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Abstract

Transition metal i i i is is one of the most important
and extensively used methods to create chirality at carbon and other heteroatom

centres. This thesis focuses on chiral induction from an asymmetric, pseudo-

octahedral metal centre in the Arbuzov-like ion of prochiral ites. A

series of n°-cy i n®: y ienyl, and n®™indenyl three-

legged piano-stool complexes have been studied as chiral auxiliaries. The effects of
ligand sphere steric and electronic properties on M* — P optical induction have been
examined.

The is, structure, i ies of a series of chiral n-indenyl

cobalt complexes are described. X-ray crystal structure and solution conformational
analysis showed that all n®-indenyl complexes have a propensity to distort away from
n°toward 1’ coordination, and that the indenyl ring always has certain conformational

preferences with respect to the ligands on the metal. Distortion and conformational

of indeny! are fully di on the basis of extended
Hiickel molecular orbital (EHMO) { and fragment molecular orbital (FMO)
analysis.
Arbuzov reactions of n*-indenyl, n*-cy i andn® yclop

dienyl cobalt iodide auxiliaries with PR'(OMe), (R' = OMe, Ph) proceed via an ionic

to form the i or lonic

were d by 'H NMR sp py at ambient in



il
most cases and isolated in some cases.
The following conclusions can be drawn from the results presented in this thesis: (i)

The chiral metal center is ial for ivity. (ii) The steric

of the spactator ligands is crucial in determining chiral induction. The bulkier the

spectator ligands, the higher the chiral induction. (i) The

of the entering phosphonites, PR'(OMe), is also important for diastereoselactivity.

Large substituent R’ result in high di: ity. (iv) |

bonding plays a signif role in c ing the ivity in the Arbuzov
reaction by restricting population of solution conformations, maximizing the

preference of one diastereomer over another.
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Chapter 1

Transition Metal-Mediated Asymmetric Synthesis
And The Arbuzov Reaction

1.1. Introduction

The bi world, its human

P can be as a chiral
world from both the macroscopic and microscopic points of view. The need for chiral

specificity in bio-active products reflects the fact that most enzymes have an inherent

chirality, which exp! different toward two { Thus, the
desired biological activity is usually associated with only one of the two stereoisomers
of a chiral compound. In the extreme case, exemplified by the tragic case of the well-
known drug, thalidomide, shown in Scheme 1-1, one optical isomer (R) is a very

- SHO

effective sedative and
hypnotic, however the

other (S) has serious

undesired biological

conssquences.”? More S~ thalidomide R~ thalidomide
examples® * with Teratogenic Sedative, hypnotic
different  biological Scheme 1-1

activity wit i 1 Scheme 1-2, the
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and necessity of searching for highly efficient and reliable methods to produce the

desired iomerically pure Recent of the Food and Drug

Administration (FDA) in the United States clearly reflect the significance of
isomerically pure chiral drugs: pharmaceutical industries will have to provide rigorous

justification to obtain the FDA's approval of racemates.

There are several ways to obtain enantiomerically pure materials.* These are,

is from a chiral Jie by T g

hels ical kinstic *® and finally

chemical synthesis." ** Although large amounts of relatively inexpensive, optically

active natural products are available from the chiral pool, thes4 still do not meet the

-growing i of the i i and ical reagent
industries. Many new chiral sources wait to be exploited. Substances from the chiral
pool are often used as building blocks to afford the desired biological active
products,’ aithough some are directly used as medicinal drugs, food additives, and

agricultural chemicals.

The of ] pan. of by to
diastereomers has been used for well over a century, since Louis Pasteur
mechanically separated crystals of each optical isomer of sodium ammonium tartrate

in 1848." This method obviously is not suitable as a general resolution technique;

however the idea of forming tartrate salts of a and
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one desired enantiomer is still used today as a method of resolution. Consequently,
this dictates that the compound to be separated contain either an acid or amine
functional group. One must then find a suitable compound containing an amine or
acid fragment to act as a resolving agent that will produce different solubility in the
resulting diastereomeric salts in order to effact efficient separation. Other methods
of resolution involve the formation of a covalent bond between the racemic substrate

and a chirally pure molecule. The resulting pair of diastereomers, in many instances,

can be by i and the desired enantiomer

from the appropri i by ical ion. This again
requires that the substrate possess some functional groups to react with the resolving
agent. In some cases, the reaction rate of the resolving reagent with one enantiomer
may be very different from that with the other. These racemates may be kinetically

resolved.

Each of the resolution methods described above suffers from thie m.3jor disadvantage

that helf of the mixture is the wrong A ion in the

resolution step at best recovers only half of the synthesized material. The remaining

is usually di which might cause both serious
environmental problems and high costs. The situation would become much worse if

more than two chiral centers exist in the molecule.

These difficulties can be avoided by using asymmetric synthesis, which has been
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fully iged by chemists in sy ic organic chemistry, medicinai chemistry,

agricultural chemistry, natural product chemistry, the pharmaceutical industries, and

the agricultural industries.

Strategically, there are mainly two basic app for i is. First

is incorporation of a chiral fragment of known absolute configuration into the target

In this case, a from the natural chiral pool, such as an amino
acid,"* has served as the major source. Second is the creation of a new chiral
centre using an external chiral auxiliary either stoichiometrically or catalytically. This
approach has aftracted a great deal of attention in the last decade.'®" 2
Transition metal chiral auxiliaries are among the most intensively used chiral-

induction reagents to afford enantiomerically pure or enriched compounds.'®'% ' ¢

1.2. Transition Metal-Medlated Asy Synthesl:
in principle, iti tal i is can be grouped into the

following twa categories, as shown in Scheme 1-3. The first involves a chiral souive
in the ligand sphere by binding a chiral ligand to the metal. In this case the chiral
center is "distal" to the prochiral target. The second category invoives a chiral center
on the metal atom itself. In this case the chiral center is "proximal" to the prochiral

target and would have greater potential for siereocontrol than that in the first



1. chiral source on ligand 2. chiral source on metal
Li=——M=—T L—M—T
[
5 A 2:25 A
“distal" "proximal”
Scheme 1-3

category. Both methods have been used in organic synthesis to create chirality at
carbon and C i have been ped in

pharmaceutical, food additive, and agrochemical industries.”*" 2

1.2.1. Iy ) with Chiral Ligand Auxiliaries. Of the
types of the most and of

metal in catalytic i ;
nitrogen-, or oxyg hiral ligands for hy 23 ny y 2,
2,383 pydroformylation 2 2% 7. % © idation, """ cy T —

coupling reactions.’ %*! These cases have been thoroughly reviewed, and a few
examples are presented here to highlight the achievements in these fields.
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Scheme 1-4. Selected Chiral Ligands
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1.2.1.1. Hy ly and Hy Since Horner®
and Knowles®® independently reported Rh(l) complexes bearing chiral tertiary

for ion in 1968, a number of

optically pure chelating chiral di ines and dinitrogen ligands, which have been

shown' * to have greater optical induction than the monodentate ligands, have
been synthesized.?* %% Some typical examples are illustrated in Scheme 1-4. The
rhodium, ruthenium, iridium, and other transition metal complexes of these ligands
have been employed as catalysts for asymmetric hydrogenation of C=C, C=0, and

C=N bonds to give the corresponding chiral alkyl, alcohol, and amine compounds

with up to 90-100 %ee. Some recent of catalytic asy ic hy

of olefins are shown in Scheme 1-5.2*® Analysis of the results reported in the
literature shows that:

(1) Chelating chiral phosphine-Rh (generally formed in situ), and -Ru complexes are
the most successful giving high percent ee. The best chiral phosphine ligands are
those containing aromatic rings on the coardinating phosphorus atoms.

2) plays an i role in ining the ]

general, olefins that produce the highest ivity upon hy ion are
those capable of a secondary interaction with the metal center in addition to the

primary coordination of the olefinic double bond. Thus, the substrates are limited to

N ylic acid i lic acids, i enol

allylic alcohols, and a,B-unsaturated esters, amides and ketones as shown in



. Hyt am
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R ————— R .
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147 1-18

Substate % 0@ with diphosphine-Rh
A (4 x (RR)}-DIOP  (RA)-DIPAMP (SS)-NORPHOS (S.S)- BPPM (S.R)- BPPFA
Me H COOH  73(R) 90(S) 95(R) 99(R) 76(8)
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MeCO,

Me Ph COOMe 95(5) Hyftem J\
Il -2 .
'OCOMe R” “ocoMe
iy -Rh
Me Ph CONH, 94(s) 1419 iphosphine-F 120
Mo Ph coph e B o e Ree |
Ph 5.5)-Me-DuUPHCS  89(S)
Me Ph CN 89(s) | COOEt (R.R)-Et-DUPHOS >08(R)
CaHg4NO, (RA) 1:21 0R)
Mo Me PR SAS(SS- OO | inephyt  (RA) 121 )
e Me  Ph 90(S) (5.5)- DIOP) fy (RA) 121 >95(R)
-_p N
™ O Ph 90/S)(SSH DIOP) - i
X=0 ReH 95% 00
Hilm atm
R R X=0 A-E 5% 00
(R)- BINAP-Ru(ll) XeCH, Re=nBu  So% 00
122 123

(S)- BINAP-Ru/H, )\/\/k/\
/ OH  Somoe
)\/\/ﬁ (A 128
OH {R)~ BINAP-Au /Hy )\/\/l\/\ $ e
OH

(5)- 1-268

‘Scheme 1.5. Enantioselective Hydrogenations of C=C

Scheme 1-6A. Al of these olefins contain an oxygen function that can coordinate



A Otefins.

M H H
"2)\5.:?’ %‘ ,,)\E:
Al
Ko N T

"OH
B. Ketones.

Vool - ot
(Oi.f?«]«w (O:}_,,

with the metal center (cf. Scheme 1-7)** and help orient the chiral induction. Olefins

of this yi ion show lower ic il ion. Therefore,
asymmetric hydrogenation of simple olefins with high enantiomeric excess has not
been attained using chiral Rh and Ru catalysts.?® However, chiral cyclopentadienyl
complexes of titanium and lanthanide elements have opened a way for high

enantioselective hydrogenation of simple olefins as shown in Scheme 1-8.2'

(3) The ivity is highly on the reaction conditions, particularly




1"
the hydrogen pressure.

crystal structure of a key intermediate and systematic kinetic

RHIK
(4) Halpern's detailed mecharism studies,”® based on the x-ray %/T/
NH

measurements, showed thatthe enantioselectivity in asymmetric

hydrogenation is related Scheme 1-7
to the conformational JI\/ Hy/n-Buli/- 75 °C
—_—

rigidity of the Ph - Ph’

) 127 n 128
diastereomeric

95% ee

intermediate and the Ci,Ti
dissymmetric B 2
arrangement of phenyl Scheme 1-8

rings on phosphorus atoms. In the asymmetric hydrogenation of ethyl 2-
acetamidocinnamate (EAC), the minor diastereomeric catalyst-substrate adduct is
more reactive (at least 10” times) toward H, than the major one and thus gives the

predominant product ((A)-1-29) as shown in Scheme 1-9.2%%

(5) It was interesting that the Rh and Ru catalysts have opposite chiral orientations
toward the same substrate. This provides an excellent choice for us to achieve the
desired enantiomers. The case of chiral phosphine-Rh as catalyst is opposite to the
result with chiral phosphine-Ru as catalyst. High ee’s are obtained for (2)-a-

acylaminoacrylic acids and esters, but the asymmetric hydrogenation of the
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Scheme 1-9
corresponding (E)-isomers usually proceeds very slowly and with poor
enantioselectivity.> ®  For example (cf. Scheme 1-10), compound 1-41 was
hydrogenated to (S)-1-32 with 92-100% ee by using Rh complexes bearing (F)-

BINAP, while the (R)-BINAP-Ru complexes catalyze the same reaction to give the

opposite i (R)-1-33. (E)-p-N ylic acid were
hydrogenated with BINAP-Ru(l) complexes to give the products with up to 96% ee.®

The (2)-isomers are more reactive, but enantiosslectivities are poor. BINAP-Rh(l)



o COOR?
(R)- BINAP-Rh X
Micor!  9100% e
CcooR?
PhTY (5)-1-32
1
NHCOR 2
(R)- BINAP-RY o AN\ ~O0OR
1-31 H 79-92% ee
NHCOR'
(R)- 1-33
Scheme 1-10
complexes again have opposite iofaci lection toward these

Similarly, a great number of functionalized ketones (cf. Scheme 1-6B) have been

to the optically active secondary alcohols (cf. Scheme

1-11) by chiral dij Rh and Ru with ity

up to 100% ee.”® It has also been shown

that high enantioselectivity for the H,/ catalyst OH
- —_
hydrogenation of simple ketones is difficult Hj\/x R/\/x
1-34 1-35

to achieve with conventional chiral
Scheme 1-11

as vedinthe
hydrogenation of simple olefins. Although systematic machanistic studies for the
hydrogenation of ketones are absent, it seems reasonable to assume that similar

y i i between { groups on the ketones and the metal

center, in addition to the primary interaction with the carbonyl lone pair, produces
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chelating rigidity like that in the catalytic hydrogenation of olefins and leads to high

enantioselectivity.

H2 120°C/1-4 atm

N’ R
Et- DuPHOS Rh
6

R
1-3 1-37 85-97% ee
u
H2I20°C/1—4atm : N/
Ry,
1-38 1-39  70-98% ee

TiX,
Scheme 1-12

Although the resulting optically active amines are synthetically important, a relatively
small number of examples have been reported for the enantioselective hydrogenation
of imines (cf. Scheme 1-6C), Hydrogenation of a C=N double bond often leads to
low enantioselectivities. However, Burk® and Buchwald® recently showed that (R, R-
Et-DuPHOS)-Rh and chiral titanocene are highly enantioselective catalysts for

hydrogenation of conjugated imines to form chiral amines with up to 98% ee under



the mild conditions shown in Scheme 1-12.°°

CHO ;\\ é\
m/@’ N T”zcw" m@ CooH
e A
M enao Nu»‘

OMe.
Vanilin N- acetykglycine P—— Acaamiocinnanic acd
145 141 142 143
HoRR(COD),I* +L*
. <coon Her Y ‘<coou
s$ §
Y H ThHy A ¥
oH OMe
L-Oopa 1-45 (5)- Ayt acetamidoproplonic acid
144

L* = (S)-BINAP or (RF)- DIPAMP
Scheme 1-13

The asymmetric hydrogenation of oleiins has been successfully applied to the

of L-Dopa, L- ine, and Nap inthep ical and food
additive industries. L-Dopa (cf. Scheme 1-13), a natural neurotransmitter used in the
treatment of Parkinson’s disease, was the first commercialized enantioselective
process (Monsanto 1971%) using a rhodium complex incorporating with a chiral
diphosphine catalyst. Either (S)-BINAP* or (R, R)-DIPAMP® can be employed as the
chiral source in this process. Vanillin (1-40) is converted to an oxazolidinone (1-42)

by reaction with A- ylglycine (1-41) in the p of sodium acetate and acetic

anhydride. The heterocyclic ring in 1-42 is then hydrolyzed with aqueous acetone to

give ide (1-43). This idocir ic acid is the p in the

enantioselective hydrogenation, which is the key step in the overall process. The

hydrogenation of 1-43 is carried out at 50 °C/3 atm H, by adding the solid substrate
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1-43 to the catalyst solution. The chiral aryl acetamidopropionic acid (1-44) is

obtained with 95% ee and in 90% yield. ysis of the hy

product (1-44) gives L-Dopa ((S)-3,4-dihydroxyphenylalanine, 1-45).

Similar technology to that used in the synthesis of L-Dopa has been employed

to produce pheny in Europe. The demand for this amino acid

has increased substantially as a result of the commercial success of the synthetic

COOH
cu=<< HyIRN(PNNP)(norbornadiena)]* 052\ COOH
S ——————
@ NHAc ethanol
NHAc
a-acetamidocinnamic acid L Phnnylalanln- 1-47
1-46

glacial HOAC e » ‘</o
@,‘1&{ <coom- & Ro Lz_ ‘40
s CH,COOH o ,:?‘ 0

N-acetylated aspartic anhydride
Aspartame (synthetic swoatener) 1-49 ’y 4 _‘: o

Scheme 1-14

sweetener aspartame. As shown in Scheme 1-14, hydrogenation of a-

acetamidocinnamic acid (1-46) in ethanol with the cationic rhodium catalyst,

[Rh(PNNF i , gives L-pheny ine (1-47) which then reacts with
N-acetylated aspartic arhydride (1-48) in glacial acetic acid to form the desired
aspartame (1-49) after removal of the acetyl protecting group followed by conversion

to the methyl ester.



oo oot = oot

1-50 151
"K""“ M BnAPICL)
m cooH

Naproxen ltsp-‘ z’gmm-zmmm acid)

Scheme 115
Naproxen is one of the world's largest-selling prescription anti-inflammatory drugs.
It is sold as the pure S-isomer because the R-isomer is a liver toxin. Currently the

desired isomer is obtained by i optical lution of the o

Enantioselective hydrogenation (cf. Scheme 1-15) provides a good commercial

forthe p of ially since the original patent on the
drug expired in 1993. El i anode, lead cathode) of
y (1-50) in the of CO, gives the corresponding

a-hydroxy-naphthyl-propionic acid (1-51) which is then dehydrated over an acidic
catalyst to produce the ylacrylic acid (1-52). i ive hy
of 1-52 with (S)-BINAP-Ru(ll)CL, complex catalyst at low temperatures and high

ydrogen pressure in the of excess tri ine gives Nap! ((S)-2-(6-

methoxyl-2-naphthyl)propionic acid, 1-53) with 96-98% ee.

23, 25, 36, 37

Studies on y i * 97 parallel i g

Asymmetric hydrosilylation shares a number of common transition metal chiral
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RICHTCHR? + RgSH s n‘cnz——?naz + RlcH—ocn,A?
oy

H,0, o MCPBA
Tade . 1
RlcH, z:a’ + Rloh—oH
OH
cat. *
RIRC——0 + RgSH — n‘nz?—osma e n‘a’tl:—-ou
H H

RIACT=NR?  + RySH —s n‘ﬁzt'-,—w‘.«sln3 e Runztl,_NHR:

H
MCPBA = m- chioroperoxybenzolc ackd
Scheme 1-16
catalysts and similar types of which include ketones, imines, and
olefins, have been i with ion, as

shown in Scheme 1-16. In the hydrosilylation of ketones and imines, silyl ethers and

silyl amines are formed, which may be hydrolyzed to give the ing alcohols
and amines, The di y of the of carbon-silicon
bonds with peroxide or acid (MCPBA) suggests that

asymmetric hydrosilylation of olefins will be a valuable synthetic route to optically
active secondary alcohols and other functionalized compounds.* % Among these
thrae types of substrates, prochiral ketones are the most successful and most studied
systems. Although nickel, palladium, platinum and rhodium complexes have been

used as the catalysts for hy lylati rhodium have received the most

attention.
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Itis generally believed that ici in hydrosilylation is lower

than that achieved in hydrogenation.™ Although the enantioselectivities attained in
asymmetric hydrosilylation of prochiral ketones, imines, and olefins with mono- or
bidenate chiral phosphines as chiral sources were moderate (50-85% ee)***" in most

cases, better optical yields were achi in i to

when ionali: lacking Y ions with

melal centers were employed.

Sevaeral interesting features exist in the i ilylati 14,36,37

(1) Contrary to hydrogenation, both mono- and bidentate chiral phosphine ligands

incorporated in the transition metal show comparable chiral induction in

y ilylati 2 ivity i when there exists a possible secondary
interaction of an ancillary carbony! functionality with the metal center. However, this

effect is not as dramatic as that in hy ion. (3) Both the i ion and the

optical yield of products depend markadly on the structure of the silanes employed.

Several examples are shown in Scheme 1-17.

Remarkable progress has been made in the rhodium-catalyzed asymmetric
hydrosilylation of keto:ies with the application of chiral chelating nitrogen ligands

(Scheme 1-18, 1-60 - 1-68),"'  and with simple olefins using a palladium-MOP
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1-57

H

H*

H*

20

%

(S-1-55 62%ee
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(R} 1-56 28%ee
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(5)-1-58 58%ee
OH

Me

<

(5)-1-58 3.8%ee

BMPP = P*CH,”h(Me)Ph; Np® = o-naphthy!

Scheme 1-17

(1-59)*" catalyst. For example, catalytic hydrosilylation of acetophenane (1-57) with

(Rh(COD)CH)],/(A)-Pythia-(Et,H) (1-62), which has proved to be the best nitrogen

ligand to date for

gave (R)-1-pheny (1-70) with

98% 66 as shown in Scheme 1-19.-% Pythia-(Me,H) (1-60j and Pythia-(Me,Me) (1-
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. ;
o Qﬁw

(S)- (-)-MOP (R)-Pythia R, R'=Me,H (1-60)
1-59 R, R’ =Me, Me (1-61)
R R=E,H (1-62)

Ly@@ Joaaet

(5,5)- 4-X-Pybox (5,5)- Pybox
X=Me,N (1-63) R=lPr  (1-66)
X=Meo (1-64) R='Bu (1-67)
X=Cl (1-65) R=CH,Ph (1-68)
1-18. y Desig Chiral Ligands

61) also promote high enantioselectivies, 87% and 84% ee, respectively, in this

reaction. ivity toward (S)-1-p (1-58, 95% @)™ "'

was also ined for the hy: ily of (1-57) using [((S, S)-Pybox-

'Pr)RhCI,] (1-71) as the catalyst in the presence of excess (S,S)-Pybox-Pr (1-66).

This catalyst (1-71) alsc hy (1-72)to the corresponding alcohol
((5)-1-73) with almost complete enantioselectivity (99% ee).”" One common feature

for all these systems is the application of a 4-15 fold excess of the ligand to promote
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[Rh(COD)CI],, (0.6 mol%)

(R)-Pythia-(Et, H) (13 equiv. to Rh)
Ph,SiH, (1.2 equiv.), 20 °C, 120 h

OH
H* H
— —— e
Me | (R)- 1-70  98% ee (99% yield)
. OH
1-57 H
—_— Me

(5)-1-58  95% ee (94% yield)
1(5.5)- Pybox-PyRCI} (1-71, 1 mol%)
(5.5) Pybox-Ipr (4 mol%)

AGBF (2 mol%), PhySik, (1.6 equiv.)
THF,0°C,2:6 h

Scheme 1-19

1(5,8)- PyboxP)RRClg] (1-71, 1 mol%)
(S5 Pybox-Pr (4 mol)

AgBF, (2 mol%), Ph,SiH, (1.6 equiv.)
THF,0°C,2h

H*

—_—

_—

HO'
172

(5-1-73  99% ee (92% yield)
Scheme 1-20
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high enantioselectivity.

A gh in the ic hy ilylation of olefins was achieved using a
palladium catalyst with the chiral monodentate phosphine ligand (S)-MOP (1-59)"
obtained from binaphthol.” As shown in Scheme 1-21, simple 1-alkenes were

converted to optically active 2-alkanols with more than 95% ee via (S)-MOP-Pd

IXS)-MOP-{Pd(n3-CoHgCll,
no solvent,40 °C, 24 h

ii) ELOH, EtgN AC _Me
AR + HSICly  ————
i) Hy0, o
R="CeHya, (R) 1-74  95% oo (71% yield)

R=PhCH,CHy, () 175 97% eo (68% yleld)

Scheme 1-21
y ilylation followed by oxidation with il
Compared to asym- com,
metric hydrogenation >_< >
Catalyst H CHO

and hydrosilylation, Scheme 1-22

asymmetric  hydro-

23,28,97, 30,40

formylation of olefins (cf. Scheme 1-22) has been much less satisfactory.

In addition to regi i y y is often ied by

andi i (where i Catalysts useful for asymmetric
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synthesis must possess high i ivi i ivity, and

None of the catalysts investigated so far filfills these requirements. Rhodium and
platinum incorporating chi il phosphines have been the most intensively studied
catalyst systems. High enantioselactivities coupled with high regioselectivities have
been achieved only in the case of chiral platinum catalyzed hydroformation of vinyl
aromatics.*” 7" However, these catalysts are normally much less chemoselective

than the corresponding rhodium catalysts.

1.2.1.2. Epoxidation. If we accept that the development of the Monsanto process
for asymmetric hydrogenation was an epoch-making success in asymmetric synthesis
in the 1970s, the establishment of the Arco process for asymmetric epoxidation of
arange of allylic alcohols (Sharpless epoxidation) in the 1980s becomes a significant
milestone in asymmetric synthesis. In this process, chiral titanium-tartrate complexes

are employed as the catalysts for { i { of allylic alcohols to

the corresponding epoxy alcohols with up to >99% ee.*'** The addition of activated

Sieves to the asy i idation system has been demonstrated to
increase the reaction e'ficiency greatly such that nearly all epoxidations are
completed efficiently with only 5-10 moi% of the catalyst.”™™ Enantioselective olefin

epoxidation may, simultaneously, create two chiral centers, which has also been

oo 41,44,45,00

applied ively in Yy organic sy
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Scheme 1-23 illustrates the four ial for the titani

A1, 42

asymmetric epoxidation of allylic alcohols:’ an allylic alcohol substrate, #

titanium(IV) alkoxide, a chiral tartrate ester, and an alkyl hydroperoxide. The chirality

D(-)-diethyltartrate (unnatural)

Hell
" R1
2, A1 Me;COOH, Ti(OiPr),
Loy ———— L
CH,Cl,, -20 9C - OH
:9: 70-90% yield
L-(+)diethyltartrate (natural) >90% ee
Scheme 1-23. of Allylic Alcohols

of the epoxy product depends on the chirality of tartrate used. To date, no exception

has been found among prochiral tothe iofaci ion rule. When
D-(-)-tartrate is used, oxygen attacks the allylic alcohol from the top face as shown
in Scheme 1-23. When L-(+)-tartrate is used, oxygen attacks the double bond from
the bottom face. However, epoxidation of allylic alcohols with chiral substituents at
C1, C2, and/or C3 does not always follow this rule. Nevertheless, enantioselectivities
for the epoxidation of prochiral allylic alcohols and diastereoselectivities for the chiral
allylic alcohols are normally very high with 80-100 % ee (or % de).*'** The key point
in the epoxidation reactions is that the chiral tartrate ligand creates an asymmetric
environment abou  ‘he titanium center.*"** When the allylic alcohol and the t-butyl

hydroperoxide bind through displacement of alkoxide from the metal, they are



disposed in such a way as to direct oxygen transfer to a

specific face of the C=C double bond as shown in L - i
e
Scheme 1-24.
Ma_,O\O/O\rIO
VAN

The best known commercial application of the Sharpless Sahene Lol
chemistry is the synthesis of a chiral epoxide that is an

to disp: the sex of the gypsy moth, as shown in
Scheme 1-25. (+)-Di the active of sex emitted by the

female gypsy moth, can be used to lure male moths. Alternatively, it can be used to

CHalCHlgy CHOH  vBuoOH
— -
|-/ cua(cuz)g\“" ""'cHZOH
H H

Tl(?“),
2Z-2-tridecenol D- (-)-Diethyl Tartrate Epoxy alcoho! (95% ee)

1-76 / 1-77
4

T "oy onong,

CHy(CH )™

HCg™ R
(+)-Dispariure
1-78

Scheme 1-25
confuse males and prevent them from finding females, which is quite successful in
reducing mating. The key step in the Upjohn process® is the enantioselective
epoxidation of the Z-2-tridcenol (1-76) using a complex of Ti(OR), and D-(-)-diethyl
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tartrate as the catalyst. The epoxy alcohol (1-77) is produced in 90-95% enantiomeric

purity before recr ization. C ion of 1-77 to (+) requires three

conventional organic steps.

The req of an g group (ct. Scheme 1-24) to control the

stereoselectivity largely limited the ication of ion to the

epoxidation of allylic alcohols. Epoxidation of simple olefins shows little

ity. Signif have been made most recently, with
chiral salen-Mn(ll) oxo transfer catalysts
as shown in Scheme 1-26.% % These
catalysts were employed to
enantioselectively epoxidize
unfunctionalized olefins using aqueous
sodium hypochlorite (NaOCI) as oxidant
(cf. Scheme 1-27) with up to 98% ee.™®*
Among all the salen-Mn(ill) complexes, 1-

80 is the most selective catalyst

ped to date for the ofa

wide range of unfunctionalized olefins,

especially conjugated olefins and cyclic

ketal derivatives.® ® % F high i ivities are in the

of2,2-di vatives by 1-80 as shown in Scheme 1-28.”
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This method was applied to highly efficient syntheses of the antihypertensive agent

Cromakalim and a related compound (cf. Scheme 1-29).%
A

N,/
w{gfw« .
R R

A A T RO ;
10 98% o0
>=" 1 o >‘—\R. 7 yiad

R (05 - 8 mol%) A

Schems 1-27
Ho H
=N
0/
8y t8u
180
+ NaOC!
R RS R R¢
Rz R3 R2 H"o
R R R R % ee % yleld Product
CN H H H 181 97 9% (3RAR)-(+)1-86
Nz H H H 182 %4 76 (3RARA-(+)1-87
Mco OMe H H 183 % 7 (BRAR-(+)188
H H Me H 184 97 51 (3RAA-(+)-1-89
N H H Me 18 >98 a2 (3RARA)-(+)-1-90

Scheme 1-28
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12, o ylold
Scheme 120

In addition, etal i chiral ligand iliaries have
also been successfully applied in catalytic asymmetric dihydroxylation,**

yclop o 30,4849 pling,'“ % and allylic substitution. %% %57

A variety of catalysts involving transitin metals and chiral chelating phosphines and

nitrogen donors p g similar tothose i in 1-4and

1-18 were used to promote chiral induction in these reaction systems. The catalysts
shown in Scheme 1-30 are among the best investigated so far, and give up to >90-

99% ee in selected examples.
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Dihydroxylation: >=< —_— y-—K >95% o0
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Cyclopropanation: >=-< >v< > 90% oo
Catalyst.
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Scheme 1-30

30
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122 with Chiral Metal Auxillaries.

Among the applications of chiral-at-metal

the most famous systems are the piano-stool chiral auxiliaries developed by
Liebeskind, Davies (chiral Fe auxiliary), Gladysz (chiral Re auxiliary) and Faller (chiral
Mo auxiliaries), as shown in Scheme 1-31. These auxiliaries have been successtully

applied to create stereoselectively, new chiral carbon centres in transition-metal-

andaldol ion. S here highlight
the achievements of these chiral-at-metal complexes in stoichiometric organic
synthesis. Excellent results have also been obtained with other chiral metal

auxiliaries, such as chiral titanium complexes,' but are not discussed here.

@ @ @

Phgp” E;\D PhaP’/?;\C] on" EO\D

Davies (Oxford) X =CO,Cl, Br, |
Liebeskind (Florida) Gladysz (Utah) Faller (New Haven)
A B c

Scheme 1-31. Piano-stool Chiral Auxilia:les

1.2.2.1. Chiral Iron Auxillary. The chiraliron auxiliary [(n®-Cp)Fe(CO)(PPh,)-J'“ %12

is one of the most intensively studied chiral-at-metal systems for the asymmetric

of organic High ities have been

achieved in a wide variety of reactions of this chiral-iron auxiliary mediated acyl



ligands (cf. Scheme 1-32),

ions 101 105
including alkylations, @ MeLi @
—_—

12, 129 ions % Fo Q@ Fe,
aldol reactions, P"ap/l \co P"ap/‘ \ﬁ,,o
103, 114118, 124 as well as co co

(R)-1-103
tandem Michael additions
Scheme 1-32

and alkylations,""*'% 1

The homochiral iron-acyl complex (1-103) was first prepared and resolved by
Brunner'" ' from the diastereomerically pure menthyl esters by the addition of
methyllithium (cf. Scheme 1-32), which was the conventionally applied method to
achieve 1-103. Recently, another method has been reported by Davies,"” using a

chiral thiolsulphonate resolving reagent.

This air-stable complex (1-103) and most of its derivatives are configurationally stable

and easy to handle. As demonstrated by their crystal structures, this complex and its

adopta placing the n®-cy ligand

F’g&—ﬁ

PR
Ph
Ph
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at the three fac i with trip! carbonyl, and acyl ligands

the ini ination sites.'®® "** " Crystal structure and
conformational analysis'™ ** "' showed that these complexes prefer a
conformation with acyl oxygen anti to the carbonyl ligand toth in the solid state and
in solution (cf. Scheme 1-33). Both steric™® ™** and stereoelectronic' " interactions

may be in i this i p Rotation of the

triphenylphosphine leaves one of the pheny! groups under the acyl ligand plane at
adistance of 3-4 A,'%1341% gffactively blocking one face of the acyl ligand. Reagent
approach is thus directed to the top side of the acyl plane as shown in Schemne 1-33

resulting in high selectivity.

As shown in Scheme 1-34, %11 1%8112.129 gaprotonation of the acyl complex 1-103

ly gives the ing enoclate 1-104, which then reacts with primary
alkyl halides or sulphonate esters cleanly forming another acyl complex 1-105 in 90-
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q

98%yield. The hydrogens onthe B-carbon are now di pi

fromthe less hindered direction pecil g the E-enolates 1-106 (Fe
trans to R) in most cases. Approach of another electrophile from the unshielded face
again results in a single alkylated diastereomer 1-107. Further deprotonation of the
dialkylated complex 1-107 does not occur since the remaining proton on the B-carbon
is buried in the chiral auxiliary and is therefore inaccessible to base. Oxidative
cleavage of the Fe-C bond by Br, in the presence of water, alcohols or amines gives
the corresponding acids, esters or amides (1-108) respectively.**'® The chirality at

the B-carbon is controlled by the chirality at the iron center. %1%

ﬁ ﬁ o sty
o G w8 sesad e o
— —— Y
e }g_%/\,_ @k@ @;‘,__“ <
o o o
R 1109 1110 1=
() St8u
H wuwam W
(5.5ycaplopil
overall yleld = 58%
Wﬁ: O<:m
113 -2
[
s
'—\C'E PWQ
4 k\@ (8.Avcaptopd
overallyiokd = 60%
(B0 TFA = Trforoacetc scd '"‘
Schema 1-35
This was applied to the sy of the anti-

hypertensive drug (S,S)-(-)-Captopril (cf. Scheme 1-35)"® ' and other biologically
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active products, such as (-)-actinonin.’ '** The opposite chirality at the a-carbon in
1-113 and 1-114 coming from (R)-1-103 and (S)-1-103, respectively, clearly
demonstrates that the chirality at the newly formed chiral carbon center is controlled
by the chirality of the iron atom.

The diethyl aluminum chiral-iron enolate 1-104 can undergo aldol condensations with

y to form the ing chiral alcohols (1-115) with high percent de (cf.
Scheme 1-36).'% "% 1® Howaever, the same enolate with lithium as the counterion

reacts with ydes with little iy, %1151 The same enolate with

atin i reacts with with high percent de, but generates

the opposite chirality at the y-carbon.™ "> Aithough a similar counterion effect
was also observed in the reaction between enolate 1-104 and (E)-imine, the
diastereoselectivity toward the chiral amines 1-116 (cf. Scheme 1-37) is counterion

B The ion effect was maximized in the ions between

chiral-iron associated enolate 1-106 (cf. Scheme 1-38) and aldehydes. Enolate 1-106
with either AIEt,’ or CuCN' counterion reacts with aldehydes with high
diastereoselectivities, but the major products generated by these two counterions

possess opposite configurations at the hydroxy bonded carbon.™ '**
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Scheme 1-36
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Scheme 1-38

Similar steric Interaction models have been proposed by Davies'® 1% 1% and

Liebeskind'2 127 to accourt for the ivity in the enolat and -

imine reactions with AIEt,* as the counterion (cf. Scheme 1-39).' Davies assumes
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Scheme 1-39

that the 1,3-diaxial interactions between Al-Etand C(O)-Rin the six-membered quasi-
chalr or -boat transition-state as well as the steric interactions between Al-Etand n®-

Cp would control the ivities of aldol { Thus, the C(O)-R

group in both i prefers the pseud ial position (; 1-
39A,B). However, since the quasichair conformation (cf. Schame 1-39A) puts the Al-
Etgroup toward the Cp ring resulting in a steric interaction, which is diminished in the

quasiboat conformation (cf. Scheme 1-39B), B the p




state for aidol

Li ind, however, emp that the steric ions between the n*-Cp and

R’ group on the imine carbon may be the controlling factor in determining the

of late-imi { Therefore, he proposed that the

equilibium between the syn- and anti- quasi-chail ition states 1-
39C,D) is controlled by the relative size of the R' group, which governs the

conformational preference and in turn determines the stereoselectivity.

] o Nu o) Nu
1418 1119 14120
Scheme 1-40
Similar to the chiral-i ion and aldol ion, tandem Michael
dditi ion on the (E)-a.,B- acyl ligands (1-118) also proceeds with

high stereoselectivity as shown in Scheme 1-40.%'% 11%122.1%  Gengrally, only a

single diastereomer of the product 1-120 is detectable, indicating complete

stereocontrol over both carbon centers. This has been

applied to the syntiiesis of -lactams. 219 105 122, 125, 120, 146

1.2.2.2. Chiral Rhenium Auxiligry. The chiral-at-rhenium auxiliary, [(n®
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Cp)Re(NO)(PPh,)] (cf. Scheme 1-31), has been studied by Gladysz and

coworkers.' 1% As with the iron complexes, the rhenium analogues, (n*

Cp)Re(NO)(PPh,)(R), adopt a ot y with n®-cy

three fac positions and the ining three ination sites ipied by
PPh,, NO and ligand R, respectively.'®® - 115257 The conformational preference
of ligand R with respect to the (n°-Cp)Re(NO)(PPh,)- template is nearly the same as

that in the iron template.' s’ Therefore, it is that the

observed for reactions of ligands attached to the rhenium chiral auxiliary paralle!

those observed for the corresponding iron complexes. For example, high

are for of chiral-rhenium attached acyl

moieties, 4 15154, 158

In addition, this chiral-rhenium auxiliary has been used to promote stereoselective
reactions on attached !atones,”™™'®  alkenes, '®, acetylides™” ', and
carbenes.™'® For example,''*"'* reaction of hydride with chiral rhenium-ketone

complexes gives optically active alcohols in high enantiomeric excess as shown in

Scheme 1-41.
i oH
Tk P P o P,
& & & —_— -
on® \m: o \"’"a o l\"""; o | ey
H R=El, 05% o0
R “Me Fy  RePhowS e
(HR), >%en0e HRS) R
1121 1122, 1123 24 1128

Scheme 1-41



1.2.2.3. Chiral Chiral i ion from the
metal center to the newly formed chiral carbon is usually dominated by steric effects

(cf. di ion above). of ic control in
are not common. This section presents several examples of stereoselectivity

promoted by electronic asymmetry in the ligand sphere.

NM- “|*

L0

o0(511128 Hzo\th@o o
f *ﬂ;’{]“ﬁ\ﬁ

—I i 96% ee
881127 #HA1128
o) o
AN
endo-(5)-1-126 Scheme 142
Faller and have ped chiral (ctf. Scheme 1-
31C) to promote i d ions on i allyl moieties.*™"™ Three

different ligands, n®-cyclopentadienyl, nitrosyl, and carbonyl (or Cl, Br, or 1), are

introduced into the n’-allyl molybdenum complex to form an asymmetric molybdenum

center, whici is resolved as a pair of (NM) 1-
42). '™ Reaction of enantiomerically pure exo- and endo-(S)-1-126 with 1-
TSPy gave i a single product, (+)-(A)-2,2,3-
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4 | (1-128) after lion via air ion (cf. Scheme 1-

42).™ This high enantioselectivity was attributed to a much faster nucleophilic

addition to the exo isomer ined with a

from the endo to exo isomer. The i the allylic
moiety from the less hindered side opposite to the metal template. Preferential attack
occurs on the allylic carbon cis to the NO ligand,”® which indicates that chiral
induction in this system comes mainly from electronic asymmetry of the ligand

sphere, since the steric bulk of CO and NO ligands are nearly the same.

A -
e — = =0

“O "0

exo{A-1-129 (R.A1-130 HA1-131
Scheme 143
El y ori ic addition of ide at the allylic carbon cis to

the nitrosyl ligand in (R)-1-129 afforded (-)-(A)-3-hydroxycyclooctene with high

enantioselectivity (93% ee), as shown in Scheme 1-43.""

Several halide ituted chiral-at- have been applied to
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96% 4%
14132 1133
Scheme 1-44

asymmetric aldol reactions to give optically active secondary homoallylic alcohols.'*

75 o

y-p chiral i ion is clearly deriu....irated in
these examples. Treatment of racemic (n®-Cp)Mo(CI)(NO)n*-crotyl) (1-132) with
benzaldehyde in methanol/CH,Cl, yields the chiral secondary alcohols in a

(R,A;S,5):(A,S;S,A) ratio of 22:1, as shown in Scheme 1-44. Use of the

of 1-132 provides a resolved chiral metal and
a route to nonracemic chiral condensation products. Reaction of (-)-(S)-(NM-
Cp)Mo(NO)(Cl)(n®-Crotyl) ((S)-1-134) with benzaldehyde yields (+)-(R,R)-2-methyl-
phenyl-3-buten-1-ol ((A,A)-1-133) in > 98% ee.” The origin of this extraordinary
selectivity with this molybdenum reagent lies in the electronic asymmetry created by
the different backbonding capabilities of the nitrosyl and halide ligands. NO is a much

better electron acceptor than Cl. Thus, RCHO is directed trans to the NO group and
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crotyl therefore forms a o-bond cis to the NO group. A chair-like transition state is

in which an antiperi| of the pheny relative to the Cp

ring is in order to minimize steric i with the Cp ring. This
provides for the ultimate control of the high stereoselectivity as shown in Scheme 1-
45.|1l

m—@ L S /?(
/T%,,c'——— cx/ &) Fh —'—’

H Me
>08% o0
(91134 1135 (AA1-133

Scheme 1-45

Similarly, reactions of PhCHO with resolved (+)-(R)-(n®-Cp)Mo(NO)(X)(n*-methylally})
(X = Cl, Br, |, (R)-1-136) in the presence of methanoi gives (-)-(S)-3-methyl-1-phenyl-
3-buten-1-ol ((S)-1-138) in 88 - 98% ee (cf. Scheme 1-46) via the same chair-like

transition state.”™

HOH
?Wop_hci’ 0“@"""& = )\Xpn

" No
Y N&Ph 88->98% 00

(RA)-1-138 1aar M (51138

Scheme 148
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1.3. Transition Metal-Me Arb R

A—0 fayx N
ASPQD 4 RX —— | pprop| — NIy v oAx

8 4 B
Phosphites (A, B = OR) Phosphonates (A, B = OF)
Phosphornites (A = R, B = OF) Phosphinatos (A = R, B = OF)
Phosphinitos (A, B = ) Phosphina Oxide (A, B = A)

R, R' = alkyl, aryl; X= 1, Br, CI
Scheme 147
1.3.1. Classical and Moetal- Arbuzov The Arbuzov

reaction'” is one of the most versatile pathways for the formation of carbon-
phosphorus bonds.'™ It involves the reaction of an ester of trivalent phosphorus with
alky! halides, as shown in Scheme 1-47. In this reaction, the phosphorus ester may
be a phosphite (A, B = OR), phosphonite (A = R, B = OR) or phosphinite (A, B = R).

Numerous investigations have shown that this reaction proceeds via an ionic

involving a quasi-phosphoniumii iate, although other
such as autocatalytic, and radical, have been reported.' ™ This reaction is initiated
by the attack of the phosphorus lone pair on the alkyl halide producing an unstable
phosphonium ion (cf. Schema 1-47)."° The released halide then attacks the a-
carbon of the ester resulting in the formation of the P=O bond with the loss of a new

alkyl halide. The overall reaction is the ion of trivalent into

pentavalent phosphorus. The driving force for this reaction can be attributed to the

formation of a very stable phosphoryl P=0O bond which provides a thermodynamic



sink in the order of 134-272 kJ/mol.””

Normally, prolonged heating is required to prerote this reaction, which is sensitive
1o the substituents on phosphorus and the alkyl halide employed. For example, for
the case R'X = Mel, the reactivity for phosphonites and phosphinites follows the order
of electron-donor ability of substituent A and B: alkyamino > alkyl > aryl > alkoxy >
aryloxy.'™ The reactivity order when phosphite reacts with R'X decreases in the

order:"" k30-X > RCHyX > R,CH-X >> RR'R"C-X, with R-l > R-Br > R-Cl,

with an §,2 as shown in Scheme 1-47. In accordance with
these observations, the reactivity of R'l decreases toward the reaction with

phosphites in the order Me > Et > 'Pr. 1%.1%!

Phosphinites (A, B = R) Meatallophosphine Oxide (A, B = R)
R, R = alkyl, aryl; X= |, Br, CI; M = ransition metal; L = ligand
Scheme 148

By analogy with the classical Arbuzov chemistry, reaction of a transition-metal halide

(L,M-X) instead of R'X in Scheme 1-47 with phosphites, phosphonites, or

phosphinites leads to the i or

phosphine oxides (L,M-P(O)(A)(B)), respectively, as shown in Scheme 1-48. This
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provides one of the most versatile pathways for the synthesis of L,M-P(O)(A)(B)

complexes.'®?2®  Among these reports, alkyl phosphites are the prevailing

esters in iti tal i Arbuzov { Unlike
the classical Arbuzov i 1-47), iti tal- Jiated Arbuzov
hi 1-48) ly proceed readily under mild conditions, which

facilitates mechanistic studies.

Although both ionic and radical mechanisms have been claimed in the literature,’®
the majority of mechanistic studies have shown that transition metal Arbuzov-like
dealkylation reactions proceed via an ionic mechanism,'6% 184 188,162,104-201,202-206,200 (¢
Scheme 1-48). Initial substitution of the L,M-X halide by a phosphorus ester, such
as phosphite, forms a cationic phosphite intermediate complex as an ion pair,
[L,M(P(OR);)]'X". Subsequent collapse via halide attack at the c-carbon of the
coordinated phosphite releases alkyl halide and the metallophosphonate. Cationic
18e" ion-pair phosphite complexes of the form [L,M(P(OR),)]'X (R=alkyl) are
extremely labile with respect to Arbuzov-like dealkylation, hence only a few of these

have been isolated.'® "*72¥.210 The first

Arbuzov was isolated by Brill'®®* as a stable PF,’

salt. Addition of iodide to the solution of this ionic intermediate results in the

of the

In addition, other nucleophiles, such as Mn(CO)y, Co(CO),, and [(n°-Cp)Mo(CO),J,
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can also attack the rbon of i ite to give the

phosp and alkyl via the ionic mechanism,!% 221

However, in many similar systems a radical mechanism is operative,'® 1421

P

R

1 + (ToMe), ——> A
L 2 2
}( ! Phosphonite L )l( g‘OM .
Mo— ]
—Pe=(9)
Mo ‘oMo
+
R
Mvo\ﬁ ﬁ,oM-
P—a| ’
R - oMe = e
L
Scheme 1-49
1.3.2. Chiral in Motal- The

research undertaken in this thesis focused on using the Arbuzov reaction between

an asymmetric pseudooctahedral, piano-stool iodide and phosphonite as a model to
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igate metal to chiral lion. In this chemistry (cf. Scheme 1-49),

a prochiral phosphonite is converted to a chiral metallopiiosphinate. This

could be to chiral organic phosphorus compounds via
tal bond This kind of organic phosphorus compound
both ial and i i

Previous studies™® 2™ *'® showed that reaction of organometaliic iodides with

in i gave cationic i
(cf. Scheme 1-50). Chiral induction from the asymmetric Co center to prochiral

phosphorus was facilitated by the P-N-Hes«O=P hydrogen bonding, which restrictect
of solution i the of one

over another, and in turn i the

- ~.:;s:: H

@‘121:\ ﬁu.—
"L »«LL@M
mhwdl-m

Xu1,CFg,CFyi Rim P, Y tBU,
Scheme 1-50
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@ A= CaF7:CeFya
Co Co
a1 Ry Lo PMag PPhMey PP Mo,
h Y
) L PPh(OMe)?, POMe)3
A R=H,Me
LA > g "
Co R ¢ TR NO- \§©
Nl L -
~ () 1
NN* = (S Ph(Me}C'H-N-cH—Q
i R=H, Mo
S
X=Cgfl
n A 377
x| PEINH = (S)- Ph(Mo)C"H-NH-PEL,
PEINH

Scheme 1-51. Chiral Cobalt Auxilaries

To further investigate this idea and to reveal which factors are important in

determining the Co* — P chiral induction, systems with or without the potential to

form the P-N-HessO=P hydrogen bonding have been examined. A series of 1

7" ienyl, n*-indeny! three-legged piano-stool
metal complexes (cf. Scheme 1-51) have been studied as the chiral templates for the

Arbuzov reaction. The and ical p ies of the ligand sphere

were varied from simple ines and chiral ami ines to ing N-N

and N-O coordinated ligands, and the results are discussed in the following chapters.



Chapter 2
Synthesis, Structure and Solution Conformation of

[(n*-Indenyl)Co(R)(1 JL)I™ ™
(n = 1, 2; R, = Perfluoroalkyl; L = CO, P-donor) Complexes.

2.1. Introduction

During the course of our search for efficient chiral templates for the Arbuzov reaction,
we have focused our attention to the n™indenyl cobalt complexes with different
simple phosphine ligands as shown in Scheme 1-51. Presumably these complexes

could serve as bonding for di ive Arbuzov

reaction to prove the signi of i P=0eseH-N bonding

in controlling the stersoselectivity in the Arbuzov dealkylation step, as shown in
Scheme 1-50. Before examining this feature of Arbuzov reactions with these

itis ile to the properties of the n®-indeny! cobalt

iodide complexes.

Transition metal r-indenyl complexes have attracted a great deal of attention in

recent years®'®2* since they isti display tivity in ligand
and related 221,224,200, 247:281 g catalysis *72%% compared to
their isostructural cy i ivati The reactivity or "indenyl

effect” has been interpreted on the basis of the ability of the n-indenyl ligand to
undergo facile n*&n’ "ring-slippage”, which was believed to be stabilized by the
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aromatization of the indenyl B-ring.22 25% %527, 289, 26821 Thjg hypothesis has been

reinforced by crystal structures of several n*-indeny| complexes, 7 %2972

Compared to other tiaasition metals, the x-indenyl chemistry of cobalt remains

y L ped. r-Indenyl are known for cobalt in formal

oxidation states |ll, It and | with the most numerous being the very air sensitive Co(l)
derivatives (n*-indenyl)CoL, (L = ethylene,? *7 CO**?"* PPh,2* ¢ pMe,
P(OR),2” or L, = cyclo- or acyclo- dienes®2* 2% or vinylketenes****). Fewer
Co(lll) complexes have been reported,®* %24.25:276 anq only one crystal structure

((n-indeny)Co(C,BgH,,)) has been ined®®  The

bis(indenyl)CoPF¢2** and bis(i 0% serve to deli bonding extrema

observed for cobalt and to illustrate the dependence of indene distortion and hapticity
on electionic configuration””® Structural studies”® established that the 19e” Co(ll)
indenyl complex significantly distorts towards an n° bonding mode, while ¢ NMR
data®™?*2™ confirmed that the 18" Co(lll) complex, bis(indenyl)CoPF,, Is a slightly

distorted n®indeny! species.

A series of [(n°-indenyl)Co(l,,)(R)(L)I"" (n = 1, 2; R, = perfiuoroalkyl; L = CO, P-
donor) complexes, which will be used as templates for Arbuzov reactions as shown
later in Chapter 3, was prepared in order to search for organometaliic chiral

auxiliaries with efficient chiral i ion to i phosp and to clearly

define the relationship of reactivity and optical selectivity v-ith the ligand properties

in the Arbuzov dealkylation reaction as discussed in Chapter 1. . ais chapter presents
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the synthesis, structure and analysis of the solution conformation of these

complexes. 2282

2.2. Results and Discussion

22.1. and Prop Preparation of the title was carried out

according to Scheme 2-1. The known complex 2-1 was prepared®™ using a
modification of the metheds originally described by Bénnemann®* and Salzer,”
which represent the most convenient rauts to 2-1, the precursor for preparation of
the new m-indenyl cobait complexes. Oxidative additions of Rl (R = C4F;, C¢F,3) to

2-1 are slow but afford complexes 2-2 and 2-3 in good yield. Facile, ambient

temperature CO substitution of 2-2 and 2-3 in polar solvents by a
amount of phosphorus donor ligands provided rac-{(n®-indenyl)Co(l,..) (R)L)I"™* (n
=1, 2-4to 2-18) in excellent (>30%) yield. Low conversions were realized in the

case of bulky PPh,, 2-18.

In contrast, the small, strongly nucleophilic phosphorus donor ligand PMe, leads to
stepwise disubstitution of CO and I' in 2-2. Reaction with two equivalents of PMe,
gave [(n*indenyl)Co(l,)(R)(L ™ (n = 2, 2-19) as a red crystalline salt in 94%
isolated yield. Except for 2-7, which decomposas‘ at room temperature in the solid

state within several days, all the n-indeny! cobalt(lll) complexes preparedin this study

are air stable in the solid state, but they decompose gradually over a period of days
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in solution at room temperature. They have been characterized by elemental

analysis, infrared, and multinuclear NMR spactroscopy, and in the case of 2-3, 2-6,
2-8a and 2-19, by x-ray diffraction. Their physical properties are summarized in

Table 2-1. NMR spectra are discussed in more detail below.

CDCIZ |)erF/cO& w,ub-mn-~ mmm,‘
@2)00&!"3"8 Ve c‘\ /l"‘ca /l‘a

21 Ri=Cof7.22 g L No
CoFy3 28 Cof7/CFyq POo)y  24/25
CgF;/CaFy  PPh(OMe), 26/27

S, 1" CoF7/CeFyg  PNH 28129
b 2PMe, CgF7/Cefrc  PMeg 2107211
L) CqF7/CFyg  PPhMa, 212/243
/ ",
| ™pue,

Ry=Cafy CgF7/CgFyg PP Me 2-14/215
C4F7/CgFyq  PPhy(OMe)  2-16/217
CF PPhy 218

PMog
2-19
PNH = (8)-()-PPhy-NH-C*H(Me)Ph

Scheme 2-1

2.2.2. &"-Indenyl)Co(C,F,)())(PPh,NHC*H(Me)Ph) (2-8), An Easily Resolvable

Chiral-at-Metal

As i above, a Co-epimeric mixture of the title

complex 2-8a,b was initially obtained when CO in racemic 2-2 was substituted by the

chiral ami ine L = (S)-( (PN

i «“
phenyl-((1-pheny
at room temperature in benzene solution. Sublimation of benzene solvent at 0 °C/0.1
Torr afforded the crude product as a dark red-brown powder in 95% yield. TLC and

'H NMR analysis showed that the crude product was almost a single diastereomer
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(>99.8% 2-8a and <0.2% 2-8b by integration of 'H NMR doublets for C*-Me at 1.25
and 0.90 ppm). Thus, in this synthesis the optical yield was equal to the chemical
yield. However, the similar resolution of 2-9a and 2-9b was not observed when R,

was changed to CgF,,.

That spontaneous resolution occurred during workup was eslablished by three

(i) NMR ions at ambient in by ds
established that the reaction of 2-2 with PNH was very rapid and complete
conversion to 2-8 occurred during mixing to afford 2-8b:2-8a in a kinetic product

ratio of 46:54 at 22 °C; (i) variable equilibrium

measurements of 2-8b:2-8a by 'H NMR in benzene-d, (cf. Scheme 2-2) gave
AH=2.640.2 kJ'mol™ and AS=7.2+0.7 JK'mol for K,, = 2-8b/2-8a leading to a
calculated equilibrium ratio for 2-8b/2-8a of 44:56 at +5 °C; and (iii) workup of the
reaction by sublimation of benzene solvent at low temperature (-11 °C) afforded a
34:66 Co-epimeric mixture of 2-8b:2-8a. Isolalion of a single diastereomer by
sublimation at 0 °C was therefore the result of a second order asymmetric

transformation,?* which occurred during workup. Freezing point depression from the

dissolved epimeric mixture 2-8a,b Keq «,)@
Co K Q
rovided for the presence of a small ¢
fou B 171 ™enn e TN
volume of liquid phase benzene at 0 3 CyF7
288 28b
°C in which fractional crystallization of PNH = PPh,NHC*H(Me)Ph

the less soluble diastereomer 2-8a Scheme 2-2



occurred, replenished by shifting the Co epimerization equilibrium 2-8b=?2-8a.

The facile preparation of resolved 2-8a and the presence of a reactive Co-l bond
suggested use as an organometallic chiral synthon. However, such applications of
2-8a were severely limited by facile Co epimerization. Preliminary kinetic studies

indicated that diastereomerically pure 2-8a, like the related CpCo’(L-L')X containing

labile X reported by Brunner,2* epimerized readily via a dissoci ism to
give an 46:54 equilibrium mixture of 2-8b:2-8a. The approach to equilibrium in

benzene solution follows clean first order kinetics at 22-80 °C. However, the first

order rate by NMR are i ible with values ranging from

10°to 10 s at 22 °C. A single electron mechanism involving homolysis of the Co-

halide bond may be responsible.

223. Crystal of (n* Co(C,F,IN(CO) (2-3), (n-
Indenyl)Co(C,F,)(1)(PPh(OMe);) (2-6), (Sc, Sc)-(n’-
Indenyl)Co(C,F,)(1)(PPh2NHC*H(Me)Ph) (2-8a), and [(n’-

Indenyl)Co(C,F,)(PMe;)2]I-0.5CH,Cl, (2-19). The crystal structures of complexes
2-3, 2-6, 2-8a and 2-19-0.5CH,Cl, were determined using cry<tals grown by slow
diffusion of hexane into dichloromethane solutions of these complexes at -20 °C. In

the cases of 2-3 and 2-6, the selected crystals proved to be twinned and the

ofthe i was limited. For 2-8a, attempts made

to model a disorder involving two conformations of the C,F, group which became
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on refi were Although giving a reduced R value,

Pp:

unreasonable thermal the resulted. Therefore the

structure was refined assuming the presence of a single, major conformation for the
C,F, group. This approach resuited in large B(eq) values for several atoms in C,F,
and a final Fourier difference map which showed significant peaks in the area of
C4F;. Inthe case of 219, 'H and "°C NMR characterization of the product, cbtained
by reaction of 2-2 with 2 equivalents of PMe,, revealed the presence of a symmetry
plane bisecting the indenyl ring consistent with formulation as [(n™-
indenyl)Co(C.F,)(PMe,),]l. A single crystal X-ray study confirmed the structure as

[(m®indenyl)Co(C,F,)(PMe;),]I-0.5CH,Cl,, 2-19. The solid state structure shows two

identical but cry i distinct molecules (2-19, 2-19') which
share a CH,Cl, solvent molecule. Although we can anticipate unequal population of
both rotamers in solution, rapid rotation of Co(PMe,),(C,F;) established the time-

averaged symmetry plane revealed in the NMR data.

