
phine are trans-orientated, as expected from simple geomet-
ric considerations. In the solid-state (Figure 8) the presence

Figure 8. Solid-state structure of 10. Hydrogen atoms and the [BAr",]”
anion are not shown. Thermal ellipsoids are presented at the 50 % proba-
bility level. Selected bond lengths [A] and angles [°]: Rh1—P1 2.3284(5),
Rh1-P2 22818(5), Rh1-P3 22709(5), Rh1-C3 2.242(2), Rh1—C4
2.241(2), C3—C4 1.372(3), P1-Rh1-P2 100.07(2), P1-Rh1-P3 174.42(2), P2-
Rh1-P3 83.82(2), P1-Rh1-Ct3/4 83.62(2), P2-Rh1-Ct3/4 172.16(2), P3-
Rh1-Ct3/4 93.01(2).

of a coordinated C=C double bond was confirmed by a
short C—C distance [C3-C4 1.372(3) A] together with M—C
distances typical for M-alkene coordination [namely
2.241(2), 2.242(2) A]. Additionally (given the usual caveats
regarding the location of hydrogens by X-ray diffraction),
only one hydrogen for C3 and C4, respectively, was located
in the final difference map. The complex approaches square
planar (sum of angles around the Rh=360.5°, P2-Rh-C3/
CAonroia 172.16(2), P1-Rh-P3 174.42(2)].

Addition of H, (4 atm 15 minutes or 1 atm 45 minutes) to
10 in CD,Cl, solution results in an uptake of H, and the for-
mation of the dihydrogen/dihydride complex [Rh(dppe)-
(PCyp;)(H),(n*-H,)][BAr",] (11; see Scheme 8) as the only
observable product by NMR spectroscopy. We have not
been able to grow suitable crystals of 11 for a solid-state
analysis, but the NMR data are unequivocal in its character-
ization. At room temperature a broad *'P signal is observed,

o5 !
Ph, /O sequvt,(tam P T /Q

P
pi.._.--P P-..
RN —_— R
CP/ \ﬁ CH,Cl, CP/ I

.
LD
Ph, Ph, H

10 1

Scheme 8. 3 equiv H, (1 atm).
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and a very broad signal at 6 = —4.5 ppm (~2.5H, fwhm
1800 Hz) is observed in the "H NMR spectrum. Cooling to
220 K reveals a tightly coupled ABMX system in the *'P{'H}
NMR spectrum (see Supporting Information) that clearly
shows trans *'P*'P coupling [J(PP,,,) = 285 Hz] between
one of the dppe phosphines and PCyp,. The 'H NMR spec-
trum at this temperature displays three signals in the hy-
dride region at 6 = —3.1 (2H), —8.5 (1H) and —13.0 ppm
(1H). T, relaxation times determined for these signals (at
180 K and 400 MHz) identify the integral 2H signal as being
due to a dihydrogen ligand (7; = 19 ms) while the two inte-
gral one signals are clearly due to hydrides (7; = 215 and
250 ms). The former hydride signal shows a large coupling
to *'P [J(P,H) = 149 Hz], placing it trans to one of the phos-
phorus atoms. The signal due to the alkene that is observed
in 10 has disappeared in both the 'H and “*C{'H} NMR spec-
tra of 11. These data allow the structure of 11 to be deter-
mined as one in which the alkene has been hydrogenated,
the phosphorus ligands lie meridional, and the dihydrogen
ligand sits trans to the high trans influence hydride
ligand."*! Addition of D, to 10 resulted in the incorpora-
tion of D, in the cyclic alkane (*H NMR, 298 K, 6 = 1.57);
while addition of D, (1 atm) to 11 resulted in rapid H/D ex-
change, evidenced by a diminution in the intensity of the hy-
dride signals, and the observation of dissolved HD [1:1:1
triplet at 6 4.30, J(D,H) = 43 Hz]. Compound 11 (and 5)
add to the relatively small number of dihydrogen complexes
of thodium known [Rh(PR;),(H),(n*-H,),][BAr",] (R=iPr,
Cy),“ [RhCp*(ED)(n*-H,)(PMey)]**)  [RTp(H)(n-HL)-
(PPhy)] 7, RhTp(H),(1*-H,),”" Rh(n’*-H,)(PCP),*
[Rh(H),(f-F,)(PPP)]*™ and [RhCp*(n*~H,)(dmpm)]**)
[Cp* =n’-CsMes, Tp=HB(pz); or derivative thereof, PCP =
W’-C¢H;-1,3-(PBu,),, PPP=MeC(CH,PPh,);]. It is also
closely related to the isoelectronic neutral complexes Ru-
(PPhy);(H),(1*-H,),” Ru(dtbpmb)(H),(1*-H,)" [dtbpmb =
1,3-bis((di-tert-butylphosphino)methyl)benzyl)] that have
been identified as a containing a dihydrogen ligand.

Although complex 11 is stable under 1 atm of H, for 24 h
in CH,Cl, solution, removal of H, under vacuum by freeze/
pump/thaw of the solution results in the regeneration of 10,
by sequential H, loss from the metal and dehydrogenation
of one of the PCypj; rings. This process is relatively rapid (60
minutes, 298 K) and occurs without the addition of an H, ac-
ceptor. It is not quantitative, with about 70% of 10 (by
NMR spectroscopy) being recovered, with the remainder
being unidentified decomposition products. The hydrogen
loss under a vacuum means that we have not been able to
quantify the H, loss experimen-
tally or observe free H, in solu-
tion.

We have, however, been able
to observe intermediates in this
dehydrogenation process by
placing 11 briefly (seconds)
under a vacuum at 77 K and
then warming, which removes
only the bound H, ligand. The

NCMe

Scheme 10.
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*P{'H} NMR spectrum at 298 K shows a broad signal, while
the high field region of the "H NMR spectrum displays a
very broad signal at 0 —4.5. Cooling to 180 K results in a
*'P{'H} NMR spectrum that shows an ABMX pattern with
trans phosphines (as for 11). Two broad hydride signals are
observed in the '"H NMR spectrum at 6 —8.4 and —20.5 ppm
at this temperature, that coalesce at 250 K indicating a flux-
ional process that exchanges the hydrogen ligands (see Sup-
porting Information). These data are consistent with the
structure presented for 12 (Scheme 9) that suggests an agos-

Ph Q —\+ ) th HT HQ/Q
gz 2 ﬁo 3 equiv H, (1 atm) C \[:>

th
10 "

H —|+
Ph, @O . PEE H?‘Cﬁ /O
Lol

P RhH P
s i
/ 2
Phy B Ph;

not observed

CH,Cl,

12

Scheme 9. 3 equiv H, (1 atm).

tic interaction from the cyclopentyl ligand. The highest field
hydride chemical shift is assigned to the hydride frans to the
lightly stabilized site, as it is well established that the chemi-
cal shift of hydride is sensitive to the trans ligand./” No evi-
dence for an agostic C-H interaction was seen, and although
such interactions are often highly fluxional, we cannot dis-
count the possibility that 12 is a solvent (i.e., CD,Cl,) or ad-
ventitious water complex. When 12 is placed under extend-
ed vacuum it changes to 10, indicating that it is a possible in-
termediate on the dehydrogenation cycle. Addition of
MeCN to 12 gives [Rh(dppe)(PCyp,)(H),(MeCN)][BAr",]
(13) (Scheme 10) which is spectroscopically characterized as
a complex in which the acetonitrile has replaced the puta-
tive agostic interaction in 12. Key spectroscopic markers for
13 are two hydride resonances at 6 —8.94 and —17.99 ppm,
one of which shows coupling to a trans phosphine [0 —8.94,

+

s > .,
\t> Eh;ah\wg

13 14
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ddd, J(PH) = 160, J(Rh,H) = 14, J(H,H) = 14 Hz], and
an ABMX pattern in the *P{'H} NMR spectrum that shows
trans PP coupling [J(PP) = 319 Hz]. Under an Ar atmos-
phere, complex 13 loses H, in solution over 24 h to afford
the rhodium(I) complex [Rh(dppe)(PCyp;)(MeCN)]|[BAr",]
(14). Complex 14 has been fully characterised, including by
single crystal X-ray crystallography (see Supporting Infor-
mation). The bound MeCN in 14 blocks alkyl phosphine de-
hydrogenation and it remains unchanged at room tempera-
ture for days, similar to 6. Complex 14 can also be accessed
by direct addition of MeCN to 11.

