
 

Figure 1. Manganese hydrosilylation catalysts featuring κ5-
ligands.18-20 

Hydrosilylation of Aldehydes and Formates Using a Dimeric Manga-
nese Precatalyst 
Tufan K. Mukhopadhyay, Chandrani Ghosh, Marco Flores, Thomas L. Groy, and Ryan J. Trovitch* 

School of Molecular Sciences, Arizona State University, Tempe, AZ 85287, USA. 
Supporting Information Available 

ABSTRACT: The formally zerovalent Mn dimer [(Ph2PEtPDI)Mn]2 has been synthesized upon reducing (Ph2PEtPDI)MnCl2 with ex-
cess Na/Hg. Single crystal X-ray diffraction analysis has revealed that [(Ph2PEtPDI)Mn]2 possesses a κ4-PDI chelate about each Mn 
center, as well as η2-imine coordination across the dimer. The chelate metrical parameters suggest single electron PDI reduction and 
EPR spectroscopic analysis afforded a signal consistent with two weakly interacting S = 1/2 Mn centers. At ambient temperature in 
the absence of solvent, [(Ph2PEtPDI)Mn]2 has been found to catalyze the hydrosilylation of aldehydes at loadings as low as 0.005 
mol% (0.01 mol% relative to Mn) with a maximum turnover frequency of 9,900 min-1 (4,950 min-1 per Mn). Moreover, the 
[(Ph2PEtPDI)Mn]2-catalyzed dihydrosilylation of formates has been found to proceed with turnover frequencies of up to 330 min-1 
(165 min-1 relative to Mn). These metrics are comparable to those described for the leading Mn catalyst for this transformation, the 
propylene-bridged variant (Ph2PPrPDI)Mn; however, [(Ph2PEtPDI)Mn]2 is more easily inhibited by donor functionalities. Carbonyl and 
carboxylate hydrosilylation is believed to proceed through a modified Ojima mechanism following dimer dissociation.

INTRODUCTION 
In laboratory and industrial settings, the reduction of car-

bonyl-containing compounds remains a popular synthetic 
route to organic alcohols.1 This transformation can be 
achieved with inorganic hydride reagents2 or under hydrogen 
in the presence of a catalyst;3 however, due to the flammable 
nature of these reductants, hydrosilylation has gained traction 
as a mild and operationally simple approach to C=O bond 
reduction.4 While precious metal catalysts are known to medi-
ate this transformation,5 poor selectivity, toxicity, and metal 
cost have prompted the search for sustainable base metal al-
ternatives. Despite the tendency of first-row metals to engage 
in one-electron chemistry,6 many efficient Fe,7 Co,8 Ni,9 Cu,10 
and Zn11 carbonyl hydrosilylation catalysts have been report-
ed. The activities and lifetimes of these catalysts can rival their 
precious metal counterparts; however, additional improvement 
of carbonyl hydrosilylation turnover frequency (TOF) remains 
difficult to achieve. 

To some extent, this challenge has been met through the de-
velopment of Mn catalysts.12,13 In the 1990s, Cutler and co-
workers reported that (Ph3P)(CO)4MnC(O)Me exhibits ketone 

hydrosilylation14 TOFs of up to 27 min-1 and ester reduction15 
TOFs of up to 4 min-1 at ambient temperature. Several well-

defined Mn catalysts for carbonyl hydrosilylation have since 
been described;16-20 however, higher activity has only been 
demonstrated in a few instances. In 2013, Chidara and Du 
reported that (3,5-tBu-salen)MnN hydrosilylates aldehydes 
with TOFs as high as 196 min-1, but only when the reaction is 
heated (80 °C).17 In 2014, we found that the propylene-bridged 
bis(imino)pyridine (or pyridine diimine, PDI) compound, 
(Ph2PPrPDI)Mn (Figure 1, left), mediates ketone hydrosilylation 
with TOFs of up to 76,800 h-1 (more accurately expressed as 
1,280 min-1) and the dihydrosilylation of esters (to yield silyl 
ethers) with modest TOFs of up to 18 h-1 at 25 °C in the ab-
sence of solvent.18 Under these conditions, we recently report-
ed that (Ph2PPrPDI)Mn catalyzes aldehyde hydrosilylation with 
TOFs of 4,900 min-1 and formate dihydrosilylation with TOFs 
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Figure 2. Molecular structure of 2 shown at 30% probability ellip-
soids. Hydrogen atoms and co-crystallized toluene molecules (4 per 
dimer) are omitted for clarity. For complete list of metrical parameters, 
see Table S2 of the SI. 

