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Mechanistic Tools for Studying Open Shell Intermediates

Tucker Huffman

Open Shell:

Chemical species containing an unpaired valence electron. In the context of
organic compounds this will describe radicals, but also includes transition
metal complexes that have nonzero spin.

What will be covered:

-Radical clocks, CW-EPR, Pulsed-EPR, CIDNP

-Key physical interactions that lead to observed phenomenon

-Examples in recent literature using these techniques and how they provided
mechanistic information.

What will not be covered:

-Methods useful for studying these species/reactions that are already broadly
applied in other contexts (e.g. UV-Vis, KIEs, etc.)

-Detailed mechanisms for every reaction covered

-How to interpret spectra
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and the normalization condition from equation (11) requires that
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Ingold, K.U. ACR, 1980, 13,317. + ™
Newcomb, M. ACR, 2000, 33, 449. : £
g ks (M's7)
5 HCr(CO);Cp 2.3x 107
— HMn(CO)5 1.2 x 108
o HFe(CO),Cp 1.7 x 108

CO,Me
Jung, M.E. JACS, 1991, 113, 224.

Arg - AN (1H4)x 107 :

Bullock, R.M. JACS, 1990, 112, 6886.
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) Ni”-pincer y Ve no strong Ni dependence
R + R — » RI—R2 : t 53 mM
X MgX . i 2.9 UR
: Z Co(sal) (x%) Ar g 4
1 : Me Ni(dtbbpy) (x%) Me 5
I\ 64  v=osx-o07 : NFTPB (50%) U e,
(o] R* = 0,005 . \ —_— 3
I\ o~ 1 : Ph(i-PrO)SiH, Ar ®
o] 2 4 - . :fé 1
a ¢+ I—Ar o gk
Br/\/ cat (x%) 12 = : Me & 08 UM
B, 0 1 2 3 4
+ "BuMgCl NBu | E Me Relative [Co] increase
0 4 R Shenvi, R.A. JACS, 2018, 740, 12056.
AR L L L L L L L L L L
a 12 o
13 loading of 1 {mal %) NiBroeDME (10%)
(\Br phenanthroline (12%)
: 7 + X=R > Z R
P on : N Zn (2 eq.)
D o . DMA, 50 °C
NN oamg” N ™ Y\, |  Z=CRy;NTs0r0

Radical Clock:
Single isomer 1:1dr
........................................................ Hu, X- JACS, 2013, 135, 12004. ; TsN P ; TsN/\/ Br _>
| Ni(cod), (10%) R
R di-tBu bipy (10%) + PhBr 48% E Z=1:1.6
+ 1
Mn° (2 eq)

+ PhBr 84% E:Z=2:1
DMF, 60 °C

Also observed: homocoupling product post
cyclization and scrambling of stereopure bromide

Br Ph :
V/\B’ > AN )\/COZEt > /S\/COZEt PN gy . PhE Ni (x %) TsN” " pn , TN
; : —_—
exclusive 98% ee rsm=98% ee v ' v Ph
rearrangement :
BT T 5 3 23 24
Ph L /"/-{ 4 E
| E>—/ P-4 Rate of radical capture by Ni"
15 e 7 .
cat (x%) R 5 | e | i3 1x107 ~  Bimolecular <8 109
— - % / = M's rate constant
Ph & =
L 0 n
Ni Capture ) I RN NN TN SN S SN NN AN T N S E 6-eXO_tri /i
. bimO/eCUlar — (4] & 10 15. 20 26 30 35 40 45 B0 B5 60 : . . g CyC Opro'pane
Shenvi: rate constant U Concentraton of Catalyst (mM) : cyclization opening
~1x 108 mol" s Weix, D.J. JACS, 2013, 135, 16192. } (ni] (mta) “ Diao, T. JACS, 2019, 141, 17937.
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What's with those bolded g's, D's, A's, etc.?

he electron equivalent of what
causes NMR

‘Iina magnetic field B, the electron spin quantum :
: number mg will energetically split in proportion
: to the g-factor. Transitions between these

: energy levels in the microwave spectrum give
: the EPR signal.

me= +1/2 !

Key Parameter:

g,
analogous to d,

Electron-Proton coupling akin to
proton-proton J-coupling in NMR

Key Parameter: A,
analogous to J,

Background electronic interactions

Similar to how to protons will couple each other
in NMR, any nuclear spins in close proximity to
an unpaired electron spin will engage in so-

called hyperfine coupling.

