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Thioether, Dinitrogen, and Olefin Complexes of (PNP)Rh: Kinetics
and Thermodynamics of Exchange and Oxidative Addition
Reactions
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A variety of (PNP)RR-L complexes (where L= organic sulfide or sulfoxide, dinitrogen, dert-
butylethylene) have been synthesized by trapping transient (PNR)Rh 6itu. Equilibrium studies
established the relative affinity of the (PNP)Rh fragmeb)tfor various L in the following order (of
decreasing affinity): P8O > SBU-, > SPhMe> dibenzothiophene SPh > benzothiophene SPf,
> thiophenex~ SBUMe > SBW, ~ H,C=CHCMe; > SBU,. Dinitrogen reacted witi to yield a mixture
of terminal and bridging B complexes and was found to bind more strongly than,SReaction of
(PNP)Rh(SPs) (10) with PhHal led to the corresponding oxidative addition products (PNP)Rh(Ph)(Hal)
(Hal = ClI, 18g Hal = Br, 18b; Hal = I, 18¢). The relative rates of oxidative addition of PhHal10
were found to be in the order PRl PhBr > PhCI. Kinetic studies of the reaction &0 with PhBr were
consistent with the reaction proceeding via reversible dissociation &f ®towed by irreversible addition
of PhBr. Evidence for a similar dissociative mechanism for the conversid® t§ (PNP)Rh(S(O)PH
in a ligand exchange reaction was also discovered. Solid-state structures of [(PNR)R{1]98 and
(PNP)Rh(HC=CHCMse;) (21) were determined using X-ray crystallography. Approximately square-

planar geometry about Rh was registered.

Introduction

Oxidative addition (OA) of aryl halides to complexes of

zerovalent Pd and other group 10 metals has received a greal

deal of attention, due to the importance of the OA step in the
rich catalytic coupling chemistr%2 The analogous Rh-catalyzed
coupling chemistry of aryl halides is only beginning to emefrge,
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and examples of well-defined OA of aryl halides to Rh are
rare>~8 Recently, we reported that a rigid PNP pincer lighttd
iupports a system where reactions of oxidative addition (OA)
f aryl halides to Rhand C-C reductive elimination from Rh
can be studied in a well-defined fashion (Schemé!apur
experiments demonstrated critical importance of the generation
of unobservet? unsaturated (PNP)RHL), which rapidly un-
dergoes OA reactions with aryl halid&s.
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In our previous report, we used~C reductive elimination
from (PNP)Rh(Ph)(Me)2) or (PNP)RhPh(3) to generatd. in
situ2This is not entirely convenient for the following reasons.
Complexes2/3 are not stable enough to be isolated and thus
only afford the in situ approach to the generatiorilofrhe in
situ production ofl by the path outlined in Scheme 1 requires
the utilization of a methyl- or phenyllithium or Grignard reagent,
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allowed synthesis 011-15. Compoundl6 was prepared by
reacting10 with Ph,SO. Compound®, 8—12, and 16 were
isolated as air-sensitive orange solids. Compouhdad 13—

15 were not isolated and were only characterized by solution
NMR methods in situ. In all of these methods, the (PNP)Rh
intermediate is presumably generated and then captured by L.
After all, we have previously shown that—<C elimination
generatesl,’13 and dehydrochlorination has been used to
generate (PCP)Rh and (PCP)Ir fragments in ¥if3. The
mechanism of the ligand exchange at (PNP)Rh will be discussed
later in this Article.

All of the compounds6—16 displayed time-average@;,
symmetry by NMR at ambient temperatdfélhis is the highest
possible symmetry for a PNP complex. A single douBlet
{*H} resonance'(rn-p = 133—148 Hz) was observed for each
compound in thé 36—48 ppm region. The high symmetry even
for complexes of unsymmetrical sulfides implies fast rotation
about the RR-S bond and also fast inversion at'9R data are
often used to distinguish between the O-bound and the S-bound
modes in sulfoxide complexé8ln the case ofl6, the IR data
were ambiguous because of overlapping bands in the region of
interest. It seems most likely, however, that,®0 in 16 is
bound through the sulfur because of the perceived better soft
soft match with an electron-rich Rbenter. Indeed? O-bound
sulfoxide complexes of Rinave only been encountered in cases
where (a) O-binding is enforced by a chefiter (b) the
complex is cationi@!

We also propose coordination through sulfur for compounds
13—15. Coordination via ther-system would lead to more
upfield 13C resonances of the aromatic system (as compared to
free thiophene (T), benzothiophene (BT), or dibenzothiophene

(13) We have not observed the putative (PNP)RhMehe reactions of
4 with MeMgCl, although ethane and, ostensibly, (PNP)Rh are produced.
We speculate that MeMgCIl may preferentially attack the Me group of
via a direct §2 mechanism. Similarly, while PhLi reacts wigtto produce
detectable quantities & the amount of the toluene coupling product (ca.
50%) formed in the time of mixing<{10 min) is inconsistent with the
knowntla and relatively slow rate of €C elimination from2. Sy2 attack

and thus normally would take place in the presence of the of PhLion4is also plausible.

solvent®in which the RLi or RMgX is available, not to mention
the possible excess of the reagent. We sought to adciesa
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appeared sensible and straightforward. The requirements for L

in Scheme 2 can be outlined as follows: (1) L must form a
complex that is isolable; (2) L should not bind to Rh too strongly
so that dissociation of L (and thus accessl}ds kinetically

retarded; (3) OA of the substrate (e.g., aryl halide) must be

thermodynamically favorable over coordination of L; (4) L must
not be reactive with the products of reactiond efith substrates

(e.g., aryl halides); and (5) L must be easily removable upon
workup. In the present work, we concentrate on thioethers and
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Results and Discussion

Synthesis of (PNP)Rh(SRR') Complexes 6-15 and of
(PNP)RNh(S(O)Ph) (16). Several different routes were used to
prepare (PNP)Rh(L) complexes (Scheme 3). Addition of PhLi
to (PNP)Rh(Me)(CI) 4) in the presence of excess of L cleanly
produced compoundé—9 in <24 h at 22°C. Analogously,
addition of MeMgCl to4 in the presence of excess of L was
used to synthesizE0. Dehydrochlorination of (PNP)Rh(H)(CI)
(5) with NaOBU in the presence of L also served well and

Chem.1984 32, 1.
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R.; Shimon, L. J. W.; Rozenberg, H.; Milstein, Bur. J. Inorg. Chem
2002 1827.
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(DBT), Scheme 3%? This was not observed for compourid-
15; on the contrary, a downfield shift (relative to free T, BT,
DBT) was observed for the-C of the coordinated thiophene.

These data are consistent with those for other S-bound thiophenes

reported in the literaturé®

Reversible C-S Oxidative Addition. Thermolysis of a pure
sample o (or of 10 with SPh) at 65°C for 18 h generated a
1:1 mixture of Rh complex9 and the RH C—S oxidative
addition productL7 (Scheme 4)17 was prepared independently
(at ambient temperature) from (PNP)Rh(Ph)(Bi3lf), PhSH,
and NaOBU Thermolysis ofl7 (65°C, 18 h) also led to a 1:1
mixture of9 and17. In contrast, no evidence for the formation
of C—S oxidative addition products was observed in any of the
experiments involving thermolysis &

The identity of17 was deduced on the basis of the solution
NMR data. The following distinct NMR features associated with
the Rh-bound Ph group id7 are similar to the analogous
features of the previously characterized (PNP)Rh(Ph)@@3)(
(PNP)Rh(Ph)(Br)18h), and (PNP)Rh(Ph)(1)180).112The 13C-

Gatard et al.
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step in the thiolation of aryl halide8.The example of/17
presented here is unusual in that the thermodynamics are
perfectly balanced and the kinetic barrier is modest so that
observation of both forms in equilibrium is possible.
Synthesis of Dinitrogen ComplexesMixing 4 with MeMgCl
under an N atmosphere in PhF resulted in the formation of a
single product [(PNP)RB]u-N2) (198 after 10 min at room
temperaturel9acould be isolated in the pure form. Undes,N
19a slowly establishes an equilibrium with the terminal dini-
trogen complex 9b. Thus, thermolysis of a pure samplel&a
under N (3 d, 65°C) in GsDgin a J. Young NMR tube resulted
in conversion to a 5:95 mixture df9a19b (NMR evidence).
Removing the overhead Nyas and allowing the solution to
stand fo 3 d under argon increased the ratio in favoll®&ato

H,C=CHCMe;

{H} resonance of the Rh-bound carbon of the Ph group displays50:50. In contrast, thermolysis (6%, 1 d) of19aunder argon

telltale coupling to both Rh and the two phosphorus nudei (
140.5 ppm, doublet of tripletsgp-c = 38 Hz,Jp-c = 9 Hz).
Because of the slow rotation about the-Rb bond, the Rh-
bound Ph group il7 gives rise to (a) fivéH resonances, four
of them broad (slow exchange of theho- andmetapositions,
resolved at—50 °C) and one a sharp triplep&ra-CH) at 22
°C; and (b) five®3C NMR resonances besides the Rh-bound
ipso-C (vide supra), four of which are broad. One of the four
resonances of th®r CH; groups of the PNP ligand is shifted
characteristically upfield to ca. 0.4 ppm in thé NMR spectrum
(presumably, this is due to the selective influence of the ring
current effect of the RhPh group on a specific pair of Me
groups). Unliked, which is orangel7is green, similar in color
to 18a/b.

