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176 Chapter 8 — Molecular Cyaphide Analogs of Prussian Blue
8.3.4 Electronic structure of [{Fe(depe).}s:(u-CP).]**

e electronic structure of the [{Fe(depe).}s(u-CP).]* cation in 42 was calculated using unrestricted
DFT for the S=1triplet state. Two-electron molecular orbitals were constructed using the quasi-restricted

orbital (QRO) approach (Table 8.4).

Table 8.4. Selected quasi-restricted orbital isosurface plots and per-QRO Loewdin reduced orbital populations for the cation

in 42, calculated for the S = 1 spin state.

LUMO+7 -1.72 eV

6.7% 8.6% 111.4% 31.4%
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Fe c / P - [Fel,
0.3% 25.8% 130.0% 12.4%

/ \
0.2% 29.4% 29.4% 13.0%

LUMO(SOMO) \ / ~6.66 eV
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HOMO-3

-10.79 eV
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HOMO-6 \ -11.55 eV

0.0% 0.0%) 0.0% 77.5%

HOMO-7 \ / -11.88 eV
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Fe c | P  [Fel,
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\ )/ -11.92 eV
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HOMO-9 \ -12.05 eV
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e two singly-occupied orbitals in 42 correspond to the essentially degenerate terminal iron 3d, orbitals.
e occupied 3dy, orbitals correspond to the HOMO-5 and HOMO-6 for the two terminal iron atoms,
and to the HOMO-9 for the central iron atom. Similar to the monometallic dicyaphide complex 39, the
3dy, and 3d,, orbitals for all three iron centers are heavily involved in m bonding and antibonding
interactions with the C=P 1 and 1* orbitals. In 42, this results in two orthogonal delocalized 1 systems

spanning the Fe—P—C—Fe—C—-P—Fe seven atom chain (Figure 8.13).

— dp
dr o Fe—P —C—Fe—C —P—Fe
_ —— dy2y
- }CPn* Fe—PR—¢—Fe—g&—P —Fb
dzz —= = - = Fo<—P — € —fb—C —P —Fe
i
—@:@_— Fe—P —C —Fe —C —P —Ffe
dy = 3 — }CPTT
# — Fe—P —C —Fe—C—P —Fe
4 —— dyy
— Plp
T 3k Fe—P —C—Fe—C—pP—Fb
BV —= —— —— dyz, dy;
l ’ Fe —P —C —Fe—C—P—Fe
—— MCo
{Fe(depe)z}" t Fe(depe)2(CP)2

Figure 8.13. Qualitative MO diagram for the cation in 42. MOs of 1 symmetry are shown in blue.

e end-on n:n* bridging coordination mode for the cyaphido ligands in 40 and 42 is unprecedented,
and contrasts the preference for n':n? coordination previously found for the hetero-multimetallic cyaphide
complexes 20-22 (see Chapter5). isdi erence maybea ributedtosterice ects, where the octahedral
coordination geometry at the iron(l1) centers disfavors engagement of the CP m manifold when compared
to the linear coordination geometry at the gold(1) centers. However a platinum(I1) cyaphide complex with
a similar steric pro le, Pt(PEt;).(CI)(CP), also prefers side-on n':n? bridging coordination (see Section
1.4.2), suggesting steric factors cannot be the only explanation and that end-on bridging is also favorable
on electronic grounds.™81 For 39, this can be rationalized as the result of both decreased n? m accepting

ability and increased n':kP ¢ donating ability (vide supra).
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184 Chapter 8 — Molecular Cyaphide Analogs of Prussian Blue
8.3.5 Synthesis of ([{Fe(depe)2}s(U-CP)s—x(CI)][B(ArF)s]2)n

40 and 42 demonstrate the ability for the cyaphide ion to act as an end-on bridging ligand between metal
centers. While 40 and 42 are discrete molecular complexes, extended polymeric materials should in
principle also be possible. Serendipitously, the a empted isolation of 40 under a puri ed argon
atmosphere resulted in the crystallization of asmall number of orange/green dichroic crystals that degrade
slowly under a dinitrogen atmosphere, tentatively identi ed as the 1D polymer

([{Fe(depe)2}:(u CP)s-(CD.][B(Ar)4]2)n (43; Figure 8.14).