Figure 3. Experimental (solid line) and simulated (dashed line) X-
band EPR spectra of 2 in toluene at 107 K. These spectra showed 
small discrepancies for the magnetic field resonances above 390 
mT. Such discrepancies, as well the differences in line intensities, 
might be due to inhomogeneities present in the frozen solution 
(powder) sample. 

Scheme 1. Preparation of [(Ph2PEtPDI)Mn]2 (2). 

of 330 min-1.19 Importantly, (Ph2PPrPDI)Mn is believed to medi-
ate carbonyl hydrosilylation through a modified Ojima mech-
anism while a related catalyst, (Ph2PPrPDI)MnH (Figure 1, mid-
dle), achieves comparable formate hydrosilylation TOFs 
through a hydride insertion mechanism.19 Efforts to develop 
structurally related Mn catalysts have also led us to evaluate 
the hydrosilylation activity of ethylpyridine-substituted (Py-

EtPDEA)Mn (Figure 1, right), which exhibits a lower maxi-
mum benzaldehyde hydrosilylation TOF of 2,475 min-1.20 
Herein, we describe our efforts to prepare and evaluate a Mn 
hydrosilylation precatalyst supported by Ph2PEtPDI,21 which 
possesses an ethylene-bridge between the imine and phosphine 
donors. 

RESULTS AND DISCUSSION 
Heating a 1:1 mixture of Ph2PEtPDI21 and (THF)2MnCl2 in 

toluene to 125 °C afforded a pale orange solid identified as 
(Ph2PEtPDI)MnCl2 (1, Scheme 1). This compound was found to 
be NMR silent and exhibit an ambient temperature magnetic 
susceptibility of 6.0 μB (magnetic susceptibility balance, 25 
°C), consistent with a high-spin Mn(II) environment (SMn = 
5/2). Based on these observations, and prior structural charac-
terization of (Ph2PPrPDI)MnCl2

18 and (PyEtPDI)MnCl2,20 it is 
reasonable to propose that 1 possesses a κ3-N,N,N,-Ph2PEtPDI 
chelate. Reduction of 1 using excess Na/Hg in presence of 
1,3,5,7-cyclooctatetraene (added to facilitate reduction18,20) 
afforded a red paramagnetic complex identified as 
[(Ph2PEtPDI)Mn]2 (2, Scheme 1). The 1H NMR spectrum of 2 
features broadened resonances at 32.26 and 26.23 ppm (Figure 
S1). A single, broad resonance was also observed in the 31P 
NMR spectrum at -58.49 ppm (Figure S2, likely due to unco-
ordinated phosphine substituents) and the solution state mag-
netic moment of this compound was found to be 3.3 μB at 25 
°C, suggesting two unpaired electrons in the ground state.  

To obtain structural information, a single crystal of 2 was 
analyzed by X-ray diffraction. Refinement revealed a dimeric 
arrangement whereby each Mn center is supported by a κ4-PDI 

chelate (Figure 2). Each Mn center is also coordinated to the 
imine bond of a neighboring (PDI)Mn moiety in an η2-fashion 
[Mn(1)-C(8A) and Mn(1)-N(3A) are 2.233(6) and 1.977(4) Å, 
respectively]. This interaction results in C(8)-N(3) elongation 
to 1.395(6) Å, relative to the average uncoordinated PDI imine 
C=N distance of 1.271(17) Å,22 indicative of significant metal-
to-ligand backbonding. The geometry about Mn is best de-
scribed as distorted trigonal bipyramidal with N(1)-Mn(1)-
N(3), N(2)-Mn(1)-P(1), and N(2)-Mn(1)-N(3A) angles of 
150.85(16), 129.25(12), and 100.30(15)°, respectively. The 
unbridged portion of each PDI chelate features an elongated 
N(1)-C(2) distance of 1.338(6) Å and a contracted C(2)-C(3) 
distance of 1.425(7) Å. Although 2 is formally zerovalent, 
these distances are consistent with single electron α-diimine 
(DI) reduction,23 whereby the PDI-based electron density re-
sides on the unbridged backbone atoms. The Mn(1)-N(1), 
Mn(1)-N(2), and Mn(1)-N(3) distances were determined to be 
2.022(4), 1.947(4), and 2.092(4) Å, respectively, and the two 
Mn centers are 2.7889(14) Å apart. Considering these metrical 
parameters and the observed magnetic moment, it can be pro-
posed that 2 features intermediate spin Mn(I) centers that are 
antiferromagnetically coupled to their respective singly-
reduced supporting DI moieties. 

