
766 Organometallics 1991, 10, 766-770 

Reaction of the Iron Phosphorane Complex 
($-C,H,)(CO),Fe{P(O)(NEt,)(OMe)) with Boron Trihalides. 

Preparation, X-ray Structure Analysis, and Reactivity of the Iron 
Chloro-Substituted-Phosphorane Complex 

Hiroshi Nakazawa, Yasunori Kadoi, Tomonori Itoh, Tsutomu Mizuta, and Katsuhiko Miyoshi' 

Depa~ment of Chemistty, Facuw of Science, Hiroshima University, Hiroshima 730, Japan 

ReceivedJuly 12, 1990 

The iron phosphorane complex (~5-C,H,)(CO)zFe(P(0)(NE~)(OMe)) (1) reacts with 1 equiv of BX3 (X 
= F, C1) to generate an adduct of 1 with BX3 (2 (X = F), 5 (X = Cl)) through the lone pair of the phosphoryl 
oxygen. The treatment of 1 with 2 equiv of BF3 yields 2, whereas the reaction with 2 equiv of BC13 giyes 
an iron chloro-substituted-phosphorane complex, [(t15-CSHS)(C0)2Fe(P(0)(NEtz)(C1)~].BC13 (3), which 
crystallizes in the monoclinic space group P2, ln  with a = 9.080 (3) A, b = 14.689 (3) A, c = 14.363 (3) A, 
/3 = 102.65 (2)', and 2 = 4. X-ray diffraction has revealed that the Fe-P and P-Cl bonds are covalent 
in nature and the chloroaminophosphorane group interacts with BC13 through the lone pair of the phosphoryl 
oxygen in 3. The C1 atom of 3 is readily replaced by OMe, Me, and NEtz groups to give 1, 6, and 7, 
respectively. 

Introduction 
Transition-metal phosphorane complexes are attracting 

considerable attention due to the presence of a covalent 
bond between a transition metal and a pentavalent 
phosphorus atom and have been studied for a variety of 
transition metals.' However, the substituents on the 
phosphorus atom of phosphorane complexes have been 
limited to OR and R (R = alkyl or aryl). Recently, ami- 
no-substituted phosphorane complexes have been re- 
ported.2 We have been seeking phosphorane complexes 
containing a good leaving group such as a halogen atom 
on the phosphorus, because such complexes may be a good 
precursor to introduce a desired group on the phosphorus. 
It has been shown that boron trihalides, BX3, can abstract 
an OR group on a carbon or a phosphorus atom as an anion 
to give cationic compounds or OR/X exchange 
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W. N. M.; Roobeek, C. F.; Wife, R. L.; Frijns, J. H. G. J. Chem. SOC., 
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metallics 1987,6,2588. (0) Klaui, W.; Muller, A,; Eberspach, W.; Boeeee, 
R.; Goldberg, I. J. Am. Chem. SOC. 1987, 109, 164. (p) Nakazawa, H.; 
Morimasa, K.; Kushi, Y.; Yoneda, H. Organometallics 1988, 7,458. (4) 
Nakazawa, H.; Morimaaa, K.; Yoneda, H. J. Coord. Chem. 1988,18,209. 
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Table I. Spectroscopic Data 
IRa 31P 

NMR" (a), 
PPm 

103.3 (e) 

complex 1H NMRb (a), ppm 

2030 1.13 (t, J = 7.0 Hz, 6 H, ea CH,CH-J ' ,NEr, 1978 3.07 (m, 4-H, CHZCHJ 
3.44 (d, J = 11.0 Hz, 3 H, 

OCH-J 
5.03 (a,% H, CsHS) 

1 

I 

'6 
2 

2058 

2008 

1.18 (t, J = 7.0 Hz, 6 H, 

3.15 (m, 4 H, CH,CH,) 
3.57 (d. J = 12.0 Hz, 3 H, 

CH,CH& 

oCH,) 
5.19 (d, J = 1.0 Hz, 5 H, 

C6H6) 

131.6 (2) 

2071 1.27 (t, J = 7.0 Hz, 6 H, 147.8 (e) e I CH2CHs)' 
FO ,NE!, 2026 3.50 (m, 4 H, CHzCH,) 

