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Abstract: Oxidative addition of aryl iodides Arl (A= (a) GHs, (b) CsH4CFs, (¢) GsH3(CRs)2, (d) CsH4CHs,

(e) GH4OCH), to the PCP-type complex Rh(PHICH.CsH(CHs)2(CHPPh),] (1), yields the complexes
Rh(An[CH2CsH(CH3)2(CH.PPR),](1) (2a—€). Compound®2a—e undergo intramolecular methylene transfer
from the bis-chelating ligand to the incoming aryl under mild conditions (room temperature) giving Rh(CH
Ar)[CsH(CHs)2(CH2PPR),](I) (3a—€). The methylene transfer, which is a unique sequence%fsp C—C

bond reductive elimination and %psp® C—C bond activation, was investigated kinetically (reactam—

3a), yielding the activation parametetdd* = 17 & 3 kcal/mol,AS = —23 + 4 eu. The rate-determining step

of this reaction is the €C reductive elimination rather than the-C activation step. X-ray structural analysis

of 2aand3b demonstrates that the Rh atom is located in the center of a square pyramid with tt2a)payld

the benzyl 8b) trans to the vacant coordination site. Reaction of the complex RIGEHICFs)[CeH3a(CHy-
PPh),](Br) (7c) with carbon nucleophiles (MeLi, PhLi, BzMgCl) leads to a competitive-sp* and sg—sp’

C—C coupling, resulting in migration of a methylene or benzylidene into the bis-chelating ring and formation
of the corresponding organic products?spp® C—C coupling was shown to be kinetically preferred over the
sp*—sp® one, and the more electron-rich the benzyl ligand, the better the migratory aptitude observed. X-ray
structural analysis of two benzyl migration products, complexes RRJFFM(CsH4CFs)CeHs(CHPPh),] (11)

and Rh(PP$)[CH(CsHs)CeH(CHa)2(CH,PPhR),] (16), demonstrates that the rhodium atom is located in the
center of a square planar arrangement where the IRf2imd occupies the position trans to the methyne carbon

of the benzylidene bridge. The methylene and benzylidene migration reaction is an important transformation
for the regeneration of the methylene-donating moiety in the methylene-transfer process.
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Insertion of transition metal complexes inte-C bonds in
solution is a topic of much current interéstnce it can lead to
the design of new selective and efficient processes for the
utilization of hydrocarbons. The ability to insert a metal into
an unactivated €C bond raises the possibility that a hydro- ,
carbon could serve as a source of methylene groups. We have
demonstrated that it is possible to combine selectiveCC
cleavage with the activation of other strong bonds to form
products of methylene group transfer (Schemé \While this
study demonstrated a conceptually new approach toward
hydrocarbon functionalization, the methylene-transfer mecha-
nism was not studied in detail. Transfer of a methylene group
was demonstrated to take place from the metal complex to an
organic moiety, such as benzene, silanes, and disfRassvell
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as to HCFcand H.24 On the other hand, the reverse reaction,
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in which a methylene is abstracted from an organic moiety and
transferred back to the bis-chelating ligand, regenerating the
“methylene bridge”, is known only for methyl iodide and
remains essentially unexploré?

We report here amtramolecular methylene-transferocess

in which the transferred methylene moiety remains connected
to the metal center, enabling the direct observation and
characterization of several stages in the process involving a
unique combination of €C reductive elimination and €C

cleavage reactions. Moreover, we describe here the “reverse”
methylene-transfer reaction, which is an essential transformation
for the regeneration of the active methylene-donating moiety.
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consecutive processes can be identified: Arl oxidative addition
to form 2a and methylene transfer to forBa.

To obtain clear2a, acceleration of the oxidative addition step
relative to the methylene-transfer process was desired. For this
purpose, complef was dissolved in neat iodobenzenre300
equiv) at room temperature, affording a mixture2afand 3a
in which the former is the main producd:3a = 10:1).
Complex2awas further purified by precipitation from a pentane
solution at room temperature. Its NMR spectra were measured
at 10°C in order to prevent conversion 3a. The3P{1H} NMR
spectrum of2a in C¢Dg exhibits a doublet at 26.0 ppmJgnp
= 127.0 Hz). In'H NMR, the bridging methylene group of
ArCH;Rh gives rise to a triplet positioned at 3.31 ppidpf =
8.0 Hz) which collapses to a broad singlet!{3P} NMR.

The carbon atom of the methylene appear33®{H} NMR

We also describe a pathway in which alkyl moieties other than as a broad doublet at 27.1 ppidec = 17.8 Hz). The structure
the methylene group are transferred to the bis-chelating ring, of 2awas confirmed by an X-ray structural analysis (see below).

extending the scope of the reaction.

Results

Oxidative Addition of Arl and C —C Cleavage. The

It should be noted that, in the system described here, the
transferred methylene group remains bound to the metal center,
unlike in the previously reported systénfRemarkably, meth-
ylene transfer proceeds at room temperature, while in the
previously reported system, heating to A0 °C was

methylene-transfer reaction involves several steps, which wererequired.
not identified separately. The fact that the reaction proceeded To check the substituent effect on the methylene-transfer
intermolecularly and under heating hindered the investigation reaction 2 — 3), 1 was treated with aryl iodides bearing

of the reaction mechanis#ilo obtain mechanistic insight and

different substituents on the aromatic ring. Comple2bs-e

investigate the different stages involved in the process, we were formed and further reacted to gi@d—e (Scheme 2).
sought to synthesize Rh(lll) “methylene-bridged” complexes Complexes2b—e and 3b—e are analogous t®a and 3a,
capable of intramolecular methylene transfer. For this purpose, respectively, as evident from NMR analysis. The structure of

various aryl iodides were reacted with the previously repérted
PCP complex. (see Experimental Section for the synthesis of
1), resulting in Arl oxidative addition (Scheme 2). Remarkably,
the products of Arl oxidative addition undergo-C coupling
followed by C-C bond activation under mild conditions,
resulting inintramolecular methylene transfdrom the bis-
chelating system aof into the Rh-Ar bond. Thus, wherl was

3b was confirmed by X-ray structural analysis (see below).
Expectedly, the rate of the oxidative addition reaction of Arl
was larger as the aryl substituent had a stronger electron-
withdrawing character, following the order ArOGH ArCHs

< ArH < ArCFs# Interestingly, the rate of the subsequent
methylene-transfer reaction exhibited an opposite trend, fol-
lowing the order ArCE < ArH < ArCHz < ArOCHgz.5 For

reacted with an equivalent amount of iodobenzene at room example, the followingdi, values were measured in solution at

temperature for 7 days, quantitative formation of two Rh(lll)
complexes2a and 3a (2a3a = 1:6), was observed (Scheme
2). No C-H activation product was detected. Keeping the
mixture at room temperature for 1 week or heating itXd at

60 °C resulted in quantitative conversion 2 to 3a. Complex
3awas characterized by various NMR techniques. IRg'H}
NMR spectrum of3a exhibits a doublet at 33.2 pprJinp =
129.5 Hz). In'H NMR, the methylene group of RhGHIr gives
rise to a quartet positioned at 4.4 ppfipfy = 2Jgnn = 4.0 Hz)
which collapses to a doublet #{3!P} NMR. The methylene
group appears iR*C{1H} NMR as a broad doublet positioned
at 23.2 ppm YJrnc = 27.0 Hz). Theipso-carbon of the RhAr
group gives rise to a broad doublet at 173J&{c = 38.0 Hz),
confirming that the rhodium atom is bound directly to the aryl
ring of the PCP ligand. Reaction 8& with an excess of NaH
and PPpyielded the know?? complex4 and toluene (Scheme
2) as confirmed by NMR and GC/MS, respectively. Thus, two

room temperature: conversion d&to 3a, 1 day;2b to 3b, 5
days; and2d to 3d, 12 h.

To further confirm the identity of complexe3a—e, we
prepared the bromide analogu&s-c by oxidative addition of
the corresponding benzyl bromides to the previously repbrted
complex6 (Scheme 3) (the synthesis 6fis described in the
Experimental Section). Reaction of a benzene solution of
complex6 with 1 equiv of benzyl bromide at room temperature
resulted immediately in quantitative formation of the Rh{HI)
benzyl complexeZa—c, which were unambiguously character-
ized by various NMR techniques. They exhibit spectroscopic
properties nearly identical to those of their iodide analogous
(8a—c). Treatment of7a—c with excess of NaH and PRh
resulted in the formation of the starting compléxand the
corresponding toluene derivativéa—c.

X-ray Structural Analysis of Complex 2a. Orange platelike
crystals of compleawere obtained upon crystallization from
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Figure 2. Perspective view (ORTEP) of compl&k. Hydrogen atoms

Figure 1. Perspective view (ORTEP) of compl@a. Hydrogen atoms are omitted for clarity.

are omitted for clarity.

Table 1. Selected Bond Lengths (A) and Bond Angles (deg) for 'I3'gb|e 2. Selected Bond Lengths (A) and Bond Angles (deg) for

2a
Rh(1)-C(20) 2.079(5) Rh(BP(3) 2.2746(16)
Rh(2)-C(17) 2.028(4) Rh(Z}P(3) 2.313(2)
Rh(2)-C(13) 2.069(4) lelr(lé)z._)::gs) 22 ?Zg(%) Rh(1)-C(11) 2.049(6) R??i)l‘_}:?gr) 227253:?(%1)7)
: C(11-Rh(1}-C(20) 88.9(2) P(3yRh(1)-P(4) 161.34(6)
gggﬁgﬁéﬁg(@f) gg-g% E((%?g(hz(g)f’l((“l)) llggf(%) C(1)-Rh(1-P(3)  84.24(17) C(IBRh(1)-I(2) 171.36(15)
CuyrRA-PE 8890 CODRMA-ID 10042 C(11y-Rh(1}-P(4) 82.31(17) C(26)Rh(1)-1(2) 98.99(17)
(13)y-Rh(2)-P(4) 12 C(I3yRh(2)-1(1) -6(2) C(20)-Rh(1-P(3)  89.22(17) P(3)Rh(1-1(2)  92.34(5)
C(L7y-Rh(2}-P(3)  933(2) PGYRh@)1I(L)  95.5(1) Py ROIIG) 900805

C(17-Rh(2)-C(13) 90.9(2) P(4YRh(2)-1(1)  95.4(1)

: . CI7” and Rh(CH)[CgH(CHa3)2(CH2N(C2H CH,P(t-Buy)]CI®
a pentane solution at room temperature. The single-crystal X-rayin which thfe r?)e[theyl (gro j)pZ(is trzan(s 2to5zfz1)e( err?pt(y cogzzgjination

analysis demonstrates that the rhodium atom is located in the .
center of a distorted square pyramid. The iodide ligand occupiess'te' Th_e Rh(1)P(3), Rh(l)_P(A')’. a!"d Rh(l—)_C(ll) bond
lengths in the chelate core 8b are similar to their counterparts

the position trans to the benzylic carbon C(13), whereas the in the above-mentioned complexes as well as to those in the
phenyl group is trans to an empty coordination site. The chelate . B 9
arene is planar. Although the distance between the metal centefYdrido chloride complex Rh(H)[2,64E15(CHzP-t-Bly)2]Cl.

and the aryl carbon, Rh(2C(26), is relatively short (2.53 A) Interestingly, the crystal structure 8l reveals an intramolecular
no evidence for direct interaction between it and the Rh center 7 Interaction between the benzyl group, bearing twa CF

was found. To accommodate the chelate, theRR—P angle electron-withdrawing groups, and one of the phenyl substituents

(160.0) is distorted from linearity and the C(265(13)-Rh(2)  ©0 the phosphin& Reported examples of intramolecutar
bond angle is 902 An ORTEP diagram of a molecule @8 interaction between two aryl groups in one metal complex are

is shown in Figure 1. Selected bond lengths and bond anglesrare'll . .

are given in Table 1. Reactions of Complexes 7c and 3b,e with Carbon Nucleo-
philes. The methylene-transfer reaction described above pro-
ceeds through “methylene donation” from the six-membered
bis-chelating ring to a substrate. Exploring the possibility of
transfer of a methylene group into the bis-chelating ring, going
from a five-membered chelate to a six-membered one, we
studied the reaction ofc with various carbon nucleophiles.

