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Preface 

Over the past few decades, interest in organozirconium chemistry has been 
rapidly increasing. This special interest arises from the combination of transi- 
tion metal behavior, such as the coordination of a carbon-carbon multiple 
bond, oxidative addition, reductive elimination, B-hydride elimination, addi- 

tion reaction and from the behavior of classical o-carbanion towards elec- 
trophiles. The reactivity of the resulting carbanion can be easily modified by a 
whole gamut of transmetalation reactions. 

In this volume of Topics in Organometallic Chemistry, some remarkable 
recent achievements of organozirconium derivatives are described giving a 
unique overview of the many possibilities of these organometallic compounds 
as reagents and catalysts, which is one of the main reasons for their enduring 
versatility as intermediates over the years. 

In this multi-authored monograph, several experts and leaders in the field 
bring the reader up to date in these various areas of research (synthesis and 
reactivity of zirconaaziridine derivatives, zirconocene-silene complexes, ste- 

reodefined dienyl zirconocenes complexes, octahedral allylic and heteroallylic 
zirconium complexes as catalysts for the polymerization of olefins and finally 
the use of zirconocene complexes for the preparation of cyclopropane deriva- 
tives). It is their expertise that will familiarize the reader with the essence of 
the topic. 

I wish to express my sincere and deep appreciation to all of them. Reading 
their contribution was not only a pleasure but will also undoubtedly stimulate 
future developments in this exciting field of research. 

Haifa, September 2004 Ilan Marek 
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Abstract 77’-Imine complexes of zirconium, or zirconaaziridines, have attracted attention as 

amino carbanion equivalents. They can be prepared from an amine via C-H activation within 
a zirconium methyl amide complex, from an imine by addition to a zirconocene equivalent, 
and from an isocyanide by rearrangement of the product of isocyanide insertion into a Zr-H, 
Zr-C, or Zr-Si bond. Zirconaaziridines contain a chiral center if their ring carbon bears two 
unequal substituents. Insertion of unsaturated organic compounds into the polar Zr-C bonds 
of zirconaaziridines leads to amines, allylic amines, heterocycles, diamines, amino alcohols, 
amino amides, amino amidines, and amino acid esters. These reactions can be carried out 

asymmetrically if the zirconaaziridines are prepared from enantiomerically pure zirconium 
complexes, or if racemic zirconaaziridines are treated with enantiomerically pure insertion 
reagents. Enantioenriched allylic amines and a-amino acid esters have been prepared. The 
lability of their chiral centers distinguishes zirconaaziridines from other organometallic 
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reagents and makes it possible for them to undergo “dynamic kinetic asymmetric transfor- 

mations”. These chiral centers can invert through isomerization of the zirconaaziridine to (a) 
(when possible) an azaallyl hydride complex, or (b) (if necessary) an 7'-imine complex. The 
relative rates of inversion and insertion determine the stereochemical outcome of insertion 

reactions. 

Keywords 7’-Imine complex - Zirconaaziridine - Curtin-Hammett kinetics - 
Dynamic kinetic asymmetric transformation - Dynamic kinetic resolution 

Abbreviations 
Cp*  Pentamethylcyclopentadienyl 
EBTHI Ethylenebis(tetrahydroindenyl) 

L Ligand 

1 

Introduction 

Metal 7’-imine complexes with various transition metals [1-10] and lanthanides 
[11, 12] are well known in the literature. Early transition metal 7’-imine com- 
plexes have attracted attention as a-amino carbanion equivalents. Zirconium 7’- 
imine complexes, or zirconaaziridines (the names describe different resonance 

structures), are readily accessible and have been applied in organic synthesis in 
view of the umpolung [13] of their carbons; whereas imines readily react with 
nucleophiles, zirconaaziridines undergo the insertion of electrophilic reagents. 
Accessible compounds include heterocycles and nitrogen-containing products 
such as allylic amines, diamines, amino alcohols, amino amides, amino am- 

idines, and amino acid esters. Asymmetric syntheses of allylic amines and 
a-amino acid esters have even been carried out. The mechanism of such trans- 
formations has implications not only for imine complexes, but also for the 
related aldehyde and ketone complexes [14-16]. The synthesis and properties 
of zirconaaziridines and their applications toward organic transformations will 
be discussed in this chapter. 

2 

Synthesis of Zirconaaziridines 

There are three general routes to zirconaaziridines: C-H activation within.a 
zirconium methyl amide complex, imine addition to a zirconocene equivalent, 

and rearrangement of the product of isocyanide insertion into the Zr-H, Zr-C, 

or Zr-Si bond. Although a trapping ligand is not required for their generation, 
zirconaaziridines are often isolated as their 18-electron THF or PMe, adducts; 

dissociation of the THF or PMe, is often required for subsequent reactions. 
Zirconaaziridines can also be prepared and used in situ in the absence of a 
coordinating ligand. 
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2.1 

From an Amine via C-H Activation by Zr-R 

Zirconocene methyl amide complexes 1 are readily prepared by addition of 
lithiated secondary or N-silyl amines to zirconocene methyl chloride [17] or 
zirconocene methy] triflate [18] (Eq. 1). Loss of methane from 1 yields zircona- 

aziridines which, in the presence of THF or PMe;, can be isolated as the adducts 

2 in high yield and purity. This synthetic method is ideal when the isolation and 
characterization of the resulting zirconaaziridine is desired, as the C-H acti- 

vation and concomitant methane evolution occur with the formation of little 

side product. 

Reve: \ R2 i R! 

NLi CpoZrMex NYY - CH4 NEN: 
> CpoZr CpeZr (1) 2 ‘ oat H~ ~R X=Cl, OTF CHs +L 

R2 

1 2 

L= THF, PMe3 

This method is most practical for complexes where methane elimination is 
facile and occurs below room temperature. Zirconaaziridines such as those in 
Fig. 1 (with N-aryl and N-silyl [19] substituents) have been readily prepared in 
this manner [20-22]. Buchwald noted that methane elimination from 1 is facile 

when the “availability of the lone pairs on nitrogen” is reduced [20]; Whitby 
suggests that such “reduced availability... [is] due to conjugation with the aro- 
matic 7 system, or overlap with the Sid orbitals (or Si-C o* orbitals)” [23]. The 

rate of zirconaaziridine formation from le, for example, is faster by a factor of 

1,000 than the rate of the formation from If (Fig. 2). 

Ph Bu 

YN Me YN Pr 

CpoZry CpoZry 

3 3 

le if 

Fig.2 Rate of methane elimination is 1,000 times faster for le than for 1f 
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O Ph O Ph \ \ 
ton nie ENS EN yewanyt 

aie aguas CpoZr, CpoZr< ” 
3 3 

Ph TMS 

2b 2c 1b 1g 

Fig.3 Carbon substituents that increase the acidity of the methylene proton increase the rate 
of methane elimination 

Substituents in the R’ position that increase the acidity of the methylene 
protons on the amide ligand also increase the rate of methane elimination 
significantly. For example, methane elimination is facile to yield both the phenyl- 
substituted zirconaaziridine 2b and the a-silyl-substituted zirconaaziridine 
2c [24], whereas the rate can decrease by a factor of 100 for alkyl-substituted 
zirconaaziridines [23]. The amide complex 1b eliminates methane readily 
below -30 °C, whereas 1g requires over 1 h at 60 °C (Fig. 3) [24]. 

These observations, along with kinetic isotope effect studies and Hammett 
correlation studies, support a concerted elimination by o-bond metathesis 
involving a four-membered transition state (Eq. 2) [23]. A large kinetic isotope 
effect is observed for the loss of methane from methyl amide complexes 1b and 
1h (Eqs. 3 and 4), comparable to those observed by Buchwald and coworkers for 
formation of zirconium 7-thioaldehyde complexes [25] and by Bercaw and 
coworkers for formation of tantalum 7?-imine complexes [5a] through similar 
transition states. 

R! : 57 R2 Ea Ri 

: 2 rtorA te ’ Nill ean eran uate t epee) CpeZry Cp2zr- He Ae Cp2zr\ 

ahs ee : 2 PR? 
Hg 

Ph 
\ tT D(H) Ph Po ae 

N (ee i Kelle e CpoZr- a > Pri Ny H/Kp= 
Peas CPe2t 1 HD 2. MeOH Ph 

: Ph H/D Ph 
1b-do/ 1b-d, (3) 

Ph 
\ Ph Pr NY = H 

N ier ——_Pr Krvkn= oe 
CpsZi oo. HID) sees eS psZr— GS Ae es CH; i 2. MeOH 

1h-do/ 1h-d, (4) 
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x R! 

2 vy 
YN a R Cpezr 

Cp2Zry CHs 
CH3 Z 

X = COsMe, Cl, H, OMe Y = OMe, Cl, H Z = NMép, OMe, H, Cl 

3 4 5 

Fig.4 Compounds used for Hammett plots 

Ph Ph Ph 

pss wk pe 
CpoZr H CpoZr 

Fig.5 Variation of eliminated group 

Hammett studies revealed rate acceleration in the presence of electron-with- 
drawing substituents on 3 (p=+3.2). The mechanism requires that the methyl- 
ene group of the amide ligand and the methyl ligand adopt a geometry in which 
they can readily interact. Rate acceleration by electron-withdrawing substituents 
on 4 (p=+0.5) and by electron-donating groups on 5 (p=-1.56) implies sig- 
nificant negative charge on the methylene carbon and positive charge on zir- 
conium in the transition state. The activation parameter AS*=-4.5 eu agrees 
with an ordered transition state. All of these results support a polarized four- 
membered transition state, where the methyl ligand abstracts H* from the 
methylene group of the amide ligand [23] (Fig. 4). 

Zirconaaziridine formation can also occur via benzene elimination [26]. Se- 

quential additions of lithiated amine and phenyllithium to dichlorozirconocene 
yield a zirconocene phenyl amide complex that undergoes benzene elimination 
to result in zirconaaziridine. Rates for methane and benzene elimination are 
similar; for example, the rate of zirconaaziridine formation is not significantly 
different for complexes 6 and 1h. However, elimination of a p-(dimethylamino)- 
phenyl group, as in 7, is a factor of 18 faster than the rate of methane elimination 
from complex 6. Thus, altering the group eliminated can facilitate zircona- 
aziridine synthesis (Fig. 5). 

22 

From Coordination of Free Imine 

The synthetic equivalent of zirconocene, “Cp,Zr” [27], can react with an imine 
to yield a zirconaaziridine (Eq. 5) [28] - a reaction that reminds us that zircona- 
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aziridines can be seen as 7?-imine complexes of zirconium(II) (see Sect. 3.1). 

“Cp,Zr”, the Negishi reagent, is more complicated than its formula suggests. 
It is generated by the addition of two equivalents of n-butyllithium to zir- 
conocene dichloride, but the nature of the active species is still not clear; it has 

attracted attention and debate in the literature [27, 29, 30]. 

R! 

1 nena 
: Tease yL tale 

CpozrClp  —2 Buli _ Chezr< (5) 
-78°C rt R2 

2 

Zirconaaziridine synthesis via the Negishi reagent [22, 24, 28, 31, 32] is a par- 

ticularly efficient approach for zirconaaziridines that cannot be prepared by the 
C-H activation pathway. For example, addition of a hydrazone to “zirconocene” 
yields an N-amino-substituted zirconaaziridine (see Sect. 4.1). The ligand-free 
2i, produced in low yield by the C-H activation pathway, can be prepared from 
“zirconocene” and an imine/enamine mix as shown in Eq. 6 [24]. 

AIMS JIMS 
HN 

CpeZrCle _2nBuli : paz (6) 
-78°C rt me Ph 

2i 

With its tetrasubstituted carbon, the zirconaaziridine 2i remains ligand-free 
in THF, but in the presence of PMe; it forms a PMe; adduct. Complex 2j [33], 
prepared in a similar manner with the Rosenthal reagent 8 [34], is the only 
zirconaaziridine with a tetrasubstituted carbon that has had its structure de- 
termined by X-ray studies. The stability of its pyridine adduct reflects the fact 
that pyridine is a stronger donor ligand than THF. 

SS 

yorh lied 

THF TMs aif [> Ph 
TMsS—==—TMS Me~ >Ph 1OY MeN 

CpoZrCl ec peZi all Gath 

Mg TMS cen Me a 
THF © 

¢ 2j (7) 

Zirconaaziridines prepared through the addition of imine to “zirconocene” 
are generally not of high purity and cannot be isolated in high yield; reductive 
coupling of imines often competes. However, this method is preferred for 
preparing zirconaaziridines in situ for reaction with electrophiles that can be 
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used in excess, limiting the amount of imine self-coupling. The fact that the 
Negishi reagent can be prepared in a single step from “bench-stable” materials 
is a great advantage. 

2.3 

From an Isocyanide via Insertion and Rearrangement 

A zirconaaziridine can also result from the thermal rearrangement of an imi- 
noacyl hydride complex, formed by isocyanide insertion into one Zr-H bond 
of a dihydride. Bercaw and coworkers observed (Eq. 8) that ArNC insertion into 
a Zr-H bond of Cp ZrH,, followed by hydride transfer to the iminoacyl ligand 
of 9, formed the zirconaaziridine 10, although 10 rearranged upon further ther- 
molysis [35]. 

II H 

Cree Cebzi N 
-56°C i 2526 

9 

Whitby, Blagg, and coworkers have used a similar method for zirconaaziridine 
synthesis (Scheme 1). They inserted phenyl isocyanide into a Zr-C bond of the 
zirconacyclopentane 11; thermal rearrangement gave the zirconaaziridine 12. 

R 
H H Ph 

ZA : LN : : 
Negishi ZrCp RNC A "! 

= reagent : ZrCpo ZrCpo 
H a R=Ph H 

PMeg 12 

Mads Ry = FR 

b R=t-Bu 

H Ph 
ie 

e N 
ies H Ph 
Zr Cpo 3 N 

H \ 

Cte Cpe 

12a-PMe3 H Ri R, 

Scheme 1 Formation and trapping of zirconaaziridine after isocyanide insertion into Zr-R 

11 
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Though not general (rearrangement is not observed for R=t-Bu, perhaps be- 

cause its steric bulk prohibits coordination of the nitrogen), this method allows 

the synthesis of the spirocyclic zirconaaziridine 12 [36, 37]. 
In a related method, reduction of an iminosilaacyl ligand on zirconium 

also yields a zirconaaziridine. The Zr-Si bond in complex 13 is known to 
insert carbon monoxide or isocyanides to yield a silaacyl or iminosilaacyl com- 
plex such as 14 [38]. The air- and moisture-stable 14 has been studied by X-ray 
crystallography [39]. Mori and coworkers have reported that treating com- 
plexes 14 with LiEt,BH results in replacement of the chloride by hydride; » 
rearrangement yields the silyl-substituted zirconaaziridine 2k. Trapping 2k 
with 4-octyne followed by aqueous workup yields the a-silyl allylic amine 15 
[39-41]. 

NAr 

Si(fBu)Ph2 ArNC : LiEtsBH 
CpeZnK : incre Cpatr’ SiltBu)Phe a 

Cl Cl -LiCI 

13 14 

Ae 4 Pr 3 " 

N taal E r 
eras eee ee (9) 

i Si((Bu)Pha)_ acidic workup Si(tBu)Pho 

2k 15 

2.4 
Kinetic vs Thermodynamic Selectivity 

The formal complex of an imine RCH=NR’ with a zirconocene of C,, symme- 
try will be formed as a racemic mixture, with equal amounts of two enan- 
tiomers. If a zirconaaziridine possesses another stereogenic element, it will have 
two diastereomers of unequal energy, and they may be generated in a kinetic 
ratio that is not equal to their thermodynamic ratio. 

The diastereomers of EBTHI zirconaaziridines are formed in comparable 
amounts via C-H activation, but equilibrate quickly (within an hour) to yield 
a thermodynamic mixture of diastereomers. Grossman observed little differ- 
ence in the loss of MeH vs MeD from deuterium-labeled (EBTHI)zirconium 

methyl amide complexes 161 (Scheme 2). Loss of MeH and of MeD lead to 

different diastereomers, although their relative rate will also reflect the primary 
kinetic isotope effect for C-H activation. Neither k,/k, nor k;/k, is large, and 

both are largely the result of isotope effects rather than diastereoselectivity [42]. 
Norton and coworkers noticed significant differences in diastereoselectivity 

for formation of EBTHI zirconaaziridines 17m under kinetic vs thermodynamic 
conditions. In general, 17m was prepared by heating the (EBTHI)zirconium 
methyl amide complex at 70 °C (Scheme 3). Use of a 20-fold excess of carbon- 

ate, by accelerating insertion relative to diastereomer equilibration, permitted 
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( ; Ph 

k aN Ph eg Zr ep iN k3 

Ph ame @athe “Nap -MeH 

‘ ) NenICsH}, ‘ } CsHy4 At 
a Se Nv UCsH14 
ZH (RRR)-171-, (SSR)-171-d, a4 va 

Me 4 \ 
Ph Me 

-MeD ( ) -MeD 
(RRR)-161-d N Ph SSR)-16l-d R) 1 ko Zr [N’ kg ( FR) 1 

= ™C5H44 r 
H < ) ace 

k/kp = 2.2 (RRR)-171-do (SSS)-171-do kolkg= 7.0 

Scheme 2 Deuterium labeling experiment to determine diastereoselectivity in zircona- 
aziridine formation 

O 
Jk Ar Ph 

SA SOOO N ie 
N ey / MeOH N 

rc KK Oo MeO “Ar 
Ng O “oJ 

Ph Ph 
(SSR)-17m (SSS)-18m (S)-19m 

! 
q A Ph 

BG 180) 0 ie Fal Hae 

| eae ae MEOH poo Ph 
(SS)-16m ZS \% a ; 

Ar=o-anisy| ( ) argh Ph 

(SSS)-17m (SSR)-18m (R)-19m 

Scheme 3 Origin of diastereoselectivity under thermodynamic and kinetic conditions 

the kinetic ratio to be trapped. Under these conditions, 54% ee of the (R)-amino 

acid ester 19m was observed. Insertion appears to occur with retention of con- 
figuration, so the 54% ee of the (R)-19m reflects the de of the insertion products 
(SSR)-18m and (SSS)-17m present under kinetic conditions. (The CIP stereo- 

chemical descriptor changes upon insertion.) Allowing the zirconaaziridine to 
equilibrate at room temperature before addition of ethylene carbonate (EC) gave 
a thermodynamic distribution of diastereomers. The 85% ee of the (S)-amino 

acid ester 19m eventually obtained reflects the de of the (SSR)-17m present un- 
der thermodynamic conditions. The thermodynamically favored zirconaaziri- 
dine is that with its carbon substituent oriented away from the six-membered 
ring of the EBTHI ligand, (SSR)-17m. Thus, different diastereomer ratios (SSR)- 

17m/(SSS)-17m are observed under thermodynamic and kinetic conditions 

[43]. Details regarding the reaction of 17m and ethylene carbonate at various 
concentrations and the mechanistic implications of the results will be forth- 
coming in Sect. 5. 

Similarly, a difference between the kinetic and thermodynamic selectivities 
was observed by Taguchi and coworkers while generating zirconaaziridines by 
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addition of the optically active imine to “zirconocene” [31] (Scheme 4). The 

Negishi reagent was treated with the imine at 0, 23, and 67 °C. The zirconaaziri- 
dine diastereomer ratio was determined from the RRR:SRR ratio of the amino 
alcohols resulting from benzaldehyde insertion, on the assumption that the 
results of the insertion reaction reflect the ratio of the zirconaaziridine dia- 
stereomers. For 2n the diastereomer ratio was high (96:4) at 0 °C, but in the 

opposite direction (5:95) at 67 °C. The diastereomer ratio observed at 0 °C was 
apparently kinetic, resulting from the relative ease of approach to “zirco- 
nocene” of the inequivalent faces of the aldimine. Equilibration of the dia- 
stereomers at higher temperature gave the thermodynamic ratio. Taguchi and 
coworkers proposed that diastereomer interconversion at high temperatures 
occurred by dissociation and recomplexation of the imine to “zirconocene”. 
The factors that control product stereochemistry in this system will be dis- 
cussed in Sect. 5. 

— oO Ph 

oper Ph 

H 
MeO (RR)-2n 
i TCC) dr, RRR:SSR 

PhY ~N Negishi reagent i 0 (SR)-2n 96:4 

Je T, overnight Gi (RR)-2n 5:95 

sited od pone, 

cpt 

Ph 

(SR)-2n 

Scheme 4 Diastereomer ratio of zirconaaziridine and amino alcohol product of aldehyde 
insertion under thermodynamic and kinetic conditions for zirconaaziridine formation from 
the Negishi reagent 

3 
Properties 

3.1 

Structure 

The two extremes of the Dewar-Chatt-Duncanson model for olefin coordina- 
tion can also be applied to describe aldehyde, ketone, and imine complexes. 
Resonance structure A is an 7’ complex of Zr(II), while its resonance structure 
B is a zirconaaziridine containing Zr—-C and Zr-N bonds (Fig. 6). X-ray struc- 
tural studies of zirconaaziridines and their observed reactivity suggest that res- 
onance structure B is more important. 
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N N 
Zr <— || Zr< | 

A B 
Fig.6 Resonance structures for 7’-imine complexes of zirconium 

X-ray structural studies have been conducted on the zirconaaziridines 2a [20], 

2b [21], 2d [44], and 2j [33] (Fig. 7). Relevant data are listed in Table 1. In each 

case, the stabilizing donor ligand such as THE, o-anisyl, or pyridine (referred to 
as L in the table) prefers to coordinate on the nitrogen side of the zirconaaziri- 
dine (Fig. 8), with implications for reactivity that will be discussed in Sect. 4.3.1. 
Evidence that such a preference is thermodynamic can be seen in the constant 
2.3:1 “inside”:“outside” [45] ratio for zirconaaziridine 20 regardless of the method 
used for its generation (Fig. 8) [32]. This inside coordination is also known to 

be thermodynamically favored over outside coordination for most acyl [14] 
and iminoacyl [32] complexes. The o-anisyl oxygen is clearly seen to coordinate 
on the inside in the structure of 2d (Fig. 9). 

The zirconaaziridines 2a, 2b, 2d, and 2j show significant elongation of the 
C-N bond length (Table 1, entry 1) compared to that of a free imine (1.279 A) 

[46], adopting a bond length much closer to that of a free amine (1.468 A) [46] 

and confirming that resonance structure B (Fig. 6) is important. The Zr-C bond 

* t-Bu aes ArO. / 

: JAMS yt! 
i _-N 

Aro™}! 
op22r<] coat coach ct nie ie 

Ph Ph Ar = 2,6-(i-Pr)aPh 2a 2b 2d FF 20a L = 4-phenylpyridine 
20b L = 4-ethylpyridine 

Fig.7 Zircona- and titanaaziridines studied by X-ray crystallography 

[E R! R! 

Cp oN Cp Ze 2 2 Be Le: 
R LA 

"inside" "outside" 

fee Et pet 

N 
cml Chedr<| 

i 
PMe3 

20-i 20-0 

Fig.8 Ligands prefer “inside” coordination 
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Fig.9 X-ray crystal structure of 2d, showing “inside” coordination of methoxy group 

lengths (entry 2) for each zirconaaziridine can be compared to the Zr(IV)-alkyl 
bond lengths (average 2.277 A) observed for Cp,ZrMe, [47]. The longer Zr-C 
bond length observed in 2d can be attributed to the effect of the chelate ring, 
whereas the longer Zr-C bond in 2j reflects the increased congestion at the 
zirconaaziridine carbon. 

While there have been no X-ray structure studies on 7’-imine complexes 
of hafnium, there are several on 7’-imine complexes of titanium [1c,d]; these 

allow comparison between Group 4 metallaaziridines. As expected, the Ti-C 
and Ti-N bonds are shorter than the analogous Zr-C and Zr-N bonds. The 
titanaaziridines 20a and 20b also appear to have a C-N bond order of one 
(entry 2). 

Imine, aldehyde, and ketone complexes, unlike olefin complexes, can also 

adopt an 7’ configuration (Fig. 10). To our knowledge, n' coordination of an 
imine has never been confirmed by X-ray crystallography, but there are per- 
suasive arguments for such a structure in the °C NMR spectra of two Zr imine 
complexes. The °C NMR resonances for the imine carbons in 21 [43] and 22 [48] 

occur far downfield from those observed for zirconaaziridines [20] (Table 2). 

S 

H | “PPh 
N 

Cp2Zr—~jy | 

R “zc 
H’ Ph P2 

21 22 a R=CH,TMS 
Fig.10 Zr 7'-imine complexes b R=(2,4-Me)CgH, 

Table2 'C chemical shifts of the carbons in zirconaaziridines and 7'-imine complexes 

Complex 2a 2a-PMe, 2b-PMe, 21 22a 22b 

SC 68.26 56.1 46.81 176 118.9 136.2 
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3.2 

Reactivity 

The structural differences between 7'- and n’-imine complexes result in 
differences in their reactivities. While 7'-imine complexes do not undergo 
coupling reactions with electrophiles, titana- and zirconaaziridines react like 
d° Ti/Zr(IV) organometallic complexes; they readily insert multiple bonds and 
undergo coupling reactions. Although extremely air- and moisture-sensitive, 
zirconaaziridines are stable indefinitely under inert atmosphere. Zircona- . 
aziridines can also be generated in situ for use in organic synthesis. 

4 

Reactions and Applications 

Zirconaaziridines react with unsaturated C-C bonds such as (1) olefins and 

acetylenes [20], and with unsaturated C-X bonds such as (2) aldehydes and 

imines [20], (3) heterocumulenes [21, 43, 49], and (4) carbonates [21, 22, 43, 50] 

(Scheme 5). The products generated upon workup are a-functionalized amines. - 
Asymmetric transformations can be carried out when a chiral zirconaaziridine 
or inserting reagent is used; optically active allylic amines and amino acid 
esters have been prepared, and the details of these transformations will be 

discussed. 

N—-Ph _ N—-Ph oye = X= NPh 
CpoZr, Jo 2 RR CpoZr, elt 

O YJ sg? RPh 

oak Ehasaie Pen y = 
CpoZr< 

2 Ph 
IN=C=N /N=C=0 

R R 

R fa Aa c N H+ Nw Ph N~-PR ou ae NHPh 
NHPh Cpozrt ae CpoZr ak 

RAN’ Se ER O- NR RPh 
Ph | N N 

R 

Scheme5 Zirconaaziridines undergo insertion of various unsaturated compounds into their 
Zr-C bonds 
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4.1 

Olefins and Acetylenes 

Intermolecular olefin and acetylene insertion into zirconaaziridines has been 
studied by Buchwald and coworkers. High regio- and diastereoselectivity is 
observed for the formation of the 3,4-disubstituted product 23 in Eq. 10 [20]. 
Only a single diastereomer of the resulting chiral amine is isolated upon acidic 
workup. 

O aT | R %o de 

(4 END NwPh H 62 na 
pad] Chaz J Me 88 100 (10) 

A nBu 96 100 
Ph 

2a 23 

Significant regioselectivity is also observed for the insertion of unactivated 
alkynes into the Zr-C bonds of zirconaaziridines. With terminal alkynes, the 

regioselectivity is determined by the substituents on the zirconaaziridine and 
the alkyne. If R is aryl, the only product is 24. Alkyl substituents, as shown in 
Scheme 6, decrease the selectivity for 24 over 25 [20]. 

TMS : TMS TMS 
O ts we. \ \ 

N R2 TMS R Y NO S18 N R2 pu 
Ca Ae ———— 

peel Sees) a) cree 
= — ——- 

R R2 
TMS 2 R 

24 25 

Mis then acidic workup R'=Ar 100 0 
R'=alkyl, R=Ph >95 5 
R'=R=alkyl 78 22 

an 

R2 

Scheme6 Alkyne insertion into zirconaaziridines 

The eventual product of such reactions (after cleavage of the Zr-C bond 
during workup [51]) is an amine with a vinyl or alkyl substituent (arising from 
the alkyne or alkene) at the a position. Whitby thus derivatized tetrahydro- 
quinoline, following in situ generation of the zirconaaziridine 26, by alkyne, 
alkene, or allene insertion (Eq. 11) [52, 53]. 

N-heterocycles can be prepared by inserting olefins or acetylenes with pen- 
dant electrophiles. Typical electrophiles used are alkyl halides and epoxides. 
The latter do not react with the zirconaaziridine, but with the amine generated 
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1. BuLi 

oar 2. Cp2ZrMeC! Pr —==—Pr 
Ss 

3.A, -CH4 Nig 
ZrCpo 

26 

MeOH 

Fae (11) 

' m7 
Cp2Zr Ui 

during workup, resulting in cyclization. The diastereopure amines below cyclize 
to yield pyrrolidines (n=1), piperidines (n=2), and perhydroazepines (n=3) 
(Eqs. 12 and 13). Whitby applied this method to the convergent total synthesis 
of the tetrahydroisoquinoline 27 (Scheme 7) [54]. 

 } IMs TMS 
y ’ 

he aa INAgPh MeOH HyN—~Ph HN 
Beh Cpezn J n ue n : 

: ; Ph*~ “T- <a Bas AB, H H 

2a 

(12) 

Ph |, 20 Z aul 
UN N MeOH 

CpoZr< | Cpezt | na 
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Ph 

HN 
a wf J 09 
Were N 
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Z TMS 

Ph OTBS Ph 
N N OTBS — worku 

CpoZzr< a me OD Z I" P 
oe 

TMS 

1. BuLi TMS 
eo 4H «2. MC l 

N 3. EtsN 
Ph 

N 
OH Ph 

27 

Scheme7 Application of zirconaaziridines to the synthesis of a tetrahydroisoquinoline 
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Similarly, the regio- and diastereoselective formation of azetidines can be 
accomplished through olefin insertion into the Zr-C bond of zirconaaziridines 
(Eq. 14). Cleavage of the Zr-C bond with I, introduces an alkyl iodide func- 
tionality, which alkylates at nitrogen to result in intramolecular cyclization and 
the diastereoselective formation of azetidines, the products of the formal 

zirconium-mediated [2+2] reaction of an imine and an olefin. Hindered cyclic 

alkenes can also insert into the Zr-C bonds of zirconaaziridines to yield bi- 
cyclic products [55], albeit with low diastereoselectivity (2:1 for norbornene). 

R! R! R! RP 
Ri 1. nBuLi / =>, ‘RR? en 

N N N~ | N R ' 2 CrezIMOGI ere R conte D ee ee 
R2 R2 R ‘ | HsO 

R'= aryl a 
2 2 1 ' R2= Me, Ph, Pr Ber poe 

R= alkyl iat is 
RY a 

| (14) 

Asymmetric versions of these transformations can be carried out when re- 
solved EBTHI zirconaaziridines are used (Eq. 15). The allylic amine products 
(Table 3) resulting from alkyne insertion followed by workup are not only 
geometrically pure, but also enantiomerically enriched; the ee is high for a 
variety of substrates [18]. A phenyl substituent (R') on the zirconaaziridine 

1) ArN(LiJCH2R 
. Me — 
She ae PhHN, —7-R ae 

OTf 3) MeOH sedi 

Table 3 Products, yield, and selectivity for alkyne/alkene insertion into EBTHI zircona- 
aziridines 

Entry Product % yield % ee de or 
regioselectivity 
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Table 3 (continued) 

Entry Product % yield % ee de or 
regioselectivity 

4 PhHN 38 18 
pel 

Ph 

24:1 5 PhHN TMS 68 >90 
. ff 

6 PhHN / Ph 50 o9 100:0 

yh gate = Oe 64 >95 

8 PhHN TMS 59 >95 V7 

7 on 

ae 
RO(H2C) 

10 PhHN os 54 High (single 8:1 
asa zirconacycle) 

Ph 

carbon resulted in a low ee (entry 4); insertion of 1-hexene, however, occurs 

selectively into the same zirconaaziridine (entry 10). 
Intramolecular insertion of olefins and acetylenes into the Zr—C bonds of 

zirconaaziridines can lead to annulation reactions. Livinghouse showed that 
alkyl-, silyl-, and aryl-substituted C-C multiple bonds readily insert into the 
Zr-C bonds of zirconaaziridines derived from the hydrazones 28 and 29, yield- 
ing cyclic products [28]. 

> N. Operon ¥ 

NMes _ Negishi NMezg 
(Qn reagent” | (\)n a 

SS SS 

R R 

28 NMe> 
n=1, 2 y-NMez 

aC HCl (aq) ey 
wl ne Ac2O, pyridine ol, (16) 

R R 
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N. SOFAS 

NMez _ Negishi NMes 

( )n reagent ( )n a 3h 

SS 
R 

29 

N=‘ 

R=H, Bu, TMS, Ph NMeps 
-NMeo | N 
‘ HCl (aq) “Acyl 

QoL 200 Ac20, pyridine ol peril a) 

R R 

Further transformations of such zirconacycles are possible before the organic 
product is removed from the metal center. Buchwald followed the insertion of 
an alkyne into a zirconaaziridine with the insertion of CO to obtain substituted 
pyrroles (in a single pot at ambient temperature) in moderate to good yields. 
A diverse array of substituents can be introduced by varying the amine and 
alkyne; examples are shown in Table 4. The reaction is tolerant not only of 
various alkyls and aryls, but also of thiophenyl, furyl, and pyrrole substituents, 
and can create 2,2’-bipyrroles (see Table 4). It does, however, require high CO 
pressure (as much as 1,500 psi can be necessary) [56]. 

R2 Al 
TMS~ 

Ri==R? + CO + = eis j \ (18) 
R N R 

H 

Table 4 Substrates and yields for Zr-mediated pyrrole synthesis 

R R! R? Yield (%) 

Ph H Ph 69 

Ph H H 4] 

Ph Ph Ph 49 
Ph Me Me 44 
Ph H CH,OTBS 31 
Ph H (CH,),;CN 48 
Ph H Po 56 
H n-CsH,, H 40 
Cte H Ph 54 
2-thiophenyl H Pe 41 
2-furyl H Ph 49 

2-(4-methyl)pyrrole H Pr 68 
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A proposed mechanism is shown in Scheme 8. After alkyne insertion gen- 
erates an azazirconacyclopentene, CO insertion in the Zr-C(sp’) bond gives a 
six-membered ring. Rearrangement of the insertion product forms a zircona- 
oxirane [14, 15]. Cleavage of the C-O bond, protonolysis of the Zr-C bond, and 
aromatization of the pyrrole ring then yields the functionalized pyrrole [56]. 
Classical pyrrole syntheses, such as the Paal-Knorr reaction [57], require the 
condensation of carbonyl compounds with amines, often via several steps 
at high temperatures. The fact that Zr is inexpensive makes it possible to con- 
sider stoichiometric approaches like Eq. 18, although Arndtsen [58] has just 
published a Pd-catalyzed synthesis of pyrroles from imines, alkynes, and acid © 
chlorides. 

[ \ R2 

TMS O , R! 
' eee RI==R? N~R co icgh 

Corts ae craze | CpoZr~ R 

R 
2a R* 

R2 R? R? 2 1 
RI CpoZr RI CpoZr SA RI R we R 

Cp2Zr—\ s a LX E ae c ar Rise tt: 

B hp ee TMS | H 

R2 R! R2 R! 

ae ry 
N N 

se H 

Scheme 8 Proposed mechanism for pyrrole synthesis from an amine, alkyne, and CO via 
zirconaaziridine 
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Rl= Ph R= nCsH4, 3 

TMS Me af 5 (19) 
BRo nCsH,, 85 

(CHs)30Bn (CHs)30Bn 53 
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Mori has employed transmetallation, well documented in other organozirco- 
nium reactions [59], to form y-allylated a-silyl allyl amines (Eq. 19) [40,41] and 
substituted pyrroles (Eq. 20) [60] after the insertion of alkynes into the Zr-C 

bond of zirconaaziridines. The reaction sequence in Eq. 19 uses stoichiomet- 
ric quantities of Zr, but catalytic amounts of Cu, and both the insertion and 
allylation steps proceed with high regioselectivity. Using an acyl halide instead 
of allyl chloride gives tetra- and pentasubstituted pyrroles, in a one-pot reac- 
tion (Eq. 20). 

Ph 
CpoZrs ; 

‘YSi(t-Bu)Phe Pho 
= ok JN Si(t-Bu)Phs 

Pr—=—Pr - cosa] 

Pr Pr 

Ph 
| 

Ph_-N._ sit-Bu)Pho 
ru) 

silica Pr Pr 

PhCOCI 
(20) 

CuCl 

then acidic HF fa 
workup Phoz nH 

\/ 
Pr Pr 

4.2 

Imines and Aldehydes 

An imine can insert into the Zr-C bond of a zirconaaziridine resulting in the 
reductive coupling of the two imines. Reaction of 2a with TMS-benzaldimine 
yields principally the anti product in high yield (Eq. 21). Aldehydes also insert 
regioselectively into the Zr—-C bond of zirconaaziridines, resulting after workup 
in amino alcohols. The reaction of the zirconaaziridine 2a with benzaldehyde 
or 1,1,1-trimethylacetaldehyde generated the products of reductive coupling in 
6.4:1 and >99:1 ratios of trans:cis, respectively [20]. Treating the imine and alde- 

O TMS N—~Ph + on’ Ph~ ~H Cpozr, aly Cis” -Ogt HN’ NH (21) 

Geers mish A 
Ph TS Ph Ph 

92:8 anti:syn 
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hyde insertion products with ethyl chloroformate resulted in imidazolidinone 

30 and oxazolidinone 31, respectively (Eqs. 21 and 22) [42]. 

