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A well-characterised 14-electron rhodium phosphine complex,

[Rh(PiPr3)3][BAr
F
4], which contains a b-CH agostic interaction,

is observed to undergo spontaneous dehydrogenation to afford

[Rh(PiPr3)2(P
iPr2(C3H5))][BAr

F
4]; calculations on a model sys-

tem show that while C–H activation is equally accessible from

the b-CH agostic species or an alternative c-CH agostic isomer,

subsequent b-H-transfer can only be achieved along pathways

originating from the b-CH agostic form.

Transition metal-mediated alkane dehydrogenation is an impor-

tant methodology for the selective transformation of alkanes.1

The putative intermediates for such reactions are alkane sigma

complexes, which then undergo successive C–H activation and

b-H-elimination. For the intramolecular dehydrogenation of

alkyl groups it is accepted that C–H activation is usually

preceded by aM� � �HC agostic interaction (Scheme 1);2 however,

well-defined examples of such complexes that subsequently

undergo alkyl dehydrogenation are, to the best of our know-

ledge, unknown. Indeed, as far as we are aware, there is only one

example of a complex where an agostic interaction undergoes

C–H activation for which both the agostic and C–H activated

product have been crystallographically characterised,3 and only a

few examples where these tautomers are directly observed in

solution.4

We report here the isolation of a ‘‘T-shaped’’ 14-electron

rhodium phosphine complex, [Rh(PiPr3)3][BArF4] [1, ArF =

3,5-C6H4(CF3)2], that contains an unusual b-CH agostic inter-

action from the isopropyl phosphine ligand and undergoes

intramolecular dehydrogenation. We also demonstrate, using

computational methods, that the b-agostic interaction in 1 is

important in defining the ultimate product of the reaction:

dehydrogenation (C–H activation/b-elimination5–7) versus

metallacyclobutane formation (C–H activation only8,9) which

arises from an alternative g-agostic interaction.

Reaction of [Rh(BINOR-S)(PiPr3)][BArF4] (2)10 with 2

equivalents of PiPr3 in C6H5F solution results in reductive

elimination of BINOR-S and the formation of 1 in quantitative

yield by NMR spectroscopy. Alternatively, 1 can be formed by

the addition of PiPr3 to [Rh(C6H5F)(P
iPr3)2][BArF4] (3) in

C6H5F (Scheme 2). Complex 1 is highly fluxional in solution

at room temperature, displaying one phosphine environment

by 31P NMR spectroscopy which shows coupling to 103Rh

(d 47.1, d, JRhP = 173 Hz). This fluxional behaviour is not frozen

out, even upon cooling to 200 K, where the 31P{1H} NMR

spectrum shows a very broad signal. The 1H NMR spectrum

shows a featureless hydride region at all temperatures. In the

solid statez (Fig. 1) the structure displays a distorted square

planar geometry in which a b-CH agostic interaction from an

isopropyl group occupies the fourth coordination site, show-

ing a relatively short Rh1–C1a distance [2.494(12) Å, located

Rh1–H1a 1.91(9) Å]11 and an acute Rh1–P1–C1a angle

Scheme 1

Scheme 2

Fig. 1 Complex 1; ellipsoids are depicted at the 50% probability

level. The anion, most H atoms and minor component (4) are omitted

for clarity. Key bond lengths (Å) and angles (1): Rh1–P1, 2.249(2);

Rh1–P2, 2.395(2); Rh1–P3, 2.268(2); P1–Rh1–P2, 149.91(6);

P1–Rh1–P3, 104.24(6); P2–Rh1–P3, 105.47(6); Rh1–C1a, 2.494(12);

Rh1–H1a, 1.91(9); Rh1–P1–C1a, 73.8(4); C1a–C2a, 1.540(13);

C1a–C3a, 1.540(13).
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[73.8(4)1]. The RhP3 core is planar [sum of angles 359.6(1)1].

