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ABSTRACT: A comprehensive study has been carried out to
investigate the metathesis reactivity of the terminal alkylbor-
ylene complex [(η5-C5H5)(OC)2MnB(tBu)] (1). Its
react ions with 3,3 ′ ,5 ,5 ′ - tetrakis(tr ifluoromethyl)-
benzophenone, 4,4′-dimethylbenzophenone, 2-adamantanone,
4,4′-bis(diethylamino)benzophenone, and 1,2-diphenylcyclo-
propen-3-one afforded the metathesis products [(η5-C5H5)-
(OC)2MnCR2] (R = C6H3-3,5-(CF3)2 3a, C6H4-4-Me 3b,
C6H4-4-NEt2 3d; CR2 = adamantylidene 3c, cyclo-C3Ph2 3e).
The cycloaddition intermediates were detected by NMR spectroscopy from reactions involving ketones with more electron-
withdrawing substituents. The reaction of 1 with dicyclohexylcarbodiimide (DCC) only proceeds to form the cycloaddition
product [(η5-C5H5)(OC)2Mn{κ2-C,B-C(NCy)N(Cy)B(tBu)}] (4), which upon warming, rearranges to afford complex [(η5-
C5H5)(OC)2Mn{CN(Cy)B(tBu)CN(Cy)}] (5). The reaction of 1 with triphenylphosphine sulfide SPPh3 also yields the
metathesis product [(η5-C5H5)(OC)2Mn(PPh3)] via an intermediate which is likely to be a η2-thioboryl complex [(η5-
C5H5)(OC)2Mn{(η2-SB(tBu)}] (6). Similar reactions have been studied using an iron borylene complex [(Me3P)(OC)3Fe
B(Dur)] (Dur = 2,3,5,6-tetramethylphenyl, 9). Extensive computational studies have been also carried out to gain mechanistic
insights in these reactions, which provided reaction pathways that fit well with the experimental data.

■ INTRODUCTION

Since the discovery of complexes containing carbon−metal
multiple bonds,1 this area of chemistry has become one of the
most important classes of compounds in organometallic
chemistry for their role in many chemical processes, such as
metathesis or polymerization of unsaturated organic sub-
strates.2−4 Since the mid-1980s, the chemistry of metal−main
group element unsaturated bond-containing systems that carry
out metathesis reactions has also started to grow at an
increasing rate, with the majority concerning group 4−6
transition metal−imide complexes which stoichiometrically or
catalytically carry out imide/imine metatheses.5,6 Fewer
examples of metal oxo6,7 and phosphinidene systems8,9 have
also been reported (Figure 1).
Closely related to this class of compounds, borylene

complexes that contain boron−metal double bonds, though
being much younger,10 have demonstrated intriguing reac-
tivity.11−15 Because the borylene ligand (:B−R) is isolobal to a
carbene ligand and group 7 metal terminal borylene complexes
such as [(η5-C5H5)(OC)2MnB(tBu)] (1) are isoelectronic to
group 6 metal carbyne complexes, it has been demonstrated
that these complexes have reactivity that mirrors that of carbene
and carbyne complexes,16 such as metathesis. Metal borylene
complexes are unique among the previously reported meta-
thesis systems in the respect that the metal center carries the

more negative charge relative to the boron center (Figure 2)
and therefore may offer drastically different reactivities toward
polar substrates from systems that polarize in the opposite
direction.
This reactivity was first explored by Aldridge et al. employing

a cationic group 8 iron terminal borylene complex [(η5-
C5H5)(OC)2FeBMes]+, which showed reactivity toward
Ph3PS and Ph3AsO, forming the metathesis products [(η5-
C5H5)(OC)2Fe(PPh3)]