P8’ P, NP7
; PS> Pa' ) F
P9 ¢ ) N Pe.
(Fe2) P3 c3 /Fe3 | P2 c2 Fal c1 P1 (A Fe2 (P3)
P’ g ; P6 |\
pa A o, P5
P8 P7

Ry =9.38%
\ ‘\
N\ P7
\ e
(Fe2) @) (¢ ()
PG\
///P7..
[ \/
R, =9.38% \ ‘ ‘

Figure 8.14. Solutions for the solid-state structure of 43 with three cyaphido ligands (top) and with one chlorido and two
cyaphido ligands (bo om). Anisotropic displacement ellipsoids set at 50% probability. Hydrogen atoms, [B(Ar).]

counterions, and disorder components are omi ed for clarity. Ethyl and ethylene groups are depicted as wireframes.

e structure of 43 contains an extended 1D polymeric arrangement of Fe(depe). units bridged by three
heavily disordered bridging ligands. e asymmetric unit of 43 contains 1.5 Fe(depe). units and one
[B(ArF)4]~ counterion, suggesting there is one iron(l) center for every two iron(ll) centers. Two of the
bridging ligands can be modeled satisfactorily as disordered n*:n* bridging cyaphido ligands. e identity
of the third ligand is less clear; it can be modeled equally well as disordered cyaphide and chloride units.
Regardless, this suggests that while kP coordination to iron(lI1) centers is possible, these bonds are very

weak and are likely outcompeted by the coordination of dinitrogen.
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8.4 Conclusions

e iron(11) mono- and dicyaphide complexes 38 and 39 are highly stable in comparison to other metal
cyaphide complexes due to substantial stabilization by m backbonding. is stabilization allows access to
stable multimetallic complexes that are structurally related to Prussian blue, and contain the cyaphido

ligand in the elusive end-on bridging coordination mode.

Halide abstraction from complex 38 results in redox disproportionation and the formation of a cyaphide-
bridged bimetallic iron(I1)/iron(l) complex (40). Reaction of 39 with two equivalents of an iron(l)
precursor a ords a trimetallic iron(1)/iron(I1)/iron(1) complex (42) containing two bridging cyaphido
ligands. Cyclic voltammetry show quasi-reversible oxidation and reduction features, suggesting oxidized
or reduced forms may also be stable. e electronic structures of 39 and 42 show that the cyaphide mand

T* orbitals participate in delocalized 1t systems with iron 3d,, and 3dy, orbitals.

Both 40 and 42 involve the coordination of the cyaphide phosphorus atom to relatively electron-rich
iron(1) centers. Preliminary results (43) suggest that kP coordination to iron(1l) centers is possible, and

may enable the formation of cyaphide-bridged polymeric materials.
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186 Chapter 8 — Molecular Cyaphide Analogs of Prussian Blue

8.5 Experimental section

8.5.1 Imsitu generation of Zn(18-crown-6)(CP), (36)

A solution of Mg(P*"NacNac)(CP)(dioxane) (approx. 126 mg, 0.22 mmol) in toluene (1 mL) was
generated in situ, as in Section 2.4.1. Zn(18-crown-6)Cl, (44 mg, 0.11 mmol) was added as a solid, and
the reaction mixture was stirred for 1 h. e reaction mixture was Itered, then the solvent was removed
from the Itrate under vacuum. e resulting residue was extracted into hexane (5 mL), and the solvent

removed under vacuum to yield an oily red-brown solid.

$IP{*H} NMR spectroscopy at this stage shows only one phosphorus-containing product, assigned as
Zn(18-crown-6) (CP)., though *H NMR spectroscopy shows the presence of several impurities, including
residual 2. A empted crystallization from pentane or hexane at room temperature or —35 °C results in the

precipitation of a red oil containing an intractable mixture of products.
'H NMR (400 MHz, CsDs): d(ppm) 3.36 (br, 18-crown-6 CH,).

SIP{*H} NMR (162 MHz, CsDs): d(ppm) 139.7 (s, CP).

8.5.2 Insitu generation of Cd(18-crown-6)(CP). (37)

A solution of Mg(P*"NacNac)(CP)(dioxane) (approx. 126 mg, 0.22 mmol) in toluene (1 mL) was
generated in situ, as in Section 2.4.1. Cd(18-crown-6)Cl, (49 mg, 0.11 mmol) was added as a solid, and
the reaction mixture was stirred for 1 h. e reaction mixture was Itered, then the solvent was removed
fromthe Itrate under vacuum. e resulting residue was washed with hexane (2 x 2 mL), then extracted

with toluene (2 mL). e solvent was removed under vacuum to yield a beige solid.

$1p{1H} and H NMR spectroscopy at this stage show the presence of one major product, assigned as
Cd(18-crown-6)(CP),, though minor impurities are also present, including {Mg(°""NacNac)(u-Cl)}..
A empted crystallization from toluene, diethyl ether, or THF at room temperature or =35 °C, or from
benzene, dioxane, or acetonitrile at room temperature results in the precipitation of an insoluble brown-

black solid.
'H NMR (400 MHz, CsDs): d(ppm) 3.35 (br, 18-crown-6 CHy,).