OC' 4 'P, 5.70 (a, 5 H, CsH& 
oc II CI 

0. -. 
'BCb 

3 
2018 1.13 (t, J = 7.0 Hz, 6 H, 107.1 (5) 

CH2CHs) 6, ,NE18 1962 1.75 (d, J-= 8.0 Hz, 3 H, 
PCHd 

3.09 (m, 4 H, CH2CH3) OCi? 'c 
4.96 (8, 5 H, CsH& 6 

2022 1.10 (t, J = 7.0, 12 Hz, 98.2 (e) 
CHI) 

oci$, ,NE(, 1968 3.07 (m, 8 H, CH2) 
4.93 (8, 5 H, CSH,) E;\NEt, 

Po 
a In CH2C12. In CDCIB. In acetone-d6. See ref 2d. 

These results stimulated us to attempt the reaction of 
transition-metal phosphorane complexes with BX3. In this 
paper, we report the preparation of a chloro-substituted- 
phosphorane complex, [Cp(C0)2Fe{P(0)(NEt2)(C1))].BC13 
(3), by the OMe/Cl substitution reaction of C P ( C O ) ~ F ~ -  
(P(O)(NEt,)(OMe)) (1) with BC13, where Cp stands for 
q5-C5H5; we also determined its structural features by an 
X-ray analysis and its reactivity with some nucleophiles. 

0 1991 American Chemical Society 
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An Iron Chloro-Substituted-Phosphorane Complex 

Scheme I 

1 

Results and  Discussion 
Reaction of Cp(CO),Fe{P(0)(NEt2)(OMe)J (1) with 

BF3.0Et2. Treatment of Cp(CO)zFe(P(0)(NEt2)(OMe)) 
(1) with BF,.OEt, in T H F  gave a yellow oil (2). The 
spectroscopic data for 2 are given in Table I. The IR 
absorptions in the uco region appeared at  2058 and 2008 
cm-', which are 30 cm-' higher than those of 1. The 'H 
NMR spectral pattern of 2 is similar to that of 1, but all 
signals are observed at  a field slightly lower than those for 
1. The ,'P NMR resonance of 2 (131.6 ppm) is also ob- 
served a t  a field lower than that of 1 (103.3 ppm). 

I t  has been reported that fuc-[Mo(bpy)(CO),(PN- 
(Me)CHzCHzNMe(OMe)J] reacts with 2 equiv of BF3.0Et, 
in CH2Clz at  -78 "C to give fac-[Mo(bpy)(CO),(PN- 
(Me)CHzCHzNMe(OMe))].2BF3 (eq l), which exhibits IR 

fac-  [Mo(bpy) - 
(CO),lPN(Me)CH2CH,NMe(OMe))l 7 

fac-[Mo(bpy) (CO),lPN(Me)CH2CH2NMe(0Me))]-2BF3 
(1) 

signals in the uc0 region a t  frequencies higher by 30-50 
cm-l than those of the starting complex.5b Therefore, 2 
seems to be the adduct of 1 with BF3 where BF3 presum- 
ably interacts with the lone pair on the oxygen of the 
phosphoryl or methoxy group or on the nitrogen in 1. The 
adduct with the lone pair of the phosphoryl oxygen do- 
nated to BF,, as depicted in Scheme I, is most likely (vide 
infra). Complex 2 was not changed either by further 
treatment with BF3.0Et2 or by refluxing in CH2ClZ. 

Reaction of 1 wi th  2 Equiv of BClP The treatment 
of 1 with BC13 in place of BF3.0Et, was attempted. In this 
reaction, pale yellow crystals of 3 were obtained. Its IR 
spectrum showed patterns characteristic of two terminal 
carbonyl groups. The 'H NMR spectrum showed that 3 
has no OMe group. The 31P NMR signal showed a singlet 
a t  147.8 ppm, lower by 45 ppm than that for 1. 