+ and [(η5-C5H5)(OC)2Fe(AsPh3)]
+

respectively.17,18 Later, we reported that the terminal group 7
metal borylene complexes [LnMBR] underwent [2 + 2]
cycloaddition with unsaturated polar organic substrates
(Scheme 1). In the case of 1 and benzophenone, the resulting
cycloadduct is prone to subsequent cycloreversion to afford
Fischer-type carbene complex [(η5-C5H5)(OC)2MnCPh2]
(3) via a cycloaddition intermediate [(η5-C5H5)(OC)2Mn{κ2-
B,C-B(tBu)OC(Ph2)}] (2).19 This metathesis-type reactivity
piqued our interest because it not only provided another clean
and efficient way of preparing Fischer carbene complexes
[LnMCR2] but also demonstrated a great potential of this
class of complexes in stoichiometric or catalytic metathesis-type
reactivity.
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Complex 1 represents the first example of a group 7 metal−
heteroatom complex that carries out metathesis, and this study
examines such reactivity of 1 toward a range of substrates. The
mechanistic pathways were probed computationally employing
density functional theory (DFT) methods using the Gaussian03
series of programs (see Supporting Information for further
details). A range of carbene complexes, including an unusual
adamantylidene complex [(η5-C5H5)(OC)2MnC(C9H14)]
(3c), were synthesized and characterized. In addition, further
exploration of the reaction of 1 and dicyclohexylcarbodiimide
(DCC) led to discoveries of an unexpected rearrangement
reaction. Furthermore, similar studies were extended to the
neutral group 8 aryl-substituted iron borylene complex
[(Me3P)(OC)3FeB(Dur)] (9, Dur =2,3,5,6-tetramethyl-
phenyl).

■ RESULTS AND DISCUSSION
Reactions with Ketones. In a fashion similar to that of the

reaction of 1 with benzophenone,19 the reactions with 3,3′,5,5′-
tetrakis(trifluoromethyl)benzophenone and 4,4′-dimethylben-
zophenone at −30 °C in hexane lead to formation of [2 + 2]
cycloaddition intermediates [(η5-C5H5)(OC)2Mn{κ2-B,C-[B-
(tBu)OCR2]}] 2a (R = C6H3-3,5-(CF3)2) and 2b (R =

C6H4-4-Me), respectively. Upon being warmed to room
temperature, the intermediates 2a and 2b were readily
converted to carbene complexes 3a and 3b via cycloreversion
(Scheme 2). The conversion from 2a to 3a (24 h) took four
times longer than that from 2b to 3b (6 h).

The solution (hexane) IR spectrum of 2a revealed two CO
absorption bands at 2002 and 1928 cm−1, considerably higher
than those observed for the benzophenone adduct 2 (1988 and
1906 cm−1, benzene).19 This is expected due to the more
electron-withdrawing aryl substituents of 2a. The 19F NMR
spectrum of 2a shows two singlets at 63.0 and 63.3 ppm,
corresponding to the six fluorine nuclei on each of the two aryl
groups. Single crystals of 2a were also obtained, and X-ray
crystallographic studies were performed.20 Selected bond
lengths and angles are listed in Figure 3a. The bond distances
of Mn−B1 (2.129(5) Å), B1−O3 (1.361(5) Å), and O3−C31
(1.465(5) Å) of 2a are crystallographically identical to those
observed for the analogous benzophenone adduct 2. The Mn−
B1 bond is significantly elongated compared to the starting
borylene complex 1 (1.809(9) Å). The C31−Mn (2.153(1) Å)
of 2a is only marginally shorter than that observed for 2
(2.179(1) Å), which is counterintuitive considering the larger
steric bulk of 2a. The four-membered ring that composed of
Mn−B1−O3−C31 is planar, with a sum of the internal angles
of 359.6°.
The metathesis product 3a gives rise to two carbonyl

absorption bands at 2002 and 1944 cm−1 in hexane,
unsurprisingly significantly higher than those of the benzophe-
none analogue 3 (1977 and 1919 cm−1) due to the electron-
withdrawing [CF3] groups of the aryl substituents.21 A singlet
was observed at 332 ppm in the 13C{1H} NMR spectrum,

Figure 1. Elements involved in transition metal−heteratom metathesis systems.

Figure 2. Systems containing unsaturated transition metal−main
group element bonds that exhibit metathesis reactivity.

