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ABSTRACT: The reaction of a borane-appended analogue of 1,1'-bisphosphinoferrocene, [Fe(η5-C5H4PPh2)(η
5-C5H4P

tBu{(o-

BPh2)C6H4})] (FcPPB), with [W(CO)6] under photochemical conditions lead to [W(CO)4(FcPPB*)] (1) (FcPPB* = [Fe(η5-

C5H4PPh2){η5-C5H3P(tBu)C6H4-o-BPh}]), in which the borane has added to a cyclopentadienyl ring of the ligand backbone and ben-

zene has been eliminated. Formation of 1 does not occur under thermal conditions, and benzene solutions of the free FcPPB ligand 

are unreactive under both photochemical and refluxing conditions. Boranes of greater Lewis acidity than the pendent triarylborane of 

FcPPB were introduced to free FcPPB in an effort to promote intramolecular electrophilic borylation of the ferrocene backbone by 

eliminating the borane-phosphine interaction in FcPPB. However, addition of B(C6F5)3 provided [Fe(η5-C5H4PPh2{B(C6F5)3})(η5-

C5H4P
tBu{C6H4(BPh2)-o})], FcPPB{B(C6F5)3} (2), in which B(C6F5)3 forms an adduct with the –PPh2 group, and the intramolecular 

phosphine–borane interaction present in free FcPPB is maintained in 2. Furthermore, addition of two equiv. of BF3(OEt2) to FcPPB 

yielded a single diastereomer of [Fe(η5-C5H4PPh2)(η
5-C5H4P

tBu{C6H4(BPh)-o})][BF4] (3), in which one B-phenyl substituent has 

been abstracted to generate a boronium cation {BR2L2
+}. Reaction of FcPPB with [AuCl(PPh3)]/GaCl3 afforded dimetallic 

[{Au(FcPPB)}2][GaCl4]2 (4) as a mixture of diastereomers featuring -1P:2P'-coordination of each FcPPB ligand, and a near linear 

geometry at each gold(I) center. The pendent borane in 4 interacts only weakly or not at all with gold, but electrophilic addition of 

the borane to the ferrocene backbone was not observed upon UV irradiation.  

INTRODUCTION  

Ambiphilic ligands are defined as those containing a combina-

tion of Lewis basic and Lewis acidic sites, and the first crystal-

lographically characterized example of an ambiphilic ligand 

complex featuring a transition metal–group 13 Lewis acid in-

teraction was reported by Hill et al. in 1999.1 Since then, am-

biphilic ligands have been coordinated to a broad range of late 

transition metals,2 and in this field the Emslie group's research 

has focused on the TXPB,3 FcPPB4,5 and FcPPAl6 ligands (a-c 

in Figure 1). The latter are group 13 Lewis acid appended ana-

logues of dppf {1,1'-bis(diphenylphosphino)ferrocene}, and 

were developed to overcome limitations associated with the la-

bility of the thioether donor of TXPB, as well as to introduce 

increased flexibility in the bite angle between the two donor at-

oms. In all three ambiphilic ligands (TXPB, FcPPB and FcP-

PAl), the Lewis acid is located in a terminal position within the 

donor/acceptor array, potentially increasing the accessibility of 

the Lewis acid for interaction with co-ligands and external sub-

strates. This positioning of the Lewis acid contrasts that in other 

tridentate and tetradentate ambiphilic ligands such as RDPBAr,7 
RTPB,8 and B(mttBu)3

1 (d-f in Figure 1), in which the Lewis acid 

occupies a central position.  

In the chemistry of FcPPB, reaction with [Pt(nb)3] (nb =  nor-

bornene),4 [Pd2(dba)3] (dba = trans,trans-dibenzylideneace-

tone), or [Ni(COD)2] (COD = 1,5-cyclooctadiene)5 afforded 

[M(FcPPB)] (M = Pt, Pd or Ni) in which the metal is coordi-

nated to both phosphine donors of FcPPB, and engages in an 

3BCC-interaction with the arylborane, via boron and the ipso 

and ortho carbon atoms of one B-phenyl ring. The platinum 

complex, [Pt(FcPPB)] reacted with CO to form 

[Pt(CO)(FcPPB)] in which the borane is 2BC-coordinated, and 

with CNXyl to form [Pt(CNXyl)(FcPPB)] in which the borane 

is 1B-coordinated, highlighting the range of coordination 

modes accessible to the arylborane in FcPPB. Additionally, H2 

and HC2Ph underwent oxidative addition with [Pt(FcPPB)], 

generating [Pt(R)(-H)(FcPPB)] (R = H or C2Ph) in which a 

hydride ligand bridges between platinum and boron. However, 

whereas the former complex is thermally robust, the acetylide 

complex underwent rapid room temperature rearrangement to 

form the unexpected vinylborane complex, [Pt(FcPPB')] 

(FcPPB' = [Fe(5-C5H4PPh2)(
5-C5H4P

tBu{C6H4(BPh-

CPh=CHPh-Z)-ortho}]), which slowly isomerized to afford a 

mixture with a complex in which platinum is coordinated to the 

opposite face of the vinylborane.4 

 To extend the chemistry of FcPPB, we were motivated to 

explore reactions with homoleptic transition metal carbonyl 

complexes in which M–BR3 and M–X–BR3 (X = an anionic lig-

and) interactions are precluded, and M–(CO)–BR3 bridging in-

teractions may be observable. Complexes featuring such inter-

actions have not previously been isolated. However, Lewis ac-

ids are known to greatly increase the rate of various carbonyl 
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ligand insertion reactions, and to facilitate otherwise thermody-

namically-unfavorable insertion reactions between late transi-

tion metal-bound CO and hydride or perfluoroalkyl ligands.9,10 

 

 

 

Figure 1. Selected tridentate and tetradentate ambiphilic lig-

ands (R = iPr or Ph; Ar = Ph or Mesityl). 

 

Herein we describe the reaction of FcPPB with [W(CO)6] under 

photolytic conditions, which afforded the unanticipated product 

of 2PP-coordination to tungsten, borane electrophilic addition 

to the proximal cyclopentadienyl ring of FcPPB, and subse-

quent benzene elimination. Consequently, the reactions of 

FcPPB with B(C6F5)3, BF3(OEt2), and [Au(PPh3)][GaCl4] were 

carried out in an effort to probe whether the aforementioned 

electrophilic borylation reactivity is a common reactivity trait 

of FcPPB, once the phosphine–borane interaction in the free lig-

and has been disrupted and the borane is only weakly- or non-

coordinated. These reactions afforded an FcPPB–borane ad-

duct, a boronium cation, and a dimetallic gold complex with lit-

tle or no interaction between gold and the pendent boranes. 

 

RESULTS AND DISCUSSION 

UV irradiation of a solution of FcPPB and [W(CO)6] provided 

[W(CO)4(FcPPB*)] (1; FcPPB* = [Fe(η5-C5H4PPh2){η5-

C5H3P(tBu)C6H4-o-BPh}] as an orange solid in 82% yield 

(Scheme 1). Coordination of the both phosphine donors to tung-

sten was evidenced by signals at 19.7 and 14.2 ppm in the 
31P{1H} NMR spectrum, with 1J31P,183W coupling of 233 and 236 

Hz and a cis-2J31P,31P coupling of 24 Hz. However, the cyclopen-

tadienyl region of the 1H NMR spectrum integrated to seven 

protons, as opposed to eight, and the 11B NMR signal was ob-

served at 57 ppm, indicative of a free or only weakly-coordi-

nated borane.  