Molybdenum complexes containing a phosphite as a 
ligand react with 2 equiv of BF3.0Et, to afford single OR/F 
exchange products (eq 2) and with 2 equiv of BC13 to give 
a double OR/C1 exchange product (eq 3).5 In contrast, 

i 

i - 2BF3.0Eb 

I 
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Table 11. Summary of Crystal Data for 
[Cp(CO),Fe{P(O)(NEt,)Cl}] BCl, 

C,,H,,BCl,FeNO,P formula 
cryst syst 
space group 
cell const 

a, A 
b, A 
c ,  A 
0, deg v, A3 

z 
D,Ac~, g c w 3  
LLdcd, cm-' 
cryst size, mm 
radiation 

scan technique 
scan range, deg 
no. of unique data 
no. of unique data, 

R1 
R2 

F, > 3dFJ 

monoclinic- 
R 1 l n  

9.080 (3) 
14.689 (3) 
14.363 (3) 
102.65 (2) 
1869.2 (8) 
4 
1.595 
14.7 
0.40 X 0.30 X 0.09 
Mo K a  ( A  = 0.71069 A), 

graphite monochromator 
w 
3 < 28 < 55 
4820 
2337 

0.064 
0.065 

I W C C l O ,  

Figure 1. ORTEP drawing of the molecular structure of 3 with 
atomic labels. All hydrogen atoms are omitted for clarity. 
Thermal ellipsoids are drawn at  the 30% probability lebel. 

treatment of molybdenum complexes containing a chelated 
diaminophosphine as a ligand with 2 equiv of BF3.0Etz 
or BC13 results in the formation of a cationic phosphenium 
complex (eq 4), where the OR group on a phosphorus is 
abstracted as an anion.5b 

fac-[Mo(bpy)(C0)3- - 2BF2.0Eb or 2BC13 
lPN(Me)CH2CHzNMe(OR))1 b - 
fuc-[Mo(bpy)(CO)$PN(Me)CH2CH2NMe}]+ (4) 

On the basis of the above-mentioned experimental re- 
sults on the molybdenum complexes and the spectroscopic 
data for 3, there are two possible structures for 3: A, which 
corresponds to the OR/C1 exchange product, and B, which 
corresponds to the OR- abstraction product. 

A 0 

X-ray S t r u c t u r e  Determination of 3. In order to 
determine the structure of 3, an X-ray analysis was carried 
out. Crystal data are given in Table 11. Figure 1 illustrates 
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Table 111. Fractional Atomic Coordinates (XlO’) and 
Thermal Parameters (AZ) for the Non-Hydrogen Atoms 

Fe 1566 (1) 5957 (1) 2673 (1) 3.5 
Cl(1) 3056 (3) 4545 (1) 1129 (2) 5.7 
Cl(2) 4926 (3) 4152 (2) 3698 (2) 5.2 
Cl(3) 7156 (3) 5692 (2) 4127 (2) 6.9 
Cl(4) 7185 (3) 4425 (2) 2464 (2) 8.4 
P 3381 (2) 5754 (1) 1908 (1) 3.3 
0(1) -890 (8) 5953 (6) 995 (5) 8.9 
O(2) 1160 (8) 4016 (4) 2982 (6) 8.2 
O(3) 4979 (5) 5638 (3) 2544 (4) 3.9 
N 3662 (8) 6537 (4) 1156 (4) 4.4 
C(1) 1482 (16) 6189 (7) 4098 (7) 8.0 
C(2) 2874 (11) 6410 (8) 3959 (7) 6.6 
C(3) 2719 (12) 7100 (7) 3307 (7) 6.5 
C(4) 1186 (13) 7302 (6) 3009 (7) 6.3 
C(5) 410 (12) 6755 (8) 3471 (8) 7.1 
C(6) 93 (9) 5948 (7) 1644 (7) 5.4 
C(7) 1345 (6) 4756 (6) 2860 (7) 5.5 
C(8) 5069 (12) 6525 (7) 793 (7) 6.4 
C(9) 6078 (14) 7303 (9) 1148 (11) 9.8 
C(10) 2436 (11) 7101 (6) 610 (6) 5.5 
C(11) 1640 (15) 6690 (8) -339 (7) 8.3 
B 5953 (11) 5014 (7) 3146 (6) 4.2 

atom X Y z B, 

Table IV. Bond Distances (A) and Angles (deg) with 
Estimated Standard Deviations in Parentheses 

P-Fe-C(6) 
P-Fe-C(7) 
C (6)-Fe-C(7) 
Fe-C(6)-0(1) 
Fe-C(7)-0(2) 
0(3)-P-Fe 
O(3)-P-N 
0(3)-P-C1 
N-P-Cl(1) 
C (8)-N-P 
C( 10)-N-P 
C(8)-N-C(10) 
N-C(8)-C(9) 