X-ray Structural Analysis of Complex 3b. Orange platelike
crystals of comple8b were obtained upon crystallization from
a pentane solution at room temperature. The single-crystal X-ray
analysis demonstrates that the rhodium atom is located in the
center of a distorted square pyramid. The iodide ligand occupies
the position trans to thpso-carbon, whereas the benzyl group
is trans to an empty coordination site. TheRh—P is distorted (7) Rybtchinski, B.; Vigalok, A.. Ben-David, Y. Milstein, DJ. Am.
from linearity with an angle of 161.34 An ORTEP diagram Chem. Soc1996 118, 12406.
of a molecule of3b is shown in Figure 2. Selected bond lengths ~ (8) Gandelman, M.; Vigalok, A.; Shimon, L. J. W.; Milstein, D.

; ; Organometallics1997, 16, 3981.
and bond angles are given in Table 2. The structur8lois (9) Nemeh, S.- Jensen. C.. Binamira-Soriaga, E.: Kaska, WOrga-

similar to that reported for Rh(GH{CeH(CHa)2(CHzP (t-Bu})2]- nometallics1983 2, 1442.
(10) The distance between the two aryl rings is represented by the
(3) (@) Gozin, M.; Weisman, A.; Ben-David, Y.; Milstein. Nature distance between two corresponding carbon atoms i the system, for

1993 364,699. For synthesis details and spectral data see the Experimentalexample: [C(22)}-C(62) 3.380 A, C(23)-C(63) 3.506 A]. Similar interac-

Section. (b) Gozin, M. Ph.D. Thesis, Weizmann Institute of Science, 1995. tions were observed in intermolecular systems. For example, see: (a)
(4) (a) Portnoy, M.; Milstein, DOrganometallics1993 12, 1665. (b) Ye, B. H.; Chen, X. M.; Xue, G. Q.; Ji, L. Nl. Chem. Soc., Dalton Trans.

Hii, K. K. (M).; Thornton-Pett, M.; Jutand, A.; Tooze, R. Brganometallics 1998 2827. (b) Kampar, E.; Neilands. ®uss. Chem. Re 1986 55 (4),

1999 18, 1887. 334. (c) Swinton, F. LMolecular ComplexesElek Science: London,
(5) Selmeczy, A. D.; Jones, W. D.; Osman, R.; Perutz. RONjano- 1974: Vol. 2, p 63. (d) Prout, C. K.; Kamenar, Blolecular Complexes
metallics1995 14, 5677. Elek Science: London, 1973; Vol. 1, p 151.
(6) Liou, S.-Y.; Gozin, M.; MilsteinD. J. Chem. Soc., Chem. Commun. (11) Takahiko, K.; Kaoru, S.; Kazuhiro, O.; Masaaki, O.; Yoshihisa, M.

1995 1965. For synthesis details see the Experimental Section. Chem. Commuril997, 1679.
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Treating a benzene solution @t with an equivalent amount
of MeLi in the presence of 1 equiv of PpPHeads to a
competitive sp—sp® and sg—sp® C—C coupling reaction,
resulting in the formation of the two knowhcomplexes and

8 (6:8 = 1:3) as confirmed byH and3P{*H} NMR and the
two organic product® and10 that were identified by GC/MS
(Scheme 4). Remarkablgigration of a methylene into the bis-
chelating ringtakes place to form the Rh(I) compl®&and the
product of C-H reductive eliminatiord, while a competitive
C—C coupling results in compleg and compoundLO. The
spectroscopic properties of compl8xare almost identical to
those of its closely related analogde No evidence for a
competitive coupling of the benzyl group with the aryl group,
leading to complex.1, was observed (see below).

Similarly, treating a benzene solution 8¢ with 1 equiv of
PhLi in the presence of 1 equiv of PRiesulted in the formation
of 6 and the corresponding organic prod@@t Interestingly, a
new product, identified a$l, and benzenes(11 = 1:1) were
also formed. Compleg1is undoubtedly the product of a-€C
coupling reaction between the benzyl and tpgo-carbon of
the chelate aryl that is followed by-H bond activation, PhH
reductive elimination and coordination of the free PEtheme
7). Complex11 was unambiguously characterized by various
NMR techniques and its structure was confirmed by an X-ray
structural analysis (see below). The organie @ coupling
product 12 was identified by GC/MS. The spectroscopic
properties ofl1 are almost identical to those of a similar Rh(l)
complex previously reported by @sSince the carbon atom

Cohen et al.

ppm with Jrpp = 149.0 Hz.'H NMR shows a multiplet
corresponding to a methyne proton at 5.15 ppm. The corre-
sponding carbonCH—Rh gives rise inl3C{*H} NMR to a
doublet of doublets positioned at 35.0 pphirhc = 40.3 Hz,

2Jpc = 13.5 Hz). The carbon atoms of the tv@H,P groups

are inequivalent and appear as doublets at 43.8 and 43.5 ppm
(Jpc = 17.8 and 25.1 Hz, respectively).

Treating a benzene solution &€ with an equivalent amount
of BzMgCl resulted in the formation & and of a new product
identified as complex13 (6:13 = 2:3) (Scheme 4). The
corresponding amounts of the organic proddetsand9 were
also formed. Formation of the competitive 2sisp® C—C
coupling productll was not observed. Complet3 was
characterized by NMR spectroscopy. Reaction of the mixture
(6:13 = 2:3) with H, (40 psi) in a Fisher Porter pressure vessel
resulted in the formation o6 and toluene (Scheme 4). The
spectroscopic properties @8 are almost identical to those of
11

Thus, the reactions with carbon nucleophiles result in alkyl
transfer from the incoming reagent into the bis-chelating ring,
in a direction opposite to the methylene-transfer reaction
described above. The resulting organometallic product contains
a six-membered bis-chelating ring rather than the starting five-
membered one, although the latter is generally believed to be
more stablé2In addition, the reaction afc with BzMgCl shows
remarkable selectivity for the migration of only one benzyl
group, originating from the Grignard reagent, rather than a
competitive migration of the two available benzyls. Apparently,
there is a kinetic preference for the more electron rich benzyl
group to migrate into the bis-chelating ring.

To verify that the observed selectivity is due to an electronic
effect on the metatbenzyl bond, the iodide analogue @f
bearing an electron-donating Ogldgroup, complex3e, was
treated with 1 equiv of BzMgCI. In contrast to the reaction of
7cwith BzMgCl, competitive migration between the two benzyl
groups into the bis-chelating ring took place, as well as their
coupling, resulting in the formation ¢f, 15, and16 (Scheme
5). The preference for the migration of the methoxy-substituted
benzyl over the unsubstituted benzyl indicates that there is an
electronic effect of the substituent on the coupling rate.
Moreover, when comple8b, bearing two CEk groups, was
treated with an equivalent amount of BzZMgCl, compléwas
formed in 96% yield (based oftP{*H} NMR) (Scheme 5).
No evidence for migration of the other benzyl group was found,
confirming that the more electron rich benzyl has a higher
migratory aptitude. This is consistent with the fact that the
metal-benzyl bond is weakened by thedonating substituents.
Remarkably, in this reaction only a minor amount of thé-sp
sp® C—C coupling produc# was obtained, in contrast to the
results of the reaction of BzMgCl with the bromide analogue
7c. The structure of comple46 was confirmed by an X-ray
structural analysis (see below).

X-ray Structural Analysis of Complex 11. Orange needle-
like crystals of complexi1 were obtained upon crystallization
from a pentane solution at room temperature. The single-crystal
X-ray structural analysis demonstrates that the rhodium atom
is located in the center of a distorted square planar arrangement.
The PPh ligand occupies the position trans to the methyne

bound to rhodium is chiral, all three phosphorus atoms are carbon C(7). As irRa, the angle corresponding to the benzylic

inequivalent in3P{1H} NMR. The PPh, atoms trans to each
other exhibit ddd splitting patterns #P{*H} NMR positioned
at 64.6 and 52.7 ppm WitBepyans= 259.2 Hz, (rnp = 192.8
Hz, Jppcis= 35.6 Hz,Jrnp = 196.0 Hz, andlpp.is = 37.3 Hz).
The PPh; group exhibits an AAMX pattern centered at 39.5

“bridge” C(1)—C(7)—Rh(1), was 91.1 There is no distortion
from aromaticity. The structure dfl is similar to that of Rh-
[CH,CsH(CHz)2(CH,PPh),](PPh).2 The Rh(1)-P(2), Rh(1)-
P(3), Rh(1)-P(4), and Rh(%)}C(7) bond lengths in the chelate
core ofllas well as the bond angles C{A¢(7)—Rh(1), P(2)-
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Rh(1)-P(3), P(2y-Rh(1>-P(4), and P(3yRh(1)-P(4) are mechanism is presented in Schem® tterestingly, the rate-

similar to their counterparts in the above-mentioned complex. determining step of the overall methylene-transfer react®n (

An ORTEP diagram of a molecule @fl is shown in Figure 3. — 3) appears to be the-&C reductive elimination rather than

Selected bond lengths and bond angles are given in Table 3.metal insertion into the €C bond as indicated by the following
X-ray Structural Analysis of Complex 16. Orange platelike considerations: (a) the overall irreversible process2ar—

crystals of compleX 6 were obtained upon crystallization from  3acan be written as

a pentane solution at room temperature. The single-crystal X-ray

structural analysis demonstrates that the rhodium atom is located [24] *L__l_ [A] _ﬁ_ [34] )

in the center of a distorted square planar arrangement. The PPh k1

ligand occupies the position trans to the methyne carbon C(108). . ) )

Similarly to 11 and2a, the angle corresponding to the benzylic Since we did not observe accumulation of the postulated

“bridge”, C(108)-C(111)-Rh(1), is 92.71 There is no distor- intermediateA (or any (_)ther intermedigte, Sch_eme 6), the
tion from aromaticity. The structure aBis almost identical to ~ Sté@dy-state approximation can be applied, leading to the rate

that of 11. An ORTEP diagram of a molecule a6 is shown eq 3. Inspection of the structure of intermediAtsuggests that
in Figure 4. Selected bond lengths and bond angles are given
in Table 4.