3:I'F){:I'H} NMR (162 MHZ, CeDe): 6(ppm) 1195 (S, 2J31p_111Cd =259 HZ, 2J31p_113Cd =272 HZ, CP)
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8.5.3 Synthesis of Fe(depe).(CH(CP) (38)

Under inert atmosphere, using dry solvents: {Mg(°P*"NacNac)(CP)}. (250 mg, 0.26 mmol) was dissolved in
THF (5 mL) and cooled to —78 °C, then added dropwise to a stirred solution of Fe(depe).Cl. (278 mg,
0.52 mmol) in THF (10 mL), also cooled to —78 °C. e dark brown solution was allowed to slowly warm
to room temperature, then stirred at room temperature for 16 h. e solvent was removed under reduced

pressure, and the resulting brown residue washed with a 0.1 M solution of THF in pentane (2 x 10 mL).

In air, using benchtop solvents: e reaction vessel was carefully opened to ambient atmosphere, then
extracted with toluene (2x 10 mL). e resulting brown solution was evaporated using a rotary evaporator,
then dried under high vacuum. e resulting light brown residue was suspended in pentane (5 mL) with
the aid of sonication, thenle open to air for 2 h, allowing for the oxidation of an unidenti ed dark brown
byproduct and for the pentane to evaporate. e resulting light yellow-brown solid was then extracted with

toluene toa ord an amber-yellow solution.

Under inert atmosphere: e solvent was removed under reduced pressure to yield Fe(depe).(CI)(CP) as
ayellow solid, which was dried under vacuum and stored under inert atmosphere. Crystals suitable for X-
ray di raction were obtained from toluene/hexane at —35 °C. Yield: 126 mg, 0.23 mmol, 45%. Anal. Calcd.

(%) for C1H4sClIFePs: C, 46.13; H, 8.85; N, 0.00. Found: C, 45.88; H, 8.29; N, 0.09.

IH{3:P} NMR (400 MHz, CeDs): 5(ppm) 3.03 (dq, 4H, 2w = 15.4 Hz, 3wt = 7.8 Hz, PCH,CHs),
2.39 (dq, 4H, 3p-n = 15.4 Hz,3-n = 7.8 Hz, PCH,CHs), 1.94-1.82 (M, 4H, C,H.(PEt,),), 1.74 (dg, 4H,
2J-n = 15.0 Hz, 3 = 7.5 Hz, PCH,CHs), 1.61 (dq, 4H, Zy-n = 15.0 Hz, ¥} = 7.5 Hz, PCH,CHs),
1.25-1.16 (M, 4H, CoHa(PEL,),), 1.13 (t, 12H, 3 = 7.7 Hz, PCH,CH3), 1.05 (t, 12H, 3w = 7.7 Hz,
PCH.CHs).

13C{*H} NMR (151 MHz, CsDs): 3(ppm) 295.24-294.09 (m, CP), 20.03 (p, C.H4(PEL,)), 18.46 (p,
PCH:CHs), 18.22 (p, PCH2CH5), 10.15 (PCH:CHs), 9.96 (PCH.CHs). Resonances corresponding to

depe CHj; carbons appear as pseudo-pentets due to second order virtual coupling.

1P{1H} NMR (162 MHz, CsDs): 8(ppm) 189.6 (p, U = 7 Hz, CP), 66.1 (d, 3Jp = 7 Hz,
C2H4(PEL),).

Raman: 1216 cm™ (m, v(C=P)).
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188 Chapter 8 — Molecular Cyaphide Analogs of Prussian Blue
8.5.4 Synthesis of Fe(depe).(CP). (39)

Under inert atmosphere, using dry solvents: {Mg(°P**"NacNac)(CP)}. (500 mg, 0.52 mmol) was dissolved in
THF (5 mL) and cooled to -78 °C, then added dropwise to a stirred solution of Fe(depe).Cl, (265 mg,
0.50 mmol) in THF (10 mL), also cooled to —78 °C. e dark brown solution was allowed to slowly warm
to room temperature, then stirred at room temperature for 3d. e solvent was removed under reduced

pressure, and the resulting brown residue washed with a 0.1 M solution of THF in pentane (3 x 10 mL).

In air, using benchtop solvents: e reaction vessel was carefully opened to ambient atmosphere, then
extracted with toluene (2x 10 mL). e resulting brown solution was evaporated using a rotary evaporator,
then dried under high vacuum. e resulting light brown residue was suspended in pentane (5 mL) with
the aid of sonication, thenle open to air for 2 h, allowing for the oxidation of an unidenti ed dark brown
byproduct and for the pentane to evaporate. e resulting light yellow-brown solid was then extracted with

toluenetoa ord a yellow solution.

Under inert atmosphere: e solvent was removed under reduced pressure to yield Fe(depe).(CP); as a
light-yellow solid, which was dried under vacuum and stored under inert atmosphere. Crystals suitable for
X-ray di raction were obtained from toluene at —35 °C. Yield: 96 mg, 0.17 mmol, 35%. Anal. Calcd. (%)
for CHusFePe: C, 47.67; H, 8.73; N, 0.00. Found: C, 46.84; H, 8.35; N, 0.00.