Cleavage of €S bonds in various thiophenes by 'Rh

did not lead to any change in the composition of the solution.

These results are consistent with the assigned identity9af

as the bridging B complex (N-poor) and19b as the terminal

N2 complex (N-rich). The structure ofl9a was investigated

by an X-ray diffraction study in the solid state (vide infra).
Both 19a and 19b displayed maximal symmetry in the

ambient-temperature NMR spectf@y{ for each PNP fragment).

The3P NMR chemical shifts fol9aand19bwere very similar

as were the correspondifdgrn-p values (93 6 51.1,%3Jrn-p =

139 Hz;19b, 6 52.4,%Jrn-p = 137 Hz). The similarities in these

data and the apparent small difference in free energies are

reminiscent of the analogous bridging and terminal (PCP)Rh

complexes described by Milstein et @&20@20b, Scheme 5%8

Similar interconversion between bridging and terminal dinitro-

gen PCP complexes of iridium has also been stuéfied.

complexes has been studied by Jones et al. in the context of Synthesis of (PNP)Rh(HC=CHBU") (21). Complex21was

homogeneous models for hydrodesulfurizaébWe saw no
evidence of C-S OA with T, BT, or DBT in the present study.
On the other hand, €S reductive elimination is a requisite

(22) Rao, K. M.; Day, C. L.; Jacobson, R. A.; Angelici, R.ldorg.
Chem 1991, 30, 5046.

(23) (a) Benson, J. W.; Angelici, R. @rganometallics1992 11, 922.
(b) Hachgenei, J. W.; Angelici, R. @rganometallics1989 8, 14. (c) Choi,
M.-G.; Angelici, R., J.J. Am. Chem. S0d.989 111, 8754. (d) Goodrich,
J. D.; Nickias, P. N.; Selegue, J. Fhorg. Chem.1987, 26, 3424. (e)
Paneque, M.; Poveda, M. L.; Salazar, V.; Taboada, S.; Carmona, E.;
Gutierrez-Puebla, E.; Monge, A.; Ruiz, Organometallics1999 18, 139.

(24) (a) Maresca, O.; Maseras, F.; Lledos,Mew J. Chem2004 28,
625. (b) Myers, A. W.; Jones, W. DDrganometallics1996 15, 2905. (c)
Dong, L.; Duckett, S. B.; Ohman, K. F.; Jones, W.DAm. Chem. Soc
1992 114, 151. (d) Jones, W. D.; Dong, U. Am. Chem. Sod 991, 113
559.

prepared analogously to the synthesislOfby treatment o#
with MeMgCl in the presence of #£=CHCMe; (Scheme 6).
The product was isolated in 62% yield upon work@pdisplays
C; symmetry in its NMR spectra. The two inequivaleiP
nuclei form an AB system with a coupling constadgg= 328
Hz) characteristic ofrans-disposed phosphines. The olefinic
resonances of the coordinatedG+CHCMe; appear at 4.43,

(25) (a) Kondo, T.; Mitsudo, TChem. Re. 2000 100 3205. (b)
Fernandez-Rodriguez, M. A.; Shen, Q.; Hartwig, JJFAm. Chem. Soc
2006 128 2180 and references within.

(26) Cohen, R.; Rybtchinski, B.; Gandelman, M.; Rozenberg, H.; Martin,
J. M. L.; Milstein, D.J. Am. Chem. So2003 125, 6532.

(27) (a) Ghosh, R.; Kanzelberger, M.; Emge, T. J.; Hall, G. S.; Goldman,
A. S.Organometallic006 25, 5668. (b) Lee, D. W.; Kaska, W. C.; Jensen,
C. M. Organometallics1998 17, 1.
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Scheme 7
[RhF—L + L' [Rh]—L' + L
Table 1
no. L L' K
1 SPf, SBu, <104
2 SPh, CH;=CHCMe3 0.2(1)
3 SPh, SBuMe 0.4(1)
4 SPH; T 0.4(1)
5 SPf, BT 3(1)
6 SPkh SPh 10(2)
7 SPk, DBT 33(5)
8 SPf, SPhMe 48(10)
9 SPk, SBu, 63(5)
10 SPh S(O)Ph 400(100)
11 SPhMe Bu, 0.004(1)

Figure 1. ORTEP drawing’ (80% probability ellipsoids) ofl9a
showing selected atom labeling. Hydrogen atoms and all methyl
groups are omitted for clarity. Selected bond distances (A) and
angles (deg) follow: N2N3, 1.1191(17); RhtN2, 1.9035(12);
Rh1-N1, 2.0358(12); RhtP1, 2.2818(4); RhtP2, 2.2808(4);
Rh1-N2—N3, 178.16(12); PXRh1-N2, 82.18(4); P2Rh1-N2,
81.98(4); Nt-Rh1-N2, 179.52(5); P£Rh1-P2, 163.623(14).

Figure 2. ORTEP drawing® (50% probability ellipsoids) o1
showing selected atom labeling. Hydrogen atoms and all methyl
groups are omitted for clarity. Selected bond distances (A) and
angles (deg) follow: Rh%C27, 2.132(5); RhtC28, 2.189(5);
Rh1-P1, 2.3220(19); RhtP2, 2.2964(14); RhiN1, 2.062(4);
C27-Rh1-C28, 36.7(2); C2#Rh1-P1, 97.64(16); C28Rh1—

P1, 110.42(14); C27Rh1-P2, 96.65(15); C28Rh1-P2, 92.72-
(14); PE-Rh1-P2, 155.64(5); C27Rh1-N1, 161.04(17); C28
Rh1-N1, 160.64(17); P£Rh1-N1, 80.69(11); P2Rh1-N1,
79.40(11).

2.88, and 2.78 ppm in thid NMR spectrum, within a typical
region for olefin complexes.

Structures of 19a and 21.Structures ofl9a and 21 were
determined in the course of X-ray diffraction studies on

appropriate single crystals (Figures 1 and 2). In both compounds,
the environment about all Rh centers is approximately square

planar, with deviations primarily attributable to the geometric

constraints of the PNP ligands. The metrics relating to the PNP

ligands in these compounds are unremarkable. TheNRRirogen
distance in19aof 1.9035(12) A is markedly shorter than the
corresponding distance in the closely rela2€a25 presumably

a reflection of a weaketrans-influence of the amido ligand in
19aas compared to the aryl ligand 20a Despite the greater
proximity of the N, ligand to Rh in19a the N—N distance in
19aof 1.1191(17) A is only slightly longer than that 20a
(1.108(3) A)26 These distances are close to the Nl distance

(28) For reviews on the chemistry of dinitrogen complexes, see the
following: (a) MacKay, B. A.; Fryzuk, M. DChem. Re. 2004 104, 385.
(b) Shaver, M. P.; Fryzuk, M. DAdv. Synth. Catal2003 345, 1061. (c)
Fryzuk, M. D.; Johnson, S. ACoord. Chem. Re 200Q 200-202 379.

in free N, signifying only modest back-donation into th-
orbitals of the dinitrogen liganéf

The two Rh-C distances i1 are different, with the distance
to the carbon bearing @rt-butyl substituent being greater by
ca. 0.05 A (likely for steric reasons). The—C distance of
1.360(7) A in the coordinated olefin is indicative of modest
back-donation into ther*-orbital of H,C=CHBU. This C-C
distance is at the lower end of the range for olefin complexes,
similar to other Rholefin complexes?

Equilibrium Studies. To determine the comparative ther-
modynamic affinity of the (PNP)Rh fragment)(for various
ligands, we measured equilibrium constark} for a series of
ligand exchange reactions. Equilibrium constants were measured
for the reactions generically depicted in Scheme 7. To establish
equilibrium, the solutions of reactants i@ were heated in
a J. Young tube by placing them into an oil bath at’65until
the observed ratios ceased to change. The concentrations were
measured using NMR after cooling of the sample. Because the
reactions do not involve a change in the number of particles,
we assume that th&Sy, values are negligible and and therefore
s0 iISAG; thus the relative order of the valueskfhould be
independent of temperature. Three experiments with different
starting ratios of reactants were performed for each determina-
tion of K. No decomposition was detected by NMR. The results
are presented in Table 1.

The equilibrium constant for a reaction &6 with N, was
not measured because of the uncertainty in thedhcentra-
tion.31 However, addition of 1 atm of N(ca. 100umol) to a J.
Young tube containing a solution of 31 mmol B®in 0.7 mL
of C¢Ds and subsequent thermolysis in a closed tube®(®51
d) led to the formation of predominantiyoa/19b. Because the
concentration of B in CgDg would be rather small, this is
indicative of greater affinity of (PNP)Rh toward:;Xor toward
N=N-—Rh(PNP) for the case df9a) than for SP.

