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ABSTRACT: Wilkinson’s manganese(I) ethylene hydride complex trans-[(dmpe)2MnH(C2H4)] (1) reacts as a source of a low-
coordinate manganese(I) ethyl complex. This is illustrated in the reactivity of 1 towards a variety of reagents. Reactions of 1 with 
primary silanes RSiH3 (R = Ph, nBu) at 60 °C afforded ethane and the disilyl hydride manganese complexes [(dmpe)2MnH(SiH2R)2] 
(4a: R = Ph, 4b: R = nBu). Additionally, reaction with H2 at 60 °C afforded ethane and the dihydrogen hydride complex 
[(dmpe)2MnH(H2)] (5), which has previously been prepared by an alternate route. The proposed low-coordinate intermediate, 
[(dmpe)2MnEt], was not observed spectroscopically, but could be trapped using isonitrile ligands; reaction of 1 with CNR (R = tBu, 
o-xylyl) afforded the manganese(I) ethyl complexes [(dmpe)2MnEt(CNR)] (6a: R = tBu, 6b: R = o-xylyl). Ethyl complex 6a did not 
react further with CNtBu at 80 °C. By contrast, complex 6b reacted with excess o-xylyl isonitrile to form 1,1 insertion products, 
including the iminoacyl complex [(dmpe)Mn(CNXyl)3{C(=NXyl)CEt(=NXyl)}] (7, Xyl = o-xylyl). Complexes 4a, 6a-b, and 7, as 
well as previously reported 1 and 5, have been crystallographically characterized, and DFT calculations have been employed to 
probe the accessibility of cis ethylene hydride and ethyl isomers of 1. 

INTRODUCTION 
We previously reported reactions of the ethylene hydride 
complex, trans-[(dmpe)2MnH(C2H4)] (1),1-2 with secondary 
silanes (R2SiH2). The reaction of 1 with Et2SiH2 afforded the 
trans silylene hydride complex [(dmpe)2MnH(=SiEt2)] (2a) 
via ethane elimination.3 By contrast, the reaction of 1 with 
Ph2SiH2 afforded ethane and [(dmpe)2MnH(=SiPh2)] (2b), as a 
mixture of a trans isomer (minor) and a cis isomer (major; 
featuring a Mn–H–Si bridging interaction), as well as 
[(dmpe)2MnH2(SiHPh2)] (3) and Ph2EtSiH (Scheme 1).3 Com-
pounds 2a and 2b are the only isolated examples of group 7 
complexes bearing an unstabilized terminal silylene ligand, 
and the phenyl derivative (2b) is the first silylene hydride 
complex observed to exist as distinct isomers with and without 
a M–H–Si interaction.  

The reactions to form 2a and 2b are considered to pro-
ceed (Scheme 1) via isomerization of 1 to yield cis isomer A 
followed by 1,2-insertion to generate a coordinatively unsatu-
rated ethyl complex (B), reaction with H2SiR2 to afford a low-
coordinate manganese silyl complex (CSiHR2; formed via 
σ-bond metathesis or Si–H bond oxidative addition followed 
by C–H bond-forming reductive elimination), and finally 
α-hydride elimination. In the reaction of 1 with Ph2SiH2, the 
formation of complex 3 also likely proceeds via ethyl interme-
diate B. However, in this case the reaction of B with Ph2SiH2 
also generates Ph2SiEtH and a low-coordinate manganese hy-
dride complex (D), which oxidatively adds a second equiva-
lent of Ph2SiH2 (Scheme 1).  

An accessible coordination site in ethyl intermediate B in 
Scheme 1 is presumably crucial to enable reactions with 
H2SiR2 reagents, and the absence of a requirement for co-
ligand dissociation serves to generate a hydrosilyl complex 

 

Scheme 1. Reactions of 1 with R2SiH2 (R = Et or Ph) to afford 
silylene hydride compounds 2a-b and dihydrido silyl complex 
3. Species A-D are hypothesized intermediates. 

 
 
with a vacant coordination site adjacent to the silyl ligand, 
thereby encouraging α-hydride elimination. In fact, parallels 
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can be drawn between the above method for low-coordinate 
hydrosilyl complex generation and methods involving (a) re-
action of an η3-benzyl or η3-allyl complex with a hydrosilane, 
or (b) anionic ligand abstraction from a metal hydrosilyl com-
plex, both of which are established routes to transition metal 
silylene hydride complexes, proceeding via α-hydride elimina-
tion as the final reaction step.4 

The reaction pathway in Scheme 1 relies upon conversion 
of alkene hydride complex 1 to a coordinatively unsaturated 
alkyl isomer, and such reactivity has previously been observed 
for a range of 2nd and 3rd row transition metal complexes. For 
example, the NMR spectra of isolable ethylene hydride com-
plexes typically indicate exchange between the protons of the 
alkene and the hydride ligands, and in some cases (e.g. in 
complexes of Nb,5-6 Ta,6-7 W,8 Re,9 Os,10 Ru,10 Rh,11 Ir,12 Pd13 
and Pt14), reaction with a neutral donor has been shown to trap 
the alkyl isomer. However, in several cases, there is experi-
mental evidence to suggest that exchange between the hydride 
and alkene protons occurs via a β-agostic alkyl complex, with 
"in-place" exchange of the bridging hydrogen atom rather than 
via a true low-coordinate (i.e. non-agostic) species.14-18 This is 
indicated by dynamic NMR studies, including pairwise coa-
lescence of the four 31P NMR resonances observed for 
[(cis-Ph2PCH=CHPPh2)2MoH(C2H4)2]

+ at low temperature,15 
exchange of the hydride and C2H4 environments in 
[{κ1,η6-Cy2P(o-C6H4)(o-C6H4NMe2)}RuH(C2H4)]

+ without 
epimerization,16 and exchange of the hydride and C2H4 envi-
ronments in [(κ3-POCOP)MH(C2H4)]

+ {M = Rh or Ir; POCOP 
= o-C6H3(OPtBu2)2} while maintaining top-bottom asym-
metry.17 

In contrast to ethylene hydride complexes of 2nd and 3rd 
row transition metals, 1st row transition metal examples are 
scarce (Figure 1),2,19-23 and their isomerization to afford alkyl 
complexes has rarely been investigated. In fact, for the com-
plexes in Figure 1, an equilibrium with an ethyl isomer has 
only been reported for the cobalt complex (though in this case 
calculations suggested very similar energies for the non-
agostic and β-agostic cobalt ethyl structures)15,22 and the iron 
cyclopentadienyl complex [Cp*FeH(C2H4)(PMe3)].

19 Howev-
er, from the reverse perspective, the 1st row transition metal 
(Sc,24 Ti,25-26 Ni,27-29 and Co30-31) ethyl complexes in Figure 2 
all feature a β-agostic C–H–M interaction, and the cobalt,30 
nickel α-diimine,29 and nickel β-diketiminate28 complexes 
undergo NMR-observable exchange of the ethyl group CH2 
and CH3 protons and/or carbon atoms, presumably via an un-
detected ethylene hydride complex. 

Herein we describe the reactions of 
trans-[(dmpe)2MnH(C2H4)] (1)1 with primary silanes (RSiH3; 
R = Ph or nBu) and H2 to afford disilyl hydride complexes 
[(dmpe)2MnH(SiH2R)2] (4a: R = Ph, 4b: R = nBu) and 
trans-[(dmpe)2MnH(H2)] (5)2 respectively, with liberation of 
ethane. This reactivity provides further support for the acces-
sibility of a low-coordinate ethyl isomer of 1, and we also 
report the X-ray crystal structure of 1, trapping of the putative 
ethyl isomer via reactions of 1 with isonitrile ligands, and DFT 
calculations on the conversion of 1 to cis ethylene hydride and 
ethyl isomers. 

RESULTS AND DISCUSSION 
As reported by Girolami and Wilkinson et al. in 1983 (based 
on NMR spectroscopy), [(dmpe)2MnH(C2H4)] (1) exists in 
solution with trans-disposed hydride and ethylene ligands.1 In 
the present work, X-ray quality crystals of 1 were obtained by 

recrystallization from a dilute solution in hexanes at –30 °C, 
and confirmed that a trans octahedral environment is main-
tained in the solid state (a in Figure 3), with the equatorial 
girdle of phosphine donors displaced towards the smaller hy-
dride ligand. Complex 1 shows significant metallacyclopro-
pane character, which is apparent from the elongated C–C 
distance of 1.420(2) Å (compared to 1.329 Å in ethylene and 
1.535 Å in ethane).32 The C–C distance is similar to those in 
previously characterized [{(Me2PCH2CH2PMeCH2)2-
MnH(C2H4)}2Li4(OEt2)2] (Figure 1: bottom right) and 
[Na(pmdeta)]2[(κ

2-C4H8)Mn(C2H4)2]
 (pmdeta = pentamethyl-

diethenetriamine) of 1.41(1)-1.444(4) Å.2,33 
 

 

Figure 1. First row transition metal (Fe,19-20 Ni,21 Co22-23 or Mn2) 
alkene hydride complexes (not including complex 1). 
 