Kinetic Study of the Transformation 2a — 3a. To gain
understanding of the methylene-transfer reaction mechanism,
we performed kinetic studies on the transformatior2afinto
3a. Phl oxidative addition td in neat iodobenzene resulted in
a mixture of2a and3a (2a:3a = 10:1). Starting from such a
mixture, the rate of the conversion B& to 3a was monitored
by 31P{1H} NMR spectroscopy at various temperatures. Rate
constants were determined by a single-exponential fit (eq 1)
(Figure 5).

v=kk[2al/(k_; + k) (3)

the reverse procesd — 2a, if it occurs, is expected to be
considerably slower thah — 3a. This is because of the higher
accessibility of the €C bond to be cleaved in the latter case
and the more favorable transition state (TS-2, Scheme 6)
involving two five-membered chelates (as compared to the six-
membered ones). Thus, the rate equation can be approximated
asv = kq[2a). (b) The rate of the transformatiod — 3 is
decreased by electron-withdrawing substituents on the benzyl
group, following the order Ckl> H > (CFs), (ti2 = 23, 1
Kt day; 2b, 5 days;2d, 12 h), as expected for a rate-determining
(] =1[ee "o @) reductive elimination. It has been reported that electron-
withdrawing groups on the aryl decrease the rate of tkg-€H
The kinetic data is summarized in Table 5. Activation reductive elimination, while electron-donating substituents
parameters oPa — 3a were determined by an Eyring plot  display the opposite behavidrThe strong substituent effect
(Figure 6). It appears that the rate-determining step of the ppserved in our system is compatible with a rate-determining
reaction is G-C bond reductive elimination rather than the C C—C reductive elimination. (C) Essentia”y the same rates are
activation step, as discussed below.

(12) A reviewer suggested an alternative mechanism involvin@ Gond
Discussion cleavage ir2 to form an intermediate methylidene complex, which could
then insert into the rhodiumaryl bond to generate compl&<We believe

_ _ i iminati that such a sequence does not take place in our system since, as we have
sp>—sp® C—C Reductive Elimination. In the reported already shown in similar systen$;?3 formation of the methylene bridge

system, metal insertion into the~C bond is most likely  (a5in2) is not required for the EC cleavage step to occur, but rather a
preceded by sp-sp® C—C reductive elimination. A plausible direct insertion of the metal into theaG-Cue takes place.
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Figure 5. Plot of In[2a] vs time for the transformation dfato 3ain
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Figure 3. Perspective view (ORTEP) of complég. Hydrogen atoms
are omitted for clarity.
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Figure 6. Eyring plot for the transformation dato 3ain CgDes.

in organometallic chemistry, often representing the product-
forming step in a number of important stoichiometric and
catalytic reaction$® However, it has not been studied exten-
sively since relatively few reductive elimination reactions
proceed from stable starting materials to stable prod@éfs.
In particular, examples of mechanistic investigation of@©
reductive elimination from Rh(lll) are extremely scaf€el®
We are aware of only one kinetic investigation of C reductive
elimination from Rh; in that report, the reductive elimination
process is induced by oxidatiéh.

The 2a— 3atransformation allowed a kinetic study of the
non-oxidatively induced €C reductive elimination process.

Figure 4. Perspective view (ORTEP) of compl&®. Hydrogen atoms
are omitted for clarity.

. . . (13) Rybtchinski, B.; Milstein, DJ. Am. Chem. Sod.999 121, 4528.
obtained in the presence or absence of 1 equiv ogP&ihce (14) Gandelman, M.; Vigalok, A.; Konstantinovski, L.; Milstein. D.

a side equilibrium between the phosphine and intermediate  Submitted for publication. _ ' _
is ex which would r h ncentrati f (15) (a) Atwood, J. DInorganic and Organometallic Reaction Mech-
s expected, ¢ ould reduce the concentrationApfa anisms 2nd ed.; VCH Publishers: New York, 1997; p 168 and references

retardation effect might have resulted had theactivation therein. (b) Edelbach, B. L.; Lachicotte, R. J.; Jones, WJDAm. Chem.
step been rate determining. Coordinative unsaturation is a primeSoc.1998 120, 2843. (c) Hill, G. S.; Puddephatt, R. @rganometallics

requirement in &C activation by Rh(I}213 (d) Single-step 1998 17, 1478. (d) Mearcone, J. E.; Molpi. G. J. Am. Chem. S0d998
120, 8527. (e) Hahn. C.; Spiegler, M.; Herdtweck, E.; TaubeERr. J.

metal insertion into a €C bond in the Rh(CB)[CsH(CHs)2- Inorg. Chem.1999 435. (f) Huang, J.. Haar, C. M.: Nolan, S. P.
(CH2N(CzHs)2)(CHaP(t-Bu)]Cl system, has been shown to  organometallics1999 18, 297. ' '

occur at temperatures as low-ag0 °C. The resulting reaction (16) Balazs, A. C.; Johnson, K. H.; Whitesides, G.INbrg. Chem1982
rates are higher by orders of magnitude than the ones obtaineoel'f%é%t e Hoff . 0. A Stile J. Bull Ch

in the 2 — 3 transformatiort? Ch(em). Sis_ugnp"mgél%zlr’nfgg}_ 7 ramamoto, A Stiie, & Bull. Hhem.

The reductive elimination reaction is a key transformation  (18) Pedersen, A.; Tilset, MDrganometallics1993 12, 56.
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Scheme 6
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The observation of a substantially negative entropy of activation
(ASF = —23 £ 4 eu) for 2a — 3a suggests an organized
nonpolar three-centered transition state I, Scheme 6)%:2°
The AH* value of 17+ 3 kcal/mol indicates that an early
transition state is involved. Activation parameters obtained in
our system are similar to the ones obtained for reductive
elimination of CHCHjz; from Pd(IV)}?! and of ArAr from Pt-
(I).1°

Notably, the reductive elimination process involved in the
transformatior2 — 3 takes place under mild conditions (room
temperature). The relatively low electron density on the Rh

J. Am. Chem. Soc., Vol. 122, No. 32, 209

Table 3. Selected Bond Lengths (A) and Bond Angles (deg) for
11

Rh(1)-C(7) 2.180(5)  Rh(1)}P(4) 2.2723(13)
C(8)-C(7) 1.497(7)  Rh(BP(3) 2.3168(14)
c(1)-C(7) 1.488(7)  Rh(1P(2) 2.3169(14)
C(1)-C(7)-Rh(1) 91.1(3) P(3yRh(1)-P(4) 100.12(5)
C(7)-Rh(1)-P(3) 83.34(14) P(3)Rh(1)-P(2) 155.69(5)
C(7)-Rh(1)-P(4) 174.19(14) C(BHC(7)-C(8) 121.7(4)
C(7)-Rh(1)-P(2) 79.54(14) Rh(BC(7)-C(8) 121.2(4)
P(4-Rh(1)-P(2) 98.46(5)

Table 4. Selected Bond Lengths (A) and Bond Angles (deg) for
16

Rh(1)-C(111) 2.173(3) Rh(HP(3) 2.2710(8)
C(111)-C(112) 1.507(4)  Rh(1)P(4) 2.2971(7)
C(111)-C(108) 1.476(4) Rh(HP(2) 2.3163(7)
C(108)-C(111)-Rh(1) 92.71(17) P(3)Rh(1)-P(4) 99.28(3)
C(111}-Rh(1)}-P(3)  174.51(8) P(3)Rh(1)-P(2) 100.67(3)
C(111)-Rh(1}-P(4)  78.56(7) C(108)C(111)-C(112) 122.8(2)
C(111)-Rh(1)}-P(2)  82.79(7) Rh(BC(111)}-C(112) 123.75(19)
P(4)-Rh(1)-P(2) 155.11(3)

Table 5. Kinetic Data for2a — 3a Transformatiof

T(K) ko x 1075 (s°Y) T(K) ko x 1075 (s71)
313 7.0 323 22.3
318 12.5 333 39.3

aAH* = 17 + 3 kcal/mol; ASF = —23 + 4 eu;AGi3 =24+ 4
kcal/mol.

strong C-C bonds at mild condition&® Here, not only does

the C-C cleavage process take place at room temperature but
it is not the rate-determining step of the overall methylene-
transfer reaction. Moreover, this is a unique example of&C
cleavage process in which a metal inserts into a relatively
sterically hindered €C bond of a bulky benzyl group. In other
reported C-C cleavage processes occurring at room tempera-
ture, the metal inserts into an ACH;z bond?-# Metal insertion

into an Ar—CH,CHjz bond takes place only under heat#tg.

The activation of the strong -©C bond most probably
proceeds through formation of a reactive, unsaturated 14e
intermediate, which is stabilized by the relatively large iodide
ligand. In the presence of PRItoordination of it toA might

center, due to phenyl (as compared to alkyl) substituents on take place reversibly, generatiBgn low concentration (Scheme

the phosphine ligand, together with coordinative unsaturation,
should favor G-C bond reductive elimination in complex?2
A contributing factor to the facility of the reductive elimination

may also be the favorable conversion of the six-membered bis-

chelating system i2a—e to the five-membered one iBa—e.

C—C Bond Activation Process.C—C bond activation with
the PCP-type complexe$, bearing phenyl groups on the

6).

It should be noted that the-&C cleavage produc? is the
thermodynamic product in tHe— 3 transformation, even when
the non-chelating aryl ring bears the electron-withdrawing CF
groups (complexegb,c), which are expected to strengthen the
Rh—Ar bond by an inductive effect. Seemingly, the dominant
contribution to the relative thermodynamic stability of com-

diphosphine ligand, has been shown to take place upon heatingPlex€s2 and 3 is the higher stability of the five- vs the six-
to 100-110°C 2235Remarkably, direct insertion into a strong Membered bis-chelating ring.

sp—sp* C—C bond can take placeven at room temperature
when complexi is treated with an aryl iodide. High electron
density together with coordinative unsaturation should favor
C—C oxidative additior}>222|n the system studied here, the

Because of the inherent difficulties in studying-C bond
oxidative addition directly, most of the insight into—C
cleavage reactions has come from studying the microscopic
reverse reaction, namely,«C bond reductive eliminatiotpa.c.22

pheny| phosphines impart a Considerab|y lower electron density The C-C activation and reductive elimination reactions reported

on the metal center in comparison tert-butylphosphines in

here are both intramolecular and the-C bonds involved in

the PCP systems that have been shown to insert directly intothese reactions are of the same hybridization character, namely,

(19) Braterman, P. S.; Cross, R. J.; Young, GJBChem. Soc., Dalton
Trans.1977, 1892.

(20) Gillie, A.; Stille, J. K.J. Am. Chem. S0d.98Q 102, 4933.

(21) Byers, P. K.; Canty, A. J.; Crespo, M.; Puddephatt, R. J.; Scott, J.
D. Organometallics1988 7, 1363.

