ABSTRACT
BROWN, CALEB ALEXANDER. Insertion and Frustrated Lewis Pair Chemistry of Rhenium
(1) and Rhenium (V) Alkyl and Hydride Complexes. (Under the direction of Elon A. Ison)

The major focus of this document is twofold: to study the mechanism for the insertion of
unsaturated substrates into rhenium alkyl and hydride bonds, and to explore the use of Re(lll) and
Re(V) complexes as the Lewis acidic componehtfrustrated Lewis pes for catalytic
hydrosilylation. Detailed study of insertion into Re alkyl and hydride bonds revealed important
insights for tuning and improving the insertion of unsaturated molecules into metal alkyl and
hydride bonds, which is an important elementstgp in a wide variety of industrially relevant
processesExpanding on previous studies of incorporating oxorhenium complexes as the Lewis
basic component of a frustrated Lewis pair for hydrogenation catalysis, the use of Re(lll)
complexes bearing trideate ligands as the Lewis acidic component of frustrated Lewis pairs for

catalytic hydrosilylation is described.

In Chapter 2 the enhancement of the rate of olefin insertion into oxorhenium(V) hydride
bonds in the presence of exogenous Lewis acid isidedciThe addition of strong Lewis acids
increases the rate of insertion by 13 orders of magnitude relative to the oxorhenium hydride alone.
Computational studies suggest that this is due to the Lewis acid induced stabilization of charge
buildup in the insertion transition state. This effect scales with Lewis acidity and is supported by

experimental evidence.

Chapter 3 focuses on thesertion of CO and isonitriles into Re(lll) and Re(V) hydride and
alkyl bonds to generatdenium acyl and rhenium imireemplexes. Tese high valent acyl and
imine intermediates exhibit significant nucleophilicity at the heteroatom and can subsequently
treated with Brgnsted or Lewis acids to generate rare examples of high valent Fischer carbenes.
Computational and spectrostopdata supports the assignment of these complexes as being
electrophilic at the carbene carbon. Additionally we report the correlatid@ ®§MR shift to the
electrophilicity of the carbene carbon. This allows for a computational and spectroscopic handle

for the further tuning and study of the electrophilicity of carbene carbons in these novel complexes.

In Chapter 4, the use of Re(lll) complexes bearing tridentate diamido amine (DAAmM)
ligands as the Lewis acidic component of a frustrated Lewis pagatafytic hydrosilylation is

described. A detailed mechanistic study supports the assignment of this reactivity as being FLP



like in nature. Furthermore it is demonstrated that this mechanism is likely quite general to the
broad range of rhenium catalyzegdrosilylation reported both by our group and in the literature.

A computational tool based on energy decomposition analysis (B@#&)ised to evaluate Lewis

pair frustration. This le to the proposal focewis Pair frustration to be described as a spectr

of activity. These mechanistic insights allowed for the expansion of the substrate scope for rhenium

catalyzed hydrosilylation to include ketones and nitriles.

Finally Chapter 5 describes an experimental and computational study sédbential
insertion of CO into R-didaibdnyl gommekkds.\Bynthdsie of these t o ¢
complexes by sequential insertion is generally considered forbidden due to thermodynamic
considerations. However spectroscopic and kinetic data steghthat this process may be more
facile for these rhenium systems. Glwarboylt at i on
complexes in the reactiomixture. The analogous sequential insertion of isonitriles was also
studied.Single, double, and fpie sequential insertion produetere isolatedrom these isonitrile
insetion reactions. The basis for the isolation of this series of products was studied
computationally. DFT results suggested that the insertion reaction is sensitive to the stlecs of
isonitrile. Additionally it was found that the thermodynamic driving force for these insertions

decreases with insertion number.
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10snome *H NMR (600 MHz CD:Clz) U  6J.=8.4 Hz(2H,,40Me-Benzyl
metaH), 6.80 (s, 2H, Mesrtho-H), 6.74 (s, 2H, MemetaH), 6.71 (d,J=8.4
Hz, 2H, 40Me-Benzylortho-H), 3.67 (s, 3H;OCH), 3.62 (m, 5H, overlapping
i CHp-(4-OMe-Ph), MesDAAm i CHz-), 3.54 (dt,J = 140, 5.5 Hz, 2H,
MesDAAmM i CH-), 3.04 (dtJ = 11.5, 5.5 Hz, 2H, MesDAAMCH,-), 2.96i
2.86 (m, 2H, MesDAAN CH>-), 2.70 (s, 3H, NCH3), 2.31 (s, 6H, Me§CHa),
2.20 (s, 6H, Me$CHs), 1.99 (s, 6H, MEBCH3).......cvvvvveeeiiiiiiiiiieeeeee e 129

Figure 5.7Reaction of 8homeWith excess pressure of CO. Reactions run in@£at room
temperature. The signals from th@CHsz protons and mesitylene Glgrotons
are highlighted in blue and red respectively. Spectrum at 40 psionkOtH
NMR (600 MHz, CDCl;) G 6J=98H4 HZ, 2H, 4OMe-Benzyl metaH),
6.80 (s, 2H, Meortho-H), 6.74 (s, 2H, MesnetaH), 6.71 (d,J = 8.4 Hz, 2H,
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MesDAAM T CH>-), 2.70 (s, 3H, NCHa), 2.31 (s, 6H, Me$CHz), 2.20 (s, 6H,
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Mesi CHz), 1.99 (s, 6H, MeBCHg). Residual starting material Mé€Hs peaks
observed at 2.18, 2.07, and 1.97 PPM...cccceriiiiiiiiiiie v e e e e e e enens 130

Figure 5.8'H NMR spectra for the reaction of9with CO. Mesitylene internal standard
peaks observed at 3.70 ppm and 2.17 ppm. The bottom spectrum shows a
mixture of S, ( And mesitylene. The middle spectrum shows the reaction
mixture observed und&0 psi CO containinggd( A )eq (*), Arl@ll the insertion
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1H, benzylpara-H), 7.00 (dJ = 8.1 Hz, 2H, benzybrtho-H), 6.81 (s, 2H, Mes
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Figure 5.913C NMR spectra for the reaction of9with CO. The bottom spectrum shows
%n(A). The middle spectrum shows the reac
CO. Mesitylene is observed at 137.6, 126.75, and 20.88 ppm. Peaks attribute
to each species are demarcateg,(9 Ag;, *; Re€CO, +). The top spectrum
shows the resulting spectrum of the same sample upon degassing giving only
Re-CO. %n: °C NMR (151 MHz, CRCl;) & 200. 81, 157. 20, 152
131.85, 130.33, 128.61, 128,4828.08, 126.97, 123.15, 61.57, 59.00, 45.56,
44.67, 20.33, 19.19, 18.84. g0 °C NMR (151 MHz, CRCly) u 281.02,
201.35,157.16, 134.18, 131.78, 130.67, 129.83, 128.98, 128.68, 127.95, 125.99,
62.24, 61.69, 59.10, 48.68, 20.32, 19.41, 19.25CRe**C NMR (151 MHz,
CDCl,) ad 199. 84, 199. 13, 138.01, 137.88,
126.45, 57.60, 55.19, 47.37, 45.77, 41.60, 20.65, 20.19, 18.13, 17.97. 2
phenylacetic acid is observed at 171.26, 135.21, 129.69, 129.12, 128.02, 40.58
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MesDAAM -CHy-), 2.71 (s, 3H, MesDAANiINCHz), 2.32 (s, 6H, MesDAAmM
T CHg), 2.20 (s, 6H, MesDAAMCHg), 1.99 (s, 6H, MesDAAMCHz). Residual
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Chapter 1 General Introduction



1.1Background

The field of organometallic chemistry works to bridge the gap betwesganic and
organic chemistry. By combining the unique reactivity of metal centers with the modularity of
organic ligands organometallic chemists are able to tune the reactivity and properties of both
components. This has allowed for the developmentwairigty of catalysts for scientifically and
industrially important reactions, such as olefin polymerizati@©? and CGQ? activation, and
olefin hydrogenatiofi. Catalytic reactions are themselves importanttierdevelopment of Green
Chemistry which seeks to reduce waste by increasing atom economy, reducing byproducts, and
increasing reaction rates.

Catalytic cycles, which detail each step of a catalytic process, are analogous to reaction
mechanisms in organichemistry. Each step of the cycle represents an elementary reaction, such
as oxidative addition, migratory insertion, and reductive elimination as illustrated in the catalytic
cycle for the hydrogenat i ¢(Sohemnefl).ol efins by Wil

Schemel.lCat al yti ¢ Hydrogenation of Olefins by Wi
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By studying individual steps in a catalytic cycle, much like the study of the elementary
steps of organic reaction mechanisms, we can gain insight into the mechanism underlying these
transformations. This information about mechanistic details and fundalmeattivity can be
used to identify rational design elements of catalytic systems. Rational design is the ultimate goal
of organometallic mechanistic study. It allows onentprove reactivity, selectivity, or both by
making changes to the catalytic st with much greater precision and expedience than iterative

and undirected catalyst screening.

1.2  Scope

The fundamental goal of this work is to explore the rich chemistry of Re(lll) and Re(V)
complexes in the context of understanding the structure agid ofireactive intermediates. This
gives us insight into how these complexes can be rationally tuned to improve reactivity, selectivity,
or to achieve a desired transformation. It is our view that these studies of fundamental reactivity
and mechanism offea complement tdhe existing literature and pathway for the further
development of new and existing methodologies. This has been achieved in our lab through the
cooperative use of Frustrated Lewis Pair chemistry and oxorhenium complextsye are
interested in further developing and broadening the scope &f sgstems.

Chapters 2 and 3 of this study will focus on the stoichiometric reactions of oxorhenium (V)
hydrides bearing a diamidopyridine (DAP) ligaffigure 1.1) with small molecules such as
olefins and isocyanides. More specifically we will examine how the mechanism for these
stoichiometric reactions change upon the addition of strong Lewis acids. The aim of this study is
to gain a deeper understanding of theefof binding a Lewis acid to the outer sphere irs¢he

complexes has on reactivity.
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2, 4-7
Ar = Mes (2), Dipp (4), Xy (5), p - CF3 - CgH, (6), p - OMe - CgHy4 (7)
LA = BF3, B(C6F5)31 A|F3, A|(06F5)3

Figure 1.1 Structure of the diamidopyridine (DAP) oxorhenium hydride adducts useid stuialy.

Chapter 2 focuses on the reactivity of DAP oxorhenium(V) hydride adducts with olefins.
DAP oxorhenium(V) hydride complexes do not show any reactivity toward olefins on their own.
However, it was observed that upon addition of a strong Lewis @&fdide form M(GFs)s (M =
B, Al) that an adduct was formed that undergoes a rapid insertion of olefin into-tHHeb&d.
Kinetic studies revealed that this reaction is first order in oxorhenium(V) hydride adduct and
olefin. The sterics in the 2,6 posiie@f the aryl subtituent on the DAP ligand was shown to be
strongly correlated with reactivity, with bulkier substituents increasing the rate of reaction. This
effect was also observed by computational study. The enhancement of reaction rate was also shown
to be correlated to the strength of the Lewis acid (éd€J3 > B(CsFs)3). Computational screening
of Lewis acids confirmed this trend. Natural Bond Orbital (NBO) charge calculations suggest that
the origin of this enhancement lies in the stabilizatiopaditive charge buildup in the olefin
insertion transition state by the Lewis acid. Stronger Lewis acids are able to provide more charge
stabilization and therefore increase the rate of insertion by lowering the energy of the
corresponding transition séat

In Chapter 3, a novel method for the synthesis of rare rhenium carbene complexes of high
and intermediate valency arising from the reactivity of oxorhenium adducts is described.
Investigation of the reactivity of oxorhenium(V) hydride adducts with tstes led to the
observation of a rare high valent cationic oxorhenium(V) carbene. The counter ion,
hydroxyl(trispentaflurophenyl)borate, suggestéitat the reaction proceeds via an iminoacyl
intermediate that is trapped by iarsitu generated Brgnstedid. This was confirmed by reaction

of the oxorhenium(V) hydride with isonitrile followed by treatment with the strong Lewis acid



methyl triflate to give the oxorhenium carbene. This method was shown to be more general by
reacting diamidoamine (DAAm) rhamn methyl complexes with isonitrile followed by the
addition of methyl triflate to give the Re(lll) carbene. Reaction of the oxorhenium(V) hydride with
isonitrile in the absence of exogenous acuslds a oxorhenium hydroxyl complex that is
proposed to béormed through formation of the iminoacyl intermediate that is trapped as the
carbene through protonation by water. This is followed by sequential substitution reactions with
water to release the oxorhenium hydroxyl and the corresponding amine. Botheckmimeation
and substitution reaction pathways were found to be viable by DFT calculation. NBO calculations
were carried out for a series of rhenium carbene complexes and the carbene carbon is consistently
found to beelectrophilic. The electrophilicity &s found to be correlated to tH€ NMR shift of
the carbene carbon. Furthermore, charge decomposition analysis (CDA) carried out with the
AOMix software from Gorelsi&was used to understand the basis of electrophiliBiggtematic
substitutions at the heteroatom substituent of the carbene carbon allows for eftettigeof
electrophilicity. The generality of this synthetic method and description of tuning of the
electrophilicity of the carbene carbon may allow for maletailed investigations of the
fundamental structure and reactivity of high valent carbenes.

Chapter 4 examines more outer sphere reactivity arising from the use of rhenium silane
complexes as Frustrated Lewis pairs (FLP) for hydrosilylation catalysisoBijylation catalysis
has been described for both transition metal and main group sysBawsral mechanisms have
been desibed for this transformation, but growing evidence suggests that a mechanism involving
activationof SH b o n d s acdominatiom may belmore prevalent than previously thotight.
This mechanism was first described by Piers foreB{)s, where the active silylation species is a
boranesilane complex best described as an ELBur group has previously proposed this
mechanism for hydrosilylation catalyzed by cationiF=DAAmM Re(lll) complexes? In this
chapter we describe a detailedngmutational study of this mechanism for these cationic complexes
in addition to benchmarking the BCF catalyzed reaction. We also demonstrated the generality of
this mechanism by conducting a mechanistic and computational study of the hydrosilylation
catalyed by the neutraléEs-DAAM Re(lll) complexes that confirms the Fitippe mechanism is
consistent across these ligand architectures and present a unified mechanistic view of Re(lll)

hydrosilylation catalysis. Further, we made use of computational resudtgpand the scope of



hydrosilylation to include ketones and nitriles with the goal of developing a general transition

metal FLP based method for substratgostic functionalization as shown is Figure 1.2.

@ @ .
L o 0
| L e

L

Nucleophilic Attack

L
Functionalized
. Tunable Metal
in situ generated FLP Catalyst Product

Figure 1.2 Proposed substraggnostic functionalization utilizinop situgenerated FL&

Chapter 5 explores in detail the feasibilitytioé production ofnetalloU-dicarbonyl species
under carbonylation conditions. Traditionally these species are thought to be inaccessible under
standard carbonylation conditions, however we have invoked these intermédiatelain the
formation offormate bridgd bimetallic rheium compound$® Our computational investigations
supported this hypothesis and suggested that these intermediates may be more accessible than
previously considered. While studying the rapid carbonyl insertion int®&am Re(lll) methyl
complexes we observed kinetic profiles that suggested a sequential process wasgoccurr
Computational studiesupported the hypothesis that this process was the sequential insertion of
carbonyls Attemptsto trap the transient speciedth acetic acid and obser#éC and*H NMR
spectra that wer e -cdxarnylsvere met withvlimitd suacesdreen al | o |
conducting the reaction witifCO, we wereableto definitively assign the NMR signals arising
from the formation offte Re acyl compleXAnalysis of the reaction mixtures revealed the presence
of the Re alkyl starting material, theeRcyl, and a thiredecompositiorproduct Based on 2D
NMR studies and labelling experiments we propose that this species is an asgmmeeitim
carbonyl complex formed alongside the releasegfi@nylacetic acid as an organic prodiigith
strong spectroscopic evidence for tRe acyl complexn hand, we synthesized the isonitrile
analogs of the insertion products. We were able toaltigst the single, double, and triple insertion
products of this reaction. A computational study also revealed that this process is strongly
favorable and irreversible for isonitriles, while the carbonyl insertion is moderately favorable and
reversible. Ouspectroscopic and computational data suggest that matallepeciess readily
generated under our reaction conditioasd may undergcsequential insertionhowever

decomposition is observed over tinTdese resultare consistent with the previous reports of our
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group and offer initial spectroscopic détat may lead to the more definitire situ observation

of me t additadony) complexem the future



Chapter 2 Dramatic Increase in the Rate of Olefin Insertion by Coodination of
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2.1 Introduction

One of the primary strengths of homogeneous organometallic catalysis is the ease with
which steric and electronic factors in the ligand framework can be tuned. Through theugidic
choice of ligand substitution patterns, organometallic complexes can be altered to display a wide
range of reactivity and selectivity. This has been the general approach for exploring catalyst
reactivity for many years. A classic example of this pplecis the use of phosphines as ligands.
Phosphines have tunable steric and electronic properties due to their substituents. In particular aryl
phosphines are attractive because their electron properties can be reliably altered by making
substitutions orthe aryl rings A sample of the variety of these ligand types is showRigpure
2.1. Both the substituent position on the ring as well as the domifiactt @esonance vs inductive)
can be used to fine tune these electronic properties.

OMe
Electron poor Electron rich
Worse donor Better donor

Figure 2.1 A collection of electronically varied phosphines.

Recently the Isogroup reported oxorhenium complexes that contained an ambiphilic oxo
ligand1? As shown inFigure2.2 this ligand is reactive towards both Lewis acidd aewis bases.
This made it possible to utilize the nature of the oxo ligand to explore new reactivity. We chose to
investigate the influence that coordinating a Lewis acid to the oxo ligand would have on the
reactivity of the ReX bond in these complexeShis represents an opportunity to learn how
secondary coordination sphere effects can influence reactivity as a compliment to the direct ligand

tuning effects referred to previously.
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Figure 2.2 An oxorhenium complex that exhibits an ambiphilic oxo ligand.

Oxorhenium hydride complexes have been of interest for the past 30(yeane 2.3),
with early examples including the synthesis of stable oxorhenium (l11) hydride by the Mayer group.
13 A year later Wojcickiet al. were able to show that cationic oxorhenium (V) hydrides could
catalyze oxygen atom transfer reactiéhadditionally, both the AbtOmar and Toste groups
demonstrated the competency of neutral oxorhenium (V) hydrides for the hydrosilylation of

benzaldehydes and ketones respely.1>16

@ PPh,

g 9 Cl ﬁ)l PPh
:\U.Igé\H H/ r—'z'é‘:PCyz TRe T '\Rlezo
e o CyQP\J/ PPh PhsP (|3I H H™ | TosiR,
R R t PPhy
Mavyer et al. JACS 1989, 111, 617- Wojcicki et al. JACS 1990, Abu-Omar et al. JACS 2007, Toste et al. JACS 2007,
623 112, 8600-8602 129,5180-5187 129,14684-14696

Figure 2.3 A selected series of oxorhenium hydrides.

Recently, the Ison group reported the synthesis of oxorhenium(v) hydridesgbtrerin
diamidoamine (DAAmM) and the diamidopyridine (DAP) ligaffBigure2.4). The DAP hydridel
was shown to be an active hydrosilylation catalyst (Cassandraunlbyblished resuljsbut both
1 and the DAAmM complexes were shown to be unreactive to other smattutedesuch as CO,
olefins, and carbonyls.
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Ison Lab Hydrides

Figure 2.4 Oxorhenium (V) hydrides that have been synthesized and studied by the Ison lab.

However, upon treatment afwith B(CeFs)3, a Lewis acid/base adduziwas formed as
shown on the left side &cheme2.1. Upon heating, a Frustrated Lewis Pair (FLP) was formed
from 2, which was shown to react with olefins. This was heteed to take place via a novel type
of outer sphere FL®ype activation of olefins as shown on the righSicheme2.1.® Frustrated
Lewis pairs are best described as high energy intermediate structures that are primarily associated
by nonrcovalent interactions. The lack of covalent interaction between loosely associated strong
Lewis acids and bases results in an unquahob&ctive pocket that is capable of activating small
molecules such as dihydrogen and olefins. This frustration can be achieved through steric, thermal,
or electronic means. In the casel® generation of the active Fiif®m 2, a combination of sterics
on the ligand favoring Lewis acid dissociation and thermal activation are required. The result is a
considerably elongated-8 bond inthe FLPand the observation of oxo ligand lone pair electron

donation to the pentafluoro phenyl ring of the Lewis addsiuaTubb,unpublished resuljs

Interestingly, olefin insertion witR was also observed at room tempera{@Geheme.1),
and no reactivity was observed when a sotutif1 was pressurized with ethylene. This suggested
that there may be further modulation of the reactivity2dfy secondary coordination sphere

interactions.
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Scheme2.1 A Summary of the Observed ReactivdlyLewis acid Adducts of DAP Oxorhenium
Hydrides.
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Classic Organometallic FLP Chemistry

Chemistry

Secondary coordination sphere interactions have recently begun to gain popularity as an

alternative tool for tuning the reactivity of organometallic complexes. The inspiration for this

approach has its roots in bioinorganic chemistry where there areroéiey secondary sphere
interactions present in metalloenzymes. For example, the buea ligand (buea =tais[(N'

butylureaylato)N-ethylene]aminato) was designed by Borovick and Shook to mimic some of the

secondary coordination sphere interactions presefiie cytochrome P450 enzym@sigure
2.5).17
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Figure 2.5 The biologically inspired complex synthesized by Borovick and Shook incorporated
designed HX interactions to mimic nowovalent interactions proposed to be present in
cytochrome P450 enzymes.

Morerecently, there have been a few examples of utilizing secondary coordination sphere
interactions in synthetic systems. The Schrock group demonstrated that in the presence of
B(CeFs)3, 0xotungsten alkylidene complexes underwent a facile insertion of e¢ghyigrile in the
absence of B(€Fs)s no product was detecté@cheme2.2).2® Furthermore, Bergman and Tilley
showed that the coordination of Lewis acids to the bipyrimidine ligand of bisaryl pratinu
complexes accelerated the rate of reductive elimination following ligand substitution with alkynes
up to eight orders of magnitude depending on the strength of the Lew{Sab&me2.3).1°
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Scheme2.2 Activation of Oxotungsten Alkylidene Complexes upon the Addition @sBs)s.

