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NMR beyond Numbers

Understanding Electronic Structure and Reactivity from NMR

A journey that started from close discussions with
R.A.Andersen (UC Berkeley)
O. Eisenstein & C. Raynaud (Univ. Montpellier)
and one PhD student

Christopher P. Gordon (ETH Zirich — graduated in 2021)

A story that was supported and continues with:

C. Ehinger, Dr. Z. Berkson, Dr. D. Estes, D. Gioffre, S. Halbert, Y. Kakiuchi, C. Kaul (P232), L. Latsch,W.-C. Liao,
S. Sabisch (P222), S. Satoru, Dr. K. Searles, Dr. A.Yakimov, K.Yamamoto...

within collaborations with many more colleagues and friends:
Barnes (ETHZ), Conley (UC Riverside), Furstner (MPI), Jeschke&Klose (ETHZ), Kovalenko (ETHZ),

Lesage&Pintacuda (C-RMN), Monteil-Raynaud (Univ Lyon), Roman-Leszkov (MIT), Rossini (lowa), Sigman (Utah),
Tamm (Braunschweig), Togni (ETHZ)...as well as Bruker (Hassan/Perrone)

Today’s menu, challenges and directions:
e Using NMR Chemical Shift to Probe Electronic Structures and Reactivity
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Understanding Electronic Structure and Reactivity from NMR

Organic Compounds
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Solution (or fast magic angle spinning): Solid State (static or slow magic angle spinning):
& Isotropic Chemical Shift (J,,) Chemical Shift and Chemical Shielding Tensors
A
AN 1 G /90
.\(,'b\ Siso = 3 (611 + 822 + G33) i
<
C(\e 011 = 0y = 033 G11 <07 £ 033
’bs'.\s G11/ 011
44\(\ G33 / 33

611 0 0 1 0 O o1 0 0
( O 622 O ) = O-:Seof (0 1 O) _ ( O (o)) O )
O 0 633 0 0 1 O 0 0-33

I\

Q“gm.lpajSé/ I|||||lll||||l|l||||||ll||l|||l| IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
¥ L Y 250 200 150 100 50 [ppm] 250 200 150 100 50 [ppm]

solution static

Autschbach, Zheng, and Schurko Concepts Magn. Reson., Part A 2010, 361, 84.
Copéret et al. J. Am. Chem. Soc. 2017, 139, 10588 (Perspectives).
See also: pioneering work of K. Zilm (1980’s), A. Pines (1970’s)..
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Solution (or fast magic angle spinning): Solid State (static or slow magic angle spinning):
<& Isotropic Chemical Shift (J,,) Chemical Shift and Chemical Shielding Tensors
AN 1 5
.(:b\s Siso = 3 (611 + 022 + 633) 022/ 022
((\\
C(\e 811 = 855 = 833 G131 < 0 < O33
&’\6 G11/ 011
&
$\(\ 611 0 0 1 0 O 011 0 0
(0 822 0)—(;;?{(0 1 0)—(0 022 0)
0 0 533 0 0 1 0 0 033
Herzfeld-Berger Convention*
Span Q = 811 - 633 (Q > O)
Skew K = 3(6,,-6,,,)/Q (-1 <k <+1)
mlgq/Sé |||||IIII|IIII]IIII|IIIl|II|||l| IIIIIIIIIIIlllllllllllllllllllll
/\‘ 250 200 150 100 50 [ppm] 250 200 150 100 50 [ppm]
= ;Z 9 solution static
- 9— :2 Autschbach, Zheng, and Schurko Concepts Magn. Reson., Part A 2010, 361, 84.

