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A series of rhenium(1) aryloxide and alkoxide complexes have been prepared. The aryloxide 
complexes may be prepared by treatment of the methyl complex (CO)a(PPh3)2ReCH3 (1) with 
p-cresol, affording ( C ~ ) ~ ( P P ~ ~ ) Z R ~ O C ~ H ~ C H ~  (3a). The PPh3 ligands may be displaced by a 
number of other ligands (PMe3,1,2-(dimethylarsino)benzene (diars), or t-BuNC), providing a 
route to substituted cresolate complexes. Alkoxide complexes of the type (C0)3(L)2ReOR (R 
= CH3 (6), CH2CH3 (7), CH(CH33 (8); L, L2 = PMe3, d i m ,  depe, or (S,S)-bdpp) maybe prepared 
by treatment of the triflate complexes (C0)3(L)2ReOS02CF3 with the sodium salt of the 
appropriate alcohol. These alkoxide complexes are quite stable and do not decompose by 
,%hydride elimination. The coordinated alkoxide ligands exchange rapidly with added alcohols 
in solution, while the exchange of aryloxide ligands with added phenols is much slower. The 
alkoxide complexes may be converted into the aryloxide complexes by addition of the desired 
phenol and heating to 44 OC. This reaction proceeds via the intermediacy of a hydrogen-bonded 
adduct formed by coordination of the phenol O-H proton to the alkoxide oxygen atom. The 
hydrogen bonds are quite strong, and the adducts may be isolated if desired. One of the hydrogen- 
bonded adducts of 7e and p-cresol, (C0)3(depe)ReOCHzCH3-*HOCsH4CH3, has been structurally 
characterized. The 0-0 distance is 2.532(5) A, a value commonly observed for strong hydrogen 
bonds. The rates of conversion of a series of these complexes ( C O ) ~ ( ~ ~ ~ ~ ~ ) R ~ O C H ~ D * . H O C ~ ~  
(6b-HOC6H4X) to (CO)3(diars)ReOC6H4X (3b) and methanol were studied. The rate of this 
reaction was found to be cleanly first order in the hydrogen-bonded complex 6b-*HOC6H4X and 
was unaffected by the addition of excess phenol and added bases. The rate was found to increase 
when the substituent X either lowers the O-H bond dissociation energy or increases the acidity 
of the phenol, indicating that the transition state for this reaction can have either proton or 
hydrogen atom transfer character. 

Introduction 

Low-valent metal alkoxide complexes of groups 6, 7, 
and 8 have been postulated as intermediates in a number 
of important homogeneous processes, such as the water- 
gas shift reaction,l organic carbonyl reductions,28 catalytic 
conversion of nitroaromatics to carbamates,2b and reduc- 
tion of C0.3 Among the most thoroughly investigated 
group of compounds in this class are the anionic group 6 
pentacarbonyl complexes M(C0)50R- (M = Cr, Mo, W.; 
R = C6H5, CH(CF3)2) prepared by Darensbourg and 
co-workers.M In this group of compounds, the simple 
alkoxide complexes could not be prepared because of their 
proclivity to decompose by @-hydride elimination. With 
the exception of the triply bridging carbonyl anions' 
(C0)3Re(r-OR)3Re(CO)3- and higher order manganese 
~~~ 

(1) Bennett,M. A.; Mathegon,T. W. In Comprehensive Organometallic 
Chemistry; Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon 
Prese: Elmsford, NY, 1982; Vol. 4. 
(2) (a) Caw, P. L.; Kao, S. C.; Youngdahl, K.; Darensbourg, M. Y. J.  

Am. Chem. SOC. 1986,107,2428-2434. (b) Gargulak, J. D.; Berry, A. J.; 
Noirot, M. D.; Gladfelter, W. L. J. Am. Chem. SOC. 1992,114,8933. 
(3) Dombek, B. D. Ann. N.Y. Acad. Sci. 1983, 415, 176-190. 
(4) Darensbourg, D. J.; Sanchez, K. M.; Reibenspies, J. H.; Rheingold, 

A. L. J.  Am. Chem. SOC. 1989,111, 7094-7103. 
(5) Darensbourg, D. J.; Mueller, B. L.; Reibenspies, J. H.; Bischoff, C. 

J. Inorg. Chem. 1990,29,1789-1791. 
(6) Darensbourg, D. J.; Mueller, B. L.; Bischoff, C. J.; Chojnacki, S. 5.; 

Reibenspies, J. H. I s r g .  Chem. 1991,30, 2418-2424. 
(7) Ginsberg, A. P.; Hawkes, M. J. J. Am. Chem. SOC. 1968,90,5930- 

5932. 

clusters$ the alkoxides and aryloxide complexes of &(I) 
and Mn(1) have only recently been prepared.gJO 
As part of our interest in the chemistry of metal- 

heteroatom bonds, we have developed synthetic routes to 
monomeric Re(1) aryloxide, fluoroalkoxide, and alkoxide 
complexes.1o The structures of several of these complexes 
have been determined by X-ray diffraction studies. The 
mechanisms of the exchange reactions of (C0)dL)zReOR 
and (co)3(L)2Reofb with phenols and alcohols have been 
investigated. These octahedral Re(1) metal centers are 
well suited for mechanistic studies of exchange reactions 
because they are coordinatively saturatedll and lack 
ligands capable of variable hapticity such as cyclopenta- 
dienyl and nitrosyl."J2 

(8) Abel, E. W.; Farrow, G.; Towle, I. D. H. J.  Chem. SOC., Dalton 
Trans. 1979, 71. 
(9) Rhenium(1) amido complexes have been prepared: Chiu, K. W.; 

Howard, C. G.; Rzepa, H. S.; Sheppard, R. N.; Wilkinson, G.; Gales, A. 
M. R.; Hurathouee, M. B. Polyhedron 1982,1,441-451. 
(10) While this work wan in progress, thesynthesee offac-(CO)a(dppe)- 

ReORandfac-(CO)a(dppe)MnOR were reported: (a) Mandal, S. K.; Ho, 
D. M.; Orchin, M. Inorg. Chem. 1991,30,2244-2248. Sea abo: (b) Mandal, 
S. K.; Ho, D. M.; Orchin, M. J. J.  Organomet. Chem. 1992,489, 53. 

(11) For oxidative addition reactions that convert coordinatively 
unsaturated to saturated (group 9) metal alkoxides, see: Thompson, J. 
S.; Bernard, K. A.; Rappoli, B. J.; Atwood, J. D. Organometallic8 1990, 
9, 2727. 
(12) (a) Cameron, T. S.; Grundy, K. R.; Grundy, K. N. Inorg. Chem. 

1982,21,414W156. (b) Grundy, K. R.; Robertson, K. N. Znorg. Chem. 
1986,24, 3898-3903. 
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Scheme I 
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Simpson and Bergman 
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Results 
Synthesis of Aryloxide and Alkoxide Complexes. 

Synthesis of rhenium aryloxide complexes was accom- 
plished as shown in Scheme I. Treatment of cis-(COk 
(PPh3)ReCH3 with trimethylamine N-oxide in acetonitrile 
resulted in oxidative decarbonylation, affording the ac- 
etonitrile solvate fac-(cO)~(PPb) (NCCHS)R~CH~.'~ The 
labile acetonitrile ligand was readily displaced by PPh3 to 
yield the bis(tripheny1phosphine)-substituted complex 
(C0)3(PPh3)2ReCH3 (2a). Reaction of 2a with a slight 
excess of p-cresol in benzene at 45 OC resulted in the 
formation of methane and the cresolate complex fac,cis- 
(C0)3(PPh3)2ReOC&CH3 (3a) in 74% isolated yield. The 
FAB mass spectrum of this complex in a p-nitrophenyl 
octyl ether matrix shows a peak at mle 903 (M + 1) 
consistent with the formulation of the bis(tripheny1phos- 
phine) adduct. No peaks at higher mass, which could result 
from the formation of dimeric structures, were observed. 
The base peak observed in the spectrum appeared at 795 
amu and corresponds to (C0)3(PPh3)2Re+, formed by loss 
of CH3CfiOH from the complex. The IR spectrum shows 
three strong carbonyl stretching bands at 2015,1930, and 
1891 cm-l, characteristic of a facial arrangement of carbonyl 
ligands about the Re center. The carbonyl resonances are 
severely broadened in the 13C(lH] NMR spectrum, and 
P-C couplings could not be resolved even at low temper- 
atures. The ipso carbon of the cresolate ligand appears 
as a 1:21 triplet at 166.4 ppm with a P-C coupling of 4.6 
HZ. 

The structure of this compound was confirmed by a 
single-crystal X-ray diffraction study. Clear colorless 
crystals were grown by slow cooling of a toluene/pentane 
solution. The complex crystallizes in space group Pbc21 
and contains two crystallographically independent mol- 
ecules in the unit cell. An ORTEP diagram with atom 
labels is shown in Figure 1. Data collection parameters 
are given in Tables I and 11; selected bond lengths and 
bond angles are given in Tables I11 and IV. The structure 
confirms the fac,cis coordination of the rhenium center. 
The rhenium center is extremely crowded by the presence 
of the cis-PPh3 ligands. The p1-Re-P~ angle is 96.9O, a 
substantial deviation from an idealized octahedral geom- 
etry. All of the Re-carbonyl distances are quite similar, 
ranging from 1.920(3) to 1.942(3) A. The Re-0 distance 
is 2.143(9) A. The Re-O-Ci,, angle is 131.7O. 

The formation of 3a apparently requires the transient 
formation of an open coordination site on the rhenium 

(13) Stack, J. G.; Simpeon, R. D.; Hollander, F. J.; Bergman, R. G.; 
Heathcock, C. H. J .  Am. Chem. SOC. 1990,112, 27162729. 

Figure 1. ORTEP diagram of (CO)~(PP~~)~R~OC~HICH~.  
Only one of the crystallographically unique molecules in the 
unit cell is shown. 

Table I. Crystal Parameters for Compounds 3a, llb, and 
76**HOC&CHa " -  .. 

11v.c 'I***HOC6H4CHib*d 3v.b 

formula C46H~7P204Re C I ~ H I ~ A S ~ F ~ O ~ R ~  c25 ~H3705P2Re 
fw 902.0 723.3 671.1 
cryst syst orthorhombic monoclinic monoclinic 
space group PbcZl m l c  ptl I n  
a, A 19.0169 (16) 12.868 (2) 11.4604 (20) 
b, A 20.61 17 (25) 8.708 (2) 11.4617 (20) 
c, A 20.4698 (22) 19.477 (2) 22.098 (5) 
a, deg 90.0 90.0 90.0 
B,deg 90.0 95.943 (13) 98.156 (16) 
7,  deg 90.0 90.0 90.0 
v, A3 8023.6 (25) 2170.8 (12) 2873.3 (17) 
Z 8 4 4 
size," 0.15X0.33X0.44 0.4OXO.5OXO.70 0.30X0.34X0.38 
color colorless colorless colorless 
d(calc), 1.49 2.21 1.55 

p(calc), 3 1.9 87.6 44.3 
g cm-3 

cm-l 

(I Unit cell parameters and their esd's were derived by a least-squares 
fit to the setting angles of the unresolved Mo Kacomponents, 24 reflections 
with 26 between 28 and 30°. In this and all subsequent tables the esd's 
of all parametersaregiven in parentheses, to the rightof the least significant 
digit(s) of the reported value. Unit cell parameters and their esd's were 
derived by a least-squares fit to the setting angles of the unresolved Mo 
Ka components, 24 reflections with 28 between 26 and 32O. Unit cell 
parameter and their esd's were derived by a least-squares fit to the setting 
angles of the unresolved Mo Kacomponents, 25 reflections with 2Bbetween 
28 and 34'. 

center. Qualitatively, the reaction is slowed by added 
triphenylphosphine. The nonlabile alkyl complexes such 
as (C0)4(PPb)ReCH3 and (CO)s(dppe)ReCH&Ha donot 
react with p-cresol under all conditione attempted. The 
most plausible mechanism for formation of 3a is reversible 
dissociation of a PPb ligand from 2a to form a coordinately 
unsaturated complex. Coordination of the cresol to the 
metal can then lead to either 0-H oxidative addition or 
protonation of the metal center to form a Re(II1) inter- 
mediate, followed by loss of methane and reassociation of 
phosphine to form the observed products. 

The triphenylphosphine ligands of 3a are easily dis- 
placed by a variety of less sterically demanding ligands; 
therefore, it is a useful starting material for other sub- 
stituted complexes (Scheme 11). The ligand substitution 
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Table II. Data Collection Parameters for Compouods 3 4  llb, and 7e-HOC6H4CH3 
3aa l lb" ~ + - H O C ~ H ~ C H J ~  

temp, K 298 191 178 
diffractometer Enraf-Nonius CAD-4 
monochromator 

scan width (Ae) 

highly oriented graphite (20 = 12.2) 

0.65 + 0.35 tan 0 
28 or w range, deg 3 4 5  3 4 5  3-50 

0.70 + 0.35 tan 0 0.60 + 0.35 tan 0 
scan type w fixed counter e-2e W 
scan speed, deglmin 1.05-6.70 ( w )  constant, 6.70 5.49-5.49 ( w )  
vert aperture (mm) 3.0 3.0 4.0 
horiz aperture (mm) 
data collcd +h,+k,+l +h,+k,il +h.+k,+l 
bkgd 
no. of rflns collected 5795 3200 5337 
no. of unique rflns 5417 2835 5052 
no. of obsd rflns 
abs cor empirical empirical empirical 
minlmax transmissn 0.45510.995 1.000/0.553 0.77410.999 
no. of params refined 494 132 465 
R(F), 4% 3.07 4.1 2.47 
RdI;?, 4% 3.55 5.5 2.66 
&II, 4% 6.80 4.9 4.41 
goodness of fit 1.57 2.76 1.098 
p factor 0.03 0.03 0.03 

2.0 + 1.0 tan 6 2.0 + 1.0 tan 0 2.0 + 1.0 tan 8 

measd over 0.25(Aw) added to each end of the scan 

4286 (P > 3 a P )  2486 (P > 3 u P )  3763 (P > 3 a F )  