Complex 1 is a rare example of a formally 14-electron late-

transition metal complex,9–13 and is closely related to

[Rh(PPh3)3][ClO4]
13 and Rh(tBu2PCH2P

tBu2)(CH2Me3).
12a

Isopropyl phosphine groups have been shown to coordinate

through g-agostic interactions,9,10,14 but as far as we are aware
1 is the first structurally characterised example of a b-agostic
interaction with this ligand motif. Given the fluxional beha-

viour of 1, even at 200 K, we have not been able to determine

experimentally whether this interaction dominates in solution,

or rapidly interconverting b- or g-interactions are present. We

did not observe a clear C–H stretch in the IR spectrum that

could be assigned to the agostic C–H bond.

Complex 1 spontaneously,6,16 but slowly (t1/2 B 1.5 h),

undergoes dehydrogenation of one of the isopropyl substi-

tuents in solution at room temperature (C6H5F solvent).

This results in the generation of an equilibrium mixture of

[Rh(PiPr3)2(Z
3-PiPr2(C3H5))][BAr

F
4] (4) and [RhH2(P

iPr3)3][BAr
F
4]

(5)—see ESIw for full details including a solid-state struc-

ture—the latter of which arises from reaction of 1 with

liberated H2 (1:4:5 = 1.0:0.95:0.35) (Scheme 3). 5 is closely

related to previously reported [IrH2(P
iPr2Ph)3][BArF4].

15 Due

to this process and the structural similarity of 4, isolation of

1 by crystallisation at low temperature occurs concomitant

with small amounts of 4 (1:4 B 4:1 on the basis of integrals in

the 1H NMR spectrum and X-ray diffraction). The dehydro-

genation/hydrogenation equilibrium in solution is shifted

towards 4 by successive removal of hydrogen through freeze–

vacuum–thaw cycles, while addition of the hydrogen acceptor

t-butylethene (tbe) results in the clean formation of 4 (86%

isolated yield). Addition of H2 to 1 or 4 rapidly generates 5,

the latter presumably via 1, showing that the dehydrogenation is

reversible. In CH2Cl2 or THF dehydrogenation of 1 also occurs

alongside decomposition to unidentified products.

The solid-statez structure of isolated 4 is shown in Fig. 2 and

confirms dehydrogenation of one of the isopropyl groups to

form an Z3-coordinated vinyl phosphine. The rhodium has an

approximately square planar geometry, and the featureless

high-field region of the 1H NMR spectrum of 4 (200 K)

supports the lack of a hydride ligand. The molecular geometry

and structural metrics of the Z3-ligand are similar to those

reported previously for vinyl phosphines.6,7

Mechanistically, phosphine dissociation during the dehydro-

genation reaction is discounted as no inhibition is observed in

the presence of excess phosphine (10 equivalents), while no

dehydrogenation is observed for 3 in C6H5F. These observa-

tions suggest successive C–H activation and b-elimination in

1 followed by loss of dihydrogen (Scheme 1). Two questions

thus arise: does C–H activation occur at the b or g position, and
how does this affect the ultimate outcome of the reaction

(dehydrogenation versus cyclometallation)?

To address these issues we have employed density functional

theory calculations17 to study the reactivity of the model

cation, [Rh(PH2
iPr)(PH3)2]

+, 10. Three forms of 10 were

located, 10b and 10c, with b- and g-CH agostic interactions,

respectively (Fig. 3), as well as an anagostic form, 10an. For the

simple model system 10c is more stable than 10b, reflecting the

lesser degree of strain associated with the five-membered

Rh–P–C–C–H ring in this case. Although this is contrary to

what is observed in the solid-state structure our model does

not take into account the effects of ligand bulk which can play

a significant role in determining the nature of an agostic

interaction.15 In addition solid-state packing effects may play

a role in favouring one agostic form over the other. 10b and 10c
are linked via 10an (E = 2.9 kcal mol�1), the highest point

along this pathway being loss of the b-CH agostic via a TS at

5.9 kcal mol�1. 10an corresponds to a very shallow minimum

and forms 10c with a negligible barrier (not shown in Fig. 3).

The low overall activation energies for interconversion

between 10b and 10c are consistent with the highly fluxional

behaviour observed in the NMR spectra of 1.

