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General Procedures: All experiments with metal complexes and the phosphine ligand were
carried out under an atmosphere of purified nitrogen in a Vacuum Atmospheres glovebox
equipped with a MO 40-2 inert gas purifier, in J. Young NMR tubes, or using standard Schlenk
techniques. Deuterated benzene and toluene were dried over lithium aluminum hydride (LAH)
and filtered. Deuterated THF and dioxane were degassed via three freeze — pump - thaw cycles,
dried over LAH, and distilled wunder vacuum. The ligands 2,6-bis(di-tButyl-
phosphinomethyl)pyridine (tBu-PNP)' and 6-bis(di-tButyl-phosphinomethyl)pyridine (tBu-
PNP)* were prepared according to literature procedures.

'H, C and *'P NMR spectra were recorded at 250 or 400, 100 and 162 MHz respectively, using
a Bruker AMX-250 and AMX-400 NMR spectrometers. 'H and °C NMR chemical shifts are
reported in ppm downfield from tetramethylsilane. >'P NMR chemical shifts are reported in parts
per million downfield from H3PO4 and referenced to an external 85% solution of phosphoric acid
in D,0O. Abbreviations used in the NMR follow-up experiments: b, broad; s, singlet; d, doublet; t,
triplet; q, quartet; m, multiplet; v, virtual; vb, very broad. Elemental analyses were performed by
the Weizmann Institute Chemical Research Support Unit. Evans Method measurements® were
recorded at three different concentrations, with the average being given. The residual solvent
peak (C¢De) was used as the reference.’

ESR measurements: All measurements were performed on a Bruker ELEXSY'S 500 spectrometer
in hermetically close capyllary at 295K and 120K temperature.

Note on Elemental Analyses: Except for the dichloride complexes 1 and 4, which were mildly

air-sensitive, complexes were highly air-sensitive and reliable elemental analyses for these
complexes were not obtained.
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Description of Reactivity:

Synthesis of [Co(Pr-PNP)(CI),] 1.
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100 mg of "Pr-PNP ligand (0.295 mmol) and 37.5 mg of CoCl, (0.295 mmol) were mixed
together in a vial in 4ml of THF and left to stir overnight. If large crystals of the product are
desired, the mixture can be stirred intermittently for a few minutes every half an hour for two
hours and then left to stand overnight. A vial of CoCl, that gave a blue solution was left in 4 ml
of THF beside the reaction mixture. The product was a darker blue/purple color in comparison.
After leaving the reaction overnight, stirring was stopped and the solids were allowed to settle.
The purple THF solution was carefully decanted. The solids were washed three times with 2 ml
portions of THF to give 1 as a dark purple, crystalline solid (120 mg, 0.256 mmol, 86.8%). As 1
is strongly paramagnetic, its identity can be confirmed by X-Ray crystallography (not reported;
file was not finalized since structure presents no special interest). Anal. Calcd. for
Ci19oH35C1L,CoNP,: C, 48.63; H, 7.52; N, 2.67 Found: C, 46.72; H, 7.33; N, 2.59.