0 Radiation: Mo Ka (A = 0.709 26 A). Radiation: Mo Ka (A = 0.710 73 A). 

Table III. Selected LtrPmolecular Distances (A) for Scheme I1 
fac,cis(CO)3(PW3)2ReOC6)4CHJ (3a) 

Rel-PI 2.547(3) R e 9 3  2.498(3) 
Re1-p~ 2.497(6) Rez-Pd 2.542(3) 
R e 4 4  2.143(9) R e 2 4  2.120(7) 
R e 1 4 8  1.963( 12) Rel-Css 1.907( 16) 
R ~ I - C ~  1.954( 16) Rei459 1.908(11) 
Rel-Clo 1.913( 15) R e 4 6 0  1.969( 19) 
OI-CI 1.341 (20) OS-CSI 1.340(14) 
CI-C2 1.38(3) CSI-CS2 1.377(16) 0 
CIX6 1.36(3) CSI-CS6 1.400( 17) 
c243 1.38(3) csrCs3 1.37(3) OCW,,, de,,.. PPh3 

c3-C4 1.36(3) (2,3454 1.340(24) oc( I .PPh3 

C 4 X l  1.573( 19) cS4X51 1.537( 15) 
CSX6 1.37(3) c S 5 4 5 6  1.405(18) 
C8-02 1.124( 14) CSS-06 1.174( 18) 

1.142( 13) 
c10-04 1.148( 14) c60-08 1.158(22) 

C 

C4Xs 1.41 (3) cs4-Css 1.35(3) O C G H ~ C H ~  

3c 3a 

0 
C 

C9-a 1.111(17) CS5-01 

Table IV. Selected Intramolecular Angles (deg) for 
fac,cls(CO)3( PPh3)2ReOC6)4CH3 (3a) 

P 1 -Re 1 -P2 96.9(2) P3-RerP4 95.81(9) 
PI-Rel-OI 92.3(2) P3-Rez-0~ 83.9(2) 
Pl-Rel-Cs 172.9(4) p3-Rez-C~~ 88.0 
Pl-Rel-Cg 86.9(4) P3-RerCs9 90.5(3) 
PI-Rel-Clo 87.6(3) p3-Re2-C~ 175.5(4) 
PrRel-01 85.3(2) P4-Rez-0~ 91.5(2) 
PrRel-Cs 86.5(5) p4-Rez-C~~ 172.7(4) 
P tRel -Cs  176.2(4) Ps-RerCsg 88.6(3) 
PrRe1-C I 0 90.3(3) P4-RerC60 88.5(4) 
Ol-Rel-Cs 94.1(4) Os-RerCss 95.2(4) 
0 I-Re 1 -CS 94.6(4) Os-Re2-Cs9 174.4(3) 

Cs-Re& 89.7(5) Css-Re&ss 85.0(5) 
Cs-Re1-C 10 86.2(5) Css-Refl60 87.6(5) 
C9-ReI-C IO 89.9(5) Cs9-RerCm 88.1(4) 
Rel-OI-CI 1 3 1 3  11) Re2-Os-Csl 131.7(7) 
Re1-Cs-02 174.9( 11) RerC58-06 174.0( 1 1) 
Rel-C9-O3 177.7(10) Re+&-O7 176.2(9) 
R e l - C l 4 4  176.3(9) R e r C d s  178.1 (10) 
Rel-PI-CII 1 1 1.2(3) RerP3-% 117.5(4) 
Re I - P I X  I 7 119.3(4) R e z - P d h  107.8(3) 
R ~ I - P I  4 2 3  114.3(3) RerP3-Cl3 120.2(4) 
Rel-P2-C29 115.4(5) RerP4-Cl9 120.9(3) 
Rcl-PrCjs 119.0(5) R e r P 4 ~ e s  115.2(3) 
Rel-PrC41 106.2(4) RerP4-C91 110.4(4) 

O I - R ~ I - C I O  175.5(4) Os-Re2-Cm 97.5(4) 

reactions proceed rapidly at 46 *C to provide the substi- 
tuted complexes in good yield. The electronic nature of 
the incoming ligand has little effect on the reaction. Good 
a-donor ligands (PMe3) substitute as readily as good 
*-acceptor ligands (t-BuNC). When monitored by 1H 

18% OCeH4CH3 
3d 

NMR, these reactions proceed in very high yield; however, 
the substituted aryloxides are often difficult to separate 
from the liberated PPh3, so the isolated yields are 
sometimes quite low. 

This reaction sequence could not be applied to the 
synthesis of alkoxide complexes. Reaction of 2a with 
alcohols (even activated alcohols such am (CF3)2CHOH 
and CFsCH20H) resulted only in decomposition. How- 
ever, the alkoxides may be prepared in good yield by 
reaction of the metal triflates 6 with an excess of the sodium 
salts of the alcohols (Schemes I11 and IV). The triflate 
complexes were conveniently prepared by reaction of the 
corresponding chlorides with triflic acid in refluxing 
methylene ~hl0ride.l~ The triflate complexes obtained 
by this route appear quite clean by 'H, "K!, and lgF NMR; 
however, they consistently failed to give correct elemental 
analyses. This may be due to the formation of hydratee. 
The inability to give proper analyses did not seem to affect 
the reactivity of these compounds in subsequent trans- 
formations. Formation of the triflates ie essential; the 

(14) Beck, W.; Olgemdller, B.; Oldgem6Uer, L. hlnor#anicSynthcs& 
Angelici, R. J., Ed.; Wiley: New York, ISSO; Vol. 28, pp 27-29. 
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Scheme I11 
0 

0 

OTf 
CI 

5 
4 

Simpeon and Bergman 

Scheme V 

0 
C 0 

un OTf 

6 R=CH3 

8 R=CH(CH3)2 
5 7 R=CH&H3 

n 
b L L= 1 ,2-(AsMe2h(C6H4)= diars 

n 
e L L= (PEt2)CH2CH2(PEt2)= depe 

9c 5c 

5c 6c 

chlorides were recovered unchanged when treated with 
alkali-metal alkoxide salts under a variety of conditions. 

This synthetic route is extremely general, as long the 
rhenium bears a chelating ligand. All attempts to prepare 
methoxide complexes without chelating ligands failed 
except for the synthesis of the bis-PMe3-substituted 
complex 6c (Scheme IV). Treatment of the triflate Sc, 
prepared by protonation of the ql-CsHs ligand of 9lS with 
triflic acid, with an excess of NaOMe in a mixed benzene/ 
methanol solvent system afforded a 6+80% yield of the 
methoxide complex 6c. AB observed for 3a, the carbonyl 
ligand resonances are broadened in the 13C{lH) NMR 
spectra and the P-C couplings cannot be resolved at 
temperatures as low as-70 OC. The coordinated methoxide 
resonance appears as a 1:2:1 triplet at 6 68.2 ppm with a 
P-C coupling of 4.9 Hz, a typical value for a three-bond 
P-C coupling. The 31P{1H) NMR spectrum is broad at 
room temperature and narrow as the sample is cooled, 
becoming sharp at -70 OC. No coalescence of the coor- 
dinated PMe3 signals is observed when 6c is heated with 
added PMe3, demonstrating that this fluxional process 

(15)Caeey, C. P.; OConnor, J. M.; Jones, W. D.; Hdler, K. J. 
Organometallics 1983,2, 535-538. 

0 
C 

0 
C 

I 
60% H 

4b 10b 

0 0 
C C 

I I 
H 95% 0. 

1 Ob 
l l b  

does not involve phosphine dissociation. The nature of 
the fluxionality of this compound has not been determined. 
The broadened carbonyl resonances are also observed when 
the complex has a chelating ligand. 

Alkoxide complexes were prepared with the following 
chelating ligands (Scheme 111): 1,2-(dimethylarsino)- 
benzene (diars) (b series), 1,2-bis(diethylphospho)ethane 
(depe) (e series), and (-)-(2S,4S)-2,4-bis(diphenylphos- 
phino)pen-e ((S,S)-bdpp) (f series). In complexes 
bearing the chiral phosphine ligand, the two phosphorus 
nuclei are chemically inequivalent and the protons of the 
methylene group in the ethoxide ligand are diastereotopic. 
Also in the isopropoxide complexes, two diastereotopic 
methyl groups are observed in the lH NMR spectrum. 

Other alkoxide salts can also be used in this reaction. 
Both primary and secondary alkoxides (Scheme 111) may 
be used, but addition of KO-t-Bu does not produce the 
tert-butoxide complex. The aryloxide complexes can also 
be prepared by treatment of the triflate complexes with 
the potassium salt of the appropriately substituted phenol. 

Another lesa general synthesis of hexatluoroisopropoxide 
complexes has been developed (Scheme V). Treatment 
of the hydride (CO)s(dim)ReH with anhydrous hexaflu- 
oroacetone in benzene at room temperature leads to 
formation of the complex (CO)~(diars)ReOCH(CF3)2 (lob), 
formed by insertion of the activated carbonyl into the 
metal-hydrogen b~nd.'~J' While this reaction works well 
with this very electrophilic ketone, it cannot be applied 
to the synthesis of other alkoxide complexes. No reaction 
was observed when 10b was treated with all other organic 
carbonyls, even aldehydes. The hexafluoroisopropoxide 
can also be prepared by treatment of 7b with an excess of 
(CF3)zCHOH in C6Hg at 44 OC. 

The insertion of the activated ketone into the Fb-H 
bond is the microscopic reverse of the well-known &hy- 
dride elimination reaction, one of the principal pathways 
for the decomposition of metal alkoxides. The fact that 
formation of alkoxide complexes by carbonyl insertion 
into the Re-H bond only proceeds with the highly activated 
ketone (CF&CO is consistent with previous work on the 
stability of metal alkoxides toward decomposition by 
&hydride elimination. The presence of an electron- 
withdrawing group imparts unusually high stability to the 
alkoxide complex relative to the all-carbon analogues. 

(16) Hayashi, Y.; Komiya, S.; Yamamoto, T.; Yamamoto, A. Chem. 
Lett. 1984. 1363. 

(17) Van der Zeijden, A. A. H.; Boech, H. W.; Berke, H. Organometallics 
1992, 1 I ,  2051-2057. 
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Scheme VI 
0 
c 0 

6b 8b 

P P 

@ h W 

W 

Figure 2. ORTEP diagram of (C0)3(diars)ReOCH(CF3z. 
Table V. Selected Intramolecular Distances (A) for 

fi~(C0)j(dh~)ReOCH(CFj)z ( l l b )  
RC-ASI 2.539( 1) CI 1 - 0 1  1.169(7) 
Rc-As~ 2.530( 1) c 12-02 1.161 (8) 
Re-04 2.125(4) c 1 3 - 0 3  1.169(8) 
R ~ I  I 1.882(6) c 14-04 1.37 l(7) 
Re-Ci2 1.936(7) C14-CI5 1.5 17(9) 
Re-Cij 1.881(7) c 1 4 4 1 6  1.512(10) 

Table VI. Selected Intramolecular Angles (deg) for 
faa(CO)s(dirm)ReOCH(CFj)z ( 11 b) 

A s I - R ~ A s ~  81.43(2) 04-Re-C I 3 93.39(23) 
82.20(11) CI  i-ReC12 91.1(3) 
93.20iigj 
93.10(19) 

173.58(22) 
83.67(12) 
90.54( 19) 

174.37(20) 
93.49(22) 

173.07( 22) 
94.33(22) 

90.8i3 j 
91.9(3) 

176.6(5) 
176.6(6) 
176.2(6) 
123.4(4) 
109.4(5) 
107.1(5) 
112.2(6) 

This compound has been crystallographically charac- 
terized; an ORTEP diagram is shown in Figure 2. It 
crystallizes in space group P21lc. As seen in the cresolata 
complex 3a, there is little variation in the R e 4 0  distances. 
The Re-O distance is 2.125(4) A, and the Re-O-CH angle 
is 123.4(4)O. Data collection parameters are given in Tables 
I and 11, and bond lengths and angles are given in Tables 
V and VI. 

Stabilities of Arylodde and Alkodde Complexes. 
With the exception of the nonchelated complexes 3a and 
6c, both the alkoxide and aryloxide complexes exhibit 
surprisingly high thermal stability. Complexes 3b and 
the fluorinated alkoxide complex 10b can be recovered 
unchanged after being heated in c&3 solution at 140 OC 
for several days. The methoxide complex 7b is somewhat 
less thermally stable; decomposition products were ob- 
served after heating C& solutions of 7b at 100 O C  for 12 
h. Examination of the decomposition products by 'H 
NMRshows no formationof the hydride lob, the expected 
product from &hydride elimination from the methoxide 
ligand. Because this result was unexpected, we demon- 
strated that the hydride is stable to the reaction conditions 

0 
c 0 

6b 8b 

and that spiking c&3 solutions of 7b with 10b does not 
lead to different decomposition products. These exper- 
iments indicate that the major decomposition pathway 
for the methoxide complexes is not @-hydride elimination. 
When 6c or 3a is thermolyzed, the major product ob- 
servable by 31P{1H) NMR is the free ligand PPh3 or PMe3, 
respectively. Again no hydride resonances are observed. 

Exchange Reactions of Alkoxide Complexes with 
Alcohols. Addition of 1 equiv of 2-propanol to a C& 
solution of the diars-substituted methoxide complex 6b 
at 21 O C  resulted in a presumably equilibrium mixture of 
6b and the isopropoxide 8b (Scheme VI). This reaction 
occurs very rapidly at room temperature, with both 
complexes observed immediately upon mixing. The l H  
NMR chemical shifts of the added and released alcohols 
were shifted very little from those of the free alcohols 
without the metalalkoxides present. When 4-Amolecular 
sieves are added to this reaction mixture, the equilibrium 
can be driven to the side of the isopropoxide 8b. The 
reaction is rapid on the chemical but not the NMR time 
scale: mixing methoxide 6b with added methanol produces 
no coalescence of NMR resonances even at 90 OC in toluene. 

This reaction is very sensitive to the steric environment 
about the metal center. With the less sterically demanding 
ligand depe, the isopropoxide for ethoxide exchange 
occurred readily at room temperature, while alkoxide 
exchange in the (S,S)-bdpp substituted complex 71 
required heating to 80 OC for the exchange to proceed. 
The fact that the bulkier ligand apparently retards the 
approach of the incoming alcohol to the coordinated oxygen 
is consistent with an associative mechanism for alkoxide 
exchange. 

Intermolecular Exchange Reactions. When two 
different alkoxide complexes were mixed together in c&3 
at room temperature, no exchange of alkoxide ligands was 
observed (Scheme VII). However, the intermolecular 
exchange of alkoxide ligands can be catalyzed by added 
alcohol. When a c&6 solution of 6c and 78 was treated 
with 0.05 equiv of CHsOH, exchange was observed. The 
mechanism of this exchange is undoubtedly identical with 
that discussed for the exchange with added alcohol, except 
that in this case the exchange produces varying mixtures 
of the two alcohols in solution. 

Interaction of Aryloxide Complexes with Phenols: 
Observation of Intermediate Hydrogen-Bonded Com- 
plexes. The exchange of coordinated aryloxides with 
external phenols also occurs, but the reaction does not 
occur as readily as the alkoxide-for-alkoxide exchange. 
The lH NMR chemical shifts of the added phenol and the 
aryloxide complex are different from those of the pure 
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Scheme VI1 
0 0 

Simpson and Bergman 

0 0 

8. 7c 

Scheme VI11 
0 0 n 

compounds under the same conditions. We believe that 
this behavior is caused by the formation of a hydrogen- 
bonded complex between the metal aryloxide and the 
added phenol (Scheme VIII).18-27 When a toluene-de 
solution of 3b-p-CF3 was treated with 1.0 equivof HOC& 
CF3 at room temperature, two distinct seta of para- 
substituted aryl protons were present at 20.9 "C. The OH 
proton resonance was seen as a broad peak at 6 4.38 ppm. 
As the temperature was raised, the chemical shift of the 
phenol and aryloxide complex aromatic protons changed 
very little. However, the chemical shift of the OH proton 
moved upfield by 0.39 ppm and the resonance sharpened. 
Again, no coalescence of the aryl proton resonances was 
observed. This behavior demonstrates that in spite of the 
formation of a hydrogen-bonded complex, the rhenium- 
bond aryloxide ligand does not undergo degenerate 
exchange with the hydrogen-bonded phenol rapidly on 
the NMR time scale. 

