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Chapter 1: |l ntroduction to Dinit

1.1 Significance of NFixation

The reduction oflinitrogen (N) is among the most important and widely
applicable chemical transformations in the world, converting the gas that composes
78% of the Earthdés atmosphere into the at
possible. Nitrogen is an essentirt d proteins, nucleic acids, pharmaceuticals,
explosives, and many other commaodity chemicals, but most importantly, it is the
principal component of the fertilizers which enables modern agriculture to feed the
world. The conversion of Ninto other Ncontainng molecules is known as
Afi xationod and can be accomplished by nat
recognition thasustainable generation ofdbntaining products is critical to the
continued growth and development of society on the global sdadeniss have
long sought to improve existing methods efdynthetic fixation and develop new
ones.
Unfortunately, the principal challenge of Kixation proves to be the inert
nature of N itself; for all that gaseous2Nis a nearly infinite atomic resource that
makes up most of the atmosphere, in its dimeric form the element is as inaccessible
as it is abundanDinitrogen, which consists of two N atoms held together by a
strong triple bond, has a high-Wl bond dissocian energy (BDE) of 226
kcal/mol! As a result, N fixation is severely limited by the significant energy
expenditure required to cleavethe N bond i n order to incorpot
other moleculeg-urther exacerbating the situatior,iBlnonpolar,has low proton
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affinity, has a high ionization potential, and has a large HANUMO gap that
inhibits both oxidation and reduction because it is difficult both to remove electrons
from the low HOMO or to add them to the much higher LUK®.
For the majority of the worl ddés histor
reasonable amount obMas fixed at all was a natural process through bacteria that
contain he nitrogenase enzyme, transforming atmospherigpidtons (H), and

electrons (g into bioavailable ammonia (N according to Scheme 1.1. This

Scheme 1.1
i . nitrogenase
Ny +8e +8H > 2 NHg + H,
16 ATP 16 ADP + 16 P,

ubiquitous process has is responsible for the natural nitrogen* gtk its
importance cannot be overstat8dat this transformation occurs under ambient
conditions even more remarkable given that the only other natural fixation
processes for Noccur infrequently, requiring volcanic eruptions or lightning
strikes to provide the necessary energy to fixf\Recent reports indicate that the
active site of nitrogenase is the Feldafactor of the enzyme. Its structure,
elucidated with significant contribution from the work of Rees and/akers!?

and which is shown in Figure 1.1, consists ofkf® tetramercontaining gpair of

/ Q ’y W \ Y,
Y S/Fe/\ Fe \\S/ NQ\ COO®
S N\

Figure 1.1 Structure of the FeMo cofactor, active site of the nitrogenase enz
2



polynuclear metalloproteins, & and MoFeSs, which are joined by three S
ligands and six internal Fe atoms that surround an interstitial C atom. Despite
decades of study, and even the structural clarity of the FaN&xtor, the sgcific
mechanism by which nitrogenase accomplishes fikation remains largely
unknown. Some features of the black box reaction, such as the requirement of 16
equivalents of ATP to fuel electron transfer required for reaction and the
recognition thatevolution of 1 H for each 2 NH fixed, are recognized as key
features of the process. Still, a stepstep understanding of how nitrogenase binds
and transforms Nremains elusivé?18

Even before the role of nitrogenase was understood, its prodved, fi
nitrogen, has been recognized as a valuable commodity throughout human history.
From agricultural soil fertilization increasing crop yields to the discovery and
adoption of Nbased explosives such as gunpowder, as human society has grown
and developedso too has the demand fordéntaining products. Fixed nitrogen
resources were so prized that in the 18006s
of nitraterich coastal lines and islands covered in nitregeh guancd'® By the
turn of the century, thglobal economy was reliant upon stockpiles of naturally
fixed nitrogen to meet demands of food, explosives, dyes, and other commodities,
but these resources were being consumed far more quickly than they could be
replaced by nitrogenase alone. Astherld 6s gr owi ng popul ation t
outstrip everdwindling natural resources of fixed nitrogen, a global crisis loomed

unless a scalable synthetic approach to dinitrogen fixation could be dev&ébed.



The solution to this problem canfiom German chemist Fritz Haber and
chemical engineer Carl Bosch who together developeiddrstrial analogue to
nitrogenase, the Hab&osch process, which since its introduction a century ago
has risen to prominence anddefined the availability andole of nitrogen in
society?? The HabeiBosch process accomplishes the conversion of gase@usiN
H2 into NHs, shown in Scheme 1.2, by passing the gasses over beds of
heterogeneous catalyst, which is typically Fe based, and operates on a massive
scale,producing of 175 million metric tons of ammonia annu&@liyhis is on par
with the amount of nitrogen fixed by nitrogenase and accounts for roughly half of
all nitrogen fixed annually on the planet, producing the necessary quantities of NH
to act as thendustrial precursor to many otherdéntaining molecules that sustain
society today?

Scheme 1.2
N, +3H, - catalyst 2 NHq

400 - 600°C
200 - 500 atm

Though wildly successful by many measures, the HBlosch Process is
not without flaw. While the reaction is exothermic under standard temperature and
pressure, it poceeds so slowly that Nproduction cannot be observed under these
conditions; therefore, while the nitrogenase enzyme fixesuiNler ambient
conditions, the HabeBosch Process requires much more harsh reaction conditions
of up to 600°C and 500 atm to rpceed efficiently¥* Furthermore, steam
reformation, which generates the starting material from natural gas, is itself an

incredibly costly endeavor, consumi ng
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energy supply and producing 450 million metric toh€®2 per year, accounting
for 3% of t heé& PwdHNevedhdless, asuthephuntan population
continues to grow, so too will the demand for fertilizers andoNtaining
products’” 28To address this continuing challenge, research in syntlieticogen
fixation is founded on the effort to combine the best aspects of the natural N
fixation processes of the nitrogenase enzyme and with the highly efficient industrial
HaberBosch process towards a better understanding of the fundamental reactions

by which dinitrogen fixation can best be achieved.

1.2 Synthetic Approach toeKoordinaton, Activation, and Fixation

1.2.1 Dinitrogen as a Ligand

Organometallic chemists have long sought new homogeneous methods to
merge productivity with control, searching for systems that accomplish synthetic
nitrogen fixation with high atom economy, chemical efficiency, and under mild
conditions in order to minime both energetic costs and the production of chemical
waste. The connection between transition metals and dinitrogen fixation is well
established, from Bortells linking Mo to the process pfiation by bacteria in 1938
to the use of Fbased catalystin the HabeBosch process. Despite the inert nature of
N2, which is neither a good donor nor acceptor, the figstdplex [Ru(NH)s(N2)]%*
(1.1) was isolated in 1965 by Allen and SenSff, ol | owed in 1966 by t
discovery of the related [RN{Hz)4(N2)]?* (1.2) derived from the reduction of molecular

dinitrogen3! Since then, electron rich transition metals have been demonstrated for



over half a century to bind, activate, and even facilitate the fixatior,dhBl study of
which has been thaibject of substantial revietv24*

Transition metal centers can bind to dinitrogen in-engsideon, or endon-
sideon modes and if thelNN bond can be cleaved, they can bind to singkdns as
well, forming nitrides. Mononuclear and dinuclear configurations of dinitrogen and
nitride binding have been reported and are illustrated in FigureThe? extent of
dinitrogen activation in a dinuclear organometallic complex is determined by the
electron distribution across the-NEN-M bonds. N coordination ranges from the
neutral, triply bonded NN, which hardly affects the oxidation state of the reta
centers, to the anions ofz:Nand N* which are already partially reduced. Weakly
activated N ligands can be displaced in a vacuum or by competition with more

coordinating ligands while strongly activated ihits are more structurally robust and

Dinitrogen Binding Nitrogen Binding
- side-on
ﬁ end-on terminal nitride
L
2| OO0
5 Q9
=} (N,) (
N)
= (n2-N,)
end-on-bridged

O-O_O-O bridging bis-nitride
P (kntn®-Ny)
9
s side-on-bridged end-on-side-on-bridged
£
5

C@D Q é 9 o
(k-nn?-N,) (H-ntn?-N,)

Figure 1.2 Binding modes of dinitrogen and nitrogen atorn$ (ith the metal
centers of mononuclear and dinuclear organometallic compleyes (



morereactive towards functionalization. Structural parameters of dinitrogen complexes

are typically judged in comparison to the characteristics of feeesi¢h as the MW

bond length of 1.0964 and the Raman stretching frequency of 2331*cEnd-on

bridged( &% ¢N2) coordination of the Bunit to the transition metal centers results

in smaller elongation, and thus less significaht\Noond activation, than siden - ( €

d% 4N2) or endon-sideo n -dt: &N2) coordination. This is due primarily to strong
backdonati on from d orbitals of t hdhemet al C
stronger the MN2 interactions are, the more activated tHeNNbond will be, and the

more easily Mwill undergo functionalizatior.#2 43

1.2.2 Transition Metal Centers

Complete scission of anlMl bond requires 6 electrons, usually obtained
either through external chemical reductants such as alkali metals or from the
valence electrons of transition metal complexes, and as such, the identity of the
metal center is of thetmost importance to successfully reducing Sroup 4
metals are very reducing, and metallocenes in particular have been successful in N
fixation, however with a maximum of M(Ojdthey lack the 6 electrons sufficient
to cleave the NN bond without addedeagents® 4+ 45Group 5 metals have also
demonstrated significant activity in terms of &ctivation and cleavage, though
few examples of successful fixation are reported in the literdtufe** 45Mid-
valent group 6 metal centers are in manysviaeal for N fixation. The group 6
metals tend to be more reducing than later transition metals, yet with a greater
number of reducing equivalents and thus access to a greater range of oxidation

states (of which at least 4 are required to facilitatenthéielectron redox of N
7



reduction) than earlier metdl§These attributes make Cr, Mo, and W versatile in
their scope of possible reactions, however it can also cause difficulties in
controlling stability and limiting unproductive side reactions. Thimost apparent
with Cr, for which there are only a handful of isolated and characterized dinitrogen
complexe®>° of which only one engages in catalytie fikation.>® However, the
recalcitrance of Cr to form dinitrogen complexes is in sharp contraise tower
row metals Mo, which has biomimetic appeal due to its presence in the- FeMo
cofactor of nitrogenase, and W, which often undergoes analogous reactivity, which
are the subject of much study and even successful fixation. It is these metals, with
flexible oxidation state and reductivity, upon which this dissertation will focus.
When designing a system fop Neduction, the d electron count of the metal
center is among the most influential factors in determining the extent to which N
will be activatel, reduced, or cleaved. The use of bimetallic complexes is a popular
strategy as two metal centers inherently doubles the number of valence electrons
available for N reduction. Metals that begins in low oxidation states are more
reducing and can access thigher oxidation states necessary to activate and reduce
N2. Care must be taken, however, to avoid the thermodynamic sink of the very
strong, terminal MN bonds to metal centers of high oxidation state which are the
result of N cleavage as these areasftunreactive and can hamstring the possibility
of releasing Ncontaining products under mild conditichBormation of bridging
bis-nitride structures, Figure 1.1, obviates this issue to some degree by avoiding the
unreactive terminal metal nitride moieti, as does cleavage concomitant-atdim

functionalization which reduces the bond order of thé&l Mond.



1.2.3 Impactful Homogeneous Fixation Systems

Though there have now been dozens of examples of catahftiabion by
organometallic complexes to NHbr other Ncontaining products, several are
worthy of particular note. Early reports of stoichiometridikation into NHs came
from the groups of Chatt; %>’ Leigh>® *°and Hidai®® ®*however the first eample
of catalytic NH production fromMwas first achieved in

eponymous cycle, shown in Scheme 1.3. In it, the bulky trisamido amine supported

Scheme 1.3
+N,
[M][=—NH3; ———————— [M](Ny)
-NH3
+H* e +H* e
[M]—NH, [M]—/N=NH
M](N,) =
+H+, e' 25 OC \+H+’ e_ [ ]( 2)
iPr
[M|—/NH [M]=N—NH,
\\ +H*, e//
+H", e . ~ -NHs H* = [2,6-C5H3(CH3)NH][B(3,5-CgH3(CF3)2)4]
=N~ & = Cp*oCr

Mo center of {(HIPTNCHCH2)sNMo(N2)} (HITP = 3,5CesH3(2,4,6CsH2iPrs))

(1.3) catalyzes formtion of 7.6 equiv. Nklper Mo through alternating protonation

and reduction steps on Mo(lll) to Mo(VI) centers. Isolation of 6 of the intermediates
depicted in the cycle helped to inform the proposed mechanism in which the distal
N atom is first protonatkand released as NHfter which the nitride follows suft.

This is evocative of the Chatt cycle, a proposed progression of proton and electron
addition to a coordinated dinitrogen unit {M N) which transforms through
diazeniod (MN=NH), hydrazido (M-N-NH?2), nitrido (Ml N), imido (M=NH), and

amido (NNH2) functionalities to release 2 equiv. blbut it typically envisioned

9
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to operate between Mo(0) and Mo(lV) oxidation state¥Building on this applied
success, in 2011 the Peters group was able to demonstrate that iron, also present in
the FeMacofactor of nitrogenase, is also catalytically active with their
tris(phosphine)borane supported mononuclear complex [(TBP)FENBI(12-
crownd4)] (TBP = B(2CesH4PiPr)s) (1.4) that undergoes reductive protonation to
yield 64 equiv. NH at very low temperatures, shown$cheme 1.4* ¢ Fe has
tended to be less popular than Mo as a metal center for fixation, however, due
primarily to aless flexible range of oxidation staf@sEven more recently, the
Nishibayashi group has made great strides in increasing the turnover of Mo
complexe® % having developed an-Netrerocyclic carbene and phosphine and
based PCRincer supported dimolybdem catalyst {(PCP)Mo(N2} ( a*: dN2)

(1.5 in 2017 that is able to catalytically form up to 115 equivz Nét Mo, shown

in Scheme 1.47 This is the highest reported yield of hHirectly produced by a
transition metal catalyst, though there are otfraitful avenues have been

investigated including the production of N(Si§jtein high turnover o be

Scheme 1.4
[Na(12-crown-4),] ©
B 1®
N ||| Bus ///
PtBUZ
)——Mo N=N— Mo~< j@[
N p_/
tBU2 ”| N/// tBU
1.5
N, +6e +6H* catalyst 2 NHs

25°C
H* = [2,6-C5H3(CH3)NH][CF3SO
Ny+6e +6 H* catalyst 2 NHs [2, Z' z(Cp*sz)Cr I[CF3S0;]

H* = HBAr™- 2 Et,0
e =KCsg
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examined in Chapter)4and demonstrates the significant progress that has been
made in the field in only 15 years.

Not all N-fixation studies are focused directly on the production of;,NH
however; seminal work by Cummins in 1995 demonstrated the first example of

thermally mediated NN cleavage in a group 6 complex. As is revealed in Scheme 1.5,

Scheme 1.5
R= C(CD3)2CH3
AFR’\“ ArRN NRORAr  Ar = 3,5-CgHaMe, ArRN
2 Ny \ S 2
Mo ——— /Mo-‘-N:N:Mo > Mo=N
2 B \ 30°C 7
ARN  NRAr ARN NRAr ti2 = 35 min ATRNRN
16 17 1.8
N(R)Ar | *
ArR)N /\\\\N(R)Ar
N:l\/ld‘
Mo=N"
ArRINT < N(R)Ar
Ar(R)N

at subambient temperates a bulky tris amine supported molybdenum
specie§ArR) sMo} (Ar = 3,5-CsHsMe2, R = C(CDB)2CHs) (1.6) can coordinate Nto

become the dinucleg(ArR)sMo } -f'e 1N2) (Ar = 3,5CsHsMe2, R = C(C2)2CHy)

(1.7). This Mo(lll) complex moves throughpar o pos-eadgdéd zi gansi ti on st
rate determining step to form a pair of terminal nitrides, {(AMR)N)} (1.8).%8 ©°

While this was an unmatched accomplishment in terms of cleavinghdier mild

conditions, the production of the strongly bounittide 1.8 posed significant difficulty

in its subsequent functionalization and release. Only upon its reaction with the strong
electrophile trimethylsilyl triflate ([M&Si][CF3S(Oy]), benzoyl chloride, and a catalytic

amount of pyridine couldl.8be conveted to an alkylimido salt [(ArRMo(NC(O)Ph}

(2.9 which could be reduced by magnesium anthracene and trimethylsilyl triflate to
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the trimethylsilyl (TMS) substituted ketamide {(ArfR)o(NC(OSiMe) R 61}310. (
Upon treatment with Sn€lor ZnCk, 1.10 returrs to the chloride precursor
{(ArR)sMoCI} (1.11) while releasing a valuadded nitriles, PhCN, according to

Scheme 1.6. Other nitriles, MeCN and tBuCN, could be produced but only under

Scheme 1.6
NRAr
Mg® Mo N, / NaH
ARN / : ArRN
' \ ARN  NRAr
Mo—Cl 1.6 Mo=N
Ve 7
ArRN_ 3 ArRN_ 3
ArRN ArRN
1.8
1.11
N=C-Ph 1) [Me3Si][CF3S04]
2) 1.25 PhC(O)Cl
0.5 SnCl, 3) 0.2 pyridine
or ZnCl,
ArRN ArRN
OSiMes \e 0
Mo-N=( Mo=N
e Ph ARN S Ph
ArRNC 3 r 1.9
ARN 110 _ ARN
1)Mg(anthrocene)

2)[Me;Si][CF3S0;]

different conditiong® The formation of a NC bond instead of an-N bond to generate
valueadded organiaitriles is an important and different approach from the limited
pursuit of NH in that the it is the direct synthesis of aabdbm product that does not
require protons, heever this cycle requires specialized and harsh reagents and is not
very adaptable towards substitution. Many other alternatives t@NéVven nitriles are
produced in similarly complex synthetic pathways, including amines, carbodiimides,

and isocyanates.
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Finally, hough there is dearth of examples in the literature of thermally
mediatedNc | eavage from group 6 centers besides
photolysis is a viable alternative route to overcoming the significant energy
expenditure required to break the bbnd. Photolysis has been employed by the
Florani/* Cummins/? and Nishibayashigr oups to c¢cl eave the NIN
respective dimolybdaum, endon-bridged dinitrogen species {M#do } - ¢
d: oN2) (Mes = 2,4,6CéH2Mes) (1.12), (1.7), and {Cp*Mo(depf)} (- dN2)

( d e pf -bis(diethyldhosphine)ferrocene))1.13 which upon photolysis form
pairs of mononuclear terminal nitrides {M&&0(N)} (1.4), {(ArR)sMo(N)} (1.8),

and {Cp*Mo(depf(N)} (1.15, respectively, according to Scheme 1.7. This is an
important strategy because it can employ photolysis in the difficult but necessary
step of fixation, breaking the 2Noond, in lieu of exterrareductants that can

complicate subsequent reactivités’>

Scheme 1.7
Et,
o R = C(CD3),CHs <y R
Mes = 2,4,6-C¢H,Me; Ar = 3,5-CgH;Me, ! k/l/jQ-
S Fe 0
Mes);Mo=N=N=Mo(Mes
(Mes)s (Mes); ARN NRAL @ VRN
1 = NRAr EtP W Et
o 2 N P
Jomt=nowie G =
hy ARN_ 3 T -
ATRN NRAr
1.7 P4©
113 gt
2
M Mo=N
2 (Mes);Mo n
114 hv | -78 °C
Et,
ARN @R
2 Mo=N 2 Fo MO\/O
v @ AN
Ar%/s D
rRN Ets
1.8
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1.3 The CPAM Ligand Set

As is by now evident, successfu} Bictivation and fixation is the result of
a careful balance of many features including not onlydéstity of the metal and
its oxidation state, but also, at least as importantly, the steric, electronic, and redox
features of the supporting ligand platform. Certain trends (ranging from sandwich
complexes to pincer ligands to electron donating moieties to name®: fév?
are ppular in terms of supporting dinitrogen complexase oftemployed support
for small molecule activation by transition metals is the monoanionic
cyclopentadienyl (Cp) ligand. Usually coordinated{frhapticity, it provides 6e
to the metal center andakes available a wide variety of derivates based on the
substituents of the Cp ring, very commonly the sterically demanding
pentamethylcyclopentadienyl (Cp*.82Another commonly used class of ligands
for early transition metals is the monoanionic, 4cabrrdonating amidinate,
[ N(R6) C(R)NCRO)], which can be symmetrical
ancillary, Nat om substituents (-BomsabstduenR®) and it ¢
These easily tunabl e omoc®demticiiy¥®Stiloféralle n coor di
of the examples of Nactivation and fixation now in the literature, there are nearly
as many unique ligand frameworks supporting the organometallic complexes, and
the lack of ligand continuity from metal to metal and the many disparate ligand
designs employed mean that thexe distinct and unfortunate lack of organized
understanding with regards to the relationship between ligand design and resulting

small molecule activatiof.
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Over the past decade, the SiesRBarch Group has systematically employed
the pentamethylcyclopentadienyl, amidinate (CPAM) ligand set, shown in Figure

1.3, across the early transition metals to establish a series of analogous complexes

| M = Ti, Zr, Hf, V, Nb, Ta, Mo, W
R M—_ (X-Y) = small molecule
N7 | (X-Y) R =alkyl, aryl, or amino group

' N R', R" = alkyl group
~ A R™ = H, Me, tBu

R
Figure 1.3.CPAM framework and possible substitutions

wor king towards a s etandodesigriThe uncommopr i nci pl e
adaptability of this CPAM system is derived from the unique but complementary

steric and electronic features of the Cp* and amidinate ligand environment;
particularly, the ease with whimR the Cp*
RO, or R66 respectively) can be modified
Initially, the CPAM platform was used in ZiegiBlattatype polyolefin synthesis

where its ease of tuneability gave rise to chirality and asymmetric convetsidns.

More recently, the framework has also been employed on group 4, 5, and 6 metal

centers to study the fundamental activation and cleavage atmdss the early

transition metals, generating readily comparable dinuclear Ti, Zr, Hf, V, Nb, Ta,

Mo, and W dinitrogn complexe$> 46 9%¢ selected examples of which are shown

in Figure 1.4 ({Cp*[N(iPr)C(Me)N(iPr)]Tip(e-d*:d'-N2) (1.16 for titanium,
{Cp*[N(iPr)C(NMe2)N(iPr)]Zr} 2(e-d?:d>-N2) (1.17 for zirconium,
{Cp*[N(iPr)C(Me)N(iPr)]Hf} 2(e-0d%d?-N2) (1.189 for hafnium,
{Cp*[N(iPr)C(Me)N(iPr)]V} 2(e-d%:d*-N2) (1.19 for vanadium,

{Cp*[N(iPr)C(Ph)N(iPr)]Nb}2(e-d*:d*-N2) (1.20 for niobium,
15



N7 ' N7 Cr not isolated
LN LN
SiPr iPr

P Zr——N—2r iPr. Nb=N—\ =Ny ~iPr 'Pr\N'NlD—NSN—M/
[ r\N/ | \ N | \
N :‘"N\ N\
J/ NiPr iPr iPr
Ph
NMe; 1.17 1.20 1.22
|Pr\ iPr\ ’ |Pr\ /{
N N \ N": |T| i
N— - ) N N~
———‘l‘\l——}‘lﬁ’ iPr iPr /TG:N--..N:T]a/N iPr IPF\N/Vlv N-“:N_W iPr
|F’r-\N/| \ N Ill \ LN \
)/ e )/ "iPr J/ P
1.18a 1.21a 1.23

Figure 1.4. Selected isostructural dinuclear CPAM dinitrogen comple»
spanning groups 4, 5, and 6

{Cp*[N(iPr)C(Me)N(iPr)]Ta}2(s-d%:d*-N2) (1.219 for tantalum,
{Cp*[N(iPr)C(Me)N(iPr)]Mo} 2(e-d::d*-N2) (1.2 for molybdenum, and
{Cp*[N(iPr)C(Me)N(iPr)]W} 2(s-dL:d*-N2) (1.16 for tungsten). Within this
remarkable isostructural series, it has been obsehatddecreases in the steric
demands of the CPAM framework correspond to an increase actiation and
reactivity this correlation is discussed imgreater detail in Chapter 2)1
Additionally, the compounds with heavier metal centers tend to be natie #tan

the earlier row counterparts. These findings illustrate how desired coordination,
activation, and reactivity (including hydrogenation, hydrosilylation, bromination,
alkylation, silylation, and cleavage of the thit) may be specifically targetday

tuning the CPAM ligand set and metal center combination.
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1.4 CPAM N Fixation Cycle

In 2015, the Sita group combined several wbkracterized reactions into
a chemical cycle for fixing Nby Mo or W CPAM complexes, shown in Scheme

1.8% The first step is the dinitrogen reduction of dichloride

Ko
12 NaCl 3 NZI s _'\,"/N\<

12 Na° k

* 3N, = Mo (1.22), W(1.23)
@ = Mo (1.22), .

@

Scheme 1.8

6 . 4 >\ M
2 equiv. ——
(2 equiv.) N7 | N~siMe,
4y >
M = Mo (1.24), W(1.25) M = Mo (1.28), W(1.29)
4 Me;SiOSiMes '&\ /(\4 0,
/ \o

4 Me3zSINCO

8 Me;SiCl //

M = Mo (1.30), W(1.31)

{Cp*[N(iPr)C(Me)N(iPr)]MCl2}, M = Mo (1.24, W, (1.25, to endon-bridged
dinitrogen complexes {Cp*[N(iPr)C(Me)N(iPr)]M¥e-d':d*-N2), M = Mo (1.22),

W, (1.23 by sodium amalgam (NaHg) in Step A. These complexes are thermally
stable but will undergo photolytic cleavage of theNNbond in a Rayonet®
Photochemical Reactor containing medipnessure Hg lamps according to
Scheme 1.9. This is believed b®e an intramolecular rearrangement and the

structures of the resulting bridging mdride complexes
17



Scheme 1.9

Me Me
Pre iPr /f
\ N hv \ N '\llN .
prl MNP —— Mo P
~N7| |Pr\N/|\ =N
i.N N N
\ 5
iPr )/ NiPr
Me Me
M = Mo (1.22), W (1.23) M = Mo (1.26), W (1.27)

{Cp*[N(iPr)C(Me)N(iPr)]M(e-N2)}2M = Mo (1.26, W, (1.27) are unique among
reported group 6 nitrides. Functionalizationlo26 or 1.27 can be accomplished
through  facile  silylation by Ms&SIClI to  form  silylimidos
{Cp*[N(iPr)C(Me)N(iPr)]M(NSiMes)}, Mo (1.28, W, (1.29, in a 2 : 1 ratio with
the dichloride starting materialk,24or 1.25 respectively. Step B, which combines
the N cleavage and silylation, is followed by Step C, release of tah product
facilitated by treatment of.28 or 1.29 with CO.. This releases an isocyanate,
OCNSIiMe;, through simultaneous oxygen atom and nitrene group transfer, while
concomitantly converting the CPAM complex to a terminal o0xo0
Cp*[N(iPr)C(Me)N(iPr)]M(O)}, Mo (1.30, W, (1.3]). In step D, the oxo is cleanly
converted back to the starting dichloride by reaction withSW& to generate
hexamethyldisiloxane (O(SiMp).

This cycle prodces an industrially valuable-dbntaining product in an
alternative to typical ammoniargeted fixation, and each step has been thoroughly
investigated; however, there are a few notable ways in which the chemistry that
drives Scheme 1.8 could be imprové&irst, the requirement of photolysis fog N
cleavage is not idedl the reaction requires many days and significantly more
energy than thermal cleavage under ambient conditions would. Second, the use of
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CQ: to release the isocyanate inhibits further tieag if any CQ lingers in the
reaction vessel, it will compete with2Nor coordination to the metal centers
forming carbonyl complexes. Third, there a loss pi\the silylation step B which
lowers formal atom economy despite the fact that thedNld be rereduced with

the dichloride side product to-enter the cycle. Overall, up to 50% of the metal
could be recovered as the dichlorides and the cycle is certainly successful in fixing
N2into a valueadded product, but in its current form, it remairseries of chemical

reactions and not yet a catalytic cycle.

