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The DFT study of the 1-butadienylphosphinidene complex f€EBHCH=CHP—Cr(CQO)] shows a
delocalized structure with a short#€ bond at 1.789 A and a long,&C; double bond at 1.367 A. The
W(CO) complex has been synthesized by copper-catalyzed decomposition of the appropriate 7-phos-
phanorbornadiene complex. It gives the normal reaction products with alkynes (phosphirenes) and with
conjugated dienes (phospholenes and dihydrophosphepines via a phospha-Cope rearrangement), but when
no trapping reagent is added to the reaction mixture, it gives a complex pentacyclic product whose structure
has been established by X-ray crystal structure analysis and whose formation involves a cascade of reactions

starting at the dienyl substituent of the precursor.
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Introduction

The electrophilic terminal phosphinidene complexes {RP
M(CO)s] (M = Cr, Mo, W) are known to have an electronic
structure which resembles that of singlet carbéréeir LUMO
is essentially the empty,prbital at phosphorus. Any-system
directly bonded to phosphorus will stabilize the phosphinidene
by interaction with the porbital. From this standpoint, the high-
lying zr-electrons of a conjugated dienyl unit would be especially
interesting as a stabilizing unit. From another standpoint, the
reaction of conjugated dienes with phosphinidene complexes
has been one of the most thoroughly studied reactions of
phosphinidene$One can wonder through what kind of reaction _. . .

a butadienylphosphinidene complex would evolve toward a F:agnli;i allr'bgnoyrﬂ:%%?gijrtrr]u%g:ﬁp?;;hesggﬁit?g;?yfgﬁjpgzgﬁge)'
stable compound. These two reasons led us to investigate th A) and angles (deg): PiCr2 = 2_3'05' P1-C13= 1.789, C13-

electronic structure and the trapping of these previously 15— 1367 C15C17= 1.445. C17C19= 1.346' Cr>-P1—
unreported species. C13= 112.0.

@,

Results and Discussion complexes adopt a staggered conformation of th&Rnd Cr-
. . . (CO) units, and the RP—Cr bond angles are identical.

'tl)'ot_fzvalttlateégeMefcf:ec;:t of the |r}trodugt|8r';Tof "’} brt?d%enyl However, the P-C bond is short inl at 1.789 A vs 1.864 A
substituent in [ (CO)s], we performe cajcutations for the P-Me complex and the £=Cs double bond is long at

on [(I.E)'CH52=QHCH=CHP_C«CO)5] (1) using the B3LYP 3 357 & ys1.346 A for the terminal double bond. As expected,
functionat® with 6-31G(d) basis sets for all atoms except Cr
(lanl2dz). Our results were then compared to th(_)se obtained (3) Frisch, M. J.: Trucks, G. W.. Schlegel. H. B.. Scuseria, G. E.. Robb,
for [MeP—Cr(CO}] at the same h_eVel of formalisf.The M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
computed structure df is shown in Figure 1. The replacement N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
of the methyl group by a butadienyl substituent induces some '\N/';?gtgz?i',HB_-?Hg;:S;\h MEh ;gak/l”?']rlé (gt-; i?ggdkﬂgapst?ﬁjggyafvé AJ-J_
significant changes in the geometry of the complex. Both (" ,\}lj; Nakajima, T.; Honda, ¥. K%'tao”o:; Nakai, H.;'klene,?vl.; T
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;

T Ecole Polytechnique. Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
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Figure 2. Frontier orbitals ofl.

the Cr—P—C,4 unit of 1 is strictly planar. These data suggest a

strong conjugation between phosphorus and the vicinal double

bond in1. The NBO charges confirm this point. The charge at
P is reduced at 0.534 e vs 0.60 e forMe. The two double
bonds are highly polarized: © —0.606; G, —0.131; G,
—0.268; G, —0.333. Thus, it appears thhts better represented
by a mesomeric formulation as shown in eq 1.

(OC)Cr—P N (OC)sCr—P Y

~ (00PN~ (OC)5Cr—EM+ A)

The orbital scheme confirms the strong delocalization within
the phosphinidene unit. HOMO-1 is essentially the antibonding
combination of the porbital at P and the¥, orbital of
butadiene, the HOMO is still essentially the lone-pair orbital at
P but is destabilized by 0.19 eV by comparison with theMre
complex, and the LUMO is heavily localized at Ps,@nd G
(Figure 2).

