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ABSTRACT 

Photolysis of Cp Fe (CO) I [ (C^Hc) -P-CH -P (C_H,) J with excess 
6 5 2 2 6 5 2 

Cp Fe (CO)^ I gave a 60% yield of one diastereomer of [Cp Fe (CO) I]^ 

[(C^Hr)„P-CH0-P(C^Hr)„] (XVIa). This diastereomer was observed to 
6 5 2 2 6 5 2 

thermally convert to a mixture of the two diastereomers which are 

separated by medium pressure liquid chromatography and characterized 

spectroscopically. 

[Cp Fe (CO) (n-C4Hg)j2 [(C6H5)2P-CH2-P(C6H5)2J (XXIV) was 

prepared by the reaction of n-butyl lithium upon XVIa. The thermal 

31 
decomposition of XXIV, monitored by P NMR at 30°C and 50°C, was 

observed to exhibit a first order decomposition rate constant of 

-3 -1 
9 x 10 min at 30°C. 

The accelerated thermal decomposition of the dinuclear Complex 

XXIV, relative to the mononuclear analog, is attributed to the steric 

crowding of the dinuclear system facilitating the reversible thermal 

phosphine dissociation. In combination with the B-Hydride elimination 

process, this reversible phosphine dissociation is proposed to provide 

a catalytic decomposition of the dinuclear dibutyl complex through the 

dinuclear dihydride complex resulting in the formation of the iron-iron 

bonded [Cp Fe (C0>]2 [CgH ) P-CH2-P(CfiH )2]. 

ix 



CHAPTER 1 

INTRODUCTION 

1.1. Multinuclear Complexes 

Multi-centered transition metal complexes are currently being 

intensively studied. Containing only two metal centers, the binuclear 

transition metal complexes are the smallest type in this group. 

Research on these compounds has been concentrated in several areas: 

(a) as analogues of metal surface and cluster chemistry in the modeling 

of their elementary reactions [1-3J and (b) in determining the reactivity 

differences between binuclear transition metal complexes and their 

mononuclear analogs 14-7] . The ultimate goal is to apply understanding 

from such studies to improve catalytic and stoichiometric production of 

organic molecules. 

One of the difficulties encountered is the determination of the 

actual mechanistic contribution of a binuclear complex. For the 

following binuclear reductive elimination (Equation 1), Halpern [8] 

gives three general types of possible mechanisms (Scheme 1). 

LNM-X + LNM-Y •- X-Y + M2L2n ( OR 2 MLN ) 

Equation 1 

1 



Scheme 1: General Binuclear Reductive Elimination Mechanisms 

Concerted 2 Center Mechanism: 

LNM-X + LNM-Y 

I 
MLjg 

C LNM....X.,.,Y....MLN ] 

X-Y + 2 *ML 

X-Y + 
'2l2N 

Concerted 1 Center Mechanism: 

LNM-X + L/-Y 

Y 

L.M-X 

LNM 

M2L2N + X-Y 

Stepwise Free Radical Mechanism: 

LNH-X - X* + *MLN 

X# + LNM-Y X-Y + 

2 *ML M2^ 
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A conceptual distinction can be made between the three 

mechanisms. The Concerted 2 Center Mechanism involves both metal 

centers during the "bimetallic" reductive elimination. The reductive 

elimination step of the Concerted 1 Center Mechanism involves only one 

metal center of a bimetallic species. The Stepwise Mechanism does not 

involve a bimetallic species until the final binuclear product is 

formed. 

A consequence, or possibly a primary thermodynamic considera

tion, of some binuclear reactions would be the involvement of a metal-

to-metal bond interaction. The formation of a metal-metal bond, in 

either the Concerted 2 Center Mechanism or in the Concerted 1 Center 

Mechanism, may facilitate the binuclear reductive elimination, which 

under a mononuclear mechanism, the Stepwise Free Radical Mechanism, 

could yield unstable organometallic fragments. 

One route to overcome the above problem is to use multidentate 

ligands capable of facilitating the interaction of the two metallic 

centers. A binuclear metallic complex in which the two metal centers 

are bridged by a bidentate ligand could result in the two metal centers 

physically arranged in a close spatial orientation. The spatial 

arrangement could then affect the chemistry of the binuclear complex to 

allow a cooperative involvement between the two metal centers 18, 9]. 

This cooperative involvement could display itself by (a) the binding of 

a single substrate to two metal atoms, (b) the attachment of substrate 

fragments to two adjacent metal atoms, (c) the migration of ligands 

from one metal atom to another (d) reactions of metal bonds, (e) 

electron transfer or derealization from the two metal atoms, and 



(f) the polarization of ligands between heterobimetallic centers 

[1, 2, 10], 

Poilblanc [9] showed the following four types of fundamental 

reactions of bridged binuclear complexes (Scheme 2). In these reac

tions it is assumed that there is no breaking of the bridge ligand 

bonds, allowing approach of reactants to within the intermetallic area. 

Scheme 2: Bridged Binuclear Reactions 

H—'T M1—M1 + A-B RRR—I,, 
Hn M" 

A B 

N1 n1 + A-B 
I I 

A B 

M1 M1 + A-B ^  1  T I T  

/ \ 
A B 

I 1 

M IJL-CO 
R 

I I 
M — M - C - R  

H 
0 
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These general reactions show the diverse involvement of the 

metal-metal bond interaction. 

This thesis is directly concerned with the well known dinuclear 

complex tetracarbonyl-di(cyclopentadienyl)-diiron, [Cp Fe (CO^^f 

the parent cyclopentadienyl carbonyl di-iron system. Ligands, other 

than the carbonyls, which can bridge the two metal centers can be 

introduced into this dinuclear system. A bis-cyclopentadienyl ligand 

may act as a bridging ligand to give a complex of the type [(CH^^-

Si[(C_H ) Fe (C0)„]„, II. Ditertiary phosphines such as [(R_P)-(CH.) -
3 h £ 2. 2. n 

(PR^)] may also act as a bridging ligand to give a complex of the type 

[Cp Fe (C0)2] L, III_ r4] . 

ME. / HE 
SI 

Vs7" Tjicr 
QC

^ V ̂co oc/Fe^C^FeN:O F\ 

0 0 (PH)2P^( CHO)/P(PH)2 
T2'N 

II HI 
a, n=l 
b, n=2 
c, n=3 

The following three areas are related to the chemistry to be 

reported later in the thesis and will be discussed in detail in the 

succeeding sections: (a) the chemistry of iron carbene complexes, (b) 

the interaction of phosphines with [Cp Fe (CO)2]^ and iCp Fe (CO)2X] 

(X = halide), (c) the chemistry of the thermal decomposition of iron o-

alkly complexes. The third area has been implicated in the mechanism 
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of catalytic systems and the first area has been shovm of interest as 

electrophilic cyclopropanation reagents. 



CHAPTER 2 

CARBENE COMPLEXES 

2.1. Introduction—Mononuclear Carbene Complexes 

Carbene complexes of the type [Cp Fe (CO) (L) CR,R2; L - CO, 

P(C H_) , IV, have been extensively studied in recent years. One of 
6 5 3 — 

the more interesting aspects of these compounds is their ability to 

transfer methylene units to olefins in a highly stereospecific manner. 

Brookhart has shown that methylidene [11] (R^,R2=H), ethylidene [12] 

(R1=H,R2=CH3) and benzylidene [13] (R^H,R2=CgH5) carbene complexes 

react with olefins and alkynes as shown in Scheme 3. Reported yields 

range from 19% to 99% and vary with the carbene substituents and with 

the alkene or alkyne. 

Scheme 3: Reactions of IV with Alkenes and Alkynes 

I: 
C6H5 

7 
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There are a number of synthetic routes that lead to the isola

tion of the iron carbene complexes. These are summarized in Scheme 4. 

One of the more versatile routes is that reported by Brookhart (Equation 

2). This route allows relatively easy change in the substitution on the 

carbene carbon. For L=PR^f the acyl compound is prepared by the thermal 

"migratory insertion" of carbon monoxide into an iron-alky1 bond in the 

presence of excess phosphine [18, 19]. For L=CO, the acyl compound is 

prepared by the reaction of [Cp Fe (CO)2] with acid chlorides, R-C0-C1. 

The resulting acyl compounds are reacted with methyl-triflate, [(CH^)-

0-S02~CF^J, to give an alkoxy-carbene type complex which is reduced 

with sodium borohydride, [Na BH^], and followed with eiectrophilic 

demethoxylation to yield the desired carbene complex. 

A similar synthetic route was used by Bodnar and Cutler [20] 

which employed different reagents. Eiectrophilic methylation of the 

acetyl function was accomplished with [(CH.O)_CH+][PF. ]. The reduc-
3 Z O 

tion of the alkoxy carbene complex was accomplished by [LiHBEt^]• The a-

alkoxy ethyl complexes were then treated with either acid or the 

trityl cation, [ (CgH,.) ̂ C+] , to yield the ethylidene complex. The 

analogous acid demethoxylation step had previously been reported for 

the benzylidene complex [21]. 

2.2. Results and Discussion 

This section reports the attempts made to follow the Brookhart 

methodology to form bis-carbene complexes [12] on the dinuclear diiron 

system. Although dinuclear bis-carbene complexes have not been 

realized, preliminary evidence indicates that the close proximity of 



Equation 2 [12] 

Scheme 4: Synthetic Routes to IV 

0 

CP ( CO )9 FE-C-R—CP ( CO U FE=C^+ 
R 

H 
CP ( CO )2 FE=C + •*—CP ( CO )2 FE-CHR-0CH3 

Rc 

A - CH3SO3CF3 B - NABH^ ' C - (CH3)3SIS03CF3 

Equation 3 [14, 15] 

CP ( CO )2 FE © + R-C-CO-CL-
CH2 

Equation 4 [14] 

CP ( CO )2 FE I + M-C-R 

H = MGX OR LI 

II. 
CHR 

Equation 5 [14] 

CP ( CO )n FE-C0-C-R 
2 EH2 

-CO 
hv 

• CP C CO )2 FE-^-R 
CH2 

HBFii 

CH3 
CP ( CO )2 FE=C> 

R 

CP 
/OCH3 R-LI 

H+ 

( CO )2 FE=C^+ + R-MGI —*• CP ( CO )2 FE-C;0CH3 
SCH LiCuR 

Equation 6 [16, 17] 

CP ( CO )2 FE E + CLCH2SCH3 CP ( CO )2 FE-CH2-SCH3 

CP ( CO )2 FE=CH2 

S(CH3J2 

t FSO3-CH3 

CP ( CO )2 FE-CH2-S(CH3)2 



the two metal centers prevents reactions that are observed in the 

mononuclear analogs. The reaction of dinuclear iron bis-acyl complexes, 

VI, with methyl triflate (CH3 SC>3 CF3) did not result in the expected 

electrophilic methylation of the acyl carbonyls. Instead, a unique 

complex was formed which was easily reduced .to give the starting acyl 

complexes back. 

2.2.1 Preparaton of Bis-acyl Complexes VI-A,B,C 

The precursor acyl complexes were synthesized through two 

routes. First, the reaction of the dianion of complex II, formed by 

Na/Hg amalgam in tetrahydrofuran, with acid chlorides gave air sensitive 

complexes VI-A,B (Equation 7). 

ME.. / ME ME. / ME 
^Si^ l  __ ,^-Si^ __ 

J NA/HG 2 R-CO-CL P rn J J 
FEC— -FE * * R-CO-FE FE-CO-R 

°C S C° THF L7 VO L CO 

II VI 
A: L=CO; R=CH3 
B: L=CO; K-CGHS 

Equation 7 

The synthesis of complex Vl-C was accomplished by the reaction 

of the dianion of ̂ I_ first with methyl iodide to form the bis-methyl 

complex, which was then allowed to undergo thermal methyl migration and 

ligand coordination to yield the desired phosphine complex (Equation 8). 

These complexes exhibited NMR and IR signals typical of 

cyclopentadienyl iron dicarbonyl acyl complexes. Complex VI-A typically 

crystallized as yellow needles from the yellow oil of the purified 
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/ Me Me„ / Me Me.P / Me 

s '-^ ^-s '~ 
I I 2 CHJI | | PPh3 | 

FE © Fe © » CH3fe Fe-CHT • R-CO-Fe Fe-CO-R 
0C CO OC CO OC CO OC7 CO L CO L CO 

v i - c  
I^PCC.H,.^; R=CH_ 

6 5 3 

Equation 8 

1. 
material. Sixty MHz H NMR of this complex gave a cyclopentadienyl 

signal at 4.95 ppm and an acyl methyl signal at 2.55 ppm. The IR 

spectrum of this complex gave carbonyl stretching signals at 1960 and 

172 5 cm \ Complex VI-B was a red-yellow oil that in the 60 MHz ^"H NMR 

gave a cyclopentadienyl signal at 4.9 ppm. The IR spectrum of this 

complex showed carbonyl stretching signals at 2020, 1970 and 1615 cm 

Complex VI-C crystallized upon purification to yield an orange powder 

1 
which gave a 60 MHz H NMR acetyl signal at 2.1 ppm and in the IR 

spectra showed carbonyl stretching signals at 1920 and 1600 cm 

2.2.2 Reaction of VI-A,B,C with Methyl Triflate 

With the above bis-acyl complexes characterized, attempts to 

synthesize the bis-carbene complexes were made. The initial reaction, 

to electrophilically methylate the acyl carbonyls to yield "methoxy 

carbene" complexes was not successful upon repeated attempts with 

methyl triflate, a facile reaction in the mononuclear systems. 

Complex VI-A was reacted with methyl triflate in methylene 

chloride at room temperature, followed by transfer into a -50°C solution 

of methanol, sodium methoxide and sodium borohydride (Equation 9). 
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CH^ONa 
meso3CF3 NaBH 

VI"A 7— *— VII VI-A 
CH2CL2 CH3OH 

Equation 9 

As indicated in Equation 9, complex VI^ was the reaction product 

isolated for each of three attempts. Sodium cyanoborohydride in place 

of the sodium borohydride also gave VI_ as the isolated product. 

In order to probe the identity of intermediate Complex VII, a 

CDCl^ solution of VI-A was reacted with methyl triflate in a ''"H NMR 

tube. Within 24 hours the signals corresponding to VI-A were no longer 

present, a singlet at 3.3 ppm signal had appeared and a dark red oil 

separated out of the solution. The red oil was d6-acetone soluble and 

gave the signals listed in Table 1. 

When the phenyl substituted complex VI-B in a CDCl^ solution 

was reacted with methyl triflate. The red brown solution had turned 

color to a dark yellow brown solution. The 60 MHz ^"H NMR signals are 

listed in Table 1. This solution was then reacted with K-Selectride 

(potassium tricyclobutyl borohydride) with VI-B being the organometallic 

species recovered. 

A CDCl^ solution of VI-C was reacted with methyl triflate to 

give signals similar to those of the reaction with VI-B, as shown on 

Table 1. 

In comparing the NMR signals (Table 1) of VI-A,B,C with the 

complexes formed upon reaction with methyl triflate, the following 

conclusions are made. 
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Table 1. NMR Data for Methyl--triflate Reaction 

Siqnal Assignments 

Complex Phenyl Cp Acyl-Me Si -Me 

VI-A 4.95 2.5 0. 5 
After Reaction [d6-acetone] 

5.3(8) 4.6(3) 3.2(2) 2.6(6) 0. 6(6) 

VI-B 7.3(12) 4.9(8) 0. 5(6) 
After Reaction 
13.6(3) 7.6(10+) 5.5 3.4(3) 0. 6(6) 

5.3(8) 

VI-C 7.3(30) 4.8 2.0(6) 0. 6(6) 

4.6 
4.3 
4.1(8) 

After Reaction (Relative to Si-Me at 0. 5) 
12.5(6) 7.3(30) 5. 5 3.3 2.6(2) 0. 5(7) 

to 2.2(3) 
4.7(10) 

Methyl Triflate (Two Phase solution evident in NMR tube) 
4.0 3. 3 (minor) 

Relative integration values in parenthesis. 

CDCI3 as solvent unless noted otherwise. 

Cp = Cyclopentadienyl, Me = Methyl. 

Signal values are in the sigma scale in ppm relative to 
tetramethylsilane as an internal reference, except where noted. 



1. The cyclopentadienyl signals are shifted downfield indicating 

an inductive deshielding effect. 