As shown in Figures 2-1 to 2-4, the coordination sphere of cobalt in sach case is
best described as a distorted octahedral with n*-indenyl occupying three fac
coordination sites. Interligand bond angles (I-Co-CO, I-Co-C(R,), OC-Co-C(R)) for 2-3
; 1-Co-P, I-Co-C(R,), P-Co-C(R)) for 2-6 and 2-8a; P(1)-Co-P(2), P(1)-Co-C(R), P(2)-
Co-C(Ry) for 2-19 and 2-19’) are all close to 90°. Atomic coordinates, selected bond
lengths and bond angles are given in Tables 2-2 to 2-9. Co:sistent with their 18e”

configurations the indenyl ring is n° bonded in all these complexes (2-3, 2-6, 2-8a,
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2-19) but shows a characteristic displacement of the metal away from the C,,-C,, ring

junction and distortions of the 5-membered ring from planarity as observed in other
formally n-indenyl complexes.®® 2 2 2728  Ag shown in Table 2-10, Co
displacement towards C,-C, (A(M-C) = [average of d(M-C,, C,,)] - [average of d(M-
C,,C,)]) is 0.16 A for 2-3,0.17 A for 2-6,0.20 A for 2-8a, 0.15 A for 2-19 and 0.18 A
for 2-19". Hinge angles, defined by the intersection of the planes C,-C,-C, and C,-
C4-Cy,-Cye Of 5.8° for 2-3, 4.6° tor 2-6, 10.8° for 2-8a, 6.8° for 2-19 and 6.6° for 2-19"
as well as fold angles between the plane C,-C,-C, and the best plane containing C,,-

C4-C¢-C4-C;-Cy, Of 7.0° for 2:3, 9.3° for 2-6, 14.9° for 2:8a, 12.4° for 2-19 and 13.6°

for 2-19’ are i with a p to a range of reported

indenyl complexes.? %% 270.279. 288

The solid state ions of the 2-3,2-6,2-8a,2-19

and 2-19’ are remarkably distinct with respect to rotation about the metal-indeny!

centroid. Complex 2-3 adepts a ion with the p (CeFys) group

trans to the indenyl 6-ring, as shown in Figure 2-1. However, the solid state
conformation adopted by complex 2-6 puts the PPh(OMe), group transto the indeny!
6-ring (cf. Figure 2-2), which is different from the solution conformation adopted by
2-6 (cf. later discussion). Figure 2-3 shows that 2-8a adopts a solid state
conformation which places the PNH synto the ring junction carbon (C,,) and the C,F,
group trans to the indenyl 6-ring. In addition, the two ligand phenyl rings "stack'?*%*

with the indenyl aromatic ring. The mean distance between the best plane defined



58
by the phenyl rings C(9)-C(14) and C(24)-C(29) is 3.28(2) A with a dihedral angle of
3.0° defined by a slight tilt of C(24)-C(26) toward the plane of C(3)-C(14). The mean
interplanar distances from C(3)-C(8) to the best plane of C(9)-C(14) is 3.43(2) Awith

a dihedral angle of 15.4°. The i i are to
graphite (3.35 A). This conformation is retained in solution. Reference to the crystal

structure of Figure 2-3 shows that the absolute configuration of 2-8a is S, based on

the modified CIP**** preference I>n®indenyl>PNH>R,.

The crystal structure of 2-19 shows the presence of two chemically identical but

r i distinct adopting different ionsin the unitcell.
Conformer 2-19 (Figure 2-4a) has the C,F, group trans to the indenyl 6-ring, but 2-
19’ (Figure 2-4b) prefers a conformation in which one PMe, group is trans to the
indenyl 6-ring while the C,F,group is trans to C(3).

224. C of the "

Indenyl)Co(R)(I)(L) 2-2 - 2-18. The of the

(n*indenyl)Co(R,)(I)(L), 2-2 - 2-18 prepared in this study were confirmed by *'P, 'H,
and "*C NMR spectroscopy (cf. Tables 2-11 and 2-12). *'P NMR spectra (Table 2-11)

show a istic singlet ing to pt i The *'P

complexation shifts (A(Sxmgix-Oices)) inCrease with increasing (positive) chemical shift
of the free ligand.* Comparison of the isostructural pairs 2-4/2-5, 2-6/2-7, 2-8/2-9,
2-10/2-11, 2-12/2-13, 2-14/2-15, 2-16/2-17 shows that the perfluoroalkyl ligand has

no effect on the *'P chemical shift.
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The presence of a chiral Co centre in (n*indenyl)Co(R,)(I)(L) requires that the indenyl
ring atoms (1,3; 4,7; 56, cf. Scheme 2-3 for indenyl ring numbering) be
diastereotopic, and, in general, well resolved resonances were observed in both 'H
and C NMR spectra. 'H NMR
assignments (cf. Table 2-11) are based
on nuclear Overhauser effect difference Je
(nOed) spactra shown in Figure 2-5 for
the representative case of complex 2-10 &
1

and are supported by 2-D 'H/'°C Y
Scheme 2-3. Indenyl Ring Numbering

spectra. iation of
the proton resonance at 8=5.11 ppm (Figure 2-5g) results in a 1.6% enhancement
of the signal at 3=5.83 ppm and a 1.2% enhancement of the signal at 5=7.37 ppm,
but no enhancement to the signal at 6.67 ppm. Irradiation of the proton resonance
at 8=5.83 ppm (Figure £ 5f) shows a 1.8% enhancement at 8=5.11 ppm and a 2.8%
enhancement at 8=6.67 ppm, respectively. Irradiation of the proton at 3=6.67 ppm
(Figure 2-5e) results in 1.6% enhancement of the proton at 8=5.83ppm and 2.0%
enhancement of the proton at 3=7.67 ppm, respactively. Accordingly, the three
indenyl signals in tha region of 5.0-7.0 ppm are assigned to H, (5.11 ppm), H, (5.83
ppm), H,(6.67 ppm), respectively. The higher field doublet (8=7.37 ppm) is assigned

to H, while the lower field doublet (5=7.67 ppm) p toH,. The

of H; (7.32 ppm) and Hq (7.52 ppm) follows from Figure 2-5a,b and is confirmed by
the 2-D 'H/"C heterocorrelation spectrum. 'H NMR spectra for the remaining

complexes were assigned similarly or by comparison with complex 2-10 with
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confirmation for some well resolved phenyl protons resonances from nOed data.

The C NMR spectra of these complexes (cf. Table 2-12) were unambiguously
assigned on the basis of 2-D 'H/”C J heterocorrelation spectra (cf. Figure 2-6). In
the case of complex 2-10 the correlations "°C (96.47 ppm) with H, (8=5.83 ppm), ’C
(81.08 ppm) with H, (8=6.67 ppm), and "C (65.36 ppm) with H, (5=5.11 ppm) assign
the indenyl carbon atoms as C, (8=65.36 ppm), C, (6=96.47 ppm), and C, (5=81.08
ppm), respectively. Correlations of H,-H, with C,-C, were also clearly observed so
that the assignments of the remaining indenyl carbons presented in Table 2-12 are

for the inii in the series were made

(o] i ical shift .atterns were observed for the phenyl ring

carbons hence assignments were based on a combination of 2-D 'H/C

and of their *C{'H} spectra.
The *F chemical shifts and coupling forthe i i in this
study are reported in Table 2-13. All showed well C.-C,and
Co-Cy for the p and p yl groups. The presence

of the chiral Co centre and typic2liy small vicinal couplings (*Jg=5-10 Hz) allows

of the diat pic (CF,), groups as a series of isolated AB spin

systems. Table 2-14 collects the coupling %pary and
chemical shift differences AB(F,-F,) for F,-C-F, for the (n*indenyl)Co(R)(I)(L)

complexes prepared in this study. Geminal coupling %Jy,s, shows a marked increase
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on passing from C, to Cy but remains relatively constant further along the
perfluoroalkyl chain (cf. Figure 2-7) consistent with a weakening of the C,-F bond.?*
The diastereotopic chemical shift difference AS(F,-F,) for those complexes with
strongly anisotropic substituents (L=CO or PPh R, , n=1,2,3, entries A-K) shows a
maximum at G, (Figure 2-8a) except for the case with L = PPh,(OMe) (2-17, entry

H). Howsver the tril ite or trimethy hine derivati show a

monatomic decrease for A3(F,-F,) (Figure 2-8b) with increasing distance from the

chiral cobalt centre.

225, c of the c "
Indenyl)Co(R,)(I)(L) 2-4 - 2-18. The solution conformation shown in Scheme 2-4 for
the monosubstituted derivatives 2-4 - 2-18 was derived using 'H nOed. The nOed
spectra of complexes 2-4 (Figure 2-9), 2-6 (Figure 2-10), 2-8a (Figure 2-11), 2-10
(Figure 2-5) and 2-
13 (Figure 2-12)
are representaiive.
The data of Figure
2-5 unambiguously
show that the PMe,

ligand is proximal

to the indenyl H,

Scheme 2-4. Solution Conformation

and H, protons.
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Irradiation of the P-Me groups results in a moderate enhancement of H, (1.7%) and
H, (3.0%), and a very weak enhancement of H, (0.5%), H, (0.4%) and H, (0.3%) (cf.
Figure 2-5h). The nOed spectra of complex 2-4 (cf. Figure 2-9) are also in accord

with the i above. i of the P-OMe groups

results in a moderate enhancement of H, (1.1%) and H, (2.3%) and a very weak
enhancement to H, (0.3%), but no enhancement of H; (cf. Figure 2-9f). Successive
irradiation of H,, H, and H, reveal the proximal protons (Figure 2-9c¢, d, e). Consistent
with the nOed results above, irradiation of the ortho-proton resonances of the
PPhMe, ligand in complex 2-13 resuits in enhancements for H, (2.6%), H, (3.7%),
and the diastereotopic PMs, groups (2.0% and 2.3%) (cf. Figure 2-12a). Irradiation
of H, results in enhancement of the ortho-protons (1.8%), H, (4.9%), and the

diastereotopic Me groups (0.9% and 1.2%), respectively (cf. Figure 2-12f). The

diasteraotopic PMe, groups could not be with

however, Figure 2-12i,j shows that irradiation of the higher and lower field
diastereotopic resonances (cf. Figure 2-12i,j) led to enhancements of H, (2.7%, 3.4%)
and H, (3.4%, 2.4%) but weaker enhancement to H, (1.5%, 1,3%) and H, (0.7%,

0.4%).

The nOed spectra pattern of complex 2-6 shown in Figure 2-10 reveals that 2-6 also

adopts the same solution ion as the i above. The
solution conformation is different from the sulid state conformation, which may be due

to crystal packing effects. The solid state conformation of 2-8a persists in solution as
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shown in Figure 2-11, which is the nOed spectra of 2-8a obtained at -30° on a

samble containing about 20% isomer 2-8b. Spectra f and g (cf. Figure 2-11f, g)
locate nonisochronous C*H(Me)Ph ortho protons in the multiplets at 6.76 ppm
(integration 3H, overlapped with H,and an unassigned phenyl proton) and 7.87 ppm
(integration 2H, overlapped with H,) implying a restricted C*-Ph phenyl rotation.
Restricted rotation of one of the diastersotopic PPh, rings which is "sandwiched"
between the indenyl ligand and C*-Ph is also apparent from spectrum e (Figure 2-
11e) which correlates H, (4.50 ppm) with the doublet at 6.42 ppm (integration 1H)

and the multiplet at 7.87 ppm assigned to H,. Assignment of the 6.42 ppm signal

to one nonisochronous ortho proton of a di pic PPh, group is with
restricted pheny! rotation arguments presented above and suggests a solution
conformation which places PNH syn to the ring junction (C,,), similar to that observed
in the solid state (cf. Figure 2-3). Variable temperature NMR experiments on 2-8a
were carried out to search for pheny! rotation leading to coalescence behaviour of
the nonequivalent 0-C¢Hs resonances of P-Ph at 6.42 and C-Ph at 7.87 ppm. These

experiments were limited by facile Co epimerization leading to an equilibrium mixture

2-8a,b and sample ioration at the upper temp lirmit. i ot 'H
NMF spectra recorded at 25-80 °C in C¢D, showed no line broadening associated

with site exchange.

Two-bond phosphorus/carbon coupling constant data support the same

conformational preference. The indenyl "*C resonances of C, which are trans to
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phosphorus (cf. Table 2-12) for all complexes with the formula (n®indenyl)Co(R,)(L)(I)
(2-4 - 2-18) are doublets with 2J,; equal to 10.0+2.5 Hz. No coupling was observed
for C, which is cis to the phosphorus atom. In some cases coupling of C, to

phosphorus was also detected.

226. Inde.yl of the C M’

Indenyl)Co(R)(I)(L) 2-2 - 2-18. Literature evidence suggests that NMR chemical

shift are reliable indi of distortion for metal
w-indenyl complexes, 4 290 260 271,200262.262% The parameter A5°Cyyz, (A8'°Cayze =
8"Cy, za(indenyl) - 8"°C,, ,,(Na'indenyl)) is diagnostic of indene hapticity?** 22 27%.2%.

2% with values in the range -10 to -40 ppm and +5 to +30 indicating n° and n*

bonding, ively.®® The A8"Cyy7 determined as the
value for the diastereotopic ring junction carbons of all the chiral complexes 2-2 - 2-
18 (cf. Table 2-15), are in the range of -23 to -15 ppm consistent with their

description as moderately distorted n° complexes.?® 27

Both elactronic®™ *® and steric*** 2% 2%.%! factors of the ancillary ligands appear to
influence the extent of n*-indeny! ring distortion as well as the preferred conformation
of the ligands relative to indenyl ring in solution. Tables 2-11 and 2-12 show that 'H
and **C chemical shifts of n*-indenyl are relatively insensitive to the perfluoroalkyl

ligand for the complexes preparad in this study. The observed diastereotopic
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chemical shifts for the n*indenyl H,/H, and C,/C, resonances in complexes 2-2 - 2-

18, however, are a function of the sterecelectronic parameters (8(°) and x(cm™))***

393 of the ligand. C ive data ing AB{H,-H,) and A8(C,-C,)

for the (n*-indenyl)Co(R))(I)(L) complexes are given in Table 2-15 and Figure 2-13.

Faller and Crabtree®*** have ingly argued that p i ing of the

Co-Cy,and Co-C,, bonds will facilitate more signifi ilization via

hence strong trans-influence ligands will prefer a site trans to the indeny! 6-ring

regardless of steric consequences. This rationale predicts that strong trans-influence

p yl ligands in 2-2 - 2-18 wiil select a conformation placing L
between H, and H;, trans to H, of the indenyl ring as shown in Scheme 2-4. As a

consequence, the chemical shifts of H,/C, are relatively insensitive to P-donor

whereas the ical shifts of H,/C, and Hy/C,, which
are cis and trans 1) L respectively, correlate with P-donor steric and electronic
parameters as shown in Figure 2-13 and demonstrate that a preferred rotamer is

adopted by these chiral complexes in solution.

The

p of the high tr infl of ligands in this
series of '1°-indenyl complexes results in weakening of the cobalt-ring junction carbon
bond. The latter causes distortion of the n*indenyl ring and the former renders the
diastereotopic chemical shifts for indenyl 'H and "C sensitive to the ligands.

Accordingly, the diastereotopic chemical shift differences A8(H, ' and A8(C,-C,)
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may provide an internal measurement of indenyl distortion in chiral complexes.

Figure 2-14 shows good empirical correlations of both A3(H,-H,) and A3(C,-C,) with

A8"C,,,, and that the p shift differer are an

alternative indicator uf indeny! ring distortion.

2.3. Summary

The and ic and i ization of a series

of n®indenyl cobalt(ill) iodide are i Consit with their 186"

configurations, the indeny! ring in these complexes is n*-bonded but both crystal and

NMR suggest a istic  di ion towards n. 'H nuclear

Overhauser effect ditference spectra show that all of the monosubstituted complexes

prefer a solution ion placing the perfil Ikyl ligand trans to the indenyl

6-ring and the P-donor ligand trans to C,.



Table 2-1. Physical Properties of n*-Indenyl Co(lll) Complexes.
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Cpd.  Complex Yield* Appearance mp® Anal. (C, H, N %)
(%) (°C) Calc.(Found)
22 (CH,)Co(C,F,)(1)(CO)* 80 Black microcrystal dec. >120 31.35(31.71), 1.42(1.83)
23 (CH,)CO(C{F,)()(CO)* 75 Black rect. plate dec.>120  29.65(25.64), 1.09(0.88)
24 (G;H;)CO(C,F)(1)(P(OMe),) % Black rect. plate 141-143 30.32(30.01), 2.71(2.36)
25 (CgH))CO(C4F,)(1)(P(OMe),) 82 Black rect. plate 137-140 29.05(29.23), 2.17(2.04)
26 (CH,)Co(C,F)()(PPh(OMe),) 93 Black prism 144-146 37.52(37.14), 2.83(2.39)
27 (CHICO(CF))(PPH(OMe)) 84 Red-brown powder 110-113 ‘
28" (C.H,)CO(C,F,)(I)(PNH)' 95 Black rect. plate dec. 132 4957(49.21), 351(3.23), 1.81(1.82)
2.9 (CH,ICO(C,F,,)(1)(PNH)' 2 Red-brown powder 102-104 45.42(45.14), 2.94(2.89), 1.51(1.53)
210 (C4H,)C0(C,F)()(PMe,) 81 Black rect. plate 128-129 32.99(32.59), 2.65(2.89)
241 (CH,)CO(CyF ,)(1)(PMe,) 86 Black rect. plate 153-154 31.06(31.18), 2.32(2.15)
212 (CH,ICO(C,F)()(PPhMe,) 92 Black rect. plate 120122 39.50(39.48), 2.98(2.99)
243 (CH,)CO(C,F,,)()(PPhMe,) 8 Black rect. plate 135-136 36.44(36.40), 2.33(2.31)
2414 (CH,)Co(C,F,)(1)(PPhMe) 04 Black rect. plate 11412 44.80(45.21), 3.01(3.09)
245 (CgH,)Co(C,F ) (1)(PPhMe) 9% Black rect. plate 105-106 41.00(41.44), 2.46(2.20)
216 (CH,)Co(C,F,)()(PPh,(OMe)) 92 Deep-red powder 106-107 43.76(44.06), 2.94(3.15)
217 (CH,)Co(CiF)()(PPh,(OMe)) 87 Deep-red powder 8284 40.22(40.26), 2.41(2.58)
248 (CH,)CO(C,F,)()(PPhy) 23 Brown powder 115117 49.20(49.19), 3.03(2.94)
2419 [(CgH,ICO(C,F;)(PMey)I'T % Deep-red prism 138-140 33.43(33.17), 3.94(3.98)°

* Yield before crystalization. ® Sealed (N,) npillary v (CO, in CH,Cl,) = 2081 cm". * Decomposed at room temp. over a period of several
days and was not analyzed. * High R, isomer. ' PNH = (S)-{-)-PPh,NHC*H(Me)Ph. © Analyzed as [(C;H;)CO(C,F;)(PMe,),]; 1+0.5 CH,Cl,.



Figure 2-1. Molecular Structure of (n®-Indenyl)Co{C,F,)(I)(CO) (2-3)
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mi (n®-Indenyl)Co(C,F, CO) (23
2-2. Atomic Coordinates for (n®-I yl)Co(CqFy,)(1)(CO) (2-3)
able 2-2. i
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atom

I
Co(1)

x

0.11052(8)
0.1679(1)
0.2493(6)
0.1478(5)
0.2423(6)
0.3337(6)
0.365(1)
0.2674(8)
0.327(1)
0.410(1)
0.505(1)
0.405(1)
0.497(2)
0.530(1)
0.426(2)
0.3204(8)
0.048(1)
0.102(2)
0.166(1)
0.147(1)
0.181(1)
0.141(2)
0.069(1)
0.034(1)
0.071(1)
0.2106(9)
0.277(1)

0.264(1)

y

0.9679(1)
0.8382(2)
1.1103(8)
1.1103(8)
0.959(1)
0.919(1)
1.204(2)
1.269(1)
1.167(2)
1.033(2)
1.258(3)
1.421(2)
1.192(2)
1.406(2)
1.380(3)
0.774(1)
0.787(2)
0.794(2)
0.685(2)
0.596(2)
0.471(2)
0.418(2)
0.477(2)
0.597(2)
0.661(2)
1.022(1)
1.014(2)
1.157(2)
1.159(2)
1.296(3)
1.309(5)
0.803(2)

z

0.70408(7)
0.5736(1)
0.6159(6)
0.4793(6)

0.476(1)
0.464(1)
0.397(1)
0.399(3)
0.330(3)
0.668(1)

Beq)

4.92(5)
3.8(1)
5.2(4)
5.7(4)
7.5(5)
8.0(6)
13(1)
10.7(8)
14(1)
13(1)
16(1)
13(1)
17(2)
17(2)
19(2)
7.7(7)
5.1(8)
7(1)
7(1)
4.7(8)
5.3(8)
7(1)

5(1)




Table 2-3. Selected Bond Distances (A) and Bond Angles (°) for 2-3

Bond Distance

1-Co 2.584(2)
Co-C14 1.83(2)
Co-C1 2.11(2)
Co-C2 2,05(1)
Co-C3 2.05(1)
Co-C3a 2.22(1)
Co-C7a 2.25(2)
Co-C8 1.94(1)
c1-C2 1.36(2)
Ci-C7a 1.44(2)
C2-C3 1.44(2)
C3-C3a 1.45(2)
C3a-C4 1.39(2)
C4-C5 1.32(2)
©5-C6 1.40(3)
C6-C7 1.33(2)
C7a-C3a 1.46(2)
C7a-C7 1.43(2)
Bond Angles
1-Co-C8 93.9(4)

I-Co-C14 89.7(5)
C8-Co-C14  91.4(6)
Co-C8-C9  119(1)
Co-C14-01  175(2)




Figure 2-2.

at

of (n*Ind

y1)Co(C,F;)(1)(PPh(OMe),) (2-6)
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Table 2-4. Atomic Coordinates for (n*-Indenyl)Co(C,F;)(I)(PPh(OMe),) (2-6)

atom X y z B(eq)
1(1) 0.10348(8)  0.0929(2) 0.24440(7) 3.93(6)
Co(1) 0.1834(1)  0.2986(3) 0.1673(1) 2.2(1)
P(1) 0.2731(3) 0.3577(6) 0.2669(2) 2.5(2)
F(1) 0.2760(5)  -0.023(1) 0.1918(5) 3.0(4)
F(2) 0.1895(5)  -0.012(1) 0.0841(5) 3.3(5)
F(3) 0.2883(6)  0.195(2) 0.0227(8) 5.8(7)
F(4) 0.3686(6) 0.246(1) 0.1288(6) 5.0(6)
F(5) 0.324(1) -0.166(2) 0.047(1)  11(1)
F(6) 0.4129(8) -0.083(2) 0.1407(9) 10(1)
F(7) 0.4216(8) 0.011(2) 0.0320(8) 9(1)
o(1) 0.2405(7)  0.435(2) 0.3395(5) 3.6(6)
0(2) 0.3336(6) 0.507(1) 0.2454(6) 3.2(6)
c(1) 0.095(1) 0.508(2) 0.1569(9) 2.9(8)
c@) 0.169(1) 0571(2) 0.1507(3) 3.1(3)
c(3) 0.194(1) 0.486(2) 0.085(1)  4(1)
C(3A) 0.126(1) 0.377(2) 0.048(1) 2.8(9)
C(4) 0.108(1) 0.284(3) -0.023(1)  4(1)
C(5) 0.033(2) 0.208(3) -0.043(1)  5(1)
c(6) -0.025(1)  0218(3) 0.003(2) 5(1)
c() -0.011(1)  0.304(3) 0.071(1)  4(1)
C(7A) 0.064(1) 0.392(3) 0.094(1)  2.9(8)
C(8) 0.244(1) 0.093(2) 0.1369(9) 2.5(7)
C(9) 0.318(1) 0.125(3) 0.091(1)  3(1)
C(10) 0.369(2) -0.035(4) 0.073(1) 6(2)
c(11) 0.179(1) 0.565(3) 0.340(1)  5(1)
c(12) 0.385(1) 0.617(3) 0.302(1)  6(1)
C(13) 0.342(1) 0.196(2) 0.3198(9) 3.1(9)
C(14) 0.318(1) 0.092(3) 0.377(1)  4(1)
C(15) 0.373(1) -0.020(3) 0.421(1)  5(1)
c(16) 0.449(1) -0.044(3) 0.408(1)  5(1)
c(17) 0.475(1) 0.058(3) 0.354(1)  5(1)

c(18) 0.422(1)  0.176(2) 0309(1)  3(1)




Table 2-5. Selected Bond Distances (A) and Bond Anglss (°) for 2-6

Bond Distance

1-Co 2.503(3)
Co-P 2.152(5)
Co-C1 2.15(2)
Co-C2 2.08(2)
Co-C3 2.07(2)
Co-C3a 2.26(2)
Co-C7a 2.29(2)
Co-C8 1.97(2)
C1-C2 1.35(2)
C1-C7a 1.44(2)
C2-C3 1.46(2)
C3-C3a 1.45(2)
C3a-C4 1.43(2)
C4-C5 1.35(3)
C5-C6 1.39(3)
Ce-C7 1.35(3)
U7a-C3a 1.45(2)
C7a-C7 1.40(2)
P-O1 1.61(1)
P-02 1.60(1)
P-C13 1.82(2)
01-Ci1 1.41(2)
02-C12 1.46(2)
Bond Angles
1-Co-C8 90.7(5)
|-Co-P 91.7(1)
P-Co-C8 94.6(4)
Co-P-O1 117.3(5)
Co-P-02 108.6(4)

Co-P-C13  124.3(6)




Figure 2-3. Molecular Structure of (S;,,S¢)-(n*-Indenyl)Co(C,F)(I)(PNH) (2-8a)
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Table 2-6. Atomic Coordinates for (S, Sc)-(n*Indenyl)Co(C,F;)(1)(PNH) (2-8a)

Atom  x y z Bleq)

I(1)  024379(7) 0.20943(7) 0.4436(1)  5.37(6)
Co(1) 0.1131(1)  02751(1)  0.0713(2)  3.8(1)
P(1) 0.1242(2)  0.2544(2)  -0.1655(5) 3.2(2)
F(1) 0.2252(7)  0.3660(6)  -0.054(1) 9.9(4)
F(2) 0.1120(7)  0.4151(5)  -0.008(1) 8.6(3)
F(3) 0.272(1) 0.375(1) 0.158(2) 22.9(8)
F(4) 0.1855(8)  0.3808(6)  0.263(1) 9.6(4)
F(5) 0.151(1) 0.497(1) 0.183(2) 21.1(8)
F(6)  0.242(1) 0.4951(8)  0.051(2) 13.6(5)
F(7)  0.275(1) 0.489(1) 0.246(3) 22.418)
N(1) 0.2213(6)  0.2540(6)  -0.223(1 3.1(6)
C(1) 0.2494(9)  02279(7)  -0.359(2 3.6(7)
C(2) 0.3201(9)  0.2689(9)  -0.413(2 6(1)
C(3) 02722(8)  0.1526(8)  -0.354(2) 3.8(8)
C(4) 0.318(1) 0.130(1) -0.236{2) 5(1)
C(5)  0.340(1) 0.062(1) -0.231(2) 5(1)
C(6) 0.311(1) 0.017(1) -0.335(3 6(1)
C(7) 0.264(2) 0.040(1) -0.446(3 9(2)
C(8) 0.243(1) 0.109(1) -0.461(2 5(1)
C(9) 00825(8)  0.1735(8)  -0.228(2) 29(8)

C(18) -0.008(1)  04083(9) -0.455@2)  5(1)
C(19) -0.053(1)  0366(1)  -0.366(2)  6(1)
C(20) -0.017(1)  0320(1)  -0.286(2)  5(1)

C(29) 0.036(1) 0.209(1) 0213(2) 5(1)
C(30) 0.1697 03612 0.0489 7.8(8)
C(31) 0.2072 0.3936 0.1792 -
C(32) 0.2119 0.4788 0.1440 39(5)




Table 2-7. Selected Bond Distances (A) and Bond Angles (°) for 2-8a

Bond Distances

I-Co 2599(2) C21-C22  1.39(3)
Co-P -275(5) C21-C23  1.41(3)
Co-C21  211(2)  C22-C2%  1.36(2)
Co-C22 207() C23-C24  1.42(2)
Co-C23  206(1)  C24-C25  1.45(2)
Co-C24 230(2) C24-C29  1.44(2)
Co-C29 226(2)  C25C26  1.38(2)
Co-C30  1.962(2) C26-C27  1.41(3)

P-N 1.68(1) C27-C28  1.38(3)
N-C1 1.46(2) C28-C29  1.35(3)
Bond Angles

1-Co-P 95.7(1)

1-Co-C21 92.3(6)

1-Co-C22 128.3(8)

1-Co-C23 153.8(5)

1-Co-C24 120.7(5)

1-Co-C29 90.7(5)

1-Co-C30 94.61(8)

P-Co-C21 157.2(6)

P-Co-C22 135.8(8)

P-Co-C23 99.8(6)

P-Co-C24 94.5(4)

P-Co-C29 121.1(6)

P-Co-C30 90.9(1)

C21-Co-C30  109.8(7)
C22-Co-C30  90.3(6)

C23-Co-C30  106.1(6)
C24-Co-C30  143.4(5)
C29-Co-C30  146.9;8)
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Figure 2-4. of [(n*Indenyl)Co(C,F,)(PMe,),)]'I'*0.5CH,Cl, (a: 2-19,
b: 2-19’, I and CH,Cl, omitted for clarity).




Table 2-8. Atomic Coordinates for [(n®-Indenyl)(C,F;)(PMe;),Co]'I"0.5 CH,CL, 219 and 219"

atom x y z Bleq)
I(1) 0.38306(4)  0.15836(6)  0.74481(2)  3.71(3)
12) 0.10274(4) 0.24785(7) 0.47472(3) 5.88(4)
Co(t) 0.68633(7)  0.2084(1) 0.40045(4)  2.73(5)
Co(1) 0.40499(6)  0.2533(1 0.19398(4)  2.56(5)
ci(i) 0.83C3(2) 0.0961(4) 0.8765(1) 9.9(2)
ci2) 0.8587(2) 0.3609(4) 0.8935(1) 9.4(2)
P(1) 0.8193(1) 0.2335(2) 0.42483(8)  3.3(1)
P(1) 0.4242(1) 0.0986(2) 0.14141(8)  3.2(1)
P(2) 0.6772(2) 0.0082(2) 0.42089(9) 3.6(1)
P2) 0.3951(1) 0.4143(2] 0.14271(8)  3.2(1)
F(1) 0.6701(3) 0.4094(5 0.4502(2) 43(3)
F(1) 0.2541(3) 0.2040(5) 0.1427(2) 40(2)
F(2) 0.7076(3) 0.2395(5) 0.4999(2) 4.4(3)
F(2) 0.2749(3) 0.1007(5) 0.2092(2) 456(3)
F(3) 0.5488(3) 0.1454(6) 0.4739(2) 6.3(3)
F(3) 0.2431(3) 0.2993(6) 0.2589(2] 6.0(3)
F(4) 0.5195(3) 0.3288(6) 0.4444(2) 5.4(3)
F(4) 0.2469(3) 0.4286(5) 0. (2) 5.7(3)
F(5) 0.4800(4) 0.3127(7) 0.5291(2] 8.0(4)
F(5) 0.1005(4) 0.3636(8) 0.2234(2) 9.3(5)
F(6) 0.5827(5) 0.4314(8) 05310(3)  10.8(6)
F(6) 0.1180(4) 0.1737(8) 0.2048(3) 9.9(5)
F(7) 0.5935(5) 0.241(1) 055692)  11.7(6)
F(7) 0.1189(4) 0.3190(8) 0.1545(2) 8.9(4)
c(1) 0.5801(5) 0.2251(3) 0.3547(3} 37
c(1) 0.4230(5) 0.3442(9) 0.2592(3) 3.4(4)
c(2) 0.6353(6) 0.1485(8] 0.3346(3) 3.5(4)
c(2) 0.4108(5) 0.214(1) 35(5)
c(@) 0.7043(5) 0.2151(8) 0.3291(3 3.3(4)
C(3A) 0.6901(5) 0.3445(9) 0.3411(3 3.0(4)
c@) 0.4728(5) 0.1488(8) 0.2466(3) 3.2(4)
C(3A) 0.5292(5) 0.2401(9) 0.2338(3) 3.1(4)
C(4) 0.7346(6) 0.457(1) 0.3366(3) 4.4(5)
ci#) 0.6074(6) 0.232(1) 0.2202(3) 4.1(5)
c(5) 0.7009(7) 0.568(1) 0.3454(4) 5.4(6)
c(5) 0.6520(6) 0.338(1) 0.2171(3) 5.5(6)
C(6) 0.6223(8) 0.575(1) 5.2(6)
c(6) 0.6204(8) 0.457(1) 0.2267(4) 5.3(6)
0.5777(6) 0.471(1) 0.3657(3 4.2(5)
C(7A) 0.6114(5) 0.3511(8) 0.3561(3) 2.9(4)
c(7) 0.5461(7) 0.472(1) 2388(3 4.4(5)
C(7A) 0.4983(5) 0.3636(9) 0.2424(3 3.3(5)
C(8) 0.6583(5) 0.2792(8) 0.4598(3 3.3(5)
c(8) 0.2891(5) 0.2170(8) 0.1896(3] 3.3(4)
c(9) 0.5721(6) 0.267(1) 0.4750(3] 4.1(5)
c() 0.2314(6) 0.309(1) 0.2114(3) 4.1(5)
c(10) 0.5587(8) 0.315(1) 05239(4) 6.4(8)
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0.1409(7)
0.8459(6)
0.3745(6)
0.8684(5)
0.3959(6)
0.8861(5)
0.5270(6)
0.6959(6)
0.3126(5)
0.7454(6)
0.3919(6)
0.5813(6)
0.4832,6)
0.8205(7)

0.290(1)
0.389(1)
0.1057(3)
0.134(1)

-0.0574(8)
0.214(1)
0.072(1)

-0.0387(8)
0.4214(9)

-0.0909(9)
0.5740(8)

-0.0670(9)
0.4216(9)
0.220(1)

0.1985(5)
0.4482(3)

0.
0.9146(4)
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Table28.  Selected Bond Distances (A) and Bond Angles (%) for [(n*-Indenyi)(C,F;) (PMe,),Colt

+CH,Cly, 2-19 and 2-19'
219 249"
Distances
Co(1)-P(1) 227303) Co(1)-P(1) 2274)
Co(1)-P(2) 22143) Co(17-P(2) 2245@3)
Co(1)-C(1) 2.092(8) Co(1)-C(1) 2.091(8)
Co(1)-C(2) 2.082(8) Co(1)-C2) 2.085(8)
Co(1)-C(3) 2.099(9) Co(1)-C(3) 2.097(8)
Co(1)-C(3A) 2.235(8) Co(1)-C(3A) 2.259(8)
Co(1)-C(7A) 2261(8) Co(1)-C(7A) 2.288(8)
Co(1)-¢(8) 1.961(9) Co(1')-C(8) 1971(9)
c(1)-C(2) 1.41(1) C(1)-C(2) 1.41(1)
C(1)-C(78) 1.44(1) C(1)-C(7A) 1.42(1)
c(2)-c3) 1.39(1) c(2)-c(3) 1.40(1)
C(3)-C(38) 1.44(1) C(3)-C(3A) 1.43(1)
C(3A)-C(7A) 1.43(1) C(3A)-C(7A) 1.44(1)
Angles

Pi)1Co(1)-P@) §73(1) P(1)-Co(T)-P(2) S7.(0
P(1)}-Co(1)-C(1) 156.3(3) P(1)-Co(1')-C(1") 155.0(3)
P(1)-Co(1)-C(2) 126.9(3) P(1)-Co(1)-C(2) 120.6(3)
P(1)-Co(1)}-C(3) 928(3) P(1)-Co(1')-C(3) 89.2(3)
P(1)-Co(1)-C(34) 925(2) P(1)-Co(1)-C(3A) 95.5(2)
P(1)-Co(1)-C(7A) 123.72) P(1)-Co(1)-C(7A) 120.4(3)
P(1)-Co(1)-C(8) 90.8(3) P(1)-Co(1)-C(8) 91.8(3)
P(2)-Co(1)-C(1) 99.6(3) P(2)-Co(1)-C(1) 1029(3)
P(2)-Co(1)-C(2) 84.4(3) P(2)-Co(1)-C(2) 142.1(3)
P(2)-Co(1)-C(3) 108.1(3) P(2)-Co(1')-C(3) 143.9(3)
P(2)-Co(1)-C(3A) 146.1(2) P(2)-Co(1')-C(3A") 111.8(2)
P(2)-Co(1)-C(7A) 137.8(2) P(2)-Co(1')-C(7A") 20.0(2)
P(2)-Co(1)-C(8) 96.2(3) P(2)-Co(1')-C(8) 96.3(3)
C(1)-Co(1)-C(8) 103.7(4) C(1')-Co(1)-C(8) 100.7(4)
C(2)-Co(1)-C(8) 142.0(4) C(2)-Co(1)-C(8) 87.5(4)
C(3)-Co(1)-C(8) 154.7(3) C(3)-Co(1')-C(8) 113.0(4)
C(3A)-Co(1)-C(8) 116.1(3) C(3A)-Co(1')-C(8) 149.8(3)
C(7A)-Co(1)-C(8) 93.2(3) C(7A)-Co(1)-C(8) 137.6(3)
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Table 2-10. Solid State Distortion Parameters of [(1*indenyl)Co(l,,)(R)(L)I™" Complexes.

cpd. Hinge angle (7* Fold angle (7" AM-C) (AP
23 58 7.0 0.16(3)
26 48 93 0.17(4)
2:8a 108 149 0.20(3)
219 68 124 0.15(2)
219’ 66 136 0.18(2)

* Hinge angle = the angle between plane C,-C,-C, and plane C,-C-C,,-C,,; Fold angle = the angle
between plane C,-C,-C, and plane C,,-C,-Cs-C¢-C;-Cy,. ® A(M-C)= [average of d(M-Cy, ;)] - [average
of d(M-C )]



Table 2-11. 'H and *'P NMR for n®Indenyl Co(lll) Complexes®®=%*
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Cpd  H, H, H, H, Hy H H, CeHs Me *P AlBiS;)
22 580 590 684 774 762 743 753
@85)  (t8.4) (t8.3) (d85)
23 580 590 685 774 763 742 752
@83) (182 (t8.3) (d83)
24 527 579 638 751 7.28-7.40 742 362 138.89 284
(48.0) (d,103)
25 528 578 637 750 727-7.41 7.42 362 138.90 283
(d8.0) (d.10.4)
26 488 568 647 753 7.26/7.48(m)’ 7.46 726MmP° 356 17050 943
(4.7.8) @78  748mP  (d108)
7.77(m)"
27 491 5.68 646 753 7.25/7.48(m)' 747 7.25m)y° 356 17067 960
(d7.8) @78  748mp  (d109)
7.78(m)"
28a 450 565 663 6.40-7.90' 787(m) ! 7329 3665
280 464 565 6.40-7.90' 7.88(m) ' 7496 382
200 452 565 663 640-7.90 y
2110 5.11 583 6.67 767 732 752 737 1.38 835 68.89
@84 (.85 (.84  (d.84) (d,122)
211 512 583 667 7.67 732 752 737 139 833 683
.84) (1,83 (84  (d.84) (d, 10.8)
212 457 561 655 750 722 7.06 635 750 (m)* 181 1233 57.27
(t.83) t.82) (d.84) 775(m" (d.97)
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213 458 560 656 750" 721 7.06 633 750 (m)® 1221 57.15
76 (.78  (d.78  776(m) (d 107)
75

(d. 106)

214 494 570 668 740 726 696 630 " 202 2871 50.07
©L75 (.76 (78 @, 10.1)

215 496 569 667 740 726 695 629 " 203 2384 50.20
w79 078 @78 (,102)

216 474 567 647 ! ! 685(m) 7.06752 329 14198 24.60
(m) (d, 108)

217 485 575 655 t 5 ' 694 (m) 714760 337 14174 2436
(m) ,99)

218 4.40 602 675 782 Y g 622 710753 3473 39.66

(d. 8.2) (d.8.3) (m)

219" 634 609 634 780(m 777(m)  777(m)  7.90 (m) 17 1250 7304

@277 @27r (.56)

*'H (300.1 MHz) NMR chemical shifts in ppm relative to TMS. ®'P (121.5 MHz) NMR chemical shitts in ppm relative to external 85% H,PO,. °*'P NMR
of free ligands in CDCly: PMe;, -60.54: PPhMe,, -44.94; PPhMe, -26.36; PPh,, -4.93; PPh,(OMe), 117.38; PPh(OMe),, 161.07; P(OMe),, 141.73;
PPh,;NHC*H(Me)Ph (PNH), 36.64. ¢ Solvent = CDCl,; m = muttipl doublet; t = triplet; J values in Hz are given in brackets. * Coupling constants ol
indenyl protons (H,-H;) are *J,,,; Coupling eanslalns for Me are J,,; All indenyl proton peaks show further small, unresolved coupling (0.3-15 Hz). '
Overiapped with phenyl 125onances. * Hus: Hous. * Hase. * Phenyl protons: 6.40-7.90; 6.63 (m, 2H, Hy and Hog, (C-Ph)), 6.42 (0, 1H, oy, (P-PR)), 7.67
(1, 2H, Hy and Hon,, (C*-P)). i2ga c'H.ass (), C*-Me: 1.25 (d, 6.5), NH: 2.98 (m); 2-8b C*H: 3.66 (m), C*-Me: 0.90 (d, 6.5), NH: 283 (m). * High A,
isomer. ' C*H: 3.65 (m), C*-Me: 1.25 (d, 6.8), NH: 3.00 (m). ™ Two phenyl signals appear as two muitiplets at 7.36-7.51 and 7.54-7.64 ppm, respectively.
" Solvent = acetone-dg. ° Jp,.




Table 2-12. °C NMR for n*-Indenyl Co(lll) Complexes®.

Cpd
22

23
24
25

26

213

C
71.79

71.94
68.94
69.07
70.72
70.80
7252
7256
65.36
65.46

70.50

70.69

CE

95.34
95.37
94.67
d59)
94.63
94.82
94.65
8474
(d8.8)
9482
(@8.1)
96.47
(d62)
96.47
(d8.3)
33.65
(d6.4)

93.73
d.75)

cl
87.68

87.95

82.05
(9.12.4)
81.02
(4.11.9)
7982
(@.11.3)
79.64
(@112
78.16
(d8.2)
7857
(d9.4)
81.08
(4.7.6)
81.10
@7.7)

77.65
(492)

7754
(d9.6)

Cs/Cr
111.63,
109.45

111.65,
109.46
112.34,
110.19
112.28,
110.22
113.70,
109.92
113.65,
109.93
112.78,
11.27
11253,
1171
111.32,
110.89
111.35,
11081
113.30,
108.20

113.63,
108.32

G
126.69

128.72
127.79
127.81

127.46

130.04
130.06

127.65

127.69

Cs
133.07

133.12
130.64
130.63

130.08

131.70
131.70

131.00

131.10

C, c, CHg* Me and others
13225 12404 CO: 197.86
13231 124.12 CO: 197.78
13053 12633 55.64 (d, 9.5)
13055 12633 55.64 (d, 7.8)
12800 12579  134.94° 131.35% 131.06'  56.73 (d, 9.0)
128.13%, 131.48!, 13117 55.34 (d, 9.0)
- - 125.79-135.30 56.68 (d, 9.2)
55.41 (d, 11.2)
- - 124.32-145.37 27.21 (d, 4.0)
CH: 54.71(d,12.4)
- - 124.35-145.63 27.24 (d,32)
CH: 54.69(d,12.4)
12081 12343 16.99 (d, 32.4)
12982 12343 17.01 (d, 322)
13019 12408 136.10%, 13058°, 130.48°  17.95(d, 34.8)
130.19°, 12853, 12841 16.97 (d, 27.9)
13021 12418 136.10°%, 130.65%, 130.55'  18.16 (d, 35.2)
130.21%, 128,60, 12849 17.03 (d, 29.9)
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214 7085 9321 7909 11323, 13024  131.20 13098 12421 13337, 133307, 13298°  18.91 (d,33.1)
(d84) 110.04 132.85¢, 132.80°, 132.67*
130.43", 128.29', 128.14'
2415 7095 9316 7888 11326, 13024 13124 13096 12427  134.03°, 13347, 13293°  19.00 (d,33.1)
(d69) 109.90 132.80¢, 132,68, 130.41°
128.16', 128.04'
2416 7136 9507 8037 11397, 13092  131.37 13111 12527  13470° 134167 13320°  56.61(d,10.5)
(d9.4) 11184 133.06%, 132.80°, 132.66'
131.11°, 127,80, 127.64'
127.50'
247 7136 9512 8025 11393, 13086  131.32 13103 12527  134.65° 134.20° 13320° 5654
(d.102) 111.79 133.07%, 132.70¢, 13256 (d5.2)
131.03%, 127.73', 127.57'
27.43'
218 7284 9576 7837 11496, 12805 13203 13127 12444  134.90% 133.05, 132.90
(d94) (d95) 11224 13150, 130.31, 129.15
127.65, 12753
2-’. 7680 9964 7680 11240 12719 13350 13350  127.19 1861 (1, 16.3)
1

* ¢ (75.47 MHz) NMR chemical shifts in ppm relative to solvent CDCI, = 77.00; d = doublet; J values in Hz given in brackets, Juc; perfiuoroalkyl carbons
distibuted in the chemical shift range of 105-140 ppm with very weak intensity. ® solvent = acetone-ds (29.80, 206.00 PPM).© Cyu, (0, ' = 45-52 Ha). ‘
Gl * Con! Cidii



Table 2-13. *F NMR for n*-Indenyl Co(lll) Complexes®.
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Cpd C.F2 [ CF. CiF. CF, CF,
FuFy FuFy FuFy FuFy FuFy
22 -47.59, -51.15 -111.94, -115.70 ~79.73
(d, 208.1) (. 278.0)
23 -47.16,-49.32 -106.32, -112.39 -120.63, -122.38 -122.55, -123.62 -126.06, -127.17 -81.32
(d, 2106) (d, 286.6) (d, 298.8) (d, 301.0) (d, 294.5)
24 -56.21,-63.29 -112.95, -114.60 -79.58
(d. 228.3) (d, 281.2)
255  -5497,-6325 -107.78, -111.33 -120.96, -122.18 -122.48, -123.49 -126.07, -127.07 8131
(d, 230.6) (d, 284.0) (d, 295.3) (d, 307.8) (d, 294.6)
26  -57.02,-5758 ~109.75, -112.70 -79.73
(d, 230.0) 1A, 279.1)
28a  -58.17,-58.57 -107.86, -112.19 -79.96
(d, 247.6) (d,2773)
210 5576, -65.68 -112.95, -115.24 7931
(d, 233.8) (d, 280<) t12.4)
211 -54.42,-8557 -107.74, -111.87 -120.63, -122.01 -122.48, -123.60 -126.09, -127.04 -81.32
(d, 234.2) (d, 288.0) (d, 299.32) (d, 306.5) (d, 293.3) (t.95)
242 -58.94,-58.94 -108.29, -113.82 -79.59
(@, 2779) (10.5)
2413 -57.77,-5858 -103.56, -110.23 -120.90, -122.06 -122.89, -122.89 -126.53, -126.53 -81.27
(d, 227.9) (d, 2845) (d, 2929) (t.108)
214 -57.35,-58.16 -109.18, -112.86 -79.76
(d, 227.7) (d, 27687) (.108)
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2-15 -56.67, -57.21 -104.80, -108.97 -121.62, -121.62 -122.95, -122.95 -126.60, -126.60 -81.30
(d, 2293} (d, 2835) t,99)
2-16 -55.71, -57.33 -109.81, -111.65 -79.88
(d, 228.4) (d, 278.0)
217 -54.22,-56.99 -106.71, -106.71 -121.13, -122.40 -122.57, -123.34 -126.22, -127.01 -81.30
(d, 22255) (d, 295.0) (d, 290.1" (d, 293.6)
218 -54.05,-54.73 ~108.47, -111.62 -80.02
(d. 2249) (d. 2745)
219" -71.09 -112.84 -78.16
(1,12.32)

*282.4 MHz, chemical shifts in ppm relative to CFCly; Solvent = CDCly; 2.1,_,,,. and J;; in the case of CF,, in Hz given in brackets; all CF, peaks show further
unresolved coupiing of ca. 5-10 Hz (J and 4J). ® solvent = acetone:



Table 2-14. Correlation of "°F NMR Parameters with Ligand Properties for (n’*indeny)Co(R,)(1)(L) Complexes.*

L R CFF, CFF, CFF CFF CFF,
BB(FF) N | ABIFCF)  Upn | MBFCF) Ve | BB(FcF)  Mrn | ABFGF) W

co CF; 356 2081 376 2780 A
co CF, 216 2106 607 2866 175 2088 1.07 30098 111 2045 B
PPh{Q%e), CF, 056 2299 295 279.1 c
PNH® CSF, 040 2476 433 2173 D
PPh,Me CF, 081 2277 368 2769 E
PPhMe CF, 054 2292 447 2835 0 - 0 - 0 - F
PPh,(OMe) cf 162 2284 184 278.0 G
PPh,(OMe) c. 277 2225 0 = 127 2050 077 2001 079 2036 H
PPhMe, CFH 0 - 491 2779 |
PPhMe, CF, 081 2278 667 2845 1.16 2029 0 - 0 - J
PPh, CF, 070 2249 315 2745 K
P(OMe), CF, 708 2283 165 2812 [
P(OMe); CF, 828 2306 355 2840 122 2053 101 3078 1.00 2046 N
PMe, CF, 992 2338 229 2809 o
PMe, CF, 1115 2342 413 2880 138 2993 112 3065 095 2033 P

* AB(F,-F.) = B - & in PPM; 2y, in Hz. ® Legend used in Figures 27 & 2:8. © PNH = (S)-PPn;NHC'H(Me)Ph.



Table 2-15. Disbnhn, ‘Stereochemical Parameters for the
(n -IMUM)GO(E)(I)(L) Complexes.

L A A5(HyH,)* 45(C5-C))" A5(Cyyp)* o’ x(em
(Ave)

PMe, CF, 156 1572 -19.38, -19.81 118 855
(-19.60)

PMo, CF, 155 15.64 +19.95, -19.89 118 855
(19.62)

PPhMe, CF 198 715 -17.40, -22.50 122 10.60
(-19.95)

PPhMe, CF, 198 6.85 -17.07, 2238 122 10.60
(-19.73)

PPh,Me CF, 174 824 -17.47,-20.66 136 1210
(-18.07)

PPh,Me CF, 17 803 ~17.44, -20.80 13 1210
(19.42)

PPh,(OMe) CF, 17 201 ~16.73,-18.86 132 1830
(-17.80)

PPh,(OMe) CF, 170 8589 ~16.77,-18.91 132 18.30
(-17.84)

PPh, CF, 23 553 ~15.74, -18.46 145 13.25
(-17.10)

co CF, 104 16.09 +19.05, -21.24 - -
(-20.14)

co CF, 105 16.01 +19.07, 2125 - -
(-20.18)

PPh(OMe), CF 159 2.10 +17.00,-2078 120 1945
(-18.89)

PPh(OMe), CF, 155 884 -17.05,-20.77 120 19.45
(-18.81)

P(OMe), CF, 11 1311 -18.35, -20.51 107 2410
(-19.44)

P(OMe), CF, 109 1285 -18.42, -20.48 107 2410
(-19.45)

PNH* CyF, 213 6.01 -18.17,-18.99 140 10.50
(-18.58)

PNH® CF, 211 564 -17.92,-10.43 140 1050
(-18.68)

* A&ty Hy) o H,) - ﬂ"-)(PPM)-

). 8Cs.; , NHW
PPh,NH

3850,0) 750) - 6C) (5. 850, = a0, Naocony
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Figure 2-5.  *HnOed spectra for (n*-Indenyl)Co(C,F,)(I)(PMe,), 2-10. (i) reference
spectrum; (a-h) difference spectra (64x) for irradiation at the
indicated (*) fraquency; (a) Hy; (b) Hq (¢ & d) Hy & Hg; (8) Ha; (f) Ha
(@) Hy; (h) Me.
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Figure 2-7.  Dependence of the ™F Coupling Constants on Position for (n*-
indenyl)Co(F)(I)(L) Complexes (cf. Table 2-14 for legend).
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Figure 2-8.  Dependence of Diastereotopic "°F Chemical Shift Difference A8(F,-F,)
on Position for (n*indenyl)Co(R)(I)(L) Complexes (cf. Table 2-14 for
legend).
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'H nOed Spectra for (n*Indenyl)Co(C,F;)(1)(PPh(OMe),), 2-6. (i)
reference spectrum; (a-h) difference spectra (16x) for irradiation at
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Figure 211. 'H nOed Spectra for (n®Indenyl)Co(C,F;)()(PNH), 2-8a. (h)
reference spectrum; (a-g) difference spectra (16x) for irradiation at
the indicated (*) frequency; (a) Hy & Ho, of C*-Ph; (b) Hy & Hom, Of
C*-Ph; (c) Homo Of P-Ph; (d) Hy; (6) Hy () C°H; (g)C*-CH,.
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Figure 2-12.  'H nOed Spectra for (n*-indenyl)Co(C4F,)(I)(PPhMe,)Co, 2-13. (k)
reference spectrum; (a-j) difference spectra (32x) for irradiation at the
indicated (*) frequency; (a) Houe; (B) Hiy Hinetar & Hyaai (€) Hsi (d) He:
(e) Hy: () Hyi (9) Hi () Hy; (1 & j) Me,
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2.4. Experimental Section

24.1. and Unless ise noted, all i ions were

performed under a dry, oxygen-free nitrogen pl using Schienk
techniques. Nitrogen gas was purified by passing through a series of columns
containing DEOX (Alpha) catalyst heated to 120 °C, granular P,O,,, and, finally,
activated 3A Molecular Sieves. THF, benzene, and hexane solvents were distilled

under nitrogen from blue

of sodium ketyl. Di

was distilled under nitrogen from P,O,, and acetone from 4A Molecular Sieves (4-8
mesh). Anhydrous CoCl, was prepared by refluxing CoCl,'6H,C with thionyl chloride
(SOCl,, bp 77°C). Indene and 1,5-cyclooctadiene (COD) were distilled at 54°C/5 Torr
and 57°C/30 Torr, respectively, before use. C,F,l, C¢F,,|, PMe,, PPhMe,, PPh,Me,
PPh,(OMe) and PPh, wzr2 purchased from Aldrich and were used as received.
P(OMe), from Strem was distilled before use. (S)-(-)-Diphenyli((1-

phenylethyljamino)phosphine (PNH) was prepared using the established

p 34 Thin layer ic (TLC) were p on pre-

coated analytical TLC plates (silica gel F-254, Merck). Chromatographic separations

were carried out using a Cl (Harrison i with 1, 2, or 4 mm thick

silica gels,PF,s, (Merck) werg d by Canadian

Microanalytical Service Ltd. (Delta, B.C.). Melting points (mp) were determined in
capillaries sealed under nitrogen and are uncorrected. Infrared spectra were

measured on Mattson Polaris Fourier as in KBr
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cells (0.1 mm) or as thin films deposited on a KBr disk. NMR spectra were recorded

on a GE 300-NB Fourier ing at a proton y of

300.12 MHz.

Proton nOed spectra were determined under steady state conditions un the GE
300-NB instrument. Data was collected at 25.0 °C using interleaved experiments of
16 or 32 transients cycled 12 to 16 times through the list of decoupling frequencies.
In each experiment the decoupler was gated on in continuous wave (CW) mode for

2 s with sufficient 1 to give an { 70-90% in intensity

of the irradiated peak. A 30 s delay preceded each frequency change. A set of four
dummy scans was employed to equilibrate the spins prior to data acquisition. No
relaxation delay was applied between successive scans of a given decoupling
frequency. Difference spectra were obtained on 16K or zero-filled 32K data tables
which had been digitally filtered with a 0.1 Hz exponential or Gaussian line

function. Quantitative data were obtained by i

2.4.2. Crystal Structure Determinations. Crystal data was collectad at ambient

temperature on a Rigaku AFC6S diff: with graphite Mo Ko
radiation, A=0.71069 A, and a 2KW sealed tube generator using the @ scan

technique to a maximum 26 value of 50.0°. The selected crystals for both 2-3 and 2-6
proved to be twinned. Data from one crystal fragment was successfully indexed,

collected and refined for 2-3. Inspsction of peak profiles from 2-6 suggested twinning
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but with alignment of fragments so close as to preclude separate data collection.
Indexing znd collection proceeded normally. Data collection &nd refinement for the
remaining two crystals of complexes 2-8a and 2-19 proceeded smoothly, aithough
disordered perfluoroalkyl was detected in 2-8a. Cell constants and an orientation
matrix for data collection were determined from least squares refinement using the
setting angles of the 18 (2-3), 24 (2-6), 25 (2-8a) or 18 (2-19) carefully centered
reflections in the range 40.10 < 26 < 43.21" (2-3), 29.43 < 26 < 36.56" (2-6), 31.26
< 20 < 40.68" (2-8a), or 29.25 < 20 < 34.76" (2-19) and are given in Table 2-16.
The space group P2,/c (#14) (2-3, 2-6), P2,2,2, (#19) (2-8a), or P2,/n (#14) (2-19)
was assigned on the basis of systematic absences ((h01: h # 2n and 0k0: k # 2n) (2-
3, 2-6), (h00: h # 2n, OkO: k # 2n and 00I: | + 2n) (2-8a), or (h01: h+1 3 2n and 0kO:
k#2n) (2-19)) and on the successful solution and refinement of the structure. Omega
scans of several intense reflections, made pricr 1o data collection, had an average
width at half-height of 0.43° /2-3), 0.29°(2-6), 0.27° (2-8a), or 0.44° (2-19) with a take-
off angle of 6.0°. Scans of (1.78+0.30 tan 6)° (2-3), (1.63+0.30 tan 6)° (2-6),
(0.89+0.30 tan 6)° (2-8a), or (1.13+0.30 tan 6)° were made at a speed of 8.0°%/min (in
omega). Weak reflections (I<10.0a(l)) were rescanned (max 2), and the counts
accumulated to assure good counting statistics. The intensities of three

were after every 150 reflections and these

constant

gl the data hence no decay corrections were
applied. The linear absorption coefficient for Mo Ka is 24.4 cm™ (2-3), 23.1 cm™ (2-6),

16.7 cm” (2-8a), or 21.7 cm” (2-19). An empirical absorption correction, based on
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azimuthal scans of several reflections, was applied resulting in transmission factors
ranging from 0.79 tu 1.09 (2-3), 0.67 to 1.00 (2-6), 0.77 to 1.00 (2-8a) or 0.87 to 1.00
(2-19). The data were corrected for Lorentz and polarization effects. A correction
for secondary extinction (coefficient = 0.27596 x 107) was applied for 2-19. The
structure was solved by direct methods™® using the Molecular Structure Corporation
TEXSAN software. Non-hydrogen atoms were refined anisotropically. Idealized
hydrogen atoms were included at the calculated positions and were not refined. The

absolute configuration of 2-8a was determined by refining both enantiomers to

on the data set with

included. The configuration of Figure 2-3 refined to a value of 0.6% lower than its
enantiomer. Since the correct hand (S) was obtained for the chiral carbon on PNH
ligand of known chirality, we are confident that the assignment of absolute

configuration at cobalt is correct. Further details are given in Table 2-16.

2.4.3. Synthesis of Complexes

2.4.3.1. Synthesis of (n*-C,H,)Co(CO), (2-1). This complex was prepared using a

modification®® of the method originally bed by 8 and Salzer and
Taschler.2”® Finely divided lithium (1.50 g, 0.219 mol) was suspended in 250 mL of

dry THF under an argon atmosphere. The mixture was heated at 65 °C in an oil
bath, and a mixture of indene (30.5 g, 0.263 mol) and 1,5-cyclooctadiene (27.8 g,
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0.258 mol) was slowly added with stirring. Continued stirring for 1 h resulted in a

yellow solution. The oil bath was removed and anhydrous CoCl, (13.9 g, 0.107 mol)
added slowly over a 25 minute period. This stage of the reaction was vigorously
exothermic! The solution was stirred for an additional 30 minutes. The resulting dark
red-brown solution was cooled to room temperature and filtered through a Schlenk
filter fitted with 2 5 cm silica gel plug. Removal of volatiles under vacuum (0.1 Torr)
at 40 °C left a dark residue, which was takan up in 200 mL of hexane and stirred
under an atmosphere of CO at room temperature for 90 min. Filtration through a
short plug of silica gel and removal of volatiles under vacuum (0.1 Torr) gave the
crude product as an air-sensitive, deep red-brown oil (22.1 g, 90%), IR v¢o: 2020,
1960 cm™.