Our starting synthetic point was the 1-chlorobutenylphosphole
complex2, whose preparation has been described in a previous

work.” The dehydrochlorination of the chlorobutenyl substituent
by a strong base afforded the butadienylphosphole conplex
in good yield (eq 2). Thé3C NMR spectrum of3 shows a
Me Me
2/ \§
(OC)sw”P\ﬂm THF, 0°C, 1.5 h

Me Me
2/ \§
(OC)sW ~ P\/_/

BuOK

(2) (3) (75%)
(OC)sWe, e~
Me0O,CC=CCO,Me R @
—_— Me CO,Me
toluene, 70°C 71/ (4) (80%)
overnight Me CO,Me

characteristic resonance for the termisH, group as a singlet
at 122.38 ppm (CDG@). The stereochemistry of the exocyclic
PCH,=CHjg unit was established by inspection of #&€NMR
spectrum: H appears as a pseudo-triplét(n = Ju—p = 16.3
Hz) only compatible with théE stereochemistr§.Contrary to
what we feared, the DietsAlder reaction of3 with dimethyl
acetylenedicarboxylate (DMAD) exclusively took place at the
cyclic diene to give the 7-phosphanorbornadiene comglex

once again in good yield (eq 2). Such a perfect selectivity was
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not observed in previous experiments with a 1-(tetramethyl-
cyclopentadienyl)phosphofeln this case, DMAD reacts with
both the phosphole and cyclopentadiene rings.

Complex4 shows the characteristic deshielding of e
resonance at 205 ppm (GEl,) and the characteristié3C
resonance for the terminadCH, group at 123.19 ppm (CDg)l
To check that was a genuine precursor of the butadienylphos-
phinidene comple)s, we investigated the reaction dfwith
diphenylacetylene at 6TC in the presence of CuCl as a catalyst.
We obtained the expected phosphiréhehus demonstrating
the formation of5, together with an unknown biphosphorus
compound T), characterized by two singlet resonances at 48
and 148.6 ppm (eq 3). We shall discuss the structurélater.

CuCl PhC=CPh
) ———— (00)5w\PN§] ]
toluene, 60°C,
overnight )
Ph Ph
X + (M @
(OC)5W’PW
(40%)

(6) (25%)

The phosphirene displays the characteristic shielding of its
31p resonance at163.8 ppm (CDG) and the termina=CH
group at 122.91 ppm (CDg)l The reaction of4 with 2,3-
dimethylbutadiene was much faster and did not produce the
byproduct?7. The minor product was the phosphole®eand
the major product the bicyclic compourd(eq 4).

Me Me

Me

Me

XS

(4)

(OC)sW~
(9) (35%)

P
CuCl, 58°C, 2h () -PRANF
(8) (8%)

Me

The3C spectrum of the phospholeBeshows the intracyclic
CH, groups as a doublet at 44.48 pphdd_p = 29.2 Hz) and
the terminalCH, group as a singlet at 122.2 ppm. The formula
of 9 was established by an X-ray crystal structure analysis
(Figure 3). The origin of8 and 9 is quite clear. The initial
product is very likely the phosphirari®, which ring-expands
either via a 1,3-shift to give the phospholene according to a
well-known schemgor via a phospha-Cop# rearrangement
to give a seven-membered ring with &€ double bond that
reacts with a second molecule of diene to give the bicyclic
compoundat® (eq 5).

Me Me
@) + —
Me
y Me P 8 8) ;
OC)W ™~ SN e Mo Mo
(10)
33] Me—/ N } § o
_ )
(OC)5W/P

(7) Tran Huy, N. H.; Gryaznova, T. V.; Ricard, L.; Mathey, F.
Organometallics2005 24, 2930.

(8) Nelson, J. HNuclear Magnetic Resonance Spectroscdprentice
Hall: Upper Saddle River, NJ, 2003; p 161.