2. An impurity is common at about 3.3 ppm and is also seen in the 

NMR of the methyl triflate and is thought to be the trifluoro-

methyl sulfonic acid. 

3. There is an additional signal, relative to the complex VI^ for 

each of the three complexes. For VI-A, the signal is at 4.6 

ppm (3H). For VI-B, the signal appears at 13.6 ppm (3H). For 

VI-C, the signal comes at 12.5 ppm (6H) and the signals 

attributed to the acetyl methyls appear to nonequivalent and 

shifted downfield. 

These NMR signals do not appear to correspond to known complexes 

from the literature [22-25] that would be the signals from either the 

expected complexes or from other closely related types of dinuclear 

complexes (Table 2). 

The data do not clearly indicate what the intermediate Complex 

VII is. It is possible to speculate several complexes such as those 

shown below. Complex XIII would be an intermediate complex which has 

not reacted in any subsequent manner to give either the desired 

products or the second possible Complex XIV. Complex XIV would result 

from the intramolecular reaction of one methoxy carbene iron center with 

the acyl carbonyl of the other metal center. 

The major conclusion from this work is that the reactivity of 

methyl triflate with the closely bridged dinuclear complexes utilized 

here did not exhibit similar chemistry to that observed in the 

analogous mononuclear system. 
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Table 2. Literature NMR Signals of Similar Complexes 

IX R = CH,f R' = H, L = CO [22] 

I . 
Fe. OR 

\ 
R' 

/FE 
QC ' 

K n  H 
-X' / 

Fe. 

X' 
0 

CO 

(CF3C02H) 

FeCH - 12.88 
Cp - 5.55 
CH3 - 4.73 

R = CH3, R' = 

{CD3NO3) 

FeCH - 13.50 
Cp - 5.28 

CH3 - 4.09 

R = R' = CH3, 

(d6-acetone) 

H, L = P(C6H5)3 [22] 

L = 1231 

CP -4.97 
0CH3 - 4.05 
CCH3 - 2.87 

CC6D6) [24] 

Cp - 4.16 
CH2 - 9.97, 8.56 

21 hAh / 

QC 
/FE. 

• c *  

0 

CO 

<CH2C12) [24] 

Cp - 5.41 
CH3 1.88 

XII ^ VCHj/ 
/FE ~JE 

QC 
Q 

CO 

(CDC13) [25] 

FeCH - 12.48 
Cp - 4.67 
CH3 - 3.90 



L'/\* OC' C-R 
CH30 / 

.FE-CO-R 
L NC0 

XIII 

ch3°"^R 
0 

+ FE-L 
// \o 

R 
XIV 



CHAPTER 3 

CYCLOPENTADIENYL IRON CARBONYL PHOSPHINES AND IODIDES 

3.1. Introduction 

Dinuclear iron alkyl complexes which are bridged by a ditertiary 

phosphorus ligand can exhibit the effect of the interaction of the two 

iron centers due to their close proximity. Also, the thermal dissocia

tion of the phosphorus ligand may be affected by the close proximity of 

the two iron centers. As synthetic precursors to the alkyl complexes 

the dinuclear iron halide complexes are useful intermediates. The 

interaction of phosphines and phosphites with [Cp Fe (CO^^ an(3 

[Cp Fe (COJ^X] (X = halide) and the oxidation of the dinuclear iron 

phosphine complexes with halogen are areas of synthetic utility and 

will be discussed. 

3.1.1 Reactions of [Cp Fe (CO)2^2 Mono- and 
Bidentate Phosphines 

Reactions of [Cp Fe (CO) 2^ with phosphorus ligands, L, such as 

PR^ and P(OR)^ (R = alkyl or aryl), in refluxing benzene gave monosub-

stituted derivatives of the type [Cp^ Fe^ (CO)^ L] [26, 27]. Further 

replacement of CO with L could not be effected, except in the case of 

P(OR)^ which gave several other adducts which were not identified. The 

lack of subsequent replacement was attributed to an increased bonding 

of the irons to the remaining carbonyls, evidenced by the lowering of 

the terminal carbonyl stretching modes, as a result of the initial 

17 
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substitution with a stronger a-donor ligand, L. Irradiation with 

ultraviolet light of [Cp Fe (C0)2]2 and P{C6H5)3 in benzene resulted in 

the inonosubstituted derivative which could not be further siibstituted. 

Irradiation with P(OCH3)3 resulted in at least two primary products 

which were identified as the mono- and the di-substituted derivatives 

[ 2 8 ] .  

The photochemistry and electronic spectrum of the complexes of 

the type [Cp M (CO) ] = Fe' Ru) were reported to be consistent with 

the electronic transitions to a M-M a* orbital resulting in the homolysis 

of the M-M bond to give a free radical species [28]. This radical 

species was then suggested to undergo substitution with phosphines, 

* 
rather than CO dissociation from the excited [Cp M (CO)2 resulting in 

the substitution products. 

The reaction of [Cp Fe (CO)2]2 with ditertiary phosphine 

ligands L, e.g., L = (CgH,-) 2P- (CH2)n"P (C^H^.) 2 <n = 1,2,3), in refluxing 

benzene or by irradiation of ultraviolet light at room temperature gave 

products of the type [Cp Fe (CO)]2 L, III, with L acting as a bidentate 

ligand [29, 30]. 

The more reactive ditertiary phosphine, (CH^)2P-C2H^-P(CH^)2» 

dmpe, reacted with [Cp Fe (CO)2]2 in benzene at room temperature to 

give the ionic disproportionation product, [Cp Fe (CO) (dmpe) + ] 

{Cp Fe (CO)2 J, in 72% yield [31]. 

3.1.2 Oxidation of Di-iron Complexes with Halogen 

The halide derivatives of the cyclopentadienyl iron dicarbonyl 

dimer are easily obtained. [Cp Fe (CO)2Cl] was the product obtained in 
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75% yield in the reaction of [Cp Fe (CO)^ and concentrated hydro

chloric acid in chloroform [32]. [Cp Fe (CO)2*] was the product 

obtained in 72% yield from the reaction of [Cp Fe (CO)2]2 with 

chloroform [33]. 

A study on the halogenation of [(RC^) Fe (CO)2]2 (R = H or 

CH^) proposed an electrophilic attack of halogen followed by two 

possible mechanistic routes [34, 35]. In one route there is an 

asymmetric cleavage of the bridging carbonyls to give [(RC^H^) Fe-

+ _ 
(CO)^ ] X . The other route involves the symmetric cleavage of 

the bridging carbonyls to give the cationic halogen bridged species, 

[ ( (RC,-H^) Fe (CO)2)2 x 1' which upon subsequent nucleophilic attack 

of halide ion yields the neutral, [(RC^H^) Fe (C0)2 X]• 

The reaction of iodine and [CP2 Fe2 ^0)3 where L = P(C2H^)2/ 

P(0-i-C-H_) and P(0C..Hc), involved the asymmetric cleavage to give the J / J D D  

ionic [Cp Fe (C0)2 L] I and also the symmetric cleavage to give the 

neutral [Cp Fe (CO) L I] and [Cp Fe (C0)2 I] [26, 27]. 

Reaction of IIIa,b,c in refluxing benzene with equimolar amounts 

of iodine gave the neutral diiodide, XVI, as one of the products [29]. 

I ' pP(pH)2-(CH2) -p(PH)f J.'"1 

0 0 

XVI 
a, n=l 

b, n-2 
c, n=3 
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However, in a subsequent article [36], reaction of Ilia with an 

excess of iodine in CH^Cl^ did not give the neutral diiodide, XVIa. 

Instead a bridging, cationic complex, XVII, was obtained. This complex, 

in contrast to the high reactivity of the corresponding carbonyl complex, 

[ {Cp Fe (CO^^ + [35], was found to be inert to the nucleophilic 

iodide anion. 

- Fe ̂  is- f/ 
/ \ CO 

(Ph)2P\ /P(Ph). 

N 
CCH2)R 

XVII 
a, n=l 
b, n=2 

The iodination of complexes such as III was proposed to undergo 

an initial one electron oxidation of the metal-metal bond to yield the 

cationic complex of the same molecular formula, [Cp Fe (CO)^] L + . 

This intermediate could then undergo two possible mechanistic routes to 

account for the observed products. In one route, a second one electron 

oxidation removes the metal-metal bond and subsequent asymmetric 

cleavage of the bridging carbonyls yields the cationic complex, 

[Cp Fe (CO)2 L] + . The other mechanistic route yields the neutral 

diiodide, XVI, via the cationic bridging iodide complex, XVII [36]. 

The oxidation of neutral complexes of the type III has been 

more recently suggested to involve the oxidation of an Fe-Fe nonbonding 

electron rather than the removal of an electron from the Fe-Fe o-bond. 
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M.O. calculations, consistent with ESCA spectra and crystallographic 

results, suggested that the removal of one and then a second electron 

would result in the weakening of the bridging system (Fe-CO, Fe-P bonds) 

to the extent that the Fe-Fe a-bond could not maintain the dimeric 

structure [37] . 

3.1.3 Reactions of [Cp Fe (CO)^ X] with Phosphines 

The reaction of tertiary phosphines with cyclopentadienyl iron 

dicarbonyl halides, [Cp Fe (C0)2 X], has been reported to give the 

following two types of products. Replacement of a carbonyl ligand with 

the phosphine ligand can yield neutral products of the type [Cp Fe (C0)~ 

(PR^) X], while displacement of the halide anion and complexation of 

•4* 

the. phosphine can yield ionic products of the type [Cp Fe (C0)2 (PR-j) 1 

[X " ]. 

The phosphine derivatives of the cyclopentadienyl iron 

dicarbonyl halides were shown to be formed by the reaction of the iron 

halides and triphenylphosphine in refluxing benzene. [Cp Fe (CO)-

(PCC^Hg)^) I] was formed in 33.7% yield, with the cationic species 

•f 
[Cp Fe (CO)2 ^6^5)3'] as 50% of the yield. The bromide was 

obtained in 51.2% yield and the chloride could not be purified, with 

the major product of the reaction, 85%, being the cationic species [38]. 

The cationic complex, [Cp Fe (CO)_ (P(C_H )) ], had previously 
& o o  

been isolated as the tri-hydrate of the chloride salt from the reaction 

of iCp Fe (C0)2 ClJ and P(C6H,.)3 in refluxing tetrahydrofuran [39]. 

Reaction of [Cp Fe (CO)2 I] and Pf^H,-)^ in refluxing benzene 

for 30 minutes gave [Cp Fe (CO) (P(C2Hg)^) I] in ca. 30% yield, while 
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under similar conditions [Cp Fe (CO) (P(C.H ) ) I] was obtained "almost 
4 y 3  

quantitatively" in the reaction with P(C„H ) [40, 41]. 
4 y 3 

An example of the ditertiary phosphine ligand, bis-diphenyl-

phosphino-methane, where only one of the phosphines is coordinated to 

an iron center is the following. The reaction of (C,.Hc)_P-CH„-P(CrHr)„, 
6 5 2 2 6 5 2 

dppm, and [Cp Fe (CO) 2 1] in refluxing benzene for 8 hours gave the 

neutral [Cp Fe (CO) (dppm) I], XVIII, in ca. 60% yield [36]. 

p 

i  / | e ^p(ph) 2 -ch 2 -p (ph)2  

C 
0 

XVIII 

3.2. Results and Discussion 

The synthesis of a dinuclear diiodide complex, XVIa, bridged by 

the ditertiary phosphine ligand bis-diphenylphosphino-methane (dppm) is 

the subject of this section. The reactivity of the synthetic precursors 

of dinuclear XVIa will be discussed. As a result of the spatial 

proximity of the two iron centers due to the single methylene bridged 

bis-phosphine ligand, the reactivity of the synthetic precursors is 

affected. Also discussed is the formation of analogous phosphite XX. 

As shown in Scheme 5, there are two possible routes for the 

synthesis of a dinuclear diiodide complex bridged by a bis-ditertiary 

phosphorus ligand. One route entails the initial formation of the 
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Scheme 5: Synthetic Routes to a Dinuclear Diiodide Bis-phosphorus 
Bridged Complex 

C CP FE (C0)2 \ 

h  

T 
2 CP FE (C0)2 I 

R2P-CH2-PR2 

- 2 CO , HV 

R2P-CH2-PR2 

- 2 CO , HV 

/ "R \ 
R , 2 D ^ ( C H 2 )  / P ; S > 2  

l <  

Fe-

I' I >(R)2-CH2-P(R)2 I " I 
0 0 

dinuclear bis-phosphorus bridged complex. Oxidation of the iron-iron 

bond with iodine would then allow formation of the dinuclear diiodide 

complex. The other route entails the initial formation of the 

mononuclear iodide Cp Fe (CO)2 !• Sequential phosphine replacement 

upon two molecules of this mononuclear iodide by both phosphorus atoms 

of the bis-phosphorus ligand would then allow formation of the dinuclear 

diiodide complex. 

3.2.1 Synthesis of Dinuclear Bis-Phosphite Bridged 
Diiodide XX 

The synthesis of the dinuclear bis-phosphite bridged diiodide 

XX was found to be possible through the iodine oxidation of the iron-

iron bonded XXI as shown in Scheme 6. Reaction of XXI with excess 

iodine yielded a mixture of the terminal diiodide XX and the bridging 

cRtionic iodide XXII. XXI was synthesized as shown in Scheme 7. 



Scheme 6: Synthesis of Complex XX 

0 

-  C  ̂  C r  l 2  FE<—; FE 
/ "R \ 

CCH2; 

XXI 

-- [ K  . ... 

CPH0,2P\(CH,)/P<0PH)2 V/'N^ 
./FE + FE 
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I ' P(0PH)2-CH2-P(0PH)2 C M 
0 " 0 

or/ T Y^co MII 
(PHO)2P. .P(0PH)2 

(CH2) 

Scheme 7: Synthesis of Complex XXI 

CL2P-CH2-PCL2 + 4 PHOH 
NET. 

(PH0)2P-CH2-P(0PH)2 

(PH0)2P-CH2-P(0PH)2 + C CP FE (C0)2 \ 
A X 

h v  -co 

X 0 / 

FE FE 

/ \ 
(PH°'2P̂ (CH'2) /P<0Ph,2 
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The phosphite ligand was synthesized from the reaction of 

commercially available bis-dichlorophosphino-methane and phenol in the 

presence of triethylamine. As shown in Scheme 7, thermolysis conditions 

in refluxing benzene for up to nine hours was insufficient to affect 

the formation of XXI, whereas photolvtically the reaction occurred in 

approximately 35% yield after 9 hours. 

XXI was a green solid which gave a 60 MHz ^"H NMR with a single 

cyclopentadienyl signal at 4.30 ppm, relative to acetonitrile at 1.9 ppm. 

The IR spectrum of this complex showed a Uco at 1705 cm \ 

13 
The C NMR spectrum of XXI cleanly gave the signals as assigned 

in Table 3. 

13 
Table 3. C NMR Signals for Complex XXI 

ppm Assignment 

289 Carbonyl 

153 
130 
125 
122 Phenyl 

86 Cyclopentadienyl 

35, t, 32.5 Hz Ligand Methylene 

The terminal diiodide XX showed a single cyclopentadienyl signal 

at 4.25 ppm in the 60 MHz "'"H NMR, and showed a Uco at 1975 cm in the 

IR. The cationic iodide XXII could not be eluted from an Alumina III 

column with benzene and was directly extracted from the adsorbant with 
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chloroform. XXII gave a poor 60 MHz ^"H NMR showing a weak cyclopenta-

dienyl signal at 5.0 ppm and its IR showed a Uco at 1990 cm 

3.2.2 Synthesis of Dinuclear Bis-Phosphine Bridged 
Diiodide XVIa 

The terminal dinuclear-diiodide bis phosphine XVIa is not 

readily synthesized through the initial formation of the iron-iron 

bonded bis-phosphine Ilia. Reaction of phosphine Ilia with excess 

iodine in refluxing chloroform confirmed the literature reports that the 

major product is the'cationic bridging iodo-complex Va [29, 36]. 

