Copper canlmazolides

photoi noNucceodu pG i ngs

Thesis by
Jun Myun Ahn

In Partial Fulfillment of the Requirements for thegree
of
Doctor of Philosophy

Caltech

CALIFORNIA INSTITUTE OF TECHNOLOGY

Pasadena, California

2018
(Defendedviay 18, 2018



a 2018

Jun Myun Ahn
ORCID:000600028181-908X

All Rights Reserved



i
ACKNOWLEDGEMENTS

The currenthesistemplate offered by Caltech permits a blank acknowledgements page. It is
believed by many that this section is the most, if not the only, visited section of the thesis. Therefore,
I wish to take full advantage of this possibility and provide my narratiiie people and moments
that have shaped my fiwear journey.

| conform to the norm and firthankmy two advisors, Prof. Gregory C. Fu and Prof. Jonas
C. Peters, who have provided irreplaceable support and mentorship throughout the years. | truly
believe that theyepresenthe optimakonditionsandany other combinations would not have resulted
in the completion ofny degreeThey are truly the dynamic duo, K&nd HBAF, copperand light,
or copper and carbazolnd | have benefited the most from the symbibetsveen théwo experts
in synthetic chemistry more than anybody who has set foot on the copper project. | have received
blunt criticisms and occasional encouragements from both of them over the yeaasdtmbpelled
me to become the nhar s iheshave given nieiarcincredibfe amoynt ad w n
scientific freedom and intellectual independence and allowed me to work on chemistry that excites
me the mostThey are the key reasons for theriods in which | proclaimed to be the happiest
graduate student at Caltech and why my initial career aspirationgin unfazed. There are
invaluable traits | anmonoredto have acquired from them and many mitia | hope one dayo
possess. | am extraty proud to be able to say that | was jointly advise®imf. Gregory C. Fu and
Prof. Jonas C. Peters. Would | do it again if | could go back in time, knowing all the things that would

happen? Even at the toughest tinmg answer to this cliché questioemairs the same.

Apart from the increased number of meetings and presentations, one of the less desirable
aspects of a joint supervision is the requirement of inviting an additional member to the candidacy
and thesis committees. | am extremely forturtatesever, to have Prof. Theodor Agapie, Prof. Sarah
E. Reisman, and Prof. Brian M. Stoltz in my committeeyhave provided a tremendous amount of
input and feedback aairious meetingseldin 218 SchlingefrThemost desirableommittee members
are thos who truly care about the student and their professional development, and every member of

my committee belongs to that category.

Research in synthetic chetny relies heavily orspectroscopic and analytical techniques.
Without competent personnel to migin shared instruments, my research projects would not have
been completed. Acknowledgements are made to Dr. David Vander Velde for the NMR facility, Drs.
Angel Di Bilio and Paul Oyala for EPR facility, Ovlona Shahgolfor MS facility, Dr. Scott Virgil



\Y
for the Caltech Center for Catalysis and Chemical Synthesis, Drs. Brian Sanders and Jay Winkler for
the Beckman Institute Laser Resource Center, and Dr. Michael Takase and Lawrence Henling for the
X-ray Crystallography Fdlity. The following supporting staffare also thankedviargarita Davis,
Paige Johnson, Julianne Just, Lynne MartiAégon Ross, andgnes Tong.

Further @knowledgments are made to the following members, with whom | temporally
overlapped of the Fu grop:

Saaket Agrawal, Arianna Ayonon, Shoshana Bachman, Dr. Agnieszka Bartoszewicz, Dr. Suzanne
Batiste, Dr. Caiyou Chen, Junwon Choi, Crystal Chu, Dr. Huan Cong, Dr. Hien Do, Dr. Jaika
Doerfler, Dylan Freas, Bradley Gorsline, Gregory Harlow, Dr. Haohua Blucgtefan Jungbauer,

Dr. Quirin Kainz, Dr. Marcin Kalek, William Kayitare, Dr. Soren Kramer, James Lawniczak, Dr.
Hanju Lee, Sarah Lee, Yufan Liang, Albert Liu, Marc Montesinos Magraner, Dr. Yusuke Makida,
Dr. Yusuke Masuda, Carson Matier, Dr. Xin Mu,IN&im Reichard, Holt Sakai, Dr. Nathan Schley,

Dr. Jens Schmidt, Joseph Schneider, Dr. Jonas Schwaben, Dr. Gregg Schwarzwalder, Dr. Yu Shibata,
Martin Slusarczyk, Dr. Hidehiro Suematsu, Dr. Xingwen Sun, Dr. Hendrik Wagner, Dr. Zhaobin
Wang, Felicia WebeDr. Linglin Wu, Dr. Zepeng Yang, Dr. Haolin Yin, Daniel Ziegler, Dr. Yasushi
Yoshida, Waniji Zhang, and Dr. Wei Zhao.

andthe Peters group:

Saaket Agrawal, Pablo Barros, Trixia Buscagan, Matthew Chalkley, Dr. Hgiam@hen, Dr.
Cooper Citek, Bridget Comm, Sidney Creutz, Meaghan Deegan, Trevor Del Castillo, Theodore
Donnell, Dr. Marcus Drover, Javier Fajardo Jr., Henry Fong, Nina Gu, Dr. Shabnam Hematian,
Kareem Hannoun, Dr. Jian He, Christian Johansen, Dr. Miles Johnson, Dr. Davi®t.ddgejun
Lee,Dr. TzuPin Lin, Ben Matson, Dr. Koichi Nagata, Patricia Nance, Mark Nesbit, Tanvi Ratani,
Ryan Ribson, Jonathan Rittle, Gerri Roberts, Joseph Roddy, Dr. Alonso Rosas, Dirk Schild, Dr.
Yichen Tan, Niklas Thompson, Dr. Gael Ung, Dr. Kumiko Yamarnerad DrWei Zhao

I would also like tahankthe following people for thememorableutings, company at meals,
or friendly support: Tonia Ahmed,Dr. Dinesh Aluthge, Shoshana Bachman, Trixia Buscagan,
Ruiyuanfi R o n @here daeburfi A | bGhung, ®ylan Freas, Ggery Harlow, William Kayitare,
Dr. Hanju Lee, Heui Beom Lee, Dr. Miles Johnson, Carson Matier, Dr. Yusuke Makida, Dr. Yusuke

Masuda, Jaeyun Moon, Dr. Xin Mu, Holt Sakai, Dr. Haolin Yin, and Dr. Daniel Ziegler.



Vv

Someone once saitly ou may not be a supersthut you may be sitting next éosuperstad
There is no doubt that many epiphaaligiting scientific discussions and chemistry adwieene from
many colleague#cknowledgements are made to the following: Dr. Marcin Kalek for his input on
mechanistic studies arfdr introducing me to COPASI, Dr. Jonas Schwaben for encouraging the
examination of carbamate nucleophiles, Drs. Caiyou Chen, Haohua Huo, Yusuke Makgtn, Gr
Schwarzwalder, and Zhaobin Wang &afdressing my organic chemistry deficienceesd Kareem
Hannoun and Dr. Haolin Yin for their computational analyses and general discussions on

photochemistry and mechanistic studies.

There are two copper(ilyarbaztides that have eluded structural confirmation for a long
time: the homoleptic anion [&(carb}]' and the neutral heteroleptic complex consisting of the
[Cu"(carb}(phosphine)] core. Neither words nor mgnerallystoic facial expressions can capture
the feeling of elation éxperiencedvhen the structures were confirmed. Larry played an instrumental

role in the process and | cannot thank him enough. Perseveadaividends.

A Ph.D. costs a lot of money. For the first four years of my graduatestuldae graciously
received financial support from the Canadian government through NSERC PGS M and PGS D
programs. | send nginceregratitude to my undergraduate mentors and advisors who allowed me to
compile strong fellowship applications: Dr. Truman m¥emch and Prof. Michael Fryzuk, Dr. Joel
Kelly and Prof. Mark MacLachlan, Dr. Dinesh Aluthge and Prof. Parisa Mehrkhodavandi, and Dr.
Claire Chatalova Sazepin and Prof. Glenn Sammis. | am also thankful for the CCE division for paying
me to serve ag Teacling Assistant for Ch 1a (2013), Ch 1b (2014), Ch 1a (2014), Ch 1a (2015), Ch
la (2016), and Ch 154a (2018nhd once again Greg and Jonas for letting me allocate my time in
teaching

Last, but foremost, express my love and gratitudertty family for ther unwaveringove

andsupport.

JMA



Vi
ABSTRACT

Photoinduced, copp@atalyzed reactions of organohalides have emergeztent yearas
a powerful tool to construct a @é array of CN bondswhichare prevalent in organioaterials and
polymers, pharmaceuticals, natural produats] ligands intransition metal catalyst®escribed
herein is the study and applications of copper compligatedby carbazole and its derivatives in
photoinduced, coppearatalyzed €N bondconstructing transformations. Various areas of synthetic
inorganic and organic chemistry are explored, includirdgioth mechanistic elucidation, ligand and
catalyst design, reaction developmeas, well asspectroscopic and structural characterization of

reactive copper complexes.

Chapter 2 describethe mechanistic investigation on photoinduced, cometalyzed
couplings of carbazoles with unactivated alkyl halides. A wide array of mechanistic tools suggests
the viability of an oubf-cage Gpi N couplingpathway. Spectroscopic and structural characterization

data of the key intermediates are detailed.

Chapter 3outlinesthe design and preparation @hew coppebased photoredox catalyst
supported by tridentate bis(phosphino)carbazole ligarithe ground and exciteestate properties

of thenew photocatalysire examined

Chapter 4detailsthe development of photoinduced, coppatalyzed G4 N couplings of
carbamates with unactivated alkyl bromides using the new copper photoredox $hsteoapevith

respect to the nucleophile and the electrophile and mechanistic investigations are communicated.

Chapter 5 illustrates the chemistry of copper complexes supported Hyidentate
(phosphino)carbazoligands. A diverse array of copper complexes in bt S= 0 andS= 1/2
states are reported, includingae, paramagnetic coppphosphine complethat may serve as a

structural model for key copper intermediates ofthantioselectiv€spi N couplingsof carbazols.
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Chapter 1. Introduction



1.1. Transition metal-catalyzedcoupling reactions of organohalides

One of the first chemical reactions taught in a classroom setting is the double
displacement reaction betwetro genericspecies AX and B'Y to form products AY and
Bi X.! Perhaps the mobtoadly executedlass of a dable displacement reactiagmpractice
is the coupling o&in organic electrophilge.g. organohalidesyith a carbonor heteroatom
nucleophileon a catalytic platform constructed &yransitiormetalcomplex(Scheme 11).2
Due to the possibilityf building molecular complexity in a modular manner, transition
metalcatalyzed couplings have revolutionizaat only the field of synthetic chemistiyut
also many other disciplines of physical science and enginedfimgthis reasorthe Nobel
Prize in Chemistrywas awarded for the development of-ddalyzed crossoupling

reactionsn 2010%

cat. TM

Nu—M X-R Nu—R
- MX

Nucleophile Electrophile Coupling product

Scheme 11. General outline of the coupling of a nucleophile andlectrophile catalyzed
by a transition metal. Nu: carbowr heteroatonbased group; M: metal (e.g. Li); X:

leaving group (e.chalide; R: carborbased group; TMtransitionmetal (e.g. Cu).

In addition to thermalhdriven counterpartsphotoinducedpproaches to transition
metatcatalyzed coupling reactioesnerged as a powerful synthetic twothe past decace
The renaissance of ligllriven synthetic transforationsmay be largely attribed to the

increased diversitgf photoresponsive molecules (photoredox catalyisés¢an mediate the
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transfer of energy or electrons between ,tatherwise inertcompoundsAlthough the

synthetic communityhas mostlyutilized photoredox catalysts based on ruthenium and

iridium,> ¢ several research groupswve recognizedthe synthetic potential of copper in

R @
R |l
= N~
N,/
= ’N/CU\N
R | P
R

phaocatalysis Figure 1.1).>

Octahedral Ru-polypyridyls Octahedral Ir-polypyridyls Tetrahedral Cu-polypyridyls
E%y (Ru(lly*/Ru(l)): +0.77 V EC (Ir(I)*AIr(I1)): +0.31 V E%y (Cu(l)*/Cu(0)): N/A
E®eq (Ru(I)*/Ru(lll)): —0.81 V ECeq (IF(IN*/Ir(IV)): =1.73 V ECeq (Cu(l)*/Cu(ll)): =1.43 V
T9=1us T9=2us 19=0.3 us

Figure 1.1. Examples ophotoredox catalysts and their excigdte properties. Potentials
arereportedagainst saturated calomel electrode insCN. R =4met hoxyphenyl

lifetime.

A general outcome of the irradiatioof the organohalide electrophiles is the
formation of radical§ A Scheme 12).6 Under the conditions of photolysis, radicals may be
generated via thdirect homolysis of the electrophile, halogen atom abstraction-§phere
electron transfer), or outsphere electron transfdrhe resulting radicals may thaaverse
reactionpathways that complement evelectron elementary stepemmonlyobserved in

thermallydriven coupling reactions of organohalidés.



Homolysis of X—R bond:

hv *
M X—-R —_— ’X—Rl ——> Xe oR

Halogen atom abstraction:

hv X-R @e
M M* [M-x]"" R
Outer-sphere electron transfer:
hv X-R ®e o
M M* M X *R

Scheme 12. Examples of pathways by whidhe formation of a radical( A Rom an

organohalide (XR) occurs in the presence of light and a hypothetical photocatalyst (M).

1.2.Photoinduced, coppercatalyzed Q N couplings

One representative proeof-principle study thademonstrated the viability of a
radical pathway in the coppeatalyzedCszi N coupling of an aryl halide with an amine (also
known as the Ullmann coupling) was communicated by the Peters and Fu laboratories in
20128 Prior to this report, the Peters group had been examining the use of their luminescent
copper complexes to facilitate lightitiated multielectron processgsandobserved that the
irradiation of complexl.1 and iodobenzene yields-phenyl carbazoleScheme 13, top)®
In the 201study,the Fu and Peters groups showed that a wide array of mechanistic data is
consistent with a radical pathw#in contrast tahe evenelectron pathwaythat had been
suggested in thermal Ullmann couplingsen route to theCsyi N bondformation.
Furthemore, tley demonstrated thafildhenyl carbazole can be detected in G4éd when
lithium carbazolides irradiated in the presence of iodobenzene and a substoichiometric

guantity (10 mol%) of Cul§cheme 13, bottom).



O /P(m-tol)3 hv (13-watt CFL) O
o7 ) -0
O P(m-tol)s CH:CN, rt O
1.2 equiv

Cu'(P(m-tol)3)x(carb) 77% yield
1.1

O Cul (10 mol%)

hv (100-watt Hg lamp)

w0 @

O CH5CN, rt
1.2 equiv

Li(carb) 64% yield

Scheme 13. Photoinduced Ulimann coupling reported in 2012thg Fu and Peters

laboratories.

The demonstration of the catalyti&zzl N coupling in the absence of exogenous
ligands led to the proliferation of photoinduced, copgalyzed coupling reactions of
organohalides, all of which proceeded under the general conditions descFilugaért 2.12
By 2015, he scopehad been expanded to include a variety af K&, O-, and Sbased

nucleophiles and aryl and alky{?) halide electrophile&



Cul or CuCl (cat.), base
hv (254 nm or 100-watt Hg lamp)
Nu X-R Nu—R
rtor0°C

Aryl or alkyl halide

Arylations: Alkylations:

(@]
LM mesuen

Figure 12. Selected ramples ofnucleophiles employed iphotoinduced, copper

catalyzed couplings in the absence of exogenous ligands.

The possibility to construct i@ bonds under thermally mild conditions is
particularly attrative in view of the prevalencei@® bonds in biologicallyactive natural
products and pharmaceuticals. A 2014 study redadhiat more than 80% of U.S. FDA
approved pharmaceuticals contain one or mand Bondst* In 2011, it was estimated that
6 out ofthetop 10 most frequently employed reactions in medicinal chemistry fdrlye C
bonds, accounting for 40% of all reactions in medicinal chenisipdern reviews and
perspectives continue to echo the importance of the discovery of efficient and versatile
methods to accomplish the construction #NCbonds!® For example, a 2016 surveycha
found that 8 out ofhetop 10 worstperforming reaction types in terms of yield involvé N

arylation or N alkylations reaction&®



1.3.Chemistry of carbazole

By far the most versatile nucleophile explored by the Fu and Peters groups is
carbazole. To date, carbazole remains the only coupling partner that capaiartic N
substitution reactions with any organohalide under the conditions of photoinduced copper
catalysis.Specifically, the Fu and Peters laboratories observed that carbazole undergoes
alkynylation (Gp),'* alkenylation Csp),X* arylation Csp),'* and alkylation Csp) with
primaryl®secondary® and tertiary alkyl halide¥. The coupling of carbazole with temya
al kyl hchlbroachides) everUproceeds in a stereoconvergent manner, providing

access to enantioenrichédi alkylated carbazoles.

- zﬁ 00

N
»

Csp—N (alkynylation) Csp2—N (alkenylation) Cgp2—N (arylation)
O Me Me : z
Csp3—N (alkylation, 1°) Csp3—N (alkylation, 2°) Csp3—N (alkylation, 3°)

Figure 1.3. Examples of Nsubstituted carbazolegcessible via photoinduced methods.

Applications of N substituted carbazoles in synthetic organic chemistry are rather
limited although molecules containing the carbazole scaffold have been reported to display

a wide range of biological activitié8'® including antibacterial and anticanaastivities®®
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Ni substituted carbazoles are of particular interest, instead, in materials and polymer

science$!?2 Carbazole isavailable readily from the distillation of coal tar and can be
inexpensively purchased fromore than 100commercialsuppliers? Its versatility to

participate in a variety of Nsubstitution has enabled the preparation of a library of-light
responsive organic small molecules and polymers with tunable photopropetfies.
Summarized irFigure 14 are selected examples @dmpounds that contain the carbazole

scaffold and their applications.

1 H 8 H —\_ Me H
N Me OH
Ly e
H
3 4 5 6
MeO Me o
Carbazole Koenidine Mukonal
Suspected carcinogen Antidiabetic Natural product (Murraya koenigii)

-0y

Chiral component in asymmetric catalysis Hole-transporting material Organic field-effect transistors

Figure 1.4. Representative structures and applications of carbazole and its derivatives.

In addition to the central N atom, the carbazole ring can also be expediently
functionalized at 4and 8 positions. As a result, an array of multidentate pincer ligands
containing the carbazole scaffolddhbeen prepared and shown to coordinate to various
transition metal centers, including e&fyand late eblock metald®. Several complexes

display catalytic activity in challenging synthetic transformations, includingogén
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fixation,?” alkane dehydrogenatidhand asymmetric epoxidatioRigure 15).2° However,

their applications in coupling reactions of organohalftes largely been underexplor€d.

Me t-Bu Ph O—>
O P(i-Pr), O P(Ad), O SN Ph
| H / | ci

’Me

N—Rh, N—Fe N—Fe:
\ “H \ [N
O P(i-Pr), O P(Ad), O _N Ph
Me t-Bu Ph OI
Alkane dehydrogenation Nitrogen reduction to ammonia Asymmetric epoxidation

Figure 15. Transition metal catalysts supported by carbabaed multidentate ligands

and their application®d = l-adamantyl.

1.4. Overview of individualchapters

This Thesis recapitulates our endeavors stheeautumn of 2013 texplore the
chemistry of coppércarbazolide complexeis photoinduced coppercatalyzed coupling
reactions of alkyl halides, with particular emphasis Ggd N bondconstructing
transformations! At the time, the Fu and Peters groups had lseetinuously expanding
the scope with respect to the nucleophiles and electrophiles under the general conditions of
photoinduced, coppearatalyzed coupling reactions in the absencexagenous ligands
(Figure 1.2). However, @spite the simplicity of the conditions of catalysisechanistic

undestandings had remained elusive

We bein our narrativein Chapter 2 by presenting an hiepth mechanistic
investigation on photoinduced, copjmatalyzed couplings of carbazoles with unactivated

alkyl halides §cheme 14). We demonstrate théhe nucleophile (Li(carb)) itself can be
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responsible for photoinduced single electron transfer events to generate carboradicals from

unactivated alkyl bromide#s part of this mechanistic studyeweport the first example of
structurallycharacterized, homoleptic;c®ordinate copper(ilamide anion and elucidate

its role in the key, oubf-cageCspd N bondforming step.

Ph

O Ph 5 mol% [Cu'(carb),]Li
N—Li hv (100-watt Hg lamp) O 4} Q
:> N

carb = N

Br
O Me 0 °C, CH3CN, 8 h o Me O
Li(carb)

0,
1.5 equiv 64%

Scheme 14. Optimized reaction conditions for an-d@epth mechanistic study on
photoinduced, coppearatalyzed couplings of carbazoles with unactivated alkyl halides

described irChapter 2.

Inspired by the viability of an owdf-cageCspd N coupling mechanism, we repan
Chapter 3a new copperbased photoredox catalyitsigned to effect the formation@dpd
N bonds with nonphotoactive nucleophiles. We share the design principles behind
bis(phosphino)carbazole liganfts the preparation of photoactive copper cterps We
demonstrate that compl&xlis a potent excitedtate photoreductant and show the viability

of coppercatalyzed G4 N couplingsinduced by blud_ED irradiation(Scheme 15).
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Me DME Me P(i—Pr)2
3 equiv

t-Bu
Ph 1 mol% 3.1 Ph .
P(i-P
o hv (blue LED) O | (-Pn);
)]\ 3 equiv LiOt-Bu N—Cu
t-BuO” “NH, Br BocHN Q \
t-Bu

33% yield

3.1

Scheme 15. Application of a newlydesigned cpperbased photoredox catalytl ligated

by a tridentate bis(phosphino)carbazole discussé&thapter 3.

In Chapter 4, we build upon the results describedG@hapter 3 and communicate
the development of the photoinduced, copgalyzedcouplings of carbamateswith
unactivated alkyl bromidg$cheme 16). We establish that our reaction provides direct and
expedientaccess tocarbamatgrotected primary ames, which are valuable synthetic
intermediatesWe share our mechanistic insights on the roka@is(phosphino)carbazole
ligandL4.1 and confirm the viability of an otdf-cageCspd N bondforming step in the N

alkylation of carbamates, akin to ourdings inChapter 2.

1 mol% L4.1 ¢Bu

10 mol% CuBr O P(i-Pr),
JOL i hv (blue LED) j\ )R:
NH
RO™ “NH, Br~ "R? 3.0 equiv LiOt-Bu RO™ "N R? _
unactivated DME, r.t. P(i-Pr);
3.0 equiv one-step synthesis
secondary
: of a carbamoylated amine t-Bu
alkyl bromide L4.1

Scheme 16. Photoinduced, copperatalyzed couplings of carbamates with unactivated

alkyl bromides detailed i€hapter 4.
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We examine another class of copmarbazolide complexes i@hapter 5 using

bidentate (phosphino)carbazole ligands. We establish that a diverse array of copper
complexes can be generated on bidentate ligand platfbotisin theS= 0 andS= 1/2
statesIn the latter electronic state, we structurally contrmare example of a mononuclear
monophosphine complex of coppé& 15 Figure 1.6). We suggdsthatit may serve as a
model complex for understanding the chemistry of key intermediatgfadtoinduced,

coppercatalyzecenantioconvergentd N couplingsof carbazoles’

t-
(-PrR (I-Pr), N
H3C—CN—73u Clu u Cu Mes
(i-Pr)oP N (- Pf)z t-Bu
tBu

P Pr)
t-Bu t-Bu t-Bu (-Pr)

5.1 5.6 5.15

Figure 16. Selected structures of copper complexes supported by bidentate

(phosphino)carbazole ligands reporteimapter 5.
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2.1. Introduction

As part of the 2012 study on theability of radical pathways irthe Ullmann
couplingsof carbazole and aryCsp) halidesthe Fu and Peters laboratories also observed
the formation of G4 N bonds. Specifically, -{allyloxy)-2-iodobenzene was shown to
produce exclusively the ringjosed compound undphotoinduced Narylationconditions
(Scheme 2la).! The product wagroposed to have resulted frotime rapid, Sexotrig
carboradical cyclization, resulting in the formation ofsg@dical fromthe Csp-radical prior
to the construction of thesed N bond. This key observation inspired the development of
general, photoinduced, coppsatalyzed couplings of carbazoles and alkyl hali&etéme

2.1b)2

(a) Initial observations in carbazole arylations

ij@ : \pimtoll >0\©

via: \ 5-exo- tr/g

O

(b) Catalytic carbazole alkylations

Cul (10 mol%)
R! hv (100-watt Hg lamp) R!

NH x— N—
R? LiOt-Bu (1.5-1.9 equiv) R?
O 0-30 °C, CH5CN O
X=1,Br
1.5-1.9 equiv 56-88% yield

Scheme 21. Evolution of N functionalizations of carbazolg) Formation of i N bond
under carbazole arylation conditions. (b) General conditions for the photoinduced; copper

catalyzed couplings of carbazole with alkyl halides.
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Underrelated conditions, a variety of carband heteroatorbased nucleophiles

(nitrogen, sulfur, and oxygen) were coupled with alkyJCaryl (Gp), andalkenyl (Gp)
halides ® Preliminary mechanistic investigations provided support for the simplified
mechanistic cycle shown Figure 2.1; theirradiation of a copper(ihucleophile complex
ayields an excitegtate complek, which delivers an electron to the electrophile to generate
an organiaadicaland a copper(Ilnucleophile complex, which then combine to forge a
carbori nucleophile bond. This pathway, wherein a copper complex serves both as a
photoreductant and as a participant in the key fmamdtructing step, is different from that
suggested dr most photoredox reactions, wherein a photosensitizer (e.§.,oRur")
generates a radical via reduction or oxidation, but is not itself engaged in the resulting bond

formation®®

X-

[L,Cu'Nu]
// a \
_ ligand o
Nu substitution excitation

[L.Cu'X] d b [L,Cu'NuJ*

; electron
coupling transfer
c
R—Nu [L,Cu"Nu] X R=X

R.

Figure 2.1. Early outline of a possible pathway for photoinduced, cepptalyzed cross
couplings. For simplicity, all copper complexes are depicted as neutral species, and all
processes are illustrated as unidirectional. X may be an-ion@n outeisphere goup,

and L, represents additional ligand(s) coordinated to copper.
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Implicated inFigure 2.1 is an ircage couplingstep akin to the radical rebound

mechanism performed by cytochrome4®0 enzyme$.Under this scenarjothe phote
excited complexo generates an organic radical, and the resulting oxidized copper complex
c couples with the formed organic radical rapidly within the solvent cage prior to diffusion.
A follow-up study on the mechanism of photoinduced, coppetiated Barylations of aryl

thiols and aryl iodides further provided support for the simplified mestaischeme in

Figure 2.1.7

An alternate mechanistic scenario is anafutage coupling pathway in which the
organic radical escapes the solvent cage via diffusion and exists as a free alkyl radical before
it is capgured by a new copper species in solution. A related pathway (the coupling of free
alkyl radicals and copper(Tihucleophile species) tdabeen proposed as the key bend

forming step in several coppeatalyzed &3 H amination reaction%’

The mechanig& understanding of transitiometatcatalyzed G4 N bondforming
reactions is of substantial interest due to the importance of amines in a variety of disciplines,
including biology, chemistry and materials scieHt@ecognizing that operating pathways
may be largely dependent on the nucleophile, the electrophile, and the reaction conditions,
we have chosen to elucidate the mechanistegfhotoinduced, copperatalyzedcoupling
of carbazolewith alkyl halides. Thisstudy differs from the mechanistic investigation of
photoinduced reactions of aryl iodides with coppétifiplates under related reaction
conditions with respect to nucleophile (sulfur vs nitrogen), electrophile (aryl vs alkyl halide),

and the quantity of cogp (stoichiometric vs catalyticlrigure 2.2). Herein, we demonstrate
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that photoinduced, coppeatalyzed couplings of carbazole with alkyl halides proceed via a

predominantly oubf-cage process.

Coupling of aryl thiols and aryl halides (2016):

e Stoichiometric in Cu

hv (100-watt Hg lamp) o oiine
[Cu'(SAr),]Na I@ Ars@ e Cgp2 €lec FOP ile
R 0 °C, CH3CN R ° S—nucleophile

* In-cage coupling

Coupling of carbazole and alkyl halides (this work):

cat. [Cu] o
R hv (100-watt Hg lamp) r1 © Catalyticin Cu

N—Li Br— N—( o Cqp3 electrophile

R? 0 °C, CHCN R2  * N-nucleophile
O O e Out-of-cage coupling

Figure 22. Key differences in mechanist examinations of photoinduced, copper

catalyzedcouplings.

2.2. Results and Discussions

2.2.1. Optimization of conditions for mechanistic studies

Initial studies orphotoinduced, copperatalyzed alkylations of carbazoles focused
on the use of alkyl iodides as electrophiles. However, we observed unexpected side reactions
of alkyl iodides during the course of the present st&dpéme 2). Secondary unactivated
alkyl iodides such as®do-1-heptene can be nearly quantitatively recovered upon extended
irradiation in CHCN at or below ambient temperature. In the absence of lightjosl-
heptene does not react with 1t#Bu. In contast the irradiation of 6odo-1-heptene in the
presence of Li®Bu leads to a consumption of the electrophile as determined by GC analysis

of the crude mixture; the decrease in the signal correspondingoao-@-heptene is
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accompanied by the growth @hew set of peaks with roughly 4:1 ratio of signal intensities.

The m/z values of the new signals are 224, consistent with those expected of cyclized isomers
of 6-iodo-1-heptene. In contrast;lifomao 1-heptene remains stable under otherwise identical
condtions; consequently, alkyl bromides were chosen as model electrophiles to minimize

mechanistic complications.

1 equiv LiO-tBu
X

X hv (100-watt Hg lamp)
/\/\)\ 4:1dr
= 0 °C, CH;CN

X =1: Observed by GC
X = Br: Not detected

Scheme 2. Photostability of éhalo-1-hepteness0% of the starting material is consumed
after 30 min of irradiation in the case oid@lo-1-heptene. No isomerization is observed

with 6-bromo1-heptene even after hoursiohdiation

To further simplify the reaction conditions for mechanistic gtigations, discrete
reaction components were utilized (f@arb}]Li as the catalyst and Li(carb) as the
nucleophile; carb = carbazolidé)rather than the mixture of Cul, carbazole, andtiBD
thathad beerescribed in the earlier study. Under the mewditions, carbazole undergoes
alkylation with 2broma-4-phenylbutane in 64% yield at O °C in theesence of 5 mol% of

catalyst(Scheme 23). In the absence of light, no coupling (< 1%) is observed.



O Ph 5 mol% [Cul(carb),]Li Ph
N—Li hv (100-watt Hg lamp)

Br carb carb = N
Me 0 °C, CH3CN, 8 h Me

Li(carb)
1.5 equiv

-0

64%

Scheme 2Z3. New conditions for the mechanistic studies.

2.2.2.Stoichiometric reactivity of [Cu'(carb)z]Li

The irradiation of the stoichiometric mixture of [@arb)]Li with 2-bromo4-
phenylbutane leads to the generation o&lMylation product in 96% yieldScheme 24).
This observation suggests that [@arb}]Li is both stoichiometrically and catalytically
competent in the coupling of carbazole with alkyl bromides. These combined observations

are consistent with the genena¢chanistic pathway shown kigure 2.1.

Ph Ph
hv (100-watt Hg lamp)
[Cu'(carb),]Li Br carb
Me 0°C, CH3CN, 8 h Me
1 equiv 96%

Scheme 2. Stoichiometric reaction between [Qearb)]Li and 2-broma4-phenylbutane.

Because single electron transfer (SET) from the exscite® copper complex,
[Cul(carb}]Li*, to an alkyl bromide should lead to the formation of a paramagnetic
copper(l) complex, we employed electron paramagnetic resonance (EPR) spectroscopy to
probe for ar5= 1/2 copper photoproduct. When a freezing mixture of(f@rby]Li and 2

bromo4-phenylbutane (5 equiv) in butyronitrile is irradiated at 350 nm, a pseudoaxial EPR
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signal is observedFgure 2.3, black trace). A similar spectrum is obtained by treating

[Cul(carb)]Li with tris(4-bromophenyymmoniumylhexachloroantimonate (Magic Blue;
0.2 equiv) in butyronitrile &at80 °C Figure 2.3, blue trace). Although hyperfine coupling is
unresolved in these spectra, strgragisotropy indicates the presence abpgaercontaining

metalloradical.

Cul(carb)y]Li
[ Bfr 2 hv (350 nm)
Me/l\V/A\Ph _________1
5 equiv *Gu(ll) species”

[Cul(carb),]Li 4T

——Photolysis [(4-BrCgH,)3N][SbCl¢]

l .
— 0.2 equiv
[Cul(carb).]Li + Magic Blue

2400 27IOO 30I00 33I00 3600
Magnetic Field (G)
Figure 23. EPR spectra in the absence of exogenous Li(carb) (9.4 GHz, 77 K,
butyronitrile). Black trace: mixture ofCu'(carb}]Li and 2-bromo4-phenylbutane (5
equiv) in freezingbutyronitrile upon irradiation at 350 nm; blue trace: mixture of
[Cu'(carb}]Li and Magic Blue (0.2 equiv) &80 °C. Simulated valuesg = [2.445, 2.060,

1.994].

The likelihood ofthe photoinduced single electron oxidation of copper is further
corroboraed by the decrease in the lifetime[GU'(carb}]Li* in the presence of an alkyl
bromide. BecauseCj!(carb}]Li in CH3CN absorbs in the UM , z656mb 4300 M* cmi ),
we probed the excitestate properties by transient absorption spectroscopy. The excitation

using a ND:YAG laser source of a samplg©f(carb}]Li yields a noremissive excited
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state with an absorption maximum at 580 nm and a lifetime of 910 ngL€hehing of the

excitedstate by Zoromoe4-phenylbutane occurs with a rate constant of 4.85Mibs'L. In
view of the EPR data, electron transfer instead of energy transfer is the more likely

mechanism of quenchirtg.

2.2.3. Single electron transfer fom [Li(carb)]*

Although stoichiometric reactivity patterns [@u'(carb}]Li with an alkyl bromide
demonstrate the viability of elementary steps outlindelgare 2.1, they do not necessitate
the relevance of individual steps under catalytic conditions. Under the conditions of catalysis,
Li(carb) rather thafiCu'(carb}]Li is present in a much larger quantity. This stoichiometry is
noteworthy in view of the optical spea of the two species. Although Li(carb) shows
concentratiordependent molar absorptivity in GEN, its molar absorptivity above 13 mM
concentrations at 365 nm reaches 2206dvh' %, which is approximately 50% of the molar

absorptivity of [Cl{carb}]Li at the same wavelengthigure 24).
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Figure 2.4. Optical spectra. Black trace: absorption of 0.094 mM solution d{¢@up}]Li
in CHsCN; red trace: absorption of 1.3 mM solutionlofcarb) in CHCN; blue trace:

emission of thd. 00-watt medium pressure Hg lamp normalized to its maximum intensity.

The competitive light absorption by Li(carb) has a substantial chemical consequence.
In the absence of lighstirring a mixture of Li(cab) and the alkyl bromide does not result in
the consumption of the electrophile. However, a small amount ofitNecQupling product
is generated (5% yield) along with considerable side prodeidtsafdg) when the mixture
is irradiated with a 10@vattHg lamp Scheme %). While metalfree background reactions
are not uncommon in transitiometatcatalyzed transformations, this observation is

suggestive of the presence of both carbazyl and alkyl radicalsrugdiation®?
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O Ph Ph
N—Li hv (100-watt Hg lamp)
Br o carb
O éMe 0°C, CHiCN, 8 h iMe

1.5 equiv 5%

Other products:

Scheme 5. Outcome of the irradiation of a mixture of Li(carb) anebrdmo4-

phenylbutane in the absence of copper.

The feasibility of photoinduced SET from the excistate, [li(carb)]*, to the alkyl
bromide is further corroborated by the St®imimer analysis. The absorption of 355 nm
Nd:YAG laser pulse by a 49 mM (catalytic concentration) solution of Li(carb) produces a
luminescent excited state with a lifetime of 31 ns. €kisted state is quenched bpomo

4-phenylbutane with a secomuder rate constant of 4.9 x81@'ts'%,

Under turnover conditions, the copper precatalyst persists in solution. For example,
ESFMS trace of the reaction after 1 h of irradiation showssignals of 395 and 397 which
correspond to the masses &Ju(carb)]’ and P°Cu(carb}]’, respectively. However, the
relative molar absorptivity values and concentrations of{§@tb}]Li and Li(carb) indicate
that Li(carb) serves as the dominant light absorber and reactbeatkyl halide. Therefore,
we propose that the excitation to Li(carb)* is the major photophysical thagréadgo the

formation of an alkyl radical underdttatalytic conditiongHigure 25).
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Licarb) ——» [Licarb)* — —> carb e
_LiBr
—Re

[Cul(carb),]Li [Cu'(carb);]Li

R—carb Re

Figure 25. Outline of a new possible pathway for the photoinduced, cepgtatyzed

coupling of Li(carb) with amlkyl bromide.