Ad o Ad 0 t-Bu
I I /§
O\\\)Nwt-Bu ethylene O“‘}N
Ad 0 B(CeFs5)3 Ad O
Ad Ad - > Ad Ad

benzene, 22 °C

Scheme2.3 Coordination of Lewis acid to the Bipyrimidine Ligand of Bisaryl Platinum (Il)
Complexes Accelerates the Rate of Reductive Elimination.

7N
&S g Qe
N_ ./

Pt bpym-LA
A’ Ar A

—_— Ar—Ar

Ar = 4-CF3-Ph

In order to further understand the role that tlewis acid plays in modulating the reactivity
of 1toward olefins, we carried out a kinetic study to gain some insight into the reaction mechanism.
Additionally, in order to further analyze the nature of the transition state and the influence of the
strength and steric bulk of the Lewis acid, we undertook a detailed computational study. This study
provided insight into the effect of secondary coordination sphere interactions in stabilizing and

destabilizing the reaction.

2.2 Resultsand Discussion

2.2.1 Mechanistic Investigation and Kinetic Data

A kinetic study of the insertion of olefin into the {Rewas performed to gain a detailed
understanding of the reaction mechanism. The combinatioh afd B(GFs)s forms 2scr
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guantitatively within minutes at roo temperaturéScheme2.4). Complex2scr then reacts with
olefins as shown ischeme2.5. Therefore for these kinetic studi€scr was formedn situ and
rate data were collected at room temperature to get orders with respesat md substrate.-1
Octene was chosen as a malddstrate because it is a raolatile, liquid olefin. No isomerization
was observed after the reaction was complete. This implies that the reaction is irewerddsl
the reaction conditions since reversible insertion and elimination of longer aefihss doctene

can result in chain walking and the observation of the branched metal alkyl isomers.

Scheme2.4 The Formation of Lewis Acid/base Adduticr from 1.

Mes  B(CgFs);
|

N O
B(CeF N H
(CeFs)3 Re
” N\
Toluene, rt 7/ N N
\ ~
~ Mes
1 2pcr

Scheme2.5 The Insertion of Olefin into the Rd Bond of2scr.

Mes  B(CgFs)s Mes  B(CgFs)s
/Re + = R ol g /Re
N \ oluene-dg N \
\ N—_ \ N
= MeS S MeS
2pcF 3BcF

Order with Respect to &cr and 1-Octene

The order with respect to catalyst andcene was determined usimgtisolation method.
A time profile plot was obtained by monitoring the percent conversion of starting material to
product under a variety of-dctene concentrations. Percent conversion was determindd by
NMR spectroscopy. As shown Figure2.6, product growth is exponential and confirms that the
reaction has a first order dependencemass.
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Time profile for 1-octene insertion
into (DAP)Re(O)H
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Figure 2.6 Time profiles for the insertion ofdctene int@scr. Reactions were carried out at room

temperature using 0.5 mL of a 22.7 mM stock solutiosek in tolueneds in a screw cap NMR
tube. Olefin was added via syringe and the reaction was monitof¢tiNiyIR spectroscopy.

By varying the excess of-dctene, three different pseudo first order rate constants were

extracted(Figure 2.7). The plot ofkops v. [1-octene] is linear, which indicates a first order
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dependence ondcteng(Figure2.7). Furthermore, the rate constakt,can be extracted from the

slope of the plot okobsV. [1-0cCtene].

Plot of kobs vs [1-octene] for
insertion into (DAP)Re(O)H

0.002 -
——y = -4.0445e-5 + 0.0070887x
R= 0.98343 } d[3] d[2]
0.0015 | el k,[2][1-octene]
= d[3] d[2]
E = =
= 0.001 | ar - 4t Kobs [2]
-
0.0005 k,ps = ky[1-octene]
0 L !

0 0.05 0.1 0.15 0.2 0.25
[1-octene] / mmol

Figure 2.7 The rate constantkvas extracted from a plot &fpsVvs olefin concentration using a
linear fit.

Effect of Lewis Acid Strength on Rate

In order to determine whether the strength of the Lewis acid has any influence on the rate
of reaction, a time profile plot was obtained by monitoring the percent conveskistarting
material to product in the presence of Af€)s (AICF). AICF was chosen for this comparison,
because while it is sterically comparable to BCF, it is a stronger Lewig’ahis allowed for a
direct determination of how the strength of the Lewis acid affects the reactivity of tHeoBed.
Product growth is exponential, however under the same conditions aBsB(Guantitatve
conversion was observed By NMR spectroscopy within 15 minuteBigure2.8). This represents
a rate increase of four orders of magnitude, suggesting that thgtlstoériewis acid is essential

for stabilizing the rate determining transition state.
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Figure 2.8 Qualitative comparison of the rates ebdtene insertion fo2scr and2aicr. Reactions
were carried out at room temperature and monitoretHiyMR spectroscopy. [Re] = 22.7 mM
[olefin] = 501 mM.

Effect of Ancillary Ligand on Rate

In an attempt to contextualize the magnitude of the rate enhancement by coordination of
the Lewis acid, we compared the rates of two sterically and electronically different DAP
derivatives. By using the same reaction conditions for the determination of the Lewis acid rate

enhancement, we are able to make a direct comparison. As seen in the figuréFimpios2.9)
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the rate varies within an order of magnitude for the MesDAP and DippDAP (Nikola Lambic)
derivatives, as compared to a rate increase of four orders of todgnipon coordination of a
strong Lewis acid. This suggests that, both the steric encumbrance of the ligand as well as the

electronic influence of the Lewis acid are contributing factors to rate enhancement.

Ar fls(cst)e. Ar fls(cst)s
0 @]
N N R
\FLI P \FEI A~
€ €
NN\ + 1-octene ——F= N\
7\ N 7y N
— Ar — Ar
Ar = Dipp or Mes R=CgH13

Rate constant comparison between
(DippDAP)Re(O)H and (MesDAP)Re(O)H

0.012
—e— (DippDAP)Re(0)BR (H)
0.01 | —e— (MesDAP)Re(0)BR (H) Mes
\
N
- 0.008| NIBE
c k_=0.046(2) mmol” min™ N
£ ! 7\ N
~, 0.006 - k, = 0.0071(9) mmol™ min" \s Mes Mes
=]
x° k_{DippDAP
0.004 | —M=6.5(9)
k, (MesDAP) Dip\p
L o]
0.002 N /%/L
BN
0 1 1 1 1 1 /T N Di
0 005 01 015 02 025 03 s S oipp ‘pp

[1-octene] / mmol

Figure 2.9 Comparison of the experimentally determined rate constant for the insertiatigiie

into 2scr and4aicr. Reactions were carried out at room temperature using 0.5 mL of a 22.7 mM
stock solution of Re in toluerds in a scew cap NMR tube. Olefin was added via syringe and the
reaction was monitored 44 NMR spectroscopy.

2.2.2 Computational investigation

After obtaining kinetic data we began a computational investigation to gain some insight
into the structure of transitiostate for the olefin insertion reaction. In order to save on

computational expense BEnd Al were used to approximate By&s)s and Al(GsFs)s. Ethylene
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was also used to approximatedtene. Based on previous computational studies performed on

DAP(O)Re lydride complexes calculations were carried out at the DFT (B3PW®)1evel of
theory?®

Calculated Pathway for Olefin Insertion into ReH Bond of M(CeFs)3 Oxorhenium Adducts
Pathways for the insertion of ethylene into theHR&ond of 1, 2sr3, and 2aF3 were
calculated with the aim of computationally confirming the influence of the Lewis acid on
reactivity, as well as, providing more information about the structure of the insertion transition
state. The resulting pathways showrkrigure2.10 show a significant lowering of the free energy
barrier when Lewis acid binds’fot2srsanher i® X 0

significantly smaller than the experimentesults would suggest.
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Figure 2.10 Calculated pathways for the insertion of ethylene intr.rs (blue), andsrs (red).
The calculated pathways for the bulky Lewis acid addeis and 2aicr (Figure2.11),

resul t in pa tthaniscloser tovhetexperimentplgeSults. Thus it becomes apparent
that the smaller Lewis acids may be approaching thisliof rate enhancement for this system.
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Importantly however, the complex2srsz and2airs are unable to be accessed experimentally due
to decomposition.
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Figure 2.11 Calculated pathways for the insertioh ethylene intol, 2scr (green), andaicr
(yellow) in toluene.

Additionally, the calculated transition states for the insertion of olefindgde and 2srs3
are compared ifigure2.12. There are interesting differences between the structures of these two
transition states. First, it is apparent that theOR® bond angle is significantly more linear for
TS1scr (167 ©) tharfor TS1sr3. (120 ©). This result shows that the bulky aryl rings on thed#{)e
Lewis acids restrict the angle of the -ReB bond. The GReCyCp dihedral angle is also
drastically different for the small MHA_ewis acids adducts. The dihedral f681scr is 167 °,
which places the ethylene fragment nearly parallel to th® Rend. However foll Slsrs the

dihedral angle is 88 °, which places the ethylene fragment nearly perpendicular teQhmoRe.
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Entry Bond (A)/Angle (°) TS1ger TS1ge;

| 1 C(a)-C(p) 139 142
[ 2 O-Re-H 152 111 M
— 3 Re-O-B 167 120 %
| 4 O-Re-C(a)-C(B) 141 88
TS1gcr TS1gr3

Figure 2.12 Comparison of the calculated structuresT8ilscr andTS1sr3 with selected bond
lengths and angles.

The reasons for these structural differences become apparent when the space filling model
of TS1scr andTS1srs are inspeted as shown ifigure2.13. The steric bulk of the larger Lewis
acid restricts of R€®-M bond angle. This forces a more linear structure which requires the aryl
rings of the ligand to turn in towards each other to accommodate the pentafluorophenyl rings of
the Lewis acid, and as a result the pocket where olefin binds is more sterically crowded. By
comparison, the smaller Lewis acids are bent back from the olefin bipdakgt. This allows the
aryl rings of the ligand to rotate away from each other, and as a result the pocket where the olefin
binds is less sterically crowded. The parallel transition state was also calculated forsthe MF
systems and was found to be higimeenergy than the perpendicular transition state.
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TS1 BCF TS1 BF3

Figure 2.13 Spacefilling models of TS1scr andTS1srs.

Charge stabilization can explain how the Lewis acid accelerates the rate of olefin insertion,
and also helps to explain why the dramatic increase in rate observed when moving down the group
with the M(GsFs)s complexes is not observed for the MBmplexesNatural Bond Order (NBG)
chage calculations as implemented in Gaussian 09 were utilized to gain a more accurate picture
of the charge distribution in a molecule than is obtained through Mulliken population afalysis.
NBO charge calculations allow us to follow the buildup of charge on individual atoms through a
reaction, which can yield insight into the electronic nature of chemical processes. This can be done
for any atom by subtracting the charge in the grogtate from the charge in the transition state
( g=grsi ges). In this work we compared the NBO charge in the ground and transition state for

both the M(GFs)z and MR systems. The results of NBO calculations are showviable2.1.
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Table 2.1 Summary of calculated NBO charges for both:MRd MB(GFs)3 (M = B, Al)
coordinated complexes in the ground state and the transition state.

Entry Complex Re @] B/Al H
1 2 0.71 -0.46 - 0.039
2 2gcF 0.8 -0.57 0.65 0.09
3 2nicF 0.8 -0.74 1.66 0.096
4 25F3 0.81 -0.62 1.38 0.083
5 2nF3 0.74 -0.75 1.98 0.09
6 TS1 0.59 -0.52 - 0.077
7 TS1scr 0.54 -0.63 0.66 0.14
8 TS1aick 0.61 -0.84 1.67 0.11
9 TS1er3 0.56 -0.7 1.36 0.28
10 TS1ars 0.53 -0.85 1.95 0.281

From thecalculated NBO charges it is clear that there is a buildup of negative charge on
the oxo liganddp @) in the transition state. The positive charge on the Lewis acid helps to stabilize
a larger negative charge on the oxo stabilizing the transition state$e®10). WhenTS1scr
andTSlaicr (entries 78) are compared there is a clear difference in the amount of negative charge
on the oxo in the transition state. This explains why the AICF system is so much faster than the
BCF system. This is not true fdrd MR system. There is significantly more positive charge on
the Lewis acid folf Slsrsthan forTS1scr that in turn stabilizes an even larger buildup of charge
on the oxo ligand (entries 7 and 9). Because of this, when the charge on the LewisEsiddor
and TSlars are comparethe difference is not as pronounced (entrigkDR The difference in
positive charge on boron and aluminum for thesMifstem is approximately half that of the
difference calculated for the M§Es)s for both2 andTS1. The difference between the buildup of
negative charge on the oxo ligand in the transition state for the two systems is approximately half
as well(Table2.2). The smder difference in charge for the smaller Lewis acids explains why the
large difference in rate observed for the NK£)s systemis not observed for the MFSince the
charge on the Lewis acid is similar for the two smaller Lewis acids, there are sinallgesion

the oxo ligands for these complexes, which leads to the observation of similar calculated rates.
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Table 2.2 Calculated charge buildup and charge differences for thevblthe M(GFs)3 systems.

Entry Lewis acid Agyn Agq AAgo
I AlF; - -0.1 -
BF; - -0.08 -
MF; 0.59 - -0.02

Al(CsFs); - -0.1 -

B(C4Fs)s - -0.06 -

M(CgFs); 1.01 - -0.04

2

O h s | e

All values calculated using the NBO charges from Table 2.1 and the following
equations: Agp = a1~ g Ao = Go-rs1 ~ Go-2: Ao = Ado.a1 — Ado.p

Computational Evaluation of Ligand Influence on Rate

In an effort to further corroborate our experimental data the free energy barriers for olefin
insertion were calculated for a series of substituted DAP derivatives that varied in steric and
electronic properties. These calculated free energy barriershegreised along with the Eyring
eqguation to calculate the rate of olefin insertion. As showrigare2.14there is not a clear trend
in the steric profile. As the sie bulk in the 2,6 positions on the aryl rings increases there is not a
consistent increase or decrease in the calculated rate of insertion. Additionally, there is no trend in
rate when the electronics of the 4 position is varied from electron withdréméhectron donating.
Furthermore, when all steric and electronic variations are considered, the rate only varies over
about an order of magnitude, which is consistent with what was observed experimentally.
However, in contrast, calculated rates of inserfor varying steric bulk and strength of Lewis
acids vary over seven orders of magnitude, which confirms the experimental results obtained and
further implies that the primary factors influencing the rate of olefin insertion are the strength and

stericprofile of the Lewis acid coordinated to the oxo ligand.
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Figure 2.14 Calculated relative rates of ethylene insertion into a series of oxorhenium hydride
complexes. Rates were calculated using the compo#dly determined free energy barrier and
the Eyring equation. All rates were then set relative to the free oxo cofiplex

2.3 Conclusions

In summary, the rate law was determined for the insertion of alkenes into a classical
oxorhenium borane adduct. Expeental and computational studies suggest that while variation
in the ancillary ligand accounted for rate increases within an order of magnitude, variation in the
Lewis acid introduced much greater variation in the rate. Furthermore, computational evidence
suggests that the steric bulk of the Lewis acid has an impact on the magnitude of rate increase.
NBO charge calculations were also utilized to understand why there is very little rate difference
when boron and aluminum MHA.ewis acid systems were employeahile there is a drastic
difference in rate between boron and aluminum I3 systems. The difference in charge on
boron and aluminum in the MRewis acid system is much smaller compared to thesWHj&

Lewis acid, which results in a similar calculated rate.
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2.4  Experimental

Computational Methods. Geometry and transition state optimizations were performed with the
6-31G(d,p) basis s€ton light atoms, the-811G(d) basis set on aluminum and the SDD basis
sef* with an added polarization function on rheniéhCalculations were carriedubusing tight
optimization criteria (opt = tight) in the GaussiarfQplementation of B3PW%1on a ultrafine
integr al grid (int = ultr afwas a3o.emplyed mnat 6 s d i
calculations. All structures were fully optimized, and analytical frequency calculations were
carried out on all structures to ensure a zeootter (local minimum) ofirst-order (transition

state) saddle point. The minima associated with each transition state were confirmed by the
animation of the imaginary frequency. Energetics were calculated at 298 K with-the 6
311++G(d,p) basis sétfor C, H, N, O, FB and Al atoms and the SDD basis set with an added
polarization function on rhenium using the B3PW91 functional. The energies reported utilize the
analytical frequencies and zepoint corrections from the gg#hase optimizations and include
solvation orrections which were calculated using the PCM metfedth toluene as the solvent

as implemented in Gaussian 09.

General Considerations. lesDAP)Re(O)HL, 2scr, 2aicr,*! and Al(GFs)3*2 were prepared as
reported in the literature. All other reagents were purchased from commercial sources and used as
received!H, 3C, and'®F NMR spectra were obtained on a Varian Mercury 46&Mr a Varian

Mercury 300 MHz spectrometer at room temperature. Chemical shifts are listed in parts per million

(ppm) and referenced to the residual protons or carbons of the deuterated solvents respectively.

General procedure for collection of kinetic data.A 22.7 mM stock solution oPscr was
prepared by dissolving (MesDAP)Re(OJH37.3 mg, 6.82 x 1®mmol) and B(GFs)s (69.9 mg,
0.136 mmol) in toluenels in a 3.0 mL volumetric flask. The solution was mixédroughly for

15 minutes to obtai@scr in quantitative yield. Aliquots (0.5 mL) of the stock solution were then
placed into screw cap NMR tubesOttene was then added to the NMR tubes via microsyringe.
The NMR tubes were then thoroughly mixed and nowed by*H NMR spectroscopy. Upon

completion of the reaction the solvent and excessténe were removed vacuoto give 3scr.
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Chapter 3 Synthesis and Reactivity of Re(lll) and Re(V) Fischer Carbenes
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3.1 Introduction

| socyanides are isoelectronidonwersha€®, wbo:t

acceptors. This makes them substrates of interest because they wikkattiewith complexes that

are reactive towards CO. In previous work from our group the oxorhenium hydride
(O)Re(MesDAP)H (MesDAP fpyridine-2,6-diylbis(methylene))bis(mesitylamideyas reduced

with CO in a process called reductive decarbonylation, tdym® a Re (I) tricabonyl complex
(Schemes.1).*3

Scheme3.1 Proposed Mechanism for the Reductive Decarbonylation of (O)Re(MesDAP

Mes

CcoO 2 CO

J

T hon

/Z

N
H /N\R‘ _co HOH-BF; He/ \RL co
e
2N |\ SN\
N \ N
\ ~ Mes
— Mes =
co (610

Typically reactions involving isocyanides and metal hydrides result ifinggktion
products featuring onef two binding modes®* First, isocyanides will often react with metal
hydride clusters to form bridging iminoacyl ligands like the trirhenium cluster synthesized by
Berrenghelli €al. (Figure3.1).%° In this class of reaction, there is a single insertion of isocyanide
into a metal hydride bon@ndthe nitrogen of the resulting iminoacyl ligand subsequently binds
to the adjacent metal center. A similgoéyof reaction is observed with some mononuclear hydride
compl exes r é&snindatyibimding mode as bhewn@themes.2.
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Figure3.1St r uct ur e ®%iminoacyl bomplek épimeadgby isocyanide insertion into the
bridging hydride of a rhenium cluster compféx.

Scheme3.2 The insertion ofsocyanide intoa Tl b ond t &imipoasylecontplex® d

~ ~
0, ] o, ] N
“Ta—H CN-Xy s
s s

H

T
O o R

R
0

C = O O Xy = 2,6-dimethyl-phenyl
RO

d?-iminoacyl complexes can react further if there are more rhgthide bonds, reducing
the isocyanide andtimately resulting in metalloaziridine complexes. An example of this type of
stepwise reductiomvas published by Frandos et al. using a tantalum dihydride to synthesize a

tantalaziridinecomplexasshown inSchemes.3.3’
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Scheme3.3 The Reaction of Isocyanide with a Tantalulm Dihydride Complex to give the
Metalloaziridine Comple v i &Iminoacyl thtermediate.
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Metal hydrides can also undergo 1, nser t i on of i S-immoaeyln i d e s

complexes, which comprises the second major category of metal hydride/isocyanide binding.

Examples of this binding mode are less well known, with only a few examples being reported in
the literature. It has been reported by McGovern et al. fycbbometalatedr indene sandwich

complex as shown iBchemes.4.3®

Scheme3.4 Reaction of a Zr Hydride Complex with Isocyad e t o !-gmingaeyl Gomptex. d

Pr’ CNBu Pr/

H
i Zr—H > . Zr
Pr’ ' Pr _<\NfBu
Pri Pr/
|l nterestingly, the analogous zi r>minoacyt en e

comp |l e x -iminbdty comiplex was reported to be unstable, decomposing at room
temperature in both the s &imihodcyl £dmaléxewasaatsal [
synthesized from the rhodium hydride complex by Duckett Etlalvas unable to be isolated but

was characterizeid situby3P,'H, and’®*C NMR s pect r o sldninoacyl comples i mi | a

formation has been observed for a silylimide tungsten hydfide.
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T h e $-fermidoyl complexes are of particular interest due to their importance in catalytic
reactions i nvol vi ng i s-oningaayh compdes is prBposed as ara mp | e
intermedi at e in the p al l-imidbayl phosgheme exldgszfrerd f o r 1
isocyanides and diaryl phosphine oxideas shown inSchemes.5, the first step is the formation
of a palladium hydride that undergoes the-ihdertion of an isoy ani de gefher at i n

iminoacyl complex. This complex then undergoes reductive elimination to give the final product.

Scheme35Pr oposed Mechanism -fminoayltPhosphirerOaides ftomi on o

| socyanides and Diaryl P h o s'drhirioacy Int&@medidte s, pr oc
Pd(PPh H CNR

R,P(O)H (PPhg)q Ro(OP~ < RQ(O)P> <H -

-2 PPh, PhsP”  “PPhy -PPhy  PhgP CNR
+ PPhs

R Pd]  Ry(O)P~_ _-PPh

- P NR -

Rp(O)P” "H PhP” Y
H

The reactivity resulting irg*-iminoacyl complexes is directly analogous to the insertion of
carbonyls inb metal alkyl and metal hydride bonds to give the corresponding acyl complexes.
Alternatively, metal acyl complexes are often accessed via addition of alkyl nucleophiles to metal
carbonyls as shown Bcheme.6. Metal acyl complexes are important intermediates for catalytic
reactions such as hydroformylation, but are also used to access Fischer carbene complexes via
guenching with a strongegtrophile & seen irschemes.6. This reactivity is best understood by
inspecting the resonance structures of metal acyl and iminoacyl complexes as dhigure 2.

