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ably I as a symmetrical, tridentate chelating ligand as shown 
in 2. Subsequently, we reported a general preparative route 

F E C O  '4 P I  -- C O  

F E C O  '4 P I  -- TOTAL 
Figure 1. Contour diagrams of the 4 7  orbital of FeCOf. The dashed 
circles represent the atomic sphere boundaries. Relative (mntour values, 
from outermost to innermost, are *I, i 2 ,  i 4 ,  and :t8, where the 
contours change sign at the nodes: top diagram, the F'e contribution 
to the orbital only; middle diagram, the CO contributioln to the orbital 
only; bottom diagram, the total orbital. 

fact that there is more carbon than oxygen character in the 
orbital. This effect is noted in the 3t2g orbita 1 of Cr(C0)6. 
The contour diagram of this orbital (Figure 4 of  ref 2) clearly 
shows that the orbital is primarily CO 27r in character, yet 
the atomic spheres charge analysis attributes a greater fraction 
of the charge to the oxygen atoms. By using the  PXa methocl 
we have circumvented these interpretative diffi culties and havc 2 
arrived at the chemically more reasonable conclusion tha t  
metal-ligand back-bonding is an important fiactor in metal - 
carbonyl bonding. 
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In an earlier communication we reported the preparation 
of the triacetyltricarbonylrhenate dianion, Lfuc-(OCJr3Re- 
(CH3C0),l2- (l), and its coordination to Al(II1) and Hf'(1V) 
metal ions.2 This dianion coordinates to metal ions preisum- 

/ 
CH3 1 

1 2 

for the synthesis of these metalla ligands and their coordination 
c:omplexes and confirmed their solution structure by demon- 
:&rating the existence of geometrical isomerism when one of 
the alkyl substituents of each ligand is not a methyl group.3 

We wish to report that the dianion, 1, reacts with the boron 
trihalides at  -50 OC, affording the neutral (fuc-triacetyltri- 
carbonylrhenato)B(X) compounds, 3-6, wheire X is F, C1, Br, 
or I, in low to moderate yields, and that the  boron bromide 
complex reacts with excess silver tetrafluorotborate in primary 
alcohol solutions, affording the neutral Uuc-triacetyltri- 
carbonylrhenato)B(OR) compounds, 9-11, where R is methyl, 
ethyl, or n-propyl. These boron complexes are related to the 
(rhena-P-diketonato)BX2 complexe~,~  a n d  they represent an 
interesting class of neutral, four-coordina're boron compounds. 
To our knowledge these are the only kncJwn boron complexes 
having trioxygen, vicinal, bifurcated chedating  ligand^.^^^ The 
tripodal ligand 1 formally contains two anionic oxygen donor 
atoms and one neutral oxygen donor atom; however, electronic 
delocalization within the boron complexes of 1 should alter 
the electronic environment of the b,oron atom quite consid- 
erably from that observed in the classical neutral boron adduct 
complexes. 
Experimental Section 

All reactions and other manipukitions were performed under 
prepurified nitrogen at 25 "C unless oti ierwise stated. Tetrahydrofuran 
and hexane were dried over Na/K alloy, methylene chloride was dried 
over phosphorus pentoxide under a, nitrogen atmosphere, and all 
solvents were distilled before use. Methanol, ethanol, 1-propanol, 
2-propanol, and 2-methyl-2-propan~ol were stored over 4A molecular 
sieves and were purged with nitrofgen before use. Boron trifluoride 
and boron trichloride were purcbiased from K and K Laboratories 
(Plainview, NY) and Matheson Gas Products, respectively, while boron 
tribromide and boron triiodide vvere purchased from Alfa-Ventron. 
Silver tetrafluoroborate was purchased from Ozark-Mahoning Co. 
(Tulsa, OK). Acetylpentacarbcmylrhenium was prepared according 
to an established procedure.' 