1.5 Goals of the Thesis

The overall goal of this dissertation was to continue to map out the
chemistry of CPAM Mo and W dinitrogen complexes to obviate or lessen the
chemical challenges of Seime 1.8 and thereby move closer to achieving a catalytic
cycle. The work described herein has therefore aiméd systematically substitute
and reduce the sterics of the CPAM ligand framework to 2) increase reactivity at
the Mo or W metal centers of tleesomplexes, lowering the barriers to reaction in
order to 3) investigate and optimize demonstrated cycles and 4) explore new
chemical reagents to establish new fixation pathways. Beyond the scope of
academic interest, the development of chemically andgetieally efficient N
fixation processes is an imperative issue for modern life, and the better
understanding chemists can acquire about how these reactions can be tuned, the
more sustainable, energy efficient, and atom economict&tion processes M/

become in the long term.
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ChaptbDarnt2a:rogen Coordination and

2.1 Steric Reduction of the CPAM Ligand Sdtdwer Reaction Barriex

The adaptability of the CPAM ligand framework is among its most attractive
features. Variation of the substituentshet Cp* ligand as well as the ancillarydtom
and distal Gatom positions of the amidinate ligand has led to the ability to coordinate
the N ligand in dinuclear complexes spanning the early transition metals, tuning both
reactivity and isolability:® Indeed, this control and its effects are clearly demonstrated
in a series of isolated group 4 side-bridged dinitrogen complex€&.17 and 1.18a
€). The group 4 metal centers [M(IV9d[N2]*] lack the two additional electrons
necessary t donddeamadeeso the résllths an extremely elongated N
N bond and which can be viewed as an fdarre
pat hway. As i1s illustrated in Figure 2.1,
substituents display a cleaemnd regarding Nactivation and bond length; namely, the
less sterically demanding the CPAM framework is, the longer thelddnd and thus

the more activated the dinitrogen uhit.

Rl
R R" /r 1.17: M = Zr, R = Me, R' = NMe,, R" = iPr, d(NN) = 1.518(2) A

N N 1.18a: M = Hf, R = Me, R' = NMe,, R" = iPr, d(NN) = 1.581(4) A
’%/ A\ | _N<gr 1.18b:M=Hf, R=H, R =NMe,, R" iPr, d(NN) = 1.600(6) A
R"\N/'\lf""N_M\ 1.18c: M = Hf, R = Me, R' = Me, =iPr, d(NN) = 1.611(4) A

LN ﬁ' 1.18d: M=Hf,R=H, R =Me, R" = iPr, d(NN) = 1.630(4) A
J“/ R R 1.18e: M=Hf,R=Me,R'=Me, R"=Et, d(NN)=1.635(5) A

Figure 2.1.Structural parameters for Group 4 smebridged dinitrogen complexdsl7
and1.18ae
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An extension of the observation is that for Group 5 dinuclear dinitrogen
complexes{ Cp*[N(iPr)C(R)N(iPr)[Ta}2(mh*:h-N2) where R = Me 1.219, NMez
(1.21b, and Ph 1.219, which undergo thermald\c | e av a g eN2) f rtebbip ((e¢
complexes{ Cp*[N(iPr)C(R)N(iPr)]TafmN)}2where R = MeZ.13, NMez (2.1b), and
Ph @.19, shown in Scheme 2.1. Thei® marked relationship between the steric
demands of the CPAM |l igand set and the
Namely, cleavage is more facil@a complexes with smaller amidinate-aom
substituents (Me > NMe> Ph) because these less bulky complexes have smaller non
bonding steric interactions between the CPAM framework and the proximate metal
centers and Ncores. That the sterics of the CPAilgland set have such an effect upon
reactivity is due in large part to the proposed mechanism for this cleavage process, an
intramolecular isomerization wherein a dinuclear -end bridged N complex
rearranges to a sidm bridged binding mode before cl@ay the NN bond fully

resulting in a bridging bisitride structuré.

Scheme 2.1
R
iPry /r [Me > NMe; > Ph] |Pr\N/(
X N— A N\ N _N<
Ta=N—pN— | N~ipr — TaZ >Td IPr

N a\ hydrocarbon iPr\Nl/| SN
)yN\ solution JyN\
iPr iPr
R R
R = Me (1.21a), NMe, (1.21b), Ph (1.21c) R = Me (2.1a), NMe, (2.b), Ph (2.1c)
Further credence is given to the existence of a-@mdéound intermediate
through DFT studies by Morokuma for a simplified CPAM ligand framework of

{Cp[N(Me)N(H)N(Me)Ta}2( €\N2) (2.2). These computational studies explored the

N[N cleavage of a ditantalum dinitrogen
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from an enéonb r i d gd& &N-2), to an enebn/sideo n -df: &N2), to the sideon

br i dg-¢%ddNf birding structureprior to total N cleavage, as is depicted in

Scheme 2.2.
Scheme 2.2
[Ta]—N—N—TITa] —> [Ta]—Ndrra]—h— [Ta]<E>[Ta] — [Tal<:>[Ta]
[Ta] = {Cp[N(Me)C(H)N(Me)] Ta}
I f this is in fact the mechanism by wh

increase in the steric crowding about theN¥M core would inhibit the ability of the
rearrangementot take place and thus slow the cleavage process. For group 6
[N(iPr)C(Me)N(iPr)] CPAM derivatives1.22 and 1.23 it is possible that the steric

hi ndrance about t he M) isasp dreaWhatcie ordereto s o f
accommodate the necessary reageament and transition geometry of dleavage to
makel.26and1.27, photolysisbriefly reduce the binding of the amidinate ligand from

8’ -t o' -c@ordinationwhich increases space about the core to accommodate N
rearrangemertt.It follows then, that decreasing the barriers tp ddtivation and
cleavage on Mo and W centers may be systematically accomplished by reducing the
steric demands of the CPAM ligand set, even going so far as to undergo thermal N
cleavage instead of phoytic. Interestingly, this approach is in opposition to the
generablpproaclof the fieldwhich tends to eschew unencumbered ligand sets in favor
of bulkier frameworks in the pursuit of catalyticz Nixation. Indeed, the use of
sterically demanding ligandets not only provides shielding from the formation of
undesirable MM bonds, it can also enforce rigid geometries on complexes, direct
reactivity to desirable positions, and stabilize reactive intermediat&iill, given the
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value of continuing to expa the CPAM library of Ncomplexes and the prescient of
increasing reactivity, the pursuit of undemanding ligands was deemed to be a
potentially fruitful avenue of research.

This chapter will report the synthesis and characterization of various sterically
reduced Mo and W CPAM complexes, their subsequent chemical reduction to
coordinate dinitrogen -Kpdndoel@midgedtdinaleac ent er s
fashion, and finally investigate the groundbreaking, thernmattgliated cleavage of the

NI N bonmd a odif reM)gspegiesr ( ¢

2.2 Diethyl, Phenyl CPANFacilitated Dinitrogen Reduction

The foundation of this thesis rests upon the initial design of a new diethyl,
phenyl amidinate, [N(Et)C(Ph)N(Et)] (8th). With the substitution of smaller ethyl
groups for the established isopropyl group at the ancillagtdsh positions, once
coordinated, the steric demands of this ligand about a metal center are significantly less
than those of the previous [N(iPr)C(MiPr)] amidinate. The use of the phenyl
substituent in place of a methyl group at the distat@n increases the crystallinity of

the resulting products. Due to the vertical orientation the Ph can adopt with less

Scheme 2.3
Ph
o _EIN=C=NE )\ o
—_— N
! Et,O N N
-30-25°C L
= ol
Et\ e
2 )\ Et — > NN
Et\N:j\ SN MCl, Et,O ,\’, Cl
Li M=Mo W -30-25°C “Et

16 h Ph
M = Mo (2.3), W (2.4)
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interference from the ethyl ligandsgdibes not in fact add significantly to rbonding
steric interactions at the metal centerscérding to Scheme 2.8)e amidinate salt is
synthesized by treating diethyl carbodiimide with phenyl lithium3at°C and can
either be isolated by removing tlselvent under reduced pressure and rinsing the
resulting precipitate with pentane or generated in solution to beinisgtl in the
subsequent reactions. Next, tlaeldéion of a solution of the lithium amidinate salt to
Cp*MCls (M = Mo or W) at-30 °C results in isolable CPAM group 6 dichloride
compounds{ Cp*[N(Et)C(Ph)N(Et)]MCLk}, which are either paramagnetic (M = Mo
(2.3) or diamagnetic (W 2.4).* Two equivalents of the salt are used for each
equivalent of the tetrachloride as one serves as situ sacrificial reductant while the
other adds the amidinate onto the metal cehter.

In a glovebox atmosphere ofz\2.3 and 2.4 successfully undergohemical
reduction by 0.5% NaHg to form the corresponding-emdbridged dinitrogn
complexeg Cp*[N(Et)C(Ph)N(Et)]M}2(mh*:h*-N2) where M = M (2.5) in 85% yield

and W @.6) in 80% yield. This reduction, shown in Scheme 2.4, ocoume quickly

Scheme 2.4
Ph
@ N % A
Cl 2 :
2 \M/ 0.5% NaHg \ | N-g
Bt~ N M—N=N—M
N™ | Cl _ Et\N/ | \
2N THF N
‘Et -30-25°C J/ ‘Et
Ph 30minor2h PH
M = Mo (2.3), W (2.4) M = Mo (2.5), W (2.6)
Ph
Et,
% N
\M/Cl\I\III/N\Et
Et\N/ I \Cl/
LN
Et
PH
M = Mo (2.7)



than in the corresponding diisopropyl, methyl complexes under identical conditions;
reduction of2.3 requires only 30 minutes while the comparable reductiaPrie
dichloridel.24requires 2 hourd.* The mixtures were chilled 80 °C and allowed to

warm to room temperature over the course of reaction. Studies running the reduction
of 2.3at room temperature determined that the lowered temperature was not necessary
for successful reduction, a5 could be observed by proton nuclear magnetic
resonancg'H NMR) of the products, but that the low temperature reactions were
cleaner. Further, by beginning the reaction chilled, it was easier to gauge the progress
of the reaction by its distinct color changes. Specifically, these reductions pass through
intermediate monochloride species, noted by sharp changes in color throughout the
reactions (for Mo, dark maroa® 3 quickly becomes navy blue before changing to
orangebrown 2.5while for W, dark orang@.4 changes to deep purple before settling

in the forestgreen of2.6). The structure of these intermediate species is depicted in the
lower portion of Scheme 2.3 and setithte structure of the Mo species was confirmed

by XRD as is shown in Figure 2.2, a dinuclear configuration of the monochloride

{CP*N(EDC(Ph)N(EDIMOCI) (2.7).

Figure 2.2.Crystal structure o2.7 with hydrogen atoms omitted for clarity, ellipsoic
for the norhydrogen atoms are shown at the 30% probability level
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In terms of structural parameters the dinuclear endn-bridged dinitrogen
products, crystalline material ebch2.5and2.6 was obtained which was suitable for
crystallographic analysis, the structures of which are shown in Figur&@.of
diamagnetic these species have sligtraypsoid, though nearly linear,-M-N-M core
structures that can be formally viewed asof M{),ld cent er s wN2tuhit a neut r
or M(1V,d? centers with an anionic B bridging unit. The structurally determined
lengths of these Nbonds are only lghtly longer than the length of a bridging
dinitrogen double bond, 1.25 ®,and so in reality the oxidation state is likely
somewhere between the two extrerh@he XRD demonstrates that the respective
NI N bonds for2.5and2.6are1.288(3)A and 1.29%) A,* respectivelygach of which
exhibit longer N unitsthan are found in the comparable cases of the bulkigviéPr

(e-N2) complexes].22at1.267(2)A and1.23at 1.277(8)A.2 ThelongerNI N bond

Mol N1 N1* Mo1* w1 N1 N1* W1*

‘ R
1.7818(17) A —1.288(3) A  1.7818(17) A 1.776(3) A T1200(5)A  1.776(3) A

Figure 2.3.Top: Crystal structures @.5 (right) and2.6 (left) with hydrogen atoms
omitted for clarity, ellipsoids for the nemydrogen atoms are shown at the 3(
probability level. Bottom: Expanded view and bond lengths @i cores of2.5
(right) and2.6 (left)
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lengths of2.5and2.6indicatethat a higher degresf N2 activation is indeed achieved
with parring back the sterics of the CPAM ligand.

2.3 Thermal Dinitrogen Cleavage

The sensitive nature of these emabridged Ncomplexes is demonstrated not
only in the shorter times required for their synthesis and more activated dinitrogen cores
but is exemplified in the observation that a solutior2 & in benzeneds undergoes
slow reaction at room temperature under ambient lighting. When tracketiyIR,

a new species appeared very cleanly as the signalg.5agradually lessened in

intensity. Figure 2.4 shows a solution2b that wasprepared in a J. Young tulbed

o

70 h 00 A_JL_L_, 4;1

50 h 0 0 % * _“_Jl. l_. _.*'ok\_...u.*

18 h sos s HML 8 ]

Oh = o J”lL

Figure 2.4.Partial'H NMR (400 MHz, GDs, 25 °C) demonstrating the conversi
of 2.5(*) to 2.8 (0) upon thermolysis at 60 °C
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monitored by periodiéH NMR while heating at 66C on an oil bath, covered with
aluminum foil to block ambient light. Over three days, this sample demonstrated the
same clean and quantitive reaction taking place at an accelerated rate when compared
to the room temperature sample, and confirmed that the reaction is induced thermally,
even in the absence of ligi&s is shown in Scheme 2.5, performing the thermolysis

on a preparatory scale in toluene and recrystallizing from THF produced the
dimolybdenum bridging bisnitrido species Cp*[N(Et)C(Ph)N(Et)]MofmN)}2 (2.8),

in 80% isolated yield. Similarly, th@itungsten speciesGp*[N(Et)C(Ph)N(Et)]W{n

N)}2 (2.9), could be cleanly isolated in 77% yield from the thermolysi8.Gfalbeit

ona slightly longer time scale

Scheme 2.5
Ph
Et & Et\ /f
\N4 % Ne )i
N | Neg; 225°C N S VB
—N=pN— ——> Et Sz
Et\N/'\l/I =N M\ toluene, THF, \N,/ | \"N/ \
LN % benzene-dg N,
‘Bt Et
PH Ph
M = Mo (2.5), W (2.6) M = Mo (2.8), W (2.9)

Solid-state structures of dinuclear M(¢pmplexes2.8 and2.9 are shown in
Figure 2.5 and exhibit planarsMembered cores in which theMldistance where the
N2 bond has been completely cleavedi@1N1*) = 2.752 Afor 2.8and2.777 A for
2.9.On the other hand, M bonds have been formed whel®o1Mo1*) = 2.6480(3)
A and d(W1w1*) = 2.6480(3) A each of which are within twice the respective
Paulingb6s covalent bond r adi®MmseM~Nfbonds. 371 |
are slightly asymmetric with a O6shortdé and

of the cored(Mo1N1) = 1.8917(12) A for and(Mo1N1*) = 1.9269(12) A fo2.8 or
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N <4 2 <
2.6480(3) A 2.6445(2) A .
Mol (7 E=======97 Mol* WLBE == = = = = = J{BIwi*
N
‘s, @
& AT
gt
% &
)-f .

Figure 2.5.Top: Crystal structures @.8(right) and2.9 (left) with hydrogen atoms
omitted for clarity, ellipsoids for the nemydrogen atoms are shown at the 3(
probability level. Bottom: Expanded view and bond lengths gfiMcores of2.8
(right) and2.9 (left)

d(W1N1) = 1.9095(17) A for and(W1N1*) = 1.9254(18) Afor 2.9. However, all of
the MN bondsare | ongat e d-Njstructureseop.8dand2.9a6 eompared to
the MN b o n d s -Ne) tompldxe=.5anzi2.6.
2.3.1Mechanism ofThermolytic N Cleavage
There are two distingiathways by which the 2tleavage might be proceed in
the cases oR.5and 2.6, each of which are shown in Scheme 2.6. Mechanism A is
i nspired-zlmy ot te afmzsiidi on st at e detaledin Cummi n ¢
Chapter 1.2.8 in which the cleavagef a bulky trisamidesupported dinuclear Mo
endon-bridged N complexl.7passes th-eagghteaafgigion stat

pair of terminal nitrided.8at ambient temperaturé% 2 Structurally, the dinuclear ¢u
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Scheme 2.6

Ph
Et, /r
® N (®
N~Et
— ~

Intermolecular Et\N/[YI_N: __M\ Intramolecular
Fragmentation/Recombination LN ;ﬁ' Rearrangement
(via zig-zag 1) )/ “Et (via side-on 1)

/ \

N)2 products2.8 and 2.9 are markedl different from the mononuclear terminal
molybdenum nitridd..8isolatedoy Cummins, which is, incidentally, the only previous
example of thermal Ncleavage from a dinitrogen complex to a nitride mediated by a
group 6 metal center. The alternative pathway, mechanism B of Scheme 2.6, is an
intramolecular isomerization of the bridging dhit through a sidé o u n-d 4Ng)
intermediate, of similarteucture to the isolated group 4 CPAM dinitrogen complexes
1.17and 1.18ae! and proposed as intermediates in the cleavage of group 5 CPAM
dinitrogen complexe$.20and1.21ac,® after which theN-N bond isfully brokento

result in a dinucleaf, €\)2that could conceivably fragment into a pair of mononuclear,

terminal nitridesvhich themselves could potentially recombine back into to the dimer
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In general, experimental evidence suggests that it is the intramolecular
rearrangement pathway, Mechanism B, ahhis responsible for thezNtleavage of
these CPAM complexes. For instanttee conversiorirom 2.5to 3.8 was tracked in
THF-ds or in benzenals spiked with dimethoxymethane (DME). In both cases, the
process proceeded unimpeded by the presence of coordinating molecules that would
likely have trapped a mononuclear nitrido species before recombining to form the
dinuclear product if an intermoleculdragmentation process was taking place.
Additionally, treatment oR.8 with 2,3-dimethykbutadiene yielded no reaction B
NMR, even after heating for 24 h at 80 °C in benzamne

Further support for the rearrangement mechanism was garnered s UV
studies for the transformation 2to 2.8in methylcyclohexane, the electronic spectra

of which are shown in Figure 2*6The welld e f i ned i sosbestic poi nt

0.50 ~

o
w
w

Absorbance (au)
o o
N w
w o

o
)
o

|

2.5

0.15 - —

0.10

X T —
450 550 650 750 850 950

Wavenumber (nm)
Figure 2.6. Partial display of a series of electronic spectra showing the ir
thermolytic conversion a2.5to 2.8 recorded by scanning UVis spectroscopy a
70 C (MCH, c = 0.38 mM) with isosbestic point at= 757 nnft°
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indicates that there are only two species in solutidrbto 2.8, at any given point during
the quantitative conversion. The presence of any other compound, such as a
mononuclear nitrido intermediate, would prevent the observation of an isosbestic
point2? It shouldbe noted, however, that only the initial W6 data could be used in
this study due to the disparate solubilities 6N3) and the bis ({N) complexes. While
the brown2.5 and greem2.6 are quite soluble in most organic solvents, including
alkanes suchsapentane, the dark brown compourd8 and 2.9 are only sparingly
soluble methylcyclohexane, THF, toluene, and benzenéds a result, during the
thermolytic conversion a2.5t0 2.8 or 2.6t0 2.9, the increasing concentration of the
product causes thais (u-N) complexego precipitate or crystallize out of solution,
causing the isosbestic point to become less resolvethakithg it impossible to track
their production to completion using Ws, the accuracy of which depends on the
reliable concentratio measurements of both reactants and products.
2.3.2 Kinetic Studies of Thermolytic Bleavage

In order to obtain dependable kinetics of the thermolysis process which could
help elucidate the mechanism of cleavage as well as draw comparisons between the Mo
and W processes, the reactions were monitoretHdyMR at 60, 65, 70, 75, and 80
°C. Ratherthan monitoring the appearance of the signal2®or 2.9 the integration
values of which would not have been reliable once reaching the point of saturafion
kinetic data was obtained by tracking the initial rate of the disappearance of the Cp*
signals of2.5or 2.6relative to an internal durene standard. Data points were collected
every 10 minutes for 4 hours while the instrument was heated and the resulting decrease

i n concent rNa)tdinitoogen spécies aneeshoyrein Figure 2.7. 8gbent
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Eyring analysisshown in Figure 2.8, provided the activation parameters presented in

Table 2.1.
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Figure 2.7.Time dependent Ing]) (top) or In({4]) (bottom) obtained by tracking
the decrease ifH NMR signal for3 or 4 in the thermal conversion t or 7
respectivelyat 60(0), 65(0), 70(0), 75(0), and 80(0) °C
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Figure 2.8. Temperaturelependent firsorder rate constants with leasjuares fit

to the Eyring equatiork = (keT/h) e xV{R) ep&pH/RT) for the thermal
conversion oR.5t0 2.8(0) and2.6t0 2.9(0) at 60, 65, 70, 75, and 80 °C

Activation Parameters® ® [Mo] | [W]

o Cearc (338.15 K) (kcal moth) 26.8| 27.4
g H (kcal mol?) 23.2| 20.4
o % (cal Kt mol?) -10.6| -20.6

Table 1.Experimentallyderived activation parameters obtained by Eyring anal
of the conversion fro2.5t0 2.8 (Mo) and2.6to 2.9 (W).

First, the qualitative observation that cleavage of the molybdenum dinitrogen
complex is faster than that of the tungsten is supported by the free energies of activation
for 2.5 (op Rarcat 338.15 K of 26.8 kcal mé) and2.6 @ Racat 338.15 K of 27.4cal
mol™t) which quantitively favor the Manediated cleavage over W by 0.6 kcal bl
In addition to the more diffuse d orbitals of W, which tend to contribute to higher
barriers to activation for W than M3, this is in keeping with the trengreviously
observed for group 5 where the thinmiv Ta CPAM dinitrogen compleg.21 had
higher barriers to hcleavage by 2.2 kcal mbthan the secontbw Nb complex..202
Rationale for this difference in reactivity is found upon closer examinatithre dfond
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di stances between the metal centNe)aml and t h
b i sN) §peciesas shown in Figure 2.3 and Figure 2.5, the amidinate ligand is more
closely bound to the W cente{W1N2) = 2.130(3)andd(W1N3) =2.135(3)A for
( €\2) 2.6 0or d(W1IN2) = 2.1975(17andd(WIN3) =2 . 2217 ( 1 8)-N)9 f or bi s
than to the Mo centersl(Mo1N2) = 2.1457(18pandd(MoIN3) =2 . 147 (2} | f or
N2) 2.50r d(Mo1N2) = 2.2023(12andd(Mo1N3) =2 . 2435 ( 13)-N)28f or bi s
The moreclosely the amidinate ligands are bound to the metal center, the mere non
bonding steric interactions surround thédging N unit and, in turn, the slower the
rate of N rearrangement and cleavage according to an intramolecular mechBmesm.
atomic radiis of Mo (which, at 1.45 A, is larger than that of W, at 1.35 A ) may
contribute to the longer distance between the Mo metal center and the amidinate ligand
than the W centéef Further,W is more oxophilic than M&, which may also affect its
proclivity to more tightly bind to the amidinatidaus increasing steric congestion near
the dinitrogen moiety and slowing reactivity.

Second, the negative values and large magnitudes of the entropies of activation
suggest the presencelofhly ordered transitiorstates indicative of a contraction of
the core in the transition state. This again supports an intramoleculeedNage
pathway as opposed to a fragmentation and recombination pathway that would yield
positive entropi es’paameter fow (g8%a-20i6catmoltKrhat t he
1) is nearly twice the size of that fisto (5= -10.6 cal mof* K1) can once again likely
be attributed the ster i gcore whneeeartangementof t he
would require more disorder of to acaplish the same transformation that be achieved

more easily by the less sterically encumberedN4aéMo core. Taken together, these
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data strongly support the likelihood of2Ncleavage through a intramolecular
rearrangement pathway.

2.4 DistalSubstitutions of the Diethyl CPAM Ligand Set

To further expand the scope of the study for the sterically reduced CPAM
system, several new derivatives were designed through the modification at the distal
position of the amidinate in order to gain additiomaight into the mechanism by
which this groundbreaking thermal dinitrogen cleavage process occurs. By changing
identity of the organolithium (RLi) reacted with tiN-diethylcarbodiimide, new
amidinate salts LIi[N(Et)C(R)N(Et)] were produced that coukl feacted with
Cp*MCls to once again produce mononuclear dichloride complexes to undergo
chemical reduction with Nand, ideally, thermallynediated N cleavage.
2.4.1Distal PhenylSubstiution: CPAM Complexes

The first line of inquiry in altering thdiethyl, phenyl CPAM framework was
adding substituents to the phenyl group. In addition to the pursuit of a crossover
experiment, which could definitively rule out an intermolecular mechanismzof N
cleavage, these modifications were motivated by the pataitrunning a Hammett
analysig® 2’which could yield a systematic study of the electronic effects of substituted
phenyl groups andheir subsequent contributions to the reactivities of the metal
centers’® According to Scheme 2.7, targeted alterationthe ligand set consisted of a
deuterated phenyl isotopologuets {Cp*[N(Et)C(CsDs)N(Et)]MoCl2} (2.10),

{ Cp*[N(Et)C(CsDs)N(Et)]Mo} 2(mh1:h1-N2) (2.11), and
{Cp*[N(Et)C(CsDs)N(Et)]Mo(mN)}2 (2.12 1 the substitution o& ptolyl group for

the phenyl T{Cp*[N(Et)C(p-tol)N(Et)]MCIl2} (2.13 and {Cp*[N(Et)C(p-
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Scheme 2.7

nBulLi
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D Br or l or Br —> Arli
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N N
'Et Et
Ar Ar
Ar = CgD5 (2.11), p-tol (2.14), Ar = CgDs5 (2.12), 4-biphenyl (2.17)

4-biphenyl (2.16)

tol)N(Et)]Mo} 2(mh1:h*-N2) (2.14) 1 or the addition of another phenyl to makeia
phenyl moietyi {Cp*[N(Et)C(4-biphenyl)N(Et)]MoCh} (2.195, {Cp*[N(Et)C(4
biphenyl)N(Et)]Mok(mhi:h!-N2) (2.16), and {Cp*[N(Et)C(4-biphenyl)N(Et)]Mofn

N)}2) (2.17). Unfortunately, each of these modified phenyl designs proved unsuitable
for the crossover study: The deuterdet?did not differ enough to provide conclusive
evidence of the existence of a crossover species;-the b yNb) spécee.14could

not be isolated for clean thermolysis, and biv@henyl systems bis () 2.17 could

not be cleanly isolated leading tmbiguity as to its characterization.
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2.42 Distal Dimethylamino Substitution: CPGComplexes

In lieu of distal Ph alterations, and inspired by previous successful work with
the more sterically demanding, diisopropy! ligand set in gréupaid group &,the
distal substituent of the diethyl, phenyl amidinate was modified. The phenyl group was
replaced with a dimethylamino to make a Cp*, guanidinate (CPGU) ligand set. Group
5 CPGU derivates are have previously been shown to react mgacable manner to
the classical CPAM compounds, and may even have extra electron density bestowed
upon the metal center by the electron donating amine moiety, potentially stabilizing the
transition state during Ncleavage. The group 6 d-NJnGRGYb de num
complex, meanwhile, has better crystallinity than its CPAM countetpatScheme
2.8 demonstrates, reactiny,N-diethylcarbodiimide with lithium dimethylamide
produced a white salt, LI[N(Et)C(NMgN(Et)]. Once isolated, two equivalents could

be reacted with Cp*MC4 (M = Mo or W) to produce the M(IV) dichloride complexes

Scheme 2.8
NMe, @ ’;\M/Q
2 Bt . Ety \MCI ————  Etsy7 |
N7 TEN 4 Et,0 %N
Li M=Mo, W -30-25°C ‘et
16 h Me,N
M = Mo (2.18), W (2.19)
N, THF
0.5% NaHg [-30 - 25 °C
NM62
1/2 Et NMe, . Et,
v W Y
\ A NN 225 °C NNy E
Ete,,~M&- M7 CEt <———— Et<~ =
N™ | 7\ CeDs or N™ |
kN\ N toluene J}N\Et
Me,N Et Me;N
M = Mo (2.22), W (2.23) M = Mo (2.20), W (2.21)
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{Cp*IN(Et)C(NMe2)N(Et)]MCI2} (M = Mo (2.18, W (2.19). Chemical reduction by
NaHg in THF at under an atmosphere afddice again yielded the desired dinuclear
endon-bridged dinitogen compound$Cp*[N(Et)C(NMe2)N(Et)]Mo}2(md*: gN2)

(2.20 in 95% vyield and{ Cp*[N(Et)C(NMe2)N(Et)]W}2(mdh: gN2) (2.21) in 25%

yield as is illustrated in Scheme 2.8. Single crystals of each compound were obtained
forX-Ray diffraction and are shown Il Figure
bonds 0f2.20 atd(NN) = 1.275(2) d(MoN1) = 1.8008(17)d(MoN2) = 2.1382(16)
andd(MoN3) = 2.1400(18Q, are similar (if exhibiting a slightly less activated core
and slightly closer amidinate proximity) to those 26, at d(NN) = 1.2883(2)
d(MoN1) = 1.7818(17) d(MoN2) = 2.1457(16),and d(MoN3) = 2.147(2)
Unfortunately, thouly several different crystals @21 were submittedor XRD, the

quality of their diffraction was too poor to be refined to a level from which structural

parameters could lmbtained, havever the results were conclusive enough with regards

4 _ o AL e
&g \ =g P X
A A& = <
(r_"-—"" = i) e R 7 /
\ wkc}_\( w1 \7 M3 ’l L
Mol NL N3* &/ \hl R S Tl
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N2 w’\ N3 ~—
Q/y N3 N1 Mol* Fios o et ") M w1
.= \ . i A\ .
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P oy ® { S -
¥ W SEE f  ES
Ay = - = i
Mol N1 N1* Mol* wi N1 N1* W1*

1.8008(17) A 1.275(2)A 1.7940(17) A
Figure 2.9. Top: Crystal structures .20 (right) and2.21 (left) with hydrogen
atoms omitted for clarity, ellipsoids for the rhgdrogen atoms are shown at t
30% probability level. Bottom: Expanded view and bond lengths -0f-2NY core
of 2.20(right) and expanded view of Ml>-M core2.21(left)
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to the overall structuref 2.21, confirming connectivity of the dinitrogen in an eod

bridged fashion between the two W centers.

