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&rincr - Fischer-type alkoxy(ary1 or vinyl)carbene complexes of chromium undergo 
regiospecific carbene amadation and cycloaddition upon reaction with iert.butyl 
phosphaacetylene to give highly substituted phosphahydroquinones and/or oxaphospholes. 
The product distribution is governed by steric and electronic e&cts arising from the 
substitution pattern in the carbene ligand. The phosphaammlation products such as 
phosphabenzene, -naphthalene, -benzoturan, &nzothiophene and -phenanthrene skeletons as 
well as the 1,3-oxaphospholes are obtained in yields up to 89% and - in part - are 
characterized by X-ray diEaction. 

Soon a&r their discovery in 19643) Fischer type carbene complexes [(COkM=C(R)R’] turned out to gain 

considerable potential in organic synthesis4). The interaction of a low-valent tmnsition metal such as CP, MO” 

or W and pronounced acceptor coligands renders the carbene carbon a strongly electrophilic center5). This is 

in accord with the isolobal analogy of the metal carbonyl fragment and an oxygen atome), and has led to the 

description of these complexes as “metal-tuned carbonyl compounds”7). Their chemical behaviour is in distinct 

contrast to that of complexes introduced by S&rock in 19748) which are characterized by a reversed polarity 

of the metal-carbene bond (“metal-tuned ylides”) resulting from the combination of a higher-valent metal 

center and etIicient donor coligands9) Whereas Schrock-type compounds are mainly used as well-defined 

catalysts in oleSn metathesis and ROMP reactions 1 O), Fischer type complexes have become valuable reagents 

for stoichiometric carbon-carbon bond formation4). 

BACKGROUND 

The application of Fischer type csrbene complexes in organic synthesis is based on two grounds: In one 

respect the metal-carbene unit may act as a novel fbnctional group. As a consequence of the electrophilic 

carbene carbon adjacent C-H bonds exhibit an e&armed aciw, metal carbene “enolates” obtai& by 
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a-deprotonation have been used in diastereoselective aldol and Michael reactionsl1~12). Similarly, 

a,g-unsaturated carbene ligands are activated towards cycloaddition; for instance, Die&Alder and 

PausonXhand reactions proceed at distinctly milder conditions than with the corresponding organic carbonyl 

analoguesl3J4). In all th ese reactions the metal-carbene bond is unaffbcted, and thus can be subsequently 

modified by nucleophilic addition or oxidative cleavage. 

On the other hand, the low-valent metal center is able to act as a template at which one pot cycloaddition 

patterns unprecedented in organic chemistry may be set up. Typical examples are the chromium-mediated 

three component cycloaddition reactions which in a [4+2+1-21 mode lead to cyclopentenonesl~) or in a 

[3+2+1] carbene annulation afford oxygenated arenesl6) The latter process in which an alkyne, an 

u,R-unsaturated carbene and a carbonyl ligand are connected in a highly chemo- and regioselective manner has 

been increasmgly used in the synthesis of natural products containing fised ring systems during the past 

decade13 The benzannulation proceeds under mild conditions and is compatible with alkenyl-, aryl- and 

fiv~membered heteroaryl carbene ligands as well as with terminal and internal alkyl- and arylalkynes. The 

reaction fails with nucleophilic alkynes such as ynamines which - in competition with the required q2-side 

on-coordination to the metal - primarily add directly to the carbene carbon atom and !3nally undergo insertion 

into the metal-carbene bond1 8). A similar addition/insertion sequence is observed for &rile&‘), the resulting 

iminocarbene complexes which are also accessible from alkoxycarbene complexes and imines or from 

aminocarbene precursors2°) have been shown to undergo a competitive [3+2+1] carbene mmulation to 

3-hydroxypyridines and [3+2] cycloaddition to pyrroles upon reaction with alkynes209 21); the 

chemoselectivity is controlled by the substitution pattern both in the imino side chain and in the alkyne, and 

further seems to depend on the solvent used. An independent access to the pyridine skeleton is based on a 

formal [4+2] cycloaddition of alkynes to Z-f3-(monoall&mino)vinyk%bene ligands22). 

The development of kinetically stabilized phosphaal@es23) - the higher homologues of nitriles - prompted us 

to investigate whether the carbene annulation methodology can be extended to heteroannulation using the P& 

bond as a heteroalkyne equivalent. We were encouraged by previous results from the coordination chemistry 

of phosphaallrynes which - towards low-valent metal centers - generally prefer an r+side on-coordination of 

the P& bond over an ql-end on-coordination of the phosphorous lone fairer) The chemical Gmilarity of 

alkynes and phosphaalkynes is further documented by common metal-induced cyclooligomerization24) and 

insertion reactions into metal-alkyl and met&carbene bonding). In this paper we present another analogy of 

these two classes of compounds which is based on carbene annulation and cycloaddition reactions leading to 

phosphahydroquinone and oxaphosphole structures26). 

CARBENE ANNULATION REACTIONS 

Extending previous work on the benzanmdation of vinylcarbene complexes27) we turned to the 

Q-2-butenylcatbene complex la which was reacted with tert. butylphosphaacetylene 22% a stable 

compound which is easy to handle. After warming a &OMe solution under 5 bar Ar to 100’ for 2 h 

~~P-IVMR monitoring of the reaction indicated a signal compatible with a coordmated double.-bound sp* 

phosphorous center; in addition, the IR spectrum confirmed the formation of a Cr(CO)3 complex. Although 
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the yield was extremely low, chromatographic work-up and reqsta&Aon aEorded yellow crystals of 3 (eq. 

1). Their X-ray analysis revealed that the expected phosphaamadation product had indeed formed contain@ a 

phosphinine ring which is coordinated to the Cr(CO)3-&agment via its x-system (fig. 1). The geometry of the 

heterocyclic ligand resembles that of its 2,4,6_triphenylphosphinine conger~ex~~), even though in 3 the 

alternating bond lengths between the ring atoms and the ring-puckering are more evident. 

OMe 
(COW =5+- 

Me Me 

la 

f psh4sll 

2 

5 barAr 

1oow 

6Me 

3 

Fig. 1. Molecular structure of 3. Selected bond lengths (A) and angles (“): G-P 2.460(l),, Cr-C . 2.274(2) 
1.837(2) (average), P-Cl 1 761(2), P-C5 1.780(2), Cl-C2 1.423, C2-C3 
, C4CS 1.404(3); Cl-PCS 100.0(l), P-Cl-C2 127.7(l), Cl-CZ-C3 120.9(2) 

C2-C3-C4 122.5(2), C3-C4-CS 1251(l), P-C5-C4 1234(l); torsional angles: Cl-P-C5-C4 2.0(2), 
P-Cl-C2-C3 0.3(3), C5-P-Cl-C2 1.2(2), Cl-C2-C3-C4 -5.2(3), C2-C3-C4-C5 8.8 (3). C3-C4C5-P -7.0(3). 

In contrast to vinylcarbene complexes synthetically usetU yields may be obtained from fbsed arylcaxbene 

complexes. The phosphaannulation of the I-naphthylcarbene ligand in 4a,b affords a >70?3 yield of the 

phosphaphenanthrene hydroguinone complexes S&b, partly along with a small amount of decomplexation 

product 6 (eq. 2). The incorporation of the phospbaagqne is higbly regiosektive: The sterically less shielded 

terminus of the triple bond system is connected exclusively with the carbene carbon atom, while the bulky wt. 

butyl substituent ends up next to the phenolic group. A corresponding regiochemical p&&nce is known from 

benzannulation reactions with akynes30) Iri addition to NMR data the regiochemiatry and the coo&m&on of 

the phosphinine ring have been contkmed by an X-ray analysis of 5n (fig. 2). Ring-puckering which continues 
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in the adjacent arene ring and &mating bond lengths within the phosphorous heterocycle resemble those 

encountered in the phosphinine ligand of 3; the confkmation of the Cr(CO)g-unit d&as in such a way that 

one catbonyl group is nearly eclipsed with respect to the phosphorous atom. A similar conformation which 

obviously minimizes steric interactions between the ring substituents and the carbonyl hgands has been 

observed for Cr(CO)3 complexes of p henanthrene31) and l-4-tetra-substituted naphthols32). 

(CO)_& 
SbarAr 

+ PZC-tBu - 
5ooC 

(eq.2) 

4a : R=Me 

4b. R=Et 

2 5a : R-Me 

5b : R=Et 

Fig. 2. Molecular suucmre of 5a. Selected bond lengths (A) and angles (“): Cr-PI 2.4591(4), 

C&-CJme 2.290(l) (average), Cr-kboT 1.836(2) (average), Cl-P1 1.768(l) Cl3Pl 1.759(l), 
2) C2-C3 1.438(2), C3612 1.428 2), C12-Cl3 1.437(2), Cl-PI-Cl3 101.73(6), PI-Cl-C2 

121.4(l), Cl-C2-C3 126.4(l), C2-C3-Cl2 124.0(l), C3-C12-Cl3 1179(l), Pl-Cl3-Cl2 128.2(l); torsional 
angles. Cl-C2-C3-Cl2 0.3(4), C2-C3-C12-Cl3 4.8(4), C3-C12-C13-Pl 4 2(4), C12-C13-Pi-Cl -0 S(3), 
C13-Pl-Cl-C2 5.2(2), Pl-Cl-C2-C3 -5.8(4). 