For bis(hydrocarbyl) sulfides, the trend that emerged from
our studies indicated that steric considerations played a primary
role in the relative strength of binding of various L to (PNP)-
Rh. Increasing the size of the substituents on S (be that alkyl
or aryl) led to weaker binding?33 Di-tert-butylsulfide was by
far the most weakly binding L. Accurate equilibrium constant

(29) (a) ORTEP plots were created using Ortep-3 for Windows. Farugia,
L. J. Appl. Crystallogr.1997, 30, 565. (b) 3D-rendering was done using
Persistence of Vision Ray Tracer (POV-Ray), available at http://www-
.povray.org/.

(30) Cohen, S. A.; Auburn, P. A.; Bercaw, J.EAmM. Chem. Sod983
105 1136.

(31) For treatment of plconcentration for equilibrium constant calcula-
tion, see ref 27a (Goldman) and references within.

(32) For discussion of steric effects in dialkylsulfides, see: (a) Shi, T.;
Elding, L. I. Inorg. Chem 1996 35, 5941. (b) Tracey, A. A,; Eriks, K.;
Prock, A.; Giering, W. POrganometallics199Q 9, 1399.
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Figure 3. (A) Pseudo first-order decay a0 in the presence of four concentrations of '$f0.22-0.88 M). (B) Pseudo first-order decay
of 10 in the presence of four concentrations of PhBr (6:288 M). (C) Inverse dependence lof,s on the concentration of SRr(D)
Positive dependence &§,s on the concentration of PhBr.

determination in a reaction involving SPversus SB& was Scheme 8

not possible due to overlap of resonances in the NMR spectra. I;L PhB /Ph

This equilibrium constant was estimated at ca. 0.2 (favoring [Rh]—L —_— [Rh] L [Rh]{

binding of SP%) from the data in lines 8 and 11 of Table 1. 10 ki q k2 48b Br
For the thiophenic ligands T, BT, and DBT, an opposite trend L=SPr, *L

was observed. DBT was found to bind more strongly than BT,

which in turn was found to bind more strongly than T. A similar An{10]) = opeat

trend has been previously report&d°Binding of the metal to o NikelPhEM Akl 1

S in a thiophene presumably disrupts the aromaticity of the five- P57 KL+ koPhBI]  kops  kiko[PhBIl kg
membered cycle. This becomes less of a loss for the fused BT

and DBT, and so DBT binds most strongly despite being the

largest of the threé! Ph
. Dlphenylsglfomde was four!d to bind most strongly of all L"Pd—L" L L"Pd PhCl L"Pd/
igands studied. Specifically, it displayedkaof an order of 22 "+|_.. 23 24 0|
magnitude higher than the corresponding sulfideSPlert- L"=Qphos  Hartwig et al., 2005

Butylethylene was found to bind comparably to the moderately

bulk_y di_alkylsulfid_es._ . to aryl halides. The generic mechanistic situation in our case is

Kinetics of Oxidative Addition of PhHal to 10. As we fully analogous to the oxidative addition of aryl halides to (Q-
expected,10 cleanly reacted with aryl halides to produce the phos)-P&(Q-phos) 22) investigated in detail by Barrios-
C-Hal oxidative addition products with release of free'SPr | oo 4eros and Hartwig in 2005 (Schemes8).

We were interested in the mechanism of this transformation
and set out to investigate it by means of kinetic studies.
Particularly, the issue in question is whether addition of aryl both [PhBr] and [SPs] under pseudo first-order conditions.

halide occurs prior to, in concert with, or following the o . I .
; o X o . ' ; Kinetic data were obtained by monitoring the disappearance of
dissociation of SPs. Oxidative addition of alkyl halides to four- 10by 3P NMR in GiDs at 65°C. In the first set of experiments

coordinate 8metal centers via an (associativg23nechanism . . .

is well-documented® However this( mechanism is not available (Figure 3A), the concentration of PhBr was kept approximately
’ ’ constant (0.22 M) while the concentration of SRvas varied

(0.22-0.88 M). In the second set of experiments (Figure 3B),

To gain insight into the mechanism, we investigated the
kinetics of oxidative addition of PhBr t@0 as a function of

(33) For a general discussion of cone angles, see: (a) Tolman, L. A.

Am. Chem. S0d97 92, 2956. (b) Tolman, C. AChem. Re. 1977, 77, the concentration of SBrwas kept constant (0.88 M) while
313. (c) Bunten, K. A;; Chen, L.; Fernandez, A. L.;’PAeJ.Coord. Chem. varying the concentration of PhBr (0.2R2.88 M). The plots
Rev. 2002 233-234 AL of In[10] versus time were linear over 3 half-lives. Figure 3C

(34) Harris, S.Organometallics1994 13, 2628.

(35) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RR@ciples
and Applications of Organotransition Metal Chemistdniversity Science (36) Barrios-Landeros, F.; Hartwig, J. F. Am. Chem. So@005 127,
Books: Mill Valley, CA, 1987; p 306. 6944.
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clearly shows that the observed pseudo first-order rate constant

(ko9 is inversely proportional to the concentration of SR®n

the other hand, Figure 3D clearly shows the linear dependence

of 1/kops ON the concentration of 1/[PhBr], indicating positive
dependence of the reaction rate on [PhBr].

The combination of positive dependence on [PhBr] and
inverse dependence on [SPis only consistent with a mech-
anism that involves reversible dissociation of ‘sFollowed
by irreversible addition of PhBr (Scheme 38)in other words,
dissociation of SPyproduces (PNP)RHY, which subsequently
can either re-coordinate SPor undergo addition of PhBr.
Importantly, addition of PhBr occurs only after loss of SPr
This reaction follows (qualitatively) the same rate law as the
addition of PhCI ta22.36 However, in the latter study, addition
of PhBr was faster, and the reaction did not display inverse

Organometallics, Vol. 26, No. 25, B0@T

Scheme 9
-SPriz
. Ph,SO
[Rh]—SPr, === [Rh] —%== [Rh]—=S(O)Ph;
10 +SPr', 1 16

do not allow one to paint a definitive mechanistic picture, they
are consistent with the displacement of ‘sir 10 by PhSO

to give 16 proceeding similarly to OA of PhBr (Scheme 8),
that is, reversible dissociation of $SPfollowed by effectively
irreversible coordination of BBO (Scheme 9). It seems likely
that these findings might apply to other ligands in this study.

Summary

We have prepared a series of complexes (PNP)Rh(L) where

dependence on [Q-phos] and thus followed an apparently | js an organic sulfide, dinitrogen, or an olefin. The relative
different rate law. However, that still can be construed as the affinity of (PNP)Rh () for various organic sulfides is guided
same mechanism as the difference amounts simply to the muchprimarily by steric factors. On the other hand, the affinity for

greaterk, for PhBr. The addition of Phl t@2 was reported to
proceed even faster and by an associative mech&fidre.have
not performed scrupulous kinetic studies for aryl halides other

(PNP)Rh () increases in the following series thiophere
benzothiophene< dibenzothiophene, which is ascribed to
electronic effects. (PNP)Rh(SPh(9) exists in observable

than PhBr, but we have determined that, qualitatively, the rate equilibrium with its G-S oxidative addition form (PNP)Rh-

of oxidative addition increases in the series PRCPhBr <
Phl. For instance, in reactions d0 with 3 equiv of Phl, PhBr,
or PhCl at 65°C in GsDs, the conversions to the corresponding
OA products after 1 h, as measured®p{H} NMR, were as
follows: (18¢ 95%) > (18b, 85%) > (18a 45%).