X-ray quality crystals of 1·C6H6 were obtained by slow dif-

fusion of hexanes into a benzene solution of 1 at room temper-

ature, and revealed that the triarylborane in FcPPB has been 

converted to a diarylferrocenylborane. Boron is now bound to 

the proximal cyclopentadienyl ring of the ferrocene backbone 

and one cyclopentadienyl hydrogen atom and one B-phenyl ring 

have been eliminated as benzene (Figure 2). The W–P(1) and 

W–P(2) bond lengths in 2 are 2.569(1) and 2.572(1) Å, respec-

tively, and the tungsten center adopts a distorted octahedral ge-

ometry with cis and trans L–W–L (L = CO or PR3) angles rang-

ing from 82.03(9)-97.73(3)° and 169.1(1)-178.5(1)°, respec-

tively; the P(1)–W–P(2) bite angle is 97.73(3)°.  

 

Scheme 1. Synthesis of [W(CO)4(FcPPB*)] (1) from FcPPB 

and [W(CO)6].  

 

 

 

 

 

Figure 2. Solid-state structure of [W(CO)4(FcPPB*)]·C6H6 

(1·C6H6) with ellipsoids at 50% probability. Hydrogen atoms 

and lattice solvent are omitted for clarity. Selected bond lengths 

[Å] and angles [°]: W(1)–P(1), 2.569(1); W(1)–P(2), 2.572(1); 

B(1)–C(7), 1.533(5); B(1)–C(28), 1.572(5); B(1)–C(33), 

1.567(5); P(1)–W(1)–C(52), 169.1(1); P(2)–W(1)–C(53), 

174.0(1); C(51)–W(1)–C(50), 178.5(1); P(1)–W(1)–P(2), 

97.73(3); C(7)–B(1)–C(28), 118.7(3); C(7)–B(1)–C(33), 

120.1(3); C(28)–B(1)–C(33), 121.2(3). 

 

Boron is trigonal planar, with the sum of the C-B-C angles equal 

to 360.0(5)°, and the B–C(7) bond length is 1.533(5) Å. Similar 

values were reported for the borane-substituted ferrocenes 

[Fe(η5-C5H4BPh2)(η
5-C5H5)]

11 and [Fe{η5-C5H4B(o-tol)2}(η5-

C5H5)],
12 as well as the 1,1'-phosphine/borane-disubstituted fer-

rocene [Fe(η5-C5H4PPh2)(η
5-C5H4BMes2)]

13 (Mes = 2,4,6-

Me3C6H2). At 1.533(5) Å, the B–C(7) bond in 1 is shorter than 

the B–Caryl bond distances {B–C(28) = 1.572(5) Å; B–C(33) = 

1.567(5) Å}, indicative of superior π-donation to boron from 

the cyclopentadienyl ring, relative to the phenyl groups. Fur-

thermore, borafulvene-type distortions are observed within the 

cyclopentadienyl ring; in particular, the C(7)–C(6) and C(7)–

C(8) bond lengths are 1.443(5) and 1.446(5) Å, while the re-

maining three C–C bond lengths range from 1.406(5)–1.426(5) 

Å. Similar distortions have been reported for the aforemen-

tioned literature examples of borane-substituted ferrocenes, and 
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in all cases the longest C–C bond lengths are observed between 

Cortho and Cipso of the borane-substituted cyclopentadienyl ring.  

A notable feature of 1 is the degree of bending of the fer-

rocenyl-borane towards the iron center. Wagner and co-workers 

have investigated this feature in a series of borane-substituted 

ferrocenes, and concluded that bending of the borane towards 

iron is due to a bonding interaction between the iron dx2-y2 or-

bital and the Cipso–B π-system, a delocalized through-space in-

teraction involving the Cipso–B π-system and the other Cp-ring, 

and electrostatic interactions which depend critically on the 

presence of the other Cp-ring. The degree of bending of the fer-

rocenyl-borane towards iron is referred to as the dip angle, α*, 

which is obtained by subtracting α from 180° (α = Cpcent–Cipso–

B; Cpcent = centroid of the borane-substituted cyclopentadienyl 

ring), and decreases as the Lewis acidity of the borane unit de-

creases.11,14,15 Complex 1 possesses a dip angle of 12°, which is 

in good agreement with the aforementioned borane-substituted 

ferrocenes [Fe(η5-C5H4BPh2)(η
5-C5H5)] and [Fe{η5-C5H4B(o-

tol)2}(η5-C5H5)] (α* = 13 and 8°, respectively), but is smaller 

than α* for [Fe(η5-C5H4BBr2)(η
5-C5H5)] (α* = 17.7, 18.9°)15 

and [Fe{η5-C5H4B(C6F5)2}(η5-C5H5)] (α* = 16°),16 in accord-

ance with the inferior Lewis acidity of the pendent borane in 2. 

 

Scheme 2. Proposed mechanism for intramolecular electro-

philic borylation of the ferrocene backbone of FcPPB, resulting 

in conversion of FcPPB to FcPPB*. 

 

 

 

The synthesis of 1 only proceeded under photochemical condi-

tions; no reaction took place when a benzene solution of FcPPB 

and [W(CO)6] was heated to 80 °C for 24 hours. Examples of 

direct electrophilic borylation of a metallocene cyclopentadi-

enyl ring are quite prevalent in the literature. However it has 

typically been achieved through the use of highly Lewis acidic 

boranes, such as BX3 (X = Cl, Br, I), B2Cl4, HBCl2, RBBr2 (R 

= Me, Ph), B(C6F5)3, and HB(C6F5)2, and often requires elevated 

temperatures.17 To the best of our knowledge, the reaction to 

form 1 is the first example of direct electrophilic borylation of 

ferrocene by a non-fluorinated tris(hydrocarbyl)borane.  

In the reaction to form 1, photochemical reaction condi-

tions will promote carbonyl ligand dissociation, presumably re-

sulting in κ2PP-coordination of FcPPB. The borane in the re-

sulting intermediate may be free or weakly coordinated to a CO 

co-ligand, rendering it available to electrophilically add to the 

adjacent cyclopentadienyl ring, followed by loss of a B-phenyl 

substituent and the Cp–H hydrogen atom as benzene, ultimately 

transforming the FcPPB ligand into FcPPB* (Scheme 2). In an 

effort to determine whether [W(CO)4(dppf)] {dppf = 1,1'-

bis(diphenylphosphino)ferrocene} undergoes intermolecular 

borylation reactivity with tris(hydrocarbyl)boranes, a benzene 

solution of [W(CO)4(dppf)] was heated with BEt3, BPh3 and 

B(C6F5)3 at 80 °C. However, BEt3 and BPh3 did not react, and 

B(C6F5)3 yielded an insoluble orange precipitate which was not 

characterized further. 

 In contrast to the photochemical reactivity of FcPPB with 

[W(CO)6], free FcPPB is unreactive under thermal and photo-

chemical conditions, perhaps because the borane is prevented 

from interacting with the adjacent cyclopentadienyl ring by in-

tramolecular phosphine-borane adduct formation. In order to 

probe this hypothesis, various Lewis acids were introduced to 

FcPPB in an attempt to displace the intramolecular phosphine-

borane adduct. Neither BEt3 or BPh3 reacted with FcPPB, and 

AlMe3 yielded a complex mixture of products, whereas both 

B(C6F5)3 and BF3(OEt2) reacted cleanly with FcPPB (Schemes 

3 and 4, respectively).  