O O O 
ee TMS oly 
O Bu 1 
nh tel cee Healey Raced Weerisien bane (22) 

CpeZzr< PoZry alk Naf 

2a R __ threo:erythro 
t-Bu >99:1 31 
Ph 6.414 

4.3 

Heterocumulenes (CO,, lsocyanates, Carbodiimides) 

Carboxylation of an amine should be possible by insertion of CO, into a Zr-C 
bond of a zirconaaziridine. However, treatment of 2a and 2b with CO, (Eq. 23) 
gave intractable white precipitates [21, 61]. Treatment of 2d with CO, gave a 
stable insertion product which, however, proved difficult to cleave from zirco- 

nium (Eq. 24). 

ie. Ph 
O Ph nay 
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Cea eM Chez. (23) 
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Ph Ph CO N H* / 
oa . Cpezr Be — Y= Suu: (24) 

O Oo H O 
Ph OMe 

The insertion of isocyanates, isolelectronic with CO), proceeded more cleanly. 

Isocyanates (RNCO) with bulky R groups inserted exclusively into’the Zr-C 
bond (Table 5); methanolysis resulted in a-amino amides 32 [21]. 

Other isocyanates inserted into the Zr-N bond as well as the Zr-C bond, re- 
sulting after workup in urea products 33 as well as the expected amides 32 [21]. 
The product ratio (Table 5) was independent of solvent and governed largely 
by the size of R. For R=i-Pr both products were formed but the major product 
was the amide. For small R (R=Et, Me, Bn) the major product was the urea. 

Insertion into the Zr—-N bond was even more common (compare lines 3 and 
12 in Table 5) when the N-silyl zirconaaziridine 2a was treated with RNCO, pre- 
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O O Ph 
Ap, MeOH  _ O~ZNR__ anco + N° RNCO 

RHN N Ph ————— CpeZr —_—____. CpoZr— — 

Ph \- hile mh 
33 Ph en 

R=small 2 R = large 

ie 
O 

N~/PP MeOH NHPh 
Chez, "it RHN?SY (25) 

O~ ~*NR Ph 

32 

Table5 RNCO insertion into zirconaaziridine 2b 

Entry Zircona- RNCO Amide 32 Urea 33 Ratio 
aziridine (%) (%) 32/33 

1 2b t-Bu 76 0 100/0 

2) 2b TMS 65 0 100/0 

3 2b i-Pr 69 8 90/10 

4 2b Et 31 Sy 37/63 

5 2b Me 23 45 34/66 

6 2b o-anisyl 24 31 44/56 
7 2b p-anisyl 28 48 37/63 
8 2b Bn 29 48 37/63 

9 2b Ph 20 49 29/71 

10 2b p-C.H, 20 53 27/73 

11 2a t-Bu 50 0 100/0 

12 2a i-Pr 0 56 0/100 

13 2a Ph 0 56 0/100 

14 EBTHI Ph 7a 29 71/29 

analog of 2b 
15 2d Me 92 0 100/0 

sumably because the effective steric bulk of the TMS substituent in 2a is (due 
to the length of the N-Si bond) less than that of the Ph substituent in 2b. The 
difference toward an entering electrophile is compounded by the fact that the 
two Cp rings in 2b encourage the phenyl to remain in the Zr-N-C plane. Re- 
placement of the Cp ligands with the more bulky rac-EBTHI ligand (compare 
entries 9 and 14 in Table 5) decreased insertion into the Zr-N bond, and the 

methoxy ligand in 2d blocked it completely (albeit at a cost of substantial 
decrease in the rate of the insertion reaction) [21]. 

Carbodiimides, also isolelectronic with CO,, react with zirconaaziridines 

exclusively through insertion into their Zr—-C bonds. The resulting metallacycles 
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34 can be converted, after workup, into a-amino amidines - compounds which 
have recently attracted attention because of their potential biological activity 

and synthetic applications [49, 62, 63]. 

THF pt R' 44 
SON R-N=C=N-R N~-RP H+ ' NHR" 

CpoZr< >  CpoZr ———— RHN7 YY 
x N7S N R2 , 

R? R a 

2 34 (26) 

4.3.1 

Mechanism of Heterocumulene Insertion; Implication for Other Electrophiles 

Braunstein has suggested that precoordination is necessary for heterocumulene 
insertion [64]. If this suggestion is correct, THF must dissociate from 2a or 2b, or 
PMe; from 20, before insertion can take place. Such a mechanism is supported by 
the kinetics of the reaction (Eq. 27). The inverse dependence upon [THF] in the 

rate law (Eq. 28) reflects the reversible dissociation of THF from 2p in Eq. 27 [49]. 

(The dissociation is an unfavorable, but rapidly maintained, preequilibrium.) 

Be k 
) ks Ph 
poy Ph sTHF wn re NC Ral Ms Nw ar 

CpoZr< a CpoZr< SS a CpoZr, Cu (27) 

Ks N = N 

THF te re 
2p tBu tBu 35 

d[2p] _ Ksks[NCN][2p] 
dt [THE] (28) 

K,=— "(28 a) 

The reaction can be run in reverse at high [THF], with bis-(trimethylsilyl) 

carbodiimide replaced by THE. The rate is independent of [THF], consistent 
with rate-limiting extrusion of carbodiimide, i.e., with the operation of a 
similar dissociative mechanism in reverse. Similarly, addition of trimethylphos- 
phine to 35 results in extrusion of the carbodiimide to form the phosphine- 
stabilized zirconaaziridine [49]. In contrast, the isocyanate insertions are 

effectively irreversible. 

Isocyanate insertions presumably go through the same 16-electron interme- 
diate, which explains why the Zr-N/Zr-C ratio from those reactions is inde- 
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pendent of solvent. It is expected that the “inside” position (recall the discussion 
in Sect. 3.1) is favored thermodynamically for heterocumulene coordination (as 
it is for THF in 2a and 2b and PMe; in 20). Furthermore, inside coordination 

should lead to insertion in the Zr-N bond as in Eq. 29. The observed product 
ratios, which imply that Zr-N and Zr-C insertion are competitive, suggest that 
the inside complex 36-i reacts more slowly than the outside complex 36-0, i.e., 
that k, in Eq. 29 is <kj9. (It is also possible that insertion is faster than coordi- 

nation, that 36-i/36-o is kinetically controlled and equal to k,/k,, and that the 
kinetic ratio k,/kg is closer to unity than the thermodynamic one.) Precoordi- 

nation seems to be required for aldehydes and imines also. 

Ph 
36-i ” 

yPh Kio lbh 
_N RNCO N 

eal CpoZr, sil (29) 

t O— SNR 
6) EPR 

= ven 36-0, <p 

4.4 
Carbonates 

Cyclic carbonates can be used as synthetic equivalents of CO,. Their insertion 
into the Zr-C bond of zirconaaziridines yields spirocyclic organometallic com- 
plexes 37. (Insertion into the Zr-N bond is never observed, perhaps because of 
the steric demands of the carbonate ring.) Methanolysis or protonolysis of the 
insertion product in THF yields amino acid ester 38. Methanolysis in benzene 
results in cleavage of the organic fragment from the metal center as well as 
transesterification to the amino acid methy] ester 39. Transesterification occurs 
only after treatment with methanol; other alcohols and water do not give anal- 
ogous products, but result only in amino acid ester 38. A crossover experiment 
confirmed 38 is an intermediate in the transesterification occurring during 
methanolysis [21]. 
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5 
Control of Stereochemistry Resulting from Insertion Reactions 

The synthesis of amino acid esters can be carried out enantioselectively when 
optically active EBTHI zirconaaziridines are used. After diastereomeric zir- 
conaaziridines are generated and allowed to equilibrate (recall Scheme 3), 
the stereochemistry of the chiral carbon center in the insertion product is de-~ 
termined by competition between the rate constants kssp and kss- for the 

epimerization of zirconaaziridine diastereomers and the rate constants kp[EC] 

and k,[EC] for ethylene carbonate (EC) insertion (Eq. 31) [43]. When k,[EC] 

and k,[EC] are much greater than ks<p and kgs, the product ratio reflects the 
equilibrium ratio as shown in Eq. 32. However, the opposite limit, where 
epimerization is much faster than insertion, is a Curtin-Hammett kinetic 
situation [65] where the product ratio is given by Eq. 33. 
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In Fig. 11, at high concentrations of ethylene carbonate, the rate constants 
ks[EC] and kg[EC] for insertion into the EBTHI zirconaaziridine 17q are much 

greater than k.sp and ks; and insertion occurs more rapidly than the equilib- 

rium can be maintained. The product ratio reflects the equilibrium of 17q, 
where Kg is 17.2 (Eq. 32) [21]. Beak has called this limit a “dynamic thermo- 

dynamic resolution” pathway [66]. In contrast, at the lowest concentration of 
ethylene carbonate in Fig. 10, the first-order rate constants ksop and kgs for 
diastereomer interconversion are comparable to the effective first-order rate 
constants for insertion. As K,, is known to be 17.2, ks/kg can be calculated; the 

53% ee of (S)-amino acid ester 19q (Scheme 9) implies that k,/kp<0.19 (Eq. 33) 

and that the rate constant for insertion kp[EC] into the minor diastereomer is 

at least five times faster than k,[EC] into the major diastereomer. 

Similarly, a 92% ee of (S)-amino acid ester 19r is obtained after the equili- 

brated zirconaaziridine 17r is treated with high concentrations of ethylene 
carbonate; K,, is approximately 24.0. The reaction of equilibrated 17r with low 
concentrations of ethylene carbonate yields the (S)-amino acid ester 19r in 98% 
ee, implying that k,/kp<4.1 in this case and the rate constant of insertion k,[EC] 
into the major diastereomer is at least four times faster than its counterpart 
kp[EC] into the minor diastereomer. 

The stereochemistry of the chiral center in the insertion product can also be 
controlled by using an optically active, C;-symmetric, cyclic carbonate (e.g., 

90 | 
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ethylene carbonate (mmol in ~20mL) 

Fig.11 Percent ee vs amount of ethylene carbonate added to zirconaaziridine 17q. Zircona- 
aziridine was prepared at 70 °C and treated with ethylene carbonate at room temperature 
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R,R-diphenyl ethylene carbonate (R,R-DPEC)) with a racemic zirconaaziridine. 
(C,-symmetric, cyclic carbonates are attractive as optically active synthons for 
CO, because optically active diols are readily available through Sharpless 
asymmetric dihydroxylations [67].) Reaction through diastereomeric transi- 
tion states affords the two diastereomers of the spirocyclic insertion product; 
protonolysis and Zr-mediated transesterification in methanol yield a-amino 
acid esters. As above, the stereochemistry of the new chiral center is determined 
by the competition between the rate of interconversion of the zirconaaziridine 
enantiomers and the rate of insertion of the carbonate. As the ratio of zir- 
conaaziridine enantiomers (S)-2/(R)-2 is initially 1:1, a kinetic quench of their 

equilibrium will result in no selectivity (see Eq. 32). Maximum diastereoselec- 
tivity (and, therefore, maximum enantioselectivity for the preparation of the 
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amino acid esters) will be observed when insertion is slow relative to the rate 

of enantiomer interconversion. Under these conditions the selectivity (see 
Eq. 33) will be kp/ks, also known as the selectivity factor s. 

The factor s can be determined by treating racemic 2 with racemic carbon- 
ate (Hoffman test) (Scheme 10, Eq. 35) [68]. 

Kev SSS + RRR 
= 3S SS 

ane RSS + SRR 
(35) 

Obtaining the maximum diastereomer ratio s often requires slow addition, with 
a syringe pump, of the optically active carbonate to the zirconaaziridine. When 
run under these conditions (Table 6), the reaction can be termed a “dynamic 
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Scheme 10 *The rate constants kp and k, are defined for (R,R)-DPEC insertion into the Zr—C 

bond of zirconaaziridines 2, but also apply to the enantiomeric transition states 

Table 6 Predicted and observed de values for zirconaaziridine reaction with (RR)-DPEC 

(* Maximum de predicted by Hoffman test) 

Complex R! R? Maximum Observed 
de (%) de (%) 
predicted* 

2a TMS Ph 90 90 

2b Ph Ph 76 76 

40a TMS CH,Ph 82 Wy 
40b Ph CH,Ph 74 a 

40c TMS CH,CH(CH;), 21 18 
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kinetic resolution”. However, strictly speaking, this term should be applied only 
to situations where the starting material becomes resolved. More applicable to 
the present situation is the term “dynamic kinetic asymmetric transformation”, 
coined by Trost [69], where the starting material has been transformed into an- 
other compound in an enantioselective fashion. 

Silylated amino acid esters have been prepared by a dynamic kinetic 
asymmetric transformation of this type. Slow addition (by syringe pump) of 
(R,R)-DPEC maintained insertion slow relative to interconversion and afforded 

the silyl-substituted amino acid esters in Eq. 36 with ee values of 80, 68, and 

83%. The ester 38c (R=TMS) was too base-sensitive to permit removal of the 

chiral diol, but transesterification of the other B-hydroxyethyl esters 38 to the 
corresponding methyl esters was straightforward [22]. 
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(36) 

It is instructive to perform a similar kinetic analysis on the Taguchi system in 
Sect. 2.4. In view of the Curtin-Hammett principle the product ratio (RRR)- 
39:(SSR)-39 need not reflect the diastereomer ratio (SR)-2n:(RR)-2n (as Taguchi 

and coworkers assumed it did) [31]. However, when 2n was generated at 67 °C, 

both benzaldehyde and acetaldehyde gave the same ratio (5:95, RRR:SSR) of the 
diastereomers of the amino alcohols 39, suggesting that the assumption made by 
Taguchi and coworkers is correct, that Eq. 32 applies, and that RR-2n and SR-2n 
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are at equilibrium with K,,=19. When 2n was generated at 23 °C, both benzalde- 
hyde and acetaldehyde gave RRR-39:SSR-39 ratios of 87:13. The major diastereo- 
mer at 23 °C was thus the opposite of that observed at 67 °C - suggesting that 
(SR)-2n:(RR)-2n is 87:13 at 23 °C but that these two diastereomers are not in 

equilibrium (the more stable diastereomer of 2n at 67 °C is surely also the more 
stable diastereomer at 23 °C). 

6 

interconversion of Stereochemistry at Zirconaaziridine Carbons 

It would be preferable to carry out a dynamic kinetic asymmetric transforma- 
tion on a zirconaaziridine without having to add the inserting reagent slowly. 
The fact that the enantiomers of 2i interconvert rapidly makes it possible to 
carry out such a transformation at maximum de (64% with R,R-DPEC) without 

having to use a syringe pump for addition of the optically active carbonate. 
This fast enantiomer interconversion probably occurs because of the facile 

isomerization of 2i to the corresponding azaallyl hydride [26]. Such isomer- 
izations are common when the carbon of a zirconaaziridine bears a primary 
or secondary alkyl substituent. Generally the equilibrium favors the azaallyl 
hydride, but the room-temperature NMR spectrum of 2i shows only the zir- 
conaaziridine; apparently the steric congestion around the carbon in 2i changes 
the position of the equilibrium. Even an azaallyl hydride that dominates the 
equilibrium, as 40 does (Fig. 12), appears to react with electrophiles through the 
corresponding zirconaaziridine. (There may also be a direct associative path 
when 40 reacts with carbonates.) [24]. 

TMS Ph TMS, TMS ky, < k Pe TMS 

Opizr = slezi secre bet SoS Goo 
Me Looms Cp H a Cp Se ke ~) 'Ph 

(R)-2i (S)-2i 

(38) 

The kinetics of the reaction of 40b with PMe; (Eq. 39) have been examined. The 

rate does not vary with [PMe;] from 0.36 to 0.73 M, showing that the reaction 
is not associative in PMe; and suggesting the high PMe; limit (Eq. 41) of a 
dissociative rate law (Eq. 40). In this limit k,,,=k,,, the rate constant for for- 

Fig.12 Azaallyl hydrides 
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mation of a ligand-free zirconaaziridine from the azaallyl hydride 40b. Thus, 
ky, at 25 °C is 6.1(1)x10-> s! with a AH? of +23.2(1) kcal/mol and a AS* of 
+9.2(3) eu. As the corresponding zirconaaziridine is not visible in the 'H NMR 

spectrum of 40b, one can estimate that k,,/k,,>20 and thus that k,,>0.12 s" 

[24], as summarized in Scheme 11. 
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Scheme 11 

Interconversion of enantiomeric azaallyl nyatices like 40 and 40* is facile 
and probably involves an isomerization from an 7’ to an N-bound 7)' structure 
with a plane of symmetry (Eq. 42) [24]. This process is analogous to the well- 
documented m-o-7 allyl isomerization [70]. 
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Rate constants for inversion, kc,, have been measured (Table 7) for 2i, 40a, and 
40b by observing the broadening and coalescence of the Cp signals({24]. For the 
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Table7 Activation parameters and kinetic data for azaallyl hydride inversion 

Complex AH* kcal/mol AS* eu AG* kcal/mol kep, 8, 298 K 

2i 10.0(6) ~20(2) 4.0 10 
40a 10.2(1) 1.9(8) 9.6 5.6(7)x10° 

40b 12.9(1) 7.9(4) 10.3 1.1(1)x10° 

azaallyl hydrides 40a and 40b, kc, is the rate constant k,,;,, for azaallyl hydride 

interconversion, but for 2i - where the stable form is the zirconaaziridine - kep 

reflects the barrier to isomerization and inversion combined. 

The interconversion of zirconaaziridine enantiomers is slower when there 

is not a primary or secondary alkyl on the zirconaaziridine carbon and iso- 
merization to an azaallyl hydride is not possible. A mechanism that remains 
available involves the isomerization of each enantiomer to a planar 7' complex 
(Eq. 43), such as that known to interconvert the enantiomers of aromatic 

aldehydes [16]. For the chelated zirconaaziridine 2d, high-level density func- 
tional theory (DFT) methods and a continuum solvation model have shown 

that enantiomer interconversion occurs through an 7'-imine intermediate (A) 

rather than through homolysis (B) or heterolysis (C) of the Zr-C bond [71] 

(Fig. 13). 
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It is possible to determine the rate constant k,,;,, for zirconaaziridine enantiomer 

interconversion directly by examining an unequal mixture of zirconaaziridine 
enantiomers. Treating a racemic zirconaaziridine with half an equivalent of 
the (R,R) carbonate will (unless k,,;,, is faster than insertion) generate such an 

unequal mixture in the remaining half equivalent of the zirconaaziridine 
(Scheme 12). Thus racemic 2b, treated with half an equivalent of (R,R)-DPEC 

(known to give primarily the (RRS) azazirconacycle) will leave primarily (R)-2b, 
and the racemization of the latter can be directly observed. The decay of the 
optical activity (which will occur with a rate constant of 2 k,,;,,) can be moni- 
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Fig.13 Possible intermediates in the mechanism of zirconaaziridine interconversion 
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Fig.14 The racemization and, therefore, enantiomer interconversion of 2b can be monitored 

directly by CD 

’ 

tored by circular dichroism (CD), as Fig. 14 demonstrates. (The time-invariant 

CD spectrum at longer wavelengths belongs to the insertion product.) In the 
experiment shown insertion was complete before the first CD was taken, so the 
electronic absorption spectrum remained unchanged during the decay of the 
CD signal (about 20 min) [72]. } 
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Thermal Transformations of Zirconocene-7?-1-Azaallyl Hydrides 

Azaallyl hydrides undergo many reactions as well as enantiomer interconver- 
sion. Heating 40a at 70 °C overnight led to the C-H activation product 41, iden- 
tified by 'H and '°C NMR (Eq. 44) [24]. Similar C-H activations (Eq. 45) have 
been observed by Andersen [73] and Scott [74]. 

Monitoring the progress of the reaction in Eq. 44 by 'H NMR revealed the 
formation of a transient species, assigned structure 42a on the basis of its 'H 

and °C NMR spectra. The °C NMR spectrum of 42a shows a resonance at 
184.8 ppm, consistent with formation of a Zr-phenyl bond. Complete conver- 
sion to a related product 42b was obtained with the azaallyl hydride 40b 
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(Eq. 46). Both 42a and 42b show downfield Zr-C resonances around 182 ppm 
in the °C NMR spectrum [24]. 

H, evolution is not observed, so these products probably result from the 
competition between oxidative addition of different C-H bonds to the Zr(II) 

center (Scheme 13). The fact that 41 is thermodynamically more stable than 42a 
probably results from the ability of a silyl substituent to stabilize negative 
charge [75]. 
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Similarly, attempts to generate the azaallyl complex 401 from N-TMS phenyl 
propyl amine result in formation of the aromatic metallation product 43 
after only 45 min at 65 °C (Scheme 14). Interception of the intermediate 21 with 

(rac)-DPEC gives the homophenylalanine ester 38] in 96% de and 53% yield 
[24]. 
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Conclusions 

Zirconaaziridines, which can be prepared in a few steps from commercially 
available starting materials, have polar Zr-C bonds that permit the insertion of 
many electrophilic reagents (C=O, C=N) as well as alkynes (C=C) and alkenes 
(C=C). Appropriate substituents on their ring carbons make zirconaaziridines 
chiral and raise the possibility of their use in asymmetric synthesis. The labil- 
ity of their chiral centers distinguishes zirconaaziridines from other organo- 
metallic reagents and makes it possible for them to undergo “dynamic kinetic 
asymmetric transformations”. 

Acknowledgements Research on zirconaaziridines in the Norton group has been supported 
by the National Science Foundation, most recently under grant CHE-02-1131. The authors 

are also grateful to Professor A.G. Barrett for drawing their attention to amino amidines, 
to Dr. Daniel A. Gately for early work on zirconaaziridines, and to Dr. Masanori Iimura for 
providing assistance in the preparation of this manuscript. 



Synthesis and Reactivity of Zirconaaziridines 37 

References 

te 

3% 

14. 

15. 

16. 

Wie 

18. 

IE). 

20. 

Dale 

22; 

Day 

24, 

2D. 

26. 

27. 

28. 

AY. 

30. 

Sle 

82. 

Ti: (a) Gao Y, Yoshida Y, Sato F (1997) Synlett 1353; (b) Fukuhara K, Okamoto S, Sato F 

(2003) Org Lett 5:2145; (c) Durfee LD, Hill JE, Fanwick PE, Rothwell IP (1990) 

Organometallics 9:75; (d) Durfee LD, Fanwick PE, Rothwell IP, Folting K, Huffman JC 

(1987) J Am Chem Soc 109:4720 

. Hf: Scott MJ, Lippard SJ (1997) Organometallics 16:5857 

. V: Sielisch T, Behrens U (1986) J Organomet Chem 310:179 

. Nb: (a) Roskamp EJ, Pedersen SF (1987) J Am Chem Soc 109:6551; (b) Roskamp EJ, 

Pedersen SF (1987) J Am Chem Soc 109:3152 

. Ta: (a) Mayer JM, Curtis CJ, Bercaw JE (1983) J Am Chem Soc 105:2651; (b) Takahashi Y, 

Onoyama N, Ishikawa Y, Motojima S, Sugiyama K (1978) Chem Lett 525 
. Mo: (a) Cameron TM, Ortiz CG, Abboud KA, Boncella JM, Baker RT, Scott BL (2000) J 

Chem Soc Chem Commun 7:573; (b) Okuda J, Herberich GE, Raabe E, Bernal I (1988) J 

Organomet Chem 353:65 
. W: Chiu KW, Jones RA, Wilkinson G, Galas AMR, Hursthouse MB (1981) J Chem Soc 

Dalton Trans 2088 

. Ru: Polm LH, van Koten G, Elsevier CJ, Vrieze K, van Santen BF, Stam CH (1986) J 

Organomet Chem 304:353 
. Ni: Hoberg H, Gotz, V, Kruger C, Tsay YH (1979) J Organomet Chem 169:209 
. Pt: Browning J, Empsall HD, Green M, Stone FGA (1973) J Chem Soc Dalton Trans 381 

. Sm: (a) Hou Z, Yoda C, Koizumi T, Nishiura M, Wakatsuki Y, Fukuzawa S, Takats J (2003) 

Organometallics 22:3586; (b) Imamoto T, Nishimura, S (1990) Chem Lett 203 

. Yb: (a) Takaki K, Tanaka S, Fujiwara Y (1991) Chem Lett 493; (b) Makioka Y, Taniguchi 

Y, Kitamura T, Fujiwara Y, Saiki A, Takaki K (1996) Organometallics 15:5476; (c) Makioka 

Y, Taniguchi Y, Kitamura T, Fujiwara Y, Saiki A, Takaki K (1997) Bull Chim Soc Fr 134:349; 

(d) Takaki K, Takeda M, Koshoji G, Shishido T, Takehira K (2001) Tetrahedron Lett 

42:6357; (e) Takaki K, Koshoji G, Komeyama K, Takeda M, Shishido T, Kitani A, Takehira 
K (2003) J Org Chem 68:6554 
For a review see: Seebach D (1979) Angew Chem Int Ed Eng] 18:239 
Erker G, Dorf D, Czisch P, Petersen JL (1986) Organometallics 5:668 

Waymouth RM, Clauser KR, Grubbs RH (1986) J Am Chem Soc 108:6385 

Gladysz JA, Boone BJ (1997) Angew Chem Int Ed Engl 36:550 
Wailes PC, Weigold H, Bell AP (1971) J Organomet Chem 33:181 

Grossman RB, Davis WM, Buchwald SL (1991) J Am Chem Soc 113:2321 

For inversion barriers in silylamines, see: (a) Gordon MS (1986) Chem Phys Lett 126:451; 

(b) Albert K, Roesch N (1997) Chem Ber Recl 130:1745 

Buchwald SL, Wanamaker MW, Watson BT, Dewan JC (1989) J Am Chem Soc 111:4486 

Gately DA, Norton JR, Goodson, PA (1995) J Am Chem Soc 117:986 

Chen J-X, Tunge JA, Norton JR (2002) J Org Chem 67:4366 

Coles N, Harris MCJ, Whitby BJ, Blagg J (1994) Organometallics 13:190 

Tunge JA (2000) PhD thesis, Columbia University 

Buchwald SL, Nielsen RB (1988) J Am Chem Soc 110:3171 

Harris MCJ, Whitby RJ, Blagg J (1994) Tetrahedron Lett 35:2431 

Negishi E, Cederbaum FE, Takahashi T (1986) Tetrahedron Lett 27:2829 

Jensen M, Livinghouse T (1989) J Am Chem Soc 111:4495 

Soleil F, Choukroun R (1997) J Am Chem Soc 119:2938 

Dioumaev VK, Harrod JF (1997) Organometallics 16:1452 

Ito H, Taguchi T, Hanzawa Y (1992) Tetrahedron Lett 33:4469 

Lubben TV, Plossl K, Norton JR, Miller MM, Anderson OP (1992) Organometallics 11:122 



38 S.A. Cummings et al. 

33. Kempe R, Spannenberg A, Lefeber C, Zippel T, Rosenthal U (1998) Z Kristallogr New 

Crystal Structures 213:791 
34, (a) Rosenthal U, Ohff A, Michalik M, Gérls H, Burlakov VV, Shur VB (1993) Angew Chem 

Int Ed Engl 32:1193; (b) Nitschke JR, Zurcher S, Tilley TD (2000) J Am Chem Soc 122:10345 

35. Wolczanski PT, Bercaw JE (1979) J Am Chem Soc 101:6450 

36. Davis JM, Whitby RJ, Jaxa-Chamiec A (1992) Tetrahedron Lett 33:5655 

37. Davis JM, Whitby RJ, Jaxa-Chamiec A (1994) Tetrahedron Lett 35:1445 

38. (a) Tilley TD (1985) Organometallics 4:1452; (b) Tilley TD (1985) J Am Chem Soc 

107:4084; (c) Elsner FH, Woo HG, Tilley TD (1988) J Am Chem Soc 110:313; (d) Campion 

BK, Falk J, Tilley TD (1987) J Am Chem Soc 109:2049; (e) Elsner FH, Tilley TD, Rhein- 

gold AL, Geib SJ (1988) J Organomet Chem 358:169; (f) Heyn RH, Tilley TD (1989) 

Inorg Chem 28:1768; (g) Cardin DJ, Keppie SA, Kingston BM, Lappert MF (1967) J Chem 
Soc Chem Commun 1035; (h) Xue Z, Li L, Hoyt LK, Diminnie B, Pollitte JL (1994) J Am 

Chem Soc 116:2169; (i) Procopio LJ, Carroll PJ, Berry DH (1991) J Am Chem Soc 

116:2169; (j) Procopio LJ, Carroll PJ, Berry DH (1993) Organometallics 12:3087 

39. Honda T, Satoh S, Mori M (1995) Organometallics 14:1548 

40. Honda T, Mori M (1996) Organometallics 15:5464 

41. Honda T, Mori M (1996) J Org Chem 61:1196 

42. Grossman RB (1991) PhD thesis, Massachusetts Institute of Technology 

43. Gately DA, Norton JR (1996) J Am Chem Soc 118:3479 

44. Gately DA, Norton JR, Goodson PA (unpublished results) 

45. Tatsumi K, Nakamura A, Hofmann P, Stauffert P, Hoffman R (1985) J Am Chem Soc j 

107:4440 

46. Allen FH, Kennard O, Watson DG, Brammer L, Orpem AG, Taylor R (1987) J Chem Soc 

Perkin Trans II S1 

47. Atwood JL (1983) Organometallics 2:770 

48. Cadierno V, Zablocka M, Donnadieu B, Igau A, Majoral J-P, Skowronska A (1999) J Am 

Chem Soc 121:11086 

49. Tunge JA, Czerwinski CJ, Gately DA, Norton JR (2001) Organometallics 20:254 

50. Tunge JA, Gately DA, Norton JR (1999) J Am Chem Soc 121:4520 

51. (a) Hart DW, Blackburn TE, Schwartz J (1975) J Am Chem Soc 97:679; (b) Nugent WA, 

Calabrese JC (1984) J Am Chem Soc 106:6422; (c) Nugent WA, Thorn DL, Harlow RL 

(1987) J Am Chem Soc 109:2788 

52. Coles N, Whitby RJ, Blagg J (1990) Synlett 271 
53. Coles N, Whitby RJ, Blagg J (1992) Synlett 143 
54. Harris MCJ, Whitby RJ, Blagg J (1995) Tetrahedron Lett 36:4287 

55. Barluenga J, Sanz R, Fafianas FJ (1997) J Org Chem 62:5953 

56. Buchwald SL, Wanamaker MW, Watson BT (1989) J Am Chem Soc 111:776 

57. Knorr L (1884) Chem Ber 17:1635 and Paal C (1885) Chem Ber 18:367 

58. Dhawan R, Arndtsen BA (2004) J Am Chem Soc 126:468 

59. (a) Takahashi T, Li Y (2002) Zirconacyclopentadienes in organic synthesis. In: Marek I 

(ed) Titanium and zirconium in organic synthesis. Wiley-VCH, Weinheim, Sect 2.3.1; 
(b) Venazi LM, Lehmann R, Keil R, Lipshutz BH (1992) Tetrahedron Lett 33:5857; 

(c) Takahashi T, Kotora M, Kasai K, Suzuki N (1994) Tetrahedron Lett 35:5685; (d) Kotora 

M, Kasai K, Suzuki N, Takahashi T (1995) J Chem Soc Chem Commun 109 

60. Dekura F, Honda T, Mori M (1997) Chem Lett 8:825 

61. Buchwald SL (personal communication) 

62. Keung W, Bakir F, Patron AP, Rogers D, Priest CD, Darmohusodo V (2004) Tetrahedron 

Lett 45:733 

63. Katrizky AR, Button MA, Busont S (2001) J Org Chem 66:2865 



64. 

65. 

66. 

67. 

68. 

69. 

70. 

7A 

Dh 

Hak 

74. 

75. 

Synthesis and Reactivity of Zirconaaziridines 32 

Braunstein P, Nobel D (1989) Chem Rev 89:1927 

(a) Seeman JI (1983) Chem Rev 83:83; (b) Eliel EL, Wilen SH (1994) Stereochemistry of 

organic compounds. Wiley, New York, p 648; (c) Carey FA, Sundberg RJ (2000) Advanced 

organic chemistry, 3rd edn. Plenum, New York, p 220 

Beak P, Anderson DR, Curtis MD, Laumer JM, Pippel DJ, Weisenburger GA (2000) Acc 

Chem Res 33:715 

Wang ZM, Sharpless KB (1994) J Org Chem 59:8302 
Hirsh R, Hoffmann RW (1992) Chem Ber 125:975 

Trost BM, Toste FD (1999) J Am Chem Soc 121:3543 

Bercaw JE, Moss JR (1992) Organometallics 11:639 

Baik M-H, Frost BJ, Friesner RA, Norton JR (manuscript in preparation) 

Cummings SA, limura M, Norton JR (unpublished results) 

(a) Planalp RP, Andersen RA (1983) Organometallics 2:1675; (b) Planalp RP, Andersen 

RA, Zalkin A (1983) Organometallics 2:16; (c) Simpson SJ, Andersen RA (1981) Inorg 

Chem 20:3627 

Morton C, Munslow JJ, Sanders CJ, Alcock NW, Scott P (1999) Organometallics 18:4608 

(a) Brinkman EA, Berger S, Brauman JI (1994) J Am Chem Soc 116:8304; (b) Lambert JB 

(1990) Tetrahedron 46:2677 



i _ P 
# hel =a ——y SS 

a 

a? Creme , kun ae ae <b aia wed hpiaie 

rey nye set ye rayne a to ih denad 
‘Li Si ‘dale petal eres i _ “i a S 2 

= b 4 oy: Hs a ont vile 

»* piety iii ye ai int we ‘ri a’: AT ie | es 
=e for! a ' ‘TED re 

a, feo) Gt ' WR . as = vibyieh bal ite ern 

a i< fate 2h 183° Wheorvnie 7, 44 h ahecs aan 

SP ait Ves i, ‘Sia FSR & an. y . ‘ el an roe A Rae A reap et 
- > ed [7 iow T “p id ) iy ri Gmbh wt) Fe ‘ F aeaentionn 

oe a woth mip Pichi ey dienthel ' hn hilt ty vile pelea ime Halla 

yes ee ess ain ee terpharh My AAA unre al INE gianni aS Sf 
onbissahy ahd qi til i Wuibatira te: ait ren eae —— ee aie aa 

ni r ve 4 vi 2 tw, mii “h at err i + y 
a a: ae a mM ae “iy ab U ¥ ie ethheen ot <0 mena AT met 

“sagart) vaniticse d i Lutte ee Wie MAY oon a? JT ul hes tae anata. _ 
Me A a pa mri i eS! ne rier 9 haus 4 touwit AF runepitlel & . Mita ek iret artis i ; Jit ve 0} urbonstenrat aROT) 

, “e <a NBL A? cety ichaiees wa lire bute) (acting, 7 
~ =. it-< - Tht, Gin mae (TPMT Am Ole tow 18 

, tee Ts Newtet.('@, Contaalign, 2% Pegeecrth talent) Gomis) 

., Cieniey K, Ap oT tans B Sheena) a fico A (15529 | acy "ea 
Wiha i ? ts = 

5 ‘ 

© Alun Pit. bennard Yee I, liaise tiem is ‘Les ter hm) ‘oe! 
=, Cee) Tree TS} : 

ff Amoahd 1 PRO Cimon gee tafe >a > 

 Tadlérey Vcatiloga M, Downadinn & heed AL Mrajurel | PF Sherman © we) ie 
Seg A Toei Senge 0) te ae : . 7. 