Oxidative Addition of PhBr to 10, 19a/b, and 21.The
activation energy for dissociation of L from (PNP)Rh(L) can
be roughly equated to the Rit. bond dissociation energi.In

(Ph)(SPh) 17) at 65°C. The (PNP)Rh(L) complexes generate
the fleeting (PNP)Rh specidsn situ via dissociation of L and
serve well as synthons fdrin oxidative addition reactions with
aryl halides. The reaction of (PNP)Rh($P(10) with PhBr
was determined to proceed via reversible dissociation o SPr
followed by irreversible addition of PhBr. Displacement of 'sPr
in 10 with PhSO to give (PNP)Rh(RSO) (16) proceeds by
an analogous mechanism.

essence, we have measured the differences among the latter in

our equilibrium studies (vide supra). If we assume the same

mechanism for OA reactions of various (PNP)Rh(L) with, for

Experimental Section

instance, PhBr, then the rate of the reaction should increase with General Considerations.Unless specified otherwise, all ma-

decreasing strength of binding of L. Toward this end, we used
31Pp NMR to monitor the reactions of PhBr witlD, 19a/b, and
21 at 65°C in CsDs. The relative rates for the OA reaction

nipulations were performed under an argon atmosphere using
standard Schlenk line or glovebox techniques. Toluene, ethyl ether,
THF, pentane, and isooctane were dried and deoxygenated (by

were as follows, based on the observed conversions after 40PUrging) using a solvent purification systétby MBraun and stored

min: 21 (95%) > 10 (85%) > 19ab (4%). These results are

consistent with the relative affinities of (PNP)Rh for the three

ligands (vide supra) in the order,&=CHBU < SPi, < N,.
Kinetics of the Conversion of 10 to 16.To investigate

whether ligand exchange in (PNP)Rh(L) systems occurs by a

mechanism similar to that of OA of PhBr, we set out to probe
the dependence of the rate of conversionl6fto 16 as a
function of [SPk] and [PhSO]. We selected this pair of ligands

over molecular sieves in an Ar-filled gloveboxs[% was dried

over and distilled from NaK/PiCO/18-crown-6 and stored over
molecular sieves in an Ar-filled glovebox. Fluorobenzene, chlo-
robenzene, bromobenzene, iodobenzene, ansgCGOvere dried,

then distilled or vacuum transferred from Gakhd stored over
molecular sieves in an Ar-filled glovebox. Liquid dialkyl sulfides
were degassed prior to use and stored over molecular sieves in an
Ar-filled glovebox. (PNP)Rh(Me)(CI)4),3° (PNP)Rh(H)(CI) b),3°

and (PNP)Rh(Ph)(Br)@8b)!awere prepared according to modified

primarily because the reaction can be practically considered pyblished procedures. All other chemicals were used as received

irreversible for the purposes of this investigati#h= 400, vide

supra). We observed faster conversiori@an the presence of
higher concentration of [BBO] when [SPp] was kept constant
and, conversely, slower conversion 16 in the presence of
higher concentration of [SBywhen [PRSO] was kept constant.

from commercial vendors. PhLi was uses a 2 M solution in
Bu,O; MeMgCl was used as a 3.1 M solution in THF. NMR spectra
were recorded on a Varian iNova 400H(NMR, 399.755 MHz;
13C NMR, 100.518 MHz;3'P NMR, 161.822 MHz;F NMR,
376.104 MHz) spectrometer. FdH and 13C NMR spectra, the

These experiments qualitatively demonstrate that the rate of theresidual solvent peak was used as an internal referéHiR&MR

forward reaction depends positively on f8I©] and inversely
on [SPh]. No evidence of five-coordinate Ritompounds

spectra were referenced externally using 8599 ®, at O ppm.
Synthesis of (PNP)Rh(SB#) (6). 4(40.0 mg, 0.068 mmol) was

(putative intermediates in an associative exchange pathway) wagreated with 8u, (13 uL, 0.074 mmol) in GDs (0.7 mL) in a J.

detected, including in a separate experiment whkdewvas
treated with 50 equiv of SRBr Although our qualitative findings

(37) There is some debate in the literature pertaining to this approxima-
tion: (a) Zhang, S.; Dobson, G. forg. Chim. Actal991, 181, 103. (b)
Asali, K. J.; Awad, H. H.; Kimbrough, J. F.; Lang, B. C.; Watts, J. M.;
Dobson, G. R.Organometallics1991, 10, 1822. (c¢) Bryndza, H. E;
Domaille, P. J.; Paciello, R. A.; Bercaw, J. Brganometallics1989 8,

379. (d) Klassen, J. K.; Selke, M.; Sorensen, A. A.,; Yang, GJKAm.
Chem. Soc199Q 112, 1267.

Young NMR tube followed by addition of PhLi (364L, 0.074
mmol). After 24 h at ambient temperature, the solution was
evaporated to dryness, and the residue was passed through a plug
of silica gel with E3O as eluent. The resultant ether solution was

(38) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K,
Timmers, F. JOrganometallics1996 15, 1518.

(39) (a) Ozerov, O. V.; Guo, C.; Papkov, V. A.; Foxman, B. MAm.
Chem. Soc2004 126, 4792. (b) Weng, W.; Guo, C.; Moura, C. P.; Yang,
L.; Foxman, B. M.; Ozerov, O. VOrganometallic2005 24, 3487.
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evaporated to dryness to yield an orange solid residue. This residue Synthesis of (PNP)Rh(SPp) (10). 4 (809.0 mg, 1.40 mmol)

was dissolved in EO and placed in the freezeraB5 °C to afford
6 by precipitation. Yield: 18 mg (39%). NMR data férfollow.16
IH NMR (CgDg): 0 7.72 (d, 2H, 8 Hz, Ar-H of PNP), 6.99 (s,
2H, Ar—H of PNP), 6.78 (d, 2H, 8 Hz, ArH of PNP), 2.65 (m,
2H, SMH), 2.48 (m, 4H, SCHEl,), 2.25 (s, 6H, Ar-CH3 of PNP),
2.25 (m, 4H, GiMe,), 1.40 (app. quartet (dvt), 12H, 8 Hz, Gi¢y),
1.34 (d, 6H, 8 Hz, SCHB5;), 1.16 (app. quartet (dvt), 12H, 8 Hz,
CHMe,), 0.85 (m, 6H, SCHCBKCH3). 13C{H} NMR (CgDg¢): 0
163.3 (vt, 10 HzC—N of PNP), 131.2 (sCar of PNP), 131.0 (s,
Car of PNP), 123.2 (vt, 18 HzCx, of PNP), 122.6 (vt, 3 HzCa,
of PNP), 115.6 (vt, 5 HzCa, of PNP), 50.2 (s, 6H), 31.5, 31.4
(two s, SCHCH,), 24.3 (vt, 9 Hz,CH(CHa),), 21.1 (s, SCIKTHS3),
20.7 (s, Ar-CHy), 19.7, 17.4 (two s, CHEH3),), 11.6 (two s,
SCHCHCHj3). 31P{1H} NMR (CgDe): 0 41.0 (d, 146 HzP(Pr),).

N.B.: Commercial Bu, is a 1:1 mixture ofrac- and mese
isomers. Some, but not all, of théiid and3C NMR resonances
are distinguishable. Data for this mixture folloitd NMR (CgDg):

0 2.54 (sextet, 2H, 7 Hz, $4), 1.50 (m, 2H, SCHEHy), 1.40
(m, 2H, SCHCHHy), 1.15 (2 d are overlapping, 6H, 7 Hz,
SCHH3), 0.91 (t, 3H, 8 Hz, SCHCKCH3), 0.90 (t, 3H, 8 Hz,
SCHCHCHg). 3C{*H} NMR (C¢Dg): 0. 40.4 (s, €H), 30.4, 30.3
(two singlets, SCIEH,), 21.5 (two singlets, SCEH3), 11.7, 11.3
(two singlets, SCHCKCH3).

Synthesis of (PNP)Rh(SBY) (7). 4(20.0 mg, 0.034 mmol) was
treated withtert-butyl sulfide (18.5«L, 0.103 mmol) in GD¢ (0.7
mL) in a J. Young NMR tube followed by addition of PhLi (19.0
uL, 0.038 mmol). After 24 h at ambient temperatufeyas observed
by IH and3P{H} NMR and characterized in solution in sittd
NMR (C¢Dg): 6 7.56 (d, 2H, 8 Hz, ArH of PNP), 6.99 (s, 2H,
Ar—H of PNP), 6.73 (d, 2H, 8 Hz, ArH of PNP), 2.33 (m, 4H,
CHMey), 2.23 (s, 6H, Ar-CH; of PNP), 1.51 (app. quartet (dvt),
12H, 8 Hz, CHMey), 1.43 (s, 18H, SC(Bs)s), 1.21 (app. quartet
(dvt), 12H, 8 Hz, CHey). 31P{*H} NMR (CgD¢): 0 36.6 (d, 148
Hz).

Synthesis of (PNP)Rh(SPhMe) (8).This was synthesized
analogously to the preparation ®from 4 (40.0 mg, 0.068 mmol),
PhLi (38 uL, 0.076 mmol), and thioanisole (8L, 0.076 mmol).
Yield: 0.025 g (58%)*H NMR (C¢D¢): 0 7.83 (d, 2H, 9 Hz, Ar-H
of PNP), 7.76 (d, 2H, 8 Hz, Sls), 7.02 (t, 2H, 8 Hz, SgHs),
7.01 (s, 2H, Ar-H of PNP), 6.88 (t, 1H, 8 Hzp-SGHs), 6.80 (d,
2H, 8 Hz, Ar—H of PNP), 2.39 (s, 3H, SE3), 2.23 (s, 6H, Ar-
CH; of PNP), 2.16 (m, 4H, EMe,), 1.22 (app. quartet (dvt), 12H,
8 Hz, CHVey), 1.15 (app. quartet (dvt), 12H, 8 Hz, Gi,). 13C-
{*H} NMR (CgDg): 6 163.6 (vt, 10 HzC—N of PNP), 142.9 (s,
S—i-CgHs), 131.6 (sCar of PNP), 131.1 (sCa; of PNP), 129.1 (s,
SCsHs), 127.3 (s, &€Hs), 126.5 (s, S p-CgHs), 123.1 (vt, 3 Hz,
Car of PNP), 122.8 (vt, 18 HzCxr of PNP), 115.7 (vt, 5 HzCx,
of PNP), 26.8 (t, 4 Hz, SH3), 25.1 (vt, 15 Hz,CH(CHy),), 20.6
(s, Ar—CHgs), 19.3, 18.0 (two singlets, Ci8Hs),). 31P{'H} NMR
(CsDg): 6 43.6 (d, 142 Hz). Anal. Calcd for £gHissNRhRS: C,
59.97; H, 7.26. Found: C, 60.45; H, 7.37.

