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Solvent-Stabilized Alkylrhodium(1) Hydride Complexes: A Special Mode of
Reversible C—H Bond Elimination Involving an Agostic Intermediate

Boris Rybtchinski,?! Leonid Konstantinovsky,!?! Linda J. W. Shimon,®! Arkadi Vigalok,!*!

and David Milstein*[2!

Abstract: Reaction of the complex
[Rh(coe),(solv),|]BF,  (coe=cyclooc-
tene) with the phosphane 1-di-tert-bu-
tylphosphinomethyl-2,4,6-trimethylben-
zene (1) results in selective C—H bond
activation, yielding the spectroscopically
characterized  solvento  complexes
[ (solv),RhH{CH,C,H,(CH,),-

[CH,P(:Bu),]}]BF, (solv=acetone, 2a;

alcohols providing significant stabiliza-
tion. Although cis-alkylrhodium hydride
complexes containing labile ligands are
generally unstable, 2a—c¢ are stable at
room temperature. Complex [ (acetone)-
(ketol)RhH{CH,C,H,(CH,),[CH,P(-

Bu),]}|BF, (2d, ketol=4-hydroxy-4-
methyl-2-pentanone, the product of ace-
tone aldol condensation), crystallized
from a solution of 2a in acetone and
was structurally characterized. Unusual
solvent- and temperature-dependent se-
lectivity in reversible C—H bond elimi-
nation of these complexes, most prob-

THEF, 2b; methanol, 2¢). The stability of
these complexes is solvent dependent,

Introduction

Cationic late transition metal complexes mediate a variety of
important catalytic and stoichiometric reactions, such as
alkane C—H bond activation!'! and efficient selective olefin
polymerization.l Unsaturated cationic complexes are in
many cases stabilized by agostic interactions involving C—H
bonds and/or by coordinated solvent molecules. Cationic
iridium complexes proved to be excellent models for studies
of C—H agostic interactions® and advantageous systems for
intermolecular alkane C—H bond activation.' C—H -metal
agostic bonding is an important mode of stabilization of
unsaturated metal centers. The transition state of intramo-
lecular C—H activation can be viewed as elongation of an
agostic C—H bond,” and involvement of the agostic inter-
mediate in C—H oxidative addition was implied in many cases,
although identification of the agostic species on the reaction
pathway was possible only in a few systems.P] Intermolecular
metal —alkane o complexes were implicated as intermediates
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by spin saturation transfer experiments.

in oxidative addition and reductive elimination in several
cases.l!!' We have recently reported a cationic Rh-PCP
system, which can be driven towards selective C—C or C—H
activation by solvent choice; unsaturation of the metal center
is of primary importance.!”

Here we report on stable cationic alkylrhodium(ii1) hydride
complexes, stabilized by solvent coordination. These com-
plexes exhibit unusual selectivity in reversible C—H bond
elimination, which is most probably controlled by a special
mode of strong agostic interactions. C—H reductive elimina-
tion from rhodium (i) phosphane complexes was reported to
be promoted by unsaturation (ligand dissociation).[®! There-
fore, stable cis-alkylrhodium hydride complexes, which are
generally rare, are normally limited to saturated electron-rich
complexes stabilized towards ligand dissociation.’! The al-
kylrhodium(i1) hydrides reported here, while containing
labile coordinated solvent molecules, are the only observed
species at various temperatures, although they undergo
reversible C—H elimination.

Results and Discussion

Synthesis and characterization of alkylrhodium@iy) hydrides:
Reaction of the complex [Rh(coe),(solv),|BF, (coe=cy-
clooctene)!'” in THF at room temperature with one equiv-
alent of phosphane 1!l led to the quantitative formation of
the C—H activation product 2 after 1 h (Scheme 1).") Com-
plex 2 does not coordinate an additional molecule of the
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Scheme 1. Synthesis of 2. coe = cyclooctene. a: Solv = acetone; b: Solv =THF; ¢: Solv =methanol.

