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Abstract
Synthesis of f-Element Multiple Bonds: Providing Insight into Covalency
by

Selena L. Staun

Herein, | report the synthesis, characterization, and reactivity of the N-
(isocyanoimine)triphenylphosphine (CNNPPh3) adduct of [Ce(NR2)s] (R = SiMes): namely,
[(NR2)3Ce(CNNPPh3)]. Photolysis of [(NR2)sCe(CNNPPhs)] with a 380 nm LED source for
1 month results in clean formation of [(NR2)sCe(NCNPPh3)], via reorganization of the
nitrilimine ligand to its carbodiimide isomer.

Reaction of U(N(SiMez)3) (R = SiMes) with 2 equiv tert-butyl isocyanide proceeded to
oxidize the uranium center and reduce the ligand to synthesize, [U(NR2)3(CN)(CN'Bu)], in
pentane, suggesting that the C-N triple bond in the tert-butyl isocyanide ligand was not strong
enough to withstand the reaction conditions. Utilizing the sp2 bond in 2,6-Dimethylphenyl
isocyanide (CNXyl, Xyl = 2,6-Me2CsHs), reaction of U(NR2)s with 2 equiv 2,6-
Dimethylphenyl isocyanide resulted in the isolation of [U(NR2)3(CNXyl)2], as well as
[U{N(R)SIC(=CH2)N(XyD)}(NR2)2], formed by [U{N(R)(SiMez)CH2}(NR2)2], a
decomposition product of U(NRz2)s, reacting with 1 equiv of 2,6-Dimethylphenyl isocyanide.
Reduction reactivity of [U(NR2)3(CNXyl)2] was also explored and is discussed.

Herein, | report the synthesis and characterization of three novel actinide imido
complexes, [K(18-crown-6)][U(NTs)(NRz2)s] (R = SiMes), [Li(12-crown-
4)2][Th(NCPh3)(NR2)3], and [K(18-crown-6)][Th(NTs)(NR2)3], where the corresponding

amide salts, [Li(NHCPh3z)(THF)] or KNHTSs (Ts = MeCsH4SO2) were used to protonate the



actinide metallacycle, [An(CH2SiMezNSiMes)(NR2)2] (An = U, Th), as well as two novel
actinide amido borane complexes, [Na(2,2,2-cryptand)][U(NR2)sNHBPhs] and [K(dibenzo-
18-crown-6)][Th(NR2)sNHBPhs], through the reaction of NHsBPhs with the actinide
bis(metallacycle), [An{N(R)(SiMe2CH2)}2(NR2)]" (An = U, Th). These imido and amido
complexes are ideal for synthesizing actinide nitrido species through the method of reductive
deprotection, in an effort to cleave the N-C, N-S, and N-B bond.

Reaction of the thorium metallacycle, [Th{N(R)(SiMe2)CH2}(NR2)2] (R = SiMes) with 1
equiv of NaNH2 in THF, in the presence of 18-crown-6, results in formation of the bridged
thorium nitride complex, [Na(18-crown-6)(Et20)][(R2N)sTh(u-N)(Th(NRz2)3], which can be
isolated in 66% yield after work-up. [Na(18-crown-6)(Et20)][(R2N)3Th(u-N)(Th(NR2)3] is
the first isolable molecular thorium nitride complex. Mechanistic studies suggest that the first
step of the reaction is deprotonation of [Th{N(R)(SiMe2)CH2}(NR2)2] by NaNH2, which
results in formation of the thorium bis(metallacycle) complex,
[Na(THF)X][Th{N(R)(SiMe2CH2)}2(NR2)], and NHs. NHs then reacts with unreacted
[Th{N(R)(SiMe2)CH2}(NR2)2], forming [Th(NR2)s(NH2)], which protonates
[Na(THF)x][Th{N(R)(SiMe2CH2)}2(NR2)] to give [Na(18-crown-6)(Et20)][(R2N)sTh(u-
N)(Th(NR2)s]. Consistent with hypothesis, addition of excess NHs to a THF solution of
[Th{N(R)(SiMe2)CH2}(NR2)2] results in formation of [Th(NR2)s(NH2)], which can be
isolated in 51%  vyield after  work-up. Furthermore, reaction  of
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] with [Th(NR2)3(NH2)], in THF-ds, results in clean
formation of [K(18-crown-6)(THF)2][(R2N)sTh(u-N)(Th(NR2)s], according to H NMR
spectroscopy. The electronic structures of [(R2N)sTh(u-N)(Th(NR2)3]™ and [Th(NR2)3(NH2)]

were investigated by °N NMR spectroscopy and DFT calculations. This analysis reveals that



the Th—Nhitrice bond in [(R2N)sTh(u-N)(Th(NR2)s]~ features more covalency and a greater
degree of bond multiplicity than the Th-NH2 bond in [Th(NR2)s(NH2)]. Similarly, this
analysis indicates a greater degree of covalency in [(R2N)sTh(u-N)(Th(NRz2)s]~ vs.
comparable thorium imido and oxo complexes.

Reaction of the thorium bis(metallacycle), [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] (R =
SiMes) with 1 equiv of the newly synthesized uranium parent amide, [U(NRz2)3(NH2)], in THF,
in the presence of 18-crown-6, results in formation of a bridged uranium-thorium nitride
complex, [K(18-crown-6)(THF)2][(NR2)sU" (u-N)Th'V(NR2)s], which can be isolated in 56%
yield after work-up. [K(18-crown-6)(THF)2][(NR2)sU'(u-N)Th'V(NRz2)3] is the first isolable
molecular mixed actinide nitride complex. Additonally, a u-CH: bridging mixed actinide
nitride complex, [(K(18-crown-6)o.:5)(K(18-crown-6)osEt20)][(NR2)2U"Y (u-
N)(CH2SiMe2NR)Th'V(NRz2)2], is also isolated in this reaction in 34% yield. Furthermore,
[K(18-crown-6)(THF)2][(NR2)sU"(u-N)Th'V(NR2)3] is oxidized by 0.5 equiv of I2 to a
mixed-valent UV/Th'V bridged nitride, [(NR2)sUY(u-N)Th'V(NR2)s], which can be isolated in
42% vyield after work-up. The structural assignments have been supported by means of °N-
isotopic labeling, electronic absorption spectroscopy, magnetometry, electronic structure
calculations, and elemental analyses.

Reaction of 3 equiv of NaNR2 (R = SiMes) with NpCls(DME)2 in THF afforded the
Np(1V) silylamide complex, [Np(NR2)sCl], in good yield. Reaction of [Np(NR2)sCI] with 1.5
equiv of KCs in THF, in the presence of 1 equiv of dibenzo-18-crown-6, resulted in formation
of [{K(DB-18-C-6)(THF)}s(us-Cl)][Np(NR2)3Cl]2, also in good yield. Complex [{K(DB-18-
C-6)(THF)}3(us-CD][Np(NR2)sCl]2 represents the first structurally characterized Np(lIl)

amide. Finally, reaction of NpCls(DME)2 with 5 equiv of NaNR:z and 1 equiv of dibenzo-18-

Xi



crown-6 afforded the Np(IV) bis(metallacycle), [{Na(DB-18-C-6)(Et20)o.62(x*-DME)o.38}2(p1-
DME)][Np{N(R)(SiMe2CH2)}2(NR2)]2, in moderate yield. Complex [{Na(DB-18-C-
6)(Et20)0.62(k*-DME)o0.38}2(u-DME)][Np{N(R)(SiMe2CH2)}2(NR2)]2 was characterized by
'H NMR spectroscopy and X-ray crystallography and represents a rare example of a
structurally characterized neptunium—hydrocarbyl complex. To support these studies, | also
synthesized the uranium analogues, namely, [K(2,2,2-cryptand)][U(NR2)sCl], [K(DB-18-C-
6)(THF)2][U(NR2)3Cl], [Na(DME)s][U{N(R)(SiMe2CH2)}2(NR2)], and [{Na(DB-18-C-
6)(Et20)05(k-DME)os}2(u-DME)[[U{N(R)(SiMe2CH2) }2(NR2)]2. Complexes were
characterized by a number of techniques, including NMR spectroscopy and X-ray

crystallography.

Xii



Table of Contents

ACKNOWIEAGEMENTS ...ttt sae e iv
Vita Of Selena L. STAUN ..o vi
ADSEFACT ... IX
Table Of CONTENTS........oviiiiiiiee e Xiii
LIST OF FIQUIES ..ttt bbb XXV
LIST OF SCNEMIES.......ii e XXXV
LiSE OF T@DIES ... XXXIX
LiSt OF ADDIEVIATIONS .....cuiiiiiiiiiieieee e xli
Chapter 1. INTrodUCTION ........ooiuiiiiiccie e 1
1.1 Nuclear Power and Handling Nuclear Waste ............c.cccccvevveivennenn. 2
1.2 f-orbital Bonding and Covalency in Actinide-Ligand Bonding ......5
1.3 Metal-Ligand Multiple BONdS ..........cccccoveviiieiicie e, 8
1.4 General REMArKS ... 10
1.5 RETEIENCES. ... i 12
Chapter 2. Cerium PROtOIYSIS......cc.coiiieiecie et 22
2.1 INTFOUUCTION......couieeti ettt bbbt 24
2.2 ReSUItS aNd DISCUSSION ......ccvviuiiiiiiiiesiisieeie e 27

2.2.1 Synthesis and Characterization of [(NR2)sCe(CNNPPhz)] (R =

SIMES) (2.1) weveieiee et 27
2.2.2 Synthesis and Characterization of [(NR2)sCe(NCNPPh3)] (2.2)......30
2.2.3 Synthesis and Characterization of [(NR2)Ce(NPPh3)s] (2.3)............ 33

Xiii



2.3 SUIMIMIBIY ...tttk ittt ettt e s be e et e e e he e e bt e esbeebeeesb e e nbeesaeeenbeeennee e 34

2.4 ACKNOWIEAGEMENTS.......ooiiieie ettt 35
2.5 EXPEITMENTAL.......oiiiiiiiiiiiiiee e 35
2.5.1 General Methods..........ccviiiieieiee e 35
2.5.2 Synthesis and Characterization of [(NR2)sCe(CNNPPh3)] (2.1)......36

2.5.3 Synthesis and Characterization of [(NR2)sCe(NCNPPh3)] (2.2)

and [(NR2)Ce(NPPh3)3] (2.3)....cueeeiirieierierisisieeesesesisie e 37

2.5.4 Thermolysis of [(NR2)sCe(CNNPPh3)] (2.1). .ccocevvveiiircreeeiene, 38

2.5.5 Photolysis 0f CNNPPR3. .......ccooiiii s 39

2.5.6 Thermolysis 0f CNNPPhR3.........ccccoeiieieccceee e 39

2.5.7 X-ray Crystallography ..., 40

2.6 APPENUIX....eiiiiieiie ettt e et re e 42

2.6.1 Synthesis and Characterization of (PPhsN)(NR2)2UCNU(NR2)3

(2.4) and (Ph3sPN)(NR2)2UCNuNCU(NR2)2(NPPhs) (R =

YL ) N RO 42

2.6.2 NMR SPECIIA ...oeeiiiiiiiiiii e 47

2.6.3 IR SPECLIA ...ttt 60

2.7 RETEIBINCES. ...ttt 63

Chapter 3. Reductive Coupling of Isocyanides Using Low-Valent Uranium(111)66

L I OTUCTION ... 68
3.2 RESUILS aNT DISCUSSION «...eeeeeeeeee et e et e e e e e e e e e e e e 72
3.2.1 Synthesis and Characterization of [U(NR2)3(CN)(CN'Bu)] (3.1).....72

Xiv



3.2.2 Synthesis and Characterization of U(NR2)3(CNXyl)2 (Xyl = 2,6-
ME2CEHS) (3.3) wevevirriiriiieierie et
3.2.3 Synthesis and Characterization of
[U{N(R)SIC(=CH2)N(XYN)}(NR2)2] (3.4) .veveereirirririeiririsieienenns
3.2.4 Reactions of U(NR2)3(CNXyl)2 (3.3) with TMSCI .........cccceevvnneee.
3.2.5 Reduction reactions of U(NR2)3(CNXyl)2 (3.3) with KCs and
[Cp*2Co]* and the Synthesis and Characterization of
[Cp*2C0o][{n?-C,N-(Xyl)NCN(Xy)JU(NR2)3] (3.5)...cccererrrrrnnne.
3.3 SUMIMBIY ...ttt b ettt b ettt et nne s
3.4 ACKNOWIEAGEMENTS. ... oot
3.5 EXPEIIMENTAL......ccviiiiiiciiecc ettt
3.5.1 General Methods..........coviiiiiiiieeie e,
3.5.2 Synthesis and Characterization of [U(NR2)3(CN)(CN'Bu)] (R =
ST I O
3.5.3 Synthesis and Characterization of U(NR2)3(CNXyl)2 (Xyl = 2,6-
IME2C6H) (B.3) cvvvrveererereresereeeeeseeeseeeeesesees s esseeeseeeseseseeesseeseesses
3.5.4 Synthesis and Characterization of
[U{N(R)(SIC(=CH2)N(XYD}(NR2)2] (3.4) ..crrreerrrrrerrrrieiereniene.
3.5.5 Synthesis and Characterization of [Cp*2Co][{n?-C,N-
(XYDNCN(XYDFU(NR2)3] (3.5).cuecvererieiiinieirieinieieeseesee i,
3.5.6 X-ray Crystallography ..o,

30 RTINS . ..t

XV



Chapter 4. Reductive Deprotection of Actinide Imido and Amido (An = Th, U)

Complexes to Access a Nitrido COmPpIeX ......cccocvvevvevviiieiieece e 104
I (o [0 Tod 1o o RSP PSPR 107
4.2 ReSUILS and DISCUSSION ....c.vviiuiieiiieiiiesiie sttt 112

4.2.1 Synthesis and Characterization of [Li(12-crown-

A2 [TA(NCPH3)(NR2)3] (4.1) .o 112
4.2.2 Synthesis and Characterization of [K(18-crown-

6)][U(NTs)(NR2)s] (4.2) and [K(18-crown-

B)][TRINTS)(NR2)3] (4.3) cveoveveeeeeeeeeeeeeeeeeeeeeseeee e 114
4.2.3 Synthesis and Characterization of [Na(2,2,2-

cryptand)][U(NR2)sNHBPhz] (4.4) and [K(DB-18-C-

6)(THF)2][Th(NR2)SNHBPHS] (4.5) ..ooveoeveereereereeeeeeseeeerseneens 116
4.2.4 Attempted Deprotection Reactions of [Li(12-crown-

4)2][Th(NCPh3)(NR2)3] (4.1) With KCs....covoveeeiiiiiececeeie, 121
4.2.5 Attempted Deprotection Reactions of [K(18-crown-

B)]JUNTS)(NR2)3] (4:2) ovvoeveereeeeeereeeeeeeeeeeeeeseeseeeeeesseeeeeesee 122
4.2.6 Attempted Deprotection Reactions of [K(18-crown-

B)I[TH(INTS)(NR2)3] (4.3) ceereireeieieiiiieieeeseses e 124
4.2.7 Reactions of NH3BPhs with Lewis Bases..........ccccoeverenvnnninnnnnn, 125
4.2.8 Reactions of [Na(2,2,2-cryptand)][U(NR2)sNHBPhs] (4.4) and

[K(DB-18-C-6)(THF)2][Th(NR2)sNHBPhs] (4.5) with DMAP..126

XVi



4.2.9 Reactions of [Na(2,2,2-cryptand)][U(NR2)sNHBPhs] (4.4) and
[K(DB-18-C-6)(THF)2][Th(NR2)sNHBPhs] (4.5) with

KIN(STVIBS) 2. e

4.3 SUMIMAEY ¢ttt ettt e et e e st e e e s st e e e an b e e e bt e e e bb e e asbe e e anneeennseeeanes
4.4 ACKNOWIEAGEMENTS.....cueiiiieii e nne s

4.5 EXPEITMENTAL ..ot

4.5.1 General Methods.........ccccoiiiiiiieiciee e
4.5.2 Synthesis and Characterization of [Li(12-crown-
4)2][TA(NCPh3)(NR2)3] (4.1) ccveieiiiieeieieieeiece e
4.5.3 Synthesis and Characterization of K(18-crown-
B)IJUNTS)(NR2)3] (4.2) cvvereeeieieieeeeerieiee e
4.5.4 Synthesis and Characterization of [K(18-crown-
B)J[TA(NTS)(NR2)3] (4.3) ceeeiiieierieiiririeeeneeese e
4.5.5 Synthesis and Characterization of [Na(2,2,2-
cryptand)][[U(NR2)sNHBPh3] (4.4)......cccoovvvieiiiieiicenieeens
4.5.6 Synthesis and Characterization of [K(DB-18-C-
6)(THF)2][Th(NR2)SNHBPH] (4.5) ...

4.5.7 X-ray Crystallography .........ccccceeeiieieiicceece e

G N o] =] 1o | TSP PO PR PR URPPRPO

4.6.1 Synthesis and Characterization of U(NR2)3CsH4sNO3sUNR (R =
SIMES) (4.10) ..o

4.6.2 Synthesis of CeHaNO3K (4.11).....cccoiiiiiiiiiiiieiene e,

Xvii



4.6.3 Synthesis and Characterization of Th(NR2)3CsH4NO3 (R =

ST N ) N 142

4.6.4 NMR SPECLIA .....veiieiieieiee et 145

A.6.5 IR SPECIIA ...vvviiiiie ittt 163

4.7 RETEIENCES. ...t 168

Chapter 5. Use of ©®N NMR Spectroscopy to Probe Covalency in a Thorium

NIEFIAE AN AMIAE <. 172
TN A 1] (o To [N Tox (T o FUUE TR 175
5.2 RESUILS AN DISCUSSION .. ennnnn 176

5.2.1 Synthesis and Characterization of [Na(18-crown-
6)(Et20)][(R2N)sTh(p-N)(Th(NRz2)s] (R = SiMes) ([Na][5.1])....176

5.2.2 NMR scale reaction of [Th{N(R)(SiMe2)CH2}(NRz2)2] with

5.2.4 NMR scale reaction of

[K(DME)][Th{N(R)(SiMe2CHz2)}2(NR2)] with

[Th(NR2)3(NH2)T (5:2). evevrveeeiereiieeinieieeresieieeie s 182
5.2.5 Synthesis and Characterization of [K(18-crown-

6)(THF)2][(R2N)sTh(u-23N)(Th(NR2)s] ([K][5.1-N])............... 183
5.2.6 Synthesis and Characterization of [Th(NR2)3(**NH2)] (5.2-°N)....184
5.2.7 Electronic Structure Analysis of [5.1]7and 5.2......ccccccevveivinnen, 185

5.2.8 Chemical Shift Analysis of [5.1]" and 5.2. ......cccocvvviiiiiniiieen, 187

Xviii



5.3 SUMMEBIY ...ttt ettt sttt sb e et e et e e enb e e sneeanneeareeas 188

5.4 ACKNOWIEAGEMENTS........oiiieicic et 190
5.5 EXPEIIMENTAL.......ooiiiiiiiiiiiee e 190
5.5.1 General Methods. ..o 190

5.5.2 Synthesis and Characterization of [Na(18-crown-
6)(Et20)][(R2N)sTh(u-N)(Th(NR2)s] (R = SiMes) ([Na][5.1])....191

5.5.3 Synthesis and Characterization of [K(18-crown-
6)(THF)2][(R2N)sTh(u-N)(Th(NR2)3] ([K][5.1])-+vevevevereerereenns 192

5.5.4 Synthesis and Characterization of [K(18-crown-
6)(THF)2][(R2N)sTh(u-N)(Th(NR2)3] ([K][5.1-°N]). .covvreve. 194

5.5.5 Synthesis and Characterization of [Th(NRz2)3(NH2)] (R = SiMes)

5.5.6 Synthesis and Characterization of [Th(NR2)3(**NH2)] (5.2-°N)....196

5.5.7 NMR scale reaction of [Th{N(R)(SiMe2)CH2}(NRz2)2] with

5.5.8 NMR scale reaction of

[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] with

[TA(NR2)3(NH2)] (5.2). c.eeeieiiieieceiiieeseeeeseee e 198
5.5.9 X-ray Crystallography ..o 200
5.6 APPENTIX ..ttt et r e ae e 203

5.6.1 Synthesis and Characterization of [Na(18-crown-
6)(Et20)]1[(R2N)sU(u-N)(U(NR2)3] (R = SiMes) (5.5).....ccccvvvee. 203

5.6.2 NIMR SPECLIA ....eoviiiriiiieitiee e 205

XiX



5.6.3 TR SPECLIA ... 218
5.6.4 Computational Details ...........cccoeveiviiiiiiicie e 227
ST =] (= =] 0TSSR 252

Chapter 6. Synthesis and Characterization of a Rare U'Y/Th! Bridging Nitride

and Its Oxidation to a Stable UV/Th!Y Species ...........cceeevvvveevesreeceenan, 258

6.1 INTrOTUCTION.......ouviiiiiitieie e bbbt 261
6.2 ReSUILS and DISCUSSION ........eveiiiiiiiicieii e 263
6.2.1 Synthesis and Characterization of [U(NR2)3(NH2)] (6.1)............... 263

6.2.2 Synthesis and Characterization of [K(18-crown-
6)(THF)2][(NR2)3U"V(u-N)Th'V(NR2)3] (6.2) ...cccvevrvrvririririririnns 266
6.2.3 Synthesis and Characterization of [(K(18-crown-6)o.)(K(18-

crown-6)osEt20)][(NR2)2U"Y(u-N)(CH2SiMe2NR) Th!V(NRz2)2]

6.2.5 Synthesis and Characterization of [U(NR2)3(**NH2)] (6.1-*°N).....281

6.2.6 Synthesis and Characterization of [K(18-crown-
6)(THF)2][(NR2)sU"Y(u-*N)Th'V(NR2)3] (6.2-'°N) and
[(K(18-crown-6)o.:5)(K(18-crown-6)osEt20)][(NR2)2U" (u-
15N)(CH2SiMeaNR)ThY(NR2)2] (6.3-5NY.....vvvveeoereeeeeeressreeene 282

6.2.7 Synthesis and Characterization of [(NRz2)sUV(u-*N)Th'V(NR2)3]

6.2.8 EPR SpectroSCOPY Of 6.4 .......ccovieiiiieiieiesie e 284

XX



6.2.9 SQUID SpectroSCOPY OF 6.4 .....ccueeuiiieiieiesie e 285

6.3 SUMMIAIY ..ottt ettt st b e b e e et e e b e e st e e e nnes 286
6.4 ACKNOWIEAGEMENTS. ..o 288
6.5 EXPErIMENTal........coiiiiiiiiic e 289

6.5.1 General Methods..........ccoiieiinicce s 289

6.5.3 Synthesis and Characterization of [U(NR2)3(**NH2)] (R =
SIME3) (B.1-9N) 1. 291
6.5.4 Synthesis and Characterization of [K(18-crown-
6)(THF)2][(NR2)3U™(-N)Th'V(NR2)3] (6.2) vveervvereerreeerereeee 292
6.5.5 Synthesis and Characterization of [K(18-crown-
6)(THF)2][(NR2)3U™(u-23N) Th'V(NR2)3] (6.2-15N)......ovrvreeene. 293
6.5.6 Synthesis and Characterization of [(K(18-crown-6)o.5)(K (18-

crown-6)osEt20)][(NR2)2U"(1-N)(CH2SiMezNR) Th'V(NR2)2]

6.5.7 Synthesis and Characterization of [(K(18-crown-6)o.s5)(K (18-
crown-6)osEt20)][(NR2)2U"Y(p-
LN)(CH2SiMe2NR)Th'V(NR2)2] (6.3-N)...c.cvvvevirriiiiciiirieiee, 294

6.5.8 Synthesis and Characterization of [(NR2)sUVY(u-N)Th'V(NR2)3]

6.5.9 Synthesis and Characterization of [(NR2)sUY(u-°N)Th'V(NRz2)s]

LI N ) TSSO 296

XXi



6.5.10 NMR scale reaction of

[K(DME)][Th{N(R)(SiMe2CH2)}2(NR):] with

[UNR2)3(NH2)T (6.1). ..o 296

6.5.11 X-ray Crystallography .........cccccoveevieiiieiie e 298

RO I N o] 0T a0 | USSR 301
6.6.1 NIMR SPECLIA .....eoviiiiiiiieitieie e 301

6.6.2 IR SPECIIA ...eeeiiiieciiie ittt 311

6.6.3 UV-VIS SPECLIA...c.uiiiiiieiiieieciie e ste et se e 321

6.6.4 SQUID SPECIIA .....vvveiiiiiieiei i 322

B.7 RETEIENCES. ...ttt 325

Chapter 7. Expanding the Non-aqueous Chemistry of Neptunium: Synthesis and

Structural Characterization of [Np(NR2)sCl], [Np(NR2)3Cl]-, and

[Np{N(R)(SiMe2CH2)}2(NR2)]™ (R = SIME3) ...cerererriiriierieenieieesieeeee 330

7. L INEFOTUCTION ...ttt 333
7.2 ReSUIES and DISCUSSION .......eveveiiriiiecieiisiee e 334
7.2.1 Synthesis and Characterization of [Np(NR2)3CI] (7.1)....c.ccovenene. 334

7.2.2 Synthesis and Characterization of [K(2,2,2-
cryptand)][U(NR2)sCl] (7.2) and [K(DB-18-C-
6)(THF)2I[UNR2)3CI] (7.3). wervereeerereereeereseeseeerseeseseeeseeeeresses 339
7.2.3 Synthesis and Characterization of [{K(DB-18-C-6)(THF)}s(js-
CDIINP(NR2)3CI2 (7-4) eveveeiieeeeieiseeeeee e 342
7.2.4 Synthesis and Characterization of

[INP{N(R)(SiIME2)CH2IHNR2)2] (7.5) ..ceerrveereeeereeeeseeeeesesssreeon 345

podll



7.2.5 Synthesis and Characterization of
[Na(DME)3s][U{N(R)(SiMe2CH2)}2(NR2)] (7.6) and [{Na(DB-
18-C-6)(Et20)0.5(*-DME)o.5 }2(-
DME)][U{N(R)(SiMe2CH2)}2(NR2)]2 (7.7) cerveeerreerireeeereen 346

7.2.6 Synthesis and Characterization of [{Na(DB-18-C-
6)(Et20)0.62(1c*-DME)o.38}2(l-

DME)][Np{N(R)(SiMe2CH2)}2(NR2)]2 (7.8) and

[Na(DME)s][Np{N(R)(SiMe2CH2)}2(NR2)] (7.9).....cccvrvrrrrrrrrene 347

7.3 SUMMIAIY ©eeieiie ettt ettt e et e st e e s b e e et e e s b e e e ssb e e e nnae e e nnbeeennes 350
7.4 ACKNOWIEAGEMENTS. .....ccuiiiiiiiieie e 351
7.5 EXPErIMENtal......c.ooiiiiiie et 352
7.5.1 General MEthods..........couoiieiiiiecc e 352

7.5.2 Synthesis and Characterization of [Np(NRz2)sCl] (7.1, R =

SIMIS). v 354
7.5.3 Synthesis and Characterization of [K(2,2,2-

cryptand)JJU(NR2)3CI] (7.2). .cveveieieceeeceeeee e 355
7.5.4 Synthesis and Characterization of [K(DB-18-C-

6)(THF)2JJU(NR2)3CI] (7.3). cvovevereiireeeeiesiseeee e 356
7.5.5 Synthesis and Characterization of [CI{K(DB-18-C-

6)(THF) }3][NP(NR2)3CI]2 (7-4). coveoeveeeeeeeveeeeceeeeeeeeeeeeseeeeneens 357
7.5.6 Attempted Synthesis and Characterization of

[INP{N(R)(SiMe2)CH2}HNR2)2] (7.5). crevvvvvveereerereeeeeeeeseesseeeenee 357

xXxiii



7.5.7 Synthesis and Characterization of
[Na(DME)3][U{N(R)(SiMe2CH2)}2(NR2)] (7.6)......c.ccecvrvrrrrnrnn. 358
7.5.8 Synthesis and Characterization of [{Na(DB-18-C-6)(«-

DME)o.5(Et20)0.5}2(x-DME)][U{N(R)(SiMe2CH2)}2(NR2)]2

7.5.9 Synthesis and Characterization of [{Na(DB-18-C-6)(k!-
DME)o.38(Et20)0.62}2(1c*-
DME)][Np{N(R)(SiMe2CH2)}2(NR2)]2 (7.8). ...ccererreerirrrrrirnes 360

7.5.10 Synthesis and Characterization of

[{Na(DME)3][Np{N(R)(SiMe2CH2)}2(NR2)] (7.9)......ovvererve.e... 361
7.5.11 X-ray Crystallography ..........cccccveiviiiiiiciie e 361
7.6 APPENTIX ..ttt 370
T.6.1 NMR SPECIIA ...oviiiiii it 370
7.6.2 UV-VIS SPECIIA...ccviieieiiieiiieiesiee e e e eie e sie e te e steenae e e sse e snae e 385
7.6.3 IR SPECLIA ..ot 390
7.6.4EVaNS NMR ..o 394
7.6.5 EICIrOCNEMISIIY ....ocvoiiiiiiiiecee e 395
7.7 RETEIEINCES. ...ttt bbbt 399

XXV



List of Figures

Figure 1.1. The typical hard-oxygen donor ligand, TBP, versus dithiophoscphinic acid

EXETACTANTS ...t s 5
Figure 1.2. Examples of complexes with actinide-ligand multiple bonds.................... 10
Figure 2.1. Solid-state molecular structure of 2.1, shown with 50% probability ellipsoids. 28
Figure 2.2. UV-vis spectra of complexX 2.1.......cccocviiiiiiieiiccecceec e 30
Figure 2.3. Solid-state molecular structure of 2.2, shown with 50% probability ellipsoids. 32
Figure 2.4. Solid-state molecular structure of 2.3, shown with 50% probability ellipsoids. 34
Figure A2.1. Solid-state molecular structures of 2.4 (left) and 2.5 (right), shown with 50%

probability e1HPSOIUS. ........cvieiiei s 44
Figure A2.2. *H NMR spectrum of [(NR2)3sCe(CNNPPh3)] (2.1) in CeDe.................. 47
Figure A2.3. 3'P{*H} NMR spectrum of [(NR2)3sCe(CNNPPhs)] (2.1) in CeDe.......... 48
Figure A2.4. *H NMR spectrum of [(NR2)sCe(NCNPPh3)] (2.2) in CeDe.................. 49
Figure A2.5. 3'P{*H} NMR spectrum of [(NR2)sCe(NCNPPhs)] (2.2) in CeDe.......... 50
Figure A2.6. 'H NMR spectra of the photolysis of 2.1 in CeDs over 32 days............. 51
Figure A2.7. 3'P{*H} NMR spectra of the photolysis of 2.1 in CeDs over 32 days. ...52
Figure A2.8. 'H NMR spectra of the thermolysis of 2.1 at 42 °C in CeDe. ................. 53
Figure A2.9. 3'P{*H} NMR spectra of the thermolysis of 2.1 at 42 °C in CeDe. ........ 54

Figure A2.10. 'H NMR spectra of the photolysis of CNNPPhs at 380 nm for 5 d in THF-ds.

Figure A2.11. *'P{*H} NMR spectra of the photolysis of CNNPPhs at 380 nm over 5 d in
THEF Q8. ettt 56

Figure A2.12. 'H NMR spectra of the thermolysis of CNNPPhz at 42 °C in THF-dg.57

XXV



Figure A2.13. 3'P{*H} NMR spectra of the thermolysis of CNNPPhs at 42 °C in THF-ds. 58

Figure A2.14. 3P{*H} NMR spectrum of free CNNPPh3 in CéDe...........c0coevevrvennnnee. 59
Figure A2.15. IR spectrum of [(NR2)3sCe(CNNPPh3)] (2.1) (KBr pellet). .................. 60
Figure A2.16. IR spectrum of [(NRz2)3sCe(NCNPPh3)] (2.2) (KBr pellet). .................. 61
Figure A2.17. Overlay of the IR spectra recorded for 2.1 and 2.2 ........cccccevvevvenenne. 62
Figure 3.1. TH NMR spectrum of 3.1 in THF=0s. ....ccccovrvvirreeiiiisceeeece e 73

Figure 3.2. Solid-state molecular structure of 3.1, shown with 50% probability ellipsoids. 74
Figure 3.3. IR spectrum of 3.1 (KBr pellet). ...cccoviieieiecieseee e 76
Figure 3.4. 'H NMR spectrum of 3.3 in CoD6. ....cvvuevrurererieereinirineeeeieiseseseseeee e 78
Figure 3.5. Solid-state structure of 3.3, shown with 50% probability ellipsoids......... 79
Figure 3.6. IR spectrum of 3.3 (KBr pellet). ... 80
Figure 3.7. TH NMR spectrum of 3.4 in CeDe6. .......cccoeerirrerererieiieieeeeeee e 81
Figure 3.8. Solid-state structure of 3.4, shown with 50% probability ellipsoids......... 82
Figure 3.9. IR spectrum of 3.4 (KBr pellet). ... 83
Figure 3.10. Solid-state structure of 3.5, shown with 50% probability ellipsoids....... 87
Figure 3.11. 'H NMR spectrum of 3.5 in THF-0s. ....ccccoeveeiiriiiieeceese e 88
Figure 3.12. IR spectrum of 3.5 (KBr pellet). ..., 89
Figure 4.1. Solid-state molecular structure of [Th(NCPh3)(NR2)3] (4.1), shown with 50%
Probability €1HPSOIUS. .....c.coviiei e 113
Figure 4.2. Solid-state molecular structures of [K(18-crown-6)][U(NTs)(NR2)s] (4.2) (left)
and [K(18-crown-6)][Th(NTs)(NR2)3] (4.3) (right), shown with 50% probability

BIIPSOIAS. ... 115

XXVi



Figure 4.3. Solid-state molecular structures of 4.4 and 4.5, shown with 50% probability
LT LT 00 Lo KSR 119

Figure 4.4. Solid-state molecular structure of 4.8, shown with 50% probability ellipsoids.

........................................................................................................................... 140
Figure A4.2 'H NMR of 4.11 in dimethyl sulfoxXide-de. ...........cccovervrirrrrreeiernririenns 142
Figure A4.3 'H NMR 0of 4.12 in benzene-ds. .........ccccoevvveveeeieiecceceeeceeeee s 143

Figure A4.4. Solid-state molecular structure of 4.12, shown with 50% probability ellipsoids.

Figure A4.8. 'H NMR spectrum of [K(18-crown-6)]J[U(NTs)(NR2)3] (4.2) in CsDs.148

Figure A4.9. 3C{*H} NMR spectrum of [K(18-crown-6)][U(NTs)(NR2)s] (4.2) in CeDes.

XXVii



Figure A4.10. *H NMR spectrum of [K(18-crown-6)][Th(NTs)(NR2)3] (4.3) in CsDs.150

Figure A4.11. BC{*H} NMR spectrum of [K(18-crown-6)][Th(NTs)(NR2)3] (4.3) in CeDes.

Figure A4.13. Partial *H NMR spectrum of [Na(2,2,2-cryptand)][U(NR2)sNHBPhs] (4.4) in
THEF Q8. oottt 153

Figure A4.14. 'H NMR spectrum of [K(DB-18-C-6)][Th(NR2)sNHBPhs] (4.5) in THF-ds.

Figure A4.15. 3C{*H} NMR spectrum of [K(DB-18-C-6)][Th(NR2)sNHBPh3] (4.5) in THF-
o TSRO 155

Figure A4.16. 1B NMR spectrum of [K(DB-18-C-6)][Th(NR2)sNHBPhs] (4.5) in THF-ds.

Figure A4.17. *H NMR spectrum of 4.8 in CeDs. ....ccoovvvvereeeririieeiiesieeeeee s 157

Figure A4.18. In-situ 'H NMR spectrum of NHsBPhs with 10 equiv DMAP in THF-ds.

Figure A4.20. In-situ *H NMR spectrum of 4.4 (green), 4.5 (red), and NH3BPHs3 (purple) with
10 eqUIV DIMAP N THE-08.....cviiiiiiiieieese e 160
Figure A4.21. In-situ 'H NMR spectrum of 4.4 with 1 equiv K(NSiMes)2 in THF-dg161

Figure A4.22. In-situ *H NMR spectrum of 4.5 with 1 equiv K(NSiMes)2 in THF-ds162

XXViii



Figure A4.23. IR spectrum of [Li(12-crown-4)2][Th(NCPhs)(NR2)s] (4.1) (KBr pellet).

Figure A4.24. IR spectrum of [K(18-crown-6)][U(NTs)(NR2)s] (4.2) (KBr pellet). 164
Figure A4.25. IR spectrum of [K(18-crown-6)][Th(NTs)(NR2)3] (4.3) (KBr pellet).165

Figure A4.26. IR spectrum of [Na(2,2,2-cryptand)][U(NR2)sNHBPhs] (4.4) (KBr pellet).

Figure A4.27. IR spectrum of [K(DB-18-C-6)][Th(NRz2)sNHBPhs] (4.5) (KBr pellet).167
Figure 5.1. Solid-state molecular structure of [Na][5.1], shown with 50% probability
BIIPSOIAS. ... 177

Figure 5.2. Solid-state molecular structure of 5.2, shown with 50% probability ellipsoids.

Figure 5.3. Th—N (26+2=n) bonding NLMOs in [(NR2)sTh(p-N)Th(NR2)3] ............ 186

Figure 5.4. Solid-state molecular structure of [K][5.1], with 50% probability ellipsoids.

........................................................................................................................... 202
Figure A5.1. *H NMR spectrum of [Na][5.1] in THF-ds. ....cccooveivvririireeieren 205
Figure A5.2. 13C NMR spectrum of [Na][5.1] in THF-ds. ......ccceevvveevreicriircienen, 206
Figure A5.3. TH NMR spectrum of 5.2 in CeDe6. ...cocvevvvverevvcriiiieicieecieieeesee e 207
Figure A5.4. 13C NMR spectrum 0f 5.2 in CeDe6. .....cccccoveverereeiirirerieeeeieeeeeeiees 208
Figure A5.5. 'H NMR spectrum of [K][5.1] in THF-08. ....c.ccceveevvveeeiceeceecieee, 209
Figure A5.6. 13C NMR spectrum of [K][5.1] in THF-ds. .....cccccveveveevierrrceeeeeree, 210
Figure A5.7. 'H NMR spectrum of [K][5.1-N]in THF-ds. .......cccoevvvirrireeiire. 211
Figure A5.8. °>’N{*H} NMR spectrum of [K][5.1-1°N] in THF-ds. ........cccoervrverrnee. 212
Figure A5.9. 'H NMR spectrum of 5.2-1°N in CoD6. ......oevevrvriricireiiiiieeeeiesesens 213

XXiX



Figure A5.10. *H{**N} NMR spectrum of 5.2-1°N in CéDe6. .........ccceevrrrrereeirerrrrnen. 214
Figure A5.11. SN{*H} NMR spectrum of 5.2-N in CeDs. ........coeeverrerevvrrerrrerenan, 215
Figure Ab.12. Partial in situ *H NMR spectrum of the reaction of
[Th{N(R)(SiMe2)CH2}(NR2)2] (R = SiMes) with 1 equiv of NaNH2 and 18-crown-6 in
THF-ds over the course 0f 32 N. ... 216
Figure Ab.13. Partial in situ *H NMR spectrum of the reaction of

[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] (R = SiMes) with 5.2 and 18-crown-6 in THF-

A8 OVEI 12 0. .. 217
Figure A5.14. IR spectrum of [Na][5.1] (KBr pellet)........ccccoveiiiininiiiiiiicen 218
Figure A5.15. IR spectrum of [K][5.1] (KBr pellet). .....ccccooveeieeiiieiercecee, 219
Figure A5.16. IR spectrum of [K][5.1-°N] (KBr pellet). .....ccccoveivivrvrieeeiernririne, 220

Figure A5.17. Partial IR spectrum of [Na][5.1] (orange) and [K][5.1] (blue) (KBr pellet).

........................................................................................................................... 223
Figure A5.20. IR spectrum of 5.2 (KBr pellet)........ccccoeiieiiiiiiieece e 224
Figure A5.21. IR spectrum of 5.2-15N (KB pellet)..........cccevvriririeieiiinieeeieiessnes 225
Figure A5.22. Partial IR spectra of 5.2-15N (orange) and 5.2 (blue) (KBr pellet).....226

Figure Ab.23. Optimized structure of [{Cp*TiCl2}(u-N){Cp*TiCI(NHz3)}] at the

DFT/B3LYP/TZ2P level of theory (USING ADF).......ccooviiiiiiieii e, 228

XXX



Figure A5.24. Views along the Y-axis (left) and along the Z-axis (right) of the optimized
geometry of [(R2N)sTh(u-N)Th(NRz2)s]™ (R = SiMes) at the DFT/B3LYP/TZ2P level of
theory (USING ADF). ..ot 232

Figure AL.25. Optimized geometry of [Th(NR2)s(NH2)] (R = SiMes) at the
DFT/B3LYP/TZ2P level of theory (USINg ADF)....cccooiveiiiiieiie e 240

Figure A5.26. Th—Niilylamide (o+1) bonding NLMOs in [(NR2)sTh(u-N)Th(NR2)3] 245

Figure A5.27. Th—Namide (6+1) bonding NLMOs in [Th(NR2)3(NH2)].......ccccevenenne. 246
FigureA5.28. Th—Niilylamide (o+71) bonding NLMOs in [Th(NR2)3(NH2)]..........c...... 247
Figure A5.29. Calculated IR spectrum for [5.1] . ooovveveiieiice e 250
Figure A5.30. Calculated IR Spectrum for 5.2.........cccocviiiiiiiiieeec e 251

Figure 6.1. Solid-state molecular structure of 6.1, shown with 50% probability ellipsoids.

Figure 6.3. *H NMR spectrum of [K(18-crown-6)(THF)2][(NR2)3sU"V(u-N)Th'V(NR2)3] (6.2)
N THE 08, et ae e s be e sree s 270

Figure 6.4. IR spectrum of [K(18-crown-6)(THF)2][(NR2)sU"(u-N)Th'V(NR2)3] (6.2) (blue)
and [K(18-crown-6)(THF)2][(NR2)sUV(u-°N)Th'V(NR2)s] (6.2-°N) (orange) (KBr
01511 =] OSSP 271

Figure 6.5. Solid-state molecular structure of 6.3 shown with 50% probability ellipsoids.

Figure 6.6. 'H NMR spectrum of [(K(18-crown-6)o.5)(K(18-crown-6)osEt20)][(NR2)2U"(u-

N)(CH2SiMeaNR)ThY(NR2)2] (6.3) i THF-U8.cvvvvvevreeereveeereesesseeeeressessseeeeen 275

XXXI



Figure 6.7. Solid-state molecular structure of 6.4, shown with 50% probability ellipsoids.

Figure 6.8. *H NMR spectrum of [(NR2)sUY(u-N)Th'V(NR2)3] (6.4) in THF-ds. .....279

Figure 6.9. IR spectrum of [(NR2)sUY(u-N)Th'V(NR2)s] (6.4) (orange) and [(NR2)sUVY(u-

BN)Th'V(NR2)3] (6.4-°N) (blue) (KBr pellet). .....coeeeiiiiiieciiecccee e 280
Figure 6.10. UV-vis/NIR spectrum of [(NR2)sUY(u-N)Th'V(NR2)3] (6.4)................ 281
Figure 6.11. EPR spectrum of [(NR2)sUV(u-N)Th'V(NR2)3] (6.4) at 4K................... 284

Figure 6.12. Magnetic moment of 6.4 versus temperature with ferromagnetic impurity

(010 =10t T o TR USTR 286
Figure A6.1. *H NMR spectrum of [U(NR2)3(NH2)] (6.1) in CeDs. .......ceccrervrrnenee. 301
Figure A6.2. *H NMR spectrum of [U(NR2)3(**NH2)] (6.1-°N) in CeDe. ................ 302

Figure A6.3. 'H NMR spectrum of [K(18-crown-6)(THF)2][(NR2)3U"(u-*N)Th'V(NR2)3]
(6.2-15N) I THF=08. +vvvveeeveeeeeereseeeeeeeeeseseessesesseesessseseeeseseesseeaess e eeeseeseaeeees 303

Figure A6.4. Partial 'H NMR spectrum of [(K(18-crown-6)os)(K(18-crown-
6)05Et20)][(NR2)2U(1-15N)(CH2SiMeaNR)Th'V(NR2)2] (6.3-1°N) in THF-ds.304

Figure A6.5. 'H NMR spectrum of [(K(18-crown-6)o.5)(K(18-crown-6)o.sEt20)][(NR2)2U"(u-
15N)(CH2SiMe2NR)Th!V(NR2)2] (6.3-15N) in THF=U8. ......vvooeeeeeeeeeeeeseeeee 305

Figure A6.6. 'TH NMR spectrum of [(NR2)sUY(u-*N)Th'V(NR2)s] (6.4-°N) in THF-ds.

Figure A6.7. 'H NMR spectrum of the reaction of 6.1 with [Th{N(R)(SiMe2CH2)}2(NR)2] (R
= SiMes) and 18-crown-6 in THF-08 .........cccccvveviiiieiiciecce e 307
Figure A6.8. 'H NMR spectrum of the reaction of 6.1 with [Th{N(R)(SiMe2CH2)}2(NR):] (R

= SiMes) and 18-crown-6 in THF-Ag .........cccccvveiiiiiiiccecce e 308

XXXii



Figure A6.9. 'H NMR spectrum of the reaction of 6.1 with [Th{N(R)(SiMe2CH2)}2(NR):] (R
= SiMe3) and 18-Crown-6 in THF-08 .........ccccovveviiieiieceee e 309

Figure A6.10. VT *H NMR spectrum of [K(18-crown-6)(THF)2][(NR2)sU"V(u-N)Th'V(NR2)s]

(B.2) coveo ettt ettt ettt 310
Figure A6.11. IR spectrum of [U(NR2)3(NH2)] (6.1) (KBr pellet)........c.ccoovvvrvnnnnne 311
Figure A6.12. IR spectrum of [U(NR2)3(**NH2)] (6.1-°N) (KBr pellet). ................. 312

Figure A6.13. IR spectrum of [U(NR2)3(NH2)] (6.1) (blue) and [U(NR2)3(**NHz2)] (6.1-°N)
(orange) (KBI PelIEL). ....voeiieieciee et 313
Figure 6.14. IR spectrum of [K(18-crown-6)(THF)2][(NR2)sU"(u-N)Th'V(NR2)3] (6.2) (KBr
PEILEL). oo re et aeenre s 314
Figure A6.15. IR spectrum of [K(18-crown-6)(THF)2][(NR2)sU"(u-**N)Th'V(NR2)3] (6.2-
IN) (KB PEIIEL). .ttt sttt 315
Figure A6.16. IR spectrum of [(K(18-crown-6)os)(K(18-crown-6)osEt20)][(NR2)2U"(u-
N)(CH2SiMe2NR)ThV(NR2)2] (6.3) (KBI PEIIEL). vvvvvveeeereeeeeeeeeeeeeersesseeeeeen 316
Figure A6.17. IR spectrum of [(K(18-crown-6)os)(K(18-crown-6)osEt20)][(NR2)2U"(u-
15N)(CH2SiMe2NR)Th'V(NR2)2] (6.3-15N) (KB pellet). ........vvveeerreererrrcrenee 317
Figure A6.18. IR spectrum of [(K(18-crown-6)os)(K(18-crown-6)osEt20)][(NR2)2U"Y(u-
N)(CH2SiMe2NR)Th'V(NR2)2] (6.3) (blue) and [(K(18-crown-6)o:s)(K(18-crown-
6)05Et20)][(NR2)2U"V(u-N)(CH2SiMe2NR) Th'V(NR2)2]  (6.3-°N)  (orange) (KBr
PEIIEL). e 318
Figure 6.19. IR spectrum of [(NR2)sUVY(u-N)Th'V(NR2)3] (6.4) (KBr pellet). .......... 319

Figure A6.20. IR spectrum of [(NR2)sUY(u-N)Th'V(NR2)s] (6.4-°N) (KBr pellet).320

XXXiii



Figure A6.21. UV-vis spectrum of [K(18-crown-6)(THF)2][(NR2)3U"(u-N)Th'V(NR2)3] (6.2)

Figure A6.22. Magnetic moment of 6.4 versus temperature without correction for a
ferromagnetic IMPUIILY. ....oovviiece e 322
Figure A6.23. Magnetic susceptibility of 6.4 versus temperature with ferromagnetic impurity
(010 £=Tox (o] 1 RSO T TP PR P TP PT VPR PRPRORTPPIN 324
Figure 7.1. Solid-state molecular structure of [Np(NR2)3Cl] (7.1) shown with 50% probability
LT LT 00 Lo KSR 336
Figure 7.2. Cyclic voltammogram of [Np(NR2)sClI] (7.1) (1.8 mMM).......ccccvvvriennen 339
Figure 7.3. Solid-state molecular structure of [K(DB-18-C-6)(THF)2][U(NR2)sCI] (7.3)
shown with 50% probability ellipSoids...........cccooiiiiiiiiiiie 341
Figure 7.4. Solid-state molecular structure of [{K(DB-18-C-6)(THF)}s(us-Cl)][Np(NR2)3Cl]2

(7.4) shown with 50% probability ellipsoids. Hydrogen atoms removed for clarity.

Figure 7.5. UV-vis-NIR spectra of complexes 7.1 (1 mM) and 7.4 (0.5 mM) in THF.344
Figure 7.6. Solid-state molecular structure of [{Na(DB-18-C-6)(Et20)0.62(k*-DME)o.38}2(U-

DME)][Np{N(R)(SiMe2CH2)}2(NR2)]> (7.8) shown with 50% probability ellipsoids.

XXXV



Figure 7.9. Solid-state molecular structure of 7.7 shown with 50% probability ellipsoids.

Figure A7.1. *H NMR spectrum of [Np(NR2)sCI] (7.1) in CeDe6. ...ccvvevrvrrrrrrrenennee. 370

Figure A7.2. (A) shows the 'H NMR spectrum of 7.1 in benzene-de with several drops of
PrOIO-DENZENE ..ottt e e et esre e re e e sraenre s 371

Figure A7.3. 'H NMR spectrum of [K(2,2,2-cryptand)][U(NR2)sCl] (7.2) in THF-ds.372

Figure A7.4. 'H NMR spectrum of [K(DB-18-C-6)(THF)2][U(NR2)3CI] (7.3) in THF-ds.

Figure A7.5. 'H NMR spectrum of [CI{K(DB-18-C-6)(THF)}3][Np(NR2)3Cl]2 (7.4) in THF-
0SSOSR URPRPRORPRN 374

Figure A7.6. 3C{*H} NMR spectrum of [CI{K(DB-18-C-6)(THF)}s][Np(NR2)sCl]2 (7.4) in
THER-A8. et 375

Figure A7.7. 2Si{*H} NMR spectrum of [CI{K(DB-18-C-6)(THF)}3][Np(NR2)3Cl]2 (7.4) in
B I L TSSOSO 376

Figure A7.8. (A) shows the 'H NMR spectrum of 7.4 in THF-ds with several drops of protio-

Figure A7.9. *H NMR spectrum of [Np{N(R)(SiMe2)CH2}(NR2)2] (7.5) in CeDs...378

Figure A7.10. *H NMR spectrum of [Na(DME)3z][U{N(R)(SiMe2CHz2)}2(NR2)] (7.6) in THF-

0 S SSS 379
Figure A7.11. Partial *H NMR spectrum of 7.7 in THF-ds. .....ccoovvururrnccnene 380
Figure A7.12. *H NMR spectrum of 7.7 in THF-ds. ........ccccoovvvvrrieciiceceeee, 381
Figure A7.13. Partial *H NMR spectrum of 7.8 in THF-ds. .......ccccoevrvririririrrne, 382
Figure A7.14. *H NMR spectrum of 7.8 in THF-ds. ......cccccecverereieeeieeeeeeeeieae, 383

XXXV



Figure A7.15

THF-ds. .

Figure A7.16.
Figure A7.17.

in THF).
Figure A7.18.

in THF).
Figure A7.19.
Figure A7.20.
Figure A7.21.
Figure A7.22.
Figure A7.23.
Figure A7.24.
Figure A7.25.
Figure A7.26.
Figure A7.27.

Figure A7.28.

. 'H NMR spectrum of [Na(DME)3][Np{N(R)(SiMe2CH2)}>(NR2)] (7.9) in

............................................................................................................. 384
UV-vis spectrum of [NP(NR2)3CI] (7.1) weoeoveviiiiieeieeeeseee, 385
UV-vis spectra of 7.2 (1.94 mM solution in THF) and 7.3 (0.505 mM solution
............................................................................................................. 386
UV-vis spectra of 7.1 (1.01 mM solution in THF) and 7.3 (0.505 mM solution
............................................................................................................. 387
UV-vis spectrum of [CI{K(DB-18-C-6)(THF)}3][Np(NR2)sCl]2 (7.4)388
UV-VIS SPECLIUM OF 7.8 ..o 389

IR spectrum of 7.2 (KBr pellet).........cccooviveiiiiiierec e 390

IR spectrum of 7.3 (KBr pellet)........cccooviiviiiiiiiiie e, 391

IR spectrum of 7.6 (KBr pellet)........cccooveiieiiiiiiiceee e 392

IR spectrum of 7.7 (KBr pellet).........cccooevveiiiiiireee e 393
Cyclic voltammogram of 7.1 in THF ... 395
Cyclic voltammogram of 7.0 1IN THF ..o 396
Cyclic voltammogram of [U(NR2)3ClI].........cccoiniiiiiiiiiiiiin, 397
Scan-rate-dependent cyclic voltammogram of [U(NR2)3)Cl] ............ 398

XXXVi



List of Schemes

Scheme 1.1. Two fuel cycle routes: (a) ‘once-through’ or (b) ‘multi-use’............cce..... 3
Scheme 1.2. Spent nuclear fuel reprocessing flowchart..............cccoooiieiiiiiciiien, 4
Scheme 1.3. Radial distribution seen in 4f (Sm3*) versus 5f (Pu®*) orbitals. ................ 6

Scheme 2.1. Previously reported complexes containing cerium-carbon multiple bonds. 24

Scheme 2.2. Previous examples of carbon-atom transfer............ccccccooevviiiiicincee 25
Scheme 2.3. Reduction of PhCH2CI through photolysis. ...........cccoiiiiiiin, 26
Scheme 2.4. Synthesis of Ce(l11) carbene complex 2.1.........cccoevveiiiiineninnie e 27
Scheme A2.1. Synthesis 0f 2.4 and 2.5. .......ccoooeiiiii i 42
Scheme A2.2. Proposed mechaniSm 10 2.4........ccooeeieiineninieiceese e 43
Scheme A2.3 Proposed mechanisSm to 2.5, ... 43
Scheme 3.1. Previously reported f-element carbene complexes. .......c.ccccevvvvverveeenne. 68

Scheme 3.2. Dominant orbital interactions and bonding in (a) Schrock-type and (b)
methanediide-type carbene COMPIEXES. .......cccveveiieiicieieece e 70

Scheme 3.3. (a) Previously reported synthesis by Figueroa and co-workers to a terminal iron

CAMDYNE. ¢ et 71
Scheme 3.4. Previously reported protonation of the isocyanide ligand....................... 85
Scheme 3.5. Previously reported coupling with CO and isocyanide. ............cccccoeueeee. 86

Scheme 4.1. Previously reported complexes containing thorium-ligand multiple bonds.