 

Scheme 3. Synthesis of FcPPB{B(C6F5)3} (2) via the addition 

of B(C6F5)3 to FcPPB. 

 

 

 

Addition of one equivalent of B(C6F5)3 to FcPPB provided 

[Fe{η5-C5H4PPh2(B(C6F5)3)}(η5-C5H4P
tBu{(o-BPh2)C6H4})] 

(FcPPB{B(C6F5)3}; 2) in which the C5H4PPh2 moiety partici-

pates in adduct formation with B(C6F5)3. However, the intramo-

lecular adduct between the borane moiety of FcPPB and the 

C5H4P(tBu)Ar phosphine is maintained (Scheme 3). X-ray qual-

ity crystals of 2 proved elusive, but key spectroscopic evidence 

for the structure of 2 consists of: (1) a shift in the C5H4PPh2 
31P 

NMR signal from –17.2 ppm in FcPPB to 20.0  ppm in 2 {a 

broad singlet (ω1/2 = 93 Hz) indicating coordination to quadru-

polar boron}, (2) emergence of a signal at –4 ppm representing 

adducted B(C6F5)3, and a shift in the RBPh2 
11B NMR signal 

from 17 ppm in FcPPB to 25 ppm in 2, (3) 19F NMR signals at 

–125.1, –156.7 and –164.3 ppm with a Δp-m value of 7.6 ppm; 

these signals are significantly shifted relative to those of free 

B(C6F5)3, and are similar to those of Ph3P{B(C6F5)3},18 and (4) 

eight cyclopentadienyl 1H NMR signals (integrating to 1H 

each) in 2, as opposed to seven in compound 1, indicating that 

electrophilic addition to the adjacent Cp-ring did not occur. A 

second equivalent of B(C6F5)3 was added to 2 in an attempt to 

promote displacement of the intramolecular P–B interaction, 

but this only resulted in sharpening of the singlet in the 31P{1H} 

NMR spectrum representing the C5H4PPh2 moiety, indicating 

that some B(C6F5)3 dissociation from 2 occurs in solution. 
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In contrast to the reaction of FcPPB with B(C6F5)3, reaction 

of FcPPB with 2 equiv. of BF3(OEt2) afforded [Fe{η5-

C5H4PPh2}(η5-C5H4P
tBu{o-BPh)C6H4})][BF4] {[FcPPB–

Ph][BF4]; 3} as a single diastereomer, presumably with release 

of PhBF2; Scheme 4. Formation of 3 likely proceeds through 

initial exchange of a B-phenyl substituent in FcPPB for fluoride 

{perhaps via [(2PP-FcPPB)BF2]F},19 followed by abstraction 

of the newly installed fluoro substituent by a 2nd equivalent of 

BF3 (Scheme 4).20 Compound 3 may be described either as a 

boronium cation stabilized by intramolecular bisphosphine co-

ordination (canonical form B in Scheme 4), or as a phosphine-

coordinated borylphosphonium cation (canonical forms A and 

C in Scheme 4).21  

 

Scheme 4. (a) Synthesis of [FcPPB–Ph][BF4] (3) via the addition 

of two equivalents of BF3(OEt2) to FcPPB. (b) Three canonical 

forms (A-C) describing the cationic portion of 3. 

 

 

 

X-ray quality crystals of 3 were obtained over several days from 

a room temperature benzene solution of FcPPB and BF3·OEt (2 

equiv.). However, elevated yields of 3 were obtained by heating 

a benzene solution of the two reactants for 3 days at 70 °C, pre-

cipitating 3 as a pale orange solid in 64 % yield. The solid-state 

structure of 3 (Figure 3) features B(1)–P(1) and B(1)–P(2) bond 

lengths of 1.981(6) and 2.059(6) Å, respectively, and a P(1)–B–

P(2) bite angle equal to 114.2(3)°. The B(1)–P(2) bond length 

in 3 is significantly shorter than the analogous bond distance in 

neutral FcPPB (2.146(2) Å), consistent with phosphine coordi-

nation to a cationic versus a neutral boron centre. However, 

both P–B bond lengths in 3 are substantially longer than those 

reported for the bisphosphineboronium salts [(tBu2HP)2BH2]X 

(X = Br, P–B = 1.934(5), 1.948(5) Å; X = OTf, P–B = 1.938(2), 

1.941(2) Å; X = BArF
4, P–B = 1.933(3), 1.936(3) Å; BArF

4 = 

B{C6H3-3,5-(CF3)2}4),
22 [(Et3P)2BH2][B(cat)2] (cat = C6H4-1,2-

O2; P–B = 1.896(6)–1.913(6) Å),23 and [Ni{2-

(CH2PMe2)2BMe2}2] (P–B = 1.92(2)–1.94(2) Å),24 due to 

greater steric hindrance and decreased phosphine basicity in 3, 

possibly compounded by steric constraints imposed by the lig-

and framework. To the best of our knowledge 3 is the first in-

tramolecular bisphosphine-stabilized boronium cation, alt-

hough Bourissou et al. recently reported the conversion of 

C10H6-1-(PPh2)-8-(BMesBr) to [C10H6-1-(PPh2)-8-(BMes)]+; an 

intramolecular phosphine-stabilized borenium cation.25 

 

Scheme 5. Potential reaction pathway for the formation of 3. 

 

 

     

 

 

Figure 3. Solid-state structure of [FcPPB–Ph][BF4] (3) with el-

lipsoids at 50% probability. Hydrogen atoms and the BF4 coun-

ter anion are omitted for clarity. Selected bond lengths [Å] and 

angles [°]: B(1)–P(1), 1.981(6); B(1)–P(2), 2.059(6); B(1)–

C(28), 1.626(7); B(1)–C(33), 1.590(8); P(1)–B(1)–P(2), 

114.2(3); P(1)–B(1)–C(28), 107.3(4); P(1)–B(1)–C(33), 

112.2(4); P(2)–B(1)–C(28), 80.9(3); P(2)–B(1)–C(33), 

119.2(4); P(1)–B(1)–C(33), 112.2(4); C(28)–B(1)–C(33), 

119.2(5); C(27)–C(28)–B(1), 104.7(4). 
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Despite its insolubility in arene solvents, compound 3 is 

readily soluble in CD2Cl2, and gave rise to 31P NMR signals at 

27.8 and 1.0 ppm, representing the C5H4P(tBu)Ar and 

C5H4PPh2 phosphines, respectively, and a 19F NMR signal for 

the BF4 anion at –152.9 ppm. The 31P NMR signals are broad-

ened singlets with ω1/2 values of 65 and 150 Hz, respectively, 

indicative of coordination to quadrupolar boron, and are shifted 

to high frequency relative to those of FcPPB. The 11B NMR sig-

nals are located at –1.4 and –2.0 ppm; the former is a sharp sin-

glet representing the BF4
– anion, and the latter is a broadened 

singlet (ω1/2 = 250 Hz) that corresponds to the boronium cation. 