IH{P} NMR (400 MHz, CsDs): 5(ppm) 2.92 (dq, 8H, Jr-n = 15.4 Hz, -t = 7.7 Hz, PCH,CHy),
1.72 (s, 8H, CoHa(PEL,)2), 167 (g, 8H, 2o = 15.0 Hz, Wyt = 7.6 Hz, PCH,CHs), 1.09 (t, 24H, Uy =
7.6 HZ, PCH2CH3)

BC{*H} NMR (151 MHz, CsDs): 3(ppm) 299.26-298.33 (m, CP), 20.14 (p, C:H.(PEt,),), 19.54 (p,
PCH.CH:), 10.49 (PCH.CHs). Resonances corresponding to depe CH, carbons appear as pseudo-

pentets due to second order virtual coupling.

IP{1H} NMR (162 MHz, CeDe): 5(ppm) 180.1 (p, Jpp = 9 Hz, CP), 66.0 (t, *Jpp = 9 Hz,
C.H.(PEL,).).

Raman: 1256 cm™ (vs, v(C=P)).


Eric
Sticky Note
Completed set by Eric

Eric
Sticky Note
Completed set by Eric

Eric
Sticky Note
Completed set by Eric


Chapter 8 — Molecular Cyaphide Analogs of Prussian Blue 189
8.5.5 Crystallization of [{Fe(depe).}.(N2) (U-CP)][B(ArF)4]. (40)

Under a dinitrogen atmosphere: Fe(depe).(CI)(CP) (89 mg, 0.16 mmol) and Na[B(Ar").] (144 mg, 0.16
mmol) were dissolved in 1,2-DFB (2mL) toa ordadark red solution. e solutionwas lItered to remove
particulates, then layered with pentane (20 mL). A er di usion over 2 weeks,
[{Fe(depe)-}2(N2)(u CP)][B(ArF)4]. crystallizes as large orange crystals suitable for single crystal X-ray

di raction.

Bulk samples are invariably contaminated by a brown oily residue that concomitantly precipitates from

solution, preventing meaningful analysis on bulk material.

8.5.6 Insitu generation of [{Mg(P*"NacNac) (THF)}(u-CP){Fe(depe).CI}][BPh4] (41)

{Mg(P**"NacNac)(CP)}. (8 mg, 0.01 mmol) was dissolved in ds-THF (0.2 mL) and cooled to —35 °C,
then added dropwise to a solution of [Fe(depe).(CI)(N2)][BPh4] (14 mg, 0.02 mmol) in ds-THF (0.2
mL), also cooled to —35 °C.

e resulting green solution contains one product, tentatively assigned as [{Mg(®""NacNac) (THF)}(u-
CP){Fe(depe).CI}][BPh4], which decomposes over several hours at room temperature or on a empted

workup.

'H NMR (400 MHz, C¢Ds): 6(ppm) 7.32—7.25 (m, 8H, BPh, ortho-CH), 7.20-7.06 (m, 6H, Dipp Ar-
CH), 6.88-6.82 (m, 8H, BPh, meta-CH), 6.71 (t, *Jy-» = 7.1 Hz, 4H, BPh, para-CH), 4.88 (5, 1H, NacNac
CH), 3.02 (sept, 3Ju-n = 6.9 Hz, 4H, Dipp CH(CHs),), 2.22-2.08 (m, 4H, C,H(PEt,)2/PCH.CHs),
2.08-1.95 (M, 4H, C.H4(PEt,)./PCH,CHs), 1.95-1.86 (M, 4H, C,H.(PEt,),/PCH,CH3), 1.86-1.78 (m,
4H, C,H4(PEt,)o/PCH;CHs), 1.60 (s, 6H, NacNac CHs), 1.22 (d, 3J+-n = 6.9 Hz, 12H, Dipp CH(CHs),),
1.18 (d, 3u-n = 6.9 Hz, 12H, Dipp CH(CHs),), 1.15-1.03 (m, PCH,CH;), 1.06-0.92 (m, 12H,
PCH.CHs).

IP{1H} NMR (162 MHz, CsDs): 8(ppm) 168.1 (p, Zpp = 49 Hz, CP), 59.8 (d, Zpp = 49 Hz,
CoHu(PEL)).
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190 Chapter 8 — Molecular Cyaphide Analogs of Prussian Blue
8.5.7 Synthesis of [{Fe(depe).}s(u-CP).][OTf]. (42)

Fe(depe).(CP), (31 mg, 0.06 mmol) was dissolved in toluene (0.5 mL), and added to a solution of
[Fe(depe).(N2)][OTf] (72 mg, 0.11 mmol) in 1,2-DFB (1.5 mL), resulting in gas evolution and the
formation of a dark yellow/purple dichroic solution. e solutionwas Itered to remove particulates, then
layered with toluene (20 mL). A erslowdi usion over 1 week, [{Fe(depe).}s(U-CP).][OTf], crystallizes
as dark purple crystals suitable for single crystal X-ray di raction. Yield: 70 mg, 0.04 mmol, 70%. Anal.
Calcd. (%) for CesHiusFsFesOsP1S,(CsHaF2): C, 44.18; H, 7.84; N, 0.00. Found: C, 43.72; H, 8.04; N,
0.20.