2.4.3.2. Syathesis of (n*-CyH,)Co(R)INCO) (R, = CsF; (2-2), C,F 5 (2-3)). A slight
excass (4.30 g, 14.5 mmol) of perfluoropropyl iodide (C,F,l) was added via syringe
at room temperature 10 a solution of 3.30 g (14.3 mmol) of (n°-C,H,)Co(CO), in 100

mL benzene. Continued stiring at room temperature for 40 h resulted in the

of a dark red-b solution some black ipi The
precipitate was collected on a glass frit, washed with a small amount of hexane and

redissolved in CH,Cl,. Removal of the solvent under vacuum left the crude product

as an air-stable black powder. 1 product was d by phy
of the filtrate on a 300X35 mm silica gel column (2:1 benzene/hexane elution) to give

a combined yield of 5.71 g (80%) of 2-2. Complex 2-3 was prepared from 2-1 and
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C,F,,l using similar conditions, and it crystallized by slow diffusion of hexane into its

dichloromethane solution at -20 °C to give 2-3 as black, rectangular plates.

2.4.3.3. Synthesis of (n*-C,H,,Co(C,F,)(I)(PNH) (2-88), Method A. A solution of

(S)-(-)-cipheny i ine (PNH, 0.564 g, 1.85 mmol) in 15 mL
of benzene was added slowly to a solution of 2-2 (0.921 g, 1.85 mmol) in 30 mL of
benzene at room temperature. After stirring for 30 minutes, the solution was placed
in an ice bath for 10 minutes, and the benzene solvent was removed by sublimation
under vacuum to afford a dark red-brown powder (1.37 g, 95%). TLC (elution with
THF/hexane 1:5) and 'H NMR analysis revealed the presence of a single isomer,
which was shown to be 2-8a. The crude product was crystallized at -20 °C from
CH,Cl./hexane under a nitrogen atmosphere to give 2-8a as well formed, rectangular
black crystals. IR, vy, = 3378 cm™. Polarimetric data [o] (A): -320° (579 nm), -670°
(546 nm), -1100° (436 nm).

Method B. A solution of (S)-(-)-diphenyl((phenylethyl)amino)phosphine (PNH, 0.0163
g, 0.0534 mmol) in 3 mL of benzene was added slowly to a solution of 2-2 (0.0238
g, 0.0477 mmol) in 4 mL of benzene ~* room temparature. After stirring for 10

minutes, the solution was placed in a refrigerated bath at - 11 °C. After the solvent

was frozen, benzene was removed by sublimation in oil pump vacuum over a 48 h
period. 'H NMR analysis showed that the crude product contained a 34:66 mixture

of 2-8b:2-8a.
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2.4.3.4. Synthesis of (n*-C,H,)Co(R)(I)(PMe,) (R=C,F, (2-10), C,F,,, 2-11). These

two were i using the il below. A 10 mL

benzene solution of PMe, (0.0319 g, 0.419 mmol) was added dropwise with stirring
via a pressure equalised dropping funnel to a black solution of 2-3 (0.2503 g, 0.3862
mmol) in 20 mL benzene at ambient temperature. After stirring for 20 minutes, the
solution was placed on an ice bath for a further 20 minutes. Removal of volatiles
from the deep-red solution under oil pump vacuum left a deep-red powder. The
crude product was dissolved in ca. 4 mL of acetone and purified chromatographically
on 4 mm silica gel plates. Acetone elution moved a high R, deep-red zone which
was collected. Removal of volatiles at aspirator and then oil pump vacuum left a
deep-red powder (0.2305 g, 86%). Black rectangular plates were obtained by slow
diffusion of hexane into an acetone solution of 211 at -20°C. A low R, yellow band
was shown by 'H NMR to be a bis-substituted complex with a structure similar to 2-

19.

2.4.3.5. Synthesis of (n’-C;H,)Co(R)((L) (24 - 2-7, 2-9, 212 - 2-17). These
complexes were prepared following the procedure described for 2-12. In some cases
(2-12, 2-13, 2-14, 2-15) the crude product required no further purification. The
remaining complexes were purified by preparative radial TLC (benzene eluent).
Reaction yields are reported in Table 2-1. A slight excess of PPhMe, (0.0582 g,

0.421 mmol) was added slowly via syringe with stirring to a black solution of 2-2
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(0.1901 g, 0.3817 mmol) in 10 mL of benzene at room temperature. After stirring for
30 minutes the resulting deep-red solution was cooled in an ice bath for ca. 10
minutes. Removal of volatiles at oil pump vacuum gave the crude product as a deep
red powder (0.2130 g, 92%). Black rectangular plates were obtained by slow

diffusion of hexane into a CH,Cl, solution of 2-12 at -20°C.

2.4.3.6. Synthesis of (n®-C;H,)Co(C,F,)(I)(PPhy) (2-18). A 10 mL benzene solution
of PPh, (0.2070 g, 0.7892 mmol) was added dropwise at room temperature with
stirring via a pressure equalized dropping funnel to a black solution of 2-2 (0.3215

g, 0.6456 mmol) in 20 mL of benzene. Stirring was continued for 20 minutes then the

b d solution ing some ised green precipi was filtered
through a glass frit, and the filtrate was placed in an ice bath for ca. 10 minutes.
Removal of volatiles at oil pump vacuum left a brown powder, which was dissolved
in 4 mL of benzene and purified with chromatograph. Benzene/hexane (2/1) elution
moved a brown zone which was collected. Removal of volatiles with rotary
evaporator followed by oil pump vacuum afforded the product as a brown powder

(0.1098 g, 23%).

2.4.3.7. Synthesis of [(n*-CyH,)Co(C,F,)(PMey),]'l (2-19). Excess PMe, (0.0888 g,
1.17 mmol) was added slowly via syringe with stirring to a black solution of 2-2
(0.2483 g, 0.4985 mmol) in 20 mL of benzene at room temperature. The reaction

mixture was stirred for 30 minutes, resulting in a red solution containing some
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precipitate, and then placed in an ice bath for ca. 10 minutes. Removal of vaiatiles

at oil pump vacuum left a red powder. The crude product was dissolved in ca. 4 mL
of acetone and purified chromatographically on a 4 mm silica gel plate. Acetone
elution moved a yellow-red zone which was collected. Removal of solvent at water
aspirator and then oil pump vacuum left a red crystalline powder (0.2915 g, 94%).
Deep-red prisms were obtained by slow diffusion of hexane into the CH,CI, solution

of 2-19 at -20°C.



Table 2-16. Summary of Crystallographic Data for 2-3, 2:6, 2-8a and 2-19.
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3 6 260 219
Formula C,H,CoFylO  CyH,CoF,IO0,P c,,H,,CoF INP CyHyCo,F,,P.Cly
F.W.(g/mol) 648.05 640.16 1320.27
Crystal Habit black rect. black prism blzck rw deop-red prism
Crystal Size (mm)  0,35x0.35x0.05 0.40x0.15x0.15 0.37x0.27x0.08 0.35x0,25x0.15
Crystal System  monoclinic: monociinic orthorhombic ‘monoclinic
No.Rflns for unit cell determin-
ation (20 range) 18 (4n 143.2°) 24 (20.4-36.6°) 25 (31.340.7) 18 (29.3-34.8%)
Omega Scan Peak Wid!
at Hall-height o. u 029 027 0.44
Lattice Parameters
a(h) 16.926(6) 16.633(5) 16.362(1) 16.760(5)
b(A) £.944(3) 7.530(3) 19.944(4) 10.614(7)
c(A) 14.133(6) 17.875(3) 2.417(2) 28.595(5)
B() 106.04(3) 100.40(2) 96.61(2)
Vv (A) 2056(1) 2201.9(9) 3073.0(8) 5053(3)
Space Group P2/c (#14) P2,/c (#14) Pz 2,2, (#19) P2,n (#14)

4 4 4
D,,_(g/cm’) 2,083 1.831 1 676 1.747

1232 1248 1536 2616
H(MaKal(cm ) 2438 23.09 16.66 21.73
Scan Widih(*) 1.78+0.30tang  1.63+0.30 tan® 0.89+0.30 tand 1.1340.30 tang
26, (%) 50.0 500 500 450
No.Rflns measured
Total 4 4352 6184 7295
Unique 3676 4201 3092 7015
R 0,057 0.105 0.055 0,029
Corrections* Lorentz polarization

trans.factors: ~ 0.73-1.09 0.67-1.00 0.77-1.00 0.67-1.00
second: inction

- - 0.27596x107
Function Minimized IW([Fol-IFel
Least-squares weights  4Fo%/c*(Fo?)
p-factor 0.01 001 0.01
Ansmalous Dispersion  All non-hydrogen atoms
No.Obsaervations
{3000t 1673 1792 3415 4007

lo.Variables 289 289 320 551
Riln/Param 579 620 10.38 7.44
R 0.062 0.061 0.071 0.040
RS 0.048 0.058 0.084 0.038
GOF 237 263 307 156
Max Shift Error
in Final Cycle 0.08 0.04 284 0.00
Ap final
(max/min) (/A  0.67/-0.62 0.84/-1.07 1.19/0.78 1.09/-0.66
4O roforonce™™. > RmE||Fol: Fo| VE|Fol. © A= [(E([Fol- |F=|)‘/2wFo*)r'

¢ GOF=(%([Fo |- Fc|/o)/(n-m)) where t ([Fol-|Fel)




Chapter 3

Synth Cli and Conformational Aspects of
Chiral Cobalt(lll) n*-Indenyl and n°-Cyclopentadienyl

F P and Phosph Complexes

3.1. Introduction

As discussed in Chapter 1, previous studies® 2" 27 28 of Arbuzov-like
dealkylations™ using the Co-chiral aminophosphine substituted —auxiliary

CPCOX(PNH*)() (X=l, CF,, C,F5; PNH*=S-(-)-Ph,PNHC*H(Me)Ph) concluded that

P=0seeH-N bonding at the nascent phosphoryl oxygen site

played animportant role in Co*—P chiral induction by limiting conformational mobility.

The istry of the major was reliably predicted from the
state which minimi 1,3-diaxial i between the
substituent R and a pseudo-axial phenyl i of the ami ine (cf.
Scheme 1-50).
pts to assess the effect of y bonding in these
reactions by studying analogs ining blocked, A-

Ph,PN(R)C*H(CH,)Ph failed® This Chapter examines Arbuzov dealkylations of
P(OMe), and the prochiral ite PPh(OMe), i by the i Co-
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chiral auxiliaries [(n®-Cp)Co(PMe,)(C,F;)-]" and [(n™indenyl)Co(L)(R,)-]* (L= PPh,Me,_,
(n=0-2), PR(OMe), (R=Ph, OMe); R, = C,F,, C,F,;) prepared in Chapter 2, which

provide bonding for di: Arbuzov dealkylation.

Solid state and solution ions are and evi for

rotation about the cobalt-indenyl and -P(O) bonds is presented.

3.2. Results and Discussion

3.2.1. of Cobaltn’-Cy andn’-Indenyl Phosphonate and

Ci f and P-chiral phosphinate targets were
synthesized using the transition metal Arbuzov reaction,'® which involved sequential
substitutions of the iodides 3-1 and 3-4 at cobalt and carbon (cf. Schemes 3-1 and
3-2). As presented in Chapter 2, preferential substitution of labile CO in (n’-
Cp)Co(R)(CO)(I) and (n™indenyl)Co(R)(CO)(l) by P-donor ligands?® 2% %7
represents a more general synthetic route™®¥2% 2% 1q the required substrates 3-1
and 3-4 than oxidative addition of RI (R=I or R,) to phosphine-substituted Co(l)
complexes.”®  Treatment of 3-1 and 3-4 with P(OMe), or PPh(OMe), initially
afforded the corresponding labile ionic intermediate'® 184 195197, 204, 209 (s,

Cp)Co(C,F;)(L)(PR(OMe),)]* and [(n*indenyl)Co(R)(L)(PR(OMe),)]* 3-2 and 3-5

pectively, which rapidly y in polar solvents to give good yields of the

orange-yellow phosphonate and phosphi comp (n*-

Cp)Co(C,F;)(L)(P(O)(R)(OMe)) and (n*indenyl)Co(R,)(L)("0)(R)(OMe)), 3-3 and 3-6
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(R=0OMe, Ph), respectively (cf. Schemes 3-1 and 3-2). Physical and analytical data

for these and pi i is reported in Table 3-1.

.
@cx PRIOMel, c@ @
s ) . %o
e 1™ cgf” | priome), CoF” l“‘ﬁq:M'
L L L

31 a2 33

a b o
['Piome); TPme; | PPH(OMe),

R a
OMe Ph

Scheme 3-1

Reactions of several n°-Cp and n*-indenyl complexes with P(OMe), were followed

by 'H NMR at 25 °C in b dg and in acetone-d;. Only (3-1 or 3-4)
and products (3-3 or 3-6) were observable in benzene-d,; however, a reaction
intermediate was clearly detected for both series in acetone-d (cf. Figures 3-1 and
3-2). For the reaction of 3-1a with P(OMe),, the reactant (5=5.40 ppm) diminishes,
an intermediate 3-2a (8=5.81 ppm) builds and then decays, and the phosphonate
product 3-3ac. increases (3=5.27 ppm). Similarly 3-4a (H,, 8=5.52; H,, 3=6.27 ppm)
is rapidly consumed on treatment with P(OMe), to form an unstable intermediate 3-

5aa (H;, Hy, 8=6.43; H,, 8=5.95 ppm), which subsequently collapses to form the
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Scheme 3-2

phosphonate 3-6ac. (H,, 8=5.85; H,, 8=5.40 ppm).
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Figure 3-1. 'H NMR Spectra for the Reaction between (n®-Cp)Co(C,F;)(P(OMe),)(l),

3-1a, and P(OMe), in Acetone-d, at 25 °C. [3-1a], = 0.01568 molsL",
[P(OMe),], = 0.1728 moleL". The first spectrum was recorded at t=550
s; A=1800 s for remaining spactra.
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Figure 3-2. 'H NMR Spectra for the Reaction between (n°-
Indenyl)Co(C,F,)(P(OMe),)(l), 3-4a, and P(OMe), in Acetone-d, at 25
°C. [3-4a], = 0.01566 molsL", [P(OMe),], = 0.1733 molsL™". The first
spectrum was recorded at t=425 s, At= 600 s for remaining spectra.
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Reactions of 3-1 and 3-4 with prochiral PPh(OMe), were more complicated since
diastereomers were possible. For 3-1b, 3-4b, and 34¢ (cf. Schemes 3-1 and 3-2)
cationic  intermediates  [(n®-Cp)Co(C,F,)(PMe,)(PPh(OMe),)}", 3-2bB, [(n*
indeny!)Co(C,F,)(L)(PPh(OMe),)]' (L=PMe,, 3-5bp, and PPhMe,, 3-5cB) were directly
observed by 'H NMR as a pair of diastereotopic OMe doublets at 4.0-4.2 ppm with
3en =10 Hz in acetone-d at 25 °C. Displaced I'in the ion pair subsequently attacks
at carbon on coordinated PPh(OMe), to afford two red/orange diastereomeric
phosphinate complexes (n‘-Cp)Go(C,F,)(PMe,)(P(O)Ph(OMa)). 3-3bp-1,2 and (n*-
indenyl)Co(C,F;)(L)(P(O)Ph(OMe)), 3-6bB-1,2 and 3-6¢p-1,2 respectively. (The

designations -1 and -2 refer to di: in order of ing

Rf values.)

The spectroscopic characterization ot the cationic intermediate phosphite and

species were i by isolation and X-ray crystallographic study of

3-5ac,SbFg p. by ani route. of iodide from 3-4a with

AgSbF; in acetone followed by reaction with one equivalent of P(OMe), gave a 95%
yield of orange, crystalline [(n*-indenyl)Co(C,F;)(P(OMe),),]'SbFy, 3-5ac,SbF.
Treatment of 3-5a0,SbF, with an acetone solution of Lil atforded a phosphonate
product 3-6ac. identical with that obtained by direct reaction of 3-4a with P(OMe), (ct.

Scheme 3-2). The solid state structure 3-5ac,SbF, (cf. Figure 3-3) consists of an

unexceptional n®-indenyl piano stool with an app!

geometry about cobalt. Interligand bond angles for (P(1)-Co(1)-P(2), P(1)-Co(1)-C(8),
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P(2)-Co(1)-C(8)) are all close to 90°. Atomic coordinates and selected bond lengths
and angles are given in Tables 3-2 and 3-3.

Minor amounts of mixed, di i i (n*

Cp)Co(C,F,)(PPh(OMe),)(P(O)Ph(OMe)), 3-3eB-1,2 and (n°-
indenyl)Co(C,F,)(PPh(OMe),)(P(O)Ph(OMe)), 3-6ep-1,2, presumably the result of
stepwise disubstitution of I' and L by PPh(OMe), followed by Arbuzov dealkylation,
were spactroscopically observed in the reaction of dimethy! phenylphosphonite with

3-1 and 3-4. The source of the i i p was

by direct 'H NMR obssrvation of an apparent triplet at §=3.95 assigned as a pair of
overlapping doublets due to the diastereotopic phosphonite methoxy groups of [(n*
indvnyl)Co(C,F,)(PPh(QMe),),]", 3-56B, on treatment of 3-4e with PPh(OMe), in

acetone-d,.

The analogous reaction of 3-4d or [(n*-indenyl)Co(C,F,)(PPh,)(1)] with PPh(OMe), did
not afford the expected phosphinate product. Instead, a low yield (ca. 10%) of 3-

6ep-1,2along witha amount of ized g bl
products were obtained in both cases. F p! i itution of the
bulky A ic mixture of the phosphinate 3-6dp-1,2

was successfully prepared, albeit in very low yield, by an inverse mode of reaction

of 3-d4e with PPh,Me.



Table 3-1. Physical Properties of n*-Cyclopentadienyl and n®Indenyl Co(lll) Complexes.
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Cpd. Formula Appearance mp* Anal. (C, H %)
(°C) Calc. (Found)

31b (C,HaCo(C4F;)(1)(PMe,) dark-blue powder 197-199 26.64(26.74), 2.84(2.74)
310 [(CHLICo(C1F;)(PMey),) I orange plate 195197  29.39(28.93), 4.05(3.95)
33aa (CsHJICo(C4F,)(P(OMe),)(P(O)(OMe),) orange microcrystal 102-104 29.68(30.06), 3.83(3.69)
33ba (CsHe)Co(C4F,)(PMe,)(P(0)(OMe),) yellow microcrystal 136-138 32.65(32.49), 4.22(4.45)
3580 [(CaH,)Co(CF,)(P(OMe),),]"SbF orange rect. plate 176177 26.14(26.17), 3.05(3.00)
368a (C3H;)Co(C,F7)(P(OMe),)(P(0)(OMe),) red powder 87-88 35.44(35.51), 3.85(3.96)
36'sa (C4H;)Co(C,F 1) (P(OMe),) (P(O)(OMe),) red powder 48-50 33.08(33.03), 3.05(2.82)
3-6ba (CaH,)Co(C,F;)(PMe,)(P(O)(OMe),) deep-red prism 151153 38.66(38.67), 4.20(4.35)
36ca (CgH;)Co(C,F;)(PPhMe,)(P(O)(OMe),) red powder 134135 44.76(44.63), 4.10(4.14)
3301 (CeHLICo(C4F,)(PMey)(P(0)Ph(OMe)) orange prism 185-187  41.24(41.35), 4.23(4.16)
3-30p-2 (CHICO(C,F;)(PMe,)(P(O)Ph(OMe)) orange microcrystal 143144 41.24(40.95), 4.23(4.21)
3601 (CaH;ICo(C4F;)(PMe,)(P(O)Ph(OMe)) orange plate 160-161  46.01(45.67), 4.21(4.25)
3604-2 (CeH7)Co(C4F;)(PMe,)(P(O)Ph(OMe)) red microcrystal 101-104  46.01(45.74), 4.21(4.13)
36cp1 (CH,)Co(C,F;)(PPhMe,)(P(O)Ph(OMe)) red powder 145-146  50.96(51.14), 4.12(4.23)
36cp-2 (C3H;)Co(C,F,)(PPhMe,) (P(O)Ph(OMe)) red prism 98-101 -

3-6dp-1 (C3H;)Co(C,F;)(PPh,Me)(P(O)Ph(OMe)) red powder 150-151 55.03(54.88), 4.04(4.15)
3-6dp-2 {G3H;)Co(C,F;)(PPh,Me)(P(O)Ph(OMe)) red powder & =

360p-1 (CaH;)Co(C,F;)(PPh(OMe),){P(O)Ph(OMe)) red powder 78-81 48.52(48.45), 3.92(3.92)
3602 (CaH;)Co(C,F;)(PPh(OMe),)(P(0)Ph(OMe)) red powder 90-93 48.52(48.04), 3.92(3.72)

* Sealed (N,) capilary.
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Figure 3-3. Molecular Structure of [(n*C;H,)Co(C,F,)(P(OMe),),]'SbF,, 3-5aa (SbF, omitted for
clarity).



Table 3-2. Atomic Coordinates for [(n*-CoH,)Co(C4F,)(P(OMe),)1*SbFs, 3-5ac.

atom x y z Bleq)
Sb(1) 020043(8)  02001(1)  0.75701(6)  6.07(6)
Co(t) 0.7368(1 02758(1 053760(8)  4.08(9)
P(1) 0.8081(3 0.1053@3)  0.5681(2) 5.1(2
P(2) 0.6799(3 02352(3)  0.4280(2) 5.3(2)
F(1) 0.5846(5 0.1485(6)  0.5674(4 5.9(4
F(2) 0.6585(5 02525(6)  0.6574(3) 59(4
F(@3) 0.4834(7) 03194(8)  0.5008(4 9.4(5)
F(4) 0.5644(6) 0.4373(6) 0.5781(5) 8.4(5)
F(5) 03652(7)  03763(9)  0.5924(5 10.3(7)
F(6) 04859(7)  03553(8)  0.6825(4 95(6)
F(7) 0.4244(7) 02155(8)  0.6258(5) 95(6)
F(8) 0.1129(7) 00790(8)  0.7630(5) 1.4(7)
F(9) 0.2896(8) 0.3167(8) 0.7533(6) 13.0(7)
F(10) 0.3106(7) 0.1028(8)  0.7578(6 13.0(7)
F(11) 0.0881(8) 0.289(1) 0.7574(8) 18(1
F(12) 0.2288(8) 0.204(1) 0.8540(4) 14.9(8)
F(13) 0.1744(9) 0.187(1) 0.6599(5) 15.6(8)
o(1) 0.9318(7) 0.0922(7) 0.5730(5) 6.3(6
o) 0.7564(8) 00151(8)  0.5123(5 7.8(6)
o(@3) 0.7806(8) 00521(8)  0.6385(5 7.5(6)
o(4) 0.5878(8) 0.1498(8)  0.4190(5 6.7(6)
o(5) 0.633(1) 03406(8)  0.3858(5 9.4(7)
o(6) 6.768(1) 0.186(1) 0.3863(5) 10.5(8)
c(1) 0.582(1) 0:345(1) 0.6088(7) 5.3(3)
c(2) 0.794(1) 0.413(1) 0.6026(7) 5.2(3)
c@) 0.766(1) 0.448(1) 0.5301(7 42(3
C(3A) 0.849(1) 0.409(1) 0.4936(6) 4.2(3)
c(4) 0.868(1) 0.433(1) 04232(7) 5.7
c(5) 0.958(1) 0393(1) 04036(7)  6.1(4
c(6) 1.028(1) 0327(1) 0.4509) 60(3
c(” 012(1) 0302(1) 0.5165(7) 5.38(3)
C(7A) 0.921(1) 0.344(1) 054046 4.0(3)
c(8) 0.630(1) 0.254(1) 0.5809(7) 5.4(3)
c(e) 0.535(1) 0331(1) 0.5703(8 5.4(3)
c(10) 0.448(1) 0317(1) 0.617(1) 7(1)
c(11) 0.988(1) 0011(1)  05913(8)  8(1)
c(12) 0.717(2) 0000(2)  0521(1) 14(1)
c(13) 0.833(1) 0.079(1) 0.7088(8) 10(1)
C(14) 0551(2) 0.076(2) 0372(1) 19(2)
c(15) 0557(1) 0.357(1) 0.328(1) 1(1)

c(16) 0.779(2) 0.157(2) 0.325(1) 13(1)
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Table 3-3. Selected Bond Distances (A) and Bond Angles (°) for [(n*
CgH,)Co(CF;)(P(CMe),),]'SbFy, 3-580.
distance angle

Co(1)-P(1) 2.205(4) P(1)-Co(1)-P(2) 96.0(2)
Co(1)-P(2) 2.187(4) P(1)-Co(1)-C(1) 92.5(4)
Co(1)-C(1) 2.09(1) P(1)-Co(1)-C(2) 124.4(4)
Co(1)-C(2) 2.07(1) P(1)-Co(1)-C(3) 158.0(4)
Co(1)-C(3) 2.09(1) P(1)-Co(1)-C(3A) 127.9(3)
Co(1)-C(3A) 2.24(1) P(1)-Co(1)-C(7A) 95.5(3)
Co(1)-C(7A) 2.25(1) P(1)-Co(1)-C(8) 89.8(4)
Co(1)-C(8) 1.95(1) P(2)-Co(1)-C(1) 150.6(4)
c(1)-C(2) 1.392) P(2)-Co(1)-C(2) 139.5(4)
C(1)-C(7A) 1.45(1) P(2)-Co(1)-C(3) 100.4(4)
C(2)-C(3) 1.42(2) P(2)-Co(1)-C(3A) 89.6(3)
C(3)-C(3A) 1.44(1) P(2)-Co(1)-C(74) 111.9(3)
C(3A)-C(4) 1.42(1) P(2)-Co(1)-C(8) 95.2(4)
C(3A)-C(7A) 1.41(1) C(1)-Co(1)-C(8) 113.0(5)
C(4)-C(5) 1.36(2) C(2)-Co(1)-C(8) 89.1(5)
C(5)-C(6) 1.41(2) C(3)-Co(1)-C(8) 103.0(5)
C(6)-C(7) 1.33(1) C(3A)-Co(1)-C(8) 141.3(5)
C(7)-C(7A) 1.41(1) C(7A)-Co(1)-C(8) 151.5(5)
C(8)-C(9) 1.52(2)

c(9)-C(10) 1.54(2)

P(1)-0(1) 1.581(9)

P(1)-02) 1.578(9)

P(1)-0(3) 1.566(9)

P(2)-0(4) 1.555(9)

P(2)-0(5) 1.56(1)

P(2)-0(6) 1.60(1)
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3.2.2. Molecular Structures of the Cobalt n*-Cyclopentadienyl and n*-Indeny!

and Single crystal X-ray diffraction
structures of the n-indenyl phosphonrate 3-6ba and of selected diastereomers of the
n®-cyclopentadienyl (3-3bB-1) and n®indenyl (3-6bp-1, 3-6cB-2) phosphinates were
obtained in order to confirm their structures and, in the case of the Co- and P-chi.al

pl i to blish i their relative i Al

were solved by direct methods. In each case, cobalt has an unexceptional, distorted
octahedral geometry with n™indenyl or n®-Cp occupying three fac coordination sites,
as shown in Figures 3-4 - 3-7. Interligand bond angles (P(1)-Co(1)-P(2), P(1)-Co(1)-
C(8), P(2)-Co(1)-C(8) for 3-6ba, 3-6bB-1 and 3-6¢B-2; P(1)-Co(1)-P(2), P(1)-Co(1)-
€(6), P(2)-Co(1)-C(6) for 3-3bp-1) are i 90°.  Atomic

selected bond lengths and bond angles are given in Tables 3-4 to 3-11.

Consi with their 186" i all the n-indenyl complexes are 1°-bonded.

However, small characteristic displacements of the metal away from the C,,-C,,
junction and distortions of the indenyl ring from planarity as observed in other
formally n®-indenyl complexes®*® %% 270 27%.2% arg gyident. Co displacement towards
C,-C, (A(M-C) = [average of d(M-C,, C;,)] - [average of d(M-C,,C,))) is 0.16(1) Ain
3-5ac, 0.153(4) A in 3-6ba, 0.19(1) A in 3-6bp-1 and 0.16(1) A in 3-6¢p-2. Hinge
angles of 5.8° in 3-5ac, 6.7°in 3-6ba, 7.3°in 3-6bp-1 and 7.0° in 3-6cf-2 between
the planes defined by u,-C,-C; and C,-C;-C,,-C,, as well as fold angles of 11.0° in

3-5aa, 10.0° in 3-6ba, 11.4° in 3-6bB-1, and 10.5° in 3-6¢B-2 between the plane C,-
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C,-C, and the best plane containing C,,-C,-C;-Cy-C;-C-, (Table 3-15) are consistent
with moderate distortion compared to a variety of previously reported indenyl

269, 270, 270.281, 286

complexes.

Figure 3-4. Molecular structurs of (n®Indenyl)Co(C,F,)(PMe,)(P(Q)(OMe),, 3-6ba.



124
Table 3-4. Atomic Coordinates for (n®-CgH;)Co(C,F,)(PMe,)(P(O)(OMe),), 3-6ba.

atom x y z B(eq)
Co(1) 0.43916(7) 0.15022(3) 0.18159(4) 3.11(2)
P(1) 0.5806(2) 0.19389(8) 0.30512(8) 4.07(6)
P(2) 0.3149(2) 0.26574(7) 0.14658(8) 4.25(6)
F(1) 0.1223(3)  0.0905(2) 0.1644(1)  4.6(1)
F2) 0.1822(3) 0.1663(2) 0.2779(2) 5.0(1)
F(3) 0.3020(4) -0.0263(2) 0.2453(2) 6.8(2)
F(4) 0.4038(3) 0.0447(2) 0.3564(2) 6.8(2)
F(5) 0.1558(4) -0.0553(2) 0.3719(2) 8.0(2)
F(6) -0.0123(4) 0.0102(2) 0.2792(2) 9.5(2)
F(7) 0.1141(5)  0.0627(3) 0.3951(2) 10.3(3)
o(1) 0.4997(4) 0.2262(2) 0.3730(2) 5.3(2)
0O(2) 0.7123(4) 0.1271(2) 0.3460(2) 4.7(2)
0(3) 0.6999(4) 0.2585(2) 0.2737(2) 5.6(2)
c(1) 0.5887(6) 0.1600(3] 0.0890(3) 4.0(2)
C(2) 0.6656 0.1130(3; 0.1585(3) 4.4(2)
C(3) 0.5656| 0.0467(3) 0.1652(3) 4.0(2)
C(3A) 0.4309(5) 0.0469(3) 0.0908(3) 3.5(2)
C(4) 0.3071(6)  -0.0080(3) 0.0580(3) 4.6(2)
c(5) 0.1987(6) 0.0082(3) -0.0175(3) 5.2(3)
C(6) 0.2113(6) 0.0784(4) -0.0625(3) 5.4(3)
c(7) 0.3294(6) 0.1340(3) -0.0337(3) 4.7(2)
C(7A) 0.4437(5) 0.1181(3)  0.0447(3) 3.4(2)
C(8) 0.2545(5) 0.1110(3)  0.2320(3) 3.6(2)
c(9) 0.2733(6) 0.0363(3) 0.2913(3) 4.1(2)
C(10) 0.1278(7) 0.0137(4) 0.3327(4) 5.7(3)
C(11) 0.7430(6) 0.1059(4) 0.4356(3) 6.6(3)
C(12) 0.8378(7) 0.2889(3) 0.3345(4)  7.4(3)
c(13) 0.4150(8) 0.3299(3) 0.0806(4) 6.9(3)
C(14) 0.2868(7) 0.3320(3) 0.2323(3) 5.9(3)
C(15) 0.1045(7) 0.2577(3) 0.0836(3) 6.8(3)
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Table 3-5. Selected Bond Distances (A) and Bond Angles (°) for (n*
C,H,)Co(C.F;)(PMe,)(P(0)(OMe),), 3-6bar.
distance angle

Co(1)-P(1) 2.186(1) P(1)-Co(1)-P(2) 93.20(5)
Co(1)-P(2) 2.229(1) P(1)-Co(1)-C(1) 108.2(1)
Co(1)-C(1) 2.104(4) P(1)-Co(1)-C(2) 85.8(1)
Co(1)-C(2) 2.071(4) P(1)-Co(1)-C(3) 102.0(1)
Co(1)-C(3) 2.086(4) P(1)-Co(1)-C(3A) 140.5(1)
Co(1)-C(3A)  2.258(4) P(1)-Co(1)-C(7A) 146.4(1)
Co(1)-C(7A) 2.238(4) P(1)-Co(1)-C(8) 93.9(1)
Co(1)-C(8) 1.972(4) P(2)-Co(1)-C(1) 93.6(1)
c(i)yc@) 1.399(6) P(2)-Co(1)-C(2) 127.5(2)
C(1)-C(7A) 1.442(6) P(2)-Co(1)-C(3) 157.9(1)
c(2)-c(3) 1.412(6) P(2)-Co(1)-C(3A) 125.0(1)
C(3)-C(3A) 1.441(6) P(2)-Co(1)-C(7A) 94.2(1)
C(3A)-C(4) 1.399(6) P(2)-Co(1)-C(8) 92.6(1)
C(3A)-C(7A) 1.426(6) C(1)-Co(1)-C(8) 156.6(2)
C(4)-C(5) 1.362(7) C(2)-Co(1)-C(8) 139.9(2)
C(5)-C(6) 1.402(7) C(3)-Co(1)-C(8) 102.2(2)
c(6)-C(7) 1.366(7) C(3A)-Co(1)-C(8) 93.9(2)
C(7)-C(7A) 1.419(6) C(7A)-Co(1)-C(8) 118.4(2)
C(8)-C(9) 1.565(6)

C(9)-C(10) 1.527(7)

P(1)-0(1) 1.479(3)

P(1)-0(2) 1.609(3)

P(1)-0(3) 1.617(4)

P(2)-C(13) 1.818(6)

P(2)-C(14) 1.812(5)

P(2)-C(15) 1.817(5)
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Figure 3-5. Molecular structure of [S.,,Sz/Rc,, Rsl- (ns-
Indenyl)Co(C,F,)(PMe,)(P(O)Ph(OMe)), 360p-1.(Se, S, enantiomer
shown)
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Table3-6. Atomic Coordinates for [Sc,, Se/RAc,, Apl-(n°-
C5H;)Co(CF;)(PMa,)(P(O)Ph(OMe)), 3-6bB-1.
atom X y z B(eq)
Co(1) 0.27899(7) 0.10912(7) 0.81577(6) 2.84(4)
P(1) 0.3524(1) 0.2025(2) 0.7279(1)  3.27(9)
P(2) 0.1427(1) 0.2154(2) 0.8054(1) 3.7(1)
F(1) 0.1196(3) 0.0889(3) 0.6271(3)  4.6(2)
F(2) 0.1065(3) -0.0155(3) 0.7350(3) 4.8(2)
F(3) 0.3207(4) -0.0065(4) 0.6291(4)  8.2(3)
F(4) 0.2725(5) -0.1152(4) 0.7139(3)  9.3(3)
F(5) 0.2163(4) -0.1590(4) 0.5339(3)  7.5(3)
F(6) 0.1357(5)  -0.0297(4) 0.4866(4) 9.1(3)
F(7) 0.0695(5) -0.1215(5) 0.5686(4)  10.4(4)
o(1) 0.2801(4) 0.2346(3) 0.6316(3) 4.3(2)
o) 0.3929(4) 0.2913(4) 0.8018(3) 4.3(2)
c(1) 0.4035(8) 0.0137(8) 0.8836(5) 6.2(5)
c(2) 0.4322(6) 0.1034(9) 0.9187(6) 6.1(5)
C(3) 0.3592(7) 0.1361(6) 0.9640(5) 4.7(4)
C(3A) 0.2873(6) 0.0607(6) 0.9682(5) 3.5(3)
c(4) 0.2058(8) 0.0509(8) 1.0171(6)  7.0(6)
C(5) 0.157(1) -0.034(1)  1.013(1) 10.8(9)
c(6) 0.183(1)  -0.113(1)  0.969(1)  12(1)
c(7) 0.258(1)  -0.107(1)  0.9172(7)  10.2(8)
C(7A) 0.3151(7) -0.0187(6) 0.9190(5)  4.6(4)
c(8) 0.1849(6) 0.0351(5) 0.7034(5) 3.2(3)
c(9) 0.2352(7) -0.0408(6) 0.6531(5) 4.3(4)
c(10) 0.1610(9) -0.0911(7) 05623(7) 5.4(5)
c(11) 0.1769(6) 0.3109(6) 0.8942(6) 5.9(5)
c(12) 0.0827(7) 0.2838(6) 0.6952(6) 6.5(5)
c(13) 0.0186(6) 0.1627(7) 0.8218(7) 7.3(5)
c(14) 0.4242(7) 0.3778(6) 0.7657(7)  7.0(5)
c(15) 0.4841(5)  0.1660(5) 0.7062(5)  3.1(3)
c(16) 0.5866(6) 0.1753(6) 0.7750(5) 4.3(4)
C(17) 0.6838(6) 0.1519(6) 0.7526(6) 5.6(5)
C(18) 0.6762(7) 0.1203(7) 0.6608(7)  6.0(5)
c(19) 0.5767(7) 0.1128(7) 0.5911(6) 5.4(4)
c(20) 0.4805(6) 0.1344(6) 0.6143(5)  4.4(4)
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Table 3-7. Salectsd Bond Distances (A) and Bond Angles (°) for [ScorSe/Rco Rl
(n°-CgH,)CO(C,F;)(PMe,)(P(O)Ph(OMe)), 3-6bB-1.
distance angle

Co(1)-P(1) 2.207(2) P(1)-Co(1)-P(2) 90.73(8)
Co(1)-P(2) 2.247(2) P(1)-Co(1)-C(1) 105.2(3)
Co(1)-C(1) 2.072(8) P(1)-Co(1)-C(2) 88.2(2)

Co(1)-C(2) 2.055(8) P(1)-Co(1)-C(3) 108.5(3)
Co(1)-C(3) 2.102(7) P(1)-Co(1)-C(3A) 145.6(2)
Co(1)-C(3A) 2.267(7) P(1)-Co(1)-C(7A) 143.2(2)
Co(1)-C(7A)  2.283(8) P(1)-Co(1)-C(8) 95.5(2)

Co(1)-C(8) 1.987(7) P(2)-Co(1)-C(1) 156.6(2)
c(1)-C(2) 1.36(1) P(2)-Co(1)-C(2) 127.6(4)
C(1)-C(7A) 1.43(1) P(2)-Co(1)-C(3) 94.3(2)

C(2)-C(3) 1.36(1) P(2)-Co(1)-C(3A) 94.3(2)

C(3)-C(3A) 1.41(1) P(2)-Co(1)-C(7A) 124.3(2)
C(3A)-C(4) 1.417(9) P(2)-Co(1)-C(8) 91.9(2)

C(3A-C(7A)  1.42(1) C(1)-Co(1)-C(8) 103.3(4)
C(4)-C(5) 1.34(2) C(2)-Co(1)-C(8) 140.3(4)
C(5)-C(6) 1.37(2) C(3)-Co(1)-C(8) 156.1(3)
C(6)-C(7) 1.37(1) C(3A)-Co(1)-C(8) 118.2(3)
C(7)-C(7A) 1.43(1) C(7A)-Co(1)-C(8) 94.2(3)

P(1)-0(1) 1.482(5) Co(1)-P(1)-0(1) 118.0(2)
P(1)-0(2) 1.617(5) Co(1)-P(1)-0(2) 100.7(2)
P(1)-C(15) 1.854(6) Co(1)-P(1)-C(15) 119.0(2)
P(2)-C(11) 1.810(8) O(1)-P(1)-0(2) 111.4(3)
P(2)-C(12) 1.812(8) O(1)-P(1)-C(15) 104.9(3)
P(2)-C(13) 1.812(8) 0(2)-P(1)-C(15) 101.6(3)
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Figure 3-6. Molecular Structure of ,Rs/Re¢,, Spl-(n°-
Indanyl)Co(C,F,)(PPhMez)(P(O)Ph(OMe)) :mp-z (Sc.,A-enantiomer
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Table 3-8. :::0;:: Coordinates f0r [ See R/ Ree: Sol-(n*-C4H,)Co(C,F,) (PPhMe,) (P(O)PH(OMe)), 3

atom  x y z Bleq) Occupancy
Co(1) 0.71137(3) 0.12953(4) 0.63195(3) 3.48(3)
P(1) 0.67932(7) -0.0057(1)  0.61424(7)  4.10(7)
P(2) 0.63744(7)  0.1569(1) 0.70110(6)  4.19(7)
F(1)  0.7886(1) 0.1892(2) 0.7275(1) 4.9(2)
F2)  0.7478(1 0.0653(2) 0.7555(1) 5.1(2)
F(3)  0.86¢ 7(2) 0.0838(3) 0.6440(2) 88(2)
F(4)  0.8264(2) 0.02732)  0.6952(2) 8.4(2)
F(5)  0.8635(2) 0.0627(4) 0.8052(2) 13.0(4)
F(6)  0.9057(2) 0.1535(3) 0.7485(2) 12.1(4)
Fi 0.8311(2) 0.0220(3) 0.7425(2) 10.3(3)
o(1) 0.6116(1 -0.0083(2) 0.5990(2) 4.8(2)
02) 0.6983(2) -0.0637(2)  0.6752(2) 48(2)
C(1) 0.7661(3) 0.1521(3) 0.5548(2) 4.43)
C(2) 0.7042(3) 0.1407(3) 0.5339(2) 45(3
C(3)  0.6686(2) 0.2061(4) 0.5595(2) 4.43
C(3A) 0.7093(3) 0.2678(3) 0.5919(2) 4.03
C(4) 0.6990(3) 0.3512(4) 0.6203(3) 5.8(4)
C(5)  0.7494(4] 0.3966(4) 0.6433(3) 7.1(4)
C(6) 0.8090(4) 0.3633(5) 1.6399(3) 7.2(4)
0.8197(3) 0.2843(5) .6139(3) 5.7(4)
C(7A) 0.7700(3) 0.2340(4) 0.5886(2) 4.1(3)
C(8) 0.7714(2) 0.1059(3) 0.7027(2) 4.1(3)
C(9)  0.8341(3) 0.0610(4) 0.6968(3) 5.4(4)
C(10) 0.8833(4) 0.0722(6) 0.7500(4) 7.5(5)
C(11) 0.7158(3) -0.0636(3)  0.5498(3) 45(3)
C(12) 0.6808(3) -0.0825(4)  0.4955(3) 6.8(4)
C(13) 0.7059(4) -0.1226(6) 0.4440(3) 9.2(5)
C(14) 0.7665(4) -0.1454(5)  0.4457(4) 9.2(6)
C(15) 0.8021(3) -0.1284(5)  0.5000(4) 9.8(6)
C(16) 0.7762(3 0.0871(5)  0.5515(3) 7.3(4
C(17) 0.6747(3 -0.1508(4)  0.6805(3) 7.2(4
C(18) 0.5672(2 0.2076(4) 0.6677(3) 483
C(19) 0.5280(3) 0.1590(4) 0.6290(3) 5.8(4)
C(20) 0.4742(3) 0.1940(6) 0.6030(3) 7.7(5)
C(21) 0.4586(4) 0.2807(7) 0.6163(4) 8.9(6
C(22) 0.4977(4) 0.3207(5) 0.6544(4) 8.5(5)
C(23) 0.5516(3) 0.2948(4) 0.6804(3) 6.6(4)
C(24) 0.6619(2) 0.2315(4) 0.7642(2) 5.7(3)
C(25) 0.6059(2) 0.0657(4) 0.7456(2) 5.6(3)
CI(1)  0.4526(1 0.0833(2) 0.0403(1) 12.0(2)
Cl(2) 0.4804(1 0.1189(2) 0.1709(1) 15.0(2)
Cl(3) 0.5147(1) 0.2360(2) 0.0764(1) 16.6(2)
C(26) 0.5047(3) 0.1269(5) 0.0957(3) 7.8(4)
0O(@3) 0.068(1) 0.003(2) 0.530(2) 15(1) 0.350
O(4)  -0.0453(7) 0.0329(8) 0.5449(7) 9.7(3) 0.550
0(5) 0.067(1) 0.007(2) 0.494(2) 12.9(8) 0.350
0(6)  -0.000(1) 0.046(1) 0.497(1) 13.4(6) 0.350
0(7) -0.0654(8) 0.075(1) 0.4996(9) 9.4(4) 0.350
0(8) -0.000(1) 0.042(1) 0.5746(9) 9.7(5) 0.350
0(9) 0.0413(8) 0.0378(8) 0.5721(6) 10.5(3) 0.550
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Taple 3. ?hﬁd)cﬁcmn%w(owﬁ(w”) ot Ul S
distance angle
Co(1)-P(1) 2.200(2) P(1)-Co(1)-P(2) 93.01(6)
Co(1)-P(2) 2257(2) P(1)-Co(1)-C(1) 102.1(2)
Co(t)-ci1) 2086(5) P(1)-Co(1)C2) 840(1)
Co(1)-C(2) 2078(5) P(1)-Co(1)-C(3) 105.4(2)
Co(1)-C(3) 2.109(5) P(1)-Co(1)-C(3A) 143.4(1)
Co(1)-C(3A) 2.266(5) P(1)-Co(1)-C(7A) 140.5(1)
Co(1)-C(7A) 2.256(5) P(1)-Co(1)-C(8) 98.9(2)
Co(1)-C(8) 1.979(5) P(2)-Co(1)-C(1) 167.1(1)
C(1)-C(2) 1.414(7) P(2)-Co(1)-C(2) 127.1(2)
C(1)-C(7A) 1.437(7) P(2)-Co(1)-C(3) 93.5(1)
C(2)-C(3) 1.386(7) P(2)-Co(1)-C(3A) 93.8(1)
C(3)-C(3A) 1.443(7) P(2)-Co(1)-C(7A) 124.3(1)
C(3A)-C(4) 1.426(7) P(2)-Co(1)-C(8) 90.7(2)
C(3A)-C(7A) 1.423(7) C(1)-Co(1)-C(8) 103.7(2)
C(4)-C(5) 1.370(8) C(2)-Co(1)-C(8) 140.0(2)
C(5)-C(6) 1.399(9) C(3)-Col1)-C(8) 155.1(2)
cer-cm 1345(8) C(EAI-Col1)-CIE) 11652)
A 141307) CTA)-Col1)C(8) %3582)
P(1)-0(1) 1.500(3) Cof1)-P(1)-0(1) 111.9(2)
P(1)-02) 1.600(3) Co(1)-P(1)-0(2) 108.0(1)
P(1)-C(11) 1.831(5) Cof1)-P(1)-C(11) 115.6(2)
P(2)-C(18) 1,830(6) O(1)-P(1)-0(2) 111.9(2)
P(2)-C(24) 1815(5) O(1)-P(1)-C(11) 106.0(2)
P(2)-C(25) 1.825(5) 0(2)-P(1)-C(11) 103.1(2)
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Figure 3-7. Molecular structure of [ R, Ay/S,, S,l-(n*-Cp)Co(C,F;)(PMe,)(P(O)Ph(OMe)), 3-3bp-1.
(R, R, enantiomer shown) it
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Table 3-10. Atomic Coordinates for [ e, R/ Sea. Sol-(n*-CsHs) Co(C,F ) (PMe;) (P(O)Ph(OMe)), 3-3bp-1.

atom x y z B(eq)
Co(1) 0.82130(6)  0.13987(3)  0.14799(3)  2.91(2)
P(1) 0.6213(1)  021760(5)  0.11060(7)  3.52(4)
P@) 089%2(1)  020812(6)  0.27431(6)  3.42(4)
F(1 0.6289(3)  0.1001(1)  0.2886(1 4.5(1)
F(2 0.8178(3)  0.0208(1)  0.2724(1 4.6(1)
F) 0.4792(3)  0.0523(1)  0.1120(2 7.3(1)
F(4 0.6584(3)  -0.0839(1)  0.1171(2 6.6(1)
F(5) 05774(4)  -0.0735(2)  0.2884(2 10.1(2)
F(6) 0.3982(4)  -0.0818(2)  0.1768(2 8.3(2)
F(7) 0.3938(5)  0.0037(2)  0.2723(3 12.1(3)
o(1) 0.7759(3)  0.2456(1 0.3230(2 45(1)
o) 1.01893)  0.2688(1 0.2378(2) 4.8(1
c 0.8424(5)  0.0808(3) 0.0239(3) 45(2)
c(2) 0.9481(6)  0.0517(3 0.0972(3) 5.0(2
c(@a 1.0518(5)  0.1081(3 0.1318(3) 5.2(2
cl4 1.0128(6)  0.1725(3 0.0785(3) 5.2(2
C(5) 0.8858(6)  0.1549(3) 0.0127(3 49(2
C(6) 07103(5)  0.0680(2 0.2209(2) 35(2
c(7) 05861(5)  0.0144(2 0.1701(3 4.1(2)
c(g) 04884(6)  -0.0343(3)  0.2278(3 5.1(2)
c(9) 0.6860(6)  0.3136(3) 0.1017(4) 5.3(3
C(10) 050707)  0.2016(3 0.0025(3)  5.7(3)
c(11) 0.4667(5)  0.2261(3 0.1855(3) 4.9(2)
c(12) 1.0674(9) 033273 0.2953(5) 8.4(4
c(13) 1.0332(5)  0.1587(2 0.3625(2 39(2)
c(14) 09712(6)  0.1256(3 0.4365(3 5.4(2
c(15) 1.071(1) 0.0892(3) 0.5056(4) 8.0(4
C(16) 1.229(1) 0.0841(4) 0.5010(5) 9.6(5)
c(17) 1.2924(7)  0.1156(4 0.4281(5) 8.4(4
c(18) 1.1957(6)  0.1535(3) 0.3597(3 5.8(3
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Table 3-11.  Selected Bond Distances (A) and Bond Angles () for (A, Ru/Sc,Si-(n'
C4Hs)Co(C4F;)(PMe,)(P(O)Ph(OMe)), 3-3bf-1.

distance angles
Co(1)-P(1) 2.208(1) P(1)-Co(1)-P(2) 89.67(4)
Co(1)-P(2) 2.233(1) P(1)-Co(1)-C(1) 104.6(1)
Co(1)-C(1) 2.116(4) P(1)-Co(1)-C(2) 143.2(1)
Co(1)-C(2) 2.097(4) P(1)-Co(1)-C(3) 148.1(2)
Co(1)-C(3) 2.078(4) P(1)-Co(1)-C(4) 108.9(2)
Co(1)-C(4) 2.101(4) P(1)-Co(1)-C(5) 88.4(1)
Co(1)-C(5) 2.122(4) P(1)-Co(1)-C(6) 97.7(1)
Co(1)-C(6) 1.968(4) P(2)-Co(1)-C(1) 157.6(1)
C(1)-C2) 1.401(6) P(2)-Co(1)-C(2) 126.2(2)
C(1)-C(8) 1.394(6) P(2)-Co(1)-C(3) 93.4(1)
C(2)-C(3) 1.391(6) P(2)-Co(1)-C(4) 94.4(1)
C(3)-C(4) 1.404(7) P(2)-Co(1)-C(5) 127.3(1)
C(4)-C(5) 1.382(6) P(2)-Co(1)-C(6) 91.3(1)
P(1)-C(9) 1.815(5) C(1)-Co(1)-C(6) 103.5(2)
P(1)-C(10) 1.820(5) C(2)-Co(1)-C(6) 90.3(2)
P(1)-C(11) 1.813(5) C(3)-Co(1)-C(6) 114.0(9)
P(2)-0(1) 1.494(3) C(4)-Co(1)-C(6) 152.8(2)
P(2)-0(2) 1.622(3) C(8)-Co(1)-C(6) 141.0(2)
P(2)-C(13; 1.829(4) Co(1)-P(2)-0(1) 1189(1)
Co(1)-P(2)-0(2) 103.3(1)
Co(1)-P(2)-C(13) 113.7(1)
0(1)-P(2)-0(2) 111.0(2)
O(1)-P(2)-C(13) 107.2(2)
0(2)-P(2)-C(13) 101.2(2)
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3.2.3. NMR Spectroscopy of the Cobalt n’-Cyclopentadieny! and n’*-indenyl
and F C Complete 'H, *'P, *C and "*F NMR

parameters for the n*-indenyl and n°-cy i \ate and

complexes isolated in this study are given in Tables 3-12 - 3-14. *P NMR is an

tool for tiic ization of a phosphoryl group.'™ All

and phosphi 3-3 and 3-6 showed well resolved *'P AX

patterns (cf. Table 3-12). Coordinated P(OMe), (8=145 + 2 ppm for neutral
complexes 3-6aa, 3-6'aa, 3-3aa) and PPh(OMe), (8=170+2 ppm for 3-6ep) were
considerably less shielded than P(O)(OMe), (5=73-93 ppm for 3-3ac., 3-3ba,, 3-6a0,
3-6'a0, 3-6bo and 3-6¢ar) and F(0)Ph(OMe) (8=97-112 ppm for 3-6bp, 3-6¢B, 3-6dB

and 3-6ef).

The most interesting features in the 'H and *C NMR spectra of the phosphinate and
phosphonate complexes derive from the presence of chirai P and/or Co centers
which require that pairs of indenyl ring atoms (1,3; 4,7; 5,6; cf. Scheme 2-3 for
numbering) as well as geminal substituents CX, (X = OMe, F) be diastereotopic.

Large di i ical shift dif of the indenyl ring and geminal

p gave well-sep: in both the 'H

and C NMR spectra. Intra-ring proton couplings were in general not resolved.
Unequivocal 'H and '°C NMR assignments (cf. Tables 3-12 and 3-13) were possible
on the basis of the 'H nuclear Overhauser effect difference (nOed) spectra, which

nOe around the ring perimeter, and 2-D 'H/*°C
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] ion spectra as p in Chapter 2. The C chemical shift

assignments permitted ion of A8"C,,, di (Table 3-15),

which fell in the range -22 to -15 ppm for all n-indenyl complexes characterized in
this study. Both solution NMR and solid state crystallographic evidence (vide infra)

supported a moderately distorted n®-indenyl coordination mode, 2 79281, 262 266,29

The perfluoropropy! C,-C, F NMR resonances (cf. Table 3-14) are well resolved in
both the n®indenyl and the m®-cyclopentadienyl series. Typically small vicinal
couplings (*J;=5-10 Hz) allow approximation of the *F spectra of the diastereotopic
C,F, and C,F, groups as isolated AB spin systems with %Je,g, = 265-290 Hz*%2*":%
The coupling constants 2J;, show a marked increase on passing from C; to C, but
are relatively constant further along the perfluoroalkyl chain®®" ** suggesting a
weakening of the C,-F bond® as discussed in Chapter 2.  All complexes have
larger diastereotopic chemical shift differences (AS(F,F,) = 8(F,)-8(F,) (ppm)) for
C,F,F, than for C,F,F,. Except for the diastureomeric pair 3-6bf-1,2, A8(F,F,) for C,

and C; is larger in the high Rf complexes compared to the lower Rf complexes.



Table 3-12. 'H and *'P NMR for n°-Cyclopentadienyl and n®Indenyl Co(lll) Complexes*®

137

Cpd H, H,  H, H, Hy He H, Cp Me CeHs R
316" 532 183(d,11.4) 16.38
31b* 546 170(154) 14,83
33ea 523 3.76 (d, 10.9)* 146.12 (d, 173.7)*
3.66(d, 10.7)° 73.00 (4, 173.7)
3.67(d, 10.9)
3aba 510 158(d, 11.1) 2271 (d, 123.8)
3,66 (d, 10.9)" 9229 (4, 123.8)
367(d, 96
35 610 571 610 ° L g 2 375(,54) 13534
36ac 536 567 579 739 730 730 746 362(d, 10.4)° 144.70 (d, 1636
(m)* (m) (m) (m) (m) 85.44 (d, 163.6)'
36w 535 588 579 789 731 731 745 14445 (d, 165.7)*
(m" (m) (m) (m) (m) . 84,94 (d, 165.7)'
3.66(d, 10.2)*
36ba 507 597 587 746 737 730 738 1.33(d, 1.0 1347 (4, 113.8)"
(m® m  (m  (m (m) 363 (d, 10.6)" 84.04 (d, 113.8)
365 (d, 10.8)"
3-6ca 417 586 575 736 729 7.29 6.95 1.27 (d, 10.6)' 7.98(m,2H), 7.55(m3HP*  17.17 (d, 109.5)"
m  m (m (m) 1.61(d, 11.3) 8335 (d, 109.5)
371 (d, 104
3.77 (d, 10
33651 504  165(d,11.1) 7.68(m,2H), 7.37(m3HN 225 (d104.9)
350 (d,109)" 111.58 (d,104.9)
3302 489 168(d1.1) 7.80(m,2H), 7.42(m3H™  22.01 (,110.8)"
339 (d11.1) 105.63 (d,110.8)
36bp1 539 572 567 735 728 728 735° 1.28 (d,11.1)' 7.72(m,2H}, 735m3H)™ 1362 (4,932)"
352(d,107)° 104.09 (¢,93.2)
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Table 3-12. cont'd
36bp2 503 520 561 737 748 737 737 1.42 (d,11.0) 7!6(m2H)'74!(m2H)" 13,85 (d,105.1)"
(m) (m) (m) (m)* (m) (m) 3.29 (d,11.4)° 7.29 (m, 100.74 (d,105.1)
36cH1 470 608 549 730 713 697 664 1.38 (d,11.1)' 7.70 (m 4l ) 17.79 (4,67.9)
m (75 (75) (475 1.88 (d,11.1)' 7.47 (m3H),7.40 (3H)  103.17 (d,87.9f
350 (d,10.8)"
36chp2 417 511 528 720 720 720 7.07 1.42 (d,105)" 826 (m,2H), 7.96 (m2H) 15,89 (4,80.5)"
(m) (m) (m) (m) 1.81(d,11.4)" 7.55 (m,3H)* 103.04 (d,80.5)
334 (d,11.4)° 7.49 (m3H™
36dp1 508 617 563 745 714 664 645 1.93(dd,11.526) 7.92(m2H), 679(m2H) 3417 (d,96.3)
(m) m 77 07 @7 294 (,109)" 7.53(m,2H), 7.50(m3H)  98.70 (d,96.3)
7.30(m,4H), 7.18(m,2H)
36dp-2 479 545 539 756 724 713 653 1.86 (d,102)" 7.78(m2H), 7.72(m4H) 20,52 (d,101.4)
@ (m @ 079 €79 (479 291 (d,11.3)° 7.30-7.56(m,9H) 97.71 (d,101.4)
36e1 487 613 590 735 748 718 7.0 327 (dd,106,1.8)" 8.15(m,2HY, 7.63(m,2H) 106,71 (d,114.2)
(m) (m) (m) (m) 3.42(d,9.1)° 7.52(m,3Hy*, 7.28(m,3H)™"  168.99 (d,114.2)*
3.46 (d,89)°
36ep1 504 549 549 729 4 & 321 (d,11.2)" 7.767.90(m,4H)" 100.69 (d,111.1)
(m) 352 (d,11.0° 7.38-7.50(m,6H) 172.23 (d,111.1)"
3.62 (d,10.7)°

*'H (300.1 MHz) NMR chemical shifts in ppm relative to TMS; "P (\2!5 MHl)
all show further unresolved -
4k show frhar svescvd spting: Soven - CDCi:

85% H,PO,

= doublet; t =
)»'J.«'P(O) (OMo), 'J..f'PMn'-l

in in
.Iviluosmﬂznmhhndmx 'Allrmnylmnpommlm

 * appear as a muliplet center

. % J = 35 Hz.

acetone-d, * PR 7.54
" Hiymy Of P-Ph. ' Hyng Of P-Ph. * H,, Of P-Ph. " Hyy Of P(O)-Ph. ™ Hyny 0f P(O)-Ph. " Hyoy of P(O}-Ph. -wmq;p.dm-pnanmmm'nwm(m 2H).  PR(OMe),.
* AO)R(OMe). * PPh,Ma, .