phosphane when excess of 1 is used. It is stable in polar
coordinating solvents such as acetone, THF, and methanol,
but decomposes when it is dissolved in benzene, dichloro-
methane, or chloroform. Complex 2 was characterized
spectroscopically. Importantly, the solvent used for the
NMR measurements greatly influences the spectra of the
compound. In acetone, complex 2 gives rise to broad signals in
the 'H and *C {'H} NMR spectra at room temperature, the
signals becoming sharp at —20°C. In THF the 'H and
13C NMR the signals are sharp at —10°C, and in methanol
the NMR spectra show sharp resolved signals even at room
temperature. These observations are consistent with the
stabilization of 2 by coordinated solvent molecules, reflecting
the ability of the solvent to bind to the cationic metal
center.'3 Thus, 2 binds solvent molecules forming 2a in
acetone, 2b in THF, and 2¢ in methanol. Complexes 2a—c
were characterized by NMR spectroscopy at —20, — 10, and
22°C, respectively, showing very similar spectra (Table 1). For
example, complex 2¢ gives rise to a doublet centered at 6 =
125.67 (J(Rh,P)=197.0 Hz) in the 3'P{'"H} NMR spectrum,
such a large downfield chemical shift being characteristic of
six-membered phosphane chelates.['2 14

The Rh-CH,-aryl methylene protons of 2¢ give rise to two
resolved signals at  =2.82 (doublet of doublets, J=9.0 Hz,
J=35Hz) and at 6=2.70 (multiplet) in the 'H NMR
spectrum. In the C{!H} NMR spectrum the Rh-CH,-aryl
methylene carbon atom appears as a broad doublet at 6 =
15.25 (\J(Rh,C) =31.2 Hz). The 'H NMR signal of the hydride
ligand appears as a doublet of doublets at d=—25.52
(J(PH)=20.6 Hz, J(Rh,H)=6.9 Hz), indicating that it is
trans to a weak ligand or an empty coordination site. The
assignment of the NMR signals was confirmed by the *C-'H
heteronuclear correlation (Figure 1). No signals due to
coordinated cyclooctene were observed.

Interestingly, the coordinated acetone molecules in 2a are
relatively labile, even in neat acetone, and can be substituted
by an equivalent amount of ethylene glycol. The 'H NMR
spectrum of the resulting complex shows coordination of one

Table 1. Selected NMR data for complexes 2a—ec.

molecule of the diol, whereas
IR spectroscopy reveals the
presence of a coordinated car-
bonyl moiety. Thus, three sol-
vent molecules appear to be
coordinated to the metal center
(as is also evident from X-ray
structure analysis, vide infra).[*3]
Similarly, substitution of coor-

H H  H H. H

Aryl-CH.
N SAREN

" ¥

iy

| . | ppm

ppm 3.0 2.8 26 24 22
Figure 1. A BC-'H heteronuclear correlation spectrum of 2¢, showing part
of the aliphatic region.

dinated THF takes place upon addition of ethylene glycol to a
solution of 2 in THF. Notably in acetone and THF solutions
complexes 2a and 2b are stable for days at room temperature,
while in methanol, complex 2¢ is stable for weeks. Such
stability of cationic cis-alkylrhodium hydride complexes is
unexpected considering the lability of coordinated solvent
molecules. The reversible reductive elimination which 2
undergoes and its stabilization effect are discussed below.

X-ray structure analysis: Yellowish needles suitable for a
single-crystal X-ray structure analysis were obtained by slow
crystallization from a solution of 2 in acetone. The structure
obtained (complex 2d, Figure 2, Table 2) shows that the Rh
atom is situated in the center of an octahedral ligand

environment, in which alkyl,

hydride, and phosphane ligands

are facially coordinated. Three

2a 2b 2¢ R .
p other coordination sites are oc-
Rh-P 124.59 127.17 125.67 .
(d, J(Rh,P) = 191.8 Hz) (d, J(Rh,P) = 200.0 Hz) (d J(RhP)— 19701z  Ccupied by anacetone molecule,
Rh-H 0447 2637 2550 and a ketol moiety (diacetone
(dd, J(Rh,H) =17.7 Hz, (br. dd, J(Rh,H)= 184Hz)  (dd,J(RhH)=20.6 Hz, alcohol, 4-hydroxy-4-methyl-2-
J(PH)=5.5Hz) J(PH) =6.9 Hz) pentanone),I”] the product of
AR 13.8(21 1J(Rh,C) =25.9 H: 1341(1 1J(Rh,C) =26.6 H: 13.231 J(Rh,C)=312 H: aldol condensation of two ace-
(br. . V(R,C) =259 Hz) (br. d, J(RR,C) =26.6 Hz) (br. d. VRRC)=312H2) 1 he molecules, most probably
3288 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0617-3288 $ 17.50+.50/0  Chem. Eur. J. 2000, 6, No. 17
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Figure 2. Structure of complex 2d (ORTEP diagram). Hydrogen atoms,
except for H1 and H3, are omitted for clarity.

promoted by the cationic rhodium center acting as a Lewis
acid. The chelating ketol moiety probably contributes to the
stabilization of this complex. The Rh1—C10 bond length of
2.045(5) A is  similar to
Rh—benzyl bond lengths in
comparable chelate environ-
ments.[?**] Bond angles of the
six-membered chelate ring in-
dicate that it is not significantly
strained. There is no evidence
for agostic interactions in 2d.

