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The cleavage of R~z(CO)& with Xz (X = I, L = PPh3, P(OMe)Ph2, P(OMe),, P(OMe)2Ph, PMePhz, 
PMezPh, P(OPh),, P(O-o-tol),, P(OPr)3, P(CHZC,&),; X = Br, L = PPh,, P(OMe),, P(OMe)Zph, PMePh, 
P(OPh),, P(CH2C6Hs)3) in CH2Clz gives tran~-Re(C0)~LX in yields between 20% and 50% as well as 
~is-Re(c0)~LX (>50%). Reactions of Re2(CO)& with Br2, by contrast, gave only cis-Re(CO)'LBr and 
Re(CO)sBr, while reactions of Rez(CO)gPBz3 (Bz = CH2C6Hs) with I2 gave Re(C0)J as well as a mixture 
of cis- and twns-Re(CO)4PBz31 (ratio 72:28). The PBz,-containing product ratio could be modified by 
addition of I- (3565 isomer ratio) and Br- (1585, &trans ratio; product contained mixture of Re(C0)QBzJ 
and Re(CO)QBz3Br). The data for the cleavage reactions of Re2(CO),,,L, (n = 1,2) can be explained 
by an electrophilic attack of halogen, followed by two competing pathways (concerted, aaeociative) involving 
attack of the nucleophile. It is predicted that in the total product spectrum (Re(CO)&, Re(CO)&X) that 
a maximum of 50% tr~ns-Re(C0)~LX can be obtained by the halogen cleavage route. An IR kinetic 
investigation of the trans- to ~is-Re(cO)~Lx isomerization reaction is consistent with an intramolecular 
rearrangement process that is influenced by the halide (I < Br) and the ligand (P(O-o-tol), < P(B& - 
P(OPh)3 - PMezPh < PMePhz - PPh3 < P((YPr)3 < P(OMe)& Reaction of tr~ns-Re(C0)~PBqJ with 
L (L = P(OPh),, t-BuNC) at 100 O C  in c6D6 revealed that isomerization (60%) was more rapid than 
substitution (<8%). However, reaction with Me3NO/CH3CN or PdO/t-BuNC gave product ratios of cis- 
and tr~ns-Re(CO)~(PBz~)L1 (L = CH3CN, t-BuNC) that were consistent with substitution preceding 
isomerization. The Re40 bonds in trans-Re(CO)4PBz31 are less prone to cleavage than equivalent cis 
Re40 bonds in ci~-Re(C0)~PBz~1. 

Introduction 
There are numerous physical methods that have been 

wed to establish the identity of the Mz(CO)l~xLx (M = 
Mn, Re; 3c = 1,2) isomers formed in the reaction between 
M2(CO)lo and L. These techniques include IR'" and 
NMR' spectroscopy, mass spectrometry? and X-ray 
crYstell0graphy.S Alternatively, chemical reactions, which 
include metal-metal bond cleavage reactions, can in 
principle also be used to access the dimer isomer compo- 
sition.2*6 Surprisingly very few investigations have been 
reported on the use of the halogen cleavage reaction to 
identify the isomers of M2(C0),Lx (L = group15 donor 
ligan&, x = 1,2). Indeed there are reporta on the synthesis 
of both cis and trans isomers of M(C0)'LX (M = Mn,2p7 
F€e;g'O L = phosphine, phosphite; X = halogen) on cleavage 
of M2(CO)1,zL, complexes, but correlation of dimer iso- 
mers with the cleaved monometallic fragment isomers has 
not been explored in detail. Further, trat~-M(Co)~LX (M 
= Mn, Re) is reported to readily isomerize to the cis iso- 
mer.l0 Indeed the trans isomer cannot be prepared by 
conventional substitution reactions of M(CO)SX.ll Al- 
though numerous kinetic studies have been reported on 
the cis-trans isomerization reaction of octahedral M- 
(CO),L, (M = Cr, Mo, W) and other related octahedral 
complexes,12 no report has appeared on the related 
trans-& isomerization reactions of Re(CO)4LX. We thus 
report a preliminary investigation of the kinetics of the 
isomerization of the Rs complexes and a comparison of the 
results with the kinetic data available on other cis-trans 
isomerization reactions of octahedral M(CO),L, complex- 
es.12 

Finally, the chemistry of trans-Re(CO),LX has to date 
not been investigated. It is well-known that mutually tram 
CO groups are more labile to substitution than CO groups 
trans to either halides or group15 donor ligands.', This 
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would suggest that the CO groups in trar~s-Re(CO)~LX 
could be more prone to substitution than the CO groups 
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Table I. Analytical Data for the ComDlexes Re(C0)APRr)X Table 111. Infrored Data for the Complexes 
tn1ns-Re(CO)~L1' 

L u(CO)/Cm-' L u(C0) /cm-l 
anal."/ % 

c o m d e x md"C C H 
142-143 
111-113 
139-141 
127-128 
119-120 
148-149 
117-119 
134-135 

Calculated values in parentheses. 

39.34 (38.44) 
38.26 (38.62) 
25.64 (25.59) 
35.81 (35.93) 
41.53 (41.16) 
42.05 (41.16) 
43.81 (43.99) 
43.74 (43.99) 

2.35 (2.20) 
2.57 (2.72) 
1.86 (1.97) 
1.95 (2.06) 
2.86 (2.90) 
2.90 (2.90) 
3.01 (3.10) 
3.01 (3.10) 

PPh3 2058 w, 1986 va PMePhz 2068 w, 1984 vs 

P(O'Pr)3 2046 w, 1995 vs PMe2Ph 2058 w, 1981 vs 
P(OMe)2Ph 2056 w, 2000 va P(OPh)3 2056 w, 2014 w 
a Recorded in CH2C12. 