........................................................................................................................... 107
Scheme 4.2. Reductive deprotection toward a terminal oxo and sulfide................... 110
Scheme 4.3. Synthesis 0f 4.1, 4.2, aNd 4.3. ......coooiiiiiie e 112
Scheme 4.4. Synthesis 0f 4.4 and 4.5. .......coooveiiieie e 118

XXXVIi



Scheme 4.5. Reaction OF 4.1 With KC8. ...uuueueei e 121

Scheme 4.6. SYNtheSIS 10 4.8, ....ocvooiiee e 122
Scheme 4.7. Reaction 0f 4.3 With KCas. .......ccoiiiiiiiiiiiiiieeecee e 124
Scheme 4.8. Attempted deprotection With DMAP. ... 126
Scheme 4.9. Proposed mechanism t0 4.9. .....ccoovviieiicie e 127
Scheme 4.10. Reaction of 4.4 and 4.5 with a strong base. ..........cccocvveviiiiiiiienen, 128
Scheme 4.11. SYNthesis OF 4.11. .....ccocoiiiiiiccececeee e 141
Scheme 4.12. SYNthesis OF 4.12. .....cocov i 143
Scheme 5.1. Proposed mechanism of formation of [Na][5.1]. ....cccccoovririiinininnnn, 179
Scheme 6.1. Previously reported uranium(V) Nitrides. ........cccccevveeviveveiieeieesecieenn, 262
Scheme 7.1. Synthesis of COMPIEX 7. 1. ...ccoiiiiiiieesee e 335
Scheme 7.2. Synthesis of complexes 7.2 and 7.3. ........ccooveve v 340
Scheme 7.3. Synthesis 0f COMPIEX 7.4. ....ccvoi i 342
Scheme 7.5. Synthesis of complexes 7.6 and 7.7. ........ccocvvvviiieienenen e, 346
Scheme 7.6. Synthesis of complexes 7.8 and 7.9. .........ccccvve i 347

XXXViii



List of Tables

Table 2.1. X-ray Crystallographic Data for 2.1, 2.2, and 2.3. ........ccccocvviviririnieennnn, 41
Table A2.1. X-ray Crystallographic Data for 2.4 and 2.5. ..........cccccoiviiiive e, 46
Table 3.1. X-ray Crystallographic Data for 3.1, 3.3, and 3.4. ......cccccevvviveincienieennnn, 96
Table 3.2. X-ray Crystallographic Data for 3.5. ........cccccceiiiiiiiiiee e 97

Table 4.1 Comparison of select bond lengths (A) and angles (°) in complexes 4.1 — 4.3 and
[K(THF)S][UNCPhO3)(NR2)S].%5 ..o 116

Table 4.2 Comparison of select bond lengths (A) and angles (°) in complexes 4.4 — 4.7 and

free NH3BPha.%0 ... e 120
Table 4.3. X-ray Crystallographic Data for 4.1, 4.2, and 4.3. ......c..cccevvvvevivereeeenne 136
Table 4.4. X-ray Crystallographic Data for 4.4, 4.5, 4.6, and 4.7. .........cccccoevvvvennnns 137

Table 5.1. % compositions of the Th-N Bonding NLMOs in [(NR2)sTh(p-N)Th(NR2)s]

Table 5.2. X-ray Crystallographic Data for [Na][5.1], 5.2, and [K][5.1]. ....cccveueneee. 201

Table A5.1. % compositions of the Th-Nsiylamidce Bonding NLMOs in [(NR2)sTh(u-
N)Th(NR2)3]™ and [Th(NR2)3(NH2)] (R = SIME3)...c.cceerrreririreereee e 248

Table A5.2. Calculated Shielding and chemical shifts for DFT/B3LYP/TZ2P optimized
geometries of nitromethane, [{Cp*TiCl2}(u-N){Cp*TiCI(NH3)}], [(NR2)sTh(u-
N)Th(NR2)3]~, and [Th(NR2)3(NH2)] (R = SIME3)....cceevirrereireeeireseiea 249

Table 6.1. Selected bond lengths (A) and angles (deg) in complexes 6.2, [Na(18-crown-
6)(Et20)][(R2N)3Th(u-N)Th(NR2)3],t”  [NBus][(R2N)sU(u-N)U(NR2)3],3” 6.4, and
[(R2N)3U(L-NYU(NR2)3].37 ...t 269

Table 6.2. X-ray Crystallographic Data for 6.1, 6.2, and 6.3. ..........c.ccccvvevvverreenene 299

XXXIX



Table 6.3. X-ray Crystallographic Data for 6.4. ..........ccccooriiiiiieniene e 300
Table 7.1. Selected bond lengths (A) and angles (°) in complexes 7.1, 7.3, 7.4, [Th(NR2)sCI],°
[U(NR2)3CI],%6 and [PU(NR2)3CI].Z ....cocoiicceeeeeee e, 337

Table 7.2. Selected bond lengths (A) and angles (°) in complexes 7.6, 7.7, 7.8, and

{[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)]Fs0-3 . vvereverererereereeeereeerseseeseresenee 350
Table 7.3. X-ray Crystallographic Data for 7.1, 7.2-THF, and 7.3..........c..cceevennnne. 364
Table 7.4. X-ray Crystallographic Data for 7.4, 7.6, and 7.7. .........cccccoevvvenininnnnnnnn. 365
Table 7.5. X-ray Crystallographic Data for 7.8. ...........ccooviiiiiiieieeeee, 366
Table A7.1. Solution magnetic susceptibility data for 7.1 and 7.4..........c..ccccuvenee. 394

x|



o B

A3
57>

2 x>0 < T

Bu
CesDs
calcd.

13C{1H}
ca.
CCD
CNNPPhs
Cp”
Cp™2Co

Cp

cmt

CV

d
dn
deg
DB-18-C-6
DFT
DI

List of Abbreviations

degree
degree Celsius

extinction coefficient or bond critical point

ellipticity
heat or difference
chemical shift, ppm
hapticity of order n
denticity of order n
micro or denotes bridging atom
stretching frequency, cm
bond critical point electron density
angstrom, 101 m
adamantyl
actinide
aryl
average
B(CesH3-3,5-CF3)4
bond critical point
bond dissociation energy
broad
butyl
Benzene-ds
calculated
carbon-13 proton decoupled
circa
charge coupled device
N-(isocyanoimine)triphenylphosphine
n°>-CsMes
decamethyl cobaltocene
N°-CsHs
wavenumber
cyclic voltammetry
doublet or day(s)
deuterated in n positions
degree
dibenzo-18-crown-6
density functional theory
delocalization index

xli



Dipp 2,6-diisopropylphenyl

DMAP 4-(Dimethylamino)pyridine
DME 1,2-dimethoxyethane
Eie average wave potential, (Epa + Ep,c)/2
Epa anodic half-wave potential
Epc cathodic half-wave potential
e electron
EPR electron paramagnetic resonance
equiv equivalent
Et2O diethyl ether
Et ethyl
BE{*H} fluorine-19 proton decoupled
Fc ferrocene
Ft feet
FTIR Fourier transform infrared
FWHM full width at half maximum
g gram(s)
GOF goodness of fit
H enthalpy or bond critical point energy density
H hydrogen-1
H{®'P} hydrogen-1 phosphorus decoupled
h hour(s)
HOMO Highest Occupied Molecular Orbital
Hz Hertz
Ipa anodic half-wave current
ipc cathodic half-wave current
Pr isopropyl
IR infrared
J NMR coupling constant
K Kelvin
k kilo
L liter or ligand
LANL Los Alamos National Laboratory
LED Light Emitting Diode
Li{*H} lithium-7 proton decoupled
Ln Lathanide
LUMO Lowest Unoccupied Molecular Orbital
M Molar
m meter or multiplet or medium
m meta

xlii



Me
min
mL
mmol
mol
NBO
"Bu
15N{1H}
NHa4CI
NHC
NIR
nm
NMR
NR2
0
ORTEP
OTf
p
31P{1H}
Ph
ppm
Py
PUREX
q
QTAIM
R
redox
RT
775e{1H}
ZQSi{lH}
S
sh
SO
SQUID
125Te{1H}
t
T
‘Bu
TBP
THF

methyl
minute(s)
milliliter(s)
millimole(s)
mole(s)
natural bond order
n-butyl
nitrogen-15 proton decoupled
ammonium chloride
N-heterocyclic carbene
near infrared
nanometer(s)
nuclear magnetic resonance
N(SiMes)2
ortho
Oak Ridge Thermal Ellipsoid Program
triflate, [CFsSOs]~
para
phosphorus-31 proton decoupled
phenyl
parts per million
pyridine
Plutonium Uranium Redox Extraction
quartet
Quantum Theory of Atoms-in-Molecules
alkyl
reduction-oxidation
room temperature
Selenium-77 proton decoupled
Silicon-29 proton decoupled
singlet or strong or second(s)
shoulder
spin-orbit
superconducting quantum interference device
Tellurium-125 proton decoupled
triplet
Tesla
tert-butyl
tri-n-butyl phosphate
tetrahydrofuran

xliii



Ts

us
uv

Vis
VT

XAS
XS
Xyl

MeCsH1SO2
Bohr magneton
ultraviolet
Volt
visible
variable temperature
Weak
watt
X-ray Absorption Spectrscopy
excess
2,6-Me2CeH3

xliv



“Nevertheless, she persisted.”

xlv



11

1.2

1.3

14

1.5

Chapter 1. Introduction

Nuclear Power and Handling Nuclear Waste ...........c.ccccoovvieenn.

f-orbital Bonding and Covalency in Actinide-Ligand Bonding ....

Metal-Ligand Multiple BoNndS .........c.ccoovviiiiiiienenciesseeeee

GENETAl REMAIKS ..

References



1.1 Nuclear Power and Handling Nuclear Waste

Since the public disclosure of the Manhattan Project, following World War 11, the world
became familiar with uranium and plutonium, increasing the interest in their fundamental
chemical and material properties, as well as finding other applications for these elements.’®
Today, nuclear power is of interest because of its appeal as a non-fossil fuel source of energy,
as climate change becomes a real problem that needs to be combatted fast.® Nuclear power
remains a popular alternative for many countries, as new reactors continue to be built
alongside those in full operation.'® The demand of nuclear power differs from country to
country, for example, nuclear power accounts for approximately 20% of all the electricity
generated in the United States, whereas it is closer to 71% in France.'° Despite nuclear power’s
appeal as a non-fossil fuel alternative, there remains strong opposition to its use due to safety
concerns related to working the power plants, as well as dealing with the generated waste.

The processing and storage of the nuclear waste are some of the biggest challenges
associated with nuclear energy.'* Over time, the fuel in the nuclear reactors must be replaced
as the lanthanide portion “eats” neutrons, which are required for nuclear fission to occur.!> 13
The used fuel that comes out of the reactors is deemed spent nuclear fuel and is comprised of
mostly uranium (95.6%), stable fission products (2.9%), such as lanthanides and transition
metals, and the minor actinides that are formed by neutron capture by uranium and plutonium
in nuclear reactors.'2 Even though the minor actinides make up 0.1% of the spent nuclear fuel,
they account for much of the long-term radiotoxicity.** Therefore, removal of these elements
is necessary for reducing the hazards associated with spent nuclear fuel and the ability to
reprocess and reuse these components within the fuel cycle is also favorable.

One route taken to handle this spent fuel is called the ‘once-through’ cycle (Scheme 1.1a).

This route initially separates the spent nuclear fuel to reduce the volume before its storage and
2



final placement.'® For example, the majority of spent nuclear fuel rods from nuclear reactors
are stored in stainless steeled lined pools, inside metal boxes with walls that contain neutron-
absorbing boron to prevent criticality.'® After 5 years, the fuel rods are moved above ground
into dry casks.'® All other radioactive waste is stored in large drums, sealed, and placed
underground throughout the United States in dumps that are dug like a conventional mine.!’
Over time, leaks and salt build ups are minor risks that can occur, but much larger risks
involving a sealed drum exploding and contaminating the underground area have occurred

and are extremely risky and costly to clean up.®

—> fuel fabrication /\‘

A
‘Mu'ti-use,
uranium
W
o
final spent fuel
i iti interim storage
disposition reprocessmg

‘Once-Through’

Scheme 1.1. Two fuel cycle routes: (a) ‘once-through’ or (b) ‘multi-use’. Adapted from Ref,
15.

Alternatively, the second route taken to handle spent fuel is called the ‘multi-use’ cycle
(Scheme 1.1b). This route also involves an initial separation of waste, but the spent fuel is
then reprocessed, recycling uranium and plutonium back into the nuclear fuel process.*® This
process is called PUREX, Plutonium Uranium Redox Extraction, and has been used

internationally the past 60 years. This process reprocesses nuclear fuel by utilizing the
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differences in redox chemistry to fully separate plutonium and uranium from the fission
products (lanthanides) and heavier actinides (minor actinides) initially, and then plutonium
from uranium.® The hard oxygen donor ligand, tri-n-butyl phosphate (TBP), is used in this
process and is efficient at separating uranium and plutonium from the minor actinides and
fission products, but binds similarly with the fission products and minor actinides, creating a

challenging separation between these two portions (Scheme 1.2).20. 21

| Dissolved spent fuel in holding tank |

Extraction

(Aqueous) (Organic)

...........

. 7 M HNOg, 30% TBP,
\] kerosene

U/ Pu split
Minor actinides and
fission products
.........
i ' Fe(SO3NH,), (aq)
) \
Extraction Conditioner Back wash Soluble complexes formed in organic phase
¢ UO,2* + 2NO3 + 2TBP === UO,(NO3), - 2TBP
[ Pu purification Conditioner Pu4* + 4NO; + 2TBP === Pu(NOj); . 2TBP
i _—
y i l
Fission products o
Pu product U-purification
Extraction Splvenl recycle i
chromotography with FP removal Am. Co, RE

Extraction

-------- |
' \ 0.2MCMPO
¥ Y 12mTBP \. .. »| Raffinate most
Am, Cm, RE fission products|

Scheme 1.2. Spent nuclear fuel reprocessing flowchart with a focus on the aqueous phase

extraction process. Adapted from Ref 19.

It is desirable to fully separate the minor actinides from the lanthanides because the minor
actinides, such as americium, can be converted into short-lived fission products versus being
stored long-term and decaying into the long-lived alpha emitter, neptunium. However, this
lack of separation occurs because of the similar charge and chemical behaviors of the minor
actinides and lanthanides, causing a competition with TBP.

Since this separation is advantageous to solve, research has been done to synthesize

complexation agents that will bind with the actinides versus the lanthanides as a way to afford
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better separation.® 20.22-24 One study done by Zhu and co-workers looked at the separation
factor for Am3* versus Eu®* for bis(2,2,4-trimethylpentyl)dithiophosphinic acid.?® By
changing the hard oxygen donor, TBP, with a soft donor ligand, such as sulfur, and the
geometry of the ligand scaffold, separation between americium and europium increased from
20 factors to 100,000 factors (Figure 1.1).2528 While more research needs to be done in this
area, the results of this study suggest that the actinides are better at forming more covalent

bonds with soft donor ligands versus the lanthanides.

Sam Sam
T 1.0 e \ |Fl 20
/\/\O//P\O /F3£ \SH

/\/\O
TBP FsC
S
)u 3200 F I 100,000
SH / A\ \SH
—
Cyanex-301

Figure 1.1. The typical hard-oxygen donor ligand, TBP, versus dithiophoscphinic acid

IT——Ww

extractants and their separation factors for Am3*/Eu*. Data taken from Refs 25-28.

1.2  f-orbital Bonding and Covalency in Actinide-Ligand Bonding

For a long time the actinides have been considered hard metal ions, in which their
chemistry can be predicted by their charge and ionic radii.?® * Moreover, the f-block has
shown to have similar ionic radii between the lanthanides and actinides, affording similar
chemistry between these elements.3* However, as more research is done with these elements,

there is data that suggests the actinides can bond differently than the lanthanides, affording
5



different reactivity due to covalency in the actinides and how the 5f orbitals participate in
bonding more than the 4f orbitals.®?-3" Additionally, it has been observed that the 5f orbitals
can spread further radially, unlike the 4f orbitals which are considered core-like orbitals, and
may contribute in bonding alongside the other valence orbitals (Scheme 1.3).2% 38

1.2

1.0

0.8
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0.4

0.2

0.0+

PR, 2

st 6s
0.8 1 g ‘._"fip

0.6
0.4 DG 7

0.2

0.0 HARAIANE, L - —
0 i 2 3 4

Scheme 1.3. Radial distribution seen in 4f (Sm3*) versus 5f (Pu®*) orbitals. Taken from Ref
36.

Due to increasing interest in studying the f-block elements, the participation of the 5f
orbitals in bonding is supported by growing evidence.3**3 There are several techniques and
methods that can be used to measure covalency in actinide ligand bonding.*4-*® The technique
X-ray absorption spectroscopy (XAS) has been shown to be useful in measuring the orbital
particaption of metal-ligand bonds*®-52 and has been used on several actinide complexes.*% 4%
43,53 One study, done by Kozimor and co-workers, studied the bonding of several metal-

chloride complexes, such as [UCls]%, using Cl K-edge XAS and discovered that both the 6d



and 5f orbitals participate in bonding.*> 4 Although these results showed the covalency
involved, the amount of covalency was not very large for the metal-halide bond. Furthermore,
work done by Shuh and co-workers revealed that both the 5f and 6d orbitals participate in the
bonding of [(CsHs)2An] (An = Th and U), using C K-edge XAS, which shows the range of
this technique.*® However, XAS beam time can be difficult to get and this technique does not
work on every type of compound.

Most of these experimental analyses are accompanied with computational methods, such
as Density Functional Theory (DFT). For example, Hayton and co-workers reported the
synthesis and characterization of a thorium(IV) phosphorano-stabilized carbene,
[Th(CHPPh3)(NR2)3] (R = SiMes).>* This diamagnetic compound, with an NMR active
nucleus, *3C, directly bound to the metal center, allowed its electronic structure to be
investigated by NMR spectroscopy in combination with DFT. The results show that Th-C
bonding not only displayed a substantial amount of covalency, but the 5f orbitals played a
large role to this bonding. DFT has also been used extensively as a standalone method to probe
actinide-ligand bonding as well.5>% For example, Liddle and co-workers reported the
synthesis and characterization of the terminal U(V) nitride complex, [U(N)(Tren™'PS)][Na(12-
crown-4)2] (Tren™PS = [N(CH2CH2NSiPr's)s]* and Pr' = CH(CHs)2), and analyzed the U-N
bond using DFT.%® This analysis determined that there was significant amount of uranium
character in both the o and & bonds, suggesting a large amount of covalency. Moreover, the
vast majority of the uranium contributions present in the U-N triple bond were found to be
from the 5f orbitals versus the 6d, where the o bond contained 44% 5f and 47% 6d orbital
character and the two z bonds each contained 72% 5f and 28% 6d character. These results

show the advantages of using computational techniques, alone or in combination with NMR



spectroscopy, to measure the amount of covalency in actinide-ligand bonding and to better
understand the role covalency plays in the f-orbitals, as well as the importance of studying

multiple-ligand bonded complexes.

1.3 Metal-Ligand Multiple Bonds

Throughout inorganic chemistry, metal-ligand multiple bonded ligands, which include
oxo0s, imidos, nitridos, and carbenes, to name a few, are involved in many fundamental roles.®°
For example, metal nitrogen multiple bonded ligands, such as imidos and nitridos, likely play
a role in the process of nitrogen fixation. The Haber-Bosch process accounts for 1-2% of all
energy intake in the world does this process on an industrial scale.5* Whereas in nature,
nitrogen fixation is carried out by nitrogenase,? 5% in which the synthesis of imido and nitrido
moieties are thought to be involved.?  To gain insight into this mechanistic pathway,
synthetic complexes that can catalytically reduce dinitrogen have also been explored.®6-%° The
reaction of [(HIPTN3N)Mo] (HIPT = 3,5-(2,4,6-'Pr3sCsH2)2-CsH3) with N2 to generate NH3
was studied by Schrock and co-workers, where imido and nitrido complexes were isolated as
intermediates and fully characterizaed.”0"2

Fischer and co-workers reported the first examples of metal carbene complexes in the
1960s, which featured a heteroatom stabilized carbene moiety.”*® Numerous examples have
now been reported, including N-heterocyclic carbenes,’”8* featuring heteroatom stabilization,
and alkylidenes, which do not.?5-%” These complexes have been applied in many reactions,®-
9 such as their use in olefin metathesis, %% which earned a Nobel Prize.%-%

Although f-element-ligand multiple bonded complexes have not been studied as
thoroughly as their main block counterparts, increasing interest over the past several decades

has helped this field start to grow.%®-1* Now the synthesis of actinide oxo,1°%%8 imido,1%-144



chalcogenide,#>1% and nitrido complexes,'°6-162 among others,> 163175 are much more
common. Among these complexes are the first uranium carbene complexes,
[CpsU(CHP(Me)2R)] (R = Ph'® and Me'%%), reported by Gilje and co-workers, and the first
uranium nitride complex, [{K(dme)(calix[4]tetrapyrrole)U}2(u-NK)2][K(dme)4], reported by
Gamboratta and co-workers in 2002.17 The latter complex inspired the synthesis of many
bridging and terminal uranium nitride complexes.5®: 1%6. 157, 177186 Additionally, Boncella and
co-workers reported the synthesis of several uranium bis-imido complexes,'?® 127. 128 a5 well
as the first transuranic bis-imido complex [Np(NDipp)2(‘Bubipy)2(Cl)] (Dipp = 2,6-
'ProCsH3).12

Despite the progress in this field, thorium nitrides remains rare,*¢” as a handful of thorium
nitrides have been identified in matrix isolation studies, but are only stable at cryogenic
temperatures.'88-1% Moreover, the majority of actinide carbenes feature a phosphorous
substituent that helps stabilize the actinide-carbene interaction rather than a Schrock-type
carbene, which involves a true double bond through the equal distribution of electrons on the
metal and carbon centers, has yet to by synthesized with an actinide,80 82,169, 171,172,191 | astly,
in comparison to U and Th chemistry, contemporary knowledge of the physicochemical
properties of Np and Pu has not kept pace, despite the central role of these minor actinide in
the nuclear fuel cycle. 100, 192-194 The coordination chemistry of Np and Pu has started to
expand with the recent development of several new transuranic starting materials,?% 195-201
providing the ground work for novel transuranic chemistry to take place that was not

accessible before.
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Figure 1.2. Examples of complexes with actinide-ligand multiple bonds. A, Refs. 145,

146; B, Refs. 165, 166; C, Ref. 59; D, Ref. 107; E, Ref. 54; F, Ref. 121.

1.4 General Remarks

This goal of this research is to gain better understanding of f-element, metal-ligand
bonding through the synthesis of complexes containing lanthanide and actinide ligand
multiple bonds, with a particular focus upon f-element carbenes, imidos, and nitridos.

Chapter 2 describes the use of a nitrilimine source with cerium tris(amide) in efforts to
afford a cerium(lV) carbene. The cerium nitrilimine adduct was photolyzed for 30 days and
monitored via *H and 3P NMR spectroscopy, whereupon rearrangement of the nitrilimine
ligand is observed and confirmed by X-ray crystallography.

Chapter 3 details the use of isocyanide ligands with low valent uranium tris(amide) as a
method to afford adducts that can undergo ligand reduction in order to oxidize the metal center
in efforts to synthesize a uranium carbene. The reducing agents used and the reactions that
were followed is discussed. X-ray crystallography and NMR spectroscopy are used to study

these complexes.
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Chapter 4 describes methods of synthesizing uranium and thorium imido and amido
complexes using different protecting groups and ammonia-triphenylborane, including
reductive deprotection of these moieties via addition of external reducing agents and Lewis
bases. These complexes are characterized both by NMR spectroscopy and X-ray
crystallography. The differing reactivity observed is also discussed.

Chapter 5 details the use of sodium amide as a nitride source to synthesize the first isolable
thorium nitride. The synthesis of a novel thorium parent amide is also discussed. Labeling
experiments using °N sources are detailed within and NMR spectroscopy, X-ray
crystallography, and DFT analysis is performed to probe the electronic structure of these
complexes and a discussion of the thorium ligand bonding is included.

Chapter 6 describes a method of synthesizing a uranium(lV) parent amide, a uranium(1V)-
thorium(lV) bridged nitride, and a uranium(V)-thorium(lV) bridged nitride. Labeling
experiments using an *°N source are also detailed. X-ray crystallography, IR spectroscopy,
UV-vis/NIR spectroscopy, and NMR spectroscopy are all used to probe the electronic
structure of these complexes, as well as EPR Spectroscopy on the uranium(V)-thorium(lV)
nitride, and a discussion of the actinide ligand bonding is included.

Chapter 7 details the reactivity of the 1,2-dimethoxyethane (DME) solvent adducts of
neptunium(1V) tetrachloride with 3, 4, and 5 equiv of NaNR2 (R = SiMes). Reduction
experiments to a Np(lll) complex are also discussed. NMR spectroscopy, X-ray
crystallography, and UV-vis/NIR spectroscopy are all used to study the electronic structure of

these complexes.
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2.1 Introduction

While cerium N-heterocyclic carbene (NHC) complexes are now relatively common,*
cerium complexes containing Schrock- or Fischer-type carbenes are essentially unknown.
Likewise, cerium carbides and alkylidynes are also unknown. That said, some progress has
been made toward the generation of Ce-C multiple bonds in recent years. For example, Liddle
and co-workers have reported the synthesis of the cerium methanediide complexes,
[Ce(BIPMT™S)(ODipp)2] (Scheme 2.1, A) and [Ce(BIPM™S);] (Scheme 2.1, B) (BIPM™S =
[C(PPh2NR)2]>", R = SiMes; Dipp = 2,6-diisopropylphenyl).>® More recently, Zhu and co-
workers  ligated the carbodiphosphorane, C(PPhs)z2, to Ce(lll),* 1° forming
[BrCe(CDP)2][BPha]2 (Scheme 2.1, C). DFT calculations revealed that the Ce-C bond in this
complex consisted of a strong o-interaction and a weak z-interaction.

Scheme 2.1. Previously reported complexes containing cerium-carbon multiple bonds. A,

Ref. 5; B, Ref. 6; C, Ref. 9.
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In the past few years, a number of carbon-atom transfers reagents have been identified,
which could, in principle, be employed to generate an elusive Ce-C multiple bond. For
example, Cummins and co-workers demonstrated that 7-isocyano-7-
azadibenzonorbornadiene (CN2CisH10) could be used in a C-atom transfer reaction to
synthesize the ruthenium carbide complex, [RuCl2(C)(PCys)z], via loss of N2 and anthracene
(Scheme 2.2a).'* In addition, Smith and co-workers demonstrated that
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bis(diisopropylamino)cyclopropenylidene (BAC) can transfer a carbon atom to the iron(IV)
nitride, [{PhB('PraIm)s}Fe(N)] (Pr2lm = 1,2-diisopropylimidazolylidene), resulting in
formation of a cyanide complex concomitant with loss of bis(diisopropylamino)acetylene
(Scheme 2.2b).1?

Scheme 2.2. Previous examples of carbon-atom transfer.
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Generally speaking, the use of these carbon-atom transfer reagents requires a reducing
metal complex to effect C-atom transfer.'> 12 Cerium(lI1) is not usually considered to be a
good reductant, as it prefers the 3+ oxidation state;'* *> however, it has recently been shown
that photolysis of cerium(l1) results in the generation of a substantially more reducing metal
center.'® For example, Schelter and co-workers reported that photolysis of [Ce(NRz2)3] (R =
SiMes) resulted in formation of a relatively long-lived excited state.!’- 18 This excited state
species is strongly reducing, and can elicit homolytic cleavage of the C-Cl bond in PhCH2Cl,

resulting in formation of [Ce(CI)(NRz2)3] and bibenzyl (Scheme 2.3).Y7

25



Scheme 2.3. Reduction of PhCH2CI through photolysis. Taken from Ref 17.
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Since then, Ce(lll) has been shown to facilitate a variety of photo-mediated
transformations, including aryl coupling and borylation reactions.'®2* In addition, our group
reported that photolysis of a cerium nitrate complex, [Li(2,2,2-cryptand)][Ce(x?-
02NO)(NR2)3], resulted in formation of the terminal Ce=0O complex, [Li(2,2,2-
cryptand)][Ce(O)(NRz2)3], via formal loss of NO2.22 Motivated by these past results, |
hypothesized that ligation of a carbon-atom transfer reagent to cerium(lll), followed by
photolysis, could induce either partial or complete carbon atom transfer and allow access to
novel Ce(IV) organometallics.

Herein, | describe the ligation of the prospective carbon-atom transfer reagent, N-
(isocyanoimine)triphenylphosphine (CNNPPhs), a much more easily synthesized relative of
7-isocyano-7-azadibenzonorbornadiene, to the well-known Ce(lll) tris(amide) complex,
[Ce(NR2)3], along with an investigation of its photolytic chemistry. While carbon-atom
transfer from CNNPPhs is nominally a 4e- redox process,*' 12 and each Ce(lll) center can
provide only one electron, | envisioned that cooperative reactivity of multiple Ce(l11) centers

could give rise to unique carbide-containing complexes or clusters.
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2.2 Results and Discussion
2.2.1 Synthesis and Characterization of [(NR2)sCe(CNNPPh3)] (R = SiMes) (2.1)

Reaction of CNNPPhsz with [Ce(NRz2)3] (R = SiMes) in benzene-ds affords the Ce(lll)
isocyanoimine adduct, [(NR2)sCe(CNNPPhs)] (2.1), which can be isolated as pale yellow
plates in 51% yield after work-up (Scheme 2.4). The *H NMR spectrum of the isolated
material in benzene-ds features a broad resonance at -0.55 ppm, which is assignable to the
SiMes environment (Figure A2.2). In addition, resonances at 2.88, 5.43, and 6.00 ppm, are
assignable to the o-, m-, and p-aryl protons of the three phenyl groups, respectively. The
3IP{*H} NMR spectrum displays a sharp resonance at 8.59 ppm (Figure A2.3), which is
shifted upfield from the signal observed for free CNNPPhs (25.7 ppm in benzene-ds, Figure
A2.14). Finally, 2.1 features a sharp ven mode at 2117 cm in its IR spectrum (Figure A2.15),
which is substantially blue-shifted from that observed for the free ligand (ven = 2067 cm't).2

Scheme 2.4. Synthesis of Ce(l11) carbene complex 2.1.
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Figure 2.1. Solid-state molecular structure of 2.1, shown with 50% probability
ellipsoids. Hydrogen atoms removed for clarity. Selected bond lengths (A) and angles
(°): Cel-N1 = 2.369(4), Cel-N2 = 2.360(4), Ce1-N3 = 2.355(4), Ce1-C19 = 2.669(5),
C19-N4 = 1.152(6), N4-N5 = 1.343(5), N5-P1 = 1.624(4), N1-Cel-N2 = 116.7(1), N1-
Cel-N3 = 119.5(1), N2-Ce1-N3 = 121.1(1).

The connectivity of complex 2.1 was verified by X-ray crystallography (Figure 2.1).
Complex 2.1 crystallizes in the triclinic space group P-1 and features a pseudo-tetrahedral
geometry about the cerium center. Its Ce-Namice distances (av. Ce-N = 2.36 A) are consistent
with the Ce-N distances reported for other Ce(l11) amide complexes.?? 2427 Moreover, its Ce-
C distance (Cel-C19 = 2.669(5) A) is slightly shorter than those seen in previously reported

Ce(ll)-isocyanide and Ce(IlIl)-NHC complexes. For example, the Ce(lll) isocyanide
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complexes, [(CpMe)sCe(CN'Bu)] and [Cp’3Ce(CN'Bu)] (Cp’ = 1,3-(MesSi)2CsHz) feature
Ce-C bond lengths of 2.79(3) and 2.87(3) A, respectively.22 For further comparison, the
Ce(l11)-NHC complexes, [Cp*2Cel(C3sMeaN2)] and [(CsH4'Bu)sCe(CsMesN2)] feature Ce-C
distances of 2.724(4) A and 2.797(4) A, respectively.* Finally, the C-N (1.152(6) A) and N-N
(1.343(5) A) distances in 2.1 are similar to those observed in the free ligand (C-N = 1.153(4)
A; N-N =1.345(4) A),? as well as a previously isolated Cr(0) complex, [(OC)sCr(CNNPPhs)]
(C-N = 1.150(4) A; N-N = 1.346(3) A),2° suggesting minimal disruption of the nitrilimine
fragment upon coordination to Ce(ll1).

The UV-vis spectrum of 2.1 in Et2O features a broad absorption at 397 nm (g = 562 M~
em™) (Figure 2.2), and is similar to that reported for [Ce(NR2)3].Y” I have assigned the
absorption to a metal-based 4f — 5d.? transition, by analogy with the assignments reported
for [Ce(NR2)3] and other CeXs-type complexes.?® 2130 For comparison, the 4f — 5d;? and 4f
— Sdxzyz transitions for [Ce(NRz2)s] occur at 413 nm and 341 nm, respectively. | attribute the
ca. 16 nm blue shift observed for the 4f — 5d? transition in 2.1 to an increase in energy of

the 5d-? orbital due to electron donation by the CNNPPhz ligand.
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Figure 2.2. UV-vis spectra of complex 2.1 (0.31 mM, Amax = 397 nm, £ = 562 L-mol

L.em™) in diethyl ether.

2.2.2 Synthesis and Characterization of [(NRz2)sCe(NCNPPh3)] (2.2).

Given the similar optical properties of 2.1 and [Ce(NR2)3], | hypothesized that photolysis
of 2.1 would also generate a highly reducing photo-excited state, which could initiate a C-
atom or nitrilimine transfer to the Ce center. To this end, photolysis of a benzene-ds solution
of 2.1 at 380 nm resulted in a very gradual color change from yellow to orange (egn (2.1)).
Complete conversion was achieved after 1 month of photolysis. A *H NMR spectrum of this
sample revealed the presence of a new SiMes resonance at -0.36 ppm, as well as new phenyl
resonances at 3.11, 5.53, and 6.05 ppm, which correspond to the o-, m-, and p-aryl protons,

respectively (Figure A2.4). These resonances as assignable to the carbodiimide complex,
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[(NR2):Ce(NCNPPh3)] (2.2). Moreover, the 3'P{*H} NMR spectrum of this sample features
a new resonance at 7.26 ppm, which is assignable to complex 2.2. Also present in this
spectrum are minor resonances at -26.37 and 22.4 ppm, which are assignable to an unidentified
product and free CNNPPhs, respectively (Figure 2.4). In addition, | observe a minor resonance
at -1.26 ppm, which | have tentatively assigned to the Ce(IV) phosphiniminato complex,

[(NR2)Ce(NPPh3)s] (2.3) (See 1.2.3 for more details).
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Work-up of the reaction mixture resulted in the isolation of pale-yellow blocks of 2.2,
which could be isolated in 52% crystalline yield. Complex 2.2 crystallizes in the triclinic space
group P-1 and features a pseudo-tetrahedral geometry about the cerium center (Figure 2.3).
The Ce-Nhitite distance (Ce1-N4 = 2.50(2) A) in 2.2 is notably shorter that the Ce-C distance
in 2.1. This decrease likely reflects the greater electronegativity of nitrogen, which makes it a
better donor to the highly electropositive Ce®* center. For comparison, the Ce(I11) benzonitrile
complex, [Ce{CH(SiMes)2}3(NCPh)], features a Ce-N distance of 2.607(4) A, while
[Cp*3Ce(NC'Bu)] features an average Ce-N distance of 2.64 A.3L32 The N-C (1.159(3) A)
and C-N (1.297(3) A) distances in 2.2 are similar to those observed in the free ligand (N-C =
1.151(9) A; C-N = 1.301(7) A), as well as a previously isolated Pd(ll) complex,
[PACI2(NCNPPhs)2] (N-C = 1.151(4) A; C-N = 1.292(4) A).3% 34 These values are
indistinguishable from the N-C and N-N distances observed for 2.1, demonstrating that X-ray
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crystallography cannot be used to discriminate between the nitrilimine and carbodiimide
fragments. However, the IR spectrum of 2.2 features intense ven modes at 2150 cm™ and 2177
cmt (Figures A2.16-A2.17). Their positions and relative intensities are consistent with those

reported for other (N-cyanoimino)triphenylphosphine complexes.?® 34

Figure 2.3. Solid-state molecular structure of 2.2, shown with 50% probability
ellipsoids. Hydrogen atoms removed for clarity. Selected bond lengths (A) and angles
(°): Cel-N1 = 2.371(2), Cel-N2 = 2.366(2), Cel-N3 = 2.362(2), Cel-N4 = 2.50(2),
N4-C19 = 1.159(3), C19-N5 = 1.297(3), N5-P1 = 1.62(2), N1-Cel-N2 = 118.69(6),
N1-Cel-N3 = 116.48(6), N2-Cel-N3 = 120.14(6), N4-Cel-N1 = 101.56(6), N4-Cel-

N2 = 96.76(6), N4-Ce1-N3 = 93.41(6).
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Complex 2.2 can also be generated upon thermolysis of a CeDs solution of 2.1 at 42 °C for
3 d; however, under these conditions the reaction is not as selective. In particular, | observe
the formation of increased amounts of complex 2.3, according to the 3'P{*H} NMR spectrum
(Figure A2.9). Finally, control experiments reveal that free CNNPPhs is stable to both the
photolytic and thermolytic conditions employed in this study (Figures A2.10-A2.13),
demonstrating the need for Ce(lll) to effect the isomerization. For comparison, both the
photochemical and thermal isomerization of metal-bound nitrilimines are known,?®: 3538
although there are only a few examples reported for the f-elements. In particular, Liddle and
co-workers observed that the uranium nitrilimine complex, [U(tren™S){u-N(SiMe3s)NC}]2
(tren™S = N(CH2CH2NSiMes)s], cleanly converted to the nitrile complex,
[U{N(CH2CH2NSiMe3)2(u-CH2CH2NC=N)}{N(SiMes)2}]2 upon photolysis.®® Clearly, N-N
bond cleavage and isomerization is the preferred route of reactivity for CNNPPhs, unlike
Cummins’ 7-isocyano-7-azadibenzonorbornadiene, which likely has a substantially larger

thermodynamic driving force for C-atom transfer.!!

2.2.3 Synthesis and Characterization of [(NR2)Ce(NPPhs)s] (2.3).

In one instance, during an attempted crystallization of 2.2, | also observed the deposition
of a few yellow-orange blocks, which were subsequently identified as the Ce(IV)
phosphiniminato complex, [(NR2)Ce(NPPh3)s] (2.3), by X-ray crystallography (Figure 2.4).
Complex 2.3 crystallizes in the orthorhombic space group Pbca and features a pseudo-
tetrahedral geometry about the cerium center. The Ce-Namice distance is 2.39(2) A, which is
comparable with the Ce-Namide distances reported for other Ce amide complexes.?? 2427 Not
surprisingly, the Ce-Nphosphiniminato bonds in 2.3 are much shorter (av. Ce-N = 2.12 A),
reflecting the stronger donating ability of the phosphiniminato ligand. In addition, complex
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2.3 features an average N-P distance of 1.57 A. For comparison, the recently reported
homoleptic Ce(IV) phosphiminato complex [Ce(NP(pip)s)4] (pip = piperidinyl, NCsH1o)
features average Ce-N and N-P distances of 2.20 A and 1.42 A, respectively.*® Only a few

crystals of complex 2.3 could be isolated, so it was not characterized further.

Figure 2.4. Solid-state molecular structure of 2.3, shown with 50% probability
ellipsoids. Hydrogen atoms removed for clarity. Selected bond lengths (A) and angles
(°): Cel-N4 = 2.39(2), Ce-N1 = 2.131(16), Ce-N2 = 2.100(17), Ce-N3 = 2.120(16),

N1-P1 = 1.582(17), N2-P2 = 1.564(16), N3-P3 = 1.552(17), N2-Ce-N4 = 125.9(6).

2.3 Summary

In summary, | have explored the coordination chemistry of [Ce(NR2)s] with the
prospective C-atom transfer reagent, N-(isocyanoimine)triphenylphosphine (CNNPPh3).
Photolysis of the resulting adducts, [(NR2)sCe(CNNPPh3)] (2.1), does not result in the

originally envisioned carbon-atom transfer, but instead results in ligand rearrangement,
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namely, [(NR2)3sCe(NCNPPhs)] (2.2), the product of nitrilimine rearrangement to its
carbodiimide isomer. While ultimately unsuccessful in my efforts to generate a cerium carbide
or carbene, this work expands the scope of Ce(lll)-mediated photochemistry, which is an

emerging area of photocatalysis.

2.4 Acknowledgements

This work was supported by the National Science Foundation (CHE 1764345). NMR
spectra were collected on instruments supported by an NIH Shared Instrumentation Grant
(SIG, 1S100D012077-01A1). I would like to thank Greggory Kent (UCSB) for his

collaboration on this work.

2.5 Experimental
2.5.1 General Methods

All reactions and subsequent manipulations were performed under anaerobic and
anhydrous conditions under an atmosphere of nitrogen. Hexanes, Et20, and toluene were dried
using a Vacuum Atmospheres DRI-SOLV Solvent Purification system and stored over 3A
sieves for 24 h prior to use. THF was dried by distillation from sodium/benzophenone, and
stored over 3A sieves for 24 h prior to use. Benzene-ds and THF-ds were dried over 3A
molecular sieves for 24 h prior to use. [Ce(N(SiMes)2)s] and CNNPPhs were synthesized
according to the previously reported procedures.?> 4! All other reagents were purchased from
commercial suppliers and used as received.

NMR spectra were recorded on an Agilent Technologies 400-MR DD2 400 MHz
Spectrometer or a Varian UNITY INOVA 500 spectrometer. *H NMR spectra were referenced

to external tetramethylsilane (TMS) using the residual protio solvent peaks as internal
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standards. C{*H} and 3'P{'H} NMR spectra were referenced indirectly with the 'H
resonance of TMS at 0.0 ppm, according to IUPAC standard,*> %3 using the residual solvent
peaks as internal standards. Lumcrissy 12V flexible LED Lightstrips, emitting at 380 nm, and
Waveform lighting 12V flexible LED Lighstrips, emitting at 365 nm, were used for
photolyses. IR spectra were recorded on a Nicolet 6700 FT-IR spectrometer with a NXR FT
Raman Module. Electronic absorption spectra were recorded on a Shimadzu UV3600 UV-
NIR Spectrometer. Elemental analyses were performed by the Micro-Analytical Facility at

the University of California, Berkeley.

2.5.2 Synthesis and Characterization of [(NR2)sCe(CNNPPh3)] (2.1).

To a stirring, cold (-25 °C), deep yellow solution of [Ce(N(SiMezs)2)3] (218.3 mg, 0.351
mmol) in toluene (3 mL) was added a cold (-25 °C) orange solution of CNNPPhs (108.2 mg,
0.358 mmol) in toluene (3 mL). The reaction mixture was allowed to warm to room
temperature with stirring. After 30 min, the volatiles were removed in vacuo to provide a
brown orange solid. The solid was then extracted into diethyl ether (6 mL) and the resulting
brown orange solution was filtered through a Celite column supported on glass wool (0.5 x 2
cm). The volatiles were then removed in vacuo to provide a gold powder. This solid was
extracted into diethyl ether (6 mL) and the resulting yellow solution was filtered through a
Celite column supported on glass wool (0.5 x 2 cm). The filtrate was concentrated in vacuo
to 2 mL, layered with pentane (6 mL), and stored at -25 °C for 24 h, which resulted in the

deposition of yellow plates. The solid was isolated by decanting the supernatant and then dried
in vacuo to yield 2.1 as yellow plates (106.6 mg, 37 % yield). The supernatant was filtered

through a Celite column supported on glass wool (0.5 x 2 cm). The filtrate was concentrated
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in vacuo to 2 mL, layered with pentane (6 mL), and stored at -25 °C for 24 h. This resulted in
the deposition of a second crop of yellow crystalline solid (62.7 mg). Total yield: 0.1693 g,
51% yield. Anal. Calcd for C37HesCeNsPSis: C, 48.11; H, 7.53; N, 7.58. Found: C, 47.79; H,
7.46; N, 7.58. 1H NMR (400 MHz, 25 °C, CsDg): & -0.55 (s, 54H, SiCHs), 2.88 (br s, 6H, o-
CeHs), 5.43 (s, 6H, m-CsHs), 6.00 (s, 3H, p-CeHs). 3IP{*H} NMR (162 MHz, 25 °C, CsD¢): &
8.59 (s, 1P). UV-Vis/NIR (Et20, 0.31 mM, 25 °C, L-molt-cm'%): 397 nm (¢ = 562). IR (KBr
pellet, cm™): 825 (m), 989 (s), 1117 (s, ven), 1136 (m), 1146 (s), 1246 (s), 1439 (s), 1485 (s),
1591 (s), 1828 (w), 1901 (w), 1967 (W), 2117 (s, ven), 2170 (w), 2181 (w), 2893 (s), 2951 (S),

3059 (m).

2.5.3 Synthesis and Characterization of [(NR2)sCe(NCNPPh3)] (2.2) and
[(NR2)Ce(NPPhz)3] (2.3).

An NMR tube fitted with a J-Young valve was charged with a dark-orange solution of 2.1
(83.8 mg, 0.091 mmol) in CeDs (1 mL). *H and 3!P NMR spectrum were then recorded
(Figures $6-S7). IH NMR (400 MHz, 25 °C, CsDs): & -0.46 (s, 54H, SiCHs), 2.98 (br s, 6H,
0-CsHs), 5.47 (s, 6H, m-CsHs), 6.03 (s, 3H, p-CsHs). 31P{H} NMR (162 MHz, 25 °C, CsDs):
0 8.84 (s, 1P). The NMR tube was then placed an aluminum foil-wrapped beaker with a 4 ft
(0.7 WIft) 380 nm LED strip lining the inside. The internal temperature of the beaker was
determined to be 32 °C during photolysis. The photolysis was monitored intermittently by *H
and 3P NMR spectroscopy. After 32 d, the reaction had achieved 99% conversion, according
to the 3P{*H} NMR spectrum. 3'P{*H} NMR (162 MHz, 25 °C, CeDs¢): & 22.4 (s, 1P,
CNNPPhs) 7.26 (s, 1P, 2.2), -1.26 (s, 3P, 2.3), -26.37 (s, unknown). The NMR tube was
brought back into the box, where the solution was transferred to a 20 mL scintillation vial and

the volatiles were removed in vacuo to afford a dark orange solid. The solid was then extracted
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into pentane (3 mL) and the resulting orange suspension was filtered through a Celite column
supported on glass wool (0.5 x 2 cm). The filtrate was transferred to a 4 mL vial, which was
placed inside a 20 mL scintillation vial and iso-octane (2 mL) was added to the outer vial.
Storage of this two-vial system at -25 °C for 24 h resulted in the deposition of a pale orange
crystalline needles. The solid was isolated by decanting the supernatant and then dried in
vacuo to yield 2.2 (32.0 mg, 38 % yield). The supernatant was transferred to a new 4 mL vial,
which was placed inside a 20 mL scintillation vial and iso-octane (2 mL) was added to the
outer vial. Storage of this two-vial system at -25 °C for 24 h resulted in the deposition of
more pale orange crystals of 2.2 (11.3 mg, 14% yield). Total yield: 0.0433 g, 52% vyield. In
one instance, a few crystals of [(NR2)Ce(NPPhs)s] (2.3) were also isolated from the reaction
mixture, but this material could not be fully characterized. Anal. Calcd for C37HsaCeNsPSis:
C, 48.11; H, 7.53; N, 7.58. Found: C, 48.22; H, 7.61; N, 7.59. 'H NMR (400 MHz, 25 °C,
CeDs): & -0.36 (s, 54H, SiCHs), 3.11 (br s, 6H, 0-CeHs), 5.53 (s, 6H, m-CeHs), 6.05 (s, 3H, p-
CeHs). *'P{*H} NMR (162 MHz, 25 °C, CeDs): 5 7.26 (s, 1P). IR (KBr pellet, cm™): 1003
(m), 1119 (s), 1240 (m), 1319 (m), 1439 (s), 1485 (s), 1591 (s), 1666 (m), 1774 (m), 1821
(m), 1901(m), 1971 (m), 2150 (M, vnc), 2177 (m, vnc), 2891 (w), 2941 (w), 2985 (s), 3498

(W), 3629 (m), 3697 (m), 3761 (m).

2.5.4 Thermolysis of [(NR2)sCe(CNNPPh3)] (2.1).

An NMR tube fitted with a J-Young valve was charged with a dark-orange solution of 2.1
(12.1 mg, 0.013 mmol) in CsDs (1 mL). *H and 3P NMR spectra was then recorded (Figures
A2.8-A2.9). *H NMR (400 MHz, 25 °C, CsDe): & -0.46 (s, 54H, SiCH3), 2.98 (br s, 6H, o-
CeHs), 5.47 (s, 6H, m-CeHs), 6.03 (s, 3H, p-CsHs). 31P{*H} NMR (162 MHz, 25 °C, CeDs): &

8.84 (s, 1P). The NMR tube was then placed in an oil bath at 42 °C and heated for 72 h,
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whereupon the *H and 3'P{*H} NMR spectra were re-recorded. This spectrum revealed trace
amounts of 2.1, along with formation of complexes 2.2 and 2.3, in a 5:1 ratio, respectively, as
determined via integration of the *H NMR spectrum. *H NMR (400 MHz, 25 °C, CeDe): 6 -
0.36 (s, 54H, SiCHs, 2.2), 0.38 (s, 18H, N(SiCHa)2, 2.3), 3.11 (br s, 6H, 0-CeHs, 2.2), 5.53 (s,
6H, m-CsHs, 2.2), 6.05 (s, 3H, p-CeHs, 2.2), 7.00-7.07 (m, 27H m, p-CsHs, 2.3), 7.70-7.77 (m,
18H 0-CeHs, 2.3). 31P{*H} NMR (162 MHz, 25 °C, CeDs): & 7.26 (s, 1P, 2.2), -1.30 (s, 3P,

2.3).

2.5.5 Photolysis of CNNPPha.

An NMR tube fitted with a J-Young valve was charged with a dark-orange solution of
CNNPPhsz (8.0 mg, 0.026 mmol) in THF-ds (1 mL). *H and 3P NMR spectra were then
recorded (Figures A2.10-A2.11). 'H NMR (400 MHz, 25 °C, CeDe): & 7.5-7.75 (m, 15H,
P(CesHs)3). 3'P{*H} NMR (162 MHz, 25 °C, CsDs): & 25.14 (s, 1P). The NMR tube was then
placed in an aluminum foil-wrapped beaker with a 4 ft (0.7 W/ft) 380 nm LED strip lining the
inside. After 5 d, the *H and 3P NMR spectra were rerecorded, which revealed no change to

the sample.

2.5.6 Thermolysis of CNNPPhs.

An NMR tube fitted with a J-Young valve was charged with a dark-orange solution of
CNNPPhsz (8.0 mg, 0.026 mmol) in THF-ds (1 mL). *H and 3P NMR spectra were then
recorded (Figures A2.12-A2.13). *H NMR (400 MHz, 25 °C, CsDs): & 7.5-7.75 (m, 15H,
P(CesHs)3). 31P{*H} NMR (162 MHz, 25 °C, CsDs): 5 25.14 (s, 1P). The NMR tube was then
heated to 42 °C. After 48 h, the *H and 3P NMR spectra were rerecorded, which revealed no

change to the sample.
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2.5.7 X-ray Crystallography

Data for 2.1, 2.2, and 2.3 were collected on a Bruker KAPPA APEX Il diffractometer
equipped with an APEX I CCD detector using a TRIUMPH monochromator with a Mo Ka
X-ray source (o = 0.71073 A). The crystals were mounted on a cryoloop under Paratone-N
oil. Complexes 2.1 and 2.2 were collected at 100(2) K, 2.3 was collected at 110(2) K, using
an Oxford nitrogen gas cryostream. Data were collected using o scans with 0.5° frame widths.
Frame exposures of 15, 10, and 5 seconds were used for 2.1, 2.2, and 2.3, respectively. Data
collection and cell parameter determinations were conducted using the SMART program. 44
Integration of the data frames and final cell parameter refinements were performed using
SAINT software.*> Absorption corrections of the data were carried out using the multi-scan
method SADABS for 2.1-2.3.46 Subsequent calculations were carried out using SHELXTL.4’
Structure determination was done using direct or Patterson methods and difference Fourier
techniques. All hydrogen atom positions were idealized, and rode on the atom of attachment.
Structure solution, refinement, graphics, and creation of publication materials were performed
using SHELXTL.*’ Further crystallographic details can be found in Table 2.1. Complexes 2.1-
2.3 have been deposited in the Cambridge Structural Database (1: CCDC 1991069; 2.2:

1991071; 2.3: 1991072).
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Table 2.1. X-ray Crystallographic Data for 2.1, 2.2, and 2.3.

2.1 2.2 2.3

empirical formula  Cs7HesCeNsPSis  Cs7HesCeNsPSie  CeoHesCeNaP3Si2
Plate, Pale Block, Pale Block, Orange

crystal habit, color yellow yellow ’
crystal size (mm) 0.25x0.2x0.1 0.3x03x0.1 0.25x0.2x0.1
space group P1 P1 Pbca
volume (A3) 2493.0(18) 2504.6(9) 11120(6)
a(A) 11.908(5) 11.907(3) 21.131(7)
b (A) 13.968(6) 14.022(3) 20.920(7)
¢ (A) 16.134(7) 16.150(3) 25.156(7)
a (deg) 68.410(9) 68.391(5) 90
B (deg) 87.750(10) 87.591(5) 90
y (deg) 88.219(10) 88.340(5) 90
z 2 2 8
formula weight 923.60 923.60 1129.35
(g/mol)
density
(calculated) 1.230 1.225 1.349
(Mg/m?)
absorption
coefficient (mm-) 1.118 1.113 0.990
Fooo 966 966 4656
total no. 11219 27479 42603
reflections
unique reflections 7763 11065 9433
Final R Indices R1=0.0415 R1=0.0268 R1=0.1287
(1 >205(1)] wR2 = 0.0881 wR2 = 0.0620 WR2 = 0.2940
largest diff. peak 4 453 and -0.901  0.656 and -0.355  3.477 and -1.422
and hole (e- A)
GOF 1.006 1.038 1.146



2.6 Appendix

2.6.1 Synthesis and Characterization of (PPhsN)(NR2):2UCNU(NR2)s (2.4) and
(PhsPN)(NR2)2UCNuNCU(NR2)2(NPPh3) (R = SiMes) (2.5)

Similar to the synthesis of the Ce(l11) isocyanoimine adduct, [(NR2)sCe(CNNPPh3)] (2.1),
an analogous uranium complex was sought after. Thus, reaction of 0.5 equiv of CNNPPh3
with uranium tris(amide), in THF, affords the uranium phosphiniminato complex
(PPh3N)(NR2)2UCNU(NR?2)s (2.4) as dark green plates in 5% yield (Scheme A2.1). However,
when the reaction was done in toluene, the uranium(lV) phosphiniminato dimer
(PhsPN)(NR2)2UCNuNCU(NR2)2(NPPh3) (2.5) was isolated as brown needles in 2% yield
(Scheme A2.1). Complete characterization of these species was not done due to low yields
and inadequate reproducibility and is only included here for completeness.

Scheme A2.1. Synthesis of 2.4 and 2.5.

Ph Phg

\

Il NR,
N RaN, o @ _="Pm N WO/
K THF RoNuweee it + 05 C=N—N toluene 5 Uy,
UV —C=N—> U -~ 2 —~ D =C— -
R W—NR, ~ R=siMe, 7 NR; R = SiMe; /N ECT SNy
RoN RoN NR; R,N N\
RN NRz Phs

24 25

The proposed mechanism of 2.4 begins with homolytic bond cleavage of the N-N bond,
then oxidative addition to a uranium(V) trigonal bipyramidal intermediate that is bulky and
unstable, where unreacted uranium tris(amide) reacts with the intermediate and forms 2.4 with

one equiv of amine radical (Scheme A2.2).
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Scheme A2.2. Proposed mechanism to 2.4.
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Phs < NR;
I
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Similarly, when this reaction is done in toluene, homolytic bond cleavage of the N-N bond
happens, then oxidative addition to an unstable and bulky uranium(V) trigonal bipyramidal
intermediate, where the uranium complex dimerizes into 2.5 with 2 equiv of amine radical
(Scheme A2.3).

Scheme A2.3 Proposed mechanism to 2.5.

\\N NR,
\ |v’CéN\ /
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2 7/ TNR, ' R = SiMes RoN NR, RN \\
Ph
ReN 2.5 3

Py 2-NR,
I
N Dimerization

Both (PPhsN)(NR2)2UCNU(NR2)3 (2.4) and (PhsPN)(NR2)2UCNuNCU(NR2)2(NPPh3)
(2.5) crystallize in the monoclinic space group P21/n (Figure A2.1). Most interestingly are the

rare imido-like bonds found in 2.4 (U2-N7) and 2.5 (U1-N4) with the short bond length of
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2.056(10) A and 2.100(4) A, respectively. Both complexes also feature a C-N functional group
that bridges the uranium metal centers, where C49-N8 (1.143(15) A) found in 2.4 is slightly
longer than the C-N bonds bridging the dimer of 2.5, N2-C13 (1.139(7) A). It should be noted

that atoms C49 and N8 are in a 50:50 position and can be interchanged.