In order to estimate the relative rates of carbene annulation by alkynes and phosphaaikynes a competition 

eqekent was carried out comparing phosphaakyne 2 and terlbutyl acetylene which have similar steric 

requirements. Based on quantitative analysis of the annulation products 5b, 6b and 7 by NMR the 

phosphaallqne reacts about 6 times as tbst as the akyne when in quimolar amounts exposed to a %aOMe 

solution of naphthylcarbene complex 4b which is wsrmed to 50°C under 5 bar argon (eq. 3) 
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(CO)&r 

4b 

H-EC-tBu 
SbiwAr, 

sow 

(eq.3) 

Sb 6b 7 

The coordination of the phosphinine ring to the Cr(CO)3-fragment in the phosphaannulation product is rather 

strong. When Sa is warmed in toluene, slow decomplexation occurs no sooner than at 140°C leading to the 

free. phosphahydroquinone 6a while the metal is trapped as (toluene)Cr(CO)3. No haptotropic metal migration 

to the terminal arene ring is observed under these conditions. As precedented in the (arene)Cr(CO)3 series 

much milder conditions are sufkknt for decomplexation when carried out under CO pressure. For instance, 

warming of an ether solution of 5b to 70°C under 30 bar CO results in a 95% yield of uncoordinated 

phosphahydroquinone 6b (fq. 4). 

5a 6a 
(eq.4) 

Oh 30barC0 4 

7ooc 

Sb 

+ cr(co), 

6b 
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COMPETlTIVE PHOSP EAARENE AND OXAPEOSPHOLE FORMATION 

&actions of chromium alkoxy(aryQxrbene complexes with non-nucleophilic alkynes are known to give rise 

to various types of cycloaddition products with six-membered oxygenated arenes generally prevail@~d). 

The chemoselectivity is influenced by the substitution pattern both in the carbene ligand and in the alkyne, for 

instance, steric congestion in the alkyne favours the formation of cyclobutenones33) whereas bulky or 

ortkxlisubstituted aryl substituents in the carbene ligand may lead to fkans34) or indenes35). In the 

phosphaannulation, the substitution pattern in the carbene l&and has even a more pronounced eEect on the 

chemoselectivity Chsnging the 1-naphthyl group in complex 4r to a 2-naphthyl substituent in 8 the yield of 

phosphapWe arm&ion product 9 drops Tom 82% to 19% while a five-membered cycloaddition 

product, the oxaphosphole 10 and its Cr(CO)5 adduct 11, is isolated in a similar amount (eq. 5) Analogous to 

benzannulation reactions with akynes36) no linear annulation product (phosphaanthracene) was detected. 

SbarAr 
+ PGC--tBU 

5ooc 

8 

9 10 11 

The competition of phosphaannulation and oxaphosphole formation is a general feature of reactions of 

alkoxy(aryl)carbene complexes and phosphaalkyne 2. Using molecular sieve (3& as CO absorber the 

phenykarbene complex 12 affords oxaphosphole 13 along with two minor products which could not be 

separated by chromatography; NMK spectroscopic analysis indicated that one component of this mixture is the 

3-phosphanaphthalene 14 while the other - a Cr(CO)5 coordinated organophosphorus compound - could not 

be My identified. Introduction of donor substituents such as methoxy groups into the arene ring shifts the 

product distribution to the five-membered cycloaddition product Upon reaction of complex 15 containing a 

non-chelating 1,2dbnethoxy substitution pattern with phosphaalkyne 2 the oxaphosphole 16 and the 

phosphaarene 17 are obtained in an appproximately 2/l ratio (eq 6). 
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P=C---tBu 
5 bar Ar 

7ow 

12 : R=H 

15 : R=OMe 
2 

13 R=H 14 .R=H 

16 R=OMe 17 R=OMe 

(es.6) 

The competition of phosphaammlation and oxaphosphole formation seems to be a balance of steric and 

electronic factors. Whereas the chemoselectivity observed in the l- and 2-napbthylcarbene series might be 

traced back mainly to steric factors, the results obtained from phenylcarbene complexes could be rationalized 

in terms of electronic control. Further support for electronic control comes from reactions involving 

five-membered heteroaromatic carbene ligands: Using the 2-fiqlcarbene complex 18 the phosphaannulation 

prevails by 2/l (20/19), while with the 2-thienyl analogue 21 the oxaphosphole formation dominates by IO/l 

(22123) (es 7) 

PGC--tBu 
9 bar 

* 
9ow 

18 X=0, R=Me 

21 .X=S , R=Et 

2 

tBu 

+ 

U 

r(C 0 j3 (eq.7) 

19 :X=0 , R=Me 20 .X=0 , R=Me ,Y= - 

22 : X=S , R=Et 23 : X=S , R=Et , Y=Cr(CO), 

A mechanistic description of the competing phosphaammlation and oxaphosphole formation starts corn a 

common carbene-phosphaalkynt+complex intermediate A. Insertion of the phospme into the 

metal-carbene bond may lead either to an E- or a Z-isomer B which can be described as a q,x-phospbaallyl or 

a x-phosphaalkenylcarbene complex37). The E-isomer is expected to undergo a carbene-CO coupling to give 

E-vinyl ketene C which by an electrocyclic 1,6&g closure is converted to the annulation product. The 

Z-vinyl ketene C, however, obviously undergoes an overall alkoxy shifI to the ketene carbonyl carbon atom 

followed by a cycliition to give the oxaphosphole skeleton (scheme 1). 
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IB==qL 
I 

’ : ._- 

II -co 
P=c--fBu 

EB 

Qhl 

EC 

\ i 
‘s-d 

Z-B 

I 
B 

@ = cr(co).j 

Scheme 1 Mechanistic scheme for the ~~mpetih of phospbaadation and oxaphospok ibmation. 
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The competition of carbene annulation and formation of five-membered heterqcles has precede@ in the 

reaction of carbene complexes with alkynes. Whereas chromium-coordinated alko&ryl)- and 

alkoxy(vinyl)carbene liganda are generally incorporated into bydroquino~ the furan skeleton was obtained 

as the major product from the bulky f complex upon reaction with tolane348). The 

codty of alkyne, carbene and carbonyl ligands leading to tire fiuan nucleus was established by labelbq 

stud&4b). Extension of this work to the formation of the oxaphosphole ring implies that the phosphorous 

atom is attached to the former carbene carbon and the alkoxy substituent has migrated to tbe former carbonyl 

carbon atom. 

Further support for the idea that similar steps in the mechanism are operative in the reaction of carbene 

complexes with aJkynes and phosphaalkynes is provided from the reaction of Z-2butenylcarbene complex lb 

with phosphaalkyne 2. The Z-isomer was chosen in order to hamper the tInal heterocyclic ring closure, and 

thus eventually to trap suggested phosphavinylcarbene or ketene intermediates. In analogy to the reaction of 

the E-isomer la again the phosphinine complex 3 was observed as a minor product indicating that partial 

isomerization across the C=C bond must have occurred in the course of the reaction3g). In addition, an orange 

solid was isolated in low yield; by NMR and JR spectroscopy its structure was elucidated as dihydrophosphete 

complex 24, the intramolecular [2+2] cycloaddition product of a presumed phosphadienylketene intermediate 

C (eq. 8p9). NMR-Data suggest that a single diastereomer was obtained. The 3JP,H coupling constant (16.1 

Hz) observed for the 2-methyl group is consistent with a cis-contiguration with respe-ct to the metal carbonyi 

&Ynen@Q 

Me 
(CO)@ Me + =k Me H 

lb 

OH 

M \ Q3u e IP + 
Me 

PEC--tBu 
4barAr 

m 
7ooc 

2 

wwr\ 

< 

OMe 
Me P . 

es Me 
(eqW 

bMe 

R= 
I?=-- 93 

24 
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CARDENE CEELATE COMPLEXES IN CYCLOADDITION REACTIONS 

In aqlcarbene complexes optho-methoxy substitutents have been used to control the regio&emis~ of carbene 

snuulation by afkynes. By this strategy, ammlation of 2-naphthylcarbene ligands could be shit&d from the 

generayI prefkred ph enar&ene formation to the construction of the anthwxne skeletonl7a). An extension 

of this work to the p!wxphauI~ demonstrated that - in this case - the phosphaanwkion could not 

successiidly compete with oxaphosphole knation. No linear phosphaa&xen e complex could be detected 

a&r the carbene chelate complex 25 was reacted with phosphaallgme 2. Only oxaphosphole 26 was observed 

along with the carbonylation product 27 (eq. 9). Since separation by chromatography turned out to be tedious 

the carbene complex was modified into the easily separable aminocarbene snalogue 28. 