\ Copéret et al. J. Am. Chem. Soc. 2017, 139, 10588 (Perspectives).
Ofit/er Oio® *http://anorganik.uni-tuebingen.de/klaus/nmr/index.php?p=conventions/csa/csa
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6iso
H
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6iso
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From tensors to electronic structures

198 (_;8 277
-67 °

|

non-axial Axial
(e.g. sp? Carbon) (e.g. sp Carbon)

Sphe_ri;:al
(e.g. sp® Carbon)

Autschbach, Zheng, and Schurko Concepts Magn. Reson., Part A 2010, 361, 84.
Copéret et al. J. Am. Chem. Soc. 2017, 139, 10588 (Perspectives).
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Relation of chemical shift (8) to shielding (o) with &, > &,; > 833 (or o) < 033 < 033)
Chemical Shift 61 0 O o 1 0 0 o1 0 0
VS. 0 622 0 == O-iSO 0 1 0 - 0 0-22 O
Chemical Shielding 0 0 33 0 0 1 0 0 o33

Decomposition into diamagnetic and paramagnetic terms

" W AL W e MWy | L /73 | W
Decomposition of 6 = Gaia + Oparasso  with Ciipara <:>< vac| l| occ)( vac| i | occ)

AE‘U(ZLC—OCC

Chemical Shielding

Pictorial view of coupling between occupied and vacant orbitals, causing deshielding:

i=x,yorz R
z L Z H, WH
- oy - HE= 2=
Orlgln of X ~ X occupied o
Paramagnetic shielding Ly =R, o1/ on
R:Rotational Operator Liloc-c) = 3
| (Group Theory) (ric|ly|occ) =1
':., Strong paramagnetic shift for small AE,._g 8

Calculation of NMR and EPR Parameters: Theory and Applications
Prof. Dr. Martin Kaupp, Dr. Michael Biihl, Dr. Vladimir G. Malkin DrSc. Wiley-VCH Verlag, 2004
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Understanding Electronic Structure and Reactivity from NMR

8iso =126 PPmM
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8iso =126 PPM

Oy =234 ppm
Oy = 120 ppm
033 = 24 ppm

main contributions to 9,

L

H:, wH 1 H.., | oH

R H

occupied 6(C=C) l vacant 1*(C=C)
A

: ®

H..! | .oH Ll H:. wH
et 5. HTTTSH
8

occupied 1(C=C) l vacant *(C=C)

B|u > ® < B3u
small AE,.,_ ...

By

Doy, point group
Abelian, 8 irreducible representations
Subgroups: C;, C;, Cz, Cay, Cop

Character table
E C2(2) C2(»|C2(x) i o(xy) 0(x2) 6(y2) :‘t:;aons quadratic|
1| 1 1 1 1 ik 1 1 x> y‘,z
s | -1 -1 |1 1 -1 -1 R, Xy
1 1 1 -1 1) -1 1 -1 R—, xz
1 1 -1 1 1 -1 -1 1 Ry yz
1| 1 ] 1 |1} 1 -1 -1
1| 1 -1 -1 1| -1 1 1 z
1 1 1 -1 1 1 -1 1 y
1 1 -1 1 1| 1 L | -1 x

Product table

Ag Blg B:g B}g Ay Blu B:u BJn
Ag Ag Blg B:g BSg Ay Blu Bzu B3n
Byg Big Ay Bsg Boy Biy Ay By By
Byg By B3y Ay By By By Ay By
Bjg Byg Byy Byg Ay Biy By Biy Ay
Ay Ay By Boy Bsy Ag By By, Bsp
Bru Biu Ay By By By A, Bjp By,
By Byy Byy Ay By By By Ap By
By B3y By By Ay Bjg By By A

2007
100
0
-100}
-200;

c [ppm]:

B o(para)
I 5(C=C)
—n(C=
B o(C-
I o (

H’)
C-H")

(mé_c|Li|oc-c) = small AE,,....