Phosphine Ilia was synthesized under thermal conditions by the reaction 

of the commercially available ditertiary phosphine bis-diphenyl-

phosphino-methane, dppm, with [Cp Fe (00)2!2* Ilia is a green solid 

which gave a 60 MHz '''H NMR signal for the cyclopentadienyl ring at 4.3 

ppm and an IR at 1680 cm 

In this case the synthesis of the desired terminal dinuclear 

diiodide with the bridging phosphine ligand dppm was found to be 

realized through the sequential ligand substitution by both phosphines 

of the dppm ligand upon two molecules of the mononuclear iodide 

Cp Fe (CO)^ I as shown in Scheme 8. 

As implied in Scheme 8 the mononuclear iodide XVIII can be 

isolated prior to the introduction of the second iron center upon the 

bis-phosphine ligand. These photolytic conditions give better yields 

under milder conditions than that reported for the synthesis of XVIII 

under thermal conditions [18]. 

Figure 1 shows the portion of the 250 MHz "*"H NMR spectrum for 

the methylene protons upon the phosphine ligand of the XVIII. The two 



Scheme 8: Synthesis of Complex XVIa 
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JL 

3 . 7 0  3 , 6 0  
j L L  

3 . 2 0  3 . 1 0  

Figure 1. 250 MHz H NMR of Complex XVIII, 6 3.7-5 3.1 
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methylene signals were shown to be non-equivalent by the 0.5 ppm 

separation of these signals in both the 250 MHz and 60 MHz spectra. If 

the separation of the two methylene signals were due to a large 

splitting value then the separation in the 250 MHz and in the 60 MHz 

spectra would have had the same splitting in Hertz and not ppm (97 Hz 

ar.d 25 Hz, respectively). 

Upon examination of the peak separations of Figure 1, the 

following splitting values may be obtained (Table 4). 

Table 4. Splitting Values of the Methylene Protons of Complex XVIII 

2 
J(HaHb) 15 Hz 

2J(HaPl) 9 Hz 

2J(HbPl) 6 Hz 

2J(Ha,bP2) 1 to 2 Hz 

The more "deshielded" proton, Ha, is more strongly coupled to 

the free phosphorus, PI, while the less "deshielded" proton, Hb, is 

less coupled to the free phosphorus. The free phosphorus coupling is 

assigned to the 9 and 6 Hz splitting on the rationalization that the 

free phosphorus has less geometric restrictions than the ligand bound 

phosphorus and would be more available to couple. 

If, as in the above Scheme, the Cp Fe (CO)2 I had been prepared 

from impure JCp Fe (CO) ̂2' "then XXIII would be the primary product 

obtained upon photolysis. Immediately upon commencement of the 
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photolysis of a benzene solution of this iron iodide and the ligand, a 

yellow precipitate would coat the side of the reaction vessel. The 

yellow precipitate was formed at the expense of the iron halide, with 

little, if any of the desired product being formed. 

Complex XXIII 

- FE\ 
0C / ^P(PH)2 

(p",2p̂  / 
2 

31 1 
The complex XXIII was identified by its P and H NHR spectra. 

31 
P NMR, proton decoupled, showed a singlet resonance at 27.9 ppm, 

indicating the equivalency of the two phosphorus, within the accuracy of 

the spectral conditions. Figure 2 shows the 6 to 4 ppm region for the 

250 MHz "'"H NMR of the complex. The cyclopentadienyl signal is a singlet 

at 4. 92 ppm. 

The phosphine ligand methylene protons are shown to be similar, 

but not identical multiplets at 5.57 and 4.15 ppm. The rigidity of the 

four membered ring causes the methylene protons to be in non-equivalent 

positions, and gives rise to minor deviations in the equivalency of the 

two phosphorus atoms, accounting for the variations in the two multiplets 

observed in the 250 MHz "'"H NMR spectrum. 

The complex appears to arise from the ligand acting as a 

bidentate chelate with loss of carbon monoxide and displacement of the 

iodide atom. The displacement of the iodide could be affected by the 
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~~~~~~~~~~~~~~---~ 

6.0 4.0 

Figure 2. 250 MHz 
1

H NMR of Complex XXIII, 0 6.0-0 4.0 
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presence of a Lewis Acid [42] which originated in the impure dimer, or 

from impurities from the reaction with iodine. 

There is a noticeable difference in the facility of ligand 

substitution between the introduction of the first iron center onto the 

dppm molecule and the introduction of the second iron center onto XVIII. 

The initial substitution reaction proceeds rapidly, as evidenced by IR 

and the rapid evolution of gasses from the reaction solution, and on a 

-3 
forty to fifty mM scale {8 x 10 moles dppm in 150 to 200 mL benzene) 

the reaction is essentially complete within one hour. The substitution 

of the second iron center upon XVIII proceeds slower and requires at 

least an additional three hours of photolysis. 

The dinuclear di-iodide, XVIa, was observed to exist in two 

diastereomeric forms. Acetonitrile precipition of the photolysis crude 

material followed by medium pressure liquid chromatography (MPLC) gave 

two slow moving green bands. 

The IR spectra (CH2C12) of both bands showed a Uco at 1950 cm 1. 

1 31 
Figures 3 and 4 show the 250 MHz H NMR and the P NMR spectra, 

respectively, for both the first band and for a mixture of both bands. 

In the proton spectrum, Figure 3, the ligand methylene signals 

are observed at 4.71 ppm (t, 5.8 Hz) for the first band (diastereomer A) 

and at 3.74 ppm (t, 6.5 Hz) for the second band (diastereomer B). The 

cyclopentadienyl signal is a singlet at 4.23 ppm in both cases. 

In the phosphorus spectrum, Figure 4, each diastereomer displays 

a unique signal at 67.25 ppm (A) and 64.45 ppm (B). The signals are 

separated by 124 Hertz. 
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1 I 1 I I ~ I 

5.0 4.0 3.0 

Figure 3. 
1 

250 MHz H NMR of Complex XVIa, 8 5.0-8 3.0 -- Top: 
Diastereomer A; bottom: Diastereomer A and B. 



70 60 70 60 

Figure 4. 
31

P NMR of Complex XVIa, 80-50 ppm -- Left: Diastereomer A, 
right: Diastereomer A and B. 

34 
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13 
In the C NMR spectrum {dG-benzene) each diastereomer displays 

a unique signal for the ligand methylene carbon at 40.9 ppm (A) and 

40.4 ppm (B). The separation of the two signals was 28 Hz in d6-benzene, 

whereas in CDCl^ the separation is 41 Hz with the signals at 39.4 ppm 

(A) and 38.7 ppm (B). The same samples were utilized for both the 

phosphorus and the carbon NMR spectra <d6-benzene). 

A conversion of diastereomer A into a mixture of A and B was 

observed. A pure sample of A was obtained by the combination of several 

samples from the MPLC. Vacuum solvent removal involving heating the 

sample upon a hot water bath followed by rechromatography upon the MPLC 

gave two bands, A and B. 

Diastereomer A was obtained in 40% overall yield from a prepara

tion which involved the removal of 30% of the ligand in the form of 

XVIII. This 40% overall yield is in effect a 60% yield of A. In this 

preparation the crude photolysis solution was rapidly cooled until 

frozen. The frozen photolysis solution was then thawed and a precipi

tate was collected and found to be exclusively A. Subsequent 

acetonitrile precipitation of A leaves it unchanged. 

It appears that the photochemical process of ligand substitu

tion of a carbon monoxide of Cp Fe (CO)^ 1 with XVIII proceeds with a 

certain amount of diastereoselectivity. The primary photoprocess, 

dissociative loss of carbon monoxide, yields a coordinatively un

saturated intermediate. This sixteen electron intermediate must then 

react with a molecule of XVIII in order to form XVIa. It appears that 

there are diastereomeric transition states of sufficiently different 

energies to allow preferential formation of A. 
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The observed diastereoselectivity and the conversion of the 

first band material into a mixture of the two diastereomers could be a 

case of kinetic versus thermodynamic control in the formation of XVIa. 

Diastereomer A would be the kinetic product and Diastereomer B would be 

the thermodynamic product obtained after thermal treatment in the 

absence of the photolysis source. 

Of interest to note is the apparent thermal conversion of A 

into a mixture of A and B. The temperature of the photolysis solution 

was measured to be at 56°C. Since the dissociation of an iodide anion 

would lead to the nucleophilically inert bridging cationic iodide Va, 

it does not appear feasible that diastereomeric conversion could occur 

via an iodide dissociation. The photolytic temperature is sufficient 

to affect the dissociation of the phophine ligand within the time of 

reaction; this will be discussed below. If the conversion from A to B 

occurs by a thermal phosphine dissociation, the question should be 

raised as to the origin of the observed photolytic diastereoseltivity. 

Sufficient information is not available from these observations to 

answer this question. 



CHAPTER 4 

THERMAL DECOMPOSITION OF IRON ALKYLS 

4.1. Introduction 

4.1.1 f3-Hydride Elimination 

The thermal decomposition of iron alkyls is of interest as an 

elementary reaction of catalytic systems [43-45]. The ^-elimination 

mechanism has been investigated and will be briefly discussed here. 

Reger and Culbertson [43, 46] studied the thermal decomposition of the 

complex {Cp Fe (CO) (PR^) (alkyl)]. It was found that at 62°C for eight 

hours in hexane or xylene, or in the melt at 140°C, the organic products 

were the alkenes only and the organometallic product was [Cp Fe (CO)-

(PR3) H]. The first order decomposition (k = (2.12 +/- 0.03) x 103 

sec \ at 61.2°C) was inhibited with excess phosphine, indicating that 

a coordinatively unsaturated intermediate was necessary. Extensive 

deuterium scrambling within 0.1 half-life of the reaction, with only a 

small isotope effect, indicated that there was a series of reversible 

equilibria prior to the rate determining step, which resulted in the 

scrambling and alkene isomerizations. 

The following mechanism (Scheme 9) was proposed. The initial 

step is phosphine dissociation. A series of reversible equilibria then 

occur prior to the rate determining step, the collapse of the olefin-

hydride "intermediates." 

37 
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Scheme 9: Reger Mechanism of Thermal Decomposition 
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Utilization of the photolabilization of the carbonyl ligand of 

the complex [Cp Fe (CO)2 (alkyl)] as the primary photoprocess, even at 

low temperatures (77 K), allowed the investigation into the chemistry 

of the coordinatively unsaturated intermediate [Cp Fe (CO) (alkyl)] 

[47] , a species concluded to be the immediate precursor for (3-hydrogen 

transfer. 

It was observed that the 3-hydrogen transfer was a very fast 

2  - 1  
process with an estimated rate constant of at least (3 x 10 sec ) at 

298 K and an estimated Eacfc of less than (6 Kcal/mole) at 77 K. The 

presumed alkene-hydride intermediates could not be observed, even in 

alkane matrices at 77 K, and the initially formed observable product 

was the complex [Cp Fe (CO)^ Hj. The coordinatively unsaturated 
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intermediate was concluded to be intercepted in the presence of high 

concentrations of triphenyl phosphine, which suppressed the 3-hydride 

transfer and yielded the ligand substitution alkyl product [48]. 

The organic products, for the alkyl C^H^, were the pentenes and 

pentane, with no n-decane observed- Prolonged photolysis of the 

initially formed iron-hydride resulted in the formation of the dimer 

[Cp Fe (CO)2^2" In t*ie presence of additional 1-pentene the iron 

complex gave a catalytic isomerization to 2-pentene with greater than 

five turnovers. The same mechanism as that of Reger was invoked to 

explain this isomerization. An interesting point was that the reported 

- 2  
low quantum yield for the isomerization (less than 10 ) was claimed to 

be due to the iron-hydride species affecting the reduction of the 

pentenes to pentanes, while the dimeric iron species is also formed. 

4.1.1.1 Summary of the (3-Hydride Elimination of [Cp Fe (CO)-

(PR-J (Alkyl)]. 

1. Initial step is phosphine dissociation. 

2. The coordinatively unsaturated alkyl "intermediate" is the 

immediate precursor for the 3-hydride transfer. 

3. A rapid equilibria occurs resulting in isomerization and 

deuterium scrambling within the alkyl chain. 

4. The coordinatively unsaturated intermediate can be trapped 

prior to the 3-hydride transfer in the presence of excess 

phosphine. 

5. The rate determining step is the dissociation of the olefin 

from the hydride-olefin "intermediate" to give the 

coordinatively unsaturated hydride complex. 
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4.1.2 Bimolecular Decomposition 

Other studies have concluded that bimolecular reactions or 

intra-molecular dinuclear reactions may be significant. A photolysis 

study of [Cp Fe (CO^ sh°wec^ the formation of a mixture of 

ethane and ethylene at 273 K. Explicit in the explanation given for 

the product mixtures are bimolecular reactions giving rise to some of 

the products. The ratio of the two products was dependent upon the 

concentration of the starting complex, the presence of added [Cp Fe-

(C0)2 H] and there was a difference when the atmosphere of the reaction 

was nitrogen or carbon monoxide. The percentage of ethane produced was 

increased with increased concentration of the starting complex and in 

the presence of additional [Cp Fe (CO)2 H], while the percentage of 

ethylene was increased in the presence of carbon monoxide. Ethylene 

was always in the excess to ethane. The observations were then 

suggested to be explained by Scheme 10. 

Scheme 10: Iron-Ethyl Decomposition to Dimer 

B -C2H6 B -H2 

(Cpc-frn\_\ (CPFE(CO)-,) 

CP2FE2(CO)^ 

^6 

^2^2^0)3 
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A higher concentration of starting material will increase the 

rate of formation of [Cp Fe (CO)^ H] . The larger concentration of the 

hydride would then increase the probability of these bimolecular 

reactions. The presence of the carbon monoxide increases the rate of 

olefin replacement from the olefin hydride complexes. 

In a study containing the dinuclear system Il-dipentyl and its 

thermal decomposition (150°C, 4 hours) [45] it was observed that the 

dimer gave pentane in a higher percentage than did its mononuclear 

analogue, [Cp Fe (C0)2 (CgH^)] (22% vs. 13%). It was suggested that 

the increase was due to the result of a reductive coupling of an iron-

alkyl center and an iron-hydride center, which in the dinuclear system 

would be a more facile reaction than in the mononuclear system. 

/ HE 
' O I4" 

(c5HH)-f:E FE-(C5H11) 

/ \ / \n 
OC CO OC CO 

II-dipentyl 

A recent communication [49] has suggested that the reductive 

elimination of 1^/ as shown in Equation 10, occurs in a simultaneous 

manner involving both metal centers of the bimetallic system. 

The manner in which a dinuclear dialkyl complex decomposes is 

not clearly tinderstood. A dinuclear dibutyl Complex XXIV containing 

the ditertiary bis-phosphine, bis-diphenyl-phosphinomethane, as the 
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FC CPFE(C0)2H ^ I 
0C^|E><Ph)2-CH2-CH2-<PH)2P • * OC" p^P <PH)2-CH2-CH2-(PH>2P^ |EvsCO 

H H H 

H2 

((CPFE(CO))2 DPPE 

Equation 10 

bridging ligand associating the two metal centers was prepared and 

studied. The following section reports the synthesis, characterization 

and reactivity of Complex XXIV, as well as those of several related 

mono- and dinuclear complexes. 

The decomposition of Complex XXIV was observed at 30°C to 

proceed at a rate comparable to that observed by Reger for the 

mononuclear analog at 91°C. This dinuclear enhancement is attributed 

to the relief of steric strain imposed upon the dimeric system 

facilitating the dissociation of the phosphine ligand. 

In addition to the steric influence in the dinuclear system, 

the subsequent reactivity of the decomposition solution may be affected 

by the close proximity of the two iron centers. The observed changes 

with time in the ratios of the complexes within the solution suggest 

that the intramolecular binuclear reaction processes are important and 

that the phosphine equilibria between dinuclear and mononuclear 

complexes can provice a "catalytic" mechanism of decomposition of iron 

alkyls. 
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4.2.1 Preparation or Attempted Synthesis of iron Alkyls 
and Iron Hydrides 

The dinuclear-dibutyl XXIV was prepared in approximately 60% 

yield by the reaction of an excess of n-butyl lithium upon the 

dinuclear-diiodide XVI in tetrahydrofuran at -50°C or lower. 

The red oil obtained upon MPLC was analyzed by "^P and "*"H NMR 

and found to be' approximately a {7:3) mixture of two complexes. The 

percentage of XXIV was increased when the n-butyl lithium was present 

in only a slight excess. If a large excess of n-butyl lithium was 

allowed to remain in the reaction solution and allowed to warm to room 

temperature a red cyclopentadienyl iron carbonyl complex was obtained 

which contained no phosphorus. This is presumed to be a cluster 

complex. 