Me 

25 

5biirAr 
+ EC-t&l 

) 

5OoC 

+ 

2 

OMe 

OMe 

26 27 

I PrNH2 

-MeOH 

NHPr 

OMe 

(eq.9) 

28 
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A clean cycloaddition to give the fivemembered phosphorous heterocycle occurs with the orth+anisykxnbene 

chelate 29 (eq. 10). Smce carbene chelates o&n allow milder conditions than their non-chelated analogues we 

tried to identify possible intermediates. However, at tempemtmes as low as -30’ the oxaphosphole 30 was the 

only isolable product. A similar result was obtained from UV-irradiation under these conditions; no detectable 

amount of phosphaamndation product was observed indicating that E/z-isomerixation either in the presumed 

phosphaalkenylcarbene or phosphavinyl ketene intermediates is slow compared with carbonylation or 

ring-closure (scheme 1). 

al 
5barAr + P-c--tBu - 

OMe 
r.t 

29 

J 

30 

Cr(CO~THP 

+ (es. 10) 

31 32 

While synthetic routes to axa- and thiaphospholes have been recently reported41) and structural information 

on the thiaphosphole skeleton is available42), only benxannulated derivatives of 1,3-oxaphospholes have been 

known43). Efforts to obtain crystals of 30 suitable for X-ray ditliaction by coordination of the phosphorous 

atom to the Cr(CO)5 fragment resulted in a mixture of phosphine and arene complexes 31 and 32. A clean and 

high-yield access to coordinated oxaphospholes, however, is provided by the reaction of the 

chromium-coordinated carbene chelate 33 with phosphaallqre 2 (q 11). Complex 34 contains a planar 

five-membered ring with two distinctly different phosphorous-carbon bond lengths, 1.705(4) and 1.772(4) A, 

indicative for a P=C and a P-C bond. The Cr(CO)3 fragment is coordinated mqmme&ically to the anisyl 

group and is shifbad away 6om the substituted ring carbon atoms adopting a nearly eclipsed contbrmation as 

expected for donor-substituted arene ligands (fig. 3). 
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33 

5barAr 
PGC--$u - 

7ooC 

2 

Fig. 3. Molecular structure of 34. Selected bond lengths (A) and angles (“): Cl-P1 1.772(4), Pl-C3 1 705(4), 
C3-01 1.369(5), OlC2 1355(6), C2-Cl 1.3390, C2-02 1.339(6), Cr-Cani 1 2.233(4) (average), 
Cr-Ccarbo 1 1.834(5) (average): Cl-PI-C3 89.5(2) Pl-C3-01 113.6(3) C3-012 110.8(3) 01-CZCl 
116.9(4), &l 116.9(4), CZ-Cl-PI 109.2(3); torsio;l angles (“) Cl-PI-C;-01 0 4(7), Pl-C3&C2 @o(l), 
C3-Ol-C2-Cl -1.0(5), Ol-CZ-Cl-PI 1.3(4), CZClPlC3 -0.9(3), PI-C3-WC5 -15.5(6), OlC3-C4C9 
-14.7(S). 

CONCLUSION 

The P=C triple bond in kinetically stabii phosphaalkynes can be included into the diversity of Fischer-type 

metal carben&lkyne reactions providing access to highly substituted phosphahydroquinones and 

1,3-oxaphospholes. The chemoselectivity which may be controlled by the substitution pattern in the carbene 

&and, the regioselectivity of both carbene annulation and cycloaddition and the variety of available carbene 

complexes offer a promising basis for novel synthetic routes to polyGmctionahzed phosphorous heterocycles. 
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Geneml technique 

All reactions and workup operations were carried out under an atmosphere of dried inert gas (Ar or N2). 
Solvents were dried using standard methods, distilled, N2-saturated and stored under N2. Silica gel used for 
chromatography (E. Merck, type 60,0.063 - 0.2 mm) was dried at high vacuum and kept under N2. The 
following instruments setved for spectroscopic characterization. JR-spectra: Perkin Ehner 28 1 and Bruker IFS 
88; NMR-spectra: Bruker AC 300, Bruker WH 400; mass spectra: Varian MAT CH 7A and Varian MAT 
711 NMR data are reported in ppm using TMS as internal standard (‘H, 13C) or 85% - H3PO4 as external 
standard (3 ‘P). 

Tricarbonyl(S,~~hyl-l-hy~~~2-~bnfyl-3-pho~~~)ckromium (3). 0.6 g (2.07 
mmol) Pentacarbonyl[E-2-butenyl(methoxy)carbene]chromium (la)“) and 0.23 g (2.30 mmol) 
2,2-dimethylpropylidynephosphane (2)28) were dissolved in 20 ml reti.BuOMe. The solution was exposed to 
a pressure of 4 bar Ar and then warmed to 100’ for 2 hr Removal of the solvent and chromatography on silica 
gel at -25” using dichloromethane/petrotroleum ether as eluent afforded a marginal amount of yellow crystals. 
Single crystals suitable for X-ray analysis were obtained by recrystallization from dichloromethane/petroleum 
ether (l/3) MS m/z: 362 (C15HlgCrO5P 362.3) 

Tricmbonyl[l-4,4a:ZO~~-Z-hy~4-~~2~butyl-3-pkospk~~~~~~c~~m Pa) 
and Z-hydrary-r-~~2-crkary-2-tert.butyd3p~~kcnM (6). A solution of 2.72 g (7.50 mmol) 
pentacarbonyl[methoxy(l-naphthyl)carbene]chromium (4#@ and 0.75 g (7.50 mmol) phosphaalkyne 2 in 20 
ml rert.BuOMe was warmed to 50’ for 2 hr unter 5 bar Ar. The solvent was removed and the residue was 
purified by chromatography on silica gel at -25’ using dichloromethane@troleum ether (l/3 to l/O) aa eluent 
First, a yellow powder of 6a was obtained which was recrystahiied from dichloromethane/petroleum ether 
(l/5) From the second band dark red crystals of 5a were isolated after recrystallixation 8om 
dichloromethane&etroleum ether (l/l). 5a: 2.59 g (82%) JR (KBr, VOH cm-l): 3577, (CgHl4, VCO cm-l). 
1965s, 1885s,br. JH-NMR (CD3COCD3,400 MHz): S 1.57 (d, 9H, C(CH3)3; 4Jp H= 2.75 Hz); 4.00 (d, 3H, 
OCH3, 4JP r 3.04 Hz), 7.64 (m, 2H, H-6, H-7; ~JHH= 7.12, 4JH~ 1.40 and i 73 Hz); 7.85 (d, HI, H-9; 
~JHH= 9 59 Hz), 7 89 (dd, lH, 3JH~ 7.54 Hz); 8 32 (d. lH, H-10; 3JH~ 9.59 Hz); 8 55 (s, IH, OH); 
9.35 (dd, B-J, H-5; 3JH H= 8.09 Hz, 4J 
C(CH3)3, 3Jp C= 14 15 Hz), 38.01 (d, I?? 

)I= 1 28 Hz). 13C-NMR (CD3COCD3, 100.4 MHZ): S 31.62 (d, 
(CH3)3. 2Jp C= 19 55 Hz), 59.93 (d, 0CH3; 3Jp C= 34.33 Hz), 

101 06 (d, &a, 2Jp,C= 7.65 Hz), 114 73 (d, C-2; TJp,C= 60 07 Hz); 96.97 (s), 123.27 ‘(s), 128.71 (s), 
129.19 (s), 129 39 (s), 130.07 (s), 131 04 (s), 131.12 (s), 133.65 (s) (Ub-C-lOa); 134 04 (d, C-l; 2JP C= 
7 55 Hz); 154 72 (d, C-4, 1Jp C= 68.02 Hz), 233.49 (s, Cr(CO)3) 31PNMR (CD3COCD3, 121.5 MH& 6 
-26.50 MS m/z (%): 434 (Found C, 57 86; H, 4 43%; C21Hl9CrO5P 434.3 Requires. C, 58.07, H, 4.41%) 

(CD3COCD3, 400 MHz): S 1.68 (d, 9H, C(CH3)3; 
2 97 Hz); 7.61 (ddd, 2H, H-6, H-7; ~JHH= 7 22 Hz); 7.92 

8.39 (d, H-J, H-10, 3JH~ 9.27 Hz), 8 01 (s, H-J, 
(CD3COCD3, 100.4 MHZ) 6 31 64 (d, C(CH3)3; 