Figure A2.1. Solid-state molecular structures of 2.4 (left) and 2.5 (right), shown with
50% probability ellipsoids. Hydrogen atoms removed for clarity. Selected bond lengths
(A) and angles (°) of 2.4: U1-N8 = 2.614(12), C49-N8 = 1.143(15), U-Nsilyismido (av.) =
2.354, U2-N7 = 2.056(10), N7-P1 = 1.575(10), C49-N8-U1 = 176.8(10). Selected bond
lengths (A) and angles (°) of 2.5: N2-C13 = 1.139(7), U1-N2 = 2.578(5), U-Nsilyismido

(av.) = 2.268, U1-N4 = 2.100(4), N4-P1 = 1.564(4), C13-U1-N2 = 70.32(16).
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X-ray Crystallography

Data for 2.4, and 2.5 were collected on a Bruker KAPPA APEX |1 diffractometer equipped
with an APEX II CCD detector using a TRIUMPH monochromator with a Mo Ka X-ray
source (o = 0.71073 A). The crystals were mounted on a cryoloop under Paratone-N oil.
Complex 2.5 was collected at 100(2) K and 2.4 was collected at 109(2) K, using an Oxford
nitrogen gas cryostream. Data were collected using ® scans with 0.5° frame widths. Frame
exposures of 10, 2, and 5 seconds were used for 2.4 and 2.5 respectively. Data collection and
cell parameter determinations were conducted using the SMART program.** Integration of
the data frames and final cell parameter refinements were performed using SAINT software.*®
Absorption corrections of the data were carried out using the multi-scan method SADABS for
2.4-2.5.%6 Subsequent calculations were carried out using SHELXTL.*" Structure
determination was done using direct or Patterson methods and difference Fourier techniques.
All hydrogen atom positions were idealized, and rode on the atom of attachment. Structure
solution, refinement, graphics, and creation of publication materials were performed using

SHELXTL.#" Further crystallographic details can be found in Table A2.1.
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Table A2.1. X-ray Crystallographic Data for 2.4 and 2.5.

2.4

2.5

empirical formula
crystal habit, color
crystal size (mm)
space group
volume (A3)

a(A)

b (A)

c(A)

o. (deg)

f (deg)

y (deg)
Z

formula weight
(g/mol)

density (calculated)
(Mg/m?)

absorption coefficient
(mm-)

Fooo

total no. reflections
unique reflections
Final R Indices

(1 >25(D)]

largest diff. peak and
hole (e- A®)

GOF

Ca9H10sU2N7PSi10

Plate, Dark green

0.25x0.2x0.1

P21/n

7039(2)
20.396(3)
12.178(3)
28.787(7)

90
100.102(12)
90
4

1580.32
1.491

4.823

28528

11219

13025
R1=0.0674
WR2 =0.1261

2.981 and -2.462
1.003

46

Ces7H114U2N3gP2Sis
Needle, Brown
0.25x 0.25 x 0.15
P21/n
4164.8(14)
11.877(2)
18.774(3)
18.934(4)

90
99.449(4)

90
2

1794.38
1.431

4.077

18358
27479
9182
R1=0.0408
WR2 = 0.0956

5.771 and -1.160
1.026



2.6.2 NMR Spectra
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Figure A2.2. *H NMR spectrum of [(NR2)3sCe(CNNPPhs)] (2.1) in CeDe.
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Figure A2.3. 3P{*H} NMR spectrum of [(NR2)sCe(CNNPPhs)] (2.1) in CeDe.
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Figure A2.4. *H NMR spectrum of [(NR2)sCe(NCNPPhs)] (2.2) in CeDe.
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Figure A2.5. 3P{*H} NMR spectrum of [(NR2)3sCe(NCNPPhs)] (2.2) in CeDe.
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Figure A2.6. 'H NMR spectra of the photolysis of 2.1 in CeDs over 32 days. (*)
indicates 2.1, (@) indicates 2.2, (&) indicates HN(SiMes)2, and (%) indicates free

CNNPPhs.

51



% | 32d &

25d

N | 19d

~ 14 d

g 6d

N Complex 2.1

30 25 20 15 10 5 0 5 -10 -15 -20 -25 -30 -35

1 (ppm)

Figure A2.7. 3'P{*H} NMR spectra of the photolysis of 2.1 in CéDs over 32 days. (*)
indicates 2.1, (@) indicates 2.2, (") indicates a resonance tentatively assigned to 2.3,

(&) indicates an unidentified byproduct, and (%) indicates free CNNPPhs.
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Figure A2.8. 'H NMR spectra of the thermolysis of 2.1 at 42 °C in CeDe. (*) indicates

2.1, (") indicates 2.2, (%) indicates 2.3, (@) indicates free HN(SiMes)2, (!) indicates

hexanes, and ($) indicates diethyl ether.
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Figure A2.9. 3P{*H} NMR spectra of the thermolysis of 2.1 at 42 °C in CeDs. (*)

indicates 2.1, (") indicates 2.2, (%) indicates 2.3.
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Figure A2.10. 'H NMR spectra of the photolysis of CNNPPhs at 380 nm for 5 d in

THF-ds.
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Figure A2.11. 3'P{*H} NMR spectra of the photolysis of CNNPPhs at 380 nm over 5
d in THF-ds. (*) indicates the presence of triphenylphosphine oxide, a by-product of

the CNNPPhs synthesis.
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Figure A2.12. 'H NMR spectra of the thermolysis of CNNPPhs at 42 °C in THF-ds.
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Figure A2.13. 3'P{*H} NMR spectra of the thermolysis of CNNPPhz at 42 °C in THF-
ds. (*) indicates the presence of triphenylphosphine oxide, a by-product of the

CNNPPh3 synthesis.
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Figure A2.14. 3P{*H} NMR spectrum of free CNNPPhz in CeDes.
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2.6.3 IR Spectra
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Figure A2.15. IR spectrum of [(NR2)sCe(CNNPPhs)] (2.1) (KBr pellet).
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Figure A2.16. IR spectrum of [(NR2)sCe(NCNPPhs)] (2.2) (KBr pellet).
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Figure A2.17. Overlay of the IR spectra recorded for 2.1 and 2.2 (*) denotes the v(CN)

stretch for 2.1 and () denotes the v(NC) stretches for 2.2.

62



2.7 References

1. Casely, I. J.; Liddle, S. T.; Blake, A.J.; Wilson, C.; Arnold, P. L., Tetravalent
cerium carbene complexes. Chem. Commun. 2007, (47), 5037-5039.

2. Liddle, S. T.; Arnold, P. L., Synthesis of Heteroleptic Cerium(l11) Anionic Amido-
Tethered N-Heterocyclic Carbene Complexes. Organometallics 2005, 24 (11), 2597-2605.
3. Arnold, P. L.; Casely, I. J., F-Block N-Heterocyclic Carbene Complexes. Chem. Rev.
2009, 109 (8), 3599-3611.

4. Mehdoui, T.; Berthet, J.-C.; Thuéry, P.; Ephritikhine, M., The remarkable
efficiency of N-heterocyclic carbenes in lanthanide(l11)/actinide(l11) differentiation. Chem.
Commun. 2005, (22), 2860-2862.

5. Gregson, M.; Lu, E.; McMaster, J.; Lewis, W.; Blake, A.J.; Liddle, S. T., A
Cerium(IV)—Carbon Multiple Bond. Angew. Chem. Int. Ed. 2013, 52 (49), 13016-13019.

6. Gregson, M.; Lu, E.; Mills, D. P.; Tuna, F.; Mclnnes, E. J. L.; Hennig, C.;
Scheinost, A. C.; McMaster, J.; Lewis, W.; Blake, A. J.; Kerridge, A.; Liddle, S. T., The
inverse-trans-influence in tetravalent lanthanide and actinide bis(carbene) complexes. Nat.
Commun. 2017, 8 (1), 14137.

7. Marshall, G.; Wooles, A. J.; Mills, D. P.; Lewis, W.; Blake, A.J.; Liddle, S. T.,
Synthesis and Characterisation of Lanthanide N-Trimethylsilyl and -Mesityl Functionalised
Bis(iminophosphorano)methanides and -Methanediides. Inorganics 2013, 1 (1), 46-69.

8. Wooles, A. J.; Mills, D. P.; Lewis, W.; Blake, A. J.; Liddle, S. T., Lanthanide tri-
benzyl complexes: structural variations and useful precursors to phosphorus-stabilised
lanthanide carbenes. Dalton Trans. 2010, 39 (2), 500-510.

9. Su, W.; Pan, S.; Sun, X.; Zhao, L.; Frenking, G.; Zhu, C., Cerium—carbon dative
interactions supported by carbodiphosphorane. Dalton Trans. 2019, 48 (42), 16108-16114.
10. Su, W.; Pan, S.; Sun, X.; Wang, S.; Zhao, L.; Frenking, G.; Zhu, C., Double
dative bond between divalent carbon(0) and uranium. Nat. Commun. 2018, 9 (1), 4997.

11. Joost, M.; Nava, M.; Transue, W. J.; Cummins, C. C., An exploding N-isocyanide
reagent formally composed of anthracene, dinitrogen and a carbon atom. Chem. Commun.
2017, 53 (83), 11500-11503.

12. Martinez, J. L.; Lin, H.-J.; Lee, W.-T.; Pink, M.; Chen, C.-H.; Gao, X.; Dickie,
D. A.; Smith, J. M., Cyanide Ligand Assembly by Carbon Atom Transfer to an Iron Nitride.
J. Am. Chem. Soc. 2017, 139 (40), 14037-14040.

13. List, A. K.; Hillhouse, G. L.; Rheingold, A. L., Carbon suboxide as a C1 reagent.
Sequential cleavage of CO from C30O2 at a metal center to give
WCI2(CO)(PMePh2)[C,C":m?-C(O)CPMePh2] and WCI2(CO)(PMePh2)2(=CPMePhy).
Organometallics 1989, 8 (8), 2010-2016.

14.  Cotton, S., Lanthanide and Actinide Chemistry. John Wiley and Sons: West Sussex,
U.K., 2006.

15. Piro, N. A.; Robinson, J. R.; Walsh, P. J.; Schelter, E. J., The electrochemical
behavior of cerium(I11/1V) complexes: Thermodynamics, kinetics and applications in
synthesis. Coord. Chem. Rev. 2014, 260, 21-36.

16.  Qiao, Y.; Schelter, E. J., Lanthanide Photocatalysis. Acc. Chem. Res. 2018, 51 (11),
2926-2936.

17.  Yin, H.; Carroll, P.J.; Anna, J. M.; Schelter, E. J., Luminescent Ce(l1l) Complexes
as Stoichiometric and Catalytic Photoreductants for Halogen Atom Abstraction Reactions. J.
Am. Chem. Soc. 2015, 137 (29), 9234-9237.

63



18. Yin, H.; Jin, Y.; Hertzog, J. E.; Mullane, K. C.; Carroll, P. J.; Manor, B. C.;
Anna, J. M.; Schelter, E. J., The Hexachlorocerate(l11) Anion: A Potent, Benchtop Stable,
and Readily Available Ultraviolet A Photosensitizer for Aryl Chlorides. J. Am. Chem. Soc.
2016, 138 (50), 16266-16273.

19.  Qiao, Y.; Yang, Q.; Schelter, E. J., Photoinduced Miyaura Borylation by a Rare-
Earth-Metal Photoreductant: The Hexachlorocerate(l11) Anion. Angew. Chem. Int. Ed. 2018,
57 (34), 10999-11003.

20. Yin, H.; Carroll, P. J.; Manor, B. C.; Anna, J. M.; Schelter, E. J., Cerium
Photosensitizers: Structure—Function Relationships and Applications in Photocatalytic Aryl
Coupling Reactions. J. Am. Chem. Soc. 2016, 138 (18), 5984-5993.

21.  Qiao, Y.; Cheisson, T.; Manor, B. C.; Carroll, P. J.; Schelter, E. J., A strategy to
improve the performance of cerium(l11) photocatalysts. Chem. Commun. 2019, 55 (28),
4067-4070.

22.  Assefa, M. K.; Wu, G.; Hayton, T. W., Synthesis of a terminal Ce(iv) oxo complex
by photolysis of a Ce(iii) nitrate complex. Chem. Sci. 2017, 8 (11), 7873-7878.

23.  Weinberger, B.; Fehlhammer, W. P., N-Isocyanoiminotriphenylphosphorane:
Synthesis, Coordination Chemistry, and Reactions at the Metal. Angew. Chem. Int. Ed.
1980, 19 (6), 480-481.

24, Daniel, S. D.; Lehn, J.-S. M.; Korp, J. D.; Hoffman, D. M., Syntheses and X-ray
structures of cerium amide complexes. Polyhedron 2006, 25 (2), 205-210.

25. Hitchcock, P. B.; Hulkes, A. G.; Lappert, M. F., Oxidation in Nonclassical
Organolanthanide Chemistry: Synthesis, Characterization, and X-ray Crystal Structures of
Cerium(l1l) and -(1V) Amides. Inorg. Chem. 2004, 43 (3), 1031-1038.

26. Hitchcock, P. B.; Lappert, M. F.; Protchenko, A. V., Facile formation of a
homoleptic Ce(IV) amide via aerobic oxidation. Chem. Commun. 2006, (33), 3546-3548.
27. Schneider, D.; Spallek, T.; Maichle-Mdssmer, C.; Térnroos, K. W.; Anwander, R.,
Cerium tetrakis(diisopropylamide) — a useful precursor for cerium(IV) chemistry. Chem.
Commun. 2014, 50 (94), 14763-14766.

28. Stults, S. D.; Andersen, R. A.; Zalkin, A., Structural studies on cyclopentadienyl
compounds of trivalent cerium: tetrameric (MeC5H4)3Ce and monomeric
(Me3SiC5H4)3Ce and [(Me3Si)2C5H3]3Ce and their coordination chemistry.
Organometallics 1990, 9 (1), 115-122.

29. Stolzenberg, H.; Weinberger, B.; Fehlhammer, W. P.; Puhlhofer, F. G.; Weiss, R.,
Free and Metal-Coordinated (N-Isocyanimino)triphenylphosphorane: X-ray Structures and
Selected Reactions. Eur. J. Inorg. Chem. 2005, 2005 (21), 4263-4271.

30. Qiao, Y.; Sergentu, D.-C.; Yin, H.; Zabula, A. V.; Cheisson, T.; McSkimming,
A.; Manor, B. C.; Carroll, P. J.; Anna, J. M.; Autschbach, J.; Schelter, E. J.,
Understanding and Controlling the Emission Brightness and Color of Molecular Cerium
Luminophores. J. Am. Chem. Soc. 2018, 140 (13), 4588-4595.

31. Avent, A. G.; Caro, C. F.; Hitchcock, P. B.; Lappert, M. F.; Li, Z.; Wei, X.-H.,
Synthetic and structural experiments on yttrium, cerium and magnesium
trimethylsilylmethyls and their reaction products with nitriles; with a note on two cerium [-
diketiminates. Dalton Trans. 2004, (10), 1567-1577.

32. Evans, W. J.; Mueller, T. J.; Ziller, J. W., Lanthanide versus Actinide Reactivity in
the Formation of Sterically Crowded [(CsMes)sMLn] Nitrile and Isocyanide Complexes.
Chem. Eur. J. 2010, 16 (3), 964-975.

64



33. Kaiser, J.; Hartung, H.; Richter, R., Strukturuntersuchungen an Pseudochalkogen-
Phosphor-Verbindungen. Il. Kristall- und MolekulStruktur von Triphenylphosphonio-
cyanamid. Z. Anorg. Allg. Chem. 1980, 469 (1), 188-196.

34. C. Barco, I.; R. Falvello, L.; Fernandez, S.; Navarro, R.; P. Urriolabeitia, E.,
Synthesis and characterization of palladium(IT) complexes with the a-stabilized
phosphoylide ligand Ph3P=C(H)CONMez. J. Chem. Soc., Dalton Trans. 1998, (10), 1699-
1706.

35. Bégué, D.; Santos-Silva, H.; Dargelos, A.; Wentrup, C., ImidoylInitrenes
R'C(=NR)-N, Nitrile Imines, 1H-Diazirines, and Carbodiimides: Interconversions and
Rearrangements, Structures, and Energies at DFT and CASPT2 Levels of Theory. J. Phys.
Chem. A 2017, 121 (43), 8227-8235.

36. Leue, C.; Reau, R.; Neumann, B.; Stammler, H.-G.; Jutzi, P.; Bertrand, G.,
Preparation of mono-and bis (germyl) nitrilimines from germylenes and stannyl diazo
derivatives. Organometallics 1994, 13 (2), 436-438.

37. Bégué, D.; Qiao, G. G. H.; Wentrup, C., Nitrile Imines: Matrix Isolation, IR Spectra,
Structures, and Rearrangement to Carbodiimides. J. Am. Chem. Soc. 2012, 134 (11), 5339-
5350.

38. Nunes, C. M.; Araujo-Andrade, C.; Fausto, R.; Reva, I., Generation and
Characterization of a 4n-Electron Three-Membered Ring 1H-Diazirine: An Elusive
Intermediate in Nitrile Imine—Carbodiimide Isomerization. J. Org. Chem. 2014, 79 (8),
3641-3646.

39.  Gardner, B. M.; Patel, D.; Lewis, W.; Blake, A. J.; Liddle, S. T., Photochemically
Promoted Bond-Cleavage and -Capture in a Diazomethane Derivative of a Triamidoamine
Uranium(lV) Complex. Angew. Chem. Int. Ed. 2011, 50 (44), 10440-10443.

40. Rice, N. T.; Su, J.; Gompa, T. P.; Russo, D. R.; Telser, J.; Palatinus, L.; Bacsa, J.;
Yang, P.; Batista, E. R.; La Pierre, H. S., Homoleptic Imidophosphorane Stabilization of
Tetravalent Cerium. Inorg. Chem. 2019, 58 (8), 5289-5304.

41.  Stolzenberg, H.; Weinberger, B.; Fehlhammer, W. P.; Puhlhofer, F. G.; Weiss, R.,
Free and Metal-Coordinated (N-Isocyanimino) triphenylphosphorane: X-ray Structures and
Selected Reactions. Eur. J. Inorg. Chem. 2005, 2005 (21), 4263-4271.

42. Harris, R. K.; Becker, E. D.; Cabral de Menezes, S. M.; Goodfellow, R.; Granger,
P., NMR nomenclature: nuclear spin properties and conventions for chemical shifts. IUPAC
Recommendations 2001. International Union of Pure and Applied Chemistry. Physical
Chemistry Division. Commission on Molecular Structure and Spectroscopy. Magn. Reson.
Chem. 2002, 40 (7), 489-505.

43. Harris, R. K.; Becker, E. D.; De Menezes, S. M. C.; Granger, P.; Hoffman, R. E.;
Zilm, K. W., Further Conventions for NMR Shielding and Chemical Shifts (IUPAC
Recommendations 2008). Magn. Reson. Chem. 2008, 46 (6), 582-598.

44.  SMART Apex Il, Version 5.632.; Bruker AXS, Inc.: Madison, WI, 2005.

45.  SAINT Software User's Guide, Version 7.34a ed.; Bruker AXS Inc.: Madison, WI,
2005.

46. SADABS, Sheldrick, G.M.; University of Gottingen, Germany: 2005.

47. SHELXTL, Version 6.12 ed.; Bruker AXS Inc.: Madison, WI, 2005.

65



Chapter 3. Reductive Coupling of Isocyanides Using Low-Valent

Uranium(I1I)
3.1 INEFOAUCTION ...t 68
3.2 ReSUItS aNd DISCUSSION ......ceuviiiiiiiiiesiesieeiee et 72
3.2.1 Synthesis and Characterization of [U(NR2)3(CN)(CN'Bu)] (3.1).....72

3.2.2 Synthesis and Characterization of U(NRz2)3(CNXyl)2 (Xyl = 2,6-
ME2C6HS) (3.3) wreeeeererieeieriee e e 77
3.2.3 Synthesis and Characterization of
[U{N(R)SIC(=CH2)N(XYD)}(NR2)2] (3.4) ..occvrvvrrrriireiriiiirnnen, 80
3.2.4 Reactions of U(NR2)3(CNXyl)2 (3.3) with TMSCl .......cccovrennene 83
3.2.5 Reduction reactions of U(NR2)3(CNXyl)2 (3.3) with KCs and

[Cp*2Co]* and the Synthesis and Characterization of

[Cp*2Co][{n?-C,N-(Xyl)NCN(XyD)JU(NR2)3] (3.5)....ccccrererereee. 84

3.3 SUMMIBIY ..ttt ettt ettt st b e s bt et e e ebb e e be e s abeebeeentee e 89
3.4 ACKNOWIEAGEMENTS.......ooiiiiieiice e 91
3.5 EXPEITMENTAL ..o 91
3.5.1 General Methods..........coviiiieiiicciee e 91

3.5.2 Synthesis and Characterization of [U(NR2)3(CN)(CN'Bu)] (R =
SIMES) (B.1) ottt 92
3.5.3 Synthesis and Characterization of U(NR2)3(CNXyl)2 (Xyl = 2,6-
ME2CEHS) (3.3) wveviriieieeieie et 93
3.5.4 Synthesis and Characterization of

[U{N(R)(SIC(=CH2)N(XYIHNR2)2] (3:4) .cerrreerrmreeeeeerrrererrenen 94

66



3.5.5 Synthesis and Characterization of [Cp*2Co][{n?-C,N-

(XYDNCN(XYIIUNR2)E] (3.5) reeevvvveeerreessseeeeseeeensseesseesessseeene

3.5.6 X-ray Crystallography ........cccccevviieiiieiesie e

3.6 References

67



3.1 Introduction

As f-element metal-ligand multiple bond chemistry continues to grow,’ the study of these
complexes has allowed chemists to reveal fundamentally important insights into covalency
and f orbital participation in bonding, as well as uncover novel modes of reactivity.®*°> These
advancements have been demonstrated through the synthesis of novel f-element carbene
complexes (Scheme 3.1, A-G),6-23 which are of interest for their potential use in catalysis and
for their diverse reactivity. 5242
Scheme 3.1. Previously reported f-element carbene complexes. A, Ref. 17 and 18; B, Ref. 16;

C, Ref. 19; D, Ref. 22; E, Ref. 20; F, Ref. 23; G, Ref. 21.
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After the first uranium carbene complexes were reported by Gilje and co-workers in the
1980s (Scheme 3.1, A),*"- 8 many other actinide carbenes have been reported that feature the
same stabilization technique involving phosphorus. This feature has not only allowed
organometallic chemists to isolate a wide variety of uranium carbenes, but to access carbenes

with different oxidation states of uranium, such as the pentavalent uranium carbene B.
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Liddle and co-workers have contributed greatly in synthesizing uranium carbenes (Scheme
3.1, B, F, G), which include a series of silyl-phosphino-carbene complexes that feature a 3-
center P-C-U linkage that contains a dominant U=C double bond component G, and most
recently were able to extend the stabilization found by phosphorus to arsonium, in which a
arsonium-ylide was used to stabilize the uranium(lV) arsonium-carbene F.?> Compared to
uranium, fewer examples involving thorium have been reported, including compounds C-E.**
20,22 These complexes each feature short Th=C bonds and E is notably the first thorium poly-
carbene complex reported.?

Despite this progress, a “Schrock-type” actinide carbene complex has remained elusive as
all the actinide carbenes synthesized thus far feature at least one phosphorus substituent
attached to the a-carbon.® 2 16-20.25-30 |n 3 Schrock-type carbene, the metal atom forms a strong
n-backbond to the C atom because the C atom has a lone pair from its empty p orbital that
contributes in bonding with the filled metal d orbital (Scheme 3.2a).3%3 Most of the
stabilization on the carbene center is provided by the metal fragment and this type of metal-
carbon interaction is described as a covalent double bond.3! 33 Whereas in a methanediide
carbene, such as bis(phosphoranimino)methandiide ([C(Ph.P=NSiMe3)2)]*),3* the metal d
orbital contributes very little in bonding, forming a weak n-backbond with the C atom that is
sometimes denoted as a dative interaction. Rather, two electrons are donated from the lone
pairs at carbon while the phosphorus substituents bonded to carbon help stabilize the metal-
carbon interaction (Scheme 3.2b).%" 31-3¢ In this type of carbene, the stabilization of the center
carbon is provided by the substituents on the carbon atom.3! For example, one advantage of

using a phosphorus substituent to stabilize the U=C interaction is that it allows the a-carbon
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atom to delocalize the large negative charge density on the adjacent heteroatom since the U-
C = bond is highly polarized in these complexes.? 26:27. 36,37
Scheme 3.2. Dominant orbital interactions and bonding in (a) Schrock-type and (b)

methanediide-type carbene complexes. Adapted from Refs. 32 and 36.
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Inspired by work published by Figueroa and co-workers®® (Scheme 3.3a), | sought to
synthesize a “true” uranium carbene complex using the low-valent, highly reducing U(III)
tris(amide), U(NRz2)s (R = SiMej), first reported by Andersen in 1979.3% 40 This uranium
precursor has shown to be useful in facilitating small molecule reactivity.*" 42 | hypothesize
that the reaction of uranium tris(amide) with an isocyanide ligand will form an adduct, in
which I plan to reduce the isocyanide group by the addition of an electrophile, such as TMSCI,

whereupon the uranium center would become oxidized en route to a carbene (Scheme 3.3b).
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Scheme 3.3. (a) Previously reported synthesis by Figueroa and co-workers to a terminal iron
carbyne. Ref 38. (b) Proposed synthetic route to a uranium carbene complex through an

isocyanide adduct.
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Herein, | report the reactions of the low valent U(I11) tris(amide) U(NR2)s (R = SiMes)
with isocyanides containing either an alkyl or aryl substituent. In efforts to form an adduct
using tert-butyl isocyanide, U(NR2)s proves to be too reducing, resulting in the isolation of
[U(NR2)3(CN)(CN'Bu)] (R = SiMes) (3.1), which suggests one tert-butyl isocyanide ligand is
reduced, ejecting a tert-butyl radical, while the metal center becomes oxidized. Moving
towards a stronger C-N bond, the use of 2,6-dimethylphenyl isocyanide (CNXyl, Xyl = 2,6-
Me2CsHs) results in the isolation of [U(NR2)s(CNXyl)2] (3.3), as well as
[U{N(R)SIC(=CH2)N(XyD)}(NR2)] (3.4). The reduction of 3.3 was also explored using KCs

and Cp*2Co and is discussed in detail.

71



3.2 Results and Discussion
3.2.1 Synthesis and Characterization of [U(NR2)3(CN)(CN'Bu)] (3.1)

Addition of 2 equiv of tert-butyl isocyanide to a cold (-25 °C) pentane solution of uranium
tris(amide), U(NR2)s (R = SiMes), results in a color change from purple to orange,
concomitant with the deposition of a light green precipitate, over 24 h. The reaction mixture
is filtered, and the insoluble green precipitate is collected on the Celite column as the soluble
orange solution is isolated. The green solid on the filter is extracted with THF and is layered
with pentane. Upon cooling (-25 °C) for 24 h, green crystalline blocks can be isolated from
the THF fraction in 32% yield and identified as [U(NR2)3(CN)(CN'Bu)] (3.1), while orange
crystalline plates were isolated from the pentane solution in 29% yield and identified by ‘H
NMR spectroscopy as the known complex, [U{N(R)SiC(=CH2)N('Bu)}(NR2)2] (3.2),* which
has been previously reported by Andersen and co-workers (eqn (3.1)). Complex 3.2 is formed
from the isocyanide ligand reacting with the decomposition product of uranium tris(amide),

the known uranium metallacycle, [U{N(R)(SiMe2)CH2}(NR2)2].**

N'Bu

Il me e
C
|
RNy + 2tBunc —REMAMC o poNmeUV—NR, + 2 * +  Me,Si UV-atINR, ()
/ NR, R = SiMey \\ e
RyN R2N
C NR2
i vess
3.1 3.2

Complex 3.1 is insoluble in THF-ds and must be warmed (50 °C) for 2 h in an oil bath to
fully dissolve. The *H NMR spectrum of 3.1 in THF-ds features broad resonances at -7.24
ppm (9H), assigned to the tert-butyl group, and at 2.15 ppm (54H), assigned to the SiMes
groups (Figure 3.1). The ratio of these two peaks is consistent with the presence of only one
‘Bu group in the final product.
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Figure 3.1. 'H NMR spectrum of 3.1 in THF-ds. (*) indicates HN(SiMes)2 and (*)
indicates pentane.

The connectivity of complex 3.1 was verified by X-ray crystallography (Figure 3.2).
Complex 3.1 crystallizes in the trigonal space group P3ic. In the solid-state, the tert-butyl
isocyanide ligand and cyanide ligand are disordered over two positions in a 50:50 ratio, which
somewhat lowers the precision of the resulting metrical parameters. It features a trigonal
bipyramidal coordination geometry about the uranium center with one isocyanide and one
cyanide ligand in the axial positions and three SiMes ligands in the equatorial positions. The
U-C(isocyanide) distance (2.63(2) A) in 3.1 is consistent with other U(IV) tert-butyl
isocyanide complexes** 45 and is statistically identical to what is reported for a series of Th(IV)
tert-butyl isocyanide complexes, [(CsMes)2Th(CN'Bu)(n?-N,C)-(‘BuNC=PMes)] and

[(CsMes)2Th(CNBU)(n?-N,C)-(‘BUNC=AsTipp)] (Tipp = 2,4,6-PraCsHz2, Mes = 2,4,6-
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MesCsH2), which are 2.643(6) A and 2.638(6) A,* respectively. Furthermore, the C-N bond
distance (1.03(3) A) seen in 3.1 is much shorter than reported for
[U(Cp*2)2(NMe2)(CN'Bu)2][BPh4] (Cp* = n-CsMes) (1.14(1), 1.16(1) A)* and in the Th
complexes [(CsMes)2Th(CN'Bu)(n?-N,C)-(‘BUNC=PMes)] and [(CsMes)2Th(CN'Bu)(n?*-
N,C)-(‘BuNC=AsTipp)] (1.131(8) A and 1.128(7) A, respectively),*® suggesting that this is
most likely an artifact from the disorder in this complex. Lastly, the U-Nsilylamide distances (av.

2.225 A) are consistent with those found in other U(1V) silylamide complexes.4”-49

v

N2

Figure 3.2. Solid-state molecular structure of 3.1, shown with 50% probability
ellipsoids. Hydrogen atoms and solvent molecules removed for clarity. Selected bond
lengths (A) and angles (°): U1-C4 = 2.63(2), C4-N2 = 1.03(3), av. U1-Namice = 2.225,

NC-U-CN'Bu = 180.

74



Complex 3.1 is insoluble in pentane and benzene, but is slightly soluble in Et2O and THF
when warmed. In addition, the IR spectrum of 3.1 features a prominent ventsu Stretch at 2189
cmt, which is higher than that of free 'BUNC (2134 cm?), and a prominent ven stretch at 2056
cmt (Figure 3.3). For comparison, similar ventsu Stretches have been observed in other U(1V)
tert-butyl isocyanide complexes, such as [U(Cp*2)2(NMez2)(CN'Bu)2][BPh4] (ven = 2181 cmr
1,44 [(Cp'P™)2U(CNBu)4][B(CéFs)2]2 (ven = 2176 cm),% and
[(Cp™P™)2U(1)(CN'Bu)2][B(CsFs)a]2 (ven = 2182 cmt), as well as in a series of Th(IV)
complexes reported by Walensky and co-workers,* [(CsMes)2Th(CN'Bu)(n?-N,C)-
(‘BUuNC=PTipp)], [(CsMes)2Th(CN'BuU)(n?-N,C)-(‘BuNC=PMes)], and
[(CsMes)2Th(CN'Bu)(n?-N,C)-(*BuNC=AsTipp)], which reported vcn stretches at 2181, 2186,
and 2182 cm, respectively. For further comparison, the ven stretch overserved in 3.1 agrees
well with other actinide cyanide complexes.>-%* In particular, Ephritikhine and co-workers
report ven stretches for [U(NR2)3(CN)] and [M][U(NR2)3(CN)z] (M = NEts or K(THF)4) at

2044 cm, 2058 cm't, and 2078 cm?, respectively.%?
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Figure 3.3. IR spectrum of 3.1 (KBr pellet). (*) indicates the vcn stretch and ()

indicates the ventsu Stretch.

To explain the formation of 3.1 | hypothesize that uranium tris(amide) reduces the tert-
butyl isocyanide ligand, which results in formation of tert-butyl radical while oxidizing the
uranium center. While | was unable to observe the presence of isobutylene or isobutene in the
in-situ *tH NMR spectrum, which are the expected products of tert-butyl radical generation, |
note that the U(I11) alkyl isocyanide adducts, [(CsMesH)3sU(CN(alkyl))] (alkyl = Me, iPr, tBu),
have been reported to be unstable in solution and decompose readily to produce the U(IV)
cyanide, [(CsMesH)3U(CN)], where the rate of decomposition is alkyl dependent.> This type
of conversion has been well studied in organometallic d- and f-element chemistry.%6: 57
Accordingly, | hypothesized that switching from an alkyl isocyanide ligand (sp® CN bonding)

to an aryl isocyanide that has stronger sp?> CN bonding, such as 2,6-dimethylphenyl isocyanide
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(CNXyl, Xyl = 2,6-Me2CsHs), would not undergo this unwanted decomposition pathway. It
has also been reported that aromatic isocyanide complexes display reasonable thermal

stability, which further supports this change.

3.2.2 Synthesis and Characterization of U(NR2)3(CNXyl)2 (Xyl = 2,6-Me2CsHs3) (3.3)

Reaction of 2 equiv of CNXyl with U(NR2)s in pentane results in formation of
[U(NR2)3(CNXyl)2] (3.3) , which could be isolated as a dark green crystalline material after
work-up in a concentrated pentane solution and stored at -25 °C for 24 h in 50% yield (egn
(3.2)). Orange crystals were also isolated in 15% vyield and characterized as
[U{N(R)SIC(=CH2)N(Xyl)(NR2)2] (3.4), which is formed from the isocyanide ligand reacting
with the decomposition product of uranium tris(amide), the known uranium metallacycle,

[U{N(R)(SiMe2)CH2}(NR2)2].** More detail about 3.4 is described in section 3.2.3.

RoNi-i__ i __bentane __c=N Me23| UIV WINR, (3.2)
7 NHR, 2 R = SiMe, ,c/U'"
R,N N= < \ NR

RN NR, " s
e3Si

34

The *H NMR spectrum of 3.3 in CeDs features resonances at -5.68 ppm (12H), assigned
to the methyl groups on the phenyl rings, -5.25 ppm (54H), assigned to the SiMes groups, 2.62
ppm (4H), assigned to the m- protons on the phenyl ring, and at 7.75 ppm (2H), assigned to
the p-phenyl protons (Figure 3.4). There is also a very small amount of 3.4 present in the

sample, as revealed by a singlet at -25.50 ppm in the spectrum.
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Figure 3.4. 'H NMR spectrum of 3.3 in CeDs. (*) indicates the presence of HN(SiMez3)z2
and (@) indicates the presence of 3.4.

The connectivity of complex 3.3 was verified by X-ray crystallography (Figure 3.5).
Complex 3.3 crystalizes in the monoclinic space group P21/n. In the solid-state, the isocyanide
ligands are trans disposed and the three silylamide ligands are located on equatorial sites in
an idealized trigonal bipyramid geometry about the U center. The U-C bond distances
(2.725(6) and 2.733(6) A) are much longer than reported distances seen in
[(MesCsH)3sU(CNCsHa-p-OMe)] (2.464(4) A),% [UBr{CsH3[SiMes]2}2][CNtBu]2 (2.662(8),
2.697(7) A),% and [U(CsH3(R)2)2CI(CN(CeHsMez))2] (2.681(9), 2.654(9) A).%° The U-C-N
linkage is almost linear (av. 173.5°), which compares well to other U(IIl) isocyanide

complexes.>: 58 The C-N bond distances (1.162(6) and 1.157(6) A) are also similar to those
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in other U(I11) isocynaides.>5 %8 Lastly, the average U-Niylamice bond length is 2.368 A, which

is consistent with those reported for other U(111) amide complexes.”: 3% €0

Figure 3.5. Solid-state structure of 3.3, shown with 50% probability ellipsoids.
Hydrogen atoms have been removed for clarity. Selected bond lengths (A) and angles
(°): av. U1-Namide = 2.368, C19-U1-C28 = 176.30(15), U1-C28 = 2.733(6), C28-N5 =
1.162(6), N5-C29 = 1.405(6), U1-C19 = 2.725(6), C19-N4 = 1.157(6), N4-C20 =
1.390(7), U1-C19-N4 = 174.9(3), U1-C28-N5 = 172.1(4).

Complex 3.3 is soluble in pentane, Et20, and benzene, but reacts with THF, as indicated
by a color change from blue-green to maroon Complex 3.3 is stable at room temperature in a
benezene-ds solution for up to 8 h; however, a color change from green to yellow was observed
after 24 h, and the complex is completely decomposed after 48 h. In addition, the IR spectrum

of 3.3 features a prominent vcn stretch at 2131 cm™ (Figure 3.6), which is higher than that
seen in free Xyl isocyanide (venxyt = 2114 cm™).5° For comparison, this higher energy stretch

is closer to what was observed in the Ce(lll) compound, [(MeCsH4)3Ce(CNXyl)] (venxyt =
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2150 cm?),%® than what has been reported for U(IIl) CNXyl complexes
[(MeCsHa4)sU(CNXyD)], [(MeCsH4)3sU(CNXyl)2], and [(CsMesH)sU(CNXyl)], which are 50-

60 cm* lower in frequency than free Xyl isocyanide.®
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Figure 3.6. IR spectrum of 3.3 (KBr pellet).

3.2.3 Synthesis and Characterization of [U{N(R)SiC(=CH2)N(Xyl)}(NR2)2] (3.4)

Complex 3.4 was synthesized directly by reacting 1 equiv of 2,6-dimethylphenyl
isocyanide with the known uranium metallacycle, [U{N(R)(SiMe2)CH2}(NRz2)2],*% in pentane.
Work-up in a concentrated pentane solution yields 3.4 in 93% yield (eqn (3.3)) as orange

crystals. This type of insertion is known, as observed in 3.2, reported by Andersen and co-

workers in 1981.43

80



H,C C;

C
11
H2C—S\iMez N I\\]
| T Qentane Me-Si
X 29l U|V-II|NR2 (33)

Vv — —
5 N\\“.U N\ R = SiMe; \ \
N SiMe ;\‘ NR,

RoN MesSi
3.4

The *H NMR spectrum of 3.4 in CeDs features a broad resonance at -62.62 ppm (9H),
assignable to the SiMes group, a sharp singlet at -25.31 ppm (36H), assignable to the SiMes
groups, two singlets at -2.94 ppm (3H) and -1.19 ppm (3H) assignable to inequivalent methyl
groups off the aryl substituent, two singlets at 1.99 ppm (1H) and 2.24 ppm (1H) assignable
to the inequivalent protons from the methylene group, and a triplet at 8.22 ppm (3H)
assignable to the inequivalent m- and p-protons on the aryl ring, and one broad peak at 88.20
ppm (6H) assignable to the SiMe2 group (Figure 3.7). However, these assignments are

tentative, and there are several broad resonances that cannot definitely be accounted for.
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Figure 3.7. *H NMR spectrum of 3.4 in CeDe. (*) indicates HN(SiMes)2, (&) indicates

Et20, pentane, hexanes, and ($) indicates unidentified peak.
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Figure 3.8. Solid-state structure of 3.4, shown with 50% probability ellipsoids.
Hydrogen atoms and solvent molecules have been removed for clarity. Selected bond
lengths (A) and angles (°): av. U-Namide = 2.260, U1-N4 = 2.252(5), N4-C20 = 1.449(8),
C18-C19 = 1.335(10), N4-U1-N3 = 89.5(2).

The connectivity of complex 3.4 was verified by X-ray crystallography (Figure 3.8).
Complex 3.4 crystalizes in the triclinic space group P-1. In the solid-state, the U center
features four-coordinate geometry. The C18-C19 bond is 1.335(10) A, suggesting a double
bond, the U1-N4 bond is 2.252(5) A, suggesting a single bond, while the U-Nami¢e bond
lengths average 2.260 A, which is consistent with those reported for other U(IV) amide
complexes.*”4® This structure is very similar to Andersen’s reported complex, [U{
N(R)SiC(=CH2)N(‘Bu)}(NR2)2],** which was seen in the formation of 3.1, however no

crystallographic data was reported. However, the IR spectra of 3.4 (vc=c = 1533 cm-?) (Figure
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3.9) compares well to Andersen and co-workers tert-butyl analogue, which reports a C=C

stretch at 1537 cm.*3 Furthermore, the Th tert-butyl analogue reports a similar C=C stretch

at 1535 cm1.43
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Figure 3.9. IR spectrum of 3.4 (KBr pellet).

3.2.4 Reactions of U(NRz2)3(CNXyl)2 (3.3) with TMSCI

In an attempt to synthesize a carbene in a similar route reported by Figueroa and co-
workers, the reaction of 3.3 with the electrophile TMSCI, in a benzene-ds solution, was
monitored via *H NMR spectroscopy. Over the course of 3 d, a color change from dark blue-
green to dark brown-yellow occurs, while the resonances assigned to 3.3 decreased in intensity
and a broad resonance at ca. -2 ppm grew in intensity. Upon work-up, yellow crystals were
isolated in low yield upon cooling (-25 °C) after 24 h, which were run on the X-ray

spectrometer. The yellow crystals had a unit cell that matched U(NRz2)3Cl-.%*
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In another attempt to form a carbene, 3.3 was initially reduced with 1 equiv of KCs before
the addition of TMSCI. Thus, KCs was added to a dark blue-green Et20O solution of 3.3, which
resulted in a color change to dark yellow. After 30 min, the reaction mixture was filtered and
TMSCI was added, which resulted in a color change to golden yellow. A *H NMR spectrum
of the crude material in benzene-ds displayed one broad resonance at -2.41 ppm, assignable
to the SiMes environment of the known complex U(NR2)sCl.>?

From these results, | concluded that the use of TMSCI results in the oxidation at the metal
center from U(II1) to U(V) or U(IV), shown by the isolation of U(NR2)3Cl2 and U(NR2)sCl

(eqgn (3.4)), respectively, but is unable to aid in the formation of the desired uranium carbene.

R,N

TMSCI
czN CeDs
/UIII/ L U(NR2)3C| or U(NR2)3C|2 (34)
NECT I\ -2 CNxyl
RoN - NR,
R= SiME3
3.3

3.2.5 Reduction reactions of U(NR2)3(CNXyl)2 (3.3) with KCg and [Cp*2Co]* and
the Synthesis and Characterization of [Cp*2Co][{n?-C,N-
(Xyl)NCN(XyN}U(NR2)3] (3.5)

I also sought to reduce the isocyanide ligand in complex 3.3 with KCs and Cp*2Co. The
use of KCg in Et20 led to intractable dark yellow material, but *H NMR spectroscopy of the
crude reaction mixture, in benzene-ds, showed the presence of a new broad paramagnetic
resonance at ca. -11 ppm. Complexing agents such as 18-crown-6, dibenzo-18-crown-6, and
2,2,2-cryptand were added to reactions with KCs in an attempt to isolate X-ray quality
material, but these reagents did not suffice. Gratifyingly, the reaction of 3.3 with 1 equiv of
Cp*2Co in benzene affords insoluble dark emerald crystalline material of the U(1V) acetylene
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diamide complex [Cp*2Co][{n?-C,N-(Xyl)NCN(Xyl)}U(NR2)3] (3.5), after 24 h in 40% yield

(eq (3.5)).

b

3.3

NR,
RoN
2 \U/,V/NRZ
Cp*,Co /
CeHs [Cp*,Co] \ €]
R= SIME3

3.5

(3.5)

Complex 3.5 is formally generated by reducing the two CNXyl ligands by 2 electrons,

where 1 electron comes from the uranium center, as the uranium center is oxidized from 3+

to 4+, and the other electron comes from decamethylcobaltocene. Other examples, all

transition metal complexes that mostly contain molybdenum, have shown this ligand being

protonated, as shown by work reported by Lippard and co-workers in Scheme 3.4, A-B,5% &

whereas 3.5 is not only the example of this ligand bound to an actinide, but also the first

example of this ligand to be un-protonated.54 6°

Scheme 3.4. Previously reported protonation of the isocyanide ligand. A, Ref. 62; B, Ref. 63.

M = Mo, R = cyclohexyl, X = |

M=W,R="Bu, X=1
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Furthermore, similar reactivity has been shown with CO, which is iso-electronic to
isocyanide, as shown by the products formed via CO coupling in Scheme 3.5, A-C.%6-%% These
complexes feature an acetylenediolate linkage, [OCCO]?%, with the metal center. Similarly,
two examples are reported in which isocyanide ligands have been coupled in a C-C bond
formation with [NCCN]? linkages bridging two metal centers, as shown in Scheme 3.5, C-
D.’%72 Moreover, the uranium-centered N-C binding mode found in 3.5 is unique versus
previously coupled isocyanides, which feature a n?-C,C bonding mode, as shown in Scheme
3.4 and Scheme 3.5, C-D.62:65 70-79
Scheme 3.5. Previously reported coupling with CO and isocyanide. A, Ref. 66; B, Ref. 67; C,

Refs. 68, 69; D, Ref. 72; E, Refs. 70, 71.
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Figure 3.10. Solid-state structure of 3.5, shown with 50% probability ellipsoids.
[Cp*2Co]* counterion, hydrogen atoms, and benzene molecules removed for clarity.
Selected bond lengths (A) and angles (°): av. U-Namide = 2.31, U1-N4 = 2.24(3), N4-
C20 = 1.40(4), N4-C19 = 1.42(4), C19-C28 = 1.35(5), C28-N5 = 1.28(4), N5-C29 =
1.37(4).

The connectivity of complex 3.5 was verified by X-ray crystallography (Figure 3.10).
Complex 3.5 crystalizes in the tetragonal space group P42bc. In the solid-state, the U center
features five-coordinate geometry. The two C-N bond lengths on the CN Xyl ligand (N4-C19
= 1.42(4) A, N5-C28 = 1.28(4) A) are longer than in 3.3 (N4-C19 = 1.157(6) A, N5-C28 =

1.162(6) A) suggesting they are no longer triple bonds but double bonds due to the ligands
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new binding mode with the uranium center. The U-Namice bond lengths average 2.31 A, which
is consistent with those reported for other U(1V) amide complexes,*’-*° including 3.3.

The *H NMR spectrum of 3.5 in THF-ds shows a similar spectrum to what was observed
in the reactions with KCs, which suggest the same product was being formed. The spectrum
consists of a broad resonance upfield at -11.43 ppm, assigned to the SiMes groups, a sharp
peak at 1.10 ppm, assigned to the methyl environments on the Xyl groups, a broad singlet at
5.22 ppm, assigned to the methyl groups of the [Cp*2Co]* counterion, and two singlets at
23.15 and 30.47 ppm, assigned to the p- and m- groups of the Xyl groups, respectively (Figure
3.11). Interestingly, an initial THF-ds solution of 3.5 is green, but turns royal blue over several
hours, where a follow-up *H NMR in THF-ds no longer shows the major product, suggesting

reactivity of 3.5 with THF or decomposition.
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Figure 3.11. 'H NMR spectrum of 3.5 in THF-ds. (*) indicates HN(SiMe3)2 and (*)

indicates pentane.
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In addition, the IR spectrum of 3.5 features a prominent 1o stretch at 1913 cm, which
is significantly red shifted from the vcn stretch in 3.3 at 2131 cm™ and that seen in free Xyl

isocyanide (venxyl = 2114 cm1)% (Figure 3.12).
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Figure 3.12. IR spectrum of 3.5 (KBr pellet).

3.3 Summary

I have synthesized and characterized new uranium isocyanide complexes using tert-butyl
isocyanide and 2,6-dimethylphenyl isocyanide. In the former case, tert-butyl isocyanide was
too oxidized, causing a redox reaction to occur, where the uranium center was oxidized, and
the ligand was reduced to form complex 3.1. In order to explain the aforementioned redox
reaction, | hypothesize that the low valent U(lll) starting material reduces the tert-butyl
isocyanide to form a tert-butyl radical, resulting in the oxidation of the metal center from U
3+ to U 4+. | tried to observe this redox reaction via in-situ *H NMR spectroscopy, but was

unable to observe the expected products, isobutylene and isobutene, if the reaction was indeed
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making a tert-butyl radical. Therefore, | can only propose a hypothetical mechanistic pathway
to 3.1. However, it has been previously reported that alkyl isocyanide adducts are unstable in
solution and decompose quickly to form cyanide,>® suggesting that tBu is a poor ligand choice
for this reaction.

Moving away from alkyl substituents, | hypothesized that switching to an aryl isocyanide
substituent, which has stronger sp?> CN bonding, such as 2,6-dimethylphenyl isocyanide
(CNXyl, Xyl = 2,6-Me2CsHs), would not undergo this unwanted decomposition pathway.
Upon reaction of uranium tris(amide) with 2 equiv CNXyl, complex 3.3 was synthesized, thus
proving my hypothesis correct. However, | noticed that a minor side product was always
formed in low yield, which was isolated and characterized as 3.4. This side product is formed
from 1 equiv of the CNXyl reacting with the decomposition product of uranium tris(amide)
starting material, [U{N(R)(SiMe2)CH2}(NRz2)2], which is usually around in small quantities
making the isolation of pure 3.3 very difficult. Complex 3.4 was synthesized directly and fully
characterized. A similar decomposition product was isolated en route to 3.1, where 1 equiv of
the tert-butyl isocyanide ligand reacted with [U{N(R)(SiMe2)CH2}(NR2):] to form 3.2, which
has been previously reported by Andersen and co-workers.*3

With a stable U(I11) isocyanide adduct in hand, | attempted to synthesize a carbene via the
route reported by Figueroa and co-workers, by reacting 3.3 with an electrophile. Although,
reactions of 3.3 with TMSCI resulted in the desired oxidation of the uranium center, as
indicated by X-ray crystallography and *H NMR spectroscopy of the isolated material, | was
unable to synthesize the desired uranium carbene. These results suggested that the addition of
an electrophile would not be fruitful, so I sought to explore possible reducing agents, such as

KCs and Cp*2Co. Although initial reduction reactions with KCs suggested a reaction was
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occurring, indicated by a color change, no tractable material was isolated. However, 'TH NMR
spectroscopy of the crude material showed support for the formation of a new product due to
the presence of a new upfield paramagnetic resonance.

Efforts to reduce complex 3.3 using the reducing agent Cp*2Co led to formation of a U(1V)
acetylene diamide complex, 3.5. Moreover, the *H NMR spectrum of 3.5 aligns well with
what was previously observed in *H NMR spectrums of the crude material isolated in the
reactions with KCs, suggesting that 3.5 is the only product being synthesized between 3.3 and
a reducing agent.

Although 3.5 was not the intended carbene product, | was able to show that the CNXyl
ligand can be reduced as the metal center is oxidized. Going forward, this method of carbene
formation will likely not work with the actinides. However, complex 3.5 is the first example
that shows reductive coupling of isocyanide with an actinide and displays a novel binding

mode, N-C metal centered versus C-C, which has not been observed previously.
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3.5 Experimental

3.5.1 General Methods

All reactions and subsequent manipulations were performed under anaerobic and
anhydrous conditions under an atmosphere of nitrogen. Hexanes, Et20, and pentane, were

dried using a Vacuum Atmospheres DRI-SOLV Solvent Purification system and stored over
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3A sieves for 24 h prior to use. THF was dried by distillation from sodium/benzophenone,
and stored over 3A sieves for 24 h prior to use. Benzene-ds and THF-ds were dried over 3A
molecular sieves for 24 h prior to use. U(N(SiMez2)3) and [U{N(R)(SiMe2)CH2}(NR2)2] were
synthesized according to the previously reported procedure.®® 43 Cp*2Co was recrystalixed
from hexanes before use. All other reagents were purchased from commercial suppliers and
used as received.

NMR spectra were recorded on an Agilent Technologies 400-MR DD2 400 MHz
Spectrometer, a Varian UNITY INOVA 500 spectrometer, or a Varian Unity Inova 600 MHz
spectrometer. *H NMR spectra were referenced to external tetramethylsilane (TMS) using the
residual protio solvent peaks as internal standards. IR spectra were recorded on a Nicolet 6700
FT-IR spectrometer with a NXR FT Raman Module. Electronic absorption spectra were
recorded on a Shimadzu UV3600 UV-NIR Spectrometer. Elemental analyses were performed

by the Micro-Analytical Facility at the University of California, Berkeley.

3.5.2 Synthesis and Characterization of [U(NR2)3(CN)(CN!Bu)] (R = SiMes) (3.1)

To a stirring, cold (-25 °C), purple solution of U(N(SiMe2)s) (36.8 mg, 0.0517 mmol) in
pentane (2 mL) was added a solution of tert-butyl isocyanide (12 pL, 0.00851 mg, 0.102
mmol). The dark green reaction mixture was allowed to warm to room temperature with
stirring. After 6 h, the reaction mixture became an orange solution with a lime green
precipitate. The reaction mixture was filtered through a Celite column supported on glass wool
(0.5 x 2 cm) and the orange pentane solution was concentrated in vacuo to 2 mL. Storage at -
25 °C for 24 h resulted in the deposition of orange crystalline material, which was isolated by
decanting the supernatant and then dried in vacuo to yield the known product,

[U{N(R)SiC(=CH2)N(‘Bu)}(NR2)] (3.2), which was confirmed by *H NMR spectroscopy.*
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The lime green solid on the Celite column was extracted into THF and the lime green solution
was layered with pentane. Storage at -25 °C for 24 h resulted in the deposition of 3.1 as a
green crystalline solid (0.042 g, 32% yield). Anal. Calcd for C2sHe3NsSisU: C, 34.80; H, 7.67,
N, 8.45. Found: C, 29.14; H, 6.90; N, 7.07. *H NMR (400 MHz, 25 °C, THF-dsg): & -7.24 (br
s, 9H, CN'Bu), 2.15 (br s, 54H, SiCHBa). IR (KBr pellet, cm™): 480 (m), 615 (s), 619 (s), 756
(m), 843 (W), 1059 (m), 1184 (s), 1248 (s), 1400 (W), 1601 (m), 2056 (S, ven), 2189 (s, ventsu),

2897 (W), 2951 (w), 3348 (m).

