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A B S T R A C T   

Metathetical syntheses of (silox)2M(THF)2 (1-M, Fe, Co), [(silox)3M]Na(THF)2 (2-M, Fe, Co), and (silox)3Fe(THF) 
(3) are presented, as are X-ray structural studies of 1-Co, 2-Fe, and 2-Co. Exposure of these complexes to 1.1.1- 
propellane (111P, C5H6) and 1,3-dehydroadamantane (AdP), which are known progenitors of ROMP-active 
alkylidenes with ruthenium, failed to elicit similar reactivity. A total of 28 complexes were subjected to 111P 
in attempts to make “Fe(IV)” alkylidenes capable of some form of olefin metathesis with no success. At best, 
catalytic ring-opening to 3-exo-methylene cyclobutylidene was evidenced. The addition of triphenylboron as a 
Lewis acid failed to aid in metal complex formation of the propellanes, but an unusual rearrangement of AdP was 
noted. In addition, 2-Fe catalyzed the conversion of 111P to 3-exo-methylene cyclobutylidene, which added 
twice to Ph3B, affording a structurally characterized product, Ph(κ-CH=CMeCH2BPh(cC4H4-1-Ph,3-CH2) (4), 
which features cyclobutyl-ring-opening, migration, and phenyl migration.   

1. Introduction 

Olefin metathesis (OM) as a useful catalytic process is restricted to 
transition metals that are predominantly in the second row [1–5]. Mo
lybdenum is practically significant and diverse in application, and 
ruthenium catalysts are widely available, and tolerant to diverse func
tionality. Continued exploration of these systems has uncovered signif
icant improvements in cross-metathesis (CM) and enantioselective 
applications [6,7]. Some 3rd-row transition metal species have also 
shown utility [8], but group 6 and 8 1st-row alternatives, chromium 
[9,10] and iron [11–25], have failed to exhibit the bond-making and 
-breaking steps crucial to OM. In the first row, only vanadium alkyli
denes [26–29] show significant ring-opening metathesis polymerization 
(ROMP) activity, following seminal work on niobium and tantalum 
[33]. Recent work on vanadium suggests that that catalytically relevant 
olefin metathesis (e.g., RCH = CH2 -> RCH = CHR + C2H4) [30] and 
ring-closing metathesis catalysis [31,32] may be possible, where some of 
the earliest catalysts base on titanium alkylidenes proved only modestly 
effective [34–36]. 

Theoretical work by Hoffmann suggests that dn (n ≤ 4) complexes are 
a requirement for metathesis [37], based on the idea that at least one of 
the “t2g” orbitals must be empty to accommodate electron density in the 

crucial M=CHR + olefin to metalacyclobutane conversion. Interestingly, 
while chromium metalacyclobutane complexes have been isolated from 
the addition of olefins to transient chromium(VI) alkylidenes [9,10], 
cycloreversion required for catalysis is apparently not energetically 
feasible. In the case of iron, a variety of formally Fe(IV) complexes have 
been prepared, and some are illustrated in Fig. 1. Early work revealed 
only cyclopropanation [38] reactivity in [CpLL’Fe=CRR’]+ systems 
[11–22], and in a clever masked iron alkylidene system recently 
implemented by Deng [39]. Its transient iron alkylidene was calculated 
to have substantial radical character, i.e., (PN2)Fe↑(III)(-C↓Ar2), akin to 
the (PDI)Fe=CPh2 derivative synthesized by Chirik et al. [17] This 
formulation is similar to that of Groysman’s (tBu2Ph)2CoCPh2 complex 
[40], which also fails to display any metathesis reactivity. 

Other subsequent systems featuring Fe(IV) chelate alkylidenes pre
pared in these laboratories, both cations and neutral, manifested no 
clean olefin reactivity at all. Orbital analysis revealed that formal 
oxidation states descriptions belied distributions of electron density that 
were realistically closer to Fe(II) [23–25,41]. Iron(II) systems, being d6, 
should not be capable of metathesis, but Iluc has recently prepared a 
diamagnetic pincer carbene capable of a 2 + 2 process with alkynes 
[42]. 

These laboratories have proffered an explanation why iron 
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alkylidenes may not be able to conduct the reversible 2 + 2 chemistry 
required for metathesis [43], but recent results suggest that the quest for 
active iron species is yet undecided. A two-coordinate iron complex, 
(HMTO)2Fe (HMTO = O-2,6-(2,4,6-Me3C6H2)C6H3), when subjected to 
norbornene (NBE), effected a modest amount of ROMP, yielding 99% 
cis-syndiotactic polynorbornene [44]. Reagents capable of generating an 
alkylidene failed to improve ROMP efficiency, yet additives such as 
electron deficient alcohols (e. g., Ph(CF3)2COH) considerably improved 
activity. Does this “ROMP” occur via formation of an alkylidene, or is a 
mechanism distinct from the Chauvin process at play? 

Recent work in these laboratories identified 1.1.1-propellane (111P, 
C5H6) [45–47] and tetracyclo[3.3.1.13,7.01,3]decane (i.e. 1,3-dehydroa
damantane, AdP) [48] as effective alkylidene precursors for the con
version of (Ph3P)3RuCl2 to (Ph3P)2Cl2Ru––(cC4H4)––CH2, and 
(Ph3P)2Cl2Ru=C{C9H14), respectively, as shown in Scheme 1 [49]. The 
Ru alkylidenes, a related osmium 3-methylene-cyclobutylidene, and the 
ruthenium dimer (Ph3P)2Cl2Ru––(cC4H4)––RuCl2(PPh3), proved to be 
effective ROMP catalysts for norbornene, with evidence that initiation 
and propagation have similar rates (kinit ~ kprop). Since the propellanes 
produce no byproducts upon ring-opening, and appear most effective 
with electrophilic metal centers, its application to low coordinate base 
metal Fe and Co complexes was conducted in anticipation of alkylidene 
formation. Herein are reported the syntheses and representative X-ray 
crystal structures of the (silox)2M(THF)2 (1-M, M = Fe, Co; silox =
tBu3SiO), [(silox)3M][Na(THF)2] (2-M, M = Fe, Co) and (silox)3Fe(THF) 
(3) complexes used in the study. The products observed upon exposure 
to 111P, AdP, and norbornene, which unfortunately were not alkyli
denes, are also given, in addition to attempts to activate the propellanes 
with Ph3B, which led to some interesting rearrangements. 

2. Results and discussion 

2.1. (silox)2M(THF)2 (1-M) and [(silox)3M]Na(THF)2 (2-M) syntheses. 