To further investigate the electronic structure of 2, a toluene 
solution of this complex was prepared and analyzed by X-
band (9.40 GHz) EPR spectroscopy at 107 K (Figure 3). The 
observed spectral features are consistent with the presence of 
two manganese centers, i.e., a broad signal showing a multi-
line pattern due to hyperfine coupling (hfc) interactions be-
tween the magnetic moment of an unpaired electron system 
and the magnetic moment of a neighboring 55Mn (I = 5/2) nu-
clei. Based on the electronic structure model proposed above, 
each Mn center was assumed to carry one net unpaired elec-
tron that results in an electronic configuration with two un-
paired electrons present in 2. Thus, the best fit of the EPR 
spectrum, corresponding to 2, was obtained considering a tri-
plet state (S = 1) as the ground state of the electron spin sys-
tem (see Experimental section for the definition of the spin 
Hamiltonian). The parameters that were obtained from the fit 
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Table 2.  Hydrosilylation of aldehydes using 2. 

Table 3.  Dihydrosilylation of formates using 2. 

Table 1. Parameters used to fit the EPR spectrum of 2 at 9.40 GHz 
and T = 107 K. 

Parametera 2 

gx 2.037 
gy 1.980 
gz 1.893 
|D| 77.7 x 10-4 cm-1 
|E| 2.0 x 10-4 cm-1 

|𝐴𝑥
𝑀𝑀𝑖| 114.1 x 10-4 cm-1 

|𝐴𝑦
𝑀𝑀𝑖| 43.7 x 10-4 cm-1 

|𝐴𝑧
𝑀𝑀𝑖| 94.7 x 10-4 cm-1 

aSee Experimental Section for the definition of the fitting parameters. 
 
are summarized in Table 1. The g values are anisotropic and 
reflect a large electron spin delocalization which is consistent 
with the crystallographically determined molecular structure 
of 2. The zero-field splitting (ZFS) parameters are relatively 
small and show a nearly axial ZFS (i.e. D << gβeBo/h, and E/D 
≈ 0). This finding indicates weak electron-electron repulsion 
between the two unpaired electrons present in 2. 

Compound 2 was then screened for carbonyl hydrosilylation 
activity. When a neat mixture of benzaldehyde and PhSiH3 
was added to 0.05 mol% 2 (0.1 mol% relative to Mn) at room 
temperature, an exothermic reaction ensued, resulting in com-
plete conversion to a mixture of silyl ethers after 2 min. Hy-
drolysis with 10% aq. NaOH solution followed by extraction 
afforded benzyl alcohol in 93% yield (Table 2, entry a). Thir-
teen additional aldehydes were screened, and the reaction out-
comes are summarized in Table 2 (b-n). Precatalyst 2 has been 
found to tolerate fluoro, chloro, and bromo functionalities (b-
d), but not the iodo functionality of 4-iodobenzaldehyde (e). 
This substrate did not participate in an exothermic reaction 
with PhSiH3 and 2 due to catalyst decomposition. Complex 2 
was tolerant of the nitro and nitrile groups of 2-
nitrobenzaldehyde (f) and 4-cyanobenzaldehyde (g), respec-
tively, as these functionalities were not reduced under the re-
action conditions. Electron donating substituents on the aryl 