23.69 Hz); 59 07 (d, 0CH3; 3Jp C= 38.33 Hz); 131 36 (d, 
(s), 127.52 (s), 128 47 {s), 129.30 (s), 129 38 (s), 

C-l, 2Jp,C= 11.85 Hz), 153 77 (d, C-2; l~P,c 47.17 Hz), 
189.80 (d, C-4, lJp,C = 4604 Hz). 31P-NMR (CD3COOD3, 121.5 MHz) 6 12430 MS m/l: 298 
(Cl8H1902P298 3) 

Tricarbonyl(Z-4,4~ZOa- q6-Z-hy&oxy4dhqv-2-tat bu~3-phosphqAenantb.nn+htvmium (Sb). A 
solution of 2.82 g (7.50 mmol) pentacarbonyl[~o~thoxy(--naphthyl)carbene]dYomium (4b)s6) and 0.75 g (7.50 
mmol) phosphaalkyne 2 in 20 ml ter?.BuOMe was warmed to 50° for 2 hr under 5 bar Ar. Workup as 
described for the preparation of 5a gave red crystals of 5b. 5b: 2.41 g (72%). IR (RBr, VOH cm-l) 3587, 
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(CgHl4. VCO cm -l): 1957 s, 1887 s,br JH-NMR (CD3COCD3,400 MHz). 6 1.57 (d 9H, C(CH3), 4JP H= 
2 09 Hz), 1.58 (t, 3H, OCH2CH3; 3Jwr 6.87 Hz); 4.09 (dq, lH, 2J H= 14 28 Hz, 3J H= 7.14 Hz); 4.30 
(dq, 1H; 2J H= 14.30 Hz, 3Jwr 7 15 Hz), (OCH2); 7.66 (m, 2H, -6, H-7, 3J H= .70 Hz) 7 90 (m, 

Hb 
Hk Ht 

4H, H-8-H-1 , OH; 3J~~ 9.22 Hz); 9.50 (d, lH, H-5; 3Jwr 8 30 Hz) 13c-NZR (CD3CoCD3, 100.4 
MHz). S 15.20 (d, CH3CH20, 4Jp C= 3.99 Hz); 31.46 (d, C(CH3)3; 3Jp C= 14.25 Hz); 38.03 (d, C(CH3)3; 
2Jp C= 19.43 Hz); 70.15 (d, CH3kH2O, 2Jp C= 35.25 Hz); 100.89 (d,‘CkIa; 2JP C= 7.64 Hz); 115.2 (d, 
C-2 lJp,C= 69.36 Hz); 97.64 (s), 123.34 (sj, 128.60 (s), 129 17 (s), 129 41 (s),’ 130.17 (s), 131 09 (s), 
131.11 (s), 133.70 (s) (C-4bGlOa); 133.90 (d, C-l; 2Jp,C= 7.55 Hz); 153.72 (d, C-4; l~pC= 68.21 HZ); 
233.67 (s, Cr(CO)3). 31P-NMR (CD3COCD3, 121.5 MHZ): a-24.70. MS m/z: 448. (C22H2{CrC5P 448.4). 

Compettion of phiwphaalkyze 2 and te?‘t.bU@ acetylene fw carbene anmhtion. A sohnion of 1.42 g (3.77 
mmol) pentacarbonyl[ethoxy(l-naphthyl)carben ] hr e c omhun (4bp6), 0.38 g (3 77 mmol) phosphaalkyne 2 and 
0.3 1 g (3 77 mmol) terr.butyl acetylene in 20 ml diethylether containing 5 g molecular sieve ( 3A) was wanned 

to 60’ for 2 br under 5 bar Ar. After removal of the solvent the residue is dissolved in CD3CoCD3. ~H-NMR 
spectroscopic analysis indicated a product distribution of 5b/6b/7 = 27/3/5. 

Lkcompiexation eqxriments 

ZknnaZ dxwmplexat~on. A toluene solution of 0.19 g (0.44 mmol) 5a was warmed in an autoclave to 170° 
for 2 hr After removal of the solvent the residue was analyzed by lH- and ~~C-NMR spectrocopy which 
indicated an essentially quantitative formation of 6a and (toluene) Cr(CO)3 

LJgand exchmge A solution of 0.90 g (2 mmol) 5b in 40 ml diethylether was warmed in an autoclave to 70°C 
for 14 hr under 30 bar CO. Then the solvent and Cr(C0)6 were removed at 30’ in vacua. Chromatography of 
the residue on silica gel at 10” using ether/petroleum ether and recrystallization afEorded yellow crystals. 6b. 
0 63 g (95% . lH-NMR (CD3COCD3, 400 MHz). 6 1.67 (d, 9H, C(CH3)3; 4Jp H= 2.45 Hz); 1.71 (t, 3H, 
CH3CH2O; JJ-J~ 6 29 Hz), 4 88 (q, 2H, CH3CH2O; 3J H= 6 74 Hz); 7 61 tm, 2H, H-6, H-7, 3JH~ 3 

7 80 Hz); 7.88 (d, 3H, H-8, H-9, OH; 3J~~ 9 63 Hz); 8.3 (d, D-J, H-10; ~JKH= 9.32 Hz); 9.80 (d, \H, ?r 

H-5, 3Jw~ 7 30 Hz). 13C-NMR (CD3COCD3, 100 4 MHz). 6 15.39 (d, CH3CH2O, 4Jp C= 4.08 Hz); 
3164 (d, C(CH3)3; 3Jp C= 15.46 HZ); 38.94 (d, C(CH3)3; 2JP C= 23.67 Hz); 68.61 (d, CH3&2O; 2Jp C= 
39.32 Hz); 129.43 (d, &a; 2Jp C= 5.28 Hz); 122.92 (s), 122.99 (s), 127 29 (s), 127.46 (s), 128.43 Is), 
129.16 (s), 12923 (s), 130.57 (sj, 133.70 (s) (C-4b-ClOa); 149.71 (d, C-l; 2Jp C= 11 85 HZ); 153.97 (d, 

C-2; lJp,C= 47.47 Hz); 188.74 (d, C-4, lJp,C= 46.56 Hz). 31P-NMR (CD3COCD3, 121.5 MHz): S 125 80 
MS W’Z: 312 (CJ9H2102P 312 4). 

Tricarimtayl(l-4, 4ar 1~~4h~l-m~3-~bu~l-~p~~~~)c~~m (9), 
2-~hfhy~s-~~~bu31--1,3_arcapko (10) and pemcarbonyl(2-twphthyl-%metbq- 
4-terl. butyC1,3-a+osphok$chromium 

I 
11). A solution of 1.55 g (4.28 mmol) pentacarbonyl- 

[methoxy(2-naphthyl)carbene}chromium (8) @ and 0.60 g (6.00 ~01) phosphaalkyne 2 in 25 ml tRuOMe 
was warmed to 50” for 5 hr under 4 bar Ar. The solvent was removed, and chromatography of the residue on 
silica gel at -25’ using dichloromethane@trokum ether (l/3 to l/l) as ehxznt afforded lirst a mixture of lo/11 
and then a red band containing the phosphaarene complex 9 which was isolated as red crystals a&r 
recrystaUization from dichloromethane@$_roleum ether (2/5). Further chromatography of the oxaphosphole 
mixture on silica gel with ether/petroleum ether (l/15) and recrystaUization of the products Tom 
dichloromethane@troleum ether (l/10) gave a dark red powder of 10 and an orange solid of 11. 9. 0.35 g 