Like 2.5and 2.6, the brown2.20 and the gree.21 proved to be thermally

sensitive in hydrocarbon solutions and convert to new, dark brown species identified

as

{Cp*[N(Et)C(NMe2)N(Et)]Mo(mN)} 2

the

dinuclear

bridging

brstride

(2.22

in 37%

compounds

isolated as

yield and

{Cp*[IN(Et)C(NMe2)N(Et)][W(mN)}2 (2.23 in 68% vyield, respectively, shown in

Scheme 2.8. This process is qualitatively observed to be very similar in rate to that of

the CPAM complexes. Though ®/23seems to have slightly better solubilihan2.8

and2.9, Mo 2.22is markedly more soluble than any others of its cohort, dissolving

even in room temperature pentane. Crystalline material suitable for XRD confirmed

t

structural parameters of the planasNd cores of the amidinate and the guanidinate

h e

connect i vi t-N) canplexeshaed isC&addd iniguse 2 (e

species are very similar as is presented in Table 2.2 which details the compiled bond

lengths of the sterically bulkidr.22 and1.23 Notably, the CPGU complex@2s2 and

223bot h have more asymmetric rhomboid
Ligand Set | Complex | [M] | d(M1N1) A | d(M1N1*) A | d(M1M1*) A
Et.Ph* 2.8 Mo | 1.8917(12) | 1.9269(12) 2.6480(3)
2.9 W | 1.9095(17) | 1.9254(18) 2.6445(2)
Et.NMe° 2.22 Mo | 1.8564(10) | 1.9696(10) 2.6655(3)
2.23 W | 1.9095(17) | 1.9254(18) 2.6445(2)
iPraMe? 1.22* | Mo | 1.8495(13) | 1.9636(13) 2.6764(3)
1.23 W | 1.908(2) 1.912(2) 2.6560(3)
**puckered core: MeN bond lengths reflect dM1N1)/d(M1IN1*) or
d(M1*N1)/d(M1*N1*)

Table 2.2.Bond lengths of MN2coresofd i nuc |l ear

-W)oconmplexas

2.8,2.9 2.22 2.23 1.22 and1.23obtained from XRD analysis.
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Mol

Figure 2.10.Top: Crystal structures .22 (right) and2.23 (left) with hydrogen
atoms omitted for clarity, ellipsoids for the nbgydrogen atoms are shown at t
30% probability level. Bottom: Expanded view and bond lengthsdf-Mores of
2.22(right) and2.23(left)

bondsthan the CPAM species, but both the sterically reduced diethyl CPAM ligand
sets 0f2.8 2.9, 2.22 2.23 have more disparate -M bond lengths than the bulky
diisopropyl setl.22 and1.23%°

2.5 Crossover and Scrambling Studies

With a complete set newirdtrogenderived complexes2.201 2.23 for the
CPGU ligand set as well as the CPAM bag¢es] 2.6, 2.8, and2.9 now also inhand,
crossover studies were undertaken with the goal of ruling out an intermoleeular N

cleavage mechanism through crossover experiments.
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25.1H NMR Experiments

To begin, a 1 : 1 mixture of the Mamidinate2.5 and guanidinat®.20was
prepared in benzerds and heated at 55 °C, monitoredyNMR as shown in Figure
2.11a. If intranolecular isomerization was occurring, the result of this experiment
would be only a clean, 1 : 1 mixture 28 and2.22 While these bridging bisitride
species were observed over the course of the thermolysis, surprisingly, a nuthber of
NMR signals vere also observed that corresponded neith218wor 2.22 These new
signals are interpreted to belong to the crossover product of the amidinate and
guanidinate complexes, {Cp*[N(Et)C(Ph)N(Et)]Mo}(m
N)2{ Cp*[N(Et)C(NMe2)N(Et)]Mo} (2.24), as shown in Scheme 2.9. It is important to
note, however, that the appearance2d4 does not necessarily mean that the
mechanism of hcleavage is fragmentation and recombination: It was discovered that

a similar 1 : 1 mixture of pur@.8 and 2.22 immediately began to react at room

a)
X
X
0*
X
[=] X
L -
I I I | | I I 1 I I I | I ] |
2.4 2.3 2.2 2.1 2.0 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 PEn
b)
X
Xo
%
X
o X
M
| I I | I I 1 I I I | I I | 1
2.4 2.3 2.2 2.1 2.0 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 pprm

Figure 2.11.Partial'H NMR (400 MHz, benzenes, 25 °C) spectra showing a mi
of product2.8(*), 2.22(0), and2.24(x) from a) the thermolysis o2.5and2.20at
55 °C over 44 h db) from the scrambling a2.8and2.22for 2 h at 65 °C
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Scheme 2.9
Ph

2.24

Ph

temperature to show the sathENMR signals attributed to trerossover species24

S

hown i n Figure

2.

1 1 b-N) canplekesturidergo sdramlglinge f or e

indicative of a dynamic interchange, potentially emsrsoon as they are forméahr

comparison, an authentic sample2dt4was prepared by the chemical reduction of a

1 : 1 mixture ofl and16 by NaHg under Ato make a mixture a2.5, 2.20 and what

is

presumed to be the

mixéidand

endon-bridged

complex

{CP*[N(EY)C(Ph)N(EtIMo}md: &N2){ Cp{N(E)C(NMe2)N(Et)JMo} (2.25. As

is shown in Figure 2.12, this mixture was then heated to undergo theswiabMage,

the resulting®H NMR spectrum of which was nearly identical to the result of

thermalizing only2.5and2.20 both showing a mixture &.8, 2.22 and2.24 While

the results of the crossover experiment can now be explained without ruling out the
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2.4 2.3 2.2 2.1 2.0 1.9 1.8 1.7 1.6 1.5 1.4 1.3 1.2 ppm

Figure 2.12.Partial'H NMR (400 MHz, benzends, 25 °C) spectra demonstratir
the conversion of a mixture &5 (), 2.20(~), and2.25 (#) (bottom) t02.8 (*),
2.22(0), and2.24(x) (top) upon thermolysis for 15.5 h at 65 °C

possibility of intramolealar rearrangement taking place, it unfortunately means that
for the experimental study of Mo, neither can a fragmentation mechanism cannot be
definitively ruled out°

Having already noted that the identity of the metal center has major impact upon
the reactivity of the ystem, the same set of experiments was undertaken with W
dinitrogen complexes. As is illustrat@d Scheme 2.10, these studies had much more
definitive results. A 1 : 1 benzemlg mixture of CPAM2.6and CPGW2.21b i sN) ( €
complexes was prepared and moret by'H NMR throughout thermolysis at 8tC,
this time showingnly the established produc2s9 and2.23as is displayed in Figure
2.13. Similarly, a 1 : 1 mixture &.9 and2.23showed no evidence of scrambling by
'H NMR, remaining unchanged evenanpheating the TH#és sample, the result of
which is illustrated in Figure 2.14. Authentic samples of the unobserved -rgaed

dinitrogen complexes were prepared by theddluction of equimola2.4and2.19by
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Scheme 2.10
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Figure 2.13. Partial 'H NMR (400 MHz, benzends, 25 °C) showing mix of
products?2.9(*) and2.23(0) from the thermolysis d2.6and2.21 at 80 °C for 53 h
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Figure 2.14 Partial'H NMR (400 MHz, THF-ds, 25 °C) spectrum showing nor
scrambled.9 (*) and2.23(0) after heating for 17 h at 80 °C in THk (&)
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NaHg in THF to make a mixre of2.6, 2.21, and what is again presumed to be the
mixedigand  endon-bridged complex {Cp*[N(Et)C(Ph)N(Et)]W}md: ¢

N2){ Cp*[N(Et)C(NMe2)N(Et)]W} (2.26). This mixture was then heated, resulting in a

'H NMR spectrum showing a mixture 219, 2.23 andsignals attributed to the mixed

Il igand b N3 produect {Cp*[N(Et)C(Ph)N(ED)WHm

N)2{ Cp*[N(Et)C(NMe2)N(Et)|W} (2.27), shown in Figure 2.15. When this spem

was compared with the results of the crossover experifBé?t,wastotally absent

from the latter, indicating thaeither crossover nor scrambling is taking plécethe

( &N)2 W complexes. These experiments provide significant insight into ¢éhsae
process. That no crossover product is observed rules out the possibility of

fragmentation and recombination as the mechanism:ofl®davage by W CPAM

Figure 2.15.Partial'H NMR (400 MHz, benzends, 25 °C) spectra demonstratir
the conversion of a mixture @f6 ("), 2.21(~), and2.26(#) (bottom) to a pentare
washed mixture o2.9 (*), 2.23(0), and2.27 (x) (top) upon heating for 18 h at &
°C
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complexes while that no scrambling occurs indicates that the dinuclear structures
obtained for theolid state are not the result of the combination of mononuclear nitrides
when in solution which would result in the presencg.av.
25.2 ESI(+)>MS Experiments

Finally, to confirm that there are no stray, mixegnd W species in solution
for these reactions (which could, based on the solubility problems of many of the bis
( €\) species, conceivably besioluble in benzends and therefore not apparent 1y
NMR), positivemode electrespray ionization mass spectrometry (B8%) was used
to confirm the masses of the products within the mixturé&s3dénd2.23or 2.9, 2.23
and2.27. Like the'H NMR spectrum from Figure 2.13, Figure 2.16 depicts the ESI

MS(+) taken of the r esul26am.2lwhicketelliigyr ossover

2.23
951.39
3900
Theoretical 2.27
3400
m/z = 984.41
5 175
2900 =
S 75
&
2400 =
_é- '25 T LENNL L | 7T T T 1 7T
2 975 985 995
§ 1900 m/z
£
1400
* %k
900 808.29 2.9
1017.38
400 *
841.47 | |
4100 et

780 800 820 840 860 880 900 920 940 960 980 1000 1020 1040

Figure 2.16 ESFMS(+) in THF of the products of heating a mixture2dd and
2.21in benzenals at 80 °C for 53 h. No theoretical crossover pro@u2vwas
observed, onl2.9and2.23 Fragments resulting from the loss of an amidinate
guanidinate are noted-N)}§ CepRMMEMmM)zC
=841.21) %) or {Cp*[N(Et)YC(NMe2) N( Et -N) W{ € p-N)MWME" m/z =
808.18) t*)
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shows signal sets correspondingy to 2.9 ([M + H]* = 1017.38 m/z) an@.23([M +

H]* = 951.39 m/z) and thefragments. The fragments of lower mass in the spectrum
correspond neatly to the loss of either an amidinate or guanidinate ligand from a W
center, and there is no evidence of any signal anywhere else that would belong to the
crossover speciea.27. To limit the exposure of the sample to air and moisture, care
was taken to seal the THF solutions in GPC vials while inside the glovebox and rinse
the spectrometer lines with dry solvent prior to injection. Importantly, Figure 2.17
shows the ESI(+) under the sasunditions of the authentic sample of the crossover
product,2.27with 2.6 and2.21, which clearly displays the same fragments and peaks
for each speciesncluding 2.27 ((M + H]* m/z = 984.41), even more clearly

demonstrating the absence2o27form Figue 2.16.
2.27

984.30
11900 A

9900 A

2.9
1017.29

7900 A

Intensity

5900 A
3900 A

1900 A

-100
780 880 900 920 940 960 980 1000 1020 1040

Figure 2.17.ESFMS(+) of THF solution oR.9, 2.23 2.27, the products of heatin
a mixture o0f2.6, 2.21, and2.26in benzenels at 80 °C for 18 h. Fragments resultii
from the loss of an amidinate or guanidinate are nao
{Cp*[ N(Et) C(-Rh) NCEN)WIMN( B/z = 841.21) ) or
{Cp*IN(Et)C(NMe2) N( Et -N) W{ € p-N)WIME" m/z = 808.18)%*)
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2.6 Conclusions

The orrelation between the reduced steric demands of the CPAM ligand set
and the reduced barriers ta dbordination and cleavage is both clear and gratifying.
The above diethyl, phenyl CPAM and diethyl, dimethylamino CPGU complexes
represent a significant gtéorward in the field, both in terms of successful examples
of coordination and cleavage and in terms of mechanistic understanding what is
accessible for group 6 dinitrogen complexes. Decreasing of the CPAM sterics via
amidinate or guanidinate derivateaswunequivocally shown to facilitate more facile
N2 cleavage and this, importantly, suggests that subsequent heteroatom transfer might
also be more easily accessible.

This series of new transformations from Group 6 dinucleaNAuto the
dinuclear bis|{-N) complexes is remarkable in its rarity, its adaptability, and its unique
mechanism2.5to 2.8is only the second report of thermally mediated cleavage for Mo
while 2.6to 2.9is the first ever reported example for-mMédiated thermal cleavage.
Moreover, these amidinate complexes are the first example of thermalyiedvage
in a pair of congener®f the heavier group 6 metals that are supported by the same
ligand set. Thismportance is only magnified by the additional pair of guanidinate
congeners and their transformations of RI@0to 2.22 and W2.21to 2.23 Their
presence nearly doubles the total number of examples of well characterized thermolytic
group 6 N cleavage.This allows for the unprecedented ability to directly compare
either the two metal centers or ligand frameworks with regard to their structural and
mechanistic similarities and differences, continuing to tease out and smapdtlvity

in the early transibn metals. Additionally, experimental studies now conclusively

55



confirm that, at | east in the case of W, tF
rearrangement. Though the results have been long hypothesized, the crossover
experiments still sheddht on this unique mechanism which is so unlike the only
previous examaphe wofamsiffdaio;p state and an
However, a computational analysis of likely intermediates, including the proposed
sideonbridged species, would be ioterest, especially with regards to explaining the
dynamic behavior noted for the Mo complexes.

Finally, besides the diisopropyl, methyl CPAM complee22and1.23° no
other group 6 complexes have been reported that displapembered N2 core
This unique geometry is of interest not only because of its rarity within Group 6
dinitrogen activation and fixation studies
further functionalization reactions to be discussed in Chapters 3 and 5 of this docume

2.7 Experimental Details

2.7.1 General Considerations

All manipulations of air and moisture sensitive compounds were carried out
under N or Ar atmospheres with standard Schlenk or glovebox techniqu€s aitl
THF were distilled from Na/benzophenamader N prior to useToluene and pentane
were dried and deoxygenated by passage over activated alumina and Gett@B3ax®
catalyst (purchased from Research Catalysts, Inc.) within a PureSolv solvent
purification system manufactured by Innovative Techgiel® (model number PE0-
4-MD) and collected under Nprior to use.Benzeneds, tolueneds, THF-ds, and
methylcyclohexanevere dried over Na/K alloy and isolated by vacuum transfer prior

to use. Celité wasoven dried (150 °C for several days) prior t@.u€ooling was
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performed in the internal freezer of a glovebox maintaine@@tC. Trimethylsilyl
azide, trimethylsilyl chloride, bromobenzenes, lithium dimethylamide, 4
bromobisphenyl, 4odotoluene, and-butyllithium (2.5M in hexaneswerepurchased
from Sigma Aldrich andsed as receive@p*MoClas,333 Cp*WCls, 333
N, Mi@thylcarbodiimide, were prepared according to the previously reported
procedures in similar yield and puritll room temperaturéH NMR were recorded
at 400.13 MHz ad referenced to SiMausing residuatH chemical shifts of benzene
ds, tolueneds, or THRds. High temperaturéH NMR studies were recorded at 500
MHz with temperature calibration involving methanol stand=2@ NMR spectra were
recorded at 125.76 MHz and calibrated to residi@lchemical shifts of benzerts,
tolueneds, or THF-ds. Scanning UWVis spectra were collected on an Agilent Cary 60
Spectrophotometer equipped with a Quantum Northwest tempecatdrelled
cuvette holderESIMassSpectra were acquired at a rate of one spectrum per second
with the m/z range of 400 to 2000 and were obtained from an atmospheric pressure
ionization Timeof-Flight mass spectrometer (AccuTOF, JEOL, USA, Inc.) that was
cowpled with an Agilent 1100 HPLC systerihe AccuTOF was equipped with an ESI
ion source at a resolving power of 6000 (FWHMhe AccuTOF MS settings are as
follows: needle voltage = 2100 V, desolvating chamber temperature = 250 °C, orifice
1 temperature 200 °C, orifice 1 V=30V, orifice 2 =5V, ring V= 10 \Elemental
analyses were carried out by Midwest Microlab, LLC.
2.7.2 Synthesis of New Compounds

Cp*[N(Et)C(Ph)N(Et)]M oCl2 (2.3).As o | ut i o-diethyléarbddijmitié

(821.0 g, 8.366 mmol) in 2mL EtO was added dropwise to a stirring solution of 15
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mL EtO with phenyllithium (4.9 mL, 8.3 mmol) chilled t80° C. After stirring for 1
h, the now white salt suspension was transferred via canula to a purple suspension of
Cp*MoCls (1.5212 g, 4.079 moi) in 20 mL EtO cooled to-30° C and the mixture
was stirred, warming to 0° C over 1 h. After further warming to room temperature, the
solvent was removeith vacuoto afford a dark red solid that was dissolved in toluene
and filtered through a frivith celite, concentrated, and recrystallized in toluene and
pentane at30° C to yield maroon crystals @8f3( 1. 8 725 g, 96% yield).
for C21Hs0CI2N2Mo: C, 52.84; H, 6.33; N, 5.87; Found: C, 53.07; H, 6.15; N, 6182.
NMR (400 MHz, GDs, 25 °C)-9.24 (2H, br s, €l2(CHa)), 2.42 (2H, br s, B2(CHs)),
3.08 (1H, br s, C(&Hs)), 5.58 (6H, br s, CH{CH3)), 9.87 (15H, br s, §CHa)s)), 13.59
(2H, br s, C(GH5)).

Cp*[N(Et)C(Ph)N(Et)]WCI > (2.4). A solution of Li[N(Et)C(Ph)N(Et)]
(611.1 mg, 4.620 mmol) in 15 mL & was cooled te30° C and added dropwise to a
stirring brown suspension of Cp*W4J©80.6 mg, 2.128 mmol) in 25 mL &3 cooled
to-30° C. The mixture was allowed to stir for 15 h while warming to room temperature
and vdatiles were removedn vacuo The resulting brunneous, dark red oil was
dissolved in toluene and filtered through a frit with celite and the collected filtrate was
dried under reduced pressure before being washed in pentane and recrystallized in
toluene &yered with pentane é80° C to produce dark remsrange crystals ¢f.4(510.8
mg, yield = 41%)HsClNiawWaC, 44.62; &,1585 N, 4.95p0Found
C, 44.51; H, 5.19; N, 5.15H NMR (400 MHz, benzenes): 0.81 (6H, t, J = 7.4 Hz,
CHz(CHs)), 2.15 (15H, s, &CHa)s), 3.241 3.33 (2H, m, El2(CHs)), 3.861 3.95 (2H,

m, CH2(CHs)), 6.92i 7.14 (m, C(GHs)). *C{H} NMR (125 MHz, CsDs, 25° C): 13.25
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(Cs(CHa)s), 17.80 (CH(CHs)), 45.96 CH2(CHs)), 106.96 Cs(CHs)s), 125.70
(C(CeHs)), 128.57 (CCeHs)), 129.34 (CCeHs)), 130.96 (CCeHs)), 168.68
([(N(EHC(Ph)N(ED))).

LI[N(Et)C(Ph)N(Et)]. Phenyllithium (16.0 mL, 0.0329 mol) was added
dr opwi se t o adiethycarbodiimiden3.9439 g, 0.0345® mol) in 30 mL
EtO chilled previously to-30° C. The mixture was allowed to warm to room
temperature while stirring for 16 h after which volatiles were removedcucto yield
a brownorange, oily solid that was washed in pentane to yield a white, auburn tinged
solid (4.2629 g, yield = 71 %) dried undesduced pressuréd NMR (400 MHz,
benzeneds): 1.72 (3H, t, J = 7.2 Hz, GCHa)), 3.55 (1H, m, E2(CHs)), 3.69 (1H,
m, CHz2(CHzs)), 7.201 7.24 (5H, m, (C(€Hb5)).

{CP*[N(Et)C(Ph)N(Et)]Mo} 2(p-dt: HN2) (2.5). 2.30463.1 g, 0.9702 mmol)
was dissolved in 40 mL THF and cooled-80° C. To this was added 0.5% (w/w)
Na/Hg (13.3841 g, 2.911 mmol Na) and stirred undee atMosphere for 2 h while
warming to 25 °C changing in color from maroon, to navy blue, to brdefatiles
were removeth vacuoyielding a brown solid dissolved in pentane and filtered through
a frit with celite. The collected filtrate was dried under reduced pressure and
recrystallized in pentane and toluene3ft° C to produce dark goldewange cystals
25(345.5 mg, 85 %)HsNaMoaC, 60.00; H,17.6% N, 9.99pFound®
C, 59.93; H, 7.30; N, 9.78H NMR (400 MHz, GDs, 25 °C): 1.11 (6H, t, J = 7.1 Hz,
CHz(CHs)), 1.90 (15H, s, &CHa)s), 2.741 2.82 (2H, m, Gl2(CHs)), 3.041 3.13(2H,
m, CH2(CHs)), 6.991 7.13 (m, C(@Hs)). 13C{H} NMR (125 MHz, CsDs, 25° C): 12.44

(Cs(CHa)s), 18.63 (CH(CH3)), 44.69 (CH2(CHs)), 106.11 Cs(CHs)s), 128.64
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(C(CeHs)), 128.81 (CCeHs)), 132.51 (CCeHs)), 177.39 ([(N(ERC(Ph)N(ED)]). UV-
Vis (methylcyclohexane) & (nm) (U): 806
{Cp*[N(Et)C(Ph)N(Et)]W} 2(u-d%: HN2) (2.6). An orange solution of.4
(219.0 g, 0.3875 mmol) in 30 mL THF was cooled36° C and 0.5% (w/w) Na/Hg
(5.4112 g, 1.177 mmdNa) was added. After stirring for 2 h passing through a dark
purple in color while warming to 25° C, volatiles were remowestacuoto yield a
dark green solid that was dissolved in pentane and filtered through a frit with celite.
The collected filtratavas dried under reduced pressure and recrystallized in pentane
with acetonitrile at30° C to produce dark green crystal2d(152.2 mg, 80%). Anal.
c al c 0dHeoN29/x. C, €9.62; H, 5.95; N, 8.26; Found: C, 49.39; H, 5.70; N, 8.05.
IH NMR (400 MHz,benzeneds): 1.22 (6H, t, J = 7.1 Hz, GKCHs)), 2.19 (15H, s,
Cs(CHa)s), 2.747 2.82 (2H, m, Gl2(CHa)), 3.04i 3.13 (2H, m, Gl2(CHs)), 7.07i 7.24
(m, C(GHs)). *C{H} NMR (125 MHz, CeDs, 25° C): 14.00 (€(CHs)s), 19.47
(CH2(CHs)), 45.43 CH2(CHs)), 103.08 (Cs(CHs)s), 128.96 ((CCeHs)), 134.14
((C(CeHs)), 183.07 ([((N(EE(Ph)N(ED)D).
{Cp*[N(Et)C(Ph)N(Et)]Mo(p -CI)}2 (2.7). A solution of1 (1982 mg, 0.4152
mmol) in 15 mL THF was cooled t80° C to which 0.5% (w/w) Na/Hg (5.7555 g,
1.252 mmol Na) wasadded. After the reaction was and stirred for 30 minutes while
warming to 25° C under azMitmosphere, volatiles were removadsacuoto yield a
brown solid from which brow&.5was removed by washing with pentane. A navy blue
solid remained that was theissolved in toluene and filtered through a frit with celite.
The collected filtrate was dried on vacuum and dissolved in toluene to recrystallize at

-30° C producing purptaavy blue crystals a?.7 (40.2 mg, yield = 23 %)H NMR
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(400 MHz, GDs, 25 °C):-2.90 (2H, br s, 612(CHs)), -2.19 (2H, br s, 62(CHs)), 0.339
(15H, br s, G(CH3)s)), 0.95 (6H, br s, C{CH3)), 5.51 (2H, br s, C(&1s)), 5.65 (1H,
br s, C(GHs)), 8.95 (2H, br s, C(£Hs)).

{Cp*[IN(Et)C(Ph)N(Et)]Mo(i -N)}2> (2.8). 2.5(80.3 mg, 8.5 pmol) was
dissolved in 3.5 mL toluene in a heavy wall pressure vessel. The orange solution was
heated at 65° C for 16 h causing brown crystals to crash out. The solvent was then
removedn vacuoand the resulting brown crystalline solid was rinseceimtane before
being recrystallized in THF to yield brown crystals 28 (63.9 mg, 80% yield).
CazHsoN2Mo2: C, 60.00; H, 7.19; N, 9.99; Found: C, 59.86; H, 7.33; N, {6 5 NMR
(400 MHz, GDs, 25 °C): 1.22 (6H, t, J =7.2 Hz, G{€H3)), 1.99 (15H, s, &CHa)s),

3.117 3.20 (2H, m, El(CHs)), 3.207 3.29 (2H, m, El(CHs)), 7.087 7.33 (5H, m,
C(CeHs)). B¥3C{H} NMR (125 MHz, CeéDs, 25° C): 12.03 (€CHas)s), 17.90
(CHx(CHs)), 42.47 CH2(CHs)), 111.26 Cs(CHs)s), 127.38 (CCsHs)), 128.45
(C(CeHs)), 128.57 (CCeHs)), 134.72 (CCeHs)), 175.48 ([(N(ERC(Ph)N(ED)]). UV-
Vis (methylcyclohexane) & (nm) (U): 632 (5

{Cp*[N(Et)C(Ph)N(E)]W(u -N)}2(2.9)A green solution 02.6(32.4 mg, 31.9
pmol) in 1 mL benzenes was heated to 60 °C on an oil bath for 187 hours causing
brown crystalline material to crash out. The solvent was remowatuoand pentane
was used to wash the dark brown crystalline prodiget 25. 0 mg, 77 %) . Anal
for CazHeoN2W2: C, 49.26; H 5.95; N, 8.26; Found: C, 49.67; H, 6.16; N, 8.34.

NMR (400 MHz, benzenes): 1.26 (6H, t, J = 7.2 Hz, CKCHa)), 2.11 (15H, s,
Cs(CHa)s), 3.157 3.26 (4H, m, El2(CHa)), 7.007 7.13 (5H, m, C(@Hs)). 13C{H}

NMR (125 MHz, GDs, 25° C): 12.84 (§CHs)s), 18.06 (CH(CHs)), 41.58
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(CH2(CHs)), 108.72 Cs(CHa)s), 127.43 (CCeHs)), 128.35 (CCsHs)), 128.62
(C(CeHs)), 135.35 (CCeHs)), 177.77 ([((N(EL(Ph)N(EL)]).