Synthesis of [Co(‘Pr-PNP)(Me)] 2.
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30 mg. of complex 1 (0.064 mmol) was put in a vial in 4 ml. of diethyl ether, to which 20 mg of
dry MeLi (0.91 mmol; large excess) were added. The mixture was stirred for half an hour, during
which time the purple crystals disappeared and the solution turned a strong dark black/brown
color. The solution was evaporated to dryness under high vacuum, redissolved in 3 ml of
benzene and quickly filtered through a celite plug in a glass pipette. The solids leftover were
washed with another portion of benzene and filtered. The benzene washings were combined and
evaporated to dryness. The complex was not allowed to remain standing in benzene for longer
than a few minutes during the entire process. After evaporation of the solvent, complex 2 was
obtained as a dark brown solid powder (18 mg, 0.046 mmol, 72 % yield). Complex 2 is not
stable in solution and decays to complex 3. '"HNMR obtained in C¢D¢ shows a symmetrical
diamagnetic complex with unusual pyridine H shifts, in line with Budzelaar’s formulation of
such mono-alkyl complexes as a Co(Il) center anti-ferromagnetically coupled to a ligand
centered radical” As CNMR cannot be obtained due to significant decomposition to
paramagnetic complex 3 after an hour of standing, the structure of 2 is further confirmed by
analogous complexes 4, 5, and 10 (see below). NMR broadening depends on the amount of 3
present by the time a spectrum is obtained . *'P{'"H}NMR (C¢Ds): 60.0 (bs) . 'HNMR(C¢Ds): -
1.19 (t, 3H, JPH =109 HZ, CO-CH3), 1.24 (q, 12H, JPH =12.0 HZ, JHH =59 HZ, P(CH(CH3)2)2),
1.38 (q, 12H Jpu = 12.0 Hz, Jyn = 5.9 Hz, P(CH(CHjs),) + P(CH(CHs)), 1.60 (bt, 4H, Jpy = 5.1
Hz, arm-CHy), 2.36 (bm, 4H, P(CH(CHj3),-Co), 2.28 (bm, 3H, P(CH(CH3),), 5.64 (d, 2H, Jun =
7.3 Hz, pyridine-metaH), 8.64 (bt, 1H, Juyu = 7.3 Hz, pyridine-paraH).

S2



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2013

Synthesis of [Co(‘Pr-PNP) (Me)] 3.

'Pr

/P— standingin any solvent
7 “N—Co—Me afew hours
— P/ . -

or solid state/dark

B2 afew days HH IIPIIPr 3

Any amount of complex 2 will decay to complex 3 if left in solution or in the solid state. The
transformation is more rapid in solution. For a full transformation to 3, 30 mg of 1 were taken
and reacted with excess MeLi as in the reaction to make 2 above, and after evaporating the
benzene washings under high vacuum, were dissolved in 4 ml. of pentane and allowed to stand
for 16 hrs. After this time, the pentane was allowed to slowly evaporate. The solids were re-
dissolved in pentane (2x 3 ml) and filtered through a celite plug. The combined dark red pentane
washings were allowed to slowly evaporate to give a red, crystalline solid that was characterized
by X-ray spectroscopy as complex 3. 'HNMR (C¢Ds): -39.3 (bs), -27.63 (bs), - 16.714 (bs), -8.59
(bs), 0.87 (bt, 3H, Jpu = 7.0 Hz, Co-CHj), 1.23 (2H, bm, P-CH,), 0-2 (bs), 6.5-8 (bs, Pr-CHj3),
10-13.5 (bs, 'Pr-CH3), 14.5-17 (bs, 'Pr-CHs), 40-43 (bs), 49-52 (bs).

Synthesis of [Co(‘Bu-PNP)(Cl),] 4.
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Complex 4 was prepared in the same way as detailed above for the synthesis of 1. 100 mg of
‘Bu-PNP ligand (0.253 mmol) and 32.8 mg of CoCl, (0.295 mmol) were dissolved together in a
vial in THF (5 ml). It is important to prepare a vial of CoCl, for comparison in THF for this
reaction, as a CoCl; solution is light blue and small amounts of 4 dissolved in THF give a darker
blue solution. When the solution stops turning a darker blue after an interval of several hours, it
is safe to stop the reaction. Usually reaction times of 1 day are more than sufficient to ensure
conversion to a blue, crystalline solid (95 mg, 0.18 mmol, 69%). Washings with THF will
remove non-reacted starting materials, but as 4 is slightly more soluble than 1 in THF, yield is
compromised. Identity of 4 can be confirmed by X-ray analysis (not reported; file was not
finalized since structure presents no special interest). Anal. Calcd. for C23H43C1,CoNP,: C, 52.58;
H, 8.25; N, 2.67. Found: C, 50.30; H, 7.97; N, 1.97.