(AngZngZg> =1 Larger

contribution to
Deshielding

(Ug—cllAlll”C—c) =

<Blu|B2g|BBu) =1
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8iso =126 PPM

Oy =234 ppm
Oy = 120 ppm
033 = 24 ppm

main contributions to 0,

vacant o*(C—H)

~
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0

Doy, point group
Abelian, 8 irreducible representations
Subgroups: C;, C;, Cz, Cay, Cop

Character table

E C2(2) C2(»|C2(x) i o(xy) 0(x2) 6(y2) r:tl;;aons quadratic|
Ag 1 1 1 T Y T 1 1 2.2
Byg 1 1 NN EEERE R, xy
B:g 1) -1 1 -1 1) -1 1 -1 R-V xz
Bylt| 1 [ 2 [ 1 i a[a| 1] & vz (Blulngleu> =1
Ay 1 1 ] 1 |1} 1 -1 -1
By 1 1 1|1 ] a1 1 z
Bayy 1 -1 1 -1 |-1] 1 -1 1 y
B3, 1 -1 1 1 |-1f 1 L | -1 x

Product table

Ag Blg B:g B}g Ay Blu B:u BJn
Ag Ag Blg B:g BSg Ay Blu Bzu B3n
Byg Big Ay Bsg Boy Biy Ay By By
Byg By B3y Ay By By By Ay By
Bjg Byg Byy Byg Ay Biy By Biy Ay
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Bru Biu Ay By By By A, Bjp By,
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100
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-200;
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(O-E—le:ZlT[C—C> =

(T[Z—C|E2 |GC-H) =

<Blg|B3g|BZg> =1

B o(para)
I 5(C=C)
—n(C=
B o(C-
I o (

H’)
C-H")

Large rA Evac-occ

Smaller
contribution to
Deshielding
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8iso =126 PPM
Oy =234 ppm
Oy = 120 ppm
033 = 24 ppm

vacant o*(C—H)

Ag > ® < Blg

Ls
1, Ly HI: \\H
» W= el

occupied o(C—H) l vacant *(C=C)

BZu > ® < BBu
Iarge AEVElC-OCC

Doy, point group
Abelian, 8 irreducible representations
Subgroups: C;, C;, Cz, Cay, Cop

Character table

E C2(2) C2(»|C2(x) i o(xy) 0(x2) 6(y2) linear,

rotations

Ag1 1 1 T U 1 1

B 1 1 1 |21 |a]a R,
By 1 -1 1 1 1| 1 1|1 R,
By 1| -1 | -1 GO 1 S T O I | Ry
Ag|1] 1 1 1 |1 1| 1|4

B 1 1 1 11 A 1 1 z
By 1 -1 1 S 1 I N I | 1 y
By, 1 -1 1 1 |1f 1 1|1 x

quadratic|

2,2
Xy
xz

yz

Product table

Ag Blg B:g B}g Ay Blu B:u BJn
Ag Ag Blg B:g BSg Ay Blu Bzu B3n
Byg Big Ay Bsg Boy Biy Ay By By
Byg By B3y Ay By By By Ay By
Bjg Byg Byy Byg Ay Biy By Biy Ay
Ay Ay By Boy Bsy Ag By By, Bsp
Bru Biu Ay By By By A, Bjp By,
By Byy Byy Ay By By By Ap By
By B3y By By Ay Bjg By By A

2007
100
0
-100}
-200;

c [ppm]:

B o(para)
I 5(C=C)
—n(C=
B o(C-
I o (

H’)
C-H")

(UC*‘—H|Z3|UC—C) =
(Anglnglg) =1

Large AEvac-occ

(U&k—clzslac-ﬂ =

<B2u|31g|83u> =1
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Metal Alkyls vs. Alkanes Metal Alkylidene vs. Alkenes Metal Alkylidyne vs. Alkynes

Organic Compounds
T
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&
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S L e Can we Understand Changes in Electronic Structures from Chemical Shift ?
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Step II: DFT calculation of shielding tensors:

Step |: Experimental (solid-state NMR)
Principal components and orientation

Measurement of principal components §;

611. Siso' '522 '533 61 1 /61 1
=2 |y
. } H
I I2%0I o I2(1)0I o I1%0I o I1(|)0I o I510I o I(I)I[PIPr'nlﬂ 633/633
1
8iso = 3 (611 + 822 + 633)
500 LaM=
Step IlI: Natural Chemical o"(M=C) C%OO"\O) -
Shift (NCS) analysis: s 9
(NC3) analysis g 7 (M=C) S2-9
Determination of orbital = —_
= .
contributions to shielding = 500 AE aiyidene Key orbitals
UM=C) 88_8\| + NMR Chemical Shift
1000 ' o(M=C) fro=g H
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Molecular Orbitals involved in Chemical Shielding (c,;) in Metal Carbenes

