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Reactions of trans-[(dmpe).MnH(CzH4)] (1) with BH3(NMes), 9-BBN, and HBMes: yielded the manganese(l) borohydride

complexes [(dmpe):Mn(p-H)2BR2] (3: R = H, 4: R, = CsH1s, 5: R = Mes). The reaction of 1 with BH3(NMes) proceeds via
ethylene substitution. By contrast, a detuerium labelling study indicates that the reaction of 1 with HBMes: involves initial

isomerization of 1 to an unobserved 5-coordinate ethyl intermediate, [(dmpe).MnEt], which reacts with the hydroborane

to afford EtBR: and [(dmpe).MnH], followed by reaction with a second equivalent of hydroborane to generate 5 (an

analogous pathway is likely followed for other base-free hydroboranes such as 9-BBN). Identification of 3-5 as k-

borohydride complexes, as opposed to boryl dihydride or hydroborane hydride isomers, is supported by *B NMR

spectroscopy, X-ray diffraction, and Atoms in Molecules calculations. Two byproducts were observed in the syntheses of 3-

5: [{(dmpe)MnH}:(u-dmpe)] (6) and [(dmpe).MnH(k*-dmpe)] (7). These complexes were independently prepared by

exposure of 1 to free dmpe under an atmosphere of Ar or H,, and the generality of this synthetic route was demonstrated

by the reaction of 1 with PMes (under Hz) to form [(dmpe).MnH(PMes)] (8). Complexes 6-8 can exist as isomers with either

a trans or a cis relationship between the hydride and k'-coordinated phosphine ligands on manganese. Trans to cis

isomerization of 6-8 is photochemically induced, whereas the reverse reaction occurs under thermal conditions. X-ray

crystal structures were obtained for 3-5, trans,trans-6, cis,cis-6, trans-7, and trans-8.

Introduction

Our group has previously reported reactions of the ethylene
hydride complex trans-[(dmpe),MnH(C2H4)] (1)22  with
dihydrogen and various hydrosilanes; Scheme 1. Exposure of 1
to H, formed the previously reported dihydrogen hydride
complex [(dmpe)oMnH(H2)] (2),2 while reactions of 1 with
primary hydrosilanes afforded the disilyl hydride complexes
[(dmpe)>2MnH(SiH2R),] (R = Ph, "Bu).3 By contrast, reactions of
1 with secondary hydrosilanes afforded silylene hydride
complexes [(dmpe),MnH(=SiR3)] (R = Ph R = Et), in combination
with (in the case of the reaction of 1 with H,SiPh,) the silyl
dihydride complex [(dmpe)oMnH;(SiHPh;)].4 Using DFT
calculations and trapping experiments, it was determined that
these reactions proceed via initial isomerization of 1 to a
5-coordinate ethyl species [(dmpe)MnEt] (A), as shown in
Scheme 1.

Given the diverse reactivity of 1 with hydrosilanes, we
were motivated to investigate the reactivity of 1 with
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hydroboranes. Reactions of transition metal hydride

complexes with hydroboranes have been reported to form
structures with various boron-containing ligands and bonding
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Scheme 1 Reactions of [(dmpe),MnH(C;H,4)] (1) with H, and hydrosilanes to generate
dihydrogen hydride (2), disilyl hydride, silylene hydride, and silyl dihydride complexes.
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A-C are proposed intermediates, and only one isomer is shown for all species (except
silylene hydride complexes).3*

include monodentate’® or bidentate’.?-14
borohydride complexes (a single anionic ligand with either one

motifs.>¢ These

or two hydrogen atoms bridging between boron and the
metal; i in Figure 1), boryl dihydride complexes
(containing three anionic ligands; iii in Figure 1),>1>16 and

and ii

hydroborane hydride complexes (featuring anionic hydride and
neutral o-hydroborane ligands; iv in Figure 1).10121617 Of
these, borohydride complexes are commonly favoured (over
hydroborane hydride complexes) in reactions
substantially Lewis acidic boron centres, and boryl dihydride

involving

complexes are favoured in reactions with electron-rich metal
centres with an accessible oxidation state 2 units higher.13.18
Complexes with intermediate between the
bidentate borohydride and boryl dihydride extremes have also
been reported,120 and described in various manners including
as stretched n3-hydridoborate o-complexes, or as boryl
dihydride complexes with B—H interligand interactions.
Additionally, equilibria between various of these isomers have
been reported.®10.18
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Figure 1 Products observed upon reaction of hydroboranes with transition metal
hydride complexes (in the case of borylene or hydride-free boryl complexes, after H,
elimination): i) monodentate borohydride, ii) bidentate borohydride, iii) boryl
dihydride, iv) hydroborane hydride, v) boryl, vi) borylene hydride, vii) bridging
borohydride, and viii) tridentate borohydride complexes (the latter are normally
prepared via reactions with hydroborate salts).

In addition, reactions of metal hydride complexes with
hydroboranes have in some cases been observed to eliminate
H, to afford boryl (v in Figure 1)2! or borylene hydride (vi in
Figure 1)422 complexes. Furthermore, structures featuring
borohydride moieties bridging between multiple metal centres
(vii in Figure 1),23 and tridentate borohydride ligands (viii in
Figure 1) have been reported, though the latter are generally
prepared via reactions with hydroborate salts.®

In the chemistry of manganese(l), complexes incorporating
borohydride ligands which are not part of a chelating ligand
scarce; the only crystallographically
characterized examples are a pair of dimetallic p-(BHa4) species
reported by Riera in the early 1990s (a and b in Figure 2),2*
monometallic complexes reported independently in 2017 by

framework are

the Figueroa?® and GauvinZ6 groups with bi- or mono-dentate
borohydride ligands (c and d, respectively, in Figure 2), and a
monometallic species reported by Ghosh et al. in 2020
featuring a ligand which could be considered a k3-borohydride
with a terminal phosphine-stabilized boryl substituent (e in
Figure 2).27
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Figure 2 Crystallographically characterized manganese(l) complexes incorporating
borohydride ligands which are not part of a chelating ligand framework.

Herein, we discuss the synthesis and characterization of a
series of manganese(l) borohydride complexes prepared via
reactions of trans-[(dmpe),MnH(C;H4)] (1) with BH3(NMes),
9-BBN and HBMes;. Furthermore, we identify byproducts
observed in the syntheses of these borohydride complexes as
pentaphosphine manganese(l) hydride complexes, and
demonstrate that such complexes can be prepared directly
from 1 by exposure to free phosphines under an atmosphere
of argon or dihydrogen.

Results and Discussion

Reaction of [(dmpe)>MnH(C;H4)] (1)%2 with BH3(NMes) at 90 °C
afforded the borohydride complex [(dmpe)Mn(u-H),BH,] (3)
as a purple solid, accompanied by ethylene and free NMes
byproducts (Scheme 2; top). In contrast to previously reported
reactions of 1 with hydrosilanes, all of which proceed via
isomerization of 1 to a 5-coordinate ethyl intermediate (A; vide
supra) with ensuing reactivity to eliminate ethane or an
ethylhydrosilane byproduct, this reaction involves ethylene
elimination. Whereas the previously reported aluminium
analogue of 3, [(dmpe):Mn(p-H)2AIH(p-H)AIH(p-
H).Mn(dmpe),],*2 is a dimer with 5-coordinate aluminium
centres, compound 3 is monometallic due to the typical
reluctance of boron to adopt a coordination number greater
than four. As a consequence, 3 is relatively volatile, subliming
at 80 °C at 5 mTorr.
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Scheme 2 Reactions of [(dmpe),MnH(C,H,;)] (1) with hydroboranes to generate
borohydride complexes [(dmpe),Mn(pu-H),BR;] (R, = H; (3), CsH14 (4); Mes; (5)).