Scheme 2 illustrates the simple metathetical procedures used to 

prepare the neutral bis-silox colorless iron and purple cobalt THF ad
ducts, (silox)2M(THF)2 (1-M, M = Fe, 80%; Co, 75%), in reasonable 
yield. The corresponding pale green iron and blue cobalt tris-silox 
complex anions, [(silox)3M]Na(THF)2 (2-M; M = Fe, 67%; Co, 79%) 
were analogously prepared in roughly similar yields. The bis-silox spe
cies were both high-spin according to Evans’ method [50] measure
ments, which show 1-Fe (S = 2) to possess a µeff of 5.1 µB, and 1-Co (S =
3/2) to have a µeff of 4.0 µB, typical of pseudo-tetrahedral systems with 
positive contributions from spin-orbit coupling. The complex anions 
were similarly characterized by µeff measurements of 5.1 µB (2-Fe) and 
4.8 µB (2-Co), the latter exhibiting a high value due to a substantial 
orbital contribution, typical for cobalt. NMR spectra of the paramagnetic 
species are consistent with the portrayals in Scheme 2. The yellow iron 
(III) complex, (silox)3Fe(THF) (3) was similarly prepared, and no 
spin–orbit contribution was expected for a high spin (S = 5/2) core, 
consistent with its spin-only µeff of 5.9 µB. 

2.2. X-ray structural studies 

2.2.1. (silox)2Co(THF)2 (1-Co) 
Fig. 2 displays a molecular view of (silox)2Co(THF)2 (1-Co) showing 

its highly irregular tetrahedral conformation, in part derived from a 
crystallographic C2 axis bisecting the pairs of oxygens of like ligands. 
The d(Co-O) for the silox ligand is 1.8628(9) Å, and 2.0718(10) Å for the 
THF. A twist along the C2 causes the O(THF)–Co-O(Si) angles to be 
144.05(4)◦ and 96.65(4)◦, the former even wider than the O(Si)–Co-O 
(Si) angle of 133.48(6)◦, whereas the latter is roughly the same as the O 
(THF)–Co-O(THF) angle of 97.03◦. 

2.2.2. [(silox)3M]Na(THF)2 (2-M; M = Fe, Co) 
Molecular views of the complex ions, [(silox)3M]Na(THF)2 (2-M; M 

= Fe, Co), are depicted in Fig. 3, and there is near uniformity in their 
coordination geometry. Both species are nearly trigonal, as the sum of 
the core angles is 358.2(2)◦ (Fe) and 358.3(2)◦ (Co), enough for a 
slightly perceptible pyramidalization. Two silox-groups bridge to the 

Fig. 1. A bevy of Fe=CRR’ species that cyclopropanate olefins or fail to exhibit substantial reactivity, and Bukhryakov’s observation of norbornene “ROMP” 
catalyzed by (HMTO)2Fe, aided by the presence of alcohol additives. 
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sodium ion, rendering their d(M−O(Si)) (Fe: 1.9333(10), 1.9082(10) Å; 
Co: 1.9259(14), 1.8941(13) Å) 0.052–0.096 Å longer than the terminal 
silox M−O distances (Fe, 1.8563(10) Å; Co, 1.8308(14) Å). The M(µ-O)2 
plane is ~ 129◦ relative to the Na(µ-O)2 plane within the M(µ-O)2Na 
diamond core, as the Na(THF)2 group is displaced away from the bulky 
siloxides. Within the trigonal planes, the µ-O-M-µ-O angles are pinched 
in (Fe, 98.48(4)◦; Co, 97.17◦) due to coordination to Na, whereas the 
remaining µ-O-M−O(Si) are around 130◦ for both transition elements. 
Coordination of THF to the sodium in each case appears largely dictated 
by the space available, consistent with binding to an alkali metal ion. 

2.3. Reactions of (silox)2M(THF)2 (1-M) and [(silox)3M]Na(THF)2 (2- 
M) 

2.3.1. Alkylidene attempts via 1.1.1.-propellane, 1,3-dehydroadamantane, 
and NBE 

Given the cobalt diphenylcarbene derivative of Groysman [40], and 
related work of Chirik [17] and Bukhryakov [44], the low coordinate, 
electron deficient (silox)2M(THF)2 (1-M) and [(silox)3M]Na(THF)2 (2- 
M, M = Fe, Co) complexes were considered plausible candidates for 
butenylidene and adamantylidene formation. With evidence that 1.1.1.- 
propellane (111P) and 1,3-dehydroadamantane (AdP) can generate 
alkylidenes capable of initiating ROMP of NBE [49], 1-M and 2-M were 
subjected to the propellanes. Scheme 3 illustrates the results with 111P, 

which was prepared in situ according to the method of procedure of 
Semmler, Szeimies, and Belzner [50]. The results were disappointing, as 
the transition metal compounds appeared to catalyze the known rear
rangement of 111P to 3-methylene-cyclobutylidene, as its dimer was 
observed [51]. Since 111P was generated in situ and added to 1-M and 2- 
M (M = Fe, Co) via distillation (3 also yields dimer), only amounts of 
organic products that were non-volatile were observed by NMR spec
troscopic assay. Even with NBE present, 111P and 1-Fe or 2-Fe failed to 
elicit any signs of ROMP or carbene transfer. These results, while not 
productive, were not unanticipated, as the exposure of various organo
metallic systems to 111P was vetted in the early 1970′s [52]. The studies 
revealed a rearrangement product, 3-methylene-cyclobutene, the dimer 
of 3-methylene-cyclobutylidene, and its trimeric cyclopropanation 
product (Scheme 4), essentially the same products generated upon 
thermolysis of 111P. In fact, Aggarwal has recently exploited the Ni- 
catalyzed generation of of 3-methylene-cyclobutylidene in a variety of 
cyclopropanations of synthetic organic relevance [53]. 

A similar fate occurred when 1,3-dehydroadamantane (AdP) was 
exposed to (silox)2M(THF)2 (1-M) and [(silox)3M]Na(THF)2 (2-M) (M =
Fe, Co) as shown in Scheme 5. At temperatures >100 ◦C, no transition 
metal reactivity was noted, but the known polymerization of AdP was 
likely evidenced by the decline of AdP in the 1H NMR spectrum and the 
deposition of a white solid [54]. 

Given Bukhyrakov’s curious result [44], the possibility of NBE- 

Scheme 1. The addition of 1.1.1-propellane (111P, C5H6) and 1,3-dehydroadamantane (AdP) to (Ph3P)3RuCl2 affords alkylidenes that are ROMP active 
for norbornene. 

Scheme 2. Metathetical preparations (M = Fe, Co) of (silox)2M(THF)2 (1-M), [(silox)3M]Na(THF)2 (2-M) and (silox)3Fe(THF) (3).  
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initiated ROMP [55–56] was checked via thermolyses (130 ◦C) of 1-M, 
2-M (Fe, Co) and 3 in the presence of NBE, and no reaction was noted. 
Precedent exists for NBE adduct rearrangement to norbornylidene for 
(silox)3M(NBE) (M = Nb, Ta) [57], as shown in Scheme 6, but the NBE 
binding and the type of CH activation necessary to conduct this rear
rangement has little precedent for base metals. As shown, extended 
thermolyses at high temperatures failed to elicit alkylidene formation, 
ROMP, or any significant reactivity; 3 also failed to bind or show reac
tivity with NBE. 