Table 3-13. C NMR for n*Cyclopentadienyl and n’Indenyl Co(llf) Complexes®.

Cpd C C. Cy Cu/Cr C, Cy Ce c Cp CHy Mo
&0 88.07 19.94 (d, 34.8)
LT 90.68 22.15 (1, 16.0)
33ac 89.44 5396 (d, 8.0)°
5127 (d, 8.8)°
5092 (d, 8.7)°
33ba 8885 19.60 (d, 32.6)*
5149 (4, 9.1)°
5051 (d, 10.6)°
358 7640 97.92 7640 11143 12680 13259 13259 126.80 55.60 (4,4.5)
36sa 7546 9901 7375  113.99, 12624 12025 12851 12607 53.77 (4,7.5)°
0.50) 11081 (d,4.4) 5175 (d, 10.7)*
51.58 (d, 10.5)"
36'a 7550 99.44 7395  114.11,11077 12635 12029 12856 126.10 53.84 (d, 87)°
, 5.0) 51.83 (d, 8.7)*
51.64 (d, 8.7)"
36ba 7460 10043 7253 11374, 12733 12035 12876 12320 16.59 (d, 30.6)"
(.63) 11064(d48) (d45) 5175 (d, 72)°
51.65 (9, 7.2)°
36ca 7962 9918 7140  11437(d33), 12689 12036 12907 12228 139.36(d,44.6), 130.62°  10.94 (d, 26.7)"
109.19(d,8.7)  (4,5.0) 130.51%129.98,128.42  17.81(d, 28.3)"
12831 51.89 (d, 11.1)°
33bp-1 8365  13220(0,552), 130.63" 1934 (433.1)°
130.69%, 129.30", 127.60'  50.41 (d,8.7)'
127.48'
33bp-2 8963 134.48(d,51.1), 190.65° 1963 (d32.4)"
30,409, 120.40", 127.89' 49,57 (d,12.5)*
127.74
36bf1 7508 9835 7385 11202 11286 12604 12043 2890 12546 142.11(d,53.9), 130.96° 16,07 (4,92.3)"
130,82 128.85", 127.69'  50.79 (d, 10

127.56'




Table 3-13. cont'd

36bp-2

36cp1

36dp1

36dp-2

75.34

7531

82.44

7545

77.50

76.10

7827

97.40

99.92

96.99

98.34

99.93

7183
(d, 40)

7374

69.77
6.1)

74.02
70.74

7454
. 82)

7362

114.70, 111.70 126.60

115.42, 11311 127.19
(d,8.9)

116.57, 125.92
109.06 (1,6.1)
. 127.52

113.00, 11291 127.20
4,85

11570, 111.61 125.89

129.67

129.97

128.99

128.49

128.58

129.30

12871

123.35

121.89

12259

121.30

120.45

12346

12463

141.80(d,55.6)', 130.48°
130.35¢, 129.93", 126,02
127.89

138.58 (d,41.2), 131.03°
130.90°, 130.72°, 130@
120.67", 120.54", 128.23'
128.11, 127.73, |z7ea'
139.71 (d,45.5),
132,59 (d,43.7)'", 131
131,04, 130,867, 130.73°
130. 04' 129.85", 128.62'
128,

|z7.ez-|:nsc

126,80-134.75

140.50(d,53.5,
137.50(d,53.2)’, 132.28°
132,179, 132.00, 131,83
131.21", 128.74", 127.90'
127.77, 126,66, 126.51'
142.40(0,54.3)!,
135.73(0,53.5)!, 132.09°
131.94°, 130.89°, 130
130,80, 129.52", 127.5¢'
12771

16,50 (d,29.0)"
50.23 (d,11.8)*

1351 (4,27.7)°
16.81 (d,32.4)
51.11 (d,105)°

11.98 (4,26.2)"
17.18 (d,30.6)*
50.46 (d,13.2)*

1750 (255
51.01 (d,85)°
16,86 (d,24.2)"
49.98 (d,10.3)*
51.57 (d,11.6)°
53.94 (d,14.3)
54.09 (4,8.8)°

5070 (d,11.4)*
54.77 (d,12.1)°
549 (d,14.9)°

* G (75.47 MHz) NMR chomical shifs in ppm rolative to soant CDCI, = 77.00; d = doublet; J values in Hz givn in brakets, Jc; periuoroalyl swons dbind b e
chemical shift range of 105-140 ppm with very weak intensity. * solvent = acetone-d, (29.80, 206,00 ppm). * PR(OMa);. * P(OJR(OMe). * P-Me. ' Cay * Coer " Conn:
Comn:

" overtapped with
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Table 3-14. "°F NMR for n*-Cyclopentadienyl and n®Indenyl Co(lll) Complexes®.
cpd CF, CyF; CF,
FuFy FuFs 5
316" -60.90, -70.89 11278, -113.29 -78.20
(d, 267.2) (d, 282.1) {t, 11.9)
310’ -66.28 -113.98 -78.98
t, 11.5)
3-3aa -61.51, -71.82 -111.77, -115.82 -79.33
(d, 258.8) (d, 281.35) (1, 12.7)
330 65,91, -72.25 -113.37, -115.05 -78.99
(d,268.2) (d, 280.9) (. 12.8)
3-5aa -60.62 (m) -113.82 -79.43
(t, 10.7)
3-6acx -71.49, -72.93 -114.92 ~79.19
(d, 263.4) (1. 105)
360 70.42,-72.24 -110.29, -111.07 -81.36
@, 2724) (d, 291.0) (.87
3-6bac -73.28, -81.40 113,65, -115.96 7947
(d, 261.6) (d, 2822) t, 11.0)
36ca -73.78, -82.51 -114.24, -115.92 -79.22
(@, 266.1) (d, 282.7) (. 12.8)
33pp-1  -62.66,-77.70 -112.34, -115.08 -79.08
(d, 269.3) (4, 276.6) ( 10.0)
33bp2  -63.08, -74.17 112,40, -114.50 -79.00
(d, 267.4) (4,279.2) (,9.8)
3-8bf-1 -72.61 -114.02 7917
(t 10.5)
3.6bp2  -73.72, -78.67 -113.98 -79.26
(d,273.9) (. 107)
36ch1 7118, -79.96 ~112.80, 11464 -79.16
(d,278.7) (4:277.4)
3632 -76.16,-79.58 -113.24, 11471 -79.49
(d, 273.2)° (d, 275.8)
36dp1  -66.27,-81.04 -112.76, 11571 -78.78
(d, 290.02) (d, 277.66)
36dp-2 7110, -74.76 -113.51, -113.69 7929
(d, 275.0)
360p-1  -67.06, -73.63 -111.85,-115.23 -79.04
(d,271.8) (d, 280.5)° (109
3-6ep2  -70.77,-71.60 -113.31, -113.91 -79.43
(d, 272.0) (4, 277.1) (t 11.0)

*282.4 MHz, chemical shitts in ppm relative to CFCly; salvent = CDCl; Usum, and gz In the case of CF, in Hz
given in brackets; all CF, poaks show further unresalved splitiing by about 5-10 Hz (3 and more bond coupling).

®solvent = acatone-dg. * C,F:

\=-121.10, -121.85, (d, 314.2); CyF: Fa,Fy=-123.04; CF: F, Fy=-126.85,°C,F,
shows further doublet with J = 38.0 Hz. * C,F, shows further doublet with J = 9.8 Hz.
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Table 3-15. Distortion Parameters in n*-Indenyl Co(ill) Complexes.

cpd. 43(Cs " AMCP Hinge Angle®  Fold Angle*
(Ave.) A (deg) (deg)
35ac -19.27 0.16(1) 5.8 1.0
3-6aa -16.71, -19.89
(-18.30)
3620 1659, -19.93
(-18.26)
36ba -16.96, -20.06 0.153(4) 67 10.0
(-1851)
36ca -16.33, 2151
(-18.92)
3-6bp-1 -17.78, -17.84 0.19(1) 73 1.4
(17.81)
36bp-2 -16.00, -19.00
(-17.50)
3608-1 -15.28, -17.59
(-16.44)
3602 -14.13, -21.64 0.16(1) 70 105
(-17.89)
3-6ep-1 1770, -17.79
(-+0.75)
3-6ep-2 -15.00, -19.09
(-17.05)

* A8(Ca47) = 8{Caaalindenyl)] -8(Cy, 7,(Na‘indenyr)], 8Cy, ,,(Na‘indenyl)] = 130.70 ppm™2™, ® A(M-C)
= average of d(M-C,,,) - average of d(M-C ,). ® Hinge Angle = Dihedral Angle between the least-
square planes C(1)-C(2)-C(3) and C(1)-C(3)-C(3a)-C(7a). ° Fold Angle = Dihedral Angle between the
least-square planes C(1)-C(2)-C(3) and C(3a)-C(4)-C(5)-C(6)-C(7)-C(7a).

3.2.4. Stereochemistry of the Cobalt n’Indenyl and n°*-Cyclopentadieny!

F C i of relative i ion at Co and P for

the diastereomeric pairs 3-6bp-1, 3-6¢p-2 and 3-3bp-1, necessary to establish the

nature of the Co—P chiral induction, are based on crystallographic data. The
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PLUTO structure rep ion in Figure 3-5 and the modified Cahn-

Ingold-Prelog®®** ligand priority series n*-indenyl/n®-Cp>P(0O)Ph(OMe)>PMe,>C,F,
and Co>OMe>O>Ph establish that cobalt and phosphorus have the same relative

configuration (S¢,, Sp/Ac,Ay) in the higher Rf di 3-6bp-1and that

the lower Rf diastereomer 3-6bp-2 has the opposite relative configuration at cobalt
and phosphorus (S, R+/Ac,,Sp). Similarly, the relative configuration of the lower Rf
diastereomer 3-6¢B-2 (Figure 3-6) is S¢,, Ax/R.,Sp and the higher Rf diastereomer,
3-6¢B-1, is S.,,So/A, A= The relative configuration for the higher Rf diastereomer
3-3bp-1 (Figure 3-7) and lower Rf diastereomer 3-3bp-2 are A.,A,/S,,S, and

Ri0Se/Sco Ale Tespactively, using the same procedure.

Relative configurations at Co and P for the diastereomeric pairs 3-6dp-1,2 and 3-6e -

1,2 were i i by i of phic Rf and NMR

chemical shift parameters for the chiral center. As ized in Tablr
3716. each pair of diastereomers shows the same NMR chemical shift pattern: 5('H,
*C and *'Ppo).om(high Rf)) > §('H, °C and *'P e oueflow Rf)). Accordingly, the
relative configurations for the higher Rf diastereomers 3-6df-1 and 3-6ep-1 can be
assigned S¢, Sp/A.,, Ap and the lower Rf diastereomers 3-6dp-2 and 3-6ep-2 are
5S¢0 AR, Sp Interestingly, the direction of chiral induction in the reaction of 3-4¢
and PPh(OMe),, which gives 3-6¢p-1,2 (cf. scheme 3-2), is opposite that found for
the other cases examined in this study. The major product is low Rf S, R/Rc,,Sp

3-6cp-2, with the same relative configuration as the minor products for the remaining
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examples in Schemes 3-1 and 3-2.

Table 3-16. Determination of the Relative Configuration for n*Indenyl and n*
c 1 X

y yl F Cobalt
Complex Sc.Sp/Rc R Se.Re/Re,Sp
Lo High RY Low Rf
(1°-CaH;)Co(C,F;) (PMe) (P(O)Ph(OMe)) I 3-6bp-1 36bp-2
" i, 352 3.29
2 NMR 50.79 50.23
P NMR 104.09 100.74
Xray Yes -
(-CqH;)Co(CoF ) (PPhMe,)(P(O)Ph(OMe)) HNMR 3-6¢p-1 3-6cp-2
b 350 334
“SNMA 51.11 50.46
P NMR 103.17 103.04
X-ray - Yes
(1%-CaH,)Co(CoF)(PPh,Me)(P(O)Ph(OMe)) " NMR 3-6dp-1 3-6dp-2
i) 2.94 291
+C NMR 51.01 49.98
P NMR 98.70 o771
X-ray 4 -
(1°-CaH;)Co(C.F7)(PPH(OMel) (PIOJPH(OMe)) 1o 3-60p-1 3-60p-2
. 327 321
oC NMR 51.57 50.70
P NMR 106.71 100,69
X-ray i &
- 330p-1 330p-2
(n®-CeH)CO(CSF:)(PMes) (PIO)Ph(OMe)) R g a
H+CNMR 50.41 49.57
P NMR 11158 105,63
X-ray Yes B

*'H, °C NMR are the chemical shifts in ppm for P(0)Ph(OMe), *'P NMR are the chemical shifts for
P{O)Ph(OMe).
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3.2.5. C Analysis. The solution of the

and phosphinate complexes were probed using 'H nOed experiments. If the
transition state for Arbuzov dealkylation (3-2-3-3 and 3-5-3-6) at prochiral
phosphorus is product-iike to a significant degree, restricted rotation about the Co-
P(O) and Co-indenyl bonds in 3-3 and 3-6 would emerge as critical determinants for

Co—P chiral transmission. Complexes 3-3bac, 3-6ba, 3-3bp-1 and 3-6bp-1 are

illustrative.
Solution 'H nOad i the p ion about the Co-
indenyl bond for the n-indenyl 3-6. Partial ion of PMe, in 3-6ba.

rasults in strong enhancements to H, (4.2%) and H; (2.8%) but no enhancement to
H, and H,. Irradiation of the diastereotopic P-OMe signals shows specific
enhancement (1.1%) to H,. For 3-6bp-1, partial saturation of the indenyl H,, H,, and
H, signals leads to 2.2%, 4.3%, and 0.3% enhancements to the H,q, signals of
P(O)Ph(OMe), respectively. The same relative enhancement order (5.1%, 6.9% and
1.2% enhancements to H,, H,, and H,) was obtained on irradiation of the H,g,, signal
of P(O)Ph(OMe). Taken together with the strong correlations to H, (3.5%) and H,
(6.4%) when PMe, is irradiated, the nOed results are consistent with restricted
rotation about the Co-indenyl bond and population of a major rotamer with

P(O)(OMe), or P(O)Ph(OMs) trans to the indenyl six-ring.

Figure 3-8 summarizes the nOed correlations measured for the indenyl phosphonate
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Figure 3-8. nOe Data and Solution Conformations.

and phosphinate complexes 3-6. Both solid state and solution evidence concur that
the dominant rotamer places phosphinate or phosphonate antito the indeny! six-ring.
Although steric effects are ciitical in substituted cyclopentadienyl 3-legged piano

stools *% 3" our results conclude that ligand steric requirements are not the
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primary i of ional p about the Co-indenyl ring centroid
bond. Arguments have been made®™® *® which suggest that the ligand with the

highest trans influence prefers the site antito the indenyl six membered-ring in order

to imize ar ization. The trans order for the ligand set examined
here can be estimated as P(O)R(OMe)>C,F,2phosphine,* *'2 which suggests that
this interpretation has merit. However, this argument may not always be true. The

conformational preference of n®indenyl complexes will be discussed in more detail

in Chapter 4 on the basis of Huicke! lar orbital
Strong i bonding 1-50) in the aminophosphine-
and i analogs studied p: y the

Co-P(O) conformation by forcing L=PPh,NHCH(Me)Ph and P=0 to be syn.2**%®-21".
28 Since intramolecular hydrogen bonding is not possible for the phosphonates and
phosphinates prepared in this study, it was of interest to examine conformation about
the Co-P(O) bond. In the solid state, phosphonate 3-6ba and both S, Sp/Ac,, Ap
phosphinate complexes 3-6bB-1 and 3-3bf-1 adopt a staggered conformation similar
to the aminophosphine deriatives of Scheme 1-50, in which the phosphoryl P=0
double bond is aligned ariti to the indenyl or cyclopentadienyl plane as shown in the
Newman projections of Figure 3-9A,B,C. For 3-6b-1 and 3-3bp-1 the P(O)Ph(OMe)
phenyl group is syn and "edge-on" to the indenyl or cyclopentadienyl plane. The
solid state conformation of S, A/A.,S, 3-6¢p-2, the major diastereomer for

L=PPhMe,, doas not follow the pattern (cf. Figure 3-D). However, a similar "edge
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on" phenylindeny! interaction by placing the OMe group anti to the indeny! moiety

is observed. The nOed avidence suggests that the solid state conformation about
the Co-P(O) bond persists in solution. Partial saturation of either diastereotopic OMe
resonance in 3-6ba. results in enhancement of the indeny! H, signal consistent with
a conformation in which both methoxy groups are syn with respect to the indenyl
ring. As described above for the case of 3-6bp-1, significant nOe enhancements
were measured between the indenyl protons H,, H, and H, and H,,, of

P(O)Ph(OMe), hence Ph is syn to the indenyl residue.

l‘ll\.
X L. X
Me_ Me, Me
R o
A B
Me
X L. X
5 Mo
c D
Figure 3-9. Newman Projections of the and
‘Complexes along the P(0)-Co Bond.

Three-fold torsional barriers for rotation about M-ligar * bonds in three-legged piano
stool complexes have been discussed by several authors, 141931331 Thg gimplg

steric model favored by Davies™ minimizes eclipsing interactions, and, as a
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consequence of the near 90° interligand bond angles, it identifies the site antito n-
Cp' as the least sterically accessible. In agreement with results obtained for 3-6ba,
3-6bp-1 and 3-3bp-1, predictions based on a crude extension of the Davies model,
which neglects sterecslectronic as well as dipole effects and ass::mes the steric
sequence L>Cp or indenyl>R,, predicts that the lowest energy rotamer will place the
least sterically demanding phosphoryl oxygen antito Cp or indenyl and, in the case
of the phoshinates, the P(O)Ph(OMs) phenyl substituent antito the largest Co-bound
substituent, L (Figure 3-9). The major conformer adopted by 3-6¢cp-2 is clearly not
predicted from simple steric argumnts since methoxy rather that oxygen occupies
the least sterically accessible site. In this case, however, to force oxygen into the
preferred site by rotation of 120° would incur an unfavorable syn interaction between

the phenyl substituents of P(O)Ph)OMe) and L=PPhMe,. The conformation found for

3-6¢p-2 iy rep! the best ise between ints imposed

by steric paramsters and non-covalent (phenyl/Cp "edge-on") interactions.*'®

3.2.6. Optical Yields for Scheme 3-2. Nucleophilic attack of displaced iodide on the
diastereotopic OMe groups of 3-2 and 3-5 proceeds with low to moderate Co'—P
chiral induction. Small but characteristic differences in the 'H NMF n°-Cp, n°*-
indenyl, and methoxyl chemical shifts ("H NMR: §=3.2-3.5 ppm, *Jp, = 10£1 Hz)

for the di ic phosphil products were indispensable for

measuring kinetic product distributi 'H NMR ination of product ratios
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gave diastereotopic excesses of 4%, 27%, 48%, 46%, 35 % for 3-6bp-1/3-6bp-2, 3-
3bp-1/3-3bp-2, 3-6cB-2/3-6¢p-1, 3-6dB-1/3-6dp-2 and 3-6ep-1/3-6ep-2, respectively.
Optical yields are lower than those observed in the reaction between

aminophosphine-substituted iodo analogs (n*-Cp)Co(PNH)(1), with PPh(OMe), (80%

de)*™ but, with the exception of 3-5bB, are with the
in the reaction between (n°-Cp)Co(R)(PNH)(I) and PPh(OMe), (R, = CF,, C,F;; 25-

55% de).2"

Several interesting features are evident from consideration of the optical yield data.
It was anticipitated that removal of conformational restraints imposed by
intramolecular hydrogen bonding (cf. Scheme 1-50j would resultin reduced efficiency
of chiral information transfer from cobait to phosphorus. Although a nominal
decrease was observed using the reaction of (n°-Cp)Co(PNH)(1), with PPh(OMe), as

a 2 no results with a reaction of (n®-

Cp)Co(R)(PNH)(l) and PPh(OMe), (R, = CF,, C,F,).2" Also surprising is the

observation ~f a reversal in relative istry of the major

formed in the reaction of 3-4¢ with PPh(OMe),. Detailed molecular mechanics®'* >

calculations may be required to address the more subtle steric interactions implicit
in this data. A convincing rationale for the direction of the reported aptical inductions

is not yet apparent.
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3.3. Summary
Reactions of (n°-Cp)Co(C,F)(L)() (31, L = P(OMe), PMe,) "and -
indenyl)Co(R)(L)(I) (3-8, R, = C,F;, C¢Fy: L = P(OMe),, PMe,;, PPhMe,, PPh,Me,
PPh(OMe),) with PR(OMe), (R = OMe, Ph) initially afforded the corresponding labile

ionic intermediates  [(n°-Cp)Co(C,F,)(L)(PR(OMe),)]*, 3-2, and [(n*-

indenyl)Co(R,}(L)(PR(OMe),)]*, 3-5, respectively, which

with loss of Mei in benzene via an Arbuzov to give the p

and phosphinate complexes, (n°-Cp)Co(C,F,)(L)(P(O)R(OMe)) and (-
indenyl)Co(R,)(L)(P(O)R(OMe)), 3-3 and 3-6 (R = OMe, Ph). In most cases
intermediates 3-2 and 3-5 were directly observable by 'H NMR in acetone-ds. The

sclid state structure of [(n®indenyl)Co(C,F,)(P(OMe),),)]'SbFy, 3-5ac,SbF,, was

determined by X-ray diffraction. Crystal of several and

derivati i isti i in the

solid state which were domonstrated by 'H nOed ¢sta to persist in solution. The

dominant conformation places the highest trans-influence ligand, P(O)R(OMe), anti

to the indenyl! si ring. i ions between

Rf values, NMR parameters and the relative configuration of the phosphinates, which

provide a simple way to ine the istry of chiral

were established. Decreased chiral induction from cobalt to phosphorus ‘vas
observed using the reaction of (n*-Cp)Co(PNH)(1), with PPh(OMe), as a reference.
However no measurable decrease results with a reference reaction of (n°

Cp)Co(R)(PNH)(I) and PPh(OMe), (R, = CF,, C,F;).
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3.4. Experimental Section

3.4.1. and Al i i were performed under the same

general conditions as described in Chapter 2. Spectral grade chioroform was used
as received. Complexes 3-1a, 3-4a-e, and 3-4’a were prepared as described in

Chapter 2.

3.4.2. X-ray Crystallography. Crystaidata for 3-5aa-SbF, 3-6ba;, 3-6bp-1, 3-6cf-2

and 3-3bf-1 were at ambient on a Rigaku AFC6S

diffractometer with graphite monochromated Mo Ke: radiation, A=0.71069 A, and a

2KW sealed tube generator using the ©-26 scan technique to a maximum 20 value
of 50.0°. Space group assignments were based on systematic absences and on the

successful solution and refinament of the structure. Weak reflections (1<10.00(1))

were rescanned (max 2) and the counts accumulated to assure good counting
statistics. For 3-5a0~-SbF, 3-6bo, 3-6bB-7 and 3-3bp-1 the intensities of three

P i { d after every 150 reflections remained constant

throughouit the data collection hence no decay corrections were applied. In the case

of 3-6¢p-2 i ities of three i {1 after every 150

reflections declined by 3.10% hence a linear correction factor was applied. The data
were corrected for Lorentz and polarization effects. Structures were solved by direct

hods,®*® using the Molecul ¢ ion TEXSAN software. Non-

hydrogen atoms were refined anisotropically. ldealized hydrogen atoms were included

at the calculated positions but were not refined. Further details are given in Table
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3-17.

3.4.3. Synthesis of Complexes.

3.4.3.1. Synthesis of [(n*-C,H,)Co(C,F,)(P(OMe),),]'SbF,, 3-58c. A solution
prepared by dissolving 0.3952 g (1.150 mmol) of AgSbF, in 40 mL of acetone was
slowly added via syringe into a stired solution of 3-4a, (n*-
CgH;)Co(C,F;)(I)(P(OMe),), (0.6610 g, 1.113 mmol) in 26 mL of acetone over a 30
minute period at room temperature. After stirring for an additional 30 minutes, the
yellow Agl precipitate was filtered off through a 5 cm Celite pad in a Schienk filter.
P(OMe), (0.1987 g, 1.601 mmol) was added to the filtrate by syringe, and the
solution was stirred for 30 minutes. Removal of volatiles at aspirator followed by oil
pump vacuum left an orange powder, which was dissolved in § mL of acetone and

purified by thick layer radial eluung with (715, viv).

Removal of the solvent from the first yeliow band left 3-5ax as an orange-yellow
crystalline solid (0.8720 g, 95%). A crystalline i for X-ray

was prepared by slow diffusion of pentane into the CH,Cl, solution of 3-5ac: at 0 °C.

3.4.3.2. Synthesis of (n°-C,H,JCO(C,F;)(l)(PMe,), 3-1b. PMe, (0.1714 g, 2.253
mmol) was added dropwise via syringe with stirring to a dark-gr~en solution of (n*
C4Hy)Co(C4F)(I(CO), (0.9541 g, 2.130 mmol) in 25 mL of benzene at room

temperature. After stirring for 5 minutes, a dark blue solution containing some
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preciptate formed. Removal of the solvent at aspirator pressure left a dark blue

powder. TLC analysis (benzene/hexane 2/1) showed dark blue (Rf=0.33) and yellow

(Rf=0) products. The crude product was purified in several portions by thick layer

radial eluting with (511 viv) ing the initial dark

blue band. Continued elution with acetone separated a yellow band. Removal of
solvent from ihe combined dark blue eluates gave 3-1b (0.7299 g, 69%) as a dark-
blue powder. Removal of solvent from the combined yellow eluates gave a yellow
powder (0.0862 g), which was crystallized by slow diffusion of hexane into an

acetone solution and was identified as [(n*-C5Hs)Co(C,F;)(PMey),]'T", 3-1b'.

3.4.3.3. Synthesis of (n*-Cpm°-C;H,)Co(R)(L)(P(0)(OMe),) (3-3ac, 3-3bo, 3-6aa,
3-6'ac,, 3-6bo. and 3-6¢0). The were

y ized by adding
a slight excess of P(OMe), to the appropriate iodide (n°-Cp/m®-CgH,)Co(R)(L)() in
benzene or acetone solution at room temperature and then heating. The reaction
progress was followed by observing a color change to yellow (n®-Cp) or red (n®

indenyl) using a procedure similar to that described for 3-6ac. below.

P(OMe), (0.0830 g, 0.669 mmol) was added via syringe with stirring to a solution of
3-4a (0.2566 g, 0.4319 mmol) in 25 mL of benzene at ambient temperature. Heating
the solution to reflux resulted in a color change from brown-red to red af.or ca. 0.5
h. Removal of the solvent at aspirator then oil pump vacuum left the product as a

red paste. Crude 3-6ac. was dissolved in ca. 3 mL of acetone and purified by thick
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layer radial eluting with (2071 v/v). Removal of the

solvent from the last orange-yellow band at aspirator and then oil pump vacuum
afforded 3-6ac: as a red powder (0.1941 g, 78%). Experimental parameters for the

are s ized in Table 3-18.

3.4.3.4. Synthesis of (n*-CyH,)CO(C,F;)(PPhMe,)(P(O)Ph(OMe)), 3-6c8-1,2.

PPh(OMe), (0.0741 g, 0.436 mmol) was added slowly via syringe to a stirred solution
of 3-4¢, (n-C,H,)Co(C,F,)(1)(PPhMe,), (0.2170 g, 0.3568 mmol) in 20 mL of benzene
at ambient temperature. Heating to 50 °C for about 5 h resulted in a color change
from brown-red to red. TLC (ethyl acetate elution) of the crude reaction mixture

showed four spots ing (in order of ing Rf value) to a low-yield,

uncharacterized product, 3-6¢p-1, 3-6¢B-2, and the mixture of a disubstituted species
(3-6ep). Removal of the solve:it by aspirator and then oil pump vacuum left a red
paste, which was dissolved in 3 mL of ethyl acetate and separated
chromatographically on a 2-mm radical silica gel plate. Ethyl acetate elution
separated 3-6¢f-1 and 3-6¢cf-2 as orange bands. Continued elution with ethyl

yellow zones of the disubstituted byproducts.

(20/1) sep
Removal of the solvent with water aspirator and then oil pump vacuum afforded 3-
6¢p-1 (0.0328 g, 14%), 6¢p-2 (0.1058 g, 47%), 3-6ef-1 (0.0098 g), and 3-6ef-2
(0.0135 g) as red powders. Slow ditfusion of hexane into a CHCI, solution of 3-6¢f-2
at room temperature gave 3-6cf-2¢+CHCI,+2.85H,0 as red prismatic crystals for X-ray

analysis.
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3.4.3.5. Synthesis of (n*-C,H,)Co(C,F,)(PPh,Me)(P(O)Ph(OMe)), 3-6aB-1,2.
PPh,Me (0.0594 g, 0.297 mmol) was added via syringe with stirring to a brown-red
solution of 3-4e, (n®-C;H;)Co(C,F;)(I)(PPh(OMe),), (0.1463 g, 0.2285 mmol)in 25 mL
benzena and stired for 14 hours at room temperature. TLC (ethyl
acetate/dichioromethane 1:1) showed that 3-4e was converted mainly into 3-4d, 3-
6ep-1,2, and uncharacterized Rf=0 material. Only very small amounts of 3-6dp-1
and 3-6dp-2 were detected. After removal of volatiles at aspirator pressure the

residue was chromatographed on a 2 mm radial silica gel plate. Elution with ethyl

(1:1) sep: 3-6dp-1,2 from 3-4d, 3-6ep-1,2 and the

material. R ing the 3-6dB-1,2 mixture with ethyl
acetate/dichloromethane (1:1) as elutant gave 3-6dB-1 (8.3 mg, 5%) and 3-6d-2 (3.0

mg, 2%) as red powders. i for the

complexes are summarized in Table 3-18.



Table 3-17. Summary of Crystallographic Data.
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3 5aq,SbF, 3-6ba 3-6b8-1 3-6cp-2 3-3bB-1
formula C1eHz0,CoF ,P;Sb CiHz0,CoF;P, C2HzO,CoF P, [CoH:0,CoF P, C1gt120,C0F;P,
+CHCIJ+2.85H,0
mol wt (g/mol) 827.00 528.23 574.30 807.09 524.24
color; habit orange rect. plate deep-red prism red rect. plate red prism orange prism
cryst size (mm) 0.30x0.20x0.15 0.30x0.265%0.12 0.35x0.25x0.20 0.40x0.30x0.10 0.40x0.30x0.15
eysteya , = = = s
space group P2,/c (#14) P2/c (#14) P2/c (#14) C2/c (#15) P2/c (#14)
a(A) 12.821(4) 8.235(2) 12.626(2) 21.794(8) 8.481(4)
b(A) 12.057(3) 16.983(3) 14.017(7) 15.214(2) 17.916(3)
c(A) 18.835(4) 15.795(2) 14.380(2) 21.115(3) 14518(2)
B (deg) 99.74(2) 101.88(1) 107.46(1) 92.33(2) 97.31(2)
V(A) 2879(1) 2161.6(7) 2428(1) 6995(3) 2188(1)
4 4 8 4
Doy (lem?) 1914 1623 1571 1533 1501
o 1624 1072 1168 3284 1064
(MoKa)(cm) 17.48 10.10 9.04 880 995
Scan Width(deg) 1.31 +0.30 tand 1.15+0.30 tand 1.26+0.30 tand 1.00+0.30 tan6 1.26+0.30 tang
26, (deg) 50.0 500 500 50.0 50.0
no. rlins measd
Total 4524 4242 4675 6580 4269
Unique 4272 3952 4462 6398 3986
Ry 0.209 0.024 0.063 0.021 0.034
corrections® Lorentz polarization absorbtion
trans factors: 0.94-1.00 0.93-1.00 0.89-1.00 0.86-1.00 0.92-1.00
2° extn coefficient: - 0.16748x10¢ - - 0.19909x10°
pactor 0.01 0.01 0.01 0.00 0.01
no. obsd (1>3.000(1)) 1913 (1>2.000(1)) 2455 2158 3961 (1>2.000(1)) 2780
no. variables 315 272 307 416 338
reflection/parameter 607 9.03 7.03 952 822
R 0.055 0.038 0.051 0.052 0.036
RS 0.039 0.034 0.040 0.038 0.033
GOF* 81 1.76 185 260 183
Max ShittError in Final Cycle 0.00 0.00 0.02 0.00 0.03
Ap final (max/min) (e7A3) 651/0.46 0.36/-0.22 0.74/-0.44 059/-0.48 0.41/-0.39

* of. reference™. ® R=Z||Fo|-|Fc||/Z|Fo|. ° R.= [(Zw(|Fo
o?=variance of (|Fo|-|Fc|); Function Minimized = Xw(|Fol-|Fc|

[-Fe|)/EwFoAl* ¢ GOF=(5(
%

|Fo|-1)Fc|)Ic)l(nﬁn)) where n=#reflections, m=#variables, and
least-squares weights: 4F0%/c*(Fo



Table 3-18. Prep. .ative Parameters for the Reaction of 3-1 and 3-4 with PR(OMe), (R=OMe, Ph)*

Cpd. solvent reaction tempAtime mole ratio chromatography solvent % yield
(PR(OMe)/reactant)

3-3aa benzene reflux/15 h 142 acetone/methanol 87
101

3-3ba acetone 50°C/i0 h 129 = 96

3-6aa benzene reflux/0.5 h 155 acetone/mehanol 78
201

3-6'aa benzene reflux/0.5 h 155 acetone/methanol 85
201

3-6ba benzene 50°C/4 h 1.09 acetone/methanol 90°
201

3-6ca benzene 50°C/05 h 225 acetone 89°

3-3b-1,2 acetone 50°C/3h 210 acetone/methanol 64,31°
101

3-60p-1,2 benzene 50°C/5 h 117 acetone 58,28

3-6cf-1,2 benzene 50°C/5 h 122 ethyl acetate 14,47°

3-60p-1,2 benzene 22°C/14h 135 ethyl acetate/methanol 35,27
201

* Crystal growth condition: slow diffusion of hexane into the solution of 3-6ba (dichloromethane, room temp.), 3-6bf-1 (dlchbmmemana. 0 °C), 3-6¢p-2
(manL room Ilnp) and 3-3bp-1 (acetone, 0 °C). ® Minor amounts of 3-6aa were also isolated in the lower Rf fractions. ¢ 3-3ef-1,2" were detected in
‘crude product mixture. * Continued elution with ethyl acetate/methanol 20/1) separated 3-6ep-1 (4 %) and 3-6ef-2 (6 %).



Chapter 4

Distortion and Ci ional F of
(n*-indeny/)ML, (n = 2,3) Complexes: An Extended Hiickel
Molecular Orbital (EHMO) Study.

4.1. Introduction

NMR spectroscopic and crystallographic results of the indenyl complexes discussed
in Chapters 2 and 3 and reported in the literature reveal a propensity to distort.?® 2%

270273282, 286,318 Thg distortion is described by several ring-slippage (4)

of the metal atom away from the indenyl five-membered ring centroid toward C,,

4
o 3 0
1
M -
A ) -

H (deg) = ~plane 01-C2-03/plana (:1-(;3-(:%-(:7a
¢ (deg) = £ Plane c1 -cs-caa-cklplane °4'°5'°e‘°7‘°7a‘°aa
F=H+g

Scheme 4-1

indenyl ring puckering along the axes defined by C,-C, and C,,-C,, resulting in a
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hinge angle (H) beiween planes C,-C,-C, and C,-C;-C,,-C,,, and a fold angle (F)

between planes C,-C,-C, and C,,-C,-C4-C¢-C,-C,, as shown in Scheme 4-1.

Indenyl n'v;g distortions correlate well with the NMR parameters?* 23428, 263,271, 281,22,
296290.318 anq glectron configuration of the metal.?”® Ring-slippage from 1~ toward n®
indenyl is in accord with theoretical studies on (n™indenyl)Cr(CO),*"® and (n*
indenyl)RhL, (L = CO, ethylene).****' In addition, the indenyl ring adopts a specific
conformation with respect to ligands bonded to the metal center both in the solid
sm‘ezlw, 227, 229-232, 238, 243, 250, 264, 270, 271, 260-262, 286, 299, 318, 320-329 and in solution (C' Table 4-
1).270. 271, 260:262, 269,301, 318 Gonformational preferences were attributed to the relative
trans-infiuence of the ligands on the metal atom.?™2*#2%'® Thg ligand with greatest
trans-influence®? is located trans to the indenyl six-membered ring, which was
rationalized by postulating that greater aromatization of the benzene is aided by
decreased C,,-C,, to metal interaction. This rationale, however, only partly explains

the conformational preferences for three-legged indenyl transition metal complexes

and is even less sati y for the rati lization of two-legged indenyl

(cf. Table 4-1).

The present chapter is directed at developing an understanding of indenyl ring
distortions and the conformational preference with respect to a ML, (n = 2, 3)
fragment with the assistance of extended Hiicke! molecular orbital (EHMO)

calculations. Although several EHMO calcul=tions were performed to explain the
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barrier of (n® yl)RhL, (L = CO, 932 and to the

photoslectron spectra of these two rhodium complexes™ and several other n®-

indenyl metal complaxes,* #* 2 no systematic theoretical study on the

etal indenyl has been reported up to now. The important
valence orbitals sf the indenyl ring and ML, fragments™" *? with ditferent ligand
combinations are constructed initially followed by the interaction of ML, fragment

orbitals with the indeny! orbitals at different orientations to explain the origin of ring

and of the pi The indenyl ring rotational barrier

will be briefly discussed.



Table 4-1. Summary of Distoration Parameters and Conformational Prelerences
for (n°-IndenyML (n = 2,3) Complexes

Complex and Conformation My Hdegl® F (deq)® [
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w \L t
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Complex and Conformation P Hidog)® F(dog)® Ral.
Oﬁ}- 016 s8 70 M
co
Cofy
(:&}’WW": 07 s 93 w
|
%‘Cﬁ 020 108 149 x
FPh,NHCH(Ma)Ph
(:[\;f}c:"v Ce1g) - - nw
PRy
Cofy
%"“’"‘”"’z 015 87 100 °
Phay
Cofy
PIOIPh(OMe} 019 73 114 o
Phlog
7
PIOJPH(OMe) 018 70 108 o
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Table 4-1. cont'd

Complex and Conformation Ay c@® H(dog)® Fdeg)® Rol.

PMoy
!
%—P(CMZPh), o0 33 56 aa
co
PPhN(Me)CH(Me)Ph
o
co
ClOJCH(Mely o2 - 63 o
FPhy
co
g,
< PSPty o - . &
PPhy
)
co - . - e

PPhy (P(OPh)g)

a. Ay = average of d(M-Cj,,,) - average of d(M-C,,). b. H (hingle angle In deg.) = angle between
plane C,-C,-C, and plane C,-C,-C,,-C;, (cf. Scheme 1). c. F (fokd angla in deg); amle belwnen
plane c, czf, and plsne C,,-C,-C, C. -C,-C,, (01. Schame 1). d” "’

e, ¢ et el o e B (o
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4.2. Calculational Details
Extended Hiickel molecular orbital (EHMO)®*%* calculations, which have proved to

be a reliable method for ing the i and

of ition-metal i 157, 319, 3095 \are

performed using the CACAO™? program package on IBM-PC. The H;'s and orbital
exponents are listed in Table 4-2, and were used as supplied by the program.
Phosphorus d orbital parameters were not included in this calculation as normally
suggested.® The structure parameters for the model complexes were derived from

of relevant and are in Table 4-3. All (n*

. (1=23) were to possess the ideal geometries
shown in Scheme 4-2. Thus the ML, fragment is initially connected to the indenyl
five-membered ring centroid. All indenyl centroid-M-L angles were kept at 134° (M
(d%), L= CO), 132° (M (d®), L = ethylene, PH,) and 125° (M (d°)), respectively, for (n*-
indenyl)ML, and (n*

indenyl)ML,, and the

L-M-L angles in (n*- 9@") .
0=134° (L=CO)
indenyl)ML, were /GKM 1320 (L = C=C, PHy)
L L

kept at 90° with

|
pseudooctahedra Scheme 4-2
geometry.

As shown in Table 4-1, the conformational preferences of the indenyl ring with
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respect to the ML, fragment change greatly for different ligand combinations. In order

to prove the validity of the thooretical results and to have a closer comparison with

the i ions, EHMO ions were performed on a series of

d® ((n®indenyl)ML,) and & ((n*indenyl)ML,) model complexes shown in Scheme 4-3.

L/ L

M =Co, Rh M =Co; L =GO, PH,
L=C0,C<C,PH;  M=Mn;L=CO

0

M=Co; L =PHy; L' = Me, CFy

),
M=inL=PHgL'= HCl
%) : "
L/IM(\L' M=Ru; L =PHg; L' = CO
i M=Cr;L=CO;L'=NO

M=Co;L=Me;L'=|;L"=CO
M=Co;L=Mo:L‘=PH3:L'-I
M =Co; L = Me; L' = PHg; L" = P(O)(OH),
L M=Fe:L=Me;L'-PH3;L"-CO
L M=Ruy;L=PHg L' = |;L" = CO

[

L)

S
/a

Scheme 4-3

To assess ring distortion, A and H were varied simuitaneously in initial ggomatry
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searches. With the indenyl

ring slipping away from the %
centroid toward C, (4), plane ?‘f

C4-C,-C4-Cs-C4-CrCraCy
was allowed to pucker about

the C,-C, axis (H) to search

for a geometry of minimum

Scheme 4-4

energy (cf. Scheme 4-1).

The discussion below shows that, although the puckering of plane C;,-C,,-C,-Cs-Cq-

C, with respect to plane C,-C,-Cy,-C;, (9) is the

energy is much lower (even negligible, < 0.5 kJ/mol) compared to the ring slippage
(A) and distortion about the C,-C, axis (H). The distortion energy is dominated by A
and H as shown in Scheme 4-1. Therefore, ¢ was obtained subsequent to
minimization for A and H. ML, (n = 2, 3) rotations (o) with respect to the metal-
indenyl axis were carried out on geometries optimized for A, H, and ¢ to determine

the low energy rotamer, as shown in Scheme 4-4.



Table 4-2. H; and Orbital Used in E; Hiickel C

Orbital H, & ¢ cf c?

H 1s -13.60 1.300
C 2s -21.40 1625

2p -11.40 1.625
N 2s -26.00 1.950

2p -13.40 1.950
O 2s -32.30 2275

2p -1480 2275
F 2s -40.00 2425

2p -18.10 2425
P 3s -18.60 1.600

3p -14.00 1.600
Cl 3s -26.30 2183

3p -14.20 1.733
| 5s -18.00 2.679

5p -1270 2322
Cr 4s -8.66 1.700

4p -5.24 1.700

ad -11.22 4,950 1.800 0.5058 0.6747
Mn 4s -9.88 1.800

4p 545  1.800

3d -1253 5150 1.900 0.5311  0.6479
Fe 4s -9.17 1.900

4p 537 1,900

3d -1270 5350 1.800 0.5366 0.6678
Co 4s -9.21 2,000

4p -5.29 2.000

ad -13.18 5550 2.100 0.5680  0.6060
Ru 5s -8.00 2,078

5p  -430 2043

4d -1220  4.210 1.950 0.5772  0.5692
Rh 5s -8.09 2135

Sp 457 2100

4d -1250  4.290 1.970 0.5807 0.5685
Ir 6s -11.36 2500

6p -4.50 2200

&d -1217 579 2557 0.6698  0.5860

* Contraction coefficients used in the double-{ expansion.



Tabig 4-3. Structural Parameters Used in Extended Hickel Calculations

Distances (A)
Indenyt Centroid-M Rh-CO 1.81
M=Cr 1.87 Rh-PH, 221
Mn 1.78 Rh-ethylene 203
centroid
Fe 1.80 Ir-PH, 2.28
Co 1.80 Ir-Cl 239
Rh 1.95 IrH 150
Ir 1.94 Ir-Me 2.1
Ru 1.94 Ru-PH, 235
cr-co 1.85 Ru-l 269
Cr-NO 1.73 Ru-CO 1.86
Mn-CO 1.80 C=C 1.40
Fe-CO 1.86 C-H 1.01
Fe-Me 1.98 C-F 1.36
Fe-PH, 223 P=0 1.49
Co-CO 1.83 P-0 1.62
Co-ethylene centroid 201 P-H 1.40
Co-P 223 N-O (triple bond)  1.17
Co-C (Me, CF,) 1.98 C-O (triple bond)  1.15
Co- 257 O-H 0.96
Angles (deg.)
Indenyl(centroid)-M(d®)-CO 134.0 M-P=0 125.0
Indenyl(centroid)-M(d®)-PH, 1320 M-P-0 1035
Indenyl(centroid)-M(d®)-ethylene  132.0 M-C-F 1085
Indenyl(centroid)-M(d%)-L 1250 P-O-H 120.0
C-C-C (5-ring) 108.0 C-C-C (6ring) 1200

170
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4.3. Results and Discussion

4.3.1. Indenyl Fragment Molecular Orbitals (FMO). As observed in many other n"

poly ition metal 319332, 363.34 the strongest bonding interactions
between indenyl and ML, originate from the indenyl frontier = orbitals and the
valence, metal-centered orbitals of ML,. The indenyl anion ([C;H,]) has nine
orbitals, 2% %' *° five of which are filled (cf. Figure 4-1). The HOMO (FMO 22 (r,))
and NHOMO (FMO 23 (r,)) are ri:ainly localized on the indeny! five-membered ring

and are more ible than the ing filled orbitals to the

symmetry adopted metal fragment orbitals. Therefore, these two FMO's are likely to

have greater overlap with the metal orbitals if the metal is positioned to bond to the

i ring. F the frontier x orbitals on the indeny! fiv

ring are not evenly distributed on all five carbons. In FMO 22 (=), the = orbital is
localized mainly on C, and C,, and in FMO 23 (x,) on C, (major), C,, and C,,,
respectively, which are of appropriate symmetry to interact with d, and d,,
descended orbitals in a ML, fragment. It follows that these two FMO's also control
the orientation of the ligand on ML, with respect to the indenyl ring. Thus, ihe
symmetry-adopted frontier fragment orbital interactions in both indenyl and ML, play
akey role in determining indeny! ring distortion and conformational preferences in n*

indenyl transition-metal complexes.



Figure 4-1. Indenyl Fragment x Orbitals.
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4.3.2. (n*Indenyl)ML, Complexes (M (c) = Co, Rh, L = CO, i’H,, and ethylene
(C=C)). Before discussion of the ion and i ices of these

d* (n® itis ile to look into the orientation of important
frontier fragment orbitals and their interactions with the indenyl frontier fragment
orbitals. Figure 4-2 illustrates the fragment orbitals of CoL,’ (L = CO, C=C and PH,).
The FMO's for RhL," are aimost the same as the corresponding FMO's of Col,,"
except for relatively small changes in the order of energy among the filled FMO's.
Figure 4-2 clearly shows that all CoL," fragments possess essentially similar FMO's
albeit with a small difference in their energies and energy orders. The low lying 1a,
(mainly d,;) and high lying 3a, resuiting from the hybridization of s and p, orbitals on
Col," have cylindrical symmetry around the z axis (the bonding axis) and interact
primarily with the indenyl x, (FMO 32) and =, (FMO 28) orbitals. These interactions

have almost no ibution to the and i of tha

resultant (n®indenyl)Col,, molecules. Neither do a, (mainly d, ) and 2a, (mainly d,,.
1) orbitals of CoL,* which have & symmetry with respect to the indenyl ring and are
essentially nonbonding (cf. Figure 4-3 to 4-5). In each Col," fragment, the 1b, and
b, are crucial FMO's in determining the distortion of the indenyl ring and the
conformational preference of CoL,* about the indenyl fragment. The empty b, orbital
resulting from the hybridization of the cobalt d,, (major) and p, (minor) orbitals lies
on the yz plane and is of the correct symmetry for overlap with the filled indenyl m,
(FMO 22) orbital. The strong interaction of these two orbitals generates a bonding
3a" and an antibonding 4a" MO (cf. Figure 4-3 to 4-5). The 3a" MO is filled and the



Figure 4-2.

Important Fragment Molecule Orbitals of Col,
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4a" is empty. The 1b, FMO of Col,* (mainly d,,) interacts primarily with the indeny!

1, (FMO 23) orbital. Because both the metal 1b, and indenyl r, ar J iilled, the bonding
2a' (for L = CO) or 1a' (for L = C=C, PH,) and the antibonding 4a' molecular orbitals
are occupied (cf. Figures 4-3 to 4-5). Although the energy of the filled antibonding
MO is lowered by a second-order mixing of 2b, on CoL," into 4a', the resultant MO

(4a) still lies at a moderately high energy level due to the d-indenyl & antibonding
interaction, as shown in Scheme 4-5. This MO (4a') forms the HOMO in all (n*

indenyl)ML, molecules. Any changes that diminish the antibonding interaction in tho
HOMO and strengthen the bonding interaction batween indenyl and ML," fragments

are energetically favorable.

The total energy change of (n®indenyl)ML, molecules as the indenyl ring distorts
from n® toward n® coordination is shown in the lower part of Figures 4-3 to 4-5. An

energy minimum with AE = 35.5 - 42.2 kJ/mol observed in each molecule at different

A, H, and F, predicts that the inde~yl ring distortion (ring slippage and puckering) is

energetically favored by the (n®i lecul The are

with i ions (cf. Table 4-1), as well as with theoretical
calculations for 1°-Cp and other polyene-ML, complexes.** The driving force for
ML,* shifting away from n*-indeny| centroid toward C, and the 5-ring puckering about
the C,-C, axis (H increasing) may come from: i) the lowering of both HOMO
(decrease of antibonding repulsion) and NHOMO (increase of bonding interaction)
energy as shown in Figure 4-3 to 4-5; and ii) the increaseu aromatization of the

indenyl six-membered ring which can be seen from the overlap population changes
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among the indeny! six-membered ring carbons. The overlap populations between
each pair of carbon atoms do show a tandency toward the average value. The

overlap population between C,-C, and C,-C,, which originally possesses more

double bond and the overlap ion between Cy-

Cs) C-Cy, Cs-Cy and C,-C, | istent with a conj i ring (cf.

Table 4-4).

The EHMO calculations showed that the stabilization energy of ring distortion mainly
derives from A and H, i.e., ring slippage from indeny! five-membered ring centroid
toward C, and puckering of the indenyl ring along the C,-C, axis. Puckering of the
indenyl ring about axis C,-C,, () has small contribution to the distortion energy (cf.

Table 4-5). For all (n®-i L,(n=2,3) ined in this study, ing ¢ from

-7.0to 7.0° resulted in only < 0.5 kJ/mol change between the energy minimum and

maximum. This result follows from i ion of the orbital i ions involved in

this movement, since there is no obvious orbital interaction change by varying the .

The ¢ values were itied on i inimized for A and H. Although the

energy change is small, an energy minimum does exist at certain ¢ in all indenyl

The indenyl si: fing in all (n*inden YML, complexes prefers
to bend down about the C,,-C,, axis toward the metal by about 1.0 to 2.0°, i.6., ¢ =-

1.0 to -2.0°.

Figure 4-6 illustrates the variation of the relative total energy (E,) and HOMO

energy (Euouo) for rotation (o = 0 - 360°) of the ML," fragment about the indeny!-
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metal axis for (n*i at the I gy g try. The energy

minima for rotation of ML," are located at 0, 180, and 360°, corresponding to a single
low energy conformer with the ML, unit straddling the mirror plane of the (n’-
indenyl)ML, molecules (C, point group) as found in their crystal structures. The
rotational angle () dependence of the Eyouo Shows the same pattern as the variation

of E,,, and accounts for about 40-95% of the o dependence of E,,,,, which means

that the HOMO in all (n*i plays an i role in

their { As o il the

repulsion between the metal centred orbital and the indeny! r orbitals increases. At

o =90° and 270° this interaction reaches a maximum, in which the orbital interactions
between metal centred orbitals and the indeny! x orbitals switch hence the Eyouo
increases greatly. The resulting conformer with the ML, unit in the mirror plane of (n*-
indenyl)ML, molecules is predicted to be the most unstable and disfavored conformer

as shown in Scheme 4-6.

Itis likely that both ring di: ion and i barriers are i for these
(n*-indenyl)ML, molecules since no effort was made to optimize the geometry, which
would undoubtedly lower the calculated distortion extent and rotational barriers.
Nevertheless, the trends obtained are clear indicators for indenyl ring distortion and

conformational preferences.

Calculations showed that the rotational barriers (AE,) in all (n*irdenyl)ML, molecules

depend greatly on the extent of indenyl ring slippage (4) and hinge angle puckering
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(H). Figure 4-7 shows the dependence of the rotational barrier (AE,) with respect to
A and H for (n*indenyl)Co(CO),. The greater the ring slippage, the higher the

rotational barrier; and the larger the hinge angle the higher the rotational barrier.

b w:.
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BE (ki/mol)

ISR AR R

Distortion Coordinate

Figure 4-3. Interaction Diagram between In"sanyl and Co(CO)," without and with
Distortion (upper) and Total Energy Change as a Function of Indenyl
Ring Distortion (cf. Table 4-5).
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Figure 4-4. Interaction Diagram between Indenyl and Co(ethylene)," without and
with Distortion (upper) and Total Energy Change as a Function of
Indenyl Ring Distortion (cf. Table 4-5).
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Figure 4-5. Interaction Diagram between Indenyl and Co(PH,)," without and with
Distortion (upper) and Total Energy Change as a Function of Indenyl
Ring Distortion (cf. Table 4-5).
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Scheme 4-5. The HOMO Showing Antibonding Repulsion in (n*-Indenyl)ML,
Molecules.



Scherae 4-6.
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The HOMO Showing Greater Antibonding Repulsion in (n°
Indenyl)ML, Molecules after ML, Rotated 90°.
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Indenyl~Col,, Indenyl-RhL,
Rotational Angle (a, drg.)

Favored Co~‘ormer Distavored Conformer
: E '

Figure 4-6. Total Energy (dashed line) and HOMO Energy (solid llns) Changes for
ML, Rotation about Indenyl-metal bonding axis for (n*-indenyl)ML,



184

r

AE_ (kJ/mol)

= X 0f2
A A B o (A
Figure 4-7. Dependance of Rotational Barrier (AE,) on: (A) the Indenyl Ring

Slippage (A), Hinge Angle Puckering (H); and (B) Overall Distortion (A,
) in (n*-Indenyl)Co(CO),.

4.3.3. (n®Indenyl)ML, Complexes (M (d) = Co, L = CO, PHy; M (d°) = Mn, L =
€0). The FMO's of d® ML, fragments, which are shown in Figure 4-8, are well-
known 31939, 340.342345 Ag with the a, FMO's in ML, fragments, the low lying 1a, and
high lying 2a, and 3a, in ML, interact mainly with the indeny! x; (FMO 32) and =,
(FMO 28) FMO's, which make no contribution to the indenyl ring distortion and
conformational preferences. Although the two filled 1@ FMO's are tilted toward the
indenyl = orbitals, the interactions betwsen 16 and indenyl i, (FMO 22) and =, (FMO
23) are very weak since 1e results from the hybridization of d,, and d,, or d,,., and
d,,, respectively. These two 1e orbitals are still mainly d,, and d,,,, and hence are

essentially non-bonding.
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The two empty 2e FMO's in each ML, play the key role in controlling the distortion

and i of (n* yML, As shown in Figure 4-9,
one of the 2e (FMO 57) resulting from the hybridization of the metal d,, (major), dyy
and p, orbitals is bisected by one ligand of ML, (cf. Scheme 4-7) and is of correct
symmetry for overlap with the filled indeny! ns (FMO 22) orbital when ML, put its one
ligand in the xz plane trans to the indeny! 6-ring. These two orbitals (FMO 57 and r,)
interact strongly affording bonding 3a" and antibonding 4a" MOs. The former is filled
and the latter is empty. The other 2e orbital (FMO 58) derived from mixing of metal
d,; (maijor), dy,., and p, orbitals is in the xz plane and bisects the L-M-L angle, as
shown in Scheme 4-7. This 2e (FMO 58) orbital interacts mainly with the indenyl =,
(FMO 23) orbital giving a filled bonding orbital (3a') and an empty antibonding orbital
(42’). Unlike the b, FMO of ML,, which is located in the yz plane, one component of
2e (FMO 57) tilts significantly toward the n; (FMO 22) orbital lobes localized mainly
on indenyl C, and C,. The other component of 2e (FMO 58) tilts toward the r, (FMO

23) orbital lobes localized mainly on indenyl C, , C,, and C,,. Much smaller indenyl

ring di in (i would be to the
(n™indenyl)ML, complexes, because of the easier interactions betwsen the tilted 2e

and g, m, FMOs in (n®indenyl)ML,.

An energy minimum exists in each (n*indeny)ML, molecule as the indenyl ring
distorts from 1° toward 1* . jerved in the (n®indenyl)ML, complexes. In accord

with the prediction of FMO analysis, the ring dit in (n® 3
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is much smaller than that in (n®indenyl)ML, complexes (cf. Table 4-4). In addition,

the il energy of for all (n® is

much lower compared to the (n™indenyl)ML, cases.

Figure 4-10 shows the relative total energy and HOMO energy ch inges of (n*

indenyl)ML, for rotation of the ML, fragment about the indenyl-metal bonding axis at

the optimum distorted The pi has one ligand of ML,
in the molecule mirror plane and trans to the indenyl 6-ring as predicted by the
fragment orbital analysis and found experimentaly (cf. Table 4-1).%* As & increases
the bonding interaction between FMO 57 and n, weakens, resulting in the increase
of the HOMO (3a") energy, which reaches a maximum at a = 60°. The destabilization
of the 3a" orbital is only partly by the bonding i

between FMO 58 and =, resulting in the decrease of the orbital energy of the 3a'
MO, whose a dependence is out of phase with respect to the HOMO energy change.
Thus, the overall potential energy change < s a function of c gives a relatively favored
conformer (cf. Figure 4-10) even though the rotational barrier of ML, in (n’-

is very low to other in this study.
Consistent with the experimental observation®”-*** the preferred conformation for (n’
indenyl)ML, (M = Fe (d), L = CO; M = Ir (&%), L = PHj,) predicted by EHMO
calculations places one ligand (L) in the molecular mirror plane underneath the

indenyl six-membered ring.
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Figure 4-8.
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3a, (FMO 50)

/_ 2a, (FMO 56)

e
o tmmmm 20 (FMOS7,5)

1e (FMO 59, 60)
" 1a, (FMO61)

Co,
c{::‘\ccu oc’;/)m\co napﬁa e,

Important Fragment Molecular Orbitals of Co(CO),* (the FMOs of
Mn(CO),*, and Co(PH,),** are similar to those of Co(CO),*, but have
different energy).
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Figure 4-9. Interaction Diagram between Indenyl and ML, Fragments.

Scheme 4-7. Down Z-axis view of 2e Orbitals (FMO 57, FMO 58) of Co(CO),"
Fragment (orbitals for the remaining M(d°)L, fragments are tha
same).
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Figure 4-10. Total Energy (dashed line) and HOMO Energy (solid line) Changes as
ML, Rotating about Indenyl-metal bonding Axis for (n*IndenylML,.