Thisresults in a synthetic bias towards lealent Fischer carbenes.

Scheme3.6 General Synthesis of Fischer Carbene Complexes

R-Li -9 E* \
M-CO — M —_— O
CH M=
CH,
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Figure 3.2 Resonance structures of the-ReX f r agment of fforenidoyu m acy
complexes. StructurgsandC represent the Racyl and Reamine resonance contributors, while
structuresB and D show the Rearbene resonance contributors for-®© and ReC-N
respectively.

This work explores the insertion céirbon monoxide andocyanides into rhenium hydride
ard alkylbondst o  gliimineacytior acylcomplexes Additionally, distinct reactivity for the
insertion of isocyanides into the rhenium hydride bond in the presence of a strong Lewis acid is
observed compared to the same reaction in the absence ofsaaoevT his is dudo the reactivity
of the iminacyl intermediatesowardselectrophilesresulting in the formation of high valent
rhenium carbene complexes. This reactivity was utilized to synthesize a series of high and
intermediate valent rhenium care complexes. Subsequepestroscopicand computational
evidence supports the assignment of these complexes as rare examples of high valent Fischer
carbenesAdditionally a correlation is observed between the electrophilicity of the carbene carbon
and tle 3C NMR shift. We were able to demonstrate tunability of this electrophilicity by
systematically altering the heteroatom substituent on the carbene carbon. This tunability allows

for the further study of the fundamental properties and reactivity ofailgimt Fischer carbenes.
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3.2 Results and Discussion

3.2.1 Synthesis and Characterization of Cationic Oxorheniun{V) and Rhenium (111)

Fischer CarbeneComplexes

A. Reactionsof Oxorhenium Hydrides in the Presence ofthe Lewis Acid B(CsFs)s. The

reaction of 2,&imethyltphenyl isocyanide with the oxorhenium complein the presence of
B(CsFs)3 is shown inSchemes.7.

Scheme3.7 Reaction of Oxorhenium (V) Hydridewith Isocyanide in the Presence of BEg)s.

|—|°>(06F5)3
Mes
(0]
'é Mes H/ AN
N ﬁ H I \ | H\
NI N B(CeF5)3, H20 o} —Xy
8 - > NN
J [;j \N Toluene-dg, rt /Re:(
~ \Mes 74 N \N H
\ ~
1 - Mes
10

Xy = 2,6-dimethyl-phenyl

A single producfiOwas identified byH NMR spectroscopy. Two doublets at 9.8 and 11.1
ppm (= 16.4 Hz)wereobserved. The magnitude of the coupling constant is indicativeHgNS

H coupling. The broad signal observed at approximately 11 ppm is suggestive dicardétl
proton on the N atom dhecarbene ligandFigure3.3).
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Figure 3.3 'H NMR spectrum ofl0. The doublet at ~10.0 pprd £ 16.4 Hz) corresponds to the
proton on the carbene carbon. The doublet at 11.2 ppmi. 6.4 Hz) corresponds to the proton on
the nitrogen atom of the carbene ligand.

In addition to the MesDAP complex used in the initial reactivity studies, the xylyl
derivative was synthesized to use in further studies due to its siffplMR spectrum ad
increased stability. This was accomplis-hed by
(pyridine-2,6-diylbis(methylene))bis(2;8limethylaniline)) as reported in the literatdfeThe
ligand was then coordinated to an oxorhenium center using a previously reported procedure shown
in Schemes.8.3!
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Scheme3.8 Synthetic $heme for (XyDAP)Re(O)CI

Cl 2,6-lutidine

Re —+
| SMe, T EoH
OPPhjy rt, overnight

1

(XyDAP)Re(O)H,12, was obtained by the reactionldfwith BusSnH at room temperature
in THF for 24 h. The resultintH NMR spectrum is shown iRigure3.4.

CH,
CH,

l ML el

5.0 45 4.0 35 3.0 25 2.0 15 1.0 0.5

Figure 3.4 'H NMR spectrum ofL2 in CD:Cl.. The characteristic diastereotogitotons are
observed as doublets at 5.69 and 5.45 ppm1©.9 Hz). Additionally the Rél signal is observed

at 6.06 ppm.

The reaction ofl2 with 2,6-dimethylphenyl isocyanide in the presence of &R
proceededleanly to a single produdB with a*H NMR spectrum similar td0 (Figure3.5).
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Figure 3.5 H NMR spectrum ofL.3. The characteristic diastereotopic peaks are still observed and
the aromatic region is better resolved than for comp@xThere is also the pair of doublets at
9.87 and 13.46 ppnd € 16.4 Hz), very similar to the analogous compléx

We were able tassign the peak at ~ 10 ppm by synthesizing the oxorhenium (V) deuteride

complex14 from the reaction ol1 with BusSnD. The shift of the diastereotopic peaks and the
absence of the hydride peak in ifeNMR spectrum ofl4, Figure3.6, confirm the synthesis of

the deuterideThereaction ofl4 with 2,6-dimethylphenyl isocyanide in the presence of &)z

also resulted in a single produd. The!H NMR spectrum ofl6 (Figure3.7) is nearly identical

to 13. However, the signal at 10 ppm is absent. This suggests that the signal corresponds to the C

H of the carbene carbon and originates from théHRmnd.
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Figure 3.6 'H NMR spectra of (XyDAP)Re(O)H vs (XyDAP)Re(O)D. The-Resignal for12is
observed at 6.06 ppm, this signal is absent in the spectridnTfie diastereotopic protons signals
are observed at 5.68 and 5.45 ppm for both complexes. Additionally the pyridine and xylyl

aromatic peaks show the same shiftslfdand14.

Re-D
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Figure 3.7 'H NMR spectradr 13 and16. The sharp doublet at 9.87 ppm i@ is absent in the
spectrum ofL6 suggesting deuterium substitution. Additionally the broad doublet at 13.46 ppm
becomes a singlet in the spectruni@fUnreacted 4is observed in the spectrumi®, identfied

by its characteristic diastereotopic proton peaks.

-
4 1

The appearance of thek proton as a doublet, as well as the broad signal at 13.46 ppm
suggested the presence of afHNproton. The coupling constant of theHCdoublet is 21 Hz
suggesting coupling to a proton on a heteroatom. In order to confirm theagtiad¢ at 13.46 ppm
was in fact responsible for the splitting of the signal at 9.87 pght;tl COSY experiment was
performed. The resulting spectrfigure3.8) conclusively shows that the signal at 13.46 ppm is

coupled to the € signal at 9.87 ppm.
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Figure 3.8 1H-1H COSY spectrum af3. The oftdiagonal coupling shows that the doublet at
9.87 ppm ioupled to the broad doublet at 13.46 ppm.

Additionally three signals are observed in tFreNMR spectrum ofi.3 (Figure3.9) in a
2:1:2 ratio. These chemical shifts are consistent with literature values for the f)B&Dion

further confirming the structure of the cationic carbene comie®®
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Figure 3.9 1% NMR spectrum ofl3. There are 3 signals present in a 2:1:2 integration pattern,
which corresponds to the ortho, para, and meta fluorine atoms respectively on the aryl rings of the
HOB(CsFs)3 counter ion ofL.3.

X-ray quality crystals were obtained from the diffusion of pentane into a concentrated
solution of10in dichloromethane. The resulting structure is showFigure3.10. The Xray
structure shows a cationic oxorhenium complex with a hydroxyborate anion. This is consistent

with the Fischer carbene that is observedbWNMR spectroscopy.
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Figure 3.10 X-ray crystal structee of 10. Thermal ellipsoids are at 50% probability level. The
ancillary ligand is shown in wireframe for clarity. Hydrogen bonding contacts (A) are highlighted
in red. Selected bond lengths (A) and angles (deg)-QRe11.6877(17); ReC1, 2.029(3); B1

02, 1.479(3); CiN4, 1.298(3); Re1C1-N4, 129.48(19); ORelC1, 102.82(9).

The geometry 010is a distorted square pyramid with the oxo ligand in the apical position.
The ReCcamencbond length is relatively short. It is similar in length to Re acyl dergs
previously isolated by the Ison group, where the(Rg bond was 2.028.028A 44 TheseRe-C
bonds are described as having significant carbene character. This is explained by examining the
possible resonance structures of the@€ (X = O, N) fragment as shown ipreviously in
Schemes.6.

StructureA represents the acyl form of afaeyl complex whereas structuBerepresents
the Recarbene resonance contributor. Compared to the correspondi@ggrbond length (~2.1
A) the ReCacy is considerably shaer (~2.03 A)° This result suggests that the -Barbene
structure is the major resonance contributor foraBd complexes. Calculated bond lengths for
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Reiminoacyl complexe47(2.08 A)and19(2.05 A) are also considerably shorter than calculated
Re-alkyl complex3 (2.11 A). Thisimpliesthat the analogous Rerbene structur® must be the

major resonance contributor for iminoacyl complexes as well. The classic synthesis of Fischer
carbenes utilizes this resonance contributor by reacting a Lewis abithe negatively charged

atom (Scheme3.6).*® This was explored with the (@@P)Reacyl 23, using methyl triflate to

give the cationic Fizher carben@4 (Schemes.9).

Scheme3.9 Reaction of Oxorhenium Acyl Complex 27 with Methyl Triflate to give the Gaebe
Complex28.
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Ar = Mes, Xy Ar = Mes, Xy

The ReC bond of the carben24ves was observed to be 1.98 A in thery crystal
structure. The R€ bond ofL0(2.029 A) is also very short suggestit@js also a Fischer carbene.
The®C NMR shifts of the Re& carbon is also indicative of carbene formation (241.89 ppm for
10 and 304.59 ppm foR4ves). The isolation of carben&0 then suggests the formation of a
iminoacyl intermediate that then reacts with iansitu formed Brgnsted aci@H-O-B(CeFs)3)
instead of a Lewis acid to give the Fischer carbene complathermore the ay structure
confirms the presence of the proposed hydroxyborate abiserved ilNMR experiments.

The formation of the hydroxyl borate anion likely proceedsthe reaction of Lewis acid
with exogenous water present in the solvent to form a Brgnsted acidic aqua borane adduct that
protonates the iminoacyl nitrogen giving the cationic carbene and hydroxyborate. To test this
hypothess, all reagents and tolueftg were rigorously dried over molecular sieves to remove all
water before performing the reaction. The solution turned a persistent green color. In contrast, in
the initial reactions the solution briefly turned green before turning bright purple. Addiidmal

doublet corresponding to the protonated compléwas not observed, and instead, a singlet was
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observed. Upon titration with water the singlet decayed and the doublet attribut8dwvias
observedFigure3.11).
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Figure 3.11H NMR spectrum in toluends showing the titration of a solution & with water.

This experimentigggestghat the iminoacyl intermediate’ was generated first, and was
protonated to give the final iminoacyl sdlB. Attempts to isolatel7 were unsuccessfullhe
protonation ofL7 to 13 involves the formation of an aqimrane adduct. These adducts are well
known and have been shown to be strong Brgnsted acids with a pKa of 8.4 in acetonitrile and a
hypothetical aqueous pKa of less than{dBhe formation of these adducts has a low free energy
barrier of about 9 kcal/mol which accounts for the rapid rate at wiiidonverts tal3. Finally,
in a detailed study of ligand lability in B§Es)s adducts with water and acetonitrile, Parkin et. al
found that the ligand exchange is facile and occurs through a dissociative pthway.

With all of the experimental data in hand, a mechanism for the reacti@waoth
isocyanide to givel3 was proposedScheme3.10). The proposed mechanism begins with the
formation of an isocyanide adduct that forces the hydride ligand trans to the oxo ligand. This is

followed by the insertion of isocyanide into the-Réond, which results in the formation of the
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d-iminoacyl complexL7 that was observed B#1 NMR spectroscopy. In the absence of water the
reaction stops dt7. In the presence of water, Bfs)s rapidly fooms an aqudoorane adduct. The

aguaborane adduct then protonates the nitrogen of the iminoacyl ligand ta3jive

Scheme3.10 Proposed Mechanism for the Reactiorlbivith Isocyanide to generaile.
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B. Reactivity of Oxorhenium Hydrides with Isocyanidesin the Absence of BCsFs)s. In order
to contextualize the reactivity of oxorhenium (V) hydride adducts with isocyanides, we conducted
the same reaction in the absent8(CsFs)3 (Schemed.11). Unlike the reaction in the presence of

the Lewis acid, the reaction @R with isocyanide is not clean and several diastereotopic peaks
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from the ligand are observed By NMR spectroscopyvhich suggests that there are several
rhenium species present.

Scheme3.11 The Reaction of XyDAP)Re(O)H12 and 2,6Dimethylphenyl Isocyanide in the
Presence of Residual Water to Give (XyDAP)Re(O)(@81)

H,O
Xy-RNC
_—
toluene-dg

12 20

After allowing the reaction to stand for two days, a single rhenium species was observed
by H NMR spectrosopy. However, instead of isolating the cationic carbene complex as described
previously, an oxorheniunmydroxyl complex20 was isolated. Xay quality crystalswere

obtained by diffusion of pentane into a concentrated dichloromethane solu2id(Fojure3.12).
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Figure 3.12 X-ray crystal structure &0. Thermal ellipsoids are at 50% probability levidie aryl

rings of the ancillary ligand are shown in wireframe for clarity. Selected bond lengths (&) and
angles (deg). Re(D1, 1.681(6); ReD2, 2.121(7); ReN1, 1.968(5); ReIN2, 2.057(6); ReIN3,
1.965(5); O1Rel02, 96.1(4); OIRel:N1, 112.0(3); O4Rel-N2, 115.5(4); O4Rel:N3,
111.8(3).

The geometry 020 is best described as a distorted square pyramid with the oxo ligand in
the apical position. The hydroxyl ligand is slightly raised out of the plane with a bond angle of
96.14° as opposed to the atany ligand bond angles of approximately 112°. There is a small
amount of disorder in the oxo and hydroxyl ligands. TheoRebond length is consistent with
other DAP oxorhenium (V) complexés4

Based on the previously studied reaction of isocyanides Wdthwe entertained the
possibility that one of the competingathways may involve the formation of aminoacyl
intermediate that was attacked by water. We tested this hypothesis by adding exogenous water to
a solution of12 and isocyanide. The resultifgl NMR spectrum was much cleaner and showed
only two sets of istereotopic peaks suggesting two rhenium species were piegantantly a
peak was observed at approximately 9.4 ppnio assign this peakR0 was synthesized

independently by initial chloride abstraction frath by AgSbFs followed by treatment with
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ammonium hydroxide. The resulting spectrum showrrigure 3.13 shows a peak at 9.38 ppm

that is assigned as the R4 proton.
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Figure 3.13H NMR spectrunof 20. The ReOH peakis observed at.88 ppm.

Additionally, there was some evidence in tReNMR spectrum for the formation of 2,6
dimethylaniline as a byproduct of the reaction. In order to cortfisiand rule out other potential
organic species, 2@imethylphenyl formamide was synthesized independently as reported in the
literature?*’ A solution of the crude reaction mixture and standard solutions afi@thylphenyl
isocyanide, 24limethylphenyl formamide, and 2dimethylaniline were amgzed by GC and
compared. The comparison showed@Bethylaniline to be the major organic product.

The rapid rates and complex nature of the reaction made a kinetic study of the
reaction impractical. By drawing an analogy to the reactidr6oe¥ith isocyanides and
combining what is known about the reactivity of isocyanides with the intermediates and products
we have been able to determine experimentally, a mech&8memes.12) was proposed and

used as the starting basis for a computational investigation.
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Scheme3.12 Proposed Mechanism for the Formation of Oxorhenium Hydroxyl Congflexd
2,6-Dimethylanlinefrom 12.
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The first step of the mechanism is the formation of an isocyanide adduct complex similar
to the mechanism in the presence of Lewis acid. This is followed by the insertion of isocyanide
into the ReH bond to generatenaminoacyl complexXL9. Theimine ligand abstracts a proton from
water resulting in the hydroxyl carbet8on. The hydroxide ligand themmakes a nucleophilic
attack onthe carbenecarbon of1%~H to generatea hemiaminal intermediate. Intramolecular
proton tansfer releases 2@methylaniline and a Re formyl complex. This rapidly reacts with
water to generate the carbeéi Fragmentationf 22releases formaldehydeen occurs via attack
and elimination analogous to the conversiorl@fn to 22. This resuls in theRe (V) hydroxyl
conplex 20. Additionally, we considered another pathway in which the initially formed iminoacyl
complex undergoes further insertion of isocyanide to gieThis type of reactivity has some
precedence in the literature for the gwotion of isocyanide based polymétsThis reaction is
shown inScheme3.13. In order to fully understand the relative rates of these processes, a

computational study was carried avhich is discussed in later sections
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Scheme3.13 The duble insertion of 2&limethyphenyl isocyanide into the R¢ bond ofl12.
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Based upon our proposed mechanism which includes the formation of the iminoacyl
intermediatel%is and its direct analogy t87, we decidd to explore the reactivity oin situ
generated %is with methyl triflate.A methylene chloride solution d2 and 2,6dimethylphenyl
isocyanidevas treateavith methyl triflateandresuledin the formation oR6xy. A similar reaction
was regatedwith 10 which resulted in the formation @bves as fiownin Scheme3.14. The'H
NMR spectrum oR6xy is shown inFigure 3.14 as a general representative spectrum for these
complexes. Ashownwith the previous carbene complex&3 and 13, the carbenic proton is
observed above 10 ppm. The carbene calf®INMR shift is also consistent witheassignment
asaFischer carbene (241.36 ppm &fixy and 241.89pm for26wes).

Scheme3.14 Formadion of the carbene comple26 from the treatment of9 with MeOTH.
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Figure 3.14H NMR spectrum of6xy. The carbenic proton is observed at 10.13 ppm.

X-ray quality crystals oR6xy were obtained by the slow diffusiaof pentane into a
concentrated methylene chloride solutior26fy. The resulting structure is shownHigure3.15.
The geometry about the rhenium center is best described as a distorted square based pyramid. The
RelC1 bond length of 2.021(2) A is again significantly shorter than the average Re alkyl bond

consistent with the formulatiorf @6xy as a carbene.
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Figure 3.15 X-ray crystal structure d?6xy. Thermal ellipsoids are at the 50% probability level.
Hydrogen atoms and triflate counterion are omitted, and the xylyl substituents diartdo
ligand are depicted in wireframe for clarity. Selected bond lengths (A) and angles (dég)1Rel
1.689(2); RellC1, 2.021(2); RelIN2, 2.058(1); ReiIN3, 1.968(1); ReilN1, 1.961(2); CILN4,
1.311(2); RellC1i N4, 131.4(1).

The isolation oR6xy and26wmes offer strong support for the proposed intermediacl/ah
the reaction ofl2 with 2,6-dimethylphenyl isocyanide. Additionallyhe reaction of Re acyl and
iminoacyl complexes with strong electrophiles to generate carbenes appeared to be a gaite gener

method for the sythesis of high valent carbenes.

C. Synthesis of Cationic Re(lll) Carbene Complexesln order to assess generality of the
synthetic method, we decided to investigate the reaction of Re (Ill) acyl and iminoacyl complexes
with Lewis acid to give the corresponding carbenes. Our group previously reported the reductive
carbonylation of oxorhenium (V) methyl complexes bearing the diamidoamine (DAAmM) ligand

an acyl to oxo migration resulting in a Re(lll) acetate complex as sho8chieme3.15.
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Scheme3.15 Synthesis of Re(lll) Acetate Compl@8 by Acyl to Oxo Migration.
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Treatment of28 with 10 equivalents of MeMgBr results in the formation of the Re(lll)
methyl complex29 as shown irScheme3.16. The'H NMR spectrumof 29 is shown inFigure
3.16.

Scheme3.16 Synthesis oR9.

Mes co MeS\ co
| 5 equiv MeMgBr N— o
Mes\\/‘ I'\"e OAc a o Me8< Re CH,

CD2C|2, rt
L/ ~

28

54



Mes-CH;

Mes\l (|JO Mes-CH;
Mes. .~ —Re—CH Mes-CH,
o
HaﬁN“\.
Hy HY H,
N-CH,4
Re-CH;
Mes-Ar
]
Ha Hb Hc
11 A ﬂd
I | [
_JL IIL . L_Jhl_ S I_J\ _.»J 'LIIL._I l_n_.«———'—"—a_‘;_l-'\__
J A S N W iy
o = 1 ri o

Figure 3.16 'H NMR spectrum o29in CD.Cl..

The eaction ofa solution of29 with 2,6-dimethylisocyanide followed by methyl triflate,

results in an intractable mixture byl NMR spectroscopyThis mixture was later determined to

be composed of various insertiganoducts This is discussed in more detail in Chapter 5. Use of

the bulkiertert-butylisocyanide results in clean conversion to the corresponding imindacyl
which is trapped as the carbe1(Schemes.17). ThelH NMR spectrunof 31is shown inFigure

3.17. Complex30is much more stable to decomposition and side reactivity than the corresponding

iminoacyl complex19 and is observed by NMR spectroscopyRigure3.18).

Scheme3.17 Synthesis 081 via Methylation of31.
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Figure 3.17*H NMR spectrum o81in CD.Cl,.
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Figure 3.18 'H NMR spectrumof 30. The imine methyl proton signal is shifted significantly
downfield to 2.4 ppm relative to the Rz signal observed at 1.4 ppm28.

X-ray quality crystals 081 were obtained by slow diffusiasf pentane into a concentrated
methylene chloride solution &fL. The resulting structure is shownkigure3.19. The geometry
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around the Re center is best described as trigonal bipyramidal. ThéZedistance is slightly
elongated from the Re(V) carbenes at 2.051(5) A, however it is still considerable shorter than the
expected Re alkyl bond length. Interestingly, it appearsréttaer than undergoing methylation

by methyl triflate30reacts withn situgenerated triflic acid. Subsequent reactions with rigorously
dried solvent showed no reaction betw88rand methyl triflate, however upon addition of water
guantitative conversn to31is observed. We suspect that the high steric demandstef ety

ligand on the resulting imine may preclude reaction with the larger methyl triflate, however the
smaller triflic acid is able to react readily.

Figure 3.19. X-ray crystal structure d31. Thermal ellipsoids are at the 50% probability level.
Hydrogen atoms and triflate coenion are omitted, and the mesigglbstituents on the diamido
ligand are depicted in wireframe for clgriBelected bond letigs (A) and angles (deg): Ret30,
1.880(5); RellC24, 2.051(5); RéIN2, 1.907(4); Re1N3, 1.932(%; C24i N4, 1.37(6); Rel N2-
N3, 125.42(18 Rel C24i N4, 127.4(3.

