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1 Experimental Details

1.1 General Considerations

Unless otherwise noted, all manipulations were carried out under an inert atmosphere using a nitrogen-
or argon-filled glovebox or standard Schlenk techniques. Glassware was oven-dried before use. Solvents
were degassed by sparging with ultra-high purity argon and dried via passage through columns of drying
agents using a Glass Contours solvent purification system from Pure Process Technologies. Benzene-
ds was degassed via repeated freeze-pump-thaw cycles and dried over 3 A molecular sieves before use.
(PNNP)Fe®! (1) and phenylacetylene-d; 52 were prepared according to literature procedures. Phenylacetylene,
4-(trifluoromethyl)phenylacetylene, 4-(tert-butyl)phenylacetylene, p-tolylacetylene, 4-fluorophenylacetylene,
tert-butylacetylene, trimethylsilylacetylene, 1-octyne, propargyl alcohol, and tert-butylisocyanide were
purchased from Sigma Aldrich, dried over MgSQy, purified by vacuum distillation, and stored over 3 A
molecular sieves prior to use. Solid 4-bromophenylacetylene and 4-aminophenylacetylene were purchased
from Sigma Aldrich, purified by vacuum sublimation, and dried under mild vacuum for 72 h prior to use.
NMR spectra were recorded at ambient temperature unless otherwise stated on a Bruker AVIII 400 MHz
or Bruker Avance Neo 400 MHz (with an H-F Prodigy cryoprobe) spectrometer. 'H and 3C{'H} NMR
chemical shifts were referenced to residual solvent resonances and are reported in ppm. 3'P{1H} NMR
chemical shifts (in ppm) were referenced to 85% HzPO4 (0 ppm) using an external standard. Solid-state
attenuated total reflection infrared spectra (ATR-IR) were acquired using a Bruker Alpha II instrument.

Elemental microanalyses were performed by Midwest Microlab, Indianapolis, IN.

1.2 Synthesis of [([PNYNHP)Fe(CCPh),] (2)

Neat phenylacetylene (0.0160 g, 0.157 mmol, 2.1 equiv) was added by mass to a shell vial, diluted with 1 mL
THE, and added dropwise to a 20 mL scintillation vial with a stirring solution of 1 (0.0473 g, 0.0745 mmol) in
THF (4 mL). The reaction was allowed to stir for 3 hours, during which the solution changed from a dark
red-brown to a deep orange color. After stirring, EtO (15 mL) was added, and the mixture was passed
through a medium porosity fritted glass funnel. The volatile components were removed from the filtrate
in vacuo. The resulting orange-brown residue was washed with pentane (3 x 3 mL) to remove residual
organics and collected on a pipet filter constructed with glass microfiber filter paper. The collected solids
were extracted through the filter paper with C¢HsF (3 mL). A preparative recrystallization was performed
by vapor diffusion of methyl tert-butyl ether into this concentrated solution of 2 in CgHsF at 35 °C. The

resulting crystals were collected on a frit to yield spectroscopically pure 2 (0.0225 g, 36.0%). Single crystals
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suitable for X-ray diffraction analyses were also obtained using this method. 'H NMR (400 MHz, C¢Ds): ¢
7.76 (m, 4H, Ar-H), 7.57 (m, 2H, Ar-H), 7.46 (m, 4H, Ar-H), 7.13-6.75 (overlapping multiplets, 26H, Ar-H),
6.84 (d, ] = 8.4 Hz, 2H, Ar-H), 5.80 (d, ] = 9.0 Hz, 2H, N-H), 3.09 (dd, J = 10.0 Hz, 7.0 Hz, 2H, CH,CH)),
2.61 (m, 2H, CH,CHy). 3'P{'H} NMR (243 MHz, C¢Ds): 6 76.62 (s, 2P). 13C{'H} NMR (101 MHz, CgDs):
6 141.43,139.19,137.14, 134.13 (d, | = 17.8 Hz), 131.81, 131.05, 129.23, 128.89, 128.78, 128.66 (d, ] = 9.8 Hz),
124.05, 123.59, 117.95, 110.83, 107.75, 96.48 (C=C), 89.00 (C=C), 43.30. ATR-IR (cm~!): 2046 (C=C), 3021
(N—H). Due to the extreme air and moisture sensitivity of this compound, elemental microanalysis failed to

provide acceptable results.

1.3 Synthesis of [[PNNP)Fe(CN'Bu),] (3)

To a 20mL scintillation vial equipped with a stir bar, 1 (12.2 mg, 0.0192 mmol) was dissolved in 2 mL of CsHs.
CN'Bu (4.78 pL, 2.2 equiv) was added via micropipet. The mixture was stirred for 10 minutes, during which
the color changed from the deep red/brown of 1 to a very intense bright orange. The volatile components
were removed from the mixture in vacuo via lyophilization to yield an analytically pure yellow-orange
powder (15.1 mg, 0.0189 mmol, 98%). Single crystals suitable for X-ray diffraction analyses were grown by
slow evaporation of an Et;O solution of 3 at =35 °C. 'H NMR (400 MHz, C¢Ds): & 7.56 (t, | = 8.1 Hz, 8H,
Ar-H), 7.23 (m, 4H, Ar-H), 6.99 (m, 14H, Ar-H), 6.39 (t, ] = 7.3, 2H, Ar-H), 3.56 (s, 4H, CH>CH>), 0.55 (s,
18H, (CH3)3). 3'P{'H} NMR (162 MHz, C¢Dg): 6 70.04 (s, 2P, PPhy). 3C{'H} NMR (101 MHz, C¢Ds): 168.47
(m), 167.31, 140.16 (m), 134.18, 133.72 (t, ] = 5.1 Hz), 131.41, 128.59, 119.94 (m), 112.76 (t, ] = 6.0 Hz), 108.82
(t, ] =3.5Hz), 55.65, 54.09, 30.17. ATR-IR (cm~'): 2111 (C=N). Anal. Calcd. for C4gHsoFeN4P: 72.00 % C,
6.29% H, 7.00% N; Found: 71.80% C, 6.13% H, 5.74% N.