4.3.4. (n®Indenyl)ML,L’ Complexes (M (d’) = Co, Ir, Ru, Cr; L = PH,, CO; L’ = Me,
CF,, H, ClI, CO, NO). As shown in Scheme 4-3, EHMO calculations of the six model

complexes passessing the title formula were performed to i i their

and conformational preferences. While fixing the L ligand in (n*Indeny))ML,L'as PH,,

the L' ligand was changed from c-donor (Me, H), x-donor (Cl), to n-acceptor (CO),

in order to provide some irsight of the way ditferent ligands direct conformational

p in indeny!
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As one ligand L in (n* is i by L', the sy try of the metal
fragment changes from C,, to C, (ML,L'), resulting in the loss of the degeneracy of
the fragment MO's in Figure 4-8. The two filled 16 FMO's and the two empty 2e
FMO's in the ML, fragment (cf. Figure 4-8) split into two filled &', a" FMO's and two
empty &', a" in ML,L' fragments as shown in Figure 4-11. Analogously to the FMO's
discussed above, the two empty FMO's (2a" and 3a’), which are of appropriate

symmetry for overlap with the two filled indeny! r; and =, orbitals, play a key role in

the distortion and i of (n™-indeny)ML,L"
complexes. One common feature for the 2a" and 3a' FMO's in ML L' fragments is
that the orbital lobes in 2a" are bisected by and tilted toward the L' ligand. The orbital

lobes in 3a" are within the indenyl (centroid)-M-L' plane as shown in Figure 4-12.

4.3.4.1. [(*-Indenyl)Co(PH,) {R)I' (R = Me, CF,). Figure 4-13 shows the interaction
diagram between indenyl  orbitals and the Co(PH,)(Me)* fragment MO's. The emnty
?a" (FMO 58) orbital interacts strongiy with the filled indenyl =; (FMO 22) orbital
affording a filled bonding MO (3a") and an empty antibonding MO (4a"). The empty
3a’ (FMO 57) orbital overlaps mainly with the filled indeny! x, (FMO 23) orbital to give
an occupied 3a’ MO and an unoccupied 4a’ MO (cf. Figure 4-13). The two occupied
frontier bonding molecular orbitals again dominate the indeny! ring distortion and the
conformational preference. As the Co(PH,),(Me)** fragment moves away from the

indeny! centroid toward C, and the indenyl 6-ring puckers along the C,-C, and C,,-C,,
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ad )@ Iy
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Figure 4-11. The Important Fragment Molecule Orbitals of Co(PH,),(Me)** (the

FMOs of the remaining ML,L" are similar to those of Co(PH,),(Me)™,

but have different energy. A: Co(PH,),(Me)*, B: Ir(PH,),(HY, C:
1F(PHy)a(C1*, D: Ru(PH,);(CO)*, E: Cr(CO)(NO)*
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Figure 4-12. Down Z-Axis (Indenyl-Metal Bonding Axis) View of 2a" and 3a’ FMOs

of MLL.
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Figure 4-13. Interaction Diagram between Indenyl and Co(PH,),(Me)** Fragments.
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Figure 4-14. Total Energy (dashed line) and HOMO Energy (solid line) Changes for
ML,L' Rotation about the Indenyl-M Bonding Axis for (n*-indenyl)ML,L'
with L' starting at a = 0 (A: Co(PH,),(Me)*, B: Co(PH,),(CF,)**, C:
1(PHy)(H)Z*, D: Ir(PH,),(CI)?*, E: Ru(PH,),(CO)*, F: Cr(CO),(NO)").
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axes, the energies of both 3a" (HOMO) and 3a' (NHOMO) decrease, reaching a

defined minimum. The total energy curve of [(n‘-indanyl)Cu(PH,),(Ma)]‘ shows an
energy minimum at A, =0.24 A, H = 8.0° and = = 9.5°, as the indenyl ring distorts
from the n® toward the n° coordination mode. The calculated distortional stabilization

energy of 24.60 kJ/mol (cf. Table 4-5) agrees with the experimental results (cf. Table

4-1) 222,318 of indenyl si b ring is atso observed

from the calculation result as shown in Table 4-4.

Figure 4-14A shows that the relative total energy and HOMO energy changes of [(n®*-
indenyl)Co(PH;,),(Me)]* possess two distinct energy minima for rotation of the
Co(PH,),(Me)** fragment about the indenyl-metal bonding axis at the optimized
distorted geometry. The lowest energy minimum at a = 0° corresponds to the
conformation with Me group in the molecule mirror plane and trans to the indenyl six-
membered ring as shown in Scheme 4-8A. The second energy minim.um at o = 180°

(AE = 16.03 kJ/mol) corresponds to the conformation with the Me ligand in the mirror

plane and underneath the indenyl six-membered ring (cf. Scheme 4-8B).
Replacement of Me by CF, results in similar distortion (cf. Tables 4-4 and 4-5) and

potential energy - a pattern (cf. Figure 4-14B). However, there is one more

metastable conformer with CF, at a = 120° and 240° as shown in Scheme 4-8B. As

above, in both [(n*-Indenyl)Co(PH,),(Me)]* and [(n*-Indenyl) Co(PH,),(CF)}*
the morphology of total energy change/rotational angle « curve is dominated by the
HOMO (MO 3a"). The NHOMO (MO 3a’) energy curve is out of phase with respect

to the HOMO (MO 3a") energy curve and determines the detailed shape of the total

energy curve. Consistent with the EHMO icti the
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Pesp = PhoP-CH(Me)CHz-PPh2

Scheme 4-8
adopted both in the solid state and in solution for [(n™indenyl)Co(PMe,),(C,F,)]"**
[(n®-indenyl)Co(P(OMe),),(CsF,)]',*"® and  [(n®-indenyl)Rh(Ph,P-CH(Me)CH,-

PPh,)(Me)]*,>*? cor to the lowest energy with C,F; or

Me residing in the molecular mirror plane trans to the indenyl six-membered ring.
Only in one example, [(n-indenyl)Co(PMe,),(C;F,)]*,* are both the predicted most

stable conformer and one of the metastable conformars with C,F; at o = 240°
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observed in the solid state (cf. Table 4-1 and Scheme 4-8).

4.3.4.2. [m'-lndsnyl)lr(PH,),(H)]‘ (R = H, Cl) As shown in Figures 4-15 and 4-16,
the interactions between indeny!  orbitals and the Ir(PH,),(R)** (R = H, Cl) fragment
arbitals are similar to those between the indenyl © orbitals and Co(PH,),(Me)**
fragment orbitals. However, thare exists a second order mixing of metal 2a' (FMO 56)
and 1a" (FMO 57) fragment orbitals into the filled 3a' and 3a" molecular orbitals as
a result of energy increases of the these two fragment orbitals (2a’ and 1a"). These
saecond order interactions result in increases in energy of these two frontier orbitals
(MO's 3a" and 3a’). The composition of MO's 3a" and 3a’ change compared to those
orbitals in [(n*-indenyl)Co(PH,),(Me)]*, which may result in a potential energy change
and in turn the change of conformational prefsiunces as Ir(PH,),(R)* rotates about
the indenyl-metal axis. Afthough the energy level of FMO's 2a" and 3a' in
Ir(PH,),(Cl)** are interchanged and the energy of 3a’ is decreased greatly compared
10 that in i7{PH,),(HP*, MO 3a", resulting from combination of FMO's 2a" and 1a"
with the indenyl =, (FMO 22) orbital in both [(n™indenyl)Ir(PH,),(H)]* and [(n*-
indenyl)ir(PH,),(CI)]" forms the HOMO, which is important in deterniining the indeny!

ring distortion and the

The total energy curves of both [(n®-indenyl)lr(PH,),(H)]* and [(n*indenyl)ir(PH,),(Ch}*
show energy minima at Ay = 0.15 A, H = 5.0% and F = 7.0°, or Ay = 0.12A, H =
4,0° and F = 5.2°, respectively (cf. Table 4-5), as the Ir(PH,),(R)** moves away from

the indenyl centroid towards C, and the indenyl six-membered ring puckers along the
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Scheme 4-9
of the indeny! si;

ring is also observed (cf. Table 4-4) and the indenyl ring distortion from n® to 0’ is

favored, the calculated stabilization energies for both [(n®™indenyl)ir(PH,),(H)]* and

[(n®™indenyl)Iir(PH,),(Cl)]* complexes are much lower than that for ([(n®

indenyl)Co(PH),(R)]* (R = Me, CF; cf. Table 4-5).
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Scheme 4-10
Because of the variation in orbital i ions and the changes

of the frontier MOs (3a’ and especially 3a" (HOMO)), the morphologies of the total
energy and HOMO energy curves of [(n*-indenyl)Ir(PH,),(R)]* (R = H, CI) (cf. Figures

4-14C, D) show differences P to those of [n*

indenyl)Co(PH,),(R)' (R = Me, CF,) (cf. Figures 4-14A, B). For [m*
indenyl)Ir(PH,),(H)}*, there are three distinct energy minima as the Ir(PH,),(H)**
rotates about the indenyl-metal axis from 0-360° (cf. Figure 4-14C). The lowest

energy minimum at @ = 0°

ponds o the y

" with H in the mirror plane trans to the indenyl six-membered

ring as shown in Scheme 4-9A. The second and the third energy minima (AE =



200
10.50 kJ/mol) at & = 130° and 230° correspond to the conformers shown in Scheme

4-9B. These two metastable conformers have not been observed so far.

For [(n®indenyl)Ir(PH,),(CI)]*, although there are also three energy minima in the AE-
. curves as Ir(PH,),(C1)* rotates about the indenyl-metal axis. The two lowest energy
minima at o = 124° and 234° correspond to the conformers shown in Scheme 4-9D.
The conformer with Cl at & = 0° (cf. Scheme 4-9C) now becomes metastable with

15.46 kJ/mol higher energy compared to the first two energy minima. The predicted

lowest energy is i with the i observed

conformer™"** as shown in Scheme 4-9D.

The in ional p of [(n® Ha),(H)]* from that of

[(™indenyl)Ir(PH,),(C!)]* may be explained on the basis of the energy and
hybridization differences of the fragment orbitals of Ir(PH,),(H)?* and Ir(PH,),(CI)?*,
especialy FMOs 2a" and 3a’. Scheme 4-10 shows the relative energy and
composition of 2a" and 3a' in If(PH,),(H?* and ir(PH,),(Cl)* fragments. The
component of d,, in 3a’ increases from 35% in Ir(PH,),(H)** to 51% in Ir(PH,),(CH*,
and the d,, component in 2a" decreases from 40% in If(PH,)(H)** to 34% in
Ir(PH,),(C))**. The energy of 3a’ in Ir(PH,),(Cl)** decreases greatly and is even lower

than that of 2a". Therefore, the interaction between 3a’ and indenyl x, in [(n*

Ha)(CH]* more in ining the

preterence than that in [(n®indeny Ha)o(H))*. The orbital i ions of

FMO 3a’ with indeny! r, and FMO 2a" with indenyl s reach a maximum at a. = 115-
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125° si ly in [(n*i y H,),(CI)]*, resulting in the preferred

conformation shown in Scheme 4-9D.

12 4

Figure 4-15. Interaction Diagram between Indenyl and Ir(PH,),(H)* Fragments.
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Figure 4-16. Interaction Diagram between Indenyl and Ir(PH,),(Cl)** Fragments.

4.3.4.3. [(*-Indenyl)Ru(PH,),{CO)I' and (n*-Indenyl)Cr(CO){NO). Figure 4-17
illustrates the interaction diagram betwee 1 the fragment molecular orbitals of
Ru(PH,)(CO)* and the indenyl = orbitals. Since the d,, component in FMO 2a" in
Ru(PH,)(CO)** (50%) is higher than that in Ir(PH,)(H)** (40%), and the d,, in FMO 3a’
in Ru(PH,)(CO)* (27%) is lower than that in Ir(PH,)(H)** (34%), the overlap
difference of FMO 2a" with indenyl my from FMO 3a' with indenyl m, in [(n*-
indenyl)Ru(PH,)(CO)]* is relatively larger than that in [(n™indenyl)ir(PH;)(H)]". In

with the i ions in [(n® H,)(H)]* the i lion between

FMO 2a" in Ru(PH,)(CO)* and indenyl n; is therefore much stronger than that
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between FMO 3a' and indeny! =,. In addition, a second order mixing of 2a’ into the

filled bonding orbital 3a’ results in an energy increase. As a result, MO 3a’ forms the
HOMO and MO 3a" forms the NHOMO of [(n®-indenyl)Ru(PH,)(CO)]* (cf. Figure 4-

17). These two orbitals play a i role in ing the distortion and the

conformational preference of this complex.

The total energy curve of [(n*indenyi)Ru(PH,)(CO)]* shuws an energy minimum at
By =0.15 A, H =5.0° and F = 6.8° with a stabilization energy of AE = 9.65 kJ/mol
(ct. Table V), as tha Ru(PH,),(CO)** moves away from the indenyl centroid toward
C, and the indenyl six-membered ring puckers along the C,-C, and C,,-C,, axes.
The indenyl 6-ring also shows increased conjugation as the indenyl ring distorts from

1° toward 1° coordination mode as shown in Table 4-4.

As the Ru(PH,),(CO)** fragment rotates from 0-360° about the indenyl-metal bonding
axis at the optimum distorted low energy geometry, the ~nergy curve of MO 3a’
(HOMO) shows two minima at & = 0° and 180° (cf. Figure 4-14E). The energy curve
of 3a" (NHOMO) remains almost unchanged in 240° < @ < 120° At o = 120° the
energy begins to rise reaching a maximum at 180°. Combination of these two energy
curves along with some minor modifications from the remaining orbitals gives the

total energy/rotational angle (&) curve, shown in Figure 4-14E, containing three

energy minima. The lowest energy minimum at a = 0° corresponds to the
conformation with the CO ligand in the molecular mirror plane and trans to the

indenyl six-membered ring, as shown in Scheme 4-11A. The second and the third
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equal energy minima appear at a = 123° and 236° (AE = 13.99 kJ/mol) and

correspond to the conformers shown in Scheme 4-11B. In this case, the

2. 25 arg the predicted metastable

conformers, rather than the lowest energy conformer.

A B
M . R . Q@ a4
Predicted co %% O@_%
Py L PHy
=02 a=123° =230
most stable metastable
PMoCH, -
Observed (ﬁ}—x C@_ ¢
Me, PPhy
Lo PPhy
Cc D
co co co NO
roses OB O~ (P
co NO co
a=0° a=112° =180 o=244°
most stable metastable
co
Observed Q\ﬁ}”"
co

Scheme 4-11

The interaction between Cr(CO),(NO)* fragment orbitals and indenyl = orbitals is
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more to the ining (n®i L Figure

4-18 illustrates only the major interactions, which are similar to those of [(n’-
indenyl)Ru(PH,),(CO)]". The metal-centred FMO 2a" is a combination of Py (10%(+))
and d,, (51%(+)) atomic orbitals which is different from the FMO 2a" in the other
ML,L' fragments. The MO 3a’ resulting from the interaction between FMO 3a’ and the
indenyl x, forms the HOMO and the MO 3a" resulting from the overlap of FMO 2a"
with indenyl m; forms the NHOMO. As shown in Table 4-5, the indeny! ring in (n®
indenyl)Cr(CO),(NO) also prefers to distort away from the ideal n® coordination mode,

although the distortion stabilization energy is low (AE = 2.70 kJ/mol).

Rotation of the Cr(CO),(NO)* fragment about the indenyl-metal axis changes the
HOMO (3a’) energy significantly with an energy difference up to about 30 kJ/mol (cf.
Figure 4-14F) as with that in other (n*-indenyl)ML,L' complexes. However, because
the NHOMO (3a") energy - rotational angle (&) curve is exactly out of phase with the
HOMO energy-a curve, the combination of these two curves results in the total
energy-c curve having a very low rotational barrier (AE, = 10.21 kJ/mol) as shown
in Figure 4-14F. Nevertheless, there do exist several energy minima. The lowest
energy minimum at a = 0° places NO in the molecular mirror plane trans to the
indenyl six-membered ring (cf. Scheme 4-11C). The other three higher energy
minima at a = 112°, 180° and 244° possess the same energy (AE = 3.55 kJ/mol)

corresponding to the conformers shown in Scheme 4-11D. The predicted lowest

energy is the in the solid state.’?®
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Figure 4-17. Interaction Diagram between Indenyl and Ru(PHj),(CO)* Fragments.



Figure 4-18. Interaction Diagram between Indenyl and Cr(CO),(NO)* Fragments.

4.3.5. (n*Indenyi) MLL'L"” Complexes. Since these complexes possess three
different ligands around the metal centre and n®-indenyl can be considered to occupy

the fourth coordination site, the metal atom is chiral. Due to the low symmetry of the

MLL'L" the of the metal-centred fragment lar orbitals

b much more The resulting interaction diagrams between

indenyl n orbitals and MLL'L" fragment orbitals for these (n™indeny)MLL'L"
complexes are more difficult to interpret. It is appropriate then to concentrate on the

HOMO and the total energy curves in order to examine the conformational
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preferences in these complexes.

The total energy curve of all the five chiral complexes examined in this study (cf.
Scheme 4-3) shows an energy minimum (cf. Table 4-5), with the MLL'L" fragment

moved away from the indenyl centroid toward C, and the indenyl six-membered ring

puckered along the C,-C, and C,,-C,, axis, toa
of the indenyl ring from the n° toward the n° coordination mode as observed

experimentally, 2" 247. 260, 261, 266, 301, 327929, 33 Algng with these distortions, enhanced

of the indenyl si: ring is evident from the EHMO calculations

(ct. Table 4-4).

Figure 4-19 illustrates the total energy and HOMO energy curves of (n’-
indenyl)MLL'L" complexes, as the MLL'L" fragment rotates about the indenyl-metal
bonding axis. Except for (n*-indenyl)Ru(CO)(I)(PH,), the morphologies of the total

energy-o. curve and the HOMO energy-o. curve match very well suggesting that the
HOMOQ again i the i p The energy curves

corresponding to one of the two enantiomers for each complex are shown. The

energy curves for the other enantiomers are necessarily mirror images.

For (n*indenyl)Co(Me)(1)(CO), the total energy-& curve shows two energy minima

{cf. Figure 4-19A). In ag with the cry i conformer®®!

the lowest energy conformer at a = 0° places the Me group trans to the indenyl six-

membered ring as shown in Scheme 4-12A. The minimum (AE = 8.96 kJ/mol) at o
= 125° corresponds to the conformer sown in Scheme 4-12B. Because the HOMO
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of (n®indenyl)Co(Me)(I)(CO) results from the interaction between the indenyl n; and

the metal-centred FMO 55 (the lowest empty FMO, cf. Scheme 4-13A), with lobes
almost bisected by the Co-Me bond and oriented toward the n; orbital centred on C,
and C,, the overlap of indenyl m; with FMO 55 reaches its maximum, providing a

lowest energy minimum with the Me group at a = 0°.

Similarly, the most stable conformer calculated for (n®indenyl)Co(Me)(I)(PH,) (ct.
Scheme 4-13B and Figure 4-19B) has its Me group at o = 0° trans to the indeny| six-

membered ring as shown in Scheme 4-12C. The results are consistent with the

p for the series (n®indenyl)Co(R)(I)(PR,) (R, =
CaFy, CoFyai PR, = PPh,, PPh,NHCH(Me)Ph, PPh,Me, PPh,(OMe), PPhMe,,
PPh(OMe),, PMe,, and P(OMe),) both in the solid state and in solution.****? The

case with PR, = PPh(OMe), is an ion. Its solid state ion is different

from that in solution, which places the PPh(OMe), ligand trans to the indeny! six-

membered ring. The EHMO calculations predict another metastable conformer at o
= 149° (AE = 14.39 kJ/mol) which is not experimentally observed (cf. Scheme 4-12D).

(n*Indenyl)Co(P(O)(OH),)(PH,)(Me) shows two energy minima with the P(O)(OH),
ligand at o = 0° and 135°, corresponding to the conformers shown in Scheme 4-12E,
F. The HOMO for (n®-indenyl)Co(P(O)(OH),)(FH,)(Me) complex is different from the
composition of the HOMO in (n*indenyl)Co(Me)(I)(L) (L = CO, PH,). Good overlap
of indenyl =, with the metal-centred FMO 60 (the lowest empty FMO, cf. Scheme 4-

13C) and the next lowest empty FMO 59 is possible, due to the different orientations
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of these two orbital lobes P to those in (n*indenyl)Ct )(L

= CO, PH,) complexes. These bonding interactions reach their maxima at o = 0° and
135°, resulting in the preferred conformers shown in Scheme 4-12E, F.
Experimentally, the rotamer with the P(O)(R')(OMe) at & = 0° s the only conformation

observed so far both in the solid state and in solution (cf. Scheme 4-12E and Table

PRI

Similarly, strong interactions of indenyl r; with the metal-centred lowest empty FMO
58 and the next lowest empty FMO 57 (cf. Scheme 4-13D) form the HOMO of (n*
indenyl)Fe(CO)(Me)(PH,) complex. Two energy minima at o = 0° and 235° result in
the total energy-a curve. These minima correspond to the conformers with the CO
(o = 0°, Scheme 4-12G) and Me (o = 235°, Scheme 4-12H) trans to the indeny! 6-
ring. The latter is observed in the relevant complexes (cf. Scheme 4-12H),2*"** but

the former has not been detected An ion to the

result is that the conformation adopted by (n°-

indenyl)Fe(CO)(Me)(PPh,N(Me)CH(Me)Ph) puts the Me underneath the indeny! six-

membered ring (cf. Table 4-1), which is the
No reasonable rationale can be offered at this time. In addition there is one more

energy minimum with higher energy (AE = 8.11 kJ/mol) at a = 104° (ct. Scheme 4-

121) in the total energy-c curve of (n®indenyl)Fe(CO| H,) and no

example with this conformer exists.

The last example investigated in this study is (n*indenyl)Ru(CO)(:j(PH,) complex.



21
The HOMO in this complex results from overlap of indeny! x, and the metal-centred

next lowast empty FMO 54 (cf. Scheme 4-13E). Two minima with CO at & = 0° and
180° result in the Eyomo - @ curve. However, the energy minimum at o = 180° is
largely cancelled by the energy maximum of the bording orbital formed by the
interaction between indenyl n; and the metal-centred lowest empty FMO 55 (cf.
Scheme 4-13E), which shows minimum overlap as CO rotates to o. = 180°. The total

energy-a curve, therefore shows three minima. The lowest energy minimum with CO
at a = 0° corresponds to the conformer shown in Scheme 4-12J, which is the

preferred conformation for several relevant complexes in solution.”***' The second
minimum with CO at & = 110° has higher energy (AE = 13.34 kJ/mol) and

corresponds to the conformer shown in Scheme 4-12K, which is crystallographically

.22 No evi for the predi third higher energy conformer (AE =
18.58 kJ/mal, cf. Scheme 4-12M) with CO at o = 236° has been presented in the

literature.
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Figure 4-12. Total Energy (dashed line) and HOMO Energy (solid line) Changes for
LL'L" Rotation about the Indenyl-metal Bonding Axis for (n’-
indeny)MLL'L".
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A: Co(Me)(1)(CO) (FMO 55) B: Co(Me)(l)(PH,) (FMO 55)

D: Fo(CO)(Me)(PH;) (FMO 57 and FMO 58)
Lo, Po,
E: Ru(CO)(I)(PH,) (FM( 54 and 55)

FAN o

Scheme 4-13. Important Metal Centred Fragment Orbitals of MLL'L".
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Table 4-4. Overlap Population Changes of Indenyl 6-1ing in (n*indenyl)ML, (n = 2, 3) Complexes.

(n’-indenyi)ML, distortion® Gy Cs, CoCi CCy CyC  CuC; GGy
(n*Indeny))Co(CO), wihott 1021 1087 1096 1051 1.096 1.097
‘with 1.042 1.051 1087 1.059 1.087 1.051
(n-indeny)Co(CC); without 1022 1.041 1083 1054 1.093 1041
with 1045 1060 1079 1.068 1073 1.060
(n*Indenyl)Co(PH,), wihowt 1033 1047 1087 1059 1.087 1.047
with 1.054 1.069 1072 1.074 1.072 1,069
(n*Indeny)Rh(CO), wihout 1010 1026 1103 1043 1.103 1.026
with 1032 1041 1093 1053 1.083 1.041
(n*-Indeny)Rh(C=C), without 1015 1028 1100 1046 1.100 1.029
with 1020 1037 1094 1051 1094 1037
(n*-Indeny)Rh(PH), without 1022 1043 1074 1063 1074 1.043
with 1037 1056 1070 1.060  1.071 1.06
[(n*-Indeny!)Co(CO)I* wihout 0980 1.008 1120 1.026 1.120 1.008
with 0983 1012 1.118 1027 118 1012
[(n*-Indenyl)Co(PH,),* without 0986 1009 1123 1.024 1.123 1.009
with 0998 1021 1413 1030 1113 1.021
(n®Indenyl)Mn(CO), without 0987 1.007 1123 1.027 1123 1.007
with 0983 1012 1119 1.020 1119 1.012
[(a*-Indenyl)Co(PH,),(Me)'  without 1.002 1019 1115 1.033 1115 1.019
with 1021 1087 1100 1.045 1100 1.037
[(n*IndenylICoPH,),(CF)"  without ~ 1.006 1022 1113 1036 1113 1022
with 1028 1.041 1098 1.040  1.096 1.041
[(n*Indenyir(PH,),(H) withost 1010 1023 1113 1087 1.13 1023
with 1021 1081 1105 1063 1105 1.031
[(n*Indonyl)Co(PH,),(C)  without ~ 1.003  1.020 1.115 1.038 1113 1.020
with 1022 1027 1109 1089 1107 1027
((nIndony)RUPH,,(CO)}*  without ~ 1.008  1.019 1113 1.007 1113 1019
with 1018 1027 1107 1042 1407 1.027
(n*-Indenyl)Gr(CO),(NO) wihout 1002 1016 1116 1.034 1118 1016
with 1008 1.020 1413 1.038 1113 1.020
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Table 4-4. cont'd
(n-indenyl)Co(PH,)(Me)(l)  without 1002 1.021 1.413 1035 1.111 1023
with 1020 1038 1098 1046 1.097 1.040
(n*indenyl)Co(Me)(1(CO) ~ without ~ 0938  1.018 1112 1085 1.111 1.023
with 101 1031 1103 1042 1102 1034
(nP-Indenyl) without 0999 1019 1114 1032 1118 1.017
ColPIOKOH)PH,Ne) with 1013 1030 1105 1040 1.105 1.030
(n*Indenyl)Fa(PH,)(Me)(CO)  without 0983 1010 1120 1.031 1118 1.011
with 1005 1021 1111 1087 1411 1021
(n*Indeny)Ru(PH,)()(CO)  without ~ 1.09  1.020 1112 1038 1111 1.021
with 1019 1028 1.105 1043 1105 1029

+odeniing whhou distorn ooepondeo the gcmaty withpna ndany g and he ML, bonding o the
Indanyl centroid. The Indanyl fing with distortion comresponds to the energy minimum geometry shown in Table
4-5.




Table 4-5. Ring Distortion Parameters for (n®-indenyl)ML, (n = 2, 3) Complexes.
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(n®-IndenylML, AA) HO 90 FO  AufA)  AE(KImol)  AE (kJmol®
(n*-Indenyl)Co(CO), 026 80 15 65 030 3888 0.10
(n®Indenyl)Co(C=C), 034 95 15 80 037 3560 017
(n®-Indenyl)Ca(PH,), 044 180 10 120 047 4216 0.08
(n-Indenyl)Rh(CO), 014 100 10 90 027 3078 .10
(nP-Indenyl)Rh(CAC), 013 80 10 70 02 3985 o010
(n®-IndenyRh(PH,), 044 130 10 120 047 3782 0.10
[(n®Indenyl)Co(CO),J* 003 15 05 20 005 077 004
[(n®Indenyl)Co(PH,),J** 042 55 25 80 018 1583 050
(n’*Indenyl}Mn(CO), 005 25 15 40 008 318 017
[(n®-Indenyl)Co(PH,),(Me)]* 016 80 15 95 024 24,60 0.10
[(n™Indenyl)Co(PH,),(CF,)} 018 80 15 105 027  31.94 0.10
[(n®-IndenylIr(PH,),(H)}* 010 50 20 70 015 974 029
[(n®Indenyl)ir(PH,),(CI]* 0075 40 12 52 042 473 010
[(n-Indeny)Ru(PH,),(CO) 010 60 18 68 015 965 029
(n®-Indenyl)Cr(CO),(NO) 006 30 15 45 009 270 019
(n*-IndenyliCo(PH;)(Ma)() 017 7.5 10 85 024  20.47 004
(n*Indenyl)Co(Me)()(CO) 042 50 00 50 wi7 839 000
(n®-indenyl) 012 60 15 75 019 1283 o019
Co(P(O)(OH),(PH,)(Me)

(-Indenyl)Fa(PH,)(Me)(CO) 011 55 13 68 017 1400 019
(n*-Indeny)RU(PH)()CO) 010 50 12 62 015 830 0.10

* AE = [Evutassroton (8, H, 38 @ = O)] - [Eey guronon (81 H, a0 ¢ 2 0)]. ° AE, = [E, (9 = O)] - [Eq o (9% O))
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4.4. Summary
In this study, EHMOU calculations have been performed for a series of (n*

)L, (i d°)L,. (n*i d*)LeL", and (n®i fLLL

complexes. Indenyl ring di: ion and i have been

examined on the basis of fragment molecular orbital analysis and compared with

. Several i can be drawn from the results:
(i) The distortion and conformational preferences are dominated by the HOMO and
NHOMO formed by overlap of the filled indenyl = orbitals (r; and =,) and the

symmetry-adopted metal-centred fragment MO's. The relative energy, orbital

and the ori ion of the metal-centred orbitals control the

extent of indenyl ring di: ion and the i ofthe indenyl ring

with respect to the ligands on the metal atom.
(ii) For allindenyl complexes investigated in this study, indenyl ring slippage (A) away
from the indenyl centroid and puckering along C,-C, and C,,-C,, axes are

f ble and are i with the i ations. The
driving force for indeny! ring distortion from n® toward n’-indenyl coordination derives

from the lowering of both the HOMO and NHOMO energies of the n*-indenyl

andthei ization of the indenyl si; ring. In (n*

indenyl)M(d®)L, complexes indenyl ring uistortions are required to diminish the

antibonding interactions in the HOMO and the bonding i ions in the
NHOMO. For all (n®*indenyl)M(d®)L,, (n>-indeny)M(d®)L,L' and (n®-indenyl)M(d°)LL'L"

indenyl ring di: increase bonding interactions of both the filled

indenyl x; and =, orbitals with the two lowest empty metal-centred fragment orbitals.
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(ii)) As shown in Figure 4-20, the EHMO predicted stable conformations are the

preferred conformations observed experimentally both in the solid state and in
solution for most complexes. (n-indenyl)Ru(PH,)(CO) is an exception because the
observed conformer is predicted to be a higher energy metastable conformer. In a

few cases both the predicted stable and metastable conformers are observed

experimentally. Two (i y CO; (PPh,N(Me)CH(Me)Ph)) and

(n®-indenyl)Co(C 2F7)(1)(PPh(OMe),), whose solid state conformers do not correspond

to either the predi stable or appear in the literature.
However, the solution conformation of (n™indenyl)Co(C,F,)(I)(PPh(OMe),) does
correspond to the predicted stable conformer, possibly due to the influence of crystal
packing forces, which vary the conformational preference of the indenyl ring.

(iv) The ML, fragment straddling the mirror plane in (n*indenyl)M(d®)L, complexes
is the highly preferred conformation. The (n’-indenyl)M(d®)L, complexes favor the

conformation which places one ligand of ML, in the molecule mirror plane trans to

the indenyl six-membered ring. For (n®-indeny *)L,L" and (n’-i yM(d®)LL'L"
complexes which contain different ligands, the figand preference for occupancy of the
pasition trans to the indenyl 6-ring decreases roughly in the following order: H ~ Me
= CF, = P(O)(R")(OR) > NO > CO = PR, > | = Cl. Figure 4-20 summarizes the

success of the EHMO calculations carried out.
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M Predicted Stable Conformer Observed

[ Predicted Metastable Conformer Observed

Predicted Unstable Conformer Observed
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(0-indom)Ru(CO)N(PH)
(n-IndenyFe(Me)(PH;)(CO)
(n°~indeny)Co(P(O)OH),)(PH)(Me)
(nindenyl)Colue)(PHS)()
(nindeny)Co(Me)()(CO)
(n°=Indeny)Cr(c0),(N0)
[n"indom)Ru(PHg,(coN) "
[(n*=indenyirtPHy),(cn)*
[tn=incemy)irtPH), 1"

[0’ ~indeny)Co(PHy),(Me or CF]*
(n-indeny)hty

(0°-indanyDul,

Figure 4-20. Correlation of Predicted and Observed Conformations of n®-indenyl

Complexes.



Chapter 5
Synthesis, Structure, Absolute Configuration and
Conformational Analysis of
(Scos(S:R)pSc)-(n*-Cp)Co(N-N*)(P(O)(Ph)(OMe)) and their
Precursor, (S¢,,Sc)-[(n*-Cp)Co(N-N*)(PPh(OMe),)I'l,
(N-N* = Bidentate Schiff Base).
Characterization of an Arbuzov Reaction Intermediate with a

Strongly Nucleophilic Counterion.

5.1. Introduction

Chapter 3 discussed the Arbuzov-like dealkylation reactions of P(OMe), and the

p PPh(OMe), i by the i ral Co-chiral

[(n®-Cp)Co(PMe,)(C,F;)-]* and [(n*-indenyl)Co(L}(R)-]* (L = PPh,Me,_,, PR(OMe), (R

= OMe, Ph), R, = C,F;, C4F;,) which proceed via an ionic mechanism as observed

in many other iti tal Arbuzov ions (cf. Chapter 1),' 14 1%

192, 194197, 199201, 203:206. 209 Thig conclusion was made on the basis of direct NMR

observations of the cationic intermedi inmost of the shown in
3-1 and 3-2 (cf. Figures 3-1 and 3-2) and the isolation of intermediate, [(n’-

indenyl)Co(P(OMe),),(C,F,)]", by halide bstraction (cf. Scheme 3-2 and Figure 3-
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3)3® |t was anticipated that removal of conformational restraints imposed by
intramolecular hydrogen bonding (cf. Scheme 1-51) would result in reduced efficiency
of chiral information transfer from cobalt to phosphorus. Although a nominal decrease
was observed using the reaction of (n®-Cp)Co(PNH)(), with PPh(OMe), as a

2 no 1 results with a reference reaction of (n*

Cp)Co(R)(PNH)(1) and PPh(OMe), (R, = CF,, C,F;).?"" which suggests that the
P=0sseH-N hydrogen bonding is only one of the factors, rather than the dominating

factor, in ining the metal to chiral i

In a search for i y bonding ing ligands several chiral,

bidentate, uninegative Schiff-bases, N*-N", first reported by Brunner,®® were

examined. This chapter presents the ion and X-ray cry phi

characterization of (S;,,Sc)-{(n’-Cp)Co(N-N')(PPh(OMe),)}*I", 5-3a, an example of an
Arbuzov intermediate with a strongly nucleophilic counterion as well as its
dealkyiation to afford (S, (S,R)pSe)-(n°-Cp)Co(N-N')(P(O)(Ph)(OMe)), 5-4a and 5-4b.
The crystal structure of a model complex (S, Sc)-[(n*-Cp)Co(N-N')(PPhMe,)]'T", 5-5a,

P in order to lish the ical stability of Arbuzov intermediates,

p

is also i The structure, absolute ion and solution

of these complexes have been fully characterized using NMR, circular dichroism

(CD), and crystallographic methods.
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5.2. Results and Discus-ion

5.2.1. and The is of the used in
this study is summarized in Scheme 5-1. Treatment of the diiodide 5-1 with N*-N

(N*-N = S-Ph(Me)C'H-N=CH-C,H,N, C,H,N'= pyrrolyl) in ether at room

2% resulted in i of CO and I' to afford a black, crystalline solid,
((S,R)syyS)M*-CpCo(N*-N)(1), 5-2a,b, with a 5-2a/5-2b ratio of 85/15 (determined by
integration of the 'H NMR Me doublets at 1.80 and 2.19 ppm) in a chemical yield of

= ¥

P P P | P
E— — e
ol ah w7 | “ephioma) 7 ‘vﬂ“_w‘
e g S R Ao
# 528,8¢, - 538,5¢, 840,50, Sp
520, Rg, 536, Rgy 54,5,
. S4e.Rgy Rp
—
PPhMe, @ 54d.Rc,Sp
o r
N | rennte
NN
5505,
555, Ag,

N =S - Ph(Me)C H-NeCH -O

Scheme 5-1
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92%. Addition of a slight excess of PPh(OMe), to a dark blue, benzene solution of
5-2a,b at room temperature resulted in the formation of an air-stable, deep red
precipitate. ~ Simple filtration afforded a single diastereomer, 5-3a, (optical purity
98%) in 79% chemical yield. 'H NMR analysis of the residue obtained by removing
volatiles in vacuo from the filtrate showed six well-separated Cp singlets
corresponding to both prochiral phosphonite iodide salts, ((S,A)c,)-[(n*~Cp)Co(N-
N*)(PPh(OMe),)]'I’, 5-3a (5.40 ppm), 5-3b (5.67 ppm) and four phosphinate products,
((SR)car(S. R)p)-(n°Cp)CO(N-N')(P(O)(Ph)(OMe)), 5-4a (4.84 ppm), 5-4b (4.71 ppm),
5-4c (5.04 ppm), and 5-4d (4.96 ppm).

The isolation of optically pure diastereomer, 5-3a, an intermediate with a strongly
nucleophilic I counterion, enabled us to investigate unambiguously Co*—P chiral
induction in the ensuing Arbuzov dealkylation step. Complex 5-3a is not air sensitive
in the solid state or in solution. However, facile nucleophilic attack of I" counterion on
the coordinated PPh(OMe), occurs in a variety of aprotic soivents such as benzene,
hexane, dichloromethane, chioroform, acetone, and acetonitrile at ambient
temperature to give two of the four possible diastereomeric Arbuzov products, 5-4a
and 5-4b. The ion-pair 5-3a is surprisingly stable in methanol (< 5% reaction after
24 h at 50 °C), presumably reflecting the reduced nucleophilicity of strongly solvated

I. This result shows clearly that free halide ion is required for the dealkylation.

Heating a suspension of 5-3a in benzene at 60 °C resulted in the loss of Mel and the
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quantitative formation of two P-epimeric phosphinate products, 5-4a and 5-4b, with

36% de at phosphorus and complete retention of stereochemistry at Co.” Retention
at the chiral metal shows: (i) that substitution-resistant 5-3a 2. 285. 397. 354, 355 g
configurationally stable at cobalt under Arbuzov reaction conditions, and (ji) that, in

contrast with other iti tal Arbuzov I e ion of

PPh(OMe), for I Is not reversible under the reaction conditions. The P-epimeric
diastereomers 5-4a and 5-4b were separated with difficulty as red, paste-like solids

which are very stable both in the solid state and in solution, as observed for other

356

197,198,299 g0 phosp

All complexes were characterized by 'H, *'P{'H}, and "°C{"H} NMR. *'P NMR spectra

(Table 5-1) showed characteristic singlets at 160.4 ppm (5-3a), 108.1 ppm (5-4a) and

101.6 ppm (5-4b) i i jte and inate.' The

'H NMR specira of 5-3a, 5-4a, and 5-4b (Table 5-1) showed distinct n°-Cp, C*H, and

C*-Me typical for di ic “piano-stool* TN THe,

pic dimethyl ite OMe groups in 5-3a appeared as two
doublets at 4.05 ppm and 3.82 ppm with “Jpy = 11.4 Hz. The phosphinate OMe

group appeared as a doublet at 3.55 ppm for 5-4a and 3.45 ppm for 5-4b.

The pyrrolyl ring protons, the ortho-protons of C*-Ph in 5-3a and the ortho-, mela-,
and para-protons of C*-Ph in 5-4a were well resolved in all complexes and were

assigned unambiguously on the basis of 'H nOed spectra (cf. Figures. 5-1 and 5-2,
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and Scheme 5-2).

Spectra f, g, h in C {'\

Figure 5-1 allow ﬁ

assignment of the / ] ""L
el

pyrrolyl protons in 5- b ) O ‘)

3a. Irradiation of the
muliplet of He B35 & heme 5-2. Numbenng Scheme and Major

ppm, Figure 5-1g) nOe Correlations

showed strong

enhancements to the resonances at 6.72 ppm (8.1%) and 7.30 ppm (8.8%), and
were confidently assigned to H, and Hs. Spectrum f (Figure 5-1f) correlated the Cp
signal at 5.35 ppm with H; (8.4%), the proximal pyrroly! proton, as shown in scheme
5-2, while spectrum h (Figure 5-1h) confirmed the assignments of H, and H,. The
multiplet centered at 7.06 ppm was assigned to H,,,, of C*-Ph based on spectra b

and e (Figure 5-1b, e), which showed strong correlations between the H,,, and C*-

Me as well as the Hqy,, and C*H.

The well separated H,/phenyl resonances (spectra e, 1, j in Figure 5-2) allowed
unambiguous assignment of the pyrrolyl protons in 5-4a. Irradiation of the signal due
to H, at 6.27 ppm (Figure 5-2e) resulted in a strong enhancement of H, (6.51 ppm,
4.2%) and H; (7.15 ppm, 3.2%). Irradiation of H, (Figure 5-2f) showed a 5.2%

enhancement of H, but no of Hy, while i ion of Hg (Figure 5-2j)
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showed 8.5% entiancement of H, but no enhancement of H,.

'H NMR assignments for 5-4b were obtainad by comparison with the spectra of 5-3a

and 5-4a. In all as di above, the shift of the pyrrolyl

protons decreases in the order H;>H,>H,, as found for other bidentate Schiff-base

5 The ical shift assi 0f the C*-Ph Hyy, Hpgy and Ho,, in
5-4a were based on spectra g', h', and j' in Figure 5-2. Irradiation of H,,, at 6.98
ppm (Figure 5-2h') showed a large enhancement of the resonances at 7.15 ppm
(4.2%) and 6.78 ppm (4.8%), which were then assigned 0 H,,, and Hyq,. The nOe
correlation of the r:wultiplet at 6.78 ppm with H,,,, (5.3%) and C*H (1.5%) but not with
the muitiplet at 7.15 ppm allowed the assignment of 6.78 ppm muitiplet to H,y,, 0n
C*-Ph. Similarly the multiplet at 7.15 ppm can be assigned to H,,, overlapped with

He.

3C NMR spectra (Table 5-2) were analyzed using 2-D 'H/™*C 'J heterocorrelation
data which further confirm the 'H NMR assignments. All carbon signals were
resalved and showed characteristic spectroscopic patterns for chiral phosphonite or

% The two di dimethyl

phenylphusphonite OMe groups of 5-3a were easily assigned as a pair of doublets
at 57.30 ppm and 57.12 ppm, respectively, with 2J,; = 13.2 Hz. The phosphinate
OMe in 5-4a and 5-4b appeared as a doublet at 51.67 ppm (% = 10.9 Hz) and

50.99 ppm (e = 11.9 Hz), respectively. All phenyl and pyrrolyl carbons were
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resolved and assigned unambiguously as shown in Table 5-2.

The model cationic phosphine complex, (S, Sc)-[(n*-Cp)Co(N-N*)(PPhMe,)]'l, 5-5a,
originally isolated® as a Co-epimeric 88/12 5-5a/5-5b PFy salt mixture, was
in order to the i stability at the Co center of the

isostructural phosphonite complex 5-3a. Treatment of a dark blue solution of 5-2a,b
(5-2a/5-2b = 85/15) with excess PPhMe, following the procedure described for 5-3a
(Scheme 5-1) gave a deep-red precipitate of optically pure diastereomer, 5-5a, with
the same configuration at Co as 5-3a in 75% chemical yield. Heating solutions of
5-5a in CDCI, at 60 °C for 12 h resulted in no detectible Co epimerization, hence we
infer a similar configurational stability for the isostructural intermediate 5-3a. NMR
spectra of 5-5a and 5-3a are very similar (cf. Tables 5-1 and 5-2). A *'P singlet at
25.8 ppm for 5-5a is istic for 'H NMR shows

distinct C*H, C*-Me, P-Me, and pyrrolyl resonances similar to 5-3a. All carbon
signals (cf. Table 5-2) are well resolved and assigned clearly on the basis of 'J 'H/’C
heterocorrelation spectra as for 5-3a. The isostructural complexes 5-3a and 5-5a

adopt a similar solution conformations as discussed below.



Table 5-1. 'H and 'P NMR for (1°-C,)Co(N-N‘)(L) Complexes®.
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No. Cp H, H, H CH«N CH POMe/PMe C'Me c-Ph P-Ph »
53 540 669 637 ° O 483 4.17(d,11.4)' 1.49 7.05(m)* 160.4(s)
6 (m) (dd @ 390(d,11.4)  (d69)°  7.29-749(m) 7.29-7.49(m)
40, 69)
19)°
sas" 535 672 635 7300 752 476 4.05(,11.3)! 152 7.06(m)°
(s) (@, (ad, @ 382(d,114)  (d69)  7.29-755(m) 7.29-7.55(m)
40, 40, 69)
12 19y
54a 484 651 627 745 706 520 355(d,11.0)' 145 7.15(m)’ 730-7.37(m)  108.1(s)
(s) @ (ad, (@ @ @69  698()"
38, 39, 4.0) 69) 697()"
06) 18 6.79(dd)"
6.76(dd)"
54b 470 672 620 702 747 522 3.45(d,10.7)" 168 720-744(m)  7.20-7.44(m)  101.6(s)
[OR (m) . (m) (d6.9)°
38y 36)
558 529 688 647 720 750 528 210(d,11.6)° 152 735754(m) 7.35-754(m) 25.8(s)
(s) @ (dad, @ 189(d,116° (469"
39, 40, 69)
10) 19y
*'H (300.1 Mrz) NMR chemical snms in ppm relative to intemal TMS; *'P (121.5 MHz) NMR chemical shifts in ppm relative to external 85% H,PO,;
Solvent = CDCL; . “j=doublet; t=triplet; q=quartet; J values in Hz given in brackets. * overiapped witl, henyl resonances. *
( TR TS 'H‘,,_(g. " Solvent = CD,0D. * (‘J » *J,s)- | obtained from nOed spectra, overlapped witii phenyl resonances. *

:wmlppedwnnl{,__anc-m

Foan: ™ Hrs (aie7.6). " Ho (=84, =1 4). * .
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Ta' ' 5-2. 'C NMR for (n°-C,)Co(N-N")(L) Complexes*.

No C C ©C C C  CHN CH POMePMe Me  C-Ph P-Ph

53a 8869 4239 12061 11637 14421 150.11 6942 57.87(d,11.6° 2555 141.50° 136.60(d.55.4)°
5§7.33(d,12.0 132,51 128.87°
130.35" 128.74°
130.18° 128.35¢

129.34' 126.28'
53a" 89.83 14449 121.88 117.05 14527 16220 71.10 57.30(d,132)° 2581 143.56° 138.38(d,56.6)°
57.12(d,13.2)° 133.70° 29.98°

54a 8764 14421 117.90 11402 14298 157.11 67.50 51.67(d,109° 2529 141.81° 13533(d,40.7)0
130.71° 128.76°

54b 8781 14416 117.27 11372 143.00 157.81 68.05 50.99(d,11.9)° 2536  142.01° 135.60(d,50.4)°
128.79°

129.82° 127.58°
129.47° 126.39'

12737
5-5a 88.13 14254 119.98 11639 '43.11 158.89 69.10 15.42(d31.2) 25.75 141.58° 132.24(d,47.3)°
14.66(d,30.5)' 131.06° 128.97°

129. 08' 126.10'

* G (75.47 MHz) NMR chemical shifs in pprm relative to solvent cncgm 00; d=doublet; J values in Hz given in brackets. ® Jpc. * Coss-* Coun
* Come

' Croa- ? Ciua ("Jrc). " solvent = d,-methanol (49.0 ppm). !
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Figure 5-2. 'H nOed spectra of 5-4a in CD,Cl. (m, m') reference
spectrum; (a-l) difierence spectra (x 32) for iradiation at the
indicated (*) frequency; (a) C*-Me; (b) P-OMe; (c) Cp; (d)
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5.2.2. Crystal and Ce of 5-3a, 5-4a-2H,0, and 5-
5a. Absolut i ions of 5-3a, 5-4a-2H,0, and 5-5a were assigned
on the basis of cry i id Ci ic data are d in

Table 5-9. Compounds in this series have a propensity to form twinned crystals and
such was the case for the specimen of 5-3a selected for X-ray crystallographic
analysis. Nevertheless, a well refined structure (R, = 0.041) with correct assignment
of the absolute configuration consistent with the known absolute configuration at
carbon (S;) proved possible. The n°Cp group in 5-3a is rotationally disordered and

refinement was carried out using a 55/45 occupancy model.

Refinement of the crystal structure of 5-4a was complicated by the presence of
disordered solvent in the unit cell. Attempts to grow a better quality crystal were not

successful, however the overall structure and stereochemical assignments are

with and the known absolute configuration of

P p
the internal reference S;. The asymmetric unit contains two independent molecules

(5-4a, 5-4a’) each with one water molecule in close proximity as well as a more

distant solvent cluster which was as two water molecules with

occupancy. Thus, solid state samples of 5-4a are formulated as a dihydrate,

4a+2H,0 and 4a’2H,0. The two cry i i have

identical absolute configurations and differ only slightly in conformation (cf. Figure 5-

5).
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PLUTO representations of the strurture of 5-3a, 5-4a+2H,0, and 5-5a are shown in
Figures 5-3, 5-4, and 5-6, respectively. Coordinates, selected bond distances, and
bond angles of 5-3a, 5-4a-2H,0, 5-4a’-2H,0 and 5-5a are given in Tables 5-3 - 5-7.
All of these molecules are pseudooctahedral, three-legged “piano-stools”. The n*-Cp
moiety occupies three facial coordination sites with the P-donor and bidentate Schiff-

base (N-N*) ligands the ination sphere. bond angles (P-

Co-N1 (pyrrolyl), P-Co-N2 (C*-N), N1-Co-N2) are approximately 90°. The
coordinated Schiff-base is planar as a result of conjugation. All three molecules
adopt a similar solid state conformation with C*-Ph syn and approximately edge-on
and P-Ph anti to n°-Cp. In each case the absolute configurations determined

crystallographically were found to give the correct chirality at the known S; center.

Consi ion of these as cases with n>-Cp effectively

occupying one coordination site and use of the modified Cahn-Ingold-Prelog rules™*
2% with the ligand priority series Cp>P-donor>N-C*H(Me)Ph>N-pyrrolyl fixes the
absolute configuration of 5-3a, 54a+2H,0, and 5-5a, as S,,S,. In the case of 5-
4a-2H,0, the absolute configuration at P(O)(Ph)(OMe) with the priority series
Co>OMe>0>Ph is S,
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Figure 5-3. Molecular Structure of 5-3a (I omitted for clarity).



236

Figure 5-4. Molecular Structure of 5-4a+H,0 (H,O omitted for clarity).



Figure 5-5. Structure Comparison of 5-4a+H,0 and 5-4a’H,0.
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Figure 5-6. Molecular Structure of 5-5a (I omitted for clarity)
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Table 5-3. Atomic Coordinates for (S¢,Sc)-[(n-C,)Co(N-N')(PPh(OMe),)]* I, 5-3a

atom X y z B(eq) Occupancy
I(1) 0.60046(8) 0.02239(6) 0.2770(1)  6.92(7)

Coll) 0.5168(1) 0.0934(1) 0.7784(2) 3.7(1)

P() 0.6279(3) 0.1570(2) 0.8736(4) 3.7(2)

o(1) 0.6947(6) 0.1035(5) 0.9471(8) 3.9(5)

0(2) 0.6938(7) 0.2077(5) 0.7917(3) 5.1(5)

N(1) 0.4817(9) 0.1798(6) 0.687(1)  4.5(7)

N(@2) 0.4155(8) 0.1277(6)  0.8905(9)  3.9(6)

C(6) 0.504(1) 0.2178(9)  0.581(1) 5.8(4)

c(7) 0.444(1)  0.2768(8) 0.569(1)  5.3(4)

c(8) 0.380(1)  0.2762(8) 0.661(1)  4.7(4)

C(9) 0.400(1)  0.2144(7) 0.737(1)  4.2(3)

c(10) 0.367(1)  0.1828(8) 0.849(1)  4.1(4)

c(11 0.386(1)  0.0960(7) 1.009()  3.9(3)

c(18 0.337(1)  0.1476(9) 1.099(1)  5.7(4)

(25 0.779(1)  0.125(1)  1.008(1)  6.4(5)

C(26 0.754(1)  0.185(1)  0.692(2)  7.3(5)

c(19 0.5905(6) 0.2248(4) 0.9815(7)  3(1)

(20 0.5874(6) 0.2059(4)  1.1060(8)  4(1)

c(21 0.5601(6) 0.2585(5) 1.1933(6)  6(1)

c(22) 0.5359(6) 0.3301(5)  1.1561(8) 5(1)

C(23) 0.5390(6) 0.3490(4) 1.0317(9)  6(1)

C24 0.5663(6) 0.2963(5) 0.9444(6)  4(1)

C(12 0.3267(6) 0.0259(5) 0.9968(8) 4(2)

c(13 0.3501(5) -0.0362(6) 1.0670(7)  6(2)

C(14 0.2943(7)  -0.1003(5) 1.0571(8)  6(2)

c(15 0.2152(6) -0.1024(4) 0.9771(8) 6(2)

C(16) 0.1917(5)  -0.0403(6) 0.9069(7)  6(2)

C(17) 0.2475(7) 0.0239(5) 0.9168(7)  5(2)

c(1) 0.459(1)  0.007(1)  0.673(2)  3.6(2) 0.550
C(2) 0.470(1) -0.020(1) 0.793(2) 3.6(2) 0.550
C(3) 0.569(2) -0.016(1) 0.824(1) 3.6(2) 0.550
C(4) 0.6187(8)  0.014(1) 0.723(2) 3.6(2) 0.550
C(5) 0.551(2) 0.028(1) 0.630(1) 3.6(2) 0.550
C(1A) 0.500(2) 0.026(2) 0.621(2) 4.0(3) 0.450
C(2A) 0.598(2) 0.031(2) 0.650(2) 4.0(3) 0.450
C(3A) 0.612(1)  0.002(2) 0.768(2)  4.0(3) 0.450
C(4A) 0.521(2)  -0.020(1) 0.813(2)  4.0(3) 0.450
C(5A) 0.452(1)  -0.006(2) 0.722(3)  4.0(3) 0.450
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Table 5-4.  Atomic Coordinates for (Sc,, Sy Sc)-(n®C,)Co(N-N)(P(O)(Ph)(OMe)), 5-
4a:2H,0, 548"2H,0

atom X y z B(eq) Occupancy
Co(1) -0.0251(2) 0.0716(1) -0.1302(3) 4.0(2)

Co(1) 0.0770(2)  0.3466(1) 0.4561(3) 4.0(2)

P(1) 0.1035(3) 0.0743(2) -0.1721(5) 4.6(3)

P(1’) -0.0493(3) 0.3603(2) 0.4069(5) 4.9(4)

o(1) 0.1524(6) 0.0398(4) -0.114(1)  5.5(3)

o(1’) -0.0825(7) 0.3973(4) 0.488(1)  6.7(4)

o) 0.1111(7)  0.0787(4) -0.342(1)  6.1(3)

0(2) -0.0470(7) 0.3690(4) 0.238(1)  5.6(3)

0(3) 0.1251(6) -0.0214(3) 0.084(1) 5.4(3)

o(4) 0.292(1)  -0.0011(6) -0.171(2)  16.4(7)

0(5) -0.686(2) 0.083(1) -0.719(3)  11(1) 0.500
0O(6) -0.613(4)  0.082(3) -0.768(8) 15(1) 0.300
0(7) -0.564(2) 0.073(2)  -0.791(6)  15(1) 0.400
0(8) -0.596(3) 0.042(1)  -0.941(5)  15(1) 0.400
0(9) -0.671(3) 0.024(1)  -0.887(5)  16(1) 0.400
N(1) -0.0470(8) 0.1275(4) -0.190(2)  4.2(d)

N(1') 0.0730(8) 0.2923(4) 0.377(2)  5.1(4)

N(2) -0.0097(7) 0.0975(4) 0.056(1)  3.3(3)

N(2) 0.0437(7) 0.3170(4) 0.625(1)  3.1(3)

c(6) -0.070(1)  0.1491(7) -0.314(2)  6.6(5)

c(6') 0.086(1)  0.2753(6) 0.246(2)  5.3(5)

c(7) -0.085(1)  0.1891(6) -0.263(2)  5.7(5)

c(7) 0.075(1)  0.2324(6) 0.261(2)  4.8(5)

c(e) -0.070(1) 0.1942(6) -0.123(2)  6.4(5)

c(8) 0.056(1) 0.2232(6) 0.401(2)  6.2(5)

C(9) -0.048(1)  0.1538(6) -0.078(2)  5.0(5)

C(9) 0.053(1) 0.2628(6)  0.469(2) 4.3(5)

C(10) -0.025(1) 0.1381(5) 0.053(2)  4.1(4)

C(10") 0.036(1) 0.2779(6)  0.603(2) 4.4(5)

c(11) 0.019(1)  0.0766(6) 0.183(2)  4.8(5)

c(11) 0.026(1)  0.3373(5) 0.771(2)  4.1(5)

c(18) 0.052(1)  0.1054(6) 0.300(2)  7.1(6)

c(i8) -0.027(1)  0.3105(6) 0.866(2)  6.9(5)

C(25) 0.190(1)  0.0807(7) -0.405(2) 9.9(7)

c(25) -0.118(1)  0.3835(7) 0.170(2)  8.6(6)

c() -0.0748(9) 0.0404(4) -0.302(1)  7.3(4)

c(2) -0.1370(6) 0.0497(3) -0.207(1)  5.9(4)

c(3) -0.1197(7) 0.0307(4) -0.077(1)  5.9(4)

c(4) -0.0469(7) 0.0096(3) -0.091(1)  5.7(4)
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atom X y z B(eq) Occupancy
C(5) -0.0192(6) 0.0156(4) -0.231(2) 6.9(4)
c(1") 0.1403(8)  0.3782(4)  0.304(1) 6.6(4)
c(@) 0.1964(6) 0.3574(3) 0.389(2)  6.0(4)
c@3) 0.1880(6) 0.3717(3) 0529(1)  5.2(4)
C(4) 0.1268(7) 0.4013(3) 0530(1)  5.8(4)
C(5) 0.0973(5) 0.4053(3) 0.391(1) 4.8(4)
C(19) 0.1508(7) 0.1215(3) -0.108(2) 4.7(3)
C(20) 0.1400(5) 0.1584(5) -0.183(1) 6.5(3)
c(21) 0.1754(8) 0.1948(3) -0.134(1)  9.1(3)
C(22) 0.2215(6)  0.1943(3) -0.01C(2)  6.6(3)
C(23) 0.2324(5) 0.1574(5) 0.065(1)  9.1(3)
C(24) 0.1970(8) 0.1210(3) 0.016(1))  6.2(3)
c(19) -0.1184(6) 0.3175(3) 0.424(2)  4.4(3)
C{20) -0.1744(8) 0.3174(3) 0535(1)  6.7(3)
c(21) -0.2264(6) 0.2840(5) 0551(1)  8.7(3)
c(22) -0.2224(7) 0.2506(3) 0457(2)  7.7(3)
C(23) -0.1663(9) 0.2507(3) 0.347(1)  9.0(3)
C(24)) -0.1144(6) 0.2842(5) 0.330(1)  6.7(3)
C(12) -0.0481(6) 0.0506(4)  0.254(1) 3.3(2)
c(13) 0.0304(5) 0.0111(4) 0.304(1)  4.6(2)
c(14) -0.0396(8) -0.012322) 0.371(1)  5.1(2)
C(15) -0.1664(6) 0.0039(4) 0.389(1)  5.6(2)
C(16) -0.1841(5) 0.0435(4)  0.338(1) 5.6(2)
c(17) -0.1250(8) 0.0668(3) 0.271(1)  4.1(2)
c(12) 0.1054(5) 0.3472(4) 0.842(1)  4.7(3)
c(13) 0.1212(6) 0.3876(4) 0.885(1)  5.2(3)
c(14) 0.1935(8) 0.3971(3) 0.952(1)  5.7(3)
c(15) 0.2500(5) 0.3661(4) 0.976(1)  6.0(3)
c(18) 0.2343(6) 0.3256(3) 0.932(1)  4.7(3)
c(17) 0.1620(7) 0.3162(3) 0.865(1)  4.7(3)
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Table 5-5. Atomic Coordinates for (S,S)-[(n*Cp)Co(N-N')(PPhMe,)]'I", 5-5a

atom X y z B(eq)
I(1) 0.3991(1)  0.4840(1) 0.7197(2)  9.1(1)
Co(1) 0.9805(2) 0.0986(1) 0.7569(3)  3.0(1)
P(1) 0.8617(4) 0.1646(3) 0.6603(5) 4.1(3)
N(1) 1.025(1)  0.1851(8) 0.849(1)  4.1(4)
N(2) 1.087(1)  0.1296(7) 0.648(1)  2.6(3)
c(6) 1.001(2)  0.226(1) 0.953(2)  7.1(6)
c(7) 1067(2)  0.284(1)  0.962(2)  5.7(6)
c(8) 1.131(1)  0.283(1)  0.867(2)  4.8(5)
C(9) 1.109(1)  0.221(1)  0.793(2)  4.6(5)
C(10) 1.138(1)  0.188(1)  0.683(2)  3.7(5)
c(11) 1.112(1)  C.0946(9) 0.524(2)  3.5(4)
c(18) 1.1641)  0.147(1)  0.430(2)  5.6(5)
C(25) 0.787(1)  0.215(1)  0.771(2)  7.2(6)
C(26) 0.767(1)  0.13(1)  0.574(2)  5.1(5)
c(1) 1.0471(6) 0.0076(7) 0.845(1)  5.2(5)
c(2) 1.0008(8) -0.0135(5) 0.734(1)  5.8(5)
c(3) 0.8982(7) 0.0028(6) 0.743(1)  4.9(4)
C(4) 0.8811(7)  0.0341(6) 0.860(1)  5.9(5)
C(5) 0.973(1) 0.0371(6) 0.9231(8)  5.8(5)
C(12) 1.1768(7) 0.0248(5) 0.540(1)  2.4(4)
C(13) 1.2589(8) 0.0236(6) 0.520(1)  4.7(5)
c(14) 1.3162(6) -0.0409(7) 0.6327(8) 5.1(5)
c(15) 1.2914(8) -0.1043(5) 0.565(1)  6.3(6)
c(16) 1.2093(9) -0.1082(F) 0.484(1)  5.5(5)
c(17) 1.1520(6) -0.0386(7) 0.4721(3) 4.8(5)
C(19) 0.9092(8) 0.2302(6) 0.550(1)  3.2(4)
C(20) 0.8999(7) 0.2126(5) 0.424(1)  4.1(4)
c(21) 0.9357(8) 0.2617(7) 0.3347(8) 5.9(6)
c(22) 0.9809(7) 0.3284(6) 0.370(1)  5.8(6)
C(23) 0.9902(7) 0.3460(5) 0.496(1)  5.1(5)

C(24) 0.9543(8) 0.2969(6) 0.5855(8) 4.6(5)
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Table 5-6. Selected Bond Distances (A) for 5-3a, 5-4a+2H,0, 5-4a’-2H,0 and 5-5a

5.3a 5-4a:2H,0  5-4a’:2H,0 5-5a
Co(1)-P(1) 2.175(5)  2.186(5) 2.203(6) 2.236(6)
Co(1)-N(1) 1.82(1) 1.93(1) 191(1)  1.94(1)
Co(1)}-N(2) 1.95(1) 1.95(1) 1.94(1)  1.93(1)
Co(1)-C(1) 2.09(2) 2.08(1) 205(1)  2.09(1)
Co(1)-C(2) 2.16(2) 2.12(1) 242(1)  2.05(1)
Co(1)-C(3) 2.16(2) 2.12(1) 213(1)  2.05(1)
Co(1)-C(4) 2.09(2) 2.07(1) 207(1)  2.08(1)
Co(1)-C(5) 2.05(2) 2.04(1) 202(1)  211(1)

Co(1)-C(1A) 2.12(2)
Co(1)-C(2A) 2.12(2)
Co(1)-C(3A) 2.10(3)
Co(1)-C(4A) 2.09(3)
Co(1)-C(5A) 2.10(3)
P(1)-0(1 56(9)

1.5! 1.50(1) 1.52(1)
P(1)-0(2)  1.57(1) 1.60(1) 1.61(1)
P(1)-C(19) 1.772(9)  1.80(1) 181(1)  1.79(1)
N(1)-C(6)  1.37(2) 1.41(2) 1.37(2)  1.37(3)
N(1)-C(9)  1.40(2) 1.35(2) 1.33(2)  1.43(2)
N(2)-C(10) 1.28(2) 1.33(2) 1.29(2)  1.30(2)
N(2)-C(11) 1.47(2) 1.45(2) 154(2)  1.51(2)
c(e)-Cl7) 1.35(2) 1.40(3) 1.41(3)  1.36(3)
C(7)-C(8) 1.34(2) 1.35(3) 1.38(3)  1.33(3)
C(8)}-C(9) 1.42(2) 1.42(3) 1.43(3)  1.41(3)

C(9)-C(10) 1.42(2) 1.39(2) 1.38(3)  1.39(3)
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Table 5-7. Selected Bond Angles (°) for 5-3a, 5-4a-2H,0, 5-4a’-2H,0 and 5-5a

5-3a 54a:2H,0 54a2H0  5-5a
P(1)-Co(1)-N(1)  85.7(4)  95.1(4) 94.0(5) 91.5(4)
P(1)-Co(1)-N(2)  92.2(3)  90.6(4) 89.8(4) 94.8(4)
N(1)}-Co(1)-N(2) 83.4(5)  83.3(6) 81.5(6) 81.8(6)
Co(1)}P(1)-0(1)  109.3(4)  115.7(5)  113.6(5) 110.5(7)*
Co(1)-P(1)-0(2)  1165(4)  105.0(5)  102.6(5) 117.5(6)°
Co(1)-P(1)-C(19) 118.4(3)  1142(5)  115.9(4) 114.2(4)
O(1)}P(1)-0(2)  108.1(5)  1122(7)  111.4(7) 102.1(8)°
O(1)-P(1}-C(19)  1052(5)  105.8(6)  108.9(7) 107.8(7)°
O(2)-P(1)-C(19)  98.0(5) 103.3(7)  103.8(7) 103.7(7)°
Co(1)-N(1)-C(6)  142(1) 139(1) 136(1) 141(1)
Co(1)N(1)-C(9)  111.3(8)  111(1) 115(1) 112(1)
Co(1):N(2)-C(10) 113.4(9)  112(1) 113(1) 116(1)
Co(1)-N(2)-C(1) 128.4(9)  125(1) 124.6(9) 125(2)
C(10)-N(2)-C(11)  118(1) 122(1) 123(1) 119(1)
N(1)}-C(e)}-C(7)  110(1) 103(2) 106(2) 109(2)
N(1)-C(9)-C(8)  106(1) 111(2) 110(2) 106(2)
N(1)-C(9)-C(10)  115(1) 117(2) 113(2) 113(2)
C(6)}-C(7)-C(8)  1uB(1) 114(2) 110(2) 111(2)
C(7)-C(8)-C(9)  108(1) 103(2) 104(2) 108(2)
C(8)-C(9)-C(10)  139(1) 132(2) 137(2) 141(2)
N(2)}-C(10)-C(9) ~ 117(1) 115(2) 118(2) 117(2)
N(2)-C(11)-C(12)  114(1) 111(1) 108(1) 11(1)
N(2)-C(11)-C(18) 117(1) 115(1) 112(1) 115(1)

* Co(1)-P(1)-C(25). ® Co(1)-P(1)-C(26). ° C(25)-P(1)-C(26). ¢ C(25)-P(1)-C(19). *
C(26)-P(1)-C(19).
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5.2.3. C P and c of 5-4b.