Many of the key parameters are actually second

order tensors (tensor:vector is like vector:scalar).

This complexity contains info on geometry and

distances, and depends on molecular symmetry.

Diagonization Symmetry
spherical:
9x Ix=09y =0z =@
9y
axial:

Multiple unpaired electrons (e.g. in high spin
transition metals) will engage in dipole and
spin-orbit coupling. Additional couplings also
manifest in weakly coupled spins (i.e.
biradicals)

Key Parameter: D

Ox = 9y : gz=

: B ~ - Bol ~ [
i —|Pe ;gs +L OWAR L‘r“}’l‘ 2 ") + 3 | TePulie
&N ke dp=1/2
Enerav = Electronic + Zero Field + Hyperfine Nuclear Nuclear Quadrupole
ay Zeeman Splitting Coupling Zeeman Interactions

Higher order interactions for high
spin nuclei

Nuclei with spin = 1 (e.g. 2D, "N, ) have
distorted nuclei that generate electric
quadrupoles which can couple with spins.

Key Parameter:
Q or Pk

Much lower energy transitions than with e
Zeeman effect, so mostly occupy the
background akin to vibrational transitions in a
condensed phase UV-Vis spectra. Come into
play in more advanced EPR experiments
(ENDOR, ESEEM, HYSCORE)

Roessler, M. M.; Salvadori, E. Chem. Soc. Rev., 2018, 47, 2534.

Doorslaer, S. V. Coord. Chem. Rev. 2009, 253, 2116.
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Instrumentation: Images from www.Bruker.com
' accessed 03/14/2020

Electron Nuclear DOuble Resonance (ENDOR):

Stimulate a single EPR transition (fixed wavelength, fixed magnetic field), and then
sweep a second radiofrequency radiation and observe changes in EPR signal. Gives
nuclear transions coupled to the spin.

EPR Me o4 ENDOR
T ] s
Me N - & a= 6.98 MKz
for | i NuJ N e
reference: H | {
Band: X-Band Q-Band W-Band "H NMR
Frequency: 10 GHz 35 GHz 95 GHz ! 400 MHz
Field: 0.33T 1.25T 35T : 94T = _
U ) U . a,= 2218 MHz
Y 33‘92 34‘00 34‘08 34‘15 34‘24 34‘32 34‘40 34‘48 34‘58 ill é é 1I2 1‘5 1‘8 2’1 2‘4 2‘?’
standard superconducting Gauss bl
electromagnet electromagnet Murphy, D.M. Chem. Soc. Rev. 2006, 35, 249.
Sample Prep: Electron Spin Echo Envelope Modulation (ESEEM):

Samples usually frozen to form glasses Q-band
(liquid nitrogen @ 77K or colder). Solid
state means dipolar couplings and

anisotropy observable

Experiments:
Continuous Wave (CW-EPR):

Constant iradiation with microwave
radiation. Magnetic field is varied, EI

Similar info to ENDOR, but better for weakly coupled spins. Pulsed method that
observes the change in the spin echo intensity with varying delays.

HYperfine Sublevel CORrElation spectroscopy (HYSCORE):
2-D analogue of ESEEM experiments. Good for assigning complex resonances to
single nuclei for determining hyperfine couplings

ESEEM and HYSCORE of protein Cu(ll) site w/ 2 nonequivalent N'* His ligands

T TE=

1100

T T T T T T T i s T T =

and the change in absorbance w/
respect to field is recorded (1st
derivative spectrum).

Amplitude (a.u.)

Pulsed-EPR:

Observation of spin echo intensity
vs. field. Requires freezing to
increase relaxation time.

/2 L

B_I 2 . T 7[\ECHO i >,

I
0 2 4 6 8 10 12 14 16 18
Frequency (MHz)

hﬁ{MHz)
McCracken, J. "Electron Spin Echo Envelope Modulation (ESEEM) Spetroscopy"
Encyclopedia of Inorganic and Bioinorganic Chemistry, 2011.

