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1. Introduction

Throughout the last decade, intramolecular organo-
metallic reactions have experienced rapid growth in
view of their diverse synthetic potential. Many such
complexes are defined by an electron pair coordinate
donor [Y], which is joined to either a o- or v-bonded
carbon donor. Cyclometalated complexes of the type
1, in which Y is typically a Lewis base, have been the
topic of several important reviews.!’* The chelate ring
generally possesses three to seven members, with the
five-membered ring being most prevalent. Precious
metals are most common, although other transition
metals can cyclometalate. In syntheses prior to 1980,
the C-donor was sp>hybridized and primarily part of
an aromatic ring.

Interest in such organometallics has been generated
in many areas, for example, the activation of a remote
site in an organic molecule via formation of a new C-
metal bond is indicative of tremendous synthetic im-
portance of these compounds. Recent applications
using the homogeneous and heterogeneous catalytic
properties of some organometallics have also sparked
many new challenging directions, motivated by indus-
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trial savings in these critical energy intensive times.

This review will be restricted to metallacyclic com-
plexes, that have (a) C-donors that are not part of a
benzene ring, (b) a N-donor (1, Y = N), and (¢) a
platinum metal (1, M = Ru, Os, Rh, Ir, Pd, or Pt).
Since Omae reviewed® organometallic intramolecular
coordination compounds containing a N-donor in 1979,
this review will emphasize the recent work on organo-
metallics which possess o-C(sp?)-donors; however, sev-
eral sp? nonaromatic examples have been included for
comparative purposes. In view of the emerging im-
portance of these complexes, a limited review in this
area was thought to be timely. Comprehensive tables
of spectral and X-ray data are included so that the
spectral characteristics and solid-state geometry of each
class of complex can be correlated. Finally, a synopsis
of reactions of these cyclometalated complexes has been
incorporated.

I1. Syntheses and Reactlons

A. g-Bonded Complexes
1. C(sp®)-Donors

Holton and Kjonaas!* have synthesized five-mem-
bered palladacycles by nucleophilic attack directly on
the coordinated olefin as envisioned in 3. Typically,
homoallylic amines 2 were treated with a Pd(II) salt to
form the proposed n-bonded intermediate 3 which in
the presence of a good nucleophile such as diethyl so-
diomalonate can be converted (90%) to the dimeric
metallacycle e.g., 4a.* Related »-complexes have been
transformed by this procedure to give the corresponding
o-bonded metallacycles; dichloro(2,2,N,N-tetra-
methyl-3-butene-1-amine)palladium (3b) when treated
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with MeOH under basic conditions gave three u-chlo-
ro-bridged dimers 4b-d.!® The mechanism is still
speculative; however, the products were isolated in
>70% combined yield with 4¢ predominating (50%).
The bridging chlorides in 4¢ could be easily substituted
by bromide, iodide, or thiocyanate upon treatment of
an acetone solution of 4¢ with LiBr, Nal, or NaSCN,
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respectively.'® Treatment of aldehyde 4¢ with 4-(di-
methylamino)- or 4-cyanopyridine or (CgH;)4P resulted
in bridge cleavage to give monomers of the type 5.1617

Nearly all y-halo-bridged dimeric metallacycles, rep-
resented by 6, react with good coordinating ligands, e.g.,
(C¢H;)sP and pyridine, resulting in bridge cleavage and
formation of the corresponding monomer 7. In such
cases, the entering ligand, L, is almost always trans to
the N-donor. The bridging atoms can also be replaced
with AcO™ or another halogen (usually Cl or Br). These
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bridge cleavages are very common and normally do not
result in metal expulsion from the metallacycle.!6:18

X X

| L
N—pld y — N—-—Pld—-L
| N

6 7

Bridge splitting of the 4¢ occurs upon treatment with
2,2’-bipyridine in presence of AgBF, or with benzyl-
triethylammonium chloride to generate 8 and 9, re-
spectively. The low »(C=0) are in agreement with the
presence of a metal—carbonyl interaction as well as the
influence of changes in the coordination sphere.®
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Complex 4a, when treated with hydrogen gas at at-
mospheric pressure in THF, afforded (91%) the satu-
rated diester 10.1* Isomer 11 reacted smoothly with H,
and HCl, whereas with Mel, 11 afforded multiple
products including substantial amounts of 12 and
MeClL.!418 These results indicated that a Me—-Pd(IV)
species may have been formed, subsequent to reductive
elimination of MeCl.'®* Complex 11 was found, however,
to be unreactive toward CO or styrene under normal
conditions.!®

H
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Holton has successfully employed cyclopalladated
intermediates for a stereo- and regioselective prosta-
glandin synthesis.’® Although palladacycle 13 was not
isolated, its existence was inferred based upon isolation
(92%) of pure olefin 14 from the reaction of cyclo-
pentenylamine 15 with Li,PdCl, and diethyl sodio-
malonate, followed by diisopropylethylamine.!®
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Me Me N O Me Me
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15
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An unusual seven-membered palldacycle has been
prepared?’ by McCrindle et al. by the treatment of
Png(CGH5CN)2 with H2C=CHCH20(CH3)ZCH2NMGZ
to give initially dimer 16. Dimer 16, when treated with
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a good Lewis base, e.g., pyridine, (C¢H;)3P or Me-
(C¢Hj)oP gave the expected palladacycle 18,2 whose 'H
NMR spectrum showed a highly coupled signal at §
3.99, which suggested 18 rather than isomer 17. The
13C NMR spectra of 18 would also have unambiguously
confirmed the structure.

Me Ma

/Me [/Me
A; / t;Pd/C\ \)1* i\/

19 a(R=Ph)

b(R=Me)
c(R=Et}

Oxime (Z isomer) of tert-butyl phenyl ketone, when
treated with Na,PdCl,/NaOAc, cyclometalated on a
tert-butyl (methyl) group to give 19a.2>?® Pinacolone
and ethyl tert-butyl ketone oximes were similarly cy-
clometalated in high yield to form 19b and 19c¢, re-
spectively. Baldwin et al.?! conducted successive pal-
ladation—oxidation reactions on a series of oximes,
which generated the corresponding B-acetoxy deriva-
tives. Thus, palladacycle 19b gave 20, which subse-
quently underwent cyclometalation at another methyl
group to generate 19d, that was further transformed to
the diacetoxy derivative 21. When 19b was treated with
2 equiv of Pb(OAc),, ketone 22 was isolated (64%). In
a similar fashion oximes 23a, 23¢, and 24 yielded the
acetoxy derivatives 23b, 27, and 29, respectively. On
the basis of limited examples (e.g., 24) the cyclic oximes
underwent cyclometalation on the equatorial methyl
group (Scheme I).2

Oxime Q-allyl ethers were observed to undergo pal-
ladation on the central carbon of an allyl group with
facile nucleophilic addition to the terminus of the
double bond.?? Thus oxime 30 smoothly reacted with
Nay,PdCl,-NaOAc in protic solvent (MeOH) to afford
31; however, in stark contrast, pinacolone N,N-di-
methylhydrazone (32) palladates regiospecifically at the
a-methyl group via terminal N-coordination to generate
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33a.22% This regiospecificity in palladation between
oximes and N,N-dimethylhydrazones offers great syn-
thetic directivity.
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Treatment of trans-PdCl,(MeCN), with a stoichio-
metric quantity of pinacolone N,N-disubstituted hy-
drazones in benzene generated the expected 1:1 adduct
34, which subsequently underwent C-Pd bond forma-
tion in methanol to give the cyciopalladated hydrazone
complexes 33.24166 Further, the cyclopalladation was
accelerated by addition of a weak base, e.g., NaOAc.
Nonoyama?® conducted a similar cyclopalladation of
1-acetylcyclohexene hydrazones with Li,PdCl, in MeOH
using NaOAc, as the base, to afford (33-85%) 35. Like
other cyclopalladated halogen-bridged dimers, 35 re-
acted smoothly with pyridine, (C;H;)sP, and acetyl-
acetone to give the expected bridge-cleavage products.
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The amino diester 36 was cyclized in the presence of
Li,PdCl, and KO-t-Bu to provide the regio- and ster-
eospecifically fused bicyclic palladacycle 37, which, upon
hydrogenation, was converted to cyclopentane 38. This
cyclization has been extended by Holton and Zoeller to
the preparation of six- and seven-membered rings as
well as cyclic ketones in high yield.?
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The reactivity of bis(u-chloro)bis[3-(nitrosooxy)bi-
cyclo[2.2.1]hept-2-yl-C,N]dipalladium (39), generated
by treatment of norbornene with PdC1(NO,)(CH,CN),
during oxidative conditions, has been modified by
adding CuCl,.¥” Thus, with CuClZ, the thermal decom-
position of 39 leading to the formation of epoxynor-
bornane was completely suppressed, and the nor-
bornene framework was observed to undergo skeletal

rearrangement.2”28
/C—Ij
Pd 5

NO
o—"

39

Reaction of [(CsH5)3P]3Pt0 with [(CH3)2N=CH2]+CI‘
gave complex 40a which is a complex derived from the
bidentate ylide ligand [[CH,N*(CHj3);,CH,N(CH,),]. On
heating in CH;CN, 40a was quantitatively converted
to carbene complex 41, whereas the corresponding
tetrafluoroborate salt 40b did decompose in hot CH,CN
but at a slower rate.?? Since 40b did not generate the
carbene complex, it was proposed that the chloride ion
was important for this conversion rather than solvent
effects.

Me N Me
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i MeCN . he
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A
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The m-bonded CiS,CiS'[Pt2014(PM6206H5)2(H'C4H6)]
complex (42), generated from [Pt,Cl,(PRR’,),] with
butadiene in acetone over several days, on treatment
with Me,NH in CH,Cl, gave (87%) complex 43, which
contains two trans-fused five-membered rings.®® The
molecular structures of both 42 and 43 were proven by
X-ray diffraction studies.®
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Me_ ol
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| 2 Me/ /Me
|— pr—c| cuzm2 5 ,N\M
| LN\ Me
PRR) R:RE  CI
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Metalation of the 2-neopentylpyridine methyl group
with Pd(OAc), has been reported®! to afford the novel
six-membered cyclopalladated complex 44, which was
readily converted into the chloro-bridged analogue by
treatment with LiCl. Bridge-splitting reactions also
occurred when 44 was treated with 3,5-lutidine and
thallium(I) acetylacetone to give the corresponding
mononuclear palladacycle.3® N,N-Dimethylneo-
pentylamine gave an analogous five-membered trinu-
clear cyclopalladated complex 45 upon treatment with
Pd(OAc),.*2 The standard bridge-cleavage reactions
were observed with (C¢Hj;),P to give trans-{Pd(AcO),-
[P(CgH5)3)o} in 56% yield.??
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Oxidative addition of 2-chloromethylpyridine to
[(C¢Hj)sP],Pd generated a 2-picolyl-bridged complex,
46, in which each palladium atom is both N- and C-
coordinated. Bridge cleavage occurred when 46 was
treated with Na(HBPz;) (Pz = 1-pyrazolyl) to give 47,
whereas reaction of 46 with Na(BPz,) or K(H,BPz,)
resulted in the substitution of the terminal ligands to
form 48a or 48b, respectively. The treatment of 46 with
hydrated silver perchlorate, in the presence of tri-1-
pyrazolylmethane, selectively replaces the chloride lig-
ancgg, rather than (C;H;)sP, by aquo ligands to afford
49.
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The monosubstituted cluster complex Ruz(CQO);-
(CN-t-Bu) (50) reacted readily with hydrogen in re-
fluxing cyclohexane to give five complexes, which upon
chromatographic separation afforded the u;-form-
imidoyl complex 51, as the major product. The struc-
ture of 51 was characterized by '!H NMR and mass
spectra.’* The mechanistic aspects are purported to be
the addition of hydrogen to the cluster with loss of CO,
followed by insertion of the isocyanide into a Ru-H
bond.

co
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2-Vinylpyridine readily inserted into a H-Ru bond
of {RuCIH(CO)[(CgH;)3P13} (52) to yield a new substi-
tuted alkylruthenium complex 53.3%36 In addition,
complex 53 underwent halogen exchange with LiBr-H,O
in acetone to generate the analogous bromo complex.?
It was spectroscopically (NMR) determined that the P
ligands were trans disposed.

Intramolecular interactions between organic iso-
cyanates on a dirhodium center of (3-CsHs)oRho(u-
CO)(u-1%-CF3C,CF3) or (5-CsHg)sRhy(CO)olu-n'-
CF4C,CF3) in THF resulted in the formation of a novel
complex 54, which was the first example of the coor-
dination of organic isocyanates to a dimetal center.
Formation of the air-stable, orangish red complex 54
established that the RN=C=0 group is highly reactive
toward unsaturated carbon atoms of the type =CCF.
Although even with vast spectral data, considerable
uncertainty about the ligand-dirhodium bonding re-
mained; the X-ray crystal structure of 54 was reported®’
and confirmed the mode of coordination.

54

u-Chloro-bridged complexes have been converted to
novel dioxygen-bridged complexes via anion exchange;
thus, the dinuclear palladacycle 55 with potassium su-
peroxide in anhydrous CH,Cl; under an inert atmo-
sphere at 20 °C quantitatively gave complex 56, which
is stable for months under a dry environment. Upon
treatment of 56 with diverse reagents, new bridged
complexes 57 and 58 were formed and H,0, was lib-
erated; complex 56 did not, however, react with olefins,
suggesting the bridging dioxygen is coordinated as O,
and is a strong base.383°

H Me
N/
MeO e /Y\ péN
¢ \y/ Mo
M/:\Mu Me

Me
® R/
YH
MeC. S e, MO AN 57
bl _— Pd |/P Y=SEt, SPh, AcO
N CHaCly N N0 OMe
'{ \M 2 /\ R Acac or
e Me Me Me malonate
55 R=H,Me 56 a!
Me
MeO 0
Pd/
N No Y
/\
Me Me '

58 a(R'=Me)
b(R'= OMe)

S,S-Dimethylsulfonium 2-picolinylmethylide (59) has
been shown* to cyclometalate with PtCl,[S(CH;),]; in
CH,CIl, to give (17%) the yellow ylide complex 60,
which upon standing (25 °C; 96 h) underwent ligand
exchange to generate the orange platinacycle 61 via C-S
bond fission and chloride migration to the ylide carbon.
Similarly, N-ylide 62 reacted with PtCl,[S(CHjy),], to
form 63, which underwent deprotonation and ligand
exchange upon addition of ethylenediamine. Crystal-
lization (the perchlorate) gave the cationic complex 64,
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which possesses an unusual tricoordinate ylide carbon
stabilized by contribution from the carbonyl group in
an “enolate-like” structure. The C~C (C-carbonyl-C,3)
bond length is short [1.39 (2) A] while the C=0 bond
distance is long [1.30 (1) A], indicative of electron de-
localization from the ylide C atom to the carbonyl
group.*! The preparation of Pd(II) and Pt(II) com-
plexes with chelate ylides having carbonyl stabilization
and a pyridinium ylide has been reported.*
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Treatment of Pt,Bry[P(CH,CHj)s], with 2-vinyl-
pyridine under anhydrous conditions gave predomi-
nantly trans-{PtBr,[2-CH,CH(C;H;N)][P(CH,CH,):]},
which upon recrystallization from damp solvents gave
a high yield of 65.43 This Pt(IV) complex 65 has been
proposed to be formed via initial cyclometalation, fol-
lowed by the unusual oxidation of the cycloplatinated
intermediate 66. trans-{PtBr,[2-(CH,BrCHBr)py]-

(PEt,)}, {PtBrsf2- (CHZCHBr)py](PEtS)}, or trans-
{PtBr,[2-(CH,CO)pyl(PEty)} failed to give 65.43

O O] p

N He0 N
JI TR ]
Bq/l \Br Br/l \Br

PEty PEty

1 €5

Ortho-metalated trans-2,6-bis{(dimethylamino)-
methyl]phenyl-N,N’,C complexes of Pd(II) and Pt(II)
have been prepared by the reaction of cis-[PtCly(SEt,);]
or [PdBr,(C-1,5-CgH,,)], respectively, with the anion
derived from 2,6-(Me,NCH,),CgHsLi. Upon treatment
of Pt(II) complex 68 with AgBF,, the aquo intermediate
69 was obtained, which in the presence of Mel formed
a Pt-Me transient species, that underwent a Pt — C
methyl shift to generate 70. The structure of 70, pos-
sessing a novel ¢-aryl-platinum bond, has been estab-
lished by single-crystal X-ray studies.***°

PICI(SEtplp /B
PdBr(1,6-COD)
Meznwﬁ — NMe,

+
AgBFy4 (
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Me 1 -
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Me 8F,
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L 1
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Palladium(II) complexes derived from ligands con-
taining stabilized carbanions have recently been pre-
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pared. An ethanolic solution of pyridine derivative 71a
was stirred with K,PdCl,, aqueous KOH, and 1 equiv
of an external ligand, e.g., pyridine, to afford 72 in good
overall yield.**" The external monodentate ligand was
exchanged to form various mono- and dinuclear com-
plexes.® Other PA(II) and Pt(II) complexes possessing
trans C—metal bonds in both five-**53 and six-mem-
bered®%53 chelates (78 and 74, respectively) have been
prepared and fully charactenzed pyrazines have gen-
erated the related metal-C polymers.

