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standard and a small aliquot of the organic phase was removed for GC, GCMS and

HRMS (EI) analysis.

Possible catalytic cycle

Br

Ph,P—Fel'—Et
| allene coordination

transmetallation PPh,
ZnEt,
Br
PhyP. -Et
ZnEtBr 2<\F|: I
e
VAN
Ph,P >
N w08 7
Ph,P PPh, interaction Ph~_/
\ e
Fe'
Br/ “, General Catalytic Cycle
Br Fe(ll)/Fe(lll)/Fe(l)
Et radical addition
Me
Me/x/‘
bromine atom abstraction
Me Br
Ph,P. S

allyl radical addition

Br Me
Br \
Me Me thP\l

\ ( Fe!l

C—C reductive coupling V2
PhyP
Ph_ =~ Et

Ph A Et

Fig. S3. Proposed mechanism for Fe-catalyzed allene dialkylation.
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5. Density functional theory (DFT) calculations

5.1 Computational methods

Kohn-Sham density functional theory (KS-DFT) calculations were performed with
Gaussian 16 rev. B.01'*. Geometry optimizations were performed using the B3LYP
hybrid functional'>!® with Grimme’s D3 dispersion correction with Becke-Johnson
damping!® (hereafter denoted B3LYP-D3BJ) and the def2-SVP?’ Karlsruhe-family
basis set for all atoms. Minima and transition structures on the potential energy surface
(PES) were confirmed using harmonic frequency analysis at the same level of theory,
showing respectively zero and one imaginary frequency. Where appropriate, intrinsic
reaction coordinate (IRC) analysis were carried out to connect the appropriate
reactant/product states passing through a given transition state.

Single point (SP) corrections were performed using B3LYP-D3BJ and def2-TZVP?

12! was used to

basis set for all atoms. The SMD implicit continuum solvation mode
account for the effect of tetrahydrofuran (THF) solvent on the computed Gibbs energy
profile. Gibbs energies were evaluated at the reaction temperature of 60 °C, using
Grimme’s scheme of quasi-RRHO treatment of vibrational entropies®?, using the
GoodVibes code?. Vibrational entropies of frequencies below 100 cm™ were obtained
according to a free rotor description, using a smooth damping function to interpolate
between the two limiting descriptions. The free energies reported in Gaussian from gas-
phase optimisation were further corrected using standard concentration of 1 mol/L**%6,
which were used in solvation calculations, instead of the gas-phase 1atm used by default
in Gaussian program.

Unless otherwise stated, the final SMD (THF)-B3LYP-D3BJ/def2-TZVP//B3LYP-
D3BJ/def2-SVP Gibbs energies are used for discussion throughout. A/l Gibbs energy

values in the text and figures are quoted in kcal mol™.

For species involving open-shell characteristics, including doublet, triplet, quartet,
quintet and sextet radicals, we performed above-mentioned DFT methodologies using
the unrestricted formalism of the Kohn-Sham theory (UKS-DFT). The eigenvalues of

the spin operator S? after annihilation of spin contamination were checked to ensure
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that they comply with the expected value of S(S+1) = 0.75 for a doublet wavefunction
and S(S§+1) = 2 for triplet, S(S+1) = 3.75 for quartet, S(S+1) = 6 for quintet, S(S+1) =
8.75 for sextet, indicating that spin contamination is not a problem for the present

methodology.

All molecular structures and spin density plots were visualized using PyMOL?*

software.

5.2 Model reaction

Figure S4 shows the model reaction that we used for computational studies of reaction

mechanism for the present Fe-catalysed allene dialkylation.

Me
Me
o Me FeBr; (10 mol %) o Y/,
dppf (12 mol %)
\=-= + ZnEt, + Br/\%Me
6 7 THF, 60 °C, 8 h z Et
(2 equiv.) (2 equiv.) 14

60% yield, 94:6 Z:E
Fig. S4. Model reaction used in computational modelling.