 

Figure 2. First row transition metal ethyl complexes reported to 
feature a β-agostic C–H–M interaction.24-31 
 
Substantial metallacyclopropane character in 1 is also support-
ed by DFT calculations (ADF, gas phase, all-electron, PBE, 
D3-BJ, TZ2P, ZORA). In particular, the C–C Mayer bond 
order is 1.03 (compared to 1.85 for free ethylene and 0.91 for 
free ethane) and in a fragment {(dmpe)2MnH and C2H4} inter-
action calculation, a substantially negative Hirschfield charge 
of –0.273 was observed for the ethylene fragment. Further-
more, ETS-NOCV (extended transition state method for ener-
gy decomposition analysis with natural orbitals for chemical 
valence) calculations on 1 partitioned the ethylene-manganese 
interaction into σ donation and π-backdonation contributions 
of 103.9 and 300.1 kJ mol–1 respectively. 
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Figure 3. X-ray crystal structures of a) [(dmpe)2MnH(C2H4)] (1) 
and b) [(dmpe)2MnH(H2)] (5) with ellipsoids drawn at 50% prob-
ability. Most hydrogen atoms have been omitted for clarity. For 1, 
hydrogen atoms on the metal center and ethylene ligand were 
located from the difference map and refined isotropically. In the 
case of 5, H and H2 ligands were not located, and Mn is disor-
dered over two positions, with only one conformation {51.5(1)%} 
shown; Mn(1A) is the Mn atom not shown in this conformation. 
For 1, bond distances (Å) and angles (deg): Mn–H(1) 1.56(4), 
Mn–C(1) 2.123(2), Mn–C(2) 2.121(2), C(1)–C(2) 1.420(2), Σ(H–
C(1)–X) (X = C, H) 349(3), Σ(H–C(2)–X) (X = C, H) 349(3), 
Σ(P–Mn–P) (cis) 356.44(4). For 5, bond angles (deg): Σ(P–
Mn(1)–P) (cis) 358.96(4), Σ(P–Mn(1A)–P) (cis) 359.13(6). 
 
In contrast to reactions of trans-[(dmpe)2MnH(C2H4)] (1) with 
the secondary silanes Et2SiH2 and Ph2SiH2 (vide supra),3 ex-
posure of 1 to an excess of the primary silanes PhSiH3 and 
nBuSiH3 at 60°C formed the disilyl hydride complexes 
[(dmpe)2MnH(SiH2R)2] (4a: R = Ph, 4b: R = nBu) with elimi-
nation of ethane (Scheme 2).34 Both complexes gave rise to 
two 31P NMR resonances (60.2 and 67.4 ppm for 4a, 58.6 and 
72.6 ppm for 4b), a single 29Si NMR resonance (–4.2 and 1.6 
ppm respectively), two diastereotopic Si–H 1H NMR reso-
nances (5.28 and 5.31 ppm for 4a, 4.36 and 4.53 ppm for 4b), 
and a single metal hydride 1H NMR signal (–14.55 and –13.27 
ppm respectively). 

 
Scheme 2. Reactions of 1 with RSiH3 (R = Ph or nBu) or H2 to 
afford disilyl hydride compounds 4a-b and dihydrogen hy-
dride 5. Species B-D are hypothesized intermediates. 

 

Crystals of 7-coordinate [(dmpe)2MnH(SiH2Ph)2] (4a) were 
obtained by cooling a saturated solution in hexanes to –30 °C, 
and an X-ray structure (Figure 4) revealed an octahedral ar-
rangement of the four phosphorus and two silicon atoms about 
manganese, with a disphenoidal arrangement of the phospho-
rus donors, and the hydride ligand (located from the difference 
map) situated equidistant between the two silicon atoms. 
Complex 4a is the first structurally characterized disilyl hy-
dride complex of manganese with non-chelating silyl ligands, 
although Tobita et. al. previously reported a series of disilyl 

hydride and silyl hydrosilane complexes in which both silicon-
based donors are tethered by a xanthene backbone (Figure 5).35 
The Mn–Si distance of 2.3851(2) Å in 4a is within the range 
previously observed for manganese silyl hydride complexes 
{2.254(1)-2.4702(9) Å},36 and is shorter than those in Tobita’s 
most closely related disilyl hydride complex {T3 in Figure 5: 
d(Mn–Si) = 2.4026(7)-2.4069(7) Å}.35 

 

Figure 4. X-ray crystal structure of [(dmpe)2MnH(SiH2Ph)2] (4a) 
with ellipsoids drawn at 50% probability. Most hydrogen atoms 
have been omitted for clarity. Hydrogen atoms on Mn and Si were 
located from the difference map and refined isotropically. Dmpe 
ligands are disordered over two positions and only the dominant 
conformation {94.7(8)%} is shown. Bond distances (Å) and an-
gles (deg): Mn–H(1A) 1.49(2), Mn–Si 2.3851(2), Si–H(1A) 
1.9163(8), Si–H(1B) 1.44(2), Si–H(1C) 1.44(1), Si–Si 3.8319(4), 
Si–C 1.9091(7), H(1A)–Mn–Si 53.418(7), Si–Mn–Si 106.83(1). 

 

 

Figure 5. Disilyl hydride and silyl hydrosilane complexes report-
ed by Tobita et. al.35 

The central position of the hydride ligand between the two 
silyl ligands in 4a and 4b appears to be maintained on the 
NMR time scale in solution, given that the 1H NMR spectra 
indicate C2 symmetry between 25 and –87 °C. In the solid 
state (for 4a), the Si(1)–H(1A) distance is 1.9163(8) Å (calcd: 
1.92 Å), which is significantly longer than a typical Si–H sin-
gle bond (1.48 Å),37 but much shorter than the sum of the Van 
der Waals radii (3.1 Å).38 The related calculated distance in a 
model of 4b where nBu groups were replaced by methyl 
groups (4b*), 1.88 Å, also falls into this range. These geome-
tries are suggestive of a nonclassical silyl hydride ligand re-
sulting from incomplete oxidative addition to the metal center, 
leaving some degree of Si–H bonding intact.39 Computational-
ly, this bonding picture in both 4a and 4b* is supported by 
fractional Mayer bond orders for the Mn–Si (4a: 0.83, 4b*: 
0.82-0.83), Mn–H (4a: 0.53, 4b*: 0.53), and Si–HMnH (4a: 
0.25-0.26, 4b*: 0.25) linkages. The magnitude of the coupling 
constant between 29Si and the metal hydride in 4a is 36 Hz, 40 

which is consistent with either a classical or nonclassical 
bonding picture.41 We were not successful in experimentally 
determining the sign of this coupling. However, DFT calcula-
tions afforded 29Si–1H coupling constants of –24 Hz (4a) and  
–27 Hz (4b*), indicative of a nonclassical silyl 
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Figure 6. Potential energies (E; kJ mol–1) relative to 1, calculated for structures (left to right) i. trans-[(dmpe)2MnH(C2H4)] (1), ii. an iso-
mer of cis-[(dmpe)2MnH(C2H4)] in which the ethylene ligand is oriented perpendicular to the plane formed by manganese, the hydride, and 
the ethylene centroid (A⊥⊥⊥⊥), iii. the transition state for isomerization of A⊥⊥⊥⊥ to Aǁ {(AA)‡}, iv. an isomer of cis-[(dmpe)2MnH(C2H4)] in 
which the ethylene carbon atoms lie within the plane formed by manganese, the hydride, and the ethylene centroid (Aǁ), v. the transition 
state for isomerization of Aǁ to Bβ-agostic {(AB)‡}, vi. [(dmpe)2MnEt] with a β-agostic interaction (Bβ-agostic), vii. [(dmpe)2MnEt] without an 
agostic interaction where the Mn–Cα–Cβ angle was restrained to 109.5° (B109.5), viii. the transition state for isomerization of Bβ-agostic to 
Bα-agostic {(BB)‡}, and ix. [(dmpe)2MnEt] with an α-agostic interaction (Bα-agostic). All structures except B109.5 correspond to an energy min-
imum. The geometry optimized cores are depicted above each Chemdraw structure, showing Mn in blue, C in dark grey, and H in light 
grey, accompanied by stick bonds to the phosphorus donor atoms. Relative energies are those before zero-point energy (ZPE) correction. 

hydride bonding environment.41 
Compound 1 has previously been reported to be unreac-

tive with H2 at room temperature. However, we found that 1 
does in fact react extremely slowly with H2 at room tempera-
ture, and more rapidly at elevated temperatures (Scheme 2); 
[(dmpe)2MnH(H2)] (5)2 and ethane were formed over 5 days at 
60 °C in benzene, in >95% purity (77% crude isolated yield). 

Complex 5 was previously prepared via the reaction of 
[{(dmpe)2Mn(µ-AlH4)}2] with water,2 and it was determined 
spectroscopically that the dmpe ligands are arranged equatori-
ally with the hydride ligand trans to dihydrogen.42 In this 
work, X-ray quality crystals of 5 (b in Figure 3) were obtained 
by recrystallization from a concentrated solution in hexanes at        
–30 °C, confirming that the dmpe ligands lie in a plane, with 
the manganese atom displaced 0.15-0.16 Å from the plane. 
Unfortunately, we were unable to locate the hydride and dihy-
drogen ligands in the difference map. However, DFT calcula-
tions suggest that the equatorial belt of phosphorus donors is 
displaced towards the hydride ligand and away from the neu-
tral axial donor, analogous to the situation in 1. 