(19%) IR (CH2C12, VCO cm-l) 1960 s, 1890 s. lH-NMR (CD3COCD3, 300.1 MHz). S 1.53 (d, 9H, 
C(CH3)3); 3 93 (d, 3H, 0CH3); 7 65 (m, 6H, H-6-H-10, OH), 9 35 (d, U-J, H-5; 3Jw~ 7 86 Hz). 
13C-NMR (CD3COCD3, 75 5 MHz) S 31.50 (d, C(CH3); 3Jp C= 14.41 Hz); 38.35 (d, C(CH3)3, 2Jp C= 
19.82 Hz), 59.41 (d, 0CH3; 3Jp C= 32.18 Hz); 105 89 (d, C-10& 2Jp C= 6.34 Hz); 110.35 (d, C-3; lJp’~= 
60 60 Hz), 90 82 (s), 119.78 (s),‘128.38 (s), 128.62 (s), 128.90 (s), 129.76(s), 131.99 (s), 132 09 (s), 13199 
(s) (CXa-C-lo), 140.71 (d, C-4; 2Jp C= 8 53 Hz); 150 51 (d, C-l; 1Jp C= 63 40 Hz); 233.77 (s, Cr(CO)3). 
3lP-NMR (CDC13, 121 5 MHz): S-33 34. MS t?t.k 434. (Found: C, 57.41; H, 4.61%; C2lHlgCrO5P 434.3. 
Requires. C, 58.07; H, 4 41%) 10 0 12 g (9%). lH-NMR (CDC13,300.1 MHZ) 6 1.35 (d, 9H, C(CH3)3; 
4Jp,r 1.29 Hz); 4 10 (s, 3H, OCH3). 7 43 (m, 2H, H-6’, H-7’; ~JwH= 7 OS Hz); 7 76 (dd, 2H, H-3’, H-4’, 
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~JK-J= 9 14 Hz), 7.80 (dd, 2H, H-S, H-8’; 3J~r 8.20 Hz, 4J~~ 1.61 Hz); 8.06 (s, lH, H-l’). 13C-NMR 
(CDCl3, 75.5 MHz). 631 37 (d, C(CH3)3; 3Jp C= 7.77 Hz); 31.59 (d, C(CH3)3; 2Jp C= 14.79 Hz); 58.44 
(s, OCH3); 121.18 (d, C-4; lJp,C= 44.22 Hz);‘119 47 (d), 12169 (d), 125.76 (d), ld6.55, 127 76, 128.20 
(d), 128.32, 132.23 (d), 132 89, 133 54 (C-l’G8a’); 159.07 (d, C-5; 2Jp C= 5.36 Hz), 180.07 (d, C-2; 
lJp C= 47.24 Hz). 31P-NM.R (CDC13, 121.5 MHZ): S 121.05. MS m/z: 298.‘(C&gC2P 298 3). 11: 0 16 

g (i%). JR (CgH14, vCC cm-‘). 2070 m, 196ls, 1952s,sh. lH-NMR (CDC?, 300 1 MHZ): S 1.45 (d, 9H, 
C(CH3)3; 4Jp H= 0.95 Hz); 4.10 (s, 3H, 0CH3); 7.48 (m, w, H-6’, H-7’; JK~ 6.30 Hz); 7.83 (d, 1H; 
3Jwr 9 37 J#z), 7.85 (d, 1H) (H-3’, H-4’); 7 72 (ddd, lH, 3J~r 8.43 Hz, 4J~r 1 51 Hz), 7.88 (d, 1H; 

3Jar 8.05 Hz) (H-S’, H-8’); 8.17 9 lH, H-l’). 13C-NMR (CDC13, 75.5 MHz). 631.51 (d, C(CH3)3; 
3Jp C= 4.91 Hz), 32.40 (d, C(CH3)3; Jp C= 10.94 Hz); 58.02 (s, 0CH3); 123.49 (d, C-4; JJp C= 8.38 Hz); 
11$49 (s), 125 30 (d), 126.69 (s), 127 ?l (s), 128.20 (s), 128.41 (s), 130.02 (d), 133.06 cd), 133.09 (d) 
(C-I’-C-8a’), 161 12 (d, C-5; 2Jp C= 2.26 Hz); 179.88 (d, C-2; lJp C= 23.32 Hz); 214.82 (d, &-CO; 2Jp C= 
14.49 Hz); 220.83 (d, trans-CO; 2Jp,C= 4.08 Hz). 31P-Nh4R (CDCl3, 121.5 MHZ). 6 130.35. MS m/z: 490. 
(C23HlgCrO7P 490.4). 

2-Pbenyl-S-methary4-m bu@l-1,3_axapkospbole (13) and 4-methoxy&t& b&3-phosphan#tlwI-1 
(24). A solution of 0.58 g (1 86 mmol) pentacarbonyl[methoxy(phenyl)carbene]chromium (l2)45) and 0.22 g 
(2 20 mmol) phosphaalkyne 2 in 20 ml DME was warmed to 80’ for 5 hr in the presence of molecular sieve 
(3A) under 5 bar Ar The solvent was removed in vacua, and the residue was worked up by chromatography 
on silica gel. Elution at -25” with dichloromethane@ztroleum ether (l/3) afforded a brown oil 13 and a 

mixture containing 14 and another unidentified product 13.0.16 g (35%). lH-NMR (CDCl3,300.1 MHZ) S 
1.33 (d, 9, C(CH3)3), 4.03 (s, 3H, OCH3). 7 22 (dd, H-I, H-4’, 3J~~ 7 50 Hz, 4Jwr 1.03 Ha); 7.31 (dd, 
2H, H-3’, H-5’; JJ.J~ 7.65 Hz), 7.68 (dd, 2H, H-2’, H-6’; 3Jwr 7 60 Hz, ~JJ..J~ 1.70 Hz). 13C-NMR 

(CDCl3,75.5 MHz): 631.38 (d, C(CH3)3; 3Jp,C= 7.82 Hz); 58.31 (s, OCH3); 120.96 (d, C-4; *Jp C= 44.07 
Hz); 122.29 (d), 127.52 (d), 128.63 (d), 134.86 (d) (C-l’-C-63; 158 80 (d, C-5; 2Jp C= 5.43 Hz); i80 81 (d, 

C-2, 1Jp C= 47 02 Hz) 3lP-NMR (CDC13, 121 5 MHZ): 6 118.05. MS nt/z 248. (CJ4HJ7O2P 248 3). 14: 

0 02 g (8%). IH-NMR (CDCl3,300.1 MHz) S 1.66 (d, 9H, C(CH3)3; 4Jp H= 2.42 Hz); 4.21 (d, 3H, 0CH3; 
4Jp,r 2.87 Hz); 7 57 (m. 2H, H-6, H-7), 8.30 (d, 2H, H-5, H-8; 3J<r 9.30 Hz); OH not observed. 
31P-NMR (CH2Cl2, 121 5 MD+ 6 110 08 MS m/z. 248 (Cl4HJ702p 248.3) 

2-(I,2-Dimethaxy4pheny~S-methaxy4t~butyi-l,3-aurphosphole (16) and 4,6,7-Ttimet~2-ter~- 
butyl-3-phosphanaphthol-1 (17). In the presence of molecular sieve (3A) a solution of 0.87 g (2.34 mmol) 
pentacarbonyl[ 1,2-dimethoxy-4-phenyl(methoxy)carbene]chromium (15)46) and 0.28 g (2.80 mmol) 
phosphaalkyne 2 in 30 ml DME was warmed to 70” for 4 hr under 5 bar Ar. Removal of the solvent and 
chromatography of the residue on silica gel using dichloromethane/petroleum ether as eluent gave 0.54 g of a 
2/lmixture of 16/17 which could not be tbrther separated MS mLr: 308 (Cl6H2104P 308.3). 16 JH-NMR 

(CDC13, 300.1 MHz). S 1 33 (d, 9H, C(CH3)3; 4Jp H= 0 86 Hz); 3 87 (s, 3H, OCH3), 3 90 (s, 3H, 0CH3); 
4 03 (s, 3H, OCH3), 6 81 (d, lH, H-6’, 3JH,r 8.18 Hz); 7,20 (d, lH, H-39; 7 26 (dd, D-J, H-5’; 3J~r 

8 25 Hz, 4JH H= 2.24 Hz) 13C-NMR (CDC13,75.5 MHz). 631 35 (d, C(CH3)3, 3Jp C= 8 30 Hz), 55.81 (s, 
OCH3), 58 49 (s, OCH3). 120 65 (d, C-4, lJp 

5 28 Hz), 181 44 (d, C-2; ‘Jp,C= 46 04 Hz) +- 
- 43 02 Hz), C-I’-C-6’ not resolved; i58.20 (d, C-5, 2Jp C= 

lP-NMR (CH2CI2, 121 5 MHz): S 110.10 17 lH-ti 

(CDC13, 300 1 MHz). 6 1 65 (d, 9H, C(CH3 
4 19 (d, 3H, 4-0CH3, 4Jp H= 2 59 Hz); 7.6 (I 

3, 4Jp H= 2.22 Hz); 3 99 (s, 3H, OCH3), 4.01 (s, 3H, OCH3), 
(s, le, 7 68 (s, 1H) (H-5, H-8); OH not observed 13C-NMR 

(CDC13, 75.5 MHz) 63 1 i4 (d, C(CH3)3; 3Jp C= 15 09 Hz), 36 80 (d, C(CH3p; 2Jp,C= 24 90 Hz); 55 87 
(s, 6-OCH3, 7-0CH3); 58 29 (d, 4-OCHl 
C-2; IJp 