ring also do not influence efficiency, as seen in the case of p-
anisaldehyde and p-tolualdehyde (h-i). Heteroaromatic alde-
hydes were hydrosilylated without difficulty (k-l), however, it 
should be noted that pyridine-3-carboxaldehyde did not reach 
complete conversion (88%) after 2 min. Moreover, the alde-
hyde functionality of 3-cyclohexene-1-carboxaldehyde (m) 
and citral (n) was not efficiently reduced during the 2 min 
timeframe of the experiment. Under the same conditions, 
(Ph2PPrPDI)Mn was found to fully reduce the aldehyde func-
tionality of these substrates,19 suggesting that 2 is more sus-
ceptible to inhibition due to olefin coordination. Olefin hy-
drosilylation was not observed and attempts to hydrosilylate 1-
hexene using 2 and PhSiH3 were unsuccessful, even at 120 °C. 
The neat hydrosilylation of acetophenone and cyclohexanone 
using 0.05 mol% 2 (0.1 mol% relative to Mn) was also per-
formed and both substrates were fully converted to a mixture 
of silyl ethers after 4 min (TOF = 495 min-1, 248 min-1 relative 
to Mn). In general, we have found that it takes several seconds 
longer for neat hydrosilylation reactions featuring 2 to ex-
otherm, relative to when (Ph2PPrPDI)Mn is employed as the 
catalyst. 

Efforts were also made to optimize 2-mediated aldehyde 
hydrosilylation using a stoichiometric quantity of PhSiH3. 
Lowering the catalyst loading to 0.005 mol% (0.01 mol% rela-
tive to Mn) did not diminish benzaldehyde hydrosilylation 
conversion after 2 min under neat conditions, equating to a 
maximum TOF of 9,900 min-1 (4,950 min-1 per Mn). Based on 
per Mn turnover, this activity matches what was observed for 
(Ph2PPrPDI)Mn-catalyzed benzaldehyde hydrosilylation;19 how-
ever, the same conversion rate could not be achieved using 
other substrates in Table 1. For example, repeating this proce-
dure with 4-fluorobenzaldehyde resulted in 18% conversion 
after 2 min, equating to a TOF of 1,800 min-1 (900 min-1 per 
Mn).  

Attempts to hydrosilylate benzaldehyde using AIBN (radi-
cal initiator), Mn powder, (THF)2MnCl2, or (Ph2PEtPDI)MnCl2 
as the catalyst did not result in substrate conversion. Moreo-
ver, performing this reaction in presence of excess Hg0 did not 
adversely affect conversion, suggesting that 2 remains homog-
enous throughout catalysis. Additionally, benzaldehyde hy-
drosilylation was not inhibited when the reaction was conduct-
ed in the dark, suggesting that phosphine dissociation via pho-
tolysis is not required for catalysis to occur. This contrasts 
recent work showing that CpMn carbonyl catalysts achieve Si-
H oxidative addition following photolytic loss of two CO lig-
ands.16e Adding 2 equivalents of NaEt3BH to 1 did not allow 
for the observation or isolation of a catalytically-relevant hy-
dride complex.  

Compound 2 was also employed as a formate dihydrosilyla-
tion precatalyst. When a neat equimolar mixture of methyl 
formate or ethyl formate and PhSiH3 was added to 0.01 mol% 



 

Figure 4. Modified Ojima mechanism proposed for 2-mediated 
carbonyl and carboxylate hydrosilylation. 

2 (0.02 mol% relative to Mn), an exothermic reaction was 
observed along with >99% conversion to silyl ethers within 30 
min (Table 3, entries a-b). Alkaline hydrolysis of the corre-
sponding products was performed; however, the low boiling 
points of MeOH and EtOH did not allow for their isolation 
through evaporation. Furthermore, the reaction scale was not 
large enough to separate these products by short path distilla-
tion. To address this issue, our investigation shifted to the di-
hydrosilylation of higher molecular weight formates. As 
shown in Table 3, 2 was found to catalyze the dihydosilylation 
of octyl (c), isoamyl (d), benzyl (e), and p-anisyl formate (f) 
under the same conditions. Following workup with 10% aq. 
NaOH, extraction with Et2O, and removal of the solvent and 
co-generated MeOH, the corresponding alcohols were isolated 
in good yield. The observed 2-mediated formate dihydrosilyla-
tion TOFs of 330 min-1 (165 min-1 relative to Mn) are slower 
than those observed for (Ph2PPrPDI)Mn on a per Mn basis,19 but 
greater than all other reported transition metal examples.24 The 
dihydrosilylation of ethyl acetate using 1.0 mol% 2 and 
equimolar PhSiH3 in benzene-d6 was also performed and re-
duction to PhSi(OEt)3 was observed after 7.2 h at 25 °C (TOF 
= 14 h-1). This is again slower than the 5.5 h needed to com-
plete ethyl acetate dihydrosilylation using (Ph2PPrPDI)Mn.18 