In this mechanistic model, photoinduced SET generates two organic radicals:
carbazyl and alkyl radicals. The two radicals then diffuse away from one another faster than
they couple and exist as free radicals in solution. Thus, aof-@aige O N coupling pathway
is demanded under this mechanistic scenario. We propose that the carbazyl radical reacts
with [Cu'(carb}]Li to generate a new copper(ll) complex, [Quarb}]Li, which then
couples with an alkyl radical to afford thé &kylation product. As in the case of the original
mechanism Kigure 2.1), the key €N bondforming step isstill the reaction of an alkyl
radical with a copper(ll) carbazolide complex, but the pathway for forming these

intermediates is different.

2.2.4. Characterization of [CU (carb)z]'

Because metalloradicals are generally more stable than organic radicals, we sought

to detect [Cli(carb}]Li, which is the copper(lijnucleophile intermediate proposed in
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Figure 25. Specifically, the reaction mixture under the model conditiSohéme 23) was

irradiated at O °C for 60 min and subsequently frepmnched &at196 °C,which ledto the
appearance of a strong, pseudoaxial EPR signal that shows an unpaired spin coupled to
63%8%Cu (I = 3/2) Figure 26, black trace). This EPR spectrum is different from that observed
upontheirradiation of a mixture of [C¢carb}]Li and the samalkyl bromide in the absence

of exogenous Li(carbHgure 2.3).

Ph

5 mol% [Cu'(carb),]Li
e hv (100-watt Hg lamp)
Li(carb)  Br S0 choN cor
1.5 equiv Me , C3H7CN, 60 min
Li(carb) CuBr, ————» [Cu(carb)s]Li
3 equiv -80 °C, C3H;CN, 2 h

Magic Blue (0.2 equiv)

Li(carb) [Cul(carb),]Li

—112 °C, C3H;CN, < 1 min
2 equiv P I

)

—_— Simulation

4

2400 2700 3000 3300 3600
Magnetic Field (G)

Figure 26. Simulated and experimental (9.4 GHz, 77 KHEN) EPR spectra of
[Cu'(carb}]Li, generated through three independent pathways. Black trace: -freeze
guenched sample @n irradiated mixture of standard reactions; blue trace: mixture of
Li(carb) and CuBr; green trace: mixture of Li(carlCu'(carb)]Li, and Magic Blue; red
trace: simulated EPR spectrugH[2.318, 2.058, 2.050]¥lisplaying hyperfine couplings

to one®¥%Cu and threé*N atoms.
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The EPRactive compound observed under turnover conditions can also be generated

through the treatment of CuBwith 3 equiv of Li(carb) at low temperatuféidure 2.6, blue
trace), and through the reaction of [arb}]Li with Li(carb) and Magic BlueKigure 2.6,
green trace). These EPR signals are modeled well as a monaogepe(ll) species
coordinated by three equivaléfi (I = 1) nuclei Figure 26, red trace), consistent with its

assignment as the homoleptic [Qzarb}]Li complex.

Although we have been unable to crystallographicailgracterize a lithium salt of
[Cu'(carb)]', due in part to its thermal instability, crystals of two potassium salts,
[Cu'(carb}][K(THF)e¢] and [CU(carb}][K(benzo-15-crown5),], have been obtained by
layering EO onto a solution that contained a tmpe of Cu(OTf), K(carb), and benza5-
crown5 in THF afi 78 °C Figure 2.7, left). When an analogous reaction is performed using
18-crown6 in placeof benzel5-crownb, single crystals of [Cijcarb)][K(18-crown
6)(THF)] is also obtainet The powder and glass EPR spectra of' [Carb}][K(benzo-15-
crown5);] are consistent with the spectra of [Qrarb}]Li (Figure 2.7, right). Both in solid
and solution states, [¢(carb}][K(benzo-15-crown5),] is deepblue; [CU(carb)]' shows

an absorption band at 580 nm with an approximate molar alvitgrpf 1100 M1 cm'?,
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——Powder
—In C;H,CN

2400 2700 3000 3300 3600
Magnetic Field (G)

Figure 2.7. Characterizatiorof the copper(l) intermediate. Leftsolid-state molecular
structure of [Cli(carb}][K(THF)¢] as determined by single crystal-rfy diffraction

(countercation and ldtoms are omitted for clarityRight: EPR spectra (9.4 GHz, 77;K)
black trace: powder spectrum of [Guarb}][K(benzo-15-crown-5);]; blue trace: frozen

solution of [CUf(carb}][K(benzo-15-crown5),] in CsH7CN.

The distinct color of [C¥(carb}]' allowed us to detect its presence also by optical
spectroscopy. When a reaction mixture is irradiated under the standard catalysis conditions
(Scheme ), the solution turns dedpue; this color diminishes when irradiation is
discontinuedand the solutions allowed to warm to room temperature. When a model
reaction mixture is irradiated in a quartz cuvette at Qli€absorption band at 580 nofi
[Cu'(carb}]Li is observed within a few second&igure 28, left, black trace). This
absorption feature can also be generated through the treaithm@nBr. with 3 equiv of
Li(carb) at low temperatureFigure 238, left, blue trace), and through the reaction of

[Cu'(carb}]Li with Li(carb) and Magt Blue Figure 2.8, left, green trace).
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Within 3 minof irradiation a concentration of [(¢carb}]Li accounting forD50%
of the original amount ofopper is reachedrigure 2.8, right). Our observations indicate
that the concentration of two radical species outlineFigu¢e 2.5) diverges rapidly from
the initial 1:1 stoichiometry. Derived mostly from the carbazyl radical' [@ub}]Li, is a
persistent radical that bugdpin concentratiompon irradiation of the catalysis mixture and

observable by various spectroscopic techniques, while the alkyl radical is a transient radical

present in low concentratiohs.

Irradiation of catalysis mixture 1.0
15 CuBr, + 3 Li(carb) ——2 min
’ —— Chemical oxidation with Magic Blue 08l ——45s
) ——15s
[0} 3s
e 1.0 3 06l no irradiation
3 g
5 £
2 o 0.4H
< Q
0.5H <
0.2
0.0 L L ! 1 L 1 0.0 . T
400 450 500 550 600 650 700 750 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Figure 2.8. UVi vis spectra. Left: generation of ({Xcarb}]Li through three independent
ways; black trace: catalyzed reaction mixture after irradiation; blue trace: mixture of CuBr
and Li(carb) (3 equiv) in butyronitrile #80 °C; green trace: mixture of [Goarby]Li (1
equiv) and Li(carb) (2 equiv) treated with Magic Blue (0.3 equiv) in butyronitrilé3@t

°C. Right: appearance of an absorption peak at 580ohfCu'(carb)]Li upon the
irradiation of a reaction mixture containing [@arb}]Li (5 mol%), Li(carh) (1.5 equiv),

and 2bromo4-phenylbutane in CkCN in a quartz cuvette at 0 °C.
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The metalloradical [Cl{carb}]' unit represents a rare example of structurally

characterized homoleptic threeordinate copper(ll) complé® The quality of the Xray
diffraction data for [Cli(carb}][K(THF)¢] is modest, and structural metrics should therefore

be viewed with cautionFjgure 2.7, left).l” Nevertheless, the NCu N bond angles (two

large and one small: 126.7(2), 124.4(2), 108.8(2)°) indicate a structural departure from a

trigonal planar geometry, as anticipated fof@electronic state that is Jafiieller active.

DFT computations on the&€[i'(carb}]' core show a significant delocalization of the
unpaired spin, with 0.43 en Cu atom and 0.27 distributed between the three N atoms of

the carbazolide ligand&igure 2.9, left).!® This spindelocalization is also apparent in the
experimental EPR spectrum of [(oarb)]' (Figure 2.7, right). Consistent with the new
mechanistic hypothesiFigure 25), DFT-predicted formation of [Clfcarb}]' via the
coupling ofc ar b A darbyH is px@rgonic by ~9 kcal mdl In contrast, the
hypothetical coupling of a secondary unactivated alkyl radié8l with [Cu'(carb)]' to
generate [Cu''(carb}R]" unit is endergonic by ~3 kcal malThus, DFT predictions are in

line with the obsent#on of [Cu"(carb}]' under the conditions of catalysis.
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© ©
. O warm to rt O
(carb),Cu'"-N ~—> | (carb),Cu'-N _ +g
NH
[Cu]" stabilized by carb~ carbe stabilized by [Cu]' O

Figure 2.9. Carbazyiradical character in [Ci¢carby]'. Left: DFT-computed spiflensity
plot of [CU'(carb)]' in which 27% of the total spin resides on the three N nuclei. Right:
resonance contributors to [fearb}]' consistent with its thermal decomposition

productsgi s -McarlSakijl.

Given the appreciable predicted spin density on nitrogeti(¢@ub}]' might display
reactivity characteristic of a carbazyl radi¢&The observation of products of formal
carbazyl r adi c abicarbazolen endi 9rdrbazyln upoh 3var@ing a
solution of [Cl(carb)]' is consistent with this view. Thus, they bondforming step in
these photoinduced, coppeatalyzed reactions might occur through the di€gfi N

coupling, rather than through a copper{itijicleophile intermediate.

Previously, a reaction between a trityl radical 3(PA ) and danldeopper (|
complex to furnish a QN bond (PBC_NHAr) and a copper(l) speciesdbeen illustrated
in the literaturé. While the addition of trityl radical did not yielthe C_N coupled product,
the addition of TEMPQOH to a freshly prepared solution of [(oarb}|Li generates

TEMPOA as t-dotive poend iye sE P(RT E Mtet@iethylpip2ridige;bsyl), 6

as well as [Cljcarb}]Li (Scheme &). The observed reactivity is consistent with hydrogen
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atom abstraction from TEMP®I by [CU'(carb}]Li, rather than a proton transfer which is

expected to yieldraEPR spectrum

L]
?H — H(carb) ?

1 : N N I -
[Cu'l(carb)s]Li ﬁ _— ﬁ [Cu'(carb),]Li
—45°C, CH4CN

Complete loss of Cu" EPR

Scheme %. Hydrogenatomtransferby TEMPQ H to [CU'(carb}]Li, resultingin the full

consumption of [Cl(carb}]Li and t he f or mat i(camplof TEMPOA

Thus, the mechanistic scheme outline#figure 25is in essence the coupling of an
alkyl radical and a carbazyl radical in an-oficage process mediated by copper. Copper
truly provides a platform for boncbnstruction of two organic radits. This mechanistic
model remains conceptually different from common photoredox transformations which can
be prone to radical chain processes involving free radit@#hile complex photochemistry
of [Cu/(carb}]Li and Li(carb) does not permit an unequial evaluation of chain processes
in the present study, the standard react@zhéme 23) is estimated to have a chain length

of 0.3, which is suggtive of a norchain pathway.

2.2.5. Evidence for ouof-cage coupling via free radical intermediate

Because unactivated secondary alkyl radicals are unstable, transient species, standard
spectroscopic techniques that have been useful in the detedtercopper(ll) intermediate

werenot applicable to the direct observation of free alkyl radicals. Instead, we designed and
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performed independent reactivity, stereochemical, and product studies to probe for the

involvement of free alkyl radicals.

Alkyl radicals with pendant olefinsanundergo intramolecular cyclizatioASFor
example, the derived secondary alkyl radical @ir@no1-heptene isomerizes with a rate
constant of 1.0 x P0s'! at 25 °C, furnishing a primary alkyl radical witi#:1 cis/trans
diastereoselectivity> When 6bromol-heptene is subjected to our standard reaction
conditions, the cyclized coupling produch)(is formed in 62% vyield with 4:1
diastereoselectivity, along with 10% of the direatipling product i (Scheme 2Z).

Because the rate of diffusion (typically exceedingjst¥) is significantly higher than the rate

of cyclization of the derived secondary radical, the predantigeneration of the cyclized
productsh suggests that if ring formation is occurring through radical cyclization,tteen

C_N bondconstruction is proceeding primarily through an-ofitage pathway.

5 mol% [Cu'(carb),]Li

= hv (100-watt Hg lamp) =
Li(carb) Br carb carb
Me
i

Me 0°C, CH3CN, 8h Me
h

1.5 equiv

62% 10%
4:1 cis/trans

Scheme ZI. The coupling of éromol-heptene,yielding the cyclization product

predominantly

The 4:1 cis/trans stereoselectivity that we obskivessentially the dpreviously
reported for the cyclization of this putative secondalkyl radical at 0 °C2 To provide

further support for a radical rather than an organometallic pathway for ring formation, we
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examined the photoinduced, copatalyzed coupling of the deuteritlabeled analogue

of 6-bromo1-heptene $cheme B). The analysis via NMR spectroscopy revealed a 1:1
mixture at the indicated stereocenter, which is inconsistent with a ré@iearganometallic
mechanism that involvean uninterruptedsequence ob x i dat i v e-migradodyi t i o n,

insertion, and reductive elimination.

5 mol% [Cu'(carb),]Li

— hv (100-watt Hg lamp)
Li(carb) D Br carb
Me 0°C, CH3CN, 8 h Me

1.5 equiv D

60%
1:1 mixture
at the indicated stereocenter

Scheme 8. Transdeuteriumlabeled analogue oflBroma1-heptene resulting in the loss

of stereochemicahformation upon coupling under the standard conditions.

To further explore the question of enftcage coupling, we investigated the effect of

the concentration of the reaction on tlesultingratio of the amount otyclized ) to
uncyclized () product(Scheme 2). In dilute solutions the intramolecular isomerization
takes place prior to the intermolecular coupling step. As the reaction coroestate
increased, the extent of intermolecular coupling event is increased. If all of theanpsag

is occurring incage, then the ratio should not depend on concentration since the quantity of
reactive species within the solvent cage remains aunsthe trend that we obseinae
greater preference for cyclization at lower concentraisothat expected if owutf-cage
coupling is occurring. The observation of a considerable amount of TEMPO adducts derived

from the trapping of the uncyclized secondagical or the cyclized primary radicals, when



37
a photoinduced, coppeatalyzed crossoupling is run in the presence of TEMPO, further

supports the possibility of owif-cage coupling.

5 mol% [Cu'(carb),]Li

= hv (100-watt Hg lamp) =
Li(carb) Br carb carb

Me 0°C, CH3CN, 8 h Me Me
1.5 equiv h i

[alkyl bromide] (mM) ratio of products (h/i)

22 7.6
33 6.1
44 5.5
55 5.1

Scheme 2. The effect of overall reaction concentrations on the extent of cyclization.

In thermallydriven, nickelcatalyzed transformations, the effect of the variation in
the quantity of nickel catalyst on the amount of zatlon of the alkyl radical had be
frequentlyexamined?® A linear correlation between the quantity of the catalyst and the
extent of direct coupling is often used to support the involvement of free radicals, since the
concentration of reactive metal species is presumed to increasdylwearthe amount
introduced to the reaction mixture. When the analogous study is performed sorg®
1-heptene, the effect of addggiu(carb)]Li is not pronounced, and the ratio of cyclized

uncyclized product plateaus at a value of 6 past &ysataading of 5 mol%Kigure 2.10).



3¢

cat. [Cu'(carb),]Li
— hv (100-watt Hg lamp)
Li(carb) Br
1.5 equiv Me 0 °C, CH3CN

9 \__‘\’__‘
6
carb\/Q ;Q 0 ‘ ‘ ‘ ‘ !

Me Me 0 3 6 9 12 15
h i [Cu'(carb),]Li loading (mol%)

w

Ratio of products h/i

Figure 2.10. The extent of cyclization as a function of the initial catalyst concentration.

At first glance, the observegend may appear to suggest that'(€arb}]Li does not
lead to the formation of an active, beocwohstructing catalystWe performed kinetic
simulations to gain insight into the reduced effect of the catalyst loading on the outcome of
alkyl radical cycliation. Assuming irreversibility, a simplified kinetic model involving a
metatmediated bondormation shows the expected linear treRj(re 2.11, bottomleft).
In contrast,under photochemical conditions, wherethe rate of radical generatiors
inherently gated by the photon fluthe intensity ofthe light sourcebecomes a critical
parameter thas invariable even when the amount of catalystiseasedThis fixed raten
photochemical settings turn leads to a less pronounced effect on the degree of direct
coupling (Figure 211, bottom righf and isthe key factor that inducethe observed

saturation behavior in the experimental gloown inFigure 2.10.



Thermal cross-couplings: Photoinduced cross-couplings:
= rate = rate =
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W rate of radical formation depends on [M] W rate of radical formation depends on hv
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Figure 2.11. Differences in the ratmfluencing steps for the formation of free radicals
betweerthermal and photoinduced cressuplings Bottom keft: simulated degree of direct
coupling assuming linear correlation between the rate of radical generation and catalyst
loading (thermal reactiondpottom iight: simulated degree of direct coupling at fixed rates

of radical generation (photoinduced reactions); degree of direct coupling is determined by

taking the ratio otheamount of direct coupling product to the amoeintyclized product.

Further evidence for the involvement of free alkyl radicals is provided kpydldect
analysis of the crude reaction mixtures over tifigyre 2.12). Side products formed from
bimolecular reactions of alkyl radicals in the absendaetatalysare also detected in the
presence dhe catalysbut in much smaller amounts. In the absence d{§&b}]Li, alkyl
radicals undergo fast, uncontrolladiolecular decomposition reactions, while the formation

of CiN coupling product stalls at <5% vyield. In the presence of(¢@b}]Li, the
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unproductive radical decomposition products are minimized; instead, the alkyl radical is

selectively captured by thgersistent radical, [C'¢carb}]Li, and converted to the i@

coupling product. This observatias fully consistent with the new mechanistic proposal

illustrated inFigure 2.5 andunderscores the importance of copper in photoinduced-cross

couplingsthat occur via an SET process

O Ph 5 mol% [Cu'(carb),]Li Ph Ph Ph Ph
N—Li hv (100-watt Hg lamp) /
Br carb H \
Me 0°C, CHsCN Me Me Me
1.5 equiv As above : Favored Not favored
Without [Cu'(carb),]Li : Not favored Favored
60 With [Cu'(carb),]Li 60 Without [Cu'(carb),]Li
50 ®C-N cross-coupling product 50 | ®C-N cross-coupling product
@ Radical decomposition products @ Radical decomposition products

40 40
R e S
< 30 5 30
2L 9
> >

20 * 20 N °

.
10 b ° b 10 ®
« * °
L d .
0 . L L L L | 0 a® , .\ ? L |
0 20 40 60 80 100 20 40 60 80 100
Time (min) Time (min)

Figure 212 Formation of products over time. Lefyields in the presenceof

[Cu'(carby]Li; right: yieldsin the absence of [(igarb)]Li.

2.3. Conclusions

Using a wide range of tools, we have investigated the mechanism of the

photoinduced, copparatalyzed coupling of carbazole with an alkyl bromide, which is one
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of the first examples of transitianetal catalysis of the alkylation of an amine by an alkyl

halide. In addition to the originally proposed pathway, we suggest that a second mechanism
is operative and dominant, wherein photoexcited Li(carb) servegedsictant of the alkyl
bromide, generating an alkyl radical and a carbazyl radical, which combine via-@ia out
cage, coppecatalyzed pathway in which [(uarb)]Li and [Cu'(carb}]Li are key
intermediatesKigure 25). Using ESIMS, we have obtained evidence for the presence of
[Cul(carb}]" under catalysis conditions. With the aid of 1UN& and luminescence
spectroscopy, we have established that upon irradiation, Li(carb) can undergo excitation and
then electron amsfer to an alkyl bromide, thereby affording a carbazyl radical and an alkyl
radical. Using EPR spectroscopy, we have obtained evidence for the formation of a

coppetll) complex during catalysis; weadpostulated this intermediate to be [Qrarb}]-

(generated by the reaction of a carbazyl radical with'(f@rby]'), which we then
independently synthesized and structurally characterized. Through the useiwak UV
spectroscopy, we have monitored the buildup of this complex, the persistent radical that i
responsible for effective crogs®upling, during a reaction. Radical -cyclization,
stereochemical, and reactivity probes are consistent with the generation of an alkyl radical,
which engags in an oubf-cage coupling witiCu'(carb}]'. The chain lengttor the
coupling reaction is relatively low (0.3), as expected for aci@in process. The additional
pathway illustrated inFigure 25 highlights the opportunity to achieve photoinduced,
coppercatalyzed coupling reactions not only through excitation of coppeteophile
complexes but also of nucleophiles themselves. Regardless of the photoreductant under
catalytic conditions, copper pears to play a critical role in the key bond constructiep st

via coupling of a copper(lihucleophile complex with an organic radical.



2.4. Experimental section

2.4.1. Generalinformation

Unless otherwise noted, materials were either purchased fromerarahsuppliers
and used as receivent prepared via literature procedures. Solvents were deoxygenated and
dried by thoroughly sparging with argon followed by passage through an activated column
in a solvent purification system. All manipulations ofsensitive materials were carried out
in ovendried glassware using standard Schjeoik glovebox techniquesunder an N
atmosphere. Silicycl8iliaFlashR P60 silica gel (particle sizes803 e m) was used f
chromatography. Analytical thin layer clnnatography was conducted with glass TLC plates
(silica gel 60 F254), and spots were visualized under UV light or after treatment with
standard TLC stains. -Kand EPR measurements were made with a Bruker EMX

spectrometer at 77 K. Simulation of EPR data ezmslucted using the software EasySpin.2.

4, 13C, and®P NMR spectra were recorded on a Bruker Ascend 400 MHz, a Varian
300 MHz, a Varian 400 MHz, a Varian 500 MHz, or a Varian 600 MHz spectrometer with
CHCL (*H, Ui = 7.26) and CDGI(*3C, tii= 77.0) as internal references and with 8538&k
(3P) as an external reference. Multiplicity and qualifier abbreviations are as follows: s =
singlet, d = doublet, t = triplet, g = quartet, m = multiplet, br = broad, app = apparent). GC
analyses were aaed out on an Agilent 6890 Series system with arsHBlumn (length 30

m, 1.D. 0.25 mm).

X-ray crystallography studies were carried out at the Beckman Institute

Crystallography Facility on a Bruker D8 Venture kappa duo photon 100 CMOS instrument
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( Mo  &didtion). Structures were solved using SHELXT and refined against F2 by full

matrix least squares with SHELXL and OLEX2. Hydrogen atoms were added at calculated
positions and refined using a riding model. The crystals were mounted on a glass @ber
nylon loop with Paratone N oil. Steaeltate fluorimetry was performed in the Beckman
Institute Laser Resource Center (BILRC; California Institute of Technology). Sttty
emission spectra were collected on a Jobin S4 Yvon Spec Flu@&dlbgvith a Hanamatsu
R928P photomultiplier tube detector with photon counting. Absorbance spectra were
acquired on a Cary 50 UVis spectrophotometer with a Unisoku Scientific Instruments

cryostat to maintain temperature.

Mass spectral data were collected on a Theri® Lor LTQ ion trap mass

spectrometer, or on an Agilent 5973 mass spectrometer.

Photolytic reactions were performed using a 100 W BRky Long Wave
Ultraviolet Lamp (Hg), a 100V Blak-Ray B-100Y High Intensity Inspection Lamp (Hg), or
a Luzchem LZEAV photoreactor equipped with LZOVA lamps centered at 350 nm. If
required, the temperature was maintained with an isopropanol bath cooled by an SP Scientific

cryostat.
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2.4.2. Procedures for photoinduced crossouplings

Determination of photoinstability of 6-iodo-1-heptene

1 equiv LiO-tBu |

| hv
M Temperature, CH3;CN

An equimolar mixture of 6odo-1-heptene (0.2 mmol) and L#@®Bu (0.2 mmol) in
CHsCN (1 mL) was prepared in an 8 mL borosilicate vial equipped with a magnetic stir bar.
The mixture was capped and stirred for 5 minutes and the reaction vessel was fully
submerged in an isopropanol bath kept at 0 °C with a cryostat. The mixture was irradiated
with a 10Gwatt Hg lampbeforeit was diluted with a solution of dodecanéEO or EtOAC.

An aliquot was filtered through a short pad of silica §OAc eluent) and the sample was

injected for GC analysis

Alternatively, a 10 mL quartz tube was used to prepare the mixturaoolo€.-
heptene and Li@Bu in CHCN. A small, measureduqntity ofn-dodecane was added as
the internal standard, followed by a magnetic stir bar. The quartz tube was capped with a
rubber septum, stirred for 5 minutes and placed in a Luzchem photoreactor at room
temperature for irradiation under 350 nm. Afteadiation, the quartz tube was shaken
vigorously and an aliguot was immediately taken via syringe. The sample was filtered
through a short pad of silica g&itQAceluent) and the sample was injected for GC analysis.

The data are summarized below for itihadiation under 350 nm.
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Table 21. Conversion of dodo-1-heptene at room temperature under 350 nm irradiation

in CHsCN in the presence of an equivalent of t-Bu.

Time (h) Remaining 6-iodo-1-heptene (%)* Major isomer**  Minor isomer* dr

0.25 67 0.29 0.08 3.5:1
0.50 50 0.41 0.12 3.5:1
0.75 39 0.45 0.13 3.5:1
1.00 32 0.49 0.14 3.5:1
2.00 26 0.57 0.16 3.5:1
3.00 17 0.59 0.17 3.4:1

* Determined by calibrated GC analysis using n-dodecane as internal standard
** Ratio of signal intensities corresponding to m/z = 224 to n-dodecane standard

General procedure for thecoupling of alkyl bromides

5 mol% [Cu'(carb),]Li
O R? hv (100-watt Hg lamp) R' O
N—Li Br—< carb—< carb = N
O R? 0°C, CH4CN, 8 h R? O
Li(carb)
1.5 equiv

[Li( CH:CN)n][Cu(carb}] (0.007 mmol), Li(carb) (0.2 mmol), and alkyl bromide
(0.13 mmol) were added to a 4 mL borosilicate vial in the glovebox under a nitrogen
atmosphere. A magnetic stir baidah mLCH3CN were added to the vial. The mixture was
capped and stirred for 5 minutes and the reaction vessel was fully submerged in an
isopropanol bath kept at O °C with a cryostat. The mixture was irradiated withveatidag
lamp while stirring for 8 burs, after which time it was diluted with a solution of dodecane
in EtO or EtOAc. An aliquot was filtered through a short pad of silica gOAc eluent)
and the sample was injected for GC analysis. Products were isolated after removing the

solvent in vacuo and loading the crudextureon silica gel and eluting with hexanes.
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9-(hept-6-en-2-yl)-9H-carbazole(compound i). Following the general coupling procedure
using6-bromao 1-heptenethe title compound can be obtained af@umn chromatography
( h e x an EOAheXanes) asolorlessoil. A typical run produce$0% of the coupling

product according to calibratésC analysis.

IH NMR (400 MHz, CDCY) i8.12 (d,J = 7.8 Hz,2H), 7.51 (d,J = 8.1 Hz,2H), 7.44 (tJ =
7.6 Hz,2H), 7.22 (t,J = 7.0 Hz,2H), 5.66 (ddtJ = 16.9, 10.2, 6.7 Hz, 1H), 4.06.84 (m,
2H), 4.854.66 (m, 1H), 2.402.22 (m, 1H), 2.181.88 (m,3H), 1.68 (d,J = 7.0 Hz,3H),

1.471.28 (m, 1H), 1.241.09 (m, 1H).

13C NMR (101 MHz, CDCE) 11399, 1384, 125.5, 123.3, 120.4, 178115.0, 110.2, 51.3,

34.4,33.5, 26.3, 19.5.
FT-IR (film): 2931, 1640, 1625, 1594, 1482, 1451, 1331, 1316, 1223, 1157, 7460721

MS (ESI) m/z (M} calcd for GoH21N: 2632, found:2633.
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4:1 cis/trans

9-((2-methylcyclopentyl)methyl}9H-carbazole (compound h).Following the general
coupling procedureising 6-bromo1-heptene the titte compound can be obtained as the
mixture of diastereomers afteolumn chromatography (hexaive$ %&EtOAdhexanes) as a
colorless solidA typical run produces 60% of the coupling product according to calibrated
GC analysis!H NMR resonances were assigned for major and minor diastereomers based
on COSY dataThe gereochemistry of the major diastereomer &aalyzed byNOESY.

NMR resonanes of the major diastereomer are as follows.

IH NMR (400 MHz, CDCJ) 1i8.10 (d, J = 7.7 Hz, 2H), %48 7.41 (m, 4H), 7.2i 7.20 (m,
2H), 437 (dd,J = 14.6, 4.6 Hz, 1H), 47 (dd,J = 14.6, 10.9 Hz, 1H), 89 2.44 (m, 1H),

2.26 2.19K(m, 1H), 1.961.75 (m, 2H), 1.581.38 (m, 4H), 1.2 (d, J= 7.1 Hz, 3H).

13C NMR (126 MHz, CDCb) Ui 1408, 1256, 123.0, 120.4, 118.8, 1@9 440, 43.1,362,

333, 29.0, 227, 156.
FT-IR (film): 2954, 2870, 1597, 1484, 1461, 1452, 1326, 1218, 1153, 748n722

MS (ESI) m/z (M) calcd for GoH21N: 2632, found:2633.



4¢

f1 (ppm)

f1 (ppm)

Figure 2.14. *H-'H NOESY trace of the major (cis) diastereort@DCls, rt, 600 MHz).
Couplings of the methyl resonances to the mmetliesonances are highlighted in yellow.

The difference in the magnitude of correlation is consistent with the cis configuration in a

5-membered ring.
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Figure 2.15. H-'H COSY trace of theninor diastereomer (OCls, rt, 600MHz).

&
1 (ppm)

E—" SR
@-

32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 09 08 07 06
f2 (ppm)

Figure 2.16. *H-'H NOESY trace of theninor (trang diastereomefCDCls, rt, 600 MHz).
Couplings of tle methyl resonances to the mathresonances are highlighted in yellow.
Approximately equal magnitude of correlation is consistent withrémsconfiguration in

a 5membered ring
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1:1 mixture at the indicated stereocenter

9-((2-methylcyclopentyl)methytd)-9H-carbazole Following generatoupling procedure
with (E)-6-broma1-heptenel-d, the title compound can be obtained as the mixture of

diastereomers after column chromatography (hexariésé EtOAdhexanes) as colorless

solid. A typical run produces 60% of the coupling product accordingplibrated GC

analysisNMR resonances of the major diastereomer are as follows.

IH NMR (400 MHz, GD¢) U 8.228.02 (m,2H), 750i 7.38 (m, 2H), 7.307.21 (m,4H),
3.96 3.79 (m, 06H), 3.80 3.65 (M, 06H), 2.412.16 (m,1H), 1.89 1.79 (m, 1H), 1.5 1.50

(m, 2H), 1.27 1.21 (m, 2H), 1.20i 1.13(m, 2H), 0.81 (d,J = 7.1 Hz,3H).

13C NMR (126 MHz, CsDg) 111411, 125.8, 123.6, 120.8, 119.2, 109.3, 43.68 &#,20.4 Hz),

43.0, 36.2, 33.3, 28.9, 22.7, 15.4.

2H NMR (61 MHz, CsDg) 11 3.86, 3.70.

MS (ESI) m/z (MJ calcd for GgH20DN: 2642, found:264.1.
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Figure 217. *H NMR spectrum of g(2-methylcyclopentyl)methytl)-9H-carbazole

(CsDs, 400 MHz, rt)
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Figure 218 2H NMR spectrum of9-((2-methylcyclopentyl)methytl)-9H-carbazole

(CéHs, 61 MHz, rt)
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Figure 2.19. 13C{*H} NMR spectrum of ¥(2-methylcyclopentyl)methytl)-9H-carbazole

(CeDs, 126 MHz, rt)
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Procedure for the coupling of alkyl bromides in the absence ¢€u(carb)z]’

O Ph Ph
N—Li hv (100-watt Hg lamp) 4}
Br B carb
O iMe 0°C, CHsCN, 8 h

Me

1.5 equiv 5%

Other products:

75830 B8

Li(carb) (0.2 mmol) and alkyl bromide (0.13 mmol) were added to a 4 mL
borosilicate vial in the glovebox under nitrogen atmosphere. A magnetic stir bar and 4 mL
CHsCN were added to the vial. The mixture was capped and stirred for 5 minutes and the
reaction vessel was fully submerged in an isopropanol bath kept at O °C with a cryostat. The
mixture was irradiated with 18@att Hg lamp while stirring for 8 hours, after ieh time it
was diluted with a solution of dodecand=iO or EtOAc. An aliquot was filtered through a
short pad of silica geEtOAc eluent) and the sample was analyzed by GQ\jgcarbazyl

(1.2 mg, 3% yield) was quantified by preparative TLC with hega

Procedure for standard photolytic reactions at varying reaction concentrations

5 mol% [Cu'(carb),]Li

= hv (100-watt Hg lamp) =
Li(carb) Br carb carb

Me 0 °C, CH4CN, 8 h Me Me
1.5 equiv h i

Stock solutions of [LICHsCN)n][Cu(catb)z], Li(carb), and 6bromo 1-heptenavere

prepared irCHsCN. Desired amounts of each were trangf@io a 4 mL borosilicate vial,



54
and the mixture was diluted to a total volume of 4 mL WikikCN. The vial was subjected

to the standard photolytic conditions, and the products were analyzed by GC. Five reaction
concentrations were tested: 0.011 M, 0.0220M33 M, 0.044 M, and 0.055 M in a totdl
4 mL of CHCN using6-bromo1-heptenas the limiting reagent. The data are summarized

in Table 22; h/i values were calculated prior to rounding of yields of produetsdi.

Table 22. Variation of yields oproductsh andi as a function of reaction concentrations.

[alkyl bromide] (mM) Product h (dr) Producti h/i

11 70% (4:1) 6.7% 11
22 68% (4:1) 9.1% 7.6
33 62% (4:1) 10% 6.1
44 55% (4:1) 10% 55
55 51% (4:1) 10% 5.1

Procedure for stoichiometric coupling of[Cu(carb)2]" with 2-bromo-4-phenylbutane

Ph Ph
hv (100-watt Hg lamp)
[Cul(carb),]Li Br carb
Me 0°C, CHsCN, 8h Me
1 equiv 96%

Stock solutions (0.0067 mmaiL'?) of [Li(CHsCN)q[Cu(carb}] and 2bromo4-
phenybutane were prepared@HsCN. Then, 0.0067 mmol of each reactant was added to a
4 mL vial containing a magnetic stir bar. The mixture was diluted to a total of 4 mL with
CHsCN. The mixture was capped and stirred for 5 minutes aneéotion vessel was fully
submerged in an isopropanol bath kept at 0 °C with a cryostat. The mixture was irradiated
with 100watt Hg lamp while stirring for 8 hours, after which time it was diluted with a

solution of dodecane B0 or EtOAc. An aliquot vas filtered through a short pad of silica
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gel EtOAc eluent) and the sample was analyzed by GC. Run 1: 95% yield. Run 2: 96%

yield.

Procedure for the time-course analysis of reactions with and withoufCu(carb)2]Li

Ph Ph Ph Ph

O Ph 9 or 5 mol% [Cu'(carb),]Li Ph Ph
N—Li hv (100-watt Hg lamp) /
Br . carb H \
Vie 0 °C, CH4CN Me Me Me

Me Me

1.5 equiv
C-N cross-coupled product Debromination Homocoupling

Stocksolutions of [LiCH3CN)q][Cu(carb}], Li(carb), and 2broma4- phenylbutane
were prepared i€H:CN. Desired amounts of each were transferred to a 4 mL borosilicate
vial as outlined in the general procedure, and the vial was diluted to a total of 4 mL with
CHs:CN. The vial was subjected to the standard photolytic conditions for the specified
amount of time, and the products were analyzed byT&€E data are summarizedTiable

2.3 andTable 24.

Table 23. Yields of debromination, homocoupling, andNCcrosscoupled product over

time under catalysis conditions.

Time (min)  C-N cross-coupled product (%) Debromination (%) Homocoupling (%)

5 2.8 3.4 0.2
10 4.8 4.8 0.4
20 11 71 0.5
40 22 9 0.6
60 34 11 0.6

90 46 13 0.7
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Table 24. Yields of debromination, homocoupling, andNCcrosscoupled product over

time in the absence of copper.

Time (min) C-N cross-coupled product (%) Debromination (%) Homocoupling (%)

5 0.7 4.3 1.1
10 1.2 6.8 1.3
20 1.7 11 1.9
40 2.7 16 21
60 29 19 2.4
90 3.4 22 3.6

2.4.3. Preparation of metal carbazolides

Preparation of [Li(CH 3CN)n][Cu(carb)2]

Mesitylcopper (183 mg, 1 mmol), carbazole (167 mg, 1 mmol), Lafarb) (1
mmol) were added to a 20 mL scintillation vial in a nitrogen atmosphere glovebox. 10 mL
of CHsCN was added to the vial, and the mixture was stirred overnight at ambient
temperature. The solution was filtered through a pad of Celite and the volatéaemeved
in vacuo. Benzene (1 mL) was added to dissolve the oil and the residue was triturated with
pentane (5 mL). The supernatant was decanted and benzene was added again. Benzene (1
mL) was added to the solid residue followed by pentane (5 mL) tipjate the product.
This process was repeated until afilesving, off-white powder was obtained. This powder
was isolated atop a sintered glass frit and washed with benzerieniB) and pentane (8
5 mL). The solidcan be further dried under vacuuremight to yield the 400 maof the title
compoundasone CHsCN adduct as determined B NMR analysis. Spectroscopic data

match the literature repott.



Preparation of Li(carb)

Carbazole (3.6 g, 22 mmol) was suspended in 150 nli>0fin a 250 mL flask in
a nitrogeratmosphere glovebox. After coolingit@8 °C,n-butyllithium (1.6 M in hexanes,
15 mL) was added dropwise. The mixture was stirréd&rC for 3 h and allowed to warm
to room temperature overnight. The white solid was collected atop a sintered glass frit,
washed with colEtO and pentane and then rgstallized in cold THF. The crystals were
then dissolved in minimal acetonitrile and the solution was dried in vacuo to afford the title

compound (2.9 g, 76% yield). Spectroscopic data match those reported in the litérature.