The isomerphous CD spectra of 5-3a, 5-4a, 5-5a (Figure 5-7) are consistent with the
same (S;,) absolute configuration at cobalt as established by the x-ray crystal
structure. Comparison of the CD spectra of the diasterecmers 5-4a and 5-4b reveals
a similar CD morphology congruent with an identical absolute configuration at cobalt
(Sco)- The absolute configuration at phosphorus in 5-4b must be Aj since 5-4a and
5-4b are the only products observed when ion pair 5-3a collapses with retention at

cobalt in solution.

5.2.4. ry of the 5-3 - 5-4. There can be little
question that simple halide substitution to give a cationic intermediate is the first step

in the transition metal Arbuzov reaction.'® Subsequent nucleophilic attack at carbon

AN
—Ph
”'\!‘\ ome o
548,50, Sp
Co I
n | eehiove),
N

53a,5¢, 2 - ﬁ
7|\ —ome 0]
N\!l Sen

54b, S, Rp

Scheme 5-3
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on prochiral P(OR), for the complexes examined in this study is diastereoselective,

evolving under the influence of the chiral cobalt center.  If we accept that
configurationally stable 5-5a is a good mode! for 5-3a, comparison of the absolute

stereochemistry of S;,-5-3a and S;,-5-4a,b i that Arbuzov y

proceeds exclusively with retention at the metal center as required by Scheme 5-3.
That the chiral induction in this reaction is similar to that for the reaction between (n*

indenylim®™Cp)Co(R,)(L)(I) and PPh(OMe), as presented in Chapter 3 is consistent

with the impt of both the P=0-HN bonding and the
stareochemical properties of the ligand sphere in chiral induction of Arbuzov

dealkvlation.

5.2.5. C Proton nOed 06208, 270, 260, 281, 285, 300, 357

was used to study the solution conformations of 5-3a, 5-4a, and 5-5a.

Comprehensive analysis showed that all three adopt simila.’

both in solution and in the solid state. nOed spectra for 5-3a showed that P-Ph and
C*-Me are distal whereas C*-Ph and P-OMe are prox;mal ton*Cp. Irradiation of C*-
Me at 1.52 ppm (Figure 5-1b) showed strong correiation to CH=N at 7.52 ppm
(13.7%), Hopno 0f C*-Ph (2.7%) and C*H (10.0%), indicating that C*-Me bond eclipses

CH=N, as shown in Figure 5-3. This was consistent with the lack of enhancement

of the CH=N and small of Cp (0.6%), Hemo 0f C*-Ph
(1.3%), and C*-Me (1.4%) (Figure 5-1e), respectively, on irradiation of the C*H

resonance at 4 76 pp'n. The solid state, edge-on, syn C*-Ph/n®Cp, considered to
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be the low energy conformation in similar cyclopentadienyl “piano stool”

complexes,?**® persisted in solution as indi by irradiation of the Cp

at 5.35 ppm (Figure 5-1f), which gave a 0.8% enhancement of H,,, of C*-Ph and a
1.5% enhancement of H,,,, and H,,,, of C*-Ph, respectively. No correlation between
Cp and P-Ph was observed when the Cp (Figure 5-1f) and P-Ph (Figure 5-1k)

were irradi icating that P-Ph is distal with respect to Cp.

Irradiation of P-OMe signal at 3.82 ppm and 4.05 ppm gave small, positive

enhancements (0.5% and 0.4%) of Cp signal (Figure 5-1c, d), respectively. Irradiation

of the Cp resonance showed 1.7% and 1.4% to the pi
P(OMe), groups (Figure 5-1). Similar nOed patterns were observed for 5-4a and 5-
5a establishing that the solid state conformation is retained in solution for all three

complexes.

5.2.6. Kinetic Studies. The isolation of the i iate 5-3a allowed i

of not oniy the chiral induction frim Co'—P, but also direct measurement of the
kinetics for the Arbuzov dealkylation step. NMR studies showed that two parallel
dealkylation reactions occur when 5-3a is dissolved as shown in Scheme 5-3.
Kinetic data was analyzed by fitting integrated 'H NMR time profiles for the
appearance of 5-4a and 5-4b to the first order expression A=A, (1-exp(-kt)) using

an iterative, li least squares pi Good fits cver >2 half lives were

obtained in methylene chloride and acetone. The reaction is significantly slower in

acetonitrile but remains first order (0.2 half lives), and it does not proceed to a
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significant extent under similar it in A set of

and data for the di of 5-3a and of

5-4a and 5-4b are shown in Figure 5-8.
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Figure 5-8. C: ion vs. Time Profile of

Exserimemal and Fitted Data for Scheme 5-3, Run 7 in Table 5-8.
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A first order rate law follows from a kinetic model which assumes pre-equilibrium ion

pair formation, 5-3a" + I' & 5-3a",I', with a<<1 (where C is norminal concentration
and a is tha degree of dissociation, a={5-3a//C(5-3a))*** and a rate-determining
conversion of the ion pair into products. Chiral induction in Scheme 5-3 depends
onthe ratio k,/k, leading to S;,,SS.-5-4a and S, A S.-5-4b, respectively. The first
order rate constants k, and k, for the reaction 5-3a—5-4a and 5-3a—5-4b,
respectively, obtained as described above, are summarized in Table 5-8. Good
agreement was obtained between the sum k; + k, and independently determined
experimental values for the rate constant k, for the first order consumption of 5-3a
verifying the rate law -d[5-3a]/dt = k[5-3a] = (k, + k;)[5-3a] appropriate for product

formation via two parallel first order reactions.

Several qualitative conclusions can be drawn from the kinetic data summarized in

Table 5-8: (i) k, and k, are sensitive to solvent with

Kot womotnane=Kacstons™Kacotortite™ > Knatanci: - AS IS for
ions involving charg ion, reaction rate is inversely related to solvent
dielectric.** Parker's critical analysis®® the ion that ions of

the charge type shown in Scheme 5-3 are much slower in protic vs. aprotic dipolar
solvents in terms of hydrogen bonding of the anion, X Protic solvents are strong
hydrogen bond donors and therefore solvate anions as reflected by the free energy
of transfer of ions from a reference solvent,”®' AG,. With N,N-dimethviformamide

(DMF) as a AG,(1) less along the solvent series
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methanol (AG,(I) = -10 kJ/mol) > acetonitrile (AG,(I') = -4 kJ/mol) > acetone (AG,(I)
= +8 kJ/mol). Assuming that changes in anion solvation dominate, AG,(I) reflects
the order of reaction rates measured for Scheme 5-3. Presumably the Arbuzov
dealkylation of Scheme 5-3, which requires collapse of the ion pair via S,2 attack of
iodide on carbon, does not proceed in methanol since I is very strongly solvated
compared to the case of aprotic dipolar solvents. In acetone, anion solvation is poor

since hydrogen bonding cannot occur. The degree of dissociation « i= very low and

Kqe is large and insensitive to added halide. (i) The kinetic product ratio ky/k, Is

ly of solvent as exp if AG,(I") i the solvent effect
on reaction rate. k/k, = 1.6 in dichloromethane (e=8.9), 1.8 in acetone (e=20.7), and
1.5 in acetonitrile (e=37.5) so that dealkylation favors the formatier: of S, Sp, Sc-5-4a
with ca. 25(3)% de. It can be concluded that the reaction proceeds via collapse of

a tight-ion pair in aprotic solvents.



Table 5-8. Kinetic Data for reaction 5-3a — 5-4a + 5-4b.
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No. Solvent C,(53a) C(L) T ki (" e (5"
(molsL™) (moleL™)  (K) x10%) x10%)

1 CD,Cl, 89 0.0167 0 298 2.1(x0.1) 1.3(20.1)

2 CDCL " 0.0144 0 298 2.3(0.1) 1.3(+0.1)

3 cDcCl, " 0.0185 0 298 2.0(0.1) 1.1(£0.1)

4 Acetone-ds 20.7  0.0153 0 298 2.3(0.1) 1.3(£0.1)

5  Acetone-dg " 0.0137 0 308 5.6(10.5) 29(0.5)

6  Acetone-d; " 0.0230 0 318 20.(23.5) 10.5(3.5)

7 Acstone-dg " 0.0085 00572 298 2.3(x0.1) 1.3(0.1)

8  Acstone-d; " 0.0105 0187 298 2.7(0.2) 1.6(£0.2)

9 CD,0D 33.6 0.0130 0 298 No reaction after 24 h

10 CDOD - 0.0130 0 323 < 5% was converted in 24 h

11 CD,CN 36.8 0.0142 0 298 0.031(0.001) 0.021(.001)

The activation parameters based on runs 4, 5, and 6 are: AH*, = 82.8(1.2) kJemol*, AH", = 79.2(+1.5) kJemol”, AS", = -
37.4(£3.9) JoK'smol", AS", = -54.2(4.9) JeK "omol".
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5.3. Experimental Saction

53.1. and Al i d were performed under similar

conditions as described in Chapters 2 and 3. In addition, pentane was distilled under

nitrogen from blue i of sodium ketyl. Optical rotation

were i indi (ca. 1 mg/mL) in a 1 cm path-
length cell by using a Perkin-Elmer Model 141 polarimeter. Circular dichroism (CD)
spectra were determined in dichloromethane (ca. 1 mg/mL) on a Jasco J 40 A
apparatus using a 0.010 or 0.050 cm path-length cell. 7°-CpCo(CO)(l), (5-1)%*®,

and 1°*-CpCo(N-N*)(I) (5-2a,b)** were prep: using the i d

5.3.2. Crystal Structure Determinations. Crystal data were collected at ambient
temperature on a Rigaku AFC6S diffractometer using the w-26 scan technicue to
maximum 20 values of 45.1° (5-3a), 100.1° (5-4a-2H,0), and 120.2° (5-5a),
respectively. Structures were solved by direct methods™ using the Molecular
Structure Corporation TEXSAN software. The selected crystal for 5-3a proved to be
twinned showing broad, unsymmetrical peaks which occasionally revealed two
distinct summits. However, the control program was able to center and refine during
search and index. The space group P2,2,2, (#19) was assigned in all cases on the

basis of systematic absences (h00: h # 2n, 0kO: k # 2n, and 09 | # 2n). All
measurements were made with graphite monochromated Mo (5-3a) or Cu (5-

4a-2H,0, 5-5a) Ko radiation and a 2 KW sealed tube generator. Weak reflactions
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(I < 10.00(1)) were rescanned (max 2) and the counts accumulated to assure good

counting statistics. For 5-4a+2H,0 the i ities of three repi

measured after every 150 reflections, declined by 11.00% hence a linear correction
factor was applied to the data. The phenyl and the cyclopentadiene rings were
refined as rigid groups. All non-hydrogen atoms were refined anisotropicaliy.

Idealized hydrogen atoms were included at the calculated pasitions but were not

refined. A ion for secondary extinction was applisd icient = 0.87748 x
107) in the case of 5-5a. The absolute stereachemistry was canfirmed in each case
by refinement of the enantiomer to a higher R value and correct stereochemistry of

the reference carbon known to be S;. Furtiver details are given in Table 5-9.

5.3.3. Kinetics for the Arbuzov Dealkylation Stap. Kinetic studies of the Arbuzov
dealkylation reaction were carried out in NMR tubes by dissolving solid 5-3a in the
required amount of solvent. Concentration/time data was obtained by integration of
Cp and OMe 'H NMR resonances of the reactant 5-3a and the products 5-4a and 5-
4b. Inatypical experiment 6.61 mg of (0.0107 mmol) 5-3a was dissolved in 0.70 mL
of acetone-d, under nitrogen in a pre-weighed 5 mm NMR tube. The tube was
closed with a scraw-cap septum seal, the contents were mixed until homogenous
using a *‘ortex mixer, and the tube was transferred to a thermostatted NMR probe.
Ten spectra were collected at time intervals of 300 s then the time intervals were
increased to 600 s. The reactions were generally followed to completion. The first

order rate constants k, and k, were obtained by nonlinear least-squares regression
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analysis of the integrated concentration vs. time data.

5.3.4. Synthesis of Complexes.

5.3.4.1. of Pyrrole-2- {(S)-(1 (N-N*). The
Schiff base N-N* (N*-N = SPh(Me)C*H-N=CH-C,H,N, C,H,N'= pyrrolyl) was

prepared using a modification of the publi ?** which avoided the high

re step. Equi amounts of pyrrole-2: yde (5.444
g, 57.23 mmol) and (S)-phenylethylamine (6.988 g, 57.67 mmol) were dissolved in
about 100 mL of benzene. p-Toluene sulfonic acid (10 mg) and 50 raL Molecular

Sieves (activated type 4A, 4-8 mesh) were added, and the reaction mixture was

stirred at room R py moni intensity decrease of ve.o
at 1664 cm and the intensity increase of v, at 1635 cm™®. The reaction was
generally complete after stirring for about 6 hours. The crude reaction mixture was
filtered through a glass irit fitted with a Celite pad. The filtrate was collected, and the
snlvent removed at aspirator and then oil pump vacuum leaving the product as a pale
yellow oil (10.306g, 91%), which was characterized by comparison of its NMR and
IR data with the published data.®® IR (neat, cm”): 1638 (v.y), 3417 (vyy). 'H NMR
(CDCL,, 8ppm): 1.54 (Me, d, 6.7 Hz), 4.46 (C'H, q, 6.7 Hz), 6.15 (H,, m), 6.47 (H,,
m), 6.65 (Hs, m), 8.14 (CH=N, s), 9.75 (NH, broad), 7.14-7.33 (pheny! protons). ’C
NMR (CDCl,, ppm): 24.32 (Me), 68.84 (C*H), 109.39 (C,), 114.58 (C,), 122.06 (Cq),
126.52, 126.71, 128.28 (Cypr Couar Coaa)s 129.99 (Cyy.), 144.74 (C,), 150.74 (Ceypon).
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The N-N* anion was obtained as the sodium salt before the preparation of complex

5-2 by treatment with NaH.**

5.3.4.2. Synthesls of (S;,,S)-[(n"-C,)Co(N-N)(PPh(OMe),)I'T, 5-3a. PPh(OMe),
(0.1906 g, 1.120 mmol) was added slowly via syringe with stirring to a dark blue
solution of 5-2a,b (5-2a/5-2b = 85/15, 0.4541 g, 1.013 mmol) in 30 mL of benzene

at room A deep red precipitate i formed. After stirring for

another 5 min the precipitate was collected on a glass frit, washed with cold benzene
(5x 5 mL), and then dried at room temperature under oil pump vacuum to afford the

product as a deep red powder, 0.4950 g (79%). 'H NMR (CD,OD) showed the

p! of a single di 5-3a. 5-3a was dissolved in a small amount of
CH,Cl, and crystallized by slow diffusion of pentane at -20 °C to give deep red
rectangular plates, mp 84-86 °C. [o]s;o = -700. Due to low transmittance, optical

rotations at other were not Analysis (%): Calc. for

CyeHzN;0,PICO, C, 50.50; H, 4.73; N,4.53; Found, C, 50.14; H, 4.83; N, 4.40. 'H
NMR analysis of the residue obtained by removal of solvent from the filtrate under
oil pump vacuum showed six Cp signals which correspond to 5-3a (5.40 ppm), 5-3b
(5.67 ppm), 5-4a (4.84 ppm), 5-4b (4.71 ppm), 5-4¢ (5.04 ppm), and 5-4d (4.96

ppm).

5.3.4.3. Synthesls of (S¢(S,R,),Sc)-(n*-C,)Co(N-N')(P(O)(Ph)(OMe)), 5-4a, b. A

suspension of 0.4932 g (0.7976 mmol) 5-3a in 50 mL of benzene was heated with
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stirring at 60°C for 3 h. Removal of the soivent at aspirator then oil pump vacuum

left a red, paste-like solid. 'H NMR analysis of the crude product showed that the

reaction is quantitative and that the two diastereomers 4a/4b are formed with 36%

de. F i ion on 4 mm radial thick layer silica gel plates

(Chrematotron) sluting with (1:20 viv) a faster moving

orange-red zone of 5-4a. Removal of the solvent gave a red paste-like solid,
0.1748g (46%). Red plates were obtained by slow diffusion of pentane at -20°C into
a solution of 5-4a in acetone, mp, 118-120 °C. [tsze = -1292, [alsss = -321 , [0)yge =
+1693. Analysis (%) Calc. for CpsH,¢N,0,PCo2H,0, C, 58.60; H, 5.90; N, 5.47;
Found, C, 57.19; H, 5.53; N, 5.17. A red, paste-like solid sample of low R, 5-4b was
obtained by washing manually separated silica powder containing 5-4b with

methanol.

5.3.4.4. Synthesis of (Sy,,Sy)-[(n*-C,)Co(N-N)(PPhMe,)I'l, 5-5a. PPhMe, (0.1228
g, 0.8889 mmol) was added slowly via syringe with stirring to a dark blue solution of

5-2a,b (5-2a/5-2b =85/15, 0.1603 g, 0.3577 mmol) in 10 mL of benzene at room

A bi d precipi formed i i Stirring was continued
for another 5 min, and then the precipitate was collected on a glass frit, washed with
cold benzene (5 x 5 mL), and dried at room temperature at oil pump vacuum to give

the title complex as a brown-red powder, 0.1564 g (75%). 'H NMR analysis showed

the p of a single , 5-5a. The crude product was dissolved in a

small amount of CH,Cl, and crystallized by slow diffusion of hexane at -20 °C to
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afford black rectangular plates, mp 154-156 °C. [a]s; = -580. Anal.(%): Calc. for
CyeH2oN,PICO, C, 53.26; H, 4.99; N, 4.78; Found, C, 53.20; H, 4.88; N, 4.89.

Tahle 5-9. Summary of Crystallographic Data for 5-3a, 5-4a+:2H,0 and 5-5a.

3a 4a:2H,0 sa

formuta CuHaCOINOP  CoHyCON 0P CagHxCoINP
ol. wt. 618.34 51243 586.34
cryst system
cryst size (mm) 0.25x0.25x0.20 0.30x0.20x0.10 0.30x0.20x0.20
a(h) 13.77(2) 16.692(5) 13.308(4)

bk 18.08(1) 32.33(2) 17.977(4)

c (A 10.862(6) 9 379(5) 10.790(3)
v (AY) 2705(4) 62(4) 2581(1)
gpacs Group :2@‘2, (#19) P2 2,2, (#19) :2,2,2, (#19)
D, (g €M) 1518 14345 1.509

o 1240 2144 1176
piem) 18.44(MoKa) 64,38 (CuKa) 156.68 (CuKa)
scan ©-20 (=
20y m) 45.1 1000.1 1202
A (dag) 1.78+0.30 tan® 0.84+0.30 tan8 1.15+0.30 tang
20, (deg) 45.1 100.1 120.2
total data 7680 6002 4432
unique data 2052 3003 2216

ot 0.072 0.156 0.164
no. obs data 962 (1>3.00(1)) 1112 (13.00(1)) 873 (1>3.00(l))
no. variables 138 231 i
Lorentz polarization
trans factors* 0.91-1.00 0.61-1.00 0.71-1.14
AR, , GOF? 0.046,0.041,1.67  0.065,0.047,1.59 0.005,0.046,1.83
max/min resd 0.53/-0.46 0.46/-0.48 0.81/-0.86
density (67A")

* Cf. referance™. ® R-ZlLFoi Feil/|Fo).
° Ry [(Zw(|Fol- Fcl)/}:wFo*)r GOF=(3(|Fo|-|Fc|Vo)/(n-m)) where n=#reflections,
me#variables, and o*=variance of (IFo|-|Fc])



Chapter 6

Synthesis, Structure, and Characterization of a serles of Novel

Cyclopentadienyl and F

ylcyclop I N-O Co(lll)
Complexes (N-O = 2-acylpyrrolyi):
A Reactions b (CsRyCo(R’C(0)-C,H,N)(I) and
PR"(OMe), (R, R’ = H, Me; R” = Ph, OMe).

6.1. Introduction

This chapter presents the synthesis, structure and characterization of a series of n°-

Y and i 2 lyl Co(lil)
their chiral induction in the Arbuzov reaction and the correlation of their structures
and conformational preferences with 'H NMR spectra. Since these compl. -s may
have similar structures to the Schiff base complexes discussed in Chapter 5 and
since the stereochemical difference between the two coordination sites is smaller for

2-acylpyrrolyl ligands, lowar optical induction should be expected.
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6.2. Results and Discussion

6.2.1. Synthesis and Characterization of (n*-C,3,)Co(R’C(0)-C H,N)(l) (6-5 - 6-8).
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As shown in Scheme 6-1, (n°-CsR,)Co(CO)(1), (R = H, 6-1; R = Me, 6-2) reacts with
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2-acylpyrrolyl, R'C(O)-C,H,N" (R’ = H, 6-3; R’ = Me, 6-4) obtained in situ by treatment
of 2-formylpyrrole or 2-acetylpyrrole with NaH in dry THF, to give the N,O-chelate
products, (n*-C4Rs)Co(R'C(0)-C,H,N)(I) (6-5 - 6-8), as dark blue crystaliine solids.
These complexes are air stable in the solid state and in solution and are very soluble

in b i acetone, and but only slightly soluble in

hexane. Their physical properties are tabulated in Table 6-1. Coordination to Co(ill)

lowers the v,_, of these complexes to 1549-1566 cm™' compared to free C=0 groups.

Multinuclear NMR suggests that these P have pi tool ies, but
cannot distinguish whether the C=0 group coordinates to cobalt via the lone-pair on
oxygen or via the n orbital. 'H NMR data (Table 6-2) for complexes 6-5 and 6-6
show typical n®-Cp resonances at 5.57 and 5.55 ppm, respectively, while the 'H NMR
of complexes 6-7 and 6-8 both consist of a singlet at 1.64 ppm for the Me on n®-Cp".
The protons on the pyrolyl ring in complexes 6-5 - 6-8 show well separated
resonances with chemical shifts (cf. Scheme 6-2 for A
numbering): Hy (7.6-8.0 ppm) > H, (7.0-7.2 ppm) > H, (6.5~ "@:

6.6 ppm) as observed in other relevant complexes (cf.

Chapter 5).2%%-%% Theg formyl proton in complexes 6-5 and 6-

7 shows a doublet at about 8.0 ppm shifted ca. 1.5 ppm

upfield compared to the uncoordinated CH=0 (9.52 ppm) in
Scheme 6-2

2-formylpyrrole. Their "C NMR (Table 6-3) resonances,

assigned on the basis of 2-D 'H/°C 'J heterocorrelation spectra, are well separated

and also consistent with the piano-stool geometry.
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6.2.2 Substitution Reactions of (n'-C,H.)Co(H’c{O)-C,H,N)(I) with PMe,. In order

to test the lability of the 2-acylpyrrolyl iodide complexes, (n®-C,R,)Co(R'C(O)-
C,H,N)(I), complexes 6-6, 6-7, and 6-8 were treated with PMe,. Treatment of 6-6, 6-

7, or 6-8 with excess (x10) PMe, (cf. Scheme 6-1) both in refluxing benzene and at

room gave the i cation, [(n*-CsRs)Co(R'C(O)-
C,H:N)(PMe,)]'l', 6-9, 6-10, and 6-11 as the only products, respectively. These
complexes are very stable both in the solid state and in solution. No reaction
occurred when 6-9, 6-10 or 6-11 was treated with iodide in acetone-d; at room
temperature and at 45 °C. NMR reactions of complexes 6-6, 6-7 or 6-8 in acetone-d,
with excess (x10) PMe, at room temperature showed that complex 6-9, 6-10, or 6-11
was also the only observed complex for several hours after the reactant complex 6-6,
6-7 or 6-8 disappeared. However, after overnight reaction at room temperature the
N-O chelating ligand in these complexes was further substituted by excess PMe, to

give a series of i Thus, the N-O 2

ylpyrrolyl is a weakly

coordinated ligand.

6.2.3. °.C,RJCO(R'C(O)-C H,N)(1) and

P(OMe),: Correlation between the 'H Chemical Shift Difference (AS.y,) of the
Diastereotopic OMe in P(O)(OMe), and the Molecular Structurs and

C d showed that ions between (n®

C;H;)Co(R'C(O)-C,H,N)(l) (6-5, 6-6) and P(OMe), were much faster than those
between (n®-C;Me;)Co(R'C(0)-C,H,N)(I) (6-7, 6-8) and P(OMe),. Complexes 6-5 or
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6-6 reacted readily with P(OMe), in benzene at room temperature to give the
cobaltophosphonates, (n®-CsH;)Co(R'C(O)-C,H,N)(P(0)(OMe),) (6-20, 6-21) as red
solids (cf. Scheme 6-1). The cationic intermediates, [(n®-CsHs)Co(R'C(O)-

C,H,N)(P(OMe),)]* (6-12, 6-13), for these reactions in acetone-d; shown in Scheme

6-1 were by 'H NMR (6-12, Cp: 5.81 ppm, P(OMe),: 3.80
pom (d, 10.5 Hz); 6-13, Cp: 5.80 ppm, P(OMe),: 3.77 ppm (d, 10.9 Hz)), which
establishes that these Arbuzov reactions proceed via an ionic mechanism as reported

previously, 19 206,208, 218,306, 318

Reactions of (n°-CsMe,)Co(R'C(0)-C,H,N)(l) (6-7, 6-8) with P(OMe), proceeded with
difficulty®” and prolonged refluxing ot complex 6-7 or 6-8 with P(OMe), in benzene
was required to form (n®-C,Me;)Co(R'C(0)-C,H,N)(P(O)(OMe),) (6-22, or 6-23).
Physical properties and multinuclear NMR data are presented in Tables 6-1, 6-2, and
6-3. IR spactra show a coordination shift for v,., to 1548-1566 cm™. A strong band
characteristic of vp. appears at 1149-1157 cm™.1% 188 206. 218 \g|| sgparated
characteristic resonances for Cp/Cp* and the pyrrolyl protons similar to the relevant
complexes 6-5 - 6-11 are observed in the 'H NMR spectra (Table 6-2) of complexes

6-20 - 6-23. The 'H NMR spectra of complexes 6-20 - 6-23 show a pair of doublets

(4py = 11.0 £ 1.5) at 2.76-3.66 ppm assigned to the i i pi
P(O)(OMe),.



Table 6-1. Physical Properties of (n*CRg)Co(R*-C(O)-C,H;N)(L) Complexes.
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No. R R L Formula Yield Appearance mp.  CHN% Calct Veolro
(%) (°C) (Found) (cm)

65 H H 1 C,oH;NOICo 72 Dark blue 136- 34.81, 263, 406 1566
crystaliine 137 (34.80, 2.62, 402)

66 H Me I C,H,,NOICo 78 Dark blue 160- 36.80,300,390 1550
crystaline 161 (36.64, 3.03, 387)

67 Me H 1 C,sH,NOICo 65  Dark blue 187-  43.40,461,337 1566
crystaliine 190 (43.33, 456, 3.39)

68 Me Mo 1 C,¢H,NOICo 75 Dark blue 205- 44.78, 493,326 1549
prism crystal 208 (44.68, 489,125 )

69 H Me PMe, C,HNOPICO 95  Deep red >110  38.64,463,322 1554
powder dec. (38.70, 464, 303)

610 Me H PMe, G,sHNOPICo 86 Deep red 157- 44.01, 574, 285 1564
powder 159 (44.35, 5,68, 285)

&1 Me Me PMe, CH,NOPICO 99  Deepred >130  45.17,598,277 1551
powder dec. (45.20, 6.16, 258)

617 H Me PPh(OMe),  C,H,NO,PICo 70  Deepred 7577 43.12,419,265 1555
powder (43.25, 4.15, 268)

620 H H P(O)(OMe),  C,H,NO,PCo 60  Red powder 9597 - 1566/1157

621 H Me PO)OMe), CyH,NO,PCo 98 Red powder 99101 4576,502,411  1550/1156

(4554, 490, 3181)
22 Me H P(O)(OMe), C,;HNO,PCo 94 Red powder 8183 51.39, 634,353 1565/1149

(51.21, 6.45, 339)




Table 6-1. cont'd
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6-23 Me Me

62 H H
625 H Me
6-26° Me H
627 Me Me

P(0)(OMe),

P(O)PhiOMe)
P(O)Ph(OMe)
P{O)Ph(OMe)
P(O)Ph(OMe)

CyHzNOPCo

C,;H,;NO,PCo
CygHigNOPCo
CH,NO,PCO
CoHxNO,PCO

93

n
95
92
9

Deep-red
prism crystal
Red crystaline
Red crystalline
Red crystalline
Red crystaliine

>130
dec.

52.56, 6.62, 3.41
(62.55, 6.56, 3.42)

60.40, 6.39, 3.06
(6059, 6.45, 2.98)

1548/1152

1548/1138
1550/1144
1564/1136
1546/1135

* Isolated yield before crystaliization. ® Sealed (N,) capillary. © mixture of two diastereomers a/b=57/43. ¢ mixture of two diastereomers a/b=53/47. *
mixture of two diastereomers a/b=51/49. ' mixture of two diastereomers a/b=50/50.



Table 6-2. 'H and *'P NMR Data for (n*-C,R)Co(R-C(O)-C,H,N)(L) Complexes®.
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No. R R L H, H, H Cp-R_ CR=0 P-Me/P-OMe P
65 H H 1 712 656 762 557 8.1
(042,08 (dd44,14°  (A0.9) (s) (@1.0¢
66 H Me | 7.01 652 8.00 555 232
(0d42,1.00 (dd4215°  (d12)° (s) (s)
67 Me H I 7.04 652 7.83 164 790
(dd,42,09)° (dd4.2,15°  (dd2.1,1.2) (s) (.09
68 Me Me | 695 6.48 7.76 164 232
(dd,4.1,08)°  (dd4.0,15°  (d,1.2)° (s 6]
69 H Me PMe, 7.16 653 7.89 586 237 154 (d,126)" 2633
(d.4.3p° (dd,4.3,1.2)° (s) (s) {s) (s)
610 Me H  PMe 7.28 663 761 148 822(dd,  123(d11.1) 1520
(@4.4,10) (@444 (5 (@18 31,08 (s)
611 Me Me PMe, 7.16 656 7.44 148 245 120(d,11.0) 1695
(d.4.3¢ (dd5015°  (d.0.6)° @17y (9 (s)
617 H Me  PPh(OMe), 688 6.42 787 597 188 405 (d,12.1)" 16147
(d.4.4 (dd43,1.6°  (d0.7) © (s) 396 (117" (5)
620 H H  PO)OMe), 725 647 7.60 535  790(dd,  366(d,11.1)" 7583
(d42)° (0d. 44,14  (s) ® 36,07 297 (d99)" (s
621 H  Me PO)OMe), 7.14 641 750 533 233 365(d,106)° 7734
(04205 (dd4214F  (s) (s) (s) 293 (d94)" ()
622 Me H P(O)(OMe), 7147 6.47 7.46 147 8.19 359 (d,108)" 87.61
(d.4.2)7 (9d,4.2,13°  (s) @19y (dd3.7,0.7F 276(d95™ (s)
623 Me Me  P(O)(OMe), 7.07 6.40 737 147 236 354(d,106)" 8895
(,4.1,07)  (@d41,15°  (d1.1)* 20y (s) 277 (d96)™ (s)




Table 6-2. cont'd
624" H H  P(OPh(OMe) 691 642 7.49 519 754 331 (3105  100.20
(4439 (0d43,13F  (s) () (d29) (s)
624" H H  POPPh(OMe) 671 634 749 532 749 377 (3107 10490
(4427 (d43,12° (9 ) ()
6258 H Me P(OPh(OMe) 681 63 742 523 181 342(d105)" 10474
(dd39,05  (dd42,1.4) © ® ) (s)
625° H  Me P(OJPh(OMe) 6.60 629 739 532 191 380 (0,115 107.55
(d42¢ (dd.4.0,05)° (s) (s) ) (s)
6-26a° Me H P(O)Ph(OMe) 6.78 6.42 742 141 763 3.33 (d,104)" 108.76
(d4.28 (dd42,14°  (£09) @16 (dd3.409" ()
626" Me H  P(O)Ph(OMe) 655 X 737 148 7.46 366 (0,106 110.88
(d42) (dd4214°  (t09) @16} (0d3.109¢ ()
6278 Me Me P(OJPh(OMe) 662 634 732 144 183 343(d105)" 11078
(d4.1p° (dd,4.1,1.4)° (d.0.6)* 16} (s) (s)
6270 Me Me P(OJPh(OMe) 6.44 623 729 148 187 366 (4,105 11241
(418 (dd 41,147  (d09) @16 (s) (s)

* 'H NMR (300.1 MHz) chemical shifts in ppm relative to intemal TMS; *'P NMR (121.5 MHz) chemical shifts in ppm relative to extemnal 85% H,PO,;

Solvent = CDCl,; m = multiplet; s = singlet; t = triplef

t; dd = doublet of doublets; dt = doubiet of triplets; J values in Hz given in brackets.

%
©iHH)),

O(HH). ©U(HH), 2J(HH). ¢ U(HH,). * SHH,). ' UHH,), “U(HHy). & 2J(H,H,). " P-Me, 2J(PH). ' J(HH), “J(HH). 1 J(PH). * “J(PH) 4J(HH). ' Phenyl
Protons: 7.49 (m, 1H, H_,.); 7.38 (m, 2H, H,,/H,..); 7.17 (m, 2H, H,,). " P-OMe, *J(PH). " a/b = 57/43, phenyl protons: 6.96-7.29 ppm. ° overlaps
with H,. ® a/b = 53/47, phenyl protons: 6.89-7.24 ppm. ¥ a/b = 51/49, pheny! protons: 6.78-7.14 ppm. * a/b = 50/50 phenyl protons: 6.80-7.05 ppm.
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(R, Go, io
2| Seoy(omel, ~p oM Q
L2 / eoyome
i "l OMeN< e L 2
He Me! OMe Mel OMe
SR/, R
O MeO o P X L
“HN
R
A B c
R=Ph Et R'=H,Me; R"=C'H(Me)Ph
E=0(n=0),N(n=1)
X=1, CFy, CgFy; CgFygi OCOCF,
L=PMog; P(OMe)y; PPhMe,
—— =Cs5Hs; CsMes; CsH3(CHMez); CgHz
Scheme 6-4. and Proj along
P(0)-Co Bond of Cobaltophosphonates.

Table 6-4 izes the 'H NMR chemical shift (ABope = Boys~S'ome) for

the diastereotopic P(O)(OMe), groups in the chiral

of the diastereotopic chemical shift difference (ASoy,) suggests that Ady, may be a
good diagnostic of the degree of asymmetry and for the solution conformation. The
metallophosphonates can be divided into three groups with A8y, (Group A) >> ASqy,
(Group B) > Aoy, (Group C) (cf. Table 6-4, Figure 6-1) according to their structures

and their magnitudes of AS,,,. Group A consists of those complexes in which the
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five-membered chelate ring and the pyrrolyl ring form a planar template and one of

the OMe groups in P(O)(OMe), is located over this plane (cf. Scheme 6-4A). As
shown in the crystal structure of 6-23 (vide infra), one OMe group points toward the

chelate plane, whereas the other points away from this plane. A significant population

of this i i an ani pi i for the OMe's because
of the ring current effect, which results in large Ay, values (111-249 Hz), as shown
in Table 6-4 and Figure 6-1. Group B contains those complexes possessing an

intramolecular P=Ose«H bonding, which prevents rotation about the Co-P bond (cf.

Scheme 6-4B). As a result, the OMe's sense a moderate anisotropic environment
and have moderate A8, values (15-45 Hz, Table 6-4 and Figure 6-1) compared to

the group A Group C ises those pl in which all rotamers

are significantly populated hence the diastereotopic OMe groups sense¢ an average
environment and have the smallest A8, values. Note that almost all complexes in
group C have A3, less than 6 Hz, except for complexes m*
C¢Me;)Co(P(OMe),)(!)(P(0)(OMe),) (ASoy, = 12 Hz, entry C2 of Table 6-4), (n*
CHs(CHMe,),)Co(PMe,)(OCOCF,)(P(O)(OM),) (ASoy, = 9 Hz, entry C3 of Table 6-
4) and (n°C,H;)Co(PPhMe,)(C,F;)(P(O)(OMe),) (ABqy, = 18 Hz, entry C1 of Table
6-4). Bacause 1*-C;Me, and 1°-CsH,(CHMe,), are bulkier than n®C,H, and n®CyH;™"*
and PPhMe, has a larger cone angle™ ** than the phosphines in the rest of the

complexes in group C, the Co-P(O)(OMe), rotamer populations are more skewed.

The ional p for 6-20 - 6-23 were studied using 'H
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nOed spectra (Table 6-5). When the two doublets of the rethoxyl resonances on

P(O)(OMe), were irradiated separatedly, only the high field methoxyl group showed
moderaie enhancement of the pyrrolyl protons (Hs and H,). However, there was no
enhancement observable of the pyrrolyl proions from the irradiation of the low ficld

methoxyl group.
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Table 6-4. Comparison of the 'H NMR Ditference for the Diastereotapic Methoxyl Group on
P(0)(OMe), in Cobaltophosponates.

Goup No.  Cobaltophosphonate S Bow bt ol
LyCo-P(O)}OMe), (ppm) _(ppm) _ (ppm)  (Hz)

A Al 620 366 297 08 27 b
a2 e21 365 293 o072 216 b
IS o2 35 276 083 249 b
Y o2 354 277 o7 281 b
Asa CH, NN® S, 348 307 037 1 d
hsb R, 342 299 043 12
Aga  '-CMay, NN S, 342 278 o84 192 d
Ash R, 282 245 037 i1

B Bla  n'.CMH, PNH',I S, 382 388 o014 42 !
B1b R, 383 366 017 51
B2a  7'.CMe, PNH, | S, 37 370 oo 27 g
B2b R, 377 364 913 3
Bla  n'CMH, PNH, CF, R, 84 377 o007 2 h
Bab s, 38 377 006 18
Bla  7'.CH, PNH, CF, R, 382 377 005 15 h
B4b S, 382 377 005 15
BSa  7'.GHy, PNH, G, R, 381 369 012 3 |
B5b S, 380 367 043 39
Béa W*-CyHy, PEINH, C,F, R, 375 360 015 45 i
Beb S, 37 368 008 24
B7a  nCH, PEINH, CJF, R, 375 9354 021 & i
87b S, 37 38 010 30
B3a  n"CHy, PEINH, | S, 38 372 o1 B/
Bab R, "84 372 od2 3%
Boa  7C,Me,, PEINH, 1 S, 37 3p 006 18 )
Bob R, 377 369 008 2

c c1 n-CHy, PPhMoy, CF, a77 a7 o0 18 m
c2 n*-C;Ma,, P(OMe),, | 368 364 004 2 3
€3 n’CyH,(CHMe,),, PMa,, OCOCF, 363 360 003 0 |
C4  'CH,, P(OMe),, | a7s 374 oot 3 K
©5  1"C/H,, P(OMe), PMe, a7z 3w o002 6 |
c6 1-C,H,. P(OMa),, C/F, 367 366 001 3 m
C7  nCH, PMe, CF, 367 aes oot A m
€8 nCH, P(OMa), GiF, 65 364 001 3 m
co T-CyHy, P(OMe),, CF,y 366 364 002 8 m
C10___ nCiHy PMe, GF, 365 363 002 6 m

N

ing froquency 300.1 MHz.*this work. - « (CHNCNCHMP o
afekly Chapter 7. PEINH = (S)-PEt NH-CH(Me)Ph. k *. Chapler

o PHH = (5 9Phy
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Table 6-5. Comparison of the 'H nOed Data in CDCI, at 25 °C for Irradiating the Two Doublets on
P(0)(OMe),.

Cpd H, Hy P-OMe (low fiekl)  P-OMa (high fiekd)
620 No enhancement - @

620 1.1 08 *

6-21 No enhancement - *

621 0.9 - #

6-22 No enhancement = *

6-22 0.9 0.9 .

6-23 No enhancement - s

6-23 1.0 ] .

* The ‘wadiated resonance.

26, (Hz)

Group B r

40 4 Group C :

0+ legoapnp L
A1-ABb B1a—B9%b c1-C10
Cobaltophosphonates

Figure 6-1. Bar Plot of the 'H NMR Difference (A3,,,) for the Diastereotopic
P(O)(OMe), for Cobaltophosphonates (cf. Table 6-4).
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6.2.4. Arbuzov Dealkylation Reaction between (n’*-C,R,)Co(R'C(0)-C,H,N)(l) and

PPh(OMe),: ofa As di above

between (n®*-C4Hs)Co(R'C(0)-C,H,N)(l) (6-5. 5-6) and PPh(OMe), proceeded readily
at room temperature to give cobaltophosphinates, (n°-CsHs)Co(R'C(O)-
C,H;N)(P(O)Ph(OMe)) (6-24a,b; 6-25a,b). The reaction proceeded via formation of

a cationic intermediate followed by Arbuzov ylation. The cationici

[(n*-C5H,)Co(R'C(0)-C H,N)(PPh(OMe),)]* (6-16, 6-17), were detected by 'H NMR
in acetone-dg at room temperature (Scheme 6-1) (6-16, Cp: 5.94 ppm, PPh(OMe),:
4.02 ppm (d, 11.5 Hz), 3.94 ppm (d,11.0 Hz); 6-17, Cp: 5.96 ppm, PPh(OMe),: 4.04
ppm (d,11.9 Hz), 3.96 ppm (d, 11.5 Hz)). Cation 6-17 was readily isolated from
benzene at room temperature. Reactions between (n°-CsMe;)Co(R'C(O)-CH,N)())

(6-7, 6-8) and PPh(OMe), were very slow to the cy

substrates and extended reflux in benzene was necessary to obtain the

y i i (n*-C¢Me,)Co(R'C(O)-
C,H;N)(P(O)Ph(OMe) (6-26a,b; 6-27a,b). Chiral induction from Co*—P was very low
(0-14%) compared to other systems,® 2'7.218.%8.318 possibly because of the small

asymmetry in the coordination sphere.

[o] i ion of di from the between (n’-

C;R5)Co(R'C(0)-C,H,N)(I) (5-5, 6-6, 6-7, or 6-8) and PPh(OMe), was unsuccessful.

Howaever, these di can be distinguit easily by NMR spectroscopy.

Complexes 6-24a,b, 6-25a,b, 6-26a,b, and 6-27a,b were characterized by IR, and
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NMR as ic mixtures. Their v, and Ve, (Table 6-1)

appeared in the range of 1546-1564 cm™ and 1135-1144 cm”, respactively, similar
1o those of the cobalophosphonates discussed above. 'H NMR spectra (Table 6-2)
of the individual diastereomers in the product mixtures were assigned using 'H nOed
spectra and confirmed by comparison with the spectra of other
cobaltophosphinates.”® *'** Their 'H NMR spectra showed similar resonances for
Cp/Cp* and the pyrrolyl protons as their reaction precursors (6-5 - 6-8) and relevant
cobaltophosphonates (6-20 - 6-23). They also exibited a doublet assigned to the
methoxyl group on P(O)Ph(OMe) in the range of 3.3-3.8 ppm (Jpy = 11.0£0.5). The
MG NMR spectra were assigned on the basis of their 2-D 'H/"*C 'J heterocorrelation
spectra, and the data are tabulated in Table 6-3, which shows characteristic

resonancas for the n*-Cp/Cp* piano-stool cobaltophosphinates.®® *'®

6.2.5. Crystal Structure of (n®-C;Me)Co(MeC(O)-CH,N)Y) (Y = I (6-8),
P(0)(OMe), (6-23)). In ordertS determine whether the C=0 group is coordinated to
cobalt in an n' or an 0’ fashion, X-ray crystal structures of complexes 6-8 and 6-23
were obtained. Both structures were solved using direct methods and refined using
full-matrix least-squares method. The solution of the structure for complex 6-8 was

complicated by two kinds of disorder In the crystal. First, the

be freely rotating and some difficulties

P group app!

were in ing ano refining the methyl groups.

Second, the molecule is positioned on a glide plane with Co and | actually in the
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plane and both enantiomers are able to occupy the same position, but not

simultaneously, in the cell (Figure 6-2b). PLUTO representations for both 6-8 and 6-
23 are shown in Figures 6-2 and 6-3. Selected bond distances, bond angles and
atomic coordinates are given in Tables 6-5, 6-6, and 6-7. The coordination sphere

of cobalt for both 6-8 and 6-23 is distorted octahedral with n®-C;Me, occupying three

sites. Interli anglesin both (1(1)-Co(1)-N(1), I(1)-
Co(1)-0(1), O(1)-Co(1)-N(1) for complex 6-8 and P(1)-Co(1)-N(1), P(1)-Co(1)-O(4),
0O(4)-Co(1)-N(1) for complex 6-23) are all close to 90°. The 2-acylpyrrolyl C=O group
in both complexes is 1' coordinated to cobait. As a result, the chelate planes formed
by Co(1)-O(1 or 4)-C(15)-C(14)-N(1) and the pyrrolyl ring in both complexes are
coplanar as found in other similar complexes reported praviously (cf. Chapter 5).2°*
% The P(0)(OMe), in complex 6-23 adopts the solid state conformation with the
P=0 bond gauche to the Cs;Me, and one of the methoxyl groups pointing toward the

pyrrolyl plane, as shown in Figure 6-3 and Scheme 6-4A.
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Figure 6-2a. Pluto Representation of (n®-CiMe;)Co(MeC(O)-C,H,N)(l), 6-8 (Me
Omitted and only One Cp ring shown).
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Figure 6-2b. Pluto Rep: of the two O ing the
Position in the Cell of (n® -c,Ma,)Co(MeC(O) CH,N)(I), 6-8 (C,Ms.
Omitted for Clarity).
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Figure 6-3. Pluto Representation of (n°-CsMe,)Co(MeC(O)-C,H,N)(P(O)(OMe),), 6-23.



Table 6-6. Selected Bond Distances (A) and Bond Angles (°) for Complexes 6-8 and 6-23.
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8 6-23
) Bond Distances
1(1)-Co(1) 2563(1) Co(1)-P(1) 2.195(1)
Co(1)-0(1) 2.07(2) Co(1)-0(4) 1.970(2)
Co(1)-N(1) 1.89(3) Co(1)-N(1) 1.928(3)
O(1)-C(15) 1.38(3) Co(1)-C(1) 2.077(3)
N(1)-C(14) 1.48(7) Co(1)-G(2) 2.039(3)
C(14)-C(15) 1.08(8) Co(1)-C(3) 2.126(4)
C(15)-C(16) 1.57(5) Co(1)-C(4) 2.110(4)
Co(1)-C(5) 2.058(3)
P(1)-0(1) 1.481(3)
P(1)-0(2) 1.610(3)
P(1)-0(3) 1.613(3)
0(4)-C(15) 1.274(4)
N(1)-C(14) 1.392(4)
C(14)-C(15) 1.395(5)
C(15)-C(16) 1.500(5)
Bond Angles
1(1)-Co(1)-O(1) 88.1(7) P(1)-Co(1)-0(4) 92.34(8)
1(1)-Co(1)-N(1) 95.0(9) P(1)-Co(1)-N(1) 90.37(9)
O(1)-Co(1)-N(1) 82(1) O(4)-Co(1)-N(1) 83.1(1)
Co(1)-0(1)-C(15) 108(2) Co(1)-P(1)-0(1) 118.3(1)
Co(1)-N(1)-C(11) 137(2) Co(1)-P(1)-0(2) 104.6(1)
Co(1)-N(1)-C(14) 105(3) Co(1)-P(1)-0(3) 1105(1)
N(1)-C(14)-C(15) 129(4) Co(1)-0(4)-C/15) 112.3(2)
O(1)-C(15)-C(14) 116(3) Co(t)-N(1)-C(11) 142.1(3)
Co(1)-N(1)-C(14) 111.4(2)
N(1)-C(14)-C(15) 1143(3)
Q(4)-C(15)-C(14) 118.7(3)




Table 6-7. Atomic Coordinates for (n*-CsMe;)Co(Me-C(O)-C,H,N)(l), 6-8.

Atom x y z Bleq) Occupancy
I(1) 097715(3)  1/4 0.19808(8) 9.81(5) 172
1) 1.05409(5) 14 -0.0855(1) 4.98(5) 12
o(1) 1.123(2) 0.362(2) 0.006(3) 6(1) 172
N(1) 1.139(2) 0.174(2) -0.011(4) 5(1) 12
c(6) 1.154(1) 0.173(2) -0.422(2) 12(1) 17?2
c@) 1.099(1) 0.110(2) -0.405(3) 14(2) (73
c(8) 1.022(2) 0.036(1) -0.270(3) 15(2) 17”2
c(9) 0.929(2) 0.100(2) -0.235(3) 15(2) 172
C(10)  0.872(1) 0.177(2) -0.172(3) 16(2) 172
C(11)  1.156(1) 0.082(1) 0.002(2) 7(1) 172
c(12)  1.229(2) 0.073(3) 0.080(4) 9(2) 12
C(13) 1.254(2) 0.159(2) 0.125(4) 8(1) 12
c(14)  1.198(2) 0.246(6) 0.062(4) 10(1) 12
C(15) 1.192(1) 0.323(1) 0.072(2) 4.6(9) 12
c(16)  1.250(2) 0.399(4) 0.154(4) 9(2) 172
C(1) 0.998(2) 0.1449(8) -0.268(3) 3.9(5) 14
c@2) 0.9465(7) 0.223(2) -0.235(2) 3.7(6) 174
c(3) 0.985(2) 0.308(1) -0.262(3) 2.9(4) 14
C(4) 1.059(1) 0.283(2) -0.360(3) 5.5(7) 14
C(5) 1.067(1) 0.182(2) -0.345(2) 3.6(6) 14
C(1A) 1.0806(7) 0.217(2) -0.357(2) 3.3(6) 14
C(2A)  1.038(2) 0.3030(8)  -0.332(3) 4.1(6) 14
C(3A)  0.964(1) 0.279(2) -0.259(3) 6.5(8) 174
C(4A) 0.961(1) 0.178(2) -0.239(2) 35(4) 174
C(5A)  1.033(2) 0.1 -0.299(3) 4.0(4) 174




Table 6-8. Atomic Coordinates for (n®-CsMe;)Co(Me-C(0)-C,H,;N)(P(O)(OMe),), 6-23.

