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Summary 

Reaction of [(q5-C,H,)Fe(CO),(cycloherene)]PF~ with BloH13- and 
7,8-B9CzHIz- forms 6-[(q’-CSH5)Fe(C0)2]B,0H,3 and (q5-CSHj)Fe(CO),- 
(7,8-B&H,,) respectively which have iron-boron single bonds. The reactions 
of these compounds with bromine and with Lewis bases such as trialkylamines, 
CH&N and PhxP are described. 

Introduction 

We have recently reported the syntheses of a number of new heteroatom 
borane metal complexes formed by reaction of cationic transition metal com- 
plexes of molydenum and iron with heteroatom borane anions [l]. This paper 
describes the syntheses and some chemistry of the complexes 6-[($-CsHj)Fe- 
(C0)2]B,0H13 and (rf-C5H5)Fe(C0)2B9H,oC2R2 (R=H, CH3). 

Esperimental 

General comments 
Boron (‘IB) NMR (Table 3, at 70.6 MHz) and ‘H NMR spectra (Table 2) 

were obtained with a Varian HR-220 spectrometer. The boron spectra were ex- 
ternally referenced to BF, - O(CzHj)z. The 13C NMR spectrum WZIS obtained 
with a Varian XL-loo-15 spectrometer operating in the pulsed Fourier transform 
mode at 25.1 MHz. The 13C chemical shifts were measured relative to internal 
acetone and reported relative to tetramethylsilane using the conversion factor 
S(TMS) = s[(CHB)2CO] + 30.43 ppm. 

Elementa\ analyses (Table 1) were performed by Schwarzkopf Micro- 
analytical Laboratories, Woodside, New York or Midwest Microanalytical 
Laboratories, Indianapolis, Indiana. Infrared spectra (Table 4) were recorded 

’ Contribution No. 2554. 
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TABLE 1 

CHEblICAL ANALYSES 

Compound Aml~sis found kalcd.1 (‘%I 

C H 

6-C<s5-CjHS)Fe(C0)1fB~oH, 3 (1) 

(~5cj~BloH!3)Fe(CO)?Br (II) 

(rliC5Hj)Fe<CO)~17.8.BgH~oC~(CH3)~I (IV) 

<~‘CgHg)Fe<C0)~17.8-BqHIOCZ(CH3)21 (Iv) 

(CH3)4NCts’CSHs)Fe(Co)2(9.8-B~C~~, 111 (V) 

f(~5~~H~)Fe(C0)~CH~CN1(7.8-BsC2H,2) (VI) 

L(r15C,Hj)Fe(CO)(CNC6H,, )z1(7.8-BgC2H, 2) (VII) 

28.0 5.9 
(28.2) (6.0) 
22.8 4.6 

(22.3) (4.5) 
35.2 6.0 

(34.8) (5.5) 
39.1 6.2 

(39.3) (6.3) 
39.9 7.9 

(40.7) (7.3) 
37.2 5.9 

(37.3) (5.7) 
51.9 7.4 

(52.8) (7.8) 

as KBr disks using a Perkin-ELmer 137-G instrument. Low resolution mass 
spectra were obtained with an Atlas CH-7 instrument. 

Starting materials 
Dicarbonyl(cycloheuene)cyclopentadienyliron hexafluorophosphate was 

prepared by the method of Fischer and Moser [2]. The synthesis of [(q’-C5H5)- 

Fe(C0)?CH3CN]PF6 was accomplished employing the procedure of Williams 
and Lalor [3]. The procedure of Hawthorne and coworkers was used to prepare 
(CH,JJ=~~,~-J%GHI~I [41. 