P(OMe)Ph2 2052 w, 1998 va PBz3 2056 w, 1984 va 
P(OMe)3 2046 W, 1996 vs P(0-0-tol)~ 2058 W, 2010 VB 

Table IV. 'H and NMR Data for the Complexes 
trams -Re(CO).LI" 

Table 11. Recrystallization Solvents and Product Yields 
for the Re(CO)4(P&)I Complexes 

yields/ % 
PR, solvent system" 

PPh3 hexane 
P(OiPr)3 hexane 

PBz~ mesitylene 
P(O-o-tol), ethyl acetate/hexane 

P(OPhh hexane 

PMePh2 CH2Cl2 

PMe2Ph CHZC12 

trans' 
25 
15 
20 
30 
25 
30 
15 

cisb 
50 
35 
25 
45 
40 
40 
35 

a tram-Re(CO),LI isolated by recrystallization. * ~is-Re(c0)~LI 
isolated by column chromatography on the mother liquor residues. 

in cis-Re(CO)4LX. Herein we report our findings on the 
reactivity of the CO ligands in t r a r ~ - R e ( C o ) ~ L X .  

Experimental Section 
General Methods. Re2(CO)lo was obtained from Strem 

Chemicals. Phosphine ligands were obtained from various sourcea 
(Strem, Aldrich, Merck). 12 and Br2 were purchased from BDH 
and Merck, respectively. Me3NO-2H20 was purchased from 
Aldrich and dried by azeotrope in toluene prior to use. diax- 
Re2(CO)a(PRa)z and cis-Re(CO)4(PRa)X (PR3 = PPha, P- 
(OMe)Ph2, P(OMeI3, P(OMeI2Ph, PMePhz, PMe2Ph, P(OPhI3, 
P(O-~-tol)~, P(O*Prl3, P(Bz)3; Bz = CH2C6Hs) complexes were 
prepared by known route~.'~J~ Reactions were routinely carried 
out under nitrogen in degassed solvents distilled from approprialte 
drying agenta prior to use. Infrared spectra were recorded on a 
Brucker IFS 86 and Nh4R (lH, 31P) spectra on a Brucker AC 200 
NMR spectrometer. Melting points were recorded on a K6ffler 
hot stage apparatus and are uncorrected. Microanalyses were 
performed by the Division of Ehergy Technology, CSIR, Pretoria, 
MA. 

Synthesis of trm~rr-Re(CO)~LX from Reaction of Re2(C- 
O)& with XI (X 
(OMe)Qh, PMePhb P-4 P(0Ph). P(O-o-to1). P(O'Pr)& 
P(CH&6&),; X = Br, L = PPha, P(OMe08, P(OMe)*Ph, 
PMQh, P(OPh),, P(CH&6H6),). (a) Preparative Scale 
Reaction. Slow addition of a solution of X, (X = Br, I) (0.9 equiv) 
in CH2Clz (5 mL) to diax-Re&O)& (0.2 "01) in CHzClz (20 

I, L = PPha, P(OMe)Phs, P(OMe)8, P- 

~ ~ _ _ _ _ _ ~  
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Grabaric, B. S.; Jackowski, J. J. Znorg. Chem. 1978,17,2153. (n) Hoff- 
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Znorg. Chem. 1991,30,4177. 
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P(OMe)Ph2 2.68 (13) 
P(OMe)3 2.86 (12) 
P(O*P& 0.96 (6), 

4.13 m 
P(OMe)2Ph 2.82 (13) 

PMePh2 1.54 (9) 

PBz3 2.92 (9) 
P(O-o-tol), 2.09 

PMe2Ph 1.97 (7) 

P(OPh)s 

7.15-7.23 

6.38-6.99, 

6.91-7.06, 
7.46-7.57 

7.24-7.35 

6.73-6.82, 

6.91-7.11, 
7.24-7.29 

104.5 
111.1 
101.0 

128.1 

-10.0 

5.1 
101.4 

-10.2 

93.5 
100.7 
90.9 

122.2 

-25.2 

-18.6 
88.3 

-24.9 
7.23-7.31 

7.19-7.31 
6.49-7.06, 105.2 91.8 

"Recorded in C& relative to internal TMS ('H) or external 
H3P04(S1P) standards. bDoublet coupling constant, J(PH) (Hz), in 
parenthesis. e Multiplet range quoted. Data for cis-Re(CO),LI. 

Table V. ch/tr~ms-Re(CO)4LX Product Composition 
Obtained from the Reaction of Re*(CO)aLa with X, 

products 
Re(CO)4LBr Re(CO)4LI 

x2 L cis trans cis trans 

Br2 PMe2Ph 69 31 
Br2 P(OMeIzPh 53 47 

Br2 PPh, 5 4 4 6  
Br2 P(OPhIS 53 47 

12 PBz~  57 43 

Br2 P(OMe)3 59 41 
Br2 PBz3' 60 40 

12 P B z ~  62 38 
12 PBz,' 14 14 57 14 
12 PPh3 68 32 
1 2  P(0Me)Phz 71 29 
IZ P(OMe)3 68 32 

1 2  P(0Me)zPh 72 28 
IZ PMePh2 70 30 
I2 P(0-0-tol)~ 65 35 
I2 PMe2Ph 69 31 
Iz P(OPh)s 68 32 

I2 P(OiPr)3 61 39 

"Eetimated from IFt data. bPerformed in the presence of I- 
(10-fold excess). 'Performed in the presence of Br- (10-fold ex- 
cess). 

mL) gave a mixture of cis- and tr~rrcr-Re(CO)~(L)X as detected 
by IR spectroscopy. After 30 min an aqueous NazS2O3 solution 
was added to the CHpClz solution to neutralise excess X1. The 
CHzC& fraction was then separated from the aqueous layer, dried 
over anhydrous MgSO,, and filtered through Celite. The solvent 
was then removed under reduced pressure. The required trans 
producta (X = I) were isolated by fractional crystallization from 
mesitylene, hexane, CH2C12/hexane, or ethyl acetate/hexane and 
the cia products were obtained by column chromatagraphy (silica 
gel; benzene/hexane is eluant) (see Table I for analytical data, 
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Table VI. Products Obtained from the Reaction of 
b*(CO)& with Xt 

product ratios 
Re(CO)4LBr Re(CO)4LI 

XZ L cia trans cie tram 
Br P(0-0-tol)~ 100 0 
Br P(OMI~)~ 100 0 
Br PPh3 100 0 
Br PMePh, 100 0 
Br PBzS 100 0 

Ib PBzS 5 60 15 20 

I PBz3 72 28 
Io PBza 35 65 

aPerformed in the presence of I- (10-fold excess). bPerfomed in 
the presence of Br- (10-fold excess). 