Similar spectroscopic features were reported for the boronium 

cations in [Ph2B
–(μ-pyr)2B

+Me2] (pyr = 2-pyridyl; 11B NMR = 

4.0 ppm),26 [Fe{η5-C5H4BMe(κ2NN-2,2'-bipy)}2][PF6]2 {11B 

NMR = 8.5 ppm},27 and [BBN(L)2][NTf2] (BBN = 9-borabicy-

clo[3.3.1]nonyl; Tf = SO2CF3; (L)2 = bipy or (PnBu3)2; 
11B 

NMR = 5.2 and –5.4 ppm, respectively).28 

In an alternative approach to access FcPPB complexes in 

which the borane is only weakly coordinated, FcPPB was re-

acted with in-situ-generated [Au(PPh3)][GaCl4] to provide 

[{Au(FcPPB)}2][GaCl4]2 (4) as a tangerine-coloured solid in 90 

% yield (Scheme 6).29 Complex 4 was obtained as a mixture of 

diastereomers in an approximate 3:2 ratio, giving rise to one set 

of 31P NMR signals at 63.3 and 40.7 ppm (2JP,P = 310 Hz), and 

a second set at 63.1 and 39.1 ppm (2JP,P = 302 Hz). The magni-

tude of the 31P-31P coupling constant for each diastereomer is 

characteristic of trans-disposed phosphine ligands bound to 

gold,30 and in both cases, 1H-31P-HMBC NMR spectroscopy 

confirmed that the higher frequency signal represents the 

C5H4P(tBu)Ar phosphine. The 11B NMR chemical shift for 4 is 

68 ppm, indicating that the borane in FcPPB does not engage in 

a strong interaction with the gold center.31 

 

Scheme 6. Synthesis of [{Au(FcPPB)}2][GaCl4]2 (4; a mixture 

of diastereomers) from FcPPB and [Au(PPh3)][GaCl4]. 

 

 

 

An X-ray crystal structure was obtained for meso-4·2C6H14 

(Figure 4), revealing Au(FcPPB) units with -1P:2P'-coor-

dination of each FcPPB ligand, and a P(1)–Au–P(2) bond angle 

of 158.84(2)°. The Au–P(1) and Au–P(2) bond lengths are 

2.3149(6) and 2.3178(7) Å, respectively, similar to those in 

other [Au(PR3)2]
+ complexes.30,32 The two Au centers are sepa-

rated by a distance of ~6.8 Å, eliminating the possibility of au-

rophilic interactions.33 The geometry at boron is essentially pla-

nar [Σ(CBC) = 359.4(4)°], consistent with the high frequency 
11B NMR chemical shift (vide supra). Furthermore, the Au–B 

bond distance of 3.121(3) Å in 4 is significantly longer than the 

sum of the covalent radii (2.20 Å)34 as well as the Au–B bond 

lengths reported for [AuCl{(o-iPr2P)C6H4BR2}] (R = Cy, Au–B 

= 2.90 Å; R = BFlu, BFlu = 9-boraflourenyl, Au–B = 2.66 Å),35 

[AuCl(RDPBPh)] (RDPBPh = {(o-R2P)C6H4}2BPh; R = iPr, Au–

B = 2.309(8) Å; R = Ph, Au–B = 2.335(5) Å),36 [AuCl(iPrTPB)] 

(iPrTPB = {(o-iPr2P)C6H4}3B; Au–B = 2.318(8) Å),37 

[Au(iPrTPB)][GaCl4] (Au–B = 2.448 Å)38 and 

[Au(PhDPBPh)][SbF6] (Au–B = 2.521 Å),39 all of which feature 

direct κ1B-coordination of a pendent borane to gold. However, 

the Au–B bond distance in meso-4 is within the sum of the Van 

der Waals radii (~3.75 Å),40 and the gold center is puckered to-

wards the borane of FcPPB, lying 0.425 Å above the centroid 

of the P(1)···P(2) vector, and bent at an angle of 21° towards 

the borane {P(1)–Au–P(2) = 158.84(2)°}, so the possibility of 

a weak Au–B interaction cannot be discounted. The long Au–B 

distance in meso-4 is not structurally enforced by the ligand 

framework, given that a similar dimetallic structure was previ-

ously observed for [{Pt(FcPPAl)}2] (FcPPAl = [Fe(η5-

C5H4PPh2)(η
5-C5H4P

tBu{(o-AlMe2)C6H4})]), featuring a short 

Pt–Al distance of 2.482(1) Å.6 

 

 

 

Figure 4. Solid-state structure of meso-

[{Au(FcPPB)}2][GaCl4]2·2C6H14 (meso-4·2C6H14) with ellip-

soids at 50% probability. Hydrogen atoms, lattice solvent, and 

the GaCl4 counteranions are omitted for clarity. Selected bond 

lengths [Å] and angles [°]: Au(1)···B(1), 3.121(3); Au(1)–P(1), 

2.3149(6); Au(1)–P(2), 2.3178(7); P(1)–Au(1)–P(2), 

158.84(2); C(28)–B(1)–C(33), 117.8(2); C(28)–B(1)–C(39), 

120.8(2); C(33)–B(1)–C(39), 120.8(2).  

 

SUMMARY AND CONCLUSIONS 

UV Photolysis of a solution of FcPPB and [W(CO)6] provided 

[W(CO)4(
2PP-FcPPB*)] (1), where the FcPPB* ligand is the 

result of intramolecular electrophilic attack of the borane on the 

proximal cyclopentadienyl ring, followed by loss of a cyclopen-

tadienyl hydrogen atom and a B-phenyl ring as benzene. Metal-

locene borylation reactivity is typically associated with more 

electrophilic boranes, and to the best of our knowledge, the re-

action to form 1 is the first example involving a non-fluorinated 

Page 5 of 11

ACS Paragon Plus Environment

Submitted to Organometallics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

tris(hydrocarbyl)borane. FcPPB and [W(CO)6] did not react un-

der thermal conditions (80 °C for days). Furthermore, FcPPB is 

unreactive under photochemical conditions, and we hypothe-

sized that this may be due to intramolecular phosphine-borane 

adduct formation, which prevents the borane from interacting 

with the adjacent cyclopentadienyl ring.  

In an effort to disrupt the intramolecular 

C5H4(
tBu)(Ar)PBPh2Ar interaction in the free ligand, FcPPB 

was reacted with B(C6F5)3 and BF3(OEt2). However, B(C6F5)3 

afforded a 1:1 adduct (2) in which the original intramolecular 

phosphine–borane interaction is maintained, and BF3(OEt2) 

yielded a boronium cation (3) resulting from loss of a phenyl 

anion from the borane unit in FcPPB. The differing reactivity 

of BF3(OEt2) and B(C6F5)3 suggests that the B–F linkages in 

BF3(OEt2) are intimately involved in the reaction pathway lead-

ing to phenyl anion loss from the borane in FcPPB.  

By contrast, reaction of FcPPB with [Au(PPh3)][GaCl4] af-

forded dimetallic [{Au(FcPPB)}2][GaCl4]2 (4) as a mixture of 

diastereomers with  -1P:2P'-coordinated FcPPB ligands. 