The synthesis 081 offers further support for the generality of tlsgnthetic method for
the generation of carbene complexes. We have shown experimentally that Re carbenes of high and
intermediate valency that have been hitherto inaccessible can be easily accessed by reaction of the
corresponding acyl or iminoacyl intermatks with electrophiles. Based upon these results we
conducted a computational study to explore the both the mechanism for the formation of these

carbenes as well as their electronic structure.
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3.2.2 Computational Investigation into the Mechanism of Formatiornand Electronic

Structure of Cationic Re(V) and Re(lll) Carbene Complexes

In order to gain a deeper understanding of the reactibRwith isocyanides and to further
understand why complek6 exhibits different reactivity, we conducted a computational study
based on our proposed mechaniswWis. also calculated and analyzed the electronic structure of
these novel high and intermediate valent carbene compassd on previous benchmarking for
these oxorhenium complexes calculations were carried out the DFT (B3P®@)9kvel of

theory® Methyl isocyanide was used to approxima@dimethylphenyl isocyanide.

Calculated Pathway for the Reaction of 16 with Isocyanide

The calculated pathway for the reaction of isocyanide W8tis shown inFigure3.20. The
approach of the isocyanide to the rhenium center can eithersbor trans to the oxo ligand.
Computationally only the cis approach is observed, potential energy surface scans for the trans

approach of isocyanide were unfruitful.
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Figure 3.20. B3PW91D3 calculategathway for the insertion of methyl isocyanide into the Re
H bond of16.

The first step of the mechanism is the rapid formation of an isocyanide ddtlwbich
then undergoes a barrierless insertion into théiRend. The rate determining step foe tiverall
reaction is the dissociation of the Lewis acid from the oxo ligarid, which has a free energy
barrier of 19.9 kcal/mol. This barrier corresponds to a calculatedifieadff approximately 1 min
at room temperature. This is consistent with theoat instantaneous reaction observed
experimentally. Formation of the final carbene product is significantly dowrBdll2 kcal/mol
relative tol6. This deep thermodynamic well helps to explain why the final product is stable and
exhibits no further redivity. This suggests that the stabilizing role of the Lewis acid may be two
fold: 1) the steric bulk of the Lewis acid bound above the Fischer carbene shields it from further
reactivity, and 2) while at the same tintlee strengtiof the electrostatic teractions drives down

the energy of the product preventing further reactivity.
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Calculated Pathway for the Reaction of 12 with Isocyanide

The complex equilibria observed Bt NMR spectroscopy for the reaction b2 with

isocyanide represents a problémat lends itself well to analysis by computational investigation.

The free energy barriers can be calculated for multiple steps and pathways, these energies can then

be compared to give information about the relative rates and the nature of the equéseia in
the system. The calculated pathway showFigure3.21 shows severdbw lying rhenium species

are present in reaction & with isocyanie, which is consistent witthe observation of multiple

species byH NMR at early reaction times.
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Figure 3.21 B3PW91D3 calculated pathway for the insertion of methyl isocyanide into thel Re
bond of12.

As previously discussed for the reactioriL6fwith isocyanide, the approach of isocyanide

can be either cis or trans to the oxo ligand. Unlike the reactib®ladth the cis and trans transition

states were observed. The trans approach of isocyarnideasergetically favored pathway so the

cis pathway was ruled out as a viable mechanistic possibility. However, a stable adduct is not

observed for the trans approach, instead optimizations converged directly to the inserted iminoacyl
productl9. The prdonation of the iminoacyl ligand to givi&on is reversible and lies towards the

19. Thenextstep is the nucleophilic attack of hydroxide on the electrophilic carbene carbon to
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give 21. A water mediated proton transfer step results in the release ohihe and the formation

of 2lformyl. After isomerization of2lormyl t0 21*ormy1 by bond rotationcoordination of water
results in a protoriransferwhich releases formaldehyde and results in e (V) hydroxyl
complex20. These equilibria are consistenth the observation of a major rhenium species and
several minor species in solution. Additionally this is consistent with the need for excess water to

drive the equilibria to the right and forrnet final product more cleanly.

Comparison of CalculatedPathways for Reaction of 12 with and without Lewis Acid

In order to understand how the coordination of Lewis acid to the oxo ligand influences the
reaction ofl2 with isocyanide, it is necessary to make a direct comparison between the first steps
of the respective reaction mechanisms and to consider the structures of the reaction intermediates.

In Figure3.22 the initial step of isocyanide adduormation is compared.
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Figure 3.22 Comparison of the isocyanide adduct formation step for the three calculated pathways.
Lewis acid / base addut6 pathway is in green, the trans approach of isocyaoidé is in blue,

and the cis approach of isocyanidelfis in red. The value used for the trans approach pathway
was calculated in MO6.

When the calculated reaction barriers for the cis approach of isocyariidetal 16 are
compared, it is immediatelpparent that coordination of Lewis acid to the oxo ligand stabilizes
the transition state. This approach of isocyanide forces the hydride trans to the oxo ligand. Usually
a strong trans influence ligand trans to another strong trans influence ligarfdvierable, but in
this case the Lewis acid draws electron density away from Re oxo bond weakening its trans
influence. This stabilizes the hydride in the trans position lowering the energy for the transition
state by almost 10 kcal/mol. A similar effecas observed for the insertion of olefins into the Re
H bond of oxorhenium hydrides, with the transition state being stabilized by about 10 kcal/mol as

well.4°
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In addition to the thermodynamic effects of Lewis acid coordination, a steric effect is also
observed. Irthe case of the reaction of bdtB and16 a iminoacyl intermediate is formed that is
then protonated by 2 or HO A Befs)3 respectively yielding a Fischer carbene complex.
Comparisorof these complexes, as showrFigure3.23 can help explain why the hydroxyborate

salt remains stable, while the oxorhenium hydroxyl carbene complex undergoes further reactivity.

Figure 3.23 Calculated structures a8 and23. The XyDAP ligand is shown in wireframe for
clarity.

In the calculated structure f@B8 the O2C1 distance of 3.264 A is much longer than the
02-C1 distance of 2.603 A f&3. This implies that thexygen atom is more ideally placed for
nucleophilic attack o23. The bulky aryl rings on the hydroxyborate counteriofi3prevent the
oxygen atom from getting close enough to attack the carbon, at the same time they act as a steric
shield blocking anyother small molecules from approaching the electrophilic carbene carbon. The
hydroxyl group binds to the Re center giving a neutral oxorhenium hydroxyl ca2Befdis

leaves the electrophilic carbene carbon susceptible to nucleophilic attack.

Electronic Structure of High and Intermediate Valent Fischer Carbene Complexes

The reactivity described above suggests that the carbene ligands are electrophilic
at carbon and thus should be regarded as Fischer type carbenes. However, there is some ambiguity,
as tte ligands may be regarded as CR(®Ryands and thus the metal complexes can be viewed
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as d Re(VIl) and d Re(V), respectively. To address this ambiguity, we performed a sefd#sTof
calculations to examine the bonding of the carbene ligand in these complesearbenes used

in this computational study are outlinedGhart3.1.

N | CHs Ar OTf
Mos >Re4 \ o
N N—R X
\\ K \|||)\N/
—_— Re
N H

R="BuR'=H, 31 7 \ N\Ar
R=XyR'=H, 32 =
R= tBU, R' = CH3 s 33 Ar = Mes, 26Mes; Xy’ 26Xy

Ar\ HN/Xy_l HOB(CesF5)3

Ar = Mes, 24)c; XY, 24Xy Ar = Mes, 10; Xyl, 13

Chart 3.1 Calculated Carbene Complexes

The bonding in Fischer carbenes is often described as synergistic: i.e., resulting from
simultaneous 0 donadti a@md fbonditmdrankthe metadto theslMO | i g ar
of the carbené’ Inspection of the natural bonding orbitals (NBOs)Xdvies, a typical oxorhenium
carbene, clearly showsbonding and antibonding combinations between the &em and the
carbene ligandFigure3.24 A and B) and thé -bonding and antibonding combination between

the Re ¢, orbital and thé * orbital on the carene ligandkigure3.24 C and D).
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b)

d)

%

Figure 3.24. Natural bonding orbitals foR4ves s h 0 wi n g -b¢nding andl-antibGnding
combinations between r heni um-boadind anttdmntbondingr b e n e
combinations between the carbene ligand angl erdital. NBO analysis: (a) orbital 48 (bonding),
occupancy 1.88, 33% rhenium, 67% carbon; (b) orbital 125 (antibonding), occupancy 0.21, 67%
rhenium, 33% carbon; (c) orbital 30 (lone pair Re), occupancy 1.65, 99% rhenium d orbital; (d)
orbital 120 (lone @ir vacancy C), occupancy 0.66, 99% carbon p orbital.

To further quantify t h-bonding, feagmentorbital@nalgssn at i c
was applied usig the AOMix 6.0 prograrft.>° As shown inTable3.1, for all complexes studied
the O donation from the car b-onding.lThisgsacandistents mo r

with the vievpoint that the Fischer carbenes examined here are electrophilic at carbon.

Table 3.1 Charge Decomposition Analysis (CDA) of Bonding in Re(lll) and Re(V) Carbenes

Entry Complex G donation " back-bonding Net Charge Donation
1 31 0.216 0.113 0.290
2 32 0.213 0.107 0.313
3 26wvies 0.247 0.145 0.315
4 26xy 0.244 0.14 0.321
5 24\es 0.228 0.13 0.255
6 24y 0.23 0.128 0.258
7 10 0.227 0.138 0.297
8 13 0.221 0.132 0.298
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To explore the electrophilicity further, we examined the NBO partial charge at the carbene
carbon in addition to the calculatédC NMR shifts as implemented in Gaussian 09. It was
observed experimentally that the carbene carbons in com@#eke8, and10 are significantly
deshielded and occur froM240 to 300 ppm in thé3C NMR spectrum. Chemical shifts for
complexes24, 31, 26, and 24 were calclated, and as shown iRigure 3.25a, there is good
agreement with the experimental value$£R.92).This validation allowed for the calculation of

experimentally inaccessible carbenes for a larger data set.
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Figure 3.25(A) Correlation between calculated and experimeéd@NMR shifts. (B) Correlation
between the calculatédC NMR shift and the natural charge. Calculations were performee at th
B3PW91D3/6-311G++(d,p)level of theory?! utilizing the gaugendependent ataic orbital
(GIAO) method? and are referenced to TMS.

As shown inFigure3.25b, there is a strong correlation between the calcufs@dNMR
shift and the NBO charge. Further, the charge at carbon appears to be most dramatically affected
by the substituerdn the carbene carbon, withgbbstituted ligands observed with higher chemical
shifts (more deshielded) and more positive natural charges in comparison to the corresponding
comgexes with N substituenfS Also interesting from the data is the influence of formal oxidation
state, as the rhenium carbonyl complexes (formallyIReflave carbene carbons with chemical
shifts and NBO charges intermediate betweessubistituted and Qubstituted oxorhenium
carbenes (formally Re(V)), suggesting that the formal oxidation state has a smaller influence than

the substituent on the carbaerabon.
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3.3 Conclusions

In the presence of the Lewis acid, BF€)3, astable cationic oxorhenium carbene complex
was isolated. Additionallyn the absence of strong Brgnsted or Lewis acids, the rhenium imine
intermediate is sufficiently basic weprotonate adventitious watérhis results in a series of
substitution reactions at the resulting carbene carbon, ultimately releasing aniline and producing
an oxorhenium hydroxyl comple€omputational and Xay data support a dual role for the Lewis
add in driving this differing reactivity. Both steric effects due to the Lewis acid size and the
stabilization of the transition state leading to adduct formation play a role in the formation of a
stable cationic carbene complex, as opposdtiealecomposipn of intermediate carbenes that
eventually resuftin the formation of anoxorhenium hydroxyl complex in the absence of Lewis
acid.

The reaction of intermediate Re acyl and iminoacyl complexes with electrophiles was
shown to be a quite general methodtfee synthesis of Re(lll) and Re(V) Fischer carbembs
strategy is different from the classic Fischer carbene synthesis, which relies on nucleophilic
addition to a carbonyl ligand in a neutral metal complex, followed by the treatment of this anionic
acyl metallatewith an electrophile. Experimental and computational studies suggest that, as
expected, the carbene ligands are electrophilic at carbon. Further, an interesting correlation was
observed between th&C NMR chemical shift and the natural cheuay the carbene carbon, which
suggests that the electrophilicity of the ligand can be tuned, with the substituent attached to carbene

carbon having the most influence.

3.4  Experimental

Computational Methods. Geometry and transition state optimizations wegdormed with the
6-31G(d,p) basis s&ton light atoms, the-811G(d) basis set on aluminum and the SDD basis
set* with an added polarization function on rheniéhCalculations were carried out using tight
optimization criteria (opt = tight) in the GaussiafQmplementation of B3PW%1 on a ultrafine
integral grid (int = ultrafine). Grmme 6 s di s p e fsvasoatso amployedeirc alli o n

calculations. All structures were fully optimized, andalgtical frequency calculations were

67



carried out on all structures to ensure a zeootter (local minimum) or firsbrder (transition

state) saddle point. The minima associated with each transition state were verified by the animation
of the imaginary fequency. Energetics were calculated at 298 K with t8&16-+G(d,p) basis
set®for C, H, N, O, F, B and Al atoms and the SDD basis set with an dgadéatization function

on rhenium with the B3APW91 functional. The energies reported utilize the analytical frequencies
and zeregpoint corrections from the ggshase optimizations and include solvation corrections
which were calculated using the PCM metlddjth toluene as the solvent as implemented in
Gaussian 09.

General Considerations. XyDAP,>* (SMe)Re(OCIs(OPPR),>> and 2,6dimethylphenyl
formamidé’ were prepared as reported in the literature. All reactions were conducted under
nitrogen in a glovebox or using standard Schlemi&fechniques unless otherwise noted. All other
reagents were purchased from commercial sources and used as réegivél. and*F NMR

spectra were obtained on a Varian Mercury 400 MHz, a Varian Mercury 300 MHz, or a Briker
500 MHz spectrometer at rootemperature. Chemical shifts are listed in parts per million (ppm)

and referenced to the residual protons or carbons of the deuterated solvents respectively. Elemental
analyses were performed by Atlantic Microlabs, Ineay crystallography was perforishat the

X-ray Structural Facility of North Carolina State University by Nikola Lambic.

General Procedure for the Reaction of Oxorhenium Hydride Adducts with Isocyanides.
Oxorhenium hydridel, (200.0 mg, 0.348 mmol) and B{&)s (370.9 mg, 0.724 mmol) we
dissolved in toluene. 2bimethytphenyl isocyanide (95.0 mg, 0.724 mmol) was then added and
the reaction was stirred. The reaction was then removed from the glovebox and stirred open to air
until the color changed from a green to dark purple and pddicipitated (~15 min). The solid was

then vacuum filtered and washed with pentane to remove excess isocyanide.

General Procedure for the Reaction of Oxorhenium Hydrides with Isocyanide®xorhenium
hydride, 1, (50.0 mg, 0.08 mmol) was dissolved in mgtlene chloride 2,6:Dimethylphenyl
isocyanide (22.8 mg, 0.174 mmol) was then added and the reaction was Statleyl. triflate
(0. 087 mmo | thend&ddedThe reactionmaasthen removed from the glovebox and 10
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eL of water wa sthea ceishavalih vacBoolhewesulting regidugs was dissolved

in minimal dichloromethane and crashed out with excess pentane.

[(MesDAP)Re(O)(CN(2,6(CH3)2CeH3))][HOB(C 6H5s)s], 10. The complex was obtaed as a

light purple solid in 5% yield.'H NMR (CD:Cl,, 3 0 0 MHI13.3 (d,di= 16.4 Hz, 1H, NH)

9.81 (d,J = 16.4 Hz, 1H, R&CH-N) 8.35 (t,J= 7.9 Hz, 1H, pyparaH) 7.85 (d,J = 7.9 Hz, 2H,

py-metaH) 6.91 (s, 2H, Me®rtho H) 6.82 (t,J = 7.6 Hz, 1H, xylylparaH) 6.74 (s, 2H, Mes

orthoH) 6.66 (d,J =76 Hz, 2H, xylytmetaH) 6.0 (d,J = 21.0 Hz, 2H, MesNC}) 5.47 (d,J =

21.0 Hz, 2H, MesNCl) 2.45 (s, 6H, Me£Hz) 2.21 (s, 6H, Me£Hs) 1.86 (s, 6H, Me<H3)

1.31 (s, 6H, xyl{iCH3). ®CNMR (CD:Cl,, 151 MHz) U: 236.48, 164.609
136.37,132.50, 130.52, 130.19, 129.21, 127.88, 127.22, 118.41, 75.32, 20.18, 17.55, 17.27, 16.15.
¥ NMR (CD:Cly) :-187 (m, 2FmetaF) -163 (m, 1Fpara-F) -171 (m, 2Fprtho-F). Elemental

Analysis: Theory (C:50.54 N:4.53 H:3.34) Found (C:50.18 N:4.51 H:3.38)

(XyDAP)Re(O)CI, 11 (SMe)Re(OXI3(OPPR) (450 mg, 0.69 mmol) and XyDAP (450 mg, 1.30
mmol) were dissolved in EtOH. 2|6tidine (0.8 mL, 6.9 mmol) was then added and the reaction
was stired overnight. The reaction was then vacuum filtered and drielcomplex was obtained
as a green solid in 64% yieltH NMR (CD.Cl,, 3 0 0 : BIZiAt) = 16 Hz, 1H, pypara

H) 7.88 (d,J= 7.6 Hz, 2H, pymetaH) 7.146.96 (overlapping m, 6H, yYOAP-aryl H) 5.69 (dJ

= 20.5 Hz, 2H, pyCH>-N) 5.52 (d,J = 20.5 Hz, 2H, pyCH-N) 2.51 (s, 6H, ¥DAP-CH3) 1.66

(s, 6H, XyDAP-CHs). 3C NMR (CD:Cl;, 50 0 :MB8.23) 143161, 140.03, 136.53, 135.33,
128.14,127.97,125.41, 117.32, 79.58, 18.31, 1&Enental Analysis: Theory (C:47.54 N:7.23
H:4.34) Found (C:47.19 N:7.16 H:4.43)

(XyDAP)Re(O)H, 12 11(332.0 mg, 0.512 mmol) was dissolved in THF. Tributyltin hydride (0.9

mL, 3.35 mmol) was added via syringe. The reaction was then stirred for 24 Hoairgaction

was then removed from the glovebox and solvent was remowestua The residue was then
dissolved in minimal dichloromethane then crashed out with excess pentane before being isolated
by vacuum filtration.The complex was obtained as a dagd solid in 87% yield!H NMR

(CDClz, 300 : 81094t) =16 Hz, 1H, pyparaH) 7.71 (d,J = 7.6 Hz, 2H, pymetaH)

7.07 (dJ = 7.6 Hz, 2H, XDAP-metaH) 7.0 (d,J = 7.6 Hz, 2H, XDAP-metaH) 6.88 (t,J= 7.6
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Hz, 2H, XyDAP-para H) 6.06 (s, 1HReH) 5.69 (d,J = 20.5 Hz, 2H, pyiCHz-N) 5.46 (d,J =

20.5 Hz, 2H, pyCH2-N) 2.49 (s, 6H, XDAP-CHs) 1.77 (s, 6H, ¥DAP-CHs). 13C NMR
(CD2Cl 2, 151 MHz): U 168.94, 161.48, 141.16,
77.38, 18.33, 17.93. Anal. Calcd fogH26N:ORe-1/3CHCl2: C, 48.74; N, 7.31; H, 4.67. Found:

C, 48.88; N, 7.26; H, 4.78.

[(XyDAP)Re(O)(CHN(2,6-(CH3)2CsH3))][HOB(C 6Hs)s], 13 The complex was obtained as a

light pink solid in 23% yield'H NMR (CD.Cl., 300 MHz) J=16.4 Hz31HANH), ( d

9.89 (d,J=16.4 Hz, 1H, R&H-N), 8.37 (t,J= 8.2 Hz, 1H, pyparaH), 7.87 (dJ = 8.2 Hz, 2H,

pyr-metaH), 7.1(d,J= 7.0 Hz, 2H, XyDAPmetaH), 6.976.87 (m, 4H, overlapping XyDAP

paraH and xylytmetaH), 6.64 (dJ= 7.0 Hz, 2H, XyDAPmetaH), 6.02 (d,J= 19.9 Hz, 2H,

pyr-CH>-N), 5.50 (dJ= 19.9 Hz, 2H, pyCH>-N), 2.50 (s, 6H, XyDARCHs), 1.91 (s, 6H,
XyDAP-CHs), 1.30 (s, 6H, xylfiCHs). *%F NMR (CD:.Cl;, 376 MHz) :F,nietaf),1 36 ( m
1162 (m, F, paraF ) , 1 1 B,6rthdFmni*C NMR (CD:Cly, 151 MHz) : a 253. ¢
158.02, 136.83, 132.53, 129.66, 128.93, 128.12, 126.75, 118.50, 75.3212163217.41, 16.23.

Anal. Calcd: C, 47.94; N, 4.41; H, 3.05. Found: C, 47.54; N, 4.83; H, 3.23.

(XyDAP)Re(O)D, 14. 11 (320.0 mg, 0.516 mmol) was dissolved in THF. Tributyltin deuteride
(0.74 mL, 2.75 mmol) was added via syringe. The reaction was thesddior 24 hours. The
reaction was then removed from the glovebox and solvent was remmoxaezlio The residue was

then dissolved in minimal dichloromethane then crashed out with excess pentane before being
isolated by vacuum filtrationThe complex wa®btained as a dark red solid in®1yield. *H

NMR (CDxClz, 300 MHz)U : 8 J6 8.6 Hzt1H, pwparaH) 7.71 (d,J = 7.6 Hz, 2H, pw

metaH) 7.07 (d,J = 7.6 Hz, 2H, XDAP-metaH) 7.0 (d,J = 7.6 Hz, 2H, XDAP-metaH) 6.88

(t, J= 7.6 Hz, 2H, XDAP-paraH) 5.69 (d,J = 20.5 Hz, 2H, pyCH.-N) 5.46 (d,J = 20.5 Hz,

2H, pyrCH2>-N) 2.49 (s, 6H, XDAP-CHs) 1.77 (s, 6H, XDAP-CHs)

[(XyDAP)Re(O)(CDN(2,6-(CH3)2CesH3))][HOB(C 6Hs)3], 15 The complex was obtained as a
light pink solid in 2% yield.'H NMR (CD:Cl,, 300 MHz ) 1H{INH) 8133 (t4=8.2( s ,
Hz, 1H, pyrparaH) 7.87 (d,J = 8.2 Hz, 2H, pyimetaH) 7.1 (d,J = 7.0 Hz, 2H , X¥DAP-meta

H) 6.976.87 (m, 4H, overlapping YOAP-para H and xylytmetaH) 6.64 (d,J = 7.0 Hz, 2H,
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XyDAP-metaH) 6.02 (d,J=19.9 Hz, 2H, pyiCH,-N) 5.50 (d,J = 19.9 Hz, 2H, pyCH2-N) 2.50
(s, 6H, XyDAP-CHjs) 1.91 (s, 6H, ¥DAP-CHs) 1.30 (s, 6H, xylyiCHs). 13C NMR (CD:Cl,, 700
MH z ) 236102, 164.54, 158.02, 136.81, 132.53, 131.03, 129.66, 128.83, 127.89, 127.73,
127.23, 126.73, 125.16, 118.48, 117.09, 79.30, 75.33, 17.61, 17.40, 16.22.