Table 11 for crystalhation conditions and yields, and Tables I11 
and IV for spectroscopic data). 

(b) NMR Scale Reaction. Similar reactions (X = I) were 
performed in c& in an NMR tube and the results of the 
preparative scale reactions confiied by 'H NMR and 31P NMR 
spectroscopy (Table V). The NMR samples were then heated 
at 76 O C  for 30 min and the relative isomerization rate determined 
from the change in intensities with time of the product and 
reactant absorptions in the 'H and 31P NMR spectra. 

Br, L = PBz,, P(.O- 
o-tol)& P(OMe),, PPh& PMePh,; X = I, L = PBz,). Addihon 
of a solution of Xz (0.9 equiv) in c& (0.05 mL) to a solution of 
&(CO)& (0.1 "01) in c& (0.4 mL) in an NMR tube at room 
temperature reaulted in a rapid, almost complete, disappearance 
of the etarting material to yield one new complex, cis-Re(CO)&X, 
as identified by Comparison with the independently synthesized 
complexes. S i  reactions were performed for L = PBz, with 
0.5 and 1.1 equiv of Xz (see text) and the products identified by 
NMR ('H, 31P) spectroscopy. 

Reaction of Re~(CO)l+,(PBza), (n = 1,2) with 13 in the 
Pmeence of [NEt4]X (X = I, Br). Addition of a solution of I2 
(1.1 equiv) in CH2ClZ (2 mL) to a solution of Re2(CO)l+n(PBz&, 
(0.05 "01) (n = 1,2) and [NEt4]X in CH2C12 (2 mL)/MeOH 
(6 mL) resulted in complete reaction of the starting material as 
detected by IR qectmcopy. After solvent removal d e r  vacuum, 
the residue was redieeolved in CHZCl2 (2 mL), fiitered through 
cotton wool, and pumped to dryness under vacuum. The product 
w a ~  finally diesolved in c& and transferred to a NMR tube, and 
the 'H and 31P NMR spectra were recorded on the crude reaction 
mixture. Product ratios are given in Tables V and VI. 

Reaction of Re(CO)4(PBzS)I with M e a 0  in CH&N. (a) 
To a solution of cis-Re(CO)4(PBzs)I (0.01 "01) in CH&N (2 
mL) was added Me3N0 (1.0 equiv) as a solid. The solution was 
stirred for 30 min and the solvent removed under vacuum. The 
residue was e x t r a d  with c& (0.4 mL), filtered through cotton 
wool, and transferred to an NMR tube and the 'H and 31P NMR 
spectra were recorded (see Tables VII and VIII). 
(b) A similar reaction to that described above in (a) was per- 

recorded on the reaction mixture revealed three remnances (we 
Tables M and VIII). After heating the sample tq80 O C  .for 45 
min only the most intense resonance remained. ddition of 
t-BuNC (1.1 equiv) to the NMR tube, followed by he ting ak 80 

resonance in the spectrum. This corresponded to fac-Re- 
(CO)3(CNBu-t)(PBza)I as determined by correlation with the 
spectrum of an independently synthesized complex. 

(c) An equimolar mixture of ~is-Re(C0)~(PBzs)I and Re(C0)J 
(0.01 "01) was r e a d  as described above in (a). The slP NMR 
spectra of the product mixture showed no evidence for the for- 
mation of any new 31Pcontaining producta, whereas the 'H NMR 
spectrum revealed two new remIlllIIcB8 corresponding to 19 and 
20 (L = CHSCN) (see Table VIII). Addition of t-BuNC to this 
reaction mixture followed by heating at 80 OC for 10 min reaulted 
in the clean conversion of the two resonances to two new NMR 
signale in the 'H spectrum. These new resonances corresponded 
to Fte(CO)&!NBu-t)J ( x  = 1,0.72 ppm, 63%; x = 2 ,037  ppm, 

Heating of thie reactant solution (80 OC, 45 min) resulted 

Reaction of ReZ(CO)& with Xz (X 

formed by ming t~~tdb(CO)@Bzs)I.  The NMR spectrum 

O C  for 10 min, resulted in clean conversion to only 40 ne new 

Table VII. 'H and NMR Data for the Complexes 
Re(CO)hL,(PBza)Ia*b (I = 1,2) 

'H (b)/RRm . - -  
L (CHJ Bz (CH2)e slP (b)/ppm 

x = 1, L CHXN 
Ma 
16a 
17a 

1Sb 
16b 
17b 

21b 

X 1, L = t-BuNC 

x = 2, L = t-BuNC 

0.24 3.12 (7, 15, 9)d -22.1 
0.43 3.32 (7) -19.5 
0.58 2.92 (9) 2.0 

0.77 3.58 (8, 15, 45)d -22.5 
0.84 3.59 (8) -16.8 
0.97 3.18 (9) 2.9 

0.93 3.80 (8) -13.3 
1.02 

Recorded in CeDe relative to internal TMS or extamal HaPo4 
standards. bJ(PH) coupling constants in parentheses. 'Aromatic 
proton reaonmces not resolved and not quoted. dJ(PHl), J(H,Hb), 
J(PHd. 

Table VIII. Product Distribution for the Reaction of 
b(CO)4(PBea)I with L (L CHSCN (a), t-BuNC (a)) 

product distribution/ 9% 
reactante 16 

MeaNO/CHgCN 
cie-Re(CO)I(PBzS)I 33 

c~~-R~(CO)~(PB~)I/R~(CO)~I~ 
~~u~~-R~(CO)~(PBZ~)I/R~(CO)~I~ 

c~~-R~(CO)~(PBZ~)I  86 

trane-Re(CO)~(PBzs)I/Re(CO)sIo 

trane-Re(CO)4(PBzS)I 89 

PdO/t-BuNC 

trane-Re(CO)4(PBza)I 40 
cis/ trane-Re(CO)4(PBz~)Io 62 

1:l ratio. 

16 17 19 20 21 

66 
7 4  

85 15 
75 25 

12 2 
24 5 3 2 8  
9 2 17 

89 11 

in the formation of ~~C-R~(CO)~(CNBU-~)(PB~~)I (5% of P-con- 
taining products) as detected in the 

(d) A similar reaction to that described above in (c) was per- 
formed by ming trar~-Re(CO)~(PBz~)1 and similar results were 
obtained. Trm-cis isomerization of Re(CO)4(PBzs)I as well as 
ligand exchange was also detected by NMR spectroscopy after 
heating the mixture at 80 "C. 