{Cp*[N(Et)C(C ¢Ds)N(Et)]MoCI 2} (2.10). A solution of
Li[N(Et)C(C ¢Ds)N(Et)] (0.3380 g, 805mmol) in 10 mL EtO chilled to-30° C was
added dropwise to a stirring purple suspension of Cp*M(@ECB235 g, B673mmol)
in 25 mL EtO at-30° C. The resulting red brown solution was and allowed to come to
room temperature and stirred for 15.5 h before thlatNes were removeth vacuo
yielding a brown solid filtered through a frit with celite in toluene. The collected filtrate
was concentrated and recrystallized in toluene and pentaB@°at to produce dark
red crystals 02.10(0.2084 g, 49%)*H NMR (400 MHz, GDs, 25 °C)-9.10 (2H, br
S, CH2(CHzg)), 5.55 (6H, br s, CKH{CH?3)), 9.88 (15H, br s, §CHs3)s)).

LI[N(Et)C(C eDs)N(Et)]. n-Butyllithium (3.45 mL, 904 mmol) added
dropwise to bromobenzek (1.6116 g, D46 mmol) in 30 mL E$O chilled to-30°
C. Colorless solution let warm to 0° C and stirred for 2 h, coole@@d C and NN,
diethylcarbodiimide (0.8988 g,258mmol) was added dropwise and stirred for 20 min
before warming to room temperature and removing soimevdicuo.White oily solid
washel in-30° C pentane to produce a white powd@X(Et)C(C sDs)N(Et)] (0.8253
g, 49%).

{CP*IN(Et)C(C sDs)N(Et)]Mo} 2(u-d: HN2) (2.11). 7 (0.2048 g, (1246
mmol) in 20 mL THF was cooled t80° C to which was added sodium amalgam (0.5%
wiw) (5.8580 g, 2746 mmol Na) and stirred for 4 h under a Btmosphere while
warming to 25 °C. Volatiles removed vacuoyielding brown solid dissolved in

pentane and filtered through a frit with celite. The collected filtrate was dried on
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vacuum and dissolved in pentane émidene at30° C to produce dark brown/golden
orange crystalg.11(47.7 mg, yield = 26 %)H NMR (400 MHz, benzends, 25° C):
1.11 (6H, t, J = 14.3 Hz, CKCH3)), 1.90 (15H, s, &CHa)s), 2.79 (2H, m, El2(CHs)),
3.08 (2H, m, El2(CHa)).

{Cp*[N(Et)C(C 6Ds)N(Et)][Mo(1-N)}2 (2.12). 7(11.0 mg, 12.9 umol) was
dissolved in 0.6 mL 6Ds in a J Young NMR tube and heated to 70 °C on an oil bath.
Monitoring by*H NMR showed clean conversion to a set of peaks very similar to those
for 2.8but lacking aromatic resances!H NMR (400 MHz, benzenrds, 25° C): 1.28
(6H, t, J = 7.24 Hz, CHCHa)), 2.05 (15H, s, &CHa)s), 3.181 3.35 (4H, m,
CH2(CHzs)).

{Cp*MOo[N(Et)C(C ¢Ds)N(E)]CI2} (2.13). A solution of Li[N(Et)C( p-
tol)N(Et)] (0.4326 g, 204mmol) in 20 mL EzO chilled to-30° C was added dropwise
to a stirring purple suspension of Cp*Ma@.3895 g, 1044 mmol) in 15 mL E2O at
-30° C. The resulting brown solution was and allowed to come to room temperature
and stirred for 22 h before the volatiles were remamedcuoyielding a brown solid
filtered through a frit with celite in toluene. The collected filtrate was concentrated and
recrystallized in toluene and pentane3 °C to produce dark brown crystals2o13
(0.4347 g, 85%)'H NMR (400 MHz, GDs, 25 °C)-8.96 (2H, br s, E2(CHz)), 5.68
(6H, br s, CH(CH?3)), 9.99 (15H, br s, §CH3)s)).

Li[N(Et)C( p-tol)N(Et)]. n-butyllithium (3.22 mL, 7224 mmol) was added
dropwise to a clear, stirring solution oi@gdotoluene (1.801 g,.860mmol) in 25 mL

EtO chilled ©-30°C. The solution was let warm tc°G and stirred for 2 h becoming

white after which it was cooled back-&80 °C and diethylcarbodiimide (0.7090 g224
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mmol) in 15 mL 20 was added dropwise. The foggy mixture was allowed to stir for
30 minutes, e gradually warmed to 2% and the solvent removed vacuo.Pale
yellow solid washed irR30° C pentane to produce a pale yellow powd@(Et)C( p-
tol)N(Et)] (1.3291 g, 94%).

{CP*IN(Et)C( p-tol)N(Et)]Mo} 2(-d%: HN) (2.14). 2.13(0.4243 g, B636
mmol) in 35 mL THF was cooled t30° C to which was added sodium amalgam (0.5%
w/w) (12.1312 g, 38 mmol Na) and stirred for 2 h under a BWtmosphere while
warming to 25 °C. Volatiles removead vacuoyielding brown solid dissolved in
pentane and filterechtough a frit with celite. The collected filtrate was dried on
vacuum and dissolved in pentane and toluen8Git C to produce dark red oily solid
recrystallized in toluene and pentane to yield small red crystals which were not shown
to be clean by'H NMR and which could not be isolated without impurity.

{Cp*[N(Et)C(4 -biphenyl)N(Et)]MoCl 2} (2.15). A solution of Li[N(Et)C(4 -
biphenyl)N(Et)] (0.4726 g, 5660mmol) in 10 mL EzO chilled to-30° C was added
dropwise to a stirring purple suspension of Cp*Mo013256 g, 8730mmol) in 20
mL EtO at-30° C. The resulting brown solution was and allowed to come to room
temperature and stirred for 16 h before the volatiles were remoweduoyielding a
brown solid filtered through a frit with celite in toluenEhe collected filtrate was
concentrated and recrystallized in toluene and pentar8)atC to produceeddish
brown crystals 02.15(0.4206 g, 87%):H NMR (400 MHz, GDs, 25 °C)-9.86 (2H,
br s, GH2(CHa)), 1.93 (2H, br s, B2(CHs)), 5.78 (6H, br s, CH{CHa3)), 7.95 (1H, br s,

C(CsH4)(CeHs), 10.04 (15H, br s, §CHa)s)), 14.43 (2H, br s, C(&la)).
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Li[N(Et)C(4 -biphenyl)N(Et)]. n-butyllithium (3.00 mL, P44 mmol) was
added dropwise to a clear, stirring solution difrdmobiphenyl (2.037 g,.889mmol)
in 30 mL EtO chilled to-30 °C. The solution was let warm to°CG and stirred for 2 h
becoming foggy grey after which it was cooled back-8 °C and- N, NO
diethylcarbodiimide (0.7814 9,962 mmol) in 20 mL 20 was added dropwise. The
foggy mixture was atlwed to stir for 30 minutes becoming white, then the gradually
warmed to 25°C and the solvent removed vacuo.White solid washed ir30° C
pentane to produce a white powdgN(Et)C(4 -biphenyl)N(Et)] (2.0447 g, 99%).

{Cp*[N(Et)C(4 -biphenyl)N(Et)]Mo} 2(u-dt: #®N2) (2.16). 2.15(0.1677 g,
0.3030 mmol) in 35 mL THF was cooled teB0° C to which was added sodium
amalgam (0.5% wi/w) (4.1658 g,9060mmol Na) and stirred for 30 min under a N
atmosphere while warming to 25 °C. Volatiles remowedacuoyielding brown solid
dissolved in pentane and filtered through a frit with celite. The collected filtrate was
dried on vacuum and dissolved in pentane and toluet3®atC to produce brownish
black crystals 0R.16(67.0 mg, 45%)*H NMR (400 MHz, benzends, 25° C): 1.19
(6H, t, J = 7.15 Hz, CHCHa)), 1.94 (15H, s, &CHa)s), 2.801 2.89 (2H, m,
CH2(CHs)), 3.141 3.23 (2H, m, Gl2(CHs)), 7.111 7.54 (m, C(GHa4)(CeHs)).

{Cp*[N(Et)C(4 -bipheneyl)N(Et)]Mo(p-N)}2 (2.17). 2.16(3.8 mg, 3.8 pumol)
was dissolved in 0.61L CsDs in a J Young NMR tube and heated to 70 °C on an oil
bath. Monitoring by'H NMR showed conversion of peaks but also appearance of
impurities;2.16 therefore, could not be cleanly produced.

{Cp*IN(Et)C(NMe 2)N(Et)]MoCl 2} (2.18). Cp*MoCla (0.4803 g,1.288 mol)

was suspended in 25 mL2Btand cooled te30° C. To this was added a suspension of
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Li[N(Et)C(NMe 2)N(Et)] (0.4091 g, 2.743 mol) in 15 mL #3 precooled to-30° C
and the mixture was warmed to room temperature while stirring 16.5 h, changing in
color from purple to brown. The solvent was remowedacuoto afford a dark orange
brown solid that was dissolved in toluene and filtered through a frit with celite. The
resulting filtrate was dried under reduced pressure and recrystallized in tolukne an
pentane at30° C to yield dark brown crystals @f18(0.5133 g, 93% vyield). Anal.
cal c 01Hu€lDNsMoCA 1/ 10 toluene: C, 46.90; H,
H, 7.34; N, 9.44'H NMR (400 MHz, GDs, 25 °C)-4.53 ((2H, br s, E2(CHa))), 9.25
(6H, br s, CH(CH3)), 14.14 (15H, br s, €{CH3)s).

{CP*IN(Et)C(NMe 2)N(Et)]WCI 2} (2.19). Cp*WClsa (0.2051 g, 0.5612 mol)
was suspended in 25 mL2Btand cooled te30° C. To this was added a suspension of
Li[N(Et)C(NMe 2)N(Et)] (0.1760 g, 1.180 mplin 20 mL EtO precooled to-30° C
and the mixture was warmed to room temperature while stirring for 4 h, changing in
color from purple to brown. The solvent was remowedacuoto afford a dark orange
brown solid that was dissolved in toluene and ridtethrough a frit with celite, the
resulting filtrate was dried under reduced pressure and recrystallized in toluene and
pentane at30° C to yield dark brown crystals 8f19(0.2557 g, 85.6% yield). Anal.
c al c 0 dHuClaNsW: © 38.35; H, 5.87; N,.90; Found: C, 38.20; H, 5.98; N,
7.91.1H NMR (400 MHz, GDs, 25 °C): 1.05 (6H, t, J = 7.1 Hz, G{€H3)), 2.45 (3H,
s, N((H3)2), 2.51 (15H, s, §CH3)s)), 3.42i 3.51 (2H, m, Gl2(CHs)), 3.60i 3.70 (2H,
m, CH2(CHs)). 3C{H} NMR (125 MHz, CsDs, 25° C): 15.84 (G(CHs)s), 17.80

(CH2(CHa)), 39.35 (NCH3)2), 49.20 CH2(CHs)), 108.67 Cs(CHa)s).
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Li[N(Et)C(NMe 2)N(Et)]. Lithium dimethylamide (0.6081 mg, 2P mmol)
was suspended in 20 mLzBX and chilled to30° C before being added dropwise a
30° C solutioro f  NietNyicarbodiimide (1.2283 g, 16 mmol) in 25 mL E$O.
The mixture was stirred for 15 h warming to room temperature and becoming foggy
yellow. Volatiles were removed vacuoto yield a solid that was washed in pentane to
yield a yellowwhite ppwdery solid dried under reduced pressure (1.3721 g, 77% yield).

{CP*IN(Et)C(NMe 2)N(Et)]Mo} 2(u-d: HN2)} (2.20). 2.18259.4 mg, 0.5839
mmol) dissolved in 20 mL THF was cooled-80° C. 0.5% (w/w) Na/Hg (8.1240 g,
1.767 mmol Na) was added and the reactivas allowed to warm to 25° C while
stirring under a Matmosphere for 1 h, changing in color from brown, to deep purple,
back to brown. Volatiles were removedvacuoto yield a brown solid dissolved in
pentane and filtered through a frit with celite. The collected filtrate was dried under
reduced pressure and recrystallized in pentane and tolued@°af to produce dark
brown crystal®.20(0.2157 g, yield =95%).Aa | . c azHeNsMo: €,62.71;C
H, 8.06; N, 14.46; Found: C, 52.75; H, 7.98; N, 14#BNMR (400 MHz, GDs, 25
°C): 1.74 (6H, t, J = 7.1 Hz, CG¥CHa)), 1.90 (15H, s, €CHas)s)), 2.45 (3H, s,
N(CHa)2), 2.661 2.74 (2H, m, Gl2(CHa)), 3.257 3.33 (2H m, CHz(CHs)). 3C{H}
NMR (125 MHz, GDs, 25° C): 12.41 (§CHs)s), 17.79 (CH(CHs)), 38.57 (NCHs)2),
44.32 CH2(CHa)), 104.53 Cs(CHa)s), 173.86 ([(N(ERC(Ph)N(ED)]).

{CP*IN(Et)C(NMe )N(E)W} 2(pu-dt: HN2) (2.21). 2.19(215.7 mg, 0.4054
mmol) dissolved in 10 mL THF was cooled-80° C. 0.5% (w/w) Na/Hg (5.593 g,
1.216 mmol Na) was added and the reaction was allowed to warm to 25° C while

stirring under a MNatmosphere for 30 min, changing in color from brown to a dark
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yellow brown. Volatiles were removead vacuoto yield a brown solid dissolved in

pentane and filtered through a frit with celite. The collected filtrate was dried under
reduced pressure and recrystallized in pentar0atC to produce dark green crystal

221( 0. 0472 g, 25% vy isHiNbyzC, 42%aH, 6.58Nall.g®d d f or
Found: C, 43.06; H, 6.52; N, 11.5H NMR (400 MHz, GDs, 25 °C): 1.28 (6H, t, J =

7.1 Hz, CH(CHa)), 2.16 (15H, s, &CHa)s)), 2.35 (3H, s, N(Bl3)2), 2.71i 2.79 (2H,

m, CH2(CHs)), 3.281 3.36 (2H, m, El2(CHa)). 3C{H} NMR (125 MHz, CeDs, 25°

C): 13.83 (G(CHa)s), 18.04 (CH(CHa)), 37.67 (NCH3)2), 45.69 CH2(CHa)), 101.48

(Cs(CHg)s).

{Cp*[IN(Et)C(Me 2)N(Et)]Mo(u-N)}2 (2.22). 2.20(53.0 mg, 00684 mol) was
dissolved in1 mL benzenals and heated at 45 °C on an oil bath for 216 h. After
removal of solvenin vacuq the resulting brown powdery solid was rinsed in pentane
and recrystallized in pentane to yield brown crysta.22(19.6 mg, 37%).*H NMR
(400 MHz, GDs, 25°C): 1.22 (6H, t, J = 6.9 Hz, GKCH3)), 2.01 (15H, s, &CH3)s),

2.40 (3H, s, N(Els)2), 3.181 3.26 (2H, m, El2(CHs)), 3.507 3.58 (2H, m,
CH2(CHz)).13C{H} NMR (125 MHz, CsDs, 25° C): 12.31 (€[CH3)s), 16.74
(CHx(CHs3)), 38.35 (NCHs)2), 43.08 (CH2(CHs)), 109.83 (Cs(CHs)s), 170.30
([(N(EHC(Ph)N(ED))).

{Cp*[N(Et)C(NMe 2)N(ED)W(1-N)}2 (2.23). 2.21(351 mg, 00369 mmol) was
dissolved in 0.6 mL benzerds and heated at 80 °C on an oil bath for 24 h. After
removal of solvenin vacugq the resulting brown posery solid was rinsed in pentane
to yield powder 0R.23(23.9 mg, 68% vyield). C, 42.94; H, 6.58; N, 11.79; Found: C,

43.09; H, 6.38; N, 11.64H NMR (400 MHz, GDs, 25 °C): 1.31 (6H, br s, CX{CH3)),
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2.09 (15H, s, €{CHa)s), 2.35 (6H, s, N(E3)2), 3.28 (2H, br s, B2(CHa)), 3.54 (2H,
br s, (H2(CHs)).23C{H} NMR (125 MHz, CDs, 80° C): 13.07 (€(CHa)s), 17.11
(CH2(CHs3)), 38.73 (NCHs)2), 43.21 (CH2(CHs)), 108.62 Cs(CHs)s), 170.30
([(N(E)C(Ph)N(E1)]).23C{H} NMR (125 MHz, CsDs, 25° C): 13.07 (€(CH3)s), 17.11
(CH2(CHg)), 30.73 (NCHs)2), 43.21 (CH2(CHs)), 108.62 Cs(CHs)s), 137.67
([IN(EY)C(Ph)N(ED)]).

2.7.3 Supporting NMR, UVis, and ESMS Experiments

Thermolysis of 2.5 followed by*H NMR. A solution of2.5(48.5 mg, 57.7
umol) in 1.0 mL benzends was prepared in a Tefl8rsealed PyréxJ. Young NMR
tube. The tube was covered in aluminum foil to block exposure to ambient light and
the sample was heated at 60 °C in an oil bath and periodically monitoteld\iVIR.

Over 70 h of heating, the clean conversior2df to 2.8 was noted as the solution
changed in color from goldesrange to brown. See Figure 2.4 for corresponding
spectra.

Thermolysis of 2.6 followed by*H NMR. A solution of2.6 (32.4 mg, 31.9
umol) in 1.0 mL benzenes was prepared in a Tefl8rsealed PyréxJ. Young NMR
tube. Thermolysis of this material was monitored*slyNMR and, over 187 h of
heating at 60 °C in an oil bath, the clean conversiof.®to 2.9 was noted as the
solution changedrém dark green to dark brown. See Figure 2.18 for corresponding

spectra.
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Figure 2.18 Partial'H NMR (400 MHz, GDs, 25 °C) of a solution oR.8 (*)
thermalized at 60 °C, converting cleanly2t® (o) with pentane impurity notedf)

Thermolysis of 2.5 in THF-ds followed by *H NMR. A solution 0f2.5(2.8
mg, 3.3 umol) and durene (1.0 mg, 7.5 pmol) in 1.0 mL tetrahydroftgamas
prepared in a Tefléhsealed PyréXJ. Young NMR tube. Thermolysis of this material
was monitored byH NMR and throughout90 h of heating at 45 °C on an oil bath the
color changed from golden to brown and the clean conversidb td 2.8 was noted.

See Figure 2.19 for corresponding spectra.
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Figure 2.19.Partial'H NMR (400 MHz, THFds, 25 °C) showing the conversion of
2.5(*) to 2.8 (0) upon thermolysis at 45 °C with an internal standard of duréne (
Residual solvent peaks for tt§ (X) and pentane, diethyl ether, and toluetieafe
noted

Thermolysis of 2.5 in the presence of DME followed b{H NMR. A solution
of 2.5 (8.1 mg, 9.6 umol) and durene (3.0 mg, 22 pumol) in 0.6 mL berdenas
prepared in a Tefldhsealed PyréxJ. Young NMR tube. A micro syringe was used to
add 1,2dimethoxyethane (3.0 pL, 29 pmol) and thermolysis of the sample was
monitored by'H NMR. Over 90 h of heating at 55 °C in an oil bath, the solution

changed from orange to brown and the clean conversi@rbod 2.8 was noted. See

Figure 2.20 for corresponding spectra.
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Figure 2.20. Partial tH NMR (400 MHz, benzends, 25 °C) demonstratinghe
conversion oR.5(*) to 2.8 (0) with an internal durene standarg (n the presence of
excess DMEX) upon thermolysis at 55 °C

Reaction of 2.8 with 2,3diemthyl-butadiene. A solution 0f2.8 (8.0 mg, 9.5
umol) and durene (4.0 mg, 30 umol) in 0.6 tknzeneds was prepared in a Teflén
sealed PyréxJ. Young NMR tube to which was added-g8jfethykbutadiene (3.3
pL, 31 pmol) via micro syringe. No reaction besides a slight decomposition of the
starting materials was observedByNMR after heating &80 °C 24 h.

Thermolysis of 2.5 followed by UWVis. A 0.38 mM solution o2.5(3.2 mg,
3.8 umol) was prepared in methylcyclohexane in a 10.00 mL volumetric flask, of which

3 mL was transferred to a Teffdsealed quartz cuvette equipped with a magnetic sir

bar. This sample was inserted into the cuvette holder of th&/igWhich had been
72



pre-equilibrated to 70 °C and data acquisition began immediately. The cuvette solution
was stirred for 22 h while scans fra#807 1000 nm were collected over 2 minutes
with  a 5 minute del ay bet weemhetrsisehofdatal | ect i ¢
was excluded to account for temperature equilibration of the cuvette soltkien.
solution changed from pale golden to pale browR.&svas observed to convert 208
and217 minutes are displayedi t h a cl ear i sosbestic point
for corresponding spectra.

Kinetic Studies for the Thermolysis of 2.5 followed by*H NMR. For Eyring
analysis, a 12.0 mM solution of pegeaved N complex2.5was prepareth a nitrogen
filled glovebox by dissolvin@.5(20.2 mg, 12.0 umol) and durene (2.0 mg, 15.0 pmol)
in 2.00 mL benzendsin a volumetric flask covered in aluminum foil to block ambient
light. 0.50 mL samples of this oranheown solution were transferred TeflorP
sealed PyrekJ. Young NMR tubes covered in foil for transportation to the NMR which
had been prealibrated to the desired temperature (65, 70, 75, or 80 °C). For the data
collected at 60 °C, a comparable 12.1 mM solutio2.6f(10.2 mg, 12.Jumol) and
durene (1.0 mg, 7.5 umol) was prepared in 1.00 mL berdginea volumetric flask
and likewise transported to the greated NMR!H NMR spectra of each sample were
collected every 10 minutes for 4 hours, after an initial 10 minutes was alforeach
solution to equilibrate to the appropriate temperature. Each sample demonstrated the
decrease in the intensity of the signalsZd¥and the appearance and increase in the
intensity of the signals fa2.8 over time. Due to the sparingly solubiature of2.8,
which tended to crystallize of solution upon reaching higher concentrations, only the

disappearance &.5was tracked for kinetic analysis whereby the integration value of
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the 2.5 Cp* signal relative to the durene standard (set to 1) wagected to moles of

2.5

Firstorder rate constants for all kinetic runs were determined by adgaates fit of

the data for moles @&.5over time to the equation 6) =-kt + 2.5 using the LINEST
function in Excel. See Figures 2.7 and 2.8 for corresponding graphs. Standard linearity
(R?> 0.999) for each kinetic run was obtained for 24 data points resulting in between
0.45 and 3.3 halfives of firstorder linear data for the temmture examined.
Temperature dependent rate constants collected for each compound wesguasess

fitted to the Eyring equatiok= (keT/h) e xY{R) esp®p H/RT) using excel.

Kinetic Studies for the Thermolysis of 2.6 followed by*H NMR. For Eyring
analysis, a 12.0 mM solution of peeaved N complex2.6was prepared in a nitrogen
filled glovebox by dissolvin@.6(12.2 mg, 12.0 umol) and durene (1.0 mg, 7.5 pumol)
in 1.00 mL benzenedsin a volumetric flask covered in aluminum foil to block ambient
light. Another 12.0 mM solution of preleaved N complex 2.6 was prepared by
dissolving2.6(24.4 mg, 24.0 pmol) and durene (2.0 mg, 15 pmol) in 2.00 mL benzene
dsin a volumetric flask, also covered in aluminum foil to block ambient light. 0.50 mL
sampes of these dark green solution were transferred to Tefiealed Pyrek J.
Young NMR tubes covered in foil for transportation to the NMR which had been pre
calibrated to the desired temperature (60, 65, 70, 75, or 80HQYMR spectra of
each sample we collected every 10 minutes for 4 hours, after an initial 10 minutes
was allowed for each solution to equilibrate to the appropriate temperature. Each
sample demonstrated the decrease in the intensity of the signdls6fand the

appearance and incream the intensity of the signals far9 over time. Due to the
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sparingly soluble nature &9, which tended to crystallize of solution upon reaching
higher concentrations, only the disappearance.®fvas tracked for kinetic analysis
whereby the integteon value of the2.6 Cp* signal relative to the durene standard (set
to 1) was converted to moles 2. Firstorder rate constants for all kinetic runs were
determined by a leastjuares fit of the data for moles26 over time to the equation
In(2.6) = -kt + 2.60 using the LINEST function in Excel. See Figures 2.6 and 2.7 for
corresponding graphs. Standard linearity¥m®.999) for each kinetic run was obtained
for 24 data points resulting in between 0.18 and 1.2lival$ of firstorder linear data
for the temperature examined. Temperature dependent rate constants collected for each
compound were leasguares fitted to the Eyring equatikr= (ksT/h) e xR pS
expEo H/RT) using excel.

Initial Thermolysis of 2.20 followed by*H NMR. A 12.0 mM solution 02.20
was prepared in a nitrogen filled glovebox by dissolrit9(11.4 mg, 12.0 umol) and
durene (1.0 mg, 7.5 pmol) in 1.00 mL benzesén a volumetric flask covered in
aluminum foil to block ambient light. A 0.50 mL sample oistbrown solution was
transferred to Tefloh sealed Pyrex J. Young NMR tubes covered in foil for
transportation to the NMR which had been-padibrated to the 70 °C. The amount of
2.20was measured over 3 h scaled to the durene standard2n2fiftormedas well.
Relative to the cleavage 2f5under identical conditiors2.20is observed to cleaves

at a comparable, if very slightly faster, ré&ee Figure 2.21 for corresponding plot.
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Figure 2.21.Comparison of the concentrations2b (0) compared.20 (0) during
thermolysis at 70 °C relative to a durene standard

Crossover Thermolysis of 2.5and 2.20 followed by*H NMR. 2.5 (4.4 mg,
5.2 pmol) and2.20 (4.1 mg, 5.2 pmol) were dissolved in 0.6 mL benzdnen a
Teflon® sealed PyrékJ. Young NMR tube and an initidH NMR was taken. The
solution changed from orange to brown as it was heated on an oil bath at 65 °C and
monitored by!H NMR over 44 h demonstrating consumption 26 and 2.20 at
comparable rates to produce a more compieture of products than can be attributed
to the production of the observ@d and2.22 alone, indicating the formation of the
2.24 See Figure 2.11a for corresponding for corresponthiniyMR spectrum.

Reaction of CPAM 2.8and 2.22followed byH NMR. 2.8(6.0 mg, 7.7 umol)
and2.22 (6.4 mg, 7.6 umol) were dissolved in 1 mL benzednén a Teflorf sealed
Pyrex® J. Young NMR tube. An initialH NMR was immediately taken of the brown
solution showing evidence of a more complex mixture of species2i@sand 2.22

alone which matched.24 The product mixture reached equilibrium after 2 h at 65 °C
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on an oil bath and did not change further upon continued heating the solution for 18 h.
See Figure 2.11b for correspondittyNMR spectrum.

Production of 2.25 amd 2.24. 2.3(31.9 mg, 0.0668 pmol) ar2i18(30.3 mg,
0.0710 pmol) were dissolved together in 7 mL THF in a 50 mL Schlenk flask which
was chilled ta30 °C. To this mixture was added 0.5% (w/w) Na/Hg (1.9481 g, 0.42368
mmol Na) and the solution was stirrémt 1 h warming to room temperature during
which point the brown starting mixture grew dark navy iueple before returning to
brown. The mixture was dried under reduced pressure and extracted with pentane to
filter through a pipet with a kimwipe andef@e® plug then solvent was removéu
vacuq then set up to recrystallize in pentane3& °C from which the mother liquor
yielded a mixture 0.5, 2.20 and2.25 This was then dissolved in 0.6 mL benzese
in a Teflorf sealed PyrékJ. Young NMR tube to characterize the mixturé B\NMR.

The solution which was heated on an oil bath at 65 °C growing darker brown over 15.5
h after which &H NMR showed evidence of the starting material as wel.§.22
and2.24 See Figure 2.12f relevant spectra.