Bond Distances 
2.193 (3) C(3)-C(4) 
2.091 (11) c(4)-C(5) 
2.071 (9) P-0(3) 
2.079 (IO) P-Cl(1) 
2.079 (12) P-N 
2.083 (10) N-C(8) 
1.759 (8) N-C(10) 
1.802 (9) C(8)-C(9) 
1.145 (10) C(lO)-c(ll) 
1.119 (11) B-0(3) 
1.365 (18) B-Cl(2) 
1.434 (15) B-Cl(3) 
1.364 (15) B-Cl(4) 

Bond Angles 
95.5 (3) N-C(IO)-C(ll) 
93.6 (3) P-0(3)-B 
91.6 (4) 0(3)-B-C1(2) 

178.1 (9) 0(3)-B-C1(3) 
177.6 (9) 0(3)-B-C1(4) 
115.5 (2) C1(2)-B-C1(3) 
101.9 (3) C1(2)-B-C1(4) 
103.1 (2) C1(3)-B-C1(4) 
105.6 (3) C(l)-C(2)-c(3) 
119.8 (6) C(2)-c(3)-c(4) 
122.6 (6) C(3)-C(4)-C(5) 
115.4 (7) C(4)-C(5)-C(l) 
112.2 (9) C(5)-C(I)-C(2) 

1.398 (15) 
1.344 (16) 
1.545 (5) 
2.085 (3) 
1.636 (7) 
1.486 (14) 
1.472 (11) 
1.490 (16) 
1.525 (13) 
1.428 (10) 
1.853 (11) 
1.870 (9) 
1.854 (11) 

113.9 (8) 
143.8 (5) 
113.3 (6) 
107.2 (6) 
110.2 (6) 
107.9 (5) 
109.1 (5) 
109.1 (5) 
108.6 (9) 
108.5 (IO) 
108.2 (9) 
107.7 (10) 
107.0 (10) 

the structure with atom labels. The final atomic coordi- 
nates for non-hydrogen atoms are given in Table 111. 
Intramolecular bond distances and bond angles, with es- 
timated standard deviations, are listed in Table IV. 

The X-ray results revealed that 3 is an adduct of the iron 
chloroaminophosphorane complex with BCl, through the 
phosphoryl oxygen. The Fe-P bond distance (2.193 (3) 
A) falls in the range of normal Fe-P single-bond lengths, 
and the P-Cl bond is a covalent bond.6 The P-0(3) bond 
(1.545 (5) A) is slightly longer than those in Cp(C0) Fe- 
IP(O)(CF&l (1.478 A),’ Cp(CO)2Fe{P(0)(OEt) 1 (1.495 A ) , l P  
and [Cp(CO)2FelP(0)(NEt )2}]2FeC12 (1.514 i)? and the 
B-Cl bonds (average 1.859 1) are longer than those for free 

(6) The P C l  bond distance is not known for chlorophosphorane com- 
plexes but is known for the iron chlorophosphide complex (q6-C6Me,)- 
(C0)2Fe(P(CMe3)ClJ: Malisch, W.; Angerer, W.; Cowley, A. H.; Norman, 
N. C. J. Chem. Soc., Chem. Commun. 1986,1811. 

BCl, (1.75 A), due to the interaction of the phosphorus 
oxygen with an electron-deficient BCl, molecule. 

The chlorophosphorane complex 3 can be regarded as 
a piano-stool complex, as are other Cp(CO)2Fe(phospho- 
rane) type complexes: Cp(CO)2Fe{P(0)(CF3)2},7 Cp- 
(CO) zFe(  P (0 )  (OE t)  2 } ,  l p  [ C p (CO) ,Fe(P (0 )  - 
(NEt.J2J]2FeC12.2” The nitrogen atom of 3 is nearly planar? 
which is consistent with the fact that a t  least one of the 
nitrogen atoms directly bonded to a phosphorus atom has 
a trigonal-planar geometry irrespective of the phosphorus 
valency and the coordination number.2a 