2.3.2. Attempts at BPh3 assisted propellane activation 
It is perhaps unreasonable for (silox)2M(THF)2 (1-M) and [(silox)3M] 

Na(THF)2 (2-M, M = Fe,Co) to incur the ligand reactivity that could 
isomerize an olefin adduct of weak field iron and cobalt complexes, 
especially since olefin complexes cannot be isolated or discerned by 1H 
NMR spectroscopy. As a consequence, Ph3B, chosen as a representative 
Lewis acid, was utilized in an attempt to activate the propellanes for 
potential ligation. 

Attempts to activate AdP with Ph3B and phenyl boronic acid proved 
successful, as indicated in Scheme 7, which reveals rapid scission of the 
1,3-connectivity at room temperature. Unfortunately, no involvement of 
the transition metal centers was noted, and their absence had no impact 
on the rate or conditions of the reaction. Ring opening of AdP generates 
(7-methylene-3-phenylbicyclo[3.3.1]nonan-3-yl)diphenylborane, 
which apparently results from insertion of an incipient carbene into a 
Ph-B bond. This direct insertion is unlikely as initial electrophilic ring- 

Fig. 2. Molecular view of (silox)2Co(THF)2 (1-Co); pertinent metric parameters 
are listed in Table 1. 

Fig. 3. Molecular views of [(silox)3M]Na(THF)2 (2-M, M = Fe, a.; Co, b.); core interatomic distances and angles are listed in in Table 1.  

Scheme 3. Addition of 111P to (silox)2M(THF)2 (1-M) and [(silox)3M]Na(THF)2 (2-M, M = Fe,Co) via distillation. The only inorganics identified after 111P was 
consumed were 1-M and 2-M. 
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opening should generate a zwitterion susceptible to bond migration 
followed by phenyl migration, as Scheme 7 portrays. Continued ther
molysis surprisingly led to a tricyclic product via -BPh2 activation of the 

pendant olefin, and subsequent phenyl-cyclohexyl migration [58]. 
The successful implementation of 2-D NMR spectroscopic techniques 

permitted identification of the products in Scheme 7, and similar 

Scheme 4. Early studies of 111P with LnM, and a recent Ni catalyzed carbene transfer application by Aggarwal et al.  

Scheme 5. Exposure of AdP to (silox)2M(THF)2 (1-M) and [(silox)3M]Na(THF)2 (2-M, M = Fe,Co) led to simple thermal oligomerization.  

Scheme 6. Precedent for alkylidene formation from norbornene (NBE) adducts via reversible ligand CH-activation, and the non-reactivity of NBE in the iron and 
cobalt systems. 
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analyses were put to the test upon assay of the product of 111P in the 
presence of Ph3B and [(silox)3Fe]Na(THF)2 (2-Fe). Under the conditions 
indicated Scheme 8, a colorless major product crystallized from a 

solution containing several products. Control reactions indicated that 
both Ph3B and 2-Fe were required to generate the diamagnetic com
pound, which possessed complicated 1H NMR spectra that had two 

Scheme 7. Electrophilic opening of AdP by Ph3B and PhB(OH)2, and a postulated mechanism featuring plausible rearrangements.  

Scheme 8. 111P decomposition product in the presence of Ph3B and [(silox)3Fe]Na(THF)2 (2-Fe), and a postulated mechanism of formation. Colorless 4-methyl-2- 
(3-methylene-1-phenylcyclobutyl)-1,2-diphenyl-2,3-dihydro-1H-borole was isolated in 35% yield. 
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components of 111P (typically added in excess) and one of Ph3B, and 
included phenyl migration from boron and eventual cyclobutane ring 
opening. X-ray crystallography corroborated the product (vide infra). 

A plausible mechanism is also illustrated in Scheme 8. It is likely that 
2-Fe catalyzes the rearrangement of 111P to 3-methylene-cyclobutyli
dene, which is trapped by Ph3B, resulting in Ph migration from boron 
to provide a neutral Ph2B(cC4H4-1-Ph,3-CH2). This species is electro
philic enough for a similar sequence to give PhB(cC4H4-1-Ph,3-CH2)2, 
where it possible that steric crowding results in alkyl migration to boron 
[58], thereby relieving some ring strain. A subsequent group migration 
of (cC4H4-1-Ph,3-CH2) alleviates considerable strain at B, leaving only 
isomerization of the exo-methylene to an internal ring position to afford 
the ultimate product, Ph(κ-CH=CMeCH2BPh(cC4H4-1-Ph,3-CH2) (4). 
Given the presence of Lewis acid (e.g., Ph3B) and possible Brønsted acid 
sources (trace hydrolysis), the olefin isomerization step may occur via 
many paths. 

2.3.3. Structure of Ph(κ-CH=CMeCH2BPh(cC4H4-1-Ph,3-CH2) (4) 
In Fig. 4, the NMR-determined structure of Ph(κ-CH=CMeCH2CPh 

(cC4H4-1-Ph,3-CH2) (4) was verified by single crystal X-ray crystallog
raphy, and its salient metric parameters are listed in the caption. The B- 
C12 bond of the five-membered ring is 1.6314(15) Å, which is long 
compared to the boron-phenyl-carbon (C23) distance of 1.5642(16) Å, 
and d(B-C19) = 1.5310(16) [59]. Steric factors regarding this tertiary 
carbon are a likely influence, in addition to hybridization, as C(23) is an 
sp3-carbon, whereas C23 and C19 are sp2. Note that C19-C20 = 1.3455 
(16) Å and C20-C22, = 1.4930(15) Å, confirming the isomerization of 
the exo-methylene as Scheme 8 shows. The exo-methylene of the four- 
membered ring is 1.3185(15) Å, and ring distances manifest the 

influence of its sp2-carbon, as d(C2-C3) and d(C2-C5) average 1.515(2) 
Å, compared to the remaining two distances, which average 1.583(2) Å 
[53]. All angles reflect the sterics and hybridizations involved. For 
example, C5-C2-C3 is 92.71(8)◦, followed by the angles C2-C3-C4 and 
C2C5-C4 at 89.33(8)◦ and 89.13(8), respectively, and the C3-C4-C5 
angle is 87.68(7). 