Crossover Thermolysis of 2.6 and 2.21 followed b\ NMR. 2.6 (4.2 mg,

4.4 ymol) and2.21 (4.5 mg, 4.4 umol) were dissolved in 0.6 mL benzdaen a
Teflon® sealed PyreéxJ. Young NMR tube and an initidH NMR was taken. The
solution changed from green to brownish yellow as it was heated on an oil bath at 80
°C and monitored byH NMR over 53 h demonstrating consumptior2d and2.21

along with the clean production of oriy9 and2.23 alone with no indication of the
formation of he 2.27.7.5 mg of the product mixture was totally dissolved in 1.5 mL

THF to produce a solution which was subjected to-ESI(positive ion mode). Only
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peaks corresponding 209[M + H]*=1017.38 m/z) and.23([M + H]" = 951.39 m/z)
were present, alongith peaks identified as fragments resulting from the loss of an
ami dinate or guanidinate off of one of the
N) } { CpN)W(M]* m/z = 841.47), or {Cp*[N(E)C(NM® N( Et-) ] W( ¢
N) } { Cp-N)WME* m/z = 808.29). Norossover produc®.27([M + H]* m/z =
984.41), was observe8ee Figures 2.13 and 2.16 for corresponding spectra.
Reaction of 2.9and 2.23followed by 'H NMR. 2.9 (4.4 mg, 4.3 umolR.23
(4.0 mg, 4.2 umol) were rinsed together with 1.2 mL Tdgfnto a Teflor® sealed
PyrexX® J. Young NMR tube. An initiatH NMR was immediately taken of the brown
solution showing no evidence of any product other than the starting material. The
mixture was heated on an oil bath at 80 °C for 17 h and an#tiéMR showed oly
'H NMR with no evidence a?.27. See Figure 2.14 for corresponding spectra.
Production of 2.26 and 2.27. 2.41025 mg, 0.1927 pmol) an2l19 (0.1099
mg, 0.1945 umol) were dissolved together in 10 mL THF in a 50 mL Schlenk flask
which was chilled te30°C. To this mixture was added 0.5% (w/w) Na/Hg (4.9810 g,
1.0833 mmol Na) and the solution was stirred for 30 min h warming to room
temperature during which point the orange starting mixture grew to a dark, yellow
brown. The mixture was dried under redugedssure and extracted with pentane to
filter through a pipet with a kimwipe and Cefitplug and then solvent was removed
in vacuo The resulting oily brown solid was then set up to recrystallize in pentane at
30 °C to yield2.6, 2.21, and2.26.This was then dissolved in 1.5 mL toluedein a
Teflon® sealed PyrexJ. Young NMR tube to characterize the mixturetByNMR.

The yellowbrown solution was then heated on an oil bath at 80 °C growing darker
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brown over 18 h and followed by4 NMR after which tle mixture was dried under
reduced pressure, washed in pentane, and dried again to provide a brown solid which
was determined byH NMR to contain2.9, 2.23 and2.27. 2.0 mg of the product
mixture was totally dissolved in 0.66 mL THF to make solution wiiak subjected

to ESFMS (positive ion mode). Peaks corresponding.@{[M + H]* = 1017.29 m/z),
2.23([M + H]* = 951.34 m/z), and the mixdidjand product2.27 (M + H]" m/z =
984.30), were observed along with peaks identified as fragments resutmthe loss

of an amidinate or guanidinate off of one of the metal centers,

{Cp* [ N(CEt) C(-Rh) NCENM)WI(M("em/z = 841.21), or
{Cp*IN(Et)YC(NMe2) N( Et -N) W{ € p-N)W[ME* m/z = 808.18). See Figures

2.15 and 2.17 for corresponding spectra.
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ChapmtReracti vity and Functionali z
Nitride Compl exes

3.1 N-atom Functionalization

Having used the sterically reduced CPAM framework to support the facile
thermal cleavage of the dinitrogen suspended between the two metal centers, the next
step towards the goal of completing a cycle for dinitrogen fixatiao fanctionalize
the nitrogen atons. Without functionalization, a valbadded Natomcontaining
product will neither be formedn nor released from the metal center. Formation of
dinuclear bridging bisitride species2.8 and 2.9 are a promising route towards
functionalization in thiatheir structure inherently avoids the thermodynamic sink of
formation of a mononuclear terminal nitride which are stereotypically stable and tend
to require harsh reagents, conditions, or both in order to functionalize and release N
containing products;®

The formation of a NR bond while an Matom remains attached to the metal
center produces a metal imido, [M]=NR (R = alkyl, aryl, silyl, etc.), functionalities that
are useful both for modeling-N bond behavior and in their own right as key
intermedates in dinitrogen fixation reactivity:}* For instance, when considering the
Chatt cycle of dinitrogen fixatiotf, after the loss of the first equivalent of BlHy
protonation and reduction of coordinategtNe resulting Mo(IV) or W(IV) nitrido or
imido complexes undergo four reduction and three protonation steps to release a second
equivalent of NH, passing through an imido structure before being recycled back to
Mo(0) or W(0) (Nb)2 starting material$> °Alkylimido complexes are a useful means

of elucidating the details of such reaction steps because, unlikalkdated species,
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they do not undergo undesirable intermolecular-aeise reactions ancklévolution®®

17 Alternately, the significant library of nitrene group functionalization andsfex

makes it an ideal area of study to merge with dinitrogen fixation, so long as the N
containing moieties are themselves derived from molecular dinitrog&h.By this

approach, a MNderived imido moiety itself can be a stepping stone to successful
dinitrogen fixation, as was the castor the series of CPAM imidos
{Cp*[N(Pr)C(Me)N(iPrMo(NRR0® ) } (R = @,)]) ;RO6R == M*1.28; R6 = Me
R = Si, 3R <R PBh GE3,3) wigh have beéeshdwn to lead to the

formation of valueaddedsocyanates (OCNR ) upon reaction with C&24 To that

end, experiments were undertaken targeting the efficient formation of a sterically
reduced CPAM i mi dNz),complexesercthrough thé intevmediachh e (€
of t -N)e conjpkxes. Furtlre experiments were conducted with regards to the
gener al r eaeNg)i va niN cquogilexes to eontifite to map out their

chemical reactivity and in pursuit of potentially useful functionalizations.

3.2 Silylation Reactions

3.2.1Synthesis diitrido Chlorides andSlylimidos

The first step was to synthesize and analyze the targeted M(IV) silylimido
products, a task that does not necessarily requireaiord frommolecular dinitrogen
for the purposes of simple characterization. The synthatioyay presented in Scheme
3.1 illustrates such a transformation from the Mo(IV) dichloride starting mag8al

Upon reaction with a slight excess of trimethylsilyl azideSiNles, a molybdenum
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Scheme 3.1

§é\\ _Cl % N 0.5% NaHg @\
M

4 Me,SiCl

)/,\" G toluene % @l THF, 18 h -

\ 16 h, 25°C ‘et -30-25°C // \
PH & PH Et
M = Mo (2.3), W (2.4) M = Mo (3.4), W (3.7)

THF, 30 min
0.5% NaHg | -30 - 25 °C

172

\ \f//Nf Me,SiCl
g =Mo™ Et

2.8
nitrido, chloride{ Cp*[N(Et)C(Ph)NEt)]Mo(N)CI} (3.4) is produced in high yield (93

%) as a crystalline material in an olive green / gold color. The XRD structure, displayed

in Figure 3.1, i ndicates that the nitride
length of 1.6792(18) &> This is very slightly longer than the analogous
{Cp*[N(iPr)C(Me)N(iPN]Mo(N)CI} (3.5  Mbadxd length of 1.674(34%2 but, as

would be expected for a triplyonded terminal nitride, it isiore than 0.2 A shortém

Ny =

8t
:,,)

/\\L/r

Figure 3.1. Crystal structures 08.4 (right) and 3.6 (left) with hydrogen atoms

omitted for clarity, ellipsoids for the nemydrogen atoms are shown at the 3(
probability level
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comparison teitherofthe MeN b onds of tNieeomplexth8uAdrdadyar ( €
at the highest oxidation state accessible to Mo, the Mo(VI) cong#ewill undergo

chemical reduction by NaHg in THF to cleanly gene@& as the lower half of
Scheme 3.1 also reveals. This proves to be an efficient alternative for thescamve
from2.5t028and all ows for the convenieNt prepar
complex that are easily accessible and less time consuming than the therm@ysis of
When coupled with the presence of excessW&, this n situreductionfrom 3.4to

2.8will produce the desired Mo(1V) silylimidd Cp*[N(Et)C(Ph)N(Et)]Mo(NSiMe)}

(3.9), in high yield as is shown in Scheme 3SEk¢tion3.2.2 offers further mechanistic

insight into this reaction Though generally isolated as an oil and theoissuitable for
elemental analysis (EA), a sample stored in the glovebox freezer for several months
produced a single crystal amenable to XRD, the structure of which is displayed in
Figure 3.1. The imido Mo=N bond 8t6is 1.7562(12) X° slightly shorte than that

of the more sterically bulky silylimid@.28 which has aMo=N length of 1.758(3) A,

22 and formally constitutes a double bond.

Though the different rates of dinitrogen cleavage exhibited by the Mo vs W
complexes generally makes the Mo corggenmore attractive targets due to their
higher reactivities gee Chapter 2.3)2 whenever possible, W analogues were still
created for thepurposes of characterization and reactivity compari$dii. 2° For
example, as is demonstrated in Scheme 3.1, ttheysten nitrido, chloride,
{Cp*IN(Et)C(Ph)N(Et)]W(N)CI} (3.7), can be synthesized by the same metho8slas
and isolated in 50 % yield; however, unlike its molybdenum counter@artsannot

be successfully r e-NpxeThis ib gstarkerrinder bfachet he ( ¢
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differences in reactivity (not desirable for every application) that result from varying
the identity of the metal center, even by a singie in the periodic table. Scheme 3.2
depicts an alternate route for they synthesis of aasdlgll W complex® forming the
terminal silylimido, { Cp*[N(Et)C(Ph)N(Et)]JW(NSiMe)} (3.8), in 95% vyield by

reacting2.6with an excessf N3SiMes to displace the bridging dinitrogen moiety.

Scheme 3.2
Ph

Et, /(
% N - \
\ xs N3SiMej

l /.N\ W.
W—N=n—W~ &' Et~n - SSNSiMe,

Et\N./ | \ toluene, 1.5 h N
PN 25°C e
Et N, PH

Ph 26 3.8

The CPGU Mo and Vénalogues {Cp*[N(Et)O{Me2)N(Et)]Mo(N)CI} (3.9),
{Cp*IN(E)C(NMe2)N(Et)]Mo(NSiMes)}  (3.10,  {Cp*IN(Et)C(NMe2)N(Et)]-
W(N)CI} (3.11), and {Cp*[N(Et)C(NMez)N(Et]W(NSiMes)} (3.12, could be
prepared though very similar methods as those described f@RA& complexes
(vide suprg but were generally be more oily than their CPAM counterparts and thus
less amenable to purification and isolation. However, the similar reactivities once again
reaffirms the consistency between the CPAM/CPGU ligand pair, though the CPAM

species werenore crystalline and easier to isolate consistetly.

3. 2 :NXa f d-N sdylation by MeSiCl

Returning to the target goal of functionalizingatbms specifically derived
from molecular dinitrogen, in practice, the molybdenumdmncan besynthesized
through sever al di f fer ent-N)rcamplex.5aonnds .( €T he r

N)2 complex2.8 with MesSiCl are of significant interest becaukey are surprisingly
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Scheme 3.3
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N™ | X .7\ benzene-dg, )}N\ )yN\
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2.8 1:1
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e \ \ _cCl
Mo Ny Mg Bt BN~ "SNsiMe; , SN e
Et\N/ | — benzene_d& kN\ .. \Et
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Et 17 h,80°C il 3.6 23
o 28 ’ 2:1 (or 2.7)

2h o o0 o # * .J@L J_A_JJL
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3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Figure 3.2.Partial'H NMR (400 MHz, GDe, 25 °C)of a solution of2.8 (*) with
durene {) and MeSiCl (x) reacting at 25 °C, converting 34 (0) and3.6 (#)
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dissimilar from oneanother. First, the p of Scheme 3.3 depicts the addition of
MesSiCl to 2.8 at room temperature which quickly and cleanly yields a 1 : 1 mixture
of 3.4 and 3.6. According to theH NMR spectra shown in Figure 3.2, the reaction
quickly consumes all th2.8 initially available in solution within 10 minutes and as
more of the sparingly solubl2.8 dissolves andecomes accessible, the reaction
continuego form an equimolar mixture &.4and3.6. As is depicted earlier in Scheme
3.1, when excess NaHg and }8€Cl are present in addition to this equimolar mixture,
subsequent chemical reduction30f by NaHg recycles the Mo center backt8 and
repetition of this process eventually quantitively forgi6. On the othehand, the

lower portion of Scheme 3.3 illustrates tlBab mustbe heated irder to react with

X

+
10 days o o ° J-#\_.JL

]
17h * o% o0 l L o # # L

lnlit‘iall * * l L I{ JL

A A A A R
3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Figure 3.3 Partial'H NMR (400 MHz,benzeneds, 25 °C)of a solution of2.5 (*)
with durene £) and MeaSiCl (x) heated at 55 °C to convert3act (0) and2.7 (#)
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MesSiCl, at which point a 2 : 1 product mixture&6 and a Mo chloride species, see
Figure 3.3; botl2.30r 2.7have been spectroscopically observed as chi@madéaining
products, the identity of which likeldepends on the conditions under which the
readion is run. In this capacity2.5 apparently acts as a chloride atom trap. The
different results upon reaction of the two dinuclear nitregamtaining complexe®.5

or 2.8with the same reagent, M&Cl, suggest that various mechanism must be in play,
otherwise the reactions would result in the same products.

This disparity in reactivity can be explained by considering the complex
mixture of Mo compounds presenithin each separate reaction, and the discovery of
theirin siturelationship as is depicted in Scheme 3.4. Specificalbacts as a formal
reductant upoB.4, abstracting its chloride atom and converting two equivalents of the
remaining nitrido species in ®.8 as is shown in Figure 3.4. Stoichiometricaly5

thus becomes a chloride species, spectroscopically observed in the rea2ttomnityf

Scheme 3.4

3.4 Ph 25
benzene-dg
22 h,25°C
Ph
Ph Et
2 = /f 2,& /& N
N N
\ 2N | _N NS+ Mo—N= g E
Et.. _MO:--------: " Bt + Et\N/MO\ Bt -0 — \
N X 2\ 1 el N™ |
N N :—‘N vl N\
\Et Et
Et
Ph - Ph 23 PH 25



17h 00 . o) #

X
o] *
Th x  xx xz JL ol & X
X
0h x  xx xx = Mo s X
——

L L L L L L
3 Bl Rt 2wl il 5 L0 0='5 ppm

Figure 3.4 Partial*H NMR (400 MHz, GDs, 25 °C) of a solution d.5(*) reacting
with 3.4 (x) at 25 °C to produce organic products (remove under reduced pre
and2.7 (o). Pentane#) impurity noted

MesSiCl; no evidence of a chloride species was observetHbMMR during this
reactionof 2.5with 2.4, but on a preparative scale an intractalplecies was produced

that is presumed to contain the chloride atoms. It can then be extrapolated that the
reactivity displayed in Scheme 3.3 is the result of the process shown in Scheme 3.5
where2.5 thermally isomerizes t8.8, which reacts with M€SiCl producing3.4 and

3.6, at which point the newly forme8.4 reacts immediately with remainir@y5 to
create2.3 and more2.8, which repeats the above process ultimately generating only
the silylimido3.6and a chloride speci@3or 2.7. 2°

One finalob=ervation of note is that while theactions of2.8 or 2.5 with

MesSiCl is successful when in a hydrocarbon solvent such as toluene or bdgzene
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Scheme 3.5
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depictedn Scheme 3.3, the results when run in the etherial THF are more complicated.
A solution of2.8in THF-ds became a vibrant green color upon the addition of excess
MesSiCl but gradually faded to a brown color, all the while trackedHbpNMR to
produce the exgrted 1 : 1 ratio a8.4and3.6. The green color is perhaps a result of a
THF adduct with one of the metal complexes and3el as eacl2.8, 3.4, and3.6are

not bright green in THF solutions on their own. A similar Féssoltuion of2.5with
excess MsSiCl however, did not proceed as expected: upon heating the mixure at 60
°C for 19 h, it grew to a very dark brown and wAHENMR revealed readily identifable

3.4, there was no sign 8f6where a 1 : 2 ratio is expected for the two products. Because
the reaction 08.5with MesSiCl relies on the complex setiofsitureactions illustrated

in Scheme 3.4, itis likely that themore polar solution of THF, the reduction potential

of 2.5isincreaseéf which may interfere with its ability to productively redi&éback

to 2.8, thus inhibiting the reaction as depicted in the lower protion of Scheme 3.3.
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3.23( N)2a n d-Nz[ SHylation by Hg(SiMe)2

The betterunderstanding of the reaction of M®Cl with the dinitrogen
complexes2.5 and 2.8 allows for reconciliation of the reactivities which initially
seemed irreconcilably unalike but are in fact simply distinct stages of the same overall
silylation process. Tik is an important realization because they beg the question of the
extent to which the reactivity of the end-bridged dinitrogen complex differ from, or
are merely an extension of, the bridginghiside species. To probe this questiarg
and 2.8 were reacted with bis trimethylsilyl mercury, Hg(b8)2, a simultaneously
reducing and silylating agefit?°[Note: though no known toxicology studies have been
conducted, Hg(MsSi) is handled with the utmost caution due to its resemblance to the
infamousand pernicious reagent dimethyl merciffy As is shown in Scheme 3.6,
while heating the dinuclear nitrogen complexz$ and 2.8 with an excess of
Hg(MesSi), two equivalents 08.6 were producealong with a small amount of Hg
which collected at the Itimm of the reaction vessel. Though the conditions of these

Scheme 3.6
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reactions vary slightly, the mercuric reagent (which can be conceptualized of as being
generatedh situduring thesynthesis 08.6from 2.8 NaHg, and MsSiCl as is depicted

in Scheme 3.1) sergas a more direct means of incorporating the trimethylsilyl (TMS)
moiety into the Natom than M&SiCl on its own. Importantly, in the reaction wits,

2.8 was only briefly observed as an intermediate'HyNMR relative to an internal
durene standard. The extent of the presenc.®fthe depended on the initial
concentration of reactants, shown in Figure 3.5; when only a slight stoichiometric
excess of 2.6 equivalents Hg(Sifjytewas employed, the reactiqggroceeded more
slowly and with more detectabl28 for longer than when a large excess of 9.7
equivalents was used. This indicates that althadughs formed as a result of the
expected dinitrogen cleavage &6, upon its appearance, it quickly reactshwhe
Hg(SiMes)2. For instancelH NMR spectra tracking the reaction 26 with a large
excess of Hg(MsSi)2 are shown in Figure 3.6. Also of note is tBaiis produced from
2.5under more mild conditions and in less time than f&8) which could indcate

that the mechanisms of the processes may differ, though the end result does not.

Relative amounts of 2.5 ( -» ), 2.8 (- ), and 3.6 ( ) upon reaction of 2.5 with Hg(SiMe,),
4.0 'Ll 5 _|
= Slight excess Hg(SiMe,), ! Large excess Hg(SiMe,),
3.0 4 0 T
c L]
"E * a é 15 :I'L
520 \ s |
El.s- \\ £ 1.0 A l"l,.
10 4 —_ __\:_
o 05 Y
05 _/’—\. . -
0.0 ¢ : . : . . 00 &
0 10 20 30 40 50 0 10 20 30 40 50

Time (h) Time (h)
Figure 3.5.Integration signals of reacta@t5, intermediate2.8, and produc8.6,
with respect to a durene internal standard set to 1, heated at 60 °C over the
of 48 h. Left: slight excess of Hg(M®i)2, based oAH NMR data acquiredvery 8
h. Right:largeexcess of Hg(MsSi)2, based oiH NMR data acquired every 1 h
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Figure 3.6: Partial'H NMR (400 MHz, GDs, 60 °C) showin@.5 (*) with internal
standard durener] reacting quickly with 9.7 eq (M8i)2Hg (x) upon being heate«
at 60 °C to convert to intermediate.8 (0) and eventually3.6 (#) with
hexamethyldisilane&(), a byproduct of (M&Si)2Hg decompaosition

3.3 Other Reactivities

With the ther mal cleavage of the NIN bo
2.8 it is vitally important to gauge some of the chemical reactions that might feasibly
be accomplished, both to gain more information about the reactivity of the nitride
complex ad, more directly, to functionalize the bridging nitrides so as to eventually
release Natomcontaining products, bringing a complete fixation cycle to fruition. The

silyl imido is an enormously valuable product, however there are many other potential
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oppatunities to trap or functionalize the nitride, and so a wide variety or lead reactions

were conducted.

3.3.1 Attempted Alkylimido Formation

With multiple successful synthetic routes to the molybdenum silylimido, which
prescient dictates can be releasednfithe metal center from one of several reactions
with other small molecules, it was intriguing to consider if a corresponding alkylimido
could be synthesized and subsequently released in the form of saddied Natom
product. Successful alkylimido foation has previously been demonstrated with the
CPAM systent? 2624 Several different synthetimutes to this goal were attempted,
focusing on reaction of vapoousNpEEBKkyI|l hal.

Initial interestwas piqued by the reaction 85 with methyl iodide (Mel), as
shown in Scheme 3.7. The addition of Mel immediately consumes all avdl8tée
form what appears by4 NMR to be an equimolar mixture ofG symmetric species
and aCs symmetric species, as is shown in Figure 3.7. According to the established
addition of MeaSiCl to 2.8%° these species are likely the nitrido iodo
{Cp*[IN(Et)C(Ph)N(Et)]Mo(N)I} (3.13 and the methylimido
{Cp*[IN(Et)C(Ph)N(Et)]Mo(NMe)} 3.14 (For greater déail on the characterization

of 3.13as well as a more in depthvestigation othe substitution of iodo ligands for

Scheme 3.7
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N \N4
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k/lo/\ I N Et MO/\ +  Ete-Mox
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Figure 3.7. Partial'H NMR (400 MHz, GDs, 25 °C) showing the immediate rest
of reacting a solution df.8with Mel (x) at 25 °C to produce presumgd 3(") and
3.14(0). Pentane#) impurity noted

chloride, see Chapter . Unfortunately as time passed, a brown precipitate began to
drop out of solution and the amount of (presunfd¥ decreased byH NMR until
nothing recognizable besid&s13remained in the spectrum after 17 h.

Il n response to this potentiNgR8was pr omi si
treated with various an alkyl halides, RX, in an attempt to generate an equimolar the
respective alkylimido{ Cp*[N(Et)C(Ph)N(Et)]Mo(NR)} (3.15 which might prove
more stable tha®.14 along with an even amount of the respective nitrido, halide
{Cp*[N(Et)C(Ph)N(Et)]Mo(N)X} (X = CI (3.9), | (3.13, or Br 3.16), according to
Scheme 3.8. Mel, PhClI, iPrCl, iPrBr, IPBuCl, tBuCl, tBuBr, and tBul were all
screened, but unfortunately despite numerous reactions varying temperature, time, and
RX identity, at best all that could be identified by NMR was fleeting amounts of
3.13upon the addition of tBul aniéPrl, and there was no successful recovery of any

products that could be assigned as a terminal alkylimido.
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Scheme 3.8
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3.3.2 Attempted Protonation/Hydrogenation

If the ultimate goal of Kfixation is often cited as the formation of ubiquitous
NHs, then perhaps the most obvious reaction to attempt with the dinuclear bis nitride
2.8is simple protonation. Though somewhat robust, at least in comparison to-the pre
cleaved.5, 2.8remains extremely sensitive, prone to decomposition upon exposure to
air or moisture. As a result, a gentle acid was sought to act as a productive proton donor.
It was hoped that N,N-dimethylanilinium tetrakis(pentafluorophenyl)borate
([(CeHs)N(H)(CHs)2][B(CeFs)4]) might be such a reagent, however an equimolar
mixture of2.8with the analinium borate salt in toluedeimmediately reacted to form
an intractable brown precipitate from which no further information could be
determined. Related, 2Hs known to add across metatrogen bond$! and so
hydrogenation o2.8was al® attempted by charging a benzafeolution of2.8with
H2 (10 psi) This also proved unproductive, showing no initial reaction at room
temperature and, upon heating&& °C, decompomg into a complex mixture of
products at least one of which is likelthe amidine from the protonation and loss of
the amidinate ligandFor further insight into successful reaction of CPAM complexes

with proton donors, see Chapter 4
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3.3.3 Oxidation by Halides

It was also of interest tdetermine if the Mo(V)2.8 could be returned to a
Mo(VI) nitrido halide through oxidation, since the ability to move freely between
oxidation states is of great importance to continuous procédsesspecifically, since
nitrido chloride3.4is demonstrad to undergo reduction by NaHg to fon8, shown
in Scheme 3.1, the natural extension of this is to wonde8 dould be made to return
to 3.4 via oxidation. As is laid out in Scheme 3.9, the addition of excess carbon
tetrachloride (CG), which may beconsidered radicdlke in its behaviof?34 to a
toluene solution of.8 cleanly forms3.4in 86% isolated yield. Interestingly, addition
of CCl to 2.9did not follow the same facile reactivity to fo®r7, and instead quickly
formed a complex mixturef products, none of which were recognizable, that
eventually decomposed over 16 h at room temperailre.success of an oxidation
process of Mo was not limited to chloride derivates; indeed, additietai® I8in THF
yielded the nitrido iodo complek13according to Scheme 3(SeeChapter 5.1 of this
document for further exploration dfe use of iodo ligandis This interconversion
between the Mo(V) and Mo(VI) oxidation states demonstrates the versatility of the
ligand set and underlines its abilitg facilitate successful reactions in the higher
oxidation states, a trait that is very important to a complete chemical or catalytic cycle

for dinitrogen fixation.

Scheme 3.9
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3.3.4 Diphenyl Di sNebhhd-NpCoRfexeti vity with (
A number ofstudies were conducted to gain more informa#ibout bridging
bisni tride itself. Some attempts 2&uavatrapo a
previously been reported in Chapter 2. However, the addition of diphenyl disulfide,
PhSSPh, -N)oc otntpd eke s, and -Nphabraptexes, yiddece n t he
unique, if preliminary, results in each instance depending on both the geometry of N
core and the identity of the metal centdraried results othe oxidative addition of
disulfides and thei-S bond cleavage have been observed in many casassifion
metal complexesspanning the periodic tabknd help to highlight both metal and
ligand-dependent trend§38
First, addition of excess PhSSPh to a benzgrslutionof 2.5 immediately
causes a change in color from brown to dark red and is showh KR to produce
a Cssymmetric product which, by integration, is determined to have two SPh units per
each CPAM ligand set. Larger scale reactions in toluene could be isolated as a red oil
out of which a single crystal was obtained that, by XRD, confirmed the structoee to

a mononuclear bis thiolafeCp*[N(Et)C(Ph)N(Et)]Mo(SPhj} (3.17), see Figure 3.8.

Figure 3.8.Crystal structure 08.17with hydrogen atoms omitted fofarity,
ellipsoids for the nofydrogen atoms are shown at the 3@bability level
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This reaction, illustrated i8cheme 3.10, results in the immediate displacement of the
bridging N unit from the Mo(ll) metal centers. When a substoichiometric amount of
PhSSPh was added to a benzdnesolution of 2.5 it produced no observable
intermediates byH NMR but only resulted in the incomplete conversio@.6to0 3.17.

Addition of more PhSSPh immediately consumed the remaihbig form3.17.

Scheme 3.10
Ph
Et\ /f @
.? N”’ 2 SPh
2 PhSSPh _ Et klloi
=N % benzene-dg ‘et
Et 25°C Ph
M = Mo (2.5), W (2.6) -N M = Mo (3.17), W (3.24)
Ph
Et\N
< PhS_ | N
PhSSPh W—N=n—w~ Et _PhSSPh
toluene, N ,L SPh % benzene-dg
benzene-dg )/ ‘Et 19 h, 65°C
-N
25°C PH 3.18 2

Alternately, the comparable addition of one equivalent of PhSSPh to a benzene
ds or toluenesolution of2.6 immediately changed in color from a deep forest green to
a brown kaki solution out of which precipitate began to crasiNMR of this species
indicated the formation of @i (or, in the case of a mononuclear product, potentially
C1) symmetric product that contains one SPh unit for each CPAM set. This is believed
to be the product of 1;4ddition of PhSSPh across theNWN-W core to produce
{Cp*[N(Et)C(Ph)N(ED)]W(SPh)}( «: dN2) (3.18 as Scheme 3.10 reveals. The
identity of this species is bolstered by BN8$(+) analysis which reveals a series of

peaks that matcB.18([M + H]* = 1234.53 m/z) as is shown in Figure 3.9. Uniike
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Figure 3.9. Partial ESIMS(+) of THF solution of3.18 the product of a
stoichiometric mixture o2.6and PhSSPh

the case of Mo, the bridging N\between W centers is not labile upon the addition of
PhSSPh at room temperature. This is in keeping with reamftPinSSPh with the group

5 di t an-Nap lcampiex, (Gp*[N(Pr)C(Me)N(iPn ] T-H)f2¢(3.19 with
PhSSPh which reacts in the same -dddition fashion to form
{Cp*[N(iPr)C(Me)N(iPN]Ta(SPh)}( &% &N2) (3.20.2* Several other disulfides
(dicyclohexy disulfide, 2napthyl disulfide, and ditertbutyl disulfide) were screened in
reactions with2.6 and were judged bH NMR as likely to be undergoing the same
1,4-addition with each equivalent of the disulfide to produce

{CP*IN(EY)C(Ph)N(EDIW(SR)}( € N2) (R = 2Napthyl 8.21), Cy (.22, tBu

Scheme 3.11
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(3.23) as shown in Scheme 3.11; however fthkkier the alkyl or aryl substituent was,
the slower the reaction proceeded, in the case of tBu even requiring an elevated
temperatire to react.