The broad band proton decoupled *^P NMR of XXIV (Figure 5) 

showed two singlets at 79.1 and 79.0 ppm. These two signals are 

separated by 13 Hz and are attributed to the two diastereomeric forms 

of the complex. Also present in the spectra are two 59 Hz doublets at 

77.4, 77.3 ppm and -24.5, -26.0 ppm. The downfield doublet is typical 

of a phosphorus atom bound to an iron center while the upfield doublet 

is typical of a phosphorus atom that is not complexed. The 59 Hz 

separation of each doublet is the two bond coupling constant between 

the two phosphorus atoms of the dppm ligand. 

This second complex was determined to be the mononuclear 

monobutyl XXV. 



Complexes XXIV, XXV, XXVI, XXVII, XXVIII, XXIX 

I I I 

L NP(PH)2-CH2-P(PH)^C <C^HG)^J >(PH)2-CH2-P(PH)2 
0 0 C 

0 

xxiv xxv 

I 1 1 

F FE 
H/|EN-P(PH)2-CH2-P(PH)2 HX I VP(PH)2-CH2-P(PH)^'[ ̂  

c 0 0 
0 

XXVI XXVII 

V F/ 
FE^ 0C / + SCO (W £ VP(PH)2-CH2-P(PH)^' J- \ 
0 ^ Z 0 (Ph)2P^ 

(CH2)2 

XXVIII xxix 
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Fe 
(C^Hg)^! NvP(PH)2-CH2-P(PH)2 

C 
0 

XXV 

XXV was prepared in approximately 45% yield by the reaction of 

an excess of n-butyl lithium with the mononuclear monoiodide XVIII in 

tetrahydrofuran at -50°C or lower. The red oil obtained upon MPLC was 

31 1 
analyzed by P and H NMR and also found to be a mixture of two 

complexes. The "^P NMR spectrum (Figure 6) showed the major signals 

as a 59.5 Hz pair of doublets at 77.4, 76.8 and -25.6, -26.2 ppm. 

The multiplet at approximately 83 ppm and the 79 Hz doublet at -24.3 

and -25.1 ppm are the nonequivalent phosphorus signals due to a second 

complex formed in the reaction with n-butyl lithium. The singlet at 

-21.6 is the signal for the free ligand, dppm. 

The unsymmetrical complex with the 79 Hz upfield doublet was 

determined to be the mononuclear hydride XXVI. 

Fe 
H^| ̂ P(Ph)2-CH2-P(PH)2 

C 
0 

XXVI 
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XXVI was prepared in approximately 70% yield by the reaction of 

lithium aluminum hydride upon the mononuclear iodide XVIII in tetra-

hydrofuran at 4°C. The yellow oil obtained upon MPLC was analyzed by 

31 31 
H and P NMR and elemental analysis and found to be consistent with 

XXVI 

The 250 MHz NMR spectrum of XXVI showed a double-doublet in 

the hydride region at -12.80, -12.81 and -13.10, -13.11 ppm (2.5, 76.2 

Hz). The 76 Hz splitting was attributed to a two bond phosphorus-

hydride coupling while the 2.5 Hz coupling was attributed to a four 

bond phosphorus-hydride coupling. 

31 
Figure 7 shows the P NMR spectra of XXVI in the downfield 

region of the spectra from 80 to 85 ppm under three different decoupler 

conditions. The broad band proton decoupled spectra shows the multiplet 

observed from the spectra of XXV at approximately 83 ppm. Predominant 

in this multiplet is a 40, 77 Hz double-doublet superimposed upon addi

tional signals. The spectrum with the decoupler off shows a 77.5 Hz 

pseudo triplet. Irradiation of the hydride proton leads to the third 

spectrum of Figure 7, which shows a 79.4 Hz downfield doublet and a 

79.0 Hz upfield doublet. This hydride decoupled spectrum shows only 

the 79 Hz phosphorus-phosphorus coupling through the dppm ligand. The 

hydride bound to the iron center further splits the bound phosphorus' 

signal by an additional 76 Hz coupling. 

The observed 77.5 Hz of the pseudo triplet is then a double 

doublet of 79 and 76 Hz as a result of the combination of these two 

couplings. The complexity of the broad band decoupled spectrum is a 

result of the effective range of the broad band decoupler. The location 
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of the hydride proton resonance at -13 ppm is only partially decoupled 

under the broad band decoupler conditions leading to a superimposition 

of decoupled and partially decoupled signals. 

Syntheses of hydride complexes were attempted to determine the 

structure of the unidentified hydride complexes observed during the 

decomposition experiments described below. Complexes XXVII and XXVIII 

are possible complexes that could have resulted from the decomposition 

of the XXIV. Neither complex was isolated. 

H' ^vP(Ph)2-CH2-P(PH)2' jj " (j ^ VH 

Two approaches were attempted for the synthesis of XXVII. For 

one approach lithium aluminum hydride was reacted with the dinuclear 

diiodide XVI in the same manner that the mononuclear hydride XXVI was 

synthesized. 

Initially upon addition of the LAH the solution changed from 

the iron-iodide green to the expected iron-hydride yellow-red. Attempted 

isolation of the complex resulted in the yellow solutions decomposition 

to a green solution with the identification of Ilia as the product. 

Cutler had shown for the bis-diphenyl-phosphino-ethane, dppe, 

bridged 111b [50] that a reversible and sequential proton addition and 

hydride addition was a feasible approach to give the dppe bridged analog 

of the dinuclear dihydride XXVI (Scheme 11). 
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Scheme 11: Cutler Dinuclear Dihydride Formation 

^ n ^ 

FE ̂  FE7 ^ /FE ̂  ̂ F«C 
/ 8 \ ET3M OC / Y CO 

(Ph )2P. /P(PH)2 (PH)OP^ .P(PH)2 
^(CH2>2 ^^(CH-J) 

V2 

Cp Fe <C0 ) 2 CH2CH3  

CpFe(C0)2(C2HI,) D 
NaBH4 

H—Fe  Fe  — H 
oc/ \sco 

(Ph )2P (CH2)2 —PCPH)2 

The cationic bridging hydride XXIX was synthesized in this 

manner. XXIX showed a 25 Hz triplet hydride signal in the 250 MHz "*"H 

31 
NMR spectra at -32 ppm. The P NMR spectrum of this complex showed a 

singlet at 76.2 ppm under the conditions of broad band decoupled, 

hydride irradiated and with the decoupler off. Gaussian line narrowing 

of the Fourier data allowed extraction of a 20 Hz doublet under broad 

band decoupled conditions and with the decoupler off. With the hydride 

signal irradiated the phosphorus signal was observed to be a singlet. 

The doublet was then assigned as the two bond coupling constant between 

the phosphorus and the hydride proton. 

Reaction of XXIX with sodium borohydride was unsuccessful in 

obtaining the desired XXVII. Ilia was the only organoroetallic recovered. 

Only a single observation of a small yellow band which decomposed during 

chromatography indicated the possibility for the presence of XXVII. 
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Reaction of XXIX with n-butyl lithium was unsuccessful in 

obtaining the desired XXVIII. Initially upon the addition of the n-

butyl lithium to the dark green solution of XXIX there was no 

observable color change. Upon reacting overnight at -20°C the mixture 

was red-green in color. Ilia and a possible cluster complex were 

isolated. 

On the basis of the observed yellow color, it appears that the 

desired XXVII was initially synthesized in the reaction of XVI with LAH. 

It also appears that the possibility exists for a partial reaction of 

NaBH^ with XXIX to give XXVII. The dinuclear dihydride appears to be 

very air sensitive. 

It is not certain whether the products of the reactions of XXIX 

with n-butyl lithium and sodium borohydride are the result of dinuclear 

elimination reactions of the desired products. It is possible that 

XXIX reacted as proton donor to regenerate the iron-iron bonded Ilia. 

31 
A summary of the P NMR signals for the complexes previously 

mentioned are shown in Figure 8 and listed in Table 5. 

4.2.2 Reactivities and Phosphine Equilibria 

The following experiments showed the relative reactivity between 

the free phosphines of dppm and the mononuclear complexes with respect 

to complex association with the coordinatively unsaturated inter

mediates. The coordinatively unsaturated intermediate shows preference 

for the phosphorus of the free ligand over the available phosphorus of 

the mononuclear complexes, e.g., XXV and XXVI. In the absence of the 
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Table 5. Summary of P NMR Signals 

54 

Complex Signal (ppm) Splitting (Hz)a 

Ilia 86.0 — 

XXVI 83.8,83.1,82.3b d,79, d,78 
-24.3, -25.1 d, 79 

XXIV 79.0(A) ,78. 9(B) 13 

XXV 77.4,76.8 <3,60 
-25.6, -26.2 d, 59 

XXVIII 76.2 d,20C 

XVI 68.4(A) ,67.2 (B) 125 

XVIII 65.1,64.6 d, 57 
-24.3, -24.9 d, 57 

XV 27.8 

pi 
Splitting values with the multiplicity, d = doublet, or the difference 
in the signals of the diastereomers taken under broad band decoupled 
conditions. 

Decoupler off. 
c 
Upon line narrowing by Gaussian multiplication. 
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free ligand the intermediate will react with the mononuclear complexes 

before substantial decomposition occurs. 

The thermal stability of Complexes XXV and XXVI was investigated 

by heating solutions of these complexes at 54"C for 2 hours. The 

results of this investigation are listed in Table 6 which lists the 

percentages of phosphorus signals for each compound in each solution as 

determined by the line integrations of each spectra. Three solutions (A) 

XXV, (B) XXV and XXVI and (C) XXVI were prepared by dissolving the two 

complexes, prepared as discussed above. Solution (A) is seen to be a 

mixture of Complexes XXV, XXVI and free dppm. This mixture is the 

result of the synthetic conditions of Complex XXV. Solutions (A) and 

(B) were both mixtures of the three compounds with different percentages 

in each solution, 30 and 60% XXVI respectively. 

Table 6. Thermal Treatment of Complexes XXV and XXVI 

Solution Before 54°C Solution After 54°C 

Compound A B C A B C 

XXV 57 25 — 56 26 — 

XXVI 29 60 85 29 61 63 

Dppm 14 14 15 15 13 37 

Values given are percentages determined from line integration. 

Solutions (A) and (B), the mixtures of the three compounds, 

were seen to be not affected by the thermal treatment. This indicated 
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that within the concentration ranges for the three compounds in the two 

solutions there was no significant reaction of Complexes XXV and XXVI, 

either intermolecularly or intramolecularly. 

If the reductive coupling reactions discussed in the introduc

tion are general reactions then the formation of a dinuclear complex 

would possibly result in either the expected formation of the iron-iron 

bonded Complex Ilia or [Cp Fe (CO),,^ and free dppm. Only a trace 

amount of Complex Ilia is observed and the percentage of dppm did not 

change. 

The lack of any significant reaction indicated that the 

coordinatively unsaturated intermediate obtained upon phosphine dis

sociation of either Complex XXV or XXVI did not accumulate in sufficient 

concentration to effect any reaction. If the intermediate had 

accumulated, then formation of dinuclear complexes would be favorable 

leading to either loss of dppm or formation of Complex Ilia. It will 

be shown later that the formation of dihuclear complexes in this manner 

is not unfeasible. 

Phosphine dissociation is an expected equilibria. Reger had 

shown [23] that at 51°C the thermal decomposition of the mononuclear 

butyl complex had a half life of approximately 29 hours and that 

extensive deuterium scrambling occurs within 0.1 half-life at 62°C. 

The rate determining step for this reaction was concluded to be the 

alkene dissociation of the iron-alkene complex, leading to the forma

tion of the iron hydride complex. The initial step for this to occur 

was the necessary phosphine dissociation. Half-life of 0.1 at 51°C 

by Reger's value is three hours and indicates that phosphine 
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dissociation would be expected to be a facile reaction at 54°C. Reger 

had also shovm that excess phosphine inhibited the decomposition of the 

butyl complex. Wrighton had shown that the coordinatively unsaturated 

intermediate, photochemically generated in the presence of excess 

triphenyl phosphine, was intercepted to give the alkyl phosphine 

complex before the 3-hydride elimination was allowed to proceed [27, 

28]. The approximately 15% dppm present in all three solutions may in 

effect act as an intermediate scavenger and suppress any subsequent 

reaction, e.g., the 3-hydride elimination. If the phosphine of 

Complexes XXV or XXVI were to have dissociated to give the intermediate, 

then regeneration of the phosphine complex would be favored by the 

presence of the excess dppm. 

The decomposition observed in solution (B) is apparently 

inconsistent with the explanation given above for the lack of reaction 

in solutions (A) and (B). But, the lack of appreciable amounts of 

Complex Ilia being formed again indicates that the accumulation of 

appreciable amounts of the coordinatively unsaturated intermediate is 

indeed suppressed. 

Generation of the intermediate would possibly lead to the 

formation of the dinuclear dihydride Complex XXVII. This complex is 

very unstable leading to the formation of Complex Ilia, as will be 

discussed later. Complex Ilia is not formed in the same amount that 

either free dppm is generated or that complex XXVI is decomposed. This 

indicates that the generation of the free dppm does not correlate with 

a dinuclear complex formation. 
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It is possible, though, that some form of an intermolecular 

reductive elimination reaction could occur between two molecules of 

XXVI at the concentration of solution (B). This would lead to the 

generation of the free dppm and iron decomposition products. Another 

possibility is that this solution became contaminated with an oxidizing 

agent, e.g., air, which affected the reduction of Complex XXVI. 

The suppressed accumulation of the coordinatively unsaturated 

intermediate as a result of the regeneration of the mononuclear 

complexes by the free ligand, dppm, rather than the formation of the 

dinuclear complexes indicates a relative difference in the reactivity 

of the intermediate toward dppm and the mononuclear complexes. The 

lack of any appreciable amount of formation of Complex Ilia in any of 

the solutions and the lack of conversion from the butyl to the hydride 

complex indicate that there is a significant reactivity difference. 

Fe 
W PP(PH)2-CH2-P(PH)2 C I. 

0 0 

XXX 

A red-green material was isolated from the synthesis of the 

dinuclear dibutyl Complex XXIV. This material was concluded to be the 

dinuclear butyl iodide Complex XXX and its decomposition products on 

31 
the basis of the P NMR spectrum {Figure 9). It appears that the 

decomposition of Complex XXX involves dinuclear complex formation from 
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the mononuclear complexes reacting with coordinatively unsaturated 

intermediates. Identified in the Figure are the complexes listed in 

Table 7. 

31 
Table 7. Signals from the P NMR Spectrum of Complex XXX 

Complex Signal 
a 

Splitting 

Ilia 86.0 — 

XXIV 79.1 (A),79.0(B) 13 

???b 78.5,78.1 30° 

XXV 77.4,76.9 59 
-25.3,-24.8 59 

XVI 68.5(A),67.3(B) 122 

XVIII d 
-24.3,-24.8 56 

Major Signals 84.5,84.2 38.2 
64.5,64.1 38.6 

81.0,80-0 39. 3 
65.5,65.2 39.0 

Splitting values with the multiplicity, d = doublet, or the differences 
in the signals of the diastereomers taken under broad band decoupled 
conditions. 

^Complex not identified. 

Estimated from peak separation. 

Upfield signals, 65.1, 64.6 ppm, beneath set of Major Signals. 

The conclusion that Complex XXX is the identity of one of the 

complexes represented by the major signals was formed on the following 

basis. The color, red-green, and the MPLC elution characteristics of 

the material, eluting just after the dinuclear dibutyl Complex XXXV, 



suggest that this material is XXX. The pattern of the major signals are 

similar to that expected from an tin symmetrically substituted dinuclear 

complex such as XXX. The location of the upfield signals is in the same 

region that the iodide complexes are, 65 to 70 ppm. The location of the 

downfield signals is in the region that the hydride and butyl complexes 

are, 75 to 85 ppm. Coelution does not appear to be a feasible explana

tion for the observed presence of Complexes Ilia, which does not elute, 

and XVI and XVIII which elute very slowly. The appearance of the mono-

and di-nuclear iodide complexes suggest that there was iodide in the 

complexes represented by the major signals. The dinuclear diiodide 

appears to have been formed by the combination of a coordinatively 

unsaturated iodide complex with the mononuclear iodide complex. 