(22) Collman, J. P.; Hegedus, L. S.; Norton, J. R.; Finke, RR@ciples
and Applications of Organo-Transition Metal Chemistdniversity Science
Books: Mill Valley, CA, 1987; p 322.

sp?—sp* Ar—Bz bonds. Thus, the $psp? C—C bond activation
transition state should resemble the one fer@bond reductive
elimination in the2 — 3 transformation based on the similarity

of the bonds that are cleaved and formed (Scheme 6). The
activation parameters found for the-C reductive elimination

(23) van der Boom, M. E.; Liou, S.-Y.; Ben-David, Y.; Gozin, M,
Milstein, D. J. Am. Chem. S0d.998 120, 13415.
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reaction indicate a nonpolar three-centered transition state (seescheme 7

above). Therefore, the transition state involved in the adjacent
sp*—sp® C—C oxidative addition is most probably of the same
character. Such a transition state was shown to be involved in
C—C bond activation in the t-Bu PCP and PCN ligand
system$824and seems to be involved in the case of the less
basic phenyl phosphines as well.

Alkyl Migration into the Bis-Chelating Ring. Competitive
C—C Coupling Reactions.Reaction of compleXc with various
carbon nucleophiles results in migration of an alkyl group into
the bis-chelating ring (Schemes 4 and 5). This reaction is
significant for the regeneration of the methylene “bridge” in
the PCP-Rh complex that is active in the methylene-transfer
reaction. Moreover, complexdsdl, 13, and 15 can potentially
be utilized for transferring benzylidene groups to other organic
moieties. Migration of alkyl groups to the chelating ring in
similar systems is reported in the case of RF°land Ru?®
PCP systems and cationic Pt NCN systéfmblowever, the
migration mechanisms are different from the one reported here
(1,2 sigmatropic shift in the cationic Rh and Ir PCP and Pt NCN
systems and migratory insertion to vinylidene in the Ru PCP
system).

After substitution of the bromide irvc with the carbon
nucleophile, most probably a 5-coordinated unsaturated Rh(lll)
complex bearing three-Rh—C bonds is obtained and-€C
reductive elimination may occur in three directions (Scheme
7): (a) coupling of the incoming alkyl with the BzGHgand
generating an unsaturated Rh(l) complex that coordinates PPh
to form complex6; (b) coupling of the BzCfkligand with the
chelateipso-carbon followed by a €H activation process and
alkyl H reductive elimination generating the bridged complex
11; (c) coupling of the incoming alkyl with the chelaipso
carbon that in the case of the Me and the Bz ligands is followed
by C—H activation and BzC§H reductive elimination generat-
ing complexes8 and 13, respectively. In the case of the Ph
ligand, coupling with theipso-carbon cannot be continued
productively by a subsequent—@® activation and reductive
elimination process, but it might take place reversibly.

The reactions ofc with various carbon nucleophiles lead to
the formation of thekinetic products, which are trapped by a
nonreversible €C or C—H reductive elimination reaction that
forms the 4-coordinated 16e Rh(l) product (after coordination
of PPh). The ratios between the complexes formed in the
reactions are the reflection of the coupling aptitudes of the
o-bound carbon atoms.

In the reaction o¥cwith alkyl nucleophiles (MeLi, BzMgCl),
there is a clear preference of2ssp® over sg—sp C—C
coupling as indicated by the products rati® ¢r 13 vs 6)
(Scheme 4), although the %psp® C—C coupling involves
breaking of a chelate €Rh bond?® Remarkably, in both cases,

(24) (a) van der Boom, M. E.; Ben-David, Y.; Milstein, D.Am. Chem.
So0c.1999 121, 6652. (b) van der Boom, M. E.; Ben-David, Y.; Milstein,
D. Chem. Commuril998 917.

(25) Vigalok, A.; Rybtchinski, B.; Shimon, L. J. W.; Ben-David, Y.;
Milstein, D. Organometallics1999 18, 895.

(26) Lee, H. M.; Yao, J.; Jia, @rganometallics1997, 16, 3927.

(27) (a) Albrecht, M.; Gossage, R. A.; Spek, A. L.; van Koten,JG.
Am. Chem. Socl1999 121, 11898. (b) Grove, D. M.; van Koten, G.;
Louwen, J. N.; Noltes, J. G.; Spek, A. L.; Ubbels. J. C.J. Am. Chem.
Soc.1982 104, 6609. (c) van Koten, G.; Timmer, K.; Noltes, J. G.; Spek,
A. L. J. Chem, Soc., Chem. Commu®78 250.

(28) sp—sp? C—C bond reductive elimination was shown to be preferred
over an sp—sp* one: (a) Loar, M. K.; Stille, J. KJ. Am. Chem. S0d981,
103 4174. (b) Goddard, W. A., 1IJ. Am. Chem. So4986 108 6115. (c)
Calhorda, M. J.; Brown, J. M.; Cooley, N. Arganometallics1991 10,
1431. (d) Thompson, J. S.; Atwood, J. Organometallics1991, 10, 3525.
(e) Kruis, D.; Markies, B. A.; Canty, A. J.; Boersma, J.; van KotenJG.
Organometall. Cheml997, 532 235
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there is no evidence for the formation 1f, the product of the
competitive sp—sp* BzCR—Cipso coupling.

When comparing the two possibilities for %spsp® C—C
coupling, breaking of a weaker or less sterically hindered bond
should be preferred. It is conceivable that electron-withdrawing
substituents on the benzyl group strengthen the-®H,—Ar
bond. Thus, the observed migratory aptitudes of the benzyl
groups can be explained in terms of the-Rh bond strength.
The clear preference for the migration of the BzOQHer the
unsubstituted benzyl in the reaction3#with BzZMgCl supports
this hypothesis.

In the reaction of7c with PhLi, two competitive sp-sp?
C—C coupling reactions take place. Notably, there is no
preference for coupling of the PiBzCF; over the coupling of
the Gpso—BzCF;, although in the latter case, the R@ bond
of the PCP chelate is broken. The carbon nucleophile most likely
approaches the rhodium center from the direction of the vacant
coordination site offc, i.e., trans to the BzGHigand. In that
case, an isomerization process prior to the-BaCF; coupling
would be necessary, to bring the two ligands into cis arrange-
ment while the BzCkgroup and thepso-carbon are already
in cis configuration. This restriction might slow the Bz&F
Ph coupling process with respect to the BzEEi,s, one,
resulting in the observed 1:1 ratio between the two products.
Such an isomerization process would be required in the reactions
of 7c with other carbon nucleophiles as well, which can also
explain the preferred migrations of alkyls into the ring rather
than their coupling with the other available ligand.

In conclusion, a unique intramolecular methylene-transfer
system, combining consecutive-C reductive elimination and
C—C activation processes was discovered and investigated from
both mechanistic and synthetic points of view. The methylene
transfer was shown to occur at room temperature regardless of
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electronic or steric effects. Intermediates that until now were 3.37 (b s, 4H, Ei,P), 1.88 (s, 3H, Ar@l3), 1.78 (distorted dJ = 1.8
only postulated were identified and characterized, allowing the Hz, 6H, ArCHs). **C{*H} NMR (CDCl;) 6: 138.4 (d,"Jpc = 17.2 Hz,
kinetic investigation of the reaction. The rate-determining step A7), 1358 (t.°Jpc = 3.8 Hz, Ar), 134.6 (tJoc = 3.6 Hz, Ar), 133.1 (d,
was found to be the €C reductive elimination rather than the ~Jec = 18.8 Hz, Ar), 131.6 (MJpc = 6.0 Hz,Joc = 2.7 Hz, Ar), 129.9

43, = =
C—C activation, and the observed activation parameters indicatel. 9c = 22 Hz, A, 128.57 (s, An), 128.2 (dJec = 6.7 Hz, Ar),
. 30.0 (d,*Jpc = 18.0 Hz,CH,P), 20.3 (dtJpc = 2.6 Hz,Jpc = 1.3 Hz,

a nonpolar three-centered transition state.

, ArCHg), 16.7 (t,“Jpc = 7.0 Hz, AICH3).

_The methylene transfer takes place also in the reverse  gynihesis ofa,o-Diphenylphosphinom-xylene (DPPX).A solu-
direction, i.e., into the bis-chelating ring system. This process tjon of BuLi in hexanes (95 mL, 1.6 M, 152 mmol) was added-40
is kinetically controlled (by a subsequent elimination process), °C to a solution of HPPh(25.67 g, 138 mmol) in THF (250 mL).
serving as a key transformation for the regeneration of the After the addition was complete, the reaction mixture was allowed to
methylene “bridge” in the methylene-transfer process. The warm to 0°C. It was then cooled te-70 °C, and a solution oé,o'-
migration of benzyl group into the complex’s bis-chelating ring  dichloroim-xylene (10.5 g, 60 mmol) in THF (300 mL) was added to

is selective and is dominated by the electronic properties of the it dropwise. The reaction mixture was allowed to warm to room
migrating group. temperature and stirred overnight, followed by refluxing for 1 h. The

solvent was removed in vacuo, and the solid residue was dissolved in
ether (400 mL). HO (20 mL) was added to the solution, the organic
layer was separated, dried overJ8@y, filtered, and concentrated to
General Procedures.All experiments with metal complexes and 30 mL. Pentane (50 mL) was added to the concentrated etherial solution

phosphine ligands were carried out under an atmosphere of purified Of the product, and the vessel was cooled-80 °C for overnight.
nitrogen in a Vacuum Atmospheres glovebox equipped with a MO 40-2 The resulting white cr_ysta_ls were flltered,_wa_shed witlk 30 mL of
inert gas purifier or using standard Schlenk techniques. All solvents ¢old pentane, and dried in a vacuum, yielding 27.3 g (96%) of the
were reagent grade or better. All nondeuterated solvents were refluxedPPPX ligand.

over sodium/benzophenone ketyl and distilled under argon atmosphere. Characterization of DPPX'P{*H} NMR (CDCl3) 6: —10.32 (s).
Deuterated solvents were dried over 4-A molecular sieves. All the 'H NMR (CDCl) 6: 7.90 (b s, 8H, Ar), 7.84 (b s, 12H, Ar), 7.5
solvents were degassed with argon and kept in the glovebox over 4-A (distorted t3Jun = 7.5 Hz, 1H, Ar), 7.44 (s, 1H, Ar), 7.3 (distorted d,
molecular sieves. Commercially available reagents were used asJw = 7.4 Hz, 2H, Ar), 3.86 (s, 4H, B2P). *C{'H} NMR (CDCl)
received. [Rh(COBEI], (COE= cyclooctene) was prepared according 0 138.9 (d,\Jec = 15.4 Hz, Ar), 137.9 (ddfJpc = 8.1 HZ,"Jpc = 1.2

Experimental Section

to literature procedure®. Complex 1 was previously reportédbut
synthetic details were not given.