Comiplex 72 rapidly demetalated with Br, in CH,Cl,
to afford (100%) the novel dibromide 71b. Reaction
of 72 (R = CO,Me) with HCI slowly regenerated 71a,
whereas under an atmosphere of hydrogen gas, the
C~Pd bonds were very slowly broken to afford direct
access to the formation of a palladium mirror and 71a.
Increased steric bulk of the ester alkyl groups in 72
resulted in the decreased rate of the cleavage processes;
thus, 72 with carbethoxy or larger esters were generally
stable to the hydrogenation conditions and could be
used as homogenous catalysts. Complex 72 proved to
be unreactive to CO, styrene, Mel, MeCOCH=CH,,
and Et,S even under forcing conditions.?

O KdeCu/Pyr/KOH(aq) &
N
H
R

7ia R=CO,Me T

72
% Tor OMF/R0,

n
n when M=P{
RxCO,Me

A novel bis-cyclometalated rhodium complex, 77, has
recently been synthesized by the reaction of 75 with
RhCl3:3H,0 in DMF and characterized by X-ray
analysis. Interestingly, one of the ester carbonyl oxy-
gens is coordinated to the metal (Rh-O = 2.26 A). The
'H and *C NMR spectra showed two different methoxy
signa5125 suggesting that an equilibrium exists in solu-
tion.

I} RhClye 3H0 a

A BT ”“f)(o
€O Me 23 MeO

COopMe ° To

75 77

Also starting from 75, the Pt(II) dimer 78 has been
constructed and characterized by a single-crystal X-ray
study.?® The relative “trans” orientation of 78 in solu-
tion was postulated on the basis of the large upfield
shift *H NMR) of one of the diastereotopic methylene
protons (6 2.97, 3.75).

R—~n
[

MCla/ MeCN/K,CO
O 2 3

73 n=), M=Pd, Pt

75 nel
I§n=2 74122, M=Pq, P}

Me Me

S

O

[e]

o

Op—2=—
@:L<Z

Me0,C

Meozc>tRj

COpMe
COpMe



Cyclometalation of the Platinum Metals

These complexes are not u-bridged dinuclear species,
as is commonly the case. Analogous complexes having
cis geometry have been prepared from dipyridine de-
rivatives; thus 79, when treated with Li,PdCl, in an-
hydrous CH;CN, gave the predicted intermediate 80,
which was isolated and fully characterized. Subsequent
treatment of 80 with anhydrous K,CO;/CH;CN gave
initially 81, which was structurally characterized con-
firming the formation of a single Pd—C bond. Ulti-
mately, 81 was transformed quantitatively to 82 via
addition of AgNO;/K,C0;.54% Although added AgNO;
was found to promote C-metalation of Pd complex 81,
the corresponding Pt complex was observed to undergo
predominantly reduction [(Pt(II) — Pt(0)], when sub-
jected to the same conditions. If excess Pd salts were
used in this procedure, the unexpected dichloro-
dioxazole palladium® was isolated, even when the
reagents and solvents were oxygen-free. This oxazole
complex was subsequently shown to be due to traces
of oxazole in commercial CH;CN; normal distillation
procedures were shown not to remove this impurity
from the CH3CN. In fact this oxazole complex may be
an excellent reagent, since the complex is readily soluble
in organic solvents and the oxazole is easily removed
in vacuo.

-,
uzMCI4 K co 3 O
MeCN (M=Pd) MQCN N

MeZCOIH 0 (M=Pt) /
R: \ R
ester e

79 (bipy)
84 (phen) 83 (Phen)

The introduction of a carbonyl moiety between the
pyridines (e.g., 85) increased the ligand “bite” to a more
favorable disposition but simultaneously diminished the
initial N-ligandophilicity via the increased electron
withdrawal resulting from the carbonyl functionality.
Despite this fact, the ketone 85 readily cyclometalated
with PACly(CgH;CN), and NaOEt in anhydrous THF
to give (15%) the 5.6.5 fused-ring complex 86.5” Ligand
flexibility was further augmented via insertion of an
ethano-bridging unit to generate 87, which readily cy-
clometalated when treated with PdCl; in CH;CN and
K,COs, as base. The resulting complex 88 was char-
acterized by X-ray diffraction and displayed remarkable

PACI,(PhCN),
E1ONa/ THF

RaCO,E!

PdCl, / MeCN

KoC0y

R=CO,Me
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thermal stability.5” Reaction of 87 with K,PtCl, under
diverse conditions resulted in the formation of only the
mono-C-metalated complex. The cis-etheno-bridged
ligand corresponding to 87 also formed only one palla-
dium-carbon bond with PdCl,.58

Unsymmetrical bipyridine derivatives gave the an-
ticipated monometalated complexes, e.g., 89, as did
symmetrical 1,10-phenanthroline derivatives.”® Even
though these 1,10-phenanthrolines are potentially tet-
radentates; only monometalated complexes 83 have yet
been isolated probably due to the rigid backbone of the
heteroaromatic moiety precluding the ligand distortions
necessary to accommodate tetracoordination to the core
metal. The potential 6.5.6 ligand 90 has been prepared,
but again only the monometalated 91 and 92 have been
isolated;?” 92 was characterized by X-ray diffraction.
These complexes, which utilize a stabilized carbanion
to C-coordinate, are among the most stable metalla-
cycles yet reported. A combination of the steric bulk
and the electronegativity of the 8-dicarbonyl units help
to stabilize the C-metal bond.

KGO,

Hiraki et al. reported® the first example of an
unactivated methylene carbon on an oligomethylene-
a,w-bis(N-heteroaryl) toward metalation by a transition
metal. 1,3-Bis(2-pyridyl)propane upon treatment with
Pd(0OAc), in CH;CO,H at 100 °C and subsequently LiCl
gave the doubly chelated cyclopalladated complex 93,
which was characterized by 'H and 13C NMR and IR
spectra.®® Surprisingly, the reaction of 2-carbometh-
oxy-1,3-bis(2-pyridyl)propane with PdCl, gave only the
dichloro adduct 94,5 rather than the expected cyclo-
metalated product analogous to 93.

2. Benzyl C(sp®)-Donors

Bridged dinuclear o-methylenebenzonitrile palladi-
um(II) complexes of type 95 underwent nucleophilic
attack at the cyano carbon to give (90%) a six-mem-
bered metallacycle. Alcohols, thiols, and amines all
added smoothly to 95 in acetone or neat at 35-50 °C
to give 96.%° Uguagliati et al.5* further exploited the
lability of the N-coordinated metal in o-cyanobenzyl
platinum(Il) complex 95 toward nucleophilic attack.
The cationic dimeric complex 95 was shown to form
chelate amidino complexes of the type 97 upon reaction
with both primary and secondary amines; kinetic
studies were reported.’! The mononuclear precursor
98 underwent azide~chloride displacement to give 99,
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which upon thermolysis gave 100 via 1,3-intramolecular
cycloaddition of the azide moiety to the cyano group.52
In general, palladium complexes, such as 95, relative to
platinum, show easier addition of nucleophiles to the
coordinated nitrile carbon and cleavage of the M-C
bond by acidic thiols (Scheme II).

2-(Dimethylamino)toluene (101), upon treatment
with Pd(OAc), in AcOH at 50 °C, afforded (80%) of the
cyclometalated complex 102a.5%8¢ A reinvestigation
{using field desorbtion MS, NMR, and elemental
analysis) of 102a indicated it to be a trinuclear species
with structure 102b. The correct dimer 102a could be
synthesized by the reaction of cis- or trans-bis(u-
chloro)bis{[2-(dimethylamino)phenyl]methyl}di-
palladium(II) (103) with silver acetate.®> When 102 was
treated with (CgH;);P or pyridine, the bridge was
cleaved, whereas metathesis with LiCl regenerated the
u-chloro-bridged derivative 103.636¢ Although complex
104 does not possess a formal C-Pd bond, the observed
downfield shift (Aé = 0.34) in the methyl resonance of
o-toluidine has been interpreted in terms of a weak
Pd.-CHj interaction.%

Me Me Me Me
NM (o N
iO:/\\ ey Pd{0Ac), Mo Licl @i}a/
ve ks )
1020 103

Cis- or trgns-102p

107

8-Methylquinoline has been cyclometalated and ex-
tensively studied by several groups, most notably those
of Pfeffer®” and Deeming.%% " Palladium complex 105
with carbonyl-metalated anions (metal-halogen ex-
change) gave a new dinuclear species, 106, which was
unstable in solution but stable in the solid state. X-ray
analysis of 106 has shown that the Pd-Mo bond is very
long (3.059 A) and appears to be ionic, which may ex-
plain the rapid exchange with coordinating anions, such
as CI” in THF.¥” Lithium chloride induced dissociation
of the cyclometalated species when 105 [L, = P(C;H;);]
was subjected to CH;CO.H at 80 °C."

o NoMo(CO)y(n-CoHy) o)
N THF T
Pd Pd
l i 1 Mo (CO)y{m-CeHy)
¢ L=PPhy, PPhMs, PPhMe,
105 106

An interesting palladacycle, 107, has been obtained
by treatment of cyclopalladated dimer 108 at 0 °C with
1-methoxy-8-lithionaphthalene, which was generated by
directed metalation of 1-methoxynaphthalene upon
treatment with BuLi in n-hexane/diethyl ether. An
X-ray diffraction study of 107 revealed a “roughly”
planar molecule with an overall cis configuration rela-
tive to the Pd-C bonds [Pd—C 1 = 2.002 A; Pd-C,,y
= 1.986 A]. In addition, the geometry of 107 was
maintained in solution.”? Complex 108 has been gen-
erated (64%) via C,py~Cyy ligand exchange of the cy-
clopalladated chloro-bridged dimer 109 in CH;CO,H/
CHCI; at 50 °C with 8-methylquinoline.” No such
ligand exchange was observed without CH;CO,H, as
cosolvent (Scheme I11).7
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Numerous polynuclear 8-methylquinoline cyclo-
palladated complexes 111-113 having novel us-coordi-
nation modes for the anions [(C¢H;),PCHCO,CH,CHj]"
and Mo(CO);Cp™ have been synthesized by Pfeffer et
al.”* by the sequences shown below. The bridges in
these molecules have been shown to be three- or five-
electron donors. The complete structural analyses of
these complexes have been reported.”* Complex 113 is
of particular interest since this is the first example of
a palladium complex to be characterized via X-ray
crystallography that possesses a triply bridged chloride
ion [Pd-Cl = 2.522 X] and a molybdenum atom that
is bonded to each palladium [Pd-Mo = 2.781-2.800 A],
which forms a distorted tetrahedron (Scheme IV).

Deeming and Rothwell have conducted an excellent
study of 2-substituted 8-alkylquinolines,® particularly
the 2-carboxaldehyde N-methylimines 116, which have
been previosly cyclometalated with Pd, Rh, and Ir.#® In
general, 116 (R = Me) metalated smoothly with Pd(O-
Ac), at the 8-methyl position to give complex 117,
whereas the 8-ethyl and 8-isopropyl homologues cyclo-
metalated exclusively at the C3-position affording 118.
With Ir and Rh salts, imine 116 (R = Me) metalated
primarily at the 3-position of the electron-deficient ring
to give 119. Evidence was presented that 8-methyl
cyclopalladation is electrophilic and must occur when
this moiety is in the coordination plane of the Pd atom;
thus it was hypothesized that the palladium is tric-
oor%inate when the C-metal bond is formed (Scheme
V).

Braunstein et al.”® have also explored the complexa-
tion properties of 8-methylquinoline with palladium(IT)

AgBFy or AQPF
CH,Cly

BF, or PFg

using Ph,PCH,CO,Et, as the other bidentate ligand,
coordinating through the phosphorus and the oxygen
atoms. This polyfunctional phosphorus moiety in 115
was cyclized under the influence of AgPFg, Bul.i, and
NaH to generate chelates 120, 121, and 122, respec-
tively. The nucleophilic character of the a-phosphino
carbon was demonstrated by the reaction of 122 with
CO, in THF under ambient conditions to generate the
trapped carboxylate 123, which was established by
X-ray diffraction.”” Bubbling of Ar through a THF
solution liberates CO; and regenerated 122. This is a
unique, fully characterized example of reversible carbon
dioxide fixation by a transition-metal complex occurring
via C-C bond formation.

The bridging halogen in 108 has been substituted by
the bidentate bridging ligand Ph,PCH,CO,Et either by
direct substitution to generate 124 or by 125 to produce
126. It has been deduced from their IR spectra that the
ethoxycarbonyl moiety does not participate in the
bonding to the palladium (Scheme VI).?