H H
N/

Spin saturation transfer studies:
mechanism of reversible C—H
bond elimination: Although an
unsaturated cationic rhodium
center is expected to undergo
rapid reductive C—H elimina-
tion,’® the hydride complexes
2a-c, containing labile solvent
molecules, are the only species

AryI/C\Rh

Table 2. Selected bond lengths and bond angles for 2d.

Rh1-H1 1.53(7) Rh1-C10 2.045(5) Rh1-03 2.204(3)
Rh1-04 2.246(3) Rh1-05 2.227(3) Rh1-P2 2.226(1)
C10—C11 1.504(6) C16-C21 1.513(6) C31-03 1.457(5)
C42-04 1.224(6) C51-05 1.233(6) C10-Rh1-P2 87.80(14)
03-Rh1-P2 174.55(9)  C10-Rh1-03 91.18(16) C10-Rh1-O4 94.47(15)
C10-Rh1-05 173.00(15) 03-Rh1-04 81.37(12)  O3-Rh1-O5 83.19(12)
05-Rh1-04 80.61(12)  P2-Rh1-0598.19(9)  P2-Rh1-O4 104.04(9)
C21-P2-Rh1 111.59(15)  C11-C10-Rh1 116.9(3) C10-C11-C16 120.5(4)

firm that the observed selectivity is due to the chemical
exchange and not caused by an intrinsic difference in
relaxation times, 7 values for the two methylene protons
were measured in the absence of the exchange (—10°C,
CD;0D). Indeed, very similar T} values were obtained (signal
at 0 =2.81, T, =343 ms; 6 =2.70, T, =329 ms).

The temperature at which the second methylene proton,
which was not involved in the exchange, starts to exchange
with the hydride (as indicated by SST) strongly depends on
the solvent and is —10, 7, and 27°C for acetone, THF, and
methanol, respectively. At this point the protons of the other
methyl group, which are equivalent (in the case of full

Rh—H

-

35°C

27°C

|
e

T T T T

observed. In order to probe the
system for reversible C—H
elimination/activation we per-
formed spin saturation transfer
(SST) experiments (for details
see Experimental Section), in-
volving selective irradiation of
the hydride ligand in 2.1 The
results of these experiments
indicate that a chemical ex-
change between the hydride
and the methylene protons
takes place. The most interest-
ing feature of this exchange
process is its selectivity: only
one of the two methylene pro-
tons is involved in the exchange
up to a certain temperature
(Figure 3, Scheme 2). To con-
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Figure 3. Difference spectra of spin saturation transfer measurements in CD;OD at various temperatures,
showing the inverted hydride signal and the methylene protons response. This response was detected by
comparison (subtraction) with a control experiment, in which the signal-free area was irradiated under the same
conditions. 22 °C: Observation of a small positive NOE of one of the methylene protons (due to proximity to the
hydride and/or secondary NOE) and a strong negative signal due to chemical exchange for another methylene
proton. 27°C: The small positive NOE disappears, the negative signal increases. 35°C: Observation of negative
signals of both methylene protons and a small negative signal of the methyl protons (signal at  =2.3). The small
out-of-phase signals are due to subtraction inaccuracy, caused by the phasing of the parent spectra.