Preparation of [Cu" (carb)s][ K(benzo-15-crown-5)]

A 170 °C suspension of Cu(O%f§36 mg, 0.05 mmol) in 2 mL THF was added
dropwise to a prehilled stirring solution oK(carb) (3 equiv,64 mg, 0.15 mmol) in 2 mL
at170 °C(temperature of coldwell when cooled by dry ice and acetdine) blue solution
was allowed to stir for 5 h. The EPR spectrum of the crude mixture showed complete to the
[CU'(carbs]'. The solution was then filtered through a PTFE syringe filter, and a THF
solution of benzd 5-crown5 (2 equiv, 26 mg, 0.1 mmol) tihmL THF was added &0
°C. The mixture was allowed to stand overnight @ °C to give a deep blue suspension
containing a deep blue precipitate. The precipitate was collected while cold atop a sintered
glass frit and washed with cold:P to yield[K(benzo15-crown5)][Cu'" (carb)] (30 mg,
26% yield). Crystals were grown by layering@&tonto the solution in THF &70 °C. The

blue solid was stored &80 °C.
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2.4.4. Procedures for freezgluench EPR studies

Irradiation of [Cu'(carb)z]Li and 2-bromo-4-phenylbutane in an EPR tube

[Cu'(carb),]Li
hv (350 nm)
Br — > "Cu(ll) species"
Me)\/\ Ph
5 equiv

[Li( CH:CN)][Cu(carb}] (4.4 mg, 0.01 mmol) and-Bromo4-phenylbutane (10 mg,
0.05 mmol) were added to a 4 mL vial. The mixture was dissolved in 0.3 mL butyronitrile,
and the resulting solution was transferred to an EPR tube. TheubBRvas sealed and
cooled tai 78 °C. The PR tube was irradiated in the Luzchem photoreactor (350 nm) while
being introduced to a quartz Dewar filled with liquid nitrogen. Irradiation of the freezing
solution proceeded for approximately 15 secoBisulated parameters are as follogs:
[2.445, 2.060, 1.994], isotropic linewidth (Gaussian lisleape, FWHM = 10 mT), &

(MHz) = [75, 1, 1]

Detection of[Cu'!(carb)s]Li in a catalytic reaction mixture

Ph

5 mol% [Cu'(carb),]Li
hv (100-watt Hg lamp)
Li(carb)  Br [Cu'(carb);]Li

1.5 equiv Me 0 °C, C3H/CN, 60 min

A 4 mL solution of the standard reaction mixture containingH{CN)][Cu(carbz]
(0.0067 mmol)Li(carb) (0.2 mmol), andhealkyl bromide (0.13 mmol) was prepared in a
4 mL borosilicate glass vial according to the standard procedure using butyronitrile as the
sol vent . A portion of t bransferred sownh EPRiuge. e | ut i

tube was sealed and cooled to 0 °C, and irradiated with avaiCHg lamp at 0 °C.
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Alternatively, an aliquot (0.1 mL) of the standard reaction mixtur€H3CN in a 4 mL

borosilicate vial that was irradiated for 1 h waansferred to a preooled EPR tube
containing butyronitrile (0.2 mL) underoNThe EPR tube was briefly shaken and cooled to
77 K. Simulation parameters are as follows= [2.318, 2.058, 2.050]; HStrain (MHz) =

[120, 5, 5]; Aww (MHz) = [350 25, 21] Asn (MHZ) = [50,35, 35].

Generation and detection ofCu''(carb)s]Li via metallation

Li(carb) CuBry [Cu' (carb)s]Li
3 equiv —80 °C, C3H,CN, 2 h

A pre-chilled solution of CuBr(2.2 mg, 0.01 mmol) in 1 mL acetonitrile was added
dropwise to a prehilled slurry ofLi(carb) (5.3 mg, 0.03 mmol) in the glovebox. The deep
blue solution was allowed to stir for 5 min before transferring an aliquot to a solution of

butyronitrile indry ice and acetortgath. The solution was then transferred to an EPR tube.

Detection of[Cu''(carb)s]Li via chemical oxidation of [Cu'(carb)z]Li

Magic Blue (0.2 equiv) 0 )
Li(carb) [Cu'(carb),]Li . [Cu(carb)s]Li
—-112 °C, C3H,CN, < 1 min

2 equiv

[Li( CHsCN)][Cu(carb2] (10.0 mg, 0.023 mmol) and(carb) (8 mg, 0.046 mmol)
were mixed in 200 €L of butyronitrile, add
frozen lag r was added a 2 0 0 -br@ambphersylpainmaniuntylin of
hexachl oroanti monate (AMagic Bluedo, 3.4 mg,

were allowed to mix briefly (~5 s) in thawing butyronitrile and frozen again.
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2.4.5. Procedures fotJV-vis studies

Determination of molar absorptivity of [Cu''(carb)s]Li at 580 nm

Li(carb) CuBr, [Cu''(carb)s]Li
3 equiv —40 °C, CH5CN

A 20 mL vial was charged withi(carb) (5.5 mg, 0.030 mmol) and a magnetic stir
bar.Next, CHCN (9.0 mL) was added to the vial, and the soluwas cooled to thawing
CHsCN temperature. A separate vial was charged with (@6 mg, 0.030 mmol) and
CHsCN (3.0 mL). Then,1 mL of the resulting green solution of Cu0.010 mmol) was
added dropwise to the thawit@H:CN solution ofLi(carb). After completed addition, the
deep blue solution wasdirred vigorouslyat thawingCHsCN temperature for approximately
30 minutes. The solution was transferred into acprbed 1 cm pathlength quartz cuvette.
The cuvette was cappend quickly insertethto thei 40 °C UV-vis sample holder. The

molar absorptivity at 580 nm was found todpproximately1100 M* cm'?,

Table 25. Measured molar absorptivity at 580 f{Cu"(carb}]Li in CHsCN.

Concentration (mM)  Absorbance  Molar absorptivity (M~' cm™)

0.103 1.170 1140
0.100 1.092 1092
0.083 1.028 1233
0.050 0.608 1216

Detection of[Cu'!(carb)s]Li during catalysis

Ph 5 mol% [Cu'(carb),]Li Ph

:> hv (100-watt Hg lamp) :>
Li(carb)
1.5 equiv Br carb

Me 0°C, CHaCN Me
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A 4 mL CHCN solution of the standard reaction mixture containing

[Li(CH:CN)][Cu(carb}] (2.9 mg, 0.0067 mmol)Li(carb) (34 mg, 0.19 mmol), and-2
bromo4-phenylbutane (28 mg, 0.13 mmol) was el in a quartz cuvette containing a
magnetic stir barThe reaction mixture was allowed to cool for 10 minutes in the dark at O
°C in an ice bath. Then the mixture was irradiatétht a 100watt Hg lamp while stirring,

and U\tvis spectra were collected at 0 °C at various times after irradiation

Detection of[Cu''(carb)s]Li via chemical oxidation of [Cu'(carb)2]Li

Magic Blue (0.2 equiv) " )
Li(carb) [Cu'(carb),]Li . [Cu(carb)s]Li
—-112 °C, C3H,CN, < 1 min

2 equiv

In a glovebox, a 4 mlbutyronitrile solution containing [LEEHCN)][Cu(carbz]
(0.037 mmol) and.i(carb) (0.074 mmol) was prepared in a quartz cuvetietaining a
magneticstir bar. The cuvette was thesealed with a septum. Another solution containing
tris(4-bromophenyl)ammanu my | hexachl oroanti monate (AMa:
dissolved in 0.2 mL butyronitrile and taken up into a 1 mL Hamilton sample locked syringe,
and the needle was pierced through a septum to prevent the introduction of air. The cuvette
wascooled toi 80 °C in the UWvis sample holdemMext, he sample lock was opened and
the solution of Magic Blue was introduced into the mixture with vigorous stirring. The

stirring was stopped and the sample was allowed to stabilize before a spectrum was acquired.

Determination of the molar absorptivity of Li(carb)
A 10 mM solution ofLi(carb) in CH:CN was made, and this solution was used as a
stock to generate lowe&oncentration solutions of Li(carbach solution wasansferred

via pipetteinto a 1 mm path length cuvette and absorption spectra were acquired at room
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temperature for each concentrati@elow 0.4 mM, a solution of Li(carb) in GBN does
not absorb 365 nnT.he molar absorptivity at 365 nm for concentrationki@farb) greater

than0.4 mM was found to be 2200 ftm' L.

—12mM

Absorbance

320 340 360 380 400 420
Wavelength (nm)

Figure 2.20. UV-vis spectra of Li(carb) in a 1 mm cuvette.

2.4.6. Actinometry

Calibration of light intensity

The HatchareParker method was used to make a 0.006 M potadsiuioxalate
solution in 0.1 N HSQw.2° A 4 mL ferrioxalate solution in a quartz cuvette was then
irradiated at O °C for 48in three separate runs using a 365 nm LED (Thorlabs, M365L2)

and a focusing leng photon flux of 1.7x 10 ® einstein mih! was céculated.

Determination of quantum yield of model reaction.

A 4 mL CH:CN solution of thestandardnixture containing [Li(CHCN)][Cu(carb2]

(0.0067 mmol)Li(carb) (0.2 mmol),2-broma4-phenylbutan€0.13 mmol) was prepared in
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a 1 cm path length quartmwettecontaining a magnetistir bar. The reaction mixture was

allowed to cool to 0 °C with an internal cooling loop in a cuvette holder. Then, the mixture
was irradiated with the 365 nm LED while stirring. After irradiation, the reaction mixture
was dilued withEt2O and dodecane as an internal standard. An aliquot was filtered through
a short pad of silica geE{OAc eluent) and the sample was injected for GC analysis. The
guant um vy ibgdvdingthe amounaaos electrophile consumed bytdked amount

of photons absorbed by the mixture, to be 0.099.

2.4.7. Procedures for SterrVolmer analysis

Quenching of [Cu'(carb)2]Li* by an alkyl bromide

[Li( CHCN)][Cu(carh2] was diluted irCHsCN to make a 0.00335 M solutioAlso,
2-bromo4-phenylbutanevas diluted inCHsCN to make 100, 200, 400, 600, 700, and 800
mM solutions. I n 4 mL vial s, a 250 e L
[L(CHCN)][Cu(carh] was mi xed with aCHOCNGroseoftlel i quot
solutims  containing the alkyl bromide such that the concentration of
[Li( CH3CN)][Cu(carb2] in each solution was equal to the standard reaction concentration,
0.0017 M. The solutions were pipetted into cuvetlesxm path length)The lifetime of a
nonemissive excited state of [LICH:CN)][Cu(carhz] as a function of electrophile
concentration was measured buyp=t B&8Bgside®ENt 2ab:
580 nm); the data are summarizediable 26. The lifetime of the sho#lived, emissive
excited state of [LICHCN)][Cu(carh2] was measured at the picosecdpd) time scale
using luminescence spectroscopy, and was found to be 590 ps. Data were analyzed using

Matlab R2014A with the default curve fitting function.
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1.0
—— 0 mM (3-bromobutyl)benzene
0.8 —— 50 mM (3-bromobutyl)benzene
ol —— 100 mM (3-bromobutyl)benzene 08}t
a —— 200 mM (3-bromobutyl)benzene =
Q 06l —— 300 mM (3-bromobutyl)benzene 2
% o —— 350 mM (3-bromobutyl)benzene 2 o6}
g \ 400 mM (3-bromobutyl)benzene =
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g | = 04}
s :
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Figure 2.21. Excited state properties fiEu(carb}]Li. Left: Transient absorbance decays
in the presence of varying amounts ebf®mobutyl)benzene (synonymous wittbhédmo

4-phenylbutane); right: luminescence decay of the emissive excited sf&ig(cdirb}]Li.

Table 26. Thelifetime of [Cu'(carb}]Li* in the presence of-Bromo4-phenylbutane.

2-bromo-4-phenylbutane (mM) Lifetime (ns)

0 910
50 760
100 660
200 481
300 410
350 370
400 320

Quenching of Li(carb)* by an alkyl bromide

Li(carb) (86.6 mg, 0.5 mmol) was diluted in a 10 mL volumetric flask with
acetonitrile to make 10 mL of a 0.05 M solution (the concentration in the catalytic reactions).
In four other volumetric flasks, the same amounti¢farb) was weighed out, but only ~5
mL of CHsCN was added. The@;bromo4-phenybutanaas added to thid(carb)solutions
via syringe to make 50, 100, 200, or 400 mM solutior-lmfoma-4-phenybutanén 10 mL

CHsCN, andCH3sCN was added to the mark. For each run, one of these solutions was
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syyfnged into the Harrick flow cell (100 &m

flowed through with a syringe pump while fluorescence measurements were being collected.
After each run, the flow cell was cleaned and dried under vacuum, and tiselnogrn was

syringed into the cell.

=) 10F —— 0 mM (3-bromobutyl)benzene 1.0
% = 50 mM (3-bromobutyl)benzene — 048 mM Li(Carb)
= 08 —— 100 mM (3-bromobutyl)benzene 0.8 —— 1.1 mM Li(carb)
= 08} —— 200 mM(3-bromobutyl)benzene ey | 1
8 = 300 mM (3-bromobutyl)benzene 22 mMLy(ca rb)
c o —— 4.3 mM Li(carb)
§ 06} g 06 —— 49 mM Li(carb)
o o
£ o]
N
g 0.4 H & 04
=l £
> 5]
N o2} Z 02
©
E
2 ool . : ‘ : 0.0
0 10 20 30 40 0 20 40 60 80
Time (ns) Time (us)

Figure 2.22. Excited state properties of Li(carb). Left: Luminescence decays of Li(carb)
in the presence of varying amounts ebf®mobutyl)benzene (synonymous w2ttoromo

4-phenylbutane); right: transient absorbance decays of Li(carb) at varying concentrations.

Table 27. The lifetime of Li(carb)* in the presence ob2oma4-phenylbutane.

2-bromo-4-phenylbutane (mM) Lifetime (ns)

0 31
50 19
100 14
200 71
300 5.8

Self-quenchingof Li(carb)*

Li(carb) (43.3 mg, 0.25 mmol) wadissolvedn 5 mL of CH:CN to make a 0.05 M

solution (the concentration in the catalytic reactions). This solution was serially diluted to
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make 4.3, 2.2, 1.1, and 0.50 mM solutions. The solutions were pipetted into cuvettes with a

path length of 1 mm. The excited state lifetimeLgtarb) was measured by transient
absor bance |smp=e c3t5 5gseeag@pnys). Data were analyzed using Matlab
R2014A with the default curve fitting function. The ratnstantof selfquenching was
found to be 2.0« 10’ M't §'% It is impotant to note that in the presence of electrophile
guencher, this lortived, noremissive excited state was not observed,ZH@appears to

proceed from the fluorescent state at a rate faster than that of intersystem crossing.

Determination of chain lengh

The quenching fractior)) can be defined as the ratio of the rate at which the excited
statespeciegLi(carb)) is quenched productively (l&/bromao4-phenybutangto the sum of
the rates of all the other relaxation processes which are available &xdited state.
However, the unusual seduenching behavior of Li(carb) permits only the estimation of the
upper limit forQ. Thus,

2" 0 @ pm O mBrocu
t N2"0 o pmO 1@ pm O mEocuU

C

The chain length is theatio of the quantum yield to the quenching fraction. From our

calculated values, a lower limit can be determined.

B T8 Www

0@ "QE 'Q £0Q 0= T
L T® O



2.4.8. Reactivity of [CU' (carb)s]Li

Thermal decomposition of [CU' (carb)s]Li

H
warm to rt O N O O
[Cu'(carb)glli & — o O O N—N
5 SN

A freshly preparedCHsCN solution of Li[CU'(carb}] in acetone and dry iceath
was allowed to warm to room temperature overnight. The mixture was then concentrated in
vacuo and the residue was loaded on a 28 2t cm Merck TLC plate. Two of many UV
active bands after developing the TLC in hexanes were identified as the commercially

available 9,8licarbazyl and 3)gpicarbazoleéy co-spotting andH NMR spectroscopy

Hydrogen atom transfer from TEMPOT H to [Cu'" (carb)s]Li

— H(carb) (I)

Cl)H
I : N N 1 :
[Cu"(carb)s]Li _— [Cu'(carb),]Li
—45 °C, CH;CN

Complete loss of Cu" EPR

A freshly prepared solution of [&(carb}]Li was prepared in thawin@HsCN. A
cold solution of 2,2,68etramethylpiperidisl-ol?® (TEMPGO H, 1 equiv) inCHsCN was
added to the cold solution of [fgarb}]Li, and the mixture was allowed to stir in thawing
CHsCN temperature for 30 min. A portion of the reaction mixture was transferred to an EPR
tube and diluted with butyronitrile for-Kand EPR measurement at 77 K. The only EPR

active signal was that of 2,26tetramethylpiperidind-oxyl (TEMPOA, and signals
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corresponding to a Ctuspecies were abse(figure 223, left). The analogous reaction

conducted in CECN ati 45 °C shows the appearance of [arb}]' signak by *H NMR

spectroscopy, consistent with the delivery of an khafeigure 2.23, right).

* = Cu(carb)z
# = carbH

2

_

T T T T
105 100 95 9.0 85 8.0 75 70 65
f1 (ppm)

r T T T T 1
3200 3250 3300 3350 3400 3450
Magnetic Field (G)

Figure 2.23. Hydrogen atom transfer f{&u" (carb}]Li. Left: EPR spectra (9.4 GHz, 77 K,
butyronitrile); black trace: TEMP®red trace: a mixture ¢Cu' (carb}]Li and TEMPG;
blue trace: freshly preparg@u'(carb}]Li. Right:*H NMR spectra (500 MHZ,40 °C,
CDsCN); top: mixture of carbH aniCu'(carby]Li; bottom: mixture of Cu'(carb}]Li and

TEMPO H.

2.4.9. Computational methods

The Orca 3.0.1 program was used for all calculatéAdl.optimizations and energy
calculations were conducted with tight convergence criteria using theLM@gctionaf®
and def2ZTZVP basis set® Open and closesshell species were modeled within the
unrestricted and restricted Kol8tham formalisms, respaatly. All geometry optimizations

were conducted without symmetry constraints using gradient methods. Ground state
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geometries were verified as true minima by the absence of imaginary frequencies. All

energies reported are Gibbs free energies at 298.1% khelude translational, rotational,
vibrational, and solvation energy contributions. Solvation was treated with the conductor
like screening model, using default parameters for acetonitrile in all é3dest
[Cu'(carb}]', the Loewdin spin density wastived from a constined optimization where

the NCuiN angles and the C(1}(9a) NiCu dihedrals along each carbazole were
constrained to match that of the experimentally determinedstaliel crystal structure. The
energy was derived from amconstrained optimization. Solvation was treated with the

conductod i ke screening model, using valwues of

Table 28. Free energies of computed molecules.

Compound Gibbs free energy (Hartree)
[Cu'(carb),]' -2674.3593
Cu'(carb), -2674.2012
[Cu"(carb)]' -3191.1839
[Cu"(carb)(i-Pr)] -2792.7926
[carb]' -516.9644
(carb) -516.8096

-Pr) A -118.4381
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Kinetic simulations

All simulations were performed using COPASftware using a unicompartmental
biochemical model. The following table summarizes the parameters used fonghe

simulations.

Table 29. Input parameters for the cyclization under photochemical conditions.

Description Reaction Rate

Generation of radical pairs L e R +ecarb Variable
Carbazole dimerization e carb + e carb — carb—carb 1010 M-1s~!
Uncyclized alky! radical homocoupling eR+eR —> R-R 10'0 M1s~!
Uncyclized product formation without copper eR+ecarb —> R-carb 1010 m~1s™!
Carbazole radical scavenging by Cu! o carb + [Cul(carb),]Li —  [Cu'(carb);]Li 10° M's™!
Uncyclized product formation with Cu'" R+ [Cu'carb)s]Li —> R-carb +[Cul(carb),]Li | 10° M~'s™

Cyclization R — *R' 10%s™"
Cyclized product formation with Cu'" o R'+ [Cul(carb);]Li —> R'-carb + [Cul(carb),]Li 10® M5!
Cyclized product formation without Cu eR"+ecarb — R'—carb 100 M~1s™!
Cyclized alkyl radical homocoupling eR'+eR'! — R'-R! 100 M5!
Cyclized and uncyclized radical homocoupling eRT+eR — R-R! 100 M5!
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2.410. X-ray crystallographic data

[Cu" (carb)s][K( 18-crown-6)(THF)]

The X-ray diffraction data were of poor quality and hence only sufficient for

establishing overall atomic connectivity. Only unit cell parameters are shown below.

Table 210. Crystal data fofCu"(carb}][K(18-crown-6)(THF)].

Identification code [Cu"(carb}][K(18-crown6)(THF)]
Empirical formula Cs2HseN3O7KCu

Formula weight 937.63

Temperature/K 100.01

Crystal system monoclinic

Space group P2/n

E 13.2219(5)

b/A 18.0111(6)

c/A 19.3667(8)

U/ A 90

b/ A 96.1241(14)

o/ A 90

Volume/A3 4585.7(3)

z 4

) cag/cr? 1.358

e/ mm 0.624

F(000) 1972.0

Radiation MoKU (& = 0.7101
20 range f or|4524t063.522

Index ranges 19 O 60 01380 2
Reflections collected 136556

Independenteflections 14447 [Ry = 0.0742, Rgma= 0.0733]




[Cu" (carb)3][K(benzo-15-crown-5)2]

The X-ray diffraction data were of poor quality and hence only sufficient for

establishing overall atomic connectivity. Only unit cell parameters are shown below.

Table 211. Crystal data fofCu"(carb}][K( benzel15-crown5),].

Identification code [Cu"(carb)][K(benzo-15-crown5),]
Empirical formula CsaHs4aCUKN3O1g

Formula weight 1137.87

Temperature/K 100.0

Crystal system monoclinic

Space group P2/c

a/A 22.677(3)

b/A 13.8859(14)

c/A 20.631(2)

U/ A 90

b/ A 102.949(7)

o/ A 90

Volume/A? 6331.2(12)

Z 15

I carg/CT? 1.554

e / mm 2.223

F(000) 3076.0

Radiation CuKU (& = 1.5411
2U range f or|6.364t0160.548

Index ranges 27 O H70 02 %50 01
Reflections collected 177608

Independent reflections {12678 [Ry = 0.2899, Bgma= 0.1706]

[Cu" (carb)4][K( 15-crown-5)2]2[C4H100]4
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The Xray diffraction data were of poor quality and hence only sufficient for

establishing overall atomic connectivi§olvent molecules are omitted for clari@nly unit

cell parameters are shown below.

Table 212. Crystal data fofCu"(carb}][K( 15-crown-5)]2[C4H1¢0]a.

Identification code [Cu"(carb)][K(15-crown5),][CaH100]4|
Empirical formula Ci1oH15:CUKN4Os4

Formula weight 1984.11

Temperature/K 99.98

Crystal system tetragonal

Space group 14,/acd

alA 23.8760(8)

b/A 23.8760(8)

c/A 32.8852(12)

U/ A 90

b/ A 90

o/ A 90

Volume/A 18746.6(11)

Z 24

) cacg/CIT? 1.2866

e/ mm 1.722

F(000) 7686.9

Radiation Cu KU (& = 1.541
20 range f or|7.4t01585

Index ranges 28 O WR8O@ &9, O
Reflections collected 143587

Independent reflections  [4528 [Ry = 0.1708, Bgma= 0.0477]

[Cu" (carb)s][K( THF)e]

Table 213. Crystal data and structure refinements[@u" (carb}][K( THF)g].

Identification code [Cu"(carb}][K(THF)g]
Empirical formula CeoH72CUKN;Og
Formula weight 1033.9
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Temperature/K 100.05

Crystal system monoclinic

Space group P2/n

a/A 12.9317(5)

b/A 22.3762(9)

c/A 18.9484(6)

U/ A 90

b/ A 104.763(2)

o/ A 90

Volume/A® 5301.9(3)

z 6

| cag/cn? 1.288

e/ mm 1.709

F(000) 2172.0

Radiation CuKU (& = 1.5411
2U range f or|6.234t0136.854

Index ranges -15 O R60 014220 O2
Reflections collected 57323

Independent reflections  [9697[Rin = 0.1553, Bgma= 0.1076]
Data/restraints/parameters|9697/0/650

Goodnesf-fit on P 1.043

Final R i nde|R=0.1065 wR=0.2568

Final R indexes [all data] |R;=0.1845, wRkR=0.3014
Largest diff. peak/hole / e#1.19/0.99

Table 214. Fractional Atomic Coordinates (x)0and Equivalent Isotropic Displacement
Parameters (%10° for [Cu"(carb}][K( THF)s]. Ueq is defined as 1/3 of the trace of the

orthogonalzed U; tensor.

Atom X y z U(eq) |Atom X y z U(eq)
Cu01|4786.3(8) |5173.8(6) | 2403.2(5) | 46.4(4) | C019 7544(7) | 4032(4) | 3943(4) 53(2)
K002 [155.6(14) |6827.8(8) |2586.4(10) 56.2(5) |CO1A -273(6) | 8494(3) | 3917(5) 56(2)
NO03| 3640(4) 4749(2) 2613(2) |27.6(12) |CO1H 3448(6) | 6519(3) | 4137(4) |49.0(19)
0004| 2166(4) 6796(2) 3057(3) |48.4(13) |CO01Q-1312(6) | 8185(3) | 3617(4) 50(2)
0005| -1816(4) 6897(2) 1959(3) [53.1(14) |CO01DO- 3206(6) | 6635(4) 921(4) 51(2)
0006 724(4) 7682(2) 1949(3) [55.6(15) | CO1H 3795(6) | 6253(5) | 1082(4) 58(2)
N0O7| 4909(4) | 6011(3) 2337(3) [43.7(16) | CO1H 4340(6) | 7451(4) | 1465(4) 57(2)
0008 -10(4) 7497(2) 3587(4) |72.9(19) |C01Q 7615(7) | 4828(4) 625(4) 59(2)
NoO9| 6048(4) | 4818(3) 2281(3) [38.9(14) |Co1H 310(7) | 8261(4) | 1768(4) 52(2)
000A| 213(5) | 5984(3) 3441(3) 75(2) | Cco1f-2981(7) | 7298(4) | 924(5) 64(2)
C0o0B| 3364(5) 4737(3) 3280(3) |28.4(14) | CO1{ 3402(7) | 7182(4) | 4060(4) 57(2)
CO00C| 2868(5) 4412(3) 2140(3) |29.5(14) |CO01K 538(7) | 8046(4) | 3803(5) 58(2)
CO0OD| 5478(5) 6373(3) 2893(3) [37.1(17) |cCo01y 3700(7) | 7298(5) 781(4) 64(3)
COOE| 2100(5) 4189(3) 2483(3) [30.7(14) |[CO1M 3441(7) | 6724(5) 600(4) 65(3)
O00F 158(6) 6072(3) 1667(3) 91(2) |CO1N -460(7) | 5480(4) | 3290(5) 68(3)
CO0G| 2432(5) 4405(3) 3231(3) [32.1(15) |C01Q-1150(7) | 5547(4) | 3839(5) 59(2)
COOH| 6513(5) 4868(3) 1692(3) (38.1(17) | CO1R 174(7) | 8314(4) 953(4) 59(2)
C00l | 6795(6) 4508(3) 2805(4) [38.6(17) |C01q -471(7) | 5874(4) | 4459(4) 60(2)
C00J| 2802(5) 4274(3) 1414(3) (34.4(16) | CO1R-1045(6) | 7537(4) | 3727(5) 58(2)




COOK| 6090(5) | 6201(3) 3587(3) [36.5(16) | CO19-2412(7) | 7433(4) | 1704(4) 61(2)
COOL| 6561(5) | 6641(3) 4072(4) [39.3(17) | CO1T 1012(8) | 7904(5) | 813(4) 69(3)
CooM 5390(5) | 6980(3) 2709(4) [37.2(17) |coly 546(7) | 5956(5) | 555(4) 70(3)
COON| 6450(5) | 7238(4) 3895(4) |41.1(18) |CO1\| - 285(7) | 6185(5) | 905(4) 69(3)
C000| 7509(6) | 4587(3) 1832(4) |40.1(18) |CO1W 1496(7) | 7605(5) | 1518(4) 73(3)
COOP| 4714(5) | 7000(4) 1960(3) |42.6(19) |CO1X{ 526(7) | 6049(5) | 4223(4) 69(3)
Co0Q| 7705(6) | 4357(3) 2562(4) [39.4(17) |CO1Y 925(10) | 5623(6) | 1747(5) | 107(5)
COOR| 4451(5) | 6403(4) 1776(4) 49(2) | C01Z 963(18) | 5441(9) | 1012(7) 54(6)
CO00S| 3891(5) | 5008(3) 3936(3) [33.5(16) | C01{1510(30) [5740(18) |1300(20) | 64(12)
COOT| 1966(6) | 3931(3) 1042(4) |43.2(18) | C00Z 2561(6) | 4608(4) | 4480(4) 48(2)
coou| 5877(5) | 7407(3) 3205(4) |40.4(17) | C01( 8071(7) | 4574(4) | 1294(4) 50(2)
Coov| 3472(6) | 4940(3) 4531(4) |42.9(18) | CO1] 8445(6) | 3869(3) | 3700(4) |48.9(19)
COOW 1264(5) | 3840(3) 2100(4) |41.3(17) | C014 1198(6) | 3711(3) | 1378(4) |43.5(18)
Co0X| 6067(6) | 5129(4) 1004(3) |41.9(18) | Co1q 6630(7) | 5103(4) | 489(4) 53(2)
COo0Y| 2023(6) | 4343(3) 3844(4) |46.3(19) | C014 8528(6) | 4036(3) | 3013(4) |49.1(19)
CO17| -2539(6) | 6409(3) 1671(4) |46.6(19) | CO1§ 2794(6) | 6294(3) | 3376(4) |43.3(18)
co18| 2827(6) | 7310(4) 3272(4) |46.6(19) | CO1q 6724(6) | 4345(3) | 3504(4) |45.4(19)

Table 215. Anisotropic Displacement Parameter$X£0®) for [Cu"(carb}][K( THF)¢]. The

anisotropic displacement factor exponent takes the fé2mih?a*?U11+2hka*b*Ui+ € | .

Atom Uy Uz Uss Uzs Uiz Uz Atom| U Uz Usz Uzs Uiz Uiz
CuOL| 38.7(6) | 79.6() | 24.3(5) |-9.1(5) |13.8(4) |-23.1(6) |coif 41(d) | 51(5) | 51(5) | 0@) | 4@) |-12(4)
K002 [485(10) |57.0(11) |63.9(12) | 1.4(9) |15.609) | 0.(8) |coid 505) | 48() | 54(5) | 6@) | 17(4) | 7(4)

N003|  26(3) 38(3) 19(2) 02) ) 1(2) |[coiD 40(4) | 60(5) | 58() | 4@) | 21d) | 6()
0004|  44(3) 52(3) 433) | -23) | -2 “7(2) |ColE 35(d) | 105(7) | 324) |-22(5) | 5@) | - 1)
0005|  56(3) 50(3) 53@3) | -13) | 1203) 0@3) | Cotd 37@) | 94(7) | 39(4) | -1(5) | 11(4) | 21(@)

0006| 57(3) 61(4) 593) | 193) | 34(3) 14(3) |coid 70(6) | 82(6) | 37(4) |-18(8) | 34(4) |- 16(5)
N0O7|  28(3) 74(5) 293) | - 15(3) 7) | -13@) |coiH 58() | 51() | 48(5) | 2(4) | 15(4) | -5()
ooos|  52(3) 37(3) | 147(6) | -23(3) | 56(4) Z6(3) | col| 76(6) | 58(6) | 61(6) | 8() | 20(5) | 10(5)
NOO9 | 43(3) 53(4) 25(3) | -6(3) | 16(3) | -20(3) | col] 66(5) | 55(5) | 42@4) | -3@) | o@) | 3@)
O00A|  92(5) 96(5) 50(3) | -21(3) | 39(3) | -49(4) |CoiK 54(5) | 56(5) | 64(5) | -4(@) | 16() | - 4(@)

cooB|  25(3) 35(4) 26(3) 4(3) 8(3) 9@3) |coil] 51(5) | 107(8) | 30(4) | 4(5) | 2(4) | 29(5)
cooc|  29(3) 33(4) 24(3) 3(3) 203) 6(3) |CoiM 45(5) | 122(9) | 26(4) | 0(G) | 4@) | 24(5)
cooD|  20(3) 66(5) 293) | -5(3) | 14(3) “2(3) |coiN 76(6) | 74(6) | 62(5) |-41(5) | 32(5) |-39(5)
COOE|  26(3) 37(4) 28(3) 7@ 30) 2(3) |coid 52(5) | 62(5) | 71(6) |-16(5) | 32(4) |- 13(4)
O00F| 113(5) | 126(6) 36(3) 53) | 23(3) 73(5) | COI  79(6) | 48(5) | 42(5) | 3@) | -1(4) | 6(4)
C00G|  26(3) 39(4) 30(3) 4(3) 6(3) 5@3) |coid 67(6) | 66(6) | 57(5) | -5(4) | 31(4) | -9(5)

COOH 43(4) 46(4) 29(4) | -14(3) 16(3) -23(4) | CO1R 51(5) 55(5) 79(6) | 12(5) | 37(4) 6(4)
COol 44(4) 41(4) 33(4) | -12(3) 14(3) -19(3) | co1y 73(6) 55(5) 60(5) |-12(4) | 25(5) | -3(5)
C00J 31(4) 43(4) 28(3) 1(3) 7(3) 13(3) | Co1T| 84(7) 83(7) 46(5) | 18(5) | 28(5) 6(5)

CoOK|  26(3) 56(5) 293) | -5(@3) 9(3) -8(3) |cotd 79(6) | 1008) | 37(4) | -2(5) | 24(4) | 28(6)
CooL|  26(4) 61(5) 29(4) 2(3) 3(3) S13) [co1v| 53() | 1219) | 34@) | 265) | 9@) | 14(5)
coom|  21(3) 57(5) 344) | -5@) 8(3) 6(3) |[cotw| 49(5) | 132(9) | 47(5) | 295) | 27(4) | 17(5)
COON|  26(4) 60(5) 37(4) | - 12(4) 6(3) 5@3) |CoLX| 48(5) | 116(9) | 45(5) |-17(5) | 13(d) |- 17(5)

co00|  46(4) 45(4) 33(4) | -19(3) | 18(3) | -20(3) | CO1Y|142(10) |140(11) | 38(5) | 12(6) | 23(6) |111(9)
cooP|  21(3) 82(6) 24(4) | -6() 503) 12(4) |co1Z 71(12) | 55(10) | 37(8) | -3(7) | 17(7) | 22(9)
cooqQ|  46(4) 21(4) 324) | -16(3) | 12(3) | -15(4) | coi{ 48(19) | 50(20) |100(30) |10(20) [31(19) |25(15)

COOR|  28(4) 91(7) 30(4) 1@ | 113 6(4) | cold 41@) | 515) | 51(5) | 0@) | 4@) |-12(8)
coos|  26(3) 45(4) 27(3) 23) 30) 7G) [coid 50(5) | 48(5) | 54() | 6@) | 17@) | 7@)
COOT|  49(4) a4(4) 31@) | -7@) | -10) 104) |coid 40@) | 60(5) | 58(5) | 4(4) | 21(4) | 6(@8)
coou|  31(4) 49(4) 43(4) 0@) | 11(3) 9(3) | Co1e 35@) | 105(7) | 32(4) |-22(5) | 5@) | -1(4)
coov|  49(4) 55(5) 233) | -13) 6(3) 9@) | cotd 37@) | 94(7) | 39(@) | -1(5) | 11(4) | 21(4)
coow|  33(4) 48(5) 24(8) 0@) | 11(3) S1(3) [coid 70(6) | 826) | 37(4) |-18(4) | 34(4) |- 16(5)
coox|  39(4) 63(5) 25@3) | -8@3) | 12(3) | -13(4) |coiH 58(5) | 51(5) | 48() | 2(@) | 15@) | -5@)
cooY| 55(5) 55(5) 32(4) 5@) | 18(3) “9(4) | col| 76(6) | 58(6) | 61(6) | 8() | 20(5) | 10(5)

co0z|  50(5) 60(5) 41(4) | 13(4) | 22(4) 64) | col] 66(5) | 55(5) | 42(4) | -3(4) | 0@) | 3()