Comparison between cyclopentylphosphine and cyclohexyl-
phosphine: Given the ease of dehydrogenation of PCyp; the
question arises as to whether tris(cyclopentylphosphine) is a
particularly privileged motif for this transformation, and we
have studied this experimentally and computationally by
comparison with tris(cyclohexylphosphine) analogues. Cy-
clohexylphosphines are established to undergo dehydrogen-
ation in the presence of a hydrogen acceptor,"*!* and thus
the comparison is a useful one. The experimental evidence
is presented first, and two sets of experiments demonstrate
clearly that the cyclopentyl motif undergoes alkyl dehydro-
genation significantly faster than cyclohexyl.

Treatment of [RhCl(dppe)(PCy;)] with Na[BAr%,] in
CD,(Cl, does not result in dehydrogenation, in contrast to
the PCyp; analogue. Instead a highly fluxional molecule, 15,
is formed, as tentatively characterised in solution, which
adds MeCN to form the stable adduct [Rh(dppe)(PCy)-
(MeCN)][BATr",] 16, which has been characterised unambig-
uously by NMR spectroscopy (Scheme 11). Despite repeat-

no C-H activation with PCy,

_| .
Ph, h

which solvent (CD,Cl,) or trace, adventitious, water coordi-
nate to the fourth site of the square-planar rhodium(I). The
data cannot discriminate between these possibilities and it is
likely that a mixture of these complexes exists in solution.
Whatever the precise structure, important for the compari-
son with the PCyp; complex is that no dehydrogenation has
occurred and the interaction in the fourth coordination site
is sufficiently weak as to be readily displaced by MeCN. Ad-
dition of tbe to 15 does not induce C-H activation and only
gradual decomposition to unidentified products occurs over
24 h.

The relative ease of acceptorless dehydrogenation of
PCyp; compared with PCy; is demonstrated even more
clearly in a competition experiment using the mixed alkyl
phosphine PCy,Cyp; the synthesis from PCy,Cl and
BrMgCy being described in the Experimental Section. This
phosphine provides the metal a choice of cyclopentyl or cy-
clohexyl groups, assuming that rotation around the Rh—P
bond is a relatively low-energy process. A suitable precursor
complex [RhCl(nbd){PCy,Cyp}] is readily synthesised, and
treatment with Na[BAr",] in C;HSF results in dehydrogena-
tion and the formation of only one complex in quantitative
yield (by NMR spectroscopy), identified spectroscopically as
[Rh(n*-C;HsF){PCy,(n*-CsH,)}][BAr",] (17) in which the cy-
clopentyl ligand has exclusively (by the detection limits of
NMR spectroscopy) undergone alkane dehydrogention,
leaving the cyclohexyl groups intact (Scheme 12). In our
hands, it was not possible to obtain analytically pure materi-
al of 17 due to decomposition in solution. Adding toluene to
the reaction mixture resulted in the formation of [Rh(n’-
CeHsMe){PCy,(n*-CsH,)}][BAr",] (18) that is more stable
and could be isolated as crystal-
line material in 61% yield. 'H,
3'P{'H} NMR spectroscopy and
X-ray crystallography (the last

"
Ph,
P

Na[BAr" Ph, CysPee. .- for 18 only) have been used to

CglzP)Rh—;Z S Cyi\Rh”\’z,j - y N Rh\g:’l characterise these complexes.

Ph, Ph; ¢ ’ In particular the *P{'H} NMR

15 16 spectra of the crude reaction

mixture shows only one com-

L = solvent (C?frC'z' trace H,0) plex (see Supporting Informa-

agsotic C-H-Rh interaction tion), demonstrating that the

Scheme 11. dehydrogenation is selective.

ed attempts we have not been able to grow suitable crystals
of the fluxional intermediate complex 15, and characterisa-
tion rests on spectroscopic data alone. Room temperature
NMR data show broad peaks, that on cooling (180 K) sharp-
en but afford a complex mixture of products. Adding MeCN
to this solution at room temperature produces a single, non-
fluxional, complex in quantitative yield by NMR spectrosco-
py, identified by NMR spectroscopy and ESI-MS as the
adduct 16. We suggest the most plausible explanation for
these data, and the observed reactivity with MeCN, is a
structure for 15 that either invokes an agostic C-H interac-
tion between the cyclohexyl group and the metal, or one in
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The NMR data for 17 and 18
are very similar to 7 and 8 and

Na[BAr",]
—_—

CeHsMe

o
Sz

18

cyclopentyl dehydrogenates
exclusively

Scheme 12.

Chem. Eur. J. 2008, 14, 1004 —1022


www.chemeurj.org

Cationic Rhodium Complexes

indicate a molecule with C, symmetry (i.e., one alkene envi-
ronment and three arene environments in the ratio 1:2:2).
As dehydrogenation of one of the cyclohexyl groups would
break the symmetry to C," this is strongly suggestive of se-
lective dehydrogenation of the cyclopentyl ring. The solid-
state structure of 18 is shown in Figure 9 and confirms this.
Bond lengths and angles are unremarkable and close to
those in 7, 8 and 9.

Figure 9. Solid-state structure of 18. Only the major disorder component
is shown. Hydrogen atoms and the [BAr",]” anion are not shown. Ther-
mal ellipsoids are presented at the 50% probability level. Selected bond
lengths [A] and angles [°]: Rh—P 2.2348(11), Rh—C13 2.138(3), Rh—C14
2.123(5), Rh—C1-6 2.243(4)-2.338(4), P-Rh-Ct13/14 81.86(3).

Computed energy profiles for the dehydrogenation of 13
and 16: We have used DFT calculations to model the mech-
anism of dehydrogenation of a cyclopentyl group in the pu-
tative intermediate complexes [Rh(dppe)(PCyp;)]* (19) and
a cyclohexyl group in [Rh(dppe)(PCy;)]t (20), the species
formed upon halide removal from [Rh(dppe)CI(PR;)]. In
the following we discuss the results obtained with small
model systems of the type [Rh(H,PCH,CH,PH,)(PH,R)]*
(R=Cyp, 19, or Cy, 20', Scheme 13). We have also recom-

Hy 4+ H2

H
: =+ ! Prmepyot
[:/'thPB [P/Rh-—
H, H,

19 computational models used 20°

Scheme 13.

puted several of the key stationary points using the full ex-
perimental systems, however, these test calculations showed
the introduction of the full phosphine substituents to have a
minimal impact on the computed energetics of reaction (see
Supporting Information for full details).

Details of the initial C-H activation processes computed
for 19" and 20" are shown in Figure 10. The computed struc-
ture of 19’ shows an agostic interaction between the Rh
centre and the C3—H bond of the cyclopentyl substituent.
Attempts to locate alternative non-agostic species were un-
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successful, with all optimisations reverting to the structure
shown in Figure 10. From 19° C-H activation proceeds with
an activation barrier of only 9.9 kcalmol™' and leads directly
to a rhodium(IIl)-alkyl hydride intermediate, 12" (E=
—0.5 kcalmol™"). Complex 12’ also features an agostic inter-
action with the cyclopentyl C4—H bond. For 20’ C-H activa-
tion entails a slightly higher computed barrier of 13.6 kcal
mol ! and, unlike the equivalent process from 19’, the initial
intermediate formed (Il', E=47.1 kcalmol ') does not fea-
ture an agostic interaction. A similar distinction can also be
seen in the C-H activation transition states, where for TS-
(19'-12) an incipient agostic interaction with the C4—H bond
is already apparent (Rh-+H 2.47 A; C4—H 1.11 A), while in
TS(20'-11’) the equivalent RhLH distance is over 3.0 A. The
presence of this stabilizing secondary agostic interaction in
TS(19'-12') may lie behind the slightly lower C-H activation
barrier from 19’ compared to 20’. The absence of an equiva-
lent interaction in TS(20’-I1") is due to the chair conforma-
tion of the cyclohexyl substituent, which ensures that the
C4—H bonds initially must remain remote from the metal
centre upon C-H activation. Before -H transfer can occur
in I1’, a second process corresponding to a conformational
change of the ring from a chair to a twist-boat form is re-
quired. This entails a minimal activation barrier of
1.8 kcalmol™' and gives an agostically-stabilised intermedi-
ate I2’, analogous to that derived from 19’. Complex I2’ is
5.3 kcalmol ' less accessible for the Cy system than in the
Cyp system and this presumably reflects the enforced twist-
boat conformation of the cyclohexyl ring.