3. Conclusions 

3.1. Structures of (silox)2Co(THF)2 (1-Co) and [(silox)3M]Na(THF)2 
(2-M; M = Fe, Co) 

Low coordinate bulky alkoxide, siloxide, and various amide com
plexes, especially homoleptic or pseudo-homoleptic examples, are a 
class of hard-donor, high-spin complexes that comprise a cornerstone of 
inorganic synthesis. The pseudo-tetrahedral and pseudo-trigonal ge
ometries of (silox)2Co(THF)2 (1-Co) and [(silox)3M]Na(THF)2 (2-M; M 
= Fe, Co) harbor no surprises, as deviations are readily explained by 
steric factors. While lacking the steric bulk necessary to restrict the co
ordination number, the bis-siloxide, bis-THF species provide entries into 
sterically saturated L2M(silox)2 and [M(silox)3L]M’ derivatives. The 
Dewar-Chatt-Duncanson olefin-binding model has come unto question 
for first row transition metals, in which ionic contributions may pre
dominate in what is essentially just a simple donor–acceptor interaction 
[41]. The failure to achieve NBE coordination to these weak field 
complexes is perhaps a testament to the inability of olefins in general to 
bind to metal centers possessing contracted 3d orbitals. In this instance, 
the synthesis of anions, thought to expand the 3d orbitals and provide 
greater donor–acceptor overlap for either olefin or alkylidene binding, 
also failed to elicit the desired reactivity. 

3.2. Propellane non-reactivity 

Given previous comments related to formally Fe(IV) alkylidenes and 
olefin metathesis, it is not surprising that no reactivity of consequence 
with (silox)2M(THF)2 (1-M) or [(silox)3M]Na(THF)2 (2-M) was observed 
[43]. Aside from the curious results of Bukhryakov [44], none would be 
anticipated. The question of whether there is an alternative mechanism 
for the (HMTO)2Fe (HMTO = O-2,6-(2,4,6-Me3C6H2)C6H3)/NBE/ (Ph 
(CF3)2COH) system has not been answered, and there remains the po
tential for metal contamination, even though Bukhryakov has done a 
credible job of investigating this possibility. 

The compounds herein are not the only iron and cobalt derivatives 
subjected to 111P as a potential alkylidene precursor to 3-exo-methy
lene cyclobutylidene complexes. Table 2 lists the slew of coordinatively 
unsaturated inorganic and organometallic compounds that have been 
subjected to 111P under standard conditions (typically 23 ◦C, THF, >1 
equiv). The results corroborate the problems generating an “Fe(IV)” (or 
“Co(IV)”) alkylidene, when the metals are incapable of making true 
covalent interactions [43]. When 111P reactivity was observed, like 1-M 
and 2-M, the compounds generally served to catalyze the rearrangement 
to free 3-exo-methylene cyclobutylidene, as its dimerization product was 
most commonly observed. In four cases, paramagnetic metal-containing 
products were observed, but 1H NMR spectral analyses were insufficient 
to ascribe signals to derivatives of 111P, and despite concerted efforts, 
crystallizations have failed thus far. It is noteworthy that two of the 
reactions involved starting materials ((PDI)Fe(N2)2 [17] and Co(OCt

Bu2Ph)2(THF)2) [40] are precursors for the aformentioned diphenyl 
carbene species with radical character from the Chirik and Groysman 
labs, respectively. The remaining two compounds are 3- and 4-coordi
nate dineopentyl complexes ((MeIPr)Fe(neoPe)2 and (TMEDA)Fe 
(neoPe)2) with the potential for carbene insertion chemistry. 

3.3. Final comments 

Previous strong field, formally iron(IV) alkyllidenes, both cationic 

Fig. 4. Molecular view of Ph(κ-CH=CMeCH2BPh(cC4H4-1-Ph,3-CH2) (4). 
Selected interatomic distances (Å) and angles(◦): B-C12, 1.6314(15); B-C19, 
1.5310(16); B-C23, 1.5642(16); C19-C20, 1.3455(16); C20-C22, 1.4930(15); 
C20-C21, 1.5042(15); C12-C21, 1.5619(14); C12-C13, 1.5275(14); C4-C12, 
1.5520(14); C3-C4, 1.5814(14); C4-C6, 1.5349(14); C4-C5, 1.5835(14); C2- 
C5, 1.5163(15); C1-C2, 1.3185(15); C2-C3, 1.5129(15); C12-B-C19, 106.96(9); 
C12-B-C23, 128.98(9); C19-B-C23, 124.05(10); B-C12-C21, 101.45(8); C12- 
C21-C20; 107.93(9); C21-C20-C19, 113.86(9); C21-C20-C22, 118.51(10); 
C19-C20-C22; 127.63(10); B-C19-C20, 109.75(10); B-C12-C13, 103.77(8); B- 
C12-C4, 113.71(8); C12-C4-C3, 117.04(8); C12-C4-C5, 112.09(8); C12-C4-C6, 
115.56(8); C3-C4-C5, 87.68(7); C4-C5-C2, 89.13(8); C5-C2-C3; 92.71(8); C5- 
C2-C1, 134.17(11); C1-C2-C3, 132.87(11); C2-C3-C4, 89.33(8). 
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and neutral, have failed to elicit any olefin metathesis reactivity, and 
attempts to exploit 111P in the synthesis of additional systems has 
failed. For an iron complex to be capable of olefin metathesis, an “Fe 
(IV)” alkylidene must be “oxidizing” enough for a true covalent inter
action. In all cases thus far, so-called iron-carbon double bonds are 
either polarized to the extent that “Fe(IV)” is really an Fe(II) stabilized 
carbocation, or the carbon at most possesses radical character, especially 
within weak fields. Even the π-bonding in “Fe(IV)” imido complexes, 
where nitrogen is significantly more “oxidizing” than carbon, is highly 
delocalized or imidyl-like that the the oxidation state is nebulous. 
Assuming the Bukhryakov ROMP case is valid, an alternative to the 
Chauvin mechanism seems plausible. 

4. Experimental 

4.1. General considerations 

All manipulations were performed using either glovebox, Schlenk, or 
high vacuum line techniques, unless stated otherwise. All glassware was 
oven dried at 180 ◦C⋅THF and ether were distilled under nitrogen from 
purple sodium benzophenone ketyl and vacuum transferred from the 
same prior to use. Hydrocarbon solvents were treated in the same 
manner with the addition of 1–2 mL/L tetraglyme. Benzene‑d6 was dried 
over sodium, vacuum transferred and stored over sodium⋅THF-d8 was 
dried over sodium, and vacuum transferred from sodium benzophenone 
ketyl prior to use. Acetonitrile‑d3 was dried over refluxing CaH2, vac
uum distilled and stored over CaH2, and chloroform‑d1 (Cambridge 
Isotope Laboratories) was used as received. 

NMR spectra were obtained using Varian 300 MHz (Mercury), 400 
MHz (Inova), 500 MHz (Inova) and 600 MHz (Inova) spectrometers. 1H 
and 13C NMR shifts are referenced to benzene‑d6 (1H, δ 7.16 ppm; 13C, δ 
128.39 ppm), toluene‑d8 (1H, δ 2.09 ppm; 13C, δ 20.40 ppm), acetoni
trile‑d3 (1H, δ 1.94 ppm; 13C, δ 118.26 ppm), tetrahydrofuran‑d8 (1H, δ 
3.58 ppm; 13C, δ 67.57 ppm), dichloromethane‑d2 (1H, δ 5.32 ppm; 13C, 
δ 53.84 ppm), deuterium oxide (1H, δ 4.79 ppm; 13C, CH3CN spike, δ 
1.79 ppm). The 2D experiments utilized were 1H–13C HSQC (Hetero
nuclear Single Quantum Coherence), 1H–13C HMBC (Heteronuclear 
Multiple Bond Correlation), and 1H–1H COSY (COrrelated Spectros
copY). Solution magnetic measurements were conducted via Evans’ 
method [50]. 