(9) Frison, G. Ph.D. Thesis, Paris VI University, November 13, 2000.
(10) (a) Appel, R.; Kochta, J.; Winkhaus, €hem. Ber1988 121, 631.
(b) Tran Huy, N. H.; Marinetti, A.; Ricard, L.; Mathey, Rrganometallics
1992 11, 1438.
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Figure 4. X-ray crystal structure of complekx Thermal ellipsoids
are scaled to enclose 50% of the electronic density. Main bond
- lengths (A) and angles (deg): WE&P(1) = 2.4957(8), W(2)»
o5/ P(2) = 2.467(1), P(1)C(1) = 1.849(3), P(1)C(4) = 1.874(3),
P(1y-C(11) = 1.886(3), P(2)O(7) = 1.653(2), P(2)C(9) =
1.856(3), P(2)yC(14) = 1.833(4); C(1)-P(1)}-C(4) = 80.8(1),
C(1-P(1)-C(11) = 103.9(1), C(4yP(1}-C(11) = 107.4(1),
O(7)-P(2)-C(9)=103.1(1), O(7y P(2)-C(14)= 102.6(1), C(9%-
P(2y-C(14) = 105.3(2).

Figure 3. X-ray crystal structure of compleX Thermal ellipsoids

are scaled to enclose 50% of the electronic density. Main bond
lengths (A) and angles (deg): PEAW(1) = 2.5187(6), P(1>C(1)
=1.826(2), P(1)C(5)= 1.842(2), P(1)C(10)= 1.844(2); C(1y
P(1)-C(10) = 105.5(1), C(5y-P(1)-C(10) = 106.8(1), C(1y
P(1}-C(5) = 98.1(1), C(4>-C(5)—C(6) = 111.6(2).

Experimental Section

The formation of8 and9 demonstrated that the reaction of NMR spectra were recorded on a multinuclear Bruker AVANCE
the butadienylphosphiniderfetoward a conjugated diene was 300 MHz spectrometer operating at 300.13 ¥y 75.47 for'3C,
similar to that of a vinylphosphinidene compl&®.We were and 121.50 MHz foP'P. Chemical shifts are expressed in parts
ready then to study the generation and evolutiorb of the per million (ppm) downfield from internal tetramethylsilankH(
absence of additional reagent. Upon heating in the presence oftnd"*C) and external 85% aqueousf0; (*'P). Elemental analyses
CuCl as a catalyst, the phosphanorbornadiegave the already were performed by th&erice de microanalyse du CNRSif-

. - . sur-Yvette, France.
observed biphosphorus compounds the single major product Synthesis of 1-Butadienylphosphole Complex 3o a solution

(eq 6). of complex2 (10.5 g, 20x 1072 mol) in THF (100 mL) at ¢°C
was addedBuOK (3 g, 26x 102 mol). The solution was stirred

(Oc)ﬁ'w\p/%/§ for 1.5 h. After evaporation of the solvent, the residue was
Me}li/cone Q) chromatographed on silica gel with hexanefCH (9/1) as the
Me COMe H eluent.3 was obtained as a yellow powder, yield 7.3 g (75%).
2 58°C, 3 h 31P NMR (CDCE): 6 0.9.'H NMR (CDCl): ¢ 2.42 (s, 6H,

Me), 5.55 (d, 1H,Jy_ = 10 Hz, =CH,), 5.66 (d, 1H,Jy_y =

— A
(OC)sw\@ (OC)sW. l/W(CO)5 16.9 Hz,=CH,), 5.98 (pseudo t, 1HJy-y = Ju-p = 16.3 Hz,
R \=P—W(CO)s M \ PCH=), 6.58 (d, 2H,2J4_p = 36.7 Hz, ring=CH—P), 6.66 (m,

(o]
Me—; Vi 0 7o ° oMo ®) 1H, =CH), 6.95 (m, 1H=CH). 3C NMR (CDCk): ¢ 17.67 (d,
Me Come Mg 0% Je—p = 11.5 Hz, Me), 122.38 (s=CH,), 123.25 (d,Jc—p = 40.5
an == (7)(50%) Co,Me Hz, =CHP), 129.45 (dJc_p = 44.8 Hz, ring=CHP), 136.36 (d,