Synthesis of (PNP)Rh(SP¥) (9). This was synthesized analo-
gously to the preparation @&from 4 (40.0 mg, 0.068 mmol), PhLi
(38.0uL, 0.076 mmol), and diphenyl sulfide (12&., 0.076 mmol).
Yield: 25 mg (51%)H NMR (C¢Dg): 0 7.84 (d, 2H, 9 Hz, Ar-H
of PNP), 7.78 (d, 4H, 8 Hz, S€is), 7.01 (s, 2H, Ar-H of PNP),
6.96 (t, 4H, 8 Hz, &Hs), 6.88 (t, 2H, 8 Hz p-SC¢Hs), 6.80 (d,
2H, 8 Hz, Ar—H of PNP), 2.22 (s, 6H, ArCH3 of PNP), 1.88 (m,
4H, CHMe,), 1.17 (2 app. quartets (dvt) are overlapping, 24H, 8
Hz, CHMe,). 13C{H} NMR (CgDg): 6 163.6 (vt, 10 HzC—N of
PNP), 139.6 (s, Si-CgHs), 131.6 (sCar of PNP), 131.5 (s, GHs),
131.1 (sCar 0f PNP), 129.3 (s, GgHs), 127.3 (s, S'p-CeHs), 123.3
(vt, 18 Hz,Cx, of PNP), 123.3 (vt, 18 HZCa, of PNP), 115.8 (vt,
5 Hz, Car of PNP), 24.9 (vt, 12 HzZCH(CHj3),), 20.6 (s, A-CHy),
19.4, 17.9 (two singlets, Ci@H3),). 3P{*H} NMR (CgDg): 0 43.6
(d, 142 Hz,P(Pr)y).

was treated with SBr(222 L, 1.53 mmol) in fluorobenzene (10
mL) in a Teflon stoppered gastight round-bottom flask. The reaction
mixture was stirred for 10 min at ambient temperature, and MeMgClI
(493 uL, 1.53 mmol) was added. After being stirred for 10 min,
the solution was filtered through Celite, then passed through a short
column of silica, and then filtered through Celite again. The resultant
solution was evaporated to dryness to yield an orange solid residue.
This residue was dissolved in &t and placed in the freezer at
—35 °C to afford 10 by precipitation. Yield: 478 mg (53%}H
NMR (CsDg): 6 7.70 (d, 2H, 9 Hz, Ar-H of PNP), 6.98 (s, 2H,
Ar—H of PNP), 6.77 (d, 2H, 8 Hz, ArH of PNP), 2.64 (septet,
2H, 6 Hz, SGMe,), 2.25 (s, 6H, Ar-CH3 of PNP), 2.25 (m, 4H,
CHMey), 1.37 (app. quartet (dvt), 12H, 8 Hz, Gi,), 1.37 (d,
12H, 6 Hz, SCHe,), 1.17 (app. quartet (dvt), 12H, 8 Hz, Gi,).
BC{*H} NMR (C¢Dg): 0 163.3 (vt, 10 HzC—N of PNP), 131.2

(s, Car of PNP), 130.9 (sCar of PNP), 123.2 (vt, 18 HzCx, of
PNP), 122.5 (vt, 3 HzCa, of PNP), 115.6 (vt, 5 HzCa, of PNP),
44.0 (s, £HMe,), 25.1 (s, SCHCHg),), 24.4 (vt, 15 Hz,CH-
(CHg)), 20.7 (s, Ar-CHg), 19.7, 17.5 (two s, CHEH3),). 31P{1H}
NMR (Ce¢Dg): 6 40.9 (d, 105 Hz). Anal. Calcd for fHss
NRhRS: C, 58.94; H, 8.21. Found: C, 59.15; H, 8.37.

Synthesis of (PNP)Rh(SB) (11). 5(30.0 mg, 0.053 mmol)
was treated with SBY (9.3 uL, 0.053 mmol) in GDg (0.7 mL) in
a J. Young NMR tube followed by N&Bu (7.6 mg, 0.079 mmol).
After 10 min, the solution was treated with water (1.5 mL) and
then evaporated to dryness, and the residue was extracted with ether
and filtered through Celite. The filtrate was evaporated to dryness
to yield an orange solid residue. This residue was triturated three
times with toluene (3« 1 mL) and dried to gived 1 that was>95%
pure by NMR. Yield: 27 mg (90%)H NMR (CgDg): 6 7.78 (d,
2H, 9 Hz, Ar—H of PNP), 7.04 (s, 2H, ArH of PNP), 6.79 (d,
2H, 8 Hz, Ar—H of PNP), 2.47 (t, 4H, 8 Hz, Si,), 2.26 (s, 6H,
Ar—CHs; of PNP), 2.26 (m, 4H, BMe;,), 1.70 (g, 4H, 8 Hz,
SCH,CHy), 1.42 (app. quartet (dvt), 12H, 8 Hz, Gi,), 1.30
(sextet, 4H, 8 Hz, SCKCH,CH,), 1.22 (app. quartet (dvt), 12H, 8
Hz, CHVe,), 0.85 (t, 6H, 8 Hz, SCHCH,CH,CH3). 13C{H} NMR
(CsDe): 0 163.5 (vt, 10 HzC—N of PNP), 131.4 (sCa, of PNP),
131.0 (s,Ca; Of PNP), 123.1 (vt, 18 HzCa, of PNP), 122.8 (vt, 3
Hz, Car of PNP), 115.6 (vt, 5 HzCa, of PNP), 42.9 (s, 6H,),
31.4 (s, SCHCH,), 25.1 (vt, 9 Hz,CH(CHj3),), 22.5 (s, SCH
CH,CHy), 20.6 (s, Ar-CHj3), 19.9, 17.9 (two singlets, CI8Hs),),
13.9 (s, SCHCH,CH,CHj3). 31P{*H} NMR (CsDg): 0 43.2 (d, 145
Hz).

Synthesis of (PNP)Rh(BuMe) (12). This was synthesized
analogously to the preparation bf from 5 (23.0 mg, 0.040 mmol),
NaOBu (4.27 mg, 0.044 mmol), andBuMe (6L, 0.044 mmol).
Yield: 0.011 g (43%)*H NMR (C¢Dg): 0 7.73 (d, 2H, 8 Hz, Ar-H
of PNP), 7.07 (s, 2H, ArH of PNP), 6.77 (d, 2H, 8 Hz, ArH of
PNP), 2.24 (s, 6H, ArCH; of PNP), 2.24 (m, 4H, EBMe,), 1.93
(s, 3H, S-CHg), 1.41 (app. quartet (dvt), 12H, 8 Hz, Gié,), 1.17
(app. quartet (dvt), 12H, 8 Hz, QWe,), 1.16 (s, 9H, SC(H3)3).
13C{H} NMR (C¢Dg): 0 163.7 (vt, 10 HzC—N of PNP), 131.4
(s, Car Of PNP), 131.1 (sCar of PNP), 123.1 (vt, 18 HzCax, of
PNP), 122.8 (vt, 3 HzCa, of PNP), 115.9 (vt, 6 HzCAr of PNP),
44.5 (s, £(CHg)s), 29.7 (s, SOCH3)3), 25.2 (M, £H3), 22.7 (v,
6 Hz, CH(CHa),), 20.6 (s, Ar-CHjs), 19.9, 18.1 (two singlets, CH-
(CHs)y). 3P{H} NMR (CgDg): 6 41.0 (d, 146 Hz).

Synthesis of (PNP)Rh(T) (13). §40.0 mg, 0.070 mmol) was
treated with thiophene (6.26, 0.078 mmol) in GDg (0.7 mL) in
a J. Young NMR tube followed by N&aBu (7.5 mg, 0.078 mmol).
13 was characterized in situ by NMR spectroscopi. NMR
(CsDg): 0 7.80 (d, 2H, 9 Hz, Ar-H of PNP), 7.10 (br s, 2H, S4),
6.98 (s, 2H, Ar-H of PNP), 6.79 (br s, 2H, SCH4), 6.79 (d, 2H,
6 Hz, Ar—H of PNP), 2.19 (s, 6H, ArCHj; of PNP), 1.94 (m, 4H,
CHMe,), 1.13 (app. quartet (dvt), 24H, 8 Hz, Gi,). 13C{1H}
NMR (CgDg): 6 163.7 (vt, 10 HzC—N of PNP), 133.3 (s, GH),
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131.8 (s,Car of PNP), 131.4 (sCar of PNP), 126.4 (s, SCEH),
123.8 (vt, 3 HzCa, of PNP), 122.5 (vt, 18 HzCa, of PNP), 115.6
(vt, 5 Hz, Car of PNP), 25.2 (vt, 11 HzCH(CHa),), 20.5 (s, A
CH3), 19.0, 18.3 (two s, CHEHa3),). 31P{*H} NMR (CeDg): 0 47.9
(d, 133 Hz).