C–H activation TS structures were located from both 10b and

10c and the computed activation barriers of 11.9 kcal mol�1

and 11.5 kcal mol�1, respectively, indicate that these

processes are equally accessible. C–H activation is also

endothermic and should be reversible. Importantly, the

accessibility of the initial C–H activation does not depend

significantly on the nature of the CH agostic bond present in

the reactant.

In contrast, b-H-transfer in the C–H activated species 60b
and 60c depends markedly on which intermediate is involved.

Scheme 3

Fig. 2 Complex 4; ellipsoids are depicted at the 50% probability

level, the anion and most H atoms have been omitted for clarity. Key

bond lengths (Å) and angles (1): Rh1–P1, 2.291(2); Rh1–P2, 2.395(2);

Rh1–P3, 2.347(2); P1–Rh1–P2, 153.93(6); P1–Rh1–P3, 99.10(6);

P2–Rh1–P3, 106.63(5); Rh1–C1, 2.183(6); Rh1–C2, 2.240(6);

Rh1–P1–C1, 63.6(2); C1–C2, 1.399(8); C1–C3, 1.489(8).

Fig. 3 Reaction profiles (kcal mol�1) for C–H activation in 10b and 10c.
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For metallacyclophosphabutane 60c, we were unable to locate

a TS for b-H-transfer to Rh. Scans based on the Rh-bH
distance led to a steady increase in energy to over 30 kcal

mol�1 above 60c. TS structures were located but these were

shown to be for a Rh-assisted 1,2 H shift resulting in isomeri-

sation to 60b (E = +31.1 kcal mol�1, see ESIw). For 60b,
however, a number of low energy b-H-transfer pathways were

characterised, two of which are shown in Fig. 4. In order to

complete the dehydrogenation process a cis-dihydride must be

formed upon b-H-transfer so that H2 reductive elimina-

tion can be accessed. In Pathway 1 this is achieved by

initial b-H-transfer from 60b to form trans-dihydride 70trans,

(E = +16.7 kcal mol�1) followed by isomerisation to 70cis.

The cis–trans isomerisation TS is the highest point along

Pathway 1 (E = +25.2 kcal mol�1) and corresponds to a

barrier of 19.6 kcal mol�1 relative to 10b. Alternatively,

isomerisation of square-pyramidal 60b (where H is apical)

occurs prior to b-H-transfer. The lowest energy mechanism

of this type, Pathway 2, proceeds via a PH3 apical isomer

(60b(PH3), E = +8.9 kcal mol�1) from which b-H-transfer

leads to 70cis. The isomerisation TS is the highest point along

Pathway 2 (E = +14.3 kcal mol�1) equating to a barrier of

only 8.7 kcal mol�1 relative to 10b. A second isomerisation/

b-H-transfer route via isomer 60b(PH3) (with {PH2} apical)

was also defined, Pathway 3. This was energetically intermedi-

ate with regard to Pathways 1 and 2 with an overall barrier of

13.4 kcal mol�1, the highest TS being for b-H-transfer at

+19.0 kcal mol�1. Full details are given in the ESIw.
To complete the dehydrogenation, reductive elimination of

H2 from 70cis is required and a TS for this process was located

at +15.1 kcal mol�1. For Pathway 2 this is the highest point

in the overall process, although for Pathways 1 and 3 this

occurs earlier in the profile (either cis–trans isomerisation or

b-H-transfer, respectively). The model products, 40 + H2,

have a computed relative energy of +9.0 kcal mol�1, although

the entropy associated with H2 dissociation means that the free

energy of the products is only +2.9 kcal mol�1 above 10b,
consistent with the reversibility of the dehydrogenation.

In conclusion we report a ‘‘14-electron’’ T-shaped Rh(I)

complex with a supporting b-agostic interaction from an

isopropyl phosphine that spontaneously undergoes dehydro-

genation (C–H activation followed by b-H-transfer). Calcula-

tions show that while both g- and b-agostic interactions can

undergo reversible C–H activation to give metallacycle inter-

mediates, subsequent H-transfer is only accessible when ori-

ginating from the b-agostic form. Therefore only the product

of C–H activation at the b-position can lead to productive

dehydrogenation.
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