The syntheses of 4a-b and 5 both produced ethane as the 
only byproduct, and are hypothesized to proceed via a shared 
low-coordinate manganese(I) ethyl intermediate, 
[(dmpe)2MnEt] (B),43 which we previously proposed as an 
intermediate in the syntheses of silylene hydride complexes 2a 
and 2b (Scheme 1). This intermediate would react with RSiH3 

or H2 to generate a low-coordinate manganese(I) silyl (CSiH2R) 
or hydride (D) complex, respectively, followed by addition of 
a second equivalent of RSiH3 or H2 to form 4a-b or 5 (Scheme 
2). However, neither cis-[(dmpe)2MnH(C2H4)] (A) nor 
[(dmpe)2MnEt] (B) were detected spectroscopically, so to 
investigate the accessibility of these complexes we turned to 
DFT calculations (ADF, gas phase, all-electron, PBE, D3-BJ, 
TZ2P, ZORA; Figure 6 and Table 1). 

Geometry optimization of cis-[(dmpe)2MnH(C2H4)] 
yielded two local minima; an isomer of lower energy, Aǁ, 
where the ethylene carbon atoms lie within the plane formed 
by manganese, the hydride, and the ethylene centroid, and an 
isomer of higher energy, A⊥⊥⊥⊥, in which the ethylene ligand is 
perpendicular to the aforementioned plane. Isomers Aǁ and A⊥⊥⊥⊥ 

are interconverted by an approximate 90° rotation of the eth-
ylene ligand {via transition state (AA)‡}, and are 39 and 58 
kJ mol–1 higher in energy than the trans isomer (1) respective-
ly (Figure 6). To probe the origin of the greater stability of 1 
versus Aǁ and A⊥⊥⊥⊥, geometry optimizations were carried out on 
cis- and trans-[(PH3)4MnH(C2H4)], in which steric hindrance 
between phosphine groups is minimized. In this case, APH3

ǁ 
(the cis isomer isostructural to Aǁ) is lower in energy than the 
trans isomer, 1PH3, by 5 kJ mol–1, whereas APH3

⊥⊥⊥⊥ (the cis iso-
mer isostructural to A⊥⊥⊥⊥) is higher in energy than 1PH3 by 
22 kJ mol–1. These data imply that unfavorable steric interac-
tions between the dmpe ligands in Aǁ and A⊥⊥⊥⊥ are
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Table 1. Selected angles (°), distances (Å) (and Mayer bond orders) for DFT calculated structures in Figure 6. Atom labels 
correspond to those in Figure 6. For alkyl isomers {(AB)‡, Bβ-agostic, (BB)‡, Bα–agostic, and B109.5}; C(1) is Cα, C(2) is Cβ, H(1) is 
the closest H on Cα to the Mn center, and H(2) is the closest H on Cβ to the Mn center. For alkene hydride isomers {A⊥⊥⊥⊥, 
(AA)‡, and Aǁ}; H(2) is the metal hydride, while C(1) and C(2) are ethylene carbon atoms.  

Parameter A⊥⊥⊥⊥ (AA)‡ Aǁ (AB)‡ Bβ-agostic (BB)‡ Bα-agostic B109.5 

Mn–C(1) 2.14 (0.57) 2.18 (0.53) 2.13 (0.60) 2.11 (0.66) 2.06 (0.73) 2.09 (0.75) 1.96 (0.87) 2.09 (0.83) 

Mn–C(2) 2.15 (0.54) 2.16 (0.48) 2.11 (0.56) 2.12 (0.45) 2.21 (0.23) 3.17 (<0.05) 3.19 (<0.05) 2.98 (<0.05) 

C(1)–C(2) 1.41 (1.05) 1.41 (1.09) 1.42 (1.06) 1.44 (1.01) 1.48 (0.95) 1.53 (0.88) 1.52 (0.89) 1.54 (0.85) 

Mn–H(2) 1.58 (0.83) 1.58 (0.82) 1.56 (0.82) 1.57 (0.68) 1.71 (0.34) 3.38 (<0.05) 3.39 (<0.05) 3.14 (<0.05) 

Mn–H(1) – – – 2.77 (<0.05) 2.76 (<0.05) 2.50 (<0.05) 1.95 (0.20) 2.72 (<0.05) 

C(2)–H(2) 2.48 (<0.05) 2.36 (0.06) 2.12 (0.13) 1.62 (0.32) 1.22 (0.68) 1.10 (0.96) 1.10 (0.96) 1.10 (0.97) 

C(1)–H(1)a – – – 1.09 (1.03) 1.09 (1.02) 1.11 (0.99) 1.16 (0.87) 1.11 (1.01) 

Mn–C(1)–C(2)b 71.1 70.5 69.8 70.7 75.2 121.6 132.4 109.5 

Mn–H(2)–C(2) – – – 83.1 96.8 69.9 70.4 71.4 

Mn–C(1)–H(1) – – – 116.1 118.5 97.8 72.3 112.8 

P(1)–Mn–C(1) – – – 91.9 97.1 133.1 151.0 100.4 

P(1)–Mn–C(1)–C(2) –95.6 –133.3 174.9 173.5 171.1 136.4 98.4 171.1 

Mn–C(1)–C(2)–H(2) –41.4 –34.5 –2.8 1.0 –2.2 –54.7 –34.9 –58.4 

(a) For A⊥⊥⊥⊥, (AA)‡, and Aǁ, all carbon–Hethylene distances were calculated to be 1.09 Å with Mayer bond orders ranging from 1.01 to 1.04. (b) Mn–C(2)–C(1) 
angles for A⊥⊥⊥⊥, (AA)‡, and Aǁ are similar to the Mn–C(1)–(C2) angles: 70.3°, 71.8°, and 71.2° respectively. 

responsible for their diminished stability relative to 1. This 
steric penalty for adoption of a disphenoidal arrangement of 
the dmpe ligands also explains why 1 is isolated as a trans 
alkene hydride rather than as an ethyl isomer (despite the fact 
that the latter are usually lower in energy for 1st row transition 
metal complexes; vide supra), since the latter would require a 
disphenoidal arrangement of the dmpe ligands if an agostic 
interaction is to be accommodated to saturate the metal's coor-
dination sphere (vide infra). 

Geometry optimization of [(dmpe)2MnEt] led to an ener-
gy minimum (Bβ-agostic) featuring a β-agostic interaction to the 
otherwise vacant coordination site. This structure exhibits an 
acute Mn–Cα–Cβ angle of 75.2°, a short Mn–Hβ distance of 
1.71 Å, an elongated Cβ–H distance of 1.22 Å, and an acute 
(relative to a complex with an anagostic interaction) Mn–H–
Cβ angle of 96.8°, collectively indicative of a β-agostic inter-
action.44 Bβ-agostic is 29 kJ mol–1 higher in energy than the trans 
ethylene hydride isomer (1), but lies 10 kJ mol–1 below the 
most stable cis ethylene hydride isomer (Aǁ). Structure Bβ-agostic 
is accessed via 1,2-insertion with a transition state {(AB)‡} 
only 5 kJ mol–1 higher in energy than starting complex Aǁ (Ta-
ble 2). This energy barrier is quite low, but lies within the 
range reported for related first row transition metal complexes. 
For example, ∆E‡ was calculated to be 82 kJ mol–1 for 
[(PMe3)3CoH(C2H4)] and less than 2 kJ mol–1 for 
[CpCoH(C2H4)(PMe3)]

+.23,45  
With respect to the reactivity of an ethyl isomer of 1 with 

hydrosilanes or H2, a cis vacant coordination site is presuma-
bly required on the metal centre, necessitating dissociation of 
the β-agostic interaction in Bβ-agostic. However, no such energy 
minimum could be located46; the energy of such a species was 
estimated by restraining the Mn–Cα–Cβ angle to 109.5°, yield-
ing a structure (B109.5) 49 kJ mol–1 higher in energy than 
Bβ-agostic. This energy difference is consistent with the typical 
strength of a first row transition metal β-agostic 
interaction.26,45 However, it differs significantly from that cal-
culated for the ethyl isomer of [(PMe3)3CoH(C2H4)],

23 where 

the non-agostic structure was reported to be 4 kJ mol–1 lower 
in energy than the β-agostic isomer. 