Compound 4 extends the reported series of borane-appended 

gold complexes, and exhibits the longest Au–B distance with 

the least pyramidalization at boron. These features, com-

bined with a high-frequency 11B NMR chemical shift 

(68 ppm), are indicative of little or no Au–B interaction, 

likely due to the combined effect of (a) cationic gold centres 

with low nucleophilicity, and (b) the donor–donor–acceptor 

array of FcPPB, which permits a greater range of Au···B dis-

tances relative to ambiphilic ligands in which the borane is 

flanked by two or more phosphine donors. Nevertheless, 4 

proved unreactive under UV photolysis conditions, suggesting 

that ferrocene borylation may not be a general feature of the 

chemistry of FcPPB, even when the borane is weakly- or non-

coordinated. 

EXPERIMENTAL SECTION 

An argon-filled MBraun UNIlab glove box equipped with a −30 °C 

freezer was employed for the manipulation and storage of the FcPPB 

ligand and its complexes, and reactions were performed on a double 

manifold high vacuum line using standard techniques.41 A Fisher Sci-

entific Ultrasonic FS-30 bath was used to sonicate reaction mixtures 

where indicated. Residual oxygen and moisture was removed from the 

argon stream by passage through an Oxisorb-W scrubber from Mathe-

son Gas Products.  

  Hexanes and benzene were initially dried and distilled at atmos-

pheric pressure from Na/Ph2CO, and toluene was initially dried and 

distilled at atmospheric pressure from Na. Unless otherwise noted, all 

protio solvents were stored over an appropriate drying agent (toluene, 

benzene = Na/Ph2CO; hexanes = Na/Ph2CO/tetraglyme) and intro-

duced to reactions via vacuum transfer with condensation at −78 °C. 

Deuterated solvents (ACP Chemicals) were dried over Na/Ph2CO 

(C6D6) of CaH2 (CD2Cl2). 

  1,1'-Bisdiphenylphosphinoferrocene (dppf), [W(CO)6], GaCl3, 

BF3(OEt2), BPh3, BEt3, and AlMe3 were purchased from Sigma-Al-

drich and either used as is or stored under argon. C6F5Br {used for the 

synthesis of B(C6F5)3} was purchased from Oakwood Chemicals and 

distilled from molecular sieves prior to use. Argon of 99.999 % purity 

was purchased from Praxair. FcPPB was prepared according to the lit-

erature procedure.4 B(C6F5)3 was prepared from C6F5MgBr and 

BF3·Et2O according to the literature procedure.42 [W(CO)4(dppf)] was 

prepared according to the literature procedure.43 

  The purity of all new complexes was evaluated by solution NMR 

spectroscopy (1H, 13C, 31P, 11B, and in some cases also 19F NMR) as 

well as combustion elemental analysis (EA). Acceptable EAs were ob-

tained for compounds 1 and 4. However, as noted in the individual ex-

perimental sections, the elemental analyses for 2 and 3 are not within 

the expected range; this deviation is thought to be due to problems with 

the accuracy of the analysis during the period of time in which these 

samples were available, and not due to the presence of significant im-

purities, since NMR spectra show that 2 and 3 were isolated in reason-

able purity (a PXRD of 3 also indicates that the bulk sample corre-

sponds to that of the single crystal X-ray crystal structure), the samples 

dissolved entirely for NMR (i.e. no solid residue remained), and the 

reactions to form 2 and 3 are not likely to generate NMR-silent impu-

rities (such as a metal halide). 

  IR Spectra were recorded on a Thermo Scientific Nicolet 6700 

FTIR spectrometer (reported stretches are strong unless otherwise 

noted). Combustion elemental analyses were performed on a Thermo 

EA1112 CHNS/O analyzer. A VWR Clinical 200 Large Capacity Cen-

trifuge (with 28° fixed-angle rotors that hold 12 × 15 mL or 6 × 50 mL 

tubes) in combination with VWR high-performance polypropylene 

conical centrifuge tubes was used when required (inside the glovebox). 

A 0.75×1.5×0.5 meter UV cabinet equipped with a 4×25 watt (18") 

Sylvania Ecologic 350 blacklight bulbs (model: F25T8/350BL/ECO; 

peak output 356 nm; output from ~310-400 nm), in conjunction with 

quartz J-Young NMR tubes and quartz 125 mL single-necked round 

bottom flasks were utilized for the synthesis of 1.  

  NMR spectroscopy (1H, 13C{1H}, 31P{1H}, 19F, 11B, 13C-DEPT-

135, 13C-uDEFT, 1H-1H-COSY, 1H-13C-HSQC, 1H-13C-HMBC, 1H-
31P-HMBC) was performed on Bruker AV-200, DRX-500 and AV-600 

spectrometers.  All 1H NMR and 13C{1H} NMR spectra were refer-

enced relative to SiMe4 through a resonance of the employed deuterated 

solvent or protio impurity of the solvent; C6D6 (7.16 ppm) and CD2Cl2 

(5.32 ppm) for 1H NMR; C6D6 (128.0 ppm) and CD2Cl2 (54.00 ppm) 

for 13C{1H} NMR. 31P{1H}, 19F and 11B NMR spectra were referenced 

using an external standard of 85% H3PO4 in D2O (0.0 ppm), CFCl3 (0.0 

ppm) and BF3(OEt2) (0.0 ppm), respectively. Temperature calibration 

was performed using a d4-methanol sample, as outlined in the Bruker 

VTU user manual.  

  Herein, numbered proton and carbon atoms refer to the positions 

of the C5H4 rings and the phenylene linker within the FcPPB ligand 

backbone. The C5H4 ring bound to the C5H4P(tBu)Ar phosphine was 

numbered C1'-5', where C1' is the ipso-carbon atom bound to phosphorus, 

and the C5H4 ring bound to the C5H4PPh2 phosphine was numbered C1''-

5'', where C1'' is the ipso-carbon atom bound to phosphorus. The phe-

nylene linker is numbered such that C1 refers to the carbon atom bound 

to the phosphine moiety, and C2 refers to the carbon atom bound to the 

borane. The remainder of the carbon atoms and protons in the phe-

nylene linker were numbered accordingly in both cases. Inequivalent 

phenyl rings on phosphorus and boron are labelled A and B so that the 

proton and carbon resonances belonging to a single phenyl ring can be 

identified. We did not identify which P- or B-phenyl rings give rise to 

the signals labelled A or B, respectively. 

 Single crystal X-ray diffraction analyses were performed on suit-

able crystals coated in Paratone oil and mounted on a SMART APEX 

II diffractometer with a 3 kW Sealed tube Mo generator in the McMas-

ter Analytical X-Ray (MAX) Diffraction Facility. In all cases, non-hy-

drogen atoms were refined anisotropically and hydrogen atoms were 

generated in ideal positions and then updated with each cycle of refine-

ment. One molecule of benzene in [W(CO)4(FcPPB*)]·C6H6 was dis-

ordered over two positions in 72:28 ratio; both orientations were re-

strained to a hexagon via the AFIX 66 command, and the thermal el-

lipsoids of both orientations were refined to have similar thermal pa-

rameters through the use of the SIMU command. In addition,               

[FcPPB–Ph][BF4] crystallized as a racemic twin in a 55:45 ratio. The 

2D powder X-ray diffraction experiment was performed on a Bruker 

SMART6000 CCD diffractometer with a Rigaku RU200 Cu rotating 

anode source (λ = 0.154 nm) operated at 50 kV and 90 mA. Powdered 

3 was packed in 0.5 mm o.d. special glass (SG; wall thickness 0.01 

mm) capillary tube for X-ray diffraction (purchased from Charles Sup-

per Co.) and sealed by inverting to submerge the open end in a pool of 

Apiezon H-grease within the glovebox. The calculated powder pattern 

for 3 was generated from the low-temperature single crystal data using 

Mercury. The experimental powder diffractogram was generated and 

viewed using Gadds, Powdercell, Crystal Sleuth, and Topas. 
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[W(CO)4(FcPPB*)] (1): A toluene solution (15 mL) of FcPPB (199 