TABLE 2 

‘H NMR SPECTRA 

timpound Chemical shift 
r @pm) 

Assignment 

I 

II 

4.94. smgler 
11.60. broad singlet 

4.33. triplet 
5.45. txplet 

G.Hs grout 
B-H-B bndge hydrogens 

substituted CgHg group 

m 4.42. SKI&let CsHs group 
7.78. broad singlet 
8.05. broad snglet 1 cvborane CH grouts 

Iv 

13.42. broad singlet 

4.40. singlet 
8.49. sin&t 
8.84, singer 1 

12.92. broad smglet 

B-H-B bridge bydrogens 

CgH5 =OUP 

CH3 moups 

B-H-B bridge hydrogens 

V 5.35. singlet 
6.63. sindet 

10.28. broad singiet 

CSHS EPOUP 
N(CH3h group 
B-H-B bndge hydrogen 
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TABLE 3 

**B NMR SPECTRA (70.6 MHz) 

Compound Feahm Relative 
atea 

P 

ub 

sCngtet 
doublet 
doublet 
doublet 
doublet 
doublet 

singtrt 
doublet 
doublet 
doublet 
doublet 
doublet 

UP 

np 

vb 

doublet 1.8 (160) 
doublet 9.8 (150) 
doublet 17.Q 
doublet 21.4c 
doublet 24.0 (150) 
doublet 33.6’ 
s.nf$et 34.8 

doublet 
doublet 
doublet 
doublet 
doublet 
doublet 
snglet 
doublet 

3.8’ 
6.0c 
9.6 (170) 

15.1= 
16.6C 
23.6 (X40) 
39.0 
33.3c 

singlet 
doublet 
doublet 
doublet 
doublet 
doublet 
doublet of 
doublets 
doublet 

-l..? 
11.2 (130) 
15,1= 
17.1= 
20.3’ 
22.4c 

doublet 
doublet 
doublet 
doubter of 
doublets 
doublet 

28.9 (130) 
36.0 (140) 

10.5 (135) 
16.1 (115) 
21.5 (140) 

32.1(115) 
37.4 (130) 

-40.8 
--21.9 (150) 

-7.2 <lSO> 
-0.7 (150) 
30.5 <lSO) 
38.2 (150) 

-22.7 
-11.8 f110] 

-3.3 (150) 
1.7 (150) 

29.3 (150) 
35.1<151) 

1 
2 
1 
4 
1 
1 

1 
3 
2 
2 
1 
1 

I 
1 
2 
1 
2 
1 
1 

1 
1 
1 
1 
1 
2 
1 
1 

1 
2 
1 
1 
1 
1 
1 

1 

2 
3 
2 

1 
I 

o Methylene chloride solvent. b Acetone solvent. E Coupling constant could not be obfamed due to 
owedap of resonaoces. 
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TABLE-2 

IP*FRAE.EDSPECT?IA 

CoSPOund Wavenumber(cm-I)" 

I 31OOw.2900w.259Ovs.2545vs.200ovS.1955~. 
145Ow.109Ow.102Om.950~.892m.85Os.818m. 
776w 

n 308Ow.298Ow.2595vs.255ovS.205O~.2300vs. 
1466w.139Om.125Om.100Ow.85Om808m 

m 311Ow.2985w.255Ovs.252Ovs.206Ovs.210Ovs. 
14dOs.1400(sh).1085w.106oW.1035(sb).102Os. 

10W(sb).99Ow.853r,80Om 

IV 310oW.299oW.255ovS.206ovS.2006~s.145oW. 
142Oxv.126Oar.1018s.865s.80Om 

V 315Ow.290Ow.2515vs.1965~~.190ovs.1198s. 
1425m.1270w.1108w.108~. 1045m. 1008m. 
96oS.83Os.75Om 

vi 3085w.298Cha.2950a. 251Ws,208ovS,20Nvs, 
1420?1.108Om.10259.855s.80Om 

WI 31OOw.297Ow.285&.28OOm.25lOvs.22OOvs. 
218Ovs.215Os.2005vs.1465s.144Om.1370% 
136Om.1310s.133Om.1025s.865s 

= Obtained as EBr di&. 