Reactions of [(dmpe)>.MnH(C,H4)] (1) with two equivalents
of the dialkyl or diaryl hydroboranes, 9-
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borabicyclo(3.3.1)nonane (9-BBN; HBCgH14) or dimesitylborane
(HBMes;), at 60 °C vyielded isostructural borohydride
complexes [(dmpe),Mn(p-H)2BR2] (R = CsHia (4); R = Mes (5)),
with EtBR; as the only spectroscopically observed byproduct
(Scheme 2; bottom).* While 4 could only be obtained in high
purity by manual separation of crystals, 5 was isolated as an
analytically pure purple solid. A closely related rhenium(l)
tetraphosphino borohydride complex [{rac-
K4-Ph2PCH2CHzp(Ph)CHchzp(Ph)CHchzpphz}Re(u-H)zBEtz]
was reported by Morris et al. in 1993.28

The reactions to form 4 and 5 could proceed via two
potential pathways (Scheme 3): (a) ethylene substitution,
followed by hydroboration of released ethylene by a second
equivalent of HBRy,® or (b) initial isomerization of 1 to form
[(dmpe).MnEt] (A), followed by reaction with one equivalent
of HBR; (via oxidative addition and subsequent C—B bond
forming reductive elimination, or o-bond metathesis) to
generate EtBR; and [(dmpe)>MnH] (B), which then reacts with
a second equivalent of hydroborane. The former pathway is
analogous to that for the reaction of 1 with BH3(NMes),
whereas the latter mirrors the reactions of 1 with H, and
hydrosilanes (vide supra).34
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Scheme 3 Potential pathways (a and b) for reactions of HBR, (R, = CgHi4, Mes;) with
[(dmpe);MnH(C;H,
H),BR;] (R, =

)] (1) to form manganese(l) borohydride complexes [(dmpe),Mn(p-
CgHss (4), Mes; (5)). A and B are proposed intermediates.

To distinguish between these possibilities, 1 was exposed
to two equivalents of DBMes, in CgDs, exclusively yielding
Mes,BCH,CHs  and  [(dmpe),Mn(u-D),BMes;] (d2-5). This
deuterium distribution is consistent with pathway b in Scheme
3, and the same pathway is likely followed in the reaction of 1
with other base-free hydroboranes, such as 9-BBN. The
different mechanisms followed in the reactions of 1 with
BH3(NMes) versus HBMes; (and likely 9-BBN) may suggest that
the former reaction involves the intact adduct, rather than
free borane generated by NMej dissociation.®

Room temperature NMR spectra of borohydride complexes
3-5 feature two 3P NMR signals (62.6-88.6 ppm) consistent
with a disphenoidal arrangement of the phosphorus donors at
manganese, and a single low frequency 'H NMR Mn(u-H),BR>
environment (3: —-16.5 ppm, 4: —-15.6 ppm, 5: —14.0 ppm).
These signals are significantly broadened, but sharpen upon

This journal is © The Royal Society of Chemistry 20xx

11B decoupling. Complexes 3-5 feature a single B NMR
environment (3: 25.3 ppm, 4: 43.2 ppm, 5: 27.5 ppm) within
the range associated with k2-borohydride complexes.??2° This is
in contrast to boryl3° or o-hydroborane3! complexes, for which
the 1B NMR signal is typically shifted to high frequency
relative to that of the corresponding free hydroborane
monomer. The higher frequency 1B NMR chemical shift for 4
versus 3 and 5 is also consistent with reported trends: (a) free
monomeric hydroboranes with alkyl substituents typically
have higher 1B NMR chemical shifts than those with aromatic
substituents (e.g. 79-82 ppm for HB(CMe,CMe;H),, HBCy!Bu,
and B-H-10-trimethylsilyl-9-borabycyclo[3.3.2]decane,3? versus
60-74 ppm for HBMes;, HB(CeH2'Prs-2,4,6),;, HB(CsFs),, and
HBEind,, where Eind = 1,1,3,3,5,5,7,7,-octaethyl-s-
hydrindacen-4-yl),33 and (b) in [(OC)n(Me3P)s.nRe(u-H)2BR;] (n =
1 or 2, Ry = Hy or CgHig), the 2B NMR chemical shifts for the
H,B(CsH14) complexes are 22-23 ppm higher frequency than
those for the BH4 complexes with identical co-ligands.”

For [(dmpe)Mn(u-H)2BH3] (3), the terminal Mn(u-H).BH-
signal was located at 5.1 ppm in the 'H NMR spectrum. EXSY
NMR spectroscopy did not provide evidence for chemical
exchange between the bridging and terminal borohydride
environments in 3 up to 339 K. This behaviour contrasts that of
the majority of tetrahydroborate transition metal complexes
(including the manganese(l) complex reported by the Figueroa
group; c in Figure 2),2°> in which the bridging and terminal
environments rapidly exchange on the NMR timescale,®
although analogous behaviour has been observed for
rhenium(l) k>-borohydide complexes.”34 On a longer timescale,
exposure of 3 to D; (initial pressure of 1.7 atm) for 12 h at 90
°C led to 40 % deuterium incorporation into both the Mn(p-
H)2BH; and Mn(u-H);BH> environments, accompanied by the
formation of HD and H.. This reactivity may proceed via initial
BH3 dissociation to afford a 5-coordinate hydride intermediate,
providing a means to exchange bridging and terminal BH,
atoms, and allowing for deuterium incorporation in both sites.
An alternative mechanism involving isomerization to a boryl
dihydrogen complex followed by H,/D, exchange seems less
likely given that HD is formed in substantially greater
quantities than H; (~8:1).

Variable temperature (174-339 K) 'H NMR spectroscopy of
[(dmpe)Mn(u-H)2BH3] (3) shows that both the Mn(u-H),BH;
and Mn(u-H);BH, signals transform from
singlets at low temperature to multiplets tending towards the
expected 1:1:1:1 quartet at high temperature (Figure 3), due
to coupling to B (I = 3/2, abundance = 80 %, Q =
4.1X10739m2; 10B satellites were not resolved, but could
contribute the broadness of the signals).35 The loss of coupling
at low temperature (quadrupolar collapse) is caused by faster
relaxation as a consequence of longer
rotational correlation times (t.).)36

X-ray crystal structures were obtained for borohydride
complexes 3-5 (Figure 4), and feature an octahedral
environment at Mn composed of the two dmpe ligands (with a
disphenoidal arrangement of the phosphorus donors) and an
k2-borohydride ligand (with H atoms on boron located from
the difference map). The Mn(u-H),B moieties form a near-

relatively sharp

11B quadrupolar
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perfect plane {the angles between the H(1)-Mn-H(2) and
H(1)-B—H(2) planes range from 0.2-8.3° (DFT calcd. 0.0-0.5°)},
and proceeding from 3 to 5, the Mn—B distances increase from
2.170(4) to 2.206(2) and 2.245(3) A, likely due to increasing
steric hindrance. To our knowledge, 5 is the first
crystallographically characterized example of a borohydride
complex with two mesityl substituents on boron. Additionally,
4-5 are the first crystallographically characterized manganese
borohydride complexes where boron has two terminal
hydrocarbyl substituents.
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Mn(p-H),BH,
339K

333K
322K

311K

o 298K -

268 K SN
.

245K

221K

WA
_',"/"‘ :\_,,,,,
174K A\

198K

6.0 5.0 4.0 3.0

-17.0 -18.0

ppm 160 -19.0

Figure 3 Regions of the 'H NMR spectra of [(dmpe),Mn(p-H),BH,] (3) containing the
terminal Mn(p-H),BH, (left) and bridging Mn(u-H),BH, (right) signals from 174-339 K,
showing quadrupolar collapse at low temperature (500 MHz, dg-toluene). The x-axis
corresponds to the bottom spectrum, and for clarity, all other spectra are shifted
0.2 ppm to the right (lower frequency) relative to the spectrum below. Spectra on the
left-hand side are truncated at 6.5 ppm to remove signals from d;-toluene.