WY things 1A, Charwinast 1? Sutely Cy Sell eae (2E0GY iy uma) ip Sri er 7 
a ign i Vi Ke aiath DA Pini pace js NOT |) Aces Ded Sin basa w 2 

O41, f0) Hage St, Blecciecey, Ti fori bp OOMRPE) Pike (Sukan Bay os U9 diy eae 
balabwee Ho (bade: | Ag: CRe, up (ORES 1704 Py gan Wak ie ik, Eh, fs 

y _ 

OT) | Sen Che ogee —_ i ae thes i as 7 iv 

Md Couey th, Whang it Olay 11690) [meat : . ‘ : sy a 7 . 
27 Valin ny Tei on. is 0) Mi ‘yn Le - 

4 TWrris HC), Waite Kj, Miecd t //908 Selrwiy shor saad? 

=V Eicticepge b Sard &, Poti rh thers dee ches >)? is 
aS Dacheeild AY, Veretoiwer? as fn OT s-9pee) whe fl S46 0 ms 

E + i Legal Chen 6 rita ond Taal C4 a ‘ng ce) re be 

oF veel Ph Ardie BA ew) T; “ahh (Men 4er (204 7 
7°. 14) Teka VEE er! Rana paititetes yi atk Wy TiVinsenss . oe ; ove 

vet) thant ate® i sapibins (mn @rganicns theuhs. tion VER mebt=iai. Jrgy J. wd 
it ene ipa) ts heticsy. 4%, Za hk obi pheria Gh (ress) Parte Trew be 
6) Titeheei he org ia Re at St oi sry +) igiedrae mien 
“Vad FD rus 6, Faebea Ti baat tare = _ _ 

4), eeu 75a wliy + “ane } citi ) Cen ten ® es 
oh. Gucheuid Sb ( ere aT cinerea a\ — 
S teg i aay P F, Macinn AV Berge 3 Pobe (2) ae ante 

& ign aWhss ; 
i) Petoikg 6 Venue A lions @ GOGTS Pine 

ss —~ - 



Topics Organomet Chem (2005) 10: 41-62 

DOI 10.1007/b98424 

© Springer-Verlag Berlin Heidelberg 2005 

Synthesis and Reactivity of Zirconium-Silene Complex 

Miwako Mori (24) 

Graduate School of Pharmaceutical Sciences, Hokkaido University, Sapporo 060-0812, 
Japan 

mori@pharm.hokudai.ac.jp 

1 MttPoducti@iiie (o.oo as eis deo, 6 sings) Be eo Mes Gens 42 
Slee Reactionio£ Alkynewith Gp,ZrGl.and Pho -Busilii a censicae ty enone dices 45 

2 Formation of Zirconium-Silene Complex .................0-- 48 

2.1. Reaction,of Alkyne with Cp,ZrCl; and Me,PhSili.. ... .. . « « smele odes 48 

2.2 Possible Reaction Course for the Formation of Zirconium-Silene Complex .. 51 
2.5, 9 Contirmation of the Reaction Mechanism 0 a./. os tots @ eee ebeete > us 53 
2.4 Reactivity of Silazirconacyclopentene Formed 

KUM ATATTO MUTANS COM org gms cule G S Gh BEG! oN chord elem eS coors 56 
2.4.1 Insertion of Isocyanide into Silazirconacyclopentene .............. 56 
2.4.2 insertion of Carbon Monoxides: bs4.02 212 SEG AE Bs Gee Ee 58 
2.4.3. Transmetalation of Zirconium to Copper of Silazirconacyclopentene ..... 59 

3 Perspectives <i tgas phy kt wont ths & ites cree tp ores en) cer boa mero: 60 

RROTCEONCCS ae ae Ne chi ch gag ds Shc is coca Rat a 61 

Abstract When Cp,ZrCl, was treated with 2 equivalents of Me,PhSiLi, a zirconium-silene 
complex was formed. In the presence of alkyne, diarylalkyne reacted with silene coordinated 

with zirconium to give silazirconacyclopentene, which was hydrolyzed to give vinylsilane. On 
the other hand, dialkylalkyne inserted into zirconium-silene complex to give silazircona- 
cyclopentene, which was hydrolyzed to give allylsilane. Formation of the zirconium-silene 
complex was monitored by 'H NMR spectra. 
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Abbreviations 
Ad Adamantyl 

Ar Aryl 

Bu Butyl 
‘Bu __tert-Butyl 

AG Degrees Celsius 
Cp __ _Cyclopentadienyl 
Cp* Pentamethylcyclopentadienyl 
Cy Cyclohexyl 
Et Ethyl 
h Hour(s) 

Ln Ligand 
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Me Methyl 
MS Mass spectrometry 

NMR Nuclear magnetic resonance 

Ph Phenyl 
Pr Propyl 
‘Pr Isopropyl 
rt Room temperature 

Temp. Temperature 
THF  Tetrahydrofuran 

TMS  Trimethylsilyl 

1 

Introduction 

Silene, which has a silicon-carbon double bond, is a very reactive organosilicon 

species, and isolation of silene is very difficult [1]. The first report showing the 
presence of silene as an intermediate was the formation of 1,3-disilacyclobutane 
and ethylene resulting from pyrolysis of 1,1-disubstituted-1-silacyclobutanes by 
Gusel’nikov and Flowers. They reported that an unstable compound containing 
a silicon-carbon double bond should be formed and that dimerization of this 
species resulted in the formation of 1,3-disilacyclobutane (Eq. 1) [2]. Hydrolysis 
of intermediary silene afforded silanol. Gusel’nikov also confirmed the formation 
of silacyclohexene by Diels-Alder reaction of intermediary silene and diene 
(Eq. 2) [3]. In 1981, Brook first succeeded in the isolation of a thermodynami- 

cally stable silene, 2-adamantyl-2-trimethylsiloxy-1,1-bis(trimethylsilyl)-1- 
silaethene, which has a carbon-silicon double bond, by photolysis of a solution 
of acyl silane. This silene has a sterically bulky adamantyl group on the carbon 
of the silicon-carbon double bond and its structure was confirmed by X-ray 
diffraction analysis at -50 °C (Eq. 3) [4]. Methanol and water readily add across 

the silicon-carbon double bond to give an addition product. Wiberg obtained 
a stable silene by thermal salt elimination of LiF (Eq. 4) [5]. In this case, the bulky 

silyl group was placed on the carbon of silene. In a similar manner, Apeloig syn- 
thesized stable silenes by the reaction of silyl lithium derivatives and adaman- 
tanone (Eq. 5) [6]. This silene reacted with1-methoxybutadiene to produce the 

expected Diels-Alder product. Recently, theoretical studies on silene have been 
carried out [7]. 

Me Me 

aa 8-60 mmHg = Me, “,.Me 
2 ue der het PRO=eHe (1) 

400-460 °C + e Me 
HsC=Cha 

HO Me3SiOH (Me3Si)20 
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H20 
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z Me 

Me Me a be ce: Me 
Me 

—> | =Si. 
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Me Me bs ee Si 

Pas M ‘Me 

(MesSi)sSi—< meer “si=C we Messi Pr (3) 

Ad MesSi Ad RO H 
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Me SiMe'Bup 6 M SiMe'Bu 
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Since silene is an unstable species, various transition metal-silene complexes 
coordinated by the silicon-carbon double bond have been reported. In 1970, 
Pannel reported the formation of silene by irradiation of an iron complex 
(Eq. 6) [8]. He obtained an iron-TMS complex that was apparently formed from 
silene and an iron-hydride complex generated from the starting iron complex 
by B-hydrogen elimination [8]. Wrighton confirmed the existence of tungsten- 
and iron-silene complexes by examination of NMR spectra obtained at low 
temperature (Eqs. 7 and 8) [9]. 

PPh 
CpFe(CO)sCHsSiMezH Valea CpFe(CO)PPh3SiMe, (6) 

ee |=s.° + FeH jae] 

OC, 1 «H 

CpW(CO)3CH2SiHMe» eee y Woe 4H (7) 

Me™ 2 
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Cp*Fe(CO)s2CH»SiHMez whe #34 (8) 

In 1988, Tilley and coworkers first succeeded in the synthesis of a ruthenium- 
silene complex by the reaction of Cp*Ru(PR;)Cl with a Grignard reagent, 
and the structure was confirmed by X-ray crystallography (Eq. 9) [10]. They 
later synthesized an iridium complex in a similar manner (Eq. 10) [11]. Berry 
synthesized a tungsten-silene complex by treatment of a tungsten-chloride 
complex with Mg (Eq. 11) [12]. Although reactions of transition metal-silene 

complexes with Mel, HX, and MeOH have been reported, little is known about 

their reactivities [11,12]. 

Cp* 
CIMgCH2SiR'sH ! Ru ! 
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Ln ‘ 
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I 

. Cp* Mel Mon 
: CIMgCH2SiPhoH Cee aoe 

Cp*(PMes)IrMeCl = r “’SiPho CHsSiMePhs (10) 

MegP MeOH = Gps 
| ne 

amit 
esr 
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Cl Mg »SiMez — MeOH vH 
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CH>SiMe,Cl PeW— Be NN cHsSiMesOMe ay 
1f 

BR, ww siMes3 

ee . 

Very recently, Berry and coworkers reported the formation of a ruthenium- 
silene complex from (PMe,),RuHSiMe; and BPh,, and they observed the 

interconversion between silene and a 16-electron ruthenium silyl complex 
(Eq. 12) [13a]. 

p Me 
; RB = Me, Me 

Pera nee: BPhg ana SiMe ssinG Si H 

v i a KOE & NS 

P Lee i ~ hsp Ghee Nets 
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Tilley reported silene-silylene rearrangement in a cationic iridium complex 
(Eq. 13) [13b]. 

ycSiMes /SiMes 
4s == +M-SiMe) =—= M 1, CHe cat 

ee Pyridine l /\ SiMe. 'Y Me3P e AN 

a > e 
HA "Pons Me3P~ 4’SiMe,OTI | 
Me 

: ae 
a tr, MesP71'’sime,(OEt,,  MesP™ SiMe 
Me 

x 

To examine the reactivity of a zirconium-silicon bond, Mori et al. synthesized 

a zirconium-silicon complex from Cp,ZrCl, and Ph,'BuSiLi (1 equiv.) and in- 

vestigated the reactivity of this complex [14]. Furthermore, they found that the 
reaction of Cp,ZrCl, with 2 equivalents of Me,PhSiLi gave disilylzirconocene, 

which was easily converted into a zirconium-silene complex via B-hydrogen 
elimination (Scheme 1) [15]. This is the first example of the formation of an 

early transition metal-silene complex. In this chapter, the reactivity of the 
zirconium-silene complex is described. 

1 equiv. 

‘BuPh,SiLi 
CpoZrClo Cp2Zr—Si'BuPh, 

Cl 

la 

2 equiv. Ph Me Ph Me 

ree MeaPhLiSili Be ciesrh aa j| im ran 
r r 7 Cpeér|p <<  Cpazr sera TS SINOEPh N 

2a MesPhSiH 3 3 

Scheme1 Reaction of Cp,ZrCl, with R;SiLi 

1.1 

Reaction of Alkyne with Cp,ZrCl, and Ph,‘BuSiLi 

The reactivity of a silyl-zirconium complex is interesting because an unsatu- 
rated bond would be inserted into the silyl-zirconium bond to provide an 
alternative zirconium complex. It has zirconium-carbon and silyl-carbon 
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bonds and it is expected that novel carbon-carbon bond-forming reactions 

would be developed. 

Si—Zr — ee === (14) 
Se, Si 9G 

These are only few reports on the synthesis and reactivity of complexes having 
a zirconium-silicon bond. Lappert reported the synthesis of complex 1b from 
Cp,ZrCl, and Ph,SiLi [16]. Later, Tilley [17] reported the synthesis of complex 
1c from Cp,ZrCl, and Al(SiMe;)3-OEt, [17a]. Takahashi [18] and Buchwald [19] 

independently reported the formation of zirconium-silicon complexes 1d and 
le by treatment of zirconocene coordinated by olefin with silane. Berry [20] 
and Xue [21] reported the syntheses of complexes 1f and 1g (Scheme 2). 

M. F. Lappert, 1967 Ph3Si-Li SiPhg 
CpoZrClo SAS CpoZr 

Cl 
1b 

T. D. Tilley, 1985 Al(SiMe3)3-OEts SiMe 
: CC ———————— Cin 

Cl 
ic 

T. Takahashi, 1991 Et H,SiPh> SiHPh, Paae H. 

Cpazr{f Cp2Zr “4 Cp2dr ya 
H . 

1d SiHPh> 

S. L. Buchwald, 1991 : 

<a t Ph SiH SiPhg 
poet Cp2Zr-H 

| 
Me3P PMe, 

le 
D. H. Berry, 1991 Z. Xue, 1994 

PMes SiR, 

Cp2Zt—SiMe oer 

Pia BU eagNo Lr Np 

If 1g 

Scheme 2 Preparation of zirconium-silicon complexes 

Little is known about the reactivities of complexes having zirconium-sili- 
con bonds. Reaction of 1b with hydrogen chloride afforded triphenylsilane 
(Scheme 3) [16a]. The insertion of carbon monoxide or isocyanide into a zir- 

conium-silicon bond of Ic gave silaacylzirconium complex 4 or iminosilyl- 
zirconium complex 6 [17b,c]. As for carbon-carbon multiple bonds, ethylene 

can be inserted into a zirconium-silicon bond of 1h’ [17g], but other multiple 
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bonds such as alkene and alkyne could not be inserted into a zirconium-sili- 
con bond [17b,c]. 

_SiPh . Cpozr<~ 34 HCI (g) CpoZrClo + Ph3SiH 
Cl 

1b 

O 

SiMe + CO 
Z ——SS j Cpo No oo Cp22r SiMe3 

1c 4 

SiR3 

USIR = Chez a ICN ee oye 
Cl N 

Cl 

1c R = Me 

th R=Si 6a R =Me 
RigoiMes 6b R = SiMe; 

i(Si H2C=CH i(Si Gprcpzrc ea 2 2 Cpe 

Cl Cl 

th' tf 

Scheme 3 Reactivity of Cp,Zr(SiR;)Cl 

Zirconium-silyl complex la was prepared from Cp,ZrCl, and LiSi'BuPh, 
[22], but the isolation of zirconium-silyl complex 1a was unsuccessful. Thus, 
the insertion of isonitrile into a zirconium-silyl bond was carried out in situ 
to give air- and moisture-stable 7?-iminosilaacyl complex 6c in 71% yield after 
column chromatography on silica gel (m.p. 193-194 °C, from hexane-CH,CL, 
Scheme 4). The structure of 6c was confirmed by X-ray diffraction. n?-Iminosi- 
laacyl complex 6c was treated with dry HCl in benzene to give formidoylsilane 
9 in 53% yield. 

‘BuPhoSiLi LAY 
it 

SIBuPhe | arc N HCVELO Il" 
pee A irebuiCpszi@ AStbUPhi were er aS 

Cl eC 2 CeHe H’ ~SitBuPh, 
la 71% 6c 53% 9 

Scheme 4 Reaction of Cp,ZrC,, with ‘BuPh,SiLi 

Treatment of 7’-iminosilaacyl complex 6c with LiEt;BH gave azazircona- 
cyclopropane 10, which was hydrolyzed to give (silylmethyl)aniline in 82% 
yield (Scheme 5). Treatment of 10 with 4-octyne gave alkene 12 in 73% yield 
after hydrolysis. Presumably, the insertion of alkyne into the carbon-zirconium 
bond of 10 gives silazirconacyclopentene 11. When CuCl and allyl chloride were 
added to a THE solution of silazirconacyclopentene 11, tetrasubstituted alkene 
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13 was obtained via transmetalation. These results indicated that two functional 

groups, a formyl group and an allyl group, could be introduced onto alkyne in 

a highly stereoselective manner in a one-pot reaction. 

yee -Ph _ NHPh 
i , N HgO 

Sogn LIEtsBH Cpozr< | it 
Ue ef eee G-sitBuPh, hes 

6c 10H 82% 

| 4-octyne 

Ph NHPh 
Cpozr’ Si'BuPh» H  /si'BuPh, 

re 73% Pr Pr 
Pr Pr 11 12 

NHPh 

Zr? __ /~Si'BuPh2 

CuCl Pr PA 

13 

=e) R R 

Scheme 5 Treatment of silaacylzirconium complex with LiEt,;BH 

2 

Formation of Zirconium-Silene Complex 

2.1 
Reaction of Alkyne with Cp,ZrCl, and Me,PhSiLi 

To examine the reactivity of the silyl-zirconium bond, Mori et al. used 
Me,PhSiLi instead of Ph,'BuSiLi. A THF solution of Me,PhSiLi 8b (1 equiv.) was 

added to a THF solution of Cp,ZrCl, (1 equiv.) and diphenylacetylene 14a 
(1 equiv.) at -78 °C, and the solution was stirred at room temperature for 3 h. 

After hydrolysis of the reaction mixture, vinylsilane 15a was obtained in 36% 
yield along with the starting material 14a in 40% yield. When the reaction 
mixture was treated with D,O, compound 15a-D, having two deuteriums was 

obtained. One deuterium was introduced at the vinylic position and the other 
was incorporated into the methyl proton on the silicon (39% yield, each D 
content; quant.). If insertion of alkyne 14a into the zirconium-carbon bond of 
1b occurs, vinylsilane 15a should be formed, but in this case only one deu- 
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terium should be introduced at the vinylic position in the molecule. It cannot 
be explained at this stage why two deuteriums were introduced into the mole- 
cule (Scheme 6). 

Ph—==—Ph Me,PhSiLi 8b 
14a (1.0 eq) H2O H  SiMesPh 
Wi = 9 + 14a 

Cp2ZrCla ee an PH — Ph 
(1.0 eq) 3h 15a 40% 

36% 

Ph Ph 
D; quant: = 

) Rive 
USiMesPh DSi-cH, PH Ph 

CpeZr b 
Cl Ph Ph 16a 

1b 
15a-D2_D; quant. 
39% 

Scheme6 Reaction of Cp,ZrCl, and Me,PhSiLi in the presence of 14a 

The reaction was carried out under various conditions to improve the yield 
of the vinylsilane 15a (Table 1). When 2 equivalents of Me,PhSiLi 8b to Cp,ZrCl, 
were used for this reaction, the yield of 15a increased to 68% along with dimeric 
compound 16a in 6% yield (run 2), but a 1:1 molar ratio of Cp,ZrCl, and 
Me,PhSiLi did not affect the yield of 15a (run 3). The yield was improved to 

Table1 Reaction of Cp,ZrCl,, Me,PhSiLi, and 14a? 

Run Cp,ZrCl, Me,PhSiLi Temp. (°C) Yield 

(equiv.) (equiv.) of 15a (%) 

1 1 1 rt 36° 
2 1 2 rt 68 

3 2} 2 rt 59 

4 135: 3 rt 76 

5 1:5: 3 rt 78° 

6 125) 3 40 74 

Tf Zz 4 rt 82 

8 125 3 0 66 

9 5 3 0 744 
10 1.5 3 rt 19: 

@ To a THF solution of Cp,ZrCl, and 14a was added 8b in THF at -78 °C, the solution was 

stirred at -78 °C for 1 h, and then the solution was stirred at ambient temperature for 3 h. 
> 14a was recovered in 40% yield. 
© D,O was added to there action mixture and 15a-D, was obtained. 

4 Reaction time: 6 h. 
© Toluene was used as the solvent and a THF solution of 8b was added. 
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76% when 1.5 equiv. of Cp,ZrCl, and 3 equiv. of Me,PhSiLi were used (run 4). 
When the reaction was carried out under the same conditions and deuteroly- 
sis was carried out again, the same product 15a-D, was obtained (run 5). A 
higher reaction temperature did not affect the yield of 15a (run 6). The yield of 
15a was increased to 82% when excess amounts of Cp,ZrCl, and Me,PhSiLi 8b 

were used (run 7). The reaction proceeded even at 0 °C (run 8), although the 

yield was slightly lower, but a longer reaction time improved the yield of 15a 
(run 9). Toluene can be used for this reaction (run 10). In all cases, a small 

amount (less than 8%) of dimeric compound 16a was produced. 
Various alkynes 14 gave the corresponding vinylsilanes 15 in high yields 

(Scheme 7). The electron-donating group on the aromatic ring caused a slight 

CpoZrClo + MesPhSiLi + R ce» = ©) peer 

8b 14 Sy ® 

15b R=OMe 91% 

15c R=Me g4y% 

Scheme7 Synthesis of various vinylsilanes 15 15d R=CF3 66% 

increase in the yield of the desired vinylsilane 15. On the other hand, when 
3-hexyne 17a was reacted with Cp,ZrCl, (1 equiv.) and Me,PhSiLi (2 equiv.), 
surprisingly, unexpected allylsilane 18a was obtained, although the yield was 
low (Table 2, run 1; Scheme 8). When the reaction mixture was treated with 

D,O, two deuteriums were also incorporated, one at the vinylic position and the 
other on the silicon of 18a-D,. (D contents: 68 and 85%, respectively). A higher 
reaction temperature increased the yield of the desired compound 18a (Table 2, 
run 2), but the addition of PPh; as a ligand did not give a good result (run 3). 
Allylsilane 18b was also obtained when 4-octyne was used for this reaction 

Table 2 Synthesis of allylsilane* 

Run R Alkyne Temp. (°C) Product Yield (%) 

1 Ee 17a rt 18a 15 

2 Et 17a 40 18a 41 

3 Et 17b 40 18b 202 
4 Pr 17b 40 18b 25 

5 Pr 17b 70 18b 315) 

* To a THF solution of Cp,ZrCl, and 17 was added 8b in THE at -78 °C, the solution was 

stirred at -78 °C for 1 h, and then the solution was stirred at ambient temperature for 3 h. 
> PPh; (1.0 equiv.) was added. 
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Me 

CpoZrCl + =MesPhSiLi + R-==—A H a s 

8b 17 RR 

D: 68% 18a; R=Et 

Me b; R=Pr 
D SiPh 

D~ 
Et Et D; 85% 

18a-D> 

Scheme8 Reaction with alkyne having an alkyl group 

(run 4), and in this case, the yield of 18b increased when the reaction was 

carried out at 70 °C (run 5). 

As a source of alkyne, enyne 19 was used in this reaction to afford two in- 
separable regioisomers of vinylsilanes 20a and 20b in 54% yield in a ratio of 3:1 
(Scheme 9). 

1. MesPhSiLi H SiMesPh H SiMesPh 

\ =p; (3.0 eq) + 
19 THF Ar Ar 

| -78 °C, 1h &> 

CpoZrCly rt, 3h 
20a 

(1.5eq) 2: H20 Mop ue 
Ar = 4-CH30C.6H, A mixture of regio isomers (3 : 1) 

Scheme9 Reaction of zirconium-silene complex and enyne 

a: 

Possible Reaction Course for the Formation of Zirconium—Silene Complex 

A possible reaction course was considered (Scheme 10). The reaction of 

Cp,ZrCl, with Me,PhSiLi should give chlorosilyl zirconocene 1b. Insertion of 
alkyne 14a into the zirconium-silicon bond of 1b should give 21. Hydrolysis 
of 21 gives vinylsilane 15a. However, in this case, one deuterium should be 
incorporated into 15a to give 15a-D, not 15a-D,,. 

a _SiMe2Ph 
CpoZrClo + MesPhSiLi —>~ lie 

8b 1b 
| Ph-==—Ph 

14a 

Ph Ph Ph Ph 
EE D20 

Cp2ClZr SiMesPh D SiMesPh 

21 15a-D 

Scheme 10 Possible reaction course 
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Thus, an alternative reaction mechanism must be considered. It is known 

that dibutylzirconocene, prepared from Cp,ZrCl, and 2 equiv. of BuLi, gives 
zirconocene coordinated by a butene ligand (Negishi’s reagent, Eq. 15) [23]. 

Cp2ZrClp + 2BuLi —» Cp2ZrBuz we cpazr---f (15) 
BuH 

Therefore, complex 1b formed from Cp,ZrCl, and Me,PhSiLi was further reacted 
with Me,PhSiLi to give disilylzirconocene 2a. Then, 2a would be converted into 
zirconium-silene complex 3 or silazirconacyclopropane 3’ by B-hydrogen elim- 
ination from 2a. The insertion of alkyne 14a into the zirconium-silicon bond of 
silazirconacyclopropane 3’ gives silazirconacyclopentene 22a. Thus, in this case, 
deuterolysis of silazirconacyclopentene 22a gives 15a-D,, which has two deu- 
teriums, at the vinylic position and at the methyl carbon of the silyl group. On 
the other hand, the insertion of dialkyl alkyne 17a into the carbon-zirconium 
bond of 3’ gives silazirconacyclopentene 23a, whose deuterolysis gives 18a-D). 
Deuteriums were incorporated at the vinylic position and on the silicon 
(Scheme 11). In the case of enyne 19, the double bond on the alkyne would have 
the same role as that of the aromatic ring on alkyne 14, and the insertion of the 
alkyne part of 19 into the zirconium-silicon bond of zirconium-silene complex 
3’ occurs to give silazirconacyclopentene and hydrolysis of it gives 20a and 20b. 

Ph, Me 
Sim 

MesPhSiLi SiMe2Ph MesPhSiLi Lj Che 
Chick) === =p Zi ES Boyd, | 

‘el “e 
Pha7A 
ve Me 

oe 3 2 
Si ‘si P 

) || or Cpozr< | 
H—SiMePh 7 

Zirconium-silene complex 

Ph ri Te Ph—==—Ph Ph | D0 Si-Me 
i ae Ah Noh 

14a - ban Cp2oZr—~/ “Me Ph 
Me 

esi 22a 15a-D2 

CpoZr< | 

3 

i =SS— 2) aes ~ a — 
17a CpoZr D20 oa Ph 

Et She 
t t 

23a 18a-D2 

Scheme 11 Alternative possible reaction course 
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The reasons why alkynes 14 and 19 having aryl or vinyl groups, respectively, 
insert into the zirconium-silicon bond of 3’, whereas the alkyne 17 having alkyl 
groups inserts into the carbon-zirconium bond of 3’, are still not clear. Pre- 

sumably, electronic factors are important for the insertion reaction. 
Although silene is known to be unstable, this zirconium-silene complex 

is easily generated from disilylzirconocene 2a by B-hydrogen elimination in 
situ. However, the isolation of the zirconium-silene complex is difficult, and it 
immediately reacts with alkyne to form the azazirconacyclopentene. 

2.3 

Confirmation of the Reaction Mechanism 

To confirm the generation of a zirconium-silene complex, the reaction of 
Cp,ZrCl, and Me,PhSiLi 8b in the presence of bis-4-methoxyphenylacetylene 
14b was monitored by 'H NMR (Scheme 12). 

CpoZrClo + MeoPhSiLi + Ar—==—Ar 

8b 14b 

Me 
14b ING) Si<Me 

—— h Bn Me | | ene Banh eee ee S Ar Ar 
“a 

Ar=4-MeOCgH, 

Scheme 12 Reaction of alkyne 14b with silene 3’ 

At first, the NMR spectrum of a THF-d, solution of Cp,ZrCl, and 14b was 
measured. The Cp protons of Cp,Zr,Cl, appeared at 6 6.48. Then a THF solu- 
tion of Me,PhSiLi was added to this solution at -78 °C, and the 'H NMR spec- 
trum was measured at room temperature. Cp protons appeared at 6 5.07, and 
a Si-H proton of Me,PhSiH was clearly shown at 6 4.42, whose 6 value was con- 
firmed by authentic Me,PhSiH in THF-d, (0 min). Then the solution was al- 

lowed to stand at room temperature and was monitored by 'H NMR. After 
7 min, new peaks appeared at 6 6.30 and 6.17 (Fig. 1, Chart 1). As a function of 
time, the peak at 6 5.07 decreased whereas the peaks at 6 6.30 and 6.17 in- 
creased (Chart 2). After 4.3 h, the peak at 6 5.07 had disappeared (Chart 3). 
When HCI-Et,0 was added to this solution, a single peak of Cp,ZrCl, appeared 
at 66.50. From the reaction mixture in the NMR tube, 15b was isolated in 69% 
yield. This means that the Cp protons of 6 6.30 and 6.17 in Chart 3 are those of 
silazirconacyclopentene 22b. 

Subsequently, the reaction of Cp,ZrCl, and Me,PhSiLi in the absence of the 
alkyne 14b was monitored by 'H NMR. The results are shown in Charts 4-6 
(Fig. 2). After addition of Me,PhSiLi to the solution of Cp,ZrCl, in THF-d,g, the 
'H NMR spectrum was immediately measured. Cp protons appeared at 66.11, 
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Chart 2 Chart 3 

6.00 5.50 5.00 4.50 

Fig.1 1H NMR spectra of the reaction of Cp,ZrCl, and 8b in the presence of 14b 

Me,PhSiH 
4.42 

P< 

6.00 550 5.00 4.50 6.00 5.50 5.00 4.50 

Chart 4 Chart 5 Chart 6 

Cp,ZrCl, + Me,PhSiLi 

Fig.2. 'H NMR spectra of the reaction of Cp,ZrCl, and 8b 

6.01, and 5.06 (Chart 4). After 3.5 min, there was no change in the spectrum 
(Chart 5). However, after 1.5 h, many peaks had appeared on the NMR spec- 
trum (Chart 6). 

On the other hand, a THF solution of 8b was added to Cp,ZrCl, in THF-d, 

and the 'H NMR spectrum was measured (Chart 7, same conditions as those 
for Chart 4, Fig. 3). Then alkyne 14b was immediately added to the NMR tube. 

Chart 7 Chart 8 Chart 9 

[ Cp,ZrCl, | + Alkyne 
+ Me,PhSILi 

6.11 
“; ) 6.01 

i SARRSRAD LAASBARAAS DAA 

__6.00 5.50 5.00 _4.50 

Fig.3 'H NMR spectra of the reaction of Cp,ZrCl, and 8b followed by the addition of 14b 



Synthesis and Reactivity of Zirconium-Silene Complex 55 
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Fig.4 The d values of Cp protons 

New peaks appeared at 6 6.30 and 6.17 (Chart 8). After 2 h, the peaks of 65.06, 
6.01, and 6.11 had disappeared (Chart 9). Chart 9 was almost the same as 
Chart 3. From this reaction mixture, 15b was isolated in 33% yield. 

The 6 values of typical Cp protons of zirconacycles and zirconocenes in the 
literature are shown in Fig. 4 [17a,c, 23-25]. Although the chemical shift of Cp 
protons of a zirconium-silene complex [Zr(II)] or silazirconacyclopropane 
is not known, it has been reported that the chemical shifts of Cp protons of 
zirconacyclopropane 24 (6 5.25) [24] or zirconocene 25 [Zr(II), 6 5.50] [25] 

coordinated by an ethylene ligand are greater than those of Cps of Zr(IV) com- 
plexes. Thus, the peak of 65.06 appearing at a higher chemical shift should be 
that of the Cp peak of Zr(II) and it would be the Cp proton of zirconium(II)- 
silene complex 3 or 3’. This is supported by the fact that the peak of 5 5.06 de- 
creased when alkyne 14b was added to the THF-d; solution, and new peaks ap- 
peared at 66.30 and 6.17 (Charts 8 and 9). This indicates that zirconium-silene 
complex 3 or 3’ was converted into silazirconacyclopentene 22b in the presence 
of the alkyne 14b, and vinylsilane 15b was isolated from the reaction mixture 
in the NMR tube after the usual workup. Therefore, the Cp peaks at 6 6.30 and 
6.17 in Charts 3 and 9 are those of silazirconacyclopentene 22b, because the 
chemical shift of Cp peaks of zirconacyclopentene 26 is known to be 65.96 [24]. 
Since silene is very unstable, it decomposed after 1.5 h in the absence of alkyne 
(Chart 6). The Cp peaks of 66.11 and 6.01 (Chart 4) are thought to be those of 
disilylzirconocene 2a or chlorosilylzirconocene 1b, by comparison with that of 
disilylzirconocene 2b (66.13) [17a] and those of chlorosilylzirconocenes Ic or 

lh (6 5.75 [17c] or 5.97 [17c]). These results strongly suggested that silene is 
formed from disilylzirconocene 2a, generated from Cp,ZrCl, and 2 equiv. of 
Me,PhSiLi 8b, and it reacted with 14b to give silazirconacyclopentene 22b, 

which afforded vinylsilane 15b after hydrolysis (Scheme 11). 
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2.4 

Reactivity of Silazirconacyclopentene Formed from a Zirconium-Silene Complex 

2.4.1 

Insertion of lsocyanide into Silazirconacyclopentene 

The reaction of zirconium-silene complex 3 with alkyne was carried out, and 
it was clear that an alkyne having aryl or vinyl groups inserts into the zirco-, 
nium-silicon bond of zirconium-silene complex 3’, while an alkyne possess- 
ing two alkyl groups inserts into the carbon-zirconium bond of 3’ (Scheme 11). 

Thus, the reaction of silazirconacyclopentene 22 formed from silene-zirco- 
nium complex 3’ and alkyne 14 with isonitrile was carried out [15b]. To a THF 
solution of Cp,ZrCl, (1.5 equiv.) and diphenylacetylene 14a (1 equiv.) was 
added Me,PhSiLi (3 equiv.) at -78 °C, and the solution was stirred at the same 

temperature for 1 h and then at room temperature for 3 h (Scheme 13). To this 
solution was added tert-butyl isocyanide (2.1 equiv.), and the solution was 
stirred at room temperature overnight. Surprisingly, treatment of the reaction 
mixture with HCI-Et,O gave imino-zirconium complex 27a, but neither 29a nor 
30a, in 57% yield based on alkyne 14a. When the reaction mixture was 
quenched with 20% DCI-D,0, 27a-D was obtained in 68% yield (D content: 

quant.). The intermediate would be iminosilazirconacyclohexene 28a, and the 

carbon-zirconium bond remained unchanged due to the strong coordination 
of nitrogen in 27a to zirconium. 

N'Bu 

CpozrCl oe fA poZr st : Ar—== . 2 it 1. ‘BuNC LOLECI Ee \,,-Me 

@oPhSILi 2. HCI/ Et>O seg a. 

14 Ph Ph 
27 

O 
N'Bu N'Bu N'Bu 

a Choe 
Me H r 

CpozZr Si ae H Sige H \ .-Me Cpz D Gj-Me 
—— Jaan FO H.__Si ek 

PH Ph PH Ph ae e i h 
28a 29a 30a 27a-D 

Scheme 13 Reaction of silazirconacyclopentene and ‘BUNC 

Various imino-zirconium complexes 27 were obtained from Cp,ZrCl, 
(1.5 equiv.), Me,PhSiLi (3 equiv.), and the corresponding diarylalkynes 14a-d 
(1 equiv.) by a one-pot reaction in good to moderate yields (Table 3). In this 
reaction, the electron-donating group on the aromatic ring gave good results. 
Since compound 27d was crystallized, its structure was confirmed by X-ray 
crystallography [15b]. To confirm the formation of iminosilazirconacyclohex- 
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Table 3 Synthesis of imino-zirconium complex 

Run Ar Alkyne Product Yield (%) 

1 Ph 14a 27a 57 

2 4-MeOC,H, 14b 27b 62 
3 4-MeC,H, 14c 27¢ 68 
4 4-CF3C,H, 14d 27d 7 

NMR-Experiment for Synthesis of Iminosilazirconacyclohexene 

4 N'Bu 
Ph. .Me Ph it nad ee — ! 

esi Ar Ar /~Si-me ‘BuNC Ly \_-Ph Mae _Me 
Cpities| fia easanese, Che —> Cp,zr Sil = — > CciH SI. 

Ar = 4-CH30C¢H,- = Me pa Ph 
Ar 

Zirconium-Silene Complex Ar Ar Ar Ar Ar 

T 

Fig.5 NMR spectra of formation of 27b 

ene 28, the reaction was monitored by 'H NMR spectra. The spectra of 27b are 
shown in Fig. 5. 

To a solution of Cp,ZrCl, (15.9 mg, 54.4 pmol) and di-4-methoxypheny- 
lacetylene 14b (8.5 mg, 35.7 pmol) in THF-d, (0.8 mL) was added Me,PhSiLi 

(0.72 M in THE, 0.15 mL, 108 pmol) in an NMR tube under argon atmosphere, 

and the solution was allowed to stand at -78 °C. Then the solution was moni- 
tored at room temperature by 'H NMR spectra. As a function of time, the Cp 
proton signals of silazirconacyclopentene 22b at 6 6.17 and 6.30 increased 
(Chart I). After 3.5 h, tert-butyl isocyanide (10.0 iL, 88.4 jamol) was added. New 
Cp proton peaks appeared at 65.49 and 5.51, and methylene peaks appeared at 
6 2.67 (d, J=12.4 Hz, 1H) and 63.27 (d, J=12.4 Hz, 1H), respectively (Chart II). 

When HCI-Et,O was added to this solution, the Cp protons were changed to 
65.75 and 5.54, whose peaks agreed with those of imino-zirconium complex 
27b (Chart III). The Cp protons at 65.49 and 5.51 (10H) and methylene protons 
at 6 2.67 (d, J=12.4 Hz, 1H) and 6 3.27 (d, J=12.4 Hz, 1H) as an AB quartet in 

Chart II indicate that iminosilazirconacyclohexene 28b is formed. 
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2.4.2 

Insertion of Carbon Monoxide 

Next, an attempt at insertion of carbon monoxide into silazirconacyclopen- 
tene 22b prepared from silene and diarylalkyne was made. A THF solution of 
silazirconacyclopentene 22b, which was prepared from alkyne 14b, Cp,ZrCl,, 
and Me,PhSiLi in THF, was stirred under carbon monoxide (1 atm) at room 

temperature overnight (Scheme 14). From the 'H NMR, mass, and IR spectra. 
of the product, it was clear that the desired carbonylation product 32 was not 
formed. To have more insight into the structure of the product, the reaction 
mixture was quenched with D,O: two deuteriums were incorporated at the 
vinyl and at the acetyl methyl carbons of the product. Hydrogenation of 31b 
afforded bibenzyl 33b. On the basis of these results, the structure of the prod- 
uct was determined to be the methy] silyl ketone 31b. Treatment of alkynes 14a 
and 14c in a similar manner gave the corresponding methy] silyl ketones 31a 
and 3lc in moderate yields. 