Evans NMR (1,2-DFB, 298 K): pe =2.6 s.

Raman: 1229 cm™ (vs, v(C=P)).

8.5.8 Crystallization of ([{Fe(depe).}s(U-CP)s«(CD][B(Arf).]2)n (43)

Under a dinitrogen atmosphere: Fe(depe).(CI)(CP) (89 mg, 0.16 mmol) and Na[B(Ar").] (144 mg, 0.16
mmol) were dissolved in 1,2-DFB (2 mL) toa ordadarkred solution. e solutionwas Itered to remove
particulates, then layered with pentane (20 mL). A er di usion over 2 weeks, the supernatant was
decanted from the mixture of [{Fe(depe).}.(N2) (u-CP)][B(Ar").]. and other oily brown byproducts. e

solid Itrants were dried under vacuum.

Under an argon atmosphere: e solids were extracted with diethyl ether (3 x 20 mL) to give a red-brown
solution. On standing, a small quantity of dark crystals form, identi ed as
([{Fe(depe)2}s(u CP)s-«(CNI[B(Ar)4]2)n. Under a dinitrogen atmosphere, these crystals degrade to a

brown oil over the course of several hours.
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Chapter 9

Conclusions and Future Work

9.1 Conclusions

is project has developed an improved understanding of the chemistry of the cyaphide ion, including its

synthesis, properties, reactivity, and stability in mono- and multi-metallic complexes.

Magnesium(ll) cyaphide complexes can be synthesized by the reductive deoxygenation of a
siloxyphosphaalkyne.  ese can be used as organometallic cyaphide transfer reagents, enabling access to

metal cyaphide complexes by simple salt-metathesis protocols.

In coordination to transition metal centers, the KC-cyaphido ligand is not only a strong ¢ donor but also a
strong T acceptor due to its low-lying C=P m* orbitals. is also results in considerable electrophilic
character, which can be leveraged to prepare hetero-multimetallic species including bi- and tri-metallic

complexes with bridging cyaphido ligands in n':n? and n':n%:n* coordination modes.

Metal cyaphide complexes can also serve as a synthon for other organophosphorus anions. Cycloaddition
reactions between s, p, and d-block metal cyaphide complexes with organic azides result in metallo-
triazaphospholes, which can be reacted further to a ord C-functionalized species. e cyaphide ion can
also undergo metal-mediated oligomerization reactionstoa ord (CP),*, (CP)s*", and (CP),* fragments,

and is disfavored for complexes with signi cant metal—carbon bond covalency.

iswas used to inform the design of stable iron(11) cyaphide complexes, including a dicyaphide complex.
ese were used as precursors to multimetallic iron complexes containing the cyaphide ion in end-on

bridging coordination modes, structurally related to fragments of Prussian blue.

9.2 Future work

e iron cyaphide complexes 40 and 42 demonstrate the feasibility of using the cyaphide ion as a linear
bridging ligand in Prussian blue-like multimetallic systems. In cyaphide analogs of Prussian-blue, the low-

lying C=P m* orbitals should allow for e cient magnetic coupling pathways. To probe this, cyaphide-
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194 Chapter 9 — Conclusions and Future Work

bridged complexes of metals with partially occupied m-symmetric d-orbitals (e.g. tetrahedral iron(l1)),

should be synthesized and studied.

Preliminary results (43) suggest that the formation of metal cyaphide coordination polymers should also
be achievable, but that such systems are likely to have poor stability due to very weak CP—M bonding. e
systematic coordination chemistry study in Chapter 4 was incredibly informative for the design of stable
complexes containing the kC-cyaphido ligand (38 and 39), and a similar study for the more elusive kP-
cyaphido coordination mode should also be highly informative for the design of stable complexes or

coordination polymers containing the kP-cyaphido ligand.

e (CP)s* anion in 34 is intriguing in its own right as a potential precursor to functional
triphosphabenzenes, though the use of 34 in subsequent transformations was prevented due to its poor
solubility. Ancillary ligand modi cation (for example using CsHs(SiMes),™ instead of Cp*~) should help

circumvent this problem.

e cyaphide-azide “click” reaction is remarkably consistent and well-behaved, and should prove to be
useful for the construction of more sophisticated triazaphosphole-containing systems. Further

investigations into this are already under way.

e utility of cyaphide transfer in synthesizing metal cyaphide complexes has been demonstrated in this
work, though its potential utility in preparing organic cyaphide-containing compounds has not been
explored. e magnesium(ll) cyaphide complexes 1, and 3, and the zinc(I1) cyaphide complex 11 may

be useful for the synthesis of otherwise di cult to access phosphaalkynes.