4.2. Procedures 

4.2.1. (silox)2Fe(THF)2 (1-Fe) 
To a 25 mL round bottom flask charged with FeCl2 (0.250 g, 1.97 

mmol) and Na(silox) (0.941 g, 3.94 mmol) was added 15 mL of freshly 
distilled THF at −78 ◦C. The mixture was allowed to warm slowly to 23 
◦C and stirred for 48 h, resulting in a yellow solution. The volatiles were 
evaporated, and the residue was triturated in the presence of pentane (2 
× 10 mL), which was then removed in vacuo. Pentane (15 mL) was added 
to the residue, which was filtered, and washed with additional pentane 
until the filtrate was clear. The solution was concentrated to 5 mL, 
cooled to −78 ◦C and stirred for 30 min. The solution was filtered to 
yield 1-Fe as a colorless solid (0.997 g, 80%). μeff (Evans, C6D6) = 5.2 μB. 
1H NMR (C6D6) δ 12.99 (54H, v1/2 ≈ 280 Hz, CH3), 1.78 (8H, v1/2 ≈ 74 
Hz, THF), −3.79 (8H, v1/2 ≈ 512 Hz, THF). An NMR tube sample was 
opened to air, one drop (~0.05 mL) of deionized H2O was added, and 
the tube was shaken. The contents were filtered through a plug of 
MgSO4, and assayed by 1H NMR spectroscopy: (C6D6) δ 1.11 (54H), 1.40 
(8.41H), 3.57 (8.41H), indicating a 1.05:1 ratio of THF:(silox)H. 

4.2.2. (silox)2Co(THF)2 (1-Co) 
To a 25 mL round bottom flask charged with CoBr2(THF)2 (0.265 g, 

0.730 mmol) and Na(silox) (0.348 g, 1.46 mmol) was added 15 mL of 
freshly distilled THF at −78 ◦C. The mixture was allowed to warm slowly 
to 23 ◦C and stirred for 16 h, resulting in a purple solution. The volatiles 

Table 1 
Metric parameters (d(Å), angles(◦)) associated with (silox)2Co(THF)2 (1-Co) and 
[(silox)3M]Na(THF)2 (2-M, M = Fe, Co).  

M = Fe, Co 1-Co 2-Fe 2-Co 

M−O(Si) 1.8628(9) 1.9333(10) 1.9259(14)   
1.8563(10) 1.8308(14)   
1.9082(10) 1.8941(13) 

M−O(THF) 2.0718(10)   
M….…..Na  2.8900(6) 2.9133(8) 
Na-O(Si)  2.46781(11) 2.4389(15)   

2.3288(11) 2.3153(18) 
Na-O(THF)  2.3485(12) 2.3582(17)   

2.3112(13) 2.3153(18) 
Si-O 1.6045(1) 1.6257(10) 1.6234(14)   

1.6183(10) 1.6279(14)   
1.6299(10) 1.6230(14). 

(Si)O-M−O(Si) 133.48(6) 130.00(4) 130.63(6)   
98.48(4) 97.17(6)   
129.71(4) 130.48(8) 

(Si)O-M−O(THF) 144.05(4)    
96.65(4)   

(THF)O-M−O(THF) 97.03   
M−O(Si)-Na  84.85(4) 86.38(5)   

81.57(4) 83.45(5) 
O(SI)-Na-O(SI)  74.63(4) 74.12 
O(Si)-Na-O(THF)  147.09(5) 148.24(7)   

103.45(4) 102.46(6)   
132.25(4) 132.38(7)   
111.15(4) 109.80(6) 

O(THF)-Na-O(THF)  85.22(4) 85.60(6)  

Table 2 
Complexes subjected to 111P under standard conditions, and products if 
observed.   

Observable Products 

Cmpd R/ 
NR 

bis(3-methylene- 
cyclobutylidene) 

metal or L- 
containing 

(silox)2Fe(THF)2 (1-Fe) R √ 1-Fe 
(silox)2Co(THF)2 (1-Co) R √ 1-Co 
[(silox)3Fe]Na(THF)2 (2- 

Fe) 
R √ 2-Fe 

[(silox)3Co]Na(THF)2 (2- 
Co) 

R √ 2-Co 

(silox)3Fe (3) R √ 3 
(MeIPr)Fe(neoPe)2 [60] R  unidentified 

paramagnetic 
“(PMe3)4Fe“ [61] R  Fe(0) 
(PhPMeNPhP)FeCl2 [43] NR   
(PMe3)2FeCl2 [62] NR   
(Me2IPr)Fe(dvtms) [63] R √ Fe(0), dvtms 
(PMe3)2Fe(1-nor)2 [64] NR   
(TMEDA)Fe(neoPe)2 [60] R  unidentified 

paramagnetic 
[(tBu3SiS)2Fe]2 [65] NR   
{(Me3Si)2N}2 Fe [66] R √ starting material 
(PMe3)2FeMes2 [67] R √ starting material 
FeBr2(THF)2 [68] NR   
(PDI)Fe(N2)2 [69] R  unidentified 

paramagnetic 
{(Me3Si)2N}2FeTHF [70] R √ starting material 
[Fe(Me8porph)] 

Na2(THF)2 [71] 
NR   

Fe(dadi) [72] NR   
Fe(acac)2 NR   
FeI2 NR   
Co(OCtBu2Ph)2(THF)2  

[40] 
R √ unidentified 

paramagnetic 
Fe(OCtBu2Ph)2(THF)2  

[40] 
R √  

[(2,4,6tBuC6H2S)2Fe]2  

[73] 
NR   

[(2,4,6tBuPhS)3Fe]Li [74] NR   
{(Me3Si)2N}2CoTHF [75] NR   
CoCl2THF2 [76] NR    
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were evaporated, and the residue was triturated in the presence of 
pentane (2 × 10 mL), which was then removed in vacuo. Pentane (15 
mL) was added to the residue, which was filtered, and washed with 
additional pentane until the filtrate was clear. The solution was 
concentrated to 5 mL, cooled to −78 ◦C and stirred for 30 min. The 
solution was filtered to yield 1-Co as a purple solid (0.350 g, 75%). μeff 
(Evans, C6D6) = 4.0 μB. 1H NMR (C6D6) δ 12.53 (54H, v1/2 ≈ 75 Hz, 
CH3), −4.70 (8H, v1/2 ≈ 40 Hz, THF), −8.25 (8H, v1/2 ≈ 220 Hz, THF). 
An NMR tube sample was opened to air, one drop (~0.05 mL) of 
deionized H2O was added, and the tube was shaken. The contents were 
filtered through a plug of MgSO4, and assayed by 1H NMR spectroscopy: 
(C6D6) δ 1.11 (54H), 1.40 (8.20H), 3.57 (8.20H), indicating a 1.03:1 
ratio of THF:(silox)H. 

