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The dipeptide derivatives Boc-Gly-Val-OMe (2) and Boc- primary adduct 7-I (. 0 °C) resulted in methane elimination
and formation of a mixture of the isomers 7-B and 7-AAla-Val-OMe (3) selectively add the methylzirconocene

cation 1 to the carbonyl oxygen atom of the N-terminal amino (isolated in a 3:4 ratio). According to the detailed NMR
analysis 7-A shows the favored chelate coordination at theacid residue (κ-C4=O coordination) upon treatment with

[Cp2ZrCH3(THF)+BPh4
–] in dichloromethane at low N-terminus involving C1=O/N2/C4=O bonding, whereas the

cation complex 7-B exhibits a similar chelate structure at thetemperature (, 0 °C) to generate the complexes 2-I and 3-I,
respectively. Above 0 °C methane is eliminated to give the internal Ala moiety, characterized by C4=O/N5/C7=O

coordination to the zirconium center. Similarly, methanestable chelate peptide metallocene cation complexes 2-A and
3-A, respectively, both featuring a combined C1=O/N2/C4= liberation from 8-I and 9-I gave mixtures of the respective

cationic chelate complex isomers 8-A/8-C (2:3) and 9-A/9-CO coordination to the zirconium center. Complex 3-A was
characterized by X-ray diffraction. The analogous tripeptide (1:1), respectively. The (8,9)-A isomers have the zirconium

ion bonded at the N-terminus, whereas (8,9)-C exhibit thederivatives Boc-Gly-Val-Val-OMe (6), Boc-Ala-Ala-Val-OMe
(7), Boc-Ala-Val-Val-OMe (8), and Boc-Val-Val-Gly-OMe (9) Cp2Zr+ unit at the C-terminus of the peptide chain, involving

the ester carbonyl group in forming the chelate frameworkall form analogous κ-C4=O Cp2ZrCH3
+ cation adducts (6–9)-

I under kinetic control and after subsequent loss of CH4 C1= (C7=O/N8/C10=O coordination). The (6–9)-A isomers are
thermodynamically favored. The cation complexes 7-B, 8-C,O/N2/C4=O chelate complexes (6–9)-A under thermo-

dynamic control, both involving selective bonding of the 9-C rearrange to the A-type isomers upon prolonged
standing at temperatures . 0 °C in dichloromethane solution.organometallic cation to the terminal amino acid residue of

the respective peptide derivatives. Thermolysis of the

cations will follow once this has been achieved for a suf-Introduction
ficient number of bioorganometallic systems. [3]

The methylzirconocene cation ([Cp2ZrCH3
1], 1) is a sen-Principles and many details of the important interaction

sitive, very electrophilic organometallic fragment that hasof metal ion systems with typical biomolecules have been
found important use in homogeneous metallocene Zieglerrecognized due to a large number of investigations in the
catalysis. [4] We have used this species as a typical modelfield of bioinorganic chemistry. Bioorganometallic chemis-
system to investigate the modes of interaction of a very re-try is a much less mature discipline. [1] It tries to combine
active, extremely hydrophobic organometallic buildingfavorably the characteristic features of typical biomolecules,
block derived from an oxophilic transition metal from thesuch as amino acids, oligopeptides, heterocyclic nucleo-
left side of the periodic table with peptide derivatives, asbases, oligonucleotides etc., with those of organometallic
typical examples of biomolecule-related substrates. This hasbuilding blocks in order to generate e.g. new reagents for
led to the disclosure of interesting coordination behaviororganic synthesis or precursors of novel active and selective
and subsequent reactions of this metallocene-derived re-catalyst systems, but also to study the response of the
agent with such multifunctional and polar substrates. A“natural” bio-related systems to interactions with rather
series of typical examples is described in this article.“unnatural” organometallic metal/ligand combinations and

arrangements. [2] A major problem in bioorganometallic
chemistry is to find suitable conditions that allow to com-
bine the usually rather hydrophilic biomolecules with the in Results and Discussion
part extremely hydrophobic world of many organometallic
systems and to keep their mutual adducts and reaction As the organometallic starting material the ligand-stabilized

[Cp2ZrCH3(THF)1BPh4
2] methylzirconocene cation 1aproducts stable. It is very likely that many useful appli-

was used in this study. [4a] The coordinated tetrahydrofuran
is readily exchanged for other donor ligands under very

[a] Organisch-Chemisches Institut der Universität Münster, mild conditions. The cation complex 1a was treated with a
Corrensstraße 40, D-48149 Münster, Germany variety of N-tert-butoxycarbonyl-(i.e. Boc-)protected oligo-Fax: (internat.) 1 49(0)251/833-6503
E-mail: erker@uni-muenster.de peptide esters. Here the outcome of the reactions with two
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Table 2. Selected 13C-NMR data of the peptide derivatives 2, 3, and
their reaction products with the methylzirconocene cation (atom
numbering as in Scheme 1)[a]

Compound CMe3 C-1 C-3 C-4 C-6 C-7 OCH3 ZrCH3

2 79.9 156.2 44.1 170.1 57.0 172.7 52.5 2
2-I 81.1 155.3 44.1 179.1 58.4 168.4 53.0 33.0
2-A 85.5 156.6 50.0 179.1 60.3 170.0 53.1 2

3[b] 79.7 155.4 51.8 172.7 56.9 172.0 49.8 2
3-I 81.6 155.0 51.8 182.5 58.8 168.8 [c] 33.4
3-A 86.3 156.5 57.3 182.2 60.2 170.3 [c] 2

[a] In CD2Cl2 at 258 K, chemical shifts in ppm, δ scale. 2 [b] In
CDCl3. 2 [c] Hidden under solvent signal.

tween 2 and 2-I (see Table 2) it is deduced that complex
formation has apparently occurred by coordination of the
glycine-derived amido carbonyl group to the zirconium
center. The pronounced shifting of the respective O5C4

13C-NMR resonance from δ 5 170.1 to δ 5 179.1 strongly
indicates the newly formed (Gly)amido2Zr bond as the es-

Scheme 1. Reaction of 1 with dipeptide derivatives sential structural feature of the primary [(Boc-Gly-Val-
OMe)·1] adduct. All the other 13C-NMR resonances are es-
sentially unaffected.Table 1. Selected 1H-NMR chemical shifts of the [Cp2ZrCH3

1] (1)
plus dipeptide (2, 3) reaction products (atom numbering as in Complex 2-I is a reactive intermediate. At temperatures
Scheme 1)[a]

above 0°C it reacts further. Methane is formed[6] and the
final product 2-A is obtained. The stable complex 2-A wasCompound CMe3 2-H[b] 3-H 5-H[b] 6-H OCH3 ZrCH3
synthesized by treatment of 1a with Boc-Gly-Val-OMe in
dichloromethane (0°C to room temperature for a few2 1.40 5.86 3.78 7.16 4.46 3.69 2

2-I 1.43 7.69 3.63 7.45 4.35 3.80 0.48 hours) on a preparative scale and isolated in 96% yield.
2-A 1.52 2 3.54 7.36 4.33 3.77 2 Both the 1H- and the 13C-NMR spectra show that the [Zr]-

CH3 group is no longer present. It has been utilized for3 1.41 5.00 4.15 6.65 4.49 3.70 2
3-I[c] 1.42 5.30 3.65 8.60 3.85 3.78 0.54 selectively abstracting the NH proton[6b] of the Gly part of
3-A 1.56 2 4.39 [d] 4.39 3.83 2

the peptide ligand systems. Consequently, the former 2-H
resonance of the peptide chain is not observed in the 1H-[a] In CD2Cl2, chemical shifts in ppm, δ scale, 258 K. 2 [b] N-H
NMR spectrum of the product 2-A (see Table 1 and Schemesignals, see Scheme 1. 2 [c] At 223 K. 2 [d] Not located.
1). The pronounced shift of the amido O5C4 13C-NMR
resonance to a larger δ value for 2-A relative to the free
peptide ligand 2 (∆δ 5 19.0 ppm) strongly indicates theselected dipeptide and a series of four tripeptide methyl es-

ters will be described. [5] coordination of this amido group to the zirconium center. [7]

A more detailed picture of the coordination behavior ofThe reaction of 1a with the dipeptide ester Boc-Gly-Val-
OMe (2) shall serve as an example to illustrate a typical the mono-deprotonated peptide ligand to the remaining

Cp2Zr unit in the cation complex 2-A is hard to obtain fromreaction series. Upon mixing the two components in a 1:1
stoichiometry at 215°C in [D2]dichloromethane an instan- the NMR-spectroscopic analysis alone, but 2 as we will see

later 2 can be derived quite confidently in a combinationtaneous reaction was observed by NMR to take place. THF
is liberated from “Jordan9s cation” ([Cp2ZrCH3(THF)1]) of the spectroscopic features with the result of an X-ray

crystal structure analysis.and the reactive Cp2ZrCH3
1 cation takes up a dipeptide

ester as a ligand. A combination of various NMR tech- We had recently characterized a related (peptide)zir-
conocene tetraphenylborate salt by X-ray diffraction.[3b]niques (for details see the Experimental Section) has al-

lowed for a complete spectroscopic characterization of this The complex 5 was prepared by treatment of 1a with the
isocyanate 4 of the dipeptide H-Val-Val-OMe.[8] Therapidly formed primary product as the [Cp2Zr(CH3)(Boc-

Gly-Val-OMe)1] coordination complex 2-I (see Scheme 1). Zr2CH3 group had added to the heterocumulene to form
the cationic bis-chelate complex 5. It was shown by X-rayAs it is evident from the compilation of the 1H- and 13C-

NMR data (Tables 1 and 2), compound 2-I still contains diffraction that the zirconium center was bonded to the N-
terminal Val-nitrogen atom and to the oxygen atoms ofall the intact components of both the subunits [Cp2Zr-

CH3
1] (1) and Boc-Gly-Val-OMe (2): The zirconium- both adjacent C5O groups, i.e. the N-acetyl carbonyl group

and the C5O group of the N-terminal Val moiety (seebonded [Zr]-CH3 group is still there and both NH func-
tionalities are intact. From the 13C-NMR comparison be- Scheme 2).
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does not lead to any significant shifting of the C15O 13C-
NMR signal, but can readily be recognized by the resulting
pronounced 13C-NMR coordination shifts of the Boc-
CMe3 and the C45O resonances.