Synthesis of (PNP)Rh(BT) (14). §40.0 mg, 0.070 mmol) was
treated with benzothiophene (10.4 mg, 0.078 mmol) iD4X0.7
mL) in a J. Young NMR tube followed by N&Bu (7.5 mg, 0.078
mmol). 14 was characterized in situ by NMR spectroscoy.
NMR (CgDg): 6 8.03 (br d, 1H, SgH¢), 7.81 (d, 2H, 8 Hz, ArH
of PNP), 7.44 (br d, 1H, S#s), 7.15-6.89 (other SgHe
resonances overlapped withg@ZH and free benzothiophene
resonances, 4H), 6.96 (s, 2H,-AH of PNP), 6.80 (d, 2H, 8 Hz,
Ar—H of PNP), 2.21 (s, 6H, ArCH; of PNP), 2.07 (m, 4H,
CHMe,), 1.10 (app. quartet (dvt), 24H, 8 Hz, Giy). 13C{1H}
NMR (CgDg): 6 163.6 (vt, 10 HzC—N of PNP), 147.5 (s, GgHe),
140.0 (s, €sHe), 134.8 (s, €He), 131.7 (s,Car of PNP), 131.4
(s, Car of PNP), 125.2 (s, GgHg), 124.8 (s, €gHg), 124.6 (s,
SCgHg), 124.3 (s, €sHg), 123.7 (vt, 3 Hz,Car of PNP), 123.5 (s,
SCgHg), 122.5 (vt, 18 Hz,Car of PNP), 115.5 (vt, 5 HzCx, of
PNP), 25.1 (vt, 10 HzCH(CHz),), 20.5 (s, ArCHjg), 19.0, 18.2
(two s, CHCHa),). 3P{H} NMR (C¢Dg): ¢ 46.1 (d, 135 Hz).

Synthesis of (PNP)Rh(DBT) (15). 540.0 mg, 0.070 mmol)
was treated with dibenzothiophene (14.3 mg, 0.078 mmol)xDC
(0.7 mL) in a J. Young NMR tube followed by N&Bu (7.5 mg,
0.078 mmol).15 was characterized in situ by NMR spectroscopy.
IH NMR (CgDg): 6 8.11 (d, 2H, 8 Hz, SGHg), 7.82 (d, 2H, 8 Hz,
Ar—H of PNP), 7.72 (d, 2H, 8 Hz, SGHg), 7.21-7.15 (other
SGCi-Hg resonances overlapped witgHg and free dibenzothiophene
resonances, 4H), 6.94 (s, 2H,-AH of PNP), 6.81 (d, 2H, 8 Hz,
Ar—H of PNP), 2.21 (s, 6H, ArCH; of PNP), 2.03 (m, 4H,
CHMe,), 1.07 (app. quartet (dvt), 24H, 8 Hz, GHy). 13C{1H}
NMR (CgDg): 6 163.5 (vt, 10 HzC—N of PNP), 145.7 (s, S;.Hs),
136.4 (s, €12Hg), 131.7 (5,Car of PNP), 131.4 (SCa, of PNP),
126.8 (S, Sleg), 125.8 (S, Sleg), 124.6 (S, Sleg), 123.7 (Vt,
3 Hz, Car of PNP), 123.5 (s, S;oHg), 122.6 (vt, 18 Hz,Cx, oOf
PNP), 121.7 (s, S12Hsg), 115.5 (vt, 5 HzCa, of PNP), 24.8 (vt, 10
Hz, CH(CHj3)y), 20.5 (s, AF-CHj3), 18.9, 18.0 (two s, CHH3),).
31P{1H} NMR (Cg¢Dg): 6 46.0 (d, 136 Hz).

Synthesis of (PNP)Rh(S(O)P}) (16). 10(40.0 mg, 0.062 mmol)
was treated with phenyl sulfoxide (13.7 mg, 0.068 mmol) iDg
(0.7 mL) in a J. Young NMR tube and heated at®€5for 18 h.
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Yield: 60 mg (92%)*H NMR (CD,Cl,, —50°C): 6 8.20 (br d, 8
Hz, 1H, GHs), 7.76 (d, 2H, 8 Hz, ArH of PNP), 7.50 (d, 2H, 8
Hz, SGHs), 7.06-6.98 (three triplets are overlapping, 3H, &51g),
6.97 (d, 2H, 8 Hz, ArH of PNP), 6.91 (s, 2H, ArH of PNP),
6.68 (t, 1H, 8 Hz, GHs), 6.61 (t, 1H, 8 Hz, GHs), 6.41 (brd, 8
Hz, 1H, GHs), 6.29 (t, 1H, 8 Hz, GHs), 2.48 (br m, 2H, EIMey),
2.39 (br m, 2H, GiMey), 2.22 (s, 6H, Ar(PNP)-CHs), 1.08 (br
app. quartet (dvt), 6H, 8 Hz, Q¥e;), 1.01 (br app. quartet (dvt),
6H, 8 Hz, CHMe;), 0.80 (br app. quartet (dvt), 6H, 8 Hz, Gi,),
0.12 (br app. quartet (dvt), 6H, 8 Hz, Gi,). 13C{*H} NMR (CD,-
Cl,, —=50°C): 6 160.0 (vt, 10 HzC—N of PNP), 148.2 (tJc-rn
= 6 Hz, S-i-C¢Hs), 141.3 (s, Ar-C), 140.5 (dtJc—p = 9 HZ, Jc—rn
= 38 Hz,i-C¢Hs), 134.6, 134.1 (two s, 2C, AiC), 132.9, 131.4
(s, 2C,Cx of PNP), 127.7 (s, ArC), 126.6 (s, A-C), 126.1 (s,
Ar—C), 125.8 (vt, 3 Hz,Cx, of PNP), 123.9 (s, ArC), 122.6 (s,
Ar—C), 118.3 (vt, 18 Hz,Cx, of PNP), 117.5 (vt, 6 HzCa, of
PNP), 25.9 (vt, 11 HzCH(CHz),), 23.9 (vt, 13 Hz,CH(CHa)y),
20.26, 20.16 (two s, 2C, ArCH3), 19.4 (br s, CHCHa),), 17.2—
16.5 (seven br s, 7C, CBHs),). 3*P{1H} NMR (CD,Cl,): o 37.7
(d, 108 Hz).

Observation of Interconversion of 9 and 17. Experiment A.
9 (20.0 mg) was dissolved in 0.7 mL of0s in a J. Young NMR
tube, and the solution was heated at°€5for 18 h.Experiment
B. 17 (20.0 mg) was dissolved in 0.7 mL ofs0s in a J. Young
NMR tube, and the solution was heated at 85 for 18 h.
Experiment C. 10(0.020 g, 0.031 mmol) was treated with diphenyl
sulfide (15.6uL, 0.092 mmol) in GDg (0.7 mL) in a J. Young
NMR tube. The solution was heated at €5 for 24 h. In all three
experiments, a 1:1 mixture &:17 was observed following the
thermolyses.

Synthesis of (PNP)Rhg-N2)Rh(PNP) (19a) and (PNP)Rhg1-
N,) (19b). A solution of4 (30 mg, 0.051 mmol) in §Dg (0.7 mL)
in a J. Young NMR tube was degassed by fregzemp—thaw
techniques, and the tube was back-filled with Next, the tube
was taken into an argon glovebox, opened, and MeMgCl(18
0.057 mmol) was added. After 10 min at ambient temperafifa,
was the only compound observed BP{*H} NMR (>95%). The
solution was degassed again by freepamp—thaw techniques,
and the tube was back-filled with ;N After 18 h at ambient
temperature, a 7:3 mixture d@a19b was observed by'P{1H}
NMR. The resulting solution was filtered through a plug of silica.
The filtrate was evaporated to dryness to yield an orange solid

The resultant solution was evaporated to dryness to yield an orangeresidue. The residue containk@a19bin a 7:3 ratio and was 95%

solid residue. Next, this residue was dissolved isOEAnd placed
in the freezer at-35 °C to afford16 by precipitation. Yield: 0.025
g (55%).'H NMR (CgDg): ¢ 8.07 (d, 4H, 7 Hz, S€Hs), 7.77 (d,
2H, 8 Hz, Ar—H of PNP), 7.07 (s, 2H, ArH of PNP), 6.90 (2
triplets overlapped, 6H, 8 Hz, $8s), 6.79 (d, 2H, 8 Hz, A+H of
PNP), 2.19 (s, 6H, ArCH3 of PNP), 1.94 (m, 4H, BMe,), 1.20
(app. quartet (dvt), 24H, 8 Hz, QWe,). 13C{1H} NMR (CgDs): 6
162.9 (vt, 10 Hz,C—N of PNP), 153.3 (s, Si-CgHs), 131.6 (s,
Car of PNP), 131.3 (sCar of PNP), 130.4 (s, GgHs), 129.1 (s,
SCgHs), 124.5 (s, €Hs), 123.8 (vt, 3 HzCa, of PNP), 122.8 (vt,
18 Hz, Cx of PNP), 116.1 (vt, 6 HzCa, of PNP), 24.8 (vt, 6 Hz,
CH(CHjy),), 20.6 (s, A-CH3), 19.8, 18.1 (two singlets, CilaHs),).
3IP{1H} NMR (CgDg): 6 41.0 (d, 146 Hz). Anal. Calcd for4gHso-
NORhNRS: C, 61.98; H, 6.68. Found: C, 62.20; H, 6.86.