¢
¢
Mo Schrock alkylidene Mo Fischer carbene Ru Grubbs-system
— (Nucleophilic/Metathesis Cat)  Electrophilic/cyclopropanation rilHC
Ll h
L M= A R
200 G 11 n €l II’Cys ” - -
e —e
100 7 o*(M=C) (%)o\(% —_— !
“R' x LR ; : f i i :
0 R _5\R 800 600 400 200 O  -200

« -100 occupied o(M=C) vacant w*(M=C) JE*(M—C) %8\“ 8[ppm]
£ oo » L » - ~ Ty +  OR substituent raises n*(M=C)
2 ~8\‘R = .o;‘g AE * CO, a m-acceptor ligand lowers ©*(M=C),
9 300 alkylidene hence the electrophilicity of Fischer
s occupied n(M=C) vacant o*(M=C) P 4
E 100 n(M=C) %—& _H_ carbenes
Q .
& ' * AE increass as follows 3d > 4d > 5d

-500 o(M=C) M -H- metals, explaining the observed &,

-600 |-

Halbert et al. J. Am. Chem. Soc. 2016, 138, 2261.
Yamamoto, Gordon et al. Angew. Chem. Int. Ed. 2017, 56, 10127.
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Metal Alkyls vs.Alkanes Metal Alkylidene vs. Alkenes Metal Alkylidyne vs. Alkynes

H " 'H
J L
I OC COAOMe T T IBUFQO i
Q | oc=M | \Mo-#Mes
Ta@: ‘ M I BupgO”
" oC co & I\ oo !
Y PR [
J { ] L ] .
Ar

@\ | N 1CMe,Ph i
Q. \ Ro\.-/nno%;—» | % & =
% ! pyr y ‘ \ Biso = (811 + 8pp + 833) / 3

NHC = T
T | c <

= " K ho|9 s |
Q\\emlgq/‘s‘é/ﬁ %% \' cl IIDCy3 o \\ /‘( é

1

@I . ° Bu e
’ /\ \'\ L T Bu
] :cupie 'VWQ "‘- i ' f f f l f f f f f | f f | f f f
! Toccumied | ~vacant ,' 800 600 400 200 0 -200 800 600 400 200 0 -200 800 600 400 200 0 -200
. R :Z 3(ppm] 8[ppm] 8[ppm]
e

’0/;},'@;(5‘\5\\”0 Can we Understand Changes in Electronic Structures from Chemical Shift ?
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c*(M-C) %)OQO — occupied (5( -C) vacant 7*(M-C)

Y L”M7<”/
H\ % - [L og)oé %—g
|

9 Y
o L u o(M-C) 8 {"'o + Alkylidenic Character:
: ; \\, a Key to Reactivity
Vg T i ition!
R PR L = -
P ! (M=C) ¢ o 4 Insertion = [2+2]-cycloaddition!
: R 'VW,Q ; 800 600 400 200 O  -200
", I/:‘::“Pied "r.‘me ' 8[ppm]
\'\‘ 8} ’.[ -
NS Gordon, Yamamoto, Shirase et al. PNAS 2018, 115, E5867-E5876
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a) 455 -448 424 -384
j +
A\ A\ A\ A\
N= N= CIA/N‘ _N=
F™ RSF0ZY = P g Pl
. ) 24 242 11 167 5 -20 -57 -207
Measuring/Evaluating
Acidity and Basicity pyridine H-bonded pyridine pyridine on Lewis-acidic site protonated pyridine
) E4 c) 199 H-bonded pyridine
n - virt 35 B
I T . pyridine on

Lewis-acidic site e

-60

s
A8, (ppm)

ocCC

110 T T
Cinie mCED) -220 -175 -130 -85 -40
= - i strong adsorption = high AE = small deshieldin -1
/\(\\ \2/:2; ¢ i Hia = Eads(kJ mol )
NI
Dligi GO I.