Reaction of Re(CO)4(PBzl)I with t-BuNC/PdO. (a) A 
solution of cis-Re(CO)4(PBzs)I(0.01mmol) and t-BuNC (1 equiv) 
in C a 6  (0.4mL) was heated at 50 "C for 15 min in an NMRtube 
in the presence of a catalyst (PdO, 0.2 equiv). No change was 
observed in the 'H and 31P NMR spectra. After heating at 100 
O C  for 35 min two new resonance8 were observed in the 3rP NMR 
spectrum, which corresponded to mer- and fac-Re(CO)s- 
(PBzs)(CNBu-t)I as determined by comparison with independ- 
ently synthesized and characterized complexes. 

(b) A similar reaction to that described above in (a) was per- 

after heating at  50 O C  for 16 min. After heating at 100 O C  for 
36 min four new resonances were observed, in the 31P NMR 
spectrum, corresponding to four new products as well as cis- 
Re(CO)4(PBz3)I (10% of P-containing products; see Table VI11 
for a listing of the yields of products formed in the reaction). 

(c) A similar reaction to those described above was performed 
by wing an equimolar mixture of cis- or ~ ~ ~ F M - R ~ ( C O ) ~ ( P B Z ~ ) I  
and Re(C0)J (0.01 "01). The only substituted products ob- 
served were Re(CO)-(CNBu-t),I ( x  = 1, 2)16 as detected by 'H 
NMR spectroscopy and ~is-Re(CO)~(PBza)1 as deteded by 'H and 

Isomerization of traa~-Re(CO)4(PBza)I in the Pmwnce 

"01) and L (5 equiv) were dissolved in toluene-de (0.4 mL) in 
an NMFt tube. The d o n s  were monitored by 'H and slP NMR 
spectroscopy. The producta observed after heating at 100 O C  for 

NMR spectrum. 

formed by miag t"-Re(CO)4(PBzs)I. NO ~ c t i o n  W ~ B  detected 

NMR spectroscopy. 

of L (L = P(OPh)a, t-BuNC). ~~uFM-R~(CO)~(PBZ~) I  (0.02 

(16) Coville, N. J.; Johneton, P.; h i m ,  A. E.; Markwell, A. J. J. Or- 
ganomet. Chem. 1989,378, 401. 
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Scheme I. Cleavage of [(C,H,)M(CO),]2 with X2 (M = Fe, x 
= 2; M = Mo, W, x = 3) 

r 1 

Table IX. Rata Constants for the Trans-Cis Isomerimtion 
of Re(CO),LI Comslexem 

k x 106/e-' 
L 7OoC 80°C 90°C 100°C eb pK2 

P(O-O-tol)s 1.5 6.5 21 141 -1.83 
PBzs 
P(0Phh 
PMezPh 6.5 13 61 122 6.5 
PMePhz 6.2 20 16 136 4.51 

3.5 7.5 21 145 2.31 
130 4.08 

pphs 
P(@Pr), 13 17 45 

OQualitative data, derived from 'H NMR spectroawpy, were also 
obtained for L = P(OMe)*, P(OMe)ph, and P(OMe)Phz and indi- 
cated an increase in isomerbation P(OMe)* > P(OMe)zPh > P- 
(OMe)Ph2 > P(@Pr),. *Tolman cone angle.28 'pK, values taken 
from Giering and mworkers." 

90 min were ~ie-Re(CO)~(PBza)1 (60%)) faC-Re(CO)a(PBQ)LI 
(8%)) and ~is-Re(Co)&I (8%)) 88 well 88 starting material (24%). 

Kinetic Investigation of the Isomerization of trans- to 
cle-Be(CO)&I (L PPb P(0Me)Pb P(0Me)a P(OMe)Sh, 
PMePha, PMeah, P(OPh):, P(O-o-tol),, P(O'Pr)a, P- 
(CH&,Hl)r). Redistilled mesitylene was used as the reaction 
solvent in all the isomerization experiments. The reaction eolu- 
tiom were maintained at a constant temperature (*l "C) in a 
sealed variable-temperature infrared cell (KIIC-VLTZ) preaet at 
the required temperature. The reaction rates were followed 
spectmecopidy. After sample introduction, the cell was sealed 
and the solution thermally equilibrated for 5 min prior to mea- 
surementa The reaction ratm were monitored by measuring the 
increase in absorbance in the infrared spectrum of the charac- 
teristic v(C0) band of ~ie-Re(cO)~(pRs)I at -2106 m-l. Spectra 
were recored at regular time intervals. The Qumtihtive Analpis 
software option of the infnved instrument was used to determine 
the abeorbance area of the monitored peak. Measurements were 
usually made over 2 half-livea. Good linear plots of In (A, - A,) 
VB t (A, = absorbance at infinite time; At = absorbance at time 
t )  were obtained. The rate constant (k) and half-lima (tllz) were 
determined from the elope of a plot of In (A, - At) vemw t. Each 
reactionwasperformedatthree~~ttsmperaturesatcanetant 
concentrations of Re(CO)@RS)I. Rate and thermodynamic data 
are presented in Table M. 

Results and Discussion 
Halogem Clewage Reactions of arr-Rea(CO)&. The 

cleavage of the dimers [ (W6H&M(CO)a]2 and [ (vs- 
CsHs)Fe(C0)2]2 by halogens has been studied in some 
detail and the reaction has been proposed to take place 
in a stepwise manner.17J* The fiit step is suggested to 
involve an electrophilic attack on the metal-metal bond 
by X2 to yield a three-center transition state, 1 (Scheme 
I). This is followed by dissociation of the X-X bond and 
attack of 2 (Scheme I) by the X- nucleophile. It is well- 
known that cleavage of M2(C0)10 (M = Mn, Re) by X2 
givea M(CO)&$ and a similar mechanism for this reaction 
may be anticipated. Indeed the kinetica of the cleavage 
reaction has been explored in some detail,& especially by 
Poi and co-workers,7p*21 and their results are consistent 
with an electrophilic attack of halogen on the metal dimer. 