3JpC= 30 20 Hz); 125.36 (d, C-4a, Jp C= 5.28 Hz), 140.13 (d, 
- 50.56 Hz); 147 03 (d, C-l, Jp CL 12 53 Hz); 186.75 (d, C-4, lJp,C=’ 44.52 Hz); C-5-C-8 not 

resolved ‘FIP-NMR (CH2Cl2, 121 5 MHZ): b 101 48 

2-(2’-Furyl)-S-methaxy-4-t~butyl-l,3-omphospk (19) and 4-hydroq-7-methoxy-S-teabutyL&phos- 
pbubeuzofumn (20). A solution of 1 00 g (3.30 mmol) pemac&onyl[2-finyl- (methoxy)ca&ene]chromium 
(18)47) and 0.42 g (4.20 mmol) phosphaalkyne 2 in 40 ml DME was warmed to 90° for 3 hr under a pressure 
of 9 bar Ar while a gentle stream of Ar was bubbled through the vessel to remove cleaved CO. Monitoring of 
the reaction by *H-NMR indicated that oxaphosphole 19 and the chromium-coordinated phosphabenxotbran 
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20 l Cr(CO)3 had formed in an approximately l/2 ratio. Chromatographic workup on silica gel at -25O using 
dichloromethane.$etroleum ether (l/3 to l/O) gave first a yellow powder of 19. The following red band 
contained the coordinated phosphabenzoGran. To avoid uncontrolled decomposition it was warmed in boii 
toluene for 3 hr, column chromatography at -W (petroleum ether/ether S/l) gave a yellow powder of 20 
along with (toluene)Cr(CO)g. 19: 0.17 g (22%). lH-NMR (CD3COCD3, 300.1 MHZ): S 1.32 (d, 9H, 
C(CH3)3, 4Jp H= 1.44 Hz); 4.06 (s, 3H, DCH3); 6 56 (m, lH, H-3’); 6.63 (m, IH, H-4’); 7.56 (m, 1H; H-5’). 
13C-NMR (Ci)3COCD3, 75.5 MHz): 6 31.62 (d, C(CH3)3; 3Jp C= 7.83 Hz); 32.09 (d, C(CH3)3; 2Jp c= 
14 70 Hz), 59.25 (s, 0CH3 ; 104.86 (d, C-3’; 3Jp C= 12.53 Hz$ 112.64 (s, C-4’); 122.97 (d, C-4; lJp’c= 
44.37 Hz); 143.08 (d, C-5’; 3 Jp C= 4.75 Hz); 151.3b (d, C-2’; 2Jp C= 12.00 Hz); 159.53 (d, C-5; 2Jp c= 6.18 

Hz); 172.25 (d, C-2; lJpC= 46.41 Hz). 31P-NMR (CD3COCb3, 121.5 MHz): S 113.41. MS &, 238 
(Found: C, 60.34; H 6.22%; Cl2Hl503p 238.2. Requires: C, 60.50; H., 6.35%). 20: 0.07 g (9%). lH-NMR 

(CD3COCD3, 300.1 MHZ). S 1.56 (d, 9H, C(CH3)3; 4Jp,r 2.59 Hz); 4.08 (d, 3H, 0CH3; 4Jp~= 2.05 
Hz); 7.24 (s, br, lH, H-4’); 7.81 (s, br, lH, H-5’); 8.45 (s, lH, OH). 13C-NMR (CD3COCD3, 75.5’MHz). 6 
31 71 (d, C(CH3)3; 3Jp C= 15.98 Hz); 38.56 (d, C(CH3)3; 2Jp C= 25.28 Hz); 58.71 (d, OCH3; 3Jp C= 
29 60 Hz); 106.72 (d, C-3; 4Jp C= 3.72 Hz); 126.22 (d, C-7a, 2Jp b= 6.74 Hz); 144.92 (d, C-3; 4Jp C= 3 93 
Hz); 148.25 (d, C-3& 3Jp C= 14.59 Hz); 148.57 (d, C-4, 2Jp C=’ 10 56 Hz); 148.97 (d, C-5; 1Jp d= 57.25 

Hz); 173.03 (d, C-7; lJp’C= 51.61 Hz). 31P-NMR (CD3CdcD3, 121 5 MHz): S 120.19. MS’mIz: 238 
(Cl2Hl5O3P 238.2). ’ 

S-E&q-2-(2 ‘-thienyl)-cLcrL bu~l-l,3-mw&@de (22) ad trkarbony(3s 7a- q-6- 7-ethaxy4hydkq- 
Statbu@-6-phos#hbenzofhiop~)chmiJim (23. A solution of 148 g (4.45 mmol) 
penQc&onyl[ethoxy(2&ienyl)carbene]chromium (21)4 Q ) and 0.60 g (6 00 mmol) phosphaalkyne 2 in 35 ml 
ether was kept at 90” for 3 hr under 9 bar Ar as described above. Chromatographic workup on silica gel at 

404 4). 

Pe~~onylf2,3~~hy~~~l-(2~butylAdcy~-l,2~y~~~Jc~~‘um (24). A 
solution of 1.56 g (5.37 mmol) pentacarbonyl[Z-2-butenyl(methoxy)carbene]chromium (lb)&) and 0.61 g 
(6.10 mmol) phosphaalkyne 2 in 20 ml tert.BuOMe was warmed to 70’ for 7 hr under 4 bar Ar. 
Chromatographic work up at -25’ using dichloromethane/petroleum ether (l/5) as eluent gave several bands 
two of which contained the yellow phosphinine complex 3 and the orange 1,Zdiydrophosphete complex 24 
24. 0 11 g (5%). lR (CgHl4, VCO cm-l) 2095 m [C=C=O], 2060 m, 1955 vs, sh, 1945 vs [Cr(CO)5] 
lo-NMR (CDC13, 300.1 MHz). 6 1 30 (s, 9H, C(CH3)3); 1.27 (dd, 3H, 2-CH3; 3Jw# 9.9 Hz, 3Jp H= 
16 1 Hz); 1.79 (d, 3H, 3-CH3, 4J~~ 1 1 Hz), 2 54 (m, lH, H-2); 3 90 (s, 3H, 0CH3); C-NMR (CDeI3, 
75.5 MHz). S 13 09 (d, 2-CH3; 2Jp C= 15.7 Hz), 13.92 (d, 3-CH3; 3Jp C= 4.4 Hz); 29 72 (s, C=C=O); 31 64 
(d, C(CH3)3,3Jp C= 2.2 Hz); 33 23 (d, C(CH 3 ) 
0CH3; 3J 

3,2Jp C= 3 3 Hz); 39.35 (d, C-2, 1Jp C= 31 3 Hz), 59 05 (d, 

=C=C=O, et 
C= d3 Hz), 124 09 (d, C-3; 3Jp,C= lo:1 Hz), 148 28 (d, C-l lJp,CL 50.6 Hz); 184 20 (d, 
Jp,C= 14 8 Hz); 216.20 (d, CWCO; 2Jp,C= 13.4 Hz), 221.12 (d, frans-CO, 2Jp,C= 6.9 Hz) 

3lP-NMR (CDC13, 121 5 MHZ). 672 72. MS m/z: 418 (Cl7Hl9CrO7P 418 3) 
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2-(1’,4’-~~~2’nS-~~~~~~l,3~~~ (26). A sohrtion of 1.09 g (2 76 
mmol) tetracarbonyl[l,4-dimethoxy-2-naphthyl(m~o~~,O]chchchchchchchchchchchchcl (2!J)4g) and 0.30 g (3.00 
mmol) phosphaalkyne 2 in 50 ml reri.BuOMe was warmed to 70’ for 3 hr under 5 bar Ar. Removal of the 
solvent and chromatographic workup (silica gel, -25”, di~hloromethar&petroleum ether l/3 to l/O) afforded 
0 25 g of smrting mamrial25 and a non-separable mixture of 26 and pentacarbonyl complex 27. The latter was 
mod&d into aminocarbene complex 28 via aminolysis with 5 ml n-propylamine in 10 ml petroleum ether at 
0’. Chromatography on silica gel using dichloromethane/petroleum ether l/3 gave &at oxaphosphole 26 as a 

yellow solid followed by aminocarbene complex 28. 26: 0 11 g (11%) IH-NMR (CDC13, 300.1 MHZ): 6 
1.37 (d, 9H, C(CH3)3; coupling not resolved); 3.92 (s, 3H), 4.00 (s, 3H), 4.08 (s, 3H) (l’-, 4’-, 5-OCH3); 
7 18 (s, lH, H-3’); 7.42 (dd, lH, ~JRH_ 8.08 Hz), 7.52 (dd, 1H; 3Jwr 7.50 Hz) (H-6’, H-7’); 8.03 (d, lH, 
H-5’; 3J~ - 8.38 Hz), 8.18 (d, lH, H-8’; 3J 8 31 Hz). 13C-NMR (CDCl3, 75 5 MHz): 6 31.43 (d, 
C(CH3)3; !F Jp,C= 7 82 Hz); 3 1.72 (d, C= 14 3 1 Hz), 55 57 (s), 58.28 (s), 59 58 (d; Jp C= 7.34 
Hz) (l’-, 4’-, 5-OCH3); 122.91 (d, C-4, Jp,C= 46.19 Hz); 98.70 (d, Jp,C= 8.68 Hz), 103 17 (s); 122 42 (s); 
123.45 (d; Jp,C= 5.66 Hz); 125.34 (d, Jp C= 1.58 Hz), 125.79 (d, Jp,C= 2 72 Hz); 126.91 (s); 128 84 (s); 
145.80 (d; Jp,C= 4.75 Hz); 151 95 (s) (C-i’-C-89; 158.16 (d; 2Jp,C= 5.43 Hz); 175.01 (d; JJp,C= 56.67 Hz) 
3lP-NMR (Et20,121.5 MHZ): 6 141.85. MS m/z: 358. (C20H23O4P 358.4). 

