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Stereoselective Synthesis and Isomerization of
1'-2-Phosphabutadiene Complexes to
1"-2,3-Dihydrophosphete Complexes**

Rainer Streubel,* Markus Hobbold, J6rg Jeske, and
Peter G. Jones

Dedicated to Professor Walter Siebert
on the occasion of his 60th birthday

Although various synthetic routes to #'-1-phosphabutadiene
complexes (I, Scheme 1)!*:21 have been established, only one
example is known of a “phospha-Wittig reaction” with isobu-
tyraldehyde to form an n'-2-phosphabutadiene complex (IT).%]

M
N R M
P=C R C=F R
R c=c R c=c
R R R R
1 I
M] R M]
N\, . R
A—p—cs Pg”
[
c=cC R—C—C—R
R R
m . v

Scheme 1. 5'-1- (I) and 5'-2-phosphabutadiene complexes (II) and #'-1,2- (1IT)
and #'-2,3-dihydrophosphete complexes (IV); [M] represents any metal complex
fragment.
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1-Phosphabutadiene complexes and isomeric #'-1,2-dihy-
drophosphete complexes (IIT) are well-known synthetic units in
the heterocyclic chemistry of phosphorus. Compounds of type [
are particularly notable for their Diels— Alder reactivity and are
therefore of interest for the synthesis of six-membered hetero-
cycles,*! whereas compounds of type III have become impor-
tant, for example, for the construction of five-membered hetero-
cycles.’! In complete contrast, little is known about the chem-
istry of n'-2-phosphabutadiene complexes; for instance, it is
remarkable that the isomerization of these compounds to #!-
2,3-dihydrophosphete complexes (IV) is unknown.

Here we report the synthesis of #!-2-phosphabutadiene com-
plexes by the reaction of chromium- or tungsten[benzyl(ethoxy)-
methylene] complex anions, generated in situ from 1, with
[bis(trimethylsilylymethylene]chlorophosphane (2, Scheme 2).[81

1) nBuLi/ E1,0 (-78 °C ) M(CO)
OEt 2 EC|;=<':(smf1e3§2 &)y MesSiy / s
1,0 (-78 °C—R —p°
(OC)M=C o —ZB:H 4l e=R M
CH,Ph 2)-LicI Me,Si /C-—C
EtO Ph
1a,b 5a,b
70 °C
(OC)sM
N, OH
P=C
Fo
1a, 5a, 6a: M = Cr MeSSi\\-)C-CZNH
1b, 5b, 6b: M= W Me,Si Ph
6a,b

Scheme 2. RT = room temperature.

Thermal cyclization of the y'-2-phosphabutadiene complexes
provides metal complexes with the novel 2,3-dihydrophosphete
ligand.l”!

Deprotonation of 1a,b™ with n-butyllithium at —78 °C fol-
lowed by addition of 2 leads smoothly to the 2-phosphabutadi-
ene metal complexes Sa,b, which are isolated as yellow solids in
moderate to good yields. Room-temperature *'P NMR spectra
of the reaction solutions indicate that these P—C coupling reac-
tions are stereoselective and form exclusively one isomer.

The proposed formulations of 5a,b are based on the NMR
spectra of their solutions (Table 1) and IR, MS, and analytical
data (see Experimental Section). The 3!P NMR signals are ob-
served at low field (5a: 0 = 341.6; 5b: 6 = 283.5), and 5b dis-
plays a LJ(P,W) coupling constant (264.5 Hz) that corresponds
roughly to that of {s-trans-[1-isopropyl-4-phenyl-2-phosphabu-
tadiene-x P-]Jpentacarbonyl-tungsten(o)} (*J(P,W) = 254 Hz).*!
The '3C resonance signals of the butadiene carbon atoms in
5a,b lie in the range of sp?-hybridized carbon, which further
supports the proposed formulations.!!

The structure of 5a, as determined by single crystal X-ray
analysis,”’®! shows many important features. The phenyl and
ethoxy groups at the C6—C7 bond are Z-configurated, and the
double bonds s-trans configured with #'-coordination of the
phosphorus atom at chromium (Figure 1). The C6—C7 and
P—C16 bond lengths are 132.8(3) and 166.7(2) pm, respectively,
and indicate localized double bonds.

The proposed reaction sequence for the formation of 5a,b is
shown in Scheme 3. An initial reaction of the metallaallyl anions
3a,b with 2 that forms an M—P bond and leads to 4a,b seems
plausible, particularly since there is no evidence for prior de-
composition and dissociation of 3a,b. It cannot be unambigu-
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Table 1. Selected NMR spectroscopic data [a] for 5a,b and 6a,b.