(MesDAP)Re(O)OH, 20. 11(100 mg, 0.164 mmol) was placed in a scieap vial and dissolved

in CD3CN. AgBR (32.1 mg, 0.164 mmol) was then added, and the solution w@sisit room
temperature for 1 h. A4OHWabkthénaddéd vip micrdsyrimge. Thef 1 4
resulting mixture was then run through a Celite plug and analyzed by NMR spectrdsthipjR

(CDLCl;, 600 MHz): ©HPS8.248,J€ 8] Hz1LH, pyarReél), 7.89 (d,J=7.0

Hz, 2H, pyrmeta H), 6.97 (s, 2H, MesDAReta H), 6.89 (s, 2H, MesDAReta H), 5.68 (d, J =

20.7 Hz, 2H, pyCH>-N), 5.51 (d, J = 20.7 Hz, 2H, p@H>-N), 2.49 (s, 6KIMesDARCHz), 2.33

(s, 6H, MesDAPCHg), 1.64 (s, 6H, MesDARCHs). 13C NMR (CD:Cly, 176 MHz) : ua 1
154.24, 143.35, 135.83, 134.69, 134.48, 128.58, 128.46, 117.10, 79.63, 20.58, 18.01, 17.86.
Elemental analysis was not possible with this molecule Isecatiits poor solubility in most

solvents that are not halogenated. The compound reacts with halogenated solvents to generate the

metal halide species.

(XyDAP)Re(O)CHs. (XyDAP)Re(OCI (332.0 mg, 0.512 mmol) was dissolved in {CH.
Methylmagnesium broma&l(3.0 M in diethyl ether) (0.34 mL, 1.02 mmol) was added via syringe.
The reaction mixture was then stirred for 24 h. The reaction mixture was then removed from the
glovebox and quenched dropwise with water. The resulting mixture was extracted with
CHClI; three times and dried over d&04. The solvent was then removed in vacuo. The complex
was obtained as a dark purple solid (247 mg) in 86% VigltNMR (300 MHz, CBCL,) : ua 8.08
(t,J= 7.8 Hz, 1H, pwypara-H), 7.71 (dJ= 7.8 Hz, 2H, pymetaH), 7.15 @,J= 7.5 Hz, 2H,
XyDAP-metaH), 7.08 (dJ= 7.4 Hz, 2H, XyDAPmetaH), 6.97 (t,J= 7.4 Hz, 1H, XyDAPR

para-H), 5.67 (d,J = 20.1 Hz, 2H, pyCH2-N), 5.47 (d,J = 20.1 Hz, 2H, pyCH,-N), 2.44 (s, 6H,
XyDAP-CHs), 1.75 (s, 3H, R€Hs), 1.58 (s, 6HXyDAP-CHs). 1°C NMR (151 MHz, CDCl) : U
168.09, 155.72, 140.96, 136.89, 135.06, 127.97, 127.80, 126.86, 124.50, 116.23, 78.73, 18.12,
17.46, 13.72. Anal. Calcd: C, 51.41; N, 7.49; H, 5.03. Found: C, 51.41; N, 7.67; H, 5.02.

71



(XyDAP)Re(O)C(O)CH3, 23y. 23y was synthesized according to the literature procettfitel,

NMR (Benzeneds, 700 MHz) : 0 7mefal), 6960 (,J=4.8Hz, 2dyX9DAP

para-H), 6.78 (t,J= 7.8 Hz, 1H, pyparaH), 6.35 (dJ= 7.8 Hz, 2H, pymetaH), 5.04 (dJ =

20.5 Hz, 2H, pyCH>-N), 4.88 (dJ = 20.5 Hz, 2H, pyCH.-N), 2.76 (s, 6H, xyDARCH3), 2.11

(s, 3H, acyiCHg), 2.05 (s, 6H, xyDARCHs). ®°C NMR (Benzenads, 176 MHz): U 255.
156.14, 139.46, 136.31, 135.77, 132.08, 131.33, 125.22, 115.97, 74.45, 47.26, 18.54, 18.40.

Complex23xy is a precursor t@4xy and was used without further purification.

[(MesDAP)Re(O)(CC(CHz)OCH?3)][OTf], 24mes. Me t h y | triflate (0.486 n
added to a concentrated solution28iies (0.486 mmol, 300 mg) in dichloromethane. Excess
hexanes was added to precipitate thapct. The dark red powder was filtered and isolated in a

78% yield.!H NMR (CD:Cl,, 600 MHz Y= 7.9Hz, 8H, By®araH), 7.87 (dJ=7.9

Hz, 2H, pyrmetaH), 6.86 (s, 2H, MesDA¥netaH), 6.79 (s, 2H, MesDA#netaH), 5.93 (dJ=

20.6 Hz 2H, pyrCH.-N), 5.56 (d,J = 20.7 Hz, 2H, pyCH>2-N), 3.27 (s, 3H, @CHs), 2.61 (s, 3H,
carbeneCHs), 2.44 (s, 6H, MesDARCHg), 2.21 (s, 6H, MesDARCH3), 1.85 (s, 6H, MesDAP
CHs).®C NMR (176 MHz, CRCl) : & 304.59, 164.94, N133384,11, 1:
129.54, 128.31, 119.73, 72.67, 61.69, 36.76, 20.42, 17.83, 17.31. Anal. Calcd: C, 44.61; N, 5.38;

H, 4.52. Found: C, 44.94; N, 4.97; H, 4.85.

[(XyDAP)Re(O)(C(CH3)OCH3)]J[OTf] , 24xy.Met hyl tri fl ate (0.087 mmc
to a concentratesblution 0f23xy (0.087 mmol, 54 mg) in dichloromethane. Excess hexanes were

added to precipitate the product. The dark red powder was filtered and isolated in a The complex
was obtained as a dark purple solid in 83% yi#ttiNMR (CD:Cl,, 500 MBA@&)=790 8. 4
Hz, 1H, pyrpara-H), 7.91 (dJ = 7.9 Hz, 2H, pymetaH), 7.06 (dJ = 7.6 Hz, 2H, XyDAPmeta

H), 6.98 (dJ= 7.5 Hz, 2H, XyDAPmetaH), 6.90 (tJ= 7.5 Hz, 2H, XyDAPpara-H), 5.97

(d,J=20.8 Hz, 2H, pyCH>-N), 5.61 (d,J = 20.8 Hz, 2H, pywCH>-N), 3.24 (s, 3H, @CHz), 2.58

(s, 3H, Carben€Hsz), 2.48 (s, 6H, XyDAPCH3z), 1.90 (s, 6H, XyDAPCH). 3C NMR (CD:Clz,

151 MHz) : G4 304. 86, 164. 90, 154. 39, 144. 61,
72.45,61.83, 36.83,7.89, 17.38. Attempts to purify this compound for elemental analysis resulted

in the formation of an oil.
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[(MesDAP)Re(O)(CHN(CH3)(2,6-(CH3)2CeH3))][OTf] , 26ves. Complexl (155 mg, 0.087

mmol) was dissolved in dichloromethane.-B@nethylphenyl isocyaniel (22.8 mg, 0.174 mmol)

was then added, and the reaction mixture was stirred for 5 min. Solvent was then removed in vacuo,
and the resulting residue was washed with hexane, which was then removed via cannula filtration.
The residue was then dissolved icdi| or omet hane, met hyl trifluor
0.174 mmol) was then added via syringe, and the reaction mixture was stirred for an additional 15
min. The solvent was then removed in vacuo, and the resulting residue was dissolved in minimal
dichloromethane and precipitated with excess pentanes to give the complex in 27%1yMR

(CD.Cl,, 700 MHz): U 10. 14J=@8 Hz, IHHpypamB) &08 @d) , 8. 5.
7.8 Hz, 2H, pyyimetaH), 7.10 (t,J = 7.6 Hz, 1H, XyparaH), 7.03 (s, 2H, MesDA#netaH), 6.95

(d,J=7.6 Hz, 2H, XymetaH), 6.90 (s, 2H, pymetaH), 6.08 (d,J= 20.8 Hz, 2H, pyCH2>-N),

5.49 (d,J = 20.8 Hz, 2H, pyCH>-N), 3.58 (s, 3H, NCHs), 2.61 (s, 6H, MesDARCH3), 2.35 (s,

6H, MesDARCHj3), 1.94 (s, 6/, MesDARCHs), 1.28 (s, 6H, XyCHz). **C NMR (CD:Cl, 176

MHz): 4 241.89, 164.07, 156.40, 146.78, 145.0
129.95, 128.94, 128.84, 127.87, 119.70, 75.72, 47.86, 20.43, 18.89, 17.66, 16.01. Anal. Calcd for
CasHa2F3sN4OsReS-1/5CHCI,: C, 49.02; N, 6.32; H, 4.82. Found: C, 49.12; N, 6.25; H, 4.96.

[(XyDAP)Re(O)(CHNCHS3(2,6-(CH3)2C6H3))][OTf], 26 xy. Complex12 (250. mg, 0.457 mmol)

was dissolved in dichloromethane. -Bénethylphenyl isocyanide (120. mg, 0.914 mmol) was

then added, and the reaction mixture was stirred for 5 min. Solvent was then removed in vacuo,
and the resulting residue was washed with hexane, which was then removed via cannula filtration.
The residuevas t hen dissolved in dichoromethane, m €
0.457 mmol) was added via syringe, and the reaction mixture was stirred for an additional 15 min.
Solvent was then removed in vacuo, and the resulting residue was dissolvathimal
dichloromethane and precipitated with excess pentanes to give the complex in 353 \iR

(CDLCl,, 700 MHz): 0 10. 19 JEB8HzUH, pyparaH),1B8.6InckJ=H) , 8.
7.9 Hz, 2H, pyimetaH), 7.25 7.20 (m, 2H, XyDAPmetaH), 7.09 (dJ = 7.4 Hz, 2H, XyDAR

metaH), 7.08 7.02 (m, 3H, Xyparaand XyDARparaH overlapping), 6.91 (dl= 7.6 Hz, 2H,
Xy-metaH), 6.10 (d,J = 20.8 Hz, 2H, pyCH>-N), 5.50 (dJ = 20.8 Hz, 2H, pyCH>-N), 3.59 (s,

3H, N-CHg), 2.65 (s, 6H, XyDAPRCHS3), 1.97 (s, 6H, XyDARCH;3), 1.25 (s, 6H, XyCHs). 1°C

NMR (CD:Cl, 176 MHz): U 241.60, 164.02, 158.62,
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129.91, 129.52, 128.94, 128.84, 127.29, 119.05, 75.48, 47.91, 17.68, 17.62, 16.08. Anal. Calcd:
C, 48.50; N, &5; H, 4.55. Found: C, 48.45; N, 6.64; H, 4.61.

DAAmMRe(CO)CHz (DAAmM = N!-Mesityl-N?-(2-(mesitylamino)ethyl>N2-methylethane 1,2-

diamine), 30. DAAmMRe(CO)(OAc) (653 mg, 1.04 mmol) was dissolved in 2CH. Five
equivalents of MeMgB(3.0 M in diethyl ether) (1.74 mL, 5.20 mmol) was added via syringe. The
reaction mixture was then stirred overnight. The reaction mixture was then removed from the
glovebox and quenched dropwise with water. The resulting mixture was extracted with
CHClI; three times and dried over ds04. The solvent was then removed in vacuo. The complex

was obtained as a reddish orange solid in 90% VigltMR (500 MHz,CDCl;) ©: G0 6. 74 ( m,
overlapping MesDARnetaH) , 3. 56 ( m, 2i), 3.48235 nAAIMesDAAR

TCH2 ), 3.093. 02 ( m, 2 H, JNMe9I28A (m, SHCAerlapping MesDAAmM

T CHzi and NCHa), 2.19 (s, 6H Me£Hzg), 2.11 (s, 6H, Me£Hs), 1.90 (s, 6H, Me£Hs), 1.37

(s, 3H, ReCH3). ®*CNMR (176 MHz,CRCl;) : 4 202. 13, 15130.16,82856133. 75
128.33, 61.03, 58.84, 45.04, 20.34, 18.80, 14.45. Anal. Calcdfph:dBlsORe-1/4CHCI2: C,

50.38; N, 6.98; H, 6.11. Found: C, 50.71; N, 7.17; H, 5.98.

[DAAMRe(CO)(C(CH3)NHC(CH3)3)][OTf], 31. Complex30(188 mg, 0.324 mmol) was
dissolvedin CHzCl.. One equivalent dert-b u t y | isocyanide (36.6 ¢L,
via a microsyringe. Met hyl trifluoromethanesu
microsyringe to the reaction mixture. The reaction mixture was stirred for H them water (50

eL) was added via syringe. The reaction mixtu
reaction mixture, and the resulting mixture was extracted three times witbDl.Gid dried over

NaSQu. The solvent was then removed in vacugit@ the complex as a dark orange powdir.

NMR (700 MHz,CDRClp) : U0 8. 71 -NH),6.97 (bl 2H, KesDAAmetaH), 6.90 (s,

2H, MesDAAmmetaH), 4.09 (m, 2H, MesDAAMCH>-), 3.83 (m, 2H, MesDAAMCH>-), 3.34

(m, 2H, , MesDAAM-CH), 3.27 (m, 2K MesDAAmM-CH-), 3.16 (s, 3H, MesDAAmM MCHg),

2.53 (s, 3H, Carbene -CHs), 2.36 (m, 12H, overlapping MesDAA@Hz), 2.06 (s, 3H,
MesDAAM-CHs), 1.60 (s, 9H, Carbertert-butyl), 1.58 (s, 3H, MesDAARCH3). *C NMR (176

MHz, CDCly) : U 261. 31, 12999,8129%8, ,129.455638.62 28,90, 49.51, 30.05,
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24.80, 20.27, 19.49. Anal. Calcd fogiH46F3N4OsReS-1/3GH12: C, 46.82; N, 6.69; H, 6.01.
Found: C, 46.64; N, 6.52; H, 6.24.
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Chapter 4 Re-Silane Complexes as Frustrated Lewis Pairs for Catalytic
Hydrosilylation

Portions of thishapter have been submitted for publicatioDaiton Transactions
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4.1 Introduction

Catalytic hydrosilylation is a powerful technique that allows for the simultaneous
reduction and functionalization of substratesas shown in

Scheme4.1.”1't was first descri bed fwayrto ganerate nes i
substituted silane8. Wi | ki nsonds catalyst was reported to
ketones to generate silyl protected alcohols in 79TRis represented an improvement in the
existing methodology for generating protected alcohols from carbonyls by reducing the need for
using harsh reducing agergach as metal hydrides, increasing atom economy, and reducing
reaction step count. More recently asymmetric versions of this reaction have been developed,

allowing for easy access to enantioenriched chiral protected alcohols and dmines.
Schemed.1 Examples of Catalytic Hydrosilylation

OSIiR;

|?I Rn

R'—=N

H  SiR;

Chalk and Harrod proposed that the activation of silane in alkene hydrosilylation proceeds
via oxidative addition of silane to the metal cerdfEFhis is followed by alkene coordination and
1,2-hydride insertion to generate the metal alkyl. The product is released by reductive elimination
of the metal alkyl and metal silyl groups as showisamemet.2. This mechanism is hereafter
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referred to as the Chalarrod mechanism (CHM). In order to account for the observation of

some vinylsilane products Wrighton and coworkers proposed an alternative mechanism, known as
the modified @alk-Harrod mechanism (MCHM)? Again the first step of the reaction is dative

addition of silane to the metal center to generate a metal silyl hydride. This is followed by alkene
coordination, however instead of a-h2y dr i d e 1 n s e rsityliingentionttcdhgenerated s an
branched metal alkyl. This species can theneugl either reductive elimination to release the

silane product or undergo beta hydride elimination to give the vinylsilane product and dihydrogen
(Schemet.2 Blue pathvay). Both pathways have been subject to computational studies by density

functional theory, which has offered support to the proposed mechaflisms.

Scheme4.2 Chalk-Harrod (Red) and Modified Chaldarrod (Blue) Mechanisms for Catalytic
Hydrosilylation of Alkenes.

Reductive Elimination

HS|R3
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y ﬁASiR3 L—M-H
. L—M—H SiR,
L—M—SiR;
\ /
a-Silyl Insertion
L— M H Coordination
S|R3

B-Hydride Insertion

Based on the isolation of reaction intermediates and kinetic studies, Ojima proposed a
mechanism for catalytic hydrosilylation of carbonyls based on the modified -Elaatkd

mechanism that is shown 8themet.3.61
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Schemet.3 Modified Chalk Harrod Mechanism for Carbonyl Hydrosilylation Proposed by Ojima.
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The first step of the catalytic cycle is oxidative addition of silane to the metal center to
generate a metal silyl hydride. This is followed by coordination to the carbonyl andhadrtion
resulting in a carbon bound metallosilylether. This is then followed by reductive elimination of the
product.

In each of these mechanisms the initial otiidaaddition step is the method ofiSibond
activation. However, it has been shown that systems incapable of oxidative addition are also
competent catalysts for carbonyl hydrosilylation. Piers showed that the strong Lewis a€ig)B(C
(BCF)was abletc at al yze t his r eact i%Bindethen this bydterhhgsd e s
been shown to be capable of catalyzing the hydrosilylation of ketortesitiites as well.
However, the inability of BCF to undergo oxidative addition required the proposal of a new
mechanism for hydrosilylation. Based on experimental observations, Piers proposed the

mechanism detailed Bchemet.4.
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Schemed4Pi er s6 Pr op os e déFspCatalhzadHydsosilyldtianr B ( C
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First, the SIH bond i s &aodrdinatiart of thesildng to BCF. This loosely
associated complex is best described as a frustrated Lewis pair (FLP). FLP formation results in the
buildup of some positive charge on the silicon rendering it susceptible to nucleophilic atck (S
Si) by the carbonyl oxygefThis nucleophilic attack reta in a borohydride siloxycarbaim ion
pair. Hydride transfer from the borohydride results in product release. This mechanism has been
studied computationally by Sakata and coworkers who confirmed that2h8i 8iydrosilylaton
pathway is in fact energetically favored over the [2+2] cycloaddition hydrosilylation paffway.
Oestreich add coworkers offered further evidence for this RiyPe mechanism by studying
stereochemical outcomes using a chiral sif4righey were able to show that there is exclusively
inversion of stereochemistry at the silicon center in the hydrosilylation product strongly supporting
the Si2-Si pahway. Recently this elusive-B-Si interaction has been obserniadhe solid state
by X-ray crystallography®

Rhenium catalyzed hydrosilylation is also well known in the literdfueveral novel
mechanisms have been proposed to account for this reactivity. Toste reported hydrosilylation
catalyzed by dioxorhenium complex€sThey proposed that the silane activation step is a [2+2]
cycloaddition of the SH bond across one of the f&bonds resulting in a rhenium siloxyhydride
complex. This is followed by the coordination and insertion of the carbonyl substratéento
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rhenium hydride bond. Silyl group transfer from the siloxyl group to the alkoxy ligand results in

product release. This mechanism is summarizedheme4.5. This mechanism has been

supported by DFT studies confirming the preference for the [2+2] cycloaddition hydrosilylation

pathway?’

Scheme4.5 Tose 6 s
Complex.
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IlDPh(zSIRs Carbonyl Binding
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Conversely, AbtOmar and coworkers demonstrated that the [2+2] cycloaddition pathway

was not the operant mechanism for mono oxorhenium comgie Instead, they proposed an

alternative mechanism involving the activation of théiSi b o n d-coerdinationjthat competes

with oxidative cleavage releasing chlorosilane. This is followed by nucleophilic attack of the

carbonyl to generate an ion pair. Hydride transfer from the ion pair results in product release. This

mechanism is outlined irscheme4.6. Their proposed mechanism has been supported by

subsequent DFT studié%.
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Scheme4.6 Abu-Omar 6 s P%*SidapeoAstieation @athway.
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Recently our group reported the room temperature hydrosilylation of aldehydes
catalyzed by a cationic Re(Ill) complékWe proposed a mechanism similar to the Amar
and Piers mechanisms that involves the initial activation o8ttt bond vi a fler mat i c
silane complex as shown 8chemet.7. This complex is reminiscent of the FLP generated in the
Piers mechanism. The RBdane complex undergoesZSi to generate an ion pair analogous to
the BCF system. Hydride transfer from tios pair results in product release. This mechanism
was consistent with available kinetic data and experimentally determined Hammett and Eyring
plots.
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Schemed.7 Proposed Mechanism for Re(IlDatalyzed Hydrosilylation.
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In this chapter we will describe detailed computational investigations that offer further
support to this mechanistic hypothesis. Additionally, we describe experimental and computational
mechanistic investigations into the hgsdilylation catalyzed by neutral Re(lll) complexes. Based
on these results we propose a unified mechanism for Re(lll) catalyzed hydrosilylation based on
the Piers FLRype mechanism for BCF that allows for the functionalization of weak nucleophiles.
This has the potential for the broad application as a functionalization strategy as outlined in
Schemet.8.
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Schemed.8 General Strategy for Fl-Pased Nucleophile Functionalization.
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Furthermore, with the use of energy decomposition analysis, reactivity studies, and
structural analysis we offer a new model for assignment of Lewidrpatration based upon the
dominant stabilizing forces present in these compleXbs new model visualizes FePand
classical adducts as extreme cases on a spectrum with molecules lying along a continuum as shown
in Figure4.1. By analyzing known FL® and known classical adducts it is possible to build a

framework for identifying molecules as more Flike or more adduelike.