5.1 13 28 165 
5.5 11 53 128 -2 

(17) (a) Burckett-St. Laurent, J. C. T. R.; Field, J. 5.; Hainea, R. J.; 
McMahon, M. J. Organomet. Chem. 1978, 163, Cl9. (b) h e r ,  S.; 
Kramer, G.; POO, A. J .  J.  Organomet. Chem. 1981,220, 75. 
(18) (a) Haines, R. J.; Du Preez, A. L. J. Chem. SOC., Dalton Tram. 

1972,944. (b) Brown, D. A.; Manning, A. R.; Thornhill, D. J. Chem. 
Commun. 1%9,338. 
(19) King, B B. Organometallic Synthesis, Transition-Metal Com- 

pound~; Academic P m :  New York, 1986; Vol. I. 
(20) (a) Haines, L. I. B.; Hopgood, D. J.; Pd, A. J .  J .  Chem. SOC. (A)  

1988,421. (b) Hainen, L. I. B.; POO, A. J .  J .  Chem. SOC. (A)  1969,2826. 
(c) Cullen, W. R.; Hou, G. L. Znorg. Chem. 1976,14,3121. (d) Dewit, D. 
G.; Fawcett, J. P.; Po&, A. J .  J. Chem. Soc., Dalton Tram. 1976, 528. 
(21) Kramer, G.; Patterson, J. P.; POO, A. J. J. Chem. Soc., Dalton 

Tram. 1979,1165. 

W - 
To further investigate the mechanism of this reaction 

we have studied the cleavage reactions of Re2(CO)l(hL, 
( x  = 1,2) with Br2 and I2 under varying conditions. Re- 
action of ax-b(CO)& (L = group15 donor ligand) with 
Br2 in C& waa monitored by IR and NMR spectroacopy 
and the mults of our inveatigation are shown in Table VL 
It can be seen that 100% ~is-Re(C0)~LBr complex is 
formed in every reaction. The possibility of initial tram 
isomer formation followed by rapid rearrangement to the 
cis isomer can be ruled out (see below). Cleavage of 
Re2(CO)s(PBza) with I2 gave two PBz3-containing com- 
plexes, C ~ ~ - R ~ ( C O ) ~ ( P B Z ~ ) I  (72%) and tr~m-Re(CO)~- 
(PBqJI (28%). Cleavage of the dimer with I2 in the 
presence of I- ions ([EtfiII; 10-fold excess) again resulted 
in the formation of C ~ ~ - R ~ ( C O ) ~ ( P B ~ ~ ) I  and truns-Re- 
(CO)4(PBza)I but in a different product distribution 
(35%:65%) (see Table VI). To further explore the reac- 
tion, the effect of the addition of Br- ions ([NEt4]Br, 10- 
fold excess) to the reaction mixture containing az-Rer 
(CO)s(PBza)/12 was investigated. This resulted, not 
unexpectedly, in the formation of four PBza-containing 
products, cis/tr~m-Re(CO)~PBz~I and cis/tram-Re- 
(CO)4PBz&. The &/trans mixture (15/20) of the iodo 
isomers constitutd 35% of the PBza product. Of signif- 
icance is the low yield of ~is-Re(C0)~LBr (5%) and the 
high yield of tr~ns-lZe(CO)~(PBzS)Br (60%) formed in the 
reaction. An explanation of the results is given below. 
Since the rhenium dimer is asymmetrical, i.e., consists 

of two dissimilar monometallic fragments, Re(CO)& and 
Re(CO)6, electrophilic attack by a halogen, X2, is proposed 
to lead to the unsymmetrical three-centered cationic in- 
termediate (or transition state) 3 (Scheme 11), with the 
charge associated with the more nucleophilic metal center, 
i.e., the Re(CO),L entity. Consequently the nucleophilic 
attack will predominantly, if not exclusively, occur at the 
Re(C0)4L entity. Two pathways originating from 3 
(Scheme 11) are proposed; (i) a concerted intramolecular 
pathway via 4 in which the "nucleophilew is always asso- 
ciated with the dimer, resulting in the formation of cis- 
Re(CO)&X, and (ii) a diesociathe pathway via 5 resulting 
in the formation of cis- and tr~ns-Re(C0)~LX. The fol- 
lowing are factors in support of these two pathways: 

(1) Cleavage of w-&(CO)& with I2 in the presence of 
Br- resulta in formation of a mixture of cis- (15%) and 
trar~-Re(CO)~L1 (20%) and cis- (5%) and tram&- 
(CO)4LBr (60%; 90% of Br-containing speciea). The high 
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respectively). Cleavage with I2 in the presence of X- 
(10-fold excess; [NEt4]X) did not significantly alter the 
amount of c~~-RS(CO)~LX formed. The presence of e x m  
I- had a minimal effect on the amount of trans-Re(CO)J.,I 
formed, whereas excess Br-, not unexpectedly, resulted in 
a decreaae in the amount of trans-Re(CO)4LI with a con- 
comitant increase in the amount of cis- and trans-Re- 
(COI4LBr products. 
An analysis of these results suggests that the cleavage 

of diax-Re2(C0)A2 proceeds via a mechanism similar to 
that proposed for the cleavage of ax-Re2(CO)& The 
following are points of relevance: 

(1) Since both sides of the dimer are substituted, 
cleavage reactions with halogens will give information on 
both the electrophilic and nucleophilic reactions. 

(2) Models indicate that movement of the electrophile 
to either side of the dimer from 6 wil l  lead to cis-&- 
(C0)J.X. As discuesed above the second step  cat^ give rise 
to either cis- and trans-Re(CO)4LX. Hence a maximum 
of 50% trans product can be predicted for the reaction. 
Ekperimental results obtained for a wider range of L (see 
Table V) are consistent with this suggestion. 

(3) Addition of I- to the reaction does not significantly 
change the amount of tran~-Re(Co)~(PBz)~I formed (40 
f 3%) in the reaction and is consistent with (2) above. 