Considering our recent mechanistic investigation of 
(Ph2PPrPDI)Mn-mediated hydrosilylation19 and the observations 
described herein, it is proposed that 2 mediates carbonyl hy-
drosilylation and carboxylate dihydrosilylation through a mod-
ified Ojima mechanism (Figure 4). Upon dissociating into 
monomeric (Ph2PEtPDI)Mn, Si-H oxidative addition would af-
ford the silyl hydride intermediate shown at the top right. Al-
ternatively, unproductive donor association may occur at this 
point and inhibit hydrosilylation. Once silane activation takes 
place, substrate coordination and insertion into Mn-H would 
yield a silyl alkoxide intermediate that undergoes reductive 
elimination to afford the respective silyl ether. In the case of 
carboxylates, the silyl alkoxide intermediate is believed to 
undergo fast β-alkoxide elimination to yield the silyl ether 
product and an equivalent of formaldehyde, as described for 
(Ph2PPrPDI)Mn.19 Formaldehyde is quickly hydrosilylated under 
the reaction conditions to yield methoxysilane equivalents. 
Given our observations of delayed catalytic onset and slower 
ethyl acetate dihydrosilylation, it is believed that dimer 2 acts 
as the catalyst resting state. Our inability to observe a Mn hy-
dride complex upon adding of 2 equivalents of NaEt3BH to 1 
also suggests that catalysis is unlikely to proceed through a 
straightforward insertion mechanism analogous to the one 
described for (Ph2PPrPDI)MnH.19 

CONCLUSION 
In summary, we have described the synthesis, electronic 

structure, and hydrosilylation activity of the (PDI)Mn dimer, 
[(Ph2PEtPDI)Mn]2. Although the ethylene-bridged substituents 
of Ph2PEtPDI have proven too rigid to allow for κ5-PDI coordi-
nation to Mn following (Ph2PEtPDI)MnCl2 reduction, dimeriza-
tion via η2-imine coordination occurs to fill the coordination 
sphere of Mn and stabilize formally zerovalent 
[(Ph2PEtPDI)Mn]2. Dimer formation was not found to prevent 
carbonyl hydrosilylation or carboxylate dihydrosilylation and 
competitive turnover frequencies were noted for each trans-
formation. However, it should be noted that slower aldehyde 
reduction in the presence of pyridine or olefin functionalities 
was observed along with delayed onset relative to propylene-
bridged (Ph2PPrPDI)Mn. Based on experimental observations 
and our inability to observe a Ph2PEtPDI-supported Mn hydride 
complex, it is proposed that [(Ph2PEtPDI)Mn]2 dissociates into 
monomeric units that mediate carbonyl and carboxylate hy-
drosilylation through a modified Ojima mechanism. 

EXPERIMENTAL SECTION 
General Considerations: Unless otherwise stated, all synthetic 
reactions were performed in an MBraun glovebox under an at-
mosphere of purified nitrogen. Aldrich anhydrous solvents were 
purified using a Pure Process Technology solvent system and 
stored in the glovebox over activated 4Å molecular sieves and 
potassium (purchased from Sigma-Aldrich) before use. Benzene-
d6 was purchased from Cambridge Isotope Laboratories and dried 
over 4Å molecular sieves before use. 1,3,5,7-Cyclooctatetraene 
and 2-(diphenylphosphino)ethylamine were purchased from Strem 
Chemicals Inc. and used as received. Manganese powder, metallic 
mercury, benzaldehyde, furfural, p-tolualdehyde, p-anisaldehyde, 
citral o-nitrobenzaldehyde, and cyclohexanone were obtained 
from Sigma Aldrich. (THF)2MnCl2, 4-fluorobenzaldehyde, and 
Celite were purchased from Acros. 2-Naphthaldehyde, 4-
bromobenzaldehyde, 4-chlorobenzaldehyde, pyridine-3-
carboxaldehdye, 3-cyclohexene-1-carboxaldehyde, acetophenone, 
and p-toluenesulfonic acid monohydrate were received from TCI 
America. Methyl formate, ethyl formate, anisyl formate, octyl 
formate, benzyl formate, and isoamyl formate were also pur-
chased from TCI America. PhSiH3 and 4-cyanobenzaldehyde 
were obtained from Oakwood Products. Ethyl acetate was ob-
tained from VWR while anhydrous Na2SO4 and NaOH were 
sourced from Alfa Aesar. All the liquid substrates were scrupu-
lously dried over 4Å molecular sieves or distilled if necessary 
before use. The solid substrates were recrystallized from diethyl 
ether or tetrahydrofuran before use. Ph2PEtPDI was prepared ac-
cording to literature procedure.21 