Scheme 1. Metathesis Reactions of the Terminal Borylene
Complex 1 via the [2 + 2] Cycloaddition Intermediate 2

Scheme 2. Formation of 3a and 3b via the [2 + 2]
Cycloaddition Intermediates 2a and 2b
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which was attributed to the carbene carbon nucleus. The 19F
NMR spectrum showed a singlet at 62.8 ppm, in the same
region to those observed for 2a.
The reactions of 1 with the more electron-releasing ketones,

namely 2-adamantanone, 4,4′-bis(diethylamino)benzophenone,
and 1,2-diphenylcyclopropen-3-one, proceeded to afford
complexes [(η5-C5H5)(OC)2MnCR2] (CR2 = adamantyli-
dene (3c), cyclo-[C3Ph2] (3e), and R = C6H5-4-NEt2 (3d)),
respectively (Scheme 3) at a higher rate. The 11B NMR spectra

of the reaction mixtures obtained immediately after addition of
the substrates showed signals of a mixture of the starting
material 1 and the byproduct boroxine [B(tBu)O]3 at −30 °C.
In all cases, the reaction was complete within 1 h, more rapidly
than those involving ketones with more electron-withdrawing
substituents. Furthermore, no signal for the cycloaddition
intermediate was detected during the course of these reactions.
Selected IR and NMR data of 3a−e and related compounds

from the literature are summarized in Table 1. The electronic
effects of the carbene substituents are nicely reflected by the
energies of the CO absorptions bands from solution IR
spectroscopy. As expected, 3a displayed the highest absorption
bands at 2002 and 1944 cm−1. Those observed for compounds
3b and 3c were similar, at 1977, 1915 and 1973, 1911 cm−1

respectively. Compound 3d showed a pair of CO absorption
bands at 1950, 1896 cm−1, higher than those of 3a−c, as
expected. Those observed for compound 3e are at 1948, 1886
cm−1, very similar to those of 3d.22 From this, a correlation
between the electronic effects of the carbene substituents and
the rate of metathesis reactions could be established. The more
electron-releasing substrates (3c to 3e) allowed more facile
metathesis reactivity than those of electron-withdrawing (3 to
3b).
The NMR spectrum of compounds 3a−e are largely

unremarkable. The 13C{1H} NMR chemical shifts of the
carbene carbon nuclei fall at the upper end of the typical range
for carbene and alkylidene ligands, ranging between 332 and
398 ppm4,23 with the exception of the previously reported
complex [(η5-C5H4Me)(OC)2MnC{CPh}2], at 234 ppm.24

Figure 3.Molecular structures of 2a and 3a in the solid state. Thermal ellipsoids are shown at 50% probability. H atoms and the ellipsoids of the aryl
rings have been omitted for clarity. Selected bond lengths (Å) and angles (deg) for 2a: Mn−B1 2.129(5), Mn−C31 2.153(4), B1−O3 1.361(5),
O3−C31 1.465(5), B1−C21 1.598(6); B1−Mn−C31 60.3(2), O3−B1−C21 117.7(4), O3−B1−Mn 102.5(3), B1−O3−C31 99.0(3), O3−C31−
Mn 97.8(2); for 3a: Mn1−C21 1.840(5), C30−C21−C22 109.8(4).

Scheme 3. Formation of 3c, 3d, and 3ea

aThe cycloaddition intermediates were not detected during the course
of the reactions by NMR spectroscopy.

Table 1. Selected IR and NMR Data of Complexes [(η5-C5H5)(OC)2MnCR2]

NMR

compound R IR,a ν(CO) δC (MnC) δC (CO) δH (Cp)

319,25 Ph 1977, 1919 353 − 4.37 intermediate observed
3a 3,5-C6H3(CF3)2 2002, 1944 332 231 4.08 intermediate observed
3b p-Tol 1977, 1915 353 233 4.43 intermediate observed
3c adamantylidene 1973, 1911 389 233 4.45 no intermedate observed
3d p-C6H4(NEt2) 1950, 1896 344 234 4.61 no intermedate observed
3e CPh 1948, 1886 234 233 4.70 no intermedate observed

aMeasured in hexane.
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The most deshielded carbene carbon nucleus of all was from
the adamantylidene complex 3c, close to 400 ppm, which is
more deshielded than most carbyne and alkylidyne complexes.3