3.5.3 Synthesis and Characterization of U(NR2)3(CNXyl)2 (Xyl = 2,6-Me2CsH3) (3.3)

To astirring, cold (-25 °C), purple solution of U(N(SiMez2)3) (163.3 mg, 0.2271 mmol) in
pentane (2 mL) was added a cold (-25 °C) pentane solution of 2,6-Dimethylphenyl isocyanide
(CNXyl) (60.1 mg, 0.458 mmol). The dark blue-green reaction mixture was allowed to warm
to room temperature with stirring. After 30 min, the reaction mixture was filtered through a
Celite column supported on glass wool (0.5 x 2 cm) and concentrated in vacuo to 2 mL.
Storage at -25 °C for 24 h resulted in the deposition of dark green crystalline material, which
was isolated by decanting the supernatant and then dried in vacuo to yield 3.3 (94.2 mg). The
supernatant was transferred to a new 20 mL vial. Storage at -25 °C for 24 h resulted in the
deposition of more dark green crystalline solid (15.2 mg). Total yield: 0.109 g, 50% vyield.
Anal. Calcd for C3sH72NsSisU: C, 44.05; H, 7.39; N, 7.14. Found: C, 44.25; H, 7.24; N, 6.92.
IH NMR (400 MHz, 25 °C, CeDs): & -25.50 (s, 2), -5.68 (br s, 12H, phenyl-CH3), -5.25 (s,
54H, SiCHa), 2.62 (s, 4H, phenyl-m), 7.75 (s, 2H, phenyl-p). IR (KBr pellet, cm™): 469 (m),
606 (s), 660 (), 768 (W), 835 (W), 933 (W), 1167 (s), 1248 (m), 1470 (W), 2131 (M, venxyl),

2895 (W), 2951 (w).
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3.5.4 Synthesis and Characterization of [U{N(R)(SiC(=CH2)N(XyD}(NR2)2] (3.4)

To a stirring, cold (-25 °C), orange solution of [U{N(R)(SiMe2)CH2}(NR2):] (36.2 mg,
0.0504 mmol) in pentane (2 mL) was added a cold (-25 °C) pentane (2 mL) solution of 2,6-
Dimethylphenyl isocyanide (7.20 mg, 0.0549 mmol). After 20 min, the solution was filtered
through a Celite column supported on glass wool (0.5 x 2 cm) and concentrated in vacuo to 1
mL. Storage at -25 °C for 24 h resulted in the deposition of orange crystalline material, which
was isolated by decanting the supernatant and then dried in vacuo to yield 3.4. Total yield:
0.0398 g, 93% yield. Anal. Calcd for C27Hs2N4SisU: C, 38.181; H, 7.36; N, 6.60. Found: C,
38.17; H, 7.36; N, 6.47. IH NMR (400 MHz, 25 °C, CsDs¢): 5 -62.90 (br s, 3H, phenyl-CHs),
-25.31 (s, 18H, SiCHs3), -5.98 (br s, 18H, SiCHs), -2.94 (s, 2H, CH2), -1.19 (s, 2H, phenyl-m),
8.22 (s, 1H, phenyl-p), 13.84 (br s, 6H, SiCHs), 88.20 (br s, 3H, phenyl-CHs). IR (KBr pellet,
cm™): 415 (s), 607 (s), 762 (w), 835 (w), 930 (w), 1093 (s), 1184 (m), 1248 (s), 1437 (m),

1479 (m), 1533 (s, ve=c), 1593 (s), 2899 (W), 2953 (w).

3.5.5 Synthesis and Characterization of [Cp*2Co][{n?-C,N-(Xyl)NCN(Xyl)}U(NRz2)s]
(3.5)

To ateal benzene solution (1 mL) of 3.3 (18.9 mg, 0.0193 mmol) was added Cp*2Co (6.3
mg, 0.0192 mmol) as a crystalline solid. After 24 h, dark crystalline material precipitated out
of an amber solution and was isolated by decanting off the supernatant and then dried in vacuo
to yield 3.5. Total yield: 0.010 g, 40% yield. Anal. Calcd for CssH102CoNsSisU: C, 51.31; H,
7.84; N, 5.34. Found: C, 52.25; H, 7.69; N, 5.15. 'H NMR (400 MHz, 25 °C, THF-dg): & -
11.43 (br s, 54H, SiCHs), 1.10 (s, 6H, phenyl-CH3), 5.22 (br s, 30H, Cp*2Co), 23.15 (s, 1H,

phenyl-p), 30.47 (s, 2H, phenyl-m). IR (KBr pellet, cm): 606 (s), 663 (s), 683 (s), 760 (M),
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845 (w), 931 (w), 1022 (s), 1032 (s), 1182 (s), 1246 (m), 1375 (m), 1473 (w), 1587 (m), 1913

(M, ven), 2900 (W), 2953 (w).

3.5.6 X-ray Crystallography

Data for 3.1, 3.3, 3.4 and 3.5 were collected on a Bruker KAPPA APEX Il diffractometer
equipped with an APEX II CCD detector using a TRIUMPH monochromator with a Mo Ka
X-ray source (0. = 0.71073 A). The crystals were mounted on a cryoloop under Paratone-N
oil. Complex 3.1, 3.3, and 3.5 were collected at 100(2) K and complex 3.4 was collected at
104(2) K, using an Oxford nitrogen gas cryostream. Data were collected using o scans with
0.5° frame widths. Frame exposures of 20, 5, 10, and 30 seconds were used for 3.1, 3.3, 3.4,
and 3.5 respectively. Data collection and cell parameter determinations were conducted using
the SMART program.® Integration of the data frames and final cell parameter refinements
were performed using SAINT software.8! Absorption corrections of the data were carried out
using the multi-scan method SADABS for 3.1, 3.3-3.5.82 Subsequent calculations were carried
out using SHELXTL or Olex2.83-85 Structure determination was done using direct or Patterson
methods and difference Fourier techniques. All hydrogen atom positions were idealized, and
rode on the atom of attachment. Structure solution, refinement, graphics, and creation of
publication materials were performed using SHELXTL.% Further crystallographic details can

be found in Table 3.1 and 3.2.
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Table 3.1. X-ray Crystallographic Data for 3.1, 3.3, and 3.4.

3.1 3.3 3.4
empirical formula C2sH72NsSisU CssH72N5SisU C29.5Hs2N4SisU
crystal habit, color Block, Green Plate, Dark Green Plate, Orange
crystal size (mm) 0.15x0.15%x 0.1 0.15x0.1x0.1 0.2x0.1x0.05
space group P31C P21/n P-1
volume (A3) 2161.5(10) 4779(5) 2122.1(14)
a(A) 14.151(3) 13.020(9) 11.654(4)

b (A) 14.151(3) 18.767(10) 11.887(4)

c (A) 12.464(2) 19.560(10) 16.836(7)

a (deg) 90 90 69.983(17)
B (deg) 90 90.61(2) 78.421(15)
y (deg) 120 90 78.000(17)
VA 2 4 2
formula weight 885.47 981.55 879.40
(g/mol)

?&”5/'%)(‘36"‘5“'”‘3") 1.360 1.364 1.376
absorption

coefficient (mm) 3.944 3.575 4.017
Fooo 902 1996 886

total no. reflections 11128 23675 12528
unique reflections 1258 10438 8607
Final R Indices Ri1 = 0.0664 R1=0.0373 R1=0.0474
(1 >26(1)] WR2 = 0.1595 WR2 = 0.0658 WR2 = 0.1149
L?]rgehsglg'g: pAe_‘;‘;( 1120and-0512  0853and-0.703  5.077 and -2.810
GOF 1.133 0.998 1.017



Table 3.2. X-ray Crystallographic Data for 3.5.

3.5
empirical formula Cs9H105CONsSisU
crystal habit, color Plate, Brown

0.15 x 0.15 x
crystal size (mm) 0.05
space group P42bc
volume (A3) 13679(18)
a(A) 24.163(13)
b (A) 24.163(13)
c(A) 23.430(17)
a (deg) 90
B (deg) 90
y (deg) 90
z 8
formula weight 1349.97
(9/mol)
density (calculated)
(Mg/m?) 1.311
absorption
coefficient (mm) 2.749
Fooo 5576
total no. reflections 81528
unique reflections 11253
Final R Indices R1=10.1020
(1 >26(D)] WR2 = 0.2279
largest diff. peak
and hole (& A9) 2.338 and -0.859
GOF 1.128
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4.1 Introduction

The utility of actinide-ligand multiple bonds to the study of covalency and f-orbital
participation in bonding has spurred intense growth in this area.’® The last decade has seen
reports of a wide variety of compounds with actinide-ligand multiple bonds, including oxos,*
12 imidos,** and nitridos,'¢-?° to highlight a few. Notably, almost all of these reported
complexes are of uranium, and despite the success had with uranium, examples with other
actinides, such as thorium, remain relatively rare.?

Scheme 4.1. Previously reported complexes containing thorium-ligand multiple bonds. A,

Ref. 22; B, Ref. 23; C, Ref. 25; D, Ref. 29; E, Ref. 30, F, Ref. 19.
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That said, there are a few examples that have been reported, some of which are shown in
Scheme 4.1. The first thorium imido species, [Cp*2Th(NAr)(THF)] (Ar = 2,6-
dimethylphenyl), was reported by Eisen and co-workers in 1996, and was synthesized via the
reaction of [Cp*2Th(Me)2] with 2,6-dimethylaniline.?? In 2012, Zi and co-workers reported

the synthesis of a series of terminal imido complexes, [(n°-1,2,4-'BusCsH2)2Th(NR)] (R = p-
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tolyl, PhsC, MesSi),? and in 2015, Arnold and co-workers reported the synthesis of mono-,
[K][Th(NDipp)(NR2)s], and bis-imido, [K2][Th(NDipp)2(NRz2)2] (R = SiMes, Dipp = 2,6-
'ProCeH3) complexes of thorium via protonation of the thorium metallacycles
[Th(CH2SiMe2NSiMes)(NR2)2]** and [K][Th(CH2SiMe2NSiMes)2(NRz2)2], respectively, with
KNHDipp.?®> Most recently, in 2019, Schelter and co-workers reported a series of thorium-
imido complexes that were formed by deprotonation of a thorium anilide,
[Th(NHArF)(TriNOX)] (ArF = CsHaFs, TriNOx = tris(2-tert-
butylhydroxylaminato)benzylamine), using the strong bases LiCH2(SiMes) and potassium
benzyl to form [Li(THF)2][Th=NAr"(TriNOx)] and [K(2.2.2-cryptand)][Th=NAr~(TriNOXx)],
respectively.?®

A handful of thorium chalcogen complexes have been reported, many of which were
synthesized by the Hayton group. Work from our laboratory includes the synthesis of a series
of thorium chalcogen complexes, [K(18-crown-6)][Th(E)(NR2)3] (E = O, S, Se, Te, R =
SiMes).?" 28 Additionally, another thorium terminal oxo, [(n°-1,2,4-'BuzCsH2)2Th(O)(dmap)]
(dmap = dimethylaminopyridine) was reported by Zi and co-workers in 2011.2° This complex
was isolated from the reaction of [(n°-1,2,4-BusCsH2)2Th(NR)] (R = p-tolyl) with Ph2CO.

Several thorium carbene complexes have also been reported.3%-3? This includes the first
examples reported by Cavell and co-workers in 2011, which utilized a bis(iminophosphorano)
methanediide ligand [C(Ph2P=NSiMe3)2]%.3! Also in 2011, Zi and co-workers reported the
synthesis of bis and tris carbene complexes of thorium, utilizing the structurally similar
bis(thiophosphorano) methanediide ligand [C(Ph2P=S)2)]*.*? Liddle and co-workers reported

the synthesis of several thorium carbenes, again utilizing chelating ligands with an NCN
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binding motif.3® Moreover, Hayton and co-workers reported the phosphorano-stabilized
thorium carbene, [Th(CHPPhz)(NR2)3] (R = SiMes) in 2017.33

Lastly, I recently reported the synthesis of the first isolable molecular thorium nitride using
NaNH: as a nitride source.*® Moreover, Liddle and co-workers reported the isolation of a
bridged Th(IV) parent imido complex, [{Th(Tren®BS)}>(u-NH)] (TrenPMBS =
{N(CH2CH2NSiMe2'Bu)3}2), which was thought to form via an unobserved bridging nitride
intermediate.®* However, this intermediate was thought to be extremely basic on account of
its highly polarized Th-Nhitride bonds and spontaneously deprotonated the solvent, forming the
bridged parent imido. Despite the above-mentioned progress, a terminal nitride of Th remains
elusive.

The scarcity of complexes with thorium-ligand multiple bonds can be ascribed to both the
difficulty installing these types of moieties in thorium based systems and the energetics of the
thorium valence orbitals, especially compared to uranium. Specifically, it is believed that the
higher energy of the 5f orbitals of thorium weakens any metal-ligand w-bonding that may
arise, making it harder to form a multiple bond.3> Another challenge is the absence of nearly
any metal based redox chemistry associated with thorium.*¢-3 Many pathways developed for
the synthesis of uranium-ligand multiple bonds utilize oxidative atom transfer, which cannot
occur in an analogous thorium system due to its lack of redox chemistry. For example, Burns
and co-workers synthesized the uranium terminal oxo complex, [Cp*2U(OAr)(O)] via
reaction of [Cp*2U(OAr)(THF)] with pyridine-N-oxide.®® Similarly, Liddle and co-workers
reported that reaction of [U(Tren™S)] with NaNs and 12-crown-4 affords the first uranium
terminal nitride, [Na(12-crown-4)2][U(N)(Tren™$)].2® Both reactions proceed via a 2¢

oxidation of U(I1l) to U(V). These reactions demonstrate the diversity of products that are
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inaccessible due to the inability of thorium to undergo much redox chemistry. Although, Zi
and co-workers reacted [(n°-1,2,4-'BusCsH2)2Th(bipy)], which contains a dianionic bipy
ligand, with azides RN3 (R = p-tolyl, PhsC, MesSi) to afford the corresponding thorium imido
complexes [(n°-1,2,4-'BusCsH2)2Th(NR)].%°

Given the limited progress made toward the synthesis of thorium imidos, it is obvious that
new methods are needed for installing thorium-ligand multiple bonds. In this regard the
reductive deprotection protocol, which was developed in the Hayton group and requires no
oxidation state change, has been shown to be ideal for actinide based multiply bonded systems
(Scheme 4.2).

Scheme 4.2. Reductive deprotection toward a terminal oxo and sulfide. Refs. 27 and 46.
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For reference, it has been shown that a trityl protecting group can be used to install
functional groups not only in organic systems, but in inorganic systems as well, including
those containing uranium, thorium, copper, nickel, and zinc.?® 4% The use of a
triphenylmethyl protecting group to install terminal chalcogenide moieties and access
complexes with uranium and thorium multiple bonds has been reported.?® 4 Removal of this
protecting group is accomplished via both homolytic and heterolytic C-E bond cleavage, the

latter of which utilizes an external reducing agent.
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Schelter and co-workers recently reported the synthesis of the U(IV)
triphenylmethylimido complex, [K(THF)s][U(NCPh3)(NR2)s], via the reduction of the
analogous U(V) imido complex with excess KCs.*® Cleavage of the trityl group and formation
of a nitride were not reported, which is likely due in part to the strength of the C-N bond of
the imido ligand, similar to what was seen for the related U(IV) triphenylmethylamide
complex.** Based upon these results, | hypothesized that use of a different protecting group,
with a weaker E-N bond, could afford access to the desired nitrido complex via the reductive
deprotection protocol. In this regard, use of a p-toluenesulfonyl (Ts = MeCsH4SO2) or tosyl
protecting group was pursued, as a S-N bond should be weaker than the corresponding C-N
bond.*® Moreover, Arnold and co-workers reported the synthesis of thorium imido complexes
[K(18-crown-6)][Th(NR’)(NR2)3] (R’ = 2,6-Pr2CesHs, 2,4,6-MesCsH3, 2,6-Ph2CeHa3) via
protonation of the Th(IV) metallacycle [Th(CH2SiMe2NSiMes)(NR2)2] with the
corresponding amide salt KNHR,?®> which would provide facile access to the desired nitrido
precursors.

This chapter details the synthesis of three novel actinide multiple bonded imido complexes
synthesized through protonation of [An(CH2SiMezNSiMes)(NR2)2] (An = U, Th) with the
corresponding amide salts, [Li(NHCPhs)(THF)] and KNHTSs (Ts = MeCsH4SOz). In addition,
| describe the reactivity of [An{N(R)(SiMe2CH2)}2(NR2)]" (An = U, Th) with NH3BPhz in an
effort to synthesize novel actinide amido borane complexes. These new imido and amido
complexes are prospective candidates for reductive deprotection to afford an An nitrido

complex and these efforts are discussed within.

111



4.2 Results and Discussion
4.2.1 Synthesis and Characterization of [Li(12-crown-4)2][Th(NCPhz)(NR2)3] (4.1)

Reaction of [Li(NHCPh3)(THF)]* with [Th(CH2SiMe2NSiMes)(NR2)2] in THF along

with 2 equiv of 12-crown-4 affords the Th(IV) imido complex, [Li(12-crown-
4)2][Th(NCPh3)(NR2)3] (4.1), which can be isolated as colorless crystals in 75% yield, after
crystallization from diethyl ether (Scheme 4.3).

Scheme 4.3. Synthesis of 4.1, 4.2, and 4.3.
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The connectivity of complex 4.1 was verified by X-ray crystallography (Figure 4.1, Table
4.1). Complex 4.1 crystallizes in the triclinic space group P1 with two molecules in the
asymmetric unit. Its Th-Nimido distances (av. 2.036 A) are comparable to those of other Th(IV)
imido complexes.?? 23 25 For example, the Th-imido distance in 4.1 aligns well with the Th-

Nimido distances reported for complexes reported by Ren and co-workers, [n°-1,2,4-
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(Me3C)3CsH2] Th=NR (R = CPhs, Th1-N1 = 2.034(2); R = SiMes, Th-N1 = 2.035(3)),2 but is
shorter than the Th-Nimido bond reported by Arnold and co-workers, [K(18-crown-
6)][Th(NR*)(NR2)s] (R* = 2,6-ProCeHs, 2,4,6-MesCsHs, 2,6-Ph2CeHs) (Th1-N1 = 2.072(3)
A).% Furthermore the Th-Nimido and Th-Namice (av. 2.45 A) bond lengths are longer than
corresponding bond lengths of [K(THF)3][U(NCPh3)(NR2)3] (U-Nimido = 1.993(1), U-Namide

(av.) = 2.387 A) consistent with the increased ionic radius of Th** versus U** 45 47

Figure 4.1. Solid-state molecular structure of [Th(NCPh3)(NRz2)3] (4.1), shown with
50% probability ellipsoids. [Li(12-crown-4)2]*, one molecule of 4.1, and hydrogen
atoms removed for clarity. Selected bond lengths (A) and angles (°): Th1-N4 =
2.030(8), Th2-N8 = 2.041(8), av. Th-Namide = 2.45, av. C-Nimido = 1.45, av. N-Th-N =
109.5, av. Th-N-C = 178.3.

The *H NMR spectrum of complex 4.1 in benzene-ds features two sharp singlets at 0.58

and 3.15 ppm, attributable to the methyl groups in the silylamide ligands and the methylene
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groups of the 12-crown-4 moieties, respectively (Figure A4.5). Three additional resonances
at 7.05, 7.26, and 7.91 ppm, consisting of two triplets and a doublet, are observed and are
assignable to the p-, m-, and o-aryl proton environments of the triphenylmethyl ligand,
respectively. In addition, the "Li{*H} spectrum of 4.1, in benzene-de, exhibits a single

resonance at -1.64 ppm (Figure A4.6).

4.2.2 Synthesis and Characterization of [K(18-crown-6)][U(NTs)(NRz2)s] (4.2) and
[K(18-crown-6)][Th(NTs)(NR2)3] (4.3)

Reaction of 1 equiv of KNHTs (Ts = MeCeHsS02)*® with the U(IV) metallacycle,
[U(CH2SiMe2NSiMes)(NR2)2], in the presence of 18-crown-6, in THF, affords the U(IV)
imido complex, [K(18-crown-6)][U(NTs)(NR2)s] (4.2), as a tan powder in 61% yield (Scheme
4.3). Similarly, addition of KNHTs*® to a THF solution of [Th(CH2SiMe2NSiMes)(NRz2)2] and
18-crown-6 affords the Th(IV) imido, [K(18-crown-6)][Th(NTs)(NR2)s] (4.3), as a pale
orange powder in 70% yield upon workup (Scheme 4.3)

Crystals suitable for X-ray diffraction of 4.2 were grown from a concentrated pentane
solution stored at -25 °C for 24 h, whereas a solution of Et.O/pentane (2:4), stored at -25 °C
for 24 h, led to suitable crystals of 4.3 for X-ray diffraction. Complexes 4.2 and 4.3 are
isostructural: they crystallize in the triclinic space group P1 and feature pseudotetrahedral
geometry about the metal center (av. N-An-N = 109.1°, An = U, Th) (Figure 4.2). The U-
Nimido bond distance (U1-N4 = 2.084(3) A) of complex 4.2 is longer those of other U(IV)
imido complexes, including that of [K(THF)3][U(NCPhs)(NR2)3] (U-Nimido = 1.9926(14) A).%
The Th-Nimido (2.149(7) A) bond distance of 4.3 is slightly longer than those of other
structurally characterized Th(1V) imido complexes,?? 23 25 but still considerably shorter than

the Th-Namice (av. = 2.36 A) bond distances. In addition, the Th-Nimido and the Th-Namide bond
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distances of 4.3 are longer than the corresponding bond lengths of the analogous uranium

complex 4.2 (see Table 4.1), consistent with the increased ionic radius of Th** versus U4*.47

<

Figure 4.2. Solid-state molecular structures of [K(18-crown-6)][U(NTs)(NR2)3] (4.2)

(left) and [K(18-crown-6)][Th(NTs)(NRz2)s] (4.3) (right), shown with 50% probability
ellipsoids. Hydrogen atoms removed for clarity. Selected bond lengths (A) and angles
(°) for 4.2: U1-N4 = 2.088(5), av. U-Namice = 2.29, N4-S1 = 1.545(6), av. N-U-N =
109.1, U1-N4-S1 = 169.6(3). Selected bond lengths (A) and angles (°) for 4.3: Th1-N4
=2.149(7), av. Th-Namide = 2.36, N4-S1 = 1.543(8), av. N-Th-N = 109.1, Th1-N4-S1 =
168.2(4).

The 'H NMR spectrum of complex 4.2, in benzene-ds, features two resonances at -2.79
and 2.83 ppm, assignable to the methyl groups of the silylamide ligands and the methylene
groups of the 18-crown-6 moiety. Three additional resonances are observed at 0.74, 4.24, and
4.96 ppm, in a 3:2:2 ratio, attributable to the methyl group and two distinct aryl environments

of the tosyl moiety, respectively (Figure A4.8). Additionally, the 'H NMR spectrum of
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complex 4.3 exhibits five resonances in benzene-ds, in a 54:3:24:2:2 ratio (Figure A4.10).
These resonances consist of two singlets at 0.63 ppm and 3.18 ppm, assignable to the methyl
groups of the silylamide ligands and the methylene groups of the 18-crown-6 moiety, as well
as, one singlet and two doublets at 2.13, 7.06, and 8.15 ppm, assignable to the methyl group
and two distinct aryl proton environments of the tosyl moiety.

Table 4.1 Comparison of select bond lengths (A) and angles (°) in complexes 4.1 — 4.3

and [K(THF)3][U(NCPhs)(NR2)3].%

41 | [K(THR)[U(NCPh3)(NR2)s] | 4.2 43
(L=C) (L=C) (L=9S) | (L=9)
An = Nimido | 2.030(8) 1.9926(14) 2.088(5) | 2.149(7)
N-L 1.45 - 1.545(6) | 1.543(8)
An-Namice (av.) | 2.45 2.39 2.29 2.36
An-Nimigo-L | 178.3 169.82(12) 169.6(3) | 168.2(4)
An-Namice (av.) | 109.5 - 109.1 | 109.1

4.2.3 Synthesis and Characterization of [Na(2,2,2-cryptand)][U(NR2)sNHBPhs]
(4.4) and [K(DB-18-C-6)(THF)2][Th(NR2)sNHBPhs] (4.5)

Reaction of 1 equiv of NHsBPhs with the U(IV) bis(metallacycle),

[Na(DME)3][U{N(R)(SiMe2CH2)}2(NR2)],* in the presence of 2,2,2-cryptand, in toluene,
affords the U(1VV) amido borate complex, [Na(2,2,2-cryptand)][U(NR2)sNHBPhs] (4.4), as an
orange crystalline powder in 24% yield (Scheme 4.4). A related complex, where the Na cation

is bound to DME, THF, and the phenyl ring has also been isolated,

[U(NR2)sNHBPhs][Na(DME)(THF)] (4.6) (see Table 4.2 and Figure 4.5 for more details).
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It should be noted that the formation of 4.4 was initially monitored by 'H NMR
spectroscopy for 24 h in a THF-ds solution, whereupon new resonances increased in intensity,
assignable to 4.4, while resonances assignable to uranium bis(metallacycle) and free NHsBPhs
environments decreased in intensity, as expected. However, not all of the bis(metallacycle)
complex is consumed, even after prolong reaction times. From these observations, |
hypothesize that NH3BPhs initially reacts with uranium bis(metallacycle) to form the newly
synthesized complex 4.4 but this new product proceeds to react with unreacted NHsBPhs and
decomposes, leaving uranium bis(metallacycle) and trace amounts of NHsBPhs partially
unreacted in solution. This hypothesis helps explain why 4.4 is isolated in low yield.
Moreover, 4.4 has similar solubility to the uranium bis(metallacycle), and the crystallization
procedure produces a mixture.

Similarly, addition of NH3BPhs to a THF solution of
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)]?® and dibenzo-18-crown-6 (DB-18-C-6) affords the
Th(IV) amido borane, [K(DB-18-C-6)(THF)2][Th(NR2)sNHBPhs] (4.5), as colorless crystals
in 62% yield upon work-up (Scheme 4.4). The use of 2,2,2-cryptand as the complexing agent
results in formation of [K(2,2,2-cryptand)][Th(NR2)sNHBPhs] (4.7), but this reaction was

inconsistent at producing tractable material (see Table 4.2 and Figure 4.6 for more details).
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Scheme 4.4. Synthesis of 4.4 and 4.5.
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Crystals suitable for X-ray diffraction of 4.4 were grown from a solution of Et2O/pentane
(2:4) stored at -25 °C for 24 h, whereas a solution of THF/pentane (2:4), stored at -25 °C for

24 h, led to suitable crystals of 4.5 for X-ray diffraction. Complex 4.4 crystallizes in the

monoclinic space group P21/c and 4.5 crystallizes in the triclinic space group P1. Both feature
pseudotetrahedral geometry about the metal center (av. N-An-N = 109.2° (4.4), 109.4° (4.5))
(Figure 4.3). The U-Nimido bond distance (2.127(3) A) of complex 4.4 and the Th-Nimido bond
distance (2.205(3) A) in 4.5, are much longer compared to other Th-imido bond distances
reported in the literature. For example, Zi and co-workers report a short Th=N bond length
(2.034(2) A) in [Cp*2ThN(THF)Ar] (Cp* = CsMes, Ar = 2,6-Me2CsH3),% while Eisen and
co-workers report a Th=N bond distance of 2.045(8) A in [Cp2ThNCPhs] (Cp = n*-1,2,4-
‘BusCsH2),> and Arnold and co-workers report an imido complex, [K(18-crown-

6)][Th(NR2)sNAr] (Ar = 2,6-PraCsHs), that features a Th=N bond distance of 2.072(3) A .2
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The elongation in 4.4 and 4.5 is attributed to the dative bond between nitrogen and triphenyl
borane. Compared to free NHsBPhs (N-B = 1.639(2) A),%° 4.4 (1.599(5) A) and 4.5 (1.583(5)
A) have a shorter N-B bond distance, but a longer N-B bond distance compared to a previously
reported Hf amido borate complex, Cp2Hf{NHBH(CsFs)2} (1.509(10) A).5! It is important to

note that no actinide amido boranes have been reported to date.

Figure 4.3. Solid-state molecular structures of 4.4 and 4.5, shown with 50% probability
ellipsoids. [Na(2,2,2-cryptand)]* and [K(dibenzo-18-crown-6)]* counterions removed
for clarity, respectively, as well as hydrogen atoms. Selected bond lengths (A) and
angles (°) for 4.4: U1-N3 = 2.127(3), av. U-Namidge (av.) = 2.32, N3-B1 = 1.599(5), av.
N-U-N = 109.2, U1-N3-B1 = 154.0(2). Selected bond lengths (A) and angles (°) for
4.5: Th1-N4 = 2.205(3), av. Th-Namide = 2.37, N4-B1 = 1.583(5), av. N-Th-N = 109.4,

Th1-N4-B1 = 148.8(2).
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Table 4.2 Comparison of select bond lengths (A) and angles (°) in complexes 4.4 — 4.7

and free NH3BPh3.%°

4.4 4.5 4.6 4.7 NH3BPhs
An=U An=Th An=U An=Th
An-Nimido 2.127(3) 2.205(3) 2.140(4) 2.187(6) -
An—Namide 2.301(3) 2.366(3) 2.314(4) 2.373(6) -
2.325(3) 2.375(3) 2.315(4) 2.401(6)
2.327(3) 2.362(3) 2.303(4) 2.359(6)
N-B 1.599(5) 1.583(5) 1.577(7) 1.558(11) 1.639(2)
An-N-B 154.0(2) 148.8(2) 149.1(3) 146.5(5) -
An-Namide 109.2 109.4 109.6 113.9 -
(av.)

The *H NMR spectrum of complex 4.4, in THF-ds, features a sharp resonance at -5.63
ppm, assignable to the methyl groups of the silylamide ligands. Three resonances are
obeserved at 2.49, 3.42, and 3.46 ppm, in a 12:12:12 ratio, assignable to the three distinct
methyl environments of 2,2,2-cryptand. Additionally, three resonances are observed at 7.54,
8.10, and 10.36 ppm, in a 3:6:6 ratio, attributable to the distinct aryl environments of the
phenyl rings (Figure A4.12). The N-H proton was not observed. Additionaly, the uranium
bis(metallacycle), is also present in this sample, in a 0.5:1 ratio, for reasons discussed above.

The 'H NMR spectrum of complex 4.5 exhibits eight resonances in THF-ds, in a
54:8:1:8:6:6:8:3 ratio (Figure A4.14). These resonances consist of a sharp resonance observed

at 0.21 ppm, assignable to the methyl groups of the silylamide ligands. Two singlets at 3.84
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ppm and 4.14 ppm, as well as a broad peak at 6.96 ppm, assignable to the methyl groups and
aryl environments of the dibenzo-18-crown-6 moiety, a broad peak at 4.35 ppm, attributable
to the N-H proton, as well as three resonances at 6.76, 6.90, and 7.39 ppm, assignable to the

three distinct proton environments of the phenyl rings.

4.2.4 Attempted Deprotection Reactions of [Li(12-crown-4)2][Th(NCPhs)(NR2)s]
(4.1) with KCs

Reaction of 4.1 with 1 equiv of KCg and 18-crown-6 in THF resulted in formation of a red
solution. Work-up in diethyl ether resulted in the deposition of a few small crystals of [K(18-
crown-6)NR2] (Scheme 4.5). A 'H NMR spectrum of the red residue in pyridine-ds was
compared to a *H NMR spectrum of a mxiture of 18-crown-6 and KNRz in pyridine-ds. The
spectra shared two identical sharp peaks at 0.63 and 3.45 ppm, confirming the formation of
the anion in the reaction with 4.1. Upon repitition of the reduction method, crystals formed in
low yield from diethyl ether and the solid-state molecular structure was [K(18-crown-6)(12-
crown-4)][Th(NCPh3)(NRz2)3] (Scheme 4.5). Based on the observed color change, the
isolation of KNR:2 crystals, and the formation of the potassium salt of [Th(NCPh3)(NR2)3], |
hypothesize that some reduction is occurring, but the resulting product(s) are unstable and
decompose.

Scheme 4.5. Reaction of 4.1 with KCs.
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41
Interestingly, the use of excess KCs (8 equiv) led to formation of a blue/purple solution,

which quickly turned to the familiar red solution. | hypothesize the blue/purple solution is a
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Th(lll) complex. Unfurtunately, work-up of these reaction mixtures did not result in any

isolable product.

4.2.5 Attempted Deprotection Reactions of [K(18-crown-6)][U(NTs)(NR2)s] (4.2)

Based upon the results discussed in 4.2.4, | rationalized that complex 4.2 could undergo
the desired reduction better in part to the different protecting group. Reaction of 4.2 with 2
equiv of KCg and 18-crown-6 in THF was stirred for 1 h, which resulted in a yellow solution
upon work-up in diethyl ether. The solution was stored at -25 °C for 24 h, where yellow,
crystalline blocks  were  grown of  the metallacycle, [K(18-crown-
6)]2[U{N(R)(SiMe2CH2) }(NR2)(NTs)]2 (4.8), isolated in 24% vyield, in which two methyl
groups undergo deprotonation by [NR2] to form a p-CH: linkage and the loss of 2 equiv of
HNR:2 (Scheme 4.6). The preliminary *H NMR spectrum of the yellow benzene-ds solution of
4.8 is shown in Figure A4.17, but further synthetic work is likely required to confidently make
all of the assignments.

Scheme 4.6. Synthesis to 4.8.
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Complex 4.8 crystallizes in the triclinic space group P1 as a dimer (Figure 4.4). Compared
to 4.2 (2.088(5) A), the U-Nimido distance (2.356(10) A) is elongated by 0.268 A. Moreover,

the N-S bond has decreased (1.516(10) A) from what is reported in 4.2 (1.545(6) A) by 0.029
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A and the U-N-S bond angle (149.1(7)°) has also decreased by 20.5° compared to 4.2

(169.6(3)°).

N

“_, ~

-

> .

Figure 4.4. Solid-state molecular structure of 4.8, shown with 50% probability
ellipsoids. Hydrogen atoms and solvent molecules removed for clarity. Selected bond
lengths (A) and angles (°): U1-N3 = 2.356(10), U1-C7 = 2.651(15), av. U-Namide = 2.31,
N5-S2 = 1.516(10), U2-N5-S2 = 149.1(7).

Upon repetition of the reduction method, without the addition of 18-crown-6, a color
change to a dark brown solution occurred and work-up in a diethyl ether/pentane (2:4) mixture
led to a small amount of brown crystals of 4.8 after being stored at -25 °C for 24 h. These
results suggest that the anticipated deprotection was not successful since 4.8 was the only

product repeatedly isolated. This failure of the deprotection was further confirmed by the *H
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NMR spectrum, which did not show the expected diamagnetic resonances of the tosyl by-
product, [K(18-crown-6)][SO2Ts].

Other reducing agents were used as well in a series of NMR spectroscopic monitoring
reactions. The 'H NMR spectrum of 4.2 with 2 equiv of Cp*2Co in benzene-ds showed no
change in the spectrum after 4 h, despite a color change to yellow. Additionally, the *H NMR
spectrum of 4.2 with 1 equiv of TMSCI in benzene-ds showed no change after 30 min even
though a color change to yellow occurred, along with formation of a fine off-white precipitate.
Lastly, thermolysis of a benzene-ds solution of 4.2 at 70 °C was monitored by *H NMR
spectroscopy for 24 h, but only decomposition was seen after 24 h, as revlealed by formation

of free amine.

4.2.6 Attempted Deprotection Reactions of [K(18-crown-6)][Th(NTs)(NRz2)s] (4.3)

Reaction of 4.3 with 2 equiv of KCs and 18-crown-6 in THF resulted in a color change
from faint orange to colorless. Work-up of the reaction mixture in diethyl ether led to the
crystallization of [K(18-crown-6)][NRz2] as colorless blocks in low yield (Scheme 4.7). Their
identy was was confirmed by a unit cell match with authentic material.>?

Scheme 4.7. Reaction of 4.3 with KCs.
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Furthermore, a crude *H NMR spectrum of the colorless material in benzene-ds was
compared to a *H NMR spectrum of a mixture of 18-crown-6 and KNR: in benzene-ds, where
the spectra shared two identical sharp peaks at 0.60 and 3.17 ppm, confirming the formation
of potassium amide. Other reducing agents were used as well in a series of NMR spectroscopic
monitoring reactions. For example, the *H NMR spectrum of 4.3 with 2 equiv of Cp*2Co in
benzene-ds, showed no change over 3 h. Similarly, a DME solution of 2 equiv of
Na/Nathaphlene was added dropwise to a benzene-ds solution of 4.3, where the green solution
disappeared upon addition. However, the *H NMR spectrum showed no immediate change,
but two new peaks are present at 0.60 ppm and 3.33 ppm, which match well with the
resonances assigned to sodium amide (0.57 ppm and 3.35 ppm), suggesting the same reactivity
that was seen with KCs is occuring. After many attempts of reducing complex 4.3, these

results suggest that the N-S bond is too strong to break via the reductive deprotection method.

4.2.7 Reactions of NH3:BPhs with Lewis Bases

Initial efforts to probe the cleavage of the N-B bond were done using the free ligand,
NH3BPhs. A range of Lewis bases, such as PPhs, EtsNH, trityl amine, PCys, PMes, DABCO,
and KF/2,2,2-cryptand, were tested through 'H NMR spectroscopy monitoring reactions.
None of these reagents showed any reaction with NH3BPhs, but the use of excess (10 equiv)
4-(Dimethylamino)pyridine (DMAP) in THF-ds showed promising results as new phenyl
peaks grew in, presumed to be the BPhsDMAP adduct, as resonances assigned to free
NH3BPhs decreased over 24 h. Moveover a resonance assignable to free NHs is observed at
0.40 ppm within 5 min (Scheme 4.8 inset, Figure A4.18). With these results in hand, | explored

the reaction of DMAP (10 equiv) with complexes 4.4 and 4.5.
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4.2.8 Reactions of [Na(2,2,2-cryptand)][U(NR2)sNHBPhs] (4.4) and [K(DB-18-C-
6)(THF)2][Th(NRz2)sNHBPhs] (4.5) with DMAP

Addition of excess DMAP (10 equiv) to THF-ds solutions of 4.4 or 4.5 were monitored
over 48 h using *H NMR spectroscopy, whereupon the resonances assignable to the original
SiMes and phenyl resonances have completely disappeared, but no new SiMes resonance were
clearly observed as expected, while new resonances in the phenyl region grew in intensity.
Regarding the phenyl region, the 28 h and 22 h spectra from the reaction with 4.4 and 4.5,
respectively, showed that both reactions were forming the same product, as indicated by
resonances at 6.8 ppm, 7.2 ppm, and 7.4 ppm, which are tentatively assigned to the
BPhsDMAP adduct (Figure A4.19). Moreover, when the 28 h and 22 h spectra from the
reactions with 4.4 and 4.5, respectively, are overlayed with the spectrum from the reaction of
NH3BPHs + 10 equiv DMAP after 48 h, the peaks in the phenyl region matched well with
what | tentatively assigned to the BPhsDMAP adduct formed from the control experiment
(Figure A4.20). Therefore, | hypoythesize that a new actinide containing complex is forming,
but is unstable and quickly decomposing in-situ, which is supported by the formation of the
BPH3DMAP adduct and increase in free amine (Scheme 4.8). Furthermore, the reaction
solutions deepened in color, where 4.4 became a darker orange and 4.5 turned more yellow.

Scheme 4.8. Attempted deprotection with DMAP.

Ph

Ph Ph
Z
B
Ph—" \ Ph
Phos \ )
M) NH +10 DMAP ————> B -—N NMe; + decomposition
” THF-dg / \ /
An' Ph
RN~ < “WNR,
N
R,N

4.4: An =U, M = Na, L = 2,2,2-cryptand
4.5: An =Th, M =K, L = DB-18-c-6
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Furthemore, efforts to cleave the N-B bond in 4.4 was done using 0.5 equiv of iodine,
which led to the formation of the uranium bridged nitride U(1V/V), [{(R2N)3U}2(u-N)] (4.9),
previously reported by Mazzanti and co-workers,>® in 19% yield. The brown needles were
dissolved in THF-ds and the *H NMR spectrum matched that reported in the literature.>® To
account for the formation of 4.9, I suggest that 4.4 is intially oxidized to U(V), which proceeds
to react with another equivalent of 4.4, forming 4.9, while losing BPhs and [Na(2,2,2-
cryptand)][PhsBNH2] (Scheme 4.9).

Scheme 4.9. Proposed mechanism to 4.9.

Ph, Ph
B
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RN -Nal
- _ RN NR;
4.4 4.9
051, Ph/// Ph
- Nal 2
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Ph_ Ph [Na(2,2,2-cryptand)] HH
_-B W,
Ph RN~ < “WNR,
S
NH RyN
uv. -BPh
/‘. ‘ 3
RNT ¢ NRy - [Na(2,2,2-cryptand)][Ph;BNHs]

<
RoN

4.2.9 Reactions of [Na(2,2,2-cryptand)][U(NR2)sNHBPhs] (4.4) and [K(DB-18-C-
6)(THF)2][Th(NR2)sNHBPhs] (4.5) with KN(SiMes)2

| also probed the reactivity of 4.4 and 4.5 with strong bases, in an effort to form the
[An(NR2)sNBPhs]* dianion. Reaction of KNR2 in a THF-ds solution of 4.4 or 4.5 was
monitored over 48 h using 'H NMR spectroscopy. Regarding the reaction with 4.4 (Figure
A4.21), the original SiMes and phenyl resonances completely disappear over 3 h, while a

mulititude of new resonances grow in intensity, suggesting that more than one product is
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forming. Regarding the reaction of 4.5 (Figure A4.22), new peaks start to grow in intensity
over 48 h that can be assigned to Th bis(metallacycle),?® while the SiMes environment
assigned to 4.5 starts to slowly decrease in intensity, suggesting decomposition of 4.5 into the
Th bis(metallacycle). Overall, these data suggest that the [An(NR2)sNBPhz]?> dianion is
unstable (Scheme 4.10).

Scheme 4.10. Reaction of 4.4 and 4.5 with a strong base.

Ph Ph
2
B
Ph—"
NH KNR; N
ML)] ” —— > [An(NR,)3NBPh3]% + other products — decomposition
v THF-dg
An
RN ¢ “WNR, - HNR;,
RN R = SiMe,

4.4: An = U, M = Na, L = 2,2,2-cryptand
4.5: An =Th, M =K, L = DB-18-c-6

4.3 Summary

In summary, [Li(12-crown-4)2][Th(NCPhs)(NR2)s] (4.2), [K(18-crown-
6)][[UNTS)(NRz2)s] (4.2), and [K(18-crown-6)][Th(NTs)(NRz2)s] (4.3) were synthesized
through the protonation of the metallacycle, [An(CH2SiMe2NSiMes)(NR2)2] (An = U, Th),
with the corresponding amide salt, [Li(NHCPh3)(THF)], KNHTs (Ts = MeCsH4S02), and
[Na(2,2,2-cryptand)][U(NR2)sNHBPhs] (4.9) and [K(DB-18-C-
6)(THF)2][Th(NR2)sNHBPhs] (4.5) were synthesized by reaction of bis(metallacycle),
[An{N(R)(SiMe2CH2)}2(NR2)]", with NH3BPhs. This work, in combination with the past work
of Arnold and co-workers, demonstrates that protonation of the An-C bond in
[An(CH2SiMe2NSiMes)(NR2)2] and [An{N(R)(SiMe2CH2)}2(NR2)]- represents a reliable
method of making Th=N multiple bonds. Moreover, complexes 4.2 and 4.3 are the first

examples of tosylsubstituted imido complexes involving the actinides, while 4.4 - 4.7 being
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the first examples of amido borane complexes of the actinides. Furthermore, the imido and
amido complexes were fully characterized, helping to specifically expand the scope of Th
multiple bond chemistry. These complexes were hypothesized to be ideal for reductive
deprotection in order to access an actinide nitrido. However, the trityl protecting group proved
to have too strong of a N-C bond, so I switched to the p-toluenesulfonyl (Ts = MeCsH1SO2)
or tosyl protecting group, which | predicted would have a weaker N-S bond than the
corresponding N-C bond for the desired reduction. Moreover, | predicted the weak, dative N-
B bond formed with the use of NHsBPhs would be easier to cleave than the N-C and N-S
bonds. Unfortunately, upon reduction, no cleavage of the N-C, N-S, or N-B bond was
achieved. Therefore, new leaving groups are worth trying that have weaker bonds than
previously used. Despite not reaching a terminal nitride, this research shows insight to actinide
metal-ligand bonding and lays the groundwork for extending imido and amido chemistry to

the transuranics.
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4.5 Experimental
4.5.1 General Methods

All reactions and subsequent manipulations were performed under anaerobic and
anhydrous conditions under an atmosphere of nitrogen. Hexanes, Et20, and toluene were
dried using a Vacuum Atmospheres DRI-SOLV Solvent Purification system and stored over
3A sieves for 24 h prior to use. THF was dried by distillation from sodium/benzophenone,
and stored over 3A sieves for 24 h prior to use. Benzene-ds and THF-ds were dried over 3A
molecular sieves for 24 h prior to use. [An(CH2SiMe2NSiMes3)(NR2)2] (An = U, Th),
[Li(NHCPh3)(THF)], KNHTSs (Ts = MeCsH1SOz), [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)],
and [Na(DME)3][U{N(R)(SiMe2CH2)}2(NRz)] were synthesized according to the previously
reported procedures.?> 44 48 49,5455 A]| other reagents were purchased from commercial
suppliers and used as received.

NMR spectra were recorded on an Agilent Technologies 400-MR DD2 400 MHz
Spectrometer or a Varian UNITY INOVA 500 spectrometer. *H and *C{*H} NMR spectra
were referenced to external tetramethylsilane (TMS) using the residual protio solvent peaks
as internal standards. Li{*H} NMR spectra were referenced to external LiCl in D20. 1'B
NMR spectra were referenced externally to Et2O<BFs. IR spectra were recorded on a Nicolet
6700 FT-IR spectrometer with a NXR FT Raman Module. Electronic absorption spectra were
recorded on a Shimadzu UV3600 UV-NIR Spectrometer. Elemental analyses were performed

by the Micro-Analytical Facility at the University of California, Berkeley.
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4.5.2 Synthesis and Characterization of [Li(12-crown-4)2][Th(NCPhs)(NR2)s] (4.1)

To a stirring, cold (-25 °C), pale yellow solution of [Th(CH2SiMez2NSiMes)(NRz2)2] (49.9
mg, 0.070 mmol) in THF (3 mL) was added a cold (-25 °C) solution of [LINHCPh3(THF)]
(24.0 mg, 0.071 mmol) in THF (3 mL) and a cold (-25 °C) solution of 12-crown-4 (22.67 uL,
0.140 mmol) in THF (3 mL). The reaction mixture was allowed to warm to room temperature
with stirring. After 1 h, the volatiles were removed in vacuo to provide a colorless/white solid.
The solid was then extracted into diethyl ether (6 mL) and the resulting colorless/white
solution was filtered through a Celite column supported on glass wool (0.5 x 2 cm). The
filtrate was concentrated in vacuo to 2 mL and stored at -25 °C for 24 h, which resulted in the
deposition of colorless crystals. The solid was isolated by decanting the supernatant and then
dried in vacuo to yield 4.1 as white powder (70.3 mg, 75 % yield). Anal. Calcd for
Cs3H101LiN4OsSisTh: C, 47.87; H, 7.66; N, 4.21. Found: C, 47.59; H, 7.45; N, 4.12. 'H NMR
(400 MHz, 25 °C, CeDs): & -0.58 (s, 54H, SiCH3), 3.15 (s, 32H, Li(CsH1s04)2), 7.05 (s, 3H,
0-CsHs), 7.26 (s, 6H, m-CeHs), 7.91 (s, 6H, p-CsHs). "Li{tH} NMR (59 MHz, 25 °C, CeDs):
& -1.64 (s, 1Li). 3C{'H} NMR (100 MHz, 25 °C, CeDs): 5 6.00 (s, SiCHs), 67.35 (s,
Li(CsH1604)2), 127.19 (hep, CeHs), 155.35 (s, NCPh3). IR (KBr pellet, cm™): 405 (s), 461 (sh,
s), 472 (s), 484 (s), 592 (s), 596 (s), 660 (s), 754 (s), 769 (s), 827 (W), 953 (W), 982 (s), 1097

(W), 1246 (M), 1292 (s), 1444 (m), 1495 (s), 1927 (m), 2941 (w), 2987 (m), 3431 ().

4.5.3 Synthesis and Characterization of K(18-crown-6)][U(NTs)(NR2)3] (4.2)

To astirring, cold (-25 °C), pale yellow solution of [Th(CH2SiMe2NSiMes)(NR2)z] (150.3
mg, 0.209 mmol) in THF (2 mL) was added a cold (-25 °C) solution of KNHTSs (44.2 mg,

0.209 mmol) in THF (2 mL) and a cold (-25 °C) solution of 18-crown-6 (55.3 mg, 0.209
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mmol). After stirring for 4 h the volatiles were removed in vacuo to yield a light brown
powder. The powder was then extracted into pentane (5 mL) and the solution was filtered
through a Celite column supported on glass wool (0.5 x 2 cm). The filtrate was concentrated
in vacuo to 2 mL and storage of this solution for 24 h at -25 °C resulted in the deposition of
X-ray quality crystals. The crystals were isolated by decanting the supernatant and then dried
in vacuo to afford 4.2. Yield: 0.1510 g, 61% yield. Anal. Calcd for C37HssKN4OsgSSisU: C,
37.29; H, 7.19; N, 4.70. Found: C, 36.95; H, 7.05; N, 4.52. *H NMR (400 MHz, 25 °C, CeDs):
6-2.79 (s, 54H, SiCH3), 0.74 (s, 3H, p-CHs), 2.83 (br s, 24H, C12H240¢), 4.24 (d, 2H, 0-CsHs),
4.96 (d, 2H, m-CeHs). 3C{*H} NMR (100 MHz, 25 °C, CsDs): 5 -26.47 (s, SiCHs3), 19.26 (s,
CHs3), 69.29 (s, C12H240s), 121.98 (s, CeHs), 127.34 (s, CeHs), 136.55 (s, CeHs), 168.77 (s,
CsHs). IR (KBr pellet, cm™): 401 (s), 530 (sh, s), 557 (s), 607 (s), 663 (m), 673 (m), 833 (w),

1107 (w), 1246 (m), 1261 (s), 1454 (s), 1504 (s), 1925 (w), 2893 (W), 2904 (w), 3381 (w).

4.5.4 Synthesis and Characterization of [K(18-crown-6)][Th(NTs)(NR2)3] (4.3)

To astirring, cold (-25 °C), pale yellow solution of [Th(CH2SiMe2NSiMes)(NR2)-] (108.1
mg, 0.152 mmol) in THF (2 mL) was added a cold (-25 °C) solution of KNHTs (32.6 mg,
0.154 mmol) in THF (2 mL) and a cold (-25 °C) solution of 18-crown-6 (40.1 mg, 0.152
mmol) in THF (2 mL). After stirring for 1h, the volatiles were removed in vacuo to yield an
off-white solid. The solid was then extracted into diethyl ether (5 mL) and the solution was
filtered through a Celite column supported on glass wool (0.5 x 2 cm), concentrated in vacuo
to 2 mL and layered onto pentane (4 mL). Storage of this solution for 24 h at -25 °C resulted
in the deposition of X-ray quality colorless crystals. The crystals were isolated by decanting

the supernatant and then dried in vacuo to afford 4.3. Yield: 0.1262 g, 70% yield. Anal. Calcd
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for Cs7HssKN4OsSSisTh: C, 37.48; H, 7.23; N, 4.72. Found: C, 37.71; H, 6.91; N, 4.34. 'H
NMR (400 MHz, 25 °C, CeDs): & -0.63 (s, 54H, SiCHs), 2.13 (s, 3H, p-CHa), 3.18 (s, 24H,
C12H2406), 7.06 (d, 2H, 0-CsHs) 8.15 (d, 2H, m-CeHs). 1*C{*H} NMR (100 MHz, 25 °C,
CoDs): & 4.38 (s, CoHs), 4.82 (s, SiCH3), 20.81 (s, CHs), 69.64 (S, C12H2406), 127.07 (s, CeHs),
136.75 (s, CeHs), 149.43 (s, CeHs). IR (KBr pellet, cm™): 407 (s), 534 (s), 563 (s), 606 (S),
673 (s), 685 (sh, s), 771 (s), 839 (m), 962 (m), 1111 (m), 1149 (s), 1250 (m), 1352 (s), 1454

(m), 1597 (w), 1907 (w), 2883 (W), 3406 (w).

4.5.5 Synthesis and Characterization of [Na(2,2,2-cryptand)][U(NR2)sNHBPhs]
(4.4)

To a stirring, cold (-25 °C), green solution of [Na(DME)z][U{N(R)(SiMe2CH2)}2(NR2)]
(57.2 mg, 0.0566 mmol) in toluene (2 mL) was added a cold (-25 °C) toluene suspension of
NH3BPhs (0.0155 mg, 0.0598 mmol) and a cold (-25 °C) toluene solution of 2,2,2-cryptand
(0.0220 mg, 0.0584 mmol). The green reaction mixture gradually became orange as it was
allowed to warm to room temperature with stirring. After 4 h, the reaction mixture was filtered
through a Celite column supported on glass wool (0.5 x 2 cm) and the toluene solution was
dried in vacuo. The resulting solid was extracted into Et2O, where upon the solution was
filtered through a Celite column supported on glass wool (0.5 x 2 cm) and concentrated in
vacuo to 2 mL and layered with pentane. Storage at -25 °C for 24 h resulted in the deposition
of orange crystalline material, which was isolated by decanting the supernatant and then dried
in vacuo to yield 4.4 (.0187 g, 24% vyield). Anal. Calcd for NaCs4H106BNeOsSicU: C, 47.14;
H, 7.77; N, 6.11. Found: C, 45.52; H, 7.85; N, 6.66. 'H NMR (400 MHz, 25 °C, THF-dsg): § -
5.63 (s, 54H, SiCHs), 2.49 (s, 12H, cryptand), 3.42 (s, 12H, cryptand), 3.46 (s, 12H, cryptand),

7.54 (s, 3H, phenyl-p, CH), 8.10 (s, 6H, phenyl-o, CH), 10.36 (s, 6H, phenyl-m, CH). IR (KBr
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pellet, cm™): 523 (s), 592 (s), 661 (s), 704 (s), 706 (M), 843 (m), 931 (m), 1105 (m), 1142 (m),

1250 (m), 1269 (m), 1356 (s), 1431 (m), 2818 (W), 2889 (W), 2954 (w), 2997 (w).

4.5.6 Synthesis and Characterization of [K(DB-18-C-6)(THF)2][Th(NR2)sNHBPh3]
(4.5)

To a stirring, cold (-25 °C), pale yellow solution of
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] (66.9 mg, 0.0796 mmol) in THF (2 mL) was added
a cold (-25 °C) THF solution of NH3BPhs (0.0207 mg, 0.0799 mmol) and a cold (-25 °C)
THF solution of dibenzo-18-crown-6 (DB-18-C-6) (0.0287 mg, 0.0796 mmol). After 4 h, the
reaction mixture was filtered through a Celite column supported on glass wool (0.5 x 2 cm)
and the THF solution was concentrated in vacuo to 2 mL and layered with pentane. Storage
at -25 °C for 24 h resulted in the deposition of colorless crystalline material, which was
isolated by decanting the supernatant and then dried in vacuo to yield 4.5 (.0749 g, 62% yield).
Anal. Calcd for KCssHaaBN4OsSisTh: C, 49.10; H, 6.92; N, 4.09. Found: C, 50.83; H, 7.12;
N, 3.53. 1H NMR (400 MHz, 25 °C, THF-ds): 5 0.21 (s, 54H, SiCHs), 3.84 (s, 8H, CHz, DB-
18-C-6), 4.14 (s, 8H, CH2, DB-18-C-6), 4.35 (br s, 1H, NH), 6.76 (m, 6H, phenyl-0, CH), 6.90
(m, 6H, phenyl-m, CH), 6.96 (m, 8H, o, m CH, DB-18-C-6), 7.39 (s, 3H, phenyl-p, CH).
BBC{*H} NMR (100 MHz, 25 °C, THF-ds): & 6.84 (s, NSiCHs), 15.22 (s), 24.05 (s), 27.22 (s),
69.03 (d, DB-18-C-6), 71.06 (s, DB-18-C-6), 113.13 (s, DB-18-C-6), 123.18 (d, DB-18-C-6),
124.30 (s), 127.02 (d), 136.62 (d), 148.82 (s, DB-18-C-6). !B NMR (32.08 MHz, 25 °C, THF-
ds): 6 0.95. IR (KBr pellet, cm™): 573(s), 706 (s), 708 (m), 847 (m), 889 (m), 943 (m), 1061
(s), 1124 (s), 1215 (s), 1248 (s), 1284 (s), 1319 (s), 1454 (s), 1504 (s), 1597 (s), 2873 (w),

2931 (), 3037 (W).
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4.5.7 X-ray Crystallography

Data for 4.1, 4.2, 4.3, 4.4, 4.5, and 4.7 were collected on a Bruker KAPPA APEX Il
diffractometer equipped with an APEX Il CCD detector using a TRIUMPH monochromator
with a Mo Ka X-ray source (a=0.71073 A), while data for 4.6 was collectd on a Bruker AXS
SMART APEX Il diffractormeter. The crystals were mounted on a cryoloop under Paratone-
N oil. Complexes 4.1, 4.2, 4.5, 4.6, and 4.7 were collected at 100(2) K, 4.4 was collected at
103(2)K, and 4.3 was collected at 101(2) K, using an Oxford nitrogen gas cryostream. Data
were collected using ® scans with 0.5° frame widths. Frame exposures of 10, 10, 15, 10, 10,
10, and 15 seconds were used for 4.1, 4.2, 4.3, 4.4, 4.5, 4.6, 4.7, respectively. Data collection
and cell parameter determinations were conducted using the SMART program.® Integration
of the data frames and final cell parameter refinements were performed using SAINT
software.>” Absorption corrections of the data were carried out using the multi-scan method
SADABS for 4.1-4.7.58 Subsequent calculations were carried out using SHELXTL®® or GUI
Olex2 software package.®® 8! Structure determination was done using direct or Patterson
methods and difference Fourier techniques. All hydrogen atom positions were idealized, and
rode on the atom of attachment. Structure solution, refinement, graphics, and creation of

publication materials were performed using SHELXTLS® or Olex2.%0. 61
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Table 4.3. X-ray Crystallographic Data for 4.1, 4.2, and 4.3.