Description of 3-5 as borohydride complexes, as opposed
to boryl dihydride or hydroborane hydride isomers (Figure 1;
vide supra), is supported by acute H(1)-Mn—H(2) angles® of
65(2)-75(2)°, short Mn—-H (1.66(3)-1.78(4) A) and B—(u-H)
(1.19(4)-1.34(4) A) distances, and Mn-H(1) and B-H(1)
distances that are statistically equivalent to Mn—H(2) and B—
H(2), respectively. Additionally, the Mn—-B distances of
2.170(4)-2.245(3) A are longer than expected for a boryl

aig 51

H(1)
/ ¢
B{}—v"“; 74%“, >
n

H(3)Y H(2)

H(4)w

complex; the majority of hydride-free, manganese complexes
containing a monodentate boryl ligand feature Mn—B distances
ranging from 2.02-2.11 A,37 though a pair of boryl complexes
with extremely bulky B(NDippCH), groups have similar Mn—B
distances of 2.178(2)-2.229(3) A.38 The Mn-B distances in 3-5
are also comparable to those in Figueroa’s?> manganese(l) k?-
borohydride complexes (c in Figure 2; 2.142(7)-2.166(6) A).™
Furthermore, the angle between Mn, B, and the centroid
between the two atoms terminally coordinated to boron is
approximately 180°, which is inconsistent with a hydroborane
hydride complex.**

DFT calculations (ADF, gas phase, all-electron, PBE, D3-BJ,
TZ2P, ZORA) were employed to further corroborate the
assignment of complexes 3-5 as k?-borohydride species. In
each case, geometry optimized structures feature B—(p-H)
distances within a narrow range (1.32-1.34 A), a B—(p-H) Mayer
bond order of 0.44-0.55, and Mn—(u-H) and Mn—B Mayer bond
orders of 0.45-0.54 and 0.35-0.43, respectively (Table S1).
Atoms in Molecules (AlIM) calculations3® afforded B—(u-H) and
Mn—(u-H) bond critical points (bcps), but did not locate a bcp
between Mn and B (shown for 3 in Figure 5),2° indicating that
any contribution from a boryl dihydride resonance structure is
limited. For the two B—(u-H) or two Mn—(u-H) bcps in each
complex, the various density properties {electron density (p),
Laplacian of the electron density (V2p), ellipticity (€), and
energy components (G, V, and H)} are nearly identical (Table
S1), which is inconsistent with a hydroborane hydride
structure. Despite the lack of Mn—B AIM bond path, the bond
delocalization index (8) indicates substantial electron density
shared between Mn and B (0.188-0.230), consistent with Mn—
borohydride bonding involving the B—H o-bonds. In addition,
the ring critical point (rcp) in the centre of the Mn(u-H),B unit
lies along the Mn—B axis, and the Mn—(u-H), and to a lesser
extent B—(u-H), bond paths are curved in the direction of the
rcp. Consequently, the Mn—(pu-H) bond paths are 0.07-0.12 A
longer than the corresponding Mn—H distances in 3-5.

Figure 4 X-ray crystal structures of [(dmpe),Mn(u-H),BH,] (3, left), [([dmpe),Mn(u-H),BCsH14] (4, middle), and [(dmpe),Mn(pu-H),BMes,] (5, right), with ellipsoids at 50 % probability.
Most hydrogen atoms have been omitted for clarity. Hydrogen atoms on Mn and B were located from the difference map and refined isotropically. For 3, distances (A) and angles
(deg): Mn—-B 2.170(4), Mn—-H(1) 1.76(4), Mn—H(2) 1.78(4), B—-H(1) 1.34(4), B-H(2) 1.31(4), B-H(3) 1.19(5), B-H(4) 1.18(4), H(1)-Mn—-H(2) 75(2), H(1)-B-H(2) 109(2), Mn-B—
centroid{H(3), H(4)} 173.6, £{H(1)-Mn—H(2) plane to H(1)-B-H(2) plane} 8.3. For 4, distances (A) and angles (deg): Mn—B 2.206(2), Mn—H(1) 1.71(2), Mn-H(2) 1.66(3), B-H(1)
1.31(2), B-H(2) 1.25(2), B=C(1) 1.624(2), B-C(5) 1.626(3), H(1)-Mn—H(2) 70(1), H(1)-B—H(2) 99(1), Mn—B—centroid{C(1), C(5)} 178.7, 2{H(1)-Mn—H(2) plane to H(1)-B-H(2) plane}
3.5. For 5, distances (A) and angles (deg): Mn—B 2.245(3), Mn—H(1) 1.69(4), Mn—-H(2) 1.72(4), B-H(1) 1.24(3), B-H(2) 1.19(4), B—-C(1) 1.647(5), B—C(10) 1.647(6), H(1)-Mn—H(2)
65(2), H(1)-B—H(2) 97(2), Mn—B—centroid{C(1), C(10)} 179.4, £{H(1)-Mn—H(2) plane to H(1)-B-H(2) plane}0.2.
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Figure 5. The ‘Mn(u-H),BH,’ core of the DFT calculated structure of [(dmpe),Mn(pu-
H);2BH,] (3) showing Atoms in Molecules (AIM) bond paths between displayed atoms,
associated bond critical points (bcps; small red spheres), and a ring critical point (rcp;
small green sphere). Phosphine ligands (along with associated bond paths, bcps, and
rcps) have been removed for clarity. Analogous results were observed for borohydride
complexes 4 and 5.

In the syntheses of 3-5, IH NMR spectra of the crude
reaction mixtures contained two nearly overlapping MnH
signals at —15.74 and —15.72 ppm, which were subsequently
assigned to [{(dmpe),MnH},(n-dmpe)] (6) and
[(dmpe)MnH(k*-dmpe)] (7); vide infra. The additional dmpe
ligand (0.5 or 1 equiv. per Mn) in these complexes must be
generated by decomposition of one or more reaction product
or intermediate.

The same mixture of hydride complexes (6 and 7) was
independently prepared by the reaction of
[(dmpe)oMnH(C;H4)] (1) with free dmpe under argon
(overnight at 105 °C), or more cleanly under H; (several days at
60 °C) (Scheme 4). The formation of bimetallic 6 is favoured
using an approximate 1:2 ratio of dmpe to 1, whereas
monometallic 7 is favoured using a 3:2 ratio. The syntheses of
6 and 7 under argon proceed via ethylene substitution,
whereas those under H, involve initial reaction of 1 with one
equiv. of H, to generate [(dmpe).MnH] (B) and ethane.
Intermediate B can coordinate to a free phosphine donor to
form6or7, or a second equivalent of H;to generate
[(dmpe)MnH(H3)] (2; observed by NMR spectroscopy during
the course of the reaction). Compound 2 then converts
to 6 or 7 by phosphine substitution of the H, ligand (Jones et
al. have shown that the H; ligand in 2 can undergo dissociative
substitution with a range of neutral donors; CO, isonitriles,
ethylene, and N;).%0

Washing the crude mixture of 6 and 7 with hexanes left
behind less-soluble dimetallic [{(dmpe).MnH};(u-dmpe)] (6),
which was a vyellow powder.
monometallic [(dmpe)MnH(k!-dmpe)] (7) was isolated as a
yellow powder from the reaction mixture by sublimation at
100 °C (5 mTorr). In solution, 6 and 7 exist as a high (apparent
Co) symmetry and a low (C;) symmetry isomer, with the
relative concentration of the low symmetry isomer increasing
from <5 % upon initial isolation to become the dominant
species in solution after several weeks in the light at room
temperature (this isomerization did not occur in the dark).
However, appreciable decomposition of 6 (to form 7) or 7 (to
form 6), as well as minor (~5 %) decomposition to unidentified
hydride-containing species, was also observed over the

isolated as In contrast,

This journal is © The Royal Society of Chemistry 20xx

extended time period of these experiments. Heating solutions
containing primarily the low-symmetry isomers of 6 and 7 for a
few hours at 90 °C resulted in nearly complete conversion back
to the high symmetry isomers.
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Scheme 4 Reactions of [(dmpe),MnH(C,H,)] (1) with free dmpe to generate phosphine
hydride complexes [{(dmpe),MnH};(u-dmpe)] (6) and [(dmpe),MnH(k*-dmpe)] (7). Only
one isomer is shown for B, 6, and 7.