O O 
Mec, CH HsC,_ —CHsD 

CpeZrCle 1.CO ~Ph Peery eh 
MesPhSiLi 2. H2O Ar Ar Ar Ar 

Boe oe wana 31b-D, 

Ona! 31aR=H 45% 
_j Me 31bR=OMe 39% 

31¢cR=Me 50% 

68% 33b 

Scheme 14 Reaction of silazirconacyclopentene with carbon monoxide 

The possible reaction mechanism for the formation of 31 is shown in 
Scheme 15. Insertion of alkyne 14 into silazirconacyclopropane 3’ gives silazir- 
conacyclopentene 22. Then, insertion of carbon monoxide into the carbon-zir- 
conium bond in silazirconacyclopentene 22 gives silazirconacyclohexenone 34, 
whose carbonyl oxygen would coordinate to zirconium metal. Then the zirco- 
nium carbon bond migrates onto silicon to afford oxazirconacyclohexene 36 
via 35 [26]. Deuterolysis of 36 would afford 31-D,, which has two deuteriums. 

It is interesting to note that hydrolysis of iminosilacylcyclohexene 28 
gave iminozirconium complex 27, while silazirconacyclohexenone 34 was con- 
verted into oxazirconacycle 36, which when treated with H,O gave the methyl 
silyl ketone 31 (Scheme 16). The differences between the reactivities of imi- 

nosilazirconacyclohexene 28 and silazirconacyclohexenone 34 would be due 
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Scheme 15 Possible reaction mechanism 
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Scheme 16 Difference in reaction course 

to the strong coordination of the carbonyl oxygen in 34 to zirconium metal 
compared with that of the imino nitrogen in 28 to zirconium metal. These sub- 
stituents were introduced on the carbon of silene via silazirconacyclopen- 
tene 22. 

2.4.3 

Transmetalation of Zirconium to Copper of Silazirconacyclopentene 

It is known that the transmetalation reaction from zirconium to copper is a use- 
ful tool for the formation of a new carbon-carbon bond. Schwartz reported the 
first transmetalation from zirconium to copper [27], while Lipschutz [28] and 
Takahashi [29] used it for synthetic purposes. Thus, the transmetalation reac- 
tion of silazirconacyclopentene to copper was investigated. To a THF solution 
of CuCl (2 equiv. to Cp,ZrCl,) and allyl chloride was added a THF solution 

of silazirconacyclopentene 22a, generated from Cp,ZrCl,, alkyne 14a, and 
Me,PhSiLi 8b, and the solution was stirred at room temperature for 18 h. After 
the usual workup, the bis-allylated compound 37a was obtained in 76% yield 
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Scheme 17 Transmetalation of Zr on silazirconacyclopentene with CuCl 
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Fig.6 Introduction of allyl and butenylmethylphenyl silyl groups 

Table4 Transmetalation of 22 to copper 

run Ar Product Yield (%) : 

1 Ph S76) 37a 76 

3 4-CH,C,H, er | 37c 76 

4 Ph See 37d 66 

(Scheme 17). The results indicated that the two allyl groups were simultane- 
ously introduced on the alkynyl carbon and on the methyl group on the silicon 
moiety. As an overall result, two different substituents were introduced, in a 

one-pot reaction, on two alkynyl carbons. One is the allyl group whereas the 
other is the butenylmethylpheny] silyl group (Fig. 6). 

Transmetalations of various zirconacycles 22a-d to copper were carried out 
in the presence of allyl halide, and the results are shown in Table 4. In each case, 
bis-allylated compounds 37a-d were obtained in high yields. 

3 

Perspective 

A zirconium-silene complex was obtained during the course of our study on the 
synthesis of a zirconium-silyl complex. The zirconium-silene complex is 
formed from disilylzirconocene 2a, generated from Cp,ZrCl, and 2 equivalents 
of Me,PhSiLi 8b. Zirconium-silene complex 3 should be in a state of equilibrium 
with zirconacyclopropane 3’. The insertion of diaryl alkyne 14 or vinyl alkyne 
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19 into the zirconium-silicon bond of silazirconacyclopropane 3’ gives sil- 
azirconacyclopentene 22. On the other hand, insertion of dialkyl alkyne 17 
into the zirconium-carbon bond of zirconacyclopropane 3’ gives silazircona- 
cyclopentenes 23. As a result, the silyl group or the silylmethyl group could be 
introduced on the alkynyl carbon. It is interesting to note that the methyl group 
on the silicon of the silazirconacyclopentene could react with various elec- 
trophiles such as protons, deuteriums, isocyanide, carbon monoxide, and allyl 

halides. 
Since zirconium -silene complex 3 could be easily synthesized in situ, the in- 

sertion of various compounds into the zirconium-silicon or zirconium-carbon 
bonds of silazirconacyclopropane 3’ will be investigated in a future study, and 
it is expected that a novel carbon-carbon or carbon-silicon bond-forming 
reaction will be developed. 
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Abstract The synthesis and X-ray structure of various octahedral zirconium complexes 
and their catalytic properties in the polymerization of a-olefins are described. Benzamid- 
inate, amido, allylic, and phosphinoamide moieties comprise the study ligations. For the 
benzamidinate complexes, a comparison study between homogeneous and heterogeneous 
complexes is presented. For the phosphinoamide complex, we show that the dynamic sym- 
metry change of the complex from C, to C,, allows the formation of elastomeric polymers. 
By controlling the reaction conditions of the polymerization process, highly stereoregular, 
elastomeric, or atactic polypropylenes can be produced. The formation of the elastomeric 
polymers was found to be the result of the epimerization of the last inserted monomer to 
the polymer chain. 

Keywords Octahedral complexes - Polymerization - Elastomers - Propylene - Catalysis 
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1 

Introduction 

Since the pioneering work of Ziegler and Natta applying the catalytic system 
TiCl,/AICIEt, to the polymerization of ethylene to high-density polyethylene, 
and propylene to stereoregular polypropylene [1-3], new metal-mediated 
catalysts for the polymerization of olefins have experienced a wide-ranging 
development. These studies have resulted in the discovery of metallocenes and - 
geometry-constrained complexes as new generations of Ziegler-Natta catalysts 
for the polymerization of a-olefins [4-9]. Being activated with methylalum- 
oxane (MAO) or perfluorinated boron cocatalysts, the metallocenes show 

the highest polymerization activities, producing polymers with high stereo- 
specificity as compared with conventional Ziegler-Natta catalysts. Having a 
single-site nature, the metallocenes produce polymers with high compositional 
uniformity and narrow polydispersities, allowing sophisticated control over the 
polymer architecture [4-12]. 

In general, the active species in the polymerization of olefins with metallo- 
cenes comprise the cyclopentadienyl ancillary ligations (L,), an electron-de- - 
ficient metal center (M), and a weakly coordinative counteranion (cocatalyst) (X-) 

mu) .-R Oo 
Me xX 

/S% 
R = alkyl group 

In addition to metallocenes and geometry-constrained complexes, over the 
last 20 years a tremendous effort has been made in designing new complexes 
not containing cyclopentadienyl (Cp) moieties, as potential Ziegler—-Natta 
catalysts for the polymerization and copolymerization of a-olefins [13, 14]. 
Various compounds of the Group 3-13 metals with carbon- [15-17], oxygen- 
[18-21], and nitrogen- [22-26] based ligands have been described. 

Previously, we synthesized and studied various Group 4 complexes with 
different ligations as alternatives to the cyclopentadieny] ligand. Here we pre- 
sent an overview of the synthesis, structure, and catalytic properties in the 
polymerization of a-olefins of several zirconium octahedral complexes. We 
show how the stereoregular polymerization of a-olefins using these octahedral 
zirconium complexes can be modulated by pressure. These results raise con- 
ceptual questions regarding the general applicability of cis-octahedral C)-sym- 
metry complexes to the stereospecific polymerization of a-olefins. 
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2 
Zirconium-Containing Octahedral Benzamidinate Complexes 

Within the variety of the designed ligands, bulky heteroallylic compounds have 
been described. Such complexes usually contain the benzamidinate fragment 
in a chelating coordination mode. 

In most cases the substituents R and R’ are alkyl, aryl, or SiMe;. The most thor- 
oughly investigated benzamidinates are the Zr- and Ti-containing complexes 
with N-TMS (TMS=trimethylsilyl) substituents. These systems, considered as 
steric equivalents of Cp or Cp* (Cp=C;H;, Cp*=C;Me;), are unique in their 
electronic properties [27-30]. The anionic moiety [R-C(NSiMe;),]", being a 

four-electron donor, promotes higher electrophilicity at the metal center com- 
- pared to the six electrons of the Cp ligands. The possibility of modifying both 
the steric bulk and electronic properties of the benzamidinates through 
changes in their composition and structure, made these ligands very attractive 
for the synthesis of various organometallic complexes, widely used in the poly- 
merization of a-olefins as analogs of the metallocenes. 

The polymerization of a-olefins using Group 4 chelating benzamidinate 
complexes as precatalysts has been investigated by various research groups 
including ours [31-40]. These complexes are normally obtained as a mixture 
of racemic C,-symmetry structures, in which the central metal is octahedrally 
coordinated by the two chelating benzamidinate ligands and two chlorine 
atoms or methyl groups. When activated with MAO or other cocatalysts, these 
complexes were found to be active catalytic precursors for polymerization and 
other olefin transformations. 

Later on, as a development of our earlier investigations, a systematic study 
was conducted of the synthesis of various Group 4 chelating benzamidinate 
complexes and their applications as polymerization catalysts [31,41]. The goal 
of these investigations was to examine the relationship between the structural 
and compositional features of the Group 4 chelating benzamidinate complexes, 
and the microstructure and stereoregularity of the polymers obtained. In 
addition, different effects in the polymerization process (temperature, pressure, 

nature and amount of the cocatalyst, and solvent) were studied, and a plausible 

mechanism for the polymerization of propylene promoted by racemic mixtures 
of cis-octahedral complexes was proposed. These complexes are considered to 
be new catalytic precursors for the highly stereoregular polymerization of 
propylene, which can be modulated by pressure. It has been shown that in the 
polymerization of propylene at atmospheric pressure, an oily product resem- 
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bling an atactic polymer was produced, rather than the expected isotactic 
polypropylene [33]. However, performing the reaction at high pressure (in 
liquid propylene) resulted in the formation of a highly stereoregular polymer. 
Thus, it was demonstrated that the stereoregular polymerization of propylene 
catalyzed by cis-octahedral benzamidinate early transition metal complexes 
with C, symmetry, activated with either MAO or B(C,F;), cocatalysts, can be 
tailored by pressure (from atactic to isotactic through elastomers). 

2.1 

Zirconium Bis(trimethyisilyl) Benzamidinate Complexes 

The N,N’-bis(trimethylsilyl)benzamidinate zirconium dichloride complexes 
[n?-4-RC,H,C(NSiMe;),],ZrCl, (R=H (1) or CH; (2)) were prepared by the 
reaction of ZrCl, with two equivalents of bis(trimethylsilyl)benzamidinate 
lithium-TMEDA (TMEDA=N,N,N‘,N~-tetramethylenediamine) at room tem- 

perature in toluene yielding, after removal of the TMEDA and crystallization, 
83-89% of pale yellow analytically pure rhombohedral crystals of 1 and 2 
(Scheme 1) [31,33]. These complexes were also obtained in a high quality form . 

TS 
Me 

au MES vA 

5 cn —LitnsiMes)a ee 
—_—eoOoOoOoO 

hexane/TMEDA * ‘ ee 

mae Ne 
a Me 
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Scheme 1 Synthesis route to the bis(benzamidinate) zirconium complexes 1-4 [41] 
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Fig.1 Molecular structure of bis(benzamidinate) zirconium dichloride (1) [31] 

in terms of purity and crystallinity, although in lower yields (55%), by the 
reaction of ZrCl, and one equivalent of the benzamidinate Li dimer [42]. 
Alkylation of complexes 1 and 2 with two equivalents of MeLi-LiBr yields 
yellow dimethyl complexes 3 and 4, respectively (Scheme 1). 

The molecular structure of the benzamidinate zirconium dichloride (com- 

plex 1) consists of a Zr atom chelated by two benzamidinate ligands and two 
chlorine atoms to give a distorted octahedral environment at the metal (Fig. 1) 
[31]. The benzamidinate ligands form four-membered rings almost coplanar 
with the Zr atom (torsion angle Zr-N1-C1-N2=1.4°). The Zr-Cl distance 

(2.401(2) A) and Zr-N distances (Zr-N1=2.238(5), Zr-N2=2.204(5) A) are signi- 
ficantly elongated with respect to those of the analogous titanium complex [31]. 

It is noteworthy that the benzamidinate ligands lie in two nonsymmetrical 
planes. Comparing the benzamidinate ligation in these complexes with metal- 
locenes, using the benzamidinate central carbon as the centroid, shows that be- 

tween two Zr atoms the cone angle is 124.8(3)°, whereas in metallocenes this 

angle is 136°. 
The molecular structure of the dimethyl complex 4 is shown in Fig. 2 [33, 

41]. Here the central Zr atom is octahedrallybonded to two benzamidinate lig- 
ands and two terminal methyl groups. One carbon atom from the CH; groups 
(C1) and one nitrogen atom from the chelating benzamidinate unit are in the 
axial positions, producing a C,-symmetry complex. The distances Zr-N1 to 
Zr-N4 in complex 4 are somewhat longer than those in the dimeric compound 
[C,H,C(NSiMe;),ZrCl,], (2.14 and 2.19 A) [43], while they are similar to those 
in complex 1 or other zirconium-containing monomeric complexes [37,44]. As 

well as for complex 1, the benzamidinate moieties in 4 are located almost in one 
plane with the corresponding angles Zr-C3-C4 and Zr-C11-C12 of 168.7(3) 
and 170.6(4)°, respectively. 

Complexes 1 and 2 were studied as catalytic precursors in the polymeriza- 
tion of ethylene and the results are summarized in Table 1 [31]. Raising the 

temperature from 5 to 60 °C causes an increase in the catalytic activity by a 
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(Cy, 

C18 

Fig.2, ORTEP diagram of complex 4 [41] 

Table1 Data for the polymerization of ethylene catalyzed by complexes 1 and 2? [31] 

Entry Catalyst? = Al:Zr i Activity? Mé m.p. 
ratio‘ (eG) (x10-*) (°C) 

1 1 200 25 Sy 150,000 153:9 

2 1 400 5 0.65 48,000 124.8 

3 1 400 25 226 50,000 129.6 

4 1 400 60 2.8 78,000 P1329 

5 72 400 25 1.6 30,000 130.5 

6! 1 400 25 Sy 162,000 135.4 

4 1 atm, in toluene. 

> 2.9x10~4 mol. 
‘ MAO obtained from a 20% solution in toluene after evaporation of solvent in vacuum at 
SKC. 

4 g polymer-mol Zr"!-h-!. 
© By viscosimeter technique in 1,2,4- trichlorobenzene at 130 °C (K=5.96x10-4, a=0.7). 

‘5 atm. 
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factor of ca. 4 (entries 2 and 4). It can be seen that the smaller the Al:Zr ratio, 

the higher the activity and molecular weight of the polymer (entries 1 and 3). 
These results, opposite to those observed for the cyclopentadienyl early 

transition metal systems, can be accounted for in terms of the known influence 
of the cocatalyst concentration on the possible eliminations, alkyl transfer path- 
ways, and other deactivation processes [45, 46]. Under similar conditions, the 
polymerization of ethylene at high pressure leads to a considerable increase 
in activity and produces polymers of higher molecular weight than at atmos- 
pheric pressure (entries 6 and 3). This effect is a consequence of the rate of 
insertion, which is proportional to the monomer concentration in solution. 

The electronic effect of the benzamidinate ligand is clearly shown by com- 
paring the activities of complexes 1 and 2. The former, containing a hydrogen 
atom in the para position of the aromatic ring, is more active in the polymer- 
ization of ethylene than complex 2, in which the hydrogen atom was substituted 
by the CH; group (entries 3 and 5). A plausible elucidation relates to the difference 
in the electronic effects of both ligations on the cationic Zr center. The methyl 
group, with a more negative inductive effect, that is, greater electron-donor prop- 
erties than the hydrogen atom [47], increases the electron density at the phenyl 
ring, thus decreasing the positive charge at the metal center. The reduction in the 
cationic character of the latter induces a weaker bond with an incoming mole- 
cule of olefin, reducing the polymerization activity of the complex. 

Complex [p-MeC;H,C(NSiMe;),],ZrMe, (4) was found to be a good precur- 

sor for the polymerization of propylene at atmospheric pressure. Being activated 
with MAO in toluene (Al:Zr ratio=250:1), this complex produces large amounts 
(8.1x10° g polymer-mol Zr"!-h”') of an oily polymer with molecular weight 
Mw=38,000, resembling an atactic polypropylene. '°C-NMR triad and pentad 
analysis showed that, contrary to the ten expected signals for the CH; groups 
of an atactic polypropylene, only two major signals were observed in the region 
between 19.5 and 21.9 ppm (Fig. 3) [48]. (A similar spectrum has recently been 
obtained for the polypropylene polymerized by a-diimine nickel complexes 
[49]). These two signals belong to the corresponding mr and rr triads. The 
small signals in the region of 15 to 19 ppm and the signals between 29 and 
41 ppm corroborate the presence of 2,1 and 1,3 misinsertions. Moreover, it is 
possible to conclude that #-methy] elimination is the major termination mech- 
anism, as represented by the signals at 146 and 113 ppm, and the signals between 
22 and 26 ppm for the vinylic CH (C1), CH, (C2), and the terminal carbons of 

the isobutylene unit (C3, C4, and C5) in Fig. 3, respectively [48]. 
When 4 was activated with B(C,F;), (molar ratio B:Zr=1), under the same 

reaction conditions as with MAO, a highly isotactic polypropylene (mmmm= 
98%) was formed, contrary to the results obtained with MAO (Eq. 1). The 

activity of this catalytic system (1.2x10°g polymer-mol Zr™'-h"') is lower than 
the activity of the complex 4 activated with MAO. It is important to point out 
that complex 4 has a C,-symmetry octahedral geometry, suggesting that theo- 
retically, when activated with MAO, an isotactic polypropylene should also be 
expected, as it was in the case of the boron-containing cocatalyst. 
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Fig.3 '°C-NMR spectrum of the polypropylene obtained with complex 4 [41] 
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The “atactic polymer” obtained with MAO can be rationalized by an intramol- 
ecular epimerization reaction of the growing polypropylene chain at the last 
inserted monomeric unit [50-57], which at low monomer concentration was 

found to be faster than the stereoregular insertion of propylene (Scheme 2a). 
When the reaction catalyzed with the system “complex 4/MAO” is carried 

out at higher pressure, a highly stereoregular polymer is formed (Table 2). By 
performing the polymerization in dichloromethane, larger activities, stereo- 
regularities, and melting points of the polymers were achieved, as compared to 
the results obtained in toluene (entries 1 and 2). This increase in activity is 

plausibly a consequence of the polarity of the CH,Cl,, causing a greater charge 
separation between the cationic benzamidinate alkyl complex and the MAO 
anion, encouraging the insertion of the monomer, as compared to toluene 
[58, 59]. For the latter, a putative m-bonding of the ring to the cationic center 
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Scheme 2a,b Proposed mechanism for the intramolecular epimerization of the growing 
polypropylene chain (a), and plausible mechanism for the expected isomerization of a- 
olefins (b) 

Table2 Results for the polymerization of propylene with complex 4 at high pressure? [41] 

Entry Solvent  Al:Zr P Ti Activity? mmmm‘* Mw mwd‘* mp. 

(atm) (°C) (x10°)  (%) (°C) 

1 Toluene 250 SL 2) iil 86° 440,000 ‘1.69 142 

11 36,000 2.35 Oil 

2 CH,Cl, 250 DA WS Zee 90 27,000 2.49 146 

3 CHE! 400 Sy eS) Ws 96 42,000 1.81 147 

4 CHel 1000 Deh (25 Ue) 98 83,000 1.42 149 

5 CH,Cl, 250 ell 0 0.5 86 19,000 = 1.85 138 

6 CHOGL 250 Sa Wop 90 27,000 2.49 146 

7 CH,Cl, 250 17205 50 26.6 98 271,000 = ‘1.81 152 

8 Toluene B(C.F;); 9.2 25  2.8f 98 51,000 1.96 154 
Ul 9300 we l0 Oil 

@ 7.3x10°° mol of 4. 
> g polymer-mol Zr™!-h-. 
© Measured by '°C-NMR. 
4 Molecular weight distribution. 
© Isotacticity of the isotactic fraction. 
* 70% atactic and 30% isotactic. 
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of the complex possibly takes place forming a cationic 7°-toluene compound 

[60-63]. This intermediate inhibits the insertion of the monomer and the ter- 

mination of the polymer chain, allowing larger molecular weights and a nar- 

rower molecular weight distribution as compared to the polymers formed in 

CHCl. 
In dichloromethane, the polymerization of propylene under higher pressure 

yields an isotactic polypropylene with a small number of stereodefects, while 
in toluene a mixture of isotactic and atactic products was obtained. This fact 
can testify about the presence of two different active catalytic species. The » 
nature of the intermediate responsible for the formation of the atactic fraction 
has not been fully elucidated yet. On the basis of NMR experiments, it seems 
that in toluene one of the benzamidinate ligations opens to an 7)' coordination, 
and the solvent occupies the vacant site. It was shown that similar heteroallylic 
ligations (alkoxysilyl-imido) have exhibited dynamic behaviors [64, 65]. 

Up to a molar ratio of Al:Zr=400, the activity of the catalyst is enhanced 
with an increase in the MAO amount (entries 2-4). Further augmentation of 
MAO concentration does not influence the polymerization rate, but rather the 
properties of the polypropylene. By raising the Al:Zr ratio, the melting points, 
molecular weights, and isotacticities of the polymers increase with a con-- 
comitant reduction in their polydispersities. When the reaction was carried out 
at elevated temperatures, higher activities, stereoregularities, and molecular 
weights of polymer were achieved (entries 5-7). It may be suggested that an 
increase of the temperature induces faster insertion rates as compared to the 
rate of the epimerization, resulting in higher isotacticities. 

In CH,CL,, the polymerization of propylene with 4 activated by B(C,F;); does 
not take place, while in toluene (entry 8) two polymeric fractions (70% atactic 

and 30% highly isotactic) were attained, as observed with MAO (entry 1). 
Comparing the stereoregularities of the polymers obtained with the catalytic 

systems 4/MAO and 4/B(C,F.); at atmospheric and higher pressure, a remark- 

able effect of the counterion is observed. When the boron-containing cocatalyst 
is used at atmospheric pressure in toluene, a highly isotactic polymer is 
obtained, while at higher propylene concentration two polymer fractions 
are accountable. The opposite effect is observed for MAO, which allows large 
isotacticities at higher pressure but only in dichloromethane. Thus, the stereo- 
regularity of polypropylene obtained with the system 4/MAO can be tailored 
as shown in Eq. 2. 

'SC-NMR analysis of the chain ends of the polymers formed at Thisher pres- 
sure also shows that the #-methy] elimination is the exclusive termination chain 
mechanism for these catalytic systems. Statistically, it was deduced that at 
atmospheric pressure, the epimerization is observed in every small number of 
insertions, forming a -mmrrmmrrmmrrmmrr- microstructure responsible for 
the two major signals with similar integration, and the almost absent signal for 
the mmmr pentad, as presented in Fig. 3. The lack of 2,1 and 1,3 misinsertion 

signals in the '\C-NMR spectra of the polymers obtained at higher pressure in- 
dicates the rapidity of the 1,2 insertion, as compared to the misinsertions. 
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Additional endorsement indicating that the mechanism shown in Scheme 2a 
is responsible for the stereodefects in polypropylene produced by the catalytic 
system 4/MAO was obtained by reacting this system with 1-octene [66]. Because 
the latter polymerizes at an extremely low rate, the epimerization reaction, if 
applicable, should induce the isomerization of a-olefins to the corresponding 
internal olefins. A B-hydrogen elimination is expected to occur either from the 
B-methyl group in complex B (Scheme 2b), causing no change in the 1-octene, 
or from the a-position at the alkyl group (CH,-CH,-R) attached to the poly- 
mer chain (B in Scheme 2b). This second pathway induces the isomerization of 
the double bond. The fact that the complex [p-MeC,H,C(SiMe;),],ZrMe, acti- 

vated with MAO in toluene-d, (Al:olefin:catalyst molar ratio=400:180:1, 10 mg 

of 4, 0.6 ml toluene, 85 °C, 6 h) catalyzes the isomerization of 1-octene yielding 

2-(E)-octene (25%), 2-(Z)-octene (15%), 3-(E)-octene (40%), and trans-4-(E)- 

octene (18%), displayed strong evidence for the formation of this intermediate. 

2.2 

N-Alkylated Benzamidinate Zirconium Complexes 

The synthesis of Zr-containing N-alkylated benzamidinate complexes and their 
use in the polymerization of a-olefins have been also studied [32]. The bis(di- 
alkylbenzamidinate) zirconium dichloride [C,H;C(NC3H,),],ZrCl, was pre- 

pared by reaction of ZrCl,(THF), with two equivalents of Li[C;H;C(NC;3H,),], 

affording the disubstituted complex 5 as a yellow crystalline solid (Eq. 3). 
Complex 5 (Fig. 4) is stable in air and less sensitive to hydrolysis than the 

corresponding N-trimethylsilyl derivatives. The central Zr atom is octahedrally 
surrounded by the two chelating benzamidinate ligands and two terminal chlo- 
rine atoms. One chlorine atom (Clla) and one nitrogen atom of a chelate unit 

(N2a) are in the axial positions, while the second chlorine atom and the re- 
maining N atom occupy the equatorial positions. Therefore the C-N bond 
lengths of the two chelate units are slightly different (1.32 and 1.35 A). The 
identical Zr-N distances (2.21 and 2.22 A) are alike in the benzamidinate zir- 

conium dichloride [31]. Remarkable is the large torsion angle between the two 
planar ZrCN, rings, which are almost perpendicular with respect to each other 
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(89.2°). This obviously minimizes repulsion between the bulky isopropyl groups. 
The torsion angles between the phenyl rings and the ZrCN, planes are 89.3°, 
which is the highest value for any metal benzamidinate complex. 

The results of the polymerization of a-olefins with complex 5 activated by 
methylalumoxane are given in Table 3. Comparison of the data of Tables 1 and 3 
testifies that as well as for the catalyst [C,H;C(NSiMe;),],ZrCl, (complex 1), rais- 

ing the temperature in the ethylene polymerization with [C;H;C(NC;H,),],ZrCl,. 

(complex 5) markedly increases the reaction rate (Table 3, entries 1, 4, and 7). 

However, contrary to 1, the melting point of the polymers formed with 5 slightly 
decreases with increasing polymerization temperature. For both complexes, 
the opposite regularity is also observed with regard to the Al:Zr ratio effect; as 
distinct from complex 1, for 5 increasing the MAO content results in an increase 
the catalytic activity (entries 3-5 for 25 °C, and 6-8 for 60 °C), reaching a 
plateau limit with larger excess of the cocatalyst. 

Fig.4 The molecular structure of complex 5 [32] 
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Table 3 Data for the ethylene polymerization catalyzed by complex 5? [32] 

Entry Al:Zr Le Activity? m.p. 
ratio (°C) (x10-4) (°C) 

1 800 0 1.4 1835),7/ 

2 200 25 0.68 136.6 

3 400 25 3.4 19" 

4 800 25 5.6 133.4 

5 2,000 25 6.0 134.4 

6 400 60 8.6 130.9 

7 800 60 21.0 131.8 

8 2,000 60 40.0 133.0 

4 | atm, 4.4x10~ mol of catalyst, solvent toluene, reaction time 5 min, MAO removed from 

a 20% solution in toluene at 25 °C/10~° Torr. 

> ¢ polymer-mol Zr“!-h"!. 

Polymerization of propylene with complex 5 (Table 4) at atmospheric pres- 
sure produces an “atactic” polypropylene having the same features regarding the 
temperature and Al:Zr ratio as for ethylene. The 'H and '°C-NMR spectroscopic 
analysis of polypropylene reveals only vinyl/isopropyl, but no vinylidene/n- 
propyl, end groups, similar to the polymers obtained with zirconocenes [67, 68]. 
Polymers with these end groups may be formed from at least three different 
mechanisms. The first involves an allylic C-H activation of propylene, the sec- 
ond, a B-methyl elimination, and the third, a B-hydrogen elimination from a 

polymer chain in which the monomer inserts in a 2,1 fashion [69]. Since in the 

Table 4 Results for the polymerization of propylene catalyzed by complex 5* [32] 

Entry Solvent Al:Zr rr P Activity?  M, m.p. 
ratio (SG) (atm) (x10-*) (°C) 

i Toluene 400 25 1.0 0.68 == a 
De Toluene 1,000 25 1.0 1.4 =f zd 

3¢ Toluene 4,000 25 1.0 2.4 —# =d 

4c Toluene 1,000 60 1.0 Dal =¢ Ed 

5 GH elF 200 25 UD 0.27 87,000 145.7 

6 GHEE! 400 25 Ugo 0.47 29,000 150.5 

7 CEG 400 50 10.1 0.11 20,000 145.8 

8 Toluene 400 25 Up) 0.7 42,000 148.7 

4 4.4x10~ mol of 5, reaction time 5 min. 

> g polymer-mol Zr™!-h. 
© An atactic polypropylene is formed. 
4 The amount of polymer formed during a few minutes of the reaction was not enough for 
the measurements. 
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polymer obtained no n-propyl end groups were observed, the last mechanism 
can be rejected. As the time of the polymerization was up to 5 min and larger 
duration of the reaction did not yield more polymer, it can be suggested that 
besides the B-methy] elimination pathway, which presumably is the major chain 
termination process, a competitive deactivation pathway inhibits polymer for- 
mation. 

Polymerization of propylene with 5 at higher pressure results in the forma- 
tion of isotactic polymer in both solvents (dichloromethane and toluene). In 
CH,CL, increasing the MAO concentration leads to an increase of the poly- 
merization rate and melting point of the polymer, although the molecular 
weight of the latter decreases (entries 5 and 6). Raising the temperature results 
in decreases of the polymer yield, its molecular weight, and melting point 
(entries 6 and 7). Under the same conditions, polymerization activity of the 
5/MAO system in toluene is higher than that in dichloromethane, and the poly- 
mer formed has a higher molecular weight (compare entries 6 and 8). 

It is important to point out that the zirconium benzamidinate complexes l- 
and 5 have lower catalytic activity in the a-olefin polymerizations than the 
corresponding metallocene systems (1X10’ and 6x10° g polymer-mol Zr}-h"! 
for ethylene and propylene, respectively [70]). The difference in activity can be 
rationalized by the structural environment of the metal (Zr) center. In the met- 

allocenes, the cone angle is normally the key feature for unsaturation, whereas 
in the octahedral complexes the groups at the N-moiety may induce an elec- 
tronic unsaturation at the metal center. Thus, the lower polymerization activ- 

ities of the complexes 1 and 5 may be a consequence of the partial saturation 
at the metal orbitals as compared to the metallocenes [71-73]. 

2.3 

Zirconium Mono-(N-trimethylsilyl)(N’-myrtanyl) Benzamidinates 

The first example of the synthesis and structural characterization of the chiral 
Zr complexes C;-tris[(N-SiMe;)(N’-myrtanyl) benzamidinate],;ZrR (R=Cl (6), 

R=Me (7)), and their use as precursors for the polymerization of propylene, has 
been recently described [74]. The chiral benzamidinate ligand was’ prepared 
from the corresponding trimethylsilylmyrtanylamine after lithiation with BuLi 
and the concomitant reaction with benzonitrile. Reaction of three equivalents 
of the ligand with ZrCl, in toluene or THF at room temperature yielded 25-30% 
of complex 6. After alkylation of the latter with an excess of MeLi-LiBr in 
toluene at room temperature, a brown solution of a mixture of complexes 6 and 
7 was obtained (Scheme 3). Crystallization of the mixture afforded single 
cocrystals containing 70:30 of 6 and 7, respectively. 

X-ray study of 6 revealed a “propeller”-like structure (Fig. 5), in which three 
SiMe, groups are in a cis position with respect to the chlorine atom. The other 
three myrtanyl groups are arranged on the opposite side of the chlorine. The 
distances between the benzamidinate moiety or the chloride atom and the Zr 
center are normal as compared to nonchiral Group 4 and actinide benzamid- 
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Scheme 3 Synthetic procedure for the preparation of complexes 6 and 7 

inate complexes (Zr-N=2.24-2.35 A, Zr-Cl=2.46-2.48 A) [35, 75]. The X-ray 

structure of the cocrystalline complex is similar to that of 6 with a Zr-Me 
distance of 2.469(10) A [35]. 

Comparison of the structures of complex 6 and the nonchiral compound 
[C,H;C(NSiMe;),],ZrCl shows that both complexes crystallize in the hexagonal 
crystal system having P3 and Pcl space groups, respectively [35]. Both com- 
plexes have a capped octahedral propeller-like structure, but in the nonchiral 
complex both enantiomeric propeller structures are present in the crystal struc- 
ture, whereas in the chiral complex only one enantiomeric structure is observed. 
The major distinction between the two complexes is the position of the three 
benzamidinate ligands. Thus, in 6 the blades in the propeller are pushed down 
opposite the chloride ligand as compared to the nonchiral complex. The angle 
between the propeller flap and the chlorine atom is larger by 8° as related to 
the racemic complex, exhibiting a more exposed chloride ligand. This opened 
coordination is likely responsible for the different polymerization activities of 
both complexes. 

When activated with MAO complex 6, under pressure, polymerizes propylene 
producing isotactic polymer (Table 5). The fact that in the '*C-NMR spectrum 
of the polymers no mrmm signals were found, can testify about the formation 
of the polymers exclusively by the site control mechanism. Increasing the 
temperature induces an increase of the reaction rate, but the molecular weight 
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Fig.5 ORTEP drawing of complex 6 [74] 

Table 5 Results of the propylene polymerization with complex 6 activated by MAO? [74] 

Entry Solvent AL: Zee zB Activity’ mmmm _ M,$ m.p. 
Tatiow sy (C@)en (ata) ex Oe) (%) sag) 

1 Toluene 280 80 T20 225 WIS 7750 128.5 

2 Toluene 280 50 8.6 0.716 92.8 10,300 135.0 

3 Toluene 280 0 Sul 0.200 98.9 32,000 145.0 

4 Toluene 560 50 8.6 1.06 95.0 33,700 140.0 

5 Toluene 830 50 8.6 0.105 93.8 250 139.4 

6 CH,Cl, 280 50 8.6 529 - 930° - 

2 4.5x10~° mol of 6; 20 ml solvent. 

> MAO obtained from 20% solution in toluene (Schering) by vacuum evaporation of solvent 
at 25 °C/10° Torr. 

© g polymer-mol Zr™!-h"'. 
4 By viscosimeter technique in 1,2,4-trichlorobenzeneat 130 °C (K=1.37x10~, a=0.7). 

© Atactic polypropylene. 
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of the polymers decreases. Using the polar solvent (CH,CL,) leads to a decrease 
in activity and to formation of low molecular weight oily polypropylene, 
probably due to the formation of the dichloro complex again. Increasing the 
MAO concentration results in an increase in the polymerization rate and mol- 
ecular weight of the polymers, reaching a maximum in activity and molecu- 
lar weight at an Al:Zr ratio of about 600. In the polymerization of propylene 
with the catalytic system 6/MAO at atmospheric pressure, polypropylene is not 
formed [74]. 

We have shown that bis(benzamidinate) zirconium dichloride (complex 2), 

activated with MAO, at high pressure polymerizes propylene yielding a highly 
stereoregular polypropylene, as well as the system 6/MAO. However, contrary 
to the latter, at atmospheric pressure the system 2/MAO produces, at a high rate, 
an oily polymer resembling an atactic polypropylene. The different behavior of 
the complexes 2 and 6 at atmospheric pressure can be plausibly explained as 
follows. In the case of 6, at high pressure one ancillary ligand is not acting 
as a spectator ligand, and MAO is able to extract one amido-imine moiety, 

producing the chiral cationic complex [7, 81]. Taking into account that a high 
propylene concentration is required and that aluminum benzamidinate com- 
plexes are known [82, 83], we expect that the displacement of the benzamidi- 

nate ligand should proceed most likely through an 7’ 7! slippage mechanism 
(Eq. 4). Although two different 7'-amido configurations are possible theoreti- 
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cally, the preferred configuration will contain a SiMe; group at the f position 
to the metal center [76-78]. We have shown that metallocene complexes with 

amido, phosphido, and arsenido ligations bearing a SiMe, group at the f posi- 
tion are easily cleaved with MAO, allowing the formation of the active cationic 
metallocenes for the polymerization of propylene [79, 80]. 

2.4 

Silica-Supported Bis(benzamidinate) Zirconium Dimethyl Complexes 

For achieving high catalytic activity, metallocenes and non-Cp organometallic 
complexes require a large excess of the expensive MAO cocatalyst. Therefore, 
many studies have been conducted to replace methylalumoxane by other co- 
catalysts. For example, using perfluoroaromatic cocatalysts, only stoichiomet- 
ric amounts are required [10, 84-86]. Other disadvantages generally inherent 
in using homogeneous catalysts for the polymerization technology are reactor 
fouling, the necessity to separate the polymers from the catalytic mixture, and 
the recovery of the solvents. These problems, in principle, can be overcome by 
the heterogenization of the homogeneous catalysts by means of their immobi- 
lization on porous supports. 