1.4 General procedure for catalytic runs

To a stirring solution of 1 in C¢De (approximately 0.7 mL), the alkyne substrate was added by mass to the
solution. The mixture was then capped, placed on a stirring hotplate set at 30 °C, and allowed to stir for 2
hours. Following this, a stock solution of an appropriate internal integral standard (hexamethylbenzene
for most; trimethoxybenzene for substrates with para-substituted alkyl groups) was added for purposes of
quantification, and the product yield and substrate conversions were determined with quantitative 'H NMR
spectroscopy. Due to longer T; relaxation times of the alkenyl signals expected in the absence of Oy, the

relaxation delay time (d1) was set to 45 seconds. Quantified NMR spectra are presented in Figures 529-534.
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1.5 Dimerization of 4a

Following the general procedure outlined in Section 1.4, 1 (79.9 mg of solution, 0.00268 mmol) was added a
stock solution (0.0335 mmol 1/ g soln.) in C¢Dg to a vial containing a stir bar and approximately 0.7 mL
CsDg. To this, 4a (26.1 mg, 0.255 mmol, 95 equiv) was added by mass. Upon completion of the reaction, the
integral standard hexamethylbenzene (137.5 mg of solution, 0.127 mmol, 47.5 equiv) in C¢Dg (0.928 mmol
HMB / g soln.). H NMR of Z-dimer (400 MHz, C¢Dg): 6 7.93 (d, ] = 7.3 Hz, 2H, Ar-H), 7.44 (d, ] = 8.0
Hz, 2H, Ar-H), 7.01 (overlapping m, 6H, Ar-H), 6.41 (d, ] = 12.0 Hz, 1H, C=C-H), 5.80 (d, ] = 11.9 Hz, 1H,
C=C-H). Olefinic C-H of E-dimer: 6.30 (d, ] = 16.3 Hz). The second doublet of the E-dimer was obscured by
the aromatic region. Product formation was verified by comparison of the 'H NMR spectrum to literature

data.s?

1.6 Dimerization of 4b

Following the general procedure outlined in Section 1.4, 1 (22.1 mg of solution, 0.00332 mmol) was added
a stock solution (0.150 mmol 1/ g soln.) in C¢Dg to a vial containing a stir bar and approximately 0.7 mL
CsDs. To this, 4b (49.8 mg, 0.314 mmol, 95 equiv) was added by mass. Upon completion of the reaction, the
integral standard 1,3,5-trimethoxybenzene (145.5 mg of solution, 0.0975 mmol, 29.5 equiv) in C¢Dg (0.670
mmol TMB / g soln.). I'H NMR of Z-dimer (400 MHz, C¢Dg): 6 8.02 (d, ] = 8.5 Hz, 2H, Ar-H), 7.51 (d,] =
8.4 Hz, 2H, Ar-H), 7.33 (d, ] = 8.5 Hz, 2H, Ar-H), 7.12 (d, | = 8.4 Hz, 2H, Ar-H), 6.50 (d, ] = 11.9 Hz, 1H,
C=C-H), 5.87 (d, ] = 11.9 Hz, 1H, C=C-H), 1.21 (s, 9H, 'Bu), 1.13 (s, 9H, ‘Bu). Olefinic C—H of E-dimer: 6.42
(d, ] =16.3 Hz). The second doublet of the E-dimer was obscured by the aromatic region. Product formation

was verified by comparison of the 'H NMR spectrum to literature data.*

1.7 Dimerization of 4c

Following the general procedure outlined in Section 1.4, 1 (84.7 mg of solution, 0.00284 mmol) was added a
stock solution (0.0335 mmol 1/ g soln.) in C¢Dg to a vial containing a stir bar and approximately 0.7 mL
CsDg. To this, 4¢ (32.5 mg, 0.271 mmol, 95 equiv) was added by mass. Upon completion of the reaction, the
integral standard hexamethylbenzene (145.2 mg of solution, 0.135 mmol, 47.5 equiv) in C¢Ds (0.928 mmol
HMB / g soln.). 'H NMR of Z-dimer (400 MHz, C¢Dg): 6 7.67 (m, 2H, Ar-H), 7.14 (m, 2H, Ar-H), 6.78 (t, ] =
8.8 Hz, 2H, Ar-H), 6.60 (t, ] = 8.8 Hz, 2H, Ar-H), 6.26 (d, ] = 11.9 Hz, 1H, C=C-H), 5.70 (d, ] = 12.0 Hz, 1H,
Ar-H). Olefinic C—H of E-dimer: 6.09 (d, ] = 16.3 Hz). The second doublet of the E-dimer was obscured by
the aromatic region. Product formation was verified by comparison of the 'H NMR spectrum to literature

data.S*
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1.8 Dimerization of 4d

Following the general procedure outlined in Section 1.4, 1 (33.6 mg of solution, 0.00504 mmol) was added
a stock solution (0.150 mmol 1/ g soln.) in C¢Dg to a vial containing a stir bar and approximately 0.7 mL
CsDg.To this, 4d (18.3 mg, 0.102 mmol, 20 equiv) was added by mass. Upon completion of the reaction, the
integral standard hexamethylbenzene (18.0 mg of solution, 0.00739 mmol, 1.4 equiv) in C¢Dg (0.410 mmol
HMB / g soln.). H NMR of Z-dimer (400 MHz, C¢Dg): 6 7.49 (d, ] = 8.6 Hz, 2H, Ar-H), 7.41 (d, ] = 8.0 Hz,
2H, Ar-H), 7.25 (d, ] = 8.6 Hz, 2H, Ar-H), 7.08 (d, ] = 8.5 Hz, 2H, Ar-H), 6.19 (d, ] = 11.9 Hz, 1H, C=C-H),
5.68 (d, ] =11.9 Hz, 1H, C=C-H). Olefinic C—H of E-dimer: 6.08 (d, ] = 16.3 Hz). The second doublet of the
E-dimer was obscured by the aromatic region. Product formation was verified by comparison of the 'H

NMR spectrum to literature data.>?