C010] 58(5) | 59(5) | 39(4) | -11(4) | 25(&) | -3(4) |C01K 54(5) | 56(5) | 64(5) | - 4(4) | 16(4) | - 4(4)
Coil| 51() | 45() | 50() | -6(4) | 10() | -11(4) | coil] 51(5) | 107(8) | 30(4) | 4(5) | 2(4) | 29(5)
coiz| 35(a) | 43(4) | 46(d) | -3(4) | -10) 3(3) |coIM 45(5) | 122(9) | 26(d) | 0G) | 4(d) | 24(5)
Co13| 60() | 72(6) | 28(4) | -8(4) | 15(4) | -23() |CoIN 76(6) | 74(6) | 62(5) |-41(5) | 32(5) |- 39(5)
coia| 57(5) | 47(5) | 49() | -13(4) | 23(4) | -8@) |coid 52(5) | 62(5) | 71(6) |- 16(5) | 32(4) |- 13()
Co15| 42(d) | 46(4) | 41(d) | 1(d) | 7(3) | 11(3) | COIH 79(6) | 48(5) | 42(5) | 3(4) | -14) | 6(4)
C016| 60() | 47(5) | 34(d) | -5(4) | 22(d) | -104) |coid 67(6) | 66(6) | 57(5) | -5(4) | 31(4) | - 9(5)
Co17| 48(a) | 47(5) | 50(4) | -4(4) | 23(4) | -5(4) |COIR 51(5) | 55(5) | 79(6) | 12(5) | 37(4) | 6(4)
cois| 35(4) | 57(5) | 49(4) | 5(4) | 13@3) | -8(4) | col 73(6) | 55(5) | 60(5) |- 12(4) | 25(5) | - 3(5)
colo| 71(6) | 54(5) | 38(4) | -4(4) | 18(4) | -23(4) |CoiT 84(7) | 83(7) | 46(5) | 18(5) | 28(5) | 6(5)
COlA| 53() | 36(4) | 80(6) | -10() | 19(4) 7(a) [cold 79(6) | 100(8) | 37(4) | -2(5) | 24(4) | 28(6)
Colv| 142(10) | 140(11) | 38(5) | 12(6) | 23(6) | 111(9) |Co1v] 53(5) | 121(9) | 34(4) | 2(5) | 9(4) | 14(5)
coiz| 71(12) | 55(10) | 37(8) | -8(7) | 17(7) | 22(9) |coiw| 49(5) | 182(9) | 47(5) | 29(5) | 27(4) | 17(5)
Co1{ | 48(19) | 50(20) | 100(30) | 10(20) | 31(19) | 25(15) |colx 48(5) | 116(9) | 45(5) |- 17(5) | 13(@) |- 17(5)
Table 216. Bond lengthgor [Cu'(carb)][K( THF)g].
Atom|Atom| Length/A |Atom |[Atom| Length/A |Atom|Atom| Length/A |Atom|Atom| Length/A
Cu01|NO03| 1.887(5) [C00J|CO0T| 1.367(9) |NOO7CO0O 1.384(9) |CO014 C0191.364(11)
Cu01[NO07| 1.886(7) |COOK|COOL| 1.378(9) |NO007 COOR1.389(10) |CO017C01D01.548(10)
Cu01/NO09| 1.882(6) |COOL|COON1.376(10) |0O00d9 CO1K 1.426(9) |C01§ C01J1.516(10)
K002|0004| 2.525(5) [COOM|COOP 1.466(9) |0O00§ CO1R 1.432(9) |CO1A C01Q1.489(11)
K002|0005| 2.528(5) |COOM|C0O0U1.374(10) |NOOY COOH 1.401(8) |CO1A C01K1.506(11)
K002|0006| 2.471(5) |COON|COOU 1.382(9) |NOOY COOl 1.383(9) |C01B C01]1.489(11)
K002|0008| 2.468(6) |CO00|C00(1.438(10) |O00A CO1N1.408(10) |C01( CO1R1.494(11)
KO02|O00A| 2.476(7) |CO00|C010| 1.394(9) |O00A CO1X 1.441(9) |C01Q0 CO01]1.510(11)
K002|O00F| 2.428(6) |COOP|COOR1.401(11) [CO00B C00d 1.399(9) [CO1HC01M1.393(13)
KO002|CO1N|3.471(10) |COOP|C01FA1.379(11) |C0O0B C00Y 1.394(9) |[CO1H C01L1.390(11)
KO002|CO1R| 3.363(8) |CO0Q|C014|1.383(10) |CO0d COOF 1.409(9) |CO1H CO1R1.513(10)
K002|CO1V| 3.408(8) |COOR|CO1E1.411(10) [CO00d CO00J 1.390(8) | CO01l C0191.505(11)
K002|COo1w 3.453(8) [C0O0S|CO0V 1.379(9) |C00O COOK 1.405(9) |C01LC01M1.348(13)
K002|CO1X| 3.483(9) |COOT|C0121.398(10) |C000CO0M1.400(10) |COIN CO1d1.541(11)
K002|C01Y|[3.406(10) |CO0V|C00Z1.376(10) |COOH CO0QF 1.455(9) |C01Q C01Q1.469(11)
NOO3|C00B| 1.397(7) |CO0WCO012/1.380(10) |COOBCOOW 1.380(9) |CO1H C01T1.494(12)
NO003|CO0C| 1.384(8) |C00X|C013| 1.359(9) |O00F CO1V| 1.435(9) |c01q CO1X1.521(11)
0004{C015| 1.428(8) |C0O0Y|C00Z1.364(10) |OO00HACO01Y|1.394(10) [C01TC01W1.483(11)
0004/C018| 1.428(8) |[C010|C01@1.377(11) |C0O0Q CO0Y] 1.399(9) [CO1Y C01V1.490(11)
0005/C017| 1.451(9) |C011|C014{1.384(10) |COOH C00Q1.396(10) |C0O1Y C0121.461(16)
0005/C01S(1.442(10) |C011|C019[1.405(11) |COOH C00X1.410(10) [CO1U CO1{ 1.69(4)
O006/CO1H| 1.411(9) |C013|C01G1.378(12) C00I C00Q1.410(10) |C0O1Y| C01Z41.463(16)
0006/C01W 1.453(9) |C015|C01B1.558(10) C00l C01¢§ 1.399(9) |CO1Y CO1{ 1.30(3)
Table 217. Bond anglegor [Cu'(carb)][K( THF)q].
Atom|Atom[Atom| A n g | e|Atom|Atom|Atom| An g | |Atom|Atom{Atom| An g | |Atom|Atom[Atom| Ang | 4
Noo7|cuo1|Noo3| 126.7(2) |N007 |coob|coom112.7(6) |C01V K002 COIN 89.6(2) |CO1M CO1ECOOR 116.7(9)
Noo9|cuo1|No03| 124.4(2) |coom|coop|cook|119.4(6) |co1V Koo2coiw| 69.7(2) | COOH Co1Rcoil] 118.4(9)
Noo9|cuo1|Noo7| 108.8(2) [cooc|cooE|cooG|105.4(5) |co1v k002 Cco1X125.0(3) | coiqcoid coid 121.1(7)
0004]K002|0005[172.63(17) [coow|cooE [cooc|120.4(6) |coiw| Koo2 Co1N149.5(2) | 0ood co1H Co1H 105.0(6)
0004(K002|CO1N 99.0(2) |COOWCOOE[C00G|134.2(6) [C01W K002/ C01X|143.0(2) C019 Co01lC01Dp 104.3(7)
0004|K002(C01R|112.86(19) |CO1V|OOOF K002 [121.7(6) |CO01Y| K002 CO1IN 67.3(3) |C01B CO01]C014 106.4(6)
0004]K002|Cc01v[103.31(19) [co1Y|000F|K002[123.8(6) [Co01Y[K00Z4 CO1V 39.5(2) | 000g CO1K K002 33.8(3)
0004|K002(C01W 66.16(18) |COL1Y|O00F|C01V|109.1(6) |CO01Y|KO02/CO1W 82.8(3) | O00§ CO1K|CO1A 107.6(6)
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0004|K002|C01X| 77.03(18) |COOB|CO0G|CO0E|106.0(5) |CO1Y| K002 CO1X| 91.7(2) |CO1A CO1K|K002 128.5(5)
0004|K002|C01Y 75.3(3) |COOB|CO0G|C00Y|119.9(6) | CO0B N0O03 Cu01126.6(4) |CO1M CO1L CO1H 121.5(9)
0005(K002|CO1N 86.1(2) |CO0Y|COOG|COOE|134.1(6) | C00Q N0O03 Cu01127.9(4) | CO1LC01M CO1F 122.3(8)
0005(K002|CO1R| 72.44(19) [NOO9 [COOH|C00X|127.7(7) | CO0Q N0O03 C00B105.5(5) |O00A CO1INKO002 36.1(4)
0005(K002|C01V| 71.19(19) |COOO|COOH|NO09(112.0(6) | C01§ 0004 K002126.5(4) |O00A COINCO01Qg 102.6(6)
0005(K002|C01W106.87(19) |CO0O|CO0H|C00X|120.1(6) | C01§ 0004 C018106.2(5) |C01C CO1INKO002 113.8(6)
0005(K002|C01X|110.06(19) [NO09 [CO0I |C00Q[112.0(6) | C01§ 0004 K002124.4(4) |C01( CO1GCO1IN 105.0(6)
0005(K002|C01Y| 102.0(2) [NOO9 |CO0I |C016|127.4(7) | C017 000§ K002127.4(4) |CO1T CO1ACO1H 103.5(6)
0006(K002|0004 | 77.68(18) |C016 [COOI |C0O0Q|120.6(7) | C019 000§ K002126.7(5) |C01Q C01QCO1X 105.7(6)
0006(K002|0005| 96.48(18) (COOT |[CO0J |COOC|118.4(6) | C019 000§ C017105.2(6) | 0004 CO1R K002 41.0(4)
0006(K002|O00A| 161.2(2) |COOL [COOK|CO0D|118.4(7) |CO1H O00§ K002133.5(4) | 000§ CO1RC01d 103.2(6)
0006(K002|COIN| 170.4(2) [COON|COOL |CO0K|[122.0(7) |CO1H O00§C01W104.1(6) |CO01d CO1R K002 119.7(5)
0006(K002|C01R|101.11(19) |COOD|COOM|CO0P|(105.2(6) |CO1W 000§ K002121.1(5) | O00§ C019 CO1l 104.3(6)
0006|K002|C01V 82.5(2) |C0O0U|CO0M|CO0D|120.7(6) |CO0OD NOO7 Cu01124.7(5) |CO1W CO1T/ CO1H 106.0(7)
0006|K002|C01W 21.1(2) |CO0OU|COOM|CO0P|134.2(7) |CO00D N0O07 CO0R104.6(7) |CO01V| C01U C01{|101.0(11)
0006(K002|CO1X| 146.3(2) |COOL [COON|CO0U|119.6(7) | COOR N007 Cu01130.7(5) |C01ZC01yCo1V| 101.9(9)
0006(K002|CO1Y| 103.0(3) [COOH|CO00|C00Q[105.8(6) |CO01KH O00§ K002127.5(5) | OO00H CO01V|K002 37.3(4)
0008(K002|0004 | 91.64(18) (C010 |[COOO|CO0H|119.9(7) | CO1K O00§ C01R108.2(6) | OO0H CO1V|CO1U 103.9(7)
0008[K002|0005| 92.87(19) |C010 [CO0O|C0O0Q|(134.3(7) | CO1R 000§ K002116.6(5) |C01U CO1V| K002 126.4(6)
0008[K002|0006 90.1(2) [COOR|COOP [COOM|105.0(7) |COOH NOO9 Cu01128.7(5) | O00§CO1W K002| 37.8(4)
0008|K002|O00A 87.3(2) |CO1F [COOP|CO0M|134.5(8) €00l NOO9 Cu01126.3(4) | O00§C01W CO1T] 105.1(7)
0008|K002|CO1IN 99.1(2) |CO1F|COOP |COOR|120.5(7) €00l NOO9 CO0H104.4(6) | CO1T|CO1W K002 126.6(6)
0008(K002|CO1R| 22.38(19) |CO0I [CO0Q|C000(105.7(6) |COLNOOOA K002124.3(5) |O00A CO1X K002 36.4(4)
0008(K002|C0O1V| 161.4(2) |C014 |CO0Q|CO0I [119.8(7) |CO1NOOOA C01X|106.7(6) |O00A C01XC01Q 103.8(6)
0008(K002|C01W 107.5(2) |C014 |CO0Q|CO00|(134.4(7) |CO1X/O00A K002123.4(5) |C01( CO1X K002 117.2(6)
0008|K002|C01X 68.8(2) [NOO7 |COOR|CO0P|112.6(6) | NOO3CO00B C00G111.4(5) | O00H CO1Y|K002 36.3(4)
0O008|K002(CO1Y| 158.8(2) |NOO7 [COOR|CO1E|126.9(9) | C00§CO00B N003128.1(6) | O00H C0O1Y|C01Z 107.1(8)
O00AK002(0004 | 83.75(19) |COOP|COOR|CO1E|120.6(8) | CO0§CO00B C00G120.4(6) |C01Z CO1Y|K002 138.5(8)
O00AK002|0005| 102.3(2) (COOV|CO0S|C00B|118.4(6) | NOO3C00Q CO0H111.7(5) | CO1{| CO1Y| K002 116(2)
OO00AKO002|CO1IN| 19.58(19) [C00J [COOT |C012(121.5(7) | NOO3C00Q C00J127.9(6) | CO1{| CO1Y|O00R107.5(14)
OO00AK002|CO1R 83.2(2) |COOM|COOU|COON|119.9(7) C00JC00d C00H120.3(6) |CO1U C01ZC01Y|104.4(11)
O00AK002|CO1V| 105.1(2) |C00Z|CO0V|C00S|120.7(7) | NOO7C000 CO0K|127.9(7) |[CO1Y| C01{/CO1U 100(2)
OO00AK002|CO1W 146.3(2) |C012|COOWCOOE|(118.8(7) | O00H K002 CO1N 73.3(2) |C00( C014 C011 119.3(7)
O00AK002|CO1X 20.2(2) |C013 [CO0X|CO0H|118.6(7) | O00H K002 C01R151.0(2) | 0004 C015C01B 104.6(6)
O00AK002|CO1Y 74.8(2) |C0O0Z|COO0Y [CO0G|118.4(7) | O0OH K002 C01V| 21.0(2) | C019 CO1§ COOl 118.9(7)
O00FK002|0004 92.6(2) [CO0Y|C00Z|CO0V|122.0(7) | O00H K002/CO1W 80.7(3) | O00H C014C01D0 104.6(6)
O00FK002|0005 83.7(2) |C01G|C010|C000|118.8(8) | OO0H K002 C01X|105.4(2) | O004 C01§4 K002 36.1(3)
O00FK002|0006 97.7(2) |C014|C011|C019(120.5(8) | OOOH K002/ CO1Y| 19.9(2) | 0004 €014 C01] 103.7(6)
O00FK002|0008| 171.8(2) |CO0W|CO012|COOT|[120.4(7) |CO1N K002 CO1X| 38.4(2) | CO1J C01§KO002 119.5(5)
OO00FK002|O00A 86.1(2) |C00X|C013|C01G|121.5(7) |CO1R K002 CO1N 88.5(2) | C01§ C019C011] 120.9(7)
C01RIK002|C01X 69.2(2) [CO1A|CO1C|CO1R|104.2(6) | CO1R K002 C01V|143.6(2) |C01Q CO1ACO01K| 103.2(6)
CO01RKK002|CO1Y| 155.7(3) |CO1l [CO1D|C017|104.9(6) |CO1R K002C01W121.5(2) | C01] CO1H C015 103.5(6)
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3.1.Introduction

The outof-cage Ggi N couplingmechanisnproposed inChapter 2 (Figure 2.5)
suggests that the generation of alkyl radicals does not strictly require a photoactive ¢opper(l)
nucleophile complex. Instead, photoinduced, copéalyzedcoupling reactionamay
follow a generalizedmechanistic pathway illustrated ifigure 3.1, in which the
photoinduced radical generation (photocatalysisg¢arate¢trom thebondforming (cross
coupling)cycle In theory, lithium carbazolide@ayserve as a stoichiometric photoreductant
for the hypothetical coupling of negwhotoactive nucleophiles while cressupling is
enabled by an in situ formed coppeii(fiucleophilecomplex However, the N substitution
of carbazole and competing ligand substitution reactions can pose a significant challenge in

theselectivecoupling of the desired nucleophteder this hypothetical reaction condition

[L,Cu'Nu]

ligand
substitution

electron
transfer

*
& . .
QM Photocatalysis electron  Cross-coupling [ cu'X]
¢ (5 transfer
excitation coupling
~9Q R—Nu
hv C{-g [L,Cu"Nu] X

Figure 3.1. Genealized coupling of photoinducecbpper catalysisFor simplicity, all
copper complexes are depicted as neutral species, and all processes are illustrated as
unidirectional. X may be an inneor an outeisphere groupand L, represents additional

ligand(s) coordinated to copper.
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Although many examples of excitstate photoreductants have emerged within the

past decadée.g.Figure 1.1), very few have the appropriate thermodynamic driving force to
react with unactivatedlkyl halidesother tharalkyl iodides! Alkyl iodides tend toexhibit
promiscuous reactivitypatterns which allow them to be employed in a variety of
photoinducedransformations, but high reactivity can also present problems with regard to

selectivity due to the prevalence of uncontrolled radical decomposition pathways.

Very few systems are able to utilimeactivatedalkyl bromides undephotoinduced
conditions Both in terms of thermodynamics and kinetics, alkyl bromides are less likely to
engage in single electron transfer (SET) pathways than the heavier congeners. The few
known examples tend to require highergy UVC light (254 nmdwhich is less desirable
in the context of functional group compatibility and safety. In fact, even the solar ultraviolet
radiation does natontainwavelengths in th&JVC region when measured thesurface of

Earth?

Since lithium carbazolide is able to engage in SET with uraetivalkyl bromides,
we envisioned that the inherent photopropertieshef carbazole scaffolthay be used
advantageously in the design of a new photocatégdt could initiate copperatalyzed
crosscouplingreactionsof nonphotoactivenucleophils. Lending credence to the viability
of this approach is the observation of an unexpected photosensitization elicadddaly
carbazole in photoinduced, copjetalyzedNi arylatiors. Specifcally, carbazole enables
the N phenylation of benzimidazole with iodenzene under 350 nm irradiation when the
otherwise identical reaction condition does not lead to an effective coupling of benzimidazole

in the absence of carbazofcheme 31)°
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10 mol% Cul
LiO-tBu
hv (350 nm)
N
oW
N
<10% vyield
10 mol% Cul
LiO-tBu
hv (350 nm)

P
Ly

30% yield

Scheme 3L. Photosensitization by carbazoté the coupling of benzimidazole and

iodobenzene observed pyeviousmembers of the Fu laboratory

Carbazolidecomplexes of copper have also been shown to harness visible light

irradition. The Fu and Peters laboratorieave previously reported that threeordinate

copper complexedearing two monodentate phosphines and one carbazolide ligand

(complexes3.aand3.b) react with aryl and alkyl halides to fornii i bonds upon irradiation

with CFL or blueLED lamps(Figure 3.2).5” Importantly,3.a has an estimated reduction

potential ofi 2.6 V vs SCEand reacts with alkyl bromides in addition to alkyl iodides.

3.a: PR3 = P(m-tol);

O 3.b: PRy =
PRy

e Ensures T-shaped geometry at Cu

e Increases stability toward substitution
e Protects against organic radicals

e Reduces nucleophilicity at nitrogen

o Protects against organic radicals

e Simplifies ligand preparation

Figure 3.2. Design of visiblelight photocatalyst inspired by existing exangplef

copper(l}ycarbazolides in photoinduced copper catalysis.
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We hypothesized that, by linking these monodentate ligands into a tridentate ligand,

we maybe able to access a copper complex ithatable to ligand substitutisrfe.g. with
respect to nuctgphilesunder crossoupling conditions Owing to its electronic properties,
the target complex magensene as areffective photocatalyst thatininitiate new copper

catalyzedeactions upon exposure to visible light, independent afubkophile.

We anticipated that the desigmprinciples embodied in the tridentate
bis(phosphinirarbazoldigandwould minimize deleterious sideactions The substitution
at the 1 and 8positions of the carbazole would impeitie functionalization at nitrogeh
andthe substitution at the- and 6positions would preclude tragldition of radicals at these
sites(Figure 3.2).° Although severabis(phosphino)carbatmligandswvere known when we
began this investigationye targeted the ligand bearing methylene bridges in-thed 8
positions to best accomplish the trigonal planar geometrpraviously observed in

complexes3.aand3.b.

3.2. Results andDiscussions

3.2.1. Synthesis and characterization of copper(l) complexsgpported by tridentate

bis(phosphino)carbazole ligands

The S22 substitution of 1,8-bis(bromomethyh3,6-di-t-butylcarbazole with a
secondary phosphine leads to a complete and ctearersion of the electrophile, and the
subsequent workup forges the deshefphosphino)carbazolgands(Scheme ). Thus,

a wide range of ligandsontaining aryl, small alkyl, sterically hindered alkyl, and chiral and

achiral cyclic alkyl groups on the phosplsiwan be prepared.



L3.1: PRy = P(i-Pr),

t-Bu t-Bu
HPR; (2 equiv) L3.2: PR, = P(Ph),
Br PR: . PR, = P(t-B
then NEt; (excess) L3.3: PR, = P(t-Bu),
NH NH L3.4: PR, = P(i-Bu
— 2 HNEt;Br 3.4: PRy = P(-Bu),
O Br O PR, L35 PR=P(EY,
Me
t-Bu t-Bu Me
L3.1-L3.6 L3.6: PR, = P 'V'e>
2
Me Me

Scheme 2. Preparation of PNP ligands.

When ligandd.3.1i L3.6 are treated with mesitylcopper or with a mixture of CuCl
and LiO-Bu in benzene, the crudél NMR spectra of the resulting solutions show the
disappearance of M resonances of free ligandScheme 3). The3P NMR spectra also
revealthedownfield shift and broadening of the phosphorous resonances, consistent with the

ligation tothe copper center

t-Bu tBu 3.1: PR, =P(i-Pr),
.2: PRy=P(Ph
O PR2 O PRZ 3.2 2 ( )2
CuCl, LiOt-Bu or CuMes / 3.3: PR, =P(t-Bu),
N Cote NG 34 PRy=P(EBU)
Q PR; Q PR, 3.5: PR,=P(Et)
M
t-Bu t-Bu Me_ Me
L3.1-L3.6 3.1-3.6 36. PR,=P Me>
2
Me Me

Scheme 3. Synthesis of mononuclear, threeordinate copper complexes.

The formation of theoppercomplexes3.1i 3.6is further confirmed by the analysis
of their singlecrystal Xray diffraction data All complexesfeature a threeoordinate,

trigonal planar copper(benter akin to complex&aand3.b. The lack of counteranicand
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the Cui N distances which range from 1.96 to 2.00 A, are consistent with the assignment of

neutralcopper(l)complexesComplexes3.1i 3.6 are colorless ipure form, similar td3.a
and 3.b. Considering the availability and cost of-igoropylsubstituted phosphine
precursors, extensive studies and characterizations have been performé&zl g Pr
(complex3.1) which can be recrystallized from a saturatagture of benzene and pentane

or by slow evaporation of a saturated@solution(Figure 3.3, left).

Complex3.1is poorly soluble in CECN butvery soluble in THF, EO, orbenzene
The cyclic voltammogram @&.1in THF shows a reversible redox behavior attributable to
theCu”" couple appearing at 0.6 V vs SCHgure 3.3, right). The observed reversibility is
likely a result of the improved stability provided by the chelating ligand $ivecexidation

of 3.a(estimated to occuat 0.5 V vs SCEdoes not display a reversible redox feafure.

0 0.3 0.6 0.e 1.2 1.5
Potential (V) vs. SCE

I

Figure 3.3. Characterization d8.1 Left: solidstate molecular structure (50% probability
thermal ellipsoids) by ay diffraction of a single crystal grown frotine evaporation of
EtO; hydrogen atoms are omitted for clarity. Right: cyclic voltammogram in THF (0.1 M

[TBA][PFg]).
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The U\-vis spectrum oB8.1 shows strong absorptions in the 4\/regionthat tail
into the visible rangdFigure 34, left). Importantly, the absorptionverlaps with the
emission spectra of 180att Hg lamp as well as blue LEDs. These transitions allow access
to an emissive excitestate, which has a lifetime of 8.1 ns. The relatively short lifetime is
suggestive oh mostly liganecentered excitation.ime-dependent density functional theory
calculationgndicatet h afto-"& transition based essenti all
to the observed excited stdtee section 3.4.60n the basis of the cross section of the
excitation and the emissigofilest® (Figure 34, right) and the electrochemical date
estimate thatomplex3.1 has an excitedtate reduction potential ®2.5 V vs SCE. Tls

valueis on par with strong photoreductants that are based on cerium and tdhtfsten.

12/ ¢ [ —— Emission at 420 nm

—— Absorption of complex 3.1
1 —— Emission of blue LED lamp
——Emission of Hg lamp

——Excitation at 360 nm

08 | 08 r

Normalized intensity
o
o
Normalized intensity
o
o

250 300 350 400 450 500 250 300 350 400 450
Wavelength (nm) Wavelength (nm)

Figure 3.4. Photoproperties 8.1 Left: normalized absorption spectrum showing overlap
with the emissiorspectraof common light sources. Righexcitation (emission at 420 nm)

and emission spectra (excitation at 360 nm).
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3.2.2. Reactivity ofcomplex 3.1

We performed SterWolmer analysisusing complex3.1 to assesshe viability of
photoinduced single electron transfer to an unactivsgedndaralkyl bromide. Quenching
of the luminescence of the excitethte of comple8.1(3.1*) is observed in the presence of
2-bromo4-phenylbutane #th arate constant of 2.8 10° M'! s'X. On the basis of the
estimated excitedtate reduction potential of compl8X, we postulate that this quenching
is likely due to single electron transfer from $h#&* to the alkyl bromide.

03 | ™

025

(lo/1)-1

0.15 | y =0.0142x + 0.0078
R?=0.9839

01

0.05

0 5 10 15 20 25
2-bromo-4-phenylbutane (mM)

Figure 3.5. Quenching of the luminescencei* at 427 nm in the presence ebgomo

4-phenylbutane.

Although theoneelectronoxidation of3.1is reversible in the electrochemical time
scale, the treatment 8f1with acetylferrocenium tetrafluoroborg{&cAc][BF4]) ati 78 °C
produces a dark purple solution which discolors upon warming to ambient temperature. The
EPR spectrum of this purple solution shows an almost isotropic signal centered mgear the
value of the free electron. In the presence of NafBsinge crystals suitable for XRD are

obtained ([BAF24]" = [B(3,5-(CFs)2-CsHs)4]'). Although the quality of the diffraction data is
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modest, the structure confirms the atomic connectiatythe complex [CuPNP-

iPr][BArF24 (3.7-BArF24). The cation3.7 is a rare example of a monomeric, formally
copper(l) complex ligated by phosphines. On the basis of its EPR spe(ftigore 3.6),
however,3.7 may be better described ascapper(l) adduct of an organic radical cafion
analogous to the only reported example of a monomeric, forroappe(ll) complex
supported bya bisphosphing ligand.*®* More discussions on paramagnetic copper

complexes containinguP unit are presented @hapter 5.

t-Bu t-Bu @
O P(-Pr)z O P(i-Pr),
/ 1 e~ Oxidant /
N—Cu — N—Cu
\ -78 °C \
Q P(i-Pr), Q P(i-Pr),
t-Bu t-Bu - - i
2400 2700 3000 3300 3600
CuPNP-iPr (3.1) [CuPNP-iPr]* (3.7) Magnetic Field (G)

Figure 3.6. Oxidation of complex3.1 Inset: EPR spectrum (9.4 GHz, 77 K, THF/2

MeTHF) of3.7-BF4 produced by the reaction 8f1with [FCAc][BF4].

Even afi 35 °C,asolution of3.7-BF4in THF eventually discolors. Whehe solution
is allowed to stand for several days$ 85 °C, colorless crystals anbservedAlthough the
obtained crystals are twinnethe structureconfirms the atomic connectivityof the
decompsition product, which is the product of a forthgtirogen atom transfdiCuPNHP-

iPr][BF4] (3.8BF4; Scheme 34).
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[ tBuU "] [BF4] [ tBu "] [BF4] £Bu
O PP O POz 1 Cu(CHAON)IBF O PIERD2
N—Cu'" — NH Cu' NH
GO G (e
P(i-Pr), P(i-Pr), P(i-Pr),
| t-Bu h | t-Bu h t-Bu
3.7-BF, 3.8-BF, L3.1

Scheme 34. Formation of comple8.8 BFa.

Complex3.8-BF4 can also be prepared independently by treditjagd L 3.1with a
cationiccoppel) precursor such as [Cu(GEIN)4][BF4] in THF. The'H NMR spectrum of
the reaction mixture shows the intact HN resonance, unlike in the preparation3of
(Scheme ). Higherquality single crystals #able for XRD are obtained when
[Cu(CHsCN)4][PF¢] is used. Consistent with its1 NMR spectrum, the GIN distance in
3.8PFs (2.251(3) A) is increased by more than 10% from th& InThe loss of covalent
interaction in the GiuN unit is also accompanidxy the increased linearity of Bui P angle,
which reaches 170.4°, from the thhemordinatecounterpartwhich has a FCui P angle of
160.2°. The CUN bondcan be restored by the treatmenB8d@PFs with an equivalent of

LiOt-Bu, resulting in the formation &1

3.23. Catalytic Ci N coupling enabled by complex 3.1 and light

The viability to transform the decomposition product of dheelectronoxidation
of 3.1 (e.g. 3.8) back t03.1 is advantagaus in the context of devejong catalytic
transformations using. 1. Specifically, we envisioned that upon photoexcitation, the excited

state complex3.1*) can deliver an electron to the alkyl bromide substrate, releasing an alkyl
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radical and the oxidized copper compldx/( Figure 3.7). Complex3.7 maythenbe trapped

by anexternal nucleophil@u) in solution, or participate in an electron transfer event with
coppetl)i nucleophile specieLnCUNu]) to enter a productive borfdrming cyclel*
Albeit at a slow rate3.7 may decompose in solution 88 as observed in the attempted
isolation, buB.8can reenter the productive cycle in the presence of an external base to form

3.1

R
N—Cu"

electron
transfer

"Hen 37 [L,Cu'Nu]

decomposition
(slow)

©)
oy -y
N—Cu HN CIZu electron
p p transfer
3.8
deprotonation \ base
[LoCu"Nu] X
excitation
hv e I';’
N—-Cu'
“p
31

Figure 3.7. Potentialphotocatalytic cycle (e.g. left half of the full cycle showrFigure

3.1) that involves comple8.1

Gratifyingly, we found that3.1 can be used as an effective catali@t the
photoinduced coppearatalyzed couplings of carboxamitigpe nucleophiles with

unactivated alkyl halides. In particulahe coupling of-butyl carbamate with an unactivated
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secondary bromide using lBILED lamps as the light source can be achieved in the presence

of 3.1although the yieldf the observed O\ couplingis modest (33%Scheme ). Similar
reactivity is observed when the same reacisoperformed using ligantd3.1 and CuBr
(34%) In the absence of light, no reaction issetved, and the alkyl bromide can be

recovered quantitatively.

1 mol% 3.1 or

Ph 1 mol% CuBr and L3.1 Ph
o 4} hv (blue LED) 4?
)j\ 3 equiv LiOt-Bu
t-BuO” "NH, Br BocHN
Me DME Me

3 equiv
33-34% yield

Scheme 3. Catalytic G N coupling oft-butyl carbamate with-Bromao-4-phenylbutane.

Ar = 4-t-Bu-phenyl.

To further confirm the importance of the design principles embodie8. i) related
tridentate ligands featuring a carbazole backbone have also been pré&pguee 3.8).
When ligandSNSAr (L3.7) or NNN-iPr (L3.8) is employednsteadof L3.1 under related
conditions, carbamate alkylation does not proceed. The use-dit3btyl-carbazole and
tri-t-butylphosphine in place &B.1 also fails to yield substantial amount of tHeNZoupled

product (<5 % yield).
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t-Bu t-Bu t-Bu O\) t-Bu
N 'y

[ [
NH NH + P(t-Bu)s

Or
S ot

SNS-Ar (L3.7) NNN-/Pr (L3.8) 1:2 molar ratio

t-Bu t-Bu t-Bu £Bu

Figure 3.8. Ligand structures and combinations that are ineffective for the coupling of
butyl carbamate witl2-bromo4-phenylbutanainder conditions related to that shown in

Scheme &.

The observedatalytic G N couplingis also unique to copper.dQfuBris replaced by
othe transition metalsommonly utilized ircrosscouplings, no photocatalysis is observed.
For example, even at 10 mol% loadinggrbamate alkylatiois not observedisingCoBr,
NiClz(glyme), PdCl(cod), or Au(PP$)CI in place of CuBr. Thus, the originaksign
principles outlined irFigure 3.2 remain appropriate for the development of photocatalysts

for theCi N couplings of alkyl bromides.

3.3. Conclusions

Inspiredby the mechanisticonclusions made i€hapter 2, we designed aew
photoredox catalys3.1, based on copper and a tridentbig(phosphino)carbazolegand
L3.1, that can serve as an electron donor upon irradiation byLBDeor Hg bmps.We
demonstrate that the new photocatalyst features a higklyucing excitedstate thatan
elicit a mesolytic cleavage @in unactivatedecondaryalkyl bromide. Upon onelectron

oxidation,3.1formsa metastableadical3.7which thermally decomposesttee diamagnetic
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cation 3.8 via a formal hydrogen atom transfdhe decomposition produ&.8 can be

recycled to give the startimgaterial3.1undercrosscoupling conditionsWealsoarticulatel

that3.1 can catalyze th€i N coupling reactiorbetweert-butyl carbamatand2-bromo4-
phenylbutaneThe design embodied in compl&xl is crucial in eliciting the observed
photochemical transformation, as copper, bis(phosphino)carbazole, and light are all required
for the formationof Ci N bonds.The methodological development tfis carbamate

alkylation using compleg.1or ligandL3.1 is discussed in detail @hapter 4.



3.4. Experimental section
3.4.1. Generalnformation

Unless otherwise noted, materials were either purciem®dcommercial suppliers
and used as receivenl prepared via literature procedure8.1 was synthesized according
to a literature procedut®and recrystallized from a cold, saturated solution DEH;CN
for use in photoinduced cressuplings 3.2 andL3.8" were prepared following reported
proceduresSolvents were deoxygenated and dried by thoroughly sparging with, argon

followed by passage through an activated column in a solvent purification system.

All manipulations of ai&ensitive materiatwere carried out in ovedried glassware
using standard Schlenlor glovebox techniquesunder an N atmosphere. Silicycle
SiliaFlastf P60 silica gel (particle size #63 em) was used for flash chromatography.
Analytical thin layer chromatography was conted with glass TLC plates (silica gel 60

F254), and spots were visualized under UV light or after treatment with standard TLC stains.

X-band EPR measurements were made with a Bruker EMX spectrometer at 77 K.

Simulation of EPR data was conducted usingstifavare EasySpitf

IR measurements were recorded on a Bruker ALPHA Diamond ATR or using a

Perkin EImer Paragon 1000 spectrometer using thin films deposited on KBr plates.

H,%C, and®*P NMR spectra were recorded on a Bruker Ascend 400 MHz, a Varian
300MHz, a Varian 400 MHz, a Varian 500 MHz, or a Varian 600 MHz spectrometer with

CHCls (*H, ti= 7.26) and CDGI(**C, ti= 77.0) as internal references and with 8598 G
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(3P) as an external reference. Multiplicity and qualifier abbreviations are as foows

singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad, app = apparent). GC
analyses were carried out on an Agilent 6890 Series system with-arcdléimn (length 30

m, 1.D. 0.25 mm).

X-ray crystallography studies were carried oatt the Beckman Institute
Crystallography FacilitgitherBruker Kappa Apex Il diffractometer a Bruker D8 Venture
kappa duo photon 100 CMOS instrument (Mo K
SHELXT and refined against By full-matrix least sgares with SHELXL and OLEX2.
Hydrogen atoms were added at calculated positions and refined using a riding model. The

crystals were mounted on a glass fiber or a nylon loop with Paratone N oil.

Steadystate fluorimetry was performed in the Beckman Ingtituidser Resource
Center (BILRC; California Institute of Technology). Steatigte emission spectra were
collected on a Jobin S4 Yvon Spec Fluore®fyl with a Hamamatsu R928P
photomultiplier tube detector with photon counting. Absorbance spectra weisedmon a
Cary 50 U\WVis spectrophotometer with a Unisoku Scientific Instruments cryostat to

maintain temperature.

Measurements of the excitsthte lifetimes were conducted BILRC. A Q-
switched Nd:YAG laser (SpectraPhysics Qudréy PRGSeries; 355 m) was used as the
source of the excitation pulse Transmitted light from the sample was detected with a
photomultiplier tube (Hamamatsu R928). All instruments and electronics in these systems

were controlled by software written in LabVIEW (National Instemts).
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Electrochemical measurements were carried out in a-tiedled onecomponent

electrochemical cell fitted with a Teflon stopcock and tungsten leads protruding from the top
of the apparatus in a nitrogétied glovebox. A CH Instruments 600B eleatheemical
analyzer or a CHS600B potentiostat was used for data collection. A frepblished glassy

carbon electrode was used as the working electrode, and platinum wire was used as the
auxiliary electrode. Solutions (THF) of electrolyte (0.1 M tetfautylammonium
hexafluorophosphate) contained ferrocene (~1 mM, post measurement), to serve as an

internal reference, and analyte (~1 mM).

Mass spectral data were collected on a Thermo LCQ or LTQ ion trap mass

spectrometer, or on an Agilent 5973 mass spater.

Photolytic reactions were performed using 34 W Kessil H150 Blue LED lamps, a
100 W BlakRay Long Wave Ultraviolet Lamp (Hgdr a 100W Blak-Ray B-100Y High
Intensity Inspection Lamp (Hglf required, the temperature was maintained with an

isoprganol bath cooled by an SP Scientific cryostat.