Table 2. Activation Parameters for Transformations a-f in 
Figure 6; ∆E‡ (calculated before ZPE correction), ∆H‡, and 
∆G‡ (kJ mol–1 at 298.15 K), ∆ZPE‡ (kJ mol–1 at 0 K), and 
∆S‡ (J mol–1 K–1 at 298.15 K) 

 ∆E‡ ∆ZPE‡ ∆H‡ ∆S‡ ∆G‡ 

A⊥⊥⊥⊥ 
���� Aǁ (a) 19 –0.7 17 –18 22 

Aǁ 
���� A⊥⊥⊥⊥ (b) 38 0.8 37 –21 44 

Aǁ 
���� Bβ-agostic (c) 5 –3.1 2 –9 4 

Bβ-agostic ���� Aǁ (d) 15 –6.0 8 –9 11 

Bβ-agostic ���� Bα-agostic (e) 58 –4.4 56 29 47 

Bα-agostic ���� Bβ-agostic (f) 16 –1.9 14 12 11 

 
A second energy minimum (Bα-agostic) was located for 
[(dmpe)2MnEt] with an obtuse Mn–Cα–Cβ angle of 132.4°, 
featuring an agostic interaction between one of the α C–H 
bonds and the metal center. This structure features a very 
acute Mn–Cα–H angle of 72.3°, as well as a short Mn–Hα dis-
tance of 1.95 Å, and a slightly elongated Cα–Hα distance of 
1.16 Å. Conversion of Bβ-agostic to Bα-agostic not only involves 
cleavage of the β-agostic interaction and establishment of an 
α-agostic interaction, but also migration of the Mn–C bond 
into the position previously occupied by the β-agostic interac-
tion, with concomitant Mn–Cα–Cβ angle expansion and rota-
tion about the Mn–Cα and Cα–Cβ bonds (Table 1). Bα-agostic is 
42 kJ mol–1 higher in energy than Bβ-agostic, and is accessed via 
a transition state {(BB)‡} located 58 kJ mol–1 higher in energy 
than Bβ-agostic (Table 2), so could conceivably play a role in the 
reactivity of 1 with hydrosilanes or H2. This energy barrier lies 
within the 44–85 kJ mol–1 range calculated for this type of 
isomerization in a series of Co(III) ethyl cations derived from 
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{[(C5R'5)CoH(C2H4)(PR3)]
+; R = Me or P(OMe)3, R' = H or 

Me}.47 
The largest activation energy associated with conversion 

of 1 to Bβ-agostic or Bα-agostic is presumably associated with trans 
to cis isomerization of 1 (i.e. conversion of 1 to either isomer 
of A; likely via a 5-coordinate intermediate formed by phos-
phine or ethylene dissociation), rather than 1,2-insertion to 
convert Aǁ to Bβ-agostic or isomerization of Bβ-agostic to Bα-agostic, 
since the activation barriers for the latter two transformations 
are only 5 and 58 kJ mol–1 respectively (Figure 6, Table 2).  

In pursuit of experimental corroboration for the accessi-
bility of [(dmpe)2MnEt] (B) from trans-[(dmpe)2MnH(C2H4)] 
(1), a trapping experiment was conducted with tert-butyl isoni-
trile (CNtBu) at 50 °C, affording [(dmpe)2MnEt(CNtBu)] (6a) 
(Scheme 3). This reaction initially formed a low-symmetry 
species identified by NMR spectroscopy as the cis isomer of 
6a, featuring 1H NMR resonances for two diastereotopic 
MnCH2 protons (–0.12 and 0.22 ppm; Figure 7) and three 
broad 31P NMR signals (61.6, 74.4, and 81 ppm; broadening is 
presumably due to reversible isonitrile or phosphine donor 
dissociation in solution). Upon cooling to 207 K, the 31P sig-
nals sharpened and one signal split into two, giving the ex-
pected four 31P environments. At the temperature of synthesis 
(50 °C), cis-6a slowly converted into trans-6a (Scheme 3), 
which gave rise to a single sharp 31P NMR signal at 74.7 ppm 
and an apparent octet in the 1H NMR spectrum due to the 
MnCH2 protons (0.47 ppm; apparent octet due to very similar 
3
JH,H and 3

JH,P coupling to the adjacent CH3 group and 4 
equivalent phosphines; Figure 7). This cis-trans isomerization 
did not proceed to completion, but an equilibrium was estab-
lished (over many days at 50 °C, or a few hours at 80 °C), 
dominated by trans-6a. The reaction to form complex 6a is, to 
the best of our knowledge, only the second example where an 
ethyl complex could be trapped by Lewis base addition to an 
isolable 1st row transition metal ethylene hydride complex.19 
Complex 6a shows surprising thermal stability for a 
β-hydrogen containing alkyl complex; in solution, negligible 
decomposition was observed after 12 hours at 80 °C. 

Scheme 3. Reactions of 1 with isonitriles to afford ethyl com-
plexes 6a-b and further insertion products, including 7.  

 

Assignment of the two species produced in the reaction of 1 
with CNtBu as isomers of 6a, as opposed to iminoacyl com-
plexes, was corroborated by the observation of NMR coupling 
between the α ethyl protons and the 31P nuclei, indicating the  

 

Figure 7. Regions of the 1H{31P} (above) and 1H (below) NMR 
spectra for the MnCH2 environments in a) cis-
[(dmpe)2MnEt(CNtBu)] (cis-6a) and b) trans-
[(dmpe)2MnEt(CNtBu)] (trans-6a). 

 

Figure 8. X-ray crystal structures of a) trans-
[(dmpe)2MnEt(CNtBu)] (trans-6a) and b) trans-
[(dmpe)2MnEt(CNXyl)] (trans-6b) with ellipsoids drawn at 50% 
probability. Hydrogen atoms have been omitted for clarity. In the 
case of trans-6a, all atoms except P and Mn are disordered over 
two positions, and only one conformation {50.1(2)% and 
52.8(2)% for the two dmpe ligands, 50.5(2)% for the isonitrile 
ligand, and 56.0(3)% for the ethyl ligand} is shown. In the case of 
trans-6b, one dmpe ligand and the N atom are both disordered 
over two positions, and only one conformation {51.4(3)% for the 
dmpe ligand and 55(2)% for N} is shown. Atoms below with an 
‘A’ suffix are the atoms related to those with the same identifying 
number without a suffix, but in the conformation not shown in the 
figure. For trans-6a, bond distances (Å) and angles (deg): Mn–
C(1) 2.222(2), Mn–C(1A) 2.226(3), Mn–C(3) 1.803(4), Mn–
C(3A) 1.813(3), C(1)–C(2) 1.528(4), C(1A)–C(2A) 1.526(6), 
C(3)–N(1) 1.207(5),48 C(3A)–N(1A) 1.214(4),48 N(1)–C(4) 
1.456(5), N(1A)–C(4A) 1.458(5), Mn–C(3)–N(1) 168.2(6),48 Mn–
C(3A)–N(1A) 171.0(6),48 C(3)–N(1)–C(4) 148.3(5),48 C(3A)–
N(1A)–C(4A) 146.0(5),48 Mn–C(1)–C(2) 120.4(2), Mn–C(1A)–
C(2A) 120.6(3), Σ(P–Mn(1)–P) (cis) 360.04(4). For trans-6b, 
bond distances (Å) and angles (deg): Mn–C(1) 2.212(2), Mn–C(3) 
1.794(2), C(1)–C(2) 1.520(4), C(3)–N(1) 1.223(7), C(3)–N(1A) 
1.219(9), N(1)–C(4) 1.391(7), N(1A)–C(4) 1.394(9), C(1)–Mn–
C(3) 174.1(1), Mn–C(3)–N(1) 173.1(7), Mn–C(3)–N(1A) 
165.4(6), C(3)–N(1)–C(4) 159(1), C(3)–N(1A)–C(4) 159(1), Mn–
C(1)–C(2) 122.8(2), Σ(P–Mn(1)–P) (cis) 360.34(6). 

close (in this case, 3 bond) proximity of these nuclei. Upon 31P 
decoupling of the 1H NMR spectrum, the multiplets associated 
with the MnCH2 environments collapsed to signals with the 
expected 1H-1H coupling; doublets (2

JH,H = 11 Hz) of quartets 
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(3
JH,H = 7 Hz) for the diastereotopic MnCH2 protons of cis-6a, 

and a quartet (3
JH,H = 8 Hz) for the MnCH2 protons of trans-6a 

(Figure 7). 
In contrast to the clean reactivity of 1 with CNtBu, the re-

action of 1 with o-xylyl isonitrile (CNXyl, Xyl = o-xylyl) pro-
duced a mixture of products (Scheme 3), including a minor 
product identified by X-ray crystallography and NMR spec-
troscopy as trans-[(dmpe)2MnEt(CNXyl)] (trans-6b; b in Fig-
ure 8). A low concentration of a short lived, low symmetry, 
species was also observed, and is presumed to be the cis iso-
mer of [(dmpe)2MnEt(CNXyl)] (cis-6b), with two 1H signals 
for the diastereotopic MnCH2 environments at 0.03 and 0.27 
ppm, and an apparent triplet for the MnCH2CH3 environment 
(1.92 ppm, 3

JH,H = 8 Hz). DFT calculations support the ther-
modynamic accessibility of both cis- and trans- isomers of 
ethyl complexes 6a-b in solution, given that the former are 
only 12-18 kJ mol–1 higher in energy than the latter. 