The high symmetry isomers of 6 and 7 feature an MnH
1H NMR signal at —15.7 ppm, which is a quintet (2/up = 49 Hz)
of doublets (2u,p = 13 Hz) due to coupling to four cis phosphine
groups (2 dmpe ligands in a square plane) and one trans-
disposed p-dmpe (in 6) or terminal k-dmpe (in 7) ligand. The
high symmetry isomer of 6, trans,trans-[{(dmpe)MnH};(u-
dmpe)] (trans,trans-6), contains 2.5 equivalents of dmpe per
MnH environment, and features two broad singlets at 78.8 and
26.4 ppm in the 31P{'H} NMR spectrum; one for the chelating
dmpe ligands, and one for the bridging dmpe ligand. By
contrast, the high symmetry isomer of 7, trans-
[(dmpe)MnH(k'-dmpe)] (trans-7), contains 3 equivalents of
dmpe per MnH environment, and exhibits two broad singlets
(at 78.6 and 27.7 ppm) in the 3P{*H} NMR spectrum,
accompanied by a sharp doublet (-49.6 ppm, Jpp = 14 Hz) for
the pendant phosphine of the k!-dmpe ligand (cf. —-48.1 ppm
for free dmpe).

The low symmetry isomers of 6 and 7 feature an MnH H
NMR environment at —11.7 ppm with a very complex coupling
pattern, and five 31P NMR signals (40.9-76.1 ppm) attributed to
the five inequivalent phosphine donors attached to
manganese (in compound 7, the pendant phosphine of the k-
dmpe ligand also gives rise to a sharp doublet at —49.1 ppm in
the 31P{1H} NMR spectrum). These features are consistent with
a disphenoidal arrangement of the chelating dmpe ligands,
and cis-disposed hydride and p-dmpe or k!-dmpe ligands; for
monometallic 7, cis-[(dmpe),MnH(k!-dmpe)] (cis-7), and for
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dimetallic 6, either cis,cis-[{(dmpe).MnH}.(u-dmpe)] (cis,cis-6)
or cis,trans-[{(dmpe),MnH},(u-dmpe)] (cis,trans-6).5%

To demonstrate the generality of the aforementioned
synthetic route to pentaphosphine manganese(l) hydride
complexes, [(dmpe)MnH(C2H4)] (1) was exposed to an excess
of PMes; under an atmosphere of H, for six days at 60 °C,
yielding [(dmpe),MnH(PMes)] (8); Scheme 5. Analogous to the
situation for 6-7, compound 8 exists in solution as two isomers
with trans- and cis- disposed PMes; and hydride ligands. Also,
as with 6 and 7, upon initial dissolution, the solution contained
primarily the trans isomer (>95 %). In solution, photochemical
trans to cis isomerization was observed; after 1 week at room
temperature under ambient lab lighting, the cis:trans ratio was
>3:1 (some deuterium incorporation into the alkyl and hydride
observed from CgDg activation;
[(dmpe)aMnH(H2)] (2) is known to activate Ce¢Ds at elevated
temperature or upon irradiation, likely via intermediate B).4°
Upon leaving this mixture of cis- and trans-8 in the dark, the
trans isomer was the dominant species in solution after 5 days
at room temperature. Alternatively, heating the cis/trans
mixture at 60 °C for 12 hours resulted in nearly complete
conversion back to the trans isomer. The presence of ~10
equiv. of PMes did not have a substantial effect on the rate of
the photochemical or thermally-induced isomerization
processes, though activation of CgDe was supressed.

environments  was
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Scheme 5 Reaction of [(dmpe),MnH(C;H,;)] (1) with PMe; under H, to generate
phosphine hydride complex [(dmpe),MnH(PMe3;)] (8). Only one isomer is shown for B.

Recrystallization  of  reaction  mixtures containing
[{(dmpe)MnH};(u-dmpe)] (6) from hexanes or
hexamethyldisiloxane at —30 °C afforded X-ray quality crystals
of trans,trans-6 and cis,cis-6, respectively. Both of these
structures (Figure 6) feature two octahedral Mn centres
separated by a bridging dmpe ligand, with the remaining five
coordination sites occupied by two chelating dmpe ligands and
a hydride (one hydride ligand was not located from the
difference map in cis,cis-6). The structure of trans,trans-6
(Figure 6; top) features trans-disposed p-dmpe and hydride
ligands, and each octahedral Mn core is related by an inversion
centre. The Mn—P distances are 2.2055(4)-2.2138(4) A for the
two chelating dmpe ligands, which are significantly shorter
than the Mn—P distance of 2.2331(4) A to the bridging dmpe
ligand, likely reflecting the higher trans influence of hydride vs
phosphine ligands. In contrast, the structure of cis,cis-6 (Figure

6 | J. Name., 2012, 00, 1-3

6; bottom) features cis un-dmpe and hydride ligands. However,
the crystals were of poor quality, and the structure is only
suitable to establish connectivity.

X-ray quality crystals of trans-[(dmpe);MnH(kl-dmpe)]
(trans-7) and trans-[(dmpe);MnH(PMes)] (trans-8) (Figure 7)
were obtained from concentrated solutions of 7 and 8 in
O(SiMe3s), or hexanes, respectively, at —30 °C. The environment
at the metal centre is qualitatively analogous to that in the
X-ray crystal structure of trans,trans-6, with trans-disposed
hydride and k!-phosphine ligands. Despite the vast number of
transition metal dmpe trans-7 s,

complexes, to our

knowledge, only the second crystallographically characterized
example with a k!-coordinated terminal dmpe ligand.*!

trans,trans-6

cis,cis-6

Figure 6 X-ray crystal structures of trans,trans-[{(dmpe),MnH},(u-dmpe)] (trans,trans-
6, top) and cis,cis-[{(dmpe),MnH},(n-dmpe)] (cis,cis-6, bottom), with ellipsoids at 50 %
probability. Most hydrogen atoms have been omitted for clarity. Hydrogen atoms on
Mn were located from the difference map, with the exception of H on one of the Mn
atoms of cis,cis-6, and refined isotropically. For trans,trans-6, distances (A) and angles
(deg): Mn(1)-P(1) 2.2331(4), Mn(1)-P(2) 2.2138(4), Mn(1)-P(3) 2.2065(4), Mn(1)-P(4)
2.2114(4), Mn(1)-P(5) 2.2055(4), Mn(1)—-H(1) 1.53(1), P(1)-Mn(1)-H(1) 174.8(6), 2(P—
Mn-P) (cis, equatorial) 355.02(2). For cis,cis-6, all dmpe ligands are disordered over
two positions, and only the major conformation (84.3(2) %) is shown. The crystal
structure of cis,cis-6 is of poor quality and is only suitable to determine connectivity.

Complexes 6-8 feature extremely electron-rich metal
centres, and thus non-acidic hydride moieties; the pK,AC
(calculated using Morris’ additive ligand acidity constant
equation) for these complexes is 60.5, which is much higher
than that for the vast majority of transition metal hydride
complexes.*2 Complexes 6-8 are the first manganese hydride
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complexes  with  five phosphine  donors to be
crystallographically characterized. Furthermore, the only
spectroscopically characterized example, [(FsP)sMnH],*3 differs
significantly from 6-8 from an electronic standpoint, since PF;3

is a strong m-acceptor ligand comparable to carbon monoxide.