Infrared spectra were recorded on a Perkin-Elmer 727 spectrometer 
as solutions in 0.10-mm sodium chloride cavity cells using the solvent 
as reference and a polystyrene: film as a calibration standard. Band 
frequencies are reported in cm - I ,  Proton NMR spectra were obtained 
on a JEOL MH-100 NMR rjpectrometer with Me,Si as an internal 
reference. Mass spectra wen: obtained on a LKB 9000 spectrometer 
in the direct ionization mode. Microanalyses were performed by 
Galbraith Laboratories, In c. (Knoxville, TN). 

General Preparation of tbe Complexes [~~c-(OC)~R~(CH,CO)~]B(X) 
Complexes, 3-6. A solution of 0.20-0.41 g of acetylpenta- 
carbonylrhenium in 30 m1 of methylene chloride was cooled to 0 OC. 
To this solution was added 2.3 molar equiv of low halide methyllithium 
(as an ether solution), and the reaction mixture was stirred at 0 "C  
for 30 min. The solvent was removed at 0 "C under reduced pressure, 
and the reaction residue was dried at 0 "C under high vacuum for 
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2 h to remove all traces of diethyl ether. The reaction residu 43 was 
then suspended in 30 mL of methylene chloride, cooled to -513 OC, 
and treated with 1 molar equiv of the appropriate boron trihali de as 
a gas (BF, or BC13), liquid (BBr,), or solid (B13). The reaction mbrture 
was stirred at -50 O C  for 15 min, followed by warming to 0 OC, and 
the solvent was removed under reduced pressure. The reaction residue 
was extracted with 3 X 20 mL of hexane, and following filtration the 
filtrate was concentrated to ca. 10 mL. The filtrate was placed' at 
-20 "C for 20 h, affording the product complexes as crystalline solids. 
The detailed characterization of each complex is provided belovv. 
[~~c-(OC)~R~(CH~CO)~]B(F) (3). Yellow crystals (21%), dec p t  

cm-l. 'H NMR (CDC13): T 7.36 (s, CH3). Mass spectrum: molecu1a.r 
ion at m / e  430 with correct isotopic pattern. Anal. Calcd for 
C9H90,BFRe: C, 25.19; H, 2.1 1; F, 4.43. Found: C, 25.02; H, 2.04 ; 
F, 4.63. 
[~C-(OC)~R~(CH,CO)~]B(CI) (4). Yellow crystals (23%), dec pt 

115 OC. IR (CHC13): v(C0) 2035 (s), 1962 (vs); v(C-0) 1446 
(w) cm-'. 'H N.MR (CDC13): T 7.34 (s, CH,). Mass spectrum: 
molecular ion at mr/e 446 with correct isotopic pattern. Anal. Calcd 
for C9H9O6BClRe#: C, 24.25; H, 2.05; C1, 7.96. Found: C, 24.40; 

[ ~C-(OC),R~(C.H,CO)~]B(  Br) (5). Yellow crystals (20%), dec 
pt 105 OC. IR (CHC13): u(C0) 2039 (s), 1964 (vs); u(C=O) 1450 
(w) cm-I. 'H NMW. (CDC13): T 7.34 (s, CH,). Mass spectrum: 
molecular ion at m / e  490 with correct isotopic pattern. Anal. Calcd 
for C9H9O6BBrRe: C,, 22.06; H, 1.85; Br, 16.31. Found: C, 22.13; 
H, 2.00; Br, 16.74. 

[ ~ ~ c - ( O C ) ~ R ~ ( C H ~ C O ) ~ ] B ( I )  ( 6 ) .  Yellow crystals (13%), dec pt 
87 O C .  IR (CHC13): v(C0) 2034 (s), 1957 (vs); v(C-0) 1457 (w) 
cm-'. 'H NMR (CDC13) : T 7.32 (s, CH3). Mass spectrum: molecular 
ion at m / e  538 with correct isotopic pattern. Satisfactory elemental 
analyses could not be obtained for this compound due to the apparent 
elimination of molecular iodine. 