Exchange of unsubstituted aryloxides with more acidic 
phenols also does not occur rapidly. For example, upon 

(18) Several groups have recently observed the formation of hydrogen 
bonds between alcohola and phenols and the M-O bond.19-26 The 
d a t i o n  of 8-valerolactam with a W (11) fluoride hee ale0 been rep0rted.n 

(19) Oenkada, K.; Ohshiro, K.; Yamamoto, A. Organometallics 1991, 
10,404-410. 

(20) Kegley, S. E.; Schaverien, C. J.; Freudenberger, J. H.; Bergman, 
R. G.; Nolan, S. P.; Hoff, C. D. J. Am. Chem. SOC. 1987,109,65834565. 

(21) Glueck, D. 5.; Newman Winalow, L. J.; Bergman, R. G. Orga- 
nometallics 1991, 10, 1462-1479. 

(22) Braga, D.; Sabatino, P.; Di Bugno, C.; Leoni, P.; Pasqualli, M. J .  
Organomet. Chem. 1987,334, C46448. 

(23) Bugno, C. D. D.; Pasquali, M.; Leoni, P.; Sabatino, P.; Braga, D. 
Inorg. Chem. 1989,28,1390-1394. 

(24) Kim, Y.-J.; Osakada, K.; Takenaka, A.; Yamamoto, A. J. Am. 
Chem. SOC. 1990,112,1096-1104. 

(25) Oenkada, K.; Kim, Y.-J.; Tanaka, M.; Iehiguro, S.; Yamamoto, A. 
Inorg. Chem. 1991,30,197-200. 

(26) S e r i n ,  A. L.; Cowan, R. L.; Trogler, W. C. Inorg. Chem. 1991, 

(27) Oeterbrg, C. E.; Arif, A. M.; Richmond, T. G. J.  Am. Chem. SOC. 
30,3371-3381. 

1966,110,69034904. 

Scheme IX 
0 O I- 

'I 
0 0 

addition of CF3CeH40H to a C & 3  solution of (CO)s(diars)- 
ReOC6H5, the NMR spectrum showed only the formation 
of hydrogen-bonded complex 3b--HOC6H&F3 at room 
temperature (Scheme E). The resonances of the added 
phenol are shifted slightly relative to those of the free 
compound. The most marked difference is the hydroxyl 
proton. It appears as a broad peak at 6 5.12 ppm in the 
room-temperature spectrum (21 "C), a downfield shift of 
0.98 ppm relative to that of the free phenol. Only one 
fluorine-containing species is seen in the I9F NMR 
spectrum. After 24 h at 21 OC, the NMR spectrum shows 
a 1:2 mixture of 3b...HOC~CF3:3b-p-CF3...HOCsHs . The 
OH resonance is severely broadened and could not be 
observed. Complete exchange to 3b-p-CF3--HOC6H5 was 
not observed even after 10 days at room temperature. 

Exchange Reactions of Alkodde Complexes with 
Phenols. As discussed in the description of the syntheses 
of these compounds, the alkoxide complexes can be 
converted into the aryloxide complexes 3 by adding the 
phenol and then heating to 44 OC. If the initial phenol 
and 3 mixture is monitored by 1H NMR, one can detect 
the formation of the hydrogen-bonded complexes 6-HO- 
C&X or 7-.HOC6)4X (Scheme X). These adducts are 
stable in solution at room temperature and appear to be 
more robust than the hydrogen-bonded complexea between 
the aryloxides and phenols. If the solvent is removed, 
added phenol cannot be pumped off even when the 
complex has not crystallized. Addition of solvent and 
examination of the residue by lH NMR demonstrates that 
the hydrogen-bonded complex is still intact. The most 
conspicuous feature of these complexes is the low-field 
shift of the phenolic hydrogen. A resonance between 8 14 
and 8 ppm is commonly observed, but the chemical shift 
variee greatly depending upon the solvent, temperature, 
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in both the 'H and I9F NMR spectra, due to formation of 
the hydrogen-bonded complex 6b*-HOC6€€4CF3. This 
demonstrated that the hydrogen-bonded phenol can 
exchange with external phenol and that this exchange 
equilibrium was occurring rapidly on the NMR time scale 
(Scheme XI). All of the chemical shifts were slightly 
shifted relative to those of the hydrogen-bonded complex 
derived from addition of a single equivalent of phenol. 

Crystal Structure of fac-(CO)s(depe)ReOCH~- 
CHs-HOC6H4CH3 (7e-HOC6H4CH3). To further study 
the structure of this complex, a single-crystal X-ray 
diffraction study was undertaken. Large, clear, colorless 
crystals were grown by layering a cooled toluene solution 
of 7eHOC6H4CH3 with pentane for 7 days at -40 OC. 
Data collection parameters are given in Tables I and I1 
and in the Experimental Section. The structure consists 
of molecules of 7eHOC&CH3 (Figure 4) and disordered 
toluene molecules of solvation. These are packed in the 
unit cell with no particularly close contacts between 
molecules. The hydrogen atoms were located and refined. 
The bond lengths and angles are given in Tables VI1 and 
VIII. The 0-0 distance is quite short, 2.532(5) A, a value 
which is typically observed for strong hydrogen bonds. 
The OS-H distance is 0.77(5) A, while the 04-H distance 
is 1.77(5) A.20122-26 The 05-H-04 angle is nearly linear, 
172.3O. TheRe-Obondlengthof2.154(3)Aisquitesimilar 
to the R e 4  bond distances in other structurally char- 
acterized compounds discussed in this paper. A compar- 
ison of the O--H-O bond angle and 0-0 distances of this 
complex and other crystallographically characterized 
hydrogen bonds between alcohols or phenols and M-O 
bonds is given in Table IX. 

Substituent Effects on the Interchange of Hydro- 
gen-Bonded Phenol for Methoxide. The hydrogen- 
bonded complexes were found to undergo phenoVaryloxide 
exchange by a first-order process in at 44 OC. This 
process could be conveniently monitored by 'H NMR 
spectrometry. For example, the rate of conversion of 
Gb--HOC6H4CH3 to 3b-p-CH3 and methanol (Scheme X) 
was measured by following the disappearance of the Re- 
OCH3 signal and the hydrogen-bonded p-cresol methyl 
group, as well as the appearance of Re-OC&C& and 
free CH30H. All of these first-order rate constants kob 
were identical within experimental error. In order to 
further probe the mechanism of the exchange reaction, we 
measured rate constants for the interchange of methoxide 
for several para-substituted phenols. The first-order rate 
constants are listed in Table X. The rate constants were 
cleanly first order in alkoxide and were unaffected by 
addition of excess phenol. Also, the rate was not affected 
by the additions of trace amounts (0.1 equiv) of bases 
such as Proton Sponge. 

The most striking feature of these rate constants is that 
they show so little dependence on the nature of the para 
substituent. The rates of the reaction were virtually the 
same for the conversion of 6b--HOCaH4OCHs and 
6b-*HOC,&CF3. When the logarithms of these data were 
plotted against the substituent constant up, the resulting 
Hammett plot showed that hobs is highest at the two 
extremes. 

Y X + CHSOH 

3 
6 or 7~+lOC&X 

X=H, CHs, CF3, 
CI, O W ,  WHjh 

and concentration of the sample.% It is important to stress 
that these hydrogen bonds persist in solution as well as 
in the solid state. A detailed description of the spectro- 
scopic characteristics of (CO)a(depe)ReOCHz- 
CH3-HOC6H4CH3 (7e--HOC&CH3) follows. 

Adding 1 equiv of p-cresol to a toluene/pentane solution 
of (CO)a(depe)ReOCHzCHa followed by cooling to -40 OC 
for 7 days leads to a 65% yield of the hydrogen-bonded 
complex (CO)3(depe)ReOCH2CH3-*HOC&14CH3. The 
complex is a white, moderately air-stable solid. It is 
indefinitely stable under a nitrogen atmosphere at -40 
OC. The room-temperature 'H NMR spectrum displays 
the characteristics of a hydrogen-bonded complex (Figure 
3); the hydrogen-bonded proton appears as a broad singlet 
at 6 12.23 ppm. The chemical shift of this resonance is 
very dependent upon both the temperature at which the 
spectrum is recorded and the concentration of the sample. 
The 13C(1H] NMR spectrum of 7eHOC6H4CH3 is con- 
sistent with the proposed structure and demonstrates that 
the compound is not the cresolate (CO)s(depe)ReOCsH4- 
CH3. The methylene carbon of the ethoxide ligand 
resonance occurs as a triplet at 6 72.8 ppm with JPC = 3.2 
Hz. The identity of this resonance was also conformed by 
a DEW135 experiment. The P-C coupling constant is 
quite similar to the value of a three-bond cis P-C coupling 
but is slightly smaller than the 4.5-Hz value in the parent 
complex. This reduction in coupling constant may be 
caused by several factors, such as a distortion of the C-0- 
Re-P bond angles or a lengthening of the Re-0 bond 
length. The resonance is shifted 2.4 ppm upfield from 
that of the non-hydrogen-bonded complex. Both of the 
carbonyl resonances are much sharper than those of 78. 
The carbonyl ligand trans to the hydrogen-bonded ethox- 
ide appears as a 1:21 triplet at 6 192.3 ppm with Jpc = 5.1 
Hz. The resonance for the cis carbonyls is at 6 196.0 ppm. 
It is split into a doublet of doublets due to coupling to the 
two magnetically inequivalent phosphine ligands with 
JpCisc = 10.7 Hz and JpeMllc = 60.8 Hz. The coupling 
constants of the carbonyl ligand to the phosphine ligands 
have never been observed in any of the previously prepared 
&oxide or aryloxide complexes. 

Solution Behavior of the Alkoxide--Phenol Hy- 
drogen-Bonded Complexes. Presumably the geometries 
of the hydrogen-bonded complexes in solution are similar 
to those in the solid state. The IR spectra of the compound 
7e-*HOC&CH3 in solution and the solid state were quite 
similar. 

Addition of an excess of p-(trifluoromethy1)phenol to 
6b in C a s  gave only a single set of phenolic resonances 

~~ 

(28) Silversbin, R. M.; Baeeler, G. C.; Morill, T. C .  Spectroecopic 
Identification of Organic Compounds, 4th ed.; Wiley: 1981; pp 186. 

Discussion 

Synthesis and Structures. The results described 
above provide synthetic routes to a wide variety of 
monomeric Re(1) alkoxide and aryloxide complexes. The 
alkoxide group is considered to be an exceptionally good 
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~ ~ " ' " ' l ' ' ' " " l ' " ' " ' l ' ' " '  
P P m  10 8 6 I 2 

Figure 3. 1H NMR spectrum of (C0)3(depe)ReOCH2CHyHOC&14CH3 in C& at 20 O C .  

0 
Scheme X I  

Q 
'CF3 

Figure 4. ORTEP diagram of (CO)3(depe)ReOCH2CHy 
HOCeH4CH3. The hydrogen-bonded proton was located. 

cis-labilizing ligand,4-29130 a property that has been used to 
explain the formation of clusters when syntheses of the 
pentacarbonyl derivatives of the type (CO)&eOR were 
attempted.8~~~3~ The formation of clusters containing 
bridging alkoxide ligands was avoided in our systems by 
using metal centers substituted with two phosphine or 
arsine ligands. 

The aryloxide complexes can be prepared by treatment 
of the methyl complex (C0)3(PPh3)2ReCH3 with p-cresol 

(29) Lichtenberger, D. L.; Brown, T. L. J. Am. Chem. SOC. 1978,100, 
366-373. 
(30) Atwood, J. D.; Brown, T. L. J. Am. Chem. SOC. 1976,98,3160- 

3165. 
(31) The attempted syntheeie of (CO)&eF by reaction of (CO)&Br 

with AgFreeulted in the formation of a tetramer of ((CO)?Re(ps-F)): Hom, 
E.; Snow, M. R. A u t .  J .  Chem. 1981,34, 81-85. 

0 1000 2000 3000 4ooo so00 6Ooo 

Time (s) 
Figure 5. A representative fmborder plot for the converaion 
of the hydrogen-bonded complex (CO)~(diars)FbOCH3*- 
HOC6H4CF3 to (C0)3(diars)ReOC&14CF3 and CH3OH. 

Table M. Selected Intnmokculrr Dis- (A) for 
faa (C0)3( depe) ReOCH2CH3--HOC~CH3 

(7&-HOC6)4CH3) 
RGP~ 2.449( 1) c3-03 1.163(6) 
Re-P2 2.445(1) c4-04 1.417(6) 
Re-04 2.154(3) C4-G 1.508 (9) 
Re-C 1 1.893(5) 04-05 2.532(5) 
Re-C2 1.949(6) O4***H(O) 1.77(5) 
Re-C, 1.935(5) H W - 0 ,  0.77(5) 
CI-01 1.1 57( 6) OS* I6 1.351 (6) 
c2-02 1.162(6) 

Table MII. Selected Intnmokculrr Angle$ (deg) for 
fra(co),(aepe)ReOCHtCH,.-HOCd4CH, 

(7e**HOC34CH3) 
PI-Re-P2 8 1.24(4) CI-RC-C~ 88.53(23) 
PI-Re-04 85.3 1(9) Cl-Re-C3 90.3 1( 21) 
Pl-Re-Cl 90.85(16) C r R 4 3  92.96( 21) 
PI-Re-C2 93.50(15) RC-CI-OI 178.9(5) 
PI-Rc-C~ 173.46(16) RDC2-02 175.8(5) 
P2-Re44 85.71 Re-Cj-01 177.0(4) 
P2-Re-C) 89.85(16) RGO4-C4 119.9(3) 
P2-Re-C2 174.49(15) Re-Q-H(O) 126.6(17) 
P ~ R c - C ~  92.33(16) C~-&.H(O) 111.2(18) 
Od-Re-Cl 174.52(17) 0&4-C5 112.0(5) 
04-RC-Cz 95.54( 18) O~***H(O)-~S 172.3(60) 
04-Re-Cj 93.07(16) H(O)-O&6 119.1(42) 

or by metathesis using the triflate complexes 5. Even 
though 2a reacts with alcohols, stable alkoxide complexes 
could not be prepared in the bis-PPb-substitutad syetems. 
The alkoxide complexes may be prepared in good yields 
using the triflate displacement reaction. The alkoxides 
are remarkably stable and show no tendency to decompose 
by @-hydride elimination. Complexes bearing chelating 
ligands were found to be more thermally stable than those 
without. This trend has also been observed to be true for 
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H 0.0225 0.0225 1 .o 3.6 
CH3 0.0225 0.0225 1 .o 2.8 
OCH, 0.0225 0.0225 1 .o 5.8 
OCH3 0.0268 0.0268 I .o 5.4 
CF3 0.0225 0.0225 1 .o 4.8 
CF3 0.0225 0.113 5.0 4.9 
C1 0.0225 0.0225 1 .o 1.6 
N(CH3)2 0.0268 0.0268 1 .o 9.9 
N(CH3)z' 0.0268 0.0268 1 .o 9.7 

(I The largest variation found in the reproducibility of kob was h0.4 
s-I. 0.1 equiv of Proton Sponge was added. 

Pt(1I) alkoxide complexes.32 The alkoxide complexes can 
be converted to the aryloxide complexes by treatment of 
the alkoxides 6-8 with a variety of substituted phenols. 
The reaction is not reversible, and the aryloxide complexea 
3b,c do not react with alcohols to re-form the alkoxides. 