Roessler, M. M.; Salvadori, E. Chem. Soc. Rev., 2018, 47, 2534. Doorslaer, S. V. Coord. Chem. Rev. 2009, 253, 2116.
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o o Ir' cat. o —l + OTf
Cu(OTf), (3 mol%) :
/- \ Pyridine (20 mol%) @_ \> </ : R” NOH KOtBu (cat) > J
N 0 o N 0 : BQ, CIPh, 80 °C R
\/ MeCN, 20 bar air \/ :
o : -+
. 80°C, 24 h 90% — K
S¥10 Cu(ll) signal Addition of substrate to Cu(OTf), ° N\ /N
= ' in MeCN resulted in rapid : Ir
L. radical signal  reduction of Cu(ll) to Cu(l) ' o \\/ \//
= ' characterized by EPR (left)and BQ
& 0 i UV-Vis (not shown), along with X-Ray
% ' generation of a g=2.004 signal
= If consistent with the proposed
) i organic radical. .
2 e Cu(OTH), in AN ¢ O N
o -2x107 7 + morpholine = Tondor-viMHz
T —— 1minat203 k /N : \@ /-\N g endor 1
—— 2minat293K | Ph—N+e O : (¢ <N .
] , / : \,
—— 5 min at 293 : EPR Ir :
—1 % o : \\/ \/l 10 20
2200 2650 3100 3550 4000 vi/MHz
B (G) P H EPR, ~30% spin
o Briickner, A; Beller, M. ACIE, 2019, 58, 10693. : density on N Grutzmacher, H. ACIE, 2007, 46, 3567.

Ar H
. L]
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N EWG H
ZQ/COZMe + \/ —_— ' Me NaOMe Me
EWG : —_ > N ” EPR Active
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EPR Characterized Adducts: Ar Ar . Me Me
MeO,C :
L &2 . _CO;Me : OH o_ i
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oD cs N «>, i EPR |
Ar

: . A /" ' r| rl’ i‘h ‘ A | | \
| [ I Collpor) 5 e H i’ fﬁr (’JI" 'TIMA — Nl\rwvi "'ihw' J\HWA lm

L = unspecified colll ENGOR & '
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. Lo T \ Lo SVae R 3;%2"ui§:a’33;; E e | [ — r |
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\f : : LR AL TS
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de Bruin, B. JACS, 2010, 732, 10891. : = Murphy, D.M. Chem. Soc. Rev. 2006, 35, 249.
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Phillips catalyst

> « The Problem: Integer spin oxidation states ("non-Kramers" e.g. high-spin Cr',
z Cr/SiO, > N’ Mn", and V" have high zero-field splitting and are rendered "EPR Silent" at

traditional X and Q-bands.

polyethylene ¢ The Solution: Take EPR measurements at high fields strengths (W-band, ~3.5 T)
Used to produce ~50% of the world's polyethylene supply!

V/ o e TR Cr
\/
_ T f B xair | ,;'Lr_/}
0\\cr,,0 CO, /\,/ W / , O:_
M 300-400°C | x20 |
f 0.0 O —300400°C ,u : Z 4
’ A A \ /

/0\ it M == = B é a
_0 0 0§I\0 ; “. 4 ethylene 1
~ itrati 7~ h
™ e }.,-f f‘s ||| titration
- 1 2 3 3 5 6 -1z 3 4 :

T T
1 2 3 4 5 4

Magnetic Field (Tesla) Magnetic Field (T)

crV crV, cr' and Cr' Organo-Cr'!

S=1/2, 3/2, and 2 (Large ZFS) Stiegman, A. E.; Scott, S. L. ACS Catal. 2015, 5, 5574.

Soybean lipoxygenase (SLO)

o)
WWL — - R M:::'“
Me — ) — OH 0, R/_W

. . . (o]
linoleic acid ~

OH
s W y WT
— — — 3y “C10 3 () P “C11
R/_&ﬂR PCET R R 11000 G (y), 11000 G (v)
Ty T : o A e A
11600 G 11600 G . V-
GQ—Fe(lll) H,0—Fe(ll) e
] ] M 12100 G (x) %
Temperature independent KIE ~80 > Quantum tunneling

Klinman, J.P. Biochemistry, 1999, 38, 12218. 156 @
ENDOR M
_> 13000 G

n id e~-sDi i 2K 35 GHz & P T
Fe™ has rapid e -spin relaxation et i N ( M“HJ
Substitutionl — Sim 13600 G 13600 G Mo lv N &
y 14200 G (g) MD
Mn'" used as a spin probe ﬂ» WM* 7224 el —» Calculated bond lenghths/angles
Tocommn T wwehmmn | Kinman, J. P.; Hoffman, B. M. JACS, 2017, 139,

1984.
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NiBroeDME (10%)