General Preparation of the [fac-(OC),Re(CH,CO),]B(OR) Com- 
plexes, 9-11. To a soluticin of 0.050-0.100 g of I f~c- (0C)~Re-  
(CH,CO),]B(Br) (5) in 10 ,TIL of the appropriate primary alcohol 
(methanol, ethanol, or 1-prolJano1) was added a solution of 4 molar 
equiv of AgBF4 in 3 mL of the, appropriate alcohol. A cream-colored 
precipitate formed immediately. The reaction mixture was stirred 
for 30 min, and the solvent was removed at reduced pressure. The 
reaction residue was extracted wi,th 4 X 10 mL of hexane, and following 
filtration the filtrate was concentrated to a volume of ca. 1 mL. The 
filtrate was placed at -20 OC for Z!O h, affording the product complexes 
as yellow solids. The detailed c.haracterization of each complex is 

151-156 OC. IR (CHC13): v ( C 0 )  2036 ( s ) ,  1965; u(C=O) 1447 (w') 

H, 2.24; C1, 8.14. 

Notes 

provided below. 
[~~C-(OC)~R~(CH~CO)~IB(OCH'~) (9). Yellow crystals (45%), dec 

1450 (w) cm-I. 'H NMR (CDCl, ) :  T 6.00 (s, 3, OCH,), 7.40 ns, 
pt 139.5-141.5 OC; IR (CHCI3): v( CO) 2035 ( s ) ,  1 9 6 0 ( ~ ~ ) ;  u(C=O) 

9, CCH;). Mass spectrum:' mole& lar ion at m / e  441 with correct 
isotopic pattern. Anal. Calcd for CloH1207BRe: C, 27.22; H, 2.74. .~ 

Found: *C, 27.13; H, 2.76. 
[ fac- (OC) 3Re( CH3C0),]B( OCH,C,H3) ( 10). IR ( CHCI3) : v ( C 0 )  

2032 (s), 1957 (vs); u(C-0) 1457 (w). 'H NMR (CDCI,): 7 5.70 
(q, 2, CH2), 7.37 (s, 9, CH3CO), 8.46 (t, 3, CH3). Mass spectrum: 
molecular ion at m / e  455 with correct isotopic pattern. 
[~~C-(OC)~R~(CH,CO)~]B(OCH~C~~~CH~) (11). IR (CHC13): 

v(C0) 2030 (s), 1958 (vs); u(C=O) 1455 (w) cm-'. 'H NMR 
(CDClS): T 5.79 (t, 2, OCH2), 7.38 (s, 8., CH$O), 8.20 (h, 2, CHI), 
8.99 (t, 3, CH3). 

Results and Discussion 
The dilithium salt of the fuc-triac:etyltricarbonylrhenate 

dianion, 1, reacts with 1 molar equiv of a boron trihalide to 
afford the boron halide complexes 3-6. These complexes are 
isolated in ca. 20% yield as  yellow solids which decompose 
thermally from 87 to 151 "C. The therrnal stability decreases 
in going from the fluoride complex to t h e  iodide complex, and 
the iodide complex, 6 ,  decomposes in solution and the solid 
state with the formation of a purple solid i ~ h i c h  is presumably 
molecular iodine. 

The solution-phase infrared spectra for a. 11 four boron halide 
complexes, 3-6, are  nearly identical. The terminal carbonyl 
stretching vibrations are consistent with afac=(OC)3Re moiety. 
T h e  Al and E modes of these complexes a p l ~ e a r  a t  ca. 16 and 

CHzC12 
(Ld2[fac -(OC),Re(CH3COI31 + Bx, -50 - oc- 

1 

c\H3 

C z G  

\\\'.eH3 / 
I\--- - \ 

/ 
CH3 

4, x = c1 

fac-(C0)3Re-C-O-B-X + 2,1x 

C-0 

3 , X = F  

5 , X = B r  
6 ,  X =  I 

37 cm-', respectively, to higher frequency than the same vi- 
brational modes of the neutral bis(triacetyltricarbony1- 
rhenato)hilfnium(IV) complex, 7. Also, the intraligand acyl 
C=O stretching band of the boron halide complexes appears 
a t  ca. 15 cm-' to lower frequency than does the same band 
of the hafnium complex, 7. These shifts are  consistent with 
the greater Lewis acidity of the B(X) group relative to  the 
Hf(1V) ion in complex 7. The proton NMR spectra for the 
boron halide complexes show a singlet a t  6 2.66 f 0.02 in 
CDCI3 solution for the three equivalent methyl groups indi- 
cating idea liized C3, symmetry for these complexes in solution. 
The corresponding resonance in the hafnium complex, 7, occurs 
a t  6 2.46 (;xetone-d6). This observed shift of the methyl 
resonance t o  lower field is also indicative of the greater 
electronegativity of the B(X) group relative to the Hf(1V) ion 
in complex '7 .  