® ®
i SiHMe,Ph
CeFs co H,,SIHMezph Mes\ co H/’ 2
SN ] Mes N\RI/
CGF5\<_N/R|6\NCM6 \N/ I “~NCMe
s "
Me _SiMe,Ph
Me_\ _Ph CgF. )
~si 6 s\N co H y
I e
i CSFS\\_N/TE‘O Me L .Ph
I
! —N
CgFs CgFs ~ !
\é/ k/ o) ’!‘

CsFs \)“/Cer

CeFs

FLP E— Adduct

11 23 78 85 12.9

0 <~—|Eow/Esteric] ——

Figure 4.1 Proposed Spectrum of Lewis Pair Frustration
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4.2 Results and Discussion

4.2.1 Computational Analysis of M(C6F5)3 Catalyzed Hydrosilylation

In order to more appropriately benchmark our study of -Bige rhenium catalyzed
hydrosilylation, wefirst calculated an analogous hydrosilylation pathway to the one proposed by
Sakaté® The resulting pathway is shown fiigure4.2 and the structures used in this study are
shown inChart4.1.

20 ¢
TS3 CeFs _CeFs
15 | l\l/l
10 | CsFs
1
-

10 F

15 L

Free Energy (kcal/mol)
(8]

+ benzaldehyde
20 L + silane

+ benzaldehyde

25 F

30 ¢

+——— Silane Activation ———»<+— S,Si Hydride __

Transfer

Figure 4.2 B3PW91D3 Calculated pathway for MgEs): Catalyzed Hydrosilylation (M = B
(Black), Al (Red), Ga (Blue)).
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Chart 4.1 Structures Used in the Calculated Pathway for the Catalytic Hydrosilylation of
Benzaldehyde with Catalysts M{&)s.

As suggested b8akatathe adducbof B(CsFs); and benzaldehyd8, is stabilized relative
to the free BCsFs); and benzaldehyd® The @rbonylsubstratean dissociate to liberate the aetiv
catalyst 1, via TS1 (DG’ = 9.5kcal/mol). The free Lewis acid can activate silane throligR
( PG 10.0 kcal/mol) resulting ithe activateailane complex5. This activatedsilane complex
is best thought of asxhibitingfrustrated Lewis pair (FLReactivity which has been defined a
kinetic phenomenon wherebyLawis acidandbaseact on a substrate molecfdn this casehe
Sii H bondof the activatedsilane complg, is a very weak Lewis base and is a poor donor to
B(C¢Fs)s resulting in aspecies whee the electrophilicity of the Lewis acid is not completely
A g u e n.dnbdeed] e FLP reactivity of B CsFs)s with silanes isknown, as this species has been
shown tocatalyzethe H/D exchange of primary silanésFromFigure4.2, the carbonybubstrate
attacls 5 at thesilicon atom in theturnoverlimiting stepto give an ion pair7 ( q¥&zsi= 21.8
kcal/mol), which rapidly undergoes essentially barrierless hydride transfer resolfimgduct
release.
A similar mechanistic pat havaayl Adoyrglsahd al ur
GagEFeswer e al sao Whlidskesia’gl gkih own t ol-sfiolranm ei scool napbl | ee

which can carry out st aiomhsi,omet riisc uhnyadorloes itloy Ic
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hydrosilylation ‘8%i nuiarabro sfgels ytshiee 98, (sFJstheas A b O T
adduct is greatly stabilized (il -&8i 6e ktal t me
Comparison of the two pathways showskFsiihsat bi
signi fmocraenttlhyer modynami c al leFg)s sfyasvtoerna b | aep ptrhoaxni mta
kcal / mol downhill from the free Lewis acid. T
of AMkcO mpar egspflo B(C

GaE€ appears to be the inter meMhetfer ¢ seendr
of the carbonyl adduct and the silane adduct
atll. 0-9ard kcal / mol respectivesyal $bel bcabnhsedtii
betewe t hat i dentified for the AI CF and BCF sy
transfer transition state has the highest ob
evaluation of the equilibrium d odismeatnhysl pof hoern ylt
t o 6Bz, Ga EFe)s, andaFs)Alegsppectivel vy, was conducted
energies inThodlp. paWhwhgsi 6 al l cases the equ

carbonyl Ssubsdsizayset emn bhediAhg Cof benzal dehy
orders of magnit ddenagmd taidxet e eo If hafggaaddl e t h
Ga@EFgsrespectively. Consequently, Obel aaneioompl
5t 0 the benz8il dediygrei faiddarctt|l vy hi gher fory the b

by seven orders of magnitude).
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Table 4.1 Compaison of equilibrium constants and free energies for the binding of benzaldehyde
and dmethylphenylsilane to M(s)3 (M = B, Al, Ga).

Entry Comp. K [5][3]¢ @ (TS3) kcal/mol
12 38 9.30 x 10® - -
20 58 3.21x 10t -
3¢ - - 2.99 x 103 21.8
42 3Ga 9.24 x 10°
5b 5ca 1.84 x 107 - -
6° - - 1.70 x 10! 25.0
72 3al 8.11x 10?%°
8b 5ai 5.57 x 108 - -
9c - - 4,50 x 1010 33.7

3 quilibrium constant for3 A 1. PEquilibrium constants foll A 5. “Ratio obtained from the
product of equilibrium constants for the reacti8s 1and1A 5. g5 calculated from the lowest
energy structure in Figure 1 to the highest energy structure.

The t heminco dsytnégbd rlamayt iodal |y results in a si

the2SS (TS3 = 33.7 kcal/ mol), iceompawidd ttdc et ba
gal lainlmath guwe8s = 21.8 and 25.0 kcal/ mol respect.i
binding of the carbonyl Ssubstrate irreversibl
add@¢ct I n contrast, the ré&sphdcesd aebbsntibphbi loifc
carbonyl substrate and increases the concentr:

species responsible for the catalytic turnov.

carbonyl binding hf alveowiasb ialciitdyi ttyr.e n"Cdosmpwit at i ona
aci ditspnafedglRave found that the Lewis 288idity
Thus from a rational design perspective being
appears to be critical i n enabling efficient
4.2.2 Computational Analysis of Cationic Re(lll) Catalyzed Hydrosilylation

We previously reported the catalytic hydro
cationic RetBaspdcomptbresmpirical rate | aw a
t hat tohne prrecacceteeided by an FLP type mechanism s
Piers. I n order to further understand this re
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Il n this study, the electronics ofalttheer idniga mihdeo
substituent on egfksheamdni e s, i ydraot.gael hhftCCwas us e d
the previously reported hydrosil'y1 aticgmt o#f st
compl exes incorporatiwegethet meaittaylyt sabati true
calcul ated pathway fb)y aomplrexasBioffd3enllo wnniec n
structumedg heasady aQheadrzitepi cted i n

30
TS8
20
TS9
= 10
£
)
©
=
= 0 14
> 15
20 0 16
~ [ - CHCN + benzaldehyde
w
@ -10 + benzaldehyde + PhMe,SiH
e ®
[ A ° neme
20 T Ar\\EN/Te‘NCMe .
(TN~ 17
R = C,F. Mes L
i 9
-30 * «—— Silane Activation >« Sy2-Si ——> «——Hydride Transfer—»

Figure 4.3 B3PW91D3 calculated pathwafpr the catalytidydrosilylation of benzaldehyde with
the catalysts [DAAMRe(CO)(NCGH]*  (DAAmM = DAAM = N,N-bis(2
arylaminoethyl)methylamine; aryl =&, Mes, Ph).
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Chart 4.2 Structures Used in the Calculated Pathway far @atalytic Hydrosilylation of
Benzaldehyde with Catalysts [DAAMRe(CO)(NCgH+ (DAAm = N,N-bis(2
arylaminoethyl)methylamine; aryl =¢&s, Mes, Ph).

As previously shown for the M@s)3 systems, the Rearbonyl adductdl, generated by
the dissociation of acetonitrile frofhand binding of benzaldehyde, are stabilized for the DAAm
ligands with mesityl and s substituents. CompleX can also dissociate acetonitrile to activate
silane resulting in an activated silane coaxdl4 that is analogous to the activated silane complex
5 in the M(GFs)s systems.Our calculations indicate thdtl is in equilibrium with14, so to
investigate the influence of catalyst electrophilicity on this equilibrium the equilibrium constants

for benzaldehyde binding and activated silane were calculated and are shioataheid.2.
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Table 4.2 Comparisonof Equilibrium Constants and Free Energies for the Binding of
Benzaldehyde and Dimethylphenylsilan®:to

Entry Comp Keq [14]/[11]¢ @ Ykcal/mol)

12 1lcers 5.01 x 10* - 18.3

2° 14cers 4.87 x 1072

3 - - 2.43 x 10?2

4a 11mes 4.30 x 101 - 23.9

5b 14mes 1.56 x 103

6° - - 6.70 x 10

72 11acet 3.95 x 108 - 28.7

gb 14acet 4.87 x 102

o - - 1.92 x 10°
EquilibriumilceoPExqtuanti bfro u M AclodfRsattailot aif med fr om
product of equilibri did “an@ls tl dgBys aif cul ahedr éao

| owest energy dtor a diteurhe gihe skEi gumree g structure

Simil ar @& ctaheal MEC s, benzal dehyydbei nadnsd tsoi |t
Lewis acidic transition metal center. The rat:i
activated sil ane ffcoymdlee x a¥dh oneg 1l s iad dtulceg d 1. Th
36 times |l arger ifoafks€uhset mouteed | ecmplo@hidompar e
rich and sterically hindered mesityl substitu
transition state on the pothaeSitialtt eckrgfy StShe
sutosate on the silane. This transi theoomplteax e

compared to the mesityl substituted anal og.

Experi nreemacatliloonst b @€l bysteidt btye darceameel st , 9

a few houmpeatatuoematecatal yst | oadings as |
withhe mesityl S mdxis & @ whuataetdi nlgi gtaon d§ 0 9AC over ni g
catalyst |l oadings (5 mol %). These data appear
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suggests that the electronics of the substitu

controlklecgropédil icity of the transition met a

4.2.3 Mechanistic Study of Neutral Re(lll) Catalyzed Hydrosilylation

Qur gpoe@epi ousl vy proposed a pat hway for
benzal dehydes Wwiltlhl )t hceo mpé etxr, a | D BReRRNeNDHA &) ((20A c )
aryl aminoethyl ) még&s)h& hami memyvoarvegd £h€ i1initial
hydride after silane @EBodhtedddThion wWygstdepmerntad
i solation of a dirhenium complex from the st ¢
compl ex was not,bwmdat aMayst iicsaolllayt eadc tiinvet he absen
whi ch suggestics eshatsuhtedspr obin g pphec ifeosr mfad li loo:
reducti v.e Tchoeu ppri emggent data have all owed us to

presence of an aati aat &d Psi haee medmpl eXx
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Scheme 4.9 Mechanism Previously Proposed by Ison and Coworkers for
Catalyzed byl 8 '

CBF5 cO

CeF T"Re—OAc + HSiMe,Ph
6 5\ / 2

L/\

F Me,PhSiOAc

CeFs (‘30 (‘;o
) Re-H
CeFeor N T"Re—H ——— > DAAmRe==Re(DAAM)
6 5\\\N/ ‘ éo
PhMe,Si~. N Re-Dimer
LA Re-H
H™ ~pn i
H” “Ph
HSiMe,Ph CoFs c‘:o
N—
CeFs” _-Re—O H
. >L
Ph
Oy
~

Hydrosilylation

The FLP for pathway 18 was also eplored computationallyHigure 4.4, Chart 4.3).

Nucleophilic attack of benzaldehyde on the activated silane con8erccurs to generate the

ion pair,25. Intermediate25 undergoes isomerization B 5fdllowed by a rapid hydride transfer

to release the product. As in the mechanisms for thesff£and cationic Re(lll) systems,

benzaldehyde competes with silane fordiomg to the metal center to produce the benzaldehyde
adduct21. The ratio of 23]/[21] was calculated to be 4.51 x3@vhich is comparable to the
corresponding ratio with the B{Es)s catalyst (2.99 x 1) but is lower than the cationic

rhenium(lll) catdyst 9cers (2.43 x 107).
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Figure 4.4 B3PW91D3 calculated pathway for catalytic hydrosilylation of with benzaldehyde
with the catalyst DAAmMRe(CO)(OAdS.
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Chart 4.3 Structures Used in the Calculated Pathway for the Catalytic Hydedsolyl of
Benzaldehyde with theatalystDAAMRe(CO)(OACc)18.
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The kinetics for the catalkWwiisc sysaemi oms we

Figas, et he hydrosilylation of equimolar sol uti
resulted in lIinear fitsntPhCHO] PheHeOd mam td di t D |
the dependencemonathkeysh wasig&e | i near as s

Hydrosilylation of Benzaldehyde with
Equimolar Solution of Silane

a)

1/[PhCHO]
[OHDUd]y|

0 50 100 150 200 250
Time (min)

Figure 45 Kinetic plots for the catalytic hydrosilylation of benzaldehyde and
dimethylphenylsilane at 80 °C withbAAMRe(CO)(OAc) (0.1 mol%)Data are fit to the integrated
rate equation for alorder reaction (IN[PhCHO] (blue)) aral 2 order reaction (1/[PhCHO]

(red)).
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Figure 4.6 The rhenium complex was dissolved in 0.25 mL (2.46 mmol) benzaldehyde, 0.38 mL
(2.49 mmol) dimethylphenylsilane, and 0.34 mL (2.4@&af) mesitylene. The reaction mixture
was then divided into screw cap NMR tubes at run 80 °C. At each time point deuterated chloroform
was added to the screw cap NMR tube and the product concentration was deterrih iy
spectroscopy. The extractegidwvas then plotted against concentratiorl &f

These data | ead to the empirical rate | aw:
dm;?*o] =k , [Benzaldehyde][Slane] (1)
k. =k [Re] )
which is consistent with the computational da
for catalytic r eaSdtH oannsgSicBhipMeosy i KDE Ph#econsi st
activation of (but not <c¢cl eavage) of silane pr

cal cul at edWemefclhhratnh sm. expl ored this activati or
scrambling exple8vd madtded5t omnoh%l: 1 mixture of d
proteated di methyl phenyl sH | parnseit. @ mlapl o nE pht eaant ei i negt
observed in a -H:4i gmal of ovi tdthi méeh BMRhsepgtt B U M:
showkingda® e H/ D exchange has also been observed
group, whi ch proposed that tthae heexsd hbsa nogfe towoc unme
activat®édnpsoiritaamet.l y they showed that when usir

retained precluding the Thuerhedsadymedhdmieet
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showcheth&ffers a unified understanding of hy

compl exes that involves an activated sil ane <c
C|H3 c‘:H3
__H 5 mol% 18 H/D
SiT  + Et;SD —————»= SiT” 4 Et,SiH/ID
‘\\ s
@’ CH, Neat, 80 °C, 24h @’ CH,
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Figure 4.7 'H NMR spectrum of a 1:1 mixture of dimethylphenylsilane, deuteethylsilane,
and18 after heating at 80 °C for 24 hours. ThetSsignal for dimethylphenyl silane is observed
at 4.35 ppm and the &l signal for triethysilane is observed at 3.55 ppm.
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Schemed.10 Revised Mechanism for Hydrosilylation Catalyzedll@y

Mes CcoO
\N ‘
Mes<N>R‘e<
—N__
M
PhMe,Si es\N ?o
€,Si~_ —
Mes” Re %
(0] H \\\N/ ‘ \o [¢]
H —/—N
~
Silane Activation

-HSiMe,Ph \ +HSiMe,Ph

Hydride Transfer

PhMe,Si
~o

_SiMe,Ph

M - M

es, )\@ es\N (‘30,H
\ — 7

M )s Mes .~ Re )s

es \\ / (0} es\\\N/ ‘ \O O

L/ ZAN

lon Pair FLP Intermediate

S\Si
o}

"0

4.2.4 Generality of Re Catalyzed Hydrosilylation

With a new understanding of both neutral and cationic Re(lll) catalyzed hydrosilylation in
hand, the generality of this mechanism was probed. In order to identify the limits of catalyst design
we examined the time profile for the catalytic hydrosilylatdrbenzaldehyde with a variety of
neutral Re(lll) and Re(V) complexes as showFigure4.8.
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Figure 4.8 Time profiles for catalytic hydrosilylation for a variety of Re(lll) and Re(V) complexes.
Reactions were run with 0.1 mol% Re at 80 °C neat and monitortd KR spectroscopy

It clear fromFigure4.8 that this reaction is quite general for a variety of Re(lll) and Re(V)
complexes. Ligand substitution in the X position for tREscDAAmM Re(lll) complexes has little
effect on the reactivity compared thanging the electronics of the diamido ligand. The electron
withdrawing diamido ligand increases the rate of reaction for both Re(lll) and Re(V) systems. It
is also evident that the reaction is considerably faster with electron deficient Re(lll) tsattzdys
with electron deficiat Re(V) catalysts. However there is littléferencein activitywhen the more
electron rich Re(lll) and Re(V) catalysts are compared. At this point the exact mechanism for these
Re(V) catalyzed reactions is not known, howewe have hypothesized that reduction of a Re(V)
precatalyst by silane to an active Re(lll) species may be operable based on the observation of the
same Re(ll) dimers after reaction with neat silane as have been observed for Re(lll) complexes
under the samconditions. In order to better understand the feasibility of this hypothesiense
interested in measuring the potential oé tRe V/Ill reduction. Howevedue to the general
insolubility of the corresponding MesDAA#Re(V) methyl complex in acetdrnle, cyclic
voltammetrywas conductedn the MesDAAmM Re(lll) methyl complex[Eigure4.9) in anattempt

to measure the oxidation poteniiaétead
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Figure 4.9 Cyclic voltammogram(CV) of MesDAAMRe(CO) Methyl complex in dry
acetonitrile.Conditions: Au disk working electrode, Pt counter electrode Ayl gCl reference
electrode. 0.30 [NBu4][PFe] suppating electrolyte. Variable scan rate.

There are three waves apparent in the CV (~0.4 V, ~0.7 V, and ~0s8Ag/AgC)).
Interestingly, there are no return waves observed for any peak. In order to better understand these
processes the peak potential)(&f each wave was plotted against the log of the scan. This linear
relationship allows for the determination of how many electrons are involved in the process and
whether it is reversible. A slop of 29 mV/s suggests that the process is an irreversiliztoo e
process, while a slope of 60 mV/s suggests that the process is a reversible one electrof? process.
Scan rate independence suggests that the process is reversible. The wa¢eg ahd 0.8 Ws
Ag/AgCI both display linear relationships with slopes within error of 29 mV/s as shokigure
4.10andFigure4.11.
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Figure 4.10 Plot of log scan rate vspor wave at-0.45 Vvs Ag/AgClL m =-43.3 mV/s (£ 7.0
mV/s) R = 974.
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Figure 4.11 Plot of log scan rate vspEor wave at 0.88 Ws Ag/AgCL m = 29.6 mV/q+ 0.09
mV/s) R = 999.
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The wave at0.45 V vs Ag/AgClis consistent with the irreversible 2 electron
reduction of Re(lll) to Re(l)The wave at 0.88 \Ag/AgCI is consistent with the 2 electron
oxidationof Re(V) to Re(VIl). This likely occurs with corresponding loss of ligand which has
been experimentally observed by the previous crystallizatb a perrheate species with
protonated DAAm ligand as the counter ion under oxidizing conditions. Finallyahe 0.67 V
vs Ag/AgClis scan rate independent as showrFigure 4.12. This suggests electrochemical
reversibility. However we do not observe a retwrave, which prevents us from assigning the
number of electrons involved in the process. The absence of a return wave may be due to
subsequent chemical reaction of the electrochemical products, or from the rapid diffusion of
electrochemical products frorhe electroddace preventing detection. Diffusion limited detection
could be circumvented by analysis at much higher scan rates, however noise and convolution
inherent in this method may make observation of the return wave challenging. As it stands while
this data may be consistent with oxidation of Re(lll) to Re(V) followed by isomerization, reaction,
or oxidation to Re(VII), we are unable to conclusively assign this peak at this time. Based on these
results we find it reasonable that the Re(V) ormplexeswe have studiedhay indeedundergo
reduction to Re(lll) species that are responsible for catalytic activity and may then undergo further
reduction to other low valent rhenium species. This reduction has been shown to be facile based
upon the isolation of Re(ll) dimers from both R@@nd Re(V) systems, as well as the relatively
low reduction potential obtained from electrochemical measurerffefitis implies that the
mechanism we describe for Re(lll) systems may be more general in scope than previously

reported.
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Figure 4.12 Plot of log scan rate vs,for wave at 0.67 \Ws Ag/AgClL

4.2.5 Substrate Scope for Re(lll) Catalyzed Hydrosilylation

Our calcul atig@heri hgdcaséel yhati on was depe
of stabilization gained byw2SiubusSterda ttenibsi mdismug te

understand the selective reduction
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Figure 4.13 B3PW91D3 calculated pathwayfer the hydrosilylation of benzaldehyde (red) and
acetophenone (black) catalyzed%ayrs.

Comparisons of the equilibriumanan st d mtne fa
showdab4a2eand <cl early show that the origin for
position of the equi llildbmd uimt ofr dlhat icvaeg bownryd e m
14 Strong bindirmneg udft sacidhitldp rémad me o fappr oxi mat
of magnitude smaller than the corresponding
acetophenone adduct i s significamtdGA -0 abil iz
kcal / mol) the overallN2Sacsteptifon acetgopyhtaobpnete

significantly | arger than the benzal dehyde re

The enhanced stabilization of the rheniagetophenone addutiace;, results in inhibitbon
of reactivity for this substrate at room temperature. This is reminiscent of the reactivity of
Al(CeFs)3 with carbonyl substrateslowever the reaction barrier appeared to be accessible under
more forcing conditions. Heating the reaction to 100 °C #rh2resulted in the catalytic
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hydrosilylation of acetophenone, though starting material was still observeti ByMR.
Increasing the temperature further resulted in better yields, however at 120 °C the silyl enol ether

was observed in place of the exped#d ether product as shown kigure4.14.

S|Me FPh
_SiMe,Ph
0 ez CgFs Cco BF4
. Smol%Re \NH““R| _NCMe
©)K HSiMePh  — = == CEFS\\/_N/ | “NCMe
LN
Silyl Enol Ether
y 120°C J. T ln |

| |-

Silyl Ether Silane

_ JJ 100 °C L A ] L_.__._LJL

T T T T T T T T T T T T T T T T T
8.0 75 7.0 6.5 &.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 0.0
Chemical Shift {ppm)

Figure 4.14 *H NMR spectra of catalytic hydrosilylation of acetophenone ®d#d#s at various
temperatures. The &l of the silane starting material is observed at 4.3 ppm as a septet. The
benzylic methine proton of the silyl ether product is observed as a quartet at 4.7 ppm. The alkenic
protons of the silyl enol ether product are obedras doublets at 5.0 ppm.