Atom  x ¥y z B(eq)
Co(f)  0.28185(4)  0.01249(5) 028234(3)  235(2)
P(1) 0.16016(8)  0.1284(1) 0.18665(6)  3.26(4)
O(f)  02040(3)  0.2003(3) 0.1256(2) 5.4(1)
Of2)  00585(2)  0.0256(3) 0.1444(2) 47(1)
o@) 008752  0.2270(3) 0.2275(2) 41(1)
O@)  0.17102)  -0.0095(2) 0.3464(1) 3.1(1)
N(1) 03241(2)  0.1691(3) 0.3492(2) 2.6(1)
c(1) 03215@3)  -0.1034(4) 0.1928(2) 3.0(2)
c2) 04184(3)  -0.0289(4) 0.2394(2) 3.1(2)
c@) 04474(3)  -0.0743(4) 0.3231(2) 3.1(2)
c(4) 03649(3)  -0.1661(4) 0.3205(2) 3.1(2)
c(5) 02847(3)  -0.1833(3) 0.2492(2) 3.1(2)
c(e) 02753(4)  -0.1073(5) 0.1002(2) 5.1(2)
c(7) 04836(4)  0.0702(4) 0.2047(3) 5.0(2)
c(e) 05501(4)  -0.025(5) 0.3904(3) 5.4(2)
c(@) 03566(4)  -0.2336(4) 0.4071(3) 52(2)
C(10)  0.835(4)  -0.2757(4) 0.2286(3) 5.4(2)
C(11)  039%45(3)  0.2729(4) 0.3614(2) 26(2)
C(12)  03820(4)  0.3501(4) 0.4276(3) 41(2)
C(13)  03001(4)  0.2909(4) 0.4565(2) 38(2)
c(14) 0.1782(4) 0.4076(2) 29(1)
C(15)  0.1819(3)  0.0793(4) 0.4016(2) 33(2)
C(16)  0.1056(4)  0.0726(5) 0.4572(3) 5.6(2)
C(17)  -0.0425(4)  0.0719(6) 0.0856(3) 7.2(3)
c{18)  0.1129(4)  0.3655(5) 0.2260(3) 6.0(2)
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6.3. Experimental Section

6.3.1. and All i ions were p under the similar

as il in the ing chapters. NaH (95%), 2-formylpyrrole

(HC(O)-C,H,NH, 6-3H) and 2-acetylpyrrole (Me-C(0)-C H,NH, 6-4H) were purchasd

from Aldrich and used as received. Complexes (n®-C,R;)Co(CO)(l), (R=H, 6-1; R=Me,

6-2)%%2 % ware prep using the

6.3.2. Crystal Structure Determination of (n°*-C,Me,)Co(Me-C(0)-C,H,N)(Y), (Y =
I, 6-8; Y = P(0)(OMe),, 6-23). Crystal data collection, structure refinement are
similar to those described in the preceeding chapters. The space groups Pnma (#62)
(6-8) and P2,/c (#14) (6-23) were assigned on the basis of systematic absences
(Ok1: k+1 # 2n and hk0: h # 2n for 6-8; h01: | # 2n and 0kO: i#2n for 6-23) and on
the successful solution and refinement of both structures. Further details are given

in Table 6-9.

6.3.3. Synthesis of Complexes.

6.3.3.1. Synthesis of (n*-C,R,)Co(R*-C(0)-C HN)(l), 6-5 - 6-8. As summarized in

Table 6-10, complexes 6-5 - 6-8 used a similar procedure as for the synthesis of 6-5.
Excess NaH was added to a 100 mL of THF solution of 2-formylpyrrole (6-3H, 174.6

mg, 1.836 mmol) with stirring at room After ion of gas
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ceased, the reaction was stirred for about 60 minutes. The solution was filtered

through a glass frit fitted with a 2 cm plug of Celite and washed with THF (3x20 mL).
The combined filtrate and washings (6-3) were dropped into a 100 mL of THF
solution of (n°CgHs)Co(CO)(I), (6+1, 731.7 mg, 1.803 mmol) with stirring at room
temperature by means of a pressure equivalent dropping funnel over a 20 minute
period. The solution color changed from purple to blue. After stirring for another 60
minutes the solvent was evaporated under vacuum. The resulting blue sticky residue
was extracted with 50 mL of dichioromethane and passed through a glass frit fitted
with a 10 cm silica gel (230-400 mesh) plug. Evaporation of the solvent left the crude
product, which was purified by radial thick layer chromatography eluting with
dichloromethane/benzene (4/1, v/iv). Removal of the solvent from the first blue band
left a dark blue crystalline solid (447.9 mg, 72%). Slow diffusion of hexane into the
a dichloromethane solution of 6-8 afforded dark blue prisms suitable for X-ray

structure determination.

6.3.3.2. Synthesis of [fn"-C,R,)Co(R"-C(0)-C H,N)(PMe/I'T, 6-9 - 6-11. Preparation
of complexes 6-9 - 6-11 used a procedure similar to that described for 6-9 (cf. Table
6-10). PMe, (14.9 mg, 0.196 mmol) was added via syringe to 15 mL of benzene
solution of 6-6 /<0.8 mg, 0.141 mmol) with stirring at room temperature. A deep red

solution. The itate was collected on

precipitate formed leaving a clear
a glass frit and washed with benzene (3x5 mL) and then pentare (3x5 mL). The

product was dried in the air for several houvs to give a deep red powder (58.5 mg,
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95%).

6.3.3.3. Synthesis of [(n’-C,H,)Co(Me-C(0)-CH,N)(PPh(OMe),)I'l, An Arbuzov
reaction intermediate, 6-17. Excess PPh(OMe), (36.0 mg, 0.564 mmol) was added
quickly via syringe to a benzene (15 mL) solution of 6-6 (156.1 mg, 0.435 mmol) with
stirring at room temperature. After stirring for about 10 minutes the solution color
changed from biue to deep red, and some deep red precipitate formed. The
precipitate was collected on a glass frit and washed with benzene (5x5 mL) and then
pentane (5x5 mL). After drying in air for several hours a deep red powder was

obtained (159.9 mg, 70%).

6.3.3.4. Synthesis of (1*-CsR,)Co(R"C(0)-C HN)(P(O)(OMs),), 6-20 - 6-23. The
synthasis for complex 6-21 is representative. Details of the reaction conditions for
other complexes are given in Table 6-10. Excess P(OMe), (224.0 mg, 1.805 mmol)
was added to a 30 mL benzene solution of 6-6 (358.3 mg, 0.9979 mmol) via syringe

with stirring at room temp After stirring ight volatiles were from

the red solution at water aspirator pressure to leave a red sticky product. The crude

product was purified by radial thick layer chromatography. Initial acetone elution

removed a high Rf yellow band. Conti elution with (1071, viv)
separated a red band of the product. Removal of the solvent with water aspirator and
then oil pump vacuum at‘orded a red solid (333.2 mg, 98%). Slow diffusion of hexane

into a chloroform solution of 6-23 at room temperature afforded deep red prisms
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suitable for X-ray structure determination.

6.3.3.5. Synthesis of (n*-C,R,)Co(R"-C(0)-C,H,N)(P(O)Ph(OMe)), 6-24 - 6-27. The
synthesis of 6-26 is typical. Similar p: were used for 6-24 - 6-27

(ct. Table 6-10). Excess PPh(OMe), (65.0 mg, 0.382 mmol) was added to a benzene
(20 mL) solution of 6-7 (72.0 mg, 0.173 mmol) via syringe witn stirring at room
temperature. Overnight reflux resulted in a color change from biue to red. TLC
showed that the reaction was complete and the two diastereomers (distinguishable
by NMR) could not be separated. Removal of volatiles at water aspirator pressure
left a sticky residue which was chromatographed on a radial thick layer plate eluting
with acetone/methanol (20/1, v/v). Removal of solvent from the first red band left a

red solid (70.7 mg, 92%).



Table 6-9. Summary of Crystallographic Data for 6-8 and 6-23.

68 623
Formula C,4H,,ONICo C,HzNO,PCo
F.W.(g/mol) 429.19 41132
Crystal Habit Dark-blue prism Deep-red prism
Crystal Size (mm) 0.40x0.30x0.20 0.40x0.30x0.10
Crystal System orthorhombic ‘monoclinic
No.Reflections used for unit
cell determination(28 range) 23 (24.4 - 43.3) 25 (403 - 45.2°)
Omega Scan Paak Width
at Hat-height 0.32 0.33
Lattice Parameters
a(A) 16.809(3) 12.183(1)
b (A) 13.755(5) 10.100(2)
c (A 7.535(2) 16.915(2)
B + 106.559(9)
v (A) 1742(1) 1995.1(4)
Space Group Pama (#62) P2,/c (#14)
4 4
Deues(g/cm?) 1.636 1.369
‘000 848 864
1(MoKa)(cm) 27.33 9.56
Scan Width(°) 1.73 + 0.30 tan® 1.10 + 0.30 tan®
26, () 50.0 50.0
No.Reflections Measured
Total 1792 3911
Unique - 3728
R - 0.022
Corrections* Lorentz-polarization Absorption
trans factors: 0.90-1.00 0.85-1.00
‘secondary extinction coeff 0. 1m5xw“ - .
Function Minimi (Fol-{Fc) Ew(|Fol-/Fc)
Least-squares weights o‘le‘(Fo') 4Fojlo’(Fo')
p-factor 0 01 0.01
Anomalous Dispersion All non-hydrogen atoms
No Observaﬁnns (1>3.000(1)) 1096 2716
153 226
Hallecﬂuanarameur Ratio 7.16 12.02
0.038 0.036
v 0.033 0.039
Goodness of Fit Indicator* 254 231
Max ShitvError in Final Cycl 0.09 0.00
Maximum Peak In Final Diff. Map(e/A’) 0.58 0.30
Minimum Peak in Final Diff. Map(e7A%) -0.57 033

reference™. 'R-):”Fo] |Fe|/Z|Fol.

tcf
¢ R_= [(Zw(|Fol- [Fc|)/ZwFo™)]*

¢ GOF=(Z(|Fo|-|Fc|)/a)/(n-n)) where n=#reflections, m=#variables, and o®=variance of (|Fol-|Fc|)



Table 6-10. Reaction and Separation Condition for the Synthesis of (n*-CyHgCo(R™C(0)-C,HN)(L) Complexes.
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No. R R L Amount of Reactants Solvent Temp. Time Purification Amount of
(C) () Product
H H 1 61, 0.7317g (1.803 mmol) THF 22 15 10 cm silica gel column 0.4479g
6-3H, 0.1746g (1.836 mmol) (260 mL) (CH,CL,), and then radial  (72%)
plate chromatography
(CH,Cl/benzene, 4/1)
66 H Me | 61, 1.0644g (2.623 mmol) THF 22 10 10 cm silica gel column  0.7338g
8-4H, 0.2906g (2.663 mmol) (300 mL) (CH,CL) (78%)
67 Me H 1 6-2, 1.1747g (2.468 mmol) THF 22 05 10 cm silica gel column 0.6661g
6-3H, 0.23959 (2.518 mmol) (200 mL) (CH,CL) (65%)
68 Me Me | 62, 1.0252g (2.154 mmol) THF 22 05 10 cm silica gel column 069069
6-4H, 0.2430g (2.227 mmol) (250 mL) (CH,CL,) (76%)
69 H Me PMe, 6-6, 0.0508g (0.141 mmol) benzene 22 02  fiter with glass frit, wash  0.0585g
PMe,, 0.0149g (0.196 mmol) (15 mt) with benzene (3x5 mL) &  (95%)
pentane (3x5 mL)
610 Me H PMe, 6-7, 0.0660g (0.159 mmol) benzene 22 10 same as above 0.0672g
PMe,, 0.0302g (0.397 mmol) (15 mL) (86%)
611 Me Me PMe, 6-8, 0.0693g (0.163 mmol) benzene 05  take off the volatiles with  0.0815g
PMe,, 0.1000g (1.31 mmol) (15mL) high vacuum (99%)
617 H Me PPh(OMe), 66, 0.1561g (0.435 mmol) benzene 02 fier with glass frit, wash  0.1598g
PPh(OMe),, 0.0960g (0.564 (15 mL) with benzene (x5 mL) &  (70%)
mmol) pentane (5x5 mL)
620 H H P(O)P{OMe),  6-5, 0.0400g (0.116 mmol) benzene 22 15 radial plate 0.0226g
P(OMe),, 0.0242g (0.195 mmol) (15 mL) chromatography (acetone  (60%)

first, then methanol)




Table 6-10. contd.
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621

622

623

624

625

6-26

H

Me

Me

Me

Me

Me

Me

Me

P(O)P(OMe),

P(0)(OMe),

P(O)(OMe),

P(O)Ph(OMe)

P(O)Ph(OMe)

P(O)Ph(OMe)

P(O)Ph(OMe)

66, 0.3583g (0.9979 mmol)
P(OMe),, 0.2240g (1.805 mmol)

6-7, 0.1083g (0.2610 mmol)
P(OMe),, 0.0513g (0.413 mmol)

6-8, 0.1133g (0.2640 mmol)
P(OMe);, 0.0484g (0.390 mmol)

6-5, 0.0449g (0.130 mmol)
PPh(OMe),, 0.0351g (0.206
mmol)

66, 0.1538g (0.4281 mmol)
PPh(CMe),, 0.0865g (0.508
mmol)

67, 0.0720g (0.173 mmol)
PPh(OMe),, 0.0650g (0.382
mmol)

6-8, 0.0742g (0.173 mmol)
PPh(OMe),, 0.0650g (0.382
mmol)

benzene
(30 mL)

benzene
(20 mL)

benzene
(20 mL)

benzene
(20 mL)
benzene/
CH,Cl,
(30710 mL)
benzene
(20 mL)

benzene
(20 mL)

80

55

radial plate
chromatography (acetone
first, then
acetone/methanol (10/1))
radial plate
chromatography (acetone
first, then methanol)
radial plate
chromatography (acetone
first, then methanol)

radial plate
chromatography
(acetone/methanol (25/3))

take off the volatiles with
high \ acuum

radial plate
chromatography
(acetone/methanol (20/1))

radial plate
chromatography
{acetone/methanol (20/1))

033329
(98%)

0.0977g
(94%)

0.1010g
(93%)

0.0707g
(92%)
ab=51/49
0.0786g

(99%)
ab=50/50




Chapter 7

D Cycloy I and
P thylcyclopentadienyi Cobaltophosph and
Phosphi . Reactions of

(1°-C;RJ)CO(X)(PEL,NHC*H(Me)Ph)(l) (X = I, C,F,) with PR'(OMe),

(R’ = OMe, Ph).

7.1. Introduction

In order to investigate the steric effect of the spectator ligands on Co* — P chiral
a series of (n°-C5Rs)Co(X)(PEL,NHC*H(Me)Ph)(l)

(X = I, C4F;) which give Arbuzov chemistry analogous to (n*
Cp)Co(X)(PPh,NHC*H(Me)Ph)(l) (R' = OMe, Ph)?* 2”27  ware examined. In
particular this chapter focuses on the “transmitter” effect of phenyl group by
comparing the chemistry of PPh,NHC*H(Me)Ph as ligand vs. PEt,NHC*H(Me)Ph as

ligand. Herein we present the synthesis, structure, absolute configuration and

conformational analysis of the ic cy

and their relevant derivative cobaltophosphonates.
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7.2. Results and Discussion

7.2.1. Sy and Ci of 7-12a,b, 7-138,6
and 7-14a,b. Facile substitution of CO in (n®-C,R,)Co(X)()(CO) (R = H, X =1, 7-1;
R=Me, X =1,72 and R = H, X = C,F,, 7-3)*"" ** py S-PE,NHC"H(Me)Ph
(PEINH) proved to be a more convenient way?*2% 217, 280283, 286, 207, 308, 318 4 thg

required substrate than oxidative addition of I, or C,F,l to the phosphine-substituted

R R A o
T R PENH T R PRIOVe), o R G R

—_— —_—
| ~co x|~ x| ™ PRioMs), x| ™ PO)R(OMe)
1 PENH PEINH PEINH

R X No. R X No. R X R Ne A X R No.

H 7 H 74 LI OMe 7-7ab Kol OMe 7-12ab

Mol 72 Mo | 75 H G, OMs 78ab H CjF, OMe 7:13ab

H CFp 73 H CFy T6ab Me | OMe 75ab Me | OMe 7-14ab
LI Ph 7-10ab H Ph  7-1Sabed
H 0357 Ph 711ab H CSF, Ph  7-16abecd

mu-scmz)wc‘mh

Scheme 7-1
Co(l) complexes.® This afforded (n®-C<R)Co(X)(PEt,NHC*H(Me)Ph)(l) as a purple
(R =H, X =1, 74), black (R = Me, X = I, 7-5), or deep brown (R = H, X = C,Fy, 7-
6a,b) powder, as shown in Scheme 7-1. Treatment of (n*

C4Hy)Co(X)(PEL;NHC*H(Me)Ph)(l) (X = |, 7-4; X = C,F;, 7-6a,b) with P(OMe), in

benzene at room afforded the -
C3Hg)Co(PEL,NHC*H(Me)Ph)(X)(P(O)(OMe),) (X = |, 7-12a,b, X = C,F,, 7-13a,b),

readily via Arbuzov dealkylation, '® 184 152.1%6,157,206,208,217,216,208.318 Lq\yaver, reaction
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of (n*-CsMe,)Co(l),(PEL,NHC*H(Me)Ph), 7-5, with P(OMe), in benzene at ambient
temperature was sluggish (cf. Chapter 6),” and required prolonged heating to give
(n*-CMe;)Co(PEL,NHC*H(Me)Ph)(I)(P(O)(OMe),), 7-14a,b in low yield. The dark
blue (X = I) or orange (X = C,F,) cobaltophosphonates 7-12a,b, 7-13a,b and 7-14a,b
formed as about 50:50 mixtures of diastereomers differing only in the configuration
at the cobalt center. Radial thick layer chromatographic separation of 7-12a,b, 7~
13a,b and 7-14a,b gave the diastereomerically pure high Rf 7-12a, 7-13a, 7-14a ana
the low Rf 7-12b, 7-13b, 7-14b di i C

pi
diastereomers 7-12a, 7-12b, 7-14a and 7-14b with X = | are configurationally stable
enough in solution for IR, NMR and circular dichroism characterization at ambient
temporature. However, they epimerize slowly in solution to give diastereomeric

mixtures. The i i 7-13a and 7-13b are

configurationally robust in solution. No i ion was after

heating in benzene at 60 °C for several days in sealed NMR tubes.

Solution IR spectra of the phosphonates 7-12a,b and 7-13a,b in CH,CI, showed a
strong P=O stretch at 1140 cm™ (7-12a and 7-12b), and 1128 cm™ (7-14a and 7-

14b), respectively, at significantly lower ies™™ 27.2% than that reported for

related neutral dialkyl phosphonate iron' (1159-1180 cm™), nickel'® (1150 cm'),

rhodium®®” (1168 cm'™) or cobalt (cf. Chapter 5)***7 (1149-1157 cm™) complexes.

The yi i ware similar to metallophosphonate

anions coordinated to cations.'®**** The weakened P=O stretch expected for 7-
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13a,b was i by strong C-F ions.?® 2®  The di d P=0 force

constant and the very large, { ic (red) shift for
the N-H stretch in complexes 7-12a,b (v(N-H) = 3148, 3139 cm™), 7-13a,b (v(N-H)
= 3194 cm) and 7-14a,b (v(N-H) = 3149, 3145 cm") compared to their parent
complexes 7-4 to 7-6 (v(N-H) = 3356 cm” for all) clearly indicated the presence of

an intramolecular P=OsseH-N bond in all di in solution 2°#2

35 which was confirmed by 'H NMR spectra and solid state structures. Large,

"H NMR chemical shifts for the NH resonances
in these phosphonate complexes 7-12a,b, 7-13a,b and 7-14a,b were observed,

to their parent (ct. Table 7-1). The 'H NMR resonances shifted

downfield by 2.7-2.9 ppm (810-870 Hz) from those of the reactant precursors (n*
C5Rs)CO(X)(PEL,NHC*H(Me)Ph)() (R = H, X = |, 7-4 (2.74 ppm); R = Me, X = |, 7-5
(272 ppm), R = H, X = C,f, 7-6ab (2.68, 2.96 ppm)) to those of the
cobaltophosphonates 7.*2a (5.46 ppm), 7-12b (5.60 ppm), 7-14a (5.61 ppm), 7-14b

(5.64 ppm), 7-13a (5.50 ppm), and 7-13b (5.66 ppm).

Each of the dii pl 7-12a,b, 7-13a,b and 7-14a,b

displays distinct 'H NMR resonances (Figure.7-1a). **C NMR resonances (Tables
7-1, 7-2) for n°-Cp/Cp*, C*H, and C*Me groups are consistent with aminophosphine-
coordinated piano-stool structures.?®® %% 217. 3% 3p NMR spectra (Table 7-1) of
complexes 7-12a,b, 7-13a,b and 7-14a,b contain pairs of AX doublets at 98.8(+2.0)
and 829(t3.0) ppm, ing to the P(O)(OMe), and
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Figure 7-1. Representative 'H NMR Spectra for (n®-
CSR,)CD(PE!,NHC'H(Me)(P(O)H (OMe))(l). (2. R = Me, R' = OMe, 7-
14b; b. R = H, R' = Ph, 7-18%)

PEL,NHC*H(Me)Ph respectively. The di ic P(O)(OMe), and
P(CH,CH,),;NHC*H{Me)Ph show well separated resonances both in the 'H and *C
NMR spectra. Distinctive pairs of methoxy doublets are observed in the 'H and "°C

NMR spectra for each diastereomer (Tables 7-1, 7-2). The diastereotopic P-
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(CH,CH,), appears approxi ly as two ABM,X multi A i (AB

part of ABM,X) appear in the region of 1.7-2.6 ppm for each complex, and the two
diastereotopic methyl groups on P-(CH,Me), (M, part of ABM,X) appear as a
distinctive pair of double triplets at 0.87(+0.20) and 1.26(+0.20) ppm with %, =
16.2(+2.0) Hz and *J, = 7.6(+0.2) Hz (Table 7-1), respectively. The **C NMR spectra
of 7-12a,b, 7-13a,b and 7-14a,b (Table 7-2) show pairs of well separated doublets

at 19-29 ppm, ponding to the two di ic carbons of P(CH,Me),. The

two diastereotopic carbons of P(CH,Me), appear as a pair of singlets, because %Jp;
is small. The PEt,NHC*H(C,H) protons and carbons are also unambiguously

assigned as three sets of well separated resonances at 7.40(10.06), 7.28(+0.02),
7.17(20.03) ppm corresponding 10 Hypo, Hew and H,r,, respectively, in the HNMR
spectra (Table 7-1) and as four singlets at 147.91(x0.50), 128.14(10.20),
126.34(0.20), 126.06(+0.20) ppm in the "*C NMR spectra assigned t0 Cyeer Comer
Coun @nd C,y,,, r@spactively. As shown in Table 7-3, the *F NMR spectra show well-
resolved *°F AB patterns™® 2" 22318, for thg diastereotopic C,F, ard CF, groups
of n-C,F, ligand, because of the typically small vicinal couplings (g = 5-10 Hz)
compared to the large two bond F to F coupling. The coupling constants 2Jp,q, show
a marked increase on passing from C, to C,, as presented in the preceding

chapters,?®"2%2.3'® pointing to a weakening of the C,-F bond.?*

7.2.2. Preparation of (n°-C,H,)Co(C,F J(PEt,NHC*H(Me)Ph)(l), 7-6a,b, an Easily
Resolvabie Chiral-at-metal Complex. Chapter 2 presented an example of a "self-
resolved” chiral-at-metal complex, (n*-indenyl)Co(C,F,)(PPh,NHC*H(Me)Ph)(}), 2-

o
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8a,b. Similar behavior was found

for complex 7-6a,b. As shown in ? Keq @

— Co
Scheme 7-1, facile substitution of °3F7/ Vo = 7/ | ™ peem
PEINH \
CO in racemic (n®-C¢H,)Co(C,F,)-
7-6a 760
(CO)() (7-3)"" by the chiral
Scheme 7-2

aminophosphine S,-PEt,;NHC*H-

(Me)Ph (PEtNH) at room temperature in benzene solution afforded a 43:57 (7-6b:7-
6a) Co-epimeric mixture of ((R,S)c, So)-("CsHs)Co(CsF,)(PELNHC H(Me)Ph)(1) (7-
6a,b). TLC and 'H NMR analysis of the crude product showed that the
diastereomeric mixture 7-6a,b in solution converts to a single diastereomer 7-6a on
removal of the solvent at room temperature/aspirator pressure or 0 °C/oil pump
vacuum (0.1 Torr). "Self resolution" (second order asymmetric transformation)
occurred during workup as reported previously.* Supporting evidence followed from
the observation that: (i) NMR reaction at 25 °C in benzene-d; showed that the
reaction of 7-3 with PEtNH was complete upon mixing to afford 7-6b:7-6a in a kinetic

product ratio of 43:57. (u) Variable

7-2) monitored by 'H NMR sp: py inb d,gave AH = 15.2(+0.5) klsmol’
1 and AS = 48.0(+1.5) JsK'smol" for Keq = 7-6b/7-6a resulting in a calcuiated
equilibrium ratio for 7-6b/7-6a of 29:71 at 0 °C; (i) Resolution/epimerization cycles

were i by i ing rep i ing and removal of solvent

from 7-6a,b. Diastereomerically pure 7-6a was dissolved in benzene-d, and

epimerized to the mixture of 7-6a and 7-€b, which resolved again to a single
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diastereomer 7-6a upon removal of solvent. (iv) Freezing an epimeric solution of 7-6a

and 7-6b and low (-12°C) imation of the b to avoid

of a liquid phase gave a 32:68 epimeric mixture of 7-6b/7-6a. Therefore, the isolation
of a single diastereomer by evaporation of solvent at room temperature or 0 °C was

the resuit of a second-order i %28 which during

workup. As benzene was rermoved the less soluble diastereomer 7-6a crystallizes out

shifting the epimerization equilibrium 7-6b = 7-6a toward 7-6a (Scheme 7-2).

Multinuclear NMR spactra establish that both 7-6a and 7-6b are n°-Cp-coordinated
piano-stool complexes with degenerate Cp singlets and distinguishable C*H, C*-Me,
NH, and CH,-Me resonancas in their 'H NMR spectra (Table 7-1). The *°C spectrum
of 7-6a shows well separated resonances for the PEt,NHC*H(Me)Ph ligand and n°-
Cp ic of i i The di:

C,F2, C4F, fluorine atoms show the typical splitting patterns found in related

chiral 280,281,308
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Figure 7-2. Circular Dichroism Spectra of 7-6a (——) and S, Ss(n™
indenyl)Co(C,F,)(PPh,NHC*H(Me)Ph)(l), 2-8a (----).

The absolute configuration of the high Rf 7-6a was determined by comparing its
circular dichroism (CD) spectra to that of isostructural S, Se-(n™
indenyl)Co(C,F;)(PPh,NHC*H(Me)Ph)(l) (high Rf 2-8a, cf. Chapter 2.2.2)** Since
these two complexes have the same relative Rf values (both high Rf) and possess
similar CD morphology, as shown in Figure 7-2, they can ba assigned the same
absolute configuration at cobalt. Thus, the absolute configuration of 7-6a is S, S;on
the basis of modified Cahn-Ingold-Prelog rules®****" with the ligand priority series

of I > °-Cp > (So)-PEL,NHC'H(Me)Ph > CyF,.
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7.23. and C of 7-15a,b,c,d and

7-16a,b,c,d. Reaction of 7-4 or 7-6a,b with dimethyl phenylphosphonite, PPh(OMe),,

in b or at room afforded a dark biue or orange
diastereomeric mixture of the phosphinates 7-15a,b,c,d or 7-16a,b,c,d via an
Arbuzov dealkylation as shown in Scheme 7-1. A small amount of (n*
C4Hy)Co(PPh(OMe),)(P(O)Ph(OMe))(X) (X = |, 7-178,b°%; X = C,F,, 7-18a,b>") was

formed, via the ion of and iodide followed by

an Arbuzov dealkylation (cf. Chapter 3).2”-*"® The observation ("H NMR, CDCl,) of
jonic intermediates [(n*-CyHs)Co(PEL,NHC*H(Me)Ph)(PPh(OMe),)()]*I" (major, /-
10a,b: 5(Cp) = 5.40, 5.47 ppm; 7a-10/7-10b = 1:1) and [(n®-Cp)Co(PPh(OMe),), ()]
(minor, 8(Cp) = 5.52 ppm)*® proved that this assumption was corect.
Diastereomeric 7-15a,b,¢,d and 7-16a,b,c,d (in the order of decreasing Rf values)
were separated as air stable solids by radial thick-layer chromatography, as shown
in Scheme 7-3 and 7-4. The phosphinates with X = | (7-15a, 7-15b, 7-15¢, and 7-
15d) are sufficiently stable to allow full characterization . * 'H, °C, and *'P NMR and
by circular i The with X = C,F, (7-16a, 7-16b,

7-16¢, and 7-16d) are more stabla than the iodide analogs and no epimerization was
detected after heating the phosphinates 7-16a, 7-16b, 7-16¢, or 7-16d in benzene

at 60 °C for several days in sealed NMR tubes.

Similar to the cobaltophosphonate derivatives, the solution IR spectra in CH,CI, for
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each diastereomer shows a strong v(P=0) resonance at 1128 cm" (7-15a), 1129

cm™ (7-15b), 1125 cm™ (7-15¢), or 1124 cm” (7-15d). However, the expected v(P=0)

resonance in 7-16a,b,c,d is obscured by strong C-F absorptions. The decreased

ing freq y to other alkyl i (cf. Chapter
6)"™ can be attributed to a secondary P=OsseH-N hydrogen bonding interaction at

the basic yl oxygen. ingly a large, but

bathochromic (red) shift for the N-H stretch for 7-15a (3115 cm™), 7-15b (3115 cm™),
7-15¢ (3120 cm™), 7-15d (3120 cm™), 7-16a (3139 cm), 7-16b (3139 cm™), 7-16¢

(3140 cm), 7-16d (3147 cm™),

pi 1o their parent p 7-4 and 7-6a,b

(3356 cm'™") was observed in the IR spectra.

The ofani P=0eseH-N hydrogen bond was i by 'H

NMR spectra and the solid state structures. As found in the phosphonate complexes,

strong lar P=OsesH-N hy bonding in 7-158,b,c,d and 7-1€a,b,c,d
considerably deshields the 'H NMR NH resonance compared to that of 7-4 and 7-
6a,b. The proton chemical shift of NH in 7-15a (6.10 ppm), 7-15b (6.26 ppm), 7-15¢
(5.59 ppm), 7-15d (5.34 ppm), 7-16a (5.98 ppm), 7-16b (5.86 ppm), 7-16¢ (5.99
ppm), and 7-16d (5.75 ppm) shifted downfield about 2.6-3.5 ppm (780-1050 Hz)
compared to the parent complex 7-4 (2.74 ppm) and 7-6a,b (2.68, 2.96 ppm) (cf.
Table 7-1). *'P NMR spectra (Table 7-1) of each diastereomer show a pair of AX

doublets at 115.0(x5.0) and 85.0(+5.0) ppm assigned to the coordinated
P(O)Ph(OMe) and PEL,;NHC*H(Me)Ph, respectively. The P(O)Ph(OMe) in these
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diastereomers 7-15a,bc,d and 7-16ab,c,d appears as a doublet at about

3.52(+0.20) and 50.75(0.75) ppm in the 'H and "*C NMR spectra respectively. The
'H NMR resonance of H,, and the °C NMR resonance of P(O)-Ph can be clearly
located for these complexes as shown in Figure 7-1b and Tables 7-1, 7-2. The 'H,

3C NMR resonances for the remaining groups and "°F NMR are similar to those of

the i above (Figure 7-1b and Tables 7-1, 7-2).



Table 7-1. 'H and *'P NMR for n*-Cp/Cp* Co(lll) Complexes*
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Cpd  CHs CMe, CCHs P-CyHs C'HMe N-H/ *
P-OMe
74 513 7.37 (m)* 452 (m) 274 (m)" 85.9
7.26 (m)" 146 (d6.7)°
73 187 7.37 (m)** 4.48 (m) 272 (m)* 828
(d1.3) 7.26 (m)* 151 (d6.7)° .
1.23 (,14.9,7.6)'
093 (d1,15.4,7.7)
76 5.8 7.29 (m)sée 437 (m)' 268 ()" 2.41 (m,1HY 87.3
1.43 (d6.6)° 222 (m,1Hy
2,12 (m,1H
1.90 (m,1H)'
1.30 (dt, 15.8,7.8)
1.00 (dt, 16.7,7.7)
768> 469 7.1 (msee 4.05 (m)' 277 (m)" 1.45-2.05 (m)’
1.13 (6.6 096 (d1,15.6,7.6)'
059 (c,16.8,7.7)
760" 469 741 (m)ee 35 (m)' an mP 1.45-2.05 (m)’
1.14 (d6.6)° 082 (d,15.6,7.8)"
0.69 (dt,
7128 509 7.39(0,7.3)° 421 (m)' 5.46 ()" 258 (m,1H) 85.9 (4,134.7)
7.30 (1,7.3,1.6)° 139(d67)° 3583 (d,10.0) 254 (m,1H)' 97.6 (4,134.7)"
7.20 (11,7.3,1.6)* 372 (d,11.0} 1.82 (m,2H)'
1.35 (,16.5,7.8)

0.87 (dt,16.9,7.6)
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Table 7-1. cont'd
7120 513 738 (4d,7.6,1.61 420 ()’ 5.60 (m)" 235 (m,1H)' 82,5 (d,133.0)
727 (1.7.6,1.6)° 144 (d67f° 384 (d,10.)" 218 (m,1H)' 96.9 (d,133.0)"
7.16 (t. 3.72 (d,11.0)* 2.00 (m,1H)'
1.86 (m,1H)
1.27 (d1,16.6,7.6)!
095 (dt,17.2,7.7)
713 5.0 739 (7.9,14) 4.15 (m)' 550 (m)" 225 (m,1H)' 85.7 (d,120.8)"
7.29 (17, 136 (d67° 375 (4,105 2.1 (m1H)' 99.8 (4,120.8)"
7.19 (#, 3.60 (d,11.0 181 (m,2H)'
= 1.18 (d1,16.8,7.7)0
083 (dt,16.3,7.6)
713 512 7.26 ()= 4.14 (m)' 5.66 (m)" 82.7 (d.118.1)
7.16 (m)* 143(066°  3.76 (d,106) 100.4 (d,118.1)™
3.68 (d,10.9)°
7148 174 738 (74,158 4.5 (m)' 561 (m)" 83.4 (d,135.9)'
t1.2) 728 (d,7.1,15)° 140 (d69)° 3.76 (49.6) 229 (m,1H) 100.8 (d,135.9)"
7.7 (#.7.1,1.5° 3.70 (d,10.8)" 1.71 (m,1HY
158 (m, 1H)'
121 (d,14.4.7.5)
088 (d1,16.5,
7-14b 175 7.46 (dd,7.3,1.¢ ) 411 (m)' 5.64 (m)" 238 (m, 1H)' 79.6 (d,135.3)"
(t1.2) 726 (17.3,1.4) 143 (d67)° 377 (d9.6) 203 (m,1H)' 99.8 (d,135.3)"
7.14 (17.3,1.4)° 369 (d,108)" 1.87 (m,1HY
161 (m,1H)
122 (,16.4,7.6)

0.77 (d1,15.0,7.6)'
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Table 7-1. contd
7-158 494 7.45(dd7614° 791 (m° 423 (m) 6.10 (m)" 252 (m,1H)' 847 (d,1075)
741 (M 144 (d66° 363 (d107) 222 (m1H)' 1139 (d,107.5"
1.88 (m2H)*
1.35 (d,16.1,7.9)
0.93 (d1,16.8,7.6)'
7150 496 7.42 (m)° 794(m)° 423 (m) 6.26 (m)" 2.43 (m, 1H)' 805 (4,103.5)
7.29 (1,7.3)° 742 (m*  148(d67)° 3.65(d,106) 221 (m,1H)' 112.6 (d,103.5)"
7.47 (#.7.3,1.6)° 2,02 (m,1H)'
1.85 (m,1H)'
L16.6.7.
7-15¢ 473 748722 8.20 (m)® 4.44 (m) 559 (m)" 2.44 (m,3H)' 83.1 (d,118.8)'
7.487.22% 154 (d67° 341 (g 114} 1.68 (m, 1H)' 111.3 (d,1188)"
1.27 (m6H)!
7150 489 7.60-7.24 821 (mF 444 (m) 534 (m)" 268 (m,1H)' 81.4 (d,118.2)
7607.24% 147 (d7.08 339 (d11.1) 227 (m2Hy' 111.0 (.118.2)"
1.99 (m,1H)'
1.28 (d1,14.9,7.2)'
078 (,15.7,7.7)'
7-16a 503 741 (an72u)* 770 (@) 447 (m) 5.98 (m)" 2.26 (m,1H) 89.6 (d,104.2)
7.31 (1,7.2,1.4) 737 (m** 145 (d66)° 348 (110 1.97 (m2H)' 17.1 (01042
721 (#.7.2,1. 4)' 1.71 (m,1H)'
1.10 (1,15.6,7.5)
1.00 (1.16.4,7.6)
7160 5.08 7.37 (m)° 770 (m)° 426 (m) 5.86 (m)" 2.22 (m1H)' 83.3 (,102.2)
729 (07.1,15° 736 (m* 149 (d67)° 352(d,109) 2.06 (m,1H)' 1146 (0,102.2)"
7.9 (17.1,1.5° 1.82 (m,1H)' :
1.69 (m,1H)

1.32 (d1,16.2,7.9)
0.91 (c1.16.4,7.9)
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Table 7-2. °C NMR for Ligand and n®-Cp/Cp* Co(lllj Complexes®.
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Cpd  Cp/Cp* CpMe C-Ph P-Ph P-CHMe P-OMe C'HMe
(Coaviomrarmmarpan)  (Cotomanrpan)
74 8553 146.71, 128,65, 27.41 (4,342 27.40 (4,5.0)"
125.64, 127.07 2654 (d,32.4) 54.04 (48.7)"
10.105, 9.81°
75 9371 1139 14651, 12852, 25.13 (d,21.2)° 2739 (d4.7)°
125.83, 126.94 2475 (d,23.2)° 54.08 (d,11.4)
10.57°,9.98°
76a 8680 146.76, 128.56, 25,85 (d,33.1)° 2754
125,50, 126.98 25.42 (d,29.6)° 5351 (d,12.0)"
9.43,9.15°
7128 £759 147.76, 12831, 27.32 (d326)° 5337 (d,11.3)  27.35(d, 56)°
12597, 126.43 26.46 (4,345 51.10 (d,89)' 54.70 (4,7.7)"
10.46°, 7.88°
7120 8762 147.43, 128.14, 29,03 (4,37.1)° 5259 (d11.4) 2805 (d,6.0)°
125.90, 126.45 24.09 (4,208 51.15 (d.93)' 54,83 (4.8.6)"
9.99°, 7.86°
713a  88.10 147.41, 128.20, 26.89 (d.36.9)° 52.86 (d,9.5)' 2787
126.08, 126,50 24,50 (d27.2)° 50.47 (d,8.7) 52.39 (4,9.9)"
9.20°, 7.43°
713 8808 147.64, 128.19, 27.73 (303 5260 (d,11.4)  26.10 (d, 7.6)°
125.74, 126.42 24.30 (d35.1)° 5064 (d,122) 5238 (49.7)
9.01°, 750°
7M4a 9726 1075 148.42, 128.16, 2451 (d,265)° 54.20 (d9.1)' 27.13 (482)°
126,20, 126.31 23.90 (4,32.0 5059 (d, 11.1) 5377 (d,12.3)"
11.73° 747
740 9733 1061 148,01, 127.95, 26.74 (4,35.5)° 54.26 (d9.1) 28,24 (4,6.3)"
126.16, 126.16 19.49 (d.25.5)° 5073 (d11.2) 5289 (4,115

11.0°5, 7.61°
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Table 7-2. contd
7-15a 8755 148,06, 12829, 130.73/13063, 27.61 (4,39.0  51.44(d99)  27.39 (d,7.2)°
126.09, 126.47 12751/127.39,  26.85 (d,34.9)" 53.44 (d.9.4)"
129.61 10.63,7.85°
7150 8755 147.61,128.12, 13063/13048, 2060 (439.0)°  51.45(d95)  28.10 (d.8.0)°
125.97, 126.40 127.54/127.40,  24.09 (d,31.2)° 5245 (d,11.8)"
129.59 10.19°, 7.84°
715 8943 147.90, 128,60, 130.39/130.25, 2695 (d30.1)° 5093 (d11.6)  27.15°
125.60, 126.80 127.98/12785, 2357 (d,35.4)° 54.13 (d,11.0)°
130.00 9.39°,9.19°
715 89.37 146.68, 12830, 13053/13037, 2676 (275" 5079 (d,104)  29.19 (d6.6)°
126.07, 12651 127.98/127.85, 3 53.67 (d,12.8)°
130.01
7168 8819 148.15, 128.36, 1312713113, 2744 (4338 5079 (4,11.0)  27.44 (458)°
126.10, 12655 127.51/127.40,  23.76 (,28.7)" 5321 (4.9.6)"
129.44 8.90°, 8.00°
7166 8805 147.54, 128.21, 131.22/131.06, 2620 (4322 5061 (d, 11.1)  28.16 (d45.4)°
125.98, 126.48 127.59/12745,  24.68 (d,31.3) 52.96 (d,103)"
129.39 880°,8.07°
716c 8922 147.65, 12856, 13056/13040, 2533 (4378  50.09 (d,1453)'  27.39'
125.86, 126.74 127.87/127.74, 2274 (d,24.6)" 54.14 (d,10.7)°
12955 860°
7160 8897 147.01, 128.25, 131.90 2449 (4347 5019 (4,11.0)  28.75(d5.1)°
125.91, 12651 (d528), 2439 (d,18.7)° 54.00 (d,123)"
130.71/130.58,  8.73°,852°
127.901127.76,
129.63

13 .75.47 MHz) NMR chemical shifts in ppm relative to solvent CDCl, = 77.0; d = doublet; J values in Hz given in brackets. ® P-CH,- ("Jsc). © P-CH,Me.

4 C*Ma Clre). * CH (). ' P-OMe ().



Table 7-3. "*F NMR for 1°-Cp Co(lll) Complexes®.

cpd CF CF. CF,
F.Fy F.Fy
76a -63.49, -66.63 -111.22, -114.32 79.13 (t, 13.0)
(d, 260.5) (d,279.0)
760 -65.40, -66.01 -111.39, -114.53 -78.18 (t, 13.5)
(. 262.3) (@, 279.9)
7138 -64.21,-75.00 -115.39, -115.54 -78.86
(d, 266.6) (0, 2803) (t,10.)
7130 -6391,-73.19 115,51, -113.90 -78.89
(d, 266.8) (d, 280.3) (t, 10.3)
7-16a -66.06, -71.06 113.41, -114.47 -78.95
(d, 2728) (0.279.0) (t.9.4)
7-16b -67.02, -68.90 -112.77, -114.32 -78.99
(d, 269.8) {d, 277.6) {t. 10.3)
7-16c -65.79, -68.94 -112.91, -113.86 -78.97
(d. 269.2) (0, 278.4) (. 103)
7-16d -65.74, -69.03 113.42, -114.16 -78.95
(d, 267.7) (d, 278.8) (. 102)
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* 282.4 MHz, chemical shifts in ppm relative to CFCI; soivent = CDCly; %, and *Jg: in the case of CF,, In Hz given in brackets; all CF; peaks show
0 ez

further unresolved spiitting by about 5-10 Hz due to



309
7.2.4. Crystal Structures and Solid State Conformation of 7-12a, 7-13a, 7-15a,

7-16a and 7-16b. The X-ray crystal of two ates 7-12a
and 7-13a and three cobaltophosphinates 7-15a, 7-16a and 7-16b were obtained in
order to confirm the structures and to establish the absolute configurations of the
Arbuzov products. All structures were solved using direct methods. The hydrogen
attached on the nitrogen atom in 7-12a, 7-13a, 7-15a and 7-16b was located in the
difference maps, which allowed unambiguous identification of the intramolecular
P=0eesH-N hydrogen bond. Atomic coordinates and selected bond distances and
bond angles are given in Tables 7-4 - 7-13. Figures 7-3 - 7-7 show Pluto
representations of complexes 7-12a, 7-13a, 7-15a, 7-16a and 7-16b. All complexes
have typical piano-stool structures with the n®-C¢H, occupying three fac coordination
sites and the X (X = I, C,F;), PEL,;NHC"H(Me)Ph, and PR'(OMe), (R’ = OMe, Ph)

the ining three ination sites. bond angles (I(1)-Co(1)-

P(1), I(1)-Co(1)-P(2), P(1)-Co(1)-P(2) for 7-12a and 7-15a; C(6)-Co(1)-P(1), C(6)-
Co(1)-P(2), P(1)-Co(1)-P(2) for 7-13a, 7-16a and 7-16b) in all complexes are close

10 90° and are i with approxi Figure 7-8 shows

that the two i i 7-16b and 7-16b’ have

identical absolute configurations and differ only slightly in conformation. For
complexes 7-12a, 7-13a, 7-15a, 7-16a, 7-16b, and 7-16b’ there is substantial double
bond character in the phosphoryl bond as found in other related phosphonate and
phosphinate complexes.? 206208, 217, 218, %8, 318, 373, 7% Aceordingly the P=O bond

distances (1.486(4) A (7-12a), 1.478(3) A (7-13a), 1.497(6) A (7-15a), 1.498(4) A (7-
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16a), 1.492(7) A (7-16b) and 1.497(7) A (6-16b")) are considerably shorter than the
P-OMe bond distance (1.615(5) A) but within the range reported for the examples

With192: 196, 200, 206208, 217, 218, 308, 318, 368, 375380 G \yith ) 4193, 204, 214, 373, 374, 361

secondary

bonding il ions to ilic centers. The

d pically observed strong

P=0seeH-N hydrogen bonding in all complexes 7-12a, 7-13a, 7-15a,
7-16a, 7-16b and 7-16b’ is confirmed by the proximity of the aminophosphine NH
and the basic phosphoryl oxygen atom. The P=0eesH-N hydrogen bond distances
for all complexes 7-12a (O(1)-H(IN) = 1.98(5) A), 7-13a (O(1)-H(1N)) = 1.986 A), 7-
15a (O(1)-H(IN) = 1.828 A), 7-16a (O(1)-H(1N) =.1.780 A), 7-16b (O(1)-H(IN)) =
1.851 A) and 7-16b’ (O(1)-H(1N) = 1.889 A)) are considerably shorter than the sum

of the van der Waals' radii of O and H (2.60 A) and are well within the range

ic for hydrcgen bonded N-HeeeQ,2%6%00. 217,323 Thg gxjstence

of the y

ydrogen bonding ion restricts the solid state conformations
of 7-12a, 7-13a, 7-15a, 7-16a, 7-16b and 7-16b’, and results in a distorted six-
membered Co-P-OsseH-N-P quasi-chair, as shown in Figure 7-9. The 1°-C4Hs group

is pseudoequatorial and the iodide or perfluoropropyl is pseudoaxial as with the

| i 208208,217.382 Thg phosphoryl oxygen in all
complexes adopts a conformation anti to the n®-C¢Hj, plane placing the P-A’ (R' =

OMe, Ph), the P-OMs and the P-Et;NHC*H(Me)Ph ethyl groups gauche to the 1’*-

C;Hs, respectively, as a result of ints due to strong hydrogen bording (ct.

Figure 7-9).
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Figure 7-3. Molecular Structure of (Sg,,Sc)-(n°-
C,Hy)Co(PEL,NHC*H)(Me)Ph)(P(O)(OMe),)(1), 1 12a.
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Table7-4. Atomic Coordinates for (S.,,S;)-(n*-
C4Hy)Co(PEL;NHC*H(Me)Ph)(P(O)(OMe),)(l), 7-12a.

atom X y z Bleq)
1(1) 0.88181(3) 0.80140(4) 463(2)
Co(1) 0.91171(5) 0.7325! 3.22(3)
P() 1.0008(1) 08964(1) .43
P2) 1.0473(1) 0.6238(1) 3.00(6)
o(1) 1.0869(3) 09367(3) 38(2)
0(2) 0.9226(4) 1.0066(4) 5.2(2)
0(3) 1.0400(3) 08787(4) 49(2)
N(1) 1.1421(3) 0.7036(4) 3.2(2)
c(1) 0.8407(7) 05855(7) 6.7(5)
c(2) 0.7720(6) 0.634(1) 6.9(5)
c(3) 0.7561(5) 0.756(1) 6.6(5)
C(4) 0.8175(6) 0.7763(7) 5.3(4)
c(5) 0.8717(6) 0.6717(8) 5.9(4)
c(6) 0.9022(7) 1.0943(7) 7.0(4)
c(7) 1.1183(6) 0.9546(6) 5.7(4)
c(8) 1.1043(5) -0.1590(4) 05320(5) 4.6(3)
C(9) 1.1472(5) -0.2305(4) 0.6019(7) 49(3)
©(10) 1.0219(5) 0.0011(4) 05111(6) 4.4(3)
C(11) 0.9473(6) -0.0154(5) 0.4116(7) 8.2(5)
c(12) 1.2442(5) 0.0123(3) 0.6600(5) 3.4(3)
c(13) 1.3268(4) -0.0757(3) 0.6834(5) 3.1(2)
C(14) 1.3282(4) -0.1208(3) 0.7893(6) 38(3)
c(15) 1.4062 -0.1791(4) 0.8069(6) 48(3)
c(16) 1.4817(5) -0.1904(4) 0.7232(7) 5.1(4)
c(17) 1.4816(5) -0.1440(4) 0.6200 5.0(4)
c(18) 1.4045(5) -0.0875(3) 05991(5) 39(3)
c(19) 1.2710(5) 0.0696(4) 0.7172(8) 6.0(4)
H(IN) 1.131(4) -0.042(3) 0.780(4) 36
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Table 7-5. Selected Bond Distances (A) and Bond Angles () for (Sg,S)-(n
CHj)Co(PELNHCH(Me)Ph)(P(O)(OMe),)(1), 7-12a.

Distances Angles
1(1)-Co(1) 2.5778(9) 1(1)-Co(1)-P(1) 91.39(5)
Co(1)-P(1) 2203(2) 1(1)-Co(1)-P(2) 91.96(5)
Co(1)-P(2) 2211(2) I(1)-Co(1)-C(1) 126.5(3)
Co(1)-(1) 2.109(7) 1(1)-Co(1)-C(2) 93.9(3)
Co(1)-C(2) 2.117(7) 1(1)-Co(1)-C(3) 92.5(2)
Co(1)-C(3) 2.096(6) 1(1)-Co(1)-C(4) 124.7(2)
Co(1)-C(4) 2.070(6) 1(1)-Co(1)-C(5) 156.6(2)
Co(1)-C(5) 2.056(6) P(1)-Co(1)-P(2) 95.05(7)
c(1)-c(2) 1.36(1) Co(1)-P(1)-0(1) 121.6(2)
C(1)-C(5) 1.38(1) Co(1)-P(1)-0(2) 109.2(2)
C(2)-C(3) 1.43(1) Co(1)-P(1)-0(3) 104.8(2)
€(3)-C(4) 1.37(1) O(1)-P(1)-0(2) 109.2(2)
C(4)-C(5) 1.39(1) O(1)-P(1)-0(3) 110.6(2)
P(1)-0(1) 1.486(4) 0(2)-P(1)-0(3) 99.0(2)
P(1)-0(2) 1.608(4) Co(1)-P(2)-N(1) 113.7(2)
P(1)-0(3) 1.609(4) P(2)-N(1)-C(12) 127.4(4)
P(2)}-N(1) 1.646(5) P(2)-N(1)-H(1N) 112(4)
N(1)-H(IN) 0.86(5) C(12)-N(1)-H(1N) 119(4)
O(1)-H(IN) 1.98(5)
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Figure 7-4. Molecular Structure of (A Sc)-(n®-
C,H,)Co(c,F,)(PEt,NHCH(Ma)Ph)(P(O)(OMB),) 7- 13!
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Table7-6. Atomic Coordinates for (R Sc)-(n®-
C4Hs)Co(C,F,)(PEL,NHCH(Me)Ph)(P(O)(OMe),), 7- 13!
atom X v z B(eq)
Co(1) 0.14130(6) 0.08181(2) 0.61478(7) 291(2)
P(1) 0.0282(1) 0.11742(3) 0.7241(1 281(5)
P(2) 0.2498(1) 0.13576(3) 05119(2) 3.36(5)
F(1 0.1307(3) 0.05610(7) 0.2976(3) 4.7(1)
F(2) 00683 0.10751(6) 0.3376(3 39(1)
F(3) 0.1855(3 0.0558(1) 0.5077(3) 65(2)
F4 0.0481(3 0.00623( 0.4433(4] 67(2)
F(5) 0.2209(3 0.0732(1) 0.1943(4) 7.8(2)
(B -0.271044 0.01362(9) 0.2592(4) 7.9(2)
F(7) - 0.0850(3) 0.0262(1) 0.1294(4) 83(2)
o(1) -0.1092(3) 0.14713(7) 0.6300(4) 3.7(1)
o(2) -0.1353(3) 0.08724(8) 08138(3) 36(1)
0@) 0.0461(3) 0.13925(8) 0.8740(4) 42(1)
N(1) 0.1518(4) 0.17619(8) 0.4999(4) 3.4(2)
c(1 0.1630(6) 0.0556(1 0.8415(6) 4.6(3)
c2 0.2945(6) 0.0688(1 0.7879(8) 5.4(3)
c@ 0.3283(5) 0.0482(2) 0.6480(8) 5.7(3)
c(é) 0.2177(6) 0.0222(1 0.6138(7) 5.1(3)
c(5 0.1137(5) 0.0271(1 0.7330(7) 47(3)
c(6) 0.0397(5) 0.0726(1 0.4108(5 33(2)
c() -0.0886(5) 0.0442(1 0.4035(6) 4.1(2)
c@ -0.1655(6) 0.0383(2 0.2429(6} 47(3)
c@ -0.2829(5) 0.0935(1 0.8095(6) 5.2(3)
c(10) -0.0400(6) 0.1608(1 0.9861(7) 6.0(3)
c(11) 0.3226(5) 0.1293(1 0.3098(6) 47(3)
c(12) 0.4343(5) 0.0971(1) 0.2843(8) 65(3)
c(13) 0.4072(5) 0.1517(1) 0.6193(8) 5.0(3)
C(14) 0.3834(6) 0.1722(1) 0.7791(7) 63(3)
c(15) 0.1968(4) 0.2170(1) 0.4538(6) 35@2)
C(16) 0.1668(4) 0.2484(1, 0.5829(5) 3.2(2)
c(17) 0.0783(5) 0.2416(1 0.7101(6) 42(2)
c(18) 0.0556(5) 0.2709(1 0.8259(6) 5.2(3)
c(19) 0.1217(6) 0.3078(1 0.8135(6) 4.9(3)
C(20) 0.2090(5) 0.3150(1 0.6864(7) 4.8(3)
c(21) 0.2313(5) 0.2860(1 0.5704(6) 40(2)
C(22) 0.1346(6) 0.2296(1 0.2929(6) 5.6(3)
H(1N) 00584 0.1700 05214 a5
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Table 7-7.  Selected Bond Distances (A) and Bond Angles (°) for (Rg, So)-(n*-
C¢H;)Co(C,F,)(PEt,NHCH(Me)Ph)(P(O)(OMe),), 7-13a.
Distances Angles
Co(1)-P(1) 2.199(1) P(1)-Co(1)-P(2) 93.85(5) -
Co(1)-P(2) 2.240(1) P(1)-Co(1)-C(1) 85.5(1)
Co(1)-C(1) 2.093(5) P(1)-Co(1)-C(2) 109.6(2)
Co(1)-C(2) 2.099(5) P(1)-Co(1)-C(3) 147.7(2)
Co(1)-C(3) 2.120(5) P(1)-Co(1)-C(4) 139.4(2)
Co(1)-C(4) 2.111(4) P(1)-Co(1)-C(5) 100.4(2)
Co(1)-C(5) 2.086(4) P(1)-Co(1)-C(6) 94.6(1)
Co(1)-C(6) 1.982(4) P(2)-Co(1)-C(6) 91.1(1)
c(1)-c(2) 1.400(7) Co(1)-P(1)-0(1) 121.5(1)
C(1)-C(5) 1.393(6) Co(1)-P(1)-O(2) 108.8(1)
C(2)-C(3) 1.391(7) Co(1)-P(1)-0(3) 104.0(1)
C(3)-C(4) 1.392(6) O(1)-P(1)-0(2) 109.3(2)
C(4)-C(5) 1.413(7) O(1)-P(1)-0(3) 110.0(2)
F 1-0(1) 1.478(3) 0(2)-P(1}-0(3) 101.4(2)
P(1)-0(2) 1.615(3) Co(1)-P(2)-N(1) 114.6(1)
P(1)-0(3) 1.610(3) P(2)-N(1)-C(15) 127.2(3)
P(2)-N(1) 1.639(3) P(2)-N(1)-H(1N) 11054
N(1)-H(1N) 0.930 C(15)-N(1)-H(1N) 122.21
O(1)-H(IN) 1.986
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Figure 7-5. Molecular Structure of (S Rp, Sc)-(n®
C4H,)Ce(PELNHC* H(Me)Ph)(P(O)Ph(OMB))(I) 7-15l
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Table 7-8. Atomic Coordinates for (8§ Rp,Sc)-(n®-
C4H:)Co(PEL,NHG H(Me)Ph)(P(O)Ph(OMe))(l), 7-15a.
atom X y z B(eq)
I(1) 1.11213(4) 0.19267(3) 0.81487(7) 4.86(3)
Co(1) 0.94089(7) 0.20183(5) 0.8791(1) 3.66(5)
P(1) 0.9089(1) 0.1897(1; 0.6214(2) 3.7(1)
PE) 0.9445(2) 0.3040(1 0.8943(3) 5.2(1)
o(1) 0.9534(4) 0.2453(2) 0.5120(6) 4.5(3)
0O(2) 0.7989(3) 0.2049(3) 0.6142(6) 5.03)
N(1) 0.9969(4) 0.3360(3) 0.7417(8) 4.6(3)
C(1) 0.8308(6) 0.1910(5) 1.028(1) 5.8(5)
c(2) 0.9111(8) 0.1881(6) 1.123(1) 6.9(6)
c(3) 0.9606(8) 0.1377(7) 1.067(1) 2.7(7)
c(4) 0.913(1) 0.1112(5) 0.946(1) 7.5(8)
c(s) 0.8334(8) 0.1414(5) 0.919(1) 5.9(6)
c(6) 0.9296(7) 0.1225(4) 0.533(1) 4.6(5)
c(7) 1.0145(8) 0.1088(4) 0.472(1) 6.6(6)
c(@) 1.032(1) 0.0518(8) 0.396(1) 9.8(9)
c(9) 0.958(2) 0.0118(7) 0.384(2) 12(1)
c(10) 0.874(1) 0.0236(7) 0.444(2) 12(1)
C(11) 0.8596(8) 0.0797(5) 0.520(1) 7.7(7)
c(12) 0.7541(6) 0.2260(4) 0.472(1) 6.4(6)
c(13) 1.002(1) 0.3325(6) 1.075(2) 15(1)
c(14) 1.0788(8) 0.3202(7) 1.133(2) 15(1)
c(15) 0.8332(9) 0.3444(4 0.923(1) 8.2(7)
c(16) 0.7619(8) 0.3347(5) 0.796(2) 9.1(8)
c(17) 1.0069(6) 0.4038(3 0.713(1) 5.3(5)
c(18) 0.9336(5) 0.4318(3 0.609(1) 4.2(4)
c(19) 0.8963(7) 0.4007(4 0.480(1) 5.7(5)
C(20) 0.8303(7) 0.4283(4) 0.389(1) 6.5(6)
c(21) 0.8015(6) 0.4870(4) 0.420(1) 5.7(5)
C(22) 0.8381(7) 0.5186(4) 0.546(1) 5.7(5)
C(23) 0.9037(6) 0.4915(3) 0.639(1) 5.2(5)
C(24) 1.1034(6) 0.4135(4) 0.643(2) 8.8(7)
H(1IN) 0.9687 0.3138 0.6363 5.6
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Table 7-9.  Selected Bond Distances (A) and Bond Angles (°) for (S¢,Rs,So)-(n®
C;Hs)Co(PEL,NHC*H(Me)Ph)(P(O)Ph(OMe))(!), 7-15a.
Distances Angles
I(1)-Co(1) 2.562(1) 1(1)-Co(1)-P(1) 89.83(6)
Co(1)-P(1) 2217(2) 1(1)-Co(1)-P(2) 93.80(8)
Co(1)-P(2) 2217(3) I(1)-Co(1)-C(1) 152.0(3)
Co(1)-C(1) 2.051(8) 1(1)-Co(1)-C(2) 113.2(3)
Co(1)-C(2) 2.115(8) 1(1)-Co(1)-C(3) 88.5(3)
Co(1)-C(3) 2.12(1) 1(1)-Co(1)-C(4) 100.1(4)
Co(1)-C(4) 2.08(1) 1(1)-Co(1)-C(5) 136.3(3)
Co(1)-C(5) 2.071(9) P(1)-Co(1)-P(2) 94.71(9)
C(1)-C(2) 1.41(1) Co(1)-P(1)-0(1) 119.9(2)
C(1)-C(5) 1.41(1) Co(1)-P(1)-0(2) 104.2(2)
C(2)-C(3) 1.39(1) Co(1)-P(1)-C(6) 112.1(3)
C(3)-C(4) 1.36(2) O(1)-P(1)-0(2) 111.2(3)
C(4)-C(5) 1.35(1) O(1)-P(1)-C(6) 106.2(4)
P(1)-0(1) 1.497(6) O(2)-P(1)-(6) 102.1(4)
P(1)-0(2) 1.61015) Co(1)-P(2)-N(1) 12.7(2)
P(1)-C(6) 4.855(8) PR)-N(1)-C(17) 125.8(6)
P(2)-N(1) 1.646(7) P(2)-N(1)-H(IN) 105.82
N(1)-H(IN) 1.090 C(17)-N(1)-H(IN) 109.78
O(1)-H(1N) 1.828
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Figure 7-6. Molecular Structure of (Rg,, Ap, Sc)-(n®-
C,H,)Cu(C,F,)(PE!,NHCH(MG)PN)(P(O)Ph(OMe)) 7-18!
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Table 7-10. Atomic Coordinates for (R Ry, S¢)-(n®-
C!Hs)Co(Cf,)(PEQENHCH(Ms)Ph)(F(O)Ph(OMB)), 7-16a.
atom X y z B(eq)
Co(1) 0.80182(7) 0.66857(3) 0.3822(1) 4.12(4)
P(1) 0.7743(1) 0.60308(7) 0.5580(3) 4.3(1)
P2) 0.9521(1) 0.64656(7) 0.3510(3) 4.7(1)
F(1 0.8928(3) 0.7005(1) 0.6926(5) 6.0(3)
F(2) 0.7438(3) 0.7147(2) 0.6887(6) 6.6(3)
F(3) 0.7633(4) 0.7934(2) 0.4920(7) 89(3)
F(4) 0.9081(4) 0.7781(2) 0.4419(7) 9.3(4)
F(5) 0.8717(5) 0.8506(2) 0.6758(7) 11.1(4)
F(6) 0.8052(5) 0.7986(2) 0.8401(7) 11.5(4)
F(7) 0.9454(4) 0.7917(2) 0.779(1) 12.7(5)
of1) 0.8337(3) 0.5975(2) 0.7162(6) 46(2)
of2) 0.7829(3) 0.5550(1) 0.4299(6) 5.4(3)
N1 0.9962(4) 0.6210(2) 0.5251(7) 49(3)
o1 0.6828(7) 0.7074(4) 0.297(1) 7.6(6)
c(2) 0.7567(7) 0.7220(3) 0.195(1) 5.9(5)
c@ 0.7905(7) 0.6814(4) 0.112(1) 7.2(5)
c(4 0.740(1) 0.6393(4) 0.157(1) 10.0(9)
C(5) 0.6732(8) 0.6569(5) 0.269(2) 9.3(8)
c(§ 0.8212(5) 0.7133(3) 0.579(1) 4.3(4)
c(7 0.8424(6) 0.7708(3) 0.558(1) 5.3(5)
c(8) 0.8621(8) 0.8031(4) 0.718(1) 6.5(6)
c(9) 0.6513(5) 0.5986(3) 0.630(1) 45(4)
C(10) 0.5842(6) 0.5688(3) 0.543(1) 63(5)
c(11) 0.4926(6) 05671(4) 0.601(2) 7.7(7)
c(12) 0.4627(6) 0.5938(4) 0.741(1) 8.4(7)
C(13) 0.5289(6) 0.6217(3) 0.830(1) 7.1(6)
C(14) 0.6221(6) 0.6239(3) 0.774(1) 5.4(5)
c(15) 0.7912(6) 0.5049(3) 0.502(1) 7.7(5)
C(16) 1.0357(6) 0.6963(3) 0.293(1) 7.3(6)
c(17) 1.0210(6) 0.7260(3) 0.131(%) 8.1(6)
C(18) 0.9647(7) 0.6011(4) 0.175(1) 9.8(7)
C(19) 1.036(1) 0.5685(4) 0.159(2) 18(1)
C(20) 1.0967(5) 0.6118(3) 0.571(1) 5.0(4)
C(21) 1.1218(5) 0.5561(3) 0.579(1) 4.2(4)
C(22) 1.0618(5) 0.5209(3) 0.647(1) 5.3(4)
C(23) 1.0893(6) 0.4700(3) 0.649(1) 6.2(5)
C(24) 1.1735(6) 0.4550(3) 0.590(1) 6.4(5)
C(25) 1.2338(6) 0.4901(4) 0.523(1) 69(5)
C(26) 1.2095(5) 0.5401(3) 0.518(1) 6.1(5)
C(27) 1.1192(6) 0.6371(3) 0.742(1) 6.6(5)
H(28) .9362 0.6045 .5864 56
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Table 7-11. Selected Bond Distances (A) and Bond Angles (°) for (Rg, R So)-(n*

CsHs)Co(C,F,)(PEL,NHCH(Me)Ph)(P(O)Ph(OMe)), 7-16a.