Complexes 3b, 3c, and 3e were subjected to X-ray
crystallographic studies (Figure 4). To the best of our
knowledge, compound 3c represents the first example of a
structurally unsupported adamantylidene complex. Though a
handful transition metal complexes with adamantyl ligands have
been reported, all of them are structurally supported by other
(often better) donor atoms coligated to the metal.26−32 The
solid-state structure of 3c showed a MnC bond length of
1.862(4) Å, which is significantly shorter than those observed
for the adamantyl-ligated complexes (2.054−2.189 Å)26,27,31

but in the range typically observed for manganese carbene
complexes (1.853−2.038 Å).24,25,33−41 The angle of C16−
C11−C12 is 108.5(3)°, very close to that observed for the free
adamantane molecule (109.60°).42 The structures of 3a (Figure
3b), 3c and 3e (Figure 4) exhibit almost Cs symmetry where

the [:CR2] unit lies approximately on the mirror plane bisecting
the [(η5-C5H5)M(CO)2] moiety. This has been reported for
other Fischer carbene complexes;39,43 however, it contrasts with
3b, where the [:CTol2] plane cuts along one of the M−CO
bonds.44

We have performed DFT calculations at the PBE0/6-
311+G(2d,p)//PBE0/(Cr:Wachters, 6-31G(2d,p)) level to
gain a deeper understanding of the experimentally observed
substituent effects. The formations of 3a−e were computed
separately, and the results showed a common mechanistic
pathway (Figure 5). These overall exergonic processes start
with the generation of the boryl complexes Int1R by the
coordination of oxygen to the borylene ligand, which is an
endergonic step. Subsequently, the carbenoid moiety coor-
dinates to the manganese center, forming the intermediate 2R
via a transition state TSInt1R→2R. The conversion of 2R to the
carbene complexes 3R proceeds through another transition
state, TS2R→3R, which is analogous to what was proposed for

Figure 4.Molecular structures of 3b, 3c, and 3e in the solid state. Thermal ellipsoids are shown at 50% probability. H atoms and the ellipsoids of the
aryl and adamantylidene groups have been omitted for clarity. Selected bond lengths (Å) and angles (deg) for 3b: Mn1−C3 1.877(2); for 3c: Mn1−
C11 1.862(4), C11−C16 1.526(5), C11−C12 1.528(5), C16−C11−C12 108.5(3); for 3e: Mn−C3 1.899(1), C3−C5 1.412(2), C3−C4 1.420(2),
C5−C4 1.344(2), C4−C3−C5 56.67(9).

Figure 5. Proposed mechanism for the metathesis reactions of 1.
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Aldridge’s reaction involving an isocyanate and [(η5-C5H5)-
(OC)2FeBNCy2]

+.45

Figure 5 illustrates the overall mechanistic proposal for the
metathesis reactions of 1R. The energies involved in the
formation of 3a and 3d are mapped to demonstrate the
electron-withdrawing and -donating effects of the substituents.
An energy diagram including all the computational results for
3−3e is available in the Supporting Information, and all the
reaction energies and energy barriers are summarized in Table
2. From the reaction energies (ΔG0

298), it can be seen that the
formation of 2R from Int1R is the most exergonic step in these
reactions and is thermodynamically more favored in reactions
involving more electron-withdrawing substituents (R = 3,5-
C6H3(CF3)2: −30.94 and Ph: −21.41 kcal/mol). On the other
hand, from the reaction barriers (ΔG⧧), it can be seen that
reactions involving more electron-withdrawing substituents
require higher activation energy for the final cycloreversion
step from 2R to 3R (R = 3,5-C6H3(CF3)2: 21.08, Ph: 17.79 and
p-Tol: 19.90 kcal/mol) than those involving more electron-
donating ones (CR2 = adamantylidene: 11.00, R = p-
C6H4(NEt2): 13.56, and CPh: 10.39 kcal/mol). These together
imply that the rate-determining step of this process varies
depending on the substituents of the substrates. In the cases
involving more electron-withdrawing substrates (R = 3,5-
C6H3(CF3)2, Ph, and p-Tol), the cycloreversion step 2R → 3R
is the rate-determining step with 2R residing in a deeper energy
well. In other cases (CR2 = adamantyl, R = p-C6H4(NEt2), and
CPh), the rate-determining step is the endergonic generation of
Int1R, a point from which the reactions proceed until the
formation of the metathesis products. This is in excellent
agreement with the selectively observed cycloaddition inter-
mediates 2, 2a, and 2b. The [OB(tBu)] fragments further
trimerize to form boroxine, which is a very exergonic reaction
step and thus is presumed as the driving force of these
reactions.
Reactions with Dicyclohexylcarbodiimide. Previously