mg, 0.285 mmol) and [W(CO)6] (100 mg, 0.285 mmol) in a 125 mL 

quartz flask equipped with a glass Schlenk adapter was irradiated under 

UV-A radiation for 24 hours under a static atmosphere of argon (max 

pressure increase from CO evolution ~15%). The bright orange solu-

tion was evaporated to dryness in vacuo and the resulting orange solid 

was brought into the glovebox, washed with cold hexanes (~10 mL) 

and dried in vacuo. Yield = 214 mg (82%). X-ray quality crystals were 

grown by slow diffusion of hexanes into a solution of 1 in benzene at 

room temperature. 1H NMR (600 MHz, CD2Cl2, 298 K): δ 8.17 (dd, 
3JH,P 13 Hz, 3JH,H 8 Hz, 1H, CH6), 8.02 (dt, 3JH,H 7 Hz, 4JH,P 1 Hz, 1H, 

CH3), 7.74–7.71 (m, 2H, o-PPh2 A), 7.67–7.66 (m, 3H, CH5, o-BPh), 

7.51 (tt, 3JH,H 7 Hz, 3JH,H 1 Hz, 1H, CH4), 7.49–7.47 (m, 6H, m,p-PPh2 

A, m,p-BPh), 7.25–7.23 (m, 1H, p-PPh2 B), 7.22–7.18 (m, 4H, o,m-

PPh2 B), 5.42 (s, 1H, CH5'), 4.94 (s, 1H, CH4'), 4.50 (s, 1H, CH3'), 4.45 

(s, 1H, CH5''/2''), 4.23 (s, 1H, CH3''/4''), 3.99 (s, 1H, CH4''/3''), 3.66 (s, 1H, 

CH2''/5''), 1.07 (d, 3JH,P 14 Hz, 9H, CMe3).  13C{1H} NMR (151 MHz, 

CD2Cl2, 298 K): δ 208.4 (dd, 2JC,P 26 Hz, 2JC,P 6 Hz, W-CO), 205.8 

(appt. t, 2JC,P 7 Hz, W-CO), 204.8 (dd, 2JC,P 24 Hz, 2JC,P 5 Hz, W-CO), 

203.0 (appt. t, 2JC,P 7 Hz, W-CO), 143.1 (broad s, ipso-BPh), 142.0 (d, 
1JC,P 31 Hz, C1), 140.6 (broad s, C2), 140.3 (d, 3JC,P 6 Hz, C3), 139.9 (d, 
1JC,P 42 Hz, ipso-PPh2 B), 137.7 (d, 2JC,P 25 Hz, C6), 136.2 (d, 1JC,P 39 

Hz, ipso-PPh2 A), 134.4 (d, 2JC,P 13 Hz, o-PPh2 A), 133.7 (s, o-BPh), 

132.8 (d, 2JC,P 11 Hz, o-PPh2 B), 130.9 (s, C5), 130.8 (s, p-PPh2 A), 

129.8 (s, p-PPh2 B), 129.7 (s, C4), 129.4 (s, p-BPh), 128.8 (d, 3JC,P 10 

Hz, m-PPh2 A), 128.2 (d, 3JC,P 9 Hz, m-PPh2 B), 128.1 (s, m-BPh), 86.1 

(d, 2JC,P 19 Hz, C5'), 84.5 (dd, 1JC,P 38 Hz, 3JC,P 3 Hz, C1'), 83.8 (d, 1JC,P 

38 Hz, C1''), 80.0 (d, 3JC,P 8 Hz, C4'), 79.8 (s, C3'), 78.6 (d, 2JC,P 18 Hz, 

C2''/5''), 75.1 (d, 2JC,P 7 Hz, C5''/2''), 73.4 (s, C4''/3''), 72.9 (d, 3JC,P 3 Hz, 

C3''/4''), 38.3 (d, 1JC,P 21 Hz, CMe3), 27.7 (d, 2JC,P 5 Hz, CMe3); C2' could 

not be located. 31P{1H} (203 MHz, CD2Cl2, 298 K): δ 19.7 (d, 1JP,W 

233 Hz, 2JP,P 24 Hz, C5H4P(tBu)Ar), 14.2 (d, 1JP,W 236 Hz, 2JP,P 24 Hz, 

C5H4PPh2).  11B NMR (161 MHz, CD2Cl2, 298 K): δ 57 (broad s, ω1/2 

= 1200 Hz).   IR (nujol): ν(CO) = 2014, 1907, 1889, 1851, 1846 cm-1. 

IR (CH2Cl2): 2015, 1934, 1910, 1892, 1868 cm-1.  Anal. Calcd. For 

C42H35BFeO4P2W: C, 55.06; H, 3.85%.  Found: C, 55.22; H, 4.24%. 

FcPPB{B(C6F5)3} (2): Benzene (10 mL) was condensed into a 50 mL 

round bottom flask containing FcPPB (75.9 mg, 0.114 mmol) and 

B(C6F5)3 (55.6 mg, 0.114 mmol) through the use of a dry ice/acetone 

bath, and the reaction mixture was stirred overnight at room tempera-

ture. The reaction solution was then evaporated to dryness in vacuo to 

yield an orange solid. Yield = 95.0 mg (69 %). Despite numerous at-

tempts, a satisfactory elemental analysis was not obtained for 2. How-

ever, the NMR spectra presented in the supporting information indicate 

the 2 was isolated in reasonable purity. 1H NMR (600 MHz, C6D6, 298 

K): 7.94 (broad s, 2H, o-BPh2 A), 7.88 (broad s, 2H, o-BPh2 B), 7.68–

7.66 (m, 3H, CH3, o-PPh2 A), 7.48 (broad s, 2H, m-BPh2 A), 7.42–7.38 

(m, 2H, CH4, p-BPh2 A), 7.29 (t, 3JH,H 9 Hz, 2H, o-PPh2 B), 7.26 (broad 

s, 2H, m-BPh2 B), 7.16 (app. s, 2H, CH5, p-BPh2 B), 7.11 (t, 3JH,H 7 Hz, 

1H, CH6), 7.05 (t, 3JH,H 7 Hz, 1H, p-PPh2 A), 7.00 (t, 3JH,H 7 Hz, 1H, p-

PPh2 B), 6.95 (td, 3JH,H 7 Hz, 4JH,P 2 Hz, 2H, m-PPh2 A), 6.80 (td, 3JH,H 

8 Hz, 4JH,P 2 Hz, 2H, m-PPh2 B), 4.29 (s, 1H, CH2'/5'), 3.78 (s, 1H, 

CH5'/2'), 3.69 (s, 1H, CH3'/4'), 3.56 (s, 1H, CH4'/3'), 3.40 (s, 1H, CH3''/4''), 

3.29 (s, 1H, CH2''/5''), 3.25 (s, 1H, CH4''/3''), 2.97 (s, 1H, CH5''/2''), 0.69 (d, 
3JH,P 14 Hz, 9H, CMe3). 13C{1H} NMR (151 MHz, C6D6, 298 K: 163.9 