This suggests that in a solution without excess free dppm, the 

coordinatively unsaturated intermediate is reactive enough to reverse 

the phosphine dissociation equilibria and form the dinuclear complexes. 

This is the same process, without the photolytic source, as was involved 

in the synthesis of the dinuclear diiodide Complex XVIII. 

The identity of the second complex of the major signals is not 

certain. It is possible that two sets of non-symmetric signals are due 

to diastereomers of Complex XXX. The downfield sets of signals are 

separated by 350 Hz and the upfield set of signals are separated by 

107 Hz. The largest difference attributed to diastereomers in Table 5 

is 125 Hz for the dinuclear diiodide. It is also possible that the 

second complex is the dinuclear iodide-hydride complex. The lack of 

broadness of the signals under the broad band decoupled conditions of 

the spectrum does not support this, but as is noted below a sharp 
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doublet was observed within the broad signal at 80.5 during the thermal 

decomposition of XXIV. This sharp doublet was attributed to XXVIII. 

The "*"H NMR spectrum of this solution taken two days later showed 

extensive decomposition and hydride signals were not observed. 

4.2.3 Thermal Decomposition of Complex XXIV 

4.2.3.1 Product Identification. The results of several thermal 

decomposition experiments of the dinuclear dibutyl XXIV will be dis

cussed. The products are described and characterized. These decomposi

tion experiments show that the decomposition of the dinuclear dibutyl 

Complex XXIV involves Complexes Ilia, XXV, XXVI, "XXXI" and two other 

hydride complexes. 

/P(PH)2  

Ilia XXV 

Fe 

s 
XXVI XXXI 
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A sealed tube NMR experiment was performed upon XXIV at 44 °C 

where the sample was heated in an oil bath for various time intervals 

1 
and 60 MHz H NMR spectra were recorded. The sample was subjected to 

direct heating for a total time of 60 minutes. 

The spectral region from 6 ro 4 ppm contained at least seven 

signals during the course of the reaction which were not very well 

defined or separated. The hydride region from -11 to -14 ppm was of 

interest and is shown in Figure 10. 

6 0  M i n  

45 Min 

20 Min 

1 1  M i n  
-i i I I— 

- 1 2 . 2  , 6  -13.6 .9 

Figure 10. 60 MHz H NMR of the Hydride Region — 44°C sealed tube 
decomposition experiment. 
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Two sets of signals were observed. After 11 minutes of direct 

heating a pair of signals at -12.6 and -13.9 ppm was observed. After 

20 minutes a second set of signals was observed to appear at -12.2 and 

-13.6- ppm. This second set of signals corresponds to the mononuclear 

hydride XXVI with an approximate 80 Hz splitting. After 45 minutes the 

signals of XXVI was observed to be the more predominant of the two sets 

of signals. From this experiment it was concluded that there was at 

least two iron hydride species involved in the thermal decomposition 

of XXIV. 

A toluene solution of XXIV was heated for 20 minutes in a 65°C 

oil bath. The color of the solution changed from the iron-alkyl red to 

a blue green. MPLC separated the solution into 5 bands that eluted in 

the following order: orange, yellow, red, blue and green. The orange 

1 31 
band was collected and determined by 60 MHz H NMR and P NMR to be the 

mononuclear butyl XXV. The yellow band was collected and determined to 

1 31 
be XXVI by 60 MHz H and P NMR. The green band was slow to elute and 

proceeded to stick on the column, characteristic of the iron-iron 

bonded Ilia. 

Another toluene solution of XXIV was heated for two minutes in 

a 110°C oil bath. The reddish oil obtained upon gravity column 

chromatography was determined to be a mixture of Complexes XXIV, XXV and 

XXVI by 60 MHZ 1H NMR. 

A d6-benzene solution of XXIV was heated for 20 minutes in a 

52 °C water bath. Within the first five minutes the solution had 

changed to a similar blue-green as that observed in the toluene solu

tion. MPLC separated the solution into four bands in the following 
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order: red-orange, yellow, blue-green and green. The red-orange band 

was identified by "^P NMR as XXV and the green band decomposed upon the 

MPLC, identifying it as Ilia. 

31 
The P NMR spectrum of the blue-green band is shown in Figure 

11. The major signal was seen to correspond to an unsymmetrical complex 

with a 29 Hz splitting constant between the bound phophorus and the free 

phosphorus of a dppm ligand with the signals at 65.6, 65.4 ppm and -22.9, 

-23.3 ppm. Also present in the spectrum, the signals for the following 

compounds were observed: 

Ilia: 86.0 ppm, singlet. 

XXVI: 83 ppm, multiplet and -24.1, -24.9 ppm, doublet, 29 Hz. 

XXV: 77.4, 76.8 ppm, doublet, 59 Hz and -25.4, -26.0 ppm, doublet, 

59 Hz. 

Dppm: -21.4 ppm, singlet. 

This spectrum had been accumulated overnight and a comparison 

to a second spectrum taken after the first showed that significant 

decomposition had occurred. The major signal was observed to be that 

of the free ligand dppm and the signals of the blue-green complex was 

observed to be relatively less than those of the other complexes 

present. Two hundred fifty MHz "*"H NMR confirmed the presence of 

Complexes Ilia, XXV and XXVI. 

The significance of this decomposition is that the blue-green 

complex decomposes to give the free ligand. The blue-green color has 

been observed several times in conjunction with the thermal decomposi

tion of XXIV and as will be discussed below, is also observed to be 

31 
present by P NMR during the decomposition. The presence of Complexes 
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XXV and XXVI may be the result of coelution of these materials in the 

blue green band, 

XXXI is a possible formulation for this blue-green material. It 

is similar to the dimethylsilyl bridged complex (CH^) 2S:>-Fe (CO)^]-

31 
[C^H^ Fe (CO) P(CgH^)^] [5] and the P NMR signal is similar to that of 

the analogous dimethylsilyl bridged complex with dppm as the phosphine 

ligand [51]. 

Ilia: 86.0 ppm, singlet. 

XXVI: 83 ppm, multiplet and -24.2, -24.9 ppm, doublet, 78 Hz. 

XXV:"77.4, 76.8 ppm, doublet, 59 Hz and -25.5, -26.0, doublet, 59 Hz. 

The multiplet at 80.5 ppm was concluded to correspond to a 

symmetrical hydride complex. The lack of any other signals in the up-

field portion of the spectrum that had not been assigned indicated the 

symmetrical, or dinuclear, nature of the complex responsible for this 

signal. The broadness and complexity of the signal is similar to that 

of the mononuclear hydride XXVI. A minor 68 Hz doublet was observed at 

77.2 and 76.5 ppm. 

0C
/ F e \c /F E v -P(Ph)2 -CH2 -P(PH)2 

0 

Complex XXXI 

The yellow band was determined to be a mixture of the following 

31 
compounds by P NMR (Figure 12). 
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The 250 MHz **"H NMR spectrum of the yellow band material in the 

cyclopentadienyl region confirmed the presence of the following 

compounds. 

Ilia; 4.37 ppm 

XXVIi 4.20 ppm 

XXV; 4.11 ppm 

The hydride region of the spectrum confirmed the presence of XXVI 

{double-doublet, 75, 2.5 Hz) at -12.79, -12.80 and -13.09, -13.10 ppm. 

Also present in the hydride region were the signals for at least two 

other hydride species. An 80 Hz doublet was present at -12.90, -13.24 

ppm and a minor 40 Hz doublet was present at -13.39, -13.55 ppm. The 

80 Hz doublet is at a similar resonance to the first hydride signal 

observed during the sealed tube thermal decomposition experiment. 

31 31 
4.2.3.2 P NMR Studies. P. NMR was utilized to monitor the 

time dependence of the decomposition of the dinuclear dibutyl Complex 

XXIV at 30°C and at 50°C. The following section describes the spectra 

recorded and the analysis and interpretation of the decomposition 

solution. Figure 13 is a representative spectrum recorded during the 

course of the decomposition. 

Figure 14 shows the graph of the Percent Phosphorus Signal of 

the complexes observed in the solution as a function of time. The 

percentage for each complex of the total phosphorus signal in each 

spectrum was determined from the line integration of each spectrum. 

The percent phosphorus signal at 72 ppm was found not to 

exceed 2.3% and was not graphed. The signal at 72 ppm was observed to 
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Figure 13. P NMR Spectrum — Complex XXIV, 30°C, 75 minutes. 
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decay coincident with that of XXIV. XXIV was no longer observed after 

555 min. 

Upon inspection of the portion of the spectra around the down-

field portion of the signal for XXV at 77 ppm it was observed that a 

68 Hz doublet at 77.2, 76.6 ppm and a singlet at 76.3 ppm were present. 

These additional signals are necessarily included under the line inte

gration and the percent signal for XXV. 

The 68 Hz doublet at 77.2, 76.6 ppm is similar to a minor 68 Hz 

doublet observed in the spectrum of the yellow band of the 52°C 

Decomposition Experiment (77.2, 76.5 ppm). After 615 min the 68 Hz 

doublet and the singlet at 76.3 ppm were no longer observed. Con

current with this disappearance was the disappearance of a predominant 

39 Hz doublet within the broad signal at 80.5 ppm. 

The broad signal at 80.5 ppm had previously been concluded to 

correspond to a dinuclear hydride complex, e.g., XXVII and/or XXVIII. 

The dinuclear hydride complex initially expected from the decomposition 

of XXIV is XXVIII. It is suggested that the 68 Hz doublet is the 

signal for the phosphine of the iron butyl portion of XXVIII. The 

phosphine signal for the hydride portion of XXVIII would be part of 

the broad signal at 80.5 ppm and would include the 39 Hz doublet that 

was observed. The remaining signal at 80.5 after 615 min would then 

correspond to the dinuclear dihydride XXVII. 

It is possible that the singlet at 76.3 ppm corresponds to XXIX 

which appears at 76.2 ppm. 

The dinuclear dibutyl XXIV was observed to decompose in a first 

order manner. The graph of Iln (1/%XXIV)] with respect to time was 
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-3 -1 
linear with a slope of 9.0 x 10 min . This is to be compared to 

_  3  _ i  
Reger's values for the mononuclear rate constant of 9.8 x 10 min at 

91°C and 6.1 x 10 3 min 1 at 74.8°C. 

This difference between the mononuclear and the dinuclear rate 

constants is significant. Previously it had been concluded that the 

reverse reaction, the association of a phosphine to the coordinatively 

unsaturated intermediate, had showed a preference for the free ligand, 

dppm, rather than react with the available phosphine of the mononuclear 

complexes. This had also been observed in the photolytic synthesis of 

the dinuclear diiodide XVI where some degree of diastereoselectivity was 

observed. 

It appears that there is some inherent difference between the 

phosphine of the free ligand, dppm, and the available phosphine of the 

mononuclear complexes. This causes a significant difference in their 

reactivity with the coordinatively unsaturated intermediate, and also in 

the stability of the dinuclear complexes, relative to the mononuclear 

complexes. 

In order to determine any interdependence between the complexes 

in the reaction solution, the graph in Figure 14 was divided into four 

regions: 0 to 100 min, 100 to 200 min, 200 to 500 min and 500 to 800 

min. For each region a line was drawn as representative of the slope 

of the curve for each complex and the slopes were determined (Table 8}.' 

The slope for each complex was then graphed with respect to time 

(Figure 15). 

Analysis of this "first derivative" graph (Figure 15) showed 

the following relationships. 
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Table 8. Rate of Change of Concentration with Time 

Region 

Complex 0 to 100 100 to 200 200 to 500 500 to 800 

XXIV -.41 -.15 -.03 — 

XXV .17 -.06 -.06 -.02 

XXVI .04 .09 .04 .01 

XXXI .03 . 03 .01 -.02 

XXVII/XXVIII .14 . 02 -.04 -.01 

Ilia .03 .07 .09 .03 
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In the 0 to 100 min region the primary effect appeared to be the 

decay of XXIV and the growth of XXV and the dinuclear hydride mixture, 

primarily XXVIII. 

In the 100 to 200 mill region the rate of growth of XXVIII was 

approaching zero. XXV was starting to decay, while the rate of growth 

of XXVI was at its largest and the rate of growth of Ilia was increasing. 

In the 200 to 500 min region XXIV was almost exhausted and the 

growth of XXXI had slowed. XXVIII and XXV were both decaying, while the 

growth of XXVI had slowed. Ilia was now at its largest rate of growth. 

In the 500 to 800 region XXIV was exhausted and XXXI had started 

to decay. All of the other complexes had a very small growth or decay. 

31 
The decomposition of XXIV was also followed by P NMR at 50°C. 

Figure 16 shows the graph of the Percent Phosphorus Signal as a function 

of time at this temperature. Four regions are noted from this graph: 

0 to 60 min, 60 to 210 min, 210 to 330 min and 330 to 700 min. 

The 0 to 60 min region was the only region where XXIV and XXXI 

were observed. 

The 60 to 210 min region was characterized by a rapid rate of 

growth for XXVI and a rapid decay of XXV. The growth of Ilia and the 

decay of the dinuclear hydride complexes were observed to be slow. 

The 210 to 330 min region showed the decay of XXVI from its 

highest recorded percent phosphorus signal. The dinuclear hydride 

complexes were seen to be exhausted by the end of this region. 

The 330 to 700- min region was marked by the appearance of the 

free ligand, dppm. 
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The interpretation of Figures 14, 15 and 16 are discussed as 

individual points below. 

(1) The blue-green material, presumed to be XXXI, is concluded 

to originate from either XXIV or XXVIII. XXXI was seen in Figure 14 

to start decaying coincident with the exhaustion of XXIV or XXVIII. 

In Figure 16 XXXI was observed only in the initial region, coincident 

with XXIV. 

(2) Complex XXVIII accelerates the decay of XXV and the forma

tion of Ilia. The second and third regions of Figure 15 and the second, 

third and fourth regions of Figure 16 are similar with respect to the 

behavior of XXVIII, XXV and Ilia. The rapid decay of XXV and the rapid 

growth of Ilia slow considerably when the signals attributed to XXVIII 

are nearly exhausted. This indicates that the presence of XXVIII causes 

the net conversion of XXV to Ilia. A possible mechanism for this is 

given in Scheme 12 where it is suggested that XXVIII behaves as a source 

of the coordinatively unsaturated hydride complex. This intermediate 

hydride complex then effects a "catalytic" decay of XXV to yield XXVI. 

The catalytic effect occurs until the hydride intermediate complexes 

with XXVI to form XXVII. The dinuclear dihydride then decomposes to 

give Ilia, as in Scheme 14. The method of the decomposition of XXVII 

to give Ilia is not certain from these observations. If the signal at 

76.3 Hz is taken to correspond to the cationic hydride XXIX then one 

possible route is through the sequential hydride donation—proton 

donation shown by Cutler and previously discussed. Dinuclear reductive 

elimination of H2 from XXVII to form Ilia as claimed by Davies and 

previously discussed is also a possibility. 
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Scheme 12: Possible Mechanism for the XXVIII Promoted Conversion of XXV 
to Ilia 

H-Fe Fe-Bu + Fe-Bu Fe-H and C(iHq 

H-Fe Fe-Bu « » Bu-Fe . + *Fe-H 
W \j | 

t I 
H-Fe + * Fe-Bu • CqHg + *Fe-H 

The slowing of the growth of XXVI observed in Figure 15 from 

the second to the third and to the fourth regions support this catalytic 

mechanism suggested by Scheme 12. As XXVIII becomes exhausted and the • 

decomposition of XXV to XXVI can no longer easily occur in this manner 

then the growth of XXVI would be expected to slow if this were a pre

dominant mechanism. 

(3) Complex XXVIII appears to be more reactive than XXVII. In 

the last region of Figure 15 it had been concluded that the dinuclear 

hydride complex present was XXVII and that the signals assigned to 

XXVIII were not present. Point (2) concluded the enhanced decomposition 

of XXV in the presence of XXVIII. 

This increased stability of XXVII relative to XXVIII could be an 

indication of the stability of the dissociation products of the two 

complexes. XXVII can only yield an unsaturated iron-hydride species, 

whereas XXVIII can dissociate to give an unsaturated iron-butyl species 
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which can rearrange to give a saturated hydride olefin complex as 

implied in Schemes 12, 13 and 14. 