From the intermediates I2’, formation of the final dehy-
drogenation products requires sequential 3-H transfer and
H, loss (see Figure 11). Focussing on the Cyp model, §-H
transfer in 12’ proceeds with a barrier of 8.0 kcalmol™' to
generate the trans-dihydride trans-13 (E=45.1 kcalmol ™).
Loss of H, necessitates isomerisation to cis-I3' and the tran-
sition state for this process, TS(trans—cis)-13' (E =+21.7 kcal
mol ™), corresponds to an intramolecular trigonal twist rear-
rangement. A similar trans to cis isomerisation has been pre-
viously computed.[*! Reductive elimination of H, from cis-
I3’ is found to be a two-step process, involving the initial for-
mation of a dihydrogen complex before H, dissociation to
form 10'. The latter H, loss step has the higher-lying transi-
tion state (TS(cis-13'-10"), E=+5.2 kcalmol™") and this is in-
dicated in Figure 11. Details of the other stationary points
involved are provided in the Supporting Information. The
computed structure of 10’ is in reasonable agreement with
that determined experimentally for 10, although the calcula-
tions tend to overestimate the Rh-P distances.”” Overall,
dehydrogenation of 19’ to form 10’ is computed to be endo-
thermic by 3.9 kcalmol !, although the inclusion of entropic
effects associated with H, loss make the free energy change
favourable by 2.3 kcalmol . Taking the data presented in
Figures 10 and 11 together indicates that the overall rate de-
termining step for dehydrogenation is associated with the
trans—cis isomerisation and this corresponds to an overall ac-
tivation energy of 21.7 kcalmol™!. For the cyclohexyl model
the computed -H transfer/H, loss reaction profile is very
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Figure 10. Computed reaction profiles [kcalmol™'] for C-H activation in 19’ (bottom) and 20’ (top, grey). Values include a correction for zero-point
energy and free energies are shown in italics. Geometries with key distances [A] are given for selected stationary points with non-participating phosphine
substituents being omitted for clarity. Details of TS(I1'-12') are supplied in the Supporting Information.

similar to that described above for the cyclopentyl species,
with the exception that it is consistently around 5 kcalmol ™!
higher in energy.® Dehydrogenation is therefore less fa-
vourable for 20’ than for 19’, both thermodynamically (AE=
+7.2kcalmol™, AG=+1.0kcalmol™) and kinetically
(AE*=427.5 kcalmol }).

The lower computed barrier for dehydrogenation of 19
compared to 20" is consistent with the greater propensity of
cyclopentylphosphines to undergo dehydrogenation seen ex-
perimentally and, in particular, the fact that dehydrogena-
tion occurs upon halide abstraction from [Rh(dppe)-
(PCyp;)Cl], but not from [Rh(dppe)(PCy;)Cl]. However,
the calculations also suggest that the initial C-H activation
and B-H transfer steps in the dehydrogenation process
should be accessible for both systems, although the barriers
for these processes are again lower for a cyclopentyl rather
than a cyclohexyl substituent. This may account for the se-
lective dehydrogenation of the C5 ring in [RhCl(nbd)-
{PCy,Cyp}] described above, where the presence of a hydro-
gen acceptor may negate the need for the high energy
trans—cis isomerisation step. For 19 the identification of an
intramolecular isomerisation (and not C—H bond cleavage)
as the rate determining step in the dehydrogenation process
should be amenable to testing via measurement of the ky/kp
kinetic isotope effect on the rate of reaction of 19 and its
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perdeuterio-analogue [Rh(dppe){P(CsD,)};]*. Experimental
studies are needed to verify this.

In the light of the above results, a number of reasons can
be put forward to account for the greater susceptibility of a
cyclopentylphosphine ligand towards dehydrogenation com-
pared to a cyclohexylphosphine analogue. Initial C-H acti-
vation step is more accessible with a cyclopentyl substituent,
as its geometry allows secondary stabilising agostic interac-
tions to develop in the transition state involved. Moreover
the [-agostically stabilised intermediate formed is more
stable as the C5 ring does not require any conformational
change, whereas with a cyclohexyl substituent a twist-boat
conformation is required (see 12’ above). The energetics of
the subsequent B-H transfer and H, loss are very similar for
the cyclopentyl and cyclohexyl species and so the higher en-
ergies computed for all the phosphine-cyclohexene station-
ary points must reflect an intrinsic destabilization associated
with that ligand. Part of this preference is derived from the
cycloalkanes themselves, as at the level of theory used here
the energy of dehydrogenation of cyclopentane is slightly
lower than that of cyclohexane (425.0 compared with
+26.4 kcalmol ™). In addition the phosphine-cyclohexene
ligand generally exhibits slightly longer Rh—C(alkene) bonds
than in the phosphine—cyclopentene analogues, suggesting
that the C6 ligand does not bind as strongly. This idea was
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non-participating phosphine substituents being omitted for clarity. For 10" selected experimental distances are given for comparison while full details of

all other stationary points are supplied in the Supporting Information.

confirmed by computing the energy required to dissociate
the alkene arm in the two cis-I3' intermediates, a process
that was 2.1 kcalmol ™' easier for the phosphine—cyclohexene
species.

Conclusion

We have demonstrated experimentally and computationally
that dehydrogenation in cyclopentylphosphine ligands is a
process that occurs readily, presenting examples of dehydro-
genation in the presence or absence of a hydrogen acceptor.
This transformation is promoted by a facile initial C-H acti-
vation step in which a supporting, secondary agostic interac-
tion may stabilize the transition state. In addition, acceptor-
less dehydrogenation is promoted by the greater accessibili-
ty of the phosphine—cyclopentene ligand and its greater abil-
ity to stabilize Rh' centres compared to its phosphine—cyclo-

Chem. Eur. J. 2008, 14, 1004-1022

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

hexene analogues. The ease of this transformation suggests
that cyclopentylphosphines are unlikely to be completely in-
nocent ligands in organometallic chemistry. This is not nec-
essarily a detrimental transformation, as the concise genera-
tion of mixed phosphine/alkene ligands on a cationic rhodiu-
m(I) metal centre may have application in catalysis, and we
have reported initial encouraging results that point to this.*