Both trans-6a and trans-6b were characterized by X-ray 
diffraction (Figure 8), and are the first crystallographically 
characterized examples of terminal manganese ethyl complex-
es, although [Mn(µ-Et)4{Li(tmeda)}2], which features ethyl 
ligands bridging between Mn and Li centers, has been report-
ed.49 In the solid state, these manganese(I) ethyl complexes 
feature an octahedral environment around the manganese cen-
ter, with the ethyl ligand trans to the isonitrile ligand. X-ray 
crystal structures of trans-6a and trans-6b also feature notably 
acute C–N–C angles {6a: 146.0(5)°-148.3(5)°;48 6b: 159(1)°}, 
long N–Cterminal distances {6a: 1.207(5)-1.214(4) Å;48 6b: 
1.22(1) Å}, and short Mn–CCNR bonds {6a: 1.803(4)-1.813(3) 
Å; 6b: 1.793(3) Å}, consistent with strong π-backdonation 
from the electron rich “(dmpe)2MnEt” fragment to the isoni-
trile ligand.50 

Attempts to purify either of the two isomers of 6b from 
the reaction mixture failed, and the additional products formed 
in the reaction of 6b with CNXyl are presumed to result from 
phosphine substitution by excess o-xylyl isonitrile and/or mul-
tiple isonitrile insertion reactions. Support for these reaction 
pathways was provided by crystallization of 
[(dmpe)Mn(CNXyl)3{C(=NXyl)CEt(=NXyl)}] (7) from the 
reaction mixture, which features an octahedral coordination 
environment composed of a single dmpe ligand, three isoni-
trile ligands, and a κ1-C(=NXyl)CEt(=NXyl) ligand trans to 
one of the isonitriles (Figure 9 and Scheme 3).51 NMR spectra 
of complex 7, which could be isolated in approximately 90% 
purity, show two 31P NMR signals (53.9 and 66.2 ppm) and 
three xylyl-Me 1H NMR signals (correlating to four 13C NMR 
signals in the 1H–13C HSQC spectrum) integrating to a total of 
five isonitrile ligands per dmpe ligand and ethyl substituent. 
Unlike ethyl complexes 6a-b, the MnCH2 environment in the 
1H NMR spectrum of 7 displays no coupling to 31P, due to a 
separation of 5 bonds between the MnCH2 protons and phos-
phorus. 

SUMMARY AND CONCLUSIONS 
Previously, we reported reactions of 
trans-[(dmpe)2MnH(C2H4)] (1) with secondary silanes to form 
unexpected silylene hydride products and ethane. This reactiv-
ity was proposed to take place via an undetected low-
coordinate manganese ethyl species, [(dmpe)2MnEt] (B), and 
in this work we provide support for this mechanism via DFT 
calculations and trapping experiments with isonitriles to afford 
[(dmpe)2MnEt(CNR)] (6a: R = tBu, 6b: R = o-xylyl). Fur-
thermore, compound 1 was shown to react with primary 

silanes or H2 to afford the disilyl hydride complexes 
[(dmpe)2MnH(SiH2R)2] (4a: R = Ph, 4b: R = nBu), and the 
dihydrogen hydride complex [(dmpe)2MnH(H2)] (5). These 
reactions also release ethane, consistent with σ-bond metathe-
sis or oxidative addition/reductive elimination reactivity 
stemming from B.  

 

 

Figure 9. X-ray crystal structure of 
[(dmpe)Mn(CNXyl)3{C(=NXyl)CEt(=NXyl)}] (7), with ellip-
soids drawn at 50% probability. Methyl groups on the o-xylyl 
ligands and all hydrogen atoms have been omitted for clarity. The 
phenyl group of one isonitrile ligand is disordered over two posi-
tions and only the dominant conformation {51.4(6)%} is shown. 
C(40A) is the counterpart to C(40) in the conformation not 
shown. Bond distances (Å) and angles (deg): Mn–C(1) 2.110(5), 
Mn–C(21) 1.837(5), Mn–C(30) 1.848(6), Mn–C(39) 1.832(6), 
C(1)–C(2) 1.522(8), C(2)–C(3) 1.540(7), C(3)–C(4) 1.522(7), 
C(1)–N(1) 1.307(6), C(2)–N(2) 1.291(6), N(1)–C(5) 1.425(7), 
N(2)–C(13) 1.419(7), C(21)–N(3) 1.198(7), C(30)–N(4) 1.198(6), 
C(39)–N(5) 1.133(6), N(3)–C(22) 1.408(6), N(4)–C(31) 1.401(6), 
N(5)–C(40) 1.486(5), N(5)–C(40A) 1.49(1), Mn–C(1)–C(2) 
120.2(3), Mn–C(1)–N(1) 121.2(4), C(1)–N(1)–C(5) 125.3(5), 
C(2)–C(3)–C(4) 113.4(5), C(2)–N(2)–C(13) 123.6(4), C(1)–C(2)–
C(3) 118.6(4), C(1)–C(2)–N(2) 117.8(4), Mn–C(21)–N(3) 
175.8(5), Mn–C(30)–N(4) 171.9(4), Mn–C(39)–N(5) 177.3(5), 
C(21)–N(3)–C(22) 160.3(5), C(30)–N(4)–C(31) 166.5(5), C(39)–
N(5)–C(40) 155.1(5), C(39)–N(5)–C(40A) 169.7(6). 

The reactions of 1 with primary silanes differ from those with 
secondary silanes in that disilyl hydride complexes are formed 
rather than silylene hydride complexes. Compounds 4a and 4b 
are of interest in their own right as nonclassical complexes in 
which oxidative addition is incomplete, leaving appreciable 
bonding character between the hydride and silyl ligands 
(based on calculated 29Si–1H NMR coupling constants and 
bond orders, as well as the crystallographically determined 
distance between silicon and the manganese hydride in 4a). 
Furthermore, isolated ethyl complex 6a is a rare example of a 
thermally stable β-hydride-containing alkyl complex, showing 
negligible decomposition over 12 hours at 80 °C. 

This work contributes to fundamental understanding of 
the equilibrium between transition metal ethylene hydride and 
ethyl complexes. As described in the introduction, 1st row 
transition metal ethylene hydrides are extremely scarce (the 
equilibrium typically lies to the side of the ethyl isomer), and 
the equilibrium between ethylene hydride and alkyl complexes 
has rarely been investigated. Compound 1 provided a unique 
opportunity to study this process, and key computational find-
ings are (a) two isomers of a cis ethylene hydride are energeti-
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cally accessible from 1 (A⊥⊥⊥⊥ and Aǁ), differing in the orientation 
of the alkene relative to the plane formed by manganese, the 
hydride, and the ethylene centroid, (b) the trans ethylene hy-
dride isomer (1) is 39 kJ mol–1 lower in energy than the most 
energetically favorable cis isomer (Aǁ), primarily due to in-
creased steric hindrance between the dmpe ligands in either 
isomer of A, (c) the most energetically favorable cis ethylene 
hydride complex (Aǁ) is 10 kJ mol–1 higher in energy than the 
β-agostic ethyl isomer (Bβ-agostic), (d) the barrier to 1,2-
insertion, converting Aǁ to Bβ-agostic, is only 5 kJ mol–1, (e) an 
α-agostic ethyl isomer (Bα-agostic) is energetically accessible, 
42 kJ mol–1 higher in energy than Bβ-agostic, (f) the barrier to 
conversion of Bββββ-agostic to Bαααα-agostic is 58 kJ mol–1, and (g) an 
energy minimum for a non-agostic ethyl complex with a cis 
vacant coordination site was not located, but a structure opti-
mized with the Mn–Cα–Cβ angle restrained to 109.5° (B109.5) 
was 49 kJ mol–1 higher in energy than Bβ-agostic. 

EXPERIMENTAL SECTION 
General Details. An argon-filled MBraun UNIlab glove box 
equipped with a –30 °C freezer was employed for the manipulation 
and storage of all oxygen- and moisture- sensitive compounds. Air-
sensitive preparative reactions were performed on a double-manifold 
high-vacuum line equipped with a two stage Welch 1402 belt-drive 
vacuum pump (ultimate pressure 1 × 10-4 torr) using standard tech-
niques.52 The vacuum was measured periodically using a Kurt J. Les-
ker 275i convection enhanced Pirani gauge. Commonly utilized spe-
cialty glassware included thick walled flasks equipped with Teflon 
stopcocks, and J-Young or Wilmad-LabGlass LPV NMR tubes. A 
VWR Clinical 200 Large Capacity Centrifuge (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) 
located within a glove box was used where indicated. Residual oxy-
gen and moisture was removed from the argon stream by passage 
through an Oxisorb-W scrubber from Matheson Gas Products. 

Benzene, diethylether, pentane, octane, and hexamethyldisiloxane 
were purchased from Aldrich, hexanes and toluene were purchased 
from Caledon, and deuterated solvents were purchased from ACP 
Chemicals. Benzene, diethylether, pentane, octane, hexamethyl-
disiloxane, hexanes and toluene were initially dried and distilled at 
atmospheric pressure from sodium/benzophenone (first six) or sodium 
(toluene). All solvents were stored over an appropriate drying agent 
(hexamethyldisiloxane, benzene, diethylether, toluene, d8 toluene, 
C6D6 = Na/Ph2CO; hexanes, pentane = Na/Ph2CO/tetraglyme) and 
introduced to reactions or solvent storage flasks via vacuum transfer 
with condensation at –78 °C. 

Dmpe, PhSiH3, 
nBuSiH3, 1,4-dioxane, tert-butyl isonitrile, o-xylyl 

isonitrile, and (trimethylsilyl)methylmagnesium chloride solution (1.0 
M in diethyl ether) were purchased from Sigma-Aldrich. Manganese 
dichloride was purchased from Strem Chemicals. Argon and hydro-
gen gas were purchased from PraxAir. [(dmpe)2MnH(C2H4)] (1) was 
prepared according to the literature.2 

NMR spectroscopy (1H, 1H{31P}, 13C{1H}, 29Si{1H}, 29Si, 31P{1H}, 
NOESY/EXSY, TOCSY, 1H–1H-COSY, 1H–13C-HSQC, 1H–13C-
HMBC, 1H–29Si-HSQC, 1H–29Si-HMBC, 1H–31P-HMBC) was per-
formed on Bruker AV-500, AV-600, and AV-850 spectrometers. 
Spectra were obtained at 300 K unless otherwise indicated. All 1H 
NMR spectra were referenced relative to SiMe4 through a resonance 
of the proteo impurity of the solvent used: C6D6 (δ 7.16 ppm) and d8 
toluene (δ 2.08 ppm, 6.97 ppm, 7.01 ppm, and 7.09 ppm). Also, all 
13C NMR spectra were referenced relative to SiMe4 through a reso-
nance of the 13C in the solvents: C6D6 (δ 128.06 ppm) and d8 toluene 
(δ 20.43, 125.13, 127.96, 128.87, and 137.48 ppm). The 29Si NMR 
spectra were referenced using an external standard of hexamethyl-
disiloxane in CDCl3 (6.53 ppm), and the 31P NMR spectra were refer-
enced using an external standard of 85% H3PO4 in D2O (0.0 ppm). 