Mass spectral data were obtained for all four of the boron 
halide complexes, 3-6. Molecular ion peaks with the correct 
isotopic pattlern were observed for all the complexes, and a 
comparison (of the relative intensities of the [P-XI+. peaks, 
which were normalized to the base peak of each spectrum, 
indicates that the B-X bond strength in the parent ion de- 
creases in the. order F > C1 - Br > I. 

Several diff 'iculties that were encountered in the synthesis 
of the boron b1,omide and iodide complexes, 5 and 6, are worth 
mentioning. I f  the addition of either BBr3 or B13 is carried 
out above -30 "C, then a significant amount of the boron 
chloride complex, 4, was formed, presumably due to the re- 
act ion of these strong Lewis acids with the CH2C12 solvent 
i iffording mixed boron halides, such as BX&l or BXCl,.* 
i i lso,  the presence of LiBr or diethyl ether obtained from the 
c ommercial met hyllithium solution complicated the synthesis 
o f the boron iodide complex, 6 .  The byproducts formed were 
t l i e  boron bromide compound, 5, and the boron ethoxy com- 
plex, I~UC-(OC)~R~(CH,CO)~]B(OE~). Complex 5 was ob- 
ta ined presumably via a halide-exchange reaction with B13, 
wl'lile the boron ethoxy complex was probably formed by a n  
etitier-cleavage re action initiated by B13. Compound 6 does 
n o t  react with either LiBr or ether under these reaction con- 
dit ions, and it can be prepared by excluding these impurities. 