(l-M~~2-pkeny~-S-~h~~butyl-l,3-~~k (30). A solution of 0.47 g (1.51 mmol) 
tetracarbonyl[methoxy(l-methoxy-2-phenyl)carbene-C,arbene-C,]chromium (29)4g) and 0.24 g (2.40 mmol) 
phosphaalkyne 2 in 20 ml dichloromethane was kept unter 5 bar Ar at room temperature for 8 hr. 
Chromatographic workup (silica gel, -25”, dichloromethan+etroleum ether l/3) gave 38 as a dark red oil. 38: 

0.25 g (60%). lH-NMR (CDCl3,300.1 MHZ). S 1.35 (d, 9H, C(CH3)3; 4Jp H= 0.84 Hz); 3.97 (s, 3H), 4.03 
(s, 3H) (l’-, 5-0CH3); 6.95 (dd, D-I, H-6’; 3JHjj 8.23 Hz); 6.98 (dd, 1X-I, I-h, 3J~~ 7.39 Hz); 7.18 (dd, 
N-J, H-5’; 35 

Q 
J-J= 7.80 Hz); 7.77 (d, lH, H-3’; J 

El 
H= 7.65 Hz) 13C-NMR(CDC13, 75.5 MHz): 631.30 (d, 

C(CH)3)3, p C= 7.86 Hz); 31.54 (not resolv 
120.40 (s, C-4’); 121.46 (d, C-4, IJ 

); 54 92 (s), 57 92 s) (l’-, 5-OCH3); 110.54 (s, C-61; 

% = 
‘3 

2Jp C= 5 74 Hz), 127.27 (d, C-5’; j 
C= 47.32 Hz); 122.66 (d, C-3’; Jp C= 10.94 Hx) 124.06 (d, C-2’; 

17622 (d, C-2, lJp,C= 58.87 Hz) 
p C 4.30 Hz), 155.58 (s, C-l’); 158.01 (d, C-5; 2Jp C= 5.21 Hz); 

278 3). 
31p&MR (CH2Cl2, 121 5 MHZ). S 137.6., MS m/z: 278.‘(C15H1903P 

Pentacarbonyl[(l-~~-2~~ny~-S-~~~butyl-l,3~h~~~]c~~m (31) andpenta- 
c~~nyl[2-(~-1-~~2-p~nyl-~~ny~~~m)-S-~~~ butyid,3-oxaphosp~]- 
chromium (32). A solution of 0.39 g (1.40 mmol) oxaphosphole 38 and an excess of Cr(CO)5* THP in 10 ml 
THP was warmed to 70° for 30 min. Chromatographic workup (silica gel, -25“, dichloromethane/petroleum 

ether l/3) afforded first 31 followed by 32 as orange powders. 31: 0.18 g (27%). JR (C6Hl4,, VCO cm-l). 
2078 m, 1990 w, 1957 vs. IH-NMR (CD3COCD3,300.1 MHZ): S 144 (d, 9H, C(CH3)3; 4Jp H= 0 55 Hz); 
3.82 (s, 3H), 3 97 (s, 3H) (l’-, 5-0CH3); 6.95 (d, lH, H-6’; 3J 

7 50 Hz), 7 40 (d, 2H, H-3’, H-5’; coupling not resolved) 1 k 
H= 8 37 Hz); 7.00 (dd, lH, ‘H-4’; 3Jer 

C-NMR (CDC13, 75.5 MHz): S 31.71 (d, 
C(CH3)3, 3Jp C= 5 20 Hz), 32 30 (d, C(CH3)3. 2Jp C= 10.80 Hz); 55 67 (s), 57.99 (s) (l’-, 5-CCH3); 
111 26 (s, C-6’) 121 26 (d, C-4, lJp 

SF 
= 

9 51 Hz) (C-2’-C-5’) 157 67 (d, C-l’, 
11.17 1%>; 117.73 (s), 12029 s), 131 36 (s), 132.15 (d; 2Jp C= 

Jp C= 7.40 Hz); 160 94 (d, C-5; 1 Jp C= 3 40 Hz); 176.65 (d, C-2; 
lJp,C= 30.26 Hz); 214 88 (d, &-CO; 2Jp,C= 15.24 Hz), 22136 (d, trans-cd; 2Jp,C= 3 90 Hz) 3*P-NMR 

(CH2Clj), 121 5 MHZ) 6 135 50 MS m/z: 470. (C2OJ-Jl9Cr.C8p 470.3). 32. 0.18 g (21%) JR (C6Hl4, v 
CC cm- ) 2078 m, 1975 m, 1957 vs, 1900 m. lH-NMR (CDC13, 300 1 MHZ). 6 1.40 (d, 9H), C(CH3)3); 
3.75 (s, 3H), 4.06 (s, 3H), (l’-, 5-OCH3), 4.90 (br, D-J, H-6’); 5.05 (br, lH, H-4’); 5.67 (br lH, H-5’); 5.84 

8* 
r lH, H-3’) 13C-NMR (CDCl3,75 5 MHZ) 631.47 (d, C(CH3)3; 3Jp,C= 4.95 Hz); 32.36 (d, C(CH3)3); 

Jp,C= 10 40 Hz), 55 92 (s), 57 87 (s) (l’-, 5-OCH3); 72 08 (s), 83 30 (s), 95.30 (s), 99.49 (d, Jp = 8.34 
Hz), 142 43 (d, 3Jp,C= 7 04 Hz (C-l’-C-6, 1 signal not observed); 160 97 (s, C-5), 168.91 (d, C-2 
32 10 Hz), 214 69 (d, crs-CO; 1 

PcI Jp C= 
Jp,C= 15.00 Hz); 220.48 (br, trans-CO), 232 33 (s, Cr(CO)3). 3iP-m 

(CH2C12, 121 5 MHZ) S 151.2 MS m/z 606 (C23HlgCr20JlP 606 4). 

S-Et~2-(~6-l-~hretliary-t-plrenyl_bbufyl-l,3~pk~ (34). A solution 
of 1 08 g (2 33 mmol) tetracarbonyl[ll6-l-methoxy-2-phenyl-tricarbonylchromium(et0]- 



5594 K. H. DOIZ et al. 

chromium (33)50) and 0.3 1 g (3.10 mmol) phosphaalkyne 2 in 50 ml ether was wsrmed to 70c for 1 hr under 
5 bar Ar. Chromatography on silica gel (-2Y, dichloromethaneIpetroleum ether l/2) followed by 
recrysudkation from dichloromethane/petroleum ether (l/3) gave red crystals. 34: 0.76 g (77%) JR (CgHl4, 
vCG cm-‘): 1957 vs, 1880 vs lH-NMR (CD3COCD3, 300.1 MHz): 6 137 (d, 9H, C(CH3)3; 4JP,C= 1.48 
Ha); 1 50 (t, 3H, CYI3CH20, ~JHH_ 7.09 HZ); 4.02 (s, 3, GCH3); 4.51 (q, 2H, CH3cH2G, 3JH - 7.03 
Hz), 5.32 (dd, lH, H-6’; ~JJ.J..J= 6.38 Hz); 5.80 (d, lH, H-4’; ~JHH= 6.30 Hz); 5.90 (ddd, H-J, H-5’; !!- 

6.56 Hz, 2JH~ 1.16 Hz); 6.57 (d, lH, H-3’; 3J 
JHH= 

15.47 (s, CH3CH2O); 31.67 (d, C(CH3)3; 3JP,C= 7. 
H= 6.57 Hz). 13C-NMR (CD3CGCD3, 75.5 MHz): S 

“s 7 HZ); 32.25 (d, C(CH3)3,2JP C= 14.36 Hz); 56.52 (s, 
GCH3); 68.39 (s, CH3CH2O); 76.88 (s, C-6’); 86.88 (s), 92.13 (d, ~JP C= 7.28 &); 94.34 (d, Jp C= 9.08 
Hz); 95.13 (s) (C-2’-C-5’); 123.23 (d, C-4; lJp,~= 47.85 Hz); 140.86 (s’ C-l’); 159.18 (d, C-5; 2Jp;C= 5.74 
Hz); 171.36 (d, C-2, 1Jp C= 59.18 Hz); 234.81 (s, Cr(CO)3). 31P-NMR (CH2C12, 121.5 MHz). S 143.00 
MS m/z: 428 (Found: C,‘53.03; H, 5.14% Cl9H2lCrG6p 428 3 Requires: C, 53,28; H, 4.94%) 