Cyaphide transfer chemistry represents a general route to the synthesis of cyaphide-containing molecules,
though in its current form has very poor atom economy. e cyaphide transfer reagents used in this work,
1, and 3, require the use of stoichiometric silylating reagents and magnesium(l) reductants, neither of
which are incorporated into the nal cyaphide-containing product. e synthesis of other cyaphide
transfer reagents via more atom economical routes, for example by the direct reduction of the 2-

phosphaethynolate ion, will be crucial for enabling the use of the cyaphide ion in practical applications.

Finally, while much progress has been made toward understanding the chemistry of the cyaphide ion,
other heavy cyanide analogs, in particular the cyarside ion (C=As"), remain underexplored. As with the
cyaphide ion, the synthesis of ionic cyarside complexes to use as cyarside transfer reagents would

overcome a major hurdle to further developments in this area.
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Chapter 10

Experimental and Computational Details

10.1 General experimental methods

10.1.1 Synthetic methods

Unless specified otherwise, all reactions and product manipulations were carried out using standard
Schlenk-line techniques under an inert atmosphere of argon or dinitrogen, or in a dinitrogen filled
glovebox (MBraun UNIlab glovebox maintained at < 0.1 ppm H.O and < 0.1 ppm O). All dry solvents
were stored under inert atmospheres of argon or dinitrogen in gas-tight ampoules over activated 3 A

molecular sieves.

Pentane (Sigma Aldrich HPLC grade), hexane (Sigma Aldrich HPLC grade), benzene (anhydrous, Sigma
Aldrich), toluene (Sigma Aldrich HPLC grade), diethyl ether (Sigma Aldrich HPLC grade), DCM
(Sigma Aldrich HPLC grade), and acetonitrile (Sigma Aldrich HPLC grade) were purified using an
MBraun SPS-800 solvent system. THF (Sigma Aldrich HPLC grade) was distilled over
sodium/benzophenone. 1,2-DFB (Alfa Aesar, 98%) and pyridine (Sigma Aldrich HPLC grade) were

distilled over CaH.. Anhydrous methanol (Sigma Aldrich, 99.8%) was purchased and used as received.

CsDs (Aldrich, 99.5%) was degassed and dried over CaH.. ds-toluene (Aldrich, 99.5%) and ds-THF
(Aldrich, 99.5%) were degassed and dried over Na/K alloy. CD,Cl, (Aldrich, 99.5%) was degassed and
dried over activated 3 A molecular sieves. d--DMSO (Aldrich, 99.5%) was degassed and dried twice over

activated 3 A molecular sieves.

Magnesium chloride (Alfa Aesar, ultra dry, 99.9%), 4-dimethylaminopyridine (Sigma Aldrich, 99%),
stearic acid (Sigma Aldrich, 97%), MesSiCl (Sigma Aldrich, 98%), ethynylmagnesium chloride (Sigma
Aldrich, 0.5 M in THF), sodium acetylide (Sigma Aldrich 95%), tert-butyl isocyanide (Sigma Aldrich
98%), carbon monoxide (BOC), ethylene (BOC), potassium cyanide (TCI >98%), trimethylsilyl cyanide
(Sigma Aldrich 98%), adamantyl azide (Sigma Aldrich, 97%), pyridinium chloride (Sigma Aldrich, 98%),
iodine (Sigma Aldrich, 99.8%), and Mn(TPP)CI (Sigma Aldrich, 95%) were purchased and used as
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196 Chapter 10 — Experimental and Computational Details

received. 'Pr:SiOTf (Alfa Aesar, 97%) was purified by vacuum distillation, and dried over activated 3 A
molecular sieves. Tetrabutylammonium cyanide (Sigma Aldrich, 95%) was recrystallized from anhydrous
THF/hexane. [NBus][PFs] (Sigma Aldrich, 98%) was purified by two-fold recrystallization from
methanol. Ferrocene (Sigma Aldrich, 98%) was purified by vacuum sublimation. Benzyl azide (Alfa Aesar,
94%) was distilled and dried over 3 A molecular sieves. 18-crown-6 (Sigma Aldrich, 99%) was purified by

recrystallization from acetonitrile.