(~‘-C,H,)Fe(CO),B,~,3 (1) 
Treatment of B,0H,4 (0.134 g, 1.1 mmole) with sodium hydride (0.024 g, 

1.0 mmole) in 30 ml diethyl ether at room temperature generated NaB,oH,3 
after stirring for 0.5 h. To this solution was added [(q5-C5H,)Fe(C0)2(cyclo- 
hexene)]PFs (0.33 g, 0.82 mmole) and the mixture was stirred at room tempera- 
ture for 5 h. The solvent was removed under vacuum and the residue chromato- 
graphed on a silica gel column with CHzC12 as eluent yielding a fast moving 
yellow band. This material was crystallized from CH&l,/hesane to give 0.098 g 
(40% yield) of (qs-CSH,)Fe(CO),B,0H,3 which decomposed above 153°C. The 
elemental analysis of this compound is given in Table 1 and the infrared spectral 
data in Table 4. 

A solution of bromine (0.04 g, 0.25 mmolc) in 5 ml of CH,Cl, was added 
dropwise to a solution of (q5-CSHS)Fe(C0)2BIOH13 (0.067 g, 0.22 mmole) in 45 
ml CHzCll maintained at about -20°C. After addition, the mixture was stirred 
at 0°C for 20 minutes and then at room temperature for another 0.5 h. The 
solvent was removed undek vacuum and the residue crystallized from CH2C12/ 
hexane to give 0.081 g (96% yield) of red-brown (q5-CS&B,,,H,S)Fe(CO)zBr, 
m-p. 144-145°C (dec.). 
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(q5-CsH5)Fe(C0)2(7,8-B9~H,2) (111) 
A solution containing [(~5-CSHj)Fe(C0)2(cyclohexene)]PF~ (0.40 g, 1 

mmole) and (CH3)&H[7,8-B&H,,] (0.25 g, 1.29 mmole) in 50 ml acetone 
was stirred at reflus for 1 h. The solution was evaporated to dryness under 
vacuum and the residue chromatographed on a silica gel column. Elution with 
CHzCII gave a fast moving red-orange hand which was evaporated to dryness and 
crystallized from CH&lJheuane to give 0.28 g (90% yield) of red-brown 
(~5-C5H5)Fe(C0)2(7,8-B&zH,z) which decomposed above 155°C. 

Using the same procedure red ($-CSHS)Fe(C0)2[7,8-B,H&z(CH,),] (IV) 
was obtained in 85% yield. This compound decomposed above 170°C. 

Trimethylamine was bubbled into a solution of III (0.20 g, 0.65 mmole) 
in 20 ml of CH&l, at room temperature. The color of the solution changed 
rapidly from red to yellow. The solvent was removed under vacuum and the 
residue was washed with water and this gave 0.21 g (88% yield) of impure 
(CHS),NH[(~5-CSH,)Fe(C0)2(7,8-B&zH, ,)]. The trimethylammonium salt 
(0.15 g, 0.41 mnmle) was dissolved in 20 ml of methanolic 0.045 N KOH solution 
and the mixture was allowed to stand at room temperature for 1 h. The solvent 
was removed under vacuum. The residue was dissolved in 80 ml of water and 
this solution added thru a filter to 20 ml of saturated aqueous tetramethyl- 
ammonium chloride solution. This gave a yellow precipitate which was collected 
and crystallized from acetone/H,0 to give 0.138 g (88% yield) of yellow 
(CH,),N[ (4’.C5Hi)Fe(C0),(7,8-B&H, ,)] which decomposed above 170°C. 

Reaction of K1(175-C5H5)Fe(CO),(B,C2H, ,)I and HCL 
Treatment of (CH3)JNH[(~5-CSH5)Fe(CO)zB&zH, 1] (0.10 g, 0.27 mmole) 

with KOH (0.045 g, 0.80 mmcle) in 20 ml of methanol generated the potassium 
salt which was isolated by removing the solvent under vacuum. The salt was 
dissolved in 30 ml of Hz0 and 20 ml of CHICI, added to the solution. This two 
layer system was treated with 10 ml of I N aqueous HCl and shaken. Very 
rapidly the CH&l-, layer became red. The CH2ClI layer was separated and the 
solvent removed under vacuum. The residue was chromatographed on silica gel 
with CH&lI as eluent and crystallized from CH,ClJhe?tane to give 0.05 g 
(59% yield) of ($-CSH5)Fe(C0)2(7,8-B&zH,Z) which shows the same infrared 
and ’ *B NMR spectra as the authentic sample. 