3: Cl5Hl9CrG5P (Mr.= 362.5): MO& radiation, A,= 0.71069 A graphite monochromator, En&Nonius 

CAD4 diffractometer space group P2l/c (No.14) with a=13.098(1), b=7.615(1), c=l7.463 (1) & g= 110.06 
(l)‘, V=1636.1(3) rr?, D,=l 471 gkm3, F(000)=752, T=-6ScC. 4906 Reflections (h *17, k -10, +l, 1 *22), 
3760 unique (Rmt=O.O245), 3500 observed ( F>So(F) ). Correction of the data with DJFABS51). 
R(wR)=O.O309(0.0356), w==l/o2(Fo), for 275 ret&d parameters (non hydrogens anisotropic, hydrogens 
isotropic, Siemens SHELKTL PLUS (VMS) ). Residual electron density: 0.45 eA-3. The tkal atomic 
coordinates are given in Table. 1. Further details of the crystal structure determination are available fkom the 
Cambridge Crystallographic Data Centre, University Chemical Lab., Lensfield Road, Cambridge GB2 IEW, 
U.K. Requests should be accompanied by a 111 literatum citation 

Expert&&al data for 5n and 34 are given in ref 26. Further details have been deposited at the 
Fachin8ormationszentrum Energie, Physik, Mathematik GmbH, D-7514 Eggenstein-Leopoldshafen 2 
[depository numers CSD-52863 (5a) and CSD-53363 (34)]. 

Table 1. Atomic coordmates (xl@) and equwalent isotropxc displacement aeflinents (A2x103) for 3 

x 

C1 2470(l) 

Gl) 
1229(l) 
4076(l) 

O(2) -137(l) 
O(3) 3164(l) 
O(4) 4494(l) 
O(5) 1261(l) 
C(l) 863(l) 
C(2) 1509(l) 
C(3) 2586(l) 
C(4) 3052(l) 
C(5) 2571(l) 
C(6) 2906(l) 
C(7) 3708(l) 
C(8) 1748(2) 
C(9) 3265(2) 
WlO) 993(2) 
C(ll) 3156(2) 
C(l2) 2547(2) 
C(l3) 4329(2) 
cc141 3130(Z) 
cc151 -762(2) 

Y 

2302(l) 
3019(l) 
5496(2) 
3296(2) 
-923(2) 
1820(2) 
-39(2) 
3738(2) 
4699(2) 
5193(2) 
4884(2) 
3680(2) 
336(2) 
2030(2) 
672(3) 
6200(3) 
52090) 
3600(2) 
2253(3) 
2935(3) 
5371(3) 
2036(3) 

0 

9762(l) 
10522(l) 
10669(l) 
6959(l) 

ioeo7ii j 
9376(l) 
8363(l) 
9505(l) 
9144(l) 
9605(l) 
10465(l) 
10924(l) 
10425(l) 
9533(l) 
8916(l) 
9202(l) 
8256(l) 
11854(l) 
12196(l) 
12062(2) 
122720) 
9208(2) 

U(W 

20(l) 
25(l) 
29(l) 
330) 
44(l) 
40(l) 
54(l) 
24(l) 
23(l) 
22(l) 
21(l) 
22(l) 
26(l) 
25(l) 

:11:11; 
36(l) 
28(l) 
40(l) 
39(l) 
360) 
440) 

* Equivalent isotropic U &fined as one third of the 
traCe of the orthC&Pmlized Ui, tensot 
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cr 
Pl 
01 
02 
03 
04 
05 
Cl 
c2 
c3 
C4 
c5 
C6 
c7 
C8 
c9 
Cl0 
Cl1 
Cl2 
Cl3 
Cl4 
Cl5 
Cl6 
Cl7 
Cl8 
Cl9 
c20 
c21 

0.18001(4) 
-0.03950(6) 
-0.0908(2) 
0.3005(2) 
0.4696(2) 
0.1126(2) 
0.1983(2) 
0.0993(2) 
0.1974(2) 
0.2064(2) 
0.3155(3) 
0.3318(3) 
0.2477(3) 
0.2763(3) 
0.2017(3) 
0.0979(3) 
0.0667(3) 
0.1404(2) 
0.1134(2) 
-0.0012(2) 
0.1011(3) 
0.3584(3) 
0.2329(3) 
0.1402(2) 
0.1935(3) 
-o.ooel(3) 
0.0719(3) 
-0.1876(3) 

I 

0.27500(4) 
0.22400(6) 
0.2122(2) 
0.0626(2) 
0.3075(2) 
0.4998(2) 
0.4018(2) 
0.1735(2) 
0.1084(2) 
0.0829(2) 
0.0118(2) 
-0.0185(2) 
0.0239(2) 
-0.0034(3) 
0.0409(3) 
0.1124(3) 
0.1400(3) 
0.0951(2) 
0.1211(2) 
0.1818(2) 
0.1980(2) 
0.2955(2) 
0.2524(2) 
0.4120(2) 
0.3515(2) 
0.2826(3) 
0.0859(3) 
0.2961(3) 

* 
0.91560(2) 
0.83271(4) 
0.9846(l) 
0.6184(11 .~. 
0.9221(2) 
0.8348(l) 
1.0746(l) 
0.7967(l) 
0.8476ilj 
0.9342(l) 
0.9737(2) 
1.0537(2) 
1.1054(2) 
1.1908(2) 
1.2428(2) 
1.2112(2) 
1.1276i2j 
1.0716(2) 
0.9811(l) 
0.9376(l) 
0.7038(l) 
0.9199(2) 
0.6928(2) 
0.8648(2) 
1.0139(2) 
0.6659(2) 
0.6547(2) 
0.9532(2) 

wq) 
2.274(7) 
2.66(l) 
3.57(4) 
3.73(4) 
6.18(6) 
4.52(S) 
6.31(6) 
2.55(5) 
2.60(S) 

:*::I:; 
3:76(7) 
3.29(6) 
4.24(7) 

:.::$; 
4141<7) 
2.99(6) 
2.49(5) 
2.57(5) 
2.95(6) 

:%;:; 
2:93(6) 
3.48(6) 
4 22i7j 
3.98(7) 
5.87(L)) 

Iwtropic 8quivalsnt displacement parmeter defined as: 

(4/3) * la2*Wl.1) + b2*B(2,2) + c2*B(3,3) + ab(cos gamu)*B(1,2) 
+ ac(cos bet.%)*B(1,3) + bc(cos alpha)*B(2,3)] 

x Y 

2388(l) 
-1296(2) 

':;!I:; 
-184(S) 
1209(7) 
4169(6) 
-1376(6) 
-1465(B) 
-42(E) 
689(7) 
1997(6) 
1566(8) 
2867(S) 
4675(E) 
5216(7) 
3872(E) 
-2958(e) 
-4455(10) 
-1911(10) 
-4113(10) 
1223(9) 
1348(9) 
-813(7) 
1675(a) 
3519(7) 
68(a) 

t Ubco 
4018(l) M(1) 
1914(l) 47(l) 

::::I:; 
S3(1) 
89(2) 

:%I:; 
50(l) 
103(2) 

5411(2) 90(2) 
4757(2) 72(2) 
1486(2) 43(2) 
1729(2) 53(2) 
2370(2) 39(2) 
2863(2) 37(2) 
3193(2) 40(2) 
3673(2) 47(2) 
3807(2) 55(2) 
3467(2) 53(2) 
3017(2) 48(2) 
935(2) 56(2) 
841(3) 109(3) 
256(2) 120(3) 
1129(3) 109(3) 
1997(3) 750) 
1745(3) 78(2) 
3350(2) 55(2) 
3987(2) 61(2) 
4869(2) 56(2) 
4473(2) 46(2) 

cr(1) 8412(l) 
P(1) 8026(l) 
O(1) 6897(2) 
O(2) 5577(2) 
O(3) 9490(2) 
O(4) 6546(2) 
O(5) 8499(3) 
O(6) 9000(2) 
C(l) 6903(3) 
C(2) 6441(3) 
C(3) 7773(3) 
C(4) 8308(3) 
C(5) 9190(3) 
C(6) 96810) 
C(7) 9325(3) 
C(8) 8469(3) 
C(9) 7963(3) 
C(10) 6517(3) 
C(11) 7214(4) 
C(l2) 6193(5) 
C(l3) 5763(4) 
C(14) 5131(3) 
C(15) 4186(3) 
C(l6) 10344(3) 
C(l7) 7267(3) 
C(18) 8456(3) 
C(19) 8774(3) 

5595 

l Equiwlcnt isotropic U defined ., on* third of the 
trace of the c.rthogoMlired Ui, tensor 
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