The disparity between 1N} eompleges avbten vi ty o
mixed with PhSSPh is striking, though not necessarily surprising. CPAM W complexes
have been repeatedishown to have higher barriers to reaction than their Mo
counterpa®®>>>3s o0 t he additi on -Npfconplexld.GtRdughtao t he W
1,4-additontomak&.18i s | i kel y t he same -padorhpleay by wh
2.5 produces3.17 - the Mo simply does so without an observable -agtlition
intermediate. In goport of this theory, while the addition of another equivalent of
PhSSPh to a benzede solution of3.18 had no result at room temperature, upon
heating the sample at 65 °C, the resultifdNMR spectra was very similar 817, in
that there appeared to beCa product with two SPh ligands to each CPAM set.
Therefore, it is hypothesized that with the addition of heat, the Vadd#ion product
can add another equivalent of PhSSPh and displace its bridgungtNas Mo does
immediately at room temperature, to convert to the bis thiolate
{Cp*[IN(Et)C(Ph)N(Et)]W(SPh)} (3.24) as shown in Scheme 3.10.

Preliminary studies of the reactivityf P h S S P h -NWwdoinghexes weee ( ¢
also conducted. The addition of PhSSPR.®in toluene or benzends results in the
immediate transformation of the solution from brown to orange, from which feathery
crystalline material precipitates at room temperatdk. NMR of this material
demonstrates &i symmetric product judged likely to be thatrido, thiolate

{Cp*[IN(Et)C(Ph)N(Et)]Mo(N)(SPh)} 2.25), illustrated in Scheme 3.12, khe fluffy
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Scheme 3.12
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nature of the product and its low solubility even at room temperature made isolation
for characterization by XRD or EA difficult. On tlegher hand, adding PhSSPh to a
benzeneals solution of3.9 caused a slow reaction at room temperature to a product of
undetermined structure, however upon heating, this material convertedCio a
symmetric product which seemed Hy NMR to be very similar t8.25 and was
therefore tentatively identified gCp*[N(Et)C(Ph)N(Et)]W(N)(SPh)} 8.26 as is
shown in Scheme 3.12.

Though these studies undoubtedly require further attention and corroboration,
they once again suggest that ke reactions proceed quickly to the final product while
W reactions pass through an observable intermediate. More importantly, these
reactionsoP h SS P h w-N)domplekes corfoborate the more dynamic behavior
of 2.8than2.9, (discussed in depth Bhapter 2.%. Knowing that the Mo(V) centers

of 2.8engage in some sort of dynamic behavior, the observed formatBoRSohakes

sense if the cleaved disulfide is in effect

Further, especially given that the Wj(\¢ores 0f2.9 do notseem to engage in a
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mononucleadinuclear conversion, even at elevated temperatures, should the
intermediate of the transformation frdd to 3.26 be identified, and the structure of
3.26 confirmed through complete characterizatiirmay provide significant insight

into the fragment-N)tompaexesbehavior of the

3.4 Conclusions

Key functionalization of the Mitom from N has now been mapped for the
sterically reduced CPAMeries. Both MsSICl and Hg(SiMe)2 have been used to
successfully conver2.5 (or 2.8) to 3.6. As is shown in Scheme 3.13, the former

produces a 2 : 1 mixture &£6: 2.3 (where the2.3 can be recycled back &5 via
Scheme 3.13
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chemical reduction) while the latter quantitivgggoduces3.6 and ©uld conceivably

be createdn situ with the production of the Hg(SiMe. Generally speaking, these
reactions confirm the observation that the W complexes tend to react more slowly or
require more energy than their Mo counterparts. Similar to the rateabdavage, this

is likely due to greater steric crowding about the W centers than the Mo which inhibits
reactivity. Though other reactions of the dinitrogen and nitride species have also been
attempted, including the formation of alkylimidos by alkyllidkas, oxidation by
halides, and thiolation by disulfides, these are by no means a comprehensive
investigation into every possible reactivity. The work with disulfides, in particular, is
worth continuing with alternate sulfide substituents, reaction donditand complete
characterization for a greater depth of understanding of the Mo and W reactivities. The
silylation reactions, however, are so far the most successful and produces a well
characterized product, namely thig/limido 3.6, which can beeleased off the metal

center as a valuadded Ncontaining product as is described in Chapter 4.

3.5 Experimental Details

3.5.1 General Considerations

All manipulations of air and moisture sensitive compounds were carried out
under N or Ar atmospheres with standard Schlenk or glovebox techniqu€s aitl
THF were distilled from Na/benzophenone undephor to useToluene and pentane
were dried and deoxygenated by passage over activated alumina and Gett@B3ax®
catalyst (purchask from Research Catalysts, Inc.) within a PureSolv solvent

purification system manufactured by Innovative Technologies (model numbty®PS
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4-MD) and collected under Ybrior to use Benzeneds, tolueneds, and THFds were
dried over Na/K alloy anésolated by vacuum transfer prior to use. C&liteasoven
dried (150 °C for several days) prior to use. Cooling was performed in the internal
freezer of a glovebox maintained &0 °C. Trimethylsilyl azide, trimethylsilyl
chloride, trimethylsilyl iodide, iodine, methyl iodide, N,N-dimethylanilinium
tetrakis(pentafluorophenyl)borate, diphenyl  disulfide, zZnapthyl disulfide,
dicyclohexyl disulfide, and ditertbutyl disulfideere purchased from Sigma Aldrich
and sed as receivedtHg(SiMes)2**was prepared aording to the previously reported
procedures in similar yield and purit€dution: To the best of our knowledge, there
have been no toxicology studies performed for Hg(gitedate. Therefore, extreme
precautions should be taken during the synthesasmidliing, and disposal of this
crystalline material, and any solutions derived therefrofil room temperaturéH
NMR were recorded at 400.13 MHz and referenced to Siténg residuatH
chemical shifts of benzerds, tolueneds, or THF-ds. 13C NMR spectra were recorded
at 125.76 MHz and calibrated to residt¥ chemical shifts of benzeits. Elemental

analyses were carried out by Midwest Microlab, LLC.

3.6.2Synthesis of New Compounds

{CP*IN(E)C(Ph)N(E)]Mo(N)CI} (3.4).MesSiNs (41.0 pL, 0331 mmol) was
added in a dropwise fashion via micro syringe to a solutio?.®{98.1 mg, 0.206
mmol) in 3 mL toluene causing bubbles ofth effervesce. After stirring at 25 °C for
17 hours, volatiles were removadvacuoto produce a yellovbrown solid dissolved
in toluene and filtered through a pipet with kimwipe and celite plug. The filtrate was

dried under reduced pressure before being recrystallized in toluene and pentane and
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chilled to-30 °C to yield goldelive crystalsof 3.4 (87.1 mg, yield = 93%). Anal.

c al c 0 gHs€lNsMo: C, 55.33; H, 6.63; N, 9.22; Found: C, 55.10; H, 6.44; N,

9.22.1H NMR (400 MHz, GDs, 25 °C): 0.71 (3H, t, J = 7.1 Hz, G{€H3)) 1.15 (3H,

t, J = 7.0 Hz, CH{CH3)), 1.95 (15H, s, &CHa)s), 3.09i 3.18 (1H, m, Gi2(CHs)), 3.26

i 3.35 (1H, m, @l2(CHs)), 3.387 3.47 (1H, m, El2(CHs)), 3.707 3.79 (1H, m,

CH2(CHs)), 6.897 7.03 (5H, m,C(CsHs)). 2*C{H} NMR (125 MHz, CsDs, 25° C):

11.62 (Cs(CHa3)s), 17.25(CHz(CHs)), 18.15(CHz(CHs)), 41.35(CH2(CHs)), 44.65

(CH2(CHs)), 119.54 (Cs(CHa)s), 128.59 (CCeHs)), 128.76 (CCsHs)), 129.81

(C(CeHs)), 131.76 (CCsHs)), 180.73([(N(Et)C(Ph)N(EL)]).
{Cp*[N(Et)C(Ph)N(Et)]Mo(NSiMe 3)} (3.6). A solution of 3.4 (70.7 mg,

0.155 mmol) in 2 mL THF was chilled t80° C to which was addé€d5% (w/w) Na/Hg

(2.8585g,0.62168mmol Na)and let stir for 1 h coming to room temperaturesMEl

(12.0AL, 0.0956 mmol) was added via micro syringe and the green mixture wed stirr

for 1 hour at room temperature, becomiimgwner at which point additional SIMEI

(6.0AL, 0.047 mmol) was added, and the solution let stir for another hour. Following

this, a final portion of SiM«CI (3.0AL, 0.024 mmol) was added and the solutiorswa

then stirred for 15 hours. The solvent was remamechcuoand the resulting brown

oil was dissolved in pentane and filtered through a kimwipe and celite plug in a pipet.

After drying under reduced pressure, the browr8.6 (63.5 mg, 83%)was storedta

30 °C and formed crystals suitable for XRD though there were not enough crystals

formed to acquire EA, for which oil not amenalid.NMR (400 MHz, GDs, 25 °C)

0.44 (9H, s, Si(E3)3), 1.16 (6H, tJ = 7.1 Hz, CH(CH3)), 1.89 (15H, s, §CHz)s)),

2.62i 2.71 (2H, m, El2(CHa)), 2.83i 2.91 (2H, m, Gl2(CHs)), 7.06 (5H, m, C(&Hs)).
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13C{H} NMR (125 MHz, GsDs, 25° C): 2.51 (SiTHs)s), 13.15(Cs(CHa)s), 18.17
(CH2(CH3)), 43.07 (CH2(CHa)), 105.70 (Cs(CHa)s), 127.24 (CCsHs)), 128.86
(C(CeHs)), 128.93 (CCsHs)), 131.15 (CCeHs)), 181.2[(N(Et)C(Ph)N(EL)])

{CP*[N(EYC(Ph)N(EH]W(N)CI}  (3.7). 2.4(128.4mg, 0.2272 mmol) was
dissolved in 6 mL toluene to which was addeds#€l (31.8 pL, 0.240 mmol) via
micro syringe. The mixture stirred for 45 min while t@or changed immediately
from orange to brown while Noubbles effervesced. Volatiles were remoiredacuo
and the resulting brown solid wasdessolved in toluene and filtered through a pipet
with a kimwipe and celite plug, then pumped down to yiejdegishkblack solid which
was recrystallized in toluene and pentane and cool&DatC to produce grey crystals
37495 mg, 40%) . AiRssCINsW: C,46.38;4H05.56; N,17.73CFound:
C, 46.15; H, 5.25; N, 7.63H NMR (400 MHz, GDs, 25 °C) 0.66 (3H, t, J = 7.1 Hz,
CHa(CHa)), 1.21 (3H, t, J = 7.0 Hz, C¥CH3)), 2.06 (15H, s, &CHs)s), 3.187 3.34
(2H, m, GH2(CHg)), 3.471 3.56 (1H, m, Ei2(CHs)), 3.621 3.71 (1H, m, El(CHa)),
6.907 7.01 (m, C(GHs)).

{Cp*IN(Et)C(Ph)N(Et)]W(NSiMe 3)} (3.8). 3.7(83.3 mg, 0.0819 mmol) was
dissolved in 5 mL toluene to which was added®Hs (43.5 L, 0.327 mmol) and the
dark green mixture was stirred atZ5for 1.5 h coming to a red brown solution before
being pumped down. The oil wasdessolved in toluee and filtered through a pipet
with a kimwipe and celite plug and pumped down again to a re®.8i(86.4 mg,
95%), not amenable to EAH NMR (400 MHz, GDs, 25 °C) 0.43 (9H, s, Si(dz)3),
1.21 (6H, t,J = 7.1 Hz, CH(CHs)), 2.08 (15H, s, &CHa)s)), 2.601 2.69 (2H, m,

CH2(CHa)), 2.86i 2.94 (2H, m, &l2(CHs)), 7.04 (5H, m, C(Hs)).
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{CP*[N(Et)C(NMe 2)N(Et)]Mo(N)CI} (3.9). MesSiNs (87.0 L, 0.662 mmol)
was added in a dropwise fashion via micro syringe to a soluti@18f(195.4 mg,
0.4398 mmol) in ML toluene causing bubbles of i effervesce. After stirring at 25
°C for 17 hours, volatiles were removedvacuoto produce a yellovgreen solid
dissolved in toluene and filtered through a pipet with kimwipe and celite plug. The
filtrate was dried uner reduced pressure before being recrystallized in toluene and
pentane and chilled 30 °C to yield yellowolive crystals 0f3.9 (150.4 mg, 74 %).
Anal . c aMH€CiNdMo:ICoa8.27(H, 7.39; N, 13.25; Found: C, 48.13; H, 7.33;
N, 13.29.2H NMR (400MHz, CsDs, 25 °C): 0.84 (3H, t, J = 6.7 Hz, Gi€H3)) 1.34
(3H, t, J = 6.7 Hz, CK{CH3)), 1.90 (15H, s, &CHa)s), 2.17 (6H, s, (NE3)2), 3.06i
3.14 (1H, m, @©2(CHs)), 3.547 3.52 (2H, m, El(CHa)), 3.641 3.73 (1H, m,
CH2(CHg)). 3C{H} NMR (125 MHz, GCsDs, 25° C): 11.52 (€{CHs3)s), 13.76
(CH2(CHs)), 16.98 (CH(CHa)), 38.07 CH2(CHzg)), 40.23 CH2(CHg)), 47.6 (NCH3)2),
118.48 Cs(CHs)s), 169.36 ([(N(EE(Ph)N(E)]).

{Cp*[N(Et)C(NMe 2)N(Et)]Mo(NSiMe3)} (3.10).A solution 0f3.9(77.3 mg,
0.170 mmol) in 4 mL THF was chilled #80° C to which was added 0.5% (w/w) Na/Hg
(3.1602 g, 0.68730 mmol Na) and let stir for 1 h coming to room temperatw®iQVe
(13.0AL, 0.102 mmol) was added via micro syringe and the brown mixture iuasl st
for 1 hour at room temperature, becoming darker brown, at which point additional
SiMesClI (7.0 AL, 0.055 mmol) was added, and the solution let stir for another hour.
Following this, a final portion of SIMEI (4.5 AL, 0.035 mmol) was added and the
solution was then stirred for 16 hours. The solvent was removedcuoand the

resulting brown oil was dissolved in pentane and filtered through a kimwipe and celite
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plug in a pipet. After drying under reduced pressure, the browB.Dll was not
amenabldor EA but wasstored at30 °C (79.1 mg, 101 %)H NMR (400 MHz, GDs,

25 °C) 0.39 (9H, s, Si(ds)s), 1.28 (6H, t,J = 7.1 Hz, CH(CHa)), 1.87 (15H, s,
Cs(CHa)s)), 2.28 (6H, s, (NE3)2), 2.72i 2.81 (2H, m, E2(CHs)), 3.09i 3.18 (2H,
m, CHz2(CHs)). 3C{H} NMR (125 MHz, GDs, 25° C): 2.58 (SiCHa)3), 13.13
(Cs(CHs)s), 17.55 (CH(CHas)), 38.46 (NCHa)2), 43.774 CH2(CHa)), 104.69
(Cs(CHs)s), 127.24 (CCsHs)), 128.86 (CCsHs)), 128.93 (CCeHs)), 131.15 (CCeHs)),

173.14 ([(N(EtC(NMe2)N(E1)]).

{CP*IN(Et)C(NMe 2)N(Et)]W(N)CI} (3.11). 2.19(76.0 mg, 0.143 mmol) was
dissolved in 6 mL toluene to which was addeds®™€l (33.0 pL, 0.251 mmol) via
micro syringe. The mixture stirred for 4 h while the color changed immediately from
orange to greyprown and N bubbles dkrvesced. Volatiles were removedvacuo
and the resulting brown solid wasdessolved in toluene and filtered through a pipet
with a kimwipe and celite plug, then pumped down to yield a gredask green oil
that was washed in pentane repeatedly aied dinder reduced pressure to yield the oil
of 3.11(50.2 mg, 71 %)H NMR (400 MHz, GDs, 25 °C): 0.83 (3H, t, J = 7.2 Hz,
CHa(CHa)), 1.23 (3H, t, J = 7.2 Hz, C¥CHa)), 2.00 (15H, s, §CHa)s), 2.15 (6H, s,
(NCHa3)2), 3.11i 3.20 (1H, m, Gi2(CHs)), 3.457 3.67 (3H, m, Ei2(CHa)).

{Cp*[N(Et)C(NMe 2)N(Et)]W(NSiMe3)} (3.12). 3.11(4.6 mg, 0.0048 mmol)
was dissolved in 0.6 mL benzedeto which M&SiNs (2.5 pL, 0.019 mmol) was added
via micro syringe and the dark green began to grow yellow then oraitgeased at
room temperature for 1 h. Volatiles were remowedacuoto yield an orange 0i8.12

(2.0 mg, 91 %)*H NMR (400 MHz, GDs, 25 °C) 0.39 (9H, s, Si(ds)s), 1.31 (6H, t,
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J = 7.2 Hz, CH(CH3)), 2.09 (15H, s, §CH3)s)), 2.21 (6H, s, (NEl3)2), 2.27i 2.81
(2H, m, (H2(CHs)), 3.147 3.23.13C{H} NMR (125 MHz, CsDs, 25° C): 3.08
(Si(CH3)3), 14.55 (G(CHs)s), 17.90 (CH(CHa3)), 37.89 CH2(CHa)), 45.39 ((NCH3)2),

102.99 Cs(CHs)s), 178.36 ([(N(EE(Ph)N(E)]).

{Cp*[N(Et)C(NMe 2)N(Et)]Mo(SPh)z} (3.17). 2.5(67.1 mg, 0.0798 mmol)
was dissolved in 3 mL toluene to which was added PhSSPh (33.0 mg, 0.251 mmol).
The mixture was stirred for 10 minutes changing from brown to maroon before volatiles
were removedh vacuo The resulting oil was rinsed thicold pentane and attempts to
recrystallize yielded a single crystal amenable to XRD while the rest remained a red oil
3.17 (45.1 mg, 95%)*H NMR (400 MHz, GDs, 25 °C): 0.83 (3H, t, J = 7.3 Hz,
CHz(CHs)), 1.97 (15H, s, &CHa)s), 2.852.94 (2H, m, El2(CHs)), 3.301 3.39 (2H,

m, CH2(CHs)), 6.70 (2H, t, J = 7.3,M), 6.88i 7.07 (5H, mAr), 7.12 (2H, d, J = 7.4,
SPh) 7.44 (4H, d, J = 7.4,). C{H} NMR (125 MHz, CsDs, 25° C): 13.95
(Cs(CHa)s), 18.61 (CH(CH3)), 42.95 CH2(CHs)), 110.09 Cs(CHs)s), 125.90 ($h),
126.86 ($h), 135.26 (Bh).

{Cp*[N(Et)C(NMe 2) N( Et ) ] WS®N\2)) (3.08. 2.6 (75.0 mg,
0.0738 mmol) was dissolved in 2 mL toluene to which was added PhSSPh (15.0 mg,
0.0687 mmol). The mixture was stirred for 10 minutes changing froeep dreen to
a kakiorange. The solution was allowed to sit for 30 min at room temperature at which
point precipitate began to drop out of solution. The precipitate was dried under reduced
pressure and identified 8s18(71.2 mg, 82%).'H NMR (400 MHz, GDs, 25 °C):

0.66 (3H, t, J = 7.1 Hz, C#CH3)), 1.06 (3H, t, J = 7.1 Hz, CKCH3)), 2.26 (15H, s,

Cs(CHa)s), 3.09i 3.34 (1H, m, ©l2(CHa)), 4.237 4.32 (1H, m, Gix(CHa)), 7.037
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7.14 (7TH, mAr/SPh) 7.23 (1H, br, 8h), 7.56 (2H, d, J = 8.2,M). 3C{H} NMR
(125 MHz, GDs, 25° C): 11.85 (6{CHs)s), 18.13 (CH(CHs)), 18.75 (CH(CHa)),
41.95 CH2(CHs)), 43.49 CH2(CHa)), 105.44 Cs(CHs)s), 122.45 (®h), 126.86 (Bh),
133.13 (¥h), 134.26 (®h), 151.40 (®h), 180.27 ([((N(EC(Ph)N(E))).
{Cp*IN(Et)C(NMe 2)N(Et)]Mo(N)(SPh)} (3.25). 2.8(76.0 mg, 0.143 mmol)
was dissolved in 0.6 mL benzedeto which was added PhSSPh (33.0 mg, 0.251
mmol). The mixture stirred for 4 h while the color changed immediately from orange
to greybrown and N bubbles effervesced.dlatiles were removenh vacuoand the
resulting brown solid was +#issolved in toluene and filtered through a pipet with a
kimwipe and celite plug, then pumped down to yield a gregiatk green oil that was
washed in pentane repeatedly and dried urethraed pressure to yield the 0il225
(50.2 mg, 71 %)*H NMR (400 MHz, GDs, 25 °C): 0.66 (3H, t, J = 7.1 Hz, G{€H3)),
1.26 (3H, t, J = 7.1 Hz, GCHs)), 1.94 (15H, s, &CHa)s), 2.927 3.01 (1H, m,
CH2(CHa)), 2.32i 3.47 (2H, m, Gl2(CHs)), 3.487 3.57 (1H, m, El2(CHs)), 7.23
(1H, t, J = 7.7, Bh), 8.50 (2H, d, J = 7.7,M). 13C{H} NMR (125 MHz, CsDs, 25°
C): 11.51 (G(CH3)s), 17.32 (CH(CHs)), 18.59 (CH(CHs)), 40.79 CH2(CHsa)), 44.39
(CH2(CHs)), 117.57 Cs(CHs)s), 123.54 (®h), 129.65 (®h), 132.70 (Ph), 146.04

(SPh), 157.47(®h), 181.00 ([(N(ELC(Ph)N(ED)]).

3.5.3 Supporting Syntheses and NMR Experiments

Reduction of 3.4 to 2.8 by NaHg3.4(184.0 mg, 0.4036mol) was dissolved
5 mL THF and chilled te30°C. To this olivegreen solution waadded 0.5% (w/w)
Na/Hg (1.8633 g, 0.40524 mmol Na) and the mixture was allowed to stir for 1 h,

warming to room temperature as the solution became dark brown. The solution was
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filtered through a pipet with a kimwipe and celite plug and volatiles were iehiov
vacuo to yield a greyistbrown solid, rinsed repeatedly in chilled pentane and
confirmed by*H NMR to be2.8(52.7 mg, 31 %).

Reactivity of 2.8 with MesSiCl followed by *H NMR . A mixture of2.8 (3.3
mg, 3.9 umol) and durene (1.0 mg, 7.5 pmol) in 1 bdnzenals was placed in a
Teflon® sealed Pyré%J. Young NMR tube of which an initidH NMR was taken.
MesSiCl (2.0 pL, 16 pmol) was added via micro syringe causing the sample to change
rapidly in color from brown to olive within 10 minutes and showing production of
comparable amounts @&.4 and 3.6 along with the consumption of all th28
observable byH NMR. Upon further reaction at room temperature for 2 h, the amount
of 3.4and3.6 relative to the internal standard was observed to have increased as the
3.8that had been insoluble initially (and therefore inaccessible) became available for
reaction. Seé€igure 3.2 for corresponding spectra.

Reactivity of 2.5 with MesSiCl followed by 'H NMR . 2.5(5.5 mg, 6.5
pmol) and durene (2.0 mg, 15 pumol) were dissolved in in 0.6 mL berdsgne
Teflon® sealed PyrekJ. Young NMR tube to which M&iCl (1.6 pL, 12 pmol) was
added via micro syringe. An initidH NMR was taken of the orange solution and
after being heated at 55 °C for 10 d&y/$,had been consumed completely to
produce diamagnetig.6 and paramagneti2.7in the brown solution. See Figure 3.3
for coresponding spectra.

Preparative Scale Reaction of 2.5 with M&SICl. 2.5 (78.5 mg, 93.4 umol)
was dissolved in in 6 mL benzedein a heavy walled pressure ves$éésSiCl (36.0

uL, 284 pmol) was added via micro syringe to the dark orange solution whigh wa
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heated at 80 °C on an oil bath for 17 h becoming a dark brown. After this, an aliquot
was taken for'H NMR which showed tha2.5 had been consumed to produce
diamagneti.6 and paramagnetiz.3.

Reactivity of 2.5 with 3.4 followed by*H NMR . A mixture 0f2.5(3.8 mg, 4.5
umol) and3.4 (4.0 mg, 8.8 umol) was dissolved in in 0.6 mL benzdsia a Teflorf
sealed PyrexJ. Young NMR tube. An initialtH NMR was taken and the orange
solution was allowed to react at 25 °C over 21 h in which thmeesblution turned to
brown then green and.4 was observed by'H NMR to disappear whil@.8 was
produced. Som&.5 meanwhile, remained observable throughout the reaction. See
Figure 3.4 for corresponding spectra.

Preparative Scale Reaction of 2.5 with 3. 2.5(18.5 mg, 22.0 umol) ang.4
(20.0 mg, 43.9 umol) were rinsed into a Teflaealed PyreéxJ. Young NMR tube
with 1.0 mL benzenes. The golderbrownorange solution quickly grew dark brown
as the producteeached saturation in the solution causingstals and precipitate for
form making the mixture sludgée and unsuitable for NMR. The reaction was
allowed to stand for 22 h at 25 °C, then filtered with benznlerough a pipet with a
kimwipe and celite plug to separate the sofrdsn solution.A sample of the filtrate
was taken fotH NMR showing primarily2.5and2.8, with very slight paramagnetic
peaks corresponding to a solid which could not be isolated.

Reactivity of 2.8 with MesSiCl followed by 'H NMR in THF -ds. A mixture
of 2.8(2.8 mg, 3.3 umol) and durene (0.5 mg, 3.7 umol) in 0.5 mL -Gkiwas placed
in a TeflorP sealed PyrekJ. Young NMR tube of which an initidH NMR was taken.

MesSiCl (1.8 pL, 14 pumol) was added via micro syringe and the sample rapidly grew
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from dark brown to a vibrant green. After sitting at room temperature for 2h, the
solution had changed to a paler green 2udcind3.6 were observable b4 NMR in
even ratios.

Reactivity of 2.5 with MesSiCl followed by *H NMR in THF -ds. 2.5(4.9
mg, 5.8umol) and durene (1.0 mg, 7.5 umol) were dissolved in in 0.5 mL-dHF
a Teflorf sealed PyrékJ. Young NMR tube to which M8iCl (1.6 pL, 12 umol)
was added via micro syringe and the mixture heated at 60 °C on an oil bath and
monitored by periodiéH NMR over 3 d during which tim8.4was observed to form
but there was no evidence b, instead only unknown paramagnetic peaks.

Reactivity of 2.8 with excess (MsSi)Hg followed by'H NMR . A mixture of
2.8(2.2 mg, 2.6 pmol) and (M8&i)Hg (2.4 mg, 6.9umol) in 0.6 mL benzends was
made in a Teflofisealed PyrékJ. Young NMR tube and an initit NMR was taken.

The solution was heated to 60 °C in an oil bath for 20 h causing silver Hg® to drop out
of solution and the conversion @f8 to 3.6 was observed. The temperature was
increased to 70 °C and the reaction was allowed to continue for another 67 h yielding
3.6as the major product.

