
187 

Journal of Organometalk Chemistry, 152 (1978) 187-192 
0 Elsevier Sequoia S-A., Lautinne - Printed in The Netherlands 

KINETICS OF NUCLEOPHILIC ADDITION OF TERTIARY PHOSPHINES 
TO DICARI3ONYLNITROSYL(CYCLOBUTADIENE)IRON CATION AND 
TRICARBONYL(CYCLOHEPT~4TRIENE)MANGANESE CATION 

DAVID M. BIRNEY, ANNETTE M. CRANE: and D.A. SWEIGART * 

Department of Chemistry, Swarfhmore College, Swarthmore, PA. 19081 (U.S.A.) 

(Received November 2nd, 1977) 

Tertiary phosphines rapidly add to the ring in dicarbonylnitrosyl(cyclobuta- 
diene)iron cation and tricarbonyl(cycloheptatriene)manganese cation to form 
phosphonium adducts. Kinetic studies of this reaction support a mechanism 
consisting of direct bimolecular attack on the ring. Reactivity towards nucleo- 
philic attack by phosphines follows the order: [(C,H#vIn(CO)J* > [ (C,H,)Fe- 
(CO),NO]’ > [(C,H,)Fe(CO),]’ > [(C,H,OMe)Fe(CO),]’ 2 [(C,H,)M(CO),]’ 
(M = Cr, MO, W) > [(C,H,)Mn(CO),]‘. Coordinated cycloheptatriene is about 
lo4 times more electrophilic towards phosphine nucleophiles than is coordinated 
benzene. 

Introduction 

The addition of tertiary phosphines to coordinated cyclic n-hydrocarbons to 
yield phosphonium adducts has attracted recent attention [l-7]. Quantitative 
kinetic studies of this reaction have been reported [S-lo] for the cationic sys- 
tems [(C,H,)Fe(CO)$, [(C,H,)Fe(CO),NO]*, [(arene)Mn(CO),]‘, and [(C,H,)- 
M(CO),]* (M = Cr, MO, W). Such work provides information concerning the 
mechanism of nucleophilic addition to coordinated rings and allows the formu- 
lation of a reactivity order towards nucleophilic attack. 

Herein we report the kinetics of tertiary phosphine addition to [(C.,H,)Fe- 
(CO),NO]’ and [(C,Hs)Mn(CO)s]’ (reactions 1 and 2). 

* To whom conespondemze should be addressed. 
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Experimental 

All solvents were distilled and dried prior to use. The tertiary phosphines 
were crystallized from ethanol. Spectral measurements were made using 
Perkin-Elmer 337 (IR), Per-kin-Elmer 323 (VIS/UV), and Hitachi Perkin- 
Elmer R-20B (NMR) instruments. 

Complex I was prepared as described by Efraty et al. [ 111, and its identity 
con-firmed by IR, NMR, and analytical data. (Found: C, 21.5; H, 1.2; N, 3.9. 
C,H,F,FeNO,P c&cd.: C, 21.3; H, 1.2, N, 4.1%) The phosphonium adducts 
II were precipitated from methylene chloride upon the addition of ether to a 
solution containing complex I and excess tertiary phosphine. This method is 
essentially the same as that reported by Efraty et al. [12,13] who have fully 
characterized these compounds. With P@-C1C6H& reaction I is readily rever- 
sible at room temperature and attempted precipitation of II from methylene 
chloride yields only the less soluble reactant I. This adduct was prepared, 
however, by precipitation at -5O”C, at which temperature reaction 1 is essen- 
tially complete (K,, large). The adducts II have IR bands in CHsN02 at v(C0) 
2055,2008 cm-’ and z$NO) 1765 cm-‘. 

Complex III was synthesized as described by Pauson et al. [ 141. (Found: C, 
37.7; H, 2.5. C&-isBF,Mn03 &cd.: C, 37.4; H, 2.7%) The IR spectrum in 
CH3N02 has CO bands at 2075 and 2015 cm-‘, and the ‘H NMR spectrum in 
CDaNO* contains multiplets at 7 3.09 (H3*4), 4.20 (H’s5), 5.43 (H’*6), 6.67 
(H’ endo), and 8.34 ppm (H’ exe). [(C7H8)Mn(C0)3]BF4 is very reactive towards 
nucleophiles, and it is essential that the CH3N02 solvent be carefully purified. 
In our work the CHsN02 was freshly distilled from P205 and stored over mole- 
cular sieve in the dark_ 