Solv Solv

Solv BF, Solv

bis-agostic interaction in-place rotation

Scheme 2. Mechanism of reversible C—H bond elimination.
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opening) to the ones being activated, do not show any
exchange with the hydride. A higher temperature is needed in
order to observe some exchange effect with this methyl group
(e.g. in CD;OD it is observed above 35°C); however, at these
temperatures slow decomposition starts to take place. A
plausible explanation for the observed exchange selectivity is
that when C—H reductive elimination occurs, the C—H bond is
not detached from the cationic metal center, but rather held by
an agostic interaction,'’V playing the role of a stabilizing
ligand. The same interaction may take place with another
C—H bond of the reductively eliminated methyl group,
creating a double agostic interaction (7>-H,H; Scheme 2),
precedented in the case of various unsaturated complexesl® 8]
and reactive intermediates.'”) Thus, one of the methyl C—H
bonds is not involved in an agostic interaction and, hence, it is
excluded from the C—H activation process (Scheme 2). At a
higher temperature, dependent upon the solvent, detachment
of the agostic bonds starts to take place and the third C—H
bond becomes involved in activation by the metal center
(methyl in-place rotation).['7» 201 At still higher temperatures
complete detachment of the methyl group, rotation, and
activation of the other methyl group starts to take place.

Another possible mechanism can involve a single agostic
interaction with one of the diastereotopic benzylic protons
(Scheme 3). Upon detachment of this agostic bond the metal
immediately binds only one of the available C—H bonds of the
benzyl group, which is sterically predisposed for the bonding
with the metal center. If the rate of methyl rotation is
significantly slower than the on-off metal-C—H agostic
bonding, the third C—H bond is excluded from the exchange.
At higher temperatures rotation and activation of the third
C—H bond takes place.

To get more information about the reaction mechanism,
spin saturation transfer kinetic experiments were performed
with 2¢in CD;0D between 0 to 20 °C (conditions at which the
second methylene proton does not undergo exchange, Ta-
ble 3). The activation parameters obtained from an Eyring

Scheme 3. Alternative mechanism for the C—H bond elimination involving a single agostic interaction with one

of the diastereotopic benzylic protons.

3290
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Table 3. Kinetic data for the exchange process between the hydride ligand
and one of the methylene protons, yielding AH*,,,=14.79 kcalmol,
AS* g =—6.03 e.u., AG¥(293) =16.57 kcal mol .

T[°C] 0 5 10 20
k[s] 0386 0.617 1.290 2557

plot are AH*;,=14.79+2.57 kcalmol~!, AS*;,=—6.03+
1.08 e.u., AG*(293) =16.57 +-2.89 kcalmol~' (Figure 4). The
mildly negative value of AS*,, indicates that the reductive
elimination and the resulting agostic exchange is not the only
measured process, since a more negative activation entropy
value is expected for the organized transition state.?'] Most

-28 7
RA2 = 0.979
g -29 a
£
£
-30
-31 T - T 1
3.4 3.5 3.6 3.7
1/T X 1000

Figure 4. Eyring plot for the exchange process between the hydride ligand
and one of the methylene protons.

probably, predissociation of the coordinated solvent (positive
entropy change) followed by C—H reductive elimination and
agostic bond exchange takes place. Thus, the observed kinetic
parameters seem to relate to a complex process. Solvent
dissociation is necessary in order to create an empty
coordination site for agostic C—H bonding and it is also
expected to promote C—H reductive elimination.®l The
temperature at which the exchange starts to take place is
significantly lower for acetone
than for THF or MeOH, which
is consistent with the stronger
coordination ability of THF and
MeOH to the cationic metal
center.

A comparison of the rates of
the exchange of the two meth-
ylene protons was performed at
33°C in methanol by SST. A
ratio of ki/k,=20.24 (k, and
k, are the observed rate con-
stants for the first and second
exchange processes, respectiv-
ely) was observed, correspond-
ing to AAG*(306)=1.83+
0.32 kcalmol~%. Such a signifi-
cant difference in reaction rates
testifies that the agostic bond-
ing, responsible for the first
exchange process, is strong at
the temperature of measure-

in-place rotation
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ment. We believe that this considerable difference tends to
support the double agostic (7*>-H,H) hypothesis, rather than a
single agostic interaction (5'-C,H) based on diastereotopic
selectivity. A comparison of the two exchange processes at
higher temperatures by SST was impossible due to significant
broadening and overlapping of the two methylene proton
signals.

It should be noted that despite the reversible C—H
elimination, the alkyl hydride complexes 2a—c are stable.
Agostic bonding appears to play an important role in this
stabilization, since under conditions of full detachment of the
agostic bonds the complexes 2a—c start to decompose. Upon
solvent dissociation and C—H reductive elimination the metal-
bound agostic C—H bond plays the role of a stabilizing ligand.