The most used solids for the heterogenization of metallocenes of early tran- 
sition metals are silica and zeolites [87-90]. Supported metallocenes generally 
show less activity as compared to the corresponding homogeneous systems, but 
the anchored complexes have an important advantage: the amount of MAO 
can be markedly reduced or even replaced with AIR; [87-89]. Besides, in the 
heterogeneous systems, the active catalytic species are stabilized inducing an 
easier control of the polymer morphology and bulk density [91]. 

As distinct from metallocenes, supported non-Cp organometallic complexes 
are less studied, but the number of research projects devoted to this topic is 
markedly increasing. For example, various “constrained-geometry” titanium 
complexes were immobilized on different supports and studied in the poly- 
merization of ethylene, propylene, and styrene [89]. These supported complexes 
allow the formation of high molecular weight polyethylene, polypropylene with 
elastomeric properties, and syndiotactic polystyrene. Recently it was shown that 
the chelating diamide dimethyl titanium complex ([ArN(CH,),NAr]TiMe,, 

Ar=2,6-'Pr,C,H;), immobilized on the MMAO/SiO, support (MMAO=modi- 
fied methylalumoxane) catalyzed the living polymerization of propylene at 
0°C [92]. 

We have shown that zirconium benzamidinate complexes produced either 
highly isotactic polymer (high pressure) or atactic polypropylene (atmospheric 
pressure). For the corresponding titanium complex, at high propylene con- 
centration an elastomeric polymer was formed. Since the number of stereo- 
defects affecting the properties of the polypropylene presumably depends 
on the epimerization rate of the last inserted molecule of monomer, it was of 

interest to study the effect of supporting these complexes on mesoporous 
solids. The basic idea consisted in assuming that monomer approaching the ac- 
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Fig.6 Structure of MCM-41 showing the honeycomb formation of the silica matrix 

Fig.7_ Wormlike structure of hexagonal mesoporous silica (HMS) 

tive catalytic center will depend on the structural features of the support, thus 
inducing formation of an elastic or an atactic polymer, respectively. The propy- 
lene polymerization was performed with the [p-MeC,H,C(NSiMe;),],ZrMe, 
(complex 4) supported on mesoporous silica (MCM-41 and HMS) [93-101]. 

The choice of the inorganic supports was based on their different structural 
features. The MCM-41 material consists of uniform hexagonal arrays of linear 
channels that are constructed with a silica matrix like a honeycomb (Fig. 6), 

whereas HMS (hexagonal molecular silica) has a wormlike or sponge structure 
(Fig. 7) [94-100]. 

Samples of the supports were prepared according to described literature 
procedures [93, 94, 99-101]. Both MCM-41 and HMS silicas were preliminar- 
ily dehydrated at 400 °C at high vacuum. The supports were impregnated with 
MAO in toluene and, after washing with toluene and drying in vacuum at room 
temperature, the MAO/support solids were stirred with a certain amount of 
complex 4 in toluene at 50 °C for 3 h (Eq. 5). The solids were filtered, washed 

with toluene, and dried under vacuum at room temperature to obtain the sup- 
ported catalysts 4/MAO/MCM.-41 and 4/MAO/HMS. 
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The results of the polymerization of a-olefins using both heterogeneous 
complexes are given in Table 6. For comparison, the data obtained with the 
corresponding homogeneous complex 4 are also shown. The activity in the 
polymerization of ethylene by the complex 4 (C-1) is much higher than that of 
the heterogeneous system (C-2). The slower polymerization results in a higher 
molecular weight of the polyethylene obtained (entries 1 and 2). For propylene, 
the activity of the homogeneous complex depends on the solvent used. Thus, 
in CH,Cl,, a lower activity of the catalyst and lower molecular weight of the 
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polymer are observed as compared to those in toluene (entries 3 and 6). The 
polymer obtained in toluene was fractionalized with the formation of a high 
molecular weight isotactic fraction (30%, mmmm=86%, Mw=440,000) and a 

low molecular weight oily fraction (70%, mmmm=11%, Mw=86,000) (entry 7). 

Both supported catalysts 4/MAO/MCM-41 (C-2) and 4/MAO/HMS (C-3) were 
found to be more active than the homogeneous complex (compare entries 6, 8, 
and 13). The activities of the heterogeneous catalysts, as suggested, were de- 
pendent on the type of support. The complex supported on HMS (C-3) is 
slightly more active than the complex on MCM-41 (C-2) (entries 8 and 13). The 
difference in activity increases at higher temperatures (entries 11 and 14). 

There is a considerable distinction in the properties of polypropylene ob- 
tained with the homogeneous or the supported catalysts. In toluene at 25 °C, the 
system C-1 forms a mixture of isotactic polymer with a high molecular weight 
and narrow polydispersity (molecular weight distribution, mwd=1.42) and an 
oily atactic polymer (entry 6). The HMS-supported C-3 produces a solid poly- 
mer with lower crystallinity (mmmm=58%), while the MCM-41-supported C-2 
yields an elastomeric polypropylene (entries 13 and 8). The polymer obtained 
with C-3 shows a multimodal molecular weight behavior: the first fraction 
(34%) with very high molecular weight (Mw=1,380,000) and very narrow poly- 
dispersity (1.17), the second fraction (56%) with lower molecular weight (Mw= 

288,000) and slightly wider polydispersity (1.53), and a small amount (10%) of 
a low molecular weight third fraction (entry 13). The C-2 catalytic system pro- 
duces one fraction of an elastomeric polymer (entry 8). 

It is worth noting the effect of the solvent for the heterogeneous systems. In 
CH,CL,, C-2 produces an extremely low molecular weight oily polymer as com- 
pared to those for the reaction in toluene (entries 12 and 8). It may be suggested 
that the presence of dichloromethane either prevents the stereoregular insertion 
of the monomer at the cationic active site, or induces a rapid epimerization of 
the last inserted unit accounting for the oily polymer. The correlation rate of 
these reactions influences the number and length of the isotactic domains be- 
tween the stereoerrors in the polymer chain [52-59]. 

The differences in the properties of polypropylene obtained with homo- 
geneous and supported catalysts are also illustrated by their *C-NMR spectra 
(Fig. 8). The spectrum of the polymer formed by C-1 is identical to that of 
isotactic polypropylene (Fig. 8a), whereas the spectra of the polymers produced 
by supported catalysts (Fig. 8b,c) are typical of the polypropylene in which 
isotactic domains alternate with many stereodefects [41]. 

Interesting is the large difference in activity of the supported catalysts at 
60 °C and the molecular weight of the polymers obtained. The tubular 4/MAO/ 
MCM.-41 catalyst exhibits a lower activity, producing lower molecular weight 
polymer as compared to those obtained at 25 °C (entries 8 and 11). This reduc- 
tion in molecular weight is presumably a consequence of the rapid cleavage of 
the chains at higher temperatures. For the sponge-type 4/MAO/HMS catalyst, 
the activity was slightly increased and the molecular weight and stereoregular- 
ity of the polymer reduced (entries 13 and 14). This result again corroborates 
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Fig.8a-c '°C-NMR spectra of polypropylene obtained with the homogeneous C-1 (a) and 

the heterogeneous systems C-2 (b) and C-3 (c) 

with the fact that the larger the temperature, the faster the chain termination 
and epimerization of the last inserted molecule of monomer. 

The difference in stereoregularity of the homogeneous and supported cat- 
alysts can be explained in accordance with the presumable scheme of immo- 
bilization of the Zr benzamidinate complex on the surface of the mesoporous 
materials pretreated with MAO (Eq. 5). By assuming that the supported ben- 
zamidinate complex preserves its spatial conformation forming similar active 
species with MAO as in the solution, the formation of polypropylene with 
different stereospecificities may be rationalized as follows. When the benza- 
midinate is activated with MAO in solution, a mobile catalytic complex with 
an octahedral C, symmetry configuration (as regards the ligations) is formed. 
This complex provides a high rate for the propylene insertion. On the surface 
of the porous support, the cationic benzamidinate complex and the MAO coun- 
terion are less mobile than in solution. The rate of monomer insertion at the 
beginning of the reaction is the highest at the expense of a small diffusion 
effect. The longer the polymerization time, the less the accessibility toward the 
reaction center inside the pores. When the diffusion becomes the crucial factor, 

it causes decreases in the polymerization rate and the molecular weight of the 
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polymers and an increase in the epimerization rate, resulting in the formation 
of elastomeric polypropylene with a large number of stereodefects. For the 
HMS support having a wormlike structure, a lower diffusion effect is expected. 
The data in Table 6 allow one to estimate the diffusion effect for the propylene 
polymerization with C-2. As may be seen, the longer the reaction time, the lower 
the polymerization rate, the molecular weights, and stereoregularity toward 
a plateau (entries 8-10). These results corroborate the envisioned diffusion 

effects of the MCM-41 support and the more efficient transport of the monomer 
molecules to the framework reaction centers for the HMS-supported Zr ben- 
zamidinate complex. 

The larger epimerization rate for the supported catalysts as compared to the 
homogeneous system may also be connected with the decrease of the effective 
positive charge of the metal center induced by the surface oxygen atoms. In 
favor of the last assumption are the results for the propylene polymerization with 
a MAO-activated isolobal Zr benzamidinate complex having a CH,OH group at 
the p-position of the aromatic ring, instead of the CH; group. The presence of the 
OH group resulted in formation of an oily atactic polypropylene [102]. 

Unlike the homogeneous complex, for the supported C-3 several polymer 
fractions with different molecular weight, including oligomers, were detected 
(entries 13 and 14). This is presumably a consequence of the porous character 
of the supported catalysts. 

3 
Zirconium Allyl Complexes 

Early transition metal allyl complexes have an enormous practical impor- 
tance as either catalytic precursors or stoichiometric reagents in organic syn- 
thesis [103-108]. In the majority of the Group 4 complexes containing the 
allyl moiety, the metals exhibit the higher oxidation state (+4). Very few of these 
compounds are available in the literature with a +3 oxidation state, presumably 
because of their paramagnetic nature (reactivity) and difficulty in their han- 
dling. 

Although some Ti(III)-allyl complexes have been fully characterized spec- 
troscopically [109, 110], well-characterized Zr(III)-allyl compounds in the solid 
state have not been reported in the literature. On the basis of previous results 
obtained in our laboratory, it was very attractive and conceptually important 
to find a route to synthesize simple monomeric Group 4 early transition metal 
allyl complexes and to compare their catalytic activity to that of the well-char- 
acterized heteroallylic octahedral early transition metal compounds. Here we 
report the synthesis and solid-state X-ray structural characteristics of a Zr(III) 
bulky bis-allylic complex, and its catalytic activity in the polymerization of 
a-olefins [111]. 

The reaction of ZrCl, with two equivalents of the lithium allyl compound 
(‘BuMe,SiCH),CHLi-TMEDA in toluene yielded the reduced complex [(‘BuMe, 
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SiCH),CH],Zr(III)(-Cl),Li: TMEDA (8), which was isolated as air-sensitive 

dark brown crystals (48%), with the concomitant formation of the dimer of the 

allyl ligand (9) in 50% yield (Eq. 6). 

t - 7 > t ote <2 Ee ee 

6 ‘BuMe2SiCH CHSiMe>'Bu “ALICI, ATMEDA 

Li TMEDA 

(a Ratt at BEER CH3 
pe Nee 

, ‘BuMerSicH I\ SN he A 

No es 
“outesch 7] e — 

==CHSiMestBu H3C  CH3 

(8) (9) 

+ [(tBuMe2Si)CH(CH=CHSiMe>'Bu)} 

- LiCl : (4-BrCgH4)3NSbCle} = TMEDA (6) 

- SbCls 
- N(CgH,4-Br-4)s3 

-CHSiMe>'Bu 

Se Gy. 

‘BuMe?SiCH. Ce 

pe era 

(10) 

The paramagnetic character of complex 8 was confirmed by ESR. The effec- 
tive magnetic moment at the Zr complex (p.4=1.5+0.8 B) was measured in 
toluene, indicating an unpaired electron with almost no metal-metal interac- 

tion in solution. 
Complex 8 is heterodinuclear, with a Zr(III) and a Li atom bridged by two 

chlorine atoms (Fig. 9). The Zr(III) resides in a pseudo-octahedral environment 

formed by four terminal allylic carbons and two bridging chlorine atoms. The 
most important feature of 8 is the unsymmetrical disposition of the allylic car- 
bons to the metal center. One of the terminal carbons in each allyl group is 
closer and equidistant to the Zr than the other two carbons (Zr-C9=2.361 A, 
Zr-C8=2.415 A, Zr-C7=2.474 A, and Zr-C22=2.369 A, Zr-C23=2.369 A, Zr- 
C24=2.436 A), creating an unbalanced C=C bond length within each allylic 
moiety (C9-C8=1.444 A, C8-C7=1.393 A, and C22-C23=1.442 A, C23-C24= 

1.385 A). The same observation for an unsymmetrical o,7-type (1 -allyl) bond- 
ing has been reported for the allylic ligation in CpZr(allyl);, showing a difference 
of 0.182 A between the distances of the two terminal allylic carbons from the 
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Fig.9 ORTEP diagrams for complex 8 showing all non-hydrogen atoms [111] 

metal center. In this complex the longer bond length between Zr and the ter- 
minal allylic carbon is 2.624 A, as compared to 2.474 A in 8. The difference of 

0.15 A between these similar bonds in both compounds is in agreement with 
the expected values for a difference in the oxidation state [112]. 

When complex 8 is reacted in toluene in the presence of dry oxygen, an ox- 
idation-decomposition reaction starts immediately, shown by a change in color 
of the reaction mixture from dark red to yellow [113, 114]. The reaction of com- 

plex 8 with equimolar amounts of (4-Br-C;H,),;NSbCl, dissolved in CH,Cl, 
yielded 23% of the complex [(‘BuMe,SiCH),CH],Zr(IV)Cl, (10) as an air-sen- 

sitive light yellow powder (Eq. 6). 
In the 'H-NMR spectrum of 10 four different signals for each SiMe, group 

and each of the Bu groups are observed. Three signals for both allylic hydrogen 
atoms (5.55, 5.60, 6.25 ppm) indicate that within each allylic moiety similar 
groups are magnetically different, although the same allylic hydrogen atoms in 
both ligands are in comparable magnetic environments. A corroboration of the 
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different magnetic environments of the similar groups within each ligand in 10 
is given in the !*C-NMR spectra, exhibiting one signal for each SiMe, group and 
each of the ‘Bu groups. Likewise, the similarity of the magnetic environments 
of the allylic carbons in both ligands is confirmed by the appearance of only 
three signals (124.3, 125.5, and 151.8 ppm). 

Although complexes 8 and 10 are in different oxidation states it seems, on 

the basis of the nonsymmetrical NMR results of 10 and the X-ray data of 8, that 
the ligations on the Zr complexes are in similar distortions toward an unsym- 
metrical o,7-type (1°-allyl) metal complex structure [115,116]. 

The reduction of the starting ZrCl, to the Zr(III) oxidation state can be 

explained by two parallel pathways (Scheme 4). In the first route (a), 1 equiv of 
the allyllithium complex (RLi) reduces the ZrCl, to ZrCl, with the concomitant 
formation of the allyl dimer and LiCl. The reaction of ZrCl, with 2 equiv more 
of the Li allyl yields complex 8. In the second route (b), 2 equiv of the Li allyl 
reacts with the ZrCl, producing the bis(allyl) metal dichloride. An additional 
1 equiv of Li allyl may reduce the metal, yielding complex 8 and the corre- 
sponding dimer 9. Both mechanisms are in agreement with the yield of the 
complex (<50%) and with the concurrent formation of the allyl dimer. No sup- 
porting evidence for mono(allyl) or tris(allyl) complexes were detected, 
arguing that disproportionation reactions are not major pathways. To distin- 
guish between both routes, the equimolar reaction of complex 10 with 1 equiv 
of the Li (allyl) salt was performed. The tris(allyl) complexes (observed in situ) 

were formed, arguing that under these reaction conditions, route (b), if oper- 

ative, is not the major pathway for the production of complex 8. 

ZrCly 

RLi 2RLi 

LiCl + 1/2R- 2LiCl 

ZrCly R2ZrClo 

2RLi RoZrCl RLi 

(a) (8) (b) 
2LiCl LIC] + 1/2R-R 

Scheme 4 Synthetic routes for the complexes 8 and 9 

Table 7 presents the results for the ethylene and propylene polymerization 
with the zirconium allyl complexes 8 and 10. For both complexes, below an 
Al:Zr ratio of 400 neither ethylene nor propylene was polymerized. At atmos- 
pheric pressure, no polymerization of propylene was detected. 

A conceptual question arises regarding the oxidation state of zirconium 
during the polymerization reaction. If Zr(III) is the active species, instead of 
Zr(IV), there should be no need for MAO as a cocatalyst. Methyl zirconium 
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Table7 Results of the polymerization of a-olefins using complexes 8 and 10 as the catalytic 
precursors activated with MAO? [111] 

Entry Complex Al:Zr T P Activity? mmmm Mw mwd° m.p. 

ratio (CC) (atm) Calm in (Co) (ee) 

Polymerization of ethylene 

1 8 400 25 1 he = 3,100,000 18.2 136.0 

2 8 400 2 30 52.0 = 2,710,000 14.9 135.5 

3 10 400 Ay) 30 2220) = 1,850,000 10.2 135.4 

Polymerization of propylene 

4 8 400 25 L2. 0.7 61 42,000 2.6 136.0 

§ 8 800 25 7.2 1.6 56 83,000 Dom S.0 

6 8 800 50 10.1 Del 96 29,000 2.4 152.0 

if 8 1 000R ZS Hoh iss) 74 46,000 jie SNBXSAW) 

8 10 1,000 25 Te U1 71 44,000 ZA ENS 880) 

* 2 mg catalyst (for ethylene),5 mg catalyst (for propylene), 7 ml toluene, 1 h. 
> g polymer-mol Zr-h"!. 
© Molecular weight distribution. 

allyl complex [('BuMe,SiCH),CH],ZrMe obtained by alkylation of complex 8 
with 1 equiv of MeLi showed no activity in the polymerization of propylene. It 
can be assumed that the complex of Zr(III) may undergo an oxidative coupling 
with the olefin followed by the generation of the active cationic moieties by 
MAO. Such an oxidative pathway is corroborated by the data in Table 7. As may 
be seen, under the same reaction conditions complexes 8 and 10 produce sim- 
ilar amounts of polypropylene with almost identical stereoregularities and 
molecular weights (compare entries 7 and 8). These results argue that only the 
cationic Zr(IV) allyl complexes are the active species in the a-olefin polymer- 
izations. 

For complex 8, increasing the Al:Zr ratio results in an increase of the reac- 
tion rate and molecular weight of the polymer (entries 4 and 5). With further 
augmentation of the MAO concentration, a decrease in activity and molecular 
weight was observed. Evidently, the higher the MAO concentration, the more 
rapid the aluminum transfer termination pathway. This mechanism of the ter- 
mination process was corroborated by the '*C-NMR analysis which displayed 
only an isobutyl signal, while vinylic carbons were not encountered. Elevating 
the temperature (entries 5 and 6) generates highly isotactic polymer with an 
increase in activity and a decrease in the molecular weight. The latter may 
indicate that at 50 °C, the polymer chain is cleaved from the metal center more 

rapidly than at 25 °C. The low molecular weight distribution for the polymer 
produced by the catalytic system 8/MAO allows one to suggest that uniformity 
of the active sites does not change considerably during the polymerization 
process. 
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The rate of propylene polymerization with complex 8 in CH,Cl, is similar to 
those for the reaction carried out in toluene, but an elastomeric polymer with 
34% mmmm was obtained. 

The differential scanning calorimeter studies of the polymer show that the 
beginning of melting signal appeared around 125-130 °C and continued up to a 
peak around 160 °C. The cooling curves gave reproducible results and revealed 
only one sharp crystallization signal within the range of 99-115.6 °C. These re- 
sults indicate that within the same polymer different domains differing in their 
melting points are present, as supported by the existence of only one crystalliza- 
tion signal. The C-NMR spectra of the polymers exhibit a high isotactic signal 
in addition to the other expected signals for an atactic type of polymer. The poly- 
mer shows a narrow polydispersity and the presence of only one signal on the 
GPC chromatograms, implying that the polymers are produced by a dynamic 
catalytic complex, yielding a copolymer with atactic and isotactic domains. Thus, 
it seems plausible that only the cationic complex 10 is able to undergo a dynamic 
mn! coordination. When an 7° coordination is operative, a cationic racemic 
octahedral complex, responsible for the formation of the isotactic domains, is 

formed. In the case of 7' coordination, a cationic tetrahedral complex with a C), 
symmetry, responsible for the formation of the atactic domains, is obtained. The 
17! dynamic coordination of 10 has been experimentally corroborated [111]. 

For the polymerization of ethylene with complex 8, increasing the olefin pres- 
sure resulted in a considerable increase in the polymerization rate, although no 
major effect was observed on the molecular weight or polydispersity of the poly- 
ethylene obtained (entries 1 and 2). The high polydispersity suggests the loss of 
active site uniformity during the reaction. Under the same reaction conditions, 

complex 10 was found to be twice as active as 8, producing polyethylene with 
lower molecular weight and polydispersity. 

4 

Amido Zirconium Complexes 

Replacement of the chlorine or the cyclopentadienyl ancillary ligations in met- 
allocenes by alternative o-donor ligands provides a possibility for changing 
electron-donating anionic equivalents and tailoring the steric hindrance at the 
metal center. We have prepared a series of soluble mono- and spirocyclic amido 
zirconium complexes by the incorporation of the amido ligands (R,N-) into 
zirconocene, thus influencing the steric congestion and Lewis acidity at the 
cationic metal center [80]. The amido complexes prepared, being a new class of 
homogeneous polymerization catalysts, differ from the known metallocene 
complexes in the electron density around the metal center, thus influencing the 
catalytic activity in the polymerization of a-olefins. 

The bis(amido) monocyclic zirconium metallocene (11) was obtained by the 

reaction of equimolar amounts of the zirconocene dichloride Cp,ZrCl, and the 

dilithiated diamine (Me,SiN-(CH,),-NSiMe;)Li, in THF (Scheme 5). (The latter 
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Scheme5 Synthetic route toward the bis(amido) zirconium complex 11 [80] (11) 

C2A K Des 
Fig.10 The molecular structure of the bis(amido) zirconium metallocene (11) [80] 
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was prepared in situ by the reaction of N,N~-(trimethylsilyl)ethylenediamine 
with n-BuLi in hexane). After evaporation of the solvent and extraction into 
Et,O and cooling (-50 °C), orange crystals of complex 11 were yielded (75%). 
The X-ray structure of 11 is presented in Fig. 10. 

The spirocyclic tetraamido Zr complex 12 was prepared at room tempera- 
ture in 82% yield by the transamination reaction of Me,SiNH-(CH,),-HN- 

SiMe, with Zr(NMe,),. The latter, in turn, was obtained by the metathesis of. 
ZrCl,:2THF with four equivalents of LiNMe, (Eq. 7). Recrystallization of 12 in 
hexane at -75 °C yielded the pure crystalline product. 

TMS TMS 

MeN 2 TMS—NH HN——TMS Sad. .N 
Sr NMeg iad 28 Ss ee a (7) 

/ ~NMe, eal 
MeN i 

Ts TMS 

(12) 

The metathesis reaction of one equivalent of the dilithiated ethylenediamine 
with ZrCl,-2THF forms the monocyclic complex 13 (Scheme 6). Fractional crys- 
tallization from cold hexane affords a colorless microcrystalline product in 
42% yield. Treatment of two equivalents of (Me,;SiN-(CH,),-NSiMe;)Li, with 
ZrCl,:2THF results in formation of complex 12. 

TMS Be 

( \ 
© Ty haaaane 3 Ur tad 

Ts C zr c — 

| Cl i A | ae 
See | | N N 

Zr TMS TMS eae 
ate Noo 9 =——_ ZC ly: THE: ———> pee 

| N “se 
TMS | / 

Tus TMS 

(13) (12) 

Scheme 6 Synthetic route to complexes 12 and 13 [80] 

The results of 'H- and '°C-NMR analysis of the complexes 11-13 are given 
in Table 8. For comparison, the NMR resonances of the corresponding frag- 
ments of the zirconocene dichloride and free diamine used in the synthesis 
of amido zirconium complexes are also shown. 
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Table8 The data of NMR analysis for amidozirconium complexes 11-13 [80] 

Compound 6'H-NMR (ppm) 6°C-NMR (ppm) 

Cp Ethylene  Me;Si Cp Ethylene Me;Si 
group bridge group group bridge group 

11 6.14 S29) 0.07 11229 54.5 1.0 

1 3.74 0.07 54.1 0.3 

13 3.61 69.3 

Cp,ZrCl, 6.47 116.0 

Free diamine 2.48 -0.14 45.4 -0.2 

* NMR analysis was performed in benzene-d, at 25 °C. 

As can be seen, shifts of the Cp group signals to higher field values are 
observed in the 'H- and C-NMR spectra in passing from complex 11 to the 
zirconocene dichloride. This may be a consequence of the increased electron 
density at the cyclopentadienyl ancillary ligand due to the electron-donor ca- 
pacity of the chelating bis(amido) ligand compared with the two chlorine 
atoms in Cp,ZrCl,. Thus, one can expect that the Zr-N bond is less strong than 
the Zr-Cl bond, allowing activation of the metallocene amido complex 11 by 
Lewis acids. Comparison of the 'H- and '°C-NMR resonances related to the eth- 
ylene bridges for the bis(amido) ligand in 11 and in the free diamine showed 
the lower field shifts in 11 caused by the attachment of the bis(amido) ligand 
to the Lewis acid Zr atom. The 'H- and '°C-NMR signals of the methyl reso- 
nances of the SiMe; groups in 11 appear to have a similar downfield trend, com- 
pared with the corresponding signals of the free diamine. 

The electron transfer from the two bis(amido) ligands toward the electro- 

philic Zr atom in complexes 12 and 13 is ascertained by the chemical shifts of 
the ethylene groups. A similar trend in 12 is observed for the Me3Si groups. 
These results, compared with those for complex 11, show a similar electronic 

environment between the Cp and the bis(amido) ancillary ligands. 
Comparison of the thermodynamic bond disruption energies in Cp,ZrCl, 

and complex 11 (Diz;-c)=491 kJ mol!, Diz,;-~y=355 kJ mol"'), and our previous 

observation that early/late phosphido- and arsenido-bridged heterobimetal- 
lic complexes can be activated by strong Lewis acids to produce the methyl 
cationic complex [79, 117], suggested that, in a similar fashion, it would be pos- 
sible to activate heterolytically complexes 11-13 by MAO forming an active 
species for the polymerization of a-olefins (Eq. 8). The cationic complex is, 
presumably, formed by the double metathesis of the amido ligands and the 
methyl groups of MAO in a similar way as found for metallocene phosphido 
ligands [80]. 

The zirconocene complex 11, when activated with methylalumoxane, shows 

high activity in ethylene polymerization (Table 9) which is slightly larger than 
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Table 9 Activity of the amido zirconium complexes 11-13 for the polymerization of 

olefins? [80] 

Entry Catalyst [Catalyst] MAO/catalyst Activity? 

(mmol) Ratio (x10°) 

Polymerization of ethylene 

1 11 3.54 1,000:1 2,280 

2 11 3.54 3,000:1 7,930 

3 12 3.02 1,000:1 3.61 

4 12 3.02 3,000:1 1.08 

5 13 5.49 1,000:1 U3: 

6 13 5.49 3,000:1 5.68 

Polymerization of propylene 

i 11 3.54 1,000:1 1,090 

8 11 3.54 3,000:1 1,220 

2 In 50 ml of toluene, 25 °C, 1.0 atm. 

> ¢ polymer-mol Zr!-h!. 

Zr MAO CH; Va 
ys rinaeiihacenetoes a + | MAO ; 
X NS ae < 

i i 
TMS TMS 

(8) 

the activity of the catalytic system Cp,ZrCl,/MAO [7, 118]. The activity of 11 in- 
creases with increasing Al:Zr ratio (entries 1 and 2). Complexes 12 and 13 were 

found to be less active than the corresponding complex 11. Furthermore, in 
contrast to complex 11, the catalysts 12 and 13 show the opposite trend of the 
relationship between activity and MAO/catalyst ratio. Such behavior may be a 
result of the large coordinative unsaturation and electrophilicity of the metal 
center, which promotes the active “cationic” complexes to coordinate with the 
solvent or MAO [7]. 

The catalytic system 11/MAO shows lower activity in propylene polymer- 
ization as compared to polymerization of ethylene, with a similar trend in the 
relationship between the polypropylene yield and Al:Zr ratio (compare en- 
tries 1,2 7, and 8). The proton and carbon spectroscopic analysis of the 
polypropylene obtained revealed only vinyl/isopropyl end groups. The fact that 

2 TMS Zu ao : 
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no vinylidene/n-propyl end groups were observed testifies that polypropylene 
is formed in accordance with a B-methy] elimination pathway. 

Thus, we have shown that, in addition to the known methyl and chloride 

ancillary ligands in zirconocenes, amido ligands can also be activated by strong 
Lewis acids such as MAO, producing cationic complexes active in the poly- 
merization of a-olefins. 

5 

Zirconium-Containing Homoleptic Phosphinoamide Dynamic Complexes 

Investigations of the bis(benzamidinate) dichloride or dialkyl complexes of 
Group 4 metals show that these complexes, obtained as a racemic mixture of 
cis-octahedral compounds with C, symmetry, are active catalysts for the poly- 
merization of a-olefins when activated with MAO or perfluoroborane cocatalysts 
[29-41]. As was demonstrated above, polymerization of propylene with these 
complexes at atmospheric pressure results in the formation of an oily atactic 
product, instead of the expected isotactic polymer. The isotactic polypropylene 
(mmmm>95%, m.p.=153 °C) is formed when the polymerization is carried out 
at high concentration of olefin (in liquid propylene), which allows faster insertion 
of the monomer and almost completely suppresses the epimerization reaction. 

A conceptual question is whether simple octahedral or even tetrahedral 
complexes that have a dynamic Lewis-basic pendant group, donating a pair of 
electrons to the metal center, are suitable for the production of an elastomeric 
polypropylene. As shown in Scheme 7, a dynamic equilibrium may take place 
between a tetrahedral and an octahedral configuration (X=halide, E=donor 

group with a lone electron pair, R=C, N, P, or other anionic bridging group). 
(A plausible trans-octahedral complex, which can be formed in this type of 
dynamic process, is unable to perform the olefin insertion and has no catalytic 
activity [5, 20, 80, 81].) 

To check the presented hypothesis, the Zr-containing homoleptic phosphi- 
noamide [Zr(NPhPPh,),] (14) was prepared by reacting ZrCl, with four equiva- 

lents of LiNPhPPh, (Eq. 9) [119]. The latter was synthesized by the deprotonation 

of phosphinoamine Ph,PN(H)Ph with butyllithium in hexane [120]. At room tem- 
perature, two signals are observed in the *'P-NMR spectrum of 14 (24.7, s, and 

A i ial Ph i Ph 
Ph Ph Ph 

‘pau REO Se ini ph 
4 ke Ph + ZrCly ; ~=— Ph N Zr aS 

Li \7in se’ Mi Ne heed Ss Pa 
KAS Sea esicanaan p Kee 

THF | | \ ORE | \ | ~ 

Ph | Ph eat Ph 

14 (9) 
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Scheme7 Elastomeric polypropylene obtained by dynamic interconversion between cationic 

complexes with C,, and C, symmetry 

-5.4 ppm, br, in THF), which are shifted to high field by about 4-43 ppm rela- 
tive to the starting Ph,PN(H)Ph (28.6 ppm). At lower temperature, the signal at 

-5.4 ppm sharpens and the ratio of the two signals changes from 1:1 at 253 K 
to 1:3 at 223 K. Apparently, at 253 K two of the four phosphino groups exhibit 
n' coordination in solution (Eq. 9). 

The polymerization of propylene using complex 14 activated by MAO (AI:Zr 
ratio=500, solvent toluene, 25 °C) yielded 80 g polymer-mol Zr™!-h"! with a mol- 
ecular weight Mw=115,000 and polydispersity=2.4 [119]. The reaction was 
carried out in liquid propylene to avoid, as much as possible, the epimerization 
of the last inserted monomer unit and to allow rational design of the elas- 
tomeric polymer. The formation of elastomeric polypropylene is consistent 
with the proposed equilibrium between cis-octahedral cationic complexes with 
C, symmetry inducing the formation of the isotactic domain, and tetrahedral 

complexes with C,, symmetry responsible for the formation of the atactic 
domain (Scheme 7). The narrow polydispersity of the polypropylene obtained 
supports the polymerization mechanism in which the single-site catalyst is 
responsible for the formation of the elastomeric polymer. 

The C-NMR spectrum of the polymer (Fig. 11) exhibits in the methyl 
region a large signal of the mmmm pentad, ruling out the possibility of for- 
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Fig.11  '°C-NMR spectrum of the elastomeric polypropylene prepared with the catalytic 
system 14/MAO [119] 

mation of a high molecular weight atactic polypropylene and indicating poly- 
mer molecules with a combination of atactic and isotactic blocks and a large 
domain of isotactic pentads [121-123]. No vinylidene or vinyl chain end groups 
were detected in the 'H-NMR spectrum, suggesting an aluminum chain trans- 
fer mechanism as the major termination step. 

To corroborate that the epimerization reaction is responsible for the stereo- 
errors in the polypropylene chain, we treated 1-octene with complex 14 activated 
with MAO. The reaction resulted in the quantitative formation of trans-2-octene. 
In addition, the reaction of allylbenzene with the system 11/MAO at room 
temperature produced 100% conversion of the former to trans-methylstyrene. 
The isomerization results indicate that during the polymerization, the metal cen- 
ter in 14 is also able to migrate through the growing polymer chain, inducing 
branching and additional environments for the methyl ligands (Scheme 2) [124]. 

Thus, simple tetrahedral complexes with ancillary ligands incorporating 
donating groups (with a lone pair of electrons able to coordinate to the metal 
center) allow the selective design of elastomeric polypropylenes. 

6 
The Structure of the Elastomeric Polypropylene 

As already mentioned, on the polymerization of propylene at higher monomer 
concentrations using zirconium-containing octahedral complexes with a C, 
symmetry, an elastomeric polypropylene was formed. It was essential to com- 
pare the chemical structure of the obtained elastomers with the structure of the 
elastomeric polypropylenes described in the literature. 
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Three types of elastomeric polypropylene are known: (1) a large molecular 
weight atactic polymer [125], (2) polymers with alternating isotactic and 
atactic blocks [108, 109, 126-129], and (3) polymers formed by the “dual-site” 

mechanism [110]. The structure of the obtained elastomeric polypropylene was 
elucidated by comparison of the C-NMR spectra with those of an atactic oily 
polymer and isotactic polypropylene prepared by the zirconium complex 4. On 
the basis of the NMR data, for all the samples the statistical lengths of the | 
isotactic blocks between two neighboring epimerization stereodefects were 
calculated [41]. It was found that for the isotactic polymer (mmmm~90%), the 

length of an isotactic block before a stereodefect was 35-45 CH; groups, while 
for the atactic sample (mmmm~7%) it was 7 or 8 CH; groups. For the elasto- 
meric polypropylene obtained with the zirconium benzamidinate complex (4), 
the length of the isotactic fragment was found to be between 11 and 27 methyl 
groups [41]. Thus, for the elastomeric polymer the length of the statistical iso- 
tactic fragment is shorter than that for an isotactic polymer and longer than 
that for an atactic sample. 

It is plausible to assume that the elastomeric polypropylene obtained differs, . 
in principle, from the above-mentioned types of elastomers. Contrary to the 
high molecular weight atactic elastomers [125], our samples have an isotactic 
structure in which longer isotactic domains are disposed between stereodefects. 
Differing from the alternating isotactic-atactic block elastomers [108, 109, 
126-129], where the alternating domains have commensurate lengths, our poly- 
mers are distinguished by frequent alternation of the isotactic fragments with 
many stereodefects. As compared to the elastomers of type (3), which exhibit 
large mmmm contents (up to 72%) [110], our samples are characterized by 

lower stereoregularity. Besides, in the dual-site mechanism each site has a dif- 
ferent symmetry and, by the back-skipping of the polymer chain, two stereo- 
chemistries for the insertion are possible. With our complexes, back-skipping 
of the polymer chain induces the same symmetry, thus inducing the same type 
of stereoregular insertion. The stereoregular errors are formed because of two 
competing processes, the insertion of propylene and the intramolecular epi- 
merization of the growing chain at the last inserted unit. The rate correlation 
of these processes influences the number and length of the isotactic domains 
between the stereoerrors. mas 

To discriminate between the crystalline and amorphous areas in the homo- 
geneous polymer, we have utilized atomic force microscopy (AFM). Figure 12 
depicts typical phase images of isotactic, elastomeric, and atactic polypropylene 
samples. The sample of the isotactic polymer consists of a mosaic of crystalline 
islands (brighter spots in the image) embedded in an amorphous phase (darker 
areas) of the same material (Fig. 12a). The elastomeric polymer is composed 
of long interpenetrated and branched fibrils of crystalline character that in- 
terconnect amorphous regions (Fig. 12b). This phase image provides further 
support to the concept of microheterogeneous crystallinity of the elastomeric 
phase, caused by different crystalline domains that are characterized by slightly 
different melting points. This set of heterogeneous crystalline phases is claimed 
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a 

15.0 deg 

L_ 0.0 deg 

b 

c 

Fig. 12a-c AFM pictures of different polypropylenes. a Isotactic polymer from Table 2, 
entry 4; b elastomeric polymer obtained with Ti benzamidinate complex [41]; ¢ atactic poly- 
mer fraction from Table 2, entry 8 
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to yield a broad and undefined melting zone. The atactic polymer is predom- 
inantly amorphous with a low density of crystalline domains (Fig. 12c). 