I/\Br phenanthroline (12%)
7 + X-—R » Z R
\/\

Zn (2 eq.)
DMA °C
Z=CRy, NTs, or O » 50
Freeze quench of reaction mixture = EPR Silent (X-Band)

NMR to the rescue:

(A) P ' (B) o H
p Z N7 g | | & N7 er
| N e ‘ -

(©) * * *

| I ‘l wl‘ \} Ji‘
wtrmomainmteg|

26.0 25.0 24.0 23.0 22.0 21.0 20.0 19.0 18.0 170 9.9 9.7 95 9.3 0.1
1 (ppm)

-

89 87 85 83 81 79

f1 (ppm)
N N
0
Br Zn A
< Ni ||‘ < Ni'—Br < Ni " ,Nl'—Mes
N N
g value g value I
28 26 24 22 2 202 2 1.98
!\ N
sim. / | \
7\ e Ni'"—Mes
o a \/ /
3 = . N
exp. isotropic g=2.009
= ligand centered :
210 260 260 300 20 840 360 a0 335 340
BimT B/mT

Diao, T. JACS, 2019, 141, 17937.
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Chemically Induced Dynamic Nuclear Polarization (CIDNP):
eDiscovered independently in 1967 by Bargon and Fischer; Ward and Lawler
*CIDNP is a misnomer: dynamic nuclear polarization is not actually relevant
oThe correct explanation of the phenomenom (Closs; Kaptein and Oosterhoff)
has been radical pair mechanisms, for which CIDNP has become a probe.

The Phenomenon: Reaction Running @ 50 °C

NMR of a reaction in progress
shows unusual signal intensities in
the product. The phenomenon is
known exclusivley in reactions that
proced via radical intermediates

° Cooled to 0°C l

The Explanation: Radical Pairs
and Nuclear Spin Sorting

Boltzmann equilibrium
of nuclear spins

Non-equilibrium in products:
Large nuclear polarizations

"...such effects will arise if the yield of product is greater for some spin states of
the nuclei than others; that is, if the rate of formation of product depends on
the nuclear spin states of the molecules undergoing reaction.” -Lawler

Electronic
Zeeman

Nuclear
Zeeman

Hyperfine
Coupling

e—e~ Exchange
Coupling

.
...................................................................... [ ——

Weak coupling of distinct electron spins

Radical pairs will have a separate energetic
term describing their mutual interaction,
leading to energy differences between the
singlet and triplet states.

Spin Evolution:

"In general, the pure spin states \\..\,/
are not eigenfunctions of the \
Hamiltonian... and will \
consequently undergo coherent

—— Ettective mixing of
atates by nuciei

i HeH " : \ gl Repulsian

evolution in time." -Steiner £ " ~— R+ Ra
o 1— ————————— T ———

\ ‘/dd—"r

"'\ Attraction !

) I

|

L |

| Ri—Re [

| |

r— Molecular

rodius

The spin evolution will be impacted by the differences in g-
factors and hyperfine couplings A to nearby nuclei. Thus
the probability of accessing a triplet state from a singlet
and vice versa depends on the spin of nearby nuclei.

Chemically Induced Dynamic Electron Polarization (CIDEP):

oA sister phenomenon is known in EPR spectroscopy driven by the same
processes.

eDue to very rapid relaxation times in EPR, observation is typically restricted to
photochemical systems.

Buckley, C. D. Molecular Physics, 1985, 54, 1.

Ward, H.R. ACR, 1972, 5, 18. Lawler, R.G. ACR, 1972, 5, 25.

Steiner, U.E. Chem. Rev. 1989, 89, 51.

Lawler, R. Prog. Nucl. Magn. Reson. Spectrosc. 1973, 9, 145.
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o) o) Iy o)
)L Jl\/Me —> )L/\ * 0 e * P Y me  *
ph” YN0-0 A Ph” Y07 “Me

e

i ,®~ Ph Me
| Me
w9
i Geminate Cage-escape
Q Products Products
Ph (o) Me
| PN, AL W | ] L] P [ L M| i y o ' | i aA ap  Birth 4 JAB Ha Hp
5.0 PPM(4d) 4.0 3.0 2.0 1.0 HA: + -BH—> HABH
- - 8 A>B 4+ AEA F,EA
- + 8 A>B 4+ AAE A AL
— —= T A>B 4 EAE A AE
1 1 1 - - 8 B>A 4+ EEA AEA
o o o - = 8 A>B - A AL L AR
Homolysis )l\ Jl\/Me -CO, )l\ Me -CO, Me Recombination ~ B R-++ cgﬂcmﬁ >—: I{CiaCii;a ey A Es
Ph” NOe <O Ph” Y0e *~ Phe o~ Pi” "Me [{ - & R>C + ATA ETA
- 4 T R>C 4+ AAE L AE
- 4+ 8 C>R + AFA E EA
ISC 3 - + 8 R>C — T, AL A, AR
o Recombination o ECaQe o
scape
)L )L Me| —» )L Me + AN
Ph” 07 Me Ph” Noe °*~ Ph” N0 N~"Me 1 e