Jc—p = 18.8 Hz,=CH), 145.98 (d Jc—p = 8.6 Hz,=CH),151.42
The structure of7 was established by an X-ray analysis (d, Je-p = 9.0 Hz,=CMe), 196.49 (dJc-p = 6.7 Hz, cis-CO),

(Figure 4). On the basis of what we had observed in the reaction 199-45 (d.Jc-p = 27.8 Hz,trans-CO). Anal. Calcd for GsH150s-
of 5 with dimethylbutadiene, the origin afis very likely the ~ PW: C, 36.91; H, 2.68. Found: C, 37.02; H, 2.64.
following. The phosphiniden first reacts with the butadienyl Synthesis of 7- Butad|engll -7-phosphanorbornadiene Complex
substituent of a second molecule of precursts give a seven-  4- COmMPIeEx3 (5 g, 10 107> mol) and DMAD (3 mL) were heated
membered ringX1) via a phospha-Cope rearrangementl1n overnight at 7_0_’(: in toluz_ane (2 mL). The product was chromato-
the reactive P-C double bond is close to a=&CC=0 unit of graphed on silica gel with hexane/@Ci, (1/1)0as the eluend
the phosphanorbornadiene. An intramoleculaf[2] cycload- was obtained as a yellow powder, yidh g (80%).

- 31P NMR (CHCl,): 6 205.4.*H NMR (CDCl): 6 1.99 (s, 6H,
dition takes place between the phosphaalkene anduife Me), 3.72 (d( ZFI—%,JHZ_).:= 1.9 Hz, CH-P) (3.80 (35) 6H OM(e) 533

unsaturated ester to give the pentacyclic produntfair yield. (d, 1H, 4w = 9.1 Hz, CH), 5.42 (d, 1HJs_n = 16.1 Hz, CH),
This complex and subtle chemistry once again demonstrates6.14 (pseudo t, 1H}4-y = Jy—p = 16.2 Hz, PCH), 6.35-6.46

the extraordinary versatility of the phosphelghosphanorbor- ~ (m, 2H,=CH). 13C NMR (CDCk): ¢ 16.24 (d,Jc-p = 2.3 Hz,

nadiene route to electrophilic terminal phosphinidene com- Me), 52.82 (s, OMe), 60.47 (dc—p = 21.5 Hz, CHP), 123.19 (s,

plexest! =CH,), 131.47 (d,Jc—p = 10.1 Hz,=CH), 136.33 (d,Jc-p =
13.4 Hz,=CH), 138.45 (dJc-p = 17.0 Hz,=C(Me)), 144.71 (d,
e : Marinatt : Jc—p = 5.4 Hz,=CH), 146.27 (dJc—p = 4.6 Hz,=C(CO,Me)),
(11) Reviews: (a) Mathey, F.; Tran Huy, N. H.; Marinetti, tAelv. Chim. !
Acta 2001, 84, 2938. (b) Lammertsma, K.; Vlaar, M. J. NEur. J. Org. 165.39 (d,Jc-p = 2.8 Hz, CQ), 196.20 (d,Jc-p = 6.8 Hz, cis-

Chem.2002 4, 1127. CO), 198.43 (dJc_p = 25.4 Hz,transCO).
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Synthesis of 1-Butadienylphosphirene Complex 8Complex
4 (0.64 g, 1x 1073 mol), diphenylacetylene (0.2 g, 12 1073
mol), and CuCl (0.03 g) were heated overnight af60n toluene
(8 mL). The crude product was chromatographed on silica gel with
hexane/CHCI, (9/1) as the eluent. The phosphirene comilevas
thus obtained (0.06 g, 25%). Compl&was then eluted with
hexane/CHCI, (2/3), yield 0.15 g, 40%.