we reported the reaction of 1 and dicyclohexylcarbodiimide
(DCC), which led to formation of the cycloaddition product
[(η5-C5H5)(OC)2Mn{κ2-C,B-C(=NCy)N(Cy)B(tBu)}] 4.19 In
attempt to force the further cycloreversion step, the reaction
mixture was warmed to 65 °C . After several hours, 4 was
converted to a new compound 5, which displayed a slightly
broad 11B signal at 47.0 ppm. One singlet at 310 ppm in the
13C{1H} spectrum was assigned to the carbene carbon nucleus,
which is significantly downfield-shifted compared to 4 (151
ppm), as expected for the increased bond order between
manganese and carbon.
X-ray crystallographic studies revealed the structure of 5 to

be [(η5-C5H5)(OC)2MnC{N(Cy)B(tBu)N(Cy)}] (Figure
6). The Mn−C1 distance of 1.894(2) Å is significantly shorter
than that of its starting material 4 (2.056(4) Å),19 which is

expected for the increased bond order of Mn−C1. The bond
distances of C1−N1 and C1−N2 are 1.399(2) and 1.404(2) Å,
respectively, very similar to that observed for the (Mn)C−
N(B) distance (1.413(5) Å) in complex 4. The four-membered
ring C1−N1−B−N2 is planar, reflected by the sum of internal
angles of 359.9°. The boron atom displays an expected planar
geometry.
The insertion of carbodiimides into BN bonds has been

reported, and an initial [2 + 2] cycloaddition intermediate step
was proposed in these reactions.46 The formation of LnM-
{=CN(Cy)B(R)N(Cy)} from metathesis-type reactivity has
been reported by Aldridge et al. from the stoichiometric
reaction of the cationic aminoborylene complex [(η5-C5H5)-
(OC)2FeBNR2]

+[BAr4
F]− (R = Cy, iPr, [BAr4

F]− = [B{C6H3-
3,5-(CF3)2}4]

−), and dicyclohexylcarbodiimide (DCC) in
dichloromethane. In this case, an intermediate akin to 5 has
also been isolated. However, any presence of excess of DCC
leads to formation of the double insertion product [(η5-
C5H5)(OC)2FeC(NCy)2B(NCy)2CNCy2]

+[BAr4
F]−.47 By

comparison, our reaction proceeds much more slowly and
thus allows the isolation of the cycloaddition product 4, which
then rearranges to form the thermodynamically more stable
complex 5 (Scheme 4).
We also carried out DFT calculations at PBE0/6-311+G-

(2d,p)//PBE0/(Cr:Wachters, 6-31G (2d,p)) level to gain more
mechanistic insight into this rearrangement. A overall
mechanistic proposal is depicted in Figure 7. The reaction
begins with a nucleophilic attack at the boron atom of 1 by a

Table 2. Reaction Energies (ΔG0
298) and Energy Barriers (ΔG⧧) of the Proposed Reaction Mechanism for the Formation of 3

and 3a−ea

R = Ph R = 3,5-C6H3(CF3)2, a R = p-Tol, b R = adamantylidene, c R = p-C6H4(NEt2), d R = CPh, e

ΔG0
298 1R → Int1 5.07 8.21 4.54 6.67 8.65 5.11

Int1 → 2R −21.41 −30.94 −19.94 −17.26 −14.25 −20.46
2R → 3R −2.68 −0.55 −2.44 −9.00 −7.01 −15.27

ΔG⧧ TS1R→Int1R 11.36 11.33 11.84 12.27 17.56 11.36
TSInt1R→2R 7.73 8.38 7.29 10.30 4.84 4.17
TS2R→3R 17.79 21.08 19.90 11.00 13.56 10.39

aComputations were performed at PBE0/mixed-basis level. Values are given in kcal/mol.