4.1

4.2

4.3

Empirical
formula
crystal habit,
color

crystal size
(mm)

space group
volume (A3)
a(A)

b (A)

c (A)

a (deg)

/3 (deg)

y (deg)

z

formula weight
(g/mol)
density
(calculated)
(Mg/m?®)
absorption
coefficient
(mm-)

Fooo

total no.
reflections
unique
reflections
Final R Indices
(1>20(D]
largest diff.
peak and hole
(e A9

GOF

Cs3H1005LIN4OsSie Th  C37HgsKN4OsSSisU  Ca7HssKN4OgSSisTh

Block, Colorless

0.2x0.15x0.15

Pbca
26238(3)
24.8732(18)
22.7061(16)
46.458(3)
90
90
90
16

1329.39

1.346

2431

11000
110422

26829

R1=0.0783
WR2 =0.1693

3.524 and -1.667

1.222

Block, Colorless

0.2x0.15x0.15

PT
2868.4(12)
12.085(3)
14.933(4)
16.514(4)
94.036(4)
90.318(4)
105.162(4)
2

1191.81

1.380

3.107

1220
29864

12141

R1=0.0379
WR2 =0.0516

0.0876 and -1.159

1.064

136

Block, Colorless

0.2x0.15x0.1

PT
2888.9(8)
12.0418(18)
15.092(2)
16.523(3)
94.258(3)
90.083(3)
105.224(3)
2

1185.82

1.363

2.856

1216
22420

12089
R1 = 0.0405

WR2 = 0.0567

1.972 and -0.999

1.273



Table 4.4. X-ray Crystallographic Data for 4.4, 4.5, 4.6, and 4.7.

4.4 45 4.6 4.7

empirical Cs4H10sBN6O6  Cr05H123BKN4Og9  CaaHgsBN4aNaO  CsaH10sBKNsO

formula SisU SisTh 3SisU 6SisTh

crystal Needle, Block. Colorless Block, Block,

habit, color Orange ’ Light Orange colorless

crystal size 03x02x01 02x01x0.1 0.24 x 0.18 0.20 x 0.15 x0.10

(mm) x0.18

Space group P21/C P-1 P121/n1 PZl/C

volume (A3)  6694.5(5) 4268.3(11) 5656(5) 6925.1(7)

a(A) 16.9815(7) 15.602(2) 18.216(10) 22.4704(13)

b (A) 21.8765(9) 17.427(3) 16.495(9) 16.8165(11)

¢ (A) 18.0272(7) 17.828(3) 18.889(11) 19.0085(11)

a (deg) 90 104.155(3) 90 90

B (deg) 91.5710(10) 110.721(3) 94.749(7) 105.394(4)

» (deg) 90 97.498(3) 90 90

z 4 2 4 4

Formula 1384.92

weight 1374.80 1621.21 1161.55

(g/mol)

density 1.328

(calculated) 1.364 1.261 1.364

(Mg/m?3)

Absorption 2.363

coefficient 2.586 1.929 3.042

(mm™)

Fooo 2844 1688 2384 2368

total 45746

no.reflectio 35255 40549 58792

ns

unique 13632 21836 11569 14203

reflections

rinal B Ri=00323  Ri=00377  Ri=00471 <=0
WR2=0.0739 wWR»=0.1021  wR>=0.0762 27

(1 >20(1)]

Largest diff. 2.801 and -1.788

peak and 6'212%820' " 2.663and -0.941 1'5f86§gd )

hole (e A3) ' '

GOF 0.974 0.953 1.019 0.966
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Figure 4.5. Solid-state molecular structure of 4.6, shown with 50% probability
ellipsoids. Hydrogen atoms removed for clarity. Selected bond lengths (A) and angles
(°): U1-N4 = 2.140(4), U-Nsilylamido (av.) = 2.31, N4-B1 = 1.577(7), N-U-N (av.) =

109.6, U1-N4-B1 = 149.1(3).
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Figure 4.6. Solid-state molecular structure of 4.7, shown with 50% probability
ellipsoids. [K(2,2,2-cryptand)]* counterion and hydrogen atoms removed for clarity.
Selected bond lengths (A) and angles (°): Th1-N4 = 2.187(6), Th-Nisilyiamido (av.) = 2.38,

N4-B1 = 1.588(11), N-U-N (av.) = 113.9, Th1-N4-B1 = 146.5(5).
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4.6 Appendix
4.6.1 Synthesis and Characterization of U(NR2)3CsHsNO3sUNR (R = SiMes) (4.10)

| sought to synthesize a new uranium amide complex by using N-hydroxyphthalimide,
CsHsNOs, that could then be subjected to the reductive deprotection protocol to synthesize a
uranium terminal oxo complex. Thus, reaction of N-hydroxyphthalimide to uranium
metallacycle, [U(CH2SiMe2NSiMes)(NRz2)2], in  THF, results in the dimer
U(NR2)3CsHaNO3UNR (4.10), as orange needles from concentrated pentane. Complex 4.10
crystallizes in the monoclinic space group C2/c, and its solid-state molecular structure is
shown in Figure A4.1. The U2-03 bond distance (2.329(7) A) is much shorter than U2-02
(2.429(7) A), suggesting the later to be a dative bond. The N5-O3 bond distance (1.365(9) A)

in 4.12 is slightly shorter than that reported in N-hydroxyphthalimide (1.374(5) A).62

Figure A4.1. Solid-state molecular structure of 4.10, shown with 50% probability
ellipsoids. Hydrogen atoms removed for clarity. Selected bond lengths (A) and angles
(°): U2 — 02 = 2.429(6), U2 — O3 = 2.329(7), U1-Nsilylamido (av.) = 2.259, U1 - O1 =

2.059(7), U2 — N4 = 2.230(8), 03 — N5 = 1.365(9), N-U-N (av.) = 117.2.
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4.6.2 Synthesis of CsH4NOsK (4.11)

After the results of using N-hydroxyphthalimide, I sought to synthesize a ligand that would
better facilitate the desired chemistry and thought switching the proton in the original ligand
with potassium would promote a better leaving group with the loss of KCI. Thus, reaction of
N-hydroxyphthalimide with potassium bis(trimethylsilyl)amide, in THF, results in the loss of
free amine and the deprotonated complex CsHsNOsK (4.11), as a dark purple powder (Scheme
4.11). Attempts to crystallize 4.11 proved difficult and | was unable to recrystallize due to the
extremely low solubility in pyridine, DME, CH2Cl2, DMSO, and acetonitrile.

Scheme 4.11. Synthesis of 4.11.

N—OH + K——N —_— N—OK + HN(SiMej3),

O O
4.11

The *H NMR spectrum in dimethyl sulfoxide-ds shows two resonances in a 1:1 ratio at
7.27 ppm and 7.42 ppm, assignable to the two environments of the phenyl ring, phenyl-p and

phenyl-m, respectively (Figure A4.2).
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Figure A4.2 'H NMR of 4.11 in dimethyl sulfoxide-ds. (*) indicates THF and (&)

indicates diethyl ether.

4.6.3 Synthesis and Characterization of Th(NR2)3CsHsNOs3 (R = SiMes) (4.12)

With 4.11 in hand, | explored using it in efforts to synthesize a thorium amide complex
that could be subjected to the reductive deprotection protocol to synthesize a thorium terminal
oxo complex. Therefore, reaction of 4.11 to Th(NR2)sCl (R = SiMes), in THF, results in
Th(NR2)3CsHsNO3 (4.12), as yellow blocks after crystallization in diethyl ether in 40% yield
(Scheme 4.12). The *H NMR spectrum (Figure A4.3) in benzene-ds has three resonances in a
54:2:2 ratio at 0.47 ppm, 6.64 ppm, and 7.07 ppm, assignable to the SiMes groups, phenyl-p,

and phenyl-m, respectively.
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Scheme 4.12. Synthesis of 4.12.
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Figure A4.3 'H NMR of 4.12 in benzene-de. (*) indicates HN(SiMes)2, (*) indicates
free Th(NR2)sCl, and (&) indicates diethyl ether.

Complex 4.12 crystallizes in the monoclinic space group P2/n with two molecules in the
asymmetric unit, and its solid-state molecular structure is shown in Figure A4.4. The Th2-O4

bond distance (2.307(7) A) is much shorter than Th2-06 (2.662(7) A), suggesting the later to
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be a dative bond. The N5-O4 bond distance (1.3549(11) A) in 4.12 is slightly shorter than that
reported in N-hydroxyphthalimide (1.374(5) A) and 4.10.62 Furthermore, the Th-Nsilytamido (aV.
=2.323 A) bond lengths are longer than corresponding bond lengths of 4.10 (U-Nisitylamido (av.

=2.259 A) consistent with the increased ionic radius of Th** versus U4*.47

Figure A4.4. Solid-state molecular structure of 4.12, shown with 50% probability
ellipsoids. One Th(NR2)3sCsH4NO3s molecule and hydrogen atoms removed for clarity.
Selected bond lengths (A) and angles (°): Th2 — 04 = 2.307(7), Th2 — 06 = 2.662(7),
Th-Nsilytamido (av.) = 2.323, 04 — N5 = 1.3549(11), N-Th2-N (av.) = 113.53, Th2-04-

N5 = 118.0(6).
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4.6.4 NMR Spectra
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Figure A4.5. 'H NMR spectrum of [Li(12-crown-4)2][Th(NCPh3)(NRz2)s] (4.1) in

CeDes.
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Figure A4.6. "Li{*H} NMR spectrum of [Li(12-crown-4)2][Th(NCPhs)(NR2)3] (4.1)

in CeDe.
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Figure A4.7. BC{*H} NMR spectrum of [Li(12-crown-4)2][Th(NCPhz)(NR2)3] (4.1)

in CsDes.
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Figure A4.8. *H NMR spectrum of [K(18-crown-6)][U(NTs)(NR2)3] (4.2) in CeDes.
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Figure A4.9. BC{*H} NMR spectrum of [K(18-crown-6)][U(NTs)(NRz2)3] (4.2) in

CeDes.
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Figure A4.10. *H NMR spectrum of [K(18-crown-6)][Th(NTs)(NR2)3] (4.3) in CeDes.
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Figure A4.11. BC{*H} NMR spectrum of [K(18-crown-6)][Th(NTs)(NR2)3] (4.3) in

CeDes.
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Figure A4.12. 'H NMR spectrum of [Na(2,2,2-cryptand)][U(NR2)sNHBPhs] (4.4) in
THF-ds. (*) indicates HN(SiMes)2, (&) indicates the presence of an unidentified
product, @) indicates pentane and %) indicates

[Na(DME)3][U{N(R)(SiMe2CH2)}2(NR2)]*.
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Figure A4.13. Partial *H NMR spectrum of [Na(2,2,2-cryptand)][U(NR2)sNHBPhs]

(4.4) in THF-ds. (*) indicates HN(SiMes)2, (&) indicates the presence of an unidentified

product, and (*) indicates pentane.
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Figure A4.14. 'H NMR spectrum of [K(DB-18-C-6)][Th(NR2)sNHBPh3] (4.5) in
THF-ds. (*) indicates the presence of HN(SiMes)2 and (@) indicates the presence of

pentane.
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Figure A4.15. 3C{*H} NMR spectrum of [K(DB-18-C-6)][Th(NR2)sNHBPh3] (4.5)

in THF-ds.

155



—0.95

Figure A4.16. !B NMR spectrum of [K(DB-18-C-6)][Th(NR2)sNHBPhs3] (4.5) in

THF-ds.
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Figure A4.17. 'H NMR spectrum of 4.8 in CeDs. (*) indicates the presence of

HN(SiMe3)z.
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Figure A4.18. In-situ *H NMR spectrum of NH3sBPhs with 10 equiv DMAP in THF-

ds.
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Figure A4.19. In-situ 'H NMR spectrum of 4.4 (green) and 4.5 (red) with 10 equiv

DMAP in THF-dsat 28 h and 22 h, respectively.

159

T T T T T
73 2 EAl e X a8 a7 L2 6.5 Bd



a3 B2 as BD 78 78 7 78 75 74 3 72 Al 0w L2 BB 87 66 BS B4 B3

Figure A4.20. In-situ *H NMR spectrum of 4.4 (green), 4.5 (red), and NH3BPHz

(purple) with 10 equiv DMAP in THF-dsat 28 h, 22 h, and 48 h respectively.
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Figure A4.21. In-situ 'H NMR spectrum of 4.4 with 1 equiv K(NSiMes)2 in THF-ds

over 48 h.
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Figure A4.22. In-situ *H NMR spectrum of 4.5 with 1 equiv K(NSiMes)z2 in THF-ds

over 48 h. (*) indicates the presence of [Th{N(R)(SiMe2CH2)}2(NR2)]".

162



4.6.5 IR Spectra

100

(o]
(o]
—— e

(o}
(op}

Transmittance (%)
(o]
N

O
N
[ il

(=]
o

88
3875 3375 2875 2375 1875 1375 875 375
Wavenumber (cm-1)

Figure A4.23. IR spectrum of [Li(12-crown-4)2][Th(NCPh3z)(NR2)3] (4.1) (KBr pellet).
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Figure A4.24. IR spectrum of [K(18-crown-6)][U(NTs)(NR2)3] (4.2) (KBr pellet).
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Figure A4.25. IR spectrum of [K(18-crown-6)][Th(NTs)(NR2)s] (4.3) (KBr pellet).
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Figure A4.26. IR spectrum of [Na(2,2,2-cryptand)][U(NR2)sNHBPhs] (4.4) (KBr

pellet).
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Figure A4.27. IR spectrum of [K(DB-18-C-6)][Th(NR2)sNHBPhs] (4.5) (KBr pellet).
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5.1 Introduction

The past decade has seen a remarkable expansion of the chemistry of actinide-ligand
multiple bonds.%® This is exemplified especially well by the chemistry of molecular uranium
nitrides.® Since the synthesis of the first molecular uranium nitride in 2002,” many bridging
and terminal uranium nitride complexes have been reported.? 82! The study of these
complexes has allowed actinide chemists to reveal fundamentally important insights into 5f
covalency, as well as uncover novel modes of reactivity.1? 1518, 22-24

In contrast, no isolable molecular thorium nitride complexes are known.? A handful of
thorium nitrides have been identified in matrix isolation studies, such as ThN, NThN, and
NThO, but these are only stable at cryogenic temperatures.?6-28 Recently, Liddle and co-
workers reported the isolation of the bridged Th(IV) parent imido complex,
[{Th(Tren®MBS)1,(u-NH)] (TrenPMBS = {N(CH2CH2NSiMe2'Bu)s}*), which was thought to
form via an unobserved Th nitride intermediate, [{Th(TrenPB8)},(u-N)]-.2° It was postulated
that the nitride ligand in this intermediate was exceptionally basic on account of its highly
polarized Th-Nhitride bONds. As a result, it spontaneously deprotonated the solvent, forming the
bridged parent imido. These results prompted the authors to suggest that the Th=N=Th unit
may be intrinsically more reactive than the more covalent U=N=U unit. Significantly, further
work in this area would allow us to evaluate this hypothesis in more detail, as well as permit
a better evaluation of the bonding within this functional group.

Herein, | report the synthesis of the first isolable molecular thorium nitride complex,
[Na(18-crown-6)(Et20)][(R2N)sTh(u-N)(Th(NR2)3] (R = SiMes). In addition, | report its
characterization by ®N NMR spectroscopy and DFT calculations, which has allowed me to

evaluate the degree of 5f covalency within the Th=N=Th unit. To provide context, | have also
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synthesized the parent amide complex, [Th(NR2)3(NH2)]. This material was also characterized

by >N NMR spectroscopy and DFT calculations.

5.2 Results and Discussion

5.2.1 Synthesis and Characterization of [Na(18-crown-6)(Et20)][(R2N)sTh(u-
N)(Th(NR2)s] (R = SiMes) ([Na][5.1]).

Addition of 1 equiv of NaNHz2 to a cold (-25 °C) solution of the thorium metallacycle,?
[Th{N(R)(SiMe2)CH2}(NR2)2] (R = SiMe3), in tetrahydrofuran (THF), followed by addition
of 1 equiv of 18-crown-6, afforded the bridged nitride complex, [Na(18-crown-
6)(Et20)][(R2N)sTh(u-N)(Th(NR2)3] ([Na][5.1]), after stirring for 24 h. This material could
be isolated as colorless plates in 66% vyield after work-up (egn (5.1)). The reaction of
[Th{N(R)(SiMe2)CH2}(NRz2)2] with 0.5 equiv of both NaNH2 and 18-crown-6 also generates
[Na][5.1], but with reduced yields (30%). The isolation of [Na][5.1] contrasts with the recent
results of Liddle and co-workers, who attempted to isolate a bridged thorium nitride complex
by reduction of a Th azide precursor, but isolated the bridged parent imido complex,

[{Th(Tren®MBS)},(u-NH)], instead.?®

_ NR;
RoN— _ "
H,C— SiMe; Tﬂ'v NR:
I
NaNH
.... ThV—N_ — 2 > 0.5[Na(l8-crown-6)Et,0] N (5.1)
RoN SiMe;  18-crown-6 ”
RN _ THF e ThV_
R = SlMe3 RzN‘ NR2
RN
[Na][5.1]

The connectivity of complex [Na][5.1] was verified by X-ray crystallography (Figure 5.1).
Complex [Na][5.1] crystallizes in the monoclinic space group P2i/c. In the solid-state, each

Th center features a pseudo-tetrahedral coordination geometry. In addition, the Th-N-Th
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linkage is linear (179(1)°), while its Th-Nnitice bond lengths (Th1-N1 = 2.14(2), Th2-N1 =
2.11(2) A) are much shorter than its Th-Nsilylamido bond lengths (av. 2.41 A), suggesting
multiple bond character in the former. A [Na(18-crown-6)(Et20)]* counterion is also present
in the unit cell. The potassium analog, [K(18-crown-6)(THF)2][(RzN)sTh(u-N)(Th(NR2)s]
([K][5.1]), has also been structurally characterized. It features nearly identical metrical

parameters to those of [Na][5.1] (Figure 5.4 for full details).

Figure 5.1. Solid-state molecular structure of [Na][5.1], shown with 50% probability
ellipsoids. Hydrogen atoms and [Na(18-crown-6)(Et20)]* counterion removed for
clarity. Selected bond lengths (A) and angles (°): Th1-N1 = 2.14(2), Th2-N1 = 2.11(2),
Th1-N1-Th2 = 179(1), av. Th1-Namido = 2.41, av. Th2-Namido = 2.41, av. Namido-Th1-
Namido = 108.3, av. Namido-Th2-Namido = 108.7.

Complex [Na][5.1] is the first nitrido complex reported for thorium. However, several
thorium imido complexes have been structurally characterized.3%-%¢ Generally, these

complexes feature shorter Th-N bonds than those of [Na][5.1]. For example, [Cp*2Th(N-2,6-
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Me2CeH3)(THF)] features a Th-N distance of 2.045(8) A2 while [K(18-crown-
6)][Th(=NDipp)(NR2)3] (Dipp = 2,6-Pr.CsHs) features a Th-N distance of 2.072(3) A.3° For
further comparison, the bridged U(IV) nitride, [Na][(u-N)(U[t-Bu]Ar)s)2] (Ar = 3,5-
Me2CsH3), also features a linear U=N=U linkage (175.1(2)°), but shorter An-N bond distances
(2.080(4) A and 2.077(4) A),° consistent with the smaller ionic radius of uranium. Similar
metric parameters are observed in [Cs][{U(OSi(O'Bu)s)s}2(u-N)] (U-N-U = 170.2(3)°; U1-
N1 =2.058(5) A; U2-N1=2.079(5) A).12

The *H NMR spectrum of [Na][5.1] in THF-ds features a sharp singlet at 0.36 ppm,
assignable to the SiMes groups, along with a broad resonance at 3.62 ppm, assignable to the
18-crown-6 moiety (Figure A5.1). Complex [Na][5.1] is insoluble in pentane and benzene,
but is quite soluble in Et20 and THF. It is stable as a THF-ds solution at room temperature for
at least 24 h, showing minimal signs of decomposition over this time. Finally, the IR spectrum
of [Na][5.1] features a mode at 742 cm™, which corresponds to the principal Th-N-Th
asymmetric stretch (Figure A5.14). For comparison, this mode was calculated to occur at 758

cm (Figure A5.29, see 5.6.3 for calculation details).

5.2.2 NMR scale reaction of [Th{N(R)(SiMe2)CH2}(NRz)2] with NaNH..

To better understand the mechanism of formation of [Na][5.1] | monitored the reaction of
[Th{N(R)(SiMe2)CH2}(NR2)2] with NaNH: and 18-crown-6, in THF-ds, by 'H NMR
spectroscopy (Figure A5.12). A 'H NMR spectrum of this mixture after 7 h revealed an intense
new resonance at 0.36 ppm, which is assignable to [Na][5.1]. Interestingly, this spectrum also
features minor resonances at 0.30 and 0.18 ppm, which are assignable to the terminal parent
amide complex, [Th(NR2)3(NH2)] (5.2), and the bis(metallacycle) complex,

[Na(THF)x][Th{N(R)(SiMe2CH2)}2(NR2)],*° respectively. The assignment for the latter
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species was made by comparison with the *H NMR spectrum of the known bis(metallacycle)
complex, [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)].%° After 32 h, the resonance assignable to
[Na][5.1] has grown in intensity, while the resonances assignable to
[Th{N(R)(SiMe2)CH2}(NR2)2] and 5.2 have completely disappeared, and only trace amounts
of [Na(THF)x][Th{N(R)(SiMe2CH2)}2(NRz2)] are still present in solution. To explain these
observations, | suggest that the first step of the reaction is deprotonation of
[Th{N(R)(SiMe2)CH2}(NR2)-] by NaNHz, forming
[Na(THF)X][Th{N(R)(SiMe2CH2)}2(NR2)] and NHs (Scheme 5.1). NHs then reacts with
unreacted [Th{N(R)(SiMe2)CH2}(NR2)2], forming 5.2, which then protonates
[Na(THF)][Th{N(R)(SiMe2CH2)}2(NR2)] to give [Na][5.1].

Scheme 5.1. Proposed mechanism of formation of [Na][5.1].

_ \\\\NRZ —
RoN—_ "
H,C— SiMe, THNANRZ
| NaNH
2 W hV—N — 2 s [Na(18-crown-6)Et,0] N
T Ses 15 I
RoN R = SiMeg “‘Thlv\
RZN\“‘/ NR,
RN
[Na][5.1]
NaNH, THZ
Nine-Th!V.
\' NH3 R2 (Th \NRZ
RN
5.2
Me3Si
N.——-SiMez
H,C—SiMe
MesSi, 2 2
N——ThV—CH; + THV—N
Na(THF, N~ W N
[Na(THP)d | / N(SiMe3), RoNT ¢ SiMe,
MezS|\CH2 RoN
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5.2.3 Synthesis and Characterization of [Th(NR2)3(NH2)] (R = SiMes) (5.2)

To test this hypothesis | explored the reaction of [Th{N(R)(SiMe2)CH2}(NR2)2] with NHs.
Thus, addition of 3 equiv of NHs, as a 0.4 M solution in THF, to a THF solution of
[Th{N(R)(SiMe2)CH2}(NRz2)2] results in rapid formation of 5.2, which can be isolated in 51%

yield after work-up (eqn (5.2)).

Hzc—SiMez NH2
| 3 NHs |
— —_—
R N\\\‘-Thlv N\ THE R2N||"'Thlv\ (5-2)
2NT SiMes 7 NR;
R,N ) R,N
R= SIMeg | |
5.2

The *H NMR spectrum of 5.2 in CsDs features a sharp resonance at 0.37 ppm (54H),
assignable to the SiMes groups. In addition, a 1:1:1 triplet (2H, Jnn = 45.8 Hz) at 3.67 ppm is
assignable to the -NH:2 resonance (Figure A5.3). For comparison, the Jnn values for the
isostructural group(IV) complexes, [M(NR2)3(NH2)] (M = Zr, Hf), were found to be 45.6 Hz
(Zr) and 46.0 Hz (Hf).*" Interestingly, the only other known thorium NH2 complex,
[K(DME)4][(DME)Th(NH?2)(diphenolate):]; featured a broad singlet at 2.0 ppm in its *H NMR

spectrum, which was assignable to the -NH2 group.38
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N

Figure 5.2. Solid-state molecular structure of 5.2, shown with 50% probability
ellipsoids. Hydrogen atoms removed for clarity. Selected bond lengths (A) and angles
(°): Th1-N1 =2.24(6), Th1-N2 = 2.36(2), N1-Th1-N2 = 100.7(3), N2-Th1-N2* =
116.7(2).

The connectivity of complex 5.2 was verified by X-ray crystallography (Figure 5.2).
Complex 5.2 crystallizes in the trigonal space group R-3c. In the solid-state, complex 5.2 is
disordered over two positions in a 50:50 ratio, which somewhat lowers the precision of the
resulting metrical parameters. It features a pseudo-tetrahedral geometry about the thorium
center. Due to the large ESDs, the Th-NH> distance (2.24(6) A) in 5.2 is statistically identical
to its Th-Niilylamido distances (2.36(2) A).3% 3% The other Th-NH2 complex has a similar Th-
NH2 bond length (2.2431(6) A).38 For further comparison, the uranium(IV) terminal amide

complexes, [U(NH2)(Tren™S)] (Tren™S = {N(CH2CH2NSi'Pr3)s}*) and [{#°-1,2,4-
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CsH2'Bus}2U(NH2)2], feature U-NH2 bond lengths of 2.228(4) and av. 2.19 A (av.),
respectively.40: 4!

Complex 5.2 is highly soluble in pentane, benzene, Et2O and THF. Furthermore, 5.2 is
stable as a CeDs solution for over 36 h with minimal signs of decomposition. In addition, the
IR spectrum of 5.2 features a prominent N-H stretching mode at 3321 cm (Figure A5.20),
providing further support for my formulation. For comparison, this mode is observed at 3342

cm~ (Zr) and 3364 cm™ (Hf) for [M(NR2)3(NH2)] (M = Zr, Hf).%’

5.2.4 NMR scale reaction of [K(DME)][Th{N(R)(SiMe2CH2)}>(NR2)] with
[Th(NR2)3(NH2)] (5.2).

To further test my proposed mechanistic hypothesis, | monitored the reaction of
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)]*° with 5.2 in THF-ds, in the presence of 1 equiv of
18-crown-6, by *H NMR spectroscopy (eqn (5.3)). A *H NMR spectrum of this solution, after
standing at room temperature for 4 h, reveals a new resonance at 0.36 ppm, which is assignable
to [K][5.1] (Figure A5.13). After 3 d, the peak assignable to the nitride has increased in
intensity, while resonances assignable to complex 52 and
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] have decreased in intensity. These three complexes
are present in a ratio of 1:3:6.7 in the 3 d spectrum. Overall, this result supports the proposed
mechanism (Scheme 5.1), but it is important to note that formation of [5.1] under these
conditions is much slower than its rate of formation under the conditions described in egn
(5.1), suggesting that this experiment does not perfectly duplicate the original reaction

conditions.
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[K(18-crown-6)(THF),]

3 B SRz ]
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) v
/ / N(SIMe3)2 RZN \\‘“‘,Th ~
Me,Si CH, R2N NR;
- - 5.2 RN _

[KIS.1]

5.2.5 Synthesis and Characterization of [K(18-crown-6)(THF)2][(R2N)sTh(p-

®N)(Th(NR2)3] ([K][5.1-**N])

To facilitate my covalency analysis | endeavored to synthesize [5.1-°N]-. Given the
proposed intermediacy of [Na(THF)x][Th{N(R)(SiMe2CH2)}2(NR2)] in the formation of
[Na][5.1], | rationalized that reaction of NH4Cl with 2 equiv of
[Th{N(R)(SiMe2CH2)}2(NR2)]~ would generate the nitride complex. Thus, addition of 1 equiv
of finely ground NHiCl to a pale yellow THF solution containing 2 equiv of
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)],% followed by addition of 1 equiv of 18-crown-6,
results in formation of [K(18-crown-6)(THF)2][(R2N)sTh(u-*N)(Th(NR2)3] ([K][5.1-'°N]),

which can be isolated as a white powder in 13% yield after work-up (egn (5.4)).

[K(18-crown-6)(THF),]

_ _ — \\\\NRZ .
MesSi, . RoN— -V el NR,
N———"SIMez 15
[*SNH,][CI] [
Me3Si 18-crown-6 15N
2 [K(DME N _ > 5.4
[K(DME)] N T“ﬁ CH, THE ” (5.4)
/ N(SiMeg),|  -KCI THY,
! \\\\‘ \
Me,Si——CH, RNV / NR,
- - R,N

[K][5.1-15N]
The low yield of [K][5.1-1°N] under these conditions can be partly ascribed to unselective
protonation of [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] by >NH4CI, which results in the
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formation of copious amounts of HNR2 (observed in the in situ *H NMR spectrum), and results
in the presence of unreacted [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] in the final reaction
mixture. The unreacted [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] can be conveniently
removed from the nitride product by rinsing with toluene. The *H NMR spectrum of [K][5.1-
15N] in THF-ds matches those recorded for both [Na][5.1] and [K][5.1] (Figure A5.7), where
a singlet at 0.36 ppm can be assigned to the SiMes groups and a resonance at 3.63 ppm can be
assigned to 18-crown-6. Furthermore, the >N{'H} NMR spectrum of [K][5.1-°N]
(referenced to CH3NO2) reveals a sharp singlet at 298.8 ppm. No other resonances are
observed in this spectrum. This is the first observation of an *°N chemical shift for an actinide
nitride. For comparison, the group 4 nitride complexes [{(n°-CsH2-1,2,4-Mes)2Hf}2(u-
N)(NCO)(DMAP)] and [{Cp*TiCl2}(u-N){Cp*TiCI(NH3)}] feature >N resonances at 567.19
ppm and 431.6 ppm, respectively, for their bridging nitride ligands.*> 4® Finally, the IR
spectrum of [K][5.1-1°N] features a stretch at 735 cm=2, which corresponds to the principal
Th-N-Th asymmetric stretch (Figure A5.16), and is redshifted by 7 cm=! from that observed
for [Na][5.1].

Furthermore, building on these results, a solid-state >N NMR powder spectrum was
collected on [K][5.1-1°N] by my collaborators at University at Buffalo and represents the first

reported solid-state >N NMR data for an actinide complex.*

5.2.6 Synthesis and Characterization of [Th(NR2)3(**NH2)] (5.2-1°N)

Access to 5.2-1°N was achieved by reaction of [Th{N(R)(SiMe2)CH2}(NRz2)2] with 1 equiv
of NHs gas in THF. Synthesized in this manner, colorless crystals of 5.2-°N could be
isolated in 85% yield after work-up. Similar to 5.2, the *H NMR spectrum in benzene-ds shows

a singlet at 0.36 ppm (54H), assignable to the SiMes groups. In addition, a 1:1 doublet (2H,
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JNH = 62.3 Hz) at 3.67 ppm is assignable to the -NH2 resonance (Figure A5.9). The >N NMR
spectrum of 5.2-1°N (referenced to CHsNO2) reveals a sharp resonance at —198.4 ppm (Figure
A5.11). For comparison, the previously reported thorium amide **N NMR spectrum featured
a sharp triplet centered at 155.01 ppm (J = 57.2 Hz).%8 It is not readily apparent why this
chemical shift is so different from that recorded for complex 5.2-1°N. Furthermore, building
on these results, a solid-state >N NMR powder spectrum was collected on 5.2-°N by my
collaborators at University at Buffalo.** Finally, the IR spectrum of 5.2-'°N features an N-H
stretch at 3317 cm!, and a Th-NH: stretch at 482 cm™ (Figure A5.21). The identity of the
latter stretch was confirmed by comparison with the calculated IR spectrum (Figure A5.30),

where it is predicted to occur at 508 cm™,

5.2.7 Electronic Structure Analysis of [5.1]- and 5.2

My collaborators, Jochen Autschbach and Dumitru-Claudiu Sergentu (University at
Buffalo), analyzed the electronic structures of [5.1]- and 5.2 with DFT. Using the B3LYP
functional, |1 observe excellent agreement between the calculated and experimentally
determined structural parameters for both complexes. For example, the calculated Th-Ninitride
and Th-Nsiyiamide bond lengths for [5.1]~ are within 0.02 A of the distances found in the solid
state. Similarly, the calculated Th-Namide and Th-Nisitylamide bond lengths in 5.2 are within 0.02
A of those found in its crystal structure.

An NBO/NLMO analysis of [5.1]" reveals that the Th-N-Th interaction consists of two
orthogonal 3c-2e ©t bonds and two predominantly 2c-2e o bonds that feature some three-center
character (Figure 5.3), suggestive of overall Th=N double bond character. The covalency in

the Th-Nnitriee bonds in [5.1]~ is greater than that observed for the related Th imido,
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[Th(NAr(NR2)3]~ (Ar = 2,6-Pr.CeHs),%° and Th oxo, [Th(O)(NR2)3]-,*®> with a greater
magnitude of 5f orbital involvement. For example, the Th-N = interaction in [5.1]~ features
16% Th character (58% 6d, 42% 5f) (Table 5.1), whereas [Th(NAr)(NR2)s]- and
[Th(O)(NR2)3]~ feature 0% and 12% Th character (65% 6d, 35% 5f), respectively, in their Th-
E = bonds. For further comparison, the degree of covalency in [5.1]~ is comparable to that
observed for the thorium sulfide, [Th(S)(NR2)s]~, which features 17% Th character (61% 6d,
38% 5f) in its Th-S = interaction.*® The Wiberg bond index of the Th-Nhitrice bond is 0.94,
which is greater than that calculated for [Th(NAr)(NR2)s]~ (0.88).%° Overall, these combined
computational metrics indicate a greater degree of covalency in [5.1]~ vs. the comparable
imido and oxo complexes. Similar observations have been made for uranium(V) nitride and

oxo complexes.2L-40. 46

Figure 5.3. Th—N (26+2n) bonding NLMOs in [(NR2)sTh(pu-N)Th(NR2)s]~ (isosurface
plots £0.03 au; hydrogen atoms are omitted for clarity). Color code for atoms: Th, light

blue; N, blue; Si, beige; C, gray.
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Table 5.1. % compositions of the Th-N Bonding NLMOs in [(NR2)sTh(u-

N)Th(NR2)3]

Orbital | %0 N % Th

TotalN | 2s |2p |Total Th |7s|7p|6d |5f

c 87 51 |49 |10 3 |6 |67]24
3* 2 | 10|30 |58
T 84 0 |100 |16 0 |0 |58]42

*The o-bonding orbitals have some three-center character, each with 10 vs. 3% weight
from the two Th centers.

For complex 5.2, an NBO/NLMO analysis reveals that the Th-N interaction consists of
2c-2e © bond and a 2c-2e o bond (Figure A5.27). Not surprisingly, the degree of covalency
within the Th-Namide bond in 5.2 is less than that observed for the Th=N=Th bonds of [5.1]".
Specifically, the o bond in 5.2 features 7% Th character (63% 6d, 21% 5f, 5% 7p, 11% 75)
and the = bond features 10% Th character (59% 6d, 41% 5f). Accordingly, the Wiberg bond
index of the Th-Namide bond (0.65) is substantially less than that observed for the Th-Nhitride

bonds in [5.1]".

5.2.8 Chemical Shift Analysis of [5.1] and 5.2.

To assess the accuracy of my computational approach, Jochen Autschbach and Dumitru-
Claudiu Sergentu (University at Buffalo) calculated the >N chemical shift of the nitride ligand
in the known group(IV) nitride complex, [{Cp*TiCl2}(u-N){Cp*TiCI(NH3)}].** The N
chemical shift of the nitride ligand for the B3LYP-optimized structure was calculated to be

406.8 / 421.8 ppm using the PBEO / B3LYP functionals and the scalar relativistic (SR) all-
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electron ZORA Hamiltonian, respectively. For comparison, the experimentally determined
chemical shift is 431.6 ppm.** Even better agreement was achieved by performing the
calculation with two-component ZORA, i.e., including the spin-orbit (SO) coupling
variationally. At this level, the calculated chemical shift (414.5 / 430.5 ppm) is in very good
agreement with experiment.

With these results in hand, the N NMR chemical shifts for the nitride and NH2 ligands
in [5.1]" and 5.2 were calculated using the PBEO functional. Jochen Autschbach and Dumitru-
Claudiu Sergentu (University at Buffalo), and others, have found that this functional works
better than B3LYP for NMR shift calculations in actinide-containing molecules.*’ For [5.1],
the calculated ®N chemical shift without spin orbit effects (ZORA-SR) is 226 ppm —
substantially upfield from the experimental result (298.8 ppm). Considerably better agreement
is obtained when SO coupling is taken into account, with a calculated *°N shift of 305 ppm.
The 79 ppm downfield shift induced by SO coupling is evidence of 5f character in the Th-
Nhitride bonds. For 5.2, the calculated >N chemical shift without SO effects is —254 ppm. Upon
inclusion of SO coupling, the shift changes to —210 ppm, which is much closer to the measured
value (-198.4 ppm). The smaller downfield shift induced by SO coupling in 5.2 (A5 = 44
ppm) is consistent with the reduced covalency, and reduced bond multiplicity, of the Th-Namide
bond. Perhaps most importantly, the good agreement between the experimental and calculated

shifts for both [5.1]~ and 5.2 gives credence to the NBO analysis presented in 5.2.7.

5.3 Summary

I have synthesized and characterized the first isolable molecular thorium nitride complex,
[(NR2)sTh(pu-N)Th(NR2)3]~. This complex is thermally stable, in contrast to the bridged

thorium nitride recently proposed by Liddle and co-workers.?> The origin of this stability
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difference is not known, but it may be related to the lack of a trans donor ligand in
[(NR2)sTh(u-N)Th(NR2)3]~ vs. [{Th(TrenPMBS)}o(u-N)]~. Alternatively, it could relate to the
different method of synthesis. ®N NMR spectroscopic characterization of [(NR2)sTh(p-
N)Th(NR2)3]~, in combination with a DFT analysis, reveals the presence of 5f orbital
participation within the Th=N=Th unit. In line with the reduced electronegativity of nitrogen
vs. oxygen, my data suggests greater levels of covalency in [(NR2)sTh(u-N)Th(NRz2)s]™ than
in the closely related oxo, [Th(O)(NRz)s]~. However, | find comparable covalency in
[(NR2)sTh(u-N)Th(NR2)s]™ to that found in the thorium sulfide, [Th(S)(NRz2)s]", likely on
account of the greater energy-driven overlap in the latter.® To better contextualize my results,
| also synthesized and characterized the thorium parent amide complex, [Th(NRz2)3(NH2)].
According to N NMR spectroscopy and DFT calculations, this complex features a lesser
degree of 5f covalency in its Th-NH2z bond than that found for the bridging nitride complex,
which is not surprising given its reduced bond order.

This work further solidifies the use of NMR spectroscopy as an important tool for probing
the electronic structure of the actinides. Previously, 13C, 7/Se, and 1%Te NMR spectroscopies
had been used to evaluate covalency in An-E bonds.3% 47.49-52 |n the case of An-C bonding,
large downfield 3C shifts have been consistently observed for the *3C nuclei bonded directly
to an actinide center. More significantly, the degree of deshielding was found to correlate with
the amount of 5f covalency within the An-C bond. For example, the 3C NMR shift of
acetylide carbon in the U(VI) acetylide complexes, UV!(O)(C=CCeHas-p-R)(NR2)3 (R = NMez,
OMe, Me, Ph, H, CI), correlated well with two measures of covalency, the QTAIM
delocalization index and the Wiberg bond order of the U-C bond.*® Highly deshielded 3C

resonances are also observed for the carbene resonance in [Th(CHPPhs)(NRz)3] and the
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methylene resonances in [UO2(CH2SiMes)s]> and [U(CH2zSiMe3)s]~.4" 53 My results
demonstrate that >N NMR spectroscopy can also be used to evaluate covalency in actinide-
ligand bonding, and like 13C NMR spectroscopy, the magnitude of the downfield shift appears
to correlate with the degree of 5f character in the An-N bond. Going forward, | propose to
characterize other actinide nitrides by >N NMR spectroscopy. Of particular interest is the
measurement of the *N chemical shift of a U(VI) nitride complex, which, on account of the

high anticipated covalency, should exhibit an extreme downfield shift of its nitride resonance.
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5.5 Experimental
5.5.1 General Methods

All reactions and subsequent manipulations were performed under anaerobic and
anhydrous conditions under an atmosphere of nitrogen. Hexanes, Et20, toluene were dried
using a Vacuum Atmospheres DRI-SOLV Solvent Purification system and stored over 3A
sieves for 24 h prior to use. THF was dried by distillation from sodium/benzophenone, and
stored over 3A sieves for 24 h prior to use. Benzene-ds and THF-ds were dried over 3A

molecular sieves for 24 h prior to use. [Th(CH2SiMe2NSiMes)(NR2)2]*° (R = SiMes),
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[U(CH2SiMe2NSiMes)(NR2)2],>*  and [K(DME)][Th{N(R)(SiMe2CH2)}>(NR2)]*® were
synthesized according to the previously reported procedures. All other reagents were
purchased from commercial suppliers and used as received.

NMR spectra were recorded on an Agilent Technologies 400-MR DD2 400 MHz
Spectrometer. 'H NMR spectra were referenced to external tetramethylsilane (TMS) using the
residual protio solvent peaks as internal standards. 3C{*H} NMR spectra were referenced
indirectly with the *H resonance of TMS at 0.0 ppm, according to IUPAC standard,®® ¢ using
the residual solvent peaks as internal standards. >N NMR spectra were referenced to CHaNO2
(6 = 0.0 ppm) as external standard. IR spectra were recorded on a Nicolet 6700 FT-IR
spectrometer with a NXR FT Raman Module. Elemental analyses were performed by the

Micro-Analytical Facility at the University of California, Berkeley.

5.5.2 Synthesis and Characterization of [Na(18-crown-6)(Et20)][(R2N)sTh(p-
N)(Th(NR2)s] (R = SiMes) ([Na][5.1]).

To astirring, cold (-25 °C), pale yellow solution of [Th{N(R)(SiMe2)CH2}(NR2)2] (204.1
mg, 0.287 mmol) in THF (3 mL) was added NaNH2 (11.3 mg, 0.290 mmol). No obvious
change was observed upon addition. To this mixture was added a cold (-25 °C) solution of
18-crown-6 (75.5 mg, 0.286 mmol) in THF (2 mL). The reaction mixture was allowed to warm
to room temperature with stirring. After 24 h, the volatiles were removed in vacuo from the
cloudy, pale yellow suspension to provide an off-white solid. The solid was then extracted
into diethyl ether (6 mL) and the resulting pale-yellow, cloudy suspension was filtered through
a Celite column supported on glass wool (0.5 x 2 cm). The filtrate was concentrated in vacuo
to 2 mL, layered with pentane (4 mL), and stored at -25 °C for 24 h, which resulted in the

deposition of colorless crystalline solid. The solid was isolated by decanting the supernatant
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and then dried in vacuo to yield [Na][5.1] (106.6 mg). The supernatant was dried in vacuo,
and the resulting off white solid was dissolved in diethyl ether (4 mL) and filtered through a
Celite column supported on glass wool (0.5 x 2 cm). The filtrate was concentrated in vacuo
to 2 mL, layered with pentane (6 mL), and stored at -25 °C for 24 h, which resulted in the
deposition of more colorless crystalline solid (62.7 mg). Total yield: 169.3 mg, 66% yield.
Anal. Calcd for CasH132NaN706Si12Th2-CaH100: C, 34.66; H, 7.94; N, 5.44. Anal. Calcd for
CasH132NaN7OeSi12The: C, 33.37; H, 7.70; N, 5.68. Found: C, 33.17; H, 7.77; N, 5.81. 'H
NMR (400 MHz, 25 °C, THF-ds): & 0.36 (s, 108H, NSiCHs), 3.62 (s, 24H, 18-crown-6).
BBC{*H} NMR (100 MHz, 25 °C, THF-ds): 5 8.21 (s, NSiCHs), 71.80 (s, 18-crown-6). IR
(KBr pellet, cm™): 411 (s), 415 (m, sh), 422 (s), 430 (s), 438 (s), 451 (m, sh), 457 (s), 465 (s),
480 (w), 494 (m), 505 (m), 538 (s), 569 (s), 596 (s), 604 (s, sh), 656 (m, sh), 661 (s), 681 (s,
sh), 692 (m, sh), 733 (m, sh), 742 (s, asym vthnth), 756 (S), 773 (s), 820 (m, sh), 829 (m), 843
(m, sh), 860 (s), 885 (m, sh), 939 (s), 962 (s, sh), 991 (s), 1020 (m, sh), 1041 (s), 1059 (s),
1076 (m, sh), 1107 (s), 1136 (m, sh), 1155 (m, sh), 1176 (m, sh), 1219 (m, sh), 1240 (m, sh),
1248 (s), 1250 (s), 1298 (s), 1335 (s), 1354 (s), 1367 (m, sh), 1385 (s), 1412 (m), 1433 (m,
sh), 1446 (m, sh), 1456 (s), 1466 (s), 1495 (s), 1930 (w), 1969 (s), 1973 (s), 2089 (s), 2337
(w), 2360 (m), 2704 (m, sh), 2723 (m, sh), 2740 (s), 2812 (m, sh), 2858 (m, sh), 2875 (m, sh),

2899 (s), 2914 (m, sh), 2949 (s), 3377 (w).

5.5.3 Synthesis and Characterization of [K(18-crown-6)(THF)2][(R2N)sTh(u-
N)(Th(NR2)s] ([K][5.1]).
To a stirring, cold (-25 °C), pale yellow solution of

[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] (315.8 mg, 0.376 mmol) in THF (5 mL) was added

finely ground NH4Cl (10.3 mg, 0.193 mmol). The reaction mixture was allowed to warm to
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room temperature with stirring. After 2 h, a solution of 18-crown-6 (49.7 mg, 0.188 mmol) in
THF (2 mL) was added to the reaction mixture. After stirring for a further 30 min, the volatiles
were removed in vacuo from the cloudy, pale yellow suspension to provide an off-white solid.
The solid was then extracted into diethyl ether (6 mL) and the resulting pale-yellow, cloudy
suspension was filtered through a Celite column supported on glass wool (0.5 x 2 cm). The
filtrate was dried in vacuo to yield an off white powder, which was rinsed with toluene (3 x 4
mL) to separate [K][5.1] from unreacted [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)]. The
soluble [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] was decanted away from the solid and
discarded. The remaining white microcrystalline powder was dried in vacuo, dissolved in a
mixture of diethyl ether (4 mL) and THF (2 mL), and filtered through a Celite column
supported on glass wool (0.5 x 2 cm). The colorless filtrate was concentrated in vacuo to 2
mL, layered with pentane (4 mL), and stored at -25 °C for 24 h, which resulted in the
deposition of colorless crystalline solid. The solid was isolated by decanting the supernatant
and dried in vacuo to vyield [K][5.1]] (15 mg, 5% vyield). Anal. Calcd for
Ca8H132KN706Si12Th2:2C4sHsO: C, 35.63; H, 7.90; N, 5.19. Anal. Calcd for
C48H132KN706Si12Thz: C, 33.06; H, 7.63; N, 5.62. Found: C, 33.13; H, 7.54; N, 5.32. 'H NMR
(400 MHz, 25 °C, THF-ds): & 0.36 (s, 108H, NSiCHs), 3.63 (s, 24H, 18-crown-6). *C{*H}
NMR (100 MHz, 25 °C, THF-ds): & 8.22 (s, NSiCHz3), 72.03 (s, 18-crown-6). IR (KBr pellet,
cm™): 409 (s), 420 (s), 472 (w), 499 (w), 526 (s), 596 (s), 604 (s), 615 (w, sh), 656 (s), 669
(w, sh), 677 (m, sh), 694 (w, sh), 742 (s, asym vtanTh), 752 (m, sh), 773 (s), 802 (m, sh), 820
(m, sh), 831 (w), 839 (m, sh), 864 (s), 937 (m), 962 (), 1032 (w), 1059 (s), 1111 (s), 1132 (m,
sh), 1180 (m), 1248 (s), 1252 (w, sh), 1267 (m, sh), 1282 (s), 1352 (s), 1365 (w, sh), 1396

(m), 1433 (m), 1454 (), 1473 (s), 1848 (w), 1923 (m), 1977 (s), 2075 (m), 2141 (w), 2245
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(W), 2364 (M), 2467 (M), 2598 (W), 2632 (W), 2686 (), 2708 (s), 2744 (s), 2796 (S), 2827 (5),

2897 (s), 2947 (s).

5.5.4 Synthesis and Characterization of [K(18-crown-6)(THF)2][(RzN)sTh(u-
BN)(Th(NR2)3] ([K][5.1-°N]).

To a stirring, cold (-25 °C), pale yellow solution of
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] (300.7 mg, 0.358 mmol) in THF (3 mL) was added
finely ground *®NH4CI (9.7 mg, 0.273 mmol). The reaction mixture was allowed to warm to
room temperature with stirring. After 2 h, a solution of 18-crown-6 (48.3 mg, 0.183 mmol) in
THF (2 mL) was added to the reaction mixture. After stirring for 1 h further, the volatiles were
removed in vacuo from the cloudy, pale yellow suspension to provide an off-white solid. The
solid was then extracted into diethyl ether (6 mL) and the resulting pale-yellow, cloudy
suspension was filtered through a Celite column supported on glass wool (0.5 x 2 cm). The
filtrate was dried in vacuo to yield an off white powder, which was rinsed with toluene (3 x 4
mL) to separate [K][5.1-°N] from unreacted [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)]. The
soluble [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] was decanted away from the solid and
discarded. The remaining white microcrystalline powder was dried in vacuo, dissolved in a
mixture of diethyl ether (4 mL) and THF (2 mL), and filtered through a Celite column
supported on glass wool (0.5 x 2 cm). The filtrate was concentrated in vacuo to 2 mL, layered
with pentane (4 mL), and stored at -25 °C for 24 h, which resulted in the deposition of colorless
crystalline solid. The solid was isolated by decanting the supernatant and then dried in vacuo
to yield [K][5.1-1°N] (43.2 mg, 13% yield). *H NMR (400 MHz, 25 °C, THF-ds): & 0.36 (s,
108H, NSiCHs), 3.63 (s, 24H, 18-crown-6). ’N{*H} NMR (40 MHz, 25 °C, THF-ds): &

298.79 (s, (u-N)). IR (KBr pellet, cm™): 409 (s), 422 (s), 436 (s), 442 (m), 447 (m, sh), 469
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(m), 476 (m), 488 (), 492 (m, sh), 528 (s), 592 (s), 604 (s), 613 (w, sh), 652 (s), 658 (w), 669
(m), 677 (m, sh), 690 (m, sh), 735 (s, asym vranTn), 756 (), 773 (5), 820 (m, sh), 831 (w), 843
(m), 864 (s), 904 (m, sh), 943 (s), 962 (s), 1028 (), 1059 (s), 1113 (s), 1132 (m, sh), 1182 (s),
1248 (s), 1252 (m, sh), 1269 (m, sh), 1282 (s), 1352 (s), 1363 (m, sh), 1390 (m, sh), 1400 (s),
1433 (s), 1454 (s), 1473 (s), 1925 (m), 1975 (s), 2075 (W), 2135 (W), 2251 (W), 2347 (W), 2463
(w), 2586 (), 2638 (W), 2688 (s), 2708 (s), 2744 (s), 2796 (m), 2825 (s), 2877 (m, sh), 2897
(s), 2947 (s), 2958 (m, sh), 3130 (m, sh).592 (s), 652 (s), 733 (M), 833 (m), 945 (m), 1059 (s),

1113 (), 1182 (s), 1248 (m), 1352 (s), 1473 (), 2897 (w).

5.5.5 Synthesis and Characterization of [Th(NR2)3(NH2)] (R = SiMes) (5.2).

To a stirring, cold (-25 °C), pale yellow solution of [Th{N(R)(SiMe2)CH2}(NR2)2] (97.4
mg, 0.137 mmol) in THF (2 mL) was added a THF solution of NH3 (1.0 mL, 0.4 mmol, 0.4
M). The pale yellow reaction mixture was allowed to warm to room temperature with stirring.
After 1 h, the volatiles were removed in vacuo to provide an off-white solid. The solid was
then extracted into pentane (3 mL) and the resulting pale-yellow, cloudy suspension was
filtered through a Celite column supported on glass wool (0.5 x 2 cm). The filtrate was
transferred to a 4 mL vial, which was placed inside a 20 mL scintillation vial and iso-octane
(2 mL) was added to the outer vial. Storage of this two-vial system at -25 °C for 7 d resulted
in the deposition of a colorless crystalline solid. The solid was isolated by decanting the
supernatant and then dried in vacuo to yield 5.2 (13.2 mg). The supernatant was transferred to
a new 4 mL vial, which was placed inside a 20 mL scintillation vial and iso-octane (2 mL)
was added to the outer vial. Storage of this two-vial system at -25 °C for 7 d resulted in the
deposition of more colorless crystalline solid (37.9 mg). Total yield: 51.1 mg, 51% vyield.

Anal. Calcd for C1sHssN4SisTh: C, 29.65; H, 7.74; N, 7.68. Found: C, 29.78; H, 7.87; N, 7.49.
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IH NMR (400 MHz, 25 °C, CsD6): 8 0.37 (s, 54H, NSiCHa), 3.67 (t, 2H, NH2, Inn = 45.8 Hz).
BC{*H} NMR (100 MHz, 25 °C, CeDs): 6 3.79 (s, CH3). IR (KBr pellet, cm?): 415 (m, sh),
424 (s), 430 (m, sh), 455 (w), 496 (s), 607 (s), 660 (s), 671 (m, sh), 735 (m, sh), 756 (m, sh),
769 (s), 822 (m, sh), 841 (m, sh), 860 (m), 957 (s), 1038 (m, sh), 1115 (m, sh), 1126 (s), 1182
(s), 1246 (s), 1259 (m, sh), 1284 (m, sh), 1344 (m), 1358 (m, sh), 1400 (s), 1421 (m), 1439
(m), 1493 (m, sh), 1508 (s), 1560 (s), 1610 (s), 1857 (s), 1919 (s), 1994 (m), 2013 (w), 2083
(M), 2233 (W), 2347 (m), 2478 (s), 2582 (M), 2638 (M), 2791 (m, sh), 2819 (s), 2897 (s), 2926

(s), 2949 (s), 3140 (m), 3201 (m, sh), 3321 (s, vnH).