Unsuccessful attempts to experimentally determine the sign of the 
coupling constants between the metal hydride and silicon in 4b were 

conducted using 1H–1H COSY NMR spectroscopy (850 MHz, 32 
scans). This method involves locating cross-peaks between the termi-
nal SiH and metal hydride NMR signals. A line could then be drawn 
between the two 29Si satellites on one of these cross-peaks (going 
through the parent cross-peak); a positive slope would indicate that 
both coupling constants involving 29Si (to the terminal SiH and to the 
metal hydride signals) have the same sign, and a negative slope would 
be indicative of opposite signs. A single bond coupling between 29Si 
and a terminal SiH signal is known to be negative, so a positive slope 
would indicate a negative 29Si–HMnH coupling constant and a negative 
slope would indicate a positive 29Si–HMnH coupling constant.41,53 

Combustion elemental analyses were performed by the London 
Metropolitan University in London, UK, and by Midwest Microlabs 
in Indianapolis, USA. IR spectra were performed on transmission 
mode on a Nicolet 6700 FT-IR spectrometer as a suspension in Nujol, 
and on a Bruker Tensor 27 IR spectrometer as a solution in octane, in 
both cases using CaF2 plates (for solution measurements, a liquid cell 
purchased from International Crystal Laboratories was used). 

All calculated structures were fully optimized with the ADF DFT 
package (SCM, versions 2014.05 to 2017.207).54 Calculations were 
conducted in the gas phase within the generalized gradient approxi-
mation using the 1996 Perdew-Burke-Ernzerhof exchange and corre-
lation functional (PBE),55 using the scalar zeroth-order approximation 
(ZORA)56 for relativistic effects, and Grimme’s DFT-D3-BJ disper-
sion correction.57 Input coordinates for 1, 4a, 5, and trans-6a-b were 
derived from X-ray crystal structures. Input coordinates for 4b* were 
derived by modifying the X-ray crystal structure of 4a, input coordi-
nates for A┴┴┴┴, Aǁ, Bβ-agostic, Bα-agostic, and B109.5 were derived by modify-
ing the calculated cis-6a structure, input coordinates for Btrans were 
derived by modifying the X-ray crystal structure of trans-6b, input 
coordinates for the transition state calculations were derived from 
linear transit calculations, input coordinates for free isonitriles were 
derived by modifying the X-ray crystal structures of trans-6a and 
trans-6b, and input coordinates for 1PH3, APH3

┴┴┴┴, and APH3
ǁ were de-

rived by modifying the geometry optimized structures of 1, A┴┴┴┴, and 
Aǁ respectively. Preliminary geometry optimizations were conducted 
with frozen cores corresponding to the configuration of the preceding 
noble gas (core = medium) using double-ζ basis sets with one polari-
zation function (DZP), a Voronoi grid with an integration value of 5, 
and default convergence criteria for energy and gradients. These 
structures were further refined using all-electron triple-ζ basis sets 
with two polarization functions (TZ2P) and fine integration grids 
(Voronoi 7 or Becke58 good-quality). 

Unless otherwise noted, reported values in this work correspond to 
restricted calculations (for modelling diamagnetic structures). For 5-
coordinate structures Btrans, Bβ-agostic, Bα-agostic, B109.5, and (BB)‡, a 
second set of calcluations was conducted to model a potential 
paramagnetic structure using the UNRESTRICTED command59 in 
conjunction with forcing 2 unpaired electrons (using the CHARGE 
command) and explicit occupation numbers (using the 
OCCUPATIONS command). 

Bond orders were calculated within the Mayer,60 Gopinathan-Jug,61 
and Nalewajski-Mrozek62-63 formalisms. Visualization of the compu-
tational results was performed using the ADF-GUI (SCM) or Biovia 
Discovery Studio Visualizer. Bonding between the ‘(dmpe)2MnR’ (R 
= H, Et) moiety and neutral ethylene in 1 or isonitrile ligands in the 
two isomers of 6a-b was analyzed in detail by fragment calculations 
(Ziegler-Rauk Energy Decomposition Analysis64 and the ETS-NOCV 
method63,65). In such calculations, fragments had structures as calcu-
lated in each optimized whole molecule. Relaxation (optimization) of 
the individual fragments yielded the preparation energy, i.e. the ener-
getic cost of geometric distortion of the interacting fragments. BSSE 
values were not calculated, as their contribution is negligible for large 
interacting molecules. 

Analytical frequency calculations66 were conducted on all geome-
try optimized structures (including geometry optimized fragments) to 
ensure that the geometry optimization led to an energy minimum and 
to obtain thermodynamic parameters. In a handful of cases, slightly 
negative frequencies (frequency range from –24 to –22 cm–1, and 
absorption intensity range from –0.98 to –0.17 km mol–1) were ob-
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served but were shown to be spurious imaginary frequencies using the 
SCANFREQ command.67 

Transition states were optimized by minimizing energy gradients 
while ensuring that the Hessian had a negative eigenvalue for the 
normal coordinate that contains atomic motions consistent with the 
transformation (using the TransitionState subkey in the Geometry key 
block). 

NMR coupling constants were calculated (using geometry opti-
mized coordinates derived as discussed above) with the CPL program 
of the ADF package68 from wave functions obtained by hybrid 
PBE069 (ZORA)56 calculations using the TZ2P basis sets with addi-
tional steep basis functions (TZ2P-J). This method was benchmarked 
against published data calculated for related nonclassical silyl hydride 
complexes. The literature results41 were reproduced with acceptable 
accuracy for [(C5H4Me)MnH(SiHPh2)(CO)2] (this work: –52 Hz, 
literature calcd.: –68 Hz, literature expt.: –63 Hz41), 
[Cp2TiH(SiHPh2)(PMe3)] (this work: –22 Hz, literature calcd.:           
–28 Hz, literature expt.: ǀ28ǀ Hz70), and [Cp2TiH(SiHClPh)(PMe3)] 
(this work: 19 Hz, literature calcd.: 23 Hz, literature expt.: 15 Hz53). 

Single-crystal X-ray crystallographic analyses were performed on 
crystals coated in Paratone oil and mounted on either a Bruker 
SMART APEX II diffractometer with a 3 kW sealed-tube Mo genera-
tor and SMART6000 CCD detector (1, 4a, 5, 6a) or on a STOE IPDS 
II diffractometer with an image plate detector (6b, 7) in the McMaster 
Analytical X-Ray Diffraction Facility (MAX). A semi-empirical 
absorption correction was applied using redundant data. Raw data was 
processed using XPREP (as part of the APEX v2.2.0 software), and 
solved by either direct (SHELXS-97)71 or intrinsic (SHELXT)72 
methods. The structures were completed by difference Fourier syn-
thesis and refined with full-matrix least-squares procedures based on 
F

2. In all cases, non-hydrogen atoms were refined anisotropically and 
hydrogen atoms were generated in ideal positions and then updated 
with each cycle of refinement {with the exception of hydrogen atoms 
on Mn or Si (all complexes except 5), or C(1) and C(2) of 1, which 
were located from the difference map and refined isotropically}. Re-
finement was done using Olex2.73 

Complexes 1 and 4 – 7 are air sensitive, and products observed up-
on reaction with air are malodorous. Therefore, all syntheses were 
conducted under an atmosphere of argon. Care should be taken in 
syntheses which generate ethane in a sealed flask (4a-b): the volume 
of the flasks used should be chosen to accommodate the ethane pro-
duced without leading to unreasonably high pressures. All isolated 
complexes in this work were diamagnetic. 