1.9 Dimerization of 4e

Following the general procedure outlined in Section 1.4, 1 (80.0 mg of solution, 0.00268 mmol) was added a
stock solution (0.0335 mmol 1/ g soln.) in CgDg to a vial containing a stir bar and approximately 0.7 mL
CeDe. To this, 4e (43.3 mg, 0.255 mmol, 95 equiv) was added by mass. Upon completion of the reaction, the
integral standard hexamethylbenzene (137.2 mg of solution, 0.127 mmol, 47.5 equiv) in C¢Dg (0.928 mmol
HMB / g soln.). 'H NMR of Z-dimer (400 MHz, C¢Dg): 6 7.64 (d, ] = 8.1 Hz, 2H, Ar-H), 7.01 (m, 2H, Ar-H),
6.25(d, ] =119 Hz, 1H, C=C-H), 5.73 (d, ] = 12.0 Hz, 1H, C=C-H). Remaining two Ar-H signals (4 H total)
could not be located due to their overlap with aromatic peaks corresponding to unreacted alkyne. Olefinic
C-H of E-dimer: 6.12 (d, ] = 16.3 Hz). The second doublet of the E-dimer was obscured by the aromatic

region. Product formation was verified by comparison of the 'H NMR spectrum to literature data.>*

1.10 Dimerization of 4f

Following the general procedure outlined in Section 1.4, 1 (30.5 mg of solution, 0.00457 mmol) was added
a stock solution (0.150 mmol 1/ g soln.) in C¢Dg to a vial containing a stir bar and approximately 0.7 mL
CsDg.To this, 4f (10.7 mg, 0.0914 mmol, 20 equiv) was added by mass. Upon completion of the reaction, the
integral standard hexamethylbenzene (19.5 mg of solution, 0.00800 mmol, 1.8 equiv) in C¢Ds (0.410 mmol
HMB / g soln.). 'H NMR of Z-dimer (400 MHz, C¢Ds): § 6.29 (d, ] = 12.0 Hz, 1H, C=C-H), 5.75 (d, ] = 11.9
Hz, 1H, C=C-H). The four Ar-H signals (8 H total) and two NH3 signals (4 H total) could not be located due

to the low yield of this product. The E-dimer was not detected for this substrate.
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1.11 Catalytic Investigation of 2

In a 20 mL scintillation vial equipped with a stir bar, 2 (19.1 mg, 0.023 mmol) was dissolved in CgHg (1 mL).
Neat phenylacetylene (260 pL, 2.3 mmol, 100 equiv) was added by micropipet. The vial was then stirred on
a hot plate at 30 °C for 1 h. Following this, the volatile components were removed in vacuo to analyze the

resulting product mixture and confirm that the organic dimer had been formed.

1.12 Preparation of [[PNPNPP)Fe(CCPh);] (2-D) and PhCCH Crossover Experiment

Following the synthesis described for 2 in Section 1.2, neat phenylacetylene-d; (0.0219 g, 0.214 mmol, 2.2
equiv) was added by mass to a shell vial, diluted with 1 mL THF, and added dropwise to a 20 mL scintillation
vial containing a stirring solution of 1 (0.0619 g, 0.0976 mmol) in THF (4 mL). The reaction was allowed to
stir for 3 hours, during which the solution changed from a dark red-brown to a deep orange color. After
stirring, Et;O (15 mL) was added, and the mixture was passed through a medium porosity fritted glass
funnel. The volatile components were removed from the filtrate in vacuo. The resulting orange-brown
residue was washed with pentane (3 x 3 mL) to remove residual organics and collected on a pipet filter
constructed with glass microfiber filter paper. The collected solids were extracted through the filter paper
with C¢HsF (3 mL). A preparative recrystallization was performed by vapor diffusion of methyl tert-butyl
ether into this concentrated solution of 2-D in CgHsF at -35°C. These crystals were collected on a frit to yield
spectroscopically pure 2-D (0.0288 g, 0.0343 mmol, 35.1%). 'H NMR (400 MHz, C¢Ds, Figure S42): § 7.76
(m, 4H, Ar-H), 7.57 (m, 2H, Ar-H), 7.46 (m, 4H, Ar-H), 7.11-6.83 (overlapping multiplets, 28H, Ar-H), 3.09
(apparent t, ] = 8.9 2H, CH>CHy), 2.60 (m, 2H, CH>CH>). This NMR spectrum is consistent with that of 2,
except the N-H resonance is missing in 2-D.

The entire quantity of 2-D (0.0288 g, 0.0343 mmol) was then added to a 20 mL scintillation vial equipped
with a stir bar and dissolved in THF (3 mL). To this stirring solution, phenylacetylene (15.2 pL, 0.14 mmol,
4.0 equiv) was added and allowed to stir for 3 h, during which time no color change was noted. Following
this, the product was precipitated using cold (-35 °C) Et,O and collected on a filter pipet constructed with
glass microfiber filter paper. The product was the extracted from the filter pipet using THEF, and volatile
components were removed in vacuo. The resulting residue was dissolved in CsDg for 'H NMR analysis
(Figure S42). Following this, the NMR sample of the metal complex was recombined with the extracted
organic material in Et,O from above and stripped of the metal complex by passage through a silica plug
with 3 mL of C¢Hg as an eluent, and volatiles were removed from the isolated organic product in vacuo. The
yellow-white residue was dissolved in 0.75 mL of C¢Hg, and 2 drops of CsDg were added to this solution

before transferring to a fresh NMR tube for 2H NMR analysis (Figure S43).
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113 °’Fe Mossbauer Spectroscopy Details