(4) Addition of Br- to Re2(C0)8(PBz3)2/12 also did not 
significantly alter the amount of C~S-R~(CO)~(PBZ~)~I  
formed in the reaction. Thus, it was only the route re- 
sponsible for the generation of trans-Re(CO)4(PBz3)I that 
was modified by the external nucleophile. It is to be noted 

were formed in this reaction. From the results obtained 
from the cleavage of Re2(CO)9(PBz3)/12 with Br- more 
trans monomer may have been expected. This suggests 
that, because of (i) steric factors and/or (ii) the more 
symmetrical nature of 6, attack of an external nucleophile 
may also give rise to cis products. Although the details 
of this finding will have to be explored further the data 
again suggest that a maximum of 50% trans product is 
obtainable from the cleavage reaction. 

It is further ascertained that the amount of Br2 added 
to the reaction mixture can influence the product distri- 
bution. It was found that if 0.5-0.9 equiv of Br2 was used 
in the cleavage of Re2(C0)8(PB~3)2 the expected 60/40 
cis/trans product ratio was obtained (Table V). However, 
if excess Br2 (0.1 equiv excess) was used then only the cis 
(100%) product was formed. The exma Br2 could readily 
oxidize the Re monomers to yield 17- or 19eleCtron speciee. 
There is precedent in the literature for the catalytic role 
of odd electron metal carbonyl species in inducing &-trans 
isomerization reactions22 and this could explain the o b  
served phenomenon. Indeed, trar~-Re(CO)~L1 was o b  
served to slowly isomerize to ~is-Re(c0)~LI at room tem- 
perature in C6D6 in the presence of Brz. Interestingly, 
addition of excess I2 to Re2(CO)8(PBz3)2 did not result in 
a change in the ratio of ~is/trans-Re(CO)~LX complexes. 
Thus the reaction of 0.5-1.1 equiv of I2 with Re2(C0)8- 
(PBz3)2 always gave a -6040 ~is/trans-Re(CO)~(PBz~)I 
ratio. 

Isomerization Kinetics. Qualitative data for the 
trans-& ieomerization reaction of Re(CO),LI were initially 
obtained from an NMR study required to ascertain the 
temperature raflge and types of L to use in our study. 

that equal amounts Of both cis- and tRWIS-b(CO)4(PBz3)31 

Scheme 11. Cleavage of Rez(CO),(PR,) with X I  

(W,M - U ( C o ) , ( q  

c 

r 1 

1 11- r 

I I 

yield of trar~-Re(CO)~LBr provides convincing evidence 
that external attack of a nucleophile produced the trans 
isomer. This would suggest that the high yield of trans- 
Re(CO)4LI also arises from this process, with the cis 
product resulting from the intramolecular attack from 
bound Iz. When the reaction is carried out in a nonpolar 
solvent, C6D6, the cis/trans ratio, as expected, increases 
(Table VI), since the intramolecular process will now be 
favored over the dissociative process. 

(2) Cleavage of ax-Re&O)& with I2 in the presence of 
I- would be expected to increase the rate of reaction of the 
intermolecular pathway and result in an increase in the 
percentage of trans isomer formed. The appearance of 
cis-Re(C0)J.J indicates that the concerted intramolecular 
pathway is not inhibited entirely by I-. This result also 
provides c o n f i i t i o n  that nucleophilic attack by X- oc- 
c u r ~  at the substituted metal center (Re(CO)4L) rather 
than at the uneubstitutsd metal center (Re(CO)&. A 
change in the rate of the intermolecular pathway would 
not be expected to alter the product spectrum if nucleo- 
philic attack on the three-center intermediate 3 (Scheme 
11) occurred at  Re(CO)& 

(3) Cleavage of ax-Re&CO)& with X, results in exclusive 
formation of cis-Re(CO)&Br for X = Br, but in a mixture 
of cis- (72%) and trans-Re(CO),LI (28%) for X = I. These 
reactions were carried out in C&, a nonpok solvent, and 
are consistent with the stabilization of the softer I- in this 
solvent. 
Halogen Cleavage Reaction of d i a ~ - R e ~ ( C O ) ~ L p  

Similar reactim as above were performed on the M y  
substituted derivatives. Since these complexes are sym- 
metrical, addition of the halogens should result in a sym- 
metrical three-center cationic intermediate (transition 
state) 6 (Scheme 111). 

Cleavage of dia~-Re~(CO),&~ with X2 resulted in the 
formation of both cis- and tram-Re(CO)4LX (X = Br, 
-60% and -4O%, reapectively; X = I, -70% and -3O%, 

(22) (a) Geiger, W. Progr. Znorg. Chem. 1986, 33, 62'7. (b) Garcia 
Aloneo, F. J.; Riera, V.; Valin, M. L.; Moreiraa, D.; Viva", M.; S o h ,  
X. J.  Orgonomet. Chem. 1987, 326, C71. (c) Bond, A. M.; Colton, R.; 
Feldberg, S. W.; Mahon, P. J.; Whyte, T. Organometallics 1991, 10,3320 
and references cited therein. 
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X 

I 
X -  

1 

I I 

Kinetic data for the trans/cis-Re(CO)4LI (L = PPh3, P- 
(OiPr)3, P(OPhI3, PMe2Ph, PMePh2, PBz3, P(0-0-tol)~) 
isomerization reaction were then obtained from reactions 
carried out in an IR cell set at a constant temperature. Our 
data are consistent with a first-order nondissociative 
process (good linear plots of In (A, - A,) vs t over 2 
half-lifes). The rate constant data are shown in Table M. 

The kinetics and thermodynamics of isomerization of 
M O ( C O ) ~ L & ~ ~  complexes (L = phosphines and phos- 
phites) have been extensively studied. Both dissociative 
and intramolecular rearrangement mechanisms have been 
observed that depend to some extent on the ligand size. 
Thus thermolysis of Mo(CO),L2 (L = PPh3)I2j results in 
cis-tram isomerization via a dissociative isomerization, 
while for MO(CO)~L~ (L = PEh, PnBu3, PMe3) isomeri- 
zation occurs via an intramolecular trigonal prism twist 
mechanism with AH* = 24.5 kcal mol-' and AS* = -5.6 eu 
(L = P"Bu3, For nondissociative isomerization 
the rate of isomerization was shown to increase with in- 
crease in ligand size.'2k Similarly, complexes trans-Mo- 
(C0)2@P)2 (DP = bidentate phosphine ligands) isomerize 
via a nondissociative mechanism to the cis isomer with 
AH* = 27.3 - 38.2 kcal mol-' and A S  = -45 - 55 eu.lb 