Synthesis of [Co(‘Bu-PNP)(Me)] 5.
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50 mg. of complex 4 (0.0917 mmol) were suspended in 4 mL of benzene and a large excess of
solid MeLi was added (25 mg, 1.13 mmol). The two solids were stirred rapidly for 3 hrs. During
the first ten minutes a gradual, and increasingly rapid color change was observed from a
colorless solution to very dark black. The solution was left to react for the full amount of time.
Afterwards, the solution was filtered through a celite plug and the benzene evaporated under
high vacuum to give complex 5 as a dark, black solid (containing a small amount of 6). Unlike
complex 4, no *'PNMR peak was observed, due to residual paramagnetism. Recorded yield of a
good sample of 5 with less than 5% impurity of complex 6 is 32 mg (6.82e-5 mmol, 74.4%)).
This particular reaction was repeated at least thirty times in order to find the best conditions for
the synthesis of pure 5. There was no discernible factor that affected the amount of 6 present
with regard to 5. Sometimes the mixture is 50/50 by NMR. In order not to lose large amounts of
complex 4 if only 5 and not 6 is desired, the best protocol may be to set three parallel reactions
of 30 mg each of complex 4 under the conditions described here. It is very likely that at least one
of the vials will turn out to contain complex 5 of >95% purity after filtration. Complex 5 is stable
in the solid state and in benzene solution. 'HNMR (C¢Dy): -1.07 (t, 3H, Jpy = 10.2 Hz, Co-CHa),
1.49 (bt, 40H, Jpy = 12.0 Hz, Jun = 5.6 Hz, P(C(CHs3)3) and PCCH, at 1.52 ppm), 5.58 (d, 2H,
Jun = 7.2Hz, pyridine-metaH), 8.64 (vt, 1H, pyridine-paraH). '"HNMR (C¢Ds): 29.5, 33.5 (t,
Jrc=4.7Hz), 37.7 (t, Jpc=6.6Hz), 64.6, 106.8, 123.8 (t, Jpc=7.4Hz), 153.8 (t, Jpc=6.6Hz).

Synthesis of [Co(‘Bu-PNP)*(Me)] 6 and its reactivity with H,.
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A sample of complex 5 (10 mg), was dissolved in 2 mL of pentane and allowed to stand for one
day. Afterwards, the pentane was allowed to slowly evaporate to give a red, crystalline solid. A
good structure could not, however, be obtained. The solid was re-dissolved in 4 ml of pentane
and filtered through a celite plug, then the solvents were evaporated under high vacuum to give 6
as a dark reddish solid/powder (8.3 mg, 83%). A minor amount of 5 is still present at the end of
the reaction (see NMR Figure S10). Unlike for complex 3, even after longer reaction times, it is
difficult to eliminate the trace amount of starting material. Complex 6 (5mg) decomposes upon
the addition of H, (~3ml at 1atm, 4x excess) (Figure S17) to give an undetermined paramagnetic
species. The peak of excess hydrogen is unaffected by paramagnetism. 'HNMR (C¢Dg): -30.23
(bs), -26.72 (bs), - 15.96 (bs), -7.49 (bs), 1.10 (bs, 3H, Co-CH3), 1.48 (2H, bm, P-CH,), 9-13 (bs,
‘Bu-CH3), 11-15 (bs, 'Bu-CHs), 14.5-17 (bs, 'Pr-CHs), 40-43 (bs), 61-63 (bs).
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Synthesis of [Co(‘Bu-PNP)(Me)]'[I]” 7a and [Co(‘Bu-PNP)(Me)] [BF4] 7b.