5.5.6 Synthesis and Characterization of [Th(NR2)3(**NH2)] (5.2-1°N).

A pale yellow solution of [Th{N(R)(SiMe2)CH2}(NR2)2] (215.7 mg, 0.303 mmol) in THF
(13 mL) was added to a 20 mL Schlenk tube fitted with a rotaflow valve. The Schlenk tube
was removed from the glovebox, attached to a vacuum line, the headspace was evacuated, and
gaseous °NHz (1 atm, 7 mL, 0.291 mmol) was added to the Schlenk flask. The Schlenk tube
was allowed to stand for 30 min, brought back into the glovebox, and the pale yellow reaction
mixture was transferred to a 20 mL vial. The volatiles were removed in vacuo to provide a
pale yellow oily solid. The solid was extracted into pentane (3 mL) and the resulting pale-
yellow, cloudy suspension was filtered through a Celite column supported on glass wool (0.5
x 2 cm). The filtrate was transferred to a 4 mL vial, which was placed inside a 20 mL
scintillation vial and iso-octane (2 mL) was added to the outer vial. Storage of this two-vial
system at -25 °C for 7 d resulted in the deposition of colorless crystalline solid. The solid was
isolated by decanting the supernatant and then dried in vacuo to yield 5.2-1°N (188.8 mg, 85%
yield). IH NMR (400 MHz, 25 °C, CsD¢): & 0.36 (s, 54H, NSiCHs3), 3.67 (d, 2H, NH2, Inn =

62.3 Hz). TH{!*N} (400 MHz, 25 °C, CeDs): 5 0.36 (s, 54H, NSiCH3), 3.67 (NH2). °N{'H}
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NMR (40 MHz, 25 °C, CeDe): 8 -198.4 (s, NHz). IR (KB pellet, cm): 407 (m, sh), 413 (s),
422 (s), 432 (m, sh), 445 (w), 482 (s, vran), 486 (5), 513 (m, sh), 565 (m, sh), 607 (s), 660 (s),
675 (w, sh), 735 (m, sh), 756 (m, sh), 773 (s), 812 (m, sh), 864 (w), 906 (w), 955 (w), 1014
(m, sh), 1045 (m, sh), 1115 (s), 1126 (s), 1182 (m), 1244 (s), 1259 (m, sh), 1284 (m, sh), 1340
(m, sh), 1358 (m, sh), 1400 (s), 1425 (s), 1439 (m, sh), 1468 (m, sh), 1504 (s), 1626 (m), 1632
(m, sh), 1662 (s), 1859 (s), 1919 (s), 1986 (W), 2040 (s), 2081 (M), 2231 (), 2330 (m), 2359
(s), 2476 (s), 2640 (M), 2791 (m, sh), 2819 (s), 2897 (), 2947 (s), 3140 (m), 3211 (w), 3317

(S, vnn), 3377 (w).

5.5.7 NMR scale reaction of [Th{N(R)(SiMe2)CH2}(NRz)2] with NaNH..

An  NMR tube fitted with a J-Young wvalve was charged with
[Th{N(R)(SiMe2)CH2}(NR2)2] (23.4 mg, 0.0329 mmol), NaNH2 (1.6 mg, 0.0410 mmol), and
THF-ds (0.5 mL). To this pale yellow solution was added a colorless solution of 18-crown-6
(8.7 mg, 0.0329 mmol) in THF-ds (0.5 mL). A *H NMR spectrum was then recorded (Figure
A5.12). 'H NMR (400 MHz, 25 °C, THF-ds): 5 0.11 (s, 9H, NSi(CHas)s), 0.22 (s, 6H,
Si(CHas)2), 0.29 (s, 36H, N(Si(CHz3)3)2), 0.47 (s, 2H, CH2), 3.57 (s, 24H, 18-crown-6). The
NMR tube was then attached to a wrist action tube shaker. After 150 min of shaking, a 'H
NMR spectrum was re-recorded. This spectrum revealed the appearance of a resonances
corresponding to [Na][5.1] and 5.2, concomitant with a decrease in the intensity of the
resonances assignable to [Th{N(R)(SiMe2)CH2}(NR2)2]. *H NMR (400 MHz, 25 °C, THF-
ds): 5 0.11 (s, 9H, NSi(CHs)3), 0.22 (s, 6H, Si(CHa)z), 0.29 (s, 36H, N(Si(CHa)s)2), 0.30 (s,
54H, NSiCHs, 5.2), 0.36 (s, 108H, NSiCHs, [Na][5.1]), 0.47 (s, 2H, CH>), 3.58 (s, 24H, 18-
crown-6)). The NMR tube was then re-attached to a wrist action tube shaker. After 7 h and 30

min of shaking, a *H NMR spectrum was re-recorded. This spectrum revealed the appearance
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of resonances assignable to [Na(THF-ds)x][Th{N(R)(SiMe2CH2)}2(NR2)], while resonances
assignable to [Na][5.1] and 5.2 grow in intensity, and peaks assignable to
[Th{N(R)(SiMe2)CH2}(NRz2)2] continue to decrease in intensity. *H NMR (400 MHz, 25 °C,
THF-ds): 6 -0.36 (br s, 4H, CH2, bis(metallacycle)), 0.03 (s, 12H, N(SiCHz3)2,
bis(metallacycle)), 0.04 (s, NSi(CHs)s, bis(metallacycle) overlapping with HN(SiMes)2), 0.11
(s, 9H, NSi(CHs)3), 0.18 (s, 18H, N(SiCHa)2, bis(metallacycle)), 0.22 (s, 6H, Si(CHs)2), 0.29
(s, 36H, N(Si(CHs)3)2), 0.30 (s, 54H, NSiCHs, 5.2), 0.36 (s, 108H, NSiCHs, [Na][5.1]), 0.47
(s, 2H, CH2), 3.58 (s, 24H, 18-crown-6). The NMR tube was then re-attached to a wrist action
tube shaker. After 32 h of shaking, the resonance assignable to [Na][5.1] is the most prominent
peak in the spectrum, the resonances assignable to 5.2 and [Th{N(R)(SiMe2)CH2}(NR2)-]
have disappeared, and only a small amount of [Na(THF-ds)x][Th{N(R)(SiMe2CH2)}2(NR2)]
remains in the sample. 'TH NMR (400 MHz, 25 °C, THF-ds): & -0.36 (br s, 4H, CHz,
bis(metallacycle)), 0.03 (s, 12H, N(SiCHs)z2, bis(metallacycle)), 0.04 (s, NSi(CHs)s,
bis(metallacycle) overlapping with HN(SiMes)z), 0.18 (s, 18H, N(SiCHs3)z2, bis(metallacycle)),

0.36 (s, 108H, NSiCHs, [Na][5.1]), 3.60 (s, 24H, 18-crown-6).

5.5.8 NMR scale reaction of [K(DME)][Th{N(R)(SiMe2CH_2)}2(NRz2)] with
[Th(NR2)3(NH2)] (5.2).

A colorless solution of [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] (4.7 mg, 0.0056 mmol)
in THF-ds (0.5 mL) was added to an NMR tube fitted with a J-Young valve. A 'H NMR
spectrum was recorded (Figure A5.13). 'H NMR (400 MHz, 25 °C, THF-ds): 6 -0.36 (br s,
4H, CH2), 0.02 (s, 12H, N(SiCH3)2), 0.04 (s, 18H, NSi(CHs)s), 0.18 (s, 18H, N(Si(CH3)a)2),
3.27 (s, 6H, OCHs3), 3.42 (s, 4H, OCH2). The NMR tube was brought back into the glovebox,

and a colorless solution of 5.2 (4.1 mg, 0.0056 mmol) in THF-ds (0.5 mL) was added to the
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tube. After 15 min, a 'H NMR spectrum was taken, which revealed the presences of
resonances assignable to both 5.2 and bis(metallacycle). *H NMR (400 MHz, 25 °C, THF-ds):
5 -0.36 (br s, 4H, CH2), 0.02 (s, 12H, N(SiCHs)2), 0.04 (s, 18H, NSi(CHs)s), 0.18 (s, 18H,
N(Si(CHa)s)2), 0.30 (s, 54H, NSiCHs, 5.2), 3.27 (s, 6H, OCHs), 3.42 (s, 4H, OCH?2), 3.99 (t,
2H, NHz, 5.2). 18-crown-6 (2.1 mg, 0.0080 mmol) was then added to the reaction mixture as
a crystalline solid. No obvious change was observed upon addition. A *H NMR spectrum was
re-recorded after 4 h. This spectrum revealed the presence of small amounts of [K][5.1], along
with resonances assignable to both 5.2 and bis(metallacycle). *H NMR (400 MHz, 25 °C,
THF-ds): & -0.36 (br s, 4H, CHz), 0.02 (s, 12H, N(SiCHs)2), 0.04 (s, 18H, NSi(CHa)s), 0.18
(s, 18H, N(Si(CHs)3)2), 0.30 (s, 54H, NSiCHs, 5.2), 0.36 (s, 108H, NSiCHs, [K][5.1]), 3.27
(s, 6H, OCHg), 3.42 (s, 4H, OCH2), 3.99 (t, 2H, NH2, 5.2). A 'H NMR spectrum was re-
recorded after 3 d. This spectrum revealed considerable increase in the amount of [K][5.1]
present in the sample, while resonances corresponding to 5.2 and bis(metallacycle) have
decreased in intensity. The ratio of [K][5.1]:5.2:[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)]
after 3 d was 1:3:6.7. *H NMR (400 MHz, 25 °C, THF-ds): & -0.36 (br s, 4H, CH2), 0.02 (s,
12H, N(SiCHs)2), 0.04 (s, 18H, NSi(CHas)s), 0.18 (s, 18H, N(Si(CHzs)s)2), 0.30 (s, 54H,
NSiCHs, 5.2), 0.36 (s, 108H, NSiCHs, [K][5.1]), 3.27 (s, 6H, OCHz), 3.42 (s, 4H, OCH>),

3.99 (t, 2H, NHz, 5.2).
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5.5.9 X-ray Crystallography

Data for [Na][5.1], 5.2, and [K][5.1] were collected on a Bruker KAPPA APEX Il
diffractometer equipped with an APEX Il CCD detector using a TRIUMPH monochromator
with a Mo Ka X-ray source (a. = 0.71073 A). The crystals were mounted on a cryoloop under
Paratone-N oil, and all data were collected at 100(2) K using an Oxford nitrogen gas
cryostream. Data were collected using  scans with 0.5° frame widths. Frame exposures of
15, 5, and 10 seconds were used for [Na][5.1], 5.2, and [K][5.1], respectively. Data collection
and cell parameter determinations were conducted using the SMART program.®’ Integration
of the data frames and final cell parameter refinements were performed using SAINT
software.>® Absorption corrections of the data were carried out using the multi-scan method
SADABS.*®® Subsequent calculations were carried out using SHELXTL.®® Structure
determination was done using direct or Patterson methods and difference Fourier techniques.
All hydrogen atom positions were idealized, and rode on the atom of attachment. Structure
solution, refinement, graphics, and creation of publication materials were performed using

SHELXTL.%°
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Table 5.2. X-ray Crystallographic Data for [Na][5.1], 5.2, and [K][5.1].

[Na][5.1]

5.2

[K][5.1]

empirical
formula
crystal habit,
color

crystal size (mm)
space group
volume (A3)
a(A)

b (A)

c(A)

a (deg)

$ (deg)

y (deg)
z

formula weight
(g/mol)

density
(calculated)
(Mg/m?)
absorption
coefficient (mm-
Y

Fooo

total no.
reflections
unique
reflections

final R indices (I
>20(1)]

largest diff. peak
and hole (e” A%)
GOF

Cs2H142NaN707Si12Th2

Block, Colorless

0.2x0.1x0.05
P21/c
8593(16)
12.391(14)

23.18(2)
29.92(3)

90
90.96(3)

90

4

1801.87

1.393

3.672

3672
31666
13515

R1=0.1190
WR2 = 0.1927

3.831 and -2.354
1.085

201

C1sH56N4SisTh
Block, Colorless

0.25x 0.2 x0.15
R-3c
5029(3)
18.497(6)
18.497(6)
16.973(4)
90
90
120
6

729.24

1.445
4.674
2196
8880

930

R1=0.0714
WR2 =0.1843

0.796 and -1.627

1.406

CseH14sKN708Si12Th2

Block, Colorless

0.15x 0.15 x 0.1
P-1
2238.6(10)
11.893(3)
14.617(4)
14.620(4)
74.546(15)
71.051(15)
71.238(14)

1

1888.07

1.400

3.569

964
22425
9312

R1=0.0804
wR2 =0.1803

01.246 and -2.456
1.142
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Figure 5.4. Solid-state molecular structure of [K][5.1], with 50% probability
ellipsoids. Hydrogen atoms and [K(18-crown-6)(THF)z]* counterion removed for
clarity. Selected bond lengths (A) and angles (°): Th1-N1 = 2.1167(7), av. Th1—Namido

= 2.41, Th1-N1-Th1* = 180, av. Namido-Th1-Namido = 109.2.

202



5.6 Appendix

5.6.1 Synthesis and Characterization of [Na(18-crown-6)(Et20)][(R2N)sU(u-
N)(U(NR2)s] (R = SiMes) (5.5).

Given the successful results reported in 5.2.1, | sought to extend this work onto uranium.
Therefore, addition of 1 equiv of NaNH2 to a cold (-25 °C) solution of the uranium
metallacycle, [U{N(R)(SiMe2)CH2}(NR2)2] (R = SiMes),>* in tetrahydrofuran (THF),
followed by addition of 1 equiv of 18-crown-6, afforded the bridged nitride complex, [Na(18-
crown-6)(Et20)][(RzN)sU(u-N)(U(NR2)s] (5.5), after stirring for 24 h. This material could be
isolated as brown blocks in 10% yield after work-up, along with uranium bis(metallacycle),
[Na][U{N(R)(SiMe2CH2)}2(NR2)],%* in 20% yield, and the U(IV) bridged-nitrido,,

[Na][(NR2)2U(u-N)(CH2SiMe2NR)U(NR2)2],%° in trace amount (egn (5.5)).

RoN— v —=NR, MesSi

H2(|:——SiMe2 I N—SiMe,
NaNH ) |
,,,, uv—N ———2 > 0.5[Na(18-crown-6)Et,0] h‘ o [Nap | MesSi L
RN / SiMe;  18-crown-6 N——UV—"-CH,
UV, N
RN R sive THF RN/ AR | NR,
’ N/ 2 Me,Si—— CH,
RoN
33 (major)
(minor) (5.5)
Me3Si);N .
(MesSiz N /N(SlMe3)2
/U'Vé \U'Vw.
o) |MesSINTT@™ 7\ N(SiMey),
* H,C
N
Me,Si” N siMes

(trace)

Complex 5.5 was always isolated as a mixture and in low yields, so | did not pursue this very
long since | was more interested in the thorium analogue at the time. Moreover, this complex
was reported by Mazzanti and co-workers in 2019 via a different route.®?

These results suggest that uranium bis(metallacycle) does not readily react with acids,

specifically NHs. The proposed mechanism of [5.1]" (Scheme 5.1) should be analogous to the
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formation of 5.5, which suggests NHs and the bis(metallacycle) anion are formed in the first
step of the reaction. However, the uranium bis(metallacycle) is surprisingly unreactive and
does not proceed to fully react, forming 5.5 as the minor product and uranium

bis(metallacycle) as the major product.
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5.6.2 NMR Spectra
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Figure A5.1. 'H NMR spectrum of [Na][5.1] in THF-ds. (*) indicates the presence of

HN(SiMes)2 and (#) indicates the presence of Et20.
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Figure A5.2. 13C NMR spectrum of [Na][5.1] in THF-ds. (*) indicates the presence of
HN(SiMes)a.
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Figure A5.3. 'H NMR spectrum of 5.2 in CeDe. The inset highlights the -NH:
resonance. (*) indicates the presence of HN(SiMes)z2, (#) indicates the presence of Et20,

and (?) indicates the presence of unidentified products.
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Figure A5.4. 13C NMR spectrum of 5.2 in CeDe.
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Figure A5.5. 'H NMR spectrum of [K][5.1] in THF-ds. (*) indicates the presence of

HN(SiMes)2 and (#) indicates the presence of THF-hs.

209



72.03

8.22

. . . .
75 70 65 60 55 50 45 40 35 30 25
1 (ppm)

Figure A5.6. 13C NMR spectrum of [K][5.1] in THF-ds.
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Figure A5.7. 'H NMR spectrum of [K][5.1-1°N] in THF-ds. (*) indicates the presence

of HN(SiMe3)a.
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Figure A5.8. SN{*H} NMR spectrum of [K][5.1-°N] in THF-ds.
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Figure A5.9. 'H NMR spectrum of 5.2-°N in CeéDs. The inset highlights the -NH:
resonance. (*) indicates resonances assignable to a small amount of the 1N isotopomer,
(%) indicates the presence of unidentified products, and () indicates the presence of

HN(SiMe3)z.
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Figure A5.10. *H{**N} NMR spectrum of 5.2-1°N in CsDs. The inset highlights the -
NH: resonance. ($) indicates the presence of unidentified products and (*) indicates the

presence of HN(SiMes)a.
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Figure A5.11. ® N{*H} NMR spectrum of 5.2-1°N in CsDes.

215

-225

T T T T T
-230 -235 -240 -245 -250



},/'\k e 32h L1
oo, 28h o
) 24 h Lo
% 7h30min s
\ 6 h 30 min 7
., 5h Q
A 3h30min 's
2h30min 4
1h30min [°
) : initial 2
» G :

[Th{N(R)(SiMe2)CHz}(NR2)s]

‘50 OA‘45 OA‘40 OA‘35 OA‘30 OA‘25 OA‘ZO 0.‘15 0.‘10 OA‘O5 OA‘OO —O.‘05

1 (ppm)

Figure Ab5.12. Partial in situ 'H NMR spectrum of the reaction of
[Th{N(R)(SiMe2)CH2}(NRz2)2] (R = SiMes) with 1 equiv of NaNH2 and 18-crown-6 in
THF-ds over the course of 32 h. (*) indicates the presence of [Na][5.1], (%) indicates
the presence of [Th{N(R)(SiMe2)CH2}(NR2)2], (#) indicates the presence of [Na(THF-
ds)x][Th{N(R)(SiMe2CH?2)}2(NR2)], ($) indicates the presence of 5.2, and (@) indicates

the presence of HN(SiMe3)z2.
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Figure Ab5.13. Partial in situ 'H NMR spectrum of the reaction of
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] (R = SiMes) with 5.2 and 18-crown-6 in
THF-ds over 12 d. (*) indicates the presence of [K][5.1], (@) indicates the presence of
5.2, (#) indicates the presence of [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)], (%)
indicates the presence of 18-crown-6, ($) indicates the presence of DME, (&) indicates

the presence of Et20, and (*) indicates the presence of an unidentified product.
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5.6.3 IR Spectra
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Figure A5.14. IR spectrum of [Na][5.1] (KBr pellet).
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Figure A5.15. IR spectrum of [K][5.1] (KBr pellet).
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Figure A5.16. IR spectrum of [K][5.1-°N] (KBr pellet).

220



100

90

80

70

60

Transmittance (%)

50
40

30
900 850 800 750 700 650 600
Wavenumber (cm-1)

Figure A5.17. Partial IR spectrum of [Na][5.1] (orange) and [K][5.1] (blue) (KBr

pellet).
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Figure A5.18. Partial IR spectra of [Na][5.1] (orange) and [K][5.1-*N] (blue) (KBr

pellet).
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Figure A5.19. Partial IR spectra of [K][5.1] (orange) and [K][5.1-'°N] (blue) (KBr

pellet).
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Figure A5.20. IR spectrum of 5.2 (KBr pellet).
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Figure A5.21. IR spectrum of 5.2-°N (KBr pellet).
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Figure A5.22. Partial IR spectra of 5.2-1°N (orange) and 5.2 (blue) (KBr pellet).
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5.6.4 Computational Details

The structures were fully optimized with density functional theory (DFT) using the
Amsterdam Density Functional (ADF) package, version 2017.5 The B3LYP%¢ hybrid
exchange-correlation functional was employed in conjunction with all-electron triple-C
doubly polarized (TZ2P) basis sets for all atoms. Scalar-relativistic (SR) effects were treated
with the all-electron zero-order regular approximation (ZORA\) relativistic Hamiltonian.” An
atom-pairwise correction for dispersion forces was included via Grimme’s D3 model
augmented with the Becke-Johnson (BJ) damping.®8 6

Nuclear shielding calculations were performed with ADF, at the DFT/ZORA-SR and
DFT/spin-orbit (SO) ZORA levels. The PBE0 * and B3LYP hybrid exchange-correlation
functionals were used, together with TZ2P basis sets for Th and N, and double-¢ polarized
(DZP) basis sets for H, C and Si. Solvent effects were treated with the conductor-like
screening model (COSMO).”> 7 The ZORA-SO shielding calculations included the DFT
exchange-correlation response.” The calculated nuclear shieldings (ccac, ppm) were
converted to chemical shifts (3caic, ppm) relative to shielding of nitromethane (in nitromethane
solvent) or ammonia (in ammonia solvent), calculated at the same level.

The equilibrium geometries obtained with ADF were subjected to Gaussian 16 (G16)"°
single-point DFT/B3LYP calculations, that used the def2-TZVP®3 basis set for N, the def2-
SVP6 hasis sets for H, C and Si, and the small-core ECP60MDF pseudopotential with the
associated [14s13p10d8f6g]/[6s6p5d4f3g] valence pseudo-orbital basis set for Th.”” The
results were used for natural localized molecular orbital (NLMO) analyses, performed with
the NBO6 package.’® Vibrational frequency calculations were conducted, with G16, on top of

fully re-optimized geometries using the aforementioned computational details.
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Figure A5.23. Optimized structure of [{Cp*TiCl2}(u-N){Cp*TiCI(NH3)}] at the
DFT/B3LYP/TZ2P level of theory (using ADF). Hydrogen atoms omitted for clarity.
Color code: Ti light gray, N blue, ClI green, C dark gray. Cartesian coordinates are

printed below.

Ti -0.73149487 -0.76769287  1.45060032
Ti  1.09376293  1.14321788  -0.74062345
C 0.36391051  0.53287718 -3.96788162
Cl -0.00729108  0.60274460  3.19290028
Cl -0.01433096  3.11473285  -1.09450434
N  0.00000000  0.00000000  0.00000000
N 212891761  1.77680256  1.06844488
H 147565952  1.60075703  1.84295445
H 297718848  1.26129417  1.27603474
H 235685541  2.76565719  1.05574511
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Figure A5.24. Views along the Y-axis (left) and along the Z-axis (right) of the

SiMes) at

DFT/B3LYP/TZ2P level of theory (using ADF). Hydrogen atoms omitted for clarity.

Color code: Th orange, N blue, Si beige, C gray. Cartesian coordinates are printed
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Figure A5.25. Optimized geometry of [Th(NR2)3(NH2)] (R = SiMes) at the
DFT/B3LYP/TZ2P level of theory (using ADF). Hydrogen atoms omitted for clarity.

Color code: Th orange, N blue, Si beige, C gray. Cartesian coordinates are printed

below.
Si -3.40923682 0.03406635 0.86176104
Si 1.70427757  -2.96230216 0.76361240
C 250736186  -4.52256301 0.08477690
N 0.84457288 2.13446981  -0.46502442
C -0.98404181  4.50857923 -0.65391188
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Figure A5.26. Th—Niilylamide (o-+1) bonding NLMOs in [(NR2)sTh(u-N)Th(NR2)3]™ (R
= SiMes; isosurface plots £0.03 au; hydrogen atoms are omitted for clarity). Color code

for atoms: Th, light blue; N, blue; Si, beige; C, gray.
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Figure A5.27. Th—Namide (6+71) bonding NLMOs in [Th(NR2)3(NH2)] (R = SiMes;
isosurface plots £0.03 au; hydrogen atoms are omitted for clarity). Color code for

atoms: Th, light blue; N, blue; Si, beige; C, gray.
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FigureA5.28. Th—Niilylamide (6+7) bonding NLMOs in [Th(NR2)3(NH2)] (R = SiMes;
isosurface plots +0.03 au; hydrogen atoms are omitted for clarity). Color code for

atoms: Th, light blue; N, blue; Si, beige; C, gray.
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Table A5.1. % compositions of the Th-Nsiylamide Bonding NLMOs in [(NR2)sTh(u-

N)Th(NR2)3]” and [Th(NR2)3(NH2)] (R = SiMes).

Complex Orbital | %N %Th %Si
Total | 2s | 2p | Total | 7s | 7p | 6d | 5f | Total | 3s | 3p | 3d
N Th Si
[Th(NR2)3(NH2)] G 92 31|69 |6 8 |6 |61|25]|2 0 |94 |6
b 90 0 | 100 | 90 0 |0 |48 |52 |4 0 |89 |11
[(NR2)sTh(u- c 94 15185 |4 2 |12 |62 |24 |2 7 |8 |7
N)Th(NRz2)s]
o 90 0 [100 |4 0 |0 |52 |48 |4 0 |90 |10
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Table A5.2. Calculated Shielding and chemical shifts for DFT/B3LYP/TZ2P
optimized geometries of nitromethane, [{Cp*TiCl2}(u-N){Cp*TiCI(NH3)}],

[(NR2)sTh(u-N)Th(NR2)3], and [Th(NR2)3(NH2)] (R = SiMes).

Compound Method Gealed (PPM) Ocalcd Oexpt
(ppm)? (ppm)
MeNO:2 PBEO -159.9 - -
SO-PBEO —-156.2 - -
B3LYP -166.7 - -
SO-B3LYP —-162.8 - -
[{Cp*TiCl2}(u- PBEO —566.7 406.8
N)Y{Cp*TiCI(NH3)}]
SO-PBEO -570.7 414.5 431.6
B3LYP —588.5 421.8
SO-B3LYP -593.3 430.5
[(NR2)sTh(u-N)Th(NR2)s]~ | PBEO -385.9 226.0 298.8
SO-PBEO -461.6 305.4
[Th(NR2)3(NH2)] PBEO 94.0 —253.9 -198.4
SO-PBEO 53.5 —209.7

aReferenced to nitromethane: Scalcd = Gealcd (N, Nitromethane) — cearcd (N, metal complex).
Solvents were used in the calculations (COSMO model): nitromethane for MeNOz2,
chloroform for [{Cp*TiCl2}(u-N){Cp*TiCI(NHz3)}], tetrahydrofuran for [(NR2)sTh(u-

N)Th(NR2)3] ", and benzene for [Th(NRz2)3(NH2)].
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Figure A5.29. Calculated IR spectrum for [5.1]~. The principal Th-N-Th asymmetric
stretching mode can be observed at 758.2 cm~. However, several other modes, at 817,
913.4 and 923 cm™, also have a Th-N-Th asymmetric stretching component, but they
are combined with Th-Nsilylamide modes. Moreover, modes at 588.1, 648.6, 654, 673 cm"
! are a combination of the Th-N-Th asymmetric stretch along with various modes of
the whole molecular skeleton. There is a breathing mode at 113 cm~! which is not very

intense. Finally, there are Th-N-Th bending modes at 254.1, 255.2, 268 and 281.6 cm.
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Figure A5.30. Calculated IR spectrum for 5.2. Assignments (cm™?): 414.7 (NH:
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1518.8 (NH2 scissoring).
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6.1 Introduction

The past decade has seen significant progress toward the synthesis of uranium nitrido
complexes. Since the first molecular uranium nitride was reported by Gambarotta and co-
workers in 2002, they are now being reported with increasing frequency. Many bridging and
terminal uranium nitrides have now been reported,>*¢ whereas the first molecular thorium
nitride was only published in 2019 by our group and it remains to be the only example.}” As
actinide-ligand multiple bonds chemistry expands,*3 1822 new insights into electronic structure
have been made and novel modes of reactivity have been revealed.? & 79 10.23-25 For example,
uranium nitrides have been shown to have a potential use in catalysis,?® 27 a role that went
unnoticed until their chemical reactivity in [2+2] cycloaddition reactions?® and challenging C-
H bond activations was reported.?®

High-valent uranium(V) complexes are 5f* systems that are recognized for their simplified
crystal field description and the ability to address spin-orbit coupling in a straightforward
manner,3%-32 properties that have helped deepen our fundamental understanding of actinide
electronic structure, reactivity, and bonding.3® Therefore, data from electron paramagnetic
resonance (EPR) spectroscopy,® magnetic susceptibility (SQUID) measurements,® UV-
vis/NIR spectroscopy, and density functional theory (DFT) calculations are easier to analyze
compared to uranium complexes in the 3+ and 4+ oxidation state, which have multiple
unpaired electrons.3®

In this regard, a handful of U(V) nitrides have been synthesized (Scheme 6.1) and
characterized using the techniques mentioned above to provide insight into the electronic
structure of these metal-ligand multiple bonded complexes.®: # 6 8 11.12,15,16,37 Egor example,
Liddle and co-workers reported the formation of a U(V) terminal nitride, [Na(12-crown-

A2 [U(N){N(CH2CH2NSi'Prs)s}] (Pr = CH(CHz3)2), which exhibits a short U=N bond
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distance (1.825(15) A) (Scheme 6.1, C).16 DFT calculations revealed three molecular orbitals
involved in the U-N interaction, consistent with a formal U-N triple bond. A natural bond
order (NBO) analysis of the three molecular orbitals involved in the U-N bond revealed
substantial covalency, where the ¢ -bond (HOMO — 1) contained 32% uranium character and
the two n-bonds (HOMO — 2 and HOMO - 3) contained 27% uranium character.*® However,
this is a rare example of an isolable terminal nitride, where the majority of reported U(V)
nitrides are bridging and feature mixed-valent electronic configurations, most commonly
U(V)/U(IV) (Scheme 6.1, B, E, F),» 1 12 37 which complicates the electronic structure
analysis.3® One route that has been attempted to eliminate this complication is to isolate a
U(V)/U(V) bridging nitrido (Scheme 6.1, A, D, F).*8 1215 An alternative approach could be
to synthesize a hetero-bimetallic actinide bridging nitride involving uranium and thorium, in
which a U(V)/Th(IV) mixed-valent species would feature similar electronic behavior as a
terminal U(V) nitride. This is desirable because the diamagnetic thorium center, with no
unpaired electrons, would allow for simpler interpretation of data collected by EPR
spectroscopy, SQUID, UV-vis/NIR spectroscopy, and DFT.

Scheme 6.1. Previously reported uranium(V) nitrides. A, Ref. 8; B, Ref. 11; C, Ref. 16; D,

Ref. 4; E, Ref. 37; F, Ref. 12.
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Herein, | report the synthesis of the first isolable molecular mixed actinide nitride
complex, [K(18-crown-6)(THF)2][(NR2)sU(u-N)Th'Y(NR2)s] (R = SiMes), formed by
reaction of the known thorium bis(metallacycle), [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)],%®
with the new uranium parent amide complex, [U(NR2)3(NHz)]. In addition, | explored the
redox properties of the U'V/Th'V nitride and synthesized the mixed-valent nitride complex,
[(NR2)sUV(u-N)Th'V(NR2)3]. | report within the electronic absorption spectroscopy,
magnetometry, electronic structure calculations, and *°N-isotopic labeling, which has allowed
me to confirm the structural assignments and evaluate the degree of 5f covalency within the

U=N=Th unit.

6.2 Results and Discussion
6.2.1 Synthesis and Characterization of [U(NR2)3(NH2)] (6.1)

Addition of 3 equiv of NH3s, as a 0.4 M solution in THF, to a cold (-25 °C) THF solution
of the known uranium metallacycle, [U{N(R)(SiMe2)CH2}(NR2)2] (R = SiMe3),*® results in
the formation of [U(NR2)3(NH2)] (6.1), which can be isolated in 69% yield after work-up as
dark brown-orange blocks (egn (6.1)). The rate of formation of 6.1 is dependent on the amount
of NHs added. It has been observed that the concentration listed on the reagent bottle (0.4 M)
of the ammonia solution is not reliable, therefore an addition of excess NHs is often required
to achieve complete conversion to 6.1. Upon addition of the NHs solution, the reaction turns
dark brown-orange, indicating the reaction is near completion, unlike the Th analogue
(Chapter 5),*” which required a small aliquot of the reaction mixture to be transferred to a new
vial, dried in vacuo, and dissolved into benzene-ds for a *H NMR spectrum before work-up,
due to the lack of color change. It should be noted that due to the lengthy crystallization period

required to isolate crystalline blocks of 6.1, the product was typically isolated as a brown
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powder by drying the pentane solution in vacuo. Additionally, if the NH3 solution is from a
fresh bottle, it is recommended to start with 1 equiv and increase the number of equivalents

as needed because too much NHsat 0.4 M has been shown to quickly form an insoluble dark

solid.
H,C — SiMe, NH2
| \ excess NHz | 6.1)
uv—N THE TR NIV, :
w \ 2 ~
RoN™ SiMe, 7 NR2
RN . RN
2 R = SiMe; 6.1

The 'H NMR spectrum of 6.1 in benzene-ds features a sharp resonance at -2.95 ppm (54H),
assigned to the SiMes groups (Figure A6.1). However, the protons assignable to the -NH2
resonance could not be definitely located in the *H NMR spectrum. For comparison, the 1H
NMR spectra for the uranium(IV) terminal amide complex, [U(NH2)(Tren™™S)] (TrenTPS =
{N(CH2CH2NSi'Pr3)3}¥), features a singlet at -5.03 ppm assigned to the -NH2 (2H) fragment
and the TH NMR spectra for [{n®>1,2,4-CsH2'Bus}2U(NH2)2] features a peak at -34 ppm
(FWHM = 27 Hz) assigned to the UNH2 environment.*% 4t Moreover, the Jnn value for the
analogous Th complex was found to be 45.8 Hz!” and the Jxn values for the isostructural
group(IV) complexes, [M(NR2)3(NH2)] (M = Zr, Hf), were found to be 45.6 Hz (Zr) and 46.0

Hz (Hf).%2
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Figure 6.1. Solid-state molecular structure of 6.1, shown with 50% probability
ellipsoids. Hydrogen atoms removed for clarity. Selected bond lengths (A) and angles
(°): U1-N1 = 2.18(4), U1-N2 = 2.26(2), N1-U1-N2 = 100.5(5), N2-U1-N2" = 116.8(3).

The connectivity of complex 6.1 was verified by X-ray crystallography (Figure 6.1).
Complex 6.1 crystallizes in the trigonal space group R3c. In the solid-state, complex 6.1 is
disordered over two positions in a 50:50 ratio, which somewhat lowers the precision of the
resulting metrical parameters. It features a pseudo-tetrahedral geometry about the uranium
center. Due to the large ESDs, the U-NH2 distance (2.18(4) A) in 6.1 is statistically identical
to its U-Nsilylamido distances (2.26(2) A).434% The analogous Th complex is iso-structural to 6.1
and its Th-NH2 and Niylamido distances (2.24(6) A and 2.36(2) A, respectively) are longer than
6.1, which is consistent with the larger ionic radius of Th**.1: 46 For further comparison, the
uranium(lV)  terminal  amide  complexes, [U(NH2)(Tren™S)]  (Tren™s =
{N(CH2CH2NSi'Pr3)s}*) and [{n®-1,2,4-CsH2'Bus}2U(NH?2)2], feature U-NH2 bond lengths of
2.228(4) A and 2.19 A (av.), respectively.40. 41
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Complex 6.1 is highly soluble in pentane, benzene, Et20, and THF. Furthermore, 6.1 is
stable as a CeDs solution for over 24 h with minimal signs a decomposition. In addition, the
IR spectrum of 6.1 features a prominent N-H stretching mode at 3336 cm (Figure A6.11),
providing further support for its formulation. For comparison, this mode is observed at 3321
cm! for its Th analogue,*” and 3342 cm(Zr) and 3364 cm* (Hf) for [M(NR2)3(NH2)] (M =
Zr, Hf).#?

I hypothesized that the reaction of 6.1 with the known thorium bis(metallacycle),
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)],%8 in THF with the presence of 18-crown-6, would
result in formation of a mixed U(1V)/Th(IV) nitride. Specifically, the NH2 moiety of 6.1 would
protonate the two CH2 groups of [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] and open up the
rings of the bis(metallacycle) anion, while the lone N from 6.1 would then bridge the two

metals.

6.2.2 Synthesis and Characterization of [K(18-crown-6)(THF)2][(NR2)sU"(n-
N)Th'V(NR2)3] (6.2)

The reaction of 6.1 and the known thorium bis(metallacycle) was monitored in THF-ds by
H NMR spectroscopy. After standing at room temperature for 4 h, reveals a new broad
resonance at 9.73 ppm, which is assignable to 6.2 (Figures A6.7-A6.9). After 22 h, resonances
assignable to 6.1 are completely gone, while resonances assignable to
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)]*® and 18-crown-6 have shifted significantly. After
48 h, the resonances showed no change from 22 h, and the reaction was considered complete.
Work up of the reaction mixture, followed by crystallization from THF/pentane (1:1) for 24 h
at-25 °C, results in the isolation of [K(18-crown-6)(THF)2][(NR2)3U'V(u-N)Th'V(NR2)3] (6.2)

as pale orange crystals in 56% yield. Complex 6.2 can be synthesized on large scale in THF

266



by stirring for 24 h at room temperature. When formed in this fashion it can be isolated in
48% vyield as pale orange blocks (eqn (6.2)). A second product, [(K(18-crown-6)o.s)(K(18-
crown-6)osEt20)][(NR2)2U"Y(u-N)(CH2SiMe2NR) Th'V(NR2)2] (6.3), can be isolated from the
reaction mixture as golden brown needles, in 34% vyield (eqn (6.2)), by crystallization of the
remaining solid from an Et20 solution layered with pentane that was stored at -25 °C for two

weeks (see 6.2.3 for more details).

[K(18-crown-6)(THF),]

SRz [(K(18-crown-6)q 5)(K(18-crown-6) 5Et,0)]

MesSi RN~ " R
\ ' ™ s
N—SiMe, NH, I RZN\ N NR,
Mesi | 18-crown-6 vZ \Th"’
e5Si THE N — ThV..,,
[K(DME)] N _CH, | + UN. R S RNT O .- "NR,
N—ThV—CH> R AN\, RS I + e\ ©:2)
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Figure 6.2. Solid-state molecular structure of 6.2 shown with 50% probability
ellipsoids. [K(18-crown-6)(THF)2]* counterion and hydrogen atoms removed for
clarity.
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The connectivity of complex 6.2 was verified by X-ray crystallography (Figure 6.2, Table
6.1). Complex 6.2 crystalizes in the monoclinic space group C2/m. In the solid-state, each Th
and U center features a pseudo-tetrahedral coordination geometry. Due to the space group, the
Thand U atoms are disordered over 2 positions with 50% occupancy and can be interchanged,
which is noted by U* in Figure 6.2. In addition, the U*-Nnitride-Th linkage is linear (180°),
while the U*/Th-Nhitice bond lengths (U1*/Th1-N1 = 2.1037(9) A) are much shorter than the
U1*/Th1-Nsilylamido bond lengths (av. 2.389 A), suggesting multiple bond character in the
former. A [K(18-crown-6)(THF)2]* counterion is also present in the unit cell.

Complex 6.2 is the first hetero-bimetallic nitrido complex reported for the actinides and is
isostructural with the previously reported nitrides, [Na(18-crown-6)(Et20)][(R2N)sTh(u-
N)Th(NR2)s] and [NBu4][(R2N)sU(u-N)U(NRz2)s].> 12 17 Complex 6.2 features bond lengths
that range in the middle of the homo-bimetallic nitrido complexes. For example, [Na(18-
crown-6)(Et20)][(RzN)sTh(u-N)Th(NRz2)s] features longer Th-Nhitride- Th distances (Th1-N1 =
2.12(3) A; Th1-N2 = 2.13(3) A) as well as slightly longer Th-Nsilylamido distances (av. = 2.40
A), but a similar linear Th=N=Th linkage (176(1)°).1” Whereas, the bridged U(IV)/U(IV)
nitride, [NBu4][(R2N)sU(u-N)U(NR2)3],3" features a linear U=N=U linkage (179(1)°), but
shorter An-Nhirice bond distances (2.076(5) A, 2.083(5) A, and 2.075(2) A), consistent with
the smaller ionic radius of wuranium. Similar metric parameters are observed in
[Cs][{U(OSi(O'BU)s)s}2(1-N)] (U-N-U = 170.2(3)°; U1-N1 = 2.058(5) A; U2-N1 = 2.079(5)

A)z?
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Table 6.1. Selected bond lengths (A) and angles (deg) in complexes 6.2, [Na(18-

crown-6)(Et20)][(R2N)sTh(u-N)Th(NR2)3],Y” [NBus][(R2N)3U(u-N)U(NR2)s],*” 6.4,

and [(R2N)3U(u-N)U(NR2)3].%

6.2 [(R2N)sTh(p- [(R2N)sU(p- 6.4 [(R2N)sU(p-
An=Th,U | N)Th(NR2)3] N)U(NR2)s]" | An=Th, U | N)U(NR2)3]
An- 2.1037(9), 2.12(3), 2.076(5), 2.099(12), 2.080(5),
Nhnitride 2.1037(9) 2.13(3) 2.083(5), 1.269(12) 2.150(5)
2.075(2)
An- 2.39 2.40 2.35 2.302, 2.274(5)
Namide 2.306
(av)
An-N-An 180 176(1) 179(1) 177.9(6) 179.4(3)

The *H NMR spectrum of 6.2 in THF-ds should feature two different SiMes environments
due to the different metal centers. However, the spectrum features only one broad singlet at
9.73 ppm, assignable to one of the SiMes environments, along with a sharp singlet at 3.43

ppm, assignable to the 18-crown-6 moiety (Figure 6.3).
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Figure 6.3. 'H NMR spectrum of [K(18-crown-6)(THF)2][(NR2)sU"(u-
N)Th'V(NR2)3] (6.2) in THF-ds. (*) indicates HN(SiMes)2 and (@) indicates an
unidentified peak.

Due to the single broad peak in the *H NMR spectrum, | performed Variable Temperature
(VT) NMR spectroscopy to see if the two expected proton environments would appear as the
temperature was decreased. As the sample was cooled from room temperature to -15 °C, two
distinct resonances appear at 8.71 ppm and 13.81 ppm, in a 1:1 ratio, that have been assigned
to both SiMes environments. However, as the THF-ds sample of complex 6.2 was cooled past
-15 °C, the *H NMR spectrum had more resonances than expected, most likely due to sample
contamination with complex 6.3 (Figure A6.10).

Complex 6.2 is insoluble in pentane and benzene, but is soluble in Et2O and THF. It is

stable as a THF-ds solution at room temperature for at least 1 h, showing minimal signs of
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decomposition over this time. The ultraviolet-visible (UV-vis) spectrum of 6.2 in THF
features a broad absorption at 370 nm (¢ = 204 M cmt) (Figure A6.21). Finally, the IR
spectrum of 6.2 features a mode at 744 cmt, which corresponds to the principal U'V-N-Th!'V
asymmetric stretch (Figure 6.4), which was later confirmed by *°N labeling (see Section 6.2.5
for more details). For comparison, the principal Th-N-Th asymmetric stretch reported in

[(R2N)sTh(u-N)Th(NR2)3] (R = SiMes), was featured at 742 cm.17
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Figure 6.4. IR spectrum of [K(18-crown-6)(THF)2][(NR2)3U"(u-N)Th'V(NR2)s] (6.2)
(blue) and [K(18-crown-6)(THF)2][(NR2)sU"(u-*N)Th'V(NR2)s] (6.2-°N) (orange)
(KBr pellet). (*) denotes the v(U-N-Th) stretch for 6.2 and (*) denotes the v(U-N-Th)
stretch for 6.2-1°N.

Interestingly, the reverse reaction, whereupon the thorium parent amide, [Th(NR2)3(NH2)]
IS mixed with the known uranium bis(metallacycle),

[Na(DME)][U{N(R)(SiMe2CH2)}2(NR2)],*" 4" in THF-ds with the presence of 18-crown-6,
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does not result in a mixed U(IV)/Th(IV) nitride (eqn (6.3)). The reaction was monitored in
THF-ds by *H NMR spectroscopy for 24 h, where the green solution showed no change in its
spectra. Upon heating at 50 °C, the solution changed from green to orange, but the *H NMR

spectra displayed no new resonances over 48 h of heating.

M63Si
SiMe
N— X2 NH,
Me;Si N | | 18-crown-6
[Na(DME)s] N ulv—=CH, + RN ThV___ THF-dg no reaction (6.3)
/ / NR NR; R = SiMe,
| 2 R,N
Me28| CH2

In retrospect, it is not surprising that the uranium bis(metallacycle) is a poor starting
material for the nitride synthesis. For one, it has poor reactivity with acids, specifically NHs,
as was seen in Chapter 5.6.1. Moreover, it has been previously shown by Smiles and co-
workers that the uranium(lIV) metallacycle, [U{N(R)(SiMe2)CH2}(NR2)z], is more stable than
the analogous thorium(lV) metallacycle,® according to protonation experiments with

PhsPCHz2, suggesting that U-C bonds are less reactive than analogous Th-C bonds.

6.2.3 Synthesis and Characterization of [(K(18-crown-6)o.s)(K(18-crown-
6)osE20)][(NR2)2U(n-N)(CH2SiMe2NR) Th'V(NR2)2] (6.3)

As mentioned in 6.2.2, a second product, [(K(18-crown-6)os)(K(18-crown-
6)05E20)][(NR2)2U"(u-N)(CH2SiMe2NR)Th'V(NR2)2] (6.3), can be isolated from the
reaction mixture as golden brown needles, in 34% yield (eqn (6.2)), by crystallization of the
remaining solid from Et2O layered with pentane that was stored at -25 °C for two weeks. It
should be noted here that 6.3 is often isolated as a mixture with uranium bis(metallacycle),
[K(DME)][U{N(R)(SiMe2CH2)}2(NR2)].#” As described in 6.2.1, if uranium metallacycle,

[U{N(R)(SiMe2)CH2}(NRz2)2], does not react with enough NHs in the THF solution, it does
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not completely convert to 6.1, leaving minor amounts of metallacycle behind in the sample of
6.1 after work up. Therefore, any unreacted uranium metallacycle that is present in the sample
of 6.1 is carried through the ongoing reactions and forms uranium bis(metallacycle) from the
recrystallization technique (Et2O/pentane) to isolate 6.3.

Complex 6.2 is formally related to 6.3 by deprotonation of a methyl group by [NRz],
resulting in the p-CH2 species and free amine. Previously, this type of conversion has been
seen in transition metal,*® lanthanide,*® and actinide systems,* 5-53 whereupon the SiMes
groups undergo deprotonation. For example, our group synthesized a U(IV) bridged-nitrido
complex [Na][(NR2)2U(u-N)(CH2SiMe2NR)U(NR2)2], which was thought to form through
transient formation of [Na][{U(NR2)s}2(u-N)] that was unstable and resulted in the

subsequent deprotonation described above.!

Figure 6.5. Solid-state molecular structure of 6.3 shown with 50% probability

ellipsoids. [(K(18-crown-6)os)(K(18-crown-6)osEt20)]* and hydrogen atoms removed
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for clarity. Selected bond lengths (A) and angles (°): U1 — N6 = 2.002(4), Th1 — N6 =
2.160(5), av. U1 — N(SiMes)2 = 2.358, av. Thl — N(SiMes)> = 2.397, U1 — C12 =
2.525(6), Thl — C12 = 2.962(5), U1 — N6 — Thl = 122.2(2), U1 — C12 — Thl =
82.83(16), N — U1 — N (av) = 112.58, N — Th1 — N (av) = 109.09.

The connectivity of complex 6.3 was verified by X-ray crystallography (Figure 6.5).
Complex 6.3 crystalizes in the triclinic space group P-1. The sold-state molecular structure of
6.3 exhibits a U-Nnitide bond distance of 2.002(4) A and a Th-Nniride bond distance of 2.160(5)
A. The An-Nniride bond lengths are inequivalent and suggest localized Th-N=U bonding
interactions,! %%  similar to the  U(IV) analogue, [Na][(NR2)2U(u-
N)(CH2SiMe2NR)U(NR2):], reported by Hayton and co-workers, which reported U-Nhitride
bond distances of U1-N1 =1.95(1) A and U2-N1 = 2.12(1) A.** This asymmetry is most likely
due to the different metal ions, where uranium is more likely to form a double bond since it
has accessible f-orbitals compared to thorium. The p-CH: interactions in 6.3 are also
inequivalent, as the U1-C12 distance (2.525(6) A) is considerably shorter than the Th1-C12
distance (2.962(5) A). The analogous U(IV)/U(IV) bridged-nitrido complex previously
mentioned displayed similar trends with an acute U1-N1-U2 bond angle of 123.5(5)°, due to
the bridging nature of the methylene group, and also featured inequivalent pu-CHz interactions
(U1-C1=2.51(1) A and U2-C1 = 2.88(1) A).12

The 'H NMR of 6.3 in THF-ds features five resonances at -9.47 ppm (36H), -5.47 ppm
(6H), 3.38 ppm (24H), 6.01 ppm (9H), and 10.57 ppm (36H), assignable to the NSiCHs group,
SiMe2CHz2, 18-crown-6, MesSiNSiMe2CHz, and the other NSiCH3 group, respectively (Figure
6.6). There are two resonances at 3.32 ppm (24H) and 9.55 ppm (54H) that can be assigned

to 18-crown-6 and NSiMes, respectively, from small amounts of 6.2 in the sample.
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Furthermore, the CH2 resonance is not observed; it was not observed in the U(IV) analogue,

[(NR2)2U(u-N)(CH2SiMe2NR)U(NRz2)2], either.!!

T
BBBBBB -1 -2 -3
f1i{ppm)

Figure 6.6. 'H NMR spectrum of [(K(18-crown-6)o.s)(K(18-crown-
6)0.5Et20)][(NR2)2U"(u-N)(CH2SiMe2NR) Th'V(NR2)2] (6.3) in THF-ds. (*) indicates
HN(SiMes)2, ($) indicates 6.2, (&) indicates residual diethyl ether and pentane, and
(@) indicates an unidentified peak.

Finally, the IR spectrum of 6.3 is found in Figure A6.16. | was unable to confidently assign
a peak for the principal U'V-N-Th'V asymmetric stretch. Even upon *°N labeling, | was still
unable to confidently assign a peak (Figure A6.18)

The analogous complex that our group synthesized, the U(IV) bridged-nitrido complex
[Na][(NR2)2U(u-N)(CH2SiMe2NR)U(NRz)2], was able to undergo oxidation chemistry to

access U(V/IV) and U(VI/IV) species. However, this oxidation chemistry is apparently not
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transferable to 6.3, and | was not able to access a U(V)/Th(IV) or U(V1)/Th(IV) species as
desired. Instead, 1e- oxidation with 0.5 equiv of I2 resulted in formation of [U(NRz2)sl2][K (18-
crown-6)] in low yield, where uranium remains in the 4+ oxidation state. Moreover, reactions
with the 2e- oxidants, MesNO and TEMPO, led to intractable material instead of the desired
mixed-valent U(V1)/Th(IV) complex. I think that this redox chemistry could be hindered by
the inability to access 6.3 as a pure sample; the small impurity identified as the uranium
bis(metallacycle) may be interfering with the potential redox reactivity that was achieved with

the analogous U(1V/1V) complex.t?

6.2.4 Synthesis and Characterization of [(NR2)sUY(u-N)Th'V(NR2)3] (6.4)

With complex 6.2 in hand, | attempted to oxidize the uranium center from +4 to +5, in an
effort to generate a 5f* complex that would be amenable to EPR spectroscopy and SQUID.
Thus, addition of 0.5 equiv of Iz in cold (-25 °C) THF, to a cold (-25 °C) THF solution of 6.2,
resulted in a color change to a dark red. Work up of the reaction mixture after 2 min, followed
by crystallization from pentane/iso-octane (3:2) for 24 h at -25 °C, resulted in the isolation of

[(NR2)3UV(u-N)Th'V(NR2)3] (6.4) as dark brown crystalline blocks in 42% yield (egn (6.4)).

_ R 7] \\\\\NRZ
R2N\Th|V‘NR2 RZN\ThlvANRz
[K(18-crown-6)(THF),] H 051, i\l'
= (6.4)
UV, - [KI(18-crown-6)] UV,
Wt S THF RN NNR
ReN / NR: R = SiMes 2 2
R2N _RZN ]
6.2 6.4
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Figure 6.7. Solid-state molecular structure of 6.4, shown with 50% probability
ellipsoids. Hydrogen atoms removed for clarity.

The connectivity of complex 6.4 was verified by X-ray crystallography (Figure 6.7, Table
6.1). Complex 6.4 crystalizes in the monoclinic space group P21/n. In the solid-state, each Th
and U center features a pseudo-tetrahedral coordination geometry. The disorder seen in
complex 6.2 is no longer present, as revealed by the disparate An-N(nitride) bond lengths.
The U-Nnitride-Th linkage remains linear (177.9(6)°). While the U1-Nhitrice bond length (U1-
N1 =2.099(12) A) is slightly shorter than the Th1-Nniwice bond length (Th1-N1 = 2.169(12)
A), both are much shorter than the An-Niylamido bond lengths (av. U-N = 2.302 A; av. Th-N
= 2.306 A), suggesting multiple bond character in the former. Lastly, the U-Nnitice and U-
Niilylamido bond lengths and angles contract from 6.2 to 6.4, which supports the oxidation of

U(IV) to U(V).%6
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For further comparison, [Na(18-crown-6)(Et20)][(R2N)sTh(u-N)(Th(NR2)3] now features
shorter Th-Nhitide distances (Th1-N1 = 2.14(2) A; Th1-N2 = 2.11(2) A) , but still slightly
longer Th-Nsiyilamido distances (av. = 2.41 A), than those seen in 6.3.17 Whereas, the
isostructural bridged U(IV)/U(V) nitride,[(R2N)3U(u-N)(U(NR2)3],®" features U-N bond
distances that are no longer symmetrical (2.080(5) A and 2.150(5) A), much like 6.4,
suggesting the presence of localized valence. Similar metric parameters are observed by
Cummins and co-workers for the bridged U(1V)/U(V) nitrido complex, [{U(N(tBu)Ar)s}2(u-
N)] (Ar = 3,5-Me2CsHs), with U-N(nitride) bond lengths of 2.0625(2) A and a U-N-U bond
angle of 180°% [{K(dme)(calix[4]tetrapyrrole)U}2(u-NK)2][K(dme)s], reported by
Gambarotta and co-workers, with U-N(nitride) bond lengths of 2.076(6) A and 2.099(5) A 1
as well as Hayton and co-workers mixed-valent U(IV/V) complex, (NR2)2U(u-
N)(CH2SiMe2NR)U(NR2)2, which revealed U-Nhitice bond lengths of 1.909(6) A and 2.201(6)
A1 The U(V)=N bond distance is much shorter (1.909(6) A) compared to 6.4 (2.099(12) A),
which is most likely due to the bent nature of the U-N-U bond in the former.*

The *H NMR spectrum of 6.4 in THF-ds features two broad singlets at -12.47 ppm and
4.79 ppm, assignable to the two unique SiMes environments attached to different metal centers
(Figure 6.8). The observed paramagnetic shift from 9.73 ppm (6.2) to 4.79 ppm (6.4), assigned
to one of the SiMes environments in the 'H NMR spectrum, in THF-ds, supports an oxidation

reaction from a U(IV) to U(V) center, respectively.
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Figure 6.8. 'H NMR spectrum of [(NR2)sUY(u-N)Th'V(NR2)3] (6.4) in THF-ds. The
inset highlights the second SiMes resonance. (*) indicates the presence of HN(SiMes)2
and (#) indicates the presence of pentane.

Finally, the IR spectrum of 6.4 features a mode at 725 cm™, which corresponds to the
principal UV-N-Th'Y asymmetric stretch (Figure 6.9) and was confirmed by *°N labeling (see
6.2.6 for more details). Compared to 6.2 (U'V-N-Th'V asymmetric stretch = 744 cm™), this

stretch is redshifted by 19 cm™* and it is not entirely clear why it is not blue shifted, as expected.
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Figure 6.9. IR spectrum of [(NR2)sUY(u-N)Th'V(NR2)s] (6.4) (orange) and
[(NR2)sUV(u-N)Th'V(NR2)3] (6.4-1°N) (blue) (KBr pellet). (*) denotes the v(U-N-Th)
stretch for 6.4 and () denotes the v(U-N-Th) stretch for 6.4-1°N.

The UV-vis/NIR electronic absorption spectrum of 6.4 (Figure 6.10) is dominated by f-f-
transitions in the NIR region. Experimental results support the uranium(V) oxidation state of
6.4, where four transitions are observed at 979 nm (¢ = 83.4 L mol''cm™"), 1221 nm (¢ = 56.5
mol-lecm™), 1410 (¢ = 70.0 mol'em'), and 1599 (¢ = 69.2 mol''cm!) in a 10.44 mM THF
solution. These features are assigned to Laporte forbidden 5f-5f transitions, where three 5f-5f
transitions have been tentatively assigned, going from the ground state (5fywy?3x?), 5fxx%-3y%)

to the LUMO (5fxyz, 5fz(x2-y2)), LUMO+1 (5fx22, 5fyzz), and LUMO+2 (5f23)
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Figure 6.10. UV-vis/NIR spectrum of [(NR2)sUY(u-N)Th'V(NR2)3] (6.4) (10.44 mM,

A 979 nm (¢ =83.4 L mol'cm?), A 1221 nm (¢ = 56.5 mol*cm™), A 1410 (¢ =
max max max

70.0 mol-tcm™), A 1599 (e=69.2 mol*cm?)) in THF.