B. Moroz, K. Larmier, W.-C. Liao, C. Copéret, J. Phys. Chem. C. 2018, 122, 10871-10882
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833 Solid-State NMR Spectroscopy — Chemical Shift Anisotropy

811

IAII|IIII|IIII|IIII|IIII|IIII|II
Uzo'dia+0'para+50 250 200 150 100 50 [ppm]

& ~ Chemical Shift (Tensors),

(vaaclLi|Lpocc)<wvac|l'i/r3|Lpocc) .. ( . )

O S a Reactivity Descriptor
AE‘VCI,C—OCC

Frontier
Molecular Orbitals

H H
. H : — :
@9@%@/«\5‘% M:< H H M

'l g}— Q C. P. Gordon, L. Litsch, CCH J. Phys. Chem. Lett. 2021, 12, 2072.
P C.P. Gordon, C. Raynaud, R.A. Andersen, C. Copéret, O. Eisenstein, Acc. Chem. Res. 2019, 52, 2278.
Dligi 50 C. P. Gordon, R. A. Andersen, CCH Helvetica Chim Acta 2019, 102, 1900151 (Tutorial)

—> Reactivity




NMR beyond Numbers: Solving Structure of Complex Hybrid Organic Inorganic Materials from Metal NMR
Development of Heterogeneous Catalysts and Functional Materials via a Molecular Approach

Complex Hybrid Materials prepared in multiple steps

N |
" s"‘)c,b@\*sﬁ Based on a transition metal chloride Responsible for the Worldwide production
N C \\\%&’b (TiCl,), MgCl, organic modifiers ....
\e<” ’ PE (> 50%) PP (> 95%)
/I/’\G% N
CI\ \\X =
C—Ti—cl D
L L N\ |
—Mg—Cl  Cl—Mg— 1. AIR;/ED/heptane
o / ID AN R
ID | OH -
| | 2. C,H, or C3Hg
MgCl, support
X=CIl,OR,ID

Complex hybrid material!
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Development of Heterogeneous Catalysts and Functional Materials via a Molecular Approach

"\)é\l.. \isﬁs
252 A Step 1 Step 2 Step 3
[>~° 22 Support activation Metal deposition Catalyst activation
eX”
1‘\6%\ ID, D ID, D
LaaVarenYarinVaris S <
VAN AN VA AN Y S ed vl —ri— AIR,/ED A
SIALISAS AR, 1P A AU /\ 3 — T o
%\MQ*CI/ g\le\l\llg/*c\/ g\le\l\llg/*cl/ g\C\f\MQ/% & " . " - - I / \ /
/\ \/ /\ \/ /\ \/ /\ cl C|—\Mg/—0| C|—\Mg/—0| D / \ \/ / \ \/ C—
%m\/cw—/Mg\—u\/m—/Mg\—m\/C|—/Mg\fc\\/CI% \D—\Mg/—m/ \C|—\Mg/—0|/ \C|—\Mg/—m ID /CI—/Mg—CI |D/ \ \/ /
e prihme e e \D/ \CI \M/—m/ \C|—\M/—C|/ \CI \C|_\M9_C| \|D
ID | | | D
Crystalline a(B)-MgCl, MgCl,-ID nanoclusters ZN pre-catalysts Activated ZNC
Decreased Crystallinity Partial or Complete
Amorphization

ID (internal donor) — ether or ester (for PP) and THF or ethanol (for PE)
ED (external donor) — alkyl alkoxysilane (for PP)

Need for detailed understanding of surface sites at all stages!