5.3 Addition of ethyl radical to allene

5.3.1 Outer-sphere mechanism

Conformations of the competing transition state (TS) structures of the rate-determining
step (addition of ethyl radical to allene) in the quintet state have been sampled and the
different TS conformers are shown in Figure S5. We then took the lowest energy
conformers for each competing pathway (TS1 and TS1’) and optimise the TS structure
for the triplet state (TS1_triplet and TS1’_triplet) and the openshell singlet state
(TS1_singlet_os and TS1’_singlet_os) and found that the quintet state has the most
favourable energy barrier for the addition of ethyl radical to Fe-coordinated allene

substrate.

For the pathway resulting in the Z-product (major pathway), TS1, in quintet state, has
a barrier of 27.4 kcal/mol whereas the triplet state (TS1_triplet) has a barrier of 30.7
kcal/mol and the openshell singlet state (TS1_singlet os) has a much higher barrier of

49.0 kcal/mol. For the pathway leading to the E-product (minor pathway), TS1’, in
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quintet state, has a barrier of 30.8 kcal/mol whereas the triplet state (TS1 _triplet) has
a barrier of 48.6 kcal/mol and the openshell singlet state (TS1_singlet_os) has a much

higher barrier of 54.1 kcal/mol.

The barrier difference AAG* between TS1 and TS1’ gives a kinetic preference for the
major product by a factor of 170 : 1, using simple transition state theory as an estimate

and without Boltzmann weighting of all the conformers via the following:
The Eyring equation

ke — ’CBTTG—AGWRT

gives the rate constant under simple transition state theory (TST) assumptions.

Under kinetic control, as we compare the barrier heights difference between competing

transition states, the ratio of the rates between two pathways is given by:

k4 o—AGH /RT

_ e—AAG*/RT

kp  o—AGH/RT

where ky is the rate constant of pathway X (X=A or B); 4Gy is the activation barrier
for pathway X; and 44Gx' is the difference in the barrier heights; and R is the gas
constant, T the temperature. Note that the Eyring Equation pre-exponential factor
cancels when comparing the ratio of the rate constants. Thus, using the calculated
AAGx' value (difference of barrier heights between competing TSs) at the reaction

temperature (e.g., 60 °C = 313.15K), we are able to obtain the ratio of competing rates.

TS1 TST’

AG*=27.4 AG*=30.8
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TS1-¢3 TS1’-¢3

AG*=34.5 AG*=32.8
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TS1 _triplet

TS1’_triplet

AGH=30.7

AGY=48.6

53




TS1’_singlet os

AGH=54.1

TS2 quartet

TS2_ sextet

AGH=-6.9

AGH=-0.7
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Fig. S5. DFT-optimized TS structures for the addition of ethyl radical to allene substrate
coordinated to Fe centre. All TSs are in quintet state if not specified; triplet = triplet
state; singlet os = openshell singlet. Gibbs energies are taken relative to the most stable

complex I and the values are given in kcal/mol.

TS1 TS1’
AAGH 0.0 kcal/mol 3.4 kcal/mol
DFT
structure
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Spin
density

SOMO

NCI

Fig. S6. Detailed analysis of the competing transition states for the rate-determining
step. Spin density, singly occupied molecular orbitals (SOMO) and non-covalent
interaction (NCI) plots are shown. Spin density plots were visualized at an isosurface
value of 0.005 a.u., SOMOs are visualized at 0.025 a.u., and the NCI plots were

visualized at an isosurface value for the gradient at 0.5 a.u..
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5.3.2 Inner-sphere mechanism

The inner-sphere mechanism wherein the ethyl radical first coordinates to the Fe-centre
to give Fe(Il) species before addition to allene has a much higher barrier. The DFT

optimised structures and the activation barrier heights are shown in Figure S7.

For this mechanistic pathway, the TS leading to the minor product (TS1a’) has a lower
barrier than the TS leading to the major product (TS1a), which would predict the
opposite selectivity as observed experimentally. In addition, these barriers are much
higher than the TSs via outer-sphere mechanism (TS1 and TS1’), by at least 12.6
kcal/mol, discussed previously. Thus the inner-sphere mechanism is much less

favoured than the outer-sphere mechanism.

TS1a

AGF =413

TS1a-c2 TS1a’-c2

AG* =46.5 AG* =40.8
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Fig. S7. DFT-optimized TS structures for the addition of ethyl radical to allene substrate
coordinated to Fe centre via inner-sphere mechanism. All TSs are in quintet state. Gibbs
energies are taken relative to the most stable complex I and the values are given in

kcal/mol.