(4) Free dppm is concluded to be a decomposition product of a 

solution of XXV and XXVI. The behavior of the final region of Figure 16 

is very similar to the results obtained from solutions A and B of the 

thermal stability experiment of XXV and XXVI. In that experiment no 

significant reaction was observed. It is observed that in the time 

course of the final region of Figure 16 there is a slow decomposition of 

XXV and XXVI to give free dppm and Ilia. 

(5) The appearance of free dppm in the last region of Figure 16 

coincides with the exhaustion of any "reactive" dinuclear complexes. 

It is possible that the free dppm is being generated prior to that time, 

but that it is immediately being complexed by a coordinatively un

saturated intermediate generated from a dinuclear complex other than Ilia, 

as in Scheme 13. It is possible that for Point (4) the observed genera

tion of dppm by both XXV and XXVI could proceed through Scheme 14 with 

XXV first decomposing through the B-hydride elimination process to XXVI. 

In this time region the decay of XXV would be dependent upon the thermal 

phosphine dissociation. 

This mechanism suggests the intermediacy of the dinuclear 

dihydride XXVII, which is not observed in those regions. If the rate 

of decay of XXVII is faster than the rate of formation, then 

sufficient amounts would not be present for spectral observations. 

The appearance of free dppm suggests the occurrence of a 

destructive decomposition pathway is occurring. The (2:1) ratio of 

iron to dppm is valid for both XXIV and Ilia. The preparation of XXIV 
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Scheme 13: Dppm Consumption by Dinuclear Complexes 
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was consistently found to also yield some amount of XXV. The total time 

span of Figure 16 is not conclusive to determine the continued rate of 

appearance of free dppm. From this it is not possible to verify whether 

the free dppm corresponds to an excess amount of XXV or if it is the 

result of the decomposition of XXVI. The decomposition observed within 

Solution C of the thermal stability experiment could then be explained 

as shown in Figure 16. 

(6) The relative stabilities of the dinuclear XXIV, XXVII and 

XXVIII with respect to dissociation are concluded to be in the following 

order: XXIV is the least stable, the most reactive to dissociation as 

evidenced by its decomposition rate constant; XXVIII is intermediate in 

stability, with a facile dissociation (Point 5); XXVII is the more 

stable of the three complexes with respect to dissociation, but it 

possibly undergoes dinuclear elimination reactions. 

While it may not be possible to absolutely give reasons for this 

observed order it appears that the steric bulk of the complexes parallels 

the reactivity of the series. This would also complete the argument of 

the observed preference of the coordinatively unsaturated intermediate 

for free dppm over the available phosphorus of the mononuclear complexes. 

The large steric bulk of the mononuclear complexes could considerably 

affect its reactivity in an associative reaction relative to dppm. 

Also the extent of the steric crowding imposed upon the 

dinuclear complexes would cause relative differences in a dissociative 

reaction process. The relative behavior of the three dinuclear complexes 

could be partially explained by the additional steric restrictions of a 

dinuclear complex by the differences between the butyl group and the 
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hydride group. Another argument is the stability of the dissociation 

products, as was previously discussed in Point (3). This influence is 

seen to parallel and enhance the steric aspects of these complexes. 

The thermal decomposition of the dinuclear dibutyl XXIV and the 

subsequent decomposition of the reaction solution has been observed to 

be a complex mixture of a series of equilibria. In summary, the 

decomposition pathway is outlined in Scheme 15. 
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Scheme 15: Thermal Decomposition Pathways of XXIV 
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CHAPTER 5 

CONCLUSIONS 

(1) The close proximity of the bis-cyclopentadienyl bridged 

dinuclear diacyl complexes (VI) prohibited the facile reaction observed 

for the mononuclear acyl complexes with methyl triflate. The chemistry 

exhibited in the dinuclear system is suggested to result from an intra

molecular reaction between the two iron centers. 

(2) (A) The sluggish ligand substitution observed in the forma

tion of the dppm bridged diiodide (XVI) could be attributed to steric 

hindrance toward association of the coordinatively unsaturated inter

mediate with the mononuclear complex (XVIII). 

(B) The accelerated thermal decomposition of the dppm 

bridged dinuclear dibutyl complex (XXIV), relative to the mononuclear 

analog, could be attributed to the result of the steric crowding of the 

system facilitating the thermal phosphine dissociation. 

(A) and (B) are the complimentary effects exhibited by this 

sterically crowded system. 

(3) The reversible formation of dinuclear complexes in solution 

is an important equilibria. When combined with the $-hydride elimina

tion process it provides a facile pathway in which decomposition can 

occur. 

(4) The formation of the iron-iron bonded complex (Ilia), the 

major product of the decomposition, is suggested to primarily be the 

86 



result of the net loss of the hydride ligands from the dinuclear 

dihydride complex (XXVII). 



CHAPTER 6 

EXPERIMENTAL 

6.1. General Data 

All manipulations of complexes and solvents are carried out 

using standard schlenk techniques under a purified nitrogen atmosphere. 

Solvents are degassed and purified by distillation under nitrogen from 

standard drying agents [52] . NMR solvents are routinely degassed by 

three consecutive freeze-pump-thaw cycles and stored under nitrogen. 

Samples for NMR spectroscopy are routinely passed through a celite plug 

contained in a disposable pipette. The alumina (Woeln N32-63) for the 

medium pressure chromatography is purchased from Universal Scientific 

and deactivated to grade III. Medium pressure liquid chromatography 

(MPLC) utilizes either a 15 x 500 mm or a 15 x 250 mm column. The 

complex Me2Si [(c^H^) Fe (CO)2]2 prepared by a literature method 

[7]. The C12P-CH2-PC12, <CfiH ) 2P-CH2"P (C^) and the [Cp Fe (CO)^ 

are purchased from Strem Chemical and used as received. 

Spectroscopic measurements utilize the following instrumentation 

1H NMR; Bruker WM 250 FT (at 250 MHz), Varian EM 360 (at 60 MHz), 

13 31 
Varian T-60 (at 60 MHz); C NMR; Bruker WM 250 FT (at 62.9 MHz); P 

NMR; Bruker WM 250 FT (at 10b.3 MHz); IR; Perkin Elmer 983, Perkin 

Elmer 281B. NMR Chemical shifts are reported as follows: in 6 versus 

Me.Si (^H) or C-H_ assigned at 7.15 ("*"H) ; CDCl- assigned at 77.00 ppm 
4 6 6 J 

13 13 31 
( C) or C r D  assigned at 128.00 ppm ( C); P chemical shifts are 

b 0 

88 
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relative to external 85% H^PO^ with downfield shifts reported as 

positive. and ^C spectra are run with proton broad band decoupling 

unless otherwise stated. 

The photochemical reactions were performed by irradiation of 

the sample in a magnetically stirred solution in a schlenk reaction 

vessel fitted with a bubbler ca. 10 cm from the light source (450 Watt 

medium pressure Hg lamp inside a Hanovia quartz finger employing a 

pyrex filter). 

6.2. Carbene Complexes 

6.2.1 Preparation of fl^Si [Cp Fe (CO) L (COR)] 2 (VI) 

6.2.1.1 Via (R - Me, L = CO). A THF (50 ml) solution of 

Me2Si [ (CgH^) Fe (CO)2]2 (0.80 gm, 2.1 mm) is stirred over sodium 

amalgam for ca. 30 min. The resulting red suspension is cannulated 

away from the Na/Hg into another flask cooled by an ice-water bath. The 

acetyl chloride, MeCOCl (1.4 ml, 20 mm), is added by syringe and the 

resulting green-yellow solution is stirred for 1 hr. The solution is 

glass frit filtered through celite and the solvent removed in vacuo. 

The residue is extracted with benzene (3 ml) and placed upon a column 

(alumina (III), 2 x 15 cm). Elution with benzene gives an initial 

yellow band, a dark red-yellow band and a slow major yellow band which 

requires CI^C^ to fully elute and yield Via (0.63 gm, 1.35 mm, 64%). 

Complex Via; 60 MHz NMR spectrum (CDCl^) 6 4.95 (s, 8, C^H^), 6 2.5 

(s, 6, COMe) , 6 0.5 (s, 6, SiMe) ? IR spectrum (CI^C^) 2020, 1957, 1724 

-1 
cm 
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6.2.1.2 VIb (R = C,H,., L = CO). A THF (20 ml) solution of 
u L) 

Me2Si t(C,_H^) Fe ^co^2^2 ^ nun' stirred over sodium 

amalgam for ca. 30 min. The resulting red solution is cannulated away 

from the Na/Hg into another flask cooled by an ice-water bath. The 

benzoyl chloride, CgH^COCl (0.50 ml, 4.3 mm), is added by syringe and 

the resulting yellow-red solution is stirred for ca. 45 min. The 

solution is glass frit filtered through celite and the solvent removed 

in vacuo. Column (alumina (III), 2 x 15 cm) chromatography elutes with 

benzene an initial light yellow band which exotherms as it descends the 

column and has an odor of the benzoyl chhloride. Continued elution with 

benzene removes a yellow band and leaves a red-beige material upon the 

column which requires CP^C^ "to elute. Solvent removal of the combined 

yellow and red-yellow material allows identification as VIb. Complex 

VIb: 60 MHz "'"H NMR spectrum 6 7.35 (s, 11, C^H^), 6 4.9 (s, 8, C^H^) , 

6 0.5 (s, 6, SiMe) ; IR spectrum (Cf^C^) 2023, 1968, 1726 cm \ 

6.2.1.3 VIc (R = Me, L = P(C^Hr)n). — 6-5^-3— 

6.2.1.3.1 Preparation of Me^Si [(C^H^) Fe (CO) ̂ (Me)],,. A THF 

(30 ml) solution of Me2Si [(C^H^) Fe (CO)2]2 (0.40 gm, 1.1 mm) is stirred 

over sodium amalgam for ca. 30 min. The resulting red suspension is 

cannulated away from the Na/Hg into another flask cooled by an ice-

water bath. The methyl iodide, CH^I (0.20 ml, 3.2 mm), is added by 

syringe and the resulting yellow-green solution is stirred for 30 min. 

The solution is glass frit filtered through celite, the solvent is 

removed in vacuo, the residue is extracted with benzene and column 

(alumina (III), 2 x 15 cm) chromatographed to give a yellow-green band 
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identified as Me„Si [ (CcH ) Fe (C0)_ (Me)]_: 60 MHz "'"H NMR spectrum 
i i> H £. Z 

(CDC13) 6 4.9 (s, 8, C5H4), 6 0.6 (s, 6, FeMe), 6 0.3 (s, 6, SiMe); 

IR spectrum (CH^Cl^) 2005, 1946 cm 

6.2.1.3.2 Preparation of Vic. A THF (15 ml) solution of Me2Si-

[ (Cj-H^) Fe (CO) 2 (Me)]^ (the entire amount described above) and 

P(C_H_)_ (0.85 gm, 3.2 mm) is refluxed until no change in the IR 
6 3 J 

{CU^Cl^) of the reaction solution is observed (ca. 66 hr). The 

reaction solvent is removed in vacuo and the residue is extracted with 

hexane:benzene (4:3) and column (alumina (III), 2 x 15 cm) 

chromatographied to elute an initial brown band and a major yellow-

orange band which is identified as Vic (0.45 gm, 0.5 mm, 45%). 

Complex Vic; 250 MHz 1H NMR spectrum (CDCl3) <S 7.5-6 7.2 (m, 30, C^) , 

6 4.70, 6 4.67, 6 4.45, 6 4.38 (s, 8, C^), 6 2.12, 6 2.09, 6 1.94 

(s, 6, COMe) , <5 0.75, 6 0.72, 6 0.66 (s, 6, SiMe); IR spectrum 

1916, 1596 cm "S ^P NMR spectrum (CDCl^) 75.3 ppm. 

6.2.2 Reaction of VI_with Methyl Triflate Followed by 
Reducing Agents 

6.2.2.1 Reaction of Via with MeSO^CF^. A CDCl^ (1 *nl) solution 

of Via is placed in a 0.5 cm NMR tube and excess MeSO^CF^ is added 

directly by syringe and the ensuing reaction is monitored by 60 MHz 

"'"H NMR. The signals corresponding to Via are ca. 50% of their original 

height within 1 hr and are not present 18 hrs later. A signal 6 3.3 is 

observed to be present after addition of the MeSO^CF^ and increases with 

time. A brown oil is observed to separate out of the solution and is 

separated from the CDCl^* dissolved in d6-acetone to give the following 



60 MHz 1H NMR spectrum: 5 5.3 (s, 8), 6 4.6 (b, 3), 6 3.2 (s, 2), 6 2.6 

(s, 6), 6 0.6 (s, 6). The IR is similar to Via with a decrease in the 

-1 1 
1724 cm signal. MeS03CF3: 60 MHz H NMR; 6 4.0 (s, major), 6 3.3 

(s, minor). 

6.2.2.2 Reaction of Via with MeSO^CF^ Followed by NaBH,j. A 

CH^Cl^ (25 ml) solution of Via {0.12 gm, 0.3 mm), a clear yellow brown, 

is stirred and MeS03CF3 (0.1 ml, 0.9 mm) is directly added by syringe 

to give an orange-brown suspension. The suspension is stirred for ca. 

20 min (heating at reflux generates a MeOH soluble oil which separates 

out) and is then cannulated into an absolute MeOH (15 ml) solution of 

NaOMe (0.10 gm, 1.85 mm) and NaBH^ (0.10 gm, 2.65 mm) stirred at -50°C 

(CO^/isopropanol). This yellow solution is stirred (15 min) at -50°C 

and then allowed to warm to room temperature. bubbled, distilled 

water (50 ml) is mixed with the reaction solution, separated, extracted 

with The combined solution is dried over sodium sulfate, 

decanted and the solvent is removed in vacuo to give a yellow oil which 

crystallizes. Column (alumina (III), 2 x 15 cm, benzene) chromatography 

of this material elutes a minor dark yellow band prior to the major 

yellow band, Via. 

6.2.2.3 Reaction of Via with MeSQ^CF^ Followed by NaCNBH^. A 

CDC13 (1 ml) solution of Via (0.10 gm, 0.2 nun) is reacted with 

MeSC>3CF3 (0.25 ml, 2.2 mm), the solvent is removed by Ar flow and the 

residue is dissolved into CH^Cl^ to give a red solution. NaCNBH3 

(0.08 gm, 1.3 mm) is added to the solution which immediately changes to 

a yellow orange suspension of a fluffy solid. Extraction with H20, 
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drying the CH^Cl with sodium sulfate and removal of the solvent in 

vacuo allows crystal formation within the isolated oil which is 

associated with Via and is confirmed by 60 MHz "*"H NMR. 

6.2.2.4 Reaction of VIb with MeSO^CF^ Followed by K-Selectride. 

A clear red-brown CDClg (1 ml) solution of VIb, the entire amount 

prepared as described above, is treated with an excess of MeSO^CF^ which 

results in a dark yellow-brown solution with the following 60 MHz "*"H NMR 

spectrum: 6 13.6 (br, 3), 5 7.6 (s, 10), 6 5.5, 6 5.3 (s, 8), 5 3.4 

(s, 3), 6 0.6 (s, 6). The solvent is removed to give a dark-brown oil 

which is dissolved into THF to give an opaque dark-brown solution. An 

excess of K-Selectride (potassium tri-sec-butylbororhydride) is added 

by syringe resulting in a clear amber-red solution. The reaction is 

quenched with water and extracted with CU^Cl^ to give a red oil which 

contains VIb as the organometallic species. 

6.2.2.5 Reaction of Vic with MeSO^CF^. A CDCl^ (1 ml) solution 

of Vic, the entire amount prepared as described above is reacted with an 

excess of MeSO^CF^ to give the following 60 MHz "'"H NMR spectrum (rela

tive to SiMe at 0.5 ppm): 6 12.5 (s, 6), 6 7.3 (s, 30), 6 5.5 to 6 4.7 

(m, 10), 6 3.3 (s), 6 2.6 (s, 2), 6 0.5 (s, 7). 