Solution 1H and 13C nuclear magnetic resonance (NMR) spectra 
were recorded in benzene-d6 at room temperature on a Varian 
400-MR NMR spectrometer. All 1H and 13C NMR chemical shifts 
(ppm) are reported relative to Si(CH3)4 using 1H (residual) and 
13C chemical shifts of the solvent as secondary standards. 31P 
NMR shifts are referenced relative to H3PO4 as an external stand-
ard. Elemental analysis was conducted at Robertson Microlit La-
boratories Inc. (Ledgewood, NJ). Although the results lie slightly 
outside the range viewed as establishing analytical purity, they are 
provided to illustrate the best values obtained to date. Solid state 
magnetic susceptibility was recorded at 25 ºC using a Johnson 
Matthey magnetic susceptibility balance calibrated with 
HgCo(SCN)4. Solution state magnetic susceptibility was deter-
mined via Evans method on the Varian 400 MHz NMR spectrom-
eter. Melting point determinations were performed using a 
DigiMelt apparatus. 



 

X-ray Crystallography: Single crystals suitable for X-ray dif-
fraction were coated with polyisobutylene oil in the glovebox and 
transferred to a glass fiber with Apiezon N grease, which was then 
mounted on the goniometer head of a Bruker APEX Diffractome-
ter equipped with Mo Kα radiation. A hemisphere routine was 
used for data collection and determination of the lattice constants. 
The space group was identified and the data was processed using 
the Bruker SAINT+ program and corrected for absorption using 
SADABS. The structure was solved using direct methods 
(SHELXS) completed by subsequent Fourier synthesis and re-
fined by full-matrix, least-squares procedures on [F2]. Crystallo-
graphic parameters for complex 2 are provided in Table S1. 
Electron Paramagnetic Resonance Spectroscopy: Instrumenta-
tion. Studies were performed at the EPR Facility of Arizona State 
University. Continuous wave (CW) EPR spectra were recorded at 
107 K using a Bruker ELEXSYS E580 CW X-band spectrometer 
(Bruker, Rheinstetten, Germany) equipped with a liquid nitrogen 
temperature control system (ER 4131VT). The magnetic field 
modulation frequency was 100 kHz with a field modulation of 1 
mT peak-to-peak. The microwave power was 4 mW, the micro-
wave frequency was 9.40 GHz and the sweep time was 84 sec-
onds.  

Spin Hamiltonian. The EPR spectrum of [(Ph2PEtPDI)Mn]2 was 
analyzed considering that this manganese complex contains two 
identical molecules. Each of these molecules was assumed to 
carry one net unpaired electron (see Results section), thereby 
yielding a triplet state (S = 1) for the manganese complex. Conse-
quently, the EPR data was fit using a spin Hamiltonian, H, con-
taining the electron Zeeman interaction with the applied magnetic 
field Bo, the zero-field interaction, and the hyperfine coupling 
(hfc) interactions with two equivalent 55Mn (I = 5/2):25 

 
H =  βe𝑺.𝒈. 𝑩𝐨 + ℎ 𝑺.𝑫. 𝑺 + ∑ ℎ 𝑺. 𝑨𝑀𝑀𝑖. 𝑰𝑀𝑀𝑖2

𝑖=1  (1) 
  

where S is the electron spin operator, 𝑰𝑀𝑀𝑖 are the nuclear spin 
operators of the two equivalent 55Mn, D and 𝑨𝑀𝑀𝑖 are the zero-
field interaction and hfc tensors, respectively, all in frequency 
units, g is the electronic g-tensor, βe is the electron magneton, and 
h is Planck’s constant. The so-called zero-field interaction occurs 
in the absence of an applied magnetic field because of elec-
tron−electron repulsion. For a triplet state (S = 1) system, the 
zero-field interaction partially breaks the degeneracy of the triplet 
causing the energy of the levels, corresponding to mS = ±1, to 
shift by the term DmS