Scheme 2. Formation and structural parameters of 5

Figure 1. A view of the molecular structure of the product 3-ATreatment of Boc-Ala-Val-OMe (3) with 1a at low tem-
(cation only, with unsystematical atom numbering scheme) as de-perature (215°C) in CD2Cl2 gave the adduct 3-I (see termined by X-ray diffraction

Scheme 1 and Tables 1 and 2). The NMR analysis also indi-
cates the selective coordination of the Cp2ZrCH3

1 cation We next treated “Jordan9s cation” (1a) with the tripeptide
derivative Boc-Gly-Val-Val-OMe (6). [9] There is a clean andto the amido carbonyl group of the N-terminal amino acid

building block (i.e. formation of C45O2[Zr] of the Ala selective adduct formation observed at 215°C in [D2]di-
chloromethane. The product contains the intactmoiety). Warming to room temperature again leads to a

rapid reaction that results in (Ala)N2-H deprotonation with Cp2Zr2CH3
1 unit coordinated to the tripeptide frame-

work. This is evident from the observation of the NMRliberation of methane and the selective formation of the cat-
ionic chelate complex 3-A. Diffusion of pentane vapor into signals of a pair of diastereotopic Cp ligands at the zir-

conium center and the presence of a [Zr]2CH3 group. Froma solution in bromobenzene gave single crystals of 3-A for
an X-ray crystal structure analysis. This structure suffers the characteristic coordination shift of the carbonyl carbon

atom C4 in the 13C-NMR spectrum (∆δ 5 17.8 ppm) at-from the presence of a small nonidentified molecule (pro-
bably water). Therefore, we will not discuss the structure in tachment of the methylzirconocene cation to the C45O am-

ido carbonyl group of the N-terminal Gly moiety of 6 isdetail. But the X-ray analysis is of a sufficient quality to
characterize the overall structural arrangement of 3-A as indicated. Since there are no other significant NMR

changes we must assume that the 1a 1 6 reaction has re-being of the same type as 5. Thus, complex 3-A is again
of a bis-chelate type and exhibits a metallabicyclic central sulted in a simple adduct formation to give the cationic

complex 6-I (see Scheme 3, with BPh4
2 anion).framework around the zirconium center. In this, the amido

carbonyl group of the N-terminal Ala unit strongly coordi- Warming of the intermediate 6-I above 0°C again leads
to methane evolution. In this case also a single thermo-nates to the zirconium ion 2 this was already deduced from

the strong deshielding effect [3b] in the 13C-NMR spectrum dynamically favored product (6-A) is obtained, that was
also prepared and isolated on a preparative scale. The 1H-(C4 coordination shift 3 R 3-A ∆δ 5 110 ppm, see Table

2). In addition, the N-Boc carbonyl group also coordinates NMR spectrum (see Table 3) shows that the NH proton of
the Gly section of the tripeptide has been abstracted by thestrongly to the zirconium ion (see Figure 1). This feature

did not show up in the 13C-NMR analysis, which is pro- [Zr]2CH3 group to give methane. The adjacent amido car-
bonyl group (C45O) is involved in the chelate complex for-bably due to a compensation effect (the C15O bond be-

comes weaker upon coordination, but at the same time the mation. This is evident by the shifting of the 13C-NMR sig-
nals of carbon atoms C4 (∆δ 5 17.7 ppm) and C3 (∆δ 5C1…

2N2 bond becomes stronger). But a close inspection of
the 13C-NMR data (see Table 2) shows that the chelate co- 16.2 ppm) for the 6 R 6-A transformation. Again, we must

assume that the C15O amido carbonyl group adjacent toordination (i.e. the transformation of 3-I R 3-A) results in
a pronounced and characteristic shift of the Boc-CMe3

13C- the directly bonded nitrogen atom N2 is involved and used
for constructing the typical second chelate “arm” of theNMR resonance to larger δ values (∆δ 5 1 4.7 ppm for 3-

A, 15.4 for 2-A). We thus conclude, that the thermo- overall metallabicyclic framework. This is evident from the
characteristic shifting of the CMe3

13C NMR signal of thedynamically favored final products 2-A and 3-A are both
characterized by a doubly chelating coordination of the Boc group (∆δ 5 15.9 ppm), whereas the corresponding

C1 resonance remains completely unaffected from the 6 RBoc2amido unit and the internal amido moiety of the N-
terminal amino acid building block of the dipeptide deriva- 6-A transformation, probably due to the typical compen-

sation effect discussed above and in the literature. [3b] Thus,tives as depicted in Scheme 1. This follows from the com-
bined NMR/X-ray analysis. This typical coordination mode treatment of the tripeptide derivative 6 with Cp2ZrCH3

1
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Table 4. Selected 13C-NMR data of the 1a 1 6/7 reaction products
(atom numbering as given in Scheme 3)[a]

Com- CMe3 C-1[b] C-3 C-4[b] C-6 C-7[b] C-9 C-10[b] OCH3 ZrCH3

pound

6 79.6 156.2 43.9 170.1 57.3 172.6 58.5 172.2 52.4 2
6-I 81.5 156.1 44.8 177.9 58.1 171.3 60.0 171.7 52.2 32.4
6-A 85.5 156.2 50.1 177.8 60.1 169.7 58.1 171.5 52.7 2

7 79.6 155.5 49.9 173.1 48.8 172.4 57.2 172.6 52.3 2
7-I 81.8 156.8 51.9 [c] 50.7 [c] 59.7 169.6 53.3 33.6
7-B 80.6 155.4 47.8 181.0 57.0 179.0 59.7 170.4 53.3 2
7-A 85.5 156.0 56.8 180.8 50.7 170.0 57.8 171.8 52.7 2

[a] In CD2Cl2 at 258 K, chemical shifts in ppm, δ scale. 2 [b] Carbo-
nyl carbon signals. 2 [c] Not located.

were not able to locate two of the 13C-NMR carbonyl res-
onances, but from the overall spectral characteristics it is
quite obvious that again the typical Zr coordination to the
amide oxygen atom of the N-terminal amino acid residue
(here: Ala) has taken place (see Tables 3 and 4).

Raising the temperature again results in consumption of
the reactive intermediate 7-I with formation of CH4. How-
ever, in this case a mixture of two bis-chelate complexes is
obtained. These were formed in a ratio of 7-B/7-A ø 3:4
under the specific conditions used for their synthesis on a
preparative scale (see the Experimental Section for details).
Complex 7-A exhibits the typical spectroscopic features (see
Tables 3 and 4) that identifies it as an example of the N-
terminal chelate peptide/zirconocene cation complex type.
Analogously, as in the “A-type” cation examples discussed
above, the double framework is formed by attaching the
C15O/N2/C45O subunits to the central Cp2Zr moiety.

Scheme 3. Reactions of 1a with tripeptide derivatives Complex 7-B is of a similar type, only that the C45O/
N5/C75O groups are here involved in the coordination to

Table 3. Selected 1H-NMR data of the reaction products of 1a with the zirconium center. The 1H-NMR spectra show that in
the peptide derivatives 6 and 7 (atom numbering as in Scheme 3)[a]

this case it is the 5-H amido hydrogen atom that is lost
upon thermally induced methane formation. In addition,Compound CMe3 2-H[b] 3-H 5-H[b] 6-H 8-H[b] 9-H OCH3 ZrCH3
pronounced 13C-NMR shift differences have resulted in the
7 R 7-B transformation at the carbonyl carbon atoms C46 1.38 6.14 3.86 7.84 4.45 7.72 4.54 3.68 2

6-I 1.43 7.78 3.71 6.66 4.16 6.41 4.46 3.76 0.50 (∆δ 5 17.7 ppm) and C7 (∆δ 5 16.6 ppm) as well as the
6-A 1.57 2 4.21 6.78 4.45 9.13 4.49 3.78 2 adjacent Ala-CHMe carbon atom C6 (∆δ 5 18.2 ppm).

The N-terminal chelate cation complex 7-A seems to be7 1.38 5.80 4.26 7.53 4.68 7.59 4.46 3.69 2
7-I 1.44 5.54 3.78 8.67 3.82 9.17 3.93 3.79 0.54 the thermodynamically favored product. During ca. two
7-B 1.55 5.26 3.88 2 4.99 8.31 4.48 3.82 2

weeks at 0°C in CD2Cl2 the by-product 7-B has almost7-A 1.54 2 4.41 8.13 4.33 6.32 4.49 3.74 2
completely disappeared and has been transformed into the
more stable peptide2group-4 metallocene cation system 7-[a] In CD2Cl2 at 258 K, chemical shifts in ppm, δ scale. 2 [b] N-

H resonances. A.
A similar situation was found when the peptide deriva-

tives Boc-Ala-Val-Val-OMe (8) or Boc-Val-Val-Gly-OMefrom 1a leads to a selective kinetically controlled adduct
formation at the N-terminal Gly amido group followed by (9) were treated with 1a. In each case a single Cp2ZrCH3

1

adduct was formed at low temperature (215°C). Coordi-thermally induced methane elimination to give a single cat-
ionic metallocene/peptide chelate complex (6-A) where the nation at the C45O carbonyl oxygen atom of the N-ter-

minal amino acid moiety was evident from the NMR analy-zirconium center is bonded to the C15O, N2, and C45O
groups (see Scheme 3). sis (see Tables 5 and 6). The thus formed primary product

8-I eliminated methane at temperatures > 0°C to form aThe reaction between Boc-Ala-Ala-Val-OMe (7) with 1a
is slightly more complicated. At low temperature, the ad- mixture of the new cationic chelate complex 8-C (see

Scheme 3) in addition to 8-A (obtained in a 2:3 ratio on aduct [Boc-Ala-Ala-Val-OMe · ZrCp2CH3
1] (7-I) is formed

selectively. Unfortunately, this is the only case where we preparative scale). In the case of 8-C the C75O/N8 amido

Eur. J. Inorg. Chem. 1999, 1111211201114
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Table 5. Selected 1H-NMR data of the 1a 1 8/9 reaction products mation of the adduct complexes (2, 3, 629)-I under kinetic
(atom numbering as given in Scheme 3)[a]

control is probably governed by steric effects. Very stable
chelate complexes (2, 3, 629)-A are obtained from these

