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Abstract

Tricarbonyl(phthalimide)chromium(0) complexes were prepared and the reactivity towards
different nucleophiles was investigated. The nucleophilic addition of Grignard reagents to
tricarbonyl(phthalimide)chromium(0) complexes 72, 78 and 102 occur from the face opposite
to the tricarbonylchromium moiety and lead to exo-substituted complexes 147, 149 and 155
respectively. At low temperature. Tricarbonyl(2-bromoethyl phthalimide)Chromium(0) (81)
reacted with methyl magnesium chloride at low temperature to give complex 156 with an
endo OH as the sole product. When this reaction was carried out at room temperature we not
only obtained complex 156 but also the tricyclic 157 which resulted from removal of HBr was
separated. It was reported that related structures to the tricyclic 157 are biologically active.
Complex 78 was reduced to complex 154 by the reaction with sodium borohydride at low
temperature. The reaction of complex 149 with methyl iodide in presence of sodium hydride,
leads to the formation of the complex 158 with an endo methoxy group. Attempts to prepare
the stereoisomer of complex 158 by dehydroxylation of complex 149 followed by
introduction of methoxy group from the opposite side to Cr(CO)s failed, instead we got the
dehydrated complex 162 as the main product. Treatment of complex 149 with a mixture of
triethylsilane and BF3;-OEt, gave complex 169 with an endo methyl group with respect to
Cr(CO)s, in addition to dehydrated product 162. In a trial to differentiate between the two
carbonyls, we reacted complexes 78 and 79 with sodium borohydride in presence of 10 mol%
oxazaborolidine catalysts 180, and we obtained the optically active complexes 188 and 189
respectively with 31% ee. In addition we managed to do photochemical ligand exchange for
one of the CO groups using PhsP, MesP and (EtO)sP. The structures of the reaction products
were established with certainty through inspection of spectral data as well as X-ray in some

Cases.

Key words: Tricarbonylchromium(0). Phthalimide. Chiral Reduction. Photochemical

Reaction



Kurzzusammenfassung

Eine Reihe von Tricarbonyl(phthalimide)chrom(0) Komplexen wurde hergestellt, und ihre
Reaktivitdt gegenlber verschiedenen Nukleophilen wurde untersucht. Die nukleophile
Addition von Grignard-Reagenzien an die Tricarbonyl(phthalimide) chrom(0) Komplexen 72,
78 und 102 erfolgt von der dem Tricarbonylchrom entgegengesetzten Seite und fihrt bei tiefer
Temperatur zu den jeweiligen exo-substituierten Komplexes 147, 149 and 155 bzw.
Tricarbonyl(2-Bromethyl Phthalimid)Chrom(0)(81) reagiert bei tiefer Temperatur mit Methyl
Magnesium Chlorid zum komplex 156 mit endo-stdndiger OH Gruppe als einzigem Produkt.
Wenn dieser Reaktion bei Raumtemperatur wurde, wurde nicht nur komplex 156, sondern
auch das tricyclische 157 als folge der Abspaltung von HBr erhalten. Dem tricyclische
Produkt 157 verwandte Strukturen wurde in der Literatur als biologisch aktiv beschrieben.
Komplex 78 wurde durch die Reaktion mit Natriumborhydrid bei tiefer Temperatur zu
Komplex 154 reduziert. Die Reaction von Komplex 149 mit Methyliodid in Anwesenheit von
Natriumhydrid fuhrt zur Bildung Komplex 158 mit einer endo-stdndigen Methoxy Gruppe.
Versuche, das Stereoisomer von komplex 158 durch Dehydroxylierung von komplex 149 mit
anschliessender Einfiihrung der Methoxy Gruppe von der dem Cr(CO)s gegeniberliegenden
Seite herzustellen, schlugen fehl. Stattdessen wurde der komplex 162 als Hauptprodukt
erhalten. Behandlung von komplex 149 mit einer Mischung von Triethylsilan und BF3;-OEt;
ergab komplex 169 mit einer beztglich Cr(CO);s endo-standigen Methyl Gruppe, zusétzlich
wurde das dehydrierte produkt 162 erhalten. In einem Versuch, zwischen den beiden
Carbonyl Gruppen zu unterscheiden, wurden die Komplexe 78 und 79 mit Natriumborhydrid
in Gegenwart von 10 mol% Oxazaborolidin-Katalysator 180 umgesetzt, und die optisch
aktiven Komplexe 188 und 189 wurden. mit 31% ee erhalten. Ausserdem gelang

photochemischer Ligandenaustausch einer CO-Gruppe durch PhsP, MesP und (EtO)sP.

Die Strukturen der Reaktionsprodukte wurden durch spektroskopische Daten sowie in einigen

Féllen durch Rontgenstrukturanalyse belegt.

Schlusselwdrter: Tricarbonylchromium (0). Phthalimid. Chiral Reduktion. Photochemische
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Introduction

1.1 Introduction™

The unique bonding characteristics of aromatics, the stability of the benzene ring system, and
the varied and often complex chemistry of arenes and heteroarenes have fascinated chemists
for close to two centuries. Benzene rings are omnipresent in organic chemistry and they find
important applications for example in the pharma, agrochemical, and polymer fields. New
applications of aromatics include sectors such as functional materials and molecular machines.
Electrophilic aromatic substitution as a route to differentially substituted products is well
established. The often forcing conditions, the incompatibility of this process with acid-
sensitive functional groups, and the need for mild and selective syntheses have been the
driving forces in the search for new methods of synthesis. A large range of methods has been
developed over the past 20 years: they include the trimerization of alkynes,'>*! the directed
ortho-metallation,'*® the benzannellation via metal carbenes,'® and transition metal-catalyzed
carbon-carbon and carbon-heteroatom bond formation.[”? Aromatic C-H activation,®® while
still in its beginning stages, is another area of promise. This thesis focuses on transition metal
arene m-complexes. Following the discovery of ferrocene and the determination of its
sandwich structure, it did not take long before a large number of sandwich and half-sandwich
complexes of benzene and its derivatives saw the light of day and became the subject of
intense study. These events and the parallel development of transition metal catalyzed
reactions were decisive in the vast interest that arose in the study and chemistry of compounds
containing metal carbon bonds. Thus organometallics have become a major component in the
chemistry field, a trend that has continued unabated to this day. Organometallics have
strongly enriched the fields of homogeneous catalysis, coordination chemistry, and synthetic
organic chemistry. Metal-arene m-complexes show a rich and varied chemistry. The metal
adds a third dimension to the planar aromatic compounds and distinguishes the two
enantiotopic faces of an arene with different ortho or meta-substituents. Therefore,
coordination of a metal to an arene not only alters the reactivity of ring-carbon atoms and
substituents as well as groups in benzylic positions but, in addition, also allows reactions with

high stereoselectivities to be carried out.

1.2 History

(Benzene)tricarbonylchromium (1) was first obtained by Fischer and Ofele in 1957 from
hexacarbonylchromium and dibenzenechromium in benzene in a sealed system at 220 °C.F!

Then Nicholls and Whiting discovered a simpler and more general method for preparing

1



Introduction

compounds of this type, which involves heating of hexacarbonylchromium under reflux in an
excess of the aromatic compound or with a molar quantity in an inert solvent.’® Shortly,
Natta and his co-workers also described the direct preparation of several of these compounds,
but used a pressurised system (with intermittent release of carbon monoxide) and higher
temperatures (200-235 °C).*) The work of Fischer shows that equilibria are involved in these
reactions an excess of carbon monoxide converts the dibenzenechromium complex into the
hexacarbonyl, and therefore it is advantageous in principle, as well as much easier in practice,
to employ an open system. The free escape of carbon monoxide then driving the reaction to
completion.  Also  Fischer gave the molecular shape and bonding of

tricarbonylbenzenechromium (Fig. 1).[*?

Cr©
3d 4s 4p
O\
& PIAItElt]
| > Crl<——1c=0
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Figure 1. The molecular shape and molecular bonding of tricarbonyl (benzene) chromium (1).

1.3 General Reactivity of (#°-Arene)Cr(CO); Complexes

(n°-Arene)tricarbonylchromium complexes have received much attention as key building
blocks for organic synthesis.™*! The reactivity changes that arise upon the complexation of an
arene to the tricarbonylchromium(0) unit allow a variety of transformations that can otherwise
not be achieved by free arenes.™ The ease of preparation and handling and the ease with
which the fragment can be readily removed at the end of a synthetic sequence complement the

characteristic versatility of (arene)Cr(CQO); complexes.
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The Cr(CO); group modifies the chemical properties of the arene ring in several distinct
characteristic fashions (Fig. 2). Compared to the uncomplexed arene the 5°-coordinated arene
ring is more susceptible to nucleophilic attack due to the electron withdrawing properties of
the Cr(CO); unit. The kinetic acidity of the hydrogen atoms at the aromatic ring is increased.
Benzylic anions are readily formed by deprotonation, but despite the predominantly
electrophilic character of the Cr(CO); unit, benzylic carbocations are also readily stabilized.
In addition to this, the Cr(CO); moiety has found widespread use as a “stereodirecting” group
in reactions at side chains attached to the arene ring by sterically hindering the reagent

approach to the same face of the arene.

Selective side Stabilization of benzylic
chain reactions carbanions and carbocations

facilitated nucleophile Y X
substitution = —— X H <— Enhanced acidity

/

Enhanced nucleophilic /Cr,,
addition
CO (‘:O €O Steric hindrance

N

Figure 2. Changes in arene reactivity after complexation with tricarbonyl chromium™

Another stereochemical feature of (arene)tricarbonylchromium complexes is the
transformation of prochiral ortho or meta unsymmetrically disubstituted arene ligands into
planer chiral complexes. The only symmetry element present in a unsymmetrically 1,2- or
1,3-disubstituted achiral arene is a plane of symmetry, which lies in the plane of the arene ring
and can be eliminated through the complexation at a Cr(CO)s; moiety. As a consequence
complex 2 cannot be superimposed on its mirror image ent-2; complexes such as 2 and ent-2
are planar chiral. (Fig. 3)
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Cywe R D R )
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CO | oC
R # R, 2 ent-2

Figure 3. Planar chirality of arene tricarbonylchromium complex

The stereochemical assignment of such complexes in this report is in accord with the Cahn-
Ingold-Prelog (CIP) rulest*® and will be explained by means of complex 3. All the carbon
atoms of the complexed arene ring are considered to be pseudo-tetrahedral with the chromium
atom occupying the fourth corner of the tetrahedron. The priorities are assigned according to
the CIP rules. As illustrated that the tetrahedron is rotated so that the position with the lowest
priority is furthest from the observer; in the case illustrated, this results in a clockwise screw
and therefore a (1R) centre. In most cases it is sufficient to classify only the stereogenic centre
with the highest priority substituent. To further specify the element of planar chirality, a (p) is
put in front, complex 3 is described as (1pR)-3 (Fig. 4).

OMe d

Cr. SiMe, T MesSi £ OMe
oc™ [ co b C;r
co
(1pR)-3
o .
as‘// ’ - N

[eN]]
QDI

a=Cr>b=Si>c=C,Cr,0>d=C,Cr,H

Figure 4. Stereochemical assignment in (arene)tricarbonylchromium complex

4



Introduction

1.4 Synthesis of arene tricarbonyl complexes

The arene tricarbonyl complexes of chromium are yellow to red, often crystalline compounds
that are stable to air in the solid state and can be stored for longer periods of time provided

they are kept away from light. In solution they are moderately air sensitive.

1.4.1 Direct complexation by hexacarbonylchromium (4) and its derivatives 5-8.

The preferred method for the synthesis of (arene)Cr(CO)s; complexes is thermolysis of
Cr(CO)g in an inert atmosphere (nitrogen or argon) in the presence of an excess of the arene in
a high-boiling solvent. This can be the arene itself or a variety of solvent mixtures, the most
frequently adopted procedure is a mixture of the arene, dibutyl ether / THF (10:1),1" the polar
ether and ester additives (or solvents) promote carbonyl dissociation, stabilize intermediates,
and the vigorous reflux of lower boiling additives washes sublimed Cr(CO)¢ back into the
reaction mixture This procedure is suited for the preparation of a wide range of complexes,
often in high yields (80-95%) with reaction times typically in the 1-4 day range. By this
method our group has synthesized many complexes such as those of the acetals of
benzocyclobutenone 9,1*® benzocyclobutendione 10, 1,3-indandione 11,?” 1,2-indandione
12,2 12 3-indantrione 13 and 14,”% phenol derivatives 15?2 and N-methyl-3,3-
dimethoxyisatin 16%®! (Fig. 5).

Milder complexation conditions and shorter reaction times are possible with suitable
Cr(CO)sLs (L = CHsCN, Py, NH3) precursors 5-8 (Fig. 6), the advantages of lower
temperatures for arene complexation are higher compatibility with arenes bearing functional
groups and higher chemo and diastereoselectivities.”**! Cr(CO)s(NH3); 5 is best prepared by
treating Cr(CO)s with KOH in EtOH, followed by addition of aqueous ammonia,®' while
Cr(MeCN)3(CO); 6 and Cr(CO)sPys 7 are prepared by heating Cr(CO)s at reflux in the
appropriate solvent. Reagent 5 was used in the preparation of complexes 17 (85 %),1*®! 18 (70
%) and 19 (83 %),1*"! while reagent 6 was used in the preparation of complexes 20 (35
%),181 21(74 %) and 22 (72 %), finally reagent 7 was used in the preparation of complex
23 (70 %)Y (Fig. 7).
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OH MeO
Ry OMe

@)

R3 / l\!
(OC);Cr Ry (OC)3Cr Me

15 16

Figure 5. Complexes 9-16
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O
/
/ J = J

(OC)sCr (OC)5Cr (OC)3Cr/ (OC)5Cr

A

A B

(OC)4Cf

17 18 20

21 22 23

Figure 7. Complexes 17-23

1.4.2 Complexation via arene exchange

Complexation can also be carried out by arene exchange in (naphthalene)Cr(CO); (Kiindig-
Reagent) 9.2 This method has found widespread use due to highly facile arene exchange and
the ease with which this complex can be handled.®**¥ Also in some cases it gives higher
yields than the direct complexation with Cr(CQO)g, for example direct complexation of 24
using hexacarbonylchromium gives only 18 % yield of 16, while using (naphthalene)Cr(CO);
(18) increase the yield to 53 %(Scheme 1).1%!

1 equiv.18, THF,

MeO 65 °C, 15 h, 53 % MeO
OMe OMe
o — @)
N / N
\ (OC)5Cr \
1.1 equiv.4, Bu,O/THF
24 (10:1), 20 h, 120 °C, 18 % 16

Scheme 1. Complexation reactions of N-methyl-3,3-dimethoxyisatin 24
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Arene exchange in the (arene)Cr(CO)s; series has been studied for 40 years. ““*Y Typically,
high activation barriers are observed, and side reactions are often faster and irreversible.
Arene exchange reactions are typically run at 140-180 °C in the presence of a large excess of
the incoming arene. Conversions are good when the incoming arene is more electron rich than
the leaving arene, as in the case of (benzene)Cr(CO); (1) and aniline to give the aniline

complex 25 (scheme 2).1*
@ 160 -170°C ©
+ > +
> 8h, 90 % >
(OC)3Cr (OC)sCr
1 25

Scheme 2. Complexation of aniline via arene exchange

The first proposed mechanism involved complete dissociation of the Cr(CO); unit followed
by an Sn2-like attack on the arene ligand of another (arene)Cr(CO); complex; the central
observation favoring this picture was the second-order rate dependence on the (arene)Cr(CO);
concentration. > * Additional experiments were incompatible with this mechanism, and it
was soon replaced by a stepwise “unzipping” mechanism (scheme 3).1*** In the first (rate-
determining) step, one of the arene double bonds detaches from 26 to generate a
coordinatively unsaturated #* intermediate, 27. In a subsequent fast step, the incoming arene
coordinates in #* fashion 28. The leaving arene further detaches, while the incoming arene
fills the liberated coordination site to give first the 5, #° intermediate 29, and finally the #°
product 30. Details of the mechanism in Scheme 3 are still unclear since intermediates 27, 28,
and 29 have not been observed spectroscopically. On the basis of Hiickel molecular orbital
(MO) calculations, direct attack of an arene on the chromium complex is improbable due to
high electron density on the chromium center.® It was therefore proposed that
predissociation of the arene is followed by attack on the resulting unsaturated #* species 27.
An alternative mechanism begins with a complete dissociation of the (arene)Cr(CO); complex
to give intermediate 31 in Scheme 4 followed by fast coordination of the incoming arene. This
was probed with a “three-phase test”, where a bead-to-bead migration of the Cr(CO)3 unit was
detected at 170 °C in the presence of polar additives such as cyclohexanone or THF but not in

their absence (cyclohexane solvent).**!
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Scheme 4. Three-phase test for exchange

Addition of hexasubstituted (arene)Cr(CO); complex 34 (scheme 5) catalyzes arene exchange

of another (arene)Cr(CO); complex (35) without undergoing exchange itself.****) This effect
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was attributed to the coordination of the carbonyl ligand in 36 to lower the barrier to the 7°to
n* conversion of the arene ligand. Other donor molecules such as THF and cyclohexanone

also catalyze arene exchange.*®!

h4
| " E d g
r
~ 1 CO
OC 1 °CO
CO

Cr
OoCc’1.°CO
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\
Cr. — —

OoCc™1°CO
CO

35 34 / 36
S SR

d d

N r.
OC™1°CO OC™1°CO

CO CO

34 1

Scheme 5. Arene exchange assisted by interaction with a second arene complex

Structure-reactivity relationship in arene exchange has been investigated by study of the
equilibrium constants for both the forward and reverse arene exchange reactions,*® the
stability order presented in Fig. 6 was determined. This order is consistent with the arene-
chromium bond energies measured by microcalorimetry.”** An interesting point is the
absence of a destabilizing steric effect of the methyl groups on the thermodynamic stability of
the (alkylbenzene)Cr(CO); complexes and the stability order parallels the number of the

methyl groups and is fairly independent of their relative position on the aromatic ring (Fig 8).
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Figure 8. Relative stability of (arene)Cr(CO); complexes.

1.4.3 Synthesis through intramolecular [3+2+1] benzannulation of the Fischer carbene
complexes.

Carbene complexes contain metal-stabilized carbenes.’ These compounds can be divided

into two classes: the Fischer-type®® and the Schrock-type.’” Starting with Fischer-type

compound such as 37, which contains an unsaturated carbene ligand, the addition of an alkyne

to the free coordination site leads to a facial alkyne-carbene-carbonyl complex 38. This

reactive intermediate has not yet been isolated. It undergoes rather a clean cycloaddition

reaction to give an aromatic six-membered ring which is z-bonded to the metal (Scheme 6).1°!

o)

Il

¢
R
— Ri—rR, : R, 1

(CO)sCr -\ Cr(CO)3 — —Cr(CO)3
\\\\\ 1y R2
OMe
MeO
37 B 38 Re| 39

Scheme 6. Cycloaddition of alkyne, carbene, and carbonyl ligands

The alkyne is incorporated into the 2,3-position of the hydroquinone derivative, while the C-
4 — C-6 ring positions come from the carbene ligand, whereas C-1 is contributed by the
carbonyl ligand. The cycloaddition takes place in donor solvents (e.g., ethers) under mild

conditions (40- 60°C); the yields are usually 60-90%. The formation of the arene complex 39
11
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is not limited to vinyl-% and phenylcarbene substituents.’”>* Carbocycles, heterocycles, and
polycyclic arene ligands.®can also serve as carbine ligands for the synthesis of complexes

with benzoannelated arenes (Scheme 7).

OH OH

R, R1
O —Cr(CO); —Cr(CO)3

OMe (CO)Cr (CO)sCr OMe

OMe OMe

-CO

CO):Cr
(CO)Cr 40 (CO)s

OMe — -CO
-CO -CO
(CO)sCr oH

O OH OMe Ry
. ) Y e
—Cr(CO); R, R
RZ / OMe
X

—Cr(CO);
R,
OMe

Scheme 7. Benzoannnelation of carbene ligands with alkyne 40.

1.5 Importance of phthalimide derivatives

N-Substituted phthalimides (41) and the class of isoindolinones (42) and 3-substituted 2,3-
dihydroisoindolinones (43) called phthalimidines are of importance in organic chemistry,

particularly in the field of medicinal applications.[®®"]

0 0 O
N—R N—R; NH
/
5 R, R
41 42 43
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The considerable interest in these heterobicyclic compounds stems mainly from their diverse
biological activities!® " and their availability as reactive intermediates in synthesis.’>™! A
wide range of naturally occurring and bioactive substances are linked to the potential
compounds comprising the phthalimidine unit as synthetic building blocks.[*% For example;
substituted-N-phenyl phthalimides (44, anticonvulsant and neurotoxic agent),®? (44, o-
Glucosidase inhibitor),®™ N-phenyl phthalimide sulfonamides (45, anti-inflammatory
agent),®™ indoprofen (46, anti-inflammatory agent),’® deoxythalidomide (47, reducer of
tumor necrosis factor production),’®® batracyclin (48, neoplasm inhibitor),’®* lennoxamine®
(49, isolated from various barberries species), pazinaclone (50 anxiolytic drug candidate)®®!
3-piperazinylethyl isoindolinone derivative (51 dopamine D4 receptor antagonist).?” In
addition, (R)- and (S)-3-methyl-isoindolin-1-ones have been shown to be valuable chiral

auxiliaries.[®e

P N
N X/
N R,
O

o)

X = CO, SO,
Ry,R, R3 = H, CHs, NO,, NH,, halogen Z=0, S, NH,NPh, NCH,

44 45
e} (@)
COOH NH
o)
46 (S)-47
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Figure 9. Phthalimide derived compounds 44-51

Accordingly, many efforts have been devoted to the asymmetric synthese of the simple chiral
3-substituted isoindolinones 43[°°Y. Among the number of synthetic routes to 3-substituted
isoindolin-1-ones (43), the straightforward and efficient asymmetric synthetic approaches are
based on the nucleophilic addition of an organometallic reagent to a phthalimide precursor
attached to a chiral auxiliary at the nitrogen atom.*”

It is well established that planar-chiral arene tricarbonylchromium complexes represent highly
valuable building blocks for the diastereo— and enantioselective synthesis of complex
compounds. In principle, the powerful electron withdrawing effect of the Cr(CQO); group
might dramatically facilitate the nucleophilic attack at the amide group of the phthalimide.
Moreover, it is possible to induce stereoselectivity of chemical reactions of
tricarbonylchromium phthalimde complexes with respect to the “stereodirecting” effect of the
Cr(CO)s group. With this background, it is of considerable interest to exploit the chemical and
stereochemical reaction potential of tricarbonylchromium phthalimide complexes for the

synthesis of nitrogen containing heterocycles.
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We are highly motivated to gain a better insight into the transformations and stereochemistry
in the reaction involving the chiral tricarbonylchromium complex N-acyliminium intermediate.
Concerning the importance for synthesis of valuable different optically active 3-substuitued
isoindol-1-ones 52, asymmetric  synthetic methodology using planar chiral
tricarbonylchromium complex N-acyliminium ion is of interests to be developed, in which
Cr(CO)3 group could act as non-chiral auxiliary building block for the diastereoselective
synthesis.