Sokolov et al. have synthesized an optically active
palladacycle, 127, via the chiral organomercurial 128,
which was prepared (68%) by treatment of the corre-
sponding “benzylic” bromide with metallic mercury.
The resultant (%)-128 was resolved by recrystallization
of the diastereomeric camphorsulfonate salts. Optically
pure (-)-128 reacted with Pd(0) reagents, e.g., [(C¢-
H;);P1,Pd and Pdy(dba);, in C¢Hg to give optically ac-
tive (+)-Pd complexes 127 and 129 in 79% and 81%
yield, respectively; the configuration is the same.
Whether the path to 127 and 129 occurred with reten-
tion or inversion of configuration was still under in-
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vestigation; however, any asymmetric induction in the P o o
Pd complexes was thought to occur via the C-Pd~Hg- [07/0 | - oc‘"“’
Br intermediate rather than the C-Hg-Pd-Br species. VYT TN N N T
Dinuclear 129 was converted readily to 127 upon ad- oYU o e N oc” o’ . ©
dition of (C¢H;)4,P.® Application of this procedure to V' } en | R SR e
synthesize organic palladium and platinum derivatives = _‘ “pf‘ ¢
via mercury(II) intermediates has been reviewed.” 1 O/@ 3
- —
TN ( \ . . . . .
<) L [@:C/Nj St LENN o) considerable work involving palladium- and rutheni-
Pyl PS | um-catalyzed transformation of primary, secondary, and
T jj Me hBr Me P tertiary amines, sulfides, and transalkylation reaction.
2e o . PPy The details of their work are outside the scope of this
== - review but the proposed activation of the C~H bond by
DBA-aibenzy densacetone the formation of a cyclometalated intermediate must
be noted. Thus, in a Pd-catalyzed reaction of tertiary
Suggs et al.”® recently constructed a novel four-mem- amines, Pd(0) insertion into C-H bonds takes place b
£8 y

bered 1,3-dimetallacycle 130 by the deoxygenation of initial palladium N-coordination to generate 132 and
8-quinolinyl phenyl ketone 131 in the presence of then insertion into the adjacent C-H bond to afford

[Rh(CO),Cl},. X-ray single-crystal analysis of 130 in- 133, which is in equilibrium with iminium ion complex
dicated that the 1,3-dirhodacyclobutane ring is flat to 134. A second tertiary amine can attack 134 to form
within 0.1°, and there was no Rh—-Rh metal bond as 135, from which the various exchanged amines can be
indicated by the interatomic distance of 3.164 A. obtained as shown by the arrows in 135. Alternative

Laine et al.” %2 and Murahashi et al.?*% have done mechanisms have also been suggested.”® %’
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3. Alkenyl and Carbonyl C(sp?)-Donors

Alkenyl! carbons can be metalated by insertion into
an existing cyclometalated complex. Thus, represent-
ative complexes 108, 109, and 136 can react with acti-
vated alkynes to form new and unusual metallacycles

137-141. The u-bridges can be typically cleaved in
o Phc CPh F.CC=CCF,
| ) — = )
i{/” * ’“_ e ”x)

108
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Me Mo
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excellent yield by addition of pyridine or (CgH;)sP in
a sealed tube with CH,Cl,, toluene, or benzene, as
solvent.!® For example, bis(u-chloro)bis(N,N-di-
methylbenzylamine- C2,N)d1pa11ad1um(II) (109), upon
treatment with styrene in benzene with catalytic AcOH
at 50 °C, gave (18%) the unexpected alkenyl complex
142;% 143 was suggested to be an intermediate based
on a kinetic and mechanistic study. Addition of alkyl
metal perchlorates and low concentrations of perchloric
acid dramatically accelerated the transformation of 109
to 142 as evidenced by the short reaction time (1 h).3%%0
This procedure affords a novel entry into stilbene de-
rivatives. Further, complex 109, upon treatment with
isocyanides, smoothly afforded (80+%) 144 in less than
an hour. Heating 144 in THF caused a Pd-C rear-
rangement to generate 145, which upon addition of a
second equivalent of isocyanide gave monomer 146.
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The yield of 145 was, however, diminished (<10%) as
ant1c1pated with increased steric bulk as with tert-butyl
isocyanide.?! Isocyanides were readily inserted at 25 °C
into the 2-pyridyl-bridged dinuclear complex 147,%
prepared by reacting 2-bromopyridine with [(CGH5)3-
P],Pd° at 90 °C,%4% to generate the mononuclear bis-
(imine) 148.92 163 This C-C bond formation was pro-
posed to also occur via initial Pd-CNR coordination,

|
o]
room temp /Pd
J’F'h3

followed by Pd-C migration of the pyridyl moiety to
(imine). Homologue 149 reacted with CO in THF at
25 °C to give (47%) the acyl complex 150.9%165 Acyl
afforded (47%) methyl 2-pyridylacetate.

Ph;P\ /(?j ECS]:QNR

—_ >
Pd—Br R=p-CeH,OMe, Me, CH,, Y NR
148
PhgP
ﬁo)
150

The treatment of imine complexes 145 or 146, with
imine 151, which can be readily hydrolyzed to the re-
spective ketone.®* Complexes 145 or 146 were also re-
{(dimethylamino)methyl][(o-tolylamino)methyl]-
benzene (152, R ='Me).

afford the monoimine; repetition gave rise to the bis-
palladium complex 150, upon treatment with NaOMe,
Br—Pd CNR |
B |
(J/ PPhy PPhy
4
@} 8
| PP __coTHE
MeMgl or MeLi, gave (83%) the corresponding acyl
duced with LiAlH, to afford (70%) the expected o-
N\ N .
Me  MeMgl o Fd/m or ﬁd/"a L IR NHR
Ok~ @y ¢ e

Bridging Pd(II) dimers 108 and 109 have been used
for the generation of mononuclear metallabicycles
153-156 having the same size rings by the reaction with
lithiated (dimethylamino)naphthalene (Li-dmna),
(dimethylamion)toluene (Li-dmat), and N,N-di-
methylbenzylamine (Li-~dmba).%* Metallacycles 154,
156, and 157 underwent ring expansion on reaction with
hexafluorobut-2-yne (hfb) to afford 158-160, respec-
tively. The ester derivative 161 was also obtained by
a similar ring expansion from 154. Complexes 157 and
162 were prepared by treatment of MC1,(SEt,), (M =
Pd or Pt) with Li~dmba or Li—dmat. Detailed synthetic
aspects and complete structural analyses were reported
(Scheme VII).%

Crociani et al.?” studied the protonation and meth-
ylation of 2-pyridyl Pd(II) complex 163 and investigated
the nature of the resulting products mainly by 'H, 3!P,
and 3C NMR spectroscopy. The electrophilic attack
with alkyl or aryl phosphines involved only the 2-
pyridyl nitrogen and without cleavage of the M—C o-
bond. In a related kinetic study® dealing with similar
complexes, an equilibrium (164 = 165) has been pro-



462 Chemical Reviews, 1986, Vol. 86, No. 2 Newkome et al.

SCHEME VII
0] -
/\/L\b NN dmna Pd\)\ __Li-dmbo P
“\:;)i\v/d\Nﬁ\C"J e 2 N/d\N
A0 SN
153 8 T isa
hft
- [ Meo,cezco,Me
- j
o £Fy %
N W
Pd/ / O
WA [?\N P
-
" A 7
¢is or trang M’/,L COo,Me  COMe
28 )
Me
ve |
- : ) : /
%Pd/@ Li-dmat (OE\%Q Mg’ Pd hfb t\%\j@
\/ A /N\/ ‘ ”/ ) v N
£
Me Me Me Me Me Me \Me N{e}IIe ME/Plde CFy CFy
155 los 156 cis or trans
189
dmat = o-N ,N-dimethylaminotoluene
dmna=N,N-dimethyi-i-napthylamine
nfb = hexafluorobut -2 - yne
dmba = dimethylbenzylomine
2 P"\D@ @\/
M
/N\ z Me Me
Me Me M: Pd, Pt M=Pd, Pt
gis or ftrans
8z 160 162
posed to generate the u-pyridino complex 164 and SCHEME VIII
(CGHB)BP'

W R
CI/ \ PPh -~ P \0 0/ :§+2PPh3
O

163 65 16

Wimmer et al.?® have reported the isolation of the
cyclometalated complexes 166 and 167 by heating for
several hours a monodentate bipyridyl complex [Pt-
{(bpyMe)X;], obtained from K,PtCl, and N-methyl-
2,2'-bipyridylium ion [bpyMe]*. Attempts to prepare
the analogous palladium complexes from Pd(bpyMe)X,
(X = Cl, Br) were unsuccessful; unreacted starting
material was isolated.

/CI
"

In a similar study, Skapski et al.!® suggested that the
thermal rearrangement of the diaryl(2,2’-bipyridyl)-
platinum(II) 168 occurs in a stepwise manner where the
bipyridyl undergoes metalation at the 3-position with
hydrogen migration and elimination of 2 equiv of arene.
In the presence of free pyridine, the formation of the
polynuclear complex 172 was interrupted to form a
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dinuclear complex, 173, whose structure was confirmed
by X-ray studies. A cis arrangement of ligating nitrogen
atoms on each platinum was observed. Various steps
of transformation from 168 to 172, which have been
suggested!® on the basis of kinetic measurements, are
shown (Scheme VIII).

8-Formylquinoline 174a, upon treatment with [(Cg-
H;);P]sRhCl in CH,Cl,, afforded (95%) the acyl Rh(III)
hydride complex 175, which quantitatively gave 176,
when subjected to AgBF, in toluene-CH,Cl, at 0 °C.
Complex 176 is a remarkably stable, coordinatively
unsaturated Rh(III) complex and is suggested as a
model for Rh(III) intermediates that lead to hydro-
acylation of terminal alkenes.!®* Complex 175 reluc-
tantly decarbonylated (refluxing xylene; 4 h) to give
(100%) quinoline, whereas the related coordinatively
unsaturated rhodium complex 176 underwent hydro-
acylation of 1-octene under mild conditions (50 °C, 30

AgBF
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« s
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@]
N
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min) to generate (55%) 177. Complex 175, however, did
not produce ketone 177 under similar conditions. This
elegant conversion suggested that 176 can be used as
a model for an intermediate in other hydroacylation
processes. In addition to C—~H bond insertion, facile
C-C bond insertion occurred as well, whereby alkyne
174b with [(C¢H;)sP]sRhCl in CH,Cl, at 25 °C quan-
titatively gave acyl rhodium(III) complex 175b. The
analogous styryl ketone did not undergo aryl C—C in-
sertion.102

Similar Rh(III) complexes have been constructed’
by the metal-directed cleavage of C—C bonds; thus
174c—e react with [(C,H,),RhCl], in benzene at 25 °C
to give (100%) an ethylene-free chlorine-bridge poly-
mer; subsequent treatment with pyridine gave 179 (R
= CH,CzH;). C-C bond cleavage occurred prior to
solubilization by pyridine (generating the four-coordi-
nate intermediate 178), since treatment of 178 (R =
—CH,Ph) with a stoichiometric amount of Br, generated
benzyl bromide. Single-crystal X-ray structural data
for 179 (R = CH,C¢Hj;) established the presence of a
very short Rh—CO bond (1.949 A). Interestingly, all
8-quinolinyl ketones (i.e., 174) and [(C,H,),RhCl], in-
vestigated by Suggs et al.%3161 have given C-C bond-
cleavage products.
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In order to study the transition-state geometry for

intramolecular carbene insertions into a C-H bond,%
2-pyridyl formate (180) and 8-quinolinyl formate (181)
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were used as the coordinating ligands to evaluate the
effects of metal geometries. Product studies showed
that RhCI[P(C¢H;);]; reacted cleanly with both of 180
and 181 to generate ultimately 2-pyridinone (184) and
8-hydroxyquinoline (187), respectively. The interme-
diate acyloxy rhodium hydrides 182, 183, 185, and 186
could not be isolated.’®* With these ligands and reac-
tion conditions, Suggs et al.!% suggested that a trian-
gular geometry was favored for metal insertion into a
C-H bond.
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2-Vinylpyridines (188) reacted with {Rhy,X,[P(n-
C4Hy)sl4) to afford (40-90%) the o-bonded five-mem-
bered complex 189.1% The metalation was unselective
for either the E or Z isomer of 8-substituted 2-vinyl-
pyridines suggestive of a carbocationic intermediate,
followed by deprotonation. Only the halide (Br or Cl)
trans to carbon could be readily exchanged. Bromine
reacted with 189a (R! = R? = H; X = Br) to give the
unusual vinyl halide 189b (R! = Br, R? = H), instead
of the normal Br, addition product. Octahedral Rh(III)
metallacycle 189 (R! = R? = H) failed to react with
NaOMe, CO, or stoichiometric HBr but did ungergo a
retrocyclometalation upon treatment with excess HBr
in refluxing benzene.!%

O
R Rha)( &PBu3), N o(R'l=RE=H)
(nBuLP,, R' b (Rl=Br,RZ=H)

P(neu)3
189

Activation of aldehydic C—H bonds to oxidative ad-
dition has also been conducted'® via rhodium-catalyzed
hydroacylation of the pyridylaldimines 190 to generate
(>90%) of the yellow, air-stable complexes 191. Sub-
sequently, the rhodium(III) iminoacyl hydride (191a)
was easily reduced with (CH;),Cd to give the Rh(I)
iminoacyl complex 192, which with benzoyl chloride
afforded RhCOCI[(C¢H;)sP], and imine 193 [hydrolysis
yielded (72%) benzophenone].!®” Thus, changes in
rhodium’s oxidation state can drastically alter the
chemical reactivity of the same functional group.
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PhP | |
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Anklin and Pregosin!® prepared new Pd(Il) chelates
194 and 195 in quantitative yields at 25 °C from quin-
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oline-8-carbaldehyde and 2-(dimethylamino)benz-
aldehyde. These chloro-bridged dimers, which are re-
lated to 178, were cleaved with neutral P and N ligands
to give the corresponding monomeric complexes. It was
proposed that the juxtaposed metal atom assists in
making the aldehydic hydrogen more acidic through
carbonyl-metal coordination.!%®
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Uson et al.l® described the synthesis of novel imi-
doyl-bridged Pd complexes 196, which were generated
from a dinuclear chloro-bridged polymer, prepared by
insertion of isocyanides into Pd-C¢F; bonds as in the
reaction of trans-[Pd(C¢F;)2(CNR),] with {PdCl,[NC-
(C¢H5)]5). Complex 196 can be readily transformed back
to the red polymeric imidoyl complex cis-[{Pd,(u-Cl),-
[4-C(C¢H5)=N(p-tol)]s},] and some (ca. 10%) of N,-
N"-di-p-tolylbis(pentafluorophenyl)-1,2-ethanediimine.
The R group has been varied (R = ¢-Bu, p-tolyl, and
CeH;,) to examine substituent effects on the insertion
process as well as product stability. The insertion of
p-toINC in benzene solvent was found to be faster than
that of CH3;NC; ¢-BuNC and CgH;NC did not insert
under similar conditions.%®

Trifluoroacetonitrile was reduced with a triosmium
cluster, [Os3H,(CO)p], in a sealed tube with molecular
hydrogen to generate 197 and 198 in 14 and 69% yields,
respectively.!!®11l The X-ray data for 198 support the
edge-bridged hydride, since one longer (2.918 A) Os—Os
bond and appropriate bond angles are found.!!! Each
complex was further reduced with molecular hydrogen
at 49 atm and 140 °C giving rise to a series of new
triclinic osmium clusters. A mechanistic scheme was
proposed for the stepwise reductive process,!1%111
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Mono-!!? and diazines!!?'!® have been reacted with
[085(C0)16(Q)2] (Q = cyclooctene or NCCHj) to give
clusters of the type [OssH(CO),o(u-L)] (199-203), where
L was a 2-metalated N-bonded electron-deficient het-
erocycle. Lewis et al.!'2 constructed these triosmium
clusters containing the ortho-metalated N-heterocycle
by treatment of substituted pyridines with [Qs;(C-
0),0(NCCHj;),] in benzene, as solvent. The *H NMR
spectrum of 199b showed the bridging ligand to be in
a locked configuration (NMR time scale) with no flex-
ional bonding between osmium centers.!’® 2,2’-Bi-
pyridine on treatment with [Os;(CO),,] gave the related
red complex 204, which contained both a chelated
bridging N,Cé-metalated bipyridine moiety as well as
N,N’-chelation.!’® A related pentanuclear osmium
carbido species, [0s;C(CO), H(NC;H,)], obtained by
the pyrolysis of [Osg(CO),;(NCzH;)], has been eluci-
dated by X-ray analysis.!'* Even though several other
known clusters were also isolated, the mechanism by
which these compounds were formed is conjecture.!!*
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Balch et al.!® recently reported the insertion of ru-
thenium into a pyrrole C-N bond of an N,N’-vinyl-
bridged porphyrin to create 205, which is best formu-
lated as a complex of Ru(Il) with the macrocyclic ligand
present as a C,N-dianion possessing both carbanionic
and amide characteristics. The structure and compo-
sition of 205 have been fully elucidated by X-ray dif-
fraction studies.!’® The rupturing of a pyrrole ring in
a N,N-bridged porphyrin is novel and offers new ave-
nues to the chemistry of macrocycles.