Sa: 'HNMR: 3 =016 (s, 9H, S{CH,),), 0.36 (s, 9H, Si(CH,),), 1.33 (,
3J(HH) =7.0 Hz, 3H, OCH,CH,), 3.9 (q, *J(H,H) = 7.0 Hz, 2H, OCH,CH,),
594 (d, *J(H,P)=69Hz, 1H, CHPh), 718 (m, 3H, o/p-Ph), 7.55 (d,
SIHH) =73Hz, 2H, mPh). “C{H} NMR: § =3.6 (d, *J(C,P) = 5.1 Hz,
SI(CH,)), 3.9 (d, *J(C.P) = 6.9 Hz, Si(CH,)y), 15.6 (s, OCH,CH,), 67.8 (d,
3J(C,P) = 5.2 Hz, OCH,CH,), 121.8 (d, 2J(C,P) = 22.0 Hz, HPhC), 127.9 (s, p-
Ph), 128.5 (s, 0-Ph), 129.5 (s, m-Ph), 134.5 (d, *J(C,P) = 9.1 Hz, i-Ph), 165.1 (d,
J(C,P)=29Hz, C=C-P), 197.7 (d, 'J(C,P)=244Hz, P=C), 2153 (d,
2J(C,P) =16.0 Hz, cis-CO), 221.6 (d, 2/(C,P) = 4.2 Hz, trans-CO); *'P{'"H} NMR:
J = 341.6 (s)

5b: 'HNMR: & =026 (s, 9H, Si(CH,),), 0.50 (s, 9H, Si(CH,)), 1.14 (,
3J(H,H) = 7.0 Hz, 3H, OCH,CH,), 3.93 (q. *J(H,H) =7.0 Hz, 2H, OCH,CH,),
6.19 (d, J(H,P) =7.3 Hz, { H, CHPh), 7.13 (m,, 3H, o/p-Ph), 7.22 (d, *JEL,H) =
7.2 Hz, 2H, m-Ph). "*C{'H} NMR: § = 3.6 (d, >J(C.P) = 5.4 Hz, Si(CH.),), 4.0 (d,
3J(C,P) =73 Hz, Si(CH,);), 15.6 (s, OCH,CH;), 68.1 (d, 3J(C,P)=5.6Hz,
OCH,CH,). 123.4(d, 2J(C,P) = 23.5 Hz, C=C-P), 128.4 (s, p-Ph), 129.0 (s, 0-Ph),
130.0 (s, m-Ph), 134.6 (d, 3J(C.P) = 9.3 Hz, i-Ph), 1659 (d, 'J(C,P) = 5.5 Hz,
C=C-P), 190.2 (d, 'J(C.P) =173 Hz, P=C), 196.8 (d, "J(C,W)=126.1 Hz,
2J(C,P)=8.7Hz, cis-CO), 1989 (d, *J(C.P) =293 Hz, trans-CO); *'P{'H}
NMR: § = 283.5 (d, *J(P,W) = 264.5 Hz)

6a: 'HNMR: 6=0.00 (s, 9H, Si(CHy);), 0.31 (s, 9H, SHCHa)), 1.02 (t,
3JHH) =7.0Hz, 3H, OCH,CH,). 409 (m,, 2H, OCH,CH,), 466 (d,
3J(H,P) = 28.5 Hz, 1H, CHPh), 7.06 (m,, SH, Ph). '3C{'H} NMR: 6 = 0.0 (d,
SHC,P) =34 Hz, Si(CH,)), 1.5 (d, *J(CP)=38Hz Si(CH,),), 140 (s,
OCH,CH,), 31.0 (d, JCP)=174Hz CSiy), 643 (4, 3J(C.P)=54Hz,
OCH,CH,), 67.7(d, J(C,P) = 9.7 Hz, CHPh), 127.3 (s, p-Ph), 128.8 (s, 0-Ph), 129.5
(s, m-Ph), 137.0 (d, 3J(C,P) = 12.2 Hz, i-Ph), 215.2 (d, 2J(C,P) = 14.6 Hz, ¢is-CO),
216.3 (d, J(C,P) = 23.1 Hz, P=C), 220.3 (d, 2J(C,P) = 4.4 Hz, rrans-CO). *'P{'H}
NMR: § =171.4 (s)