7 

Conclusion 

The synthesis and molecular structure of several octahedral zirconium com- 
plexes with various ligations alternative to the cyclopentadieny]l ligands, and 
their catalytic properties in the polymerization of a-olefins, are described. It is 
demonstrated that, depending on the structural features of these complexes 
and the conditions of the polymerization process (amount of the complexes 
and cocatalysts, nature of the solvents used, temperature, and concentration of 

the monomers), highly stereoregular, elastomeric, or oily atactic polypropy- 
lenes can be produced. The mechanisms for the formation of the different types 
of polymers are competitive reactions inhibiting the formation of the stereo- 
regular polymer. The data presented in this review shed light on the conceptual . 
question regarding the applicability of cis-octahedral C,-symmetry complexes 
as catalysts for the stereospecific polymerization of a-olefins. - 

Acknowledgements The research was supported by the German-Israel Foundation grant 
no. I-621-27.5/1999. A.L thanks the Ministry of Immigration for the KAMEA Fellowship. 

References 

. Ziegler K, Holzkamp H, Breil H, Martin H (1955) Angew Chem Int Ed Engl 67:54 

. Natta D (1956) Angew Chem Int Ed Eng] 68:393 

. Keii T, Soga K (eds) (1990) Catalytic olefin polymerization. Elsevier, Amsterdam 

. Kaminsky W (2002) Adv Catal 46:89 

. Kaminsky W, Arndt M (1977) Adv Polym Sci 127:143 

. Mulhaupt R (1999) In: Karger-Kocsis J (ed) Polypropylene: A-Z reference. Kluwer, 
Dordrecht, p 454 

7. Brintzinger H, Fischer D, Multhaupt R, Rieger B, Waymouth RM (1995) Angew Chem 
Int Ed Engl 34:1143 

8. Alt HG, K6pll A (2000) Chem Rev 100:1205 

9. Coates GW (2000) Chem Rev 100:1223 

10. Chen EY-X, Marks TJ (2000) Chem Rev 100:1391 

11. Metz MV, Schwartz DJ, Stem CL, Nickias PN, Marks TJ (2000) Angew Chem Int Ed 

39:1312 

12. Lanza G, Fragala IL, Marks TJ (2000) J Am Chem Soc 122:12764 

13. Ittel SD, Johnson LK, Brookhardt M (2000) Chem Rev 100:1169 

14, Britovsek GJP, Gibson VC, Wass DF (1999) Angew Chem Int Ed 38:428 

15. Bochmann M, Lancaster SJ (1993) Organometallics 12:663 

16. Ewart SW, Sarsfield MJ, Jeremic D, Tremblay TL, Williams EF, Baird MC (1998) Organo- 

metallics 17:1502 

17. Pellecchia C, Immirzi A, Grassi A, ZambelliA (1993) Organometallics 12:4473 

Nn PWN 



Octahedral Zirconium Complexes as Polymerization Catalysts 103 

18. 

19: 

20. 

Ae 

22 

Make 

24. 

Wp. 

26. 

D7 

28. 

An): 

30. 

Sill. 

a2) 

313 

34. 

3)5y 

36. 

Bik. 

38. 

By: 

40. 

4). 

42. 

43. 

44, 

45, 

46. 

47. 

48. 

49. 

50. 

OF 

52: 

SO: 

54. 

55. 

56. 

Shrock RR, Baumann R, Reid SM, Goodman JT, Stumpf R, Davis WM (1999) Organo- 

metallics 18:3649 

Mack H, Eisen MS (1998) J Chem Soc Dalton Trans 917 

Gielens EECG, Tiesnitsch JY, Hessen B, Teuben JH (1998) Organometallics 17:1652 

Chen Y-X, Fu P-F, Stern CL, Marks TJ (1997) Organometallics 16:5958 

Kempe R (2000) Angew Chem Int Ed 39:468 
Goodman JT, Schrock RR (2001) Organometallics 20:5205 

Schrock RR, Bonitatebus PJ, Schrodi Y (2001) Organometallics 20:1056 

O’Connor PE, Morrison DJ, Steeves S, Burrage K, Berg DJ (2001) Organometallics 20:1153 

Yoshida Y, Matsui S, Takagi Y, Mitani M, Nakano T, Tanaka H, Kasiwa N, Fujita T (2001) 

Organometallics 20:4793 
Layrante KC, Sita LR (2001) J Am Chem Soc 123:10754 

Gomez R, Duchateau R, Chernega AN, Teuben JN, Edelmann FT, Green MLH (1995) J 

Organomet Chem 491:153 
Hagadorn JR, Arnold J (1998) Organometallics 17:1355 

Edelmann FT (1996) Top Curr Chem 179:113 

Herscovics-Korine D, Eisen MS (1995) J Organomet Chem 503:307 

Richter J, Edelmann FT, Noltemeyer M, Schmidt H-G, Shmulinson M, Eisen MS (1998) 

J Mol Catal 130:149 

Volkis V, Shmulinson M, Averbuj C, Lisovskii A, Edelmann TF, Eisen MS (1998) Organo- 

metallics 17:3155 

Walter D, Fischer R, Friedrich F, Gebhardt P, Gorls H (1996) J Organomet Chem 508:13 

Walter D, Fischer R, Gorls H, Koch J, Scheweder B (1996) J Organomet Chem 508:13 

Duchateau R, van Wee CT, Meetsma A, van Duijnen PT, Teuben JN (1996) 

Organometallics 15:2279 
Gomez R, Green MLH, Haggit JL (1996) J Chem Soc Dalton Trans 939 

Flores JC, Chien JCW, Rausch MD (1995) Organometallics 14:1827 

Flores JC, Chien JCW, Rausch MD (1995) Organometallics 14:2106 

Gomez R, Ducheteau R, Chernega AN, Meetsma A, Edelmann FT, Teuben JH, Green 

MLH (1995) J Chem Soc Dalton Trans 217 

Volkis V, Nekkenbaum E, Lisovskii A, Hasson G, Semiat R, Kapon M, Botoshansky M, 

Eishen Y, Eisen MS (2003) J Am Chem Soc 125:2179 

Kapon M, Eisen MS (1994) J Chem Soc Dalton Trans 3507 

Fenske D, Hartmann E, Dehnicke K (1988) Z Naturforsch 43b:1611 

Hagadorn JR, Arnold J (1997) J Chem Soc Dalton Trans 3087 

Sinn H, Kaminsky W (1980) Adv Organomet Chem 18:99 
Bochmann M, Cuenca T, Hardy DT (1994) J Organomet Chem 484:C10 

March J (1985) In: Advanced organic chemistry, 3rd edn. Wiley-Interscience, New York 
Resconi L, Piemontesi F, Francisconi G, Abis L, Fiorani T (1992) J Am Chem Soc 114:1025 

McCord EF, McLain SJ, Nelson LTJ, Arthur SD, Coughlin EB, Ittel SD, Johnson IK, 

Tempel D, Killian CM, Brookhart M (2001) Macromolecules 34:362 

Busico V, Cipillo R, Caporaso P, Angeloni G, Segre AL (1998) J Mol Catal 128:53 
Bisico V, Cipillo R, Monaco G, Vacatello M (1997) Macromolecules 30:6251 

Busico V, Brita D, Caporaso L, Cipillo R, Vacatello M (1997) Macromolecules 30:3971 

Busico V, Caporaso L, Cipillo R, Landriani L, Angelini G, Margonelli A, Segre AL (1996) 

J Am Chem Soc 118:2105 

Leclerc M, Brintzinger HH (1996) J Am Chem Soc 118:9024 

Busico V, Cipillo R, Corradini P, Landriani L, Vacatello M, Segre AL (1995) Macromol- 

ecules 28:1887 

Busico V, Cipillo R (1994) J Am Chem Soc 116:9329 



104 

Die 

58. 

59. 

60. 

61. 

62. 

63. 

64. 

65. 

66. 

67. 

68. 

69. 

70. 

He 

Tae 

U3 

74. 

Ty 

76. 

77. 

78. 

IS 

80. 

81. 

82. 

83. 

84. 

85. 

86. 

87. 

88. 

89. 

90. 

wil 

95: 

96. 

Whe 

98. 

99. 

A. Lisovskii - M. S. Eisen 

Resconi L (1999) J Mol Catal 146:167 

Yang X, Stern CL, Marks TJ (1994) J Am Chem Soc 116:10015 

Giardello MA, Eisen MS, Stern CL, Marks TJ (1993) J Am Chem Soc 115:3326 

Lancaster SJ, Robinson OB, Bochmann M, Coles SJ, Hursthouse MB (1995) Macromol- 

ecules 14:2456 

Gillis DJ, Tudoret MJ, Baird MC (1993) J Am Chem Soc 115:2543 

Eisen MS, Marks TJ (1992) J Am Chem Soc 114:10358 

Eisen MS, Marks TJ (1992) Organometallics 11:3939 

Ducheteau R, Brussee EAC, Meetsma A, Teuben JN (1997) Organometallics 16:5506 

Duchateau R, Tuinstra T, Brussee EAC, Meestma A, van Duijnen PT, Teuben JH (1997) 

Organometallics 16:3511 
Averbuj C, Eisen MS (1999) J Am Chem Soc 121:8755 

Eshuis JJW, Tan YY, Teuben JH, Renkema J (1990) J Mol Catal 62:277 

Resconi L, Giannini U, Albizzati E, Piemontesi F, Fiorani T (1991) Polymer Prepr 32:463 

Jia L, Yang X, Ishihara A, Marks TJ (1995) Organometallics 14:3135 

Jordan RE, Bradley PK, LaPointe RE, Taylor DF (1990) New J Chem 14:499 

Shapiro PJ, Cotter WD, Schaefer WP, Labinger JA, Bercaw JE (1994) J Am Chem Soc 

116:4623 

Bierwagen EP, Bercaw JE, Goddard WA (1994) J Am Chem Soc 116:1481 

Kuribayashi HK, Koga N, Morocuma K (1992) J Am Chem Soc 114:2359 

Averbuj C, Tish E, Eisen MS (1998) J Am Chem Soc 120:8640 

Edelmann FT (1994) Coord Chem Rev 137:403 

Lambert JB (1990) Tetrahedron 46:2677 

Apeloig Y, Biton R, Freih AA (1993) J Am Chem Soc 115:2522 

Blumenkopf TA, Overman LE (1986) Chem Rev 86:857 

Shribman T, Kurz S, Senff U, Lindenberg F, Hey-Hawkins E, Eisen MS (1998) J Mol Catal 

A Chem 129:191 

Mack H, Eisen MS (1996) J Organomet Chem 525:81 

Bochmann M (1996) J Chem Soc Dalton Trans 255 

Lechler R, Hausen H.-D, Weidlein J (1989) J Organomet Chem 359:1 

Duchateau R, Meetsma A, Teuben JH (1996) J Chem Soc Dalton Trans 223 

Metz MV, Schwartz DJ, Stern CL, Marks YJ, Nickias PN (2002) Organometallics 21:4159 

Metz MV, Sum Y, Stern CL, Marks TJ (2002) Organometallics 21:3691 

Jia L, Yang X, Stern CL, Marks TJ (1997) Organometallics 16:842 

Charoenchaidet S, Chavadej S, Gulari E (2002) J Polym Sci A 40:3240 

Misikabhumma K, Spaniol TP, Okuda J (2002) J Macromol Chem Phys 203:115 

Galan-Fereres M, Koch T, Hey-Hawkins E, Eisen MS (1999) J Organomet Chem 580:145 

Arrowmith D, Kaminsky W, Schauwienold A.-M, Weingarten U (2000) J,Mol Catal A 

Chem 160:97 

. Soga K (1993) Macromol Chem 66:43 
SDF 

93. 

94. 

Hagimoto H, Shiono T, Ikeda T (2002) Macromolecules 35:5744 

Ray B, Volkis V, Lisovskii A, Eisen MS (2002) Israel J Chem 42:333 

Beck JC, Vartuli JC, Roth WJ, Leonowicz ME, Kresge CT, Schmitt KD, Chu CT.-W, Olson 

DH, Shepard EW, McCullen SB, Higgins JB, Schlenker JL (1992) J Am Chem Soc 

114:10834 

Tanev PT, Pinnavaia TJ (1996) Chem Mater 8:2068 

Ryoo R, Kim JM (1995) J Chem Soc Chem Commun 711 

Bagshaw SA, Prouzet E, Pinnavaia TJ (1995) Science 269:1242 

Zhang W, Pauly TR, Pinnavaia TJ (1997) Chem Mater 9:2491 

Pauly TR, Liu Y, Pinnavaia TJ, Billinge SJL, Rieker TP (1999) J Am Chem Soc 21:8835 



Octahedral Zirconium Complexes as Polymerization Catalysts 105 

100. 

101. 

102. 

103. 

104. 

105. 

106. 

107. 

108. 

109. 

110. 

Ae 

WA, 

Ss 

114. 

iS: 

116. 

117. 

118. 

INES), 

120. 

Ae 

122. 

123; 

124. 

728), 

126. 

17s 

128. 

VAS), 

Chen C-Y, Li H-X, Davis ME (1993) Microporous Mater 2:17 

Tismaneanu R, Ray B, Khalfin R, Semiat R, Eisen MS (2001) J Mol Catal A Chem 171:229 

Chen F, Kapon M, Eisen MS (manuscript in preparation) 
Wike G (1963) Angew Chem 75:10 
Davies SG (1982) Organotransition metal chemistry: application to organic synthesis. 
Pergamon, Oxford 

Trost BM (1986) J Organomet Chem 300:263 

Perry DC, Farson FS, Schoenberg E (1975) J Polym Sci 13:1071 

Bergbreiter DE, Parsons GL (1981) J Organomet Chem 208:47 

Klei E, TeubenJH, de Liefde Meijer HJ, Kwak EJ, Bruins AP (1982) J Organomet Chem 

224:327 

Chen Y, Kai Y, Kasai N, Yashida H, Yamamoto H, Nakamura A (1981) J Organomet Chem 

407:191 

Martin HA, Jellinek F (1967) J Organomet Chem 8:115 

Ray B, Gueta Neyroud T, Kapon M, Eishen Y, Eisen MS (2001) Organometallics 20:3044 

Shannon RD (1976) Acta Crystallogr A32:751 
Meijere A, Stecker B, Kourdoiukov A, Williams CM (2000) Synthesis 7:929 

Lin X, Novak BM (2000) Macromolecules 33:6205 

Erker G, Berg K, Angermund K, Kriiger C (1987) Organometallics 6:2620 
Erker G, Dorf U, Benn R, Reinhardt R-D, Peterson JL (1984) J Am Chem Soc 106:7649 

Lindenberg F, Shribman T, Sieler J, Hey-Hawkins E, Eisen MS (1996) 

Brown SJ, Gao X, Harrison DG, Koch L, Spence REGH, Yap GPA (1998) Organometallics 

17:5445 

Ktihl O, Koch T, Somoza FB Jr, Junk PC, Hey-Hawkins E, Plat D, Eisen MS (2000) J 

Organomet Chem 604:116 
Ashby MT, Li Z (1992) Inorg Chem 31:1321 

Coates GM, Waymouth RM (1995) Science 267:217 

Hu Y, Krejchi MT, Shah CD, Myers CI, Waymouth RM (1998) Macromolecules 31:6908 
Dietrich U, Haksmann M, Rieger B, Klinga M, Leslela M (1999) J Am Chem Soc 121:4348 

Bovey FA, Mirau PA (eds) (1996) NMR of polymers. Academic, San Diego 
Resconi L, Jones RL, Rheingold AL, Yap GPA (1996) Organometallics 15:998 

Tagge CD, Kravchenko RL, Lal TK, Waymouth RM (1999) Oragnometallics 18:380 
Maciejewski Petoff JL, Agoston T, Lal TK, Waymouth RM (1998) J Am Chem Soc 

120:11316 

Kravchenko R, Massod A, Waymouth RM, Myers CL (1998) J Am Chem Soc 120:2039 

Bruce MD, Waymouth RM (1998) Macromolecules 31:2707 



s> 7 7 

fai cc un teeny ‘ 
a a —> 

nk - 7 7 Tr — 

> ya 0 ‘Asari namenmrndbd 6) Sh ath At 1) 

Saiehbgen fie eS ota: oe sn y vd Ae 
» Re Bdbhe a n af ¥ rer = 

i ee ett vitae “~, _& ; “pares 
wicalsy 0. Maagz get 1 hosean vy Vacs visto coleneroy 

ea 7 hs = ety) este 

ei iia : PI aa pvt ur pha ‘at is 

is (ae tm Penen tide leanne hit PEG moda? ZF 
io uae © <octiat wal sin dae yan’ ii eee Y 

7? 

dr. Pah a jLey i A. ME ¢ ad moret i ow “A funy We - 

aetna “ 7 il f «| Ps o em alls tii # 7 fi = j id aa, inal? ite ay 7 

SS a4 ie 7 whee. vee ww .~ ein 

ce gn ati name oho y soil oS san ad 
BA siniinti phen aii HM Scapes ok burg ermal Ee abe 

iy 2 Shee enon ean (ett damned 
Goon ABE, sige A LOY, ba oan oe i +4 ines lath 7 

pues ra Tae j shrimp erap mite ay B dwt ph ob a 

As = iu yeaa refs 21% Wile : 8 ba Ian t gestt aed 0) 

kote -94a) ied (OAS halve us yay ) air rein qe Dyk yewld | 2 coded oft 
yv ‘ TM? hr fae it Hen AS me 4h in iT wasnt ila, 5 ot aikoly a 

Orllen ong) AOE Abate Jiory y pt id oC] ears rec han ~ 

eri ‘ - pe (aS. : 2oheRl _ i. 

(SOUS 28) GHhE SHIM entwobbiesy, Agu LA) WAaapmat TiO ida. 
luniunk@ cie~rrAe’ Lhe (26 : a ilfé we dt 

“ ny acodl &) | neue eae : a Wp ans jaue ny E : SA y — _ ~ TICS. fan (eur A trwonare’Nl NSD oat mn: ; 

MEA eo ovlamrn pd URCI eB DLS mm 1 dealt J me 4 
tial diom? i flip! ytd ad de mink erlit depepd Be ras vinsdatl AS ert | 

aaitl fo Mipmenials 1h BANE aR. tahn dd es 
faaesiie nie (Qe ae dale boil agin 

oe MM rally mperpenenoeen pt A ihe Par A rlaeres "i 
4? 0 cet end Ly we 4A Henly eekibeaie 4. ambit t 

+} tep ® oe 4.) nul? 

PAOLA (uae anit ahi he eo os vires path se F 
weigh YSeanrenenls ERE Aad ee 8 

, e% + A ty ‘ oy aed Aye ju wet 

all ig _ hy Ran Herbed We, § 10@ 7 us 1 he he mor nA 

Clean tov 7 
2; sg Be. 1} eS alt} ph wy : — »>— a 

Ph. Wtagvlnos V4 Giana? Made 126" Fy Merantor ens hONs, 
C, Sa 0.44 A fs impute aa? 
“6 @e kf tic Widen ped by it}.aee sags 8 a 

iN, Peper’) PA i nt pe 5G, Vp a Lato UL ’ 
Tee@iring ae - 

Sve t Pt, Fitceevels TH veo) Caan ure ea 2 a 
> 1 » Cin v 1 7eq ot ny Lae & aah | oay ge en - Ey 

: ise VA \, Piahowine TTT RS 7 Me; _ 

8 1] TL! ranean TY iin a Hy Roem _) a — 

Yeoy YS, a8 Tit imvdia V4) iLalteyye a) aaa 1" 7 Alea ee 

| a - : 
is 

% 
- 



Topics Organomet Chem (2005) 10: 107-132 
DOI 10.1007/b98422 

© Springer-Verlag Berlin Heidelberg 2005 

Zirconocene Complexes as New Reagents 
for the Synthesis of Cyclopropanes 

Jan Szymoniak (24) - Philippe Bertus 

UMR 6519 - Réactions Sélectives et Applications, CNRS - 

Université de Reims Champagne-Ardenne, BP 1039, 51687 Reims Cedex 2, France 
jan.szymoniak@univ-reims.fr 

1 Introduction waar. hecals ee oe Ee ae ie ieee ah esse, al! 108 

2 Construction of the Cyclopropane Ring from Two- and One-Carbon Synthons 109 

3 Construction of the Cyclopropane Ring from Three-Carbon Synthons .... 114 

3.1 Formation of Cyclopropanes via y-Elimination Reactions ........... 114 
Sule eZitconacyclesrasimterimediates a wuss sm mR seer ener es 114 
Boles Reactionsamitiatediby ELyanO ZI CONatlOn memati aan art tae ane ma ae 117 
3.2 Cyclopropanes from Homoenolate Anion Equivalents ............. 123 

4 Miscellaneous Cyclopropane Syntheses ...................-.. 125 

5 Conclusion, Sry gem ettnsy fag: bouts tem neh) Seite sae rie Le 129 

IRELETEN CEST eopagts cate ce Nts fe uciwar ee ARie OMiy Ss eaten a ats ene is 130 

Abstract The use of zirconocene chemistry for the synthesis of cyclopropanes is a recent 
research area. Most of the reactions in this chapter have been reported in the last few years 
and not entirely explored. Yet, cyclopropanes were formed from nonconventional starting 

materials (other than alkenes and carbenoids) in various ways. Cyclopropanes can be con- 
structed from two- and one-carbon building blocks, using organomagnesium reagents and 
carbonyl compounds, through a zirconium-mediated deoxygenative coupling reaction. The 
y-elimination processes from three-carbon zirconocene intermediates open selective path- 

ways to cyclopropanes from readily available starting materials such as vinyl epoxides, 
allylic ethers, homoallylic ethers, and bromides. An easy transmetalation from zirconium to 
other metals, such as Al or Zn, expands the number of efficient methods for the construction 

of cyclopropanes. Based on zirconocene chemistry, synthetically useful cyclopropanation 

reactions might be further developed. 

Keywords Cyclopropane - Lewis acid - Metallacycles - Zirconium 
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1 

Introduction 

Not only do cyclopropanes appear as versatile synthetic intermediates [1], but 
also the cyclopropane framework is present in a number of biologically active 
natural and synthetic molecules [2]. For these reasons, continuous efforts have 

been made over the last few years to develop new methods for cyclopropane 
construction [3]. Among them, those employing transition metal-mediated 
processes play a leading role. Selective and especially enantioselective cyclo- 
propanations through decomposition of diaza compounds with Cu and Rh, 
as well as Simmons-Smith-type reactions, should be noted [4]. Another spec- 
tacular recent development has been achieved in the area of cyclopropane 
synthesis through titanium chemistry. Unlike conventional cyclopropanation 
reactions employing alkenes or equivalents, the Kulinkovich reaction (1989) 
provides a general pathway to the synthesis of cyclopropanols from carboxylic 
esters, organomagnesium reagents, and readily available Ti(IV) reagents (typ- 
ically Ti(Oi-Pr),) (Scheme 1) [5]. 

Ti(Oi-Pr)4 + 2 R"-(CHo)o-MgX 

O Caonie 1 ia R'O On R HO R 

> |(PrO)pTi —> (i-PrO)pTi. sh 
Rv “OR Ore OE oe 

R" R" R" 
Scheme 1 

The Kulinkovich reaction has been widely developed, offering important 
synthetic potential. Thus, the intramolecular and enantioselective variants have 
been reported. More recently, similar Ti-mediated reactions were reported 
which allow the synthesis of tertiary and primary cyclopropylamines from 
N,N-dialkylamides [5, 6] and nitriles [7], respectively. 

The development of synthetic reactions based on zirconium has been a very 
rapidly growing branch since the mid-1980s. In particular, Zr(II) complexes 
related to the zirconocene (Cp,Zr) series display various and synthetically 
useful transformations [8]. A comparison of Ti(II) and Zr(II) chemistry reveals 

similar reaction patterns but also striking differences. It offers opportunities for 
developing complementary approaches to controlling reactivity and selectiv- 
ity. In this chapter, we focus on the cyclopropane ring-forming reactions that 
involve zirconocene intermediates. Most of these reactions have only recently 
been reported. They would make a basis for new synthetic methods leading to 
cyclopropanes. 

The reactions presented in this chapter are divided into three groups: deoxy- 
genative processes employing two-carbon and one-carbon synthons (Sect. 2), 
reactions employing three-carbon synthons (Sect. 3) and miscellaneous syn- 
theses, involving indirect zirconium assistance (Sect. 4). 
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2 

Construction of the Cyclopropane Ring 
from Two- and One-Carbon Synthons 

A deoxygenative conversion of carbonyl compounds into cyclopropanes 
(Scheme 2) stretches the bounds of the conventional cyclopropanation reac- 
tions that employ the C=C double bond and a carbenoid intermediate. 

it [C—C] VW | 

Scheme 2 R R' - [0] R R 

In fact, only in some cases are real carbenoid species involved in these 
reactions. The reactions employing oxophilic metals such as Zn, Fe, Sm, and In 
were reported [9], and representative examples are given in Scheme 3. Such re- 
actions exhibit obvious synthetic limitations, since only aromatic (unsaturated) 
carbonyl compounds can be used, and/or cyclopropanes of a very specific 
structure obtained. The Kulinkovich and related reactions, involving dianion 

equivalents (1,Scheme 1), represent the only synthetically useful deoxygenative 
process at present. 

In this context, zirconium chemistry could open up new prospects for de- 
veloping deoxygenative approaches to cyclopropanes. The Zr-assisted variant 
of the Kulinkovich reaction has been reported (Scheme 4, Eq. 1) [10]. Cyclo- 

propanols were also formed, as by-products in addition to homoallylic alco- 
hols, from aliphatic acid chlorides (Eq. 2) [10]. The conversion of acid chlorides 

(and also esters in several cases) into the corresponding homoallylic alcohols 

0 Zn(Hg), HCI . eS 
Ke hss a Me 75% (9a) (1) Ph~ ~Me H20-EtOH PH Ph 

M eS Me Ph 

O 1) [CpFe(CO).|Na H , 

all: UulRREP EEN Cp(CO),Fe=< Me Se 88% [9e] (2) 
Ph H 2) MegSiCl Ph ve Me 

3) Me3SiOTE 

q oO ° rib OH 
‘ io) CHola, Sm, A < 

Ronee Rete oie To ae) 

CLYG 

se X 

O 1) (C3Hs)3INoBrg, LiBr Saw 79% [9h] 4 . 
a 

ie 

Sie 2) LiBr, EtpO Phas Me 
3) HgO* (Oz) 
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Et 
Cpa] 2 Et 3 (85%) (1) 

PhCO,Me > y (trans:cis = 9:1) 
PhH, 0°C Ph OH 

OH Et 

n-C7HgCOCI 2 ZY nits . ph @) PhH, 0°C Wis n-C7Hi5 OH | 
4 (35%) 5 (25%) 

T 

Et 
eee CEASE NM he we 6 (43%) (4) 

PhH, 0°C Ph” OH 

( 2 is formed in situ from CpoZrClo and 2 n-BuLi, see: [8] ) 

Scheme 4 

would proceed through the allylic C-H bond activation (Eq. 3). It could then be 
avoided in the presence of a stabilizing phosphine as additive (Eq. 4). Finally, 
the cyclopropanol 8 was formed from the glucone 7 in the presence of a Lewis 
acid (Scheme 5) [11]. 

O . ~ OH 
acing 1) CpoZrClo, 2 EtMgBr lg Nee 

O ~ 2) BFg*OEt ) BFg*OEte _ 

Scheme 5 7 8 (26%) 

Despite its undeniable synthetic utility, the Kulinkovich and related reac- 
tions cannot be applied to the synthesis of cyclopropanes from aldehydes and 
ketones for two reasons: (1) there is no leaving group to induce the ring con- 

traction in this case (compare with Scheme 1); and (2) even at low temperature, 

Grignard reagents would rapidly react with carbonyl compounds. However, 
Szymoniak and coworkers have recently reported that vinylcyclopropanes 
could be prepared directly from a,f-unsaturated ketones (Scheme 6) [12]. In 
this method, the zirconacyclopropane intermediate 9 was preformed from 
Cp,ZrCl, and the Grignard compound, before adding the carbonyl substrate. 
The reaction proceeds through the oxazirconacyclopentane 11 and ring con- 
traction under the effect of a protic acid (Scheme 7). 
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CpoZrClo + 2 EtMgBr 

O } 
1) Cpazrc| 9 y 
i ; 

“ 2) 8M H2SO,4 ‘we | 
Scheme 6 eee aoe 

fo) 
Cpozr<| LO /CHg 

Hee Ph Cpa Zen 
10 11 

(a) (b) 
3M HCI 3M H2SO, 

H H 
Ot CH; OL CH; 

Crazy App Cpa A pr 

Cl 12 HSO, 12 

| H2O | H2O 

Ho See eG Ph 
13 14 

[H*] = 3M HCI 78 22 
Scheme 7 [H*] = 3M HeSO,4 8 : 92 

Surprisingly, protonolysis of the reaction mixture with 3 M H,SO, proved to 
be essential for the reaction to occur. The use of 3 M HCl or more dilute H,SO, 

led to the predominant formation of the corresponding allylic alcohol 13 (paths 
b and a, respectively). A rationale for these two different reaction pathways has 
been proposed. In the first step, oxazirconacycle 11 is invariably protonated by 
HCl or H,SO, to afford the oxonium intermediate 12. When using HCl, cleavage 
of the Zr-O bond occurs under hydrolytic conditions with the assistance of the 
reasonably nucleophilic Cl’ (path a). In contrast, in the presence of weakly 
nucleophilic HSO;, competing ring contraction leads to the cyclopropane 
derivative 14 (path b). 

The described reaction was applied to the synthesis of various vinylcyclo- 
propanes. However, obvious limitations remained in the scope of the reaction 
at this stage: (1) only 1-substituted vinylcyclopropanes could be obtained; and 
(2) the reaction couldn't be applied to the preparation of cyclopropane deriv- 
atives other than vinylcyclopropanes. To overcome the first limitation, the 
methyl-substituted zirconacyclopropane [13] was stabilized by adding PMe, 
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(complex 15) prior to the reaction with the carbonyl compound (Scheme 8). 
Thus, the substituted cyclopropane 17 could be obtained in moderate yield. The 
use of a toxic and expensive additive, however, makes this approach of little 

synthetic value. 

CpoZrClo + 2 n-PrMgCl + PMeg 

e 

cpa 15 

PMe3 3M HoSO4 
a Me Me 

Me Me 
Me me 

16 17 (49%) 
Scheme 8 

The second limitation was solved by employing Lewis acid (TiCl,) in a non- 
aqueous medium (CH,Cl,) instead of H,SO, for the ring contraction [14]. In 

this way, cyclopropanes of various structure, including spiro compounds, were 
obtained in moderate to good yields from saturated, unsaturated, and aromatic 

aldehydes and ketones. Examples are given in Table 1 (entries 1-5). 
The synthetic interest of the reaction is even broader since several functional 

groups in the substrate, such as C=C double bond, ether, halogen, ester, and 
amide groups (entries 6-10) can be present in the carbon skeleton. Chemose- 
lective cyclopropanation reactions involved the enone functionality in the pres- 
ence of a saturated ketone group (Scheme 9). Recently, the reaction was applied 
to the conversion of 1,3-dicarbonyl compounds into 2-alkoxyalkenyl cyclo- 
propanes (Scheme 10) [15]. These molecules having both vinylcyclopropane 
and enol ether moieties are supposed to be versatile synthetic intermediates. 

O O 

O 2yeniCly 

O 

1) Cpozr<] 

2) TiCl, 

Scheme 9 

OR OR O 

1) Cpozr<| 

Me“ 0 Me a 2) NaHCO; aq Me 

e Me Me 

Scheme 10 R = Et, SiMeg 
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Table 1 

O 1) CpoZrClo, 2 EtMgBr a 

=e 2) TiCl4 R! R? 

Entry Substrate Product Yield (%) 
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The synthesis of cyclopropanes from carbonyl compounds represents a new 
approach for converting zirconacycles into carbocycles via a deoxygenative 
ring contraction under Lewis acid activation. It differs in that from the spon- 
taneous Kulinkovich process. Further progress would involve extension to the 
synthesis of 1,2-substituted cyclopropanes and the development of catalytic 
and enantioselective variants. 

3 
Construction of the Cyclopropane Ring from Three-Carbon Synthons 

There are many synthetic approaches to cyclopropanes involving three-carbon 

synthons [16]. Among them, those employing metal reagents play an important 
role [17]. Zirconocene derivatives have recently been employed to construct the 
cyclopropane ring from a synthon having three carbons. The reported reac- 
tions can be divided into two groups as depicted in Scheme 11. In the first 
group, a y-elimination of the X group takes place from the Zr(IV) intermedi- 
ate to afford the cyclopropane compound whereas in the second group, the 
cyclopropanation step occurs through the intramolecular cyclization of a 
homoenolate anion equivalent. 

X 

& x 
(i) A y-elimination ZrCp> 

ZrC Se eta i: Cha 
“Jn 

(i ee ae at 

Scheme 11 | 

3.1 

Formation of Cyclopropanes via y-Elimination Reactions 

3.1.1 

Zirconacycles as Intermediates 

B-Elimination reactions are typically found in transition metal chemistry. The 
conversion of allylic ethers into allylzirconocenes [18] is a well-known zirco- 
nium-mediated process of this type. In contrast, the y-elimination reactions are 
less frequently encountered, and only a few examples of y-elimination involv- 
ing zirconocenes have been reported. When studying isonitrile insertion into 
zirconacycles, Whitby and coworkers observed an interesting reaction leading 
to a cyclopropane derivative [19]. The overall transformation is depicted in 
Scheme 12. Treatment of the diene 18 with preformed butene-zirconocene gave 
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H 
pip ems CpoZrCl je) Ph-NC 

6 ~ 2 n-Buli XX ze: 
H 

19 18 

H 

Semaine: ai ee em | N 

O i ANE dhe Sh 
H 

20 21 

i wine H Ph 
7 N~7:Cpo HsO a = NH 

Le Br e) ae . aL 

H H 

Scheme 12 22 23, 55% 

the bicyclic zirconacyclopentane 19 [20]. The insertion of phenyl isocyanide 
gave the iminoacyl complex 20 that rearranged by warming to the 7’-imine 
complex 21. The insertion of a homoallyl bromide into the Zr—-C bond led to the 
azazirconacycle 22. The following intramolecular transfer of the bromide to the 
metal (y-elimination) and hydrolysis finally afforded the cyclopropane deriv- 
ative 23. The latter transformation seemed to represent a rather particular case, 
since C-Zr bonds do not normally react with alkyl halides. 

Similarly, Takahashi and coworkers reported that treatment of alkynes with 
zirconocene-ethylene complex (9) and homoallylic bromides gave allylcyclo- 
propane derivatives [21]. Therefore, the possibility of y-elimination of the halo- 
gen atom in zirconacyclopentene intermediates appeared to be more general as 
expected. The plausible mechanism is shown in Scheme 13. Carbozirconation 

R : R R? 

Cpozr] (9) SS ee Chez = 1__$—— 2 LE 2 earns R'i—==—-R Cpazr POT Taam aE CP2dt 
ee Br. Br 

24 25 26 

Rl ah? , a. 
pete n LG eg 

27 
Scheme 13 
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Table 2 

R! 

x 1) 2 EtMgBr R2 | 1). Br aA A 
Cp2ZrCly ————__> = 

peti 2. =e LHS, 

Entry Alkyne E+ Product Yield (%) 

n-Pr 
: Pr = er Ht abs Soles 68 

of alkynes with zirconocene-ethylene complex produces zirconacyclopentene 
derivatives 24, which undergo an exchange reaction with the double bond of the 
homoallylic bromide to afford a-substituted zirconacyclopentene compounds 
25. Subsequent y-elimination reaction produces 26, which can be converted into 
the final cyclopropanes 27 by hydrolysis (deuterolysis) or iodinolysis. Selected 
examples are presented in Table 2. 