®
P@)~
S ”
C(Z)'KC“) ©C(3)
(1)
Mn

| P4) e TP

oy H(1)$9

trans-7

trans-8

Figure 7 X-ray crystal structures of trans-[(dmpe),MnH(k'-dmpe)] (trans-7, left) and
trans-[(dmpe),MnH(PMe;)] (trans-8, right), with ellipsoids drawn at 50 % probability.
Most hydrogen atoms have been omitted for clarity. In the case of trans-7, the unit cell
contains four independent and essentially isostructural molecules, only one of which is
shown. Hydrogen atoms on Mn were located from the difference map, with the
exception of H on Mn(1C) in trans-7, and refined isotropically. For trans-7 (atoms with
a letter suffix are related to those with the same identifying number without a suffix,
but are located in one of the isostructural molecules in the unit cell), distances (A) and
angles (deg): Mn(1)-P(1) 2.231(4), Mn(1A)-P(1A) 2.230(4), Mn(1B)-P(1B) 2.232(4),
Mn(1C)-P(1C) 2.234(4), Mn(1)-P(3) 2.211(4), Mn(1A)-P(3A) 2.201(5), Mn(1B)-P(3B)
2.190(4), Mn(1C)-P(3C) 2.228(4), Mn(1)-P(4) 2.212(4), Mn(1A)-P(4A) 2.222(5),
Mn(1B)-P(4B) 2.220(4), Mn(1C)-P(4C) 2.216(4), Mn(1)-P(5) 2.214(4), Mn(1A)-P(5A)
2.213(5), Mn(1B)-P(5B) 2.224(4), Mn(1C)-P(5C) 2.211(4), Mn(1)-P(6) 2.213(4),
Mn(1A)-P(6A) 2.203(4), Mn(1B)-P(6B) 2.211(4), Mn(1C)-P(6C) 2.203(4), Mn(1)-H(1)
1.16(6), Mn(1A)-H(1A) 1.16(7), Mn(1B)-H(1B) 1.16(6), P(1)-Mn(1)-H(1) 161(4), P(1A)-
Mn(1A)-H(1A) 173(4), P(1B)-Mn(1B)-H(1B) 166(3), Z(P-Mn(1)-P) (cis, equatorial)
355.1(4), 2(P-Mn(1A)-P) (cis, equatorial) 355.0(4), (P-Mn(1B)-P) (cis, equatorial)
355.6(4), £(P-Mn(1C)-P) (cis, equatorial) 355.0(4). For trans-8, distances (A) and angles
(deg): Mn(1)-P(1) 2.234(1), Mn(1)-P(2) 2.216(2), Mn(1)-P(3) 2.218(1), Mn(1)-P(4)
2.225(1), Mn(1)-P(5) 2.215(1), Mn(1)-H(1) 1.35(6), P(1)-Mn(1)-H(1) 179(2), £(P-Mn—-P)
(cis, equatorial) 355.3(1).

Summary and Conclusions

Borohydride complexes [(dmpe),Mn(u-H)2BR2] (R2 = Ha (3),
CsHi4 (4), and Mes; (5)) were accessed via the reactions of
trans-[(dmpe)MnH(C;H4)] (1) with either BH3(NMes) or HBR;
(R, = CgHis or Mes;). The former involves
straightforward ethylene substitution. the
reaction with HBMes; (and likely also 9-BBN) proceeds via
initial isomerization to form [(dmpe),MnEt] (A), reaction of A
with one equiv. of HBR; to afford EtBR; and [(dmpe).MnH] (B),
and reaction of B with a second equiv. of HBR; to afford the
borohydride product. This reaction pathway (via intermediate
A) mirrors that reported for reactions of 1 with hydrosilanes
and dihydrogen.

[(dmpe)zMn(u—H)zBRz] (R =H (3), Ry = CgHia (4), and R =
Mes (5)) were identified as k2-borohydride complexes, as
opposed to boryl dihydride or o-hydroborane hydride isomers,
by their low-frequency 1B NMR chemical shifts (3: 25.3 ppm,
4: 43.2 ppm, 5: 27.5 ppm), long Mn—-B distances (2.170(4)-

reaction
By contrast,
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2.245(3) A), near-linear angles between Mn, B, and the
centroid between the terminal substituents on boron, and DFT
calculations (including Atoms in Molecules analysis). These
Mn(l) borohydride complexes contrast the products formed in
previously reported reactions of 1 with primary hydrosilanes,
where partial Si-H bond oxidative addition is observed (to
afford disilyl hydride complexes with appreciable bonding
character between the hydride and silyl ligands). Complexes 4
and 5 are the first crystallographically characterized examples
of manganese(l) borohydride complexes with two terminal
hydrocarbyl substituents on boron.

Pentaphosphino hydride complexes [{(dmpe).MnH},(u-
dmpe)] (6) and [(dmpe)2MnH(k:-dmpe)] (7) were formed as
decomposition products in the reactions to prepare 3-5. These
complexes, as well as [(dmpe)MnH(PMes)] (8), were prepared
independently from 1 by exposure to free dmpe or PMes
under an atmosphere of Ar or Hj reactions under H;
proceeded with initial ethane elimination to form
[(dmpe)MnH] (B), allowing for lower reaction temperatures
and shorter reaction times. Compounds 6-8 can exist as
isomers with cis- or trans-disposed hydride and k!-PRj3 ligands,
and afford a remarkably high pK,'A¢ value of 60.5. The only
other isolated (though not crystallographically characterized)
pentaphosphine manganese hydride complex is [(FsP)sMnH],
which differs substantially from an electronic standpoint.

Experimental

General Methods. 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 x 10 Torr) using standard techniques.**
The vacuum was measured periodically using a Kurt J. Lesker
275i convection enhanced Pirani gauge. Residual oxygen and
moisture was removed from the argon stream by passage
through an Oxisorb-W scrubber from Matheson Gas Products.

Benzene, diethylether, hexamethyldisiloxane, and 1,2-
diemethoxyethane (DME) were purchased from Aldrich,
hexanes, toluene, and THF were purchased from Caledon, and
deuterated solvents were purchased from ACP Chemicals.
diethylether, THF, DME, hexamethyldisiloxane,
hexanes and toluene were initially dried and distilled at
atmospheric pressure from sodium/benzophenone (first six)
and sodium (toluene). All solvents were stored over an
appropriate drying agent (hexamethyldisiloxane, benzene,
diethylether, toluene, THF, DME, ds-toluene, CsDs = Na/Ph,CO;
hexanes = Na/Ph,CO/tetraglyme) and introduced to reactions

Benzene,

or solvent storage flasks via vacuum transfer with
condensation at —78 °C.

PMes, dmpe, Dy, ethylene, 1,4-dioxane, 2-
mesitylmagnesium bromide solution (1.0 M in THF),
BH3(NMes), 9-BBN, BF3(Et,0), LiAlHs;, LiAIDs, and

ethylmagnesium chloride solution (2.0 M in diethyl ether)
were purchased from Sigma-Aldrich. Manganese dichloride
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was purchased from Strem Chemicals. All reagents were used
as purchased except 9-BBN which was purified by two
successive recrystallizations from concentrated solutions in
DME at —30 °C. Argon and hydrogen gas were purchased from
PraxAir. [(dmpe);MnH(C;H4)] (1)%2 and HBMes,;*
prepared according to the literature. DBMes; was prepared in
a manner analogous to HBMes;, using LiAlD, in place of LiAlH,.

NMR spectroscopy was performed on Bruker AV-500 and
AV-600 spectrometers. Spectra were obtained at 298 K unless
otherwise indicated. All TH NMR spectra were referenced
relative to SiMe,4 through a resonance of the protio impurity of
the solvent: C¢Ds (6 7.16 ppm) and ds-toluene (6 2.08, 6.97,
7.01, and 7.09 ppm). All 2H NMR spectra were referenced
relative to the solvent: CgDg (6 7.16 ppm). All 13C NMR spectra
were referenced relative to SiMe,4 through a resonance of the
solvent: CsDs (6 128.06 ppm) and ds-toluene (6 20.43, 125.13,
127.96, 128.87, and 137.48 ppm). The B NMR spectra were
referenced using an external standard of neat BF3(Et,0)
(0.0 ppm), and the 31P NMR spectra were referenced using an
external standard of 85 % HsPO4 in DO (0.0 ppm) or by
indirect referencing from a 1H NMR spectrum.*¢ NMR chemical
shift abbreviations: s = singlet, d = doublet, t = triplet, q =
quartet, quin. = quintet, m = multiplet, app. = apparent, br. =
broad. Combustion elemental analyses were performed by the
London Metropolitan University in London, UK, and Midwest
Microlabs in Indianapolis.