6b: "HNMR: 6 = — 0.03 (s, 91, SI(CHy)y), 028 (s, OH, Si(CH,)), 1.04 (1,
SHHH) =7.0Hz, 3H, OCH,CHs), 415 (m,, 2H, OCH,CH,)., 4.67 (d,
3J(H,P) = 28.8 Hz, 1 H, CHPh), 7.03 (m,, SH, Ph). *C{'H} NMR: 6 = 0.4 (d,
SHC,P) = 3.7Hz, Si(CHy)), 21 (d, *JC,P)=4.6Hz, Si(CH,).), 14.5 (s,
OCH,CH,), 299 (4, JNCP)=130Hz CSi,), 645 (d, *HCP)= 5.5Hz
OCH,CH,), 68.0 (d, J(C,P) =11.1 Hz, CHPh), 127.9 (s, p-Ph), 128.5 (s, 0-Ph),
129.4 (s, m-Ph), 137.8 (d, 3J(C,P) =13.0 Hz, i-Ph), 196.2 (d, 2/(C,P) = 8.3 Hz,
¢is-CO), 198.3 (d, *J(C,P) = 21.2 Hz, trans-CO), 210.7 (d, J(C,P) =27.8 Hz,
P=C). 31]"{11’{} NMR: § =114.2 (d, 'J(P,W) = 223.9 Hz)

[a] All spectra of 5a in CDCly, of 5b and 6a,b in C,D,, 25°C; 'HNMR: 200.1
(5a,b and 6b) or 300.1 MHz (6a), '*C NMR: 50.3 (5a,b and 6b) or 75.5 MHz (6a),
3P NMR: 81.0 (52,band 6b) or 121.5 MHz (6a); the deuterated solvents were used
as internal standards and 85% H,;PO, as an external standard.

Figure 1. Molecular structure of 5a in the crystal (ellipsoids represent 50 % proba-
bility levels; all H atoms except H7 have been omitted for clarity). Selected bond
lengths [pm] and angles ["]: P—W 235.09(6), P—C16 166.7(2), P—C6 182.9(2),
C6—C7 132.8(3); C7-Co-P 121.08(14), C16-P-C6 107.80(9), C6-P-Cr 113.09(6),
Cr-P-C16 139.09(7).

ously decided whether the configuration of the C—C double
bond in 5a,b is already determined in 3, 4, or during the 4 —» 5
rearrangement (see ref. [11]). The final step of the reaction could
represent a rare example of ligand coupling in the coordination
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Scheme 3. Postulated reaction sequence for the formation of 5a,b.

sphere of a seven-coordinate d* metal (4) by reductive elimina-
tion, as discussed by R. Hoffmann and E. L. Muetterties.[1? 13!

Since there have been no reports on the isomerization of n'-2-
phosphabutadiene complexes, we were particularly interested in
this aspect. When solutions of 5a,b are warmed to 70 °C, forma-
tion of the #!-2,3-dihydrophosphete complexes 6 a, b is complete
after 2.5-3 h (Scheme 2). No intermediate formation of the
s-cis isomers of 5a,b could be detected by >'P NMR spec-
troscopy. The constitution of 6a,b was deduced unambiguously
from solution NMR spectroscopic (Table 1), IR, MS, and ana-
lytical data (see Experimental Section).

Important information about the structure is provided by the
31p NMR signals of the 2,3-dihydrophosphete ring atoms (6a:
0 =171.4, 6b: 6 =114.2), which are shifted significantly to high
field relative to those of the precursors, and the low-field 13C
NMR signals of the sp® (6a: § = 216.3, 6b: § = 210.7) and sp>
carbon atoms (6a: § = 31.0 (C[SiMe,],), 67.7 (CHPh); 6b:
6 =29.9 (C[SiMe,],), 68.0 (CHPh)); further data are presented
in Table 1. The conclusion that 6a,b contain planar rings seems
justified, since otherwise the formation of diastereomers would
be expected (due to ring folding and concomitant exo/endo po-
sitions of the substituents on the CHPh ring moiety).

Experimental Section

S5a,b:1a(1.97 g,5.78 mmol) or 1b (3.42 g, 7.24 mmol) was dissolved in diethyl ether
(55 or 72 mL) with stirring, and n-BuLi (1.6 M, 3.61 or 4.53 mL, 5.78 or 7.24 mmol}
added at —78 °C. After the solution was stirred for 45 min, additional diethyl ether
(55 or 70 mL) was added, and, after a further 20 min, 2 (1.30 g, 5.78 mmol or 1.63 g,
7.24 mmo}) in diethyl ether (6 or 10 mL). The reaction mixture was allowed to warm
up to RT over 2 h, stirred for 3 h, and the solvent removed in vacuo (0.1 mbar). The
residue was taken up in n-hexane (140 or 160 mL) and filtered through celite after
30 min. After removal of the solvent, the remaining solids were washed at —50°C
with n-pentane (10 mL) twice and dried in vacuo (0.1 mbar). Crystallization from
n-pentane at —30°C gave yellow single crystals of 5a.