Samples for ’Fe Mossbauer spectroscopy were prepared by suspending approximately 30 mg of sample in
Paratone®-N cryoprotectant oil and loaded into the sample holder under liquid Nj. Spectra were obtained at
<4 K over a 24-hour period using a See Co. (Minneapolis, MN) constant-acceleration spectrometer equipped
with a Janis SHI-4 cryostat. Isomer shifts (J) are reported relative to a 25-um thick sample of a-Fe foil at 295

K. Data folding and fitting routines were performed using the WMOSS-4F software package.

2 Crystallographic Details

2.1 Collection, Solution, and Refinement of 2

The single crystal X-ray diffraction studies were carried out on a Bruker D8 Venture Kappa diffractometer
equipped with Mo(TXS-HB) K, radiation (A = 0.71073 A) and a Photon III CPAD detector. The crystal was
mounted on a MiTeGen Micromount with Paratone 24EX oil. Data were collected in a nitrogen gas stream at
100(2) K using ¢ and w scans. Data collection was 99.9% complete to 25° in 6 (0.83 A). The crystal-to-detector
distance was 60 mm using variable exposure time (4 s to 10 s) depending on 6 with a scan width of 1.0°.
A total of 152619 reflections were collected with —36 < h < 36, —17 < k < 17, —20 < [ < 20. Of these,
6325 reflections were found to be symmetry independent, with a Rin: of 0.0627. Indexing and unit cell
refinement indicated a C-centered monoclinic lattice with space group C2/c. The data were integrated using
the Bruker SAINT®® software program and scaled using the SADABS®’ software program. Structure solution
and refinement were done within the Olex2 software package.*® Solution by direct methods (SHELXT®?)
produced a complete phasing model for refinement. All nonhydrogen atoms were refined anisotropically
by full-matrix least-squares (SHELXL-20145!). All carbon-bonded hydrogen atoms were placed using a
riding model with positions constrained relative to their parent atom using the appropriate HFIX command
in SHELXL-2014. The nitrogen-bonded hydrogens were located in the difference map, and their relative
positions and thermal parameters were freely refined. A summary of determined parameters and refinement

statistics are available in Table S1.

2.2 Collection, Solution, and Refinement of 3

The single crystal X-ray diffraction studies were carried out on a Bruker D8 Venture Kappa diffractometer
equipped with Mo(TXS-HB) K, radiation (A = 0.71073 A) and a Photon III CPAD detector. The crystal was

mounted on a MiTeGen Micromount with Paratone 24EX oil. Data were collected in a nitrogen gas stream at
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100(2) K using ¢ and w scans. Data collection was 99.9% complete to 25° in 6 (0.83 A). The crystal-to-detector
distance was 50 mm using variable exposure time (2 s to 10 s) depending on 0 with a scan width of 1.0°.
A total of 101 157 reflections were collected with —13 < h < 13, —17 < k < 17, —18 < I < 18. Of these,
8545 reflections were found to be symmetry independent, with a R;; of 0.0489. Indexing and unit cell
refinement indicated a primitive triclinic lattice with space group P1. The data were integrated using the
Bruker SAINT®® software program and scaled using the SADABS®’ software program. Structure solution
and refinement were done within the Olex2 software package.*® Solution by direct methods (SHELXT®?)
produced a complete phasing model for refinement. All nonhydrogen atoms were refined anisotropically by
full-matrix least-squares (SHELXL-2014 S10y. All hydrogen atoms were placed using a riding model with
positions constrained relative to their parent atom using the appropriate HFIX command in SHELXL-2014.

A summary of determined parameters and refinement statistics are available in Table S1.

2.3 Collection, Solution, and Refinement of 5 + 6

The single crystal X-ray diffraction studies were carried out on a Bruker D8 Venture Kappa diffractometer
equipped with Mo(TXS-HB) K, radiation (A = 0.71073 A) and a Photon IIl CPAD detector. The crystal was
mounted on a MiTeGen Micromount with Paratone 24EX oil. Data were collected in a nitrogen gas stream at
100(2) K using ¢ and w scans. Data collection was 99.9% complete to 25° in 6 (0.83 A). The crystal-to-detector
distance was 50 mm using variable exposure time (2 s to 10 s) depending on 6 with a scan width of 1.0°.
A total of 127 110 reflections were collected with —16 < h < 16, —17 < k < 17, —18 < 1 < 18. Of these,
10359 reflections were found to be symmetry independent, with a Ry of 0.0676. Indexing and unit cell
refinement indicated a primitive triclinic lattice with space group P1. The data were integrated using the
Bruker SAINT®® software program and scaled using the SADABS®” software program. Structure solution
and refinement were done within the Olex2 software package.® Solution by direct methods (SHELXT%?)
produced a complete phasing model for refinement. All nonhydrogen atoms were refined anisotropically by
full-matrix least-squares (SHELXL-2014 S10y. All hydrogen atoms were placed using a riding model with
positions constrained relative to their parent atom using the appropriate HFIX command in SHELXL-2014.
The final solution shows 5 as the major component with an occupancy of 75% and 6 as the minor component
with an occupancy of 25%. A summary of determined parameters and refinement statistics are available in

Table S1.
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2.4 Collection, Solution, and Refinement of 7