Removal of BC13 from 3. The BCl, molecule in 3 is 
tightly bonded to the phosphoryl oxygen in noncoordina- 
ting solvents such as CH2C1,. However, the BCl, molecule 
can be removed to give BC1,-free Cp(CO)2Fe{P(0)(NEt.&21J 
(4) by a 1-h reflux in a coordinating solvent such as THF. 
31P NMR spectroscopy for 3 just dissolved in THF shows 
a singlet at 150.8 ppm corresponding to the chemical shift 
(147.8 ppm) observed in CH2C12, indicating that the adduct 
form is kept in THF. The solution after a 1-h reflux 
showed an intense singlet a t  127.3 ppm with a very weak 
singlet a t  150.8 ppm. The former signal is attributed to 
4 (eq 5). The BCl, molecule in 3 can be removed to give 

and 

Cp(60)2Fe{P(0)(NEt2)(C1)} + THF-BCl3 (5) 

4 even in CHzC12 by adding a Lewis base such as an amine. 
A CH2C12 solution of 3 with a 25-fold excess of NEt3 
showed a singlet a t  126.0 ppm due to 4 in the 31P NMR 
spectrum (eq 6). 

4 

Cp(eO),Fe{P(O)(NEt2)(C1)J + NEt3.BC13 (6) 

The difference in 31P NMR chemical shifts between 3 
and 4 is 23.5 ppm in THF and 21.8 ppm in CHZCl2. The 
corresponding difference between 1 and 2 is 28.3 ppm; 
thus, 2 may be assigned to the adduct of 1 with BF3 
through the phosphoryl oxygen. 

Reaction of 1 with 1 Equiv of BClP The OMe/C1 
exchange for 1 takes place in the reaction with 2 equiv of 
BCl,, whereas the exchange does not occur with 1 equiv 
of BCl,. We attempted to elucidate what happens in the 
reaction of 1 with 1 equiv of BCl,. The CH2ClZ solution 
containing 1 and 1 equiv of BC13 prepared a t  -78 OC was 
subjected to 31P NMR measurement. The spectrum 
showed two intense signals a t  108.2 ppm (assigned to 1) 
and 131.2 ppm with almost equal intensity and two weak 
unidentified singlets a t  137.1 and 137.7 ppm. The dif- 
ference between the two intense signals is 23.0 ppm, close 
to the difference between 3 and 4. Thus, the signal at 131.2 
ppm is attributed to an adduct of 1 with BC13 through the 
phosphoryl oxygen, 5 (eq 7). Raising the temperature of 

Cp(CO)2FelP(0)(NEt2)(OMe)} + BCl, ==? 

4 

1 
Cp(CO)2Fe{P(0)(NEt2)(OMe)).BC13 (7) 

the solution caused broadening of the two singlets with 
coalescence at 27 OC. Cooling the solution reproduced the 

5 

(7) Barrow, M. J.; Sim, G. A. J. Chem. Soc., Dalton Trans. 1976,291. 
(8) The angle of C(8)-N-C(10) in the Newman projection down the 

N-P bond is 162.3”. If the nitrogen atom were ideally planar, the angle 
should be 180O. 
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An I ron  Chloro-Substituted-Phosphorane Complex 

Scheme I1 

1 6 7 - 

two intense singlets a t  108.2 and 131.2 ppm, indicating that 
5 is in equilibrium with 1 in CH2C12. The adduct of 1 with 
BF,, Le., 2, is stable in CH2C12 at  room temperature, while 
the adduct with BCl,, Le., 5, is in equilibrium with 1. This 
indicates that the acceptor ability toward the phosphoryl 
oxygen of 1 is stronger for BF, than for BCl,. 

Brown and Holmes reported that the acceptor properties 
increase in the order BF, < BCl, < BBr3.9 The reason 
for the reversed order obtained here is not clear now, but 
one possible explanation is on steric grounds. The phos- 
phoryl phosphorus in 1 has relatively bulky groups such 
as Cp(CO),Fe, NEt,, and OMe, and BCl, is bulkier than 
BF, (the bond distances of B-C1 in BCl, and B-F in BF, 
are 1.75 and 1.30 A, respectivelylO). Thus, the Lewis 
acid-base interaction between 1 and BCl, may suffer some 
steric repulsion, which makes the P=O.-BCl, bond weak. 