Compound CMe3 2-H[b] 3-H 5-H[b] 6-H 8-H[b] 9-H OCH3 ZrCH3 intermediates by thermally induced methane elimination.
Overall, an analogous regiochemical preference for the N-8 1.38 6.04 4.40 7.79 4.52 7.60 4.47 3.68 2
terminal amino acid coordination (here with involvement8-I 1.44 5.29 4.08 8.36 4.50 7.62 4.43 3.71 0.59

8-C 1.54 5.25 4.00 8.10 4.51 2 5.12 3.75 2 of the C15O group of the Boc-protective group) is observed
8-A 1.40 2 4.51 8.64 4.50 6.42 4.37 3.82 2 for this product formation under thermodynamic control.
9 1.38 5.62 3.98 7.23 4.36 7.62 3.98 3.67 2 Other regioisomers (7-B, 8-C, 9-C) that have been observed
9-I 1.44 5.27 3.97 6.78 3.78 [c] 3.82 3.79 0.55 on the way to these final chelate products may again be
9-C 1.55 5.82 4.17 7.89 3.77 2 3.84 3.71 2

less favored because of steric interference. For this series of9-A 1.48 2 4.37 7.46 3.67 7.59 3.20 3.74 2
peptide derivative/Cp2ZrCH3

1 reactions we have shown
that a group-4 metal complex fragment can rather readily[a] In CD2Cl2 at 258 K, chemical shifts in ppm, δ scale. 2 [b] N-H

signals. 2 [c] Not observed. and even selectively be attached to peptide frameworks. The
resulting complexes are rather stable and they can be pre-
pared on a preparative scale. This might open new ways toTable 6. Selected 13C-NMR data of the 1a 1 8/9 reaction products

(atom numbering as given in Scheme 3)[a] use peptide derivatives as stereochemically active and well-
defined ligand systems in less protected early transition

Com- CMe3 C-1[b] C-3 C-4[b] C-6 C-7[b] C-9 C-10[b] OCH3 ZrCH3 metal complexes that may have an interesting potential es-
pound

pecially in asymmetric catalysis. Such developments are ac-
tively being pursued in our laboratory.8 79.5 156.6 49.9 173.3 57.1 171.9 58.7 172.5 52.3 2

8-I 82.1 156.7 53.1 176.3 59.7 167.4 60.1 169.7 52.1 33.8
8-C 80.9 155.9 46.9 171.5 59.9 180.8 66.8 179.8 57.9
8-A 85.5 156.7 58.5 181.5 60.0 169.1 57.1 170.1 52.7 2

Experimental Section
9 79.9 156.2 60.4 172.1 58.2 171.8 41.0 170.2 52.3 2

General Remarks: Reactions involving organometallic compounds9-I 82.7 155.4 61.9 178.2 58.8 167.3 42.3 166.6 50.6 33.4
were carried out under argon in a glove box or using Schlenk type9-C 80.9 155.6 66.5 169.5 57.5 179.3 41.3 180.6 52.6 2

9-A 85.9 157.2 66.8 180.8 59.9 168.5 42.5 167.7 52.8 2 glassware. Solvents (including deuterated solvents) were dried and
distilled under argon prior to use. 2 NMR experiments were per-

[a] In CD2Cl2 at 258 K, chemical shifts in ppm, δ scale. 2 [b] Carbo- formed on a Varian Unity Plus 600 spectrometer at 258 K (1H:
nyl signals. 600 MHz, 13C: 150 MHz). Assignments in 1H- and 13C-NMR spec-

tra were confirmed by GCOSY, 1D-TOCSY, GHSQC, and
GHMBC experiments. [10] Atom numbering as given in Schemes 1group of the C-terminal Val moiety and C105O of the ter-
and 3. 2 IR spectra were acquired with a Nicolet 5 DXC Fourierminal ester group have formed the chelate coordination to
transform IR spectrometer. 2 Melting points were obtained bythe zirconium center [13C-NMR shift differences of the 8
differential scanning calorimetry (DSC 2010, TA Instruments), el-

R 8-C transformation: ∆δ 5 18.9 ppm (C7), 17.3 (C10), emental analyses were determined with a Foss-Heraeus CHN-Ra-
18.1 (C9)]. pid elemental analyzer. 2 The organometallic reagent

Similarly, the selectively formed addition product 9-I [Cp2ZrCH3(THF)1BPh4
2] (1a), [4a] the oligopeptides and Boc-pro-

(C45O coordinated to zirconium, see Scheme 3 and Tables tected di- and tripeptide esters were prepared according to litera-
5 and 6) is transformed to a ca. 1:1 mixture of 9-C and 9- ture procedures. [9] [11]

A upon heating (with loss of CH4). Again the product 9-C General Procedures. 2 Preparation of Protected Dipeptide Esters
exhibits C75O/N8/C105O chelate coordination to zir- (A): A typical run was as follows: To a stirred and ice-cooled solu-
conium [∆δ 5 17.5 ppm (C7), 110.4 (C10)] whereas com- tion of the Boc-protected amino acid (20 mmol) in chloroform
plex 9-A is again characterized by the presence of the N- (30 mL) dicyclohexylcarbodiimide (4.13 g, 20 mmol) was added.

After 30 min, the mixture was combined with a mixture of theterminal C15O/N2/C45O chelate. Both the complexes 8-C
amino acid methyl ester hydrochloride (20 mmol) and triethylamineand 9-C do not represent the most stable structures on their
(2.02 g, 2.72 mL, 20 mmol) in chloroform (30 mL). The combinedrespective hypersurfaces. They both convert completely to
phases were stirred in an ice bath for 3 h and then kept overnight;their thermodynamically favored isomers 8-A and 9-A,
then a few drops of acetic acid were added. The mixture was stirredrespectively, upon standing for prolonged time at tempera-
for 15 min and filtered. The filtrate was washed successively with

tures > 0°C. water, a 10 % citric acid solution, a 5 % sodium hydrogen carbonate
We conclude that complexes between the electrophilic solution, and water. The solution was dried with magnesium sul-

methylzirconocene cation and N- and C-protected di- and fate; solvent was then removed in vacuo. Separation from remain-
tripeptides can readily be generated. In the series investi- ing dicyclohexyl urea was achieved by solving the dipeptide ester
gated these are formed with a very high selectivity 2 in all product in ethyl acetate and filtering off the insoluble urea. The

ethyl acetate was removed in vacuo to yield the analytically purethe cases characterized here the [Cp2ZrCH3
1] attachment

dipeptide derivative as a white solid.takes place exclusively at the amido carbonyl oxygen func-
tion of the N-terminal amino acid moiety, i.e. adjacent to Preparation of Protected Tripeptide Esters (B): A typical run was
the Boc-protective group. We assume that this position is as follows: To an ice-cooled solution of the C-deprotected Boc-

dipeptide (10 mmol) in chloroform (20 mL) hydroxybenztriazolsterically the least shielded, and that the regioselective for-
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(1.54 g, 10 mmol) and dicyclohexylcarbodiimide (2.06 g, 10 mmol) 96 %) as a white solid; m.p. 51 °C (decomp). 2 [α]D 5 225 (c 5

0.10, CH2Cl2). 2 C47H53BN2O5Zr (828.0): calcd. C 68.18, H 6.45,were added. After 30 min, the mixture was combined with a mix-
ture of the amino acid methyl ester hydrochloride (10 mmol) and N 3.38; found C 68.24, H 6.74, N 3.30. 2 IR (KBr): ν̃ 5 3377 (s,

NH), 3045 (m), 2965 (s), 1743 (s), 1684 (s), 1591 (s), 1431 (s), 1155triethylamine (1.01 g, 1.39 mL, 10 mmol) in chloroform (30 mL).
The combined phases were stirred in an ice bath for 3 h and then (m), 797 (vs), 703 (s) cm21. 2 1H NMR (CD2Cl2, 599.8 MHz): δ 5

7.36 (br., 1 H, 5-H), 6.19 and 6.16 (2 s, 2 3 5 H, Cp- and Cp9-H),kept overnight. A few drops of acetic acid were added. The mixture
was then stirred for 15 min and filtered. The filtrate was washed 4.33 (dd, 3J 5 8.3 Hz, 3J 5 5.2 Hz, 1 H, 6-H), 3.77 (s, 3 H, 7-

OCH3), 3.54 (m, 2 H, 3- and 39-H), 2.17 [m, 1 H, 6-CH(CH3)2],successively with water, a 10% citric acid solution, a 5% sodium
hydrogen carbonate solution, and water. The solution was dried 1.52 [s, 9 H, 1-OC(CH3)3], 0.96 and 0.94 [2 d, 2 3J 5 6.9 Hz, 2 3

3 H, 6-CH(CH3)2]; [BPh4]2: δ 5 7.37 (m, 8 H, o-H), 7.07 (m, 8 H,with magnesium sulfate and solvent was then removed in vacuo.
Separation from remaining dicyclohexyl urea was done by dissolv- m-H), 6.92 (m, 4 H, p-H). 2 13C NMR (CD2Cl2, 150.8 MHz): δ 5

179.1 (C-4), 170.0 (C-7), 156.6 (C-1), 115.1 and 115.0 (Cp C anding the dipeptide in ethyl acetate and filtering off the insoluble urea.
Further purification was by chromatography on a silica-gel column Cp9 C), 85.5 [1-OC(CH3)3], 60.3 (C-6), 53.1 (7-OCH3), 50.0 (C-3),

31.0 [6-CH(CH3)2], 28.7 [1-OC(CH3)3], 19.1 and 18.3 [CH(CH3)2];using an ethyl acetate/petroleum ether/ether solvent mixture as elu-
ent. [BPh4]2: δ 5 164.6 (q, 1JCB 5 49 Hz, i-C), 135.7 (o-C), 126.0 (m-

C), 122.2 (p-C).Preparation of the Metal Peptide Complexes (C): A solution of the
protected dipeptide or tripeptide ester (2.0 mmol) in dichlorometh- Preparation of Boc-Ala-Val-OMe (3): N-tert-Butoxycarbonylalan-
ane (5 mL) was combined with a solution of Jordan9s cation ine (3.78 g, 20 mmol) and valine methyl ester hydrochloride (3.35 g,
(2.0 mmol) in dichloromethane (10 mL) at 0 °C. The mixture was 20 mmol) were treated according to procedure A to yield the dipep-
stirred for 3 h and then warmed to room temperature. The solvent tide 3 (5.25 g, 89 %) as a white solid; m.p. 66 °C. 2 [α]D 5 228
was removed in vacuo, the residue washed with toluene and pen- (c 5 0.10, CH2Cl2). 2 IR (KBr): ν̃ 5 3318 (s, NH), 2971 (m),
tane to yield the analytically pure metal peptide complex as a 2935 (m), 2878 (w), 1744 (m), 1727 (m), 1662 (vs), 1522 (s), 1366
white solid. (w), 1169 (m), 860 (m) cm21. 2 1H NMR (CD2Cl2, 599.8 MHz):