Single-crystal X-ray crystallographic analyses were
performed on crystals coated in Paratone oil and mounted on
a Bruker SMART APEX Il diffractometer with a 3 kW sealed-
tube Mo generator and APEX Il CCD detector in the McMaster
Analytical X-Ray (MAX) Diffraction Facility. A semi-empirical
redundant and
symmetry related data. Raw data was processed using XPREP
(as part of the APEX v2.2.0 software), and solved by either
direct (SHELXS-97)* or intrinsic (SHELXT)*® methods.
Structures were completed by difference Fourier synthesis and
refined with full-matrix least-squares procedures based on F2.

were

absorption correction was applied using

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 B, which were located
from the difference map and refined isotropically). Refinement
was performed with SHELXL*? in Olex2.5C For trans-7, the initial
cell gave a whole-molecule disordered solution. MAX3D>! was
used to visualize the three dimensional diffraction pattern,
indicating the presence of very weak interleaving layers of
diffraction. This allowed a new supercell to be determined
(101,0-10,-101) which could be refined with no disorder.

Details on computational methods can be found in the
electronic supporting information.

All prepared complexes are air sensitive, and their products
upon reaction with air are malodorous. Therefore, all
syntheses were conducted under an atmosphere of argon.

[(dmpe)Mn(u-H);BH;] (3). 225 mg (0.58 mmol) of
[(dmpe)2MnH(CzH4)] (1) and an excess of BH3(NMes) (64 mg,
0.88 mmol) were dissolved in 50 mL of toluene, and the
resulting yellow solution was placed in a sealed 100 mL storage
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flask and stirred at 90 °C. After 2 days of heating, the dark
purple solution was briefly cooled to room temperature, and
exposed to dynamic vacuum for a few seconds to remove
some ethylene byproduct. After an additional 2 days of stirring
at 90 °C, the solvent was removed in vacuo. The resulting dark
purple solid was placed under vacuum for an hour at room
temperature to remove excess BH3(NMes), and the crude
product was recrystallized from hexanes at —30 °C to afford
deep purple crystals which were dried in vacuo (64 mg, 30 %).
X-ray quality crystals were obtained from a concentrated
solution in hexanes at —30 °C. Tsublimation (5 mTorr): 80-85 °C. 1H
NMR (ds-toluene, 600 MHz, 298 K): 65.08 (m, 2H, Mn(u-
H)2BH>), 1.69, 1.16 (2 X m, 2H, PCH,), 1.60, 1.43 (2 X m, 6H,
PCH3), 1.34 (m, 4H, PCH>), 0.97 (d, 6H, 2Jup 5.8 Hz, PCHs), 0.71
(d, 6H, 2J4p 5.2 Hz, PCH3), —16.52 (m, 2H, Mn(p-H),BH>). 11B{*H}
NMR (ds-toluene, 192 MHz, 298 K): § 25.30 (s). 3C{*H} NMR
(ds-toluene, 151 MHz, 298 K): 6 33.48, 32.78 (2 X m, PCH,),
29.12, 23.25 (2 X m, PCH3), 21.82 (s, PCHs), 20.21 (PCHs3)™.
31p{*H} NMR (ds-toluene, 243 MHz, 298 K): & 88.56, 72.54
(2 x s). Anal. Found (calcd): C, 38.99 (38.95); H, 9.64 (9.81).

[(dmpe)Mn(p-H)>BCgH14] (4). Method a) 10.3 mg
(0.03 mmol) of [(dmpe),MnH(C;H4)] (1) and two equivalents of
9-BBN (6.5 mg, 0.05 mmol) were dissolved in approx. 0.6 mL of
CeDs, and the resulting yellow solution was heated at 60 °C for
12 hours. The resulting deep red solution was analyzed in situ
by NMR spectroscopy to have resulted in >95 % consumption
of 1 to form [(dmpe),Mn(p-H),BCsH14] (4), along with
numerous byproducts. Method b) 73.7 mg (0.60 mmol) of
9-BBN was added to a solution of 116 mg (0.30 mmol) of
[(dmpe)>MnH(C2H4)] (1) in 20 mL of benzene, and the resulting
solution was stirred at 90 °C overnight (with the solution
turning from bright yellow to dark brown). The solvent was
then removed in vacuo, and resulting black solid was dissolved
in a minimal amount hexanes. Allowing this solution to stand
at —30 °C yielded a mixture of yellow and red crystals; the
former were trans,trans-[{(dmpe),MnH};(u-dmpe)]
(trans,trans-6) while the latter was [(dmpe).Mn(u-H),BCgH14]
(4). Both sets of crystals were of X-ray quality. Picking out red
crystals with tweezers allowed isolation of 4 in >99 % purity by
NMR spectroscopy. Attempts to separate 4 and 6 on a
preparative scale by preferential crystallization or sublimation
were unsuccessful. For atom labels used in the following NMR
assignments, consult Figure S14 in the ESI. *H NMR (CgDs,
600 MHz, 298 K): 6 2.29 (app. nonet, 2H, 3Jyn 6.0 Hz, CH,(C)),
2.13 (m, 8H, CH>(B)), 1.86 (m, 2H, CH»(C)), 1.67, 1.27 (2 X m,
2H, PCH>), 1.55 (m, 6H, PCHs), 1.40 (s, 6H, PCHs), 1.36 (br. s,
2H, CH(A)), 1.23 (d, 6H, 2up 5.2 Hz, PCH3), 1.17 (m, 4H, PCH>),
0.72 (d, 6H, Uyp 4.7 Hz, PCH3), —=15.55 (br. s, 2H, Mn(p-H)2BR2).
11B{1H} NMR (C¢Ds, 192 MHz, 298 K): & 43.16 (s). 13C{*H} NMR
(CéDe, 151 MHz, 298 K): & 36.96 (m, CH(A)), 35.94 (m, PCH,),
35.39, 34.32 (2 X s, CH»(B)), 31.25 (m, PCH» and PCHs), 25.00
(s, CH2(C)), 24.91 (m, PCHs), 23.80, 20.79 (2 X s, PCH3). 31P{1H}
NMR (CsDs, 243 MHz, 298 K): § 85.08, 70.11 (2 X s).