The treatment of 1 with 1 equiv of BCl, does not pro- 
mote the OMe/C1 exchange reaction, while that with 2 
equiv of BCl, does. Therefore, 3 may be formed by the 
reaction of 5 with BCl,; that is, the replacement of the 
OMe group of 1 by C1 requires two BCl, molecules, as was 
shown in the previous report on Mo complexes having 
phosphite ligands5 

Reaction of 3 with Lewis Bases. After the iron 
chloroaminophosphorae complex was isolated as detailed 
above, its reactivity was examined. Described here are the 
reactions with OMe-, Me-, and NHEt, as typical nucleo- 
philes (Scheme 11). 

Treatment of 3 with 2.5 equiv of NaOMe in methanol 
a t  room temperature gave 1 in 84% yield, where the C1 
atom on phosphorus is replaced by an OMe group. The 
substitution of the C1 atom in 3 by a methyl group was 
attempted in the reactions with MeMgI and MeLi. 
Treatment with 3 equiv of MeMgI in THF at  -78 "C led 
to the isolation of Cp(CO),Fe{P(O)(NEt,)(Me)J (6) in 56% 
yield, whereas the reaction with MeLi in T H F  at  -78 "C 
caused a complicated reaction. Thus, a Grignard reagent 
seems to be an adequate alkylating reagent for 3. Reflux 
of the T H F  solution of 3 in the presence of excess NHEt, 
caused the formation of Cp(CO),Fe(P(O)(NEt,),) (7) in 
75% yield accompanied by the formation of an ammonium 
salt, NH2Et2C1. As was mentioned above, the C1 atom on 
the phosphorus of 3 is readily replaced by OMe, Me, and 

(9) Brown, H. C.; Holmes, R. R. J. Am. Chem. SOC. 1956, 78, 2173. 
(10) Massey, A. C. In Advances in Inorganic Chemistry and Radio- 

chemistry; Emeleus, H. J., Sharpe, A. G., Eds.; Academic Press: New 
York, 1967; Vol. 10, pp 1-152. 
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NEt, groups; thus, it can be said that 3 is a good precursor 
to obtain a substituted-phosphorane complex. 

Experimental Section 
General Remarks. All reactions were carried out under dry 

nitrogen by using Schlenk-tube techniques. Hexane and T H F  
were distilled from sodium metal, dichloromethane was distilled 
from P205, and methanol was dried over molecular sieves (Type 
4A) and then distilled. All solvents were stored under a nitrogen 
atmosphere. BF3.0Et, and BC13 (hexane solution) purchased were 
used without further purification. Cp(CO),Fe(P(O)(NEt,)(OMe)J 
(1) was prepared by the reported method.2b 

IR spectra were recorded on a Shimadzu FTIR-4000 spec- 
trometer. NMR spectra were recorded on a JEOL PMX-60 
spectrometer for 'H spectra with (CH3)4Si as an internal standard 
and on a JEOL FX-100 spectrometer for 31P spectra with 85% 
H3PO4 as an external standard. 

The complexes 2,3,  and 6, prepared in the course of this work, 
were so air-sensitive that the correct elemental analysis data could 
not be obtained, though satisfactory spectroscopic data were 
obtained. 
[Cp(CO)2Fe{P(0)(NEt2)(OMe))].BF3 (2). A solution of 1 (41 

mg, 0.13 mmol) in T H F  (3 mL) was cooled at -78 "C, and then 
BF3-OEt2 (15.6 pL, 0.13 mmol) was added. The reaction mixture 
was warmed to  room temperature. The solvent was removed 
under reduced pressure to give 2 as a yellow oil, yield 37 mg (75%). 
[Cp(CO),Fe{P(0)(NEt2)Cl]]*BCl3 (3). To a solution of 1 (263 

mg, 0.81 mmol) in CH2Clz (25 mL) was added BC13 (1.6 mL of 
BC13, 1.0 M hexane solution, 1.6 mmol). The  reaction mixture 
was stirred for 1 h at room temperature. The solvent was removed 
under reduced pressure. CH,Cl, (15 I&) was added to the residue, 
and the solution was filtered to remove some insoluble materials. 
The solvent was removed from the filtrate under reduced pressure 
to give pale yellow crystals (3) as a crude product; yield 361 mg 
(100%). The complex was recrystallized from CH2C12/hexane 
to obtain single crystals for X-ray analysis. 