The single crystal X-ray diffraction studies were carried out on a Bruker D8 Venture Kappa diffractometer
equipped with Mo(TXS-HB) K, radiation (A = 0.71073 A) and a Photon III CPAD detector. The crystal was
mounted on a MiTeGen Micromount with Paratone 24EX oil. Data were collected in a nitrogen gas stream at
100(2) K using ¢ and w scans. Data collection was 99.9% complete to 25° in 6 (0.83 A). The crystal-to-detector
distance was 50 mm using variable exposure time (2 s to 10 s) depending on 0 with a scan width of 1.0°.
A total of 106 352 reflections were collected with —14 < h < 14, —15 < k < 15, —21 < I < 21. Of these,
8759 reflections were found to be symmetry independent, with a Rjn: of 0.0554. Indexing and unit cell
refinement indicated a primitive triclinic lattice with space group P1. The data were integrated using the
Bruker SAINT®® software program and scaled using the SADABS®’ software program. Structure solution
and refinement were done within the Olex2 software package.® Solution by direct methods (SHELXT®?)
produced a complete phasing model for refinement. All nonhydrogen atoms were refined anisotropically
by full-matrix least-squares (SHELXL-2014510). The 4e-derived terminal H (labeled H1 in Figure S17) was
located in the difference map, and its position and ADPs were freely refined. All other hydrogen atoms were
placed using a riding model with positions constrained relative to their parent atom using the appropriate
HFIX command in SHELXL-2014. A summary of determined parameters and refinement statistics are

available in Table S1.

3 Discussion of the Metal Complexes Obtained in Catalytic and/or
Stoichiometric Reactions between 1 and 4a—4e

During the catalytic runs with 4e and, to a lesser extent, 4c (Figure S2), we discovered that an appreciable
quantity of an asymmetric metal complex is formed in addition to a structural analogue of 2. To probe
this formation, we treated 1 (25.6 mg, 0.040 mmol) with 2.2 equiv 4e (15.0 pL, 0.092 mmol) in THF at 78
°C for 90 min. The 3'P{'H} NMR spectrum of the reaction mixture after 2 h (Figure S3) exhibits a pair
of doublets integrating 1:1 to each other and a singlet integrating to 2 relative to one of the doublets. We
attribute the singlet to the aforementioned bis(acetylide) complex 5 analogous to 2, whereas the pair of
doublets corresponds to a new asymmetric product 6 with inequivalent phosphine donors. On the basis of
this 3!P{'H} spectrum, the asymmetric complex is formed in a 2:1 ratio with respect to the bis(acetylide)
complex.

The F{'H} spectrum (Figure S4) exhibits three singlets attributable to metal-containing species that

integrate 1:1:1 relative to each other. Based on the 2:1 relative integration of the asymmetric species to
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Figure S1: Reaction of 1 with 2 equiv 4e to form the 5 + 6 mixture (top) and derivatization of 6 by treatment
of the mixture with 1 equiv CN'Bu (bottom). A detailed discussion of these complexes follows in-text.

the bis(acetylide) complex and the observed symmetries of these complexes, one of these singlets (-61.3
ppm, determined by comparison to the spectrum in Figure S9) corresponds to the 6 equivalent fluorine
atoms of the two CF3 groups of the symmetric bis(acetylide) complex 5, whereas the other two singlets each
correspond to three fluorine atoms of two chemically inequivalent CF3 environments of the asymmetric
complex 6.

The 'H NMR spectrum (Figure S5) of this mixture contains a broad doublet at 5.58 ppm integrating
to 2, corresponding to the two amine protons of the bis(phenylacetylide) complex 5. On the basis of a 'H
COSY experiment (Figure S7), the resonance at 2.95 corresponds to one pair of ethylene backbone protons
on the bis(acetylide), and the other resonance for the second pair of backbone protons is overlapping with
peaks for the asymmetric species at approximately 2.64 ppm. The asymmetric species 6 has 4 ethylene
backbone resonances that appear as multiplets at 3.39 and 3.20, with two more multiplets overlapping
with the aforementioned backbone resonance of the bis(acetylide) complex at approximately 2.64 ppm. The
ethylene backbone protons of 6 integrate 1:1 relative to each other and with a combined integration consistent
with a 2:1 ratio of 6 to 5. The presence of distinct resonances for each backbone proton in 6 suggests a break
of both the horizontal and vertical mirror planes of the (PNNP)Fe complex.

Interestingly, in the 'H NMR spectrum of the 5/6 mixture, there is a doublet of doublets at 5.95 ppm



that corresponds to 1H on 6 due to its 1:1 relative integration to the ethylene backbone resonances of 6. The
chemical shift of this resonance suggests that it is olefinic in nature. Additionally, the resonance in question
exhibits coupling in the 'H spectrum (J = 1.51, 3.14, left inset of Figure S5) but not in the "H{3'P} spectrum
(right inset of Figure S5), suggesting that this could be *Jp_; coupling to the inequivalent phosphines,
which is not uncommon in *'P NMR spectroscopy.5!! Additionally, a well-resolved doublet (] = 8.28 Hz)
centered at 5.27 ppm and integrating to 2H on the asymmetric species (2:1 relative to the ethylene backbone
resonances of the asymmetric species) is also present. This doublet is not coupled to the phosphine donors,
as it maintains its coupling in the "H{3!'P} spectrum, unlike the doublet of doublets centered at 5.95 ppm.
This resonance does, however, couple to other aromatic signals in the COSY spectrum (Figure S7), so we
attribute this to an upfield-shifted aromatic resonance.

Indeed, single crystals grown from evaporation of a supersaturated Et,O solution of the above reac-
tion mixture at -35 °C revealed the bis(4-(trifluoromethyl)phenylacetylide) complex 5 (Figure S15) as the
major component (75%) with crystallographic disorder that revealed a second, minor component (25%) 6
(Figure S16) wherein the alkyne has undergone a [2+2] cycloaddition with the Fe—N bond. The resulting
C—C distance is elongated (d-_ = 1.343(16) A) and consistent with a C=C double bond. Due to the small
amount of this minor component and complications from disorder, we were unable to locate any of the
minor component’s H atoms in the difference map. We therefore opted to explore chemical modification
as a strategy to affect separation of the mixture of 5 and 6, as any physical methods of separation were
unsuccessful owing to the very similar solubilities of both components.