Elemental analyses were performed by Midwest Microlab (Indianapolis, IN).



3.42. Preparation of ligands

General procedure for the preparation of ligands

t-Bu t-Bu

O g HPRy(2equiv) O PR,

then NEt; (excess)
NH NH
— 2 HNEt3Br

O Br O PR,

t-Bu t-Bu
L3.1-L3.6

L3.1:
L3.2:
L3.3:
L3.4:
L3.5:

L3.6:

9¢

PR, = P(i-Pr),
PR, = P(Ph),
PR, = P(t-Bu),
PR, = P(i-Bu),
PR, = P(Et),
Me Me

PR =P 'V'e>
2

Me Me

Procedures have beadapted from literature protocdfsTo a suspension of 1,8

bis(bromomethyh3,6-di-t-butylcarbazol® (1 equiv) in CHCI,, a solution of secondary

phosphine (2 equiv) in Gi&l> was added dropwise. The resulting clear solution was stirred

at room temperature for at least 4 h. Then, volatila® removed in vacuo, and the resulting

residue was washed withpentane before it was-seispended in Ci€l>. After excess NEt

(2 mL) was added, the solution was stirred for another 30 min. Next, volatiles were removed

in vacuo, and the resulting mixe was extracted in £ and filtered. The filtrate was

concentrated in vacuo to yield spectroscopically pure targetpounds which can be

recrystallized in cold EO/CHCN mixture to remove colored impurities.



Preparation of PNP-tBu (L3.3)

t-Bu

O P(t—BU)z

NH

Q P(t-Bu),

t-Bu

Following the general procedure3.3 can be prepared from the reactionlg®
bis(bromomethybs,6-di-t-butylcarbazole 04 mg, 1.30 mmdland dit-butylphosphine
(396 mg, 2.71 mmol) in 57% yield (440 mg) as colorlessisBipectral data matched those

reported in the literaturé

Preparation of PNP-iBu (L3.4)

t-Bu

O P(i-Bu),

NH

O P(i-Bu),

t-Bu

Following the general procedure3.4 can be prepared from the reactionlg®
bis(bromomethybs,6-di-t-butylcarbazole 465 ng, 1.00 mmadl and dii-butylphosphine

(292 mg, 2.00 mmol) in 67% yield (410 mg) as colorless solid.

IH NMR (400 MHz, GDs) U19.18 (s, 1H), 8.17 (s, 2H), 7.37 (s, 2H), 2.99 (s, 4H),i1LG¥

(M, 4H), 1.49 (s, 18H), 417 1.36(m, 4H), 1.33 1.26(m, 4H), 0.97 0.92(m, 24H).

31p NMR (162 MHz, GDs) Ui 42.8.
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Preparation of PNP-Et (L3.5)

Following the general procedure3.5 can be prepared from the reactionlg®
bis(bromomethyb3,6-di-t-butylcarbazole465 mg, 1.0Gnmol) and diethylphosphine (198

mg, 2.20 mmol) in 95% yield (460 mg) as colorless solid.

IH NMR (400 MHz, GDs) 11 9.13 (s, 1H), 821 (s, 2H), 738 (s, 2H), 2.97s, 4H), 148 (s,

18H), 129(q, J = 7.7 Hz 8H), 0.95(dt, J = 7.7 Hz, 12H)
31p NMR (162MHz, CsDs) Ui 24.3.

Preparation of PNP-PMP (L3.6)

Me Me Me Me

e Me
N
Me MeMe Me
t-Bu u

t-B

M

Following the general procedure3.6 can be prepared from the reactionlg®
bis(bromomethybs,6-di-t-butylcarbazole 465 mg, 1.00 mmdl and 2,2,3,4,4

pentamethylphosphetaii€290 mg, 2.01 mmol) in 20% vyield (120 mg) as colorless solid.

IH NMR (400 MHz, GDs) 119.30(s, 1H), 816(s, 2H), 753 (s, 2H), 3.28s, 4H),2.24 2.17

(m, 2H), 148 (s, 184), 1.23 1.17 (m, 24H), 0.70 (s, 3H), 0.67 ($)3
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31p NMR (162 MHz, GDs) Ui 22.2.

Preparation of SNS-Ar (L3.7)

t-Bu t-Bu

[ s

NH

Or
SO

A 4 mL vial was charged with sodium(#butyl)-benzenethiolafé (38 mg, 0.20
mmol), 1,8-bis(bromomethyh3,6-di-t-butylcarbazole47 mg, 0.10 mmg] anda magnetic
stir bar. Then, 1 mL of THF was added, and the mixture was allowed to stir at room
temperature overnight. The reaction was quenched by the addition of 1 mL of saturated
NaHCQ(aq), and the mixture was extracted with EtOAc (5 mL). The organgr lags
collected, concentrated in vacuo, and purified by column chromatography (10% EtOAc in

hexanes) to give the title compouhd(7) as white solid in 47% yield (30 mg).

IH NMR (300 MHz, COCls) 118,67 (s, 1H), 7.92 (d] = 1.6 Hz,2H), 7.23 (br8H), 7.07 (d,

J=1.7 Hz 2H), 4.38 (s, 4H), 1.34 (s, 18H), 1.26 (s, 18H

3C NMR (101MHz, CDCls) 11150.4, 142.3, 137.3, 131.8, 126126.0, 1248, 1242, 1192,

1156, 38.0, 34.7, 34.6, 32.314.

FT-IR (film): 2956, 2873, 2817, 1491, 1455, 1193, 1G0cm' ..

MS (ESI) m/z (M)" calcd for G2HsaNS,: 6354, found:635.4
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Preparation of ONO-Ar (L3.9)

t-Bu t-Bu

e
SE ol

t-Bu t-Bu

A 4 mL vial was charged with lithium-@-butyl)-phenolaté (32 mg, 0.20 mmol),
1,8-bis(bromomethyh3,6-di-t-butylcarbazole47 mg, 0.10 mmg) and a magnetic stir bar.
Then, 1 mL of THF was added, and the mixture was allowed to stir at room temperature
overnight. The reaction was quenched by the addition of 1 mL of saturated Nadgi;@nd
the mixture wagxtracted with EtOAc (5 mL). The organic layer was collected, concentrated
in vacuo, and puri fied byOnbdxanes)iogudtneditimat ogr

compoundl(3.9) as off white solid in 66% yield (40 mg).

IH NMR (300 MHz, CDCl3) U 9.46 (s 1H), 8.28 (d,J = 1.6 Hz,2H), 7.36 7.35(m, 3H),

7.19 (s, 2H)7.03 6.97 (m,4H), 6.96 br, 1H), 5.14 (s, 4H), 1.45 (s8H), 1.24 (s, 1H).

3CNMR (101MHz, CDCl3) 1i156.4, 144.0, 142.2, 137.3, 126.44121228, 119.0, 116.4,

1146, 701, 34.7, 343, 32.2, 311.

FT-IR (film): 3466, 2954, 2869, 1512, 1363, 1108, 1004,@48.

MS (ESIl) m/z (M+Na)* calcd for G2HssNO2Na: 6264, found:626.4
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3.43. Preparation of copper complexes

General procedure for the preparation of copper complexes (CuPNP)

t-Bu t-Bu 340 PRy =P(i-Pr),

3.2: PR, =P(Ph

O PR, PR, 2= P(Ph);
CuCl, LiOt-Bu or CuMes

NH

g / 3.3: PR, =P(t-Bu),
CeHe \ :
Q PR; Q PR, 3.5. PR,=P(Et),
Me_ Me

N=Cu  34: PR;=P(-Bu)
t-Bu t-Bu

L3.1-L3.6 31-36 36, PR,=P Me>
2

Me Me

To a 20 mL scintillation vialbis(phosphino)carbazol@ equiv), CuCl (1 equiv),
LiOt-Bu (1 equiv), a magnetic stir bar, and dry, degassed benzene were added. The mixture
was vigorously stirred overnight at room tempematiitext, the mixture was filtered through
a pad of Celite, and the filtrate was concentrated in vacuoHTINMR spectrum of the
residue showed the clean formation of the target compound, which can be further purified by
recrystallization from a mixturef venzenei-hexanesEtO or CHCN ati 35 °C to afford

colorless crystalef copper complexes.

CuPNP-iPr (3.1)

t-Bu

O PPz

N—Cu

(o
P(i-Pr);

t-Bu

Following the general procedure, 3,6-di-tert-butyl-1,8-bis((dki-
propylphosphanyl)methyyH-carbazolel(3.1) (310 mg, 0.57 mmol, 1.0 equiv), CuCl (55

mg, 0.56 mmol, 1.0 equiv), LiBu (48 mg, 0.60 mmol, 1.0 equiwnere used to give
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colorless crystals of the target complex after recrystallizatica nmxture of benzene/

hexanes at35 °C (260 mg, 76% yield).rgstals suitable for singlerystal Xray diffraction

were grown by slow evaporation of a concentrated sample@hd@troom temperature.

IH NMR (400 MHz, GDs) Ui 8.49 (s, 2H), 7.39 (s, 2H), 3.19 (s, 4H), 1.65 (s, 18H),i1.63

1.57 (m,4H), 0.89 (dg,) = 269, 7.1 Hz, 24H).

13C NMR (101 MHz, GDg) 11148.0, 137.5, 125.5, 123.1, 119.8, 115.7, 34.8, 32.8, 26.4 (t,

=8.8 Hz, 23.1 (t)=7.4 Hz), 19.7 (t)= 3.8 Hz), 18.8 (1) = 2.0 Hz).
31p NMR (162 MHz, GDe) 1121.8.
Anal. Calcd for G4Hs4CuNP: C, 67.80H, 9.04; N, 2.33. Found: C, 68.16; H, 9.38; N, 2.22.

CuPNP-Ph (3.2)

t-Bu

O

N—Cu

%
PPh,

t-Bu

Mesitylcopper (18.3 mg, 0.100 mmol, 1 equiv), &3 (67.6 mg, 0.100 mmol, 1
equiv) was added to a 20 mL vial containing a magnetic stir bar. Be(@&eme was then
added, and the solution was allowed to stir overnight. The resulting precipitate was collected
and washed with benzene X3L mL) to afford the target complex (55 mg, 74%jystals
suitable for singlerystal Xray diffraction were growby vapor diffusion of pentane int

concentrated sample benzeneat room temperature.
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IH NMR (500 MHz, M,Cl,) 1i7.95 (s2H), 7.61 br, 8H), 7.35i 7.39(m, 12H), 7.19 (s, 2H),

3.97 (s4H), 1.39 (s.18H).
31p NMR Q02MHz, CD;Cly) Ui 0.7.

CuPNP-tBu (3.3)

t-Bu

O /P(l‘-BU)z

N—Cu

(3
P(t-Bu),

t-Bu

Following the general procedute3.3 (60 mg, 010 mmol, 1equiv), CuCl 8.9mg,
0.10 mmol, 1 equiv), Li@Bu (9.0mg, 011 mmol, 11 equiv), were used to give colorless
crystals of the target compl€x7 mg, 87% yield). Crystals suitable for singlerystal Xray
diffraction were grown by slow evaporation of a concentrated samplex@n &troom

temperature.

IH NMR (400 MHz, GDs) Ui 8.47 (s,2H), 7.44 (s2H), 3.36 (s4H), 1.65 (s,18H), 1.06

1.03(m, 36H).

31p NMR (162MHz, CsDs) Ui 38.3
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CuPNP-iBu (3.4)

Following the general procedule3.4 (12 mg, 0020 mmol, 1equiv), CuCl 2 mg,
0.020mmol, 1 equiv), Li@-Bu (4.0mg, 0050mmol, 2.5 equiv),were used to give colorless
crystals of the target compl€k2 mg, 91% vyield). Crystals suitable for singlerystal Xray
diffraction were grown byapor diffusion of pentane in@ concentrated sample TiHF at

room temperature.

IH NMR (400 MHz, GDe) {1 8.49 (s,2H), 7.36 (s2H), 3.13 (s4H), 1.64 (s, 18H), 1.62

1.50(m, 4H), 138 1.30(m, 8H), 0.83 (d, J = 6.6 Hz, PH) 0.83 (d, J = 6.6 Hz, 2H).
31p NMR (L62MHz, CsDe) Ui 19.5

CuPNP-Et (3.5)

Following the general proceduted.5 (330mg, 068 mmol, 1equiv), CuCl 6.7 mg,
0.68 mmol, 1 equiv), Li@Bu (8.5mg, 011 mmol, 1.6 equiv), were used to give colorless

crystals of the target complafter recrystallization im mixture of benzenehexanest i
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35 °C (50 mg,40% vyield). Crystak suitable for singlerystal Xray diffraction were grown

from a saturated solution in GEIN at i 35 °C

IH NMR (400 MHz, GiDs) Ui 8.46 (s2H), 7.32 (s2H), 3.12 (s4H), 1.64 (s;18H), 1.21 (s,

8H), 0.82 (s12H).

3P NMR (L21MHz, CsDe) i 2.08

CuPNP-PMP (3.6)

Following the general proceduted.6 (12mg, 0020mmol, 1equiv), CuCl 2.0mg,
0.020mmol, 1 equiv), Li@-Bu (1.6 mg, 020 mmol, 1 equiv),were used to give the target
product(10 mg,76% yield). Crystals suitable for singlerystal Xray diffraction were grown

by slow evaporation of a concentrated sample i@ Bt room temperature.

IH NMR (300 MHz, GDe) Ui 8.36 (s,2H), 7.42 (s2H), 3.52 (s4H), 2.22 (q,J = 6.7 Hz,

2H), 1.64 (s, 18), 116/ 1.06 (m, 24H), 0.64 (d,J = 7.2 Hz,6H).

31p NMR (121MHz, CsDs) 1i41.7.
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[CUPNHP][PFe] (3.8-PFe)

t-Bu Bu [PFel

O PPz (cu(MecN)IIPFel O il

NH —_— NH Cu

O , THF O |
P(i-Pr), P(Pr),

t-Bu Bu

L3.1 3.8-PF

To a 20 mL scintillation vial,L3.1 (110 mg, 0.2 mmol, 1 equiv) and
[CU(CHCN)4][PFe] (74 mg,0.2 mmol, 1 equiv) were added. A magnetic stir bar and 5 mL
of THF were then added, and the mixture was vigorously stirred at room temperature
overnight. The solution was concentrated to drymesscuoand the residue was washed
with n-hexane to give wke solid (110 mg, 73% yieldCrystals suitable for single crystal
X-ray diffraction were grown by vapor diffusion of pentane into a concentrated sample in

THF at room temperature.

IH NMR (400 MHz, CRCN) i8.31 (s, 1H), 8.04 (s, 2H), 7.45 (s, 2H), 3886 (m, 4H),

1.90 (br, 4H), 1.43 (s, 18H), 1.2B.07 (m, 24H).

13C NMR (101 MHz, CRCN) Ui 147.1, 1399, 128.4, 16.1, 122.8, 116.2, 2.0, 27.1, 23.6,

200, 19.2.

31p NMR (162 MHz, CRCN) 11 14.1,i 144.6 (p).

Anal. Calcd for G4HssCuRsNPs £4HsO: C, 55.63; H, 7.74; N, 1.71. Found: C, 55.53; H,

7.63; N, 1.69.
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[CUPNP][BAr F24][Hexane] (3. 7BAr F24)

t-Bu [ tBuU 1 BAr 4]
O P(i-Pr), . O P(i-Pr),
/ [FCIBAr 4] /
N—Cu —_— N—Cu
{ -78°C {
Q _P(i-Pr), Q P(i-Pr),
t-Bu | t-Bu ]

To a 4 mL vial,3.1 (12.8 mg, 0.020 mmol, 1 equiFd[BAr4 (20 mg, 0.019
mmol, 1 equiv), and a magnetic stir s added. Then, the vial was cooled#8 °C, and
pre-chilled CHCl> was added to the vial. The resulting dark mixture was allowed to stir for
30 min, and the volatiles were removed in vacuib/8t°C. Prechilled EO was added to
the vial, and the sotion was filtered into a new, pahilled 4 mL vial. The filtrate was
allowed to stand &t35 °C overnight, resulting in an oily residue that contained single crystals

of 3.7- BArFas.

3.44. Photoproperties of complexes
Determination of the lifetime of 3.1*

A 1 mg/mL solution was prepared by dissolving 3 m@dfin 3 mL THF. This
solution was then diluted §50Id, and the diluted solution as transferred to a quartz cuvette.
The cuvette was sealed, and the luminescence decays upon 355 nm excitatnoeaseared

at various wavelengths. The data are summarized below.
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Table 31. Luminescence lifetimes &.1at various emission wavelengths in THF

Entry Emission wavelength Lifetime Average lifetime

1 427 nm 7.87ns
2 432 nm 7.92 ns
3 455 nm 8.39 ns 8.12 ns
4 405 nm 8.25ns
5 415 nm 8.08 ns

&) Experimental Data
—

)
Q
c
@«
£
2
o
73
]
<
<

Time (seconds)

Figure 3.9. Representative fitting of the luminescence decay of copper corddlax427

nm.

Quenching of 3.1* by an alkyl bromide

Measured amounts ofttoma4-phenylbutanevere added viaHamilton sample

locked syringdo a solution oB3.1in 4 mL THF in a quartz cuvette equipped with a PTFE
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septum capEmission spectra were collected at various wavelengths at each concentration of

2-bromo4-phenylbutaneA representative figure is shown below.

>
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Figure 3.10. The emission spectra of a solution of coppemplex3.1in THF upon

irradiation at 380 nm in the presence of varying amountshobého4-phenylbutae.
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t-Bu
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u
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P(i-Pr),
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(S
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3.1
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| Bu

O P(P

NH Cu
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3.8-PF

"|[PFel
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Figure 3.11 UV-vis spectra in THF df3.1 and its derivatives.

LIPNP =1 =——Complex 3.8-PF¢

Normalized intensity

450 500

Wavelength (nm)

Figure 3.12. Emission spectra in THF &f3.1 and its derivativegexcitation at 300 nm).
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3.45. EPR spectroscopy

Oxidation of 3.1 using FCAcCBR

t-Bu t-Bu ] [BF4]
O P(i-Pr), O P(i-Pr),
/ [FcAc][BF,4] /
N—Cu e N—Cu
\ -78°C \
Q P(i-Pr), O P(i-Pr),
t-Bu L t-Bu h

In two separate vials, solutions &fl (4.8 mg, 0.080 mmol, 1 equiv) in 1 mL THF
and acetylferrocenium tetrafluoroborate (2.4 mg, 0.076 mmol, 1 equiv) in 1 mL THF wer
prepared at 78 °C. The solution o8.1 was then added dropwide the solution of
acetylferrocenium tetrafluoroboratend the resulting purple mixture was stirred 28 °C
for 2 h, yielding a dark purple mixture. The EPR spectrum of this mixturevsled below.

The prolonged storage of the resulting mixturg3 °C gives twinned crystals 8f8-BF.

/

2400 2700 3000 3300 3600
Magnetic Field (G)

Figure 3.13. X-band EPR spectra of the oxidation produc3.d4f(9.4 MHz, 77 K, THF/2

MeTHF, g = 2.007).
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3.46. DFT calculations

Geometry optimizations, singgint calculations, frequency calculations, and time
dependent calculations were performed using the Gaussian 09 (Rev B.01) suite of programs
with the B3LYP functional and theBLG* basis set for all atonig Frequency calculations

were performed on optimized geometries to ensure true minima.

MO  Occupancy Relative Energy

165 0.02629

164 0.00026
163 -0.01062
162 -0.15466
161 -0.17822

160

= ==L L

E—

-0.17963

Figure 3.14. DFT-generated frontier molecular orbitals (MO = 160, MO = 161, MO = 162,

MO = 163, MO = 164, MO =@5) of copper complel.1

Figure 3.15. HOMO (MO = 162), HOMG1 (MO = 161), and HOME (MO = 162) of

copper comple.1(H atoms are omitted for clarity).
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Figure 3.16. LUMO (MO = 163), LUMO+1 (MO = 164), and LUMO+2 (MO = 165) of

copper comples.1(H atoms are omitted for clarity)

Excited State 1:

160 (HOMO-2) ——> 163 (LUMO) (0.19)
393 nm (£ =0.0240)

162 (HOMO) —— 163 (LUMO) (0.67)
Excited State 2:

160 (HOMO-2) — 163 (LUMO) (0.66)

360 nm (f=0.0056)
162 (HOMO) —_— 163 (LUMO) (-0.19)

Excited State 3:

161 (HOMO-1) ——> 165 (LUMO+2)  (-0.11)
344 nm (f=0.0772)

162 (HOMO) —_— 164 (LUMO+1)  (0.69)
Figure 3.17. TD-DFT results: Orbital compositions of the calculated singlet excitations

(first three) of copper compleX 1 Transitions of significance are in bold.
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Figure 3.18. Calculated absorption spectrum of copper compléx

3.4.7. General procedure for the photoinduced alkylations

Figure 3.19. A typical irradiation setup at room temperature. Shown are threea8sblue

LED lamps, a reflective Dewar, and a table fan.
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A standard reaction mixture waspared in an 8 mL vial, usirgtherCuBr (10mg,

0.070 mmol) and 3.1 (3.8 mg, 0.0070 mmolpr 3.1 (4.2 mg, 0.0070 mmol). ThehjOt-

Bu (168 mg, 2.1 mmoljgndt-butylcarbmatg246 mg, 2.1 mml), were added to the vial,
followed by 2broma4-pheny149 mg, 0.70 mmoland DME (8 mL). Next,the vial was
capped, and theeaction vial and a magnetic stir bar wesgbmerged in a losiorm
hemispherical Dewar flask filled with water in a wedintilated fume hood. Three -3¢att

blue LED lamps were placediichesfrom the vial (as close to the vial as possible, without
the lamps being in contact with water), and the vial was irradiated for 16 h. The temperature
of the water bath was maintained below 30 °C with a table fan. A typical setup is shown
above After irradiation, @20 mL vial was charged with a measuredmdiiya of an internal
standard rf-dodecang The unpurified reaction mixture was then added to the 20 mL vial
that contained the internal standard, ensuring quantitative transfer through Et€¥%sc(8in

mL x 3). An aliquot was filtered through a pad of silica gel (eluting with EtOAc) into a GC

vial, and the sample was subjected to GC analysis.



CuPNP-iPr (3.1)

3.48. X-ray crystallographic data

Table 32. Crystal data and structure refinement3dk

Identification code 3.1

Empirical formula CasHs.NP.Cu
Formula weight 602.26
Temperature/K 100.05
Crystal system orthorhombic
Space group Pbca

a/A 12.4490(9)
b/A 22.9148(14)
c/A 23.1633(14)
o/ A 90

b/ A 90

b/ A 90
\Volume/A 6607.7(7)

VA 8

} cag/c? 1.211

e / mm 0.780
F(000) 2592.0
Radiation MoKU (& = 0.7107

20 range for

3.516 to 66.098

Index ranges

-18 O K40 A1 8 80 CB

Reflections collected

103697

Independent reflections

11695 [Ry = 0.0580, Rgma= 0.0339]

Data/restraints/parameters

11695/0/357

Goodnessf-fit on P

1.060

Fi nal R inde

R; =0.0403, wR=0.1284

Final R indexes [all data]

R; =0.0550, wR = 0.1405

Largest diff. peak/hole / e#

0.76+0.69

11¢
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Table 33. Fractional Atomic Coordinates (x40and Equivalent Isotropic Displacement

Parameters (A10%) for 3.1 Ueqis defined as 1/3 of the trace of tbethogonalred U,

tensor.

Atom X y z U(eq) |Atom X y z U(eq)
Cul | 8134.6(2) [3559.3(2) | 294.2(2) (12.50(6) C41 8868.4(14) |5047.2(7) 731.1(7) |24.2(3)
P2 9428.5(3) [2905.6(2) | 196.9(2) [12.76(8) | C3d 3031.9(13) [4020.1(9) [2166.4(8) [27.9(4)
P3 7233.1(3) [4381.6(2) | 205.0(2) [12.32(8) C42 7096.8(14) |5565.1(6) 568.9(8) [22.6(3)
N1 | 7194.9(10) (3150.1(5) | 848.7(5) | 12.0(2) C§ 7105.8(11) |2686.3(5) [1741.8(6) |12.4(2)
C24 | 8167.6(11) [1844.6(6) [2003.2(6) | 13.5(2) | C45 8062.8(13) [4880.5(7) |- 786.5(7) |21.4(3)
C26 | 6469.4(11) [3440.0(5) |1200.3(6) 12.2(2) | C34 8286.5(16) 764.8(7) [2175.6(8) |29.7(4)
C31 | 8745.3(12) [2222.8(5) | 412.9(6) | 14.4(2) | C4Q 7644.0(12) |4981.0(6) 696.4(6) [15.9(3)
Cc27 | 6373.7(11) [3171.5(5) [1751.1(6) | 12.1(2) | C3q 4142.2(12) [|4096.6(6) [2444.6(6) [17.0(3)
C28 | 5640.2(11) [3383.1(6) |2160.4(6) 13.9(2) | C13 5134.5(11) |4132.7(6) [1483.1(6) [14.7(2)
C32 | 8554.5(13) [1372.6(6) [2423.7(7) | 17.2(3) | C3§ 9771.1(14) [1422.5(7) [2509.7(8) [24.8(3)
C25 | 7408.6(11) [2263.1(6) [2148.7(6) | 14.0(2) | c47 9257.9(14) [2432.7(8) |[-898.3(7) [25.5(3)
C23 | 8594.2(11) [1850.1(5) |1436.6(6) 13.6(2) | C4810490.3(15) |3291.1(7) |-785.3(7) |25.7(3)
C11 [10482.9(12) [2957.7(6) | 755.7(6) | 16.9(3) | C4610065.3(13) |2732.3(6) [-500.8(6) |17.8(3)
C22 | 8308.5(11) [2256.0(5) |1019.2(6) 12.5(2) | C43 6987.5(12) |4709.0(6) |-511.9(6) [15.9(3)
C29 | 5004.9(11) [3863.9(6) |2031.1(6) 14.0(2) | C44 6380.7(14) |4278.4(7) |-901.0(6) |22.4(3)
C30 | 5871.9(11) [4205.1(6) | 467.6(6) | 15.5(3) C1j11159.6(15) |3512.0(7) 698.6(8) [26.9(3)
C21 | 7570.0(11) [2691.8(5) |1183.7(6) 11.8(2) | C33 8014.0(15) |1427.5(8) [3013.6(8) |28.0(4)
C20 [11192.1(14) [2416.0(7) | 810.9(7) | 24.6(3) | C39 4340.0(15) [4747.5(7) [2573.0(8) [27.3(4)
C37 | 4144.0(13) ([3773.9(6) [3023.3(7) 20.2(3) C4 5839.5(11) [3932.0(5) |1061.9(6) (13.1(2)

Table 34. Anisotropic DisplacemenParameters (A10°) for 3.1 The anisotropic

displacement factor exponent takes the fo@m?[h?a*?Ui+2hka*b*Ui+ é ] .

Atom Uiy Uz, Usz Uzs Uiz Uz [Atom Uny Uz Uss Uzs Uiz Uz
Cul |14.75(10) | 8.87(9) [13.88(10) 1.67(5) | 2.58(6) | 1.81(5) C33 30.2(9) | 34.8(9) | 19.0(8) [14.7(6) 3.56) | 8.0(7)
P2 |1532(17) |9.46(15) [13.52(17) |0.79(11) |2.63(12) |1.57(11) | C3940.6(10) | 15.6(6) | 25.7(8) |-0.7(6) | 14.3(7) | 4.6(6)
P3 [15.15(18) [9.33(14) [12.48(16) |2.07(11) |2.14(12) (1.58(12) C4| 13.8(6) | 11.0(5) | 14.5(6) | 1.8(4) 1.3(5) |- 0.5(4)
N1 14.5(5) 8.5(4) 13.0(5) 0.9(4) 1.2(4) 0.4(4) C41| 24.08) | 20.8(7) | 28.0(8) | 0.0(6) | -2.7(6) |-1.6(6)
C24 15.7(6) 9.4(5) 15.4(6) 2.4(4) | -09(5) | -0.7(4) C3g 17.3(8) [41.2(10) | 25.2(8) | 5.4(7) 4.2(6) | 3.5(6)
C26 13.7(6) | 10.1(5) 12.9(6) | -0.2(4) 0.2(5) | -0.5(4) C42 27.4(8) | 13.9(6) | 26.4(8) |-3.6(5) 3.6(6) | 3.905)
C31 19.4(7) 8.6(5) 15.1(6) | -0.9(4) 2.2(5) 0.5(4) Cgl 13.7(6) | 10.3(5) | 13.2(6) | 0.6(4) 0.4(5) |-0.7(4)
C27 13.3(6) 9.8(5) 13.2(6) 1.04) | -0.1(5) | -1.1(4) C45 29.98) | 17.5(6) | 16.8(7) | 4.0(5) 5.7(6) |-2.1(5)
C28 15.6(6) | 12.7(5) 13.3(6) 0.9(5) 1.8(5) | -0.9(4) C3441.6(10) 12.8(6) [34.9(10) | 8.0(6) |-10.4(8) [-3.2(6)
C32 18.9(7) | 14.0(5) 18.6(7) 5.0(5) | -0.7(5) 1.0(5) Cc4q 19.3(7) | 13.5(5) | 15.1(6) |- 0.7(5) 2.4(5) |-1.0(5)
C25 15.9(6) | 12.3(5) 13.9(6) 2.0(4) | -01(5) | -1.3(4) Cc3q 17.3(6) | 16.1(6) | 17.7(7) | 2.0(5) 5.6(5) | 2.8(5)
C23 15.8(6) 8.5(5) 16.6(6) | - 0.4(4) 0.1(5) | -0.4(4) C13 14.9(6) | 12.6(5) | 16.5(6) | 1.6(5) 2.3(5) | 1.4(4)
C11 17.0(7) | 15.9(6) 17.8(7) 0.1(5) 0.05) | -1.2(5) C35 20.0(8) | 28.4(8) | 26.0(8) | 5.9(6) | -4.2(6) | 2.6(6)
C22 15.4(6) 8.4(5) 13.7(6) | -0.8(4) 0.8(5) | -1.6(4) C471 27.3(8) | 33.2(8) | 16.1(7) |-3.9(6) 3.3(6) | 2.3(6)
C29 15.1(6) | 12.5(5) 14.4(6) 0.1(4) 2.8(5) | -0.6(4) c4g 31.009) | 23.9(7) | 22.1(8) | 5.7(6) | 10.6(6) | 1.7(6)
C30 16.3(6) | 14.5(6) 15.7(6) 4.0(5) 0.5(5) 1.3(5) c4q 21.7(7) | 16.5(6) | 15.2(7) | 2.1(5) 5.2(5) | 5.2(5)
C21 13.8(6) 8.5(5) 13.1(6) 05(4) | -0.1(4) | -1.2(4) C43 21.7(7) | 12.6(5) | 13.3(6) | 2.6(5) 1.8(5) | 3.4(5)
C20 19.3(7) | 24.4(7) 30.1(9) 4.4(6) | -2.3(6) 4.0(6) C44 27.7(8) | 24.3(7) | 153(7) |-0.9(6) | -0.1(6) |-1.0(6)
C37 | 22.7(7) | 20.2(6) 17.7(7) 1.9(5) 5.9(6) 1.8(5) Ci| 25.1(8) | 21.7(7) | 33.8(9) | 0.8(6) | -2.5(7) |- 7.7(6)




Table 35. Bond Lengths foB.1

Atom|Atom| Length/A |Atom|Atom| Length/A

Cul |P2 | 22112(4) |c32 |c34 | 1.543(2)

Cul |P3 | 2.2029(4) |C32 [C35 | 1532(2)

Cul NI |1.9741(11) |[C25 |C8 [1.4039(18)

P2 |C31 [1.8497(14) |C23 |C22 |1.3878(18)

P2 |C11 |1.8474(15) |C11 |C20 | 1.529(2)

P2 |C46 (1.8434(15) |Ci11 |C1 1.530(2)

P3 |C30 [1.8452(15) |C22 |C21 |1.4097(18)

P3 |C40 (1.8557(14) |C29 |C36 [1.5347(19)

P3 |C43 (1.8477(15) |C29 |C13 [1.4201(19)

N1 |C26 |1.3857(17) |C30 |C4 |[1.5127(19)

N1 |C21 [1.3868(16) |C21 |C8 [1.4162(19)

C24 |C32 |1.5332(19) |C37 |C36 | 1.531(2)

C24 |C25 [1.3878(19) |C39 |C36 1.541(2)

C24 |C23 [1.4160(19) |C4 |[C13 |1.3906(19)

C26 |C27 [1.4214(18) |C41 |C40 1.534(2)

C26 |C4 |1.4103(18) |C38 |C36 1.535(2)

C31 |C22 [1.5080(19) |C42 [C40 1.530(2)

C27 [C28 |1.4028(19) |[C45 |C43 | 1.533(2)

C27 |C8 |1.4379(18) |C47 |C46 1.526(2)

C28 |C29 [1.3889(19) |C48 [C46 1.534(2)

C32 |C33 | 1.528(2) |C43 |C44 | 1.535(2)

Table 36. Bond Angles foi3.1

Atom|Atom|Atom An gl e||Atom|AtomAtom| Angl e
P3 |Cul |P2 |160.224(16) C22 |C23 [C24 |123.75(12)
N1 |Cul |P2 100.15(3) C20 |C11 [P2 |114.61(11)
N1 |Cul |P3 99.52(3) C20 |C11 [C1 |111.31(13)
C31 |P2 |Cul 102.15(5) Cl |Cl11 [P2 |112.60(11)
Cl1 (P2 |Cul 113.73(5) C23 |C22 |C31 |121.50(12)
Cl1 P2 |C31 101.06(7) C23 |C22 [C21 |116.98(13)
C46 |P2 |Cul 123.27(5) C21 |C22 [C31 |121.50(12)
C46 (P2 |C31 104.64(6) C28 [C29 |C36 |122.65(12)
C46 P2 |Cl1l1 108.82(7) C28 |C29 |C13 |118.17(12)
C30 |[P3 |Cul 104.45(4) C13 |C29 [C36 |119.12(12)
C30 |P3 |C40 102.31(7) C4 |C30 [P3 |114.53(10)
C30 |P3 |C43 103.49(7) N1 [C21 |[C22 (127.22(12)
C40 |P3 |Cul 115.80(5) N1 |C21 |C8 ([112.35(11)
C43 |P3 |Cul 121.06(5) C22 [C21 |C8 |120.43(12)
C43 [P3  |C40 107.23(7) C26 |C4 |C30 |121.52(12)
C26 N1 |Cul 122.75(8) C13 |C4 [C26 |117.12(12)
C26 |N1 [C21 | 104.69(11) C13 [C4 |C30 |121.23(12)

12(
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C21 N1 |cul | 121.61(9) ||C25 [C8 [c27 [133.97(13)
C25 |C24 |C32 | 123.17(13) ||C25 [C8 |C21 [120.63(12)
C25 [C24 |C23 | 118.31(12) ||C21 [C8 |C27 [105.39(11)
C23 [C24 |C32 | 11852(12) ||C4l [C40 |P3  [112.29(10)
N1 |C26 |[C27 | 112.01(11) ||C42 |C40 |P3 |113.97(11)
N1 |C26 [C4 | 127.73(12) ||C42 |C40 |c41 |111.47(12)
C4 |C26 |C27 | 120.23(12) ||C29 |C36 |C39 [110.18(12)
C22 |C31 |P2 | 112.03(9) ||C29 [C36 |C38 [109.18(13)
C26 |C27 |C8 | 105.55(11) ||C37 |C36 |C29 [112.19(12)
C28 [C27 |C26 | 120.77(12) ||C37 |C36 |C39 [107.36(13)
C28 |C27 |c8 | 133.63(12) ||C37 |C36 |C38 [108.27(13)
C29 [C28 |C27 | 119.94(12) ||C38 [C36 |C39 [109.61(14)
C24 |C32 |C34 | 109.40(12) ||C4 |C13 [C29 [123.73(12)
C33 [C32 |C24 | 111.81(12) ||C47 |C46 |P2 [110.03(11)
C33 [C32 |C34 | 108.19(14) ||C47 |C46 |C48 [110.09(13)
C33 [C32 |C35 | 108.24(14) ||C48 [C46 |P2 [110.19(10)
C35 |C32 |C24 | 109.91(12) |[C45 [C43 |P3 |109.42(10)
C35 [C32 |C34 | 109.25(13) ||C45 |C43 |C44 [110.54(12)
C24 |C25 |C8 | 119.80(13) ||C44 |C43 |P3  |110.37(10)

CuPNP-Ph[CeHsé] (3.2-CeH)

t-Bu
g
N—Cu
\
PPh,
t-Bu

Table 37. Crystal data and structure refinement3d-CeHe.