 

[(dmpe)2MnH(SiH2Ph)2] (4a). An excess of phenylsilane 
(770 mg, 7.12 mmol) was added to a solution of 
[(dmpe)2MnH(C2H4)] (1) (543.7 mg, 1.41 mmol) in 30 mL of toluene. 
The reaction mixture was stirred in a 100 mL sealed flask at 60 °C for 
4 h, after which time the solvent was removed in vacuo leading to a 
dark orange oil. Note that ethane is formed as a by-product in this 
reaction, so after 30 minutes, the reaction mixture was temporarily 
allowed to cool to room temperature and the excess gas was vented 
into the Schlenk line before continuing heating at 60 °C. Washing 
twice with 10 mL of hexanes produced a yellow solid, which was 
dissolved in 9 mL of toluene and residual solid was removed by cen-
trifugation. Layering the resulting solution with 20 mL of hexanes 
and storing at –30 °C for days afforded large orange crystals of 4a 
with a yield of 63% (509.2 mg, 0.89 mmol). Note that on some occa-
sions, instead of large orange crystals a yellow powder was obtained. 
X-ray quality crystals were obtained from a saturated solution of 4a in 
hexanes at –30 °C. 1H NMR (C6D6, 600 MHz, 300 K): δ 8.12 (d, 4H, 
3
JH,H 7 Hz, o), 7.31 (t, 4H, 3

JH,H 7 Hz, m), 7.24 (t, 2H, 3
JH,H 7 Hz, p), 

5.31 (s with 29Si sat., 2H, 1
JH,Si 158 Hz, SiH), 5.28 (s with 29Si sat., 

2H, 1
JH,Si 167 Hz, SiH), 1.50 (d, 6H, 2

JH,P 5 Hz, PCH3), 1.39 (m, 2H, 
PCH2), 1.16 (m, 2H, PCH2), 1.03 (d, 6H, 2

JH,P 7 Hz, PCH3), 1.02 (m, 
2H, PCH2), 0.98 (d, 6H, 2

JH,P 6 Hz, PCH3), 0.91 (m, 2H, PCH2), 0.91 
(d, 6H, 2

JH,P 3 Hz, PCH3), –14.55 (p, 1H, 2
JH,P 20 Hz, MnH). 13C{1H} 

NMR (C6D6, 151 MHz, 300 K): δ 147.34 (s, i), 137.03 (s, o), 127.37 
(s, m), 127.23 (s, p), 32.76 (m, PCH2), 32.15 (m, PCH2), 23.66 (d, 
1
JC,P 6 Hz, PCH3), 23.62 (d, 1

JC,P 6 Hz, PCH3), 22.65 (d, 1
JC,P 15 Hz, 

PCH3), 22.55 (d, 1
JC,P 16 Hz, PCH3), 21.81 (d, 1

JC,P 17 Hz, PCH3), 

17.25 (d, 1
JC,P 25 Hz, PCH3). 

29Si{1H} NMR (C6D6, 119 MHz, 
300 K): δ –4.20 (m). 29Si NMR (d8 toluene, 119 MHz, 300 K): δ        
–4.18 (t of m, 1

JSi,H 168 Hz). 31P{1H} NMR (C6D6, 243 MHz, 300 K): 
δ 67.42 (s, 2P), 60.24 (s, 2P). Anal. Found (Calcd): C, 50.47 (50.52); 
H, 8.49 (8.30). 

 

[(dmpe)2MnH(SiH2
nBu)2] (4b). An excess of n-butyl silane 

(293 mg, 3.32 mmol) was added to a solution of 
[(dmpe)2MnH(C2H4)] (1) (503.2 mg, 1.31 mmol) in 25 mL of ben-
zene. The reaction mixture was stirred in a 50 mL sealed flask at 
60 °C for 2 days, after which time the solvent was removed in vacuo 
leading to a yellow solid. Note that ethane is formed as a by-product 
in this reaction so after a few hours the reaction mixture was tempo-
rarily allowed to cool to room temperature and the excess gas was 
vented into the Schlenk line before continuing at 60 °C. Recrystalliza-
tion in hexanes at –30 °C yielded 357.6 mg of 4b, and removing the 
solvent in vacuo from the mother liquor and recrystallization of the 
residue in toluene at –30 °C yielded an additional 178.5 mg, for a 
total yield of 77% (536.1 mg, 1.01 mmol) of yellow powder. 1H NMR 
(C6D6, 600 MHz, 300 K): δ 4.53 (m with 29Si sat., 2H, 1

JH,Si 178 Hz, 
SiH), 4.36 (m with 29Si sat., 2H, 1

JH,Si 159 Hz, SiH), 1.95 (m, 4H, 
SiH2CH2CH2CH2CH3), 1.67 (t of q, 4H, 3

JH,H 7 Hz, 
SiH2CH2CH2CH2CH3), 1.47 (m, 2H, PCH2), 1.40 (d, 6H, 2

JH,P 6 Hz, 
PCH3), 1.31 (d, 6H, 2

JH,P 6 Hz, PCH3), 1.22 (m, 4H, 
SiH2CH2CH2CH2CH3), 1.21 (m, 4H, PCH2), 1.08 (t, 6H, 3

JH,H 7 Hz, 
SiH2CH2CH2CH2CH3), 1.03 (d, 6H, 2

JH,P 6 Hz, PCH3), 0.97 (d, 6H, 
2
JH,P 4 Hz, PCH3), 0.84 (m, 2H, PCH2), –13.27 (t, 1H, 2

JH,P 17 Hz, 
MnH). 13C{1H} NMR (C6D6, 151 MHz, 300 K): δ 34.72 (s, 
SiH2CH2CH2CH2CH3), 33.94 (m, PCH2), 30.12 (m, PCH2), 27.12 (s, 
SiH2CH2CH2CH2CH3), 24.00 (d, 1

JC,P 6 Hz, PCH3), 23.96 (d, 1
JC,P 

6 Hz, PCH3), 21.60 (s, SiH2CH2CH2CH2CH3), 20.55 (d, 1
JC,P 13 Hz, 

PCH3), 19.31 (d, 1
JC,P 23 Hz, PCH3), 17.97 (d, 1

JC,P 15 Hz, PCH3), 
17.86 (d, 1

JC,P 16 Hz, PCH3), 14.53 (s, SiH2CH2CH2CH2CH3).
 

29Si{1H} NMR (C6D6, 119 MHz, 300 K): δ 1.62 (p, 2
JSi,P 23 Hz). 29Si 

NMR (C6D6, 119 MHz, 300 K): δ 1.63 (t of m, 1JSi,H 165 Hz). 31P{1H} 
(C6D6, 243 MHz, 300 K): δ 72.62 (s, 2P), 58.56 (s, 2P). Anal. Found 
(Calcd): C, 45.17 (45.27); H, 10.39 (10.45). 

 

[(dmpe)2MnH(H2)] (5). 98.7 mg (0.26 mmol) of 
[(dmpe)2MnH(C2H4)] (1) was dissolved in 10 mL of benzene, and the 
resulting solution was placed in a sealed flask and freeze-pump-
thawed (×3). The flask was placed under an atmosphere of hydrogen 
gas at –95 °C using a liquid nitrogen-acetone bath, sealed at this tem-
perature, and warmed to room temperature to provide approx. 2 atm 
of hydrogen gas for reactivity. After stirring at 60 °C for 5 days, the 
solvent was removed in vacuo and the resulting solid was extracted 
with pentane. Removal of the pentane in vacuo yielded a crude pale 
yellow powder with >95% purity by NMR (77% isolated yield; 
70.4 mg, 0.20 mmol). Recrystallization from a concentrated solution 
in pentane at –30 °C yielded 48.7 mg of pure 5 (0.14 mmol, 52%). 
NMR data matches that previously reported (with 31P δ = 82 ppm).2,41 
X-ray quality crystals were obtained from a concentrated solution of 5 
in hexanes at –30 °C. 

 

[(dmpe)2MnEt(CNtBu)] (6a). An excess of tert-butyl isonitrile 
(250 mg, 3.01 mmol) was added to a solution of 
[(dmpe)2MnH(C2H4)] (1) (129.8 mg, 0.34 mmol) in 10 mL of ben-
zene. The reaction mixture was stirred in a sealed flask at 80 °C for 
5 h, after which the solvent was removed in vacuo leading to an or-
ange oily solid. Recrystallization from hexamethyldisiloxane at          
–30 °C afforded 53.2 mg of yellow solid. Concentrating the mother 
liquor and allowing the solution to sit again at –30 °C afforded anoth-
er 20.0 mg of the yellow solid, providing a combined yield of 46% 
(73.2 mg, 0.16 mmol). Upon dissolution in solution, the bulk of the 
sample was observed to be the trans isomer, but a small amount of cis 
isomer was observed in the baseline. To obtain NMR characterization 
of the cis isomer, the reaction was carried out on a smaller scale 
(13.5 mg 1 and 24 mg CNtBu) in approx. 1 mL of C6D6 at 50 °C for 
1.5 h, which provided a 3 : 6 : 1 ratio of 1 : cis-6a : trans-6a, and was 
analyzed in situ (with excess free isonitrile present). This ratio could 
be improved to 6 : 12 : 1 by removing the solvent in vacuo and re-
dissolving. X-ray quality crystals of trans-6a were obtained from a 
saturated solution in pentane at –30 °C. cis-6a (selected): 1H NMR 
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(C6D6, 600 MHz, 300 K): δ 1.83 (t, 3H, 3
JH,H 8 Hz, CH2CH3), 1.54 (d, 

3H, 2
JH,P 7 Hz, PCH3), 1.47 (d, 3H, 2

JH,P 6 Hz, PCH3), 1.29 (m, 6H, 
PCH3), 1.28 (s, 9H, CNC(CH3)3), 1.14 (d, 3H, 2

JH,P 5 Hz, PCH3), 1.04 
(d, 3H, 2

JH,P 3 Hz, PCH3), 0.22 (m, 1H, CH2CH3), –0.12 (m, 1H, 
CH2CH3). 