Synthesis of (PNP)Rh(SPh)(Ph) (17). 18i63.0 mg, 0.091
mmol) was treated with thiophenol (104, 0.100 mmol) in

fluorobenzene (2 mL) in a Teflon stoppered gastight round-bottom

flask. The reaction mixture was stirred for 10 min at ambient
temperature, and NdBu (9.6 mg, 0.100 mmol) was added. After

pure (NMR evidence). A small sample of put®awas obtained
by recrystallization from an ether solution &Bab at —35 °C.
19a.'H NMR (CgDg): 6 7.67 (d, 2H, 9 Hz, Ar-H of PNP), 6.96
(s, 2H, Ar—H of PNP), 6.75 (d, 2H, 9 Hz, ArH of PNP), 2.29
(m, 4H, HMey), 2.20 (s, 6H, Ar-CH3 of PNP), 1.45 (app. quartet
(dvt), 12H, 8 Hz, CHey), 1.21 (app. quartet (dvt), 12H, 8 Hz,
CHMe,). 13C{H} NMR (C¢Dg): 6 163.5 (vt, 10 HzC—N of PNP),
131.9 (s,Car Of PNP), 131.6 (SCar 0f PNP), 124.3 (vt, 3 HZCh,
of PNP), 121.0 (vt, 18 HzCa, of PNP), 115.9 (vt, 5 HzCx, of
PNP), 25.5 (vt, 10 HZCH(CHs),), 20.5 (s, ACHg), 19.7 (s, CH-
(CH3)2), 18.4 (s, CHCH3)y). 31P{*H} NMR (CgDg): ¢ 51.1 (d, 139
Hz). Data for19b follow (identified in a19a19b mixture): 7.64
(d, 2H, 9 Hz, Ar-H of PNP), 6.90 (s, 2H, ArH of PNP), 6.75 (d,
2H, 9 Hz, Ar—H of PNP), 2.29 (m, 4H, BMe,), 2.20 (s, 6H, Ar
CHs of PNP), 1.28 (app. quartet (dvt), 12H, 8 Hz, W), 1.11
(app. quartet (dvt), 12H, 8 Hz, Q¥k;). 13C{1H} NMR (C¢Dg): O
163.2 (vt, 10 HzC—N of PNP), 131.7 (sCar of PNP), 131.5 (s,
Car of PNP), 123.9 (vt, 3 HzCx, of PNP), 121.0 (vt, 18 HzCa,
of PNP), 115.9 (vt, 5 HzC, of PNP), 25.1 (vt, 10 HZCH(CHs)y),

another 10 min, the solution was treated with water (1.8 mL) and 20-4 (s, Ar-CHg), 19.4 (s, CHCH3);), 18.2 (s, CHCHz),). 3'P-

then evaporated to dryness. The residue was extracted with Et

{H} NMR (CeDg): 6 52.4 (d, 137 Hz). IR (€Dg): vn=n 2115

and filtered through Celite. The filtrate was evaporated to dryness ¢

to yield a green solid residue. This residue was triturated three times

with toluene (3x 5 mL) to givel7 that was>95% pure by NMR.

Interconversion between 19a and 19bA solution of4 (80 mg,
0.14 mmol) in GDg (3 ML) in a Teflon stoppered gastight round-
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bottom flask was degassed by freepaimp—thaw techniques, and
the flask was back-filled with B\ The reaction mixture was stirred

Gatard et al.

of 10was monitored byP{*H} NMR. In the course of the reaction,
10was converted intd8¢ 18b, or 183 respectively. After 40 min

for 10 min at ambient temperature, and the flask was taken into anat 65 °C, the conversions measured By{*H} NMR were as

argon glovebox, opened, and MeMgCl (49, 0.15 mmol) was
added. After 10 min at room temperaturé9a was the only
compound observed b§P{!H} NMR. The solution was then
degassed by freezgoump—thaw techniques, and the flask was
back-filled with N,. Thermolysis of this solution durin3 d at
65 °C resulted in a conversion to a 5:95 mixturel®a19b (NMR
evidence). Removal of the overhead s and continued ther-
molysis (65°C) changed the ratio to 50:50.

Reaction of (PNP)Rh(SPk) (10) with N, To Yield 19a and
19b. A solution 0f10 (20.0 mg, 0.031 mmol) in §Ds (0.7 mL) in
a J. Young NMR tube was degassed by freegemp—thaw
techniques, and the NMR tube was back-filled with ®he sample
was placed in an oil bath, which was preheated at’@5 The
disappearance dfo was monitored byP{*H} NMR. After 24 h
at 65°C, a mixture ofl9a (66%),19b (17%), and10 (17%) was
observed by'P{1H} NMR.

Synthesis of (PNP)Rh§2-CH,=CHCMe3) (21). 4 (50 mg,
0.086 mmol) was treated with 3,3-dimethyl-1-butene £140.094
mmol) in GDs (1 mL) in a J. Young NMR tube followed by
MeMgCl (31 uL, 0.094 mmol). After 10 min, the solution was

follows: (18¢ 95%), (L8b, 85%), and {8a 45%). Compound.8a
formed quantitatively after 16 h at 6% in CzDe.

Oxidative Addition of PhBr to 19a/b, 10, and 21. Experiment
A. A mixture of complexesl9ab in a 7:3 ratio (27 mg, 0.049
mmol Rh) was obtained as described above from complEd0.0
mg, 0.051 mmol) and MeMgCI (184L, 0.057 mmol). The mixture
was dissolved in §Ds (0.8 mL) in a J. Young NMR tube followed
by addition of PhBr (15.6.L, 0.154 mmol).Experiment B. 10
(22.0 mg, 0.034 mmol) was dissolved in 0.8 mL ofg in a J.
Young NMR tube followed by addition of PhBr (10.8., 0.102
mmol). Experiment C. 21 (21.0 mg, 0.034 mmol) was dissolved
in 0.8 mL of GDg in a J. Young NMR tube followed by addition
of PhBr (10.3uL, 0.102 mmol).Thermolysis. The three NMR tubes
from experiments A, B, and C were placed into the same oil bath
that was preheated to 6%. In the course of the reactiof, 19,
and21 were being converted intb8b; the reaction progress was
monitored by3P{1H} NMR spectroscopy. After 40 min, the
conversions measured B¥P{*H} NMR were as follows: exp. C
(21), 95%; exp. B 10), 85%; and exp. A19ab), 4%.

Kinetic Study of the Reaction of (PNP)Rh(SPk) (10) with

treated with water (1.7 mL) and then evaporated to dryness, andPhBr. Experiments with Varying Concentrations of PhBr. 10

the residue was extracted with,Bt and filtered through Celite.

(0.020 g, 0.031 mmol) was dissolved il in a J. Young NMR

The ether solution was evaporated to dryness to yield a green solidtube and treated with PhBr (four different experiments for four

residue 3P{1H} NMR analysis of this green residue revealed the
presence of (PNP)Rh(H)(CH (6 50.4 ppm, dJp_rn = 104 Hz),

in addition to21. This solution in GDg (0.7 mL) was treated with
3,3-dimethyl-1-butene (13,6L, 0.094 mmol) followed by Na®

Bu (8.2 mg, 0.086 mmol). After 10 min, the solution was treated

different concentrations of PhBr: 15/, 0.155 mmol, 0.22 M;
31.2uL, 0.310 mmol, 0.44 M; 46.8L, 0.465 mmol, 0.66 M; 62.4

uL, 0.620 mmol, 0.88 M) and SBr(90 uL, 0.620 mmol). The

total volume of each solution was 0.700 mL (by using the
appropriate amount of D¢). All four NMR tubes were placed in

with water (1.6 mL) and then evaporated to dryness, and the residuethe same oil bath, which was preheated t665The disappearance

was extracted with ED and filtered through Celite. The ether

of 10 was monitored by?'P{*H} NMR spectroscopy at regular

solution was evaporated to dryness to yield a green solid residue.intervals for at least 3 half-lives and followed pseudo first-order