Experimental Section

General: All manipulations were carried out using standard Schlenk line
and glove-box techniques under an inert atmosphere of argon or nitro-
gen, except when otherwise stated. Glassware was oven dried at 130°C
overnight and flamed under vacuum prior to use. CH,Cl, and pentane
were dried over activated alumina, copper and molecular sieves using an
M. Braun solvent purification system. CD,Cl, and fluorobenzene were
distilled under vacuum from CaH,. Hydrogenation procedures were car-
ried out at 4 atm hydrogen, by the following procedure: The entire flask
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or NMR tube, both equipped with a J. Youngs tap, was frozen in liquid Q
N,, the flask was pumped down and backfilled with hydrogen (1 atm) 3 o
and sealed. The solution was allowed to warm to room temperature, re- w | . :E Q= =& T
sulting in an internal pressure of ca. 4 atm (298:77 ~4). 'H, *'P{'H}, =2 237 cgeg 5 Z o= =~  —
1Bl jan) INEE=IRY) AR N x L o X S q
C{'H} and HMQC NMR spectra were recorded on Bruker Avance TR EJRATY 5 3L ST F
e den NYadadtooco=TunuEa=gF <
300 MHz and Bruker Avance 400 MHz and 500 MHz spectrometers. Re- UR—=EVUS~-=ad=d—~Snt~SacS o
sidual protio solvent was used as reference for 'HNMR spectra
(CD,Cl,: 6 5.33). Chemical shift values are quoted in ppm and coupling B
constants are quoted in Hz. NMR analyses were carried out at 298 K 3’ _
unless otherwise stated. Gas chromatography was performed using a - ‘I'T é‘ noSTaeacs
Perkin-Elmer GC, helium carrier gas (12 psi), injection volume 0.2 L, i :E SEg- 3’ 2ILQILR B T S
oven temperature 40°C and a flame ionisation detector. Data was ana- 22 25 _® SERIEEZ § S @ ér Q § §
lysed using the TurboChrom software package. PCyps,** and [Rh- UL M ERSCSOSYEEERSAEASSS 3
(nbd)Cl1],!*! were prepared using literature methods. The preparation of
[Rh(nbd)(PCy;)Cl], [Rh(dppe)(PCyps)Cl], [Rh(dppe)(PCy;)Cl], [Rh- ®
(nbd)Cl{PCy,Cyp}] and P(Cy),(Cyp) are reported in Supporting Infor- =
mation. = | . :é é oo g g
Computational details: The majority of the calculations reported in this ~ m@ a‘a K¢ . f(’ § § @ %‘ & w S@me_ o v
paper were run with Gaussian 03.1! In all cases full density functional T A5 EXgx=cS & &8 E8sdE= X
. . . . = 80 Nt co—~oFRNoa =2 == =
theory (DFT) calculations were employing using the BP86 functional. UK~ ERSAd~A&d=3droc®~acS =3 oS
Rh and P centres were described with the Stuttgart RECPs and associat-
ed basis sets!””! with a set of d-orbital polarisation functions on P ({= fa)
0.387).1%81 6-31G** basis sets were used for all other atoms.**™ All sta- S ~
tionary points were fully characterized via analytical frequency calcula- 2 ooog T <
. . .. . . e E .5 TS & =
tions as either minima (all positive eigenvalues) or transition states (one Rsaag o8 © = == =~ =
imaoi ; g : : i XNt = Xun R o
imaginary eigenvalue). Energies include a correction for zero-point en- At s A X RPERL o I
B3 (=N L o~ xQ X o =
- . - 2 203 dfoscodSIToFraal <
ergies and free energies are quoted at 298.15 K. The calculations per- UL~ EVUS A= d=d=sdcnme =S oS
formed for the analysis of the structure of 2b employed the
ADF2004.01 program. The BP86 functional was again used along with a )
triple-¢ basis set for Rh and double-¢ plus polarization basis sets for all S —_
other atoms. The frozen core approximation was employed for Rh (3d), 2 \5 N o =
P (2p), C and O (1s) and relativistic effects were included through the “mecoE SESF 2 & N —
P 1,72 T2 o XxXSAET R w» =2 3 8
ZORA approximation.’"" Tagelnunld 2 28 DS =
. . L 38 g0Yccro8S8o8TnsiziE S
X-ray crystallography: Arbitrary hemispheres of intensity data were col- UL~ EUVUSc =& =ad=Soc~—=3Sa3 oS
lected at 150 K on a Nonius Kappa CCD, using graphite monochromat-
ed Moy, radiation (1=0.71073 A). Data were processed using the sup- Q
plied Nonius software. Structure solution, followed by full matrix least 3 —
squares refinement on F* (all data) was performed using SHELX97 2 aocog °f o
under the WINGX 1.70" package, after using SORTAV!™ for absorp- Aol S8 o o ~
SERE S¥8R B -. 938 2 0§
tion correction. In each structure some disorder of the cyclopentyl an AR ESR nunan g 3% 85 -2 =
groups was evident, as was disorder of some of the CF; groups in the LY eS8 2e¥gsgs3adis3gsd 2
[BA1",]” anion. For the majority of structures one of the unfunctional-
ised cyclopentyl rings was disordered over two sites, but this can be sat- 0
isfactorily modelled in all cases. Figures show only the major component s
of the disorder. Table 2 gives details of data collection and refinement dlel .= 2 % 8@ I &
for the structurally characterised complexes reported. ‘s MMy S S8 o= <= x
2l 3288 333 E 2. gaz.2 S
CCDC 651267 (2a), 651268 (4), 651269 (6), 610376 (7), 610375 (8), o % Z 5@ 533 mES % w5 N % Za g S g
651270 (9), 610374 (10), 638584 (14), and 651271 (18) contain the sup- S CLI EVSEETFREEEchEESaS S
plementary crystallographic data for this paper. These data can be ob- g
tained free of charge from The Cambridge Crystallographic Data & e
Centre via www.ccdc.cam.ac.uk/data_request/cif. g g S
' X
1) n Iy : exane solution o 3 (0.11mL, < 3 V== ©
[(PCyps),Rh(nbd)][BAr",] (1): A h luti f PCyp; (0.11 mL. g <% g =g »
0.42M, 0.046 mmol) was added to a solution of [Rh(nbd)Cl], (50 mg, g £’ & &4 'g i~ § § § ] o 232 = =T
0.0108 mmol) in CH,Cl, (15 mL) and the solution was stirred for 15 min. o ¢ES S fgne qs {Rown=s I
5] ‘DNWHQC\!NﬁWOOOW(\!NWNQVH =
Na[BAr",] (191 mg, 0.0215 mmol) was added, followed by degassed H,O = UV~ C0Roc—-addddsana—=Ssas S
(15 mL). The two phase mixture was stirred vigorously for 1 h. The mix- ot
ture was separated and pentane was added to the red-orange (lower) 3 S
phase until a precipitate began to appear. The flask was placed in the .9 = S
° ; : i < : Q A~~~ =
freezer (—20°C) overnight, and the resulting precipitate was collected SIS E“ E 28 =2 =
by filtration and was washed with pentane. The solid was dried in vacuo ‘go « m‘«? 5 N el 3' sz 2 B BT o o
; o 1 = % ML O N 58 = o 5 DT g by
to give 1 as yellow-orange crystals (250mg, 76%). 'HNMR = 2Te 8 EToaxaq D /IR a L
S Crm 28 dumnoBoYTom =28 <
(400.1 MHz, CD,CL,): 6 = 7.72 (s, 8H, BAr"}), 7.55 (s, 4H, BAr",), 4.87 @ VU~ ERSCA—-Add=dvooconm—=0 =3 O
-
(s, 4H, nbd HC=CH), 3.89 (s, 2H, nbd CH), 1.25-2.25 ppm (m, 56H, o
nbd CH, and (CsH,);); *P{'H} NMR (161.9 MHz, CD,CL): 6 = £ o —
13.35ppm [d, J(PP) = 147 Hz]; C{'H} NMR (100.6 MHz, CD,Cl,, > = 3 cz‘ . ) A%
250K): & = 1619 [q, J(B,C) = 50 Hz, BAr",], 1345 (s, BAr",), 128.5 o g5 & g —e= g . £
[aq, J(EC) = 31, J(BC) = 29 Hz, BAr"}], 125.5 [q, J(EC) = 272 Hz, Z| |BE_§ =TT etE i oS
BAr",], 117.0 (s, BAr",), 71.9 (m, CH=CH), 67.5 (m, nbd CH,), 52.5 (m, S 5SS FsoosmadinZzZ ZEEX
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nbd CH), 37.5 (m, CH), 30.5 (s, CH,), 25.0 ppm (s, CH,); elemental anal-
ysis caled (%) for CeoH,,BF,,P,Rh-0.75 CH,Cl,: C 52.40, H 4.76; found: C
5237, H 4.47.

cis-[{P(CsH;)Cyp,},Rh][BAT",] (22) and rrans-[{P(CsH,)Cyp.),Rh]-
[BAr",] (2b): The preparation method used for both complexes 2a and
2b was the same with the exception of the timescale employed. An
NMR tube was charged with 1 (10 mg, 0.0065 mmol) and CD,Cl, was
added via cannula. The solution of complex 1 was left for 2 h (ca. 70% of
2a), and characterisation was achieved by NMR spectroscopy. For com-
plex 2b, the solution was left for two days (ca. 70% of 2b), and charac-
terisation was achieved by NMR spectroscopy.

Yellow/orange crystals of complex 2b were grown after 2 d by diffusion
of pentane into a concentrated solution of the complex in CH,Cl,. The
resulting crystals contained a mixture of products; however a single crys-
tal suitable for X-ray diffraction could be selected. Crystals of the mixed
species 2a-2b were grown by similar means except that the diffusion of
pentane into a concentrated solution of the complex in CH,Cl, was car-
ried out after 2 h.