Because of the high kinetic stability of the aryloxides, it 
seem likely that part of the driving force for this reaction 
is due to formation of a stronger M-O bond in the 
aryloxides. However, part of the driving force could also 
arise from the formation of a stronger 0-H bond. The 
bond energy of the 0-H bond in methanol has been 
measured to be 102 kcal/m01,3~ while the 0-H bond energy 
in p-cresol is only 88.7 kcal/mol." 

The structures of several of these complexes have been 
determined by X-ray diffraction studies. The Re-0 
distances show very little variation. The Re-0 distance 
in 3a is 2.143(9) A, a value quite similar to that found in 
other &(I) aryloxide complexes which have been struc- 
turally characterized. It is longer than the Re-0 bond 
lengths in the complex tram-(PMe3)&(OC&)4.~ There 
is very little trans influence by the coordinated alkoxide 
or aryloxide on the Re40 distances. 

From a mechanistic point of view, the alkoxide for 
aryloxide exchange reaction is a perplexing transformation. 
As shown in Scheme VII, uncatalyzed intermolecular 
exchange of alkoxide ligands between rhenium centers 
does not occur. With the exception of the PPhs-substi- 
tuted cresolate complex 3a, no dative ligand (CO, phos- 
phine, or arsine) exchange reactions are observed for any 
of the alkoxide or aryloxide complexes. This strongly 
suggesta that the observed alkoxide exchange reactions 
do not require an open coordination site at another position 
on the metal center. These observations greatly limit the 
likelihood of several potential mechanisms for external 
exchange of ligands. 

(32) Bryndza, H. E.; Tam, W. Chem. Rev. 1988,88, 1163-1188. 
(33) Lowry,T.H.;Ricl", K.S. Mechanismand TheoryinOrganic 

(34) Bordwell, F. G.; Cheng, J.-P. J.  Am. Chem. SOC. 1991,113,1730- 
Chemistry, 3rd ed.; Harper & Row New York, 1987. 

1743. 
(35) Edwards, P. G.; Wilkimn, G.; Humthouee, M. B.; Malik, K. M. 

A. J .  Chem. SOC., Dalton Trans. 1980, 2407-2475. 

2.62 
2.64 
2.59 
2.593(4) 
2.602(8) 
2.601(4) 
2.63(4) 
2.544( 10) 
2.532(5) 

19 
21 
22 
23 
23 
23 
24 
25 
this work 

II 

One potential mechanism is a concerted, associative 
exchange between two different alkoxide complexes 
(Scheme XII). This pathway has been suggested to occur 
during alkoxide transfer reactions between coordinatively 
unsaturated metal centers.% Another mechanism involves 
ion pairs, in which the coordinated alkoxide or aryloxide 
ligand reversibly dissociates from the metal center to give 
an oxygen anion and a rhenium cation, and exchange could 
be effected by the free ions in solution (Scheme XII). Since 
no intermolecular exchange of alkoxide ligands was 
observed, it seems unlikely that these processes are 
occurring. 

If the addition is performed at low temperatures, below 
30 O C ,  the hydrogen-bonded complexe 6--HOCsHZ or 
?*-HOCsHS are formed and may be isolated. The 
structure of 7e-HOCsH4CH3 has been determined by a 
X-ray diffraction study. The hydrogen atoms were refined 
on this structure, so it is possible to determine that there 
is a hydrogen bond between the p-cresol and the ethoxide. 
The 0-0 distance is quite short (2.532(6) A), as is the 
0-H distance (1.77(5) A). The 0.-H-O angle is nearly 
linear (173.2(60)O). These parameters put this hydrogen 
bond in the "strong" category. 
Mechanism of Alkoxide for Aryloxide Exchange. 

In a number of previously described eyatems, aryloxide- 
phenol association constants were measured by a variety 
of techniques. We made several attempts to determine 
Kq for hydrogen bond formation between 6b and phenols 
usingthe method of Scatchard. However, the resulta were 
not accurate because of uncertainties in the measurement 
of the chemical shift of the H-O proton.37 Using the 0-0 
distance as a measure of the strength of the hydrogen 
bond, it is not unreasonable to assume that the association 

(36) Bradley, D. C.; Mehrotra, R. C.; Gaur, D. P. Metal Alltotidea; 

(37) Deranleau, D. A. J.  Am. Chem. SOC. 1969,91,4044-4049. 
Academic Preee: New York, 1978. 
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Scheme XI11 
0 0 
C C 

-04 

Simpson and Bergman 

Table X I .  Comparison of R.Le Constants for Lterchange of 
(CO)ddiars)ReOCH~...HOC3tX with Phenol PKA and BDE 

0 0 
C c 

constant Kw is very large. That this is qualitatively the 
case is indicated by the fact that the hydrogen bond persists 
even in dilute solution. The chemical shift of the hydrogen- 
bonded O-H is observed at low field even at temperatures 
where the alkoxide for aryloxide exchange reaction occurs. 

Arnett and co-workers have measured the enthalpies of 
association for the reaction of p-fluorophenol and a number 
of neutral bases.% Some typical values (in kcal/mol) are 
as follows: FC6H&H--anisole, AH = -3.13; FCsH5- 
OH-THF, AH = -5.75; FC6H50H-*triethylamine, AH = 
-8.92. The hydrogen bonds between phenols and metal 
alkoxides which have been measured have values of -11.4 
kcal/mol for the O-He-0 bond in the rhodium system20 
and -4.1 to -5.9 kcal/mol for palladium and platinum 

In all of these previously mentioned cases, the metal 
center to which the alkoxide is coordinated has all of ita 
bonding orbitals occupied. r back-donation of the alkox- 
ide's lone pair would have to be placed into a metal 
antibonding orbital.39 To avoid this unfavorable inter- 
action, the coordinated oxygen is much more basic than 
"normal" oxygen linkage. A more appropriate model for 
the hydrogen bonding in this system may be charged 
complexes such as C6H50---HOCzH5. The enthalpy of 
the hydrogen bond in this complex has been measured to 
be AH = -19.3 kcal/mol in the gas phaseem The strong 
hydrogen bonds between alkoxide complexes and phenols 
( & - H O C m  or 7*-HOC&X), compared to those formed 
between aryloxide complexes and phenols, is expected since 
the oxygen center in the alkoxide complexes is more 
electron rich. An electron-rich hydrogen bond acceptor 
has been shown to contribute to the formation of strong 
hydrogen bonds.41 

These hydrogen bonds between the alkoxides and 
phenols are exceptional, given the large difference in ~KB's 
between RO- and XCeH40-.42 The rates of proton transfer 
from HOR to HO- typically have extremely fast (diffusion- 
controlled) rate constanta.4u If the rate-limiting step in 
the exchange reaction is the ionization of RO- from the 
alkoxide complex (Scheme XIII), then all of the exchange 
reactions would proceed at the same rate, assuming that 

systems."*25 

(38) Arnett, E. M.; Jorie, L.; Mitchell, E.; Murty, T. S. S. R.; Gorrie, 
T. M.; Schleyer, P. v. R. J.  Am. Chem. SOC. 1970,92,2365-2377. 

(39) Mayer, J. M. Comments Inorg. Chem. 1988,8, 126136. 
(40) MeotNer (Mautner), M.; Sieck, L. W. J. Am. Chem. SOC. 1986, 

108,75267529. 
(41) Emeley, J. Chem. SOC. Reu. 1980, 9,91-124. 
(42) Bordwell, F. G. Acc. Chem. Res. 1988,21,456-463. 
(43) h t t i ,  R.; Rayford, R.; Haddon, R. C.; Brue, L. E. J.  Am. Chem. 

(44) Scheiner, S. Acc. Chem. Res. 1986,18, 174-180. 
(45) Koch, H. F. Acc. Chem. Res. 1984, 17, 137-144. 

SOC. 1981,103,4303-4307. 

X lo4 s-I BDE, kcal/moP p&(DMSO)" 

N(CH3)2 9.8 80.3 19.8 
OCH3 5.8 84.6 19.1 
CH3 2.8 88.7 18.9 
H 3.6 89.8 18 
CI 1.6 90.3 16.7 
CF3 4.8 95.3 15.2 
NO2 very fast 94.7 10.8 

Data are taken from: Bordwell, F. G.; Chcng, J.-P. J .  Am. Chem. 
SOC. 1991,113, 1736-1743. 

recoordination of the phenolate anion to the rhenium 
cation is fast and that the change of the para substituent 
does not cause a change in the exchange mechanism. This 
high barrier for proton transfer suggests that even though 
the ReOR bond is highly polarized toward oxygen, it still 
contains a great deal of covalent character. 

The unusual stability of the hydrogen bond in these 
complexes allows for the measurement of the first-order 
rate constants (koa) for the interconversion of the hy- 
drogen-bonded methoxide complexes 6-*HOC&X to the 
substituted phenols 3b-p-X. All of the measured rate 
constants are remarkably similar, and there is very little 
change caused by the para substituent. 

During the course of these studies, Bordwell and C h e w  
conducted a thorough investigation of pK;s and bond 
dissociation energies of a number of para-substituted 
phenols. Their results along with our rate constanta are 
listed in Table XI. Two distinct trends are evident from 
the data. The first is that electron-withdrawing groups 
in the para position decrease the pK:s of the phenols and 
increase the O-H bond dissociation energies, while elec- 
tron-donating groups decrease the bond dissociation 
energies and increase the pK;s. We propose that the 
exchange rate is increased by a decrease in the phenol PKa 
as well as by a decrease in O-H BDE. If this is the case, 
the small dependence of the rate on the substituent may 
be due to the fact that these two effects operate in opposite 
directions for the substituents listed in Table X. 

To test this hypothesis, the acidity and/or the BDE of 
the hydrogen-bonded phenol must be changed indepen- 
dently. Bordwell's data suggest that this can be done with 
the p-N(CH& and p-NO2 Substituents. Substitution of 
an N(CH& group for the OCH3 group results in a change 
in pKa from only 19.1 (OCH3) to 19.8 (N(CH&), while the 
BDE decreases from 84.6 (OCH3) to 80.3 kca4mol 
(N(CH&). Upon this substitution, the exchange rate 
constant increases from k0b(OCH3) = 5.8 X lo-' s-l to 
koa(N(CH3)2) = 9.8 X 1V 8-l. On the "low PKa" end of 
the scale, substitution of a NO2 group for the p-CF3 group 
chang- the pKa quite dramatically (pKa(CF3) = 15.2, pKa- 
(NO2) = 10.8) while perturbing the O-H BDE very little 
(BDE(CF3) = 95.3, BDE(N02) = 94.7). The result is again 
an increase in rate: kob(CFs) = 4.8 X lO-s-l, while exchange 
of Re-OCH3 for OC6H4N02 occurs upon mixing 6b and 
HOCsH4N02 at room temperature (we estimate conser- 
vatively that kobs 1 10 8-l). 

We suggest that the exchange transition state can be 
stabilized by both a decrease in the phenol's O-H BDE 
as well as an increase in the phenol's acidity. These 
divergent trends cause a Hammett plot of koa VB up to be 
"bowl shaped" rather than linear. These resulta suggest 
that the transition state for M-OR to M-OAr interchange 
has both hydrogen atom transfer and proton transfer 
character (Scheme XIV). 
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Rhenium Alkoxide and Aryloxide Complexes 

Scheme XIV 
0 
C 

oc\ I *.A 
o c ' R p L  
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analyses were obtained at the UCB mass spectrometry facility 
on AEI MS-12 or Kratos MS-50 ma88 spectrometers. Elemental 
analyses were obtained from the UCB Microanalytical Labora- 
tory. 

Benzene, toluene, EhO, pentane, hexanes, and THF were 
distilled from sodium/benzophenone. Acetonitrile and methylene 
chloride were distilled from CaH2. Benzene-de, toluene-d8, and 
THF-de were vacuum-transferred from sodium/benzophenone. 
CDC13 and CDC12 were vacuwn-transferred from CaH2. The 
compounds l,M 4b," 9c,lS and Re(CO)&P were prepared by 
literature methods. Trimethylamine N-oxide was dried by 
azeotropic distillation of a DMF solution of the dihydrate and 
then crystallization. Triphenylphosphine andp-nitrophenol were 
recrystallized from EtOH. Phenol, p-cresol, p-(trifluoromethy1)- 
phenol, and p-chlorophenol were f i i t  dried by ametropic 
distillation with benzene and then distilled under vacuum. 
p-Methoxyphenol was recrystallized from c6b. p-(Dimethy- 
lamin0)phenol was synthesized by the procedure of Sekiya, Tomie, 
and Leonard and distilled prior to we.49 Trimethylphosphine 
was purchased from Strem Chemical Co. and vacuum-transferred 
from a Na/K mirror. tert-Butyl isocyanide was purchased from 
Aldrich and vacuum-transferred from PpO5. o-Phenylenebis- 
(dimethylarsine) (d im)  was purchased from Quantum Design 
and used as received. Bis(diethy1phosphino)ethane (depe) was 
synthesized from the tetrachloride using the literature proce- 
dure.m Trifluoromethanesulfonic acid (triflic acid) was ueed as 
received from Aldrich and stored at  -10 OC under Ar. Methanol, 
ethanol, and 2-propanol were distilled from magnesium turninge. 
Unless otherwise noted, all other reagents were used as received. 
Flash chromatography was performed wing the procedure of 
Still, Khan, and Mitra.51 A 'bomb" refers to a cylindrical glass 
vessel sealed to a Kontes high-vacuum stopcock. Reactions with 
gases involved condensation of a calculated pressure of gas from 
a bulb of known volume into a reaction flask cooled to -196 OC 
(liquid N2). The pressure of the added gas was measured by the 
use of an MKS Baratron gauge. Sealed NMR tubea were prepared 
using Wilmad 505-PP tubes attached to a vacuum line via Cajon 
adapters fitted with Kontes vacuum stopcocks.62 

(CO)s(PPhs)&CH, (28). In the drybox a flask was charged 
with 750 mg (1.48 mmol) of cis-(CO)dPPhdReCH3 (1) and 20 
mL of CH3CN. A vial was charged with 116 mg (1.55 mmol,1.05 
equiv) of trimethylamine N-oxide and 2 mL of CH3CN. This 
solution was added via pipet to the stirred solution of 1, and then 
the flask was stoppered and the mixture stirred at room 
temperature for 2 h. At this time an aliquot was removed and 
examined by IR. It showed complete disappearance of the 
carbonyl absorptions of 1 and formation of the previously 
reported13 complex ~~C-(CO)~(PP~S)(NCCH~&CH~ (YCO 2017, 
1909,1878 cm-9. The acetonitrile was removed with the aid of 
a vacuum pump in the box and the remaining off-white residue 
dissolved in 10 mL of C6H6. Triphenylphosphine (408 mg, 1.55 
mmol, 1.05 equiv) was diseolved in 3 mL of C,& and added via 
pipet to the reaction mixture. The mixture was stirred at room 
temperature overnight. The benzene was then removed by 
lyophilization to yield a white powder. This was collected on a 
glass frit and washed with hexanes to remove the excess PPh,. 