Reaction of 3 with NaOMe. To a solution of 3 (125 mg, 0.28 
mmol) in MeOH (20 mL) was added NaOMe (38 mg, 0.70 mmol). 
After 10 min of stirring a t  room temperature, the solvent was 
removed under reduced pressure. The residue was dissolved in 
CHzC12 (20 mL) and the solution was filtered to remove unreacted 
NaOMe. The solvent was removed from the filtrate under reduced 
pressure to give a yellow oil, which was purified by passing through 
a silica gel column to give 1, yield 77 mg (84%). 

Reaction of 3 with  MeMgI. A solution of 3 (679 mg, 1.51 
mmol) in THF (20 mL) was cooled to -78 "C, and an ether solution 
(5 mL) containing MeMgI (4.75 mmol) was added. The mixture 
was warmed to room temperature. After filtration to remove some 
insoluble materials, the filtrate was put on an alumina column 
and eluted with CH2C12/MeCOOEt (4/1) and CH2C12/Me- 
COOEt/EtOH (6/1/1) in that order. The band eluted with the 
last eluent was collected, and the solvents were removed under 
reduced pressure to  give 6 as a brown oil (263 mg, 0.85 mmol, 
56%).  

Reaction of 3 with NHEt,. T o  a solution of 3 (198 mg, 0.44 
mmol) in T H F  (15 mL) was added NHEt, (0.5 mL, 4.38 mmol). 
The solution was refluxed for 1 h. After removal of N H E k H C l  
by filtration, the solution was loaded on an alumina column and 
eluted with EtOH. Removal of the solvent in the yellow eluate 
gave 7 (122 mg, 0.33 mmol, 75%).  Anal. Calcd for 
C15H2SFeN203P: C, 48.93; H, 6.84; N, 7.61. Found: C, 48.74; H, 
6.81; N, 7.55. 

X-ray Data Collection, Structure  Determination, and 
Refinement.  A single crystal of 3 was sealed under N2 in a 
thin-walled glass capillary. Determination of cell constants and 
collection of intensity data were carried out on a Syntex R3 
diffractometer with Mo Ka radiation. The space group was 
determined as P2,/n. Unit cell constants were determined by 
the least-squares refinement of 25 reflections. Three reference 
reflections monitored after every cycle of 200 measurements 
showed no significant variation in intensity during the data 
collection. Of 4820 unique reflections measured, 2337 reflections 
with lFol > 3a(lFcI) were used for the structure determination. The 
data were corrected for Lorentz-polarization factors, but no ab- 
sorption correction was applied (p(Mo Ka) = 14.7 cm-l). 
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The position of the Fe atom wm determined by direct methods 
(MULTAN 78).11 All other computations were carried out by use 
of the Universal Crystallographic Computation Program System, 
UNICS 111.l~ Subsequent difference Fourier maps revealed the 
positions of the remaining non-hydrogen atoms. After all the 
non-hydrogen atoms had been refined isotropically, a series of 
refinements with anisotropic thermal parameters for all non- 
hydrogen atoms reduced R1 (x(IF,,I - ~ F J ) / ~ ~ F 0 ~ )  to 0.078 and 
R2 ([x:w(lFol - lFc1!2/&lFo!2]1/2) to 0.081. All hydrogen atoms 
were placed at idealized positions. In the final stage, non-hydrogen 
atoms were refined anisotropically, including hydrogen atoms 
whose positions were fixed ( B  = 4.0 A2). In the final refinement 
R1 converged to 0.064 and R2 to 0.065: unit weighting was used. 
All atomic scattering factors were taken from Cromer and Weber.ls 

(11) Main, P.; Hull, S. E.; Leseinger, L.; Cermain, C.; Declercq, J. P.; 
Woolfson, M. M. MULTAN A System of Computer Programs for the 
Automatic Solution of Crystal Structures from X-ray Diffraction Data; 
University of York, York, England, and University of Louvain, Louvain, 
Belgium, 1978. 

(12) Sakurai, T. T.; Kobayashi, K. Rikagaku Kenkyusho Hokoku 1979, 
55. 69. 