NMR data for complex 2a: selected '"H NMR (400.1 MHz, CD,CL,): 6
4.90 ppm (s); *'P{'H} (161.9 MHz, CD,Cl,): 6 = 67.35 ppm [d, J(P,Rh)
150 Hz]; selected C{'H} (100.6 MHz, CD,Cl,): 6 = 100.94 [m, J(P,P) =
50, J(P',C) = 8.7, J(Rh,C) = 8.1,J(P>,C) = 3.0 Hz].

NMR data for complex 2b: selected '"H NMR (400.1 MHz, CD,Cl,): 6 =
5.46 ppm (s); *'P{'H} (161.9 MHz, CD,CL): 6 = 65.79 [d, J(P,Rh) =
114 Hz]; selected C{'H} (100.6 MHz, CD,Cl,): 6 = 89.2 ppm [d, J-
(Rh,C) = 10.2 Hz]; elemental analysis calcd (%) for C¢,Hg,BF,,P,Rh: C
51.76, H 4.34; found: C 51.62, H 4.52; ESI-MS (CH,Cl,): m/z: calcd for
[RhP,CsHso) *: 575.2437; found 575.2444.

[Ir{PCyp,(n*-CsH,)},H,][BAr",] (4): A hexane solution of PCyp,
(0.22mL, 0.49Mm, 0.11 mmol) was added to a solution of [Ir(coe),Cl],
(25 mg, 2.29x10?mmol) in CH,Cl, (5mL). The mixture was stirred
overnight. The solvent was removed in vacuo and the residue redissolved
in pentane and stored at —78°C to yield a yellow powder. The solid was
isolated and dissolved in CH,Cl, (5mL) and to it Na[BAr",] (49 mg,
5.58x10?mmol) and 3,3-dimethyl-1-butene (35 pL, 0.279 mmol) were
added. The mixture was filtered and the solvent removed in vacuo. Col-
ourless, X-ray quality, crystals were obtained by diffusion of pentane into
a solution of the complex in CHsF. (24mg, 34%). 'HNMR
(400.11 MHz, CD,CL): 6 = 7.72 (s, 8H, BAr",), 7.55 (s, 4H, BAr",), 4.69
(m, 2H, W*-HC=CH), 4.50 (m, 2H, n>HC=CH), 2.4-1.4 (m, 46H, CH/
CH,), —1217ppm [t, J(PH) = 11.4Hz, 2H, IrH]; *'P{'"H} NMR
(162.0 MHz, CD,CL,): 6 = 39.5 ppm (s); elemental analysis calcd (%)
for IrCq,H,P,BF,,-0.7 (CsHsF): C 49.78, H 4.26; found: C 49.52, H 4.26;
ESI-MS (CH,CL): m/z: caled for [“*IrC;Hs,P,]*: 667.3169; found:
667.3165.

[(PCyp3)th(H)z(l12-Hz)z][BArF4] (5): A NMR tube was charged with
complex 1 (10 mg, 0.0065 mmol) and CD,Cl, (0.5 mL) was transferred via
cannula into the tube. The tube was frozen in liquid N,, placed under
vacuum and backfilled with H,. Upon thawing, the solution rapidly
changed from yellow to colourless. The solution was characterised by
NMR. Complex 5 is only stable under a H, atmosphere and thus no mi-
croanalysis was obtained. ESI-MS shows [M—(2xH,)]* consistent with
the weak binding of two dihydrogen ligands. 'HNMR (400.1 MHz,
CD,Cl, 200K): 6 = 7.9 (s, 8H, BAr",), 7.75 (s, 4H, BAr",), 1-2.3 (m,
54H, 2(CsHy);), —2.21 (brs, 4H, T,=14 ms, RhH,), —13.79 ppm (brs,
2H, T,=250ms, Rh-H); *P{'H} NMR (161.9 MHz, CD,CL): 6 =
57.43 ppm [d, J(Rh,P) = 101 Hz].

[{P(n*-CsH,)Cyp,}{PCyps}Rh(MeCN)][BAr*,] (6): A solution of 1
(40 mg, 0.026 mmol) in C;HsF (S5mL) in a J. Young’s tube was placed
under 4 atm hydrogen and shaken for 5 min. The solution was freeze-
thaw-degassed to remove excess hydrogen and 3,3-dimethylbutene
(100 puL) was added at 77 K. The mixture was allowed to thaw and mixed
for several seconds. MeCN (100 pL) was added via cannula, the mixture
was shaken and the solution was layered with cyclohexane. After 3 d the
mixture was filtered to give 6 as yellow-orange crystals (20 mg, 53%). A
single crystal suitable for X-ray crystallography was grown by diffusion of
pentane into a concentrated solution of the complex in CH,Cl,. '"H NMR
(400.1 MHz, CD,CL,): & = 7.72 (s, 8H, BAr",), 7.55 (s, 4H, BAr",), 4.25
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(s, 2H, CH=CH), 2.32 (s, 3H, NCCHs;), 1.28-2.2 ppm (m, 50H, (CsHy)s-
(CsH,)); 'P{'H} NMR (161.9 MHz, CD,ClL,): 6 = 74.58 [dd, J(PP) =
302, J(Rh,P) = 123 Hz], 25.67 [dd, J(PP) = 302, J(Rh,P) = 117 Hz];
BC{'H} NMR (100.6 MHz, CD,CL): 6 = 162.1 [q, J(B,C) = 50 Hz,
BAr",], 135.1 (s, BAr",), 1292 [qq, J(EC) = 31, J(B,C) = 2.9 Hz,
BAr",], 128.99 (s, C=N), 124.94 (q, J(F,C) = 272 Hz, BAr",), 117.78 (s,
BAr",), 71.0 [d, J(Rh,C) = 15 Hz, HC=CH], 37.94 [dd, J(PC) = 7.8, J-
(Rh,C) = 2.1 Hz, CH,], 35.45 [dd, J(PC) = 18, J(Rh,C) = 1.8 Hz, CH],
33.27 [dd, J(P,C) = 20, J(Rh,C) = 1.9 Hz, CH], 31.94 (s, CH,), 30.61 [d,
J(P,C) = 2.8 Hz, CH,], 29.9 (s, CH,), 27.04 [dt, J(P,C) = 24, J(Rh,C) ~J-
(P,C) ~2.2 Hz, CH], 26.86 [d, J(P,C) = 7.9 Hz, CH,], 26.35 [d, J(P,C) =
8.1 Hz, CH,], 26.2 (d, J(P,C) = 8.8 Hz, CH,); elemental analysis calcd
(%) for CyHg;BF,,N,P,Rh: C 51.87, H 4.56, N 0.95; found: C 51.79, H
4.65, N 0.93; ESI-MS (CH,Cl,): m/z: caled for [RhP,C3,HssN]*: 618.2859;
found: 618.2850.

[Rh(n’-CaHF){PCyp,(0*-CsH,)}I[BAr",] (7): A mixture Rh(nbd)-
(PCyp;)Cl (50.0 mg, 0.11 mmol) and Na[BAr",] (94.75 mg, 0.11 mmol) in
C¢HsF (5 mL) was stirred for 1 h. The mixture was filtered and the solu-
tion was layered with pentane. Slow diffusion gave 7 as pale yellow crys-
tals (84 mg, 61%). 'HNMR (400.11 MHz, C,H:F): 6 = 829 (s, 8H,
BArY,), 7.63 (s, 4H, BAr",), 6.07 (m, 4H, ArH), 5.45 (m, 1H, pArH),
3.89 (d, J = 3.0Hz, 2H, HC=CH), 1.70-1.05 ppm (m, 23H, CH/CH,);
P{'H} NMR (162.0 MHz, C;H,F): 6 = 109.67 [dd, J(Rh,P) = 178, J-
(F,P) = 3.9 Hz]; selected *C{'H} NMR (100.6, C;HsF): 6 = 145.55 [dt, J-
(FC) = 275,J = 2.6 Hz, C;H;CF], 103.32 [ddd, J(F,.C) = 7.1,J = 2.7,
1.5 Hz, C,HsF], 96.30 (ddd, J = 3.7, 2.7, 1.1 Hz, C(HsF), 92.23 [dt, J(F,C)
= 20, 2.0 Hz, C(H,F], 65.04 [d, J(Rh,C) = 16 Hz, HC=CH], 36.15 [d, J-
(P,C) = 3.7Hz, CH,], 35.20 [dd, J(P.C) = 26, J(Rh,C) = 1.1 Hz, CH],
32.22 (s, CH,), 30.08 [dd, J(P,C) = 29, J(Rh,C) = 2.2 Hz, CH], 30.06 (s,
CH,), 27.23 [d, J(P,C) = 8.4 Hz, CH,|, 26.32 ppm [d, J(P,C) = 9.3 Hz,
CH,]; elemental analysis calcd (%) for C;H,,BF,sPRh: C 49.02, H 3.26;
found: C 49.41, H 3.29.