The olefinic Pt(I) complexes 206 have been aminated
with loss of HCI to form the unusual four-membered
platinacycles 207.11 Subsequent treatment of 207a or
207b with CO in benzene under very mild conditions
generated (100%) the ring-expanded acyl complex
208.116 It was observed that the 207a,b were more re-
active than the analogous saturated platinum(II) com-
plexes 207¢,d; also open-chained complexes were un-
reactive under the mild reaction conditions. X-ray
structural analyses of 207a and 207d have recently been
reported.!’
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2-(1-Pyrrolyl)pyridine with Li,PdCl, and {Rh,Cl;[P-
(C4Hy);l4), afforded five-membered metallacycles 209
and 210, respectively, in which the diheterocyclic moiety
is coordinated by the N-pyridine and C2-pyrrole atoms.
The chloro bridges in 209 readily undergo cleavage with
pyridine, (C,Hy)sP, and acetylacetone.!'® Metathesis
of 210 (X = Cl) with excess Lil gave the mixed-halogen
complex 211. From the IR and NMR data,!!8 the Cl
donor is situated trans to the carbon as rationalized by
the aryl trans effect; the phosphorus donors are mutu-
ally trans juxtaposed.
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Complex 212, possessing P-, N-, and C*-donors as well
as nonfused six- and four-membered rings, has been
prepared by treatment of tri-l-pyrazolylmethane
(HCpz;3) with Pt(CH3),(COD) to form Pt(CHg)o(HCpzs),
which on heating in pyridine, cyclometalated (presum-
ably with the loss of methane) the pyrazole ring at C5
to afford the crystalline complex 213. Subsequently 213
with (CgHj;)3P cleaved the Pt-N bond to produce 214,
which on slow heating gave complex 212 without visible
decomposition to platinum(0). Complexes 212-214 were
the first examples of metalated tri-1-pyrazolyl-
methane;!1%120 g gingle-crystal X-ray structure of 213
has also been reported.!?
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A C-bonded crystalline, red diamagnetic tris(2,2’-
bipyridine)iridium(III) complex, 215, has been syn-
thesized and shown by X-ray analysis that the iridium
was coordinated to five nitrogens and one carbon of the
three bipyridine ligands.!?! Serpone et al.?? reported
earlier in 1981 the unexpected C3 metalation to one of
the bipyridine moieties. Such examples offer a novel
extension to the classical picture researchers have of
bipyridine as exclusively a N,N’-donor.

4. Thienyl and Ferrocenyl C(sp?}-Donors

2-(2-Thienyl)- and 2-(3-thienyl)pyridines (216) have
been cyclometalated with Ir(III),% Pd(II), Rh(III), and
Ru(I) salts.!?* The dinuclear complexes 217a—f were
formed under mild to moderate conditions, ranging
from refluxing MeOH, glyme, or xylene. The corre-
sponding mononuclear species were readily formed
when 217 were subjected to either pyridine or (C,Hy)sP;
the halide donor is trans to the thiophene C ligand at
least for the square-planar complexes. Ligand 216 un-
derwent cyclometalation in a manner analogous to that
of 2-phenylpyridine, except that 216b did not metalate
with Ru(II); complexation studies are yet to be con-
ducted with Ir(III).
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N-(3-thienyl)pyrazole similarly formed the cyclo-
palladated complex 218, in which palladation occurred
primarily at the thiophene 2-position (220); detectable
amounts of corresponding 4-substitution (221) were also
observed (ratio 3:1). These data are contrary to lithi-
ation results which have been reported to give exclu-
sively 2-metalation. Cyclometalated complex 219 was
also prepared by using {Rh,Clg[P(C,Hy);]4); as usual the
bridge was cleaved with pyridine or (CHg)sP.'%
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2-Acetylthiophene acetylhydrazone 222a has been
smoothly cyclopalladated with Li,PdCl, under mild
conditions (25 °C) to afford (70%) 223a.! Though
C2%-metalation on thiophene has been preferred over
4-metalation for 3-directing substituents, facile C*-
metalation occurred when the directing functionality
occupies the 2-position. Activation of the C3-position
was rationalized on the basis of initial N,O-chelation
to generate the stabilized intermediate for favorable
metalation. In addition, the IR studies suggested that
the amide was O-coordinated without deprotonation.
Hydrazone derivatives of 3-acetylthiophene (222b,c)
formed stable C,N chelates 223b and 223c¢, similar to
223a; however, exclusive C%-metalation occurred upon
treatment of 222b,¢ with Li;PdCl, in protic solvent and
no C*-metalation was observed.!?’
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2-Pyridylhydrazone 224a cyclopalladated in an
analogous fashion to 222a to give complex 225a, in
which pyridine acted as the N-donor.!?® In contrast,
imine 224b, upon treatment with PdCl,(CcH;CN), in
dry benzene, afforded (91%) 225b.1?° Originally C*
metalation was proposed;!?® however, the lack of con-
crete spectroscopic evidence (low solubility prevented
'H NMR analysis) and the X-ray crystal data leave this
assignment tenuous at best. C?-Metalation of thiophene
appears to be more reasonable based on the results
obtained for structurally related 223 and 225a.!%
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Chiral (+)-[(dimethylamino)ethyl}ferrocene 226a was
cyclopalladated with Na,PdCl, in MeOH to give (84%)
a mixture of diastereomers predominantly (-)-227'30 as
well as (+)-228. Dimers of (-)-227 and (+)-228 having
the same absolute configuration at the chiral center and
opposite absolute configuration of the chiral plane were
initially separated by hand-picking single crystals and
then further purified via recrystallization from C¢Hg/
CgHy;,. Thus, optically pure samples (-)-227 ([«]%p
—427.7°) and (+)-228 ([a]®}, +475.4°) were obtained and
characterized by NMR and elemental analysis. Orga-
nomercury reagents, e.g., (+)-226b, prepared from
(+)-226a via metalation with N-BuLi and subsequent
Hg-Li exchange, had been utilized to prepare pure
diastereomers of the [(dimethylamino)ethyl]ferrocene
Pd derivatives 227 and 228.18115 Stereoselectivity for
direct palladation of 226a was found to be 70%,
whereas ortho lithiation gave 92% .13 In addition, the
tetranuclear species 227 or 228 gave the dinuclear
complex 229 upon treatment with sodium acetyl-
acetonate [Na(acac)].1*%!8! Under similar conditions,
the enantiomeric deuterated derivative 230a was cy-
clopalladated to afford 231a; however, only 1% asym-
metric induction was observed.!%?
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The difference in stereoselectivity with respect to
palladation was attributed to the steric preference of
the methyl group in 226a to remain exo to the ferro-
cenyl moiety in the transition state.!3> Prochiral [(di-
methylamino)methyl]ferrocene (230b) has been cyclo-
palladated with Na,PdCl, in the presence of chiral
carboxylate salts; planar chirality was successfully in-
duced, suggesting that the carboxylate was intimately
associated with the transition state during cyclo-
metalation.!®3¢ Thus, optically active dimer 231b was
induced in high yield when N-acyl-a-amino acids were

“employed as the carboxylate source. Inaddition, the
extent of asymmetric induction was influenced by
changes in pH, whereas no dependence was observed
on the nature of the cation present.!33
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Chiral resolving agents have been successfully em-
ployed for the separation of diastereomers. Cleavage
of the u-chloro-bridged cyclopalladated ferrocene com-
plex 231b was conducted by using the potassium salt
of (S)-proline. The resulting diastereomeric mixture
232 was subsequently resolved by selective crystalliza-
tion to yield analytically pure samples of (-)-282 and
(+)-232.135 It was believed that optically pure com-
plexes so obtained may be useful intermediates for the
synthesis of optically active ferrocenes.

The high reactivity of the C~Pd bond in 231b has
been utilized'341%® for the enantioselective synthesis of
organic molecules. First, the asymmetric induction of
a new chiral center by a chiral plane has been observed
with the enantioselective synthesis of glycerides, e.g.,
in the presence of a prochiral diol 233, carbonylation
of 231b generated a new chiral center in the resultant
monoester 234, which after tritylation and alkaline
hydrolysis gave the chiral glycerine 235. Second, with
ferrocene being regarded as a latent form of cyclo-
pentane, some analogous of prostaglandins based on the
ferrocene framework have been synthesized.!34
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The [3]ferrocenophane 236 was cyclopalladated in the
presence of the sodium salt of N-acetyl-D(or L)-leucine
to afford metallacycle 237, which has both a center and
a plane of chirality.’3 When subjected to LiAlH, in
THF, palladacyclic ferrocenophane 237 regenerated
(78%) ligand 236.
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Double cyclopalladation has been achieved on each
of the cyclopentadienyl rings of the ferrocene complex
to yield a trinuclear species. Thus, treatment of 238
with Li,PdCl,/NaOAc in MeOH afforded (93% overall)
both di-239 and meso-240.3" O-Coordination of the
amide functionality was indicated by the IR data;
however, introduction of a good Lewis base [(C¢Hj)3P]
readily displaced oxygen from the coordination sphere
in which the phosphorus is now trans to the N-donor.!%
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Cyclopalladated ferrocene 231b reacted with I, to

afford the iodoferrocene 241a.1®® Complex 231b also.
reacted with CO in MeOH to afford the ferrocenyl am-

ino ester 241b,!33138 a5 well as underwent the Heck re-
action with a variety of alkenyl reagents to give C-H
insertion products (e.g., 24le) in variable
yields,133138-140158 Replacement of the dimethylamino
moiety with a 2-pyridyl group was accomplished, and
the resultant complexes have been demonstrated to be
less reactive with olefins.'¥ Treatment of 231b with
(CeHg)oPLi occurred to generate (50%) ferrocenyl-
phosphine 241d via a proposed ferrocenyl palladium
phosphide intermeédiate which undergoes decomposition

without isolation.#!
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2-Pyridylferrocene 242 upon treatment with Li,PdCl,
in dioxane or MeOH gave the non-palladated di-
chlorobis(2-pyridylferrocene)palladium(II) complex
(244). The reaction of 244 with P(CgH;)3 gave quan-
titative conversion to 245 indicative of a simple lig-
and-ligand exchange. In contrast, when 242 was sub-
jected to slightly different conditions (Li,PdCl,/Na-
OAc/MeOH), the bridged intramolecularly ortho-pal-
ladated dimer 243 was isolated;!4? thus, added acetate
has been again shown to promote cyclometalation.?
Treatment of 243 with thallium(I) acetylacetonate,
LiAID,, and P(C¢Hj;); generated 246, 247, and 248, re-
spectively. Complex 248 was readily carbonylated in
the presence of CO/EtOH to generate the noncyclized
ethyl ester. Furthermore, 248 gave the brominated and
butylated derivatives (249) when treated with Br, and
butyllithium, respectively (Scheme IX).142
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The related ruthenocene 25043 and [r-((dimethyl-

 amino)methyl)cyclopentadienyl](tetraphenylcyclo-

butadiene)cobalt(I) (251) have been cyclopalladated,
under conditions analogous to those described for 226,1%
to afford 252 and 253, respectively; treatment of cy-
clopaliadated complexes with LiAlH, readily regener-
ated the starting materials. In both cases, acetate ion
was essential to the formation of the cyclometalated
species. In addition, both 252 and 253, when treated
with (CgH;)sP or Tl(acac), underwent typical u-bridge
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fragmentation. In contrast to other metallacycles, the
ruthenocene 252 failed to react with Br, or BuLi under
various conditions but when subjected to Heck reaction
conditions gave an usually high yield (ca. 89-94%) of
254. Further, even though dimer 252 failed to react
with CO in EtOH, the monomeric palladacyclic ruthe-
noeelng 256 reacted slowly with CO to afford amino ester
257.