Recrystallization from toluene/pentane afforded 1.02 g (1.26 
mmol, 85% yield) of analytically pure 2a. *H NMR (CDCb): 
7.29 (m, 12H, PPh3 ortho), 7.16 (m, 18H, PPb meta and para), 

-,H...o\R 

L -I 

0 0 
C C 

I 
Ar ,0- - -H-O, 

R 

I 

Ar" 

Summary. Rhenium alkoxide and aryloxide complex 
complexes of the general formula (CO)dL)&eOR may be 
synthesized by a variety of techniques. The alkoxide 
complexes are prepared by the displacement of coordinated 
triflate, while the aryloxide complexes may be prepared 
by the reaction of an alkyl complex with phenol, the 
displacement of coordinated triflate by a phenoxide anion, 
or reaction of the alkoxide complexes with phenol. In 
general, the aryloxide complexes are thermally more stable 
than the corresponding alkoxide complexes. The Re-0 
bond in these complexes is highly polarized, making the 
oxygen atom much more basic than those in organic ethers. 
This is demonstrated by the ability of the alkoxide 
complexes to form strong hydrogen bonds to phenols. 
These complexes are intermediates in the alkoxide for 
phenol exchange. Mechanistic studies on this process 
reveal that the transition state of the exchange reaction 
is stabilized by a decrease in both phenol pKa and 0-H 
BDE. 

Experimental Section 
General Considerations. Unless otherwise stated, all re- 

actions and manipulations were accomplished in dry glassware 
under nitrogen or argon atmospheres in a Vacuum Atmospheres 
HE-553-2 Dri-Lab with an attached MO-40 Dri-Train. The 
amount of oxygen in the drybox atmosphere was monitored by 
a Teledyne Model 316 trace oxygen analyzer, and the HzO level 
in the atmosphere was monitored by an E & H Ondyne Model 
1400 hygrometer. 

All lH, 13C(lH), l9F, and 31P(1HJ spectra were recorded on a 
Bruker AMX spectrometer at  400, 100, 376, or 162 MHz, 
respectively, or on a 300-MHz instrument assembled by Mr. Rudi 
Nunliet at  the University of California, Berkeley (UCB), NMR 
Facility, operating at  300, 75.5, and 121.5 MHz, respectively. 
Assignments of l3C chemical shifts were made using standard 
DEPT pulse sequences. For second-order spin systems (AXX'), 
the value listed is the sum of the one-bond and three- or four- 
bond coupling constanta in the spin system. For the PMe3 lH 
resonances, the value listed as the coupling constant ( Y J p ~ " )  is 
the separation in hertz of the two outer lines and is listed as an 
method for identification and not meant to represent the actual 
coupling constant. Infrared spectra were recorded on a Nicolet 
510FT-IRinterfacedto a620DataProceeeor. Massspectroscopic 

(46) McKinnev, R. J.: Kaesz. H. D. J. Am. Chem. Soc. 1976.97.3086- - .  . . .  
3072. 

B. J.  Chem. Soe. 1985,550-553. 

Ed.; McGraw-Hill: New York, 1978; Vol. XVI; pp 35-36. 

(47) Kirkham, W. J.; Oebome, A. G.; Nyholm, R. S.; Stiddard, M. H. 

(48) Dolecetti, G.; Norton, J. R. In Inorganic Syntherer; h l o ,  F., 

(49) Sekiya, M.; Tomie, M.; Leonard, N. J. J. Org. Chem. 1968, 33, 
316-322. - - - - 

(50) Burt, R. J.; Chatt, J.; H d n ,  W.; Leigh, G. J. J.  Organomet. 

(51) Still, W. C.; Khan, M.; Mitra, A. J. Org. Chem. 1978,43,3961- 
Chem. 1979,182,203-206. 

3962. 
(52) Bergman, R. G.; Buchanan, J. M.; McChea, W. D.; Perianei, R. A.; 

Seidler,P. F.;Tmt,M. K.; Wenze1,T.T. InExpen'mentalOrganometalbc 
Chemistry: A Practicum in Synthesis and Characterization; Way& A. 
L., Darenrbourg, M. Y., Ede.; ACS Symposium Series 357; American 
Chemical Society: Washington, DC, 1987; p 227. 
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-0.558 (t, JPH = 8.0 Hz, Re-CH3) ppm. 13C(lH) NMR (CDCl3): 
195.6 (AXX’, J p c  + Jp’c = 89.3 Hz, CO cis to CH3), 194.2 (t, JPC 
= 7.9, CO trans to CH3), 134.0 (AXX’, J p c  + J P c  = 70.9, PPh3 
ipso), 133.9 (vt, J p c  = 5.3, PPh3 ortho or meta), 129.8 (PPh3 
para), 128.0 (vt, J p c  = 4.5, PPh3 ortho or para), -20.8 (t, J p c  = 
9.1, Re-CH3) ppm. 31P(1H) NMR ( C a d :  8.0 ppm. IR (KBr): 
YCO 2030 (ah), 2002 (a), 1919 (a), 1877 (a) cm-l. Anal. Calcd for 
ClOH3303P~Re: C, 59.30; H, 4.11. Found: C, 58.97; H, 4.12. 

(CO)s(PPh3)&OCeH&I& (3a). In the drybox, a bomb was 
charged with 748 mg (0.923 mmol) of Za, 200 mg (1.85 mmol, 2 
equiv) of p-cresol, and 20 mL of C6H6. The colorless solution was 
heated at  46 OC for 12 h. After this time the colorless solution 
had turned lemon yellow. The bomb was removed from the bath 
and cooled to room temperature, and the volatile materials were 
removed on a vacuum line. The resulting yellow residue was 
exposed to vacuum overnight to remove the excess cresol. The 
bomb was taken into the drybox, and the residue was washed 
with hexanes. The residue was extracted with toluene (3 X 2 
mL), and the toluene extracts were evaporated using a vacuum 
pump. The resulting yellow oil was extracted into 3:l EhO: 
toluene. This solution was cooled to -40 “C for 3 days. The 
resulting off-white powder was collected on a sintered glass frit, 
washed with hexanes, and exposed to high vacuum for 12 h to 
yield 620 mg (0.690 mmol, 74%) of (C0)3(PPh3)~ReOCsH4CH3 
(3a). 1H NMR (CDZC12): 7.32 (m, 12H, PPh3 ortho), 7.14 (m, 
18H, PPh3 meta and para), 6.86 (d, 2H, J = 8.2 Hz, OCJ&CH3), 
6.37 (d, 2H, J  = 8.2, OC&CH,), 2.20 (8, 3H, OC6H4CH3) ppm. 

OCeH4CH3 ipso bearing oxygen), 134.5 (vt, J p c  = 5.3, PPh3 ortho 
ormeta), 133.0(AXX’,Jp~+Jp.c = 42.0,PPh3ipso), 130.5 (OCsH4- 
CH3arom CH), 129.8 (OC6H4CH3 arom CH), 128.5 (vt,& = 4.8, 
PPh3 ortho or meta), 122.6 (PPh3 para), 120.0 (OCeHrCH3 ipso 
bearing methyl), 20.4 (OC6H4CH3) ppm. 31P(1HJ NMR (C6D6): 
6 6.0 ppm. IR (KBr): YCO 2015,1919,1891 cm-l. Anal. Calcd 
for C~H370~PzRe: C, 61.26; H, 4.13. Found: C, 61.09; H, 3.98. 
FAB mass spectrum @-nitrophenyl octyl ether matrix, m/e): M 
+ H+ 903; base peak 795; (C0)3(PPh3)~ReOC6H4CH3 - HOC&- 

Crystal Structure Determination of 3a. Clear, colorless, 
blocklike crystals of 3a were obtained by slow cooling of a toluene/ 
pentane solution to -40 “C. Fragments cleaved from some of 
these cryetals were mounted on glass fibers using polycyanoacry- 
late cement and then coated with the same to protect the crystal 
from moisture. Preliminary Laue photographs determined 
crystal quality. 

The crystal used for data collection was then transferred to 
our Enraf-Nonius CAD-4 diffractometer and centered in the 
beam. Automatic peak search and indexing yielded an orthor- 
hombic reduced primitive unit cell. The final cell parameters 
and specific data collection parameters for this data set are given 
in Tables I and 11. 

The 5795 unique raw intensity data were converted to structure 
factor amplitudes and their standard esd’s by correction for scan 
speed, background, and polarization effects. Inspection of the 
intensity standards revealed a reduction of 4% of the original 
intensity. The data were corrected for this decay. Inspection of 
the azimuthal scan data showed the variation ZmiJZma. = 0.64 for 
the average curve. An empirical correction based on the observed 
variation was applied to the data. Inspection of the systematic 
absences indicated possible space groups Pbcm and Pbc21 (an 
alternative setting of No. 29 ,P~a2~) .  The choice of the noncentric 
Pbc21 wasdetermined by the Patterson map and by the successful 
solution and refinement of the structure. Removal of system- 
atically absent data left 5417 unique data in the final data set. 

The structure was solved by Patterson methods and refined 
via standard least-squares and Fourier techniques. Since there 
were too few data to refine all atoms with anisotropic thermal 
parameters, only Re, P, carbonyl, and cresolate atoms were refined 
anisotropically. Hydrogen atoms were included (except for the 
cresolate methyl group) in idealized locations, and values of B,, 
were approximately 1.2 times the B,, value of the atoms to which 
they were attached. They were included in the structure factor 
calculations but not refined. Testing of the enantiomorph of the 

13C(’H) NMR (CDZClZ): 192.3 (b, CO), 166.4 (t, J p c  4.5 Hz, 

CH3. 

Simpeon and Bergman 

crystal structure revealed that the sample was probably twinned. 
The best residuals were obtained with the imaginary term of the 
scattering factors set to zero. 

The quantity minimized by the least-squares program was 
Iw(!.FoF,I - !.FcF,I)2, where w is the weight of a given observation. The 
analytical forms of the scattering factor tables for the neutral 
atoms were used, and all scattering factors were corrected for the 
real component of anomalous dispersion. 

Inspection of the residuals ordered in ranges of (sin t9)/X, Po[, 
and parity and value of the individual indexes showed no unusual 
features or trends. The largest peak in the final difference Fourier 
map had an electron density of 1.32 e/A3 and a lowest excursion 
of -0.37 e/A3. There was no indication of secondary extinction 
in the low-angle data. 

The crystal structure consists of two crystallographically 
independent molecules of the compound packed in the unit cell. 
There are no particularly close intermolecular contacts. 

In each molecule the three carbonyl ligands are fac, with the 
plane of the tosylate ligand approximately bisecting the angle 
between the two CO’s which are in the same plane as the PPh3 
ligands. Each cresolate coordinates to the Re with a C-O-Re 
angle of about 132O, and Re is in the plane of the cresolate ligand. 
As reported, the two independent molecules are approximately 
enantiomorphic to each other. Since both enantiomorphs of each 
molecule are present in the cell, the two can be regarded as nearly 
identical. Minor differences in orientation, bond angles, and 
torsion angles do exist between the two molecules. 

When such close correspondence of crystallographically in- 
dependent molecules exists, there is always the suspicion that 
the solution is in the wrong space group and that the true space 
group relates the two molecules by symmetry. After careful 
inspection it appears that the symmetry elements which might 
relate the two molecules are all local symmetry rather than global 
(space group) symmetries. 

The positional parameters, thermal parameters, and aniso- 
tropic thermal parameters of non-hydrogen atoms and their 
estimated standard deviations are available as supplementary 
material. 

(CO)~(PM~J)&OCSH&H~ (3c). Method A. In thedrybox, 
a bomb was charged with 250 mg (0.279 mmol) of 3a in 10 mL 
of C&s. It was removed from the box and attached to a vacuum 
line equipped with an MKS Baratron gauge. PMe3 (0.692 mmol, 
2.5 equiv) was condensed into the bomb at -196 OC. The bomb 
was closed and heated to 45 OC overnight. After this time the 
reaction mixture was examined by 31P(1H) NMR spectrometry. 
This showed complete disappearance of 3a (6 6.0) and new peaks 
for 3c (6 -31.51, free PPh3 (6 -4.85), and PMe3 (6 -62.0). The 
benzene solution was concentrated to - 1 mL, and hexanes (10 
mL) was added, which caused a white solid to form immediately. 
The white solid was collected on a sintered-glaas frit and washed 
with 3 X 10 mL of hexanes. I t  was dissolved in a minimum 
volume of toluene and the resulting solution layered with pentane 
and cooled to -40 OC overnight. After the mixture stood 
overnight, white needles had formed. These were collected on 
a frit, washed with hexane (2 X 10 mL), and exposed to high 
vacuum for 12 h to yield 90 mg (0.17 mmol, 61% yield) of 3c. 

Method B. In the drybox, a Schlenk flask was charged with 
120 mg (1.11 mmol, 1.11 equiv) of p-cresol and 221 mg (1.11 
mmol, 1.11 equiv) of KN(TMS)z. The flask was removed from 
the drybox and attached to a Schlenk line. THF (30 mL) was 
added via syringe, and the resulting solution was stirred at room 
temperature for 2Omin. Thissolution was transferredviacannula 
to a Schlenk flask containing 571 mg (1.0 mmol) of Sc. The 
resulting solution was stoppered and stirred for 2 days at room 
temperature. After this time, the volatile materials were removed 
using a vacuum line. The white residue was dissolved in 30 mL 
of toluene and filtered through a piece of Whatman filter paper 
(No. 1) wrapped around the bottom of a cannula. The toluene 
was removed on a vacuum line to yield 450 mg (0.836 mmol, 
84%) of a white solid. 1H NMR (CDCl3): 7.15 (d, 2H, J =  8.3 Hz, 
OC&CHa), 6.01 (d, 2H, J = 8.3, OC36H,CHa), 2.28 (8, 3H, 
OC&CH3), 1.22 (A&XX’, 18H, “JHP” = 8.22, P(cH3)3) ppm. 
13C(lH1 NMR (CDZClz, -40 OC): 197.4 (b, CO), 168.9 (t, J p c  = 2.7 
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Rhenium Alkoxide and Aryloxide Complexes 

Hz, OC6H&H3 ipso bearing oxygen), 130.2 (OC&CH3 arom CH), 
122.5 (OCsH&H3 ipso bearing methyl), 119.6 (OC6H4CH3 arom 

ppm. 3lP(lHJ NMR (cas ) :  6 -31.5 ppm. IR (KBr): YCO 2010 
(s), 1921 (a), 1887 (8) cm-l. Anal. Calcd for C1BHZ4O4P~Re: C, 
36.79; H, 4.76. Found C, 36.44; H, 4.73. 

Preparation of (C0)3(diars)ReOCsH4CHs (3b-pCH3) by 
LigandSubstitution (Method A). Inthedrybox.300mg (0.333 
mmol) of 3a was dissolved in 5 mL of C&. o-Phenylenebis- 
(dimethylarsine) (diars; 123 mg, 0.430mmol,1.3 equiv) was added 
via syringe and the bomb stoppered and placed in a 46 OC bath 
for 12 h. After this time, examination of the mixture by 31P(1H} 
NMR spectrometry showed the disappearance of 3a (6 6.0 ppm) 
and formation of free PPh3 (6 -4.85 ppm). The benzene was 
removed on a vacuum line and the bomb taken into the drybox. 
The white powder was washed with hexanes (3 X 3 mL) to yield 
170 mg (0.26 mmol, 77%) of analytically pure 3b-p-CH3. 