IH, 13C{*H} NMR and?P NMR spectra were recorded at 400, 100,
and 162 MHz, respectively, using a Bruker AMX-400 NMR spectrom-
eter. All the NMR measurements were performed igD§ unless
otherwise specified®H NMR and*3C{*H} NMR chemical shifts ¢)
are reported in ppm downfield from tetramethylsilartel NMR

Hz, Ar), 133.5 (d 2Jpc = 18.5 Hz, Ar), 131.1 (t3Jpc = 6.9 Hz, Ar),
129.24 (s, Ar), 128.9 (BJpc = 6.6 Hz, Ar), 128.7 (b s, Ar), 127.6
(dd,3Jpc= 6.9 Hz,%Jpc = 2.3 Hz, Ar), 36.5 (d}Jpc = 15.9 Hz,CH,P).
Synthesis of 1.A solution of DPPM ligand (86 mg, 0.167 mmol)
and PPh (44 mg, 0.167 mmol) in THF (20 mL) was added dropwise
at room temperature to a solution of [Rh(CQE]), (60 mg, 0.084
mmol) in THF (20 mL). The reaction mixture was stirred for 12 h at

chemical shifts are referenced to the residual hydrogen signal of the 70 °C producing Rh(PR)CH,CesH(CHs)(CHPPh),](H)(Cl) and 1 (

deuterated solvent (7.15 ppm benzene}*@{'H} NMR measurements,
the signal of GDg (128.00 ppm) was used as a referenée. NMR
chemical shifts are reported in ppm downfield fromP®, and
referenced to an external 85% solution of phosphoric acich®. C—

in 3:7 ratio by 3P{*H} NMR, respectively). The solution was
evaporated to dryness and dissolved in benzene (50 mL). MeLi (50

uL, 1.0 M, 0.050 mmol) was added to the solution, showing an

immediate change in color from yellow to dark brown and a complete

H heteronuclear correlation was measured using a 5-mm inverse conversion tdl based or#'P{*H} NMR. The solution was filtered and

probehead with a-gradient coil. Screw-cap 5-mm NMR tubes were
used in the NMR follow-up experiments. Abbreviations used in the
description of NMR data: Ar, aryl; Ay nonchelate aryl; b, broad; s,
singlet; d, doublet; t, triplet; g, quartet; m, multiplet; v, virtual.

dried under vacuum to give 133 mg (87% yield) of the product

Characterization of Rh(PRHfICH.CsH(CHz)2(CH.PPh)2](H)(CI):
31P{1H} NMR (THF-dg): 6 69.4 (dd,*Jrpp = 136.0 Hz,2Jpp = 11.4
Hz, 2P,PPhy), 27.7 (dt,"Jrnp = 99.5 Hz, 1PPPhy). 'H NMR (THF-

Electrospray (ES) mass spectrometry was performed using a MicroMassds): 6 8.5 (m, Ar), 7.54 (tJ = 7.3 Hz, Ar), 7.45 (tJ = 7.3 Hz, Ar),

LCZ detector 4000 with CV of 43 V, temperature of 150, and EE

7.37 (bs, Ar), 7.16 (b t)= 7.8 Hz, Ar), 6.94 (tJ = 7.4 Hz, Ar), 6.90

of 4.2 V. GC/MS was performed using a Saturn 2000 Varian instrument (d, J = 6.0 Hz, Ar), 6.83 (tJ = 7.5 Hz, Ar), 6.59 (b s, Ar), 4.1 (dvt,

with SPB-5 Supelco column of 30 m 0.25 mm and a temperature
program of 15°C/min, 30-240°C. Elemental analyses were performed
at the Hebrew University of Jerusalem.

Synthesis of 2,4-Bis(diphenylphosphinomethyl)mesitylene (DPPM).
A solution of BuLi in hexanes (57 mL, 1.6 M, 91.2 mmol) was added
at —40 °C to a solution of HPPh(15.0 g, 80.6 mmol) in THF (150
mL). After the addition was complete, the reaction mixture was allowed
to warm to 0°C. It was cooled to-70 °C, and a solution of 2,4-bis-
(chloromethyl)-mesitylene (8.2 g, 37.8 mmol) in THF (200 mL) was
added to it dropwise. The reaction mixture was allowed to warm to
room temperature and stirred overnight, followed by refluxing for 1 h.

left part of ABQ,2Jun = 13.9 Hz,2Jpn = 4.0 Hz, 2H, G4,P), 3.4 (b d,
right part of ABq,2Jun = 13.9 Hz, 2H, G1,P), 2.9 (m,J = 10.4 Hz,
J=09.1Hz, 2H, G1;Rh), 2.42 (s, 6H, Ar€l3), —20.3 (tt,J = 12.9 Hz,
J = 3.2 Hz, 1H,HRh); (GDe): 6 8.58 (m, Ar), 7.76 (m, Ar), 7.19 (m,
Ar), 6.90 (m, Ar), 6.81 (tJ = 6.4 Hz, Ar), 6.66 (m, Ar), 6.55 (m, Ar),
6.39 (b s, Ar), 6.05 (b tJ = 7.9 Hz, Ar), 3.94 (dvt, left part of ABq,
23y = 13.9 Hz,2Jpy = 4.2 Hz, 2H, G4,P), 3.40 (qJ = 10.5 Hz,J =
9.2 Hz, 2H, G4;Rh), 3.34 (b dJ = 14.4 Hz, 2H, ¢1,P), 2.36 (s, 6H,
ArCHs), —20.1 (i, = 12.9 Hz,J = 3.7 Hz, 1H,HRh).3C{*H} NMR
(THF-dg): 6 154.2 (dq2Jpc= 7.2 Hz,J = 1.3 Hz, Ar), 141.3 (VtZJpc
= 17.6 Hz, Ar), 137.4 (b diJpc = 33.0 Hz, Ar), 136.4 (t2Jpc = 13.7

The solvent was removed in vacuo, and the solid residue was dissolvedHz, Ar), 136.11 (b s, Ar), 135.4 (d} = 10.3 Hz, Ar), 134.8 (b d) =

in ether (300 mL). HO (15 mL) was added to the solution; the organic 8.8 Hz, Ar), 132.7 (d,J = 9.5 Hz, Ar), 132.2 (ddJ = 12.8 Hz,J =
layer was separated, dried over 8@, filtered. and concentrated to 1.7 Hz, Ar), 131.5 (vtJ = 4.4 Hz, Ar), 132 (unresolved aromatic
20 mL. Pentane (50 mL) was added to the concentrated etherial solutionP€aks), 128.3 (di) = 42.4 Hz, Ar), 127.5 (m, Ar), 125.0 (d = 2.3

of the product, and the vessel was cooled—-&0 °C for overnight.
The resulting white crystals were isolated by filtration, washed with 3
x 10 mL of cold pentane, and dried in a vacuum, yielding 17.4 g (89%)
of the DPPM ligand.

Characterization of DPPM!P{*H} NMR (CDCLk) 6: —16.31 (s).
H NMR (CDClg) 6: 7.42-7.29 (m, 20H, Ar), 6.63 (b s, 1H, Ar),

(29) Herde, J. L.; Senoff, C.Mnorg. Nucl. Chem. Lettl971 7, 1029.

Hz, Ar), 39.9 (vt,3Jpc = 13.4 Hz,CH,P), 19.87 (s, A€H3), 16.9 (ddt,
2Jpc rans= 55.8 Hz,J = 11.5 Hz,J = 4.5 Hz,CH,Rh). IR (film): 2078
cm™t (nHRh).

Characterization ofl. 3'P{*H} NMR (CsDe): 6 66.7 (dd, Jrnp =
192.6 Hz,2Jpp = 31.6 Hz, 2P PPhy), 40.2 (dt,*Jrnp = 154.1 Hz, 1P,
PPhs). 'H NMR (CsDg): 6 7.9 (m, 4H, aromatic), 7:27.1 (m, 14H,
aromatic), 6.8-6.4 (m, 18H, aromatic), 3.9 (ddvt, left part of ABq,
2-]HH =13.8 HZ,ZJpH =47 HZ,4JpH =1.2 HZ, ZH, 0‘|2P), 3.44 (rlght
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part of ABq, 2Jun = 13.8 Hz, 2H, G1,P), 2.7 (M,2Jrnn = 2.3 Hz,
3Jpp 5= 5.8 HZ,3Jprrans= 11.9 Hz, 2H, G1,Rh), 2.30 (s, 6H, ArEls).
13C{1H} NMR (C¢De): O 145.0 (m,3Jpc = 6.7 Hz, AIC), 140.5 (vtm,
2Jpc = 14.1 Hz,J = 2.4 Hz, AIC), 138.9 (dvt,}Jpc = 31.3 HZ,3Jpc =
2.5 Hz, AICPPh), 137.5 (t.3Jpc = 10.7 Hz, ACPPh), 135.0 (vt 2Jpc
= 7.7 Hz, ACHPPh), 134.2 (d,2Jpc = 12.9 Hz, ACHPPh), 131.6
(vt, 3Jpc = 5.2 Hz, AIC), 130.69 (s, ACHPPh), 129.34 (s, ACHPPh),
127.6 (vt,3Jpc = 14.9 Hz, ACHPPh), 127.1 (m,3Jsc = 8.8 Hz,
ArCHPPh), 121.29 (s, AEH), 36.9 (vt,\Jpc = 11.4 Hz,CH,P), 20.09
(s, ArCH3), 17.4 (dm,2pc yans= 39.4 Hz, AICHRh).

Cohen et al.

(d, *Jrac = 38.0 Hz,Cipso), 39.5 (t,2Jpc = 13.5 Hz, AICH,P), 23.2 (d,
rne = 27.0 Hz, AfCH;Rh), 22.7 (s, A€H3). The assignment was
confirmed by a3C-DEPT experiment. Anal. Calcd: C, 59.87; H, 4.66.
Found: C, 60.31: H, 5.23.

Reaction of 1 with 1-lodo-3,5-bis(trifluoromethyl)benzene. Syn-
thesis of 2b and 3b.1-lodo-3,5-bis(trifluoromethyl)benzene (14,
0.085 mmol) was added to a benzefesolution (0.5 mL) ofl (15

mg, 0.017 mmol). The mixture was allowed to stay at room temperature

for 48 h, resulting in color change from orange to purple-féef.*H}
NMR revealed quantitative formation of two produ@b,and3b (2b:

Synthesis of 6.A solution of DPPX ligand (95 mg, 0.200 mmol)  3b = 4:1) and an equivalent amount of RPRomplex2b was too
and PPR(53 mg, 0.200 mmol) in 20 mL of THF was added dropwise unstable for isolation and was characterized in solution. Upon heating
to a solution of [RhCI(COE), (72 mg, 0.100 mmol) in 20 mL of THF of the mixture of2b and 3b at 70 °C for 2 h, complex2b was
at room temperature. The reaction mixture was stirred for 12 h at 80 quantitatively converted int@b. Precipitation from pentane gave a
°C to form Rh(PPE[CsH3(CH:PPR)2](H)(CI). The volatiles of the purple-red solid in 75% yield. Comple3b is soluble in benzene and
solution were evaporated, the solid was redissolved in THF (30 mL), THF.

and 100 equiv of NaH (240 g, 10 mmol) was added to the solution.  Characterization o2b. 3*P{*H} NMR (C¢Dg): 6 23.2 (d, Jrnp =
The reaction mixture was stirred for 24 h at room temperature, showing 118.9 Hz).*H NMR (CsDs): 6 8.36 (m, 4H, AH), 7.47 (b s, 2H, AH),
the formation of6 by 3'P{*H} NMR. The solution was evaporated, the  7.28 (m, 8H, AH), 7.11 (m, 4H, AH), 6.84 (m, 2H, AH), 6.74 (m,
remaining solid was dissolved in benzene (30 mL), and the solution 4H, ArH), 3.55 (b d, left part of ABq2Jun = 14.6 Hz 2H, ArGH,P),
was filtered off and dried under high vacuum to give 146 mg (83% 3.23 (vt,3J4p = 8.1 Hz, 2H, AH,Rh), 3.01 (dt, right part of ABZJpn

yield) of the produc®.