Bu By —I © x©
P-Bu  excess Mel p-1By
—_—
/_\ N—Co/—l\/le or 1eq. 7 N—Co/—l\/le

/ ferrocenium — /

Ff‘tBu borate F:\tBu

Bi 5 B0 7a X<

7b X:BF4

16.5 mg of complex 6 (0.0351 mmol) were added to a vial and suspended in 2 ml of benzene. A
large excess of Mel was added via microsyringe (5 uL.) and the solution was stirred for a few
min. During this time the color of the solution changed from dark black to green. The stirring
was stopped and the solution was set aside. After one week, X-Ray quality crystals of 7a were
obtained as a green solid (~21 mg, quantitative yield). It is also possible to add ferrocenium
borate in a stoichiometric amount to obtain the same complex, but with borate as the counterion.
The yield was not accurately measured for the latter reaction, however, the regular green
crystalline material was characterized by X-ray crystallography to give 7b. As this structure is
redundant, it is only included as a CIF file attachment with the manuscript.

GC Experiments: __ PRODUCTS

room temperature

Y
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THF g / 1 week

~0.10
Two experiments were performed with complex 5 inside a Young NMR tube. The first
experiment consisted of a 1:1 mixture of complex 5 (5 mg, 0.0106 mmol) and diphenylacetylene
(1.9 mg, 0.0106e mmol) dissolved in 0.4 ml of THF 4. The reaction and the subsequent
transformation of 5 to 6 was followed by NMR. After one day of reaction time most of complex
5 was transformed to 6. Concurrently, a reaction with diphenylacetylene was also observed.
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However, the paramagnetic complex 5 broadened the peaks of all other species in solution and it
was difficult to assign particular frequencies. A sample was taken from the NMR tube for
GC/MS analysis. The program used had a 3 min hold time at 50 °C, then a 15° C/min ramp until
280 degrees; this gave sufficient separation of isomers, but a lower ramp should increase the
separation between o-methylstilbene and E-stilbene. Subsequently, run times of standard
samples of diphenylacetylene, Z-stilbene, E-stilbene and a-methylstilbene were obtained and
compared with the run times of the peaks to determine the distribution of products. The m/z
pattern of the products matched that of the standard samples as well. All the peaks contained
natural isotope patterns, confirming that hydrogenation of the triple bond occurred as a result of
hydrogen transfer from the complex and not from the deuterated solvent. The spectrum (the
region of interest is introduced below) and the run-times of the standards are also given (Figure
S3). In the first run with the 1:1 mixture of 8 and diphenylacetylene the peak at 12.82 min did
not match any of the standards and based on run-time and isotope pattern, it was assigned as Z-
methyl-stilbene. The products make up ~50% of the total with the unreacted starting material
making up the other half. A longer reaction time did not lead to any substantitive change. Despite
the presence of methyl-stilbene as one of the products of the reaction, we were only able to
detect complex 6 by NMR as one of the products. Presumably, methyl transfer occurs by
hemolytic rupture of the Co-CHj3 bond, however the product is either insoluble or it falls out of
solution, or is very paramagnetic and impossible to observe via NMR. Regardless, it is a minor
product.

The second reaction was performed in dioxane-d8 (as we ran out of THF-d8) and consisted of a
2:1 mixture of complex 5 (10.5 mg, 0.0224 mmol) and diphenylacetylene (2.0 mg, 0.0112 mmol).
Unlike in THF, the reaction in dioxane was much slower and showed only partial (~20%)
transformation to complex 6 after 40 hrs. We already saw with benzene and pentane that certain
solvents can dramatically retard or accelerate the reaction 56. However, in order to see if
diphenylacetylene could be fully consumed by this ratio of reactants, which was the primary
purpose of the experiment, the reaction was heated at 70°C for 24 hrs, after which time complete
transformation was observed by NMR. While this means that the conditions between the two
reactions described here were not exactly the same (70 °C vs. room temperature and THF vs.
dioxane solvent), we believe that they are close enough to make credible conclusions) The
heating procedure however, would also isomerizes any Z-stilbenes present in solution to E-
stilbenes; so even if the former are primary products of the reaction, they would not be detected.
As in the previous experiment, paramagnetic broadening resulted in us not being able to assign
compounds via NMR except to say in general that olefinic peaks appeared along with the
appearance of complex 6. The resulting GC/MS spectrum, ran with the same program described
earlier, is reproduced in Figure S4. There is no diphenyl-acetylene present and Z-stilbenes are
minor traces. There is a large peak for E-methylstilbene and a major peak for E-stilbene (~80%).
As the peaks are overlapping, integration was not reliable in this case. The last peak was
identified conclusively as E-stilbene by sampling the decomposition pattern in the large shoulder
region where the 194 m/z peak from the E-methylstilbene peak is missing. All of the products
did not show any deuterium incorporation.