Two possible retrosynthetic routes are depicted below. Both routes rely on an enantioselective
reduction strategy to provide the complex of a-alkoxylactam 55 or a-hydroxylactam complex
56 as the precursor for chiral tricarbonylchromium N-acyliminium ion 54. In route a,
enatiomerically pure a-hydroxylactam 57 might be obtained by means of an enantioselective
reduction. Then the conversion of a-hydroxylactam 57 into alkoxylactam 55 is necessary
because of the efficency in replacment of the alkoxy group rather than the hydroxy group. In
route b, the complex 56 could also be obtained by nucleophilic addition reaction with
different nucleophiles. The chiral tricarbonylchromium N-acyliminium ion 54 intermediate
could be formed by enhance of Lewis acid. Then diastereoselective addition of a suitable
nucleophile to tricarbonylchromium N-acyliminium ion 54 would give product type 53 with
respect to the steric bulk effect of Cr(CO); group. The final removal of Cr(CO); group would
afford the desired enantioenriched 3-substituted isoindol-1-ones 52 (Scheme 8).
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Scheme 8. Retrosynthetic routes for syntheses of optically active 3-substuitued isoindol-1-

ones 52
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Results and Discussion

1 Synthesis of tricarbonyl N-substituted phthalimide chromium (0) complexes
1.1 Introduction

Recent publications have established that nitrogen containing ligands can coordinate to metal
fragments in different fashions, for example, as #* (N), ° (z C) and #° (N=C). The 5* (N)
complexes are obtained when a lone-pair in the heteroatom is available,®*** or when a
product of N-H bond activation is isolated.”™ Thermal reactions of M(CO)s with 1,2,3,4-
tetrahydroquinoline (59) afford the corresponding (;7°-arene)tricarbonylmetal complex (M =
Cr, 60; M = Mo, 61, M = W, 62). In contrast, thermolysis of the same hexacarbonyl
complexes  with  1,2,3,4-tetrahydroisoquinoline  (63) affords the (o-nitrogen)
pentacarbonylmetal derivatives (M = Cr, 64; M = Mo, 65, M = W, 66), only with Cr(CO)e

(n6-arene)tricarbonylmetal complex 67 was isolated (Scheme 9).1%!

M(CO)s

1,4-Dioxane
reflux 36 h

N
(OC)sM H

Iz

60 (M = Cr), 53 %
59 61 (M = Mo) 48 %
62 (M=W) 37 %

M(CO)s . N
1,4-Dioxane/heptane
N 15:2, reflux 36 h N N
H $h H
©cm H
63 64 (M=Cr) 10% + 67,31%
65 (M = Mo) 54 % + 0%
66 (M =W) 50 % + 0%

Scheme 9. Complexation 1,2,3,4-tetrahydroquinoline, -isoquinoline (59) and (63)

Also, complexation of 2-methoxy-a-methyl benzylamine (68) with Cr(CO)g affords both (57°-
arene)tricarbonylmetal complex 69 and (o-nitrogen)pentacarbonylmetal derivative 70
(Scheme 10).1°"
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RN Cr(CO)s
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S

Bu,O/THF 5:1
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(OC)5Cr
NH, NH,

68 69 70

10 % 41 %

Scheme 10. Complexation of 2-methoxy-a-methyl benzyl amine (68)

1.2 Synthesis of tricarbonyl phthalimide chromium (0) (72)

With respect to the previous discussion, direct complexation of phthalimide (71) with
hexacarbonyl chromium can give tricarbonyl phthalimide chromium (72) and/or N-

pentacarbonyl phthalimide chromium (73) (Scheme 11).

(0]
NH
7 /
1.1 equiv. Cr(CO)¢ 4 (OC)sCr N
Bu,O/THF 10:1 72
120 °C, 48 h, 70%
0]
(e} H
VA N“
71 Cr(CO)s
(0]

73
Scheme 11. Complexation of phthalimide (71)

Actually, we found that thermolysis of hexacarbonyl chromium (4) with phthalimide (71)
resulted in the formation of only one product which is tricarbonyl phthalimide chromium (72)

in 70 % vyield after purification by column chromatography (66 %).°®! The structure of
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complex 72 was established based on the elemental analyses and spectral data. The *H-NMR
and *C-NMR spectra show the usual up field shift of both protons and carbon atoms
resonances of the aromatic system coordinated to the Cr(CO); moiety with respect to the
corresponding free ligands. The *H-NMR spectrum of the product displays signals of aromatic
protons that are shifted to higher field ~ 1.5-1.8 ppm in comparison to phthalimide. The
spectrum also shows two multiplet signals at 6 = 6.0 and 6.3 ppm corresponding to [5(6)-H]
and [4(7)-H] respectively and singlet signal at 10.3 ppm assigned to NH proton. This is
attributed to the shielding effect of the Cr(CO); moiety attached to (5°-arene). Moreover, the
3C-NMR spectra also confirm the coordination of the Cr(CO); moiety to the benzene ring,
which shifts the chemical shift of carbon atoms up field in the range of 6 89-94 ppm. Finally,
the constitution was also supported based on mass spectrum, which is in accord with complex
72.

The accepted reson for the formation of tricarbonyl phthalimide chromium (72) rather than
complex 73 is that the lone-pair of electrons on the nitrogen atom is not available as they are

delocalized by resonance with the two carbonyl groups.

1.3 Synthesis of tricarbonyl (N-methyl, ethyl, vinyl, 2-bromoethyl phthalimide)
chromium(0) (78-81)

Complexation of N-methylphthalimide (74),*¥  N-ethylphthalimide  (75),*% N-
vinylphthalimide (76)1°%*% or N-(2-bromoethyl)phthalimide (77)[° by heating at 120 °C
with hexacarbonyl chromium in Bu,O/THF 10:1 for 17-35 h. gives the corresponding
complexes 78-81 respectively in 11-61 % yields (Scheme 12).

1.1 equiv. Cr(CO)g

NTR Bu,O/THF 10:1 N—R
120°C, 17-35 h /
X (OC)sCr Y
74 (R = CHg)® 78 (R = CH3) 61 %
75 (R = CH,CH,) 79 (R = CH,CH3) 57 %
76 (R = CH=CH,)*®l 80 (R = CH=CH,) 11-38 %
77 (R = CH,CH,Br) 81 (R = CH,CH,Br) 42 %

Scheme 12. Complexation of N-substituted phthalimides 74-77
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The tricarbonyl(phthalimides)chromium complexes 78-81 were purified by flash
chromatography on SiO,, eluting with TBME / PE (1:1 to 4:1) as red solids, which are
moderately air stable, the unconverted free ligand eluted first from the column with less polar
eluent.

The constitution of the complexes 78-81 was confirmed on the basis of elemental analysis and
spectral data. The IR spectra of compounds 78-81 show three absorption bands at v = 1980-
1974, 1891-1893, 1771-1761 cm™, assigned to the Cr(CO); group in addition to the carbonyl
absorption band of the amide group at 1704-1653 (s) cm™. The *H NMR and *C NMR
spectra of complexes 78-81 show the usual up field shift of the proton and carbon resonances
of the aromatic system with respect to the corresponding free ligands. N-Methyl phthalimide
complex 78 has singlet signal at 6 = 3.13 ppm corresponding to the methyl group, also N-
ethyl phthalimide complex 79 has two signals, one triplet at 6 = 1.26 (J = 6.3 Hz)
corresponding to the methyl group and quartet signal at 6 = 3.70 (J = 6.5 Hz) corresponding to
methylene group. The vinyl group in complex 80 is easily recognized by the typical signal
pattern of the terminal olefinic proton resonances at & = 5.07 ppm (*Jeis = 9.8 Hz) and at & =
6.03 ppm overlapping with two signals of the aromatic ring; one highly deshielded internal
alkenyl proton resonance is observed at 6 = 6.75 ppm. Moreover N-(2-bromoethyl)
phthalimide complex 81 shows two triplet signals at 6 = 3.5 (J = 6.8 Hz) and 4.0 ppm (J = 6.9
Hz) corresponding to two methylene groups (CH,Br) and (NCH,) respectively. The *H NMR
and *C NMR spectra of complexes 78-81 show similar chemical shifts of the all substituents
on the nitrogen atom with that of the corresponding free ligand compounds 74-77. This means
these substituents are far from the shielding effect of the Cr(CO); group. The *C NMR
spectra of complexes 78-81 show peaks at lower field at 6 =228.5-232.9 ppm characteristic
for tricarbonyl chromium group. The mass spectra show the molecular ion [M'] of the
complexes 78-81 at m/z = 297, 311, 309, [389, 391 (1:1)] respectively. The peaks for [M* —
2C0], [M* =3CO], [M*= Cr(CO)3] and [Cr]" are also indicated.

The inefficient complexation of N-vinylphthalimide (76) may be due to the thermal instability
of the complex 80 at high temperature for long time. When the reaction time was extended to
three days the yield decreased dramatically to 11 % with recovering the free ligand by column
chromatography. However, complexation of N-vinylphthalimide through arene exchange
using Kiindig’s complexation reagent tricarbonylchromium naphthalene complex (18) did not
significantly improve the yield of the complex 80 (44 %).
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In order to improve the yield of N-vinylphthalimide complex 80, another synthetic pathway
has been suggested, starting from tricarbonylchromium phthalimide complex 72, which was
prepared by direct complexation of phthalimide (71) with hexacarbonylchromium in
Bu,O/THF at reflux for 2-3 days. Complex 72 could be efficiently converted into its
potassium salt 82 as an air stable orange solid by treatment with KOH in 93 % yield. Trials to
prepare N-vinylphthalimide complex 80 through the reaction of complex 82 with vinyl
bromide utilizing the method common for the free ligand failed,™®? presumably because of
the high reaction temperature and the long reaction time. Finally despite palladium catalytic
vinylation of phthalimide gives excellent yield 86 % of vinyl phthalimide (76),"*°" no reaction

with the corresponding complex took place, only recovering the starting material (Scheme 13).

0 0
KOH, MeOH
NH - NK
93 %
/ /
OC);Cr
(OC),Cr S (OC)3 X

72 82

CH,=CHBr, Cul
CH5CON(CHs),
X 165°C, 6 h

CH;COOCH=CH,
2 % mol NaPdCl,
70°C

\ // (0C)scr’ - = ‘/<N //
THF reflux, 24 h \< \<
44 % /

OC);Cr
o (0C)s )

76 80

Scheme 13. Synthetic pathway for synthesis of tricarbonyl N-vinylphthalimide chromium 80

The direct complexation of 1,3-indandione (83) and indantrione (86) using hexacarbonyl
chromium did not succeed. This can be attributed to the electron deficiency of the aromatic
ring acquired by the neighbouring electron withdrawing carbonyl groups. To overcome this
problem, our group used another strategy to increase the electron density of the benzene ring
through converting the carbonyl groups into the corresponding acetals. With respect to this
strategy, the acetals (85) and (88) are prepared and successfully afford the corresponding
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complexes with high yield (82 %). Deprotection of the acetal complex with half-concentrated

sulphuric acid afforded the complex 84 in high yield (Scheme 14).22

0 0
1. Cr(CO)s O
Cr(CO)s 20 h, 82 %
—%—
Bu,O/THF 2.50 % H,SO,
/ 94 % e
OC),Cr
83 84 85
1,2-ethanediol ¢
PTSA, - H,0, 81 %
o) o)
Cr(CO)g
o} —_— % 0
Bu,O/THF >
5 (OC)sCr X
86 87
% Cr(CO)s, Bu,O/THF %
10:1
120°C, 20 h, 82 %
oO OO
g \J (OC)sCr g \J
88 14

Scheme 14. Acetal route for complexation of 1,3-indandione (83) and indantrione (86)

Increasing the electron density of the aromatic ring of N-vinyl phthalimide (76), can be
achieved by acetal formation of 76 or by reducing one carbonyl group using NaBH,. Firstly,
the reaction of vinyl phthalimide with 1,2 ethanediol in presence of a catalytic amount of
para-toluene sulfonic acid lead to formation of compound 90 instead of the half acetal acetal
or the acetal compound 89. This is due to the reactivity of vinyl group towards nucleophilic
addition reaction in acidic condition. The structure of the formed product was established
based on the spectral data. The IR spectrum of compound 90 revealed absorption bands at Vv
= 3315 cm™ assigned to the OH group and 1687 cm™ indicated the presence of CO groups.
The *H NMR spectrum (200 MHz, CDCl3) shows doublet signal at 6 = 1.82 (J = 6.3 MHz)
22
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assigned to the methyl group and multiplet signal at 6 = 3.7 ppm (four protons) corresponding
to two methylene groups, also the quartet signal at 6 = 5.7 (J = 6.3 MHz) is assigned to CH
proton, In addition to multiplet siganls at 6 = 7.9 ppm correspponding to the four aromatic
protons.

Also reduction of N-vinyl phthalimide (76) using NaBH, afforded 2-vinyl-3-hydroxyisoindol-
1-one (91) in 93 % vyield."®™ The subsequent complexation of compound 91 with
hexacarbonylchromium in Bu,O/THF (10:1) by heating at refluxing was unsuccessful to

afford complex 92.1° This is possibly due to the low solubility of 91 in the reaction solvents
that inhibit the complexation (Scheme 15).
0O
// 1,2-ethanediol
N

O/\‘
"/
—X— NJ
O
O\A
89
PTSA o
benzene , reflux I
o) o)
76 N
21%
O
90
O OH OH
/ /' Cr(CO) //
N / NaBH, N / 6 N
92 %
/
(OC)4Cr
o] o]
91

92

OH

76

Scheme 15. Acetal route for complexation of N-vinyl phthalimide (76)
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1.4 Synthesis of tricarbonyl (N-phenyl phthalimide) chromium (0) (101) and (102)

It was reported in complexation of 1-phenylpyrroles 93, 94, the Cr(CO); group can be
coordinated either with the benzene or with the pyrrole ring. Physical measurements indicate
a considerable donor character of the pyrrole ligand in these complexes. Nevertheless, they
are rather less stable than other arene metal tricarbonyls. Also the product depends on the
complexation reagent, while (CH3CN)3;Cr(CO)s gave only complex 95, Cr(CO)s gave both
complexses 96 and 97. Also when the reaction time was increased the most stable complex 99

was obtained only (Scheme 16).11%

/@/\Cr(co)s
R v R
(CHSCN)sCr(CO)s
: 3
/@
R R
. 95 (R = CHs) 69 %
/@/\Cr(m)3 /@\
Cr(CO), R N ROR N R
.

93 (R = CHy)
94(R = H) D
/

(OC),Cr

96 (R=CH3) 21 % + 97 (R=CH,) 6 %
98(R=H) 0% + 99(R=H) 87%

Scheme 16. Complexation of phenylpyrroles 93, 94

With respect to the previous discussion, Complexation reaction of N-phenyl phthalimide (100)
can afford one, two or three complexes 101-103, because Cr(CQO)3z group can be coordinated

with either or both of the benzene ring of phthalimide and aryl groups (Scheme 17).
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Gé}@

100
Cr(CO)g
Bu,O/THF (10:1)
120 °C, 48h
@]
(OC)3CI’ (OC)3C (OC)gCI’ Cr(CO)3
101 102 103
31% 11% not observed

Scheme 17. Complexation of N-phenyl phthalimide (100)

The reaction mixture of N-phenyl phthalimide (100) and hexacarbonyl chromium in
Bu,O/THF (10:1) was heated at 120 °C for two days, then the crude products were separated
by flash chromatography (200 x 20 mm, PE / TBME 1:3) to give 31 % of tricarbonyl (N-A°
phenyl phthalimide) chromium (0) (101) as a yellow solid. m.p. 162 °C, followed by (TBME)
to give 11 % of tricarbonyl(N-phenyl A° phthalimide)chromium (0) (102) as a red solid. m.p.
157 °C. This result agree with the theoretical expectation because of deactivating of di-ortho
carbonyl groups in the phthalimide, so the tricarbonylchromium group prefer coordination
with benzene ring rather than phthalimide moiety because of its high electron density.

The structures of the complexes 101 and 102 were established based on the elemental analysis
and spectral data. The IR spectra of compounds 101 and 102 show characteristics bands of the
Cr(CO); group and carbonyls of the imide group. The *H NMR and *C NMR spectra of
complexes 101 and 102 show the usual and up field shift of the protons and carbon atoms of
aromatic system, which used to distinguish between compounds 101 and 102. The *H NMR
spectrum of tricarbonyl(N-A° phenylphthalimide)chromium (0) (101) shows five protons up
field at o = 5.3-5.9 ppm assigned to the phenyl group and four protons in the usual aromatic
rang at 0 = 7.8-7.9 ppm, this indicate that Cr(CO)3 coordinated to benzene ring. Moreover the
3C NMR spectrum shows four different siganls up field at § = 89.4, 90.7 and 90.8 ppm for
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five CH carbon atoms in addition to the quaternary carbon at 106.3 ppm corresponding to the
phenyl group. Also there are three different siganls in the usual aromatic rang at 0 = 124.0,
130.9 ppm and the quaternary carbon at 6 = 135.0 ppm for phthalimide, in addition
characteristics siganls of the Cr(CO)s; and imide’s carbonyl groups at 6 = 231.9 and 166.1
ppm respectively . On the other hand, the *H NMR spectrum of tricarbonyl(N-phenyl A°
phthalimide)chromium (0) (102) shows four protons up field at 6 = 5.5-6.1 ppm and five
protons in the aromatic rang 6 = 7.3-7.4 ppm, this indicate that Cr(CQO); coordinated to
phthalimide moiety. Moreover the **C NMR spectrum shows three different siganls up field at
0 =87.5, 90.1 and 90.8 ppm for phthalimide moiety and different four siganls in the aromatic
rang at 6 = 126.7, 128.7, 129.2 and 130.9 ppm for phenyl group, in addition characteristics
siganls of the Cr(CQO); and imide carbonyl groups at 6 = 228.7and 166.3 ppm respectively.
We found in the *C NMR spectra of 101 and 102 that the signal corresponding the Cr(CO);
in complex 102 is shift up-field (3.2 ppm) in comparison with complex 101 this also shows
the higher electron density of the phenyl group, which increase the back-bond donation from

the chromium atom to the carbonyl groups.

A survey of the literature™®™'" confirmed that, the n-complexes of transition metals with
polycyclic aromatic hydrocarbons, in which only a part of the ligand perimeter accessible for
coordination is involved in bonding to a metal atom, typically display high ability. Among the
dynamic processes that may occur in these compounds are intramolecular inter-ring
haptotropic rearrangements (IHR), which entail migration of an L,M fragment from one
position of the ligand to another. This type of thermally induced rearrangement was observed
previously for various tricarbonyl chromium complexes with polycyclic aromatic
hydrocarbons ligands, %! in particular with naphthalene 103, 104™% and biphenyl 105,
1062143 derjvatives (Scheme 18). In such complexes the Cr(CO); fragment in inert, non-
coordinating solvents like decane or CgFg at 80-170 °C intramolecularly shifts between
substituted and unsubstituted rings of the ligand with an activation barrier of 27-33 kcal

mol—1 (H°, K*-rearrangements).[*1%4!
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Scheme 18. Haptotropic rearrangement of the naphthaline and biphenyl derivative complexes

Moreover, 1,2-dihydro-2-phenyl-1,2-azaborine (109) reacts with Cr(CO)3(CH3CN)3 in THF at
50 °C to form the Cr(CO); complex 110 in which the chromium is A’-bound to the
heterocyclic ring. Heating 110 in THF causes it to isomerize to complex 111, in which the
chromium is #°-bound to the phenyl ring. The Cr(CO); group of 111 may be switched back to
the heterocyclic ring by base conversion to the anion 112, followed by thermal isomerization

to anion 113. Protonation of 113 re-forms 110 (Scheme 19).1*"!
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Scheme 19.Complexation and Haptotropic rearrangement of thel,2-Dihydro-2-phenyl-1,2-
azaborine (109)

In light of the above, and the progress of the complexation reaction of phenyl phthalimide, in
which only one yellow complex is formed in addition to the starting material (indicated by
TLC) after 30 min. of the reaction time. One hour later the solution become pale red and TLC
shows two spots yellow and red, The red colour of the reaction mixture become more deeper
with time, which can be interpreted on the basis of haptotropic rearrangement. This lead us to
invstegate the possibilty of haptotropic rearrangement.