Due to the harsh conditions required and the production of unwanted side products,
we also conducted hydrosilylation of acetophenone with a variety of neutral Re(lll) catalysts. As
shown inFigure4.15the Re(lll) acetate complexes also give some of the silyl enol ether product,
however the ratio of silyl ether to silyl enol ether seems to be dependent on the electronics of the
catalyst. The MesDAARReOAc complex18uves resulted in a nearly 1:1 mixture of silyl ether to
silyl enol ether as opposed to a 5:1 mixture observed when 18sg. Conversely, when the

acetate free gF£sDAAM-RePh complex27, was used no silyl enol ethwas observedor this
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reason we carried out a substrate scope for catalytic hydrosilylation of ketone2ssnghown
in Figure4.16.

__SiMezPh _SiMe,Ph
o 0
5 mol % Re
+  HSiMePh —————»= .
©).k Meat, 100 °C ©/J\ ©)\
Silyl enol
ether Silyl enol
‘ L ‘/e,ti?j/ Mes-DAAMRe(CO)OAC
semorener || ) i
Silyl ether
L l eth / ’ C.F--DAAmMRe(CO)OAC
1:5 Enol:ether
] _m'-Ur N Jl N e _n_-‘_L J__.L-.LA,__. _._hl\-lu-

T T T T T T T T T T T T T T T T T
a0 7.5 7.0 6.5 6.0 55 5.0 4.5 40 35 30 25 20 15 1.0 0.5 0.0
Chemical Shift (ppem)

Figure 4.15H NMR spectra of catalytic hydrosilylation of ketones18¢ers (green) and.8ves
(blue). The quartet for the silyl ether product is observed at 4.8 ppm. The doublets for the silyl
enol ether product abserved at 4.9 ppm and 4.4 ppm.
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Figure 4.16 Substrate scope for catalytic hydrosilylation of ketone& bySpectroscopic yields
determined by integration of product signal'byNMR spectroscopy of theethine proton (silyl

ether) or the alkene proton (silyl enol ether) against the aromatic signal of a mesitlyene internal
standard (0.135 mmol).

Excellent yields were observed for most substrates with the exception of the electron poor
para-nitroacetopheone and 2,2:Zifluoroacetophenone, which showed significantly reduced
activity. The formation of B was also observed for the hydrosilylation opara
methoxyacetophenone. Thpsoductwas also observed as the sterics on aliphatic substrates were
increasedThis suggests that both steric and electronic factors play a role in favoring formation of
the silyl ether over the silyl enol ether.

In order to gain a better understanding of the underlying mechanism by which the silyl enol
ether product is generateegwalculated reaction pathways for both the cationic cat@dystand
the neutral catalyst8csrs. The pathway catalyzed Beers is a more simplistic mechanistic
scenario as it lacks an internal base. As showngare4.17 andChart4.4, from the ion paid.6,
one could imagine the hydride ligaratth g as a base to deprotonat
siloxycarb@ium species. This occurs through a transition state of 10.0 kcal/mol as opposed to the
hydride transfer pathway which occurs with a barrier of 5.2 kcal/mol. The product is the silyl enol
ethe and rhenium complex with a closely associatedntdlecule,27. This deprotonation is

reversible however upon release oftHere would be a considerable entropic driving force. We
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believe that at elevated temperatures this entropy driven process deniingiee the silyl enol

ether.

o]
[4,]
1

Silyl Ether Pathway
Silyl Enol Ether Pathway
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-
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20 L

Figure 4.17B3PW91D3 calculated pathway for catalytic production of silyl enol ether 9¢éhs.
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Chart 4.4 Structures Used in the Calculated Pathway for the Catalytic Hiydation of

Acetophenone witBcers.
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As shown inrSchemet.11there are two mechanistic scenarios for silyl enol ether formation
catalyzed by Re acetate compleX@é& explored both of the scenarios computationally as shown
in Figure 4.18 and Chart 4.5. The black pathway shows the catalytic hydrosilgta of
acetophenone to give the silyl ether. Analogous to the benzaldehyde pathway the turnover limiting
step is the §Si. From the resulting ion pa®5, isomerization leads t® 5 ®his is followed by a
rapid hydride transfer step with a barrier of @@l/mol relative ta2 5 ©he green pathway is
analogous to the hydride deprotonation pathway previously described for the cationic catalyst
9cers. ISomerization oR5t0 2 5 & fwllowed by an essentially barrierless deprotonation yielding
the silyl enolether28. The blue pathway represents the acetate assisted pathway. Isomerization of
25 gives the lowest observed isomer of the ion @&it. 25* is approximately 1.1 kcal/mol more
stable than2 5 @l@d almost 3.0 kcal/mol more stable th@n5 @eprotonation of the
si | oxycar bo nliacetate ligand prdzeedstthroegh @ barrier of 2.2 kcal/mol relative to
25*. This results in an Dound acetic acid rhenium compl22 and silyl enol ether. Reversible
proton transfer from the acetic acigdnd to the hydride to formazbccurs with a barrier of 6.6
kcal/mol relative t@®9. The small differences in energy between direct hydride deprotonation and
acetateassisted deprotonation do not allow us to determine which pathway is dominant. However,

bath pathways are accessible under our reaction conditions.
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Scheme4.11 Two mechanistic scenarios for silyl enol ether production catalyzd@dasys. The

red arrows indicate the hydride deprotonation pathwéle the black arrows depict an acetate
assisted pathway.
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Figure 4.18 B3PW91D3 calculated pathway for catalytic production of silyl enol ether with
19ceFs.
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Chart 4.5 Structures Used in the Calculated Pathway for théal@ac Hydrosilylation of
Acetophenone with 9cers.

After this success identifying new conditions that would allow for the
hydrosilylation of ketoneswe decided to probe the reaction barrier for other substrates
computationally. With our new understanding of how substrate binding impacts active catalyst
concentration as well as the barrier of th&itep, we used the energy of ti&Bransition stee
and the energy of the rhenium substrate adduct complex to estimate the overall reaction barrier for
the transformatiorBenzonitrile binding t® was also found to be exergonid3° =-7.5 kcal/mol).

The barrier for the nucleophilic attack of benzotétdn siliconT Sswzsi (@G = 16.6 kcal/mol) and

the overallhydrosilylation barrier for nitrile reduction was found to be 24.1 kcal/mol. These data
suggest that nitrile hydrosilylation should be accessible with he#@smghown inSchemet.12,
hydrosilylation of benzonitrile to the silyl imine was achieved with cat&yss (5 mol%) at 130

°C. The proposed structure is based on the observation of m/z of 239.11 by GC/MS, as well a

observation of the imine proton at 8.9 ppm in¥#HeNMR spectrum.
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Schemet.12 Catalytic hydrosilylation of benzonitril€atalysis performed witbcsrs. Conversion
determined relative to benzonitrile BC.
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Neat, 130 °C
98 % conversion by GC
4.2.6 Analysis and Comparison of MetalSilane FLP Structures

Based on the determination that the mechanism of Re(lll) catalyzed hydrosilylatiort is FLP
like and analogous to the Piers BCF system, we utilized structural and energy decomposition
analysi§EDA) to gain deeper insight intbe nature of metadilane FLB. We utilized the AOMix
program by Gorelsky to conduct this EDAo implement this calculation the complexes are

divided into chemically relevant fragmeng€hart4.6).

Fragment 2 ,SiMe,Ph | @
) |\|/|e M), Ar TO H
e\sr'/ M =B, Al Ar\/’\:l>R|e/\ NCMe
L
Fragment 1 Ar = CgF5, Ph, Mes

Chart 4.6 Defined metal and silane fragments used for EDA.

The interaEj):d bt @rengy heésealfoguwmlganteend sand de
into the orbit akor) vaenrd aapn ceol netcrtiEbqugttiiaotint c(i ¢ o m mip io
t o mkEoteiacnt ains contributions from [Eej h ddhewdlal
as from cliastsatciadc ienh tehey’&lchtei orne seunletrsgioefs t(he EDA
s howna h43e
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Table 4.3 Energy decomposition analysisiofsitugenerated frustrated Lewis pairs

Entry Complex Eorb (kcal/mol) Esteric (kcal/mol) |Eorb/Esteric|
1 5g -53 22 2.3
2 5al -35 3 12.9
3 5ca -42 4.7 8.9
3 14cers -13 -11 1.1
4 14pn -71.6 26.6 2.4
5 14yes -31 -4 7.9
6 23 -23 -3 8.5
7 31 -18 -14 1.3
8 32 -10 -7 1.5
Mes B(CeFs)s Eint= Eom + Eseric
| RS
N O ph Eex+ Egs
N/
Se ,-B(CeFs)s
2 N’
74 l:'l N—Mes ‘
— Z
MGSHEO—B(CGF5]3 Lutidine—B(CsFE)S
31 32
Chart 4.7 Example FLRBfor EDA calculations.
Il n an FLP, strong covalent bonding bet ween
steric or electronic constraints. Therefore t1l

arperedominantly noncotvail Bunti. omheofrehm@anc oealcent

can be obtained by inspecting the absolute val

113



steric oe/liEedipywi(i values close to 1 suggestin

nomoval ent i nteractions.

As shown inFigure4.19, FLPs and classical Lewis adducts can be expressed as the outer
limits of the |Biw/Esterid ratio. In the case of classical adducts the/Hsterid Will approach infinity
as orbitalinteractions dominate the interaction energy andcwalent steric contributions are
minimized. As orbital contributions diminish and roovalent interactions become more
dominant, |Gw/Esterid Will approach 0. The exact nature of a given speciesdepkend on where it
falls within this rangeBy using referencgoints of known adducts and F&R more nuanced
picture can be described, with high values associated with classical adducts, whilatiosere
associated with FL$ This is further illusated by the |&y/Esterid ratio for MesRe©OB(CeFs)3, 31,
and lutidiné B(CsFs)3, 32, both of which are known texhibit FLP reactivity Chart4.7).> "’ The

ratios for these complexes are 1.3 and 1.5 respectively.

FLP

" Adduct

11 23 78 85 12.9

0= |EOrb/ESteric|4> e}

Figure 4.19 FLP vs adduct character as a spectrum.

Intermediatel3cers, which is veryactive for hydrosilylation hathe |Bm/Esterid ratio1.1.
This is consistent with its assignment as an FLP. Intermedidtesand 14ves have les FLP
character with absolute ratios of 2.4 and 7.9 respectively, which is consistent with their diminished
reactivity. The neutral Re(lll) cataly@8 has an absolute ratio of 3.4, which is again consistent
with the requirement for harsher conditions (pemature ad catalyst loading) requiréd achieve
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conversion wherl8 is used as a catalyst. Finallyy which was shown to be inactive for the
catalytic hydrosilylation of carbonyl substrates has aiHstericratio of-12.9.

A trendis also clear whethe length of the $H bonds in the activated complexese
comparedintermediatel 4cers has the most elongated Sibond(1.591 A followed by5e with an
Sii H bond length of 1.563 A, ar@Bwith an Si H bond length of 1.542 A. These are all elongated
from the unactivated BH bond length of 1.494 A, but are significantly shorter than the 1.703 A
averageof d? Sii H bonds of transition metal sinecomplexes contained in the CCSD, and shorter
still than the averag@.500 A Sii H bonds of known silyl meal hydrides. mportantly the trend
in Si-H bond length mirrors the trend [B.+/Es.rd, Where lower ratios correspond to increased FLP

characterincreased silane activatipand increased catalytic activity in carbonyl hydrosilylation

(Figure4.20).

S¢HBond Length () )

ScH1.591)
9¢H 1.563) | Eoro/ Egeridl =1.1
| I-:nrb/ Eﬁericl :2'3
ScH1.524)
2‘ | Eorb/ Estericl =34 & . g YP
= ¥ ~
5 B TR o
8 yi g %
S & ores
5g

23

| Eurb/ Es(ericl
Figure 4.20 Trends in SiH bond lengths, [&E/Eseid and reactivity.

4.3 Conclusions

The -cyfcBeui |l i brium binding of carbonyl suk
determining the activity of Lewis acids in h
observation that st repagr eL euwwn asb laec i tdos dsautcahlo yazse fAtl
carbonyl substrates. The mechanism for Re cat:
mechanism first pr opfe)seat ablyy sRise rvsi tfho ra nt haec tB (v
intermedi ate that | esxlhiabeethseidflaR erse aacntdi vd yteyl. i ¢

suggest that this mechanism may al so be the d
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basis set for rchoerrei (m Ilasyift 625231l 3dy KOIt tegsadretn b a s i
set and relativistic effectivewictoreampoaedtiin
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Chapter 5 AccessingU-dicarbonyl Re(lll) Complexes by Sequatial Insertion of
Carbon Monoxide
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51 Introduction

As shown inSchemeb.1 the insertion of an unsaturated ligand Y, into an adjacent metal
ligand bond, MX, is a weltknown class of reactions known as migratory insefttéfi Migratory
insertions of carbon monoxide into-Xlbonds is of particular interest as it represents a way to
form the ubiquitous carbonyl functionality of organic moles from small molecule feedstocks.

This type of migratory insertion is commonly called carbonylation and its microscopic reverse,

decarbonylation.

Schemeb.1. General reaction scheme for migratory insertion reactions.

0
M—=Y

M—=Y—X

The carbonylation of metal alkyl bonds has been described for all transition elements and
has been extensively studied in the literafri. is largely thought to occur via a twsiep
mechanism as shown in the example of a Mn(l) carbonyl comBlehxe(nes.2).8” The first step
is the migratory insertion of the CO ligand into the Mn alkyl bond. This results in an open
coordination site at the metal center. The next step is then the coordination of triphenylphosphine

to the Mn center.

Schemeb5.2. An example of the generats2ep mechanism for the carbonylation of Hslkyl
bonds, where the first step is migratory insertion.

CcO Me 0] Me 0]
oc,, | Me oc,,,T\\\\D +PPhs oc,,,\f \PPh;
, N e

Mn
oC

Mn n
v N
(l:O co oc” | Yco oc” | Yo
Cco Co

This mechanistic picture is strongBupported by kinetic data and isotopic labeling
studie<Etb 864 8 |t \was also observed that when isotopically lalelRO is utilized the external
13CO does not appear in the acyl product unless there is considerable exchange of CO ligands prior
to insertion. This suggests that in complexes that do not already possess carbonyl ligands,

formation of metal carbonyl addustan essential precursor to carbonylation.
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However this is not the exclusive mechanism for this reaction. Our group has previously
reported the carbonylation of Re alkyl bonds via direct insertion as sho8chames.3.4 8 |t
was shown that incorporation of an oxo ligand exerts a strong trans influence that camtisillipst
destabilize CO adduct formation resulting in carbonylation by direct insertion. This mechanism
was supported with both kinetic and computational studies. The activation barriers for the reaction

were also determined and the entropy of activatiarsw | ar ge a Ad-49rca/mak)i ve ( o

Schemeb.3. Direct carbonyl insertion into a Re methyl bond reported by Ison and coworkers.

Direct Insertion

\
N O
\A’”/CHL% N\
N/ e\N/Ar —_— ; ~ /Ar
N
/N N/
1 2
Ar = Mes, CgF5

Carbonylation reactions have founse industrially as important methods for the catalytic
production of aldehydes from alkenes (hydroformylatiGrif® °° carboxylic acids from alcohols
(Monsanto acetic acid proce$$xrnd the formation of carboxylic acids and esters frikares
(Reppe synthesi$y. The application of this chemistry to a wide variety of small molecule
feedstocks has led to the desire for even more diverse approaches for the utilization ¢Ptarbon.

Building on ourprevious work investigating the direct insertion of CO into Re alkyl bonds,
we pursued the study of carbonyl insertion into Re hydride bdrnid€arbonyl insertion into M
H bonds is much less common due to thermodynamic unfavordbitye can obtain a reasonable
approximation of the thermodynamic favorability of an insertion reaction by considering the
corresponding bond energies. An example for the insertion of CO into-EnidMshown in
Equation5.1.

0
M—H + C=0 —= M—{
H
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DG EGRM CQH G(MEQ H) ( G(M-HD G( M- CO

Equation 5.1. Approximate free energy of reaction basgubn the strength of the metal formyl
bond, the €H bond in the formyl ligand, the metal hydride bond, and the metal carbonyl bond

The strength of metal hydride bonds typically precludes insertion by making the formation
of the formyl derivative thermodwmically uphill. However this is not always the case and there
are a few examples in the literatd?d.he formyl derivative may be stabilized relative to the metal
hydride if there is an especially strong®( O) H bond or i f the 2for myl

fashion. An example of each of these cases is shoWwigume5.1.

o)
H-Rh(OEP) _CO, H)J\Rh(OEP)
OEP = octaethylprophrin
/o
(n*~CsMes), THH(OR) €O, (nS—C5Me5)2Th)\ H
78 °C “oRr

Figure 5.1. Examples of the formation of metal acyl comnqy@s. The formation of a Rh acyl
stabilized by strong RE interactions reported by Wayland is shown on®8fhis process was

later shown to be a radical mediated process as opposed to insertion chemistry. The formation of
a Th acyl ¢ o mp?lcomxinagonofitheirdsiltingeacl! rdpgrteddoy Marks is shown

on the botton?3"

Based on our description of a novel mechanism for CO insertion into Re alkyl bonds, we
were interested in its implications for CO insertion into otheXR®nds, especially RE bonds.
Computational studies of CO insertion into theHRbond of diamidoamine (DAAmM) oxorhenium
hydride complexes was shown to be thermodynamically favorable depending on théliifaad.
hydride complex featuring therehgly electron withdrawing ligandeéEs-DAAM, 4cers, h as a G A
= -1.4 kcal/mol for Re formyl formation according to M06 calculations. Formyl formation from
the hydride complex with the more electron donating ligand-DWAm, 4wves, is essentially
thermoneut a | (-@piCkéal/nyol). Experimentally, reaction of these complexes resulted in the
formation of a mixture of a Re(lll) hydroxyl speci€s,and a carbonate bridged rhenium dimer,

8. The dimer was proposed to arise from the reaction of the Re(lll) xydnoth an in situ
generated Re(lll) formate complek, The formation of botté and7 can be explained by the
exi stence of a pketdfoamyliinteemediatsoA suranmary wfnthesd reaction
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pathways is shown iBchemés.4. The viability of this intermediate was assessed by computations.
The lowest energy pathways identified for bdthks and4csrs indeed involved the intermediacy
of tdircaboryl specieS. The formation o6 is endergonic for both systems with the M06
calcul ated mGAS5uzarnd 8qp®A a% / 6nbcks. K mal / mol for

Schemes.4. Proposed reaction pathways for the insertion of CO into thid Bend of4.1!
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N O N O 6
NP »CO NP ¥
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/ Ny—R / >Ny—R R co
N N N N N | /Q
/ N/ / N/ R _Re ,‘>—H Formyl to oxo migration
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The formation ob is a rare example of not only insertion of CO into aitdNdond which
is generallythermodynamically unfavorable as previous described, but also an example of CO
insertion into a metal formyl bond. CO im8en into metal acyl bonds igenerally considered
forbidden. The phenomena has been studied previously in the literature privgahig/ synthesis
of metal pyruvoyl complexes to study the kinetics of decarbonylation. There is however a report
of the f or ma-ticgatbanyl lwyfinsedionmfeCO &rdm Cdsey and coworRéis. this
report a -ketoacy ecompes is forthed from the insertion of CO into the Mn acyl bond
of a manganese pentacarbonyl acyl complex. The proposed reaction mechanism is shown in
Schemés.5
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Schemeb5.1 nsertion of CO i nt o -dicarbhomyl ropjek followedhy t o
decarbonylation.

CcO (0] (@]

O
CO +L CO -CO CO
H3C)KNI”/CO Slow H3C\[HJ\ | CO fast H3C\[(U\ | _CO fast H3C/U\IVI €O
— — Mn = n
oc” | >co oD/Nin\CO -L O | >co | >co
Cco cO coO Cco

By 'H NMR experiments, Caseynd coworkers were able to obtain an equilibrium constant
for the formation of thén -didarbonylcomplex from the Mn pentacarbonyl acyl species (K =
2.5 x 10° M at 85 °C). From this they calculated that ke -didarbonylmust be 4.2 kcal/mol
less gable than the Mn acyl. Further support for this pathway is offered by Sheridan and coworkers
who were able to synthesize and isolate analogs of the-tiicarbony] as well as an iron analog

as shown irFigure5.2.%°

T S

Mn NO Mn

oc” '\ oc” \ ¥
NO

Co
Figure 5.2. Synthesis of MriJdicarbonylvia NO oxidation and insertion reported by Sheridan.

Ar = Mes
R = Me, Bn, 4-OMe Bn, Ph

Figure 5.3. General form of DAAmM Re(lll) complexes used in this study.

Encouraged by the unconventional reactivity of oxorhenium hydrides with CO, we decided

to turn our attention towards the reaction of CO with DAAmRe(lIl) complexes of the form shown
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in Figure5.3. In this chapter the reaction 8fwith CO and isnitriles is described. iKetic and
spectroscopic evidence for the formation of aRdicarbonylspecies analogous ®is also
reported. Thesexperimental studiearesupported by computational investigations that suggest
that under reaction edlitions there is amaccumulation of ReUdicarbonyl in solution.
Computational data suggesis equilibrium position isensitive to the electronics of the metal
ligands ad offers insights into potential tunability. Furthermore, we describe the analogous
insertion reaction with isonitriles. The thermodynamic favorability of this reaction allowed for the
observation of single, double, and triple insertion products. Thele/ggt were also calculated

and offer a mechanistic picture that is strikingly similar to the insertion of CO. Based on this
evidence we propose a revisiting of the current consensus of the favorability of CO insertion into

metal acyl and formyl bonds, a®livas the mechanistic viability dfdicarbonylintermediates.

5.2 Results and Discussion

521 CO Insertion Kinetics

The reaction of a dichloromethane solution9et with 20 psi of CO proceeds rapidly.
Nearly full consumption oBwme is observed in 30 minutesraom temperature as shownRigure
5.4.