6.3. Cyclopentadienyl Iron Carbonyl Phosphines and Iodides 

6.3.1 Preparation of [Cp Fe (co) ] „ [ (CfiH,-0) _P-CH_-
p(oc6h5)2] (xxi) 

6.3.1.1 Preparation of (C^.H^.0) ,,P-CH^,-P (OC^H,-) A benzene 

(100 ml) solution of phenol (8.7 gm, 92.6 mm) and triethyl amine (11.6 
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gm, 115 mm) is magnetically stirred in a 250 ml 3 neck r. b. flask 

immersed in an ice-water bath and equipped with an addition funnel 

containing a benzene (30 ml) solution of C12P-CH2-PC12 (5.0 gm, 23 mm). 

The chloro-phosphine solution is slowly added (10 min) causing the 

clear colorless solution to turn to a viscous opaque yellow-orange 

solution. The reaction is stirred at 4°C (1 hr) and then allowed to 

warm to room temperature (30 min) whereupon it is celite filtered and 

concentrated to ca. 5 ml and column (alumina (III), 2 x 30 cm, benzene) 

chromatographied. A yellow band is cut into two fractions which are 

both identified by 60 MHz ^"H NMR as mixtures of primarily (CcH_0)_P-O D £ 

CH„-P(OCeH ) with a minor amount of triethyl amine hydrochloride with 
2. o 3 

the second cut, 3.4 gm, containing more of the salt than the first cut, 

6.4 gm (6 3.2 (t, 8 Hz, P-CH2-P)). 

6.3.1.2 Reaction of [Cp Fe (CO) with (C^.H^.0) ̂ .P-CH^-P (QC^H^) ̂. 

Attempted thermolysis of a refluxing benzene (50 ml) solution of 

[Cp Fe (CO)2l2 (1.0 gm, 2.9 mm) and (C^O)2P-CH2~P (OC^)^ (1.28 gm, 

2.9 mm) for ca. 9 hr resulted in a mixture of primarily starting 

materials with two additional signals in the IR spectrum (1796, 1776 

-1. 
cm ). 

A benzene (50 ml) solution of [Cp Fe (CO)2]2 (0.50 gm, 1.4 mm) 

and (C,H_0)_P-CH„-P(OC_H )„ (0.64 gm, 1.4 mm) in a 250 ml schlenk tube 
b  z> Z Z b  d c, 

is irradiated for ca. 9 hr with the reaction monitored by IR (CH2C12) 

-1 
for the loss of the starting materials (2000, 1959, 1776 cm ) and the 

increase of the products (1707 cm "S . Removal of the solvent in vacuo 

and extraction of the residue with (7:3) benzene:hexane allows 
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separation upon a column (alumina (III), 2 x 15 cm) of an initial minor 

yellow band and a major purple band, XXI (0.40 gm, 0.6 mm, 30%). 

Washing with acetonitrile removes a residual amount of the yellow band 

material remaining with XXI. Complex XXI t 60 MHz NMR spectrum 

(CDCl^/ relative to CH3CN at 6 1.9) 6 7.4 (s, 20, CgH^), 6 4.3 (s, 9, 

Cj-H,.) , 6 1.5 (t, 12 Hz, 2, P-CH^-P) ; IR spectrum (CH2C12) 1707 cm "S 

13C NMR spectrum (CDC13) 289 (CO), 153, 130, 125, 122 (CgH^ , 86 (C^) , 

35 (t, 32.5 Hz, P-CH2~P). 

6.3.2 Reaction of XXI with Iodine 

6.3.2.1 Preparation of [Cp Fe (CO) 2 I] [C^.H^.0) ̂ P-CH^-P (PC^H,.) 

(XX) and [Cp Fe (CO) IK [ (C^O) 2P-CH2"P (OC^) J (XXII). Iodine 

(1.7 gm, 6.7 mm) is added to a swirled chloroform (20 ml) solution of 

XXI (0.40 gm, 0.5 mm) resulting in the clear dark red solution turning 

to an opaque dark red-brown solution. The solution is swirled for ca. 

5 min, extracted with 10% sodium thiosulfate, dried over sodium sulfate, 

decanted and concentrated. The residue shows only a broad U at 1990 
co 

-1 cm in the IR spectrum and two signals in the cyclopentadienyl region 

of the 60 MHz ̂ H NMR spectrum at 6 4.25 and 6 5.0 (1:3 respectively). 

Extraction of the residue with benzenerhexane (3:7) and elution upon a 

column-(alumina (III), 2 x 15 cm) separates a mobile green band (XX) 

from an immobile red-brown material (XXII) which is directly extracted 

from the alumina with CHC13. Complex XX: IR spectrum (CH2C12) 1976 

cm-1; 60 MHz 1H NMR spectrum (CDCl3) 6 7.5 to 6 7.2 (m, 20, C6H5), 

6 4.2 (s, 6, C5H4). Complex XXII: IR spectrum (CH2C12) 1995 cm"1; 

60 MHz 1H NMR spectrum (CDC13) 6 7.3 (br, 19, CgH ) , 6 5.0 (s, 7, C5H5). 
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6.3.3 Preparation of [Cp Fe (CO)] I(C-H ) P-CH -
P(CgH5)2] (Ilia) and the Reaction of Ilia with Iodine 

6.3.3.1 Preparation of Ilia. A benzene (100 ml) solution of 

[Cp Fe (CO)2]2 (2.0 gm, 5.6 nun) and (CgHg) 2P-CH2~P (C^) (3.4 gm, 8.9 

mm) is refluxed under an atmosphere of N2 for ca. 50 hr. The reaction 

solution is filtered through #1 Quality filter paper to remove a small 

amount of brown material. Removal of the solvent in Vacuo gives a 

green to dark green solid which may be visibly contaminated with un-

reacted white ligand. Recrystallization from acetonitrile followed by 

filtration and rinsing the green solids with additional acetonitrile 

until the filtrate is colorless allows isolation of Ilia (3.29 gm, 

4.8 mm, 85%). 

6.3.3.2 Reaction of Ilia with Iodine. A chloroform solution 

(20 ml) of Ilia (0.50 gm, 0.7 mm) and iodine (0.28 gm, 1.1 mm) is 

agitated by N2 bubbling (15 min). The solution is extracted with 10% 

sodium thiosulfate, dried over sodium sulfate and concentrated in vacuo 

to give 0.58 gm of a dark purple-black solid. Column (alumina (III), 

2 x 15 cm) chromatography using hexane:benzene (8:2) elutes a green band 

leaving a brown-purple streak, Va (0.48 gm, 0.5 mm, 85%) which requires 

acetonitrile to elute. 

6.3.4 Preparation of ICp Fe (CO) I] [ (CgH,.) P-CH--
P (C^H,.) (XVIII) and tcp Fe (CO) I] „ [ ~P-CH„-
P(C®H|>*] WM 2 6 5 2 2 

Cp Fe (CO)2 I was prepared by the reaction of [Cp Fe (CO)2]2 

(10.0 gm, 28.2 mm) and iodine (7.3 gm, 28.8 mm) in refluxing CHCl^ under 

one atmosphere of N2 (35 min). The solution is extracted with sodium 
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thiosulfate, dried over sodium sulfate and concentrated to purple solid 

Cp Fe (CO)2 I (16.4 gm, 54 mm, 95%). 

A benzene (150 ml) solution of Cp Fe (CO)2 I (2.3 gm, 7.7 mm) 

and (CgH5)2P-CH2~P(CgHg)2 (3.0 gm, 7.8 mm) is placed in a schlenk 

reaction flask (250 ml) fitted with an oil bubbler under one atmosphere 

of N2- The solution is irradiated (50 min) until the evolution of 

gasses has slowed from the initial rapid rate. The temperature of the 

reaction solution is ca. 56°C. The solution is cooled and glass frit 

filtered to remove any yellow solids (XXIII). Approximately one-third 

of the reaction solution is removed to another flask and the solvent is 

removed to give a green solid, XVIII (1.47 gm, 2.2 mm, 30%). Additional 

Cp Fe (CO)2 I (2.5 gm, 6.5 mm) is added to the remaining reaction 

solution and irradiation is continued until negative pressure is 

observed (ca. 8 hr). The solution is cooled and frozen at -20°C. 

Thawing the solution and filtering a precipitate gives XVIa (2.35 gm, 

2.5 mm, 32%). Continued irradiation of the filtrate (ca. 7 hr), 

cooling and filtration of the precipitate gives additional XVIa (0.85 

gm, 0.9 mm, 12%). 

A 250 MHz "'"H NMR spectrum of the combined precipitates shows the 

ligand methylene signal at 6 4.7. Acetonitrile precipitation of this 

material returns XVIa with the ligand methylene signal at 6 4.7. 

Concentration of a crude irradiation reaction solution containing 

Cp Fe (CO)2 I : XVIII : XVIa (5:2:8) followed by acetonitrile precipita

tion of XVIa and MPLC with benzene separates the two diastereomers of 

XVIa. Concentration of Diastereomer A in vacuo upon a hot water bath 

results in the conversion of this material to a mixture of both 
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diastereomers which are separated by MPLC when the concentrated 

accumulation of several elutions of the first band to elute. A, is 

31 
repurified to give two green bands, A and B. Complex XVIII: P NMR 

spectrum (CDCl3) 65.21, 64.65 (d, 56.9 Hz, Fe-P-CH2), -24.24, -24.80 

(d, 57.0 Hz, CH2-P(C6H5)2); 250 MHz 1H NMR spectrum (CDC13) <S 7.84-

6 7.11 (m, 20, C..H_), 6 4.3 (s, 5, CcHc) , 6 3.652, 3.647, 3.614, 3.608, 
D D 3 D 

3.592, 3.587, 3.554, 3.257, 3.251, 3.230, 3.225, 3.197, 3.190, 3.171, 

3.164 (m, 2, P-CH^-P, see Section 3.2.2, Figure 1, Table 4); IR spectrum 

(CH^Cl^) 1952 cm Complex XVIa; Diastereomer A: ^P NMR spectrum 

(d6-benzene) 67.23; 250 MHz NMR spectrum (CDCl^) <5 7.57-6 7.03 

<m, 28, C-H_), 6 4.73, 6 4.71, <5 4.69 (t, 5.8 Hz, 2, P-CH^-P), 6 4.23 
6 5 2. 

-1 13 
(s, 10, C^H^) ; IR spectrum (CH2C12) 1953 cm ; C NMR spectrum (CDCl^) 

134.0, 132.2, 130.3, 128.3, 127.6 (C^) , 82.5 (C^) , 39.4 (P-CH2"P) 

31 
(P-CH2~P, d6-benzene, 40.9). Complex XVIa; Diastereomer B: P NMR 

spectrum (d6-benzene) 68.44; 250 MHz ^H NMR spectrum (CDCl^) 6 7.83-

6 7.04 (m, 32, C^) , 6 4.23 (s, 10, C^) , 6 3.76, 6 3.74, 5 3.71 

(t, 6.5 Hz, 2, P-CH2-P); IR spectrum (CH2Cl2) 1950 cm01; l3C NMR 

spectrum (CDCl^) 134.1, 131.8, 129.9, 128.3, 127.5 (C^-H^.) , 82.5 (C^H^) , 

38.7 (P-CH2-P) (P-CH2-P, d6-benzene, 40.4). 

6.3.5 Preparation of [Cp Fe (CO) ((C H ) P-CH -
p (C6H5)2) 3riJ (XXIII) 

In a preparation of XVIII, as described above (Section 6.3.4), 

the Cp Fe (CO)2 * prepared from iCp Fe (CO)2J2 which is visibly dull 

in luster and is not purified prior to use. A benzene (100 ml) solution 

of this Cp Fe (CO)2 I (1.00 gin, 3.3 mm) and (CgH,.) 2P-CH2~P (CgH,.) 2 

(1.64 gm, 4.3 mm) is placed in a schlenk reaction flask (250 ml) fitted 
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with an oil bubbler under one atmosphere of Immediately upon 

commencement of the photolysis a yellow precipitate is noticed to be 

formed within the reaction solution. After ca- 2 hours of irradiation 

•the reaction is stopped and a yellow solid (XXIII) is filtered from the 

solution. The filtrate is found to contain primarily ligand, with very 

31 
little XVIII and no Cp Fe (CO)2 I* Complex XXIII; P NMR spectrum 

(CDC13) 27.88; 250 MHz 1H NMR spectrum (CDCl-j) 6 7.82-6 7.29 (m, 20, 

CgH5), 6 5.60-6 5.54 (m, 1, P-CH2-P), 6 4.97 (s, 5, CgHg) , 6 4.19-6 4.12 

(m, 1, P-CH2-P) (see Section 3.2.2, Figure 2); "^C NMR spectrum (CDCl^) 

214.9 (t, 25 Hz, CO), 132.5-127.8 (m, CgHg) , 82.5 (s, CgH ) , 44.7 (t, 

25 Hz, P-Ct^-P) ; IR spectrum (CI^C^) 1983 cm \ 

6.4. Thermal Decomposition of Iron Alkyls 

6.4.1 Reaction of XVIa with n-Butyl Lithium—Preparation 
of [Cp Fe (CO) (n-C4H9)]2[(C6H5)2P-CH2-P(C6H5)2] (XXIV) and 
ICp Fe (CO) (n-C4H9)][(C6H5)2P-CH2-P(C6H5)2]TCp Fe (CO) I] 
(XXX) 

A THF (30 ml) solution of XVIa (0.45 gm, 0.48 mm) and a THF 

(20 ml) solution of n-butyl lithium (0.55 ml of 2.4 M in Hexane, 1.3 mm) 

are cooled to -62°C by a dry-ice/isopropanol bath. The n-butyl lithium 

solution is slowly cannulated under ̂  into the stirred solution of 

XVIa. The color of the solution changes color from green to red upon 

addition of the alkylation agent. The solution is allowed to warm to 

-45°C (ca. 30 tnin) and 10 drops of distilled water are added and the 

solution is allowed to warm to room temperature with a constant stream 

of ̂  bubbling through. The solution is concentrated to an oil in 

vacuo, extracted with benzene and column (alumina (III), 2 x 15 cm) 
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chromatographied to separate a red band from a slower green band. The 

red band is concentrated and purified by MPLC to separate a major red 

band (XXIV, 0.23 gm, 0.28 mm, 60%), followed by a minor green-red band 

31 
(XXX) and leaving behind a slow moving green band. Complex XXIV: P 

1 
NMR spectrum ( d 6-benzene) 7 9 . 0 0 ,  7 9 . 1 3 ;  2 5 0  MHz H NMR spectruin ( d e -

benzene) 6  7 . 6 5 - 6  6 . 8 2  (m, 2 0 ,  C^H c), 6  3.91 (s, 10, C nH_), 6  3 . 7 0  
D D 3D 

(t, 6.1 Hz, 1, P~CH2~P), 6  3.6-5 3.45 (m, 1, P-CH2~P), 5 1.89- 6  0.88 

(m, C^hg) ; ir spectrum (CH2C12) 1898 cm Complex XXX: See Section 

31 
4.2.2, Figure 9, Table 7 for p NMR spectrum (d6-benzene). 

6.4.2 Preparation of tCp Fe (CO) (n-C.h )][(C,h ) P-
ch2-p(c6h5)2] (xxv) 

A THF (20 ml) solution of XVIII (0.40 gm, 0.61 mm) and a THF 

(20 ml) solution of n-butyl lithium (0.30 ml of 2.4 M in hexane, 0.72 

mm) is cooled to -55°C by a dry-ice/isopropanol bath. The n-butyl 

lithium is slowly cannulated under N2 into the stirring solution of 

XVIII resulting in the clear green solution turning to a clear red. 

Ca. 10 drops of distilled water is added and the- solution is allowed 

to warm to room temperature with a constant stream of N2 bubbling 

through. The solution is concentrated to an oil in vacuo, extracted 

with benzene/THF and column (alumina (III), 2 x 15 cm, benzene) 

chromatographied to separate a red band from a slower green band. The 

red band is concentrated and further purified by MPLC to separate an 

initial major red-orange band (XXV, 0.16 gm, 0.27 mm, 45%) from a minor 

blue-green band. Complex XXV; ^P NMR spectrum (d6-benzene) 77.41, 

76.82 (df 59.6 Hz, Fe-P-CH2) , -25.59, -26.18 (d, 59.4 Hz, CH2"P (C^) 2) ; 

250 MHz """H NMR spectrum (d6-benzene) 6 7.68-6 6.92 <m, CgHg), 6 4.11, 
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6 4.10 (d, 2 Hz, 5, C5H5), 5 3.20, 3.19, 3.17, 3.16 (dd, 7.5 Hz, 2.0 Hz, 

2, P-CH -P), 6  1.98- 6  0.80 Cm, C.HQ); IR spectrum (CH„C1_) 1910 cm"1; £  4  y  £ 2 .  