2, where D is the axial zero-field splitting 
(ZFS) parameter and mS is the magnetic quantum number of the 
triplet (0, ±1). Additional shifting of the energy of the mS = ±1 
doublet is induced by the rhombic zero-field splitting term, which 
is characterized by the parameter E. The electron Zeeman interac-
tion contributes to the Hamiltonian when an external magnetic 
field is applied. This interaction is anisotropic and depends on the 
relative orientation between the magnetic field and the molecular 
axes of the manganese complex. The Zeeman interaction breaks 
the remaining degeneracy of the mS = ±1 doublet causing an addi-
tional shift given by the term gβeBomS/h in the energy of these 
levels, where g is the g-value. A further energetic consideration is 
the contribution of the hfc interactions, which represents the inter-
action between the magnetic moment of the unpaired electron 
system and the magnetic moments of two equivalent 55Mn nuclei. 
The hyperfine interaction is described to first order by the expres-
sion 𝐴𝑀𝑀𝑖mS(mI1+ mI2), where 𝐴𝑀𝑀𝑖 is the hfc interaction along an 
arbitrary magnetic field direction, and mI1 and mI2 are the magnet-
ic quantum numbers of the 55Mn nuclei.  

Fitting of EPR spectra. To quantitatively compare experimental 
and simulated spectra, we divided the spectra into N intervals, i.e. 
we treated the spectrum as an N-dimensional vector R. Each 
component Rj has the amplitude of the EPR signal at a magnetic 

field Bj, with j varying from 1 to N. The amplitudes of the exper-
imental and simulated spectra were normalized so that the span 
between the maximum and minimum values of Rj is 1. We com-
pared the calculated amplitudes Rj

calc of the signal with the ob-
served values Rj defining a root-mean-square deviation σ by: 

σ(p1, p2,…, pn) = [ (Rj
calc(p1, p2, …, pn) - Rj

exp)2/N]½ (2)  

where the sums are over the N values of j, and p’s are the fitting 
parameters that produced the calculated spectrum. For our simula-
tions, N was set equal to 1024. The EPR spectra were simulated 
using EasySpin (v 5.1.10), a computational package developed by 
Stoll and Schweiger26 and based on Matlab (The MathWorks, 
Natick, MA, USA). EasySpin calculates EPR resonance fields 
using the energies of the states of the spin system obtained by 
direct diagonalization of the spin Hamiltonian (see equation 1). 
The EPR fitting procedure used a Monte Carlo type iteration to 
minimize the root-mean-square deviation, σ (see equation 2) be-
tween measured and simulated spectra. We searched for the opti-
mum values of the following parameters: the principal compo-
nents of g (i.e. gx, gy, gz), the ZFS parameters, D and E, the princi-
pal components of the hfc tensor 𝑨𝑀𝑀𝑖 (i.e. 𝐴𝑥

𝑀𝑀𝑖, 𝐴𝑦
𝑀𝑀𝑖, 𝐴𝑧

𝑀𝑀𝑖) and 
the peak-to-peak line-widths (∆Bx, ∆By, and ∆Bz). 

Preparation of (Ph2PEtPDI)MnCl2 (1): A thick-walled glass 
tube was charged with 0.269 g of Ph2PEtPDI (0.461 mmol) and 
0.124 g of (THF)2MnCl2 (0.461 mmol) in approximately 20 mL 
toluene. The tube was sealed under nitrogen atmosphere and heat-
ed at 125 °C for 120 h. The resulting pale orange slurry was vacu-
um filtered and the solid was washed with toluene (4 x 5 mL) and 
diethyl ether (3 x 5 mL) to remove any excess ligand. Finally, 
drying yielded 0.307 g (94 %) of a pale orange solid identified as 
1. Elemental analysis for C37H37N3P2MnCl2: calcd. C, 62.45%; H, 
5.24%; N, 5.90%; Found C, 61.81%; H, 5.10%; N, 5.72%. Mag-
netic moment (Gouy balance, 25 °C): 6.0 μB. 1H NMR (CDCl3, 25 
°C): No resonances observed. 13C NMR (CDCl3, 25 °C): No reso-
nances observed.  