Two phosphonium adducts of [(C7Hs)Mn(C0)s]BF4 were prepared as white 
crystalline solids by the method described above for the adducts II. With 
P(o-t01yl)~ a low temperature ( = -50°C) was necessary because of the reversi- 
bility of reaction 2. However, even at low temperature the product contained 
some starting material (complex III). The &is@-chlorophenyl)phosphine adduct, 
[ (C,H,)P@-ClC6H4),Mn(CO)&3F4 was analyzed. (Found: C, 49.5; H, 3.2. 
C2&120BC13F4Mn03P &cd.: C, 49.2; H, 2.95%) The adducts IV have IR bands 
in C&NOB at Y(CO) 2020,1945 cm-‘. 
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The kinetics of reactions I and 2 were studied in CHsN02 and/or acetone 
using a Durrum stopped-flow apparatus. The metal complex concentration was 
(1.0-2.0) X lO+ M and the nucleophile concentration was kept in pseudo-first- 
order excess (1.0-12.0) X 10m3 M. The kinetics were monitored at 455 and 390 
nm for reactions 1 and 2, respectively. 

Results and discussion 

Mechanism of phosphine addition 
1. [(C+H4)Fe(CO),NO]PF,. Efraty et al. [13] have shown that tertiary phos- 

phines rapidly add to the cyclobutadiene ring in [(C,+H4)Fe(C0)2NO]’ to yield 
the exe-phosphonium adducts. We found that adduct formation in CH,N02 is 
accompanied by changes in IR frequencies from v(CO) 2125, 2100 cm-‘, Y(NO) 
1880 cm-’ to v(C0) 2055, 2008 cm-‘, v(N0) 1765 cm-‘. Reaction 1 was shown 
to be reversible by IR dilution experiments and the equilibrium constvlt (K) 
for addition of P@-Cl&H,), in acetone calculated to be 1600 M-’ at 25°C. With 
excess n-ucleophile the rate constants for reaction 1, which are given in Table 1, 
were found to obey equation 3, from which one can calculate K as kl/k_l. The 

k obs=k1[PR31 + k-1 (3) 

value of K calculated from kinetic data (Table 1) at 24°C agrees well with the 
value found by the static IR method. 

In view of the known exo configuration of the phosphonium adducts [13] 
it would seem that the most likely mechanism of addition is simply bimolecular 
or direct attack on the ring. It has recently been suggested [15] that in some 
cases nucleophilic addition may be preceded by attack at the metal. This does 
not seem to be the case with coordinated cyclobutadiene since the full absor- 
bance change calculated for reaction 1 was observed experimentally with no 

TABLE1 

RATECONSTANTSFORTH%ADDITIONOFPR3TO C(C4H4)Fe<CC)2NOIPF6 

PR3 Solvent T(OC) kl (M-’ s-l) k-1 (s--~) 

P(CgH5)3 
P(C6H5)3 

(CH3)zCC 0 

<CH3)2CO 10 - -- 
P<C6H5)3 (CH3)2CC 16.5 
P(CgH5)3 (CH3)ZCC 25 
P@-ClC6H4)J (CE3)2CC 0.5 
P@-ClC6=&$ (CH3)zCC 7.5 
P@-CIC6H4)3 13.5 

P@-CGH4)3 

(CH3WC 

(CH3)2CC 19.5 

W~-‘=%Hoki 

P@-ClCgH4)3 
<CH3)2CO 24 
(CH;);CO 27 

P@-ClC6H& CH3NO2 0.5 
PkJ-CqB4)3 -ES02 20 
P@-c1C6H4)3 CH3N02 25 
P@-aC6H4)3 CH3NO2 30 
P@-aC6Ii4)3 CH3N02 34 

18600(500)= 
27800(500) 
41900<1700) 
47300<1800) 
1840(100) 
2580(40) 
3180('70) 
4020(70) . . 
5110(70) 
5380(130) 
3200(70) 
6350(80) 
7410(90) 
9100<120) 

10000(90) 

- 
- 
- 

- 
0.58(0.07) 
1.33(0.17) 
2.00(0.21) 
3.07<0.17) 
5.19<0.37) 
- 

2.03(0.23) 
3.84(0.25) 
5.44<0.35) 
7.39(0.24) 
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TABLE 2 

RATE CONSTAKTS FOR THE ADDITION OF PRg TO [<C~H~)MU<CO)~IBF~ IN NITROMETHANE 

PR3 Tim &I (M-l 5-1) k-1 (s-1) 

P@-c1C@&) 1 30000 
P@-c1Cg%)3 20 53000 

P@-cq+4)3 35 98000 
P(cmalYi)3 0 270 

P<o-toxy:)3 18 295(5) = 
P(o-tolYX)3 23.5 350(10) 

P<o-tolyl)g 30 605<5) 

P(o-tolYl)g 35 665<15) 

= Numbss in parentheses are standard deviations. 