Data for 6 are as follows3P NMR (CDCk): ¢ —163.8.1H
NMR (CDCl): ¢ 5.32 (d, 1H,Jy—n = 9.8 Hz,=CH,), 5.43 (d,
1H, Jy-4 = 16.9 HZ,=CH2), 5.69 (pseudo t, IHlh—y = Jh—p =
16.6 Hz, PCH=), 6.38 (m, 1H,=CH), 6.79 (m, 1H,=CH). 13C
NMR (CDCly): 122.91 (s,=CH,), 127.90 (d,Jc—p = 6.7 Hz,
=C-), 129.19 (d,Jc-p = 8.5 Hz,=C-), 129.67 (s,=CH(Ph)),
130.63 (dJc—p = 5.5 Hz,=CH(Ph)), 130.95 (s=CH(Ph)), 134.65
(d, Jc—p = 6.3 Hz,=CH), 135.65 (dJc—p = 19.8 Hz,=CH), 147.68
(d, Jo—p = 13.7 Hz,=CH), 196.22 (dJc-p = 8.6 Hz, CO), 198.22
(d, Je—p = 30.5 Hz, CO). Mass spectruif{w): m/z586 (M, 14%),
446 (M — 5CO, 100%).

Synthesis of 1-Butadienylphospholene Complex 8 and Bicyclic
Complex 9. Complex4 (0.32 g, 0.5x 1072 mol), 2,3-dimethyl-
butadiene (0.5 mL), and CuCl (0.02 g) were heated2fd at 58
°C in toluene (5 mL). The crude product was chromatographed on
silica gel with hexane/C§Cl, (9.5/0.5) as the eluent. The phos-
pholene comple® was first recovered (0.02 g, 8%) and then the
bicyclic complex9 (0.1 g, 35%).

Data for8 are as follows3!P NMR (CDCE): 6 —12.1.1H NMR
(CDCly): 6 1.75 (s, 6H, Me), 2.742.98 (m, 4H, CHP), 5.31 (d,
1H, Jy—n = 9.8 Hz,=CH,), 5.40 (d, 1HJ4—y = 16.8 Hz,=CH,),
6.03 (pseudo t, 1H}y—y = Jy—p = 15.8 Hz,=CHP), 6.43 (m, 1H,
=CH), 6.58 (m, 1H=CH). **C NMR (CDCk): 16.53 (d,Jc-p =
7.9 Hz, Me), 44.48 (dJc-p = 29.2 Hz, CHP), 122.21 (ss=CHy,),
130.15 (s,=C(Me)), 130.61 (dJc—p = 35.4 Hz,=CHP), 136.28
(d, Je—p= 17.0 Hz,=CH), 143.46 (dJc_p = 7.5 Hz,=CH), 197.06
(d, Jc—p = 7,2 Hz, CO). Mass spectrum (CI, NH8W): m/z491
(M + H, 76%), 436 (100%).

Data for9 are as follows3'P NMR (CDCE): ¢ —23.2.1H NMR
(CDCl): 6 1.60 (s, 3H, Me), 1.73 (s, 3H, Me), 1.75 (s, 6H, Me),
4.95 (d, 1H,Jy—y = 16.9 Hz,=CH,), 5.03 (d, 1H,J4—4 = 10.0
Hz, =CH,), 5.59 (m, 1H,=CH). 13C NMR (CDCk): 20.49 (s,
Me), 21.10 (dJc—p = 2.1 Hz, Me), 22.20 (dJc-p = 8.0 Hz, Me),
22.66 (d,Jc—p = 2.9 Hz, Me), 28.69 (dJc—p = 26.0 Hz, CH),
36.32 (s, CH), 39.52 (d,Jc—p = 19.8 Hz, CH), 41.38 (d,Jc—p =
3.6 Hz, CH), 41.93 (s, CH), 42.10 (d,Jc—p = 19.5 Hz, CH-P),
115.01 (s,=CH,), 120.84 (d,Jc-p = 3.5 Hz,=C-), 125.30 (d,
Jc—p=10.2 Hz,=C-), 126.05 (dJc—p = 11.5 Hz,=C-), 133.39
(d, Jc-p = 6.5 Hz,=C—), 143.33 (d Jc-p = 8.6 Hz,=CH). Mass
spectrum (CI, NH; 8W): m/z 572 (M, 100%). Anal. Calcd for
CoH250sPW: C, 44.08; H, 4.39. Found: C, 43.91; H, 4.39.