Attempts to increase the yield of complex 102 using haptotropic metal migration by increase
both reaction time to five days instead of two days and reaction temperature to 135 °C instead
of 120 °C, but there is no significant change in the percent of both 101 and 102. Also in a
separate experiment complex 101 was dissolved in Bu,O and heated at 135 °C for 24 hours
but no formation of complex 102. Therefore, we did not notice any migration of the
tricarbonyl group in N-phenyl phthalimide complexes this may be due to the electron-
deficiency of phthalimide or because of absence of conjugation between the phenyl group and
the benzene ring of phthalimide. These results agree with literature, that half-sandwich
Cr(CO)3; complexes of fused arenes are suitable compounds for haptotropic rearrangements
along extended =-ligand systems and the isomerization may result from an intramolecular

metal shift during which the metal fragment remains coordinated to the m-electron-system.
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This implies that the metal moiety remains attached to the same face of the arene ligand
throughout the whole process. This mechanism fulfills the requirements of a haptotropic metal
migration which has to proceed strictly intramolecularly The extent to which intermolecular
mechanisms contribute to the isomerization may increase with increasing polarity and donor

properties of the solvent and with increasing temperature.®!

We obtained complex 102 in low yield because of the electron deficiency on the phthalimide
moiety in comparison with the phenyl group. So we try to direct the coordination of the
Cr(CO)3 group towards the phthalimide moiety instead of phenyl group, this can be achieved
by decreasing the electron density in the phenyl group with electron-withdrawing substituents.
So we thought that N-(2,4-dinitrophenyl) phthalimide (104) will be an ideal precursor for this
propose. Unfortunately the introduction of two nitro groups, not only deactivate the phenyl

group to complexation but also deactivate the whole molecule (Scheme 20).

() —— Q-0

/
Cr(CO), (OC),Cr
101 102
O O,N Cr(CO)s O O,N
Bu,O/THF (10:1) 2
120 °c 48h >:
(OC)3Cr
104 105

Scheme 20. Haptotropic rearrangement of complexes 101,102 and complexation of 104
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1.5 Proposed fragmentation pattern of tricarbonyl N-substituted phthalimide
chromium (0) 72, 78-81 and 101

In contrast to hexacarbonyl chromium and bis-arene complexes, which have been studied
repeatedly by mass spectrometry, comparatively few papers have been devoted to a study of
the intermediate compounds, namely the tricarbonyl arene chromium complexes. Of the large
number of compounds belonging to this class, only the mass spectrum of tricarbonyl benzene
chromium has been studied in adequate detail.[**¢*2

The relative intensities of some ion peaks in the mass spectra of the tricarbonyl(phthalimides)
chromium(0) complexes have been investigated. The peaks corresponding to the molecular
ion M* has a moderate intensity. Peaks corresponding to consecutively CO loose are present.
Also peaks corresponding to free N-substituted phthalimides are present, which indicates the
decomplexation process. In addition to the base peak, which represent the chromium cation.

A substantial difference in the intensity of the lines of the CrCO" (m/z = 80) and Cr-
Phthalimide ions. Also the absence of the Cr(CO)," and Cr(CO)s" ions peaks, testify to the
predominant cleavage of carbon monoxide from M*, which reflects the greater stability of the
Cr- Phthalimide bond when compared with the Cr-CO bond. (The average energy values for
cleavage of the Cr-CgHs and Cr-CO bonds are respectively equal to 40.5*%% and 27.90'%
kcal/M.) The initial steps in the fragmentation of M" are the successive cleavage of two CO
molecules from it. Then the fragmentation of the phthalimide CrCO" ion proceeds in two
directions. Parallel with the cleavage of CO and the formation of the phthalimide Cr" ion a
partial cleavage of phthalimide with the formation of the CrCO" ion occurs. Finally, N-
substituted phthalimides loose RNCO radical to form benzocyclopropanone, followed by

loosing acetylene molecule (Table 1) (Scheme 21).124
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Table 1. The characteristic peaks in the mass spectra of complexes 72, 78-81 and 101

Prominent fragment ions m/z (relative abundance, %)

lon Assignment 72 78 79 80 81 101
a |M” 283 297 311 309 389,391 359
(17) (53) (25) (45) (10),(10) | (12)
b | M™-(CO) 255 269 282 280 361,363 331
(0) (0) (0) (0) (0).(0) (0)
c | M™-2(CO) 227 241 255 253 333,335 303
(1) | (20 9) 32) (4).(4) ()
d | M™-3(CO) 199 213 227 225 305,307 275
47) 97) (99) (83) (10),(10) | (100)
e | M™-Cr(CO)s 147 161 175 173 253,255 223
97) | (25) (15) (33) (4).(5) | (64)
f | M™ -[Cr(CO)s + RNCO'] 104 104 104 104 104 104
@82 | (12) (6) (10) (8) (15)
g | CeHs" 76 76 76 76 76 76
(89) (19) (10) (25) (11) (35)
h | C4Hy" 50 50 50 50 50 50
(16) | (8) (4) (12) (14) )
i | Cr(CO)" 80 80 80 80 80 80
(8) () (6) (25) (12) (5)
j |cr 52 52 52 52 52 52
(100) | (100) (100) (100) (100) (67)
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Scheme 21. Proposed fragmentation pattern of tricarbonyl N-substituted phthalimide
chromium(0) 72, 78-81,101
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2 Photochemical substitution reaction of tricarbonyl N-substituted phthalimide
chromium(0) complexes

2.1 Introduction

Many (arene)Cr(CO):PRs complexes have been synthesized in order to study metal-arene
rotation barriers, 121 changes in catalytic properties upon substitution of a carbonyl with a
phosphine. For example the steric and electronic effect in complex 108 in formation of
compound 109 in high stereoselectivity (Scheme 22).[*2%%! The ability to perform
Sonogashira coupling reactions with terminal alkynes to form organometallic complexes with
extended m-conjugation.[**738!

Although the substitution of a CO ligand by a phosphane decreases the propensity of the
complexes towards the oxidative addition of the palladium(0) species into the carbon—chlorine
bond, cross-couplings are still efficiently possible. Nevertheless, for a complete conversion of
the coupling reaction of the chlorobenzene-Cr(CO),PPh; complex 106 the reaction time has to
be extended to 24 h in a refluxing mixture of THF and triethylamine (Scheme 21). The

coupling of the chlorobenzene-Cr(CQO)s; complex with terminal alkynes is complete within 3
h.[139]

=)o,
O - =)

& Pd", cu' 2
gy [
oc” \ O THF/NEL, oc” )} co
PPhy 41 % PPh,
106 107
G \ 1.BF3.0Et, H
L O A
o N
\
‘ 2. hv, THF
55 %, >99:1
OCin. / s
Cr\
/ o
PPh,

Scheme 22. Sonogashira coupling reaction of 106 and Diels—Alder reaction of 108
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Also, a number of mixed ligand A° arene chromium carbonyl complexes have been prepared
and investigated for their ability to affect electronic modulation of arene chemistry.
Modulation of the orbital density of arene chromium carbonyl complexes was originally
demonstrated by Jaouen in elegant studies involving the ionization of mixed ligand
chromium-complexed benzoic acids 110.*%! As expected, carboxylate acidity was strongly
influenced by donor/acceptor contributions of the arene metal carbonyl system, and the
observed pKa of the tricarbonylchromium derivative X (CO) reflects the potent withdrawing
ability of this subgroup. The corresponding dicarbonyl monophosphites, approximately
isoelectronic with the uncomplexed arene carboxylate, are notably less acidic, and the
dicarbonyl monophosphine complex is more resistant to ionization than the parent carboxylate
itself, a consequence of the donor ability of the phosphine group (Fig. 10).[*"

Ring substituents also interact with the & orbitals of arene complexes, and traditional z-donor
substituents (e.g., NEt,, NH,, OMe, F, Me) induce n-symmetry interactions with the complex,
which can be monitored by concomitant lowering of the (CO) infrared carbonyl stretching
frequencies,'**! due to the ability of arene chromium carbonyl complexes that influence the
electronic properties of both ring substituents and the x orbitals of the arene. The system that

represent these effects, as depicted in 111 (Fig. 10).4

¥

w 7
p - basicity A—RBR inductive effects

= contol of p-p "‘m{, i}d"” control of nucleophilicity

PN interactiona |
oc” 4 "co —

X 1

110 Yoo,
\Z_g

X pKa gr
Co 4.77 modulator OC/I \CO
POMej 5.52 X
POEt; 5.62
benzoic acid 5.68
PPh, 6.15 111

Figure 10. Electronic effects of changing CO group with electron-donor groups

Furthermore, (arene)Cr(CO).PPh: complexes have been synthesized in order to study the
stereochemistry of these complexes. For example, complexation of the chiral ligands 112

take place on either side of the aromatic ring, thus generating another element of chirality, and
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allowing formation of exo- and endo-diastereomers of complexes 113. Photochemical ligand
exchange was carried out with 113 to give endo/exo-dicarbonyl(l-
trimethylsilylbenzocyclobutene)triphenylphosphane chromium(0) (114) in 70% vyield. Then,
Diastereoisomer ratios were determined by *H NMR, and signal assignments were verified by
a NOE experiment. The proton-bearing substituents at the phosphine ligand make an NOE
measurement possible, which confirms the assigned structure: Irradiation with the frequency
assigned to endo-1 -H causes an NOE for the signal assigned to the ortho protons of the PPh;
ligand, whereas irradiation with the frequency assigned to the ortho protons of the PPh; ligand

causes a corresponding NOE at the signal assigned to endo-1-H (Scheme 23).[+*]

SiMe; SiMe; (‘stiMe3

N (NHs),Cr(CO)s N PPh, N
| oo, (O e [

/
Z C/ 7 70 % C/
- I‘w,// - [,
ocC Z oc 4

112 113 114

Scheme 23. Complexation and photochemical ligand exchange of compound 112

2.2 Synthesis of [Dicarbonyl(h°-N-substitutedphthalimide)triphenylphosphine]
chromium (0) 115-117

A series of mixed ligand complexes of the general type (phthalimides)Cr(CO),(PPhs3) has
been prepared photochemically, starting from (phthalimides)Cr(CO);.Triphenylphosphine (2
equiv.) was added to a solution of the tricarbonyl(phthalimide)chromium complexes 72, 78,
79 (1 equiv.) in toluene (30 mL). The reaction mixture was irradiated for 30 min to 3 h. with a
125 W mercury lamp using a quartz cell with continuous argon bubbling through the reaction
mixture and continuous cooling using a water condenser. The reaction progress was
monitored until TLC indicated no more starting material, then solvent was removed at
reduced pressure and the crude product was purified by short-degassed column
chromatography (SiO,, PE / TBME 1:2) Scheme 24.
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2 equiv. PPhg, toluene

hn, - CO
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oc €O
72 (R=H) 115 (R=H), 40 %
78 (R = CHa) 116 (R=CHj), 61 %
79 (R = (CH=CH,) 117 (R = (CH=CH,), 23 %

Scheme 24. Photochemical ligand exchange of complexes 72, 78 and 79

The new complexes 115-117 are dark brown solids while the starting complexes are red. This
change may be due to the extension of the conjugation with the electron-rich
triphenylphosphine. The constitutions of these complexes were confirmed based on the
elemental analysis and the spectral data. The IR, *H-NMR and **C-NMR spectra data of both
(phthalimides)Cr(CO),(PR3) and (phthalimides)Cr(CO); compounds indicates that
triphenylphosphine ligand is a powerful electron-donating and shielding ligand.

Firstly, the IR spectra of complexes 115-117 show the donor ability of the phosphine ligand in
dicarbonyl monophosphine chromium complexes 115-117, which decreases the carbonyl
stretching frequencies in comparison with tricarbonyl chromium complexes. The electron-
donation property of phosphine increases the electron density on the carbonyl carbon atoms

and this decreases the CO bond order so the carbonyls vibrate at lower frequencies (Table
2).[141]
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Table 2. Carbonyls stretching frequencies (cm™) change after introduction of phosphine

ligand
Tricarbonyl (phthalimide) Dicarbonyl phosphine (phthalimide)
Substituents ) :
chromium complexes chromium complexes
72,78 and 79 115-117

R=H 1979 1928 1931 1879

R =CHjs 1974 1894 1920 1882

R = CH=CH, 1980 1892 1935 1872

The *H-NMR spectra of the compounds 115-117 display signals of aromatic protons at higher
field, ca. 0.2-0.6 ppm in comparison with the tricarbonyl phthalimide chromium complexes.
This attributed to the high shielding effect of the more bulky, electron-rich dicarbonyl
phosphine chromium moiety. Moreover, the **C-NMR spectra show the aromatic signals in
the range of 0 = 84-94 ppm. All benzene carbon atoms are shifted to high field with respect to
tricarbonyl phthalimide chromium complexes except for C-5(6). Furthermore the chemical
shifts of the carbonyls of Cr(PPh3)(CO), are shifted to high field, ca. 7-10 ppm this agree with
the decrease of bond order of CO. In addition the corresponding signals of CO appears as two
peaks due to the phosphors-carbonyl coupling throw the metal and the coupling constants 2J
CP-1CO) are 21-30 Hz (Table 3.1+ |n addition the **C-NMR spectra show one, two and
three cross coupling of phosphorous atom with the phenyl carbon atoms, and the greatest

coupling constant is one-bond coupling J p.c = 36-37 Hz, %J p.c = 10-11 Hz, %) pc = 9-10
Hz [146.147]

10

12

115 (R = H)
116 (R = CHs)
117 (R = C=CH,)
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Table 3. The *H-NMR and **C-NMR spectra of tricarbonyl and dicarbonyltriphenylphosphine

(characteristics signals)

Tricarbonyl (phthalimides) Dicarbonyl triphenylphosphine
Substituents chromium complexes (phthalimides) chromium complexes
72,78,79 115-117
'H-NMR “C-NMR 'H-NMR “C-NMR
5(6)-H, 4(7)-H Cr(CO)3 5(6)-H, 4(7)-H Cr(CO),PPh,
6 (ppm) 6 (ppm) J (ppm) 23 p.co (Hz)
R=H 5.9,6.3 231.6 4.8,5.6 238.6, 238.8 (21)Hz
R = CHj3 5.5,6.0 228.9 4.9,5.6 238.9,239.2 (30)Hz
R = CH=CH;, 5.4,6.0 228.5 49,538 238.4, 238.6 (21)Hz

The mass spectra of complexes 115-117 show the molecular ion peak with very low intensity
reflecting the thermal-instability of these complexes. Also low intensity of the (M* — 2CO)
peak, the absence of the (M* — 2CO — PPhs) peak and the appearance of a peak corresponding
to CrPPhs" reflect the negative effect of the phosphine ligand on the strength of Cr-Benzene
bonds, which is weaker than in tricarbonyl complexes. The absence of the (M*- PPhs) peak

indicates that the Cr-P bond is stronger than the Cr-CO bond. The basic peak in the mass
spectra of complexes 115-117 is the triphenylphosphine cation which is stable fragment and

decomposed as reported (Table 4)(Scheme 25).124%!
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Table 4. The characteristic peaks in the mass spectra of complexes 115-117

Prominent fragment ions m/z (relative abundance, %)

lon Assignment 115 | 116 | 117
a |M” 517 | 531 | 543
@ 6 | @
b | M™-(CO) 489 | 503 | 515
@ | © | (O
c | M™-2(CO) 461 | 475 | 487
4) | (24 | (14)
d | M™-2(CO) - PPh; 199 | 213 | 225
© | @& |
e | M™-Cr(CO),PPh; 147 | 161 | 173
(16) | (30) | (27)
f | M™ - [Cr(CO),PPhs+ RNCO’] | 104 | 104 | 104
(12) | (15 | (11)
g | CeHs™ 76 76 76
(14) | (22) | (15)
h | Cr 52 52 52
9) | (65) | (45)
i | CrPPhs" 314 314 314
@ | (1) | (6
j | PPhs 262 | 262 | 262
(100) | (100) | (100)
k | PPhy 185 | 185 | 185
(13) | (12) | (11)
| | PPhy—H," 183 | 183 | 183
(74) | (87) | (50)
m | Phy—H," 152 | 152 | 152
(10) | (1) | (8)
n | PPh* 108 | 108 | 108
(41) | (39) | (37
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Scheme 25. Proposed fragmentation pattern of dicarbonyl (N-substituted phthalimide)
triphenyl phosphine chromium (0) 115-117
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2.3 Synthesis of [Dicarbonyl (h°-N-methyl phthalimide)trimethylphosphine , -triethyl
phosphite] chromium(0) 118 and 119, respectively.

Dicarbonyl phosphine/phosphite complexes 118 and 119 were prepared by irradiating mixture
of tricarbonyl(N-methyl phthalimide)chromium complex (78) with trimethyl phosphine or
triethyl phosphite, respectively for 30 min., using a 125 W mercury lamp in a quartz cell with
continuous argon bubbling through the reaction mixture and continuous cooling using a water
condenser. The reaction progress was monitored until TLC indicated no more starting
materials, the solvent was removed at reduced pressure and the crude product was purified by
short-degassed column chromatography (SiO,, PE / TBME 1:2) (Scheme 26).

0
PR, toluene
N
hn, - CO
/
Cr.

—1

oc™ | # @)

oc Cco
78 (R = CH,) 118 (R = CH3 62 %)

119 (R = OC,Hs, 45 %)

Scheme 26. Photochemical ligand exchange of complexes 78

The chemical structures of these compounds were established based on the elemental analyses
and spectral data. The IR spectra of complexes 118 and 119 have lower carbonyls stretching
frequencies at (1917, 1867 and 1723) and (1931, 1844 and 1740) cm™ respectively in
comparison with tricarbonyl chromium complex 87. The *H-NMR spectrum of [dicarbonyl
(H°-N-methyl phthalimide)trimethylphosphine] chromium(0) (118) shows the aromatic signals
at o = 5.38 and 5.80 ppm which are more down- field than corresponding triphenylphosphine
complex 116. On the other hand [dicarbonyl (#°-N-methyl phthalimide)triethylphosphite]
chromium(0) (119) shows the aromatic signals at 6 = 4.88 and 5.37 ppm which are up - field
complexes 78, 116, 118, that means the order of shielding effect of the replaced ligands is
P(OEt); > PPhs > P(CH3)s.
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The IR spectral data of dicarbonyl phosphine/phosphite complexes displays the effect of
phosphine and phosphite on the C=0 stretching frequencies. The carbon monoxide bonds to
transition metals using "synergic n* back-bonding." The bonding has three components,
giving rise to a partial triple bond. A sigma bond arises from overlap of nonbonding electron
pair on carbon with a blend of d, s, and p-orbitals on the metal. A pair of © bonds arises from
overlap of filled d-orbitals on the metal with a pair of n-antibonding orbitals projecting from
the carbon of the CO. The latter kind of binding requires that the metal has d-electrons, and
that the metal is in a relatively low oxidation state (<+2). The n-bonding has the effect of
weakening the carbon-oxygen bond compared with free carbon monoxide. Because of the
multiple bond character of the M-CO linkage (Fig. 11). Also it is known that the electron
density in arene chromium tricarbonyl complexes may be varied considerably by both the
number and nature of ring substituents attached to the benzene ring. This is clearly reflected in

the C=0 stretching frequencies.[*+1147:149.150]

.- 07V,
>e o s

S bond P back bond

K/I—CEO - |\/|=C=(__)

Figure 11. Metal carbonyl bond

Consequently increasing electron density on the metal will enhance back-bonding to the
carbonyl ligands, leading to increased population of the antibonding ©* orbitals of the C=0
ligands and a concomitant lowering of the (C=0) frequencies. In a simple valence bond
picture, a relatively low frequency of the two C=0 stretching vibrations points to a relatively

high electron density in the complex, as compared to (phthalimide)Cr(CO)s.
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3 Nucleophilic addition to tricarbonyl N-substituted phthalimide chromium (0)
complexes

3.1 Introduction

A metal carbonyl moiety complexed to a conjugated = electron framework is known to
prevent reagent approach from the same face of the molecule as occupied by the metal (endo
face) and thereby enforce exo-selective additions. In arene tricarbonylchromium complexes,
this attribute has been extensively harnessed to yield a large variety of target molecules of
biological interest.™>! In the course of these syntheses, exo-selective functionalizations at aryl,
benzyl, or homobenzyl sites have been routinely achieved.**% |n comparison, examples of
effective endo-functionalization procedures that would permit more flexible synthetic designs
are rare.™

Piers and Worster have found that benzylic protons of syn- and anti-(1-
methylindane)tricarbonylchromium 120 and 121 respectively undergo base catalyzed
hydrogen-deuterium exchange fairly rapidly and stereoselectively. The *H NMR spectrum of
the products indicate that only the benzylic protons, which are anti to the
tricarbonylchromium moiety undergo exchange to give 122 and 123 respectively (Scheme
27)_[154]

H, D
KOt-Bu
DMSO-dg < X
(OC)5Cr Hsc\\\\ H (OC),Cr H3C\\\ D
120 122
KOt-Bu
S DMSO-dg
(OC),Cr
121 123

Scheme 27. The catalyzed hydrogen-deuterium exchange of complexes 120 and 121
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The functionalization reaction has been studied on both complexes 124 and 125. Compound
124 led to complex 126 with the CH,OH group exclusively in the 6-position on the hormone
skeleton and anti with respect to the Cr(CO)s, moiety. A similar regio- and stereospecificity
resulted from the reaction of the B diastereomer complex 125 giving rise to complex 127
(Scheme 28).1%

0Si(Me),(t-Bu) 0OSi(Me),(t-Bu)

(OC)sCr, (OC),Cr.
‘\\
PhH,CO PhH,CO Z
124 125
(Me3Si),NNa | 56 9% (MesSi),NNa | 62 %
CH,O .
2 OSi(Me),(t-Bu) CH,0 OSi(Me),(t-Bu)

(OC)sCr,

Z

7
//.a

126 127

Scheme 28. Regio- and stereospecific methanolation of complexes 124 and 126

The stereoselective synthesis of unsymmetrical cis-1,3-disubstituted 1,3-dihydroisobenzo-
furans 131 can be achieved by two sequential deporotonaton-alkylation reactions of
(phthalan)Cr(CO); (128). Each of the two complexes 128 and 129 undergoes completely
selective exo-methylation reaction (Scheme 29).[**¢!