Conclusion

Unexpectedly stable solvento alkylrhodium(iir) hydride com-
plexes were synthesized and fully characterized. Their stabil-
ity is solvent dependent, and follows the trend ethylene
glycol > methanol > THF > acetone. Selective, temperature
and solvent-dependent Rh—H/C—H exchange processes have
been identified. The inequivalence of the two benzyl C—H
bonds in the exchange with the hydride indicates that the C—H
reductive elimination results in double agostic interaction or
fast on-off agostic bonding of diastereotopic C—H bonds. This
interaction plays an important role in controlling the C—H
bond activation selectivity. The bond which is not involved in
the agostic interaction in our system cannot be activated by
the metal center, supporting the notion that C—H agostic
interaction is a prerequisite for C—H bond activation. Thus,
this study indicates several stages in the reductive elimination/
C—H activation of a methyl group: 1) solvent dissociation; 2)
selective formation of one or, more likely, two agostic bonds,
one proton being unaffected; 3) upon heating, agostic bond
rupture and formation involving all three protons without
detachment of the methyl group; 4) complete detachment of
the methyl group at higher temperature and activation of
another methyl group.

Experimental Section

All experiments with metal complexes and the phosphane ligand were
carried out under an atmosphere of purified nitrogen in a Vacuum
Atmospheres glove box equipped with a MO 40-2 inert gas purifier or in a
MBraun MB 150B-G glove box. The complex [{Rh(coe),Cl},] was prepared
according to a literature procedure.??]

'H, BC, 3P NMR spectra were recorded at 400, 100, and 162 MHz
respectively, using a Bruker Avance-400 NMR spectrometer. "H NMR and
BC{'H} NMR chemical shifts are reported in ppm downfield from
tetramethylsilane. '"H NMR chemical shifts are referenced to the residual
hydrogen signal of the deuterated solvents and in “C{'H} NMR the 3C
signal of the deuterated solvents was used as a reference. 3'P NMR
chemical shifts are reported in ppm downfield from H;PO, and referenced
to an external 85% solution of phosphoric acid in D,0. *C-'H hetero-
nuclear correlation was measured using a 5 mm inverse probehead with a
z-gradient coil. Abbreviations used in the description of NMR data: Ar:
aryl; br: broad; dist.: distorted; s: singlet; d: doublet; m: multiplet.
Elemental analyses were performed at the Hebrew University of Jerusa-
lem.

Chem. Eur. J. 2000, 6, No. 17
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Synthesis of ligand 1: A solution of a-bromoisodurene (6.72 g,
31.5 mmol)® in dry acetone (14 mL) was added to di-tert-butylphosphane
(4.6 g, 31.5mol) under a nitrogen atmosphere.’*! A violent reaction
occurred immediately and a white precipitate was formed within one
minute. The precipitate was filtered off, washed with cold acetone, and
dried in vacuum to give the pure phosphonium salt (9.0 g; yield 79.4%).

A solution of the phosphonium salt (9.0 g, 25 mmol) in degassed water
(30 mL) was treated with a solution of sodium acetate (8.2 g, 100 mmol) in
degassed water (20 mL) under argon. A white precipitate was rapidly
formed. Dry diethyl ether (30 mL) was added, producing two transparent
layers. The diethyl ether layer was separated by cannula transfer, the water
layer was washed with another portion of diethyl ether (20 mL) and both
diethyl ether fractions were combined and dried over anhydrous sodium
sulfate. Evaporation of diethyl ether gave pure 1 (6.0 g; yield 86.5%).
SP{'H} NMR (CDCl;): 6 =25.68 (s); '"H NMR (CDCl;): 6 =6.76 (s, 2H;
Ar-H),2.86 (d,/J(P,H) =10.3 Hz, 2H; Ar-CH,-P), 2.43 (s, 6 H; CH;-Ar), 2.2
(s, 3H; CH;s-Ar), 1.25 (d, 18H, J(PH) =10.6 Hz; 2 Bu).

Reaction of [Rh(coe),(solv),IBF, with ligand 1 in THF: formation of
complex 2: To a solution of [Rh(coe),(solv),|BF, (obtained in situ from
[{Rh(coe),CL},] (22 mg, 0.031 mmol) and AgBF, (12 mg, 0.062 mmol)) in
THF (2 mL) was added a solution of the ligand 1 (17 mg, 0.061 mmol) in
THF (2mL). After 1 h at room temperature the color of the mixture
changed from orange to brown. Evaporation of the solvent resulted in the
formation of 2 as a dark solid. Complex 2 is soluble in acetone, THF,
methanol, quantitatively forming 2a, 2b, and 2¢, respectively; it decom-
poses in benzene, dichloromethane, chloroform.