[Rh(n’-C{H){PCyp,(n*-CsH)}[BAr",] (8): A mixture of benzene
(0.2mL, 2.9x107* mol), [Rh(nbd)(PCyp;)Cl] (20.0 mg, 4.2x 1072 mmol)
and Na[BAr",] (37.9 mg, 42x 107> mmol) in CH,Cl, (5mL) was stirred
for 1 h. The mixture was filtered and the solvent was removed in vacuo.
Diffusion of pentane into a solution of the residue in CH,Cl, gave 8 as
pale yellow crystals (28 mg, 52%). '"H NMR (400.1 MHz, CD,Cl,): 6 =
7.70 (s, 8H, BATr",), 7.55 (s, 4H, BAr",), 6.55 (s, 6H, C¢H), 4.30 (d, J
=2.7 Hz, 2H, HC=CH), 2.15-1.35 ppm (m, 23H, CH/CH,); *'P{'"H} NMR
(162.0 MHz, CD,CL): 6 = 111.45 ppm [d, J(Rh,P) = 178 Hz]; *C{'H}
NMR (100.6, CD,CL,): 6 = 162.10 [q, J(B,C) = 50 Hz, BAr",], 135.14 (s,
BAr",), 129.21 [qq, J(F,.C) = 31, J(B,C) = 2.9 Hz, BAr",], 124.94 [q, J-
(F.C) = 272 Hz, BATY,], 117.81 (s, BArY,), 102.53 (s, C;Hy), 62.72 [d, J-
(Rh,C) = 16 Hz, HC=CH], 36.44 [d, J(P.C) = 4.0 Hz, CH,], 35.33 [d, J-
(P,C) = 26 Hz, PCH], 32.55 (s, CH,), 30.33 (s, CH,), 30.15 [dd, J(P,C) =
28, J(Rh,C) = 2.2 Hz, PCH], 27.10 [d, J(P.C) = 8.8 Hz, CH,], 26.32 [d, J-
(P,C) = 9.5 Hz, CH,]: elemental analysis calcd (%) for Cs;H,;BF,,PRh:
C 49.71, H 3.38; found: C 49.58, H 3.34.

[Rh(nbd){PCyp,(n*-CsH,)}I[BAr*)]  (9): Norbornadiene (0.1 mL,
1.0 mmol) was added to a solution of 7 (30 mg, 0.023 mmol) in CH,Cl,
(2 mL) and the resulting solution was stirred for 1 h. The solvent was re-
moved in vacuo, the residue was dissolved in CH,Cl, and the solution
was layered with pentane to give 9 as yellow crystals (24 mg, 80%).
'"HNMR (400.1 MHz, CHsF): 6 = 7.71 (s, 8H, BAr",), 7.55 (s, 4H,
BAr",), 5.83 (m, 2H, nbd CH), 5.46 (d, J = 2.0 Hz, 2H, CsH, HC=CH),
5.39 (m, 2H, nbd HC=CH), 4.16 (m, 2H, nbd HC=CH), 2.44-1.40 ppm
(m, 23H, CH/CH,); *'P{'H} NMR (162.0 MHz, C;HsF): 6 = 73.08 [d, J-
(Rh,P) = 151 Hz]; "C{'H} NMR (125.8 MHz, CD,CL,): 6 = 162.14 [q, J-
(B.C) = 50 Hz, BAT",], 135.17 (s, BAIY,), 129.24 [qq, J(F.C) = 31, J(B.C)
= 2.9 Hz, BAr",], 124.91 [q, J(F,C) = 273 Hz, BAr",], 117.84 (s, BAr",),
108.99 [d, J(Rh,C) = 9.1 Hz, C;H, HC=CH], 95.78 (dd, J = 9.1, 5.4 Hz,
nbd HC=CH), 86.22 [d, J(Rh,C) = 8.2 Hz, nbd HC=CH], 71.51 (m, nbd
CH,), 56.29 (m, nbd CH), 38.39 [d, J(Rh,C) = 5.4 Hz, CH,], 33.28 [d, J-
(Rh,C) = 23 Hz, CH], 31.24 (s, CH,), 30.54 [d, J(Rh,C) = 24 Hz, CH],
29.79 (s, CH,), 26.89 [d, J(Rh,C) = 8.2Hz, CH,], 26.19 [d, J(Rh,C) =
8.2 Hz, CH,; signals were assigned using 2D COSY and NOESY experi-

www.chemeurj.org — 1019


www.chemeurj.org

CHEMISTRY—

A. S. Weller, S. A. Macgregor et al.

A EUROPEAN JOURNAL

ments; elemental analysis calcd (%) for Cs;H,;sBF,,PRh: C 50.1, H 3.50;
found: C 49.38, H 3.48.

[Rh(dppe){PCyp,(n*-CsH,)}1[BAr";] (10): A mixture of Rh(dppe)-
(PCyps)Cl (30 mg, 3.87x 107> mmol) and Na[BAr",] (34 mg, 0.0387 mmol)
in CH,Cl, (5 mL) was stirred for 15 minutes. The resulting orange mix-
ture was filtered and the solvent was removed in vacuo. Diffusion of pen-
tane into a solution of the residue in C¢HsF gave 10 as orange crystals
(38mg, 61%). 'HNMR (400.11 MHz, CD,CL): 6 = 7.72 (m, 8H,
BAr",), 7.55 (s, 4H, BAr",), 7.70-7.45 (m, 20H, ArH), 4.89 (m, 2H, HC=
CH), 22-12ppm (m, 27H, CH/CH,); *P{'H} NMR (162.0 MHz,
CD,CL): 0 = 65.03 [ddd, J(P,P) = 283, J(Rh,P) = 125, J(PP) = 31 Hz,
PCyp], 60.55 [ddd, J(P.P) = 283, J(Rh,P) = 125, J(P,P) = 28 Hz, Ppppe
trans to PCyp], 50.53 ppm [ddd, J(Rh,P) = 158, J(PP) = 31, J(PP) =
28 Hz, Ppppg: trans to alkene]; signals assigned using 2D *'P HMQC and
NOESY experiments; “C{'H} NMR (100.6, CD,CL,): 6 = 162.10 [q, J-
(B,C) = 50 Hz, BAr",], 135.14 (s, BAr",), 133.44 [d, J(P.C) = 12 Hz, Ar
CH], 133.24 [d, J(P.C) = 11 Hz, Ar CH], 133.23 [d, J(P.C) = 41 Hz, Ar
CH], 131.87 [d, J(P,C) = 11 Hz, Ar CH], 131.85 [d, J(P,C) = 11 Hz, Ar
CH], 131.33 [dd, J(P,C) = 37, J(Rh,C) = 3.5 Hz, Ar CH], 129.71 [d, J-
(P,C) = 9.3 Hz, Ar CH], 129.46 [d, J(P,C) = 10 Hz, Ar CH], 129.2 [q, J-
(FC) = 31Hz, BAr"], 12494 [q, J(FC) = 272 Hz, BAr",], 117.79 (s,
BAr",), 96.21 (t, J = 9.7 Hz, HC=CH), 37.75 [d, J(P,C) = 7.5 Hz, CH,],
35.52 [d, J(P,C) = 19 Hz, CH], 31.27 (s, CH,), 29.91 (s, CH,), 29.48 [dd,
J(PC) = 19, J(Rh,C) = 3.3 Hz, CH], 2643 [d, J(PC) = 7.9 Hz, CH,],
25.60 ppm [d, J(P,C) = 8.4 Hz, CH,]; elemental analysis caled (%) for
C;;Hg,BF,,P;Rh: C 54.77, H 3.84; found: C 54.73, H 3.78.