δ 5 6.82 (d, 3J 5 8.8 Hz, 1 H, 5-H), 5.17 (d, 3J 5 7.1 Hz, 1 H, 2-Preparation of the Metal Peptide Complexes (NMR Experiment)
H), 4.44 (dd, 3J 5 8.8 Hz, 3J 5 4.9 Hz, 1 H, 6-H), 4.13 (m, 1 H,(D): A solution of the protected dipeptide or tripeptide ester (63.8
3-H), 3.68 (s, 3 H, 7-OCH3), 2.13 [m, 1 H, 6-CH(CH3)2], 1.40 [s, 9µmol) in [D2]dichloromethane (0.4 mL) was combined with a solu-
H, 1-OC(CH3)3], 1.28 (d, 3J 5 7.1 Hz, 3 H, 3-CH3), 0.87 and 0.84tion of Jordan9s cation (63.8 µmol) in [D2]dichloromethane
[2 d, 2 3J 5 6.8 Hz, 2 3 3 H, 6-CH(CH3)2]. 2 13C NMR (CD2Cl2,(0.4 mL) at 215°C.
150.8 MHz): δ 5 172.5 and 172.3 (C-4 and C-7), 155.3 (C-1), 79.9

Preparation of Boc-Gly-Val-OMe (2): N-tert-Butoxycarbonylgly-
[1-OC(CH3)3], 56.8 (C-6), 52.3 (C-3), 50.0 (7-OCH3), 31.2 [6-

cine (3.50 g, 20.0 mmol) and valine methyl ester hydrochloride
CH(CH3)2], 28.0 [1-OC(CH3)3], 18.8 (3-CH3), 17.5 and 17.3 [6-

(3.35 g, 20 mmol) were treated according to procedure A to yield
CH(CH3)2].

the dipeptide Boc-Gly-Val-OMe (5.25 g, 91%) as an oil. 2 IR
(KBr): ν̃ 5 3326 (s, NH), 2971 (m), 2932 (m), 2878 (w), 1744 (m), Generation of the Intermediate Adduct 3-I: Boc-Ala-Val-OMe (3,
1683 (s), 1664 (vs), 1525 (s), 1366 (w), 1169 (m), 864 (m), 737 19.3 mg, 63.8 µmol) and 1a (40.0 mg, 63.8 µmol) were treated ac-
(w) cm21. 2 1H NMR (CD2Cl2, 599.8 MHz): δ 5 7.16 (br., 1 H, cording to procedure D to give 3-I. 2 1H NMR (CD2Cl2,
5-H), 5.86 (br., 1 H, 2-H), 4.46 (dd, 3J 5 9.0 Hz, 3J 5 5.2 Hz, 1 599.8 MHz): δ 5 7.48 (d, 3J 5 7.8 Hz, 1 H, 5-H), 6.32 and 6.28 (2
H, 6-H), 3.78 (m, 2 H, 3- and 39-H), 3.69 (s, 3 H, 7-OCH3), 2.17 s, 2 3 5 H, Cp- and Cp9-H), 5.08 (br., 1 H, 2-H), 4.85 (m, 1 H, 6-
[m, 1 H, 6-CH(CH3)2], 1.40 [s, 9 H, 1-OC(CH3)3], 0.88 and 0.84 [2 H), 3.81 (s, 3 H, 7-OCH3), 3.61 (m, 1 H, 3-H), 2.14 [m, 1 H, 6-
d, 2 3J 5 7.4 Hz, 23 3 H, 6-CH(CH3)2]. 2 13C NMR (CD2Cl2, CH(CH3)2], 1.47 [s, 9 H, 1-OC(CH3)3], 1.05 (d, 3J 5 7.1 Hz, 1 H,
150.8 MHz): δ 5 172.7 (C-7), 170.1 (C-4), 156.2 (C-1), 79.9 [1- 3-CH3), 0.92 [pst, 3J 5 7.0 Hz, 2 3 3 H, 6-CH(CH3)2], 0.59 (s, 1
OC(CH3)3], 57.0 (C-6), 52.5 (7-OCH3), 44.1 (C-3), 31.3 [6- H, Zr-CH3); [BPh4]2: δ 5 7.36 (m, 8 H, o-H), 7.08 (m, 8 H, m-H),
CH(CH3)2], 28.1 [1-OC(CH3)3], 19.0 and 17.6 [6-CH(CH3)2]. 6.93 (m, 4 H, p-H); THF: 3.73 (m, 4 H, α-H), 1.86 (m, 4 H, β-H).

2 13C NMR (CD2Cl2, 150.8 MHz): δ 5 182.9 (C-4), 168.9 (C-7),Reaction of Boc-Gly-Val-OMe (2) with [Cp2ZrCH3(THF)1BPh4
2]

155.4 (C-1), 113.9 and 113.8 (Cp C and Cp9 C), 82.1 [1-OC(CH3)3],(1a). 2 Formation of 2-I: Boc-Gly-Val-OMe (18.4 mg, 63.8 µmol)
59.1 (C-6), 53.5 (7-OCH3), 52.3 (C-3), 33.9 (Zr-CH3), 31.3 [6-and 1a (40.0 mg, 63.8 µmol) were treated according to procedure
CH(CH3)2], 27.8 [1-OC(CH3)3], 18.7 and 17.7 [6-CH(CH3)2], 16.5D to generate 2-I. 2 1H NMR (CD2Cl2, 599.8 MHz): δ 5 7.69
(3-CH3); [BPh4]2: δ 5 163.9 (q, 1JCB 5 49 Hz, i-C), 135.9 (o-C),(br., 1 H, 2-H), 7.45 (br., 1 H, 5-H), 6.24 and 6.20 (2 s, 2 3 5 H,
125.9 (m-C), 122.0 (p-C); THF: δ 5 67.9 (α-C), 25.6 (β-C).Cp- and Cp9-H), 4.35 (br., 1 H, 6-H), 3.80 (s, 3 H, 7-OCH3), 3.63

(m, 2 H, 3- and 39-H), 2.10 [m, 1 H, 6-CH(CH3)3], 1.43 [s, 9 H, 1- Preparation of the Chelate Product 3-A: Boc-Ala-Val-OMe (3,
OC(CH3)3], 0.87 and 0.84 [2 d, 2 3J 5 6.7 Hz, 2 3 3 H, 6- 0.61 g, 2.0 mmol) and 1a (1.25 g, 2 mmol) were treated according
CH(CH3)2], 0.48 (s, 1 H, Zr-CH3), [BPh4]2: 7.45 (m, 8 H, o-H), to procedure C to yield the metal peptide complex 3-A (1.57 g,
7.10 (m, 8 H, m-H), 6.93 (m, 4 H, p-H); THF: δ 5 3.72 (m, 4 H, 1.9 mmol, 95 %) as a white solid; m.p. 44 °C (decomp). 2 [α]D 5
α-H), 1.81 (m, 4 H, β-H). 2 13C NMR (CD2Cl2, 150.8 MHz): δ 5 214 (c 5 0.10, CH2Cl2). 2 C47H53BN2O5Zr (828.0): calcd.
179.1 (C-4), 168.4 (C-7), 155.3 (C-1), 113.2 and 113.1 (Cp C and C 68.47, H 6.58, N 3.33; found C 67.32, H 6.58, N 3.29. 2 IR

Cp9 C), 81.1 [1-OC(CH3)3], 58.4 (C-6), 53.0 (7-OCH3), 44.1 (C-3), (KBr): ν̃ 5 3340 (w, NH), 3055 (m), 2981 (s), 1744 (s), 1597 (s),
33.0 (Zr-CH3), 31.0 [6-CH(CH3)2], 27.4 [1-OC(CH3)3], 18.1 and 1551 (s), 1438 (s), 1370 (m), 1150 (s), 812 (s), 733 (s), 704 (vs) cm21.
16.8 [6-CH(CH3)2]; [BPh4]2: δ 5 163.8 (q, 1JCB 5 49 Hz, i-C), 2 1H NMR (CD2Cl2, 599.8 MHz): δ 5 7.88 (d, 3J 5 8.1 Hz, 1 H,
135.3 (o-C), 125.7 (m-C), 121.7 (p-C); THF: δ 5 67.9 (α-C), 25.2 5-H), 6.21 and 6.20 (2 s, 2 3 5 H, Cp- and Cp9-H), 4.45 (dd, 3J 5
(β-C). 8.3 Hz, 3J 5 5.0 Hz, 1 H, 6-H), 4.42 (q, 3J 5 6.8 Hz, 1 H, 3-H),

3.82 (s, 3 H, 7-OCH3), 2.25 [m, 1 H, 6-CH(CH3)2], 1.55 [s, 9 H, 1-Reaction of 2 with 1a. 2 Formation of 2-A: Boc-Gly-Val-OMe (2,
0.58 g, 2.0 mmol) and 1a (1.25 g, 2 mmol) were treated according OC(CH3)3], 1.47 (d, 3J 5 6.8 Hz, 3 H, 3-CH3), 1.01 and 0.96 [2 d,

2 3J 5 6.9 Hz, 2 3 3 H, 6-CH(CH3)2]; [BPh4]2: δ 5 7.35 (m, 8 H, o-to procedure C to yield the metal peptide complex 2-A (1.59 g,
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H), 7.08 (m, 8 H, m-H), 6.93 (m, 4 H, p-H). 2 13C NMR (CD2Cl2, 113.7 (Cp C and Cp9 C), 81.5 [1-OC(CH3)3], 60.0 (C-9), 58.1 (C-

6), 52.2 (10-OCH3), 44.8 (C-3), 32.4 (Zr-CH3), 31.8 [6-CH(CH3)2],150.8 MHz): δ 5 181.7 (C-4), 170.4 (C-7), 155.9 (C-1), 114.7 and
114.6 (Cp C and Cp9 C) 85.6 [1-OC(CH3)3], 59.6 (C-6), 56.7 (C-3), 30.2 [9-CH(CH3)2], 27.8 [1-OC(CH3)3], 18.9 and 18.6 [6-

CH(CH3)2], 17.8 and 17.2 [9-CH(CH3)2]; [BPh4]2: δ 5 163.9 (q,53.2 (7-OCH3), 30.9 [6-CH(CH3)2], 28.4 [1-OC(CH3)3], 19.0 and
18.4 [6-CH(CH3)2], 17.7 (3-CH3); [BPh4]2: δ 5 163.9 (q, 1JCB 5 1JCB 5 49 Hz, i-C), 135.7 (o-C), 126.0 (m-C), 122.1 (p-C); THF:

δ 5 68.0 (α-C), 25.7 (β-C).49 Hz, i-C), 135.9 (o-C), 125.8 (m-C), 122.0 (p-C).