4.2.3. [(silox)3Fe]Na(THF)2 (2-Fe) 
To a 25 mL round bottom flask charged with FeCl2 (0.142 g, 1.12 

mmol) and Na(silox) (0.800 g, 3.36 mmol) was added 15 mL of freshly 
distilled THF at −78 ◦C. The mixture was allowed to warm slowly to 23 
◦C and stirred for 16 h, resulting in a pale green solution. The volatiles 
were evaporated, and the residue was triturated in the presence of 
pentane (2 × 10 mL), which was then removed in vacuo. Pentane (15 
mL) was added to the residue, which was filtered, and washed with 
additional pentane until the filtrate was clear. The solution was 
concentrated to 5 mL, cooled to −78 ◦C and stirred for 30 min. The cold 
solution was filtered to yield 2-Fe as a pale green solid (0.656 g, 67%). 
μeff (Evans, C6D6) = 5.1 μB. 1H NMR (C6D6) δ 6.53 (81H, v1/2 ≈ 300 Hz, 
CH3), −4.79 (8H, v1/2 ≈ 42 Hz, THF), −8.70 (8H, v1/2 ≈ 231 Hz, THF). 

4.2.4. [(silox)3Co]Na(THF)2 (2-Co) 
To a 25 mL round bottom flask charged with CoBr2(THF)2 (0.265 g, 

0.730 mmol) and Na(silox) (0.522 g, 2.2 mmol) was added 15 mL of 
freshly distilled THF at −78 ◦C. The mixture was allowed to warm slowly 
to 23 ◦C and stirred for 16 h, resulting in a blue solution. The volatiles 
were evaporated, and the residue was triturated in the presence of 
pentane (2 × 10 mL), which was then removed in vacuo. Pentane (15 
mL) was added to the residue, which was filtered, and washed with 
additional pentane until the filtrate was clear. The solution was 
concentrated to 5 mL, cooled to −78 ◦C and stirred for 30 min. The cold 
solution was filtered to yield 2-Co as a blue solid (0.503 g, 79%). μeff 
(Evans, C6D6) = 4.8 μB. 1H NMR (C6D6) δ 11.67 (81H, v1/2 ≈ 52 Hz, 
CH3), −7.39 (8H, v1/2 ≈ 28 Hz, THF), −16.73 (8H, v1/2 ≈ 117 Hz, THF). 

4.2.5. (silox)3Fe(THF) (3) 
To a 25 mL round bottom flask charged with FeCl3 (0.182 g, 1.12 

mmol) and Na(silox) (0.800 g, 3.36 mmol) was added 15 mL of freshly 
distilled THF at −78 ◦C. The mixture was allowed to warm slowly to 23 
◦C and stirred for 16 h, resulting in a yellow solution. The volatiles were 
evaporated, and the residue was triturated in the presence of pentane (2 
× 10 mL), which was then removed in vacuo. Pentane (15 mL) was added 
to the residue, which was filtered, and washed with additional pentane 
until the filtrate was clear. Volatiles were removed, a minimal amount of 
pentane was added and slow evaporation of the concentrated solution at 
−35 ◦C yielded the product as a yellow solid (0.495 g, 57%). μeff (Evans, 
C6D6) = 5.9 μB. 1H NMR (C6D6) δ 12.24 (81H, v1/2 ≈ 2400 Hz, CH3), 3.33 
(8H, v1/2 ≈ 210 Hz, THF), 2.10 (8H, v1/2 ≈ 260 Hz, THF). 

4.2.6. (silox)2Fe(THF)2 (1-Fe) + 1.1.1.-propellane 
To an oven dried 25 mL two neck flask equipped with a dropping 

funnel and charged with 1,1-dibromo-2,2-bis(chloromethyl)cyclopro
pane (0.132 g, 0.445 mmol) was added 5 mL pentane at −78 ◦C. 1.6 
M MeLi solution in hexanes (0.56 mL, 0.445 mmol) was added dropwise 
at −78 ◦C with vigorous stirring. The reaction mixture was stirred at 
−78 ◦C for 15 min, allowed to warm to 0 ◦C, and stirred another hour. 
The propellane solution was then freeze–pumpthaw degassed 3 times 
with the thawing temperature not exceeding 0 ◦C. The propellane was 
distilled into a 25 mL flask charged with (silox)2Fe(THF)2 (1 -Fe, 0.109 

g, 0.172 mmol) and cooled to −78 ◦C. The solution was allowed to warm 
slowly to 23 ◦C and stirred for 16 h, resulting in a pale-yellow solution. 
The volatiles were evaporated and the residue was subjected to dynamic 
vacuum for 1 h. 1-Fe was recovered quantitatively, and bis(3- 
methylenecyclobutylidene) was present in 54% yield (1H NMR assay) 
relative to initial 1,1-dibromo-2,2-bis(chloromethyl)cyclopropane. 

4.2.7. (silox)2Co(THF)2 (1-Co) + 1.1.1.-propellane 
To an oven dried 25 mL two neck flask equipped with a dropping 

funnel and charged with 1,1-dibromo-2,2-bis(chloromethyl)cyclopro
pane (0.132 g, 0.445 mmol) was added 5 mL pentane at −78 ◦C. 1.6 
M MeLi solution in hexanes (0.56 mL, 0.445 mmol) was added dropwise 
at −78 ◦C with vigorous stirring. The reaction mixture was stirred at 
−78 ◦C for 15 min, allowed to warm to 0 ◦C, and stirred another hour. 
The propellane solution was then freeze–pumpthaw degassed 3 times 
with the thawing temperature not exceeding 0 ◦C. The propellane was 
distilled into a 25 mL flask charged with (silox)2Co(THF)2 (0.110 g, 
0.173 mmol) and cooled to −78 ◦C. The solution was allowed to warm 
slowly to 23 ◦C and stirred for 16 h, resulting in a purple solution. The 
volatiles were evaporated and the residue was subjected to dynamic 
vacuum for 1 h. 1-Co was recovered quantitatively and bis(3- 
methylenecyclobutylidene) was present in 45% yield relative to initial 
1,1-dibromo-2,2-bis(chloromethyl)cyclopropane. 