NMR spectrum (d6-benzene) 2-3.6, 223.1 (d, 31 Hz, CO), 133.7-127.6 

(m, C6H5), 84.5 (s, C^) , 42.2, 29.1, 14.4, 4.2, 3.9 (s, C4Hg), 31.9, 

31.6, 31.4, 31.0 (dd, 32 Hz, 21 Hz, P-CH2"P). 

6.4.3 Preparation of [Cp Fe (co) h][(cfih^) P-
ch2-p(c6h5)2] (xxvi) 

A THF (20 ml) solution of XVIII (0.44 gm, 0.67 mm) was cooled to 

6°C and lithium aluminum hydride (LAH) (0.08 gm, 2.1 mm) was added 

directly against a constant counter-flow of N2. The color of the 

solution changes from green to an amber-yellow (ca. 5 min). After 10 

min the reaction is quenched by the addition of methanol (5 ml, reagent). 

Placement of the solution upon the rotoevaporator results in an 

immediate color change toward a blue-green. The solution is immediately 

bubbled with N2 and then concentrated to an oil. A preliminary column 

(alumina (III), 2 x 15 cm, benzene) removes reaction byproducts. The 

eluted yellow-green band is concentrated by N2 flow and purified by MPLC 

to separate the major yellow band (XXVI, 0.25 gm, 0.47 mm, 70%) from a 

31 
minor faint blue band and a slow blue-green band. Complex XXVI: P NMR 

spectra (d6-benzene) (see Section 4.2.1, Figure 7) 83.61-82.48 (m, Fe-P-

CH2) , -24.07, -24.84 (d, 78 Hz, CH2-P (C^) 2) , Decoupler Off—83.82, 

83.06, 82.29 (dd, 79 Hz, 76 Hz, Fe-P-CH2), -24.31, -25.09 (d, 79 Hz, 

CH2~P(C&H^)2), Hydride Irradiated—83.45, 82.67 (d, 79 Hz, Fe-P-CH^), 

-24.32, -25.10 (d, 79 Hz, CH2-P (C^)2) ; 250 MHz 1H NMR spectrum (d6-

benzene) 6 7.66-5 6.95 (m, CgH^ , 6 4.20 (s, ^Hg) , 6 3.17, 3.16, 3.14, 

3.13 (dd, 1.9 Hz, 7.0 Hz, P-CH2-P), 6 -12.80, -12.81, -13.10, -13.11 
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(dd, 2.5 Hz, 76.2 Hz, Fe-H). Anal. Calculated for C31H28FeOP2: C, 

69.68; H, 5.28. Found: C, 69.42; H, 5.34. IR spectrum (CH2C12) 

1918 cm^1; ̂ C NMR spectrum (d6-benzene) 221.2, 220.8 (d, 27 Hz, CO), 

133.1-127.1 (m, CcH_), 80.2 (s, C_Hc), 36.9, 36.5, 36.4, 36.0 (dd, 
b  3  D O  

33 Hz, 24 Hz, P-CH2-P). 

6.4.4 Preparation of lCp~ Fe„ (co)2 h] [ (c,h ) P-
ch2-p(c6h5)2] (xxix) 

A CH2Cl2 (30 ml) solution of Ilia (1.00 gin, 1.5 mm) is cooled 

to -55°C by a dry-ice/isopropanol bath. HBF^*OMe2 (0.40 ml, 3.0 mm) is 

added by syringe to the stirred solution of Ilia. The solution is 

allowed to warm to room temperature with a constant stream of N2 

bubbling through. The solution is cinter glass filtered, concentrated 

to a dark green oil (XXIX) and rinsed twice with petroleum ether. 

Complex XXIX: ^P NMR (d6-acetone) 76.15 (s), Gaussian Multiplied Data— 

76.22, 76.03 (d, 19.5 Hz), Decoupler Off—76.17 (s), Decoupler Off and 

Gaussian Multiplied Data—76.31, 76.11 (d, 20.2 Hz), Hydride 

Irradiated—76.20 (s), Hydride Irradiated and Gaussian Multiplied Data— 

76.21 (s) ; 250 MHz ^"H NMR spectrum (d6-acetone) 6  7.92- 6  7.13 (m, 23, 

C-H_), 6 4.B8 (s, 9, C_Hc), 5 3.84, 3.80, 3.76 (t, 11 Hz, P-CH_-P), O O D D £ 

6-31.85, -31.95, -32.05 (t, 25.2, Fe-H-Fe); IR spectrum (CH2C12) 

1956 cm"1-

6.4.5 Reaction of XXIX with n-Butyl Lithium 

The entire amount of XXIX prepared above (ca. 1.5 mm) is 

dissolved into THF (45 ml) as a stock solution. 

A THF (50 ml) solution of XXIX (ca. 0.5 mm) is prepared by 

diluting 15 ml of the stock solution with additional THF. The XXIX 
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reaction solution is cooled with stirring to -36°C and n-butyl lithium 

(0.30 ml of 2.4 M in hexane, 0.72 nun) is added by syringe. The solution 

is warmed to room temperature and no color change in the dark green 

solution is observed. Storage at -20°C (ca. 14 hr) results in a red 

brown solution. Five drops of distilled water are added, the solvent 

is removed, the residue is extracted with CHjClj* dried over magnesium 

sulfate and concentrated to a red-brown oil. Column (alumina (III), 

2 x 15 cm, THF) chromatography followed by MPLC separates a green band 

(Ilia) from a red-brown purple material which shows a Cp signal in the 

1 
60 MHz H NMR at 4.95 and a large phenyl signal. 

6.4.6 Reaction of XXIX with Sodium Borohydride 

A THF (50 ml) solution of sodium borohydride (0.10 gm, 2.6 mm) 

is cooled to 2°C. XXIX (15 ml of stock solution, ca. 0.5 mm) is added 

by syringe to the NaBH^ solution and stirred (30 min) and then allowed 

to warm to room temperature to give a green solution of Ilia as 

determined by IR of the crude reaction solution and 60 MHz "*"H NMR of an 

'solated green oil. 

6.4.7 Reaction of XVIa with Lithium Aluminum Hydride 

A diethyl ether (25 ml) suspension of XVIa (0.30 gm, 0.32 mm) 

and a diethyl ether (35 ml) suspension of LAH (0.08 gm, 2.1 mm) are 

cooled to 4°C. The LAH suspension is cannulated under ̂  into the 

stirred XVIa solution dropwise. After addition of ca. three-fourths 

of the LAH the color of the reaction solution is yellow-green. The 

solution is ̂  bubbled (15 min) at room temperature and methanol (5 ml) 

is added. Concentration of the solution in vacuo to an oil, extraction 
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with benzene and column (alumina (III), 2x15 cm) chromatography 

separates a yellow-red band from a slow green band which decomposes upon 

the column (Ilia). Concentration of the yellow-red band in vacuo 

causes decomposition of the yellow solution to a green solution which 

is identified as Ilia by ^P NMR. 

6.4.8 Reaction of XXV, XXVI and DPPM at 54°C 

Complexes XXV (0.27 mm) and XXVI (0.47 mm) are prepared as 

described above. Each complex was dissolved into d6-benzene (ca. 4 ml) 

under a constant flow of N£* Two ml of the XXV solution and 1.2 ml of 

the XXVI solutions were mixed together in a 10 mm NMR tube and 

labelled as solution B. Solution A is the remaining XXV solution and 

Solution C is the remaining XXVI solution. All three solutions are 

placed in 10 mm NMR tubes, fitted with vortex plugs, capped and sealed 

with parafilm, all manipulations are done under a constant flow of N£-

31 
P NMR spectra of all three solutions are recorded. The three samples 

are then simultaneously placed into a 54°C water bath (120 min) after 

31 
which the P NMR spectra are again recorded (see Section 4.2.2, Table 6 

for the summary of these spectra). 

6.4.9 Thermal Experiments of XXIV 

6.4.9.1 60 MHz ^*H NMR of a Sealed Tube at 44°C for 60 Minutes. 

A d6-benzene solution of XXIV is placed in a 5 mm NMR tube, frozen and 

sealed under vacuum. The tube is immersed in a 44 °C oil bath for various 

lengths of time (0, 2, 5, 8, 11, 15, 20, 28, 35, 45, and 60 min of total 

immersion) and at the end of each of these time intervals the tube is 
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removed from the bath, cooled, centrifuged to the top and 60 MHz ^"H NMR 

spectrum is recorded. See Section 4.2.3, Figure 10 for the hydride 

region of the spectra taken at 0, 11, 20, 45 and 60 min of total 

immersion time. At the end of the 60 min of total immersion time the 

solution is a blue-green in color. 

6.4.9.2 Toluene Solution at 65°C for 20 Minutes. A toluene 

(50 ml) solution of XXIV is placed in a 100 ml 1 neck r. b. flask and 

immersed in a 65°C oil bath. Within 10 min the solution has changed 

color from red to blue-green. The solution is removed from the oil 

bath after 20 min, cooled by N2 bubbling, concentrated to an oil in 

vacuo, extracted with benzene and purified by MPLC where five bands 

separate. The first band is a quickly eluted orange band which is 

1 
collected and identified as XXV by 60 MHz H NMR. The second band is 

a quickly eluted yellow band which is collected and identified as XXVI 

by 60 MHz ^"H NMR. The third band is red, the fourth is blue and the 

fifth is a green band which elutes very slowly and decomposes upon the 

column. 

6.4.9.3 Toluene Solution at 110°C for 2 Minutes. A toluene 

solution of XXIV, clear red, is immersed in an oil bath at 110°C. 

After 50 seconds the solution suddenly turns very dark and after 90 

seconds it is blue-green in color, similar to that previously mentioned. 

The solution is removed after 2 min. Column (alumina (III), 2 x 15 cm, 

benzene) chromatography of the resulting yellow-green solution separates 

a yellow-red band from a slower green band. The 60 MHz ''"H NMR of the 

yellow-red band (d6-benzene) shows three Cp signals at 6 3.95, 6 4.05, 
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5 4.15 in a (3:8:3) ratio, respectively, and a double-doublet of a 

hydride signal (38 Hz, 2 Hz) at 6 -12.9. 

6.4.9.4 d6-Benzene Solution at 52°C for 20 Minutes. A d6-

benzene solution of XXIV is first analyzed by 60 MHz "'"H NMR to be 

31 
approximately a (1:3) mixture of XXV and XXIV and by P NMR to be 

31 
approximately a (1:2) mixture of XXV and XXIV. The P NMR spectrum 

is very similar to the first 15 minute spectrum of the 30°C time course 

(Section 6.4.10). The solution is heated in a hot water bath at 52°C 

for a total of 20 min. Within 5 min the solution is blue-green in 

color. MPLC separates a fast eluting red-orange band and a yellow band. 

A slower moving blue-green band is then eluted, cleanly separated from 

the first two bands. A green band remains upon the column and de-

31 
composes to a purple material. See Section 4.2.3 for P NMR spectrum, 

Figure 11, of the blue-green band which is determined to be a mixture 

31 
of XXV, Ilia, XXVI, dppm and XXXI. See Section 4.2.3 for the P NMR 

spectrum of the yellow band, Figure 12, and a description of the 250 MHz 

^H NMR spectrum. 

31 
6.4.10 Phosphorus P NMR Thermal Time Course at 
30°C and 50°C 

The entire amount of a sample of XXIV as prepared from XVIa 

(0.45 gm) is used. The sample is dissolved into d6-benzene, filtered 

through a celite plug in a disposable pippette into a 10 mm NMR tube, 

fitted with a vortex plug, capped and sealed with parafin. All manipula

tions are carried out under a constant flow of Ng through either a 

needle or capillary tubing. 
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6.4.10.1 30°C Time Course. The sample NMR tube is placed 

within the Bruker WM 250 FT probe with a thermostat setting of 303 K. 

The spectrum accumulation is started within 5 min during which time the 

final adjustments of the probe tuning is made. The instrument is 

programmed to accumulate a spectrum for 15 min, store the spectrum, 

then delay accumulation for 15 min and to repeat this sequence until 8 

spectra are stored. The instrument is then to accumulate a 15 min 

spectrum, delay accumulation for 45 min and to repeat this sequence 

until an additional 10 spectra have been stored. The stored spectra 

are then retrieved, plotted and line integrated. The percentage of the 

signals corresponding to each complex observed is calculated from the 

heights of the line integration (Table 9). See Section 4.2.3 for a 

representative spectrum, Figure 13. 

6.4.10.2 50°C Time Course. The sample NMR tube is placed 

within the Bruker WM 2 50 FT probe with a thermostat setting of 323 K. 

The spectrum accumulation is started within 2 min during which time the 

final adjustments of the probe tuning is made. The instrument is 

programmed in a similar manner as during the 30°C Time Course with the 

following specifics. Three 30 min spectra are consecutively recorded 

followed by a sequence of a 90 min delay before accumulating a 30 min 

spectrum for an additional 6 spectra. The spectra are worked up as 

above (Table 10). 
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_ , a,b 
Complex 

Time XXIV xxvc XXVII/XXVIII XXVI Ilia XXXI 

0 min 80. 58 19.42 — — — — 

15 min 53.37 33.70 10.67 0. 56 0. 56 — 

45 min 40.23 37.36 14.37 1.89 1.15 1.72 
75 min 28.41 38.55 19.13 6.67 2. 23 2.90 

105 min 21.89 43.49 18. 34 6.81 3.55 3.55 
135 min 17.28 41.98 20. 37 9.26 4.94 4. 32 
165 min 12.86 39.87 20.58 12.22 7.07 5.47 
195 min 9. 36 38.12 20.07 14.72 9.36 6.36 
225 min 8.30 37. 37 18.34 15.57 11.76 7.27 

255 min 5. 78 36. 82 16.97 16. 50 14.44 7.95 
315 min 3.76 33.08 14.29 19.55 19.55 8.65 
375 min 1.89 28. 78 11. 36 21.97 25.00 9. 85 
435 min 1.15 25. 39 9.23 23.46 30.00 10.39 
495 min 0.76 22. 35 8.33 23.48 34.47 9. 79 
555 min 0.37 19.15 8.42 23.81 37.36 9.89 
615 min — 18.09 8.13 24.73 40.28 8.83 
675 min — 17.01 8.68 24.65 42.36 7. 30 
735 min — 17.00 9.15 24.84 42.48 6. 53 

795 min — 15.03 9.48 26.18 44.12 5.23 

aValues presented are the percent phosphorus signal for each complex 
determined from the line integration of each spectrum. The totals 
shown include the upfield signals of the uncoordinated phosphines added 
to the downfield signals, for those complexes which contain both types 
of phosphine. 

A small signal at 72 ppm is not included in the data here. It accounted 
for no more than 2.30% of the phosphorus signals. Its disappearance 
coincided with that of XXIV. 

c 
A series of up to seven peaks which were superimposed upon the signal 
for that of XXV, are necessarily included in the line integration 
values for XXV. The most consistent of these signals appear to be a 
doublet: 77.2, 76.6 ppm (68 Hz); and a signal at 76.3 ppm. 
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Table 10. 50°C Time Course Data 

Complex3 

Time Ilia XXVI XXVII/XXVIII XXIV XXV XXXI dppm 

30 min 17.48 28.15 10.68 7.77 28.15 6. 79 — 

60 min 35.00 40.84 8.33 — 15.00 — — 

90 min 37.30 43.65 7.94 — 11.11 — 
— 

210 min 40.15 52. 27 2.27 — 6.06 — — 

330 min 45.38 48. 79 — — 5. 88 — — 

450 min 48. 70 43.48 — — 5.22 — 2. 61 

570 min 49.56 42.47 — — 4. 44 — 3. 54 

690 min 50.89 41.07 — 
— 3. 50 — 4.46 

810 min 50.89 39.29 — — 3.58 — 6.25 

Values presented are the percent phosphorus signal for each complex 
determined from the line integration of each spectrum. The totals 
shown include the upfield signals of the uncoordinated phosphines added 
to the downfield signals, for those complexes which contain both types 
of phosphine. 
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