[(dppe)(PCyp3)Rh(r|2-H2)(H)z][BArF4] (11): A solution of 10 (10 mg,
6.26 x 107> mmol) in CD,Cl, was placed under 4 atm of H, (298:77=3.8)
and shaken for 15 min. The product was characterized in situ by 'H,
BC{'H} and *'P{'"H} NMR spectroscopy. Compound 11 loses H, when re-
moved from a H, atmosphere and thus microanalytical data was not ob-
tained. '"H NMR (400.1 MHz, CD,Cl,, 298 K): 6 = 7.72 (s, 8H, BAr",),
7.59-7.42 (m, 20H, ArH), 7.54 (s, 4H, BAr,), 2.46 (m, 4H, dppe CH,),
1.91 (apparent quintet, / = 8.9 Hz, 3H, CH), 1.81-1.18 (m, 24H, CH,),
—4.5 (v brs, fwhm 1800 Hz, ~2.5H); *'P{'H} NMR (162.0 MHz, CD,Cl,,
298 K): & = 56.98 ppm (brm); 'H NMR (400.1 MHz, CD,Cl,, 180 K): ¢

= 7.83-6.98 (m, 20H, ArH), 7.72 (s, 8H, BAr",), 7.51 (s, 4H, BAr"),
3.01-0.94 (m, 31H, CH,/CH), —3.12 (s, 2H, 7,=19 ms, RhH,), —8.51
[ddt, J(P,,...H) = 149, J = 14, 85 Hz, 1H, T,=215ms, RhH], —13.03
(m, 1H, T,=250 ms, RhH); *'P{'"H} NMR (202.5 MHz, CD,Cl,, 220 K): §

= 61.35 [ddd, J(PP) = 285, J(Rh,P) = 99, J(P,P) = 12 Hz], 59.63 [ddd,
J(PP) = 285, J(Rh,P) = 98, J(P,P) = 15 Hz], 51.83 ppm [ddd, J(Rh,P)

= 86, J(PP) = 15, J(PP) = 12 Hz]; selected “C{'H} NMR (125.8 MHz,
CD,Cl,, 200K): 6 = 36.15 (m, P-CH), 29.54 (s, CH,), 29.14 (s, CH,),
25.33 (s, CH,)*; no signals between 6 60 and 110 ppm. The signal marked
* has a high intensity suggesting two coincident signals.

[(dppe)Rh(PCyp;)(L)(H),][BAr*,] (12) (L=solvent or agostic interac-
tion): A solution of 10 (5 mg, 3.13x 107> mmol) in CD,Cl, was placed
under 4 atm of H, (298:77=3.8) and shaken for 15 min to give 11. The
H, was removed under vacuum by freeze/pump/thaw of the solution and
the product was immediately characterized in situ by 'H and *P{'H}
NMR spectroscopy at 180 K. '"H NMR (500.1 MHz, CD,Cl,, 180 K): 6 =
7.71 (s, 8H, BAr",), 7.51 (s, 4H, BAr",), 7.48-7.20 (m, 20H, ArH), 3.19-
0.46 (m, 31H, CH/CH,), —8.39 (brs, 1H, Rh-H), —20.51 ppm (brs, 1H,
Rh-H); '"HNMR (500.1 MHz, CD,Cl,, 250K): 6 = 7.70 (s, 8H, BAr",),
7.62-7.23 (m, 20H, ArH), 7.52 (s, 4H, BAr",), 2.89-0.88 (m, 31H, CH/
CH,), —14.59 ppm (brs, 2H, Rh-H); *'P{'H} NMR (202.5 MHz, CD,Cl,,
180 K): 6 = 61.85 [ddd, J(PP) = 314, J(Rh,P) = 101, J(PP) = 11 Hz],
51.84 [brdd, J(PP) = 314, J(Rh,P) = 101 Hz], 46.41 [dt, J(Rh,P) = 87,
J(PP) = 11 Hz].

[(dppe) (PCyps;)Rh(MeCN)(H),I[BAr",] (13): A solution of 10 (5mg,
3.13x10* mmol) in CD,Cl, was placed under 4 atm of H, (298:77=3.8)
and shaken for 15 minutes to give 11. MeCN (50 uL) was added and the
solution again placed under 4 atm of H, to avoid loss of H,. The product
was immediately characterized in situ by 'H and *'P{"H} NMR spectros-
copy at 200 K. '"HNMR (500.1 MHz, CD,Cl,, 200K): 6 = 7.70 (s, 8H,
BAr",), 7.51 (s, 4H, BAr",), 7.49-7.20 (m, 20H, ArH), 2.76-0.97 (m, 31 H,
CH,/CH), —894 [dt, J(PH) = 160, J(Rh/PH) = 14 Hz, 1H, RhH],
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—17.99 ppm (m, 1H, RhH); excess MeCN present so coordinated MeCN
not unequivocally observed; *'P{'H} NMR (202.5 MHz, CD,Cl,, 200 K):
0 = 66.82 [ddd, J(PP) = 319, J(Rh,P) = 101, J(PP) = 11 Hz, Ppppg
trans to PCyp;], 54.84 [ddd, J(PP) = 319, J(Rh,P) = 106, J(PP) =
18 Hz, PCyp;], 45.92 [ddd, J(Rh,P) = 87, J(PP) = 18, J(P,P) = 11 Hz,
Ppppe trans to HJ; signals assigned using 2D HMQC experiments.
[(dppe)Rh(PCyp,;)(MeCN)][BAr",] (14): A solution of 10 (10 mg, 6.26 x
10 mmol) in CH,Cl, (2mL) and MeCN (0.1 mL) was placed under
4 atm of H, (298:77=3.8) and the solution was stirred for 2 h. The sol-
vent was removed in vacuo and the resulting yellow oil was washed with
pentane (2x2 mL). The residue was recrystallised by diffusion of pentane
into a solution of the complex in C¢H;F to give 14 as pale yellow crystals
(6 mg, 58%). '"HNMR (500.1 MHz, CD,Cl,, 298K): 6 = 7.83 (m, 4H,
ArH), 7.67 (m, 4H, ArH), 7.68 (s, 8H, BAr",), 7.57-7.41 (m, 12H, ArH),
7.54 (s, 4H, BAr",), 2.15 [dq, Y(PH) = 31, *J(PH) ~J(H,H) = 7.1 Hz,
2H, P-CH,], 1.87 [dq, 2/(P,H) = 26, *J(P,H) ~J(H,H) = 7.1 Hz, 2H, P-
CH,], 1.79-1.15 (m, 27H, CH,/CH), 1.68 ppm (s, 3H, NCCH,); *'P{'H}
NMR (202.5 MHz, CD,Cl,, 298 K): 6 = 66.06 [dt, J(Rh,P) = 181, J(P,P)
= 35Hz, Ppppg trans to MeCN], 62.27 [ddd, J(P,P) = 282, J(Rh,P) =
128, J(P,P) = 35 Hz, Ppppg trans to PCyps], 27.80 [ddd, J(P,P) = 282, J-
(Rh,P) = 127, J(PP) = 35Hz, PCyps]; signals assigned using 2D
HMOQC experiments; “C{'H} NMR (125.8 MHz, CD,CL,): 6 = 162.10 [q,
J(B,C) = 50 Hz, BAr",], 135.17 (s, BAr",), 134.11 [d, J(P.C) = 10.9 Hz,
Ar CH], 133.50 [d, J(P,C) = 10.9 Hz, Ar CH], 133.30 [d, J(P.C) = 40 Hz,
Ar PC], 132.50 [d, J(P.C) = 40 Hz, Ar PC], 131.50 [d, J(P.C) = 2.0 Hz,
Ar CH], 131.33 [dd, J(P.C) = 2.0Hz, Ar CH], 130.39 [d, J(Rh,C) =
7.3 Hz, N=C], 129.23 [qq, J(F,C) = 32, J(B,C) = 2.7 Hz, BAr",], 129.31
[d, J(P.C) = 9.1 Hz, Ar CH], 1289 [d, J(P.C) = 9.1 Hz, Ar CH], 124.94
[q, J(F.C) = 272 Hz, BAT",], 117.79 [sept, J(F,.C) = 3.6 Hz, BAr",], 36.76
[d, J(P.C) = 21 Hz, CH], 34.11 (m, P-CH,), 30.78 [d, J(P,C) = 1.8 Hz,
CH,], 26.01 [d, J(PC) = 9Hz, CH,], 24.25 (m, P-CH,), 3.49 ppm (s,
CH;CN); ESI-MS (CHsF): m/z: caled for [C,;HsNP;Rh]*: 780.25;
found: 780.30.