The cyclometalated cobalt sandwich 253 gave the
vinyl-substituted derivatives 2585 upon addition of ac-
tivated olefins. The greatest yield (78%) for C-H in-
sertion into 253 occurred when ethene was used as the
olefin source; interestingly, traces (1.5%) of a disub-
stituted ethylene were isolated. Again dimer 253 did
not react with CO in ethanol; whereas, under moderate
(100 °C) conditions monomer 258 gave (42%) the

noncyclic amino ester 259.144
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B. m-Bonded Complexes

A series of Pt(II) complexes derived from monolefins
was synthesized in order to investigate the bonding
characteristics of the olefin—Pt r-bond. The w-complex
dichloro(o-vinyl-N,N-dimethylaniline)platinum(II)
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(260a), prepared from o-vinyl-N,N-dimethylaniline
(261) and Zeise’s salt, was recrystallized (44%) from
CHCl;/MeOH.#5  0-Vinyl-N,N-diphenyl-, o-(1-
methylvinyl)-N,N-dibenzyl-, and o-(1-methylvinyl)-
N,N-dimethylanilines formed similar monolefin 7-com-
plexes upon treatment with Zeise’s salt. The use of
Zeise’s salt generally gave better yields over the use of
PtCl,. Dichloro[o-(1-methylvinyl)-N,N-dimethyl-
aniline]platinum(II) (260b) was subjected to chloride
ligand exchange (L = Br~, I, NCO~, SCN-, and N;") so
that changes in allylic coupling, as a factor of the ligand
(trans)—olefin relationships, could be evaluated. The
1%Pt—'H NMR coupling constant data within this series
were determined.!4
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Aliphatic polydentates, such as dimethyl(2,2-di-
methylbut-3-enyl)amine (2b), have received considera-
ble attention because of their enhanced tendency to
chelate as well as the increased solubility of the resul-
tant complex in organic solvents. In addition, this type
of ligand is potentially useful as sensitive NMR probes
for delving into the nature of metal—olefin coordination,
since restricted confirmation mobility should result in
magnetic nonequivalent of the methyl groups. Ac-
cordingly, the m-complex 3b was easily obtained via
treatment of 2b with PdCl,(C¢H;CN), in CH,Cl,. The
related dibromo and diiodo complexes were subse-
quently prepared via metathesis of 3b with LiBr or Nal
in acetone.!*6

It has been suggested that dichloro[dimethyl(4-
methoxy-2,2-dimethylbut-3-enyl)amine]palladium (IT)
(262) is a key intermediate in the pathway leading to
4c¢, when 3b is treated with K,CO; or Et;N in MeOH.
To test this hypothesis, McCrindle'* et al. conducted
a study in which authentic samples of 3b were subjected
to the standard reaction conditions and the product
evolution was monitored by NMR. Although vinyl
ether chelate 262 was not detected, there was indirect
evidence to support its existence as a transient pre-
cursor to 4c. For NMR comparative purposes, 262 was
prepared via an alternate synthetic route from 263 and
fully characterized by X-ray crystallography.!4” A re-
lated #2-vinyl alcohol complex 264, also believed to be
involved in the sequence leading to 4¢, has been syn-
thesized via treatment of 4¢ with HCl in acetone and
subsequently characterized by X-ray crystallography.}4
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m-Bonded complexes can serve as useful intermedi-
ates in the syntheses of heterocycles via metal-catalyzed
intramolecular functionalization. In order to investigate
possible effects of the metal atom on ligand rear-
rangements, Aresta and De Fazio prepared (85%) the
yellow dimer 265*° by treatment of 2-allylaniline (266)
with [Rh(C,H,),Cl], in CgH; or CiH;Me; ethylene was
evolved.
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Similarly, Hegedus et al. have investigated the Pd-
(II)-assisted N-alkylation of indoles.!® Thus, treatment
of (2,4-pentadienyl)aniline (267) with PdCl,(MeCN),
in THF afforded (95%) the stable allyl-2,3-dihydro-
indole palladium complex 268; none of the desired
tricyclic indole was detected due to the stability of the
complex.!%
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w-Bonded rhodium dimer 265, on treatment with
2-allylaniline in CH,Cl,, isomerized the olefin and
generated a [Rh(L),Cl], in 4% yield as well as the
isomeric trans-2-propenylaniline (271), whereas, when
this dimer [RhL,Cl], was refluxed in CzHg, rhodium was
lost to give 2-methylindoline 272. Similarly, treatment
of the 7-allyl complex 268 with diphos, which normally
promotes allylic amination in systems of this type, re-
generated the starting ligand 267.1% In attempts to
transform 268 to tricyclic amine, complex 268 when
heated with Et;N gave (51%) only the 2-(1-propenyl)-
indole (273), whereas with TMEDA a mixture of 273
and 2-allylindole was produced. Complex 268, when
subjected to H,, afforded (57%) the reduced derivative
274.

Jullien et al. have characterized the square-planar,
strain-free w-complex 269, which was prepared by
treatment of 1-allyloctahydrophenazine (270) with
Zeise’s salt.1%
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An amino-bridged dimer, 275, was constructed by
deprotonation of the yellow crystalline complex 276,
using an anion-exchange resin in the hydroxide form,5?
Complex 276 was prepared (80%) from o-iso-
propenyl-N-methylaniline and PtCl, in CHCl;.152 The
chloro ligands in 276 could be exchanged with acetyl-
acetone to generate (87%) 277 in the presence of AgBF,.
The X-ray structure of 275 offered interesting insight
into the steric factors associated with a fused four-
membered ring; one conclusion is that in square-planar
Pt(IT) complexes, the amido nitrogens exert a relatively
strong trans effect as suggested by the Pt-Cl bond
length [2.318 (9) A].152
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m-Complex 278, which exists in solution as an equi-
librium mixture of %3- and #!-butenyl forms, was
transformed by isocyanate insertion into the C—metal
bond to give imide 279. w-Bonding to the v,6-olefin
rather than the «,8-olefin is favored based on molecular
models but not proven. A Hammett correlation for the
reactions of 4-substituted aryl isocyanates exhibited a
linear relationiship (p = +1.13) in which electron-with-
drawing substituents facilitated the insertion process.
A four-centered transition state for the insertion process
was proposed and is consistent with the kinetic data.l5

OMe CFy 0 F3
Ph Ph 0 e M F o/
P RNCO I .. /S
~ Pd\ / Ph Pd’ /
Ph o S N
CF, CF,
Ph 3 Ph” ™ OMe 3
278 279

111, Structural Analyses

During this last decade, NMR and X-ray spectral
information have become the major experimental
techniques to study organometallics. These studies
provide necessary structural details of these complexes
8o that the intrinsic nature of the ligand-metal bond
can be truly understood. IR was the most important
tool during previous decades because it was readily
accessible and could give results in both solution and
solid state. Because of the increased availabiltiy of
Fourier transform instrumentation, the often low solu-
bility of these organometallics is no longer a serious
problem, especially for NMR studies. Thus, NMR is
rapidly becoming the method of choise for structural
characterizations since it gives more specific connec-
tivity information than IR and crystallization is not
necessary. Even with FT NMR, X-ray crystal analysis
is still the most unambiguous technique for structural
characterization and the wealth of other information
gained makes it the most desirable source of data.

A. Nuclear Magnetic Resonance Studies

The NMR discussion will be confined to data which
deal directly with the chelate ring. Table I lists rep-
resentative data for complexes, which possess a sp®
o-C-donor. Few alkenyl o-C-donors are compiled since
proton data are still very limited. 3C NMR data would
be most informative, but there seems to be a dearth of
accurate assignments for chelate rings. In Table I only
pertinent NMR data associated with the chelate ring
was considered and compiled. In a N,C-chelate ring the
a-position is the carbon directly attached to the metal
followed by 3 and v. Other key information concerning
the chelate ring are given.
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Chemical shift differences were most helpful in going
from an acyclic ligand to the cyclic complex. These
comparative data are easily applied when an unsatu-
rated ligand was cyclometalated to form a saturated
metallacycle, e.g., 16. Upon cyclometalation, the loss
or gain of spin-spin coupling interactions can be
characteristic and most informative; e.g., in 75 the a-
methylene doublet is transformed to a singlet, or in 63
the appearance of a new doublet due to the Pt-H cou-
pling. The appearance of new signals (chemical shift)
upon cyclometalation are helpful as in pinacolone oxime
19b, where a new Pd—CH, signal arises. Although peak
assignments of hydrogens bound directly to chelate ring
are desired, these signals are often obscured, missing
due to substitution or highly coupled making individual
assignmentg difficult. Periodically useful data are
gained from observation of characteristic shifts in hy-
drogen-containing groups not directly bonded to the
metal. Thus, when a dialkylamino moiety is utilized
as the N-donor, a shift in its signal to lower field can
be indicative of N-coordination. Likewise, pyridine
proton resonances, especially at H6, are often useful
because of the characteristic downfield shifts caused by
inductive electron density loss and nonbonded inter-
actions.

The magmtude of coupling constants has been used
to study trans effects of O vs. S atom.!® The Pt-olefinic
proton coupling constant was shown to be sensitive to
the m-bonding ability of the trans ligand; thus the
coupling constant was used to assess the trans influence
of diverse ligands (N5~ to I).14® Variable-temperature
(VT) NMR studies have been conducted on 3b, 63, and
99, as well as other complexes to assess various con-
formational characteristics of the chelate ring.

The NMR studies of other nuclei are becoming more
popular but inherent problems must be overcome. '3C
NMR has great potential especially for exploring the
nature of C—metal and C—C-metallacyclic interactions.
Examination of Table I reveals that some researchers
are now routinely including 13C in their studies. As yet,
there appears to be no cohesive theoretical or empirical
rules to predict the effect(s) of C-metal coordination
or chelate ring formation on the 13C chemical shift. 13C
NMR may be most useful in this aspect of a study since
the metallacycles usually contain at least three carbons
of varying degrees of hybridization, while the accessible
proton data are not very sensitive to minor structural
changes. Rh NMR was included'®® since the %*Rh
nucleus in a chelate ring was found to resonate at higher
field as the o-donor strength of the ligands increased.
Other precious metals can be studied via NMR, plati-
num being one with sufficiently small line width but
little or no comparative data have yet appeared.

B. Infrared Spectrophotometric Studies

Infrared (IR) spectroscopy has become more useful
for the confirmation of suspected functionality than for
detailed structural characterization. Thus, standard
signals in the regions from 3500 to 2900, 2000 to 1200,
1000 to 600, and 400 to 100 cm™ are usually mentioned
in support of a specific moiety. There are, however,
several special new IR techniques, which enhance the
usefulness of this tool.



Newkome et al.

470 Chemical Reviews, 1988, Vol. 86, No. 2

(OHOD) 1876

(2HIN) 86'% (2D} 98°1 OHD =4
91 (0=D) 0¥91 ‘89°2 ZL'E ‘81°% ‘I0'T 99'¢ (A H, BW=Y"'I=X
(OHD) 0¥'6
(3AIN) 982 (3D) 29°1 OHD = 4
91 (0=D) %91 ‘9% G9'€ ‘€€°% ‘101 $9'¢  (H) H: PW=Ug =X
(P)£6'3 W00 = 1
gt (BWIN) 8L°T ‘(P) 812 (V) Ha PN =HUD =X
91 [(e)gsor] {(v)ezr1]  [{ele Lot) [(e)e Lo1] [(@)sv8] (GWN) TL°Z (p) 99°¢ OHO =¥
‘q1 (¥)oroz (9) 191 (LyiLet (L) €891 (v)9g02 (1)gces ‘6e°g ‘(iP)grz 9¢’e (V) H. BN =YD =X
(r) 892
ST (3WN) LLE “(P)232 (VIH, W= 4=4'1D=X
(1@ *00)HOHO
4t (BAN) 3L'Z ‘0L (W) Lg-9'1T (W) Lg-91 (w) 1'5-9'T (V) H, =HH=410=X
¥
™ W
. /z\
N/..m\ N
e
-]
M
(YY) 1'9602 Yeor
(GAN) 9 7S
‘Les 0€L LTV vZL (A D
(3WIN) ¥v9°2 (emD) 28t
gq1 ‘192 922 'sL’t ‘66°0 rre (V)H: Ad =
(Uy) 9691 YHeor
(GAN) SvS
‘e'eg 9L 12% 0gL (D) Ou
(3WIN) 29°2 (@GHDYVvLT
144 ‘253 LT VLT ‘01°1 z9¢ (V)H: NOPW = X
(Ud) ¥'299 Y¥eor
(2WN) 729
‘v'2g 2°0L 47 698 (V) Ou
(3WIN) 2 LT (D) 18°1
ggt ‘L8°% 893 ‘112 ‘86°0 ere (VMM *HO="HD = X
H=H1D=XY4 =N
f[(Lyoortl [e)ezttl [(6)ee601] [(L)e Lot} f(e)ezel (g)arves (2HIN) 662 (3WD) 08'1 HO =Y
81 (8)9L073 (F)ev'1 ()zet (1) 191 (11)893°% (€) 9622 0€¢ ‘60L ‘GLT 89°¢ ‘922 ‘0Z°1 667 (HH:, ‘D=X=X‘Pd=NW
[(2Ye's01] [(2)6B11] [(2)gsor]l [(2)¢e 801l [(t)9eg] (1)13€7% (2AN) L6°T (2MD) 8S°T WO =Yy
Lyl () 2802 (¥) L6v'1 (§2X:14:181 (¥) Log1 (e)eerz (1)862°2 ‘292 LYE ‘98°% ‘8171 6vy (HH: ‘D=X=X'Pd=N
(GHWN) z1T'E (apD) 08°'1 H=Yd
vl $91 ‘L8T Z1'€ ‘912 11 ¢09 (VIH: I=X=X'Pd=W
(3N sT'e GHD LT H=Yd
9%1 661 ‘T6'1L ‘667 6e'e ‘evG ‘91°1 S19 (AH “g9=X=X‘Pd=WN
[(L)oort]l {(6)ezir}l [(e)geotrl [(L)eLo1] [(¥) 1v8]
514 (8)zL02 (Z)6¥'1 (z)ggt (1yret (o1)vz1z (8)9622 0g€ ‘60¢ (BWN) £6°3 (2WD) 981 H=Y4
9¥1 1£€ ‘€28 ‘v0¢ ‘e85 S0°€ ‘98C ‘eT'T 109 (VH ‘D=X=X‘Pd=N
€
MmN
/z\
X /i\
x\ // ™"
Y
Jox {q] gra [v] vod [e]l eph [z] grg {t] tra uagoiey-|W (WD Y30 L g © q(Ajos) xapduiod
‘(uaBoey-\) snajonu
VN3 5% a1
PHINN
saxa[dwoy pajefejpWopA) 3 Jo eje( Aer-X pue ‘Yl ‘YWN 2aneredwo) paddlag - diqe],




Chemical Reviews, 1986, Vol. 86, No. 2 471

Cyclometalation of the Platinum Metals

81

81

81

91

91

91

LI

‘91 (£) 9802 (g)gre1 (9) ges't

91

Lyt

91

913

€LG

(0=0) 1291

(0=D) 0%91

(0=D) 9891
‘L8391

(0=D) 091

(g)sze1 (¥*)zg0z (1)E1¥3 ‘1291

G691

(0=0D) 1991

(3/IN) 0°% S
‘G 6¥

(2MIN) 26°2
‘98°2

(2MIN) 1°2¢
‘8 LY
(aWN) 982

(a|WN) 8°€9
‘L'6¥

(3MN) 087
‘L9

(OHD) 61°6
(aWN) L8
‘6¥'2

(OHD) 08'6
(2WN) 60°€
‘268

(OHD) 8€°6
(2WN) 76°'2

‘08°2

(OHD) €0°6
(2WN) 08'2

‘€9°%

(OHD) 216
(3WIN) L8'T

‘0L's

(3WN) ¥8°%
‘8LC
(OHD) 0%°6
(aWIN) 8L°%
‘192

9°1L

L'69
(wr) 1'2-¥%'2

(W) 9°z2-%'%

(p) L9°¢
‘(P)€0°g

(p) g8'¢
‘(p) g9°2

(p)g9°¢
‘(p) L88

(r) 19°¢
“(P) LTS

(p)99¢
‘(P)8z'g

81°€ ‘83°¢

%9°¢ ‘612

() g°2-9'¢

144
(w) g°g

(w) 9g

(apD) £9°1
‘00°T

(2WD) 19°1

ITT

(aWD) 59°1

‘Lo'T

(aWD) 09°1

‘Y01

(2amD) €9°1

‘€0°1

(awo) 08’1

‘v6°0

(@2WD) 9v'1

‘L6°0

'8¢

G'EE
Z'1°€6°0

0'6% ‘0've

1291

AR

98¢

S0°e

[4{1%4

80°€

SL'G

(V) D
(V) H,

(V) Der
(V) Hu

(V)0e
(V) H,

(V) H:

(9) Hy

(V) H:

(V) H:

(V) H:

(H) H¢

(") H,

Ad =1
‘udd =1
*a*0d)HD =Y
‘sJpmIouowt

*(gfoo)HD =Y

@ "
OM:
SWO'HD = .1
PN =HI0 =X

OHO =4
9W = ¥ 'NDS =X



Newkome et al.