The stereochemistry of the alkenyl moiety was very selective (equivalent to 
a syn addition). Interestingly, 2-bromo-4-pentene produced the cis-disubsti- 
tuted cyclopropane derivative, whereas 1-bromo-2-ethyl-3-butene gave pre- 
dominantly the trans isomer (Scheme 14). 6-Substituted homoallylic bromides 

did not give the corresponding cyclopropanes. 
Homoallylic ethers appeared much less reactive towards the y-elimination 

reaction with the zirconocene-alkyne complexes or zirconacyclopentenes [21]. 
No y-elimination products were observed in these cases. In contrast, Szymo- 
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n-Pr 

Br > ae 64% 

n-Pr 2) H* (cis/trans 74:26) 
aie n-Pr 

CpoZr en Br 
et n-Pr 

> pee oy 59% 
Et (cis/trans 26:74) Scheme 14 2) Inf 

niak and coworkers have recently demonstrated that benzylic homoallylic 
ethers may easily be converted into cyclopropane derivatives when zircona- 
cyclopropanes are involved as intermediates [22]. The reaction of these ho- 
moallylic ethers with zirconocene complexes (Cp,ZrCl,/2 n-BuLi) proceeds 
through y-elimination of the alkoxy group and leads to the formation of cyclo- 
propylcarbinylzirconium complexes in mild conditions. The hydrolysis of the 
reaction mixture affords the corresponding cyclopropanes (Scheme 15). 

Ph Ph 
CpoZrClo CpoZr ae RO HsO yas 

PRE: 2 n-BuLi a. Cpazr. <].,Ph Me Ph 
-78°C to rt 

Scheme 15 

In several cases, cyclopropylcarbinyl-homoallyl rearrangements involving zir- 
conium species were observed (Scheme 16), similar to those reported for some 

other transition metals [23]. Examples of reactions are depicted in Table 3. The 

lack of rearrangement for the homoallylic ethers in entries 3-5 was attributed to 
the Thorpe-Ingold effect, i.e., angle compression at the substituted carbon [24]. 

OMe MeO } Ph p.ot Ph 
ZrCp OMe ~3 ay. CpoZr Ie ee capes’ I wi PrN Po pr aves I:Cps Me 

e 

Scheme 16 Ph Me 

3.1.2 

Reactions Initiated by Hydrozirconation 

The y-elimination approaches to cyclopropanes [Scheme 11, Eq. (i)] would be 

a quite general method, regardless of the way in which the precursor zirconium 
intermediate was formed. The hydrozirconation reaction [25] can be consid- 

ered in this respect, since it provides an easy and frequently used route to 
organozirconocenes. The residual formation of cyclopropane rings through the 
hydrozirconation-y-elimination sequence had already been observed in 1976 
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Table 3 

Entry Substrate Products Yield (%) 

(trans/cis) 

OR Me Ph 
1 Be »’ 7 ue Me 2S 

Ce eC ae Ph 

R=Me WeGral 85 (2.8: 1) 

R=Bn 6:38 SOE = 11) 

R=MOM 7.4:1 60 (3.0: 1) 

Bae ia ve Mey 7 Cheba 2 e Sie 
eae Ph 

14.5:1 

eee ee Me 80 (1.4: 1) 
ss j-Pr > rae 

° Ph Me 

: Soe Bow 80 
Ph 

MeQ ~A_2 Me 
5 oO 76121) 

by Tam and Rettig [26]. Starting from 4-halogenoalkanes (X=Cl, Br), mixtures 
of cyclopropanes, alkenes, and alkanes were formed in these reactions, as 
exemplified in Scheme 17. 

O, BB @- 0-0. 
Ke=1C| 40% 26% 5% 15% 

ese 18% 40% 4% 26% 

Scheme 17 

In 1997, Taguchi, Hanzawa and coworkers described the formation of cyclo- 
propyl carbinols from alkenyl oxiranes through chemoselective hydrozirconation 
followed by intramolecular attack of the generated alkylzirconocene on the epox- 
ide ring (Scheme 18) [27]. Both the reactivity and the selectivity patterns are 

worthy of note. The sequence was made possible owing to the chemoselective 
hydrozirconation of the alkene in the presence of oxirane. Despite the poor nu- 
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OH 
RO Re M\cozricl Chech. A ay ch in 
f ~ R' Cay ee) 

al 2) NaHCO3 aq R2 R 
R4 R? R° 

28 29 30 
Scheme 18 

cleophilicity of alkylzirconocenes, intramolecular nucleophilic cyclization took 
place. The ring opening of the epoxide provides the driving force for the intra- 
molecular cyclization of the poor nucleophilic zirconium species. The concomi- 
tant formation of allylic alcohols 30 was considered to be a result of the regio- 
isomeric hydrozirconation in the presence of the chelating oxygen atom [25a], 
followed by B-elimination. Examples of these reactions are depicted in Table 4. 

Table 4 

OH OH Me 
A O R 1) CpaZrHCl / CH2Cl2 or ae 

— 2) NaHCO; aq pa R3 

Entry Substrate Products 

O ef OH Me 

: sili Ne raw 5 Bre 

18% 
72% 

Bn—, Q PH OH Me 
2 NBO a. + ane) 

59% 15% 

H 
O © OH Me . af is i ee oargpces 

BnO 

52% 22% (E/Z = 1:7.3) 

OH OH Me 
7 Bn— Q Me + Bn 

Bate Br 
Me Me 

76% 2% (E/Z = 1:1.9) 

O a OH OH Me 

6 FD : Ph « = ES LO 

70% 5% (E/Z = 1:5.1) 
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The stereochemical outcome of the reaction (inversion of the configuration 
at the oxirane carbon) was explained by the approach of Cp,ZrHCl from the less 
hindered side of the stable gauche conformer of the vinyloxirane (Scheme 19). 
Cis-epoxides gave only syn-trans cyclopropyl carbinols, whereas trans-oxiranes 
gave mixtures of anti-trans and anti-cis isomers. 

Me 

OH OH 
nes OH B 2 Me 

ts Ae ae te Ph oY Ph” ~~ ~<]-Me sedi he 
Scheme 19 Me ee) 2 4 

Similarly to vinyloxiranes, the conversion of vinylaziridine derivatives 31 
with Cp,ZrHCl to (cyclopropylmethyl)amines 32 was also performed in good 
yields (Scheme 20). 

Bn 
i 1) CpsZrHCl : NABN = =R=H 86% 

ee 2) NaHCO3 aq a R=Me 71% 

Scheme 20 31 32 

A more general approach to cyclopropanes from allylic ethers has recently 
been reported [28]. Two steps are involved in this one-pot transformation, i.e., 
hydrozirconation reaction followed by Lewis acid-promoted deoxygenative 
ring formation. The overall transformation is symbolized in Scheme 21, Eq. 1, 

L.A. 
| 

OR ClCp2Zr <—OR 

R! R2 2) Lewis acid R2 R! R2 

R! 

As 
O 1) CpoZr \4.) R! 
ae sae Pier —- <Q) 

RI~ ~p2 2) Lewis acid pez R'~ ~R2 

Ae 
1) (EPrO)sTI<] \4] R YX 

RCN , ree) 6 
Silewia ccd a ee 

Scheme 21 
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Table 5 

OR Cpe2r(H)Cl (1.0.eq.) BF3-OEt, (1.1 eq.) VY 2 : . By uWire 5 
ZA > = 

ah CH2Clo, rt RI~ ~R? 

Entry Substrate Product Yield (%) 

OMe 

: pds 80 

OBn IX 

i ie mame 
OBn \y/ 

Me Me Me Me 

OF a: 5 L ey Ho 0-—<| 65 
O 

EtO yj 
Eto—<| 92 

and represents a process analogous to the previously described synthesis 
of cyclopropanes from carbonyl compounds, Eq. 2 [14], and nitriles, Eq. 3 [7]. 
The reactions employed methyl or benzyl ethers bearing both alkyl and aryl 
substituents (Table 5). Quaternary centers as well as substituted double 
bonds can be present in the substrate (entries 3 and 4). The reactions employ- 
ing allylic acetals can be carried out, leading to cyclopropyl ethers (entries 5 
and 6). 

2-Substituted allylic ethers were transformed predominantly into trans- 
1,2-di- and -1,1,2-trisubstituted cyclopropanes (Table 6). The degree of trans 

selectivity depends on the OR group, and is higher with R=Me than with Bn 
(entries 1 and 2), the diastereoselectivity being generated in the hydro- 
zirconation step [29]. Furthermore, the cyclization step proceeds with the 
inversion of the configuration at the carbon atom bound to zirconium [30]. 



122 J. Szymoniak - P. Bertus 

Table 6 

OR 
CpoZr(H)Cl (1.5 eq.) ) BF3-OEts (1.6 eq.) fin 

Pann CeHg, 60°C R' R2 

Entry Substrate Product Yield (%) 

(trans:cis) 

R=Bn 76 (71 : 29) 
R= MOM Pay 80 (85 : 15) 
R=Me a oe 86 (97 : 3) 

OR 
R=Bn 75 (83 : 17) 

2 er R= Me sy 72 (90 = 10) 

Me 

OBn 

AZ eae 60 (100:0) 

Y “Ph 75 (90:10) 

Me 

OBn 

5 ana Se aa 42 (100:0) 
M 

Me 

An early report of a cyclopropane-forming reaction involves the initial zir- 
conation of a diene (Scheme 22) [31]. The cyclopropanation step took place 
from the unsaturated zirconocene intermediate and NBS. The reaction has not 
been presented 1 in terms of the y-elimination process, but the real mechanism 
remains unclear. 

Cl 
| 

eye Cp2ZrHCl eA NBS i a aoe 

Scheme 22 85% (56 : 44) 
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3.2 

Cyclopropanes from Homoenolate Anion Equivalents 

The title transformation provides an alternative pathway for the construction 
of the cyclopropane ring from a synthon of three carbons. The intramolecular 
cyclization of homoenolate anion equivalents is represented in Scheme 11, 
Eq. (ii). In practice, several routes involving metals such as Mg, Zn, and Ti, as 
well as different homoenolate precursors, have been developed [17a-e]. 

An interesting approach to cyclopropanes involving zirconocene chemistry 
has recently been described by Taguchi and coworkers [32]. In this method, 
y,y-dialkoxyzirconium species 35 were first generated in situ by the reaction of 
orthoacrylic acid triethyl ester 33 with zirconocene-butene complex (Scheme 23). 
The reaction proceeds through the addition-f-elimination sequence, similar to 
the conversion of allylic ethers into allylzirconocenes [18]. The complex 35 re- 
vealed chameleonic reactivity, depending on the reaction conditions. It proved 
to possess two reactive sites, one being the y-carbon (typical reactivity of allylic 
organometallics) [33] and the second being the B-carbon (reactivity of a ketene 

dialkyl acetal) [32]. Thus, the complex reacted selectively at the y-position in the 
absence of a Lewis acid [33], or in the presence of 0.2-0.3 equiv of BF;-OEt, [34], 

leading to 1-substituted-2,2-diethoxy-2-buten-1-ol derivatives 36. In contrast, in 

the presence of more than 1 equiv of BF;-OEt; or Me,SiOTf [32], 35 reacted first 
at the B-position followed by a cyclization reaction to afford the cyclopropanone 
acetals 37 (Scheme 24). Obviously, under these conditions, the reactivity of 

ketene dialkyl acetal overcomes that of the allylic zirconium. 

OE OEt 
OF Et  CpoZrClo Et 

(“oe 2 n-BuLi | Cp,zr o 

Scheme 23 33 34 35 

O 
a ie EtO OEt 

CpoZr Ot Ny) Mee Ne Ph 

as YOEt 2) ag. NH,CI Be 

35 36 (R = Ph: 91%) 

- OEt Tho 
IL CpoZr _ OEt OEt 

RO oH ON rete 
— OEt Sate pew OEt 

Me3SiOTf aq. NH,C! 
78°C R~ ~OSiMe3 R OH 

Scheme 24 37 (R = Ph: 81%) 
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Table 7 

Entry Carbonyl compound Product Yield (%) 

OH OEt 
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O On MmOEt 
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+ 

96 “NI 

3 
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Representative examples are summarized in Table 7. Aliphatic and aromatic 
aldehydes as well as ketones could be used (entries 1-5). a,6-Unsaturated sub- 
strates gave predominantly or exclusively 1,4-addition compounds (entries 6 
and 7). Under the Lewis acid-promoted conditions, toluene was found to be a 
more effective solvent than THE. 

Another site-selective reaction of 35 with a,B-unsaturated carboxylic acid de- 
rivatives in the presence of a Lewis acid has been reported (Scheme 25) [35]. The 

intermediate 37 possesses two nucleophilic sites: the zirconium alkyl and the 
enol ether moieties. Starting from 37, two competing pathways lead accordingly 
to cyclopropane (38, path a) and/or cyclobutane (39, path b) derivatives. The 
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OEt Cp2zt_9 OEt Of x 38 

b 

MesSiO~ ~x 37 
COX 

39 
Yield (%) 38 / 39 

X = OBn 32 Xe Ths} 

X = NMep 54 <5 :95 

X = NBno 83 <5: 95 

Scheme 25 X = NPho 61 Toe 

cyclobutane-cyclopropane ratio can be controlled by the electron density at the 
COX group. When using N,N-diphenylacrylamine, a cyclopropane derivative 
was obtained as the major product. A total cyclopropane vs cyclobutane selec- 
tivity was achieved by the use of a,f-unsaturated N-acyloxazolidinones; in 
these cases, the use of CH,Cl, as solvent and Et,AICl as Lewis acid were required 
for the reaction to occur [36]. 

4 

Miscellaneous Cyclopropane Syntheses 

This section is especially devoted to syntheses in which the zirconocene 
complexes are involved initially, but not directly in the cyclopropanation step. 
Typically, the transmetalation to other metals such as Al, Zn or Cu proceeds 
at first. Some other cases can also be noticed. Among them, an early report 
by Negishi represents examples of migratory insertion reactions of organyl- 
zirconocene chlorides with a-haloorganolithiums 40 [37]. In this way, tri- 
substituted cyclopropanes were obtained as shown in Scheme 26. High stereo- 
selectivity was observed in these reactions, leading almost exclusively to 
E-configured cyclopropanes. 

Li Me 

1) 40 Me 
Br Ph a j 

n-OctZrCp2Cl = r-OCl. —fS 61% (E/Z = 95:5) 
2) HCI Ph 

1) 40 Me 
ON aN ZLOnsC! ee ST en 60% (E/Z = 95:5) 

2) HCI Zrcfron 
Scheme 26 
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R 
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sae CHolp (4 eq) = H,0* an 
CpoZr. H 

(CH>Cl)> = R 

Scheme 27 R R 

Examples of a rather classical cyclopropanation reaction involving Sim- 
mons-Smith-type reagents or dichlorocarbene and a double bond of zircona- 
cyclopentadienes were reported by Takahashi and coworkers (Scheme 27) [38]. 

Interestingly, carbonylation of the intermediate 41 afforded substituted ben- 
zene derivative 45 (Scheme 28).The mechanism proposed for this reaction in- 
volves CO insertion into the Csp*-Zr bond of 41 to afford zirconacyclo- 
hexenone 42. The latter undergoes intramolecular nucleophilic addition of the 
Csp?-Zr bond to a carbonyl group to give 43, which in turn rearranges with de- 
oxygenation leading to 44 and 45. 

R R R 
R 

R R CpoZ co 7h Po2¢r 
Cuz Pe ie = og ace 

R o R OR 
R Jt see 

41 42 - 43 

R R 

CpoZr R R 
OH - Cp2Zr=O o) 

R R 

Scheme 28 44 ; ; 45 

The synthetic potential of organozirconocenes is greatly expanded by their 
easy transformation into other organometallics. Therefore, transmetalation- 
based approaches to cyclopropane synthesis have been reported. The reaction 
of zirconacyclopentene with phthaloyl chloride in the presence of CuCl was 
used for the preparation of cyclopropylenolate derivatives in moderate yields 
(Scheme 29) [39]. 

Syntheses of cyclic organic compounds via aluminacycles, described mainly 
by the Dzhemilev group, constitute a promising area [40-43]. Particularly, 
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Scheme 29 

aluminacyclopentanes or -pentenes formed in situ were converted into cyclo- 
propane derivatives in different ways. The reaction of 3-alkyl-substituted alu- 
minacyclopentanes with an excess of allyl chloride (reoxidant) in the presence 
of a catalytic amount of Ni(acac), was described (Scheme 30) [44, 45]. The re- 

placement of allyl chloride by crotyl halides (X=Cl, Br) led to the formation of 
regioisomeric cyclopropanes (Scheme 31) [45]. The mechanism of these reac- 

tions was proposed. 

Cl EtsAl aa eel cama Ee erat | 2 Ap (yield not given) 
CpoZrClo cat R Ni(acac)> cat 

Scheme 30 

ae 

ea] Selene Wyxir 3 Ded spolyses R Ni(acac)>s cat R R 

Scheme 31 60% Lis seal 

The method was next applied to the synthesis of cyclopropanes from 
2,3-substituted aluminacyclopentenes (Scheme 32) [45, 46]. In this case, a regio- 

selective cleavage of the Csp*-Al bond of the intermediate aluminacycle 46 
was achieved by using dialkyl] sulfates as alkylating agents. The resulting open 
intermediate 47 undergoes homoallyl-cyclopropylcarbinyl rearrangement (in- 
tramolecular carboalumination) to afford cyclopropylcarbinylaluminum 
species 48, that upon additional alkylation is converted into 1,1-disubstituted 
cyclopropanes 49. 

A synthetic route to alkenylcyclopropanes including bicyclic compounds via 
zirconium-catalyzed carboalumination of alkynes and enynes was reported by 
Negishi and coworkers [47]. The reaction sequence is shown in Scheme 33. 

Starting from the intermediate aluminacycle 50, the reaction proceeds through 
a selective ring opening with XCH,OMe (X=Cl, Br), followed by homoallyl- 
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Scheme 33 

cyclopropylcarbinyl rearrangement and deoxygenation. Zirconium-catalyzed 
carboalumination possibly offers opportunities for performing enantioselec- 
tive reactions by using chiral zirconocenes. 

Transmetalation reactions from zirconium to zinc have recently been em- 
ployed by Wipf and coworkers to develop a versatile methodology for the syn- 
thesis of aminocyclopropane derivatives [48, 49]. The reaction constitutes a 
three-component coupling of in situ prepared alkenyl zirconocenes, aldimines, 
and dihalomethanes (Scheme 34). When the reaction was carried out in THF al- 

lylic amines 54 were formed, whereas in CH,Cl, the trans-configured C-cyclo- 
propylalkylamines 55 were obtained. The proposed mechanism for cyclopropane 
formation involves hydrozirconation of alkyne and in situ transmetalation to 
Me,Zn, followed by addition of the phosphinoylamine to give allylic amide 51. 
The successive reaction with CH,Cl, leads to the zinc carbenoid species 52, 

which serves in a Simmons-Smith-type transformation to afford the cyclo- 
propane derivative 53. The effective use of CH,Cl, for cyclopropanation in the 
Simmons-Smith reaction is unprecedented. The cyclopropane products were 
obtained as well by using CH,Cl, or CH,I, in toluene solution. The use of 
enynes as substrates provides conjugated biscyclopropanes through the stere- 
oselective formation of five C-C bonds (Scheme 35) [50]. 
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The cyclopropanation reactions described by Wipf and coworkers provide 
an interesting case of the bimetallic (here Zr-Zn) combination displaying 
unique reactivity [51,52]. Actually, in addition to zinc species, the presence of 
zirconocene appeared essential for the cyclopropanation to occur. As depicted 
in Scheme 36, the mechanistic proposal is based on the dual Lewis acid and 
halide bridging properties of the zirconocene part [50]. 

Beara CHoX» FR R' Cp2ZrMeCl A aXe Za P2ZrMe 
_NP(O)Ph 

Mazar ine ale XCHoZn (O)Pha 

ee R R 
/~ ZNP(O)Pho  _ 5 

x Zn CpoZrMex Clzn 

Scheme 36 Cp>(Me)zr—C 

5 

Conclusion 

By using zirconocene complexes, cyclopropanes can be formed in various ways 
from diverse starting materials. The deoxygenative processes involving two- 
and one-carbon building blocks offer interesting alternatives to the more clas- 
sical methods that employ alkenes and carbenoid species. The y-elimination 
process through three-carbon zirconocene intermediates constitutes a basis 
for several reactions. Some of them exhibit subtle selectivity patterns, and could 
be synthetically useful. Transmetalation-based reactions give opportunities for 
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developing new routes to cyclopropanes by using the chemistry of various 

metals. 
However, the development of cyclopropane synthesis through zirconocene 

chemistry is still in its infancy. The reactions presented in this chapter have 
only recently been reported for the most part, and not systematically studied. 
Further investigations appear to be desirable. Practical procedures involving op- 
timized reaction conditions and simpler reagents would be welcomed. Advances 
should focus on the development of catalytic and asymmetric cyclopropanation 

reactions. 
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Abstract Several methods are known for the preparation of dienyl zirconocene derivatives 

such as the hydrozirconation of enynes, the stereospecific reaction of zirconacyclopenta- 
diene derivatives with electrophiles, the reaction of organozirconocene derivatives with 
carbenoid reagents, and the reaction of vinyl zirconocenes with vinyl halides. All these 

described methodologies lead to the expected dienyl zirconocenes but the stereoselectivity 
is always structure dependent. On the other hand, dienyl zirconocenes can also be easily 
prepared, as unique geometrical isomers, from simple nonconjugated unsaturated enol 

ethers with (1-butene)ZrCp, complexes. This methodology is based on a tandem allylic C-H 
bond activation-elimination sequence and the mechanism has been mapped out by deu- 
terium labeling experiments. The stereochemical outcome of this process was determined 
by addition of several electrophiles. When the organometallic derivative was vinylic as well 
as allylic, an unexpected reversal of the stereochemistry was found during the zirconium to 
copper transmetalation step. 

Keywords Dienyl zirconocene - Zirconacyclopentadiene - Allylic activation - 
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1 

Introduction 

The preparation of metalated dienyl derivatives is still a challenging problem 
in organic synthesis as only a few examples are reported in the literature. Since 
dienyl metals could be very useful synthetic precursors, efficient preparative 
methodologies opening new routes to stereodefined and functionalized sys- 
tems would have a large number of synthetic applications. 

Apparently, the simplest approach would be the carbometalation reaction or, 
more specifically, the vinylmetalation of alkynes [1-8]. The addition of organo- 
metallic reagents to functionalized or nonfunctionalized, terminal or nonter- 

minal alkynes, in which the resulting organometallic compound can react with 
electrophiles, is defined as the carbometalation reaction (Scheme 1). It has been 

widely explored and applied in the regio- and stereoselective preparation of 
numerous vinyl metal species. 

R M 
RM + Ris Rp? _ Scape ba Se 

R R R R 
Scheme 1 

Among the most prominent examples of this reaction are the carbocupra- 
tion [5], the zirconium-catalyzed carboalumination [9-12], the nickel-catalyzed 

carbozincation [13-14], the allylmetalation of metalated alkynes [15], the allyl- 

zirconation [16], the allylgallation [17], the allylmanganation [18-19], and the 
alkyllithiation [20] reactions. 

While the allylmetalation of alkynes is a well-described reaction, the addi- 
tion of vinyl metal to a triple bond has remained comparatively unexplored 
[1-8, 21-25]. It stems from the fact that the metalated dienyl derivative 3, which 

results from the vinylmetalation of the alkyne 1, exhibits similar reactivity to 
that of 2 toward the alkyne 1. Therefore, 3 reacts also with the initial substrate 
1 to give first the dimer, and after subsequent following additions, oligomers are 
formed (Scheme 2). Several alternatives were reported in the literature, and the 

most representative examples are described below. 

Ro R? R! R2 
=< ye eae i= M ——~ _ oligomers 

R M R == 

Scheme 2 3 

Bromoboration of terminal alkynes 4 into the B-bromo-1-alkenyl-boronic 
esters 5 [26], followed by a palladium-catalyzed displacement of the B-halogen 
with organozinc reagents [27] is a known strategy for the preparation of meta- 
lated diene 6 (Scheme 3). An additional approach is the diboration of sym- 
metrically disubstituted alkynes 7 with bis(pinacolato)diboron 8, followed 
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by a selective coupling reaction of the resulting 1,2-bismetalated olefin 9 [28] 
(Scheme 3). 

Bis(pinacolato)diboron 8 also reacts with 1-halo-1-lithioalkenes 10 (avail- 

able from 1,1-dihaloalkenes or 1-haloalkenes by halogen-metal exchange or 
metalation reaction, respectively) to afford 1,1-bismetalated dienes 11. These 
are readily converted into polysubstituted dienes through various transition 
metal-catalyzed carbon-carbon bond formations (Scheme 4) [29]. However, 

these seemingly attractive methods must not hide the problems of the stereo- 
chemistry and regiospecificity of the subsequent cross-coupling reactions. 

Ss re 

i + cs i. B(OCMe 
—_{ metallation =a, X OFFO rk ( 2)2 

R R R 

i 
Scheme 3 

10 11 

(X = halogen, X'= X or H) 

Scheme 4 

2 
Dienylzirconocene Derivatives 

As zirconocene derivatives constitute a powerful tool for various synthetic 
pathways, the preparation of zirconated dienes as synthetic precursors has 
triggered the development of a plethora of methodologies for their synthesis. 
In this chapter, we describe the existing approaches with a special emphasis on 
the problems of regio- and stereoselectivities as well as on their scope and 
limitations. 
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2.1 

Hydrozirconation Reaction of Enynes 

The addition of Cp,Zr(H)Cl, known as the “Schwartz reagent” [30], to different 

alkenes and alkynes is known to be a facile process [31]. Therefore, the hy- 
drozirconation of a variety of readily available enynes 12 is among the first 
methods developed for the stereoselective preparation of dienyl zirconium 
reagents 13. This process is both completely chemo- and regioselective with a 
syn addition of the zirconium hydride across the alkyne [32] (Scheme 5). From 

the same intermediate, the Zr atom can be isomerized in its internal position 

such as in 15 via a zirconacyclopropene intermediate 14. Moreover, the addition 
of trimethylstannyl chloride to 14 led to the stannylated dienyl zirconocene 16 
[33] (Scheme 5). 

PR'; 
ee 

Riv SR? 
R2 

PR',Cl ClCp,Zr 

Med arent male 

| Cp,Zr(H)Cl saligy cnlcisuaLr ee LMeLi/-78°C  CP228S is 
w a3 toluene, bg shes) 2.PMe;/3-4 days oe 

R? R2 2 Me;SnCl 

SnMe3 

R! 

12 13 ClCp,Zr 

R! R*, R?=H, OMe, alkyl S _R3 
ky Ph BBr wes 

R2 

BPh, 16 
eZ 

Me,PCI 
RIS ie % | 

R2 

Scheme 5 R 
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2.2 

Dienyl Zirconocenes via Zirconacyclopentadiene Derivatives 

2.2.1 

Preparation of Zirconacyclopentadiene Derivatives 

Hydrozirconation of alkynes with the Schwartz reagent Cp,Zr(H)Cl yields the 
chlorovinyl zirconocene 17, which is easily converted to the methyl vinyl zir- 
conocene 18 with either methyllithium in THF or methylmagnesium bromide 
in CH,Cl,. Compound 18 loses further methane at room temperature to form 
a zirconacyclopropene intermediate 19, which couples with a second alkyne 
and forms the metallacyclopentadiene 20 (Scheme 6) [34]. 

1 1 
R R 

CH,Cl MeMgBr, CH>Cl, 0°C ee) Dap! 2 eMgnpr, 212, 2 
Cp2Zr(H)Cl + R R ye cpzr SY ee cpt 

Cl H MeLi, THF, -78°C CH; H . 

17 18 
cH, 

R! 1 2 
Ra ees it! R 

= R R = 

R R4 Cp2 

Scheme 6 20 19 

Several asymmetrically substituted zirconacyclopentadienes were prepared 
by this methodology as unique regioisomers, as described in Fig. 1. If mixtures 
are initially formed, equilibration of the mixture to one isomer can be accom- 

plished by heating the reaction to 80 °C. These metallacycles are cleaved with 
essentially complete retention of configuration by protonolysis or by iodinol- 

Bu Bu Et 

O a Nsie. BOs (aD a Nn CMCH2)3\ 77°~SitBuMe, CM(CH))s\ 7B 
Cp> Cp2 Cp2 

66% 67% 70% 

Et ifn Bharld al ppleutent 
LO Bs ancl Ns ames) Sp, ELE, aN. EON ENE ct 2 7 Et 

xs Cp2 Cp2 Cp, 

52% 45% 69% 73% 

Fig.1 Asymmetrically substituted zirconacyclopentadiene regioisomers 



138 N. Chinkov : I. Marek 

Cl 
70% 69% 

>96% isomeric purity >98% isomeric purity 

Ph 

ee YT 

Tal Meal 

87% 80% 

>98% isomeric purity >98% isomeric purity 

Fig.2 Dienes and 1,4-diiodo-1,3-dienes from cleavage of metallacycles 

ysis to give stereodefined dienes and 1,4-diiodo-1,3-dienes, respectively (Fig. 2). 
However, despite the easy access to diversely substituted zirconacyclopentadi- 
ene derivatives, no examples of the selective reaction of the carbon-zirconium 
bond with two different electrophiles were described in this study [35]. 

An alternative preparation of symmetrically substituted zirconacyclopenta- 
diene 22 was also reported by the reaction of Cp,ZrBu, 21 (the so-called Negishi 
reagent) with two equivalents of alkyne. The Negishi reagent 21 can be easily pre- 
pared in situ by treatment of Cp,ZrCl, with two equivalents of n-butyllithium 
[36-38]. It has been proposed to exist as a zirconocene-butene complex equiva- 
lent, Cp,Zr'Y (as 21a) and Cp,Zr" (as 21b), and may be best viewed as resonance 
hybrids between the two species 21a and 21b, as depicted in Scheme 7. In the 
following discussion, Cp,ZrBu, 21 will be used to describe the Negishi reagent. 

Ph 

Ph—==—Ph Phw 
Cp2ZrCl, + 2nBuLi ——> (nBu),ZrCp2 —— Cp,Zr 30 ——————— ZrCp> 

—&~_ 

Ph 

| °c 7994 

CppZr- -|| 
Scheme 7 21b i 

It would be synthetically interesting to cross-couple two different unsym- 
metrical alkynes with complete regiocontrol. However, one limitation of this 
chemistry is that neither 1-hexyne nor 3-hexyne couples cleanly with a second 
terminal alkyne, which would give the largest steric difference between the 
ends of the alkyne [39]. To have very clean unsymmetrical zirconacyclopenta- 
diene derivatives, the use of ethene is primordial. Indeed, an excess of ethylene 
leads first to a zirconacyclopentane 23, which can react successfully with two 
different alkynes to give 20 (Scheme 8). 
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Scheme 8 20 

An easier route to the same unsymmetric zirconacyclopentadiene 20 is the use 
of Cp,ZrEt, as reagent (easily prepared from Cp,ZrCl, with two equivalents of 
EtMgBr). This reagent (Scheme 9), equivalent to a zirconocene-ethene complex 
24, reacts similarly to the Negishi-type reagent, which was prepared in the 

1 ] 
R R2 ; : R R2 

2 EtMgCl Ro Re = R°>—==R ae 
Cp,ZrCly Cp,Zr<] Cp,Zr PoZr _ 

R! 

24 R? 
Scheme 9 20 

presence of excess ethylene. Although this generalized scheme might suggest that 
the formation of zirconacyclopentadienes would be complicated with difficulties 
associated with “pair” selectivity and regioselectivity, many reactions are very 
selective: generally, alkyl substituents strongly prefer to be f to the Zr while aryl 

ih ie Ph TMS——Me = 
LZ <> CpoZr 95% 

Ph THF es 
TMS 

Ph Ph a 
TMS—=—Bu = 

| ZrCp> ae Cp Zr, ze 92% 

Ph THF 25 
TMS 

Me;Si Ph aR 
Ph—==—Ph = 

LZrCp> Cp2Zr. 96% 
THF 

TMS 

Me;3Si Ph ea 
Ph—==—Ph = 

 ZrCp2 CpZn 88% 
Bu THF 

TMS 
Bu 

Scheme 10 
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and silyl groups strongly favor the a position. The former must be largely steric 
in origin, while the latter must be electronic. Representative examples are de- 
scribed in Scheme 10 [35, 40]. However, if two alkynyl compounds are similar in 
chemical properties, mixtures of zirconacyclopentadienes will be formed. 

One can use the bicyclization of diynes as an alternative method for the re- 
gioselective formation of zirconacyclopentadienes. This strategy, initially using 
the combination of Cp,ZrCl,/Mg/HgCl, [41, 42] and later the Negishi reagent 
Cp,ZrBu, [43] (Scheme 11), leads to the intramolecular carbocyclization of two 

alkynyl moieties. 

Scheme 11 

Both methods provide four-, five-, six-, and seven-membered-ring products, 

affording a single regioisomer of the zirconacycle 25. The substrate can possess 

Scheme 12 
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not only R' and R’ of either equivalent or different nature, but it was also shown 
that this methodology was compatible with different functional groups. The cy- 
clization of several heteroatom-containing diynes was performed as described 
in Scheme 12. As for the limitations of the given method, terminal diynes were 
unable to be cyclized. 

2:2:2 

Reactivity of Zirconacyclopentadiene Derivatives 

Once single zirconacyclopentadienes 20 are formed, only the regiospecific 
reaction of one carbon-zirconium bond with an electrophile could lead to the 
stereoselective preparation of metalated dienes 26 (Scheme 13). 

R? Cp,(X)Zr_ Ry 

Cp,Zr Es SN R pol a 
ees RoE 

R 

Scheme 13 20 26 

The protonolysis of the equally substituted zirconacycle 27 with weak acids 
such as ethanol leads to the monoprotonated dienyl zirconocene compound 28, 
which is subsequently converted into substituted diene 29 by a palladium cross- 
coupling reaction with aryl iodide (Scheme 14) [44]. Selective halogenation of 
such zirconacycle leads, as well, to the formation of zirconated diene 30 and 

then to the 1,4-dihalogenodiene 31 (Scheme 15) [45]. 

I 
aay Cp,(EtO)zr Et oe Rt 

cnt | Ee ASA Et S Et 
oe Et a rca. 5 
Et Et Et H cat. Pd(PPh3), Et We 

27 28 29 
Scheme 14 

Pr 

Gl ane \ pr NBS XV Pr 

Br~Z 
cri a 

Pr 

Scheme 15 30 31 

On the contrary, once unsymmetrical zirconacyclopentadiene 20 (Scheme 13) 
is obtained regiospecifically, the formation of stereodefined metalated dienyl 
zirconocenes 26 requires a regiospecific reaction of only one carbon-zirconium 
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bond (either R!-C-Zr or R?-C-Zr) of 20 with electrophiles (Scheme 13). Only 

a few examples were reported for this selective reaction and they are all related 
to substrates with two substitutents R! and R? of very different nature. Thus, 
chlorination of 32 with N-chlorosuccinimide (NCS) occurs at the methyl-sub- 

stituted carbon attached to zirconium, while subsequent iodination of 33 takes 

place at the carbon-bearing phenyl substituent (Scheme 16) [45]. Similarly, 
propyl-substituted carbon is more reactive than the phenyl carbon-zirconium 
bond, as shown in the case of 34. This excellent method, therefore, is sub- 

stituent-dependent. 

Me 

ee MoM Nes Chae 
Cp2Zr. 

Pa cnt-f 

Pr * Pr 

— ot Pr 
Cp Zr NCS” SS cia 

Cp)zr H 

34 

On the other hand, transmetalation to copper and further reactions with 
electrophiles occur preferentially at the phenyl-bearing carbon of unsymmet- 
rically substituted zirconacyclopentadiene derivative 35 (Scheme 17). The pres- 
ence of lithium salts should be avoided to prevent the double allylation reac- 
tion of the zirconacyclopentadiene derivative [46]. 

Scheme 16 

Et Br Ph 

7 oucl Sy Ph 
Cp2Zr 

a = Br BrCp7Zr~ 7 Et 

PH A Br 
Et 

Scheme 17 35 36 

Takahashi et al. have also developed an alternative approach to dienyl zir- 
conocene by ethenylzirconation of vinyl ethers. As shown in Scheme 9, the 
reaction of alkynes with Cp,ZrEt, 24 gives zirconacyclopentenes. Unsaturated 
compounds such as vinyl ethers can easily replace the ethylene moiety of the zir- 
conacycle to afford potentially two regioisomers 37 and 38 [47-49] (Scheme 18). 
As 37 and 38 are in equilibrium, 38 undergoes a f-elimination reaction to give 
39 as a unique isomer. This sequence may be considered as a vinylzirconation 
reaction of alkynes. Although substituted alkenyl ethers, such as 40 and 41, did 
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not give the corresponding products, 2,3-dihydrofuran 42 reacted smoothly to 
give 43 in 66% yield (cis/trans=61:39) after hydrolysis. 

However, although with symmetrical internal alkynes such as 5-decyne and 
diphenylacetylene, vinylzirconation products were obtained with a good iso- 
meric purity, unsymmetrical alkyne such as 1-propynyl benzene (R'=Ph, R?=Me) 
44 gave a mixture of 81:19 regioisomers (Scheme 18). Obviously, if disubstituted 

alkynes with two different alkyl groups were used in this strategy (R'4R’, alkyls) 
a mixture of isomers would be formed. The described methodology has also a 
second structural limitation as only a terminal double bond is formed in 39 
(only 43 was successfully prepared, but as two isomers). 