Distances Angles

Co(1)-P(1) 2.243(2) P(1)-Co(1)-P(2) 91.74(8)
Co(1)-P(2) 2.2242) P(1)-Co(1)-C(1) 115.7(4)
Co(1)-C(1) 2.084(8) P(1)-Co(1)-C(2) 151.5(3)
Co(1)-C(2) 2.126(8) P(1)-Co(1)-C(3) 135.33)
Co(1)-C(3) 2.131(9) P(1)-Co(1)-C(4) 98.6(4)
Co(1)-C(4) 2.10(1) P(1)-Co(1)-C(5) 89.4(3)
Co(1)-C(5) 2.05(1) P(1)-Co(1)-C(6) 208(2)
Co(1)-C(6) 1.958(7) P(2)-Co(1)-C(6) 96.3(2)
c(1)-C(2) 1.37(1) Co(1)-P(1)-0(1) 118.6(2)
C(1)-C(5) 1.36(1) Cof1)-P(1)-0(2) 102.7(2)
C(2)-C(3) 1.34(1) Co(1)-P(1)-C(9) 113.6(2)
C(3)-Cl4) 1.37(1) O(1)-P(1)-0(2) 112.7(3)
C(4)-C(5) 1.37(1) O(1)-P(1)-C(8) 106.2(3)
P(1)-0(1) 1.498(4) O(2)-P(1)-C(8) 102.0(3)
P(1)-0(2) 1.621(5) Col1)-P(2)-N(1) 112,6(2)
P(1)-C(8) 1.836(7) P(2-N(1)-C(20) 129.1(5)
P(2)-N(1) 1.638(6) P(2-N(1)-H(28) 10350
N(1)-H(28) 1.069 C(20)-N(1)-H(28) 126.09
O(1)-H28) 1.780
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Figure 7-7. Molecular Structure of (S¢,,S, S¢)-(n*®
C,H,)Co(C,F,)(FEt,NHCH(Me)Ph)(P(O)Ph(OMa)) 7-1Gb



Table 7-12. Atomic Coordinates
CsH,)Ca(C,F,)(P:t,NHCH(Me)Ph)(P(O)Ph(OMe)). 7 lbb and 7-16b".

for
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S¢)-(n®-

atom  x y z Bleq) Occupancy
Co(1) 0.26173(6)  0.09907(4)  0.7763(1)  357(6)

P()  0.3129(1) 0.13826(9)  0.6209(2)  4.1(1)

P(2) 02331(1)  0.16560{9) 08778(2)  38(1)

F(1) 0.1188(3)  00805(2)  07825(6)  63(3)

F(2) 0.1415@8)  01379(2)  06616(7)  6.6(4)

F(3) 0.2020(4)  007083)  0.5016(6) 10.9(5)

F(4) 0.1629(4) 0.0187(2) 0.6202(6) 85(5)

F(5A) 0.0764(8) 0.0298(5) 0.454(2) 69(4) 0550
F(58) 0.036(1) 00768(8)  0.570(2) 83(5) 0.450
F(6A) 0.0365(7)  00424(5)  0.624(1) 78(3) 0550
F(68) 0.0986(9) 0.1051(6) 0.433(2) 8.7(4) 0.450
F(7A) 0.0514(7) 0.1012(4)  0.508(1) 68(3) 0550
F(78) 0.087(1) 00378(7)  0.412(2) 68(5) 0.450
off) 0.2722(4) 0.1768(2)  05648(6)  5.5(4)

0(2) 0.3837(3) 0.1570(2) 0.6896(6) 53(4)

N(1)  0.2275(4) 0.2122(2) 0.7866(6) 44(4)

C(6) 0.1684(5) 0.0964(3) 0.699(1) 45(5)

C(7) 0.1561(6) 0.0838(4)  0.585(1) 47(6)

C(8) 0.083(1) 0.0833(6)  0524(2) 10(1)

C(15) 0.4210(6) 0.1941(4) 0.629(1) 8.4(8)

C(16) 0.2915(6) 0.1842(4) 1.0017(8)  55(6)

C(17) 0.3653(7) 0.1985(4,  0.966(1) 7.9(8)

C(18) 0.1509(6) 0.1646(4) 0.960(1) 5.7(6)

C(19) 0.1441(7) 0.1326(4) 1.072(1) 8.4(8)

C(20) 0.2077(5) 0.2605(3) 08195(@8)  4.9(5)

C(27) 0.2617(6)  0.2935(3) 0.765(1) 7.607)

H(IN) 0.2389 0.2069 0.7034 54

Co(1") 0.68912(7) 0.11450(4) 0.6669(1) 3.97(6)

P(1)  0.7029(1) 0.18666(9)  0.7460(2)  4.1(1;

P(2) 0.7994(1)  0.0941(1) 0.7096(2)  4.2(1

F(1)  0.6938(3) 0.0946(2) 0.9225(5) 5.7(3)

F(2) 0.6611(3) 0.0341(2) 0.8101(6) 6.3(3)

F(3) 0.5648(3) 0.1337(2) 08762(7)  7.8(4)

F(4) 0.5356{2) 0.0692(3) 0.7765(6) 7.8(4)

F(5) 0.5918(3) 0.0782(2) 1.0753(6) 7.1(4)

F(6) 0.4909(3)  0.0727(3) 1.0029(6)  8.1(4)

F(7) 0.5556(4)  0.0168(2) 09757(7)  8.9(5)

O(1)  0.7308(3) 01910(2) 08738(5)  4.6(3

o2) 0.7551(4) 0.2095(2) 06472(6)  5.2(4)

N(1)  0.8359(4) 0.1266(3) 08169(7)  4.6(4

C(6)  0.6543(5) 0.0842(4) 0.818(1) 4.4(5)

C(7) 0.5796(6) 0.0879(4) 0.862(1) 5.7(7)

C(8) 0.5571(6) 0.0617(5) 0.981(1) 5.5(7

C(15') 0.7912(8) 0.2524(4) 0.676(1) 7.2(7)

C(16) 0.8138(6) 0.0339(4) 0.764(1) 6.0(6)

C(17') 0.7914(7) -0.0053(5) 0.681(1) 1(1)




Table 7-12. contd.
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Table 7-13. Selected Bond Distances (A) and Bend Angles (°) for (R0 Rp,So)-(n™
C,H:)Co(C,F,)(PEL,NHCH(Me)Ph)(P(Q)Ph(OMe)), 7-16b and 7-16b'.

Distances Angles
) &b’ Py P

Co(1)-P(1) 2.228(3) 2.244(3) P(1)-Co(1)-P(2) 93.0(1) sz.m)_
Co(1)-P(2) 2.261(3) 2.240(3) P(1)-Co(1)-C(1) 83.7(2) 105.0(2)
Co(1)-C(1) 2.111(6) 2.090(6) P(1)-Co(1)-C(2) 113.7(2) 143.8(2)
Co(1)-C(2) 2.137(7) 2.115(7) P(1)-Co(1)-C(3) 151.3(2) 146.9(2)
Co(1)-C(3) 2.139(7) 2.134(7) P(1)-Co(1)-C(4) 139.0(2) 108.5(2)
Co(1)-C(4) 2.115(7) 2.123(7) P(1)-Co(1)-C(5) 101.2(2) 87.4(2)
Co(1)-C(5) 2.098(7) 2.095(7) P(1)-Co(1)-C(6) 95.6(3) 96.8(3)
Co(1)-C(6) 1.98(1) 1.98(1) P(2)-Co(1)-C(6) 913(3) 918(3)
©(1)-C(2) 1.40(1) 1.40(1) Co(1)-P(1)-0(1) 117.4(3) 118.4(3)
C(1)-C(5) 1.40(1) 1.400(9) Co(1)-P(1)-0(2) 101.7(3) 100.7(3)
C(2)-C(3) 1.400(9) 1.40(1) Co(1)-P(1)-C(8) 118.6(2) 119.2(2)
C(3)-C(4) 1.40(1) 1.400(9) O(1)-P(1)-0(2) 112.6(4) 111.6(4)
C(4)-C(5) 1.40(1) 1.400(9) O(1)-P(1)-G(9) 105.5(3) 104.3(4)
P(1)-0(1) 1.492(7) 1.497(7) 0(2)-P(1)-C(9) 99.6(3) 101.4(3)
P(1)-0(2) 1.623(7) 1.607(7) Co(1)-P(2)-N(1) 113.0(9) 113.703)
P(1)-G(9) 1.834(6) 1.843(6) P(2)-N(1)-C(20) 128.1(6) 1265(7)
P(2)-N(1) 1.660(7) 1.646(8) P(2)-N(1)-H(IN) 115.64 117.07
N(1)-H(1N) 0944 0952 C(20)-N(1)-H(1N) 116.28 116.47
O(1)-H(IN) 1.851 1.889

Figure 7-8. Structural Comparison of 7-16b and 7-16b".
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Figure 7-9. Solid State Conformations for 7-12a, 7-13a, 7-15a, 7-16a and 7-16b.
(A & B: Quasi-chair conformation for 7-12a (A, R' = OMe, X = 1), 7-13a
(A, R'= OMe, X = C,F;), 7-15a (A, R’ = Ph, X = I), 7-16a (A, R’ = Ph,
X = C,F,), and 7-16b (B, R’ = Ph, X = C,F;); C, Dx& E: Newman
Projection along P(O)-Co Bond for 7-12a (C, X = I), 7-13a (C, X =
C,F;), 7-158 (D, X = I), 7-168 (D, X = C,F;), and 7-16b (E, X = C,F);
F & G: Newman Projection along P(N)-Co Bond for 7-12a (F, X = I), 7-
13a (F, X = C,F;), 7-15a (F, X = 1), 7-16a (F, X = C,F;), and 7-16b (G,
X =%,F).)
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7.2.5. Absolute Configurations. The absolute configurations of the

cobaltophosphonates 7-12a,b, 7-13a,b, 7-14a,b and phosphinates 7-15a,b,c,d and

7-16a,b,c,d were di i by a ination of X-ray circular

(CD) spectra, nic relative Rf values along with a comparison
to the isostructural phosp of known i ion and i by the
epimerization circles in the cases with X = | (7-15a,b,c,d). The absolute

configurations of 7-12a (X = |) and 7-13a (X = C,F,' were unequivocally assigned
from the x-ray structures shown in Figures 7-3 and 7-4. The correct assignment of
the absolute configurations of the chiral carbon, known to be S provided an internal
reference for the assignment of the cobalt atom chirality. On the basis of the modified
Cahn-Ingold-Prelog fules?®2® *”2 with the ligand priority series of | > n*-CgH, >
P(0)(OMe), > (S.)-PEt,;NHC"H(Me)Ph (for 7-12a,b) or n°-C4Hs > P(O)(OMe), > (Sc)-
PEt,NHC*H(Me)Ph > C,F, (for 7-13ab) the absolute configurations of
pseudotetrahedral complexes 7-12a and 7-13a were assigned as S¢, Scand Ac, S,
respectively. Since the CD spectra of the high Rf 7-12a and low Rf 7-12b as well as
the high Rf 7-13a and the low Rf 7-13b are quasi-mirror images (Figures 7-10a and
7-112)2%2%%.35%.3% and the morphology of the CD spectra is generally dominated by

tal i itions,*® 7-12a and 7-12b as well as 7-13a and 7-13a

are epimeric at cobalt with absolute configurations S, S¢ (7-12a), Ac,Sc (7-12b),

Ry Se (7-138) and S, S; (7-13b), respectively. The assi are with
reported results for isostructural (n®-CsH;)Co(PPh,NHC*H(Me)Ph)(P(O)(OMe),) (X) (X

=1, 7-19a,b°; X = C,F,, 7-20a,b™®). As shown in Figure 7-10a,c, the morphology
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of the CD spectra for high Rf 7-12a (Figure 7-10a) is similar to that of high Rf S, S~
7-19a (Figure 7-10¢).”* Likewise the CD spectra relate the cobalt configurations of
low Rf 7-12b (Figure 7-10a} and low Rf A, S,-7-19b (Figure 7-10c), high Rf 7-13a
(Figure 7-11a) and high Rf S,,,S7-20a (Figure 7-11b),*® and low Rf 7-13b (Figure
7-11a) and low Rf A,,S.7-20b (Figure 7-11b).*® Although the absolute
configurations of the high Rf 7-12a and 7-13a are different from each other because
of the ditferent CIP sequences, the high Rf isomers 7-12a and 7-13a possess the
same relative stereochemistry. The same situation is true for the low Rf 7-12b and

7-13b.

Chromatographic relative Rf values and the CD spectra are reliable indicators of

absolute ion of the as above and

reported before,®® and were used to establish the configurations of 7-14a and 7-
14b. As shown in Figure 7-10b,d, the CD spectra of the high Rf 7-14a and the low
Rf 7-14b are quasi-mirror images (Figure 7-10b) and are similar to the CD
morphology (Figure 7-10d) of the isostructural phosphonates S, S-(high Rf)- and
R, Se(low  Rf)-(n®CsMe,)Co(PPh,NHC*H(Me)Ph)(P(O)(OMe),)() (7-21a,b),*’
respactively. Accordingly, the absolute configurations of 7-14a and 7-14b are
assigned as S, S; and Ag,S, respectively, which are consistent with the

for the

absolute configurations of 7-12a,b and 19a,b.

Similarly, the crystal structure of 7-15a (Figure 7-5) fixes its absolute configuration



330
as Sg, ApSe. Since the morphology of the CD spectra is dominated by the chiral
metal center’® and the chiral phosphorus center only displays a secondary etfect, 2
217.9% the CD spectra (Figure 7-12a,b) along with the epimerization experiments

allow determination of the absolute i ions for all four di 7-

15a,b,c,d. The similar CD morphology of 7-15a (Figure 7-15a) and 7-15¢ (Figure 7-
12b) establishes that the absolute configurations at cobait for 7-15a and 7-15¢ are
identical (S;,). Given that 7-15a is S;,R,S, the diastereomeric relationship
between 7-15a and 7-15¢ requires that they are epimeric at phosphorus. The
absolute configuration of 7-15¢ must therefore be S;, S S, Since the CD spectra
of 7-15a and 7-15b (Figure 7-12a) as well as 7-15¢ and 7-15d (Figure 7-12b) are
quasi-mirror images the absolute configurations of 7-15b and 7-15d can be assigned

as R, SnSc and A, Ay S, respectively.

These assignments are confirmed by the specific interconversion of 7-15a > 7-15d
and 7-15b & 7-15c. 'H NMR spectra and TLC analysis showed that an identical
mixture of 7-15a and 7-15d was formed on standing in CDCI, solution of
diastereomerically pure 7-15a or 7-15d. Similarly, a diastereomerically pure CDCl,
solution of 7-15b or 7-15¢ gave a mixture of 7-15b and 7-15c. If isomerization is a

simple Co epimerization as the CD evidence the above

require that the diastereomeric pairs 7-15a,d and 7-15b,¢ have identical configuration
at phosphorus. Therefore, the absolute configurations of 7-15b and 7-15d are

assigned as A, SpS; and A, RS, respectively. Further confirmation of these
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is made by ison of the CD spectra of 7-15a,b,¢,d with those of

the isostructural phosphinates (n*-C;H;)Co(PPh,NHC*H(Me)Ph)(P(O)R'(OMe))(l) (R'
= Ph, 7-22a,b,c,d**; R' =1-Bu, 7-23a,b,c,d*"* and R’ = Et, 7-24a,b,c,d*'®) as well as
by the consistent empirical correlation between the relative TLC Rf values and the
absolute configurations. Complexes 7-15a,b,c,d (Figure 7-12a,b) have similar CD
morphology to complexes 7-22a,b,¢,d (Figure 7-12¢,d).* In the order of decreasing
Rfvalues, the absolute configurations of 7-22 - 7-24a,b,¢,d are SR S;: A, S»Ss

ScorSpmSe: and A, Ap Se, respectively. Hence, the for the absolute

configurations of 7-15a,b,¢,d , which follow the same pattern as 7-22 - 7-24a,b,c,d,

are correct.

The crystal structures of 7-16a (Figure 7-6) and 7-16b (Figure 7-7) unequivocally

blish their absolute ions as R, ApS; and S, Sy S, respectively, on

the basis of modified Cahn-'ngold-Prelog rules?®2® %2 with ihe ligand priority series
of 1*-C¢H, > P(O)Ph{OMe) > (So)-PEL,NHC'H(Me)Ph > C.F,. The similar CD
morphology of 7-16a (Figure 7-13a) and 7-16c (Figure 7-13b) shows that the
absolute configuration at cobalt for 7-16a and 7-16¢ is identical (R,,). Given that 7-
16a has the absolute configuration of A, AxSc, the diastereomeric relationship
between 7-16a and 7-16¢ requires that they be epimeric at phosphorus, hence the
absolute configuration of 7-16c must be Rc,SpS. Accordingly, similar CD
morpholcgy of S, Sp,Sc-7-16b (Figure 7-13a) and 7-16d (Figure 7-13b) establishes

the absolute configuration of 7-16d as SRS, The quasi-mirror image
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relationships of the CD spectra for 7-16a/7-16b and 7-16¢/7-16d confirm these

assignments. Further confirmation derives from the consistent empirical correlation
of chromatographic relative Rf values with the absolute configurations and by
comparison of the CD spectra of 7-16a,b,c,d with those of the isostructural
phosphinates (n®-C.H,)Co(C,F 4. (PPh,NHC*H(Me)Ph)(P(O)Ph(OMe)) (n = 1, 7-
25a,b,c,d; n = 2, 7-26a,b,c,d*”). Figure 7-13 shows that the CD spectra of

complexes 7-16a,b,c,d (Figure 7-13a,b) have morphologies similar to those of

per i 7-26a,b,¢,d (Figure 7-13c,d).>"” Inthe order

of decreasing Rf values, the absolute ions of all i

phosphinates are: A, AmSs ScwSmSc AcySmSci and S¢, RS, respectively.
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Figure 7-10. Circular Dichroism Spscml of (a) 7-12a ( ), 7-12b (-—-); (b) 7-14a
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7.2.6. Solution Conformation. The 'H nOed spectra (Figures 7-14, 7-15, 7-16)

demonstrate that the solid state of both 1onates and

cobaltophosphinates persist in solution. Intramolecular P= H-N hydrogen bonding
forces a quasi-chair conformation as shown in Figure 7-9. For the n°-cyclopentadieny!

and n* I 7-12a,b, 7-13a,b and 7-

14a,b the results strongly support the conformation with equatorialn®Cp/Cp* gauche

with respect to an axi: ial pair of di i i ine ethyl and

phosphonate methoxy groups (cf. Figure 7-9).2°6%%®

Using 7-14a as an example (Figure 7-14C), irradiation of the Cp* resonance affords

to the ami ine P-CHaHb- (4.2%), P-C'HaHb- (3.0%), P-CH,-

M (3.1%), and P-C'H,-Me (2.6%) as well as the phosphonate methoxy groups P-
OMe (1.6%) and P-OMe' (1.6%), respectively. Partial saturation of the P-C'H,-Me
shows 0.9% enhancement specifically to the axial P-OMe. Similar NOE interaciions

are forthe inil 7-12a, 7-12b, 7-13a, 7-13b,

7-14b (cf. Figures 7-14 and 7-15).

The conformational preferences for the two major diastereomers (7-15a and 7-15b)

of cobaltophosphinates 7-15a,b,¢,d (cf. Figure 7-14E,F) and the four isomers (7-16a,

7-16b, 7-16c, and 7-16d) of the per i 7-16a,b,c,d (cf.
Figure 7-15C,D,E,F) are also evident from their nOed spectra. A, Sp,Sc-7-15b is

representative (Figures 7-14F & 7-16). Iradiation of the Cp resonance (Figure 7-16c)
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shows positive to the ami ine P-CHaHb- (1.6%), P-CH,-Me

(0.9%) and P-C'H,-Me (0.8%) as well as the phosphinate P(O)-OMs (1.3%) and the

Homo (2.1%) of P(O)-Ph, respectit Reverse from the Hy, of P(O)-

Phto Cp (1.6%) is observed with partial saturation of the H,,, resonance of P(O)-Bh

(Figure 7-16d). In with the quasi-chai ion, which places the

P(0)-OMe and one P-Et in 1,3-axial positi positive nOe to the axial

P-CH,-Me (0.9%) is observed specifically from the P(0)-OMe (but not from the Hq,,
of the equatorial P(O)-Ph) when the P(O)-OMe (Figure 7-16b) and H,,, of P(O)-Ph
(Figure 7-16d) are irradiated. Therefore, the two major diastereomers, Sc,,Rp,Sc-7-
15a and R, Sp, S;-7-15b, adopt conformations with 1,3-diaxial P(O)-OMe and the P-
Et and equatorial P(O)-Ph, as shown in Figure 7-9. In contrast, the S;,,Sp,S¢-7-15¢
and Ag, Rp,Sc-7-15d diastereomers force the phenyl group of P(O)-Ph to occupy an

206, 217, 218

unfavorable axial position. Similarly, the two major diastereomers of

p y i Rco ApSc-7-16a and S, Sp,Sc-7-16b adopt a
conformation with 1,3-axial P(Q)-OMe and P-Et while the two minor diastereomers
R, SpSc-7-16€ and S, A, S-7-16d would force the phenyl group of P(O)-Ph and

P-Et into the untavorable 1,3-diaxial position.?"”

Assumption of a product-like transition state®®'7:2'® for the Arbuzov dealkylation of

the prochiral to phosphi (Sch 1-50) suggests that 1,3-diaxial

steric interactions of the P(N) and P(O) substituents of the P=OsesH-N hydrogen
bonded quasi-chair template control the product distribution. Scheme 1-50 predicts
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diastereomers S, Rp and Ac,Sp (for X = 1) and Ag,Ap and S, Sy (for X = C4F;)
with minimum 1,3-diaxial interactions will be the major products. 'H NMR reactions
show that the kinetic product ratio for 7-4 — 7-15a,b,c¢,d (Scheme 7-1) is 39/16/32/13
(7-15a/7-15b/7-15¢/7-15d), which shows that the optical yields are very low
compared to the isostructural PPh,NHC*H(Me)Ph****® case. This is reasonable since

the energy difference for ethyl/phenyl versus ethyl/methoxy 1,3-diaxial interactions

in 7-15 is dimini: p to that for phenyl/phenyl versus phenyl/methoxy in
7-22. Nevertheless, the absolute configuration of the major products is correctly
predicted from the transition state placing EVOMe in the favorable 1,3-diaxial
positions. 'H NMR showed that the optical yields are very low for the reaction from
7-6a,b — 7-16a,b,c,d (3.6 %de for A, Ry S.-7-16a versus Ac,,S,S,-7-16¢ and 3.2
%de for S¢,,Sp, S¢-7-16b versus Sc,, A, S.-7-16d, cf. Scheme 7-1). The interpetation
follows the above discussion for 7-4 — 7-15a,b,c,d. These observations support the

that 1,3-diaxial i ions are the ial factor in the Co* — P chiral

information transfer. When these steric interaciions diminish the chiral induction

decreases.
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Figure 7-14. Major Nuclear Overhauser Effect Difference Data of Arbuzov Products
with X = 1. (A. S,,5:7-12a; B. R, S;7-12b; C. S.,S.-7-14a; D.
RoySs7-14b; E. S, R,S7-158a; F. R,,S,S,7-15b.)
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Figure 7-15. Major Nuclear Overhauser Effect Difference Data for Arbuzov Products
with X = C4F,. (A. A, Ss-7-13a; B. S, S-7-13b; C. R, R, Ss-7-16a;
D. S;,SpSs1-16b; E. A, SpSs7-16¢; F. Se, RS, 7-16d.)
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Figure 7-16. F ive Nuclear Or Effect Di Spectra for 7-
15b. (a) reference spectrum; (b-d) differance spectra (x32) for
irradiation at the indicated (*) frequency; (b) .'(7)-OMe; (c) 7°Cp; (d)
Homo 0f P(O)-Ph.
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Table 7-14. Summary of Chiral Induction from Co* to P.

Without P=O...H-N Bonding With P=O..H-N Bonding
r X
] l. =5
de % B“\,JR de%
/c"\ R y‘:sl:*'"oﬁrcu 5
", i vy W
45 |I. PPh(OMe), rla- NG imaren |
L= PMoy 3 X R R"
PPh(OMe), 35 1 Ph +-Bu 1002
PPhMa, a8 ' Ph Ph 8®
PPhyMe 4% 1 PR B <142
@'_ *r 1 Et Ph 10
£ Cgf, P Ph 4555°
L[\ pehome), 37
k"‘Z H CFy  Ph Ph 25-30°
ﬁ—@ 25.36
Ly-Lp = PhiMe)cH-N N &t Ph 4
Me-C: 14
8N
H-C—Q 6
[
* ref.2'%, ® ref.?%. © ref.2"”
This thesis has ined the istry of Abuzov ions for three different

kinds of templates with varying potential to form the intramolecular P=OsesH-N
hydrogen bonding. Severalinteresting conclusions can be drawn from the discussion
presented above and the data summarized in Table 7-14.2%2"":2" (i) The chiral me.al

center is essential for stereoselectivity. The chirality at phosphorus is dominated by
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the chirality of the metal center. (i) The size of the spectator ligands is crucial in

determining the chiral induction. The bulkier the spectator ligands, the higher the

chiral i ion. (iii) The i lies of the entering phosphonites,
PR'(OMe),*"® are also i for high dii ivity. Large i R
gives high di ivity. (iv) P=0sesH-N hy bonding
plays a signif role in ing the ivity in the Arbuzov reaction by
restricting the populations of solution { and imizing the

for one diastereomeric transition state.

7.3. Experimental Section

7.3.1. and Al i ions were pel under
similar to these described in the preceding chapters. Mass spectra were recorded on

aMs's0 in FAB ling mode with 3 alcohol as the matrix

(UNB, New Brunswick). Complexes (n®-CsR;)Co(X)(CO)(l) (R=H, X =1, 7-1 % R
=Me, X =1, 7-2%%; R = H, X = C,F,, 7-3°""), were prepared as described previously.
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7.3.2. Crystai Structure Determination of 7-12a, 7-13a, 7-15a, 7-16a and 7-16b.
Crystal data collection and structure refinement were similar to those described in the
preceding chapters. The space group P2,2,2, (#19) was assigned in all cases on the

basis of systematic absences (h00: h  2n, 0KO: k # 2n and 00I: | # 2n) and on the

solution and refi of all Structures were solved by direct

methods,” using the Molecular Structure Corporation TEXSAN software. In the

case of 7-16b, the asymmetric unit has two chemically identical but

cr i istingui (7-16b and 7-16b’), one of which has
a disordered CF, group which proved difficult to model. The cyclopentadienyl and
phenyl moieties in 7-16b and 7-16b’ were refined as rigid groups but the isotropic
thermal parameters of constituent carbons were allowed to refine independently.
Hydrogens in 7-16b and 7-16b’ were introduced in calculated positions except the
two NH's which were first assumed to be attached to trigonal nitrogen and then
allowed to refine positionally for a round of least-squares refinement before being
fixed. In the cases of 7-12a, 7-13a, 7-15a, and 7-16a, non-hydrogen atoms were
refined anisotropically. The hydrogen attached to the nitrogen atom (H(1N)) was
located in the difference map in all structures, however other hydrogens were placed
in calculated positions with isotropic thermal parameters set to 20% greater than their
bonding partners. H(1N) was refined with f.<ed thermal parameter. All other
hydrogens were included out were not refined in the final rounds of least squares.

The absolute istry for all was i using the internal

reference carbon known to be Sg. Further details are given in Table 7-15.
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7.3.3, Synthesls of S-Et,P-NH-CH(Me)Ph (PEINH). (EY),PCI (5.0 g, 0.040 mal)

was added slowly into a solution of 12.5 g (0.103 mol) of S;-Ph(Me)C*HNH, in 200
mL of benzene with stirring at 0 °C via syringe. The resulting wax-like solid ' jas
allowed to stand in an ice bath for an additional 5 h. The reaction mixture was then
filtered through a glass frit and washed with benzene (3x50 mL). The combined
filtrate was then passed through a basic alumina (10 cm) column and washed with
200 mL of benzene to remove unreacted free amine. The solvent was removed at
water aspirator and then oil pump vacuum for 48 h to leave the product as a pale
yellow oil (6.9 g, 82%). Anal., Calc. for C,,H,NP (Found), C, 68.87 (68.63), H, 9.63
(9.71), N, 6.69 (6.61). IR (pure oil), v(N-H) = 3280 cm’. 'H NMR (CDCI/TMS in ppm,
300.1 MHz), 4.12 (m, C*H), 1.41 (d, 6.7 Hz, C*-Me), 1.25-1.50 (m, P-(CH,-),), 0.97
(dt, 14.7 Hz, 7.5 Hz, P-(CH,-Me),); “C NMR (CDClI, in ppm, 75.47 MHz), 56.09 (d,
15.3 Hz, C*H), 26.46 (d, 5.3 Hz, C*-Me), 23.63 (d, 26.2 Hz, P-C,H,"), 23.48 (d, 26.2
Hz, P-C,Hy), 8.80 (d, 8.9 Hz, P-CH,Me), 8.63 (d, 5.8 Hz, P-CH,-Me); *'P NMR
(CDCly/external 85% H,PO, in ppm, 121.5 MHz), 44.5 (s).

7.3.4. Synthesis of Complexes.

7.3.4.1. Synthesis of (n-C,R,)Co(PEt;NHC*H(Me)Ph)(1),, (R = H, 7-4; R = Me, 75).

These two were sy ized using the similar p for7-4

below. PEtNH (0.4957 g, 2.369 mmol) in 20 mL of benzene was dropped into a
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stirred purple solution of 7-1 (0.9294 g, 2.290 mmol) in 20 mL of benzene over a 15
minute period at room temperature. The solution soon changed color froni purple to
black. After addition, the reaction mixture was stirred for another 2 h. Removal of
solvent at water aspirator pressure left a black residue which was purified
chromatographically with a 4 mm radial siica gel plate eluting with
benzene/dichloromethane (2/1, v/v). The first dark purple band was collected.
Removal of solvent at water aspirator pressure and then oil pump vacuum afforded
a dark purple powder (0.8424 g, 63%). Anal., Calc. for C,,H,;NPCol, (Found): C,
34.78 (35.21), H, 4.29 (4.36), N, 2.39 (2.35). m.p. 142-143 °C. IR (in CH,Cl,), v(N-H)
= 3356 cm™. 7-5 was obtained as a black powder in 70% yield. Anal. Calc. for
Cx,H:sNPCol, (Found): C, 40.20 (40.29), H, 5.37 (5.21), N, 2.13 (2.07). m.p. 145-146
°C. IR (in CH,Cl,), v(N-H) = 3356 cm™.

7.3.4.2. Synthesis of (n*-C,H,)Co(C,F,)(PEt,NHCH(Me)Ph)(i), 7-6a. A solution of
0.2316 g (1.107 mmol) of PEtNH in 20 mL of benzene was dropped into a stirred
dark green solution of 7-3 (0.4121 g, 0.9199 mmol) in 20 mL of benzene over a 15
minute period at room temperature. After stiring ovemight at room temperature,
volatiles were removed at water aspirator pressure and the residue was
chromatographed on a 2 mm radial silica gel plate eluting with tenzene/hexane (2/1,
VIV). The first deep-brown band was collected. Removal of the solvent at water

aspirator and then oil pump vacuum at room temperature or 0 °C afforded the
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product as a deep brown powder (0.5478 g, 95%). TLC and 'H NMR analysis

indicated the presence of a single isomer, which was shown to be 7-6a. Anal., Calc.
for CyHasNPF,ICo (Found): C, 38.18 (38.17), H, 4.00 (3.97), N, 2.23 (2.21). mp.
113-114 °C. IR (in CH,Cl,), v(N-H) = 3356 cm™. Polarimetric Data, 7-68: [a]sy = -

1047, [()ses = -449, [0 g5 = -873.

7.3.4.3. Synthesis of (n®-C,H,)Co(PEtLNHC*H(Me)Ph)(P(O)(OMe),)(), 7-12a, b.
P(OMe), (0.0564 g, 0.454 mmol) was added slowly via syringe with stirring to a
solution of 7-4 (0.2342 g, 0.3989 mmol) in 35 mL of benzene at ambient temperature.

The solution color changed from purple to bright brown. Stirring was continued for

another 4 h and then volatiles were removed at water aspirator pressure. iyl
acetate) showed that the reaction mixture contained (in the order of decreasing R,):
reactant (7-4, purple), 7-12a, b (dark blue), (n°-C,Hs)Co(P(OMe),(P(O)(OMe),)()) (7-
27, dark blue).* The crude reaction mixture was separated chromatographically on
a 2 mm radial silica gel plate. Acetone elution separated a purple band reactant, 7-4,
followed by a dark blue band containing the product mixture, 7-12a, b. Continued

elution with (1074, viv) a dark biue band which was

characterized by 'H NMR as (n°-C,H,)Co(P(OMe),)(P(O)(OMe),)(l), 7-27.
Diastereomerically pure 7-12a and 7-12b were obtained by chromatographic
separation of the 7-12a, b mixture with ethyl acetate as eluent. Removal of the

solvent viith rotary evaporator followed by oil pump vacuum gave 7-4 (0.0105 g,), 7-
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27 (0.0150 g), 7-12a (0.0964 g, 42%), and 7-12b (0.0925 g, 41%). Slow diffusion of
hexane into the dichloromethane solution of 7-12a or 7-12b at0 °C gave 7-12aand
7-12b as black prisms. Anal., Calc. for C,gH,,0,NP,ICo: C, 40.09, H, 5.49, N, 2.46;
Found: 7-12a: C, 40.13, H, 5.31, N, 2.47; 7-12b: C, 40.15, H, 5.36, N, 2.48. m.p., 7-
12a, 153-155 °C, 7-12b, 162-163 °C. IR (in CH,Cl,), 7-12a: v(N-H) = 3148 cm™,
v(P=0) = 1140 cm”, v(P-OMe) = 1040, 1014 cm"; 7-12b: v(N-H) = 3139 cm”,
v(P=0) = 1140 cm”, v(P-OMe) = 1040, 1014 cm. MS (FAB), m/z (ion, intensity), 7-
12b: 570 ((M+H)', 72%), 460 ((M-P(0)(OMe),)", 48%), 443 ((M+H-1)*, 14%), 395 (M-
P(0)(OMe),-Cp)*, 25%), 333 ((M-I-P(0)(OMe),)*, 86%), 268 ((M-I-P(0)(OMe),-Cp)*,
100%). Polarimetric Data, 7-12a: [t]s;5 = -776, [a]ss = -592, [@] 36 = -816; 7-12b:

[sze = +229, [0)ses = +584, [0] 46 = +1917.

7.3.4.4. Synthesis of (n*-C;H,)Co(C,F,)(PEt,NHC*H(Me)Ph)(P(O)(OMe),), 7-13a,b.
P(OMe), (0.0641 g, 0.516 mmol) was added slowly via syringe with stirring to a
solution of 7-6a,b (0.1746 g, 0.2774 mmol) in 26 mL of benzene at ambient
temperature. After stirring for about 6 h the solution color changed from deep brown
to greenish yellow. Removal of the volatiles at water aspirator pressure gave a yellow
powder, which was chromatographed on a 2 mm radial silica gel plate eluting with
ethyl acetate/dichloromethane (2/1, v/v). Two orange bands (7-13a and 7-13b) were
collected, folicwed by a yellow band, eluted with acetone/methanol (10/1, v/v), which
proved (*H NMR) to be (n®C,H;)Co(C5F;)(P(OMe),(P(O)(OMe),) (3-3ac, cf. Chapter
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3).%'® Removal of the solvent gave three orange crystalline solids: 7-13a (0.0701 g,

41%), 7-13b (0.0733 g, 43%), and 3-3ac (0.0392 g). Slow diffusion of hexane into
the solution of 7-13a and 7-13b in mixed dichloromethane and chloroform solvent at
0 °C gave 7-13a as orange prisms and 7-13b as orange columns. Anal., Calc. for
CosHy; ONP,F,Co: C, 43.22, H, 5.1, N, 2.29; Found: 7-13a: C, 43.12, H, 5.08, N,
2.30; 7-13b: C, 43.18, H, 5.04, N, 2.31. m.p., 7-13a, 134-136 °C, 7-13b, 152-153 °C.
IR (in CH,Cly), 7-13a: v(N-H) = 3194 cm"; 7-13b: v(N-H) = 3194 cm". Polarimetric
Data, 7-13a: [algrg = -300, [t]ges = +240, [)igg = -3183; 7-13b: [algzo = -1419, [0)ges

=0, o = +2710.

7.3.4.5. Synthesis of (n°-C;Me))Co(PEt,NHC H(Me)Ph)(P(O)(OMe),)(l), 7-14a,b.
P(OMe), (0.0428 g, 0.345 mmol) was added slowly via syringe with stiring to a
solution of 7-5 (0.187¢ g, 0.2859 mmol) in 35 mL of benzene at ambient temperature.
No reaction was observed after stirring for about 24 h at room temperature. The
reaction mixture was then heated to 60 °C and stirred for another 10 h. The solution
color changed from black to dark biue. Removal of volatiles gave a dark blue residue
which was cliromatographed on a radial silica plate eluting with ethyl
acatate/benzene (10/2, viv). After elution of a dark blue band, which was not
characterized, the second and third dark blue bands were collected. Removal of
solvent at water aspirator followed by oil pump vacuum gave 7-14a (0.0468 g, 27%),

and 7-14b (0.0545 g, 30%) as dark blue powders. Anal., Calc. for C,,H,O,NP,ICo:
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C, 45.09, H, 6.46, N, 2.19; Found: 7-14b: C, 44.98, H, 6.49, N, 2.23. m.p., 7-14a,
146-148 °C, 7-14b, 155-157 °C. IR (in CH,Cl,), 7-14a: v(N-H) = 3149 cm", v(P=0)
= 1128 cm™, v(P-OMe) = 1043, 1016 cm™; 7-14b: v(N-H) = 3145 cm”, v(P=0) =
1128 cm”', v(P-OMe) = 1042, 1014 cm™. Polarimetric Data, 7-148: [&]s7o = -363, [als4s

= -1287, [a]yqq = -4092; 7-14b: [0)gy = +677, [0)sys = +3613, [0]igs = +3129.

7.3.4.6. Synthesis of (n%C,Hy)Co(PEt,NHC*H(Me)Ph)(P(O)Ph(OMe))(l), 7-
15a,b,c,d. PPh(OMe), (0.1084 g, 0.6371 mmol) was added slowly to 0.”537 g
(0.6024 mmol) of 7-4 in 40 mL of benzene with stirring via syringe at room
temperature. As PPh(OMe), was added, the solution color changed from purple to
bright-brown. Stirring was continued for ar.other 3 h and then volatiles were removed
at water aspirator pressure. TLC (ethyl acetate/dichloromethane, 1:1) showed 6 spots
corresponding to

7-4, 7-15a, 7-

| 7-4, 7-15a, 7-15b, 7-15¢c, 7-15d, 7-17ab |

15b, 7-15¢, 7-
E|hy| acetate/acetone (10/2)

15d and (n*
CHy)Co(PPh(O * *
-7'4 _7-15:. 7-15b
Me),)(P(0)Ph(O
Ethyl acetate/benzene (1/4)
Me))(l), 7-
17a,b,2°

respectively.

Chromatography Scheme 7-3
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as shown in Scheme 7-3 gave 7-15a (45.4 mg, 12%), 7-15b (39.8 mg, 11%), 7-15¢
(55.7 mg, 15%), 7-15d (51.8 mg, 14%), 7-4 (25.2 mg), and 7-178,b (12.5 mg). Slow
diffusion of hexane into the dichloromethane and chloroform solution of 7-15a gave
black prisms which was used for structure determination. Anal., Calc. for
CHasONP,IC0: C, 46.85, H, 5.41, N, 2.28; Found, 7-15a: C, 46.54, H, 5.26, N,
2.27;7-15b: C, 46.84, H, 5.34, N, 2.31. m.p. 7-15a: 142-144 °C, 7-15b: 145-148 °C,
7-15¢: 143-144 °C, 7-15d: 134-136 °C. IR (in CH,Cl,), 7-15a: v(N-H) = 3115 cm™,
v(P=0) = 1128 cm™", v(P-OMe) = 1012 cm™; 7-15b: v(N-H) = 3115 cm™!, v(P=0) =
1129 em*, v(P-OMe) = 1013 cm™, 7-15¢: v(N-H) = 3120 cm", v(P=0) = 1125 em",
v(P-OMe) = 1015 cm™; 7-15d: v(N-H) = 3120 cm™, v(P=0) = 1124 cm™, v(P-OMe)
=1011 cm™. MS (FAB), m/z (ion, intensity), 7-15a: 616 ((M+H)’, 28%), 489 ((M+H-
1)*, 9%), 460 ((M-P(O)Ph{OMe))*, 14%), 395 ((M-P(O)Ph(OMe)-Cp)*, 19%), 333 (M-
I-P(O)Ph(OMe))*, 98%), 268 ((M-I-P(Q)Ph(OiMe)-Cp)*, 100%). Polarimetric data, 7-
15a: [0]57 = +1849, [ty = +224, [0] i35 = +3585; 7-15b: [0]g7o = +226, [0l]sqg = +249;
7-15¢: [0]s7o = -426, [(fgsg = -266, [al,n = ~106; 7-15d: [a]gyg = -306, [algyq = +500,

[0t]gs = -306.

7.3.4.7. Synthesis of (n*-C,H,)Co(C,F,)(PEt;NHCH(Ma)Ph)(P(O)Ph(OMe)), 7-
16a,b,c,d. PPh(OMs), (0.0902 g, 0.530 mmol) was added slowly to 0.3290 g
(0.5229 mmol) of 7-6a,b in 45 mL of benzene with stirring via syringe at room

temperatura. After stirring overnight, TLC (benzene/ethyl acetate, 10/2) showed 8
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L7-Ga.b, 7-16a, 7-16b, 7-16¢c, 7-16d, 7-188.b—|

l Dichloromethane

[[7-t6a. 7-160, 7160, 7-16, 7-188, b |

Ethyl acetate/acetone (10:2)

Acetone/methanol (4:1)

7-16a, 7160, 7-16c, 7-t6d| [ 7180 |

Ethyl acetate

7-16a, 7-16b, 7-16¢

Scheme 7-4

spots corresponding to (in the order of decreasing Ry): 7-6a, 7-6b, 7-16a, 7-16b, 7-
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16¢, 7-16d and (n*-C,H,)Co(C,F,)(PPh(OMe),)(P(0)Ph(OMa)) (7-18a and 7-18b%"),
respectively. Volatiles were removed at water aspirator pressure and the residue was
chromatographed stepwise as shown in Scheme 7-4 to give 7-16a (35.4 mg, 10%),
7-16b (32.9 mg, 10%), 7-16¢ (45.8 mg, 13%), 7-16d (42.5 mg, 12%) (7-16a,b,c,d as
orange crystalline solid), 7-6a,b (119.4 mg), and 7-18a,b (58.1 mg), respactively.
Slow diffusion of hexane into the solution of 7-16a in the mixed ethyl acetate and
dichloromethane solvent or 7-16b in the mixed dichloromethne and chioroform
solvent at room temperature gave 7-16a as orange columns and 7-16b as orange
prisms. Anal., Calc. for C;;H,,0,NP,F,Co: C, 49.33, H, 5.06, N, 2.13; Found, 7-16a:
C, 49.16, H, 5.02, N, 2.12; 7-16b: C, 49.26, H, 4.97, N, 2.15; 7-16¢: C, 49.01, H,
5.00, N, 2.14; 7-16d: C, 49.27, i, 4.98, N, 2.13. m.p. 7-16a: 161-163 °C, 7-16b: 115-
117 °C, 7-16¢: 132-134 °C, 7-16d: 155-156 °C. IR (in CH,Cl,), 7-16a: v(N-H) = 3139
cm™; 7-16b: v(N-H) = 3139 cm”; 7-16¢: v(N-H) = 3140 cm™; 7-16d: v(N-H) = 3147
cm. MS (FAB), m/z (ion, intensity), 7-168: 657 (M*, 93%), 488 ((M-C,F,)’, 36%), 437
((M-Cp-P(O)Ph(OMe))", 13%), 436 ((M-Cp-P(Q)Ph(OMe)-H)'", 64%), 333 ((M-C,Fr-
P(O)Ph(OMa)), 66%), 268 ((M-C,F,-P(O)Ph(OMe)-Cp)*, 100%). Polarimetric data,
7-168: [0y = +1208, [0)g,q = +1030, [0] 56 = +4920; 7-16b: [alyyg = -710, [0sys = -
503, [0is = +1670; 7-16C: [0y = -324, [0t]gys = +588, [0] g = -4147; 7-164: [c]gyg
= 728, [0y = 99, [0] g6 = +3046.



Taole 7-15. Summary of Crystallograric Data for 7-12a, 7-13a, 7-15a, 7-16a and 7-16b.
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7-12a 7-13a 7-15a 7-16a 7-16b
Formula CgHyONPICO  CoHnONPF,Co  CuHyONPICo  CyHiONPF,Co CoHiONP,F,Co
FW.(g/mol) 569.24 611.36 61532 657.43 657.43
Ciystal Habit Black prism Orange prism Black prism Orange column Orange prism
Crystal Size (mm) 0.40x0.30x0.15  0.30x0.20x0.20 0.35x0.25x0.20 0.40x0.20¢0.20 0.40x0.20x0.18
Ciystal System i i i i
No.Rfins used for unit
coll detorm.(20 range) 23 (37.3-427°)  23(227-31.%) 21 (27.2-343")  20(20.0-2887 19pasy 2459
Poak Width (Half-heigt) 0.32 032 032 032
t2seae) 9.524(2) 14.580(2) 14.184(3) by 152(3)
saa ; 33.223(4) 21.659(3) 26.487(3) 28
biRire 83450 8.407(4) 7.776(3)
2655(1) 2821(1)
Pz z|z| ms) P2 z,z' (#19) P2,2.2, (#19) P2,2,2, (#19)
4 4 4
1 600 1538 1539 1495
1144 1256 1240 1352
21.69 839 19.34 761
1.10+030tan®  0.88+0.301an®  126+030tan@  0.88 + 030 tand o 92 +0.30 tang
50.0 50.0 50.0 500
2391 2701 2688 2059 sszu
L Absorption
0.91-1.00 0.95-1 ou 087-1.00 096-1.00 081-1.00
0.17884x10° 0.7¢ *
, Least-squares weights D:t([Fn[ |r~‘c|)2 Fn'/o‘(Fo')
pactor .01 001 001
NoObsd(b200a(0) 2148 2227 2 2024 3888
No.Variables 248 326 281 362 483
Reflection/Parameter  8.66 6.83 7.44 559 805
R 0.026 0.03~ 0.034 0,044 0.057
RS 0027 .02 0.029 0024 0047
GOF* 181 1.36 1.55 178 206
Ap(*axmin)(e7A’) 0.36/-0.46 0.22/-0.20 0514053 0261028 055034

reference™. * RaX||Fol-|Fc||/S|

d.
© A= [(Ew(|Fol-|Fely/EwFo)* coF-(zan| {Fc]Vo)(n-m)) where n=#reflections, m=#variables, and o?avariance of ([Fol-|Fcl)
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Appendix

The selected 'H and *°F NMR, 'H/°C HETCOR, 'H nOed spectra, and sample input
files for EHMO calculations are arranged according to the order in which they appear

in the text. For details see i Sactions in the

chapters.
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Figure A-6. °F NMR Spectra for (n°-CsHs)Co(C.F,)(P(OMe);)(P(C))(OMe),) (3-3ac).
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Table A-1.  EHMO Input File for Searching the Energy Minimum for Indeny! Ring
Distortion in (n®Indenyl)Co(PH,)()(Me).

(Indenyl)Co(PH3) (I) (CH3) + H + slippage

26 0DIST 0 2 13

0.01,0.04,0.06,0.08,0.10,0.12,0.14,0.16,0.18,0.20,0.24,0.26,0.28
«¢9.,10.,11,,12,

+,0.,0.,DU

-1 1c¢1.19,90.,288

-1 2C1.19,90.,0

-1 3¢ 1.19,90.,72.

-1 9C1.19,90.,144. ,1

-1 8¢C1.%9,90.,216. ,1

-1 -2pU 2.18,90.,180.

-2 4 C 1.40,90.,270. ,1 ,11
-2 5cC 1.40,150.,270.,1 ,11
-2 6 C 1.40,150.,90. ,1 ,11
-2 7 C 1.40,90.,90. ,1 ,11
110 H 1.01,180.,0

2 11 H 1.01,180.,0

3 12 H 1.01,180.,0.

4 13 H 1.01,180.,0. ,1 ,11
5 14 H 1.01,180.,0 +1 .11
6 15 H 1.01,180.,0. ,1 ,11
7 16 H 1.01,180.,0 S L 1
-1 -3DU 1000.,90.,0

-3 17¢0 1.80,90

17 18ME 1.98,125.,180

17 23F0 2.23,125.,60.
GR1 3 1 2000.
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Table A-2. EHMO Input File for Indenyl Ring Rotation about Indenyl-Co Bond in
(n®*-Indenyl)Co(PH)(1)(Me).
(Indenyl)Co(PH3) (I) (CH3) + H + F +SLIP +ROT ABOUT Co-IND
6 ODIST 113
0.,30.,60.,90.,120.,150.,180.,210.,240.,270.,300.,330.,360.
B

EI
0.,0.,0.,DU0

Zmmmmmmaoanadnnano

NP RORHERER BB R RN R
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Table A-3. EHMO Input File for Searching the Energy Minimum for Indenyl Ring
Distortion in (n®-Indeny)Co(PH,)(Me)(P(O)(OH),).
(Indenyl)Co(PH!) (P;O) (OH)2) (CH3) + H + slippage
31 DIST
001002004006008010012014016018020024026
Ts. . 1.,

150.
17 24!?0 2.23,125.,300. ,3
17 28ME 1.98,125.,60. ,3
GR1 3 1 2000.
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Table A-4. EHMO Input File for Indenyl Ring Rotation about Indenyl-Co bond in
(n®Indenyl)Co(PH,)(Me)(P(O)(OH),).
(Indenyl)Co(PH3) (P(0) (OH)2) (CH3) + H + F + slippage +ROTATION
31 O0DIST 0 1
0.,30.,60.,90.,120.,150.,180.,210.,240.,270.,300.,330.,360.

El
9.,0.,0.,0U
1.19,90.,288.

18 19 0 1. 49 125. 180. .3
18 20 0 1.62, 1035290 .3
18 21 0 1.62,103.5,70. 3
20 22 H 0.96,120.,210. ,3

FO
17 28ME 1. 93 125.,60. ,3
GR1L 3 1 6.

9 8 1.5
GR3 17 -3 1000.



Table A-5. EHMO Input File for Fragment Orbital Interactions in
(n®Indenyl)Co(PH,)(Me)(P(O)(OH),).

(Indenyl)Co (PH3) (P(O) (OH)2) (CH3) + H + F + slippage +INTERACTION
ODIST 0 0 O

RO
0.,0.,0,,DU
-1 1¢C1.19,90.,288
-1 2C1.19,90.,0
-1 3C1.19,90.,72.
-1 9C1.19,90.,144. ,1
-1 8cC1.19,90., 01
-1 -2pU 2.18,90.,180
-2 4 C 1.40,90.,270 ,11
-2 S5 C 1.40,150.,270.,1 ,11
-2 6 C 1.40,150.,90. ,1 ,11
-2 7C 1.40,90.,90. ,1 ,11
110 H 1.01,180.,0
2 11 H 1.01,180.,0
3 12 H 1.01,180.,
4 13 H 1.01,180.,0. ,1 ,11
5 14 H 1.01,180.,0 1,11
6 15 H 1.01,180.,0. ,1 ,11
7 16 H 1.01,180.,0. ,1 ,11
-1 -3pu 0.12,90.,0.
-3 17¢0 1.80,90.,0. .3
17 18 P 2.22,125.,180. ,3
18 19 0 1.49,125.,180. ,3
18 20 0 1.62,103.5,290.,3
18 21 0 1.62,103.5,70. ,3
20 22 H 0.96,120.,210. ,3

21 23 H 0.96,120.,150. ,3

17 24FO0 2.23,125.,300. ,3

17 28ME 1.98,125.,60. ,3
1 6.

GRL 9 8 1.5

FMO
OP RO CM TO NC
2 1615 -1 1
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Figure A-35. 'H nOed Spectra for [S, SJ-(n*CsH;)Co(PEINH)(C,F,)(P(O)(OMe),) (7-
13b). (n) reference spectra; (a-m) dlﬂsvance spectra (x64) for irradiation
at the indicated () lmquency, (@) Homo h; (b) Hpwa & Heur Of Ph; (€)
NH: (d) 1°-C4Hs; (8) C*H: (f & g) PO om__ (h, 1 & J) P-CHy-: (k) C*-Me;
(1'& m) P-CH,-Me.
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Figure A-36. 'H nOed Spectra for [Rg, S J-(*-CsMe)Co(PEINH)(P(O)(OMe), (1) (7-14b).
(p) reference spectra; (a-o) difference spectra (x32) for irradiation at the
indicated (*) frequency; (a & b) P-CH,-Me; (c) C*-Me; (d, 1, g & h) P-CH,-;
(6) n*-CsMes; (1 & j) P(0)-OMe; (k) C*H; (I) NH; () Houn Of Ph (1) Hoy
of Ph; (0) Howe Of Ph.
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Figure A-37. HnOed Spectrafor [A, RpScl-n*-CsHs) COPEINH)(C,F,)(P(O)Ph(OMe))
(7-16a). (o) reference spectra; (a-n) difference spectra (x64) for irradiation
at the indicated (*) frequency; (a & b) P-CH,-Me; (c) C*-Me; (d, e & f) P-
CH,-; (g) P(0)-OMe; (h) C*H; (i) n®CyHls: () NH; (K, | & M) Hopry & Hpw, of
Ph; (1) Home Of Ph.
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Figure A-38. 'HnOed Spectra for[R, SpS-(n*-CyHs) Co(PEINH)(C,F,)(P(0)Ph(OMe))
(7-16¢). (n) reference spectra; (a-m) difference spectra (x32) forirradiation
at the indicated (*) (requanm/, (a & b) P-CH,-Me; (c) C*-Me; (d, @ & f) P-
CH_-; (g) P(0)-OMe; () C*H; () n*CeHs; () NH; (K & ) Hpen & Hpey Of PR
(M) Ho, 0f Ph.
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