Intramolecular rearrangements have also been shown to 
occur in the trans-cis isomerization of W(C0),(CS)(l3CO) 
(AH' = 31.5 kcal mol-', A S  = 9.1 eu) 20 times more 
rapidly than CO/'sCO exchange in a 13C0 atmosphere.12' 
Cis-trans isomerization of R U ( C O ) ~ ( S ~ C ~ ~ ) ~  also occurs via 
a nondissociative mechanism (AH* = 24.9 kcal mol-', AS* 

+ tranr-u(co)4(PRt)x 

ch-u(C0)4(PR3)X 

= -6.9 eu).12h The related osmium complex, Os(CO),- 
(SiMe3)2, isomerized by a similar nondissociative mecha- 
nism with a lower activation energy (AW = 17.9 k d  mol-', 
ASs = 1.6 eu).'% The dicarbonyl-substituted complexes 
Mn(CO)sP2Br (P = group15 donor ligand) were shown to 
undergo cis-trans isomerization via a dissociative mecha- 
nism (E, = 26.4-31.8 kcal mol-', AS* = 3.0-14.3 eu).'% 

Since the literature values for AH* and AS* for both the 
isomerization and dissociative pathways are similar, the 
mechanism cannot presently be ascertained from these 
measurable quantities. The accuracy of our data also does 
not permit an unequivocable evaluation of the reaction 
mechanism. However, isomerization of trans-Re(CO)4- 
(PBzI3I in the presence of added ligand does suggest that 
the major reaction pathway, for this specific reaction, 
occurs via a nondissociative pathway (see Experimental 
Section). 

An analysis of the values obtained for the rate constant, 
k (90 OC, Table E), rev& the relative isomerization rate 
order P(O-~-tol)~ C PBz3 - P(OPh)3 - PMe2Ph C 
PMePhz - PPhs < P(OiPr)3 C P(OMeI3. No consistent 
trends relating the rates to steric or electronic effecta as- 
sociated with L are evident. Small electronic effects as- 
sociated with L are evident. Little correlation is also noted 
between our data and qualitative data for the trans-cis 
isomerization reactions of M1$20)~LBr.2 However, if our 
data set is separated into the phosphine- and phosphite- 
containing complexes and small data sets are considered 
separately, trends become more evident. 
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Reactions of trans-Re(CO)&X 

(i) Phosphites: Steric effects do not appear to be dom- 
inant. Thus P(OPh)3 and P(OiPd3, which are approxi- 
mately the m e  sizeB (1B0 and 130°, respectively), differ 
markedly in their rates. However, the trend observed 
shows some correlation with reported pK, valuesu (an 
electronic effect). It is apparent that an increase in ligand 
basicity resulta in a increase in the isomerization reaction 
rate. 

(i) Phosphines: A different trend is observed within the 
set of phosphine ligands. Here PMe2Ph, the more basic 
ligand, isomerizes more slowly than PPh* On steric 
grounds the complexes with the smaller ligand (PMe2Ph, 
122"; PPh3, 145") would be expected to isomerize more 
rapidly. 

A more detailed kinetic study will be required to unravel 
the significance of these resulta. 

Comparative Reactivities of cis - and trans-&- 

donor ligands, X = halide) with ligands L' (group15 donor 
R N P )  lead to the synthesis of the two known 

isomers of Rs(CO)3LL'X, 9 and 10. Although there are 
many reports in the literature on the synthesis and isom- 
erization of these isomers,12 there are no data available on 
the Synthesis and properties of isomers 11 and 12. This 
arises in part because of a lack of information available 
on the precursor to these types of complexes, namely, 
trans-Re(CO)&X,'O which cannot be generated by classical 
reaction routes. 

(CO)r(PB%)I. Retactions Of cis-Re(CO)&X (L = g r o u ~ l 5  

Organometallics, Vol. 11, No. 7, 1992 2557 

occurs more readily (60%) than substitution. The prod- 
ucts 15 and 16 were obtained in a 21 ratio (8% total). No 
isomers corresponding to 17 and 18 were detected. 
Phosphine substitution was also observed resulting in the 
formation of 19 (L = t-BuNC, 8%). 

0 

(9) 

We have therefore investigated the chemistry and 
properties of one member of the series, tr~ns-Re(CO)~L1, 
in which L is the bulky phosphine PBz3,13, to abstract 
features of the chemistry of this class of complexes. 13 only 
slowly isomerizes to the cis complex 14 (see above), and, 
further, 13 and 14 can readily be differentiated by 'H and 
31P NMR spectroscopy. 

(a) Thermal Reactions. Reaction of tr~ns-Re(C0)~- 
(PBzdI with L (L = P(OPh)3, t-BuNC) in Cd), at 100 OC 
for 90 min was monitored by NMR spectroscopy. Under 
these conditions tr~ns/cis-Re(CO)~(PBz~)I isomerization 

(23) Tolman, C. A. Chem. Reo. 1977, 77,313. 
(24) Rohman, M. M.; Lin, Y.-H.; Erika, K.; Prock, A.; Giering, W. P. 

(25) W i e n ,  G., Stone, F. G. A., Abel, E. W., Eds. Comprehemiue 
Organometallics 1989,8, 1. 

Organometallrc Chemistry; Pergamon Prees: Oxford, 1982; Vol. 4. 

(21) 
(b) MeaNO-Induced Reaction. 

OC 
0 

OC l 4 - O  0 

Reaction of trans- 
Re(C0)4(PBz3)I with Me3N0 results in the formation of 
three Re(C0)3(PBz3)LI complexes, 15a, 16a, and 17a (L 
= CH3CN) in a 22:2:1 ratio, as detected by 'H and 31P 
NMR spedroscopy. Ieomers 15a and 16a were completely 
characterized by comparative IR and NMR spectroscopy. 
The third complex is believed to be isomer 17a. Although 
prepared in low yield and not isolated, characterization of 
17a is based on the following: 

(1) In the 31P spectrum, the 31P NMR resonance position 
(6 = 2.0 ppm) corresponds to that expected for a P ligand 
trans to I by comparison with NMR data for trans-Re- 
(CO)4(PBz3)I (6 = 5.1 ppm). 