5.4 Reductive elimination

The reductive coupling of allyl radical and the alkyliron intermediate via TS2 has lower
barrier than TS1 and is thus not the rate-determining step. In the quartet state, the allylic
radical coordinates to the Fe-centre and carries out an inner-sphere reductive C—C bond
formation (TS2_quartet, Figure S8) as evidenced by the short Fe—C(allyl) bond
distance (2.22 A). IRC analysis indicates that the species before this TS has the allyl
group coordinated to the Fe-centre. On the other hand, in the sextet state, the allylic
radical does not coordinate to the Fe-centre and carries out an outer-sphere reductive
C—C bond formation (TS2_sextet, Figure S8) as evidenced by the much longer Fe—
C(allyl) bond distance (3.17 A). IRC analysis indicates that the species before this TS

has the allyl group not coordinated to the Fe-centre.

TS2_quartet TS2_sextet

AG*=-6.9 AG*=-0.7
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Fig. S8. DFT-optimized TS structures for the reductive C—C coupling of allyl radical
and alkenyliron intermediate. All TSs are in quintet state. Gibbs energies are taken

relative to the most stable complex I and the values are given in kcal/mol.

5.5 Thermodynamics of the products
The thermodynamic stability of the E vs Z isomers was compared (Figure S9). These
two isomers are almost energetic with the E isomer being slightly more stable than the

Z isomer, by 0.2 kcal/mol.

E_product Z_product

AAG=0.0 AAG=0.2
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Fig. S9. DFT-optimized product structures. Gibbs energies are taken relative to the

most stable product and the values are given in kcal/mol.

5.6 Product selectivity studies using ligand L1

To understand the effect of ligands on the product selectivity, we performed
computational studies on the rate-determining transition state (first C—C coupling step)
of the competing pathways using ligand L1. We successfully located the TSs and the
DFT-optimized structures are shown in Figure S10, with their relative activation
barriers. We see that the major pathway leading eventually to the Z product via
TS1_L1, has a lower barrier, by 0.4 kcal/mol, than the minor pathway leading
eventually to the £ product via TS1°_L1. This would translate to a ratio of Z:£ of 1.8:1,
using simple transition state theory. As this small difference between the barrier heights
(<0.5 kcal/mol) easily falls within the error of the theoretical methods, we expect that
the product will be a mixture of Z and E olefins.

This is perhaps an implication of the ligand, as can be seem from the DFT-optimized
structures in Figure S10, that the allene substrate will interact with the m-system of
ligand L1, via either face. After the allene binds, there is no steric differences for the
ethyl radical to favor attack of the terminal carbon of allene from one side over the
other, due to the open nature of the terminal carbon for attack from either side. Thus,

poor stereoselectivity is expected using planar ligands such as ligand L1.
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TS1_L1 TSI’ L1

AAG*=0.0 AAG*=0.4

Fig. S10. DFT-optimized transition state structures of the rate-determining step of first
C—C bond formation, using ligand L1. Gibbs energies are taken relative to the most

stable TS and the values are given in kcal/mol.

5.7 Optimized structures and absolute energies

Geometries of all optimized structures (in .xyz format with their associated gas-phase
energy in  Hartrees) are included in a separate folder named
DFT optimised xyz structures with an associated readme.txt file. All these data have

been uploaded to https://zenodo.org/records/11363682 (DOI:

10.5281/zenodo.11363682).

Absolute values (in Hartrees) for SCF energy, zero-point vibrational energy (ZPE),
enthalpy and quasi-harmonic Gibbs free energy (at 60 °C/333.15 K) for optimized
structures are given below. Single point corrections in SMD THF using B3LYP-

D3BJ/def2-TZVP level of theory are also included.