T h e  stoichiometric protonation of the dianion 1 using 
H(Cl/ether  a t  low temperature to afford a neutral, dienolic 
tautomer similar tal the rhena-&diketone molecules was at- 
t e ~ n p t e d . ~ ~ ~ ~  Monitoring the reaction by IR showed the dis- 
appearance of the two-band pattern in the terminal carbonyl 
reg1 on of 1, at  1957 and 1857 cm-', along with the concomitant 
appiearance of a three-band v(C0) pattern a t  2020, 1940, and 
191 5 cm-'. Also, the  proton NMR spectrum showed the 
disa ppearance of the methyl resonance of 1 a t  6 2.28 along 

~~~~~ ~~ _ _  
(8) ,4 less likely source of chloride ion for generating the mixed halide boron 

compounds is from any LiCl produced by the reaction of methyllithium 
iwith the CH2C12 solvent. This source would require a significant sol- 
iibility increase for LiCl in going from -50 to -30 O C .  

(9) .Lukehart, C. M.; Zeile, J. V .  J .  Am.  Chem. SOC. 1976, 98, 2365. 
(10) Lukehart, C. M.; Zeile, J. V. J .  Am.  Chem. SOC. 1977, 99, 4368. 
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with the appearance of two singlets at 6 2.71 and 2.69 of 
relative intensity of ca. 2:1, respectively. This species may be 
the expected dienolic tautomer, but the isolation of this com- 
pound was not possible due to its low thermal stability (the 
half-life of this species at 25 OC is ca. 5 min). When a solution 
of this protonated species is treated with BF3, the boron 
fluoride complex 3 is formed along with a very small amount 
of another yellow product which has been tentatively assigned 
structure 8 on the basis of the proton NMR, IR and mass 
spectral data." Complex 8 is a (methyl)(hydroxy)carbenoid 
analogue to the (rhenaacetylacetonato)BF2 c ~ m p l e x . ~  

CH3 \ 
c,o\ /:--- p w3 
?'--OH 

fuc-(0C)3Re-F-0 

CH3 

8 

The boron halide complexes, 3-6, represent an unusual 
electronic structure for neutral, four-coordinate boron com- 
plexes. The boron atom is bonded formally to two anionic 
oxygen donor atoms and the anionic halide atom, while the 
fourth coordination site is occupied by a neutral, oxygen atom 
which is acting as an adduct molecule. However, the potential 
for electronic delocalization within the tripodal rhenium ligand 
apparently makes all three oxygen donor atoms equivalent to 
one another while maintaining a formal neutral charge on the 
boron atom. When the high thermodynamic stability of bo- 
ron-oxygen bonds and the increased stability from the chelate 
effect of the vicinal, bifurcated rhenium ligand are considered, 
the boron halide complexes, 3-6, may exhibit reaction chem- 
istry more typical of a halo triorthoformate ester, (RO),CX. 
Since the tripodal rhenium ligand may not be displaced easily 
by an incoming nucelophile, we expect that these complexes 
should exhibit primarily SN1 types of reaction chemistry. 

As expected, the Finkelstein substitution reaction was un- 
successful when using complexes 4 and 5. However, a silver 
ion assisted, ligand-exchange reaction did occur with complex 
5 in alcoholic solution to afford the boron alkoxide complexes, 
9-11. The ligand-exchange reaction does not occur with 
secondary or tertiary alcohols. 

ROH 
5 + AgBFd - 

Ifac-'(OC),Re(CH,CO),]B(OR) + AgBrl + (HBF4) 
9. R = CH, 

10, R = CH36H2 
11, R = n-C3H7 

These boron alkoxide complexes are yellow solids which are 
extremely difficult to separate from complex 5 by crystalli- 
zation due to the high solubility of both types of complexes 
in organic solvents. Only the boron methoxide complex, 9, 
could be isolated as an analytically pure solid. The proton 
N M R  spectra of the reaction solutions indicate a bromide to 
alkoxide conversion of 90, 80, and 55% for 9, 10, and 11, 
respectively. This variation in yield may be related to the 
decrease in the Brernsted acidities of the alcohols. 

The carbonyl stretching vibrations of these complexes are 
essentially identical with those of the boron halide complexes, 
3-6. The proton resonances of the alkoxide ligand are shifted 
significantly to lower field from those resonances of either the 
free alcohol or the corresponding trialkylborate ester. This 
shift is a diagnositc indication of the formation of the rhen- 

(11) IR (C6H14): v(C0) 2030 (s), 1958 (vs) cm-I. 'H NMR (CDC13): T 
7.34 (s, 3, CH!), 7.36 (s, 6, 2 CH&. Mass spectra: molecular ion peak 
at m/e  449 with the correct isotopic pattern. 
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aboron alkoxide complexes and is probably due to the high 
electronegativity of the (OC)3Re moiety. 
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The key roles of tervalent phosphorus derivatives and con- 
jugated dienes as ligands in transition-metal chemistry are 
well-known. However only few complexes in which these two 
coordinating sites are linked within the same ligand have been 
described in the Such a paucity is partly due 
to the fact that free tervalent phosphorus derivatives of con- 
jugated dienes are almost u n k n ~ w n . ~  In view of the various 
possibilities offered by such ligands in coordination chemistry 
(chelation, reversible exchange with free dienes, bridged 
complexes, etc.), we have launched a general study of (2)- and 
(E) -  1,3-butadienylalkylphosphines 

I I  > C=C-C=C-(CH,),P"'< 
A first paper was devoted to the synthesis of the (2) com- 
pounds for n = The work reported hereafter describes the 
synthesis of (E)- 1,3-butadienylphosphines (n = 0) and includes 
a preliminary study of their complexes with molybdenum and 
iron carbonyls. 
Results and Discussion 

Synthesis of (E)-1,3-Butadienylphosphines. One member 
of that family has been superficially described,6 but its syn- 
thesis lacked generality. Since numerous syntheses of (Z)- 
and (E) -  1,3-butadienylphosphoryl compounds were availa- 
ble,8-20 a logical approach was to reduce the P=O bond of 
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