(2) Heating a solution containing 15a, 16a, and 17a (L 
= CH3CN) in an NMR tube (80 "C, 45 min) resulta in the 
disappearance of only 17a. 

(3) Addition of t-BuNC to a solution containing 15a, 16a, 
and 17a (L = CH3CN) in an NMR tube and subsequent 
heating (80 "C) results only in the formation of isomers 

Of aignitiCance is the ratio 22:21 of isomers 15a/16a/17a 
formed in the reaction of tr~ns-Re(C0)~LI with Me3N0. 
This is to be contrasted with the major amount of trans 
isomer 16a formed from reaction of C~S-R~(CO)~(PBZ~)I  
with Me3N0 (see Table WI). This strongly suggests that 
little, if any, isomerization of tr~ns-Re(CO)~(PBz~)1 occurs 
prior to reaction with Me3N0. Since isomerization of 16a 
to 15a is a slow process at room temperature (little change 
in the 1:2 ratio observed at 75 "C after 1 h in an NMR 
tube), the isomerization of 17a to 15a must occur by way 
of a transition state or intermediate that evenutally enables 
the PBz3 ligand to occupy the site cis to I. 

Both cis- and tr~ns-Re(CO)~(PBz$ were shown to react 
more slowly with CH3CN than the related unsubstituted 
complex Re(CO)51. Thus, when an equimolar mixture of 
either cis- or tr~ns-Re(CO)~(PBz~)1 and Re(C0)J. was 
reacted with Me3N0 the only substituted acetonitrile 
producta obtained did not contain a phosphine ligand. The 
new products were identified as Re(CO)+JNCCH3),I ( x  
= 1, 19a; x = 2, 20a) by lH NMR spectroscopy and by 

15b and 16b (L = t-BuNC). 
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conversion of the new products, after heating the reaction 
mixture in the presence of added t-BuNC, to the related 
known complexes Re(CO)k(CNBu-t),I ( x  = 1, 2).16 It is 
thus apparent that the p h p h i n e  ligand present in either 
cis- or trans-Re(CO)4(PBz3)I deactivates the carbonyl 
ligands to MQNO-induced decarbonylation, relative to the 
carbonyls in the unsubstituted complex, Re(C0)J. 

(c) PdO-Catalyzed Reaction. Reaction of &-Re- 
(CO)4(PBz3)I with t-BuNC in the presence of PdO at 100 
"C in c,& gave isomers 1Sb and 16b in a 7:l ratio (see 
Table VIII). A similar reaction but starting with trans- 
Re(CO),pBz3)I gave four phcephorus-contairhg products, 
namely, isomers 1Sb and 16b as well as 17b and the di- 
substituted product 21b in a ratio of 85:1:6 (see Table 
VIII). The major change in product distribution in 
changing from the cis to the trans isomer confirms that 
the substitution reactions must occur prior to the isom- 
erization reaction. 

Competitive catalyzed substitution reactions of cis- or 
tran~-Re(CO)~(PBz~)1 and Re(C0)J with t-BuNC were 
also carried out (25 OC, C6D6). In both reaction mixtures 
the unsubstituted complex reacted more rapidly with RNC 
than the substituted complexes to give 19b and 2Ob. Thus 
no activation of the CO ligands when P B z ~  is trans to I is 
apparent. A reaction between a 1:l mixture of cis- and 
t ran~-b(CO)~(PBz~)I  and 0.6 equiv of t-BuNC was also 
performed. From the data (Table WI) the apparent rates 
of CO substitution are similar. However, if it is assumed 
that the CO groups cis to L are more readily replaced than 
CO groups tram to X or L" then the trans complex reacts 
at half the rate of the cis complex (i.e., four equivalent 
carbonyls in the trans isomer versus two equivalent car- 
bonyls in the cis isomer). This is an unexpected result. 
Consideration of the cis and trans isomers shows that the 
"reactive" CO groups in both compounds are mutually cis 
to I, PBQ, and two CO ligands and trans to one CO ligand. 
The difference in reactivity must therefore relate to the 
cis or trans arrangement of the I and P B z ~  ligands. 

The strong M-CO bonds in the trans complex are also 
manifested by an X-ray crystal structure determination 
of t r a r ~ - b ( C O ) ~ ( P P h ~ ) I . ~ ~  The data reveal an average 

Ingham and Coville 

M-CO bond length of 1.971 (11) A. This is the same as 
the cis,cis M-CO bond length data reported for c i s - b  
(CO),p&,)Cln (1.976 (u), 1.973 (13) A), indicating similar 
M-CO bond strengthening in both tram-Re(CO),LX and 
~is-Re(c0)~LX complexes. 

Conclusion 
Substitution reactions of Re(CO)& invariably result in 

the syntheaia of ~is-Re(cO)~Lx complexes. The synthesis 
of tr~ns-Re(CO)~L complexes can be achieved by indirect 
routes via cleavage of the axially substituted dimer com- 
plexes. This study has shown that the complexea available 
by this route are dependent on the propensity of the lig- 
ands to occupy the axial positions in the parent dimer 
complexes. Further, the stability of the trans isomer ob- 
tained is dependent on the metal, ligand, and halide. 

The dimer cleavage mechanism is proposed to consist 
of a number of independent pathways resulting invariably 
in mixtures of the cis and trans isomers. In addition the 
trans isomer is predicted to be obtained in a maximum 
50% yield by this synthesis technique. The trans isomer 
is proposed to be formed via a dissociative pathway, by 
intermolecular attack of a halide nucleophile on the cat- 
ionic bimetallic intermediate. The pure trans product can 
be isolated from the reaction mixture by fractional re- 
crystallization in yields of 20-40%. 

Isomerization of trans-Re(C04) (PBz3)I occurs more 
readily at elevated temperatures than CO substitution in 
the presence of P(OPhI3 and t-BuNC. The rate of isom- 
erization is dependent on the steric as well as the electronic 
properties of the ligand. PdO-catalyzed CO substitution 
requires elevated temperatures but resulte in more rapid 
substitution than isomerization. Low-temperature CO 
substitution can be induced by using the decarbonylating 
agent Me3N0. The trans isomer exhibits a surprisingly 
low degree of CO substitution reactivity, reacting at a 
slower rate than the cis isomer. 
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