All the computations, including the ORTEP drawing," were carried 
out by a HITAC M-680H computer at the Hiroshima University 
Information Processing Center. 
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The nitrogen heterocyclic ligands pyridine (l) ,  2-methylpyridine (2), 2,4-dimethylpyridine (3), 2,4,6- 
trimethylpyridine (4), quinoline (5),  iscquinoline (6), 2-methylquinoline (7), and 1,2,3,4-tetrahydroquinoline 
(8) were reacted with (q5-cyclopentadienyl)ruthenium cation, [CpRu(CH CN),](PF,), to ascertain the mode 

formed N-bonded complexes, while 4,7, and 8 only formed x-bonded complexes. Thus, it appears that 
steric and electronic effects influence the bonding mode of nitrogen heterocyclic compounds to CpRu+. 
An interesting N (7') to a (qe)  rearrangement occurred with the N-bonded CpRu+ complexes of ligands 
2,3, and 5 ,  and mechanistic aspects were studied by 'H NMR spectroscopy. Crossover experiments with 
[CpRu(v1(M-2-methylpyridine)(CH3CN),1+ (11) and [MeCpRu(~'(N)-2-methylpyridine-d~)(CH~CN)~]+ 
(21-4) clearly show that N(s')-bonded complexes undergo ligand exchange much faster than the N to x 
rearrangement a t  21  "C (NMR probe temperature). Furthermore, neither N- and a-bonded complexes 
nor a- and a-bonded complexes undergo ligand exchange with each other; however, both types of bonding 
modes did undergo facile exchange with free nitrogen ligand. These exchange reaction rates were found 
to be concentration-dependent. Consequently, our attempts to use the former result with N- and x-bonded 
complexes to prove the intramolecular nature of the N to a rearrangement, Le., rearrangement of 11 in 
the presence of [MeCpRu(s6-2-methylpyridine-d7)1' (22-d7), were not successful; exchange of any free 2 
that might, form, Le., at low concentrations, with 22-d7 was found to be slower than the N to A rearrangement. 
The role of the acetonitrile ligand in the N to a rearrangement and in the displacement of 9'- and $-bonded 
nitrogen heterocyclic ligands will also be discussed. 

of bonding as a function of structure, i.e., nitrogen (ql(N)) versus a (7 1 ) bonding. Ligands 1-3, 5 ,  and 6 

The bonding mode of nitrogen heterocyclic ligands to 
rhodium and ruthenium complexes that act as homoge- 
neous catalysts has been of considerable interest due to  
ita pivotal role in the regioselective hydrogenation of the 
nitrogen-containing ring of these model coal compounds.' 
We recently communicated our initial results on the 
bonding mode of polynuclear heteroaromatic nitrogen 
ligands with ($-pentamethylcyclopentadieny1)rhodium 
dicationic complexes (Cp*Rh2+) and  (q5-cyclo- 

(1) (a) Fish, R. H.; Thormodsen, A. D.; Cremer, G. A. J .  Am. Chem. 
SOC. 1982, 104, 5234. (b) Fish, R. H.; Tan, J. L.; Thormodsen, A. D. J .  
Org. Chem. 1984,.49, 4500. (c) Fish, R. H.; Tan, J. L.; Thormodsen, A. 
D. Organometallrcs 1985, 4, 1743. 

pentadienylhuthenium cationic complexes (CpRu+), i.e., 
nitrogen (N) versus a bonding, and have shown that the 
regioselectivity of nitrogen ring reduction is in fact de- 
pendent on the ligand being N-bonded to  the Rh or Ru 
metal centersa2 

(2) (a) Fish, R. H.; Kim, H.-S.; Babin, J. E.; Adams, R. A. Ogano-  
metallics 1988, 7, 2250. (b) Fish, R. H.; Kim, H.-S.; Fong, R. H. Or- 
ganometallics 1989, 8, 1375. (c) (CpRu(CH,CN),]+ was found to be a 
poor catalyst precursor for the selective hydrogenation of 5 to 8 in com- 
parison to [Cp*Rh(CH3CN),I2+. A preliminary account of the selective 
hydrogenation reactions of nitrogen heterocyclic compounds with 
[Cp*Rh(CHJCN)3]*+ as the catalyst precursor has appeared (Fish, R. H.; 
Baralt, E.; Smith, S. J. Organometallics 1991, 10, 54). 
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