Addition of 1.0 equiv of CN'Bu (3.62 uL,0.032 mmol) to the 5/6 mixture (30.9 mg, 0.032 mmol) in
THF and stirring for 30 min results in the displacement of the 4-(trifluoromethyl)-phenylacetylide moiety
of 6 (lost as 4e), leaving behind the alkyne fragment that bridges the Fe—N bond. Complex 5 does not
react with CN'Bu and remains unreacted in the mixture. A single crystal of the resulting species 7 was
obtained from a co-crystallized mixture of 7 and 5 (Figure S17). Importantly, the 4e-derived H (H1 in
Figure 517) was located in the difference map, and its position and thermal parameters were freely refined.
The 3'P{'H} NMR spectrum (Figure S8) of the mixture of 5 and 7 reveals that 5 is untouched, whereas the
two doublets corresponding to 6 have both shifted positions, consistent with the conversion of 6 to 7. The
YF{1H} spectrum (Figure S9) also reveals that the singlet for 5 has remained unchanged, but the two singlets
previously attributed to 6 are no longer present, leaving behind one new singlet corresponding to the sole
CF;3 environment of 7. Most interestingly, however, is the 'H NMR spectrum (Figure S10), wherein the two
resonances in question from the 5/6 mixture (in dashed boxes in Figures S5 and S10) are still present in a 1:2

ratio and are now shifted slightly, likely owing to the change in ligand identity trans to the Fe—C bond. We
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conclude, therefore, that this derivatization experiment confirms our hypothesis that the dd at 5.95 ppm in
the 'H spectrum of the 5/6 mixture (Figure S5) corresponds to the 4e-derived terminal olefininc H (H10B in

Figure 516), and the doublet at 5.27 ppm (2H) is an upfield-shifted aromatic resonance of 6.
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Figure S6: Full 'H NMR spectrum (CgDg, 400 MHZz) resulting from the treatment of 1 with 2.2 equiv 4e.
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4 Additional Data

N3

C1

N1
N2

P1 Fel

P2

Cc2

N4

Figure S11: Displacement ellipsoid (50%) representation of 3. For clarity, carbon-bonded H atoms and
rotational disorder of the tert-butyl methyl groups are omitted. Relevant atomic distances (A) and angles (°):

Fel-N1: 1.9941(15), Fel-N2: 1.9907(15), Fel-P1: 2.2293(5), Fel-P2: 2.2244(5), Fel-C1: 1.8691(18), Fel-C2:
1.8530(18), C1-N3: 1.160(2), C2-N4: 1.162(2), C1-Fel-C2: 171.90(7).
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Figure 512: Fitted 57Fe Méssbauer spectrum (4 K) of 3.
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Table S1: Summary of X-Ray diffraction experimental details and refined parameters for 2, 3, 6, and 5.

2 - 4 (CgH5F) 3 (5+6) - EtO 7
Formula CrgHgaF4FeNoPy CysHsoFeNygP2  CeoHsoFeFeNyPoO  CspHygFzFeNsPo
FW (g/mol) 1223.10 800.71 1048.82 887.71
T (K) 100(2) 100(2) 100(2) 100(2)
A(A) 0.71073 0.71073 0.71073 0.71073
a (A) 29.4666(15) 10.7765(8) 13.4659(8) 11.7110(5)
b (A) 13.8824(7) 13.6127(9) 13.8415(8) 12.5996(5)
¢ (A) 16.5411(7) 14.6156(10) 14.7796(9) 16.8271(8)
a () 90 90.015(2) 93.4090(19) 96.3440(14)
B(°) 114.2120(14) 96.865(3) 105.088 (2) 100.6083(15)
v ©) 90 100.703(2) 106.3324(18) 116.0944(13)
V (A3) 6171.2(5) 2091.1(3) 2526.2(3) 2139.53(16)
Space Group C2/c P1 P1 P1
Z 4 2 2 2
Desied (8/cm®) 1316 1272 1.379 1.378
U (mm~1) 0.356 0.475 0.429 0.481
R1 (I >20(1)) 0.0311 0.324 0.0455 0.0323
wR; (all data) 0.0855 0.0890 0.1240 0.0855
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Figure S13: Fully-labeled displacement ellipsoid (50%) representation of 2. Symmetry-equivalent positions
of the asymmetric unit are generated to provide a complete molecular representation. The fluorobenzene
solvent molecules are each disordered over two positions.

5-27



Figure 514: Fully-labeled displacement ellipsoid (50%) representation of 3.
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Figure S15: Fully-labeled displacement ellipsoid (50%) representation of 5 obtained as the major component
(75%) co-crystallized with 6 (Figure 516).

5-29



Figure S16: Fully-labeled displacement ellipsoid (50%) representation of 6 obtained as the minor component
(25%) co-crystallized with 5 (2?).
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Figure S17: Fully-labeled displacement ellipsoid (50%) representation of 7.
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Figure S18: 'H NMR spectrum (C¢Dg, 400 MHz) of 2. Residual THF and pentane are marked with * and 1, respectively.
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Figure S24: IH NMR spectrum (CgDg, 400 MHz) of the attempted reaction of 1 (3) with 1-octyne (4).

25

30




IS

o'l

S

0¢

€ 30 (ZHIN 00% °a9D) wnnoads YIAN H; :6¢S 2m31g

K4

0¢

0
o«

(wdd) yys |eoiwayo
owv Sv 0'G S'g 09 S9

1 1 1 1 1

<
~

=081

Feeer |

GG'o

ud

d d
o, >=C
N N

—

N
e

pa—

x>

—= F 00V

9G°¢

e _
/4 F o0z

€9
6€9
34°)

!