Identification code 3.2CgHs
Empirical formula CsoHs:CUNR
Formula weight 738.32
Temperature/K 100.03
Crystal system triclinic
Space group P-1

a/lA 12.5805(4)
b/A 13.8221(4)
c/A 14.5741(5)
U/ A 87.4145(12)
b/ A 64.6820(11)
2/ A 67.0504(12)
Volume/& 2086.88(12)
Z 2

| cag/cn? 1.175

e/ mm 0.630
F(000) 776.0
Radiation MoKU (& = 0.710]7
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2 U r an g eolldction/{4.816 to 72.826

Index ranges 20 O 3002040 O2
Reflections collected 144242

Independent reflections 20296 [R, = 0.1587, Bgma= 0.0885]
Data/restraints/parameters|{20296/0/511

Goodnesf-fit on P 1.005

FinalRi ndexes [|R =0.0558 wRR=0.1403

Final R indexes [all data] |R;=0.0997, wRR=0.1639

Largest diff. peak/hole / e#0.93£1.10

Table 38. Fractional Atomic Coordinates (x4)0and Equivalent IsotropiDisplacement
Parameters (A10°) for 3.2-CsHe. Ueqis defined as 1/3 of the trace of the orthogaeali

Uy tensor.

Atom X y z U(eq) |Atom X y z U(eq)
Cul 7186.1(2) 6763.1(2) 3755.9(2) |8.38(5) C3212918.3(15) 6006.1(13) [1969.3(13) (14.2(3)
P2 6168.9(4) 6550.3(3) 2915.6(3) |[8.06(7) C19 6576.2(17) 7978.3(15) [9137.1(13) (17.7(3)
P3 8525.7(4) 7203.3(3) 4066.6(3) |7.18(7) C24 6899.8(15) 9336.6(13) [4339.8(13) |(13.6(3)
N1 | 6116.3(12) 6565.7(10) |5137.3(10) 8.0(2) C36 5226.4(18) 8706.8(13) [2781.0(14) |(17.5(3)
C20 | 4899.4(13) | 6596.1(11) [5437.1(11) | 7.1(2) | C4q 3880.0(17) | 7860.6(13) |2781.7(13) |16.5(3)
C1l | 6093.8(14) 6916.7(11) [6024.4(11) 7.9(2) C3112464.0(15) 5398.2(13) [2692.3(13) |(15.3(3)
C22 | 8437.4(14) | 6678.5(12) |5275.5(11) | 8.4(2) | C13 231.4(16) | 7245.6(16) [7995.9(14) |18.8(3)
C4 | 5647.0(14) | 7595.2(12) |8011.6(11) | 9.0(2) | C2§ 7311.6(17) |10810.0(13) [4678.1(13) |16.1(3)
C11 | 4409.6(14) | 6306.9(11) [4828.6(11) | 7.6(2) | C4H 7419.3(19) | 4427.9(15) | 387.5(13) [19.6(3)
C23 | 8040.2(14) 8621.1(12) [4351.2(11) 9.8(3) C15 866.8(17) 5865.7(13) |6605.3(15) |(18.1(3)
C2 | 7096.2(14) 7020.2(11) |6149.0(11) 8.1(2) C24 6537.3(16) [10423.3(13) (4502.9(14) |(16.7(3)
C10 | 3144.0(14) | 6414.7(11) |5316.8(12) | 8.6(2) | C1d 4249.8(18) | 8963.0(15) [9607.4(14) [21.4(4)
C8 | 2828.4(14) 7051.4(11) [6969.3(12) 9.4(2) C44 8351.9(18) 4698.1(15) |- 364.7(13) [19.2(3)
C3 | 6838.3(14) 7362.1(12) |7140.8(11) 9.0(2) C43 8616.8(17) 5507.7(15) |- 120.4(13) (19.2(3)
C21 | 5230.4(14) 5832.8(11) |[3713.2(11) 9.0(2) C39 3009.9(19) 8828.9(15) (2718.6(15) (22.9(4)
C6 | 4878.6(14) | 7164.4(12) [6891.2(11) | 8.8(2) | €34 3241(2) | 9732.1(15) [2694.6(15) [25.5(4)
C5 | 4666.3(14) 7493.4(12) |7867.6(11) 9.4(2) C37 4349(2) | 9672.3(14) [2722.6(15) |(25.0(4)
C12 929.0(14) 6914.8(12) (6834.0(12) [11.1(3) C51 8973(2) 95.1(16) |1829.2(17) |[31.1(5)
C29 [10263.4(14) | 6715.9(11) [3261.3(11) | 8.9(2) | €54 10267(2) | -422.1(18) [1175.8(18) [31.5(5)
C7 | 4097.9(14) 6958.6(11) |6502.9(11) 8.4(2) C47  10700(2) |- 1280.6(18) 469.1(16) |33.4(5)
C9 | 2327.3(14) 6785.6(11) [6381.6(12) 8.8(2) C4§ 9830(3) |- 1627.7(18) 420.7(17) |36.2(6)
C34 [10736.6(15) | 7313.0(12) [2515.6(12) [11.7(3) | C5d 8097(2) | -238.8(19) [1770.8(17) [34.1(5)
C41 | 7001.6(15) | 5789.7(12) [1635.7(11) [10.2(3) | c49 8531(3) -1102(2) [1062.4(19) |[35.6(5)
C35 | 4995.9(16) | 7789.4(12) [2816.4(12) [11.4(3) | C3011142.3(15) | 5754.1(12) [3332.7(13) [13.7(3)
C16 | 5411.5(15) 7895.7(13) [9110.6(12) [12.0(3) C3312052.0(16) 6962.7(13) [1884.7(12) |(13.4(3)
C28 | 8799.5(16) 9014.8(12) |4552.3(12) |(12.0(3) C42 7953.8(17) 6044.6(14) 871.6(13) |(16.3(3)
C27 | 8433.4(17) |10102.8(13) |4711.8(13) |15.0(3) C14 221.5(16) 7783.6(14) [6348.0(14) |(16.9(3)
C46 | 6738.9(17) | 4970.7(13) [1386.3(13) [14.7(3) | C17 5149.4(18) | 7024.3(15) [9749.1(13) [17.7(3)
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Table 39. Anisotropic Displacement Parameters¥A0®) for 3.2-CeHs. Theanisotropic

displacement factor exponeakes the form:2 Z[h%a*?Ui+2hka*b*Ui+ é ] .

Atom Uy Uz, Usz Uzs Ui Uiz Atom Uny Uz, Uss Uzs Uiz Ui

Cul | 8.72(9) |10.19(9) | 7.50(8) | 0.89(6) | -3.49(7) | -519(7) | C38 22.7(8) | 11.8(7) | 16.6(8) | 3.2(6) | -66(7) | -8.1(6)
P2 [0.47(16) |7.86(16) |7.71(16) |0.44(12) |-4.32(13) |-3.76(13) | C4q 17.5(8) | 145(7) | 16.7(7) | -0.2(6) | -10.8(6) | -2.1(6)
P3 |6.78(15) |7.91(15) (6.74(15) [0.63(12) |- 2.24(13) |-3.73(13) C31 9.5(6) | 13.7(7) | 17.3(7) 1.6(6) - 3.6(6) -2.2(5)
N1 6.5(5) | 10.6(5) 7.0(5) 0.0(4) -2.6(4) -4.04) | €13 105(7) | 29.2(9) | 15.9(8) | -0.2(7) -2.1(6) | -11.2(7)
C20 | 6.4(6) 6.6(5) 8.4(6) 0.3(4) -3.4(5) -2.6(5) | Cc2g 20.2(8) 8.7(6) | 13.6(7) | -0.8(5) -2.8(6) -5.3(6)
C1 6.1(6) 9.0(6) 8.2(6) | -0.2(5) -2.6(5) -3.0(5) | c49 26.5(9) | 20.6(8) | 12.5(7) | -4.0(6) -6.7(7) | -11.8(7)
c22 | 7.1(6) | 10.1(6) 7.6(6) 1.5(5) -2.5(5) -4.005) | c1§9 13.2(7) | 13.6(7) | 28.3(9) | -0.1(6) -7.2(7) -8.2(6)
C4 7.5(6) | 12.0(6) 7.5(6) 0.9(5) -3.2(5) -4.2(5) | c2§ 12.2(7) | 12.0(7) | 19.7(8) 1.0(6) - 4.8(6) -1.1(6)
C11 | 756) | 650) | 83(6) | 06@) | -36(5) | -24(5) | cid 196(@) | 234(©9) | 13.7(8) | -7.96) | -55(7) | -2.5(7)
C23 | 96(6) | 906) | 84(6) | 04(5) | -245) | -335) | cad 184@8) | 2L.18) | 116(7) | -3.76) | -396) | -45(7)
C2 | 786) | 9606) | 7.46) | 17G) | -32(5) | -44(5) | cad 17.08) | 2398) | 1.7(7) | 056) | -106) | -9.4(7)
C10 | 7.76) | 8106) | 1116) | 095) | -495) | -34(5) | cad 21.49) | 202(8) | 19.18) | 00(7) | -1L.7(7) 2.6(7)
C8 | 686) | 916) | 11.06) | 01(5) | -365) | -25(6) | C3826.9(10) | 16.18) | 156(8) | 4.26) | -58(7) 2.0(7)
C3 | 86(6) | 105(6) | 88(6) | 1.15G) | -395) | -47(G) | C31339(11) | 11.3(7) | 20009) | 41(6) | -58() | -7.1(7)
C21 | 10.2(6) 8.6(6) 9.5(6) | -0.2(5) -4.9(5) -4.3(5) | C5141.6(13) 16.9(8) |21.8(10) 4.7(7) -7.209) -7.7(8)
C6 6.0(6) | 11.2(6) 8.5(6) 0.0(5) -2.5(5) -35(5) | C5235.1(12) (29.7(11) |(30.5(11) | 16.3(9) |-15.4(10) | -14.6(9)
C5 5.7(6) | 11.6(6) 8.4(6) | -0.8(5) -1.2(5) -3.1(5) | C4728.7(11) |33.4(11) 17.4(9) | 10.6(8) -3.9(8) -0.8(9)
C12 | 7.0(6) | 11.5(6) | 15.2(7) 0.7(5) -4.8(5) -4.3(5) | C4g52.3(15) |27.4(11) |[19.1(10) 0.6(8) |-16.7(10) | -5.7(10)
C29 | 8.9(6) 9.1(6) 7.1(6) | -0.3(5) -1.7(5) -4.1(5) | €5026.2(10) [32.9(11) [24.3(10) 9.2(9) -2.7(8) -4.009)
Cc7 7.9(6) 9.0(6) 8.9(6) 0.8(5) -4.1(5) -3.7(5) | C4943.5(14) [40.0(13) (33.3(12) |15.3(10) |-22.3(11) |- 22.1(11)
Co | 7.86) | 7906) | 1146) | 185) | -44() | -395) | cad 17.7(7) | 154(7) | 108(7) | -045) | -476) | -84(6)
C34 | 116(6) | 11.96) | 88(6) | 1.95) | -2265) | -46(6) | c3d 12.2(7) | 106(6) | 146(7) | 325) | -326) | -4.20)
C41 | 111(6) | 986) | 83(6) | 035) | -485) | -235) | c3d 124(7) | 156(7) | 113(7) | 215) | -256) | -80()
C35 | 155(7) | 81(6) | 84(6) | 04(B) | -57() | -22(B) | C4d 154(7) | 19.38) | 128(7) | -0.4(6) | -29(6) | -9.3(6)
C16 | 96(6) | 188(7) | 7.3(6) | -1.15) | -28() | -62(6) | Cl4 9.7(7) | 17.4(7) | 252(9) | 536) | -95(6) | -4.9(6)
C28 | 13.4(7) | 11.1(6) | 133(7) | 1.95) | -7.86) | -48() | Cl4 196(8) | 26.9(9 | 121(7) | 61(6) | -7.9(6) | -14.2(7)
C27 | 20.8(8) | 12.2(7) | 14.3(7) 1.4(5) -7.7(6) -9.2(6) | C32 8.9(6) | 17.1(7) | 13.1(7) | -1.7(6) - 1.4(5) -5.5(6)
C24 | 9.6(6) | 12.8(7) | 16.8(7) 1.0(5) -4.7(6) -4.1(5) | C19 17.9(8) | 31.2(9) | 11.0(7) 2.8(6) -7.46) | -15.6(7)

Table 310. Bond Lengths foB.2-CesHe.

Atom|Atom| Length/A  |Atom|Atom| Length/A |Atom|Atom| Length/A |Atom|Atom| Length/A
Cul P2 2.2113(4) |C12 |C15 (1.541(2) C4 CH1.395(2) C32 C311.387(2)
Cul |P3 | 2.2120(4) |C29 |C34 [1.402(2) | cC4 C161.544(2) | C24 C291.388(2)
Cul NI |1.9643(13) |C29 |C30 |1.393(2) | c1i C1d1.385(2) | C3d C371.389(3)
P2 |C21 |1.8341(15) |C34 |C33 [1.390(2) C11 C211.507(2) C4Q C391.389(2)
P2 |C41 |1.8245(15) |C41 |C46 |1.398(2) | C23 C281.398(2) | C26 C251.390(2)
P2 |C35 |L1.8224(15) |C4l |C42 [1.397(2) | C29 C241.396(2) | C45 C441.387(3)
P3 |C22 |1.8501(15) |C35 |C36 [1.401(2) C2 C31.400(2) C44 C431.385(3)
P3 |C23 |1.8190(15) |C35 |C40 [1.391(2) C1q C91.423(2) C39 €391.384(3)
P3 |C29 [1.8273(15) |C16 |C17 [1540(2) | Cd C71.396(2) | c3d C371.381(3)
N1 |C20 |1.3841(18) |C16 |C19 [1.530(2) Cg (C91.392(2) C51 C521.376(3)
NI |CL |1.3865(18) |C16 |C18 [1532(2) | Cf CB51.393(2) | C51 C5(1.385(4)
C20 [C11 | 1.420(2) |c28 |C27 |1.388(2) | C§ C71.440(2) | C5J C441.375(3)
C20 |C7 1.420(2) |C27 |C26 |1.389(2) C12 (C91.528(2) C47 C441.383(4)
ClL |C2 | 1408(2) |c46 |45 |1.395(2) | Cc1d C141538(2) | cad cad1.378(4)
Cl |[C6 1.425(2) |C30 |C31 [1.398(2) C17 C131.527(2) C5(0 C491.382(3)
Cc22 |C2 1.512(2) |C33 |C32 |1.388(2) C4 C31.412(2) C42 C431.385(2)




Table 311. Bond Angles fo3.2-CeHe.

Atom|Atom |[Atom An gl e||Atom|Atom[Atom| An g | e|Atom|Atom|Atom| An g | e||Atom|Atom{Atom| Ang | e
P2 |Cul |P3 ]158.689(18) C13 |C12 |C14 (108.37(14) C20 C11 C21122.69(13) C32 C33 €34120.59(15)
N1 |Cul |P2 100.36(4) ||C13 |C12 |C15 (107.96(14) C1g C11 C2(117.23(13) C43 C42 C41120.84(15)
N1 |Cul |P3 100.36(4) |[|C34 |C29 |P3 [119.01(11) C1g C11 C21119.96(13) C31 C32 C33119.54(15)
C21 |P2 |Cul 104.72(5) ||C30 |C29 |P3 [122.74(12) C2§ C23 P3121.64(12) C25 C24 C23120.61(15)
C41 |P2 |Cul 123.25(5) |[|C30 |C29 |C34 |118.21(14) C24 C23 P3119.29(12) C37 C3f €35120.50(18)
C41 |P2 |C21 103.71(7) |[|C20 |C7 |C6 |105.67(12) C24 C23 €28119.04(14) C39 C4( C35120.25(17)
C35 |P2 |Cul 113.95(5) |[|C8 |C7 |C20 (121.58(13) Cl C2 C22121.84(13) C32 C31 €3(119.90(15)
C35 |P2 |C21 105.73(7) ||C8 |C7 |C6 [132.75(14) C3 C2 C1117.26(13) C27 C26 C25119.57(15)
C35 |P2 |C41 103.87(7) |[|C10 |C9 |[C12 |119.48(13) C3 C2 C22120.64(13) C44 C45 C46120.51(16)
C22 |P3 |Cul 103.40(5) ([|C8 |C9 |[C10 |118.21(13) C11 C1g (C9123.80(13) C24 C25§ C26120.10(15)
C23 |P3 |Cul 115.40(5) |[|C8 |C9 |Cl12 (122.27(14) C9 C8§ C7119.63(14) C43 C44 C45119.72(16)
C23 |P3  |C22 105.03(7) ||C33 |C34 |C29 (120.58(15) C2 C3 (C4123.87(14) C44 C43 C42120.15(16)
C23 |P3 |C29 102.75(7) ||C46 |C41 |P2 |123.51(12) C1l c21 P2115.37(10) C3§ C39 C40120.36(19)
C29 |P3 |Cul 125.56(5) |[|C42 |C41 |P2 |117.66(12) Clf Cf C7105.32(12) C37 €38 €39120.03(17)
C29 |P3 [C22 102.36(7) |[|C42 |C41 |C46 (118.82(14) C5 Cf C1121.19(13) C3§ C37 C36119.98(18)
C20 |N1 |Cul | 123.44(10) ||C36 |C35 |P2 |118.48(13) C5 Cf C7133.45(14) C52 C51 C50 120.1(2)
C20 N1 |[C1 105.14(12) ||C40 [C35 |P2 [122.64(12) Cg C5H (C4120.20(13) C47 C52 C51] 120.4(2)
Cl |N1 |Cul | 123.84(10) ||C40 |C35 |C36 |118.87(15) C9 C12 C14108.34(13) C52 C47 C4g 119.7(2)
N1 |C20 |C11 | 128.49(13) |[C17 |C16 |C4 |108.65(13) C9 C12 C15110.66(13) C49 C48 C47 120.2(2)
N1 |C20 |C7 111.97(12) ||C19 [C16 |C4 |112.58(13) Cl4 C12 C15109.48(13) C49 C50 C51 119.5(2)
C7 |C20 |C11 | 119.54(13) ||C19 [C16 |C17 [107.47(13) C13 C12 (C9111.98(13) Cc44 C49 C50 120.1(2)
N1 |C1 |C2 128.41(13) ||C19 [C16 |C18 [108.18(14) C2 C22 P3115.60(10) C27 C2§ C23120.05(15)
N1 [C1 |C6 111.90(12) ||C18 |C16 |C4 |110.44(13) C3 C4 C16123.09(13) C28 C27 C26120.61(15)
C2 |C1 |C6 119.67(13) ||C18 |C16 |C17 |109.45(14) C5 C4 C3117.79(13) C45 C46 C41/119.95(16)
C5 |C4 |[C16 | 119.04(13) [|C29 |C30 |C31 [121.16(15)

CuPNP-tBu [Et20]o.25 (3.3-Et20)

t-Bu

t-Bu

O P(-Bu); ;
C
P(t-Bu),

N—Cu

Table 312 Crystal data and structure refinement3d-Et20.

Identification code 3.3Et,0
Empirical formula CaoHea sCUNGy 2P
Formula weight 676.95
Temperature/K 99.99

Crystal system monoclinic
Space group P2/c

124



12¢

a/lA 25.6250(14)

b/A 13.0072(7)

c/A 47.425(3)

U/ A 90

b/ A 102.731(2)

a2l A 90

Volume/A 15418.7(14)

Z 17

| cag/CN? 1.166

e/ mm 0.676

F(000) 5864.0

Radiation MoKU (& = 0.710]1
20 range f or (1.76t060.182

Index ranges 34 O H 80 033610 01
Reflections collected 292242

Independent reflections 41022 [R, = 0.0646, Bgma= 0.0527]
Data/restraints/parameters|41022/0/1666

Goodnesf-fit on P2 1.011

Final R i nde[R=0.0449, wRkR=0.0935

Final R indexes [all data] [R;=0.0799, wRR= 0.1049

Largest diff. peak/hole / e'#1.18£0.70

Table 313. Fractional Atomic Coordinates (x30and Equivalent Isotropic Displacement
Parameters (&10°) for 3.3-Et20. Ueqis defined as 1/3 of the trace of the orthogaeali

Uy tensor.

Atom X y z U(eq) |Atom X y z U(eq)
Cu01 [2804.7(2) 2960.1(2) |4443.1(2) 13.66(5) |CO2R 1343.6(9) 748.5(19) 5774.5(5) 27.3(5)
Cu02 (5225.0(2) 6428.2(2) |6865.1(2) 12.80(5) | C029 -1199.9(9) | 8031.0(18) 3148.3(5) 26.0(5)
Cu03 [2202.3(2) 3022.7(2) |5657.2(2) 12.72(5) | C02T| 4765.3(8) 649.2(18) 5312.4(5) 22.8(5)
Cu04 | -88.4(2) 6499.3(2) |3169.8(2) 14.61(5) [C02U 1897.7(9) | 2070.6(18) 3895.9(5) 24.6(5)
PO05 (4881.4(2) 4932.5(4) [6699.6(2) [12.77(10) |C02 1832.6(9) 180.0(18) | 3962.3(5) 26.4(5)
P006 |1786.4(2) 4519.9(4) |[5654.9(2) (12.97(10) (C02! 2413.5(9) 923.0(18) 6317.8(5) 25.2(5)
P007 |3222.0(2) 4434.6(4) |4435.5(2) [15.16(10) |[CO02X| 3390.8(9) 491.2(18) | 4789.2(5) 23.3(5)
P008 |2363.3(2) 1359.8(4) [5735.3(2) |12.44(10) |CO02Y| 4031.4(9) 3664(2) | 4850.3(5) 26.8(5)
P009 [5408.4(2) 8081.4(4) |6856.7(2) [14.24(10) |C02Z 5882.6(9) 8443(2) | 6386.9(5) 28.1(5)
POOA| 76.3(2) 4846.9(4) |3247.6(2) 15.3(1) | C03q 4853.2(8) | 9010.5(16) 6710.0(5) 19.9(4)
POOB |2629.3(2) 1320.4(4) [4353.1(2) |13.31(10) | C031 1573.1(9) 628.8(18) | 5295.6(5) 25.0(5)
POOC |- 452.5(2) 8009.6(4) (3216.8(2) 15.7(1) | C034 4334.3(9) 7328.5(18) 5496.4(6) 30.5(6)
NOOD(2208.3(6) | 3359.4(12) [4619.0(3) 13.2(3) | C033 4916.9(9) 643.8(17) 5850.8(5) 22.4(5)
NOOE (5559.9(6) | 6092.0(12) [7269.3(3) 12.8(3) | C034 1519.3(10) 7939.8(17) 4897.9(5) 28.4(5)
NOOF 2791.0(6) | 3386.0(12) [5470.0(3) 12.6(3) | C039 3133.4(9) 1977.5(17) 6196.5(5) 23.8(5)
000G[2746.8(6) | 8176.3(13) |3603.6(4) 29.8(4) | C03§ -135.6(10) | 8760.0(18) 3548.0(5) 29.0(5)
NOOH| 399.4(6) | 6854.8(13) [2919.4(4) 152(3) | C037 443.3(9) | 4483.2(17) 2968.1(5) 25.0(5)
COO0I (4263.4(8) 1885.6(15) [5560.1(4) 13.2(4) | Co3g 6890.9(9) | 2189.1(17) 7887.7(5) 26.0(5)
CO00J (6344.9(7) | 6090.2(14) |7621.5(4) 11.5(4) | C039 1925.0(9) | -691.7(17) | 5670.6(5) 27.3(5)
COOK [5955.5(7) | 6689.7(15) |7434.1(4) 12.3(4) |CO3A 6349.8(9) | 9263.5(19) 6855.0(5) 29.8(5)
COOL (3794.1(8) 1297.4(15) |5543.6(4) 13.8(4) |C038 4584.3(9) | 8682.7(19) 6400.4(5) 26.3(5)
CO0M|3289.4(8) 1719.6(15) [5515.5(4) 13.2(4) | C03d 7304.8(10) 9294.5(18) 7989.6(5) 30.2(5)
COON[4215.6(7) | 2948.0(15) |5548.7(4) 13.2(4) |co3p 6372.5(9) 7366.0(18) 6789.1(5) 26.5(5)
C000(3778.3(8) | 5402.2(15) |5482.6(4) 13.5(4) | CO3H 2289(1) | 3684.6(18) 2777.7(6) 32.1(6)
COOP (6177.8(7) | 5040.9(15) |7567.7(4) 12.5(4) | CO3H 2452.7(9) 5198(2) | 3991.1(5) 30.0(5)
C00Q[1082.4(8) | 7903.7(15) |2835.9(4) 15.0(4) |C03d 5024.3(10) (10139.6(17) 6712.4(6) 29.2(5)
COOR(1750.3(8) | 2779.4(15) |4590.7(4) 12.8(4) |CO03H  -42.3(9) | 1723.8(19) 4778.8(5) 28.1(5)




12¢

C00S[1192.9(8) | 1290.9(15) |4548.3(4) 15.0(4) | co3 9623(9) | 3699.3(19) | 5257.9(5) | 28.1(5)
COOT [3478.9(8) | 6297.4(15) |5449.9(4) 14.7(4) | co3] 2581.3(9) 934.7(19) | 3765.9(5) | 26.3(5)
CO0U[3248.0(7) | 2799.0(15) |5501.7(4) 12.4(4) |CO3K 5965.2(10) | 1515.4(19) | 7800.7(6) | 34.3(6)
CO0V([3523.7(7) | 4451.1(15) |5487.5(4) 12.1(4) | co3l 1820.3(10) 4599(2) | 6244.2(5) | 32.6(6)
COOW6008.4(8) | 7764.9(15) |7431.3(4) 13.7(4) |co3M 3500.2(10) | 7919.4(18) | 5166.4(6) | 32.9(6)
COOX[2961.9(7) | 4388.0(15) |5458.8(4) 12.6(4) |co3 830.4(9) 5538(2) | 5354.2(6) | 32.5(6)
CO0Y [5696.3(7) | 5094.8(14) [7352.9(4) 11.8(4) |co3d -206.3(9) | 17715(19) | 4240.7(5) | 29.7(5)
C00Z[6775.8(8) | 6561.0(15) |7809.9(4) 13.4(4) | CO3H 2799.5(9) 5264(2) | 2959.06) | 32.2(6)
C010[3711.8(8) | 3404.9(15) |5518.9(4) 12.6(4) |co3g 991.8(11) |11382.6(19) | 2525.3(5) | 33.5(6)
CO11[1528.7(8) | 6289.6(15) |4623.8(4) 14.8(4) |CO3R 1394.8(10) | 7963.4(18) | 4359.7(5) | 27.6(5)
C012[6392.0(8) | 4095.0(15) |7674.0(4) 137(4) | co3g 3930.9(9) 5817(2) | 6698.6(5) | 30.2(5)
C013 [1700.8(8) | 1702.1(15) |4574.4(4) 13.9(4) | Co3T| 4058.6(10) 5338(3) | 6217.6(5) | 42.0(7)
C014| 552.5(8) | 7849.8(16) [2879.2(4) 155(4) |co3y 1880.6(10) |10749.4(18) | 2784.5(6) | 31.8(6)
CO15| 785.6(8) | 2951.5(15) |4547.1(4) 13.7(4) | Co3V| 3664.8(10) 8504(2) | 3669.8(6) | 34.8(6)
C016| 731.2(8) | 1886.7(15) |4536.6(4) 14.8(4) |coaw| 3067.0(9) 5113(2) | 4080.5(5) | 28.0(5)
C017 [17934(8) | 5340.3(16) [2828.7(4) 16.7(4) |co3 2045(9) | 227.2(17) | 4515.4(6) | 33.0(6)
C018 [1288.1(7) | 3399.2(14) |4574.4(4) 12.0(4) | co3y| 1837.5(10) 7683(2) | 3575.8(6) | 35.4(6)
C019 [2918.1(8) | 6212.4(15) |5418.6(4) 15.7(4) | C03Z 2324.2(9) | 51315(19) | 2448.8(5) | 27.1(5)
CO1A[2041.1(8) | 4367.6(15) |4626.5(4) 13.0(4) | co4q 1660.3(10) | 6304.6(19) | 5993.5(6) | 33.1(6)
CO1B[6133.0(8) | 3191.9(15) |[7571.2(4) 14.7(4) | 041 1250.2(11) |11449.8(19) | 3062.4(5) | 32.7(6)
CO1C[4890.9(8) | 4201.3(16) |7034.9(4) 15.3(4) | C04d 6459.8(11) | 1546.3(19) | 7401.2(6) | 34.7(6)
COLD|1261.7(8) | 6858.3(15) |2844.4(4) 14.9(4) | coad 2550.5(9) 5435(2) | 6073.2(5) | 29.8(5)
COLE[2087.6(8) | 6192.8(15) |4652.9(4) 16.0(4) | 044 3847.7(10) 3997(2) | 6558.9(7) | 46.3(8)
COLF [1367.6(8) | 4759.3(16) [2890.6(4) 18.7(4) | Co4§ 3592.3(10) | 7998.0(18) | 5700.4(6) | 32.4(6)
CO1G|1228.1(8) | 5394.4(15) |4596.6(4) 14.4(4) | coad  734.0(9) 4193(2) | 5719.2(5) | 31.6(6)
CO1H[1044.1(8) | 9753.9(16) [2814.8(4) 17.3(4) | C047 7258.4(11) 7893(2) | 83332(5) | 35.2(6)
COll [6444.4(8) | 8196.8(15) |7618.7(4) 15.1(4) | codd 3239.1(11) 4418(3) | 3852.7(5) | 42.8(7)
C01J [1734.1(8) | 6396.0(16) |2808.6(4) 16.1(4) | co4d 5259.1(11) 4632(2) | 6198.3(5) | 39.1(7)
COLK|[1479.8(7) | 4437.4(15) |4597.3(4) 12.8(4) | Co4A 3179.2(10) 8227(2) | 3461.0(6) | 35.4(6)
COLL [5418.6(7) | 4184.8(15) |7251.0(4) 133(4) | C04B - 826.6(10) 4192(2) | 2870.3(6) | 41.6(7)
ColM| 508.8(8) | 9682.5(16) [2847.9(4) 18.3(4) |coad 4171.9(10) 5481(2) | 4731.9(7) | 41.3(7)
COIN| 257.8(8) | 8763.6(16) |2881.4(4) 16.8(4) | C04D 4280.8(10) 4048(3) | 4390.7(6) | 42.4(7)
C010| 833.8(8) | 6253.7(16) [2897.6(4) 15.0(4) | Co4E 5834.9(10) 4086(2) | 6656.7(5) | 38.4(7)
CO1P|[5644.5(8) | 3267.1(15) |7363.8(4) 156(4) | CoaH 7831.6(9) 7714(2) | 7974.7(7) | 40.2(7)
C01Q[4796.7(8) | 1328.2(15) |5580.9(4) 15.4(4) | C04G- 1394.1(10) 7433(3) | 28725(5) | 45.9(8)
CO1R|13234(8) | 8848.5(16) [2806.2(4) 16.6(4) |C04H 2297.1(11) 7704(3) | 3429.2(6) | 42.9(7)
C01S[2181.1(8) | 1011.6(15) |4597.7(4) 15.9(4) | co4l -276.3(12) 8286(3) | 3811.8(6) | 54.2(9)
COLT [1047.1(8) | 4517.4(17) |5495.0(4) 18.9(4) | Co4d-1387.4(12) 7436(3) | 3383.5(6) |58.4(10)
CO1U[2801.1(8) | 1051.6(15) |5484.8(4) 15.0(4) |Cco4K| 3322.6(12) 6163(2) | 4079.3(7) | 44.9(7)
CO1V|[1281.6(8) | 7361.4(15) |4617.6(5) 17.5(4) | coal] 264.0(12) 4774(3) | 3845.9(6) |66.0(12)
coiw| 8885(8) | 5183.3(16) [2924.8(4) 17.1(4) |coam 5032.3(15) 3035(2) | 6427.8(9) |62.6(11)
CO1X[6832.8(8) | 7619.0(15) |7810.7(4) 14.2(4) |coaN -857.7(12) 4105(3) | 3381.7(7) |68.7(12)
CO1Y|[2353.2(8) | 5266.4(16) |4652.7(4) 15.8(4) |coad - 3455(11) 2802(2) | 3168.6(9) |63.3(11)
C01Z[6025.2(8) | 8336.8(17) |6716.0(5) 21.1(4) |coad 464.3(12) 8641(4) | 3586.3(6) |78.4(14)
020 [2650.7(8) | 5292.8(15) |5424.1(4) 14.3(4) | coag 640(2) 3394(4) [3694.5(11) |32.1(17)
C021[2772.7(8) | 1041.5(15) |6103.6(4) 16.7(4) |COAA| 903(2) 3675(4) [3576.2(12) |29.6(17)
C022[17885(8) | 446.2(16) |5620.4(5) 19.04) [c2aa|  -1462(2) 9084(5) 3004(2) 30(2)
C023[7302.5(8) | 8127.0(15) [8022.2(4) 17.4(4) |C2AB|- 1428.8(19) 9078(4) |3193.9(19) |[35.0(18)
C024 [2051.3(8) | 5279.0(16) |5387.2(4) 16.8(4) cd  1050() 5095(14) |3638.3(15) 30(3)
C025 [4151.9(8) | 4992.9(17) |6528.5(5) 19.6(4) | CcoAl 924(4) 5568(9) |3634.0(13) [28.4(17)
C026 [6359.2(8) | 2125.8(15) |7665.2(5) 19.5(4) c1| - 146.4(19) 9914(4) |3494.4(10) [36.0(14)
C027 [5589.7(8) | 8430.6(15) |7244.6(4) 17.44) | c1A  -456(3) 9813(5) |3577.9(13) [30.0(18)
C028[1290.2(9) |10817.5(16) [2795.1(5) 216(4) |cozH 5261.9(8) | 2076.2(17) | 5595.8(5) | 21.4(4)
C029| 675.6(8) | 7315.9(16) |4583.2(5) 224(5) | co2 -3156(8) | 8755.3(18) | 2909.6(5) | 22.1(5)
C02A[3958.0(8) | 4438.9(18) |4602.5(5) 223(5) | co2] 537.5(9) | 4583.3(18) | 3604.1(5) | 25.3(5)
C02B[3724.2(8) | 7371.3(16) |5452.1(5) 205(4) |cozK| 178.2(8) | 1405.0(16) | 4517.0(5) | 19.0(4)
C02C|1946.3(8) | 5273.1(17) |6000.0(4) 19.6(4) |cozl 3644.6(8) 656.2(18) | 4319.7(5) | 24.7(5)
C02D|3183.1(8) 361.7(16) |4462.6(4) 17.4(4) |co2M| -499.3(8) | 3922.1(17) | 3169.5(5) | 20.5(4)
CO02E[2294.9(8) | 4848.3(17) |2762.3(5) 22505) |Co2N 5255.8(9) | 4115.7(17) | 6486.6(5) | 20.7(4)
CO2F [3127.7(9) 90.6(17) |6112.7(5) 242(5) |cozd 30235(9) | -761.9(17) | 4396.05) | 24.7(5)
C02G|2952.3(8) | 5248.3(16) |4690.2(5) 17.8(4) | CO2R 4437.6(9) | 88925(18) | 6896.2(5) | 25.2(5)
C02Q[2219.2(8) | 1081.7(16) [3979.6(4) 18.4(4)
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Table 314. Anisotropic Displacement Parameterg¥A0) for 3.3-Et20. Theanisotropic

displacement factor exponeakes the form:2 Z[h%a*?Ui+2hka*b*Ui+ é ] .