Preparation of diars-Substituted Aryloxide Complexes 
by Exchange of Methoxide (Method B). (CO)s(diars)- 
ReOCsH4CH3 (3b-pCH3). In the drybox, a bomb was charged 
with 58.0 mg (0.10 mmol) of 6b, 11.0 mg (0.10 mmol, 1.01 equiv) 
of p-cresol, and 3 mL of CeH6. It was removed from the drybox 
and heated at 44 OC for 10 h. The bomb was then removed from 
the bath, and the volatile materials were removed in vacuo. The 
resulting white powder was dissolved in a minimum amount of 
toluene (-0.5 mL), layered with 5 mL of EtzO, and cooled to -40 
OC for 2 days. The resulting white powder was collected on a 
sintered-glass funnel and washed with pentane. Residual solvent 
was removed under high vacuum to yield 62 mg (93 % yield, 0.093 
mmol) of 3b-p-CH3. lH NMR (CDCl3): 7.80 (m, 2H, diars, CH), 
7.63 (m, 2H, diars CH), 6.83 (d, 2H, J = 8.3 Hz, OCJf4CH3), 6.36 

6H, diars CH3), 1.59 (a, 6H, diars CH3) ppm. 13C(lH) NMR 
(CDC13): 194.0 (co cis to OC6H4CH3), 191.5 (co trans toOC6H4- 
CH3), 167.3 (OC6H4CH3 ipso bearing oxygen), 139.8 (diars ipso), 
131.4 (arom CH), 130.3 (arom CH), 129.4 (arom CHI, 122.3 
(OCsH4CH3 ipso bearing methyl), 118.6 (arom CHI, 20.2 
(OC6H4CH3), 12.8 (diars CH3), 8.7 (diars CH3) ppm. IR (KBr): 
YCO 2014,1913,1881 cm-l. Anal. Calcd for C20H23As204Re: C, 
36.21; H, 3.49. Found: C, 36.35; H, 3.39. 

( C O ) J ( ~ ~ ~ ~ ~ ) R ~ O C ~ H ~ O C H ~  (3b-pOCH3). Employing the 
above procedure on a 0.10-mmol scale resulted in a 71% yield 
of pale yellow crystals. 1H NMR (CDC13): 7.68 (m, 2H, diars, 
CH),~.~~(~,~H,~~~~SCH),~.~~(AA'BB',~H,J=~.OHZ,OC~H~- 
OCH3),6.36 (AA'BB',2H,J = 9.0 Hz,OC$LOCH3),3.57 (9, 3H, 
OCsH40CH3), 1.67 (a, 6H, diars CH3), 1.48 (a, 6H, diars CH3) 
ppm. 13C(1H} NMR (CDCl3): 194.1 (CO cis to OC&OCH3), 
191.4 (Co trans to OC&OCH3), 164.3 (OC&OCH3 ipso), 149.0 
(OC&140CH3 ipso), 139.8 (diars ipso), 131.4 (diars CH), 130.3 
(diars CH), 118.6 (OC&OCH3 CH), 115.0 (OC6H4OCH3 CH), 
56.0 (OC6H40CH3 CH3), 20.2 (OC&CH3), 12.8 (diars CH3), 8.7 
(diars CH3) ppm. IR (KBr): YCO 2014, 1910, 1892 cm-l. 

(CO)3(diars)ReOCs&CF3 (3b-pCF3). Employing the above 
procedure on a 0.10-mmol scale resulted in a 95% yield of white 
crystals. lH NMR (CDCl3): 7.69 (m, 2H, diars CH), 7.55 (m, 2H, 
diars, CH), 6.83 (d, 2H, J = 8.7 Hz, OC&CF3), 6.36 (d, 2H, J 
= 8.7 Hz, OC&Z4CF3), 1.71 (a, 6H, diars CH3), 1.45 (a, 6H, diars 
CH3) ppm. 13C(1HJ NMR (CDCl3): 193.6 (CO cis to OC&CF3), 
191.1 (CO trans to OC6H4CF3), 172.2 (OC&CF3 ipso bearing 
oxygen), 139.5 (diars ipso), 131.6 (diars CH), 130.3 (diars CH), 
126.3 (q, JFC = 3.6 Hz, OCaH4CF3 CH ortho to CF3), 125.6 (9, JFC 

CF3 ipso bearing CF,), 12.8 (diars CH3), 8.9 (diars CH3) ppm. I9F 
NMR (CDC13): -60.3 ppm. IR (KBr): YCO 2019,1921,1891 cm-l. 
Anal. Calcd for C20Hz&s2F3O4Re: C, 33.48 H, 2.81. Found: C, 
33.37; H, 2.85. 

(CO)a(diars)ReOCsHs (3b). Employing the above procedure 
on a 0.10-mmol scale resulted in a 90% yield of white crystals. 
1H NMR (CDC13): 7.69 (m, 2H, diars CH), 7.51 (m, 2H, diars 
CH), 6.91 (vt, 2H, 'J" = 7.2 ,0C&,  ortho), 6.32 (m, 3H, OCJ& 
meta and para), 1.68 (8, 6H, diars CH3), 1.47 (s,6H, diars CH3) 
ppm. 13C{lH} NMR (CDC13): 193.9 (COcis toOC&,), 191.3 (co 
trans to OC6H5), 169.5 (OCeH5 ipso bearing oxygen), 139.8 (diars 

CH), 20.7 (OCeH4CH3), 15.8 (AXX', 'Jpc + 3 J p ~  = 30.1, P(CH3)3) 

(d, 2H, J = 8.3 Hz, OC&CH3), 2.17 (8,3H, oc~H&&),  1.79 (8 ,  

= 269,9Hz,CF33), 118.7 ( O C ~ H ~ C F ~ C H O ~ ~ ~ O ~ ~ O ) ,  115.1 (OCsH4- 
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ipso), 131.4 (arom CH), 130.3 (arom CH), 129.9 (mom CH), 119.1 
(arom CH), 113.7 (arom CH), 20.2 (OC&CH3), 12.8 (diars CHd, 
8.8 (diars CH3) ppm. IR (KBr): YCO 2015, 1932, 1889 cm-'. 

(CO)3(diars)&OCsH4C1 (3b-pC1). Employing the proce- 
dure on a 0.10-mmol scale resulted in an 81% yield of white 
powder. lH NMR (CDCI3): 7.67 (m, 2H,diars, CH), 7.53 (m, 2H, 
diars CH), 6.82 (d, 2H, J = 8.8 Hz, oC&c1), 6.22 (d, 2H, J = 
8.8 Hz, OCa4Cl), 1.69 (s,6H, diars CH3), 1.46 (a, 6H, diars CH3) 
ppm. 13C(lH) NMR (CDCl3): 168.3 (OC&Cl ipso bearing 
oxygen), 139.6 (diars ipso), 131.5 (diars CHI, 130.3 (diars CH), 

bearing chlorine), 12.8 (diars CHa), 8.8 (diars CH3) ppm. The 
resonances for the carbonyl ligands were not observed. IR 
(KBr): Y C O  2017, 1917, 1884 cm-I. Anal. Calcd for 
ClsHz&s2ClO4Re: C, 33.37; H, 2.95. Found: C, 33.51; H, 2.95. 
(CO)s(diars)ReOCsH4N(CHs)z (3b-pN(CH&). Employing 

the above procedure on a 0.10-mmol scale resulted in a 93 % yield 
of bright yellow crystals. lH NMR (CDCl3): 7.80 (m, 2H, diars 
CH), 7.63 (m, 2H, diars 0 . 6 . 8 3  (d, 2H, J = 8.3 Hz, OC&CH3), 

(a, 6H, d i m  CH3), 1.59 (a, 6H, diars CH3) ppm. 13C(IH} NMR 

CH3), 163.8 (OC6H4N(CH3)2 ipso bearing oxygen), 142.2 (arom 
ipso), 140.3 (arom ipso), 131.0 (diars CH), 130.3 (diars CH), 119.2 

(CH3)2 CH3), 12.1 (diars CH3), 8.3 (diars CH3) ppm. IR (KBr): 
YCO 2014, 1913, 1881 cm-l. 

(CO)3(diars)ReOCd14NOz (3b-pN02). The compound was 
prepared using the same procedure, except that excess HOC&- 
NO2 was removed by sublimation at 45 OC. The compound was 
crystallized by layering a CHzClz solution of 3b-p-NOz (2 ML) 
with 5 mL of hexanes for 2 days at room temperature. lH NMR 
(CDC13): 7.95 (d, 2H, J = 9.3 Hz, OC6H4N02 CH), 7.87 (m, 2H, 
diars CH), 7.67 (m, 2H, diars CH), 6.34 (d, 2H, J = 9.2, OC&- 
NOz), 1.84 (a, 6H, diars CH3), 1.55 (e, 6H, diars, CH3) ppm. 13C- 
{lHJNMR (CDCl3): 193.1 (CO cistoOCBHaO2), 190.8 (CO trans 
to OCsH4N02), 176.5 (OC6H4N02 ipso bearing oxygen), 139.1 
(diars ipso), 135.6 (OC&N02 ipso bearing NOz), 131.8 (diars 
CH), 130.4 (diars CHI, 126.4 (OC&N02 CH), 118.5 (oCeH4No~ 
CH, 12.8 (diars CH3), 9.1 (diars CH3) ppm. IR (KBr): vc0 2021 
(a), 1926 (s), 1893 (8) cm-l; YNO 1300 ( 8 )  cm-'. 
(CO)~(~-BUNC)~R~OC~H~CH~ (3d). In the drybox, a bomb 

was charged with 181 mg (0.202 mmol) of 3a and 10 mL of C& 
tert-Butyl isocyanide (0.582 mmol, 3.5 equiv) was vacuum- 
transferred into the bomb at -196 OC. After thawing, it was 
heated to 46 OC for 18 h. Analysis of the reaction mixture by 
31P(1H) NMR spectrometry showed only free PPh3. The benzene 
was removed by lyophilization to yield an off-white powder. This 
residue was taken into the drybox and the residue slurried in 
hexanes, collected on a glass frit, and washed with 2 X 10 mL of 
hexanes. The residue was dissolved in 1 mL of toluene, the 
resulting solution layered with pentane, and the mixture cooled 
to -40 OC for 2 days. After this time, white needlelike crystals 
had deposited on the bottom of the vial. These were collected 
on a sintered-glass frit and washed with hexanes. The residue 
was redissolved in 0.5 mL of toluene, layered with pentane, and 
cooled to -40 OC for 3 days. The resulting white crystale were 
collected on a frit. lH and 31P(1H) NMR analysis showed no 
remaining PPh3. The white crystals were expoeed to high vacuum 
for 12 h overnight to yield 20 mg (0.036 mmol, 18% ) of 3d. lH 

0.76 (a, 18H, CNC(CH3)3) ppm. l3C(lH} (CDZC12): 190.2 (CO cis 

CH3 ipso bearing oxygen), 136.3 (1:l:l t, JNC = 19.0 Hz, 

(OCsH4CH3 ipso bearing methyl), 58.2 (1:l:l t, JNC = 5.2, 
CNC(CH3)3), 30.4 (CNC(CH3)d, 20.4 (C6H4CH3) ppm. IR 
(KBr): YCO 2008, 1927, 1902 cm-l. FAB mass spectrum (18- 
crown8 matrix): calcd for C17H~N20r186Re + H+/CI~HZ&JZO~'*~- 
Re + H+ 542.383 6421544.386 430 8, found 542.134 4151 
544.137 750 4. Repeated attempts at elemental analysis gave 
results which were -2% low in carbon. 

(CO)3(depe)ReC1 (4e). In thedrybox,a25@mLSchlenkfhk 

128.5 (OC&Cl CH), 119.9 (COsH4Cl CH), 117.8 (OC6H4Cl ipso 

6.36 (d, 2H, J = 8.3, OC&CH3), 2.17 (8,  3H, OC&CH3), 1.79 

(C&): 194.0 (co cis to OC&CH3), 191.5 (co trans to OCsH4- 

(OCeH4N(CH3)2 CH), 117.5 (OCaH4N(CH3)2 CH), 43.3 (OCsHdN- 

NMR (C&): 7.11 (m, 4H, OCa4CH3), 2.32 (8,3H, OC&CH3), 

to OC&CH3), 188.3 (CO trans to OC~HICH~), 170.3 (cod%- 

CNC(CH3)3), 134.2 (OC&CH3 CH), 133.9 (OC&CHa CHI, 121.3 
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was charged with 723 mg (2.0 mmol) of Re(CO)&l, 412 mg (2.0 
mmol, 1.0 equiv) of depe, and 50 mL of toluene. The flask was 
stoppered and removed from the box. It was attached to a Schlenk 
line, fitted with condenser, and allowed to reflux under N2 for 
12 h. After this time, all the Re(CO)SC1 had dissolved, yielding 
a clear, colorless solution. The mixture was cooled to room 
temperature, and the solvent was removed using a rotary 
evaporator. The white residue was purified using flash chro- 
matography in air on Si02 (7 X 25 cm) with 4 1  CH2C12/EtO as 
eluent. The fractions containing the product (R, = 0.53) were 
evaporated using a rotary evaporator and residual solvent 
removed under high vacuum, yielding 610 mg (1.19 mmol, 62% ) 
of 4e. lH NMR (CDCW: 2.15-1.66 (m, 12H, depe CH2), 1.17 (m, 
12H, depe CH3) ppm. 13C(lH) NMR (CsD6): 193.75 (d of d,Jpcigc 
= 10.7 Hz, Jptrangc = 61.0, CO cis to Cl), 190.09 (t, J p c  = 6.9, CO 
trans to Cl), 23.25 (AXX', lJpc + 3 J p ~  = 41.3, depe CH2), 19.33 
(AXX', lJpc + 4 J p ~  = 35.16, depe CH2CH3), 13.66 (AXX', J p ~  + 
4Jpc = 31.33, depe CH&H3), 8.21 (depe CH3), 7.79 (depe CH3) 
ppm. 31P(1H) NMR (CDCl3): 32.3 ppm. IR (KBr): YCO 2015, 
1928,1883 cm-'. Anal. Calcd for C13H2&103P2Re: C, 30.50; H, 
4.73. Found: C, 30.56; H, 4.63. 

(CO),((S,S)-bdpp)ReCl (41). In the drybox, a bomb was 
charged with 246 mg (0.681 mmol) of Re(CO)5C1, 300 mg (0.681 
mmol, 1.0 equiv) of (S,S)-bdpp, and 15 mL of toluene. The bomb 
was stoppered, placed in a 100 OC bath, and maintained at  that 
temperature for 10 h. After this time, all the Re(C0)5Cl had 
dissolved, yielding a clear, colorless solution. The bomb was 
then removed from the bath and cooled to room temperature. It 
was then carefully opened in a hood (Caution! CO gas is evolved), 
and the toluene was removed using a rotary evaporator. The 
residue was recrystallized from hot ethanol in the air to yield 452 
mg (0.063 mmol, 88%) of analytically pure 4f. 'H NMR (C&): 
7.78 (m, 2H, (S,S)-bdpp C6& ortho), 7.63-7.15 (m, 18H, (S,S)- 
bdpp aromatics), 3.51 (bm, lH,  (S,S)-bdpp CH), 3.19 (bm, lH,  
(S,S)-bdpp CH), 2.25 (m, lH,  (S,S)-bdpp CHd, 1.85 (m, l H ,  
(S,S)-bdpp CHz), 1.29 (d of d, JHH = 7.4 Hz, JPH = 14.0, 3H, 
(S,S)-bdppCH3), 0.922 (d of d, JHH = 7.1, JPH = 11.1, (S,S)-bdpp 
CH3) ppm. 13C(1H) NMR (CDCld: 191.0 (d of d, J p e x  = 9.8 Hz, 
J R ~ ~ ~ ~ c  = 56.2, CO cis to Cl), 190.2 (t, Jpc = 6.5, CO trans to Cl), 
189.0 (d of d, JpCigc = 8.4, JptransC = 59.7, CO cis to Cl), 136.2 (d, 
Jpc  = 10.7, (S,S)-bdpp C6H5 ortho or metal, 135.5 (d, Jpc = 44.6, 
(S,S)-bdpp CsH5 ipso), 134.8 (d, JPC =: 10.2, (S,S)-bdpp C6H5 
ortho or metal, 134.4 (d of d, JPC = 4.0, JPC = 33.7, (S,S)-bdpp 
C6H5 ipso), 132.9 (d of d, JPC = 3.1, part of the signal due to this 
carbon is buried under the neighboring resonance, (S,S)-bdpp 
C6H5 ipso), 132.4 (d, JPC = 8.0, (S,S)-bdpp C6H5 ortho or metal, 
132.2 (d, JPC = 9.3, (S,S)-bdpp C6H5 ortho or meta), 130.9 (d, JPC 
= 2.1, (S,S)-bdpp C6H5 para), 130.4 (d, JPC = 2.2, (S,S)-bdpp 
C6H5 para), 130.2 (d, JPC = 1.8, (S,S)-bdpp C6H5 para), 129.6 (d, 
JPC = 1.9, (S,S)-bdpp C6H5 para), 128.5 (d, JPC = 8.9, (S,S)-bdpp 
C6H5 ortho or meta), 128.2 (d, JPC = 9.9, (S,S)-bdpp C6H6 ortho 
or metal, 127.8 (d, JPC = 9.1, (S,S)-bdpp C6H5 ortho or meta), 
127.6 (d, Jpc = 9.6, (S,S)-bdpp Cf,& ortho or meta), 127.1 (d, Jpc 
= 41.4, (S,S)hbdpp C6H5 ipso), 37.26 (vt, JPC = 6.7, (S,S)-bdpp 

bpdd C6Ha CHd, 17.32 (d, JPC = 2.2, (S,S)-bdpp C6H5 CH3) ppm. 