44



Results and Discussion

R,
i, t-BulLi
o — - o
. i, R, X
(OC)sCr (0C),cr
i, t-BulLi
128 i Rox 129 (R = Me, 88 %)
' R2 (R =D, 92 %)
R, R,
O,
o 2 . 5
(0C),cr®
R, 3

130 (R, =R, = Me, 91 %)
(R; =R, = D, 92 %)

Scheme 29. Regio- and stereospecific methanolation of complexes 124 and 126

Investigation of the nucleophilic reactions on the Cr(CQO)s; complexes of cyclic aryl ketones
such as (1-tetralone)Cr(CO); (132) show that. all nucleophiles, e.g. LiAIH4,M" %% NaBH,, X%
MeLi, 5725 MeMgl, 1261262 allylMgCI,™%! PhmMgBri*®Y attack (1-tetralone)Cr(CO); (132)
from the face opposite to the Cr(CO); generate the products 133 and 134 with an endo
hydroxyl group. These types of reactions have also been performed on homochiral (1-
tetralone)Cr(CO); (132) (Scheme 30).[164-166]

2-methyl substituents on (1-tetralone)Cr(CO);z do not affect the stereoselectivity even in the
case of the exo-2-methyl derivative. All the possible 2-methylated complexes 135-137 have
been studied in the homochiral series with LiAlHs and MeMgl as the nucleophiles.™®™ The
related 2-substituted (1-tetralone)Cr(CO); complexes 138 and 139 are also reduced
completely stereoselectively to the corresponding endo-(1-tetralol)Cr(CO)s; derivatives*®” as
are the exo-4-isopropyl derivatives 140°® and 141.1%%% MeLi also adds stereoselectively to

140 and 141 to give the 1-exo-methyl derivatives (Scheme 30).
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Scheme 30. Nucleophilic reactions on the (1-tetralone) Cr(CO); complexes

(2-Tetralone)Cr(CO); (142) with the carbonyl functionality further displaced from the
complexed ring still shows very high stereoselectivities in addition reactions. Thus, reduction
of 142 with LiAIH, or NaBH,; and subsequent acetylation gave (endo-2-
acetoxytetralin)Cr(CO); 143 in 96% or 90% de, respectively.'*®! Also, (1-indanone)Cr(CO);
(144) in both racemic and homochiral forms undergoes exo-hydride reduction with LiAlIH,4 or
KBH4 essentially completely stereoselectively to give endo-(1-indanol)Cr(CO); (145).116%:168]
Endo tertiary alcohols 146 are also produced completely stereoselectively on addition of
MeMgl or PhMgCl to 144 (Scheme 31).1¢]
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Scheme 31. Nucleophilic reactions on the (2-tetralone) Cr(CO)3; (142) and(1-Indanone)
Cr(CO)3 (144)
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3.2 Nucleophilic addition of methyl lithium to tricarbonyl (phthalimide) chromium(0)
(72)

In the last few years our group have been involved in a programme aimed to investigate the
nucleophilic addition reactions at the carbonyl group of heterocyclic chromium complexes
(such as isatin and phthalimide) with different carbon nucleophiles and hydride reagent.
Comparing our results with those obtained from cyclic aryl ketones such as (1-
tetralone)Cr(CO)s, (2-tetralone)Cr(CO); and (1-Indanone)Cr(CO)s, which are reacted with
the above reagent stereoselectively giving only the endo-OH with respect to the Cr(CO);3
moiety'[157-168]

In conjunction of this work we investigated the addition of methyllithium to
tricarbonyl(phthalimide)chromium(0) (72). In this reaction 3 equiv. of MeL.i solution (1.6 M
in cyclohexane) was added to the cooled (—78 °C) solution of complex 72, the colour of the
mixture changing from red to yellow indicating that nucleophilic attack took place. After
stirring for 3 h till TLC indicated no starting complex, hydrolysis with saturated aqueous
NH,4Cl and subsequent column chromatography, product 147 was obtained in 84 % vyield as a

yellow solid (Scheme 32).

0
i, 3 equiv. MeLi,
THF, - 78 °C, 3 h,
NH -
< ii, NH,OH, 84 %
(0C),C \ (OC)sC
72 147

Scheme 32. Nucleophilic addition reaction of methyl lithium to tricarbonyl (phthalimide)
chromium (0) (72)

The spectroscopic data are in agreement with the assigned structure. The IR spectrum of
complex 147 shows absorption bands at v = 3390, 3308 cm™ corresponding to OH and NH
groups and the characteristic absorption bands at 1976 and 1885 are assigned to the Cr(CO);
group. In addition to the carbonyl absorption band of the amide group at 1719 cm™.

The *H NMR spectrum of complex 147 shows singlet signal at = 1.9 ppm assigned to the
methyl group, the signal of the OH group appears at 6 = 5.5 ppm, and the aromatic proton
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signals apears as a multiplet in region ¢ = 5.6-6.3 ppm. In addition it indicated singlet signal at
0 = 8.1 ppm corresponding to the NH group

It is thought that the chemical shift of exo and endo OH group in the complexes should be
different due to the shielding of the Cr(CO);. The exo-OH should be less shielded by Cr(CO)s
than the endo-OH. Therefore, the value of chemical shift of OH will used to confirm the
configuration of the complex 147 and other complexes that will be discussed later.

The chemical shift of the OH group in complex 147 is similar to the chemical shift OH of the
complexes 149-153. Which were prepared by similar nucleophilic additions of lithium
reagents to the corresponding N-methyl phthalimide, isatin and indandione chromium
complexes (Fig. 12). The configurations of complexes 149-153 have been spectroscopically
assigned as exo-adducts and the structure of complexes 149 and 152 have been

unambiguously proven by X-ray crystallography.*81¢°!

Based on the well established rule for the nucleophilic reaction on complexes, which prove
that reagents attack arene Cr(CO); complexes from the exo face of the ligands™" %! and by
comparison of the chemical shift of the OH group in complex 147 with well known

configuration complexes 149-153, we can assign the complex 148 as an exo adduct.

]

151[169] 153[169]

Figure. 12 *H NMR chemical shifts in ppm assigned for OH group
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3.3 Nucleophilic addition of methyl magnesium chloride to tricarbonyl (N-methyl
phthalimide) chromium(0) (78).

Tricarbonyl (3-endo-hydroxy-2,3-dimethyl-2,3-dihydroisoindol-1-one)chromium(0)  (149)
was prepared by our group in 81 % vyield using methyllithium."*® We choose this compound
among the reduced phthalimides complexes as precursor for the formation of
tricarbonylchromium N-acyliminium ion, due to its stability and the high yield. We optimized
the reaction condition by using methyl magnesium chloride at -78 °C for 3h to have
quantitative yield of 149 (Scheme 33).

0] @)
i, 2 equiv. MeMgCl,
THF, - 78 °C, 2 h,
N - N—
ii, NH,OH, 93 % N .
(0C)sC> \ (OC)sCr HO CHs
78 149

Scheme 33. Nucleophilic addition reaction of methyl magnesium chloride to complex 78

The structure of complex 149 was confirmed based on all spectral data including X-ray single
crystals which obtained by recrystallization from CH,Cl,/hexane (1:3) at —18 °C. The

configuration of complex 149 was revealed as an exo-adduct by X-ray crystallography.!®®
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3.4 Reduction of tricarbonyl (N-methyl phthalimide) chromium (0) (78)

An excess of NaBH, (3 equiv.) was added to the cooled solution (=78 °C) of complex 78 in
THF/H,0 (1:1) as solvent. The colour of the mixture changing from red to yellow indicating
the reduction took place. After stirring for 30 min TLC indicated no starting material, and the
reaction was quenched with HCI (1M), giving product 154 in 65 % yield as yellow solid
(Scheme 34).

0 i, 3 equiv NaBH,, O
THF/H,O 1:1,
- 78 °C, 30 min
N N—
i, HCI, 65 % < \
(0C),cr \ (0C)scr HO YH
78 154

Scheme 34. Reduction of tricarbonyl (N-methyl phthalimide) chromium (0) (78)

The spectroscopic data are in agreement with the assigned structure. The IR spectrum of
complex 154 shows absorption bands at v = 3150 cm™ corresponding to the hydroxy group
and the characteristic absorption bands of Cr(CO)3 group at 1961, 1917, 1879. In addition to
the carbonyl absorption band of the amide group at 1675 cm™. The *H NMR spectrum of
complex 154 has singlet signal at 6 = 2.94 ppm corresponding to the methyl group, a multiplet
at 0 = 5.6 ppm corresponding to two aromatic protons and a multiplet at 6 = 5.9 ppm for the
benzylic hydrogen and one of the aromatic protons. The signal of OH proton appears at ¢ =
6.0 ppm overlaped with one of the aromatic proton (the chemical shift of the OH group
assigned the exo adduct). The *C NMR spectrum indicated the presence of the methyl group
at 0 = 26.1 ppm. It also featured the aromatic CH carbon atoms up-field 6 = 81.1-93.8 ppm,
and the quaternary aromatic carbon atoms at 98.9, 115.5 ppm with low intensity. In addition it
indicated the amide carbonyl at 165.8 ppm and the characteristic peak of Cr(CQO); group at
232.7 ppm. The mass spectrum shows peaks coresponding to the molecular ion, [M* = 2CQ],
[M*-3C0O], [M*-=3CO - OH], [M" = 3CO - H,0], [M" - Cr(CO)s] and [Cr]".
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3.5 Nucleophilic Addition of methyl magnesium chloride to tricarbonyl (N-phenyl A°
phthalimide) Chromium(0) (102)

The addition reaction of methyl magnesium chloride to tricarbonyl (N-phenyl A° phthalimide)
chromium(0) (102) at -78-0 °C gave product 155 in 78 % yield as yellow solid (Scheme 35).

i. 2 equiv.CH3;MgClI 3M,
-78°C, 10h
N >
ii. NH,OH, 78 %

(OC)sCr Y (OC)Cr HO\“

102 155

Scheme 35. Nucleophilic addition reaction of methyl magnesium chloride to complex 102

The spectroscopic data are in agreement with the assigned structure. The IR spectrum of
complex 155 shows absorption bands at v = 3400 cm™ corresponding to the hydroxy group
and absorption bands at 1963, 1958, 1889 cm™ which are assigned to the Cr(CO); group, in
addition to the carbonyl absorption of the amide group at 1700 cm™. The *H NMR spectrum
of complex 155 shows singlet signal at o = 1.7 ppm assigned to the methyl group and two sets
of aromatic protons one up-field at 6 = 5.7-6.5 ppm corresponding to four protons of
phthalimide, due to bonding with Cr(CQO); group. The other five aromatic proton signals at o
= 7.4 ppm are assigned to the phenyl group. The hydroxyl proton signal peak appears at 6 =
6.1 ppm. The *C NMR spectrum shows two set of the aromatic carbon atoms. The up-field
carbon atom signals at 6 = 85.5-95.3 ppm and quaternary carbon atom signals at 6 = 97.1 and
116.5 ppm corresponding to phthalimide, which bonding with Cr(CO); group. The other
aromatic carbon atoms at 0 = 123.3-132.3 ppm corresponding to the phenyl group. The
spectrum also featured a methyl group at 6 = 24.7 and amide carbonyl at 6 = 164.8, in addition
it indicated the characteristic peak at 6 = 232.2 ppm corresponding to Cr(CO); group. The
mass spectrum do not shows peaks coresponding to the molecular ion this due to thermal
instability, but shows peaks corresponding to [M* — 3CO — OH], [M" — 3CO - H,0], [M" -
Cr(C0O)3] [M* = Cr(C0O)3—OH] and [Cr]".
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3.6 Nucleophilic addition of methyl magnesium chloride to tricarbonyl(N-2-bromo ethyl
phthalimide)chromium(0) (81)

The nucleophilic addition of methyl magnesium chloride to tricarbonyl(2-bromoethyl
phthalimide) chromium(0) (81) at low temperature (-78-0 °C ) gave only one product 156.
On the other hand, when the reaction was carried out at room temperature, we obtained
the tricyclic complex 157 in addition to complex 156 (Scheme 36).According to the
literature, similar non-complexed tricyclic system derived from 2-bromoethyl phthalimide

was obtained by heating the reaction mixture at 40 °C.™

i. 2 equiv.CHzMgCI 3M,
-78°C, 10 h

ii. NH,OH, 74 %

1) S

(0C)Crt

IBr
N 156

\!
S

N

(oC)sCr

0 i. 2 equiv.CHsMgCl 3M,
25°C, 24 h +
81 156
ii. NH,OH
157
56 % 28%

Scheme 36. Nucleophilic addition reaction of methyl magnesium chloride to complex 81

At low temperatures (-78-0 °C) the nucleophilic addition of methyl magnesium chloride to
complex 81 gave the expected tricarbonyl [2-(2-Bromo-ethyl)-3-hydroxy-3-methyl-2,3-
dihydro-isoindol-1-one] chromium(0) (156) by usual hydrolysis of the intermediate. But at
higher temperature a second intramolecular nucleophilic cyclisation reaction takes place
to give tricarbonyl (9b-Methyl-2,3-dihydro-9bH-oxazolo[2,3-a]isoindol-5-one)
chromium(0) (157) (Scheme 37).
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—_—
(OC)sC
81 P -
PR
0 - 78°C
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N
N
N
N

(OC),CP>

(OC)sCr

156 157
Scheme 37. Proposed path way for the formation of complexes 156 and 157

The structures of complexes 156 and 157 were elucidated based on the different spectral
tools. The IR of 156 shows the hydroxyl absorption band at V = 3370 cm™, while this
band disappeared in complex 157. The *H NMR spectrum of 156 shows singlet signal for
the methyl group at 6 = 1.9 ppm, while the *H NMR spectrum of complex 157 shows that
signal of the methyl group at similar chemical shift of complex 156 (6 = 1.8 ppm) that
means there is no change in the configuration of the methyl group, which identified as exo
to the tricarbonyl chromium group based on the chemical shift of the hydroxy group of
156 (0 = 5.9 ppm). Moreover, the *H NMR spectrum of 156 shows two separete triplet
signals at ¢ = 3.6 and 3.8 ppm for the two methylene groups (CH,Br) and (CH;N)
respectively. While the *H NMR spectrum of 157 shows one multiplet signal at 6 = 4.1
ppm for (CH,0) and two multiplet signals for (CH,N), one proton at 6 = 3.5 ppm and the
other proton at an unusually low-field (6 = 4.3 ppm) this due to deshielding influence of
the adjacent carbonyl group.l!”®*™ The *C NMR spectra show that NCH, signal in both
156 and 157 are similar 6 = 41.4 and 42.1 ppm respectively. On the other hand, CH,Br
signal of 156 apears at 6 = 29.1 ppm while CH,O signal of 157 apear at 6 = 68.2 ppm,
which confirm that cyclisation took place. Finally, the mass spectra are in agreement with
the molecular ion peaks of both 156 and 157 at m/z = 407, 405 (1:1) and 325 respectively.
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3.7 Methylation of tricarbonyl(3-hydroxy-2,3-dimethyl-2,3-dihydro-isoindol-1-one)
chromium(0) (149)

This part of work suggested to confirm the construction of the nucleophilic addition
products by preparing both exo and endo isomers as in Scheme 38. Confirmation of the
construction by either *H NMR spectrum which expected to give differnt chemical shift
values of the methy group due to the sheilding effect of Cr(CO); group or using NOE

measurement.
o) @]
PPh3, hn
N— - N—
0c),c Ketd S
(0C)s o oc™ | >PPh, Q
Co \
78 158 159
CHgMgCI NaH, CH3|
0 0
H,S0,,CH;0H @ PPh3, hn
—_— > N—;»
0C),c N 0C),c $
(OC)s HO (OC)s N o—
149 160 161

Scheme 38. Reactions of complex 149 with different reagents

The reaction of tricarbonyl(3-hydroxy-2,3-dimethyl-2,3-dihydro-isoindol-1-one)chromium(0)
(149) with methyl iodide in the presence of NaH gave tricarbonyl (2,3-dimethyl-3-methoxy-
2,3-dihydro-isoindol-1-one) chromium(0) (158) as a yellow solid in 73 % yield (Scheme 39).
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O O
i. 1.3 equiv. NaH, CHjsl,
-78°C,4h
N >~ N—

ii. H,0, 73 %
ocy.cr s 0C),C $
(0C); HO (0C)s 0

149 158

Scheme 39. Methylation of complex 149 with methyl iodide

The spectroscopic data are in agreement with the assigned structure. The IR of complex 158
shows the characteristic absorption bands for the Cr(CO); at 1957, 1892, 1863 cm™, in
addition to the carbonyl absorption band of the amide group at 1709 cm™. The *H NMR
spectrum of the complex 158 shows three singlet signals at o = 1.8, 2.9 and 2.8 ppm for two
methyl groups (CCHs, NCH;) and methoxy group respectively. Moreover the aromatic
protons up-field at 6 = 5.7-6.3 ppm. The **C NMR spectrum shows three methyl signals at 6 =
23.8, 24.9 and 49.8 ppm assigned to NCH3, CCH3 and OCHg respectively. Moreover the
aromatic CH signals appears at ¢ = 85.8, 91.6, 91.8 and 96.2 ppm, also three signals for
quaternary carbon atoms appears at 6 = 91.8, 99.1 and 113.2 ppm. In addition, the spectrum
shows signals corresponding to the amide carbonyl carbon at 6 = 165.8 ppm and the
characteristic peak of Cr(CO); group at 6 = 232.7 ppm. The mass spectrum shows peaks
coresponding to the molecular ion, [M*™ — CH30], [M* — CH30H], [M* - 2CO], [M" - 3CQ],
[M* —=3CO - CH30],[M" = Cr(CO); — CH30 ], 159 (23) [M* — Cr(CO)3 — CH30H ] and [Cr]".
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3.8 Dehydration of tricarbonyl(3-hydroxy-2,3-dimethyl-2,3-dihydro-isoindol-1-one)
chromium(0) (149)

Attempts to prepare the stereoisomer of complex 158 (160) by treatment of complex 149 with
either Lewis acid (BF3;.OEt;) or mineral acids (HCI or H,SO,) as reported for similar
complexes 163.172 Actually we get the dehydrated complex 162 as the main product in case
of Lewis acid. While in case of mineral acids HCI or H,SO, we get also decomposed

materials (Scheme 40).

H,SO,4,CH;OH, 18 % (OC)sC
or
HCI.Et,0, CH5OH, 38 %

or 160
BF3.OEt,, CH;OH, 53 %

. @ -

162

(OC):C

CH3OH, H,SO0,

\\! \g
N N

-15°C, 75 % -
(OC)sCr oo My (OC)5Cr N o—

163 164

Scheme 40. Dehydration of complex 149 with different dehydrating agent

According to the reaction mechanism, the first step is the formation of the stable
tricarbonylchromium N-acyliminium ion by dehydroxylation with different acids. This

intermediate could be attacked by methanol followed by proton elimination to give the desired
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complex 160. The other possibility which took place is elimination of one hydrogen from the
adjacent methyl group to give complex 162 (Scheme 41).

CHOH 0
O R €]
(OC)sCP
© N— — 160
S R O O
(0C),Cr 'S ®
HQ@ -H
(OC),Cr R (0C),crt
H.C—

162

Scheme 41. The reaction mechanism of the dehydration vs. substitution of complex 149

Wang et al reported that reduction of 165 (R = CHj3) by sodium cyanoborohydride in the
presence of HCI in methanol, afford 3-methyl-2,3-dihydroisoindol-1-one (168) in 94% yield
via the intermediate 167. On the other hand, compounds 165 (R = Ph) under the same
conditions as those used for the preparation of 168 gave 3-phenyl-3-methoxy-2,3-
dihydroisoindol-1-one (166). From this experimental results and previous studies,*"3*"! it
can be stated that the primary or secondary alkyl group at the 3-position in compounds 165
dehydrated easily into the N-acyliminium ion, which stabilized and coexisted with the styrene
molecule, which then reduced by the hydride donor (NaCNBH3 in methanol) to give 168.
Under the same conditions, the tertiary alkyl group at the 3-position 165 (R = Ph) underwent
dehydroxylation by HCI to give a stable acyliminium ion, by resonance with benzylic
carbocation, which then attacked by the solvent (methanol) to give 166, but if an aprotic
solvent such as in THF used instead of methanol, the forming acyliminium ion was
subsequently reduced by NaCNBH3; to furnish the desired compounds 168 (R = Ph) Scheme
42,
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O @)
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H
— NH| —— NH
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NaCNBH3/HCI 166 (R =Ph), 60 %
CH,OH B _
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®
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165 NH "
CH, R
167 168 (R = CHy ), 94 %

Scheme 42. The reaction mechanism of dehydration of compound 165

The structure of complex 162 was confirmed based on elemental analysis and spectral data.
The IR spectrum of the complex 162 shows the characteristic absorption bands at 1965, 1889
cm™* assigned to Cr(CO)s, in addition to the carbonyl absorption band of the amide group at
1703 cm™. The *H NMR spectrum of the complex 162 shows singlet signal at § = 3.2.ppm
assigned to the methyl group and the methylene protons appear as two separate doublet
signals at 0 = 4.9, (J = 2.5 Hz) ppm and ¢ = 5.0 (J = 2.6 Hz) ppm. In addition the aromatic
proton signals § = 5.3-6.1 ppm. The *C NMR spectrum shows the methyl signal at § = 26.3
ppm and the quaternary carbon (C=CH,) signal at low magnetic field 6 = 141.2 ppm.
Moreover, the aromatic CH signals appears at 0 = 82.6, 88.4, 88.8 and 93.2 ppm, also two
signals for quaternary carbon atoms appears at 6 = 90.5 and 102.0 ppm. In addition the
spectrum features signals corresponding to the amide carbonyl carbon at 6 = 165.3 ppm and
the characteristic signal of Cr(CO); group at 6 = 230.6 ppm. The mass spectrum shows peaks
corresponding to the molecular ion [M™], [M* — 2CO], [M* - 3CO], [M" = Cr(CO)3] and [Cr]".