G6'9

F 07

Eovog [~

5-39



"€ 30 (ZHIN €% °a%D) wnnoads YINN {H }d ¢ 9¢S 2mS1g

(wdd) yys |eoiwayo
ow_‘. omr. ow%.of. oo%. om. om. om. om. om. ow. om. ow. okr. mu oVF ow ow okv om okw om om okm om: ot ow_‘ omr ow_. om_‘ omr ot‘ omr omr oﬁww o*N owm omm o_ww omm

1

N
ag Nlayg
o Sl Y )
Z/II |\Z N
ll s
N

5-40



N

N\

P7 | P

Ph, [

Ph,

L1°0e—

5-41

607G~ ——
G9Gg— —
62'801
z8'801
98'801
0Lz T
AUy —
z8lL
89'6LL
ee'eu} =
6581 e ozt
L 1O
19°€EL\
zme%
11°€€L
8L'V€L/

L€7/9)

98'89L\
Ly'891
86891

~4
'

-10

chemical shift (ppm)

Figure S27: 3C{'H} NMR spectrum (C¢Dg, 101 MHz) of 3.



009

L

1

0GZ 000}

|

1

|

0G¢cl

|

00G1

|

1

061

|

"€ 30 wndads YIYLV :8rS 2y

(,-Wo) Joquinuanem

1

000¢ 09Z¢ 00S9¢ 09.¢ 000€ 0GZe 009€ 09.€ 000t

| L |

1

|

1

|

1

|

1

| L | L |

1

OLlic

g

N
g layg
d d
o el T
NN

lll
N

A

0080

- G280

- 0980

- G/80

— 0060

oueplwsuel)

- G260 @

5-42



UM paeqe]
a1e IawWIp dIuedIo 3y} 03 Surpuodsariod syesd "HODUJ AMba g6 yitm T Jo uonoear sy Jo (ZHIN 00F 0 9D) wnadads YN Hy 2aneInueny) :6S o3y

(wdd) yys |eoiwayo
g0 o st 0z sz o€ se 0y s¥ 0 §s 09 59 04 s. 08
© o o oo w = o
o o B o b o o o0
o N ()] N O N o ©
i b WL Py —L i WL
Y
j ﬁ ,
N
[=)]
@© . x
H-0=0 Sh& | A
oube bo  BEER Y4y
I | & SR
ol X X
0 O
[oNe)
X ¥
Q 2,08 Uz
T + %a% \\@
O (%low 1) 84(dNNd) Z

5-43



% U}LM Pa[oqe[ I8 IowIp
d1ue310 3y} 03 Surpuodsariod syes "HODUJ-Nd,-¥ AIba g6 yitm [ Jo uondear ay3 Jo (ZHN 00 0q9D) wnnoads YNN H; 2aneinueng) :0gs 2ms3ry

(wdd) yys |eoiwayo

, mwo owr mwr owN mHN owm mwm owv mwv owm mwm oww mww own m.kn oww
- - o o [ojeoNe] o o o o
N o N = ©o NS N w
N @ > © @ ® o © o o N
b i i [ b Wk Wb

b
>
H-0=0
e ® geton
BERET

€l —
Le'L—

_‘_m_w
2.0€ 42 ng,
X . 9a% “
! ng, (%low ) 84(dNNd)  Z

ng;

S-44



“* J}IM pafoqe] are
1wIp d1ueSio ayj 03 Surpuodsariod syesd "HODJUd-4-F AMba G yam T o uondear ay3 Jo (zHN 00F “9q9D) wnnoads YN H 2anemueny) :1¢S amsig

(wdd) yys |eoiwayo

, mwo owr mwr owN mHN owm mwm owv mwv owm mwm oww mww own mwn oww
© o o o o o - o
o o o w N [N )
=} N = @ o EN o
i b AT i in L

Li .
x
gg §> = TF2£0

H-0=0 X
aulye 2\
oo
oo
=
¥
NNNNNN
OO PN
OO ON WA NGO
Q1O O NN
WO WO 00—

4
O 2,08°U2 J
2 . °a® \Q
-
=
4 O I \@L (%low 1) o4(dNNd) ~ Z

N

5-45



“k U}IM PIoqe] aIe DwWIp

orue3io oy 03 Surpuodsarrod syesd "HOJUJ-Id-F AIba 0z yiim T jo uonoear ay3 Jo (ZHIN 00F “90%D) wnnoads YIAN H; 2aneInueny) :z¢s 2ndrg

(wdd) Yys |eaiwayd

S0 o'l gl 0z 5z o 5e ov %4 0 ey 0'9 59 0L -y 08
L 1 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n J
= o o oo cooo
w S - o = GOTW NN
o w N - N - 00 W
W it . I A TR

*

VeI
I
652
VWi
8.
052

i
O 2,0£°UZ 18
Z + %a% \Q
-
&

LmO Il "8  (%lowsg)e(dNNJ)

%4

5-46



“* J)IM PI[aqe] aIe JowWIp
o1ued10 3y 03 Surpuodsariod syes ] "HODYJ-E4D-F AMbs 66 y3tm T Jo uonoear oy Jo (ZHIN 00F “9q9D) wmnadads YN H; 2aneInueng) :¢gs a3y

(wdd) yys |eoiwayo

g0 0l g 0z 5z e e oy A4 0g £ 09 g9 0L 2 0’8
© o o o o ° o
o w = o = a &
o w ~ w o (o2} e
W b i iy i Wh

<\ Yy
*é
b "
NG L)
oo
i w o
N
o
o
H-0=0
aulye

€40

084 )
@ 2.0£ Uz 5%y
A + 9a%° \@\
B ESEE— ]
€40 Q If \Qof (%low 1) 84(dNNd) ~ Z

2

5-47



“k U}IM PIoqe] aIe DwWIp

orued1o ay3 03 Surpuodsariod s)esd "HIDYJ-CHN-F Amba (g yitm T jo uonoear ayj Jo (ZHIN 00F “909D) wmadads YN H; 2aneueny) ¢S a3y