X-ray Crystal Structure Analysis of 3-A: Formula Preparation of the Chelate Product 6-A: Boc-Gly-Val-Val-OMe (6,
0.78 g, 2.0 mmol) and 1a (1.25 g, 2 mmol) were treated accordingC48H55BN2O5Zr · 1/2 H2O, M 5 849.97, colorless crystal, 0.60 3

0.30 3 0.20 mm, a 5 14.468(2), b 5 19.939(2), c 5 33.232(2) Å, to procedure C to yield the metal peptide complex 6-A (1.59 g,
97 %) as a white solid; m.p. 67 °C (decomp). 2 [α]D 5 259 (c 5V 5 9586.7(17) Å3, ρcalcd. 5 1.178 g cm23, F(000) 5 3568 e, µ 5

2.74 cm21, empirical absorption correction via φ scan data (0.853 0.10, CH2Cl2). 2 C52H62BN3O6Zr (927.1): calcd. C 67.37, H 6.74,
N 4.53; found C 67.13, H 6.69, N 4.42. 2 IR (KBr): ν̃ 5 3292 (s,# T # 0.947), Z 5 8, orthorhombic, space group P212121 (No.

19), λ 5 0.71073 Å, T 5 223 K, ω scans, 8838 reflections collected NH), 3269 (m), 2966 (m), 2966 (s), 2877 (w), 1743 (m), 1652 (vs),
1591 (s), 1543 (s), 1240 (s), 1159 (m), 869 (m), 789 (m) cm21. 2 1H(1h, 1k, 1l), [(sinθ)/λ] 5 0.59 Å21, 8837 independent and 3416

observed reflections [I $ 2 σ(I)], 895 refined parameters, R 5 0.079, NMR (CD2Cl2, 599.8 MHz): δ 5 9.13 (br., 1 H, 8-H), 6.78 (br., 1
H, 5-H), 6.25 and 6.19 (2 s, 2 3 5 H, Cp- and Cp9-H), 4.49 (dd,wR2 5 0.204, max. residual electron density 0.71 (20.61) e Å23,

Flack parameter 0.05(11), Cp rings and phenyl groups refined as 3J 5 8.2 Hz, 3J 5 4.9 Hz, 1 H, 9-H), 4.45 (dd, 3J 5 8.8 Hz, 3J 5

6.0 Hz, 1 H, 6-H), 4.21 (AB, 2J 5 18.7 Hz, 2 H, 3- and 39-H), 3.78rigid groups, hydrogen atoms at N6 and N26 from difference Four-
ier, others calculated and all refined as riding atoms. Data set was (s, 3 H, 10-OCH3), 2.26 [m, 1 H, 9-CH(CH3)2], 2.13 [m, 1 H, 6-

CH(CH3)2], 1.57 [s, 9 H, 1-OC(CH3)3], 1.07 and 0.99 [2 d, 2 3J 5collected with an Enraf Nonius MACH3 diffractometer. Programs
used: data reduction MolEN, structure solution SHELXS-86, 7.0 Hz, 6 H, 6-CH(CH3)2], 1.02 and 1.00 [2 d, 2 3J 5 7.0 Hz, 2 3

3 H, 9-CH(CH3)2]; [BPh4]2: δ 5 7.41 (m, 8 H, o-H), 7.10 (m, 8 H,structure refinement SHELXL-97, graphics SCHAKAL-92. Crys-
tallographic data (excluding structure factors) for the structures re- m-H), 6.96 (m, 4 H, p-H). 2 13C NMR (CD2Cl2, 150.8 MHz): δ 5

177.8 (C-4), 171.5 (C-10), 169.7 (C-7), 156.2 (C-1), 114.8 and 114.7ported in this paper have been deposited with the Cambridge Crys-
tallographic Data Centre as supplementary publication no. CCDC- (Cp C and Cp9 C), 85.5 [1-OC(CH3)3], 60.1 (C-6), 58.1 (C-9), 52.7

(10-OCH3), 50.1 (C-3), 32.3 [6-CH(CH3)2], 30.8 [9-CH(CH3)2], 28.4114803. Copies of the data can be obtained free of charge on appli-
cation to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: [1-OC(CH3)3], 19.1 and 19.0 [6-CH(CH3)2], 18.0 and 17.9 [9-

CH(CH3)2]; [BPh4]2: δ 5 164.0 (q, 1JCB 5 49 Hz, i-C), 135.8 (o-int. code 1 44-1223/336-033, E-mail: deposit@ccdc.cam.ac.uk].
C), 125.8 (m-C), 121.9 (p-C).

Preparation of Boc-Gly-Val-Val-OMe 6: (N-tert-Butoxycarbonyl-
glycyl)valine (2.74 g, 10.0 mmol) and valine methyl ester hydrochlo- Preparation of Boc-Ala-Ala-Val-OMe (7): (N-tert-Butoxycarbonyl-

alanyl)alanine (2.60 g, 10.0 mmol) and valine methyl ester hydro-ride (1.68 g, 10 mmol) were treated according to procedure B to
yield the tripeptide Boc-Gly-Val-Val-OMe (6, 2.91 g, 75 %) as a chloride (1.68 g, 10 mmol) were treated according to procedure B

to yield the tripeptide Boc-Ala-Ala-Val-OMe 7 (2.58 g, 69 %) as awhite solid; m.p. 215 °C. 2 [α]D 5 214 (c 5 0.10, CH2Cl2). 2

C18H33N3O6 (387.5): calcd. C 55.80, H 8.58, N 10.84; found white solid material; m.p. 146°C. 2 [α]D 5 261 (c 5 0.10, CH2Cl2).
2 C17H31N3O6 (373.4): calcd. 54.68, H 8.37, N 11.25; foundC 55.36, H 8.60, N 10.52. 2 IR (KBr): ν̃ 5 3311 (s, NH), 2967

(m), 2936 (m), 2877 (w), 1747 (m), 1723 (m), 1648 (vs), 1545 (s), C 54.68, H 8.41, N 10.90. 2 IR (KBr): ν̃ 5 3382 (s, NH), 3308 (s,
NH), 2978 (s), 2934 (m), 2878 (w), 1738 (m), 1706 (m), 1638 (vs),1367 (w), 1162 (m), 864 (m), 786 (m) cm21. 2 1H NMR (CD2Cl2,

599.8 MHz): δ 5 7.84 (d, 1 H, 3J 5 8.5 Hz, 5-H), 7.72 (d, 1 H, 1535 (s), 1347 (w), 1166 (m), 865 (m), 789 (w) cm21. 2 1H NMR
(CD2Cl2, 599.8 MHz): δ 5 7.59 (d, 3J 5 8.6 Hz, 1 H, 8-H), 7.533J 5 8.6 Hz, 8-H), 6.14 (br. s, 1 H, 2-H), 4.54 (dd, 3J 5 8.6 Hz,

3J 5 5.4 Hz, 1 H, 9-H), 4.45 (dd, 3J 5 8.5 Hz, 3J 5 5.7 Hz, 1 H, (d, 3J 5 7.2 Hz, 1 H, 5-H), 5.80 (d, 3J 5 7.2 Hz, 1 H, 2-H), 4.68
(m, 1 H, 6-H), 4.46 (dd, 3J 5 8.6 Hz, 3J 5 5.2 Hz, 1 H, 9-H), 4.266-H), 3.86 (m, 2 H, 3- and 39-H), 3.68 (s, 3 H, 10-OCH3), 2.11 [m,

1 H, 6-CH(CH3)2], 1.98 [m, 1 H, 9-CH(CH3)2], 1.38 [s, 9 H, 1- (m, 1 H, 3-H), 3.69 (s, 3 H, 10-OCH3), 2.11 [m, 1 H, 9-CH(CH3)2],
1.38 [s, 9 H, 1-OC(CH3)3], 1.31 (d, 3J 5 7.0 Hz, 3 H, 6-CH3), 1.27OC(CH3)3], 0.90 and 0.88 [2 d, 2 3J 5 6.8 Hz, 2 3 3 H, 9-

CH(CH3)2], 0.86 and 0.83 [2 d, 2 3J 5 6.8 Hz, 6 H, 6-CH(CH3)2]. (d, 3J 5 7.0 Hz, 3 H, 3-CH3), 0.87 and 0.84 [2 d, 2 3J 5 6.8 Hz, 2
3 3 H, 9-CH(CH3)2]. 2 13C NMR (CD2Cl2, 150.8 MHz): δ 52 13C NMR (CD2Cl2, 150.8 MHz): δ 5 172.6 (C-7), 172.2 (C-10),

170.0 (C-4), 156.2 (C-1), 79.6 [1-OC(CH3)3], 58.5 (C-9), 57.3 (C-6), 173.1 (C-4), 172.6 (C-10), 172.4 (C-7), 155.5 (C-1), 79.6 [1-
OC(CH3)3], 57.2 (C-9), 52.3 (10-OCH3), 49.9 (C-3), 48.8 (C-6), 31.252.4 (10-OCH3), 43.9 (C-3), 31.6 [6-CH(CH3)2], 31.0 [9-CH(CH3)2],

28.3 [1-OC(CH3)3], 19.1 and 19.0 [9-CH(CH3)2], 18.6 and 17.8 [6- [9-CH(CH3)2], 28.1 [1-OC(CH3)3], 18.9 (6-CH3), 18.8 (3-CH3), 18.4
and 17.7 [9-CH(CH3)2].CH(CH3)2].