Atom Uy Uz, Uss Uzs Ui Uiz Atom Un, Uz Uss Uzs Ui Uz
Cu0l[12.47(11) |14.04(12) [1564(12) | 1.16(9) | 563(9) | 1509 |cC03d19.9(11) [29.4(13) |36.8(14) | -3.2(10) |-0.1(10) | - 4.7(10)
Cu02 |[14.08(11) |11.89(12) [12.02(11) | 0.40(9) | 1.99(9) | -0.65(9) | CO3H20.5(11) |36.1(14) |37.4(14) |-10.8(11) | 0.7(10) 3
Cu03|11.93(11) (11.79(12) (15.47(12) 0.24(9) | 5.21(9) 0.45(9) |C03Q44.2(15) [21.7(12) |30.7(13) 8.8(10) | 0.0(11) | -8.0(11)
Cu04|13.62(11) (16.89(13) (14.50(12) -1.00(9) | 5.64(9) | 1.05(10) |CO03R29.7(12) (18.2(11) |36.8(13) 8.2(10) [11.6(10) 2.0(9)
P0O05 | 13.4(2) 14.1(2) 11.0(2) |-1.03(19) |3.09(18) |-1.78(19) | C03920.5(11) |48.3(16) [21.9(12) 2.4(11) 4.4(9) | 10.6(11)
P0O06 | 11.4(2) 13.8(2) 14.4(2) | 0.33(19) |4.25(18) 1.43(19) | C03T1{28.8(13) 77(2) [18.6(12) 3.2(13) | 1.7(10) | 16.6(14)
P007 | 12.4(2) 17.6(3) 16.6(3) 4.1(2) |5.71(19) 0.1(2) |C03U30.1(13) [18.2(12) |48.1(16) 0.7(11) |(10.7(11) | -5.4(10)
P0O08 | 12.0(2) 11.4(2) 14.6(2) |-0.69(19) |4.29(18) |-1.76(19) |CO03V|30.4(13) |30.4(14) |43.7(15) 3.4(12) | 8.5(11) 0.2(11)
P009| 150(2) | 122@2) | 149(2) | 253(19) |L.78(19) | 0.96(19) |Co3W22.1(11) [36.5(14) [24.9(12) 14(1) | 4209) | -2.8(10)
POOA| 134(2) | 158@) | 181(3) | -30(2) |637(19) | -20@) |c03X202(11) |159(11) |62.1(18) | -53@1) | 7.5(11) | -5.0(09)
POOB| 126(2) | 134(2) | 142(2) | 0.79(19) |3.64(18) | 4.04(19) |CO3Y|]3L.1(13) [35.1(15) |39.4(15) | -7.7(12) | 6.8(1L) | - 4.2(11)
PoOC| 157(2) | 1893) | 136(2) | -04(2) |553(19) 34(2) | C034245(11) |29.0(13) |30.5(12) | -2.4(10) |11.7(10) | 4.4(10)
NOOD| 12.4(8) | 125(8) | 1550) | -02(6) | 5006) | -0.7(6) | Co4355(14) |282(13) |35.1(14) |-108(11) | 6.7(1) | 4.7(1L)
NOOE| 14.0(8) | 1L6®) | 12.4(8) 01(6) | 22(6) | -106) | Co4l443(15) [20.9(12) [3L1(13) T8 | 4501 | -2.1(10)
NOOF| 12.5(8) 12.3(8) 14.3(8) 0.0(6) 5.4(6) 1.1(6) | C042446.3(15) |20.5(12) (34.8(14) | -4.4(10) | 3.4(11) | 13.9(11)
000G| 27.7(9) 28.1(9) 32.2(9) -4.0(7) 3.6(7) -15(7) | C04319.9(11) [49.4(16) (18.8(11) |- 10.8(10) 15(9) | -3.0(11)
NOOH| 15.3(8) 15.7(9) 16.2(8) -0.4(7) 6.5(6) 1.4(7) | C04421.6(13) |36.3(16) 73(2) 3.1(14) |-7.6(13) | -8.2(11)
Cool 13.7(9) 13.3(9) 12.7(9) 0.3(7) 3.4(7) 2.2(7) | C04433.7(13) |18.2(12) |44.5(15) | -7.0(11) | 7.1(11) | -1.2(10)
C00J| 13.3(9) 11.3(9) 10.9(9) -0.3(7) 4.6(7) -0.2(7) | C04617.8(11) |[53.3(17) (25.6(12) | -2.2(11) 9.09) | -7.5(11)
COOK| 14.0(9) 12.0(9) 11.1(9) -0.3(7) 3.2(7) 0.6(7) | C04746.7(15) |32.3(14) |21.7(12) | -1.1(10) |-3.2(11) [-13.4(12)
COOL| 17.79) | 100(9) | 1499) | -02(7) | 6.0(7) 0.6(7) | C04435.0(14) 73(2) |226(13) | 11.9(13) |10.7(11) | 11.1(14)
cooM| 16.1(9) | 12809 | 12.309) 03(7) | 65(7) | -06(7) | coad3as(1a) 67(2) |195(12) | 14(12) 15(1) | 13.8(13)
COON| 120(9) | 1419 | 13809) 27(7) | 34(7) | -08(7) |CO4A31.0(13) [334(14) [|42.8(15) | 29(12) |102(11) | -3.1(11)
cooo| 133(9) | 12509) | 15.00) 17(7) | 38(7) | -01(7) |coaH228(12) |54.7(18) [40.8(15) | 12.2(13) |-7.5(11) |- 13.3(12)
COoOP| 1400) | 11209 | 13309 | -09(7) | 51(7) 0.1(7) | coad184(12) |355(15) |64.4(19) | 65(13) |-2.6(12) | -6.2(11)
Co0Q| 17.2(10) | 163(10) | 12.2(9) 02(7) | 48(7) 0.7(8) | C0a0j25.1(13) 76(2) |3L9(14) | 22.1(14) |17.9(11) | 20.9(13)
COOR| 13.6(9) 13.2(9) 12.1(9) -1.5(7) 3.9(7) 0.5(7) | C04H29.3(13) |61.0(19) |27.4(13) | -0.3(12) |11.4(10) | 22.0(13)
CO00S| 18.4(10) 9.4(9) | 18.6(10) -1.2(7) 6.9(8) 0.2(8) | CO4H20.1(12) |39.3(16) |57.3(18) (-21.7(13) | 0.4(12) | -2.7(11)
CO0T| 17.2(9) 11.4(9) 15.8(9) 1.6(7) 4.6(7) 0.3(8) |C04d25.4(13) 90(2) |22.4(13) | -0.7(14) | 4.5(10) [-23.4(14)
Coou| 13.1(9) 13.6(9) 11.3(9) -0.5(7) 4.6(7) 1.7(7) |C04H37.5(15) |55.8(19) [32.5(15) 0.1(13) | 1.8(12) |- 10.1(13)
coov| 12.9(9) 11.9(9) 11.8(9) 0.7(7) 3.5(7) 1.3(7) | Co04142.3(16) 104(3) [17.6(13) | -9.3(15) | 9.9(11) |- 15.9(17)
C00 16.6(9) 11.1(9) 13.5(9) 0.1(7) 3.4(7) 1.0(7) | C04J32.3(15) 118(3) [31.9(15) |[-12.6(17) ([21.3(12) |- 26.1(18)
C00X| 14.0(9) 14.2(9) 10.3(9) 1LA(7) 4.3(7) 0.2(7) |CO04K|41.8(16) |43.4(17) |47.9(17) | 25.5(14) | 6.2(13) | -2.7(13)
cooY| 140(9) | 11409 | 10.9(9) 07(7) | 49(7) 01(7) | Co4l|32.0(15) | 145@) |19.1(13) | 26.4(18) | 1.7(11) | - 9.6(19)
co0z| 151(9) | 12609) | 1250) 12(7) | 29(7) 10(7) |coaM  77(2) |28.3(16) | 104(3) |- 26.6(17) 67(2) |- 12.2(15)
C010| 153(9) | 11409 | 118() 14(7) | 47(7) | -0.7(7) |C04N435(17) | 121(3) |53.0(19) ~45(2) [35.4(15) T54(2)
C011| 18.5(10) 11.7(9) 15.0(9) 0.0(7) 5.3(8) 1.3(8) |[C04028.8(15) [19.0(14) 134(3) | 13.9(17) | 1.0(18) | -8.8(11)
Col2| 117(9) | 152(10) | 14.1(9) 177) | 3.007) 02(7) |coadds1(18) | 169(4) |20.7(14) -19(2) | 3.6(13) 753(2)
C013| 16.1(9) 12.1(9) 14.7(9) -0.6(7) 5.8(7) 0.9(7) | coay 36(3) 32(3) 26(3) 6(2) 2(2) 15(2)
C014 17(1) | 18.8(10) 11.3(9) -0.3(8) 4.2(7) 0.7(8) |COAA 27(3) 22(3) 36(3) 3(2) -4(2) 7(2)
C015| 12.8(9) 12.8(9) 15.9(9) -1.6(7) 4.3(7) 1.3(7) [C2AA 18(3) 29(3) 41(6) 4(3) 3(3) 10(2)
co16| 13.1(9) 14(1) | 17.5(10) -2.2(8) 3.8(7) -24(8) |C2AB| 27(2) 34(3) 49(5) 12(2) 19(2) | 14.6(19)
Co17| 15.4(9) | 18.2(10) 17.4(10) -3.2(8) 5.2(8) 1.8(8) c9 15(3) 48(7) 22(3) 1(3) -4(2) -7(4)
Cco18| 14.4(9) 10.5(9) 11.8(9) -1.0(7) 4.3(7) 0.9(7) CoAl  25(3) 32(4) 25(3) 3(3) -2(2) -4(3)
C019| 18.1(10) 11.5(9) | 17.7(10) 2.4(7) 4.5(8) 4.3(8) | C02T17.9(10) (25.3(12) |24.6(11) -5.7(9) 3.5(8) 5.8(9)
CO1A| 14.1(9) 14.0(9) 11.8(9) 0.0(7) 5.0(7) 0.0(7) |C02y23.1(11) |28.3(12) [20.0(11) 0.4(9) | -0.2(9) 10.0(9)
coiB|  18(1) | 11.1(9) 16(1) | 21(7) | 618 11(7) |Co2v27.3(12) [26.2(12) [225(11) | -55(09) | -150) | - 2.1(10)
CO1C| 15.7(9) | 16.8(10) 13.9(9) - 0.4(8) 4.0(7) -3.8(8) [C02W31.4(12) [26.5(12) [19.4(11) 2.6(9) 9.5(9) -1(1)
CO01D| 15.7(9) | 14.6(10) 14.9(9) -0.7(8) 4.6(7) 0.1(8) |cCo02 20(1) |25.3(12) |[22.3(11) 4.009) | -0.4(9) 7.409)
CO1E| 16.2(10) | 11.9(10) | 20.7(10) -0.7(8) 5.7(8) -4.4(8) |C02Y|19.8(11) (38.8(14) |21.3(11) 5.9(10) 3.6(9) 5.9(10)
COLF| 238(11) | 14.4(10) | 19510) | -2.78) | 8.1(8) 06(8) | C02427.9(12) |339(13) |25012) | 9.1(10) | 11.1(9) “1(1)
CO01G| 13.6(9) | 14.9(10) 15.3(9) -0.8(7) 4.6(7) 0.3(8) | C03d  19(1) |16.6(10) |22.0(11) 3.7(8) | -0.2(8) 2.2(8)
CO1H| 22.4(10) 16(1) 12.8(9) 2.0(8) 2.0(8) 0.7(8) | C03119.4(11) [25.5(12) |27.5(12) -5.3(9) | -0.3(9) - 6.8(9)
Co1l | 19.7(10) 9.4(9) | 16.8(10) -0.6(7) 5.1(8) -0.7(8) | C03223.4(12) |[14.7(11) |52.5(16) 2.7(10) | 6.3(11) -3.909)
Co01J| 15.2(9) | 17.2(10) 16.9(10) -1.8(8) 6.0(8) -1.3(8) | €03320.6(11) (21.0(11) [24.1(11) 5.3(9) 1.8(9) 5.7(9)
CO1K| 14.0(9) 12.9(9) 12.4(9) -2.0(7) 4.7(7) -0.4(7) | C03431.0(12) |[17.0(11) (33.9(13) | -8.8(10) |[-0.1(10) 4.9(10)
Co1lL| 13.4(9) | 14.7(10) 12.9(9) -1.6(7) 5.1(7) -25(7) | C03927.5(12) |[22.8(11) [18.5(11) -1.009) | -0.3(9) - 4.609)
Co1M| 23.7(11) | 16.3(10) 14.8(10) 3.3(8) 3.8(8) 7.2(8) | C03§42.3(14) |23.0(12) |[17.7(11) -4.6(9) |[-1.8(10) | -0.1(10)
COIN| 164(10) | 22.1(11) | 11.9(9) 25@8) | 33(7) 43(8) | C031282(12) |21.1(11) |323(12) | -12.009) |21.2(10) | -8.3(9)
C010| 15.8(9) | 17.7(10) 12.7(9) -2.1(7) 5.5(7) 0.4(8) | C03425.9(12) [13.1(10) |35.4(13) 4.7(9) -1(1) 3.509)
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Co1P[ 19.3(10) | 11.2(9) 171) | -16(7) | 588) | -32(8) | C03925.6(12) |17.8(11) [38.1(14) | - 1.7(10) 6(1) | -7.19)
co1qQ 142(9) | 13.4(10) 181) | 07(68) | 2507) 21(8) |C03A23.812) [29.3(13) [35.4(14) | 5.8(10) | 4.6(10) o(1)
COIR| 17.6(10) | 17.7(10) | 146(10) | -03@) | 35() | -04(8) |C03H231(11) [29.3(13) [23.0(11) | 42(10) | -23(9) | 43(10)
cois| 16.4(10) | 14.2(10) | 18.1(10) 11(8) | 58() 2.7(8) | c03d33.0(13) [200(12) [325(13) | - 1.1(10) |-3.9(10) | - 8.4(10)
COLT| 122(9) | 241(11) | 206(10) | -230) | 39() | -0A4®) |C03D222(11) [29.7(13) [29.8(12) | 75(10) | 10.6(9) | 48(10)
ColU| 165(9) 13(1) | 174(10) | -22(8) | 74(8) | -15(8) | CO3E265(12) |22.7(12) |50.5(16) | -2.2(11) |15.7(11) | 5.8(10)
colv|  19(1) | 11.6(10) | 216(1) | -02() | 37() | -0.3(8) | CO3A248(12) |[411(15) [23.3(12) | 118(10) | 39(9) | 65(1)
Cotw| 19.4(10) | 156(10) | 187(10) | -52(8) | 9.7(8) | -28(8) |C03G29012) [17.6(11) [37.2(14) | 6.6(10) |-11(10) | 3.2(10)
Colx| 15.9(9) 14(10) | 1319 | -16(7) | 40(7) | -14(8) |C03H22.7(11) [27.4(13) [38.1(14) | -18(10) |153(10) -8(1)
Coly| 149(9) | 16.7(10) | 161(10) | -158) | 41(8) | -20(8) | C03|20811) |[35.2(14) |27.6(12) | -8.9(10) | 3.7(9) @)
Colz| 18.9(10) | 22.8(11) | 22.3(11) 579) | 598 | -18(9) | C03]26.7(12) |355(13) |17.01) | -0.9(9) | 529 | 9.7(10)
C020| 155(9) | 14.4(10) | 13.6(9) 26(7) | 4707) 31(8) |C03K304(13) |190(12) |53.1(16) | 17.2(11) | 8.1(12) | - 0.4(10)
C021| 19.3(10) | 1455(10) 16(1) | 08(8) | 36(8) | -05(8) |C03350(13) |45.9(16) [19.6(11) | -3.1(11) [11.9(10) | - 1.6(12)
C022| 15.8(10) | 16.2(10) | 25.4(11) | -17(8) | 56(8) | -54(8) |C03M35.2(13) [20.1(12) |40.6(15) | 13.3(10) | 25(11) | - 54(10)
C023| 19.2(10) | 12.3(10) | 189(10) | -19%8) | 0.2(8) | -0.7(8) |C03N17.3(11) |33.2(14) [42.6(15) | 2.4(11) |-2.9(10) 6(1)
co24| 151(9) | 17.7(10) | 18.2(10) 58(8) | 54(0) 3.7(8) |co2d 13.9(9) |169(10) |233(11) | -35@) | 57(B) | -3.80)
C025| 15.2(10) | 21.3(11) | 20.3(10) 03(8) | -04(8) | -08(8) |C02H13.310) |19511) [31.812) 1509 | 550) 25(@)
C026| 205(10) | 9.4(10) | 2751) 17(8) | 3109 0.8(8) | C02|19.7(10) |292(12) |18.2(10) 86(9) | 618 | 8409
C027| 21.4(10) | 11.8(10) | 176(10) | -12() | 1.3@) 31(8) | C02]192(11) |231(12) |294(12) | -63(9) | -3.3(9) 6.8(9)
Co28| 27.4(11) | 145(10) | 22.3(11) 09(8) | 399 | -12(9) |Co2K 136(9) |14810) |284(11) | -3.1(9) | 40@) | -33@)
C020| 20.9(11) | 125(10) | 34.1(13) 1209 | 690) 35(8) |C021/17.810) |281(12) |295(12) | 3.1(10) | 819 | 89(9)
CO2A| 13.2(10) | 276(12) | 26.7(12) 7209) | 570 08(9) |C02M16.8(10) |198(1) |254(11) | -13(9) | 6.0@8) | -53@)
C02B| 19.6(10) | 10.4(10) | 305(12) 278 | 320) | -02(8) |Co2N242(11) |187@1) |231(1) | -57(9) | 1409) | -1.79)
coc| 17.3(10) | 22.0(11) | 18.8(10) | -46(@) | 2.7@) 2.9(8) |Co2d22.6(11) |1901) [31.812) 05(9) | 4.709) 7.7(9)
cozp|  16(1) | 15.6(10) | 20.6(10) 19(8) | 3.9 7.2(8) | CO2H213(11) [254(12) |27.812) 09(9) | 260) | 880)
COZE[ 16.1(10) | 20.1(11) | 31.842) | -51(9 | 6.2(9) 1.3(8) |co2d17.8(10) [208(11) [156(10) | -19(8) | 178) | 49(8)
CO2F| 24.7(11) | 216(11) | 24.7(11) 3909) | 2409 59(9) | CO2R17.6(11) |29.8(13) |36.6(13) | -2.9(10) | 106(9) | -5.7(9)
Co2s| 15.8(10) | 22.8(12) | 41.04) | -0.2(10) | 9.7(9) 6.0(9)
Table 315. Bond Lengths foB.3-Et20.
Atom|Atom| Length/A |Atom|Atom| Length/A |Atom |Atom| Length/A |Atom|Atom| Length/A
Cu01|P007 | 2.2001(6) |COLC|COLL|1.506(3) |C00Q CO101.433(3) | CO2H C03Z1.549(3)
Cu01[P00B| 2.2021(6) |CO1D|C01J[1.395(3) |C00Q COLR1.396(3) | CO2] CO4LI1.491(4)
Cu01|NOOD|1.9653(16) |C01D|C010|1.416(3) | COOR C01341.408(3) C02] C0491.612(6)
Cu02|P005 | 2.2071(6) |COLE|CO1Y|1.384(3) | COOR CO181.421(3) | CO2JCOAA|L.531(5)
Cu02|P009 | 2.2033(6) |CO1F|C01W1.388(3) | C00Y C0131.387(3) C02] (C91.449(7)
Cu02|NOOE|1.9691(16) |CO1G|CO1K|1.402(3) | C00Y C0161.405(3) C02] C9A1.607(7)
Cu03|P006 | 2.2188(6) |CO1H|C01M|1.418(3) | COO0T C0191.416(3) |CO02K CO03H1.530(3)
Cu03|P008 | 2.2177(6) |CO1H|CO1R|1.383(3) | CO0T C02B1.531(3) |C02K C03d1.532(3)
Cu03|NOOF|1.9692(16) |CO1H|C028|1.532(3) |CO0U C01(1.413(3) |CO02K C03X1.534(3)
Cu04|PO0A| 2.2058(6) |CO1l [C01X|1.409(3) |CO0O0V|C00X1.418(3) |C02M C04B1.522(3)
Cu04(PO0C| 2.2070(6) |CO1L|C01P|1.382(3) |CO0O0V C01(01.440(3) |C02M C04N1.523(3)
Cu04[NOOH(1.9597(16) |COIM/CO1N|1.383(3) |CoOW CO1{1.384(3) |C02M C04d1.510(3)
PO05(C01C| 1.849(2) |CO1N|CO2I |1.504(3) [COOW C027%1.505(3) |[CO02N C0491.525(3)
P0O05|C025| 1.868(2) |CO10|C01W1.402(3) |CO00X C02(Q1.411(3) |CO2N C04H1.525(3)
PO05|CO2N| 1.870(2) |CO1Q|CO2H|1.528(3) |C00Y| CO1L1.410(3) |C02NC04M1.520(3)
PO06|COLT| 1.879(2) |CO1Q|C02T|1.537(3) | C00Z CO1X1.384(3) | CO2R C03d1.534(3)
P006(C024| 1.851(2) |C01Q|C033(1.534(3) C01]1 CO1H1.414(3) |C02Q C02U1.532(3)
P0O06|C02C| 1.874(2) |CO1T|CO03I |1.528(3) C011 C01@1.386(3) |C02Q C02\V1.526(3)
P007|CO2A| 1.878(2) |COLT|CO3N|1534(3) | C01dC01M1.529(3) |cC02d C03{1.530(3)
P007|C02G| 1.850(2) |COLT|C046[1.526(3) | CO14 CO1H1.384(3) | CO29 CO4G1.509(4)
P0O07|CO3W 1.864(2) |C01V|C029]|1.526(3) C013 C0191.508(3) | C029 C04J1.520(4)
P008|C01U(1.8488(19) |C01V|C034|1.532(3) C014 CO1IN1.410(3) | C029C2AA|1.610(7)
P008|C021| 1.875(2) |CO1V|CO3R|1.533(3) €015 C0141.392(3) | C029C2AB|1.517(5)
P008|C022| 1.877(2) |CO1WCO037|1.509(3) €015 C0141.393(3) C03(0 C03B1.539(3)
P009|C01Z| 1.876(2) |C01X|C023|1.536(3) €014 C02K|1.533(3) C03( C03G1.532(3)




Po09lco27| 1.852(2) |Cco1Y|C02G[1.506(3) | C019 CO1H1.410(3) | C03d C04[1.508(4)
Po09|co3o| 1.879(2) |coiz|co2z[1.529(3) | co1q co01]1.382(3) | C03dC04Q1.516(4)
POOAlC02J| 1.869(2) |C01z|C03A[1.529(3) | C01q C02H1.529(3) | Cco3d cC11.521(5)
PooAlcozM| 1.876(2) |C01z|C03D|1.540(3) | co1dC01K1.433(3) | C03d C1A/1.620(7)
PO0A|lC037| 1.848(2) |c020|c024[1.507(3) | co1d c02d1.382(3) | CO3ACO3W1.541(3)
PooBlco1S| 1.848(2) |co21|co2r[1.530(3) |co1A Co1K1.417(3) |C03\ C04A1.488(4)
PoOB|CO2D| 1.874(2) |co21|Cc02W1.521(3) |C01A C01Y[1.406(3) |C03W C04d1.545(4)
PooB|co2Q| 1.876(2) |C021|C035[1.533(3) |cC01H CO1A1.415(33) |C03W C04K1.516(4)
pooclco2l | 1.847(2) |co22|co2r[1.535(3) |cCo1H C0261.531(3) |C03Y C04H1.494(4)
pooclcozs| 1.871(2) |co22|co31[1.536(3) | cool CoON1.387(3) | C024 C0411.533(3)
pooclco3s| 1.876(2) |co22|co39[1.528(3) | coolc01Q1.531(3) |C02A C02Y[1.528(3)
NooD|COOR| 1.377(2) |co23|co3c|1.527(3) | coolcooK1.415(3) |co02A C04d1.538(4)
NooD|Co1A| 1.383(2) |C023|C047[1.534(3) | coo] CO0A1.436(3) |C02A C04D01.522(3)
NOOE|cook| 1.376(2) |co23|co4aF|1.521(3) | coo] C0041.399(3) |cC02H C0341.532(3)
NOOE|cooY| 1.379(2) |co25|co3s[1.524(3) |Cookcoow1.405(3) | C02HC03M1.527(3)
NOOF|coou| 1.378(2) |Cc025|C03T[1.509(3) | cooLllcooM1.384(3) |CO02H C0441.530(3)
NOOF|coox| 1.380(2) |co25|co44[1.535(3) |cooM cooU1.408(3) |co2d Co3Ll1.542(3)
0004C04A| 1.421(3) |c026|co38(1.531(3) |cooM co1U1.504(3) |co2d C0441.526(3)
0004C04H| 1.403(3) |C026|C03K|[1.532(3) |COON C01q1.400(3) |cC02d C0431.525(3)
NoOHco14| 1.378(3) |C026|C042[1.531(3) |cood co011.384(3) |cCo020 C02L/1.535(3)
NooHco10| 1.383(2) |co28|co3Q|1.527(3) |cood cooM1.401(3) |co20C02d1.532(3)
cool jcooL| 1.413(3) |cozs|co3ul1527(3) | CooH cooY|1.418(3) |C020 C02X1.532(3)
coodco14| 1.4193) |C02E|c03P|1.517(3) | COOH C0141.396(3) | CO2H C03H1.516(3)

Table 316. Bond Angles foi3.3-Et20.

Atom [Atom | Atom Angl e|[Atom|Atom|Atom| An gl e[Atom|Atom|Atom An gl e[|Atom|Atom |Atom Angl e
P007 [Cu01 [POOB | 156.98(2) | |C02H|C01Q|CO00I [112.18(16) | COOK/COOW C027121.36(18) C04Ll| C02J PO0A110.76(17)
NOOD|Cu01 |P007 | 101.70(5) |[C02H|C01Q|C02T|107.58(17) CO01l/Coow| CO0K|117.62(18) C04L4 C02] C04g 91.8(3)
NOOD|Cu01 |POOB | 101.17(5) |[C02H|C01Q|C033|108.65(17) CO01l/Coow| C027120.92(18) C04L CO02JCOAA| 126.5(3)
P009 |Cu02|P005 | 157.49(2) ||C033|C01Q|C02T|108.80(17) | NOOH C00X| CO0V|112.03(16) C04l C02] C9A| 100.7(4)
NOOE [Cu02 |[P005 | 101.80(5) | [CO1H|CO1R|C00G120.21(19) | NOOH CO0X| C02(128.06(17) C049 C02] POOA 116.7(2)
NOOE [Cu02 |[P009 | 100.68(5) ||C013|CO1S|P0O0B|115.76(14) | C02Q CO0X| CO0V|119.91(18) COAA| C02] POOA 109.9(2)
P008 [Cu03 |P006 | 158.17(2) | |CO3I |COLT |P006|105.38(14) | NOOH CO0Y| CO0H112.24(16) COAA| C02] C9A 104.2(5)
NOOF |Cu03 |P006 | 101.65(5) ||C03I |CO1T [CO3N107.64(19) | NOOE CO0Y| C01L{127.89(17) C9 C02] POOA 113.2(4)
NOOF [Cu03 |[P008 | 100.17(5) | [CO3N|COLT |P006{114.21(15) | CO1l COOY| CO0H119.87(17) C9 C02] Co4l| 113.9(5)
POOA |Cu04 |POOC| 156.92(2) ||C046 |CO1T [P006|110.96(15) |CO1X| C00Z C00J120.34(18) C9 C02] Co49 108.7(8)
NOOH [Cu04 |[POOA | 101.96(5) | [C046 |COLT |C0O3I [108.00(19) | COON C01(d C00U120.95(17) C9A| C02] POOA 100.9(3)
NOOH [Cu04 [POOC| 101.04(5) |[C046 |COLT |CO3N110.30(19) |COON C01q CO0V|133.76(18) C01¢ C02K| C03X|111.57(17)
CO1C|P005 |Cu02 | 102.65(7) ||COOM|CO1U|P008|114.99(13) [C00Y C01(J CO0V|105.25(16) CO03H C02K| C016109.98(17)
C01C|PO005 [C025 | 102.55(9) ||CO011 |CO1V|C034(110.33(17) | CO1H CO011] C01V|119.30(17) CO03H C02K| C03C109.07(18)
C01C|P005 [C02N|105.16(10) C011 [CO1V|CO3R109.32(17) |CO01G C011 CO1H117.67(18) CO3H C02K| C03X|107.41(19)
C025 [PO05 [Cu02 | 113.57(7) |[|C029 [CO1V|C011(111.96(17) |CO1G CO011] C01V|123.02(17) C03Q C02K| C016109.65(18)
C025 |P005 |CO2N[111.88(10) C029 [C01V|C034(108.20(18) | CO1B C01Z CO0H120.08(18) C03J C02K| C03X109.11(19)
CO2N|P005 |Cu02 | 118.75(7) |[|C029 [CO1V|CO3R|107.55(18) | COOR C013 C0149121.77(17) C04B/C02M PO0A106.49(16)
COL1T |PO06 |Cu03 | 116.17(7) ||C034 [CO1V|CO3R109.41(19) | CO0Y C013 COOR117.40(18) C04B C02M C04 106.9(2)
C024 [PO06 [Cu03 | 102.90(7) |[|CO1F|CO1WC01C117.19(18) | CO0§ C01d4 C019120.77(17) C04N C02M| PO0A109.37(17)
C024 |PO06 |COLT | 102.34(9) |[|CO1F[CO01WC037|119.41(19) [NOOH| C014 C00Q112.17(17) C04QC02M| PO0A115.15(16)
C024 |P006 |C02C|106.11(10) C010({C01WC037(123.27(19) |NOOH| C014 C01N128.43(18) C04gC02M| C04B 108.1(2)
C02C|P006 |Cu03 | 116.24(7) |[|C00Z|C0O1X|CO1l|118.00(18) |CO1N C014 C00Q119.39(19) €04 C02M CO04N  110.4(3)
C02C|P006 |CO1T | 111.12(9) |[|C00Z|C01X|C023|119.79(17) | C01f C01§ C01§120.17(18) €049 CO2N P005109.82(16)
CO2A|P007 |Cu01 | 116.25(7) |[|CO1l [C01X|C023|122.20(18) | CO0Y CO1§ CO2K|122.40(18) €049 CO2N C04H106.76(19)
C02G|P007 |Cu01 | 103.60(7) |[|CO1A|CO1Y|C02G122.85(18) | C01§ C01§ C009118.07(18) CO04F CO2N P005106.50(15)
C02G|P007 [C02A|102.00(10) CO1E [CO1Y|CO1A{116.97(18) | C01§ C01§ C02K|119.53(17) CO04M| CO2N P004114.02(16)
C02G|P007 [CO3W106.43(11) CO1E [CO1Y|C02G120.14(18) | CO1H C017 C02H122.85(19) CO04M| CO2N C049  108.6(2)
CO3WPO007 [Cu01 | 114.81(8) C02Z |C01Z|P009(110.40(15) C01J C017 CO1H117.92(18) CO04M| CO2N CO4H 110.9(2)
CO3WP007 |C02A [111.95(10) C02Z|C01Z |C03D|107.44(19) C01] C017 C02E119.08(18) C02y C02Q P0O0H105.25(14)
CO1U|P008 |Cu03 | 102.77(7) |[|CO3A|C01Z|P009|114.05(16) | COOR C01§ CO1K|105.24(16) C02V| C02Q P0O0H113.58(15)

C



CO1U|P008 |C021 | 104.86(9) CO3A|C01Z [C02Z|110.73(19) €015 C01¢ CO0R120.68(17) C02V| C02Q C02U109.03(18)
CO1U|P008 |C022 | 102.98(9) CO3A|C01Z |C03D|108.48(18) C015 €014 C01K|134.06(18) C02V| C02Q C03]110.47(18)
C021 |P0O08 |Cu03 | 114.59(7) C03D|C01Z [P009(105.39(14) C02(Q C019 C00T|124.17(18) C03] C02( PO0H110.54(14)
C021 |P008 |C022 | 111.89(9) CO0X |C020 [C024(122.62(18) | NOOD| CO1A C01K{111.83(17) C03] C02Q C02U107.66(18)
C022 |P008 |Cu03 | 117.63(7) C019 |C020 [C00X[117.04(17) | NOOD| CO1A C01Y|128.12(17) C04d €029 P00d105.80(16)
C01Z [PO09 [Cu02 | 112.27(7) C019 [C020 |C024(120.33(18) | CO1Y| CO1A C01K|120.04(18) C04@ C029 C04] 106.1(2)
C01Z [PO09 [C030 |112.52(10) CO2F [C021 |P008(114.32(14) C014 C01B C01H117.93(18) C04G C029C2AA| 92.5(4)
C027 |PO09 |Cu02 | 103.26(7) CO2F |C021 [C035(108.47(18) C012 CO1B C026123.02(18) C04G C029C2AB| 121.5(4)
C027 |P0O09 |C01Z |105.26(10) C02WC021 [P008(110.34(14) | CO1H CO1B C026119.02(17) C04J €029 P00J110.02(18)
C027 |P009 |C030 | 102.34(9) CO2WC021 [CO2F(110.04(18) | CO1l C01d P004115.60(13) C04J C024C2AA| 125.1(4)
C030 |P009 |Cu02 | 119.15(7) C02W|C021 [C035(107.67(18) C01] C01D0| C00Q133.38(19) C2AA| C02§ POOQ 113.7(3)
C02J |POOA|Cu04 | 112.94(7) C035 |C021 [P008|105.70(14) C01] C01D0 C010120.59(18) C2AB| C029 P00 113.7(2)
C02J |POOA|C02M|111.97(10) CO2R|C022 [P008(108.49(15) | C01Q C01D C00Q106.03(17) C2AB| C02Y COA4. 99.1(3)
CO2M|PO0A|Cu04 | 118.60(7) CO2R|C022 [C031(107.31(18) | CO1Y| CO1g C011124.42(18) CO02H C03(Q P009106.72(14)
C037 |POOA|Cu04 | 103.78(8) C031|C022 [P008(106.19(14) |CO1W CO1H C017123.80(19) CO02H C03( C03B107.46(18)
C037 |POOA|C02J [106.36(11) C039 |C022 [P008(115.46(15) C011 CO1Q C01K{119.98(18) C038 C03(Q P009108.56(15)
C037 |POOA|C02M|101.33(10) C039 |C022 [CO2R(110.04(18) |CO1M CO1H C02§119.16(18) C03@d C03J P009114.94(15)
CO1S [POOB [Cu01 | 102.55(7) C039 [C022 |C031{109.00(18) | CO1R CO1HCO01M[117.83(19) C03@ C03( C02H109.01(19)
CO1S [POOB [C02D| 102.64(9) CO3C|C023 |C01X|112.45(17) | CO1R CO1H C02§123.00(19) C03@ C03( C03B5109.87(18)
CO01S [POOB [C02Q| 105.10(9) C03C|C023 |C047(107.32(19) |COOW CO1l| C01X|123.62(18) CO04l C03¢ P00q110.10(19)
C02D|P00B|Cu01 | 118.75(7) C047 |C023 [C01X|109.22(17) C017 C01]C01D120.32(19) CO04l| C03§ Co4Q 106.3(2)
C02D|P00B|C02Q| 112.58(9) CO4F |C023 [C01X|110.32(17) | COL1A CO1K| C01§105.70(16) C04l Co3¢ C1 122.9(3)
C02Q|P00B|Cu01 | 113.04(7) CO4F|C023 [C03C| 108.2(2) |CO1G CO1K| C01§133.38(18) CO04l C03q C1A 93.1(3)
CO02| [POOC|Cu04 | 103.29(7) CO4F [C023 |C047| 109.2(2) |CO01@ CO1K C01A120.91(18) C04Q C03¢ P00J106.70(19)
C02I [POOC|C02S|102.73(10) C020 [C024 |P006(116.43(14) | COOY| CO1L C01122.06(17) C04Q C03q Ci 95.8(3)
CO2I [POOC|C036 |105.37(11) C03S |C025 |P005(104.64(14) | CO1H CO1L CO0Y|117.10(17) C04Q C03¢q C1Al 126.6(3)
C02S|PO0C|Cu04 | 115.79(8) C03S|C025 |C044| 106.8(2) | CO1A CO1l C01(120.82(18) C1) C03§ PO0CQ 112.6(2)
C02S [POOC|C036 |112.04(11) CO3T |C025 [P005(111.39(16) | COLIN CO1M| CO1H123.73(19) C1A C03§ PO0CQ 112.3(3)
C036 [POOC|Cu04 | 115.67(8) CO3T [C025 [CO3S| 108.1(2) | C014 CO1N C021(122.01(19) CO1W C037 PO0A117.57(15)
COOR [NOOD|Cu01 |122.66(13) CO3T |C025 [C044| 111.6(2) |CO1M COIN C014117.66(18) CO3HCO03W P00%106.49(15)
COOR [NOOD|C01A|105.06(15) C044 |C025 [P005(113.82(16) |CO1M COIN C021[120.30(19) CO3FCO3W €04 106.3(2)
CO1A[NOOD|Cu01 |122.41(13) C01B [C026 |C03K|110.44(18) |NOOH| C01Q C01D111.52(17) €04§C03W P007108.53(17)
COOK |NOOE|Cu02 [122.41(13) C038 |C026 [C01B(111.97(17) | NOOH| C01(C01W128.34(18) C04K|C03W P007115.07(18)
COOK |NOOE|C00Y [105.05(15) C038 |C026 |[CO3K|107.90(19) |CO1W CO1Q C01D120.14(18) C04KCO3W CO3H 110.5(2)
COO0Y |NOOE|Cu02 [121.16(12) C038 |C026 [C042(107.78(19) | CO1l CO1H CO1B124.05(18) C04K/CO3W C04§ 109.5(2)
COOU [NOOF [Cu03 |122.34(13) C042 [C026 |C01B|109.22(18) CO00l| C01Q C02T|109.61(16) 000G CO4A CO3! 108.9(2)
(COOU [NOOF [C00X |104.97(15) C042 [C026 |CO3K| 109.5(2) CO00l| C01Q C033109.93(16) 000 C04H C03 111.3(2)
COOX [NOOF [Cu03 |121.68(12) (COOW|C027 |P009(115.68(14) C014 COOR €014119.86(17) C02Qg C020 C02X|109.31(18)
CO4H|O00G|CO4A| 111.4(2) |[|CO1H|C028 |C041(109.32(18) C014 C00§ C016123.79(18) C02X| C020| PO0H106.27(14)
C014 [NOOH|Cu04 |123.01(13) C03Q|C028 [C01H110.42(18) | CO0Q CO0T| C019118.08(18) C02X| C02D0 C02L{106.79(17)
C014 |NOOH|C010|105.20(16) C03Q|C028 [CO3U| 108.5(2) | C00Q CO0T| C02B123.39(17) C017 CO2H C032108.59(18)
CO10|NOOH|Cu04 [122.91(13) C03Q|C028 [C041| 108.8(2) | CO19 COOT| C02B118.52(17) CO3H CO02H C017112.96(18)
COOL |CO0I |{C01Q|[118.94(17) CO3U|C028 |CO01H111.94(18) | NOOH CO0U CO0OM[127.65(18) CO3H CO2H CO3H 110.0(2)
COON|CO00I |COOL [118.07(17) CO3U|C028 |C041| 107.8(2) | NOOH CO0U C01(112.39(17) CO3H CO02H C032106.67(19)
COON|CO00! [C01Q|122.96(17) CO2Y |C02A|P007(105.33(14) |COOM| CO0Y C01(119.96(17) CO3A CO2F C017111.42(18)
COOK |C00J [COOP [105.70(16) CO2Y |CO2A|C04C| 107.6(2) | C00Q CO0V| C00X[121.07(17) CO3H CO02H C037106.88(19)
C00Z|C00J [COO0K [120.52(17) C04C|C02A|P007(114.03(16) | C00Q CO0V| €01(133.59(17) CO01Y| C02G P007116.70(14)
C00Z|C00J [COOP 133.78(18) C04D|C02A|P007(111.22(17) | CO0X| COOV| C01(105.34(16) CO1N €02l P00(115.64(14)
NOOE |C00K|C00J [112.01(16) C04D|C02A|C02Y|107.13(19) | CO0Y| COOH C00J105.00(16) C04d C02Q P00§115.49(15)
NOOE |C00K|C00W|128.11(18) C04D|C02A|C04C| 111.1(2) | C01Z4 COOH C00]134.06(18) C04(d C02Q C03L/109.62(19)
COOWCO0K|C00J [119.88(17) COOT |C02B [C032(111.89(17) C012 COOH C00Y|120.92(18) C043 C02d P00¢106.66(14)
COOM|COOL |CO0I [123.80(18) CO3M|C02B [C00T|110.28(18) €014 C00Q C01D105.06(17) €043 €029 C031]106.12(19)
COOL |COOM|C00U[117.33(17) CO3M|C02B [C032(108.14(19) | CO1R C00Q C014121.11(18) C043 C02d C04g 110.0(2)
COOL |{COOM|C01U(121.32(17) CO3M|C02B [C045(109.30(19) | CO1R C00Q C01D133.78(18) C02L| C020 PO0H108.75(14)
COOU|CO0M|CO1U(121.26(17) C045 [C02B|C00T{109.36(18) |NOOD| COOR C013127.99(17) C02d €020 PO0H115.23(14)
CO0! |COON|C010 [119.88(18) C045 [C02B|C032(107.80(19) |NOOD| COOR C01§112.14(17) C02d €020 C021{110.10(18)
COOT |CO00|CO00V [119.73(17) CO3L |C02C|P006(108.49(16)
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CuPNP-iBu (3.4)

Table 317. Crystal data and structure refinement3ot.