30.9). IR (KBr): YCO = 2026,1948,1933,1910,1902 cm-1. Anal. 
Calcd for C32HwC1O3P2Re: C, 51.51; H, 4.05. Found: C, 51.75; 
H, 4.02. 

(CO)3(PMea)dteOSO&F3 (5c). In the drybox, a Schlenk 
flask was charged with 2.15 g (4.41 mmol) of (C0)3(PMe3)2Re- 
(q1-C5Hd. The flask was removed from the box, and CHzClz 
(150 mL) was added. The pale yellow solution was stirred at 
room temperature under Ar. Triflic acid (117.0 pL, 13.23 mmol, 
3.0 equiv) was added via syringe. The solution immediately 
turned dark brown, and it was stirred at  room temperature for 
30 min. The solution was then filtered in the air through a bed 
of Celite, and the CH2C12 was removed on a rotary evaporator 
to yield a brown oil. This was dissolved in 10 mL of CH2C12, 
filtered through a 4-cm bed of acidic A 1 2 0 3  on a sintered-glass 
funnel, and eluted with 150 mL of CH2C12 to yield a brown solution 

CsH5 CH), 32.69 (d, JPC = 22.7, (S,S)hbdpp CeH5 CHI, 18.17 (d, 
Jpc = 6.5, (S,S)-bdpp C6H5 CHa), 17.44 (vt, Jpc = 19.3, (S,S)- 

31P{1H) NMR (Cas): 5.09 (d, Jpp 30.9 Hz), -6.34 (d, J p p  = 

Simpson and Bergman 

which turns green as it stands in the air. The CH2C12 was removed 
on the rotary evaporator. Because the residue still contained 
colored impurities (blue-green), it  was dissolved in 10 mL of CH2- 
Clz. This solution was filtered through a bed of Si02 (1 cm) on 
a bed of acidic A1203, with CHzCl2 as eluent. A pale brown filtrate 
was obtained, and a bright green band remained on the SiOz. 
The solvent was removed on a rotary evaporator to yield a 
brownish solid, which was slurried in hexanes, collected on a 
sintered-glass frit, and washed with hexanes (3 X 10 mL), Et0 
(1 x 10 mL), methanol (1 x 5 mL), and hexanes (1 x 10 mL) to 
yield 1.25 g (2.19 mmol, 50%) of (C0)3(PMe3)2ReOS02CF3. lH 
NMR (CDCl3): 1.64 (AJyXX', "JPH" = 7.5 Hz, P(CH3)3) ppm. 
13C(") NMR (CDCb): 191.9 (t, JPC = 5.4, CO trans to OSO2CF3), 
189.4 (AXX', ~JPC + VPC = 48.8, CO cis to OSOZCF~), 118.3 (4, 

ppm. 19F NMR (CDC13): -76.9 ppm. 31P(1H) NMR (CDCL3): 
-28.7 ppm. IR (KBr): YCO 2035 (a), 1931 (s), 1915 ( 8 )  cm-l. 
Repeated attempts failed to give satisfactory elemental analysis 
of this compound; results were consistently >2% low. Thie does 
not affect the reactivity of the material in subsequent transfor- 
mations. 

Representative Procedure for the Preparation of Triflate 
Complexes from Chlorides. (CO)~(diars)Rs0S0&F1 (Sb). 
A 250-mL Schlenk flask was charged with 870 mg (1.47 mmol) 
of (CO)a(diars)ReCl. Methylene chloride (100 mL), freshly 
distilled from CaH2, was added to the flask, and the resulting 
solution was stirred under Ar. Triflic acid (320 pL, 3.67 mmol, 
3 equiv) was added via syringe, and the reaction mixture was 
refluxed under Ar for 15 h. The CHzClz was removed on a vacuum 
line to yield a gray residue. Hexanes (20 mL) was added via 
cannula and then decanted off. This procedure was repeated 
with Et0 (20 mL) and methanol (5 mL), and the resulting white 
residue was exposed to high vacuum for 12 h to yield 882 mg (1.25 
mmol, 85%) of 5b. 1H NMR (CDCl3): 7.81 (m, 2H, diars CH), 
7.64 (m, 2H, diars CH), 1.88 (8, diars CH3), 1.76 (e, diars CH3) 
ppm. 13c{1H) NMR (CDCl3): 191.2 (CO transto OSO~CFS), 189.4 
(CO cis to OS02CF3), 138.8 ( d i m  ipso), 132.0 (diars CH), 130.3 
(diars CH), 118.6 (9, JCF = 389.0, OSOZCF~), 13.1 ( d i m  CHI), 
10.6 (diars CH3) ppm. 19F NMR (CDCl3): -76.7 ppm. IR (KBr): 
YCO 2046 (s), 2038 (s), 1939 (s), 1910 (8)  cm-l. Repeated attempts 
failed to give satisfactory elemental analysis of this compound; 
results were consistently >2% low. This does not affect the 
reactivity of the material in subsequent transformations. 

(CO)a(depe)ReOSO&F3 (Se). Treatment of 4e as described 
above gave a 65 % yield of 58. lH NMR (CDCl3): 6 2.10-1.76 (m, 
12H, depe CHz'S), 1.24-1.17 (m 12H, depe CHI) ppm. 13C(lH) 
NMR (CDCla): 192.3 (d of d, Jpeisc = 9.6 Hz, Jptransc = 57.5, CO 
cis to OS02CF3), 191.3 (t, J p c  = 6.6, CO trans to OSO&F3), 118.2 
(q, JCF 318.7, oso2cF3), 23.5 (AXX', lJpc + Vpc = 41.3, depe 
4CH2), 18.5 (AXX', 1Jp~ + 4 J ~  = 34.8, depe CHZCH~), 14.7 (AXX', 
lJpc + ~ J P C  = 30.4, depe CHZCH~), 8.1 (depe CH3), 7.42 (depe 
CH3) ppm. 19F NMR (CDCl3): -77.0 ppm. 31P(1H) NMR 
(CDC13): 40.2 ppm. IR (KBr): YCO 2030 (81,2016 (sh), 1944 (a), 
1916 (sh), 1907 (8) cm-1. 
(CO)S((S,S)-~~P~)R~OSO~CF~ (51). Treatment of 41  as 

described above gave a 99% yield of 5f. 'H NMR (CDCl3): 7.56- 
7.19 (m, 20H, (S,S)-bdpp C&), 3.04 (m, 2H, (S,S)-bdpp CH), 
2.11-2.02 (m,2H, (S,S)-bdppC&), 1.01-0.96(m,6H,(S,S)-bdpp 
CH3) ppm. 13C(lHJ NMR (CDCl3): 191.9 (t, JPC = 6.7 Hz, CO 
trans to OS02CF3), 189.4 (d of d, Jpchc = 9.3, JptnnSc = 56.3, CO 
cis to OS02CF3), 189.3 (d of d, Jpcbc = 9.2, JPtrwC = 57.1, CO cis 
to OS02CF3), 135.3 (d, JPC = 10.6, (S,S)-bdpp CeH5 ortho or 
meta), 135.1 (d, Jpc = 10.6, (S,S)-bdpp ortho or meta), 133.6 (d, 
JPC = 48.1, (S,S)-bdpp C6H5 ipso), 134.4 (d of d, JPC = 4.0, JPC 
= 33.7, (S,S)-bdpp C& ipso), 132.6 (d, Jpc = 8.9, (S,S)-bdpp 
C& ortho or metal, 131.8 (d, JPC = 9.0, (S,S)-bdpp C a s  ortho 
or metal, 131.1 ((S,S)-bdpp CsHa para), 131.0 ((S,s)-bdpp C a 5  
para), 130.5 (two (S,S)-bdpp C6H5 para), 130.1 (d, J ~ c  = 44.3, 
(S,S)-bdpp C6H5 ipso), 129.5 (one wing of a doublet of a (S,S)- 
bdpp CeH5 ipso), 128.9 (d, JPC = 9.3, (S,S)-bdpp C6H6 ortho or 
metal, 128.6 (d, JPC = 9.9, (S,S)-bdpp C6H5 ortho or metal, 128.6 
(one wing of a doublet of a (S,S)-bdpp CeHs ipso), 128.2 (d, Jpc 
= 10.1, two overlapping (S,S)-bdpp C& ortho or meta), 36.6 (t, 

JCF = 389.0, oSo&F3), 17.0 (AXX', 'Jpc + 3 J p ~  = 32.9, P(CH3)3) 
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Rhenium Aikoxide and Aryioxide Complexes 

JPC = 5.0, (S,S)-bdpp CHz), 27.7 (d, Jpc = 23.6, (S,S)-bdpp CH), 
23.6 (d, J ~ c  35.1, (S,S)-bdpp CH), 17.3 ((S,S)-bdpp CH3), 17.7 
((S,S)-bdpp CH3) ppm. 19F NMR (CDCl3): -76.9 ppm. 31P(1H) 
NMR (CDCl3): 6 11.36 (d, J = 29.3 Hz), 3.82 (d, J = 29.3) ppm. 
IR (KBr): uco = 2039 (a), 1955 (s), 1918 (s) cm-'. 

Representative Procedure for the Synthesis of Methox- 
ide, Ethodde, and Isopropoxide Complexes. In an inert- 
atmosphere box, a Schlenk flask was charged with 50 mg of freshly 
cut sodium metal, stoppered, and removed from the box. Benzene 
(10 mL) and methanol (4 mL) were added via syringe. The 
resulting solution was stirred until effervescence had stopped. 
This solution was transferred via cannula to a rapidly stirred 
slurry of trifluoromethanesulfonate 6b (625 mg, 0.877 mmol) in 
benzene (20 mL). The resulting mixture was stirred under Ar 
for 12 h, after which time it became homogeneous. After this 
time the solvents were removed on avacuum l i e  and the resulting 
residue was extracted with 2 X 20 mL of toluene and filtered 
through a cannula wrapped with a piece of Watman filter paper 
(No. 1). The solvent was removed using a vacuum line to yield 
6b as a pale yellow powder (381 mg, 76%). A similar procedure 
was used for complexes 7 and 8, except that ethanol or 2-propanol 
was used in place of methanol. 

(CO)s(diars)ReOCH~ (6b). 'H NMR (Ca6): 7.01 (m, 4H, 
diars CH),4.29 (s,3H, OCH3), 1.29 (s,6H, diars CH3), 1.12 (s,6H, 
diars CH3) ppm. W(lH) NMR (CDCl3): 195.0 (CO cis to OCH3), 
191.3 (CO trans to OCH3), 139.9 (diars ipso), 131.3 (diars CHI, 
130.4 (diars CHI, 68.5 (OCHs), 13.0 (diars CHd, 8.0 (diars CH3). 
IR (KBr): uco 2003 (81, 1910 (81, 1880 (a), 1862 (sh), 1845 (sh). 
Anal. Calcd for Cl*Hl&s204Re: C, 28.63; H, 3.26. Found C, 
28.66; H, 2.96. 

(CO)~(PM~&R.~OCHS (6c). The procedure for the synthesis 
of this compound is analogous to that for 7b except benzene 
rather than toluene was used in the final extraction and not 
toluene. This compound begins to decompose in non-protic 
solvents but is stable as a solid as long it is kept cool. Higher 
yields of purer product are obtained if the benzene solution of 
7c is allowed to freeze on the vacuum line and then lyophilized 
off. This yields a fine white powder (86% yield). lH NMR 
(toluene-ds, -70 OC): 4.60 (s,3H, OCHs), 0.90 (A&XX', 18H, 
Y J p ~ n  = 7.43 Hz, P(CH3)3) ppm. 13C{lH) NMR (toluene-&, -70 

+ 3 J p ~  = 30.6, P(CH3)3). 31P(1HJ (toluene-ds): -28.3 ppm. IR 
(KBr): YCO 2012 (a), 1921 (a), 1801 (m), 1875 (s), 1800 (m) cm-l. 
Elemental analysis of this compound could not be obtained 
because its instability in solution precluded attempts at recrys- 
tallization. 

(CO)s(depe)ReOCH&Hs (7e). Recrystallization from pen- 
tane at -40 OC gave a 83% yield of 7e. lH NMR (C&& 4.10 
(4, 2H, J = 6.7 Hz, R~OCHZCH~), 1.87 (septet, ''S" = 7.7, 4H, 
depe CHz), 1.53-1.10 (m, 6H, depe CHz), 1.24 (t, J = 6.7, 3H, 
ReOCHzCH3), 0.93-0.81 (m, 6H, depe CH3) ppm. 13C(lH) NMR 
(c&3): 75.16 (t,Jpc = 4.5 Hz,ReOCHzCH3), 23.75 (ReOCH2CH3), 
22.54 (AAX', ~JPC + 3 J ~ ~  = 40.4, depe CHZ), 18.74 (AXX', ~JPC 
+ ~JPC = 34.5, depe CHZ), 13.02 (AXX', VPC + 'JPC = 33.8, depe 
CHz), 8.41 (depe CH3), 7.71 (depe CH3) ppm. The carbonyl 
resonances were too broad to observe. 31P{1H) NMR (CsDs): d 
36.54 (bs) ppm. IR (KBr): YCO 2000 (s), 1905 (e), 1865 (8)  cm-l. 