Synthesis of the Polycyclic Complex 7 by Thermolysis of the
7-Butadienyl-7-phosphanorbornadiene Complex 4Complex4
(1 g, 1.58x 1072 mol) and CuCl (0.03 g) were heated 8 h at
58°C in toluene (8 mL). The crude product was chromatographed
on silica gel with hexane/Cil, (1/1) as the eluent. Complek
was recovered as yellow crystals (0.4 g, 50%).

Data for7 are as follows3!P NMR (CDCE): ¢ 48.0, 148.61°C
NMR (CDCl): ¢ 14.83 (d,Jc—p = 3.7 Hz, Me), 15.28 (dJc—p =

Organometallics, Vol. 25, No. 13, 31%5

2.7 Hz, Me), 38.61 (s, OMe), 41.05 (d&-p = 10.3 Hz, P-CHy),
51.71 (dJc-p = 21.2 Hz, P-CH), 53.76 (dJc—p = 7.7 Hz, OMe),
54.12 (ddJc-p=21.3 and 5.8 Hz, PCH), 55.18 (s, P-CH), 56.28
(s, P-CH), 56.50 (dJc-p = 18.6 Hz, P-CH), 74.96 (s, C), 98.32
(d, Jc—p = 8.7 Hz,=C), 118.37 (s=CH,), 122.94 (dd,=CH),
123.62 (s=CH), 133.40 (dJc—p = 10.5 Hz,=CMe), 138.75 (d,
Jc—p = 14.6 Hz,=CMe), 141.13 (dJc-p = 14.7 Hz, vinyl=CH),
152.52 (s=CQOO0), 172.76 (s, CMe), 195.75 (dJc—p = 7.6 Hz,
cis-CO), 196.26 (dJc-p = 6.8 Hz, cis-CO), 197.89 (dJc—p =
27.0 Hz trans-CO), 198.91 (dJc—p = 28.6 Hz,trans-CO), 197.89
(d, Jc—p = 27.0 Hz,trans-CO). Anal. Calcd for GoH240,4P,W5:
C, 34.71; H, 2.33. Found: C, 34.53; H, 2.36.

X-ray Structure Data. General details are as follows: Nonius
Kappa CCD diffractometer) andw scans, Mo Kt radiation § =
0.71073 A), graphite monochromatdr;= 150 K, structure solution
with SIR971? refinement againgE? in SHELXL97* with aniso-
tropic thermal parameters for all non-hydrogen atoms, calculated
hydrogen positions with riding isotropic thermal parameters.

Data collection for7: colorless plate, 0.2& 0.14 x 0.12 mm;
monoclinic, P2:/c, a = 17.0670(10) Ab = 13.4710(10) Ac =
16.3210(10) A8 = 115.1700(10); V = 3396.1(4) &, Z = 4,
Peaicd = 2.030 g cm?, u = 6.930 cn1?, F(000) = 1976, Omax =
30.03, hkl ranges—24 to+24,—18 to+16, —22 to+22, 16 351
data collected, 9903 unique dafd,( = 0.0256), 7814 data with
I > 20(1), 437 parameters refined, G = 1.008, finalR indices
(R1= 3 |IFol — IFcll/ZIFol, WR2= [ W(Fc* — FA)Z T W(Fs?)7 Y,
R1=0.0290, wR2= 0.0693, maximum/minimum residual electron
density+1.300(0.142)+1.512(0.142) e A3,

Data collection for9: colorless plate, 0.26c 0.20 x 0.14 mm;
triclinic, P1, a = 8.3200(10) Ap = 10.2930(10) Ac = 14.1890-
(10) A, a. = 91.3990(10), B = 95.9020(10), y = 112.7390(10),

V = 1112.00(19) A Z = 2, pcaca = 1.709 g cm®, u = 5.293
cm 1, F(000)= 560, Omax = 29.99, hkl ranges—11 to+11, —14

to +14, —19 to +19, 9450 data collected, 6434 unique data
(Rint = 0.0190), 6049 data with> 20(l), 257 parameters refined,
GOF(?) = 1.058, finalR indices (R1= S |[|Fo| — |F¢|l/3|Fol,
WR2=[YW(F2 — FAZSW(F2)?Y9), R1= 0.0241, wR2= 0.0629,
maximum/minimum residual electron density1.113(0.113)+
1.575(0.113) e A3,
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