472 Chemical Reviews, 1986, Vol. 86, No. 2

€2 (2WN) 86°¢ (2W0) S0°1 03¢ (V)H: PW=¥'T=X
€2 (2WN) 26'C (eWD) 80'1 0ze (V)H: SW=¥4d =X
991 I(1) err1l () ¥11l [(1) 1111 [(t) gt1] [(L) L'08]
‘ve (£1)966°T @T)ie1 (@)1s1 €)v1 (z1)ge86'1 (9)¥ELT (3WN) s5°¢ (e} 921 gge (DH: Ud =410 =X
44 (2WN) 682 (awd) 211 e (@A) H,
€z v0g ‘ssg (3/IN) 9872 (aWD) 20°1 ct'e (V)H; AN =YD =X
eg
g ng-i
Y
x\ /z\z
/' \
"N o
g8'ee (V) dee
4 (%) L3202 (g)esv1 (L) vLe (9) 9091 (g} 1661 (2WN) 28°2 (3D) 91°1 g6z (V)H, oeoe =9 =X
£3 (3N €3 (*WD) 90°1 (PP)89°Z (V)H: soydip =9 =X
8% (3MIN) 062 (*mo) 901 (Peve (VIH, udomd=dug=x
£3 (2WN) €0°¢ (2HWD) 06°0 (P)ezz (V)H: ‘Ydd =d ag =X
€% €8¢ (2IN) 982 (aWD) 81'1 (Preez (VIH, Ud>Wd=0I0=X
€3 g8% (2WIN) 86°C (3/D) 06°0 (P)grz (V)H: ‘udd =0 D =X
X ngd
/em\/_ﬂ
a\ Nt
VY
W N
€% (N=D) 0691 (WD) ¥v8'1  (2WD) 611 652 (V)H, [=X W =4
€2 (N=0) 9991 (2w ve't  (3WD) 81T g5z (V) H. g=XN=4
[v611] [9%11] [18otl] [9°601] [g6L]
€% L66'T (F)1L21 (6)9191 (8) 8191 (9)e20'2 ¥9T/VeT L6G ‘8E% (WD) 28T (eHD) ST'1 gz (V)H, D=X"®N-=9d
£3 00€ ‘073 (amwD) a1t 53 (V)H: D=X9=4
44 86% ‘€¥% (2AD) 06°0 8z (V)H: V=X""HD0=49
61
"
pd
/ e
X W
(WD) 031
‘81T°1 8G6'%
(2WN) £9°¢
0% ‘L6'2 (“HON) 138 (w) 2% £82-89'1  (V)H, Ad=19y =X
(D) 811
‘ST (<34
(PHIN) 30°¢
0% (xg-Pd) 083 ‘6Lc (FHON) sg'¢ (w) 90°% 112-98'T (9 H, OS™W =T14d =X
(alWd) 611
‘ST°T (PP) 987C
(2IN) 90°€
02 ‘68’z (“HON) L€°¢ (w) g6°¢ (m)ge'1  (d)H, OS™PIW =190 =X
81
X H
J/
_u\E/z -
W w
e e e — S— D —— ——— - il S,
Jaa [¢] gpq [v] yra [eleprg [g] zrd [1] 1pg uadorey-p (WD 19Y30 L g o 4(A108) xayduod
I S — ‘(uadorey-py) snaonu
YN 285 Al
PN

{(panunuo)d) 1 219eL



Chemical Reviews, 1986, Vol. 86, No. 2 473

Cyclometalation of the Platinum Metals

i(6) g go1)
(81) 609°T

[(s) 8'8011
(91) 819°1

[(2) 8°g01]
0g (6) 0812

0€

63
[(+) 6°90T1]
(L) 28yt

[(¥)g111]
(9) o171

[{(g) 2z so1]
63 () ¥e1°2

92

9¢

G
14
6

14

4
14

ve

[(2) ¥ gotl
(91) 0991

[(g) 6'801]
(LysLvy

[(¥)9¢sl]
(1) L90'C  (¥) 03¥'2 +1s4 (dgv
(@ 6v1-
(HIN) T'1¢
193 ‘c°9
(aWIN) ¥1°€
[(3)zgsl
(8) L10C (2)79ee (2N} ST'E
(2WN) 229
‘8%
(2HWN) 262
‘6878
(2HWIN) 6°1G
‘8 LY
(2HWN) 26°2
‘68°%
692 ‘283
%63 ‘9.8
2S¢ ‘0¥%
(g =X)
892 ‘003
(1D =%)
962 ‘093
(g =X)
1L% ‘€08
(19 =X)
88% ‘LVZ ‘183
083 ‘L0%
(3N €T°E

g3l v'se y'ag
80  (2MN) 60°E 92°'¢
83% (BWN)¥v1'E 0g'g
£'69 119 9°'8¥
v2'2 ‘'v3'% 1¥'e 06°L
189 568 0'9¥
093 ‘622 124 912
(amD) 88°1
(2WD) 503
(eHD) €61
(aWD) 66'1T
(awD) g6°1
(@Ho) v6'1
(amp) g8t (2WD)€T'1 ¥ig

(V) dse
(V) die

(V) Oat

(D) Hu
(0) H,

(V) D
(V) Hy

(V) Dt
(V) Ho

(d) H:
(V) H:
(d) Hy

(V) H:

(V) Hi
() H,

(3) H,

H=,9=4

SN =,d'Ud =4

fygd :1ewououwt
12WLOST S1>

fygd :lawouow
JaWlOs! suel)

Le
m/N
)
/
\n J%0em

Zopn H
W0

‘HN =K °'10 =X
fydqqd sowouow
SN0 =A'1D =X

Udd

Ad :szpwrouowt
SN =X'1D =X
¢

AOINR



Newkome et al.

Chemical Reviews, 1986, Vol. 86, No. 2

474

[9)gsttl [8)gv11l (O ¥errl  [(9)6011) i(e) 1¢8) "
oy (L) ¥vo's (1)9g°1 (et - (1egt (o1) 1861  (£) L6€T (HEd-9) ¥9'6 (9L=r)61'g Hi D=X'SWS =YX ‘19
ov ) Y€€ ‘063 (HAd-9) 086 (901 =r) 69°% Hi “WS=X‘D=X 09
X
N |
id
"
5
©
(2WN) 68°2
8¢ ‘09'z 392  (awd)er'1 $6'1T (V)H. W =d
9g
- wE/ws_
ano L\v oo \z\
: n./_\.va
f\z/\ o N om
W oo i
Le 6v0'5/691°% () 1v1 (nsv1 (1evt 8Y1°6/30°C 9'8LL Oe
24
nuu An 99.4
UH(SH9D-4)
{SM9-byy, \\z\l_&
30 0
(04d-9) ¥°g81 8991 34 VEL (V) Da
9¢ (0=D) 0061 1 %9°2 Mert (V)H, g =X
9€ (04d-9) 6'99T 3181 47 gt (V)0
ge (0=D) 8881 (1) 892 MN991 (VIH, 1D =X
£
(¢ £
x/:~__\a (4d)
:.EE\,_.
O
(2WN) £°%S €08 8'e¥ 668 (V) Der
(PWN) 10°¢ (aWD) 98’1
38 ‘€873 [ 44 ‘ee°L (b)0v'z (V) H: (z:¢) ufs/ryue
14
wm
o OL/ »
[*N "
[ E\/\‘\
A o’
RaY
(awdR- O'0)
1€ 06<ST ‘00%1 (HAd-9) 80°6 812  (2WD) 180 802 (V)H: JBdE :reUIOUOW
(2WD) 06°0
18 (HAd-9) v5'8 692 ‘280 91z (V) H, Iaulost uks
(2WD) 28°0
1€ (HAd-9) £6°8 (b)8¥g ‘b0 Mdig1 (V)H I9Wos| 1ue
474
k]
1
” | 07 oy
Pd Pd
No o1 »n
/W N
wm (O
2z 1lipg  ueSoey-W - 19y30 L g © q(A10%) xadwod
Joa [¢] spH [v] yrd el wﬁm..\m - (2] grg [ A:ww_oﬁufsv snapnu
ex-
Ul NN

(panunuo)) | 2qey,



Chemical Reviews, 1986, Vol. 86, No. 2 475

Cyclometalation of the Platinum Metals

8y
Ly
9%

b4

k44

144

144

144

144
144

134

1574
(44
ta4
(44
(44

[(1) o211l
(1) 9°811)
(g)8L6'1
(g) 8L6'1
[(g) e Lit]
(¢) L96°1

[(g) 8901])
[(¥) zgo1l]
(9)gz18
(9) 90172

[(g) 8°go1])
f(g) 99011}
(L) 060'%
(L) ¥60°2

{(6) v a1l

(1)66°1

(e)z w11l
f(e) 9811l
(v) 1981
(¥) zee'1
%) g¥11l
(g) sve1

[(9) e¥o1]
[(9) e-9011
(1) og't
(1)os't

[(8) g Lo1]
(L) Lvorl
(1) 6¥%'1
(1est

@)t

[(e)¥ot1]
[(g) 111l
(g)z6¥'1
(g) syt
[(F) 111l
(L)zsv'1

[(r)9911]
[(z) 911l
(1) rex
(1) s¥'1

[(8) ¥"qr1]
[(8) 811l
(1) ve1
(w1

for) ggr1l

@)1

[(1) g'zo1)
(1) 8’101}
(g)eggT
(62X:1:198¢
(g) 8'zot
(9) 9g¢g'1

[(g) v¢6]
[{(g) 6°881]
(1) o¥'1
(ryovt

[(g) 0281
[(9) 17681
(1) wy1
(1) ge1

[(6) ¥ L11]

(g)eg1

(1) ¢ 08]
i(1) 6 08]
(e)evig
(e)sL1'e
[(1) 818}
(g)o¥1'g

() 0¢8]
[(e) 1281

(L) €818

[{e) L'g8]
[(¢) ¥-asl

(6)€63%°%

[(g) 008}

(1) 1003

(ZN-PJ)
(¢)og02

(eW-0-1d)
[z vo1]
(1)
(L1) 189°%

[oW-0-1d)
¥ 101l
(0-1d)

(6) 2002

LEE ‘068
LEE ‘062

9€¢ ‘962
0€e€ ‘168

(2w0) ov'e

(He14d) g9°g

(2W00) 061

(aWN) sT1°€
‘69°C

(3WN) 8L°T
‘89°%

(aWIN) 9%
‘or'z

(aWN) 192
‘v
(2WN) 50'8
192
(2WN) 88°2
‘298
(2HN) 88°2
‘192

(d) 999
(HAd-9) 0°01

(HAd-9) 9¢°6
(0Ad-9) z'gvb1
(HAd-9) 9¢°6

(HAd-9) 00°6
(HAd-9) 9°g¥ 1
(HAd-9) v¢'6

97691

80°G ‘L6°¢
067 ‘98°¢
00°S ‘'STV

66V ‘90'V

€8’V STV

387 ‘g8
187 ‘98¢

vest

£°e91

L8°¢

8¢
8'ev 018
g8'€

(8 =r ‘2WD)
(8 =r ‘anD)
(8 =r ‘2HD)

(6 =r ‘2WD)
68°¢

(6 =r ‘a{D)
14 &

(11 =r'2WD)
g1°e

(01 =r ‘2W0)
4 &3

98 =p)e¥%

9¢€°9
£°00% £°69
(ev1 =r)9¢e'9

169
003 0°89
@¥1=r)gv9

(V) H,

(V) H:
(V) Dur
(V) H,
(V) He

(H) Hu
VH
(H) H,

(V) Hu
(V) H,

(V) H:
(V) H,

dn
(V) H,

nt00 -y} @)

13700 -4* N1

100 =gad =11
3WOD =Y Ad =11

L

._
|
P
j
N
O

('ag)1=X
(_310) (dPW'H’D =X
(D ([@PW'H’D =X

(D (0PW'H’D =X
(310)1=X
(JLo)ig=x

(JL0) =X

oL
x

Zonn—1g—NTm

g

. Jz.m.m =X

C(CHON'H) =1
A=W P9

‘al-g'e =X
M =T1Pd=NW

BSN-6'e =X
P=Td=N

ANV =X
O =TPd=N

SW¥ =X
W=19d =W
£9

X

@M.:.

o

P

._
|

:\
I

N

O



Newkome et ai.

478 Chemical Reviews, 1986, Vol. 86, No. 2

[ot) oe11] (1) 121l [(1) Lo1] [(1) 80T] [(g) 0'88])
[(6) g g1l () v11l {(1) 6011 [(1) got] [(g) g0'18]
(e1)e86°T (L1) 8981 (81) 99¥%°1 (61) 65991 (¥1)£L02
€S (or)e103  (L1)gLer  (61)88F'T (61) €961 (¥1) 550'% (HAd-9) 92°8 GL8 163 (V) H:
SL
) (o)
”uwww .._“ M 2%0an
3%0aw
Ao A
Rl
N N
[v911) [vait) [oT11) [z 801] [818] .
[gLr1l [tz fortrtl [¥-go1] [218] (04d-9) ¥'ggt 9291 eLs $08 ‘L'1€ (V) De
21X 96e°T 98%°1 L8911 L60°%
k4] 900°% 8€€°T L0S1 6891 %802 (HAd-9) 60°6 69°¢ ‘L6C (V) H,
[(9)goz1]l [(L)o9tt]l [(8)orit]l [(9)e601] [(g) e w8l 8391 1) gy (1) 98¢ 9°¢% (V) Du g =u
0¢ (1) 8808 (o1) ove'1 (1) 08¥'1 (21) 9891 (6) 0612 (V)H:  ‘Pd=WSBN0D =H
[(P)svr1l [(9)gvr1] [(9)sor11]l [(¥)gT0T] {(z) v 08]
[F)1err] [g)gwprrl [(g)ge01]l [(¥)9T101] [(z) 97081
(8) 120'3 (8)ege't (6)vLv'T (8) 1891 (9)gv1e =N
g9 (g)e10'3 (8)are1 (6) 0091 (8) 8¥G'1 (9) 6512 (HAd-9) 556 99°¢g (V) H: PNQD =UT =U
((@y9-gerl [@)zvirl (@) o1l  [(3) € oor] [(1)96L) gTLI M) ey 98S (V)Da | =
6V (g) 0v0°2 (¥) gge't (v) g6¥'1 (v)gze1 (z)ostz (H£d-9) 90'6 SLE (V)H, ‘PA=WWO0D=Y
T =u iyl
I=v:gL
O
N )
RS
Y
|
0
(*HDAd) 108 .
i ‘(2W0) 1¥'8 L8 (V) H, ...5?%:51@:;
8y (2WO) Le°¢ z8°e (V) H, .:Ns.zbmlAUzL
(H=)3L'9 I
8v {(20) £¥°8 18°¢ (Vym, o <N
(H =)gg L 2 .v/
av H2H0) TF'e 88°¢ (v)m, MO /|©3
(*HDO) ¥0'% 2o s
8 ‘86°'€ L€ ‘89°E 98¢ (vyH, (T T@ZL
Jaa [s] cpa [v¥]1vpg [el epa [z] gra [t]1rg Y0 L 9 0 o(A105) xapduzod
SAer-yx snaponu
pHIN