Controls were performed by leaving 5 in THF-d8 and heating it at 70 °C in dioxane-d8 in a

Y oung tube without any substrate to capture H radicals. In both cases a transformation to
complex 6 as the only NMR visible product was observed.
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Figure §3: GC/MS trace of a 1:1 reaction of complex 5 and diphenylacetylene.

Compound Run time

Diphenylacetylene 13.6-13.7 min

Z-stilbene 12.4-12.5 min

Z-methylstilbene (?) 12.8 min (no standard present, but 194 m/z peak is seen)
a-methylstilbene 13.9 min (not present here; no 194 m/z peak)

E-stilbene 13.94-14.00 min
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Figure §4: GC/MS trace of a 2:1 reaction of complex 5 and diphenylacetylene.

Compound Run time
Diphenylacetylene 13.6-13.7min
Z-stilbene 12.4-12.5min
a-methylstilbene 13.9min
E-stilbene 13.94-14.00 min

Ay T # Daa

0 13.80 1380 1400 1410 1420 1230 1
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Figure S5: '"HNMR reaction of synthesis of 2. Only complex peaks integrated. Paramagnetic 3 is
present (i.e. peak at 0.8 ppm and broad region under 1.22 'Pr peak). Impurities at 0.5 and 1 ppm.
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Figure S7: 'HNMR expansion of aromatic region of 2. (Ib exp=0.1)
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Figure S9: expansion 'HNMR of 3.
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Figure SI1: 'HNMR of 5. Peak at 1 ppm is complex 6.
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Figure S13: PCNMR of 5. Impurity at 15 ppm (from paramagnetic 6?)
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Figure S14: 'HNMR of 6. Small amount of complex 5 is still present.
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Figure S15: expansion of 'HNMR of 6.

ppm (f1)

Figure S16: 'HNMR of 6 without any 5 present, but missing peak at 62 ppm.
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Figure S17: 'HNMR of the decomposition product of 6 upon addition of H, (4.5 ppm).
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Table S1. X-ray diffraction experimental data®

Complex 3 7b 7a
Formula CyoH3;CoNP, C,4H46BCoOF4P, C,4H46CoNP, |
Mw 412.38 556.30 596.39
Description Black plate Yellow prism Yellow plate
Space group P2,/n P-1 P-1
Crystal Monoclinic Triclinic Triclinic
system
a[A] 11.0860(1) 8.3331(3) 8.2349(3)
b[A] 13.6610(3) 12.3139(5) 12.3743(4)
C[A] 28.9400(6) 14.4758(5) 14.5566(5)
al°] 73.052(2) 73.304(2)
B[] 95.6100(12) 76.271(2) 76.195(2)
v[°] 88.469(3) 88.421(8)
Volume [A%] 4361.9(1) 1378.86(9) 1378.42(8)
z 8 2 2
P caled mg m” 1.256 1.340 1.437
u [mm™] 0.936 0.778 1.869
R, [1> 20(1)] 5.62 3.44 3.41
[%]
R; (all data) 8.73 5.04 4.96
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[%]
No. of 61089(7977) 22984(8406) 24085(6937)
Reflections
(unique)
Rint 0.067 0.0331 0.0348
Parameters 451 339 275
20[°] 54.96 61.10 54.96
Goodness of 1.057 1.009 1.055
fit

®Crystals were coated in Hampton Paratone oil mounted in a fiber.