NMR beyond Numbers: Solving Structure of Complex Hybrid Organic Inorganic Materials from Metal NMR
Development of Heterogeneous Catalysts and Functional Materials via a Molecular Approach

900 DNP (w/Emsley)
1200 (w/Barnes)

RO/CI CI/OR

HO — Ti—

NaANE

MgClz. TIC|4 CII/ \ \/ / \C|_\Mg/jc|

1.5THF ’ N\ \/ /\

Cl—Mg—¢Cl D
ID

ZN pre-catalysts

EPR: ~ -
Q-band (w/Jeschke) |

+
Swiss-NoereTgEi?’?FBeum Lines
ci.
\/
HO - I/
CI—\ / \ — ID _\Ti/— ID
BCl, SN N NN\, ARgED /N
— B(OR), N N SN N/
ID/
Modified ZN pre-catalysts Activated ZN catalyst

Collaboration with Monteil (Since 2010), Barnes, Busico, Emsley, Groppo, Jeschke, Lesage, Pintacuda, Raynaud, Sautet, Taniike...
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Relative Receptivity of Nuclear Spins

oY o
D S 1
%ses CA’@'\\‘ 1.00E+00 - o 19F, H
RN A
_ %\e(’ 27ple B
1 - 1-00E-01 |
- 17 -
o O egriched 13C enriched
> )
= °
5 | 195pt
© 1.00E-03 { 89y 95I\£Io ?15N enriched 2si
= °
:'3_ 1.00E-04 - 1°9A£.J
3 170
&’ 1.00E-05 { @183y : °
15N @
1.00E-06 ' ,
4.00E-02 1.00E+00
ica Resonance frequency relative to 'H
Q\\@“‘-:-!Sé
1 LX - 00000 0000000000000 00000000
/\‘ low-gamma nuclei mid- and high-gamma nuclei
Y 'WQ ¢ > special hardware = common hardware
W= %Q * New advances in solid-state NMR instrumentation (fast-MAS probes, higher fields,
i i DNP) to overcome challenges of sensitivity, accessibility
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For molecular compounds (e.g. titanocenes) For bulk oxides (e.g. rutile, anatase, ...)
Cp,TiCl, Cp,TiCl,
» TiO,-anatase
211 T A ,‘ﬂ‘\\ - 1 21:1 T - 2 — TiO,-rutile
L T ' Rutile
7 sample = 500 mg

expt. time=6.5h

{ ? N
S/N ~ 32

) Nr e - o

T
-1400 ppm

~ o
o o — — ——
-200 -400 -600 -800 -1000 -1200 -1400 -1600 ppm 0 -200 -400 -600 -800 -1000 -1200
T T T T T T T T T T T T T T T T T T T T T T
-0 20 -30 -40 -50 60 -70 -80 kHz O -10 -20 -30 -40 -50 -60 -70  kHz

94T |/ 94T |
S e o~ NS o

'VVIVVV'(I)H'-'1(1)06'v_-'2606' -3000 ‘ ppm E < ! g ! : L d I : L : !
2000 1000 0 -1000 -2000 -3000 -4000 -5000
: 47.49Tj 5/ ppm

Intensity / a.u.

» High information content on electronic structure
= Broad signals (e.g. rutile Cqo = 14 MHz) require
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Analysis of Electric Field Gradient Tensors at Quadrupolar Nuclei in Common Structural Motifs
J. Autschbach, S. Zheng, R. W. Schurko Concepts Magn. Res. A 2010, 36A, 84-126
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Relative Receptivity of Nuclear Spins
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Heterogeneous Polymerization Catalysts

Ziegler-Natta Catalysis — Understanding the Structure of Surface Sites by NMR

m-

Spin

Natural abundance, % 7.44 5.41 99.75
Frequency at 21.1 T, MHz 50.745 50.759 236.761
Frequency at 28.1 T, MHz 67.660 67.679 315.681
Electric quadrupole moment, b 0.30 0.24 -0.04

Receptivity relative to 13C 0.918 1.20 2250
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ID ID ID ID RO/CI CI/OR
o] CI—\IVIg/—CI Cl—Mg—Cl ID VOCI —M—
N/ /N N/ NN/ 3 N /\
ID—Mg—¢Cl  Cl—Mg—¢Cl  Cl—Mg—1ID _ . 47k .o Lp!
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ID  Cl—Mg—cCl Cl—Mg—cCl  Cl / \ \/ / \ \/ thvl
/\ /\ \ CI—/Mg—CI ethylene
MgCl,-THF . . . . \CI—Mg/—CI \
/
« 51V: Sensitive NMR
 VOCI; isoelectronic with TiCl,!
 V-based ZNC are known for
co-polymerization
Q\\gmlz‘cx'q‘&é/?
' 8’/4;2 S. Sabisch, Y. Kakiuchi, S. R. Docherty, A. V. Yakimov, CCH
3 S J. Am. Chem. Soc. 2023, 145, 25595-25603.
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MgCl,-THF