(panunuo)) I dqeL,



Chemical Reviews, 1986, Vol. 86, No. 2 477

Cyclometalation of the Platinum Metals

a9

LS

LG

ag
eq

a9

a9

qq
Gg

qg
Sg
‘pg

[ve11]
8803
16¥6'1

[2601])
[vp11]
¥81'%
%113

[(¢) g 0z1]
(L) 9g6'1

[(g) 6°671]
i(g) g'611l
(g)esg6't
#F)eLet

[811]
6961

[(g) gg11]
(9) 1261

[(g)vertl

leotn]
[6v11l
£8¢°'1
$3¢°1

[(8)9'z11l
(31)98g1

[(¥v)ze11]
[(¥) gg11l
(9) vge'1
(9) 83¢°1

for1l

68T

[(8) Tv11]
(1) gve't

[(g)og11]

[go11]
[L011)
¥8Y°1
PeY'1

[(6)61TT]
(e1) 06¥%°1

[(¥)v311]
[(¥)0z11]
(Lyviget
(L) gos°'t

[t11]

LV

() 1311)
1) g6¥%°1

{(g) 679011

[ggot]
[1eotl]
83G°1
¥PS1

f(¢) 9-co1]
(61) L6861

{(g) ¢ g01]
[(g)9gotl
(Lyveet
(L) 189’1

[L01)

291

[(9) 179011
(1) 1991

[(1) g8l
(8) €803

[e8L)
[L6L]
060°2
801°%

[(g) 128l

(01) 68072

[(3) ¢'18]
i(3) ggsl
(g) 1v1g
() ze1g

[sg8]
9902
[(g) g'zsl
(6) 680°2

€80°%

(€) 982'%

LY0g

(2reies

(0=0) ¥191

gve ‘0ze

€48 ‘238

(D4d-9) g'061

(HAd-9) 188

"HO) IT'S

(a0 6°'1¢

(HOO) v6'%

(3W0) LL'E

(CHO0D) 96°T
(HO) 63'¥

VILT

L1891

9691

691

Gy

€8¢

8v'¢

¥9'€

18°¢
6L¢
S8V
98°¢

88°¢

08y
309

99°¢
LY
€6'¢

Vov

sy

VLY

L 414

(V) Oar
(V)H, PSWOD=H'H=.4

(V) H,
(V) H:
*(2d-+-*00)HO HO
(V) H, =4 9410 =d
‘(@ 02)HO'HO
(V) H: = 49900 =4
(V) Der *(*M°0D)HO HD
(V) H, =4 OW0D =Y
(V) H,
(V) Der
(d) He W00 =4
(V) H, SW0D ="
28
-]
o pd o
/\
N N
0)~<0
Pd=I
(V)H: “9VO=X494°00 =%
(V) D Pd=N

(") H, W =Xxa'00 =49




Newkome et al.

478 Chemical Reviews, 1986, Vol. 86, No. 2

il

301 (0=0) 8991 (2WN) 9736 ¥ LGT £ey1 L01g (V) De ‘ydd =
q o
% 10)
Pd
8] AN
IN W
801 (0 0)9LST (2WN) 96 0'9¢1 g'L21 16T (V) De c61
¢
P,
IO
N N
(2WN) LY 1S ¥8'1¢  (H) e .
¥9 gLe (2WIN) v3°¢ vg (3 H, Udd =10 =X
G6T fd=-rpag =Y
(2/N) 99°8¢ 18°L8  (d) O Ad =10 =X
9 LG (2MIN) g2°¢ og'e (d)H, JJawouow
(2WN) 6%'¥S 6638 ‘L2 (d) O
(2IN) VO =X
¥9 £v'e-0e'e 107 ‘'s6'¢  (V)H, BN =Y egot
(2WN) 2¥'€S 1662 ‘1,83 (d) O
39 q1¢ ‘LGT (oWN) 18°€ ore‘eee (VIH: ID=X°W =Y ‘€01
4
(AT
H Y
[(g)9L1] [(z)8r1] [(3) gzr] l(r)yotrl [(8) ¥68]
[(e)orr) 1(z)611] [(z) 2zt [(2) 801] [(8) 8'88] 1S ‘3'8¢€ (V) de _tade
(2) v02 (g) Lyt (g)spt (g)ret (3)31% ("Jad) 0go1
39 (3) 202 )1yt (¥) 91 (r)ret (zg)ere (N=D) 8922 (LL=pr)1'¢ (V)}H, souydip =779 ~ W
56
O
~
N N
3 /2u /_2\4
/4
+2 “.“
9°9% 1s% (V) Der
66 1€ (P)0S'e ‘geg (das) 1’68 (V) H,
€6
0
lgoz1] lotenl [(z) 06l
LG (§) ¥90°2 81¢°1 G961 G961 (9) 0602 (g)6288 (HD) a¢'¥ [ (V) H, SNFOD =Y
(ew4d-9) 193 €691 S LY L9y (V) Du .
s o o . (°W4d-9) 86°7 . g9 (V)H: @200 =14 N - H
Jou [g] spa [v]vra (el epd [zl zra {1] 1pa uagdopey-|y LS nYjo g o p(aros) xajdurod
— e TR e : ‘(uafoley-) snajonu
kea-

(panunuop) 1 aqel,



Chemical Reviews, 1986, Vol. 86, No. 2 479

Cyclometalation of the Platinum Metals

YL

oL

80T

801
801

oL
69

GL
‘¥L

0L
L9

L9

L9
L9

L9
L9
L9
L9

(1) g1'8

[(g)g1rtl
(9) L218

(8) ¥60°2

[(9)otrrl
(L)yogie

[(¢) z9t1T]
(8)08e'T

(1) PIVT

(L) Legt1

i(¥) L6011
(8) 161

[(80) 9'6011
F1) vigt

[(¢) 9 18] (d) Le€

(1) €03

(2W0) 0°19
(2WO) ev'v

[(3) 828l
(1)200°g

(Quinb-z) 1°gS1

(d) 168

(Dumb.z) g-gG1T

(0=0) 0291 (HuWIb-Z) ¥1°01

(Dumb-z) 9°6¥%1
(O°HD) ¥°99
(O*HD) s0°¢

(2AIN) 8°6%
(2N) 99°¢

[(2) g6'18] (ag-pd) (d) L'88

(9)9%0'3 (1)999g 3L ‘191
(Humb-g) 1°6¥1
(Humb-z) gg'g
(Hunb-g) ¥¢°6

(Huinb-g) 106

(ON) 2891
‘P0LT  (Hummb-z) 16°8
(Huinb-g) 08°'g

(Hunb-g) 69°8
(Huinb-g) £¢°6

[(30) 0°gL1]

(21) ¥L0°2 (Humb-z) 81°6

88% (Humb-g) a6

T°6¥1

T6v1

0'821

L6321

9°LTT

vevl

€Yl

8°EVI

6°LYT

L'8¥vT

0651

L'8V1

65°€ ‘96°¢

L€

661G

9903

L've
a1'e
L've
91°¢

6z'¥e
(p)zo'e
(P)eve
31'e
6T'¥
68°¢

ov'e
o1°¢

68°C
v'e
0S¢

L'vg
G6'¢

(d) die

(4) H, dd
1341
l
\un\\u
Pd- Pd
mu\ //o\ M
+ ]
H
(3) s
(V) H,
L01
Co
v Vo
w
(V) Oat “1dd =1
(V) de
(V) Dex
(V) H. ‘Udd =1
a
o /v_m
_/?O
Y N
O
(V) Dar
(V)H: HO'HO =¥ "1dd ='1
(V) De SWN=HD =¥
(V) H, 998d =1
i
o
Pd
N
O
() O g=y
(q) de 1I'OD'HO'UIA =11
(4) H, Q1T
Oer
(V) Hu 10 =4%4d ="1
(V)H, 00 =4:(00)0D ="1
00=49
(V) H: {CH*D-W)*(0D)ON =1
Ad =y
(V) H, tON‘(00)Rd =1
(V)H: 4&d=H'(0D)oD =1
APV =H
(V) H, (CH’D-4)(0D)ON =1
(fop)od =4
(V) H: oNddd =1
(CH*D-W)(0D)oN =¥
(V) H, t“aNudd =T ‘90T
(V) Dse
(V)H: ©D=4'00="1 60T

e



Newkome st al.

480 Chemical Reviews, 1986, Vol. 86, No. 2

[(3)o1r] [(g) o311l [(e)ottl] {(3) Lot] [(o1) 9°98] L6ET £qst 9¥VIT (V) D«

3S1 (3) L0g (€)av1 (F)eg1 (v)gg1 (g)60c (6)81£7% (2WN) ot°€ (V) H,
(2) 89¢g°2
8L (¥) 660°3 (9)€80% (3)¥9ga (Humb-z) 878 (3) H,
. 0g1
Q1S
ol
P
02 12 \_uz \uc
ud 4/ 1” ,E/vo
\z“vo
019)
{(3)ert] [(g)srr] [(zg)e11] [(3) o1l [(o1) L7g8]
GL (g) 90z (g)ov1 (€)3¥1 (g)os1 (2) s0g (P)gre (d)H,
(0=0) 96'6L1 LL0%  (A) Der
0 LT () de
gL (P)gge (A)H,
331
.uoHo/ \zo
%]
H \m/\
4d ud
{(e)ogsl
(9) 680°3 (6) 9007z (3) 0293
[(e)918]
(9) 8112 (6)ez0s (2)9ess
gL [(¢) 28]
‘vL (9) L60°2 (6)¥10'8 (3) 0352 (ad) g901
[(z)g1tl [(z)or1l INICWARY| [(v) 8011 [(9) e8]
(1) 661 (g) Le1 (¥)8e'1 (P) 1971 (1) 10°%
{(9) 98]
(3)90g (2)90°¢
Jou [¢]l gra [v] vra [e] epd [2] zpa [t] Ty uaforey-y o) Y10 A bl o 4(a10s) xarduron
——— Koy ‘(uadopey-|\) snafonu

_ B I AN o

(panunuoy) 1 2qey,



Cyclometalation of the Platinum Metals

Chemical Reviews, 1986, Vol. 86, No. 2 481

96
£6
€g
[(¥) ¢'1311
€6 (g) 2012
[(¥) s13°1]

£6 (9) ¥01'2

88
88

88

I(g'0) 9-0o11] [(80)0¥11] [(6°0)6%3T]

88 (11)%%8'¢

i(670) z'or1] [(80)8211) [(6°0)9°931]

g8 (1) L¥eT
88
98

[(g) grirl
(9)v¥e'1
[(g) 6 L1T]
(6) 6ge’1

(e1) L¥S°T
(02) 8291

i(3) v-artl
Q) ¥LYI
(%) m.ﬁ.d

[(1'1) g L31]
(02) ¥9¢'1
[(6°0) 1'921)
(32) 91¥%°1

I(1) L7061l
(8) 1L0°T
[(3) 706l
(g)2L0C

[¥1o1~]
(€1) L8272
[9°66~]
(¥1) ¢62°'2

(1) g0¥v'3
(2) 90%°%

(v) Lee78

(3) 6v¥°2

(d-pd) L3¥
(44

(N=0) 0091

(d-pd) 0Z¥
v8%

993 ‘s1g
§G3% ‘L1E

(48

90¢
3056-281
S0¢
0z¢e

(2MIN) 0°2¢
(2WN) g€

(0Ad-9) T16T

(HAd-9)9LL

(3WN) LL'G
‘09
(2HN) 968
‘1Lg
(2WN) L6°3
‘v9'2
(3]IN) 0L°%
‘282

9T'v ‘86°¢

%8C ‘69°¢
VN

9L ‘S92
9ILg

ITv

¢¥91

(2WD) 9T1°3
‘¥9°1

(5WD) 91°3
‘8S°T

¥v'€g  (d) Oe
9¢'s  (I)H.

292 () O
(pp) 8€°%

M zLs () H
(p) 18°¢

Mz (@) H
(WD)

22'2/S1e (A H:

(F) Hu

() Hy

(4) Hu

€61
0 a./z.\:
mmjg\ [0
©)

041
fudd
]

N.

o)
ron
Ydd = X ‘O°H=X

Ydd =X 10 =X
6¥1

“ O =X *1¥1

1D=X ‘881

D=X'Ud=c¢d =4
PN =, =Y

g =XUd=,4 =4
PN =8 ="

N=X'ud=,4=.4
BN =¢d =d

D =X*HD =4




Newkome et al.

482 Chemical Reviews, 1986, Vol. 86, No. 2

(O-N) (0%0) (s0-s0)
g11 (6)890'z (¥1)egel (1) 8112 (¥) 93672 Ad-g =y 902
£IT (HS0) ve'v1- (V) H, W =Y :vg6T
O
N
09 |\&o.ue
100} \
(HAd-9) 1°8G1 £°'891 o081 9°.81 (V) Da
1)¢ (HAd-9) 98°'6 (o) 66°1 (W) v9'2 (VIH, W=X"N=.4=H
(HAd-9) 261 L'191 9831 6961 (V)On g=X
S01 (HAd-9) 0L'6 zr9 (W) 992 (V) H, O =¥ ‘H =¥
(04d-9) g 191 %891 €631 981 (V) Da
g01 (HAd-9) Lv'6 299 o6 (V)Hi 1D=X'H=.4d=,4
681
€, X
e Pl
€01 () 3v0'2 (v)eve't (1) cvsz (Humb-g) 82°01 (V) H,
[(gg'0) v6'98]
(86113  (g1) 1881 (01) ¥00°2 (3WN) 0L°T
[(9€°0) 1£°06) ‘L9T 66°€ ‘065 (V)M SI0UOP-N 12
96 (8) 5122 (e1) ¥8¥%°1 (6) 9102 (2WN) £9°2
96 ‘99°'1 86°¢ ‘662 (V) H, siouop-N sue1y
891
. Sy w
C k\!
MO
v
M,
Q) ¢ )
(2WN) L°0S
‘9°6¥ 812 (d)Du
(3N) £0°€
96 ‘1972 6.2 (A H,
(194
Lo R L]
\/ \/
S
(2HWN) 8°6¥ 612 (d)Da
96 (3WN) 6L°2 gz'e (") H,
¥e1
N9
%e ©)
Ja1 ig) gpe [v]vpg [e]l epq [2] zre [1) TPH uadopey-|W ;w0 Yo L g 0 q(Aj08) xapdwod
‘(uadopey-|W) snajonu
Awrx Al

2d NN

(panunuo) 1 3qey,



[ ]
«©
<
N
o
z 811
©
[}
°
>
©
a
o
- 81t
g 811
2
>
(]
0@
8
[
[
£
o 811
911
911
LIT [(¥) 8'061] [(g) 066l (%) 6561
‘911 (¢)s11'2 (8) 889’1 (o1) 819°1
[(2)806] [(o1)¥Zo1) i(8) 9'ge]
LIt (Lyez1re  (61)¥8S1 (81) 2151

K9) ¢-rot]l Wot) 1311) [(0T) L2311l  [(8)0eTll
9g1 (8)L11'G (@) Lv1 (1og1 (1)291

STIT (8) 9053

Cyclometalation of the Platinum Metals

[(g) 9-89]
(L) 2003

[(¥)90L}
(11) 550°2

[(¥) g-¢8]
(11) 8¢€6°1

(9) 980°%

(g)oLez

(e) 9622

6L3

613 ‘1¥g

S92 ‘922

992
998

(HAd-9) 816

(HAd-9) 1
(HAd-9) L,

<« ©
=X~

(HAd-g) g6°8

(2WN) o1'€
‘0’8
(2HN) 60°8

(2HN) L8°2

89°¢

(V) H, g=xX
(V) H, =X

(V) H, 602

(V) Hu 9N =
(V) H, H=
4

(V) H: ‘H=":%®




Newkome et al.