4.2.8. [(silox)3Fe][Na(THF)2] (2-Fe) + 1.1.1.-propellane 
To an oven dried 25 mL two neck flask equipped with a dropping 

funnel and charged with 1,1-dibromo-2,2-bis(chloromethyl)cyclopro
pane (0.132 g, 0.445 mmol) was added 5 mL pentane at −78 ◦C. 1.6 
M MeLi solution in hexanes (0.56 mL, 0.445 mmol) was added dropwise 
at −78 ◦C with vigorous stirring. The reaction mixture was stirred at 
−78 ◦C for 15 min, allowed to warm to 0 ◦C and stirred another hour. 
The propellane solution was then freeze–pumpthaw degassed 3 times 
with the thawing temperature not exceeding 0 ◦C. The propellane was 
distilled into a 25 mL flask charged with 0.4 equivalents of [(silox)3Fe] 
[Na(THF)2] (0.150 g, 0.173 mmol) cooled to −78 ◦C. The solution was 
allowed to warm slowly to 23 ◦C and stirred for 16 h, resulting in a pale- 
yellow solution. The volatiles were evaporated and the residue was 
subjected to dynamic vacuum for 1 h. 2-Fe was recovered quantitatively 
and bis(3-methylenecyclobutylidene) was present in 10% yield relative 
to initial 1,1-dibromo-2,2-bis(chloromethyl)cyclopropane. 

4.2.9. [(silox)3Co][Na(THF)2] (2-Co) + 1.1.1.-propellane 
To an oven dried 25 mL two neck flask equipped with a dropping 

funnel and charged with 1,1-dibromo-2,2-bis(chloromethyl)cyclopro
pane (0.132 g, 0.445 mmol) was added 5 mL pentane at −78 ◦C. 1.6 
M MeLi solution in hexanes (0.56 mL, 0.445 mmol) was added dropwise 
at −78 ◦C with vigorous stirring. The reaction mixture was stirred at 
−78 ◦C for 15 min, allowed to warm to 0 ◦C, and stirred another hour. 
The propellane solution was then freeze–pumpthaw degassed 3 times 
with the thawing temperature not exceeding 0 ◦C. The propellane was 
distilled into a 25 mL flask charged with [(silox)3Co][Na(THF)2] (0.150 
g, 0.173 mmol) cooled to −78 ◦C. The solution was allowed to warm 
slowly to 23 ◦C and stirred for 16 h, resulting in a blue-green solution. 
The volatiles were evaporated and the residue was subjected to dynamic 
vacuum for 1 h, yielding 2-Co quantitatively and bis(3- 
methylenecyclobutylidene) in a 40% yield relative to initial 1,1- 
dibromo-2,2-bis(chloromethyl)-cyclopropane. 

4.2.10. AdP and BPh3 to 7-methylene-3-phenylbicyclo[3.3.1]nonan-3-yl) 
diphenylborane 

To a J Young NMR tube charged with AdP (5 mg, 0.037 mmol) and 
BPh3 (9 mg, 0.037 mmol) was added C6D6 (300 μL) at 23 ◦C and the 
mixture was allowed to react for 10 min, resulting in quantitative for
mation of (7-methylene-3-phenylbicyclo[3.3.1]nonan-3-yl)diphe
nylborane. 1H NMR (C6D6) δ 1.16 (m, 1H, H1-eq), 1.76 (m, 1H, H1-ax), 
2.11 (bs, 2H, H2) , 2.19 (m, 2H, H3-ax), 2.26 (m, 2H, H3-eq), 2.37 (dd, J =
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7.58, 14.35 Hz, 2H, H6-ax), 2.61 (dd, J = 2.85, 14.35 Hz, 2H, H6-eq), 4.86 
(s, 2H, H5), 7.01 (t, J = 7.09 Hz, 1H, H8), 7.12 (dd, J = 7.09, 7.56 Hz, 2H, 
H9), 7.15 (dd, J = 6.74, 7.01 Hz, 4H, H13), 7.20 (t, J = 6.74 Hz, 2H, H12), 
7.36 (d, J = 7.56 Hz, 2H, H10), 7.44 (d, J = 7.01 Hz, 4H, H14). 13C NMR 
(C6D6) δ 28.54 (2C, C2), 31.34 (1C, C1), 36.72 (2C, C6), 39.88 (1C, C7), 
41.35 (2C, C3), 114.32 (1C, C5), 124.93 (1C, C8), 126.01 (4C, C13), 
127.46 (2C, C9), 127.47 (2C, C12), 130.00 (2C, C10), 133.87 (4C, C14), 
143.56 (1C, C4), 144.34 (2C, C15), 144.97 (1C, C11). 11B NMR (C6D6) δ 
68.83 (Fig. 5). 

4.2.11. Diphenyl(6a-phenylhexahydro-2,5-methanopentalen-3a(1H)-yl) 
methyl)borane 

A J. Young tube charged with (7-methylene-3-phenylbicyclo[3.3.1] 
nonan-3-yl)diphenylborane (14 mg, 0.037 mmol) in C6D6 (300 μL) was 
placed in a preheated 80 ◦C oil bath for 72 h, resulting in quantitative 
formation of diphenyl(6a-phenylhexahydro-2,5-methanopentalen-3a 
(1H)-yl)methyl)borane. 1H NMR (C6D6) δ 1.25 (m, 1H, H4), 1.30 (m, 
2H, H5), 1.37 (m, 1H, H4), 1.63 (m, 2H, H2), 1.65 (s, 2H, BCH2), 1.69 (m, 
2H, H5), 2.00 (m, 2H, H3), 2.28 (m, 2H, H2), 7.08 (t, J = 6.90 Hz, 1H, 
CPh-H15), 7.14 (dd, J = 6.88, 7.09 Hz, 4H, BPh-H10), 7.17 (t, J = 6.88 
Hz, 2H, BPh-H11), 7.26 (dd, J = 6.90, 7.55 Hz, 2H, CPh-H14), 7.36 (d, J 
= 7.55 Hz, 2H, CPh-H13), 7.56 (d, J = 7.09 Hz, 4H, BPh-H9). 13C NMR 
(C6D6) δ 33.81 (1C, C4), 35.67 (1C, BCH2), 36.24 (2C, C3), 49.35 (2C, 
C2), 52.22 (2C, C5), 56.08 (1C, C1), 58.11 (1C, C6), 125.55 (1C, CPh- 
C15), 127.28 (4C, BPh-C10), 127.71 (2C, CPh-C13), 127.85 (2C, CPh-C14), 
130.80 (2C, BPh-C11), 135.70 (4C, BPh-C9), 144.58 (2C, BPh-C8), 146.36 
(4C, CPh-C12). 11B NMR (C6D6) δ 75.13. 