Mes\ co
Nl CO 20 psi
Mes .~ Re—CH, 49.
\\tN/ | DCM, rt
vl
30 min
0 min (Starting complex) L l
J'L al_ _ A AN ,_JLM_ S S )

T T T T T T T T T T T T T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

Chemical Shift (ppm)

Figure 5.4. *H NMR spectrum of the reaction 8fie with 20 psi CO at room temperature in
CD.Cl,.
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Initially we ascribed théH NMR spectrum observed at 30 min to the production of the
Re(lll) acyl complexLOvia the insertion reaction described belovischemes.6. However, upon
probing the reaction kinetics at 0 °C we observed the appearance of what is best described as
sequential processes at higher CO pressures. This phenomenon is dispfagecem5.

Schemeb.6. Proposed insertion of CO into the-R&lz bond of9uve to yield 10wve.

Mes CO Mes CcO
\N . \N | CH3
Mes.” _Re—CH; CO 20 psi Mes~ TRe—
- -
}N/ ‘ DCM, rt \_N O
AN N
9Me 10Me
Mes\ co Mes\ co CHa
Mes_~ " ——Re—CH co Mes_~ ' Re '
Ty T—— U b
N | CD,Cl, 0 °C \°N |
AN AN
9ME 1DM
A. B. C. 10 i CO

10 psi CO 20 psi CO

100 100 - o

80| 80

60

% Conversion

% Conversion
% Conversion

P
40l

20 L 20

.
20 L L L L L L | L L L L :
50 0 50 100 150 200 250 300 0 50 100 150 200 250 0 50 100 150 200

Tirme (min) Time (min) Time (min)

Figure 5.5. Kinetic profiles for carbonylation dve. Pressure of CO varies by panel: A) 10 psi,
B) 20 psi, and C30 psi. The data were fit totsexponentialred).Biexponential used for fim1
+ m2*(1 - exptm3*x)) + m4*(1- expFm5*x)).

These data imply that after an accumulatioi@fe a second process begins to become
kinetically relevant at higher pressures of CO. The absence of decomposition products by NMR,
suggested clean conversion to a m@mplex. We hypothesized that under the reaction conditions
insertion of another molecule of CO into the newly formed Re acyl bond would be consistent with

our experimental observations as showBahemeb.7.
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Schemeb.7. The sequential insertion of CO into the-RElz bond of9uve to give 11wve.

Mes\ co Mes\ (ofe) Mes co @

| CH, \N\ | CH,4
Mes< Re—CH3 co Mes< co Mes< /Re
o = \ — ©
N N b”\
Mme 10y Mye

Crystals were grown &m the reaction solution in an attempt to identify the species by X
ray crystallography. Howevethe complex9ve was isolated. This could arise from either
incomplete conversion dive which we found unlikely based ot NMR data, or from the
decarbonylation of eithéiOve or 11ve. In order to probe this further we synthesi2adand9snowme
(Schemeb.8). Alkylation of the Re(lll) acette complex with ten equivalents of the desired
Grignard reagent in dichloromethane affor@eesland9snome in good yieldsThe benzyl protons
of complexes9sn and9snowme offer a convenient spectroscopic hanitiat allow for the observation

of equilibriumprocesses more easily.

Schemeb.8. Synthesis 08sn and9snowme.

Mes\ co MeS\ (|:O

—

Re OAc 10 equiv R-MgBr= Mes< /Re

/
TL/ CD,Cly, rt \\L\/N\

R = Bn, 4-OMe-Bn

Mes

= OMe, 9gnome
R'=H, 95,

Complex9snome reacts atanly with 20 psi CO to give mixture of 9snome and 10snowme.
The 'H NMR spectra shown iffigure 5.6 display very clearly that at some time after 1 h the
reaction reaches equilibriunThe peaks assigned to the corregpog acyl compleX Osnome are

observed to decay upon the loss of CO pressure.

127



Schemeb.9. Proposed Raction 0f9snome with CO.
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Figure 5.6 *H NMR spectra for the reaction &nome with CO. Reaction run at room temperature
in CDCl> with 20 psi CO9gnowve: *H NMR (600 MHz, CRCl) U 6J=8816 H¢, 8H, 4
OMe-Bn ortho-H), 6.74 (s, 4H, Mes Ar H), 6.59 (d= 8.7 Hz, 2H, 4OMe-Bn ortho-H), 3.63 (s,
3H,-OCHg), 3.601 3.49 (m, 4H, MesDAAN CH»- x2), 3.07 (dtJ=11.4, 5.6 Hz, 2H, MesDAAmM
i CH2-), 2.971 2.91 (m, 5H, overlapping {CHz and MesDAAmMi CHy-), 2.89 (s, 2H, R&€H;-
Ph), 2.19 (s, 6H, Mes G 2.07 (s,6H, Mes CH), 1.97 (s, 6H, Mes C#l. 10snome: *H NMR
(600 MHz,CDClz) U 6J=8H4 H4, 2H,4-OMe-Benzyl metaH), 6.80 (s, 2HMesortho-
H), 6.74 (s, 2HHMesmetaH), 6.71 (d,J = 8.4 Hz, 2H 4-OMe-Benzyl ortho-H), 3.67 (s, 3H-
OCHg), 3.62 M, 5H, overlappingi CH>-(4-OMe-Ph), MesDAAmi CH>-), 3.54 (dtJ = 14.0, 5.5
Hz, 2H, MesDAAmMT CHy-), 3.04 (dtJ = 11.5, 5.5 Hz, 2HMesDAAmM1 CHy-), 2.967 2.86 (m,
2H, MesDAAmMI CH-), 2.70 (s, 3HN-CHg), 2.31 (s, 6KHHMesi CHz), 2.20 (s, 6K Mesi CHa),
1.99 (s, 61, Mesi CH).

In anattempt to drive the reaction peoductlOsnome the reaction vessel was charged with
a higher pressure of CO as showrkrigure5.7. The addition of more CO does drive the reaction
further towards the products. At 40 psi Cfpproximately 85 %conversion is observed
spectroscopicallyThe methylene group of the starting eral is observed at 2.89 ppm. In the
product spectrum this methylene signal shifts downfield significantly to 3.62 ppm. This is
consistent with the insertion of CO into the Re alkyl bond. Based upon DFT studies discussed later
in this chapter, we expechd equilibrium mixture of this reaction to consist kdknome and

11snome, however we do not observe a discernible mixtur&-b){MR spectroscopy
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Figure 5.7 Reaction of9%nome with excess pressure of CBeactions run in CELIl, at
room temperature. The signals from th®CHs protons and mesitylene GHorotons are
highlighted in bluend red respectivelpectrum a0 psj 10snowve: *H NMR (600 MHz,CD2Cl,)
a0 6. 948.4(Ht,,2H 4OMe-BenzylmetaH), 6.80 (s, 2H Mesortho-H), 6.74 (s, 2HMes
metaH), 6.71 (d,J = 8.4 Hz, 2H 4-OMe-Benzyl ortho-H), 3.67 (s, 3HH-OCH), 3.62 (m, 5H,
overlapping CHx-(4-OMe-Ph), MesDAAmi CH-), 3.54 (dtJ = 14.0, 5.5 Hz, &, MesDAAmMI
CH>-), 3.04 (dtJ = 11.5, 5.5 Hz, 2HMesDAAmMi CH-), 2.961 2.86 (m, 2, MesDAAmMi CH>-
), 2.70 (s, 3HN-CHa), 2.31 (s, 6K Mesi CHs), 2.20 (s, 6KHHMesi CHs), 1.99 (s, 6HHMesi CH).
Residual starting material M&€Hs peaks observed at 2.18, 2.07, and 1.97 ppm.

This expeiment was repeated fdsn with the inclusion ofmesityleneas an internal
standard to track the concentration of the Re species. As shdviguie5.8 the addition 6CO
(50 psi)a solution oBen in methylene chloride results in an initial mixture9ef, 10sn, and a third
species. This is analogous to the reactivity Withome. However upon degassing of the sample,
the'H NMR spectrum of the starting matérigsnot recovered. Instead the thspecie{Re-CO,

seeSchemeéb.10) persists anik observed in 65% yieleelative to the internal standard
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Figure 5.8 'H NMR spectra for the reaction 68 with CO. Mesitylendnternal standargeaks
observed at 3.70 ppm and 2.17 ppm. The bottom spectrum shows a mix@ge (ofahd
mesitylene. The middle spectrum shows the reaaticture observed under 50 psi €0Gntaining

9sn ( ALPss (*), and thefinal productRe-CO (+). The top spectrum shows the resulting spectrum

of the same sample upon degassihgwing only the final product in 65 Yteld. 9sn: *H NMR
(600 MHz,CD2Cl) U1 (t7J.=07.7 Hz, 2H benzylmetaH), 6.88 (d,J = 7.0 Hz, 2H benzyl
ortho-H), 6.79 (tJ= 7.3 Hz, 1H benzylpara-H), 6.73 (s, 4KHiMes aryl B, 3.55 (qqJ = 11.5,5.4
Hz, 4H MesDAAmM-CH>-), 3.107 3.03 (m, 2H MesDAAmM-CHy-), 2.95 (s, 3KH-NCH3), 2.93
(dd,J=11.9, 6.1 Hz, B, MesDAAmM-CH>-), 2.90 (s, 2KHBenzyl-CH,-), 2.18 (s, 6HHMesDAAmM
-CHs), 2.06 (s, 6HHMesDAAM-CHg), 1.97 (s, 61, MesDAAM-CHs). 10sn: *H NMR (600 MHz,
CDCl)) U 7=1.6Hz(2H benzylmetaH), 7.101 7.06 (m, 1H benzylpara-H), 7.00 (d,J
= 8.1 Hz, 2H benzylortho-H), 6.81 (s, 2HMes aryl H, 6.75 (s, 2HHMes aryl H, 3.70 §, 2H,
Benzyl-CH>-), 3.63 (dt,J = 13.9, 5.5 Hz, 2HMesDAAmM-CH,-), 3.56 (dtJ = 14.1, 5.1 Hz, &,
MesDAAmM -CHy-), 3.05 (dt,J = 11.5, 5.5 Hz, B, MesDAAmM -CH>-), 2.957 2.90 (m, H,
MesDAAM-CHy-), 2.71 (s, 3H-NCHa), 2.32 (s, 61, MesDAAM-CHz), 2.21 (s, 6HHMesDAAmM
-CHs), 1.99 (s, 6HHMesDAAM-CHs). Re-CO: *H NMR (600 MHz,CDCl;) U 6. 86

Aryl H), 6.65 (s, H, Mes Ayl H), 3.621 3.54 (m, 2H MesDAAmM-CHy-), 2.871 2.80 (m, 2H
MesDAAmM -CHy-), 2.571 2.51 (m, 2H MesDAAmM -CHz-), 2.49i 2.44 (m, 2H MesDAAm -
CHy-), 2.22 (s, 3HHMesDAAM-CHa), 2.16 (s, Bl, -NCHs3), 2.09 (s, 3HHMesDAAmM-CHz), 2.07

(s,

(s, 8H, MesDAAmM -CHa), 1.97 (s, 61, MesDAAmM -CHz). 2-phenylactic acid observed at 7-15

7.10(m, 3H, phenybrtho andparaH), 6.91 (t,J = 6.7 Hz 2H, phenyimetaH), 3.17 (s, 2H, Ph
CH>-).
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Figure 5.9 13C NMR spectra for the reaction &n with CO. Thebottom spectrum shov@en ( A)

The middle spectrum shows the reaction mixture observed under 50 pd€Xylene is

observed at 137.6, 126.75, and 20.88 ppm. Peaks attributed to each species areede@aaycat

A 108n, *; Re-CO, +). The top spectrum shows the resulting spectrum of the same sample upon
degassinggiving only Re-CO. 9sn: ¥3C NMR (151 MHz,CDCl;) G4 200.81, 157. 2
133.89, 131.85, 130.33, 128.61, 128.49, 128.08, 126.97, 123.18, 69.60, 45.56, 44.67, 20.33,

19.19, 18.8410sn: 1*C NMR (151MHz, CDCl;) 4 281. 02, 201.35, 157.
130.67, 129.83, 128.98, 128.68, 127.95, 125.99, 62.24, 61.69, 59.10, 48.68, 20.32, 19.41, 19.25.
Re-CO: °C NMR (151MHz, CD.Cl;) 190.84, 199.13, 138.01, 137.88, 135.85, 129.44, 128.96,
128.20, 126.45, 57.60, 55.19, 47.37, 45.77, 41.60, 20.65, 20.19, 18.132iph@nylacetic acid

is observed at 171.2635.21, 129.69, 129.12, 128.02, 40.58 ppm.

The!H NMR spectrunof the decompsition productsuggested that there was a
desymmetrizaon of the complex resulting ichemical inequivalency of one set of tlgand
mesitylene CHisignals. This is further supported by i€ NMR where the methylene carbons
of the ligand backbone (

Figureb.9, top spectrum40-47 ppm) are observed as individual signals. Attempts to

grow crystals for Xray analysis were unsuccessful. TA@ NMR spectrunof the

132



decompsition products resulting fromeaction 0fsn with 2*CO results in enhancement of the
signals at 199.84, 199.13, and 171.26 ppm as shoigume5.10. Interestingly there is no Re
acyl carbon observed in this decomposition product. Additionally the singlet observed at 40.58
ppmin

Figure5.9is a doubletJ = 51.3 Hz) in thé>C labeled reaction. This is suggestive of one
bond**C-13C coupling. This allowed us to assign this peak as the benzylic carbon adjacent to the
labeled'®C in the product arisingdm the incorporation dfCO. Additionally, the singlet
observedt 3.15 ppmin the'H NMR spectrum shown iRigure5.8 is observed sa doublet J =
6.4 Hz)in the3C labeled reactiofeading us to assign this peak as the methylene protons of a

benzyl species.

™~ " T
N | *co » \_ | o » Decomposition Products, No Metal
—N —nN Acyl

J=51.3Hz

T T T T
43 42 3% 38

41 40
Chemical Shift (ppm)

Re-CO region
Peaks at 199.8 and
199.1 ppm
No Metal Acyl Peak
owettactresk Ll )y Ao

T T T T T T T T T T T T T T T T T T T T T T T T T T T
230 280 270 260 250 240 230 220 210 200 1%0 180 170 160 150 140 130 120 110 100 80 80 70 &0 &0 40 30 20
Chemical Shift {ppm)

Figure 5.10 **C NMR spectrum ofhe reaction of*CO with 9en obtained up degassing. 2 peaks
are observed in the RO region of the spectrum (199.8 and 199.1 ppm). The peak observed at
171.26 ppm shows enhancement relative to the unlabeled spectrum shown in

Figure 5.9. The singlet observed at 40.58 ppm in
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Figure 5.9 is present as a doublet£ 51.3 Hz).

HSQC and HMBC expéenents were performed to corroborate these assignments. As
shown inFigure5.11the expected coupling between the assigned benzyl protons and the signal at
40.48 ppm is observed. Additionallye were able to observe the coupling of the ligand backbone
peaks to each of the individual carbons in'fi@NMR spectrumAn HMBC experimeh shown
in Figure5.12 shows the coupling between the benzylic protons and the signal at 171.26 ppm. This
suggested to us that the incorporated CO was still preseioand to the benzylic carbon. The
lack of a metal acyl signal combined with thH€ NMR shift of this peak led us to suspect
decomposition resulting in an organic carbonyl species and a new rhenium species. Based upon
these assignments, the absence of aa&g signal, and the desymmetrization of the ligand
backbone we propose that the spectalrserved upon degassing carekiplained as a mixture of
an organic product ¢@henylacetic acid) and a rhenium carbonyl compRxCO, as shown in
Scheméb. 10.

Schemeb.10 Reaction ofl0sn with Excess CO and 4@ to giveRe-CO.

H
Mes\ C‘)O .y Mes\ co H Ar\ co
N—_ H N—_
Mes” Re—X co Mes Re CO,H,0  Ar” Re

—/—N

~
9% 10g, Re-CO
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Figure 5.11 HSQC of the final reaction mixture composed R&-CO and 2phenylacetic acid.
The coupling between the benzylic protong-ghenylacetic acid and the benzyl carlad@0.58
ppmis observed in the red ko
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Figure 5.12 HMBC of the final reaction mixture composedRé-CO and 2phenylacetic acid.
The coupling between the benzylic protons -git#&nylacetic acid and the carbonyl carbon at
171.26 ppm i®bserved in the red box.

In order to further probe this reaction mixture we conducted futi@NMR and3C
labelling studies to determine whether the equilibrium betvi€eand11is present and simply

not easily distinguished byd NMR spectroscopy

5.2.2 Pursutof NMR Evi dence f or t-Hiearbdhyg $petaestiyon of ar

Sequential Insertion

The biexponential kinetics for the reaction9k with CO and the observation of various
equilibria present in this reaction gave us an indication that themme®f11 in solution was a
possibility. In order to gain more robust evidefamel 1sn we conducted an isotopic labeling study.
A solution of9nwas pressurized with05psi*CO. The resulting®C NMR spectrum showed a
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large singlet a281.02ppmas shown irrigure5.13. Additionally, severaCO signas are observed
nea the region otheapical CO signal in thepectrum oBsn which appears ati®.8 ppm(Figure

5.13 bottom spectrum)Additionally there is a small doublet observed at 171.8 ppm with a
coupling constant ol = 29.6 Hz. This shift and coupling cstant are consistent with calculated
NMR shifts forthe distal C(O) moiety of1sn, however the inability to observe a corresponding
acyl signal,the proximity of the surrounding peakand decomposition t&e-CO prevent a

definitive assignment.

* +
Acyl C=0 Free 13CO
Fs 'lr.“l 1‘(‘3 1‘!? 1’.”1 1‘(‘[) 1;:‘3
Chemical Shift {ppm) * * *
/ x ¥
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Pl 50 psi 3CO -kk_l./l'u_J + + R
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\N | \N |
Mes..~ —Re Mes..~ —Re
T‘N/l Ty 0
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%0 10gy
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Figure 5.133C NMR spectrum for the reaction @» with 13CO. Reaction run at room in GOl»
at room temperature with 58si CO. The peaks previously assigned 1@sn (Figure 5.9) are
denoted with *. Peakattributed toRe-CO and 2phenyl acetic acid are denoted with The
starting complexX@sn is shown at the ditom for comparison. The pealt around 171 ppm are
enlarged in the inset.

Additionally, the'H NMR spectrum for the insertion 61CO into the Re alkyl bond &n
(Figureb5.14) reveals a new doublet withda= 4.2 Hz appearingn the place of th@reviously

singlet assigned to the benzoyl protagnsl observed inFigure 5.8. The magnitude of this J
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coupling is consistent with reportédc.n values® We are also abl to observe three sets of
mesitylene CHisignals in the alkyl region suggesting three rhenium species are present in solution.
These are able to be assigne®&s 10sn, and small amounts &e-CO The observation of this
coupling in addition to thé’C NMR data offer support for CO insertion into the Re alkyl bond.
Based upon these results we propose that the major species in solu@ieraisng with9sn. We

also detect a third species that is consistent R&CO.
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Figure 5.14 *H NMR spectrum of the insertion 6iCO (30 psi) into the Re alkyl bond 8fn. A

new doublefor the benzoyl protonis observed at 3.70 ppm withla 4.2Hz. 10sn (*): *H NMR

(700 MHz,CDClz) 0 7= 16Hz,(2K benzylmetaH), 7.08 (tJ= 7.4 Hz, 1H benzylpara-

H), 6.99 (d,J = 8.1 Hz, 2H benzylortho-H), 6.80 (s, 2HMes aryl H, 6.74 (s, 2KMes aryl H,

3.70 (d,J = 4.2 Hz, 2H benzyl-CH-), 3.661 3.61 (m, 2H MesDAAmM -CH.-), 3.581 3.55 (m,

2H, MesDAAM -CHy-), 3.05 (m,2H, MesDAAmM-CH>-), 2.947 2.90 (m, H, MesDAAM-CH>-

), 2.71 (s, 3HMesDAAM T NCHz), 2.32 (s, 6K MesDAAM 1 CHg), 2.20 (s, 6K MesDAAM |

CHg), 1.99 (s, 6KHHMesDAAmMI CHs). Residual starting material observed at 2.95, 2.18, 2.06, and
197ppmdenoted by A

Due to the decompositiasf the carbonylation under ambient conditions, we attempted to
trap the double carbonylation prodddize by treatment with acetic acid as showischemes.11.
This approach takes advantage of the considerable contribution of the carbene resonance structure

in metal acyls as was described in detail and useghtbesize the carbenes in Chapter 3.
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Schemeb.11 Proposed trapping dflve as carbené?2ve via reaction with a Brgnsted acid.
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The resultingH NMR spectrum shown as the middle spectrufigure5.15, was initially
encouraging as it was a species not consistent with either the starting c@mpler the Re
acetate complex. However, upon workup the Re acetate complex was isolated. At this point it is
unclear whether this species arise from reaction with excess acetic acid over time, or by an
intramolecular mechanism. Follow up studies read@ngwith 13CO in acetic acid are planned to

furthercompare this reaction to the analogous reactidsofvhich results irRe-CO.
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Figure 5.15 'H NMR spectra for the reaction &e with CO in neat aceti@acid-ds at room
temperature. The peak for the acid proton of protected acetic acid is observed at 11.6 ppm.
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5.2.3 Reaction of Qe with Isonitriles

Due to the difficulty isolating any products resulting from the carbonylatio9, efe
decided to pursue th@alogous reaction with isonitriles as showrscthemeb.12. Isonitriles are
isoelectronic to carbon monoxide, however the insertion reactions of isonitriles are genecall
more thermodynamically favorable. As a result, we hypothesized that the isonitrile analogs of the
insertion productd0 and 11 would be more easily isolated and lend support to the chemistry

supported above by kinetic and spectroscopic data.

Schemeb.12 Proposed synthesis of isonitrile analogd@and11.
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Upon treatment with one equivalentteft-butylisonitrile, 9ve undergoes clean conversion
to 13ve as shown irFigure5.16. Treatment with two equivalents does not result in the formation
of 14ve. We believe this is due to the steric bulk of the isonitrile. Aptisnto isolatel 3ve directly
were hindered by decomposition. Therefore we again decided to attemptX8vsayith the use
of a Bragnsted acid. As shown kigure5.17 this was successful and we were able to isolate and

fully characterize the carbe@ve in 67% yield as reported in Chapter 3.
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Figure 5.16 Reaction o®Bve with various equivalents a@ért-butylisonitrile.

Figure 5.17 Synthesis ofL5ve by reaction ofL3ve with anin situgenerated Brgnsted acid. There
is a diagnostic carbene peak observed itfY8eNMR at 240 ppm.
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