(broad d, 2JC,P 42 Hz, C2), 148.8 (d, 1JC,F 241 Hz, o-B(C6F5)3), 146.8 

(broad s, ipso-BPh2 A and B), 140.7 (broad d, 1JC,F 253 Hz, p-B(C6F5)3), 

137.4 (ddd, 1JC,F 248 Hz, 2JC,F 19 Hz, 4JC,P 12 Hz, m-B(C6F5)3), 135.3 

(s, o-BPh2 B), 134.4 (d, 2JC,P 9 Hz, o-PPh2 A), 133.9 (d, 2JC,P 9 Hz, o-

PPh2 B, o-BPh2 A), 132.1 (s, C4), 131.7 (s, C3), 131.7 (s, p-PPh2 B), 

131.5 (s, p-PPh2 A), 129.5 (s, C6), 128.4 (s, p-BPh2 B), 128.2 (d, 3JC,P 

10 Hz, m-PPh2 B), 127.9 (d, 3JC,P 10 Hz, m-PPh2 A), 127.9 (s, m-BPh2 

A+B), 127.7 (s, p-BPh2 A), 127.6 (d, 3JC,P 6 Hz, C5), 116.1 (broad s, 

ipso-B(C6F5)3), 77.1 (d, 2JC,P 19 Hz, C2'/5'), 76.8 (d, 3JC,P 5 Hz, C4''/3''), 

75.5 (d, 2JC,P 12 Hz, C2''/5''), 75.1 (dd, 1JC,P 118 Hz, 3JC,P 11 Hz, C1'/1''), 

75.0 (d, 2JC,P 10 Hz, C5''/2''), 74.0 (d, 3JC,P 7 Hz, C3'/4'), 73.1 (d, 2JC,P 3 Hz, 

C5'/2'), 72.5 (d, 3JC,P 7 Hz, C3''/4''), 72.0 (s, C4'/3'), 71.5 (dd, 1JC,P 53 Hz, 
3JC,P 8 Hz, C1'/1''), 34.1 (d, 1JC,P 3 Hz, CMe3), 27.4 (d, 2JC,P 5 Hz, CMe3). 
19F NMR (188 MHz, C6D6, 298 K): δ –125.1 (s, o-B(C6F5)3), –156.7 

(s, p-B(C6F5)3), –164.3 (s, m-B(C6F5)3). 31P{1H} NMR (203 MHz, 

C6D6, 298 K): δ 20.0 (broad s, ω1/2 93 Hz, C5H4PPh2), 15.1 (s, 

C5H4P(tBu)Ar). 11B NMR (161 MHz, C6D6, 298 K): δ 25 (broad s, ω1/2 

2300 Hz, ArBPh2), –4 (broad s, ω1/2 1200 Hz, B(C6F5)3). Anal. Calcd. 

For C62H41B2F15FeP2: C, 61.52; H, 3.41%.  Found: C, 62.52; H, 5.07%. 

[FcPPB–Ph][BF4] (3): Benzene (15 mL) was condensed into a 50 mL 

Schlenk flask containing FcPPB (108 mg, 0.155 mmol) and BF3(OEt2) 

(22.0 mg, 0.155 mmol) through the use of a dry ice/acetone bath. The 

reaction solution was stirred for 3 days at 70 °C, after which point the 

precipitated pale orange solid was isolated by centrifugation and dried 

in vacuo. Yield = 69.9 mg (64 %). Despite numerous attempts, a satis-

factory elemental analysis was not obtained for 3. However, the NMR 

spectra and powder X-ray diffractogram presented in the supporting 

information indicate the 3 was isolated in reasonable purity. X-ray 

quality crystals precipitated from a solution of FcPPB (14.8 mg, 

2.12×10-2 mmol) and BF3(OEt2) (6.00 mg, 2.12×10-2 mmol) in benzene 

at room temperature. 1H NMR (600 MHz, CD2Cl2, 298 K): δ 7.86–

7.83 (m, 1H, p-PPh2 A), 7.80 (t, 3JH,H 9 Hz, 1H, CH3), 7.77–7.71 (m, 

5H, CH4, o,m-PPh2 A), 7.68–7.65 (m, 2H, CH5, p-PPh2 B), 7.41 (dt, 
3JH,H 8 Hz, 4JH,P 3 Hz, 4H, m-PPh2 B, o-BPh), 7.29 (tp, 3JH,H 7 Hz, 4JH,H 

2 Hz, 1H, p-BPh), 7.23 (t, 3JH,H 7 Hz, 2H, m-BPh), 7.03 (ddd, 3JH,P 12 

Hz, 3JH,H 8 Hz, 4JH,H 1 Hz, 2H, o-PPh2 B), 6.76 (d, 3JH,H 8 Hz, 1H, CH6), 

5.03 (sextet, 3JH,H 1 Hz, 1H, CH2'/5'), 4.83 (septet, 3JH,H 1 Hz, 1H, 

CH3'/4'), 4.72 (dt, 3JH,H 3 Hz, 4JH,H 1 Hz, 1H, CH4'/3'), 4.63 (septet, 3JH,H 

1 Hz, 1H, CH4''/3''), 4.60 (septet, 3JH,H 1 Hz, 1H, CH5'/2'), 4.57 (septet, 
3JH,H 1 Hz, 1H, CH3''/4''), 3.69 (septet, 3JH,H 1 Hz, 1H, CH2''/5''), 3.17 (s, 

1H, CH5''/2''), 1.12 (d, 3JH,P 16 Hz, 9H, CMe3). 13C NMR (151 MHz, 

CD2Cl2, 298 K): δ 155.5 (broad s, C2), 135.8 (t, 3JC,P 6 Hz, o-BPh), 

135.4 (s, C5), 134.8 (d, 2JC,P 10 Hz, o-PPh2 A), 134.5 (s, p-PPh2 A), 

134.1 (d, 2JC,P 9 Hz, o-PPh2 B), 133.9 (s, p-PPh2 B), 133.5 (dd, 1JC,P 61 

Hz, 3JC,P 13 Hz, C1), 132.9 (d, 2JC,P 31 Hz, C6), 131.9 (d, 4JC,P 8 Hz, C4), 

130.4 (d, 3JC,P 11 Hz, m-PPh2 A), 129.9 (s, C3), 129.8 (d, 3JC,P 11 Hz, 

m-PPh2 B), 129.0 (s, m-BPh), 129.0 (s, p-BPh), 123.1 (d, 1JC,P 64 Hz, 

ipso-PPh2 A), 122.3 (dd, 1JC,P 64 Hz, 3JC,P 9 Hz, ipso-PPh2 B), 78.7 (s, 

C5'/2'), 77.4 (appt t, JC,P 8 Hz, C3'/4', C2''/5''), 77.0 (d, 3JC,P 8 Hz, C4''/3''), 

75.0 (d, 2JC,P 15 Hz, C2'/5'), 74.7 (d, 3JC,P 6 Hz, C4'/3'), 74.6 (d, 2JC,P 11 

Hz, C5''/2''), 74.4 (d, 3JC,P 8 Hz, C3''/4''), 65.0 (d, 1JC,P 76 Hz, C1''), 62.7 (d, 
1JC,P 43 Hz, C1'), 36.1 (d, 1JC,P 16 Hz, CMe3), 26.1 (s, CMe3). 19F NMR 

(188 MHz, CD2Cl2, 298 K): δ –152.9 (s, BF4). 31P{1H} NMR (203 

MHz, CD2Cl2, 298 K): δ 27.8 (broad s, ω1/2 65 Hz, C5H4P(tBu)Ar), 1.0 

(broad s, ω1/2 150 Hz, C5H4PPh2). 11B NMR (161 MHz, CD2Cl2, 298 

K): δ –1.4 (s, BF4), –2.0 (broad s, ω1/2 250 Hz, FcPPBPh). Anal. Calcd. 