2a: 3'P{'H} NMR ([Dglacetone, —20°C): 6=124.59 (d, 'J(Rh,P)=
191.8 Hz); 'H NMR ([DgJacetone, —20°C): 6 = 6.83 (s, 1H; Ar), 6.74 (s,
1H; Ar), 3.14 (m, 1H; Ar-CH,-P), 2.90 (m, 1 H; Rh-CH,-Ar), 2.76 (m, 2H;
overlapped 1 Ar-CH,-P and 1 Rh-CH,-Ar), 2.34 (s, 3H; Ar-CHj;), 2.16 (s,
3H; Ar-CHj;), 1.46 (d, J(PH) = 12.6 Hz, 9H; (CH;);C-P), 1.15 (d, J(PH) =
13.1 Hz, 9H; (CH;);C-P), —24.47 (dd, J(Rh,H) =17.7 Hz, J(PH) = 5.5 Hz;
Rh-H). Assignment of the 'H NMR signals was confirmed by a *C-'H
heteronuclear correlation. BC{'H} NMR: 6 =149.27 (d, J=6.1 Hz; Ar),
134.54 (s; Ar), 13430 (d, /=5.2 Hz; Ar), 131.08 (s; Ar), 127.07 (s; Ar),
124.69 (s; Ar), 3722 (d, J(P,C) =24.4 Hz; (CH,);C-P), 36.96 (d, J(P,.C) =
16.3 Hz; (CH;);C-P), 29.12 (s; (CH;);C-P), 29.10 (s; (CH;);C-P), 20.24 (s;
CH;-Ar), 19.80 (s; CHs-Ar), 18.97 (d, J(P,C) =279 Hz; Ar-CH,-P), 13.80
(br. d, 'J(Rh,C) =25.9 Hz; Rh-CH,-Ar). Assignment of the *C{'H} NMR
signals was confirmed by 'C DEPT 135 and 3C-'H heteronuclear
correlations. IR (film): 7= 1664.8 (s) vc—o, coordinated acetone. Elemental
analysis calcd. (for two coordinated acetone molecules) C 48.41, H 7.26;
found: C48.19, H 7.20. Upon drying the compound does not retain the third
coordinated acetone molecule.

2b: 3'P{IH} NMR ([Dg]THF, — 10°C): 6 = 127.17 (d, 'J(Rh,P) =200.0 Hz);
'H NMR ([D4]THE, — 10°C): 6 =7.03 (s, 1 H; Ar), 6.93 (s, 1 H; Ar), 321 (m,
1H; Ar-CH,-P), 3.00 (m, 1 H; Rh-CH,-Ar), 2.88 (m, 1 H; Rh-CH,-Ar), 2.65
(m, 1H; Ar-CH,-P), 2.24 (s, 3H; Ar-CH;), 2.21 (s, 3H; Ar-CH,), 1.53 (d,
J(PH) =12.6 Hz, 9H; (CH,);C-P), 1.14 (d, J(RH) = 13.1 Hz, 9H; (CH,),C-
P), —26.37 (br unresolved dd, J(Rh,H) =18.4 Hz; Rh-H). Assignment of
the 'H NMR signals was confirmed by a *C-"H heteronuclear correlation.
BC{'H} NMR: 6 = 150.77 (d,J = 5.8 Hz; Rh-Ar), 135.53 (s; Ar), 134.99 (d,
J=5.2Hz; Ar), 132.41 (s; Ar), 127.82 (s; Ar), 124.76 (s; Ar), 38.04 (d,
J(P.C) =24.8 Hz; (CHs),C-P), 3734 (d, J(P,C) = 16.3 Hz; (CH,),C-P), 29.79
(br. s; (CH,),C-P), 21.16 (s; CH,-Ar), 20.58 (s; CHy-Ar), 20.16 (d, J(P,C) =
279 Hz; Ar-CH,-P), 15.41 (br. d, 'J(Rh,C) = 26.6 Hz; Rh-CH,-Ar). Assign-
ment of the PC{'H} NMR signals was confirmed by *C DEPT 135 and
BC—'H heteronuclear correlations.