(wdd) yys |eoiwayo
* s0 0l st 0z s oe se oy sy 0 Ss 09 §9 02 5L 08
—_ o o o
o © o o
o S w w
i L oL L
o Jﬁ g /\ 2\
oo o
~N~ N W
E ~N o
x x
N
o
©
H-0=0
aulye
CHN
NeH .
O 2,0£'UZ NZH
2N + °q% \\Q
O Il N°H  (%low G) 84(dNNd) z
ZHN “
N NS

%4

5-48



‘uonisodwodap pueli| pue ‘(10[3urs a3 ynm sdef1aa0 3o[qnop 1souny3i sy} ‘s39[qnop Jo R[qnop) saads Sururejuod-a,] drowrwiise ue ‘(sjead

urewr) g 03 puodsor10d Jussaid syeaJ ‘HODU AMba 66 y3im g Jo ammyxtw dpATesed spnid ayj Jo (ZHN £h¢ HHL) wnnoads YIAN {H | }d ¢ ‘G€S 2nS1g

(wdd) yys |esiwayo
Gl- (% G- S oL Gl (014 14 o€ S€ (04 14 0S i} 09 <99 0L S.
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
seppeds __~ \v/
oljeWWAse XX
5

g8l

uonisodwoodsp
paseq-puebi|

A
/

059
19°9L
v.'9L

5-49



“UOT}OBSI [OIFUOD A} 0§ WL} UOTJOLII PIUIOYS 0} dNP I3 PIjou ST UOISISAUOD djduwoouy
"HDODUd Ambs g6 y3m g jo uonoear jonuod ay3 woiy s3onpord druedio psje[ost jo (ZHIN 00F 0a%D) wnnoads YINN H  2aneInueny) :9¢§ andry

(wdd) yys |eoiwayo

0 Zo y0o 90 80 01 Zl A 0z zZz vz 9t 96 8¢ 09 z9 Y9 99 89 0L TL YL 9L 8L
o -
- o
e o
o
Y — N T ———
T
3
z
AN
oo
N WS D
O wWwow
L9
(P) v
1e'9
2,0€ ‘UG0 (ninba 66) (p) g
%a%
Z S + -~
S (nnba 1) [2€] \\@
~ °a®os

N\

5-50



"HDDUJ Amba Gg y3tm g JO UoT1oeaI [013U0d a3 woy sponpord oruedio pajefost jo (wopoq) wnnodads ssew pue (doj) wrerdoyeworyd (11-DO €S om3L]

<-z/w

T :
L'€9L oog, 06El Lozl 0

091 05k oyl 0gl 0z Ol
€1l

0000¢
0°LolL 00007
00009
00008
00000}
0000C1

0000¥L

L'#0C
Swelep\d’Z0eS3r (U ge0'8) 0v0} UEDS ——

<--awll]
00ph

ooﬁmr

oo,.NF oo,. b ooﬁor o&.m oo,.w oo,.m oo,.o oo,.m oo,.v oo,.m

3 00000¢
00000€
00000¥
000005
000009
000002

V4
Yo'V L aINQ"L0€S AN :leubls

souepuNqy

5-51



'HOOUd

ATNDbd G Y3m D9 JO UOTdEAI [0IIU0D A} w0y syonpoid druedio paje[ost jo (woyoq) wnipads ssew pue (doy) urerdoyewonyd GN-DO :g¢S N3]

061 G681 081 GZL 0LL S9L 091 SSI 0SL G¥lL O¥l GEL O€L G¢l Ocl GLL OLlL GOl 00l S6 06 S8 08 G 0L G9 09 GS 0G GV

<--z/w

0001

0002

000€

000¥

000S

[

i T

6'C9
0'Ls

6°¢8l
0'8L
0'gol
swejep\q'g0eSsar (Ul $09'€) G9¢ Ueds
oo,.vr ooﬁm_‘ oo,.Nr oo,.: ooﬁo_‘ ohw.m oo,.w oo,N oo,.w oo,.m oo,.v oo, €
e P S P oot . . . . . . . . . . .
h " Ll ‘.;_ ,{ (i agﬂﬂ,‘,_ |
HOOud

swelep\a-8oes3r OlL

souepunqy
<—-aull|

0005

0000}

000G}

00002

000S¢

aouepuNqy

5-52



'HOOUd

Aamba 66 Yim J;N;Nd JO U0nORaI [01U0d Y3 woxy spnpoid druedio paje[ost Jo (wonoq) wnndads ssew pue (doy) urerdoyeworyd SN-DD :6€S 281

061 G81 081 GZL 0ZL G9L 091 GSI 0SL G¥lL O¥lL GEL O€L G¢l OcL GLL OLL GOl 00L S6 06 S8 08 GZ 0L G9 09 G5 0§ GV

| 1| LA~
618l
0°€0l 605
0BL
swelrep\q’L L €S3ar (U $09°¢) G692 Ueds
oo,.i ooﬁﬁ oo,.ﬁ oo,.: ooﬁor B.m oo,.w oo,x oo,.m oo,.m oo,_v B €
HOJud

swrelep\a‘L Le€S3r OIL

0

00S

0001

00S1

000¢

00s¢

000€

00S€

000C

000

0009

0008

0000

<--z/w

souepuNqy
<—-aull|

3

aouepuNqy

5-53



Figure 540: GC-MS chromatogram (top) and mass spectra (bottom two panels) of isolated organic products
from the reaction between phenylacetylene (1 equiv) and tert-butyl acetylene (57 equiv) with 1 mol % 1
(C6Dg, 30°C, 24 h).
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Figure 544: GC-MS chromatogram (top) and mass spectra (bottom three panels) of isolated organic products
from the reaction of 2-D with 4e.
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