High resolution MS (EI, m/e):  calcd for l&Re/l8'Re 520.1057/ 
522.110, found 520.1070/522.1098. 
(CO)s((S,S)-bdpp)ReOCH(CH~)~ (8f). Recrystallization 

from toluenetpentane gave a 44% yield of 8f. lH NMR (CDCl3): 
7.75-7.06 (m, 20H, (S,S)-bdpp C a s ) ,  3.54 (m, lH,  (S,S)-bdpp 
0, 3.25 (septet, lH,  J = 4.5 Hz, 0CH(CH3)z), 3.04 (m, lH,  
(S,S)-bdpp CH), 2.16 (m, lH, (S,S)-bdpp CHz), 1.72 (m, lH, 
(S,S)-bdpp CHz), 1.32 (d of d, JHH = 7.2, JPH 13.5, (S,S)-bdpp 
CHz), 1.16 (d , J=  4.5,OCH(CH3)2), 1.06 (d , J=  4.5,OCH(CH3)z), 
0.92 (d of d, J H H  = 7.2, JPH = 10.7, (S,S)-bdpp CH3) ppm. l3C(lH) 
NMR (CDCl3): 191.5 (b, CO), 136.2 (d, Jpc = 10.6 Hz, (S,S)- 
bdpp C6H5 ortho or meta), 135.3 (d of d, JPC = 4.5, JPC = 42.6, 
(S,S)-bdpp C6H5 ipso), 134.8 (d, Jpc = 10.2, (S,S)-bdpp C6H5 
ortho or meta), 134.2 (d, Jpc = 42.1, (S,S)-bdpp C6H5 ipso), 133.5 
(d, Jpc = 41.5, (S,S)-bdpp CeHs ipso), 132.5 (d, Jpc = 9.2, (S,S)- 
bdpp C6H5 ortho or meta), 132.5 (d, JPC = 8.5, (S,S)-bdpp C6H5 

OC): 193.8 (b, CO), 69.7 (t, Jpc = 4.9 Hz, oCH3), 16.6 (AXX', 'Jpc 
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ortho or meta), 130.5 (d, JPC = 2.1, (S,S)-bdpp C6Ha para), 130.1 
(d, JPc = 2.2, (S,S)-bdpp C6H5 para), 130.0 ((S,S)-bdpp C&15 
para), 129.3 (d, JPC = 1.5, (S,S)-bdpp C6H5 para), 128.8 (d, Jpc 
= 41.2, (S,S)-bdpp C6H5 ipso), 128.5 (d, Jpc = 8.5, (S,S)-bdpp 
CsH5 ortho or meta), 127.8 (d, JPC = 8.5, (S,S)-bdpp CsHs ortho 
or meta), 127.6 (d, Jpc = 9.7, (S,S)-bdpp C & ,  ortho or meta), 
127.5 (d, JPC = 8.2, (S,S)-bdpp C6H5 ortho or meta), 74.8 (t, JPC 
= 5.4,OCH(CH3)2), 37.1 (vt, Jpc 5.4, (S,S)-bdpp CH), 30.8 (d, 
Jpc = 21.2, (S$)-bdpp CHI, 28.8 (OCH(CH3)2), 27.1 (OCH(CHs)z), 
17.9 (d, Jpc = 6.8, (S,S)-bdpp CHI), 16.7 ((S,S)-bdpp CHs),  15.9 
(d, JPC = 22.5, (S,S)-bdpp CH2) ppm. 31P(1H1 NMR (cas ) :  6.13 
(d, JPP = 30.9 Hz), -6.56 (d, J p p  = 30.9). IR (KBr): YCO 2005 (e), 
1910 (s), 1877 ( 8 )  cm-l. Anal. Calcd for C35H3704PzRe: C, 53.15; 
H, 5.00. Found C, 53.35; H, 4.74. 

(CO)a(diare)ReH (lob). A 50-mL Schlenk flask was charged 
with 339 mg (0.609 mmol) of (CO)~(diars)ReBr and 10 mL of 
THF. A 1.22-mL amount of Super-Hydride (LiBEtsH, 1.0 M 
solution in THF, 1.22 mmol, 2.0 equiv) was added to the solution 
via syringe. The reaction mixture was stirred for 3 h at room 
temperature, over which time it turned yellow. The THF was 
then removed on a vacuum line, and the yellow residue was taken 
into the drybox. The oily residue was extracted with pentane (4 
X 10 mL) to remove the excess BEt3 and LiBEW. The remaining 
oil was dissolved in 5 mL of C6H6, filtered through a 2 cm thick 
bed of SiOz, and eluted with an additional 30 mL of c6&. 
Removal of the solvent resulted in 175 mg of a white solid (60%, 
0.27 mmol). lH NMR (C&): 7.07-7.05 (m, 4H, diars CH), 1.40 
(s,6H, diars CH3), 1.14 (s, 6H, diars CH3), -5.71 (s, lH,  Re-H) 
ppm. 13C(lH} NMR (CeD6): 197.81 (CO cis to hydride), 194.3 
(CO trans to hydride), 141.9 (diars ipso), 130.7 (diars CH), 129.3 
(diars CH), 18.8 (diars C H 3 ) ,  15.6 ( d i m  CH3). IR (KBr): YCO 
1992 (a), 1909 (a), 1886 (8)  cm-l; U ~ H  1863 (m) cm-l. Anal. Calcd 
for C13H17As203Re: C, 28.01; H, 3.08. Found C, 27.92; H, 3.14. 

(CO)g(diars)ReOCH(CF3)2 (llb). Method A. In the dry- 
box, a bomb was charged with 72 mg (0.129 mmol) of 10b and 
7 mL of C6H6. The bomb was closed, removed from the drybox, 
and attached to a vacuum line equipped with an MKS Baratron 
gauge. It was evacuated, and hexafluoroacetone (0.646 mmol,5 
equiv) was condensed in at -196 OC. The bomb was thawed and 
allowed to stand for 40 min at room temperature. The volatile 
material was removed on a vacuum line, and the bomb was 
returned to the drybox. The resulting white solid was slurried 
in hexane and collected on a sintered-glass frit to yield 89 mg 
(95% yield, 0.122 mmol) of llb. 

Method B. A bomb was charged with 40 mg (0.068 mmol) of 
6b, and 3 mL of CsH6 was added. The bomb waa closed and 
removed from the box, and (CF3)2CHOH (22 pL, 0.204 mmol,3 
equiv) was added via syringe. The colorless reaction mixture 
was heated at 44 OC overnight. The volatile materials were 
removed on a vacuum line, and the bomb was then returned to 
the drybox. The resulting white powder was dissolved in toluene 
(0.5 mL), layered with pentane (2 mL), and cooled to -40 "C. 
After 2 days a white powder had formed. This was collected on 
a glass frit, washed with hexanes, and exposed to high vacuum 
for 12 h to yield 30 mg (0.41 mmol) of 11 b. The spectral properties 
of llb prepared by the two methods are identical. 

lH NMR (CDCl3): 6 7.77 (m, 2H, diars CH), 7.59 (m, 2H, diars 
CH), 4.16 (septet, lH, JHF = 6.6 Hz, OCH(CF3)2), 1.82 (8, 6H, 
diars CH3), 1.60 (s,6H, diars CH3) ppm. l3CI1H) NMR (CDCB): 
140.0 (diars ipso), 131.5 (diars CH), 130.1 (diars CH), 125.7 (t, 
JFC = 268.0 (the other lines of the multiplet were too weak to 
observe), OCH(CF3)2), 83.7 (quintet, JFC = 29.4 (the other lines 
of the expected septet were too weak to observe), OCH(CF&), 
13.0 (diars CHI), 8.7 (diars CH3) ppm. 19F NMR (CDCl3): -75.78 
(d, JHF = 6.5 Hz). IR (KBr): YCO 2023 (a), 2001 (ah), 1936 (s), 
1918 (sh), 1910 (sh), 1869 (a), 1829 (sh) cm-l. Attempts at 
elemental analysis were consistently off. The closest result is 
given. Anal. Calcd for C16H17As~F604Re: c ,  26.57; H, 2.37. 
Found: C, 27.15; H, 2.39. High-Resolution MS (EI; m/e): calcd 
for 1@Re/187Re 721.899 000/723.901960, found 721.899 272/ 
723.902 060. 

Crystal Structure Determination of llb. Clear blocklike 
crystals of 11 b were grown from a toluene/pentane solution of 
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l l b  at -40 OC. A crystal was selected and mounted on glass 
fibers using polycyanoacrylate cement to protect them from the 
atmosphere. Data were collected as described for 3a. 

Only the Re and As atoms were refined anisotropically. The 
quantity minimized by the least-squares program was Zw(Pd - 
Pc[)2, where w is the weight of a given observation. The p factor, 
used to reduce the weight of the intense reflections, was set to 
0.03. The analytical forms of the scattering factor tables for the 
neutral atoms were used, and all scattering factors were corrected 
for both real and imaginary components of anomalous dispersion. 
The positional parameters, thermal parameters, and anisotropic 
thermal parameters of non-hydrogen atoms and their estimated 
standard deviations are available as supplementary material. 

In the drybox, a vial was charged with 68.0 mg (0.130 mmol) of 
7e and 14.1 mg (0.130 mmol, 1.0 equiv) of p-cresol. The mixture 
was dissolved in -0.7 mL of toluene and the solution concentrated 
to a final volume of -0.4 mL, layered with pentane, and cooled 
to -40 OC for 7 days. After this time, large, colorless crystals of 
the hydrogen-bonded complex 7e-.HOC6)4CH3 had formed. The 
crystals were isolated in 68% yield. Pumping on the crystals for 
2 days at room temperature did not remove 0.2 equiv of toluene, 
confirmed by NMR and elemental analysis. lH NMR (cas ) :  
12.21 (b, lH, HOC6H4CH3), 7.00 (d, 2H, J = 9.5 Hz, arom CH), 
6.84 (d, 2H, J = 9.5, arom CH), 4.13 (q, 2H, J = 6.9,OCH&H3), 
2.17 (3H, HOC6H4CH3), 1.92 (m, 2H, depe CHd, 1.70-1.20 (m, 
10H, depe CH$s), 1.34 (t, 3H, J = 6.9,OCH$3&), 0.902 (m, 6H, 
depe CH3), 0.79 (m, 6H, depe CH3) ppm. l3Cl1H) NMR: 196.0 
(d of d, JpCisc = 10.7 Hz, JpbmSc = 60.7, CO cis to OCH2CH3), 
192.3 (t, J ~ c  = 5.1, CO trans to OCH&H3), 157.4 (HOC&CH3 
ipso bearing oxygen), 130.1 (arom CH), 125.6 (HOC&CH3 ipso 
bearing methyl group), 116.5 (arom CH), 72.8 (t ,JpC = 3.2,OCHz- 
CH3), 23.1 (AXX', ~JPC + 3 J ~ ~  = 68.9, depe CH2), 21.1 

31.8, depe CH2CH3), 13.78 (AXX', ~JPC + 4 J ~ ~  = 25.1, depe CH2- 
CH3), 8.17 (depe CH,), 8.03 (depe CH3) ppm. 31P(1H) NMR 
(c&): 36.7 ppm. IR (KBr): vco 2006 (a), 1920 (81, 1874 (m), 
1864 (8) cm-l. Anal. Calcd for C22H37082Re.0.2C7He: C, 43.37; 
H, 6.00. Found: C, 43.37; H, 5.84. 

Crystal Structure Determination of (CO)a(depe)ReOCHr 
CEt-HOC&CHa. Large, clear, blocklike crystah of 7e-HOC,& 
CH3 were grown by slow diffusion of pentane into a toluene 
solution at  -40 OC. A fragment was cleaved from one of these 
and mounted on a glass fiber using Paratone N hydrocarbon oil. 

The procedure for data collection is described in the procedure 
for 3a, and specific parameters are given in Table I. 

The structure was solved by Patterson methods and refined 
via standard least-squares and Fourier techniques. In a difference 
Fourier map calculated following the refinement of all non- 
hydrogen atoms with anisotropic thermal parameters, peaks were 
found corresponding to the positions of most of the hydrogen 
atoms. Hydrogen atoms were predicted at  idealized locations 
and then refined with isotropic thermal parameters. Before the 
final cycles of refinement, six reflections which had abnormally 
large weighed residuals were given zero weights. The final 
residuals for the 465 variables refined against the 3763 accepted 
data for which FI > 3a(F)  where R = 2.47%, R, = 2.66%, and 
GOF = 1.098. The R value for all 5052 data was 4.41 % . In the 
final cycles of refinement a secondary extinction parameter was 
included (maximum correction 5 %  on F). 

(CO),(depe)ReOCH&Hs*-HOC~H4CHa ( ~~FHOGH~CHS). 

(HOC~H~CHS), 20.59 (OCH&H3), 13.28 (AXX', 'JPC + 'JPC = 

Simpson and  Bergman 

Inspection of the residuals ordered in ranges of (sin @)/A, pd, 
and parity and valuea of the individual indexea showed no unusual 
features or trends. The largest peak in the f i  difference Fourier 
map had an electron density of 0.91 e/A3. The largest positive 
peaks were all located near the Re atom. 

The positional parameters, thermal parameters, and aniso- 
tropic thermal parameters of non-hydrogen atoms and their 
estimated standard deviations are available as supplementary 
material. 

Kinetic Studies on the Exchange of Hydrogen-Bonded 
Complexes. The following is a typical procedure used for the 
kinetic investigations performed in this study. A stock solution 
was prepared by dissolving 132 mg (0.225 "01) of 6b in 10 mL 
of c&3 in a volumetric h k  ([6bl = 0.225 M). For each run, 
a stock solution of the desired phenol was prepared in c& as 
follows. p-Methoxyphenol(31.6 mg, 0.255 mmol) was dissolved 
in 1.0 mL of C6D6 in a volumetric flask, resulting in a 0.225 M 
solution. Methylene chloride (- 16 pL) was addedas an internal 
standard. An oven-dried NMR tube was charged with 0.5 mL 
of the 6b solution (measured with a gastight syringe). Using a 
gastight syringe, 44.3 pL of the p-methoxyphenol solution (0.0112 
mmol, 1.0 equiv) was added to the NMR tube. It was then fitted 
with a gum rubber septum and wrapped with Parafilm. The 
tube was then removed from the drybox and placed into the 
NMR tube which had been warmed to 44 "C. The temperature 
of the probe was determined by comparing the difference in 
chemical shift between the HO and CH3 resonances of methanol. 
After equilibration for 300 s, data points were measured at 300-8 
intervals. A single pulse was used for each experiment to avoid 
problems with differing relaxation times of the observed signals. 
Each spectrum was phased using the same phase corrections, 
and an automatic base line correction was applied. The integrals 
were positioned manually but were not phased. The fi t-order 
constants were obtained by plotting In (C, - Ct), where C is the 
ratio of the integrations of the liberated methanol to the internal 
standard. Rate constants were also obtained by following the 
disappearance of the coordinated methoxide resonance. Both 
rate constants were found to be identical within experimental 
error. 
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Supplementary Material Available: Tables of general 
temperature factor expressions (B's), positional parameters and 
their estimated standard deviations, and root-mean-square 
amplitudes of anisotropic displacements for Sa, l lb,  and 
7eHOCeH4CH3 (33 pages). This material is provided with the 
archival edition of the journal, available in many libraries. 
Alternatively, ordering information is given on any current 
masthead page. 
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