484 Chemical Reviews, 1986, Vol. 86, No. 2

831 (za4d-g) 08°'L (V) H, ngd =11 =X
A (11:14 (zahd-g) g8°L (V) H. ngd =1
S31 29¢ (zasd-g) 8¥°'L (V) H. Ad =1
G61 013 (za£d-¢) 21°8 (d) H. :rourouow
g31 6€¢ (za4d-g) v6°L (V) H: g =X
831 293 ‘€32 (z14d-g) g9'g () H, D=XPd=N

\A \
N

L

/ s
0 ngduy = W

44! E¥E ‘962 ‘833 (HAd-9) g6 (d) H, '$=AHD =X 7
ngd ='1

vel (HAd-9) 09'6 (V) H, t1g = uafoey

yel (HAd-9) 06 (V)H, Ad=mug = uadopey

{243 092 (HAd-9) 1876 (V) H, ngd =11

¥e1 8¥% (HAd-9) 3g'6 (V) H, Ad =1 sswouowr
Pd=W

144 602 ‘8¥3 (HAd-g) 056 (4) H, §=K‘HO=X:®

¥31 Y03 (HAd-9) 556 (4) H, (4 = uajorey
. o ngdyd = W

P31 93¢ ‘€LZ ‘53% (HAd-9) 8¢'6 (4) H, ‘HO=K:S§=X:Pp

¥31 86% (HAd-9) gg'g (V) H, ‘ngd =11

¥e1 862 (HAd-9) L6 (d) H, Ad =] :s1awrouow
Hoo)nd =N

21 88% ‘6.3 ‘883 (HAd-9) 136 (4) H, ‘HO=A'§ =X
ngd =11

¥el (HAd-9) £9°6 (V) H: g = uafopey

yel (HAd-9) 366 (V)H, Ad=r]g =uslopey

$31 4 ¢4 (HAd-g) 9g°6 (V) H, ‘ngd =11

vaer t4i ¢4 (HAd-9) ge'6 (V) H. £d =1 :saswouow
Pd=N

va1 L¥YE ‘L1T (HAd-9) 80°6 (d) H, ‘HO =K'§=X:q
(HAd-g) 1T°01 ‘ngd =1

€31 ‘GL'8 (V) H, ‘] = uafojey
(HAd-9) 16°6 ‘ngd =11

£21 ‘9L°8 (V) H, ‘1g = uadorey

(HA&d-9) L6
€31 <74 ‘gL'8 (V) H, ‘ngd ='1
(HAd-9) 3L'6

£21 44 ‘¥6°L (V) H, Ad =1

(HAd-9) L1°6 OS™™ | =1

€31 [1vrd ‘SH°6 () ", ‘SIDWOUOW
=N

831 SV3 V53 (HAd-9) L0°6 (d) H: ‘HO =X!'S§=X :®

L1g
A="
&Y
/
1 !/zO
[(¢) 068l
031 (8) 0013 (8) 6961 12
o S
NN
4 N
jo1 fel epg [v]¥pd (elepg [zl grd {1l 1pg  uoforey-|y .U 0 % g o(A10%) xorduioo
— ‘(uadorey-|) snapnu
SAeE-X a1
pHINN

(panunuo)) | e1qey,



Chemical Reviews, 1986, Vol. 86, No. 2 485

Cyclometalation of the Platinum Metals

831
8¢1
821

9%1

921

921

93¢t

2¢1

i1 8
gt

‘D% o Do V1 p "s83189p ur axe [sayor1q ur] sejdue puog ‘swoxjsBue ur axe sadue)sip puoqg , "0D*(°A)D) =H pue

O*AD =D FOS =T 1I0°AD =T FONA’D = d ‘NOAD =D 08%(*dD) =9 F10dD =V . :SjuUaA[0s YN q "4 parequnu st uagosjiu BuljeuIpiond BY} 03 JXU UOQIRD Y} S[IYM ‘D SB PIIdGUINU dIe SUOGLed

papuog-£ 9Y) Y30q ‘soxo[dwod-x 104 -4 pazequinu st usdoijIu FuIFBUIPIOOD 9Y) 0 XU UOGIED 9Y) PUR ‘F PaLaqUiNY Si J1 03 }XoU UOYIED 3Y) P PalaquInu s1 U0gied SUljeuUIPIcOD 3Y) ‘SSull poje[ejamio[d£d
pairsquil-13y 31y pue -xIs U "4 se pataquinu st usgoxiu FurjeUIpIOOd 8y} OF }XaU UOCIED dY] 2[IYM ‘© Paidquinu s uoq.ed SuljeuIpioos ayj ‘Suil paje[e}oWo[d4s paraquiawi-noj Suisey sexaidwod uf ,

83¢

€63¢

¢ve

LTg
€9¢ ‘L83

€1¢ ‘9¥g
8T€ VL3 'TEG

(HAd-9) 178
(HAd-9) 50°8
(HAd-9) 86°L,

(How L) 9%'L (2WD) €3
‘669 WA &4

(Howy) 18t (aMD) 283
‘sg'9 ‘613

(HoWL) 0%,  (2WD)BE'G
‘€€9 ‘81'%

(HowL) 6Lt (2WD) 833

‘0G°L ‘80°2
(Howy) e8'L (WD) 085
‘96, ‘603
(z14d-g) €1°8
(za4d-g) 518

(d) H, I=X

(q) H, g=X

(4) H, D=X
(2:144

b3
() zl-.r s
caat.
N— N
H W

0=drdd =2

(V) H, ‘H)=K'S=X
g=0iAd=7
(V) H, ‘HO =A'§ =X
D=0d=1y
(V) H, ‘HO=K'S=X
o, z

ANV 4
IYHN~ \e....
A
v ) 3

H=Z'H)=X'S§=X

D=Z'H)=X'8=X
;344

] 0, x

:/zﬁ b
A
L

(V)H, °‘ngg=r :1owiouowr

(d) H,
NA__Q\,ZV/
ay

.u.y_ #
€rgd s



486 Chemical Reviews, 1986, Vol. 86, No. 2

Metal-halogen vibrations occur in the region from
400 to 100 cm™.. These signals are usually strong; thus
the particular frequency and number of signals can be
related to isomeric geometry, metal-halogen separation,
and stereochemistry within the coordination sphere.
The frequency of metal-halogen vibrations are of in-
terest when the halogen is trans to a C-donor; numerous
examples are shown in Table . The absorption for a
halogen trans to carbon is shifted to much lower energy
than when trans to nitrogen. The stereochemistry of
coordinated carbon and halogen can be ascertained as
cis or trans simply by finding the number of peaks due
to metal-halogen (one for trans and two for cis) in the
400-100 cm™ region. o-C-Donors have been found by
this technique; controversy still remains as to which
kind of C-donor, i.e., alkyl, alkenyl, aryl, benzyl, or acyl,
is the strongest ¢-donor. Limited evidence suggests that
the o-bonded acyl carbon may win out.!%

C. X-ray Structural Determinations

Numerous crystal structure determinations of these
organometallics have been completed to date and have
indicated a remarkable similarity between chelate rings.
Unfortunately of the complexes herein reviewed, few
correlatable series are yet available in which two or
more types of pertinent spectral data have been re-
ported. As X-ray crystallography becomes more rou-
tien, such comparative studies for example with '3C
NMR data will follow.

Table I lists key structural data, which deal directly
with the chelate ring. The headings are defined by 280.
Below the bond lengths are the designated bond angles.
In general, the five-membered metallacyclic ring is not
flat preferring a pseudoenvelope conformation. The
average N-metal distance in o-complexes is 2.06 A and
in w-complexes is 2.09 A. The C-metal distance aver-
ages 2.08 A for a o-bond and 2.14 A for a 7-bond. The
structural analysis of 281 has revealed an unusually
short C—Pd bond, which (1.938 A) is even shorter than
the ylide C—metal distance of 64*! and is the shortest
C-Pd bond for a cyclometalated carbon yet reported.'*
The structural effect of this short bond is to force the
trans ligands to exceptionally long bonding distances.!®

844 e

NHE,
A K P 2
s 5 Pd
~
8d3 1OM W 0S0,cE
3 N 2CF3
2 /B4t VA
Bd2 d Er &

280 28

Of all the listed complexes for which X-ray data are
available, the s-complexes 4a and 5 have the most ideal
geometry. Thus, saturated five-membered ring appears
to be well suited to form the expected bond angles in
the chelate ring. Interestingly, 74 has bond angles
which closely approach the expected or predicted an-
gles, although it has a six-membered chelate ring; 74
exhibits totally comparable physical properties to the
related five-membered analogue.

Structural determinations have been used to confirm
suspected molecular irregularities. Complex 5 demon-
strated an unusual absorption (IR) for the aldehydic
carbonyl group. The X-ray data for 5 have revealed
that there was a large contribution due to the enolic
resonance hybrid, in which the coordinated carbon had
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a geometry which was distorted toward sp? hybridiza-
tion and the C(carbonyl)-C bond was appreciably
shortened (1.460 A; 1.505 A was predicted).l” X-ray
results for 64 also showed the similar phenomenon for
carbonyl-ylide C bond distance (1.39 A), which is
shortened even more drastically than in 5 and ap-
proaches C=C bond character.*! X-ray determinations
have been useful for delineating the geometry of =-
bonded double bonds in relation to the coordination
sphere and to confirm hypothesized metal-hydrogen
interactions from spectral analysis.!*8

IV. Conclusions

In general, there are only four basic reactions that
lead to cyclometallation. To date in the reviewed series,
each involves initial N-coordination. The differentia-
tion occurs in the second step, i.e., formation of the
C—metal bond. Type I is a simple anionic displacement
reaction, which encompasses nucleophilic attack on the
metal by a stabilized carbanion, an aromatic ring, or a
juxtaposed electron pair. Type II utilizes either a C-H
or C—C insertion process (oxidative addition) involving
a nonzero oxidation state for metal. For C-H insertion
the resulting oxidized complex can either undergo re-
ductive elimination of HX or remain in the oxidized
state if the hydrido species is stable. For example, the
benzyl group undergoes facile C-H bond insertion.
Type 11 is generally differentiated from Type I because
the pK, of the C-H bond is sufficiently high to make
this group relatively nonacidic; thus, the formation of
a carbanion under typical conditions (i.e., weak base or
no base) for cyclometalation is not likely. A corollary
to Type II can be seen in the cyclopalladation of 8-
isopropylquinoline where it has been shown that the
C-H bond activation in the square-planar complexes
involve short CH--M axial interactions. 8-Isopropyl-
quinoline in 282 did not result in the cyclometalated

product even under forcing conditions probably due
mostly to distortions in coordination forcing the iso-
propyl group out of the desired orientation for cycli-
zation.5*157 Newkome et al. have also observed similar
type of distortions in the Pd(II) complexes of bipyridine
systems.’ Type III involves oxidative addition of a
carbon group to a zerovalent metal. The carbon group
may be a C-H, C-C, C-halogen, or C—metal system.
Type IV is exemplified by a carbon group insertion into
an already existing C—metal bond of a metallocyclic ring
(Chart I).

There do not appear to be any a priori rules for
predicting the stability of a metallocyclic system, since
a myriad of carbons in diverse degrees of hybridization
coordinate various metals to generate organometallics
with wide-ranging stability characteristics. However,
it is obvious that the five-membered ring size is the
most common variable in the cyclometalated examples,
yet reported. The reason for five-membered ring sta-
bility embraced by most researchers is that this ring size
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CHART 1. Types of Carbon-Metal Bond-Forming

Reactions
SEaE

C=—M— { M— [j—m—
l A f
Type I Type I Type
N w

C
C—M— — )—p:d_.

R

Type IL

should have the most ideal geometries (bond angles) of
all the possible ring sizes. While the five-membered ring
has been shown by X-ray structure determination to
have fairly ideal geometries, the one X-ray structure of
a six-membered ring in a Pd complex (74) also has
relatively strain-free bond angles and lengths;* thus the
enhanced mobility in larger ring may permit a chelate
ring to approach the idealized orientation. Steric bulk
both on the metallacyclic ring and in other coordinating
ligands is another factor that gives stability to systems
that otherwise are not stable.

The general reactivity of metallacyclic complexes has
been studied in a limited fashion. Further studies
aimed toward using the complexes as synthetic inter-
mediates and catalyst!® would be timely.

Note Added in Proof. Albinati et al.’*® have recently
reported carbonylation and isonitrile insertion into the
Pd-C bond of cyclopalladated benzylideneaniline
Schiff’s base complexes. The reaction conditions and
products formed are similar to that of 147 and 149.
Many other interesting rhodium!® and ruthenium?6!
clusters have been synthesized by the cycloaddition of
nitrenes, carbon monoxide, and an alkyne. Spectral
data and X-ray crystal structures of these clusters have
been reported. 16161

8-Quinolinyl alkyl ketones having 8-hydrogens on the
alkyl group react with [(C,H,RhCI], to afford 8-
quinolinyl ethyl ketone; a similar reaction of 8-
quinolinyl phenyl ketone with [(C,H)RhCl}, generates
styrene via ethylene insertion into a Rh—phenyl bond,
then S-elimination of the phenylethyl complex.!62 8-
Quinolinecarboxaldehyde reacted with PtP(CgH;4); to
give (tricyclohexylphosphine)(quinolinecarbonyl) plat-
inum hydride, which upon treatment with CCl, gener-
ated the corresponding chloro complex by H- — CI-
exchange. 164

Recently, Crabtree et al. reported that a methyl C-H
bond in the 8-methylginoline (mq) complex, [IrH,-
(mq){P(CsHj;)3}:]SbFg, was nondissociatively bound to
iridium via a 2-electron 8-center C-H-Ir bridge.!®® A
similar reaction involving 7,8-benzoquinoline (bgH) and
[Ir(cod)(PPh;),]* in CH,Cl, under a hydrogen atmo-
sphere gave [IrH(H,0)(bq)(PPh;),]|SFg; analytical and
spectroscopic data were reported.'%

The reactivity of the C-Pd s-bond in 231b has been
shown by carbonylation in the presence of long-chain
diols to give a-keto esters, which readily undergo sub-
sequent cyclopalladation.!” Cyclopalladated ferrocene
231b underwent bridge cleavage with P(CzH;),, As-
(C¢Hj)s, P(OCgH;),, pyridine, and 1,2-bis(diphenyl-
phosphino)ethane. Electrochemical and spectroscopic
data for metalation complexes of [(dimethylamino)-
methyl]ferrocene were reported.’® Photolysis of these
complexes is also described.!®® It has been shown re-
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cently that aminopalladation and stoichiometric double
carbonylation of alk-1-enes affords an entry into 8,y-
unsaturated a-keto amides.!”?
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