Crystal data were measured either at 100 °K on a Bruker Kappa Apex-Il CCD diffractometer or at 120 °K
on a Nonius KappaCCD diffractometer equipped with (A(Mo-Ka) = 0.71073 A) radiation, graphite
monochromator and MiraCol optics. The data were processed with APEX-Il or Nonius collect package
programs. Structures were solved by either the AUTOSTRUCTURE module or SIR-97 and refined with
full-matrix least-squares refinement based on F? with SHELXL-97. Full details can be found in the CIF files

and Table S1.
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DFT Calculations:

Computational details. Theoretical calculations in this work have been performed using density
functional theory (DFT) method, (6) specifically functional PBE, (7) implemented in an original
program package “Priroda”. (8,9) In PBE calculations relativistic Stevens-Basch-Krauss (SBK)
effective core potentials (ECP) (10) optimized for DFT-calculations have been used. Basis set
was 311-split for main group elements with one additional polarization p-function for hydrogen,
additional two polarization d-functions for elements of higher periods. (11) Full geometry
optimization has been performed without constraints on symmetry. For all species under
investigation frequency analysis has been carried out. All minima have been checked for the
absence of imaginary frequencies. The transition state possessed just one imaginary frequency.
Using the Intrinsic Reaction Coordinate Method, L*Ru(H)(OEt); LRu(H)(OEt) and the
corresponding transition state were proven to be connected by a single minimal energy reaction
path.

Figure S18: Species considered in the current study (all species calculated except H atom).
Values are given as AGaog, with all species calculated in the gas phase.
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Computational discussion.

The reaction was calculated for complexes with the tBu substituent (5 and 6) so as not to deal
with iPr conformational isomers although a crystal structure of 2 was available. Another reason
is that 5 appears to be more stable than 2 in that it does not decompose towards 6 in the solid
state or in benzene solution. Values are given as AGaos, with all species calculated in the gas
phase. In the discussion below, ‘reaction’ refers to reactions numbered 1-5 in Figure S17.

Reaction 1 one was obtained from the value of 104 kcal/mol (1* year chemistry books,
Wikipedia, common knowledge) for the homolytic splitting of hydrogen. Reaction 3 had all the
species calculated, with complex 6 having the lowest energy in the doublet configuration. Based
on the values for reactions 1 and 3, we arrive at a value of 56.9 kcal/mol for reaction 2, or
spontaneous homolytic bond cleavage, much more than energy available at room temperature,
however much lower than the ~90 kcal/mol bond strength of a typical benzylic CH bond. . It is
much more likely that the reaction occurs by hydrogen abstraction, as suggested by the
experiment with diphenylacetylene where the fate of the hydrogen atom is determined. Equation
4 is a reaction between complex 5 and a benzylic radical, to make 6 and toluene. The reaction is
very exergonic and suggests that trace reactive species can cause this reaction to occur. It is
indeed very difficult to trap/obtain species 2 and 5 and not their reaction products, as is
suggested by the calculation. Diphenylacetylene can be considered as a stand-in for a reactive
species in equation 4. It is possible to envision that in a natural system, a pendant amino acid
might react in such a way to neutralize a radical with both in proximity, but not coordinating to, a
cobalt center.

In addition to the diphenylacetylene experiment, a reaction with TEMPO was carried out with
complex 2 (excess) and monitored via EPR as described in the main text of the document and
above in the SI, with an EPR signal characteristic of complex 3 appearing as the signal of
TEMPO diminished. Due to TEMPO being regenerated after the admittance of oxygen, there is
every indication that a hydrogen atom from the complex is captured by TEMPO. This was
modeled in reaction 5. Since TEMPO is a stable radical that can be handled under air in an
organic laboratory setting, the reaction is accordingly much less favorable than in the case of the
benzyl radical, but is still exergonic (-2.5kcal/mol).
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Figure S§19: Optimized Geometries.
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Figure §20: a) Signal of 3 by itself b) EPR of 2 = 3 reaction and TEMPO three hours after
mixing (complex 3 signal marked by *) before complete disappearance of TEMPO triplet c)
same mixture after TEMPO signal disappears overnight and oxygen admitted; note: y-axis scaled
differently for better graphical representation.
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