6.2.5 Synthesis and Characterization of [U(NR2)3(**NH2)] (6.1-°N)

Access to the '°N-labeled complex of 6.1 was achieved by reaction of
[U{N(R)(SiMe2)CH2}(NR2)2]%, in THF, with 1 equiv of ®*NHz gas, added using the Schlenk
line. The reaction mixture sat for 24 h, as the solution turned a darker brown-orange color,
whereupon work-up in pentane and dried in vacuo resulted in a dark brown-orange solid of
[U(NR2)3(**NH2)] (6.1-*N) in 41% vyield, based on the ratio of product to uranium starting
material determined by the *H NMR spectrum (Figure A6.2). The 'H NMR spectrum in
benzene-ds, has the same broad singlet at -2.95 ppm (54H), assignable to the SiMes groups,

as seen in 6.1. However, the -NH2 resonance is most likely masked by the presence of
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[U{N(R)(SiMe2)CH2}(NR2)2]*® (Figure A6.2), which is also present in the sample. According
to integrations of the *H NMR spectrum, 6.1-°®N and [U{N(R)(SiMe2)CH2}(NR2)2] are
present in a 1:0.5 ratio.3® As mentioned in Section 6.2.1, full conversion to the parent amide
works best with excess NHs, but if too much NHs is added it can lead to the formation of an
insoluble solid. For this reason, I made sure not to add excess NHs, and as a result the
conversion to 6.1-®N was incomplete. Despite 6.1-°N being impure, the isolated material
was used in the proceeding reactions, which worked as expected. Finally, the IR spectrum of
6.1-°N features a prominent N-H stretching mode at 3331 cm™ that is redshifted by 5 cm™

from that observed for 6.1 (Figure A6.12 and A6.13).

6.2.6 Synthesis and Characterization of [K(18-crown-6)(THF)2][(NR2)sU"V(u-
BN)Th'V(NR2)3] (6.2-°N) and [(K(18-crown-6)o.s)(K(18-crown-
6)0sE20)][(NR2)2UY(u-1°N)(CH2SiMe2NR) Th'V(NR2)2] (6.3-1°N)

With 6.1-'3N in hand, a cold THF solution of [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)]*®
and 18-crown-6 were added to a cold, stirring dark brown-orange solution of 6.1-1°N. Work-
up of the reaction after 24 h resulted in isolation of pale orange crystals of [K(18-crown-
6)(THF)2][(NR2)sU"V(u-*N)Th'V(NR2)3] (6.2-°N), which grew from a THF/pentane solution
stored at -25 °C for 24 h and were isolated in 45% yield. Similar to 6.2, the *H NMR spectrum
in THF-ds reveals two resonances at 3.45 ppm (24H) and 9.76 ppm (54H), assigned to the 18-
crown-6 moiety and one of the expected two SiMes groups, respectively (Figure A6.3).
Finally, the IR spectrum of 6.2-1°N features a stretch at 741 cm, which corresponds to the
U'V-N-Th'Y asymmetric stretch (Figure 6.11) and is redshifted by 3 cm from that observed

for 6.2. This observed shift is unusually small, but I am confident in my assignment. For
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comparison, the principal Th-N-Th asymmetric stretch reported in the >N analogue of
[(R2N)3Th(u-N)Th(NR2)3], was redshifted by 7 cm from the unlabeled complex.t’

Similar to the synthesis of 6.3, the supernatant of 6.2-1°N was dried and extracted into
diethyl ether and layered with pentane. After storage at -25 °C for 2 weeks, crystalline material
of [(K(18-crown-6)os)(K(18-crown-6)osEt20)][(NR2)2U"Y (ui-
15N)(CH2SiMe2NR)Th'V(NR2)2] (6.3-1°N) was isolated in 23% vyield, along with the known
uranium bis(metallacycle), [K(DME)]J[U{N(R)(SiMe2CH2)}2(NR2)],*” in a 1:7 ratio,
respectively. The large presence of uranium bis(metallacycle) is most likely from
[U{N(R)(SiMe2)CH2}(NR2)2]* that remained in solution from 6.1-°N and carried through
the reaction of 6.2-°N. The 'H NMR spectrum of the isolated material supports the ratio of

6.3-1°N to uranium bis(metallacycle) anion (Figures A6.4, A6.5).4

6.2.7 Synthesis and Characterization of [(NR2)sUV(u-°N)Th'V(NR2)3] (6.4-°N)

Reaction of a cold, stirring THF solution of 6.2->N with 0.5 equiv |2 as a cold THF
solution, resulted in a color change from pale orange to dark red-brown. Work-up of the
reaction mixture resulted in isolation of [(NR2)sUV(pu-*N)Th'V(NRz2)s] (6.4-1°N) in 34% yield
as dark crystalline powder. The 'H NMR spectrum of 6.4-°N in THF-ds reveals the loss of
[K(18-crown-6)(THF)][I], where two broad resonance at -12.15 ppm and 4.78 ppm are
assigned to the two unique SiMes groups on the different metal centers (Figure A6.6). Similar
to 6.4, the resonances are too broad to determine accurate integrations. Lastly, the IR spectrum
of 6.4-°N features a mode at 719 cm, which corresponds to the principal UV-N-Th'Y
asymmetric stretch (Figure A6.20) and is redshifted by 6 cm* from that observed for 6.4,

providing further support for my formulation (Figure 6.9).
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6.2.8 EPR Spectroscopy of 6.4

The electron paramagnetic resonance (EPR) spectrum of 6.4 (Figure 6.11) was recorded
by Dr. Shamon Walker at UCSB and was obtained in quartz glass at 4 K as a powdered sample.
This spectrum displays a single peak at 3.58, which is assigned to g (Figure 6.11). The other
g value, which would be assignable to g., likely resides below 0.7, which is outside of the
range of the spectrometer. For comparison, Liddle and co-workers report a family of
uranium(V) nitride complexes, [(Tren™PS)UV{(u-N)(u-M)}2UV(Tren™S)] (Tren™™s =

{N(CH2CH2NSi'Pr3)3}*, M = Li, Na, K, Rb, Cs), which have a dominant feature at g

3.74(9), except for when M = Li and Na.'®> Complex 6.4 features a smaller gj than what is

reported in these complexes.
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Figure 6.11. EPR spectrum of [(NR2)sUY(u-N)Th'V(NR2)3] (6.4) at 4K.
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6.2.9 SQUID Spectroscopy of 6.4

Variable-temperature  superconducting quantum interference device (SQUID)
magnetometry, performed by Dr. Wayne Lukens at LBNL, was done on a powdered sample
of 6.4 to confirm the pentavalent assignment of the uranium center (Figure 6.12). The effective
magnetic moment is 2.2 us at 300 K for 4, 5, and 6 T, respectively, where us is a Bohr
magneton. Compared to the theoretical magnetic moment reported for uranium(V), which is
2.54 ug for one uranium(V) center, the magnetic moment is lower in 6.4.3% As the temperature
decreases, the magnetic moment does too, and at 4 K, pert = 1.44 ps. This trend has been
observed with other U(V) compounds.t® 57 % For comparison, [OUY(NR2)3], reported by
Hayton and co-workers,>® exhibits a magnetic moment of 1.59 us at 300 K, which gradually
decreased to 0.94 us at 4 K. Similar to 6.4, these values are also noticeably lower than the
theoretical U(V) free ion value, but by a greater degree. Whereas the complex
[U(O)(tacn(OAIR)3)] (ueft = 1.98 ps, R = 'Bu; pef = 1.92 ug, R = Ad), at room temperature,
features values that are closer to what | report for 6.4.5” The low pett reported for 6.4 could be
due to the decrease of spin-orbit coupling that could come from covalent actinide-nitrogen

interactions.>’-59
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Figure 6.12. Magnetic moment of 6.4 versus temperature with ferromagnetic impurity

correction.

6.3 Summary

I have synthesized and characterized a novel uranium parent amide, [U(NR2)3(NH2)] (6.1),
which proved to be synthetically useful en route to the first isolable hetero-bimetallic actinide
nitride complex, [(NR2)sU'"(u-N)Th'V(NR2)s]- (6.2), upon reaction with the known thorium
bis(metallacycle)®® and 18-crown-6. Interestingly, the reverse reaction, using the thorium
parent amide and uranium bis(metallacycle),'’- 47 as an alternative route to 6.2 proved to be
unsuccessful, on account of the relatively low reactivity of uranium bis(metallacycle) with
acids.*®

Furthermore, 6.2 undergoes subsequent deprotonation of a methyl group by [NRz] to
generate the u-CH2 moiety, [(NR2)2U"Y(u-N)(CH2SiMe2NR) Th'V(NR2)2]" (6.3), isolated from
the supernatant. Isostructural to the previously reported U(IV) bridged-nitrido complex, |
sought to transfer the oxidation chemistry that was achieved with this reported bridged-nitrido

to 6.3, but the desired reactivity to a U(V)/Th(IV) or U(VD/Th(IV) species proved
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unsuccessful.!! Instead, 1e- oxidation to U(V), with 0.5 equiv Iz, resulted in undesirable
reactivity where [U(NR2)sl2][K(18-crown-6)] was isolated, which features an unoxidized
U(IV) center. Moreover, 2e oxidation to U(VI), with MesNO and TEMPO, resulted in
intractable material. One explanation as to why this hetero-bimetallic bridged nitrido cannot
undergo the same redox chemistry that was seen with the analogous U(IV/1V) bridged-nitrido
complex is because the desired oxidation is being hindered by the small impurity, uranium
bis(metallacycle), that is present upon work-up of 6.3 as a by-product; a result of using isolated
material of 6.1 that did not achieve complete conversion and consequently contains uranium
metallacycle for the proceeding reactions. Therefore, it is of interest to improve the synthesis
of 6.3 and try this desired redox chemistry again with pure material.

Gratifyingly, complex 6.2 was oxidized by 0.5 equiv of Iz to form the novel, mixed-valent
hetero-bimetallic actinide bridging nitride complex, [(NR2)sUV(u-N)Th'V(NRz2)s] (6.4). This
complex is unique because the diamagnetic thorium(lV) center allows for an easier analysis
of the bonding between the metal centers and the nitride fragment, compared to previously
reported U(V/IV) nitridos.t: 1% 237 As Th has no unpaired electrons, it makes the
spectroscopic data easier to interpret. This fact was shown in the analysis of the data collected
using several characterization techniques, including EPR spectroscopy, which revealed a g
value of 3.58 and SQUID magnetometry, which featured an effective magnetic moment of 2.2
us at 300 K for 4,5, and 6 T. The UV-vis/NIR spectrum of 6.4 shows three peaks in the NIR
region that have been tentatively assigned to three Laporte forbidden 5f-5f transitions. Lastly,
using IR spectroscopy and '°N-isotopic labeling, the structural assignment was confirmed to

support my uranium(V) assignment.
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This route to a hetero-bimetallic actinide nitride described within could be extended to the
transuranics, helping to advance transuranic synthesis and characterization, which lags far
behind that of uranium and thorium.3 1819, 21,60 |n particular, the Np bis(metallacycle) (see
Chapter 7 for more details),*” could be a useful precursor for the synthesis of a Np(1V)/An(I1V)
(An = Th, U) bridging nitride. Using either 6.1 or the Th analogue'’ in the presence of Np
bis(metallacycle) and a complexing agent, such as 18-crown-6, the desired Np-An nitride
could be isolated. This proposed reaction shows promise because complexes 6.2 and 6.3 can
be isolated on small scale (20 mg), as shown via *H NMR spectroscopy monitoring reactions,
which is necessary for the transfer of early actinide chemistry to the transuranics.*” The
isolation of this proposed transuranic nitride complex would greatly help advance non-
aqueous neptunium coordination chemistry®® and provide interesting insight into the bonding

modes of a novel transuranic nitride.
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6.5 Experimental
6.5.1 General Methods

All reactions and subsequent manipulations were performed under anaerobic and
anhydrous conditions under an atmosphere of nitrogen. Hexanes, Et20, pentane, and toluene
were dried using a Vacuum Atmospheres DRI-SOLV Solvent Purification system and stored
over 3A sieves for 24 h prior to use. THF was dried by distillation from sodium/
benzophenone, and stored over 3A sieves for 24 h prior to use. Benzene-ds and THF-ds were
dried over 3A molecular sieves for 24 h prior to use. [U{N(R)(SiMe2)CH2}(NR2)2] and
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] were synthesized according to the previously
reported procedures.®® 3° All other reagents were purchased from commercial suppliers and
used as received.

NMR spectra were recorded on an Agilent Technologies 400-MR DD2 400 MHz
Spectrometer, a Varian UNITY INOVA 500 spectrometer, or a Varian Unity Inova 600 MHz
spectrometer. *H NMR spectra were referenced to external tetramethylsilane (TMS) using the
residual protio solvent peaks as internal standards. *C{*H} NMR spectra were referenced
indirectly with the *H resonance of TMS at 0.0 ppm, according to IUPAC standard,%% 2 using
the residual solvent peaks as internal standards. IR spectra were recorded on a Nicolet 6700
FT-IR spectrometer with a NXR FT Raman Module. Electronic absorption spectra were
recorded on a Shimadzu UV3600 UV-NIR Spectrometer. Elemental analyses were performed
by the Micro-Analytical Facility at the University of California, Berkeley.

EPR Spectroscopy: About 20 mg of a crystalline powered sample of 6.4 was finely ground
using a mortar and pestle (cleaned and oven dried before use). The ground sample was

transferred into a quartz tube (5 mm) and a small amount of glass wool was placed inside. The
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tube was placed under vacuum for a few minutes before transferred to the glass shop, where
the quartz tube was flame sealed with a propane/oxygen torch. Data was recorded on a Bruker
X-band EPR EMX Plus spectrometer equipped with a Bruker dual-mode cavity (ER 4116DM)
for both parallel and perpendicular modes. Equipped with an Oxford Instruments
SPE62NT900 liquid helium quartz cryostat using an Oxford Instruments ITC503 temperature
and gas flow controller. Parameters include microwave frequency (9.646641 GHz),
microwave power (100.2 mW), and number of scans (10).

SQUID: A sample of 6.4 (18.2 mg) was sandwiched between two pieces of quartz wool
(8.7 mg total) inside a 3 mm OD quartz tube and compressed with quartz rods to form a pellet.
The ends of the tube were capped with septa to seal. The middle of the tube was wrapped with
a Kimwipe and cooled with liquid nitrogen. One end of the tube was flame sealed with a
propane/oxygen torch. The sealed end of the tube was immersed in liquid nitrogen, and the
other end of the tube was flame-sealed. Data was recorded at6 T,5 T, 4T,3T2T,and1 T
using a Quantum Designs MPMS magnetometer. Data were corrected for inherent
diamagnetism of the compound using Pascal’s constants. The data showed the presence of a
ferromagnetic impurity, and the appropriate correction was applied. The correction, 2 x 103
emu is large relative to the magnetization of the sample at fields below 4 T. As a result, the
high temperature data is not usable at low field. For this reason, only the dataat 6, 5,and 4 T
are used.

An additional complication is that the compound contains 2 pentane molecules of
crystallization, which can be lost during drying of the compound. Based on the results, it
seems likely that the pentane molecules were retained, so the results are given assuming that

the sample analyzed still contains the two pentane molecules of solvation.
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6.5.2 Synthesis and Characterization of [U(NR2)3(NH2)] (R = SiMe3s) (6.1)

To a stirring, cold (-25 °C), orange solution of [U{N(R)(SiMe2)CH2}(NR2)2] (111.6 mg,
0.162 mmol) in THF (2 mL) was added a THF solution of NHs (1.17 mL, 0.468 mmol, 0.4
M). The orange reaction mixture was allowed to warm to room temperature with stirring.
After 1 h, the volatiles were removed in vacuo to provide a dark brown-orange solid. The solid
was then extracted into pentane (3 mL) and the resulting dark-brown, cloudy suspension was
filtered through a Celite column supported on glass wool (0.5 x 2 cm). The filtrate was
transferred to a 4 mL vial, which was placed inside a 20 mL scintillation vial and iso-octane
(2 mL) was added to the outer vial. Storage of this two-vial system at -25 °C for 5 d resulted
in the deposition of dark brown-orange blocks. The solid was isolated by decanting the
supernatant and then dried in vacuo to yield 6.1 (17.0 mg). The supernatant was transferred
to a new 4 mL vial, which was placed inside a 20 mL scintillation vial and iso-octane (2 mL)
was added to the outer vial. Storage of this two-vial system at -25 °C for 2 d resulted in the
deposition of more dark brown-orange crystalline solid (62.3 mg). Total yield: 0.0793 g, 69%
yield. Anal. Calcd for C1sHs6N4SisU: C, 29.41; H, 7.68; N, 7.62. Found: C, 29.38; H, 7.38; N,
7.24. 'H NMR (400 MHz, 25 °C, CeDs): & -2.95 (s, 54H, SiCHs). IR (KBr pellet, cm™t): 432
(s), 525 (s), 609 (s), 613 (s), 864 (w), 1180 (s), 1246 (s), 1402 (m), 1504 (s), 1618 (m), 1919

(m), 2949 (W), 3336 (s, VnH).

6.5.3 Synthesis and Characterization of [U(NR2)3(**NH)] (R = SiMes) (6.1-'°N)

To an orange solution of [U{N(R)(SiMe2)CH2}(NRz2)2] (255.3 mg, 0.3555 mmol) in THF
(2 mL) was added to a 20 mL Schlenk tube fitted with a rotaflow valve. The Schlenk tube was

removed from the glovebox, attached to a vacuum line, the headspace was evacuated, and
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gaseous *NHs (1 atm, 8 mL, 0.3555 mmol) was added to the Schlenk flask. The Schlenk tube
was brought back into the gloveback, allowed to stand for 24 h, and the darker reaction
mixture was transferred to a 20 mL vial. The volatiles were removed in vacuo to provide a
dark solid. The solid was extracted into pentane (4 mL) and the resulting cloudy suspension
was filtered through a Celite column supported on glass wool (0.5 x 2 cm), where upon the
volatiles were removed in vacuo to provide a dark brown-orange solid as 6.1-°N (213.9 mg,
41% yield) in a 1:0.5 ratio with [U{N(R)(SiMe2)CH2}(NR2)2]*. H NMR (400 MHz, 25 °C,
CsDs): & -13.21 (s, 36H, N(SiMes)2, metallacycle), -2.95 (s, 54H, SiCHs, 6.1-°N), 9.74 (s,
9H, NSiMes, metallacycle), 11.41, (s, 6H, SiMez, metallacycle). IR (KBr pellet, cm): 609
(s), 660 (m), 756 (m), 843 (w), 931 (w), 1182 (s), 1254 (s), 1400 (w), 1603 (w), 2897 (w),

2954 (W), 3331 (s, VNH).

6.5.4 Synthesis and Characterization of [K(18-crown-6)(THF)2][(NR2)sU"(n-
N)Th'V(NR2)3] (6.2)

To astirring, cold (-25 °C), dark brown solution of 6.1 (90.7 mg, 0.123 mmol) in THF (2
mL) was added a cold (-25 °C), pale-yellow solution of
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] (103 mg, 0.123 mmol) in THF (2 mL) , along with
a colorless THF (2 mL) solution of 18-crown-6 (33.2 mg, 0.126 mmol). After 24 h, the
solution was filtered through a Celite column supported on glass wool (0.5 x 2 cm),
concentrated in vacuo to 2 mL, and layered with pentane (4 mL). Storage at -25 °C for 24 h
resulted in the deposition of pale orange crystalline material, which was isolated by decanting
the supernatant and then dried in vacuo to yield 6.2. Total yield: .111 g, 48% yield. Anal.
Calcd for CseH14sKN7OsSi12ThU: C, 35.51; H, 7.88; N, 5.18. Found: C, 35.64; H, 7.74; N,

5.00. 'H NMR (400 MHz, 25 °C, THF-ds): & 3.43 (s, 24H, 18-crown-6), 9.73 (br s, 54H,
292



SiCH3). UV-vis/NIR (THF, 0.5 mM, 25 °C, L mol-tcm): 370 nm (e = 203.8). IR (KBr pellet,
cmL): 594 (s), 656 (s), 744 (s, asym, vunTh), 843 (W), 930 (w), 1111 (m), 1250 (m), 1352 (s),

2895 (), 2949 (W), 3448 (w).

6.5.5 Synthesis and Characterization of [K(18-crown-6)(THF)2][(NRz2)sU"V(u-
I5N)Th'V(NR2)3] (6.2-1°N)

To a stirring, cold (-25 °C), dark brown solution of 6.1-°N (180.1 mg, 0.2450 mmol) in
THF (2 mL) was added a «cold (25 ©°C), pale-yellow solution of
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] (207.4 mg, 0.2468 mmol) in THF (2 mL) , along
with a colorless THF (2 mL) solution of 18-crown-6 (65.2 mg, 0.2469 mmol). After 24 h, the
solution was filtered through a Celite column supported on glass wool (0.5 x 2 cm),
concentrated in vacuo to 2 mL, and layered with pentane (4 mL). Storage at -25 °C for 24 h
resulted in the deposition of pale orange crystalline material, which was isolated by decanting
the supernatant and then dried in vacuo to yield 6.2-*°N. Total yield: 0.2069 g, 45% vyield. 'H
NMR (400 MHz, 25 °C, THF-ds): & 3.45 (s, 24H, 18-crown-6), 9.76 (br s, 54H, SiCHa). IR
(KBr pellet, cm™): 590 (s), 648 (s), 741 (s, asym, vunTh), 773 (W), 841 (w), 928 (w), 1111 (m),
1180 (s), 1250 (m), 1352 (s), 1452 (m), 2895 (w), 2951 ().

6.5.6 Synthesis and Characterization of [(K(18-crown-6)o.s)(K(18-crown-

6)osEt20)][(NR2)2U(n-N)(CH2SiMe2NR) Th'V(NR2)2] (6.3)

The supernatant from 6.2 was dried in vacuo to yield a dark solid which was extracted
with Et2O and the resulting dark brown solution was filtered through a Celite column

supported on glass wool (0.5 x 2 cm), concentrated in vacuo to 2 mL, and layered with pentane

(4 mL). Storage at -25 °C for 2 weeks resulted in the deposition of golden brown crystalline
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material, which was isolated by decanting the supernatant and then dried in vacuo to yield 6.3
and the known uranium bis(metallacycle), [K(DME)][U{N(R)(SiMe2CH2)}2(NR2)]*". Total
yield: .070 g, 34% yield. Anal. Calcd for CasH123KNsO7Si1oThU: C, 33.23; H, 7.46; N, 5.06.
Found: C, 32.87; H, 7.32; N, 5.04. *H NMR (400 MHz, 25 °C, THF-dg): & -9.47 (br s, 36H,
NSiMes), -5.47 (br s, 6H, SiMe2CH?2), 3.32 (s, 24H, 18-crown-6, 6.2), 3.38 (s, 24H, 18-crown-
6), 6.01 (s, 9H, Me3SiNSiMe2CH?2), 9.55 (br s, 54H, SiCHs, 6.2), 10.57 (br s, 36H, NSiCHs).
IR (KBr pellet, cm™): 596 (s), 663 (s), 746 (sh w), 773 (w), 837 (w), 849 (w), 1109 (m), 1250

(m), 1352 (s), 1454 (m), 2895 (w), 2900 (W).

6.5.7 Synthesis and Characterization of [(K(18-crown-6)o.s)(K(18-crown-
6)0.sEL20)][(NR2)2U"Y(u-°N)(CH2SiMe2NR) Th'V(NR2)2] (6.3-1°N)

The supernatant from 6.2-1°N was dried in vacuo to yield a dark solid which was extracted
with Et2O and the resulting dark brown solution was filtered through a Celite column
supported on glass wool (0.5 x 2 cm), concentrated in vacuo to 2 mL, and layered with pentane
(4 mL). Storage at -25 °C for 2 weeks resulted in the deposition of golden brown crystalline
material, which was isolated by decanting the supernatant and then dried in vacuo to yield
6.3-1°N and the known uranium bis(metallacycle), [K(DME)][U{N(R)(SiMe2CH2)}2(NR2)],*
ina 1:7 ratio, respectively. Total yield: .0932 g, 23% yield. *H NMR (400 MHz, 25 °C, THF-
ds): 6 -37.32 (br s, 18H, N(SiCHBa)s, bis(metallacycle)), -9.35 (br s, 36H, NSiMes), -6.21 (br
s, 6H, Si(CHa)z, bis(metallacycle)), -5.52 (br s, 6H, SiMe2CHy>), 3.08 (s, 24H, 18-crown-6),
6.10 (s, 9H, MesSiNSiMe2CHz), 9.73 (br s, 54H, SiCHs, 6.2-°N), 10.67 (br s, 36H, NSiCHs3),
31.86 (br s, 6H, Si(CHz3)2, bis(metallacycle)), 39.47 (br s, 18H, N(SiCHz)3, bis(metallacycle)).
IR (KBr pellet, cm™): 582 (m), 667 (m), 717 (s), 756 (m), 833 (m), 933 (m), 962 (m), 1105
(m), 1147 (s), 1244 (s), 1352 (s), 1456 (m), 2893 (w), 2904 (w).
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6.5.8 Synthesis and Characterization of [(NR2)sUY(u-N)Th'V(NR2)3] (6.4)

To a stirring, cold (-25 °C), pale orange solution of 6.2 (65.6 mg, 0.0346 mmol) in THF
(2 mL) was added a cold (-25 °C), bright red-orange solution of 12 (4.80 mg, 0.0189 mmol) in
THF (2 mL). After 2 min, the volatiles were removed in vacuo to provide a dark red-brown
solid. The solid was then extracted into diethyl ether (3 mL) and the resulting dark red-brown
solution was filtered through a Celite column supported on glass wool (0.5 x 2 cm). The
solution was concentrated in vacuo and stored at -25 °C for 24 h resulted in the deposition of
red-brown crystalline precipitate. The resulting material was again dried in vacuo and
extracted into 3 mL pentane and the resulting dark red-brown solution was filtered through a
Celite column supported on glass wool (0.5 x 2 cm). The filtrate was transferred to a 4 mL
vial, which was placed inside a 20 mL scintillation vial and iso-octane (2 mL) was added to
the outer vial. Storage of this two-vial system at -25 °C for 24 h resulted in the deposition of
dark brown blocks. The crystalline solid was isolated by decanting the supernatant and then
dried in vacuo to yield 6.4 (20.8 mg, 42% yield). Anal. Calcd for C3sH108N7Siz2ThU-C1oH24:
C, 34.73; H, 8.36; N, 6.16. Anal. Calcd for CssH10sN7Si12ThU: C, 29.89; H, 7.53; N, 6.78.
Found: C, 30.11; H, 7.97; N, 6.44. 'H NMR (400 MHz, 25 °C, THF-ds): 6 -12.47 (br s, 54H,
SiCHz3), 4.79 (br s, 54H, SiCHs). UV-vis/NIR (THF, 10.44 mM, 25 °C, L mol-tcm): 979 nm
(¢ = 83.4), 1221 (¢ = 56.5), 1410 (¢ = 70.0), 1599 (¢ = 69.2). IR (KBr pellet, cm): 609 (s),
654 (M), 725 (s, asym, vunTh), 773 (), 849 (W), 879 (W), 912 (s), 1182 (s), 1248 (m), 1401

(m), 2899 (m), 2954 (m).
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6.5.9 Synthesis and Characterization of [(NR2)sUY(u-°*N)Th'V(NR2)3] (6.4-1°N)

To a stirring, cold (-25 °C), pale orange solution of 6.2-°N (74.2 mg, 0.0392 mmol) in
THF (2 mL) was added a cold (-25 °C), bright red-orange solution of I> (5.50 mg, 0.0217
mmol) in THF (2 mL). After 2 min, the volatiles were removed in vacuo to provide a dark
red-brown solid. The solid was then extracted into diethyl ether (3 mL) and the resulting dark
red-brown solution was filtered through a Celite column supported on glass wool (0.5 x 2 cm).
The solution was concentrated in vacuo and stored at -25 °C for 24 h resulted in the deposition
of red-brown crystalline precipitate. The resulting material was again dried in vacuo and
extracted into 3 mL pentane and the resulting dark red-brown solution was filtered through a
Celite column supported on glass wool (0.5 x 2 cm). The filtrate was transferred to a 4 mL
vial, which was placed inside a 20 mL scintillation vial and iso-octane (2 mL) was added to
the outer vial. Storage of this two-vial system at -25 °C for 24 h resulted in the deposition of
dark brown blocks. The crystalline solid was isolated by decanting the supernatant and then
dried in vacuo to yield 6.4-1°N (19.0 mg, 34% vyield). *H NMR (400 MHz, 25 °C, THF-ds): &
-12.15 (br s, 54H, SiCHs), 4.78 (s, 54H, SiCHBa). IR (KBr pellet, cm1): 607 (s), 648 (s), 690
(s), 719 (s, asym, vunTh), 773 (S), 847 (w), 850 (w), 933 (s), 1182 (s), 1250 (), 1404 (m), 2900
(w), 2954 (w).

6.5.10 NMR scale reaction of [K(DME)][Th{N(R)(SiMe2CH2)}2(NRz2)] with
[U(NR2)3(NH2)] (6.1).

An NMR tube fitted with a J-Young valve was charged with a dark-brown crystalline
powder of 6.1 (13.3 mg, 0.018 mmol). A pale-yellow THF-ds (0.5 mL) solution of

[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)]*® (15.7 mg, 0.019 mmol) was added to the NMR

tube, along with a colorless THF-ds (0.5 mL) solution of 18-crown-6 (5.0 mg, 0.19 mmol).
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The mixture turned golden-brown and a *H NMR spectrum was then recorded (Figures A6.7-
A6.9). IH NMR (400 MHz, 25 °C, THF-ds): 5 -2.94 (br s, 54H, SiCHs, 6.1), -0.36 (br s, 54H,
CHz), 0.02 (s, 12H, N(SiCHs)2), 0.04 (s, 18H, N(SiCHs)3), 0.18 (s, 18H, N(SiCH3)a)2), 3.75
(s, 24H, 18-crown-6). After 4 h, a *H NMR spectrum was re-recorded. This spectrum revealed
the presence of a new broad peak assigned to 6.2, concomitant with a decrease in the intensity
of the resonances assignable to 6.1 and [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)].% *H NMR
(400 MHz, 25 °C, THF-ds): 5 -2.94 (br s, 54H, SiCHs, 6.1), 0.02 (s, 12H, N(SiCH3)2), 0.04 (s,
18H, N(SiCHs)s), 0.18 (s, 18H, N(SiCHa)s)2), 3.75 (s, 24H, 18-crown-6), 9.73 (br s, 54H,
SiCHs, 6.2). After 22 h, a *H NMR spectrum was re-recorded. This spectrum revealed new
sharp peaks, concomitant with the complete loss of 6.1 and decrease in the intensity of the
resonances assignable [K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)].% 'H NMR (400 MHz, 25
°C, THF-ds): & 0.02 (s, 12H, N(SiCHs)z), 0.04 (s, 18H, N(SiCHs)s), 0.18 (s, 18H,
N(SiCH3)3)2), 3.75 (s, 24H, 18-crown-6), 9.73 (br s, 54H, SiCHs, 6.2). After 48 h, a'H NMR
spectrum was re-recorded. This spectrum revealed an adjustment of peaks corresponding to
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)]*® by about 0.02 ppm and 18-crown-6. ‘H NMR
(400 MHz, 25 °C, THF-ds): & 0.04 (s, 12H, N(SiCHs)2), 0.06 (s, 18H, N(SiCH3)3), 0.20 (s,
18H, N(SiCHs)3)2), 3.43 (s, 24H, 18-crown-6), 9.73 (br s, 54H, SiCHs, 6.2). A small amount
of golden powder was observed at the bottom of the NMR tube. The NMR tube was brought
back into the box, where the solution was transferred to a 20 mL scintillation vial and the
volatiles were removed in vacuo to afford a solid. The solid was then extracted into THF (2
mL) and layered with pentane (2 mL), which was stored at -25 °C for 4 d resulted in the
deposition of pale orange crystals. The solid was isolated by decanting the supernatant and

then dried in vacuo to yield 6.2 (11.7 mg, 34 % yield). The supernatant was transferred to a
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new 20 mL vial and storage of this system at -25 °C for 5 d resulted in the deposition of more

pale orange crystals of 6.2 (4.2 mg). Total yield: 0.0159 g, 46% vyield.

6.5.11 X-ray Crystallography

Data for 6.1, 6.2, 6.3, and 6.4 were collected on a Bruker KAPPA APEX Il diffractometer
equipped with an APEX Il CCD detector using a TRIUMPH monochromator with a Mo Ka
X-ray source (0. = 0.71073 A). The crystals were mounted on a cryoloop under Paratone-N
oil. Complex 6.1 and 6.3 were collected at 100(2) K and complexes 6.2 and 6.4 were collected
at 110(2) K, using an Oxford nitrogen gas cryostream. Data were collected using « scans with
0.5° frame widths. Frame exposures of 10, 20, 10, and 10 seconds were used for 6.1, 6.2, 6.3,
and 6.4 respectively. Data collection and cell parameter determinations were conducted using
the SMART program.®* Integration of the data frames and final cell parameter refinements
were performed using SAINT software.®® Absorption corrections of the data were carried out
using the multi-scan method SADABS for 6.1-6.4.56 Subsequent calculations were carried out
using SHELXTL.5 Structure determination was done using direct or Patterson methods and
difference Fourier techniques. All hydrogen atom positions were idealized, and rode on the
atom of attachment. Structure solution, refinement, graphics, and creation of publication
materials were performed using SHELXTL or Olex2.57-6° Further crystallographic details can

be found in Tables 6.2-6.3.
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Table 6.2. X-ray Crystallographic Data for 6.1, 6.2, and 6.3.

6.1

6.2

6.3

empirical
formula
crystal habit,
color
crystal size
(mm)

space group
volume (A3)
a(A)

b (A)

c(A)

o. (deg)

p (deg)

y (deg)

z

formula
weight
(g/mol)
density
(calculated)
(Mg/m?)
absorption
coefficient
(mm?)

Fooo

total no.
reflections
unique
reflections
Final R
Indices

(1 >25(D)]
largest diff.
peak and hole
(e A%)
GOF

C1sH56N4SiU
Block, Brown

0.2x0.2x0.15
R3c
4972.8(5)
18.4115(8)
18.4115(8)
16.9393(10)
90
90
120
6

735.23

1.473

5.125

2208
11002

1193

R1=0.0731
wR2 =0.1978

1.200 and
-2.338

1.468

Cs6H14sKN708Si12ThU

Block, Pale
Orange

0.2x0.2x0.15

C2/m
4477(2)
23.339(7)
17.672(5)
11.858(3)
90
113.746(7)
90
2

1894.06

1.405

3.717

1932
27158

4742

R1=0.0653
WR2 =0.1680

1.291 and -1.980

1.197
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C16H123KN6O7Si1oThU

Needle, Brown

0.25x0.15x0.1

P-1

3915.2(12)
12.170(2)
14.705(3)
23.648(4)
83.016(3)
84.664(3)
68.977(2)

2

1662.57

1.410

4.209

1676
33783

16197

R1=0.0402
wWR2 =0.0798

2.411 and -2.238

0.986



Table 6.3. X-ray Crystallographic Data for 6.4.

6.4

empirical formula
crystal habit,
color

crystal size (mm)
space group
volume (A3)

a (A)

b (A)

c (A)

a (deg)

$ (deg)

y (deg)
YA

formula weight
(g/mol)

density (calculated)
(Mg/md)
absorption
coefficient (mm1)
Fooo

total no. reflections
unique reflections
Final R Indices
(1>26(D]

largest diff. peak
and hole (e” A®)
GOF

CssH132N7Si12ThU

Block, Dark
Brown
0.2x0.15x0.1
P21/n
7396.9(6)
16.2396(6)
16.3992(8)
28.8104(12)
90
105.408(2)
90
4

1590.73
1.423

4.422

3204
32067
15054

R1=0.0667
WR2 =0.1634

5.392 and -2.357
1.071
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6.6 Appendix

6.6.1 NMR Spectra

L A Jijk

—7.16 C6D6
—-2.95

0
f1 (ppm)

Figure A6.1. 'H NMR spectrum of [U(NR2)3(NH2)] (6.1) in CesDs. () indicates

HN(SiMes)2, (%) indicates pentane, and (*) indicates an unidentified peak.
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Figure A6.2. 'H NMR spectrum of [U(NR2)s(**NH2)] (6.1-1°N) in CsDe. (%) indicates

[U{N(R)(SiMe2)CH2}(NR2)2] and (*) indicates HN(SiMe3)a.
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Figure A6.3. 'H NMR spectrum of [K(18-crown-6)(THF)2][(NR2)sU"(u-
BN)Th'V(NR2)3] (6.2-°N) in THF-ds. (*) indicates HN(SiMes)2, (*) indicates pentane,

and ($) indicates THF-hs.
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Figure AG6.4. Partial 'H NMR spectrum of [(K(18-crown-6)o.s)(K(18-crown-
6)0.5Et20)][(NR2)2U(p-15N)(CH2SiMe2NR) ThV(NR2)2]  (6.3-15N) in THF-ds. (*)
indicates HN(SiMes)2, ($) indicates 6.2-°N, (&) indicates residual diethyl ether and
pentane, (#) indicates [Na(THF)]J[U{N(R)(SiMe2CH2)}2(NR2)], and (@) indicates

unidentified peaks.
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Figure A6.5. 'H NMR spectrum of [(K(18-crown-6)o.s)(K(18-crown-

6)0.5Et20)][(NR2)2U"(u-1°N)(CH2SiMe2NR) Th'V(NR2)2] (6.3-1°N) in THF-ds.
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Figure A6.6. 'H NMR spectrum of [(NR2)sUY(u-*N)Th'V(NR2)3] (6.4-*°N) in THF-
ds. The inset highlights the second SiMes resonance. (*) indicates HN(SiMes)2 and (?)

indicates pentane.
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Figure A6.7. 'H NMR spectrum of the reaction of 6.1 with
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] (R = SiMes) and 18-crown-6 in THF-ds over

the course of 48 h. (*) indicates 6.1 and (@) indicates 6.2.
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Figure A6.8. H NMR spectrum of the reaction of 6.1 with
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] (R = SiMes) and 18-crown-6 in THF-ds over
the course of 48 h. (*) indicates 18-crown-6, and (%) indicates

[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)].
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Figure A6.9. H NMR spectrum of the reaction of 6.1 with
[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)] (R = SiMes) and 18-crown-6 in THF-ds over
the course of 48 h. (@) indicates 6.2 and (%) indicates

[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)].
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Figure A6.10. VT !H NMR spectrum of [K(18-crown-6)(THF)2][(NR2)sU'(p-
N)Th'V(NR2)3] (6.2) mixed with [(NR2)2U"(u-N)(CH2SiMe2NR) Th'V(NR2)2]" (6.3) in

THF-ds.
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6.6.2 IR Spectra
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Figure A6.11. IR spectrum of [U(NR2)3(NH2)] (6.1) (KBr pellet).
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Figure A6.12. IR spectrum of [U(NR2)3(**NH2)] (6.1-1°N) (KBr pellet).
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Figure A6.13. IR spectrum of [U(NR2)3(NH2)] (6.1) (blue) and [U(NR2)3(**NH2)] (6.1-

5N) (orange) (KBr pellet).
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Figure 6.14. IR spectrum of [K(18-crown-6)(THF)2][(NR2)sU"V(u-N)Th'V(NR2)s3]
(6.2) (KBr pellet).
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Figure A6.15. IR spectrum of [K(18-crown-6)(THF)2][(NR2)sU"Y(u-*N)Th'V(NR2)3]

(6.2-°N) (KBr pellet).
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Figure A6.16. IR spectrum of [(K(18-crown-6)0.5)(K(18-crown-

6)05Et20)][(NR2)2U"V(u-N)(CH2SiMe2NR) Th'V(NR2)2] (6.3) (KBr pellet).
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Figure A6.17. IR spectrum of [(K(18-crown-6)0.5)(K(18-crown-

6)05EL0)][(NR2)2U (1-15N)(CH2SiMe2NR) Th'V(NR2)] (6.3-15N) (KBr pellet).
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Figure A6.18. IR spectrum of [(K(18-crown-6)0.5)(K(18-crown-
6)05Et20)][(NR2)2U"V(u-N)(CH2SiMe2NR) Th'V(NR2)2] (6.3) (blue) and [(K(18-crown-

6)0.5)(K(18-crown-6)osEt20)][(NR2)2U™(1-15N)(CH2SiMe2NR)Th'V(NR2)] (6.3-1°N)

(orange) (KBr pellet).
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Figure 6.19. IR spectrum of [(NR2)sUY(u-N)Th'V(NR2)3] (6.4) (KBr pellet).
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Figure A6.20. IR spectrum of [(NR2)3UV(u-*N)Th'V(NR2)s] (6.4-°N) (KBr pellet).
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6.6.3 UV-Vis Spectra
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Figure A6.21. UV-vis spectrum of [K(18-crown-6)(THF)2][(NR2)3U'V(u-

N)ThV(NR2)s] (6.2) (0.5 mM, &__ 370 nm (¢ = 203.8 L mol'cm)) in THF.
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6.6.4 SQUID Spectra
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Figure A6.22. Magnetic moment of 6.4 versus temperature without correction for a
ferromagnetic impurity.

As shown in Figure 6.12, the data at different fields are in good agreement once corrected
for the presence of a ferromagnetic impurity. The ferromagnetic impurity is assumed to be
iron, chromium, and nickel oxides from the surface of stainless steel equipment. The corrected
data is shownas T vs T in Figure A6.23. From 50 to 150 K, T is linear in T, which indicates
that a single state (the ground state) is occupied over this temperature range. The deviation
from linearity above 150 K is due to excited states becoming thermally populated. The
deviation from linearity below 50 K is due to magnetization of 6.4 no longer being linear in
H. This is a property of the magnetization vs field curve (the magnetization is no longer in the
linear region of the Brillioun function). The xT vs T curve can be fit with a linear function

between 50 and 150 K to determine the value of T extrapolated to 0 K (yTo).
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It should be noted that complex 6.4 crystallizes with 2 pentane molecules in the lattice and
upon work up these pentane molecules can be lost. However, the SQUID data aligns better
with results that take the pentane molecules into account. For reference, if 6.4 is assumed to
have lost the pentane molecules, the magnetic susceptibility would give a smaller magnetic
moment of 1.73 ps. Assuming gz = gs = 0, the value of perr would be 1.79 us, which is larger

than the observed value. For this reason, 6.4 is assumed to retain its pentane of solvation.
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Figure A6.23. Magnetic susceptibility of 6.4 versus temperature with ferromagnetic

impurity correction. The decrease in susceptibility below 50 K indicates that

magnetization is no longer linear in field at these temperatures. The decrease does not

reflect either a change in the electronic structure of the molecule or coupling.
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Chapter 7. Expanding the Non-aqueous Chemistry of
Neptunium: Synthesis and Structural Characterization of
[INp(NR2)3Cl], [Np(NR2)3Cl1]7, and [Np{MR)(SiMe2CH2)}2(NR2)]|~
(R =SiMe3)
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7.1 Introduction

Following World War I, the public disclosure of the Manhattan project meant that
plutonium attained instant name recognition and its fundamental chemical and material
properties became the subject of widespread interest.>® While neptunium never achieved the
same level of fame,? it was nonetheless recognized as a critically important element because
of its presence in nuclear waste streams coupled with the unique challenges associated with
its redox control.®1¢ Yet, despite the central role of both Np and Pu in the nuclear fuel cycle,
contemporary knowledge of their physicochemical properties has not kept pace with the recent
surge of interest in Th and U chemistry,'7-?* due in part to the need for specialist radiological
facilities that allow for the safe handling of these elements.t 3 22 However, with the recent
development of several new transuranic starting materials,?% 24 including AnCl4(DME)2 (An
= Np, Pu)® and NpCls(THF)s,26 which can be widely employed in the synthetic protocols
previously developed for early actinide An(1V) chemistry, the coordination chemistry of Np
and Pu has started to expand.® 2/-2° The ability to access different oxidation states of these
metals has also accelerated in the recent years.® 2627

Guided by its well-developed chemistry in the early actinides,*-%% we rationalized that
new bis(trimethylsilyl)amide ([N(SiMes)2]") complexes of the transuranics would be
synthetically valuable.3” In this regard, the first transuranic silylamide complexes were
developed by Zwick and co-workers, who reported the synthesis and characterization of
[An(NR2)s] (An = Np, Pu; R =SiMes) in 1994.% The related U(1V) and Th(IV) metallacycles,
[An{N(R)(SiMe2)CH2}(NR2)2],%¢ 3 are also accessible and have proven to be synthetically
useful;3>-34 40-46 however, their transuranic analogues are currently unknown. They would
represent not only excellent starting materials, but also interesting complexes in their own

right. Indeed, well-characterized alkyl complexes of the transuranics are exceptionally rare.
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The majority of transuranic organometallics feature cyclopentadienyl-type ligands, such as
CpsAn (An = Np - Cf)*"-5t and [An''(1,3-(MesSi)2CsHz)s]- (An = Np, Pu).10:17:52-55 |n contrast,
transuranic hydrocarbyl complexes have proven harder to isolate. Notably, however,
Walensky and co-workers reported the first structurally characterized Np hydrocarbyl
complex, Np[n*-Me2NC(H)CsHs]z, in 2019, with the recently developed NpCli(DME)2
precursor facilitating its isolation.?® These actinide alkyl complexes are of interest for their
small-molecule activation reactivity,® their spectroscopic and magnetic properties,> and their
ability to function as starting materials.%®

Herein, | describe the syntheses of several new neptunium silylamide complexes,
including  [Np(NR2)sCl] (R = SiMes) and the Np(IV) organometallic,
[Np{N(R)(SiMe2CH2)}2(NR2)]~, a rare example of a transuranic hydrocarbyl complex. To
make best use of a valuable resource and increase the probability of success,> small scale
synthetic protocols were first developed for uranium, and then extended to neptunium. The
new Np complexes were then compared to their U analogues to better understand the reactivity
and bonding trends across the 5f-block. The redox properties of [Np(NR2)sCI] were also

investigated.

7.2 Results and Discussion
7.2.1 Synthesis and Characterization of [Np(NR2)sCl] (7.1)

Reaction of 3 equiv of NaNRz (R = SiMes) with NpCls(DME)2 in THF affords the Np(1V)
silylamide complex, [Np(NR2)sCl] (7.1), which can be isolated as orange needles or blocks in
69% vyield after work-up (Scheme 7.1). The *H NMR spectrum of the isolated material in
benzene-ds features a broad resonance at -2.48 ppm, which is assignable to the SiMes

environment (Figure A7.1). In addition, complex 7.1 exhibits a solution-state effective
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magnetic moment of 2.57 us at 298 K in benzene-ds, according to an Evans’ method analysis.
This value deviates considerably from predicted value for the #lg/2 ground state expected for
Np* (3.62 us) in the R-S coupling scheme (Figure A7.2, Table A7.1). The reason for this
deviation is not readily apparent, although crystal-field effects, which are not insignificant in
the actinides, could quench some of the orbital contribution to the moment.>® The UV-vis-
NIR spectrum of 7.1, taken in THF, features a number of sharp transitions between 600-1100
nm that are tentatively assigned to the Laporte forbidden 5f—5f transitions expected for a
Np(1V) ion (Figure A7.16), although the possibility of 5f—6d transitions cannot be ruled out.
Additionally, there is a broad absorption in the visible region at ca. 390 nm (g = 213 M-lcm
). This spectrum is qualitatively similar to that observed for [Np(TRENT'®S)(CI)] (TRENT'?S
= {N(CH2CH2NSi'Pr3)s}*; toluene solution), supporting the Np(lIV) oxidation state
assignment in 7.1.% 27

Scheme 7.1. Synthesis of complex 7.1.

Cl
3 NaNR, |
[Np'VCl4(DME),] e > RN NIO'V\"'”NR2
-3 Nacl 7q e
R = SiMe3
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Figure 7.1. Solid-state molecular structure of [Np(NR2)3Cl] (7.1) shown with 50%
probability ellipsoids. Hydrogen atoms removed for clarity. Selected bond lengths (A)
and angles (°): Np-Nsilylamido = 2.221(4), Np-Cl = 2.586(3), N-Np-N = 117.37(6), N-Np-

Cl = 99.43(11).
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Table 7.1. Selected bond lengths (A) and angles (°) in complexes 7.1, 7.3, 7.4,

[Th(NR2)3CI],%° [U(NR2)sCl],*® and [Pu(NRz2)3CI].%

7.1 7.3 7.4 [Th(NR2)sCI] | [U(NR2)sCI] | [Pu(NR2)sCl]

M=Np | M=U | M=Np

M-N | 2.221(4) | 2.386(16) | 2.234(7) | 2.293(2) 2.239(2) 2.207(6)
2.403(15) | 2.315(7)

2.366(16) | 2.342(7)

M- | 2.586(3) | 2.704(5) | 2.813(19) | 2.647(1) 2.593(2) 2.595(3)

N- | 117.37(6) | 119.2(5) | 115.6(3) | 116.53(4) | 116.79(4) 117.1(1)
M-N 118.2(5) | 117.2(2)

112.4(5) | 118.0(3)

N- | 99.43(11) | 100.0(4) | 96.14(18) | 100.53(4) | 100.44(6) 99.9(1)
M- 101.2(4) | 105.66(17)

cl 101.0(4) | 98.76(16)

The connectivity of complex 7.1 was verified by X-ray crystallography (Figure 7.1).
Complex 7.1 crystallizes in the trigonal space group R3c and features a distorted tetrahedral
geometry about the neptunium center. Its crystallographic characterization marks the
completion of the silylamide series, [An(NR2)sCI] (An = Th, U, Np, Pu) (Table 7.1), a rare
example of an actinide series with four structurally-characterized representatives. Its Np-
Namice distance (Np-N = 2.221(4) A) is consistent with those reported for other Np(1V) amide

complexes, which range from 2.206(2) to 2.232(2) A.Z" In addition, the Np-Namide distance is
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shorter than that seen in the Th analogue (2.293(2) A) (Table 7.1), comparable (within error)
to U-N distance observed for [U(NR2)sCI] (2.239(2) A), and longer than the reported distances
for the Pu analogue (2.207(6) A),23 6.0 consistent with the actinide contraction. The Np-ClI
distance (2.586(3) A) is comparable to those reported in the NpCla(DME): starting material
(av. 2.61 A),2 [Np(TRENTPS)CI] (2.6200(6) A),2” and NpCls(THF)3 (av. 2.59 A).28 However,
a comparison of this distance with those seen in [Th(NR2)3ClI], [U(NR2)3Cl], and [Pu(NR2)sCl]
(2.647(1) A, 2.593(2) A, and 2.595(3) A, respectively)? 4660 does not reveal an obvious trend:;
although I note that these data were collected at different temperatures, ranging from 100K to
150K, which may mask any anticipated bond length changes.

The cyclic voltammogram of 7.1, recorded in THF (1.8 mM) using ["PraN][BArF?*] (67
mM) as the supporting electrolyte, exhibits a reversible (vide infra) redox event centered at
Eiw2=-1.26 V (vs. Fc/Fc*). | have assigned this feature to a metal-centered Np(1V/I11) couple
(Figure 7.2). The reversibility of this feature suggests that [7.1]~ could be isolable. Most
electrochemistry measurements of transuranic complexes have been performed in aqueous
media,!” 163 which makes contextualization of my data more challenging. However, the
cyclic voltammograms of CpaNp, CpsNpCl, and Cp*2NpClz, all recorded in THF, were
reported by Gaudiello and co-workers in 1988.54 Each complex featured a single redox event
(CpsNp: E1z = -1.27 V; CpsNpCl: Exz = -1.29 V; Cp*2NpClz: E12 = -1.38 V, vs. Fc/Fc?),
assignable to the reversible Np(IV/111) couple. These values are in good agreement with that
observed for 7.1. For further comparison, the cyclic voltammogram of [Np(L)2] (HzL = N,N'-
bis[(4,4'-diethylamino)salicylidene]-1,2-phenylenediamine)  features an irreversible
Np(I\V/111) reduction event at E =—-2.91 V (vs. Fc/Fc*) in DMSO. This value it much lower

than the reduction potential observed for 7.1 and likely reflects the much higher coordination
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number in [Np(L)2].% 1 also recorded the cyclic voltammogram of the uranium analogue,
[U(NR2)sCl], in THF at a variety of scan rates, using [NBus][BPh4] as the supporting
electrolyte. Its cyclic voltammogram features an irreversible redox feature at -2.26 V (100
mV/s scan rate, vs. Fc/Fc*; Figure A7.27), which | have assigned to a U(IV/III) reduction
event. The substantially lower reduction potential observed for [U(NR2)sCl] is consistent with

established periodic trends.®®

-1.18to -1.11V

Current / A.U.

E,,=-1.26 V'

— 50 mVs?
100 mvs™*
200 mVs*

-1.43t0-1.18 V

— 1,000 mVs*
T T

-2.0 -1.5 -1.0 -0.5
Potential / V vs [Fc]*°

Figure 7.2. Cyclic voltammogram of [Np(NRz2)sCl] (7.1) (1.8 mM), measured in THF
with 67 mM ["PrsN][BArF?4] as supporting electrolyte. The scan at 200 mV-s showed

an anomalous cathodic peak and was not used for the E12 determination.

7.2.2 Synthesis and Characterization of [K(2,2,2-cryptand)][U(NR2)sCl] (7.2) and
[K(DB-18-C-6)(THF)2]J[U(NR2)sCl] (7.3).

Reaction of [U(NR2)sCI] with 1.5 equiv of KCs in THF, in the presence of either 2,2,2-
cryptand or dibenzo-18-crown-6 (DB-18-C-6), results in a rapid color change from pale pink
to dark purple. Work-up of the respective reaction mixtures, followed by crystallization from
THF/hexanes, results in the isolation of [K(2,2,2-cryptand)][U(NR2)sCl] (7.2) or [K(DB-18-
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C-6)(THF)2][U(NR2)sCI] (7.3) as dark purple blocks in 70% or 74% yield, respectively
(Scheme 7.2).

Scheme 7.2. Synthesis of complexes 7.2 and 7.3.

Cl

R2N /UIV'\”'”NRZ

NR;

1.5KCg | THF ) THF 1.5 KCg
DB-18-C-8 | - Cg R = SiMes -Cg | 2.2.2-cryptand
(|?| Cl
K(DB-18-C-6)(THF Meeiy K(2.2.2-
[K( )(THF)] RZN/U \ INR, [K( crypt)] RZN/U”l\”NRZ
NR; NR,
7.3 7.2

Complexes 7.2 and 7.3 crystallize in the orthorhombic and triclinic space groups P212121
and P-1, respectively. In addition, complex 7.2 crystallizes as the THF solvate, 7.2-THF. Both
feature pseudo-tetrahedral geometries about their uranium centers (Figures 7.3 and 7.7, Table
7.3). Their U-Namice distances (7.2: av. U-N = 2.36; 7.3: av. U-N = 2.38 A) are consistent with
those reported for other U(111) amide complexes.3® 7 Moreover, their U-Cl distances (7.2: U-
Cl = 2.701(3) A; 7.3: U-Cl = 2.704(5) A) are consistent with those reported for other U(l11)-
Cl complexes.®®

The 'H NMR spectrum of 7.2 exhibits a sharp singlet at -5.57 ppm, which is assignable to
the SiMes environment, as well as broad singlets at 2.03, 3.00, and 3.03 ppm, which are
assignable to the three proton environments of the 2,2,2-cryptand fragment (Figure A7.3). The
'H NMR spectrum of 7.3 exhibits a sharp singlet at -5.62 ppm, which is assignable to the
SiMes environment, and four sharp singlets at 2.29, 2.98, 6.17, and 6.53 ppm, in a 2:2:1:1

ratio, which are assignable to the four unique proton environments of dibenzo-18-crown-6

340



fragment (Figure A7.4). Finally, the UV-vis-NIR spectra of 7.2 and 7.3, recorded in THF
(Figures A7.17 and A7.18), are broadly consistent with those observed for UCls(py)4 (in
pyridine),®® UCI3(THF)x (in THF),%® [U{N(SiMezPh)2}3],6” and [U{N(SiMe2ztBu)2:}s],”

providing further support for the U(111) oxidation state assignment.