[Rh(dppe)P(C6H,1)3(L)][BArF4] (L=solvent or agostic interaction) (15):
Na[BAr",] (21.7 mg, 0.024 mmol) was added to a solution of [Rh(dppe)-
(PCy;)Cl] in CH,Cl, (1 mL), the resulting mixture was stirred for 5 mi-
nutes and the product was characterised in situ by 'H and *'P{'"H} NMR
spectroscopy and ESI-MS. 'H NMR (500.1 MHz, CD,Cl,, 298 K): 6 =
7.75-7.67 (m, 4H, ArH), 7.71 (s, 8H, BAr",), 7.57-7.46 (m, 16H, ArH),
7.54 (s, 4H, BAr",), 2.20-1.01 ppm (m, 37H, CH/CH,); *P{'H} NMR
(202.5 MHz, CD,Cl,, 298K): 6 = 68 (brs), 22 (vbr s); 'HNMR
(500.13 MHz, CD,Cl,, 190 K): 6 = 7.96-7.02 (m, 12H, ArH), 7.71 (s, 8H,
BAr",), 7.51 (s, 4H, BAr",), 3.06-0.08 ppm (m, 37H, CH/CH,); *'P{'H}
NMR (202.5 MHz, CD,Cl,, 180 K): shows many resonances (6 80-20)
consistent with a mixture of products; ESI-MS (C¢H;sF): m/z: calcd for
[CyHs;PsRh]*: 781.272; found: 781.277.

[Rh(dppe)(PCy;)(MeCN)][BAr",] (16): Na[BAr",] (21.7 mg, 0.024 mmol)
was added to a solution of Rh(dppe)(PCy;)Cl in CH,Cl, (1 mL) and the
resulting mixture was stirred for 5 minutes. MeCN (0.1 mL) was added to
the mixture and the product was characterised in situ by 'H and *'P{'H}
NMR spectroscopy and ESI-MS. 'H NMR (500.11 MHz, CD,CL,): 6 =
7.84 (m, ArH), 7.71 (m, ArH), 7.69 (s, 8H, BAI",), 7.54 (s, 4H, BAr",),
7.52-7.41 (m, ArH), 2.26-0.78 ppm (m, 40H, CH/CH,); excess MeCN
present so coordinated MeCN not unequivocally observed; *'P{'"H} NMR
(202.5 MHz, CD,Cl,): 6 = 66.13 [ddd, J(Rh,P) = 182, J(P,P) = 35, J-
(PP) = 35Hz, P, trans to MeCN], 63.19 [ddd, J(PP) = 277, J(Rh,P)
= 128, J(PP) = 35Hz, Py trans to PCy;], 30.36 ppm [ddd, J(P,P) =
277, J(Rh,P) = 125, J(P,P) = 35 Hz, PCy;]. Signals assigned using 2D
HMOQC experiments; ESI-MS (C4HsF): m/z: caled for [CyHgNP;Rh]*:
822.2988; found: 822.2982.

[Rh(’-CHF)(P-CH,)(Cy),1[BAr,]  (17):  Na[BAr",] (692 mg,
0.0781 mmol) was added to a solution of [Rh(nbd)Cl{PCy,Cyp}]
(38.9 mg, 0.0783 mmol) in C;HsF (=2 mL) and the resulting mixture was
stirred for 18 h. The mixture was filtered and the solvent removed in
vacuo to give a yellow residue that was then washed with pentane to give
17 as a yellow powder (Crude yield, 71.3 mg, 68 %). Attempting to purify
the complex further lead to decomposition. 'H NMR (400.1 MHz,
C,HsF): 6 = 830 (s, 8H, BAr")), 7.62 (s, 4H, BAr",), 6.03-6.11 (m, 3H,
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C¢HsF), 5.51 (m, 2H, C.H;F), 3.89 (brd, 2H, HC=CH), 0.8-2.2 ppm (m,
29H, 2C.H,;, 2CH, and CH of CsH,); *'P{'"H} NMR (162.0 MHz, C¢H,F):
0 = 112.23 ppm [dd, J(Rh,P) = 180, J(F,P) = 3.1 Hz]; selected “C{'H}
NMR (125.8 MHz, C¢HsF): 6 = 102.84 (m, CHsF), 96.09 (m, C(H,F),
91.97 [d, J(F,C) = 20 Hz, C¢HsF], 65.03 [d, J(Rh,C) = 16 Hz, C=C].
[Rh(y*-C(HMe){PCy,(n*-CsH)}[BAr,]  (18): Na[BAr",] (662 mg,
0.0747 mmol) was added to a solution of [Rh(nbd)Cl{PCy,Cyp}]
(36.8 mg, 0.0741 mmol) in C;HsF (=2 mL) and the resulting mixture was
stirred for 18 h. Toluene (~0.3 mL) was added and the mixture was
stirred for a further hour and filtered. Diffusion of pentane into a solu-
tion of the complex in CqHSF gave 18 as pale yellow crystals (60.2 mg,
61%). 'H NMR (500.1 MHz, CD,CL): 6 = 7.7 (s, 8H, BAr",), 7.5 (s, 4H,
BAr",), 6.6 (m, 3H, C;HsCH;), 6.3 (d, 2H, C4H;CHs), 4.1 (brd, 2H, HC=
CH), 2.3 (s, 3H, C(HsCH;), 1.1-2.5 ppm (m, 29H, 2CH,;, CsH,); *'P{'H}
NMR (202.5 MHz, CD,CL): 6 = 111.83 [d, J(Rh,P) = 180 Hz]; “C{'H}
NMR (125.8 MHz, CD,CL): 6 = 162.06 [q, J(B,C) = 50 Hz, BAr",],
135.10 (s, BAr",), 129.17 [qq, J(F,C) = 32, *J(F,C) = 3.0 Hz, BAr",],
12491 [q, J(F,C) = 272 Hz, BAr",], 119.58 [dd, J(Rh,C) = 4.3 Hz, J-
(P,C) = 2.0 Hz, ipso-C,H;CH;), 117.77 (m, BAr",), 103.20 [dd, J(Rh,C)
= 3.6, J(P,C) = 2.5 Hz, C,H;CH;], 101.96 [dd, J(Rh,C) = 2.8, J(P,C) =
0.96 Hz, C;H;CHj;], 99.40 [d, J(Rh,C) = 2.8 Hz, C;H;CHj;], 64.30 [d, J-
(Rh,C) = 16 Hz, C=C], 36.72 [d, J(P.C) = 4.4 Hz, CH,], 36.36 [dd, J-
(P,C) = 21 Hz, J(Rh,C) = 1.2 Hz, CH], 31.69 [dd, J(P,C) = 2.8, J(Rh,C)
= 1.1Hz, CH,], 29.66 [d, J(P.C) = 2.1 Hz, CH,], 27.58 [d, J(PC) =
11 Hz, CH,], 27.46 [dd, J(P.C) = 27, J(Rh,C) = 1.9 Hz, CH], 27.46 [d, J-
(PC) = 11Hz, CH,], 2594 [d, J(PC) = 15Hz, CH,], 19.94 (s,
C¢H;CHs;); elemental analysis calcd (%) for CssHyBF,,PRh-(CsHy,)y5: C
51.71, H 4.08; found: C 51.92, H 3.76; ESI-MS (C4HsF): m/z: calcd for
[RhPC,,H;,|*: 459.1682; found: 459.1695.
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