2¢: S'P{'H} NMR ([D,]methanol, 22°C): ¢6=125.67 (d, J(RhP)=
197.0 Hz); '"H NMR ([D,]methanol, 22°C): 6=6.92 (s, 1H; Ar), 6.72 (s,
1H; Ar), 3.13 (m, 1H; Ar-CH,-P), 2.82 (dd,/=9.0 Hz, /= 3.5 Hz, 1H; Rh-
CH,-Ar), 2.70 (m, 1H; Rh-CH,-Ar), 2.49 (m, 1H; Ar-CH,-P), 2.31 (s, 3H;
Ar-CHj), 2.20 (s, 3H; Ar-CH,), 1.45 (d, J(PH) =12.4 Hz, 9H; (CH;);C-P),
1.14 (d, J(PH)=13.0 Hz, 9H; (CH;);C-P), —25.52 (dd, J(P,H)=6.9 Hz,
J(Rh,H) =20.6 Hz; Rh-H). Assignment of the 'H NMR signals was
confirmed by a “C-'H heteronuclear correlation. *C{H} NMR: 6=
15091 (d, J=5.8Hz; Ar), 136.06 (d, J=14Hz, Ar), 13540 (d, J=
52 Hz; Ar), 132.20 (s; Ar), 12793 (s; Ar), 125.29 (s; Ar), 38.26 (d,
J(P,C)=24.8 Hz; (CH;);C-P), 3756 (d, J(PC)=15.7Hz; (CH,);C-P),
30.02 (br. s; (CH;);C-P), 20.96 (s; CHs-Ar), 20.50 (d, J(P,C) =274 Hz;
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Ar-CH,-P), 2041 (s; CHy-Ar), 15.25 (br. d, 'J(Rh,C) =312 Hz; Rh-CH,-
Ar). Assignment of the *C{'H} NMR signals was confirmed by *C DEPT
135 and *C-'H heteronuclear correlations.

X-ray analysis of the structure of 2d: Complex 2d was crystallized from
acetone at room temperature. Crystal data: C,H,,BF,O;PRh, yellowish
needles, 0.1 x 0.05 x 0.01 mm?, triclinic, P1 (no. 2), a=8.837(2), b=
9.535(2), ¢=18.409(4) A, a=92.36(3), f=90.54(3), y =90.70(3)°, from
20 degrees of data, T=120 K, V=1549.6(6) A3, Z=2, F, = 642.35, poyea=
1.377 Mgm=3, ©4=0.652 mm~". Data collection and treatment: Nonius
KappaCCD diffractometer, Mog,, graphite monochromator (1=
0.71073 A), 11133 reflections collected, 0 <h <10, —10< k<10, —20<
[<20, frame scan width=1.6°, scan speed 1° per 60s, typical peak
mosaicity =0.9°, 4649 independent reflections. Data were processed with
Denzo-Scalepack. Solution and refinement: The structure was solved by
direct methods (SHELXS-97). Full-matrix least-squares refinement was
based on F? (SHELXL-97). Idealized hydrogen atoms were placed and
refined in a riding mode, with the exception of H1 and H3, which were
located in the difference Fourier map and refined independently. 342
parameters with 0 restraints, final R, =0.0446 (based on F?) for data with
I1>20l and R, =0.0600 for all data based on all independent reflections,
goodness-of-fit on F2=1.015, largest electron density =1.495 e A=3. The
data were not corrected for absorption of the crystal. Crystallographic data
(excluding structure factors) for the structure reported in this paper have
been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-140846. Copies of data can be
obtained free of charge on application to CCDC 12 Union Road
Cambridge CB2, 1EZ, UK (fax: (+44) 1223 336-033; e-mail: deposit@
ccde.cam.ac.uk).

Spin saturation transfer experiments: Saturation transfer experiments were
performed by selective saturation of the hydride resonance. The response
of the signal of the methylene protons was detected by comparison
(difference spectrum) with a control experiment, in which the signal free
area was irradiated under the same conditions. The relaxation time (7,,) of
the olefinic protons was measured by using the standard inversion-recovery
technique combined with the saturation of the hydride resonance. The k.,
value was calculated from the saturation transfer (Forsen-Hoffman)
equation: I/[°=1t/(t+ Ty,), where t=1/ky,, I is the intensity of the
benzylic protons signal under the saturation of the hydride resonance, I° is
the one in the control experiment.['®]
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