[(dmpe).Mn(u-H),BMes,] (5). 172.0 (0.69 mmol) of
HBMes; and 132.1 mg (0.34 mmol) of [(dmpe),MnH(CzH4)] (1)
were dissolved in 20 mL of toluene, and the resulting solution
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was stirred at 60 °C for two days (turning from bright yellow to
dark purple). The solvent was then removed in vacuo, and the
resulting purple solid was washed with 10 mL of hexanes, 3 mL
of toluene, and dissolved in 12 mL of toluene. The toluene
solution was layered with 3 mL of hexanes and stored for days
at —30 °C, after which 48.8 mg of a very dark purple solid (both
crystals and powder) had crystallized. To obtain a higher yield,
the solvent was removed in vacuo from the mother liquor, and
the resulting solid dissolved in 2 mL of THF which was allowed
to sit for days at —30 °C, affording an additional 22.0 mg of 5 as
purple crystals (combined yield of 70.8 mg, 0.12 mmol, 34 %).
X-ray quality crystals were obtained by performing the
reaction in a J Young NMR tube at 60 °C in C¢Dg (using 10.0 mg
of 1 and 13.0 mg of HBMes;). H NMR (ds-toluene, 600 MHz,
298 K): 6 6.92, 6.61 (2 X s, 2H, m-CH), 2.84, 2.26 (2 X s, 6H,
0-CHs), 2.23 (s, 6H, p-CHs), 1.51 (m, 2H, PCH>), 1.38, 0.70 (2 X
m, 6H, PCHs), 1.26 (d, 6H, ZJup 5.4 Hz, PCH3), 1.08 (m, 6H,
PCH,), 0.65 (d, 6H, 2Jup 4.8 Hz, PCH3), —13.98 (br. s, 2H, Mn(p-
H),BR;). 1'B{*H} NMR (ds-toluene, 192 MHz, 298 K): 6 27.46
(s). 3C{*H} NMR (ds-toluene, 151 MHz, 298 K): 153.3 (ipso-
€),M 140.73, 140.21 (2 X s, 0-CMe) 133.60 (s, p-CMe) 129.1,
128.7 (2 X m-CH),"1 37.11, 32.00 (2 X m, PCH,), 27.51, 25.24
(2 X s, 0-CH3), 27.51 (s, PCHs), 24.75, 21.25 (2 X m, PCHs),
21.13 (s, p-CHs), 20.0 (PCHs3)." 31p{1H} NMR (ds-toluene,
243 MHz, 298 K): 6 85.82, 62.61 (2 X s). Anal. Found (calcd.):
C, 59.38 (59.42); H, 9.37 (9.31).

[(dmpe),Mn(p-D),BMes;] (d»-5). 11.7 mg (0.03 mmol) of
[(dmpe)2MnH(C;H4)] (1) and 15.3 mg (0.06 mmol) of DBMes;
were dissolved in approx. 0.6 mL of CgDe. The resulting
solution was heated overnight at 60 °C, and analyzed by NMR
spectroscopy in situ. 'H and B{*H} NMR data match that of 5,
with the exception of no 'H NMR signal in the Mn(u-H),BH,
region. 2H NMR (C¢Ds, 77 MHz, 298 K): 6 —14.09 (s, MnD).

Reaction of [(dmpe)oMn(p-H):BH;] (3) with Da..
Approximately 10mg of [(dmpe);Mn(u-H)2BH2] (3) was
dissolved in roughly. 0.6 mL of C¢Ds. The reaction mixture was
freeze/pump/thaw cycled in a J. Young NMR tube three times
and then placed under 1 atm of D, at —95 °C, sealed, and
warmed to room temperature. After heating at 90 °C for 12 h,
the resulting solution was analyzed by NMR spectroscopy in
situ. TH NMR data matches that for 3, with 40 % reduction in
the relative intensity of both the Mn(u-H);BH, and Mn(p-
H),BH, environments, accompanied by H; and HD in an
approximate 1:8 ratio. The integral for the CsDsH environment
(relative to that for the combined alkyl environments of 3) in
the *H NMR spectra of this reaction mixture did not increase
during this reaction, indicating that C¢Dg activation is not the
source of the observed deuterium incorporation.

[{(dmpe).MnH};(p-dmpe)] (6). 100 mg (0.26 mmol) of
[(dmpe)aMnH(CzH4)] (1) and a limiting amount of dmpe
(18.1 mg, 0.12 mmol) were dissolved in 25 mL of toluene. The
resulting yellow solution was freeze/pump/thaw cycled three
times in a 100 mL storage flask, and was then placed under an
atmosphere of hydrogen gas at —130 °C, sealed, and warmed
to room temperature. After stirring the mixture for 4 days at
60 °C, the solvent was removed in vacuo yielding a yellow
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solid, which was twice washed with 4 mL of hexanes at —30 °C,
then dried in vacuo at room temperature. Yield = 29.3 mg
(0.03 mmol, 28 %).X-ray quality crystals of cis,cis-6 were
obtained from a concentrated solution of 6 in
hexamethyldisiloxane at —30 °C, and X-ray quality crystals of
trans,trans-6 were obtained from a concentrated solution of 4
and 6 (formed from the crude reaction mixture in the synthesis
of 4; vide supra) in hexanesat —30 °C. NMR data for
trans,trans-6 are as follows: 1H NMR (C¢Ds, 600 MHz, 298 K): 6
1.66, 1.50 (2 X m, 8H, PCH,-chelating), 1.48, 1.36 (2 X s, 24H,
PCHs-chelating), 1.30 (br. s, 4H, PCH»-kt), 1.02 (d, 2/up 3.5 Hz,
12H, PCH3-k'), —15.74 (quin. of d, 2H, 2Jup 48.8 Hz, 2J4p 12.5 Hz,
MnH). 33C{*H} NMR (C¢D¢, 126 MHz, 298 K): & 36.70 (m, PCH,-
k'), 34.34 (app. quin., Jcp 11.8 Hz, PCH,-chelating), 32.07 (br. s,
PCHs-chelating), 24.68 (s, PCHs-chelating), 24.61 (s, PCHs-k?).
31p{iH} NMR (Ce¢Ds, 243 MHz, 298 K): & 78.82 (s, 8P, chelating
P), 26.37 (s, 2P, k1-P). Selected NMR data for cis-containing 6
are as follows: 1H NMR (C¢Ds, 600 MHz, 298 K): 6§ —11.66 (m,
MnH). 31P{1H} NMR (Ce¢D¢, 243 MHz, 298 K): & 76.12, 75.23,
73.69, 63.85, 40.91 (5 xs). Anal. Found (calcd): C, 41.69
(41.77); H, 9.52 (9.58).

[(dmpe)MnH(k!-dmpe)] (7). 170 mg (0.44 mmol) of
[(dmpe)>MnH(CzH4)] (1) and an excess of dmpe (100 mg,
0.67 mmol) were dissolved in 50 mL of benzene. The resulting
yellow solution was freeze/pump/thaw cycled three times in a
250 mL storage flask and was then placed under an
atmosphere of hydrogen gas at —130 °C, sealed, and warmed
to room temperature. After stirring the reaction mixture for 6
days at 60 °C, the solvent was removed in vacuo. The resulting
yellow oil was heated at 50 °C in vacuo for 24 hours to remove
volatile impurities, then sublimed at 100 °C to afford 77.4 mg
of 7 as a yellow solid (0.15 mmol, 35 %). X-ray quality crystals
of trans-7 were obtained from a concentrated solution in
hexamethyldisiloxane at —30 °C. NMR data for trans-7 are as
follows: 1H NMR (C¢Ds, 600 MHz, 298 K): 6§ 1.62, 1.47 (2 X m,
4H, PCH»-chelating), 1.45, 1.34 (2 X's, 12H, PCHs-chelating),

1.38, (m, 2H, MnP(Me),CH.CH:PMey), 1.28 (m, 2H,
MnP(Me),CH,CH-PMe,), 0.96 (d, 6H, 2up 3.8 Hz,
MnP(PCHs).CH,CH,PMe,), 0.89  (d, 6H, 2up 2.8Hz,
MnP(Me),CH,CH.P(PCHs)2), —15.72 (quin. of d, 1H, e

48.8 Hz, 2Jyp 12.9 Hz, MnH). 3C{IH} NMR (C¢D¢, 151 MHz,
298 K): & 38.09 (s, MnP(Me),CH,CH,PMes3), 34.33 (app. quin.,
Yep 11.9 Hz, PCH,-chelating), 32.02, 24.62 (2 Xs, PCHs-
chelating), 26.50 (d of d, Ycp 13.4 Hz, 2Jcp 7.3 Hz,
MnP(Me),CH,CH2PMe,), 24.84 (d, Ucp 9.4 Hz, MnP(PCH3),CH,-
CH3PMe,), 13.95 (d, Ycp 16.0 Hz, MnP(Me),CH2CH,P(PCHs)).
31p{1H} NMR (CeDs, 243 MHz, 298 K): 5 78.63 (s, 4P, chelating
P), 27.64 (s, 1P, MnP(Me),CH2CH,PMes), —49.61 (d, 1P, 3Jpp
14.1 Hz, MnP(Me),CH,CH,PMe;). Selected NMR data for cis-7
are as follows: 1H NMR (C¢Ds, 600 MHz, 298 K): § —11.68 (m,
MnH). 31P{IH} NMR (CsDs, 243 MHz, 298 K): & 75.96, 75.06,
73.42, 63.65, 43.19 (5xs), —49.13 (d, 3Jep 18.7 Hz,
MnP(Me),CH,CH,PMe;). Anal. Found (calcd): C, 42.84 (42.70);
H, 9.82 (9.75).