Reactivity of 2.5 with slight excess (MsSi);Hg followed by *H NMR. A
solution 0f2.5(5.4 mg, 6.4 pmol) andurene (0.8 mg, 0.6 umol) in 0.6 mL benzene
ds was made in a TeflGtsealed PyrekXJ. Young NMR tube with (MsSi%Hg (5.9 mg,

17 pmol) and an initiatH NMR was taken. The solution was heated to 60 °C in an oil
bath, causing silver Hdo drop out of solubn, and*H NMR taken every 8 h showed
the consumption o2.5 and simultaneous production Bf8 and 3.6. After 24 h, the

amount of2.8had begun to decline in tandem with the continued disappearadég of
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while 3.6 grew in as the major product. See Fg3.5 for graph tracking compound
growth and decay.

Reactivity of 2.5 with large excess (MsSi)Hg followed by *H NMR. A
solution 0f2.5(7.2 mg, 8.6 umol) and durene (1.0 mg, 7.5 umol) in 0.5 mL berzene
ds was made in a Tefl6hsealed PyrékJ. Young NMR tube with (MeSi)2Hg (36.5
mg, 10.5 pmol) and an initidH NMR was taken once the solution had equilibrated to
60 °C via high temperature NMRH NMR data was collected every hour, as the
solution changed from orange to brown and silve? #figpped outand showed the
rapid consumption a2.5along with production o2.8 and3.6. After 8 h, the amount
of 2.8 was slight and continued to decline rapidly in keeping with the incred®é of
and the continued decrease€2d. See Figure 3.6 for correspondisygectra and Figure
3.5 for graph tracking compound growth and decay.

Reactivity of 2.8 with Mel followed by'H NMR. 2.8(3.5 mg, 4.2 pmol) was
dissolved in in 0.6 mL benzesk in a Teflorf sealed PyréJ. Young NMR tube and
an initial 'H NMR was takenTo this was added Mel (1.0 pL, 17 umol) and another
H NMR was immediately taken, showing even amounts of what is presumed to be
3.13and3.14 While sitting at room temperature, a brown precipitate began to drop out
of the yellow solution and the signdts 3.14in the spectra began to decrease, until
after 17 h, @H NMR of the now green solution showed oBI4was left. See Figure
3.8 for corresponding spectrum.

Exposure of 2.8 to air followed by*H NMR. 2.8 (5.0 mg, 5.9 umol) was
placed in 0.6 mL bhezeneds in a Teflorf sealed PyreékJ. Young NMR tube and an

initial *H NMR was taken. The cap was removed outside of the glovebox for 5 seconds,
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after which it was replaced. While an immedidk¢ NMR spectrum showed no
significant change, after 2 h at rmaemperature, messy, new, unidentified products
were growing in as the signal far8 decreased.

Reaction of 2.8 with N,N-dimethylanilinium tetrakis(pentafluorophenyl)
borate followed by'H NMR. 2.8(10.0 mg, 12.0 pmol) was placed in 0.6 mL toluene
ds in a Teflorf sealed PyreékJ. Young NMR tube with an internal durene standard
(2.0 mg, 15 pmol) and an initidlH NMR was taken. To this was add&yN-
dimethylanilinium tetrakis(pentafluorophefiyb or at e (9. 8 mg , 12. 2
immediately caused a brown precipitate to crash out of solution and collect at the
bottom to the tube. Anothéd NMR spectrum showed no more signalsZ@and no
other identifiable features.

Reaction of 2.8 with H followed by *H NMR. 2.8 (6.5 mg, 7.7 umol) was
placed in 0.6 mL benzerds in a Teflorf sealed PyreékJ. Young NMR tube and an
initial *H NMR was taken. The tube was charged with 10 psirtdl anothetH NMR
showed no change. Heating the tube at 65 °C dnvecourse of 7 days resulted in a
complex mixture of products of which none could be identified.

Oxidation of 2.8 by CCh. A suspension oR.8 (23.0 mg, 27.4 pmolvas
prepared in 10 mL toluene in a 25 mL Schlenk Flask. To this dark brown solution was
added CCl (14.0 pL, 144 umol) via micro syringe causing the color to immediately
change to an orange which settled to an el after stirring for 15 h at room
temperature. Solvents were removed/acuq the reaction mixture was dissolved in
toluene ad filtered through a pipet with a kimwipe and C&lipgug, and then solvents

were removed again to yield a slightly oily golden solid that was recrystallized in
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toluene layered with pentane-80 °C producing oliveyolden crystals a3.4(21.8 mg,
86% yield).

Reaction of 2.9 with CClk. A solution 0f2.9 (8.5 mg, 8.4 umoljvas prepared
in 0.6 mL benzenes in a Teflorf sealed PyréXJ. Young NMR tube to which was
added CCi (4.0 pL, 42 pmol) via micro syringe causing the solution to change from
brown to ydows out of which beige precipitate began to forid. NMR spectra
showed not remaining.9and only a complicated mixture of products, none of which
are known species.

Reaction of 2.5 with PhSSPhA solution of2.5(11.2 mg, 11.0 pmolvas
prepared i).6 mL benzenels in a Teflorf sealed PyrekJ. Young NMR tube to which
was added PhSSPh (2.4 mg, 11.0 pmol) causing an immediate change in color from
dark green to olive browAH NMR showed &Ci product judged likely to ba.17.

Reaction of 2.6 with Ph&Ph. A solution of2.6 (11.2 mg, 11.0 pmolvas
prepared in 0.6 mL benzewein a Teflorf sealed PyrekJ. Young NMR tube to which
was added PhSSPh (2.4 mg, 11.0 umol) causing an immediate change in color from
dark green to olive browAH NMR showed &Ci product judged likely to ba.18

Reaction of 2.6 with 2napthyl disulfide. A solution of2.6 (10.1 mg, 9.94
umol)was prepared in 0.6 mL benzedsin a Teflorf sealed PyréxJ. Young NMR
tube to which was addedrapthyl disulfide (3.3 mg, 10.4 umalausing an immediate
change in color from dark green to purpt@roon.H NMR showed &Ci product
judged likely to be3.21

Reaction of 2.6 with dicyclohexyl disilaneA solution 0f2.6 (10.2 mg, 10.0

umol)was prepared in 0.6 mL benzedein a Teflorf sealed PyréxJ. Young NMR
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tube to which was added dicyclohexyl disul
h at room temperature caused the solution to change from dark green to brown in color
and aH NMR showed around half tf26 remained while réshad converted to a new
Ci product thought to ba.22
Reaction of 2.6 with ditertbutyl disilane. A solution of2.6 (10.0 mg, 9.84
umol)was prepared in 0.6 mL benzedsin a Teflorf sealed PyréxJ. Young NMR
tube to which was added ditertbutyli sul fi de (1.9 €L, 9.83 Omo
room temperature had no effect on the mixture as judgéd BYMR and it remained
a dark green in color, but heating at 65 °C for 45 h consumed all the staiimgd
produced &i product, likely3.23
Reaction of 3.18 with PhSSPhA solution 0f3.18 (2.0 mg, 1.6 pmoljvas
prepared in 0.6 mL benzewein a Teflorf sealed PyrekJ. Young NMR tube to which
was added a | arge excess of PhSSPh (2.0 ¢L
19 h at room teperature, but upon heating at 65 °C for 42 h, converted completely to
what is believed to b&.24
Reaction of 2.8 with PhSSPhA solution of 2.8 (6.5 mg, 7.7 umolwas
prepared in 0.6 mL benzewein a Teflorf sealed PyrekJ. Young NMR tube to which
was added PhSSPh (2.3 mg, 11 umol) causing the solution to change immediately from
dark brown to a kaki while feathery precipitate formed. The precipitate wasidried
vacuoand identified a8.25
Reaction of 2.9 with PhSSPhA solution of2.9 (29.5 mg,29.0 umol)was
prepared in 0.6 mL benzewein a Teflorf sealed PyrekJ. Young NMR tube to which

was added PhSSPh (6.5 mg, 29.8 umol) causing an immediate change in color from
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dark brown to orange while a complex mixture of unknown products appearet by
NMR after sitting at room temperature 18 h. After heating at 55 °C for 48 KMR

showed &Ci product judged likely to b2.26
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ChaptClrosi ng t he eCydlaeh nbmN PR eoldauac s
HN( S§:Me

4.1 Silylamine Products of Dinitrogen Fixation

Having now illustrated several routes to incorporate a TMS group to make a
terminal silylimido 3.6 containing a fixed N atom via eith&.5 or 2.8 the final
challenge remaining in completing a chemical or catalytic cydleeiselease odfn N-
containing moiety from the metal centdthe specific identity of valuedded N
containing products from dinitrogen fixation by group 6 metals runs the g&mmit
hydrazine (NH4) and ammonia (NkJ to nitriles (RCN) and carbodiimides (RNCNR),
naming just a few?> The products most relevant to the sterically reduced CPAM cycle
under construction within this thesis, however, are the known production of a TMS
isocyanate (OCNSiMg by the bulkier CPAM systetnand the welestablished
production of silylamines, mainly tris(trimethylsilyl)Jamine (N(Si§)&, from the
reductive silylation of varied organometallic complexes with a reducing agent, such as
Na, and excesMesSiCl in lieu of protong:3Nishibayashi has recently accomplished
Mo-catalyzed N fixation under ambient conditions forming N(Sibte at the
impressive turnover number of 2%6This product is especially valuable in that upon
acid workup, it can esdly be converted to ammonium chloride (M) making it
analogous pathway to the formation of & Intriguingly, the early reports of
synthetic N(SiMe)s production actually predate the first blfixation methodd: 8
Silylated amines are therefore as desirable, if an alternative, target of dinitrogen
fixation as is ammonia itself, with the ability to be converted to ammonia or to be used

in their own industrial applications.
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Scheme 4.1

Ph
12 NaCl <N p
S
o 3 Mo—N=N—Mo
12 Na SN 3
+3N; 3\
® o ) ”s 4 Me,SiClI
o
/N7 g
.-N
PH )
4 k/lo—N—SiMe
/N7 *
Ve
N-containing Ph >
product 3.6

7??

Ideally for the sterically reduced CPAMstgm so far described, illustrated in
Scheme 4.1 (Step A, dinitrogen reduction and coordination and Step B, dinitrogen
cleavage and functionalization), the final stage of the cycle (Step C) would be a process
that, in addition to releasing anddntainingproduct from the Mo(IV) center .6,
would also regenerate the Mo(IV) dichlor2i@from which the cycle may be repeated.

4.2 SilylamineFormation by the CPAM System

4.2 1 TargetedH2N(SiMe) Release

Severalstraightforwardapproaches to accomplishing this step and releasing a
valueadded product are illustrated in Scheme 4.2. The first would be the treatment of
3.6 with anhydrous HCI which stoichiometrically should yield an equivalent each of
2.3, MesSiCl, and (uponin situ acidolysis ofthe initially formed TMS amine
(H2NSiMes)), HaNCI. An alternate route could bevegetathetical exchange betwe6

and HO that would provide BENSIiMes and a terminal oxo species,
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Scheme 4.2
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{ Cp*[N(Et)C(Ph)N(Et)]Mo(O)} (4.1),>"2° that could be recycled back &3 upon
treatment with MeSiCl to release hexamethydisilox&reccording to Scheme 4.2.
Despite the attractiveness of these theoretical reaction pathways, in [Bapice/es
to be very moistursensitive, and the introduction of even trace amounts20f iH
polar (THF) or nonpolar (benzene) solvent led to a complex mixture of unidentifiable
products with no amine observed Yy NMR. Furthermore, because HCI anglHare
unlikely to be compatible ith the other reagents and complexes involved in a nitrogen
fixation cycle supported by the CPAM frameworbkr(iinstance,See Chapter 3 for
incompatibility of2.8 with air, moisture and acid, an alternate route was sought out
to accomplish these goals.

A different, potentially milderoute would be to employ an alco®OH) as
a proton source. Upon the addition of two equivalents of alcwh8l6, a Mo(IV)
bisalkoxide { Cp*[N(Et)C(Ph)N(Et)]Mo(OR}} (4.2) could be predicted to form in

tandem with the release of the TMS amine organic product. Further reaction with
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Scheme 4.3
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MesSiCl through metathesis could regenetaBand release a TMS ether, ROSH)je
as is shown in Scheme 4.3. Surprisingly, unlike exposure@ When a benzerds
solution of3.6 was observed byH NMR it appeared to be to be unreactive to the
addition of excess iPrOH after an extended period of time. In oréilitate reaction,
pinacol (2,3dimethyl2,3-butadiol) was employed in an attempt to form a cyclic
bisalkoxide through chelation contr8l.** Again, however, a benzek solution of
3.6 appeared unreactive to the diol when allowed to react over ays. dAs an
alternative to an alcohol, trimethylsilanol (M#OH) was used next because
triorganosilanols are more acidic than alcoffolnd might therefore facilitate the
desired reaction. Like the previous reactions, however, a beukesodution of3.6
was not observed By NMR to react when an excess of 38&H wasadded. Finally,
upon the addition of excess phenol (PhOH) to a bengdeselution 0f3.6, a reaction
did quickly take place, however it was the undesirable decompositi8s6 afto an
unidentifiable mixture of diamagnetic and paramagnetic products 3Toegppears not

to react deleteriously in the presence of iPrOH, pinacol, an8ikKaél but does so when
exposed to PhOHhdicates that, though high, there may be an acidity teathe

uncontrolled reaction @8.6with proticreagents.
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4.22 ObservedHN(SiMe)2 Release

With no seeming luck in the use of alcohols and silanols as protic reagents with
3.6, the replication of the simultaneous oxygdom and nitrengroup transfer to
produce TMS isocyanate, which proved successful in the case of the more sterically
bulky CPAM ligand set (shown in Scheme 1 8)as therefore attempted as is depicted
in Scheme 4.4. In theory, this would consist of the reactioB.@fwith CO: and
MesSIiCl. 3.6is known not to react with an excess ofd8Il, and when a benzeide
mixture of the two was charged with €Othe expected hexamethydisiloxane
(O(SiMes)2) byproduct was immediately observed to grow intHy N MR, a = 0.12
ppm, as was paramagnefl@. However, even after extended periods of time, there
was no evidence of the formation of the targeted isocyanate OCRhI®%ihieh would
have app e@@ld o fodowingldhe reactivity laid outin Scheme 4.4. Instead
a new, unfamiliar signal appeat as an upfield singletinthd NMR spectrum at
0.10 ppm. This new peak was successfully identified as bis(trimethylsilyl)amine
(HN(SiMes)2) by spiking the reaction mixture with an authentic sample of the
silylamine. Though metaedmides derived fromHN(SiMes)2 are knowrf® 4+ and
indeed, HN(SiMe)2 has often been reported as a minor product of reductive silylation
of dinitrogen, the reason for its presence (and seeming purity) in this reaction was not
immediately apparent.

After this intriguing initial result, the experiment was repeated; however, on
each subsequent attempt the reaction proceeded more and more slowly. It is likely that
this inconsistency can be explained with the observation that in order for HNfSiMe

to form, a proton must have been acquired from some source not previously accounted
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for or present in the reactiaof Scheme 4.4. It was therefore hypothesized that the
manifold used to charge the reaction vessels witb g3 could potentially have had
residwal moisture or some other protoontaining contaminant in it which, instead of
resulting in the decomposition 8f6, fortuitously causing a new reaction by forming

MesSiOH in situ which in turn reacted with6 and MeSiCl.*°

Scheme 4.4
N Y ;:\ Cl
CO 2 Me,SiCl P
Et\N’N,lO§NSI|\/Ie --------- 2. > Et\N,N,Ioto ______ e3|> Et\N,h/’IO\Cl
)/N - OCNSiMe, N ~ O(SiMes), J
\ .
e Phk Bt )/ Et
3.6 4.2 PR,

If such a hydrolysis were to be the mechanism of releasing the amine from the
Mo center® it was reasoned that this serendipitous reactivity from the manifold might
be effectively emulated by adding one equivalent of commercially alaidesSiOH
to a mixture of3.6and MeSiCl in the absence of a moisture contamirnasesecalled
Adry hydrol ysi s a.Schémed.B, &the presenceiofsSi©k with w n
two equivalents of MsSiCl, 3.6began to immediately convert2a@3whilethe expected
organic products of the controlldgydrolysis, O(SiMe)2 and HN(SiMe)2, began to

appear according f¢1 NMR, illustrated in Figure 4.1. The reaction was judged to have

‘% HOSiMe; % Cl

Scheme 4.5

2 Me;SiCl M
| 3 g | ~Cl
LN enzene-ds, LN
Ph% \Et toluene, THF Ph)/ \Et
o
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- O(SlMe3)2
- HN(SiMe3),
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successfully run to completion upon the total consumptio.@éfter 16 h at room
temperature. Though the paramagnetic nature of the 4pretdilict 2.3 makes it
difficult to gauge the yield of the reaction spectroscopically, in comparison to an
internal durene standard, the organic products are judged to form quantitively. By
running the reaction on a preparative scale, 94% of the metal was recov2ohas

volatiles were removed. By running the reaction in pentane (in which the dicl2dside

o + o
N A
+
16h e - ..
~ #
53 i e

*

&
+ * -I
3 h * * J;.Jl—_._p- ks }—J\"i .

10 9 8 7 ppm #

|M;_JL__ jL ) lJL

T T T T 1 T 1
3.0 2.5 2.0 1.5 1.0 0.5 ppm

Figure 4.1. Partial 'H NMR (400 MHz, GDs, 25 °C) demonstrating th
conversion 0f3.6 (*) and MaSiOH $) (bottom spectrum, stable after 17 h),
2.3(0), (MesSi)20 (#), and (M&Si)2NH (&) upon the addition of MSICI (=)
(middle and top spectra} 25 °C with dureneH) standard in benzerds (~)

129



is insoluble and therefore crashes out of solution immediately upon its formation,
leaving the solution free of any metal species), the reaction sokdiataining the
organic products was subjected to Gas Chromatographgss Spectrometry (GC
MS), illustrated irFigure 4.2, whicltorroborated the identities of the ong@products.
Upon further investigation of this reaction, it became apparent that the dry

hydrolysis it is quite versatile with regards to the identity of the proton source, XOH,
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80 ll
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LT g
o 27
20 ‘l 1
0 — | T | —""
2 4 6 8 10 1 11
RT : 2.97 min
15100138 147 148
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801 Me,Si—° —SiMe,
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1 GBH7T3
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i ‘ ‘ 131
2052, _
4 87103 117
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5537272 146 )
j-:;-|.|—_ ”N/SIMe:g
Rl
SiMe,
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" 6673 100 ‘ '|"'“ 161
0- L '.||-'. — : — —— o I - e
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Figure 4.2.(Top) Chromatograph of pentane solution from the reactioB.©®f
with MesSiOH and MeSiCl at 25 °C to produc2.3, (MesSi)20 #) at 2.97 min,
and(MesSi)2NH (&) at 4.27 min. Slight toluen@bo) impurity noted at 4.07 min
(Bottom) Mass spectra for (M®i)20 (retention time 2.97 min) and (N&)NH
(retention time 4.27 min)
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that can successfully be employed to drive the process forward. Far firggribéted
HOSiMes, the dry hydrolysis will proceed unimpeded by the use of the bulkier X =
SiEts and SiPRk*° Silanols, unfortunately, tend to be prone to decomposition; any trace
moisture can catalyze the formation of the related silyl ether and*vatgch were
noticed as an impurity in the reagents that increased over time. It was gratifying, then,
to discover that alcohols were also appropriate protic sources (X = iPr, tBu, and even
Ph) because of their ready accessibility and stability as readfeimiportant to note

that in all cases, steric bulk of the silanols and alcohols did not seem to have an effect
on the speed or yield of the reaction, changing only the identity of the ether product
from hexamethyldisiloxane, O(SiMe, to XOSiMe: as conifrmed by*H NMR and
GC-MS analysis which may be fouma Section 4.5.

In one last surprise, it was discovered that even dehydrated silica g&l (SiO
servedto facilitate the dry hydrolysis reaction. Though thoroughly dried in an oven at
150°C and storednder an inert glovebox atmosphere, the2$Mresumed to contain
some silanojroupsthat allow the reaction to proce&tPRractically, there are a number
of advantages to the idea of using silica igdl is easily replaceable and could be
packaged in @olumn through which the reaction could run, making it of potential
industrial interest. While attempting tmllect 2.3 after running a THF solution of it
through a small silica gel plug in a pipet, very little was recovered. However-a non
destructive pthway was discovered when the THF solutior2df also contained
excess MgSICl. In this case2.3 was recoverablin 93% yield® indicating that the
MesSiCl may act as a silylating agent on the silic#’g&which allows the metal

species to travel tbugh the Si@SiOSiMe column. Altogether, 2.3 could be
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recovered from a silica gblased dry hydrolysis reaction 6 on a preparatory scale

in 80% yield. While it is remarkable that so many proton sources are applicable for this

dry hydrolysis, its mechanism required much more study to elucidate.

43Mechani

st

C

Det ai |

s of

Though the dryhydrolysis of 3.6 with XOH and MeaSiCl occurs nearly
instantaneously as is depicted in Scheme 4.5, it is proposed to proceed through three
distinct steps that are illustrated in Scheme 4.6: Step | is an initial association of XOH

with 3.6, followed quickly by Steps Il and Ill; MeSiCl addition and product release.

4.3.1Step I:Low TemperaturéH NMR Studies an8ignalii Mar c hi ng o

As was noted at length in Section 4.2.1, it was initially observed that a mixture
of 3.6 and variousXOH proton sources appeared unreactive for extended periods of
time, either at room temperature or elevated temperature. However, immediately upon

the addition of MeSiCl to such a mixture, the dry hydrolysis reaction proceeds to

Scheme 4.6
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completion. It is proposed thefore that in Step I, prior to the addition of 38€Cl, the

proton source an8.6 form a 1 : 1 adduct between the Lewis Basiathim of the
terminal imidd® and Hydrogerbond of XOH according to Scheme 4.6. This 1 : 1
association product 08.6 and XOH, { Cp*[N(Et)C(Ph)N(Et)]Mo(N(H)SiMe)(X)}

(4.3, has not been isolated due to its transient nature and cannot be observed
spectroscopically at room temperature. However, the existent8 isfsupportedy
extensive low temperatuféd NMR studies,shown in Figure 4.3that indicate the
presence of an equilibrium in the solution mixtofe3.6 and XOH (X = SiMes, iPr,

tBu).46

+
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Figure 4.3. Partlal H NMR (500 MHz, GDs) of 3.6 and (top) MesSiOH at
temperatures ranging from0 to 25 °C (middle) iPrOHat temperatures rangin
from -80 to 25 °C or (bottom) tBuOHat temperatures ranging froi®0 to 25 °C
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In these experiments, toluede solutionsof 3.6 were prepared with an equal
amount of XOH and the mixtures were cooled dowrBtbor -60 °C in a precooled
and calibrated NMR. An initidH NMR showed that the chemical shifts for the cooled
mixture were much more downfield than those known for theturexat room
temperature. Spectra were taken as the temperature was increased by increments of 20
°C, allowing for temperature calibration and sample equilibration between'idach
NMR collection. As the solution was allowed to warm slowly back toward€28he
chemical shifts also began to move upfield
mixtures of3.6andXOH previously observed.

While temperature can account for some slight change in chemical shift, the
extent of the downfield movement was more substantial than to be attributed to the
temperature diffemce alone. This is substantiated by control experinoéi3$ alone
and the proton sources alone at low temperatures which reveal that the shifting peaks
arenot the result solely of the change in temperature but are in fact the result of the
lower tempeature favoring the formation of-Honds® >*For instance, at 25 °C both
free iIPrOH and the mixte of 3.6 and iPrOH have a doublet for the methyl peaks

which comes in at a c¢ he®i°C bhoth are bignificantiyo f 0 =

*CH; **CH,
Tol-d,
‘.
*CH J]l
T xxcy N 1
/ R AN - =S
T T T T T T
4 3 2 1 [ppm]

Figure 4.4: Partial'H NMR (500 MHz, GDs) of iPrOH at25 °C(blue, **) and-80
°C (red, *) showing the change in chemical shift due to temperature alone
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more deshiedd, but the free alcohol comes in at
methyl peaks ofthe.6and i Pr OH mi xture come in at 0 =
4.4. That these shifts are different at the same lower temperature is indicative of
different clemical environments. As the changing temperature favors different ratios
of free3.6and XOH vs the addudt 3, the average chemical environment of the sample
changes. In turn, the signal representing that average chemical environment (fast
exchange andweak binding) moves accordingly in a phenomenon known as
i ma r c ¥ Atmognd temperature, the equilibrium favors the free, unasso@aed
and XOH and so these two species make up the vast majority of the solution and are
seen cleanly in thtH NMR spet¢rum. At lower temperature, however, the equilibrium
shifts to favor the association produc8, for which the'H NMR signals are quite
differenti generally more deshieldédand so as the temperature drops, a greater ratio
of 4.3is present in the sanmghlnd theH NMR spectra (which is a representation of
the time average of the sampleds compositi
sample o#4.3wouldlook like.

Finally, though these studies do indicate that there is an equilibrium at play,
they do not rule out the possibility of a different reversible addition, such as the
formation of a Mo(IV) alkoxy amido complex,
{Cp*[N(Et)C(Ph)N(Et)]Mo(OR)(N(H)SiMe)(X)} (4.4, shown in Figure 4.5.
However, several observations favor the proposal thatrtddript more resembles the

resonance hybrid.3than it doe<}.4. As was noted abov8,6 was foundo engage in
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Figure 4.5.Potential structures of the product of addition of XOR.®
the same reversible process with silanols and alcalidls (MeSiOH, iPrOH, and
tBUOH (not illustrated) and did not seem to be affected by the steric bulk of the protic
reageni 4.3is anticipated to have less sensitivity towards the steric bulk and electronic
features of the X group than4dwould. Additonally, once formed, a new MO bond
would be expected to be stable and not necessarily engage in a reversible reaction,
while a hydrogen bond is much more likely to be dynamic. There also appears to be no
prescient for either the forward addition of R{across a Mo=N bond in a metal imido
or for the formal reverse reaction. For these reasons, the 1 : 1 at@8ueith N-atom

acting as Hydrogebond acceptor, seems the most likely structure.

4.3.2 Step I: Variable ConcentratiotH NMR Studies anBquilibrium Constant

In an effortto quantify the relationship between fi2éwith free XOH and the
adduct4.3, a concentration study was designed WitiNMR experiments to obtain an
equilibrium constantKeq Just as lower temperatures favor the rigite of the
equilibrium shown in Step | of Scheme 4.6, according to LeeChater 6 s Pr i nci p
increasing the amount of ti36 and XOH reagents should also increase formation of
the association product,3. Therefore, a 0.1 M stock solution 8f6 and iIROH in

tolueneds was prepared in a 1.00 mL volumetric flask and serial dilutions were carried
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out to create solutions at 0.04, 0.001 M, and 0.0001 M concentratiost two
temperatures, the change in chemical shift of the iPrOH methyl peaks as oliserved
'H NMR were measured with respect to the concentration of the prepared solutions,
[Mo]o. These data, presentadFigure 4.6, were fitted to a polynomial regressiofi (R

> 0.999) to determine theeqfor the association of Step | fBt6and iPrOH as shown

in Scheme 4.andaccordingto Equations 4.1 4.11>3

1.02 -
1.01 A y=0.9813x2 + 0.6807x + 0.9321 ¢
1 R? = 0.999982
E 0.99 -
g 0.98 so%c
F 7 ° ®25°C
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I
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-
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0.94 ‘
soos @sisssninnnt y=-1.7137x2 + 0.6204x + 0.9311
0.93 - @ R? = 0.997835
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Figure 4.6.Comparisoo f obser ved c¢hemi cll NMR(B0D
MHz, C/Ds, 0 °Cor 25°C) vs. the concentration of a prepared solgmii3.6 and
iPrOH ([Mo]o)

Scheme 4.7
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According to the equilibrium shown Bcheme 4.7Keqis defined in Equation
4.1. Meanwhile, the mass balance of the equilibrium provides the total concentration

of both species, [Mo] as defined in Equation 4.2.
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Equation 4.1

D€ Q0i 6O 0 €
0 £EEQUI U000 £EEQLI OO

Equation 4.2

0 € 0 EEQOIT 0Q) ¢
Substituting Equation 4.1 with the solution to Equation 4.Kw] gives Equation
4.3, multiplication and rearrangement of which produces the gtiadiquation 4.4.
Equation 4.3

0 € 0 Q01 GO
0 EEQOI 0O

Equation 4.4
m 0EFQOI GOgDé O DEFQDI GOD¢E
When solved fo[Mo A ], Pquald# 4.4 gives Equation 4.5. Upon taking the

negative root (sincgMolo>[Mo A ) @hd sDriplifying, Equation 4.6 is produced.