[(~5-C5H5)Fe(CO)zCH3CN](7,8-B&zH12) (VI) 
(Method a). A solution of ($-C5Hj)Fe(C0)2(7,8-BgC,H,,) (0.14 g, 0.45 

mmole) in 30 ml of Cl-I&N was reflused for 1 h at which point the solution 
was green-yellow in color. The soIvent was removed under vacuum and the 
residue crystallized from CH&lz/hesane to give 0.151 g (96% yield) of yellow 
[($-CSHS)Fe(CO),CH&N](7,8-B&zH11), m-p. 134.136°C (dec.). 

In a similar manner III was treated with PPh, in benzene at reflux for 1 h 
to form [ (~5-CSH5)Fe(C0)2PPh~](7,8-B&zH12) in 94% yield. 

(Method b). A solution of [(q5-CSHS)Fe(CO),CH,CN]PF6 (0.32 g, 0.88 
mmole) and [HN(CH9)3](7,8-B&2H,z) (0.23 g, 1.2 mmole) in 50 ml of acetone 
was refluxed for 3 h. The solvent was removed under vacuum and the residue 
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cr!Mailized from CH&lJhexane to give 0.284 g (92% yield) of [(q’-CjHS)Fe- 
(CO)&H&N](7,8-B9C2Hlz). 

A mixture of ($-CSHS)Fe(C0)2(7,8-B&~H,~) (0.200 g, 0.65 mmole) and 
CNC6HII (1 g, 9.2 mmole) in 30 ml of benzene was refluxed for 1 h. The solvent 
was removed under vacuum and the residue crystallized from CH#l,/hexane to 
give 0.29 g (89% yield) of yellow [ ($-CSHS)Fe(CO)(CNC&H, ,),](7,%B,C,H,,) 
m-p. 150-152°C. The 13C NMR (acetone solvent) 6 212.6_(CO), 148.8 [CN(cyclo- 
hexylj], 85.8 (C&H,), 56.7 (C(1) of cyclohexyl group), 41.8 (carborane carbons, 
broad), 32.7,25.3 and 23.1 ppm (C(2), C(3), C(4) of cyciohexyl group). 

Results and discussion 

Chemistry of the BlJZ13- ligand 

In a previous report of the reaction of the cationic complex [(q5-&H,)Fe- 
(C0)3]BPh4 with sodium borohydride the final product of the reaction was 
found to be [($-C,H,)Fe(CO),lz [5]. It was assumed that the product was form- 
ed by the sequence of reactions 1 and 2. It was therefore interesting to fmd that 

[($-CSH,)Fe(CO)J]BPh, + NaBHa + 

(g5-CSHj)Fe(CO)?H + CO + NaBPh, + BH3 (1) 

2($-C,H,)Fe(CO),H + Hz + [(r7S-CjH5)Fe(C0)2]2 (2) 

treatment of an ether solution of NaBlOHIS with [(~5-C,H,)Fe(CO)l(cyclohexene)]- 
PF6 at room temperature formed yellow 6-[($-C5H5)Fe(C0)2]B,0H, 3 (I) in 
40% yield. In addition to the elemental analysis (Table 1) which supports this 
formula, the low resolution mass spectrum cuts off at m/e 301 corresponding to 
tbe [12C8’3CI’H,8**BL0 *a0256Fe,]’ parent ion. The ‘H NMR spectrum of I 
contains a singlet at T 4.94 ppm and a broad peak at r 11.6 ppm which can be 
assigned to the cyclopentadienyl and B-H-B bridge protons respectively. The 
‘70.6 MHz ‘rB NMR spectrum of 1 exhibits a 1/2/1/4/1/l pattern of resonances 
reading from low to high field (see Table 3). The chemical shift pattern of I is 
quite similar to that of 6-isotbiocyanodecaborane [ 6],6-benzyldecaborane [ 71 
and 6-phenyldecaborane [ 71. The very low field position of the iron-substituted 
boron resonance (-40.8 ppm) is noteworthy. Thus the available data are consistent 
with our proposal that an iron-boron single bond has been formed at B(6) of 
tbe decaborane cage as illustrated in Fig. 1. 