Generation of the Intermediate Adduct 6-I: Boc-Gly-Val-Val-OMe Generation of the Intermediate Adduct 7-I: Boc-Ala-Ala-Val-OMe
(7, 23.8 mg, 63.8 µmol) and 1a (40.0 mg, 63.8 µmol) were treated(6, 24.7 mg, 63.8 µmol) and 1a (40.0 mg, 63.8 µmol) were treated

according to procedure D to give 6-I. 2 1H NMR (CD2Cl2, according to procedure D to give 7-I. 2 1H NMR (CD2Cl2,
599.8 MHz): δ 5 9.17 (br., 1 H, 8-H), 8.67 (br., 1 H, 5-H), 6.33599.8 MHz): δ 5 7.78 (br., 1 H, 2-H), 6.66 (br., 1 H, 5-H), 6.41

(br., 1 H, 8-H), 6.26 and 6.20 (2 s, 2 3 5 H, Cp- and Cp9-H), 4.46 and 6.30 (2 s, 2 3 5 H, Cp- and Cp9-H), 5.54 (br., 1 H, 2-H), 3.92
(br., 1 H, 9-H), 3.82 (br., 1 H, 6-H), 3.79 (s, 3 H, 10-OCH3), 3.78(br., 1 H, 9-H), 4.16 (br., 1 H, 6-H), 3.71 (m, 2 H, 3- and 39-H),

3.76 (s, 3 H, 10-OCH3), 2.25 [m, 1 H, 9-CH(CH3)2], 1.98 [m, 1 H, (br., 1 H, 3-H), 2.24 [m, 1 H, 9-CH(CH3)2], 1.44 [s, 9 H, 1-
OC(CH3)3], 1.24 (d, 3J 5 6.9 Hz, 3 H, 6-CH3), 1.18 (d, 3J 5 7.2 Hz,6-CH(CH3)2], 1.43 [s, 9 H, 1-OC(CH3)3], 0.99 and 0.95 [2 d, 2 3J 5

7.0 Hz, 6 H, 9-CH(CH3)2], 0.89 and 0.88 [2 d, 2 3J 5 7.0 Hz, 2 3 3 H, 3-CH3), 0.92 and 0.90 [2 d, 2 3J 5 6.7 Hz, 2 3 3 H, 9-
CH(CH3)2], 0.54 (s, 3 H, Zr-CH3); [BPh4]2: 7.32 (m, 8 H, o-H),3 H, 6-CH(CH3)2], 0.50 (s, 3 H, Zr-CH3); [BPh4]2: δ 5 7.43 (m, 8

H, o-H), 7.10 (m, 8 H, m-H), 6.94 (m, 4 H, p-H); THF: 3.72 (m, 4 7.07 (m, 8 H, m-H), 6.92 (m, 4 H, p-H); THF: δ 5 3.71 (m, 4 H,
α-H), 1.84 (m, 4 H, β-H). 2 13C NMR (CD2Cl2, 150.8 MHz): δ 5H, α-H), 1.85 (m, 4 H, β-H). 2 13C NMR (CD2Cl2, 150.8 MHz):

δ 5 177.9 (C-4), 171.7 (C-10), 171.3 (C-7), 156.1 (C-1), 114.8 and 169.6 (C-10), 156.8 (C-1), 113.9 and 113.8 (Cp C and Cp9 C), 81.8

Eur. J. Inorg. Chem. 1999, 111121120 1117



J. Wonnemann, M. Oberhoff, G. Erker, R. Fröhlich, K. BerganderFULL PAPER
[1-OC(CH3)3], 59.7 (C-9), 53.3 (10-OCH3), 51.9 (C-3), 50.7 (C-6), CH(CH3)2], 28.3 [1-OC(CH3)3], 19.1 and 19.0 [6-CH(CH3)2], 18.6

and 17.8 [9-CH(CH3)2], 18.5 (3-CH3).33.6 (Zr-CH3), 30.3 [9-CH(CH3)2], 27.9 [1-OC(CH3)3], 19.0 (6-
CH3), 18.4 (3-CH3), 17.1 and 16.8 [9-CH(CH3)2]; [BPh4]2: δ 5

Generation of the Intermediate Adduct 8-I: Boc-Ala-Val-Val-OMe163.8 (q, 1JCB 5 49 Hz, i-C), 135.8 (o-C), 126.0 (m-C), 122.0 (p-C);
(8, 25.6 mg, 63.8 µmol) and 1a (40.0 mg, 63.8 µmol) were treatedTHF: δ 5 68.0 (α-C), 25.7 (β-C). The resonance signals of C-7 and
according to procedure D to give 8-I. 2 1H NMR (CD2Cl2,C-11 were not observed.
599.8 MHz): δ 5 8.36 (br. s, 1 H, 5-H), 7.62 (d, 3J 5 7.3 Hz, 1 H,
8-H), 6.33 and 6.32 (2 s, 2 3 5 H, Cp- and Cp9-H), 5.29 (br. s, 1Preparation of the Chelate Products 7-A/B: Boc-Ala-Ala-Val-OMe

(7, 0.75 g, 2.0 mmol) and 1a (1.25 g, 2 mmol) were treated accord- H, 2-H), 4.50 (dd, 3J 5 8.6 Hz, 3J 5 4.5 Hz, 1 H, 6-H), 4.43 (m, 1
H, 9-H), 4.08 (br. s, 1 H, 3-H), 3.80 (s, 3 H, 10-OCH3), 2.28 [m, 1ing to procedure C to yield a mixture of the two isomeric metal

peptide complexes 7-A and 7-B (1.75 g, 96 %) in a 4:3 ratio as a H, 9-CH(CH3)2], 2.01 [m, 1 H, 6-CH(CH3)2], 1.44 [s, 9 H, 1-
OC(CH3)3], 1.27 (d, 3J 5 7.2 Hz, 3 H, 3-CH3), 1.01 and 0.97 [2 d,white solid; m.p. 59 °C. (decomp). 2 [α]D 5 243 (c 5 0.10,

CH2Cl2). 2 C51H60BN3O6Zr (913.1): calcd. C 67.09, H 6.62, 2 3J 5 6.8 Hz, 2 3 3 H, 9-CH(CH3)2], 0.97 and 0.92 [2 d, 2 3J 5

6.2 Hz, 2 3 3 H, 6-CH(CH3)2], 0.59 (s, 3 H, Zr-CH3); [BPh4]2: δ 5N 4.60; found C 66.39, H 6.91, N 4.45. 2 IR (KBr): ν̃ 5 3295 (s,
NH), 3054 (s), 2985 (m), 2964 (m), 1744 (m), 1690 (m), 1609 (m), 7.34 (m, 8 H, o-H), 7.07 (m, 8 H, m-H), 6.92 (m, 4 H, p-H); THF:

δ 5 3.74 (m, 4 H, α-H), 1.86 (m, 4 H, β-H). 2 13C NMR (CD2Cl2,1264 (s), 1157 (m), 858 (m), 785 (m) cm21. 2 Isomer 7-A: 1H NMR
(CD2Cl2, 599.8 MHz): δ 5 8.13 (d, 3J 5 5.6 Hz, 1 H, 5-H), 6.32 150.8 MHz): δ 5 176.3 (C-4), 169.7 (C-10) 167.4 (C-7), 156.7 (C-

1), 113.9 and 113.8 (Cp C and Cp9 C), 82.1 [1-OC(CH3)3], 60.1 (C-(br., 1 H, 8-H), 6.21 and 6.19 (2 s, 2 3 5 H, Cp- and Cp9H), 4.49
(dd, 3J 5 7.0 Hz, 3J 5 4.8 Hz, 1 H, 9-H), 4.41 (q, 3J 5 7.1 Hz, 1 9), 59.7 (C-6), 53.1 (C-3), 52.1 (10-OCH3), 33.8 (Zr-CH3), 33.1 [6-

CH(CH3)2], 32.4 [9-CH(CH3)2], 27.9 [1-OC(CH3)3], 19.3 and 19.0H, 3-H), 4.33 (m, 1 H, 6-H), 3.74 (s, 3 H, 10-OCH3), 2.20 [m, 1 H,
9-CH(CH3)2], 1.54 [s, 9 H, 1-OC(CH3)3], 1.44 (d, 3J 5 7.1 Hz, 3 [6-CH(CH3)2], 18.6 and 17.1 [9-CH(CH3)2], 18.1 (3-CH3); [BPh4]2:

δ 5 163.9 (q, 1JCB 5 49 Hz, i-C), 135.9 (o-C), 125.9 (m-C),H, 3-CH3), 1.29 (d, 3J 5 7.1 Hz, 3 H, 6-CH3), 0.97 and 0.93 [2 d,
2 3J 5 6.8 Hz, 2 3 3 H, 9-CH(CH3)2]; [BPh4]2: δ 5 7.34 (m, 8 H, o- 122.0 (p-C); THF: δ 5 67.9 (α-C), 25.7 (β-C).
H), 7.07 (m, 8 H, m-H), 6.92 (m, 4 H, p-H). 2 13C NMR (CD2Cl2,