[Na(diox),][PCO],™ {Mg(P*"NacNac)},,? {Mg(™=NacNac)},,™ Ge(P*"NacNac)CI
Sn(®"NacNac)CI,B®! Au(IDipp)CI,¥1 Co(P*PDI)CIE!, {Zn(P*"NacNac)(u-Cl)}. Na[B(ArF).],[
Co(°™PDI)Me,®  [Co(®PPDI)(N2)][B(Me)(CsFs)s].!  Rh(P*PDICLE!  Rh(P"PDI)Me,1
Au(IDipp)(CN),1  B(CsFs)3@  Rh(Cp*)(PMes),, 81 W(CO)s(THF),  Ga(®PNacNac),*s!
Fe(depe)2(N.),[* 'BuN;* DippNs, 8 Ni(SIDipp)(Cp)CI,1 Sc(Cp*).Cl,2 Sm(Cp*).(OEt,),!
Zn(18-crown-6)Cl,,?2 Cd(18-crown-6)Cl,,?1 Fe(depe).Cl,,*41 [Fe(depe).(Cl)(N2)][BPh4],”! and
[Fe(depe).(N,)][OTf] ¢ were synthesized according to previously reported synthetic procedures. The
synthesis of 'Pr;SiOCP was adapted from the previously reported procedure.?81 Ni(™I'Pr,),(COD) and
{(™I'Pr,),Ni}.(u-COD) were synthesized as a 7:3 mixture according to a previously reported procedure,

and its stoichiometry determined by *H NMR spectroscopy.[?”]

Crystals of Rh(P*PPDI)ClI suitable for single crystal X-ray diffraction were obtained from THF/pentane
at —20 °C. Crystals of Rh(P*"PDI)Me suitable for single crystal X-ray diffraction were obtained from

toluene/pentane at =35 °C.

10.1.2 Characterization techniques

NMR spectrawere acquired on a Bruker AV111400 MHz NMR spectrometer (*H 400 MHz, 'B 128 MHz,
F 377 MHz,*'P 162 MHz), Bruker AVII1 500 MHz NMR spectrometer (*H 500 MHz, *C 126 MHz,
$1p 202 MHz) or a Bruker Avance NEO 600 MHz NMR spectrometer with a broadband helium
cryoprobe (*H 600 MHz, $*C 151 MHz).*H and *C NMR spectra were referenced to the most downfield
solvent resonance (*H NMR Cg¢Ds: 8 = 7.16 ppm, CD,Cl.: 4 = 5.32 ppm, de-THF: 3 = 3.58 ppm, ds-
DMSO: 6 = 2.50 ppm; *C NMR CsD¢: 8 = 128.06 ppm, ds-THF: 6 = 67.21 ppm, d-DMSO: $ = 39.52
ppm). *H and C NMR spectra in 1,2-DFB were measured locked to a CeDs capillary and referenced
according to literature methods.!?®! 1'B NMR spectra were externally referenced to BFs-Et,O in CsDe. °F

NMR spectra were externally referenced to CFCls. 3P NMR spectra were externally referenced to an 85%


Eric
Sticky Note
Completed set by Eric

Eric
Sticky Note
Completed set by Eric

Eric
Sticky Note
Completed set by Eric
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solution of HsPO, in H,O. Paramagnetic susceptibilities were determined by NMR using the Evans

method.[2230

Infrared spectra were acquired on a Thermo Scientific iS5 FTIR spectrometer using an iD3 ATR stage.
Raman spectra were acquired on a Thermo Fisher Scientific DXR3 SmartRaman spectrometer using a

532 nm or 785 nm laser.

UV-vis absorption spectra were acquired for dilute toluene solutions on a Horiba Duetta

spectrofluorometer at 298 K using an anaerobic quartz cuvette.

Cyclic voltammetry experiments were performed in a MBraun UNILab glovebox with a PalmSens
Emstat3+ Blu potentiostat using a glassy carbon working electrode, a Pt wire counter electrode, and an

Ag wire pseudo-reference electrode.

Elemental analyses were carried out by Elemental Microanalyses Ltd. (Devon, U.K.) or London
Metropolitan University (London, U.K.). Samples (approx. 5 mg) were submitted in flame sealed glass

tubes.

10.1.3 Single crystal X-ray diffraction data

Single crystal X-ray diffraction data were collected using an Oxford Diffraction Supernova dual-source
diffractometer equipped with a 135 mm Atlas CCD area detector. Crystals were selected under Paratone-
N oil, mounted on micromount loops and quench-cooled using an Oxford Cryosystems open flow N2
cooling device. Data were collected at 150 K using mirror monochromated Cu Ko (A = 1.54184 A) or Mo
Ka (A=0.71073 A) radiation and processed using the CrysAlisPro package, including unit cell parameter
refinement and inter-frame scaling (which was carried out using SCALE3 ABSPACK within
CrysAlisPro).H Structures were subsequently solved using direct methods and refined on F? using the

SHELXL or SHELXT packages.[*2-34
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10.2 General computational methods