Characterization of Rh(PRICsH3(CH.PPh),]J(H)(Cl). 3'P{'H}
NMR (THF): 6 47.0 (dd,*Jrnp= 111.1 Hz,2Jpp= 24.3 Hz, 2PPPh),
19.8 (dt,*Jrnp = 82.8 Hz, 1P PPhs). *H NMR (CD.Cly): 6 7.5-6.8
(m, 38H, aromatic), 4.55 (dvt, left part of AB&Jun = 15.2 Hz,2Jpn
= 3.8 Hz, 2H, ®4,P), 3.74 (dvt, right part of ABg?Jun = 15.2 Hz,
2Jpn = 4.6 Hz, 2H, G1.P), —16.9 (m (ddt)J = 12.8 Hz,J = 12.3 Hz,
Jrnn = 22.7 Hz, 1H,HRh). C{H}NMR (CD,Cl,): 4 166.7 (ddt,
ZJPC,trans: 99.3 HZ?Jpcvcisz 3.6 Hz, 1\]RhC =258 HZ,Cipso), 144.6
(dvt, 2Jpc = 8.3 Hz, Zpc = 1.5 Hz, AIC), 135.5 (m), 134.4 (PIpc =
11.2 Hz), 133.9 (tJpc = 5.2 Hz), 133.6 (tJec = 5.2 Hz), 130.0 (d,
Jpc = 7.3 Hz), 129.2 (dJ = 1.8 Hz), 128.82 (b s), 128.2 (di,= 5.9
Hz,J = 4.7 Hz), 127.8 (dJ = 8.9 Hz), 124.40 (s), 122.3 (di,= 8.8
Hz,J = 4.7 Hz), 47.5 (ddvt}Jpc = 16.8 Hz,3Jpc = 7.5 Hz,J = 2.2
Hz, CH,P). IR (Film): 2107 cm? (nRhH).

Characterization 06. 3'P{*H} NMR (CsD¢): 6 50.7 (dd, Jrnp =
161.6 Hz,2Jpp = 30.6 Hz, 2P PPhy), 38.9 (dt,"Jrnp = 121.6 Hz, 1P,
PPhs). 'H NMR (CgDg): 6 7.6—7.5 (m, 14H, aromatic), 6:96.7 (m,
21H, aromatic), 6.34 (b s, 1H, Al), 3.94 (vt,2Jpy = 3.1 Hz, 4H, G1,P).
BC{H} NMR (CgDg): 6 178.4 (ddt2Jpc yrans= 78.8 Hz,2Jpc cis= 7.7
Hz, YJrnc = 31.9 Hz,Cipso), 148.3 (ddvt,2Jpc = 11.2 Hz,2Jpc = 2.3
Hz, 3Jpc= 1 Hz, Ar), 139.5 (dt,l.]pc = 30.0 HZ,3Jpc= 2.2 Hz, AI’),
138.0 (td,%Jpc = 16.8 Hz,'Jpc = 1.7 Hz, Ar), 134.7 (d2Jpc = 13.5
Hz, Ar), 133.6 (dt,z\]pC: 6.2 Hz, Ar), 121.5 (th‘?.]pc: 9.7 HZ,4JPC
= 2.8 Hz, Ar), 128.55 (s, Ar), 128.6 (dJpc = 7.4 Hz, Ar), 128.4 (d,
4Jpc = 1.5 Hz, Ar), 127.4 (d3Jpc = 8.8 Hz, Ar), 124.1 (s, Ar), 49.9
(ddvt, Ypc = 13.7 Hz,3Jpc = 7.7 Hz,J = 2.8 Hz,CH,P).

Reaction of 1 with lodobenzene. Synthesis of 2a and 3@omplex

= 4.5 Hz 2H, ArCH,P), 1.93 (s, 6H, Ar€ls). *F{*H} NMR (C¢Dg):

0 —62.20 (s, &). Selected signals fafC{*H} NMR (CsDg): 0 153.7
(d, ZJRhc = 44.6 HZ, ArCipso), 28.6 (t,lJpc =13.1 HZ,CHQP), 28.5 (b
d, Wpc = 17.7 Hz,CH,Rh), 19.5 (s,CH3Ar). The assignment was
confirmed by a*C-DEPT.

Characterization o8h. 3'P{*H} NMR (CeDe): 6 33.1 (d, Jrnp =
124.7 Hz).*H NMR (CsD¢): O 6.7—8.2 (m, 24H, AH), 3.95 (vq,3Jup
= 3.9 Hz, 2H, AtCH;Rh), 3.88 (dt, left part of AB¢2Jun = 17.4 Hz,
2Jpn= 5.3 Hz, 2H, ArGH,P), 3.41 (b d, right part of ABq, 2H, Ard,P),
2.24 (s, 6H, ArC3). 1F{H} NMR (C¢Dg): 6 —62.45 (s, &3). Selected
signals fort3C{*H} NMR (CsDe): 0 172.2 (d,2Jrnc = 40.2 Hz,Cipso),
39.3 (t,Jpc = 15.1 Hz,CH,P), 22.39 (sCH5Ar), 18.23 (b d,*Jpc =
29.2 Hz,CH;Rh). The assignment was confirmed by*@-DEPT and
C—H correlation experiments. Anal. Calcd: C, 53.88; H, 3.79. Found:
C, 54.21; H, 4.09.

Reaction of 1 with p-(Trifluoromethyl)iodobenzene. Synthesis of
2c and 3c.p-(Trifluoromethyl)iodobenzene (13L, 0.085 mmol) was
added to 0.5 mL of a benzemk-solution of1 (15 mg, 0.017 mmol).

The mixture was allowed to stay at room temperature for 48 h, resulting

in a color change from orange to purple-réP{*H} NMR revealed
quantitative formation of two product&c and3c (2¢:3c = 4:1), and
an equivalent amount of PRhComplex 2c was too unstable for
isolation and was characterized in solution. Upon heating &Crfor
2 h, complex2c was quantitatively converted int8c. Precipitation
from pentane gave comple3c as a purple-red solid in 75% vyield.
Complex3c is soluble in benzene and THF.

Characterization ofc. 3'P{*H} NMR (CsDs): 0 24.7 (d, Jrnp =
123.0 Hz).*H NMR (C¢D¢): 0 6.5-7.9 (m, 25H, AH), 3.57 (b d, left

1 (25 mg, 0.028 mmol) was dissolved in 1 mL (4.9 mmol, 300 equiv)
of iodobenzene and stirredrfd h atroom temperature, resulting in a

color change from brown to redP{*H} NMR revealed quantitative 2.03 (s, 6H, ArCs). °F{H} NMR (Cg¢D¢): 0 —61.20 (s, 3F, E3).
formation of2a and3a (2a:3a = 10:1) and an equivalent amount of  Selected signals fo¥*C{*H} NMR (CsD¢): 6 158.3 (d,2Jrnc = 40.2
PPh. The iodobenzene solution was concentrated and the products wereHz, Ar'Cipso), 29.3 (t,%3Jpc = 13.1 Hz,CH,P), 27.9 (b d}pc = 17.1

part of ABq,2Juw = 14.5 Hz, 2H, ArGi,P), 3.18 (t,%Jup = 8.6 Hz,
2H, ArCH;Rh), 3.14 (dt, right part of ABfJpr = 4.6 Hz 2H, ArCH,P),

precipitated from cold pentane giving a red solidkafand3a mixture
(2a3a = 10:1) in 70% yield. Upon heating at 7€ for 2 h, complex
2aunderwent quantitative conversion irda. Complex3a is soluble
in benzene and THF.

Characterization oRa. 3P{*H} NMR (CsD¢): 0 26.0 (d, Jrnp =
127.0 Hz).*H NMR (CsD¢): 0 7.7—6.5 (m, 26H, AH), 3.58 (b d, left
part of ABq,2Jun = 14.5 Hz, 2H, ArGH,P), 3.31 (vt,3Jpy = 8.0 Hz,
2H, ArCH,Rh), 3.25 (dt, right part of ABg2Jpn = 4.6 Hz, ArCH,P),
2.05 (s, 6H, 2 ElsAr). Selected signals fo*C{*H} NMR (C¢Dg): o
29.6 (t,2pc = 13.0 Hz, AICH2P), 27.1 (d,*Jrnc = 17.8 Hz, AICH,-
Rh), 20.91 (s, A€H3). The assignment was confirmed by*&-DEPT

Hz, CH,Rh), 19.9 (s,CH3A).

Characterization o8c. 3*P{*H} NMR (CsDs): 0 32.6 (d, Jrnp =
126.5 Hz).*H NMR (CeDe): 6 6.5—7.9 (m, 25H AH), 4.13 (vq,3Jup
= 3.5 Hz, 2H, AtCHzRh), 3.82 (dt, left part of ABoRJuy = 17.0 Hz,
2Jpn=5.6 Hz, 2H, ArCGH,P), 3.31 (b d, right part of ABq, 2H, ArG,P),
2.21 (s, 6H, Ar®s). F{*H} NMR (CsDe): 6 —62.08 (s, 3F, E3).
Selected signals fo¥C{*H} NMR (CgDs): 6 172.8 (d,2Jrnc = 40.2
Hz, Cipso), 39.3 (t,%Jpc = 13.1 Hz,CH,P), 22.7 (SCH3Ar), 20.3 (b d,
Jpc = 26.2 Hz,CH,Rh). Anal. Calcd: C, 56.65; H, 4.19. Found: C,
57.29; H, 4.65.

Reaction of 1 with p-lodotoluene. Synthesis of 2d and 3d.

experiment.

Characterization o8a. 3'P{*H} NMR (CsDs): 0 33.2 (d, Jrnp =
129.5 Hz).*H NMR (CeDe): 0 8.5-6.5 (m, 26H, AH), 4.4 (Vq,2Jrnn
= 4.0 Hz, 2H, AtCH;Rh), 3.9 (dt, left part of ABq2Jun = 17.0 Hz,
2Jwp = 5.0 Hz, 2H, G4,P), 3.4 (b d, right part of ABq, 2H, B,P), 2.3
(s, 6H, ArCH3). Selected signals fo*C{*H} NMR (C¢Ds): 6 173.7

p-lodotoluene (18.6 mg, 0.085 mmol) was added to a bendgne-
solution (0.5 mL) ofl (15 mg, 0.017 mmol). The mixture was allowed
to stay at room temperature for 48 h, resulting in a color change from
orange to dark rec'P{*H} NMR revealed quantitative formation of
two products2d and3d (2d:3d = 1: 4), and an equivalent amount of
PPh. Complex2d was too unstable for isolation and was characterized
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in solution. Upon heating at 70C for 30 min, complex2d was
guantitatively converted int8d. Complex3d is soluble in benzene
and THF and moderately soluble in pentane. Due to the similar
solubility of the complex and PRIin organic solvents they could not
be separated by fractional crystallization.