Preparation of the Chelate Products 8-A/C: Boc-Ala-Val-Val-OMe150.8 MHz): δ 5 180.8 (C-4), 171.8 (C-10), 170.0 (C-7), 156.0 (C-
(8, 0.80 g, 2.0 mmol) and 1a (1.25 g, 2 mmol) were treated accord-1), 114.7 and 114.6 (Cp C and Cp9 C), 85.5 [1-OC(CH3)3], 57.8 (C-
ing to procedure C to yield the isomeric metal peptide complexes9), 56.8 (C-3), 52.7 (10-OCH3), 50.8 (C-6), 31.1 [9-CH(CH3)2], 28.4
8-A and 8-C (1.75 g, 93 %) in a ratio of 3:2 as a white solid; m.p.[1-OC(CH3)3], 21.0, 19.0, 18.9, 18.8, 18.5, 17.8, 17.7, and 15.8 [9-
56°C (decomp). 2 [α]D 5 229 (c 5 0.10, CH2Cl2). 2CH(CH3)2 of both isomers]; [BPh4]2: δ 5 163.9 (q, 1JCB 5 49 Hz,
C53H64BN3O6Zr (941.0): calcd. C 67.64, H 6.85, N 4.46; foundi-C), 135.9 (o-C), 125.9 (m-C), 121.9 (p-C). 2 Isomer 7-B: 1H NMR
C 66.04, H 6.85, N 4.22. 2 IR (KBr): ν̃ 5 3296 (s, NH), 3069 (m),(CD2Cl2, 599.8 MHz): δ 5 8.31 (d, 3J 5 8.4 Hz, 1 H, 8-H), 6.24
2969 (s), 1743 (m), 1660 (s), 1612 (m), 1546 (s), 1433 (s), 1249 (s),and 6.19 (2 s, 2 3 5 H, Cp- and Cp9-H), 5.26 (d, 3J 5 5.5 Hz, 1
1171 (m), 806 (s), 709 (vs) cm21. 2 Isomer 8-A: 1H NMR (CD2Cl2,H, 2-H), 4.99 (q, 3J 5 7.1 Hz, 1 H, 6-H), 4.48 (dd, 3J 5 8.4 Hz,
599.8 MHz): δ 5 8.64 (br. s, 1 H, 5-H), 6.42 (br. d, 3J 5 7.5 Hz,3J 5 5.0 Hz, 1 H, 9-H), 3.88 (m, 1 H, 3-H), 3.82 (s, 3 H, 10-OCH3),
1 H, 8-H), 6.29 and 6.10 (2 s, 2 3 5 H, Cp- and Cp9-H), 4.51 (q,2.29 [m, 1 H, 9-CH(CH3)2], 1.55 [s, 9 H, 1-OC(CH3)3], 1.51 (d,
3J 5 5.5 Hz, 1 H, 3-H), 4.37 (m, 1 H, 9-H), 4.50 (dd, 3J 5 8.0 Hz,3J 5 7.1 Hz, 3 H, 6-CH3), 1.27 (d, 3J 5 7.1 Hz, 3 H, 3-CH3), 1.04
3J 5 5.3 Hz, 1 H, 6-H), 3.82 (s, 3 H, 10-OCH3), 2.31 [m, 1 H, 9-and 0.99 [2 d, 2 3J 5 6.9 Hz, 2 3 3 H, 9-CH(CH3)2]; [BPh4]2: δ 5
CH(CH3)2], 2.21 [m, 1 H, 6-CH(CH3)2], 1.40 [s, 9 H, 1-OC(CH3)3],7.34 (m, 8 H, o-H), 7.07 (m, 8 H, m-H), 6.92 (m, 4 H, p-H). 2 13C
1.42 (d, 3J 5 5.5 Hz, 3 H, 3-CH3), 1.10 and 1.09 [2 d, 2 3J 5NMR (CD2Cl2, 150.8 MHz): δ 5 181.0 (C-4), 179.0 (C-7), 170.4
6.9 Hz, 2 3 3 H, 9-CH(CH3)2], 1.04 and 1.03 [2 d, 2 3J 5 7.0 Hz,(C-10), 155.4 (C-1), 115.0 and 114.8 (Cp C and Cp9 C), 80.6 [1-
2 3 3 H, 6-CH(CH3)2]; [BPh4]2: δ 5 7.34 (m, 8 H, o-H), 7.07 (m,OC(CH3)3], 59.7 (C-9), 57.0 (C-6), 53.3 (10-OCH3), 47.8 (C-3), 30.9
8 H, m-H), 6.92 (m, 4 H, p-H). 2 13C NMR (CD2Cl2, 150.8 MHz):[9-CH(CH3)2], 28.1 [1-OC(CH3)3], 21.0, 19.0, 18.9, 18.8, 18.5, 17.8,
δ 5 181.5 (C-4), 170.1 (C-10), 169.1 (C-7), 156.7 (C-1), 114.8 and17.7, and 15.8 [9-CH(CH3)2 of both isomers]; [BPh4]2: δ 5 163.9
114.6 (Cp C and Cp9 C), 85.5 [1-OC(CH3)3], 60.0 (C-6), 58.5 (C-3),(q, 1JCB 5 49 Hz, i-C), 135.9 (o-C), 125.9 (m-C), 121.9 (p-C). 2
57.1 (C-9), 52.7 (10-OCH3), 33.1 [6-CH(CH3)2], 30.9 [9-CH(CH3)2],Upon standing at 0°C for two weeks isomer 7-B rearranged quanti-
28.4 [1-OC(CH3)3], 19.2 (3-CH3), 18.8 and 18.7 [6-CH(CH3)2], 18.0tatively to form isomer 7-A.
and 17.8 [9-CH(CH3)2]; [BPh4]2: δ 5 164.0 (q, 1JCB 5 49 Hz, i-C),
135.8 (o-C), 125.9 (m-C), 121.9 (p-C). 2 Isomer 8-C: 1H NMRPreparation of Boc-Ala-Val-Val-OMe (8): (N-tert-Butoxycarbonyla-

lanyl)valine (2.88 g, 10.0 mmol) and valine methyl ester hydrochlo- (CD2Cl2, 599.8 MHz): δ 5 8.10 (d, 3J 5 7.5 Hz, 1 H, 5-H), 6.22
and 6.21 (2 s, 2 3 5 H, Cp- and Cp9-H), 5.25 (d, 3J 5 6.0 Hz, 1 H,ride (1.68 g, 10 mmol) were treated according to procedure B to

yield the tripeptide Boc-Ala-Val-Val-OMe (8, 2.73 g, 68 %) as a 2-H), 5.12 (d, 3J 5 6.0 Hz, 1 H, 9-H), 4.48 (m, 1 H, 6-H), 4.01 (m,
1 H, 3-H), 3.76 (s, 3 H, 10-OCH3), 2.22 [m, 1 H, 9-CH(CH3)2],white solid; m.p. 214 °C. 2 [α]D 5 266 (c 5 0.10, CH2Cl2). 2 IR

(KBr): ν̃ 5 3325 (m, NH), 2967 (m), 2933 (m), 1745 (m), 1696 2.19 [m, 1 H, 6-CH(CH3)2], 1.54 [s, 9 H, 1-OC(CH3)3], 1.31 (d,
3J 5 7.0 Hz, 3 H, 3-CH3), 1.08 and 1.06 [2 d, 2 3J 5 6.9 Hz, 2 3(m), 1648 (s), 1541 (s), 1169 (m), 834 (m), 711 (s) cm21. 2 1H NMR

(CD2Cl2, 599.8 MHz): δ 5 7.79 (d, 3J 5 8.7 Hz, 1 H, 5-H), 7.60 (d, 3 H, 6-CH(CH3)2], 0.97 and 0.94 [2 d, 2 3J 5 6.8 Hz, 2 3 3 H, 9-
CH(CH3)2]; [BPh4]2: δ 5 7.34 (m, 8 H, o-H), 7.07 (m, 8 H, m-H),3J 5 8.7 Hz, 1 H, 8-H), 6.04 (d, 3J 5 8.3 Hz, 1 H, 2-H), 4.52 (dd,

3J 5 8.7 Hz, 3J 5 5.6 Hz, 1 H, 6-H), 4.47 (pst, 3J 5 8.7 Hz, 1 H, 6.92 (m, 4 H, p-H). 2 13C NMR (CD2Cl2, 150.8 MHz): δ 5 180.8
(C-7), 179.8 (C-10), 171.5 (C-4), 155.9 (C-1), 115.3 and 115.0 (Cp9-H), 4.40 (m, 1 H, 3-H), 3.68 (s, 3 H, 10-OCH3), 2.13 [m, 2 H, 6-

CH(CH3)2], 1.99 [m, 2 H, 9-CH(CH3)2], 1.38 [s, 9 H, 1-OC(CH3)3], C and Cp9 C), 80.9 [1-OC(CH3)3], 66.8 (C-9), 59.9 (C-6), 57.9 (10-
OCH3), 46.9 (C-3), 30.7 [9-CH(CH3)2], 34.6 [6-CH(CH3)2], 28.1 [1-1.22 (d, 3J 5 7.0 Hz, 3 H, 3-CH3), 0.91 and 0.89 [m, 12 H, 9-

CH(CH3)2], 0.86 and 0.82 [m, 12 H, 6-CH(CH3)2]. 2 13C NMR OC(CH3)3], 19.0 and 18.9 [6-CH(CH3)2], 18.7 and 17.6 [9-
CH(CH3)2], 17.9 (3-CH3); [BPh4]2: δ 5 164.0 (q, 1JCB 5 49 Hz, i-(CD2Cl2, 150.8 MHz): δ 5 173.3 (C-4), 172.5 (C-10), 171.9 (C-7),

156.6 (C-1), 79.5 [1-OC(CH3)3], 58.7/58.6 (C-9), 57.1/57.0 (C-6), C), 135.8 (o-C), 125.9 (m-C), 121.9 (p-C). Isomer 8-C rearranges
upon standing at 25°C for 4 d to form isomer 8-A quantitatively.52.3 (10-OCH3), 49.9 (C-3), 31.3/31.1 [6-CH(CH3)2], 31.1/31.0 [9-
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Preparation of Boc-Val-Val-Gly-OMe (9): (N-tert-Butoxycarbonyl- H, 5-H), 6.30 and 6.17 (2 s, 2 3 5 H, Cp- and Cp9-H), 5.82 (br., 1

H, 2-H), 4.17 (dd, 3J 5 8.4 Hz, 3J 5 5.9 Hz, 1 H, 3-H), 3.84 (AB,valyl)valine (3.17 g, 10.0 mmol) and glycine methyl ester hydrochlo-
ride (1.26 g, 10 mmol) were treated according to procedure B to 2J 5 17.0 Hz, 2 H, 9- and 99-H), 3.77 (m, 1 H, 6-H), 3.71 (s, 3 H,

10-OCH3), 2.01 [m, 1 H, 3-CH(CH3)2], 1.95 [m, 1 H, 6-CH(CH3)2],yield the tripeptide Boc-Val-Val-Gly-OMe (9, 2.76 g, 74 %) as a
white solid; m.p. 176°C. 2 [α]D 5 235 (c 5 0.10, CH2Cl2). 2 1.55 [s, 9 H, 1-OC(CH3)3], 1.0720.93 [m, 4 3 3 H, 3- and 6-

CH(CH3)2]; [BPh4]2: δ 5 7.37 (m, 8 H, o-H), 7.08 (m, 8 H, m-H),C18H33N3O6 (373.5): calcd. C 55.80, H 8.58, N 10.84; found
C 55.81, H 8.61, N 10.63. 2 IR (KBr): ν̃ 5 3295 (vs, NH), 2967 6.93 (m, 4 H, p-H). 2 13C NMR (CD2Cl2, 150.8 MHz): δ 5 180.6