« 51V: Sensitive NMR
 VOCI; isoelectronic with TiCl,!
 V-based ZNC are known for

co-polymerization

RO/CI CI/OR

_M__
AIR
Cl—\ / \ — ID 3 47 kgPE'gV_l'h_l
ID/ \ \ / / \CI—\Mg/—CI ethylene
NN/ /N

Cl—Mg—¢cCI 1D

A
1

T T — 1
1000 500 0 -500 -1000

51
57V (ppm)

>V NMR spectrum —at 103 K & 14.1 T
using WURST-QCPMG pulse sequence

!

A single NMR signature

dominated
by Chemical Shift Anisotropy

indicating
A Well-Defined Species for
V-based ZN pre-catalysts

S. Sabisch, Y. Kakiuchi, S. R. Docherty, A. V. Yakimov, CCH
e J. Am. Chem. Soc. 2023, 145, 25595-25603. DOI: 10.1021/jacs.3c06200
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RO/CI CI/OR

ID\/I ID, ID
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« 51\: Sensitive NMR A NMR signature

 VOCI; isoelectronic with TiCl,! Nature of Ligands bound to V?

* V-based ZNC are known for Nature of Geometry and Local

co-polymerization Environment?
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’ N \'\‘ 1000 500 0 -500 -1000
] ;Z—' 9 ) 55V (ppm)
| s
T Q_’/Q S. Sabisch, Y. Kakiuchi, S. R. Docherty, A. V. Yakimov, CCH
e J. Am. Chem. Soc. 2023, 145, 25595-25603. DOI: 10.1021/jacs.3c06200
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Effect of Geometry: [4], [5] vs. [6] coordinated

— 2 u
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o0 0% 51
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' 8’/4;2 S. Sabisch, Y. Kakiuchi, S. R. Docherty, A. V. Yakimov, CCH
Lo 5 J. Am. Chem. Soc. 2023, 145, 25595-25603.
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Effect of Anionic Ligands

Effect of Geometry

—2
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— 4

- I
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S. Sabisch, Y. Kakiuchi, S. R. Docherty, A. V. Yakimov, CCH
J. Am. Chem. Soc. 2023, 145, 25595-25603.
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Support Effect — from Crystalline (110) to Amorphous MgCl,
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S. Sabisch, Y. Kakiuchi, S. R. Docherty, A. V. Yakimov, CCH
J. Am. Chem. Soc. 2023, 145, 25595-25603.
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Amorphous Crystalline
cl.  Cl—Mg—¢Cl  Cl—Mg—¢Cl D
011 =-322 pom o1 =307 ppm ID \I\/I/ CI/ \CI \M/ CI/ \CI \M/ ID
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S. Sabisch, Y. Kakiuchi, S. R. Docherty, A. V. Yakimov, CCH
J. Am. Chem. Soc. 2023, 145, 25595-25603.
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. Cc
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S. Sabisch, Y. Kakiuchi, S. R. Docherty, A. V. Yakimov, CCH
J. Am. Chem. Soc. 2023, 145, 25595-25603.
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Relative Receptivity of Nuclear Spins
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Benchmark with Molecular Analogues

0;50(**Ti) = =250 ppm
Co(¥Ti) = 3.0 MHz

Low Cq (DFT: 2.2 MHz)
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high-field NMR (900 MHz), Low Temperature (~100 K)
Magic Angle Spinning (10 kHz) and CPMG echo train acquisition

497]

Coordination Number
[}
1
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P
._.
}T.
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¢

Increasing |G

47|

Asymmetry => Large Cq (DFT: 22.9 MHz)
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V. Yakimov, C. J. Kaul, Y. Kakiuchi, S. Sabisch, F. Morais Bolner,

J. Raynaud, V. Monteil, P. Berruyer, C. Copéret J. Phys Chem. Lett. 2024, 15, 3178-3184
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a

8is0(*2Ti) = =250 ppm
Ca(#Ti) = 3.0 MHz

b NMR Signatures
=—170 ppm

Siso(*'Ti)

Co(*Ti) = 9.3 MHz

im.