SP
ZPE/a SMD(THF)-
Structure E/au u H/au T.S/au  qh-G/au B3LYP-
D3BJ/def2-
TZVP
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https://zenodo.org/records/11363682

phenylallene
ethyl radical
allyl radical
I_singlet
I_triplet
I_quintet
II_quintet
III_quintet
TS1
TS1_c2
TS1 c3
TS1_c4
TS1'
TS1'_c2
TS1' ¢3
TS1'_c4

TS1_triplet

TS1_singlet_os

TS1'_triplet

TS1'_singlet os

TS1a
TS1la_c2
TS1a'
TS1a' c2
IV_quintet
IV'_quintet
V_sextet
V_doublet
V_quartet
VI _quartet
TS2_quartet
VII_quartet
TS2_sextet
VII_sextet
Z product
E_product

-347.500243
-79.105489
-195.77536

-7174.577766
-7174.595684
-7174.610012
-7522.13079
-7522.109212
-7522.10083
-7522.094575
-7522.091256
-7522.086476
-7522.097457
-7522.099297
-7522.096416
-7522.090663
-7522.097215
-7522.069011
-7522.072623
-7522.066103
-7522.08795
-7522.077468
-7522.084672
-7522.084798
-7522.192235
-7522.182824
-7717.986051
-7717.947591
-7717.986322
-7717.992824
-7717.984077
-7718.044443
-7717.970167
-7717.994939
-622.5558
-622.557144

0.137391
0.058818
0.121625
0.586472
0.58445
0.583483
0.722664
0.720064
0.72044
0.720304
0.720546
0.717985
0.720931
0.721805
0.722075
0.721943
0.721249
0.720923
0.721713
0.722285
0.722878
0.723898
0.72312
0.723322
0.72821
0.728317
0.851508
0.853489
0.851656
0.855264
0.854885
0.857594
0.852275
0.855024
0.335339
0.335672

-347.35234
-79.040995
-195.64546
-7173.9438
-7173.9629
-7173.9771
-7521.3472
-7521.3278
-7521.3202
-7521.3139
-7521.3103
-7521.3073
-7521.3165
-7521.3178
-7521.3148
-7521.309
-7521.3161
-7521.2881
-7521.2913
-7521.2845
-7521.306
-7521.2948
-7521.3023
-7521.3022
-7521.4052
-7521.3953
-7717.0655
-7717.0263
-7717.0657
-7717.0701
-7717.0624
-7717.1199
-7717.0505
-7717.0724
-622.19806
-622.19922

0.044579
0.029806
0.038418
0.128017
0.132643
0.13751
0.163497
0.162641
0.159294
0.159754
0.16102
0.162535
0.160065
0.157533
0.156537
0.158286
0.157363
0.157229
0.158082
0.153959
0.154742
0.155365
0.159803
0.158945
0.156182
0.160554
0.179872
0.172924
0.179084
0.172997
0.172046
0.172246
0.173858
0.17527
0.075052
0.073898

-347.396289
-79.070703
-195.683863
-7174.062065
-7174.08455
-7174.102154
-7521.494657
-7521.475355
-7521.465142
-7521.459154
-7521.456071
-7521.454647
-7521.461608
-7521.461453
-7521.45807
-7521.453126
-7521.459605
-7521.430947
-7521.434883
-7521.425556
-7521.448086
-7521.436789
-7521.446406
-7521.446066
-7521.547494
-7521.539251
-7717.227867
-7717.184173
-7717.227461
-7717.228231
-7717.219325
-7717.277003
-7717.2089
-7717.231306
-622.268235
-622.268584

-347.887587
-79.19780953
-195.9975524
-7176.994847
-7177.013908
-7177.028444
-7524.926993
-7524.903296
-7524.896317
-7524.887877
-7524.884433
-7524.879068
-7524.891063
-7524.890644
-7524.890338
-7524.881245
-7524.892854
-7524.864135
-7524.864476

-7524.85861
-7524.878251
-7524.870831
-7524.878686
-7524.877948
-7524.982215
-7524.977082
-7720.990534
-7720.951084
-7720.990561
-7720.993809
-7720.986052
-7721.043758
-7720.972632
-7720.996215
-623.2452905

-623.246613
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TS1_L1 -5465.728795  0.420246 -5465.2699 0.112702  -5465.37457 -5467.657208
TS1' L1 -5465.726818  0.420797 -5465.2676 0.111238 -5465.371554 -5467.657657
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