Single crystals for complex 162 was obtained by recrystallization from CH,Cl,/hexane (1:3)
at 25°C, (Fig. 13).
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Figure 13. Structure of 162 in the crystal

Selected bond lengths [A]and angles [°]

Crl-C11 1.841(7), Cri-C12 1.848(6), Crl-C13 1.845(6), Cr1-C2 2.203(5), Crl-C3
2.208(6), Cr1-C4 2.223(6), Crl-C5 2.212(5), Crl-C6 2.228(5), Cr1-C7 2.221(5), N1-C1
1.365(7), N1-C8 1.405(7), N1-C10 1.453(7), 01-C1 1.217(6), 02-C11 1.149(7), 03-C12
1.151(6), 04-C13 1.159(7), C1-C2 1.495(8), C3-C2 1.424(8), C3-C4 1.393(9), C4-C5
1.405(10), C6-C5 1.402(9), C7-C6 1.417(8), C7-C2 1.393(8), C7-C8 1.467(8), C8-C9
1.322(8).

C11-Cr1-C2 112.6(2), C13-Cr1-C2 158.9(3), C12-Cr1-C2 93.7(2), C7-Cr1-C6 37.1(2), C4-
Cr1-C6 66.7(3), 03-C12-Crl 178.4(5), C8-C9-HI9A 120.0, C8-C9-HI9B 120.0, HOA-CO-
H9B 120.0.

The X-ray structure analysis data shows that all Cr-C2, Cr-C3, Cr-C4, Cr-C5, Cr-C6, Cr-C7
nearly have the same bond length about 2.21 A, which indicates that the coordination of the
aromatic ring is centred with the chromium atom. Also all C-C bonds of the aromatic ring
nearly have the same bond length about 1.40 A, which are identical to the C-C the free
aromatic ring, which indicates that coordination of the Cr(CQO)3 group to the aromatic ring do

not affect on the resonance and C-C bond length.
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3.9 Reduction of tricarbonyl(3-hydroxy-2,3-dimethyl-2,3-dihydro-isoindol-1-one)
chromium (0) (149)

Treatment of mixture of complex 149 and triethylsilane in THF at -78 °C with BF3.OEt; gave
complex 169 as yellow solid in 61 % yield, in addition to the dehydrated product 162 as
orange solid in 11 % vyield (Scheme 43).

0 0

i. Et;SiH, BF5.OE,,

-78°C, 8 h
N— - N— + N—

ii. H,0

(0C)sCr y 5 (0C)sC (0C)scr
149 169 162
61 % 11 %

Scheme 43. The reduction of complex 149 by triethylsilane.

The formed product is expected to be an endo-methyl group with respect to the
tricarbonylchromium. This because after dehydroxylation by Lewis acid the acyliminium ion
attacked by the bulky triethylsilane from the opposite side to the tricarbonylchromium group.
Therefore, the hydride set in the exo position according to this suggested mechanism (Scheme
44).
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169

/Czr'(f
co
oc” %o

Scheme 44. The suggested mechanism of the reduction of complex 149 by triethylsilane

The spectroscopic data are in agreement with the assigned structure. The IR spectrum of
complex 169 shows the characteristic absorption bands of Cr(CO); at 1964, 1871 cm™, in
addition to the carbonyl absorption band of the amide group at 1688 cm™. The *H NMR
spectrum of complex 169 shows doublet signal at 6 = 1.6 ppm (J = 6.5 Hz, 3H) corresponding
to the CH-CH3 group and singlet at 6 = 3.0 ppm corresponding to NCHs. The benzylic
hydrogen appears as quartet signal at 6 =4.6 ppm (J = 6.1 Hz). In addition to the aromatic
protons at 6 =5.6-6.3 ppm. The *C NMR spectrum shows two methyl signals at J = 18.6 and
26.3 ppm for CH-CH3; and NCH3 respectively, Also the quaternary benzylic carbon signal
appears at 0 = 55.9 ppm. Moreover, the aromatic CH signals appears at 6 = 85.4, 90.6, 91.1
and 95.0 ppm, also two signals for quaternary carbon atoms appears at 6 = 100.0 and 117.3
ppm. In addition the spectrum shows signals corresponding to the amide carbonyl carbon at ¢
= 165.8 ppm and the characteristic signal of Cr(CO); group at 6 = 230.0 ppm. The mass
spectrum shows peaks coresponding to the molecular ion, [M* — 2CO], [M* — 3CO], [M" -
Cr(C0O)z], 159 (23) [M" - Cr(CO); — CH3] and [Cr]".
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4 Desymmetrisation of tricarbonyl N-substituted phthalimide chromium (0)complexes

Desymmetrisation of a meso starting material using a chiral reagent or catalyst provides a
powerful and versatile strategy in asymmetric synthesis as the differentiation of two
enantiotopic groups facilitates the formation of multiple stereocentres in a single
transformation. There are two methods were reported for desymmetrisation of meso-imide
and dicarbonyl compound. We investigated both methods in differentiation of the two

symmetric carbonyls of the phthalimide complexes.

4.5 Asymmetric olefination by using a chiral phosphonoacetate

Asymmetric desymmetrisation of meso-compounds involving carbon-carbon bond formation
is a versatile method for the production of chiral non-racemic organic molecules. Fuji et.al
reported asymmetric Horner-Wadsworth-Emmons (HWE) olefination by utilizing a chiral
phosphonate reagent (S)-171 and demonstrated that the reagent differentiated the enantiotopic
carbonyl groups in meso-a-diketone 170 to give a (+)-(2)- enone 172 in almost optically pure
form concomitant with a trace amount of a (+)-(E)-isomer 173, the enantiomeric excess (ee)

of which was considerably low (Scheme 45).117®!

OO %.CHZCOOMG
fole}
0 9@ o o
oR (5)- 171
MeOOC R+ | OR
o] NaH, -78 °C = =
OR OR OR
H MeOOC
170 (R = SiPh,tBu) 172 173
95 %, 98 % ee 2 %, 30 % ee

Scheme 45. HWE olefination reaction of meso-a-diketone 170 by using (S)-171

The chiral phosphonoacetate (S)-171 can also discriminate between the enantiotopic
dicarbonyls of #°-arene Cr and 5*-diene Fe complexes to afford optically active olefins with
planar chirality in high enantiomeric excess and good yield.™""! Chromium complex 174
which was prepared according to Butenschén’s method " was treated with the anion of (S)-
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171 at -78°C in THF for 1 h to give the Z-olefin 175 with 94% ee (HPLC analysis on a chiral
column) in 61% yield, together with the minor E-isomer 176 in 29% yield whose ee was as
high as 30% (Scheme 46).

OO O, CH,CO0Me
i’ih(jb H

o 0
COOMe
H X (s)-171 H X / | X
v
//C// NaH, -78 °C //C// //C// N\
(OC)sCr O (OC);Cr o] (OC)sCr
MeOOC
174 175 176
61 % vyield, 94 % ee 29 % yield, 30 % ee

Scheme 46. HWE olefination reaction of chromium complex 174 by using (S)-171

The above work encouraged us to differentiate the two enantiotopic carbonyls of #°-
phthalimide chromium complexes. Tricarbonyl(N-methylphthalimide)chromium(0) (78) was
treated with the anion of (S)-171 at -78°C in THF for 24 h. Unfortunately we got only the
starting complex 78 and no formation of the desired compounds 177 and/or 178 (Scheme47).
We repeated the experiment several times at higher temperatures -78 °C to 50 °C but no
reaction takes place. The reason may be the less reactivity of our imide towards this stabilised

chiral phosphonoacetate reagent compared with the reactivity of the a-diketone 170 and 174.

OO O.P;CHZCOOMe
. O O o0 COOMe 5

(s)- 171 /
N— X N— 4 N—
NaH, -78-50 °C
/ ’
(OC)4Cr \ wqg/ Y @q&/ \
COOMe
78 177 178

Scheme 47. HWE olefination reaction of chromium complex 78 by using (S)-171
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4.5 Asymmetric reduction by using a chiral oxazaborolidine catalyst

Asymmetric catalysis is perhaps one of the most useful methods available to the modern
organic chemist, allowing the transformation of an achiral material into an enantioenriched
one.!™ Chiral catalysts have been developed for use in various types of organic
transformations, one of the most successful reactions is based on the use of 1,3,2-
oxazaborolidines as chiral inductor in the asymmetric reduction of prochiral ketones. Chiral
1,3,2-oxazaborolidines 179 and 180 are generated from chiral 1,2-aminoalcohols and borane
as was first reported by Itsuno et al (Fig. 14).*¥ then championed by Corey et al.*® soon
thereafter prepared an oxazaborolidine derived from a,a-diphenyl-2-pyrrolidinemethanol 181
which was employed in the reduction of prochiral ketones with borane (BH3;-THF, CBS-
method). Oxazaborolidines have also been employed in the kinetic resolution of racemic
esters giving enantioenriched products.*® In recent years there have been several reports of
the use of asymmetric reducing agents in the desymmetrisation of meso-imides including
optically active BINAL-H™® and thiazazincolidine™® complexes. Of particular interest is
the use of oxazaborolidines demonstrating that unsubstituted oxazaborolidines 180 (R = Me,

OMe) were the most efficient catalysts for this transformation.™®!

R, !
\ R Ry
N— g~ 1 N\T/
! o
179 (R, = H,Me, R, = Me, Et, Bn) 180 (R, = Me, OMe) 181 (R, = Me, OMe)

Figure 14. 1,3,2-Oxazaborolidines catalysts 179, 180 and 181

Speckamp and co-workers showed that regioselectivity in the reduction of imide species is
controlled by the size and electronic nature of the substituent at the C-3 position when
nucleophilic hydride sources are employed as the reducing agent.*®®"1 The major isomer
formed in many cases was the hydroxylactam where reduction had occurred at the C-2
carbonyl, i.e. proximal to the bulky group. Since oxazaborolidine catalysts function by pre-
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complexation followed by intramolecular hydride delivery. Oxazaborolidine 180 (R = OMe)
was employed as the catalyst with BH3. THF as the hydride source, followed by reduction of
the initially formed hydroxylactam product to the corresponding y-lactam for ease of analysis.
In all cases, full regiocontrol of the reaction was achieved, reducing only the carbonyl at the
C-5 position providing 183 (Scheme 48).1%!

R; i. 10 mol % catalyst R, R;
180 (R = OMe), BHg. THF,
THF, 25 °C, 3h
S +
0O N 0 ii. TFA/Et3SiH, DCM, N 0 O N
k 25 °C, 1h, 17-49 % yield k k
Ph Ph Ph
182 (R = Me, Ph, t-Bu, o-Tolyl) 183 184
100% 0%

Scheme 48. Regioselective reduction of various C-3 substituted pyrrolidine-2,5-diones 182

Jones et.al. optimised the reduction conditions of hexahydrophthalimide 185 using different
chiral reducing catalysts 179-181. they found treated with 10 mol% of catalyst 180 (R = Me)
and 1 equiv. of BH3 THF at 0°C for 2 h to yield a mixture of the optically active cis- and
trans-5-hydroxy-2-pyrrolidinones 186 (Scheme 49). In order to simplify analysis, the crude
mixture was treated with TFA and Et;SiH and the lactam 187 isolated as the sole product in
75 % vyield and the enantiomeric excess. of lactam 187 was established to be 86% by
HPLC [

Ho P ho O H
10 mol % catalyst TFA/Et3SiH, DCM,
' 180 (R = Me), ' 25°C, 3h, y
\Ph BH; THF, 1 equiv., \Ph 75 % yield, \Ph
H THF, 0 °C, 2h b e.e.86 % A
o) 5 Y

187

185 186

Scheme 49. Chiral reduction of hexahydrophthalimide 185
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4.5 Asymmetric reduction tricarbonyl N-substituted phthalimide chromium (0) by

using chiral oxazaborolidine catalyst

Treatment of tricarbonyl phthalimides chromium complexes 78 and 79 with 10 mol%
oxazaborolidine catalysts 180 (R = Me) and 1 equiv. of BH3- THF at 25°C for 30 min gave the
optically active tricarbonyl(3-hydroxy-2-methyl-2,3-dihydro-isoindol-1-one)chromium(0)
(188) ( [0]°: = + 270 ) and tricarbonyl(3-hydroxy-2-ethyl-2,3-dihydro-isoindol-1-one)
chromium (0) (189) respectively (Scheme 50).

10 mol % catalyst

180 (R = Me),
N—R >
BH; THF, 1 equiv., N

N—R

(OC)3Cr/ \ THF, 25°C, 30 min. (OC),Ci HO H
78 (R= Me) 188 (R= Me, 67%)
79 (R = Et) 189 (R = Et, 66%)

Scheme 50. Chiral reduction of tricarbonyl phthalimides chromium complexes 78 and 79

Firstly a pre-equilibrium involving coordination of borane on the least hindered exo-face of
the aminoindanol in readiness for delivery to the complexed carbonyl group. This equilibrium
is a reversible process indicated by an equilibrium constant, K=220, for prolinol
oxazaborolidines 181.%°! As the size of the substitutent on the nitrogen atom is increased,
steric interactions now result in the equilibrium favouring placement of the larger alkyl group
on the least hindered exo-face, with the borane coordinating to the endo-face of the amino
indanol. Then reduction takes place from either of these two complexes. In the case of the
exo-borane species, delivery of hydride occurs to the coordinated carbonyl of the substrate
that is orientated such that the benzylic imide is regarded as the large group occupying a
position away from the B-methyl group. The same model applies to the endo-borane complex

except that the opposite enantiomer of product is now produced (Scheme 51).M
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of \ S
®F
\N\B/ N\B/ \N\B/
|+ [BH,. THF] |+ [BHsTHF] |
O — . o — . (0]
- [BH3.THF] - [BH3.THF]
exo-borane 180 endo-borane
_-Cr(CO3)
R\ O
H
H8” O N 0 ol - N
~. / / | N—pZ_
O N~ R o ©
| —Cr(C0O5)
(0] HZB/H

\\\\\CI‘(CO3) \\\\\CT(COQ,)
HO™™ ™\ 0o o “"MOH

R R

188 (R = Me)
189 (R = Et)

Scheme 51. proposed model for observed enatioselectivities

The spectroscopic data are in agreement with the assigned structures. The IR spectra of the
complexes 188 and 189 show absorption bands corresponding to the hydroxyl group at v =
3310 and 3350 cm™ respectively. Also the characteristic absorption bands of Cr(CO); appears
at (1961, 1917, 1879) and (1964, 1912, 1868) cm™ respectively. in addition to the carbonyl
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absorption of the amide group at Vv = 1675 and 1679 cm™ respectively. The *H NMR
spectrum of complex 188 shows singlet signal at 6 = 2.9 ppm corresponding to the methyl
group, two multiplet signals at 6 = 5.6 and 5.9 ppm corresponding to three aromatic protons
and benzylic hydrogen. The OH signal of complex 188 appears at 0 = 6.0 ppm overlaped with
one of the aromatic protons.

The *H NMR spectrum of complex 189 shows triplet signal at 6 = 1.2 ppm corresponding to
the methyl group, and two multiplet signals at 6 =3.4 and 3.6 ppm for the methylene group. In
addition to the four aromatic protons and OH proton at § = 5.6-6.0 ppm. **C NMR spectrum
of complex 188 shows peaks at 6 = 26.1 ppm coresponding to the methyl group. Moreover,
the aromatic CH carbon atom signals appear in region 81.1-93.8 ppm and quaternary
aromatic carbon atom signals appears at 6 = 98.9 and 115.5 ppm. In addition, the spectrum
features signals corresponding to the amide carbonyl carbon at 6 = 165.8 ppm and a
characteristic signal of Cr(CO); group at o = 232.7 ppm.

13C NMR spectrum of 189 shows peaks at § = 12.9 ppm coresponding to the methyl group,
and signal at 6 = 34.0 ppm corresponding to the methylene carbon and at 6 =78.8 ppm
corresponding to the benzyl carbon. In addition it indicated the aromatic CH carbon atom
signals in region ¢ = 86.1-93.1 ppm. Quaternary aromatic carbon signals appears at 6 = 98.3
and 114.8 ppm. In addition to the amide carbonyl at 6 = 164.9 and the characteristic peak of
Cr(CO)3 group at 0 = 232.1 ppm. The mass spectrum of both 188 and 189 show peaks
coresponding to the molecular ion, [M* — 2CQ], [M* - 3CO], [M" - 3CO — OH], [M* - 3CO
— H,0], [M" = Cr(CO)3] and [Cr]".
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4.5 Determination of Enantiomeric Excess of (+)-93 Using Mosher’s reagent

In early 1969 Mosher et al. established their method for the determination of enantiomeric
composition and absolute configuration of alcohol and amines.'®*%! This method includes
preparation of diastereomeric esters and amides from enantiomerically pure Mosher reagents,
such as a-methoxy-a-(trifluomethyl)- phenylacetic acid (R)-MTPA (190) and (S)-MTPA (191)
or a-methoxy-a-(trifluomethyl)phenylacetate chloride (S)-MTPA-CI (192) and (S)-MTPA-CI
(193) (Fig. 15). By measuring the intensities of the significantly different NMR signals of the
diastereometrically substituted groups of ester and amides the enantiomeric excess of alcohols

and amines can be determined.

191 (R)-MTPA 192 (S)-MTPA

193 (R)-MTPA-CI 194 (S)-MTPA-CI
Figure 15. (R)-MTPA (190), (S)-MTPA (191), (S)-MTPA-CI (192) and (S)-MTPA-CI

Mosher proposed that, in solution, the carbinyl proton and ester carbonyl and trifluoromethyl
groups of the MTPA moiety preferentially lie in the same plane (Figure 16 A).1*'\When the
MTPA group is in the hypothesized conformation, Mosher pointed out that the *H NMR
signal of L? of the (R)-MTPA ester will appear upfield relative to that of the (S)-MTPA ester

due to the diamagnetic effect of the benzene ring. The basic concept of the modified method
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is essentially the same as Mosher proposed: The idealized conformation is depicted in Figure
11B. Due to the diamagnetic effect of the benzene ring the 'H NMR signal of Hagc of the
(R)-MTPA ester will appear upfield relative to those of the (S)-MTPA ester. The reverse
should hold true for Hx v 2. Therefore, if it is definded Ad = s - Jr, When the protons Hagc...
on the right side of the plane, A3 is positive (Ad > 0), when the proton Hx v z... on the left side
of the plan, Ad is negative (Ad < 0). Put the protons with positive Ad on the right side and
those with negative Ad on the left side of the model A as illustrated in Figure 16C.

Mosher’s method has been most frequently used for determination of enantiomeric excess and
the absolute configuration of organic compounds™® including tricarbonylchromium

complexes.!%

(OMe) (Ph).eeeevenene (R)-MTPA
[A] 2 Ph‘ OMe-oe (S)-MTPA
., 0
g CF
Lafr \C[)I/‘\ 3
H
. C (OMe) (Ph) ............ (R)-MTPA
0 0 0 ............ (S)-MTPA
MTPA plane
OMTPA
[C]

X\
HY ‘— ‘HB Model A

Figure 16 [A] Configuration correlation model for the (R)-MTPA derivatives and the (S)-
MTPA derivatives proposed by Mosher. [B] MTPA plane of an MTPA ester. [C]

Model A to determine the absolute configurations of the secondary alcohols.
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Because the complete assignment of protons of complex organic molecules was practically
impossible, modifications have been used upon the basic concept as Mosher proposed.[** The
most important factor of the modified methods is the difference in steric bulkiness of the
substituents on the B- and B’-carbons (Figure 16B); the steric repulsion between the phenyl
group of the MTPA moiety and the B-substituents is essential to bring out the chemical shift
difference of the CF5 (*°F) or OMe (*H) group. The application of Mosher’s method by use of
high-field FT NMR spectroscopy has been reported.!** This method enables one to examine
the chemical shift differences of as many protons as can be assigned by means of up to date
NMR techniques. It is more reliable for the prediction of the absolute configurations of

complex molecules, especially natural products.

4.5 Synthesis of (R)-MTPA Ester of tricarbonyl(3-hydroxy-2-methyl-2,3-dihydro-

isoindol-1-one) chromium(0) (189)
complex 188 dissolved in THF and an equivalent amount of NaH was added and stirred for

few minutes, then (R)-MTPA-CI 193 was added and the reaction mixture was heated at reflux

for three hours. Mosher ester 195 is accessible in good yield (Scheme 52).

i. lequiv. NaH,

THF, 70 °C, 3h
71 % yield, e.e 31 %

193 (R)-MTPA-CI 188 195

Scheme 52. synthesis of Mosher ester 195

The isomeric products were not separable under the conditions of column chromatography
and the distereomeric ratio was deduced from the intergration of peaks in *H NMR spectrum.
The complexed aromatic ring proton peaks are almost overlapping, thus the intergration of
two singlets at 6 = 3.62 and 6 =3.56 ppm for OCHj3 groups of two diastereoisomers were used
for calculation of the enantiomeric excess and revealed that complex 193 was obtained in
about 31 % ee.
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C Summary

It is well established that planar-chiral arene tricarbonylchromium complexes represent highly
valuable building blocks for the diastereo— and enantioselective synthesis of complex
compounds. In principle, the powerful electron withdrawing effect of the Cr(CO); group
might dramatically facilitate the nucleophilic attack at the amide group of the phthalimide.
Moreover, it is possible to induce stereoselectivity of chemical reactions of
tricarbonylchromium phthalimide complexes with respect to the “stereodirecting” effect of
the Cr(CO); group. With this background, it is of considerable interest to exploit the chemical
and stereochemical reaction potential of tricarbonylchromium phthalimide complexes for the
synthesis of nitrogen containing heterocycles.