Identification code 3.4

Empirical formula CsgHs:CUNP
Formula weight 658.36
Temperature/K 100.02

Crystal system monoclinic

Space group P2/n

alA 13.4149(7)

b/A 10.9661(6)

c/A 24.9005(13)

U/ A 90

b/ A 93.334(2)

o/ A 90

Volume/A 3656.9(3)

z 4

| cag/cn? 1.196

e/ mm 0.710

F(000) 1424.0

Crystal size/mrh 0.39 x 0.35 x 0.33
Radiation MoKU (& = 0.7101

il

20 range fo

3.276 to 55.098

Index ranges

17h00-147,0 B20 01

Reflections collected

92972

Independent reflections

8447 [Ry = 0.0229, Rgma= 0.0099]

Data/restraints/parameters

8447/0/393

Goodnes®f-fit on P

1.053

Final R inde

R; = 0.0230, wir= 0.0621

FinalR indexes [all data]

R; = 0.0239, wir= 0.0628

0.39£0.27

Largest diff. peak/hole / e#

13]
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Table 318. Fractional Atomic Coordinates (x4and Equivalent Isotropic Displacement

Parameters (A10%) for 3.4 Ueqis defined asl/3 of the trace of the orthogormdd U,

tensor.

Atom X y z U(eq) |Atom X y z U(eq)
cuo1| 6829.9(2) | 6653.7(2) |[3655.8(2) 9.88(4) |cool 6167.2(8) | 3537.4(10) [3536.9(5) 15.1(2)
P0O02| 5887.7(2) | 7703.02) [4191.3(2) | 10.21(6) [coom| 4078.2(8) | 8579.5(10) [2280.2(4) [11.20(19)
P003| 7775.3(2) 5165.8(2) |3361.0(2) 9.52(6) |CO00 5631.8(9) 4496.2(11) (1074.2(5) 16.0(2)
NO004| 6362.1(7) 7415.2(8) |2956.4(4) |10.04(17) |C00Q 4613.9(8) 7087.5(10) |4198.0(5) 14.1(2)
C005| 5503.1(8) 8118.4(9) |2909.4(4) 9.72(19) | COOH 2868.2(8) |10299.5(10) (2485.0(5) 13.9(2)
C006| 5464.3(8) [6963.5(10) |2153.8(4) |10.17(19) |C00Qg 6900.3(9) 7347.9(11) |5219.0(5) 18.5(2)
C007| 6764.5(8) 5157(1) (1878.2(4) 11.8(2) | COOR 5879.6(10) 2194.3(11) (3557.4(6) 23.4(3)
C008| 6325.7(8) 6719.6(9) |2490.8(4) 9.86(19) | C00Y 5339.6(9) 4273.5(12) |3245.3(6) 24.0(3)
Co09| 7012.08) [5830.5(10) [2337.9(4) [10.66(19) |cCO00T 4673.6(9) | 4866.0(12) | 755.0(5) 19.1(2)
CO0A| 5153.2(8) | 8963.9(9) [3281.2(4) [10.37(19) [cooy 9303.4(9) | 4682.1(11) [4194.6(4) 16.2(2)
Co0B| 4939.5(8) | 7903.4(9) [2420.5(4) [10.15(19) [coov| 2374.9(9) [10011.3(11) [1930.4(5) 19.3(2)
cood 5252.0(8) [6291.6(10) [1683.1(4) [11.05(19) [coow| 3780.8(9) | 7891.8(11) [4409.0(5) 18.6(2)
cooD| 5882.3(8) [5354.4(10) [1547.4(4) 11.6(2) |coox| 2070.5(9) [10174.3(12) [2898.8(5) 20.9(2)
COOH 4292.6(8) [9608.3(10) |[3129.6(4) [11.67(19) |C00 3234(1) [11627.0(11) [2479.5(6) 22.2(3)
COOF| 6272.4(8) |8245.3(10) |4870.0(4) 13.4(2) | C00Z 7230.9(11) 7950.3(14) |5751.5(5) 27.2(3)
CO0G 7165.1(8) [3666.2(10) |3272.9(4) 13.4(2) | co1d 6350.8(12) 6159.8(13) |5315.6(6) 29.6(3)
COOH 9069.9(8) |4832.1(10) |3590.7(4) 12.7(2) | C01110423.6(10) 4462.8(15) |4295.9(5) 28.7(3)
COO0l | 7975.6(8) 5616(1) [2662.8(4) |11.64(19) | C014 8713.2(11) 3649.4(14) |4431.1(5) 27.6(3)
C00J| 3755.4(8) |9461.9(10) |2628.1(4) [11.54(19) | C013 3626.2(11) 7645.3(18) |5000.5(6) 36.5(4)
COOK| 5678.0(8) 9152.1(9) [3826.1(4) |11.38(19) | C014 5480.8(14) 3203.2(13) |1291.9(7) 37.4(4)
C016[2804.9(10) [7673.2(15) [4080.3(6) 31.5(3) | Co1§ 6476.5(10) | 4483.6(18) | 689.4(6) 36.0(4)

Table 319. Anisotropic Displacement Parameters?A0°) for 3.4. The anisotropic

displacement factor exponent takes the fon?[h%a*?Ui+2hka*b*Ui+ é ] .

Atom Uiy Uz, Usz Uzs Uiz Uz |Atom Ui Uz, Uss Uzz Uiz Uz
Cu01| 10.77(7) | 9.00(7) 9.98(7) |-0.45(4) |1.59(5) |[1.32(4) |COON 15.9(5) | 18.3(5) |13.6(5) | -5.4(4) | -1.1(4) | 5.0(4)
P002|11.55(12) |9.24(12) | 9.97(12) |-0.68(9) [1.81(9) |0.18(9) |[coog 13.6(5) | 13.0(5) |[15.9(5) | -0.7(4) 26(4) |-2.2(4)
P003| 9.26(12) |9.27(12) |10.05(12) |-0.30(9) [0.79(9) |1.07(9) | COOA 11.8(5) | 11.5(5) |[18.5(5) | -0.5(4) 0.6(4) | 3.1(4)
NO04| 10.4(4) 9.1(4) 10.8(4) | -0.2(3) | 2.2(3) | 1.0(3) [cooq 18.3(5) | 22.0(6) [15.0(5) 05(4) | -0.6(4) | 2.6(4)
C005 9.5(4) 8.1(4) 11.8(5) 2.0(4) | 2.04) |[-0.7(4) | COOR 25.9(6) | 14.4(6) [30.7(7) | -1.1(5) 8.8(5) |-6.1(5)
C006 9.9(4) 9.6(4) 11.2(5) 1.7(4) | 2.5(4) | 0.3(4) | C009 13.3(5) | 21.7(6) |[37.0(7) 3.9(5) 0.2(5) |-1.1(5)
C007| 12.3(5) | 12.4(5) 11.1(5) 0.3(4) | 3.0(4) | 3.2(4) |cooTl 16.0(5) | 24.0(6) [16.8(5) | -7.1(5) | -3.0(4) | 3.3(4)
C008| 10.5(5) 9.2(5) 10.1(5) 1.3(4) | 2.2(4) |-0.9(4) [cood 16.1(5) | 20.2(5) [11.9(5) | -1.0(4) | -1.4(4) | 3.4(4)
C009| 10.4(5) | 11.6(5) 10.1(4) 1.9(4) | 224 | 1.1(4) |cooV 16.1(5) | 19.5(6) [21.7(6) | -0.8(4) | -4.0(4) | 6.7(4)
CO00A 11.4(5) 8.2(4) 11.6(5) 0.5(4) | 1.94) |[-1.1(4) |coow 15.3(5) | 17.9(6) [23.2(6) | - 1.6(5) 6.7(4) |-1.3(4)
CcooB| 10.6(5) 8.6(4) 11.5(5) 1.1(4) | 2.7(4) |-0.9(4) |cooX 14.1(5) | 24.6(6) |24.5(6) | -1.0(5) 45(4) | 6.1(5)
Ccoog 10.5(5) | 12.3(5) 10.5(5) 1.5(4) | 0.8(4) | 0.3(4) |cooy| 20.7(6) | 11.3(5) |[34.2(7) 1.8(5) | -2.3(5) | 3.2(4)
Coop 12.9(5) | 12.5(5) 9.5(5) 0.0(4) | 1.7(4) |[-0.1(4) |co0Z 27.1(7) | 36.5(7) |17.2(6) | -1.8(5) | -5.7(5) |-0.9(6)
COOE| 12.2(5) 8.6(4) 145(5) | -1.1(4) | 3.4(4) | 0.7(4) | co1id 41.4(8) | 21.1(6) |[25.3(7) 7.9(5) | -7.06) [-2.1(6)
COOF 15.3(5) | 13.8(5) 11.3(55) | -2.1(4) | 1.5(4) |-0.4(4) | coil 19.0(6) | 47.5(9) |[18.7(6) | -2.96) | -6.3(5) | 8.7(6)
Ccood 14.1(5) | 10.2(5) 159(5) | -1.9(4) | 1.8(4) |[-0.2(4) | coiq 33.0(7) | 31.1(7) |[18.3(6) 9.05) | -1.7(5) |-2.9(6)
CooH 11.0(5) | 15.3(5) 11.7(5) | -0.7(4) |[-0.1(4) | 2.3(4) | co1d 21.9(7) |64.8(11) |[23.9(7) | -6.2(7) | 10.9(5) [-1.5(7)
Cool | 10.4(5) | 14.1(5) 10.5(5) 0.4(4) | 1.94) | 2.5(4) | C01462.1(11) | 14.7(6) |32.8(8) | -5.1(5) [-19.2(7) | 1.4(6)
C00J 9.6(5) 9.0(5) 16.1(5) 1.8(4) | 2.1(4) | 0.3(4) | Co1§ 16.9(6) |71.8(11) |19.3(6) [-22.3(7) 0.4(5) | 8.7(7)
COOK| 12.5(5) 8.8(4) 12.9(5) | -0.9(4) | 14(4) |[-0.1(4) | colq 16.7(6) | 43.7(9) [33.9(7) | -1.2(6) | -0.3(5) | 5.2(6)
CooL| 151(5) | 12.4(5 | 183() | -0.7(4) | 3.4() |-22(4) |cooM 104(5) | 10.7(5) |12.6(5) | 11(d) | 1.0@) |-0.2(4)




Table 320. Bond Lengths foB.4.

Atom|Atom| Length/A ||Atom|Atom| Length/A
Cu01|P002| 2.2125(3) ||CO0C|C00D|1.3852(15)
Cu01|P003| 2.2176(3) COOD|COON|1.5299(15)
Cu01|NO04| 1.9992(9) ||COOE|C00J [1.4142(15)
P002|COOF|1.8371(11) ||COOF |C00Q|1.5324(16)
P002|C00K|1.8443(11) CO0G|CO0L (1.5318(15)
P002|C000[1.8382(11) ||COOH|CO0U|L.5270(15)
P003|C00G|1.8443(11) C00J |CO0M|1.3849(15)
P003|CO0H|1.8335(11) ||c00J|cooP|1.5290(14)
P003|C00I [1.8418(11) ||COOL |COOR|1.5242(16)
NO004(C005 [1.3859(13) COOL |C00S|1.5224(17)
N004{C008|1.3863(13) COON|CO00T [1.5264(15)
CO005|C0O0A|1.4098(14) COON|C014 |1.5356(19)
C005|C00B|1.4149(14) COON|CO015 |1.5260(17)
C006(C008(1.4137(14) C000|C00W1.5400(16)
C006|C00B|1.4331(14) COOP|C00V|1.5292(16)
C006|C00C|1.3996(15) COOP|C00X|1.5342(16)
C007|C009(1.3863(15) COOP|C00Y|1.5366(16)
C007|C00D|1.4187(15) C00Q|C00Z|1.5242(17)
C008|C009[1.4086(14) ||C00Q|C010[1.5229(18)
C009|C00I [1.5030(14) CO0U|C011 |1.5283(16)
COOACOOE|1.3870(14) C00U|C012 |1.5200(18)
COOACOO0K|1.5060(14) CO0W|CO013 |1.5236(18)
C00B|CO0M1.3999(14) CO0W|CO016 |1.5220(18)
Table 321. Bond Angles fo3.4.
Atom [Atom|Atom An gl e||Atom[Atom|Atom| Angl €
P002 |Cu01{P003|160.031(12) CO007 |COOD|COON 119.46(9)
N004|Cu01|P002 98.41(3) ||C00C|C0O0D|C007|118.16(10)
N004 [Cu01|P003| 100.11(3) ||CO0C|CO0D|CO0N122.30(10)
COOF|P002|Cu01| 125.66(4) ||COOA|COOE|C00J|123.77(10)
COOF|P002|C00K| 101.61(5) ||COOQ|COOF|P002| 115.44(8)
COOF|P002(C00C 108.79(5) |[|COOL |COOG|PO03| 115.09(8)
COOK|P002|Cu01| 103.12(4) ||COOU|COOH|P0O03| 117.71(8)
C000OP002|Cu0l| 112.24(4) ||CO09 |COOI |PO03| 112.45(7)
C00OP002|C00K 101.87(5) ||COOE|C00J|CO0R 119.17(9)
CO00G|P003|Cu01| 115.91(4) ||COOM|C00J CO0E118.03(10)
COOH|P0O03|Cu01| 126.38(4) ||COOM|C00J (CO0P122.78(10)
COOH|P0O03|C00F 105.36(5) ||COOA|COOK|P002| 112.09(7)
COOH|P003|CO00I 99.23(5) ||COOR|COOL [CO0G 109.44(9)
CO00I |P0O03|Cu01| 103.47(4) ||CO0S|COOL (C00G112.19(10)
CO00I |PO03|CO0F 102.41(5) ||CO0S|COOL (CO0R110.45(10)
C005|N004|Cu01| 121.56(7) ||C00J|COOM|IC0O0B119.83(10)
C005|N004|C008| 104.29(8) ||COOD|COON|C014{108.89(10)
CO008[N004|Cu01| 119.52(7) |[|COOT|COON|C00O 112.23(9)

13¢



CuPNP-Et (3.5)

NO004|C005|C00A 128.13(10) COO0T|COON|C014(107.74(11)
N004 (C005|C00B  112.34(9) C015 [COON|C000110.56(10)
CO0A|C005|C00B  119.53(9) C015 [COON|C00T|108.00(10)
C008|C006/C00B  105.52(9) C015 |COON|C014{109.35(13)
C00C|CO006|C008| 121.14(10) CO0WCO000|P002| 119.09(8)
C00C|C006|C00B 133.26(10) C00J [COOP|CO0V 112.11(9)
C009|C007|C000 123.36(10) C00J |CO0P|C00X 110.71(9)
N004 (C008|C006| 112.35(9) C00J [COOP|C00Y| 109.06(9)
NO004 [C008|C009| 127.96(10) CO0V|C0O0P|C00X107.80(10)
C009 |C008|C006| 119.67(10) CO0V|CO00P|C00Y|108.03(10)
C007|C009|C008| 117.58(10) CO0X|CO0P|C00Y|109.05(10)
C007|C009|Co0I | 121.22(9) C00Z [CO0Q|C00F109.73(10)
C008|C009|C00I | 121.20(9) C010 |C00Q|C00F112.58(10)
C005|CO0ACO00K 121.71(9) C010 [C00Q|C002Z110.63(11)
COOE|CO0ACO005| 117.38(10) CO0OH|C00U|C011(108.84(10)
COOE|CO0ACO00K  120.90(9) C012|C00U|C00H112.34(10)
C005|C00BCO006 105.44(9) C012 |C00U|C011{110.37(11)
COOMCO00BCO005| 121.23(10) C013 [CO0WC00d111.75(11)
COOMCO00BC006| 133.30(10) C016 [COOWC000110.18(10)
C00D|C00QC006( 119.84(10) C016 |COOWC013(109.31(11)
t-Bu

Table 322 Crystal data and structure refinement3ds.

Identification code 35
Empirical formula CaoHseCUNR
Formula weight 546.20
Temperature/K 294.05
Crystal system monoclinic
Space group P2/n

a/A 15.141(6)
b/A 10.413(4)
c/A 19.344(8)
U/ A 90

b/ A 90.049(11)
o/ A 90
Volume/A? 3050(2)

z 4

} cag/cn® 1.171

e / mm 0.838
F(000) 1141.0
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Crystal size/mrh 0.475 x 0.358 x 0.172

Radiation MoKU (& = 0.710]1
20 range f or|3.418t056.306

Index ranges -19 O H 30 01 %50 0K
Reflections collected 126575

Independent reflections {7139 [Ry = 0.0331, Bgma= 0.0148]
Data/restraints/parameters|7139/0/369

Goodnesf-fit on F? 1.053

Final R i nde|R=0.0477, wkR=0.1357

Final R indexes [all data] |R;=0.0622, wR=0.1487
Largest diff. peak/hole / €30.65£0.25

Table 323. Fractional Atomic Coordinates (x90and Equivalent Isotropic Displacement
Parameters (A10% for 3.5. Ueq is defined as 1/3 of the trace of thethogonalred U,

tensor.

Atom X y z U(eq)

cu01| 5305.1(2) | 4608.3(3) | 6988.3(2) [50.26(12)
P002 | 4337.4(4) | 5878.1(6) 6486.7(3) |47.25(16)
P003 | 5824.9(4) | 2979.9(7) 7586.0(3) [51.24(17)
NO004 |6411.3(12) [5505.0(18) |6735.9(10) 41.3(4)

C005 [6444.8(14) 6367(2) |6198.9(11) 39.0(4)
C006 [7231.0(14) 6263(2) |5812.9(11) 39.4(4)
C007 [7387.8(15) 7060(2) |5250.4(12) 44.1(5)
C008 [8770.4(15) 3557(2) |6338.5(12) 46.2(5)
C009 [7192.3(14) 4820(2) |6684.1(11) 39.7(4)
CO0A[8262.7(15) 3192(2) |6918.8(13) 48.3(5)
C00B [8493.1(15) 4599(2) |5955.5(12) 43.4(5)
C00C|7488.8(15) 3802(2) |7104.8(12) 445(5)
CO0D|5794.6(14) 7265(2) |6000.4(12) 41.9(5)
COOE [7713.8(14) 5230(2) |6124.8(11) 39.4(4)
COOF [5976.6(16) 8030(2) |5434.9(13) 46.8(5)
C00G|6765.6(16) 7962(2) |5050.9(13) 47.1(5)
COOH|6988.6(16) 3386(3) |7737.9(12) 52.7(6)
C00I [4941.0(15) 7395(2) |6389.0(13) 47.9(5)
C00J [9598.2(19) 2814(3) |6139.0(15) 64.3(8)

Cook|  6920(2) 8869(3) |4449.2(16) 63.6(7)
COOL|  4054(3) 5423(3) |5610.2(16) 70.2(8)
CooM|  5400(2) 2735(4) |8459.0(16) 70.8(8)
COON|3300.7(19) 6389(4) |6882.6(19) 72.2(8)
C000|  5854(3) 1352(3) |7244.6(19) 77.0(9)
CooP|  3624(4) 6401(4) 5157(2) |118.2(19)
co0Q|  6236(3) 1237(5) 6540(3) |112.9(16)
COOR|  2671(3) 5285(5) 6998(3) |106.0(15)
Cco0S|  4412(3) 2549(6) 8472(2) |119.6(18)

Co0T| 9180(9) | 1477(11) 5745(8) 75(5)
Coou|  9688(7) 1572(8) 6494(4) 109(4)
c1 7101(13) | 7983(12) 3799(5) 138(7)
C3 6875(8) | 10276(6) 4720(5) 96(4)
ca 6129(5) | 8809(15) 3934(5) 116(5)
CaA 6223(7) | 9748(12) 4314(7) 79(5)
C3A 7778(8) | 9592(12) 2607(9) 155(7)
C1A 7731(7) | 8691(12) 4068(6) 90(3)
coow| 10399(3) 3624(8) 6496(6) 164(5)
COAA|  9878(5) 2998(8) 5449(3) 157(4)

C1AA| 10121(10) | 2380(20) 6701(7) 65(8)
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Table 324. Anisotropic Displacement Parameters®>AC) for 3.5 The anisotropic

displacement factor exponent takes the fon?[h?a*?Ui+2hka*b*Ui+ é ] .

Atom Un Uz Uss Uzs Uis Uz
Cu01[37.79(17) | 59.7(2) | 53.3(2) |13.02(13) | 0.55(12) |4.49(12)
P002| 36.3(3) | 57.34) | 48.2(3) 1.9@3) 132 | 8403
P003| 44.4(3) | 58.9(4) | 504(3) | 135(@3) 26(3) | 303
N0O4| 35.0(9) 48(1) | 40.8(9) 26(7) | -L7(7) | 5.1(7)
C005| 36.3(10) [40.2(10) |40.6(10) | -11(8) | -24(8) | 2.9(8)
C006| 34.4(10) |41.2(10) |42.5(11) 068 | -430) | 280
C007| 383(11) |442(11) [49.9(12) 2709 3309) | 630
008 36() [54.1(13) [484(12) | 6.9(10) | -08(9) | 9409
C009| 33.9(10) [46.6(11) |38.5(10) 2.2(9) -4.08) 3.0(8)
COOA| 39.8(11) [56.2(13) |48.8(12) 12.1(10) -2.809) 7.1(10)
CO00B| 36.1(11) [50.3(12) |43.9(11) 7.909) 0.8(9) 4.2(9)
CooC|  37(1) [547(13) |4L8(LL) | 9.7(10) | -34(®) | 4309
CoOD| 38.3(10) [39.8(10) |47.7(1) | -27(9) | -1.109) | 58@)
COOE| 35.5(10) |42.9(11) [39.9(10) 33@8) | -40@8) | 340
COOF| 43.1(11) |40.8(11) |56.3(13) | 38(10) | -1.1(10) | 11.8(9)
C00G| 46.8(12) |40.5(11) |54.0(13) 87(9) | 22(10) | 84(9)
COOH| 43.9(12) [70.7(16) |435(12) | 15.7(11) | -16(9) | 6.0(L)

COOl | 445(12) [48.1(12) |51.1(12) | -3.4(10) | 3.6(10) |12.4(10)
Co0J| 53.5(15) |[73.7(18) |65.7(16) | 23.5(14) | 14.1(12) |26.1(13)
COOK| 63.6(16) [59.3(15) |68.0(17) | 23.0(13) | 12.4(13) |17.2(13)
cooL 96(2) |61.1(17) |53.9(15) | -5.7(13) |-10.0(16) |- 3.3(16)

cooM| 63.6(17) 89(2) |60.3(16) | 23.6(15) | 13.0(13) | 5.0(15)
COON| 43.3(14) 94(2) 80(2) |-10.1(17) | 10.3(13) | 9.6(14)
C000 84(2) |66.5(18) 80(2) | 5.2(16) |-11.8(17) | 4.0(16)
CooP|  183(5) 81(2) 90(3) 42) “743) | -123)
co0Q| 110(3) | 116(4) | 113(@3) ~44(3) 63) | -16(3)
COOR 542) | 135(4) | 129(4) -5(@3) 25(2) | -10(2)
C00S 75(2) | 185(5) 99(3) 31(3) 2712) | -123)
cooT 67(8) 50(7) | 107(12) -31(7) 25(7) 16(5)
coou|  112(7) 85(5) | 129(6) 39(5) 53(5) 54(5)
[ 240(17) 97(7) 76(6) 50(6) 64(8) | 62(10)
c3 134(9) 51(4) | 104(6) 28(4) 26(6) 1(4)
[ 91(5) | 162(12) 94(6) 63(8) -23@) | -10(6)
CaA 83(7) 68(7) 87(8) 44(6) 11(6) 22(5)
C3A 99(8) | 127(10) | 240(17) | 124(11) S2509) | -45(7)
C1A 91(6) 86(6) 93(6) 49(5) 43(5) 40(5)
coow|  53(3) | 137(7) | 303(12) -67(7) -13(4) 18(3)
CoAA|  177(6) | 223(8) 70(3) 67(4) 68(4) | 170(7)
C1AA|  49(8) | 91(17) 56(7) 24(7) -8(5) 35(9)

Table 325. Bond Lengths foB.5.

Atom|Atom | Length/A | [Atom |Atom| Length/A
Cu01|P002 [2.1988(8) COOD|COOF | 1.381(3)
Cu01|P003 [2.1978(9) CO0D(CO00I | 1.502(3)
Cu01|{NO004 | 1.979(2) COOF [CO0G| 1.409(3)
P002|C00I | 1.835(3) COO0G|COOK | 1.517(3)
P002|COOL| 1.812(3) C00J |COOT |1.708(13)
P002|COON| 1.826(3) C00J |[CO0U| 1.470(6)




P003|CO0OH| 1.835(3) |[C00J [COOW 1.631(7)
Poo3|cooM 1.825(3) ||cood [coaa| 1.413(5)
P003|c000| 1.820(4) ||cooJ [c1AA|1.418(11)
N004|coos| 1.374(3) ||cook|c1 [1.583(12)
Noo4|coog| 1.385(3) |[|cook|c3 1.558(9)
C005(C006 | 1.410(3) COOK |C4 1.559(9)
C005(C00D| 1.411(3) COOK [C4A | 1.422(8)
C006|C007 [ 1.389(3) [|COOK [C3A |1.532(11)
CO06|COOE| 1.433(3) [|COOK[C1A | 1.445(8)
C007|CO0G| 1.385(3) [|COOL [COOP| 1.493(5)
CO08|CO0A| 1.413(3) [|COOM|CO0S| 1.509(5)
C008|C00B| 1.379(3) |[|COON|COOR| 1.510(5)
C008|C00J | 1.523(3) |[|C000|C00Q| 1.487(6)
C009|C00C| 1.409(3) COOT [COOU| 1.64(2)
C009(COOE| 1.407(3) [[c1 [c4 [1.725(18)
cooAlcooc| 1.381(3) [[c3a |c1A | 1.40(2)
Co0B|COOE| 1.390(3) [|coowjc1iAA| 1.42(3)
COOC|COOH| 1.504(3)
Table 326. Bond Angles foi3.5.
Atom [Atom|Atom| Ang | Atom [ Atom | Atom Angl e
P003 |Cu01|P002| 159.13(3) |[|CO0B|COOE|C009 | 121.0(2)
NO04 |Cu01|P002 | 99.85(6) COOD|COOF |C00G| 124.0(2)
NO04 |Cu01|P003 | 101.02(6) C007 [COOG|COOF | 117.6(2)
CO00I |P002|Cu01| 103.38(8) C007 [COOG|COOK | 122.0(2)
COOL |P002(Cu01 (114.37(12) COOF [COOG|COOK | 120.3(2)
COOL |P002|CO00I |104.27(15) COOC [COOH|P003 |114.83(16)
COOL |P002|COO0N|105.43(17) CO0D (C00I |P002 |113.75(16)
COON|P002(Cu01 [124.25(13) | |C008 |C00J |[COO0T| 102.8(5)
COON|P002(C00I (102.74(14) ||C008 |C00J [COOW  104.0(3)
COOH|P003(Cu01 | 104.45(9) ||CO0U|CO00J |CO08| 113.8(3)
COOM|P003(Cu01 117.90(11) ||C0O0U|C00J |COOT 61.7(8)
(COOM|P003|{C00H(102.90(13) | [COAA|CO0J |C008 | 114.7(3)
CO00|P003(Cu01 [122.45(12) | |COAA|CO0J |[COOW  96.0(6)
(CO00|P003|{C00H|(104.45(16) | [COAA|C00J |[C1AA| 126.8(6)
CO00|P003|{C00M[102.37(17) | [CLAA|CO0J |C008 | 115.2(6)
C005 |[N004|{Cu01 [121.78(14) | [CLAA|C00J [COO 55.0(11)
C005 |[NO04({C009 (104.47(18) | |COOG|COOK |C1 105.9(4)
C009 |[NO04(Cu01 (119.84(15) | |COOG|COOK |C3 108.7(4)
NO004 |C005|C006 |112.45(18) | |CO0G|COOK [C4 110.3(4)
NO004 |C005|C00D| 127.8(2) ||COOG|COOK|C3A 106.5(5)
C006 |C005(CO0D| 119.8(2) ||C3 |COOK|C1 145.4(5)
C005 |CO06[COOE [105.40(19) ||C3  [COOK|C4 102.7(8)
C007 |C006(C005 (120.90(19) ||C4 |COOK|C1 66.6(9)
C007 |CO06|{CO0E| 133.7(2) ||C4A |COOK|CO0G| 115.3(4)
CO0G|C007(C006| 120.5(2) ||C4A |COOK|C3A 110.5(8)
(COOA|CO008[C00J | 120.8(2) ||C4A |COOK|C1A 128.3(5)
COOB|CO08|CO0A| 118.2(2) ||C1A |COOK|COOG| 116.3(3)
CO0B|C008[C00J [ 120.9(2) ||C1A |COOK|C3A 56.2(8)
NO04 |C009|CO0C| 128.1(2) ||COOP(COOL |P002 | 118.2(3)
NO04 |CO09|CO0E|112.27(19)  ||CO0S [COOM|P003 | 112.6(3)
COOE|C009(C00C| 119.6(2) ||COOR|COON|P002 | 112.5(3)
COOC|COOA/C008( 123.0(2) ||C00Q|CO00|P003 | 114.6(3)
C008 |COOB|COOE| 120.2(2) | |CO0OU|COOT (C00J 52.0(5)
C009 [COOCJCOOH| 121.8(2) | [C00J |COOU|CO0T 66.3(6)
COOA|CO0CJC009| 117.8(2) ||COOK|C1 |C4 56.0(5)
COOA|COOCJCOOH| 120.5(2) ||COOK|C4 |C1 57.4(7)
C005 |C00D|CO0I 121.6(2) |[|C1A |C3A |COOK 58.8(6)
COOF|CO0D|C005 | 117.3(2) ||C3A |C1A |COOK 65.0(6)
(COOF|C00D|CO0I 121.1(2) | [C1AA|COOWCO00J 54.9(6)
C009 [COOE|C006 [105.39(19) | |COOWCLAA|C00J 70.1(8)
COOB|COOE|C006 | 133.5(2)

13;



CuPNP-PMP (3.6)

t-Bu

Table 327. Crystal data and structure refinement3ds.

Identification code 3.6

Empirical formula CagHssCUNR
Formula weight 654.33
Temperature/K 100.0

Crystal system monoclinic

Space group P2/c

a/A 12.8686(5)

b/A 18.0813(6)

c/A 16.3204(6)

U/ A 90

b/ A 102.3660(10)

o/ A 90

Volume/A 3709.3(2)

Z 4

| cag/cN? 1.172

e /| mtm 0.700

F(000) 1408.0

Crystal size/mrh 0.28 x 0.19 x 0.12
Radiation MoKU (& = 0.7101
20U range f or|4.308t068.63

Index ranges

20 O R800L%K40 O2

Reflections collected

125180

Independent reflections

14571 [Ry = 0.0410, Bgna= 0.0365]

Data/restraints/parameters

14571/0/395

Goodnesf-fit on P

1.032

Final R inde

R; = 0.0488, wR= 0.1164

Final R indexes [all data]

R; = 0.0741, wir= 0.1286

Largest diff. peak/hole / e #]1.55/0.49

13¢
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Table 328. Fractional Atomic Coordinates (x4and Equivalent Isotropic Displacement

Parameters (A10%) for 3.6. Ueq is defined as 1/3 of the trace of the orthogaeaiU,

tensor.

Atom X y z U(eq)
cu0l| 2672.7(2) | 6619.5(2) | 4881.4(2) [14.65(5)
P002| 4144.1(3) | 6956.5(2) | 4490.2(2) [15.12(8)
P0O03| 1017.7(3) | 6675.1(2) 5049.0(2) [13.43(7)
NO004 | 3239.7(10) 5790.4(7) 5633.3(8) 14.0(2)
C005 | 1693.2(11) 5623.7(8) 6331.7(9) 13.8(2)
C006 | 3540.4(11) 5336.4(8) 6996.7(9) 14.2(2)
C007 | 2194.4(12) 5224.7(8) 7814.1(9) 15.2(3)
C008 | 3245.8(12) 5151.8(8) 7749.8(9) 15.7(3)
C009 | 2779.1(11) | 5591.2(8) | 6293.2(9) | 13.5(2)
COOA| 5595.4(12) | 5213.8(9) [7163.1(10) | 17.1(3)
CO0B| 1436.0(11) | 5450.4(8) | 7092.9(9) | 15.3(3)
Co0C| 4548.2(11) | 5376.5(8) | 6752.3(9) | 14.5(2)
CooD| 5153.3(11) | 5812.1(8) | 5512.1(9) | 15.2(3)
COOE| 4317.7(11) | 5666.9(8) | 5924.4(9) | 14.4(2)
COOF | 6424.0(12) 5359.0(9) |6767.8(10) 18.2(3)
CO0G| -200.7(12) | 6891.5(9) | 4226.5(9) 17.0(3)
COOH| 832.0(11) | 5793.7(9) 5567.4(9) 15.8(3)
CO0I | 1820.7(12) 5075.8(9) |8628.9(10) 19.1(3)
C00J | 6179.4(12) 5654.2(9) |5945.4(10) 18.4(3)
COOK| 446.0(12) | 7456.3(9) 5562.7(9) 17.7(3)
COOL | 4967.3(12) | 6114.8(9) [4631.3(10) | 17.7(3)
COOM| 4375.9(14) [7488.9(11) [3559.8(10) | 23.1(3)
COON| 7594.2(12) [5234.9(10) [7191.8(11) | 22.9(3)
C000| 4902.6(14) | 7767.4(9) [5024.8(10) | 21.8(3)
COOP| 1301.9(15) [5777.2(12) [8896.7(12) | 28.2(4)
C00Q| 2737.7(14) [4855.8(11) [9351.0(11) | 24.7(3)
COOR| 3388.7(17) [7625.6(13) [2873.2(13) | 33.1(4)
CO0S| 1000.1(16) |4449.2(12) [8497.5(12) 31.1(4)
COOT | 8163.7(16) |5988.1(13) [7263.8(15) 37.7(5)
COOU| 7729.2(15) |4924.4(14) [8081.2(14) 36.7(5)
COOV| -249.9(14) 7655(1) |(4673.6(11) 23.8(3)
COOW  -0.6(18) [7004.4(14) [3345.8(12) 35.7(5)
COO0X| 1231.1(17) |8062.0(12) [5917.0(15) 36.4(5)
CO0Y |- 1327.0(15) [7999.9(12) |[4621.0(12) 30.7(4)
C00z| 6059.9(15) [7622.8(11) [5410.5(14) | 31.9(4)
C010 |- 1145.4(16) [6381.3(12) [4185.6(14) | 34.8(5)
C011| -183.9(19) (7223.7(13) [6208.0(13) 36.4(5)
C012 | 4642.9(15) (8183.0(11) |4160.2(12) 26.0(3)
C013| 5284.4(18) [7221.0(15) [3183.5(13) 38.1(5)
C014 | 4374.4(19) |8142.4(13) [5682.6(14) 35.9(4)
CO15| 5476.7(17) [8711.3(13) [3967.4(14) | 37.4(5)
C016 | 8117.3(16) |4715.4(16) [6666.6(15) 45.2(6)

Table 329. Anisotropic Displacement Parameters®A0°) for 3.6. The anisotropic

displacement factor exponent takes the fon?[h%a*?Ui+2hka*b*Ui+ é ] .

Atom Uiy Uz Uss Uzs Ui Uz
Cu01| 13.59(8) | 14.16(9) 16.27(9) 1.89(6) | 3.33(6) 0.82(6)








































































































































































































































































































































































































































































































































































































