in an attempt to break the iron-boron bond and form 6-BrB10H13, I was 
treated with bromine at -20°C which formed (q-CS&B,,H,,)Fe(CO),Br (II) 
in high yield. This formula was supported by the elemental analysis and the 
low resolution mass spectrum which cut off at m/e 381. corresponding to tbe 
[~2C6’3C,1H,,‘1&0 ‘6028’Br,56FeI]+ parent ion. Tbk interesting type of rearrange- 

ment has been observed previously in reaction 3, where the substitution is at 
B(3) of the carboranyl group IS]. The ‘H NMR spectrum of II contained two 
triplet signals of equal intensity at T 4.33 and 5.45 ppm which is characteristic 
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Fig. 1. Proposed structure for 6-tts5-C~U~)Fe(CO)~lB~gR~3 (m-m=uI md budge hydrogen aioms have 
been omitted for clarib). 

of a monosubstituted-pentahapto-cyclopentadienyl ring. The “B NMR spectrum 
of II exhibited a 1/3/2/2/1/l pattern, reading from low to high field, which 
is similar to that of compound I. In this case the singlet resonance attributed to 
the I:yclopentadienyl-substituted boron atom is at -22.7 ppm. We suggest that 
the c:arbon-boron single bond in II has been formed at B(E-) of the decaborane 
cage which is consistent with the available data. 

+ Brz - (3) 

(CO1,FeBr 

Treatment of compound I in benzene with triethylamine at room tempera- 
ture rapidly forms dimeric [(qS-C,Hj)Fe(CO),]z in high yield. The only boron 
compound we could isolate was [ (C2HS)3NH)]2B,0H,o which was obtained in 
about 10% yield. 

Chemistry of the 7,8-BJl,,C2R2- ligand (R = H or CH3) 
There have been several previous reports concerning the synthesis of 

(qS-CSH,)Fe(CO)z(carborane) derivatives. Treatment of ($-CSH5)Fe(CO)?I with 
1-Li-2-CH3-1,2-C,5,0H,0 or I-Li-lo-CH3-1,10-C2BsHB afforded 1-t ($-CSHS)Fe- 
(CO)z]-2-CHJ-1,2-CzB,0Hio or 1-[(~5-C5HS)Fe(C0)2]-10-CH3-l,10-CpBsHs respec- 
tively [9]. Th ese are derivatives containing an iron-carbon single bond. Treat- 
ment of ($-CSH,)Fe(CO),I with the [ 2,3-C,B,H,]- ion generated (r$-&Hs)Fe- 
(CO)J2,3-C2B4H,) in which a B-Fe-5 three-center two-electron bond was 
proposed based on available ‘H and “B NMR data [lo]. 

We have found that treatment of (CH,),NH[7,%B,H,,C,RJ (R = H or 
CH,) at reflux in acetone solution with [(q5-C,H,)Fe(C0)2(cyclohexene)]PF6 
forms (q5-CSHS)Fe(C0)2(7,8-BgHloCzHz) (III) and ($-CSHs)Fe(CO),- 
[7,8-BgH,,C,(CH3),] (IV) in 90 and 85% yields respectively. The low resolution 



Fig. 2. Pmpcsed struehues for 9-[(?5C~H~)Fe(C0)~1-7.~B~C~H~~ and (9.1(n5csHS)Fe(C0),1- 
7.8.BgQHf f}-(rer~~~A and bridge hydmgen atoms have been omitted for clarity). 