- 
- 

- 
- 

0.13<0.02) 

0.20(0.10) 

0.31(p.O3) 

0.77(0.13) 

evidence for an intermediate. Also, initial attack at the metal would be expected 
to yield the endo product, 

The activation parameters for reaction 1 (Table 3) are very reasonable for a 
bond formation step (h,) and a bond breaking step (h_,) and are similar to 
activation parameters obtained for coordinated arene complexes [lo]. 

2. [(C,E&)Mn(CO)JBF,. The coordinated ring in [ (C,H,)Mn(CO),]’ is very 
reactive towards nucleophiles. Pauson et al. [14] reported the addition of 
nuceIophiles such as OR-, H-, and CN-, but to our knowledge the phosphonium 
adducts have not been previously reported. Tertiary phosphines rapidly add to 
the ring producing a shift in IR bands (in CH,NO,) from Y(CO) 2075,2015 to 
2020,1945 cm-‘. The spectral shifts are almost identical to those found with 
phosphine addition to [(arene)Mn(C0)31’ 14,101. As was the case for coordi- 
nated cyclobutadiene, phosphine addition to complex III was shown to be rever- 
sible by IR dilution experiments and for P(o-tolyl), the equilibrium constant 
was found to be 2000 M-’ in CHBNOz at 25°C. This value agrees with that 
derived from the kinetic data (eq. 3, Table 2). 

All of the absorbance change calculated for reaction 2 was observed. This 
coupled with the known [ 14,161 exe stereochemistry of the ring adducts of 
compound III with R-, CN- or OR-, suggests, as discussed above, that the 
mechanism of phosph.jne addition is direct bimolecular attack on the ring. 
The activation pa~~~~&ers are given in Table 4 and are seen to be consistent 
with bond making and bond breaking steps. The reaction with PCp-CIC,Hf13 

‘IXBLE 3 

ACTIVATION PARAMETERS FOR THE ADDITION OF PR3 TO I(C4I&)Fe(CO);?NOlPF6 

PR3 Solvent SkP 

P(CgH5)3 <CH3)2CO 
P@-cQ=4)3 (C=3hCO kl 
P@-cIC&4)3 (CH3WO k-1 
P@-c1C&4)3 CH3XO2 kl 
P@-cIC$4)3 CHgNO2 k-1 

a Numbem in parentheses ze s*bmIard devhtions. 

AH+ (kcal Inor’) AS+ &al deg-l mol-1) 

5.8(0.7) = -1?.5(0.6) 

5.sqO.3) -21.8(0.9) 

l&7(1.3) O(4) 
5.1<0.1) -23.6(0.4) 

l&1(1.4) -2(5) 
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TABLE 4 

ACTIVATION PARAMETERS FOR THE ADDITION OF PR3 TO C(C7HS)Mn(CO)SlBF4 IN NITRO- 
METHAhF 

PR3 Step 

P@-CQH4)3 kl 
P(o-tolYl)g kl 
P<o-tolYl)3 k-1 

AH* (kcal mol-l) 

4.9<2.0) = 

5.7<0.6) 
19.3(3.0) 

ASf (cal deg-* mol-I) 

-2O(lO) 

-27<2) 

3(7) 

a Numbers in parentheses are standard deviations. 

is very rapid and the corresponding rate constants and activation parameters are 
mu;h less reliable than with P(o-tolyl)3. 

It is interesting to note that P(p-tolyl), reacts with compound III’at a rate we 
estimate to be at least 2000 times faster than P(o-tolyl)3 due, presumably, to 
steric effects. It is only because of the great electrophilicity of the coordinated 
cycloheptatriene ring that this reaction can be studied. P(o-tolyl),, unlike P@ 
tolyl)3, does not react with other coordinated cyclic r-hydrocarbons reported 
to date, including [(C4H4)Fe(C0)2NO]*, which is one of the most electrophihc 
systems yet found. 

Electrophilicity of coordinated cyclic r-hydrocarbons 
Kinetic studies of nucleophilic addition to coordinated r-hydrocarbons have 

been reported for only a few systems [ 8-10, 17-201. This work significantly 
extends this area and allows a reactivity order towards addition of tertiary 
phosphines to be formulated: [(C7Hs)Mn(CO)3]’ > [(C4H,)Fe(C0)2NO]’ > 
[(C6H7)Fe(CC)3]* > [(C6H60Me)Fe(CC),]+ > [(C,H7)M(C0)3]* (M = Cr, MO, W) 
> [(C,H,jMn(C0)3]*. The relative reactivities are approximately lOOOO/lOOO/ 
150/30/30/1. It is of interest to note that the arene ring in [(C6H6)Mn(CC),]’ iS 

less electrophihc than coordinated cycloheptatriene in [(C,Hs)Mn(CO),]’ by a 
factor of about 104. This is primarily due, no doubt, to the resonance energy 
of the arene ring. 
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