[H,NMe,],TiCl,

'

ZN pre-catalysts with BCl;
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A molecular
System

N 2
A well-defined Ti site

Thanks to L. Emsley
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V. Yakimov, C. J. Kaul, Y. Kakiuchi, S. Sabisch, F. Morais Bolner,

V. Monteil,

P. Berruyer, C. Copéret J. Phys Chem. Lett. 2024,

15, 3178-3184
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A. V. Yakimov, C. J. Kaul, Y. Kakiuchi, S. Sabisch, F. Morais Bolner,
J. Raynaud, V. Monteil, P. Berruyer, C. Copéret J. Phys Chem. Lett. 2024, 15, 3178-3184
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Ziegler-Natta Pre-Catalysts

a Isotropic CS vs. C, b Anisotropy of EFG tensor ¢ Skew of CSA tensor
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D ID D, ID

6 . %—MQ—CI Cl—Mg—¢Cl  Cl—Mg—Cl o|—Mg—§ D— C'\Mg/:;/ 9\ S C\ /C‘ |/ Q\Z:I\MQ/EID
'('\) \I \\|S'<'S %—o|/ \CI—\Mg/—CI/ \CI—\MQ/—CI/ \CI—\Mg/—CI/ \C|—§ D/ \ \ / CI/ \cw \ / C|/ \cw
%Se C’b"'% §—\ g/—CI/ \CI \/ / \ —\ /—cw/ C|—\M/—§ \ / \ T'CI
P‘ ¢ ’AS:A %— |/ \CI—\Mg/—CI/ \ \/ |/ \CI—\Mg/—CI/ \C|—§ —_— > :E :E \E D #}
X\ \VANAN \/ / \ \/ /N \/
\e( %—MQ—CI —ClI CI Mg—% Cl— Mg Cl Cl—Mg—Cl ID
’I/.\e% %—m/ \CI—\Mg/—CI/ \CI—\Mg/—CI/ \CI—\Mg/—CI/ \C|—§ \D—\Mg/— |/ \/ / \ \/ D
N/ /N N/ NN/ NN/ AN VAVANAVAVA
§—Mg cl  Cl—Mg—¢ClI  CI—Mg—¢CI  Cl Mg—% Cl—Mg—Cl  Cl—Mg—¢CI  CI
Crystalline a(B)-MgCl, MgClI,-ID nanoclusters
25 1
| 1
| RO/CI.  CIOR C'\ /C' :
: —Ti— —Ti— N :
|
: \ / \ Cl— \ / \ - i/_ ID |
. |
Ticl, ' /N \/ -/ \ \/ y BCl, SN N/ -/ \ \/ o AIRJED /\ :
—_— S —
! NAVAA \ \/ /\ /N \/ / !
| Cl—Mg—cCl ID CI—/Mg—CI ID D :
! 0 0 :
| P -
I ZN pre-catalysts Modified ZN pre-catalysts Activated ZN catalyst
‘ y y yst i

Surface metal sites? Relation to active sites? Efficiency of Activation?



NMR beyond Numbers

Understanding Electronic Structure and Reactivity from NMR
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C. Hansen, S. R. Docherty, W. Cao, A. V. Yakimov, C. Copéret, Chem. Sci 2024, DOI: 10.1039/D3SC04067D
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C. Hansen, S. R. Docherty, W. Cao, A. V. Yakimov, C. Copéret, Chem. Sci 2024, DOI: 10.1039/D3SC04067D
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833 Solid-State NMR Spectroscopy — Chemical Shift Anisotropy

A Unique Operator for Spectroscopy
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