Figure 7.3. Solid-state molecular structure of [K(DB-18-C-6)(THF)2][U(NRz2)sCl]
(7.3) shown with 50% probability ellipsoids. Hydrogen atoms removed for clarity.
Selected bond lengths (A) and angles (°): Np-Nsilytamido (av.) = 2.385, Np-Cl = 2.704(5),

N-Np-N (av.) = 116.6, N-Np-ClI (av.) = 100.7.
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7.2.3 Synthesis and Characterization of [{K(DB-18-C-6)(THF)}s(us-
CD]INp(NR2)sCl]2 (7.4)

Reaction of [Np(NR2)3Cl] (7.1) with 1.5 equiv of KCs in THF, in the presence of 1 equiv
of dibenzo-18-crown-6, resulted in color change from orange to golden yellow. Work-up of
the reaction mixture, followed by crystallization from THF/n-hexane, resulted in the isolation
of [{K(DB-18-C-6)(THF)}s(us-CI)][Np(NR2)sCl]2 (7.4), the first structurally characterized
Np(111) amide, as yellow needles in 63% yield (Scheme 7.3). Interestingly, the reduction of
7.1 with KCs, in the presence of 2,2,2-cryptand, also resulted in a color change to yellow,
however, crystalline material could not be isolated from this reaction mixture.

Scheme 7.3. Synthesis of complex 7.4.

Cl cl
| 1.5 KCq |
V..., -18-C-
RZN/NIO\ INR, _DB-18-C8 _ v Bp.18-C-6)(THF)LCI] o —NPLINR,
THF 2 \
NR -Cg NRy |,
71 R = SiMe, 7.4

Complex 7.4 crystallizes in the monoclinic space group I2/a and features a pseudo-
tetrahedral geometry about the neptunium center (Figure 7.4). 1ts Np-Namide distances (av. Np-
N = 2.297 A) are longer than those in 7.1 (2.221(4) A), consistent with the larger ionic radius
of Np3*.”* However, its Np-Namice distances are shorter than those in the uranium analogue,
7.3 (av. 2.38 A) (Table 7.1), a consequence of the actinide contraction. Its Np-Cl distance
(2.813(19) A) is remarkably longer than that seen in 7.1 (2.586(3) A), again consistent with
the larger ionic radius of Np3*.”* The Np-Cl distance in 7.4 is also much longer than those
reported for two other Np3* complexes, NpCls(py)a (av. 2.7166 A) and [(LA)NpCI] (HoLA" =
trans-calix[2]benzene[2]pyrrole) (2.6694(9) A),% 72 likely on account of its anionic charge.

The cation in 7.4 consists of a [us-Cl]" anion capped by three [K(DB-18-C-6)(THF)]*
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fragments in a trigonal planar array. This [us-Cl]" anion could be generated by decomposition
of some sacrificial [Np(NRz2)sCl], but given the relatively high yield of 7.4, | suggest that it
is formed from adventitious NaCl that is still present from the original synthesis of the
[Np(NR2)sClI] starting material. Salt inclusion has previously been noted as a problem in

actinide silylamide syntheses.®% 73

Figure 7.4. Solid-state molecular structure of [{K(DB-18-C-6)(THF)}a(us-
CD]INp(NR2)sCl]2 (7.4) shown with 50% probability ellipsoids. Hydrogen atoms
removed for clarity. Selected bond lengths (A) and angles (°): Np-Nsilytamido (av.) =

2.297, Np-Cl = 2.813(19), N-Np-N (av.) = 116.9, N-Np-Cl (av.) = 100.2.
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The *H NMR spectrum of 7.4 exhibits a sharp singlet at -3.42 ppm, which is assignable to
the SiMes environment, as well as broad resonances at 4.43, 4.55, 7.00, and 7.20 ppm, which
are assignable to the four unique environments of the dibenzo-18-crown-6 fragment. In
addition, complex 7.4 exhibits a solution-state effective magnetic moment of 3.00 us at 298
K in THF-ds, according to an Evans’ method analysis. This value deviates somewhat from the
value expected for the %14 ground state of Np®* (2.68 p) in the R-S coupling scheme (Figure
A7.8, Table A7.1), but it is close to that predicted for this ion in the intermediate coupling
scheme (2.88 ps).” The UV-vis-NIR spectrum of 7.4 in THF features a number of weak bands
in the 600-1100 nm region (Figure 7.5), which are likely assignable to Laporte forbidden
5f—5f transitions. Similar features are observed in the NIR spectra if NpClz(py)4 (in pyridine)
and [(LA)NpCI] (in THF).?% 72 Several, much more intense, absorptions are observed below
500 nm (above 20,000 cm?) and are likely due to 5f—6d transitions and/or ligand-to-metal
charge transfer bands.

—1/nm
1,250 833 625 500 417 357 313

4,500
{— [CHK(DB18CE)(THF)}5][INp(N*)3(CD),

3,750 — [NP(N*)5(CD)]
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1,250 833 625

1 200
@ 30004 5?7
- | <150
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Figure 7.5. UV-vis-NIR spectra of complexes 7.1 (1 mM) and 7.4 (0.5 mM) in THF.
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7.2.4 Synthesis and Characterization of [Np{N(R)(SiMe2)CH2}(NR2)] (7.5)

A mixture of 4 equiv of NaNR2 and 1 equiv of NpCls(DME)2 in toluene was heated at 70°
C for 4 h, whereupon the solution turned deep brown (Scheme 7.4). Work-up of this reaction
mixture lead to the isolation of an orange-brown crystalline material, which contained a
mixture of 7.1, the Np(IV) bis(metallacycle), [Np{N(R)(SiMe2CH2)}2(NR2)]- (7.8), and
another material tentatively identified as [Np{N(R)(SiMe2)CH2}(NRz2):] (7.5).33 The 'H NMR
spectrum of this mixture in benzene-ds exhibited four sharp resonances 13.48, -0.99, -9.48,
and -146.73 ppm, in a ratio of 6:9:36:2, respectively, corresponding to the SiMez, SiMes,
N(SiMes)2, and CH2 environments of 7.5 (Figure A7.9). Similar values are observed for the
paramagnetic uranium analogue.3®: 3 Also present in the sample is a singlet at -2.92 ppm,
which is assignable to the silylamide environment of complex 7.1, as well as singlets at -29.58,
-3.89, 25,57, and 30.25 ppm (Figure A7.9), which are assignable to
[Np{N(R)(SiMe2CH2)}2(NR2)]~ (7.8). Unfortunately, I could never achieve clean conversion
to 7.5, as samples were always contaminated with complexes 7.1 and 7.8. Additionally,
preliminary experiments with the mixture revealed that the presence of even small amounts
of 7.1 and [Np{N(R)(SiMe2CH2)}2(NR2)]~ (7.8) interfered with subsequent chemistry. Thus,

further attempts to develop the synthesis of 7.5 were abandoned.

Scheme 7.4. Synthesis to complex 7.5.

Mezsi_CHz
Np'VCl,(DME aNaNRz
[ p 4( )2] = N-Nplv--uuNR
toluene, 70 °C / 2
ME3S|
- 4 NaCl NR,
R = SiMe; 7.5
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7.2.5 Synthesis and Characterization of [Na(DME)3][U{N(R)(SiMe2CH2)}2(NR2)]
(7.6) and [{Na(DB-18-C-6)(Et20)o5(k-DME)os}2(i-
DME)][U{N(R)(SiMe2CH2)}2(NR2)]z (7.7)

Given its formation during my attempts to prepare 7.5, | hypothesized that the Np(IV)
bis(metallacycle) [Np{N(R)(SiMe2CH:)}2(NR2)]~ could be targeted rationally by reaction of
NpCls(DME)2 with 5 equiv of NaNRz. To improve my chances of success, however, | first
explored the small scale (0.03 mmol) synthesis of the known U(IV) bis(metallacycle),
[U{N(R)(SiMe2CH2)}2(NR2)]-,*® in a mixture of THF and DME, both with and without
dibenzo-18-crown-6 as a Na* complexing agent. Work-up of the respective reaction mixtures
resulted in isolation of either [Na(DME)3][U{N(R)(SiMe2CH2)}2(NR2)] (7.6) or [{Na(DB-18-
C-6)(Et20)05(k!-DME)os}2(L1-DME)][U{N(R)(SiMe2CH2)}2(NR2)]> (7.7), which | could
reproducibly isolate in 60-70% yield at these small scales (Scheme 7.5).

Scheme 7.5. Synthesis of complexes 7.6 and 7.7.

MeSi—CH, 5 NaNR, Mezsi—THz SiMe,
Vi 5 NaNR, v DB-18-C-6 N/
[Na(DME)3] N—yIV e [UYCI4(DME)] ———— M] NTU N
/ / \ THF / DME THF / DME MesSi / \ \
Me;Si H,C—— SiMe, -4 NaCl - 4 NaCl R,N H2C——SiMe;
7.6 [M] = [{Na(DB-18-C-6)(Et,0)o 5(DME)o 5}2(DME)]; 7.7

Note that while the [U{N(R)(SiMe2CH2)}2(NR2)]~ fragment has been reported
previously,® it has not been reported with either the [{Na(DB-18-C-6)(Et20)os5(k*-
DME)os}2(u-DME)] or [Na(DME)s]* counterions. Similar to the previously reported
[U{N(R)(SiMe2CH2)}2(NRz2)]- complexes, the H NMR spectrum of 7.7 in THF-ds exhibits
two signals at 39.51 and -37.02 ppm, each integrating for 18H and assignable to the two unique
SiMes environments, two resonances at 31.93 and -6.22 ppm, each integrating for 6H and
assignable to the diastereotopic SiMe2 groups, and two resonances at -285.77 and -297.16

ppm, each integrating for 2H and assignable to the diastereotopic CH2 hydrogens.3
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Furthermore, sharp resonances at 6.11 and 6.43 ppm, in a 4:4 ratio, are assignable to the two
aryl C-H environments of the [{Na(DB-18-C-6)(Et20)o5(k-DME)os}2(U-DME)]*

counterion.

7.2.6 Synthesis and Characterization of [{Na(DB-18-C-6)(Et20)o.62(k*-DME)o.38}2( -
DME)][Np{N(R)(SiMe2CH2)}2(NR2)]2 (7.8) and
[Na(DME)3][Np{N(R)(SiMe2CH2)}2(NR2)] (7.9)

Gratifyingly, | found that these reaction conditions could be extended to Np. Thus,
reaction of NpCls(DME)2 with 5 equiv of NaNRz and 1 equiv of dibenzo-18-crown-6 in a
mixture of THF and DME at room temperature afforded the Np(IV) bis(metallacycle),
[{Na(DB-18-C-6)(Et20)0.62(«}-DME)0.38}2(1-DME)][Np{N(R)(SiMe2CH2)}2(NR2)]>  (7.8),
as orange needles in 57% yield after work-up (Scheme 7.6).

Scheme 7.6. Synthesis of complexes 7.8 and 7.9.

Me,Si—CH,

Me,Si—CH, SiMes R 5 NaNR, SiMeg
aNR; DB-18-C-6
[Na(DME);] N—NpV o -~ NpVCIEME) 22 oy NN
VAN THF / DME THF / DME Messi” 4 N\
MesSi H,C——SiMe, -4 NaCl - 4 NaCl RN HoC——SiMe,
7.9 [M] = [{Na(DB-18-C-6)(Et,0)0.62(DME) 38}2(DME)]; 7.8

The Np analogue of 7.6, namely, [Na(DME)3][Np{N(R)(SiMe2CH2)}2(NR2)] (7.9), could
also be synthesized in comparable yields. It is isomorphous to 7.6, but always gave poorly-
diffracting crystals that could only be used to confirm connectivity (Figure 7.8). The *H NMR
spectra of 7.8 and 7.9 in THF-ds are consistent with my proposed structure. Specifically, for
7.8 | observed resonances at 26.36 and -26.36 ppm, each integrating for 18H, which are
assignable to the two unique SiMes environments. Additionally, | observed resonances at
29.95 and -3.94 ppm, each integrating for 6H and assignable to the diastereotopic SiMe:

groups. Curiously, I only observed a single peak, at -242.58 ppm, which is assignable to the
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diastereotopic CH2 hydrogens, and not two resonances as were observed for complexes 7.6 or
7.7. However, | note that this signal is very broad, suggesting that it may consist of two
overlapping resonances. Finally, I observed four resonances at 6.55, 6.36, 3.36, and 2.94 ppm,
in a 1:1:2:2 ratio, which are assignable to the four unique dibenzo-18-crown-6 environments
of the [{Na(DB-18-C-6)(Et20)o.62(k'-DME)o3s}2(Uu-DME)]?>* counterion. The UV-vis
spectrum of 7.8 in THF features many sharp transitions between 600-1100 nm that are
consistent with Laporte forbidden f—f transitions (Figure A7.20). These transitions are
broadly similar to those reported for NpCla(DME)2 (in DME), [Np'V(TRENT'PS)(CI)] (in
toluene), and complex 7.1, supporting the 4+ oxidation state assignment for this complex.?>
27

Complex 7.8 is isomorphous with 7.7 and features a distorted trigonal bipyramidal
geometry about the neptunium center (Figure 7.6), with ts = 0.45.7 It also features a badly
disordered counterion that was best modeled as [{Na(DB-18-C-6)(Et20)o.62(i*-DME)o.38}2(H-
DME)]. Its Np-C distances (2.440(10) and 2.454(12) A) are in line with those in 7.7 (2.455(6)
and 2.456(7) A), but are much shorter than those of the previously reported Th analogue,
{[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)]}» (2.562(5) and 2.576(5) A),3? consistent with
smaller ionic radius of Np** (Table 7.2). Moreover, its Np-N distances (2.287(8), 2.279(8),
and 2.341(8) A) are comparable (within error) to the U-N distances observed in 7.7, but are
longer than those reported for other Np(IV) amide complexes, which range from 2.206(2) to
2.232(2) A.2" For further comparison, Walensky’s Np(IIT) hydrocarbyl complex, Np[n*-
Me2NC(H)CeHs]s, features much longer Np-C distances (av. 2.582 A), which can be
rationalized by the larger ionic radii of Np(I111) vs. Np(IV), as well as its higher coordination

number.28
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Figure 7.6. Solid-state molecular structure of [{Na(DB-18-C-6)(Et20)o.62(i'-
DME)o.38}2(U-DME)][Np{N(R)(SiMe2CH2)}2(NR2)]>  (7.8) shown with 50%
probability ellipsoids. Counterion and hydrogen atoms removed for clarity. Selected
bond lengths (A) and angles (°): Np-C (av.) = 2.447, Np-N (av.) = 2.302, N-Np-N (av.)

= 120.
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Table 7.2. Selected bond lengths (A) and angles (°) in complexes 7.6, 7.7, 7.8, and

{[K(DME)][Th{N(R)(SiMe2CH2)}2(NR2)]}-.%

7.6 7.7 7.8 {[K(DME)]
M=U M=U M = Np [Th{N(R)(SiMe2CHz)}2(NR2)]}-
M-C | 2.474(7) | 2.455(6) | 2.440(10) 2.562(5)
2.489(8) | 2.456(7) | 2.454(12) 2.576(5)
M-N | 2.291(6) | 2.278(5) | 2.287(8) 2.352(3)
2.289(7) | 2.280(5) | 2.279(8) 2.363(4)
2.366(6) | 2.357(5) | 2.341(8) 2.381(4)
N-M-N | 106.0(2) | 152.29(17)| 152.0(3) 138.15(14)
151.2(2) |103.19(18) | 103.5(3) 109.52(13)
102.8(2) | 104.52(18) | 104.5(3) 112.14(13)

7.3 Summary

In summary, | have synthesized a series of Np silylamide complexes, including
[Np(NR2)3ClI] (7.1), [Np(NR2)3CI]~ (7.4), and [Np{N(R)(SiMe2CH2)}2(NR2)] (7.8), greatly
expanding the scope of anhydrous Np coordination chemistry. Notably,
[Np{N(R)(SiMe2CH2)}2(NR2)]~ (7.8) is an exceptionally rare example of a structurally-
characterized neptunium hydrocarbyl. These transuranic materials can be easily synthesized
in good yields and should greatly help advance non-aqueous neptunium coordination
chemistry, which lags markedly behind that of uranium and thorium.* Moving forward, | plan

to employ both [Np(NR2)sCl] (7.1) and [Np{N(R)(SiMe2CH2)}2(NR2)]~ (7.8) as precursors to
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Np oxo, imido, and nitrido complexes. Well-characterized transuranic complexes with
multiple bonds, outside of the neptunyl (NpO2"*, n = 1, 2) moiety, are exceptionally rare,® 1"

76,77 and my new Np silylamide complexes should be useful precursors to these materials.
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7.5 Experimental
7.5.1 General Methods

Caution! All neptunium chemistry (using the *3’Np isotope) was conducted inside
specialist radiological facilities designed for the safe handling and manipulation of high
specific-activity a-particle emitting radionuclides. Multiple levels of containment were
utilized when appropriate for safety reasons. As a consequence of the radiological hazards, it
is not possible to have elemental analyses performed on compounds by a third-party micro-
analytical laboratory.

All uranium reactions and subsequent manipulations were performed under anaerobic and
anhydrous conditions under an atmosphere of nitrogen. All neptunium reactions were
performed under anaerobic and anhydrous conditions inside a negative pressure glovebox
under a high purity helium atmosphere. All solvents were purchased in anhydrous grade and
dried over 3 A or 4 A sieves for several days before use. Benzene-ds and THF-ds were dried
over 3 A molecular sieves for 24 h prior to use. UCl4(DME)2, NpCl:(DME)2, and
U(N(SiMes3)2)sCl were synthesized according to the previously reported procedures.?: 78 79
["PraN][BArF?4] [BArF?* = B(CeH3-3,5-CF3)4] was prepared as previously described,® and
recrystallized twice from a DCM/Et20/n-hexane solution, followed by grinding of the crystals
and drying in vacuo (5 x 10 mbar) for 48 h. All other reagents were purchased from
commercial suppliers and used as received.

NMR spectra at UCSB were recorded on an Agilent Technologies 400-MR DD2 400 MHz
Spectrometer. NMR spectra at LANL, including *H (400.13 MHz), *C{*H} (100.61 MHz),
and 2°Si{*H} (79.49 MHz) NMR spectra, were recorded on a Bruker Avance Il spectrometer.

Sample solutions were loaded into a fresh FEP NMR liner that was protected from surface
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contamination with Parafilm while inside a transuranium glovebox. The liner was sealed with
two PTFE plugs, brought out of the glovebox and verified to be free of surface contamination
and the liner loaded into a precision thin-walled 5 mm glass NMR tube, or a J. Young tap-
appended glass NMR tube. 2°Si{*H} data was collected using the INEPT pulse sequence,®
with d1 = 2.0 5,22 (no significant improvement is observed with d1 = 1.0 s). Solution magnetic
susceptibility was determined by the Evans method,?® by adding several drops of CsHe or THF
into the outer liner and re-recording the *H NMR spectrum and comparing to the previously
recorded 'H NMR spectrum (this work). *H NMR spectra were referenced to external
tetramethylsilane (TMS) using the residual protio solvent peaks as internal standards. **C{*H}
and 2°Si{*H} NMR spectra were referenced indirectly with the *H resonance of TMS at 0.0
ppm, according to IUPAC standard,®* & using the residual solvent peaks as internal standards.
Solution-phase electronic absorption spectra and solid-phase diffuse reflectance electronic
absorption spectra of 7.1, 7.2, 7.3, 7.4, and 7.8 were collected in screw-capped quartz cuvettes
(loaded in a transuranic drybox using parafilm during the loading procedure to wrap and
protect the exterior surface of the cuvette and cap from radioactive contamination) at room
temperature using a Varian Cary 60001 UV-vis-NIR spectrophotometer with an installed
Internal Diffuse Reflectance Accessory. IR spectra were recorded on a Nicolet 6700 FT-IR
spectrometer with a NXR FT Raman module. Elemental analyses of 7.2, 7.3, and 7.6 were
performed by the Micro-Analytical Facility at the University of California, Berkeley.
Electrochemical experiments (Cyclic Voltammetry, CV; and Differential Pulse
Voltammetry, DPV) at LANL were performed using a Bio-Logic SP50 potentiostat. A simple
3-electrode cell was used, composed of a polished Au disk electrode (7 mm? area), Pt wire

counter electrode (1 mm thickness) and a Ag/AgCl pseudo-reference electrode made from Ag
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wire (0.5 mm thickness) dipped in concentrated FeCls to afford a surface layer of AgClI, which
was then washed with deionized water and acetone, and dried in vacuo before use. All
electrodes were freshly polished and/or prepared (pseudo-reference) prior to beginning the
study. The solution was contained in a small volume (3 mL) high-recovery V-vial equipped
with a small PTFE stir bar. Between each run the solution was manually agitated, and the
working electrode surface wiped clean with a Kim Wipe, the solution was then allowed to
settle for 10 s before beginning the next measurement. Cell resistances were <500 Q, and the
open circuit potential was checked before each measurement, ensuring AV/s <50 mV. All
potentials are referenced to an internal Fc*/° redox standard. The electrochemical window of
the solvent/electrolyte combination (THF, 67 mM ["PraN][BArF?*]) versus the pseudo-
reference was assessed prior to addition of the analyte, and was found to be —2.25 V to +1.85
V (versus the Ag/AgCI couple in my cell), thus measurements were not performed beyond
this maxima to avoid reaction with species generated from degradation of the
solvent/electrolyte. Unless stated otherwise, all potentials are reported versus the Fc*/° couple.

CV experiments at UCSB were performed with a CH Instruments 600c Potentiostat, and
the data were processed using CHI software (version 6.29). All experiments were performed
inside the glovebox using a 20 mL glass vial as the cell. The working electrode consisted of
glassy carbon (2 mm diameter), the counter electrode was a platinum wire, and a Ag/AgCl
wire was used as a reference electrode. Solutions employed for CV studies were typically 1

mM in analyte and 0.1 M in [NBus][BPha4]. Ferrocene was used to reference all experiments.

7.5.2 Synthesis and Characterization of [Np(NR2)3Cl] (7.1, R = SiMe3).

To a stirring, cold (-35 °C), salmon pink solution of NpCl4(DME)2 (15.3 mg, 27.0 umol)

in THF (3 mL) was added a cold (-35 °C) pale yellow solution of NaNR2 (15.8 mg, 86.0 umol)
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in THF (3 mL). The reaction mixture was allowed to warm to room temperature with stirring.
After 24 h, the volatiles were removed in vacuo to provide a yellow-orange solid. The solid
was then extracted into n-hexane (3 mL) and the resulting yellow-orange solution was filtered
through a filter paper column. The orange filtrate was concentrated in vacuo to 2 mL and
stored at -35 °C for 24 h, which resulted in the deposition of a mixture of orange needles and
orange blocks. The solid was isolated by decanting the supernatant and then dried in vacuo to
yield 7.1 as a orange crystalline solid (14.3 mg, 69 % yield). *H NMR (400.13 MHz, 25 °C,
CesDs): 5 -2.48 (s, 54H, SiCHz). UV-Vis/NIR (n-hexane, 0.878 mM, 25 °C, L-mol*-cm™): 387
nm (¢ = 1730), 600 nm (e = 16.9), 741 nm (e = 45.3), 840 nm (¢ = 59.2), 900 nm (¢ = 79.6),
and 1100 nm (e = 4.24). UV-Vis/NIR (THF, 1.01 mM, 25 °C, L-mol*-cm™): 387 nm (¢ =

213), 600 nm (¢ = 12.1), 741 nm (¢ = 45.8), 900 nm (¢ = 30.3), and 1100 nm (¢ = 1.23).

7.5.3 Synthesis and Characterization of [K(2,2,2-cryptand)][U(NR2)sCl] (7.2).

To [U(NR2)sCl] (20.5 mg, 0.0272 mmol) was added 2,2,2-cryptand (10.7 mg, 0.0284
mmol) and THF (3 mL) to afford a pale pink solution. KCs (6.0 mg, 0.044 mmol) was then
added as a solid. The reaction mixture quickly turned dark purple. After 5 min, the solution
was filtered through a filter paper column. The filtrate were concentrated in vacuo to 2 mL,
layered with hexanes (4 mL) and stored at -35 °C for 24 h, which resulted in the deposition of
purple blocks. The solid was isolated by decanting the supernatant and then dried in vacuo to
yield 7.2 (4.7 mg, 15% yield). The supernatant (5 mL) was transferred to a new vial and stored
at -25 °C for 24 h. This resulted in the deposition of a second crop of purple crystalline solid
(17.6 mg). Total yield: 0.022 g, 70% yield. Anal. Calcd for C4HesCIKNsO7SisU: C, 38.67;
H, 7.95; N, 5.64. Found: C, 37.56; H, 7.81; N, 5.90. Found: C, 37.89; H, 7.77; N, 6.00. Despite

multiple attempts, a satisfactory C% analysis of 7.2 was not obtained. The low carbon values
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were attributed to incomplete combustion of the sample as a result of silicon carbide
formation.®® 'H NMR (400.13 MHz, 25 °C, THF-ds): & -5.57 (s, 54H, SiCHs), 2.03 (s, 12H,
cryptand), 3.00 (s, 12H, cryptand), 3.03 (s, 12H, cryptand). UV-Vis/NIR (THF, 1.94 mM, 25
°C, L-molt-cm™?): 357 nm (g = 1470), 500 nm (¢ = 1160), 620 nm (¢ = 772.0), 751 nm (¢ =
60.40), 909 nm (& = 62.30), 934 nm (¢ = 66.60), 1039 nm (¢ = 53.50), 1198 nm (¢ = 27.70)
and 1279 nm (e = 11.00). IR (KBr pellet, cm™): 523 (s), 598 (s), 661 (m), 752 (m), 831 (m),
949 (m), 1099 (m), 1180 (m), 1257 (m), 1294 (m), 1356 (s), 1477 (m), 1630 (W), 2729 (W),

2814 (W), 2883 (W), 2954 (w), 3448 (w).

7.5.4 Synthesis and Characterization of [K(DB-18-C-6)(THF)2][U(NR2)3Cl] (7.3).

To [U(NR2)sClI] (16.4 mg, 0.0217 mmol) was added dibenzo-18-crown-6 (7.9 mg, 0.022
mmol) and THF (3 mL) to afford a pale pink solution. KCs (4.5 mg, 0.03 mmol) was then
added as a solid. The reaction mixture quickly turned dark purple. After 5 min, the solution
was filtered through a filter paper column. The filtrate were concentrated in vacuo to 2 mL,
layered with hexanes (4 mL) and stored at -35 °C for 24 h, which resulted in the deposition of
purple blocks. The solid was isolated by decanting the supernatant and then dried in vacuo to
yield 7.3 (20.8 mg, 74% yield). Anal. Calcd for C4sHasCIKN3OsSisU: C, 42.55; H, 7.30; N,
3.24. Found: C, 42.25; H, 6.74; N, 2.50. *H NMR (400 MHz, 25 °C, THF-ds): 5 -5.62 (s, 54H,
SiCHs), 2.29 (s, 8H, CH2), 2.98 (s, 8H, CH2), 6.17 (s, 4H, phenyl-p, CH), 6.53 (s, 4H, phenyl-
m, CH). UV-Vis/NIR (THF, 0.505 mM, 25 °C, L-mol-t-cm™): 357 nm (& = 150), 500 nm (¢ =
919), 620 nm (e = 599), 751 nm (& = 28.8), 909 nm (¢ = 36.2), 934 nm (¢ = 40.3), 1039 nm (&
=32.1), 1198 nm (¢ = 13.5), and 1279 nm (¢ = 0.646). IR (KBr pellet, cm2): 607 (s), 660 (5),

690 (sh, s), 748 (s), 781 (sh, s), 825 (w), 899 (sh, w), 930 (w), 1049 (s), 1119 (s), 1188 (sh,
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m), 1232 (m), 1329 (s), 1363 (s), 1392 (m), 1452 (s), 1512 (s), 1599 (s), 2563 (s), 2845 (sh,

w), 2873 (W), 2931 (w), 3061 (m), 3363 (W).

7.5.5 Synthesis and Characterization of [CH{K(DB-18-C-6)(THF)}s][Np(NR2)sCl]2
(7.4).

To [Np(NR2)sClI] (7.0 mg, 9.0 umol) was added dibenzo-18-crown-6 (3.4 mg, 9.0 umol)
and THF (3 mL) to afford an orange solution. KCs (2.0 mg, 15 umol) was then added as a
solid. The reaction mixture quickly turned golden yellow. After 5 min, the solution was
filtered through a filter paper column. The filtrate was then concentrated in vacuo to 2 mL,
layered with n-hexane (4 mL) and stored at -35 °C for 24 h, which resulted in the deposition
of yellow needles. The solid was isolated by decanting the supernatant and then dried in vacuo
to yield 7.4 (8.6 mg, 63% yield). *H NMR (400.13 MHz, 25 °C, THF-ds): & -3.42 (s, 54H,
SiCHs), 4.43 (br s, 8H, CHz), 4.55 (br s, 8H, CHy), 7.00 (s, 4H, phenyl-p, CH), 7.20 (s, 4H,
phenyl-m, CH). 3C{*H} NMR (100.61 MHz, 25 °C, CsDs): & -65.50 (s, SiCH3), 69.35 (s,
CHy), 71.03 (s, CH2), 113.46 (s, phenyl-m, CH), 122.32 (s, phenyl-p, CH), 149.17 (s, phenyl-
0, CH). 2Si{*H} NMR (79.49 MHz, 25 °C, CeDs): & -194.74 (s, SiCHs). UV-Vis/NIR (THF,
0.506 mM, 25 °C, L-molt-cm™): 417 nm (¢ = 210), 625 nm (g = 156), 700 nm (& = 106), 830

nm (e = 77.0), 840 nm (e = 75.8), 1100 nm (¢ = 14.8).

7.5.6 Attempted Synthesis and Characterization of [Np{N(R)(SiMe2)CH2}(NR2)2]
(7.5).
To NpCla(DME)2 (19.5 mg, 34.9 umol) was added NaNR2 (26.6 mg, 145.1 umol) and
toluene (2 mL) to afford a yellow-orange solution. The resulting solution was heated at 70 °C
for 4 h with stirring, whereupon the solution turned orange brown. After 4 h, the volatiles were

removed in vacuo to provide an orange brown solid. The solid was then extracted into n-
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hexane (3 mL) and the resulting deep brown solution was filtered through a filter paper
column. The deep brown filtrate was concentrated in vacuo to 2 mL and stored at -35 °C for
24 h, which resulted in the deposition of orange-brown crystalline material (25 mg). The solid
was isolated by decanting the supernatant and then dried in vacuo to yield a material that
contained a mixture of 7.5, 7.1, and 7.8 in a 1:0.13:0.02 ratio. *H NMR (400.13 MHz, 25 °C,
CeDs): & -146.73 (s, 2H, CHa, 7.5), -29.58 (br s, 18H, N(SiCHs)s, 7.8), -9.48 (s, 36H,
N(SiMes)2, 7.5), -3.89 (s, 6H, Si(CHa)2, 7.8), -2.92 (s, 54H, Me, 7.1), -0.99 (s, 9H, NSiMes,
7.5), 13.48 (s, 6H, SiMez, 7.5), 25.57 (br s, 18H, N(SiCHs)s, 7.8), 30.25 (br s, 6H, Si(CH3)z,

7.8).

7.5.7 Synthesis and Characterization of [Na(DME)3][U{N(R)(SiMe2CH2)}2(NR2)]
(7.6).

To astirring, cold (-35 °C), pale green solution of UCl4(DME)2 (93.0 mg, 0.166 mmol) in
THF (3 mL) and DME (1 mL) was added a cold (-35 °C) pale yellow solution of NaNR:2
(152.2 mg, 0.8300 mmol) in THF (3 mL). The reaction mixture was allowed to warm to room
temperature with stirring. After 2 h, the volatiles were removed in vacuo to provide a green
solid. The solid was then extracted into Et2O (3 mL) and the resulting green solution was
filtered through a filter paper column. The green filtrate was concentrated in vacuo to 2 mL,
layered with pentane (4 mL) and stored at -35 °C for 24 h, which resulted in the deposition of
dark green plates. The solid was isolated by decanting the supernatant and then dried in vacuo
to yield 7.6 as a green powder (106.5 mg, 63% yield). Anal. Calcd for C30Hs2N30sNaSisU: C,
35.66; H, 8.18; N, 4.16. Found: C, 35.35; H, 8.30; N, 4.30. H NMR (400 MHz, 25 °C, THF-
ds): 8 -294.50 (br s, 2H, CH2), -283.10 (br s, 2H, CHz), -36.66 (br s, 18H, N(SiCHs3)3), -6.09
(br s, 6H, Si(CHa)2), 3.22 (s, 18H, CHs, DME), 3.37 (s, 12H, CH2, DME), 31.65 (br s, 6H,

358



Si(CH3)2), 39.20 (br s, 18H, N(SiCH3)3). IR (KBr pellet, cm™): 582 (m), 663 (m), 837 (w),
999 (w), 1088 (m), 1097 (m), 1246 (m), 1369 (s), 1458 (m), 2827 (w), 2895 (w), 2945 (w),

3435 (w).

7.5.8 Synthesis and Characterization of [{Na(DB-18-C-6)(x!-DME)o.s5(Et20)o.5}2(«*-
DME)][U{N(R)(SiMe2CH2)}2(NR2)]2 (7.7).

To a stirring, cold (-35 °C), pale green solution of UCI4(DME)2 (19.6 mg, 0.0350 mmol)
in THF (3 mL) and DME (1 mL) was added a cold (-35 °C) pale yellow solution of NaNR:2
(32.1 mg, 0.175 mmol) in THF (3 mL) and a cold (-35 °C) colorless suspension of dibenzo-
18-crown-6 (12.6 mg, 0.0350 mmol), also in THF (3 mL). The reaction mixture was allowed
to warm to room temperature with stirring. After 2 h, the volatiles were removed in vacuo to
provide a green solid. The solid was then extracted into Et2O (3 mL) and the resulting green
solution was filtered through a Celite column supported on glass wool (0.5 x 2 cm). The green
filtrate was concentrated in vacuo to 2 mL, layered with pentane (4 mL) and stored at -35 °C
for 24 h, which resulted in the deposition of green plates. The solid was isolated by decanting
the supernatant and then dried in vacuo to yield 7.7 as a green powder (36.7 mg, 85% yield).
'H NMR (400 MHz, 25 °C, THF-ds): 5 -297.16 (br s, 2H, CH2), -285.77 (br s, 2H, CH>), -
37.02 (br s, 18H, N(SiCHs)3), -6.22 (br s, 6H, Si(CHs)2), 1.14 (t, 7, 6H, CHs, Et.0), 2.53 (br
s, 8H, CHz, DB-18-C-6), 3.02 (br s, 8H, CH2z, DB-18-C-6), 3.29 (s, 4H, CHz, DME), 3.38 (q,
7,4H, CHz, Et20), 3.44 (s, 6H, CHs, DME), 6.11 (br s, 4H, meta CH, DB-18-C-6), 6.43 (br s,
4H, ortho CH, DB-18-C-6), 31.95 (br s, 6H, Si(CHs)2), 39.54 (br s, 18H, N(SiCH3)s. IR (KBr
pellet, cm™): 417 (s), 582 (s), 584 (s), 606 (sh, m), 665 (s), 675 (s), 692 (s), 741 (s), 843 (M),
868 (sh, m), 935 (m), 995 (m), 1059 (s), 1130 (s), 1254 (w), 1331 (s), 1360 (s), 1394 (m),

1456 (s), 1506 (s), 1597 (s), 2582 (m), 2748 (m), 2885 (W), 2947(w), 3066 (m).
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7.5.9 Synthesis and Characterization of [{Na(DB-18-C-6)(k?-
DME)o.38(Et20)0.62}2(xk-DME)][Np{N(R)(SiMe2CH2)}2(NR2)]2 (7.8).

To astirring, cold (-35 °C), salmon solution of NpCla(DME)2 (20.7 mg, 0.0370 mmol) in
THF (2 mL) and DME (1 mL) was added a cold (-35 °C) pale yellow solution of NaNR2 (34.1
mg, 0.186 mmol) in THF (2 mL), whereupon the reaction mixture became yellow in color.
Next, a cold (-35 °C) colorless suspension of dibenzo-18-crown-6 (13.4 mg, 0.0372 mmol) in
THF (2 mL) was added, whereupon the reaction mixture became deep red-brown in color.
The reaction mixture was allowed to warm to room temperature with stirring for 140 min,
whereupon the volatiles were removed in vacuo from the deep orange reaction mixture. The
solid was then extracted into Et2O (3 mL) and the resulting solution was filtered through a
glass fiber plug supported in a glass pipette. The glass fiber plug was rinsed with Et2O (0.5
mL). The deep orange filtrate was concentrated in vacuo to 2 mL, layered with pentane (4
mL) and stored at -35 °C for 24 h, which resulted in the deposition of orange crystals. The
solid was isolated by decanting the supernatant, where it was washed with n-hexane (3 mL x
2) and pentane (4 mL), and dried in vacuo to yield 7.8 as an orange-red (micro)crystalline
powder (25.8 mg, 57% yield). *H NMR (400.13 MHz, 25 °C, THF-ds): § -242.58 (br s, 4H,
CHz), -26.36 (br s, 18H, N(SiCHs)3), -3.94 (br s, 6H, Si(CHs)2), 1.13 (t, 6H, CHs, Et20), 2.94
(brs, 8H, CHz, DB-18-C-6), 3.28 (s, 8H, CH2, DB-18-C-6), 3.36 (s, 4H, CH2, DME), 3.38 (q,
4H, CHz, Et20), 3.44 (s, 6H, CH3, DME), 6.36 (s, 4H, p-CH, DB-18-C-6), 6.55 (s, 4H, m-CH,
DB-18-C-6), 26.36 (br s, 18H, N(SiCHa)3), 29.95 (br s, 6H, Si(CHs)2). UV-Vis/NIR (THF,
1.07 mM, 25 °C, L-mol-t-cm™): 350 (¢ = 215), 615 (¢ = 27.9), 740 (¢ = 29.8), 745 (¢ = 29.0),

800 (¢ = 38.9), 830 (c = 25.7), 880 (¢ = 41.1), 1000 (& = 74.2), 1041 (& = 3.62).
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7.5.10 Synthesis and Characterization of
[{Na(DME)3][Np{N(R)(SiMe2CH2)}2(NR2)] (7.9).

To a stirring, cold (-35 °C), salmon solution of NpCl4(DME)2 (16.5 mg, 0.0300 mmol) in
THF (3 mL) and DME (1 mL) was added a cold (-35 °C) pale yellow solution of NaNR2 (27.5
mg, 0.150 mmol) in THF (3 mL). The reaction mixture was allowed to warm to room
temperature with stirring for 120 min, whereupon the volatiles were removed in vacuo from
the deep red-orange reaction mixture. The solid was then extracted into DME (3 mL) and the
resulting solution was filtered through a glass fiber plug supported in a glass pipette. The glass
fiber plug was rinsed with DME (0.5 mL). The deep orange filtrate was concentrated in vacuo
to 2 mL, layered with n-hexane (4 mL) and stored at -35 °C for 24 h, which resulted in the
deposition of red-orange crystals. The solid was isolated by decanting the supernatant and
then dried in vacuo to yield 7.9 as an orange-red (micro)crystalline powder (21.9 mg, 73%
yield). *H NMR (400.13 MHz, 25 °C, THF-ds): & -25.93 (br s, 18H, N(SiCHs)3), -3.33 (br s,
12H, Si(CHs)2), 3.26 (br s, 4H, CHz, DME), 3.41 (s, 6H, CHs, DME), 25.75 (br s, 18H,
N(SiCH3)3), 29.29 (br s, 6H, Si(CHs)2). The Np-CH2 resonances were not observed.
Crystallographic details: C3oHs2N30sNaSisNp, space group = P21/c, a = 16.382, b = 21.4527,

€ =29.2386, f =95.425, Z = 8.

7.5.11 X-ray Crystallography

Neptunium complexes 7.1, 7.4, and 7.8 were coated in paratone-N oil and mounted inside
a 0.5 mm capillary tube, which was sealed with hot capillary wax. The capillary was coated
with a thin film of acrylic in ethyl acetate (Hard as Nails®) to provide structural integrity and
additional containment. In the case of 7.1 and 7.8, the capillary was placed on a Bruker AXS

SMART APEX II charge-coupled-device diffractometer. In the case of 7.4 the capillary was
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placed on a Bruker D8 Quest diffractometer with a CMOS detector. The instruments were
equipped with a sealed, graphite monochromatized MoK o X-ray source (A=0.71073 A). Data
for 7.1, 7.4, and 7.8 were collected at 100(2) K, 110(2) K, and 100(2) K, respectively. Frame
exposures of 20, 10, and 10 s were used for 7.1, 7.4, and 7.8, respectively.

Data for 7.2-THF were collected on a Bruker D8 Quest using a Mo Ko (a = 0.71073 A)
145 3.0 Microfocus source X-ray generator, while data for 7.3 and 7.6 were collected Bruker
AXS SMART APEX II diffractometer, and data for 7.7 were collected on a Bruker KAPPA
APEX 1l diffractometer equipped with an APEX Il CCD detector using a TRIUMPH
monochromator with a Mo Ka X-ray source (o = 0.71073 A). The crystals were mounted on
a cryoloop under Paratone-N oil. Data for 7.2-THF, 7.3, 7.6, and 7.7 were collected at 100(2)
K using an Oxford nitrogen gas cryostream. Data were collected using ® scans with 0.5° frame
widths. Frame exposures of 45, 45, 60, and 15 s were used for 7.2-THF, 7.3, 7.6, and 7.7,
respectively.

Data collection and cell parameter determinations were conducted using the SMART
program.®” Integration of the data frames and final cell parameter refinements were performed
using SAINT software.® Absorption corrections of the data were carried out using the multi-
scan method SADABS or TWINABS (for 7.2-THF).8° Subsequent calculations were carried
out using SHELXTL® or the GUI Olex2 software package (for 7.6 and 7.8).%% °2 Structure
determination was done using direct or Patterson methods and difference Fourier techniques.
All hydrogen atom positions were idealized, and rode on the atom of attachment. Structure
solution, refinement, graphics, and creation of publication materials were performed using

SHELXTL or Olex2.%-°2 Further crystallographic details can be found in Tables 7.3 — 7.5.
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For complex 7.3, each silylamide group was found to be disordered over two positions.
This disorder was modeled in a 50:50 ratio. For complexes 7.7 and 7.8, the Na* cations
featured one coordination site occupied by a mixture of DME and Et20. For 7.7, this
coordination site was modeled as a 50:50 mixture of DME and Et20. For 7.8, this coordination
site was modeled as a 38:62 mixture of DME and Et2O. Hydrogen atoms were not assigned
to the carbon atoms of the partial-occupancy ligands and their carbon and oxygen atoms were
refined isotropically.

Complexes 7.1-7.8 have been deposited in the Cambridge Structural Database (7.1: CCDC
2046340; 7.2: CCDC 2046341; 7.3: CCDC 2046342; 7.4: CCDC 2046343; 7.6: CCDC

2046344, 7.7: CCDC 2046345, 7.8: CCDC 2046346).
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Table 7.3. X-ray Crystallographic Data for 7.1, 7.2-THF, and 7.3.

7.1

7.2-THF

7.3

empirical
formula
crystal
habit, color
crystal size
(mm)
space

group
volume

(A%)

a(A)

b (A)
c(A)

a (deg)

f (deg)

y (deg)

Z

formula
weight
(g/mol)
density
(calculated)
(Mg/m?3)
absorption
coefficient
(mm?)
Fooo

total no.
reflections
unique
reflections
Final R
Indices

(1 >26(D]
largest diff.
peak and
hole

(e A%)
GOF

C18Hs4NpNsClISie

Needle, Orange

0.30 x 0.15 x
0.15

R3c

4964.8(2)

18.4197(4)
18.4197(4)
16.8967(4)
90
90
120
6

753.64

1.512

3.449

2262
14583

2098

R1=0.0218
WR2 = 0.0514

1.104 and -0.448

1.063

Block, Purple
0.3x0.25x0.25
P212121

6276.9(5)

14.9548(7)
19.2351(9)
21.8206(10)
90
90
90
4

1242.35

1.315

2.851

2564
52929

11538

R1=0.0452
wR2 = 0.0898
0.913 and -1.528

1.075

364

Ca0HosCIKN507SislU  CasHoaCIKN30sSisU

Block, Purple
02x0.1x0.1
P-1

3235(2)

12.176(5)

14.837(5)

18.481(9)

86.339(5)

77.656(4)

82.996(3)
2

1298.36

1.333

2.769

1334
28926

11598

R1=0.0542
WR2 = 0.1644

1.883 and -1.519

1.051



Table 7.4. X-ray Crystallographic Data for 7.4, 7.6, and 7.7.

7.4 7.6 7.7
empirical C108H204CI3K3NsNp2021Siz ~ C3oHs2N3NaOeSis  CaaHo1N3NaOs sSis
formula 2 U U
crystal habit, Block, Yellow Plate, Green Block, Green

color
crystal size
(mm)

space group
volume (A3)
a(A)

b (A)

c (A)

o (deg)

p (deg)

y (deg)

Z

formula weight
(g/mol)
density
(calculated)
(Mg/m?)
absorption
coefficient
(mm-)

Fooo

total no.
reflections
unique
reflections
Final R Indices
(I >20(D)]
largest diff.
peak and hole
(e A%)
GOF

0.3x0.25%x0.25

12/a
17082(6)
25.8708(15)
24.536(8)
27.748(4)
90
104.116(10)
90
4

2957.49

1.150

1.463

6096
57901

16048

R1=0.0720
WR2 = 0.1568

0.947 and -0.681

1.040

0.22 x 0.12 x 0.07

P2i/c
10312(7)
16.457(6)
21.522(8)

29.261(12)
90
95.778(5)
90
8

2021.08

1.302

3.330

4144
79172

18862

R1=0.0556
WR2 = 0.1056

4.578 and -1.942

1.021

365

0.25x0.10 x 0.10

P-1

2966.4(18)
11.611(4)
15.680(6)
18.861(6)
67.039(8)
73.060(9)
73.406(8)

2

1227.75

1.375

2.911

1262
20393

12094

R1=0.0517
wR2 =0.1013

3.009 and -1.339

1.057



Table 7.5. X-ray Crystallographic Data for 7.8.

7.8

empirical formula
crystal habit, color
crystal size (mm)
space group
volume (A3)

a(A)

b (A)

c (A)

a (deg)

p (deg)

y (deg)
Z

formula weight
(g/mol)

density (calculated)
(Mg/m?)
absorption
coefficient (mm)
Fooo

total no. reflections
unique reflections
Final R Indices (I
>20(1)]

largest diff. peak and
hole (e A3)

GOF

Ca4.02Hs1N3NaNpOs.3sSis

Block, Orange-red
0.25 x 0.12 x 0.09
P-1
3027.8(8)
11.6735(18)
15.842(2)
18.991(3)
66.653(2)
73.160(2)
73.450(2)

2

1214.96
1.333

1.887

1242
30887
11717

R1=0.0788
WR2 =0.1960

4.479 and -4.626
1.157
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Figure 7.7. Solid-state molecular structure of 7.2-THF shown with 50% probability
ellipsoids. Hydrogen atoms removed for clarity. THF solvate removed for clarity.
Selected bond lengths (A) and angles (°): U-Nsilytamido (av.) = 2.315, U-C (av.) = 2.482,

N-U-N (av.) = 120.
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Figure 7.8. Solid-state molecular structure of 7.6 shown with 50% probability
ellipsoids. Hydrogen atoms removed for clarity. Selected bond lengths (A) and angles

(°): U-Nsilylamido (av.) = 2.305, U-C (av.) = 2.455, N-U-N (av.) = 120.
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Figure 7.9. Solid-state molecular structure of 7.7 shown with 50% probability
ellipsoids. Hydrogen atoms and Na* counterion removed for clarity. Selected bond
lengths (A) and angles (°): U-Nilylamido (av.) = 2.305, U-C (av.) = 2.455, N-U-N (av.) =

120.
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7.6 Appendix

7.6.1 NMR Spectra

(@]
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O Q ~—o™
Q0O Q
20 hemical Shift (opm) o P VeVl
0.11
-2.48, nyp =673 Hz
Np-N*
54 H
8 6 4 2 0 -2 -4 -6 -8 Chemical Shift (ppm)

Figure A7.1. 'TH NMR spectrum of [Np(NR2)sCl] (7.1) in CeDs. Protic solvent

impurities from sample preparation are denoted.
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1H NMR 400.13 MHz
0.0100 g sample
0.4490 g CgDg

My = 753.656 g mol*

(N a=11282Hz

b
Qjﬁ

74 72 70 68 6.6
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9 8 7 6 5 4 3 2 1 0 -1 -2 Chemical Shift (ppm)

Figure A7.2. (A) shows the *H NMR spectrum of 7.1 in benzene-ds with several drops
of protio-benzene external to the FEP liner; (B) shows the original *H NMR spectrum
to show that the complex peaks overlap with those of (A). Color-coded and positioned

labels in the inset denote which peaks arises from which spectrum., wu.rr =

2.57 ug mol™; xy; = 3.49x10°8 m3 mol™1.
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Figure A7.3. 'H NMR spectrum of [K(2,2,2-cryptand)][U(NR2)sCl] (7.2) in THF-ds.

(*) indicates resonance assignable to free HN(SiMes)2, ($) indicates hexanes, and (&)

indicates Et20.

372



—6.53
—6.17

i
458 457

—2.98
—2.29

—1.73 THF-d8

T T T T T
8 7 6 5 4

Figure A7.4. 'H NMR spectrum of [K(DB-18-C-6)(THF)2][U(NR2)sCl] (7.3) in THF-

ds. (*) indicates resonance assignable to free HN(SiMes)2 and (") indicates resonances

assignable to THF.
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Dibenzo-18-crown-6

-3.42
Np-N*
108 H

DB18C6
o™
e
0
OK, 0 O 0.04
0 O.  HN*
U
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7.20\\ 7.00 48H
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i0 9 8 7 6 5 4 2 0 Chemical Shift (ppm)

Figure A7.5. 'H NMR spectrum of [CI{K(DB-18-C-6)(THF)}3][Np(NR2)3Cl]2 (7.4) in

THF-ds.
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HN*

140 120 100 8 60 40 20 0 Chemical Shift (ppm)
Figure A7.6. *C{*H} NMR spectrum of [CI{K(DB-18-C-6)(THF)}s][Np(NR2)sCl]2
(7.4) in THF-ds. Protic solvent impurities from sample preparation are denoted. Broad

feature centered about 110 ppm is due to the FEP liner.
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Figure A7.7. Si{*H} NMR spectrum of [C{K(DB-18-C-6)(THF)}s][Np(NR2)3Cl]2

(7.4) in THF-ds

376



1H NMR 400.13 MHz
0.0057 g sample
0.5407 g Dg-THF
O My = 2957.49 g mol?

A =13.58 Hz

3.80 3.60 3.40

J@Lg AN ﬂuL — JNC

7 6 5 4 3 2 1 0 Chemical Shift (ppm)

Figure A7.8. (A) shows the *H NMR spectrum of 7.4 in THF-ds with several drops of
protio-THF external to the FEP liner; (B) shows the original *H NMR spectrum to show
that the complex peaks overlap with those of (A). Color-coded and positioned labels in

the inset denote which peaks arises from which spectrum. wu.rr = 3.00 ug mol™1;

Xy = 4.73x1078 m3 mol ™.
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Figure A7.9. 'H NMR spectrum of [Np{N(R)(SiMe2)CH2}(NR2)2] (7.5) in CsDs. The
inset highlights the resonances of 7.1 and 7.8. (@) indicates resonance assignable to
7.1, (#) indicates resonances assignable to 7.8, (*) indicates resonance assignable to
free HN(SiMezs)2, ($) indicates toluene, and (*) indicates the presence of an unidentified

product.
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Figure A7.10. *H NMR spectrum of [Na(DME)3][U{N(R)(SiMe2CH2)}2(NR2)] (7.6)
in THF-ds. (*) indicates the presence of Et2O and pentane, and (*) indicates the

presence of an unidentified product.
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Figure A7.11. Partial *H NMR spectrum of 7.7 in THF-ds. (*) indicates resonance

assignable to free HN(SiMes)2, ($) indicates DME, (%) indicates DB-18-C-6, and (")

indicates the presence of pentane.
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Figure A7.12. *H NMR spectrum of 7.7 in THF-ds.
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Figure A7.13. Partial *H NMR spectrum of 7.8 in THF-ds. (*) indicates resonance
assignable to free HN(SiMes)2, ($) indicates DME, (%) indicates DB-18-C-6, and (")

indicates the presence of pentane.
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Figure A7.14. *H NMR spectrum of 7.8 in THF-ds.
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Figure A7.15. 'H NMR spectrum of [Na(DME)3][Np{N(R)(SiMe2CH2)}2(NR2)] (7.9)

in THF-ds. (*) indicates resonance assignable to free HN(SiMes)2, ($) indicates

resonances assignable to DME, and (") indicates the presence of an unidentified

product.
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7.6.2 UV-vis Spectra
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Figure A7.16. UV-vis spectrum of [Np(NRz2)sCl] (7.1) (0.878 mM solution in n-hexane

and 1.01 mM solution in THF).
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Figure A7.17. UV-vis spectra of 7.2 (1.94 mM solution in THF) and 7.3 (0.505 mM

solution in THF).
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Figure A7.18. UV-vis spectra of 7.1 (1.01 mM solution in THF) and 7.3 (0.505 mM

solution in THF).
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Figure A7.19. UV-vis spectrum of [CI{K(DB-18-C-6)(THF)}3][Np(NR2)sCl]2 (7.4)

(0.506 mM solution in THF).
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Figure A7.20. UV-vis spectrum of 7.8 (1.068 mM solution in THF).
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7.6.3 IR Spectra
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Figure A7.21. IR spectrum of 7.2 (KBr pellet).
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Figure A7.22. IR spectrum of 7.3 (KBr pellet).
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Figure A7.23. IR spectrum of 7.6 (KBr pellet).
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Figure A7.24. IR spectrum of 7.7 (KBr pellet).
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7.6.4 Evans NMR

Table A7.1. Solution magnetic susceptibility data for 7.1 and 7.4.

xmT xmT mass of
xmT mass
uett | (cgs. (S.L) solvent
a (S.1.)/ of Mr / g A peak
B.M e.m.u)/ md +
Sample m?3 sample mol! | Hz
mol-! cm?® mol-! sample
mol! /g
molt K K /g
3.49E- 1.04E-
7.1 2.572 0.827 0.0100 0.4590 753.656 112.82
08 05
4.73E- 141E-
7.4 2.995 08 1.121 05 0.0057 0.5407 2957.49 13.58

aSpectrometer frequency 400.130 MHz. Simple diamagnetic correction of M, / -2,000,000 applied. pps-tHF =

0.985 g mL™. pceps = 0.950 g mL 2.
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7.6.5 Electrochemistry
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Figure A7.25. Cyclic voltammogram of 7.1 in THF (1.8 mM) supported by

["PraN][BArF?4] (67 mM) at 100 mV/s.
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Figure A7.26. Cyclic voltammogram of 7.1 in THF (1.8 mM) supported by

["PraN][BArF?4] (67 mM) at 200 mV/s, shown to assess the dependence of p2 on p1,

indicative of a Np(I\VV/I1l) couple. Ex for pl/p2 =-1.26 V.
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Figure A7.27. Cyclic voltammogram of [U(NRz2)sCl] (200 mV/s scan rate, vs Fc/Fc*).
Measured in THF with 0.1 M [NBus][BPh4] as the supporting electrolyte. (*) is

assignable to the irreversible U(IV/111) reduction feature.
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Figure A7.28. Scan-rate-dependent cyclic voltammogram of [U(NRz2)3)CI] (vs Fc/Fc*).

Measured in THF with 0.1 M [NBu4][BPha4] as the supporting electrolyte.
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