The present work is planned to synthesize tricarbonyl(phthalimide)chromium(0) complexes to
investigate the nucleophilic addition reactions at the carbonyl group with different carbon
nucleophiles and hydride reagent. For this purpose tricarbonyl(phthalimide)-chromium(0) (72)
and its N-substituted derivatives 78-81, were obtained by direct complexation of the
corresponding free ligands with hexacarbonylchromium in Bu,O/THF 10:1 at 120 °C for 17-
35 hin 11-61 % yields.

1.1 equiv. Cr(CO)q

NTR Bu,O/THF 10:1 NTR
120°C, 17-35 h /
(OC),Cr
O o)
71(R = H) 72(R=H) 70 %
74 (R = CHy) 78 (R = CH,) 61 %
75 (R = CH,CHb,) 79 (R = CH,CHs) 57 %
76 (R = CH=CHy,) 80 (R = CH=CH,) 11 %
77 (R = CH,CH,Br) 81 (R = CH,CH,Br) 42 %

Trials to improve the yield of N-vinylphthalimide complex 80, another synthetic pathways
have been suggested. Firstly, Complex 72 was converted into its potassium salt 82 and heated
at reflux in dimethylacetamide with vinyl bromide utilizing the method common for the free

ligand but the complex 82 decomposed. Moreover, palladium catalytic vinylation of
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phthalimide complex 72 also did not succeed. Finally, we could manage to improve the yield
to 44 % through complexation of N-vinylphthalimide with Kindig’s complexation reagent

(tricarbonylchromium naphthalene).

O o)
KOH, MeOH
NH > NK
93 %
/
(OC)3Cr/ N (OC)Cr Y
72 82

CH3COOCH:CH2 CHZZCHBr, Cul

CH3CON(CHyg),

2 % mol NaPdCl, N .
70 °C 165°C, 6 h

. J (oc:)sc N Z /<N J

THF reflux, 24 h \< ‘
44 % /
(OC),Cr

@) O
76 80

Complexation reaction of N-phenyl phthalimide (100) can afford one, two or three complexes
101-103, because Cr(CO)s group can be coordinated with either or both of the benzene ring of
phthalimide and aryl groups Actually we separated and identified both complexes 101 and
102 in 31 % and 11 % respectively.
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@]
N :
100
Cr(CO)s
Bu,O/THF (10:1)
120 °C, 48h
e} (OC)S,Cr (OC)3Cr (OC)3Cr Cr(CO)3
101 102 103
31% 11% not observed

A series of mixed ligand complexes of the general type (phthalimide)Cr(CO),(PPhs) has been
prepared photochemically. Triphenylphosphine (2 equiv.) was added to a solution of the
tricarbonyl(phthalimide)chromium complexes 72, 78, 79 (1 equiv.) in toluene (30 mL). The
reaction mixture was then irradiated for 30 min to 3 h. with a 125 W mercury lamp using a

quartz cell.

0
2 equiv. PPh,, toluene
> N—R
hn, - CO
Cr.
_— ’///
oc” A "ppn, ©
ocC
72 (R=H) 115 (R =H), 40 %
78 (R = CHy) 116 (R =CH,), 61 %
79 (R = (CH=CH,) 117 (R = (CH=CH,), 23 %
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Also, dicarbonyl phosphine/phosphite complexes 118 and 119 were prepared by irradiating
mixture of tricarbonyl(N-methyl phthalimide)chromium complex (78) with trimethyl

phosphine or triethyl phosphite, respectively.

PR3, toluene
hn, - CO

78 (R = CHy) 118 (R=CHy)
119 (R = OC2H5)

Nucleophilic addition reactions of methyllithium, methyl magnesium chloride and sodium
borohydride to tricarbonyl(N-methyl phthalimide)chromium complexes were took place with

high yield giving only the endo isomer ,which assigned by the chemical sift of the hydroxyl

group.
0] O
i, 2 equiv. MeLi or MeMgCl,
THF, - 78 °C, 2-10 h,
N—R - N—R
ii, NH,OH < ‘
(0C),C \ (0C);cr HO CHs
72 (R=H) 147 (R = H, 84%)
78 (R = Me) 149 (R = Me, 93%)
102 (R = Ph) 155 (R = Ph, 78 %)
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0O i, 3 equiv NaBH,,
THF/H,O 1:1,
- 78 °C, 30 min
N P
ii, HCI, 65 %
oC Cr\\\\\
(00)s Y
78 154

The nucleophilic addition of methyl magnesium chloride to tricarbonyl(2-bromoethyl
phthalimide) Chromium(0) (81) at low temperature (-78 °C ) gave only one product 156.

On the other hand, when the reaction was carried out at room temperature, we obtained the
tricyclic complex 157 in addition to complex 156

i. 2 equiv.CH3zMgClI 3M,
-78°C,10h

ii. NH,OH, 74 %

(0C)sCr

156

i. 2 equiv.CH3;MgClI 3M,
25°C, 24 h

ii. NH,OH

81

56 % 28%

The reaction of tricarbonyl(3-hydroxy-2,3-dimethyl-2,3-dihydro-isoindol-1-one)chromium(0)
(149) with methyl iodide in the presence of NaH gave tricarbonyl (2,3-dimethyl-3-methoxy-
2,3-dihydro-isoindol-1-one) chromium(0) (158) as a yellow solid in 73 % yield.
Attempts to prepare the stereoisomer of complex 158 by treatment of complex 149 with either
Lewis acid (BF3.0OEt,) or mineral acids (HCI or H,SO,) as reported for similar complexes

77



Summary

163.1"2 Actually we got the dehydrated complex 162 as the main product in case of Lewis

acid, while in case of mineral acids (HCI or H,SO,) we got also decomposed materials

i. 1.3 equiv. NaH, CHgl,
-78°C,4h

ii. H,0, 73 %

— 158
(OC)sC 0
BF3.0OEt,, CH30H, 53 %
or
149 HCI.Et,0, CH3OH, 38 % N——
or N
H,S0,CHsOH, 18%  (oc),c
162

Treatment of a mixture of complex 149 and triethylsilane in THF at -78 °C with BF3;.0Et,
gave complex 169 as a yellow solid in 61 % yield, in addition to the dehydrated product 162

as an orange solid in 11 % vyield

0O
i. Et3SiH, BF3.OEt,,
-78°C, 8h
ii. H,O N
(OC)sC (OC)sCr
149 169 162
61 % 11 %
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c5 C6

Structure of 162 in the crystal

Treatment of tricarbonyl phthalimide chromium complexes 78 and 79 with 10 mol%
oxazaborolidine catalysts 180 (R = Me) and 1 equiv. of BH3- THF at 25°C for 30 min gave the
optically active tricarbonyl(3-hydroxy-2-methyl-2,3-dihydro-isoindol-1-one)chromium(0)
(188) and tricarbonyl(3-hydroxy-2-ethyl-2,3-dihydro-isoindol-1-one)chromium(0) (189)
respectively

10 mol % catalyst

180 (R = Me), ©
N—R N—R
Vs BH; THF, 1 equiv., $ 3
(OC)SCr \ THF, 25°C, 30 min.  (OC);Cr’ HO “H
78 (R= Me) 188 (R= Me, 67%)
79 (R = Et) 189 (R = Et, 66%)

The distereomeric ratio was deduced from the intergration of peaks in *H NMR spectrum. The
complexed aromatic ring proton peaks are almost overlapping, thus the intergration of two
singlets at 6 = 3.62 and 6 =3.56 ppm for OCHj3 groups of two diastereoisomers were used for
calculation of the enantiomeric excess and revealed that complex 193 was obtained in about
31 % ee.
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i. lequiv. NaH,
_ (@)
F3C/////
THF, 70 °C, 3h
71 % yield, e.e 31 % MeO
193 (R)-MTPA-CI 189 195
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Experimental

1. General Remark

All operations were performed in an argon atmosphere using the Schlenk technique. Reaction
vessels were heated at reduced pressure with a heat gun and flushed with argon or nitrogen.

This procedure was repeated three times.

Solvents were dried and argonated before use. Diethyl ether and THF were distilled from
sodium wire/benzophenone under nitrogen; petroleum ether (PE), tert-butylmethyl ether
(TBME) and ethyl acetate were dried with calcium chloride. Hexane, dibutyl ether, methylene

chloride and were dried with calcium hydride.

Preparative column chromatography was carried out using flash chromatography. Silica
gel (J. T. Baker, £ 40 mm) was degassed by heating it with a heat gun at reduced pressure
followed by setting it under normal pressure with argon. All the solvents used for column
chromatography were distilled over drying agents e.g. calcium chloride, calcium hydride, and

then argonated for about 20 min by flowing with a constant argon stream.

Thin layer chromatography (TLC) was carried out using aluminum TLC plates coated with
the silica gel 60F,s, from Merck (Polygramo). The detection of changed substances over the
TLC was done with the help of a UV-lamp (1 = 254 nm) or developed with Ce(1V) sulfate

reagent.

Infrared Spectra (IR) were obtained using a spectrometer Perkin-Elmer FT 1710 with
Golden Gate ATR. The following abbreviations were used to indicate the intensity of the

absorption bands: s = strong, m = middle, w = weak, br = broad.

Mass spectrometry (MS) was carried out using a Finnegan AM 400 mass spectrometer
(ionization potential 70 eV). FAB-MS spectra were carried out using a VG-Autospec
spectrometer in a low resolution measurement with a nitrobenzyl alcohol matrix (NBA-
Matrix). LC-MS (ESI) mass spectra were recorded on a Micromass LCT with Lock-Spray-
unit (ESI). The injection was done in the Loop-Mode in a HPLC-Alliance 2695 column
(Waters). All values are given in atomic units of mass per elemental charge (m/z). The

intensity is given as a percentage of the base peak.
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High resolution mass spectra (HRMS) were recorded with the peak-matching method using
perfluorokerosen (PFK) as the internal standard using a VG-Autospec spectrometer (the
NBA-Matrix was used) or with the Peak-Matching method in a Micromass LCT spectrometer
with Lock-Spray-unit (ESI).

'H NMR spectra were measured using instruments Bruker WP 200 (200.1 MHz) and AVS
400 (400.1 MHz) at 25 °C. In the case no tetramethylsilane (TMS, ¢ = 0.00) was used as a
reference, residual solvent signals (acetone d = 2.05 ppm, chloroform d = 7.26) as internal
standards. The multiplicity of the peaks were abbreviated as s (singlet), d (doublet), t (triplet),
g (quartet), m (multiplet), br (broad).

3C NMR spectra were measured using the instrument Bruker AVS 200 (50.3 MHz) and
AVS 400 (100.6 MHz). . In the case no tetramethylsilane (TMS, 6 = 0.00) was used as a
reference, residual solvent signals (acetone d = 29.8 ppm, chloroform d = 77.0) as internal
standards. The multiplicity of the signals was determined with APT and DEPT techniques.
Signals (peaks) with negative phase for CH and CH3 were labeled with “~”, and those with
positive phase for C and CH, were labeled with “+”. Air sensitive samples prepared under

argon using the Schlenk technique. The deuterated solvents were stored under argon.

P NMR spectra were measured using the instrument Bruker AVS 400 (162 MHz). A

solution of H3PO4 30 % in water was used as external reference.

Melting points were determined with the Electrothermal IA 9200 Series Digital Melting
Point Apparatus.

Elemental analyses were carried out for CHN with element Vario EL instrument, with

acetanilide as the standard. All values are given as mass percentages.

Reagents were purchased from commercial suppliers (Across, Aldrich, Fluka, Lancaster,

Merck) and used without further purification.
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2. Synthesis of N-substituted-phthalimide tricarbonylchromium(0) complexes

2.1 General procedure for the synthesis of N-substituted phthalimide tricarbonyl
chromium(0) pomplexes (GP1):

The phthalimide and 1.1 equiv. of hexacarbonylchromium in dibutyl ether and THF (10:1) are
heated at 118-120 °C for 17 h to 48 h. After cooling to 25 °C, the reaction mixture is carefully
filtered through a P4 frit covered with a 2 cm thick layer of silica gel. The solvents are
removed at reduced pressure, and the crude product is purified by flash chromatography on
SiO,, eluting with TBME / PE (1:1 to TBME). The tricarbonylchromium phthalimide
complexes are obtained as red solids, which are moderate air stable.

2.1.1 Tricarbonyl(phthalimide)chromium(0)(72)"*®

72

GP1. (1,00 g, 6.8 mmol) of phthalimide (71) and (1.65 g, 7.5 mmol) of
hexacarbonylchromium in 80 mL Bu,O and 8 mL THF were heated at reflux for 48 h.
Purification by flash chromatography (200 x 20 mm, PE / TBME 1:3, then TBME) to yield
product 72 (1.35 g, 4.8 mmol, 70 %) as a red solid, m.p. 205 °C (dec.).

IR (ATR): V =3199 (m, NH) cm™, 1979 (s, CO), 1928 (s, CO), 1904 (m, CO), corresponding
to Cr(CO); group, 1716 (m, CO) of the amide group, 1605(m), 1307 (s), 1052 (s), — *H NMR
(400.1 MHz, [Dg] acetone): ¢ = 5.97 [m, 2H, 5(6)-H], 6.30 [m, 2H, 4(7)-H], 10.30 (s, 1H, N-
H). - *C NMR (100.6 MHz, [Dg] acetone, DEPT): & = 90.0 [-, C-4(7)], 94.6 [+, C-3a(7a)],
94.8 [-, C-5(6)], 168.8 [+, C-1(3)], 231.7 (+, C-8) ppm. — MS (70 eV): m/z (%) = 283 (17)
[M™], 227 (7) [M" = 2C0Q], 199 (97) [M* =3C0], 147 (97) [M* — Cr(CO)3], 104 (82),77 (12),
76 (98), 52 (100) [*2Cr]. - HRMS Cy,H;NOsCr: calcd. 296.9729, found. 296.9727. Elemental
analyses: calcd. : C, 46.66; H, 1.78; N, 4.95, found: C, 46.91; H, 1.82; N, 4.99.
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2.1.2  Tricarbonyl(N-methylphthalimide)chromium(0) (78)F!

(OC)sCr

78

GP1. (1.00 g, 6.2 mmol) N-methylphthalimide (74)®? and (150 g, 6.8 mmol)
hexacarbonylchromium in 70 mL of Bu,O and 7 mL of THF were heated under Argon at
reflux for 35 h. After filtration and solvent removal at reduced pressure, the reaction mixture
was separated by column chromatography (200 x 20 mm, PE / TBME 1:3) to yield (1.13 g,
3.80 mmol, 61 %) of 78 as a deep red solid, m.p. 196 °C.

IR (ATR): V = 3082 (w) cm™, 2961 (w), 1974 (s, CO), 1894 (s, CO), 1761 (m), 1698 (s),
1432 (m), 1371 (m), 1249 (w), 1203 (w), 1141 (w), 1080 (w), 1005 (m), 954 (w), 846 (w),
799 (w), 751 (w), 703 (w). — *H NMR (400.1 MHz, CDCls): & = 3.13 (s, 3H, 8-H), 5.52 [s, 2H,
5(6)-H], 6.05 [s, 2H, 4(7)-H] ppm. — *C NMR (100.6 MHz, CDCls, DEPT): § = 24.5 (-, C-8),
87.3 [-, C-4(7)], 90.6 [-, C-5(6)], 90.8 [+, C-3a(7a)], 167.2 [+, C-1(3)], 228.9 (+, C-9) ppm. —
MS (70 eV): m/z (%) = 297 (53) [M'], 241 (20) [M™ - 2CQ], 213 (97) [M" =3COQO], 161 (25)
[M* = Cr(CO)s], 117 (10), 104 (12), 76 (19), 52 (100) [*’Cr]. - HRMS C1,H;NOsCr: calcd.
296.9729, found. 296.9727. Elemental analyses: calcd. : C, 48.50; H, 2.37; N, 4.71, found: C,
48.94; H, 2.50; N, 4.78.
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2.1.3 Tricarbonyl(N-ethylphthalimide)chromium(0) (79)

(OC)5Cr

79

GP1. (1.1 g, 6.2 mmol) N-ethylphthalimide (75)°? and (1.50 g, 6.8 mmol) hexacarbonyl
chromium in 70 mL of Bu,O and 7 mL of THF were heated under Argon at reflux for 30 h.
After filtration and solvent removal at reduced pressure, the reaction mixture was separated
by column chromatography (200 x 20 mm, PE / TBME 1:3) to yield (1.13 g, 3.80 mmol, 57
%) of 79 as a deep red solid. m.p. 111 °C.

IR (ATR): V =3080 (w) cm™, 2960 (w), 1971 (s, CO), 1893 (s, CO), 1765 (m, CO), 1704 (s,
CO), 1439 (m), 1374 (m), 1265 (w), 1189 (w), 1155 (w), 1033 (w), 893 (w), 872 (w), 842 (w),
755 (w), 703 (w). — *H NMR (400.1 MHz, CDCls): & = 1.26 (t, J = 6.3 Hz, 3H, CH3), 3.70 (q,
J=6.5Hz, 2H, CH,), 5.52 [s, 2H, 5(6)-H], 6.06 [s, 2H, 4(7)-H] ppm. - *C NMR (100.6 MHz,
CDCls, DEPT): 8 = 13.6 (-, C-9), 33.8 (+, C-8), 87.5 [-, C-4(7)], 90.7 [, C-5(6)], 91.0 [+, C-
3a(7a)], 167.2 [+, C-1(3)], 229.0 (+, C-10) ppm. — MS (70 eV): m/z (%) = 311 (25) [M"], 255
(9) [M" = 2C0], 227 (99) [M* =3C0], 175 (15) [M* — Cr(CO)3], 133 (11), 77 (11), 52 (100)
[52Cr]. — HRMS C13HgNOsCr: caled. 310.9886, found. 310.9888. Elemental analyses: calcd. C,
50.17; H, 2.91; N, 4.50, found: C, 50.18; H, 2.75; N, 4.58.
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2.1.4 Tricarbonyl(N-vinylphthalimide)chromium(0) (80) *®

w0 /

(OC)4Cr

80

Method A

GP1. (050 g, 2.8 mmol) vinylphthalimide (76)°**°1 and (0.70 g, 3.2 mmol)
hexacarbonylchromium in 50 mL of Bu,O and 5 mL of THF were heated under argon at
reflux for 30 h. After filtration and solvent removal at reduced pressure, the reaction mixture
was purified by column chromatography (200 x 20 mm, PE / TBME 1:2) to yield product 80
(0.38 g, 1.2 mmol, 38%) as a deep red solid. m.p. 201 °C.

'H NMR (400.1 MHz, CDCl3): 6 = 5.07 (d, 2Jgis = 9.8 Hz, 1H, 9-H), 5.46 [dd, J = 2.5 Hz, 2H,
5(6)-H], 6.03 [m, 3H, 4(7)-H, 9-H], 6.75 (m, 1H, 8-H) ppm. — *C NMR (100.6 MHz, CDCls,
DEPT): 8 = 87.2 [-, C-4(7)], 89.6 [+, C-3a(7a)], 90.8 [-, C-5(6)], 105.9 (+, C-9), 123.3 (-, C-
8), 165.6 [+, C-1(3)], 228.5 (+, C-10) ppm. — MS (70 eV): m/z (%) = 309 (45) [M], 253 (32)
[M* = 2CQ], 225 (83) [M* — 3CO], 209 (46), 173 (33) [M" — Cr(CO)3], 154 (13), 129 (8), 108
(10), 97 (35), 80 (28), 69 (63), 52 (100) [**Cr]. - HRMS C13H;NOsCr: calcd. 308.9729, found.
308.9729. Elemental analyses: calcd. C, 50.50; H, 2.28; N, 4.53, found: C, 50.23; H, 2.74; N,
4.61.

Method B

(0.5 g, 2.8 mmol) vinylphthalimide (76) and (0.8 g, 3.1 mmol) of tricarbonyl(naphthalene)
chromium(0) in 50 mL THF was heated at reflux for 15 h., the solvent removed under
reduced pressure. Then the crude product was purified by column chromatography (200 x 20
mm, PE/TBME 1:1, then 1:2). 0.35 g (1.1 mmol, 40 %) of 80.
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2.1.5 Tricarbonyl(N-2-bromoethylphthalimide)chromium(0) (81)

81

GP1. (1.00 g, 3.93 mmol) of N-2-bromoethylphthalimide (77) and (0.95 g, 4.33 mmol) of
hexacarbonylchromium in 60 mL of Bu,O and 6 mL of THF were heated at reflux for 17 h.
Purification by flash chromatography (200 x 20 mm, PE / TBME 1:3) to yield 0.64 g of
product 81 (1.6 mmol, 42 %) as a red solid. m.p.127 °C.

IR (ATR): v =3032 (w) (CH), 2961 (w), 1974 (s, CO), 1894 (s, CO), 1761 (m, CO), 1698 (s,
CO), 1432 (m), 1371 (m), 1249 (w), 1203 (w), 1141 (w), 1080 (w), 1005 (m), 954 (w), 846
(w), 799 (w), 751 (w), 703 (w) cm™. — *H NMR (400.1 MHz, CDCls): 6 = 3.5 (t, J = 6.8 Hz,
2H, 9-H), 4.0 (t, J = 6.9 Hz, 2H, 8-H), 5.53 [m, 2H, 5(6)-H], 6.05 [m, 2H, 4(7)-H] ppm. — *C
NMR (100.6 MHz, CDCl3, DEPT, HMQC): 6 = 28.7 (+, C-9), 42.3 (+, C-8), 86.2 [-, C-4(7)],
91.1 [-, C-5(6)], 92.5[+, C-3a(7a)], 166.3 [+, C-1(3)], 232.9 (+, C-10) ppm. — MS (70 eV):
m/z (%) = 389, 391 (11), (11) [M*], 333, 335 (4), (4) [M" — 2CO], 311 [M" — Br], 305 (11),
307 (10) [M* =3CO0], 277 (70). 279 (67) [M" — (CO)4], 253 (3), 255 (4) [M*= Cr(CO)3], 227
[M*= Br —3(CO)], 174 [M" — Br — Cr(C0O)3], 160 (39), 130 (67), 102 (13), 52 (100) [Cr]. -
HRMS C;3HgBrCrNOs: calcd. 388.8991, found 388.8991. Elemental analyses: calcd. C, 40.02;
H, 2.07; N, 3.59, found: C, 40.43; H, 2.14; N, 3.61.
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2.1.6 Tricarbonyl (potassiumphthalimide)chromium(0) (82) ©®

82

(0.50 g 1.8 mmol) of tricarbonyl(phthalimide)chromium (72) was dissolved in 5.2 mL ethanol
at 50 °C. The solution of 0.10 g (1.8 mmol) of potassiumhydroxid in 5.6 mL of ethanol was
added dropwise and stirred for 2 h at 50 °C, the colour of the solution changing from red to
orange. The mixture was cooled to 25 °C and the orange solid precipitated in the solution.
After filtration, 0.54 g (1.7 mmol, 93 %) of 82 was obtained as orange air stable solids. m.p >
300 °C.