(C-10), 179.3 (C-7), 169.5 (C-4), 155.6 (C-1), 114.8 and 114.4 (Cp(s, NH), 2933 (m), 1759 (m), 1695 (s), 1640 (vs), 1554 (s), 1526 (s),
1393 (w), 1365 (w), 1209 (s), 1179 (m), 781 (s) cm21. 2 1H NMR C and Cp9 C), 80.9 [1-OC(CH3)3], 66.5 (C-6), 57.5 (C-3), 52.6 (10-

OCH3), 41.3 (C-9), 34.8 [3-CH(CH3)2], 31.6 [6-CH(CH3)2], 28.2 [1-(CD2Cl2, 599.8 MHz): δ 5 7.62 (br., 1 H, 8-H), 7.23 (d, 3J 5

8.9 Hz, 1 H, 5-H), 5.62 (d, 3J 5 6.6 Hz, 1 H, 2-H), 4.36 (dd, 3J 5 OC(CH3)3], 20.5 and 19.7 [6-CH(CH3)2], 17.8 and 16.8 [3-
CH(CH3)2]; [BPh4]2: δ 5 164.0 (q, 1JCB 5 49 Hz, i-C), 135.8 (o-8.9 Hz, 3J 5 6.8 Hz, 1 H, 6-H), 3.98 (m, 2 H, 9- and 99-H), 3.98

(m, 1 H, 3-H), 3.67 (s, 3 H, 10-OCH3), 2.15 [m, 1 H, 6-CH(CH3)2], C), 126.2 (m-C), 122.3 (p-C). Isomer 9-C rearranges upon standing
at 0 °C for one month to form isomer 9-A quantitatively.2.05 [dsept, 3J 5 6.9 Hz, 3J 5 6.8 Hz, 1 H, 3-CH(CH3)2], 1.38 [s,

9 H, 1-OC(CH3)3], 0.9520.94, [m, 4 3 3 H, 3- and 6-CH(CH3)2].
2 13C NMR (CD2Cl2, 150.8 MHz): δ 5 172.1 (C-4), 171.8 (C-7),
170.2 (C-10), 156.2 (C-1), 79.9 [1-OC(CH3)3], 60.4 (C-3), 58.2 (C- Acknowledgments
6), 52.3 (10-OCH3), 41.0 (C-9), 30.5 [3-CH(CH3)2], 30.4 [6-
CH(CH3)2], 28.0 [1-OC(CH3)3], 19.1 and 19.0 [6-CH(CH3)2], 17.9 Financial support from the Fonds der Chemischen Industrie, the
and 17.6 [3-CH(CH3)2]. Bundesminister für Bildung, Wissenschaft, Forschung und Techno-

logie (BMBF), and the Deutsche Forschungsgemeinschaft is grate-Generation of the Intermediate Adduct 9-I: Boc-Val-Val-Gly-OMe
fully acknowledged.(9, 24.7 mg, 63.8 µmol) and 40.0 mg (63.8 µmol) of 1a were treated

according to procedure D to give 9-I. 2 1H NMR (CD2Cl2,
599.8 MHz): δ 5 6.78 (br., 1 H, 5-H), 6.30 and 6.29 (2 s, 2 3 5 [1] Review: K. Severin, R. Bergs, W. Beck, Angew. Chem. 1998,

110, 1723; Angew. Chem. Int. Ed. Engl. 1998, 37, 1634.H, Cp- and Cp9-H), 5.27 (br. s, 1 H, 2-H), 3.97 (dd, 3J 5 6.2 Hz,
[2] See for example: P. Köpf-Meier, H. Köpf, Chem. Rev. 1987, 87,3J 5 3.6 Hz, 1 H, 3-H), 3.82 (ABX, 2J 5 17.8 Hz, 2 H, 9- and 99-

1137. I. Haiduc, C. Silvestru, Coord. Chem. Rev. 1990, 99, 253.H), 3.79 (s, 10-OCH3), 3.78 (dd, 3J 5 4.4 Hz, 3J 5 2.5 Hz, 1 H, 3- H. Sun, H. Li, R. A. Weir, P. J. Sadler, Angew. Chem. 1998, 110,
H), 2.14 [m, 1 H, 6-CH(CH3)2], 2.04 [m, 1 H, 3-CH(CH3)2], 1.44 1622; Angew. Chem. Int. Ed. Engl. 1998, 37, 1577, and refer-

ences cited in these articles.[s, 9 H, 1-OC(CH3)3], 1.05 and 1.03 [2 d, 2 3J 5 7.0 Hz, 2 3 3 H,
[3] [3a] M. Oberhoff, L. Duda, J. Karl, R. Mohr, G. Erker, R.3-CH(CH3)2], 0.98 and 0.97 [2 d, 2 3J 5 7.2 Hz, 2 3 3 H, 6-

Fröhlich, M. Grehl, Organometallics 1996, 15, 4005 and refer-CH(CH3)2], 0.55 (s, 3 H, Zr-CH3); [BPh4]2: δ 5 7.35 (m, 8 H, o- ences cited therein. 2 [3b] M. Oberhoff, G. Erker, R. Fröhlich,
H), 7.07 (m, 8 H, m-H), 6.92 (m, 4 H, p-H); THF: δ 5 3.70 (m, 4 Chem. Eur. J. 1997, 3, 1521.

[4] [4a] R. F. Jordan, W. E. Dasher, S. F. Echols, J. Am. Chem. Soc.H, α-H), 1.84 (m, 4 H, β-H), the 8-H resonance was not observed.
1986, 108, 1718. R. F. Jordan, C. S. Bajgur, R. Willet, B. Scott,2 13C NMR (CD2Cl2, 150.8 MHz): δ 5 178.2 (C-4), 167.3 (C-7),
J. Am. Chem. Soc. 1986, 108, 7410. S. L. Borkowsky, R. F. Jor-166.6 (C-10), 155.4 (C-1), 113.8 and 113.7 (Cp C and Cp9 C), 82.7 dan, G. D. Hinch, Organometallics 1991, 10, 1268. 2 [4b] Re-

[1-OC(CH3)3], 61.9 (C-3), 58.8 (C-6), 50.6 (10-OCH3), 42.3 (C-9), view: R. F. Jordan, Adv. Organomet. Chem. 1991, 32, 325.
[5] For other representative examples of group-4 metal complexes33.4 (Zr-CH3), 33.1 [3-CH(CH3)2], 29.5 [6-CH(CH3)2], 27.9 [1-

with amino acid or peptide derivatives see e.g.: C. J. Cardin, A.OC(CH3)3], 19.7 and 19.1 [6-CH(CH3)2], 17.7 and 15.6 [3-
Roy, Inorg. Chim. Acta 1985, 107, L33. A. Schäfer, E. Karl, L.CH(CH3)2]; [BPh4]2: δ 5 164.0 (q, 1JCB 5 49 Hz, i-C), 135.8 (o- Zsolnai, G. Huttner, H.-H. Brintzinger, J. Organomet. Chem.

C), 126.2 (m-C), 122.3 (p-C); THF: δ 5 68.0 (α-C), 25.7 (β-C). 1987, 328, 87. J. Recht, B. I. Cohen, A. S. Goldman, J. Kohn,
Tetrahedron Lett. 1990, 31, 7281. T. M. Klapötke, H. Köpf, I.Preparation of the Chelate Products 9-A/C: Boc-Val-Val-Gly-OMe C. Tornipoerth-Oetting, P. S. White, Angew. Chem. 1994, 106,

(9, 0.78 g, 2.0 mmol) and 1a (1.25 g, 2 mmol) were treated accord- 1587; Angew. Chem. Int. Ed. Engl. 1994, 33, 1518; Organomet-
allics 1994, 13, 3628. I. C. Tornipoerth-Oetting, P. S. White,ing to procedure C to yield the two isomeric metal peptide com-
Organometallics 1995, 14, 1632. K. Severin, W. Beck, G. Tro-plexes 9-A and 9-C (1.72 g, 93 %) in a 1:1 ratio as a white solid;
jandt, K. Polborn, W. Steglich, Angew. Chem. 1995, 107, 1570;m.p. 61 °C (decomp). 2 [α]D 5 244 (c 5 0.10, CH2Cl2). 2 Angew. Chem. Int. Ed. Engl. 1995, 34, 1449. D. A. Gately, J. R.

C52H62N3O6Zr (927.1): calcd. C 67.37, H 6.74, N 4.53; found C Norton, J. Am. Chem. Soc. 1996, 118, 3479.
[6] For related methane elimination reactions see e.g.: [6a] A. Bertu-66.54; H 6.99; N 4.42. 2 IR (KBr): ν̃ 5 3293 (s, NH), 3269 (m),

leit, C. Fritze, G. Erker, R. Fröhlich, Organometallics 1997, 16,2963 (m), 2934 (w), 1760 (m), 1677 (m), 1611 (s), 1544 (s), 1262
2891. 2 [6b] J. M. Meyer, C. J. Curtis, J. E. Bercaw, J. Am. Chem.(s), 1016 (m), 799 (vs) cm21. 2 Isomer 9-A: 1H NMR (CD2Cl2, Soc. 1983, 115, 2651. S. L. Buchwald, B. T. Watson, M. W.

599.8 MHz): δ 5 7.59 (br., 1 H, 8-H), 7.46 (br., 1 H, 5-H), 6.23 Wannamaker, C. Dewan, J. Am. Chem. Soc. 1989, 111, 4486.
N. Coles, M. C. J. Harris, R. J. Whitby, J. Blagg, Organometal-and 6.04 (2 s, 2 3 5 H, Cp- and Cp9-H), 4.37 (d, 3J 5 3.0 Hz, 1 H,
lics 1994, 13, 190. 2 [6c] B. Temme, G. Erker, J. Organomet.3-H), 3.74 (s, 3 H, 10-OCH3), 3.67 (hidden by the THF resonance
Chem. 1995, 488, 177. D. Röttger, G. Erker, R. Fröhlich, S. Ko-signal, 1 H, 6-H), 3.20 (ABX, 2J 5 17.5 Hz, 2 H, 9- and 99-H), tila, J. Organomet. Chem. 1996, 518, 17. A. D. Horton, Or-
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