Characterization o2d. 3'P{*H} NMR (C¢D¢): 6 25.8 (d, Jrnp =
127.5 Hz).*H NMR (CsDg): 6 8.0—-6.7 (m, 25H, AH), 3.66 (b d, left
part of ABq,2Jun = 14.4 Hz, 2H, ArGH,P), 3.38 (t,3J4p = 8.5 Hz,
2H, ArCH,Rh), 3.34 (dt, right part of AB@Jpn = 4.5 Hz, 2H, ArGH,P),
2.24 (s, 3H, tolAr®3), 2.12 (s, 6H, ArCis). Selected signals for
13C{1H} NMR (CeDe): 6 29.9 (t,Jpc = 16.1 Hz,CH,P), 27.0 (b d,
Jpc = 18.8 Hz,CHRh), 20.2 (s, tdCH3), 19.8 (s,CH3AT).

Characterization o8d. 3P{*H} NMR (CsDe): 6 32.9 (d, Jrne =
131.2 Hz).*H NMR (CsD¢): 0 8.3—6.2 (m, 25H, AH), 4.33 (vq,3Jup
= 3.5 Hz, 2H, AtCH,Rh), 3.87 (dt, left part of ABg2Jun = 17.0 Hz,
2Jpn= 5.3 Hz, 2H, ArGH,P), 3.45 (b d, right part of ABq, 2H, Arig,P),
2.26 (s, 6H, ArGi3), 1.64 (s, 3H, tol®l3). Selected signals fdfC{*H}
NMR (CeDg): ¢ 173.7 (d,2Jrnc = 30.2 Hz,Cipso), 39.6 (t,%Jpc = 14.1
Hz, CH,P), 23.8 (b d}Jpc = 26.2 Hz,CH;Rh), 22.7 (sCH3Ar), 21.8
(s, tolCH3).

Reaction of 1 with p-lodoanisole. Synthesis of 2e and 3e.
p-lodoanisole (58 mg, 0.25 mmol) was added to a benzirselution
(0.5 mL) of 1 (22 mg, 0.025 mmol). The mixture was allowed to stay
at room temperature for 60 h, resulting in color change from orange to
dark red3*P{*H} NMR revealed quantitative formation of two products,
2eand3e(2e3e= 1:4), and an equivalent amount of RP@omplex
2e was too unstable for isolation and was characterized in solution.
Upon heating at 70C for 20 min, complex2e was quantitatively
converted into3e Complex3eis soluble in benzene and THF and
moderately soluble in pentane.

Characterization oe 3P{'H} NMR (Cg¢Ds): 0 25.0 (d,*Jrne =
126.2 Hz)."H NMR (CgDg): 6 5.9-8.2 (m, 25H, AH), 3.60 (dt, left
part of ABg, 2y = 14.6 Hz,3Jup = 4.5 Hz, 2H, ArGH,P), 3.39 (s,
3H, ArOCH3), 3.27 (vt,3J4p = 7.1 Hz, 2H, ArGH;Rh), 3.23 (dt, right
part of ABq,2Jpn = 4.5 Hz, 2H, ArGH,P), 2.05 (s, 6H, Ar€ls). Selected
signals for'3C{*H} NMR (C¢Ds): 6 54.9 (s, ArGCH3), 29.8 (t,%Jpc =
13.0 Hz,CH;P), 26.9 (b d}Jpc = 17.7 Hz,CH,Rh), 19.8 (SCH3AT).

Characterization o8e 3'P{*H} NMR (CsDe): ¢ 33.3 (d, Jrnp =
132.3 Hz).*H NMR (CsD¢): 0 8.32 (m, 4H, AH) 7.36 (m, 4H, AH),
7.11 (m, 8H, AH), 6.74 (m, 7H, AH), 6.06 (m, 2H, AH), 4.32 (vq,
3Jwp = 3.4 Hz, 2H, AtCH,Rh), 3.88 (dt, left part of ABGJuy = 17.1
Hz, 2Jpy = 5.3 Hz, 2H, Ar(H,P), 3.44 (b d, right part of ABq, 2H,
ArCHP), 3.09 (s, 3H, ArO8l3), 2.25 (s, 6H, ArCs). Selected signals
for BC{*H} NMR (CgDs): 0 173.6 (d,2Jrnc = 40.2 Hz,Cips0o), 54.4 (s,
ArOCHj3), 39.5 (t,%Jpc = 16.1 Hz,CH,P), 23.9 (b d}Jpc = 28.2 Hz,
CH2Rh), 22.6 (sCHsAr). The NMR assignment was confirmed by a
13C-DEPT and*C—*H correlation experiments. Anal. Calcd: C, 59.17;
H, 4.73. Found: C, 58.12; H, 4.75.

Synthesis of 7aBenzyl bromide (2.L, 0.018 mmol) was added
to a benzenel solution (0.5 mL) of6 (15 mg, 0.018 mmol) at room
temperature, resulting in a color change from yellow to dark teld.
and 3P{*H} NMR analysis of the product solution showed the
guantitative formation o7a and PPh It was impossible to separate
the compound from PRh

Characterization ofa. 3'P{*H} NMR (CsDs): 6 29.6 (d, Jrnp =
130 Hz).H NMR (C¢D¢): 0 6.4—8.3 (m, 28H, aromatics), 4.28 (vq,
2Jpn = 3.5 Hz, 2H, AtCH,Rh), 3.63 (left part of ABq2Jun = 16.7
Hz, e = 4.5 Hz, 2H, ArGH;P), 3.40 (b d, right part of AB&Jue =
4.2 Hz, 2H, ArH,P). Selected signals fdfC{*H} NMR (C¢D¢): &
169.1 (d,2Jrnc = 37.0 Hz,Cipso), 39.9 (t,%Jpc = 15.0 Hz,CH,P), 22.2
(d, lJpc = 27.2 HZ,CHth).

Synthesis of 7b.3,5-Bis(trifluoromethyl)benzyl bromide (3.8L,
0.018 mmol) was added to a benzehesolution (0.5 mL) of6 (15
mg, 0.018 mmol) at room temperature, resulting in a color change from
yellow to dark red3'P{*H} NMR revealed quantitative formation of
the oxidative addition producib and equivalent amount of PRHt
was impossible to separate the compound fromzPPh

Characterization ofb. 3'P{*H} NMR (CsD¢): 6 28.5 (d, Jrnp =
125.1 Hz).*H NMR (CgDg): 6 6.5-8.2 (m, 26H, AH), 3.9 (b q,2Jpx
= 3.8 Hz, 2H, AtCH,Rh), 3.6 (dt, left part of ABq2Juy = 17.1 Hz,
2Jup = 5.5 Hz, 2H, ArGH,P), 3.4 (dt, right part of ABgZJup = 3.9 Hz,
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2H, ArCH,P). F{'H} NMR (CgsD¢): 0 —62.45 (s, &3). Selected
signals foF*C{1H} NMR (CsDe): 6 167.9 (d,2Jrnc = 30.2 Hz,Cipso),

39.7 (t,%Jpc = 15.1 Hz,CH,P), 17.5 (d XJpc = 30.2 Hz,CHzRh). The
assignment was confirmed by3C-DEPT experiment.

Synthesis of 7cp-(Trifluoromethyl)benzyl bromide (2.8L, 0.018
mmol) was added to a benzedgsolution (0.5 mL) of6 (15 mg, 0.018
mmol) at room temperature, resulting in a color change from yellow
to dark brown3P{*H} NMR revealed quantitative formation of the
oxidative addition producfc and equivalent amount of PRHt was
impossible to separate the compound from £Ph

Characterization ofc. 3*P{*H} NMR (CsDs): 0 27.2 (d, Jrnp =
127.8 Hz).*H NMR (CeDe): 6 6.5-8.2 (m, 27H, AH), 4.1 (b q,2Jpn
= 3.4 Hz, 2H, AtCH,Rh), 3.6 (dt, left part of ABq2Jun = 17.0 Hz,
2Jpn= 5.0 Hz, 2H, Ar(H,P), 3.4 (dt, right part of ABgZJpn = 4.0 Hz,
2H, ArCH,P). F{*H} NMR (C¢D¢): 6 —62.37 (s, E3). Selected
signals foF*C{*H} NMR (CsDg): ¢ 168.2 (d,2Jrnc = 36.1 Hz,Cipso),
39.7 (t,%Jpc = 14.5 Hz,CH,P), 19.5 (d XJpc = 25.2 Hz,CHzRh). The
assignment was confirmed by*C-DEPT and &C—!H correlation
experiment.

Reaction of 7c with MeLi. MeLi (1.0 M solution in THF/cumene,
18 uL, 0.018 mmol) was added to a benzeamesolution (0.5 mL) of
7¢(15 mg, 0.018 mmol) at room temperature in the presence of 1 equiv
of PPh, resulting immediately in color change from dark red to orange.
31P{'H} NMR revealed quantitative formation of the two kncin
complexes and8 (6:8 = 1: 3) and two organic compoun@sand10,
which were identified by a GC/MS technique. GC/MS §fM* =
174. GC/MS of10, M+ = 160 fragmentation pattern confirms the
identity of the compounds.

Reaction of 7c with PhLi. PhLi (1.8 M solution in cyclohexanes
ether, 10uL, 0.018 mmol) was added to a benzeesolution (0.5
mL) of 7c (15 mg, 0.018 mmol) at room temperature in the presence
of 1 equiv of PP resulting immediately in color change from dark to
light red.>P{*H} NMR revealed quantitative formation of two products,
6and11(6:11= 1:1). GC/MS revealed the formation 2. Complex
11 could not been isolated fro®and was characterized in a mixture
(6:11 = 1:1).

Characterization of 1. 3*P{*H} NMR (C¢D¢): 6 64.6 (ddd, left part
of ABq 2\]pptransz 259.2 HZ,lJth: 192.8 HZ,ZJppciSZ 35.6 HZ, 1P,
PPhy), 52.7 (ddd, right part of AbgtJrne = 196.0 Hz,2Jppcis = 37.3
Hz, 1P,PPhy), 39.5 (2 dd,"Jrne = 149.0 Hz,2Jppcis= 37.3, 35.6 Hz,
1P, PPhs). 'H NMR (CgDg): 0 8.0-6.6 (m, 42H, AH), 5.15 (b m,
1H, Ar,CHRh), 3.77 (dd2Jyy = 16.0 Hz,2Jpy = 3.0 Hz, 1H, ArCH,P),
3.68 (m, 1H, ArGH,P), 3.48 (m, 1H, Ar€i,P), 3.17 (b t, 1H2Jun =
12.5 Hz, ArH,P). Selected signals féfC{*H} NMR (CeDs): 6 156.2
(dm, ZJRhc = 8.1 Hz, AI‘CCHRh), 43.8 (d,lJpc =17.8 HZ,CHzp),
43.5 (d,"Jpc = 25.1 Hz,CHP), 35.0 (dm,}Jrnc = 40.3 Hz,CHRh).
The assignment was confirmed by'8—3'P and al3C—'H correlation
experiment. GC/MS forl2, M= 236. The fragmentation pattern
confirmed the identity of the compound.