For C38H36B2F4FeP2: C, 64.45; H, 5.13%.  Found: C, 62.52; H, 5.07%. 

[{Au(FcPPB)}2][GaCl4]2 (4): Toluene (30 mL) was condensed into a 

100 mL round bottom flask containing [AuCl(PPh3)] (177 mg, 0.358 

mmol) and GaCl3 (63.0 mg, 0.358 mmol) through the use of a dry 

ice/acetone bath. The reaction mixture was stirred for 1 hour at room 

temperature, at which point a solution of FcPPB (250 mg, 0.358 mmol) 

in toluene (10 mL) was added; the resulting reaction mixture was 

stirred overnight at room temperature. After stirring overnight a dark 

orange oil had precipitated from solution; the solvent was removed in 

vacuo and hexanes (~30 mL) were added to the crude material. The 

hexanes slurry was sonicated for 15 minutes, resulting in the precipita-

tion of a tangerine solid, which was then filtered through the use of a 

swivel frit. The collected tangerine solid was washed with hexanes (2 

× 10 mL) and dried in vacuo. Yield = 355 mg (90 %). 

[{Au(FcPPB)}2][GaCl4]2 was isolated as a diasteromeric mixture in a 

65:35 ratio; the NMR signals corresponding to the diastereomer of 

highest concentration are denoted as “A”. X-ray quality crystals of 

meso-[{Au(FcPPB)}2][GaCl4]2·2(C6H14) were obtained by slow diffu-

sion of hexanes into a solution of [{Au(FcPPB)}2][GaCl4]2 in CH2Cl2 

at –30 °C. 1H NMR (CD2Cl2, 600 MHz, 298 K): δ 8.06–7.99 (m, aryl-

CH), 7.90 (t, J 7 Hz, aryl-CH), 7.86–7.71 (m, aryl-CH), 7.69–7.54 (m, 

aryl-CH), 7.45 (dt, J 8 Hz, J 2 Hz, aryl-CH), 7.41 (t, J 7 Hz, aryl-CH), 

7.34–7.28 (m, aryl-CH), 7.22 (t, J 8 Hz, aryl-CH), 7.13 (t, J 8 Hz, aryl-

CH), 6.96–6.88 (m, aryl-CH), 6.83 (d, J 7 Hz, aryl-CH), 6.61 (dd, J 13 

Hz, J 8 Hz, aryl-CH), 5.31 (s, 1H, CH2'/5' B), 5.05 (s, 1H, CH5'/2' B), 5.00 

(s, 4H, CH2'/5' A, CH5'/2' A), 4.71 (s, 2H, CH2''/5'' A), 4.63 (s, 2H, CH2''/5'' 

B, CH4''/3'' B), 4.60 (s, 2H, CH5''/2'' A), 4.52 (s, 1H, CH3'/4' B), 4.44 (s, 

2H, CH4''/3'' A), 4.20 (s, 1H, CH4'/3' B), 4.17 (s, 2H, CH3'/4' A), 3.99 (s, 

2H, CH3''/4'' A), 3.96 (s, 1H, CH5''/2'' B), 3.76 (s, 1H, CH3''/4'' B), 3.66 (s, 
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2H, CH4'/3' A), 0.94 (d, 3JH,P 18 Hz, 18H, CMe3 A), 0.75 (d, 3JH,P 18 Hz, 

9H, CMe3 B). 13C{1H} NMR (CD2Cl2, 151 MHz, 298 K): δ 155.2 (d, 

J 32 Hz, aryl-C A), 154.8 (d, J 31 Hz, aryl-C B), 143.2, 142.5, 142.4, 

140.4, 140.0, 139.4, 138.3, 136.4, 135.9, 134.4, 134.3, 133.9, 133.4, 

133.2, 132.9, 132.4, 132.2, 132.0, 131.4, 131.2, 131.1, 131.0, 130.2, 

129.4, 128.9, 128.7 (26 × s, aryl-C), 135.5 (d, J 14 Hz, aryl-C), 134.6–

134.4 (m, aryl-C), 132.6 (d, J 13 Hz, aryl-C), 131.0 (d, J 7 Hz, aryl-C), 

130.7 (d, J 12 Hz, aryl-C), 130.6 (d, J 12 Hz, aryl-C), 130.4 (d, J 7 Hz, 

aryl-C), 130.1 (d, J 12 Hz, aryl-C), 129.9 (d, J 11 Hz, aryl-C), 129.5 (d, 

J 8 Hz, aryl-C), 126.6 (dd, J 57 Hz, J 4 Hz, aryl-C), 80.1 (d, 2JC,P 25 

Hz, C2'/5' B), 80.0 (d, 2JC,P 24 Hz, C2'/5' A), 78.5 (d, 2JC,P 26 Hz, C2''/5'' A), 

77.1 (d, 3JC,P 7 Hz, C4''/3'' A), 77.0 (d, 3JC,P 10 Hz, C3''/4'' B), 76.4 (s, C5''/2'' 

B), 75.8 (s, C5'/2' A), 75.6 (d, 3JC,P 7 Hz, C4'/3' B), 75.5 (d, 3JC,P 7 Hz, 

C4''/3'' B), 75.4 (d, 3JC,P 5 Hz, C4'/3' A), 75.3 (s, C5''/2'' A), 74.8 (s, C5'/2' B), 

74.7 (s, C3'/4' B), 74.0 (d, 2JC,P 11 Hz, C2''/5'' B), 73.9 (s, C3'/4' A), 72.6 (d, 
3JC,P 11 Hz, C3''/4'' A), 72.1 (d, 1JC,P 63 Hz, C1'/1'' A/B), 70.3 (d, 1JC,P 65 

Hz, C1'/1'' A/B), 38.5 (d, 1JC,P 29 Hz, CMe3 A), 38.4 (d, 1JC,P 31 Hz, CMe3 

B), 28.5 (d, 2JC,P 6 Hz, CMe3 A), 28.4 (d, 2JC,P 6 Hz, CMe3 B). 31P{1H} 

NMR (CD2Cl2, 203 MHz, 298 K): δ 63.3 (d, 2JP,P 310 Hz, 

C5H4P(tBu)Ar B), 63.1 (d, 2JP,P 302 Hz, C5H4P(tBu)Ar A), 40.7 (d, 2JP,P 

310 Hz, C5H4PPh2 B), 39.1 (d, 2JP,P 302 Hz, C5H4PPh2 A). 11B NMR 

(CD2Cl2, 161 MHz, 298 K): δ 68 (broad s, ω1/2 3000 Hz). Elemental 

Analysis Calcd (%) for C44H41AuBCl4FeGaP2: C, 47.74; H, 3.73%.  

Found: C, 47.45; H, 3.94%. 
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