-
Me

Me\/\Me

The parity of A is different for
the a and 3 protons

emission

'

Me -

Fast ISC

emission

!

0" Me

t

absorption

(o)

PN

1
Ph

Slow ISC

B %

Ward, H.R. ACR, 1972, 5, 18.
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p

hv
J, —
Ph Ph
Methyl phenylacetate
= I I
B &0 a0

Hz

CIDNP Examples

ISC X Ar
Collapse
Ph Ph
Cage
Escape
X Ar
X/\Ar

 —
X=H, X Ar

CO,Me, CN
Ph Ph

X

Ph Ph

Toluene

Closs, G.L. JACS, 1969, 91, 4549.§

H., wPEt

Pl 0.45mol  /pNP for iPr—1 and propene
Et,P |

g E _ ‘MW“ L
. 'Pt 0 55 mOl 40 sec
5 Pt(PEt;); (2.5 mol) EtgP/ \I ‘W
5 (1 mol) CsDe iPr., “\PEt3

recomb ‘Pt‘ trace

1 L EP” NI |

\MH&T;WM&*_ & min
0.75 mol ‘

Me
(PEt)sPtI +{ ] Me” X
Me
Me” “Me  0.30 mol t
recomb. Mo Mo Mw
escape I 0.25 mol _ 8me
: Y Me” “Me - : 4 3 e
! (EtsP),PtHI  +
H Me
Osborn, J.A. JACS, 1974, 96, 7832.
(CO)sMn—H MeXH Enhancement
(2eq.) z Y i N 240|-" -
o Me _|B 250 [
70°C | Mn-H 630 __I:i'
i ___,' X -360 -_,,‘-- :
+ an(CO)m i-".._ .__.'.‘__. ik _;E| T
Me 7 N
){ * Mn(CO)s e
Me A R s P
lescape B e e
X ___-_.I_I i & A B S
@ S ey
. * Mn(CO)5 kR L et ot
Ph” “Me e e a0
(CO)sMn—H P f P
/ / / ."l Ao
) [l
e TI AA YB X
Py Mny(CO), CrF AA
Ph” “Me

Halpern, J. JACS, 1977, 99, 8335.
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(CO)sMn—H
L) —es
CDnH3-n
CO)sMn—D
@ ( )5 + Pdct.
Deuterated RSM

L

+ Mn;(CO)4o

Inverse KIE:
HAT Mechanism

(C0)5Mn—D
0 (L) e

No D incorporation

Even with radical pair mechanism, need to have cage escape AND
recombination possiblities to get spin sorting and CIDNP.

Halpern, J. J. Organomet. Chem. 1981, 213, 487.

Ph% (C0)4C0_H Ph\(Me Reaction: ﬂ
—_— ’

Ph Ph

"The elapsed time between the injection of the olefin
and the beginning of the spectrum scan must be 15-
25 s or only an absorption spectrum will be observed.”

Orchin, M. Organometallics, 1982, 1, 222.

CHO

Weak CIDNP mostly net polarization, little multiplet effect.
Large, Co—alkyl radical Ag leads to poor CIDNP, and
paramagnetism observed to broaden peaks.

"In view of these factors, it might be considered
remarkable that any CIDNP can be detected
from HCo(CQ),-styrene reactions.”

4.0

Inverse KIE:
HAT Mechanism

Product:

30

Garst, J. F.; Ungvary, F. J. Organomet. Chem. 1985, 279, 165.

D R R R R S R LR R R R R

CI3Si(CO)3Fe—H \1«31

Al lyl. '-ou.n 1lyl
Solvent

"This was the only reaction in
the study in which the CIDNP emission
effect was observed."”

t _,_/a_,_ﬂ\_

' Me H
l escape —"—j‘l

T o Fell
. e

Connolly, J.W. Organometallics, 1984, 3, 1333.