mass spectrum of III cut off at m/e 313 which corresponds to the 
[‘2Cg’3C,1H1,1’B9’6C~256FeI 1’ parent ion. The presence of two broad singlet 
resonances in the ‘ff NMR spectrum for the carborane CH protons of III and 
two Cl-Is signals in the ‘I-I NivlR spectrum of IV suggests that the 7P-C,HsFe(CO)1 
moiety is attached to the carborane framework in these molecules at a position 
which is off the mirror plane of the cage. The “B NMR spectra of III and IV 
exhibit high field singlets which can he attributed to the iron-bonded boron 
atoms. The “B NMR spectra of III and IV appear to be like the “ES NMR 
spectrum of B9C2H,3 which has been reported previously [ 111. The “B NMR 
spectrum of 7,8-B&Hi3 exhibits secondary splitting of a doublet at high field 
due to spin coupling with the bridge hydrogens [ 11 J. This resonance can be 
assigned to the boron atoms in the open face of the carborane cage which are 
adjacent to the carbon atoms [B(9), B(ll) in Fig. 21. Application of proton 
bridge decoupling to the “B NMR spectrum of III indicated that the singlet 
resonance at 34.8 ppm experiences proton spinspin splitting due to the 
proximity of a bridge hydrogen. Thus it is seen that the “E3 NMR spectra of 
7,8-B9L_HIS, III and IV have certain interesting similarities. 

Like 7r8-B9C2H13 which can be readily deprotonated, we have found that 
III upon treatment with trimethylamine readily forms the trimethylammonium 
salt of { [(~*-C5H5)Fe(CO)2 ]-7,8-B&H I, }-. This salt was converted to 
(CH,)4N[(q5-C,H5)Fe(C0)2(7,8-B9CzH,1)] (V) because it was easier to characterize 
by elemental analysis (see Table 1). In addition we found that treatment of 
K[(q5-CSH5)F’e(CO)2(7,8-BqC2H, ,)I with aqueous HCl in an H20/CH2C12 two- 
layer medium rapidly reformed red III in the CH2C12 layer. 

The “B NTVIR spectrum of V has the characteristic pattern of a boron-sub- 
stituted 7,8-B9qHll - ion. The doublet of doublets resonance centered at 28.9 
ppm is due to the boron atom on the open face of the carborane cage which is 
not adjacent to a carbon atom as has been determined by a previous * *B NMR 
study [ll]. The presence of eight observable resonances in the **B NMR spec- 
trum of V indicates that substitution of the (qS-C5HS)Fe(CO)1 group is at a 
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position off the mirror plane of the carborane cage. Thus analysis of the “B 
NMR spectra of both III and its deprotonation product V lead us to propose 
that these complexes are best described as substituted 7,d-B&HI3 and 
7,8-BgC2HIz- derivatives respectively in which the iron-boron single bond is 
located at B(9) as illustrated in Fig. 2. To date only one other metal derivative 
of this type has been reported. Mikhailov and Potapova reported the synthesis 
of (CH3)-IN[7,8-B&*,HI,)HgCsHs] by reaction of C6HjHgCl with Naz[7,8-B&HI11 
[12]_ They proposed that a mercury-carbon single bond was formed in this 
reaction but little structural data was presented in their report to substantiate 
this postulate. 

During the course of our study we found that certain neutral Lewis bases 
are capable of displacing the 7,8-B&zH,7 - ion from the coordination sphere 
of the iron atom. Treatment of II1 with acetonitrile at reflus forms 
[ (~5-CSHS)Fe(C0)&H3CN](7,8-B&,HI ?) (VI) in high yield. This product was 
obtained alternately by heating a mixture of [ (g5-CjHs)Fe(CO)ICH3CN]PF, 
and (CH3)3NH[7,8-BSC2HIz] in refluuing acetone. The 70.6 MHz “B NMR spec- 
trum of VI was neariy identical to the “B NMR spectrum of (CH,),NH[7,8-BY 
CZH12] reported previously (111. Similar carborane displacement reactions were 
observed with other Lewis bases (eqns. 4, 5). 

w-J6 
III + PPh, - [(~5-CSH5)Fe(CO)2PPh3](7,8-B9C2H12) (4) 

reffux 

III + CBHllNC 2 reflur I(~5-C5H5)Fe(CO)(CJ.%1NC)23(7,8-B&ZH12) (5) 

F’urther chemical studies of these interesting metahoborane derivatives are 
underway and will be reported in the near future. 
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