IR (ATR): V. =3080 (w), 1963 (s, CO), 1894 (s, CO), 1768 (m, CO), 1693 (s, CO), 1580 (s),
1379 (m), 1298 (w), 1125 (w), 1088 (w), 1051 (w), 793 (w), 711 (w) cm™. —*H NMR (400.1
MHz, [Ds] acetone): 6 = 5.69 [m, 2H, 5(6)-H], 6.00 [m, 2H, 4(7)-H]. - *C NMR (100.6 MHz,
[De¢] acetone, DEPT): 6 = 87.9 [-, C-4(7)], 92.9 [-, C-5(6)], 94.0 [+, C-3a(7a)], 168.9 [+, C-
1(3)], 232.6 (+, C-8) ppm. LC-MS (ESI): (C11H4sNOsCrK) [+H]: calcd.321.9130, found.
321.9133
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2.1.7 Tricarbonyl(N-phenylphthalimide)chromium(0) (101 and 102)

11

\
13 12 CF(CO)g
14

GP1. (1.5 g, 6.7 mmol) of N-phenyl phthalimide (100) and (1.63 g, 7.4 mmol) of
hexacarbonylchromium in 100 mL of Bu,O and 10 mL of THF were heated at reflux for 48 h.
Purification by flash chromatography (200 x 20 mm, PE / TBME 1:3) gave 0.75 g (2.0 mmol,
31 %) of 101 as a yellow solid. m.p. 162 °C, then (TBME) ) to give 0.26 g (0.7 mmol, 11 %)
of 102 as a red solid. m.p. 157 °C.

Tricarbonyl (N-A° phenyl phthalimide) chromium (0) (101)

IR (ATR): v =3103 (w), 1958 (s, CO), 1863 (s, CO), 1778 (m, CO), 1711 (s, CO), 1526 (m),
1460 (m), 1355 (m), 1223 (w), 1078 (w), 1046 (w), 878 (w), 812 (w), 794 (w), 713 (w), 670
(w) cm™. —*H NMR (400.1 MHz, CDCls): 6 =5.3 (t, J = 5.6 Hz, 1H, 11-H), 5.4 [t, J = 5.9 Hz,
2H, 10(12)-H], 5.9 [d, J = 6.3 Hz, 2H, 9(13)-H], 7.8 [s, 2H, 5(6)-H], 7.9 [s, 2H, 4(7)-H] ppm.
— 3C NMR (100.6 MHz, CDCl;, DEPT, HMQC): & = 89.4 [, C-9(13)], 90.7 [-, C-10(12)],
90.8 [-, C-11], 106.3 [+, C-8], 124.0 [-, C-4(7)], 130.9 [+, C-3a(7a)], 135.0 [, C-5(6)], 166.1
[+, C-1(3)], 231.9 (+, C-14) ppm. — MS (70 eV): m/z (%) = 359 (5) [M'], 303 (9) [M* - 2CO],
275 (100) [M* =3CQ], 223 (10) [M* = Cr(CO)3], 153 (11), 77 (16), 52 (79) [**Cr]. - HRMS
C17HgNOsCr: calcd. 358.9886, found. 358.9888. Elemental analysis: calcd. C, 56.84; H, 2.53;
N, 3.90, found: C, 57.13; H, 2.27; N, 4.11.
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Tricarbonyl (N-phenyl A° phthalimide) chromium (0) (102)

9 10
5
8 11
6
1
(OC)sCr SR
14

102

IR (ATR): V = 3088 (w), 1980 (s, CO), 1934 (s, CO), 1895 (s, CO), 1711 (s, CO), 1499 (m),
1406 (w), 1373 (s), 1224 (w), 1116 (w), 1063 (W), 879 (w), 848 (w), 760 (W), 705 (w), 689 (w)
cm™. - *H NMR (400.1 MHz, CDCls): & = 5.5 [s, 2H, 5(6)-H], 6.1 [s, 2H, 4(7)-H], 7.28 [m,
2H, 10(12)-H], 7.39 (m, 1H, 11-H), 7.51 [m, 2H, 9(13)-H] ppm. — **C NMR (100.6 MHz,
CDCls, DEPT, HMQC): & = 87.5 [-, C-4(7)], 90.1 [+, C-3a(7a)], 90.8 [-, C-5(6)], 126.7 [-,
C-10(12)], 128.7[-, C-11], 129.2 [-, C-9(13)], 130.9 [+, C-8], 166.3 [+, C-1(3)], 228.7 (+, C-
14) ppm. — MS (70 eV): m/z (%) = 359 (12) [M*], 303 (6) [M* — 2CO], 275 (100) [M* -3CQ],
223 (64) [M* = Cr(CO)s], 179 (46), 105 (12), 77 (18), 52 (67) [*°Cr]. - HRMS C17HyNOsCr:
calcd. 358,9886, found. 358.9888. Elemental analyses: calcd. C, 56.84; H, 2.53; N, 3.90,
found : C, 57.09; H, 2.69; N, 4.09.
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3 General procedure for the photolysis of N-substituted phthalimide tricarbonyl
chromium complexes 115-120 (GP2):

Phosphine or phosphite (2 equiv.) was added to a solution of the tricarbonyl phthalimide
chromium complexes 72, 78, 79 (1 equiv.) in toluene (40 mL). Then the reaction mixture was
irradiated for 30 min to 3 h with a 125 W mercury lamp in quartz cell with continuous argon
bubbling through the reaction mixture and continuous cooling using a water condenser, the
reaction progress being monitored by TLC. When the TLC indicated no more starting
material, the solvent was removed at reduced pressure and the crude product was purified by

short-degassed column chromatography (SiO,, PE / TBME)

3.1 [Dicarbonyl(phthalimide)triphenylphosphine]chromium(0) (115)

12

115

GP2. (0.25 g, 0.9 mmol) of 72 in toluene (40 mL), triphenylphosphine (0.46 g, 1.8 mmol),
irradiation for 1.5 h, column chromatography (100 x 20 mm, PE then TBME/PE, 1:2)
afforded (0.18 g, 0.4 mmol, 40%) of 115 as a deep brown solid. m. p. 172 °C.

IR (ATR): /7 = 3196 (br, NH), 3030 (w, arom. H), 1931 (s, CrCO), 1879 (s, CrCO), 1730 (s,
CO, CrC0), 1707 (m, NCO), 1605 (m) 1308 (m), 1053 (s), 719 (s), 694 (s) cm™. - *H NMR
(400.1 MHz, [Ds] acetone): ¢ = 4.84 [m, 2H, 5(6)-H], 5.70 [m, 2H, 4(7)-H], 7.45 (m, 15H, ,
10-, 11-, 12- H), 9.87 (s, 1H, NH) ppm. — *C NMR (100.6 MHz, [D¢] acetone, APT): J =
86.3 [-, C-4(7)], 86.5 [+, C-3a(7a)], 93.0 [, C-5(6)], 129.2 (-, *J p.c = 10 Hz, C-11), 130.7 (-,
C-12), 133.8 (-,2J p.c = 11 Hz, C-10), 138.5 (+, J p.c = 37 Hz, C-9), 169.6 [+, CO, C-1(3)],
238.6, (+, 2J (p.coy = 21 Hz, C-8). — *'P NMR (162 MHz, [De] acetone): d = 82.43 ppm. — MS
(70 eV): m/z (%) =517 (1) [M™], 461 (4) [M" — 2 CQ], 314 (15) [CrPPh3], 262 (100) [PPha],
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183 (74), 147 (15) [M*— Cr(CO),PPhs], 108 (41), 77 (8), 52 (9) [Cr]. - HRMS CsH20CrNO,4P:
calcd. 517.0535, found 517.0533.
Elemental analyses: calcd. C, 64.99; H, 3.90; N, 2.71, found: C, 65.29; H, 4.01; N, 2.63.

3.2 [Dicarbonyl(h>-N-methylphthalimide)triphenylphosphine]chromium(0) (116)

13

116

GP2. (0.50 g, 1.7 mmol) of 78 in toluene (40 mL), triphenylphosphine (0.88 g, 3.4 mmol),
irradiation for 3 h, column chromatography (100 x 20 mm; PE then TBME/PE 1:2) afforded
(0.55 g, 1.0 mmol, 61%) of 116 as a deep brown solid. m. p. 122 °C.

IR (ATR): 7 = 3030 (w, arom. CH), 2995 (w, aliph. CH) 1920 (s, CrCO), 1882 (s, CrCO),
1743 (m, CrCO), 1693 (s, NCO), 1452 (m) 998 (m), 747 (m), 693 (s) cm™. — *H NMR (400.1
MHz, [Dg] acetone): 6 = 3.0 (s, 3H, 8-H), 4.9 [m, 2H, 5(6)-H], 5.6 [m, 2H, 4(7)-H], 7.38 (m,
15H, 11-, 12-, 13- H) ppm. — *C NMR (100.6 MHz, [D¢] acetone, APT): ¢ = 24.1 (-, C-8),
86.0 [+, C-3a(7a)], 86.3 [- C-4(7),], 92.6 [-, C-5(6)], 129.3 (-3 p.c = 9 Hz, C-12), 130.7 [-,
C-13], 133.9 [-,2) p.c =11 Hz, C-11], 138.5 (+, J p.c = 36 Hz, C-10), 169.6 [+, C-1(3)], 238.9
(+, 2 p-co) = 30 Hz, C-9) ppm. — *'P NMR (162 MHz, [D¢] acetone): 5 = 82.2 ppm. — MS
(70 eV): m/z (%) = 531 (3) [M™], 475 (24) [M" — 2 CO], 314 (67) [CrPPh3], 262 (100) [PPhs],
183 (87), 161 (30) [M* — Cr(CO),PPhs], 108 (39), 77 (19), 52 (16) [Cr]. — HRMS
Ca9H22CrNO4P: caled. 531.0692, found 531.0692.

Elemental analyses: calcd. C, 65.54; H, 4.17; N, 2.64, found: C, 65.89; H, 4.31; N, 2.23.
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3.3 [Dicarbonyl[(h°*-N-vinylphthalimide)triphenylphosphine]chromium(0) (117)

14

117

GP2. (0.58 g, 1.9 mmol) of 79 in toluene (40 mL), triphenylphosphine (0.98 g, 3.8 mmol),
irradiation for 1.5 h, column chromatography (100 x 20 mm; PE then TBME/PE, 1:2)
afforded (0.23 g, 0.4 mmol, 23%) of 117 as a deep brown solid. m. p. 64 °C.

IR (ATR): 7 = 3090 (w, vinyl CH), 3053 (w, arom. CH) 1935 (s, CrCO), 1872 (s, CrCO),
1741 (m, NCO), 1635 (m), 1434 (m), 1366 (s), 979 (m), 743(m), 691 (s) cm™.MR (400.1
MHz, [De] acetone): d = 4.94 [m, 2H, 5(6)-H ], 4.97 (d, 3J.is = 10 Hz, 1H, cis-9-H), 5.80 [m,
2H,4(7)-H], 5.97 (d, *Jyans = 16 Hz, 1H, trans-9-H), 6.80 (dd, 3J = 19.8, 19.6 Hz, 1H, 8-H),
7.4 (m, 15H, arom. H) ppm. - 3C NMR (100.6 MHz, [Ds] acetone, APT): 6 = 84.2 [+, C-
3a(7a)], 86.8 [, C- 4(7)], 92.2 [-, C- 5(6)], 103.7 (+, C-9), 125.0 (-, C-8), 129.3 (-, *J pc=9
Hz C-13), 130.8 (-, C-14), 133.9 (-, 4 p.c =10 Hz, C-12), 138.2 (+, J p.c = 37 Hz, C-11),
168.1 [+, C-1(3)], 238.4 (+, °J (p.co) = 21 Hz, C-10). — *'P NMR (162 MHz, [D] acetone) 6 =
80.93 ppm. — MS (70 eV): m/z (%) = 543 (2) [M™], 487 (15) [M" — 2CO], 314 (56) [CrPPhg],
262 (100) [PPhs], 183 (48), 173 (25) [M*= Cr(CO),PPhs], 108 (37), 76 (14), 52 (45) [Cr]. -
HRMS C3oH2,CrNO4P: calcd. 543.0692, found 543.0696.

Elemental analyses: calcd. C, 66.30; H, 4.08; N, 2.58, found: C, 66.59; H, 4.35; N, 2.43.
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3.4 [Dicarbonyl(h>-N-methylphthalimide)trimethylphosphine]chromium(0) (118)

118

GP2. (0.25 g, 0.8 mmol) of 78 in toluene (40 mL), trimethylphosphine (0.13 g, 1.7 mmol),
irradiation for 3 h, column chromatography (100 x 20 mm; PE then TBME / PE 1:1) afforded
(0.16 mg 0.5 mmol, 62%) of 118 as a deep brown solid. m. p. 109 °C.

IR (ATR): 77 = 2929 (w, aliph. CH) 1917 (s, CrCO), 1867 (s, CrCO), 1723 (m, CrCO), 1696
(s, NCO), 1428 (m),1375 (M) 948 (m), 717 (s) cm™, — *H NMR (400.1 MHz, [D¢] acetone): &
=1.41[s, 9H, P(CHa)s], 3.03 (s, 3H, 8-H), 5.38 [m, 2H, 5(6)-H], 5.80 [m, 2H, 4(7)-H] ppm. —
3C NMR (100.6 MHz, [D] acetone, APT): § = 20.4 (-, J (p.c) = 26 Hz, C-10), 23.9 (-, C-8),
85.5 [+, C-3a(7a)], 85.7 [, C-5(6)], 88.9 [, C-4(7)], 169.9 [+, C-1(3)], 238.2 (+, %J (p-co) = 22
Hz, C-10); *'P NMR (162 MHz, [Ds] acetone) 6 = 35.32 ppm. — MS (70 eV): m/z (%) = 345
(26) [M™], 289 (46) [M* — 2CO], 213 (32) [M" = P(CHs); — 2CO], 161 (98) [M" -
CrCO,P(CHj3)3], 128 (77) [CrP(CHz3)3], 117 (76), 104 (80), 76 (100) [P(CHa)s, CeH4], 52 (71)
[Cr]. —= HRMS Cy4H16CrNO4P: calcd. 345.0222, found 345.0219.

Elemental analyses: calcd. C, 48.70; H, 4.67; N, 4.06, found: C, 48.92; H, 4.75; N, 4.11.
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3.5 [Dicarbonyl(h°-N-methylphthalimide)triethylphosphite]chromium(0) (119)

119

GP2. (0.25 g, 0.8 mmol) of 78 in toluene (40 mL), triethylphosphite (0.14 g, 0.85 mmol),
irradiation for 3 h, column chromatography (100 x 20 mm; PE then TBME / PE 1:1) afforded
(0.17 g, 0,4 mmol, 45%) of 119 as a deep brown solid. m. p. 124 °C.

IR (ATR): 77 = 2977 (w, aliph. CH) 1931 (m, CrCO), 1844 (s, CrCO), 1740 (m, CrCO), 1695
(s, NCO), 1430 (m), 1023 (s) 924 (m), 717 (m), 693 (s) cm™. — *H NMR (400.1 MHz, [D¢]
acetone): 0 = 1.23 (t, 9H, J = 7 Hz, 3CHs, 11-H), 3.07 (s, 3H, 8-H), 3.82 (g, 6H, J = 8 Hz,
30CH,), 4.88 [m, 2H, 5(6)-H], 5.37 [m, 2H, 4(7)-H], ppm. *C NMR (100.6 MHz, [De]
acetone, APT): ¢ = 16.1 (-, C-11), 23.9 (-, C-8), 60.6 (+, C-10), 80.9 [-, C-5(6)], 82.6 [+, C-
3a(7a)], 86.9 [, C-4(7)], 171.1 [+, C-1(3)], 236.3 (+,2] (p.co) = 32 Hz, C-9). *'P NMR (162
MHz, [Ds] acetone) § = 8.2 ppm. — MS (70 eV): m/z (%) = 435 (5) [M'], 379 (44) [M" -
2C0], 213 (17) [M" = P(OC,Hs); — 2CQ], 161 (66) [M* — CrCO,P(OC;Hs)s], 218 (98)
[CrP(OC;Hs)3], 166 (24) [P(OC,Hs)s], 52 (31) [Cr]. — HRMS C47H,,CrNO-P: calcd.435 0539,
found 435.0536.

Elemental analyses: calcd. C, 46.90; H, 5.09; N, 3.22, found: C, 47.08; H, 5.11; N, 3. 24.
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4 General procedure for the nucleophilic addition to N-substituted phthalimide

tricarbonylchromium (GP3)

A solution of the nucleophile in THF or Et,O was added dropwise at —78 °C to a cooled the
solution (=78 °C) of the complex in THF or Et,O. After stirring for 2 to 16 h at —78 °C till
TLC indicated no starting material, the reaction was hydrolyzed by addition of either
saturated aqueous NH4Cl or 1 M HCI at —78 °C. The color of the reaction mixture changed
from red to yellow or orange. The reaction was allowed to warm up to 20 °C, and extracted
with portions of ethyl acetate (15 mL) till the aqueous layer remained colorless. The collected
organic layers were washed with water and dried over MgSQ,, filtered through P4-frit cover
with 2 cm thick layer of silica gel. After solvent removal of at reduced pressure the crude
product was purified by flash chromatography (200 x 20 mm, TBME / PE or ethyl acetate).

4.1 Tricarbonyl(3-hydroxy-1-methyl-2,3-dihydro-isoindol-1-one)chromium(0) (147)

GP1, To the cooled solution of (0.30 g 1.0 mmol) of 72 in THF (30 mL) was added 2.2 mL
(3.1 mmol) of methyllithium (1.0 M in THF) at —78 °C, stirring for 3 h, extracted three times
with ethyl acetate, purified by column chromatography (200 x 20 mm, TBME). (0.27 g, 0.9
mmol, 84 %) of 147 as yellow solid, m. p. 178 °C (dec.).
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IR (ATR): V = 3390, 3308 cm™ (w, OH, NH), 2982(w), 1976 (s, CO), 1885 (s, CO), 1719
(m), 1681(m), 1431 (w), 1400 (m), 1156 (m), 1090 (m), 1074 (w), 1057 (w), 1027 (m), 949

(m), 877 (w), 840 (w). - 'H NMR (400.1 MHz, CDCls): & = 1.86 (s, 3H, 8-H), 5.54 (s, 1H,
OH), 5.63 (m, 1H, 4-H), 5.86 (m, 2H, 5(6)-H), 6.27 (d, J = 6.4 Hz, 1H, 7-H), 8.17 (s, 1H, NH)
ppm. — °*C NMR (100.6 MHz, CDCl3, DEPT): § = 27.3 (-, C-8), 86.0 (-, C-3), 87.1 (-, C-7),
91.5 (-, C-4), 93.0 (-, C-5), 96.1 (-, C-6), 99.0 (+, C-7a), 119.9 (+, C-3a), 167.5 (+, C-1),
233.6 (+, C-9) ppm. — MS (70 eV): m/z (%) = 299 (3) [M'], 282 (5) [M" — OH], 281 (24) [M"
- H,0], 243 (2) [M" - 2C0], 225 (12) [M* = H,0 - 2C0], 215 (5) [M* - 3CO0O], 198 (23) [M*
— OH - 3CO0], 197 (94) [M" — H,0O — 3C0], 163 (1) [M* = CrCOs] , 145 (36) [M" — H,0 —
CrCO0s], 132 (7), 117 (6), 103 (10), 90 (11), 76 (12), 52 (100) [**Cr]. - HRMS Cy,Hg Cr NOs:
calcd. 298.9886, found. 298.9886.

Elemental analyses: calcd. C, 48.17; H, 3.03; N, 4.68, found: C, 48.51; H, 3.19; N, 4.88.

4.2 Tricarbonyl(3-hydroxy-2,3-dimethyl-2,3-dihydro-isoindol-1-one)chromium(0) (149)

149

GP3, 1 (0.50 g, 1.7 mmol) of 78 in THF (30 mL), methyl magnesium chloride (3M in THF)
(1.4 mL, 4.2 mmol), was stirred for 2 h, extracted with ethyl acetate (3 x 20 mL), purified by
column chromatography (200 x 20 mm, ethyl acetate), to give 149 (0.49 g, 1.6 mmol, 93 %)
as a yellow solid. m.p 158 °C, (81 %).[°"!
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4.3 Tricarbonyl (3-hydroxy-2-methyl-2,3-dihydroisoindol-1-one)chromium(0) (154)

154

GP3, 1 (0.20 g, 0.67 mmol) of 78 in THF-H,O (1:1 30 mL), NaBH,4 (3 M in THF) (0.04 g, 1.0
mmol) was mixed at —78 °C. The temperature was raised to 0 °C, stirring for 30 min, acidified
with HCI (5 mL,1 M), extracted with ethyl acetate (3 x 15 mL), purified by column
chromatography (200 x 20 mm, ethyl acetate), yield to give 154 (0.13 g, 0.43 mmol, 65 %) as
a yellow solid. m. p. 139 °C.