4.2.12. AdP and BPh3 to (7-methylene-3-phenylbicyclo[3.3.1]nonan-3-yl) 
boronic acid 

A J. Young tube charged with AdP (5 mg, 0.037 mmol) and BPh3 (9 
mg, 0.037 mmol) was added C6D6 (300 μL) at 23 ◦C ,and the mixture was 
allowed to react for 16 h, resulting in quantitative formation of (7- 
methylene-3-phenylbicyclo[3.3.1]nonan-3-yl)boronic acid. 1H NMR 
(C6D6) δ 1.45 (m, 1H, H1), 1.48 (m, 1H, H1), 1.82 (m, 2H, H6), 2.09 (m, 
2H, H2), 2.26 (m, 2H, H3), 2.51 (m, 2H, H3), 3.18 (m, 2H, H6), 4.49 (s, 
2H, H5), 6.97 (t, J = 6.97 Hz, 1H, Ph-H12), 7.36 (s, 2H, B(OH)2), 7.64 
(dd, J = 6.97, 7.73 Hz, 2H, Ph-H13), 8.22 (d, J = 7.73 Hz, 2H, Ph-H14). 
13C NMR (C6D6) δ 30.03 (2C, C2), 31.87 (1C, C7), 33.83 (1C, C1), 38.92 
(2C, C6), 39.14 (2C, C3), 114.61 (1C, C5), 125.59 (1C, Ph-C12), 127.27 
(2C, Ph-C13), 135.58 (2C, Ph-C14), 146.36 (1C, C4), 148.54 (1C, Ph-C15). 
11B NMR (C6D6) δ 29.96. 

4.2.13. 1.1.1.-Propellane and BPh3 to 4-methyl-2-(3-methylene-1- 
phenylcyclobutyl)-1,2-diphenyl-2,3-dihydro-1H-borole 

To an oven dried 25 mL two neck flask equipped with a dropping 
funnel and charged with 1,1-dibromo-2,2-bis(chloromethyl)cyclopro
pane (0.142 g, 0.48 mmol) was added 5 mL pentane at −78 ◦C. A 1.6 
M MeLi solution in hexanes (0.6 mL, 0.96 mmol) was added dropwise at 

−78 ◦C with vigorous stirring. The reaction mixture was stirred at −78 
◦C for 15 min, allowed to warm to 0 ◦C and stirred another hour. The 
propellane solution was then freeze–pumpthaw degassed 3 times with 
the temperature not exceeding 0 ◦C. To a separate 25 mL round bottom 
flask charged with BPh3 (0.093 g, 0.38 mmol) and (silox)3FeNa(THF)2 
(0.330 g, 0.38 mmol) was added 15 mL of freshly distilled toluene at 
−78 ◦C. The propellane solution was vacuum distilled into this flask at 
−78 ◦C and the reaction mixture was allowed to warm slowly to 23 ◦C. It 
was stirred for 16 h, resulting in a yellow solution. The volatiles were 
evaporated, and the residue was dissolved in minimal Et2O. Slow 
evaporation at −35 ◦C yielded colorless crystals of 4-methyl-2-(3-meth
ylene-1-phenylcyclobutyl)-1,2-diphenyl-2,3-dihydro-1H-borole (0.050 
g, 35%). 1H (C6D6) δ 1.81 (s, 3H, H3), 2.98 (m, 2H, H7), 3.10 (m, 1H, H4), 
3.19 (m, 2H, H7), 3.80 (m, 1H, H4), 4.63 (br s, 1H, H10), 4.85 (br s, 1H, 
H10), 6.36 (s, 1H, H1), 6.99–7.10 (m, 9H, Ph), 7.23 (m, 4H, Ph), 7.49 (d, 
J = 7.70 Hz, 2H, Ph). 

4.3. X-ray crystal structure determinations 

4.3.1. (silox)2Co(THF)2 (1-Co) 
A purple block measuring 0.14 × 0.132 × 0.109 mm3 was obtained 

from slow evaporation of a THF solution. Crystal data for 
C32H70O4Si2Co, M = 633.99, monoclinic, I 2/a, a = 18.1246(2), b =

9.20760(10), c = 22.7039(2) Å, β = 96.4670(10)◦, V = 3764.81(7) Å3, T 
= 100.0(2)K, λ = 1.54184 Å, Z = 4, ρcalc = 1.119 Mg/m3, µ = 4.407 
mm−1, 24,134 reflections, 3945 independent (Rint = 0.0351), R1 (all 
data) = 0.0307, wR2 = 0.0798, R1 (I > 2σ(I)) = 0.0304, wR2 = 0.0795, 
GOF = 1.044. 

4.3.2. [(silox)3Fe][Na(THF)2] (2-Fe) 
A pale green plate measuring 0.245 × 0.182 × 0.132 mm3 was ob

tained from slow evaporation of a THF solution. Crystal data for 
C44H97O5Si3NaCo, M = 869.32, monoclinic, P21/n, a = 12.47370(10), b 
= 17.31430(10), c = 23.96080(2) Å, β = 91.0820(10)◦, V = 5173.97(6) 
Å3, T = 99.9(2) K, λ = 1.54184 Å, Z = 4, ρcalc = 1.116 Mg/m3, µ = 3.370 
mm−1, 71,941 reflections, 10,829 independent (Rint = 0.0407), R1 (all 
data) = 0.0357, wR2 = 0.0897, R1 (I > 2σ(I)) = 0.0334, wR2 = 0.0882, 
GOF = 1.061. 

4.3.3. [(silox)3Co][Na(THF)2] (2-Co) 
A blue block measuring 0.277 × 0.218 × 0.189 mm3 was obtained 

from slow evaporation of a THF solution. Crystal data for C44H97O5Si3

NaCo, M = 872.40, monoclinic, P21/n, a = 12.47360(10), b = 17.33840 
(10), c = 23.93010(2) Å, β = 91.2410(10)◦, V = 5174.20(6) Å3, T =
100.0(3) K, λ = 1.54184 Å, Z = 4, ρcalc = 1.120 Mg/m3, µ = 3.633 mm−1, 
76,615 reflections, 10,567 independent (Rint = 0.0696), R1 (all data) =
0.0510, wR2 = 0.1348, R1 (I > 2σ(I)) = 0.0487, wR2 = 0.1330, GOF =
1.059. 

Fig. 5. Keys for NMR spectra of: a. 7-methylene-3-phenylbicyclo[3.3.1]nonan-3-yl)diphenyl-borane and boronic acid; b. Diphenyl(6a-phenylhexahydro-2,5- 
methanopentalen-3a(1H)-yl)methyl)-borane; c. 4-methyl-2-(3-methylene-1-phenylcyclobutyl)-1,2-diphenyl-2,3-dihydro-1H-borole (4). 
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4.3.4. Ph(κ-CH=CMeCH2CPh(cC4H4-1-Ph,3-CH2) (4) 
A colorless plate measuring 0.153 × 0.12 × 0.08 mm3 was obtained 

from slow evaporation of a benzene solution. Crystal data for C28H27B, 
M = 374.30, triclinic, P(1 bar), a = 8.4894(2), b = 9.9730(2), c =

13.2576(2) Å, α = 73.793(2)◦, β = 74.831(2)◦, γ = 86.835(2)◦, V =

1040.10(5) Å3, T = 99.9(4) K, λ = 1.54184 Å, Z = 2, ρcalc = 1.195 Mg/ 
m3, µ = 0.495 mm−1, 22,851 reflections, 4374 independent (Rint =

0.0375), R1 (all data) = 0.0419, wR2 = 0.1026, R1 (I > 2σ(I)) = 0.0387, 
wR2 = 0.1001, GOF = 1.082. 
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