Figure 6. Structure of 5 in the solid state. Thermal ellipsoids are
shown at 50% probability. H atoms and the ellipsoids of the cyclohexyl
groups have been omitted for clarity. Selected bond lengths (Å) and
angles (deg): Mn−C1 1.894(2), C1−N1 1.399(2), C1−N2 1.404(2),
N1−B 1.474(3), N2−B 1.466(3), B−C16 1.573(3); N2−C1−N1
94.2(1), C1−N1−B 88.5(1), C1−N2−B 88.6(1), N1−B−N2 88.6(1).
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nitrogen atom of DCC, which leads to formation of a boryl
species A1 via an activation barrier (TS1) of 13.6 kcal/mol.
The intermediate A1 then proceeds to form the observed
product 4 by further coordination of the carbon (TS2) to the
manganese center, which is an almost barrierless process (0.3
kcal/mol). Our calculations predict that the formation of 4
from 1 and DCC is an overall exergonic process (−8.7 kcal/
mol) with a fairly shallow energy barrier (13.6 kcal/mol), which
agrees well with the low temperature employed (−30 °C) for
the isolation of 4.
Instead of the coordination of the carbon atom to manganese

via TS2, the second nitrogen atom of the A1 may also attack
the boron atom via an η2-coordinating TS3 to form η1(N)-
coordinating intermediate A2,48 which is a slightly exergonic
process (−7.9 kcal/mol) at a reasonable cost of 7.9 kcal/mol.
Subsequently, the carbene atom attacks the metal to reform an
η2-bound transition state (TS4) (8.2 kcal/mol) before finally
establishing the Mn−C double bond in 5, which is the
thermodynamic product of the reaction (−33.7 kcal/mol). This
proposal suggests that the energy barrier required for formation
of 5 from 4 is 26.4 kcal/mol, which implies a necessity for
gentle heating. This is consistent with the experimental
conditions employed for the rearrangement from 4 to 5.
Jemmis, Aldridge, and co-workers also reported computa-

tional studies on the iron borylene reactions using [(η5-
C5H5)(OC)2FeBNMe2]

+ and carbodiimide (MeNC
NMe) as models. Despite the structural similarities between
their system and ours, a different mechanistic pathway was

proposed for the formation of the [(η5-C5H5)(OC)2Fe{CN-
(R)B(NMe2)N(R)}]

+ (analogue of 5) from an analogous
intermediate [(η5-C5H5)(OC)2Fe−B(NMe2)N(R)(CNR)]

+

(A1), most likely due to the electronic differences between
the amino and alkyl substituent of the boron. The extra π-
stabilization from the amino group allows an Fe−B cleavage
and subsequent rotation over the N−C−N-B dihedral angle to
form the new N−B bond, completing the reaction.45 This route
has also been explored in our studies, and the results show that
the Mn−B bond cleavage proceeds through a rather high
transition state of ca. 35 kcal/mol. Furthermore, the C−N bond
is also broken due to the strong polarity of the Cy−N−B−tBu
fragment, thus prohibiting the subsequent rotation, which
would lead to formation of 5, and forming a isocyanide complex
[(η5-C5H5)(OC)2MnCNCy].