Preparation of [(Ph2PEtPDI)Mn]2 (2): A 20 mL scintillation vi-
al was charged with 4.716 g (23.58 mmol) of Hg0 in 5 mL THF 
and 0.027 g (1.18 mmol) of freshly cut Na0 was added. The amal-
gam was stirred for 25 min while it became clear. Then 13.3 µL 
(0.118 mmol) of 1,3,5,7-cyclooctatetraene was added and stirred 
for 5 min while it turned pale yellow. A 10 mL THF slurry of 1 
(0.168 g, 0.236 mmol) was then added and an instantaneous color 
change to red was noticed. The mixture was stirred at room tem-
perature for 6 h. The red solution was filtered through Celite and 
THF was removed in vacuo. The resulting red film was washed 
with pentane (2 x 5 mL) and dried again. It was then dissolved in 
10 mL toluene and filtered through a Celite column. After concen-
trating the filtrate and layering with diethyl ether, recrystallization 
at −35 °C yielded 0.113 g (38 %) of red crystals identified as 2 
upon drying. Elemental analysis for C74H74N6P4Mn2: Calcd. C, 
69.37%; H, 5.82%; N, 6.56%; Found C, 69.36%; H, 6.35%; N, 
6.21%. Magnetic moment (Evans method, 25 °C): µeff = 3.3 µB. 
1H NMR (benzene-d6, 23 °C): 32.26 (peak width at half height = 
514 Hz), 26.23 (153 Hz). 13C NMR (benzene-d6, 25 °C): No reso-
nances observed. {1H}31P NMR (benzene-d6, 25 °C): -58.49 (487 
Hz).  

General method of aldehyde hydrosilylation using 0.05 
mol% 2 (0.1 mol% relative to Mn): In the glove box a 20 mL 
scintillation vial was charged with 0.0022 g of 2 (0.0017 mmol). 
To the catalyst, an equimolar mixture of PhSiH3 (3.40 mmol) and 
aldehyde (3.40 mmol) was added. CAUTION: This reaction is 
exothermic and vigorous bubbling occurs, which we believe is 
due to reactant vaporization. After 2 min, the reaction was ex-
posed to oxygen to deactivate the catalyst. The resulting colorless 
solution was filtered through Celite and analyzed by 1H NMR 
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spectroscopy to determine percent conversion. The fractions were 
recombined and hydrolyzed with 2 mL of 10% aqueous NaOH 
solution upon stirring for 2 h at room temperature. The organic 
layer was extracted with diethyl ether (3 x 4 mL) and dried over 
anhydrous Na2SO4. The solvent was removed in vacuo at 40 °C to 
yield the corresponding alcohol. 

General method of aldehyde hydrosilylation using 0.005 
mol% 2 (0.01 mol% relative to Mn): In the glove box a 100 mL 
round bottom flask was charged with 0.0014 g of 2 (0.0011 
mmol). To the catalyst, an equimolar mixture of PhSiH3 (22.6 
mmol) and aldehyde (22.6 mmol) was added. CAUTION: This 
reaction is exothermic and vigorous bubbling occurs, which we 
believe is due to reactant vaporization. After 2 min, the reaction 
was exposed to oxygen to deactivate the catalyst. The colorless 
solution obtained was filtered through Celite and analyzed by 1H 
NMR spectroscopy to determine the percent conversion. The frac-
tions were recombined and hydrolyzed with 2 mL of 10% aque-
ous NaOH solution upon stirring for 2 h at room temperature. The 
organic layer was extracted with diethyl ether (3 x 4 mL) and 
dried over anhydrous Na2SO4. The solvent was removed in vacuo 
at 40 °C to yield the corresponding alcohol. 

General method of formate dihydrosilylation using 0.01 
mol% 2 (0.02 mol% relative to Mn): In the glove box a 100 mL 
round bottom flask was charged with 0.002 g of 2 (0.002 mmol). 
To the catalyst, an equimolar mixture of PhSiH3 (20.0 mmol) and 
formate (20.0 mmol) was added. CAUTION: This reaction is 
exothermic and vigorous bubbling occurs, which we believe is 
due to reactant vaporization. After 30 min, the reaction was ex-
posed to oxygen to deactivate the catalyst. The colorless solution 
obtained was filtered through Celite and analyzed by 1H NMR 
spectroscopy to determine the percent conversion. The fractions 
were recombined and hydrolyzed with 2 mL of 10% aqueous 
NaOH solution upon stirring for 2 h at room temperature. The 
organic layer was extracted with diethyl ether (3 x 4 mL) and 
dried over anhydrous Na2SO4. The solvent was removed in vacuo 
at 40 °C to yield the corresponding alcohol. 
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