5a: Yellow powder, yield 1.51 g (2.86 mmol, 49%), m.p. = 90°C (decomp); MS
(CL(NH,), 32Cr): mjz =529 ((M+H]"); IR (KBr, ve_g): ¥ = 2064.8 (vs),
1998.9 (s), 1971.8 (vs), 1937.2 (vs) cm™*; correct C,H analyses.

5b: Yellow powder, yield 3.62 g (5.48 mmol, 76%), m.p. =104 °C (decomp); MS
(EL 70 eV, '8*W): m/z = 660 ((M]"); IR (KBr, ve_p): ¥ = 2072.9 (s), 1997.6 (m),
1967.9 (s), 1929.9 (vs) cm~'; correct C.H analyses.

6a,b: A solution of 5a (0.73 g, 1.38 mmol) in toluene (30 mL) or 5b (0.64 g,
5.78 mmol) in n-hexane (70 mL) was warmed to 70 “C for 2.5 h or 3 h. The solvent
was then removed in vacuo (0.1 mbar). The residue was washed at —60°C with
n-pentane (three times with 5 mL or two times with 4 mL) and then dried in vacuo.
6a: Pale yellow powder, yield 0.54 g (1.02 mmol, 74%), m.p. = 83°C {(decomp).
MS (EIL, 70eV, *2Cr): m/z = 528 ({M]*); IR (CH,Cl,, vc_o): ¥ = 2068.0 (m).
1953.0 (vs), 1948.0 (vs), 1942.0 (vs) cm ™~ *; correct C,H analyses.
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6b: Pale yellow powder, yield 0.51 g (0.77 mmol, 76%), m.p. = 84°C {decomp),
MS (EL. 70eV, '"®*W): m/z =660 ((M*}]); IR (KBr, veg): v =2074.4(s),
1992.2 (m), 1950.5 (vs), 1917.5 (vs) cm ™ !; correct C,H analyses.
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C-Terminally Modified Peptides and Peptide
Libraries—Another End to Peptide Synthesis**

Michael Davies and Mark Bradley*

Peptides modified at the C-terminus have been used for many
years in a variety of applications, notably as substrates and
inhibitors for a variety of proteolytic enzymes. In addition,
many biologically important peptides and proteins are modified
at the C-terminus.

C-terminal peptide amides have been accessible for some time
by utilizing a number of specifically designed linkers!*! for solid-
phase peptide synthesis. Very few other C-terminal modifica-
tions are directly accessible with traditional solid-phase tech-
niques, although the recent work of Burdick et. al.!?! has
demonstrated the solid-phase synthesis of a range of para-
nitroanilides using an aminoanilide linker followed by oxidation
of the resultant para-aminoanilide after cleavage of the peptide
from the resin. To date, specific solution-phase approaches to
individual compounds, which require considerable synthetic
manipulation and expertise, have been necessary. Additionally,
these methods are not adaptable to combinatorial methodolo-
gies in an area where the generation of diversity would be ex-
tremely desirable.

One potential solution to this problem is to synthesize pep-
tides in a nontraditional manner (that is, from the N- to the
C-terminus).’® One major drawback with this approach is that
it risks epimerization! at all coupling stages due to repeated
resin-bound carboxyl activation. An alternative approach
would be to invert the peptide following conventional (C — N)
synthesis and then modify the C-terminus. Examples of invert-
ing resin-bound peptides are known;!*! however, no method has
been reported that allows inversion, C-terminal modification,
and release of the modified peptide into solution. Such a method
would allow an inverted peptide library to be C-terminally mod-
ified with pharmacophores such as chloro- and acyloxymethyl
ketones.!®!

We now report the methodology for the general solid-
phase synthesis of C-terminally modified peptides ready for a
variety of solution screening applications and a method for re-
taining an Edman-sequencable coding strand for resin-screen-
ing purposes. The process was analyzed by cleavage of interme-
diates from the resin and subsequent HPLC, MS (Electrospray
and FAB), amino acid analysis, and by our recently described
technique of solid-phase reaction monitoring (MALDI-TOF
SPIMS).["

The synthetic procedure is outlined in Scheme 1. Thus Fmoc-
Lys(Boc)-OH was attached to either polystyrene aminomethyl
resin (0.33 mmolg™?!) or to TentaGel S-NH, (130 um beads,
0.29 mmolg™'). The Fmoc group was removed with 20% pi-
peridine in DMF, and the a-amine reprotected with an Aloc
group by means of diallylpyrocarbonate.’® The Boc group was
removed, and the highly acid-labile linker (4-(4-hydroxymethyl-
3-methoxyphenoxy)butanoic acid (HMPB)!*! coupled to the
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