Reactions with the Triphenylphosphine Sulfide. Other
polarized unsaturated substrates have also been investigated.
Previously, Aldridge et al. had reported a successful reaction of
[(η5-C5H5)(OC)2FeB(NiPr2)]

+[BAr4
F]− with SPPh3, from

which the metathesis product [(η5-C5H5)(OC)2Fe-
(PPh3)]

+[BAr4
F]− was isolated in excellent yield (>95%).18 A

similar reaction was carried out with 1 and SPPh3 in hexane at
room temperature. An intermediate (6) was detected by NMR
spectroscopy immediately after the addition of the SPPh3,
displaying a broad 11B singlet at 88.6 ppm. At the same time,
free triphenylphosphine was detected in the 31P{1H} NMR
spectrum as a slightly broadened singlet, which was further
confirmed by both 1H and 13C{1H} NMR spectra. After 16 h at
room temperature, 6 converted to the final cycloreversion
products [(η5-C5H5)(OC)2Mn(PPh3)]

49 (7, 31P{1H} NMR:
93.5 ppm) and a boron-containing species50 (8, 11B NMR: 71.7
ppm. Scheme 5).

Scheme 4. Formation of the [2 + 2] Cycloaddition Product
[(η5-C5H5)(OC)2Mn{κ2-C,B-C(NCy)N(Cy)B(tBu)}] (4)
and Its Rearrangement Reaction

Figure 7. Proposed mechanism for formation of 4 and 5.

Scheme 5. Reaction of 1 with SPPh3
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A mechanistic study employing PBE0/mixed-basis was
carried out for the reaction of 1 and SPPh3 to gain insight
into the observed intermediate species 6. The calculations
showed that the formation of an intermediate either with a
four-membered ring that was similar to 2R (Figure 5), or that
was isoelectronic to Aldridge’s complex [(η5-C5H5)(OC)2FeB-
(NiPr2)(OPPh3)]

+[BAr4
F]− (or similar to Int1R in Figure 5),51

was not possible due to steric crowding as well as the
polarization of the Mn−B−S−P fragment. [Calculations
employing the same method and level of theory were also
carried out for Aldridge’s reaction involving [(η5-C5H5)-
(OC)2FeBNiPr2)]+[BAr4

F ]− and SPPh3 as a reference.51 The
results showed an intermediate that is consistent with the
observed species, [(η5-C5H5)(OC)2FeB(NiPr2)(OPPh3)]

+].
The S−P bond persistently dissociated as the S−B bond
formed to afford either A1-S and free triphenylphosphine, or a
triphenylphosphine-coordinated species, A2-S (Figure 8),52

from which the free PPh3 ligand subsequently exchanged with
[SB(tBu)] to form the observed product 7. Similar to
reactions discussed previously, the [SB(tBu)] fragments
oligomerize to form a cyclic species responsible for a singlet at
71.7 ppm in the 11B NMR spectrum (8), which is likely to be
the thermodynamic driving force of this reaction. [On the basis
of earlier literature50 and calculated 11B chemical shift (67
ppm), the structure of 8 was proposed to be [SB(tBu)]3.
Unfortunately it could not be confirmed by either mass-
spectroscopy or X-ray crystallography.]
The calculated energy difference between A1-S and A2-S is a

mere 3 kcal/mol, indicating A2-S being the energetically
favored intermediate (−23.4 kcal/mol). However, the predicted
11B NMR resonance of A1-S (86.3 ppm) matches the observed
spectroscopic data of 6 (88.6 ppm) much better than that of
A2-S (16.2 ppm). Also, free triphenylphosphine was observed
in the reaction mixture by NMR spectroscopy. From these we
presume 6 to be [(η5-C5H5)(OC)2Mn{η2-SB(tBu)}] (A1-S,
Scheme 5), which furthermore is isoelectronic to the well-
studied chalcoacyl analogues (Figure 8).53 This is drastically
different to what was observed for the previously mentioned
iron borylene system.18,54 In an attempt to isolate the observed
intermediate 6, reactions of 1 and S8 (1 equiv of S atoms) in the
absence of PPh3 were performed. Although this reaction was
much less selective, from which a complex mixture of products
were obtained, complex 6 was identified from the NMR
spectra, thus supporting our proposed structure A1-S.

The reactions of 1 with triphenylphosphine oxide OPPh3
showed no reactivity even at elevated temperatures. Other
substrates that have been explored for similar reactivities
include PhNCS, PhNCO, and azo- and azido compounds.
However, no controlled reactivity was observed.