IR (ATR): Vv = 3150 (w, OH), 3087 (w), 1961 (s, CrCO), 1917 (s, CrCO), 1879 (s, CrCO),
1675 (s, NCO), 1541 (w), 1421 (m), 1395 (m), 1247 (w), 1094 (m), 1036 (m), 938 (w), 827
(w), 792 (m), 759 (w) cm™. = *H NMR (400.1 MHz, [Ds] acetone, HMQC): § = 2.94 (s, 3H,
8-H), 5.63-5.70 (m, 2H, 5(6)-H), 5.96 (m, 2H, 3(7)-H), 6.06 (m, 2H, 4-H, OH) ppm. - *3C
NMR (100.6 MHz, [Ds] acetone): 6 = 26.1 (-, C-8), 81.1 (-, C-3), 86.9 (-, C-7), 89.9 (-, C-4),
924 (-, C-5), 93.8 (-, C-6), 98.9 (+, C-7a), 115.5 (+, C-3a), 165.8 (+, C-1), 232.7 (+, C-9)
ppm. — MS (70 eV): m/z (%) = 299 (31) [M], 243 (10) [M" — 2C0O], 215 (66) [M" — 3CO],
213 (11) [M* = 3CO - 2H], ], 198 (10) [M" = 3CO — OH], 197 (11) [M* - 3CO - H,0], 187
(66) [M" — 4C0O], 163 (15) [M" — Cr(CO)s], 162 (15) [M* = Cr(CO)3-H], 164 (100) [M" -
Cr(CO); — OH], 118 (28), 91 (37), 77 (26), 52 (74) [Cr]. —= HRMS Ci;Hg Cr NOs: calcd.
298.9886, found. 298.9889.

Elemental analyses: calcd. C, 48.17; H, 3.03; N, 4.68, found: C, 48.57; H, 3.14; N, 4.76.
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4.4 Tricarbonyl (3-hydroxy-3-methyl-2-phenyl-2,3-dihydroisoindol-1-one)chromium(0)
(155)

12

GP3, (0.30 g, 0.8 mmol) of 101 in THF (30 mL), methyl magnesium chloride (3M in THF)
(0.6 mL, 1.6 mmol), was stirred for 10 h, extracted with ethyl acetate (3 x 20 mL), purified by
column chromatography (200 x 20 mm, ethyl acetate), gave 155 (0.24 g, 0.64 mmol, 78 %) as
a yellow solid. m.p 148 °C.

IR (ATR): V = 3400 (w, OH), 3070 (w), 1963 (s, CO), 1958 (s, CO), 1889 (s, CO), 1700 (s,
CO), 1499 (m), 1383 (m), 1217 (w), 1112 (w), 1069 (w), 879 (w), 848 (w), 760 (w) cm™. —*H
NMR (400.1 MHz, [Dg] acetone, HMQC): 6 = 1.73 (s, 3H, 8-H), 5.72 (s, 1H, 6-H), 5.94 (s,
1H, 5-H), 6.00 (m, 1H, 4-H), 6.11 (s, 1H, OH), 6.45 (s, 1H, 7-H) 7.4 [m, 5H, (9-13)-H] ppm.
—3C NMR (100.6 MHz, [Dg] acetone): § = 24.7 (-, C-8), 85.5 (-, C-7), 89.1 (+, C-3), 90.5 (-,
C-4), 91.4 (-, C-5), 95.3 (-, C-6), 97.1 (+, C-7a), 116.5 (+, C-3a), 123.3 [, C-12], 127.5 [,
C-11(13)], 128.8 [-, C-10(14)], 132.1 [+, C-9], 164.8 (+, C-1), 232.2 (+, C-15) ppm. — MS
(70 eV): miz (%) = 375 (0) [M™], 274 (4) [M* — 3CO — OH], 273 (3) [M* - 3CO - H,0], 239
(2) [M* = Cr(CO)s], 223 (100) [M* — Cr(C0O);-0], 222 (7) [M* = Cr(CO);—OH], 179, 147,
104, 76, 52 [Cr]. - HRMS C;gH13 Cr NOs: calcd. 375.0199, found.

Elemental analyses: calcd. C, 57.61; H, 3.49; N, 3.73, found: C, 57.85; H, 3.34; N, 3.86.
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4.5 Tricarbonyl [2-(2-bromo-ethyl)-3-hydroxy-3-methyl-2,3-dihydro-isoindol-1-one]
chromium(0) (156)

GP3, (0.30 g, 0.8 mmol) of 81 in THF (30 mL), methyl magnesium chloride (3M in THF)
(0.5 mL, 1.5 mmol), was stirred at -78 °C for 10 h, extracted with ethyl acetate (3 x 20 mL),
purified by column chromatography (200 x 20 mm, ethyl acetate), gave 156 (0. g, 0. mmol, %)
as a yellow solid. m.p 128 °C.

IR (ATR): V = 3370 cm™ (br, OH), 2971(w), 1977 (s, CO), 1900 (s, CO), 1878 (s, CO) 1739
(s, NCO), 1542 (w), 1422 (w), 1376 (s), 1226 (m), 1129 (w), 1109 (m), 1090 (m), 949 (m),
806 (W), 774 (w). — 'H NMR (400.1 MHz, [De] acetone): 6 = 1.94 (s, 3H, 8-H), 3.64 (t, J =
7.9 Hz, 2H, 10-H), 3.83 (t, J = 8.0 Hz, 2H, 9-H), 5.73 [m, 2H, 5(6)-H], 5.93 (m, 2H, 4-H, OH),
6.39 (d, J = 6.1 Hz,1H, 7-H) ppm. — *C NMR (100.6 MHz, [D¢] acetone, DEPT): § = 25.5 (-,
C-8), 29.1 (+, C-10), 41.4 (+, C-9), 86.2 (-, C-7), 88.4 (+, C-7a), 91.2 , 92.3 [, C-5(6)], 95.9
(-, C-4), 975 (+, C-3), 117.4 (+, C-3a), 166.4 (+, C-1), 232.9 (+, C-11) ppm. — MS (70 eV):
m/z (%) = 407, 405 (2), (2) [M'], 390, 388 (19), (20)[M* — OH], 389, 387 (48), (48) [M" -
H,0], 351, 349 (3), (3) [M" - 2CQ], 333, 331 (15), (15) [M" - 2CO - H,0], 323, 321 (1), (1)
[M* =3CO0], 305, 303 (11), (11) [M* = 3CO - H,0], 295, 293 (4), (4) [M* - 4CQ], 277, 275
(99), (100) [M* — 4C0Q], 253, 251 (10), (9) [M* — Cr(CO)3 - H,0], 196 (65), 172 (41), 158
(22), 77 (12), 52 (60) [Cr]. = HRMS C14H1,BrCrNO:s: calcd. 404.9304, found. 404.9307.
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4.6 Tricarbonyl(9b-Methyl-2,3-dihydro-9bH-oxazolo[2,3-a]isoindol-5-one)chromium(0)
(157)

157

GP3, (0.30 g, 0.8 mmol) of 81 in THF (30 mL), methyl magnesium chloride (3M in THF)
(0.5 mL, 1.5 mmol), was stirred at 25 °C for 24 h, extracted with ethyl acetate (3 x 20 mL),
purified by column chromatography (200 x 20 mm, TBME / PE 1:1), gave 157 (0.12 g, 0.35
mmol, 46 %) as a yellow solid. m.p 107 °C, then ethyl acetate, gave 156 (0.04 g, 0.01 mmol,
13 %).

IR (ATR): v = 2931 (w, CH), 1950(s, CrCO), 1889 (s, CrCO), 1865 (s, CrCQ), 1709 (s,
NCO), 1536 (w), 1413 (m), 1375 (s), 1258 (m), 1142 (m), 1075 (m), 1045 (m), 1019 (m), 909
(w), 883 (w), 798 (m) 695 (m) cm™. — *H NMR (400.1 MHz, [D¢] acetone): § = 1.82 (s, 3H,
10-H), 3.51 (m, 1H, NCHy), 4.08 (m, 2H, OCHy), 4.26 (m, 1H, NCHy), 5.77 (m, 1H, 7-H),
5.93 (t, J = 6.1 Hz, 1H, 8-H), 5.95 (d, J = 6.2 Hz, 1H, 9-H), 6.44 (d, J = 6.1 Hz, 1H, 7-H),
ppm. — 3C NMR (100.6 MHz, [Dg] acetone): ¢ = 20.9 (-, C-10), 42.1 (+, C-3), 68.6 (+, C-2),
86.0, 90.5, 91.9, 95.2 (-, C-6,7,8,9), 95.1 (+, C-9b), 97.0 (+, C-5a), 113.1 (+, C-9a), 165.9 (+,
C-5), 231.7 (+, C-11) ppm. — MS (70 eV): m/z (%) = 325 (42) [M"], 269 (13) [M" — 2CQ],
241 (66) [M* = 3CO0], 213 (44) [M* - 4COQO], 189 (2) [M* — Cr(CO)3], 174 (49) [M* — Cr(CO)3
— CHjs), 147 (27), 130 (36), 102 (11), 77 (21), 52 (100) [Cr]. — HRMS Cy,H1,CrNOs: calcd.
325.0042, found. 325.0039.

Elemental analyses: calcd. C, 51.70; H, 3.41; N, 4.31, found: C, 51.85; H, 3.24; N, 4.26.
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4.7 Synthesis of tricarbonyl(2,3-dimethyl-3-methoxy-2,3-dihydro-isoindol-1-one)
chromium(0) (158)

158

To a cooled solution of 149 (0.30 g, 1.0 mmol) in THF (40 mL) at —78°C was added NaH
(0.03 g, 1.3 mmol), then methyliodide (0.18 g, 1.3mmol) at —78 °C, stirring for 4 h, evaporate
solvent, diluted with water, then extracted three times with ethyl acetate, purified by column
chromatography (200 x 20 mm, TBME), yield product 158 (0.23 g, 0.7 mmol, 73 %) as a
yellow solid. m. p. 114 °C,

IR (ATR): V = 2930 (w, CH), 1957(s, CrCO), 1892 (s, CrCO), 1863 (s, CrCO), 1709 (s,
NCO), 1536 (w), 1416 (m), 1375 (s), 1257 (m), 1142 (m), 1075 (m), 1045 (m), 1019 (m), 909
(w), 880 (w), 798 (m) 694 (m) cm™. — *H NMR (400.1 MHz, [D¢] acetone, HMQC): ¢ = 1.80
(s, 3H, 9-H), 2.79 (s, 3H, 10-H), 2.86 (s, 3H, 8-H), 5.66 (t, J = 5.9 Hz, 1H, 6-H), 5.93 (m, 2H,
4(5)-H), 6.33 (d, J = 6.3 Hz, 1H, 7-H), ppm. — *C NMR (100.6 MHz, [Ds] acetone): J =
23.82 (-, C-8), 24.91 (-, C-9), 49.75 (-, C-10), 85.76 (-, C-4), 91.60 (-, C-7), 91.75 (-, C-5),
91.77(+, C-3), 96.17 (-, C-6), 99.11 (+, C-7a), 113.24 (+, C-3a), 165.81 (+, C-1), 232.74 (+,
C-11) ppm. — MS (70 eV): m/z (%) = 327 (11) [M'], 296 (5) [M* — CH30], 295 (9)[M* —
CH30H], 271 (4) [M* - 2C0], 243 (28) [M* - 3CQ], 212 (19) [M* = 3CO — CH;0 ], 211 (70)
[M* — 3CO — CH3OH ], 160 (82) [M* — Cr(CO)s; — CHsO ], 159 (23) [M* — Cr(CO); -
CH5OH], 130 (27) , 103 (15) 91 (13), 77 (22), 52 (100) [Cr]. - HRMS Ci4H;5CrNOs: calcd.
327.0199, found. 327.0202.
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4.8 Synthesis of tricarbonyl (2-methyl-3-methylene-2,3-dihydro-isoindol-1-one)
chromium(0) (162)

162

To a cooled solution of 149 (0.20 g, 0.67 mmol) in THF (30 mL) at —78°C was added (2 mL)
of BF3-O(Et), (48 % BF3) at —78 °C, stirring for 10 hrs, evaporate solvent, diluted with water,
then extracted three times with ethyl acetate, purified by column chromatography (200 x 20
mm, TBME / PE 4:1), yield product 162 (0.10 g, 0.34 mmol, 53 %) as a orange solid. m. p. 85
°C.

IR (ATR): vV = 3095 (w, =CH,), 1965(s, CrCO), 1889 (s, CrCO), 1703 (s, NCO), 1642 (s),
1532 (w), 1433 (m), 1381 (m), 1302 (w), 1080 (m), 1029 (m), 841 (w), 770 (w), 697 (m) cm™,.
—'H NMR (400.1 MHz, CDCl;, HMQC): 6 = 3.23 (s, 3H, 8-H), 4.88 (d, J = 2.5 Hz, 1H. 9-H),
5.04 (d, J = 2.6 Hz, 1H, 9-H), 5.30 (t, J = 6.5 Hz, 1H, 6-H), 5.60 (t, J = 6.5 Hz, 1H, 5-H), 5.81
(d, J = 6.3 Hz, 1H, 4-H), 6.14 (d, J = 6.3 Hz, 1H, 7-H) ppm. — **C NMR (100.6 MHz, CDCly):
0 =26.3 (-, C-8), 82.6 (-, C-4), 88.4 (-, C-7), 88.8 (-, C-6), 89.4 (+, C-9), 90.5 (+, C-7a),
93.2 (-, C-5), 102.0 (+, C-3a), 141.2 (+, C-3), 165.3 (+, C-1), 230.6 (+, C-10) ppm. — MS (70
eV): m/z (%) = 295 (18) [M'], 239 (11) [M" — 2CO], 211 (89) [M" — 3CO], 159 (100) [M* -
Cr(C0O)s], 131 (15) [M" - 4CO0], 130 (78) [M" — Cr(CO); - H], 116 (11) [M" — Cr(CO)3 -
CH3],103 (17), 90 (17), 77 (19), 52 (90) [Cr]. - HRMS C;3HyCrNOs: calcd. 294.9937, found.
294.9935. Elemental analyses: calcd. C, 52.89; H, 3.07; N, 4.74, found: C, 52.57; H, 2.97; N,
4.82.
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4.9 Tricarbonyl(2,3-dimethyl-2,3-dihydro-isoindol-1-one)Chromium(0) (169)

169

To a cooled solution of 149 (0.40 g, 1.28 mmol) in THF (40 mL) at —78°C was added
triethylsilane (1 mL), then (1 mL) of BF;-O(Et), (48 % BF3) at =78 °C, stirring for 8 h,
evaporate solvent, diluted with water, then extracted three times with ethyl acetate, purified
by column chromatography (200 x 20 mm, TBME / PE 2:1), yield product 169 (0.23 g, 0.77
mmol, 61 %) as a yellow solid. m. p. 134 °C, and 162 (11 %)with (TBME / PE 4:1).

IR (ATR): v = 3058 (w, CH), 1964(s, CrCO), 1871 (s, CrCO), 1688 (s, NCO), 1551 (w),
1424 (m), 1394 (s), 1261 (m), 1150 (m), 1066 (m), 831 (w), 771 (m) cm™. — *H NMR (400.1
MHz, [D¢] acetone, HMQC, HMBC): ¢ = 1.60 (d, J = 6.5 Hz, 3H, 9-H), 3.01 (s, 3H, 8-H),
4.64 (g, J = 6.1 Hz, 1H, 3-H), 5.62 (t, J = 6.1 Hz, 1H, 5-H), 5.84 (t, J = 6.0 Hz, 1H, 6-H), 5.90
(d, J = 5.9 Hz, 1H, 4-H), 6.29 (d, J = 6.1 Hz, 1H, 7-H), ppm. — *C NMR (100.6 MHz, [Ds]
acetone,HMBC): ¢ = 18.6 (-, C-9), 26.3 (-, C-8), 55.9 (-, C-3), 85.4 (-, C-4), 90. 6 (-, C-7),
91.1 (-, C-5), 95.0 (-, C-6), 100.0 (+, C-7a), 117.3 (+, C-3a), 165.8 (+, C-1), 233.0 (+, C-10)
ppm. — MS (70 eV): m/z (%) = 297 (26) [M™], 241 (8) [M" - 2C0O], 213 (96) [M" - 3CO], 161
(43) [M" = Cr(CO)s], 146 (100) [M" — Cr(CO); — CHs], 130 (15) , 103 (17) 91 (30), 77 (22),
76 (11), 52 (89) [Cr]. - HRMS Cy3H1:CrNOy: calcd. 297.0093, found. 297.0093.
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4.10 Optically active tricarbonyl (3-hydroxy-2-methyl-2,3-dihydroisoindol-1-one)
chromium(0) (188)

188

Complex 78 (0.55 g, 1.85 mmol) in THF (3 mL) was added by syringe to a pre-stirred
solution (15 min) of catalyst 180 (10 mol %, from a 1.0 M solution in THF, 0.18 mL, 0.18
mmol)™*®! and BH3 THF (1.0 M solution, 1.85 mL, 1.85 mmol) at 0°C and left to stir at this
temperature for 30 min.. The reaction was then quenched with 5% HCI and the aqueous layer
was extracted into CH,Cl, (2x25 mL). The combined organic extracts were dried over MgSQO,,
filtered and the solvent removed under reduced pressure, purified by column chromatography
(200 x 20 mm, ethyl acetate), yield to give 188 (0.37 g, 1.24 mmol, 67 %) as a yellow solid.
m. p. 149 °C.

IR (ATR): v = 3310 (w, OH), 3087 (w), 1961 (s, CrCO), 1917 (s, CrCQ), 1879 (s, CrCO),
1675 (s, NCO), 1541 (w), 1421 (m), 1395 (m), 1247 (w), 1094 (m), 1036 (m), 938 (w), 827
(w), 792 (m), 759 (w) cm™. — *H NMR (400.1 MHz, [Ds] acetone, HMQC): § = 2.94 (s, 3H,
8-H), 5.63-5.70 (m, 2H, 5(6)-H), 5.96 (m, 2H, 3(7)-H), 6.06 (m, 2H, 4-H, OH) ppm. - **C
NMR (100.6 MHz, [Ds] acetone): 6 = 26.1 (-, C-8), 81.1 (-, C-3), 86.9 (-, C-4), 89.9 (-, C-7),
924 (-, C-5), 93.8 (-, C-6), 98.9 (+, C-7a), 115.5 (+, C-3a), 165.8 (+, C-1), 232.7 (+, C-9)
ppm. — MS (70 eV): m/z (%) = 299 (31) [M™], 243 (10) [M" — 2C0Q], 215 (66) [M" — 3CO],
213 (11) [M* = 3CO - 2H], ], 198 (10) [M" — 3CO — OH], 197 (11) [M* - 3CO - H,0], 187
(66) [M* - 4CO], 163 (15) [M* = Cr(CO)3], 162 (15) [M* = Cr(CO)s—H], 164 (100) [M"* -
Cr(CO); — OH], 118 (28), 91 (37), 77 (26), 52 (74) [Cr]. - HRMS C2Hg Cr NOs: calcd.
298.9886, found. 298.9889.

105



Experimental

4.11 Optically active tricarbonyl (3-hydroxy-2-ethyl-2,3-dihydroisoindol-1-one)
chromium(0) (189)

189

Complex 79 (0.35 g, 1.12 mmol) in THF (3 mL) was added by syringe to a pre-stirred
solution (15 min) of catalyst 180 (10 mol %, from a 1.0 M solution in THF, 0.11 mL, 0.11
mmol) and BH3 THF (1.0 M solution, 1.12 mL, 1.12 mmol) at 0°C and left to stir at this
temperature for 30 min.. The reaction was then quenched with 5% HCI and the aqueous layer
was extracted into CH,Cl, (2x25 mL). The combined organic extracts were dried over MgSQsy,
filtered and the solvent removed under reduced pressure, purified by column chromatography
(200 x 20 mm, ethyl acetate), yield to give 189 (0.23 g, 0.73 mmol, 66 %) as a yellow solid.
m. p. 113 °C.

IR (ATR): v = 3350 (w, OH), 3080 (w), 1964 (s, CrCO), 1912 (s, CrCQ), 1868 (s, CrCO),
1679 (s, NCO), 1541 (w), 1421 (m), 1394 (m), 1247 (w), 1090 (m), 938 (w), 837 (w), 792 (m),
759 (W) cm™. — *H NMR (400.1 MHz, [D¢] acetone, HMQC): 6 = 1.20 (t, J = 7.1 Hz, 3H, 9-
H), 3.38 (m, 1H, 8-H), 3.60 (m, 1H, 8-H), 5.64 (t, J = 5.5 Hz, 1H, 5(6)-H), 5.70 (t, J = 6.2 Hz
1H, 5(6)-H), 5.94 (d, J = 6.1 Hz, 1H, 4-H), 6.01 (m, 3H, 3(7)-H, OH) ppm. — *C NMR (100.6
MHz, [Dg] acetone): 6 =12.9 (-, C-9), 34.0 (+, C-8), 78.8 (-, C-3), 86.1 (-, C-4), 89.4 (-, C-7),
91.6 (-, C-5), 93.1 (-, C-6), 98.3 (+, C-7a), 114.8 (+, C-3a), 164.9 (+, C-1), 232.1 (+, C-10)
ppm. — MS (70 eV): m/z (%) = 313 (37) [M™], 296 (5) [M* — OH], 275 (14) [M" — 2CQ], 229
(75) [M* = 3C0], 211 (57) [M" = 3CO —H,0], 201 (80) [M* —4CO0O], 177 (15) [M" = Cr(CO)3],
160 (100) [M" — Cr(CO); — OH], 132 (66), 104 (21), 91 (15), 77 (37), 52 (93) [Cr]. - HRMS
C13H11 Cr NOs: caled. 313.0042, found. 313.0040.

Elemental analyses: calcd. C, 49.85; H, 3.54; N, 4.47, found: C, 49.57; H, 3.34; N, 4.36.
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