The3!P{1H} NMR spectrum of this green residue iR shows
only the resonance &1 This residue was dissolved in Bt and
placed in the freezer at35 °C to afford 21 by precipitation.
Yield: 33 mg (62%)H NMR (CgsD¢): 6 7.53 (d, 2H, 9 Hz, Ar-H
of PNP), 6.95 (s, 2H, AtH of PNP), 6.85 (s, 2H, ArH of PNP),
6.76 (d, 2H, 8 Hz, Ar-H of PNP), 4.43 (br m, 1H, CiH,=CHC-
(CHy)3), 2.88 (t, 1H, 8 Hz, €l ,H,=CHC(CHy)3), 2.78 (d, 1H, 8
Hz, CHH,=CHC(CHs)3), 2.34 (m, 1H, GiMe,), 2.18 (two
multiplets overlapping, 2H, BMe,), 2.18 (s, 6H, Ar-CH3 of PNP),
2.02 (m, 1H, GiMe,), 1.31-0.90 (eight app. quartets (dvt)
overlapping, 24H, CNley), 1.21 (s, 9H, CEH,=CHC(CHa)3). 1°C-
{H} NMR (CgDg): 6 162.2 (vt, 10 HzC—N of PNP), 131.9 (s,
Car of PNP), 130.7 (SCa; Of PNP), 124.6 (vt, 18 HZCa, of PNP),
122.0 (br vt,Car of PNP), 115.4 (br vtCa, of PNP), 72.3 (dJc—rn
= 11 Hz, CHHy=CHC(CH)3), 36.8 (d,Jc—rn = 11 Hz,CHH,=
CHC(CHp)s), 30.5 (s, CHHy=CHC(CHz3)3), 33.9 (s,C(CH3)3), 26.3
(br, CH(CHjy),), 25.8 (br,CH(CHj3),), 23.9 (br,CH(CHs),), 23.0
(br, CH(CHa),), 20.6 (s, Ar-CH3), 20.0-17.2 (eight s, 8C, CH-
(CH3)2) 31P{1H} NMR (CGDG): 0 43.5 (dd,\]pfp = 328 Hz,Jp-rn
= 145 Hz), 37.9 (ddJp—p = 328 Hz,Jp_rn = 135 Hz).
Equilibrium Constant Determination. CsDg solutions contain-
ing (PNP)RR-L and L' (see Scheme 7 and Table 1) in three

kinetics.Experiments with Varying Concentrations of SPr,. 10
(0.020 g, 0.031 mmol) was dissolved il in a J. Young NMR
tube and was treated with $Rifour different experiments for four
different concentrations of isopropyl sulfide: 22b, 0.155 mmol,
0.22 M; 45uL, 0.310 mmol, 0.44 M; 67.%L, 0.465 mmol, 0.66

M; 90 uL, 0.620 mmol, 0.88 M) and PhBr (15:8., 0.155 mmol).
The total volume of each solution was 0.700 mL (by using the
appropriate amount of dDg). The samples were placed in an oil
bath, which was preheated to 66. The disappearance &0 was
monitored by3'P{*H} NMR spectroscopy at regular intervals for
at least 3 half-lives and followed pseudo first-order kinetics. See
the Supporting Information for further details.

Influence of [Ph,SO] on the Rate of Conversion of 10 to 16.
10 (0.020 g, 0.031 mmol) was dissolved il in a J. Young
NMR tube and was treated with B0 (two different experiments
for two different concentrations of PRO: 31.3 mg, 0.155 mmol,
0.22 M; 125.4 mg, 0.620 mmol, 0.88 M) and $R22.5uL, 0.155
mmol to each experiment). The samples were placed in an oil bath,
which was preheated to 65C. The disappearance df0 was
monitored by3'P{*H} NMR after 19 and 39 min. At 19 min, the
16:10ratio for the experiment with [R8O] = 0.88 M was 75:25,
whereas for the experiment with [[80] = 0.22 M this ratio was

different ratios were prepared and subjected to thermolysis by 50:50. At 39 min,l0was fully converted intd 6 for the experiment
placing the J. Young tubes containing the solutions into an oil bath With [Ph,SO]= 0.88 M, whereas for the experiment with FSI0]

preheated to 68C. The ratios were determined by integration of
the 31P{1H} NMR spectra. Equilibrium constants were calculated

= 0.22 M thel6:10 ratio was 60:40.
Reaction of 10 with PhSO at Ambient Temperature. 10(17.0

as averages of three experiments. For details about each reactionng, 0.026 mmol) was treated with B0 (5.9 mg, 0.029 mmol)

see the Supporting Information.

Oxidative Addition of Phl, PhBr, and PhCl to 10. 10 (20 mg,
0.031 mmol) and Phl (10,8L, 0.092 mmol) or PhBr (9.2L, 0.092
mmol) or PhCI (9.4uL, 0.092 mmol) were co-dissolved in 0.8 mL
of CgDg in @ J. Young NMR tube. The samples were placed in the
same oil bath, which was preheated at°€5 The disappearance

in CeDg (0.7 mL) in a J. Young NMR tube. After 40 min at ambient
temperature]0 (> 97%) andl6 (<3%) were observed b3P{1H}
NMR. After 2 h atambient temperaturd,0 (92%) and17 (8%)
were observed byP{'H} NMR.

Attempt at Observation of a Putative Five-Coordinate RH
Complex. (PNP)Rh(SPj) (17.0 mg, 0.026 mmol) was treated with



Thioether, Dinitrogen, and Olefin Complexes of (PNP)Rh Organometallics, Vol. 26, No. 25, 8003

isopropyl sulfide (18L, 1.30 mmol) in GDs (0.7 mL) in a J. refined using anisotropic displacement parameters; hydrogen atoms
Young NMR tube. After 3 days at room temperature, (PNP)Rh- were fixed at calculated geometric positions and allowed to ride
(SP1,) was the only compound observed B{'H} NMR. After on the corresponding carbon atoms. The asymmetric unit contains
7 h at 65°C, (PNP)Rh(SP4) was still the only compound observed  one dirhodium complex and one ether solvate molecule. The ether
by 31P{H} NMR. molecule contains disordered ethyl groups. The sum of the two
Influence of [SPr,] on the Rate of Conversion of 10 to 16. disordered components was constrained to sum to 1.0; the major

10 (0.020 g, 0.031 mmol) was dissolved inl% in a J. Young component had an occupancy of 0.817(16). The final least-squares
NMR tube and was treated with SPtwo different experiments refinement converged tig, = 0.0242 ( > 20(l), 14 881 data) and
for two different concentrations of isopropyl sulfide: 31.3 mg, 0.155 wR, = 0.0624 £2, 17 360 data, 613 parameters).

mmol, 0.22 M; 125.4 mg, 0.620 mmol, 0.88 M), and,8® (31.3 X-ray Data Collection, Solution, and Refinement for 21.

mg, 0.155 mmol to each experiment) was added. The samples wereSingle crystals oR1 suitable for X-ray diffraction measurements
placed in an oil bath, which was preheated to 85. The were obtained by recrystallization from ether/pentane and were
disappearance dfo was monitored by'P{*H} NMR at 34 and 69 mounted in a glass capillary. Data collection was carried out at
min. At 34 min, thel0:16 ratio for the experiment with [SB} = room temperature (low temperature apparatus was not available)

0.88 M was 60:40, whereas for the experiment with [$Rr 0.22 on a CAD-4 Turbo diffractometer equipped with Maadiation#
M it was 50:50. At 69 min, thd0:16 ratio for the experiment with completeness was 100%. The structure was solved by direct
[SP;] = 0.88 M was 50:50, whereas for the experiment with [$Pr  methods (SIR92)* From the lack of systematic absences, the
= 0.22 M it was 80:20. observed metric constants, and intensity statistics, space §bup

X-ray Data Collection, Solution, and Refinement for 19a. was chosen initially; subsequent solution and refinement confirmed
Single crystals ofil9asuitable for X-ray diffraction measurements the correctness of this choice. Full-matrix least-squares refinement
were obtained by recrystallization from ether and were mounted was carried out using the Oxford University “Crystals for Windows”
on a MiteGen mount using Paratone oil. All operations were systent? All nonhydrogen atoms were refined using anisotropic
performed on a Bruker-Nonius Kappa Apex2 diffractometer, using displacement parameters; hydrogen atoms were fixed at calculated
graphite-monochromated Mo K radiation. All diffractometer geometric positions and updated after each least-squares cycle. The
manipulations, including data collection, integration, scaling, and final least-squares refinement convergedrio= 0.0563 ( > 20-
absorption corrections, were carried out using the Bruker Apex2 (1), 5180 data) and ® = 0.0624 £, 6500 data, 325 parameters).
software?® Preliminary cell constants were obtained from three sets
of 12 frames. Data collection was carried out at 120 K, using a
frame time of 10 s and a detector distance of 60 mm. The optimized
strategy used for data collection consistedpoind w scan sets,
with 0.5° steps inw; completeness was 99.6%. A total of 4149
frames were collected. Final cell constants were obtained from the
xyz centroids of 9054 reflections after integration.

From the lack of systematic absences, the observed metric
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