13C{1H} NMR (C6D6, 151 MHz, 300 K): δ 35.24 (m, 
PCH2), 32.29 (s, CNC(CH3)3), 24.25 (s, PCH3), 23.53 (d, 3

JC,P 10 Hz, 
CH2CH3), 23.32 (d, 1

JC,P 17 Hz, PCH3), 22.22 (d, 1
JC,P 16 Hz, PCH3), 

19.51 (s, PCH3), 17.25 (d, 1
JC,P 15 Hz, PCH3), 14.25 (d, 1

JC,P 13 Hz, 
PCH3), –2.47 (m, CH2CH3). 

31P{1H} NMR (C6D6, 243 MHz, 300 K): 
δ 81 (br. s, 1P), 74.43 (br. s, 1P), 61.58 (br. s, 2P). 1H NMR 
(d8-toluene 500 MHz, 207 K): δ 1.98 (t, 3H, 3

JH,H 7 Hz, CH2CH3), 
1.60 (d, 3H, 2

JH,P 6 Hz, PCH3), 1.51 (d, 3H, 2
JH,P 6 Hz, PCH3), 1.30 

(m, 3H, PCH3), 1.27 (s, 9H, CNC(CH3)3), 1.26 (m, 3H, PCH3), 1.08 
(d, 3H, 2

JH,P 4 Hz, PCH3), 1.01 (d, 3H, 2
JH,P 3 Hz, PCH3), 0.92 (d, 3H, 

2
JH,P 5 Hz, PCH3), 0.88 (d, 3H, 2

JH,P 3 Hz, PCH3), 0.26 (m, 1H, 
CH2CH3),

74 –0.11 (m, 1H, CH2CH3).
74 13C{1H} NMR (d8-toluene, 

126 MHz, 207 K): δ 53.98 (s, CNC(CH3)3), 34.88 (m, PCH2), 33.00 
(m, PCH2), 32.01 (s, CNC(CH3)3), 30.88 (m, PCH2), 29.57 (m, 
PCH2), 23.82 (d, 3

JC,P 11 Hz, CH2CH3), 23.51 (br. s, PCH3), 22.94 (d, 
1
JC,P 17 Hz, PCH3), 22.05 (d, 1

JC,P 12 Hz, PCH3), 21.50 (d, 1
JC,P 

15 Hz, PCH3), 18.97 (s, PCH3), 16.28 (d, 1
JC,P 14 Hz, PCH3), 13.94 

(d, 1JC,P 12 Hz, PCH3), 12.45 (m, PCH3), –2.66 (m, CH2CH3). 
31P{1H} 

(d8-toluene, 202 MHz, 207 K): δ 82.02 (s, 1P), 75.24 (s, 1P), 62.09 (s, 
1P), 61.63 (s, 1P). trans-6a: 1H NMR (C6D6, 600 MHz, 300 K): δ 
1.51 (m, 4H, PCH2), 1.43 (m, 4H, PCH2), 1.41 (t, 3H, 3

JH,H 8 Hz,75 

CH2CH3), 1.40 (s, 12H, PCH3), 1.29 (s, 12H, PCH3), 1.12 (s, 9H, 
CNC(CH3)3), –0.47 (p of q, 2H, 3

JH,P 8 Hz, 
3
JH,H 8 Hz, CH2CH3). 

13C{1H} NMR (C6D6, 151 MHz, 300 K): δ 205.95 (s, CNC(CH3)3), 
53.79 (s, CNC(CH3)3), 32.62 (s, CNC(CH3)3), 32.12 (app. p, PCH2), 
24.63 (s, CH2CH3), 21.03 (s, PCH3), 16.49 (s, PCH3), 1.40 (p, 2

JC,P 
17 Hz, CH2CH3). 

31P{1H} (C6D6, 202 MHz, 300 K): δ 74.66 (s). 
ν(CN) (nujol) = cis-6a: 1915 cm–1, trans-6a: 1828 cm–1. ν(CN) (oc-
tane) = cis-6a: 1923 cm–1, trans-6a: 1829 cm–1. Found (Calcd): C, 
49.25 (48.82); H, 9.60 (9.92); N, 2.79 (3.00). 

 

[(dmpe)2MnEt(CNXyl)] (6b). 143.1 mg (0.37 mmol) of 
[(dmpe)2MnH(C2H4)] (1) and 292.7 mg (2.23 mmol) of o-xylyl isoni-
trile were dissolved in 10 mL of benzene. The reaction mixture was 
heated at 50-55 °C for 2 days, after which time the solvent was re-
moved in vacuo to afford a dark brown oil. Attempts to recrystallize 
6b from a variety of solvents failed to yield a pure product. However, 
X-ray quality crystals were obtained by recrystallization from toluene 
layered with hexanes at –30 °C which resulted in a green-brown oily 
residue with a small number of small bright orange crystals which 
could be picked out manually. To obtain NMR characterization of the 
trans isomer, the mother liquor from the aforementioned crystalliza-
tion was maintained at –40 °C, yielding a green solid which contained 
trans-6b and 7 in a 1 : 6 ratio. To obtain NMR characterization of the 
cis isomer, the reaction was carried out on a smaller scale (17.7 mg 1 
and 23.2 mg CNXyl) in C6D6 at 50 °C for 2.5 h, which provided a 7 : 
1.25 : 1 : 2.5 ratio of 1 : cis-6b : trans-6b : 7, and was analyzed in situ 
(with excess free isonitrile present). cis-6b (selected): 1H NMR (C6D6, 
600 MHz, 300 K): δ 6.95 (d, 2H, 3

JH,H 7 Hz, m), 6.76 (m, 1H, p), 2.52 
(s, 6H, xylyl-CH3), 1.92 (t, 3H, 3

JH,H 8 Hz, CH2CH3), 1.62 (m, 3H, 
PCH3), 1.50 (d, 3H, 2

JH,P 6 Hz, PCH3), 1.30 (m, 3H, PCH3), 0.27 (m, 
1H, CH2CH3), 0.03 (m, 1H, CH2CH3).

 13C{1H} NMR (C6D6, 
151 MHz, 300 K): δ 23.8 (CH2CH3),

76 21.11 (s, xylyl-CH3), –1.3 
(CH2CH3)

76. trans-6b: 1H NMR (C6D6, 600 MHz, 300 K): δ 6.93 (d, 
2H, 3JH,H 7 Hz, m), 6.71 (t, 1H, 3JH,H 8 Hz, p), 2.33 (s, 6H, xylyl-CH3), 
1.54 (m, 8H, PCH2), 1.37 (t, 3H, 3

JH,H 8 Hz,75 CH2CH3), 1.35 (s, 12H, 
PCH3), 1.20 (m, 12H, PCH3), –0.43 (p of q, 2H, 3JH,P 8 Hz, 3JH,H 8 Hz, 
CH2CH3).

 13C{1H} NMR (C6D6, 151 MHz, 300 K): δ 136.28 (i),76 
131.42 (s, o), 128.25 (m, m), 120.39 (s, p), 32.16 (m, PCH2), 24.24 
(m, CH2CH3), 21.20 (s, PCH3), 20.81 (s, xylyl-CH3), 16.27 (s, PCH3), 
3.37 (CH2CH3)

76. 31P{1H} (C6D6, 202 MHz, 300 K): δ 75.85 (s). 
 

[(dmpe)Mn(CNXyl)3{C(=NXyl)CEt(=NXyl)}] (7). The mixture 
of trans-6b and 7 (see synthesis of 6b) was then heated under vacuum 
at 140 °C for 2 hours. The resulting brown solid resisted further puri-
fication (approximately 90% pure by NMR spectroscopy). However, 
7 was characterized by NMR spectroscopy and X-ray quality crystals 
were obtained by recrystallization of the crude mixture of trans-6b 

and 7 (see synthesis of 6b) from a dilute solution in hexanes at           
–30 °C. 1H NMR (C6D6, 600 MHz, 300 K): δ 7.04 (d, 2H, 3

JH,H 8 Hz, 
m), 6.73–6.82 {m, m (8H) and p (5H)}, 2.85 (q, 2H, 3

JH,H 8 Hz, 
CH2CH3), 2.47 (s, 12H, xylyl-CH3), 2.44 (s, 12H, xylyl-CH3), 1.99 
(br. s, 6H, xylyl-CH3), 1.64 (d, 6H, 2

JH,P 8 Hz, PCH3), 1.34 (m, 4H, 
PCH2), 1.20 (d, 6H, 2

JH,P 7 Hz, PCH3), 0.69 (t, 3H, 3
JH,H 8 Hz, 

CH2CH3).
 13C{1H} NMR (C6D6, 151 MHz, 300 K): δ 179.44 (s, 

CCH2CH3), 156.33, 150.51, 134.13, 133.80, 133.34, 133.11, 132.31, 
131.01 (8 × s, o and i), 128.06 (m, m), 127.93 (m, m), 125.47 (s, p), 
123.57 (s, p), 121.62 (s, p), 120.20 (s, p), 31.38 (m, PCH2), 30.76 (m, 
PCH2), 26.68 (s, CH2CH3), 20.71 (s, xylyl-CH3), 20.39 (s, xylyl-CH3), 
20.05 (s, xylyl-CH3), 19.14 (s, xylyl-CH3), 17.34 (d, 1

JC,P 20 Hz, 
PCH3), 16.82 (d, 1

JC,P 20 Hz, PCH3), 9.02 (s, CH2CH3).
 31P{1H} 

(C6D6, 243 MHz, 300 K): δ 66.15 (s, 1P), 53.90 (s, 1P). 
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