Barluenga et al. have demonstrated that the reaction of organolithium com- 
pounds 45 with zirconocene methyl chloride in THE, followed by addition of 
different vinyl bromides and further heating to +65 °C, led to dienes 46 and 47 
in different ratios (Scheme 19) [50]. The latter was demonstrated to be depen- 

dent on the structure of the starting organolithium compound and of the vinyl 
bromide used. Thus, with the use of nonsubstituted vinyl bromide 48, a mixture 

of regioisomeric dienes 49 and 50 was obtained, the “branched” one being the 
major isomer (Scheme 20). A reverse ratio was obtained for the trans-B-bro- 
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mostyrene 51, affording “linear” dienyl zirconocene 52 as the major regioiso- 
mer. Interestingly, experiments carried out with alkyl-substituted vinyl bro- 
mides 54 led, independently of the structure of the starting organolithium com- 
pound, to the exclusive formation of the corresponding “branched” dienes 55. 
The second isomeric diene 57 was uniquely obtained while styreny] lithium 56 
was used in combination with a nonsubstituted vinyl bromide (Scheme 20). 
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Butyl vinyl ether 58, coupled with zirconocene complex, led as well to the 
single “linear” regioisomer of the diene 59 (Scheme 21). 

| U1 [clMe)ZrCp,] (CH),Ph 
-78 to -60°C Z~TCp,Br 

n 2. =\__ (60%0 465°C) 
OBu 

58 59 

Scheme 21 n=0-3 

The above-mentioned results were presumably rationalized by the combi- 
nation of electronic and steric effects. The reaction conditions were found to 
be particularly important, since maintaining the reaction temperature at 25 °C 
led to the formation of a mixture of products: cyclobuteny] derivative 61 was 
formed along with the “branched” dienyl moiety 60 (in contrast to reaction at 
+65 °C, which afforded dienyl products uniquely, Scheme 22). 

Ti 1 EclMe)ZrCpy] 
Ph Ph ZrCp7Br 
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Scheme 22 

tee} 

Dienyl Zirconocenes via Carbenoid Derivatives 

R.J. Whitby has recently described a new and elegant synthesis of nonterminal 
metalated dienes, based on 1-halo-1-lithioalkene insertion into acyclic zircono- 

cene chlorides. Alkenyl carbenoids 63 are generated by halogen/lithium ex- 
change at low temperature or by deprotonation of alkenyl halides (Scheme 23). 
The insertion of zirconocene chloride 62 into a carbenoid may be carried out 
in situ, thereby reducing the need for very low temperatures. Initial attack of the 
carbenoids 63 on the 16-electron zirconium atom of 62 to form 18-electron 
metalate complex 64 may be followed by a 1,2-rearrangement with loss of halo- 
gen to give a new organozirconocene 65. The overall process is accompanied 
by a clean inversion of configuration at the carbenoid carbon [51]. 

1 R? 2 2 1 _Tat 

Pa A R Ps x : 
BE i ONE ee WA LZCp C1 Oe ek 

X x. ZrCp,Cl 
62 63 

64 65 
Scheme 23 
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When the above-mentioned process is applied to 1-lithio-1-chloroethene 66 
[52] and vinyl zirconocene 67, arising from hydrozirconation of terminal 
alkynes, a stereospecific formation of 2-zirconated dienes 68 is obtained, af- 
fording terminal dienes after protonation [53] (Scheme 24). 

bat 

Cl e Cl ZrCpCl H’/H,O 

pos aC, OR ~ Ne 

Scheme 24 67 68 

The stereospecific insertion of 2-monosubstituted alkenyl carbenoids was 
successfully employed in the preparation of 1-alkyl-1-zircono-dienes. The Z 
and E carbenoids of 1-chloro-1-lithio-1,3-butadiene (69 and 70, respectively) 

are generated in situ from E- and Z-1,4-dichloro-2-butene [53] (Scheme 25). In- 

version of configuration at the carbenoid carbon during the 1,2-metalate re- 
arrangement stereospecifically yields terminal dienyl zirconocenes 71 and 72 
[54] (Scheme 25). As the carbenoid-derived double bond is formed in ~9:1=Z:E 

for 69 and >20:1=E:Z isomeric mixtures for 70, the metalated dienes 71 and 72 

are expected to be formed with the same isomeric ratio. Carbon-carbon bond 
formation was achieved by palladium-catalyzed cross-coupling with allyl or vinyl 
halides to give the functionalized products with >95:5 stereopurity [55-57]. 
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cl 

70 Pd(0) | Z~ Br 

| 

R S 

SS Scheme 25 

Access to nonterminal (E,Z)-zirconadienes is provided analogously through 
deprotonation of (E,E)-4-alkyl-1-chloro-1,3-butadienes followed by insertion 
of the resultant carbenoid 73 into alkylzirconocene chlorides [53] (Scheme 26). 
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Further hydrolysis of 74 gives the nonterminal (E,Z)-dienes 75 with high yields 
and stereoselectivities. 

Unlike the insertion of 2-monosubstituted alkenyl carbenoids (69, 70, and 

73), the reaction of 2,2-disubstituted alkenyl carbenoids with alkenyl zircono- 

cene chlorides afforded the expected products as a mixture of stereoisomers. 
Thus, when 77, derived from the deprotonation of the stereodefined E-1- 

chloro-2-methyl-1-octene 76, was reacted with E-1-hexenylzirconocene chlo- 
ride 78 at low temperature, a partial inversion of configuration at the alkenyl 
carbenoid center occurred before or during the rearrangement to afford the 
expected metalated diene 79 with an E:Z isomeric ratio of 58:42 after hydroly- 
sis (see 80, Scheme 27) [53]. The poor stereocontrol was attributed to the 

“metal-assisted ionization” [58-60], which promotes the interconversion of the 

E- to the Z-alkenyl carbenoids 77. The latter occurs at a rate comparable with 
that of the insertion into organozirconocene chloride, and hence this is re- 
sponsible for the loss of stereochemistry. 

The methodology described above leads to the stereospecific formation of 
terminal 2-zirconadienes (68, Scheme 24), terminal 1-alkyl-1-zirconadienes 

(71 and 72, Scheme 25), and to the 1,4-disubstituted dienylzirconocenes 74 

(Scheme 26) of fixed geometry, while the stereochemistry of the 1,1-disubsti- 
tuted 2-zirconadiene 79 (Scheme 27) is not controlled. 

H 
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Li 
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Cl nCe6H13 nCcH | ii HCla 6113 
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Scheme 27 79 B:Z=58:42 

A different approach for the in situ preparation of 2-zirconated 1,3-dienes 68 
was reported by Szymoniak and Bertus et al., by treatment of 2-silyloxy-1,3-di- 
enes 81 with dialkylzirconocene 21 (Scheme 28) [61]. The zirconocene induced 

the C-O bond cleavage of 81 and led to the dienyl zirconium compound 68, 
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which was used in dienylation reactions. Various cross-coupling reactions of 68 

have been carried out with complete regioselectivity at C-2 and with moder- 

ate to good yields (Scheme 28). 
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3 

Limitations of the Previously Described Methodologies 

The impressive results outlined above are perhaps the most compelling exam- 
ples of the power of zirconocene compounds in organic synthesis but in a gen- 
eral sense, are also illustrative for the serious limitations of the methodologies 
for the stereoselective preparation of dienyl zirconocene derivatives. These lim- 
itations can be summarized as follows: 

1. R' and R’ as well as R’ and R* in 20 have to be of different electronic nature 
(Scheme 13). 

2. Only unsubstituted terminal double bonds can be prepared by using the 
strategy described in Scheme 18 (only stereoselective preparation of 39). 

3. Problems of stereoselectivity arise when unstable carbenoids have to be 
used (except in the methodology leading to 74, Scheme 26). 

4, Stereoselectivity of the reaction could not be addressed in the preparation 
of 1-methylene-2-propenylzirconium (Scheme 28). 

Therefore, new efficient methodologies are still required for the regio- and 
stereoselective preparation of dienylzirconocene derivatives. 

4 

Stereoselective Synthesis of Vinyl Zirconocene Derivatives 

It has been recently reported that the treatment of heterosubstituted olefins 
such as 82a-g [XR=OMe (82a), OSiMe,Bu-t (82b), SPh (82c), SPr (82d), S(O)Tol 

(82e), SO,Me (82f), SO,Ar (82g)] with the Negishi reagent 21 led to the stereo- 
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selective synthesis of vinyl zirconocene derivatives 83 as described in Scheme 29. 
The formation of discrete organometallic derivatives was first checked by deu- 
terolysis and iodinolysis, and then by creation of a carbon-carbon bond after the 
transmetalation reaction of the vinyl zirconocene 83 into vinyl copper derivatives. 

; Bu2ZrCp2 . BuzZrCp2 
R 21 21 R' XR 
>, TS SS \—=/ 

XR THF, r.t. ZrCp2SR___—*THF, rt. 

E-82a-g 83 2-82a-g 

XR = OMe 82a 
XR = OSiMe2Bu-t 82b 
XR = SPh 82c R! 
XR = SPr 82d SS 
XR = S(O)Tol 82e 3 
XR = SO,Me 82f 
XR = SO,Ar 82g 

Scheme 29 

E-isomer 

When the same reaction was performed on the Z isomer 82a~g of the hetero- 
substituted alkenes, only the E-adduct 83 was obtained (determined after reac- 
tion with an electrophile; reaction of vinyl zirconocene with electrophiles occurs 
with retention of configuration). So, whatever the stereochemistry of the initial 
heterosubstituted alkenes, the reaction is >99% stereoselective but not stereo- 
specific, producing only the E-vinyl zirconium in good overall yields. No stereo- 
isomerization of Z-82a-g into E-82a-g was observed in the process, which indi- 
cates that zirconocene 21 is not a catalyst for the isomerization of the starting 
alkene. If we consider simple ligand exchange, different geometrical isomers of 
the corresponding vinyl zirconium derivatives 83 should be obtained when start- 
ing from the E-82a-g or Z-82a-g of vinyl-XR. Therefore, more complicated inter- 
mediates are most probably involved during the complexation between the olefins 
82a-g and the zirconocene 21, since we have a complete isomerization reaction. 

The first hypothesis was that the initial step proceeds via a dipolar zirconate 
species [62] represented by 84, followed by an isomerization reaction leading 
to the trans-zirconacyclopropane 85 [63]. Then, after a B-elimination step, the 
corresponding E-vinyl zirconium should be obtained. Although this mecha- 
nistic interpretation was attractive, a stereochemical problem remains for the 
elimination reaction, since a dihedral angle of 180° (anti elimination) or 0° (syn 
elimination) is usually required for an elimination reaction. In this case, an an- 
gle of 120° is expected in the zirconacyclopropane 85 (Scheme 30). Moreover, 
this mechanistic interpretation does not explain the isomerization reaction of 
vinyl sulfone, since no dipolar zirconate intermediate can be present in this 
case. This isomerization was therefore explained by a carbometalative ring 
expansion between 21 and 82a-g, leading to the corresponding five-membered 
ring zirconacycle 86 which may produce the three-membered ring zircona- 
cyclopropane 85, since facile equilibration among three- and five-membered 
ring zirconacycles has already been discussed for skeletal rearrangements [64]. 
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Furthermore, if we consider the carbometalative ring expansion to produce 
the corresponding five-membered ring zirconacycle 86, the carbon-heteroatom 
bond of the sp’ metalated center C, should isomerize to produce the most 
stable intermediate. Such isomerization could be due to an interaction between 
the heteroatom moiety XR and the zirconium atom [65], which would produce 
a weakness of the C,-Zr bond and would facilitate the isomerization. Thus, 

whatever the stereochemistry of the starting material, a conformation is always 
possible in which C,-SR is antiperiplanar to C,-C; in 86 with a trans relation- 
ship between R’ and the ZrCp, fragment. The elimination reaction, or decarbo- 
zirconation, occurs in a concerted way to give the E-vinyl zirconium 83. Un- 
fortunately, neither the zirconacyclopentane nor the zirconacyclopropane have 
been trapped as intermediates. 

On the other hand, Cp,ZrEt, 24 (Scheme 9) has a different behavior, in most 

cases, from the butene moiety of the zirconocene-butene complex 21 [66]. In- 
deed, the ethylene ligand reacts with various unsaturated compounds and, as it 

is usually incorporated in the reaction products, we were interested to see if it 
could be also incorporated into heterosubstituted alkenes 82a-g. Cp,ZrEt, was 
easily prepared by treatment of two equivalents of EtMgBr (and also by two 
equivalents of EtLi to check that there is no salt effect) with Cp,ZrCl, to furnish 
24, which was then treated with 82d and 82f (XR=SPr and SO,Me, respectively) 

at room temperature. The addition product 87, rapidly observed by gas 
chromatographic analysis of aliquots after hydrolysis, is followed by the elimi- 
nation reaction to give the vinyl zirconium species 83 and ethylene. Both of 
the intermediates 88 and the product 89 were trapped by hydrolysis 
(Scheme 31). Although the formation of the vinyl zirconium 83 is slower in this 
particular case (only 2-3 h were necessary for the formation of 83 from 82d,f 
and 21), we can clearly see that the addition product 87 undergoes a subsequent 
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elimination reaction to give the expected product 83. Thus, from these mecha- 
nistic studies, it is believed that the unique formation of the E isomer 83 results 
from a carbometalative ring expansion into zirconacyclopentane followed by an 
elimination reaction. 

-78°C 
te} i] 

CpozrCh + 2EtMger— 8S Ebzreps {100°C [Dzrcp. WinZrCpy 

Kenzie) 24 24a 24b 

Pak 
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g2dXR=SPr _ 83 ZrCp>XR 
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THF, rt. H30* H30* 

Oct XR Ot = 

H 

Scheme 31 88 

Coming back to the initial problem, namely the stereoselective preparation 
of dienyl zirconocene derivatives, it was initially thought to apply the strategy 
described above to the preparation of dienyl systems (transformation of het- 
erosubstituted conjugated dienes 90 into dienyl zirconocenes 91, as described 
in Scheme 32). A few examples will be shown later in the chapter. 

: 
RXR : R' ZrCp2XR 
pea aS CRRLIBUN ee oe 

Scheme 32 90 R* 91 R4 

On the other hand, the transition metal-catalyzed isomerization of termi- 
nal olefins into internal olefins has been extensively studied, and in general a 
mixture of 1-alkenes and E- and Z-2-alkenes, reflecting the thermodynamic 
equilibrium, is obtained [67]. Some low-valent titanocene derivatives are 

highly effective and stereoselective in favor of the E-2 isomer [68]. When non- 

conjugated dienes such as 92, containing one or two substituted vinyl groups, 
are treated with the zirconocene 21, a regioisomerization of the less-substituted 

H 
\ F 1 
= CH2),R CHR Bu,ZrCp, (CHa)n 

3 21 ZA 
( 2)n THF rt F sae 

R CR°R =cR?R* =: 15-70h 

R2 
Scheme 33 92 93 
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double bond can occur and lead to the formation of the conjugated diene-zir- 

conocene complexes 93 (Scheme 33) [69]. 
So, the combination of the isomerization process described in Scheme 33 

with the elimination reaction described in Scheme 29 would lead to an efficient 

preparation of stereodefined metalated zirconocene complexes 95 from simple 
unsaturated enol ether 94 (Scheme 34). 

R n-Bu2ZrCp2 R 

aca - ask n n 

XR" 7 ZrCpoXR' 
95 Scheme 34 94 

5 

Stereoselective Preparation of Dienyl Zirconocene Derivatives 
Via a Tandem Allylic C-H Bond Activation—Elimination Sequence 

All the starting materials were very easily prepared in a single-pot operation by 
treatment of the alkoxy-allene 96 [70] with lithium organocuprate either in 
Et,0 (for the formation of the Z-vinyl copper intermediate Z-97) or in THF (for 
the formation of the E-vinyl copper intermediate E-97) and trapping the 
resulting alkenyl copper E- and Z-97 with different unsaturated alkyl halides to 
give 98a-j (Scheme 35) [71]. 

98a E = CH,CH=CH, 
ee? BuzCuti Bu E-x H11Cs 98b E = (CH,),CH=CH, 

Et,O on ome E’ ome 986 E = (CH2)3CH=CHy 
2 98d E = (CH>)sCH=CH, 
2-97 98e E = CH»CH=CHCH, 96 

98f E = (CH2)gCH=CH(CH>)5CH3 
Bu CuLi Bu \ OMe gy HiiCs OMe 98g E = CH,C(CH3)=CH 
are aa =e wea 98h E = CH(CH3)CH=CH> 

2 981i E = CHC(Ph)=CH> 
E-97 98) E = CD,CH,CH=CHCH,CH3 

Scheme 35 

Originally, 98a was treated with (1-butene)ZrCp, 21 in THF at room tem- 
perature and the evolution of the reaction was followed by gas chromatography 
of hydrolyzed aliquots and by 'H NMR of the reaction after hydrolysis. This 
examination indicated that the starting material was consumed within 12 h with 
concomitant formation of several products including the expected diene 99 as 
the major product (with a maximum of 60% yield after hydrolysis, Scheme 36 
path A). On the other hand, when 98a was treated with 21 either in THF at 
+50 °C for 15 min or in Et,O at +35 °C for 30 min, the corresponding diene 99 
was constantly obtained with a yield of 80% (Scheme 36, path B). 

The 'H NMR spectrum of 99Zr in C,D,/Et,O solution showed two singlet 

peaks at 6.59 and 5.8 ppm assigned to the Zr-CH(sp*) moiety and to the Cp 
protons, respectively, and a multiplet at 6.3 and 5.8 ppm for the hydrogens of 
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the nonmetalated double bond. Its '*C NMR spectrum revealed two singlets 
at 173.4 and 110 ppm which were assigned to the Zr-C(sp”) moiety and Cp, 
respectively, and two more sp* carbons at 138.2 and 120.3 ppm. 

Interestingly, only in the experiments done at room temperature (Scheme 36, 
path A) the addition product 101 and dimers of 100 were detected, both at- 
tributed to the putative intermediate 100 (Scheme 36). Then, this zirconacycle 

intermediate disappears in favor of the dienyl zirconocene complex, likely via 
the formation of (alkene)zirconocene 102 through a skeletal rearrangement 
[72] and then isomerization to lead to 99Zr. These results support an associa- 
tive mechanism involving the intermediary formation of monocyclic zircona- 
cyclopentane. When the reaction is performed at higher temperature (reflux 
of solvent), the equilibrium between 100 and 102 is very rapidly displaced in 
favor of 102, which can cleanly undergo the isomerization process. The latter 
experimental condition will be further generally used for the preparation of 
dienyl zirconocenes [73] (see scope of the reaction in Scheme 37). 

The presence of a discrete organometallic species as well as the stereochem- 
istry of the metalated diene were first checked by iodinolysis and bromolysis, but 
the corresponding iodo- and bromodienes were found to be unstable and 
rapidly isomerized to a mixture of E and Z isomers. Thus, in order to have a bet- 
ter picture of the stereochemical outcome of the process, the crude reaction 
mixture was treated with N-chlorosuccinimide (Scheme 37), and the corre- 

sponding chlorodiene 103 was isolated in 60% yield with an isomeric ratio 
>98:2. As alternative solution, the stereochemistry of the reaction was also 

determined by addition of allyl chloride, in the presence of a catalytic amount 
of copper salt, to the dienyl zirconocene derivative [74]. Skipped triene 104 was 
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obtained in good overall yield with an isomeric ratio greater than 98:2 in all 
cases. The (E,Z) stereochemistry of the 5-pentyl-octa-1-4Z,6E-triene 104 was 
deduced on the basis of differential nuclear Overhauser effect (NOE) spectra. 

When the same reaction was performed on the opposite isomer of the enol 
ether, namely the E isomer E-98a (prepared as described in Scheme 35) 
[71], the same (E,Z)-dienyl metal 99Zr was obtained, as determined by the 

stereochemistry of the resulting product after reaction with allyl chloride 
(Scheme 37). So, whatever the stereochemistry of the starting enol ether, a 
unique isomer of the dienyl zirconocene is obtained at the end of the process. 

Further on, a mixture of (E,Z) isomers will be used as starting w-ene-enol 

ether 98a-h. The formation of dienyl zirconocenes is not limited to those dienes 
with a one-carbon tether (Scheme 37). Compounds 98b-d (with two-, three-, 

and six-carbon tethers, respectively) also underwent this tandem reaction as 

fast as 98a (only 15 min at +50 °C in THF) and in good overall yields (forma- 
tion of 105, 106, and 107, respectively). When the migrating double bond is 
1,2-disubstituted such as in 98e (Scheme 37), the tandem sequence of isomer- 

ization-elimination still proceeds very efficiently and after transmetalation of 
the resulting dienyl zirconocene with copper salt, the allylation reaction gave 
the (E,Z)-triene 105 as unique isomer in 80% isolated yield. By combination of 
a long tether chain (six carbons) with a 1,2-disubstituted olefin as in 98f, diene 
108 was isolated in 61% yield. Furthermore, several different functionalizations 

of the resulting diene can also be performed such as the palladium-catalyzed 
cross-coupling reaction between dienylzirconocene 99Zr and aryl iodide; 109 
was obtained in moderate yield but as a unique isomer (Scheme 37). However, 
when the double bond is 1,1-disubstituted as in 98g, or if an alkyl group is 
located in the carbon tether such as in 98h, the reaction proceeds only in very 
low yield (Scheme 38). 
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OMe ZrCp2O0Me H 

98h 

Scheme 38 

The limitation of this methodology could be attributed not only to an unfa- 
vorable initial ligand exchange between (1-butene)ZrCp, 21 and the migrating 
olefin for steric reasons, but also to the formation of a hypothetically less sta- 
ble trisubstituted zirconacyclopropane, 110 or 111, which should be obtained 
after the first migration of the double bond (Scheme 39). 
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In order to overcome these limitations, the more bulky bis(trimethylsilyl)- 

acetylene complex of zirconium (Rosenthal’s complex) [75], which has recently 

offered a number of compelling advantages in synthesis [76], was tested in the 
reaction with 98 g with the hope that the release of the bulky bis(trimethylsi- 
lyl)acetylene, after the ligand exchange, would be enough to drive the reaction 
to completion. However, under these conditions no isomerization-elimination 

was observed. Therefore, the precursor of a potentially more stable trisubsti- 
tuted zirconacyclopropane 98i was prepared and submitted to the isomer- 
ization-elimination sequence. After hydrolysis, three products 112, Z-113, and 
E-113 were obtained in a 2.3:3:1 ratio, respectively. Thus, when the migrating 
1,1-disubstituted double bond is slightly activated toward the formation of 
the zirconacyclopropane (stabilization by a phenyl ring), the expected diene 
(besides the direct transformation of the methoxy enol ether into 112 after 
hydrolysis) could be formed but in this case, as a mixture of two geometrical 
isomers (Scheme 40). 

Ph Cs5Hy4 a Ph CsH44 Ph C5H44 

SS UOMe + SN 

Scheme 40 98i 112 113E+Z 

A great number of dienyl zirconocenes are therefore formed by using this 
methodology, which presents a large flexibility (see Scheme 37), but limitations 
still remain for 1,1-disubstituted derivatives (as in 98g) or compounds substi- 
tuted by an alkyl group in the carbon tether (such as in 98h). 

To have more insight into the reaction mechanism and the stereochemical 
outcome of the reaction, the following two experiments were performed. First, 
it was checked that the reaction of trisubstituted enol ether with two alkyl 
groups, such as 114, did not lead to the vinylic organometallic derivative [63] 
(Scheme 41), indicating that this tandem reaction should occur first by the 
isomerization of the remote double bond (only in the case of 98i, the direct 
transformation of methoxy-enol ether into an organometallic derivative was 

H4105 21 H41C5 ye ee eee an 
H7C3 OMe H7C3 ZrCp20Me 

Scheme 41 114 
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detected, most probably due to a template effect between the zirconocene 21 and 
the nonmigrating double bond). Therefore, the mechanism of the isomerization 
was investigated with deuterium labeling experiments. When the dideutero enol 
ether 98j (easily prepared according to Scheme 35) was treated with 1.3 equiv- 
alents of (1-butene)ZrCp, 21 in THF for 15 min at +50 °C, the corresponding 
3,5-dideutero diene 115 was obtained in 62% isolated yield. The examination of 
the 'H and °C NMR spectra indicates that, indeed, the two deuterium atoms are 

now located at the vinylic and allylic positions and led the authors to suggest the 
following mechanism for the allylic C-H bond activation-isomerization-elim- 
ination reaction (Scheme 42). 
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eS n-C4HgZrCp2 Sy + 24> bond activation =, 

DY Diloue DD OMe DP OMe 
98) 115a 115b 

H44C5 
H Cs5Hy4 Allylic C-D H CsHy4 a D. ax ae 

Artsy bond activation AAS 2P © Rearrangement 

¢'p? OMe & D OMe 
115¢ D 115d D 415e 

OMe 
Hy1C5 eae Hy44C5 > Ai H C5H14 >. 

Av oie Elimination ZrCp,OMe 3 ayanys oe 

D ayy D D D 

D D 

H H 
115f 115g 

Zr = ZrCpo 

Scheme 42 

(1-Butene)ZrCp, 21 reacts first with the remote double bond of 98j to give the 
corresponding zirconacyclopropane 115a and free butene. Then, via an allylic 
C-H bond activation [77], the 7-allyl intermediate 115b is generated as a tran- 
sient species and, after hydrogen insertion, the new zirconacyclopropane 115c 
is formed. By the same sequence, namely allylic C-D bond activation with deu- 
terium migration (115c to 7°-allyl 115d and then deuterium insertion), the zir- 

conacyclopropane 115e is produced. As soon as 115e is formed, an irreversible 
step occurs transforming the zirconacyclopropane 115e into zirconacyclopen- 
tene 115f, which undergoes an elimination reaction to lead to 115g and then 115 
after hydrolysis. Based on this mechanism, the stereochemistry of the starting 
enol ether has no effect on the stereochemistry of the dienyl zirconocene; the 
carbon-heteroatom bond of the metalated center in 115f can freely epimerize 
to give the most stable isomer. Such an isomerization could be caused by an 
interaction between the ether moiety and the zirconium atom, which would 
weaken the C,-Zr bond and facilitate the isomerization [64]. In the particular 
experiment described in Scheme 42, no scrambling of deuterium atoms along 

the carbon skeleton was detected and this can be explained by the initial posi- 
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tion of the two deuterium atoms. Indeed, in this allylic C-D bond activation 

step, as soon as the intermediate 115e is formed, an irreversible rearrange- 

ment-elimination reaction (115e to 115g) occurs, which therefore drives the 

reaction toward the metalated diene 115g. However, when the two deuterium 
atoms are located in a different place in the tether, a scrambling of deuterium 
is observed along this tether. 

The unique stereochemistry of the diene results therefore from the elimi- 
nation step and not from a further isomerization of the dienyl zirconocene with 
zirconocene derivatives (i.e., Cp,Zr-catalyzed stilbene stereoisomerization) 
[78]), since the hydrozirconation reaction of several 1E-ene-3-yne and 1Z-ene- 
3-yne derivatives with Cp,ZrH(Cl) leads only to the (E,E) and (Z,E) isomers, 

respectively, in good yields (see Scheme 5) [33]. 

This allylic C-H activation can be, in some specific cases, in competition 

with the direct transformation of monosubstituted enol ether into vinylic 
organometallic derivatives. Compound 116 reacts faster with 21 by the enol 
moiety to lead to 117 than with the remote double bond of 116, which would 

have given dienyl 118 after hydrolysis (Scheme 43). For the isomerization 
reaction to proceed, higher substitution of the enol ether is necessary. 
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In this tandem allylic C-H bond activation, followed by an elimination re- 
action, substituted 1-zircono-1Z,3E-dienes (zirconium moiety at the terminal 

position of the dienyl system) were easily prepared as unique isomers. With the 
idea of extending this methodology to the stereoselective synthesis of 3-zircono- 
1,3-diene (zirconium moiety at the internal position of the dienyl system), 119 
was prepared and the reactivity was investigated with (1-butene)ZrCp, 21 (119 
was obtained by carbocupration of the a-allyl alkoxy-allene, Scheme 35) [79]. 
When 119 was submitted to the tandem reaction, the diene 120 was isolated 

after hydrolysis as a unique (E,Z) isomer in 75% isolated yield (Scheme 44). 

When the migrating group is geminal to the leaving group such as in 119, 
the allylic C-H bond activation leads to 120a, which subsequently undergoes a 
f-elimination reaction to lead to the B-metalated allenyl intermediate 120b. 
Then, 120b is isomerized into its more stable dienyl form 120c [80], in which 

the alkyl and the organometallic groups are anti to each other for steric reasons. 
After hydrolysis, a unique isomer is observed (determined by NOE). If N-bro- 
mosuccinimide is added as electrophile on 120c, the corresponding bromodiene 
121 is obtained as a single geometric isomer, as described in Scheme 45. The 
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Scheme 44 

stereochemistry of the reaction was also determined by addition of allyl chlo- 
ride in the presence of a catalytic amount of copper salt (both CuCl/2LiCl and 
allyl chloride were added simultaneously and then heated at +60 °C for few 
hours), to give the dienyl zirconocene derivative 120c [74]. Skipped triene 122 
was obtained in good overall yield with an isomeric ratio greater than 98:2 in all 
cases. The (Z,E) stereochemistry of 122 was deduced on the basis of differential 

nuclear Overhauser effect spectra (Scheme 45). 

a cl — _ 
rie Mak Hiiee_(— ee Bas Hice_(— 

= 
CuCl. 2LiC! ZrCp>0Me 

122 10mol% 120602 421 BF 

Scheme 45 

Although this tandem reaction led also to the expected diene as a unique iso- 
mer in good chemical yield, this methodology had a serious drawback from a 
preparative point of view, since 119 (Scheme 44) could not be purified by column 
chromatography (purification of 119 invariably led to the corresponding ketone 
resulting from the hydrolysis of the enol ether moiety). The isolated yield 
obtained from 120 is therefore based on the crude starting material 119 used 
without purification. This very promising route for the preparation of metalated 
dienes such as 120c associated with the problem of stability of a-substituted enol 
ether 119, led the authors to consider an alternative starting material and there- 

fore to the preparation of sulfonyl 1,3-dienyl derivatives [81]. As for the enol ether 
methodology, the main advantage of this approach is the very easy preparation 
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of acyclic 2-arylsulfony] 1,3-dienes 123a-d from allylic sulfones and aldehydes in 
a single-pot operation, as described in Scheme 46 [82]. 

Li R? 
-BuLi 1) R?CHO ~ R' 

R'“Ss0,Ph Bathe See Ske DROS 
THF 2) AczO SO Ph 

3) KOH 

123a R' =H, R? = Ph, 89% 
123b R' =H, R* = n-Pent, 72% 
123c R' =H, R? = c-Hex, 70% 

Scheme 46 123d R' = Me, R? = Ph, 91% 

Treatment of 123b,c with 1.5 equiv of (1-butene)ZrCp, 21 at room temper- 
ature leads only to the Z isomers 124 and 125, whatever the stereochemistry of 

the starting dienyl sulfones (i.e., E-123c and Z-123c, Scheme 47). Even the un- 
stable Z isomer 126 was preferentially formed from 123a in this process with 
an excellent Z/E ratio of 95:5. The low yield obtained for 124 is attributed to the 
volatility of the resulting diene. 

H44C5 
Se NN 21 H44C5 a => H30° En ye 

ZrCpzOSOPh SO5Ph ne 

123b 124Zr Z isomer only 
52% 

C-H41Cg 
<e 21 CHCe H3,0* cHnCg. = 

ZrCp2O0SOPh 

ce 125Zr 125 
ieee Z isomer only 

71% 

id. 

oC SOS 

SOPh 
123c-Z 

fi ie 2rCc 
DAR 21 ~ P2 4) B-elimination Ph. = H,0* ¥ Ph. 
S0,Ph S0,Ph 2) rearrangement ZrCp,OSOPh 

123a 126Zr 126 

Z/E: 95/5 
Scheme 47 73% 

By analogy with the mechanistic pathway described for the enol ether 119 
(Scheme 44), we believe that the transformation of 123a-c also occurs via the 
formation of the B-metalated allenyl intermediate, generated from the B-elim- 
ination of the corresponding zirconacyclopropane and subsequent rearrange- 
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ment. However, the direct transformation of the vinyl sulfone moieties into 

dienyl zirconocenes without intervention of the terminal unsubstituted dou- 
ble bond cannot be ruled out at this stage [83]: when the more substituted 

dienyl sulfone 123d (Scheme 48) was similarly treated with (1-butene)ZrCp, 

21,a mixture of three isomers of 127 of undetermined geometry was obtained 

after hydrolysis. Therefore, in this particular case, the method described in 
Scheme 44 gives better results. 

Ph 

Sw same sequence Pb tas Yaa H30°* haga as 

SO,Ph ZrCp2zOSOPh 127 

127Zr . 
123d 3 isomers 

65% 
Scheme 48 

As usual, to further increase the scope of the reaction, transmetalation of di- 
enyl zirconium complexes, such as 124-127Zr, into the corresponding dienyl 
organocopper derivatives was performed. Surprisingly, when 126Zr was trans- 
metalated to copper derivatives by addition of a catalytic amount of CuCl/2LiCl 
in the presence of allyl chloride for 1 h at +50 °C, a partial isomerization of the 
dienyl system was found (Scheme 49). 

Ph Le Zw caer ac 

ZrCp,0SOPh CuCl. 2LiCI \ 

126Zr 10mol% Z-128 E-128 

Z/E: 60/40 

Scheme 49 70% 

This result is in contrast with those already obtained for the copper-catalyzed 
allylation reaction of 120c into 122 (Scheme 45). This may be attributed to the 
very reactive nature of the diene 126Zr. With the idea of having a complete iso- 
merization reaction, 126Zr was heated first at +50 °C in the presence of a stoi- 
chiometric amount of CuCl/2LiCl for 1 h before hydrolysis. Only the E isomer 
of 126 was isolated after this sequence meaning that trans-126Zr is transmeta- 
lated into cis-126Cu and then, after hydrolysis, only the E isomer of 126 is formed 
in 70% yield (Scheme 50). When heating the dienyl zirconocene 126Zr at +50 °C, 
with or without added LiCl, no isomerization of the diene was detected. 

1 equiv. 
Ph Sse CuCl. 2LiCI Pag H,0* Pat 

ZrCp2OSOPh 7a 7 
126Zr 126Cu E-126 

Scheme 50 



162 N. Chinkov - I. Marek 

As nothing is known about the exact nature of organocopper derivative 
126Cu coming from organozirconocene derivative 126Zr, further investigations 
are needed to elucidate completely the mechanism of this transmetalation, but 
this isomerization was found to be general for all the examined cases (1 equiv 
of CuCl/2LiCl then +50 °C, 1 h; Scheme 51, 124Zr-127Zr). It should be noted 

that even when a secondary alkyl group is present on the dienyl system, as 
in 125Zr, the E isomer is the major isomer after the transmetalation step in a 
ratio of 86:14 (which implies that before hydrolysis, the copper is cis to the sec- 
ondary alkyl group, Scheme 51). Moreover, from the three geometrical isomers 
of 127Zr, this transmetalation-isomerization led mainly to the (E,E) isomer 127 
after hydrolysis (E,E:Z,E=92:8). 
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er CuCl. 2LiCI Se aaa Oo" pide ae wes (o} 

ZrCp2OSOPh E/Z: 80/20 
124Cu 

124Zr 
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425Zr 
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Ph oy CuCl. 2LiCI_ pe Pe Le, 

73% 
ZrCp2zOSOPh E/Z: >99/1 

426Zr 126Cu 
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His CuCl. 2LiCl_ 127 
= 60% 

ZrCp2OSOPh ee E,E/Z,E: 92/8 
127Zr u 

Scheme 51 

Therefore, the isomerization reaction was also performed starting from 
the a-substituted enol ether 119 (Scheme 52). By using the tandem allylic C-H 
activation-elimination reactions, Z-120c is initially formed and by a trans- 
metalation reaction into organocopper with a stoichiometric amount of CuCl/ 
2LiCl, followed by heating at +50 °C for 1 h and reaction with allyl chloride, the 
resulting (E,E)-diene 122 is obtained with an isomeric ratio of 90:10 but in a low 

40% yield as described in Scheme 52. 
The synthetic use of this isomerization was also investigated by reaction of 

the resulting dienyl copper derivatives 124-126Cu with several different elec- 
trophiles, as described in Scheme 53. Compound 126Cu reacts via an S,2’ 
process with allyl chloride to give a unique E isomer of the skipped triene 128 and 
the geometrical mixture of 124Cu and 125Cu gave, under the same experimental 
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conditions, the two allylated products 129 and 130 with the E isomer as major 

product. (It should be emphasized that although the transmetalation—isomeriza- 
tion occurs at +50 °C, the reactivity of the organocopper remains intact in this 
process). The addition of methyl vinyl ketone or cyclohexenone in the presence 
of TMSC] [84] led to the 1,4-adducts 134 and 135 in 75 and 59% yield, respectively, 
as unique geometrical isomers. The palladium cross-coupling reaction of 126Cu 
with alkynyl iodide and aryl iodide opens new routes to further functionalization 
between two sp’ and sp”-sp units, as described for the preparation of 132 and 133. 
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