Density functional theory (DFT) calculations were performed using the ORCA 4.2.0 or 5.0.2 software

35-37] All methods were used as implemented. Analytical frequency calculations were carried out

packages. !
to verify all non-fragment geometries as either true minima (Nimsg = 0) or saddle points (Nimag = 1). Natural
Population Analysis were carried out using the NBO 7.0 program.**] Energy decomposition analysis was
carried out using the ETS-NOCYV approach!*#" as implemented in ORCA $.0.2, with difference densities
generated by Multiwfn 3.8.") Quantum Theory of Atoms in Molecules (QTAIM) topology analysis was

carried out using Multiwfn 3.8.1*!) Electrostatic potential surfaces were calculated using Multiwfn 3.8.14!

Sections 1.1.1, 1.3.2, and 4.3.1: Single point and geometry optimizations were performed using the
wB97X-D3 functional,*?! the zero order regular approximation (ZORA) using HF model densities, and
the relativistically contracted quadruple-zeta basis set with added polarization functions ZORA-def2-

QZVPP [43,44]

Section 2.2.4: Geometry optimizations and single point calculations were performed using Becke’s 88
gradient exchange functional,'**! and Perdew’s ’86 correlation functional (BP86),1* with the resolution
of identity (RI-J) approximation.”! Geometry optimizations were performed using the Karlsruhe split
valence basis set (def2-SVP) with the general Weigend ] auxiliary basis set (def2/J), and single point

4] Single point

energies were obtained using the Karlsruhe triple zeta valence basis set (def2-TZVP).
energies were corrected using Grimme’s D3 dispersion correction with Becke-Johnson damping

(D3BJ),5% and gCP geometric counterpoise correction.s

Sections 2.2.6, 5.3.3, 6.3.3, 8.2.2, and 8.3.4: Geometries were optimized using the B97-D3
functional and the def2-SVP basis set.l****) Single point calculations were performed using the wB97X-D3
functional'*”) and the Resolution of Identity approximation (RIJCOSX),[5*** and corrected for relativistic
effects using the zeroth order regular approximation (ZORA). The segmented all-electron relativistically
contracted basis set SARC-ZORA-TZVPP was used for Au and I, and the relativistically contracted triple-
zeta basis set ZORA-def2-TZVPP was used for all other atoms, along with the SARC/]J auxiliary basis

set. [43,44]

Section 3.3: %P NMR predictions were performed using optimized geometries obtained by the PBEh-

N

3c composite method developed by Grimme and coworkers,5* which uses a composite Gaussian AO
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basis set (def2-mSVP) for all atoms. The NMR shielding tensors were calculated using the Gauge
Including Atomic Orbitals (GIAO) method,**-%*) and were carried out with the one-parameter hybrid
Perdew-Burke-Ernzerhof (PBEO) functional,’*”) using Jensen’s segmented contracted pcsSeg-3 basis set
for phosphorus,!®! and the composite def2-mSVP basis set for all other atoms. Relative chemical shifts
were obtained using H;PO, in water as a reference (§ = 0 ppm), and scaled using an empirical linear
scaling method that has been previously shown to improve the accuracy of chemical shift predictions. ' ™)
Solvent corrections for all structures were performed using the conductor-like continuum polarization

model (CPCM), using spherical gaussian charges and a scaled van der Waals solute cavity surface.[”]

Sections 4.3.2, 4.3.4, 7.2.3, 7.2.4, 7.2.5, and 7.3: Geometries were optimized using the B97-D3
functional and the def2-SVP basis set.l***?) Single point calculations were performed using the wB97X-D3
functional*! and the Resolution of Identity approximation (RIJCOSX),!* and corrected for relativistic
effects using the zeroth order regular approximation (ZORA). The segmented all-electron relativistically
contracted basis set SARC-ZORA-TZVP was used for Au and Rh, and the relativistically contracted triple-
zeta basis set ZORA-def2-TZVP was used for all other atoms, along with the SARC/] auxiliary basis
set.[**] Nucleus-Independent Chemical Shifts (NICS) were computed using the PBEO functional and
def2-TZVP basis set,l****) and using the Gauge-Independent Atomic Orbitals (GIAO) method.

Sections 5.2.4 and 5.2.5: Geometries were optimized using the PBEh-3c method and the def2-mSVP
basis set.) Single point calculations were performed using the wB97X-D3 functional!®! and the
Resolution of Identity approximation (RIJCOSX),1*5* and corrected for relativistic effects using the
zeroth order regular approximation (ZORA). The segmented all-electron relativistically contracted basis
set SARC-ZORA-TZVP was used for all heavy atoms (Rh, W, and Au), and the relativistically contracted
triple-zeta basis set ZORA-def2-TZVP was used for all other atoms, along with the SARC/J auxiliary basis

Set.[43’441
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