Reactions of the Iron Borylene Complex [(Me3P)-
(OC)3FeB(Dur)]. In attempt to extend this chemistry to
other borylene systems, we performed similar experiments with
our recently reported iron borylene complex [(Me3P)-
(OC)3FeB(Dur)] (9, Dur = 2,3,5,6-tetramethylphenyl).55

The reaction of 9 with benzophenone leads to formation of the
cycloaddition product [(Me3P)(OC)3Fe{κ

2-B,C-[B(Dur)OC-
(Ph)2]}] (10), from which the cycloreversion carbene product
could not be isolated. With the results from the manganese
system (Table 2), the reactions of 9 with 2-adamantanone and
1,2-diphenylcyclopropen-3-one were explored. In the presence
of 2-adamantanone in hexane, the [2 + 2] cycloaddition
product 11 was isolated at low temperature (−30 °C), which
upon warming to room temperature produced the boroxine
[OB(Dur)]3 (12) as part of a mixture of products (Scheme 6).

The formation of the boroxine suggests that the intermediate
11 readily carries out the cycloreversion to produce the
metathesis carbene complex, which may then subsequently
decompose. The reaction involving 1,2-diphenylcyclopropen-3-
one, on the other hand, showed no controlled reactivity. The
11B NMR spectrum of the reaction mixture indicated formation
of 12.56

X-ray crystallographic studies were carried out on crystals of
11, and a picture of the solid-state molecular structure is shown
in Figure 9. Complex 11 is isostructural to its analogue 10. The
Fe−B, Fe−C31, and C31−O bond distances are 2.101(3),
2.121(2), and 1.488(3) Å, respectively, slightly elongated
compared to those observed for 10 (cf., 2.088(2), 2.112(1),
and 1.469(2) Å), presumably due to the steric bulk of the
adamantyl group. The ring composed of Fe−B−O−C31 is
planar as was observed for 2a, 2b, 4, 5, and 10.

■ CONCLUSION
A comprehensive study has been carried out to investigate the
metathesis reactivity of borylene complex 1. This complex
reacts with a variety of different ketones to form a [2 + 2]
cycloaddition intermediate which undergoes a further cyclo-
reversion step to yield a variety of Fischer-type manganese
carbene species (3a−e), including the first adamantylidene
complex (3c). The mechanisms and the substituent effect of
the ketone substrates have also been studied employing PBE0/
mixed-basis, which shows that ketones with more electron-
releasing substituents form thermodynamically less stable

Figure 8. Proposed mechanism for the formation of 7, featuring the
proposed intermediate 6 (A1-S and A2-S) and Hill’s thio- and
selenoacyl analogues of A1-S.

Scheme 6. Reactions of Complex 9 with Ketones
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intermediates with smaller energy barriers to the cycloreversion
carbene products compared to those with more electron-
withdrawing substituents. This is consistent with the exper-
imental observations.
The reaction of 1 with DCC produces an analogous

cycloaddition product (4), which rearranges to form [(η5-
C5H5)(OC)2MnC{N(Cy)B(tBu)N(Cy)}] (5) at a slightly
elevated temperature. Computational studies suggest a
mechanistic pathway that involves an η1(N)-coordinating
carbene intermediate (A2). This is quite different to what has
been reported previously for the reaction of [(η5-C5H5)-
(OC)2FeBNMe2]

+ with a carbodiimide, from which the
intermediate [(η5-C5H5)(OC)2FeC{N(R)B(NMe2)}{N(R)}]

+

was proposed.45

The reaction of 1 with SPPh3 also yielded the expected
metathesis product (7). An intermediate was observed at low
temperature. DFT calculations suggest a η2-thioboryl complex
6, which is consistent with the experimentally obtained
spectroscopic data.
Efforts have been put into extending this metathesis reactivity

to other borylene systems. The iron arylborylene complex 9
exhibits such reactivity. A [2 + 2] cycloaddition product 11 has
been isolated from its reaction with 2-adamantanone, which
represents a rare example of an adamantyl−transition metal
complex. Although spectroscopic evidence suggests that the
cycloreversion reaction proceeds, the expected carbene product
could not be isolated. Complex 1 remains the only borylene
complex that reliably exhibits this metathesis reactivity.
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