Reaction of 7c with BzMgCl.BzMgCl (1.0 M solution in THF, 18
uL, 0.018 mmol) was added to a benzefhesolution (0.5 mL) of7c
(15 mg, 0.018 mmol) at room temperature in the presence of 1 equiv
of PPh, resulting immediately in color change from dark to light red.
31P{1H} NMR revealed quantitative formation of two produdisand
13(6:13= 2:3). GC/MS revealed the formation of the organic product
9. Complex13 could not isolated fron6 and was characterized in a
mixture 6:13 = 2:3).

Characterization of3. 3'P{*H} NMR (CsD¢): 6 66.5 (ddd, left part
of Abq, ZJPPtraHSZ 253.8 HZ,lJth: 198.6 HZ,ZJppciSZ 32.5 HZ, 1P,
PPhy), 54.6 (ddd, right part of AbgtJrne = 200.0 Hz,2Jppcis = 36.3
Hz, 1P,PPhy), 38.4 (2 dd,"Jgrne = 146.3 Hz,2Jppcis= 32.5, 36.3 Hz,
1P, PPhy). *H NMR (CsDg): 6 8.0—6.6 (m, 43H, AH), 5.29 (b m,
1H, Ar,CHRh), 4.08 (b d2J4 = 13.0 Hz, 1H, ArG,P), 3.71 (dd,
2Jun = 14.1 Hz,2Jpy = 10.0 Hz, 1H, ArGH,P), 3.44 (dd2Jun = 14.1
Hz, 2Jpy = 5.2 Hz, 1H, ArGH,P), 3.21 (b t,2Jyy = 13.0 Hz, 1H,
ArCH,P). Selected signals fdfC{*H} NMR (CgD¢): ¢ 152.0 (dm,
2Jrnc = 8.0 Hz, AfCCHRNh), 44.3 (d}Jpc = 15.4 Hz,CH,P), 43.8 (d,
pc = 25.5 Hz, CH,P), 34.9 (dm,%Jrhc = 42.5 Hz, CHRh). The
assignment was confirmed by¥-DEPT and &3C—'H 2D correlation
experiment. GC/MS o9, M+ 160. The fragmentation pattern
confirmed the identity of the compound.
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Reaction of 3e with BzMgCI. BzMgClI (2.0 M solution in THF, X-ray Analysis of the Structure of 2a. Complex2awas crystallized
4.5ul, 0.009 mmol) was added to a benzeesolution (0.5 mL) of from a pentane solution at room temperature.
3e (8 mg, 0.009 mmol) in the presence of 1 equiv of PRIBUIting Crystal data: GiHzglP,Rh, orange, plates, 02 0.05 x 0.05 mn#,
immediately in color change from dark red to orang®{'H} NMR monoclinic,P2(1)lc (No. 14),a = 14.4630(5) Ap = 17.4720(8) Ac
revealed quantitative formation of three produdisl5, and16 (4:15: = 22.0250(6) A,ﬂ = 141.684(3), from 20 degrees of datd, = 120

16 = 1:10:4). GC/MS revealed the formation of the organic products k  — 3450.7(3) B, Z = 4, Fw= 822.46,D, = 1.583 Mg/ni, u =
18 and 19. Complexesl5 and 16 could not been separated from the 1’511 mme. ’ ' ' ’

solution and were characterized in a mixtufel6:16 = 1:10:4). ) ) . .
Characterization ofl5. 31P{H} NMR (CsD¢): o 70.95 (ddd, left Data collection and treatment: Nonius Kappa CCD diffractometer,

Mo Ko (A = 0.710 73 A), 11 817 reflections collected=b<16
f ABQ,2 = 254.5 Hz,}Jrnp = 200.1 Hz 2ppcis= 31.3 H ’ = -
B ot a0 LMl 919He 0555 01 fame s osca peas0 i
34.9 Hz, 1PPPhy), 37.95 (2 dd2Jgne = 145.1 Hz 2ppcis= 31.4, 34.8 peak mosaicity 0.‘6_4833 independent reflection® = 0.039). Data
Hz, 1P,PPhy). *H NMR (CeDe): 0 8.0-6.6 (m, aromatics, 49H), 5.26 ~ Were processed with Denzo-Scalepack.

(b m, 1H, AECHRN), 4.01 (b d2Jyy = 14.4 Hz, 1H, ArG,P), 3.64 Solution and refinement: The structure was solved by direct methods
(b t,2Jyn = 13.1 Hz, 1H, ArGH,P), 3.50 (s, 3H, ArOE), 3.25 (m, with SHELXS-97. Full-matrix least-squares refinement was based on
2H, ArCH,P), 2.43 (s, 6H, Ar€lz). ES-MS: M+ 987 nvz. F? with SHELXL-97. Idealized hydrogen were placed and refined in a

Characterization of6.3'P{*H} NMR (C¢D¢): 6 70.4 (ddd, left part riding mode; 444 parameters with O restraints, fiRai 0.029 (based
of ABQ, 2Jppyans= 256.8 Hz,1Jgnp = 199.9 Hz 2Jppcs= 31.7 Hz, 1P, on F?) for data withl > 2¢(1) andR, = 0.0374 on all 4833 reflections,
PPhy), 55.8 (ddd, right part of ABgtJrne = 200.8 Hz,2Jppcis = 35.3 goodness of fit orF2 = 0.947, largest electron density 0.583 e3A

Hz, 1P,PPhy), 38.4 (2 dd 'Jrne = 145.8 Hz,2Jppcis= 31.7, 34.9 Hz, X-ray Analysis of the Structure of 11. Complex11was crystallized
1P, PPh). H NMR (C¢Dg): 6 8.0-6.6 (m, aromatics, 47H), 5.30 (b from a pentane solution at room temperature.

m, 1H'CAr2CH§h2)é4a%02 (m,_2H, ,%r(Hze’), 358 (g {20 = 13('; Hz, Crystal data: GHaieFsPsRh, orange, needles, 0:20.1 x 0.1 mn¥,
1H, ArCHoP), 3.26 (dd7Jun = 14.6 Hz,"Jpn = 4.9 Hz, IH, ArGP), 1y 5cjinic P2(L)kc (No. 14),a = 17.067(1) Ab = 17.379(1) Ac =

MS: Mt = +=
§2422 (C'ESC?SSArgs)I\Ef _Mgl N‘T’h f957 m/zi Gt.C/MS t(:f 18 M firmed 15.905(1) A8 = 104.508(10), from 20 degrees of datd, = 120 K,
; ors, Vi = 9. The lragmentation patiern conirmedy, — 4567.1(5) &, Z = 4, Fw = 995.77,D, = 1.448 Mg/n?, u =

the identity of the compounds. 0.532 mn

Reaction of 3b with BzMgCl. BzMgCl (2.0 M solution in THF, ' o ) )
4.5uL, 0.009 mmol) was added to a benzetesolution (0.5 mL) of Data collection and treatment: Nonius Kappa CCD diffractometer,
3b (8 mg, 0.009 mmol) at room temperature in the presence of 1 equiv M0 Ka (2 = 0.71073 R), 39 645 reflections collected=B=<17,
of PPh, resulting immediately in color change from dark red to orange. 0=k=18, —16<I<16, frame scan width 13 scan speed 1244 s,
31P{1H4} NMR revealed quantitative formation of two products,and typical peak mosaicity 0965526 independent reflectiong{ = 0.085).
4(16:4 = 24:1). GCIMS revealed the formation of the organic product Data were processed with Denzo-Scalepack.

21 GC/MS of 21, M+ = 228. The fragmentation pattern confirmed Solution and refinement: The structure was solved by direct methods

the identity of the compound. ES-MS, M= 957 nvz. with SHELXS-97. Full-matrix least-squares refinement was based on
X-ray Analysis of the Structure of 3b. Complex3b was crystallized F2 with SHELXL-97. Idealized hydrogen were placed and refined in a

from a pentane solution at room temperature. riding mode; 586 parameters with 0 restraints, fiRg&= 0.0416 (based
Crystal data: 2@HssP-FesRhl, orange, rectangular plate, 0:20.1 on F?) for data withl > 2¢(l) andR; = 0.0636 on all 5526 reflections,

x 0.01 mn#, monoclinic, P2(1)kc (No. 14),a = 29.732(6) A,b = goodness of fit orF2 = 0.947, largest electron density 0.583 e3A

13.089(3) A,c = 20.270(4) A, = 100.13(3), with 2 independent NMR Follow-Up Experiments. NMR Measurements and Data

molecules in the au, from 10 degrees of datss 120 K,V = 7765(3) Processing.The processes were monitored BP{*H} NMR. The
A% Z=a4, Fw = 1916.94,D; = 1.640 Mg/, x = 1.377 mm*, spectra were measured using 5-mm screw-cap NMR tubes, which were
Data collection and treatment: Nonius Kappa CCD diffractometer, jnserted into the NMR spectrometer probe preset to the desired
Mo Ko, graphite monochromatok & 0.710 73 A), 31 277 r(_aﬂections temperature. The monitoring program was started afte 2nin of
coIIected,—Solsh =31, __145k§0’ O§I§_2_l, f:ame scan width 0°3 temperature equilibration and included periodical FID acquisition at
scan speed“190 s, typical peak mosaicity I.011 595 independent  c,ngiant intervals. The delay was varied in different experiments from
reﬂecﬂo_ns Rt = 0.'034)' Data were processed with Denzq-ScaIepack. 15 to 45 min, depending on experimental conditions. The reactions
Solution and refinement: The structure was solved by direct mfthOds were monitored until completed. The spectra were processed (Fourier
(SHELXS-97). Full-matrix least-squares refinement was basef‘on transform, baseline and phase correction, integration) using an automatic

(SHELXL-97). Idealized hydrogens were placed and refined in a riding . )
) ! . S program. Raw data from the spectra were processed using the Microsoft
mode; 947 parameters with O restraints, fiRal= 0.0434 (based on Excel 98 program on a Macintosh personal computer.

F?) for data withl > 20(1) andR; = 0.0601 for all data based on 9308

reflections, goodness of fit df2 = 1.030, largest electron density 0.864 Transformation of 2a to 3a In a typical experiment, 0.5 mL of a
e A3 CeDs solution of2a (25 mg, 0.028 mmol) was added to an NMR tube.
X-ray Analysis of the Structure of 16.Complex16was crystallized The tube was inserted into the preheated probe. Follow-up measure-
from a pentane solution at room temperature. ments were performed at 40, 45, 50, and°€5
Crystal data: GHs.PsRh, orange, plate, 0. 0.1 x 0.05 mn%,
triclinic, P1bar (No. 2),a = 10.4480(4) A,b = 13.3430(6) A,c = Acknowledgment. We thank Boris Rybtchinski for valuable
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Solution and refinement: The structure was solved by direct methods angles, anisotropic displacement parameters, and hydrogen atom
with SHELXS-97. Full-matrix least-squares refinement was based on coordinates for complexe2a, 3b, 11, and 16 (PDF). This
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