[(dmpe)MnH(PMes)] (8). An excess of PMes (1.54 g,
20.2 mmol) was distilled into a 250 mL storage flask containing
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2.03 g (5.28 mmol) of [(dmpe)oMnH(C;H4)] (1) in 100 mL of
benzene. The resulting yellow solution was freeze/pump/thaw
cycled three times and was then placed under an atmosphere
of hydrogen gas at —95 °C, sealed, and warmed to room
temperature. After stirring the mixture for 4 days at 60 °C, the
solution was frozen and headspace evacuated. Additional
PMes; (0.62 g, 8.15 mmol) was distilled into the reaction flask
(containing the still-frozen solution), which was then placed
under an atmosphere of hydrogen gas at —95 °C, sealed, and
warmed to room temperature. The reaction mixture was
stirred for an additional 48 hours at 60 °C, after which the
solvent was removed in vacuo to afford 2.10 g of 8 as a yellow
solid (4.86 mmol, 92 %). X-ray quality crystals of trans-8 were
obtained from a concentrated solution in hexanes at —30 °C.
Tsublimation (5 mTorr) = 60 °C. NMR data for trans-8 are as
follows: H NMR (CgDs, 600 MHz, 298 K): 6 1.61, 1.42 (2 X m,
4H, PCH,), 1.42, 1.34 (2 X s, 12H, dmpe-PCH3), 1.02 (d, 2/up
4.2 Hz, 9H, PMe3-PCHs), —15.52 (quin. of d, 2/up 48.7 Hz, 2Jup
13.7 Hz, 1H, MnH). 3C{*H} NMR (C¢D¢, 126 MHz, 298 K): &
34.19 (app. quin., Jcp 12.2 Hz, dmpe-PCH,), 31.84, 24.35 (2 X
m, dmpe-PCHs), 30.90 (d, Ycp 12.0 Hz, PMes-PCH3). 31P{'H}
NMR (C¢Dg, 243 MHz, 298 K): 6 79.13 (s, 4P, dmpe-P), 19.01 (s,
1P, PMes). NMR data for cis-8 are as follows: 1H NMR (CgDs,
600 MHz, 298 K): § 1.74, 1.62 (2 X m, 2H, PCH>), 1.53 (d, e
5.4 Hz, 3H, dmpe-PCHs), 1.43, 1.42 (2 X m, 3H, dmpe-PCHs),
1.37,1.22 (2 X d, 2Jup 4.7 Hz, 3H, dmpe-PCHs), 1.34, 1.22, 1.20,
0.90 (4 X m, 1H, PCH;), 1.29 (d, %, 5.0 Hz, 9H, PMe3-PCHs),
1.20 (d, 2Jup 4.3 Hz, 3H, dmpe-PCHs), 1.18 (d, 24 4.4 Hz, 3H,
dmpe-PCHs), 1.04 (d, ZJup 4.1 Hz, 3H, dmpe-PCHs), —11.73 (m,
1H, MnH). B3C{*H} NMR (C¢D¢, 126 MHz, 298 K): & 36.70,
35.13, 34.54 (3 X m, PCH3), 31.97 (m, dmpe-PCHs), 30.32 (d,
Yep 13.9 Hz, PMes-PCH3), 28.10, 27.79, 26.09, 24.84, 24.51
(5 X m, dmpe-PCHj3), 25.02 (s, dmpe-PCHs). 31P{*H} NMR (C¢Ds,
243 MHz, 298 K): & 76.23 (s, 2P, dmpe-P), 74.85, 63.90 (2 X s,
1P, dmpe-P), 31.23 (s, 1P, PMe3s). Anal. found (calcd): C, 41.54
(41.67); H, 9.67 (9.79).

Monitoring trans—cis isomerization of
[(dmpe).MnH(PMes)] (8). 55 mg of trans-8 was dissolved in
approximately 3 mL of C¢Ds, and four 0.6 mL aliquots of this
solution were placed in individual J-young NMR tubes. Two of
the four solutions were frozen at —78 °C, and ~ 10 equivalents
of PMes; were introduced by vacuum transfer. Two solutions
were kept in the dark (one with and one without excess PMe3),
while the other two (one with and one without excess PMe3s)
were placed in a fume hood with the light on. All four solutions
were monitored over time by H, 2H, and 3!P{!H} NMR
spectroscopy. Only the solutions stored in the light underwent
trans to cis isomerization, and after 2 weeks at room
temperature, these solutions were placed in the dark to
monitor the reverse reaction (cis to trans isomerization).
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Notes and References

¥ In the reactions of 1 with either 9-BBN or HBMes;, two
intermediates were observed concurrently by NMR spectroscopy.
NMR spectra of one intermediate displayed high symmetry
consistent with an equatorial arrangement of chelating dmpe
donors, and spectra of the other displayed low symmetry consistent
with a disphenoidal arrangement of chelating dmpe donors. In the
reaction to form [(dmpe),Mn(p-H),BCgH14] (4), the low symmetry

species is dominant, whereas in the reaction to form
[(dmpe);Mn(p-H),BMes;] (5), the high symmetry species is
dominant.

§ Ethylene was found to insert into the B—-H bond of free 9-BBN or
HBMes;, with 90 % (9-BBN reaction) or 100 % (HBMes; reaction)
conversion to EtBR, after 1 h at 60 °C in CgDs under an initial
atmosphere of 1.7 atm ethylene. An alternative mechanism for
ethylene hydroboration could be envisaged involving complex 5 as
a catalyst (involving H, elimination from 5 followed by ethylene
coordination and B-C bond forming 1,2-insertion), though such
reactivity would also result in a deuterium distribution inconsistent
with experimental observations.

9 Octahedral, 18-electron, low-spin d® complexes of 15t row
transition metals are unlikely to undergo associative substitution.
Therefore, the reaction of 1 with BH3(NMes) likely proceeds by
initial ethylene dissociation (from either the trans or the cis isomer
of 1) to form a 5-coordinate hydride intermediate [(dmpe)MnH]
(B), followed by BH3(NMes) coordination. It is likely that ethylene
dissociation occurs from the trans isomer of 1, given that this
isomer is dominant in solution, and considering the high trans
influence of hydride ligands (see reference 3).

| The quadrupolar relaxation rate is proportional to the rotational
correlation time (tc). The rotational correlation time can be
described using the Stokes’ equation t. = 4ma3n*/3kT, where a =
molecular radius, n* = viscosity, k = Boltzmann’s constant, and T =
temperature. See reference 36.

T+ The borohydride ligand in one of Figueroa's borohydride crystal
structures (ref. 25) is disordered over two positions. This Mn—-B
range does not include the Mn-B distance of 2.08(3) A involving the
minor (18 %) disorder, because the large standard deviation
precludes meaningful discussion.

1t The angle between Mn, B, and the centroid between the two
terminal H atoms on B in complex 3 is 173.6°, though it is based on
the location of hydrogen atoms in the X-ray crystal structure, and
could thus be inaccurate. The angle in the geometry optimized
(DFT) structure of 3 is 179.7°.

§§ If the observed signals are due to cis,trans-6, all 3P and MnH H
NMR signals for the Mn centre with trans hydride and p-dmpe
ligands must overlap with those arising from trans,trans-6.

919 Chemical shift located from a crosspeak in 2D NMR.
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