Equation 4.5
U o I -V ¢U ¢ 0 T 0¢€
DEEQLI UG
C
Equation 4.6
0 0 T0O O €

0 EEQOI 000 ¢
Since the obser wedeachtoktneiconaehtratiabpendantH ( G
NMR signals is simply the weighted average of the chemical shifts of the free species
( tide) (free3.6wi t h free XOH) anady (addetdJasshowveoh s peci e

Equation 4.7, substituting fpMo] gives Equation 4.8 and further simplification gives

Equation 4.9.
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Equation 4.7

: T 0E 0 Q01 6O
0 €
Equation 4.8
: 1 0 ¢ 0 EEQO1 0O 0 Q01 0O
0 €
Equation 4.9
: ) ) 0 Q01 GO
0 €
Setting the observed change iadod Gddgivesi cal s hi

the more manageable Equation 4.Finally, solving the quadratic Equation 4.6 for
[Mo AiPrOH] and substituting this into Equation 4.10 provides Equation 4.11 that is
fit to the experimental data frofgure 4.6 using p ol yno mi al rKe,gr essi or

Equation 4.10

: : @l 0 EFQOI GO
‘ 0 ¢
Equation 4.11*
. 0 0 o ¢ &
Wl ™ ~—
| 1 017 D&
o o

Using this determination, at 2% Keq = 0.62 while at C Keq = 0.68.The
small, though not miniscule, magnitudes of the equilibrium constants corroborate what
is experimentally observed B NMR; at equilibrium there is a higher concentration
of reactants (fre8.6and iPrOH) than of the association prod4c8). Under 1@ mM
solution conditios of eaclB.6 and iPrOH in toluenels, the concentration af.3was

determined to be only 6 mM at 0 °C. In all, the associatidh@énd XOH in Step |
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of Scheme 4.6 may be said therefore to favor the backwards direction under standard

conditions.

4.33 Steps Il and 1ll: Addition of MSICl and Product Release

Upon addition of at least two equivalents of 8| to a mixtureof 3.6 and
XOH (or more acarately, upon the addition of M®8iCl to the slight amount @f.3that
exists in the solution at any given point in time) Steps Il and IIl of Scheme 4.6 proceed
immediately. First, in Step Il, one equivalent of 48&C| inserts into the four
membered ring 4.3t hough a -Cfloor mrmddiffH on across the
chemically trapping the now A agingioihet edo i m
proposed transition state
{Cp*[N(Et)C(Ph)N(Et)]Mo((Cl)(SiMe)(OSiMes)(H)(NSiMes))} (4.5. Formation of
this transition staté.5is quickly followed by the loss of O(SiMge to produce a chloro,
amido intermediat§ Cp*[N(Et)C(Ph)N(Et)]Mo(Cl)(N(H)SiMe)} (4.6 that, in Step
lll, undergoes metathetical exchange with a remaining equivalentes®i®l to
simultaneously produc€.3 and HN(SiMe)2. Neither 4.5 nor 4.6 is observed
spectroscopicall§® but this proposed pathway is in keeping with a similar

intramolecular hydrogebhonding assisted silylation of alcohols by 38&C1.5*

4.3.4 Dry Hydrdysis Control Experiments

Several control experiments were conducted to account for various
observations from this series of Adry hydr
pathways. For instance, relative to the formation of one equivalenN¢{biMes)2,

someslight excess of XO-SiMes ether is usually observed spectroscopically. This
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inequivalence is thought to be the result of the reactions between excess XOH with
MesSiCl. To confirm this, a 2 : 1 mixture of iPrOH and #8€C| in benzenals was
observed tovery graduallyproduce iPrOSiMewhen monitored byH NMR and
comparable reaction of tBuOH with M&CI produced tBuOSiMseven more slowly

While this reaction would account for a very small inequivalence between the ratio of
the organic products, the nearly instantaneous production and more pronounced excess
of the ether suggests that the presence of the metal species plays a vitathiajes pe
catalyzingfaster reaction between XOH and #8€éCl| than occurs in its absence.

The possibility of a residual amount of HCI being present in these silylation
reactions, which might be catalyzing the production of the organic products and the
conversonof 3.6to 2.3or both, also needed to be addressed. Therefore, reactions were
run in the presenc e-bin(dimetaylamipojnaphtralene)sgp on g e o
absorb any adventitious HCI before it could cause a reaction. A 1 : 2 mixture of iPrOH
and MeSiCl was added to a benzedesolution of3.6 and proton sponge at room
temperature (unreactive after 45 h) and rapidly yielded the expected quantitative
production of HN(SiMe)2 and a slight excess of iPrOSiMghown in Figure 4.7.
Similarly, a 1 :1 mixture of the same reaction using tBuOH yielded the dry hydrolysis
but with only a 50% conversion &6 and a 50% yield of HN(SiM# relative to a
durene standard, which emphasizes the importance ofdbend equivalent of
MesSiCl for the reactiorio proceed to quantitive completion. These results confirm
that it is the metal complex that facilitates the reaction and release ofdet&ining

product, though yield is, of course, limited by the appropriate amount of each reagent.
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Figure 4.7.Partial'H NMR (400 MHz, GDs, 25 °C) demonstrating the reactic
of 3.6 (*) with proton sponge®( (bottom spectrum, stable after 45 h) upon
addition of iPrOH §) (second from bottom spectrum) and 48| (=) (second
from top spectrum) to quickly forn2.3 (0), MesSIOCH(CH)2 (#), and
(MesSi)2NH (&) at 25 °C with durenet) standard in benzerds (~)
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4.4 Closing the Chemical Cycle

The dry hydrolysis reaction now completes the third and final step of a chemical
cycle for the sterically reduced group 6 diethyl, phenyl CPAM system, the full loop of
which is depicted inScheme 4.8This unique reactivity opens the possibiliby
efficient N2 fixation with readily accessible and inexpensive proton sources, such as
alcohols or silica gel, instead of the arduous stepwise processes of adding reductants
and acids which currently dominates the literature. Furthermore, compl&ee=i2.5
are both stable in the presence of a mixturd®oDH over extended periods of time
and thus each step of the cycle seems to be compatible with the employed organic
reagents.

Scheme 4.8
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The dry hydrolysis reaction is also accessible to tkegManidinate derivative
3.10 which is stable for 5 h in the presence of iPrOH fawditates a dry hydrolysis
reaction upon the addition of M®ICl to yield2.18and the expected organic products
HN(SiMes)2 and iPrOSiMe shown in Scheme 4.9. It should boted, however, that
the tungsten analog8does not replicate the dry hydrolysis of the molybdeBufn
These reactions (or lack thereof) further underscore the disparate reactivities of the
group 6 congeners while demonstrating the versatifithe CPAM framework and the
flexibility of the dry hydrolysis reaction as the vital and final step in the completion of

the N fixation cycle.

Scheme 4.9
'&\ iPrOH —% cl
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45 Conclusions

With the above results, Scheme 4.8 depicts a short and efficient chemical cycle
that accomplistedinitrogen fixation by well characterized group 6 complexes. Each
step (A, B, and C) is well understood and requires only simple and accessible reagents.
The N-containing product of hexamethyldisilazane is also interesting in its own right.
HN(SiMes)2 is a good silylating agent and can be used psotecting group for amino
acids or to silylated sugars prior to gas chromatographic sepai@diot has also been
shown be a useful drying agent for certain Scanning Electron Microscopy (SEM)
applications® Unlike all previous production of silylamines by dinitrogen fixation, this
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is also the first chemoselective route to generating HN(§PWehich has the
advantage of already containing a proton from a simple source and requiring fewer
equivalents of acitb convert to ammonia (if that is the desired ultimate product) and
which helps to obviate the need for more traditional, typically more energetically and
environmentally costly Fatom sources (such ag ghs). All of these benefits together

are promisindor the eventual development of an efficient cycle which is not merely

chemical, but catalytic.

4.6 Experimental Details

4.6.1 General Considerations

All manipulations ofair and moisture sensitive compounds were carried out
underanN2 atmosphereavith standard Schlenk or glovebox techniqu&tsO and THF
were distilledfrom Na/benzophenonender N prior to useToluene and pentane were
dried and deoxygenated by passage over activated alumina and GettelBBRx®
catalyst (purchased from ResearchtaBests, Inc.) within a PureSolv solvent
purification system manufactured by Innovative Technologies (model numbt®S
4-MD) and collected underdybrior to useBenzeneds and toluenels weredried over
Na/K alloy and isolated by vacuum transfer prior to use. Cetited silica gel were
oven dried (150 °C for several days) prior to use. Cooling was performed in the internal
freezer of a glovebox maintained at30 °C. Trimethylsilyl chloride,
hexamethydisiloxane, hexamethyldisilazargimethylsilano] triethylsilanol, and
triphenylsilanol werepurchased from SiganAldrich and used as received. Phenol,

pinacol and proton spongeere purchased from Sigma Aldrich and dried under
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vacuum prior to se.Alcohols were dried over MgSand distilled under Nprior to
use (isopropyl alcohol was purchased fileRR ARMCO-AAPER and tertbutyl alcohol
was purchased from J.T.BakedJl room temperaturéH NMR spectravere recorded
at 400 MHzand referenced t8iMes using residuatH chemical shifts of benzerus

or tolueneds. VariabletemperaturéH NMR studies were recorded at 500 MHz with

low temperaturealibration involvinga methanolktandard.

4.6.2 SupportingNMR and GEMS Experiments

Reactionof 3.6 with iPrOH. A solution 0f3.6 (5.0 mg, 10 pmol) and iPrOH
(2.0 pL, 26 pmol), added via micro syringe, was made up in 0.6 mL benzena
Teflon® sealed PyréJ. Young NMR tube with a durene (0.5 mg, 4 umol) standard.
Over 53 h at 25C, the sample 08.6was observed b¥H NMR to remain unchanged.

Reaction of3.6 with pinacol. A solution 0f3.6(5.5 mg, 11 pumol) and pinacol
(3.3 mg, 28 umol) was prepared in 0.6 mL toluelsavith a durene (0.5 mg, 4 umol)
internal standard in a Tefl8rsealed PyréX J. Young NMR tube. ®served by‘H
NMR over 53 h at 28C, the sample 08.6was unchanged.

Reaction of3.6with Me3SiOH. A solution 0f3.6(5.2 mg, 11 pmol) in 0.6 mL
benzeneds was prepared in a Tefl6rsealed PyrexJ. Young NMR tube with a durene
(1.0 ng, 7.5 pmol) internal standard and an inifiell NMR was taken. To this was
added MeSiOH (1.3 pL, 12 pumol) via micro syringe and the sample was left to sit for
17 h at 25 °C eliciting no change in the signal of3t& though (MeSi).0 was noted
as aslight impurity in the MeSIOH.

Reaction of3.6with phenol. A solution 0f3.6(10.8 mg, 21.9 pmol) in 0.6 mL

benzeneds was prepared in a Tefl6rsealed PyrexJ. Young NMR tube to which was
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added phenol (5.3 mg, 56 umotHd NMRs were taken after 10 mites and 16 h at
room temperature, showing the decrease in Bd@hnd phenol signals and the growth
unidentified diamagnetic and paramagnetic peaks.

Reaction of3.6 with Me3SiClI. A solution 0f3.6 (10.1 mg, 20.5 pumol) in 0.6
mL benzeneds was preparechi a Teflof? sealed PyréxJ. Young NMR tube with a
durene (1.0 mg, 7.5 pumol) internal standards®€l (8.0 pL, 63.1 umol) was added
to the solution via micro syringe and spectra were taken after 10 minutes and 20 h at
25 °C, showing no change in the sjpem, and an additiondH NMR spectrum taken
after heating at 70 °C for 12 h showed no further changebto

Reaction of 3.6 with Me3SiOH and MesSiCl followed by 'H NMR. A
solution 0of3.6 (5.2 mg, 11 umol) in 0.5 mL benzewe was prepared in a Teflén
sealed PyreXJ. Young NMR tube with a durene (1.0 mg, 7.5 umol) internal standard
to which was added M8IOH (1.3 pL, 12 pmol) via micro syringe and an inittel
NMR spectrum was taken. N®Cl (2.9 pL, 23 pmol) was added to the mixture via
micro syringe and'H NMR spectra were taken after 10 minutes, 3 h, and 16 h, showing
the rapid and complete consumption36 and the concomitant production 213,
(MesSi)20, and(MesSi)2NH. See Figure 4.1 for corresponding spectra.

Preparatory scalereaction of 3.6 with Me3SiOH and MesSiCl. A solution of
3.6 (45.5 mg, 92.2 umol) in 0.5 mL benzedewas prepared in a Tefl8nsealed
Pyrex? J. Young NMR tube, to which was added48&H (15.3 pL, 13.8 umol) via
micro syringe and an initidH NMR was taken. To this vgaadded MsSiCl (25.8 pL,
20.3 umol) and the sample was allowed to sit for 17 h at 25 °C while precipitate crashed

out of the brown solution, and periodid NMR showed production of (M&i)0,
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(MesSi)2NH, and2.3. The reaction was rinsed into a vial with toluene and the solvent,
with organic products, was removedvacuoto yield dark brown soli@.3 (41.2 mg,
94 %) confirmed byH NMR to be pure.

Reaction of3.6 with iPrOH and Me 3SiCl for GC/MS analysis.3.6 (4.8 mg,
9.7 mmol) was dissolved in 1 mL pentanea vial, to which was added iPrOH (0.8 pL,
11 mmol) via micro syringe to no visible effect. Upon the addition of9W& (2.7 pL,
21 mmol) via micro syringe, brown precipitatz 3 which is insoluble in pegane)
began to form immediately. The vial was capped and the reaction let sit for 18 h at 25
°C. Finally, the solution was removed from the vial and filtered through a pipet with a
kimwipe and celite plug with an additional 1 mL pentane to remove theZ8lahd
to yield a brown solution amenable to analysis by GC/MS, which confirmed the
presence of the produdi#esSIOCH(CH)2 and (MeSi)NH as well as (M€5i)20. Gas
chromatography measurements were performed on an Agilent 6890N system coupled
with a JEOLhigh resolution magnetic sector mass spectrometer (dMSVIStation)
with the EI ion source (70 eV)lhe mass spectrometer was operated in the mode of
high scan speed and low resolution (1000) with the mass range from 50 to 400
Daltons The silicacapillary column (Agilent VFEBMS, 30 m length, 256 m | . D. ) was
used in the experiments with helium (at 1 mL/min) as the carrier Ayaalysis was
performed as foll ows: i nj ect ithenfrontioldt u me = 1
temperature = 220 Ché column temperature was programmed from 30 °C at 1.5 min,
then increased to 250 °C at the rate of 18 °C/min and then held at 250 °C for another

1.28 minutes.Fragmentation patterns obtained by EI were used to identify the
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structures of the ions observéd the mass spectra based on the NIST Spectral
Database. See Figure 4.2 for corresponding spectra.

Reaction of 3.6 with Et3SiOH and MesSiCl. A solution of3.6 (7.0 mg, 14
umol) in 0.6 mL benzends was prepared in a Tefl8rsealed PyréxJ. Young NMR
tubewith a durene (0.5 mg, 4 umol) internal standard and to which was adi$&0Ht
(2.5 pL, 16 umol) via micro syringe. An inititH NMR was taken after which M8iCl
(3.9 pL, 30 umol) was added via micro syringe aHdNMR showed the immediate
production of2.3and(MesSi)2NH along with peaks presumed toBBSIOSiMes. The
sample was left to sit for 3 h at 25 °C during which time it grew orange in color and all
3, EBSIOH, and MeSiCl were completely consumed.

Reaction of3.6 with Ph3SiOH and MesSiCl. A solution of3.6 (4.6 mg, 9.3
umol) in 0.6 mL benzends was prepared in a Tefl8rsealed PyréxJ. Young NMR
tube with a durene (1.0 mg, 7.5 pumol) internal standard. To this was adsgi&®Rh
(3.0 mg, 12 pmol) and MS&ICI (3.0 pL, 24 pmol) via micro symge causing.3to
appear immediately with (M8&i)2NH and what is presumed to besBIOSiMes. The
conversion oB.6and PBSIOH was judged to be complete after 7 h at 25 °C.

Reaction of3.6 with iPrOH and Me 3SiCl followed by 'H NMR. A solution
0f 3.6(9.2 mg, 19 pmol) in 0.6 mL benzexewas prepared in a TeflSrsealed Pyrek
J. Young NMR tube with a durene (0.5 mg, 4 umol) internal standard. To this was
added iPrOH (1.5 pL, 20 pmol) via micro syringe and an intthRNMR was taken.
MesSiCl (4.8 pL 38 pmol) was added via micro syringe antHaNMR spectra was
taken after 10 minutes at room temperature, showing the near compete conversion of

3.6 to 2.3 and the rapid consumption of all the iPrOH. After 1.5 h, oRIS,
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MesSiOCH(CH)2, (MesSi)NH, anda slight excess of M8iCIl remained. See Figure

4.8 for corresponding spectra.
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Figure 4.8.Partial*H NMR (400 MHz, GDs, 25 °C) demonstrating the conversion of
3.6(*) and iPrOH $) to 2.3(0), Me3sSIOCH(CH)2 (#), and (MeSi)2NH (&) upon the
additionof MesSiCl (=) at 25 T with durene <€) standard in benzerds (~)

Reactionof 3.6 with tBuOH and Me3SiCl followed by 'H NMR. A solution
of 3.6 (11.0 mg, 22.3 pymol) in 0.6 mL benzedewas prepared in a Tefl6rsealed
Pyrex® J. Young NMR tubewith a durene (0.5 mg, #mol) internal standard and
tBUOH (2.7 pL, 23 umol) after which an initidH NMR was taken. MsSiCl (6.3 pL,

62 pmol) was added via micro syringe @8rtINMR spectra were taken at 10 minutes,

1 h, and 18 h at 2%C showing the rapid ancdomplete consumption of the starting
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materials and production &f3, (CHs):COSiMes, and(MesSi)NH. See Figure 4.9 for

corresponding spectra.
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Figure 4.9.Partial*H NMR (400 MHz, GDs, 25 °C) demonstrating the reactiorSo®
(*) and tBuOH $) (bottomspectrum) to which M&SICl (=) is added (middle and top
spectra) to yiel@.3(0), (CHz)sCOSiMes (#), and (M&Si)2NH (&) at 25 °C with durene
(+) standard in benzerds (~)

Reaction of3.6 with Me3SiOH and MesSiCl for GC/MS analysis. 3.6 (4.9
mg, 9.9 mmol) was dissolved in 1 mL pentama vial, to which was added &OH
(1.5 pL, 14 mmol) via micro syringe to no visible effect. Upon the addition oSNz

(2.7 pL, 21 mmol) via micro syringe, brown precipita®3( which is insolublen

pentane) began to form immediately. The vial was capped and the reaction let sit for
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17 h at 25 °C. Finally, the solution was removed from the vial and filtered through a
pipet with a kimwipe and celite plug with an additional 1 mL pentane to remove the

solid 2.3 and to yield a brown solution amenable to analysis by GC/MS, which
confirmed the presence of the products MO and (Me&Si)2NH. Gas
chromatography measurements were performed on an Agilent 6890N system coupled
with a JEOL high resolution magtic sector mass spectrometer (J¥® MStation)

with the EI ion source (70 eV)The mass spectrometer was operated in the mode of

high scan speed and low resolution (1000) with the mass range from 50 to 400
Daltons The silica capillary column (AgiledF-5MS, 30 mlength,256 m | . D. ) was
used in the experiments with helium (at 1 mL/min) as the carrier Ayaalysis was
performed as foll ows: i nj ect itbenfrontioldt u me =
temperature = 220 C, the column temperaturepsagrammed from 30 °C at 1.5 min,

then increased to 250 °C at the rate of 18 °C/min and then held at 250 °C for another
1.28 minutes. Fragmentation patterns obtained by El were used to identify the
structures of the ions observed in the mass spectra lmasdlde NIST Spectral

Database. See Figure 4.10 for corresponding spectra
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Figure 4.10.(Top) Chromatograph of the pentane solution from the reacti@6of
with iPrOH and MeSiCl at 25 °C to produc2.3, MesSIOC(CH)s (#) at 2.97 min, and
(MesSi)2NH (&) at 4.23 min. Slight toluen@o) impurity noted at 4.07 min. (Bottom)
Mass spectra foMesSIOCH(CH)2 (retention time 2.97 min) and (M®i):NH
retention time 4.23 min) from the pentane solution of the reacti@6afith iPrOH
and MeSiCl at 25 °C
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Reaction of3.6 with Me3SiCl and PhOH followed by*H NMR. A solution
of 3.6(7.0 mg, 14 pmol) in 0.6 mL benzexewas prepared in a TeflSrsealed Pyrek
J. Young NMR tube with a durene (0.5 mg, 4 umol) internal standard as®IGA¢2.7
pL, 21 pmol), added via micro syringe. An initidi NMR was taken, after which a
small of phenol (4.6 mg, 21 mmol) was added to the tube, causing the solution to
immediately change from brown to more orange in color, and periodic monitoring by
'H NMR showed the immediate production28, PhOSiMe, and(MesSi)2NH while

sitting at 25°C and complete after 3h. See Figure 4.11 for corresposgegira.
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Figure 4.11.Partial'H NMR (400 MHz, GDs, 25 °C) demonstrating the reaction of
3.6 (*) andMesSiCl (=) (bottom spectrum) to which phend) (s added (top spectra)
to yield2.3(0), PhOSiMe (#), and (M&Si)2NH (&) at 25 °C with durenet) standard
in benzeneds (~)
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Reaction of3.6with silica gel and MeSiCl followed byH NMR. A solution
of 3(4.9 mg, 9.9 umol) in 0.6 mL benzedewas prepared in a Teflrsealed Pyrek
J. Young NMR tube with a durene (1.0 mg, 7.5 umol) internal standard as®iGlle
(2.7 pL, 21 umol), added via micro syringe. An inittell NMR was taken, after which
a small sptula full of silica gel (20.0 mg) was added to the tube, causing the solution
to immediately change from brown in color to red, and periodic monitorifig byMR
showed the immediate production2B, (MesSi).0, and(MesSi)2NH while reacting
at 25°C. After 44 h, an additional spatula of silica gel was added, and the reaction
proceeded untiB.6 was completely consumed after a total of 140 h. See Figure 4.12

for corresponding spectra.

155



140h A

44 h . 1 3 S L
* 4
_._|'\:|I'\.,1 2 T
[
5h x % Jo
*
It N
WA N
mrTrTr | Trrrrrrrs I TrT I +
1 6 ppm . ||
Initial X % (L

—

?—ﬂ-

Figure 4.12.Partial*H NMR (400 MHz, GDs, 25 °C) demonstrating the reaction of
3.6(*) and MeSiCl (=) in the presence of silica gel to yiddB(0), (MesSi)0 #), and
(MesSi)2NH (&) at 25 °C with durene+] standard in benzerds (~)

Preparatory scalereaction of 3.6 with silica gel and MeSICI. A solution of

3.6(49.0 mg, 99.3 umol) in 5 mL THWas stirred in a round bottom flask with &&ClI

(26.0 pL, 205 umol) added via micro syringe. Silica &€6.7 mg) was added to the

purplebrown solution whictwasstirredfor 18 h at 25 °C becoming an orarAg®wn
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in color. The reaction was filtered through a pipet with a kimwipe plug with additional
THF to remove the silica gel. Finallyhdé solvent from the resulting filtrate was
removedin vacuoto yield a brownsolid 2.3 (38.0 mg, 80%). See Figure 4.13 for

spectum.
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Figure 4.13.Partial'H NMR (400 MHz, GDs, 25 °C) demonstrating the reaction of
3.6 and MeSiCl in the presence of silica gel to yié&dd (o) and residual signals for
the (M&Si)20 #) and (MeSi)2NH (&) products, THF %) and pentanet) solvents,
as well as an unidentified impurityYand grease$j at 25 °C in benzerds (~)

Filtration of 2.3 through silica gel.2.3(4.3 mg, 9.0 umol) was dissolved in in
1.0 mL benzenels and filtered through a pad of silica gel supported by a kimwipe plug
in a pipet, leaving a darker stain in the silica gel as the solution to bleached to a light
orange upon collection of the filtratéd NMR showed only residual evidence8.

Filtrat ion of 2.3 with MesSIiCl through silica gel.2.3(16.0 mg, 33.5 pumol)
was dissolved in in 2 mL THF to which a micro syringe was used tiagdsiCl (8.5
pL, 67.0 umol). The solution was mixed and filtered through a small column of silica
gel supported on Bmwipe plug in a pipet. The brown filtrate was collected and the

solvent removed in vacuo to yieRl3 (14.8 mg, 93%) the identity of which was

confirmed by*H NMR.
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Low temperature '*H NMR study of 3.6and MesSiOH. A solution of3.6 (5.5
mg, 11 mmol) in 0.6 mL toluerds was prepared in a Tefl6rsealed PyrekJ. Young
NMR tube, to which was added bB&OH (1.75 pL, 15.8 mmol) via micro syringe. The
sample was placed in a preoled NMR spectrometer whetel NMR spectra were
taken at80,-70,-60,-50,-40,-30,-20,-10, 0, 10, and 25 °C after equilibrating for 10
minutes at each temperature. The shifts for each reactant upfield to different degrees
with respect to increasing temperature, indicating the presence of an equilibrium wit
very fast exchange. A control experiment of 38i®©H in tolueneds at -80 °C
demonstrated that the unbound silanol peak comes in at more upfield shifts than are
depicted as the observed shifts for the mixture. See Figure 4&ificasponding
spectra.

Low temperature *H NMR study of 3.6 and iPrOH. A solution 0f3.6 (7.0
mg, 14 mmol) in 0.6 mL toluerds was prepared in a Tefl6rsealed PyrekJ. Young
NMR tube, to which was added iPrOH (1.3 pL, 17 mmol) via micro syringe. The
sample was placed in a preoled NMR spectrometer whetel NMR spectra were
taken at-80, -60, -40, -20, 0, and 25 °C after equilibrating for 10 minutes at each
temperature. The shifts for each reactant moved upfield to different degrees with
respect to increasing temperature, intligathe presence of an equilibrium with very
fast exchange. A control experiment of iPrOH in toludnat-80 °C demonstrated that
the unbound alcohol comes in at more upfield shifts than are depicted as the observed
shifts for the mixture. See Figure34or corresponding spectra.

Low temperature *H NMR study of 3.6and tBuOH. A solution 0f3.6 (24.3

mg, 49.2 mmol) in 0.6 mL toluerds was prepared in a Tefl6rsealed PyrekJ. Young
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NMR tube, to which was addeBUOH (4.7 uL, 49.1 mmol) via micro syringe. The
sample was placed in a pceoled NMR spectrometer whetel NMR spectra were
taken at-60, -40, -20, 0, and 25 °C after equilibrating for 10 minutes at each
temperature. The shifts for each reactant movedeldpto different degrees with
respect to increasing temperature, indicating the presence of an equilibrium with very
fast exchange. A control experiment of tBuOH in toludsnat -60 °C demonstrated
that the unbound alcoh@lomes in at more upfield shiftkan are depicted as the
observed shifts for the mixture. See Figure 4.3 for corresponding spectra.
Concentration study of3.6and iPrOH by *H NMR. A 0.1 M stock solution
of 3.6(49.4 mg) was prepared in a 1.00 mL volumetric flask filled with tolhdzramnd
iPrOH (7.7 L), via micro syringe, and mixed. Serial dilutiovere then prepared at
0.01, 0.001, and 0.0001 M concentrations and of each solution, 0.6 mL was transferred
to an individuahk Teflorf sealed PyrexJ. Young NMR tubeThe samples were placed
an NMR spectrometer precooled t6© or calibrated to 28C and each sample was
allowed 15 minutes to equilibratetiemperature before®l NMR spectra were taken.
The change in observed chemical shift of the methyl peaks@HRrepresenting the
weighted average of both the dissociated mixture Jréand iPrOH, and the proposed
associated speciedd) was measured with respect to the prepared concentration of the
solution ([Mo}p). These data (Figure 4.6) were fitted tocdypomial regression (R>
0.999) to determine at 25 °Kqq= 0.62 while at 0 °®eq= 0.68 accordingp Equations
417 4.11.
Reaction of iPrOH and MesSIiCl. iPrOH (5.0 pL, 65 pumol) wa added via

micro syringe to 0.8nL benzeneds in a Teflorf sealed PyréxJ. Young NMRtube
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